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PREFACE 

The "Seventh I n t e r n a t i o n a l Symposium on the Photochemistry and Photo-
physic s of Coordination Compounds" was held i n the charming Schloft 
Elmau l y i n g i n a hidden v a l l e y of the Bavarian Alps above Garmisch-
Partenkirchen, Federal Republic of Germany, from March 29 to A p r i l 2, 
1987. 

About nin e t y p a r t i c i p a n t s from seventeen c o u n t r i e s i n c l u d i n g about 
t h i r t y non-European s c i e n t i s t s as f a r away as Japan and A u s t r a l i a came 
together f o r t h i s symposium. F o r t y - f i v e o r a l and twenty-five poster 
c o n t r i b u t i o n s were presented. These prese n t a t i o n s and the opportunity 
f o r many formal and informal d i s c u s s i o n s stimulated an intense s c i e n t i ­
f i c i n t e r a c t i o n between the p a r t i c i p a n t s . 

T h i s meeting followed previous symposia held i n Muhlheim 1974 
(Koerner von G u s t o r f ) , F e r r a r a 1976 ( C a r a s s i t i , Scandola), Koln 1978 
(Wasgestian), Montreal 1980 (Serpone), P a r i s 1982 (Gia n o t t i ) and London 
1984 (Harriman). The main f i e l d s covered by t h i s 7 t h Symposium were 
photo-redox processes, organometallic photochemistry, and p r o p e r t i e s of 
metal centered e x c i t e d s t a t e s . Furthermore, s p e c i a l complexes such as 

2+ 
[Ru(bpy)^] and r e l a t e d compounds as well as Cr(III)-complexes were 
dis c u s s e d e x t e n s i v e l y . Moreover, a s e r i e s of p o t e n t i a l a p p l i c a t i o n s 
such as s o l a r energy conversion and storage (e.g. water s p l i t t i n g ) and 
p h o t o r e s i s t technology were important subjects of t h i s meeting. Thus, 
i t was shown again that the r a p i d l y expanding f i e l d of e x c i t e d - s t a t e 
chemistry and physics of c o o r d i n a t i o n compounds has become an important 
p a r t of i n o r g a n i c chemistry. 

The o r g a n i z a t i o n of t h i s symposium was made p o s s i b l e f i n a n c i a l l y 
through the ge n e r o s i t y of Deutsche Forschungsgemeinschaft, Fonds der 
Chemischen I n d u s t r i e , BASF AG, Bayer AG, BMW AG, CIBA-GEIGY AG, 
CYANAMID GMBH , Degussa AG , HOECHST AG , DR. SEITNER-Me(Jtechnik, 
Siemens AG, and Wacker-Chemie GmbH. 

Regensburg, J u l y 1987 Arnd Vogler and Hartmut Y e r s i n 
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POLARIZED LUMINESCENCE OF (Pt(CN)
2
bipy) SINGLE CRYSTALS-MAGNETIC FIELD AND 

TEMPERATURE EFFECTS 

J.Biedermann, M.Wallfahrer, and G.Gliemann 

I n s t i t u t fUr Physikalische und Theoretische Chemie, Universitat Regensburg, 

8400 Regensburg, FRG 

ABSTRACT 

The p o l a r i z e d l u m i n e s c e n c e o f s i n g l e c r y s t a l [ P t ( C N ^ b i p y ] i s r e p o r ­
t e d . On r a i s i n g t h e t e m p e r a t u r e f r o m 1 .9 K t o 7 K o r i n c r e a s i n g t h e 
m a g n e t i c f i e l d f r o m 0 t o 1 T t h e E l a - p o l a r i z e d e m i s s i o n band ( E : 
e l e c t r i c f i e l d v e c t o r , a: c r y s t a l l o g r a p h i c a a x i s ) i s b l u e s h i f t e d by 
- 1 7 5 cm . A t e m p e r a t u r e i n c r e a s e t o 295 K o r a m a g n e t i c f i e l d i n ­
c r e a s e t o 6 T r e d u c e s t h e e m i s s i o n l i f e t i m e by a f a c t o r o f - 1 0 ^ and 

2 

- 1 0 , r e s p e c t i v e l y . 

EXPERIMENTAL 
The a n h y d r o u s r e d m o d i f i c a t i o n o f 
[ P t ( C N >2^ipy3 was s y n t h e s i z e d by a 
p r o c e d u r e d e s c r i b e d by B i e l l i [ 31-
[ P t ( C N ) p b i p y ] b e l o n g s t o t h e group 

N 

N: 

z, b 

F i g . 1. P a r t o f t h e p r o p o s e d c o l u m n a r 
s t r u c t u r e of t h e r e d m o d i f i c a t i o n o f 
[ P t ( C N ) 2 b i p y ] , s c h e m a t i c . [ 1 , 2 ] 



o f p l a n a r d - t r a n s i t i o n m e t a l c o m p l e x e s w h i c h f o r m q u a s i - o n e d i m e n ­
s i o n a l columns i n t h e s o l i d s t a t e w i t h s h o r t P t - P t d i s t a n c e s , see 
F i g . 1. The a p p a r a t u s and methods f o r t h e p o l a r i z e d e m i s s i o n m e a s u r e ­
ments and f o r t h e m a g n e t i c f i e l d s t u d i e s a r e d e s c r i b e d i n R e f . [ 4 ] . 

RESULTS 

T e m p e r a t u r e B e h a v i o r o f t h e P o l a r i z e d E m i s s i o n 

F i g u r e 2 p r e s e n t s t h e p o l a r i z e d e m i s s i o n s p e c t r a o f s i n g l e c r y s t a l 
[ P t (CN ) 2 b i p y ] a t T = 1 .9 K. The e n e r g i e s o f t h e E l a and E||a e m i s s i o n 

F i g . 2 . E|[a and E l a p o l a r i z e d 
e m i s s i o n s p e c t r a o f 
[ P t ( C N ^ b i p y ] s i n g l e c r y s t a l a t 
T=1.9 K ( * e x = 3 6 4 nm). 

F i g . 3. T e m p e r a t u r e depen­
d e n c e o f t h e wave numbers 
V|| and o f t h e e m i s s i o n 
maxima o f a [ P t (CN ^ b i p y ] 
s i n g l e c r y s t a l ^ e x

 = 36 zf nm ) . 

maxima v s . t e m p e r a t u r e a r e p l o t t e d i n F i g . $. B e l o w 2 0 K t h e E||a 
e m i s s i o n maximum does n o t depend on t e m p e r a t u r e . Above 2 0 K i t i s b l u e 
s h i f t e d m o n o t o n i c a l l y and t h e i n t e n s i t y I„ d e c r e a s e s w i t h i n c r e a s i n g 
t e m p e r a t u r e . W i t h i n t h e t e m p e r a t u r e r a n g e 1 .9 K ^ T ^ 2 9 5 K, t h e l i f e ­
t i m e T it i s s h o r t e r t h a n 3 ns . Between 1 .9 K and 7 K t h e E l a e m i s s i o n 

II _ 1 maximum i s b l u e s h i f t e d by - 1 7 5 cm and t h e c o r r e s p o n d i n g i n t e n s i t y 
1^ i n c r e a s e s by a f a c t o r o f - 2 0 . Above T > 7 K t h e e n e r g y o f t h e E l a 
e m i s s i o n i n c r e a s e s m o n o t o n i c a l l y and t h e i n t e n s i t y 1^ becomes weaker 
w i t h i n c r e a s i n g t e m p e r a t u r e . The l i f e t i m e a t T = 1 .9 K i s 2 ms , 
I t becomes s h o r t e r by a f a c t o r o f 
up t o 2 9 5 K. 

•10^ when t h e t e m p e r a t u r e i n c r e a s e s 



P o l a r i z e d E m i s s i o n i n t h e P r e s e n c e o f M a g n e t i c F i e l d s 

The e n e r g y and t h e i n t e n s i t y o f t h e E l a e m i s s i o n maximum a t 1 .9 K as 
f u n c t i o n s o f t h e s t r e n g t h o f a m a g n e t i c f i e l d H l a i s p r e s e n t e d i n 
F i g . 4 and 5 , r e s p e c t i v e l y . Between 0 and 1 T a b l u e s h i f t of 

15100 -

L [T] 5 H 6 ^ IT] 5 H 6 

F i g . 4. M a g n e t i c f i e l d dependence 
o f t h e wavenumber v^ o f t h e E l a 
e m i s s i o n maximum o f a [ P t C C N ) ^ 
( b i p y ) ] s i n g l e c r y s t a l a t T=1 .9 K 
U =364 nm ) . H l a . ex ^ 

F i g . 5 . I n t e n s i t y I o f t h e E l a 
e m i s s i o n o f a [ P t ( C N ) ^ ( b i p y )] 
s i n g l e c r y s t a l i n dependence of 
m a g n e t i c f i e l d s t r e n g t h a t 
T=1.9 K (* e x=3 6 Z + n ™ ) • H l a -

- 1 7 5 cm i s o b s e r v e d . Above H = 1 T t h e s p e c t r a l p o s i t i o n o f t h e E l a 
e m i s s i o n r e m a i n s c o n s t a n t , i n d i c a t i n g a s a t u r a t i o n e f f e c t ( F i g . 4 ) . 
The r e l a t i v e i n t e n s i t y I ( H ) / I ^ ( H = 0 ) i n c r e a s e s between 0 and 4 T by a 
f a c t o r o f -28 r e a c h i n g a c o n s t a n t v a l u e a t 4 T ( F i g . 5 ) . A p p l i c a t i o n 
o f a m a g n e t i c f i e l d o f s t r e n g t h H = 6 T y i e l d s a r e d u c t i o n o f t h e 

2 i, 

l i f e t i m e by a f a c t o r o f - 1 0 . The E||a e m i s s i o n i s f o u n d t o be not 
i n f l u e n c e d by m a g n e t i c f i e l d s . 

DISCUSSION 

The o b s e r v e d p r o p e r t i e s c a n be d e s c r i b e d by a s y s t e m of i n t e r a c t i n g 
c o m p l e x e s o f C^ v symmetry. The e n e r g i e s o f t h e e l e c t r o n i c s t a t e s a r e 
d e s c r i b e d by a v a l e n c e band and a c o n d u c t i o n band g e n e r a t e d by an 
i n t e r c h a i n c o u p l i n g o f t h e m o l e c u l a r s t a t e s P t 5 d and Pt6p^/CN tc* , 

r e s p e c t i v e l y . [ 5 ] T a k i n g e l e c t r o n c o u p l i n g and s p i n - o r b i t c o u p l i n g i n t o 
a c c o u n t , t h e r e s u l t i n g g r o u n d s t a t e has symmetry A ( A ) and t h e 

5 
l o w e s t e x c i t e d s t a t e s c a n be c l a s s i f i e d a c c o r d i n g t o .A^ ,B^( ) and 



The E l a e m i s s i o n o r i g i n a t e s f r o m ( s e l f - t r a p p e d ) s t a t e s A ^ . A ^ B ^ of ^B^ 
p a r e n t a g e , w h i c h a r e p o s i t i o n e d b e l o w t h e l o w e r edge o f t h e c o n d u c t i o n 
b and. These s t a t e s a r e shown a t t h e l e f t hand s i d e ( I and I I ) o f 
F i g . 6. A t 1 .9 K t h e e m i s s i o n b e l o n g s t o t h e t r a n s i t i o n A^ -> A'^ w h i c h 

F i g 
t r a n s i t o n s 

6. P r o p o s e d e n e r g y - l e v e l d i a g r a m o f [ P t ( C N ) ^ ( b i p y ) ] and r a d i a t i v e 
( s c h e m a t i c ) . s p i n - o r b i t c o u p l i n g n e g l e c t e d (symmetry 

C 2 v ) , I I : s p i n - o r b i t c o u p l i n g i n c l u d e d ( symmetry ) , I I I : m a g n e t i c 
f i e l d H||z (symmetry C ), IV: m a g n e t i c f i e l d H||y (symmetry C ). 

i s o n l y v i b r o n i c a l l y a l l o w e d . A t t e m p e r a t u r e s > 1 .9 K t h e h i g h e r s p i n -
o r b i t components A^ and become t h e r m a l l y r e p o p u l a t e d and e m i t 

i n t o t h e g r o u n d s t a t e , r e s u l t i n g i n a b l u e 
r e ­

d u c t i o n o f t h e l i f e t i m e . The b l u e s h i f t i s on t h e o r d e r o f one v i b r a ­
t i o n a l quantum. The E||a e m i s s i o n c o r r e s p o n d s t o t h e s i n g l e t - s i n g l e t 

d i r e c t l y ( n o n - v i b r o n i c a l l y 
-1 

s h i f t o f - 1 7 5 cm , an i n c r e a s e o f t h e e m i s s i o n i n t e n s i t y and a 

t r a n s i t i o n B' ( s h o r t l i f e t i m e T ., < 3 ns ) . 

The r i g h t hand s i d e o f F i g . 6 p r e s e n t s t h e e n e r g y l e v e l s o f 
[ P t (CN ^ b i p y ] i n a homogeneous m a g n e t i c f i e l d H l a . F o r H||z and H||y t h e 
m a g n e t i c f i e l d l o w e r s t h e symmetry C^ v t o t h e s u b g r o u p C^ ( c a s e I I I ) 
and C g ( c a s e I V ) , r e s p e c t i v e l y . A c o n s e q u e n c e o f t h e symmetry l o w e r i n g 
i s a m a g n e t i c f i e l d i n d u c e d i n t e r a c t i o n o f t h e e x c i t e d s t a t e s A^ and 
Ajj/B^-ES] As a r e s u l t o f t h e c o r r e s p o n d i n g m i x i n g o f t h e s e s t a t e s , a 
new a d d i t i o n a l r a d i a t i v e c h a n n e l f r o m t h e l o w e s t e x c i t e d s t a t e 
A/A"(A^) i n t o t h e v i b r a t i o n a l l y n o n - e x c i t e d g r o u n d s t a t e A/A'(Ajj) i s 
o pened. T h i s e x p l a i n s t h e m a g n e t i c f i e l d i n d u c e d b l u e s h i f t and t h e 
l i f e t i m e d e c r e a s e o f t h e E l a e m i s s i o n a t 1 .9 K. 
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LIGHT-INDUCED EXCITED SPIN STATE TRAPPING IN I RON(II) COMPLEXES 

S.Decurtins, P.Gutlich, A.Hauser, and H.Spiering 

I n s t i t u t f u r Anorganische Chemie und Analytische Chemie, 

Johannes Gutenberg-Universitat, 6500 Mainz, FRG 

In the course of our studies on the thermally induced high spin (HS) low spin (LS) 
t r a n s i t i o n i n i r o n ( I I ) complexes / l / , ^ l g i n t ^ G a P P r o x i m a t - i 0 1 1 °f ̂  sym­
metry, we have observed i n 1984 a new photophysical e f f e c t /2/: I f , at s u f f i c i e n t l y 
low temperature, the s o l i d spin crossover complex i s i r r a d i a t e d with green l i g h t 
i n t o the + ̂  ligand f i e l d absorption band, the thermodynamica.ily stable LS 
state can be converted to the metastable HS state and trapped with p r a c t i c a l l y i n ­
f i n i t e l i f e t i m e . We have c a l l e d t h i s unusual phenomenon "Light-Induced Excited Spin 
State Trapping (LIESST)". 

The f i r s t example, where we have seen the LIESST e f f e c t , i s [ F e ( p t z ) ^ ] ( B F ^ ^ 
(ptz = 1-propyltetrazole) /2/. This coordination compound i s known to e x h i b i t ther­
mally-induced spin t r a n s i t i o n with h y s t e r e s i s of ca. 7 K width around 130 K /3,4/. 
The t r a n s i t i o n from the HSC^T^) st a t e to the LS(^A.) s t a t e i s accompanied by a dra­
matic c o l o r change from white to purple. Accordingly, the s i n g l e - c r y s t a l absorption 
spectra of t h i s complex are quite d i f f e r e n t i n the two spin states as can be seen 
from F i g . 1 /5/. At 273 K, there i s only one absorption band around 12250 cm ^ 
a r i s i n g from the quint e t - q u i n t e t t r a n s i t i o n ~* E i n the HS molecules. At 8 K 
t h i s absorption band has completely disappeared i n favour of two s i n g l e t - s i n g l e t 
t r a n s i t i o n s , centered at 18400 and 26650 cm \ corresponding to ̂ A, + *T. and 
1 1 i i 

T^ i n the LS molecules. After bleaching the c r y s t a l with white l i g h t for 
ca. 2 min one sees again the t y p i c a l HS absorption spectrum. Around 10 K, the trapped 

2 7 3 K b. b. 

8 K b. b. 

8 K o.b. 

10 15 20 25 30 x 103 cm"1 

F i g . 1: S i n g l e - c r y s t a l absorp­
t i o n spectra (unpolarized) of 
[ F e ( p t z ) 6 ] ( B F 4 ) 2 before bleach­
ing (b.b.) at 273 K and 8 K,and 
a f t e r bleaching (a.b.) for 2min 
with white l i g h t (tungsten lamp) 
at 8 K (from /5/). 

http://thermodynamica.il


metastable HS s t a t e does not decay to any n o t i c e a b l e extent w i t h i n several days, 
excluding any t u n n e l l i n g processes. Back r e l a x a t i o n to the thermodynamically s t a b l e 
LS(^A-^) state occurs only i f the temperature i s r a i s e d to 50-55 K. I f the sample i s 
heated f u r t h e r , one f i n a l l y observes the w e l l e s t a b l i s h e d thermally-induced LS HS 
t r a n s i t i o n around 130 K. 

We have followed the LIESST e f f e c t i n [ F e ( p t z ) ^ ] ( B F ^ ) 2 a l s o by magnetic s u s c e p t i ­
b i l i t y measurements /5/ and ~^Fe Mossbauer spectroscopy /2/. Figure 2 shows a sequence 
of Mossbauer spectra of [Fe(ptz)^] ( B F ^ ) 2 f o r the l i g h t - i n d u c e d LS HS conversion 
at 15 K (a •> b), the thermally induced back r e l a x a t i o n HS -> LS around 50-55 K (c , d ) , 
and the thermally induced LS •> HS conversion around 130 K (e f ) . The HS s t a t e pro­
duced by LIESST has the same Mossbauer parameters as the thermodynamically s t a b l e HS 
s t a t e above 130 K (compare spectra b and f i n F i g . 2). 
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F i g . 2: Mossbauer spectra of 
[ F e ( p t z ) 6 ] ( B F A ) 2 . (a) Before 
bleaching (measuring temperature 
M 15 K); (b) a f t e r bleaching 

f o r 1 h at 15 K (T = 15 K); 
(c) a f t e r bleaching to 50-55 K 
and c o o l i n g to = 15 K; (d) 
a f t e r second heating to 50-55 K 
and c o o l i n g to = 15 K; (e) 
a f t e r subsequent heating to 

f t e r 
148 K) 

97 K ( T M = 97 K); ( f ) a f t e r 
heating to 148 K (T^ 
(from 111). 

The mechanism of LIESST can be explained on the basis of F i g . 3: I r r a d i a t i n g the cold 
X" - \ g and \ s - \ ( s . F i g . 1) . sample induces spin-allowed t r a n s i t i o n s A, 

l g ^8 ^ -̂5 i 
The excited s p i n - s i n g l e t states are s h o r t - l i v e d and can decay back to the ground 
state w i t h i n nanoseconds. There i s , however, an a l t e r n a t i v e decay path, favoured by 

3 
s p i n - o r b i t coupling, which leads to a population of the spin t r i p l e t states T.. 

3 
and T ? (intersystem c r o s s i n g ) . These again decay v i a intersystem c r o s s i n g , e i t h e r 1 5 to the A t ground state or to the metastable T 0 s t a t e . There i s no r a d i a t i v e de-l g 5 1 2 g 5 cay path from the T n to the A. s t a t e , and the T 0 (HS) s t a t e remains trapped lg l g 2g 
with p r a c t i c a l l y i n f i n i t e l i f e t i m e as long as the temperature i s s u f f i c i e n t l y low 
so that the energy b a r r i e r between the ^T^g a n d t h e A i g p o t e n t i a l surfaces, which 
are w e l l separated by the large d i f f e r e n c e i n the metal-ligand bond length of ca. 
0.2 8 between the two spin states /6/, i s not thermally overcome. But the trapped 
HS s t a t e can be pumped back to the LS state by i r r a d i a t i n g with red l i g h t (of ca. 

5 5 
850 nm) i n t o the T 0 -> E absorption band /7/. 

The \ 2
 1A-^ r e l a x a t i o n k i n e t i c s was examined to pure [ F e ( p t z ) ^ ] ( B F ^ ) ^ c r y s t a l s as 

w e l l as for mixed c r y s t a l s [ F e ^ n ^ ^ p t z ^ ] ( B F ^ ) 2 using o p t i c a l spectroscopy /8/. 
I t was shown that (a) f o r x & 0.1 a s i n g l e - i o n treatment of both the spin e q u i l i -



F i g . 3: P o t e n t i a l surface diagram according 
to experimental and cal c u l a t e d energies of 
the ligand f i e l d states of [Fe(ptz) ] ( B F , ) ? 

(from r e f . /5/). 
N U C L E A R C O O R D I N A T E 

brium (with A H ^ = H^g-H^g = 510(12) cm AS. HL = S H g - S l s = 5.1(2) cm /K at T = 100K 

and the Tn •> r e l a x a t i o n of the light-induced trapped HS state (with Arrhenius 
a c t i v a t i o n energy E° = 810(30) cm ^ and frequency f a c t o r A £z 10"Vs) i s appropriate a 
and (b) with i n c r e a s i n g x cooperative e f f e c t s become more and more important for 
both the HS ̂  LS e q u i l i b r i u m and the r e l a x a t i o n of the trapped HS st a t e . These 
statements become apparent from Figs. 4-7. 

F i g . 4: R e l a t i v e i n t e n s i t y of the 
^A^ *Tj t r a n s i t i o n vs. temperature 
f o r (*) [ F e ( p t z ) 6 ] ( B F 4 ) 2 and (o) 
[ F e x Z n i _ x ( p t Z ) 6 ] ( B F A ) 2 ( x ~ 0 . 1 ) 
(from /8/). The abrupt t r a n s i t i o n f o r 
the pure i r o n complex i s t y p i c a l f o r a 
f i r s t - o r d e r phase t r a n s i t i o n due to 
cooperative e f f e c t s and agrees with 
the r e s u l t s from Mossbauer and magne­
t i c s u s c e p t i b i l i t y measurements /4/. 
For the d i l u t e m a t e r i a l cooperative 
e f f e c t s are l e s s important, and the 
spin conversion curve can be i n t e r ­
preted as a continuous LS +-+ HS equi-
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F i g . 5: (a) Normalized \ 2 ~* r e ~ 
l a x a t i o n curves f o r 
[ F e x Z n 1 _ x ( p t z ) 6 ] ( B F 4 ) 2 (x~? 0.1) at 
various temperatures. 
(b) Arrhenius p l o t In k vs. 1/T. As 
shown, an exponential f i t 
Y ^ g ( t ) = l-exp(-kt) describes w e l l 
the r e l a x a t i o n curves i n the d i l u t e 
m a t e r i a l ( x ^ O . l ) with constant 
a c t i v a t i o n energy E ° = 810(30) cm * 

5-1 
and frequency f a c t o r 10 s (from 
/ 8 / ) . 
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F i g . 6: (a) Normalized T 2 r e ­
l a x a t i o n curves f o r pure 
[ F e ( p t z ) ^ ] ( B F ^ ) 2 at various tempera­
tures. The sigmoidal (rather than ex­
ponential) form of the decay curves 
i s due to cooperative e f f e c t s . The 
a c t i v a t i o n energy E ^ i s now a l i n e a r 
f u n c t i o n of Y^g as shown i n (b). The 

0.00 0.50 LS 1 .00 

s o l i d l i n e i n (b) was obtained from a 
simultaneous f i t of the f i v e measured 
decay curves of F i g . 6a. The broken 
l i n e r e s u l t s from a l i n e a r regression 
(slope A E ^ = -164 cm ^; i n t e r c e p t 
E ° = 797 cm"1) (from /8/). a 



F i g . 7: (a) Normalized ~̂ T2 ~+ re­
l a x a t i o n curves at approximately the same 
temperature f o r various concentrations 
of Fe(II) i n the mixed c r y s t a l s 
[ F e x Z n 1 _ x ( p t z ) 6 ] ( B F 4 ) 2 . Trie decay cur­
ves follow a simple f i r s t - o r d e r law only 
i n the d i l u t e systems, but show more 
and more sigmoidal c h a r a c t e r i s t i c s with 
increasing i r o n concentration due to co­
operative e f f e c t s . The a c t i v a t i o n ener­
gy turns out to be a function of Yjg 
and x according to 
E a ( Y L S ' x ) + Y Lg (AE (x)) as shown 
in F i g . 7b (from /8/). 

0.00 0.50 I .00 

AE^(x) has been found to depend l i n e a r l y on x; t h i s supports our suggestion that 
the cooperative e f f e c t s are of e l a s t i c and thus long-range rather than of e l e c t r o n i c 
o r i g i n . The s o - c a l l e d " l a t t i c e expansion model" /9/ based on long-range e l a s t i c i n ­
t e r a c t i o n s a r i s i n g from the d r a s t i c volume change (^S~^LS^ ^ S w e ^ suited to 
explain these observations. 

The LIESST e f f e c t has a l s o been seen i n other i r o n ( I I ) spin crossover compounds, 
such as [ F e ( 2 - p i c ) 3 ] C l 2 - E t O H (2-pic = 2-aminomethylpyridine) /10/ (see F i g . 8), 
tFe(phen) 2(NCS) 2] /10.11/ (see F i g . 9), and [Fe(2-Y-phen) 3]X 2 (Y = CH 3, X 2 = ClO^; 
Y = CH 3, X = BPh 4; Y = CH 30, X 2 = ( C l O ^ - F ^ O ) /12/. 

Extensive studies on the LIESST e f f e c t are c u r r e n t l y going on in our laboratory, 
p a r t i c u l a r l y towards possible a p p l i c a t i o n i n o p t i c a l storage. 



100 
05 
00 
05 
00 
75 

100 
98 
96 
94 

\ 92 
90 

O 100 
w 90 

• r—1 96 
6 94 
ry) 92 92 
cd 90 

100 100 

90 
,_; 96 
OJ 94 

92 

100 
90 
96 
94 
92 
90 
80 

a 
o 

•rH 
00 
00 

00 

CD 

100.0 
99.5 
99.0 
98.5 
98.0 
97.5 

100.0 
99.5 
99.0 
98.5 
98.0 

F i g . 8: Mossbauer spectra of 
[ F e ( 2 - p i c ) 3 ]C1 2 EtOH recorded at 

= 4.2 K (A) before bleaching, 
(B) a f t e r bleaching with white l i g h t f o r 
l h , and (C,D,E) warming up to 30-32 K 
f o r a short time and c o o l i n g back to 
4.2 K i n three c y c l e s . 
The outer two l i n e s r e f e r to the quadru-
pole doublet of the HS s t a t e , the inner 
two l i n e s to that of the LS s t a t e (from 
AO/). 

F i g . 9: Mossbauer spectra of 
TFe(phen) 2(NCS) z]recorded at 
Tx. = 6 K before and a f t e r M 
bleaching with white l i g h t 
f o r 1 h (from /10/). 
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INFRARED LUMINESCENCE SPECTROSCOPY OF V
3+

DOPED Cs
2
NaYX

6
 (X=C1,Br) 

C.Reber and H.U.Glide! 

I n s t i t u t fur anorganische Chemie, Univ e r s i t a t Bern, 3000 Bern 9, SWITZERLAND 

1. I n t r o d u c t i o n 
The l u m i n e s c e n c e p r o p e r t i e s of V 3 + have r e c e i v e d v e r y l i t t l e i n t e r e s t . 
The p r e s e n t work r e p r e s e n t s t h e f i r s t s t u d y of e x a c t l y o c t a h e d r a l V X ̂  ~ 
( X = C l , B r ) u n i t s w h i c h were o b t a i n e d by d o p i n g t he e l p a s o l i t e l a t t i c e s 
C s 2 N a Y C l ^ w i t h V 3 + a n c [ g r o w i n g s i n g l e c r y s t a l s by the Bridgman t e c h ­
n i q u e . S y n t h e s i s , c r y s t a l g r o w th and t h e s t r u c t u r e of the h o s t l a t t i c e s 
a r e d e s c r i b e d i n t h e l i t e r a t u r e ( M o r s s et a l 1970; Mermant et a l 1979). 
V ̂  + has a 3 d ̂  e l e c t r o n c o n f i g u r a t i o n and t h e r e f o r e ^ T ̂  g

 a s ground s t a t e 
i n O n symmetry. The l o w e s t e n e r g y e x c i t e d s t a t e i s e i t h e r ^T2g or ^^2%' 
d e p e n d i n g on t h e l i g a n d f i e l d s t r e n g t h . In both s i t u a t i o n s l u m i n e s c e n c e 
i n t h e near i n f r a r e d r e g i o n i s e x p e c t e d , e i t h e r as s h a r p l i n e s ( ̂  T 2 o ~* 
^ T i g ) or as a br o a d e m i s s i o n band ( ̂  T 2 g ^ T ̂  g ) . Such t r a n s i t i o n metal 
s y s t e m s a r e i n v e s t i g a t e d as p o s s i b l e s o l i d s t a t e l a s e r m a t e r i a l s (Im-
busch e t a l 1 9 8 5 ) . 
I n t h e t i t l e c r y s t a l s we a r e i n t h e c r o s s o v e r r e g i o n between s h a r p - l i n e 
s i n g l e t and bro a d - b a n d t r i p l e t e m i s s i o n . T h i s s i t u a t i o n i n the e x c i t e d 
s t a t e makes t h e l u m i n e s c e n c e s p e c t r o s c o p y p a r t i c u l a r l y i n t e r e s t i n g and 
i n f o r m a t i v e . From s t u d i e s of t h e t e m p e r a t u r e dependence of the l u m i n e s ­
cence and decay p r o p e r t i e s a r a t h e r d e t a i l e d p i c t u r e of the r e l e v a n t 
e x c i t e d s t a t e s i s o b t a i n e d . I n a d d i t i o n , the s p i n - o r b i t s p l i t t i n g of 
the ground s t a t e can be d e t e r m i n e d . In n o n - c u b i c c r y s t a l s l u m i n e s c e n c e 
s p e c t r o s c o p y of d ̂  i o n s such as T i ̂  + or V ̂  + i s an e x c e l l e n t probe of 
the g e o m e t r i c d i s t o r t i o n s , b e c a u s e t h e low-symmetry s p l i t t i n g s of ^T]g 
can be r e s o l v e d . T i ^ + i n MgCl2 p r o v i d e s a n i c e example of t h i s ( J a c o b -
sen e t a l 1986 ) . 

2. E x p e r i m e n t a l r e s u l t s 
The l u m i n e s c e n c e s p e c t r u m of C s 2 N a Y C l D : V ^ + i s p r e s e n t e d i n F i g . 1 at 
t h r e e t e m p e r a t u r e s . At 2K r i c h f i n e s t r u c t u r e i s o b s e r v e d . There i s a 
pro n o u n c e d change of t h e s p e c t r u m w i t h t e m p e r a t u r e , above 100K a broad 
band becomes d o m i n a n t . I n c o n t r a s t , Cs2NaYBr^ 

:V3 + 
shows broadband l u m i ­

n e s c e n c e a l r e a d y a t t h e l o w e s t t e m p e r a t u r e s (peak energy 7500cm""* at 
A.2 K ) . 
I n F i g . 2 t h e t e m p e r a t u r e dependence of the l u m i n e s c e n c e decay t i m e s i s 
shown. A l l t h e decay c u r v e s a r e s i n g l e e x p o n e n t i a l s . In the c h l o r i d e 
h o s t t h e decay t i m e i s 17.2msec a t 21K, and i t d r o p s by n e a r l y two o r ­
d e r s o f ma g n i t u d e on i n c r e a s i n g T t o 270K. I n c o n t r a s t , t he decay t i m e 
i n t h e bromide l a t t i c e i s o n l y 2 2 8 y s e c a t 16K, s i m i l a r t o the c h l o r i d e 
v a l u e s a t h i g h t e m p e r a t u r e s , and i t d r o p s by o n l y a f a c t o r of 3 on war­
ming t o 250K. 3. D i s c u s s i o n 
a) L o w - t e m p e r a t u r e l u m i n e s c e n c e s p e c t r u m of C s 9 N a Y C l ^ 
The r i c h f i n e s t r u c t u r e i n t h e l u m i n e s c e n c e s p e c t r u m of Cs2NaYCl6:V3+ 
a t 2K ( F i g . 1) t o g e t h e r w i t h t h e narrow o v e r a l l w i d t h of the s p e c t r u m 
c l e a r l y i n d i c a t e a *T2g ^ l g t r a n s i t i o n . The o b s e r v e d peaks can be 
a s s i g n e d as e l e c t r o n i c o r i g i n s t o the s p i n - o r b i t s p l i t components of t h 
T'i g ground s t a t e and as v i b r o n i c t j u and 12 u o r i g i n s b u i l t on t h e s e . 



F i g u r e 1 L o w - t e m p e r a t u r e s i n g l e c r y s t a l l u m i n e s c e n c e s p e c t r a o f 
C s 2 N a Y C l 6 : V 3 + (0.05 m o l e % ) . The f i n e s t r u c t u r e i s a s s i g n e d i n t e r m s of 
e l e c t r o n i c t r a n s i t i o n s t o t h e s p i n - o r b i t s p l i t g r o und s t a t e components 
and v i b r o n i c o r i g i n s i n v o l v i n g u n g e r a d e modes o f t h e VC1^~ u n i t as i n ­
d i c a t e d i n t h e 2K s p e c t r u m . B u i l t on t h e v i b r o n i c o r i g i n s weak a i g s i ­
debands a r e i n d i c a t e d . 

A l t h o u g h t h e r e i s an o v e r l a p o f e l e c t r o n i c o r i g i n s and v i b r o n i c s i d e ­
bands an unambigous a s s i g n m e n t o f t h e bands i s p o s s i b l e by u s i n g a l l t h e 
o b s e r v e d t r a n s i t i o n s . The l o w e s t - e n e r g y components o f t h e ^T|g g r o u n d 
s t a t e a r e t h e T 2 g and Eg s p i n o r s t a t e s , w h i c h a r e d e g e n e r a t e i n f i r s t 
o r d e r . Our s p e c t r a show t h a t t h e y a r e s e p a r a t e d by 9.3cm - 1, w i t h Eg 
l o w e r i n e n e r g y , as c o u l d be shown w i t h MCD (Neuenschwander 1981) and 
m a g n e t i c s u s c e p t i b i l i t y m e asurements. The T j and A-^g o r i g i n s l i e a t 
e n e r g i e s o f 132.6cm" 1 and 201.0cm" 1, r e s p e c t i v e l y . From t h e s e s p l i t t i n g s 
we d e t e r m i n e a s p i n - o r b i t c o u p l i n g p a r a m e t e r £ of 130cm" 1. T h i s i s 62'% 
of t h e f r e e i o n v a l u e , and we c o n c l u d e t h a t t h e r e i s no J a h n - T e l l e r 
e f f e c t i n t h e ground s t a t e . 
T h r e e v i b r o n i c s i d e b a n d s w i t h e n e r g y d i s p l a c e m e n t s o f 3 1 8 c m - 1 , 1 8 6 c m - 1 

and 1 2 8 c m - 1 a r e o b s e r v e d on a l l t h e e l e c t r o n i c o r i g i n s . The g r o u n d s t a t e 
v i b r a t i o n a l e n e r g i e s of t i u , t i u and t 2 u modes i n t h e same h o s t l a t t i c e 
doped w i t h C r 3 + a r e 322cm -", 1 8 7 c m - 1 and 120cm" 1, r e s p e c t i v e l y ( K n o c h e n -
muss e t a l 1 9 ^ 6 ) . The v i b r o n i c s i d e b a n d s i n our s p e c t r u m can t h u s be 
a s s i g n e d as t i u , t i u and t 2 u v i b r o n i c o r i g i n s . These modes a r e i n t e r n a l 
V C l ^ " modes ( L e n t z 1 9 7 4 ) . A group of r e l a t i v e l y b r o a d and weak ba n d s , 
w h i c h i s d i s p l a c e d by a p p r o x i m a t e l y 300cm" 1 f r o m t h e i n t e n s e g roup of 
v i b r o n i c o r i g i n s , c o n s i s t s o f a i e s i d e b a n d s . 



F i g u r e 2 T e m p e r a t u r e dependence of t h e l u m i n e s c e n c e decay t i m e s f o r 
C s 2 N a Y C l 5 : V 3 + (0.1 mole%, open c i r c l e s ) and C s 2 N a Y B r 6 : V 3 + (0.5 mole%, 
f i l l e d c i r c l e s ) . The i n s e r t shows t h e bromide decay t i m e s on an expan­
ded o r d i n a t e s c a l e . The s o l i d l i n e s a r e f i t s t o eq 1 and eq 2 f o r t h e 
c h l o r i d e and b r o m i d e , r e s p e c t i v e l y , as e x p l a i n e d i n t h e t e x t . 

b) R a d i a t i v e r e l a x a t i o n i n C s 2 N a Y C l ^ : V 3 + 
I t i s c l e a r f rom t h e l u m i n e s c e n c e s p e c t r a i n F i g . 1 t h a t w i t h i n c r e a s i n g 
t e m p e r a t u r e t h e ^ T 2 g e x c i t e d s t a t e becomes t h e r m a l l y p o p u l a t e d and 
b r o a d b a n d l u m i n e s c e n c e i s o b s e r v e d . T h i s i s c o n f i r m e d by the l u m i n e s ­
c e n c e decay t i m e s i n F i g . 2 w h i c h can be c o n s i d e r e d as r a d i a t i v e below 
200K. The decay t i m e of 17.2msec a t 21K i s t y p i c a l f o r a s p i n f o r b i d d e n 
t r a n s i t i o n . The h i g h t e m p e r a t u r e v a l u e s of 100-200usec a r e i n the t y p i ­
c a l r a n g e f o r s p i n - a l l o w e d v i b r o n i c t r a n s i t i o n s . In o r d e r t o o b t a i n a 
more q u a n t i t a t i v e p i c t u r e a s i m p l e model was f i t t e d t o the decay t i m e s . 
We assume t h e r m a l e q u i l i b r a t i o n w i t h i n t h e ] T 2 g and 3 T 2 g e x c i t e d s t a t e s 
t o o c c u r much f a s t e r t h a n t h e l u m i n e s c e n c e t r a n s i t i o n s t o the ground 
s t a t e . N e g l e c t i n g t h e 1 E g e x c i t e d s t a t e , whose energy i s ̂  unknown, as 
w e l l as s p i n - o r b i t c o u p l i n g w i t h i n and between 1 T 2 g a n d ^ T 2 g * w e o b t a i n 
e q u a t i o n 1 f o r t h e t o t a l r a d i a t i v e decay r a t e T~1 : ~ 

T " 1 = T ^ ' P s + i t 1 - c o t h ( 7 W 2 k T ) - P
t
 ( 1 ) 

w i t h P s - 3/Z 
P t = 9 * e x p ( - A E / k T ) / Z 
Z = 3 + 9-exp(-AE/kT) 

where T G and T T a r e t h e i n t r i n s i c decay t i m e s of the * T 2 g and ^T 2o 
s t a t e s , r e s p e c t i v e l y and AE i s t h e i r e n e r g y d i f f e r e n c e . The c o t h term 
d e s c r i b e s t h e t e m p e r a t u r e dependence of the 3 T 2 g ^ T ] g r a d i a t i v e r a t e 
w i t h an e n a b l i n g mode f r e q u e n c y of 179cm" 1 w h i c h was determ i n e d from 
t h e t e m p e r a t u r e dependence of t h e 3 T i g + 3 T 2 g a b s o r p t i o n i n t e n s i t y . T S 

was s e t t o 17.2 msec, t h e o b s e r v e d l o w - t e m p e r a t u r e v a l u e , and T T as 



w e l l as AE were v a r i e d i n t h e l e a s t s q u a r e s f i t t i n g p r o c e s s . The p a r a ­
meter v a l u e s a r e x t = 213 y s e c and AE = 2 3 1 c m - 1 . The model i s c l e a r l y 
o v e r s i m p l i f i e d , but t h e f i t i s v e r y good and t h e p a r a m e t e r s a r e i n quan­
t i t a t i v e a greement w i t h t h e o b s e r v e d r a t i o s of s h a r p - l i n e t o b r o a d b a n d 
e m i s s i o n . 

c ) L u m i n e s c e n c e p r o p e r t i e s of Cs9NaYBr^ :V3 + 
The o b s e r v a t i o n of b r o a d b a n d l u m i n e s c e n c e f r o m C s 2 N a Y B r ^ : V 3 + as w e l l as 
t h e d i f f e r e n t t e m p e r a t u r e dependence of t h e decay t i m e s show t h a t t h e 
o r d e r of t h e l o w e s t e n e r g y e x c i t e d s t a t e s i s not t h e same as i n t h e 
c h l o r i d e h o s t . Due t o t h e weaker l i g a n d f i e l d of B r - compared t o C l -

^^2e 1- s t l i e e m i t t i n g s t a t e i n t h e b r o m i d e a t a l l t e m p e r a t u r e s . T h i s i s 
c o n f i r m e d by t h e l u m i n e s c e n c e decay t i m e s . I n a n a l o g y t o eq 1, eq 2 
g i v e s t h e t e m p e r a t u r e dependence of t h e r a d i a t i v e decay r a t e : 

T-1 = T ^ 1 c o t h ( W 2 k T ) ( 2 ) 
T T and Tia) , t h e e n e r g y of t h e e f f e c t i v e e n a b l i n g mode, were t r e a t e d as 
p a r a m e t e r s . The r e s u l t i n g f i t w i t h v a l u e s of 225 usee and 1 2 2 c m - 1 f o r 
T t and TTo) , r e s p e c t i v e l y , i s shown i n F i g . 2. I n c o n t r a s t t o t h e c h l o r i ­
de l a t t i c e i t i s not p o s s i b l e t o o b t a i n any i n f o r m a t i o n on t h e e n e r g y 
s e p a r a t i o n of ^ T 2 g and *T2g i n t h e b r o m i d e l a t t i c e f r o m our decay t i m e 
measurements. T h i s i s due t o t h e f a c t t h a t t h e f a s t e r r a d i a t i v e decay 
c h a n n e l from ^ T 2 e i - s d o m i n a n t a t a l l t e m p e r a t u r e s . The p o s s i b i l i t y of 
s t r o n g s p i n - o r b i t m i x i n g between ~^T2g and a c l o s e l y i n g 1 T 2 g c a n n o t be 
e x c l u d e d . 
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The f l u o r e s c e n c e o f t r i a t o m i c l i n e a r OUO + was f i r s t s t u d i e d by B r e w s t e r 
i n 1833,and f o r m e d t h e b a s i s o f t h e l a w o f S t o k e s , i n modern w o r d i n g ; 
The p h o t o n s e m i t t e d f r o m a p h o t o l u m i n e s c e n t m a t e r i a l have l o w e r e n e r g y 
t h a n c o r r e s p o n d i n g t o t h e a b s o r p t i o n b a n d , e x c e p t p e r h a p s f o r a c o i n c i ­
d i n g t h r e s h o l d , i n d i c a t i n g an e l e c t r o n i c o r i g i n w i t h o u t v i b r a t i o n a l c o -
e x c i t a t i o n . U r a n y l s a l t s were t h e f i r s t i n o r g a n i c m a t e r i a l s n o t n e e d i n g 
a t r a c e a c t i v a t o r , a n d t h e f a m i l i a r i t y o f H e n r i B e c q u e r e l w i t h u r a n y l 
l u m i n e s c e n c e t r i g g e r e d t h e d i s c o v e r y o f r a d i o a c t i v i t y i n 1896.A r i c h 
e x p e r i m e n t a l s e t o f d a t a a b o u t c r y s t a l l i n e and v i t r e o u s m a t e r i a l s 
( R a b i n o w i t c h and B e l f o r d 1964;Burrows and Kemp 1974) i s l e s s e x t e n d e d , 
a s f a r goes s o l u t i o n s . I n many c a s e s , t h e n o n - r a d i a t i v e d e - e x c i t a t i o n , 
d e c r e a s i n g t h e quantum y i e l d Tf b e l o w 0 . 1 , i f n o t 0 . 0 0 1 , i s due n o t o n l y 
t o m u l t i - p h o n o n r e l a x a t i o n w e l l - k n o w n f r o m i n t e r n a l t r a n s i t i o n s i n t h e 
4 f s h e l l o f t r i v a l e n t l a n t h a n i d e s ( R e i s f e l d and J ^ r g e n s e n 1977,1987) 
b u t a l s o t o p h o t o c h e m i c a l a b s t r a c t i o n o f hy d r o g e n atoms f r o m o r g a n i c 
m o l e c u l e s a n d t o r e m o v a l o f an e l e c t r o n f r o m m o d e r a t e l y r e d u c i n g a n i o n s 
and c a t i o n s p r e s e n t i n s o l u t i o n ( R a b i n o w i t c h and B e l f o r d 1964;Burrows 
and Kemp 1 9 7 4 ) / M a r c a n t o n a t o s (1980) a r g u e s t h a t Y| i s b e l o w 0.01 f o r 
aqua i o n s , a t pH b e l o w 2,due t o e p h e m e r i c h y d r o g e n atom a b s t r a c t i o n 
f r o m an a d j a c e n t w a t e r m o l e c u l e , r e c o m b i n i n g w i t h o u t l u m i n e s c e n c e . 
T h i s w a t e r m o l e c u l e must be c l o s e t o one of t h e two oxo l i g a n d s , s i n c e 
a s i n g l e p e r c h l o r a t e o r p h o s p h a t e ( L i e b l i c h - S o f e r e t a l . 1 9 7 8 ) l i g a n d 
p r e s e n t i n t h e e q u a t o r i a l p l a n e i n c r e a s e s ^ ) ^ t o above 0.1.The s t r i k i n g 
s i m i l a r i t y o f t h e e m i s s i o n s p e c t r a o f UO w i t h t h e aqua i o n 
s u g g e s t s t h e l a t t e r ( G o r r l e r - W a l r a n d and C o l e n 1 9 8 2 , 1 9 8 4 ) i s U O ^ O H ^ . 
One a n i o n i n t h e e q u a t o r i a l p l a n e o n l y r e p l a c e s one o r two w a t e r 
m o l e c u l e s , b u t i t may m o d i f y t h e o x i d i z i n g c h a r a c t e r and r e a c t i v i t y o f 
t h e oxo l i g a n d s i n t h e e x c i t e d s t a t e . 

I n c l o s e a n a l o g y t o y e l l o w and o r a n g e c o l o u r s o f c h r o m a t e and c e r i u m 
( I V ) , t h e r e i s no d o u b t t h a t t h e u r a n y l a b s o r p t i o n b a nds a r e e l e c t r o n 
t r a n s f e r b a n d s (JtfSrgensen 1970) due t o o n e , o r s e v e r a l , r e d u c i n g l i g a n d s 
t r a n s f e r r i n g one e l e c t r o n i n t h e e x c i t e d s t a t e t o an o x i d i z i n g c e n t r a l 
atom.The f i r s t a b s o r p t i o n band p r o v i d i n g t h e l o n g - l i v e d f l u o r e s c e n t 
s t a t e h a s a p o s i t i o n h a r d l y d e p e n d e n t o n _ t h e r e d u c i n g c h a r a c t e r o f t h e 
a n i o n X.The same i s t r u e f o r o r a n g e XCrO^ (X = Br, C 1 , F , O H ) . I n b o t h 
c a s e s , t h e t r a n s f e r r e d e l e c t r o n comes e s s e n t i a l l y f r o m t h e oxo l i g a n d s . 
T h e r e have been two a r g u m e n t s f o r h e s i t a t i o n t o a c c e p t t h i s c l a s s i f i ­
c a t i o n o f u r a n y l e l e c t r o n t r a n s f e r bands.One i s t h e much l o w e r wave-
numbers compared w i t h t u n g s t a t e s and o t h e r t u n g s t e n ( V I ) c o m p o u n d s , i n 
s p i t e o f U( V I ) b e i n g , c h e m i c a l l y s p e a k i n g , o n l y s l i g h t l y more o x i d i z i n g 
t h a n W ( V I ) . I t i s now e s t a b l i s h e d ("McDiarmid 1 976 , 1 ̂ 80) t h a t g a s e o u s 
UF h as a weak e l e c t r o n t r a n s f e r band a t 25700 cm wher e a s WF, has 
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t h e f i r s t b a n d a t 58000 cm and "MoF6 a t 47600 cm . T h e _ o t h e r , q u i t e 
u n e x p e c t e d , f a c t i s t h a t t h e u r a n y l bands b e l o w 30000 cm a r e 100 t o 
2000 t i m e s w e a k e r t h a n e l e c t r o n t r a n s f e r t o t h e empty 4 f s h e l l o f 
c e r i u m ( I V ) and t o t h e p a r t l y f i l l e d 5d s h e l l ( J ^ r g e n s e n 1963,1970) 
o f o s m i u m ( I V ) , i r i d i u m ( I V ) and p l a t i n u m ( I V ) c o m p l e x e s . 



U n t i l 1 9 7 5 , i t was t h e g e n e r a l o p i n i o n ( B u r rows and Kemp 1974) t h a t t h e 
f i r s t e x c i t e d M . 0 . ( m o l e c u l a r o r b i t a l ) c o n f i g u r a t i o n o f t h e u r a n y l i o n 
c o n s i s t s o f one o r more t r i p l e t (S = 1) s t a t e s f o l l o w e d by s i n g l e t (S = 
0 ) a t h i g h e r e n e r g y , a s u s u a l f o r l u m i n e s c e n t o r g a n i c m o l e c u l e s . T h i s o p i ­
n i o n i s even t r u e ( J ^ r g e n s e n 1963) f o r d t r a n s i t i o n s o f o c t a h e d r a l 
r h o d i u m ( I I I ) and i r i d i u m ( i l l ) c o m p l e x e s , t h o u g h t h e s p i n - f o r b i d d e n b a n d s 
h e r e have a c q u i r e d i n t e n s i t i e s 3,and 1 5 , p e r c e n t o f t h o s e o f s u b s e q u e n t 
s i n g l e t - s i n g l e t t r a n s i t i o n s . H o w e v e r , b e c a u s e o f t h e a l m o s t c o i n c i d i n g 
e n e r g i e s o f a t l e a s t f o u r (two fcp and two f & ) among t h e s e v e n empty 
5f o r b i t a l s , c o m b i n e d w i t h s t r o n g e f f e c t s o f s p i n - o r b i t c o u p l i n g 
2 — 1 2 +5 * «•* >| 

( ?-jJ2 ^ s 7609 c m above F
5 / 2

 i n 9 a s e o u s u i n d i c a t i n g S 5 f
= 2 1 7 4 cm ) 

t h e t r a n s f e r o f an e l e c t r o n f r o m one M.O. t o t h e 5f s h e l l p r o v i d e s 16 
e n e r g y l e v e l s (JjzSrgensen and R e i s f e l d 1 975, 1 982) c h a r a c t e r i z e d by t h e 
quantum number i n l i n e a r s y m m e t r y , h a v i n g the-same r e l a t i o n t o |Mj| i n 
s p h e r i c a l symmetry as A. has t o JM^l . D e v i a t i o n s f r o m l i n e a r symmetry 
i n d u c e d by t h e e q u a t o r i a l l i g a n d s ( n o r m a l l y 4,5 o r 6 atoms) c a n , a t t h e 
m o s t , p r o d u c e two s e p a r a t e s t a t e s f r o m e a c h Q l e v e l . N e a r l y a l l t h e s e 5 ? 
v a l u e s r e p r e s e n t m i x t u r e s o f c o m p a r a b l e amounts o f t r i p l e t and s i n g l e t 
c h a r a c t e r , a n d i t has no m e a n i n g t o speak a b o u t s p i n - f o r b i d d e n t r a n s i t i ­
o n s . A m a j o r s t e p i n i d e n t i f y i n g was D e n n i n g e t a l . ( 1 9 7 6 ) s u b s t i t u t i n g 

0 i n C s ^ U O ^ C l ^ a l l o w i n g a d i s t i n c t i o n b e tween v i b r a t i o n a l _ c o m p o n e n t s 
and e l e c t r o n i c o r i g i n s . T h e f i r s t e x c i t e d ^ e v e l a t 20096 cm h a s S2=1; 
t h e two n e x t l e v e l s a t 20406 and 21310 cm a r e a s c r i b e d t o a s p l i t t i n g 
°f 5^=2;and 8 f u r t h e r o r i g i n s up t o 27758 cm assigned£2=3,2,3 ( o r 5) , 
and 4.Comparable r e s u l t s were o b t a i n e d ( D e n n i n g e t a l . 1 9 7 9 ) f o r 
C s U 0 2 ( 0 2 N O ) 3 and NaUC>2 (C> 2CCH 3) s t a r t i n g with£i=1 a t 21 089 and 21104 
cm ^ , r e s p e c t i v e l y . B o t h t h e s e c r y s t a l s h a v e 6 e q u a t o r i a l l i g a t i n g a t o m s. 
C o n t r a r y t o h a l i d e c o m p l e x e s (JjzSrgensen 1 963 , 1 970) t h e m i n o r s h i f t o f 
t h e f i r s t e x c i t e d s t a t e i s n o t r e l a t e d t o l i g a n d e l e c t r o n e g a t i v i t y . 
M i x e d o x i d e s w i t h o c t a h e d r a l U ( V I 1 0 f i have t h e f i r s t o r i g i n ( B l e i j e n b e r g 
1980^ b e t w e e n 19100 and 20300 cm ,and s a l t s o f UO F a t 1 9 2 4 0 , b u t o f 
U 0 2 F ~ a t 19985 cm ( F l i n t and T a n n e r 1984).On t h e w h o l e , t h e o r i g i n 
s h i f t s t o w a r d l o w e r e n e r g y w i t h d e c r e a s i n g number o f e q u a t o r i a l a t o m s , 
and a p p a r e n t l y a l s o w i t h s h o r t e r U-X d i s t a n c e s , s i n c e U 0 2 C 1 ^ s y n c r y s t a l -
l i z e d i n c u b i c C s ^ n C l ^ has t h e f l u o r e s c e n t o r i g i n a l r e a d y a t 1 9692 cm 
( F l i n t angl T a n n e r 1 9 7 9 ) . The aqua i o n i n s o l u t i o n has t h e o r i g i n c l o s e t o 
20600 cm .The v a l u e s i n g l a s s e s _ a r e l e s s p r e c i s e ( b e c a u s e o f m u l t i p l e 
s i t e s ) s u c h a s 1906^ t o 20400 cm i n b o r o s i l i c a t e g l a s s ( F l i n t e t a l . 
1983) and 19800 cm i n i n d i u m l e a d b a r i u m f l u o r i d e g l a s s ( R e i s f e l d e t 
a l . 1986) b u t seems a s h i g h a s 20500 cm i n NaPO g l a s s ( L i e b l i c h - S o f e r 
e t a l . 1978)-

The e x t r a o r d i n a r y l o w i n t e n s i t y o f t h e u r a n y l e l e c t r o n t r a n s f e r b ands 
l e a v e no d o u b t t h a t t h e M.O. l o s i n g an e l e c t r o n t o t h e empty 5f s h e l l 
has odd p a r i t y , i n s p i t e o f 4 among 6 r e c e n t a p p r o x i m a t e M . 0 . c a l c u l a t i o n s 
(JjzSrgensen and R e i s f e l d 1 982 , 1 983) s u g g e s t i n g t h e l o o s e s t bound M.O. t o 
have e v e n p a r i t y , o r b e i n g a t most 0.4 eV above an e v en M . 0 . E x t r a p o l a t i o n 
f r o m h a l i d e c o m p l e x e s ( J ^ r g e n s e n 1970) w o u l d s u g g e s t t h a t t h e two f T 
f o r m e d i n t h e L.C.A.O. model f r o m o x y g e n 2p o r b i t a l s a r e e a s i e r t o 
e x c i t e o r i o n i z e t h a n Gf .The p r o b l e m i s ( J ^ r g e n s e n and R e i s f e l d 1982) 
t h a t TT [5f (<p,S ) Q = 5/2 U] p r o v i d e s f t = 1 , 4 , 2 and 3 (among w h i c h Q = 4 has 
n o t been d e t e c t e d ) b u t <T 5f (<p,^) s h o u l d g i v e and 3 f o l l o w e d a t 
2000 cm h i g h e r e n e r g y r } y P = 1 and 2.Denning e t a l . 1 976 , 1 979) a r g u e t h a t 
t h e l i g a n d s i n t h e e q u a t o r i a l p l a n e d e s t a b i l i z e 5fcp by a b o u t t h i s 
amount r e l a t i v e t o 5f£ .One m i g h t h a v e hoped t h a t t h e n e p t u n y l ( V I ) s a l t s 
w o u l d show i n f o r m a t i v e 5 f t r a n s i t i o n s , b u t t h e e v i d e n c e ( D e n n i n g e t a l . 
1982) d oes n o t seem c o n c l u s i v e . T h o u g h t h i s dilemma has n o t been r e s o l v e d 



t h e c o n c e i v a b l e e a s i e r e x c i t a t i o n o f CT c a n be due t o a n t i - b o n d i n g on 
t h e c l o s e d s h e l l U6p ( J ^ r g e n s e n , 1 9 8 2 ; DeKock e t a l . 1 9 8 4 ) i n a n a l o g y t o 
t h e l o o s e s t bound M.O. o f N 2 b e i n g "pushed f r o m b e l o w " by t h e ^ g c o m b i ­
n a t i o n o f t h e two N2s o r b i t a l s . I n any c a s e , i n a s u f f i c i e n t l y l a r g e 
wave-number i n t e r v a l , t h e p a r i t y - f o r b i d d e n u r a n y l e l e c t r o n t r a n s f e r 
b a n d s c o m p r i s e a l l 16 fit* l e v e l s due t o CT and 32 £2 l e v e l s due t o TT . 

u u 
U n t i l r e c e n t l y , o n l y f l u o r e s c e n c e o f t h e f i r s t e x c i t e d l e v e l had been 
d e t e c t e d , t h o u g h h i c j ^ e r e x c i t e d s t a t e s m i g h t e a s i l y show T\ a r o u n d 10~ 
w i t h T o f o r d e r 10 s ( J ^ r g e n s e n and R e i s f e l d 1 9 8 3 ) . H o w e v e r , c r y s t a l l i n e 
C s U 0 2 ( N 0 3 ) 3 ; U 0 2 ( N 0 3 ) 2 , 6 H 2 0 ; h y d r a t e d u r a n y l s u l f a t e ; a n d u r a n y 1 - c o n t a i ­
n i n g b o r o s i l i c a t e g l a s s were shown ( M a r c a n t o n a t o s e t a l . 1 986)_ each t o 
e m i t a b o u t 30 n a r r o w bands i n t h e i n t e r v a l 20800 t o 30000 cm w i t h low 
i n t e n s i t y (VJ o f o r d e r 10 ) a t 77 K . A l r e a d y t h e v i b r a t i o n a l s t r u c t u r e 
c o n n e c t e d w i t h e m i s s i o n f r o m t h e " c l a s s i c a l " f i r s t e x c i t e d s t a t e i s more 
c o m p l i c a t e d t h a n i n a d i a t o m i c m o l e c u l e . T h o u g h t h e m a j o r p e a k s o f t h e 
e m i s s i o n s p e c t r u m a r e r o u g h l y e q u i d i s t a n t , m u c h l o w e r f r e q u e n c i e s a r e 
s u p e r p o s e d , a n d i t i s e x p e c t e d f r o m g r o u p - t h e o r y t h a t n e a r l y a l l t r a n s i ­
t i o n s i n v o l v e one ( o r t h r e e ) odd n o r m a l modes o f v i b r a t i o n . T h e a b s o r p ­
t i o n b ands above 20000 cm were t h o u g h t o f a s a r o u g h l y e q u i d i s t a n t s e t 
g e n e r a t e d by a f r e q u e n c y known t o be 0.85 t i m e s t h a t o f t h e e l e c t r o n i c 
g r o u n d s t a t e . T o d a y , t h i s seems t o be a c o i n c i d e n c e a f t e r 22000 cm ,where 
t h e s t r o n g p e a k s i n v o l v e s e v e r a l h i g h e r e l e c t r o n i c l e v e l s , w h i c h happen 
t o be s e p a r a t e d by a m u l t i p l e o f t h e v i b r a t i o n . C o n t i n u e d work by M a r c a n ­
t o n a t o s shows a q u i t e s h o r t - l i v e d e l e c t r o n i c s t a t e c l o s e t o 22700 cm 
and a t J e a s t one somewhat l o n g e r - 1 v e d s t a t e a r o u n d 29000 cm ( r e l a t e d 
t o t h e ^7/2 c o m P o n e n t s e x p e c t e d some 8000 cm above t h e f i r s t e x c i t e d 
s t a t e ) . T h e d i f f i c u l t y f o r i n t e r p r e t i n g some 30 v i b r a t i o n a l components 
i s t h a t t h e e q u i d i s t a n t m a n i f o l d o f g r o u n d s t a t e v i b r a t i o n s seems s t r o n g l y 
m o d i f i e d . A p l a u s i b l e r a t i o n a l i z a t i o n i s t h a t t h e " c l a s s i c a l " f i r s t e x c i ­
t e d s t a t e r e m a i n s l i n e a r , w i t h two e q u a l l y e l o n g a t e d U-0 i n t e r n u c l e a r 
d i s t a n c e s , w h e r e a s s e v e r a l o f t h e (15 o r 47) h i g h e r iT5 l e v e l s t e n d t o be 
t h e r m a l i z e d , w i t h e q u i l i b r i u m d i s t a n c e s c o r r e s p o n d i n g t o a b e n d i n g a n g l e 
w e l l b e l o w 180° a n d p e r h a p s two d i f f e r e n t U-0 ,not t o speak a b o u t r e a r ­
r a n g ement o f t h e l i g a n d s i n t h e e q u a t o r i a l p l a n e . 

Anyhow,a m a j o r c o n c l u s i o n i s t h a t u r a n y l a b s o r p t i o n i s n o t f o l l o w e d by 
e x c l u s i v e l y n o n - r a d i a t i v e r e l a x a t i o n t o t h e f i r s t e x c i t e d s t a t e , b u t 
c a s c a d e s down w i t h p e r c e p t i b l e s h o r t - l i v e d s t e p s o f l u m i n e s c e n c e Jjoward 
t h e g r o u n d s t a t e . S u c h c a s c a d i n g i s known f o r e i g h t J - l e v e l s o f 4f h o l -
m i u m ( I I I ) i n f l u o r i d e g l a s s e s ( R e i s f e l d and J ^ r g e n s e n , 1 9 8 7 ) . S i n c e t h e 
o s c i l l a t o r s t r e n g t h o f t h e s e c o n d and f o l l o w i n g e x c i t e d ^ l e v e l s i s v e r y 
d i f f i c u l t t o s e p a r a t e c l e a r l y f r o m t h e f i r s t e x c i t e d s t a t e , t h e o b s e r v e d 
T above 1 ms i n a n h y d r o u s s a l t s i s n o t an i n v a r i a n t r a d i a t i v e l i f e - t i m e 
s i n c e C s 2 ( S n C l 6 ) 1 _ x ( U 0 2 C 1 4 ) has T = 3.2 ms ( F l i n t and T a n n e r 1 979) f T o f 
h y d r a t e d s a l t s i n c r e a s e m o d e r a t e l y by s u b s t i t u t i o n w i t h d e u t e r i u m o x i d e , 
b u t t h e mere p r e s e n c e o f p r o t o n s i s n o t ( l i k e i n l a n t h a n i d e s , R e i s f e l d & 
JgSrgensen 1977,1987) a s u f f i c i e n t c o n d i t i o n f o r p r o n o u n c e d n o n - r a d i a t i v e 
d e - e x c i t a t i o n . T h e d i s t a n t e q u a t o r i a l m e t h y l g r o u p s i n N a U 0 2 ( 0 2 C C H 3 ) 3 

i n t e r f e r e much l e s s t h a n most o r g a n i c compounds i n s o l u t i o n . 
The h i g h e s t known nT f o r a g l a s s i s 0.63 ms i n a f l u o r i d e g l a s s ( R e i s f e l d 
e t a l . 1 9 8 6 ) i n s p i t e o f s i m u l t a n e o u s l y p r e s e n t u r a n i u m ( I V ) . T h e a v e r a g e 
o s c i l l a t o r s t r e n g t h o f d i s t o r t e d s i t e s i n most g l a s s e s i s h i g h e r t h a n i n 
c o m p a r a b l e c r y s t a l s , d e c r e a s i n g t h e r a d i a t i v e l i f e - t i m e . D i r e c t c o m p a r i s o n 
w i t h T / r | m i g h t be q u i t e i n f o r m a t i v e . T h i s w o u l d a l s o be h i g h l y s i g n i f i ­
c a n t f o r t h e l u m i n e s c e n c e f r o m h i g h e r e l e c t r o n i c s t a t e s ( M a r c a n t o n a t o s 
e t a l . 1 9 8 6 ) . T h e r e may be an i n i t i a l r i s e o f i n t e n s i t y , d u e t o f e e d i n g 
f r o m h i g h e r s t a t e s , b u t t h e maximum s h o u l d be p r o p o r t i o n a l t o t h e c o n c e n ­
t r a t i o n o f t h e s h o r t - l i v e d , e m i t t i n g s t a t e . 
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INTRODUCTION 

The e f f e c t s of second-sphere perturbations on the photochemical and 

photophysical p r o p e r t i e s of t r a n s i t i o n metal complexes have been discussed i n a 

recent review paper (Balzani 1986). In the frame of that study lanthanide complexes 

were a l s o considered, assuming that an analoqy could be seen between the e f f e c t s 

produced by the second coordination sphere on the d-block metal complexes and the 

f i r s t c o o r d i n a t i o n sphere on the f-block metal ions. 

In the current development of coordination chemistry an important r o l e i s played 

by, complexes wit h macrocyclic and cage-type ligands (Voeqtle 1981; Lehn 1982; I z a t t 

1985). For lanthanide i o n s , which u s u a l l y give r i s e to weak complexes havinq 

i l l - d e f i n e d composition and s t r u c t u r e i n s o l u t i o n , those liqands are p a r t i c u l a r l y 

valuable because they provide a means to obtain s t a b l e complexes. 

In t h i s paper we report p r e l i m i n a r y r e s u l t s on the e f f e c t s produced on the 

photophysics of Eu^ + i n water s o l u t i o n on complexation of E u 3 + w i t h the C 22 H26 N6 

hexa-aza-macrocyclic l i g a n d i n the presence of acetate anions and ion-p a i r 

a s s o c i a t i o n o f the [Euc 2.2.1] 3 + cryptate w i t h F"~ anions. 

A d e t a i l e d a n a l y s i s of the pr o p e r t i e s of the luminescent e x c i t e d s t a t e of E u 3 + 

i s known t o be a powerful means to e l u c i d a t e molecular s t r u c t u r e s i n s o l u t i o n 

(Horrocks 1984; Balzani 1986). 

The e x c i t e d s t a t e p r o p e r t i e s of complexes of some lanthanide ions with the 

mac r o b i c y c l i c 2.2.1 cryptand l i g a n d have been rece n t l y studied i n our laboratory 

(Sabbatini 1984; 1986). 

RESULTS AND DISCUSSION 

The [Eu(C 22H2 6N 6MCH 3COO)] 2 + Complex 

The complex was synthesized as prev i o u s l y described (De Cola 1986). The 



experiments were performed i n s o l u t i o n s c o n t a i n i n g 1.QxlcT^M CH^COONa to minimize 

d i s s o c i a t i o n o f the coordinated acetate anion. 

Besides the weak f - f t r a n s i t i o n s of E u 3 + , the absorption spectrum shows three 

intense ( £ of the order of 10 4) bands i n the near U.V. region ( X m a x
= 2 1 4 , 245, and 

300 nm). These bands are a t t r i b u t e d t o t r a n s i t i o n s w i t h i n the l i g a n d because of 

t h e i r high i n t e n s i t y and because they are a l s o observed i n the analogous Gd and 

T b 3 + compounds. 

The e x c i t a t i o n spectrum shows the same p a t t e r n as the absorption spectrum. This 

means that intramolecular energy t r a n s f e r from the e x c i t e d l i g a n d t o the e m i t t i n g 

D Q l e v e l o f Eu takes p l a c e . 

The emission spectrum under h i g h - r e s o l u t i o n c o n d i t i o n s shows only one peak 

(i> =17250 cm""1) i n correspondence w i t h the 5 D Q — > 7 F Q t r a n s i t i o n of E u 3 + . This 

i n d i c a t e s t h a t only one E u 3 + c o n t a i n i n g species i s present i n s o l u t i o n (Horrocks 

1984; B a l z a n i 1986). 

The l i f e t i m e s f o r the emission from the ^DQ e x c i t e d s t a t e o f E u 3 + are 0.70 ms 

(at 300 K) and 1.4 ms (at 77 K) i n H 20 s o l u t i o n and 2.0 ms (at 300 K) and 2.1 ms 

(at 77 K) i n 1>)0 s o l u t i o n . These values i n d i c a t e t h a t ( i ) the luminescent e x c i t e d 

s t a t e of E u 3 + i s p a r t l y quenched by v i b r o n i c coupling w i t h the high-frequency O-H 

v i b r a t i o n s (longer l i f e t i m e s i n D 20 than i n H 20 s o l u t i o n ) (Horrocks 1984), ( i i ) no 

lo w - l y i n g , thermally occupied e x c i t e d s t a t e i s present (temperature independent 

l i f e t i m e s i n D 20 s o l u t i o n ) (Blasse 1986). The temperature dependence of the 

l i f e t i m e i n H 20 may be a t t r i b u t e d t o a s l i g h t m o d i f i c a t i o n i n c o o r d i n a t i o n of H 20 

molecules i n the g l a s s y s t a t e . 

From the Horrocks 1 equation (Horrocks 1984) which makes use of l i f e t i m e 

measurements c a r r i e d out i n H 20 or D 20 s o l u t i o n , we o b t a i n that 1 H 20 molecule i s 

coordinated t o E u 3 + i n the macrocyclic complex at room temperature. 

The [ E u c 2 . 2 . 1 ] 3 + - F ~ and [Euc2.2.1] 3 +-2F*" Ion P a i r s 

The [Euc:2.2.1] 3 + c r y p t a t e was prepared as p r e v i o u s l y described (Sabbatini 

1984). The two ion p a i r s w i t h 1:1 and 1:2 [Euc: 2.2.1] 3 + : F ~ s t o i c h i o m e t r i c s were 

obtained i n the f o l l o w i n g c o n d i t i o n s : [Euc2.2.1] 3 +=5.QxlO~ 3M, [F~] =5.QxKf 3M o r 



S.OxlO^M, r e s p e c t i v e l y , and i o n i c strength 5.0x10^^1 obtained by a d d i t i o n o f KC1, 

on the b a s i s o f the reported a s s o c i a t i o n constants (Yee 1980). 

The absorption spectra show that the N—>Eu 3 + and 0—>Eu 3 + charge t r a n s f e r bands 

(Sabbatini 1984) are blue s h i f t e d by ̂ 2000 cm""1 i n going from [Euc 2.2.1] 3 + t o 

[E u c 2 . 2 . 1 ] 3 + - F ~ and by ̂ 3000 cm"1 i n g o i n g from [Euc 2.2.1] 3 + - F ~ to 

[Euc;2.2.1] 3 +-2F~. This f a c t can be explained by considering that a s s o c i a t i o n w i t h 

F~ anions reduces the e f f e c t i v e p o s i t i v e charge of E u 3 + , w i t h a consequent increase 

i n the energy of the LMCT t r a n s i t i o n s i n v o l v i n g the nitrogen and oxygen donor atoms 

of the cryptand. 

In Table I the luminescence l i f e t i m e s of the two ion p a i r s are reported and 

Table I . L i f e t i m e s ( i n ms) of the luminescent e x c i t e d s t a t e 

Solvent T(K) [Eu<=2 .2 .1] J + [Euc: 2.2.1] *-F~ Euc 2.2 .1] J -2F~ 

H 20 300 0.22 0.50 1.0 

77 0.34 0.62 1.2 

1^0 300 0.64 1.5 1.7 

77 1.2 1.5 1.8 

compared w i t h those of the " f r e e " [ E u c 2 . 2 . 1 ] 5 c r y p t a t e . The increase i n the 

l i f e t i m e s observed i n H 20 s o l u t i o n w i t h increasing F~ concentration shows that F" 

ions replace water molecules which were found t o be present i n the coordination 

sphere o f E u 3 + i n the 2.2.1 cry p t a t e (Sabbatini 1984), i . e . [Euc: 2.2.1] 3 +-F~ and 

t Euc 2.2.1] 3 + - 2 F ~ are not s o l vent-separated ion p a i r s . The l i f e t i m e s of the two i o n 

p a i r s are p r a c t i c a l l y temperature independent. This i s explained considering that 

r a d i a t i o n l e s s decay v i a l o w - l y i n g charge-transfer l e v e l s (Blasse 1986) i s prevented 

because the LMCT e x c i t e d s t a t e s o f the cr y p t a t e move t o higher energies (see above) 

and become i n a c c e s s i b l e when F" replaces water i n the holes of the cryptate 

s t r u c t u r e . 

The p a t t e r n o f the luminescence spectrum of [Euc 2 . 2 . 1 ] 3 + c r y p t a t e (Sabbatini 

1984) i s markedly a f f e c t e d by a s s o c i a t i o n w i t h F". I t shows ( i ) changes i n the 



c r y s t a l f i e l d s p l i t t i n g , r e l a t e d t o changes i n the s i t e symmetry of E u 3 + and ( i i ) 

s h i f t o f a l l t r a n s i t i o n s t o higher energies, ascribed t o a re d u c t i o n of the 

nephelauxetic e f f e c t upon r e p l a c i n g H 20 by F~. 

CONCLUSION 

This study presents new examples of p e r t u r b a t i o n s o f the absorption and 

luminescence p r o p e r t i e s o f the E u 3 + i o n by s u i t a b l e complexation and i o n - p a i r 

a s s o c i a t i o n and confirms the u t i l i t y o f the photophysical c h a r a c t e r i s t i c s of E u 3 + 

i n e n l a r g i n g the knowledge on the p r o p e r t i e s o f macrocyclic and cryptand l i g a n d s . 

I t i s well-known tha t these molecules have r e c e n t l y revealed a p a r t i c u l a r l y 

important c l a s s of l i g a n d s because they o f f e r new p o s s i b i l i t i e s i n the f i e l d of 

co o r d i n a t i o n chemistry (Lehn 1982; B a l z a n i 1986). 

Acknowledgments. The authors wish t o thank Prof. V. Ba l z a n i f o r h e l p f u l 

d i s c u s s i o n s . 
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LIGAND FIELD ANALYSIS OF THE DOUBLET EXCITED STATES IN CHROMIUM(111) 

TRISCHELATED COMPLEXES 

A.Ceulemans, N.Bongaerts, and L.G.Vanquickenborne 

Department of Chemistry, University of Leuven, 3030 Leuven, BELGIUM 

THE ORGEL EFFECT IN TRISCHELATES 

T r i s c h e l a t e d c o m p l e x e s w i t h b i d e n t a t e l i g a n d s c o n t a i n i n g a 

7 r - c o n j u g a t e d b r i d g e may show a p r o n o u n c e d t r i g o n a l s p l i t t i n g o f t h e 

t ^ g o r b i t a l s . As has been p o i n t e d out by O r g e l (1961) t h i s s p l i t t i n g 

i s due t o t h e e l e c t r o n i c i n t e r a c t i o n between t h e p - r r - o r b i t a l s o f t h e 

l i g a t o r atoms v i a t h e c o n j u g a t e d b r i d g e . An e x t e n d e d a n g u l a r o v e r l a p 

m o d e l , w h i c h t a k e s t h i s i n t e r a c t i o n i n t o a c c o u n t , has r e c e n t l y been 

d e v e l o p e d (Ceulemans e t a l . 1 9 8 5 ) . I f i n t h e f r o n t i e r m o l e c u l a r 

o r b i t a l (MO) on t h e b i d e n t a t e l i g a n d t h e l i g a t o r p i r - f u n c t i o n s a r e in 

phase, a #-type O r g e l e f f e c t r e s u l t s , d e s c r i b e d by a u p a r a m e t e r . 

C o n v e r s e l y i f i n t h e f r o n t i e r MO o f t h e l i g a n d t h e p7r-f u n c t i o n s a r e 

out of phase, a #-type c o u p l i n g o c c u r s , d e s c r i b e d by a p a r a m e t e r 

ttl(x)- In p r i n c i p l e more t h a n one MO i n t e r a c t i o n can be i m p o r t a n t so 

t h a t b o t h xi/- and x - e f f e c t s may be o p e r a t i v e s i m u l t a n e o u s l y . D e f i n i n g 

the t r i g o n a l s p l i t t i n g o f t h e t
2 g

 s h e l l , A r
2
, as t h e e n e r g y 

d i f f e r e n c e between t h e e and a
1
 o r b i t a l s o f t

2
 s i g n a t u r e 

A 7
2
 = e ( e ) - e ( a ^ ) 

the O r g e l e f f e c t i n t r i s c h e l a t e d c omplexes i s g i v e n by : 

A r
2
 = 3 T T X ( ^ ) - 3 T T

±
( X ) 

Q u i t e o f t e n l i g a n d donor and a c c e p t o r l e v e l s d i s p l a y o p p o s i t e phase 

c o u p l i n g so t h a t T T ± ( ^ ) and T T ^ X ) w i l l adopt o p p o s i t e s i g n s . In t h i s 

way q u i t e p r o n o u n c e d t r i g o n a l s p l i t t i n g s may be o b t a i n e d . 

LIGAND FIELD CALCULATIONS 

W i t h i n t h e framework o f l i g a n d f i e l d t h e o r y c o m p l e t e s t a t e 
3 

c a l c u l a t i o n s have been p e r f o r m e d on h e x a c o o r d i n a t e d d c o m p l e x e s , 

showing a v a r i a b l e t r i g o n a l s p l i t t i n g o f t h e t
9
 o r b i t a l s . In F i g . 1 

3
 9 

we p r e s e n t t h e v a r i a t i o n o f t h e < t
2 g
) d o u b l e t e n e r g i e s as a f u n c t i o n 

of t h e t r i g o n a l s p l i t t i n g . The i n p u t p a r a m e t e r s o f t h e c a l c u l a t i o n 

a r e s p e c i f i e d i n t h e f i g u r e l e g e n d . From t h e f i g u r e s e v e r a l o b s e r v a ­

t i o n s may be made : 



2 4 . 0 0 0 - 2y 
22.000 -

\ 
20.000 -

1 8 . 0 0 0 -

16.000 -

\ 
9 H.U60 2 C 
Z E 

E * ( W ^ 

I 

1 2 . 0 0 0 -

i 

E 

- 2 0 0 0 1000 1000 2000 

F i g u r e 1 

t r i g o n a l o r b i t a l s p l i t t i n g At 

E n e r g i e s o f t h e ( t
2 g

) ' d o u b l e t s t a t e s as a f u n c t i o n o f t h e 

T h e s e e n e r g i e s were o b t a i n e d f r o m 

-1 
c o m p l e t e d l i g a n d f i e l d c a l c u l a t i o n s , u s i n g B = 700 cm , C = 4B, 

-1 , n ^ _ -1 
and 10 Dq 

? t h r e e par 

symmetry l a b e l s r e f e r t o D-

r e c o g n i z e s t h e t h r e e p a r e n t 0
h
 s t a t e s 

In t h e c e n t r e o f t h e f i g u r e one 

:
 2

E . and
 2

T
9
 . 

g' l g 2g 

r e p r e s e n t a t i o n s . The s p i n 

C = 200 cm
 A

 and 10 Dq = 18500 cm 

i i i 

O t h e r 

o r b i t 

components o f t h e l o w e s t ^E e m i t t i n g l e v e l a r e a l s o r e p r e s e n t e d . A 

f u l l l i n e i s used f o r t h e E" component and a d a s h e d l i n e f o r t h e E' 

component. 



a) T h e r e i s no f i r s t o r d e r s p l i t t i n g o f the o c t a h e d r a l d o u b l e t l e v e l s 

2

E
g
,
 2

T
l g
 and

 2

T
2 g

. T h i s i s a r e s u l t o f t h e i r h a l f - f i l l e d s h e l l 

c h a r a c t e r (Ceulemans e t a l . 1 9 8 2 ) . 

? 
b) S p i n o r b i t s p l i t t i n g o f the E l e v e l s i s s i m i l a r l y s m a l l . The E' 

? 
and E" components o f t h e l o w e s t E l e v e l have been i n d i c a t e d on 

t h e f i g u r e . T h e i r r e l a t i v e o r d e r i n g depends on t h e s i g n o f t h e 

t r i g o n a l s p l i t t i n g . Remark t h a t f o r p o s i t i v e v a l u e s o f A r
9
 t h e 

2 

s p i n o r b i t s p l i t t i n g o f t h e l o w e s t E i s more p r o n o u n c e d t h a n f o r 

n e g a t i v e v a l u e s o f A r
2
. 

c) In a r e c e n t s t u d y (Ceulemans e t a l . 1987) we have a l s o c a l c u l a t e d 

2 

o r b i t a l d e n s i t y d i s t r i b u t i o n s f o r t h e l o w e s t E l e v e l o f F i g . 1. 

From t h e s e c a l c u l a t i o n s i t was c o n c l u d e d t h a t t h e t r i g o n a l f i e l d 

i n d u c e s an a n i s o t r o p i c c h a r g e d i s t r i b u t i o n . In a l l c a s e s t h i s 

a n i s o t r o p y c o r r e s p o n d s t o a c h a r g e f l o w i n t o t h e lower l y i n g t
2 g 

component, and a c o n c o m i t a n t d e p l e t i o n o f t h e h i g h e r l y i n g 

component. 
APPLICATIONS 

Two t y p i c a l t r i s c h e l a t e d C r ( I I I ) complexes o f g r e a t i n t e r e s t i n 

p h o t o c h e m i s t r y and p h o t o p h y s i c s , w hich a r e l i k e l y t o e x h i b i t a 

p r o n o u n c e d O r g e l e f f e c t , a r e C r ( a c a c ) ^ and C r ( b i p y ) ^
3 +

. 

The acac~ l i g a n d ( a c e t y 1 a c e t o n a t e ) i s i s o - e l e c t r o n i c w i t h t h e p e n t a -

d i e n y l a n i o n . C o n s e q u e n t l y i t s 7 r - d o n o r HOMO w i l l be o f t h e tfr-type 

( T T
i
( ^ ) > 0) w h i l e i t s v - a c c e p t o r LUMO w i l l be o f t h e x - t y p e ( T T ^ X ) < 

0 ) . The s i g n o f A r
2
 f o r C r ( a c a c ) ^ i s t h u s u n a m b i g u o u s l y d e t e r m i n e d t o 

be p o s i t i v e . A c c o r d i n g l y t h e s p i n o r b i t components o f t h e e m i t t i n g
 2

E 

l e v e l w i l l be o r d e r e d as i n the r i g h t h a n d s i d e o f F i g . 1 w i t h E' 

above E". The s p e c t r a l o r i g i n a t 12900 cm"
1

 i s t h e r e f o r e a s s o c i a t e d 
? 1 

w i t h t h e E"( E) component w h i l e the n e x t t r a n s i t i o n n ear 13200 cm i s 
9 

a s s i g n e d as E'( E ) . ( A r m e n d a r e z and F o r s t e r 1964; S c h o n h e r r e t a l . 

1 9 8 3 ) . T h i s a s s i g n m e n t i s c o n s i s t e n t w i t h t h e l i g a n d f i e l d a n a l y s i s 

o f t h e s p i n a l l o w e d q u a r t e t bands ( P i p e r and C a r l i n 1960; A t a n a s o v e t 

a l . 1 9 8 7 ) . A d d i t i o n a l c o n f i r m a t i o n can be o b t a i n e d from low t e m p e r a ­

t u r e Zeeman l u m i n e s c e n c e s p e c t r a , p u b l i s h e d by F i e l d and c o w o r k e r s 

( 1 9 8 4 ) . Some f e a t u r e s o f t h e s e s p e c t r a r e m a i n p u z z l i n g t h o u g h . 

The bipy l i g a n d (ac t * - b i p y r i dy 1) i s l so-e l e c t r o n i c w i t h t h e b u t a d i e n e 

s y s t e m and t h e r e f o r e s h o u l d show o p p o s i t e phase c o u p l i n g c h a r a c ­

t e r i s t i c s . W ith tr^ity) < 0 and T T ± ( X ) > 0 t h e A r
2
 s p l i t t i n g i n 

C r ( b i p y ) ~ ^
+

 i s c l e a r l y p r e d i c t e d t o be n e g a t i v e . The s p i n o r b i t 



components E" and E' a r e t h e r e f o r e e x p e c t e d t o be o r d e r e d as i n t h e 

l e f t h a n d s i d e o f F i g . 1 w i t h E' below E " . Th e s e p r e d i c t i o n s have 

r e c e n t l y been c o n f i r m e d by d e t a i l e d Zeeman s p e c t r a o f C r ( b i p y ) ^
+

 i n 

c r y s t a l l i n e h o s t s ( H a u s e r e t a l . 1 9 8 7 ) . The E'( E) component c o r r e s -

-1 2 

ponds t o this? s p e c t r a l o r i g i n a r o u n d 13775 cm w h i l e t h e E"( E) com­

ponent i s a s s o c i a t e d w i t h a t r a n s i t i o n n e a r 13800 cm""
1

. Remark t h a t 

2 3 + 

the s p i n o r b i t s p l i t t i n g o f t h e E l e v e l i n C r ( b i p y ) ^ i s s u b s t a n ­

t i a l l y l o wer t h a n i n C r ( a c a c ) ^ . The e f f e c t i s more p r o n o u n c e d t h a n 

c o u l d be e x p e c t e d on t h e b a s i s o f t h e l i g a n d f i e l d c a l c u l a t i o n s i n 

F i g . 1 and i s p r o b a b l y due t o a t r i g o n a l t w i s t o f t h e C r ( b i p y ) 

c o o r d i n a t i o n s p h e r e which c o u n t e r a c t s t h e O r g e l s p l i t t i n g . 

Acknowledgement : We thank P r o f . H.-H. S c h m i d t k e and D r . A. H a u s e r 

f o r c o m m u n i c a t i n g t h e i r r e s u l t s p r i o r t o p u b l i c a t i o n . AC i s i n d e b t e d 
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QUENCHING OF THREE PHOTOAQUATION MODES OF A CHROMIUM(111) ACIDOAMMINE 

A.Damiani, P . R i c c i e r i , and E . Z i n a t o 

D i p a r t i m e n t o d i C h i m i c a , U n i v e r s i t a d i P e r u g i a , 06100 P e r u g i a , ITALY 

INTRODUCTION. Trans-Cr{UH3)^{CH)X complexes w i t h X = H 20, C l ' , F~, NCS", e t c . a r e 

p h o t o c h e m i c a l l y u n u s u a l , s i n c e the s p e c t r o c h e m i c a l s t r e n g t h s o f t h e two l i g a n d s on 

the t e t r a g o n a l a x i s a r e r e s p e c t i v e l y h i g h e r and l o w e r than t h a t o f the e q u a t o r i a l NH^ 

groups. The s i t u a t i o n i s i n t e r m e d i a t e between t h o s e o f trans-CriHH^)^X*+ 1 and 

trans-Cr(UH^)^{CH)^ i o n s , 2 w h i c h a r e c h a r a c t e r i z e d by d i f f e r e n t energy o r d e r i n g s o f 

the 1 i g a n d - f i e l d s t a t e s , hence, by d i f f e r e n t a n t i b o n d i n g p r o p e r t i e s o f the l o w e s t 

e x c i t e d q u a r t e t : m a i n l y a x i a l ( ^ E g s t a t e ) f o r the f o r m e r , and e q u a t o r i a l (^ B2g^ ^ o r 

the l a t t e r . The o p p o s i n g e f f e c t s o f CN~ and X on the s p l i t t i n g s o f the o c t a h e d r a l 

energy l e v e l s make t h e s e s p e c i e s e l e c t r o n i c a l l y q u a s i 0^, a l t h o u g h t h e i r a c t u a l 

g e o m e t r i e s a r e C ^ . T h e r e f o r e , the l i g a n d - f i e l d e x c i t a t i o n energy can be d i s t r i b u t e d 

a lmost e v e n l y among th e d i f f e r e n t t y p e s o f m e t a l - l i g a n d bonds. A r e c e n t i n v e s t i g a t i o n 

of some members o f t h i s f a m i l y has p r o v i d e d a t e s t f o r the degree o f d e t a i l the 

4 

c u r r e n t p h o t o l a b i 1 i z a t i o n models a r e a b l e t o handle when t h r e e c o n c u r r e n t p h o t o -

s u b s t i t u t i o n s a r e i n v o l v e d . 

The above i o n s p h o s p h o r e s c e from t h e l o w e s t d o u b l e t e x c i t e d s t a t e ( s ) i n room-

te m p e r a t u r e s o l u t i o n , and f o r t h e X = NCS~ complex such e m i s s i o n i s f a i r l y i n t e n s e 

and l o n g l i v e d . A s t u d y o f i t s q u e n c h i n g was thus p o s s i b l e , i n p a r a l l e l w i t h t h a t 

of t h r e e d i f f e r e n t and r e a s o n a b l y e f f i c i e n t p h o t o a q u a t i o n modes. The aim was t o 

5 

seek f u r t h e r i n f o r m a t i o n as t o t h e l o n g debated o r i g i n o f the q u e n c h a b l e p a r t o f 

c h r o m i u m ( I I I ) p h o t o c h e m i s t r y . 

RESULTS. The l i g a n d - f i e l d a b s o r p t i o n bands o f trans - Cr (,HH 3) ^(CH) (NCS)* a r e o c t a h e d r a l 

4 4 4 4 
l i k e , w i t h maxima a t 466 and 355 nm f o r the A^-*- T 2 g and A 2 g — t r a n s i t i o n s . 

I r r a d i a t i o n o f t h e s e f e a t u r e s i n a c i d i c aqueous s o l u t i o n (10~ 3'M H C 1 0 J r e s u l t s i n 



t h e s i m u l t a n e o u s a q u a t i o n o f NH^, CN , 

and NCS", w i t h v i r t u a l l y w a v e l e n g t h 

i n d e p e n d e n t quantum y i e l d s o f 0.2510.01, 

0.07+0.01, and 0.019+0.001, r e s p e c t i v e l y . 

Such independence e x t e n d s t o t h e l o w -

energy s i d e o f t h e f i r s t a b s o r p t i o n band. 

The p h o s p h o r e s c e n c e s p e c t r u m under p h o t o ­

c h e m i c a l c o n d i t i o n s ( F i g . 1) shows a peak 

a t 709 nm. The e m i s s i o n l i f e t i m e i s 

30.010.5 us a t 20°C, and i t s t e m p e r a t u r e 

dependence i n t h e 5-30°C range g i v e s an 

a p p a r e n t a c t i v a t i o n energy o f 9.1±0.3 

k c a l mol ^. 

680 700 720 740 
A,nm 

F i g u r e 1. E m i s s i o n s p e c t r u m o f trans-

C r ( N H 3 ) 4 ( C N ) ( N C S )
+ i n 1 x 1 0 " 3 M HC10 4 

s o l u t i o n a t room t e m p e r a t u r e . 

The t r i s o x a l a t o c h r o m a t e ( I I I ) i o n , C r ^ O ^ I quenches t h e e m i s s i o n {k = 5.6x10 

-1 -1 

M s a t 20°C) and t h e t h r e e p h o t o r e a c t i o n s . The f i n d i n g s o f a s y s t e m a t i c s t u d y 

a r e t h e f o l l o w i n g , (a) P h o t o c h e m i s t r y and e m i s s i o n a r e quenched i n p a r a l l e l , as 

i n d i c a t e d by t h e l i n e a r i t y o f a p l o t o f p h o t o r e a c t i o n v s . d o u b l e t l i f e t i m e q u e n c h i n g 

( F i g . 2 ) . (b) Upon c o m p l e t e q u e n c h i n g o f t h e l o w e s t d o u b l e t s t a t e ( s ) , 2512% o f t h e 

p h o t o r e a c t i v i t y remains unquenched. ( c ) The quantum y i e l d r a t i o s o f t h e t h r e e p h o t o -

a q u a t i o n modes a r e the same f o r both t h e u n q u e n c h a b l e and t h e q u e n c h a b l e components. 

4 
DISCUSSION. The e n e r g y s e p a r a t i o n between t h e two s u b l e v e l s o f t h e o c t a h e d r a l T 2 

s t a t e o f t r a n s - C r ( N H 3 ) 4 ( C N ) ( N C S )
+ , e v a l u a t e d by means o f the p a r a m e t e r s o f t h e two-

4 -1 
d i m e n s i o n a l s p e c t r o c h e m i c a l s e r i e s , i s r e l a t i v e l y s m a l l , c a . 300 cm , i n agreement 

w i t h t h e absence o f any band s p l i t t i n g . E s t a b l i s h m e n t o f t h e r m a l e q u i l i b r i u m between 

th e p h o t o c h e m i c a l l y r e l e v a n t 4 B 2 and ^E s t a t e s can t h u s e x p l a i n : ( i ) t h e c o m p a r a b l e 

e x t e n t s o f t h e e q u a t o r i a l (NHg) and a x i a l (CN" + NCS~) p h o t o r e a c t i v i t i e s , and ( i i ) 

t h e w a v e l e n g t h independence o f quantum y i e l d s and, more s i g n i f i c a n t l y , o f t h e i r 

r a t i o s . 



The q u e n c h i n g r e s u l t s a r e i n t e r p r e t e d 

3 

w i t h r e f e r e n c e t o t h e d e x c i t e d - s t a t e 

scheme o f F i g . 3 . The unquenchable p a r t 

o f each p h o t o a q u a t i o n mode p e r t a i n s t o 

m o l e c u l e s which n e v e r pass t h r o u g h t h e 

d o u b l e t s t a t e ( s ) . P a r t i a l u n q u e n c h a b i l i t y 

i s w e l l known f o r C r ( I I I ) , and t h e s e 

c o n t r i b u t i o n s a r e u n a n i m o u s l y a s s i g n e d t o 

the s h o r t - l i v e d q u a r t e t e x c i t e d s t a t e ( s ) , 

formed i n c o m p e t i t i o n w i t h i n t e r s y s t e m 

c r o s s i n g t o t h e d o u b l e t ( s ) d u r i n g 

v i b r a t i o n a l r e l a x a t i o n o f the F r a n c k -

Condon (FC) s t a t e ( s ) ( r o u t e 1 o f F i g . 3 ) . 

F i g u r e 2. P h o t o r e a c t i o n v s . e m i s s i o n 

3-
quenching by Cr(C 90/.K . 

The q u e n c h a b l e p a r t s a r e t h e n a t t r i b u t e d t o e x c i t e d m o l e c u l e s t r a v e r s i n g t h e l o n g e r -

l i v e d , e m i t t i n g d o u b l e t ( s ) . However, a t l e a s t t h r e e p o s s i b i l i t i e s a r e c u r r e n t l y a t 

i s s u e about t h e a c t u a l p r e c u r s o r ( s ) o f t h e s e c o n t r i b u t i o n s : (a) d i r e c t d o u b l e t 

r e a c t i o n , ^ (b) d e l a y e d q u a r t e t r e a c t i o n f o l l o w i n g back i n t e r s y s t e m c r o s s i n g / ^ and 

10 

(c) c r o s s i n g from the d o u b l e t t o a r e a c t i v e g r o u n d - s t a t e i n t e r m e d i a t e . A l l t h r e e 

pathways a r e e x p e c t e d t o be a c t i v a t e d , hence, c o m p a t i b l e w i t h the o b s e r v e d t e m p e r a t u r e 

dependence o f t h e d o u b l e t decay. The q u e n c h i n g b e h a v i o r i n s t e a d s t r o n g l y s u p p o r t s 

pathway (b) ( r o u t e 2 o f F i g . 3 ) . The same p r o p o r t i o n i n l i g a n d l a b i l i z a t i o n f o r both 

the unquenchable and t h e q u e n c h a b l e p h o t o r e a c t i v i t y p o i n t s t o a s i n g l e s o u r c e f o r a l l 
4 4 

p h o t o c h e m i s t r y w h i c h , i n t h e above c o n t e x t , must be B^/ E. I t i s h i g h l y i m p r o b a b l e 
4 4 ? ? 2 

t h a t the B^/ E and h^l B 1 s t a t e s , o f d i f f e r e n t e l e c t r o n i c c o n f i g u r a t i o n s ( t 2 g e g 

3 
and t 2 g ) , and c o n c e i v a b l y d i f f e r e n t e q u i l i b r i u m s t r u c t u r e s , be c h a r a c t e r i z e d by 

i d e n t i c a l p r e f e r e n c e s i n t h e c l e a v a g e o f three d i s t i n c t m e t a l - l i g a n d bonds. S i m i l a r 

4 4 
c o n s i d e r a t i o n s a p p l y t o c o m p a r i s o n between B 2/ E and a p o s s i b l e g r o u n d - s t a t e i n t e r -

0 0 
m e d i a t e , o r i g i n a t e d from A^/ B̂  and b r a n c h i n g i n t o v a r i o u s s u b s t i t u t i o n a l c h a n n e l s 

p l u s v i b r a t i o n a l r e l a x a t i o n . 1 0 T h i s t e s t appears more s e v e r e t h a n p r e v i o u s s t u d i e s , 

11 12 
where a n a l o g o u s r e s u l t s f o r e i t h e r two p h o t o r e a c t i o n s , ' o r t wo-isomer p r o d u c t 
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m i x t u r e s , ' were t a k e n as e v i d e n c e f o r 

back i n t e r s y s t e m c r o s s i n g . In such c a s e s 

a f o r t u i t o u s c o n s t a n c y o f the mode r a t i o 

f o r t h e f a s t and slo w p h o t o c h e m i s t r y c o u l d 

not be c o m p l e t e l y r u l e d o u t . The p r e s e n t 

c o n c l u s i o n s a r e a l s o i n l i n e w i t h t h e f a c t 

t h a t t he p h o t o r e a c t i v i t y i s e n t i r e l y 

e x p l a i n a b l e by the models based on t h e 

a n t i b o n d i n g c h a r g e d i s t r i b u t i o n o f t h e 

4 

e x c i t e d q u a r t e t ( s ) . I f t h e p o s t u l a t e d 

u n i q u e r e a c t i v e e n t i t y i s not an e x c i t e d 

q u a r t e t , but some i n t e r m e d i a t e g e n e r a t e d 

by e x c i t e d - s t a t e d e a c t i v a t i o n , i t s bond 

l a b i l i z a t i o n p r o p e r t i e s s h o u l d a t l e a s t 

4 4 
resemble t h o s e o f the B^/ E s t a t e s . 

3 1 

- 4 4 _ - 4 E -reaction 

distprtion 

F i g u r e 3. E n e r g y - l e v e l d i a g r a m f o r 

a C^ v c h r o m i u m ( I I I ) complex. 
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INTRODUCTION 

The lifetimes of the lowest energy doublet excited states of Cr(III) complexes in solutions at ambient 

temperatures have long been known to span a wide range (Kirk 1981), with some complexes having 

subnanosecond lifetimes, while others persist for a few ms (Endicott, et al 1986, 1987). The non-

radiative decay of the shorter lived excited state species is thermally activated and medium dependent. The 

origin of the thermally activated decay pathway(s) has been the focus of some discussion for several years 

(see reviews by Kirk 1981 and Endicott et. al. 1987 for discussion and references) and alternative single 
channel decay mechanisms have been proposed; for example: (a) back intersystem crossing to a very 

unstable quartet excited state; (b) direct chemical reaction of the doublet state; (c) a partially forbidden 

crossing to the potential energy surface of a ground state reaction intermediate. 

In this report we describe the photophysical behavior of three series of Cr(III) complexes. These, and 

many of the earlier observations suggest that several channels can contribute to (
2

E)Cr(III) decay and that 

the excited state lifetimes and reaction behavior can be dramatically altered by the stereochemical 

constraints imposed by the ligands. 

EXPERIMENTAL SECTION 

Compounds Studied 

Most of the compounds studied fall into three classes: (a) cis- and trans- C r
m

( M C L)X2 (where 
MCL = a tetraazamacrocyclic ligand and X = CN- or NH

3
); (b) Cr

n i

([9]aneN
3
)X3 (where X

3
 = [9JaneN

3
, 

[NH
3
]

3
, [H

2
0]

3
, [CN]

3
3% [NCS] 33-) and the N-derivatized complexes C r

m

( D T N E ) (DTNE = 1,2-

bis(l,4,7-triazacyclononyl)ethane) and C r
m

( T C T A ) (TCTA = l,4,7-tris(acetato)-1,4,7-

triazacyclononane); and 

(c) C r
m

( P P )
n
X

6
.

2 n
 (PP = phen or bpy; X = NCS% CN", en/2, NH

3
). Literature techniques, or variations 

on them, have been employed in all syntheses and the compounds have been characterized using standard 

uv-vis and IR spectrophotometry, cyclic voltammetry and elemental analyses. X-ray crystal structures 

have been determined for a few of these compounds. 

Instrumental techniques 

Emission spectra and lifetimes have been determined using a Molectron U V 1000 pumped tunable dye 

laser for excitation, P.A.R.-O.M.A.-1 (SIT - Vidicon) or an R CA 980 PM tube mounted in a Products for 

Research thermo-regulated housing (± 1.0) coupled to a Gould 4500 digital oscilloscope for luminescence 

detection. The operation of these instruments and the signal averaging, curve fitting, etc. routines are 
controlled by means of a Zenith 158 computer using software developed by On Line Instrument Systems 

Inc. 

Excitation spectra were obtained at North Dakota State using instrumental techniques described by 

Hoggard (1986). 



RESULTS AN D DISCUSSION 

These compounds exhibit three kinds of photophysical behavior (Table I): (a) long lived trans-
C r

m

( M C L ) X
2
 complexes ( X = CN" or NH

3
) for which the 298 and 77K lifetimes are nearly the same; 

(b) very short lived molecules at 298K ( 1 « 0.1 |is) which have sterically strained ground states 

(Cr(TCTA) and Cr(DTNE)
3 +

); and (c) intermediate behavior of most of the complexes in which the 

excited state decay is thermally activated and the ambient lifetimes are typically 0.1 to lOjis. There are 

some qualitatively striking features of these observations: (i) if ligand motion is sterically restricted, as 

with the trans-MCL ligands, the thermally activated quenching pathway is repressed; (ii) if the ligand 

system is strained in the ground state in such a way that there is some driving force for ligand 

rearrangement, as with the D T N E and T C T A ligands, the thermally activated quenching pathway is 

enhanced; (iii) the mixed ligand polypyridine complexes are surprisingly short lived at 298K in fluid 

solution; and (iv) variation of the ligands, X = NCS
-

, N H
3
 and CN

-

, has only a minor influence on the 

thermally activated decay patterns. The major factors influencing the thermally activated decay behavior 

appear to be the solvent medium and ligand stereochemistry. 

The emission spectra of most Cr(III) complexes are not markedly solvent dependent with the O-O' and 

vibronic bands being only a little broadened in glassy or solution matrices compared to the solid state. 

Several of the triazacyclononane derivatives are exceptions. The most striking such complex is 

Cr(DTNE)
3

+ for which the emission maximum occurs at about 300 cm"
1

 higher energy in DMSO-H
2
0 

glass at 77K than in the solid state (C10
4
" salt) and the band width is about 360 cm

-1

. Matrix dependent 

broadening of the emission bands, without appreciable shifts in the emission maxima, is observed for 

several Cr
n l

([9]aneN
3
)X

3
 complexes. The phenomenon has been examined most closely for 

Cr([9]aneN
3
)

2

3 +

 for which the emission band width increases with temperature in the range 200-270K in 

DMSO-H
2
0 (apparent activation energy 300-400 cm"

1

). It may be pertinent that the
 2

T
l g
(O

h
) component 

electronic origins are found about 360,400 and 650 cm
-1

 above the energy of the
 2

E state in this complex. 

Thus some part of the line broadening in the emission from electronically excited Cr([9]aneN
3
)

2

3 +

 may 

arise from superposition of the intense vibronic satellites of the upper doublet state emissions onto the
 2

E 

emission. 

The small energy differences between the different doublet components of Cr([9]aneN
3
)

2

3 +

 raises the 

possibility that thermally activated relaxation through the different doublet electronic states may be a feature 

of the photophysics of many Cr(III) complexes. It seems clear that a large number of factors can 

contribute to thermally activated (
2

E)Cr(III) relaxation. Some of these are electronic (such as the proximity 

of states with different electronic configurations), some stereochemical (as in the constraints imposed by 

various cyclic ligands) and some environmental. Work described here and in the literature cited is helping 

to establish the limiting cases. 
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Table I. Excited State Decay Parametes for Cr(lll) Complexes 3 

E ( 2 E ) E( 4T 2)max
b xltm x298 

Complex c r r r 1 / 1 0 4 c n r V l O 4 

(IS [IS kJ moM 

f-CrL^CNJs 4- 1.426 2.35c 379 380 . . . 

o C r l _ 2 ( C N ) 2 + 1.379 2.16c 208 2.1 50 

f - C r ( d 4 - L 1 ) ( C N ) 2

+ 1.43 2.35C 5600 1752 ---

o C r ( d 4 - L 2 ) ( C N ) 2 + 1.38 2.16c 1854 2 46 

f-Cr(L 3)(CN) 2+ 1.404 2.42<* 355<* 3 6 1 d . . . 

^ r ( d 4 - L 3 ) ( C N ) 2 + 1.4 2.42^ 3060 1499 . . . 
f-Cr(L 3)(NH 3) 23+ 1.47 e 2.2e 180 136 e 6 C 

o C r ( L 3 ) ( N H 3 ) 2 3 + 1.47© 2.14® 116© 1.0© 4 3 e 

C r ( L 4 ) 2 3 + 1.472 2.28c 400 30 41 
Cr(L 4)(NH 3) 33+ 1.498 2.17 104 6.7 35 
C r ( L 4 ) ( C N ) 3 1.35 2.41 402 6.1 32 
C r ( L 4 ) ( N C S ) 3 1.332 1.98 112 18 10 
C r ( L 4 ) ( O H 2 ) 3 3 + 1.483 1.98 65 . . . . . . 

Cr(DTNE) 3+ 1.37 2.08c 50 (6 x 10-5)1 32 
Cr(TCTA) 1.398 1.95C 395 (2 x 10" 5) f 38 
Cr(phen) 2(NH 3) 23+ 1.422 2.31 c 

190 3.6 35 
Cr(phen)(en) 23+ 1.436 2.20C 155 0.5 30 
Cr(bpy)(en) 23+ 1.437 2.15C 164 0.5 30 

Cr(phen)(CN) 4 1.275 2.40C 4320 0.4 33 

Cr(bpy) 2(CN) 2+ 1.322 2.22c 3600 0.11 34 

C r ( p h e n ) 2 ( N C S ) 2

+ 1.263 1.96 660 2.2 35 

Cr(bpy) 2(NCS) 2+ 1.265 1.98 610 2.8 35 

Notes for Table I 

a l n DMSO:H 20 (1:1v/v) except at noted 
bLowest energy quartet absorption maximum 
c A s cited in Endicott, et al. (1986,1987) 
dKane-Maguire, et. al. (1983) 
eKane-Maguire, et. al. (1985) 

Extrapolated value 

Ligand abbreviations: L, = 5,12-meso-5,7,7,12,14,14-hexamethyl-1,4,8,11-

tetraazacyclotetradecane (teta); d 4 - L<\ = 1,4,8,1-deutero-teta; L 2 = 5,12-rac-

S ^ ^ . ^ . U . U - h e x a m e t h y l - l ^ ^ . l l - t e t r a a z a c y c l o t e t r a d e c a n e (tetb); d 4 - L 2 = 1,4,8,11-

deutero-tetb; L 3 = 1,4,8,11-tetraazacyclotetradecane (cyclam); L 4 = 1,4,7-

triazacyclononane ([9]aneN 3). 
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INTRODUCTION 

The tris-polypyridyl complexes of Cr(III) (Cr(NN) 3
3 +) are remarkable 

in that the observed lifetimes (T 0bs) °f their thermally-equilibrated 
lowest doublet metal-centered excited states (^T^/^E) are amongst the 
longest known for transition metal coordination complexes in- f l u i d 
solution at room temperature, ranging from 0.070 ms for C r ( b p y ) 3

3 + 

(bpy = 2,2'-bipyridine) to 0.64 ms for Cr(3,4,7,8-Me4phen)3
3+ (phen = 

1,10-phenanthroline) (Brunschwig 1978; Serpone 1979, 1981). These 
long lifetimes, the high ionic charges of the complexes, and the 
hydrophobic nature of the ligand environment make i~0fos extremely sen­
s i t i v e to solution medium parameters such as solvent (Van Houten 1978; 
Jamieson 1983a), presence of anions (Henry 1977; Sriram 1980; Jamieson 
1983b), and [substrate] at high anion concentrations (Sriram 1980; 
Jamieson 1983b). In addition, because the 2TX/2E excited states and 
the ground states of the complexes have the same geometry, there 
being no Stokes s h i f t in the absorption and emission between those 
states (Balzani 1970), the nature of the solution medium environment 
in the immediate v i c i n i t y of the cation w i l l be the same for ̂ T^/^E a s 

i t was prior to the absorption of li g h t . Thus, the behavior of *Ti/%E 
can be interpreted in terms of ground-state interactions. For 0H~, 
which quenches ^Ti/^E d i r e c t l y in highly alkaline solution (Bolletta 
1983). and C l ~ , the ion-pair formation constants can be estimated as 
-1 NT1 by analogy to the Ru (bpy) 3

3 +/0H" (Ghosh 1984) and C r 1 1 1 / ^ 
(Wrona 1984) systems. I t i s easy to see that when the complex concen­
tration i s i n i t i a l l y -10 /iM, the anion concentration must be -0.1-1 M 
in order for the ion-pairing to be appreciable. 

In the study (Neshvad) from which this paper was derived, T Qk s was 
measured for Cr(NN) 3

3 + (NN = phen, 5-Clphen, 5-Mephen, 5-Phphen, 4,7-
Me2phen, 3,4,7,8-Me4phen, and 4,4'-Me2bpy) as a function of pH and 
[Cl~] at 5°, a temperature chosen to optimize the experimental condi­
tions . 

EFFECT OF C l ~ 

Figure 1 shows the dependence of T 0k s on [Cl~] in acidic solution for 
Cr(phen) 3

3 + and four substituted-phen complexes. The inflections are 
consistent with the occurrence of reaction 1 with - 1 M~l. 

Cr(NN) 3
3+ + CI' < 1 Cr(NN) 3

3 +,Cl~ [1] 

EFFECT OF pH 

Figure 2 shows the dependence of r 0 b s on pH for Cr(phen) 3
3 +; r0^s was 

not a function of the nature of the buffer used to control pH. The 
r e v e r s i b i l i t y of T0\)S was demonstrated with a solution at pH 9.2 made 
acidic to pH 3.1 and returned to the original pH. The intensity of 



the emission from the complex as a function of pH paralleled T 0 b s in 
Fig. 2. This dependence of T Qbs o n w a s a general phenomenon for 
those Cr(NN)3 3 + examined (Table 1). The measurement of T 0fc s at pH 3-4 
and 9-10 as a function of temperature (5-35°) yielded activation ener­
gies for the decays of *Cr(phen) 3

3 + (37 and 31 kJ mol" 1) and *Cr(5-
Mephen)33+ (41 and 30 kJ mol" 1). 

Table 1. Values of T 0 b s for Cr(NN)3 3 + at 5° in Ar-purged solutions. 

NN PH robs> a m s Tobs>k i 
phen 3.32 1.03 0.62 phen 

9.50 0.65 0.61 

5-Clphen 3.32 0.46 0.31 
9.50 0.40 0.32 

5-Mephen 3.18 0.95 
3.32 0.46 
9.19 0.67 
9.50 0.52 

5-Phphen 3.32 0.77 0.33 
9.50 0.52 

4,7-Me2phen 3.32 1.28 0.75c 4,7-Me2phen 
9.50 0.55 0.65c 

3,4,7,8-Me4phen 3.38 1.68 0.75 3,4,7,8-Me4phen 
8.96 0.64 0.64 

4,4,-Me2bpyd 3.32 0.46 0.46 4,4,-Me2bpyd 

8.89 0.41 
9.05 0.34 
9.63 0.43 

a absence of added NaCl 
b presence of 1.0 M NaCl 
c presence of 0.93 M NaCl 
d in 4% v/v CH3CN/H20 

It should be noted that our previous measurements of T 0 b s for Cr-
( b p y ) 3

3 + and Cr(phen)3 3 +, performed in aerated solution containing 1 M 
NaCl at 15°, did not reveal any dependence on pH (Maestri 1978; Bol-
l e t t a 1983). Similar measurements by L i l i e and Waltz (1983) on Cr-
(bpy)33"1" in deaerated solutions in the absence of added solutes also 
showed no variation of t0]ds with pH; for Cr(phen)3 3 + under the same 
conditions ( L i l i e 1986), T 0k s was shorter in alkaline than in acidic 
solution. Kane-Maquire and Langford (1976) reported that the intensi­
ty of luminescence from aerated solutions of Cr(phen)3 3 + was higher in 
acidic than in alkaline solution. As Table 1 shows, the presence of 
1 M NaCl, in general, reduces T 0b s in acidic solution at 5° by a s i g ­
n i f i c a n t factor while not affecting the value in alkaline medium to 
any great extent ( i f at a l l ) , resulting in a great diminution of the 
pH-effect. 



INTERACTIONS OF Cr(NN) 3
3 + 

Inasmuch as the complexes do not possess moieties that have acid-base 
properties, the effect of pH on T Qb s must be attributed to an interac­
tion that exhibits an infl e c t i o n point at pH ~ 6-7, is reversible, and 
does not result in a change in the energy levels of the states involv­
ed in absorption and emission. At the same time, the kinetics of the 
nonradiative decay of ^Ti/^E, which involves transfer of metal-
centered electronic energy to the vibrational modes of the ligands 
(Henry 1978), are changed so that T Q b s exhibits s l i g h t l y different E a 

values in acidic and alkaline solution; the pH effect i s emphasized at 
low temperatures, with the values of T 0b s approaching each other at 
ambient conditions. Interactions for which the equilibrium constant 
is small, such as deprotonation of an acidic ring-carbon (Serpone 
1983a), direct attack of 0H~ on the metal center (Maestri 1976; 
Jamieson 1978; Bolletta 1983), and the formation of a pseudo-base 
(Ghosh 1984), can be ruled out. For the same reason, ion-pairing 
reaction 2 cannot be important as the sole source of the pH effect. 

Cr(NN) 3
3+ + 0H~ f » Cr(NN)3

3+,OH" [2] 

In order to explain the pH-dependence of the photoaquation quantum 
yields of Cr(NN) 3

3 +, we proposed several years ago (Maestri 1978) that 
^T^/^E can react with H2O in competition with i t s nonradiative decay 
to form a "seven-coordinate" intermediate; deprotonation of this 
intermediate in the pH ~ 6-7 range i s viewed to lead to the f i n a l 
products. The si m i l a r i t y of the pH-profiles of T 0b s and <J> strongly 
suggests that the photochemical and nonradiative decay modes of ^Ti/2E 
are coupled and involve the same intermediates. We propose here that 
the "seven-coordinate" aqua intermediate (Jamieson 1981; Serpone 
1983b) exists in the ground-state (reaction 3) and undergoes acid-base 
equilibrium (reaction 4) in the neutral pH range. Excitation of these 
species results in ̂ T^/^E with the same configuration. The nonradia­
tive behavior of ̂ T^/^E as a function of pH reflects the subtle change 
of the vibrational modes of the complex as H2O is deprotonated; the 
photochemical pathway can be viewed as a relatively minor branch off 
the same potential energy surface. 

Cr(NN) 3
3+ + H20 < » H 20'•'Cr(NN) 3

3 + [3] 

H 20•••Cr(NN) 3
3+ 4 f "HO•••Cr(NN)3

3+ + H+ [4] 

At high [Cl~], reaction 5 could compete with reaction 3 in acidic 
solution, bringing C I - into the inner-sphere and resulting in a dimi­
nution in T 0b s. In alkaline solution, the driving force of reaction 
4, and the interaction of 0H~ with the metal center and, perhaps, the 
nitrogen-heterocyclic ligands, would minimize the presence of CI - in 
the inner-sphere. 

Cr(NN) 3
3 +,CI" « " "CI•••Cr(NN) 3

3 + [5] 
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Fig. 1. Tobs a s a function 
of the total concentration 
of CI" (addition of NaCl) 
for Ar-purged solutions at 
5° and pH 3.3 (controlled 
with HC1) . #, 15 fiU Cr-
(phen) 3

3- f; A, 10 /*M Cr(5-
Mephen)3

3+; O, 10 /xM Cr(5-
Phphen) 3

3 4; V , 10 aM Cr-
(4,7-Me2phen)3

3+; • 10 fiU 
Cr(3,4,7,8-Me 4phen) 3

3 +. 





COUNTERION EFFECTS ON DOUBLET SPLITTINGS OF CHROMIUM(111) COMPLEXES 
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S p l i t t i n g s w i t h i n t h e i n t r a c o n f i g u r a t i o n a l d o u b l e t bands i n d 
i o n s a r e s e n s i t i v e t o t h e e x a c t m e t a l - l i g a n d a n g u l a r g e o m e t r y , but 
not v e r y s t r o n g l y a f f e c t e d by d i f f e r e n c e s i n t h e v a l u e s o f th e l i g a n d 
f i e l d s p l i t t i n g p a r a m e t e r , lODq, of t h e c o o r d i n a t i n g g r o u p s (Hoggard 
1981, 1 9 8 6 ) . S i n c e t h e t r a n s i t i o n s a r e , t o the f i r s t a p p r o x i m a t i o n , 
w i t h i n t h e s u b s h e l l , l i g a n d e ̂  e f f e c t s can be e x p e c t e d t o d o m i n a t e 
i n d e t e r m i n i n g t h e s p l i t t i n g s , a l t h o u g h we have foun d t h a t e a + i s 
a b e t t e r p r e d i c t o r of s p l i t t i n g s c a l c u l a t e d f r o m a l i g a n d f i e l d model 
i n c l u d i n g s p i n - o r b i t c o u p l i n g ( H o g g a r d 1 9 8 1 ) . L i g a n d p i a n i s o t r o p y i s 
ano t h e r f a c t o r t h a t can make l a r g e c o n t r i b u t i o n s t o the d o u b l e t 
s p l i t t i n g s , but can i n p r i n c i p l e be a c c o u n t e d f o r i f t h e e x a c t 
geometry i s known (H o g g a r d 1986) 

I t a p p e a r s , however, t h a t f o r some v e r y s i m p l e compounds, w i t h 
r e l a t i v e l y h i g h symmetry, no p i a n i s o t r o p y , and l i t t l e d e v i a t i o n f r o m 
o r t h o a x i a l i t y , s u b s t a n t i a l s p l i t t i n g s a r e s e e n , beyond the a b i l i t y of 
l i g a n d f i e l d t h e o r y t o e x p l a i n ( g i v e n r e a s o n a b l e bounds on the 
p a r a m e t e r s ) , and c a u s i n g t h e w i d e s p r e a d c o n c l u s i o n t h a t l i g a n d f i e l d 
t h e o r y i s s i m p l y i n c a p a b l e of e f f e c t i v e l y p r e d i c t i n g s p l i t t i n g s w i t h 
m a g n i t u d e s of t e n s of r e c i p r o c a l c e n t i m e t e r s ( F l i n t 1 9 7 7 ) . T a b l e 1 
p r e s e n t s some of t h e s e d a t a . The t h e o r y s h o u l d n o t , however, be th r o w n 
out as l o n g as t h e r e a r e s t i l l e f f e c t s t h a t c a n r e a s o n a b l y be 
i n c o r p o r a t e d i n t o c a l c u l a t i o n s . 

A l l o f t h e d a t a i n T a b l e 1 a r e p r o b l e m a t i c . I n an o c t a h e d r a l 
2 

e n v i r o n m e n t , a E s t a t e i s u n s p l i t by s p i n - o r b i t c o u p l i n g , so t h a t 
s p l i t t i n g s much s m a l l e r t h a n 50 cm ̂  would be e x p e c t e d f o r any 
o c t a h e d r a l c o m p l e x . I n t h e pentaammine s e r i e s , t h e d i f f e r e n c e s i n lODq 
between NH^ and the o t h e r l i g a n d a r e o f t e n l a r g e enough t o p r o d u c e 
e a s i l y v i s i b l e s p l i t t i n g of the f i r s t q u a r t e t band. But i t i s n o t lODq 
d i f f e r e n c e s t h a t m a t t e r f o r t h e d o u b l e t s p l i t t i n g s , and i n f a c t t h e 
e o + e7r v a l u e s o f NH«, C l ~ , B r " , I " , and H ?0 a r e not m a r k e d l y 
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T a b l e 1 
2 
Eg S p l i t t i n g s i n N e a r l y O r t h o a x i a l C h r o m i u m ( I I I ) C o m p l e x e s 

Complex S p l i t t i n g , cm ^ Ref e r e n c e 

K 3 [ C r ( C N ) 6 ] 49 F l i n t 1974 
[ C r ( N H 3 ) 5 C l ] C l 2 175 F l i n t 1973 
[ C r ( N H 3 ) 5 B r ] B r 2 225 n 

[ C r ( N H 3 ) 5 I ] I 2 305 tt 

[ C r ( N H 3 ) 5 H 2 0 ] ( C 1 0 4 ) 3 205 ti 

d i f f e r e n t . Thus c a l c u l a t i o n s show s p l i t t i n g s of a t most 50 cm , and 
more t y p i c a l l y v e r y c l o s e t o z e r o . 

The l u m i n e s c e n c e s p e c t r a of a number of h e x a c y a n o c h r o m i u m ( I I I ) 
c o m p l e x e s w i t h d i f f e r e n t c a t i o n s r e v e a l a c o n s i d e r a b l e v a r i a t i o n i n 

s p l i t t i n g s ( S c h l a f e r 1 9 7 1 ) , f r o m 78 cm ^ f o r t h e L i + s a l t t o 
§ _ 1 + 41 cm f o r t h e Ph,As s a l t . S i m i l a r v a r i a t i o n s a r e s e e n f o r 

3- 4 

[ C r ( C N ) ^ ] s u b s t i t u t e d i n t o h e x a c y a n o c o b a l t a t e ( I I I ) l a t t i c e s ( F l i n t 
1 9 7 7 ) . T h i s s u g g e s t s a s t r o n g i n f l u e n c e of t h e c o u n t e r i o n s . We have 
t h u s used the known c r y s t a l s t r u c t u r e o f K 3 [ C r ( C N ) ^ ] ( J a g n e r 1974; 
F i g g i s 1 9 8 1 ) , and have d e t e r m i n e d t h e c r y s t a l s t r u c t u r e of 
[ C r ( N H 3 ) 5 C 1 ] C 1 2 , i n o r d e r t o t e s t t h e h y p o t h e s i s t h a t t h e s p l i t t i n g s 
i n T a b l e 1 m i g h t be e x p l a i n e d by e n e r g e t i c e f f e c t s on t h e m e t a l d 
o r b i t a l s d e r i v e d f rom t h e c o u n t e r i o n s . 

The A n g u l a r O v e r l a p M o d e l p r o v i d e s a s i m p l e method t o i n c o r p o r a t e 
c o n t r i b u t i o n s f r o m any number o f c o u n t e r i o n s . I t i s a l s o r e a s o n a b l e t o 
assume t h a t p i - b o n d i n g e f f e c t s w i l l be v e r y m i n i m a l , and c o n s e q u e n t l y 
t h e c o u n t e r i o n s need o n l y be c h a r a c t e r i z e d by a s i n g l e p a r a m e t e r t o 
r e p r e s e n t s i g m a b o n d i n g ( e a i n t h e AOM). However, s i n c e t h e 
c o u n t e r i o n s i n g e n e r a l do n o t r e s i d e a t e q u a l d i s t a n c e s f r o m t h e m e t a l 
i o n , a r a d i a l dependence f o r ea of t h e c o u n t e r i o n s must be 
e s t a b l i s h e d . A t t y p i c a l c o u n t e r i o n d i s t a n c e s t h e y may be w e l l 
r e p r e s e n t e d as p o i n t c h a r g e s , so t h a t t h e c r y s t a l f i e l d t r e a t m e n t i s 
a p p r o p r i a t e . T h i s i s b a s ed on t h e e x p r e s s i o n f o r t h e p o t e n t i a l of an 
e l e c t r o n a t ( r , 6, <ft i n t h e f i e l d g e n e r a t e d by a s i n g l e p o i n t c h a r g e q 
a t (R, 6 , <f> ) i n t e r m s o f an i n f i n i t e sum of s p h e r i c a l h a r m o n i c s . 



oo +Z 

V<r.©.*) = q£ r f ^ r * 27TT X Y « . ( e ' * > * V 0 < » ' ^ 

When an i n t e g r a l of V(r,0,<f>) i s t a k e n between two d wa ve f un c t i o n s , 
terms w i t h odd n and a l l t e r m s w i t h n g r e a t e r t h a n 4 drop o u t . The 
p o t e n t i a l may t h u s e f f e c t i v e l y be r e p r e s e n t e d as 

V = |f + p[ Y2,-2<VV Y2,-2< e'*> + Y
2 > - l < W 7 2 , - l < t f ' * > + • • ] 

^ K ^ O ' V ^ , - ^ * ' * * + Y 4 , - 3 < W Y 4 , - 3 < 0 ' * > + " ] + 
R 

The R ^ te r m has a s p h e r i c a l a n g u l a r dependence and i s i n c o r p o r a t e d 
i n t o t h e c e n t r a l f i e l d p o t e n t i a l . The r a d i a l dependence can t h u s i n 

-3 -5 
g e n e r a l be d e s c r i b e d as a c o m p l i c a t e d f u n c t i o n of R and R . F o r t h e 
o f t e n - c i t e d o c t a h e d r a l c a s e t h e R c o e f f i c i e n t s d r o p o u t . F o r most 

-3 -5 
a c t u a l c o u n t e r i o n a r r a n g e m e n t s b o t h R and R dependences w i l l 
e x i s t . We assume t h e R te r m s w i l l be n e g l i g i b l e a t t y p i c a l 
c o u n t e r i o n d i s t a n c e s of 4 8 or more, and i n the c a l c u l a t i o n s t o f o l l o w 

- 3 
the c o u n t e r i o n f i e l d i s a l w a y s c o n s i d e r e d t o d e c l i n e as R . T y p i c a l e Q 

v a l u e s f o r c o u n t e r i o n s a t 4 t o 4.5 8 w i l l be seen t o be a r o u n d 
300 cm *, w h i c h may a p p e a r t o r e p r e s e n t a more r a p i d f a l l o f f w i t h R, 
compared to t y p i c a l v a l u e s f o r l i g a n d s a t abo u t 2 8 of ar o u n d 
6000 cm ^. I n f a c t , t h e R ^ te r m s would be e x p e c t e d t o be more 
i m p o r t a n t a t s h o r t e r d i s t a n c e s , and an even s t r o n g e r dependence on R 
s h o u l d be r e a c h e d a t m e t a l - l i g a n d d i s t a n c e s , a p p r o x i m a t i n g t h a t of 
Born r e p u l s i o n . 

The e x p e r i m e n t a l d a t a f o r a l l of t h e s h a r p - l i n e d o u b l e t s of 
K 3 [ C r ( C N ) ] a r e l i s t e d i n T a b l e 2. The 2 E s p l i t t i n g of 53 c m - 1 i s 

2 2 ^ -1 accompanied by T. and T^ s p l i t t i n g s o f around 60 and 100 cm l g 2g 
between t h e h i g h e s t and l o w e s t components. B e f o r e l o o k i n g a t t h e 
c a t i o n s , t h e e f f e c t s of t h e chromophore geometry must be exam i n e d . 
Even t h o u g h t h e d e v i a t i o n s f r o m o r t h o a x i a l i t y a r e s m a l l , g e n e r a l l y 
l e s s t h a n 0.5°, t h e y a r e s t i l l c a p a b l e of c a u s i n g s i g n i f i c a n t 

2 
s p l i t t i n g , p r i m a r i l y w i t h i n t h e T^ s t a t e , as shown i n t h e se c o n d i ^ 2 column o f T a b l e 2. I n f a c t t h e c a l c u l a t e d s p l i t t i n g s a r e l a r g e r 



t h a n t h e e x p e r i m e n t a l w i t h no c o n t r i b u t i o n f r o m t h e c a t i o n s , w h i l e t h e 
2 
E s t a t e i s s p l i t h a r d l y a t a l l . 
g 

The c a t i o n g e o m e t r y a r o u n d t h e chromium c e n t e r i n K 3 [ C r ( C N ) ^ ] i s 
n o t a s i m p l e one. T h e r e a r e 14 K + i o n s a t d i s t a n c e s s p r e a d i r r e g u l a r l y 
f r o m 4.2 t o 6.0 8, w h i c h we have t r e a t e d as t h e " s e c o n d c o o r d i n a t i o n 
s p h e r e " . I t i s p o s s i b l e t h a t s t i l l more remote K + , and [ C r ( C N ) ^ ] 
i o n s as w e l l , c o u l d make s i g n i f i c a n t c o n t r i b u t i o n s . F i g u r e 1 shows t h e 
c a l c u l a t e d e f f e c t s on t h e d o u b l e t t r a n s i t i o n e n e r g i e s of i n t r o d u c i n g a 
f i e l d f r o m t h e 14 c a t i o n s up t o an e a v a l u e o f 450 cm . I t i s s e e n 

2 
t h a t t h e T ? s p l i t t i n g i s d e c r e a s e d m a r k e d l y f r o m e0sv+\ = 0 t o a b o u t 

_ 1 & 2 2 -300 cm , w h i l e t h e s p l i t t i n g s o f t h e E and T, s t a t e s i n c r e a s e . — 1 g g Near -300 cm t h e e x p e r i m e n t a l s p l i t t i n g s a r e c l o s e t o b e i n g w e l l 
r e p r o d u c e d . An o p t i m i z a t i o n y i e l d e d t h e v a l u e s i n c o l u m n 3 of T a b l e 2. 

T a b l e 2 
E x p e r i m e n t a l and C a l c u l a t e d D o u b l e t T r a n s i t i o n E n e r g i e s f o r 
K 3 [ C r ( C N ) 6 ] . A l l d a t a i n cm" 1. 

E x p t l , 13K C a l c u l a t e d * 
Chromophore g e o m e t r y o n l y 

C a l c u l a t e d 
C a t i o n s I n c l u d e d 

12447 
12500 

12518 
12521 

12480 
12511 

l g 13101 
13121 
13164 

13090 
13104 
13117 

13067 
13118 
13154 

L 2 g 18388 
18435 
18487 

18301 
18383 
18500 

18359 
18440 
18504 

P a r a m e t e r s u s e d : eOQ^ - 8760, e^ 
c o r r e c t i o n ) = 215, = 150. 

rCN 0, B = 715, C = 1900, ( T r e e s 

c0CN = 9508, e^ CN 607, B= 737, C = 1848, = 217, = 222, 
e a K

+ = -334. 



A l t h o u g h the f i t i s n o t p e r f e c t , i t i s c l o s e enough t o c o n c l u d e t h a t 
the d o u b l e t s p l i t t i n g s c an i n t h e main be a c c o u n t e d f o r t h r o u g h 
g e o m e t r i c e f f e c t s a r i s i n g b o t h f r o m t h e chromophore and f r o m the 
c o u n t e r i o n s p h e r e . 

I t i s a d i f f e r e n t s t o r y w i t h [ C r ( N H ^ ) ^ C l ] C l ^ . T h e r e a r e e i g h t 
n e a r e s t - n e i g h b o r c h l o r i d e i o n s , w i t h Cr-N d i s t a n c e s f r o m 4.25 t o 4.41 
8. These form a d i s t o r t e d cube t h a t i s n e v e r t h e l e s s c l o s e enough t o a 
p e r f e c t cube w i t h t h e l i g a n d s o r i e n t e d t o w a r d s t h e c e n t e r s of t h e 

2 
f a c e s t h a t o n l y a s l i g h t amount of a d d i t i o n a l s p l i t t i n g of the E or 

-1 8 

the o t h e r s t a t e s i s p r e d i c t e d , even a t e o ( c i ~ " ) = ^00 cm . Thus the 
a n i o n s a r e not r e s p o n s i b l e f o r s p l i t t i n g s on t h e o r d e r of 200 cm 1 i n 
t h i s c o m p l e x , and p r o b a b l y n o t f o r t h e o t h e r pentaammines as w e l l . 

I s t h e l a r g e E^ s p l i t t i n g i n the pentaammine s e r i e s r e a l ? One 
way t o o b t a i n s u c h s p l i t t i n g s i s f o r a component of th e ^^^g s t a t e 

18500 

18400 

18300 

13200 

13100 

12600 

12500 

12400 

2 T -

-

-

1 1 1 l ^ 

-100 -200 •300 -MOO -500 

F i g u r e 1. C a l c u l a t e d d o u b l e t t r a n s i t i o n e n e r g i e s f o r K 3 [ C r ( C N ) 6 ] as a 
f u n c t i o n of e 0 of the n e a r e s t K + i o n . The p o t e n t i a l f r o m t h e 14 
n e a r e s t c a t i o n s was t a k e n i n t o a c c o u n t . The o t h e r p a r a m e t e r s a r e t h o s e 
from the second column of T a b l e 2. 



t o become t h e l o w e s t d o u b l e t . T h i s w o u l d , h o w e v e r , r e q u i r e t h a t e^ 
f o r C I be a t l e a s t 1500 cm 1 , w h i c h i s u n l i k e l y . We have r e c e n t l y 
measured s m a l l s p l i t t i n g s , between 10 and 15 cm , o f t h e 0-0 l i n e s i n 
s e v e r a l pentaammine c o m p l e x e s i n b o t h l u m i n e s c e n c e and e x c i t a t i o n 
s p e c t r a . I t r e m a i n s t o be s e e n w h e t h e r t h e s e can be a s s i g n e d t o t h e 
2 
E s t a t e , but fr o m t h e s t a n d p o i n t of l i g a n d f i e l d t h e o r y , t h e 
§ 

a s s i g n m e n t of t h e e l e c t r o n i c t r a n s i t i o n s l i s t e d i n T a b l e 1 t o a 
2 

component of t h e T, s t a t e i s q u i t e r e a s o n a b l e . 
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SPECTRUM-STRUCTURE CORRELATIONS IN HEXACOORDINATED TRANSITION METAL COMPLEXES 

T.Schbnherr 

I n s t i t u t f i i r T h e o r e t i s c h e Chemie, U n i v e r s i t a t D u s s e l d o r f , 4000 D u s s e l d o r f 1, FRG 

To u n d e r s t a n d t h e p h o t o p h y s i c a l and p h o t o c h e m i c a l p r o c e s s e s a compre­
h e n s i v e k n o w l e d g e o f t h e m o l e c u l a r e n e r g y l e v e l scheme i s r e q u i r e d . I t 
has been f o u n d i n r e c e n t y e a r s t h a t e v en s l i g h t c h a n g e s o f t h e g e o m e t r i c 
s t r u c t u r e c a n s i g n i f i c a n t l y a l t e r t h e e l e c t r o n i c p r o p e r t i e s o f t r a n s i t i o n 
m e t a l c o m p l e x e s . T h i s h as l e d t o a g r o w i n g i n t e r e s t i n t h e s t u d y o f 
s p e c t r u m - s t r u c t u r e c o r r e l a t i o n s , i n p a r t i c u l a r f o r c h r o m i u m ( I I I ) com­
pounds w h i c h a r e o f c u r r e n t i n t e r e s t as p o s s i b l e c a n d i d a t e s f o r l u m i ­
n e s c e n t s o l a r c o n c e n t r a t o r s ( 1 ) . I n t h e f i r s t s e c t i o n o f t h i s p a p e r t h e 
p o t e n t i a l o f common l i g a n d f i e l d t h e o r y (LFT) w i l l be i l l u s t r a t e d t o 
d e s c r i b e t r i g o n a l d i s t o r t i o n s f o r c o m p l e x e s n e a r t o h i g h symmetry. F o r 
the p r o p e r t i e s c o n s i d e r e d t h e h e x a a m m i n e c h r o m a t e ( I I I ) i o n r e p r e s e n t s an 
i d e a l s y s t e m f o r t h e g l o b a l p a r a m e t r i z a t i o n w i t h i n t h e LFT w h i c h i s 
r e f l e c t e d by t h e h i g h m o l e c u l a r symmetry and t h e a b s e n c e o f m e t a l - l i g a n d 
7T-bonding. The a n g u l a r o v e r l a p model (AOM) , on t h e o t h e r h a n d , i s b a s e d 
on an a d d i t i v e d e s c r i p t i o n o f m e t a l - l i g a n d i n t e r a c t i o n s u s i n g l o c a l 
b o n d i n g p a r a m e t e r s o f a - and i r - t y p e w h i c h a r e more a d e q u a t e t o t h e chem­
i c a l way o f t h i n k i n g . One o f i t s a d v a n t a g e s o v e r t h e LFT i s t h a t i t i s 
e a s i e r t o i n c l u d e t h e m o l e c u l a r g e o m e t r y i n t o e n e r g y l e v e l c a l c u l a t i o n s , 
s i n c e t h e AOM p a r a m e t e r s a r e i n d e p e n d e n t o f a n g u l a r d i s t o r t i o n s w i t h i n 
the c o o r d i n a t i o n s p h e r e ( 2 ). I n t h e c a s e o f osmium(IV) c o m p l e x e s a g r e a t 
d e a l o f i n f o r m a t i o n a b o u t e l e c t r o n i c and g e o m e t r i c s t r u c t u r e c a n be d e ­
r i v e d f r o r - d e t a i l e d s t u d i e s o f i n t r a c o n f i g u r a t i o n a l t r a n s i t i o n s , and 
model p a r a m e t e r s a r e g i v e n h e r e f o r t h e f i r s t t i m e . I n o r d e r t o e x p l a i n 
s p e c t r o s c o p i c p r o p e r t i e s o f t r a n s i t i o n g r o u p m e t a l a c e t y l a c e t o n a t e s an 
e x t e n d e d AOM i s r e q u i r e d . D i r e c t i o n a l I T - b o n d i n g e f f e c t s r e s u l t i n g f r o m 
the phase c o u p l i n g o f c h e l a t e m o l e c u l a r o r b i t a l s l e a d t o n o n - a d d i t i v e 
c o n t r i b u t i o n s t o t h e d - o r b i t a l e n e r g i e s . We w i l l g i v e an i l l u s t r a t i o n 
o f t h i s t y p e o f s t u d y b e l o w . 

M o l e c u l a r S t r u c t u r e D e t e r m i n a t i o n o f [ C r ( N H 3 ) g ] 3 + - S a l t s 

The l o w e s t s t a t e s 4 A ~ , 2 E , and 2T„ ( i n O, - n o t a t i o n ) a l l d e r i v e f r o m 
3 2 g ' g' 1 g h 

2g ^ e l e c t r o n c o n f i g u r a t i o n l e a d i n g t o s h a r p l i n e s p e c t r a i n t h e 
low e n e r g y s p i n - f o r b i d d e n r e g i o n . I n f o r m a t i o n a b o u t t h e t r a n s i t i o n i n t o 



t h e h i g h e r T 1 i s v e r y r a r e b e c a u s e t h e v i b r o n i c s t r u c t u r e o f t h e 
4 2 • 9 2 
A„ — > E t r a n s i t i o n u s u a l l y c o v e r s t h e l e s s i n t e n s e T. l i n e s i n 
2g g 

a b s o r p t i o n s p e c t r a . R e c e n t l y , a new o p t i c a l d e v i c e , w h i c h p r o v i d e s f o r 
l o w t e m p e r a t u r e s p e c t r o s c o p y o f s o l i d m a t e r i a l s , was a p p l i e d f o r meas­
u r i n g an e x t r e m e l y r i c h v i b r o n i c band p a t t e r n i n t h e 4.2K a b s o r p t i o n 
s p e c t r a o f t h e p e n t a c h l o r o c a d m i u m and - c o p p e r s a l t s o f t h e hexaammine 
c o m p l e x . As e l a b o r a t e d i n d e t a i l i n R e f . 3 a l l f i v e s p i n - o r b i t compo-

2 2 
n e n t s ( K r a m e r s 1 d o u b l e t s ) o f E g and w ere i d e n t i f i e d i n c l u d i n g 
a s s i n g m e n t s f o r a b o u t s i x t y v i b r o n i c s i d e b a n d s i n b o t h c a s e s ( c f . F i g . 1). 
The e l e c t r o n i c l e v e l schemes h a v e been r a t i o n a l i z e d by c o m p l e t e l i g a n d 
f i e l d c a l c u l a t i o n s c o n s i d e r i n g c e r t a i n l i m i t a t i o n s f o r t h e t r i g o n a l L F 
p a r a m e t e r s K and K 1 due t o r e a s o n a b l e r a d i a l p a r t s o f t h e d - e l e c t r o n 
w a v e f u n c t i o n s . T r i g o n a l d i s t o r t i o n s o f t h e C r N ^ c h r o m o p h o r e c a n be c a l ­
c u l a t e d f r o m t h e p a r a m e t e r r e l a t i o n 

(K+K') / Dq - 10//2 • ( 9 c u b - 6) • TT/1 80° , (1) 
where 6 d e n o t e s t h e a n g l e b e t w e e n t h e o c t a h e d r a l t r i g o n a l a x i s and one 

F i g u r e 1 Low e n e r g y p a r t o f t h e a b s o r p t i o n s p e c t r u m o f c r y s t a l l i n e 
[ C r ( N K - j ) ^ ] ( C d C l r ) a t 4.2K. 3 6 5 



o f t h e m e t a l - l i g a n d v e c t o r s ( 4 ) . The c a l c u l a t e d d o u b l e t e n e r g i e s as 
w e l l as g r o u n d s t a t e s p l i t t i n g s a r e i n e x c e l l e n t a g reement w i t h t h e 
e x p e r i m e n t a l f i n d i n g s , and 6 i s d e t e r m i n e d t o be 0.19° i n t h e C d - s a l t 
and 0.23° i n t h e C u - s a l t , r e s p e c t i v e l y , i n d i c a t i n g a s l i g h t c o m p r e s s i o n 
a l o n g t h e t r i g o n a l a x i s . T h i s r e f l e c t s t h e e x p e c t e d d i s t o r t i o n s o f t h e 
chromium c o m p l e x i n t h e two l a t t i c e s , t h e v a l u e f o r t h e c o p p e r s a l t a l s o 
c o i n c i d e s w i t h X - r a y r e s u l t s (0.22°). T h e r e f o r e , i t i s c o n c l u d e d t h a t 
c o n v e n t i o n a l LFT c a n r a t i o n a l i z e e x p e r i m e n t a l e n e r g i e s up t o h i g h a c c u ­
r a c y when c o m p l e x e s p o s s e s s a h i g h symmetry and i r - b o n d i n g c a n be n e g ­
l e c t e d . O t h e r w i s e more s o p h i s t i c a t e d t r e a t m e n t s o f e l e c t r o n r e p u l s i o n 
( u s u a l l y s p h e r i c p a r a m e t e r s a r e used) o r e x t e n s i o n s r e f e r r i n g t o m o l e ­
c u l a r o r b i t a l t h e o r y a r e r e q u i r e d ( v i d e i n f r a ) . 

4 + 
A n g u l a r O v e r l a p C a l c u l a t i o n s f o r Os C o mplexes 
In c o m p a r i s i o n w i t h t h e i o n s f r o m t h e f i r s t t r a n s i t i o n p e r i o d , much l e s s 
i s known a b o u t d - e l e c t r o n i c s t a t e s o f h e a v i e r m e t a l i o n s i n c o m p l e x com­
pounds. Though i n r e c e n t y e a r s s e v e r a l p a p e r s have been p u b l i s h e d d e a l i n g 

4 + 
w i t h a b s o r p t i o n and l u m i n e s c e n c e s p e c t r o s c o p y o f h e x a c o o r d i n a t e d Os 
compounds ( e . g . R e f s . 5 - 8 ) , a s s i n g m e n t s e v e n o f t h e b e s t i n v e s t i g a t e d 
i n t r a c o n f i g u r a t i o n a l t r a n s i t i o n s a r e s t i l l open f o r d i s c u s s i o n . The f i r s t 
c a l c u l a t i o n o f e n e r g y l e v e l s f o r o c t a h e d r a l l y s u r r o u n d e d o s m i u m ( I V ) , i n ­
c l u d i n g s p i n - o r b i t c o u p l i n g , was p e r f o r m e d i n 1968 ( D o r a i n e t a l . ) u s i n g 

4 
c o n v e n t i o n a l LFT. Low symmetry d c o m p l e x e s have n o t been t h e o r e t i c a l l y 
t r e a t e d up t o now. To a s s i g n s p e c t r a , band s p l i t t i n g s o f l o w symmetry 
compounds as w e l l as s e l e c t i o n r u l e s f o r z e r o - p h o n o n and v i b r o n i c t r a n ­
s i t i o n s have been u s e d ( 6 ) . N e v e r t h e l e s s , t h e g i v e n a s s i g n m e n t s a r e s t i l l 
s p e c u l a t i v e and p a r t i a l l y e v e n i n c o n t r a d i c t i o n t o t h e p r e d i c t i o n s o f 
group t h e o r y ( 8 ) . T h e r e f o r e , i n o r d e r t o e l u c i d a t e t h e e l e c t r o n i c s t r u c ­
t u r e s and d e t e r m i n e h i t h e r t o unknown AOM p a r a m e t e r s o f osmium c o m p l e x e s , 
we have f i t t e d c a l c u l a t e d e n e r g y l e v e l s t o t h e e x p e r i m e n t a l ones by 
a d a p t a t i o n o f t h e g e o m e t r i c a l p r o p e r t i e s o f t h e m o l e c u l e s . By t h i s p r o -
c e d u r e was f o u n d f o r OsCl,- , when doped i n t o l o w symmetry K 2 S n C l ^ h o s t 
l a t t i c e , t h a t t h e e x p e r i m e n t a l s p l i t t i n g p a t t e r n o f t h e s p i n - o r b i t s t a ­
t e s r e s u l t i n g f r o m T 1 (6,7) i s r e p r o d u c e d by use o f a n t i b o n d i n g p a r a -

-1 1 9" _ i 
m e t e r s e = 9500 cm and e = 1800 cm . I n v e s t i g a t i o n s on t h e e n e r g y 
l e v e l schemes o f m i x e d h e x a h a l i d e compounds s u p p o r t t h i s r e s u l t ( 9 ) . 
I n t h e f o l l o w i n g , t h e o b t a i n e d f i n d i n g s a r e a p p l i e d t o t h e w e l l r e s o l v e d 

3 2 — 
r<j — > ( a l l f r o m T-|g) t r a n s i t i o n s i n [ O s C l ^ o x ] , ox = o x a l a t e , 
( 8 ) . i n t h i s m o l e c u l e a s t r o n g d e v i a t i o n f r o m o c t a h e d r a l s u r r o u n d i n g 
a p p e a r s due t o t h e r i g i d i t y o f t h e o x a l a t e i o n . From g e o m e t r i c a l c o n ­
s i d e r a t i o n s a b i t e a n g l e o f a b o u t 74° i s e x p e c t e d . I n o u r AOM c a l c u l a -



t i o n s t h e c h l o r i d e a n t i b o n d i n g p a r a m e t e r s a r e u s e d a s g i v e n a b o v e w h i l e 
f o r t h e o x a l a t e p a r a m e t e r s t h e g u i d e l i n e s o f t h e s p e c t r o c h e m i c a l s e r i e s 
s h o u l d h o l d . F i g . 2 shows t h a t an a l m o s t p e r f e c t f i t o f t h e e x p e r i m e n t a l 
f i n d i n g s h a s been a c h i e v e d by v a r y i n g t h e b i t e a n g l e a. The o b t a i n e d 
r e s u l t (a = 78 ± 1°) r e f l e c t s t h e i n f l u e n c e o f c o v a l e n c y (a > 74°) a s 
w e l l as t h e r i g i d i t y o f t h e c h e l a t e l i g a n d (a << 90°). T h i s e x a m p l e 
d e m o n s t r a t e s t h a t s p e c t r u m - s t r u c t u r e c o r r e l a t i o n s c a n be q u i t e s i g n i f i ­
c a n t t h o u g h e a s y t o h a n d l e when a p p r o p r i a t e m o d e l s a r e u s e d p r o v i d i n g 
a good f i e l d f o r f u t u r e t h e o r e t i c a l and e x p e r i m e n t a l i n v e s t i g a t i o n s . 

[OsCl4ox]: 

e0(Cl) = 9500 cm"1 

eJCl) = 1800 cm-1 

ea(ox) = 11000 cm' 1 

en(ox) = 1200 cm"1 

5500-

5000-

2500-

F i g u r e 2 C a l c u l a t e d ( ) and e x p e r i m e n t a l (O) s p i n - o r b i t e n e r g y 
l e v e l s o f 3 T 1 g ( O h ) . B = 370, C = 5 B, C = 2650 ( i n c m - 1 ) . 



O r b i t a l P h a s e C o u p l i n g E f f e c t s i n M e t a l A c e t y l a c e t o n a t e s 

The m o l e c u l a r g e o m e t r y o f t r i s b i d e n t a t e c o m p l e x e s has been t h e s u b j e c t 
o f many i n v e s t i g a t i o n s i n t h e p a s t t w e n t y y e a r s . However, v a r i o u s a p­
p r o a c h e s have f a i l e d t o d e s c r i b e t h e s t r u c t u r a l p r o p e r t i e s o f t r a n s i ­
t i o n m e t a l a c e t y l a c e t o n a t e s . F u r t h e r m o r e , a s s i n g m e n t s o f some d-d 
t r a n s i t i o n s a r e n o t c l e a r up t o now. Most r e c e n t l y , i t has been shown 
t h a t u s u a l LFT ( a l t h o u g h t h i s m o d e l i s a b l e t o f i t t h e e x p e r i m e n t a l 
e n e r g y l e v e l scheme ( 1 0 ) ) and t h e AOM c a n n o t a c c o u n t f o r t h e t r i g o n a l 
l e v e l s p l i t t i n g s i n C r ( a c a c ) ^ , f o r w h i c h t h e c o o r d i n a t i o n s p h e r e o f 
oxygen atoms i s n e a r l y o c t a h e d r a l l y a r r a n g e d ( 1 1 ) . C o n s i d e r a t i o n o f 
a n i s o t r o p i c i r - b o n d i n g u s i n g d i f f e r e n t AOM p a r a m e t e r s f o r i n p l a n e and 
out o f p l a n e i n t e r a c t i o n s , e and e , i s n o t a b l e t o change t h e s i t u -

R

 TT C ITS ^ 

a t i o n , s i n c e f o r r e a s o n s o f symmetry a " p s e u d o i s o t r o p i c " e l e c t r o n d en­
s i t y r e s u l t s f o r t h i s compound. However, a more p r o f o u n d e x t e n s i o n o f 
th e AOM, w h i c h becomes i m p o r t a n t f o r c h e l a t e c o m p l e x e s ( 1 2 ) , c a n r e ­
p r o d u c e t h e e x p e r i m e n t a l f i n d i n g s . The ph a s e r e l a t i o n s o f l i g a n d o r b i t a l s 
i n f l u e n c e t h e d - o r b i t a l s p l i t t i n g i n a d i f f e r e n t way as t h e p o i n t sym­
m e t r y o f t h e c h r o m o p h o r e w o u l d p r e d i c t , l e a d i n g t o a n o n - a d d i t i v e model 
f o r t h e m e t a l - l i g a n d i n t e r a c t i o n s . F o r t r i s a c e t y l a c e t o n a t e s i n p h a s e 
c o u p l i n g i s p r e s e n t i n a c c o r d a n c e w i t h t h e f a c t t h a t t h e HOMO's o f t h e 
aca c l i g a n d s a r e o f T - t y p e ( F i g . 3 ) . 
F i n a l l y , t h i s i s a p p l i e d t o t h e g e o m e t r y o f s u c h compounds. From a n a l y ­
t i c a l e x p r e s s i o n s o f t h e m a t r x e l e m e n t s <d^ | v

t r i g | d_. > , w h i c h depend on 
th e c h e l a t e b i t e a n g l e a and on a n t i b o n d i n g p a r a m e t e r s , t h e t r i g o n a l 

in phase coupling out of phase coupling 

type (b,) X type (a
2
) 

F i g u r e 3 p - o r b i t a l p h a s e c o u p l i n g scheme f o r b i d e n t a t e l i g a n d s ( C 2 v ) 



ct/°A 

90 

80 

ap 
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b = 2.717 

Sc 

190 
i 1 r 

200 

O N 

210 R/pm 

F i g u r e 4 B i t e a n g l e t o m e t a l - l i g a n d d i s t a n c e p l o t f r o m X - r a y d a t a . The 
dependence f o r c o n s t a n t 0-0 b i t e i s g i v e n by t h e d a s h e d l i n e . 

d i s t o r t i o n o f t h e MO, s k e l e t o n f r o m o c t a h e d r a l symmetry c a n be c a l c u -
3 6 

l a t e d . F o r e x a m p l e , t h e t o t a l e n e r g y o f a d o r d s y s t e m i s m i n i m a l 
w i t h r e s p e c t t o v a r i a t i o n o f a f o r 

c o s a = e / (3e - 4e ) . 
TT S 0 TT C 

(2) 

S i n c e t h e d e n o m i n a t o r must be p o s i t i v e ( a - b o n d i n g i s l a r g e r t h a n c o r ­
r e s p o n d i n g T T-bonding) a s i s t h e c a s e f o r e ^ s ( d o n o r l i g a n d s ) , t h e i n ­
c r e a s e o f 0-0 b i t e s i n t r a n s i t i o n g r o u p a c e t y l a c e t o n a t e s c o m p a r e d t o 
c l o s e d s h e l l compounds i s w e l l e x p l a i n e d ( F i g . 4 ) . Q u a n t i t a t i v e r e s u l t s 
a r e d e r i v e d f o r t h e C r 3 + and C o 3 + c o m p l e x e s ( 1 3 ) , where AOM p a r a m e t e r s 
c a n be o b t a i n e d f r o m t r i g o n a l band s p l i t t i n g s i n p o l a r i z e d a b s o r p t i o n 
s p e c t r a . 
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MULT I PHOTON-INDUCED PICOSECOND PHOTOPHYSICS OF CHROMIUM( 111)-POLYPYRIDYL COMPLEXES 
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INTRODUCTION 
The p h o t o p h y s i c s o f C r ( I I I ) - p o l y p y r i d y l c o m p l e x e s , C r ( N N ) 3 3 + , have been 
t h e o b j e c t o f many s t u d i e s i n a t t e m p t s a t u n d e r s t a n d i n g t h e b e h a v i o u r 
o f t h e s e s y s t e m s on a b s o r p t i o n o f l i g h t ( J a m i e s o n 1981; S e r p o n e 1 9 8 3 ) . 
The u s u a l p h o t o c h e m i c a l l y r e l e v a n t s t a t e s o f C r ( N N ) 3

3 + ( F i g . 1) a r e : 
the g r o u n d s t a t e , 4 A 2 ; t h e l o w e s t e n e r g y s p i n - a l l o w e d q u a r t e t s t a t e , 
4 T 2 ; and t h e l o w e s t e n e r g y s p i n - f o r b i d d e n d o u b l e t s t a t e s , 2 T j y 2 E . A l s o , 
shown a r e t h e o t h e r h i g h e r e n e r g y q u a r t e t and d o u b l e t s t a t e s , and t h e 
l i g a n d - c e n t r e d s t a t e s (Ohno 1983 1986) d e p i c t e d as d a s h e d c u r v e s ; n o t 
shown a r e some 12 a d d i t i o n a l d o u b l e t s t a t e s . S e v e r a l s t u d i e s h ave been 

60 

CHARGE TRANSFER REGION 

b4TVP) 

O ,40 

F i g . 1: Q u a l i t a t i v e e n e r g y l e v e l 
d i a g r a m as a f u n c t i o n o f a d i s t o r t ­
i o n c o o r d i n a t e . S o l i d l i n e s d e n o t e 
m e t a l - c e n t r e d s t a t e s u r f a c e s ; d a s h e d 
l i n e s show l i g a n d - c e n t r e d s u r f a c e s . 
From ( S e r p o n e 1987) . 

DISTORTION 

d i r e c t e d t o w a r d t h e l o n g - l i v e d (T ̂  0.1 - 1 ms) l u m i n e s c e n t T-^/2E s t a ­
t e s ; p rompt f l u o r e s c e n c e f r o m 4 T 2 has n o t b e e n o b s e r v e d i n f l u i d m e d i a 
a t a m b i e n t t e m p e r a t u r e s , i m p l y i n g e i t h e r t h a t t h e l i f e t i m e o f 4 T 2 i s 
to o s h o r t o r t h a t t h i s s t a t e i s n o t p o p u l a t e d . R e c e n t p u l s e d l a s e r 
t r a n s i e n t a b s o r p t i o n s p e c t r o s c o p y e x p e r i m e n t s have i n d i c a t e d t h a t x o f 
T 2 o f C r ( a c a c ) 3 , C r ( N C S ) 6

3 " , t - C r ( N H 3 ) 2 ( N C S ) 4 " , t - C r ( e n ) 2 ( N C S ) 2
+ , 

C r ( e n ) 3 3 + , and C r ( b p y ) 3
3 + a r e a few ps o r l e s s ( K i r k 1976; R o j a s 1986 

1987; P y k e 1978 ; LeSage 1983 ; N i c o l l i n 1 9 8 0 ) . 

R e c e n t l y , we r e p o r t e d ( S e r p o n e 1984) t h a t 355-nm e x c i t a t i o n o f C r ( b p y ) 3 

and C r ( 4 , 7 - M e 2 p h e n ) 3
3 + i n 1M H C l aqueous m e d i a r e s u l t s i n a g r o w - i n o f 

the l u m i n e s c e n c e f r o m t h e i r 2 T j _ / 2 E s t a t e s w i t h x ( r i s e ) ^ 10-20 n s , a t ­
t r i b u t e d t o i n t e r s y s t e m c r o s s i n g f r o m t h e q u a r t e t t o t h e d o u b l e t m a n i -



f o l d s . We a l s o o b s e r v e d a r a p i d i n c r e a s e i n t r a n s i e n t a b s o r p t i o n i n t h e 
400-600 nm r e g i o n w i t h i n t h e i n t e g r a t e d l a s e r p u l s e 30 p s , fwhm) 
f o l l o w e d by a s l o w e r a b s o r p t i o n r i s e t o 12 n s , j u s t o u t s i d e o f e x p e r i m ­
e n t a l e r r o r (+a ). K i r k (1986) h a s q u e s t i o n e d o u r r e s u l t s f r o m t h e 
s t a n d p o i n t o f a (a) l a c k o f o b s e r v a b l e f l u o r e s c e n c e f r o m 4 T 2 , (b) p o s s ­
i b l e a r t i f a c t (Raman e f f e c t s , f i l t e r e m i s s i o n , . . . ) i n o u r d a t a , (c) t h e 
e m i s s i o n c o n c a v e s upward, and (d) + 2 c s h o u l d be u s e d r a t h e r t h a n o u r 
+ c . I n o u r r e p l y ( S e r p o n e 1986) we e m p h a s i z e d t h a t t h e s l o w r i s e i n 
e m i s s i o n d i d n o t o r i g i n a t e f r o m a r t i f a c t u a l s o u r c e s ; a l s o , t h e c o m p u t e r 
f i t t i n g o f t h e g r o w - i n d i d n o t show u n r e a s o n a b l e e r r o r s (see b e l o w ) . 
Curiously> K i r k (1986) c a r r i e d o u t neither t r a n s i e n t e m i s s i o n e x p e r i m ­
e n t s , nor t r a n s i e n t a b s o r p t i o n e x p e r i m e n t s b e y o n d 400 p s . R o j a s (1987) 
was s u r p r i s e d a t o u r r e s u l t s on t h e b a s i s o f t h e i r own work i n w h i c h 
t h e y e m p l o y e d low-power l a s e r p u l s e s ( p h o t o n f l u x e s ^ 1 0 1 1 p h o t o n s / c m 2 ) ; 
t h e y d i d c o n c e d e (1986) t h a t p e r h a p s C r ( I I I ) - p o l y p y r i d y l may have pho­
t o p h y s i c a l p r o p e r t i e s d i f f e r e n t f r o m t h o s e o f o t h e r C r ( I I I ) c o m p l e x e s . 

We r e p o r t h e r e o u r e x t e n s i v e e x a m i n a t i o n o f t h e ps t r a n s i e n t e m i s s i o n 
p r o p e r t i e s o f s e v e r a l C r ( N N ) 3

3 + c o m p l e x e s , and i n d e t a i l t h e t r a n s i e n t 
a b s o r p t i o n p r o p e r t i e s f o r C r ( 5 , 6 - M e 2 p h e n ) 3

3 + ; t r a n s i e n t e m i s s i o n was 
d e t e r m i n e d under i d e n t i c a l experimental conditions as t h o s e o f t - C r -
( N H 3 ) 2 ( N C S ) 4 - , t - C r ( e n ) 2 ( N C S ) 2

+ , C r ( e n ) 2 F 2
+ , C r ( e n ) 3

3 + , C r ( t e r p y ) 2
3 + , 

and C r ( c y c l a m ) ( N H 3 ) 2
3 . To f u r t h e r t e s t f o r p o t e n t i a l a r t i f a c t u a l 

s o u r c e s , we a l s o e x a m i n e d R u ( b p y ) 3
2 + , F e ( b p y ) 3

2 + , e o s i n e - Y , and b i a c e t -
y i -

MATERIALS AND PROCEDURES 
T h e s e have been r e p o r t e d e l s e w h e r e i n some d e t a i l ( S e r p o n e 1 9 8 7 ) . 

RESULTS AND DISCUSSION 
I n t h e p r e s e n t work ( S e r p o n e 1987) and i n o u r e a r l i e r c o m m u n i c a t i o n 
( S e r p o n e 1984) we e m p l o y e d a s o l i d - s t a t e Nd:Yag l a s e r s v s t e m (^30 ps 
p u l s e s ; 2-3 m j / p u l s e ) ; p h o t o n f l u x p e r p u l s e ^ 1 0 1 6 - 1 0 l S 7 p h o t o n s / c m 2 , 
some 5-6 o r d e r s o f m a g n i t u d e g r e a t e r t h a n t h a t u s e d by R o j a s (1986 
1 9 8 7 ) . 

T r a n s i e n t E m i s s i o n : A s u r v e y o f C r ( N N ) 3
3 + c o m p l e x e s (where NN i s b p y , 

4,4'-Me 2bpy, 4,4'-Ph 2bpy, phen, 5 - B r p h e n , 5 - C l p h e n , 5-Mephen, 5-Phphen, 
5,6-Me 2phen, 4,7-Me 2phen, 4 , 7 - P h 2 p h e n , 3,4,7,8-Me 4phen) r e v e a l e d t h a t 
e x c i t a t i o n (355 nm) o f a l l t h e s e c o m p l e x e s r e s u l t s i n a f a s t e m i s s i o n 
component b e l o w 650 nm t h a t d e c a y s i n ^ 50 ps ( F i g . 2 a ) , and, w i t h t h e 
e x c e p t i o n o f NN = 5-Phphen, 4,4'-Ph^bpy, and C r ( t e r p y ) 2

3 + , a s l o w em­
i s s i o n r i s e a t ^ 700 nm. The s l o w r i s e h as a l s o b e e n o b s e r v e d w i t h C r -
( c y c l a m ) ( N H ^ ) 2 ( K a n e - M a g u i r e 1 9 8 4 ) . The f o l l o w i n g e m i t t i n g s y s t e m s 
showed neither a s l o w r i s e i n l u m i n e s c e n c e nor a f a s t e m i s s i o n compon­
e n t , b u t o n l y showed t h e i r n o r m a l d e c a y s as s e e n by o t h e r s : R u ( b p y ) 3 2 + / 
H 2 0 , t - C r ( N H 3 ) 3 ( N C S ) 4 " / H 2 0 , C r ( e n ) 2 F ? + / H 2 0 , C r ( e n ) 3

3 + / H 2 0 , e o s i n e - Y / 
H 2 0 , b i a c e t y l / m e t h a n o l , and b i a c e t y l / h e p t a n e . W i t h 266-nm e x c i t a t i o n 
( F i g . 2 b ) , C r ( 5 , 6 - M e 2 p h e n ) 3

3 + shows a p r o m p t e m i s s i o n r i s e ( a t X ^ 305 
nm; p l o t A) l e v e l l i n g o f f t o a p l a t e a u i n t h e 0-7 ns t i m e window o f t h e 
s t r e a k camera.However, p l o t A i s a c o m p o s i t e o f t h e e m i s s i o n f e a t u r e s 
i n p l o t B ( d e c a y t i m e ^ 13 ns) and p l o t C; t h e l a t t e r i s s i m i l a r t o 
p l o t B o f F i g . 2a. 

I n o u r p r e v i o u s p a p e r ( S e r p o n e 1 9 8 4 ) , we t r e a t e d t h e k i n e t i c s o f t h e 
s l o w e m i s s i o n r i s e by t h e m o d e l o f C a s t e l l i (1977) { I ^ = K ( l + e ~ k t ) , 
w h e r e K i s a c o n s t a n t and k was t a k e n as t h e r a t e o f i n t e r s y s t e m c r o s s ­
i n g b e t w e e n 4 T 2 and 2 T - l /

2

E } w h i c h assumes t h a t thexi 4 T 2 ° and 2 T ] _ / 2 E 
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F i g . 2: (a) T i m e - r e s o l v e d e m i s s i o n f r o m t h e 355-nm e x c i t a t i o n o f C r ( 5 , 6 -
M e 2 p h e n ) 3

3 ; A, t i m e window 568 p s ; B t i m e window 6.7 n s . Dashed l i n e i n 
A i s t h e l a s e r p u l s e , (b) T i m e - r e s o l v e d e m i s s i o n f r o m t h e 266-nm l a s e r 
e x c i t a t i o n o f C r ( 5 , 6 - M e 2 p h e n ) 3 3 . From ( S e r p o n e 1987}. 

s t a t e s a r e i n v o l v e d and t h a t b a c k i n t e r s y s t e m c r o s s i n g i s n e g l i g i b l e . 
A p p l i c a t i o n o f t h i s m o d e l l e a d s t o t h e u n r e a s o n a b l e r e q u i r e m e n t t h a t 
T 2 0 be s u f f i c i e n t l y l o n g - l i v e d f o r s t e a d y - s t a t e f l u o r e s c e n c e t o be ob­

s e r v e d ( K i r k 1 9 8 6 ) . The m o d e l o f C a s t e l l i (1977) i s i n r e t r o s p e c t n o t 
a p p r o p r i a t e s i n c e 4 T 2 ° i s n o t p o p u l a t e d ( S e r p o n e 1 9 8 1 ) . R a t h e r , t h e 
s l o w e m i s s i o n g r o w - i n (B o f F i g . 2b) c a n be f i t t e d ( F i g . 3) t o a model 
f o r two c o n s e c u t i v e f i r s t - o r d e r r e a c t i o n s (eqn 1; F r o s t 1 9 6 1 ) ; where 

(1) B C 

- l / k i ̂  500 ps and T 2 = l / k 2 ^ 10 ns ( S e r p o n e 1 9 8 7 ) . I t i s i n t e r e s t i n g 
t o n o t e t h a t I ~ , a w e l l known q u e n c h e r o f ^T-^/2E s t a t e s , t o t a l l y q uen­
ches t h e s l o w e m i s s i o n g r o w t h and s l i g h t l y q u e n c h e s t h e f a s t e m i s s i o n 
component. I t i s n o t i n c o n c e i v a b l e t h e n t h a t t h e s l o w r i s e i d e n t i f i e s 
w i t h f o r m a t i o n o f t h e 2 T ^ / 2 E m a n i f o l d s ( s p e c i e s C) . W a v e l e n g t h - r e s o l v e d 
e m i s s i o n s p e c t r a ( F i g . 4) r e v e a l two e m i s s i o n s : one c e n t r e d a t ^ 570 nm 
( T %50 ps) and t h e o t h e r c e n t r e d a t ^ 460 nm ( b i p h a s i c d e c a y w i t h TJ_ ^ 
0.65 ns and T2 ^ 11 n s ) . The f o r m e r i s i d e n t i f i e d ( S e r p o n e 1987) w i t h 
unrelaxed fluorescence from the manifold) t h e e m i s s i o n band a t ^ 
460 nm i s i d e n t i f i e d w i t h e m i s s i o n o r i g i n a t i n g w i t h t h e c o o r d i n a t e d NN 
l i g a n d s , by a n a l o g y w i t h t h e s t e a d y - s t a t e l u m i n e s c e n c e . N o t e t h e c o n ­
g r u e n c e b e t w e e n t h e NN e m i s s i o n d e c a y t i m e s w i t h t h e r i s e t i m e s o f t h e 
s l o w e m i s s i o n g r o w - i n . 

F i g u r e 5a shows t h e t r a n s i e n t a b s o r p t i o n s p e c t r a a t f o u r d e l a y t i m e s ; 
t h e a b s o r p t i o n a t 460 nm d e c r e a s e s d r a m a t i c a l l y b e t w e e n 0 and 50 ps de­
l a y t i m e s . F i g u r e 5b shows t h e i n v e r s e f o r m a t i o n {AA(x p s ) - A A ( 0 ps} 



F i g . 3: T h e o r e t i c a l c u r v e f i t o f t h e s l o w e m i s s i o n r i s e o f T]_/ E f r o m 
355-nm l a s e r e x c i t a t i o n o f C r ( 5 , 6 - M e 2 p h e n ) 3 3 + . (a) V a r i o u s c u r v e f i t s 
f o r d i f f e r e n t v a l u e s o f k; t h e c i r c l e s d e n o t e e x p e r i m e n t a l d a t a , (b) 
B e s t c u r v e f i t f o r k ^ 0.05 and f o r k 1 ^ 2 x 1 0 9 s ~ l . 
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F i g . 4: W a v e l e n g t h - r e s o l v e d t r a n s i e n t e m i s s i o n s p e c t r a t a k e n a t 0 ps 
f r o m t h e 266-nm and 355-nm l a s e r e x c i t a t i o n o f C r ( 5 , 6 - M e 2 p h e n ) 3 3 + . B o t h 
s p e c t r a were t a k e n u n d e r i d e n t i c a l c o n d i t i o n s e x c e p t f o r t h e e x c i t a t i o n 
w a v e l e n g t h . 

( d e c a y ) o f t h e 460-nm b a n d ; T ^ 50 p s . F i g u r e 6 s u m m a r i z e s t h e t r a n s ­
i e n t a b s o r p t i o n r e s u l t s as AA v s . t i m e . C l e a r l y , t h e r e a r e two d e c a y ­
i n g t r a n s i e n t s a t ̂  460 nm and t h e r e i s one a t 541 nm ( s e e i n s e r t i n 
F i g . 6 ) . More i m p o r t a n t , t h e r e i s an a b s o r p t i o n r i s e f r o m ^ 1 ns t o 10 
n s , w h i c h i s o u t s i d e o f + 2 c a t b o t h w a v e l e n g t h s . E x c i t a t i o n o f C r ( 5 , 
6-Me 2phen) 33"1" a t 266 nm shows a s p e c t r u m ( F i g . 7a) r e m i n i s c e n t o f s o l -
v a t e d e l e c t r o n s ( t h u s a CTTS s t a t e i s p o p u l a t e d ; eqn 2 ) ; t h e t r a n s i e n t 
s p e c t r u m o f t h e f r e e l i g a n d i n 1M HC1 ( F i g . 7b) a l s o shows f e a t u r e s 
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F i g . 5: (a) T r a n s i e n t a b s o r p t i o n s p e c t r a a t -50 ps ( A ) , -20 ps ( B ) , 0 
ps (C) , and +50 ps (D) d e l a y t i m e s f r o m t h e 355-nm e x c i t a t i o n o f C r ( 5 , 
6 - M e 2 p h e n ) 3 3 + • From ( S e r p o n e 1 9 8 7 ) . (b) D i f f e r e n c e s p e c t r a a t v a r i o u s 
t i m e s a g a i n s t t h a t a t 0 p s ; i n s e r t shows t h e i n v e r s e d e c a y o f t h e 460-
nm band . 
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F i g . 6: A b s o r b a n c e change v s . t i m e a t 462 nm and 541 nm f r o m t h e 355-nm 
e x c i t a t i o n o f C r ( 5 , 6 - M e 2 p h e n ) 3 3 + . I n s e t shows a s e m i l o g a r i t h m i c p l o t o f 
A A v s . t i m e . From ( S e r p o n e 1 9 8 7 ) . 

{ C r ( 5 , 6 - M e 2 P h e n ) 3 } 3 + . h v > { C r ( 5 , 6 - M e 2 p h e n ) 3 } 4 + + e ~ ( a q ) (2) 
26 6 nm 

c o n s i s t e n t w i t h s o l v a t e d e l e c t r o n s ( a d d i t i o n a l a b s o r p t i o n s a r e s e e n a t 
l o w e r w a v e l e n g t h s ) . 
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(a) (b) 

F i g . 7: T r a n s i e n t a b s o r p t i o n s p e c t r a a t 50 ps and 5 ns f r o m t h e 266-nm 
e x c i t a t i o n o f an aqueous s o l u t i o n o f C r ( 5 , 6 - M e 2 p h e n ) 3 3 + ; f r o m ( S e r p o n e 
1 9 8 7 ) . (b) T r a n s i e n t a b s o r p t i o n s p e c t r a a t 50 p s , 500 ps and 1 ns f r o m 
t h e 266-nm e x c i t a t i o n o f t h e 5,6-Me 2phen l i g a n d i n 1M HCI/CH3CN aqueous 
m e d i a . 

CONCLUSIONS 
I n summary, we ha v e i d e n t i f i e d ( S e r p o n e 1987) f o u r t r a n s i e n t s p e c i e s : 
( i ) t r a n s i e n t s A and B w i t h l i f e t i m e s ^ 0.5-0.65 ns and 11-13 n s , r e s ­
p e c t i v e l y , a r e t h e ^-LC and 3 L C c o o r d i n a t e d l i g a n d s t a t e s w h i c h a r e t h e 
d i r e c t and p r i n c i p a l p r e c u r s o r s t o t r a n s i e n t C ( 2T]_/ 2E s t a t e s ) , and 
( i i ) t r a n s i e n t D w i t h T ^ 50 ps i s i d e n t i f i e d w i t h t h e unvelaxed 4T2 

state. The model p r o p o s e d i s shown i n F i g . 8 and i s b a s e d on d a t a known 
t o d a t e . T h a t i s , e x c i t a t i o n o f t h e C r ( I I I ) c o m p l e x by a l a s e r p u l s e 

I 
O B A C J 

C r ( N N ) 3

3 + 

F i g . 8: J a b l o n s k y - t y p e d i a g r a m s h o w i n g 
t h e t e n t a t i v e r e l a x a t i o n p a t h w a y s f o r 
t h e p h o t o p h y s i c a l e v e n t s a r i s i n g f r o m 
m u l t i p h o t o n e x c i t a t i o n o f C r ( N N ) ^ 3 + . 
From ( S e r p o n e 1987) . 



w i t h s u c h a h i g h p h o t o n f l u x , as u s e d i n o u r work, l e a d s t o m u l t i p h o t o -
n i c e v e n t s , w h e r e b y i t i s e v i d e n t a t 266-nm e x c i t a t i o n t h a t a CTTS s t a t e 
i s f o r m e d , u n l i k e e x c i t a t i o n a t 355 nm. F o l l o w i n g f o r m a t i o n o f t h e CTTS 
m a n i f o l d , e n e r g y p a r t i t i o n i n g e n s u e s t h a t p o p u l a t e s t h e LC s t a t e s p r e ­
f e r e n t i a l l y ( s e e e g . F i g . 4 ) . I t i s t h e s e two l i g a n d - c e n t r e d s t a t e s 
t h a t a r e t h e p r i m a r y p r e c u r s o r s t o t h e 2 T 1 / 2 E s t a t e s , under our exper­
imental conditions, w i t h b o t h 266- and 355-nm e x c i t a t i o n . 

C l e a r l y , t h e m u l t i p h o t o n i n d u c e d e v e n t s p r e s e n t e d h e r e c o n t r a s t , b u t 
a r e n o t i n c o n s i s t e n t w i t h t h o s e r e p o r t e d by R o j a s (1987) f r o m s i n g l e -
p h o t o n e x c i t a t i o n . H i g h - p o w e r l a s e r e x c i t a t i o n c a n t h e r e f o r e d i s c o v e r 
and p r o b e new p h o t o p h y s i c s , n o t a v a i l a b l e w i t h low-power l a s e r e x c i t a t ­
i o n . I t " i s a l s o e v i d e n t t h a t t h e p o l y p y r i d i n e c o m p l e x e s o f chromium 
examined h e r e ( S e r p o n e 19 87) a f f o r d t h e ' r i g h t ' p a t h o l o g y o f g r o u n d 
and e x c i t e d s t a t e s w i t h w h i c h t o v i e w t h e s e m u l t i p h o t o n i c e v e n t s . 
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TOPIC 3 

Excited State Properties 
of T r i s - 2 , 2 ' - B i p y r i d i n e Ruthenium ( I I ) 
and Related Complexes 





ON THE ORBITAL NATURE OF THE LUMINESCENT EXCITED STATE OF ORTHOMETALATED 
TRANSITION METAL COMPLEXES 

V.Balzani« M . M a e s t r i , A . M e l a n d r i , D . S a n d r i n i , L .Chassot, C . C o r n i o l e y - D e u s c h e l , 
P . J o l l i e t , U.Maeder, and A.von Z e l e w s k y 

C h e m i s t r y Department "G. C i a m i c i a n " , U n i v e r s i t y o f B o l o g n a , ITALY 
I n s t i t u t e FRAE-CNR, B o l o g n a , ITALY 
I n s t i t u t e o f I n o r g a n i c C h e m i s t r y , U n i v e r s i t y o f F r i b o u r g , SWITZERLAND 

The s t u d y o f t h e p h o t o c h e m i c a l and p h o t o p h y s i c a l p r o p e r t i e s o f 
t r a n s i t i o n m e t a l c o m p l e x e s i s o f g r e a t i n t e r e s t f o r t h e o r e t i c a l 
r e a s o n s ( i . e . , f o r a b e t t e r u n d e r s t a n d i n g o f t h e " e x c i t e d s t a t e 
d i m e n s i o n " o f c h e m i s t r y ) as w e l l as f o r p r a c t i c a l a p p l i c a t i o n s 
( l u m i n e s c e n t m a t e r i a l s , p h o t o c a t a l y t i c p r o c e s s e s e t c . ) . In t h e l a s t 
few y e a r s t h e a t t e n t i o n o f numerous r e s e a r c h g r o u p s has been f o c u s s e d 
on the s e a r c h and c h a r a c t e r i z a t i o n o f t r a n s i t i o n m e t a l c o m p l e x e s t h a t 
can p l a y t h e r o l e o f l i g h t a b s o r p t i o n s e n s i t i z e r s (LAS) a n d / o r l i g h t 
e m i s s i o n s e n s i t i z e r s (LES) f o r t h e i n t e r c o n v e r s i o n between l i g h t 
e n e r g y and c h e m i c a l e n e r g y v i a e l e c t r o n t r a n s f e r r e a c t i o n s i n v o l v i n g 
e l e c t r o n i c a l l y e x c i t e d s t a t e s ( B a l z a n i 1 9 8 3 ) . To p e r f o r m s y s t e m a t i c 
e x p e r i m e n t s i n t h i s f i e l d as w e l l as t o a r r i v e a t p r a c t i c a l d e v i c e s we 
need a s e r i e s o f compounds c o v e r i n g a b r o a d r a n g e o f e x c i t e d s t a t e 
e n e r g i e s , l i f e t i m e s , and o x i d a t i o n - r e d u c t i o n p o t e n t i a l s . The f a m i l y o f 
R u ( I I ) - p o l y p y r i d i n e compounds, h a v i n g as a p r o t o t y p e t h e famous 
R u ( b p y ) 3

2 + c o m p l e x , has p r o v e d t o be v e r y i n t e r e s t i n g f o r t h e s e 
p u r p o s e s , and some h u n d r e d s R u ( I I ) - p o l y p y r i d i n e compounds have been 
s y n t h e t i z e d and s t u d i e d i n t h e l a s t few y e a r s ( K a l y a n a s u n d a r a m ; 
J u r i s ) . P o l y p y r i d i n e c o m p l e x e s o f C r ( I I I ) ( J a m i e s o n ) , R h ( I I I ) (De 
Armond), I r ( I I I ) ( W a t t s ) , and O s ( I I ) ( S u t i n ) have a l s o been s t u d i e d , 
but an i d e a l LAS a n d / o r LES has n o t y e t been f o u n d ( B a l z a n i 1 9 8 6 ) . 

The c u r r e n t i n t e r e s t i n t h e p h o t o c h e m i c a l and p h o t o p h y s i c a l p r o p e r t i e s 
of o r t h o m e t a l a t e d c o m p l e x e s ( S p r o u s e ; K i n g 1984, 1985; F i n l a y s o n ; 
M a e s t r i 1985, 1987; C h a s s o t ; W a k a t s u k i ; S a n d r i n i ) i s , on one s i d e , a 
l o g i c e x t e n s i o n o f t h e p r e v i o u s l y m e n t i o n e d s t u d i e s c a r r i e d o u t on 
c o m p l e x e s c o n t a i n i n g p o l y p y r i d i n e l i g a n d s ; on t h e o t h e r s i d e , t h i s 
i n t e r e s t has been s t i m u l a t e d by t h e r e c e n t d e v e l o p m e n t o f 
o r g a n o m e t a l l i c c h e m i s t r y , a f i e l d t h a t has so f a r c o n t r i b u t e d a 
r e l a t i v e l y s m a l l number o f s t u d i e s c o n c e r n i n g e x c i t e d s t a t e r e a c t i v i t y 
a nd/or l u m i n e s c e n c e . 

In- t r a n s i t i o n m e t a l c o m p l e x e s t h e e x c i t e d s t a t e r e s p o n s i b l e f o r 
l u m i n e s c e n c e and b i m o l e c u l a r l i g h t i n d u c e d p r o c e s s e s i s t h e l o w e s t 



e x c i t e d s t a t e - The p r o p e r t i e s o f s u c h an e x c i t e d s t a t e a r e s t r o n g l y 
d e p e n d e n t on i t s o r b i t a l n a t u r e and on t h e p r o x i m i t y o f o t h e r e x c i t e d 
s t a t e s . F o r t h e f a m i l y o f t h e R u ( I I ) - p o l y p y r i d i n e c o m p l e x e s , s u i t a b l e 
c h a n g e s i n t h e n a t u r e o f t h e l i g a n d s may c a u s e a change i n t h e o r b i t a l 
n a t u r e o f t h e l o w e s t e x c i t e d s t a t e a n d , more g e n e r a l l y , may a l l o w us 
" t o t u n e " t h e e x c i t e d s t a t e p r o p e r t i e s ( J u r i s ) . 

The number o f o r t h o m e t a l a t e d c o m p l e x e s t h a t have been e x a m i n e d so f a r 
i s n o t much l a r g e . N e v e r t h e l e s s , i t i s i n t e r e s t i n g t o compare t h e 
a v a i l a b l e r e s u l t s t o draw some p r e l i m i n a r y c o n c l u s i o n s on t h e 
p o s s i b i l i t y t o t u n e t h e i r e x c i t e d s t a t e p r o p e r t i e s . I n t h i s p a p e r we 
f o c u s s o u r a t t e n t i o n on a s e r i e s o f c l o s e l y r e l a t e d o r t h o m e t a l a t e d 
c o m p l e x e s and we e x a m i n e t h e t r e n d s shown by e n e r g i e s and l i f e t i m e s o f 
t h e l u m i n e s c e n t e x c i t e d s t a t e . 

F i g u r e 1 shows t h e s t r u c t u r a l f o r m u l a e and a b b r e v i a t i o n s o f t h e 
o r t h o m e t a l a t e d l i g a n d s . The f u l l names o f t h e l i g a n d s c o n s t i t u t i n g t h e 
c o o r d i n a t i o n s p h e r e o f t h e c o m p l e x e s e x a m i n e d a r e as f o l l o w s : phpy = 
2 - p h e n y l p y r i d i n e , t h p y = 2-( 2 - t h i e n y 1 ) p y r i d i n e , bhq = b e n z o ( h ) -
q u i n o l i n e , bpy = 2 , 2 1 - b i p y r i d i n e , phen = 1 , 1 0 - p h e n a n t h r o l i n e . 

F i g u r e 1 - S t r u c t u r a l f o r m u l a e o f t h e o r t h o m e t a l a t e d l i g a n d s 

T a b l e 1 s u m m a r i z e s t h e a v a i l a b l e d a t a c o n c e r n i n g a b s o r p t i o n s p e c t r a a t 
room t e m p e r a t u r e and l u m i n e s c e n c e s p e c t r a and l i f e t i m e s ( a t 77 K) o f 
t h e c o m p l e x e s e x a m i n e d . I t s h o u l d be n o t e d t h a t f o r t h e m i x e d - l i g a n d 
c o m p l e x e s t h e n o n - o r t h o m e t a l a t e d l i g a n d s a r e n o t i n v o l v e d i n t h e 
l o w e s t e n e r g y e x c i t e d s t a t e , a l t h o u g h t h e y may i n d i r e c t l y a f f e c t t o 
some d e g r e e t h e e x c i t e d s t a t e p r o p e r t i e s v i a e l e c t r o n w i t h d r a w i n g o r 
e l e c t r o n d o n a t i n g e f f e c t s on t h e m e t a l . 

phpy thpy bhq" 



F i g u r e 2 - E n e r g y (a) and l i f e t i m e (b) o f t h e l u m i n e s c e n t e x c i t e d 
s t a t e s o f t h e f r e e p r o t o n a t e d o r t h o m e t a l a t e d l i g a n d s and o f t h e i r 
c o m p l e x e s (see T a b l e 1 ) . 



F i g u r e 2a shows s c h e m a t i c a l l y t h e t r e n d i n t h e e m i s s i o n e n e r g y f o r t h e 
p h p y " , b h q " , and t h p y " c o m p l e x e s o f R h ( I I I ) , P d ( I I ) , I r ( I I I ) , p t ( I I ) , 
and P t ( I V ) . F o r c o m p a r i s o n p u r p o s e s , t h e e m i s s i o n e n e r g y 
( p h o s p h o r e s c e n c e ) o f t h e f r e e p r o t o n a t e d l i g a n d s a r e a l s o shown. 
F i g u r e 2b shows t h e t r e n d i n t h e l u m i n e s c e n c e l i f e t i m e o f t h e same 
c o m p l e x e s . I n f o r m a t i o n on t h e o r b i t a l n a t u r e ( l i g a n d c e n t e r e d , LC, o r 
m e t a l - t o - 1 i g a n d c h a r g e - t r a n s f e r , MLCT) o f t h e l u m i n e s c e n t e x c i t e d 
s t a t e c a n be drawn f r o m t h e d a t a r e p o r t e d i n T a b l e 1 and f r o m t h e i r 
t r e n d s shown i n F i g . 2. F o r t h e P t ( I V ) c o m p l e x e s t h e e m i s s i o n e n e r g y 
i s v e r y c l o s e t o ( l e s s t h a n 1000 cm"^ r e d - s h i f t e d f r om) t h a t o f t h e 
f r e e l i g a n d and t h e l u m i n e s c e n c e l i f e t i m e i s r e l a t i v e l y l o n g , 
i n d i c a t i n g a h e a v y - a t o m p e r t u r b e d LC p h o s p h o r e s c e n c e . F o r t h e I r ( I I I ) 
c o m p l e x e s t h e r e d - s h i f t f r o m t h e f r e e l i g a n d p h o s p h o r e s c e n c e i s v e r y 
l a r g e ( 2 000-3000 cm" 1) and t h e l u m i n e s c e n c e l i f e t i m e s a r e 10-60 t i m e s 
s h o r t e r t h a n t h o s e o f t h e a n a l o g o u s P t ( I V ) c o m p l e x e s , s h o w i n g t h a t t h e 
e m i t t i n g e x c i t e d s t a t e i s e s s e n t i a l l y MLCT i n n a t u r e . T h i s i s a l s o t h e 
c a s e f o r t h e P t ( I I ) c o m p l e x e s whose e m i s s i o n o c c u r s f r o m s l i g h t l y 
h i g h e r e n e r g y e x c i t e d s t a t e s w i t h c o m p a r a b l e l i f e t i m e s . F o r t h e Rh and 
Pd compounds t h e s i t u a t i o n i s more c o m p l e x . The e m i s s i o n o f t h e phpy 
c o m p l e x o f R h ( I I I ) o c c u r s a t l o w e r e n e r g y t h a n t h a t o f t h e P t ( I V ) 
c o m p l e x and e x h i b i t s a s h o r t e r l i f e t i m e , i n s p i t e o f t h e f a c t t h a t Rh 
i s l i g h t e r t h a n P t . These r e s u l t s s u g g e s t some m i x i n g b e t w e e n LC and 
MLCT l e v e l s . F o r t h e bhq c o m p l e x , h o w e v e r , t h e s m a l l e r r e d - s h i f t f r o m 
t h e f r e e l i g a n d e m i s s i o n and t h e v e r y l o n g l i f e t i m e p o i n t t o w a r d s an 
e s s e n t i a l l y LC e m i s s i o n . The r i g i d i t y o f t h e bhq l i g a n d may c a u s e some 
s t e r i c h i n d r a n c e t h a t i n c r e a s e s t h e m e t a l - l i g a n d bond d i s t a n c e , 
t h e r e b y r e d u c i n g t h e m e t a l - l i g a n d c h a r g e t r a n s f e r i n t e r a c t i o n . F o r t h e 
R h ( I I I ) c o m p l e x w i t h t h e f l e x i b l e t h p y l i g a n d , t h e r e d s h i f t f r o m t h e 
l i g a n d e m i s s i o n i s h i g h e r (~1400 c m " 1 ) ; a c t u a l l y , t h e e m i s s i o n o c c u r s 
~ 5 0 0 cm" 1 l o w e r i n e n e r g y t h a n t h e LC e m i s s i o n o f t h e P t ( I V ) c o m p l e x . 
T h i s shows t h a t t h e r e i s some LC-MLCT m i x i n g a l t h o u g h t h e r e l a t i v e l y 
l o n g l u m i n e s c e n c e l i f e t i m e ( w h i c h i s a l s o l o n g e r t h a n t h a t o f t h e phpy 
c o m p l e x ) i n d i c a t e s a n o t i c e a b l e LC c h a r a c t e r . The f a c t t h a t t h e 
l i f e t i m e o f t h e R h ( I I I ) t h p y c o m p l e x i s l o n g e r t h a n t h a t o f t h e 
a n a l o g o u s P t ( I V ) c o m p l e x ( i n s p i t e o f t h e a p p a r e n t p u r e r LC c h a r a c t e r 
o f t h e l a t t e r ) i s l i k e l y due t o t h e s t r o n g e r h e a v y - a t o m e f f e c t i n t h e 
P t c o m p l e x . 

As t o t h e P d ( I I ) c o m p l e x e s , t h e r e d s h i f t f r o m t h e e m i s s i o n o f t h e 
P t ( I V ) c o m p l e x e s i n d i c a t e s some LC-MLCT m i x i n g . The f a c t t h a t t h e 
l i f e t i m e s o f t h e P d ( I I ) c o m p l e x e s a r e s i m i l a r ( f o r t h p y ) o r e v e n 
h i g h e r ( f o r phpy) t h a n t h o s e o f t h e P t ( I V ) c o m p l e x e s i n s p i t e o f t h e 



Table 1 - Absorption and emission data for some orthometalated complexes 

Absorption
3

 Emission 

Complex 

A c 

max 
(nm) 

(8 ) max 
(nm) 

X 
(yus) 

Ref. 

Rh(phpy)
2
(bpy)

+ 

367
e 

(8000) 454 170 Maestri 1987 

Rh(thpy)
2
(bpy)

+ 

379
e 

(9000) 521 500 Maestri 1987 

Rh(bhq)
2
(phen)

+ 

393
e 

(5500) 483
f 

4250 Ohsawa 

Pd(phpy)
2 

349 (9000) 458 480 g 

Pd(thpy)
2 

382 (7000) 536 280 g 

Pd(bhq)
2 

391 (6000) 472 2600 g 

[ I r ( p h p y )
2
C l ]

2

h 

434 (4200) 493
1 

4.8 Sprouse 

[ I r ( b h q )
2
C l ]

2

h 

442 (5500) 510
1 

30 Sprouse 

Pt(phpy)
2 

402
J 

(12800) 491 4 Maestri 1985 

P t ( t h p y )
2 

418
J 

(10500) 570 12 Maestri 1985 

Pt(bhq)
2 

421^ (9200) 492 6.5 Maestri 1985 

Pt(phpy)
2
(CH

2
Cl)Cl 306 (15000) 444 300 Chassot 

P t ( t h p y )
2
( C H

2
C l ) C l 344 (17000) 507 340 Chassot 

a) Room temperature; CH
2
C1

2
 s o l u t i o n , unless otherwise noted. 

b) 77 K; p r o p i o n i t r i l e - b u t y r o n i t r i l e 4:5 v/v mixture, unless otherwise noted. 

c) Lowest energy absorption maximum. 

d) Wavelength of the high energy feature. 

e) MeOH s o l u t i o n 

f) EtOH-MeOH 4:1 v/v mixture. 

g) Maestri et a l . unpublished r e s u l t s . 

h) S u b s t a n t i a l l y s i m i l a r r e s u l t s have recently been obtained (Ohsawa) for 

Ir(phpy)
2
bpy and Ir(bhq)

2
phen

+

, with some complications due to dual emission. 

i ) EtOH-MeOH-CH
2
Cl

2
 4:1:1 v/v mixture. 

j ) P r o p i o n i t r i l e - b u t y r o n i t r i l e 4:5 v/v mixture. 

p u r e r LC n a t u r e o f t h e l a t t e r c an a g a i n be a t t r i b u t e d t o t h e d i f f e r e n t 
d e g r e e o f h e a v y - a t o m p e r t u r b a t i o n . F i n a l l y , t h e f a c t t h a t t h e P d ( I I ) 
bhg e x h i b i t s a l m o s t p u r e LC e m i s s i o n c h a r a c t e r i s t i c s 500 cm~* r e d 
s h i f t compared t o t h e f r e e l i g a n d e m i s s i o n ; v e r y l o n g l i f e t i m e ) a r e 
l i k e l y due t o t h e r i g i d n a t u r e o f bhg w h i c h c a u s e s s t e r i c h i n d r a n c e 



a n d , as a c o n s e q u e n c e , p r e v e n t s a s u f f i c i e n t c l o s e r a p p r o a c h f o r CT 
i n t e r a c t i o n between m e t a l and l i g a n d s . 

A c k n o w l e d g m e n t s . We w o u l d l i k e t o tha n k Mr. G. G u b e l l i n i f o r t h e 
d r a w i n g s and Mr. V. C a c c i a r i f o r t e c h n i c a l a s s i s t e n c e . F i n a n c i a l 
s u p p o r t f r o m t h e M i n i s t e r o d e l l a P u b b l i c a I s t r u z i o n e , t h e N a t i o n a l 
R e s e a r c h C o u n c i l o f I t a l y , and t h e S w i s s N a t i o n a l S c i e n c e F o u n d a t i o n 
i s g r a t e f u l l y a c k n o w l e d g e d . 
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CORRELATIONS BETWEEN OPTICAL AND ELECTROCHEMICAL PROPERTIES OF 
RU(II)-POLYPYRIDINE COMPLEXES: INFLUENCE OF THE LIGAND STRUCTURE 

F . B a r i g e l l e t t i , A . J u r i s , V . B a l z a n i , P . B e l s e r , and A.von Zelewsky 

I n s t i t u t e FRAE-CNR, B o l o g n a , ITALY 

C h e m i s t r y Department "G. C i a m i c i a n " , U n i v e r s i t y o f B o l o g n a , ITALY 
I n s t i t u t e f o r I n o r g a n i c C h e m i s t r y , U n i v e r s i t y o f F r i b o u r g , SWITZERLAND 

The use o f R u ( I I ) - p o l y p y r i d i n e c o m p l e x e s as s e n s i t i z e r s i n a number o f 
l i g h t d r i v e n o r l i g h t g e n e r a t i n g p r o c e s s e s c o n t i n u e s t o be o f i n t e r e s t 
( J u r i s ) . I n t h i s c o n n e c t i o n t h e c o r r e l a t i o n s between o p t i c a l and 
e l e c t r o c h e m i c a l p r o p e r t i e s (Ohsawa, Dodsworth) a r e much s t u d i e d 
b e c a u s e t h e y o f f e r t h e o p p o r t u n i t y t o o b t a i n a b s o r p t i o n and e m i s s i o n 
e n e r g i e s f r o m e l e c t r o c h e m i c a l p o t e n t i a l s and v i c e v e r s a . The b a s i s f o r 
such c o r r e l a t i o n s l i e s on t h e f a c t t h a t t h e l o w e s t e n e r g y Ru — > 
l i g a n d t r a n s i t i o n i n v o l v e s t h e p r o m o t i o n o f an e l e c t r o n f rom a m e t a l 
c e n t e r e d TTm o r b i t a l t o t h e l o w e s t a n t i b o n d i n g , " s p a t i a l l y i s o l a t e d " , 
l i g a n d c e n t e r e d TT l o r b i t a l w h i c h r e s e m b l e s t h e l o w e s t TT o r b i t a l o f 
th e f r e e l i g a n d . The same m e t a l c e n t e r e d and l i g a n d c e n t e r e d o r b i t a l s 
t h a t a r e i n v o l v e d i n t h e m e t a l - t o - 1 i g a n d t r a n s i t i o n a r e a l s o i n v o l v e d 
i n t h e o x i d a t i o n and r e d u c t i o n p r o c e s s e s , r e s p e c t i v e l y . On t h e s e 
g r o u n d s i t i s c l e a r t h a t t h e l i g a n d s t r u c t u r e d e t e r m i n e s s p e c t r o s c o p i c 
and e l e c t r o c h e m i c a l p r o p e r t i e s o f c o m p l e x e s m a i n l y b e c a u s e o f t h e 
a c c e p t i n g a b i l i t y o f t h e LUMO o r b i t a l . T h i s s t u d y employs EHMO 
c a l c u l a t i o n s t o c o r r e l a t e t h e above e x p e r i m e n t a l q u a n t i t i e s t o t h e 
en e r g y and symmetry p r o p e r t i e s o f c a l c u l a t e d LUMO's o f f r e e l i g a n d s . 

The e x a m i n e d c o m p l e x e s a r e o f t h e t y p e R u ( L L ' ) 3
2 + o r R u ( L L ) 2 ( L L 1 ) 2 + , 

where L L ' i s a l i g a n d e a s i e r t o r e d u c e t h a n L L . F o r s u c h c o m p l e x e s , 
th e a t t e n t i o n c a n be f o c u s s e d on a R u - L L 1 u n i t o f C 2 v symmetry. T h i s 
i s a c t u a l l y t h e symmetry o f t h e Ru-LL' f r a g m e n t w h i c h i s p r e s e n t i n 
th e R u ( L L ) 2 ( L L ' ) 2 + c o m p l e x e s and i s a l s o an a p p r o p r i a t e d e s c r i p t i o n 
f o r t h e monoreduced o r e x c i t e d R u f L L * ^ 2 * s p e c i e s b e c a u s e b o t h 
p r o c e s s e s i n v o l v e p o p u l a t i o n o f a *TT o r b i t a l l o c a l i z e d i n a s i n g l e L L ' 
l i g a n d . A s c h e m a t i c MO d i a g r a m s h o w i n g t h e o r b i t a l r e l e v a n t t o o u r 
d i s c u s s i o n i s shown i n F i g . 1. F i g u r e 2 shows t h e s t r u c t u r a l f o r m u l a 
o f t h e L L 1 l i g a n d s and T a b l e 1 r e p o r t s some c a l c u l a t e d p r o p e r t i e s f o r 
th e f r e e l i g a n d s . 

F i g u r e 3 p l o t s t h e r e d u c t i o n p o t e n t i a l f o r t h e f r e e l i g a n d s , 
E 1 / 2 ( L L ' ) , and t h e r e d u c t i o n p o t e n t i a l f o r t h e c o m p l e x e s , E 1 / 2 ( r e d ) , 



< 
z 
u 

i 

TI*(LL): 

n*(LL') 

E 1 / 2 ( r e d ) 

:i/2(ox) 

Ru(LLULL') 2+ LL' 
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K 
III 
Z 
I U 
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o 

F i g . 1. O r b i t a l d i a g r a m f o r t h e e n e r g y c o r r e l a t i o n s b e t w e e n t h e 
c a l c u l a t e d e n e r g y o f t h e LUMO o f L L ' , t h e e l e c t r o c h e m i c a l p r o p e r t i e s 
o f t h e f r e e l i g a n d L L ' , and t h e s p e c t r o s c o p i c and e l e c t r o c h e m i c a l 
p r o p e r t i e s o f t h e c o m p l e x e s . 

T a b l e 1. R e d u c t i o n P o t e n t i a l and C a l c u l a t e d P r o p e r t i e s o f t h e L o w e s t 
U n o c c u p i e d M o l e c u l a r O r b i t a l (LUMO) o f t h e F r e e L i g a n d s . 

L i g a n d E 1 / 2 ( L L ' ) a LUMO 

e n e r g y / e V ( p N , p N ) b symmetry 

a) i - b i q -2.20 -9.56 ( 0 . 3 5 , 0.35) 
b) bpy -2.22 -9.71 ( 0 . 4 4 , 0.44) 
c ) phen -2.04 -9.77 ( 0 . 4 4 , 0.44) 
d) 4 ,4 '-dpb -2.06 -9.70 ( 0 . 4 1 , 0.41) * 
e) bpym -1.80 -9.94 ( 0 . 3 5 , 0.35) 
f ) pq -1.94 -10.01 ( 0 . 4 4 , 0.34) 
g) b i q -1.74 -10.19 ( 0 . 3 9 , 0.39) 
h) bpz -1.70 -10.47 ( 0 . 4 5 , 0.45) 
i ) DP -1.18° -10.66 ( 0 . 1 0 , 0.10) 
1) t a p h e n -1 .26 -10.78 ( 0 . 1 2 , -0.12) X 

a) Room t e m p e r a t u r e d a t a i n a c e t o n i t r i l e , u n l e s s o t h e r w i s e n o t e d ; b) 
MO a t o m i c c o e f f i c i e n t s on c h e l a t i n g N p o s i t i o n s ; c ) i n 
d i m e t h y I f o r m a m i d e . 



F i g . 2. L i g a n d s ( L L ' ) and c o m p l e x e s : (a) i - b i q and R u ( i - b i q ) ^ > (b) 
bpy and R u ( i - b i q ) 2 ( b p y ) 2 + , ( c ) phen and R u ( p h e n ) 3

2 + , (d) 4,4'-dpb and 
R u ( b p y )

2
( 4

f
4 ' - d p b ) 2 +

f (e) bpym and R u ( b p y ) 2 ( b p y m ) 2 + , ( f ) pq and 
R u ( b p y ) 2 ( p q ) 2 +

r (g) b i q and R u ( b p y ) 2 ( b i q ) 2 + , (h) bpz and 
R u ( b p y ) 2 ( b p z ) 2 +

r ( i ) DP and R u ( b p y ) 2 ( D P ) 2 + , and ( j ) t a p h e n and 
R u ( b p y ) 2 ( t a p h e n ) 2 + . 

a g a i n s t t h e c a l c u l a t e d *TT ( L L 1 ) LUMO o f t h e f r e e l i g a n d s . I n b o t h 
c a u s e s good c o r r e l a t i o n s a r e f o u n d i n d i c a t i n g t h a t r e d u c t i o n o c c u r s t o 
the LUMO o f t h e f r e e l i g a n d i n t h e f o r m e r c a s e and t o t h e LUMO o f t h e 
complex ( c l o s e l y r e s e m b l i n g t h a t o f t h e f r e e l i g a n d ) i n t h e l a t t e r 



AE,/ 2 , tV 

F i g . 3. See t e x t . F i g . 4. See t e x t . 

case. As one can see the two c o r r e l a t i o n s i n F i g . 3 are c h a r a c t e r i z e d 
by d i f f e r e n t s l o p e s . For the complexes t h i s i s l i k e l y due to the 
e f f e c t of i n t e r a c t i o n between occupied metal d o r b i t a l s and lowest 
l y i n g unoccupied l i g a n d o r b i t a l s of matching symmetry lead i n g to 
s t a b i l i z a t i o n of the former and d e s t a b i l i z a t i o n of the l a t t e r . On the 
ba s i s of energy sep a r a t i o n arguments, the HOMO (metal centered) and 
LUMO ( l i g a n d centered) o r b i t a l s , F i g . 1, are expected to be most 
a f f e c t e d by t h i s i n t e r a c t i o n . 

Under C 2 v symmetry and i f a s i n g l e c o n f i g u r a t i o n Ru — > LL' t r a n s i t i o n 
w e l l approximates the e x c i t e d s t a t e , the energy of the abs o r p t i o n (to 
the s i n g l e t ) and emission (from the t r i p l e t ) maxima of the MLCT 

* 
t r a n s i t i o n i n v o l v i n g the T T(L L') LUMO i s given by 

h ^ a b s ( S ) = A E 1 / 2 + A 
h v e m ( T ) = A E 1 / 2 + B 



where ^\/2 ~ e t E 1 /2 ̂ o x ^ " E i / 2 ^ r e d ^ ' E l / 2 ^ o x ^ i s t h e o x i d a t i o n 
p o t e n t i a l o f t h e c o m p l e x , and A and B i n c l u d e t e r m s t h a t t a k e i n t o 
a c c o u n t s o l v a t i o n e n e r g i e s , i n n e r and o u t e r s p h e r e b a r r i e r s , and 
c o u l o m b i c e n e r g i e s . F i g u r e 4 shows t h e r e l a t i o n b e tween t h e 
s p e c t r o s c o p i c and e l e c t r o c h e m i c a l q u a n t i t i e s . L i n e a r r e l a t i o n s a r e 
o b s e r v e d w i t h a few e x c e p t i o n s ( f u l l p o i n t s i n t h e f i g u r e s ) . A more 
d e t a i l e d d i s c u s s i o n c o n c e r n i n g t h e r e p o r t e d d e v i a t i o n s w i l l be g i v e n 
e l s e w h e r e ( B a r i g e l l e t t i ) . 

As one c a n s e e t h e l i g a n d s t r u c t u r e a p p a r e n t l y d e t e r m i n e s a number o f 
p r o p e r t i e s o f R u - p o l y p y r i d i n e c o m p l e x e s t h r o u g h t h e e n e r g y and 

* 
symmetry o f t h e TT ( L L ' ) LUMO. Based on t h e r e p o r t e d l i n e a r r e l a t i o n s 
o f F i g u r e s 3 and 4, i t i s s u g g e s t e d t h a t EHMO c a l c u l a t i o n s on f r e e 
l i g a n d s c a n h e l p i n d e s i g n i n g new c o m p l e x e s o f t h e R u - p o l y p y r i d i n e 
f a m i l y w i t h p r e d i c t e d e l e c t r o c h e m i c a l and s p e c t r o s c o p i c p r o p e r t i e s . 

A c k n o w l e d g m e n t s . T h i s work was s u p p o r t e d by t h e I t a l i a n N a t i o n a l 
R e s e a r c h C o u n c i l and M i n i s t e r o d e l l a P u b b l i c a I s t r u z i o n e and by t h e 
S w i s s N a t i o n a l S c i e n c e F o u n d a t i o n . 
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INTRODUCTION 

The R u ( b p y ) 2 + (RBY) chromophore/luminophore has been the subject of a great deal of 
study by a range of spectroscopic techniques. Some recent evidence,- such as the time 
resolved luminescence of Ferguson and Krausz (FK) (1982, 1986a) magnetic c i r c u l a r 
p o l a r i z a t i o n of luminescence (FK 1982, 1986a,b,c) anomalous Zeeman e f f e c t s (FK 
1987),(Krausz 1987), magnetic c i r c u l a r dichroism r e s u l t s of Ferguson, Krausz and 
Vrbancich (1986) and also s o l i d phase excited state Raman by Krausz (1984), have 
pointed to the p o s s i b i l i t y of v i b r o n i c coupling i n t h i s system. 

Summarizing our current ideas, much of the spectroscopy of RBY requires a 
del o c a l i z e d d e s c r i p t i o n of the metal to ligand charge transfer excited s t a t e , yet 
other evidence, p a r t i c u l a r l y excited state Raman measured i n s o l u t i o n points to 
e x c i t a t i o n of a s i n g l e b i p y r i d i n e l i g a n d . C r i t i c a l observations of luminescence 
changes i n passing from r i g i d to l i q u i d phases (FK 1986a,b,1987b) in d i c a t e s an 
environmentally induced l o c a l i z a t i o n process. Some aspects of the luminescence below 
10 K bear a remarkable resemblance to the changes i n passing from r i g i d to f l u i d 
environments and i n general provide evidence for strong v i b r o n i c coupling. Our 
contention i s then, that although d e l o c a l i z e d , the e x c i t a t i o n has a tendency to 
l o c a l i z e , which becomes more pronounced i n long l i v e d excited states below 10 K and 
furthermore leads to the luminophore "digging i t s e l f a hole" i n f l u i d environments. 
Thus some inherent tendency to l o c a l i z e i s compensated by a r e l a x a t i o n of the 
environment, which i t s e l f causes a greater degree of l o c a l i z a t i o n etc.. 

In order to access the parent ( v i b r o n i c ) problem 
t h e o r e t i c a l l y , a great deal of s i m p l i f i c a t i o n of our 
de s c r i p t i o n s of the system must be made. We are developing 
a model that contains the barest e s s e n t i a l s of the known 
properties of RBY and yet can s t i l l be lead to a useful 
vi b r o n i c a n a l y s i s . We consider a s i n g l e , non-degenerate 
deformation mode of (each) bpy ligand and couple i t to a 
s i m p l i f i e d metal-ligand charge transfer e x c i t a t i o n 
process. P o t e n t i a l surfaces of the r e s u l t i n g ( t o t a l -
fnolecule) modes are then derived along with v i b r o n i c 
energy l e v e l s . Some attempts at c a l c u l a t i n g i n t e n s i t y 
(Rranck-Condon) f a c t o r s between v i b r o n i c l e v e l s Figure 1. Model for vibronic analysis. 



(at 0 K) are then made, i n order to access the observed Stokes s h i f t between 
absorption and emission. The relevance to e x i s t i n g experimental information i s 
discussed and o u t l i n e s of future developments given. 

THEORY 

Consider a t r i g o n a l arrangement of the metal M and three i d e n t i c a l ligands 2 3* 
In the ground e l e c t r o n i c s t a t e , we consider j u s t one v i b r a t i o n a l degree of freedom 
associated with each ligand (or metal-ligand bond). We write 

3 
H = E p

2

 /2m + kq 2/2 + k'q q - (1) g - *n M n M n M n - l x 7 

n=l 

where p n i s the momentum operator of the v i b r a t i o n on the nth l i g a n d , q n the 
v i b r a t i o n a l coordinate, m the e f f e c t i v e mass of the ligand v i b r a t i o n , k the force 
constant and k' i s a force constant for terms proportional to q nq m- I f a l l the 
normal modes of v i b r a t i o n i n the ground s t a t e are degenerate, then no q n q m coupling 
terms w i l l occur. We describe an e l e c t r o n i c excited state of the ML3 complex, i n an 
exci t o n model, as a l i n e a r combination of excited states associated with each 
l i g a n d . The exc i t e d s t a t e i n our case r e f e r s to the MLCT state with the t r a n s f e r r e d 
e l e c t r o n occupying a n o r b i t a l . 

Let |gn> be the ground e l e c t r o n i c state of ligand n and |en> the excited s t a t e of 
lig a n d n. Thus the e l e c t r o n i c excited s t a t e i s w r i t t e n as 

\Y> = c 1|e 1>|g 2>|g 3> + c 2| g l>|e 2>|g 3> + C3| g l>|g 2|e 3> (2) 

a u s e f u l notation i s |g>=|g^>|g2>|g3> and a* the r a i s i n g operator which creates an 
e x c i t a t i o n on the nth ligand (going from |gn> to |en>« Thus equation (2) becomes 

3 
|T> = I cna+

n |g> (3) 
n=l 

a n i s the reverse ( d e s t r u c t i o n operator) and we assume that d i f f e r e n t s t a t e s are 
orthonormal. Thus 

< e n l a n a J e n > = < e n K l S n > = < e

n l e n > = 1 <4> 

and as no sta t e e x i s t s below the ground s t a t e a n|g n> = 0 so that 

<e nl an anlgn> = < e „ K a n l 8 n > ' <«nI< anI«n> = 0 <5> 

When the nth l i g a n d i s e x c i t e d , the v i b r a t i o n a l energy associated with q R i s 
changed: the Born-Oppenheimer (BO) p o t e n t i a l energy surface f o r (say) r i n g 



s t r e t c h i n g i s d i f f e r e n t f o r excited state bpy" from ground state bpy. We denote the 
change i n p o t e n t i a l energy for the n'th ligand v i b r a t i o n as AV(q n). Thus we can 
write the e l e c t r o n i c Hamiltonian of the excited ML^ complex as 

3 
H = H + E a + a AV(q ) (6) g - n n V M n ' v ' n=l 

The number operator (a*a n) w i l l give the eigenvalue 1 i f the nth ligand i s e x c i t e d 
so that the t o t a l energy w i l l be changed by AV(q n). We now consider the e f f e c t of 
resonant energy t r a n s f e r . Since a l l three ligands are s i m i l a r , e l e c t r o n i c e x c i t a t i o n 
can be t r a n s f e r r e d from one ligand to another. This sharing changes the t o t a l 
energy. The operator a n _ ^ a n a c t i n g on |Y> moves the e x c i t a t i o n from the nth to the 
n - l t h l i g a n d . Thus we a r r i v e at our Hamiltonian 

3 
H = Z{p2/2m + kq 2/2 + k'q q - + a +a AV(q ) + M[a + ,a + a +a J ) (7) in ^n n n M n - l n n M n ' 1 n-1 n n n - l J 

n=l 

where M i s the energy gain (or l o s s ) due to resonant energy t r a n s f e r . Combining 
equations (3) and (7) we can write the BO energy surface as the expectation value 
of the Hamiltonian for the e l e c t r o n i c s t a t e , neglecting the nuclear k i n e t i c energy 
(p n) i n ( 7 ) ; t r e a t i n g the nuclear coordinates q n as parameters we derive 

3 
<Y|H|H> = I kq 2/2 + k ' q q . + |c | 2AV(q ) + M[c*c - + c* - c } = E (8) 1 - M n H n M n - l 1 n 1 V M n 7 1 n n-1 n-1 n J v ' n=l 

Solving the secular equation H| MO^e)Y> gives E = z + I kq 2/2 + k ^ n ^ n - l 
where e s a t i s f i e s 

M 1 

M AV(q 2)-e 
M 

M 
M 

AV(q 3)-
(9) 

The cubic equation i n e i s e a s i l y soluble i f AV^ 2 3=0> g i v i n g the e l e c t r o n i c 
energies s 1 2 3 = 2M, -M, -M (the -M l e v e l i s doubly degenerate). I f AV i s non 
vanishing, we assume i t can be expanded i n a power s e r i e s 

A V(q) = V Q + v 1 q + v 2q + (10) 

for s i m p l i c i t y we truncate the s e r i e s a f t e r the quadratic term; s i g n i f i c a n t v i b r o n i c 
effects can be described at t h i s l e v e l of approximation. The s o l u t i o n s to the cubic 
equation a r i s i n g from the secular determinant can be evaluated, using t h i s 
truncation, by considerable tedious but computer a s s i s t e d algebraic manipulation, 
to obtain the energies 2 f 3 



z1 = v Q + 2M + v l P l/>l3 + v 2(p^+p 2+p 2)/3 + v^(p|+p 2)/9M 

e 2 = v Q - M + v l P l/>l3 + v 2 ( p ^ + r 2 ) / 3 + | v x | r/J6 - r 2v|/18M (11) 
+ [ v 2 | v 1 | / 3 v 1 - v 2/18M]r 2cos39 

s 3 = v Q - M + v l P l/<l3+ v 2 ( p 2 + r 2 ) / 3 - |v1|r/>l6 - r 2v^/18M 
+ [-v 2|v 1|/3v 1 + v^/18M]r 2cos39 

where f>i 2 3 a r e t* i e n o r m a l coordinates with frequencies ^ 2 3 defined a s 

Pi = (q 1+q 2+q 3)/>l3, p 2=(q 1-q 2/2-q 3/2)^l2/>l3 and p 3=(q 2-q 3)/>l2 (12) 

and the polar coordinates have the usual d e f i n i t i o n , p 2=rcos9 and p 3=rsin6 
The energy surface for e 3 has minima at r^O. The surface has three l o c a l minima as 
a func t i o n of 9, the w e l l known Mexican hat surface, Fisher (1984). 

Introducing dimensionless v a r i a b l e s , and T being the nuclear k i n e t i c energy 
operator, we w r i t e 

h 1 = (T+8 1-v 0-2M)/"hw 2 ; h 2 = (T+e2-VQ+M)/"hw2 ; h 3 = (T+s 3-v 0+M)/tiw 2 

x n = >l(mw2/Jh)pn ; R - ^l(ma>2/h)r ; P n = pn/^l(mw2n) (13) 

u 1 = v1/>l(3m(A)2h) ; u 2 = 2v2/(3mco2) u 3 = v 2/(9Mm« 2) 

In dimensionless polar coordinates P R, R, 9, P Q the nuclear dynamics are described 
by the three nuclear BO Hamiltonians 

hx = [P 2+(w 1x 1/(A) 2) 2]/24-y 1x 1+y 2x^/2+[P 2+p|/R 2]/2+R 2[l/2+y 2/2+y 3] 

h 2 = [P^(w 1x 1/w 2) 2]/2+u 1x 1
+u 2x^/2+[P 2+P^/R 2]/2+R 2[Up 2-p 3]/2 + (14) 

|u 1|R/>l2 +[p 2|M 1|/y 1-y 3]R 2cos(39)/2 

h 3 = [P^ + ( w 1 x 1 / w 2 ) 2 ] / 2 + u 1 x 1 4 - u 2 x ? / 2 + [ P 2
+ P 2 / R 2 ] / 2 + R 2 [ l + y 2 - y 3 ] / 2 -

|M 1|R/>l2 +[-y 2|u 1|/y 1 +M 3]R 2cos(39)/2 

DISCUSSION 

The three e l e c t r o n i c eigenvalues z^ 2 3 determine three e l e c t r o n i c states at each 
nuclear c o n f i g u r a t i o n v i a the secular equations (9). These states form a complete 



basis f o r the exact v i b r o n i c vavefunctions, Fisher (1984), which have yet to be 
evaluated. Here we discuss some features of the adiabatic nuclear dynamics and 
eigenstates determined by the derived BO Hamiltonians h^ 2 3 

The nondegenerate v i b r a t i o n , with coordinate X p shows the same o r i g i n and frequency 
s h i f t s i n a l l three e x c i t e d e l e c t r o n i c states: The ground and excited s t a t e surfaces 
are as shown i n Figure 2 unless ^ ^ " ( ^ i / w

2 ) » v n e n anharmonic terms are s i g n i f i c a n t 
and the ex c i t e d s t a t e surface may display a double well form. The displacement of 
the minimum, pr o p o r t i o n a l to Up w i l l contribute to a progression of t h i s mode i n 
the absorption spectrum as w e l l as a Stokes s h i f t of the order of 

2 

((^Uj/o^) - ( c o 2 / ) . 

The v i b r a t i o n s with coordinates x 2 and X 3 are degenerate i n the ground state and 
remain so i n the st a t e described by h p where only a frequency s h i f t occurs. However 
these v i b r a t i o n s e f f e c t a Jahn-Teller d i s t o r t i o n which s p l i t s the degeneracy of the 
e l e c t r o n i c states of energy -M, to produce d i s t i n c t BO Hamiltonians h 2 and h^. I f 
only l i n e a r electron-nuclear coupling i s included, u2=P2=0> the degeneracy of the 
v i b r a t i o n a l coordinate i s s t i l l retained i n both h^ and h 2- The r a d i a l dependence of 
these p o t e n t i a l energy surfaces i s shown i n Figure 3, c l e a r l y i l l u s t r a t i n g the 
displacement of the minimum i n h^. While v i b r o n i c coupling between states on these 
two surfaces w i l l be s i g n i f i c a n t for a l l v i b r a t i o n a l l e v e l s , the lowest energy 
l e v e l s should be approximately described w i t h i n the BO approximation i f the energy 
s p l i t t i n g , p r o p o r t i o n a l to Up i s s u f f i c i e n t l y large. Assuming that \x^>2 and 

Figure 2 Potential energy as a function of 
the non-degenerate coordinate. 

Figure 3 Potential energy as a function of 
the "Mexican Hat" radius. 



1̂ ,1̂ -0, the Jahn-Teller d i s t o r t i o n i s expected to produce a Stokes s h i f t of the 
order of 3y 2/4-2. I n t e r e s t i n g l y , t h i s c o n t r i b u t i o n to the t o t a l Stokes s h i f t may be 
smaller that the c o n t r i b u t i o n caused by the o r i g i n s h i f t of the nondegenerate 
v i b r a t i o n x^. 

When U2 = u3=0» t n e motion of the angular coordinate 9 i s that of a free r o t o r . 
However, the second order coupling constants ^ and u^ introduce a p o t e n t i a l 
p r o p o r t i o n a l to cos(39) which hinders the r o t a t i o n a l motion. For e x c i t e d s t a t e s 
which involve a e l e c t r o n t r a n s f e r to the bpy l i g a n d , we expect that UpU2>0 and 
y 3>0, so that the two terms i n h^ p r o p o r t i o n a l to cos(39) may be of opposing signs. 
The d i r e c t i o n of the d i s t o r t i o n associated with t h i s angle 9 would depend on the 
a c t u a l magnitude of u 9 and y v We note that the angular p o t e n t i a l energy i s 

2 
p r o p o r t i o n a l to R , so that the cos(39) term i s much more s i g n i f i c a n t i n the t h i r d 
e x c i t e d s t a t e where the o r i g i n s h i f t increases the average value of R. 

While the angular momentum i s not constant when U2>u3*0, i t f l u c t u a t e s about a 
2 

quantized value, (1 , 1=1,2,3...) when y 2 and y^ are small. In t h i s l i m i t , the 
r a d i a l motion i n 113 can be approximately described i n terms of the r a d i a l p o t e n t i a l 
i n Figure 3, while the angular motion i s that of a hindered rotor at the average 
radius R. The wavefunctions of t h i s hindered rotor may be obtained i n terms of 
Mathieu f u n c t i o n s , to describe the t u n n e l l i n g and " f r e e " states below and above the 
maxima i n cos(39). Without going i n t o d e t a i l s the Franck Condon (FC) f a c t o r s f o r 
t r a n s i t i o n s from the ground e l e c t r o n i c / v i b r a t i o n a l s t a t e , where 1=0, to the r o t o r 
s t a t e s of h3 can be evaluated. I t i s straightforward to show that the FC f a c t o r i s 
of the order of 1 i f 1=0 i n €3. The f a c t o r i s 0 i f 1-1, (U3-M21 y-̂  | / y 1 ) 2 i f 1=2 and 
so on. While one can i n f e r from the form of the r a d i a l p o t e n t i a l energy that the 
r a d i a l wavefunction FC factors for t r a n s i t i o n s to upper v i b r a t i o n a l l e v e l s of £3 are 
favorable, only the component of these l e v e l s with 1=0 are r e a d i l y e x c i t e d . 

L o c a l i z a t i o n corresponds to trapping w i t h i n a s i n g l e minimum of the cos(39) 
p o t e n t i a l w e l l w i t h i n the state described by h^. Of course eigenstates r e t a i n the 
t r i g o n a l symmetry of the Hamiltonian so that no eigenstate can be l o c a l i z e d w i t h i n 
one w e l l . Any l o c a l i z e d wavefunction i s therefore a time dependent s t a t e . I f one 
considers the e x c i t a t i o n to be i n i t i a l l y l o c a l i z e d , the corresponding wave packet 
w i l l spread on a timescale determined by t u n n e l l i n g between the equivalent minima i n 
the cos(39) p o t e n t i a l . I t i s c l e a r that t h i s t u n n e l l i n g time i s long when y^ i s 
large and 1 V i ^ I i s large. The dominant influence i s of the l i n e a r c o e f f i c i e n t 

FUTURE DIRECTIONS 

A n a l y t i c s o l u t i o n s to the eigenstates and FC factors for the r a d i a l functions are 
d i f f i c u l t to evaluate. Numerical evaluation of the f u l l v i b r o n i c problem i s now 



f e a s i b l e as we have a n a l y t i c forms for the e l e c t r o n i c matrix elements and p o t e n t i a l 
energy surfaces, together with a BO basis set. Numerical c a l c u l a t i o n w i l l a l s o allow 
evaluation of magnetic moments (and p o l a r i z a t i o n s ) of eigenstates. These properties 
i n p a r t i c u l a r w i l l be strongly influenced by v i b r o n i c coupling parameters and should 
allow a u s e f u l d e s c r i p t i o n of recent experiments to be developed. 
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BROAD-BAND EMISSION AND ZERO-PHONON LINES OF SINGLE-CRYSTAL 
[ R u ( b p y ) 3 ] ( P F 6 ) 2 - A COMPARISON 

E . G a l l h u b e r , G . H e n s l e r , and H . Y e r s i n 

I n s t i t u t f l i r P h y s i k a l i s c h e und T h e o r e t i s c h e Chemie, 8400 Regensburg, FRG 

INTRODUCTION 

In t h i s paper we r e p o r t on r e s u l t s of i n v e s t i g a t i o n s on neat 
s i n g l e - c r y s t a l [ R u ( b p y ) 3 ] ( P F 6 ) 2 . For t h i s compound the c r y s t a l s t r u c ­
ture has been determined 1: The complex ions l i e on D 3 s i t e s and a l l 
molecular t h r e e f o l d axes are p a r a l l e l to the c r y s t a l l o g r a p h i c c a x i s . 
Thus, [ R u ( b p y ) 3 ] ( P F 6 ) 2 s i n g l e c r y s t a l s are w e l l - s u i t e d f o r p o l a r i z e d 
spectroscopy, which allows g r o u p t h e o r e t i c a l assignments of the e x c i t e d 

2 

states by use of the s e l e c t i o n r u l e s . Moreover, s i n g l e - c r y s t a l spectra 
may be much b e t t e r r e s o l v e d due to a r e d u c t i o n of inhomogeneous broad­
ening. Indeed, at low temperatures i t i s p o s s i b l e to r e s o l v e the zero-
phonon l i n e s ' ^ ' ^ , which d e l i v e r s considerably more information about the 
lowest e x i t e d s t a t e s than had been deduced from the broad-band s p e c t r a 5 6 of the complex d i l u t e d i n organic glasses or host matrices . In the 
fo l l o w i n g we want to demonstrate the p a r a l l e l i s m between the broad-band 
spectra and the zero-phonon l i n e s of [ R u ( b p y ) 3 ] ( P F ^ ) 2 with respect to 
t h e i r temperature dependence and m a g n e t i c - f i e l d behavior. 

TEMPERATURE DEPENDENCE 

Broad-band Spectra 
Figure 1 shows the temperature-dependent development of the t o t a l 

emission s p e c t r a ( E i c , E = e l e c t r i c f i e l d vector) run at low s p e c t r a l 
r e s o l u t i o n . The main band at 1.4 K (band I) has i t s maximum at 585 nm. 
On temperature increase band II grows i n on the blue side at 570 nm and 
becomes dominant above 2 K. The growing i n of band II i s accompanied by 
an i n t e n s i t y increase by a f a c t o r of about 4 to 5 up to 10 K. 

This temperature dependence i s r e a d i l y i n t e r p r e t e d by a two-state 
9 R f\ 

model ' ' , i n which the t r a n s i t i o n from the second s t a t e i s cons i d e r ­
ably more allowed than the t r a n s i t i o n from the lower one, and i n which 
the d i f f e r e n t t r a n s i t i o n s i n v o l v e d i f f e r e n t v i b r o n i c patterns as i s 
shown s c h e m a t i c a l l y i n the i n s e t of F i g . 1. Thus, the blue s h i f t on 
temperature in c r e a s e r e s u l t s from a displacement of the centre of the 
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F i g . 2. Arrhenius p l o t of the r a t i o of 
the broad-band emission i n t e n s i t i e s of 
the two lowest e x c i t e d s t a t e s IE' and 
2E*. The s p e c t r a (see F i g . 1) were de­
composed i n analogy to the r e f . ^ . As 
the s p e c t r a l band shapes of the "pure" 
IE' and 2E 1 s p e c t r a are not e x a c t l y 
known, the e r r o r l i m i t s f o r the slope 
and the i n t e r c e p t of the c a l c u l a t e d 
s t r a i g h t l i n e are c o n s i d e r a b l e . 

F i g . 1. E i c - p o l a r i z e d emission s p e c t r a of [Ru(bpy) 0](PF^)^ s i n g l e c r y s -
t a l s at low temperatures. The s p e c t r a are normalized to t h e i r maximum 
h e i g h t s . The i n t e n s i t i e s of the corresponding Ell c - p o l a r i z e d s p e c t r a are 
g e n e r a l l y weaker by a f a c t o r of at l e a s t 10. 

unresolved v i b r o n i c d i s t r i b u t i o n . As the low-temperature (T < 10 K) 
emission s p e c t r a are mainly E i c - p o l a r i z e d (the i n t e n s i t i e s of the 
corresponding Ell c - p o l a r i z e d s p e c t r a being weaker by a f a c t o r of at 
l e a s t 10) the two em i t t i n g s t a t e s are assigned both to E* s t a t e s (in 
the symmetry group • ) . 

In order to o b t a i n q u a n t i t a t i v e r e s u l t s , we analysed the emission 
s p e c t r a by decomposing them i n t o two separate components due to emis­
s i o n from the two s t a t e s IE' and 2E', r e s p e c t i v e l y . An Arrhenius p l o t 
of the i n t e n s i t y r a t i o of these two components i s shown i n F i g . 2. The 
s t r a i g h t l i n e through the experimental p o i n t s has a slope of (7.5 ± 1) 

-1 
cm , which represents the a c t i v a t i o n energy f o r the thermal p o p u l a t i o n 
of the second s t a t e from the lower one. Further, a value of about 5 i s 
found f o r the i n t e r c e p t , from which a value of the order of hundred i s 
obtained f o r the r a t i o k 2 r ^ k l r o f t h e r a d i a t i v e r a t e s f o r the two 
t r a n s i t i o n s under c o n s i d e r a t i o n . 



A comparison of our s i n g l e - c r y s t a l data to emission data of the 
complex d i l u t e d i n a [ Z n ( b p y ) 3 ] S 0 4 m a t r i x 6 shows that the temperature 
dependence of the sp e c t r a i s i d e n t i c a l and that the q u a n t i t a t i v e 
r e s u l t s are comparable. Therefore, i t i s near at hand to conclude that 
also i n the neat m a t e r i a l the emission p r o p e r t i e s can be described to 
base on e x c i t e d complexes which are not subject to s i g n i f i c a n t 

7 
cooperative s o l i d - s t a t e i n t e r a c t i o n s (see al s o the r e f . ). 

Zero-phonon Lines 
Under high r e s o l u t i o n a sharp f i n e s t r u c t u r e i s observable on the 

very blue s i d e of the emission bands of [Ru (bpy) -J (PF,.) ~ s i n g l e c r y s -
3 

t a l s . T h i s f i n e s t r u c t u r e e s s e n t i a l l y c o n s i s t s of a p a i r of narrow 
— 1 

l i n e s , denoted as l i n e s I and II i n F i g . 3, with halfwidths of 2 cm 
and an energy s e p a r a t i o n of 6.9 cm The two l i n e s are p o l a r i z e d with 
E i c , the i n t e n s i t y of the p a r a l l e l p o l a r i z a t i o n again i s con s i d e r a b l y 
weaker (by a f a c t o r of at l e a s t 20). Further, the i n t e n s i t i e s of the 
two l i n e s e x h i b i t a r a t h e r d r a s t i c temperature dependence: On tempera-
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F i g . 4. Arrhenius p l o t of the i n t e n ­
s i t y r a t i o of the two zero-phonon 
l i n e s . Note that the c a l c u l a t e d ac­
t i v a t i o n energy equals the s p e c t r a l 
energy separation of the two l i n e s 
and i s i n accordance with the value 
c a l c u l a t e d from the temperature de­
pendence of the broad-band s p e c t r a . 

Pig. 3. High-energy p a r t of the h i g h l y r e s o l v e d E i c - p o l a r i z e d emission 
o f s i n g l e - c r y s t a l [Ru (bpy) ] (PF, ) 0 . The i n t e n s i t i e s are comparable 
a f t e r m u l t i p l i c a t i o n with the given f a c t o r . The two zero-phonon l i n e s 
are s i t u a t e d at 17809 cm"1 ( l i n e I) and 17816 cm"1 ( l i n e I I ) . 



ture i n c r e a s e from 1.5 K, the higher-energy l i n e I I grows i n to the ex­
pense of l i n e I (see F i g . 3 ) . 

As these two l i n e s are the emission f e a t u r e s to highest energy, 
they are assigned to the zero-phonon t r a n s i t i o n s from the two lowest 

3 4 7 
em i t t i n g s t a t e s ( f o r f u r t h e r arguments see below and the r e f . ' ' ) . 
Th i s means that the two l i n e s d i r e c t l y r e f l e c t the p r o p e r t i e s of the 
e x i t e d e l e c t r o n i c s t a t e s . Moreover, by the d e t e c t i o n of the zero-phonon 
l i n e s we are able to give both the absolute energies of the two lowest 
c h a r g e - t r a n s f e r t r a n s i t i o n s as we l l as the energy s e p a r a t i o n of these 
two s t a t e s of [Ru(bpy)^](PF^) 2 d i r e c t l y from the s p e c t r a . 

Figure 4 shows an Arrhenius p l o t of the i n t e n s i t y r a t i o of the two 
zero-phonon l i n e s . A s t r a i g h t l i n e i s obtained with a slope of 6.8 cm 1 

which i s the same value as the observed s p e c t r a l s e p a r a t i o n of the two 
l i n e s . Assuming equal electron-phonon c o u p l i n g strengths f o r the two 
t r a n s i t i o n s , the t o t a l emission i n t e n s i t i e s i n the Boltzmann law may be 
rep l a c e d by the i n t e n s i t i e s of the zero-phonon l i n e s . By t h i s a value 
of about 210 i s c a l c u l a t e d f o r the r a t i o of the r a d i a t i v e r a t e s (see 
F i g . 4). These values should be compared to the values obtained from 
the a n a l y s i s of the broad-band s p e c t r a (see F i g . 2). Since they f i t 
q u i t e n i c e l y , the p a r a l l e l i s m i n the temperature dependence of the 
broad-band emission and the zero-phonon l i n e emission i s c l e a r l y demon­
s t r a t e d . 

The above model i s f u r t h e r supported by the r e s u l t s shown i n F i g . 
5, from which i t can be seen that there i s a sharp l i n e i n the absorp­
t i o n as w e l l as i n the e x c i t a t i o n spectrum j u s t at the same energy po-

4 7 

s i t i o n as the emission l i n e I I ' . This i s the r e s u l t expected f o r a 

v 17830 cm - 1 17810 ^ 17790 F i g . 5. Highly r e s o l v e d emission, ab-
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s o r p t i o n and e x c i t a t i o n s p e c t r a i n 
the r e g i o n of the zero-phonon l i n e s 
f o r T = 2 K. In absorption as w e l l as 
i n e x c i t a t i o n a sharp l i n e i s observ­
ed corresponding to emission l i n e I I , 
while t h i s i s not the case f o r l i n e I 
(see t e x t ) . The molar e x t i n c t i o n 
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c o e f f i c i e n t of absorption l i n e II i s 
about 5 l/mol*cm (see the r e f . * ) . The 
e x c i t a t i o n l i n e II i s observed at the 
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d e t e c t i o n wavelength 570 nm as w e l l 
as at 585 nm. E x c i t a t i o n i n t o l i n e I I 
y i e l d s the same emission spectrum as 
i s obtained f o r high-energy e x c i ­
t a t i o n (e.g. i n the UV r e g i o n ) . 
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zero-phonon l i n e , because f o r a purely e l e c t r o n i c t r a n s i t i o n absorption 
and emission n e c e s s a r i l y c o i n c i d e . The f a c t that there i s no absorption 
and e x c i t a t i o n l i n e corresponding to the emission l i n e I i s immediately 
understood r e a l i z i n g that the r a d i a t i v e t r a n s i t i o n p r o b a b i l i t y and thus 
the e x t i n c t i o n c o e f f i c i e n t i s lower by more than two orders of magni­
tude compared to t r a n s i t i o n I I . 

MAGNETIC-FIELD BEHAVIOR 

Broad-band Spectra 
A magnetic f i e l d H o r i e n t e d perpendicular to the c axis has dras-

8 9 
t i c e f f e c t s on the low-temperature emission spectra ' as demonstrated 
i n F i g . 6. I t i s observed that the blue band I I grows i n at T = 2 K, 
when the m a g n e t i c - f i e l d s t r e n g t h i s r a i s e d . Thereby the t o t a l emission 
i n t e n s i t y i s enhanced by a f a c t o r of about 5 up to H = 6 T, p a r a l l e l i n g 
the development on temperature i n c r e a s e . 

T h i s r e s u l t i s i n t e r p r e t e d by a mixing of the wavefunctions of the 
6 8 9 

two lowest e x c i t e d s t a t e s under the a c t i o n of the magnetic f i e l d ' ' . 
Thus, the emission p r o p e r t i e s of the second s t a t e (for example the 
higher t r a n s i t i o n p r o b a b i l i t y to the ground state) are e f f e c t i v e l y 
donated to the lower s t a t e (and v i c e v e r s a ) . The small energy d i f f e r ­
ence of about 10 cm 1 between the thermally induced band II (emitted by 
the higher state) and the magnetically induced band II (emitted by the 
lower state) cannot be detected i n the broad-band s p e c t r a . 

The extent of the mixing of the wavefunctions of the two i n t e r a c t ­
ing s t a t e s can be estimated from the m a g n e t i c - f i e l d dependence of the 
broad-band emission: At a m a g n e t i c - f i e l d strength of 6 T, the mixing 
should be almost complete. That i s the two s t a t e s are p r e d i c t e d to 
d i s p l a y n e a r l y equal photophysical p r o p e r t i e s i n sharp c o n t r a s t to the 
s i t u a t i o n at zero magnetic f i e l d . 
Zero-phonon Lines 

Figure 7 shows that the m a g n e t i c - f i e l d e f f e c t i s observed s t i l l 
8 9 

more d r a s t i c a l l y with the zero-phonon emission l i n e s ' . At T = 4.5 K 
and zero magnetic f i e l d the emission i s predominantly due to the t h e r ­
mally popu-lated second s t a t e and thus l i n e I i s only very weak (see 
F i $ . 3). A p p l i c a t i o n of a magnetic f i e l d (Hie) leads to the growing i n 
of l i n e I to the expense of l i n e I I . Concomitantly the two zero-phonon 
l i n e s move apart. 

As has been argued above, the magnetic f i e l d removes p a r t of the 
forbiddeness of the t r a n s i t i o n from the lower s t a t e . Therefore, l i n e I 
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F i g . 6. M a g n e t i c - f i e l d dependence 
the broad-band emission at 2 K. 
No m a g n e t i c - f i e l d e f f e c t was ob­
served i n Ellc = EiH ( f o r Hie) . As 
the m a g n e t i c a l l y induced e f f e c t s 
f o r Hllc were very weak, they may 
i n t e r p r e t e d to be due to s l i g h t 
misalignments of the c r y s t a l s . 

F i g . 7. M a g n e t i c - f i e l d depend­
ence of the zero-phonon emis­
s i o n l i n e s at 4.5 K. Note the 
Zeeman e f f e c t and the r a t h e r 
d r a s t i c change of the l i n e 
p a t t e r n . See the legend of F i g . 
6 f o r f u r t h e r e x p l a n a t i o n . 

gains i n t e n s i t y . Moreover, the i n t e r a c t i o n of the two s t a t e s causes a 
Zeeman e f f e c t . Thus, the i n t e n s i t y of l i n e II decreases f u r t h e r because 
of lower thermal p o p u l a t i o n of the second s t a t e . 

Figure 8 demonstrates that the energy s e p a r a t i o n AE of the zero-
-1 -1 phonon l i n e s i n c r e a s e s from 7 cm at zero f i e l d to 13 cm at H = 6 T. 

Furthermore, the r e l a t i o n between energy s e p a r a t i o n and magnetic f i e l d 
i s not l i n e a r , as i t i s expected f o r two ( z e r o - f i e l d s p l i t ) s t a t e s 
i n t e r a c t i n g by the magnetical p e r t u r b a t i o n . With the knowledge of t h i s 
p l o t the r e l a t i v e thermal populations of the two s t a t e s can be c a l c u ­
l a t e d as a f u n c t i o n of the m a g n e t i c - f i e l d s t r e n g t h . Then u s i n g the ex­
perimental r e s u l t s f o r the i n t e n s i t y r a t i o of the two zero-phonon l i n e s 
the m a g n e t i c - f i e l d dependence of the r a t i o of the r a d i a t i v e r a t e s i s 
obtained. From F i g . 9 i t i s found that t h i s r a t i o decreases from a 
value of about 210 (see F i g . 4) at zero magnetic f i e l d to a value of 
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F i g . 8. M a g n e t i c - f i e l d dependence 
of the energy s e p a r a t i o n AE bet­
ween the two zero-phonon l i n e s . 
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F i g . 9. M a g n e t i c - f i e l d dependence 
of the r a t i o of the r a d i a t i v e 
r a t e s f o r the t r a n s i t i o n s from 
the two lowest e x c i t e d s t a t e s . 

roughly 2 at T = 6 T. Th i s means that 
at 6 T the r a d i a t i v e t r a n s i t i o n proba­
b i l i t y from the lower s t a t e i s nearly 
the same as that from the second s t a t e , 
confirming the p r e d i c t i o n made from the 
m a g n e t i c - f i e l d behavior of the broad­
band s p e c t r a . 

In order to f u r t h e r support the 
i n t e r p r e t a t i o n of the observed magnet­
i c - f i e l d e f f e c t s , F i g . 10 shows an 
important i s s u e . For the f i r s t time the 
e f f e c t of m a g n e t i c - f i e l d induced ab­
sor p t i o n i s demonstrated 1 0. Whereas the 
absorption l i n e corresponding to the 
l i n e I cannot be detected at zero mag­
n e t i c - f i e l d t h i s a bsorption l i n e i s 
induced by strong magnetic f i e l d s . The 
two absorption l i n e s e x h i b i t the same 
Zeeman e f f e c t as the two emission 
l i n e s . At H = 6 T the e x t i n c t i o n coef­
f i c i e n t s of the two absorption l i n e s 
are n e a r l y equal, which again i n d i c a t e s 
almost complete mixing of the wavefunc-
t i o n s . 
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CONCLUSION 

By c a r r y i n g out p o l a r i z e d s pectroscopy on single c r y s t a l s of neat 
[Ru (bpy) ^3 (PFg) 2 i t i - s p o s s i b l e t o g a i n new i n f o r m a t i o n a b o u t t h e 
lowest e x c i t e d s t a t e s and the corresponding o p t i c a l t r a n s i t i o n s of the 

2+ 
[Rufbpy)^] chromophore. E s p e c i a l l y , the d e t e c t i o n of the zero-phonon 
l i n e s i n emission and absorption l e a d to d i r e c t i n s i g h t i n t o the photo­
p h y s i c a l behavior. It was found t h a t the two lowest e x c i t e d s t a t e s are 
separated by 7 cm 1 and ex h i b i t r a t h e r d i f f e r e n t emission p r o p e r t i e s , 
the r a d i a t i v e r a t e from the lower e x c i t e d s t a t e being le s s by a f a c t o r 
of about 210 than that from the second s t a t e . 

Strong magnetic f i e l d s couple the two states. At a m a g n e t i c - f i e l d 
s t r e n g t h of 6 T, the wavef unctions of the two states are almost com­
p l e t e l y mixed. As a consequence, t h e i r emission p r o p e r t i e s become very 
s i m i l a r . Moreover, magnetically induced absorption i s observed f o r the 
lower s t a t e . 

F i n a l l y , the p a r a l l e l i s m between the broad-band s p e c t r a and the 
zero-phonon l i n e s with r e s p e c t to t h e i r temperature dependence and 
t h e i r m a g n e t i c - f i e l d behavior was demonstrated, showing t h a t the f i n e 
s t r u c t u r e and the broad bands are coupled to the e x c i t e d s t a t e s of the 
same chromophores. 
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MAGNETIC-FIELD EFFECTS AND HIGHLY RESOLVED VIBRONIC STRUCTURE OF [ R u ( b p y ) 3 J
2 + 

H . Y e r s i n , E . G a l l h u b e r , and G . H e n s l e r 

I n s t i t u t f u r P h y s i k a l i s c h e und T h e o r e t i s c h e Chemie, 8400 Regensburg, FRG 

INTRODUCTION 

Up to now only l i t t l e information i s a v a i l a b l e f o r [ R u ( b p y ) 3 J 2 + 

about the v i b r a t i o n a l couplings to the e l e c t r o n i c t r a n s i t i o n s between 
the ground s t a t e and the d i f f e r e n t e x c i t e d s t a t e s . More comprehensive 
data about the v i b r o n i c s t r u c t u r e s , f o r example, could d e l i v e r 
information about d i f f e r e n c e s i n e q u i l i b r i u m geometries of the ground 
state and the e x c i t e d s t a t e s or might allow a more r e l i a b l e treatment 

1 2 
of the n o n r a d i a t i v e decay r a t e s . ' Moreover, a d e t a i l e d knowledge 
about the v i b r o n i c components of the spectra i s an e s s i a t i a l r e q u i r e ­
ment f o r a well-founded assignment of absorption or emission 
spectra."* But i n most cases the published s p e c t r a are only badly 
resolved. T h i s r e s u l t s mainly from a s u p e r p o s i t i o n of v i b r o n i c 
s t r u c t u r e s corresponding to d i f f e r e n t e l e c t r o n i c t r a n s i t i o n s , from 
inhomogeneous broadening e f f e c t s , and from r e l a t i v e l y l a r g e e l e c t r o n 
phonon c o u p l i n g s t r e n g t h s . However, under s u i t a b l e c o n d i t i o n s s p e c t r o ­
scopic i n v e s t i g a t i o n s with s i n g l e c r y s t a l s at low temperatures may 
d e l i v e r h i g h l y r e s o l v e d s p e c t r a of the chromophores. Indeed, i t has 
been shown that s i n g l e c r y s t a l s of [Ru(bpy)-]X- (with X = CIO., PF^) 

3 4 4 6 
represent promising compounds ' and i t i s subject of t h i s paper to 
focus on t h e i r v i b r o n i c s t r u c t u r e s . 

RESULTS and DISCUSSION 

F i g . l a reproduces the h i g h l y r e s o l v e d emission of s i n g l e - c r y s t a l 
[ R u(bpy)^](C10 4) 2 at T = 2 K. At the high energy sid e one observes two 
l i n e s I and I I , being AE = 8.2 cm 1 apart (see the enlarged spectrum 
at the l e f t hand side of the diagram). Both l i n e s have been assigned 

* 

to p u r e l y e l e c t r o n i c zero-phonon t r a n s i t i o n s of Ru4d bpyit t r i p l e t 
CT-character. The main reason f o r a c l a s s i f i c a t i o n of these as 0-
0 l i n e s comes from the f a c t that emission and absorption are found 

4 5 
e x a c t l y at the same energies. (For f u r t h e r arguments see r e f . ' and 
the d i s c u s s i o n below.) These two lowest e x c i t e d s t a t e s II> and III> 
are ( r e l a t i v e to the long emission l i f e t i m e ) i n thermal e q u i l i b r i u m . 
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Therefore, at T = 2 K the emission from III> i s e s s e n t i a l l y frozen out 
and the spectrum r e s u l t s mainly from I I > . 

The energies of the dominating peaks and t h e i r energy separations 
to l i n e I (at 17605 cm ) are summarized i n Table I and compared to 
the energies of Raman modes 6. The good agreement between these ener­
gies s a f e l y allows to as s i g n the observed modes to v i b r a t i o n a l modes 
coupled to the zero-phonon t r a n s i t i o n . Further, t h i s assignment i s 
supported by the f a c t that the Raman i n t e n s i t i e s of j u s t these modes 
are s t r o n g l y enhanced i n the resonance Raman experiment . Moreover, 
the c l o s e correspondence between the energies of the v i b r o n i c peaks 
and the Raman modes a l s o s u b s t a n t i a t e s the assignment of l i n e I as a 
zero-phonon t r a n s i t i o n . 

Table I. V i b r a t i o n a l modes of [Ru(bpy)-] (CIO.) at T = 2 K 

Emission peaks Energy Raman Resonance Raman 

[cm 1 ] 
separations 

[cm 1 ] 
data 6 

[cm 1 ] 
enhancement 
f a c t o r s 

and remarks 

17605 ( l i n e I) 0 - zero-phonon l i n e 
17444 161 165 
17402 203 198 4 
17274 331 337 8 
17253 352 -
17233 372 372 4 
17165 440 (464) (20) 
17124 481 478 

II>->I0>+481 cm 
16946 659 659 4 
16938 667 668 150 

II' >-»IO>+667 cm 
16872 733 730 >5 
16838 767 765 2 
16591 1014 1012 4 
16579 1026 1025 8 
16432 1173 1173 20 
16333 1272 1278 6 
16282 1323 1317 12 
16110 1495 1490 25 
16048 1557 1558 58 



With a p p l i c a t i o n of high magnetic f i e l d s one obtains a strong 
mixing of III> and II>, g i v i n g the perturbed lowest e x c i t e d s t a t e 
II'>. Due to the f a c t that the r a d i a t i v e decay r a t e from s t a t e III> i s 

4 5 
much l a r g e r than from s t a t e II> ' , the t r a n s i t i o n I I '> -» I0> r e f l e c t s 

7-9 
mainly the sp e c t r o s c o p i c p r o p e r t i e s of the o r i g i n a l s t a t e III>-

Further, with i n c r e a s i n g magnetic f i e l d s one expects a growing i n 
of the zero-phonon absorption I0> -» I I '> which i s not observable f o r 
i0> * I I> at H = 0 T. Indeed, the enlarged part of the spectrum, 
reproduced i n F i g . l b , c l e a r l y shows the m a g n e t i c - f i e l d induced ab­
s o r p t i o n to the very lowest e x c i t e d s t a t e . Due to the Zeeman e f f e c t , 
the energy of I0> -» I I '> i s s l i g h t l y s h i f t e d to lower energy and 
I0> -» III' > to higher energy, r e s p e c t i v e l y , AE i n c r e a s i n g from 
8.2 cm"1 (at H = 0 T) to 11 cm"1 (at H = 6 T ) . 5 ' 8 A l s o under high 
magnetic f i e l d s , these t r a n s i t i o n s occur at e x a c t l y the same energies 
i n emission and absorption. 

From the presented d i s c u s s i o n i t fo l l o w s that the v i b r o n i c 
spectrum at T = 2 K and H = 6 T ( F i g . lb) i s mainly governed by the 
wavefunction of s t a t e I I I > . Thus, from a comparison of the v i b r o n i c 
s t r u c t u r e at H = 0 T ( F i g . la) with the s t r u c t u r e at H = 6 T one f i n d s 
that most of the observed promoting modes are the same f o r the two 
lowest e x c i t e d s t a t e s . However, one a l s o f i n d s d i s t i n c t d i f f e r e n c e s . 
For example, the 481 cm mode i s more s t r o n g l y coupled to the t r a n s i ­
t i o n I I> -» I0> while the 667 cm mode (and some low energy ones) 
d i s t i n c t l y promote the t r a n s i t i o n III> -» 10>. Since the d i s t r i b u t i o n 
of the promoting modes i s d i f f e r e n t f o r the two e m i t t i n g s t a t e s one 
can e a s i l y understand the blue s h i f t of the non-resolved broad band 

10 
s p e c t r a with a p p l i c a t i o n of high magnetic f i e l d s . 

The d i s c u s s e d p r o p e r t i e s of the two lowest e x c i t e d s t a t e s of 
2+ 

[Ru(bpy)^] suggest the occurrence of s i m i l a r v i b r o n i c s t r u c t u r e s of 
the emission s p e c t r a at H = 6 T (T = 2 K) and at T « 5 K (H = 0 T) 
(due to the thermal r e p o p u l a t i o n and the r e l a t i v e l y high r a d i a t i v e 

5 
rat e constant of III > I0> ). In f a c t , t h i s i s s t a t e d by experiment. 

I t i s worthwhile to mention that the emission s p e c t r a from the 
two s t a t e s II> and III> do not e x h i b i t any pronounced progressions 
with regard to the v i b r a t i o n a l modes, which are l i s t e d i n Table I. 
This i n d i c a t e s very s i m i l a r g e o m e t r i c a l c o n f i g u r a t i o n s of the s t a t e s 
!0>, I I > , and III> with respect to the corresponding normal c o o r d i ­
nates . 

T r a n s i t i o n s between the ground s t a t e and higher l y i n g e x c i t e d 
s t a t e s c o u l d e x h i b i t d i f f e r e n t p r o p e r t i e s of the v i b r a t i o n a l c o u p l i n g . 

3 
T h i s has r e c e n t l y been shown f o r [Ru(bpy)^](PF^)^ s i n g l e c r y s t a l s . I t 



i s found that the absorption spectrum to a s t a t e (2A' see r e f . 11) 
-1 

l y i n g about 800 cm above the lowest e x c i t e d one, i s dominated by a 
1600 cm 1 (bpy-ring s t r e t c h i n g ) progression. From t h i s progression one 
can conclude on a s h i f t of the e q u i l i b r i u m p o s i t i o n of t h i s s t a t e 
compared to that of the ground s t a t e along the corresponding normal 
coordinate. (For example, the i n t e r - r i n g C-C separation i s estimated 

12 

to change by about 0.02 A ) 

CONCLUSION 
This paper presents h i g h l y r e s o l v e d emission spectra which allow 

2+ 
d e t a i l e d i n s i g h t i n t o the v i b r o n i c s t r u c t u r e of the [Ru(bpy)^] 
chromophore. I t i s shown by i n v e s t i g a t i o n s under high magnetic f i e l d s 
that s e v e r a l d i s t i n c t modes promote more s t r o n g l y the t r a n s i t i o n from 
the very lowest e x c i t e d s t a t e I I> while others couple more pronounced 
to the t r a n s i t i o n from 111>. Both sta t e s seem to have s i m i l a r geomet­
r i c a l c o n f i g u r a t i o n s compared to that of the ground st a t e while f o r a 
higher l y i n g e x c i t e d s t a t e the e q u i l i b r i u m p o s i t i o n i s s h i f t e d with 
respect to a 1600 cm 1 bpy-ring s t r e t c h i n g coordinate. 
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HIGHLY RESOLVED OPTICAL SPECTRA OF [ O s ( b p y ) 3 ]
2 + DOPED INTO [ R u ( b p y ) 3 ] X 2 

G . H e n s l e r , E . G a l l h u b e r , and H . Y e r s i n 

I n s t i t u t f u r P h y s i k a l i s c h e und T h e o r e t i s c h e Chemie, 8400 Regensburg, FRG 

INTRODUCTION 

Many i n v e s t i g a t i o n s were c a r r i e d out to des c r i b e the e l e c t r o n i c 
2+ 2+ pr o p e r t i e s of [Rufbpy)^] and [Ostbpy)^] complexes due to t h e i r 

i n t e r e s t i n g photochemical and photophysical behavior. The recent d i s -
1-4 

covery of the e l e c t r o n i c 0-O-transitions occuring between the 
lowest MLCT s t a t e s and the ground s t a t e i n neat s i n g l e c r y s t a l s , 
d e l i v e r e d the energy p o s i t i o n s and separations of the lowest e x c i t e d 

2+ 
states of [Ru(bpy)~] . In t h i s c o n t r i b u t i o n we want to present h i g h l y 

2+ 
reso l v e d low-temperature emission spectra of [Os(bpy)^] doped i n t o 
[Ru(bpy)^]X 2 (X = PF 6, c ^ 0 ^ s i n g l e c r y s t a l s . To our knowledge these 
extremely s t r u c t u r e d s p e c t r a are discussed here f o r the f i r s t time. 

RESULTS and DISCUSSION 

2 + 
Figur e l a shows the E i c - p o l a r i z e d emission of [Os{bpy)^] doped 

in t o [Ru (bpy) ~] (PF.-) ~ (E = e l e c t r i c f i e l d v e c t or, c = needle axis of 
the c r y s t a l ) . The emission of [Ru(bpy) 3] l i e s at higher energies and 
i s not reproduced here (but see the two other c o n t r i b u t i o n s of the 
authors i n these proceedings). A p p l i c a t i o n of high magnetic f i e l d s H±c 
(EIIH) leads to a d r a s t i c change of the o v e r a l l spectrum ( F i g . lb) . 
F i g . 2 reproduces the magnetic f i e l d dependence i n the regio n of the 
high energy p a r t of the emission. With i n c r e a s i n g magnetic f i e l d the 
i n t e n s i t y of the dominating l i n e s increases d r a s t i c a l l y up to a f a c t o r 
of about 10 3 (at H = 6 T ) . 

The most conspicuous feature of these emission s p e c t r a i s the 
occurrence of a t r i p l e s t r u c t u r e . The energy s e p a r a t i o n between these 
l i n e s i s (37 ± 2) cm - 1. These t r a n s i t i o n s are i n t e r p r e t e d to r e s u l t 
from three d i f f e r e n t s i t e s of the guest molecules i n the host matrix. 
(The c r y s t a l s t r u c t u r e s of [ R u ( b p y ) 3 ] ( P F 6 ) 2 and [ O s ( b p y ) ^ ] ( P F 6 ) 2 are 
not isomorphous.^) This i n t e r p r e t a t i o n i s confirmed by the f a c t that 
with a p p l i c a t i o n of magnetic f i e l d s the t r i p l e s t r u c t u r e i s a l s o 
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F i g . 1. E i c - p o l a r i z e d emission s p e c t r a of [Os(bpy) 3] doped i n t o 
[ R u ( b p y ) 3 ] ( P F 6 ) 2 at H = 0 T and H = 6 T (T = 2 K, Ru:Os » 100; 

= 363.8 nm. For a v = 632.8 nm the r e s u l t s are i d e n t i c a l ) . The "jt ex 
i n t e n s i t i e s are not comparable. The Ellc p o l a r i z e d emission i n t e n s i t y 
i s weaker by a f a c t o r of about 80. 
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F i g . 2. Blue f l a n k of the emis-
2 + 

s i o n s p e c t r a of [Os(bpy) 3] 
doped i n t o [Ru(bpy)^] ( P F g ) 2 at 
v a r i o u s magnetic f i e l d strengths 
( E i c , Hie, EIIH). The h a l f - w i d t h 
of the narrow l i n e s appearing at 
higher f i e l d strengths i s about 
2 cm" 1. 



observed i n the a b s o r p t i o n spectra at the corresponding energies. 
Further, t h i s assignment was v e r i f i e d very r e c e n t l y by s i t e s e l e c t i o n 
measurements, l e a d i n g to o n e - s i t e emission s p e c t r a . 

Consequently, the emission features of [ O s ( b p y ) 3 ] 2 + doped i n t o 
[ R u ( b p y ) 3 3 ( P F 6 ) 2 r e s u l t from a s u p e r p o s i t i o n of the s p e c t r a of three 
d i f f e r e n t s i t e s with the r e s p e c t i v e purely e l e c t r o n i c t r a n s i t i o n s 
coupled to a l a r g e number of phonons and i n t r a m o l e c u l a r v i b r a t i o n s , 
thus producing the p a t t e r n of a t r i p l e s t r u c t u r e . 

The changes under magnetic f i e l d s are i n t e r p r e t e d i n analogy to 
6 7 

the behavior found f o r [Ru(bpy) 3]X 2 ' . The lowest zero-phonon 
t r a n s i t i o n ( f o r a s p e c i f i c s i t e ) i s s t r o n g l y forbidden but through 
m a g n e t i c - f i e l d induced admixture of wave fun c t i o n s of higher l y i n g 
states i n t o that of the lowest e x c i t e d one t h i s t r a n s i t i o n can get 

o 
considerable o s c i l l a t o r s t r e n g t h mixed-in (see a l s o r e f . ). 

2+ 
F i g u r e 3a shows the emission spectrum of [Os(bpy) 3] doped i n t o 

[ R u ( b p y ) 3 ] ( C l O ^ ) 2 . This spectrum i s much simpler and seems to r e s u l t 
from a d i s t r i b u t i o n of r e l a t i v e l y s i m i l a r s i t e s . ( [ O s ( b p y ) 3 ] ( C 1 0 4 ) 2 

and [ R u ( b p y ) 3 ] ( C 1 0 4 ) 2 have isomorphous s t r u c t u r e s 5 . ) Furthermore, the 
emission i s r e d - s h i f t e d by about 330 cm 1 , compared to the (PF f i)-

2 3 
compound, being i n analogy to the corresponding [Ru(bpy) 3]X 2 s a l t s ' . 
The magnetic f i e l d e f f e c t (see F i g . 3b) i s s i m i l a r to that demonstrat­
ed i n F i g . 1, but l e s s d r a s t i c . u o o o 13500 cm 13000 12 500 

H = 0 T 
a 

r—d- — T 1 \ 

H = 6T 
x6 b 

700 725 750 775 800 

2+ 
F i g . 3. Emission s p e c t r a of [Os(bpy) 3] doped i n t o [ R u ( b p y ) 3 ] ( C 1 0 4 ) 2 

at H = 0 T and H = 6 T (T = 2 K; Ru:Os « 50). I n t e n s i t i e s are not 
comparable. 



Figure 4 d e l i v e r s a synopsis of the temperature dependence of the 
2+ 

emission of [Osfbpy)^] doped i n t o [ R u ( b p y ) 3 ] ( C 1 0 4 ) 2 . At T = 2 K l i n e 
I (at 14169 cm 1> represents the t r a n s i t i o n of highest energy. With 
i n c r e a s i n g temperature two f u r t h e r peaks appear, 61 cm 1 ( l i n e II) and 
211 cm 1 ( l i n e III) at higher energies, r e s p e c t i v e l y . These three 
t r a n s i t i o n s are detected i n absorption at the same energies and th e r e -

Q 
fore represent d i f f e r e n t zero-phonon l i n e s . 

F i n a l l y , we want to focus on the v i b r a t i o n a l s a t e l l i t e s observed 
2 + 

m the emission s p e c t r a of [Os(bpy) 3] doped i n t o [ R u ( b p y ) 3 ] ( C 1 0 4 ) 2 . 
In Table I we compare the energies of v i b r a t i o n s coupled to the lowest 
e l e c t r o n i c t r a n s i t i o n f o r the case of H = 0 T to IR and Raman d a t a 1 0 

2+ 11 2+ of [Ru(bpy)-] and Raman data of [Os(bpy)~] . At zero magnetic 
-1 -1 

f i e l d , s e v e r a l IR modes are present (e.g. 1126 cm , 1244 cm 
1445 cm ^, 1564 cm , while f o r H = 6 T those v i b r a t i o n s are dominant 
which show a strong Resonance Raman enhancement 1 0' 1 1 (e.g. 1172 cm"1, 
1325 cm 1 , 1553 cm 1 ) . This r e s u l t i n d i c a t e s that the v i b r o n i c 



coupling of the t r a n s i t i o n s from d i f f e r e n t e x c i t e d s t a t e s to IR and 
Raman modes, r e s p e c t i v e l y , i s d i s t i n c t . 

Emission of 
[ O s ( b p y ) . ] 2 + 

[cm ] 

V i b r a t i o n a l 
s a t e l l i t e s 

[cm ] 

I R 1 0 of 
[ R u ( b p y ) 3 ] 2 + 

[cm 1 ] 

Raman 1 0 of 
[ R u ( b p y ) 3 ] 2 + 

[cm 1 ] 

Raman 1 1 of 
[ O s ( b p y ) 3 ] 2 + 

[cm 1 ) 

l i n e I 14169 0 
14009 160 - -13959 210 (195) (198) -
13924 245 252 -13891 278 - 281 -
13850 319 - - -13796 373 371 372 -13751 418 421 - -
13727 442 - - -
13687 482 (468) (464) -
13526 643 642 643 
13496 673 658 658 -
13440 739 732 730 -
13402 767 774 765 -
13143 1026 1024 1025 1029 
13100 1069 1066 1069 -
13044 1125 1121 - -
13011 1158 1159 1160 -
12997 a 1172 1173 1175 
12925 1244 1243 - -
12844 a 1325 - 1317 1322 
12724 1445 1441 - -
12678 1491 1485 1490 1491 
12616 a 1553 - 1558 1558 
12605 1564 1565 - -
12561 1608 1600 1607 1610 

Table I. Comparison of observed s a t e l l i t e s i n the emission s p e c t r a of 
[Os(bpy) ] 2 + doped i n t o [Ru(bpy).](CIO.) 0 (at T = 2 K) with IR and 

2 + 2 + Raman data of the [Ru(bpy) 3] and [Os(bpy) 33 complexes. The marked 
v i b r o n i c peaks (a) are weak at H = 0 T and strong at H = 6 T. 

CONCLUSION 

[Ru (bpy) -] X~ (with X = PF^, CIO.) represents an appropriate 
3 2 6 4 

matrix f o r s p e c t r o s c o p i c s t u d i e s of [Os(bpy) 3] . Due to weak e l e c -
tron-phonon c o u p l i n g i n t h i s d i l u t e d c r y s t a l l i n e system i t i s p o s s i b l e 

9 
to o b t a i n h i g h l y r e s o l v e d emission and absorption s p e c t r a of the 
guest complex. Three zero-phonon t r a n s i t i o n s occuring between three 
d i f f e r e n t e l e c t r o n i c s t a t e s and the ground s t a t e are detected. 



Further, many v i b r o n i c s a t e l l i t e s are r e s o l v e d i n the e m i s s i o n 
spectra, with the energy separations from the O - 0 - t r a n s i t i o n i n agree­
ment w i t h the energy v a l u e s p u b l i s h e d f o r IR and Raman modes. 
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EXCITED STATE BEHAVIORS OF RUTHENIUM(11) COMPLEXES AS STUDIED BY TIME 
RESOLVED AND TEMPERATURE AND SOLVENT DEPENDENT EMISSION SPECTRA 

S.Tazuke, H.-B.Kim, and N.Kitamura 

Research L a b o r a t o r y o f R e s o u r c e s U t i l i z a t i o n , Tokyo I n s t i t u t e o f T e c h n o l o g y , 
4259 N a g a t s u t a , M i d o r i - k u , Yokohama 227, JAPAN 

INTRODUCTION 

R u t h e n i u m ( I I ) c o m p l e x e s a r e w i d e l y i n v e s t i g a t e d e l e c t r o n t r a n s f e r 
s e n s i t i z e r s ( K a l y a n a s u n d a r a m 1 9 8 2 ) . The main r e a s o n s a r e ; i ) t h e ap­
p r o p r i a t e o x i d a t i o n and r e d u c t i o n p o t e n t i a l s , i i ) t h e l o n g e x c i t e d s t a t e 
l i f e t i m e , i i i ) t h e n e g l i g i b l e p h o t o a n a t i o n , and i v ) t h e handy wave­
l e n g t h o f p h o t o a b s o r p t i o n . W h i l e t h e f a c t o r s d e t e r m i n i n g t h e p r o p e r t i e s 
m e n t i o n e d above a r e i n p r i n c i p l e d e t e r m i n e d by e n e r g y l e v e l s o f v a r i o u s 
e l e c t r o n i c s t a t e s and i n t e r a c t i o n s between any two e n e r g y l e v e l s ( i . e . , 
t r a n s i t i o n moment, o v e r l a p , and c o u p l i n g w h i c h d e c i d e a b s o r p t i o n and 
r a d i a t i v e / n o n r a d i a t i v e p r o c e s s e s ) , t h e p h o t o p h y s i c s o f R u ( I I ) c o m p l e x e s 
i s n o t y e t f u l l y u n d e r s t o o d . The m a j o r p a r a m e t e r s t o d e t e r m i n e t h e 
e l e c t r o n i c s t a t e i s c e r t a i n l y t h e n a t u r e o f l i g a n d s . I n t h e p a s t , we 
s y n t h e s i z e d a s e r i e s o f R u ( I I ) c o m p l e x e s w i t h v a r i o u s d i a z a d i i m i n e 
l i g a n d s and showed t h a t t h e r e d o x p o t e n t i a l s i n t h e g r o u n d and e x c i t e d 
s t a t e s , t h e w a v e l e n g t h o f a b s o r p t i o n and e m i s s i o n , and t h e e x c i t e d s t a t e 
l i f e t i m e c o u l d be a l t e r e d ( K i t a m u r a 1983a, 1983b ; K a w a n i s h i 1984 ; 
Tazuke 1 9 8 5 ) . W h i l e t h e r e d o x p o t e n t i a l s and t h e a b s o r p t i o n and e m i s ­
s i o n e n e r g i e s were c o r r e l a t e d w i t h l i g a n d p r o p e r t i e s , t h e d y n a m i c s o f 
t h e r e l a x a t i o n f r o m t h e e x c i t e d s t a t e was p u z z l i n g . 

I n t h i s r e p o r t , we a r e g o i n g t o d i s c u s s t h e r e l a x a t i o n p r o c e s s e s o f 
e x c i t e d R u f b p y K and R u L ? ( C N ) 2 (L i s 2,2 ' - b i p y r i d i n e (bpy) o r 1,10-
p h e n a n t h r o l i n e ( p h e n ) ) . These a r e , f i r s t l y , s o l v e n t e f f e c t s on r e l a x a ­
t i o n p r o c e s s e s , s e c o n d l y , t h e r e l a x a t i o n p r o c e s s e s f r o m t h e i n i t i a l l y 
p o p u l a t e d e x c i t e d MLCT s t a t e by means o f t i m e - r e s o l v e d e m i s s i o n s p e c ­
t r o s c o p y . T h r o u g h t h e s e i n v e s t i g a t i o n s , we a r e t r y i n g t o p i n p o i n t t h e 
d y n a m i c s o f t h e r e l a x a t i o n p r o c e s s e s o f t h e e x c i t e d R u ( I I ) c o m p l e x e s . 

I . SOLVENT EFFECTS ON EXCITED STATE PROPERTIES. 

One way t o m o d u l a t e t h e MLCT e x c i t e d s t a t e p r o p e r t i e s o f m e t a l com­
p l e x e s i s t h e v a r i a t i o n o f s o l v e n t s . As r e p o r t e d p r e v i o u s l y , b o t h ab­
s o r p t i o n and e m i s s i o n e n e r g i e s o f R u L 2 ( C N ) 2 ( L = d i i m i n e l i g a n d s ) show 
h i g h e r e n e r g y s h i f t w i t h i n c r e a s i n g t h e G utmann 1s s o l v e n t a c c e p t o r 
number, AN ( B e l s e r 1 9 8 5 ) . W i t h i n c r e a s i n g AN o f s o l v e n t s , o - d o n o r 
s t r e n g t h o f t h e c y a n i d e l i g a n d s d e c r e a s e s and c o n s e q u e n t l y , t h e m e t a l 
t p g o r b i t a l s move t o l o w e r e n e r g y , b r i n g i n g a b o u t t h e h i g h e r e n e r g y 
s h i f t o f b o t h a b s o r p t i o n and e m i s s i o n . S o l v e n t e f f e c t s on t h e r e d o x 
p o t e n t i a l s o f R u ( p h e n ) 2 ( C N ) 2 a r e c o n s i s t e n t w i t h t h e i n t e r p r e t a t i o n 
( K i t a m u r a 1 9 8 7 a ) . The r e d u c t i o n p o t e n t i a l ( i . e . , t h e TT e n e r g y o f t h e 
phen l i g a n d ) i s a l m o s t u n a f f e c t e d by s o l v e n t s w h e reas t h e o x i d a t i o n 
p o t e n t i a l ( i . e . , t h e t 2 a o r b i t a l on t h e m e t a l ) depends on s o l v e n t AN. 
The s p e c t r a l d a t a and t h e o x i d a t i o n p o t e n t i a l s a r e c o r r e l a t e d as shown 
i n F i g . 1. 

Changes i n e n e r g y l e v e l s s h o u l d a l s o i n f l u e n c e t h e e x c i t e d s t a t e 
l i f e t i m e . From t h e l i f e t i m e a n a l y s i s by e q . ( 1 ) , t h e t e m p e r a t u r e 
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F i g . 1 R e l a t i o n s h i p b e t w e e n E (O) F i 9 - 2 S o l v e n t e f f e c t s on I n k n r . 
o r E (•) and t h e o x i d a t i o n a t > s 

p o t e n t i a l o f R u ( p h e n ) 9 ( C N ) 9 . 

T " 1 = k r + k n r + k ' e x p ( - AE /RT) (1 ) 

i n d e p e n d e n t n o n r a d i a t i v e r a t e c o n s t a n t , k ^ r , and t h e a c t i v a t i o n e n e r g y 
o f t h e e m i s s i o n l i f e t i m e , A E a , were o b t a i n e d . F i g u r e 2 shows a I n k n r 

v s e m i s s i o n e n e r g y ( E e m ) p l o t . The e n e r g y gap l a w (Meyer 1986) i s ap­
p l i c a b l e f o r a s e r i e s o f s o l v e n t s w h i l e t h e d a t a i n h y d r o g e n b o n d i n g 
s o l v e n t s d e v i a t e f r o m t h e l i n e a r r e l a t i o n . The h y d r o g e n b o n d i n g i n t e r ­
a c t i o n b e t w e e n t h e c y a n i d e l i g a n d s and s o l v e n t s i s c e r t a i n l y i m p o r t a n t 
f o r t h e r e l a x a t i o n o f e x c i t e d R u ( p h e n ) 2 ( C N ) 2 • On t h e o t h e r h a n d , t h e r e 

AE^ and AN ( F i q . 3 ) . The o b s e r v e d and AN ( F i g . 
I t h e e s t i n 
The e n e r g y d i f f e r e n c e was 

i s a r e a s o n a b l e c o r r e l a t i o n b e t w e e n 
a ' ~ — ^ 

f e r e n c e b e t w e e n t h e d-d and MLCT s t a t e s 
r e p o r t e d t o be 5000 cm i n an N , N - d i m e t h y l f o r m a m i d e / d i c h l o r o m e t h a n e 
m i x t u r e ( B e l s e r 1 9 8 5 ) . R e c e n t l y , t h e p r e s e n c e o f t h e f o u r t h MLCT e x ­
c i t e d s t a t e (MLCT') w h i c h l i e s 600-1000 cm"' above 3MLCT s t a t e was s u g ­
g e s t e d ( K o b e r 1984 ; Meyer 1 9 8 6 ) . I n l o w AN s o l v e n t s , t h e MLCT s t a t e 
l o c a t e s a t l o w e r e n e r g y a s gompared w i t h t h a t i n h i g h AN s o l v e n t s so 
t h a t t h e r e l a x a t i o n v i a d-d i s u n l i k e l y b u t p r o c e e d s t h r o u g h t h e MLCT' 
g i v i n g a s m a l l 4 Ea* W i t h i n c r e a s i n g AN o f s o l v e n t s , t h e r e l a x a t i o n 
p r o c e e d s v i a d-d and t h e o v e r a l l a c t i v a t i o n e n e r g y i n c r e a s e s . H o w e v e j , 
i t i s e x p e r i m e n t a l l y n o t p o s s i b l e t o d i v i d e o v e r a l l AE i n t o AE ( d - d ) 
and AE ( M L C T ' ) . I f b o t h t h e d-d and MLCT' s t a t e s p a r t i c i p a t e s i n t h e 
r e l a x a t i o n , p h o t o a n a t i o n i n a ^ s e r i e s o f s o l v e n t s w i l l be r e l a t e d t o t h e 
f r a c t i o n o f d e c a y v i a t h e d-d s t a t e . The r e s u l t s i n T a b l e 1 a g r e e w i t h 
t h i s v i e w i n d i c a t i n g t h a t p h o t o i n d u c e d l i g a n d s u b s t i t u t i o n i s f a c i l i t a t ­
ed w i t h i n c r e a s i n g AN. 

"1 T a b l e . 1 P h o t o r e a c t i o n o f R u ( p h e n ) 9 ( C N ) 9 

1 J • •• w i t h K S C N ( 0 . 1 M ) . z ^ 

m i 2 
• 

• 
• S o l v e n t AN x „a) 

o 
X • • N , N - d i m e t h y l a c e t a m i d e 1 3 . 6 0 . 0 

a 
L U 
< 

1 

— L _ 1 , , 1 i 

d i m e t h y l s u l f o x i d e 
N - m e t h y l f o r m a m i d e 
m e t h a n o l 

1 9 . 3 
3 2 . 1 
41 . 3 
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a) R e l a t i v e t o t h e y i e l d o f R u ( b p y ) ? * 
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AN i n w a t e r . 
F i g . 3 S o l v e n t e f f e c t s on AE„ 



I I . TIME DEPENDENT SHIFT OF EMISSION. 

S o l v e n t d i p o l e r e l a x a t i o n i n t h e 3MLCT e x c i t e d s t a t e c a n be f o l ­
l owed by t i m e - r e s o l v e d e m i s s i o n s p e c t r o s c o p y . I n t e r r e l a t i o n b e t w e e n t h e 
r o l e o f s o l v e n t d i p o l e r e l a x a t i o n and l o c a l i z a t i o n / d e l o c a l i z a t i o n o f an 
e x c i t e d e l e c t r o n i s a p o i n t o f c o n t r o v e r s y . I n t h e ns t i m e r e g i m e , t h e 
e m i s s i o n s p e c t r u m o f R u ( b p y ) 3

2 + shows t i m e - d e p e n d e n t (TD) s h i f t a t l o w 
t e m p e r a t u r e ( F e r g u s o n 1985 ; K i t a m u r a 1 9 8 6 ) . T h i s phenomenon was a t ­
t r i b u t e d t o s o l v e n t d i p o l e r e l a x a t i o n and p r o b a b l y , i n p a r t , t o t h e 
t r a n s i t i o n f r o m t h e c h a r g e d e l o c a l i z e d e x c i t e d s t a t e t o t h e c h a r g e l o ­
c a l i z e d s t a t e . A l t h o u g h t h e TD s h i f t s l i g h t l y depends on t h e n a t u r e o f 
a c o u n t e r a n i o n (X=C1~, C 1 0 4 " , o r PF^") o f R ^ b p y ^ X n ( K i t a m u r a 1 986 ), 
t h i s d i s c u s s i o n c o u l d n o t be a p p l i e d t o R u L 2 ( C N ) 2 , w h i c h shows e v e n a 
b i g g e r TD s h i f t t h a n R u ( b p y ) 3

2 + as shown i n F i g . 4. The TD s h i f t i s 
s p e c i f i c a l l y o b s e r v e d i n a n a r r o w t e m p e r a t u r e r a n g e j u s t b e l o w and a b o v e 
t h e g l a s s t r a n s i t i o n t e m p e r a t u r e o f t h e m a t r i x (T ). F o r q u a n t i t a t i v e 
d i s c u s s i o n , we d e f i n e d t h e r a t e o f r e l a x a t i o n as t h e r e c i p r o c a l o f t i m e 
r e q u i r e d f o r h a l f r e l a x a t i o n ( k ^ ) and t h e A r r h e n i u s p o l t s a r e shown i n 
F i g . 5. The p l o t s a r e d e v i d e d i n two p a r t s a t 130 K. B e low 130 K, t h e 
a p p a r e n t a c t i v a t i o n e n e r g i e s f o r TD s h i f t , A E a , a r e 570 and 1360 cm~^ 
f o r R u ( b p y ) 3 C l 2 and R u ( b p y ) 2 ( C N ) 2 , r e s p e c t i v e l y . The a c t i v a t i o n e n e r g y 
o f v i s c o u s f l o w f o r an e t h a n o l / m e t h a n o l m i x t u r e b e l o w 120 K i s 1900 cm 
( C a r l i n 1985) s o t h a t t h e p r e s e n t AE v a l u e s a r e t o o s m a l l t o be a s ­
c r i b e d t o t h e a c t i v a t i o n e n e r g y f o r t h e phenomena r e l a t e d t o t h e v i s ­
c o s i t y o f t h e medium. S i n c e t h e r a t e o f r e l a x a t i o n d epends on t h e n a ­
t u r e o f s o l v e n t s , s o l v e n t d i p o l e r e l a x a t i o n i n t h e MLCT e x c i t e d s t a t e 
i s p r i m a r i l y r e s p o n s i b l e f o r t h e TD s h i f t . 

As i u d g e d by t h e a c c u m u l a t e d e v i d e n c e t h a t an e x c i t e d e l e c t r o n i n 
R u ( b p y ) 3

 + o r a n a l o g o u s c o m p l e x e s i s d e l o c a l i z e d i n r i g i d m a t r i c e s w h i l e 
t h a t i s l o c a l i z e d i n f l u i d m e d i a , t h e TD s h i f t i n n e a r T o f t h e s o l v e n t 
s h o u l d be c l o s e l y r e l a t e d t o s o l v e n t d i p o l e r e l a x a t i o n o r more p r e c i s e ­
l y , s o l v e n t a s s i s t e d e l e c t r o n l o c a l i z a t i o n . I n e t h a n o l / m e t h a n o l a t 150 
K, t h e e m i s s i o n f r o m R u ( b p y ) 3 o b e y s a s i n g l e e x p o n e n t i a l f u n c t i o n and 
t h e d e c a y t i m e i s i n d e p e n d e n t o f t h e m o n i t o r i n g w a v e l e n g t h . However, f o r 
R u ( b p y ) 3

2 + a t 125 K, t h e d e c a y p r o f i l e o b s e r v e d a t 580 nm d o e s n o t a g r e e 
w i t h t h a t m o n i t o r e d a t 752 nm a s shown i n F i g . 6. S i m i l a r r e s u l t s have 
been r e p o r t e d by F e r g u s o n e t a l . ( 1 9 8 6 a , 1 9 8 6 b ) . The e f f e c t s a r e more 
p r o n o u n c e d and c o m p l i c a t e d i n t h e c a s e o f R u ( p h e n ) 2 ( C N ) ^ ( K i t a m u r a 
1987b). The e m i s s i o n d e c a y m o n i t o r e d a t 580 nm i s m u l t i - o r e v e n non-
e x p o n e n t i a l and t h e d e c a y p r o f i l e v a r i e s w i t h t h e m o n i t o r i n g wave­
l e n g t h s ( F i g . 7 ) . The l o n g e r t h e m o n i t o r i n g w a v e l e n g t h , t h e l o n g e r t h e 
a p p a r e n t e m i s s i o n l i f e t i m e . F u r t h e r m o r e , t h e w a v e l e n g t h d e p e n d e n t e m i s ­
s i o n d e c a y i s o b s e r v e d a t 150 K. The f o r m a t i o n and d e s t r u c t i o n o f t h e 
h y d r o g e n b o n d i n g i n t e r a c t i o n b e tween t h e c y a n i d e l i g a n d s and a l c o h o l i c 
s o l v e n t s a r o u n d T ( K i t a m u r a 1987a) c o u l d be r e f l e c t e d on t h e e m i s s i o n 
decay p r o f i l e . A l t h o u g h i t i s n o t c l e a r l y s e e n i n F i g . 6 and 7, t h e 
e m i s s i o n f r o m b o t h c o m p l e x e s e x h i b i t s r i s e and d e c a y when m o n i t o r e d 
above 700 nm. S i n c e t h e e m i s s i o n s p e c t r u m shows TD s h i f t a t t h i s 
t e m p e r a t u r e , t h e change i n t h e e m i s s i o n d e c a y p r o f i l e w i t h t h e m o n i t o r ­
i n g w a v e l e n g t h i s n o t s u r p r i s i n g . However, t a k i n g t h e r e p o r t o f MCPL 
e x p e r i m e n t s ( F e r g u s o n 1986) i n t o a c c o u n t , we c o n c l u d e t h a t t h e phenomena 
a r e c l o s e l y r e l a t e d w i t h t h e t r a n s i t i o n f r o m t h e d e l o c a l i z e d e x c i t e d 
s t a t e t o t h e l o c a l i z e d one. 

As we h a v e a l r e a d y shown, t h e d e c a y p r o f i l e o f t h e e m i s s i o n b e t w e e n 
100 and 140 K i s c o m p l i c a t e d and c o u l d n o t be f i t i n a s i n g l e o r m u l t i -
e x p o n e n t i a l mode. I t i s i n d e e d n o n - e x p o n e n t i a l . The m e aning o f non-
e x p o n e n t i a l d e c a y s h o u l d be u n d e r s t o o d i n two ways. F i r s t l y , b e c a u s e o f 
the TD s h i f t o f e m i s s i o n , t h e d e c a y p r o f i l e m o n i t o r e d a t a f i x e d wave­
l e n g t h p r o v i d e s a f a l s e f e a t u r e . The t o t a l e m i s s i o n i n t e n s i t y i n t e g -
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F i g . 6 Emission d e c a y p r o f i l e F i g . 7 E m i s s i o n d e c a y p r o f i l e 
o f R u ( b p y ) 3 . o f R u ( p h e n ) 2 ( C N ) 2 . 

r a t e d o v e r t h e w h o l e w a v e l e n g t h r e g i o n must be p l o t t e d a g a i n s t t i m e . 
S e c o n d l y , p r o v i d e d t h a t t h e p r o c e d u r e m e n t i o n e d above c o u l d be a d o p t e d , 
the d e c a y p r o f i l e m i g h t be m u l t i - e x p o n e n t i a l . T h i s i s t h e t r u e c a s e o f 
t i m e - d e p e n d e n t r a t e . S u c h n o n - e x p o n e n t i a l d e c a y has been d i s c u s s e d i n a 
number o f u n i m o l e c u l a r f l u o r e s c e n c e d e c a y o f o r g a n i c compounds s u c h a s 
t w i s t e d i n t r a m o l e c u l a r CT compounds ( H e i s e l 1983, 1985a, 1985b) and 
i n t r a m o l e c u l a r e x c i m e r / e x c i p l e x ( T a z u k e 1 9 8 6 ) . The work a l o n g t h i s l i n e 
i s now i n p r o g r e s s . 
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THE LOWEST EXCITED STATES OF (Ru (2 , 2 ' - b i p y r a z i n e ) (2,2'-bi p y r i d i n e ) 2 )* + 

H i r o s h i K o b a y a s h i , Youkoh K a i z u , K a z u t e r u S h i n o z a k i , and Hideyo Matsuzawa 

Department o f C h e m i s t r y , Tokyo I n s t i t u t e o f T e c h n o l o g y , 0-okayama, Mequro-ku, 
Tokyo 152, JAPAN y 

PROTONATION AND DEPROTONATION OF EXCITED COMPLEXES 

The l o w e s t e x c i t e d s t a t e o f [Ru(bpy) 2 (CN) 2 ] (bpy, 2 r 2 1 - b i p y r i d i n e ) i s 
t h e " m e t a l - t o - b i p y r i d i n e " c h a r g e - t r a n s f e r e x c i t e d s t a t e . A b s o r p t i o n 
s p e c t r u m o f t h e c o m p l e x v a r i e s w i t h p r o t o n a t i o n on t h e c o o r d i n a t e d 
cyano g r o u p s i n a c i d i f i e d m e d i a , w h i l e e m i s s i o n e x h i b i t s a s p e c t r u m 
o f d e p r o t o n a t e d s p e c i e s w i t h a c o n s t a n t y i e l d r e g a r d l e s s o f t h e 
h y d r o g e n - i o n c o n c e n t r a t i o n s [ H +] i n s o l u t i o n . A r a p i d , c o m p l e t e 
d e p r o t o n a t i o n f o l l o w s e x c i t a t i o n o f t h e p r o t o n a t e d s p e c i e s ( P e t e r s o n 
1 9 7 6 ) . I n h i g h l y a c i d i c H 2 S 0 4 - m e t h a n o l g l a s s a t 77 K, [ R u ( b p y ) 2 ( C N ) 2 ] 
as w e l l as [ R u ( p h e n ) 2 ( C N ) 2 ] (phen, 1 , 1 0 - p h e n a n t h r o l i n e ) e x h i b i t s an 
e m i s s i o n b a nd w i t h v i b r a t i o n a l s t r u c t u r e w h i c h i s v e r y s i m i l a r t o t h e 
l i g a n d (IT , TT ) e m i s s i o n b a n d f o u n d w i t h t h e c o r r e s p o n d i n g Rh(IH) t r i s -
c h e l a t e c o m p l e x e s . I t was p r o p o s e d t h a t t h e p r o t o n a t i o n i n t h e r i g i d 
g l a s s r e s u l t s i n an i n v e r s i o n o f t h e l o w e s t c h a r g e - t r a n s f e r and t h e 
l i g a n d - l o c a l i z e d 3 (TT,TT*) e x c i t e d s t a t e s ( P e t e r s o n 1 9 7 8 ) . 

2- 2-
R e c e n t l y we p r e p a r e d a n i o n c o m p l e x e s [RubpytCN)^] and [ R u p h e n ( C N ) 4 ] . 
The c o m p l e x e s e x h i b i t m e t a l - t o - b i p y r i d i n e o r - p h e n a n t h r o l i n e c h a r g e -

2+ 
t r a n s f e r b a n d s v e r y s i m i l a r t o t h o s e o b s e r v e d w i t h [ R u ( b p y ) ^ ] , 
[ R u ( b p y ) 2 ( C N ) 2 ] a n d t h e i r p h e n a n t h r o l i n e a n a l o g u e s . I n d i l u t e a c i d i c 
s o l u t i o n s s u c h a s [H ] <0.5 M, one o f t h e c o o r d i n a t e d c y a n o g r o u p s i s 
p r o t o n a t e d a n d a f a s t , c o m p l e t e d e p r o t o n a t i o n f o l l o w s e x c i t a t i o n o f 
t h e p r o t o n a t e d c o m p l e x . I n t h e media 6 M > [H +] > 2 M a c o n t i n u o u s b l u e 
s h i f t o f e m i s s i o n b a n d and an i n c r e a s e o f d e c a y l i f e t i m e a r e o b s e r v e d 
w i t h i n c r e a s i n g [ H + ] : t h e p r o t o n a t e d e x c i t e d c o m p l e x e s a r e r a t h e r 
l o n g - l i v e d t h a n t h e d e p r o t o n a t e d s p e c i e s . A f u r t h e r i n c r e a s e o f [ H + ] 
r e s u l t s i n an o n e - e l e c t r o n o x i d a t i o n o f t h e c o m p l e x . A p a r a m a g n e t i c 
Ru(n[) c o m p l e x y i e l d e d i n h i g h l y a c i d i c m e d i a ( [H +] >8.3 M) e m i t s a t 
amb i e n t t e m p e r a t u r e an i n t e n s e s h o r t - l i v e d e m i s s i o n w h i c h has t h e 

3 3+ s t r u c t u r e o b s e r v e d w i t h t h e l i g a n d (TT,TT*) e m i s s i o n o f [ R h ( b p y ) 3 l a t 
7 ? K (M a t s u z a w a u n p u b l i s h e d ) . NMR s p e c t r u m c o n f i r m e d t h e s p i n - d o u b l e t 
s t a t e o f t h e p a r a m a g n e t i c R u ( n r ) c o m p l e x . By a d d i t i o n o f OH~" t o t h e 
a c i d i c s o l u t i o n , t h e o r i g i n a l R u ( I I ) c o m p l e x i s r e c o v e r e d . The 
i n t e n s e s h o r t - l i v e d e m i s s i o n f r o m [ R u ( H I ) b p y ( C N ) 4 ] ~ i s a s s i g n e d a s a 
s p i n - a l l o w e d t r a n s i t i o n f r o m t h e t r i p - d o u b l e t s t a t e o f l i g a n d 3 ( T T , T T * ) 



o r i g i n . The i n t e r a c t i o n w i t h s p i n d o u b l e t on t h e c e n t r a l m e t a l i o n 
makes a l l l i g a n d s i n g l e t s become d o u b l e t s a n d t r i p l e t s i n t o d o u b l e t s 
( t r i p - d o u b l e t s ) a n d q u a r t e t s ( t r i p - q u a r t e t s ) . The p r o t o n a t i o n g i v e s 
r i s e t o an e l e c t r o n d e t a c h m e n t b u t n o t a n i n v e r s i o n o f t h e l o w e s t 
c h a r g e - t r a n s f e r a n d t h e l i g a n d - l o c a l i z e d ^(Tr,Tr*) e x c i t e d s t a t e s . 
B o t h p r o t o n a t e d and d e p r o t o n a t e d f o r m s o f [ R u ( b p y ) 9 ( 4 , 7 - d i h y d r o x y -

2+ 
1 , 1 0 - p h e n a n t h r o l i n e ) ] a r e e m i s s i v e i n aqueous s o l u t i o n s and t h e 
p r o t o n - d i s s o c i a t i o n c o n s t a n t s i n t h e g r o u n d and e x c i t e d s t a t e s a r e 
d e t e r m i n e d by s p e c t r a l and l i f e t i m e m e a s u r e m e n t s w i t h v a r i e d [ H + ] i n 
t h e m e d i a ( G i o r d a n o 1 9 7 8 ) . The c o m p l e x i s more a c i d i c i n t h e e x c i t e d 
s t a t e . On t h e o t h e r h a n d , e x c i t a t i o n o f [ R u ( b p y ) 9 ( 2 , 2 1 - b i p y r i d i n e -
4 , 4 1 - d i c a r b o x y l i c a c i d ) ] d e c r e a s e s t h e a c i d i t y o f c a r b o x y l i c a c i d on 
one o f c o o r d i n a t e d b i p y r i d i n e s . Two d i f f e r e n t t i t r a t i o n c u r v e s w e r e 
o b t a i n e d by a b s o r p t i o n a n d e m i s s i o n i n t e n s i t y m e asurements and a 
d i s p l a c e m e n t o f t h e t i t r a t i o n c u r v e s was a t t r i b u t e d t o a s h i f t o f t h e 
p r o t o n a t i o n e q u i l i b r i u m upon e l e c t r o n i c e x c i t a t i o n i n t h e m e t a l - t o -
l i g a n d c h a r g e - t r a n s f e r b a n d ( G i o r d a n o 1 9 7 7 ) . 
EXCITED STATES OF [ R u b p z ( b p y ) 2 ] 2 + 

The l o w e s t e x c i t e d s t a t e o f [ R u b p z ( b p y ) 2 ] 2 + ( b p z , 2 , 2 1 - b i p y r a z i n e ) i s 
t h e " m e t a l - t o - b i p y r a z i n e " c h a r g e - t r a n s f e r (MLCT) e x c i t e d s t a t e . 
I r r a d i a t i o n o f 457.9 nm l i n e i n t h e r e d component o f t h e s p l i t v i s i b l e 

3 -1 
MLCT b a n d (band I , 20.5x10 cm ) shows a r e s o n a n c e Raman modes o f 
b i p y r a z i n e , w h i l e i r r a d i a t i o n o f 406.7 nm l i n e i n t h e b l u e component 

3 -1 
ba n d (band I I , 24.8x10 cm ) e x h i b i t s t h o s e o f b i p y r i d i n e . [Rubpz-

2+ 
( b p y ) 9 ] e x h i b i t s e m i s s i o n f r o m t h e l o w e s t e x c i t e d t r i p l e t s t a t e . 

2+ 
P h o s p h o r e s c e n c e e x c i t a t i o n s p e c t r a o f [ R u b p z ( b p y ) 2 ] d o p e d i n PVA 
f i l m s show a h i g h p o s i t i v e p o l a r i z a t i o n ( P ^ 2 / 5 ) e v e n a t room 
t e m p e r a t u r e i n t h e b a n d I , w h i c h i n d i c a t e s t h e e l e c t r o n i c e x c i t a t i o n 
i s l o c a l i z e d w i t h i n t h e c o o r d i n a t e d b i p y r a z i n e . P h o s p h o r e s c e n c e b a n d 

3 -1 
i s i n a m i r r o r - i m a g e o f t h e weak a b s o r p t i o n b a nd (16.2x10 cm ) by 
t h e s e c o n d - d e r i v a t i v e a b s o r p t i o n s p e c t r u m t o t h e r e d o f t h e i n t e n s e 
MLCT b a n d (band I ) . The weak b a n d i s a s s i g n e d a s t h e s p i n - f o r b i d d e n 
S-T ( s i n g l e t - t r i p l e t ) component b a n d o f " m e t a l - t o - b i p y r a z i n e " MLCT 
t r a n s i t i o n . 

2+ 
[ R u b p z ( b p y ) 2 ] e m i t s p h o s p h o r e s c e n c e i n s o l u t i o n e v e n a t room t e m p e r a ­
t u r e : t h e l i f e t i m e a n d y i e l d i n H 2 0 a t 25 °C a r e T = 8 8 n s , <f> = 0.006; 
D 2 0 , T = 190 n s , <f> = 0.012; CH 3OH, T = 200 n s , <t> = 0.026; CH 3CN, T = 
460 n s , <f> = 0. 027; p r o p y l e n e c a r b o n a t e , T = 400 n s , <|> = 0.026, 
r e s p e c t i v e l y ( S h i n o z a k i u n p u b l i s h e d ) . From t h e m e a s u r e d l i f e t i m e s and 
y i e l d s , t h e r a d i a t i v e (k^) and n o n r a d i a t i v e d e c a y r a t e c o n s t a n t s ( k n r ) 



a r e e v a l u a t e d a c c o r d i n g t o k = ((JT" 1 and k = ( l - c j O x " 1 : H~0, k = 
4 - 1 6 - 1 r nrA - i 2 £ r i 

6.8x10* s X , k =*11.3xl0 s ; D 9 0 , k =6.3xl0 4 s 1 , k =5.2xl0 6 s " 1 ; 
CH-OH, k =6.7x10* s X , k =4.9xlO b s X ; CH QCN, k =5.9xl0 4 s " 1 , k = 

6 -1 n r i - i r £ - i n r 

2.1x10 s ; p r o p y l e n e c a r b o n a t e f k =6.5xl0 4 s , k =2.4x10° s . 
The r a d i a t i v e r a t e i s a b o u t 7x10 s i n d e p e n d e n t o f t h e m e d i a . 
However, t h e l i f e t i m e i s c o n t r o l l e d by t h e r a t e o f n o n r a d i a t i v e 
r e l a x a t i o n w h i c h i n c r e a s e s i n p r o t i c s o l v e n t s . 
The l i f e t i m e s w e r e m e a s u r e d i n H^O and D 20 as a f u n c t i o n o f t e m p e r a ­
t u r e ( S h i n o z a k i u n p u b l i s h e d ) . A p l o t o f I n K ( = 1/T) a g a i n s t 1 A B T 
w e l l f i t s t h e e q u a t i o n k=k°exp ( - A E/k DT): k° =3.88xl0 7 s " 1 , AE =270 

- 1 0 7 - 1 -1 cm ; k D=2.70x10 s , AED=34 0 cm . P r o t i c s o l v e n t m o l e c u l e s f o r m 
h y d r o g e n bonds w i t h t h e p e r i p h e r a l n i t r o g e n s o f c o o r d i n a t e d b i p y r a z i n e . 
Even i f t h e b a s i c i t y o f b i p y r a z i n e i s i n c r e a s e d by c h a r g e t r a n s f e r 
f r o m r u t h e n i u m t o b i p y r a z i n e i n t h e e x c i t e d s t a t e , t h e h y d r o g e n - b o n d e d 
w a t e r p r o t o n s o r d e u t e r o n s a r e o s c i l l a t i n g i n a minimum n e a r b y w a t e r 
o x y g e n . From t h e p l o t o f I n k^/k^ v e r s u s 1/k^T, we o b t a i n e d 

-i / 9 n JJ 13 
(m D/m H) / f+/f Q=1.4 and t h u s f # / f Q = l . To f o r m t h e n o n e m i s s i v e 
p r o t o n a t e d s p e c i e s , t h e p r o t o n s h o u l d be t r a n s f e r r e d t o a n o t h e r 
minimum b e y o n d an e n e r g y b a r r i e r (AEH=270 cm""1; AED=340 cm 1 ) . The 
p r o t o n a t e d s p e c i e s [ R u b p z H ( b p y ) 2 ] 3 + e m i t s no p h o s p h o r e s c e n c e . 
A s e m i e m p i r i c a l SCKO c a l c u l a t i o n was c a r r i e d o u t on t h e (TT,TT*) e x c i t e d 

1 3 * 
s i n g l e t a n d t r i p l e t s t a t e s o f c o o r d i n a t e d b i p y r a z i n e . The ' (TT ,TT ) 
e x c i t e d s t a t e s w e r e a l s o c a l c u l a t e d on t h e two s t a g e s o f p r o t o n a t i o n 

3 * 
o f t h e p e r i p h e r a l n i t r o g e n s . The l o w e s t (TT,TT ) s t a t e o f c o o r d i n a t e d 

3+ 3 —1 
b i p y r a z i n e i n [ R u b p z H ( b p y ) 2 ] (11x10 cm ) i s l o w e r t h a n t h e l o w e s t 
MLCT e x c i t e d t r i p l e t s t a t e (12xl0 3 c m " 1 ) , w h i l e t h a t o f [ R u b p z H 2 ~ 
(kpy) ( 1 4 x l 0 3 cm" 1) i s a t a r o u n d t h e MLCT e x c i t e d s t a t e . The 
n o n e m i s s i v e 3( T T , T T*) e x c i t e d s t a t e o f c o o r d i n a t e d b i p y r a z i n e i s 
s t a b i l i z e d by p r o t o n a t i o n t o one o f t h e two n i t r o g e n s much l o w e r t h a n 
t h e l o w e s t MLCT e x c i t e d t r i p l e t . The q u e n c h i n g i n t h e p r o t o n a t e d 
c omplex i s a t t r i b u t a b l e t o f a s t n o n r a d i a t i v e r e l a x a t i o n i n t h e 

3 * 
n o n e m i s s i v e l o w - l y i n g (TT,TT ) e x c i t e d s t a t e o f m o n o p r o t o n a t e d 
b i p y r a z i n e . I n t h i s p a r t i c u l a r c a s e , i t i s n o t n e c e s s a r y t o assume a 
t h e r m a l a c t i v a t i o n t o t h e l o w - l y i n g 1 , 3 ( d , d * ) e x c i t e d s t a t e s w h i c h 
l i m i t s t h e l i f e t i m e o f t h e e x c i t e d c o m p l e x e s (Van H o u t e n 1975, 1976; 
A l l s o p p 1978; Durham 1982; C a s p e r 1983; A l l e n 1984). 
PROTONATION OF [ R u b p z ( b p y ) 2 ] 2 + 

2+ 
I n a c i d i c m e d i a , [ R u b p z ( b p y ) 2 1 ' i s p r o t o n a t e d on t h e p e r i p h e r a l 
n i t r o g e n s o f c o o r d i n a t e d b i p y r a z i n e . The m o n o p r o t o n a t e d s p e c i e s i s 
P r e d o m i n a n t i n 6.0 M> [H +] >3.5 M, w h i l e t h e d i p r o t o n a t e d s p e c i e s i n 



[ H + ] >8.0 M. The p r o t o n a t e d c o m p l e x e s e m i t no p h o s p h o r e s c e n c e . I n a 
d i l u t e a c i d s o l u t i o n s u c h t h a t no p r o t o n a t e d s p e c i e s i s d e t e c t e d by 
a b s o r p t i o n m e a s u r e m e n t s , t h e p h o s p h o r e s c e n c e i s p a r t l y q u e n c h e d by 
H^o"1" i n s o l u t i o n . Two d i f f e r e n t t i t r a t i o n c u r v e s a r e o b t a i n e d a s a 
f u n c t i o n o f pH by a b s o r p t i o n a n d e m i s s i o n i n t e n s i t y m e a s u r e m e n t s . 
However t h e d i s p l a c e m e n t o f t h e c u r v e s i s n o t d i r e c t i n d i c a t i o n o f 
t h e M L C T - i n d u c e d enhancement o f b i p y r a z i n e b a s i c i t y . By m e a s u r e m e n t s 
o f t h e t i m e - r e s o l v e d r e p o p u l a t i o n o f t h e g r o u n d - s t a t e s p e c i e s a f t e r 
p u l s e e x c i t a t i o n , t h e e x c i t e d - s t a t e l i f e t i m e o f t h e n o n e m i s s i v e 
* [ R u b p z H ( b p y ) 9 ] 3 + i n a c i d i c acrueous m e d i a was d e t e r m i n e d as 1.1 n s , 

* 2+ 
w h i c h i s r a t h e r s h o r t i n c o n t r a s t w i t h t h a t o f [ R u b p z ( b p y ) 2 ] (88 
ns) ( S h i n o z a k i u n p u b l i s h e d ) . S i n c e t h e n o n r a d i a t i v e r e l a x a t i o n 
p r o c e s s i n t h e p r o t o n a t e d s p e c i e s i s so a c c e l e r a t e d t h a t t h e p r o t o n a ­
t i o n e q u i l i b r i u m i s n o t a c c o m p l i s h e d w i t h i n t h e e x c i t e d - s t a t e l i f e t i m e , 
t h e q u e n c h i n g i n a c i d i c m e d i a i s g o v e r n e d by t h e r a t e o f d i f f u s i o n 
c o n t r o l l e d e n c o u n t e r o f H^0 + a n d t h e e x c i t e d c o m p l e x . 
I n a d i l u t e a c i d s o l u t i o n where t h e g r o u n d - s t a t e s p e c i e s i s 

2+ 
e x c l u s i v e l y [ R u b p z ( b p y ) 9 ] , t h e e x c i t e d c o m p l e x i s q u e n c h e d by t h e 

2 + 
d i f f u s i o n c o n t r o l l e d p r o t o n a t i o n and t h u s [ R u b p z ( b p y ) 2 ] i s r e c o v e r e d 
by t h e p r o t o n d i s s o c i a t i o n f o l l o w i n g t h e d e a c t i v a t i o n . I n f a c t , t h e 
r e c o v e r y o f [ R u b p z ( b p y ) 9 ] 2 + i s s l o w e r t h a n t h e e m i s s i o n d e c a y . *" 8 -1 M e a s u r e m e n t s d e t e r m i n e d t h e r a t e o f p r o t o n d i s s o c i a t i o n (k__ 9=2xio s ) 

3+ 

o f t h e [ R u b p z H ( b p y ) 2 ] y i e l d e d by t h e d e a c t i v a t i o n o f e x c i t e d s p e c i e s . 

COMPLEX FORMATION IN THE EXCITED STATE 
A b s o r p t i o n s p e c t r a v a r y w i t h i - n c r e a s i n c r c o n c e n t r a t i o n o f h y d r a t e d A g + 

i o n [ A g + ] i n a s o l u t i o n o f [ R u b p z ( b p y ) 9 ] 2 + . The f i r s t s t a g e o f t h e 
3+ 

s p e c t r a l v a r i a t i o n i s a s c r i b e d t o t h e f o r m a t i o n o f [ R u b p z A g ( b p y ) 9 ] , 
i n w h i c h a h y d r a t e d Ag i o n i s c o o r d i n a t e d t o one o f t h e b i p y r a z i n e 
p e r i p h e r a l n i t r o g e n s . [ R u b p z A g ( b p y ) 9 ] + e m i t s t o t h e r e d o f t h e 

2+ 
e m i s s i o n f r o m [ R u b p z ( b p y ) 9 ] . E m i s s i o n l i f e t i m e s were m e a s u r e d w i t h 

+ 
[Ag ] v a r i e d w i t h i n t h e f i r s t s t a g e o f c o m p l e x f o r m a t i o n . The r a t i o 
o f t h e l i f e t i m e s i n t h e a b s e n c e and p r e s e n c e o f A g + i o n , T Q / T , 

i n c r e a s e s w i t h [ A g + ] b u t t h e p l o t o f T n / x a g a i n s t l o g [ A g + ] shows a 
+ -1 p l a t e a u when [Ag ] i s i n c r e a s e d up t o 2 ^ 4 x 1 0 M. The l i f e t i m e o f 

[ R u b p z A g ( b p y ) 9 ] 3 + a t 25 °C was d e t e r m i n e d a s 66 ns f r o m t h e p l a t e a u 
+ 

v a l u e x^. E m i s s i o n s p e c t r u m v a r i e s w i t h [Ag ] , w h i l e i t i s i n v a r i a n t 
r e g a r d l e s s o f w h e t h e r i t i s e x c i t e d i n t h e a b s o r p t i o n band o f 2+ 3+ [ R u b p z ( b p y ) 2 ] o r t h a t o f [ R u b p z A g ( b p y ) 2 ] - T h i s i n d i c a t e s t h e 
e q u i l i b r i u m o f c o m p l e x f o r m a t i o n i s a c c o m p l i s h e d i n a s h o r t e r p e r i o d 
t h a n t h e t i m e c o n s t a n t o f t h e e x c i t e d - s t a t e l i f e t i m e s . 



From t h e d e c a y l i f e t i m e s m e a s u r e d f o r a v a r i e t y o f [ A g + ] , t h e c o m p l e x -
f o r m a t i o n c o n s t a n t i n t h e e x c i t e d s t a t e was d e t e r m i n e d K*=130 M*"1 a t 
25 °C, u=3.0 M. On t h e o t h e r hand, t h e f o r m a t i o n c o n s t a n t i n t h e 
g r o u n d s t a t e was o b t a i n e d by a b s o r p t i o n measurements a s K=2 0 M*"1 a t 
25 °C, u=3.0 M . The c o m p l e x f o r m a t i o n i n t h e e x c i t e d s t a t e i s 
a p p r e c i a b l y p r o m o t e d t h a n t h a t o f t h e g r o u n d s t a t e , s i n c e t h e 
c o o r d i n a t e d b i p y r a z i n e i n c r e a s e s t h e b a s i c i t y upon t h e MLCT e l e c t r o n i c 
e x c i t a t i o n . 
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QUENCHING OF EXCITED R u ( b p y ) 2 + WITH METHYLVIOLOGEN AT LOW TEMPERATURES 
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T e c h n i c a l U n i v e r s i t y ( P o l i t e c h n i k a ) , 

T h e r e i s a g r o w i n g i n t e r e s t i n t h e s t u d i e s o f e l e c t r o n t r a n s f e r 
r e a c t i o n s , i n w h i c h t h e r e a c t a n t s a r e s e p a r a t e d by s e v e r a l m o l e c u l a r 
r a d i i . A m o n g them p h o t o i n d u c e d e l e c t r o n t r a n s f e r was i n t e n s e l y s t u d i e d 
( M i l l e r e t a l . 1 9 8 2 ) . W e l l - k n o w ' r e a c t i o n t r a n s f e r between e x c i t e d 
R u ( b p y ) 3 ( t r i s ( 2 , 2 ' - b i p y r i d i n e ) r u t h e n i u m ( I I ) d i c a t i o n ) and MV2"** 
( m e t h y l v i o l o g e n , 1 , 1 ' - d i m e t h y 1 - 4 , 4 ' - b i p y r i d i n i u m d i c h l o r i d e ) s e r v e d a s 
a model s y s t e m ( M i l o s a v l j e v i c and Thomas 1 9 8 5 ) . I t has been d e m o n s t r a t e d 
t h a t m e t h y l v i o l o g e n q u e n c h e s t h e l u m i n e s c e n c e o f R u ( b p y ) | f i n p o l y m e r s 
a t a m b i e n t ( M i l o s a v l j e v i c and Thomas 1985) and low ( G u a r r e t a l . 1 9 8 5 ) 
t e m p e r a t u r e s . T h e q u e n c h i n g was a s c r i b e d t o e l e c t r o n t u n n e l l i n g 
o v e r l a r g e d i s t a n c e s (>10 A) f r o m e x c i t e d R u ( b p y ) | + t o m e t h y l v i o l g e n . T h e 
s i m i l a r i n t e r p r e t a t i o n was u s e d t o e x p l a i n t h e q u e n c h i n g o f R u ( b p y ) | + 

i n v i s c o u s l i q u i d ( G u a r r e t a l . 1 9 8 3 ) . However,the d i r e c t p r o o f o f 
e l e c t r o n t r a n s e f e r v i a l o n g - r a n g e t u n n e l l i n g , s h o w i n g t h e a c c e l l e r a t i o n 
of l u m i n e s c e n c e d e c a y i n t h e p r e s e n c e q u e n c h e r a t 77 K i s s t i l l 
l a c k i n g . T h e a i m o f t h e p r e s e n t work was t o s t u d y t h e q u e n c h i n g o f 
l u m i n e s c e n c e i n s o l i d p h a s e down t o 77 K. 

The l u m i n e s c e n e o f Rufbpy) 2^" was s t u d i e d i n e t h y l e n e g l y c o l - w a t e r 
m i x t u r e , 2 : 1 by volume (EG/H^O) and i n s e v e r a l p o l y m e r f o i l s . T h e 
p r e p a r a t i o n o f t h e s a m p l e s and l u m i n e s c e n c e measurements a r e 
d e s c r i b e d e l s e w h e r e ( S t r a d o w s k i and W o l s z c z a k ^1987 ).The F i g . l 
s u m m a r i z e s t h e d a t a o f l u m i n e s c e n c e o f R u ( b p y ) 5

+ i n EG/H^O a s me a s u r e d 
by t i m e - r e s o l v e d l a s e r p h o t o l y s i s . The k i n e t i c s o f t h e l u m i n e s c e n c e , 
o b s e r v e d a f t e r 10 ns l a s e r p u l s e (Aexc = 530 nm) was m o n i t o r e d a t 610 
nm.The d e c a y o f t h e l u m i n e s c e n c e was a l w a y s m o n o e x p o n e n t i a l . T h e 
l i f e t i m e s o f l u m i n e s c e n c e a t t e m p e r a t u r e s 290-200 K a r e p r e s e n t e d i n 
F i g . l . i t i s e v i d e n t t h a t a t t e m p e r a t u r e s 290-200 K t h e p r e s e n c e o f t h e 
qu e n c h e r a c c e l l e r a t e d m a r k e d l y t h e d e c a y o f t h e l u m i n e s c e n c e . T h e 
s y s t e m EG/H2O i s h i g l y v i s c o u s and p o s s i b i l i t y o f t h e d i f f u s s i o n o f 
Ru(bpy)|"** and M V 2 * d u r i n g t h e l i f e t i m e o f l u m i n e s c e n c e i s v e r y l i m i t e d . 
N e v e r t h e l e s s , o n e o b s e r v s e f f i c i e n t q u e n c h i n g o f l u m i n e s c e n c e under 
t h i s c o n d i t i o n s , w h i c h i s f a v o u r o f l o n g - r a n g e t u n n e l l i n g as a 
mechanism o f q u e n c h i n g . O n t h e o t h e r hand,below 200 K t h e p r e s e n c e o f 
the q u e n c h e r h a s v e r y l i t t l e o r no e f f e c t on t h e r a t e o f l u m i n e s c e n c e 
decay,The d e c a y a t 77 K was s t i l l m o n o e x p o n e n t i a l . T h e l i f e t i m e o f t h e 
l u m i n e s c e n c e was 3.1 u s , i n d e p e n d e n t o f t h e q u e n c h e r a d d i t i o n up t o 
0.15 M M V 2 + . T h e r e f o r e , w e c o n c l u d e t h a t a t t e m p e r a t u r e r a n g e 77-200 K 
the d y n a m i c q u e n c h i n g o f l u m i n e s c e n c e o f R u ( b p y ) ^ by m e t h y l v i o l o g e n 
does n o t o c c u r . I n o r d e r t o f i n d o u t t h e q u e n c h i n g m e c h a n i s m , t h e 
measurements o f t h e depend e n c e o f l u m i n e s c e n c e i n t e n s i t y as a f u n c t i o n 
of M V 2 + c o n c e n t r a t i o n were c a r r i e d o u t . T h e i n t e n s i t y o f l u m i n e s c e n c e 
was m e a s u r e d w i t h a c o n v e n t i o n a l f l u o r i m e t e r . T h e r e s u l t s a r e 
s u m a r i z e d i n F i g . 2 . C u r v e 1 i n F i g . 2 shows t h a t a t 77 K t h e q u e n c h i n g 
i s v e r y i n e f f i c i e n t , a n d i n d e p e n d e n t o f t h e n a t u r e o f t h e medium.In ^ 
e a r l i e r s t u d i e s t h e q u e n c h i n g o f t h e l u m i n e s c e n c e o f R u ( b p y ) | + by MV 
i n s o l i d s was a s c r i b e d t o l o n g - r a n g e t u n n e l l i n g o f e l e c t r o n f r o m e x c i ­
t e d Ru(bpy)|* t o M V Z + ( M i l o s a v l j e v i c and Thomas 1 9 8 5 ; G u a r r e t a l . 1 9 8 5 ) . 



P r e s e n t d a t a show t h a t t h i s i n t e r p r e t a t i o n c a n n o t be u s e d f o r d a t a 
a t 77 K . T h r e e f o l l o w i n g o b s e r v a t i o n a r e i n d i s a g r e e m e n t w i t h s u c h 
i n t e r p r e t a t i o n : ( 1 ) The d e c a y o f l u m i n e s c e n c e o f R u ( b p y ) | f a t 77 K was 
n o t a c c e l l e r a t e d i n t h e p r e s e n c e o f (2) The q u e n c h i n g c u r v e f s h o w n 
i n F i g . 2 , i s w e l l d e s c r i b e d by l u m i n e s c e n c e q u e n c h i n g i n c o n t a c t p a i r s . 
The r a d i u s o f s u c h c o n t a c t p a i r , c a l c u l a t e d f r o m c u r v e 1 i n F i q . 2 i s 
7.1 A , i . e l e s s t h e n sum o f g e o m e t r i c r a d i i o f R u t b p y ) ^ 4 and MV (10 A ) . 
Such r e s u l t i s m e a n i n g l e s s f r o m t h e p o i n t o f v i e w o f l o n g - r a n g e 
t u n n e l l i n g . ( 3 ) L a c k o f any t r a c e s o f MV+" r a d i c a l c a t i o n , t h a t i s t h e 
p r o d u c t o f q u e n c h i n g a t 77 K . T h e r e f o r e , w e p o s t u l a t e t h a t t h e q u e n c h i n g 
o f l u m i n e s c e n c e o f R u ( b p y ) | + by M V 2 + a t 77 K v i a l o n g - r a n g e t u n n e l l i n g 
i s n e g l i b i l e . I n e f f i c i e n c y o f e l e c t r o n t u n n e l l i n g b e t w e e n e x c i t e d 
R u ( b p y ) | + and MV 2 + was a s s i g n e d by S e e f e l d ( S e e f e l d e t al.1977 ) t o h i g h 
e n e r g y b a r r i e r b e t w e e n r e a c t a n t s ( c a . 2.5 e v ) . T h u s , t h e q u e n c h i n g a t 
77 K i n o u r s y s t e m s h o u l d be a s c r i b e d t o " s t a t i c " t y p e o f q u e n c h i n g , 
o c c u r i n g w i t h i n c o n t a c t p a i r s f o r m e d i n t h e g r o u n d s t a t e . T h e P e r r i n 
o r s t a t i c t y p e o f q u e n c h i n g o c c u r i n g i n f i n i t e l y f a s t w i t h i n an a c t i v e 
s p h e r e , r e s u l t s i n a m o n o e x p o n e n t i a l l u m i n e s c e n c e d e c a y and l e a d s t o a 
d e c r a s e o f t h e i n i t i a l i n t e n s i t y o f l u m i n e s c e n c e . T h e l i f e t i m e o f 
l u m i n e s c e n c e r e m a i n s u n a f f e c t e d b y t h i s t y p e o f q u e n c h i n g . 

On t h e o t h e r h a n d , t h e c u r v e s 2,3 and 4 i n F i g . 2 i n d i c a t e t h a t a t room 
t e m p e r a t u r e t h e q u e n c h i n g i n s o l i d s t a t e i s much more e f f i c i e n t t h e n 
a t 77 K.The same o b s e r v a t i o n c o n c e r n s v i s c o u s l i q u i d a t l o w t e m p e r a ­
t u r e s ( s e e F i g . 1 ) . O b v i o u s l y , t h e p o s s i b i l i t y o f t h e d i f f u s i o n o f 
r e a c t a n t s d u r i n g t h e l i f e t i m e o f e x c i t e d R u ( b p y ) | i s v e r y l i m i t e d under 
c o n d i t i o n s a p p l i e d i n t h e p r e s e n t work.Thus,we c o n c l u d e t h a t t h e r m a l l y 
a c t i v a t e d e l e c t r o n t u n n e l l i n g t a k e s place.We have r e c o r d e d some t r a c e s 
o f M V + * c a t i o n r a d i c a l i n p o l y m e r f o i l s a t room t e m p e r a t u r e , w h i c h 
a d d i t i o n a l l y s u p p o r t s t h i s s u g g e s t i o n . L e t us d i s c u s s b r i e f l y some 
p o s s i b l e m echanisms o f t h e t h e r m a l a c t i v a t i o n . 



c , M 

F i g . 2. Normalized i n t e n s i t y of luminescence of Ru(bpy)| + as a 
f u n c t i o n of methylviologen concentration.Curve (1) at 77 K ( (o) EG/ 
H 0 , ( t ) cellophane,(x) p o l y ( v i n y l a l c o h o l ) , c u r v e s 2,3 and 4 at room 
temperature ( ( A ) p o l y ( v i n y l a l c o h o l ) i n vacuum, (•) p o l y ( v i n y l a l c o h o l ) 
in a i r , ( A ) dry c e l l o p h a n e ) . 

The f i r s t mechanism i n v o l v e s the i n f l u e n c e of temperature on e l e c t r o n 
energy l e v e l s of e l e c t r o n donor,excited Rulbpy)^ .Thanks to the f i n e 
work of Y e r s i n and Gallhuber (Yersin and Gallhuber 1984) one knows a 
great deal about energy l e v e l s of Ru(bpy)3 +at various temperatures. 
However,the q u e s t i o n of dynamics of e l e c t r o n l o c a l i z a t i o n onto one of 
bpy l i g a n d s at low temperatures i n polar solvent i s s t i l l unresolved 
(Ferguson et al.1985). The r e o r g a n i s a t i o n of the s o l v a t i o n s h e l l 
arround e x c i t e d R u ( b p y ) | + i n a glass,polymeric f i l m , o r the s o l i d s t a t e 
at low temperatures i s long on the time s c a l e for e x c i t e d s t a t e decay 
(Meyer 1986).At higher temperatures r e o r g a n i z a t i o n of the medium i s 
completed at times much shorter than the l i f e t i m e of luminescence. 
Relaxation time of the medium i s s e v e r a l orders of magnitude smaller 
at room temperrature then at 77 K and energy l e v e l matching (making 
e l e c t r o n t r a n s f e r e f f i c i e n t ) could be much f a s t e r . 

The second a c t i v a t i o n mechanism invo l v e s i n f l u e n c e of temperature on 
energy l e v e l s i n e l e c t r o n a c c e p t o r , i . e MV z +.The energy gap between 
excited Ru (bpy )| + and MV +'cation r a d i c a l i s 0.4 eV ( Mi losa,vl j e v i c and 
Thomas 1985).This amount of energy should be d i s s i p a t e d i n t o the 
medium during e l e c t r o n t r a n s f e r , m o s t l y v i a phonon emission.This 
Process i s a l s o b e l i e v e d to be thermally a c t i v a t e d . 

Both f a c t o r s d i s c u s s e d above are dependent on the medium nature.This 
agrees w e l l with curves i n F i g . 2 . I t i s demonstrated that at room 
temperature the quenching i s d i f f e r e n t i n various media while at 77 K 
t h i s i s not case. 



A d d i t i o n a l p r o o f f o r t h e c r u c i a l r o l e o f t h e r m a l a c t i v a t i o n i n t h e 
q u e n c h i n g o f e x c i t e d Ru c o m p l e x e s c a n be i n f e r r e d f r o m t h e s t u d i e s o f 
R u { b p y k (N<o>-<o>N-Me ) 2 +(Sullivan e t a l . 1978).In t h i s s t r u c t u r e 
e l e c t r o n a c c e p t o r o c c u p i e s a p a r t o f t h e l i g a n d s p h e r e o f t h e c o m p l e x . 
A t 77 K t h e l u m i n e s c e n c e c h a r a c t e r i s t i c s r e s e m b l e d t h o s e o f Ru(bpy)|* . 
A t room t e m p e r a t u r e , h o w e v e r , m u c h w e a k e r , s h o r t - 1 i v e d and r e d - s h i f t e d 
l u m i n e s c e n c e was o b s e r v e d . T h i s e f f e c t was e x p l a i n e d i n t e r m s o f t h e r ­
m a l l y a c t i v a t e d e l e c t r o n t r a n s f e r f r o m bpy l i g a n d t o remote p y r i d i n i u m 
s i t e ( S u l l i v a n e t a l . 1 9 7 8 ) . 

G e n e r a l l y , t h e p r e s e n t o b s e r v a t i o n s u g g e s t t h a t t h e q u e n c h i n g o f 
l u m i n e s c e n c e o f R u ( b p y ) | + by m e t h y l v i o l o g e n a t 77 K has m a i n l y s t a t i c 
c h a r a c t e r . A t h i g h e r t e m p e r a t u r e s t h e q u e n c h i n g v i a t h e r m a l l y a c t i v a t e d 
l o n g - r a n g e t u n n e l l i n g o c c u r s i n s o l i d p h a s e . T h e e f f i c i e n c y o f t h i s 
p r o c e s s depends s i g n i f i c a n t l y upon t h e n a t u r e o f s u r r o u n d i n g medium. 
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A number of examples of chemi1 urninescent , CL, redox r e a c t i o n s a r e now 
known, f o r w h i c h the e m i s s i o n comes from an e x c i t e d s t a t e c o o r d i n a t i o n 

3 + 
compound. The b e s t known c a s e i s t h a t of the r e d u c t i o n of RuL^ , L = 
2 , 2 ' - b i p y r i d i n e , by v a r i o u s r e d u c t a n t s , w i t h e m i s s i o n from the l o w e s t 

2+ * 
c h a r g e t r a n s f e r e x c i t e d s t a t e of the p r o d u c t , [ RuL^ ] ( L y t l e , 1971; 
Gafney 1975; M a r t i n 1972; V o g l e r 1981; B o l l e t t a 1981, 1982; E l - S a y e d 
1987). As o t h e r e x a m p l e s , e m i s s i o n from the d o u b l e t t h e x i s t a t e of 

3 ~l" 2 ~f" 3 + CrL^ has been o b s e r v e d on o x i d a t i o n of CrL« by RuL~ ( V o g l e r 
1981) as w e l l as the CL o x i d a t i o n of Mo,CI,, or r e d u c t i o n of 

6 14 
M o ^ C l ^ ( E l - S a y e d 1 9 8 7 ) . A l s o , a p a i r of r e a c t a n t s p e c i e s may be 
g e n e r a t e d e 1 e c t r o c h e m i c a 1 1 y , to g i v e an e m i t t i n g e x c i t e d s t a t e p r o d u c t 
on back r e a c t i o n ( B o l l e t t a 1982; N o cera 1984; Luong 1978, R u b i n s t e i n 
1981). The t y p i c a l CL r e a c t i o n i s f a s t however, and d e t a i l e d k i n e t i c 
s t u d i e s a r e r a r e . 

W i l m a r t h and c o - w o r k e r s ( S t a n b u r y 1980) were i n t e r e s t e d i n non-
c omplementary r e d o x r e a c t i o n s , such as between a o n e - e l e c t r o n o x i d a n t 
and a two e l e c t r o n r e d u c t a n t ; such r e a c t i o n s i n v o l v e r a d i c a l i n t e r m e ­
d i a t e s and a r e o f t e n slow enough f o r c o n v e n t i o n a l k i n e t i c s t u d i e s , 
which can y i e l d u s e f u l i n f o r m a t i o n about the p r o p e r t i e s of s u c h i n t e r ­
m e d i a t e s . An example i s the o x i d a t i o n of aqueous Br by F e ( 5 - B r -

3 + 
Phen)^ to g i v e t h e F e ( I I ) complex and B r 2 ( S a l k i n 1983) and i n a 
j o i n t s t u d y ( E l - S a y e d 1983), the k i n e t i c s of the a n a l o g o u s r e a c t i o n 
w i t h R u L 3

3 + , 
2 R u L 3

3 + + 2 B r " = 2 R u L ^ * + B r 2 (or B r 3 ~ ) (1) 

has been i n v e s t i g a t e d , a l o n g w i t h t h a t of the c h e m i l u m i n e s c e n c e , CL, 
t h a t a c c o m p a n i e s the a n a l y t i c a l r e a c t i o n . We r e p o r t b r i e f l y h e r e on 
t h i s s t u d y , w i t h emphasis on the l a t t e r a s p e c t . 

+ Posthumus c o n t r i b u t i o n . 
* To whom c o r r e s p o n d e n c e s h o u l d be a d d r e s s e d . 



EXPERIMENTAL 

A l l c h e m i c a l s used were of r e a g e n t g r a d e or were c a r e f u l l y p u r i f i e d 
(as i n the c a s e of [RuL^] ( C 1 0 ^ ) ^ ; the s o l v e n t w a t e r used was d i s ­
t i l l e d o v e r sodium p e r s u l f a t e and the v a p o r p a s s e d t h r o u g h a tube at 

3 + 
800°C w i t h oxygen c a r r i e r gas. S o l u t i o n s of RuL were p r e p a r e d 

2 + 
i m m e d i a t e l y b e f o r e use by o x i d i z i n g an a c i d i f i e d Ruh^ s o l u t i o n w i t h 
PbO ? ( t h e e x c e s s t h e n f i l t e r e d o f f ) . The o x i d i z e d complex was a l s o 

2 + 
p r e p a r e d pho t o c h e m i c a l l y by p h o t o l y s i s of an a e r a t e d RuL^ s o l u t i o n . 
No d i f f e r e n c e i n k i n e t i c b e h a v i o r was o b s e r v e d . 

C h e m i l u m i n e s c e n t i n t e n s i t i e s , b o t h i n i t i a l and as a f u n c t i o n of t i m e , 
were measured by means of a quantum c o u n t e r h a v i n g a chamber i n t o 
w h i c h a s o l u t i o n o f one r e a c t a n t would be p l a c e d and a s o l u t i o n of the 
s e c o n d r e a c t a n t t h e n i n j e c t e d under d a r k c o n d i t i o n s . V a r i o u s f i l t e r s 
c o u l d be i n t e r p o s e d between the window of t h e r e a c t i o n chamber and the 
p h o t o m u l t i p 1 i e r d e t e c t o r , so as to d e t e r m i n e t h e CL s p e c t r u m . The 
a n a l y t i c a l r e a c t i o n was f o l l o w e d s p e c t r o p h o t o m e t r i c a 1 l y , from the 

2 + 
g rowth of the a b s o r b a n c e of the R u L

3 p r o d u c t a t 453 nm. R e a c t i n g 
m i x t u r e s were t h e r m o s t a t t e d to ± 0.1°C. 

T h e r e i s a slow r e a c t i o n w i t h w a t e r i n the a b s e n c e Br ( S u t i n 1976, 
1983; S l a w s o n 1976), w h i c h i s s l i g h t l y c h e m i l u m i n e s c e n t . A r e l a t i v e l y 
m i n o r c o r r e c t i o n was made to b o t h the a n a l y t i c a l and the CL r a t e d a t a 
to a l l o w f o r t h i s s o l v e n t r e a c t i o n . D i s s o l v e d oxygen i n c r e a s e s the CL 
of t h e s o l v e n t r e d u c t i o n but has l i t t l e e f f e c t on the Br r e d u c t i o n . 

RESULTS AND DISCUSSION 

I t was f i r s t e s t a b l i s h e d t h a t the CL s p e c t r u m was e s s e n t i a l l y the 
2-f 

same as t h a t of t h e p h o t o e x c i t e d e m i s s i o n from RuL^ and a l s o t h a t 
the s t o i c h i o m e t r y of the a n a l y t i c a l r e a c t i o n (1) was i n d e e d b e i n g 
o b s e r v e d ( t o w i t h i n a b o ut 10% p r e c i s i o n ) . 

Some p l o t s of the d e c r e a s e i n CL i n t e n s i t y , I, w i t h t i m e a r e shown i n 
F i g . 1, and some of the a p p a r e n t f i r s t o r d e r r a t e c o n s t a n t s , a r e 
g i v e n i n T a b l e 1. F i g u r e s 2 and 3 i l l u s t r a t e t h a t the r a t e law f o r 
t h e CL r e a c t i o n i s 

- 3 3 + 2 
1° ( i n i t i a l CL i n t e n s i t y ) = ( c o n s t a n t ) ( B r ) ( R u L 3 ) (2) 

S e p a r a t e s t u d i e s ( t o be r e p o r t e d e l s e w h e r e ) showed the r a t e - l a w f o r the 

a n a l y t i c a l r e a c t i o n (1) to be 



F i g . 1. S e m i - l o g a r i t h m i c p l o t 
of c h e m i l u m i n e s c e n c e i n t e n s i t y 
v s . t i m e f o r the Br r e d u c t i o n 
of R u(L) 3 + i n 0.053 M HC10 4 " 

F i g . 2. Dependence of i n i t i a l 
CL i n t e n s i t y ( c o r r e c t e d f o r t h a t 
due to s o l v e n t r e d u c t i o n ) on 
(B r " ) . 

1 2 3 4 
K>*[Ru(bipy)J*]8 . M 

F i g . 3. Dependence of i n i t i a l CL 
3 + 

c o r r e c t e d i n t e n s i t y on (RuL ' ). 

T a b l e 1 

Rate 
Ru ( b i 

C o n s t a n t s f o r the 
3 + 

p y r ) 3 by Br . 

A n a l y t i c a l and C h e m i l u m i n e s c e n t R e d u c t i o n of 

t , °c 1 0 2 [ B r " ] 1 0 2 k

C L '
S 
-1 2 -1 10 k. ..

 f
 s AN k C L / k A N 

17.5 1 . 30 1.13 ± 0. 1 0.49 ± 0.09 2.25 

27.5 1. 82 2.53 ± 0. 15 1.69 ± 0.15 * 

1. 30 1.53 ± 0. 09 0.99 ± 0.03 

0. 781 0.91 ± 0. 07 0.578 ± 0.00 

37.4 1.30 2.60 ± 0. 10 1.13 ± 0.03 2 . 30 

Not p a r a l l e l r u n s 



- d l n ( R u L 3
3 + ) / d t = k A N = k 1 ( B r ) + k 2 ( B r ) 2 + k 3 ( B r " ) 3 ( R u L 3 + ) (3) 

I t f o l l o w s f r o m Eqs. (2) and (3) t ha t - d ( I / I ° ) / d t - k C L = 2 k ^ . T h i s 
e x p e c t a t i o n i s q u a l i t a t i v e l y c o n f i r m e d by the d a t a of T a b l e 1, w h i c h 
g i v e k

C L / ^ A N
 = 2 , 3 ± The c h e m i e x c i t a t i o n y i e l d was d e t e r m i n e d , 

u s i n g the l u m i n o l s y s t e m as r e f e r e n c e ( B r u n d r e t t 1974), and f o u n d to 
— 5 2 -f" ^ be 4.2x10 m o l e s of e x c i t e d s t a t e , [RuL, ] , p r o d u c e d p e r mole of 

3 + 
R u L 3 r e d u c e d . 

Our r e s u l t s i n d i c a t e t h a t the CL pathway i s the same as one of the 
p athways f o r t h e a n a l y t i c a l r e a c t i o n , and t h a t v i a t h i s p a t h , w h i c h i s 

-4 
a m i n o r one, o n l y a b o u t 10 of r e a c t i o n e v e n t s p r o d u c e e x c i t e d s t a t e 
p r o d u c t . Note t h a t t h e AG° f o r r e a c t i o n (1) i s o n l y - 8 k c a l , w h i l e 

2+ * 
[ R u L 3 ] l i e s a b o u t 48 k c a l above the g r o u n d s t a t e . Any mechanism 
f o r the CL p a t h must t h e r e f o r e not .only c o n f o r m to the o b s e r v e d r a t e 
law, but must a l s o c o n t a i n a s t e p w h i c h i s s u f f i c i e n t l y e n e r g e t i c to 
make e x c i t e d s t a t e p r o d u c t f o r m a t i o n p o s s i b l e . One p o s s i b i l i t y i s 
t h a t Br • r a d i c a l s p r o d u c e d as i n t e r m e d i a t e s i n the a n a l y t i c a l r e a c -

3+ 2-f t i o n can r e a c t w i t h R u L 3 to form [ R u L 2 ( L B r ) J , where LBr i s some 
f o r m of b r o m i n a t e d b i p y r i d i n e . R e a c t i o n of t h i s l a s t complex w i t h 

- 2+ * a n o t h e r B r ^ ' r a d i c a l c o u l d now have s u f f i c i e n t e n e r g y to g i v e [ML3 ] 
+ B r 3 as p r o d u c t s . A d e t a i l e d mechanism can be w r i t t e n s u c h t h a t the 
k i n e t i c s w o u l d c o n f o r m to Eqs. (2) and ( 3 ) . 

The p r e s e n t s y s t e m a p p e a r s to be 
d i r e c t c o n n e c t i o n c a n be made app 
t h e a n a l y t i c a l and c o r r e s p o n d i n g 

the o n l y one r e p o r t e d f o r w h i c h a 
r o x i m a t e l y between t h e mechanisms of 
CL r e a c t i o n . 
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SYNTHESIS AND PHOTOPHYSICAL STUDIES OF ORTHO-METALATED P d ( I I ) COMPLEXES INCLUDING 
TWO NOVEL P d ( I I ) / R h ( I I I ) DIMERS 

C . A . C r a i g , F.O.Garces, and R.J.Watts 

Department o f C h e m i s t r y , U n i v e r s i t y o f C a l i f o r n i a , S a n t a B a r b a r a , CA 93106, USA 

INTRODUCTION 

The p h o t o p h y s i c s o f c y c l o p a l l a d a t e d compounds has r e c e i v e d a t t e n t i o n 
i n t h e l i t e r a t u r e r e c e n t l y ( W a k a t s u k i 1 9 8 5 ) . We were i n i t i a l l y 
i n t e r e s t e d i n e x p l o r i n g t h e p h o t o p h y s i c s o f a c o m p l e x p r e p a r e d b y 
K a s a h a r a ( 1 9 6 8 ) ; [ P d ( p p y ) C I ] 2 . The e l e c t r o n i c t r a n s i t i o n s o f t h i s 
d i m e r i c c o m p l e x a s w e l l a s f o r s e v e r a l monomeric d e r i v a t i v e s h ave been 
c h a r a c t e r i z e d a s i n t r a l i g a n d t r a n s i t i o n s o f t h e o r t h o - m e t a l a t e d 
2 - p h e n y l p y r i d i n e (ppy) l i g a n d ( C r a i g 1 9 8 7 ) . Our a t t e n t i o n was t h e n 
f o c u s e d on c o m b i n i n g two d i f f e r e n t m e t a l s o f n o n - e q u i v a l e n t v a l e n c e 
i n t o a s i n g l e m o l e c u l e . We r e p o r t h e r e t h e s y n t h e s i s , c h a r a c t e r i z a t i o n 
and p h o t o p h y s i c s o f two n o v e l m i x e d - m e t a l o r g a n o m e t a l l i c c o m p l e x e s 
where p a l l a d i u m ( 1 1 ) and r h o d i u m ( I I I ) have been c o u p l e d v i a a h a l i d e 
b r i d g e . 

F i g u r e 1. S t r u c t u r e s o f [ ( p p y ) P d ( C I ) ~ R h ( p p y ) ] ( A ) , and 
t ( p p y ) P d ( C l ) 2 R h ( b z q ) 2 ] ( B ) . 

O r t h o - m e t a l a t e d t r a n s i t i o n m e t a l c e n t e r s l i n k e d by a u - d i c h l o r o 
b r i d g e , where t h e m e t a l i s R h ( I I I ) o r i r ( I I I ) , h a v e b e en r e p o r t e d t o 
c l e a v e q u i t e r e a d i l y a t t h e b r i d g e when b i d e n t a t e c h e l a t i n g l i g a n d s 
a r e b r o u g h t i n c o n t a c t w i t h t h e p a r e n t d i m e r i n s o l u t i o n (Nonoyama 
1 9 7 4 ) . S i m i l a r c l e a v a g e o c c u r s i n t h e p r e s e n c e o f m o n o d e n t a t e c o o r ­
d i n a t i n g l i g a n d s o r i n s o l v e n t s s u c h a s DMF, DMSO o r a c e t o n i t r i l e 
r e s u l t i n g i n monomeric d e r i v a t i v e s o f t h e p a r e n t c o m p l e x e s . N o t s u r ­
p r i s i n g l y , t h i s i s t r u e f o r P d ( I I ) as w e l l (Cope 1965; P a r s h a l l 1969; 
T r o f i m e n k o 1972; G u t i e r r e z 1980; Nonoyama 1982; S p r o u s e 1 9 8 4 ) . We 
u t i l i z e d t h i s t e c h n i q u e t o p r o d u c e monomeric d e r i v a t i v e s o f t h e P d ( I I ) 
and R h ( I I I ) o r t h o - m e t a l a t e d d i m e r s [Pd ( p p y ) C I ] 2 , [ R h ( p p y ) 2 C 1 ] 2 and 
[Rh(bzq) C 1 K w h e r e : ( p p y ) = 2 - p h e n y l p y r i d i n e a n a ( b z q ) = b e n z o [ h ] q u i n o -
l i n e . WhSn i r r a d i a t e d i n e q u i m o l a r p r o p o r t i o n c e r t a i n monomeric d e r i v ­
a t i v e s o f t h e s e compounds co m b i n e t o f o r m h e t e r o m e t a l l i e d i c h l o r o -
b r i d g e d d i m e r s . The n e w l y p r e p a r e d compounds have t h e f o l l o w i n g 



f o r m u l a s : [ ( p p y ) P d ( C I ) R h ( p p y ) ] ( A ) , and [ ( p p y ) P d ( C I ) 2 R h ( b z q ) 2 ] ( B ) , 
w i t h p r o p o s e d s t r u c t u r e s i l l u s t r a t e d i n F i g . 1. H NMR f o r t h e s e n o v e l 
c o m p l e x e s h a v e been o b t a i n e d and r e v e a l c o m p l e x s p l i t t i n g p a t t e r n s . 
P h o t o p h y s i c a l d a t a s t r o n g l y s u g g e s t s t h a t t h e e m i t t i n g s t a t e s o f (A) 
a n d (B) a r e p r i n c i p a l l y l i g a n d l o c a l i z e d a nd e a c h m e t a l c e n t e r r e t a i n s 
i t s u n i q u e e m i t t i n g m a n i f o l d . 

EXPERIMENTAL 

S y n t h e s i s o f [ ( p p y ) P d ( C I ) 2 R h ( p p y ) 2 ) 

[ P d ( p p y ) C l ] 2 (0.1441 g) was c o m b i n e d w i t h (0.1567 g) [ R h ( p p y } ^ C l ] 2 

(Nonoyama 1971) i n 100 ml d i c h l o r o m e t h a n e . C a r b o n m o n o x i d e was b u D b l e a 
t h r o u g h t h i s s o l u t i o n f o r t h r e e h o u r s . The s o l u t i o n was t h e n b r o a d 
b a n d i r r a d i a t e d w i t h a 150 W Hg s o u r c e f o r 1 h o u r and t h e d i c h l o r o ­
methane e v a p o r a t e d u s i n g a f l o w o f n i t r o g e n g a s . The r e s i d u a l y e l l o w 
powder was d i s s o l v e d i n 125 ml o f c h l o r o f o r m , f i l t e r e d , a n d t h e 
c h l o r o f o r m e v a p o r a t e d . The s o l i d was t h e n r e c r y s t a l l i z e d f r o m d i ­
c h l o r o m e t h a n e a n d h e x a n e s t o g i v e 0.2329 g f i n e n e e d l e c r y s t a l s ( 90 
% y i e l d ) . A n a l . C a l c u l a t e d f o r [ ( p p y ) P d ( C 1 ) - R h ( p p y ) ] • 1 / 2 C H 2 C 1 2 : 
C, 51.28; H, 3.18; N, 5.35. F o u n d : C, 51.43; H, 3.12; N, 4.92. 

S y n t h e s i s o f [ ( p p y ) P d ( C I ) 2 R h ( b z q ) 2 3 

The p r o c e d u r e was s i m i l a r t o t h a t u s e d f o r ( A ) . [ P d ( p p y ) C l J 2 and 
[ R h ( b z q ) 2 C 1 ] 2 w e r e c o m b i n e d i n e q u i m o l a r q u a n t i t i e s , s t i r r e d i n t h e 
p r e s e n c e o f CO f o r 3 h o u r s a n d t h e n i r r a d i a t e d f o r 45 m i n u t e s . Upon 
o b t a i n i n g t h e s o l i d i t was d i s s o l v e d i n d i c h l o r o m e t h a n e a n d h e x a n e s 
and p a s s e d t h r o u g h a c o l u m n c o n t a i n i n g S e p h a d e x LH-20 r e s i n i n o r d e r 
t o s e p a r a t e t h e m i x e d m e t a l d i m e r f r o m u n r e a c t e d s t a r t i n g m a t e r i a l s . 
Mass s p e c t r a l a n a l y s i s g a v e t h e f o l l o w i n g p e a k s : 791,49 4,459,179,155. 
A n a l . C a l c u l a t e d f o r [ ( p p y ) P d ( C I ) - R h ( b z q ) A • 1 / 4 C H - C 1 : C, 5 5 . 1 0 ; 
H, 3.01; N, 5.17. F o u n d : C, 5 5 . 2 5 ; H, 3.01; N, 4.76. 

A b s o r p t i o n d a t a w e r e o b t a i n e d w i t h a C a r y 15 s p e c t r o p h o t o m e t e r o r HP 
8452A D i o d e A r r a y S p e c t r o p h o t o m e t e r . E m i s s i o n l i f e t i m e d a t a ^ w e r e 
o b t a i n e d w i t h a p p a r a t u s d e s c r i b e d e l s e w h e r e ( S p r o u s e 1 9 8 4 ) . A l l H NMR 
s p e c t r a w e r e m e a s u r e d w i t h a N i c o l e t NT-300 FT NMR s p e c t r o m e t e r . 

RESULTS AND DISCUSSION 

Compounds (A) and (B) a r e f o r m e d f o l l o w i n g i n i t i a l g e n e r a t i o n o f 
[ P d ( p p y ) C O C 1 ] a n d [ R h ( L ) 2 C O C l ] m o n o m e r i c a d d u c t s o f t h e p a r e n t d i m e r s 
(L=(ppy) o r ( b z q ) ) ( C r a i g 1 9 8 7 ) . We know f r o m i n f r a r e d d a t a t h a t 
i r r a d i a t i o n o f t h e s o l u t i o n c o n t a i n i n g t h e c a r b o n m o n o x i d e monomers 
r e s u l t s i n p h o t o l y s i s o f t h e t e r m i n a l l y b o u nd c a r b o n m o n o x i d e l i g a n d s 
on b o t h p a l l a d i u m a n d r h o d i u m . T h i s s u g g e s t s f o r m a t i o n o f two 
c o o r d i n a t i v e l y u n s a t u r a t e d f r a g m e n t s w h i c h t h e n r e c o m b i n e t o f o r m 
compounds (A) and ( B ) . P r e f e r e n t i a l f o r m a t i o n o f t h e m i x e d m e t a l 
s p e c i e s may be e x p l a i n e d u s i n g s i m p l e s t e r i c a r g u m e n t s . We p r o p o s e 
t h a t t h e s t e r i c a l l y h i n d e r e d c o o r d i n a t i v e l y u n s a t u r a t e d r h o d i u m 
f r a g m e n t c o m b i n e s r e a d i l y w i t h t h e l e s s b u l k y p a l l a d i u m f r a g m e n t . 
A t t e m p t s t o r e p e a t t h e s e r e a c t i o n s u s i n g [ P d ( p p y ) C l ] 2 and 
f l r ( p p y ) c i ] 2 u n d e r i d e n t i c a l c o n d i t i o n s h a v e b e e n u n s u c c e s s f u l i n 
f o r m i n g t h e m i x e d m e t a l s p e c i e s b e c a u s e o f t h e d i f f i c u l t y i n 
p h o t o l y z i n g CO o f f o f t h e i r i d i u m . We f e e l t h a t s u c c e s s i n f o r m i n g 
P d ( I I ) / R h ( I I I ) d i m e r s i s due t o f a c i l e CO l o s s u n d e r p h o t o l y s i s f o l ­
l o w e d by d i m e r i z a t i o n . 



Both of the mixed metal dimers e x h i b i t unique H NMR s p e c t r a which are 
not superposed s p e c t r a of the parent [Pd(ppy)Cl] and [ R h ( L ) 9 C l ] 
dimers. H NMg f o r both mixed metal complexes i n t e g r a t e f o r 24 pro^ 
tons. 2D COSY H NMR have been obtained f o r (A) and (B) and from t h i s 
data we are able to a s s i g n a l l of the chemical s h i f t s i n the proton 
NMR (Crai g 1987). 

Room temperature a b s o r p t i o n and 77 K emission data f o r (A) and (B) are 
shown i n F i g . 3. S u p e r p o s i t i o n of the s t a r t i n g dimer s p e c t r a with 
those of the Pd(II)/Rh(III) dimers i l l u s t r a t e obvious s i m i l a r i t i e s 
between the mixed metal systems and t h e i r parent dimer complexes. The 
low temperature emission s p e c t r a of [ P d ( p p y ) C l ] 2 and [ R h ( L ) 2 C l ] 2 have 
been assigned as i n t r a l i g a n d t r a n s i t i o n s (Sprouse 1984; C r a i g 1987). 

The emission spectrum f o r complex (B) e x h i b i t s two d i s t i n g u i s h a b l e 
emission p r o f i l e s . L i f e t i m e s were obtained at the maximum peak i n t e n ­
s i t y p o s i t i o n s of 460 nm and 484 nm (see Table 1). The l i f e t i m e 
obtained a t 484 nm i s s l i g h t l y l e s s than t h a t measured f o r 
[Rh(bzq) C l ] p f whereas the l i f e t i m e a t 460 nm i s approximately double 
that of f p d ( p p y ) C l ] D u e to the s i m i l a r i t i e s of the two components of 
t h i s emission spectrum t o the parent dimer m a t e r i a l s i t appears as i f 
each metal centered fragment of the h e t e r o - d i m e t a l l i e dimer r e t a i n s 
the emission c h a r a c t e r i s t i c s of i t s r e s p e c t i v e parent complex. The 
l i f e t i m e i n c r e a s e a t 460 nm f o r complex (B) r e l a t i v e t o [ P d ( p p y ) C l ] 2 

could be e x p l a i n e d by a decrease i n the n o n r a d i a t i v e r a t e of d e a c t i v a ­
t i o n v i a the d i c h l o r o - b r i d g e f o r Pd(ppy) which i s now bound t o a much 
heavier Rh(bzq)~ s p e c i e s . The opposite e f f e c t i s a l s o observed f o r the 
rhodium p o r t i o n of the dimer which i s now coupled t o a l i g h t e r 
palladium moiety. A second source of the l i f e t i m e d i f f e r e n c e s might 
r e s u l t from d e a c t i v a t i o n pathways v i a s o l v e n t - c h l o r i d e b r i d ge i n t e r a c -



t i o n . The s m a l l e r p a l l a d i u m f r a g m e n t c o u p l e d t o t h e b u l k i e r r h o d i u m 
f r a g m e n t w o u l d e x c l u d e s o l v e n t - c h l o r i d e i n t e r a c t i o n r e l a t i v e t o t h e 
[ P d ( p p y ) C l ] - d i m e r r e s u l t i n g i n l e s s n o n - r a d i a t i v e d e a c t i v a t i o n 
t h r o u g h t h i s p a t h w a y . The R h ( b z q ) 2 C l p o r t i o n o f c o m p l e x (B) w o u l d be 
s o l v a t e d t o a g r e a t e r d e g r e e a b o u t t h e c h l o r i d e b r i d g e a s a r e s u l t o f 
h a v i n g t h e l e s s s t e r i c a l l y h i n d e r e d p a l l a d i u m f r a g m e n t bound t o i t . 
T h i s w o u l d h a v e t h e e f f e c t o f i n c r e a s i n g t h e s o l v e n t - c h l o r i d e i n t e r a c ­
t i o n r e l a t i v e t o [ R h ( b z q ) - C I ] 2 a l l o w i n g f o r a g r e a t e r d e g r e e o f n o n ­
r a d i a t i v e d e a c t i v a t i o n r e s u l t i n g i n a d e c r e a s e i n t h e l i f e t i m e a t 484 
nm. 

300 400 500 300 400 500 
WAVELENGTH (nm) 

F i g u r e 3. A b s o r p t i o n a n d 77 K e m i s s i o n s p e c t r a o f , 
(a) [ ( p p y ) P d ( C D - R h ( p p y ) ] ; (b) [ P d ( p p y ) C l ] ; (c) [ R h ( p p y ) C I ] 
(d) [ ( p p y ) P d ( C l ) 2 R h ( b z q ) 2 ] ; (e) [ P d ( p p y ) C 1 ] 2 ; ( f ) [ R h ( b z q ) ^ C l ] 2 

The e m i s s i o n s p e c t r a f o r d i m e r ( A ) , [ P d ( p p y ) C l ] 2 a n d [ R h ( p p y ) - C I ] 2 a r e 
n e a r l y i d e n t i c a l . The l i f e t i m e s o f t h e s e compounds a r e a l s o v e r y 
s i m i l a r . T h e s e r e s u l t s make i t i m p o s s i b l e f o r u s t o d e t e c t a d o u b l e 
e x p o n e n t i a l d e c a y f o r c o m p l e x (A) and we t h e r e f o r e r e p o r t a s i n g l e 
l i f e t i m e . I f t h i s c o m p l e x h a s n o n - e q u i l i b r a t e d e l e c t r o n i c e x c i t e d 
s t a t e s a n a l o g o u s t o d i m e r ( B ) , a l i f e t i m e w h i c h i s n e a r t h a t o f 
[ R h ( p p y ) - C l l - a n d [ P d ( p p y ) C 1 3 - w o u l d be e x p e c t e d . T h i s l i f e t i m e w o u l d 
be a w e i g h t e d a v e r a g e d e p e n d e n t on t h e q u a n t u m y i e l d o f e m i s s i o n f o r 
e a c h h a l f o f t h e d i m e r . E x a c t quantum y i e l d s o f t h e p a r e n t d i m e r s a r e 



not known at 77 K, however the 484-460 nm peak i n t e n s i t y r a t i o s of the 
emission s p e c t r a f o r complex (B) and the a b s o r p t i v i t y of [Rh(ppy)-CI]-
versus [ P d ( p p y ) C l ] 2 suggests t h a t the l i f e t i m e should be nearef to 
t h a t of the [Rh(ppy) C I ] - dimer than the corresponding palladium 
dimer. A d d i t i o n a l l y the l i f e t i m e i s expected to be l e s s than the 
[Rh(ppy)-CI]- dimer (vida supra). 

Table 1. Photophysical data f o r parent dimers, compounds (A) and (B) 
and f o r the f r e e l i g a n d s (ppy) and (bzq) 

ABSORPTION 
FEATURES (nm) 

77 K 
E0-0 

EMISSION 
(nm)° 

77 K . 
LIFETIMES 

2-pheny1pyridine 240, 295 440 a 1 . 9 ( s ) a 

benzo[h]quinoline 278, 303 
352, 364 

480 a 2.2 ( s ) a 

[ P d ( p p y ) C l ] 2 254, 265(sh) 
305 (sh), 315 
365 

460 116(us) 

[ R h ( p p y ) 2 C l ] 2 240, 310(sh) 
333 (sh), 380(sh) 
393, 450 

461 93(us) 

[ R h ( b z q ) 2 C l ] 2 255, 277, 
330 (sh), 390(sh) 
410, 440 (sh) 

484 2.6(ms) 

[ ( p p y ) P d ( C l ) 2 R h ( p p y ) 2 ] 245, 265(sh) 
305, 315 (sh) 
365, 393 
455(sh) 

460 85 (us) 

[ ( p p y ) P d ( C l ) 2 R h ( b z q ) 2 l 247, 257 
305(sh), 315 
408 

460 
484 

237(us) 
2.5(ms) 

a. Phosphorescence 
b. 4/1/1 V/V/V Ethanol/Methanol/Dichloromethane g l a s s 

CONCLUSION 

Carbon monoxide i s u s e f u l i n c l e a v i n g u - d i c h l o r o - b r i d g e d systems of 
the types mentioned. This can be used as a method to d e r i v a t i z e these 
dimers (Ryabov 1985; P f e f f e r 1981; Constable 1980). More importantly 
however, f a c i l e CO b r i d g e cleavage followed by p h o t o l y s i s i s a simple 
and e f f i c i e n t means with which to prepare mixed metal systems. The 
r e s t r i c t i o n a t t h i s p o i n t appears to be th a t the CO l i g a n d must be 
somewhat photo l a b i l e . I t may be p o s s i b l e however to overcome t h i s by 
a l t e r i n g the l i g a n d used i n the cleavage r e a c t i o n . T h i s may a c t u a l l y 
become an advantage as one might imagine t a i l o r i n g r e a c t i o n and 
p h o t o l y s i s c o n d i t i o n s as a method to s e l e c t i v e l y prepare mixed metal 
dimers. 



The s i m i l a r i t y o f the a b s o r p t i o n and emission s p e c t r a f o r (A) and (B) 
to those of [ P d ( p p y ) C l ] 2 , [ R h ( p p y ) 2 C 1 ] 2 and [ R h ( b z q ) 2 C 1 ] 2 , together 
with l i f e t i m e data i s c o n c l u s i v e evidence t h a t the lowest energy 
e x c i t e d s t a t e s of these novel dimers are i n t r a l i g a n d t r a n s i t i o n s of 
the ortho-metalated 2-phenylpyridine and b e n z o [ h ] q u i n o l i n e l i g a n d s . 
I t might have been expected t h a t these new dimers would have one 
e q u i l i b r a t e d e x c i t e d s t a t e although evidence has been presented here 
arguing f o r n o n - e q u i l i b r a t e d e x c i t e d s t a t e s i n these complexes. We are 
c u r r e n t l y attempting to prepare new dimers of t h i s type u s i n g s i m i l a r 
ortho-metalated dimer p r e c u r s o r s . 
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INTRODUCTION 

R e c e n t s t u d i e s h a v e s e r v e d t o p r o v i d e i n i t i a l c h a r a c t e r i z a t i o n s o f t h e 
p h o t o p r o p e r t i e s o f a v a r i e t y o f o r t h o - m e t a l a t e d c o m p l e x e s o f I r ( I I I ) 
( S p r o u s e 1984; K i n q 1984, 1 9 8 5 ) , R h ( I I I ) ( B a l z a n i 1986; S p r o u s e 1 9 8 4 ) , 
R u ( I I ) (Reveco 1985; C o n s t a b l e 1 9 8 6 ) , P t ( I I ) ( M a e s t r i 1985; C h a s s o t 
1 9 8 6 ) , a n d P d ( I I ) ( W a k a t s u k i 1985) w i t h 2 - p h e n y l p y r i d i n e ( p p y ) , 
b e n z o [ h ] q u i n o l i n e (bzq) and r e l a t e d l i g a n d s . W h i l e a p o r t i o n o f t h e 
i n i t i a l i m p e t u s f o r t h e s e s t u d i e s f o l l o w e d f r o m i n t e r e s t i n t h e c h a r a ­
c t e r i z a t i o n o f o r t h o - m e t a l a t e d c o m p l e x e s o f t h e w i d e l y u s e d l i g a n d , 
2 , 2 ' - b i p y r i d i n e (bpy) (W a t t s 1977; S p e l l a n e 1983; W i c k r a m a s i n g h e 1 9 81; 
No r d 1983; B r a t e r m a n 1984; S k a p s k i 1985; Cohen 1985; Slama-Schwok 
1985; G r u t s c h 1986; F i n l a y s o n 1 9 8 6 ) , t h e more t r a d i t i o n a l o r t h o -
m e t a l a t i n q l i g a n d s s u c h a s ppy and b z q i m p a r t upon t h e i r m e t a l com­
p l e x e s p h o t o p r o p e r t i e s q u i t e d i s t i n c t f r o m t h o s e o f e i t h e r N,N' -
c h e l a t e d o r N , C - o r t h o - m e t a l a t e d bpy c o m p l e x e s . Of p a r t i c u l a r s i g n i f i ­
c a n c e i s t h e a b i l i t y o f t h e s e t r a d i t i o n a l o r t h o - m e t a l a t i n g l i g a n d s t o 
i m p a r t upon t h e i r m e t a l c o m p l e x e s t h e t h e r m o d y n a m i c p o t e n t i a l t o 
f u n c t i o n a s s t r o n g r e d u c i n q a g e n t s i n t h e i r l o w - e n e r q y e x c i t e d s t a t e s . 
A n a l o q o u s c o m p l e x e s o f N , N 1 - c h e l a t i n g bpy t e n d t o be f a r s u p e r i o r 
o x i d i z i n g a q e n t s b u t much p o o r e r r e d u c i n q a q e n t s i n t h e i r l o w - e n e r q y 
e x c i t e d s t a t e s . R e c e n t s t u d i e s i n o u r l a b o r a t o r y h a v e f o c u s e d upon 
o r t h o - m e t a l a t e d c o m p l e x e s o f I r ( I I I ) and R h ( I I I ) w i t h ppy a s w e l l a s 
t h e m e t h y l - s u b s t i t u t e d l i g a n d s 2 - ( p - t o l y l ) p y r i d i n e ( p t p y ) a n d 3-
m e t h y 1 - 2 - p h e n y l p y r i d i n e (mppy). The s t r u c t u r e s o f t h e s e l i g a n d s a r e 
i l l u s t r a t e d i n F i q . 1 b e l o w . 

2-phenylpyridine 3-methy1-2-phenylpyridine 2- (p-tolyl) -pyridine 

PPY MPPY PTPY 

F i g u r e 1. S t r u c t u r e s o f O r t h o - m e t a l a t i n g L i g a n d s 

These s t u d i e s p r o v i d e some i n i t i a l i n s i g h t s i n t o t h e r e l a t i v e e f f e c t s 
o f s u b s t i t u t i o n o f t h e p h e n y l and p y r i d y l r i n g s on t h e p h o t o p r o p e r t i e s 
o f o r t h o - m e t a l a t e d c o m p l e x e s o f t h e s e l i g a n d s . 



RESULTS AND DISCUSSION 

A v a r i e t y o f m o n o m e t a l l i c c o m p l e x e s c a n be p r e p a r e d (Nonoyama 1 9 7 1 , 
1974) b y f a c i l e r e a c t i o n s o f c h e l a t i n g l i g a n d s w i t h d i m e r i c s p e c i e s o f 
t h e t y p e [ M ( X - p p y ) ? C 1 ] ? , where X-ppy i s p p y , p t p y o r mppy. F o r t h e s e 
s t u d i e s we c h o s e t o u s e bpy a s t h e c h e l a t i n g l i g a n d b e c a u s e i t s p r e ­
s e n c e i n t h e c o o r d i n a t i o n s p h e r e o f t h e m e t a l i o n a s s u r e s t h a t b o t h 
good s i q m a - d o n o r (X-ppy) and p i - a c c e p t o r (bpy) l i q a n d s a r e s i m u l t a ­
n e o u s l y c o o r d i n a t e d . S e v e r a l i n t e r e s t i n g phenomena a r i s e i n c o m p l e x e s 
c o n t a i n i n q t h i s c o m b i n a t i o n , i n c l u d i n q : a) l o w - e n e r q y m e t a l - t o - l i g a n d 
c h a r q e - t r a n s f e r (MLCT) t r a n s i t i o n s ; b) MLCT t r a n s i t i o n s i n w h i c h a 
m e t a l e l e c t r o n may b.e p r o m o t e d t o a p i * o r b i t a l o f e i t h e r bpy o r t h e 
p y r i d i n e r i n g o f p p y ; a n d c) e x c i t e d s t a t e s c a p a b l e o f f u n c t i o n i n q a s 
e i t h e r good e l e c t r o n d o n o r s o r e l e c t r o n a c c e p t o r s . 

E v i d e n c e f o r d u a l e m i s s i o n s a r i s i n q f r o m MLCT e x c i t e d s t a t e s a s s o ­
c i a t e d w i t h bpy and w i t h + p p y i s f o u n d i n t h e t i m e - r e s o l v e d e m i s s i o n 
s p e c t r u m o f I r ( p p y ) 2 ( b p y ) i n l o w t e m p e r a t u r e q l a s s e s a s i l l u s t r a t e d 
i n F i q . 2 b e l o w . 

F i q u r e 2. T i m e - r e s o l v e d E m i s s i o n S p e c t r a o f I r ( p p y ) (bpy) i n 
E t h a n o l / M e t h a n o l a t 77 K E x c i t e d a t 377 nm w i t h a P u l s e d N i t r o q e n 
L a s e r . a) 100 ns a f t e r e x c i t a t i o n ; b) 15 / i s a f t e r e x c i t a t i o n . 

S i m i l a r r e s u l t s h a v e b e e n f o u n d f o r I r ( m p p y ) 2 ( b p y ) a n d f o r 
I r ( p t p y ) - ( b p y ) . I n e a c h c a s e t h e r e l a t i v e l y u n s t r u c t u r e d e m i s s i o n a t 
s h o r t d e l a y t i m e s (100 n s ) i s t h e r e s u l t o f o v e r l a p p i n q e m i s s i o n s o f 
s t a t e s r e s u l t i n q f r o m c h a r q e - t r a n s f e r o f a m e t a l e l e c t r o n t o a c h e l a ­
t i n g (MLCT/bpy) o r o r t h o - m e t a l a t i n q (MLCT/X-ppy) l i q a n d . A t l o n q e r 
d e l a y t i m e s (10-15 p s ) a more s t r u c t u r e d e m i s s i o n c h a r a c t e r i s t i c o f 
t h e l o w e r - e n e r q y MLCT/bpy s t a t e i s e v i d e n t . F u r t h e r e v i d e n c e f o r 
t h e s e a s s i q n m e n t s h a s b e e n f o u n d b y m o n i t o r i n q t h e e m i s s i o n s p e c t r a o f 
t h e i r ( I I I ) c o m p l e x e s a s a f u n c t i o n o f e x c i t a t i o n w a v e l e n q t h . I n t h e s e 
m e a s u r e m e n t s , e x c i t a t i o n a t w a v e l e n q t h s l o n g e r t h a n 470 nm l e a d s t o 
t h e same s t r u c t u r e d MLCT/bpy e m i s s i o n a s i s s e e n i n F i g . 2b a b o v e , 
w h i l e s h o r t e r w a v e l e n q t h e x c i t a t i o n g i v e s u n s t r u c t u r e d l u m i n e s c e n c e 



c h a r a c t e r i s t i c o f o v e r l a p o f t h e h i q h e j e n e r q y MLCT/ppy and l o w e r -
e n e r q y MLCT/bpy e m i s s i o n s . R h ( p p y ) 2 ( b p y ) , on t h e o t h e r h a n d , d i s p l a y s 
a s i n q l e e m i s s i o n c h a r a c t e r i s t i c o f a l i q a n d - l o c a l i z e d s t a t e a s s o ­
c i a t e d w i t h ppy ( L L / p p y ) i n b o t h t i m e - r e s o l v e d e m i s s i o n s p e c t r o s c o p y 
and i n e x c i t a t i o n - e m i s s i o n s p e c t r o s c o p y . These r e s u l t s i n d i c a t e t h a t 
t h e i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r (Meyer, 1978) f r o m MLCT/ppy t o 
MLCT/bpy i s s l o w i n I r ( l l l ) c o m p l e x e s i n r i q i d g l a s s e s w h e r e a s r e s o n ­
a n c e e n e r q y t r a n s f e r ( B a l z a n i , 1980) f r o m ( L L / b p y ) t o ( L L / p p y ) i n t h e 
R h ( I I I ) c o m p l e x i s r a p i d . The r e s u l t i s a t t r i b u t e d t o a v i s c o s i t y 
d e p e n d e n t F r a n c k - C o n d o n b a r r i e r ( D e l l i n q e r , 1975, 1976; W a t t s , 1978) 
t o i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r w h i c h a r i s e s f r o m a l a r g e d i s t o r ­
t i o n o f t h e MLCT(bpy) s t a t e r e l a t i v e t o t h e q r o u n d s t a t e . E v i d e n c e 
f o r t h i s d i s t o r t i o n i s f o u n d i n t h e room t e m p e r a t u r e e m i s s i o n s o f t h e 
i r ( I I I ) c o m p l e x e s i n f l u i d s o l u t i o n s , w h i c h d i s p l a y l a r q e S t o k e ' s 
s h i f t s a n d a s i n q l e e m i s s i o n c h a r a c t e r i s t i c o f t h e MLCT/bpy e x c i t e d 
s t a t e u n d e r t h e s e c o n d i t i o n s . I n c o n t r a s t , t h e L L / p p y and L L / b p y 
s t a t e s i n R h ( p p y ) - ( b p y ) a r e r e l a t i v e l y u n d i s t o r t e d c o m p a r e d t o t h e 
q r o u n d s t a t e , and r e s o n a n c e e n e r q y t r a n s f e r p r o c e e d s r a p i d l y w i t h o u t 
s i g n i f i c a n t F r a n c k - C o n d o n b a r r i e r s . 

H a l f - w a v e p o t e n t i a l s f o r t h e f i r s t o x i d a t i o n and f i r s t r e d u c t i o n o f 
s e v e r a l I r ( I I I ) and R h ( I I I ) c o m p l e x e s f r o m c y c l i c voltammoqrams a r e 
c o m p i l e d i n T a b l e 1 b e l o w . 

T a b l e 1. H a l f - w a v e P o t e n t i a l s f o r I r ( I I I ) a nd R h ( I I I ) C o m p l e x e s i n 
T E A H - s a t u r a t e d A c e t o n i t r i l e a t Room T e m p e r a t u r e 

E i / r a ' V v s SCE 

C omplex 2 + /1 + 1 + /0 

I r ( p p v ) 2 ( b p y ) + 1.28 -1.38 
I r ( m p p y ) ( b p y ) + 1.21 -1.41 
I r ( p t p y ) 9 ( b p y ) + 

z + R h ( p p y ) 2 ( b p y ) 
1.18 
1 . 6 0 b 

-1.42 
-1.38 

a. A s c a n r a t e o f 1.0 V/s was u s e d i n e a c h measurement 
b. A n o d i c peak p o t e n t i a l o f i r r e v e r s i b l e wave 

The r e d u c t i v e p r o c e s s (+1/0) i s r e v e r s i b l e i n a l l o f t h e c o m p l e x e s 
w h i c h w e r e s t u d i e d , w h e r e a s t h e o x i d a t i v e p r o c e s s i s r e v e r s i b l e i n t h e 
I r ( I I I ) c o m p l e x e s b u t i r r e v e r s i b l e i n t h e R h ( I I I ) c o m p l e x . The r e d u c ­
t i v e p r o c e s s i s b e l i e v e d t o o c c u r a t t h e bpy l i q a n d w h e r e a s t h e o x i d a ­
t i v e p r o c e s s (+1/+2) i s t h o u a h t t o be m e t a l - c e n t e r e d i n t h e I r ( I I I ) 
c o m p l e x e s . The h i g h p o t e n t i a l o x i d a t i v e p r o c e s s i n t h e R h ( I I I ) com­
p l e x i s i r r e v e r s i b l e and o x i d a t i o n may o c c u r a t t h e ppy l i q a n d i n t h i s 
i n s t a n c e . V a r i a t i o n s o f 100 mv i n t h e E - / 2 v a l u e s f o r t h e 1 + /2 + 
o x i d a t i v e p r o c e s s amonq t h e t h r e e I r ( I I I ) c o m p l e x e s r e f l e c t t h e d e g r e e 
t o w h i c h t h e m e t h y l s u b s t i t u e n t s e n r i c h t h e e l e c t r o n d e n s i t y a t t h e 
m e t a l c e n t e r . 

By c o m b i n i n q v a l u e s o f t h e p o t e n t i a l s f o r t h e o x i d a t i v e and r e d u c t i v e 
p r o c e s s e s i n T a b l e 1 w i t h e s t i m a t e s o f t h e e x c i t e d s t a t e e n e r q i e s o f 
t h e s e c o m p l e x e s t a k e n f r o m low t e m p e r a t u r e e m i s s i o n maxima (2.34 V) , 
s t a n d a r d e l e c t r o c h e m i c a l p o t e n t i a l s f o r t h e l u m i n e s c e n t e x c i t e d s t a t e 
o f e a c h s p e c i e s c a n be e s t i m a t e d . T h i s p r o c e d u r e l e a d s t o e s t i m a t e d 
v a l u e s o f E° (2 + / * l + ) i n t h e r a n g e -1.06 V v s SCE [ I r ( p p y ) (bpy) ] t o 



-1.16 V v s SCE [ I r ( p t p y ) 2 ( b p y ) ] and t o v a l u e s f o r E°(*l+/0) o f a b o u t 
0.95 V v s SCE f o r a l l f o u r c o m p l e x e s . T h e s e e s t i m a t e s assume t h a t 
e n t r o p y c h a n q e s upon e x c i t a t i o n a r e n e g l i g i b l e , a n d a l t h o u q h t h e y a r e 
e x p e c t e d t o p r o v i d e a d e q u a t e e s t i m a t e s o f t h e t h e r m o d y n a m i c d r i v i n g 
f o r c e f o r e x c i t e d s t a t e r e d o x p r o c e s s e s , t h e y do n o t r e f l e c t k i n e t i c 
l i m i t a t i o n s t o e l e c t r o n t r a n s f e r w h i c h m i q h t a r i s e f r o m F r a n c k - C o n d o n 
b a r r i e r s o r n o n - a d i a b a t i c b e h a v i o r ( S u t i n 1 9 8 3 ) . I n o r d e r t o more 
f u l l y c h a r a c t e r i z e t h e k i n e t i c s o f e x c i t e d s t a t e o x i d a t i o n a n d r e d u c ­
t i o n r e a c t i o n s , ^ t e r n - V o l m e r s t u d i e s o f t h e q u e n c h i n q o f t h e e m i s s i o n 
o f I r ( p p y ) (bpy) b y a s e r i e s o f o x i d a t i e q u e n c h e r s ( n i t r o b e n z e n e s ) 
(Bock 1975T and a s e r i e s o f r e d u c t i v e q u e n c h e r s ( p h e n y l a m i n e s and 
m e t h o x y b e n z e n e s ) ( M a r s h a l l 1984) w e r e p e r f o r m e d . The r e s u l t s o f t h e s e 
s t u d i e s a r e s u m m a r i z e d i n F i q . 3 b e l o w . 
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F i q u r e 3. S t e r n - V o l m e r Q u e n c h i n q o f I r ( p p y ) 2 ( b p y ) i n A c e t o n i t r i l e by 
R e d u c t i v e (a) a n d O x i d a t i v e (b) Q u e n c h e r s . 
(a) PT, P h e n o t h i a z i n e ; DMA, N , N - d i m e t h y l a n i l i n e ; DPA, d i p h e n y l a m i n e ; 
AN, a n i l i n e ; TMB, 1 , 2 , 4 - t r i m e t h o x y b e n z e n e ; DMB, 1 , 4 - d i m e t h o x y b e n z e n e 
(b) pDNB, p - D i n i t r o b e n z e n e ; mDNB, m - D i n i t r o b e n z e n e ; NBA, m - n i t r o -
b e n z a l d e h y d e ; CNB, p - c h l o r o n i t r o b e n z e n e ; NB, n i t r o b e n z e n e ; 
MNB, p - m e t h y l n i t r o b e n z e n e 

K i n e t i c e s t i m a t e s o f t h e e x c i t e d s t a t e r e d o x p o t e n t i a l s t a k e n f r o m t h e 
b r e a k i n q r e q i o n b e t w e e n t h e d i f f u s i o n c o n t r o l l e d l i m i t a n d t h e l i n e a r 
r e q i o n i n d i c a t e a v a l u e o f E°(2+/*l+) o f -1.1 V v s SCE a n d a v a l u e o f 
E°(*l+/0) o f +0.98 V v s SCE. These v a l u e s a r e i n qood a q r e e m e n t w i t h 
t h e t h e r m o d y n a m i c e s t i m a t e s a b o v e , a nd t h e r e l a t i v e l y n a r r o w b r e a k i n q 
r e q i o n i n t h e p l o t s i n F i q . 3 s u g g e s t t h a t r e o r q a n i z a t i o n a l b a r r i e r s 
t o w a r d e i t h e r o x i d a t i v e o r r e d u c t i v e e l e c t r o n t r a n s f e r a r e s m a l l . 

SUMMARY 

Comb i n e d p h o t o p h y s i c a l , p h o t o c h e m i c a l , a n d e l e c t r o c h e m i c a l s t u d i e s o f 
t h e s e and r e l a t e d o r t h o - m e t a l a t e d c o m p l e x e s o f a v a r i e t y o f t r a n s i t i o n 
m e t a l s i n d i c a t e t h a t t h i s c l a s s o f m o l e c u l a r s p e c i e s p r o v i d e s a u s e f u l 
b a s i s f o r t h e s t u d y o f e f f e c t s o f m e t a l - c a r b o n s i q m a - b o n d i n q o n 
e l e c t r o n - t r a n s f e r p r o c e s s e s . W h i l e t h e c o v a l e n t n a t u r e o f t h e s e 
m e t a l - c a r b o n b o n d s may w e l l a s s u r e s t r o n q e l e c t r o n i c c o u p l i n q o f 



e x c i t e d s t a t e s i n t h e s e c o m p l e x e s , t h e s e bonds may a l s o i m p o s e l a r q e 
q e o m e t r i c d i s t o r t i o n s on e x c i t e d s t a t e s a s s o c i a t e d w i t h l i q a n d s t r a n s -
t o them. The a s s o c i a t e d F r a n k - C o n d o n b a r r i e r s may, i n v i s c o u s s o l ­
v e n t s , l e a d t o d u a l e m i s s i o n s s u c h a s t h o s e o b s e r v e d i n t h e I r ( I I I ) 
c o m p l e x e s . 

The s t r o n q s i q m a - d o n o r a b i l i t i e s o f o r t h o - m e t a l a t i n q l i q a n d s q r e a t l y 
e n r i c h e s t h e e l e c t r o n d e n i s t y a t t h e m e t a l c e n t e r i n t h e i r c o m p l e x e s , 
and l e a d s t o s p e c i e s w h i c h a r e o f t e n s t r o n g r e d u c i n q a q e n t s i n t h e i r 
e x c i t e d s t a t e s . When t h e s e l i g a n d s a r e c o m b i n e d w i t h qood e l e c t r o n 
a c c e p t i n g l i q a n d s , s u c h a s b p y , i n t h e c o o r d i n a t i o n s p h e r e o f a s i n q l e 
m e t a l , c o m p l e x e s w h i c h c a n be u s e d a s e i t h e r e x c i t e d s t a t e o x i d i z i n q 
o r r e d u c i n q a q e n t s r e s u l t . K i n e t i c S t e r n - V o l m e r q u e n c h i n g s t u d i e s 
i n d i c a t e t h a t t h e s e s p e c i e s do i n d e e d p a r t i c i p a t e i n o u t e r s p h e r e 
e l e c t r o n t r a n s f e r r e a c t i o n s w i t h d r i v i n q f o r c e s c o m p a r a b l e t o t h e 
v a l u e s e s t i m a t e d f r o m c o m b i n e d s p e c t r o s c o p i c - e l e c t r o c h e m i c a l r e s u l t s . 
O r t h o - m e t a l a t e d c o m p l e x e s show p r o m i s e f o r a p p l i c a t i o n a s p h o t o c a t -
a l y s t s w h e r e t h e r e i s a need f o r s u b s t a n c e s w h i c h c a n a b s o r b v i s i b l e 
l i q h t a n d c o n v e r t a l a r q e f r a c t i o n o f t h e a b s o r b e d e n e r q y i n t o r e d u c ­
i n g power i n r e l a t i v e l y l o n q - l i v e d e x c i t e d s t a t e s . 
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GROUND AND EXCITED STATE INTERACTIONS IN MULTIMETAL SYSTEMS 

J.D.Petersen 

Department of Chemistry, Clemson U n i v e r s i t y , Clemson, SC 29634-1905, USA 

This a r t i c l e d i s c u s s e s data from t h i s and other l a b o r a t o r i e s with 
respect to the e l e c t r o n i c communication across v a r i o u s aromatic, 
n i t r o g e n h e t e r o c y c l i c l i g a n d s i n p o l y m e t a l l i c complexes. As the 
nature and complexity of the b r i d g i n g l i g a n d i n t r a n s i t i o n metal 
comlexes i n c r e a s e s our understanding of the f a c t o r s t h a t a f f e c t 
ground- and e x c i t e d - s t a t e e l e c t r o n i c coupling must be more f u l l y 
understood. The m a j o r i t y of the work s i t e d here i s from our 
l a b o r a t o r i e s and has i n v o l v e d numerous graduate students and post­
d o c t o r a l f e l l o w s , most notably Andrea Wallace, Karen Brewer, and 
Rory Murphy. 

BACKGROUND 
2+ 

The e x c i t e d - s t a t e r e a c t i v i t y of complexes r e l a t e d to Ru(bpy)^ 
(where bpy = 2 , 2 1 - b i p y r i d i n e ) has rec e i v e d c o n s i d e r a b l e a t t e n t i o n 
because of the l o n g - l i v e d , e x c i t e d - s t a t e of t h i s species at room 
temperature i n f l u i d s o l u t i o n , and the a b i l i t y of t h i s complex and 
i t s d e r i v a t i v e s t o undergo f a s c i l e e x c i t e d - s t ^ t e e l e c t r o n - or energy 
- t r a n s f e r r e a c t i o n s . The f a c t that Ru(bpy) 3 absorbs v i s i b l e l i g h t 
(intense m e t a l - t o - l i g a n d c h a r g e - t r a n s f e r t r a n s i t i o n ) has made i t a 
prime candidate f o r a v a r i e t y of solar- e n e r g y - d r i v e n , f u e l pro­
d u c t i o n schemes. 
Recently, the c a p a b i l i t i e s of these complexes have been expandecj +by 
the p r e p a r a t i o n and c h a r a c t e r i z a t i o n of complexes l i k e Ru(dpp) 3 

(where dpp = 2 , 3 - b i s ( 2 1 - p y r i d y l ) p y r a ^ i n e ) . L i k e the i n t e n s e l y 
s t u d i e d Ru(bpy) center, Ru(dpp)~ absorbs v i s i b l e l i g h t , has a 
l o n g - l i v e d , emissive, e x c i t e d s t a t e , and i s s t a b l e thermally jiji 
both o x i d i z e d and reduced forms. One advantage th a t Ru(dpp) 3 has 
over Ru(bpy)~ i s th a t the former i s capable of b i n d i n g an 
a d d i t i o n a l metal center to each of the dpp li g a n d s to form 
thermally s t a b l e , p o l y m e t a l l i c complexes. In a d d i t i o n , mixed-
l i g a n d , p o l y m e t a l l i c complexes have been prepared u s i n g dpp and 
other r e l a t e d l i g a n d s such as 2,2 1 - b i p y r i m i d i n e (bpm), and 
2 , 3 - b i s ( 2 * - p y r i d y l ) q u i n o x a l i n e ( d p q ) . While p o l y m e t a l l i c complexes 
a f f o r d the advantage t h a t s y n t h e t i c a l l y you can b r i n g a l l r e a c t i o n 
p a r t n e r s together i n a s i n g l e molecular u n i t (thus a v o i d i n g the 
inherent i n e f f i c i e n c y of bimolecular p r o c e s s e s ) , these systems are 
complex molecular u n i t s which are not w e l l understood. The f a c t 
t h a t some of these p o l y m e t a l l i c systems emit at room temperature i n 
f l u i d s o l u t i o n while other don't, and the i n c o n s i s t e n t trends i n 
e l e c t r o c h e m i s t r y i n going from monometallic t o b i m e t a l l i c to p o l y ­
m e t a l l i c s p e c i e s have generated numerous and v a r i e d hypotheses on 
the e x i s t e n c e and the nature of metal-metal communication i n these 
l i g a n d - b r i d g e d systems. 



GROUND STATE COMMUNICATION 

The e l e c t r o c h e m i s t r y of mono- d i - and p o l y m e t a l l i c complexes of 
three b r i d g i n g l i g a n d s , bpm ( 2 , 2 1 - b i p y r i m i d i n e ) , dpp and dpq are 
summmarized i n Table I. In the f i r s t two data columns of Table I, 
some i n t e r e s t i n g t r e n d s / a r e observed f o r the metal o x i d a t i o n s . The 
comparison ° f T { ^ f i R u couple i n a monometallic complex with 
the f i r s t Ru couple i n the corresponding b i m e t a l l i c analog 
shows s l i g h t l y d i f f e r e n t - b e h a v i o r dependent on BL. In the case of 
BL = bpm, the f i r s t Ru 4 + couple i s 0.13 V more p o s i t i v e f o r the 
b i m e t a l l i c [Ru (bpy) 2] 2bpm than the mono-metallic Ru(bpy) 2bpm 
complex. For the other BL e n t r i e s i n Table I the d i f f e r e n c e s are 
much smaller (0.00-0.05 V ) . Gaffney and coworkers have a t t r i b u t e d 
t h i s to ground-state metal-metal communication i n the b i m e t a l l i c 
systems. When BL = bpm, good e l e c t r o n i c communication i s 
e x h i b i t i e d between the two ruthenium c e n t e r s causing the 0.13 V 
s h i f t i n p o t e n t i a l and l e a d i n g t o l o s s of emission (room 
temperature, f l u i d s o l u t i o n ) f o r the bpm-bridged b i m e t a l l i c 
complex. On the other hand, dpp and dpq b r i d g e d species show only 
small p o t e n t i a l s h i f t s from monometallic analogs (0.00-0.05 V) due 
to a l a c k of ground-state communication, and thus the room tempera­
t u r e emission i s observed i n the p o l y m e t a l l i c complexes and not 
quenched by the presence of the second metal c e n t e r . 

TABLE I. E l e c t r o c h e m i s t r y of Mono-, D i - , T r i - and P o l y m e t a l l i c 
Complexes of Ruthenium P o l y a z i n e Complexes 

Complex Ei (1) ° X 

H b) 
V 2 ) ° X 

H c) V D r e d 

Ru(bpy) bpm 2 + . 
[Ru(bpyf 9] 9bpm p 

R u [ ( b p m ) 6 u t b p y ) 2 ] 3
b + 

1.40 
1.53 

i r r e v e r s i b l e 
1.69 

-1.02 
-0.41 

Ru ( b p y) 2dpp 2 +
 4 + 

[Ru ( b p y f 9 ] 9dpp R 

Ru[ ( d p p ) M b p y ) 2 ] 3 

1.33 
1. 38 
1.50 e 

1.5$ 
1.8 r 

-1.06 
-0.66 
-0.56 

2+ 
Ru(phen) 2dpp 4 + 

[Ru(phenf 9] 9dpp 
Ru[(dpp)R6(phen) 2 ] 3 y + 

1.39 
1-44 
1.43 e 

1.6| 
1.8 r 

-1.07 
-0.64 
-0.5 

R u ( b p y ) 2 d p q 2 +
 4 + 

[ R u ( b p y f 2 l 2 d p q 
1.42 
1.47 1.62 

-0.77 
-0.37 

2+ 
Ru(phen) 2dpq . 
[Ru(phenf2dpq 

1.42 
1.48 1.64 

-0.79 
-0.40 

a) In a c e t o n i t r i l e w i t h 0.1 M s u p p o r t i n g e l e c t r o l y t e u n l e s s 
noted otherwise. 

b) P o t e n t i a l f o r o x i d a t i o n of f i r s t Ru(II) c e n t e r (in V vs. SCE) 
c) P o t e n t i a l f o r o x i d a t i o n of second Ru(II) c e n t e r where 

app r o p r i a t e ( i n V v s . SCE). 
d) P o t e n t i a l f o r f i r s t r e d u c t i o n of complex ( i n V vs. SCE). 
e) Corresponds c o u l o m e t r i c a l l y t o a t h r e e - e l e c t r o n process. 
f) Outside s o l v e n t window. 



For the t e t r a m e t a l l i c complexes, the same trends are observed. 
With bpm as the b r i d g i n g l i g a n d , i . e . , Ru [ (bpm) Ru ( b p y ) , no 
room temperature emission i s observed and the e l e c t r o c h e m i s t r y i s 
i r r e v e r s i b l e . When dpp i s the b r i d g i n g l i g a n d , the t e t r a m e t a l l i c 
complexes emit at room temperature and have e l e c t r o c h e m i s t r y 
c o n s i s t e n t w i t h minimal communication between the p e r i p h e r a l 
metal c e n t e r s . While resonance Raman st u d i e s may i n d i c a t e t h a t 
the high degree of e l e c t r o n i c communication i n bpm and l a c k of 
e l e c t r o n i c communication i n dpp and dpq bridged systems i s due to 
l i g a n d conformation, t h a t may not be the t o t a l p i c t u r e . 
E l e c t r o c h e m i c a l o x i d a t i o n of the b i m e t a l l i c complexes of Fe(II) 
and Ru(II) show t h a t the e l e c t r o n i c communication as measured by 
comproportionation constant i s roughly the same f o r bpm, dpp, and 
dpq systems (Table I I ) . 

Table I I . Comproportionation Constants f o r Various B i m e t a l l i c 
Complexes. 

Complex E^mV13 K 
com 

[Ru(bpy) 2] 2bpm^/5+/6+ 
[Ru(bpy) ] 2dpp ' ' [Ru(bpy)2]2 d p q4+/5+/6+ 
[Rujphe, 2 2 d p P j : : 
[Ru(phen) 2] 2dpq 

160 
180 
150 
210 
160 

5.1xl0 2 

l . l x i o f 
3.4x10^ 
3.5x10^ 
5.1x10 

[Fe(CN) ] 2 b p m j : ^ : ^ 
[Fe(CN)*]^dpp 4 / J 1 1 

140 
150 

2.3xl0 2 

3.4xlO z 

a) In a c e t o n i t r i l e with 0.1 M supporting e l e c t r o l y t e unless 

b) E ^ ( 2 ) u - E ^ U ) ^ from Table I. 

Thus, while emission s t u d i e s i n d i c a t e t h a t extensive ground-state 
communication occurs only f o r bpm, the e l e c t r o c h e m i s t r y g i v e s 
ambiguous r e s u l t s . 

EXCITED STATE PROPERTIES 

The bpm, dpp, and dpq monometallic complexes and the dpp and dpq 
b i - and t e t r a m e t a l l i c complexes emit at room temperature i n f l u i d 
s o l u t i o n w i t h l i f e t i m e s i n the 20 - 300 ns r e g i o n . The emission 
i s charge t r a n s f e r i n nature and i n v o l v e s the lowest energy ir* 
o r b i t a l (bpm, dpp or dpq) and the Ru d core. Regardless of the 
complexity of the system, the emission^energy depends on whether 
the bpm, dpp, or dpq l i g a n d i s t e r m i n a l or bridged and i s not 
s e n s i t i v e t o the number of metal centers present (Table III) . As 
an example of t h i s phenomenon, a l l of the p o l y m e t a l l i c complexes 
c o n t a i n i n g b r i d g i n g dpp (Table III) have emission maxima between 
746 and 772 nm. 



TABLE I I I . Emission Maxima and L i f e t i m e s o f Mono-, B i - and 
T e t r a m e t a l l i c Complexes i n A c e t o n i t r i l e a t Room Temperature 

em Complex * , nm T, max 

3 .2+ 

dpp P o l y m e t a l l i c s 

131 

Monometallics 

R u ( b p m ) 3
2 + 639 

Ru(bpy) 2bpm 2 + 710 76 
Ru(dpp) 2 + 623 183 

226 Ru(bpy) 2dpp 660 
Ru(phen) d p p 2 + 652 252 
R u ( d p q ) 3

2 + 716 82 
R u ( b p y ) 2 d p q 2 + 766 71 
Ru ( p h e n ) 2 d p q 2 + 756 83 

[ R u ( b p y ) 2 ] 2 d p p 4 + 756 134 
[ R u ( p h e n ) 2 ] 2 d p p 4 + 746 153 
Ru(phen) 2dppRu(bpy) 4 + 752 113 
Ru[(dpp)Ru(bpy) 2]3 772 89 
R u [ ( d p p ) R u ( p h e n ) 2 ] 3

8 + 760 87 
R u [ ( d p p ) R u ( t p y ) C l ] 3

5 + 758 50-200 

dpq P o l y m e t a l i l c s 

[ R u ( b p y ) 2 ] 2 d p q 4 + 822 
[ R u ( p h e n ) 2 l 2 d p q 4 + 810 20 
Ru( p h e n ) 2 d p q R u ( b p y ) 2

4 + 820 

<20 

<20 

The data above i n d i c a t e t h a t very few parameters are necessary t o 
determine emission e n e r g i e s i n p o l y m e t a l l i c c e n t e r s . Thus, h i g h l y 
absorbing molecular fragments can be p l a c e d i n t o supramolecular 
systems with c o n t r o l l a b l e and p r e d i c t a b l e p r o p e r t i e s and u t i l i z e d 
f o r v i s i b l e - l i g h t i n t r a m o l e c u l a r s e n s i t i z a t i o n . 
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CONTAINING RUTHENIUM(II), PLATINUM(I I ) , RHENIUM(I) AND RHODIUM(III) 

D.P.Rillema* and H.B.Ross 

Department of Chemistry, The University of North Carolina at Char l o t t e , 

C h a r l o t t e , NC 28223, USA 

I N T R O D U C T I O N 

T h e m o n o n u c l e a r r u t h e n i u m < I I ) c o m p l e x e s a d d r e s s e d i n t h i s r e p o r t 
c o n t a i n c h e l a t i n g l i g a n d s w i t h r e m o t e b i d e n t a t e c o o r d i n a t i o n s i t e s . 
T h e s e s i t e s h a v e b e e n u s e d i n o u r l a b o r a t o r i e s t o c o o r d i n a t e r u t h e -
n i u m ( I I ) , p l a t i n u m ( I I ) ( S a h a i 1 9 8 6 ) , r h e n i u m ( I ) a n d r h o d i u m ( I I I ) . 
T h e p h o t o p h y s i c a l p r o p e r t i e s o f t h e m o n o n u c l e a r m i x e d - l i g a n d r u t h e -
n i u m ( I I ) c o m p l e x e s h a v e i n d i c a t e d t h a t p h o t o p h y s i c a l p r o p e r t i e s o f 
e x c i t e d s t a t e s c a n b e s y n t h e t i c a l l y c o n t r o l l e d . T h e s e i s s u e s a r e a d ­
d r e s s e d i n t h i s r e p o r t a l o n g w i t h r a d i a t i v e a n d s u b s t i t u t i o n q u a n t u m 
y i e l d s , e x c i t e d s t a t e r e d o x p o t e n t i a l s , a n d e n e r g y g a p c o r r e l a t i o n s . 

M I X E D - L I G A N D C O M P L E X E S 

P r e p a r a t i o n s 

L i g a n d s w i t h r e m o t e n i t r o g e n d o n o r s a r e s h o w n i n F i g . 1 

F i g u r e 1 . H e t e r o c y c l i c L i g a n d s 

A b b r e v i a t i o n s a r e a s f o l l o w s : 
b p y = 2 , 2 ' - b i p y r i d i n e 
b p m = 2 , 2 ' - b i p y r i m i d i n e 
b p z = 2 , 2 ' - b i p y r a z i n e 
B L y = 2 , 3 - b i s < 2 - p y r i d y 1 ) q u i n o x a l i n e 
B i l m H ^ = 2 , 2 7 - B i i m i d a z o l e 
B i B z I m H a = 2 , 2 ' - B i b e n z . i m i d a z o l e 

bpy bpm 

Bi lmH, 

0 ^ 0 
bpz 

T h e l i g a n d s b p y , b p m , b p z a n d B L ; l a r e T T - a c c e p t o r s ; t h e l i g a n d s B i ImH},> 
a n d B i B z I m H ^ a r e i r - d o n o r s . T h e s e l i g a n d s f o r m t h e b a s i s f o r s e ­
q u e n c e s s u c h a s C R u ( b p y ) 3 < B L > « D**'* , w h e r e n = 1, 2 a n d 3 a n d B L i s a 
b i d e n t a t e c h e l a t i n g l i g a n d . 

T h e p r e p a r a t i o n o f t h e r u t h e n i u m ( I I ) m i x e d - l i g a n d c o m p l e x e s h a s 
i n v o l v e d s e v e r a l t h e r m a l ( R i l l e m a 1 9 8 2 , 1 9 8 3 ; H a g a 1 9 8 3 ) a n d p h o t o ­
c h e m i c a l p r o c e d u r e s . O n e t h e r m a l m e t h o d h a s i n v o l v e d f o r m a t i o n o f 
w e a k l y c o o r d i n a t e d a c e t o n e < e q . 1) f o l l o w e d b y r e a c t i o n w i t h a n e x c e s s 
o f t h e d e s i r e d b i d e n t a t e l i g a n d t o g i v e C R u ( b p y ) -,-BL 1 . A m o r e 

0 
S=CHJCCH3 

R u ( b p y ) , , ,C1^ + 2 A g P F , . > C R u ( b p y ) - + 2 A g . C l + 2 P F , : , [ 1 3 

* P e r s o n t o c o n t a c t f o r r e p r i n t s 



g e n e r a l r o u t e t o a v a r i e t y o f r u t h e n i u m ( I I ) c o m p l e x e s h a s i n v o l v e d 
r e a c t i o n o f t h e a p p r o p r i a t e r u t h e n i u m p r e c u r s o r c o m p l e x w i t h a n 
e x c e s s o f B L l i g a n d i n e t h y l e n e g l y c o l a c c o r d i n g t o e q . 2 . F o r m a t i o n 
o f r u t h e n i u m ( I I> c o m p l e x e s c o n t a i n i n g t h e b i b e n z i m i d a z o 1 e l i g a n d 

R u ( b p y )vstCl7S C R u ( b p y ) B 5 B L 3 C ! -

R u ( b p y ) C l , + e t h y l e n e g l y c o l = E G [ R u < b p y ) ( B L ) ^ 3 + C 2 3 
x ' s B L , A 

R u C l 3 3 H a O C R u ( B L > 3 3 f - + 

f o l l o w e d t h e p r o c e d u r e s o f H a g a ( 1 9 8 3 ) , who u s e d g l y c e r o l a s t h e 
r e a c t i o n m e d i u m r a t h e r t h a n e t h y l e n e g l y c o l . 

P h o t o c h e m i c a l r e a c t i o n s w e r e u s e d t o s y n t h e s i z e c o m p l e x e s t h a t c o u l d 
n o t b e o b t a i n e d t h e r m a l l y . L i g a n d l o s s w a s e f f e c t e d i n t h e p r e s e n c e 
o f C l ~ a n d a c e t o n i t r i l e t o y i e l d a n a c e t o c h l o r o i n t e r m e d i a t e ( e q . 3 ) , 
w h i c h t h e n w a s r e a c t e d w i t h a n e x c e s s o f t h e B L l i g a n d v i a e q . 2 

h V , C I " 
C R u < b p z ) 3 3'~ * > C R u ( b p z ) < C H 3 C N ) C1 3 + C 3 3 

C H 3 C N 

r e s u l t i n g i n f o r m a t i o n o f C R u ( b p z ) m ( B L ) 3 . 

L i g a n d L o s s P h o t o c h e m i s t r y : T h e L o w e s t TT* E n e r g y L e v e l v s . 
M o n o d e n t a t e C o o r d i n a t i o n 

T h e e n e r g y o f t h e l i g a n d TT* l e v e l s a r e i n t h e o r d e r BL% < b p z < b p m < 
b p y b a s e d o n t h e i r r e s p e c t i v e r e d u c t i o n p o t e n t i a l s o f - 1 . 5 6 V , - 1 . 7 6 V , 
- 1 . 9 9 V a n d - 2 . 2 1 V v s . S S C E . F o r C R u < b p y ) 3 3 *-* p o p u l a t i o n o f t h e m e t a l 
t o l i g a n d c h a r g e t r a n s f e r s t a t e r e p o r t e d l y " l o c a l i z e s " t h e e l e c t r o n 
o n o n e o f t h e b p y l i g a n d s ( D a l l i n g e r 1 9 7 9 ) . I t i s r e a s o n a b l e , t h e n , 
t h a t i n c l o s e l y r e l a t e d s y s t e m s d e c a y w o u l d b e t o t h e l i g a n d w i t h t h e 
l o w e s t TT* e n e r g y l e v e l s a n d t h i s l i g a n d w o u l d b e l o s t u p o n p h o t o l y s i s 
R e a c t i o n s s u c h a s g i v e n i n e q . ^ v e r i f i e d t h i s h y p o t h e s i s . U p o n 
p h o t o l y s i s , t h e b p z ( e q . 4 ) l i g a n d w a s l o s t t o g i v e t h e a p p r o p r i a t e 

h v / , C l " b p m 
C R u < b p 2 ) f f i ( b p y ) 3 a * ^ C R u ( b p z ) < b p y ) ( C H » C N ) C I 3 ' > 

CH^CH E G , A 

C R u ( b p z ) ( b p y ) ( b p m ) 3 * ! - C4 3 

a c e t o c h l o r o c o m p l e x . I t w a s t h e n r e a c t e d w i t h b p m t o p r o d u c e t h e 
C R u ( b p z ) ( b p y ) ( b p m ) 3 * • * c a t i o n . 

P h o t o l y s i s o f t h e m o n o d e n t a t e a c e t o c h l o r o c o m p l e x e s , o n t h e o t h e r 
h a n d , r e s u l t e d i n l o s s o f a c e t o n i t r i l e a s i l l u s t r a t e d i n e q . 5 . A n a l 
o g o u s r e s u l t s w e r e r e p o r t e d b y P i n n i c k ( 1 9 8 3 ) f o r C R u ( b p y ) & ( C H 3 C N ) C 1 3 

h V , C l 
C R u ( b p z ) a ( C H 3 C N ) C 1 3 - > C R u ( b p z ) e C 1 3 C 5 3 

a n d s u g g e s t e d t h a t e n e r g y t r a n s f e r f r o m t h e 3 M L C T e n e r g y m a n i f o l d i n ­
t o t h e d a * s t a t e l a b i l i z e s t h e m o n o d e n t a t e r a t h e r t h a n t h e b i d e n t a t e 
l i g a n d . T h e s t a b i l i t y o f t h e b i d e n t a t e l i g a n d t o p h o t o s u b s t i t u t i o n 
m o s t l i k e l y i s d u e t o t h e c h e l a t e e f f e c t . 



P h o t o c h e m i c a l Q u a n t u m Y i e l d s , R a d i a t i v e L i f e t i m e s , a n d R a d i a t i v e 
Q u a n t u m Y i e l d s 

D a t a i n T a b l e 1 a r e a r r a n g e d i n d e s c e n d i n g o r d e r o f e m i s s i o n e n e r g y 
m a x i m a w i t h t h e e x c e p t i o n t h a t t h e e n t r y f o r C R u ( b p y ) 3 V~'is o n t h e 
t o p f o r c o m p a r i s o n t o t h e o t h e r s . R o o m t e m p e r a t u r e e x c i t e d s t a t e 
l i f e t i m e s w e r e f o u n d t o v a r y f r o m a l i t t l e o v e r a m i c r o s e c o n d f o r 
C R u ( b p z ) K » ( b p y ) t o a f e w n a n o s e c o n d s f o r C R u ( b p y ) ^ B L X P . R a d i a ­
t i v e q u a n t u m y i e l d s r e a c h e d a m a x i m u m o f 0 . 0 4 2 f o r C R u ( b p y ) 3 3 e i * a n d a 
m i n i m u m o f 1 . 8 x lO'™155 f o r C R u ( b p m ) #>( C H 3 C N ) C I 3 + . P h o t o c h e m i c a l 
s u b s t i t u t i o n s w e r e effected i n a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g ImM 
t e t r a e t h y 1 a m m o n i u m c h l o r i d e ( T E A C 1 ) . T h e s u b s t i t u t i o n q u a n t u m y i e l d s 
s p a n n e d t h e r a n g e f r o m 0 . 3 5 f o r C R u ( b p z ) 3 3 a - * t o < 1 . 0 x 10 '< f o r 
C R u ( b p y > i » B L i 3 ^ + . 

G r o u n d S t a t e a n d E x c i t e d S t a t e P r o p e r t i e s 

A c o m p a r i s o n o f t h e g r o u n d s t a t e a n d e x c i t e d s t a t e p r o p e r t i e s o f t h e 
v a r i o u s c o m p l e x e s l i s t e d i n T a b l e 1 i s i l l u s t r a t e d i n F i g . 2 . T h e 
g r o u n d s t a t e r e d o x p o t e n t i a l s s h o w n a r e f o r t h e R u 3 + / S + ' a n d R u s ' * v + 

c o u p l e s , a l t h o u g h t h e R u a + / + ' c o u p l e a c t u a l l y i n v o l v e s t h e r e d u c t i o n 
o f t h e m o s t e a s i l y r e d u c e d c o o r d i n a t e d l i g a n d , e . g . C R u 1 c ( b p z ) ( b p y ) -
( b p m ) 3 K ' " "V C R u : r * ( b p z ) < b p y ) ( b p m ) 3 + . A s s h o w n i n F i g . 2 , p o t e n t i a l s f o r 
t h e R u E + v + ' c o u p l e b e c o m e m o r e n e g a t i v e i n t h e f o l l o w i n g o r d e r : 
C R u ( B L t ) 3 3 , a y "*" < C R u ( b p z ) 3 ] a + / * < C R u ( b p m ) 3 3 " x - < C R u ( b p y > 3 3 * ' * . 
P o t e n t i a l s f o r t h e R u 3 * / f A : - * " c o u p l e b e c o m e m o r e n e g a t i v e i n t h e 
s e q u e n c e : C R u ( b p z ) 3 3 3 *~' < R u ( B L ; l > 3

3 * < R u ( b p m ) 3
3 ' f V K + < 

R u ( b p y ) a 3 " f V a " * ' . I n c o m p a r i s o n t o t h e o t h e r l i g a n d s , b p z s t a b i l i z e s 
r u t h e n i u m ( 1 1 ) r e l a t i v e t o r u t h e n i u m ( 1 1 I ) ; t h e b p y l i g a n d s t a b i l i z e s 
r u t h e n i u m ( I I ) r e l a t i v e t o c o o r d i n a t e d l i g a n d r e d u c t i o n ( R u ^ ' - B L ) . 
T h e s e e f f e c t s a r e r e l a t e d t o t h e s t r o n g e r a d o n o r p r o p e r t i e s o f 
b p y c o m p a r e d t o b p z (pK^ . o f p y r i d i n e = 5 . 3 ( S u m m e r s 1 9 7 0 ) ; pK^, o f 
p y r a z i n e = 0 . 3 ( F o r d 1 9 6 8 ) ) a n d s t r o n g e r TT a c c e p t o r c h a r a c t e r o f b p z 
r e l a t i v e t o b p y . T h e a a n d TT p r o p e r t i e s o f t h e b p m a n d B L l i g a n d s 
f a l l i n b e t w e e n t h e s e e x t r e m e s . 

E x c i t e d s t a t e R u * * " , " * / + a n d R u 3 " p o t e n t i a l s w e r e d e t e r m i n e d b y t h e 
d i f f e r e n c e b e t w e e n E 0 , 0 - v a l u e s ( t h e e n e r g y d i f f e r e n c e b e t w e e n t h e 
z e r o t h v i b r a t i o n a l l e v e l o f t h e e x c i t e d s t a t e e m i t t i n g m a n i f o l d a n d 
t h a t o f t h e z e r o t h v i b r a t i o n a l l e v e l o f t h e g r o u n d s t a t e ) ( A l l e n 
1 9 8 4 ; R i l l e m a 1 9 8 7 ) a n d t h e g r o u n d s t a t e r e d o x p o t e n t i a l s , e . g . 
£&>.•+•«•/•+• - .c:. - £ «a •+•-'-»••• £ 3 - . + = £ 3 / ^ > - E 0 „ 0 - T h e f i g u r e s h o w s t h a t 
t h e C R u ( b p y ) 3 3 3 * / a - + " a n d C R u ( b p y ) 3 3 •* ' + r e d o x p o t e n t i a l s a r e m o r e 
n e g a t i v e t h a n p o t e n t i a l s o f s i m i l a r t r i s c h e l a t e r u t h e n i u m c o m p l e x e s . 
F u r t h e r m o r e , F i g . 2 s h o w s t h a t t h e C R u ( B L x ) 3 3 3 1 ' &••*•*• p o t e n t i a l i s a 
p o s i t i v e v a l u e w h e r e a s a l l o t h e r R u 3 * - " 3 + * p o t e n t i a l s a r e n e g a t i v e 
q u a n t i t i e s . I n a d d i t i o n , t h e m o s t p o s i t i v e R u ' - * " " " c o u p l e i s f o r 
C R u ( b p z > 33*~* . 

E n e r g y G a p C o r r e l a t i o n s 

E n e r g y g a p c o r r e l a t i o n s a r e g i v e n i n F i g s . 3 - 5 . T h e e n e r g y g a p 
g i v e n b y A E 1 / a i s t h e d i f f e r e n c e i n p o t e n t i a l b e t w e e n t h e R u

3 + / f l * + a n d 
R u e r e d o x c o u p l e s , e . g . A = E •,. < R u 3 * - ) - E i / e ( R u e + / M . 
R e c e n t l y we ( R i l l e m a 1 9 8 7 ) s h o w e d t h a t a l i n e a r c o r r e l a t i o n e x i s t e d 



Table 1. Luminescence Quantum Yields, Excited State Lifetimes and 
Photochemical Quantum Yields for Ru(ll) Complexes Containing 
the Ligands bpy, bpz, bpm and BL^? 

Compound ~C ns 

Ru(bpy) 3

2 + 612 800 0.042 0.0021 

Ru(bpz) 3

2 + 610 795 f 

0.0339 0.35 

Ru(bpm) 3

2 + 619 131 f 0.00283 0.043 

Ru(bpy) 2bpz
2 + 684 376 f 0.00557 0.00017 

Ru(bpy) 2bpm
2 + 668 76 f 

0.00109 0.0003 

2+ 
Ru(bpm)2bpy 644 182 f 0.00384 0.0016 

Ru(bpz) 2bpy
 2 + 

638 1099 f 0.0400 0.0049 

Ru(bpz) zbpm
2 + 618 276 f 0.0405 0.24 

Ru(bpm) b p z 2 + 

2 
633 338 f 0.0321 0.091 

Ru(bpy)(bpz)(bpm) 2 + 

658 550 f 0.0156 0.00038 

Ru(bpz) 2(CH 3CN)Cl
+ 725 — • 0.00018 0.0052 

Ru(bpm) (CH CN)CI + 

2 3 
732 — 0.000018 0.0007 

RufBL,^ 2* 714 70 0.012 0.029 

Ru(BL 1) 2(bpy)
2 + 734 167 0.010 0.00076 

Ru(bpy) 2BL 1

2 + 770 15 0.002 < 0.0001 

a. In acetonitrile, unless otherwise noted. T = 25 ± r c 
b. X = 436 nm, ±1 nm, X_ . uncorrected. 

•> * max 

c. Data from Rillema (1987) and the MS thesis of George Allen, The University 

of North Carolina (1984). 

d. Radiative Quantum Yield, ±5%, Xe)== 436 nm. 

e. Photochemical Quantum Yield, Xax= 436 nm, 1 mM TEACI. 

f. Propylene Carbonate, 
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b e t w e e n A E * a n d E<::. „<,,. A E I / B r e p r e s e n t s t h e o u t e r s p h e r e e l e c t r o n 
t r a n s f e r a n a l o g u e ( e q . 6 ) o f t h e i n n e r s p h e r e c o u n t e r p a r t < E 0 , 0 ) a s 
i l l u s t r a t e d b y e q . 7 . F i g u r e 3 i l l u s t r a t e s t h e s e r e l a t i o n s h i p s , 

( R u 1 1 1 B L > 3 - + ( R u 3 1 - B L ) > 2 ( R u 1 x B L ) * a - C 6 3 

( R u x : t x B L ^ , 2 ( R u * ' B L ) e "* C 7 3 

e x c e p t c o r r e c t e d E w m - v a l u e s w e r e u s e d r a t h e r t h a n E<„ „ „ . E « - r n i s 
s t a t i s t i c a l l y l e s s m e a n i n g f u l s i n c e i t c o n t a i n s v i b r a t i o n a l 
c o n t r i b u t i o n s t h a t v a r y a s E 0 . 0 . N e v e r t h e l e s s , i s m o r e r e a d ­
i l y o b t a i n e d f r o m p o 1 a r o g r a p h i c m e a s u r e m e n t s , w h e r e a s E c . „ 0 d e t e r ­
m i n a t i o n s r e q u i r e s p e c t r a l c u r v e f i t t i n g a n a l y s e s o f l u m i n e s c e n c e 
s p e c t r a o b t a i n e d a t l o w t e m p e r a t u r e s . 

^5 —| 1 , ! , , , , 

2.6 2.5 2.4 2.3 2.2 2.1 2.0 
A E j£, Vol ts 

Figure 3. Correlation of Energy Gap (^Ey 2) with Emission Energy. 

Redox potentials were taken from Fig. 2. Corrected emission 

energy maxima were taken from publications by Allen (1984) 

and Rillema (1987). 

A c o r r e l a t i o n r e l e v a n t t o p h o t o s u b s t i t u t i o n i s s h o w n i n F i g . 4. T h i s 
f i g u r e s h o w s t h a t f o r a s e r i e s o f c l o s e l y r e l a t e d c o m p l e x e s , p h o t o -
s u b s t i t u t i o n d e c r e a s e s a s t h e e n e r g y g a p d e c r e a s e s . T h e f a c t t h a t 
b p m c o m p l e x e s c o r r e l a t e w i t h b p z c o m p l e x e s d e m o n s t r a t e s t h e c l o s e 
r e l a t i o n s h i p o f t h e s e t w o l i g a n d s y s t e m s . T h e BL.,. s e r i e s , o n t h e 
o t h e r h a n d , f o l l o w s a t r e n d ( n o t s h o w n ) t h a t i s n e a r l y p a r a l l e l t o t h e 
o n e s h o w n i n F i g . 4. T h e e x p o n e n t i a l n a t u r e o f t h e t r e n d i s r e l a t e d 
t o t h e e n e r g y b a r r i e r b e t w e e n t h e ; a M L C T s t a t e r e s p o n s i b l e f o r e m i s s i o n 
a n d t h e d<x* s t a t e r e s p o n s i b l e f o r p h o t o d i s s o c i a t i o n . T h e e n e r g y 
b a r r i e r c a n b e r a t i o n a l i z e d i n t w o w a y s . I t c a n e i t h e r b e a k i n e t i c 
b a r r i e r o r a n e q u i l i b r i u m b a r r i e r . I n e i t h e r c a s e , b o t h a r e e x p o ­
n e n t i a l f u n c t i o n s a n d w o u l d a c c o u n t f o r t h e l o g a r i t h m i c n a t u r e o f t h e 
t r e n d . T h e m o s t l i k e l y m e c h a n i s m f o r a l t e r i n g t h e e n e r g y o f t h e 
b a r r i e r i s l o w e r i n g t h e 3 M L C T m a n i f o l d a n d a t t h e s a m e t i m e r a i s i n g 
t h e da* e n e r g y m a n i f o l d , s i n c e t h e m e t a l - l i g a n d d i s t a n c e i s e x p e c t e d 
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GROUND- AND EXCITED-STATE ACID-BASE EQUILIBRIA OF 
(2,2'-bipyridine)TETRACYANORUTHENATE(II) 

M . T . I n d e l l i , C . A . B i g n o z z i , A . M a r c o n i , and F.Scandola 

D i p a r t i m e n t o d i C h i m i c a d e l l ' U n i v e r s i t a , C e n t r o d i F o t o c h i m i c a CNR, 44100 F e r r a r a , 
ITALY 

The novel mono-bpy Ru(bpy)(CN) 4
2' complex has s i m i l a r e x c i t e d - s t a t e 

p r o p e r t i e s as the parent R u ( b p y ) 3
2 + : replacement of two bpy by four 

s t r o n g - f i e l d CN" ligands keeps the " u s e f u l " e m i t t i n g , l o n g - l i v e d d-Ji* MLCT 
t r i p l e t as the lowest e x c i t e d state (Bignozzi 1986). Owing to i t s s i m p l i c i t y 
t h i s complex may be considered as a prototype f o r the c l a s s of Ru(II) 
p o l y p y r i d i n e p h o t o s e n s i t i z e r s . Contrary to the R u ( b p y ) 3

2 + case, however, the 
spectroscopic and photophysical properties of t h i s complex are extremely 
s e n s i t i v e to the environment: absorption spectra, emission spectra (both at 
room temperature and at 77 K) and exc i t e d - s t a t e l i f e t i m e s depend s t r o n g l y on 
the s o l v e n t , nature and concentration of counterions and a c i d i t y . This 
behavior i s c o n s i s t e n t with the polar nature of the d-jt* t r a n s i t i o n and the 
i n c l i n a t i o n of the four cyanides towards outer-sphere donor-acceptor 
i n t e r a c t i o n s ( B a l z a n i 1986).It has long been known ( S c h i l t 1960) that 
complexes of the cis-M-(LL)2(CN)2 type (when LL represents a b i p y r i d i n e 
l i g a n d and M= F e ( I I ) , R u ( I I ) , Os(II)) protonate i n a c i d i c media. The e f f e c t 
of protonation on the photophysics of Ru(II) complex of t h i s type (where 
LL=bpy and phen) has been thoroughly i n v e s t i g a t e d i n the l a s t decade by 
Peterson and Demas(1979). The e f f e c t of protonation on the spectroscopic and 
photophysical p r o p e r t i e s of Ru(bpy)(CN) 4

2~ i s now described. 
At n e u t r a l pH, the complex i s present as the f u l l y deprotonated anionic 

form. Four consecutive protonation steps (eqs 1-4) can be envisioned leading 
to the f u l l y protonated c a t i o n i c species i n hi g h l y a c i d i c s o l u t i o n s 
(concentrated s u l f u r i c a c i d ) . 

Ru(bpy)(CN) 4
2- + H + « + Ru(bpy)(CN) 3(CNH)- (1) 

K 2 ^ 

Ru(bpy)(CN) 3(CNH)- + H+ < ' Ru(bpy) (CN) 2(CNH) 2 (2) 

Ru(bpy)(CN) 2(CNH> 2
 + H + « Ru(bpy)(CN)(CNH) 3

+ ( 3 ) 

Ru(bpy)(CN)(CNH) 3
+ + H + « Ru(bpy)(CNH) 4

2 + (4) 

Figure 1 shows absorption spectra of the complex i n water with varying 
concentration of H 2S0 4; d e f i n i t e blue s h i f t s are observed i n the v i s i b l e 
region w i t h i n c r e a s i n g a c i d i t y , s t a r t i n g from pH 3. Up to [H+1^0.05 M .there 
i s an i s o s b e s t i c p o i n t which i n d i c a t e s that the s o l u t i o n c o n s i s t s of 
deprotonated and monoprotonated forms. A second i s o s b e s t i c point i s present 
i n the 0.4M - 2M [H +] range where the mono- and diprotonated forms 
predominate. For 2M >[H +] <5M slow p r e c i p i t a t i o n of the diprotonated 



uncharged form occurs. At [H+]>5M the r e d i s s o l u t i o n of the p r e c i p i t a t e 
i n d i c a t e s the formation of c a t i o n i c species. In s o l u t i o n s of [ H 2 S O 4 J M 8 N 
f u r t h e r changes i n the absorption spectrum are not observed, suggesting that 
the f u l l y protonated c a t i o n i c form i s the only species present. I t i s 
important to note that i n these h i g h l y a c i d i c c o n d i t i o n s the blue s h i f t i n 
the absorption spectrum i n the v i s i b l e region i s so large that the d-jt* 
MLCT band i s completely hidden b y j T - j t * l i g a n d centered t r a n s i t i o n s . 

Using the same procedure i n d i c a t e d by Demas (1979) f o r Ru(LL)2(CN)2 the 
f o l l o w i n g values f o r the a s s o c i a t i o n constants of the f i r s t (eq.l) and the 
second (eq.2) protonation step have been estimated from the s p e c t r a l 
v a r i a t i o n s : K ^ = 60 M"1 and K2= 8 x l 0 ~ 2 M"1. The c a l c u l a t e d d i s t r i b u t i o n 
and the absorption spectra of the unprotonated, mono- and diprotonated 
forms are shown i n F i g . 2. The spectra of the protonated forms are q u i t e 
s i m i l a r i n i n t e n s i t y and shape to that of the parent unprotonated form; the 
maximum of the v i s i b l e band i s blue s h i f t e d of about 2.5 kK upon each step 
of p r o t o n a t i o n . 



This f a c t i s c o n s i s t e n t with the d-Jt* nature of the lowest t r a n s i t i o n and 
with the electron-withdrawing e f f e c t of the proton. The d i f f e r e n c e between 
the absorption maxima of the d -Jt* band of the unprotonated and 
monoprotonated forms can be used to estimate the s h i f t i n the pK value i n 
going from the ground to s i n g l e t e x c i t e d state on the basis of Forster c y c l e 
c a l c u l a t i o n s (Grabowski 1976); the magnitude of the s h i f t i s estimated to be 
about 5pK u n i t s . 

As f a r as the emission r e s u l t s are concerned, no s p e c t r a l s h i f t s (Amax 
= 610 nm) nor changes i n the emission l i f e t i m e ( t= 100 ns) were observed to 
occur i n the 7-0 pH range. This r e s u l t i n d i c a t e s that ( i ) the d- JT* t r i p l e t 
e x c i t e d s t a t e i s remarkably more a c i d i c than the ground-state (as expected 
since the d-Jl* t r a n s i t i o n leads to a decrease i n e l e c t r o n density at the 
protonation s i t e ) and ( i i ) the proton-transfer e x c i t e d - s t a t e e q u i l i b r i u m i s 
f a s t with respect to e x c i t e d - s t a t e d e a c t i v a t i o n ( i . e . i n the 3-0 pH range 
f a s t deprotonation of the e x c i t e d state precedes the emission). In more 
a c i d i c s o l u t i o n s (12N<[H2S04]>1 N) a progressive blue s h i f t and an increase 
i n i n t e n s i t y i n the emission spectrum were observed with increasing a c i d i t y 
i n d i c a t i n g that e x c i t e d - s t a t e protonation takes place. The onset of the 
s h i f t i n emission (pH^ 0) seems to i n d i c a t e that the s h i f t i n the pK^ of the 
t r i p l e t s t a t e with respect to ground state i s smaller than that estimated 
f o r the s i n g l e t s t a t e from absorption. In Figure 3 are reported the 
emission spectra (normalised f o r i n t e n s i t y ) of s o l u t i o n s of d i f f e r e n t 
a c i d i t y . As one can see, with f u r t h e r increase of H2SO4 concentration 
( H 2 S O 4 M 4 N) the emission undergoes a dramatic change: i t i s f u r t h e r blue 
s h i f t e d and shoulders appear on the high energy p o r t i o n of the d-JT* band. In 
concentrated s u l f u r i c a c i d , a h i g h l y structured emission i s present. 

Figure 3. Room temperature emission spectra of Ru(bpy)(CN) 4
2~ i n aqueous 

H 2S0 4 s o l u t i o n s . ( ) H 20, T = 100 ns; (---) 12 N H 2S0 4 , X - 300 ns; 
( ) 15 N H 2S0 4, t = 1.1 / i s ; ( ) concentrated H 2S0 4, T= 100/is.. 

The progressive s h i f t to the blue with increasing a c i d i t y i s accompanied by 
a progressive increase i n emission l i f e t i m e ( F i g . 4). An important 
observation i s that i n the whole range of a c i d i t i e s studied the emission 
decays were found t o be s t r i c t l y monoexponential, with l i f e t i m e s independent 



on the emission wavelength. This r e s u l t provides a f u r t h e r d i r e c t evidence 
of the f a c t that e x c i t e d - s t a t e protonation e q u i l i b r i a are f a s t with respect 
t o d e a c t i v a t i o n . In t h i s k i n e t i c l i m i t the experimental rate constant 
(k = 1/T) of e x c i t e d s t a t e d e a c t i v a t i o n i s given by the f o l l o w i n g 
expression: 

n = 0-4 
k = Ian x 1/ T (*AH n

n +) 

where T ( * A H n
n + ) are the l i f e t i m e s of the various protonated forms and 

a n = [*AH n
n +] / 2 [ * A H n

n + ] . In p r i n c i p l e a p l o t of 1/T against log[H +] 
could be used t o evalued the e x c i t e d - s t a t e pK values. Such a p l o t i s 
shown i n F i g . 4. I t c o n s i s t of three d i s t i n c t regions: ( i ) a f i r s t region 
( T< 200 ns) of slowly decreasing 1/T , ( i i ) a narrow region i n which 1/T 
decreases sharply; ( i i i ) a t h i r d region ( T >10 (JLS) of slowly decreasing 1/T 
These three regions correspond c l o s e l y t o the a c i d i t y ranges i n which ( i ) 
only the unstructured emission i s present, ( i i ) a t r a n s i t i o n i s seen from 
the unstructure to s t r u c t u r e d emission, ( i i i ) only the s t r u c t u r e d emission 
i s present. The f i g u r e seems t o i n d i c a t e that s e v e r a l c l o s e l y spaced e x c i t e d 
s t a t e pKs are contained i n the a c i d i t y range i n v e s t i g a t e d and that 
T ( * A H n

n + ) values of various forms e x h i b i t i n g the same type of emission 
increase s l o w l y with the degree of protona t i o n . I t does not seem p o s s i b l e to 
obtain from these data a more d e t a i l e d p i c t u r e , i n p a r t i c u l a r regarding the 
e x c i t e d - s t a t e p r o t o n a t i o n step at which the switching between the two types 
of emission occurs. 

Figure 4. Emission l i f e t i m e s of Ru(bpy)(CN ) 4 2 ~ i n dearated aqueous H2SO4 
s o l u t i o n s of d i f f e r e n t concentration. 

As f a r as the o r b i t a l nature of s t r u c t u r e d emission i s concerned, Figure 5 
shows a comparison between the emission spectrum at 77 K of Ru(bpy)(CN) 4

2~ 
i n concentrated s u l f u r i c a c i d and the 77 K emission spectrum of Rh(bpy)3 3 

which i s known to c o n s i s t of JT-Jt* l i g a n d centered phosphorescence 
(easterns 1970). 
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Figure 5. Low temperature 77 K emission spectra of ( —) Ru(bpy)(CN) 4
2~ i n 

9 M agueous L i C l g l a s s , ( ) Ru(bpy)(CN) 4
2 _ i n concentrated H2SO4 

and ( ) Rh(bpy ) 3 3 + i n concentrated H2SO4 g l a s s . 

Except f o r a s l i g h t energy s h i f t i n g , the s t r u c t u r e , v i b r a t i o n a l progression 
and r e l a t i v e i n t e n s i t i e s of adjacent peaks are i d e n t i c a l i n the two spectra. 
Since the s t r u c t u r e d emission i s v i r t u a l l y i d e n t i c a l to that at 77 K we 
conclude d e f i n i t e l y that the protonated form present i n concentrated 
s u l f u r i c a c i d e x h i b i t s a pure Jl-TT* phosphorescence. The very long l i f e t i m e 
( t= 100 ^ s ) confirms t h i s assignment.This f i n d i n g i s i n t e r p r e t e d i n terms 
of the s h i f t s i n e x c i t e d s t a t e energies depicted i n Figure 6. 

FCJ<B0Y)<CN^2* ~ * - RU(6PY)<0<)J(CMH)" 7 ~ * RU<BPY){CN)2<CNH>2 T ~ * ~ AUCFTPYXCMKCNH),* RU(T»Y)(CHH)U
2 

- M* - H* - H* - H* 

Figure 6. Change i n the o r b i t a l nature of the lowest e x c i t e d stae upon 
protonation of Ru(bpy)(CN) 4

2~ . 

The protonation at the cyanides decreases the e l e c t r o n density at the Ru 
center thus s h i f t i n g to higher energy the Ru-LL MLCT e x c i t e d state while 
le a v i n g almost unaffected l e v e l s o f j r - J l * l i g a n d centered o r b i t a l o r i g i n 
(Demas 1979, B a l z a n i 1986). The energy spacing of d - Jl * and JT-jt* l e v e l s 
i s s t r o n g l y a f f e c t e d so that i n H 2 S 0 4 concentrated the energy ordering of 



the d-JT* and jz-Jl* l e v e l s i s reversed and the JZ-3T* s t a t e becomes the lowest 
e x c i t e d s t a t e . According to Demas (1976), Ru(bpy) 2(CN ) 2 e x h i b i t s a s i m i l a r 

Jfcjr* emission i n concentrated H2SO4 at 77 K, but becomes nonluminescent at 
room temperature. This appears to be the f i r s t example of room temperature 
very l o n g - l i v e d JT-jt* emission f o r a Ruthenium( I I ) p o l y p y r i d i n e complex. 
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KINETICS AND MECHANISM OF PHOTOCHEMICAL FORMATION OF A PYRAZINE BRIDGED Fe(II) 
PROTOPORPHYRIN POLYMERIC COMPOUND 

C.Bartocci, A.Maldotti, R.Amadelli, and V.Carassiti 

Centro di Fotochimica del CNR, Dipartimento di Chimica d e l l ' U n i v e r s i t a di 

F e r r a r a , Via L. Borsari 46, 44100 Ferrara, ITALY 

Introduction 

Polymeric, e l e c t r o n r i c h ligand bridged Fe(II) macrocyclic compounds are expected to 
give r i s e to d i r e c t i o n a l e l ectron transfer through the iron atoms. In l i g h t of t h i s 
p e c u l i a r i t y , they have been studied in view of t h e i r use as ca t a l y s t s of redox pro­
cesses of b i o l o g i c a l i n t e r e s t (Wang, 1960), as monodimensional e l e c t r i c a l conductors 
(Schneider, 1983), as models i n investigations concerning the l i g h t absorption prop­
e r t i e s of ch l o r o p h y l l (Kats, 1973). The photochemical production of t h i s type of 
compounds appears to be of some i n t e r e s t because i t i s possible to induce 'in s i t u ' 
redox reactions i n chemical as well as in b i o l o g i c a l systems, so r u l i n g out undesir­
able secondary reactions. In the l a s t years we have conducted i n v e s t i g a t i o n s on the 
photoredox reactions of Fe(III) porphyrin complexes (Bartocci, 1980, 1983; Maldotti, 
1983, 1985). We have observed that Fe(III) porphyrin compounds might be photoreduced, 
in the presence of nitrogenous bases, that are able to a x i a l l y coordinate to Fe( I I ) , 
to give Fe(II) porphyrin hexa-coordinated complexes (hemochromes). On the basis of 
this experience, we started an inv e s t i g a t i o n i n which the photoreduction of Fe(III) 
porphyrins were c a r r i e d out i n the presence of b i f u n c t i o n a l nitrogenous ligands (e.g. 
pyrazine) to photochemically obtain ligand bridged Fe(II) porphyrin polynuclear com­
pounds (Bartocci, 1986). 

Results and discussion 

The i r r a d i a t i o n with at 320 nm of al k a l i n e (pH 10), c a r e f u l l y deaerated solutions of 
Fe(III) Protoporphyrin IX (Hemin, Fe(III)PP) containing an excess of pyrazine (5000/1) 
leads to the appearance of an el e c t r o n i c spectrum (Fig. 1, spectrum a) which i s quite 
s i m i l a r to that of Fe(II)PP(py)^ (py=pyridine), i n d i c a t i n g that Fe(II)PP(pyz)^ (pyz= 
pyrazine) i s the photoreaction product. With less pyrazine (< 100/1) the spectrum 
obtained i s that shown i n F i g . 1, spectrum b. The comparison with spectrum a i n d i ­
cates that, i ) the Soret band (400 nm) and and p bands (550 and 525 nm, r e s p e c t i ­
vely) are red s h i f t e d ; i i ) a sharp and intense band appears at 800 nm. A s i m i l a r 
spectrum has been previously obtained by Fuhrop et a l . (Fuhrop, 1980) upon reduction 
of Hemin i n aqueous, pyrazine containing,solution and was at t r i b u t e d to a Fe(II)PP 
dimeric species i n which the Fe(II) units were linked by pyrazine bridges. I f , how­
ever, photochemical experiments were conducted i n the presence of poly- L - l y s i n e , 
which i s known to form ins o l u b l e adducts with polynuclear Iron porphyrin compounds 
(Wang, 1960), a p r e c i p i t a t e was obtained which presented an e l e c t r o n i c spectrum iden­
t i c a l with that obtained i n s o l u t i o n during the i r r a d i a t i o n (Fig. 1, spectrum b), 
providing evidence that polymeric ( [~Fe(II)PPpyz^J ) rather than dimeric species 
were formed i n our conditions. Granted the polymeric nature of the compound obtained, 
the most i n t e r e s t i n g s p e c t r a l c h a r a c t e r i s t i c of [Ife (II) PPpyz] i s t^ i e intense band 
at 800 nm. I t was interpreted by Fuhrop (Fuhrop, 1980) as a r i s i n g from an electron 
t r a n s f e r between two porphyrin chromophores, favoured by the aromaticity of the 
bridge ligand. A l t e r n a t i v e l y , we have assigned the red band to a F e ( I I ) — • pyz charge 
trans f e r t r a n s i t i o n s h i f t e d toward lower energies with respect to Fe(II)PP(pyz) by 
the d e r e a l i z a t i o n of the pyrazine TC system, caused by the polymerization. On the 



basis of the r e s u l t s obtained up to now, a d i s c r i m i n a t i o n between the two i n t e r p r e t a ­
ti o n s i s unachievable. It i s c e r t a i n , however, that the s p e c t r a l behaviour i s s t r i c t ­
l y connected to the aromaticity of the ligand, as confirmed by the absence of any red 
absorption observed when Fe(II) units are l i n k e d by the non aromatic piperazine 
( B a r t o c c i , 1986). 

4 0 0 6 0 0 8 0 0 
wavelength (nm) 

F i g . 1 - E l e c t r o n i c spectra monitored a f t e r 90 s i r r a d i a t i o n at X>320 nm of 
Fe(III)PP s o l u t i o n s at pH~10: a) with a 5000 f o l d excess of pyrazine; b) with a 
100 f o l d excess of pyrazine. 

The photoreduction of Fe(III)PP was c a r r i e d out with pyz/Fe concentration r a t i o e s 
ranging from 5000/1 to 1/1. The r e s u l t s unequivocally i n d i c a t e that the monomeric 
Fe(II)PP(pyz)^ species i s formed i n any case, i r r e s p e c t i v e of the pyrazine concentra­
t i o n and that the polynuclear species i s formed v i a a secondary thermal r e a c t i o n , 
the r a t e of which increases with decreasing the pyrazine concentration. The k i n e t i c s 
of the secondary rea c t i o n was studied with pyz/Fe concentration r a t i o e s ranging from 
300/1 to 1,500/1. In these conditions the polymerization process i s observed to be 
much slower than the reduction of Fe(III)PP. One can thus envisage that v i r t u a l l y a l l 
Fe(III)PP has been reduced when polymerization begins. The complete reduction of 
Fe(III)PP was performed with an excess of Sodium d i t h i o n i t e and the disappearance 
rate of Fe(II)PP(pyz) was followed by monitoring the absorbance decrease at 550 nm. 
The r e s u l t s show that the polymerization follows a second order rate law. On t h i s 
b a s i s , we propose the f o l l o w i n g mechanism: 

K 



C + B 

C + A 

(6) 

(7) 

where, A = Fe(II)PP(pyz) 2; B = Fe(II)PPpyz; C = Fe(II)PPpyzFe(II)PPpyz; 
C = pyzFe(II)PPpyzFe(II)PPpyz; D' = pyzFe(II)PPpyzFe(II)PPpyzFe(II)PPpyz; 
D = Fe(II)PPpyzFe(II)PPpyzFe(II)PPpyz. 

Supposing that Equilibrium 1 i s very r a p i d l y established, that, due to the excess of 
pyrazine, reactions 6 and 7 are n e g l i g i b l e compared with reaction 5, and introducing 
the steady state approximation for C, C , D Eq. 8 gives the rate of disappear­
ance of A (Fe(II)PP(pyz) ). 

-d ( j Q /dt = (n-l)k K 2 Q T j 2 / [ p y z ] 2 (n-l)k K [ A ] / [£yl] (8) 

where n i s the number of the iro n centers in the polymeric compound. Considering 
that the steady state concentration of intermediates C, C , D, ... are l i k e l y to be 
very low, n can be taken constant and representing the number of the monomeric units 
in the f i n a l product. Then, since the v a r i a t i o n of the pyrazine concentration i s 
n e g l i g i b l e due to the excess of the basis with respect to Fe(II)PP(pyz) , 

2 2 — — 2 - d r A ~ | d t = k r"A""| with k - (n-l)k K /I pyzj + (n-l)k K / T p y z l (9) —' obs obs 2 L— — 3 
The v a l i d i t y of k i n e t i c expression 9 has been tested by p l o t t i n g k vs. pyz and obs then making the best f i t of the experimental data to the form 

2 
y = a/ £pyzj + b/J^pyz_J 

In F i g . 2 the good f i t of the experimental points with the t h e o r e t i c a l curve i s 
evident. 

k , x 10 obs 

0.01 0.03 0,05 [pyz] 

_ 2 
F i g . 2 - Best f i t p l o t of experimental k ^ v a l u e s to the form y=a/[pyz] + b / Q p y z ) 

Another p e c u l i a r i t y of the Fe(II)PP polynuclear compound i s i t s r e a c t i v i t y with 
respect to oxygen: i n a l k a l i n e s o l u t i o n (pH^vlO) the polymer i s r a p i d l y oxidized and 
disgregated to give the reactant Fe(III)PP. At pHs close to n e u t r a l i t y (^8) the 



s p e c t r a l behaviour a f t e r oxygenation i s as follows: i ) the spectrum e x h i b i t s the OC 
and ^ bands decreased i n i n t e n s i t y and the 800-nm absorption l e s s intense and blue 
s h i f t e d ; i i ) the addition of an excess of d i t h i o n i t e r e v e r t s the spectrum to that 
of the reduced polymer; i i i ) the spectrum of Fe(III)PP i s obtained back by adding 
f e r r i c y a n i d e . These r e s u l t s can be taken as an evidence that oxygen oxidizes 
[Fe(II)PPpyz"] to a Fe ( I I ) - F e ( I I I ) mixed valence porphyrin polynuclear compound. 
1 — —' n This compound appears to be stable for several days. I t forms with p o l y - L - l y s i n e a 

s o l i d adduct that presents a spectrum i d e n t i c a l with that observed i n s o l u t i o n , 
g i v i n g evidence of i t s polymeric s t r u c t u r e . The p a r t i a l o x i d a tion of Vfe(II)PPpyzl 

— — n 
by oxygen may be interp r e t e d as a r i s i n g from a d i f f e r e n t r e a c t i v i t y of the terminal 
Fe(II) atomswith respect to the oxidation, compared with the other ones. Thus, the 
mixed valence polymer should have the structure Fe(III)PPpyzFe(II)PPpyz....Fe(II)PP-
pyzFe(III)PP. In t h i s s tructure the pyrazine IT system i s expected to be less delo­
c a l i z e d compared with that of the reduced polymer, so g i v i n g the reason of the ob­
served diminution i n i n t e n s i t y and the blue s h i f t of the 800-nm band. The r a p i d and 
complete oxidation observed i n a l k a l i n e s o l u t i o n i s l i k e l y to be due to the pyrazine 
bridge breaking caused by OH which i s known to be a good l i g a n d f o r Fe(III) porphy­
r i n species. Unfortunately, any attempt to i s o l a t e the mixed valence as well as the 
reduced polynuclear compounds f a i l e d because of the r a p i d o x i d ation and disgregation 
occurring as soon as the solicb were separated from the excess of pyrazine. 
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CHARGE-TRANSFER STATES AND TWO-PHOTON PHOTOCHEMISTRY OF Cu(NN) 2

 + SYSTEMS 

R.M.Berger, A . K . I c h i n a g a , and D . R . M c M i l l i n 

Department o f C h e m i s t r y , Purdue U n i v e r s i t y , West L a f a y e t t e , IN 47907, USA 

B e c a u s e C u ( I ) h a s a d 1 0 e l e c t r o n i c c o n f i g u r a t i o n , t h e m e t a l -
c e n t e r e d a b s o r p t i o n b a n d s t e n d t o o c c u r i n t h e UV s p e c t r a l r e g i o n . 
B u t b e c a u s e t h e C u ( I I ) o x i d a t i o n s t a t e i s q u i t e a c c e s s i b l e , m e t a l -
t o - l i g a n d c h a r g e - t r a n s f e r (CT) a b s o r p t i o n bands a p p e a r i n t h e 
v i s i b l e s p e c t r u m when t h e l i g a n d s p r e s e n t l o w - l y i n g a c c e p t o r 
o r b i t a l s . F o r e x a m p l e , C u ( I ) c o m p l e x e s i n v o l v i n g c h e l a t i n g 
h e t e r o a r o m a t i c l i g a n d s (NN l i g a n d s ) s u c h as b i p y r i d i n e (bpy) o r 
1 , 1 0 - p h e n a n t h r o l i n e (phen) o r one o f t h e i r d e r i v a t i v e s a r e b r i g h t l y 
c o l o r e d . I n f a c t , s e v e r a l d i f f e r e n t CT e x c i t e d s t a t e s a r e 
a c c e s s i b l e i n t h e s e s y s t e m s . One r e a s o n i s t h a t t h e l i g a n d s p r e s e n t 
2 l o w - l y i n g a c c e p t o r l e v e l s w h i c h O r g e l (1961) d e s i g n a t e d a s x and V> 
o r b i t a l s . (They t r a n s f o r m as s y m m e t r i c and a n t i s y m m e t r i c o r b i t a l s , 
r e s p e c t i v e l y , u n d e r r o t a t i o n a b o u t t h e t w o - f o l d a x i s ( F i g . 1).) 
F u r t h e r c o m p l e x i t y a r i s e s i n C u ( N N ) 2

+ s y s t e m s b e c a u s e t h e d s h e l l o f 
t h e m e t a l i s s p l i t i n t o a t l e a s t f o u r s u b l e v e l s . F i n a l l y , t h e r e i s 
some e v i d e n c e t h a t a c h a r g e - t r a n s f e r - t o - s o l v e n t s t a t e c a n be 
p o p u l a t e d when a h i g h i n t e n s i t y p u l s e d l a s e r s o u r c e i s u s e d . 

I n t h i s r e p o r t we w i l l a t t e m p t t o a s s i g n t h e v i s i b l e a b s o r p t i o n 
b a nds o f a s e r i e s o f c o p p e r p h e n a n t h r o l i n e s . As t h e CT s p e c t r a a r e 
p o o r l y r e s o l v e d , e v e n a t l o w t e m p e r a t u r e s , i n most c a s e s t h e s p e c t r a 
w i l l be a s s i g n e d u n d e r t h e a s s u m p t i o n o f t h e h i g h e s t a v a i l a b l e 
symmetry w h i c h i s D 2 c}. However, when p h e n y l g r o u p s a r e p r e s e n t i n 
t h e 2,9 p o s i t i o n s o f t h e p h e n a n t h r o l i n e c o r e , t h e c o m p l e x e s e x h i b i t 
a s i g n i f i c a n t d i s t o r t i o n a t l o w t e m p e r a t u r e s and i n t h e s o l i d s t a t e . 
T h i s d i s t o r t i o n i s a p p a r e n t l y f a v o r e d by i n t r a m o l e c u l a r i n t e r l i g a n d 
s t a c k i n g i n t e r a c t i o n s . 

EXPERIMENTAL 

The l i g a n d a b b r e v i a t i o n s a r e as f o l l o w s : 1 , 1 0 - p h e n a n t h r o l i n e , 
p h en; 2 , 9 - d i m e t h y l - l , 1 0 - p h e n a n t h r o l i n e , dmp; 2 , 9 - d i m e t h y l - 4 , 7 -
d i p h e n y l - 1 , 1 0 - p h e n a n t h r o l i n e , b c p ; 2 , 9 - d i p h e n y l - l , 1 0 - p h e n a n t h r o l i n e , 
dpp; 2, 4, 7 , 9 - t e t r a p h e n y l - l , 1 0 - p h e n a n t h r o l i n e , t p p . The l i g a n d s were 
o b t a i n e d f r o m c o m m e r c i a l s o u r c e s o r p r e p a r e d by a l i t e r a t u r e method 
( D i e t r i c h - B u c h e c k e r e t a l . 1 9 8 1 ) , and t h e c o m p l e x e s • w e r e p r e p a r e d as 
b e f o r e ( M c M i l l i n e t a l . 1 9 7 7 ) . 

A b s o r p t i o n measurements were c a r r i e d o u t w i t h a C a r y 17D 
s p e c t r o p h o t o m e t e r , and t h e l o w - t e m p e r a t u r e d a t a w e r e o b t a i n e d w i t h 
an O x f o r d I n s t r u m e n t s DN-704 c r y o s t a t . A NdrYAG l a s e r ( Quanta Ray 
DCR-1) s e r v e d a s a h i g h i n t e n s i t y p u l s e d l i g h t s o u r c e . F o r 
p h o t o l y s i s s t u d i e s t h e s a m p l e was d e o x y g e n a t e d i n a q u a r t z c u v e t t e 
and s t i r r e d d u r i n g i r r a d i a t i o n . The r e p r a t e was 10 Hz, and t h e 
w i d t h a t h a l f h e i g h t o f e a c h p u l s e was a b o u t 7 n s . 



BAND ASSIGNMENTS I N D 2 d SYMMETRY 

I n t h e e n e r g y l e v e l scheme d e p i c t e d i n F i g . 1 t h e r e a r e s e v e n 
s y m m e t r y - a l l o w e d CT t r a n s i t i o n s . However, two t r a n s i t i o n s a r e 
e x p e c t e d t o c a r r y most o f t h e i n t e n s i t y . T h i s f o l l o w s f r o m t h e CT 
t h e o r y o f M u l l i k e n w h i c h p r e d i c t s t h a t t h e o s c i l l a t o r s t r e n g t h i s 
m a i n l y due t o t h e c h a r g e - t r a n s f e r t e r m and i s c o n c e n t r a t e d i n 

F i g u r e 1. U p p e r l e f t : The r e l a t i v e w e i g h t s and p h a s e s o f t h e p?r 
a t o m i c o r b i t a l s i n t h e x* a n d V>* o r b i t a l s o f p h e n . L o w e r l e f t : 
C u ( p h e n ) 2

+ i n D 2 d symmetry. R i g h t : one e l e c t r o n e n e r g y l e v e l s f o r 
C u ( p h e n ) 2

+ i n D 2 c j symmetry. The z - p o l a r i z e d CT t r a n s i t i o n s ( 1 B 2 

< 1 A I ) a r e i n d i c a t e d by a r r o w s . 

t h o s e t r a n s i t i o n s w h i c h a r e p o l a r i z e d a l o n g t h e a x i s j o i n i n g t h e 
m e t a l and t h e l i g a n d c e n t e r s ( M u l l i k e n 1 9 5 2 ; Day and S a n d e r s 1 9 6 7 ; 
P h i f e r and M c M i l l i n 1 9 8 6 ) . When t h i s i s t h e z - a x i s , t h e symmetry 
l a b e l s a r e e ( x z , y z ) > e(V>*) and b 1 ( x 2 - y 2 ) > a 2 ( x * ) w h e r e t h e 
a s t e r i s k i n d i c a t e s t h a t 7 r - a n t i b o n d i n g o r b i t a l s o f t h e l i g a n d a r e 
i n v o l v e d . 



The a b s o r p t i o n s p e c t r u m o f C u ( d m p ) 2
+ a t 90 K i n a 4:1 

e t h a n o l / m e t h a n o l g l a s s i s p r e s e n t e d i n F i g . 2 . The s p e c t r u m r e v e a l s 
a s t r o n g b a n d a t 460 nm w i t h a v i b r o n i c s a t e l l i t e a t 440 nm. I n 
a d d i t i o n t h e r e i s a w e a k e r maximum a t 390 nm and a s h o u l d e r a t 510 
nm. S i m i l a r s p e c t r a a r e o b t a i n e d f r o m C u ( p h e n ) 2

+ and C u ( b c p ) 2
+ 

( T a b l e 1 ) . I f t h e ba n d s a r e l a b e l e d as Bands I , I I and I I I i n o r d e r 
o f i n c r e a s i n g e n e r g y , t h e o n l y unambiguous a s s i g n m e n t i s t h a t t h e 
t r a n s i t i o n t o e(V>*) i s c o n t a i n e d i n Band I I . T h i s f o l l o w s b e c a u s e 
t h e t r a n s i t i o n t o ij>* i s e x p e c t e d t o be q u i t e i n t e n s e . I n 
p a r t i c u l a r , i t s h o u l d be 2-3 t i m e s as i n t e n s e a s t h e t r a n s i t i o n t o 
x b e c a u s e t h e 2p7r o r b i t a l o f n i t r o g e n p a r t i c i p a t e s more s t r o n g l y i n 
t h e V>* o r b i t a l ( P h i f e r and M c M i l l i n 1986) . Band I I I p r o b a b l y 
r e p r e s e n t s t h e p a r t i a l l y r e s o l v e d t r a n s i t i o n t o x * • T h i s a s s i g n m e n t 
i s i n a c c o r d w i t h t h e r e l a t i v e t r a n s i t i o n e n e r g i e s e x p e c t e d on t h e 
b a s i s o f F i g . l a nd w i t h t h e f a c t t h a t an a n a l o g o u s t r a n s i t i o n i s n o t 
r e s o l v e d i n t h e s p e c t r u m o f bpy a n a l o g u e s where t h e x* o r b i t a l i s 
known t o o c c u r a t h i g h e r e n e r g i e s . I f t h e symmetry i s D 2 d, Band I 
must be a s s i g n e d a s x , y - p o l a r i z e d . The r e l a t i v e i n t e n s i t y i s 
c o n s i s t e n t w i t h t h i s a s s i g n m e n t , and t h e r e i s a p r e c e d e n t f o r x , y -
p o l a r i z e d t r a n s i t i o n s i n t h e s p e c t r a o f W(C0) 4(NN) c o m p l e x e s ( S t a a l 
e t a l . 1 9 7 8 ) . On t h e o t h e r hand, Band I c o u l d a l s o a c q u i r e i n t e n s i t y 
f r o m t h e c h a r g e t r a n s f e r t e r m i f t h e c o m p l e x e s a r e s u b j e c t t o l o w -
symmetry d i s t o r t i o n s i n s o l u t i o n . I n t h e s o l i d s t a t e C u ( p h e n ) 2

+ 

( H e a l y e t a l . 1985) and C u ( d m p ) 2
+ (Dobson e t a l . 1984) h a v e been 

f o u n d t o a d o p t f l a t t e n e d s t r u c t u r e s w i t h l a t t i c e - d e p e n d e n t a n g l e s 
b e t w e e n mean l i g a n d p l a n e s w h i c h a r e s i g n i f i c a n t l y s m a l l e r t h a n 90°. 
However, t h e f l a t t e n i n g d i s t o r t i o n s have b een c o n n e c t e d w i t h 
i n t e r m o l e c u l a r s t a c k i n g i n t e r a c t i o n s w h i c h do n o t s u r v i v e i n 
s o l u t i o n ( Goodwin e t a l . 1 9 8 6 ) . More e x p e r i m e n t a l work w i l l be 
n e e d e d t o a s c e r t a i n w h e t h e r any l o w symmetry d i s t o r t i o n s o c c u r i n 
s o l u t i o n . 

700 
Wavelength (NM) 

F i g u r e 2. A b s o r p t i o n s p e c t r a o f C u ( d m p ) 2
+ (-—) and C u ( d p p ) 2

 + 

( ) a t 90 K i n a 4:1 e t h a n o l / m e t h a n o l g l a s s . 



T a b l e 1. E l e c t r o n i c A b s o r p t i o n D a t a a t 90 K 

NN b a n d A, nm 6 a NN b a n d A, nm 

p h e n I 500 (sh) dpp I I ' 550 3 , 000 
I l a 463 17,200 I l i a ' 436 4,400 
l i b 435 12,500 H l b ' 413 3,900 

I I I 380 8, 100 
t p p I I 1 590 9, 800 

dmp I 510 (sh) I I I 1 460 10,300 
I l a 460 16,500 
l i b 440 10,800 

I I I 390 4,800 

b c p I 540 (sh) 
I l a 495 31,600 
l i b 460 20,200 

I I I 425 10,700 

a T h e € v a l u e s a r e n o t c o r r e c t e d f o r s o l v e n t c o n t r a c t i o n 

LOW SYMMETRY SPECTRA 

As c a n be s e e n i n F i g . 2 t h e l o w - t e m p e r a t u r e a b s o r p t i o n 
s p e c t r u m o f C u ( d p p ) 2

2 + h a s a v e r y d i f f e r e n t s h a p e i n t h a t two 
i n t e n s e CT a b s o r p t i o n b a n d s a r e r e s o l v e d i n t h e v i s i b l e r e g i o n . I f 
t h e s e b a n d s c a n be a s s i g n e d a s t r a n s i t i o n s t o t h e V* and x* o r b i t a l s 
o f t h e l i g a n d s , i n v i e w o f t h e r e l a t i v e i n t e n s i t i e s t h e l o w e r e n e r g y 
b a n d w o u l d be a s s i g n e d t o t h e V* t r a n s i t i o n . E x t e n d e d H u c k e l 
c a l c u l a t i o n s r e v e a l t h a t t h e p r e s e n c e o f t h e p h e n y l g r o u p s h a s 
l i t t l e e f f e c t on t h e r e l a t i v e e n e r g i e s o f t h e V* and x* o r b i t a l s , 
h e n c e t h e i n c r e a s e d s p e c t r a l r e s o l u t i o n p r o b a b l y r e f l e c t s a c h a n g e 
i n t h e s e p a r a t i o n among t h e d x 2 _ y 2 and t h e d x z and d y Z o r b i t a l s . 
The s p l i t t i n g i n c r e a s e s u g g e s t s a symmetry c h a n g e , and i n l i n e w i t h 
t h i s a r g u m e n t a r e l a t e d c o m p l e x o f a c a t e n a n d l i g a n d h a s b e e n shown 
t o h a v e a d i s t o r t e d , a l m o s t t r i g o n a l p y r a m i d a l c o o r d i n a t i o n g e o m e t r y 
i n t h e s o l i d s t a t e . I n t h i s c a s e t h e r e l a t i v e p o s i t i o n i n g o f t h e 
l i g a n d s a p p e a r s t o be d e t e r m i n e d by i n t e r l i g a n d s t a c k i n g 
i n t e r a c t i o n s ( C e s a r i o e t a l . 1 9 8 5 ) . B e c a u s e i n t r a m o l e c u l a r s t a c k i n g 
i s i n v o l v e d , t h e l o w symmetry s t r u c t u r e m i g h t be e x p e c t e d t o o c c u r 
i n s o l u t i o n a s w e l l . The C u ( d p p ) 2

+ s y s t e m a l s o h a s p h e n y l 
s u b s t i t u e n t s i n t h e 2 and 9 p o s i t i o n s , h e n c e i t m i g h t be e x p e c t e d t o 
h a v e a s i m i l a r s t r u c t u r e . I n d e e d , t h e c o p p e r c a t e n a t e , C u ( d p p ) 2

+ 

and C u ( t p p ) 2
+ a l l e x h i b i t s i m i l a r l o w t e m p e r a t u r e a b s o r p t i o n 

s p e c t r a . The i n d i c a t e d c o n c l u s i o n i s t h a t C u ( I ) c o m p l e x e s o f 
p h e n a n t h r o l i n e l i g a n d s b e a r i n g 2 , 9 - p h e n y l s u b s t i t u e n t s a r e p r o n e t o 
l o w - s y m m e t r y d i s t o r t i o n s due t o i n t r a m o l e c u l a r , i n t e r l i g a n d s t a c k i n g 
i n t e r a c t i o n s . B e c a u s e o f t h e a n t i c i p a t e d s ymmetry d i f f e r e n c e s , 
p r i m e d a n d u n p r i m e d n u m e r a l s a r e u s e d t o l a b e l t h e b a n d s i n T a b l e 1. 
P a r e n t h e t i c a l l y , we s h o u l d n o t e t h a t i n t h e l i m i t o f a l a r g e 
d i s t o r t i o n i t i s n o t p o s s i b l e t o a t t r i b u t e t h e s e p a r a t e l y r e s o l v e d 
t r a n s i t i o n s t o x* and V* o r b i t a l s . 



TWO PHOTON ABSORPTION 

A l t h o u g h d e a e r a t e d s o l u t i o n s o f Cu(dmp) 2+ i n C H 2 C 1 2 a r e q u i t e 
p h o t o s t a b l e u n d e r room l i g h t and u n d e r e x p o s u r e t o 355 nm r a d i a t i o n 
f r o m a 1000 W Xe a r c lamp, F i g . 3 shows t h a t t h e s o l u t i o n s a r e 
r a p i d l y b l e a c h e d when i r r a d i a t e d w i t h a h i g h i n t e n s i t y p u l s e d l a s e r 
s o u r c e . The b l e a c h i n g i s even more r a p i d when 354.7 nm l i g h t i s 
u s e d . P r o d u c t a n a l y s i s shows t h a t t h e n e t r e a c t i o n e n t a i l s t h e 
o x i d a t i o n o f C u ( d m p ) 2

+ t o t h e C u ( I I ) s t a t e and t h e r e d u c t i o n o f t h e 
s o l v e n t w i t h c o n c o m i t a n t f o r m a t i o n o f c h l o r i d e . A t r e l a t i v e l y l o w 
p o w e r s (< 3 mJ p e r p u l s e a t 354.7 nm) t h e r a t e o f b l e a c h i n g 
a p p r o x i m a t e l y d e p e n d s on t h e s q u a r e o f t h e l a s e r power. T h i s 
e s t a b l i s h e s t h a t t h e b l e a c h i n g r e q u i r e s t h e a b s o r p t i o n o f two 
p h o t o n s : 

C u ( d m p ) 2
+ + 2 hv + C H 2 C 1 2 > C u ( d m p ) 2

2 + + C I " + P r o d . (1) 

A t h i g h e r i n t e n s i t i e s t h e b l e a c h i n g r a t e becomes a l i n e a r f u n c t i o n 
o f l a s e r power b e c a u s e a l l o f t h e C u ( d m p ) 2

+ m o l e c u l e s i n t h e 
i r r a d i a t e d v o l u m e h a v e b e e n d r i v e n i n t o t h e r e l a t i v e l y l o n g - l i v e d CT 
e x c i t e d s t a t e . C o n s i s t e n t w i t h t h i s i n t e r p r e t a t i o n , s a t u r a t i o n i s 
much h a r d e r t o a c h i e v e f o r C u ( p h e n ) 2

+ w h i c h ha s a r e l a t i v e l y s h o r t ­
l i v e d CT e x c i t e d s t a t e . The m e c h a n i s t i c d e t a i l s h a v e y e t t o be 
e s t a b l i s h e d , b u t i t i s p o s s i b l e t h a t two p h o t o n a b s o r p t i o n p o p u l a t e s 
a c h a r g e - t r a n s f e r - t o - s o l v e n t (CTTS) e x c i t e d s t a t e . I n any c a s e t h e 
s o l v e n t d e p e n d e n c e o f t h e b l e a c h i n g r a t e ( C H 2 C 1 2 > CH 3CN >> CH 30H) 
p a r a l l e l s t h e r e a c t i o n r a t e s o f t h e s o l v a t e d e l e c t r o n w i t h t h e same 
s e r i e s o f s o l v e n t s . M o r e o v e r , CTTS t r a n s i t i o n s h a v e b e e n o b s e r v e d 
i n t h e UV s p e c t r a o f t h e r a d i c a l a n i o n f o r m s o f v a r i o u s a r o m a t i c 
s y s t e m s ( J o s c h e k and G r o s s w e i n e r 1 9 6 6 ) . 

0 . 9 -

CD 
U 
c 
CD 
ID 
C_ o in 
-Q 

i r r a d i a t e d w i t h 3.2 
mJ p u l s e s o f 502.9 
nm r a d i a t i o n f o r 1 
m i n i n t e r v a l s where 
t h e r e p e t i t i o n r a t e 
i s 10 Hz. 

s a m p l e was 

F i g u r e 3. P h o t o l y s i s 
o f Cu(dmp) 2+ a t 20° 
i n C H 2 C 1 2 . The 
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PHOTOINDUCED MULTIELECTRON REDOX REACTIONS IN THE ( P t C l £ )
2 " / A L C O H O L SYSTEM-

VISIBLE LIGHT REDUCTION OF PLATINUM CENTERS 6 

A . B . B o c a r s l y , R.E.Cameron, and Meisheng Zhou 

Department o f C h e m i s t r y , P r i n c e t o n U n i v e r s i t y , P r i n c e t o n , N.J. 08544, USA 

Although the photochemistry of octahedral haloplatinum (IV) complexes has been 
e x t e n s i v e l y i n v e s t i g a t e d , i t has always been viewed i n terms of l i g a n d s u b s t i ­
t u t i o n processes. However, the preference of platinum for the (II) and (IV) 
o x i d a t i o n states,and the previous observation (Cox et a l . , 1972) that photo-
aquation of [ P t C i 6 ] 2 " can involve a P t ( I I I ) intermediate suggests that such 
complexes may be capable of photoinduced m u l t i e l e c t r o n charge t r a n s f e r . Such a 
c a p a b i l i t y has now been demonstrated i n the p h o t o i n i t i a t e d r e a c t i o n of 
[ P t C i 6 ] 2 ~ w i t h a l c o h o l s . Up to four electrons can be t r a n s f e r r e d i n t h i s pro­
cess l e a d i n g to the formation of platinum metal (Cameron and Bocarsly, 1986) 
and aldehydes or ketones depending on whether a primary or secondary a l c o h o l i s 
i n i t i a l l y employed. Of s p e c i a l i n t e r e s t i s the f i n d i n g that primary alcohols 
are not overoxidized to the acid. Further aldehyde formation can be c a r r i e d 
out c a t a l y t i c a l l y by a d d i t i o n of 0 2/CuCi 2 to the r e a c t i o n mixture as a r e o x i -
dant of lower platinum o x i d a t i o n states back to Pt(IV) (Cameron and Bocarsly, 
1985) . 

The photochemical production of platinum metal i s an unusual f i n d i n g . The 
photochemistry of Pt(IV) i s t y p i f i e d by an i n a b i l i t y to generate platinum 
metal. Only r e c e n t l y has production of metal been noted. This was obtained by 
Vogler and Hlavatch (1983) who employed the r e l a t i v e l y novel [ P t ( N 3 ) 6 ] 2 ' com­
plex which generates N 2 and metal upon i l l u m i n a t i o n . Since the a b i l i t y to ge­
nerate a w e l l defined platinum surface i s both s c i e n t i f i c a l l y novel and of 
p r a c t i c a l i n t e r e s t with respect to heterogeneous c a t a l y s i s and e l e c t r o n i c 
l i t h o g r a p h y , photochemistry leading to t h i s goal i s of fundamental i n t e r e s t . 

MECHANISM OF PLATINUM PHOTOREDUCTION 
The four e l e c t r o n photoinduced reduction of [ P t C i 6 ] 2 ~ i n aqueous a l c o h o l does 
not r e q u i r e h e a t i n g and occurs at a l l wavelengths at which the complex absorbs 
l i g h t . Thus, i r r a d i a t i o n at energies as low as 514 nm, reported to e x c i t e a 
[ P t C i 6 ] 2 _ : i A i g • 3T]p l i g a n d f i e l d t r a n s i t i o n (Swihart and Mason, 1970) 
y i e l d s platinum metal. A large v a r i e t y of alc o h o l reactants undergo two elec­
t r o n o x i d a t i o n i n the presence of [ P t C i 6 ] 2 ~ . The r e a c t i o n of [ P t C i 6 j 2 ~ with 
ethanol and 2-propanol are p r o t o t y p i c a l . 

The f a t e of the platinum species i n these reactions has been followed using 
1 9 5 Pt-FTNMR and U V - v i s i b l e spectroscopy. Figure 1 d e t a i l s the time dependence 
of the NMR s e n s i t i v e platinum species during the photoreduction of P t C i 6

2 " by 
2-propanol, along w i t h organic product formation as determined by gas chromo-
tography. As can be seen from these data the i n i t i a l l y observed platinum pho-
toproduct i s a P t ( I I ) species i d e n t i f i e d as P t C i 4

2 " using U V - v i s i b l e spectros­
copy. There e x i s t s a f a i r l y long i nduction period p r i o r to metal formation. 
The exact length of t h i s p e r i o d depends on the l i g h t i n t e n s i t y employed, and 
the reagent concentrations. Once an i n i t i a l amount of metal i s produced the 
r e a c t i o n r a p i d l y goes to completion. 

In general, platinum formation i s not found to occur u n t i l a ~ 90% y i e l d of 
[ P t C i 4 ] 2 ~ has accumulated. This suggests that [ P t C i 6 ] 2 " acts as an i n h i b i t o r 
toward platinum metal formation. In order to gain i n s i g h t i n t o t h i s process 
the thermal r e d u c t i o n chemistry of [ P t C i 4 ] 2 ' was examined. [ P t C i 4 ] 2 _ was 
found to rea c t w i t h 2-propanol i n a redox r e a c t i o n to produce platinum metal 



and acetone i n a 1:1 s t o i c h i o m e t r y . A d d i t i o n of [ P t C i 6 ] 2 ' (or KCi) had a 
strong i n h i b i t i n g e f f e c t on metal formation demonstrating the source of the 
[ p t C i 6 ] 2 " i n h i b i t i o n . On the other hand, a d d i t i o n of high surface area p l a t i ­
num metal enhanced the r e a c t i o n r a t e ; thus, t h i s r e a c t i o n i s a u t o c a t a l y t i c i n 
platinum metal. These two f i n d i n g s taken together e x p l a i n the asymmetry of 
the P t ( I I ) versus time p r o f i l e shown i n F i g . 1. 

w i t h 2-propanol 
as a f u n c t i o n of time. A l l concentrations are i n m i l l i m o l a r . The 
"+" represents the [ P t C i 6 ] 2 ~ c o n c e n t r a t i o n , represents 
[ P t C i ^ ] 2 " , and represents one t h i r d of the t o t a l organic concen 
t r a t i o n . The l a t t e r i s a sum of acetone and acetaldehyde concentra 
t i o n s . Metal i s observed to form at ~ 150 minutes. 

U n l i k e the r e d u c t i o n of [ P t C i ^ ] 2 " , which only y i e l d s acetone as the organic 
product, acetaldehyde i s i n i t i a l l y the major product during the photoreduction 
of P t C i ^ 2 " by 2-propanol. Formation of t h i s species i s i n d i c a t i v e of methyl 
free r a d i c a l l o s s from 2-propanol. The existence of such a process i s 
confirmed by r e a c t i o n of t-butanol w i t h [ P t C J ? 6 ] 2 " . This r e a c t i o n y i e l d s 
acetone (again s i g n i f y i n g methyl l o s s ) and [ P t C i 4 ] 2 " , d i r e c t l y i n d i c a t i n g that 
[ P t C i 6 ] 2 " a s s o c i a t e d photochemistry i s r e s p o n s i b l e f o r the formation of methyl 
free r a d i c a l s . The existence of methyl f r e e r a d i c a l s introduces two major 
mechanistic i m p l i c a t i o n s . F i r s t , the oxygen based 2-propanol f r e e r a d i c a l , 
•0-CH(Me) 2, must be generated. This i s unusual since i t i s the carbon based 
r a d i c a l which i s more s t a b l e . Second, the charge t r a n s f e r chemistry must 
i n v o l v e one e l e c t r o n processes. This l a t t e r c o n c l u s i o n i s confirmed by the 
photochemical r e a c t i o n of c y c l o b u t a n o l with [ P t C i 6 ] 2 ~ . This a l c o h o l i s a 
known fr e e r a d i c a l c l o c k (Meyer and Rocek, 1972) which produces r i n g opened 
products upon one e l e c t r o n o x i d a t i o n . Our o b s e r v a t i o n i n t h i s r e a c t i o n of one 
e l e c t r o n o x i d i z e d organic products i m p l i c a t e s a P t ( I I I ) species as a primary 
photoproduct. 

Since o x i d a t i o n of an a l c o h o l v i a an u n s t r u c t u r e d oxidant such as Ci« (a 
p o s s i b l e r e a c t i v e species i n the present system) would lead to the 
thermodynamically favored carbon based free r a d i c a l , the a v a i l a b l e data 
suggest th a t r e a c t i o n proceeds v i a photoinduced formation of a platinum-
alkoxy bond f o l l o w e d by o p t i c a l homolysis to generate the i n d i c a t e d products 
as o u t l i n e d below: 

hi/ 
[ P t C i 6 ] 2 " * • [PtCi 5(OCHRR')] 2~ + HCi (1) 

R'RCH-OH 

hi/ 
[PtCi 5(OCHRR') • [ P t C i 5 ] 2 " + #0CHRR' (2) 



[ P t C i 5 3 2 " + *OCHRR' [ P t C i 4 ] 2 " + O-CRR' (3a) 

2 [ P t C i 5 ] 2 " [ P t C i 4 ] 2 - + [ P t C i 6 ] 2 " (3b) 

•OCHRR' 0=CR + R' 
(for R'=Me) 

(4) 

The existence of re a c t i o n s 3a,b i s speculative, however, con s i s t e n t with the 
expected behavior of a P t ( I I I ) species. Support f o r t h i s mechanism comes from 
the observation that i r r a d i a t i o n of i s o l a t e d [ P t C i x ( O R ) 6 _ x ] 2 " complexes (where 
R = 2-propyl) leads to platinum metal production. Thus, r e a c t i o n (2) i s 
d i r e c t l y v e r i f i e d . Metal formation i s expected to proceed from the thermal 
r e a c t i o n of the products of r e a c t i o n (3) with the al c o h o l as discussed 
p r e v i o u s l y . Although t h i s l a t t e r r e a c t i o n proceeds v i a a thermal pathway, i t 
i s photochemically a c c e l e r a t e d by v i s i b l e l i g h t . 

CATALYTIC PRODUCTION OF ALDEHYDES AND KETONES 
Although the observation that aldehyde can be produced without overoxidation 
to the a c i d i s s y n t h e t i c a l l y i n t e r e s t i n g , the u t i l i z a t i o n of an expensive re­
agent ( K 2 [ P t C i 6 ] ) removes any synthetic appeal. In order to generate a syn­
t h e t i c a l l y u s e f u l process the r e a c t i o n must be c a t a l y t i c i n platinum. Since 
r e o x i d a t i o n of platinum metal i s d i f f i c u l t i t i s necessary to i n t e r c e p t an i n ­
termediate o x i d a t i o n s t a t e of platinum. Further, i t i s de s i r a b l e to trap the 
•OCHRR' product p r i o r to methyl loss i n cases where t h i s i s a po s s i b l e reac­
t i o n pathway. This i s accomplished by adding a CuCi 2/0 2 redox c a t a l y s t to the 
system. As shown i n Table 1 under these conditions aldehyde and ketone pro­
ducts are generated i n high y i e l d without methyl l o s s or other free r a d i c a l 
side products. C o n t r o l experiments i n d i c a t e that n e i t h e r CuCi 2/0 2 alone nor 
[ P t C i 6 ] 2 * / 0 2 alone produces a c a t a l y t i c c y c l e . 

Table I: T y p i c a l Product Y i e l d s a 

A l c o h o l Product % Y i e l d b 

Ethanol Acetyldehyde 94 0.05 
2-Propanol 2-Propanone 98 0.06 
Cyclopentanol Cyclopentanone 98 0.04 
Cyclohexanol Cyclohexanone 92 0.02 
Cyclobutanol Cyclobutanone 94 -

Benzyl A l c o h o l Benzaldehyde 93 0.03 
2-Hexanol 2-Hexanone 84 0.02 
Cinnamyl A l c o h o l Cinnamaldehyde 88 0.02 

a 1:2 K 2 [ P t C i 6 ] / C u C l 2 c a t a l y s t . Reactions were c a r r i e d out i n 
a c e t o n i t r i l e , acetone, or water solvents, 

k Reactions were c a r r i e d out i n an acetone solvent using a tungsten 
halogen source s u p p l i e d with UV and IR c u t - o f f f i l t e r s . 

c Quantum y i e l d f o r product formation at 488 nm. 

As can be seen from data i n Table I t h i s system i s capable of c a r r y i n g out the 
s p e c i f i c two e l e c t r o n o x i d a t i o n of a wide v a r i e t y of al c o h o l s . Even low redox 
p o t e n t i a l a l c o h o l s such as benzyl alcohol show no tendency to be overoxidized 
to the a c i d . Further, r e a c t i v i t y does not appear to be s i g n i f i c a n t l y 
i n f l u e n c e d by the presence of s i t e s of unsaturation near the a l c o h o l 
f u n c t i o n a l i t y . Thus, as demonstrated using cinnamyl a l c o h o l conjugated 
aldehydes can be generated i n good y i e l d . That cyclobutanone i s produced i n 
high y i e l d from the corresponding a l c o h o l i n d i c a t e s the process has a "two 



e l e c t r o n " character to i t . Presumably t h i s r a d i c a l clock i s s t a b i l i z e d by the 
r a p i d loss of an e l e c t r o n to Cu 2 + , a species known to be a f a s t r a d i c a l trap. 
For the case of 2-propanol o x i d a t i o n quantum y i e l d s as high as 0.15 have been 
observed f o r acetone formation using 488 nm l i g h t . Turnover numbers i n excess 
of 150 have been observed when white l i g h t i s employed with only a s l i g h t 
decrease i n c a t a l y t i c a c t i v i t y at the end of the r e a c t i o n period. C a t a l y s t 
s t a b i l i t y i s quite good. 

The r e a c t i o n i s found to be f a i r l y s e n s i t i v e to the amount of CuC2 2 present. 
As the CuCi 2 concentration i s increased the turnover rate i s observed to 
increase l i n e a r l y . This phenomenon appears to saturate at - 1:2 r a t i o of 
CuCi 2 to [ P t C i 6 ] 2 " . A d d i t i o n of an excessive amount of CuCi 2 causes the 
s o l u t i o n to turn brown with a concomitant l o s s of c a t a l y t i c a c t i v i t y . 1 9 5 P t 
NMR studies demonstrate that Cu 2 + cannot o x i d i z e [ P t C i 4 ] 2 " . This r e s u l t can 
be best explained by assuming that C u 2 + i s o x i d i z i n g a P t ( I I I ) c h l o r i d e 
complex to regenerate [ P t C i 6 ] 2 ' . Therefore the requirement of two equivalents 
of CuCi 2 can be understood i n terms of i t s dual r o l e as an oxidant of P t ( I I I ) 
and a r a d i c a l trap f o r *0CHRR'. The o v e r a l l c y c l e i s summarized i n F i g . 2. 
The high product y i e l d s along with the lack of t y p i c a l organic free r a d i c a l 
products can best be explained by the existence of a bi n u c l e a r ( p o s s i b l y 
chloro bridged) platinum-copper complex as the a c t i v e c a t a l y t i c species. Such 
a complex could provide the strong cage e f f e c t necessary to produce the 
observed product y i e l d . 

PtCI.*- + (n) ROH 
hv 

o 

o 

hv 

•Pt(lll)' + (n-1) [ROH] • 

Pt - B ) +(n) R C H 

+ ROH 

A/hv 

Cu(l) + R * ° CuCI, 

PtCI 4 *- + < n - 1 ) R t H 

PtCI ,* -

.2 ' P t d l D -

Figure 2: Mechanistic sequence f o r the r e a c t i o n of [ P t C i 6 ] 2 ~/C\iC&z/02 

with primary alcohols and [ P t C i 6 ] 2 " i t s e l f with primary 
a l c o h o l s . 
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INTRODUCTION 
Bimolecular quenching v i a energy or el e c t r o n t r a n s f e r of e l e c t r o n i c a l l y e x c i t e d 

s t a t e s of co o r d i n a t i o n compounds i n f l u i d s o l u t i o n s has been the subject of i n t e s i v e 
i n v e s t i g a t i o n s i n the las t , ten years (Balzani 1978,Sutin 1979,Sutin 1980,Balzani 1981, 
Su t i n 1982,Balzani 1983). The k i n e t i c s of such processes can be conveniently 
discussed by separating d i f f u s i v e and r e a c t i v e steps as shown i n Scheme 1: 
Scheme 1. 

A + B 
hv 

*A + B 
kd 

•*A B 
kt + 

A + B 
A +*B 1/T° k. d 

The r e a c t i v e step t a k i n g place i n t o the s o - c a l l e d precursor complex *A B, i s considered 
as a unimolecular process. In most cases (A and B uncharged or with p o s i t i v e charge 
product)both the ground and e x c i t e d s t a t e concentrations of A B are small and the 
constant k t can be at best i n d i r e c t l y i n f e r r e d from the second order quenching 
ra t e constant kq. I f , , on the other hand, strong e l e c t r o s t a t i c a t t r a c t i o n between A and 
B i s operating (A and B of high and opposite charge), a s u f f i c i e n t l y high concentration 
of the ground s t a t e precursor complex may be present to allow d i r e c t e x c i t a t i o n of 
t h i s species and observation of the unimolecular step. 

Recently,studies of o p t i c a l l y induced energy or e l e c t r o n t r a n s f e r processes 
between t r a n s i t i o n metal centers covalently l i n k e d i n a supermolecular s t r u c t u r e 
have been performed (Vogler 1985, Bignozzi 1985, C u r t i s 1985). These processes are 
summarized i n Scheme 2. 
Scheme 2 

B hv *A kt - B 
-*B 

I f the supermolecule A - B forms i n s o l u t i o n upon a d d i t i o n of A and B (or r e l a t e d 
species) and the covalent linkage does not change s t r o n g l y the proper t i e s of the 
subunits, the l o c a l l y - e x c i t e d molecule can be viewed as a co v a l e n t l y l i n k e d precursor 
complex of the t r a n s f e r process. From t h i s viewpoint, a general k i n e t i c scheme 
(Scheme 3) can represent photoinduced e l e c t r o n or energy t r a n s f e r between A and B which 
are capable of e l e c t r o s t a t i c and/or covalent ( u s u a l l y c a l l e d second sphere 
donor-acceptor) i n t e r a c t i o n . 
Scheme. 3 

• ' K ° ' • * A • A B 

1/T 

A B A - B 



In t h i s Scheme, *A B i s the precursor complex of an outer-sphere t r a n s f e r 
mechanism, whil e *A - B can be considered as the precursor complex of an inner-
sphere t r a n s f e r mechanism. Depending on the r e l a t i v e constants of the v a r i o u s 
ground-state species and on the r e l a t i v e r a t e s of the e x c i t e d e s tate processes, the 
complex k i n e t i c behavior p r e d i c t e d by t h i s Scheme may give r i s e to two 
experimental d i s t i n g u i s h a b l e s i t u a t i o n s ( B a l z a n i 1975, Rybak 1981, Frank 1983, 
White 1984): 1) i f ( i ) t h e ground-state concentration of associated species i s 
n e g l e g i b l e or ( i i ) the e x c i t e d associated * species undergo prompt d i s s o c i a t i o n 
(k t o<k_d ; k t i< k * _ o i ) , the system behaves as i f *A was the only e x c i t e d species. 
In t h i s case both emission i n t e n s i t y ( I ) and l i f e t i m e (T) f o l l o w the same Stern-
Volmer behavior: T°/T = I°/I = l+k ax°[B] . In t h i s case the quenching i s u s u a l l y 
c a l l e d dynamic quenching;2) i f ( i ) t h e ground s t a t e concentration of outer-sphere 
and/or inner-sphere a s s o c i a t e d species i s high and ( i i ) t h e i r e x c i t e d s t a t e s react 
before d i s s o c i a t i n g ( k t o > k_^; k t i>k>v_ 0i), a complex m u l t i e x p o n e n t i a l decay i s 
expected, w i t h one or two short components whose l i f e t i m e i s independent of B 
co n c e n t r a t i o n , followed by a longer one that obeys Stern-Volmer law. 
The i n t e n s i t y quenching i s always l a r g e r than the l i f e t i m e quenching and u s u a l l y 
f o l l o w s a quadratic law of the type: I°/I- ( l + k q x 0 [B] )(1+KA[B] ) where K A i s an 
" e f f e c t i v e " a s s o c i a t i o n constant of a l l the present a s s o c i a t e d species. In t h i s 
case the quenching i s u s u a l l y c a l l e d s t a t i c quenching. Studies i n t h i s f i e l d have 
been l i m i t e d by the use of p o s i t i v e s e n s i t i z e r s f o r which a small number of negative 
quenchers i s a v a i l a b l e . We r e p o r t here the r e s u l t s of quenching s t u d i e s i n v o l v i n g 
r e c e n t l y s y n t h e t i z e d , n e g a t i v e l y charged p h o t o s e n s i t i z e r s , I r ( Q O S C ^ ^ ^ - ^ B a l l a r d i n i 
1985) and Ru(bpy)CN^^~( B i g n o z z i 1986) and p o s i t i v e l y charged quenchers. 

RESULTS and DISCUSSION 
System I : Ir(Q090 3)3- + C r ( b p y ) 3

3 + , Cr(phen) 3
3 +(DMF, u=0.01M TEAP) 

The d i f f u s i o n a l parameters have been estimated by numerical i n t e g r a t i o n of the 
Debye-Smoluchowski, Eigen-Fuoss equations ( C h i o r b o l i 1986). They are reported i n 
Table 1. The emission of I r (QOSC^^ 3" i s quenched by C r ( b p y ) 3

3 + according to I°/I= 
(1+ kqx°[B])(1+KA[B]). By using the experimental value of the quenching constant 
obtained i n l a s e r l i f e t i m e measurements (k = 1 . 8 x l 0 1 0 M ^ s " 1 ) the a s s o c i a t i o n 

3-1 " 
constant i s obtained as K A=1.5xlO M. In s i n g l e photon counting experiments, the 
emission decays are nonexponential as shown i n F i g . l . 

Tt3 iu ft 45 SfftTns c:8xlO" AMi y =0.01M TEAP. 



The shorter component has a constant l i f e t i m e ( T * a b = 1 i 0.3 ns) and a r e l a t i v e 
weight that increases w i t h quencher concentrations. The longer component has a 
l i f e t i m e that decreases with quencher concentrations according to a Stern-Volmer 
k i n e t i c ( k q = 1 . 8 x l 0 1 0 M^s" 1) .The absence of a r t i f a c t s i n the appearence of the short 
component i s i n d i c a t e d by the s t r i c t l y monoexponential decay obtained f o r s i m i l a r 
systems having one of the partners as an.uncharged species ( l r ( Q O S 0 3 ) 3

3 ~ + benzoquinone, 
I r ( Q 0 ) 3 + C r ( b p y ) 3

3 + ) . Laser p h o t o l y s i s f a i l s to give any proof f o r energy t r a n s f e r 
or <more p l a u s i b l e ) elecron t r a n s f e r quenching mechanism. S i m i l a r r e s u l t s have 
been obtained using C r ( p h e n ) ^ as quencher. 

The data can be i n t e r p r e t e d i n terms of Scheme 3 as f o l l o w : 
i ) the quenching mechanism i s of the outer-sphere type ; ( i i ) the dynamic part of 
the quenching i s d i f f u s i o n a l ( k q = k d ) , r e q u i r i n g k t o>k_ d, a c o n d i t i o n that makes i t 
p o s s i b l e to detect s t a t i c quenching upon e x c i t a t i o n of *A B ; ( i i i ) s t a t i c quenching 
shows up both as a d e v i a t i o n of I°/I from T°/T and as a double exponential decay. 
The short component of the decay ( t * A B = Ins) gives a d i r e c t measurement of k t o ( f e w 
examples of d i r e c t measurements of k t Q are a v a i l a b l e ( B a l l a r d i n i 1985)); ( i v ) the 
experimental value obtained from I°/I vs T°/T i s higher than the c a l c u l a t e d 
one, presumably because of compenetration e f f e c t s . 

System I I : I r ( Q 0 S 0 3 ) 3
3 ' + C o ( N H 3 ) 6

3 + , C o ( e n ) 3
3 + (H 20, u=0.01 M NaCl) 

The estimated d i f f u s i o n a l parameters are reported i n Table 1. 
The emission decays i n both l a s e r and s i n g l e photon counting experiments are 

appreciably monoexponential and give k q= 1.7x10 s~*. Emission i n t e n s i t y quenching 
gives s m a l l d e v i a t i o n of I°/l from Stern-Volmer behavior, smaller than that 
c a l c u l a t e d from I°/I=( l+k q

T° [B] )(1+K A[B]) with the values of experimental k q and 
c a l c u l a t e d K A. Laser p h o t o l y s i s f a i l s to give any proof f o r energy or e l e c t r o n 
t r a n s f e r mechanism f o r the quenching. S i m i l a r r e s u l t s have been obtained f o r the 
both quenchers. They can be i n t e r p r e t e d i n terms of Scheme 3 as f o l l o w s : 
i ) the quenching mechanism i s of the outer-spliere t y p e ; ( i i ) the k q value i s i n somewhat 
smaller than k d, implying that k^Q

 m a v *>e °f t n e same order of magnitude as 
k_ d( 1x10 s s " 1 ) ; t h i s makes i t d i f f i c u l t to detect s t a t i c quenching ef f e c t s ; ( i i i ) i n 
fact, very small s t a t i c quenching i s obtained as d e v i a t i o n of I°/l from T°/T. 

System I I I :Ru(bpy)CN A
2~ + C r ( H 2 0 ) 6

3 + (H 20, y=0.6 M KN0 3) 
The estimated values of d i f f u s i o n a l parameters are reported i n Table 1. 

Aqueous s o l u t i o n s containing Ru(bpy)CN A and C r ( H 2 0 ) 6
3 + undergo slow absorption 

s p e c t r a l changes i n d i c a t i n g coordination of the complex to the cynide ligands 
Ru(bpy)CN Z f

2" chromophore(Demas 1977, Bignozzi 1985, Scandola 1986) according t o : 

Ru(bpy)CN A
2" + C r ( H 2 0 ) 6

3 + ^ Ru(bpy)CN 4-Cr(R* 20) 5++H 20 

With the same k i n e t i c s the emission i n t e n s i t y of Ru(bpy)CN A
2~ decreases 

w i t h the time. E q u i l i b r a t e d s o l u t i o n s do not emit appreciably. I t i s p o s s i b l e to 
perform quenching experiments on s o l u t i o n s where the adduct formation i s n e g l e g i b l e . 
The experiments give co i n c i d e n t I°/I and T°/T Stern-Volmer p l o t s , y i e l d i n g 
k q=1.6xl0 8 M - 1s _ 1 smaller than X j . Laser p h o t o l y s i s does not supply^ any evidence 
f o r e l e c t r o n or energy t r a n s f e r quenching mechanism. According to Scheme 3, we can 
conclude t h a t : ( i ) the system evolves with the time from outer-sphere dynamic quenching 
to inner-sphere s t a t i c q uenching;(ii) the dynamic quenching has a k q lower than the k d 

value, implying that k t o< k_ d (estimated value k t Q= 4x10 s " 1 ) ; ( i i i ) ^ t a k i n g the 
lower l i m i t i n g value from the lack of emission of the adduct, k t i>10 s . 

This system c l e a r l y shows the large increase i n t r a n s f e r r a t e constant observed 
upon going from outer to inner-sphere mechanism. 



Table 1: D i f f u s i o n a l parameters c a l c u l a t e d f o r the i n v e s t i g a t e d systems. 

A B k ^ M ' V 1 k. -1 
•d>s KA,M 1 

Ir(Q0S0,)2~ C r ( b p y ) 3
+ 1.8X10 1 0 1 2X10 7 1.5X103 

J 
I r ( Q O S 0 3 ) 3 ~ 

3+ 
Cr(phen) 3 

1.8X10 1 0 1 2X10 7 1.5X103 

Ir(QOS0 3)^~ Co(NH 3)^ + 2.0X10 1 0 8 9X10 7 2.3X10 2 

Ir(QOS0 3)^~ C o ( e n ) 3
+ 1.8X10 1 0 1 0X10 8 1.7X10 2 

Ru(bpy)CN|~ C r ( H 2 0 ) ^ + 8.7X10 9 2 .0X10 9 A.3 

CONCLUSIONS 
The p o s s i b i l i t y of measuring d i r e c t l y the r a t e constant of the unimolecular r e a c t i v e 

step, t a k i n g advantage of i o n i c or donor-acceptor a s s o c i a t i o n , i s r e s t r i c t e d w i t h i n a 
rat h e r narrow window of c o n d i t i o n s . In f a c t , w i t h the " f a s t " C r ( l l l ) r e a c t a n t s the 
r e a c t i v e step of ion p a i r i s at the l i m i t of experimental d e t e c t i o n , whereas wit h 
the C o ( I I l ) r e a c t a n t s the r e a c t i v e step i s alrea d y too slow to occur before d i s s o c i a t i o n 
of the e x c i t e d i on p a i r . The l a r g e increase i n the r a t e of unimolecular r e a c t i v e 
step expected i n going from the outer-sphere precursor complex to the inner-sphere 
adduct i s c l e a r l y shown i n the l a s t system. 
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PHOTOCHEMISTRY AND SPECTROSCOPY OF ION PAIR CHARGE TRANSFER COMPOUNDS 
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I o n p a i r s o f m e t a l c o m p l e x e s c h a r a c t e r i z e d by s p e c t r o s c o p i c i o n p a i r 
c h a r g e t r a n s f e r ( I P C T ) t r a n s i t i o n s have been d e s c r i b e d f i r s t t i m e by 
L i n h a r d ( 1 9 4 4 ) , b u t u n t i l now t h e r e a r e no s y s t e m a t i c i n v e s t i g a t i o n s 
c o n c e r n i n g t h e g e n e r a l b e h a v i o u r o f t h i s i n t e r e s t i n g c l a s s o f com­
pounds . 

Ex a m p l e s o f IPCT compounds b a s e d on m e t a l c o m p l e x e s a r e s t i l l v e r y 
r a r e ( B a l z a n i 1 9 8 6 ) . We have been a b l e t o p r e p a r e some f u r t h e r IPCT 
compounds w h i c h a r e d i s t i n g u i s h e d by i n t e r e s t i n g p h o t o c h e m i c a l and 
p h o t o c a t a l y t i c b e h a v i o u r . Our i n v e s t i g a t i o n s c o n c e r n i o n p a i r a s s o ­
c i a t e s o f c o p p e r ( I I ) c o m p l e x e s and c o b a l t ( I I I ) a m m i n e s w i t h t e t r a p h e -
n y l b o r a t e ( H e n n i g 1983; R e h o r e k 1979, 1980) as w e l l as of c y a n o m e t a l -
l a t e s w i t h d i p h e n y l i o d o n i u m c a t i o n s ( R e h o r e k 1979; B i l l i n g 1 9 8 5 ) . 
These compounds a r e d i s t i n g u i s h e d by s p e c t r o s c o p i c t r a n s i t i o n s i n t h e 
v i s i b l e w h i c h c a n n o t be e x p l a i n e d as t h e sum of t h e components f o r ­
m i n g t h e i o n p a i r s b u t w h i c h a r e t o c o n s i d e r as i o n p a i r c h a r g e t r a n ­
s f e r t r a n s i t i o n s . 

The e x c i t a t i o n o f t h e s e IPCT s t a t e s l e a d s t o v e r y e f f i c i e n t p h o t o r e ­
dox r e a c t i o n s i n l o w - e n e r g y r e g i o n s where t h e p a r e n t c o m p l e x e s a l o n e 
( a s [ C o ( N H ^ ) 6 ] ^ + and [M o ( C N ) g J ^ ~ , f o r i n s t a n c e ) show n o t any p h o t o 
r e d o x r e a c t i v i t y . 
The h i g h b r u t t o quantum y i e l d v a l u e s c o n c e r n i n g t h e f o r m a t i o n of 
C o ( l l ) and Mo(V) ( 1 ) , ( 2 ) a r e due t o t h e f o r m a t i o n o f b o t h s h o r t - l i ­
v e d t e t r a p h e n y l b o r r a d i c a l s and d i p h e n y l i o d i n e r a d i c a l s w h i c h c o n t r i ­
b u t e t o overcome f a s t b a c k e l e c t r o n t r a n s f e r p r o c e s s e s . 

{ [ C o ( N H 3 ) 6 ] > ; B 0 4 i - i i _ v : *(co(NH 3) 6l 2 +;B0 4' } • .... (1 ) 
{ [ M o ( C N ) 8 ] 4 - ; 0 2 I + J - ^ — Z * { M o ( C N ) 8 J 3 ; <£T ' \ (2) 

S y s t e m a t i c i n v e s t i g a t i o n s o f t h e IPCT phenomenon a r e r a t h e r c o m p l i c a ­
t e d s i n c e a l l IPCT compounds o f com p l e x i o n s have been d e t e c t e d a c c i ­
d e n t a l l y and t h e p r e d i c t i o n o f t h e e n e r g i e s o f o p t i c a l IPCT t r a n s i ­
t i o n s o f any i o n p a i r c o m b i n a t i o n s has been u n s u c c e s f u l u n t i l now. 



T h e r e f o r e an i n c r e m e n t s y s t e m f o r p r e d i c t i n g o f t h e e n e r g y o f IPCT 
t r a n s i t i o n s as p r o p o s e d by us v e r y r e c e n t l y ( B i l l i n g 1985; H e n n i g 
1986) m i g h t be u s e f u l t o e x p a n d o u r k n o w l e d g e o f s u c h s e c o n d - s p h e r e 
e f f e c t s . 

INCREMENT SYSTEM FOR PREDICTING OF THE ENERGY OF OPTICAL IPCT 
TRANSITIONS 
Our i n c r e m e n t s y s t e m i s b a s e d on t h e a p p l i c a b i l i t y o f an e n e r g y c y c l e 
p r o p o s e d by Cannon ( 1 9 8 0 ) f o r t h e e s t i m a t i o n o f t h e e n e r g y o f CT 
t r a n s i t i o n s ( A G ^ ) t o IPCT compounds. C o n s i d e r i n g some common assum­
p t i o n s ( 3 ) c a n be d e r i v e d w h i c h g i v e s i\G^ rp(A +,D ) t h e e n e r g y o f t h e 
o p t i c a l IPCT t r a n s i t i o n : 

A G C T ( A + , D " ) = £ G E + £ G W , - 4 G W +Z\G F C ( 3 ) 

where AG-g a r e s t a n d a r d e l e c t r o d e p o t e n t i a l s , and AG^ ( work t e r m s 
and^G-p^ "the r e o r g a n i z a t i o n e n e r g y . F o l l o w i n g M a r c u s ( 1 9 6 5 ) t h e r e o r ­
g a n i z a t i o n e n e r g y can be c o n s i d e r e d as t h e a r i t h m e t i c mean o f t h e 
s e l f - e x c h a n g e o f t h e b o t h c o mponents f o r m i n g t h e i o n p a i r and t h e 
f o l l o w i n g e x p r e s s i o n c a n be o b t a i n e d ( 4 ) : 

A G C T ( A + , D " ) = F [ E ( D / i r ) - E ( A + / A ) J + V 2 [ A G F C ( A + A ) + A G F C ( D D " ) J ( 4 ) 

E x p r e s s i o n ( 4 ) l e a d s t o t h e c o n c l u s i o n t h a t ^G^ rp(A +,D ) c o n s i s t s o f 
e n e r g y c o n t r i b u t i o n s o f e a c h o f b o t h i o n s i n d e p e n d e n t l y on t h e k i n d 
o f b o t h c o m p o n e n t s . T h e r e f o r e t h e a b s o l u t e v a l u e s o f t h e e n e r g y c o n ­
t r i b u t i o n s c a n be s u b s t i t u t e d by i n c r e m e n t s o f e a c h i o n . The c o n t r i ­
b u t i o n s o f t h e i o n s A + and D t o ZlG^,p(A +,D ) c a n be d e f i n e d as t h e 
sum o f t h e i n c r e m e n t s o f t h e s e i o n s i n a c e r t a i n s o l v e n t ( a s H^O, 
f o r i n s t a n c e ) . U s i n g t h e i n c r e m e n t s I ^ J and I ^ j - e q u a t i o n ( 5 ) c a n be 
d e r i v e d : 

A G C T ( A + , D " ) = I A + + I D - ( 5 ) 

F o r aqueous s o l u t i o n s t h e t r o p y l i u m c a t i o n has been i n t r o d u c e d as h a ­
v i n g a b a s i s i n c r e m e n t o f n o u g h t ( 6 ) : 

l j q + d l f 0 ( 6 ) 
t r o p v ' 

and f o r any d o n o r a n i o n s D t h e i n c r e m e n t v a l u e s 1^- a r e g i v e n by ( 7 ) 

1 ^ = A G ^ ( t r o p + , D - ) ( 7 ) 

A n a l o g o u s l y e x p r e s s i o n ( 8 ) c a n be a p p l i e d t o any a c c e p t o r c a t i o n s A + : 
l f $ = A G a q ( A + T)'—>) T a ( l A O ^ r j A A ,u ; - i D I _ ^ 

where D'~ i s a r e f e r e n c e a n i o n w i t h know I n c r e m e n t v a l u e . F o r a q u e ­
ous s o l u t i o n s h e x a c y a n o f e r r a t e ( I I ) has been p r o p o s e d as a p a r t i c u ­
l a r l y s u i t i a b l e r e f e r e n c e a n i o n . 



Thus i t i s p o s s i b l e t o e s t i m a t e A G Q T ( A
+

, D ~ ) s p e c t r o s c o p i c a l l y f o r any 
i o n p a i r c o m b i n a t a i o n s by u s i n g t h e p r o p o s e d i n c r e m e n t s y s t e m . The 
£ G C T v a l u e s e s t i m a t e d i n t h i s way a r e i n f a i r l y good agreement w i t h 
t h e e x p e r i m e n t a l r e s u l t s . However, i f i o n p a i r c o m b i n a t i o n s g i v e r i ­
se t o t h e r m a l r e d o x r e a c t i o n s w i t h t r o p y l i u m c a t i o n s and h e x a c y a n o -
f e r r a t e ( I I ) a n i o n s , r e s p e c t i v e l y , t h e i n c r e m e n t s I A + and 1^- can n o t 
be o b t a i n e d by s p e c t r o s c o p y . The same i s t o c o n s i d e r i f t h e IPCT 
bands a r e c o v e r e d by a b s o r p t i o n bands of t h e r e f e r e n c e or c o u n t e r 
i o n s . However, due t o t h e l i n e a r dependence o f t h e i n c r e m e n t v a l u e s 
I A + and I p - on t h e i r s t a n d a r d e l e c t r o d e p o t e n t i a l s , t h e i n c r e m e n t v a ­
l u e s c a n be o b t a i n e d a l s o by u s i n g t h e a p p r o p r i a t e r e d o x p o t e n t i a l s 
( H e n n i g 1 9 8 6 ) . The f o l l o w i n g e q u a t i o n s ( 9 ) , (10) can be u s e d t o e s t i ­
mate I^+ and 1^- e l e c t r o c h e m i c a l l y : 

= 11 ,7 • 1 0 3 c m " 1 + 11,9 E e • 1 0 3cm" 1V" 1 ( 9 ) 

= - 3 , 4 - 1 0 3 c m ~ 1 - 11,8 E° . 1 0 3cm~ 1V" 1 (10) 

R e l a t i o n s ( 9 ) and (10) have been d e r i v e d by r e g r e s s i o n c a l c u l a t i o n s 
b a s e d on an a p p r o p r i a t e number of I o n p a i r c o m b i n a t i o n s . 

I t has been shown t h a t t h e i n c r e m e n t s y s t e m f o r p r e d i c t i n g o f o p t i c a l 
IPCT t r a n s i t i o n s can be a p p l i e d a l s o t o non-aqueous s o l v e n t s ( H e n n i g 
1 9 8 6 ) . U s i n g 6 d i f f e r e n t s o l v e n t s ( m e t h a n o l , d i m e t h y l s u l f o x i d e , d i ­
m e t h y l f o r m a m i d e , a c e t o n e , a c e t o n i t r i l e , and d i c h l o r o m e t h a n e ) w h i c h 
r e p r e s e n t a b r o a d r a n g e of s o l v e n t p o l a r i t y , a good agreement o f 
/ \ G

C T
( A + , D ) v a l u e s e s t i m a t e d e x p e r i m e n t a l l y and by u s i n g t h e i n c r e ­

ment v a l u e s o b t a i n e d f o r t h e a p p r o p r i a t e s o l v e n t has been o b s e r v e d . 

S o l v e n t e f f e c t s on t h e p o s i t i o n o f t h e maxima of IPCT bands can be 
e s t i m a t e d g e n e r a l l y by u s i n g t h e f o l l o w i n g t h r e e p a r a m e t e r a p p r o a c h 
( H e n n i g 1 9 8 6 ) : 

flG^lv(A+,D~) = C q + CyAN + C 2-DN + C 3 ( 1 / n 2 - 1/€ ) (11) 
o 

where ( 1 / n - 1/g ) s t a n d s f o r t h e s o l v e n t t e r m , DN as t h e a c c e p t o r 
number and DN as t h e donor number and C n as t h e c o e f f i c i e n t s of t h e 
t h r e e p a r a m e t e r a p p r o a c h . 
However, i t i s t o c o n s i d e r t h e i n c r e m e n t s y s t e m can be a p p l i e d o n l y 
t o c o n t a c t i o n p a i r s and t h e p o s i t i o n of t h e l o w e s t e n e r g y IPCT band 
can be p r e d i c t e d o n l y . F u r t h e r o n , we have been u n a b l e u n t i l now t o 
p r o v e t h e r e l i a b i l i t y o f our i n c r e m e n t s y s t e m t o s u c h i o n p a i r c o m b i ­
n a t i o n s c o n s i s t i n g of d o n or c a t i o n s (D ) and a c c e p t o r a n i o n s ( A ) 

s i n c e t h e r e a r e no a p p r o p r i a t e examples a v a i l a b l e . 
I o n p a i r s d i s t i n g u i s h e d by l o w - e n e r g y IPCT bands a r e o f p a r t i c u l a r 
i n t e r e s t c o n c e r n i n g t h e s t a t i c s p e c t r a l s e n s i t i z a t i o n of p h o t o c a t a -



l y t i c systems based on l i g h t - s e n s i t i v e c o o r d i n a t i o n compounds and o r ­
g a n o m e t a l l i c s, r e s p e c t i v e l y (Hennig 1985). 
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BACKWARD ELECTRON TRANSFER WITHIN GEMINATE RADICAL PAIR FORMED IN THE ELECTRON 
TRANSFER QUENCHING 
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C h e m i s t r y Department, C o l l e g e o f Chemical E d u c a t i o n , Osaka U n i v e r s i t y , 
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U n f o r t u n a t e l ow y i e l d s of r e d o x p r o d u c t s have been o b s e r v e d o f t e n i n 
t h e b i m o l e c u l a r e l e c t r o n t r a n s f e r q u e n c h i n g of p h o s p h o r e s c e n t 
compounds. The l o w e s t y i e l d o f f r e e r a d i c a l f o r m a t i o n i n t h e b u l k i s 
of c o u r s e z e r o , w h i c h have been o b s e r v e d i n t h e e l e c t r o n t r a n s f e r 
q uench i ng of ex c i t e d t r i s (2 „ 2-~b i p y r i d i ne) r u t hen i um (11) by 
n i t r o b e n z e n e s and q u i nones. L a s e r p h o t o l y t i c s t u d i e s of t r i p l e t 
s t a t e q u e n c h i n g a l r e a d y have d e m o n s t r a t e d (Ohno 1983) that, 'every 
q u e n c h i n g o f t r i p l e t e x c i t e d s t a t e p r o d u c e s a g e m i n a t e r a d i c a l p a i r , 
whi ch unc!ergoes a f a s t bac kward e 1 e c t r o n t r a n s f e r bef ar e i t s 
d i s s o c i a t i on. 

S i n c e t h e g e m i n a t e r a d i c a l p a i r d e c a y s v i a two modes, b a c k w a r d 
e l e c t r o n t r a n s f e r (BET) and d i s s o c i a t i o n t o t h e b u l k , t h e f r e e r a d i c a l 
y i e l d ( F ) i n t h e q u e n c h i n g can be e x p r e s s e d by u s i n g t h e two r a t e 
c o n s t a n t s o f k t o and k d l » . The -formula i s r e a r r a n g e d t o a n o t h e r one, 

F - k c j ± . / < k r f l . + k b ) 

i n w h i c h kfc, i s e x p r e s s e d i n t e r m s of t h e o b s e r v a b l e q u a n t i t y , F. The 
m a g n i t u d e o f k«=i±m i s e s t i m a t e d t o be ar o u n d 1 0 1 0 s " 1 f o r a p a i r of 
s i m i l a r l y ch a r g ed r a d i c a 1 s by us i n g E i g en's f o r mula ( 1 9 5 4 ) , t h e r e f o r e , 
a v a r i a t i o n of t h e r a d i c a l y i e l d i n t h e r a n g e 5-90 7. c o r r e s p o n d s t o a 
v a r i a t i o n o f k to i n t h e r an g e of 10*"-10 1 1 s""'1. 

A c c o r d i n g t o R.A.Marcus, t h e r a t e of ET r e a c t i o n i n c r e a s e s w i t h e x e r -
g on i c i t y i n v o l v e d i n t h e ET r e a c t i o n i n a 1ow ex er g on i c r eg i o n, s t op s 
i n c r e a s i n g and t h e n d e c r e a s e s i n a h i g h ex e r g o n ic: r e g i o n . A n 
e l a b o r a t e work by S c a n d o l a e t a l . (1984) has shown l e v e l i n g o f f of t h e 
ET r a t e s i n a w i d e e x e r g o n i c r e g i o n . However, i n s p e c t i o n o f BET 
w i t h i n a g e m i n a t e r a d i c a l p a i r c o u l d m a n i f e s t a b e l l - s h a p e d c u r v e of 
ET r a t e w i t h r e s p e c t toAG°, b e c a u s e t h e v a r i a t i o n of k t a i n t h e 
r a n g e o f i O ^ - 1 0 1 1 s ~ 1 i s r e f l e c t e d on t h e r a d i c a l y i e l d s i n t h e r a n g e 
of 5-907.. The r a d i c a l y i e l d s i n 1:1 CH 3CN~Hs»0 mixed s o l v e n t were 
o b t a i n e d i n t h e r e d u c t i v e q u e n c h i n g of R u ( 4 , 7 - d i p h e n y l - 1 , 1 0 -
p h e n a n t h r o l i n e ) 3 ^ - by some a r o m a t i c amines. The r a t i o , k b / k d l » , a r e 
c a l c u l a t e d f r o m t h e f r e e r a d i c a l y i e l d s - On p l o t t i n g l o g k b / k d i . a s 
a f u n c t i o n o f AG°, a b e l l - s h a p e d c u r v e was o b t a i n e d w i t h t h e maximum 
a t -1.7' eV- A s i m i l a r t r e n d was o b t a i n e d f o r r e d u c t i v e q u e n c h i n g of 
Ru (bpy) i n t h e mi x e d s o l v e n t of CHrjCN and H 20. The t o p of t h e 
b e l l - s h a p e d c u r v e l i e s a t -1.7 eV a g a i n . The p h o s p h o r e s c e n t s t a t e of 
Cr (dp-phen) 3 3 , + - was a l s o quenched by t h e a r o m a t i c a m i n e s and methoxy-
b e n z e n e s t o p r o d u c e t h e c a t i o n r a d i c a l of t h e d o n o r . A p l o t o f 
k t o / k c i i . as a f u n c t i o n of 6° a p p e a r s t o have a maximum a t ab o u t 



-1.7 eV. In thee c a s e o f Rh (dp-phen) 3 3 + ', w h i c h h a s t h e t r i p l e t 
e x c i t e d s t a t e l o c a l i z e d i n t h e dp-phen l i g a n d a s t h e l o w e s t e x c i t e d 
s t a t e , a b e l l - s h a p e d c u r v e on p l o t t i n g l o g k t, / k c i 4 m a s a f u n c t i o n o f B° 
a p p e a r e s t o h a v e t h e maximum a t -1.8 eV. 

The v a r i a t i o n i n t h e r a t i o of k ^ / k ^ i - c a n be r e g a r d e d a s t h e v a r i a t i o n 
i n kfc> s i n c e kcji» i s a p p r o x i m a t e l y c o n s t a n t a s l o n g a s t h e same c h a r g e d 
r e a c t a n t s a r e u s e d . T h i s i s t h e c a s e f o r a l l thee r e a c t i o n s m e n t i o n e d 
h e r e . The most i m p o r t a n t f i n d i nq l s t h a t A G ° , maximi z i n g t h e r a t e k t o, 
i s s u b s t a n t i a l l y more n e g a t i v e c o mpared w i t h A G ° r e q u i r e d f o r t h e 
n e a r l y d i f f u s i o n c o n t r o l l e d r a t e . How c a n wee e x p l a i n s u c h a l a r g e 
v a l u e i n t h e t h e o r y o f ET r e a c t i o n . 

L e t me f o c u s on t h e r a t e of ET w i t h i n t h e geminate? r a d i c a l p a i r f o r m e d 
i n t h e t r i p l e t q u e n c h i n g . A f o i l cowing e q u a t i o n comes f r o m t h e g o l d e n 
r u l e o f t i m e - d e p e n d e n t p e r t u r b a t i o n t h e o r y . The i n t e g r a l r e p r e s e n t s 
e l e c t r o n i c 

k = 2TT/fi - O f l & l 3 i > FC 

c o u p l i n g b e t w e e n t h e i n i t i a l and t h e f i n a l s t a t e s - The 
must c o n t a i n s p i n - o r b i t c o u p l i n g , because* t h e ET 
a c c o m p a n i e d by a s p i n - f l i p . FC i s t h e r m a l l y a v e r a g e d 
i n t e g r a l , f o r w h i c h a famous f o r m u l a h a s been p r o p o s e d 
i n a c l a s s i c a l way. 

FC = exp f - X / 4 ( l + A G ^ / X ) ^ ] 

\ and G°i4 a r e t h e r e a r r a n g e m e n t e n e r g y and G i b b s f u n c t i o n c h a n g e 
i n v o l v e d i n t h e ET, r e s p e c t i v e l y . F o l l o w i n g t h i s e q u a t i o n , k t o h a s 
t h e maximum a t G ° = - X. 

S i n c e X of t h e b i m o l e c u l a r EL'T i s assumed t o be t h e a v e r a g e of r e a r ­
r a n g e m e n t e n e e r g i e s f o r t h e s e l f - e x c h a n g e ET o f t h e two r e a c t a n t s , wee 
ca n e s t i m a t e t h e X of BET frcDm t h e X f o r t h e s e l f - e x c h a n g e ET o f 
t h e r e a c t a n t s w h i c h a r e a v a i l a b l e i n r e f e r e n c e s - Though t h e X f o r 
t h e a m i n e s u s e d h e r e a r e nest a v a i l a b l e e x c e p t f o r TMPD, i t i s most-
p r o b a b l e t h a t t h e y a r e sma l l e e r t h a n 1 eV. Then i t t u r n s o u t t h a t 
X f o r BET b e t w e e n t h e r e d u c e d m e t a l compound and t h e c a t i o n r a d i c a l 
of thee amine c o u l d be smal l e e r t h a n 1 eV. T h e s e s m a l l v a l u e s o f X 
n e v e r f i t s t o t h e o b s e r v a t i o n . 

S i n c e f r e e r a d i c a l y i e l d s u b s t a n t i a l l y a r e a f f e c t e d by t h e s o l v e n t 
p o l a r i t y ( n o t d i e l e c t r i c c o n s t a n t ) , i t w i l l be r e a s o n a b l e t o a p p l y t h e 
f o r m u l a s of K a k i t a n i and Mata g a ( 1 9 8 5 ) , i n w h i c h i o n i c s p e c i e s i n p o l a r 
s o l v e n t i s s o l v a t e d by s o l v e n t m o l e c u l e s i n a s p e e c i f i c way s o t h a t t h e 
f r e q u e n c y of s o l v e n t mode a r o u n d t h e i o n i c s p e c i e s i s much l a r g e r t h a n 
t h a t a r o u n d t h e n e u t r a l s o l u t e m o l e c u l e . T h i s model c a u s e s enormous 
d i f f e r e n c e s i n t h e s o l v e n t mode d e p e n d i n g F r a n c k - C o n d o n i n t e g r a l 
b e t w e e n " c h a r g e s e p a r a t i o n " proceess and " c h a r g e r e c o m b i n a t i o n " 
p r o c e s s : t h e s o l v e n t mode d e p e n d i n g F r a n c k - C o n d o n i n t e g r a l r e m a r k a b l y 
m o d e f i e s t h e i n t r a m o l e c u l a r mode d e p e n d i n g F r a n c k - C o n d o n i n t e g r a l t o 

p e r t u r b a t i o n 
proceess i s 

F r a n c k — C o n d o n 
by R.A.Marcus 



s h i f t t h e maximum of t h e r a t e i n more e x e r g o n i c r e g i o n i n t h e " c h a r g e 
r e c o m b i n a t i o n " , w h i l e t h e f a r m e r g i v e s r i s e t o a s m a l l s h i f t o f the, 
(ru x i mum A G ° i n t h e " c h a r g e s e p a r a t i o n " p r o c e s s -

We a r e r e t u r n i n g back- t o my c a s e s of BET w i t h i n g e m i n a t e r a d i c a l p a i r . 

3< aRuL3*, aTMFD*> ~> R u L 3
a * + TMPD 

I f y o u f o c u s on t h e c h a r g e of t h e m e t a l c o m p l e x , t h e p r o c e s s c a n be 
r e g a r d e d a s " c h a r g e s e p a r a t i o n " . And, i f you f o c u s on TMPD, t h e 
p r o c e s s c a n be? r e g a r d e d as " c h a r g e r e c o m b i n a t i o n " . The whole? a s p e c t 
of t h e s e BET i s i n t e r p r e t e d t o f a l l between t h e two e x t r e m e s s o t h a t 
t h e maximum of k*, c o u l d be o b s e r v e d a t a h i g h e r e x e r g o n i c i t y compared 
w i t h t h e p r e d i c t i o n a n t h e i n t r a m a 1 e c u 3. a r m o d e d e p & n d i n g F r a n c: k - C o n d o n 
i n t e g r a l . 

I t i s a p l e a s u r e t o a c k n o w l e d g e a number of v e r y i l l u m i n a t i n g 
c J i s c u s s i o n w i t h P r o f . N.Mataqa of Osaka U n i v e r s i t y and P r o f . U . S t e i n e r 
o f K o n s t a n z U n i v e r s i t y . I t h a n k Dr. T - U l r i c h of K o n s t a n z 
U n i v e r s i t y f o r - t r a n s I a t i n g t h & m a n u s c r i p t . 
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W i t h i n t h e v e h e m e n t d e v e l o p m e n t o f p h o t o c h e m i s t r y o f c o o r d i n a t i o n 
c o m p o u n d s a n d i t s p h o t o c a t a l y t i c a s p e c t s i n t h e p a s t t e n y e a r s / H e n ­
n i g 1 9 8 5 / a p r o g r e s s w a s m a d e a l s o i n t h e f i e l d o f c o p p e r p h o t o c h e ­
m i s t r y , T h e p r e s e n t e d c o n t r i b u t i o n s u m m a r i z e s a n d a n a l y z e s t h e c u r ­
r e n t s t a t e i n t h e f i e l d o f p h o t o c h e m i c a l b e h a v i o u r o f c o p p e r c o m p l e ­
x e s m a i n l y f r o m t h e p o i n t o f v i e w o f c a t a l y s i s . T h e h i t h e r t o k n o w n 
p h o t o c h e m i c a l r e a c t i o n s o f c o p p e r c o o r d i n a t i o n c o m p o u n d s a r e p r e s e n ­
t e d w i t h i n t h e c l a s s i f i c a t i o n s u g g e s t e d i n o u r l a b o r a t o r y . T h e s t a t e 
r e a c h e d i n s o m e t y p e s o f c o p p e r p h o t o c h e m i c a l r e a c t i o n s i s i l l u s t r a ­
t e d b y p u r p o s e f u l l y s e l e c t e d r e p r e s e n t a t i v e e x a m p l e s ; m a i n l y r e s u l t s 
/ a f t e r 1 9 7 9 / n o t i n c l u d e d i n t h e l a t e s t r e v i e w a r t i c l e i n t h e f i e l d 
/ P e r r a u d i 1 9 8 1 / a r e p r e f e r r e d f o r d i s c u s s i o n i n t h i s l e c t u r e . 

C u / I / P H O T O C H E M I S T R Y 
T h e v a r i e t y o f p o s s i b i l i t i e s o f p h o t o c h e m i c a l C u / l / c o m p l e x e s b e h a ­
v i o u r i s c o n d i t i o n e d b y t h e n a t u r e o f p h o t o c h e m i c a l l y a c t i v e e x c i t e d 
s t a t e / s / : L I I C T , L M C T , C T T S a n d i n t r a l i g a n d e x c i t e d s t a t e s . S o t h a t 
a m a n y v a r i o u s r e d o x r e a c t i o n s w e r e o b s e r v e d a s a c o n s e q u e n c e o f d e ­
a c t i v a t i o n o f t h e s e e x c i t e d s t a t e s / e . g . p h o t o o x i d a t i o n o f C u / l / m e ­
t a l c e n t e r a c c o m p a n i e d b y f o r m a t i o n o f s o l v a t e d e l e c t r o n f o l l o w e d b y 
H2 p r o d u c t i o n , p h o t o i n d u c e d i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r e t c . / , 
A n u m b e r o f p h o t o c h e m i c a l p r o c e s s e s w h e r e c o o r d i n a t i o n c o m p o u n d s o f 
C u / l / c a t a l y z e t r a n s f o r m a t i o n s o f t h e o r g a n i c s u b s t r a t e s w a s r e v i e w e d 
r e c e n t l y b y S a l o m o n / 1 9 8 3 / a n d K u t a l / 1 9 8 5 / . A c c o r d i n g t o K u t a l ' s 
c l a s s i f i c a t i o n o f o l e f i n p h o t o - t r a n s f o r m a t i o n s i n t h e p r e s e n c e o f 
C u / l / c o m p l e x e s t h r e e t y p e s o f s u c h p h o t o t r a n s f o r m a t i o n r e a c t i o n s 
c a n b e d i s t i n g u i s h e d 

T y p e A C u / l / ^ [ c u / I ^ - ^ [ c u / l / - o l e f i n f — * C u / l / + o l e f i n ' 
T y p e B C u / l / + o l e f i n ^ C u / l / - o l e f i n - ^ p u / l / - o l e f i n ] — • C u / I / - o l e f i n ' 
T y p e C o l e f i n ^ - * o l e f i n * [ c u / I / - o l e f i n ] — * C u / l / + o l e f i n ' 

I t i s o f i n t e r e s t t o n o t e t h a t i n c o n n e c t i o n w i t h t h e p o s s i b l e a p p l i ­
c a t i o n o f p h o t o i s o m e r i s a t i o n o f o l e f i n s c a t a l y z e d b y C u / l / c o m p l e x e s 



a p p l i c a b l e t o t h e s o l a r e n e r g y s t o r a g e p r o b l e m S a k a k i / 1 9 8 4 / e l a b o ­

r a t e d a C u / l / p h o t o c a t a l y t i c s y s t e m e f f i c i e n t l y w o r k i n g u n d e r v i s i b ­

l e - l i g h t i r r a d i a t i o n , 

C u / I l / PHOTOCHEMISTRY 

P h o t o c h e m i c a l l y a c t i v e i s u s u a l l y s p i n - a l l o w e d c h a r g e t r a n s f e r d u b -

l e t e x c i t e d s t a t e ; o b s e r v e d p h o t o r e d o x r e a c t i o n i s o f t e n a c c o m p a n i e d 

b y r a p i d i n t e r n a l c o n v e r s i o n t o t h e l o w e s t d-d d u b l e t e x c i t e d s t a t e 

o r g r o u n d s t a t e , r e s p e c t i v e l y , l i g a n d f i e l d e x c i t e d s t a t e s a r e p h o t o -

i n e r t , V/hen s p i n - a l l o w e d i n t r a l i g a n d e x c i t e d s t a t e C U [ L ] * i s p r i ­

m a r i l y p o p u l a t e d , u s u a l l y v e r y r a p i d i n t e r n a l c o n v e r s i o n t o t h e p h o ­

t o a c t i v e d u b l e t c h a r g e t r a n s f e r e x c i t e d s t a t e t a k e p l a c e . 

B a s e d on p u b l i s h e d d a t a o n p h o t o c h e m i c a l b e h a v i o u r t h e C u / I l / p h o t o ­

c h e m i s t r y c a n be c l a s s i f i e d / S y k o r a 1 9 8 2 / i n t o t h r e e c l a s s e s A, B, C 

w h e r e S = s o l v e n t , l i g a n d I ^ S , L = o x i d i z e d l i g a n d o r s o l v e n t , r e s p e c t i -

ox 
v e l y . 

C l a s s A C u / l l / L S C u / l / S + LQX 

C U / I I / L 2 S - ^ C U / I / L 2 + S Q X 

C u / I l / L L ; - ^ C u / I / L L ' + I ' 

C u / I l / L
2
— ^ C u / I / L + L 

C u / I / L * C u ° + L 
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ox 
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 h v

 » C u / I / . . . 1 ^ 

C u / l / . . . L o
X
— C u / l l / + L ' 

C u / I l / L
2
 + S * — ^ [ C u / I l / L g , • £ ] — C u / l / L + L ^ S 

2 C u / I / L ^ C u / I l / L
2
 + C u ° 
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o
^ C u / I l / L

2
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C u / I l / L + C u / I / L + S
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The m a i n a t t e n t i o n o f o u r r e s e a r c h was c o n c e n t r a t e d u p o n t h e c a t a l y ­

t i c a s p e c t s o f C u / I l / h a l o g e n o c o m p l e x e s p h o t o c h e m i s t r y i n o r d e r t o 

u s e t h e d a t a o b t a i n e d i n t h e f i e l d o f p h o t o t r a n s f o r m a t i o n s o f o r g a ­

n i c s u b s t r a t e s . The o b s e r v e d p h o t o s e n s i t i v i t y o f t h e s e s y s t e m s i n t h e 

r e g i o n o f l o w e s t s p i n - a l l o w e d c h a r g e t r a n s f e r e x c i t e d s t a t e r e s u l t s 

i n t h e o x i d a t i o n o f C l ~ t o C l
#

 r a d i c a l e v i d e n c e d b y p u l s e d l a s e r f l a s h 

p h o t o l y s i s as C l
2
 / C e r v o n e 1 9 7 9 / . B e s i d e s a p o w e r f u l o x i d a t i o n a g e n t -

- t h e r a d i c a l C l * a l s o C u / l / i s f o r m e d , o x i d a b l e b y d i o x y g e n a g a i n t o 

C u / I l / t h u s c l o s i n g t h e c y c l e . The p r e s e n c e o f 0
2
 o f t e n r e g a r d e d a s 

a d r a w b a c k i n p h o t o c h e m i c a l s t u d i e s , i s o f s i g n i f i c a n c e i n t h i s c a s e 

and makes i t p o s s i b l e t o i n c r e a s e t h e y i e l d s o f o x i d a t i o n p r o d u c t s 

c o m p a r e d w i t h t h o s e o f s y s t e m s i r r a d i a t e d u n d e r a n a e r o b i c c o n d i t i o n s . 
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INTRAMOLECULAR EXCITED STATE ELECTRON TRANSFER FROM NAPHTHALENE TO CO B A L T ( I I I ) 
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Introduction 

The m a j o r i t y o f i n t r a m o l e c u l a r photoredox p r o c e s s e s o f metal complexes which 

1 2) 

have been r e p o r t e d * ' t a k e s p l a c e upon d i r e c t o p t i c a l charge t r a n s f e r (CT) 

e x c i t a t i o n . As an a l t e r n a t i v e i n t r a m o l e c u l a r photoredox p r o c e s s e s may o c c u r by an 

e x c i t e d s t a t e e l e c t r o n t r a n s f e r . An e x c i t e d chromophoric group o f a complex can 

undergo an e l e c t r o n t r a n s f e r t o o r from a n o t h e r p a r t o f t h e same complex. W h i l e i n 

i n t e r m o l e c u l a r p h o t o r e d o x p r o c e s s e s t h e s t r u c t u r a l arrangement o f donor and a c c e p ­

t o r i n t h e e n c o u n t e r p a i r i s not known i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r o c c u r s i n 

a b e t t e r d e f i n e d e n v i r o n m e n t . A l t h o u g h t h e s e f e a t u r e s make i t a t t r a c t i v e t o s t u d y 

i n t r a m o l e c u l a r e x c i t e d s t a t e e l e c t r o n t r a n s f e r t h i s s u b j e c t has been l a r g e l y 

n e g l e c t e d u n t i l a few y e a r s ago. 

The r e c e n t i n t e r e s t i n i n t r a m o l e c u l a r e x c i t e d s t a t e e l e c t r o n t r a n s f e r i s a s s o ­

c i a t e d w i t h a t t e m p t s t o u n d e r s t a n d t h e p r i m a r y e v e n t s of p h o t o s y n t h e s i s and t o 

d e s i g n model systems f o r t h e n a t u r a l and an a r t i f i c i a l p h o t o s y n t h e s i s . In t h e f i r s t 

s t e p an e x c i t e d s t a t e u p h i l l e l e c t r o n t r a n s f e r i s r e q u i r e d i n o r d e r t o c o n v e r t 

l i g h t i n t o c h e m i c a l e n e r g y . In s i m p l e systems t h i s f i r s t s t e p i s f o l l o w e d by a 

r a p i d d o w n h i l l c h a r g e r e c o m b i n a t i o n . In t h e p h o t o s y n t h e s i s a charge s e p a r a t i o n i s 

a c h i e v e d by i n t r o d u c i n g a b a r r i e r f o r back e l e c t r o n t r a n s f e r . R e c e n t l y model com­

pounds have been d e s i g n e d t o stu d y t h e charge s e p a r a t i o n i n d e t a i l . A system which 

found much a t t e n t i o n c o n s i s t s o f a p o r p h y r i n as e x c i t e d s t a t e e l e c t r o n donor which 

i s l i n k e d c o v a l e n t l y t o a quinone as e l e c t r o n a c c e p t o r . In a d d i t i o n , a c a r o t e n e may 
3) 

be a t t a c h e d as a donor t o a c c o m p l i s h charge s e p a r a t i o n o v e r l a r g e d i s t a n c e s 

T. J . Meyer and h i s r e s e a r c h group have i n v e s t i g a t e d t h e l i g h t - i n d u c e d c h a rge 

s e p a r a t i o n i n compounds which c o n t a i n metal complexes as i n i t i a l l y e x c i t e d chromo-

phores 4)^ I n t n e s e c a s e s t h e charge r e c o m b i n a t i o n r e g e n e r a t e d t h e s t a r t i n g com-



pounds. Under s u i t a b l e c o n d i t i o n s a n o t h e r s e c o n d a r y r e a c t i o n may be r a p i d enough t o 

compete w i t h t h e c h a r g e r e c o m b i n a t i o n . As a r e s u l t s t a b l e p h o t o p r o d u c t s can be 

f ormed. 

In 1969 Adamson e t a l . s t u d i e d a p h o t o r e a c t i o n o f t h i s t y p e . Upon i n t r a -

l i g a n d ( I L ) e x c i t a t i o n o f [ C o i n ( N H 3 ) 5 T S C ] 2 + w i t h TSC" = t r a n s - 4 - s t i l b e n e 

c a r b o x y l a t e t h e e x c i t e d T S C - l i g a n d t r a n s f e r s an e l e c t r o n t o C o ( I I I ) ^ . The C o ( I I ) 

r e l e a s e s i t s l i g a n d s b e f o r e an e f f i c i e n t c h a r g e r e c o m b i n a t i o n t a k e s p l a c e . A v a r i e t y 

7,8) 

o f o t h e r complexes o f t h e t y p e [ C o * * 1 (NH^OOCR] 2" 1" w i t h R = a r o m a t i c group 

such as n a p h t h y l shows q u a l i t a t i v e l y t h e same b e h a v i o r as t h e TSC complex 

E x c i t e d s t a t e e l e c t r o n t r a n s f e r from a r o m a t i c m o l e c u l e s t o C o ( I I I ) ammines t a k e s 

8 9) 
p l a c e a l s o as an i n t e r m o l e c u l a r r e a c t i o n ' . F i r s t o b s e r v a t i o n s were e x p l a i n e d by 

t h e a s s u m p t i o n t h a t an e n e r g y t r a n s f e r o c c u r s t o r e a c t i v e CT s t a t e s o f t h e complex 

9) 

However, more r e c e n t i n v e s t i g a t i o n s have shown t h a t a l l r e s u l t s can be 

e x p l a i n e d b e s t by an e x c i t e d s t a t e e l e c t r o n t r a n s f e r mechanism " . 

In t h e p r e s e n t s t u d y t h e complexes [ 2 - n a p h t h y l - C 0 N H - ( C H 2 ) n - C 0 0 C o
I H ( N H 3 ) 5 ]

2 + 

w i t h n = 1 t o 5 were i n v e s t i g a t e d i n o r d e r t o l e a r n more about t h e s t r u c t u r a l 

r e q u i r e m e n t s f o r e x c i t e d s t a t e e l e c t r o n t r a n s f e r i n t h i s s y s tem. 

Results and Discussion 

Synthesis 

The f r e e l i g a n d s were s y n t h e s i z e d by t h e r e a c t i o n o f 2 - n a p h t h o i c a c i d and t h e 

b e n z y l e s t e r s o f t h e amino a c i d s : 

2 - naphthyl-C00H + N H 2 - ( C H 2 ) n - C 0 0 C H 2 - C 6 H 5 

- 2 - n a p h t h y l - C 0 - N H - ( C H 2 ) n - C 0 0 - C H 2 - C 6 H 5 + H 20 

S a p o n i f i c a t i o n y i e l d e d t h e p r o t o n a t e d l i g a n d s which were c o n v e r t e d by NaOH t o 

t h e sodium s a l t s 2 - n a p h t h y l - C 0 - N H - ( C H 2 ) n - C 0 0 ~ N a
+ . The complexes [ 2 - n a p h t h y l -

C 0 N H - ( C H 2 ) n - C 0 0 C o ( N H 3 ) 5 ]
2 + were o b t a i n e d as p e r c h l o r a t e s by t h e r e a c t i o n o f 

[ C o ( N H 3 ) 5 H 2 0 ] ( C 1 0 4 ) 3 and t h e sodium s a l t s o f t h e l i g a n d s . R e c r y s t a l l i z a t i o n 

f r o m a c e t o n e y i e l d e d a n a l y t i c a l l y pure compounds. 



Absorption Spectra 

The e l e c t r o n i c s p e c t r a of t h e sodium s a l t s o f t h e aqueous f r e e l i g a n d s 2-naph-

t h y l - C 0 - N H - ( C H 9 ) -C00~Na + show two a b s o r p t i o n bands at x = 310 nm and x 
<- n r max max 

= 317 nm. Both bands which are of n e a r l y t h e same i n t e n s i t y (e » 1200 L m o l " 1 

cm" 1) a r e a s s i g n e d t o i«* t r a n s i t i o n s o f t h e n a p h t h y l group. In t h e complex c a t i o n s 

C 2 - n a p h t h y l - C 0 - N H - ( C H 2 ) n - C 0 0 C o ( N H 3 ) 5 ]
2 + t h e s e i n t r a l i g a n d ( I L ) bands appear 

w i t h a l m o s t t h e same p o s i t i o n and i n t e n s i t y . These r e s u l t s show unambiguously t h a t 

t h e n a p h t h a l i n e m o i e t y i s an i s o l a t e d - chromophoric group of t h e s e complexes s i n c e 

c o o r d i n a t i o n does not change t h e a b s o r p t i o n spectrum of t h e f r e e l i g a n d s . T h i s 

o b s e r v a t i o n i s c e r t a i n l y not s u r p r i s i n g because the a r o m a t i c ^ - e l e c t r o n system i s 

s e p a r a t e d by t h e s a t u r a t e d methylene groups (n = 1 t o 5) from t h e Co^ + i o n . In 

a d d i t i o n t o t h e IL bands t h e f i r s t l i g a n d f i e l d band o f t h e complexes appears at 

Xmax = 5 0 4 ™ < e = 8 5 > -

Emission Spectra 

L i g h t a b s o r p t i o n o f t h e f r e e l i g a n d s ( x

e x c = 310 nm) i s accompanied by an 

i n t e n s e f l u o r e s c e n c e (x = 354 nm) which o r i g i n a t e s from t h e l o w e s t - e n e r g y nn* 
max 

s i n g l e t o f t h e n a p h t h y l group. The l i f e t i m e was not measured but i s known t o be 

a p p r o x i m a t e l y 1 0 ~ 8 s f o r r e l a t e d n a p h t h a l i n e d e r i v a t i v e s T h i s e m i s s i o n i s 

l a r g e l y but not c o m p l e t e l y quenched i n t h e complexes. The i n t e g r a t e d f l u o r e s c e n c e 

i n t e n s i t y was r e d u c e d t o 2.00 % (n = 1 ) , 1.75 % (n = 2 ) , 1.48 % (n = 3 ) , 1.07 % (n = 

4 ) , and 1.62 % (n = 5 ) . 

Photochemistry 

Upon l i g h t a b s o r p t i o n by t h e IL bands ( X e x c = 333 nm) t h e aquepus complexes 

2+ 
underwent a p h o t o r e d o x r e a c t i o n . W h i l e C o ( I I I ) was reduced t o Co t h e o x i d a t i o n 

6-8) 

p r o d u c t s were not i d e n t i f i e d . In a n a l o g y t o r e l a t e d c a s e s i t i s assumed t h a t 

t h e n a p h t h a l e n e l i g a n d was o x i d i z e d . The quantum y i e l d o f C o 2 + f o r m a t i o n was 

dependent on n: $ = 0.084 (n = 1 ) , 0.072 (n = 2 ) , 0.034 (n = 3 ) , 0.024 (n = 4 ) , and 



-2 -3 

0.041 (n = 5 ) . In t h e c o n c e n t r a t i o n range o f 10 t o 10 M complex t h e quantum 

y i e l d s were c o n s t a n t . I t f o l l o w s t h a t under t h e s e c o n d i t i o n s t h e p h o t o r e d o x r e a c ­

t i o n i s c e r t a i n l y an i n t r a - and not an i n t e r m o l e c u l a r p r o c e s s . 

Mechanism 

N a p h t h a l e n e i s o x i d i z e d a t = 1.72 V vs SCE At an e x c i t a t i o n e n e r g y 

o f 3.97 eV ' t h e m* s i n g l e t i s now s t r o n g l y r e d u c i n g ( E ^ 2 = -2.25 V ) . A l ­

though t h e s e p a r a m e t e r s a r e c e r t a i n l y somewhat d i f f e r e n t from t h o s e o f t h e l i g a n d s 

2-naphthyl-CO-NH(CH2)2"000" t h e r e i s no doubt t h a t f o r t h e complexes t h e r e i s a 

l a r g e d r i v i n g f o r c e f o r an e l e c t r o n t r a n s f e r f r om t h e e x c i t e d I L * * * s i n g l e t t o t h e 

13) 

C o ( I I I ) c e n t e r . S i m i l a r Co(111) complexes a r e re d u c e d a t E° = +0.06 V . F l u o ­

r e s c e n c e q u e n c h i n g and f o r m a t i o n o f C o 2 + can t h e n be d e s c r i b e d by t h e f o l l o w i n g 

r e a c t i o n scheme (Nap = 2 - n a p h t h y l g r o u p , B = -C0-NH-(CH 2) 2-C00- p e p t i d e b r i d g e , 

A = ammonia): 

CNap-B-Co 1 

[Nap*-B-Co 

[Nap*-B-Co 

[Nap*-B-Co 

[Nap +-B-Co 

[Nap +-B-Co 

! A 5 ]
2 + ^ [ N a p * - B - C o I H A 5 ]

2 + 

[ N a p - B - C o I H A 5 ]
2 + + hv 

%> [ N a p - B - C o I H A 5 l
2 + + heat 

H A 5 ] 2 + ^ 
H A I2+ 

[ N a p + - B - C o U A 5 ] 

- X [ N
a
p - B - C o

l n

A
5
]

2 + 

C

5 2+ 

-2* Co + 5NH
3
 + oxidized Nap-B 

On the basis of t h i s reaction scheme k i n e t i c equations can be derived: 

1 + = 1 + k, • T 
3 o 

*Co(III)
 K

1
 + k

2 

£ and Q
0
( I I I )

 a r e t n e

 fluorescence i n t e n s i t i e s of the fr e e and coordinated 

l i g a n d s . x
o
 i s the l i f e t i m e of the i n * s i n g l e t of the fr e e ligand which was assumed 



t o be 10" s ( s e e a b o v e ) . The e f f i c i e n c y o f e l e c t r o n t r a n s f e r (ET) from t h e e x c i t e d 

IL s i n g l e t t o C o ( I I I ) i s then g i v e n by: 

ET 

2+ 

k 3 + T-

The quantum y i e l d o f Co f o r m a t i o n i s not o n l y d e t e r m i n e d by $ E T but a l s o by 

r a t e c o n s t a n t s o f back e l e c t r o n t r a n s f e r ( k 4 ) and of t h e decay o f t h e C o ( I I ) 

complex ( k g ) . 

* C o 2 + 

*ET k 5 

k 5 + k 4 

The r a t e c o n s t a n t k^ i s not known but i s assumed t o be l a r g e r t h an 1 0 6 s " 1 1 4 ^ . 

I t f o l l o w s t h a t t h e r a t e c o n s t a n t s k^ f o r back e l e c t r o n t r a n s f e r can a l s o not be 

o b t a i n e d . However, r e l a t i v e r a t e s k^' were c a l c u l a t e d assuming k^ t o be c o n s t a n t : 

k. 

4 k 5 * C o 2 + 

-1 

Table 1. 

Rate c o n s t a n t s k 3 and quantum y i e l d s * E T o f e x c i t e d s t a t e e l e c t r o n t r a n s f e r , and 

r e l a t i v e r a t e c o n s t a n t s k 4' o f back e l e c t r o n t r a n s f e r f o r [2-naphthyl-C0-NH-

( C H 2 ) 2 - C 0 0 C o ( N H 3 ) 5 ] 
2+ 

n k 3 x 1 0 " 9 

s " 1 

ET V 

1 4.9 0.980 11 

2 5.6 0.982 13 

3 6.6 0.985 28 

4 9.2 0.989 40 

5 6.0 0.983 23 



In c o n t r a s t t o t h e e x p e c t a t i o n i t was found ( T a b l e 1) t h a t t h e r a t e c o n s t a n t and 

e f f i c i e n c y o f e x c i t e d s t a t e e l e c t r o n t r a n s f e r as w e l l as t h e r a t e o f back e l e c t r o n 

t r a n s f e r d r o p s from n = 1 t o 4. T h i s o b s e r v a t i o n s u g g e s t s t h a t t h e a c t u a l d i s t a n c e 

between t h e n a p h t h y l group and C o ( I I I ) d e c r e a s e s w i t h i n c r e a s i n g c h a i n l e n g t h o f t h e 

p e p t i d e f r om n = 1 t o 4. I t i s assumed t h a t donor and a c c e p t o r come t o a c l o s e r 

a p proach by an a p p r o p r i a t e b e n d i n g o f t h e f l e x i b l e p e p t i d e l i n k a g e . T h i s back b o n d i n g 

may be f a v o r e d by hydrogen b o n d i n g between c o o r d i n a t e d ammonia and t h e c a r b o n y l 

g r o u p s o f t h e p e p t i d e . At n = 5 e l e c t r o n t r a n s f e r becomes l e s s e f f i c i e n t ( T a b l e 1 ) . 

The d o n o r - a c c e p t o r d i s t a n c e may now i n c r e a s e be an e x t e n s i o n o f t h e p e p t i d e . 
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PHOTOCHEMISTRY OF COORDINATION COMPOUNDS OF MAIN GROUP METALS 
REDUCTIVE ELIMINATION OF THALLIUM(111) COMPLEXES 

A.Paukner, H.Kunkely, and A . V o g l e r 

I n s t i t u t f u r A n o r g a n i s c h e Chemie d e r U n i v e r s i t a t Regensburg, U n i v e r s i t a t s s t r . 31, 
8400 Regen s b u r g , FRG 

Introduction 

The p h o t o c h e m i s t r y o f c o o r d i n a t i o n compounds o f t h e main group m e t a l s i s a r a t h e r 

i n t e r e s t i n g but l a r g e l y n e g l e c t e d p a r t of i n o r g a n i c p h o t o c h e m i s t r y . W i t h i n a g e n e r a l 

2 

approach t o t h i s s u b j e c t we s t u d i e d r e c e n t l y photoredox r e a c t i o n s o f [S n ( N g ) g ] 

2- 1) 

and [ P b ( N g ) g ] . These i o n s a r e examples o f complexes c o n t a i n i n g a metal w i t h 

an empty v a l e n c e s h e l l (s° e l e c t r o n c o n f i g u r a t i o n ) . Such compounds are c h a r a c t e r i z e d 

by low-energy l i g a n d t o m e t a l charge t r a n s f e r (LMCT) bands i n t h e i r a b s o r p t i o n s p e c ­

t r a . R e d u c t i v e e l i m i n a t i o n i n i t i a t e d by LMCT e x c i t a t i o n seems t o be t h e t y p i c a l p h o t o -

r e a c t i o n o f s° complexes. We extended now t h e s e i n v e s t i g a t i o n s t o T l ( I I I ) complexes i n 

o r d e r t o t e s t t h e g e n e r a l v a l i d i t y o f t h i s a s s u m p t i o n . 
2 3) 

There i s not much known about t h e p h o t o c h e m i s t r y o f T l ( I I I ) complexes » Spec­

t r a l a s s i g n m e n t s o f e l e c t r o n i c a b s o r p t i o n bands were r e p o r t e d f o r a few t e t r a h a l o g e n o 

complexes o f T l ( I I I ) 4 ' 5 ^ . In t h e p r e s e n t work we s t u d i e d t h e p h o t o c h e m i s t r y o f 

[ T l ( N 3 ) 2 B r 2 ] ~ , [ T l ( b i p y ) 2 I 2 l
+ ( b i p y = 2 , 2 ' - b i p y r i d y l ) , and [ T l ( a c e t a t e ) 3 ] 

i n some d e t a i l . S p e c t r a l a s s i g n m e n t s o f a b s o r p t i o n bands were s u p p o r t e d by t h e p h o t o ­

c h e m i c a l b e h a v i o r o f t h e s e complexes. 

Results and Discussion 

The compounds [ A s ( C 6 H 5 ) 4 ] [ T l ( N 3 ) 2 B r 2 l
 6 ) and [ T l ( b i p y ) 2 I 2 ] I 7 ) , 

were p r e p a r e d by l i t e r a t u r e p r o c e d u r e s . T 1 ( C H 3 C 0 2 ) 3 x 1.5 H 20 was pu r c h a s e d 

from A l d r i c h . 

The a b s o r p t i o n spectrum o f [ T l ( N 3 ) 2 B r 2 l " i n a c e t o n i t r i l e d i s p l a y s a l o n g -

-1 -1 
w a v e l e n g t h band a t x = 293 nm ( e = 10200 L mol cm ). T h i s band i s a s s i g n e d t o 

3 max 

a LMCT t r a n s i t i o n . S i n c e a z i d e and bromide have comparable o p t i c a l e l e c t r o n e g a t i v i t i e s 



i t i s d i f f i c u l t t o d i s t i n g u i s h between N 3~ - T l ( I I I ) and B r " - T l ( I I I ) CT t r a n ­

s i t i o n s . However, t h e p h o t o r e a c t i o n s u p p o r t s t h e f o r m e r a s s i g n m e n t . A t s h o r t e r wave­

l e n g t h t h e t y p i c a l a b s o r p t i o n f e a t u r e s o f t h e c o u n t e r i o n [ A s ( C g H g ) 4 ]
+ appear 

i n t h e spectrum ( x r n a v = 271, 265, 259 nm) 
max 

Upon i r r a d i a t i o n o f t h e LMCT band ( x i f p = 313 nm) o f [ T l ( N 3 ) 2 B r 2 ] ~ i n 

CH 3CN t h e e v o l u t i o n o f n i t r o g e n was o b s e r v e d . S i m u l t a n e o u s l y , t h e i n t e n s i t y o f t h e 

LMCT band d e c r e a s e d . F i n a l l y , t h i s a b s o r p t i o n d i s a p p e a r e d when t h e p h o t o l y s i s went t o 

c o m p l e t i o n . In t h e l a t e r s t a g e s o f t h e p h o t o l y s i s t h e s o l u t i o n became c l o u d y due t o 

t h e f o r m a t i o n o f i n s o l u b l e T I B r . These o b s e r v a t i o n s a r e c o n s i s t e n t w i t h a r e d u c t i v e 

e l i m i n a t i o n : 

[ T l I H ( N 3 ) 2 B r 2 r T l T B r + B r " + 3 N 2 

The d i s a p p e a r a n c e o f [ T l ( N 3 ) 2 B r 2 l " was d e t e r m i n e d by t h e d e c r e a s e o f t h e 

e x t i n c t i o n a t x m a x = 293 nm. Upon i r r a d i a t i o n a t 313 nm t h e r e d u c t i v e e l i m i n a t i o n 

o c c u r e d w i t h a quantum y i e l d o f $ = 0.3. 

abs 

Fig. 1. 

S p e c t r a l changes d u r i n g t h e p h o t o l y s i s o f 5.33-10" 5 M E T 1 ( b i p y ) 2 I 2 ]
+ i n CH 3CN 

a t ( a ) 0 and (d) 200 s i r r a d i a t i o n t i m e , w i t h x i r r > 200 nm and a 1-cm c e l l . 



The a b s o r p t i o n s p e ctrum o f [ T l ( b i p y ) 2 I 2 ]
+ i n CH 3CN ( F i g . 1) c o n s i s t s o f 3 

bands a t x m a x = 374 nm ( e = 4700), 302 nm (23210), and 244 nm (28200). The l o n g e s t 

w a v e l e n g t h band a t 374 nm may be due t o a J " -* T l ( I I I ) LMCT t r a n s i t i o n s i n c e 

[ T 1 I 4 ] " shows such an a b s o r p t i o n a t x m a x = 397 nm 4 ' 5 ^ . However, t h e p h o t o ­

c h e m i c a l b e h a v i o r o f [ T l ( b i p y ) 2 I 2 ]
+ (see below) i s not c o n s i s t e n t w i t h t h i s 

a s s i g n m e n t . As a r e a s o n a b l e a l t e r n a t i v e t h e band a t 374 nm may be a s s i g n e d t o a J " -

b i p y l i g a n d t o l i g a n d ( L L ) CT t r a n s i t i o n . The complex [Be(bipy)1^3 shows such a LLCT 

band a t 368 nm ( e = 7000)
 8 ) . The second band o f [ T l ( b i p y ) 2 I 2 ]

+ a t 302 nm s h o u l d 

be a s s i g n e d t o t h e ™ * i n t r a l i g a n d ( I L ) t r a n s i t i o n o f t h e b i p y l i g a n d which a b s o r b s i n 

t h i s r e g i o n . An I " - T l ( I I I ) LMCT t r a n s i t i o n c o u l d a l s o c o n t r i b u t e t o t h i s band 

s i n c e low-energy a b s o r p t i o n s ' o f t h i s t y p e a r e e x p e c t e d t o appear near t h i s wave-

l e n g t h * \ The t h i r d a b s o r p t i o n a t 244 nm i s c e r t a i n l y a I - * T 1 ( I I I ) LMCT band 

i n agreement w i t h t h e p h o t o c h e m i c a l b e h a v i o r o f L T 1 ( b i p y ) 2 I 2 ]
+ . 

I r r a d i a t i o n ( x

m a x > 200 nm) o f [ T l ( b i p y ) 2 I 2 l
+ i n CH 3CN was accompanied by 

s p e c t r a l changes ( F i g . 1) which are c o n s i s t e n t w i t h a r e d u c t i v e e l i m i n a t i o n a c c o r d i n g 

t o : 

[ T l I H ( b i p y ) 2 I 2 ]
+ - T l + + 2 b i p y + I 2 

In t h e p h o t o l y z e d s o l u t i o n t h e a b s o r p t i o n maximum at 360 nm i s caused by I 2 . The new 

band a t 286 nm i s a p p a r e n t l y a s u p e r i m p o s i t i o n o f a b s o r p t i o n maxima o f I 2 (
x

m a x = 

289 nm) and f r e e b i p y ( x = 280 nm). The pre s e n c e o f r e l e a s e d b i p y i s a l s o i n d i -
^ J max 

c a t e d by bands a t x = 235 and 243 nm. 

In a c c o r d a n c e w i t h t h e ass i g n m e n t s o f t h e a b s o r p t i o n bands o f [ T l ( b i p y ) 2 I 2 ]
+ 

t h e quantum y i e l d s o f t h e r e d u c t i v e e l i m i n a t i o n (* = 0.54 at x i r r = 254 nm, 0.03 a t 

302 nm, and 2.9x10 a t 366 nm) d e c r e a s e d w i t h i n c r e a s i n g w a v e l e n g t h o f i r r a d i a t i o n . 

The p h o t o c h e m i s t r y o f some t h a i 1 i u m ( I I I ) c a r b o x y l a t e s o f t h e t y p e T l ( R C 0 0 ) 3 where 

2) 

R i s a l a r g e r a l i p h a t i c group was s t u d i e d by Kochi and Bethea ; . The p h o t o l y s i s o f 

t h e s e compounds i n benzene s o l u t i o n l e d t o t h e f o r m a t i o n o f T l ( I ) and o x i d a t i o n o f 

c a r b o x y l a t e (RC00" - e" - R • + C 0 2 ) . 



In t h e p r e s e n t work we i n v e s t i g a t e d t h e p h o t o l y s i s o f T 1 ( C H 3 C 0 0 ) 3 w h i c h does 

not d i s s o l v e i n benzene. In t h e s o l i d s t a t e T l ( I I I ) i s e s s e n t i a l l y h e x a c o o r d i n a t e d by 

t h r e e c h e l a t i n g a c e t a t e l i g a n d s . In aqueous s o l u t i o n t h e a c e t a t e l i g a n d s a r e 

p a r t i a l l y s u b s t i t u t e d S i n c e i n a c e t o n i t r i l e such l i g a n d s u b s t i t u t i o n s a r e 

g e n e r a l l y l e s s e f f i c i e n t i t is*assumed t h a t T 1 ( C H 3 C 0 0 ) 3 d i s s o l v e s i n CH^CN w i t h ­

out d i s s o c i a t i o n . The a b s o r p t i o n s p e c t r u m o f T 1 ( C H 3 C 0 0 ) 3 i n a c e t o n i t r i l e ( F i g . 2) 

abs 
1.4 t — 1 

200 300 400 500 nm 

F i g . 2 

A b s o r p t i o n s p e c t r a o f 9 . 9 x 1 0 " 5 M [ T l ( C H 3 C O O ) 3 ] ( a ) and i t s p h o t o l y s i s p r o d u c t (b) 

i n CH 3CN, x i r r > 200 nm, 1-cm c e l l 

i s r a t h e r f e a t u r e l e s s . The complex s t a r t s t o a b s o r b i n t h e v i s i b l e r e g i o n . The a b s o r p ­

t i o n i n c r e a s e s t o w a r d s s h o r t e r w a v e l e n g t h . A maximum app e a r s a t 203 nm (e =12430) 

w h i l e s h o u l d e r s o c c u r a t 240 nm ( e = 6440) and 395 nm ( e = 1660). These a b s o r p t i o n s 

can c e r t a i n l y be a s s i g n e d t o a c e t a t e - T l ( I I I ) LMCT t r a n s i t i o n s . 

The s p e c t r a l changes which accompanied t h e i r r a d i a t i o n ( w h i t e l i g h t f r o m a h i g h -

p r e s s u r e m e r c u r y a r c ) o f T 1 ( C H 3 C 0 0 ) 3 i n CH 3CN i n d i c a t e d t h e f o r m a t i o n o f T l ( I ) 

a c e t a t e ( F i g . 2) w h i c h shows a b s o r p t i o n bands a t x = 256 nm and 214 nm. A l t h o u g h 
max 

t h e o x i d a t i o n p r o d u c t s were not i d e n t i f i e d i t i s assumed t h a t t h e r e d u c t i v e e l i m i n a ­

t i o n t a k e s p l a c e a c c o r d i n g t o t h e e q u a t i o n : 



T 1 I I I ( C H 3 C 0 0 ) 3 T1 I(CH 3C00) + 2 C 0 2 + 2 CH^ 

The m e t h y l r a d i c a l s may undergo d i m e r i z a t i o n o r o t h e r secondary r e a c t i o n s . At x 

254 nm t h e quantum y i e l d f o r t h e d i s a p p e a r a n c e o f Tl(CH^COO)^ was * = 0.14. I t 

dropped t o * = 0.01 a t x. = 395 nm. 
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PHOTOPHYSICS AND PHOTOCHEMISTRY OF TUNGSTEN CARBYNE COMPLEXES 

A . B . B o c a r s l y * , R.E.Cameron, A.Mayr*, and G.A.McDermott 

Department o f C h e m i s t r y , P r i n c e t o n U n i v e r s i t y , P r i n c e t o n , NJ 08544, USA 

T r a n s i t i o n metal complexes that luminesce at room temperature i n f l u i d s o l ­
u t i o n upon e x c i t a t i o n w i t h v i s i b l e l i g h t have a t t r a c t e d much a t t e n t i o n since such 
species have l o w - l y i n g e x c i t e d states which may allow the u t i l i z a t i o n of o p t i c a l 
energy i n the p r e p a r a t i o n of u s e f u l chemical products. Despite t h i s i n t e r e s t only 
few such species have been discovered. In most cases luminescence i s associated 
w i t h a charge t r a n s f e r t r a n s i t i o n i n v o l v i n g metal d7r electrons and the TT* o r b i t a l 
of l i g a t e d aromatic diimines. Here we describe some of the photophysical and 
photochemical p r o p e r t i e s of bis-donor l i g a n d - s u b s t i t u t e d tungsten arylcarbyne 
complexes [(W=CAryl)X(CO) 2L2] (X-halide, L»donor ligand) (Fischer 1977), a new 
c l a s s of luminescent organometallic species (Bocarsly 1985). The emissive e x c i t e d 
s t a t e i s a s s o c i a t e d w i t h the lowest energy absorption band, which i s assigned to 
a d-metal to 7r*(M=CAryl) t r a n s i t i o n . Quenching experiments i n d i c a t e that a s i g n i ­
f i c a n t amount of t r i p l e t character i s associated with the emissive e x c i t e d s t a t e . 
Bimolecular o x i d a t i v e and reductive charge t r a n s f e r quenching i s also observed, 
demonstrating the e x c i t e d s t a t e to be strongly reducing and o x i d i z i n g . Photo-
induced a s s o c i a t i v e l i g a n d s u b s t i t u t i o n s occur i n these molecules (Cameron 1986). 

ELECTRONIC ABSORPTION SPECTRA 
The spectroscopic p r o p e r t i e s of tungsten carbyne complexes of the type [(W=CR)X 
(CO) 2L 2] are l i s t e d i n Table 1. As a c h a r a c t e r i s t i c example the spectrum of 
[(W=CPh)Br(CO) 2(tmeda)] i s shown i n F i g . 1. The e l e c t r o n i c absorption spectra for 
tungsten phenylcarbyne complexes of the type [ (WsCPh)X(CO) 2L 2 ] , where X - C l , Br, 
I and L 2 - 2 p y r i d i n e (py), tetramethylethylene diamine (tmeda), and b i s d i p h e n y l 
phosphinoethane (dppe) , e x h i b i t a f a i r l y weak absorption at about 450 nm and a 
more intense absorption at about 350 nm. The lowest energy absorptions are 
assigned to d x y -• 7r(M=C)* t r a n s i t i o n s (z-axis c o i n c i d i n g with M̂ C bond a x i s ) . 
For phenylcarbyne tungsten complexes the 7r(M=C)* o r b i t a l i s conjugated with the 

Table 1. E l e c t r o n i c Absorption and Emission Data. 

[(W^CR)X(CO) 2L 2] 
R X L 2 

*(M«C) - 7r(M=C)* 
A m a x[nm], ( e l M - W 1 ] ) 

Emission 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
CMe3 

CI 
Br 
I 
CI 
Br 
CI 
CI 
CI 

tmeda 
tmeda 
tmeda 

448 (393) 
450 (400) 
454 (560) 

330 (5500) 
327 (13000) 

640 
630 
630 
625 
630 
660 

2py 
2py 
dppe 

2py 
tmeda 

435 (368) 
364 (617) 
475 

460 (1064)* 
460 (1086)* 

340 (17000)+ 
350*+ 
360 (10000 
270 (8000) 
354+ 660 

*shoulder 
"•"solvent dependent, values i n d i c a t e d are i n nonpolar solvents. 
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Figure 1. E l e c t r o n i c Absorption Spectrum and Emission Spectrum of 
[(WCPh)Br(C0) 2(tmeda)]. 

7r-system of the phenyl group. Molecular o r b i t a l c a l c u l a t i o n s by K o s t i c and 
Fenske (1982) on the r e l a t e d compound [(Cr-CPh)Cl(C0) 4] i n d i c a t e t h a t t h i s 
c onjugation i s s i g n i f i c a n t . A s i m i l a r assignment has been suggested by Vogler 
(1983) f o r [(Os«CPh)Cl(CO)(PPh3)2]; although t h i s complex has a d i f f e r e n t 
geometry from the tungsten systems, the lowest l y i n g e x c i t e d s t a t e seems to be 
s i m i l a r i n nature. Replacement of the phenyl group by a t e r t - b u t y l group r e s u l t s 
i n a s h i f t of the low energy absorption band toward the blue by about 85 nm. 
This i s c o n s i s t e n t w i t h removal of the conjugation from the LUMO o r b i t a l , 
TT(M=C)*. On the other hand, replacement of the phenyl group w i t h a 2-naphthyl 
group leads to a red s h i f t by about 15 nm, i n d i c a t i n g an extension of the 
conjugated system. The nature of the donor li g a n d s a l s o s i g n i f i c a n t l y i n f l u e n c e s 
the low energy absorption. Replacing tmeda by two monodentate p y r i d i n e ligands 
causes a s h i f t toward the red by about 10 nm, r e p l a c i n g tmeda by the 
phosphorous-based dppe l i g a n d causes a blue s h i f t by about 15 nm. Assuming that 
the energy of TT(MKC)* remains more or l e s s u n a f f e c t e d by these l i g a n d 
s u b s t i t u t i o n s , the observed changes i n absorption energies may be explained by a 
weak 7r-donor a b i l i t y of the p y r i d i n e and a weak 7r-acceptor a b i l i t y of dppe 
l i g a n d s , r e s p e c t i v e l y . Replacing tmeda by 2,2'- b i p y r i d i n e or by phenan­
t h r o l i n e causes a s i g n i f i c a n t red s h i f t (38 nm) i n the lowest absorption band of 
the tungsten carbyne system. However, by comparison w i t h the absorption spectrum 
of [W(C0) 4(bpy)] t h i s e l e c t r o n i c t r a n s i t i o n i s b e l i e v e d to c o n t a i n a la r g e compon­
ent of metal d -+ bpy 7r* charge-transfer character. V a r i a t i o n of the h a l i d e l i g a n d 
trans to the carbyne has only a minor e f f e c t on the p o s i t i o n of the low energy ab­
s o r p t i o n , r u l i n g out these o r b i t a l s as the HOMO and f u r t h e r suggesting that the 
h a l i d e p - o r b i t a l s (lone p a i r s ) are not s i g n i f i c a n t l y i n t e r a c t i n g w i t h the metal 
center i n these tungsten carbyne complexes. 

The more intense absorption at about 350 nm f o r [(W*CPh)X(C0) 2L 2] i s assigned to 
7r->7r* t r a n s i t i o n s i n the conjugated M*CPh systems i n analogy to the absorption 
i n diphenylacetylene (295 nm, 29000 cm"1 M* 1). In cases where the li g a n d s L con­
t a i n a 7r* system, f o r example L - p y r i d i n e , there i s a l s o a component of the ab­
s o r p t i v i t y i n t h i s r egion a s s o c i a t e d w i t h an MLCT t r a n s i t i o n . 

LUMINESCENCE IN ROOM TEMPERATURE FLUID SOLUTION 
Several tungsten phenylcarbyne complexes of the type [(W*CPh)X(CO) 2L 2] have been 
found to luminesce a t room temperature i n f l u i d s o l u t i o n upon e x c i t a t i o n with v i s ­
i b l e l i g h t . The emission spectrum of [(W»CPh) Br(C0) 2(tmeda) i s shown i n F i g . 1. 
I t i s t y p i c a l f o r t h i s c l a s s of compound, being s t r u c t u r e l e s s both at room temper 
ature and at 77K i n a frozen g l a s s . This i s i n d i c a t i v e of a la r g e degree of v i b r a ­
t i o n a l c o u p l i n g s i m i l a r to that observed f o r the s o l u t i o n emission of [ R u ( b p y ) 3 ] 2 t 



We a s s o c i a t e the luminescence with the lowest energy absorption band at 450 nm 
based on the observed overlap of the emission onset w i t h the low energy t a i l of 
the 450 nm a b s o r p t i o n band. A large Stokes s h i f t on the order of 180 nm i s seen 
by a l l these emissive complexes. This may be due to s i g n i f i c a n t s t r e t c h i n g of 
the metal-carbon t r i p l e bond and/or bending of the carbyne l i g a n d i n the e x c i t e d 
s t a t e . The quantum y i e l d of emission ( $ E ) f o r the tungsten phenylcarbyne complexes 
i s i n the range of 10" 3 i n room temperature f l u i d s o l u t i o n , Table 1. I r r a d i a t i o n 
i n t o the higher energy absorption peaks also leads to emission from the ?r(M=C)* 
o r b i t a l of these complexes. Apparently, e f f i c i e n t n o n radiative coupling between 
these higher energy s t a t e s and the LUMO o r b i t a l e x i s t s . Consistent w i t h t h i s re­
s u l t i s the f i n d i n g that the r a d i a t i v e quantum y i e l d f o r t h i s system i s wave­
length-independent f o r a l l wavelengths tested. 

V a r i a t i o n of the carbyne s u b s t i t u e n t R has a strong i n f l u e n c e on the emission. I f 
the phenyl group i s replaced by a t e r t - b u t y l group, the complex i s found not to 
emit i n f l u i d s o l u t i o n . Absence of f l u i d s o l u t i o n emission under these conditions 
f u r t h e r suggests that conjugation of the metal-carbon t r i p l e bond and the phenyl 
?r* system i s e s s e n t i a l to o b t a i n appreciable r a t e constants f o r r a d i a t i v e decay. 
Replacement of the phenyl group wi t h a 2-naphthyl group leads to an extended 
metal-carbyne 7r* system and correspondingly to a red s h i f t i n the emission band. 
The nature of the donor ligands L has only a small i n f l u e n c e on the observed l u ­
minescence p r o p e r t i e s , provided the ligands do not co n t a i n low l y i n g TT* o r b i t a l s 
themselves. As w i t h the absorption spectra, v a r y i n g the h a l i d e l i g a n d trans to 
the carbyne has only a minor e f f e c t on the emission band. Donor ligands w i t h low 
l y i n g TT* o r b i t a l s s t r o n g l y a f f e c t the emission. I n t r o d u c t i o n of 2,2'-bipyridine 
leads to t o t a l quenching of the f l u i d s o l u t i o n emission. With 1,10-phenanthro­
l i n e an emissive complex i s obtained, however, the luminescence i s s i g n i f i c a n t l y 
r e d - s h i f t e d . For these complexes, the lowest energy e x c i t a t i o n appears to be the 
dxy "* n * ( ^ 2 ) charge-transfer t r a n s i t i o n . Consistent w i t h t h i s assignment i s the 
observation that the emission of the phenanthroline complex i s blue s h i f t e d In 
more p o l a r s o l v e n t s , u n l i k e the other tungsten phenylcarbyne emissions which show 
no solvent dependence. 

The e x c i t e d s t a t e l i f e t i m e s of a l l luminescent tungsten carbyne complexes were 
analyzed and are l i s t e d i n Table 2. The r e l a t i v e l y long l i f e t i m e s found f o r the 
emissive e x c i t e d s t a t e suggest the t r a n s i t i o n to the ground s t a t e i s forbidden. 

Table 2. Emission Quantum Y i e l d s , Emission L i f e t i m e s , and R a d i a t i v e Rate 
Constants i n Toluene at 298K. 

[<w« 
R 

CR)X(C0) 2 

X 
I*] 
L 2 

$ E x l 0 4 L i f e t i m e [/isec] R a d i a t i v e Rate Constant 
k r - $ E / T [ s e c - 1 ] 

Ph CI tmeda 6.3 0.285 2.3xl0 3 

Ph Br tmeda 5.3 0.180 2.96xl0 3 

Ph I tmeda 1.5 0.220 0.70xl0 3 

Ph CI 2py 7.8 0.440 1.8xl0 3 

Ph CI dppe 2.2 0.232 0.93xl0 3 

CMe3 CI tmeda 

PHOTOREACTIVITY 

Energy Transfer Quenching 
The luminescence of the tungsten carbyne complexes i n f l u i d s o l u t i o n i s found to 
be e a s i l y quenched by a v a r i e t y of organic t r i p l e t quenchers. As demonstrated i n 
Table 3 the r a t e constants f o r quenching of the e x c i t e d s t a t e of [(W=CPh)Br 
( C O ) 2 ( p y ) 2 ] are dependent on the t r i p l e t energy of the organic molecule. The rate 
constants are c l o s e to d i f f u s i o n l i m i t e d u n t i l the t r i p l e t energy of the quencher 
r i s e s above about 210 kJ/mol (572nm). Above 210 kJ/mol the r a t e constant drops 
o f f q u i c k l y . This suggests that the energy of the quenchable s t a t e i s about 210 



Table 3. Quenching of Emission i n Toluene at 298K. 

Quencher T r i p l e t Energy 
of Quencher [kJmole" 1] 

Quenching Rate Constant 
k q [ M " 1 s e c " 1 ] x l 0 8 

Anthracene 175.7 15.8 
Pyrene 201.7 15.1 
B e n z i l 223.8 13.8 
2 -Bromonaphthalene 252.3 3.9 
Phenanthrene 259.0 4.0 
Diphenylacetylene 261.5 2.5 
Diphenyl 274.9 0.3 
Fluroene 284.5 0.1 

kJ/mol. This corresponds to the overlap r e g i o n of the absor p t i o n and emission 
spectra suggesting the quenchable and emissive e x c i t e d s t a t e s are the same and 
f u r t h e r confirming 7r(M=C)* as the emissive s t a t e . 

E l e c t r o n Transfer Quenching 
I r r a d i a t i o n of [(W*CPh)Cl(C0) 2(tmeda)] by 488 nm l i g h t i n the presence of methyl-
v i o l o g e n d i c h l o r i d e (MV 2 +) i n oxygen-free a c e t o n i t r i t e s o l u t i o n leads to a change 
of c o l o r from y e l l o w to blue. Changes i n the v i s i b l e a b s o r p t i o n spectrum show 
that MV+ has formed and the n e u t r a l carbyne complex has decreased i n concentra­
t i o n . The e x c i t e d tungsten phenylcarbyne complex i s p o s t u l a t e d to t r a n s f e r one 
e l e c t r o n to MV 2 +, generating MV+ and [(W=CPh)Cl(CO)(tmeda)] +. The tungsten car­
byne complex i s not f u l l y regenerated i n the slow dark bac k - r e a c t i o n . Since popu­
l a t i o n of the lowest energy absorption band u s i n g 488 nm l i g h t induces the charge -
t r a n s f e r quenching, e l e c t r o n t r a n s f e r i s proposed to be o c c u r r i n g from the emit­
t i n g e x c i t e d s t a t e . The quantum y i e l d f o r MV+ production i s found to be 0.032. 

The complex [(W=CPh)Cl(C0) 2(tmeda)] a l s o undergoes r e d u c t i v e quenching w i t h N,N, 
N ,N -tetramethyl-p-phenylenediamine (tmpd). I r r a d i a t i o n of the carbyne complex 
w i t h 488 nm l i g h t i n the presence of tmpd i n a c e t o n i t r i l e s o l u t i o n generates new 
absorptions at 612 and 564 nm corresponding to [tmpd]- +. 

P h o t o s u b s t i t u t i o n 
I r r a d i a t i o n of [(W»CPh)Cl(C0)2(dppe)] by 488 nm l i g h t i n the presence of excess 
dppe i n THF s o l u t i o n under N 2 leads to formation of a new product which was iden­
t i f i e d as [(W=CPh)Cl(dppe) 2]. 

[(W^CPh)Cl(C0) 2(dppe)] + dppe h t / , [ (W^CPh)Cl(dppe) 2 ] + 2C0 

The quantum y i e l d s f o r t h i s r e a c t i o n were shown to e x h i b i t f i r s t order dependence 
on the c o n c e n t r a t i o n of the dppe l i g a n d i n d i c a t i n g an a s s o c i a t i v e mechanism of 
l i g n d s u b s t i t u t i o n . Ligand a s s o c i a t i o n may be f a c i l i t a t e d i n the e x c i t e d s t a t e 
since t r a n s f e r of an e l e c t r o n from the tungsten d x y o r b i t a l to the 7r(M=C)* o r b i t a l 
would make the tungsten center more e l e c t r o p h i l i c . 
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THE PHOTOISOMERIZATION AND PHOTOSUBSTITUTION REACTIONS OF THE RUTHENIUM 
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Our recent research has been concerned with using photochemical techniques to 
prepare and study r e a c t i v e organometallic intermediates of the type formed i n 
a c t i v e c a t a l y t i c systems. Described here are the photoreactions of HRu3(CO) 
COCH^), i t s photoisomerization to form a new carbon-carbon bond from C^ precursors, 
and i t s p h o t o s u b s t i t u t i o n r e a c t i v i t y . This i s o m e r i z a t i o n represents an 
unprecedented oxygen to carbon migration of a methyl group on the tr i r u t h e n i u m 
c l u s t e r , a r e a c t i o n of the type which f i n d s some analogy i n the c a t a l y t i c 
i s o m e r i z a t i o n of methyl formate to a c e t i c a c i d ( P r u e t t , 1982): 

PHOTOISOMERIZATION OF HRu 3 (CO) 1 0(/i-COCH 3) 

P h o t o l y s i s ( A i r r - 313 nm) of a 10" 4 M s o l u t i o n of HRu 3(CO) 1 0(^-COCH 3) (I) i n CO-
saturated cyclohexane l e d to the e l e c t r o n i c s p e c t r a l changes shown i n F i g . 1. The 
absorption peak (384 nm e - 6900 M~^ cm"^) c h a r a c t e r i s t i c of the s t a r t i n g c l u s t e r , 
diminished i n i n t e n s i t y , accompanied by r i s i n g absorbance at longer wavelength. 
I s o s b e s t i c p o i n t s were observed at 358 nm and 436 nm f o r > 40% r e a c t i o n . Although 
the product i n f r a r e d spectrum proved v i r t u a l l y i d e n t i c a l w i t h that of I , 
s i g n i f i c a n t changes i n the ̂"H NMR (300 MHz) spectrum were evident. A l l three 
s p e c t r a l p r o p e r t i e s ( e l e c t r o n i c , IR, NMR) are f u l l y c o n s i s t e n t w i t h i d e n t i f i c a t i o n 
of the product as the /i-ty 2 a c y l c l u s t e r HRu3(CO) 10(/i-»72-C(0)CH3) ( I I ) . The r e s u l t 
i s an o v e r a l l oxygen-to-carbon migration of the methyl group. (eq 1) 

( C 0 ) 3 R u ^ — | — R u ( C 0 ) 4 • ( C 0 ) 3 R u ^ ~ \ ^ — - ~ / R u ( C 0 ) 4 ^ 

H — R u l C O ) , 

( I I ) 

The quantum y i e l d f o r t h i s i s o m e r i z a t i o n was found to be notably dependent both on 
the con c e n t r a t i o n of CO and on the wavelength of e x c i t a t i o n . Although the 
r e s u l t i n g o p t i c a l changes were the same f o r d i f f e r e n t A i r r , the quantum y i e l d s i n 
CO saturated cyclohexane ranged from < 10" 5 at 405 nm to 4.9 x 10" 2 at 313 nm ( F i g . 
2). Furthermore, the quantum y i e l d v a r i e d l i n e a r l y from 1.2 x 10' 4 at P C Q - 0.0 to 
4.9 x 10" 2 a t P c o - 1 . 0 atm f o r 313 nm p h o t o l y s i s i n cyclohexane. Prolonged 
p h o t o l y s i s produces c l u s t e r fragmentation i n CO-saturated cyclohexane. The 
p h o t o l y s i s e v e n t u a l l y gives Ru(C0) 5 plus the acetaldehyde. With authentic samples 
of HRu3(CO)10(/i-»?2-C(0)CH3) the l a t t e r photoreaction was st u d i e d q u a n t i t a t i v l y and 
a wavelength independent quantum y i e l d of 1.1 x 10" 3 moles/ e i n s t e i n was determined 
(313 nm i r r a d i a t i o n , P - 1.0 atm, cyclohexane) 



Figure 1. E l e c t r o n i c s p e c t r i a l changes 
f o r the p h o t o l y s i s of HRu 3(CO) 1 0 ( / i -
COCH3) i n cyclohexane ?CQ - 1 atra, A i r r 
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3 2 0 4 0 0 5 0 0 6 0 0 

WAVELENGTH (nm) 

Although a d d i t i o n a l carbon monoxide i s not r e q u i r e d by the s t o i c h i o m e t r y of Eq. 2 
t h i s unusual r e a c t i o n i s promoted by the presence of CO. In e a r l i e r s t u d i e s of the 
p h o t o l y t i c fragmentation of the t r i a n g u l a r c l u s t e r Ru3(C0)^2 ( D e s r o s i e r s , 1986) , a 
key step i n the proposed mechanism was i s o m e r i z a t i o n l e a d i n g to h e t e r o l y t i c 
cleavage of a metal-metal bond w i t h concomitant m i g r a t i o n of a ter m i n a l CO to a 
b r i d g i n g s i t e . Such a transformation would open up a c o o r d i n a t i o n s i t e f o r a two 
e l e c t r o n donor such as carbon monoxide. In order to t e s t t h i s hypothesis, I was 
i r r a d i a t e d a t 313 nm i n neet THF under a blanket of N2; the quantum y i e l d f o r 
p h o t o i s o m e r i z a t i o n was enhanced by over an order of magnitude compared to the 
cyclohexane quantum y i e l d under the same c o n d i t i o n s , suggesting that THF as a donor 
coul d a l s o promote t h i s r e a c t i o n . 

Figure 2. Spectrum of H R U 3(C 0 ) 1 Q(/ I -
COCH^) i n cyclohexane. Quantum y i e l d s 
f o r p h o t o i s o m e r i z a t i o n at 2 5 ° C C 0 -
s a t u r a t e d cyclohexane represented as a 
f u n c t i o n of i r r a d i a t i o n wavelength 
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PH0TSUBSTITUTI0N OF HRu 3(CO) 1 0(/i-COCH 3) 

The photochemistry of HRu 3(CO) 1 0(/i-COCH 3) i n the presence of P ( 0 C H 3 ) 3 was 
i n v e s t i g a t e d to examine, i f p o s s i b l e , the p h o t o i s o m e r i z a t i o n w i t h other two 



e l e c t r o n donors. P h o t o l y s i s ( A i r r - 313 nm) of HR113(CO) 1 0(/i-COCH 3) (10*^ M) w i t h 
P(OCH 3) 3 (0.012 M) i n N 2-saturated cyclohexane l e d to the e l e c t r o n i c s p e c t r a l 
changes shown i n F i g . 3. The absorption band s h i f t s to longer wavelength 
c h a r a c t e r i s t i c to phosphite s u b s t i t u t i o n of the c l u s t e r . No i s o s b e s t i c points were 
observed, an i n d i c a t i o n e i t h e r of secondary p h o t o l y s i s or of nonconsistent 
s t o i c h i o m e t r y . The analogous thermal r e a c t i o n was s t u d i e d by Dalton et a l . (1985) 
and a p s e u d o - f i r s t order r a t e constant of 10"^ sec""'" was measured. The products of 
the p h o t o l y s i s were i s o l a t e d and c h a r a c t e r i z e d to be the mono- and b i s - phosphite 
s u b s t i t u t e d a l k y l i d y n e c l u s t e r s , HRu 3(C0) 9(/i-C0CH 3)P(0CH 3) 3 and HRu 3(CO) g(/i-
C0CH 3)(P(OCH 3) 3) 2 w i t h no evidence f o r a l k y l migration. The quantum y i e l d f o r the 
f i r s t 10% r e a c t i o n was determined to be 0.22 moles/einstein. Notably the 
wavelength dependence observed f o r t h i s p h o t o l y s i s was s i m i l a r to that of the 
a l k y l - m i g r a t i o n ; a value of 0.22 was measured at A^ r r - 313 and decreased to < 10"^ 
at A^ r r - 405 nm. In order to demonstrate that the b i s - s u b s t i t u t e d c l u s t e r 
HRu 3(C0)g(ji-C0CH 3)(P(OCH 3) 3)2 i s formed from secondary p h o t o l y s i s , an authentic 
sample of HRu 3(C0) 9(/i-C0CH 3)P(0CH 3) 3 was i r r a d i a t e d at 313 nm i n the presence of 
P(OCH 3) 3 (0.012 M). The only product formed from t h i s p h o t o l y s i s was the b i s -
s u b s t i t u t e d c l u s t e r w i t h a quantum e f f i c i e n c y of 0.1 m o l e s / e i n s t e i n i n N 2-saturated 
cyclohexane. 

P h o t o l y s i s of HRu 3(C0) 1 0(/i-COCH 3) (10'* M) with P ( 0 C H 3) 3 (0.012 M) i n CO-saturated 
cyclohexane a l s o y i e l d e d only s u b s t i t u t e d a l k y l i d y n e c l u s t e r s w i t h a quantum y i e l d 
of 0.17 m o l e s / e i n s t e i n . No photoisomerization was noted i n the presence of 
P(OCH 3) 3, In s p i t e of the f a c t the r e a c t i v i t y i n v o l v e s the same e x c i t a t i o n . One 
e x p l a n a t i o n i s that upon p h o t o l y s i s an e x c i t e d complex i s formed that reacts by two 
pathways, one that leads to a l k y l - m i g r a t i o n w h i l e another, more dominant, pathway 
i s r e s p o n s i b l e f o r s u b s t i t u t i o n . A r e a c t i o n commonly proposed i n the 
photochemistry of t r a n s i t i o n metal carbonyls i s l a b i l i z a t i o n of carbon monoxide 
follo w e d by t r a p p i n g of the unsaturated intermediate by L. A s i m i l a r scheme i s 
proposed here. (Scheme 1) 



Scheme 1 

hi/, $JJ 
HRu 3(CO) 1 0(M-COCH 3) > HRu 3(CO) 9(/i-COCH 3) + CO 

HRu 3(C0) 9(^-C0CH 3) + S < -> HRu 3(C0) 9(/i-C0CH 3)S 
k c o 

HRu 3(C0) 9(/i-C0CH 3) + CO > HRu 3 (CO) 1 q ( M - C O C H 3 ) 
k L 

HRu 3(CO) 9(Ai-COCH 3) + L > HRu 3(C0) 9(/x-C0CH 3)L 

An analogous mechanism was proposed f o r the p h o t o s u b s t i t u t i o n r e a c t i o n s of the 
homoleptic t r i m e r Ru3(CO)^2« According to scheme 1 the quantum y i e l d should 
respond to v a r i a t i o n i n [L] and [CO] as f o l l o w s . 

k L [ L ] 
*s " *II <2) 

k c o [ C 0 ] + k L [ L ] 

A p l o t of $s"^" vs [L]""*" should give as an i n t e r c e p t and k c o [ C 0 ] / k L as the 
slope. Such treatment of the data f o r 313 nm p h o t o l y s i s of P(OCH 3) 3 s o l u t i o n s ( P c o 

- 1.0 atm) gave l i m i t i n g $ g ( i . e . fcjj) of 0.223 and a k c o A L r a t i o of 4.06 under 
these c o n d i t i o n s . The $ s ( l i m ) agrees w i t h the P(OCH 3) 3 independent values 
measured under i . e . , 0.22. The value 4.06 f o r the d i s c r i m i n a t i o n r a t i o 
compares to 4:1 measured f o r the unsaturated complex R u 3 ( C 0 ) ^ (De s r o s i e r s , 1986). 

CONCLUDING REMARKS 

The photochemistry of the ruthenium t r i m e r HRu 3(CO)^Q(/*-C0CH 3 ) leads to 
p h o t o i s o m e r i z a t i o n or to p h o t o s u b s t i t u t i o n products depending on the c o n d i t i o n s . 
The p h o t o i s o m e r i z a t i o n has no thermal analogue, although Gavens, (1978) attempted 
to i n t e r c o n v e r t HOs 3(CO) 1 0(/i-COCH 3) to H0s 3 (CO) 1 0(A*-t? 2-C(0)CH 3) at 150°C i n 
cyclohexane but no r e a c t i o n occurred. Our own attempts to thermally isomerize 
H R U 3(C O)^Q ( / X - C O C H 3) at 100°C i n cyclohexane a l s o f a i l e d to produce the a c y l 
c l u s t e r . This i s f u r t h e r evidence that photogenerated r e a c t i v e intermediates may 
induce new r e a c t i v i t y t h a t may not be thermally a c c e s s i b l e . I s o t o p i c l a b e l l i n g and 
f l a s h p h o t o l y s i s s t u d i e s are p r e s e n t l y under way to f u r t h e r i l l u m i n a t e these 
mechanisms. 
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MULTIPLE EMISSION FROM ( f | 5 " C R M R e ( C 0 ) 9 L (L = A SUBSTITUTED PYRIDINE) COMPLEXES 
IN ROOM-TEMPERATURE SOLUTION 

M.M.GIezen and A. J . L e e s 

Department o f C h e m i s t r y , U n i v e r s i t y C e n t e r a t Binghamton, 
S t a t e U n i v e r s i t y o f New Y o r k , Binghamton, NY 13901, USA 

A great deal has been learned about the excited s t a t e s ana photophysical proper­
t i e s of o r g a n o m e t a l l i c complexes from t h e i r emission data i n recent years [1]. In 
p a r t i c u l a r , complexes which emit in room-temperature s o l u t i o n y i e l d v a l u a b l e deac­
t i v a t i o n r a t e data under n o r m a l l y e f f i c i e n t photochemical conditions. On-going 
research i n our l a b o r a t o r y has been concerned with the emission c h a r a c t e r i s t i c s of 
metal carbonyl complexes i n f l u i d s o l u t i o n ; s e v e r a l of these systems are now known 
to e x h i b i t room-temperature luminescence from l o w - l y i n g metal to l i g a n d charge-
t r a n s f e r (MLCT) e x c i t e d s t a t e s [2-4], Recently, dual MLCT emission bands have been 
observed from M(CO) l j(a-diimine) (M = Cr, Mo, W) complexes at room temperature 
[5^6]. This a r t i c l e r e p o r t s absorption, emission and e x c i t a t i o n data recorded from 
(n C^H^)Re(C0) 2L (L = a s u b s t i t u t e d pyridine) complexes; the r e s u l t s i n d i c a t e 
unusual m u l t i p l e luminescence features i n room-temperature s o l u t i o n . Emission 
r e s u l t s obtained from (n^~C^H^)Re(C0) 2L (L = ammonia, p i p e r i d i n e ) are a l s o reported. 

The (n^CcH^JReCCO^L d e r i v a t i v e s , where L = pyr i d i n e (py), 4-methylpyridine 
(4-Mepy), 3 , 5 - d i c h l o r o p y r i d i n e (3,5~Cl 2py), 4 - a c e t y l p y r i d i n e (4-Acpy), 3-benzoyl-
p y r i d i n e (3~Bzpy), 4-phenylpyridine (4-Phpy) and 4-benzoylpyridine (4-Bzpy), were 
synthesized by d i r e c t p h o t o l y s i s of the parent (n^~C^H^)Re(C0)o complex i n the 
presence of excess l i g a n d , according to a p r e v i o u s l y p u b l i s h e d procedure [7]. 
I n f r a r e d and U V - v i s i b l e spectra obtained f o r the product complexes were i n good 
agreement with l i t e r a t u r e values. E l e c t r o n i c absorption spectra were recorded on 
a Hewlett-Packard 8450A diode-array spectrometer. Emission and e x c i t a t i o n spectra 
were recorded on a SLM Instruments Model 8000/8000S spectrometer which incorporates 
a photon counting detector; these spectra were f u l l y corrected f o r v a r i a t i o n s i n 
instrument response as a fu n c t i o n of wavelength. Emission l i f e t i m e s were recorded 
on a PRA System 3000 single-photon counting apparatus f o l l o w i n g e x c i t a t i o n with the 
357 nm l i n e (1 ns pulsewidth) of a nitrogen flashlamp. 

Figure 1 d e p i c t s the e l e c t r o n i c absorption spectra recorded from these com­
plexes i n benzene at 20°C; these spectra are dominated by two intense low-flying 
bands, p r e v i o u s l y assigned to MLCT t r a n s i t i o n s [7]. Absorption data obtained from 
the (n^-Cf-H(-)Re(C0)2L s e r i e s are shown in Table 1. In accordance with the MLCT 
assignment the energy of these t r a n s i t i o n s depend on the e l e c t r o n withdrawing 
character of the l i g a n d s u b s t i t u e n t , f o l l o w i n g the order 4-Mepy > py > 4-Phpy > 
3-Bzpy > 3,5-Cl 2py > 4-Bzpy > 4-Acpy. Moreover, these MLCT absorption features 
are very s o l v e n t s e n s i t i v e , s h i f t i n g to higher energies i n more p o l a r media, as 
demonstrated by the data of (n 5-C 5H 5)Re(C0) 2(4-Phpy) (see Table 2), [7,8]. 

Table 1. E l e c t r o n i c absorption data of (n -C 5H 5)Re(C0) 2L complexes i n hexane 
at 20°C. 

L Absorbance max (nm) L Absorbance max (nm) 

4-Mepy 381,414 3,5-Cl 2py 434,506 
py 392,448 4-Bzpy 474,558 
4-Phpy 416,478 4-Acpy 478,552 
3-Bzpy 404,510 
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Figure 1 . E l e c t r o n i c absorption spectra of (n^-C^H^RetCO^L (L = 4-Phpy and 
4-Bzpy) i n benzene at 20°C. 

Table 2. Absorption and emission s p e c t r a l data of (n -C 5H^)Re(CO) 2( J4-Phpy) i n 
various s o l v e n t s at 20°C. 

Solvent Absorbance max (nm) Emission max (nm) a 

hexane 416, 478 b 
benzene 404, 458(sh) 506, 695 
chloroform 390, 446(sh) 504(sh), 680 
methylene c h l o r i d e 386, 440(sh) 494, 675 
a E m i s s i o n spectra were co r r e c t e d f o r v a r i a t i o n s i n instrumental response 
as a fun c t i o n of wavelength. The e x c i t a t i o n wavelength i s 370 nm. 

^Emission weakly observed i n the 500-800 nm regi o n . 

Emission and e x c i t a t i o n spectra obtained from the (n C^H^ReCCO^L (L = 4-Phpy 
and 4-Bzpy) complexes are shown i n F i g . 2 and the emission data for the 4-Phpy com­
ple x are summarized i n Table 2. Each complex e x h i b i t s two broad emission features 
i n room-temperature s o l u t i o n . The lower energy emission band i s dependent on both 
the nature of s u b s t i t u e n t and s o l v e n t (see Tables 2 and 3) and, consequently, i s 
assigned as a MLCT t r a n s i t i o n . E x c i t a t i o n spectra were not obtained from the lower 
energy emission bands of each complex. The emission and e x c i t a t i o n data obtained 
from the higher energy component i n d i c a t e that t h i s s t a t e may a l s o be assigned as 
a MLCT band, but i t appears to be h e a v i l y mixed with i n t r a l i g a n d (IL) character. 
For example, i n the case of (n^-C^H 5)Re(C0) 2(4-Bzpy) complex the upper emission 
band e x h i b i t s s t r u c t u r e resembling that of the fr e e l i g a n d (see Fig. 2). Further­
more, t h i s emission band i s u n u s u a l l y high i n energy to be associated with the MLCT 
absorption, and the e x c i t a t i o n spectrum provides f u r t h e r evidence that i t o r i g i n a t e s 
from a s t a t e at higher energy. We were unable to observe room-temperature emission 
from the free 4-Phpy l i g a n d and thus make a comparison of i t s emission and e x c i t a ­
t i o n spectra with those of the complex, however, i t i s n o t i c e a b l e that the e x c i t a ­
t i o n spectra recorded from the 4-Phpy and 4-Bzpy complexes are quite s i m i l a r . 
Moreover, e x c i t a t i o n spectra f o r e i t h e r complex were observed to be s o l v e n t inde­
pendent c o n s i s t e n t with a IL c o n t r i b u t i o n . P r e v i o u s l y , m u l t i p l e emission features 
i n v o l v i n g MLCT and IL e x c i t e d s t a t e s have been observed from rhenium carbonyl 
complexes, but o n l y i n a low-temperature g l a s s environment [9,10], 



Table 3. Emission data of (n 5-C 5H 5)Re(C0) 2L (L = 4~Phpy and 4-Bzpy) i n deoxygenated 
benzene at 20°C.a 

high-•energy band low- energy band 

L X m a x (nm) 4 >(x 1 0 ~ V T ( n s ) c 
Xmax ( n m ) <f>(x 1 0 ' V T ( n s ) c 

4-Phpy 506 25.2 13 695 8.41 45 
4-Bzpy 495 8.51 25 655 3.28 155 

a E m i s s i o n spectra were corrected for v a r i a t i o n s in instrumental response as a 
f u n c t i o n of wavelength. The e x c i t a t i o n wavelength i s 370 nm, unless otherwise 
s t a t e d . 

^Absolute quantum y i e l d data; measured r e l a t i v e to that of Ru(bpy)^ 2 + ( r e f . 11). 
d e t e r m i n e d f o l l o w i n g e x c i t a t i o n at 357 nm. 

T 1 1 r 
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Figure 2. Corrected e x c i t a t i o n and emission spectra of (Tr-C 5H 5)Re(C0) 2L (L = 4-
Phpy and 4-Bzpy) complexes i n deoxygenated benzene at 20°C. Emission 
spectra were recorded with an e x c i t a t i o n wavelength of 370 nm; e x c i t a t i o n 
spectra were recorded at 506 nm (L = 4~Phpy) and 495 nm (L = 4-Bzpy), 
r e s p e c t i v e l y . Corrected e x c i t a t i o n and emission features of the free 4-
Bzpy l i g a n d ( ) are a l s o shown. 



The c l o s e l y r e l a t e d (n C 5H^)Re(C0)L complexes, where L = NI-U and pip (pip = 
p i p e r i d i n e ) , e x h i b i t a s i n g l e emission band i n deoxygenated room-temperature benz­
ene with maxima at 424 nm and 440 nm, r e s p e c t i v e l y . E x c i t a t i o n spectra i n d i c a t e 
that these emission bands are associated with the lowest l y i n g e x c i t e d s t a t e s of 
these complexes. In the absence of a l o w - l y i n g Tr*-acceptor o r b i t a l (as i n these 
NHo and pip d e r i v a t i v e s ) a LF e x c i t e d s t a t e i s a t t r i b u t e d to be at lowest energy, 
although M(dTT)->(Tr*)C0 and M(diT)-KTT*)cRH5 t r a n s i t i o n s are thought to be c l o s e i n 
energy and may c o n t r i b u t e s u b s t a n t i a l l y to the e x c i t e d s t a t e character [12-14], 
Emission l i f e t i m e s were observed to be shorter than 1 ns f o r each complex, c o n s i s ­
tent with an e x c i t e d s t a t e that contains LF character which can d e a c t i v a t e r a p i d l y 
in room-temperature s o l u t i o n v i a e f f i c i e n t n o n r a d i a t i v e processes. The photophysi-
c a l c h a r a c t e r i s t i c s of these systems are c u r r e n t l y being f u r t h e r i n v e s t i g a t e d . 
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PHOTOCHEMICALLY INDUCED C-C-BOND FORMATION IN THE COORDINATION SPHERE 
OF TRANSITION METALS 

C . G . K r e i t e r and K.Lehr 

F a c h b e r e i c h Chemie d e r U n i v e r s i t a t K a i s e r s l a u t e r n , 6750 K a i s e r s l a u t e r n , FRG 

Unsaturated hydrocarbons a l t e r t h e i r r e a c t i v i t y fundamentally, 
when co o r d i n a t e d to t r a n s i t i o n metals and o f f e r i n t e r e s t i n g 
p o s s i b i l i t i e s f o r the organic s y n t h e s i s . Nevertheless, the s y n t h e t i c 
p o t e n t i a l of r e a d i l y a v a i l a b l e hydrocarbon complexes i s f a r from being 
thoroughly i n v e s t i g a t e d and used. A promising type of r e a c t i o n s i s the 
photochemically induced C-C-bond formation between complexed and f r e e 
hydrocarbons i n the c o o r d i n a t i o n sphere of t r a n s i t i o n metals. 

We have shown s e v e r a l years ago, t h a t tricarbonyl-n&-1,3,5-
cycloheptatriene-chromium(0) reacts with a c y c l i c , conjugated dienes 
upon i r r a d i a t i o n i n a smooth (A + 6 ] - c y c l o a d d i t i o n , forming f » 6 - b i -
c yclo [ 4 . 4.1]undeca-2, 4,8-triene-tricarbonyl-chromium(0) complexes 1 . 

This r e a c t i o n p r i n c i p l e i s l i m i t e d however. Other complexes, 
r e l a t e d t o [Cr(CO)3(n&-C7He)], and c y c l i c dienes show a d i f f e r e n t 
behaviour. 1,3-Cyclopentadiene or 1,3,5, 7-cyclooctatetraene s u b s t i t u t e 
the n 6 - 1 , 3 , 5 - c y c l o h e p t a t r i e n e l i g a n d photochemically. [Cr(CO ) 2 ( n 5 -

C5H5)(n3-C5H7 ) ] and [Cr(CO ) 3 ( n 6-C8Hs)], r e s p e c t i v e l y are formed i n 
high y i e l d s . With s p i r o [ 4 . 4 ] n o n a - l , 3 - d i e n e not the expected [ 6+4]-

cycloadduct, but a [ 6 + 2 ]-cycloadduct i s formed with an u n e f f e c t e d 
s p i r o system 2 . 1,3-Cyclohexadiene y i e l d s t r i c a r b o n y l - n 4 : 2 - t r i c y c l o -
[ 6 . 3 . 2 . 0 2 > 7 ] t r i d e c a - 3 , 5 , 9 - t r i e n e - c h r o m i u m ( 0 ) . A f t e r a [ 4 + 2 ] - c y c l o a d d i ­
t i o n t o the n 6-1, 3,5-cycloheptatriene l i g a n d , metal a s s i s t e d 1,5-H 
s h i f t s complete the r e a c t i o n 2 . 

T r i c a r b o n y l - n 6 - 1 , 3 , 5 - c y c l o o c t a t r i e n e - c h r o m i u m ( 0 ) or t r i c a r b o n y l -
n 6 - 1 , 3 , 5 , 7-cyclooctatetraene-chromium ( 0) do not react with dienes 



photochemically at a l l . In [Mo(C0)3(n©-C7Ha)] and [W(C0)3(n*-C7Ha)], 
the homologue complexes t o [Cr(C0)3(n6-C7Hs)], conjugated dienes 
s u b s t i t u t e photochemically the 1,3,5-cycloheptatriene l i g a n d . 

Only complexes very c l o s e l y r e l a t e d t o [Cr ( C0)3 (r »6 -C7 H8 ) ] , l i k e 
t r i c a r b o n y l - n 6 - 8 , 8 - d i m e t h y l h e p t a f u l v e n e - c h r o m i u m ( 0 ) 3 f hexacarbonyl-
0 6 : 6 - h e p t a f u l v a l e n e - d i c h r o m i u m ( 0 ) , and hexacarbonyl-n6 : 6 - D i ( 2 , 4 , 6 -
c y c l o h e p t a t r i e n - 1 - y l ) d i c h r o m i u m ( 0 ) 4 show a l s o [6+4]-cycloadditions 
with conjugated dienes 5 - 8 . 

Unexpectedly, t r i c a r b o n y l - n 6 - 8 , 8 - d i m e t h y l h e p t a f u l v e n e - c h r o m i u m ( 0 ) 
forms with 2,3-dimethyl-1,3-butadiene the d i c a r b o n y l complex [Cr(C0)2-
(n 3 : 5 - C i 4 Hi 6(CH3)2)], which at ambient c o n d i t i o n s adds carbon monoxide 
5, 6 . 

[Cr(C0)3 ( n 6-CioHi2 )] + C4H4(CH3)3 > 

[Cr(C0)2 ( 0 3 : 5-C14H16 (CH3 )2 )] + CO 

[Cr(C0)2 (r.3: 5-C14H16 (CH3 )2 )] + CO > 
[Cr(C0)3 (n6-Ci4Hie (CH3 )2 )] 

The formation of [Cr(CO)2(n 3 : 5-Ci 4 Hi 6 ( C H 3 ) 2 ) ] and i t s smooth 
r e a c t i o n with carbon monoxide sheds some l i g h t on the mechanism of the 
[ 6 + 4 ] - c y c l o a d d i t i o n i n the c o o r d i n a t i o n sphere of chromium. Obviously, 
the p h o t o r e a c t i o n proceeds stepwise. F i r s t , the diene i s coordinated 
to an a c t i v a t e d complex and forms t r i c a r b o n y l - n * - 8 , 8 - d i m e t h y l h e p t a f u l -
vene-r>2 -diene-chromium(0 ) . CC bond formation between CI of the n * - 8 , 8 -

dimethylheptaf ulvene and CI of the c\2 -diene l i g a n d s produces the n ( 5 -

n >: (1+n > - 1 - ( b u t e n e - 1 , 2 - d i y l ) - 7 - i s o p r o p y l i d e n e c y c l o h e p t a d i e n y l l i g a n d 
(n = 0 , 2, 4). D i f f e r e n t kinds of c o o r d i n a t i o n have to be considered 
f o r t h i s l i g a n d i n the intermediate. In most cases the intermediate 
immediately forms a second CC bond and y i e l d s the [6+4]-cycloadduct. 
Only intermediates of moderate s t a b i l i t y l i k e [ C r ( C 0 ) 3 ( n 3 : 3 -
Ci 4Hi 6 ( C H 3 ) 2 ) ] loose CO under photochemical c o n d i t i o n s , and form 
[Cr(C0)2 ( n 3 ; 5-C14H16 (CH3 )2 ) ] 5, 6. 

A new type of c y c l o a d d i t i o n between simple, unsaturated hydro­
carbons i n the c o o r d i n a t i o n sphere of a t r a n s i t i o n metal was found by 
i n c i d e n t . We have shown, t h a t decacarbonyl-dimanganese(0) r e a c t s pho­
t o c h e m i c a l l y at 253 K with 1,3-butadiene i n n-hexane s o l u t i o n i n an 
q u i t e unusual way. A f t e r a short time of i r r a d i a t i o n u - n 3 : 1-2-butene-
1-diyl-enneacarbonyl-dimanganese i s the predominating r e a c t i o n product 
9, 1 0 , 



[ M n 2 ( C O ) i o ] + C4H6 > [ M n 2(C0 ) 9(u - n 3 ; 1 - C 4 H 6 ) ] + C 0 

The formation of [ M n 2(C0 ) 9(u-n 3 • 1-C4 H 6)] can be r a t i o n a l i z e d by a 
stepwise a t t a c k of [Mn(C0)5- ] r a d i c a l s to CI and C4 of 1,3-butadiene 
to y i e l d the intermediate {[(CO)5MnC4H6Mn(CO)5]}, which looses, l i k e 
other c a r b o n y l - n i - e n y l complexes CO and y i e l d s [(C0)4Mn(u-n 3 : 1 - C 3 H 4 -

C H 2)Mn(C0 ) 5 ] . 

When the photoreaction of decacarbonyl-dimanganese(0) i s conduc­
ted with conjugated dienes, c o n t a i n i n g a chain of f i v e or more carbon 
atoms, the r e a c t i o n products d i f f e r s u b s t a n t i a l l y from those of the 
r e a c t i o n with 1,3-butadiene. With £-, and Z-l,3-pentadiene the mam 
r e a c t i o n leads to mononuclear n 3 - E - p e n t a d i e n y l , and n 3 - p e n t e n y l t e t -
racarbonyl-manganese complexes. In a kind of d i s p r o p o r t i o n a t i o n hydro­
gen i s t r a n s f e r r e d between two diene molecules 1 *> 12 . 

The r e a c t i o n s of [ M n 2(CO)io] with 1,3-pentadiene and i t s d e r i v a ­
t i v e s are e a s i l y understood, when intermediates, corresponding to 
[ M n 2(C0 ) 9(u-n 3: 1 - C 4 H 6 ) ] are assumed. A h y p o t h e t i c a l [ M n 2(C0 ) 9(n 3 1 -

C5H8)] should be i n s t a b l e , with respect t o a (3-elimination, by which 
[Mn(C0)4(n 3-C5H7 ) ] and pentacarbonyl-hydrido-manganese are formed. 

[ M n 2(CO)io] + CsHe > {[Mn2 (C0)9 (n 3: 1-CsHe )]} + CO 

{ [Mn2(C0 )9(n 3= 1-CsHs)]} > [Mn(C0 )4(n 3-C5H?)] + [Mn(CO)sH] 

In a f u r t h e r step, [Mn(C0)5H] reacts photochemically with f r e e 
diene under l o s s of CO to [Mn(C0 ) 4(n 3-CsH9)]. 

When E,E-2,4-hexadiene or 2,4-dimethyl-l,3-pentadiene are used 
i n s t e a d of 1,3-butadiene i n the r e a c t i o n with [ M n 2(CO)io], t r i c a r b o -
nyl-manganese complexes were obtained as by-products with hydrocarbon 
l i g a n d s c o n s i s t i n g from two diene molecules with one hydrogen l e s s . 

[Mn(C0)5H] + CsHe > [Mn(C0 ) 4(n 3-CsH9)] + CO 

% [Mn2 (CO)io ] + 2 CeHio > [Mn(C0 )3 (C12H19 )] + 2 CO + {H} 

^ [Mn2 (CO)io ] + 2 C7H12 > [Mn(C0)3 (C14H23 ) ] + 2 CO + {H} 



An X-ray d i f f r a c t i o n study of [ M n ( C 0 ) 3 ( C i4 H 2 3 ) ] shows the pre­
sence of an n 3 • 2 - i , 3 , 5 , 5 , 7-pentamethy 1 - 2 , 6-cyclononadien-1-y 1 l i g a n d 
i n t h i s complex 1 3> 1 4 . S i m i l a r i l y , an n 3 : 2 - 4 , 5 , 8 - t r i m e t h y l - 2 , 6 - c y c l o -
n o n a d i e n - l - y l l i g a n d was prooven by the i f l NMR spectrum f o r 
[Mn(C0)3(Ci 2 H 1 9 ) ] . The s u b s t i t u t i o n p a t t e r n s of both n 3 : 2-2,6-cyclo­
nonadien- 1 - y l l i g a n d s suggest a formal [ 5 + 4] c y c l o a d d i t o n of the 
dienes to n 5 - 2 , 4 - h e x a d i e n - l - y l , and n 5 - 2 , 4 - d i m e t h y l - 2 , 4 - p e n t a d i e n - l - y l 
t r i c a r b o n y l manganese complexes, r e s p e c t i v e l y . Such complexes are 
r e a d i l y formed from t e t r a c a r b o n y l - n 3 ~ E ~ 2 , 4 - p e n t a d i e n - l - y l - m a n g a n e s e 
and r e l a t e d complexes on warming to 60 °C. 

I t i s reasonable to assume, t h a t a c e r t a i n amount of [ M n(CO ) 4 ( n 3 -

E - 2 , 4 - h e x a d i e n - l - y l ) ] , and [Mn(C0 ) 4 ( n 3-£-2, 4-dimethyl-2, 4-pentadien-l-
y l ) ] looses already during the i r r a d i a t i o n CO. The hereby formed 
methyl s u b s t i t u t e d [ M n ( C 0 ) 3 ( n 5 - 2 , 5 - p e n t a d i e n - l - y l ) ] complexes, may 
r e a c t f u r t h e r with the excess of the dienes t o the methyl s u b s t i t u t e d 
[Mn(CO)3 ( n 3 : 2 - 2 , 6 - c y c l o n o n a d i e n - l - y l ) ] complexes. 

In order to proove t h i s hypothesis, we i r r a d i a t e d [Mn(CO ) 3 ( n 5 -

2 , 5 - p e n t a d i e n - l - y l ) ] and 1 , 3-butadiene with U V - l i g h t . In a f a s t , f o r ­
mal [ 5 + 4] c y c l o a d d i t i o n , the simple [Mn(CO)3 ( n 3 : 2-2,6-cyclononadien-
l - y l ) ] i s formed good y i e l d . 

Again the question has t o be answered, whether t h i s r e a c t i o n i s 
g e n e r a l l y a p p l i c a b l e a l s o t o other dienes and other [Mn(C0)3 (f»5 -dien-
y l ) ] complexes. With E~l, 5-pentadiene, [Mn(C0)3 ( n 5-CsH7)] r e a c t s i n a 
q u i t e smoth r e a c t i o n s i m i l a r i l y . In c o n t r a s t , %-l,5-pentadiene r e a c t s 
only when benzene i s present i n the r e a c t i o n mixture as a c a t a l y s t . 

In the f i r s t case [Mn(C0)3 ( n 3 • 2-ej£p - 5-methyl-2,6-cyclononadien-l-
y l ) ] , i n the second case the corresponding endo isomer i s obtained. 

A f u r t h e r system, we have i n v e s t i g a t e d , i s [Mn(C0 ) 3 ( n 5-cyclohexa-
d i e n y l ) ] . With 1,3-butadiene, the only product i s the c h e l a t e complex 
[Mn(C0 ) 2 (n 4 : 3 - 1 - ( 3 - b u t e n - l , 2 - d i y l ) - 2 , 4 - c y c l o h e x a d i e n e ) ] . 2-Methyl-l,3-
butadiene y i e l d s a mixture of [Mn(CO)3 (r»3 : 2 - 3 - m e t h y l - b i c y c l o [ 4 . 3 . 1 ]-
nona-3,8-dien-7-yl)] and [Mn(C0 )2 (n 4: 3 - 1 - ( 3 - m e t h y l - 3 - b u t e n - l , 2 - d i y l ) -
2, 4-cyclohexadiene)]. I n t e r s t i n g l y , the r a t i o between these two 
complexes v a r i e s with the r e a c t i o n temperature. Low temperature 

( C 0 ) 3 M n 



favours the formation of the Mn(C0)2 complex. At room temperature pre­
dominantly the Mn(C0)3 complex i s obtained. 2, 3-Dimethyl-l, 3-butadiene 
adds c l e a n l y to [Mn(C0)3 (r»5 -cyclohexadienyl) ] and [Mn(C0)3 ( n 3 • 2 - 3 , 4 -

d i m e t h y l - b i c y c l o [ 4 . 3 . l ] n o n a - 3 , 8 - d i e n - 7 - y l ) ] i s obtained. 

[Mn(C0)3 (n5-CeH7 )] + i-CsHs > [Mn( C0)3 (n 3 : 2 - C H 3 Cs Hi 2 ) ] 

[Mn(C0)2 ( n 4 . 3 - C n H i 5 )] + CO 

[Mn(C0)3 (H5-C6H7 ) ] + (CH3)2C4H4 > 
[Mn(C0)3 ( 0 3 : 2 - ( C H 3 ) 2 C 9 H l l )] 

These r e a c t i o n s show c l e a r l y , that i t i s p o s s i b l e to b u i l d photo­
chem i c a l l y b i c y c l o [ 4 . 3 . 1 ] n o n a n e systems at manganese. There are good 
chances, to extend the r e a c t i o n p r i n c i p l e to systems d i s t i n c t l y d i f ­
f e r e n t from the parent Mn(C0)3(n5-pentadienyl> complex. 

There are a l s o some informations about the mechanism of the reac­
t i o n a v a i l a b l e . In a f i r s t step, photochemically a c o o r d i n a t i v e l y un­
s a t u r a t e d {[Mn(C0 ) 3(n 3-dienyl)]} intermediate i s formed, which r e a c t s 
with dienes to { [ M n ( C 0 ) 3 ( n 3 - d i e n y l ) ( n 2 - d i e n e ) ] } . Formation of one C-C 
bond between the n 3 - d i e n y l and n 2-diene ligands y i e l d s unstable 
{[Mn(C0)3(n4: 1 - l - ( e n d i y l ) - 2 , 4 - d i e n e ) ] > or {[Mn(C0)3(n 2: 3 - 1 - ( e n d i y l ) -
2,4-diene)]}. Formation of a second C-C bond leads to [Mn(C0)3(n 3 : 2 -
2 , 6 - c y c l o n o n a d i e n - l - y l ) ] , photochemically induced CO l o s s t o [Mn(C0 ) 2 -

( n 4 : 3 e n d i y l ) - 2 , 4 - d i e n e ) ] . 

[Mn(C0 ) 3(n 5-dienyl)] > {[Mn(C0 ) 3(n 3-dienyl)]} 

{[Mn(C0)3 ( r » 3-dienyl)]} + diene > 
{ [ M n ( C 0 ) 3 ( n 3 - d i e n y l ) ( n 2 - d i e n e ] } 

{[Mn(CO)3(n 3 - d i e n y l ) ( n 2 - d i e n e ] } > 
{[Mn(C0)3 ( n 4 : 1 - ( e n d i y l ) d i e n e ) ] } 

{[Mn(C0)3 (r»4: 1 - ( e n d i y l ) d i e n e ) ] } > 
[Mn(C0)3(n 3 : 2 - 2 , 6 - c y c l o n o n a d i e n - l - y l ) ] 
[Mn(C0 ) 2 ( n 4 : 3 - ( e n d i y l ) d i e n e ) ] + CO 



1 S. Ozkar, H. Kurz, D. Neugebauer, and C. G. K r e i t e r , J . Organo-
metal. Chem., 160, 115 (1978). 

2 C. G. K r e i t e r , E. Michels, and H. Kurz, J. Organometal. Chem., 
232, 249 (1982). 

3 J . A. S. Howell, B. F. G. Johnson, and J . Lewis, J. Chem. Soc., 
Dalton Trans, p. 293 (1974). 

4 J . D. Munro, and P. L. Pauson, J. Chem. S o c , (1961) 3484. 

5 E. Michels, and C. G. K r e i t e r , J. Organometal. Chem., 252, CI 
(1983) . 

6 E. Michels, W. S. S h e l d r i c k , and C. G. K r e i t e r , Chem. Ber., 118, 
964 (1985). 

7 C. G. K r e i t e r , and E. Michels, J. Organometal. Chem., 312, 59 
(1986). 

8 C. G. K r e i t e r , E. Michels, and J . Kaub, J . Organometal. Chem., 
312, 221 (1986). 

9 C. G. K r e i t e r , and W. Lipps, Angew. Chem., 93, 191 (1981); Angew. 
Chem., Int. Ed. Engl., 20, 201 (1981). 

10 C. G. K r e i t e r , and W. Lipps, Chem. Ber., 115, 973 (1982). 

11 M. Leyendecker, and C. G. K r e i t e r , J. Organometal. Chem., 249, 
C31 (1983). 

12 C. G. K r e i t e r , and M. Leyendecker, J . Organometal. Chem., 280, 
225 (1985). 

13 C. G. K r e i t e r , M. Leyendecker, and W. S. S h e l d r i c k , unpublished. 

14 C. G. K r e i t e r , Adv. Organometal. Chem., 26, 297 (1986). 



TRIPLET QUENCHING BY METAL CARBONYLS 

M.Kucharska-Zon and A.J.Poe 

The Department o f C h e m i s t r y and E r i n d a l e C o l l e g e , U n i v e r s i t y o f T o r o n t o , 
M i s s i s s a u g a , O n t a r i o , L5L 1C6, CANADA 

The quenching of t r i p l e t s t a t e s by organometallic compounds i s w e l l 
e s t a b l i s h e d though not widely studied. Vogler (1970, 1975) reported 
benzophenone-photosensitized s u b s t i t u t i o n r e a c t i o n s of M(CO) g (M = 
Cr, Mo, W) i n benzene. It was p o s t u l a t e d that t r i p l e t energy was 
t r a n s f e r r e d to the metal carbonyl, l e a d i n g to CO d i s s o c i a t i o n . 
Ferrocene quenches t r i p l e t s t a t e s of many organic molecules i n 
benzene (Fry, 1966; K i k u c h i , 1974; Farmilo, 1975) and i t was 
concluded (Farmilo, 1975) that t r i p l e t energy t r a n s f e r occurs to a 
d i s t o r t e d e x c i t e d s t a t e of ferrocene. Traverso et a l . (1978) showed 
that M(/7~CgHg)2 (M = Fe, Ru, Os) quench t r i p l e t uranyl ion i n acetone 
by e l e c t r o n t r a n s f e r as do s e v e r a l mononuclear carbonyls and one 
d i n u c l e a r one, Mn^iCO)(Sostero, 1979). It has a l s o been shown 
(Fox, 1982) that t r i p l e t b i a c e t y l , BA, i s quenched by MngCCO)^ i n 
C C l ^ and that t h i s s e n s i t i z e s the Mn2(C0)^g towards r e a c t i o n with 
C C l ^ to form Mn(C0)gCl. The simplest explanation i s that t r i p l e t 
energy t r a n s f e r leads to homolysis of the Mn-Mn bond and r e a c t i o n of 
the Mn(C0)g r a d i c a l s with the s o l v e n t . R e g f C O ) ^ d i d not quench BA 
but Re^(CO)g(PPhg)^ d i d and was s e n s i t i z e d to formation of 
Re(CO)^(PPhg)CI. We report here data f o r phosphorescence quenching 
of BA by a wide range of metal carbonyls, and a few examples of 
t r i p l e t b e n z i l , BZ, quenching. 

RESULTS 

Phosphorescence i n t e n s i t i e s showed good agreement with Stern-Volmer 
k i n e t i c s . Values of k f o r BA in benzene are given in Table 1 

q 
together with values f o r the t r i p l e t energies, E(T), of the quenchers 
estimated by means of equ. (1) (Herkstroeter, 1966; Sandros, 1964) 

k = k / { l + exp. <dE(T)/RT} (1) q m 

where AE(T) i s a measure of the extent to which the t r i p l e t energy of 
the quencher exceeds that of BA (19 700 cm 1 ) , and kffl i s the maximum 

rat e constant f o r t r i p l e t energy t r a n s f e r taken as 1 x 1 0 1 0 M 1 s 1 . 
This i s c l o s e to the highest value of k^ observed here but lower than 

the 1.6 x 10*** M~*s~* f o r a d i f f u s i o n c o n t r o l l e d r a t e constant 



Table 1. Values of k - and E(T) f o r Quenching of B i a c e t y l by Metal 
Carbonyls in Benzene at ca. 23°C 

Complex 
V 

M -1 i 
-1 
s E(T) b -, -cm 

^ - C 5 H 5 ) 2 F e 2 ( C O ) 4 9. 9 X 10 9 18 760 

O s 3 ( C O ) g ( P P h 3 ) 3 9. 4 X i o 9 19 139 

(^-C 5H 5) 2Mo 2(CO) 6 6. 2 X 10 9 19 600 

R u 3 ( C O ) 1 2 5. 8 X 10 9 19 630 

C o 4 ( C 0 ) 1 2 5. 8 X i o 9 19 630 

Co 4(CO)g(dppm) 2- 4. 9 X i o 9 19 690 

M n 2 ( C O ) 1 0 3. 4 X i o 9 19 840 

Mn 2 ( C O ) g ( P - n - B u 3 ) 2 - 2. 6 X i o 9 19 910 

Mn 2(CO)g(PPh 3) 2- 1. 7 X i o 9 20 030 

M n 2 ( C O ) 8 { P ( C 6 H 1 1 ) 3 } 2 ^ 1. 5 X i o 9 20, 060 

R e 2 ( C O ) g ( P P h 3 ) 2 - 3. 0 X i o 8 20 407 

O s 3 ( C O ) 1 2 1. 9 X i o 8 20 500 

R e 2 ( C O ) 8 { P ( C 6 H 1 1 ) 3 } 2 ^ 1. 2 X i o 8 20 596 

R e 2 ( C O ) 1 0 ca. 5 x 10 6 21 254 

Mo(CO)g ca. 4 x 10 5 21 740 

1 

- Estimated from the g r a d i e n t s , k^7"* °f the Stern-Volmer p l o t s and r 
obtained by the method of Jones et a l . (1980) based on data of Turro 
et a l . (1980); - estimated from equ. (1) with AE(T) = E(T) 
- 19 700 cm"1; - dppm = Ph 2PCH 2PPh 2; - b i s a x i a l complexes. 

i n benzene (Wagner, 1968). Some values of k f o r quenching of BZ are 
given i n Table 2. 

DISCUSSION 

The values of E(T) given i n Table 1 are l i k e l y to be lower l i m i t s 
s i n c e values of k are f r e q u e n t l y found not to f a l l o f f with 4E(T) as 
r a p i d l y as p r e d i c t e d by e q u . ( l ) . This has been ex p l a i n e d i n terms of 
formation of g e o m e t r i c a l l y d i s t o r t e d t r i p l e t s t a t e s (Farmilo, 1975) 
or of thermal e x c i t a t i o n of ground s t a t e s (Engel, 1983) of the 
quenchers. Beach et a l . (1968) assigned the lowest t r i p l e t s t a t e of 
Mo(C0) f i an e x c i t a t i o n energy of ca. 30 000 cm r a t h e r than the 



T a b l e 2. V a l u e s o f k^- and E ( T ) f o r Q u e n c h i n g o f B e n z i l by Some 
M e t a l C a r b o n y l s i n Benzene 

Complex k 
q 

( B Z ) , M X s 1 E ( T ) , - c m 1 k ( B Z ) / k (BZ) i q 7 q ' c a l c d 

M n 2 ( C O ) 1 0 1 .06 x 1 0 8 19 430 6.6 

C o 4 ( C O ) 8 ( d p p m ) 2 1 .25 x 1 0 9 18 810 54 

O s 3 ( C O ) 1 2 6 .3 x 1 0 7 19 530 102 

R e 2 ( C O ) 8 ( P P h 3 ) 2 1 .4 x 1 0 8 19 370 136 

R e 2 ( C O ) 8 { P ( C 6 H 1 1 ) 3 } 2 2 .1 x 1 0 8 19 290 528 

- E s t i m a t e d u s i n g r = 80 fjs ( F l a m i g n i 1 9 8 3 ) ; - e s t i m a t e d f r o m equ. 
(1) w i t h AE(T) = E ( T ) - 18 500 cm ; - k (BZ) , , i s t h e v a l u e o f k 

q c a l c d 
f o r BZ q u e n c h i n g c a l c u l a t e d r e l a t i v e t o t h a t f o r BA q u e n c h i n g by use 
o f equ. ( 1 ) . 

21 740 cm d e r i v e d h e r e . 

A n o t h e r way o f q u a n t i f y i n g t h i s e f f e c t i s t o compare t h e d e c r e a s e o f 
v a l u e s o f k w i t h i n c r e a s i n g v a l u e s o f 2lE(T) as i n d i c a t e d by s t u d i e s 

q 
w i t h s e n s i t i z e r s o f d e c r e a s i n g E ( T ) . We have v a l u e s o f k^ f o r a few 
m e t a l c a r b o n y l s w i t h BZ ( T a b l e 2 ) . F o r a l l b u t one c a r b o n y l k^ f o r 
BZ q u e n c h i n g i s l e s s t h a n t h a t f o r BA q u e n c h i n g as e x p e c t e d f r o m t h e 
1 200 cm * l o w e r e x c i t a t i o n o f t r i p l e t BZ. However, t h e r a t i o 
k ^ ( B Z ) / k ^ ( B A ) i s d e p e n d e n t on t h e n a t u r e o f t h e c a r b o n y l and, i n one 
c a s e i t i s a c t u a l l y g r e a t e r t h a n u n i t y . Not o n l y must t h i s mean t h a t 
d e v i a t i o n s f r o m equ. (1) a r e dependent on t h e n a t u r e o f t h e q u e n c h e r , 
w h i c h i s n o t s u r p r i s i n g i n v i e w o f d i f f e r e n t p o s s i b l e d i s t o r t i o n s o f 
e x c i t e d s t a t e s , b u t i t must a l s o mean t h a t t h e d e v i a t i o n s a r e 
d i f f e r e n t f o r d i f f e r e n t d o n o r s . T h i s s u g g e s t s t h e e x i s t e n c e o f 
r a t h e r s p e c i f i c e f f e c t s on t h e e n e r g y t r a n s f e r p r o c e s s w h i c h r e q u i r e 
f u r t h e r e x p l o r a t i o n . 

The a s s u m p t i o n o f t r i p l e t e n e r g y t r a n s f e r and n o t e l e c t r o n t r a n s f e r 
i s s u p p o r t e d by t h e a b s e n c e o f c l e a r c o r r e l a t i o n s w i t h r e d o x 
p o t e n t i a l s o f t h e c a r b o n y l s . The e f f e c t o f P-donor s u b s t i t u e n t s on 
t h e v a l u e s o f k^ f o r M n 2 ( C O ) g L 2 i s v e r y s m a l l w h e r e a s s u c h 
s u b s t i t u t i o n i s known g e n e r a l l y t o have a v e r y l a r g e e f f e c t on r e d o x 
p o t e n t i a l s ( A r e w g o d a , 1 9 8 2 ) . The t r e n d s shown i n T a b l e 1 a r e q u i t e 
p r o n o u n c e d . The o n l y m o n o n u c l e a r c a r b o n y l i s v e r y i n e f f i c i e n t 
c o mpared w i t h a l l t h e m u l t i - n u c l e a r o n e s . The q u e n c h i n g e f f i c i e n c y 
o f t h e m u l t i n u c l e a r c a r b o n y l s d e c r e a s e s r a p i d l y as t h e m e t a l c h a n g e s 
f r o m t h e f i r s t t o t h e s e c o n d and t h i r d t r a n s i t i o n m e t a l p e r i o d s . The 
e f f e c t o f P- d o n o r s u b s t i t u e n t s i s q u i t e s m a l l ( a n d v e r y s l i g h t l y 
r e t a r d i n g ) f o r c a r b o n y l s o f t h e f i r s t row b u t s u b s t a n t i a l l y 
a c c e l e r a t i n g f o r t h i r d row c a r b o n y l s . B o t h c y c l o p e n t a d i e n y 1 m e t a l 



c a r b o n y l s a r e v e r y e f f i c i e n t q u e n c h e r s . I t w i l l be i n t e r e s t i n g t o 
s e e how t h e s e r e s u l t s c o r r e l a t e w i t h t r i p l e t e x c i t a t i o n e n e r g i e s o f 
s u c h c o m p l e x e s when t h e y a r e o b t a i n e d . I t a l s o r e m a i n s t o 
i n v e s t i g a t e t h e e x t e n t t o w h i c h t h e q u e n c h i n g p r o c e s s s e n s i t i t i z e s 
r e a c t i o n s o f t h e s e c a r b o n y l s . 
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PHOTOEXCITATION OF W ( C 0 ) 6 SOLUTIONS CONTAINING a-DIIMINE LIGANDS. 
KINETICS AND MECHANISM OF CHELATION FOR A SERIES OF PHOTOPRODUCED 
W(CO) 5(a-DIIMINE) INTERMEDIATES 

A . J . L e e s , M . J . S c h a d t , and L.Chan 

Department o f C h e m i s t r y , U n i v e r s i t y C e n t e r a t Binghamton, 
S t a t e U n i v e r s i t y o f New Y o r k , Binghamton, NY 13901, USA 

R e l a t i v e l y l i t t l e i s p r e s e n t l y known about the i d e n t i t y , s t r u c t u r e , and reac­
t i v i t y of r e a c t i o n intermediates in l i g a n d photosubstitution processes of organo­
m e t a l l i c complexes. D i r e c t s p e c t r a l c h a r a c t e r i z a t i o n of these intermediates and 
q u a n t i t a t i v e measurements of t h e i r r e a c t i v i t y have r a r e l y been reported [1,2], Re­
c e n t l y , we have i n v e s t i g a t e d the nature of r e a c t i o n intermediates formed f o l l o w i n g 
p h o t o e x c i t a t i o n of W(CO)6 s o l u t i o n s that contain an a-diimine l i g a n d [ 3 ~ 5 ] . S p e c t r a l 
evidence has been obtained for a r e a c t i o n intermediate of the type, W(CO)5L, where 
the normally bidentate a-diimine l i g a n d i s coordinated i n a monodentate fashion. 
This a r t i c l e r e p o r t s observed k i n e t i c data and mechanistic behavior for the r i n g 
c l o s u r e r e a c t i o n of W(C0)(-L, where L i s a s e r i e s of a-diimine ligands. The a-
diimines studied are 1,10-phenanthro1ine (phen), 2,2 ?-bipyr i d i n e (bpy), 1,M~diaza-
butadiene (dab), and 2 - p y r i d i n a l - i m i n e (py-im), or a d e r i v a t i v e of these ligands. 

A t y p i c a l experiment consisted of c a . 2 s i r r a d i a t i o n with the 313 nm l i n e of a 
200 W Hg lamp of 5 x 10 M W(C0)^ and 1 x 10~ 2 M a-diimine in deoxygenated benzene. 
Approximately 1 x ]0~^ M W(C0)g undergoes p h o t o d i s s o c i a t i o n during t h i s e x c i t a t i o n ; 
t h i s v alue has been estimated by determining the i n c i d e n t l i g h t i n t e n s i t y using 
F e r r i o x a l a t e actinometry [6] and the quantum e f f i c i e n c y of W(C0)6 [7]. The amount 
of p h o t o d i s s o c i a t i o n was determined a c c u r a t e l y from the amount of WtCO^L complex 
produced at the end of the k i n e t i c experiment. E l e c t r o n i c absorption spectra were 
obtained throughout the r e a c t i o n of W(C0)^L on a m i c r o p r o c e s s o r - c o n t r o l l e d diode-
array Hewlett-Packard S^OA spectrometer. The r a p i d a c q u i s i t i o n f a c i l i t i e s of t h i s 
equipment permitted spectra to be recorded within 2 s f o l l o w i n g photoexcitation. 
The shortest a c q u i s i t i o n time and time i n t e r v a l s between subsequent s p e c t r a l read­
ings p o s s i b l e on t h i s apparatus are 0.5 s and 1 s, r e s p e c t i v e l y . 

Figure 1 d e p i c t s the s p e c t r a l sequence at 20°C f o l l o w i n g photoexcitation of 
W(C0)6 i n deoxygenated benzene containing 1 x 10~ 2 M bpy. The i n i t i a l spectrum 
was recorded r a p i d l y ( c a . 2 s) f o l l o w i n g p h o t o l y s i s and subsequent spectra were 
acquired every 15 s thereafter. The formation of W(C0)i|(bpy) product was recorded 
by the growth of i t s c h a r a c t e r i s t i c intense metal to l i g a n d charge-transfer (MLCT) 
absorption centered at 51H nm. Sharp i s o s b e s t i c points observed at 397 nm and 424 
nm i n d i c a t e that t h i s thermal process apparently proceeds without interference 
from side or subsequent reactions. 

Photochemistry and Photophysics 
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Figure 1. U V - v i s i b l e s p e c t r a l sequence recorded at 20°C f o l l o w i n g c.a. 2 s i r r a d i ­
a t i o n of a deoxygenated s o l u t i o n of 5 x 10"1* M W(CO)^ and 1 x 10~ 2 M bpy 
i n benzene: curve 0, i n i t i a l spectrum recorded w i t h i n 2 s a f t e r e x c i t a ­
t i o n ; curves 1-8, spectra at subsequent 15 s i n t e r v a l s . 

Figure 2 i l l u s t r a t e s the d i f f e r e n c e U V - v i s i b l e spectrum obtained by s u b t r a c t i n g 
the absorption data of the unphotolyzed s o l u t i o n from that of the i n i t i a l spectrum 
(curve 0 i n Fig. 1). The s p e c t r a l features of t h i s d i f f e r e n c e spectrum are t y p i c a l 
of those observed from a number of W(C0)^L complexes [8,9], as evidenced by the 
comparison with W(C0) 5(2-Phpy) (2-Phpy = 2~phenylpyridine). Thus, the i n i t i a l l y 
formed intermediate i s assigned to a W(C0)^(bpy) species where the n o r m a l l y biden-
t a t e bpy l i g a n d i s coordinated i n a monodentate manner. Importantly, a monodentate 
W(C0)^L intermediate was not observed when L « phen, i n accordance with the r i g i d 
coplanar nature of t h i s a-diimine l i g a n d : 

1 r 

350 450 - 550 650 750 

WAVELENGTH, nm 

Figure 2. U V - v i s i b l e d i f f e r e n c e spectrum ( ) obtained by s u b s t r a c t i n g s p e c t r a l 
data of unphotolyzed s o l u t i o n from curve 0 i n F i g . 1. For comparison 
the s p e c t r a l f e a t u r e s ( ) of W(C0)^(2-Phpy) are included; absorption 
i s s c a l e d a r b i t r a r i l y to make maxima equal. 



Reactions 1-3 are consistent with the experimental observations. 

W(C0) 6 -Jil» W(CO)5 + CO (1) 
A 

W(C0) 5 A,fast + W(C0) 5(a~dimmine) (2) 
a-diimine 

W(C0) 5(a-diimine) A , k o b s » W(C0 M a - d i i m i n e ) + CO (3) 

Reaction r a t e s have been determined f o r the r i n g c l o s u r e r e a c t i o n by monitoring 
the growth of the long-wavelength MLCT absorption of the corresponding W(C0)^L prod­
uct. In each case the re a c t i o n s were observed to be f i r s t order and independent of 
l i g a n d concentration over a 1 x 10~ 3 - 1 x 10~ 2 M range. Determined rat e s and a c t i ­
v a t i o n parameters f o r the phen, bpy, dab and py-im complexes are l i s t e d i n Table 1. 

Table 1. F i r s t - o r d e r r a t e constants at 20°C and deriv e d a c t i v a t i o n energy parameters 
f o r the r e a c t i o n of W(CO)RL to form W(C0KL and CO. 

Ligand (L) kobs <s~1) 
AH* 

(kcal mol 1) 
AS* 

( c a l K 1 mol" 1) 

phen >0.4a 

bpy 3.86 x 10~ 2 19.2 0.5 
M'-C^Ho^-bpy 1.58 x 10~ 2 17.0 -8.6 
1 , V-(C^H 9) 2-dab 1.05 x 10 ̂  19.1 -12.1 
1 , V - ( C 3 H ? ) 2 - d a b 1.79 x 10~ 5 20.9 -8.9 
py-(C 6H 5)-im 1.97 x 10 3 10.9 -33.5 
Py-(C 1 |H 9)-im 1.50 x 10~ 5 19.6 -13.6 

a T h i s value represents a lower l i m i t as W(C0)^ L intermediate was not observed. 

The measured r a t e data i l l u s t r a t e a dependence on l i g a n d c l a s s (phen > bpy > 
dab); t h i s i s i n t e r p r e t e d i n terms of s t e r i c c o n s t r a i n t s for the a-diimine coordin­
a t i o n (see Fig . 3). When L = phen the nitrogen atoms are h e l d coplanar and t h i s 
r e s u l t s i n a r a p i d r i n g c l o s u r e mechanism f o l l o w i n g i n i t i a l coordination. In con­
t r a s t , the c h e l a t i o n of W(C0)5L complexes, where L = bpy or a dab d e r i v a t i v e , i s 
much slower. T h e o r e t i c a l and experimental studies on the conformation of the bpy 
and dab l i g a n d s have concluded that they e x i s t i n an approximately s-trans configu­
r a t i o n i n condensed phases [10-16]. Thus, these l i g a n d s must r o t a t e about the 
c e n t r a l carbon-carbon bond to e f f e c t bidentate coordination; i t has been estimated 
that the energy f o r the r o t a t i o n i s about 5 - 7 k c a l mol~ 1 f o r e i t h e r of these 
l i g a n d s [16,17]. 

Figure 3 . Stereochemistry of W(C0) 5L d e r i v a t i v e s (L = phen, bpy, and dab). 



Therefore, although the W(CO)5L complexes c o n t a i n i n g dab l i g a n d s undergo r i n g c l o s u r e 
much more s l o w l y than the analogous bpy species, these l a r g e d i f f e r e n c e s i n ra t e data 
are not thought to be due to d i f f e r e n c e s i n the r o t a t i o n a l energy b a r r i e r . Rather, 
i t i s more l i k e l y that these rate d i f f e r e n c e s a r i s e because of the v a r y i n g i n t e r a c ­
t i o n s of the B-CH group i n these l i g a n d s . R e f e r r i n g to Fig . 3 i t can be seen that 
when L = bpy the 0-CH group w i l l i n t e r a c t s u b s t a n t i a l l y with the metal center and the 
carbonyl l i g a n d s , r e s u l t i n g i n s u b s t a n t i a l e l e c t r o n i c r e p u l s i o n . This w i l l tend to 
a s s i s t the t w i s t i n g mechanism about the l i g a n d Z^-Z^ bond that i s required to 
achieve the c i s - c h e l a t i o n geometry. When L = dab, the $-CH group i s co n s i d e r a b l y 
l e s s crowded and the W(CO)^(dab) intermediate i s much longer l i v e d . In t h i s connec­
t i o n , i t i s notable that monodentate dab complexes have been i s o l a t e d with other 
t r a n s i t i o n - m e t a l centers [17], but there are no r e p o r t s of the analogous bpy com­
plexes being s t a b l e . 

Determined a c t i v a t i o n parameters (see Table 1) i n d i c a t e that the r i n g c l o s u r e 
r e a c t i o n i s e n t h a l p y - c o n t r o l l e d . For each of these l i g a n d c l a s s e s the r a t e s of 
c h e l a t i o n are s u b s t a n t i a l l y greater than those p r e v i o u s l y reported f o r thermal sub­
s t i t u t i o n of e i t h e r L or CO i n M(CO)5L complexes, i n which the ent e r i n g species i s 
an amine, phosphine, or arsenide l i g a n d [18-20], The more r a p i d c h e l a t i o n processes 
i s a t t r i b u t e d to a l a r g e c o n t r i b u t i o n to the CO e x t r u s i o n r e a c t i o n by the a s s o c i a t ­
ing l i g a n d when i t i s a l r e a d y coordinated i n a monodentate fashion. 

The py-R-im l i g a n d s , perhaps not s u r p r i s i n g , c h e l a t e at r a t e s between the bpy 
and dab li g a n d s . Importantly, a s i n g l e r a t e constant i s observed f o r each of these 
r e a c t i o n s and, t h e r e f o r e , o n l y one c h e l a t i o n process i s apparently i n v o l v e d i n the 
mechanism [5]. However, the k i n e t i c and a c t i v a t i o n energy data obtained depend 
s u b s t a n t i a l l y on the l i g a n d s u b s t i t u e n t and r e l a t e c l o s e l y to the s t e r i c hindrance 
about the a l i p h a t i c n i t r o g e n atom. The data imply that the p y r i d i n e n i t r o g e n atom 
i n i t i a l l y scavenges the photoproduced W(C0)^ species and that subsequent r i n g 
c l o s u r e i n v o l v e s c o o r d i n a t i o n by the free a l i p h a t i c n i t r o g e n atom. Thus, when R = 
Ph c h e l a t i o n occurs much more r a p i d l y than f o r the bulky R = tert-Bu. The de r i v e d 
a c t i v a t i o n energy parameters i m p l i c a t e that there are varying degrees of ass o c i a ­
t i v e components i n the t r a n s i t i o n s t a t e s of the r i n g c l o s u r e mechanism f o r these 
py-im l i g a n d s . 
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KINETICS AND MECHANISM OF C-H ACTIVATION FOLLOWING PHOTOEXCITATION OF 
( i ) 5 - C 5 H 5 ) I r ( C 0 ) 2 IN HYDROCARBON SOLUTIONS 

D.E.Marx and A . J . L e e s 
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The homogeneous c a t a l y t i c a c t i v a t i o n of carbon-hydrogen bonds using t r a n s i t i o n 
metal complexes has been a c h a l l e n g i n g goal for o r g a n o m e t a l l i c chemists in the past 
few years. This process i s of fundamental importance to the petrochemical industry, 
and has a t t r a c t e d considerable a t t e n t i o n [ 1 - 7 ] . The a c t i v a t i o n of the C-H bonds of 
aromatics and saturated hydrocarbons i s of p a r t i c u l a r i n t e r e s t because these are an 
abundant source of organic compounds but are normally i n e r t due to t h e i r high C-H 
bond energies. Recently, i t has been shown that (n 5"C 5H 5)M(PMe 3)H 2 (M = Rh, I r ) 
[ 8 , 9 ] and ( n 5 - C 5 R 5 ) I r ( C O ) 2 (R = H, Me) [ 1 0 , 1 1 ] undergo s t o i c h i o m e t r i c o x i d a t i v e 
a d d i t i o n to the C-H bonds of benzene and alkanes under r e l a t i v e l y m i l d photo­
chemical c o n d i t i o n s . This paper reports steady-state p h o t o l y s i s , quantum y i e l d , 
and k i n e t i c data f o r the C-H bond a c t i v a t i o n of a v a r i e t y of hydrocarbon s o l v e n t s 
by the photoexcited (n 5-C 5H 5)Ir(CO) 2 complex. 

The synthesis of (n^~C^H^)Ir (C0 ) 2 was performed according to that p r e v i o u s l y 
described, with minor m o d i f i c a t i o n [ 1 2 ] . A l l s o l v e n t s were used as spectroscopic 
grade without f u r t h e r p u r i f i c a t i o n . Steady-state photolyses were c a r r i e d out with 
the 366 l i n e of an E a l i n g 200W medium pressure Hg lamp. The (n 5~C 5H 5)Ir(CO) 2 

s o l u t i o n s were deoxygenated p r i o r to the p h o t o l y s i s by purging for at l e a s t 15 min 
with p u r i f i e d nitrogen. E l e c t r o n i c absorption spectra were recorded in the dark on 
a m i c r o p r o c e s s o r - c o n t r o l l e d diode-array Hewlett-Packard 8450A U V - v i s i b l e spectro­
photometer. I n f r a r e d spectra were recorded on a Perkin-Elmer 283B spectrometer. 
The samples were recorded as s o l u t i o n s in a NaCl c e l l of 1 mm pathlength. Trans­
ient absorption spectra were obtained f o l l o w i n g e x c i t a t i o n with the t h i r d harmonic 
of a Korad Nd g l a s s l a s e r (353 nm, 20 ns pulsewidth) [13 , 14 ] . 

Figure 1 i l l u s t r a t e s the e l e c t r o n i c absorption s p e c t r a l sequence observed 
f o l l o w i n g 366 nm e x c i t a t i o n of 2.2 x 1 0 ~ 3 M ( n 5 " C 5 H 5 ) I r ( C 0 ) 2 in deoxygenated 
benzene at 20°C. The conversion to product apparently occurs without i n t e r f e r e n c e 
from secondary photochemical or thermal processes, as evidenced by the c l e a n spec­
t r a l progression. IR s p e c t r a l changes were recorded during t h i s p h o t o l y s i s and are 
c o n s i s t e n t with conversion of ( n 5 - C c H 5 ) I r ( C 0 ) 2 [2040(s) cm"1 ( v c 0 ) , 1972(s) cm 1 

( v c o ) ] to ( n 5 ~ C 5 H 5 ) I r ( C 0 ) ( H ) ( C 6 H 5 ) [ 2 1 4 8 ( W ) cm 1 ( v I r H ) , 2003(s) cm 1 ( v c o ) ] , as 
p r e v i o u s l y reported [ 1 0 , 1 1 ] , 

The quantum y i e l d (<f>) f o r t h i s r e a c t i o n has been c a l c u l a t e d to be 3.0(±0.3) x 
1 0 ~ 2 i n neat benzene. Table 1 l i s t s quantum y i e l d v a l u e s determined for s e v e r a l 
s o l v e n t s ; the magnitudes of these y i e l d s r e f l e c t the r e l a t i v e s e l e c t i v i t y of t h i s 
photoexcited complex for the i n t e r m o l e c u l a r a c t i v a t i o n of hydrocarbon C-H bonds. 
Recently, Janowicz and Bergman [ 8 ] have, from a s e r i e s of competitive experiments, 
determined a r e l a t i v e rate of 4:1 for benzene:cyclohexane C-H a c t i v a t i o n f o l l o w i n g 
i r r a d i a t i o n of (n 5~C 5Me 5)Ir(PMe 3)(H) 2 and Graham et a l . [ 10 ] have reported a 2.5:1 
r a t i o f o r benzene:cyclohexane C-H a c t i v a t i o n from the products formed f o l l o w i n g 
p h o t o e x c i t a t i o n of ( n 5 - C 5 M e 5 ) - I r ( C 0 ) 2 . The quantum y i e l d data of Table 1 i n d i c a t e s 
that the aromatic hydrocarbons are a c t i v a t e d more e f f i c i e n t l y than the a l i p h a t i c 
molecules; thus the C-H bond a c t i v a t i o n may be f a c i l i t a t e d by a I T - i n t e r a c t i o n . 
Moreover, the e x c e p t i o n a l l y low value obtained for isooctane i m p l i e s that s t e r i c 
f a c t o r s could a l s o be important in the C-H bond a c t i v a t i o n mechanism. 
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Figure 1. E l e c t r o n i c absorption changes accompanying the 366 nm p h o t o l y s i s (time 
i n t e 
20°C 
i n t e r v a l s i n h) of 2.2 x 10 3 M ( r r - C 5 H 5 ) I r ( C 0 ) 2 in N 2~purged benzene at 

Table 1. Quantum y i e l d s (<|>) f o r the r e a c t i o n of ( n 5 - C 5 H 5 ) I r ( C 0 ) 2 to ( n 5 - C 5 H 5 ) I r -
(C0)(H)(R) products in va r i o u s N 2~purged hydrocarbon s o l v e n t s . 

RH $ 

benzene 0.03 
toluene 0.026 
n-heptane 0.015 
n-pentane 0.014 
cyclohexane 0.010 
isooctane 0.006 

aReported values estimated to be accurate to ±10$; 
e x c i t a t i o n wavelength i s 366 nm. 

Importantly, in neat perfluorobenzene no r e a c t i o n was observed to take p l a c e 
over an 8 h p h o t o l y s i s period. Quantum y i e l d s (<J>) f o r C-H a c t i v a t i o n of benzene 
were measured as a f u n c t i o n of benzene concentration i n perfluorobenzene at 20°C, 
and the data are l i s t e d i n Table 2. The dependence of $ on [C^H^] i m p l i e s that the 
C-H a c t i v a t i o n r e a c t i o n proceeds v i a a b i m o l e c u l a r process i n which the a s s o c i a t i o n 
of a benzene molecule with the metal complex i s the ra t e determining step. The 
experimental r e s u l t s are c o n s i s t e n t with e i t h e r of the two f o l l o w i n g mechanistic 
schemes, where S = perfluorobenzene. 

( n 5 ~ C 5 H 5 ) I r ( C 0 ) 2 ( n D - C 5 H 5 ) I r ( C 0 ) 2 * (1) 

Scheme 1 
k 1 ,S 

( n
5 - C 5 H 5 ) I r ( C 0 ) 2 * 4 » ( n 5 - C 5 H 5 ) I r ( C O ) ( S ) + CO (2) 

k 2 

hv 



R 3 (n ! : >-C 5H 5)Ir(CO)(S) • (n 5-C c-H s)Ir(CO)(H)(C f.H c-) + S (3) 
C 6 H 6 

Scheme 2 

( n 5 - C 5 H 5 ) I r ( C O ) 2 * « » ( n 3 - C 5 H 5 ) I r ( C O ) 2 ( S ) (4) 
k 2 

( n 3 - C 5 H 5 ) I r ( C O ) 2 ( S ) • (n 5-C 5H 5)Ir(CO)(H)(C 6H 5) + CO + S (5) 
C 6 H 6 

Quantum y i e l d s have been measured for C-H a c t i v a t i o n of benzene in p e r f l u o r o -
benzene s o l u t i o n s saturated with CO ( c a . 10~ 2 M [15]), and the data are shown i n 
Table 2. The r e s u l t s i l l u s t r a t e that the e f f e c t of added CO on <f> i s n e g l i g i b l e at 
any of the benzene concentrations measured. This observation argues against the 
mechanism i n v o l v i n g i n i t i a l CO d i s s o c i a t i o n from the photoexcited complex (Scheme 
1). On the other hand, a h a p t i c i t y change (n^-Mri3) mechanism (Scheme 2) would not 
be expected to be a f f e c t e d by the CO concentration. Low-temperature experiments 
p r e v i o u s l y c a r r i e d out on the c l o s e l y r e l a t e d (n^-C 5Me 5)Ir(CO) 2 complex have pro­
vided a d d i t i o n a l support for a h a p t i c i t y change mechanism; even a f t e r prolonged 
p h o t o l y s i s of t h i s complex i n Ar or N 2 matrices at 12 K no more than trace quanti­
t i e s of (n5-Ct-Mec-)Ir(CO) have been observed [16], 

Table 2. Quantum y i e l d s (c|>) for the conversion of (n - C c H 5 ) I r ( C O ) 2 to (n - C c H c ) I r -
(CO ) (H ) (C 6 H 5 ) i n perf luorobenzene at 293 K.a 

[ C 6 H 6 ] , M 4 b 4> 

0.01 0.013 
0.025 0.017 0.015 
0.05 0.018 
0.10 0.021 0.020 
0.25 0.027 
0.50 0.029 0.028 

11.3 d 0.030 

aReported values estimated to be accurate to ±10%; e x c i t a t i o n wavelength i s 366 nm. 
bN 2~purged s o l u t i o n s . 
cCO-saturated s o l u t i o n s (-10 2 M i n d i s s o l v e d CO concentration, see r e f . 15). 
dNeat benzene s o l v e n t . 

E x c i t a t i o n of 3.8 x 10~ 3 M ( n 5 - C 5 H c ) I r ( C O ) 2 in N 2-purged benzene at 20°C with 
the t h i r d harmonic l i n e of a Korad Nd g l a s s l a s e r (353 nm, 20 ns pulsewidth) pro­
duces an absorbance change immediately f o l l o w i n g the l a s e r pulse that i s depicted 
in F i g . 2. Approximately 1.1 x 10 M (n - C 5 H 5 ) I r ( C 0 ) 2 undergoes p h o t o d i s s o c i a t i o n 
f o l l o w i n g t h i s e x c i t a t i o n . This value has been determined from the l a s e r pulse 
energy, the i r r a d i a t e d volume, absorbance, and quantum y i e l d of ( n 5 - C 5 H 5 ) I r ( C 0 ) 2 i n 
the t r a n s i e n t absorption experiment. No f u r t h e r absorbance changes were observed. 
These absorption features c l o s e l y match those obtained i n the steady-state photoly­
s i s experiment and i t i s concluded that ( n 5 - C 5 H 5 ) I r ( C 0 ) ( H ) ( C 6 H 5 ) has been formed. 
This r e s u l t demonstrates that the i n t e r m o l e c u l a r C -H a c t i v a t i o n of benzene by the 
photoexcited metal complex takes place on a very f a s t timescale (within the 20 ns 
l a s e r p u l s e ) ; thus, a lower l i m i t f o r k = 4.4 (±0.9) x 10 b M"1 S " 1 (k -
k Q b s / [ C 6 H 6 ] ) can be estimated for the C -H a c t i v a t i o n process. Any t r a n s i e n t pro­
duced f o l l o w i n g p h o t o e x c i t a t i o n i s very short l i v e d and r a p i d l y scavenged by the 
s o l v e n t molecules present (neat benzene at 20°C i s 11.3 M). 
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Figure 2. Photoproduct spectrum obtained i n t r a n s i e n t absorption experiment 
f o l l o w i n g 353 nm e x c i t a t i o n of 3.8 x 10~ 3 M (n 5-C c-H t-)Ir(CO) 2 i n benzene 
at 20°C. 

S i m i l a r experiments have been c a r r i e d out for (n -C^H^IKCO)^ i n N^-purged 
perfluorobenzene c o n t a i n i n g 5 x 1 0 3 M benzene. Immediately f o l l o w i n g e x c i t a t i o n 
a t r a n s i e n t with a broad absorbance (centered at 625 nm) was recorded, which sub­
s e q u e n t l y decayed w i t h k Q b s = 4.8(±1.0) x 10° s~ 1 (thus k = 9.6(±1.9) x 10° 
M 1 s 1 to form the product (n 5~C 5H^)Ir(CO)(H)(C 6H 5). This t r a n s i e n t absorption 
feature i s assigned to the ( r - C ^ ) I r ( C 0 ) 2 ( S ) species in accordance with the above 
a n a l y s i s . Moreover, we were unable to observe absorbance changes r e p r e s e n t i n g 
product formation f o l l o w i n g l a s e r p h o t o e x c i t a t i o n of (n^-C^H^)Ir(C0) 2 i n neat 
perfluorobenzene; t h i s r e s u l t i s co n s i s t e n t with the n back r e a c t i o n (see 
equation 4) ta k i n g p l a c e i n the absence of scavenging benzene molecules. 
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IDENTIFICATION OF H 2-, D2-, N 2- BONDED INTERMEDIATES IN THE 
PHOTOCATALYZED HYDROGENATION REACTIONS 

A.Oskam, R.R.Andrea, D . J . S t u f k e n s , and M.A.Vuurman 
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The mechanisms o f p h o t o c h e m i c a l r e a c t i o n s i n v o l v i n g t r a n s i t i o n m e t a l 
c o m p l e x e s have been t h e s u b j e c t i n s e v e r a l r e c e n t p a p e r s . Many 
a t t e m p t s have been made t o i d e n t i f y i n t e r m e d i a t e s . T h i s can be 
p e r f o r m e d by s t u d y i n g p a r e n t m o l e c u l e s and p r i m a r y p h o t o p r o d u c t s i n 
i n e r t m a t r i c e s or s o l i d g l a s s e s . U s u a l l y t h e s e i n t e r m e d i a t e s can be 
c h a r a c t e r i z e d by IR and U V - v i s i b l e s p e c t r o s c o p y . I t i s a l s o p o s s i b l e 
t o use f l a s h p h o t o l y s i s i n c o m b i n a t i o n w i t h f a s t r e s o l v e d s p e c ­
t r o s c o p y . T h i s t e c h n i q u e has the g r e a t a d v a n t a g e t h a t r e a c t i o n s can be 
f o l l o w e d u n d e r n o r m a l c o n d i t i o n s . T h i s t i m e - r e s o l v e d t e c h n i q u e s 
however have s p e c i a l r e s t r i c t i o n s as ti m e and money consuming methods. 
A l t h o u g h m a t r i x i s o l a t i o n s p e c t r o s c o p y i s a v e r y v a l u b l e t e c h n i q u e f o r 
the i d e n t i f i c a t i o n and c o n f o r m a t i o n a l a n a l y s i s o f p r i m a r y p h o t o p r o d u c t s 
i t has s e v e r e l i m i t a t i o n s i n s t u d y i n g o n g o i n g r e a c t i o n s b e c a u s e o f 
l a c k o f d i f f u s i o n and m o b i l i t y o f the components. 
A c o m b i n a t i o n o f the a d v a n t a g e s o f s e v e r a l methods i s t h e use o f 
l i q u i d n o b l e g a s e s as s o l v e n t s . T h e s e s o l v e n t s do not a b s o r b i n t h e IR-
and U V - v i s i b l e s p e c t r a l r e g i o n s , a r e i n e r t , can be used a t v a r i o u s 
t e m p e r a t u r e s , show s u f f i c i e n t m o b i l i t y o f the components t o s t u d y 
r e a c t i o n s , s t a b i l i z e r e a c t i v e i n t e r m e d i a t e s o f ( p h o t o c h e m i c a l ) 
r e a c t i o n s l o n g enough f o r s p e c t r a l i d e n t i f i c a t i o n and do not show any 
s i t e symmetry s p l i t t i n g s . T h e s o l u b i l i t y o f most o f the compounds i n 
c o m b i n a t i o n w i t h a l o n g p a t h l e n g t h i n the sample c e l l i s l a r g e enough 
f o r s p e c t r o s c o p i c measurements. S e v e r a l r e p o r t s about IR, U V - v i s i b l e , 
ESR and N M R - s p e c t r o s c p i c s t u d i e s i n s o l u t i o n s o f l i q u i d n o b l e g a s e s 
have a p p e a r e d ( A n d r e a 1986). 
In o r d e r t o s t a b i l i z e p r i m a r y p h o t o p r o d u c t s and s t u d y t h e i r t h e r m a l 
and p h o t o c h e m i c a l r e a c t i o n s we have e x t e n d e d our e x p e r i m e n t s t o 
s o l u t i o n s i n l i q u i d Xenon (LXe, 170-240K). T h i s s o l v e n t i s e s p e c i a l l y 
u s e f u l t o l o o k a t t h e r e a c t i o n mechanisms o f C r ( C O ) 6 p h o t o c a t a 1 y z e d 
h y d r o g e n a t i o n r e a c t i o n s o f d i e n e s . F o r t h i s p u r p o s e a s o l u t i o n o f 
Cr ( C O ) i | ( n o r b o r n a d i e n e ) i n LXe has been i r r a d i a t e d a t 183K i n t h e 
p r e s e n c e o f H , D 2 and N 2- The p h o t o p r o d u c t s Were m a i n l y i d e n t i f i e d 
w i t h FTIR. The C O - f r e q u e n c i e s o f t h e v a r i o u s p h o t o p r o d u c t s were 



a s s i g n e d w i t h t h e u s e o f t h e d a t a o b t a i n e d f r o m i r r a d i a t i o n 
e x p e r i m e n t s i n and C H ^ - m a t r i c e s . 
The i n f r a r e d s p e c t r u m o f C r ( C 0 ) c H o as an i n t e r m e d i a t e o f t h e 

D d 
i r r a d i a t i o n o f C r ( C O ) ^ and i n l i q u i d Xenon has been p u b l i s h e d 
b e f o r e s h o w i n g a Cr(CO ) - p a t t e r n and an H - s t r e t c h i n g v i b r a t i o n a t 

- 1 
3030 cm (Upmacis 1985 ). W i t h D i n s t e a d o f H t h e same s p e c t r a 

- 1 
a p p e a r e d but w i t h t h e D ^ - s t r e t c h i n g v i b r a t i o n a t 2241 cm , s l i g h t l y 
h i g h e r t h a n c o u l d be c a l c u l a t e d f o r an u n c o u p l e d v i b r a t i o n . The 

L - e x p e r i m e n t r e s u l t s i n C r ( C O ) c N . w i t h a N« ^ d o d d 
a t 2237 cm" and a f t e r p r o l o n g e d i r r a d i a t i o n i n C r ( C O ) ^ ( ) 2 , c i s and 
t r a n s w i t h two d i f f e r e n t s e t s ( a < 1 + b^ and a^) o f N ^ - s t r e t c h i n g 
f r e q u e n c i e s ( T u r n e r 1 9 8 3 ) . 
I r r a d i a t i o n C r ( C O ) ^ ( n o r b o r n a d i e n e ) w i t h o r i n o r d e r t o i d e n t i f y 
a p o s s i b l e H^-bonded i n t e r m e d i a t e o f t h e c a t a l y z e d h y d r o g e n a t i o n 
r e c t i o n o f n o r b o r n a d i e n e no H^- o r D^- s t r e t c h i n g v i b r a t i o n o f 
r e s p . D.2 as a l i g a n d c o u l d be d e t e c t e d . The c o n c e n t r a t i o n o f t h e s e 
i n t e r m e d i a t e s s i m p l y was t o o l o w . 
B ecause t h e r e were changes i n t h e C O - s t r e t c h i n g r e g i o n d u r i n g t h i s 
p h o t o c a t a l y z e d h y d r o g e n a t i o n r e a c t i o n we r e p e a t e d t h i s e x p e r i m e n t w i t h 
C r ( C O ) ^ ( n o r b o r n a d i e n e ) and N^. H e r e , t h r e e e v e n t u a l l y f o u r p h o t o -
p r o d u c t s c o u l d be i d e n t i f i e d ; 
i . e . C r ( C O ) ^ ( N 2 ) a X ( n o r b o r n a d i e n e ) , 

C r ( C O ) ( N ) e q ( n o r b o r n a d i e n e ) , 
2 

C r ( C 0 ) l j ( N 2 ) ( n n o r b o r n a d i e n e ) , 
and Cr ( CO ) ̂  ( ) ̂  ( r j 2 n o r b o r n a d i e n e ) . ( s e e F i g u r e ) 
I d e n t i f i c a t i o n o f t h e s e p h o t o p r o d u c t s were based on t h e a s s i g n m e n t s o f 
t h e bands i n t h e N 2« as w e l l as i n t h e C O - s t r e t c h i n g r e g i o n . At f i r s t 
t h e Cr (CO) (N ) ( n o r b o r n a d i e n e ) p r o d u c t s (= 3) grow i n and l a t e r on 

2 
C r ( C 0 ) 1 | ( N 2 ) ( r j n o r b o r n a d i e n e ) (= 4) and Cr ( CO ) ̂  ( N 2 ) 2 ( n-nor b o r n a d i e n e ) . 
(= 2 ) . 
The same e x p e r i m e n t s w i t h H 2 or D 2 and ( C r ( C O ) ^ ( n o r b o r n a d i e n e ) i n 
s t e a d o f N 2 show t h e same p a t t e r n s i n t h e C O - r e g i o n . T h e r e f o r e , we 
p r o p o s e t h a t t h e same t y p e o f p r o d u c t s a r i s e i n t h e s e e x p e r i m e n t s . 

1 3 
C o m p l e t e p r o o f o f t h e a s s i g n m e n t s w i t h CO l a b e l i n g e x p e r i m e n t s i s i n 
p r o g r e s s . C r ( C O ) ^ ( n o r b o r n a d i e n e ) w i t h H 2 and D 2 a f t e r p r o l o n g e d i r ­
r a d i a t i o n i n t h e p r e s e n c e o f f r e e n o r b o r n a d i e n e shows no d e t e c t a b l e 
i n t e n s i t y d e c r e a s e o f t h e p a r e n t bands o f C r ( C O ) ^ ( n o r b o r n a d i e n e ) a t 
t h e v e r y end and l a r g e b a n d s w h i c h e v i d e n t l y b e l o n g t o f r e e 
n o r b o r n a n e . 
F u r t h e r e x p e r i m e n t s i n l i q u i d xenon t o u n r a f f l e t h e mechanism o f t h e 
c a t a l y z e d h y d r o g e n a t i o n r e a c t i o n o f n o r b o r n a d i e n e a r e i n p r o g r e s s . 
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SPECTROSCOPY AND PHOTOCHEMISTRY OF Ni(CO) 2 ( a-DIIMINE) COMPLEXES 

P.C.Servaas, D . J . S t u f k e n s , and A.Oskam 

A n o r g a n i s c h Chemisch L a b o r a t o r i u r n , U n i v e r s i t y o f Amsterdam, 
Nieuwe A c h t e r g r a c h t 166, 1018 WV Amsterdam, THE NETHERLANDS 

INTRODUCTION 

D u r i n g t h e l a s t t e n y e a r s much a t t e n t i o n has been p a i d i n our 
l a b o r a t o r y t o t h e s p e c t r o s c o p y , p h o t o c h e m i s t r y and i n some c a s e s 
p h o t o p h y s i c s o f l o w - v a l e n c e t r a n s i t i o n m e t a l a - d i i m i n e c o m p l e x e s . F o r 
most o f t h e s e c o m p l e x e s t h e l o w e s t e x c i t e d s t a t e i s m e t a l to a - d i i m i n e 
c h a r g e t r a n s f e r (MLCT) i n c h a r a c t e r . Only i n a few c a s e s , v i z . 
d 6 - M ( C O K ( a - d i i m i n e ) (M=Cr,Mo,W) ( B a l k 1980; van D i j k 1985) and 

8 
r e c e n t l y d -Fe(CO) ( a - d i i m i n e ) (van D i j k , t o be p u b l i s h e d ; Kokkes 
1 9 8 4 ) , a r e a c t i o n was o b s e r v e d from t h e s e MLCT s t a t e s , a l t h o u g h t h e 
quantum y i e l d s o f t h e s e r e a c t i o n s were a l w a y s v e r y low (cJXO.01 ) . 
Becaus e o f t h e s e low quantum y i e l d s and because o f t h e p r e s e n c e o f 
c l o s e - l y i n g r e a c t i v e LF s t a t e s , p h o t o c h e m i c a l r e a c t i o n s n o r m a l l y o c c u r 
f r o m t h e s e l a t t e r s t a t e s , e s p e c i a l l y a t room t e m p e r a t u r e when t h e s e LF 
s t a t e s become t h e r m a l l y o c c u p i e d . 
In o r d e r t o i n v e s t i g a t e t h e s t e r i c and e l e c t r o n i c e f f e c t s on t h e MLCT 
p h o t o c h e m i s t r y o f a - d i i m i n e c o m p l e x e s w i t h o u t d i s t u r b i n g r e a c t i o n s 
f r o m c l o s e - l y i n g LF s t a t e s t a k i n g p l a c e , we s t a r t e d a s p e c t r o s c o p i c 
and p h o t o c h e m i c a l s t u d y o f t h e N i ( C 0 ) (R-DAB) c o m p l e x e s . R-DAB 
r e p r e s e n t s t h e most s i m p l e a - d i i m i n e l i g a n d 1 , 4 - d i a z a - 1 , 3 - b u t a d i e n e 
(= R-DAB; R-N=CH-CH=N~R). The r e s u l t s o f t h i s s t u d y a r e p r e s e n t e d h e r e . 

RESULTS AND DISCUSSION 

N i ( C O ) ^ ( R - D A B ) c o m p l e x e s c o u l d o n l y be p r e p a r e d f o r R-DAB l i g a n d s w i t h 
b u l k y s u b s t i t u e n t s R a t t h e c o o r d i n a t i n g n i t r o g e n atoms. T h i s s t u d y i s 
t h e r e f o r e c o n f i n e d t o Ni(CO) (t-Bu-DAB) and N i ( C O ) 2 ( 2 , 6 - i P r 2 ~ P h - D A B ) . 
B o t h c o m p l e x e s show an i n t e n s i v e a b s o r p t i o n band i n the v i s i b l e 
r e g i o n , w i t h maxima i n benzene a t 19-34 kK f o r N i ( C O ) 2 ( t - B u - D A B ) and 
at 18.48 kK f o r N i ( CO) 2 (2 , 6 - i P r 2 - P h - D A B ) . T h i s band i s a s s i g n e d t o a 
MLCT t r a n s i t i o n and i t shows the c h a r a c t e r i s t i c s o l v e n t dependence o f 
s u c h a t r a n s i t i o n . The H e ( I ) and H e ( I I ) p h o t o e l e c t r o r i s p e c t r a o f 
N i ( C O ) 2 ( t - B u - D A B ) , r e p o r t e d by Andrea (1985) p o i n t e d t o a t e t r a h e d r a l 
c o n f i g u r a t i o n of- t h e m e t a l - d o r b i t a l s . From MO c a l c u l a t i o n s f o l l o w i n g 
t h e CNDO/S method, u s i n g known bond d i s t a n c e s - and a n g l e s o f o t h e r 



t e t r a h e d r a l N i ( C O ) ^ ( a - d i i m i n e ) c o m p l e x e s ( v o n Hausen 1972; S i e l e r 
1 985 ), a MO scheme has been composed; t h e r e l e v a n t p a r t o f w h i c h i s 
shown i n F i g u r e 1 . 

1 (DAB) 

-+— 
-4— 

d X 2 . Z 2 
dy Z 

d X 2 

d y 2 

F i g u r e 1. 
MO-diagram o f N i ( C O ) ( t - B u -
-DAB) 

The z - p o l a r i z e d t > 2 ^ b 2 * M L C T t r a n s i t i o n w i l l be t h e most s t r o n g l y 
a l l o w e d t r a n s i t i o n i n t h e a b s o r p t i o n s p e c t r u m due t o t h e s t r o n g 
o v e r l a p between t h e m e t a l d ^ z ( b ^ ) and l i g a n d TT* o r b i t a l s 
i n v o l v e d . W i t h t h e use o f t h e r e s o n a n c e Raman ( r R ) t e c h n i q u e i t i s 
p o s s i b l e t o d e t e r m i n e i n d e t a i l t h e c h a r a c t e r o f t h e s e MLCT t r a n s i ­
t i o n s . F o r b o t h NJ (CO)^(R-DAB) c o m p l e x e s t h e s e s p e c t r a have been 
m e a s u r e d and some c h a r a c t e r i s t i c o n e s a r e shown i n F i g . 2. 



These s p e c t r a e x h i b i t s t r i k i n g d i f f e r e n c e s w h i c h a t f i r s t s i g h t 
i n d i c a t e a change i n C T - c h a r a c t e r o f t h e main e l e c t r o n i c t r a n s i t i o n . 
The a p p e a r a n c e o f an i n t e n s i v e band f o r v s y m ( C N ) o f the R-DAB l i g a n d 
i n t h e rR s p e c t r u m o f N i (CO) (t-Bu-DAB) i s i n a c c o r d a n c e w i t h a 
t r a n s i t i o n w i t h c o n s i d e r a b l e C T - c h a r a c t e r . T h i s i s a l s o r e f l e c t e d i n 
t h e o b s e r v a t i o n o f v S y m ( C 0 ) at 2006 cm" 1. A rR e f f e c t f o r v S y m ( C 0 ) was 
a l s o f o u n d f o r t h e M(CO)^(R-DAB) [M=Cr,Mo,W] co m p l e x e s ( B a l k 1980) and 
had t h e n been e x p l a i n e d by a t h r o u g h space o v e r l a p between a - d i i m i n e -
and C 0 - 7 T * o r b i t a l s . S t r o n g rR e f f e c t s a r e a l s o o b s e r v e d f o r two bands 

-1 - 1 
a t 773 cm and 913 cm , r e s p e c t i v e l y , b e l o n g i n g t o b e n d i n g modes o f 
t h e NiNCCN m o i e t y . H a r d l y any rR e f f e c t i s o b s e r v e d f o r t h e 
m e t a l - l i g a n d s t r e t c h i n g modes w h i c h means t h a t none o f t h e s e bonds i s 
s e v e r e l y a f f e c t e d d u r i n g t h i s C T - t r a n s i t i o n . In summary we can say 
t h a t t h e c h a r a c t e r o f t h i s t r a n s i t i o n as d e r i v e d from the rR s p e c t r a 
i s i n a c c o r d a n c e w i t h t h a t o f the z - p o l a r i z e d D 2 ^ D 2 * t r a n s i t i o n 
d e r i v e d from t h e MO-diagram, s h o w i n g a l a r g e s o l v a t o c h r o m i s m and 
t h e r e f o r e a l a r g e amount of C T - c h a r a c t e r . 
The rR s p e c t r u m o f N i ( C O ) 2 ( 2 , 6 - i P r ^ - P h - D A B ) d i f f e r s a p p r e c i a b l y from 
t h a t o f N i (CO) 2 (t-Bu-DAB) (see F i g . 4 ) . The a p p e a r a n c e o f s t r o n g 
m e t a l - l i g a n d v i b r a t i o n s ( v s y m ( N i - N ) a t 206 cm" 1 and v S y m ( N i - C ) a t 321 
cm" ) and weak l i g a n d v i b r a t i o n s ( v S y m ( C N ) a t 1475 cm" 1) c h a r a c t e r i z e s 
t h e t r a n s i t i o n as s t r o n g l y m e t a l (d )- l i g a n d (IT*) b o n d i n g t o a n t i -
b o n d i n g . However, such a s t r o n g rR e f f e c t f o r v S y m ( N i - C ) c a n n o t a r i s e 
f r o m r e s o n a n c e o f the e x c i t i n g l a s e r l i n e w i t h t h e b 2 ^ ° 2 * t r a n s i t i o n 
o f a q u a s i t e t r a h e d r a l complex. There has t o be a s t r u c t u r a l change 
w i t h r e s p e c t t o t h e N i ( C O ) 2 ( t - B u - D A B ) c o m p l e x . U n f o r t u n a t e l y , no 
s i n g l e c r y s t a l s o f N i ( C O ) ( 2 , 6 - i P r 2 - P h - D A B ) c o u l d be p r e p a r e d f o r a 
X - r a y s t r u c t u r e d e t e r m i n a t i o n . In o r d e r t o f i n d out how s t r u c t u r a l 
c h a n ges a f f e c t t h e r R - s p e c t r a o f N i - a - d i i m i n e c o m p l e x e s we measured 
t h e rR s p e c t r a o f N i ( R - D A B ) 2 c o m p l e x e s . T h e s e c o m p l e x e s h a v e 
s t r u c t u r e s v a r y i n g from t e t r a h e d r a l N i ( c - H e x - D A B ) (Svoboda 19 81) t o 
pseudo p l a n a r N i ( 2 , 6 - M e 2 ~ P h - D A B ) 2 (torn D i e c k 1 9 8 1 ) , t h e l a t t e r h a v i n g 
an a n g l e between t h e two a - d i i m i n e l i g a n d s o f 44.5°. The r e s u l t s a r e 
shown i n F i g . 3. 
T h e s e s p e c t r a show s i m i l a r f e a t u r e s as t h e s p e c t r a o f t h e 
N i ( C O ) (R-DAB) c o m p l e x e s i n F i g . 2. The t e t r a h e d r a l complex N i ( c - H e x -
DAB) shows a s t r o n g rR e f f e c t f o r v S y m ( C N ) a t 1 496 cm" 1 and weak 
e f f e c t s f o r t h e M-L s t r e t c h i n g modes. T h i s r e s u l t p o i n t s t o a 
t r a n s i t i o n w i t h s t r o n g C T - c h a r a c t e r j u s t as f o u n d f o r N i ( C O ) ( t - B u -
DAB). The pseudo p l a n a r complex N i ( 2 , 6 - M e 2 - P h - D A B ) 0 on t h e o t h e r hand 
shows s t r o n g rR e f f e c t s f o r t h e M-L s t r e t c h i n g modes and a weak e f f e c t 



f o r v s y m ( C N ) w h i c h i s i n good agreement w i t h t h e rR s p e c t r u m o f 
N i ( C O ) ^ ( 2 , 6 - i P r ^ - P h - D A B ) . F o r r e a s o n s o f c o m p a r i s o n a l s o t h e rR 
s p e c t r u m o f t h e t e t r a h e d r a l c o mplex Ni(4-Me-Ph-DAB) i s p r e s e n t e d i n 
F i g . 3. 

Ni(cHex-DAB)„ 

u 
Ni{4-Me-Ph-DAB). 

1200 —* cm 

F i g u r e 3-
rR s p e c t r a o f N i ( R - D A B ) , 
c o m p l e x e s ( i n C^H^). 

T h i s s p e c t r u m shows s i m i l a r rR e f f e c t s as t h e s t r u c t u r a l a n a l o g u e 
N i ( c - H e x - D A B ) ^ , w h i c h means t h a t t h e s t r i k i n g d i f f e r e n c e s between t h e 
rR s p e c t r a o f N i ( c-Hex-DAB ) and N i ( 2 , 6-Me^-Ph-DAB ) ̂  a r e p r i m a r i l y -
d e t e r m i n e d by t h e change o f s t r u c t u r e . Based on t h e s e r e s u l t s a MO 
scheme has been c a l c u l a t e d f o r ' N i ( C O ) ( 2 , 6 - i P r 2 ~ P h - D A B ) a s s u m i n g a 
d i s t o r t e d t e t r a h e d r a l g e o m e t r y ( F i g . 4 ) . 

"2(00) 
dyz-TT^ 

dyz + n *DAB) + 7 T*(co) 

a 0 T T D A 8 F i g u r e 4. 
b # # n - + d x z M 0 d i a g r a m o f N i ( C O ) , 
a * — • — n

+
+d

xy

 6

 2 
a •—# d z 2 ( 2 , 6 - i P r 2 - P h - D A B ) . 



I t i s o b v i o u s from F i g . 4 t h a t d u r i n g the main b+b* z - p o l a r i z e d 
C T - t r a n s i t i o n i n p a r t i c u l a r the N i - C O bonds a r e weakened as the r e s u l t 
o f t h e m i x i n g o f a TT*-C O o r b i t a l i n b o t h the HOMO and L U M O. T h i s 
change o f N i - C O bond c h a r a c t e r d u r i n g the main t r a n s i t i o n i s r e f l e c t e d 
i n t h e p h o t o c h e m i s t r y o f t h i s compound v i z . r e l e a s e o f CO as t h e 
p r i m a r y p h o t o p r o c e s s . 
The p h o t o c h e m i c a l b e h a v i o u r o f b o t h N i ( C O ) (R-DAB) c o m p l e x e s i s shown 
s c h e m a t i c a l l y i n Scheme I . 

Ni(CO) 2(t-Bu-DAB) 

1. + PR 3 (toluene) 1 0 0 K - Ni(C0)(PR3)(t-Bu-DAB) 
2. + R'-DAB (toluene) — N i ( C O ) 2 ( R * - D A B ) 
3. CH 4 matrix 10 K - ( no CO dissociation) 
4. pentane 168 K • dinuclear complex 

(high concentration) ^ ^ 

Breaking of a N i - N bond 

Ni(C0) 2(2,6- i P r 2 - P h - D AB) 

1. + PR 3 (toluene) m K - Ni(C0)(PR3)(2,6-iPr2-Ph-DAB) 
2. + R'-DAB (toluene) l f l 6 r Ni(R'-DAB)(2,6~iPr2-Ph-DAB) 
3. pentane 168 K no reaction 
( h i g h c o n c e n t r a t i o n ) ^ ^ 

Breaking of a Ni -CO bond 

Scheme I . P h o t o c h e m i s t r y o f N i ( C O ) (R-DAB). 

C o n t r a r y t o t h e N i ( C O ) ( 2 , 6 - i P r 2 ~ P h - D A B ) complex Ni(CO) (t-Bu-DAB) 
shows N i - N bond b r e a k i n g l e a d i n g t o the f o r m a t i o n of d i m e r s when 
r a t h e r h i g h c o n c e n t r a t i o n s o f the complex a r e i r r a d i a t e d a t 168 K i n 
p e n t a n e . I r r a d i a t i o n c a u s e s t h e b r e a k i n g o f the weakest bond ( N i - N ) 
whereas i n t h e c a s e o f N i ( C O ) 2 ( 2 , 6 - i P r 2 ~ P h - D A B ) t h a t p a r t i c u l a r bond 
i s b r o k e n w h i c h i s m o s t l y a f f e c t e d upon e x c i t a t i o n ( N i - C O ) . 
I n c o n c l u s i o n i t can be s a i d t h a t s t r u c t u r a l d i f f e r e n c e s e x i s t between 
N i ( C O ) 2 ( R - D A B ) c o m p l e x e s w h i c h s t r o n g l y a f f e c t b o t h t h e rR s p e c t r a and 
t h e p h o t o c h e m i c a l b e h a v i o u r . 
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F e ( C O ) 3 ( R - D A B ) , A COMPLEX WITH TWO CLOSE-LYING REACTIVE EXCITED STATES 

D . J . S t u f k e n s , H.K.van D i j k , and A.Oskam 

A n o r g a n i s c h Chemisch L a b o r a t o r i u m , U n i v e r s i t y o f Amsterdam, 
Nieuwe A c h t e r g r a c h t 166, 1018 WV Amsterdam, THE NETHERLANDS 

INTRODUCTION 

The c o m p l e x e s F e ( C O ) 3 ( R - D A B ) ( R - D A B =1,4-diaza-1,3-butadiene;R-N=CH-CH-
=N-R), h a v i n g t h e s t r u c t u r e shown i n F i g . 1, p o s s e s s an i n t e n s i v e 
a b s o r p t i o n band a t about 500 nm ( F i g . 2 ) . The Resonance Raman (RR) 
s p e c t r a , o b t a i n e d by e x c i t a t i o n i n t o t h i s band, o n l y show RR e f f e c t s 
f o r R-DAB and FeCO d e f o r m a t i o n modes (Kokkes 1983). T h i s means t h a t 
t h e t r a n s i t i o n i n v o l v e d has no MLCT c h a r a c t e r b u t t h a t i t i s 
a c c o m p a n i e d by a d i s t o r t i o n of the complex. S i m i l a r r e s u l t s were 
o b t a i n e d from m.o. c a l c u l a t i o n s . 
A l t h o u g h t h e l o w e s t e x c i t e d s t a t e ( s t i l l c a l l e d 'MLCT' i n F i g . 3) i s 
t h e r e f o r e not e x p e c t e d t o be r e a c t i v e , f a i r l y h i g h quantum y i e l d s 
(cj)-0.2) a r e f o u n d f o r the p h o t o s u b s t i t u t i o n of CO by a n u c l e o p h i l e . 
T h i s p o i n t s t o t h e p r e s e n c e of a c l o s e - l y i n g r e a c t i v e LF s t a t e and 
s u p p o r t f o r t h i s a s s u m p t i o n comes from the i n c r e a s e o f <(> upon g o i n g t o 
h i g h e r e n e r g y e x c i t a t i o n i n t o the 500 nm band. 

F i g u r e 1. F i g u r e 2 
M o l e c u l a r S t r u c t u r e A b s o r p t i o n s p e c t r u m o f 

o f Fe(CO) (R-DAB) Fe(CO) (c-Hex-DAB) i n t o l u e n e 



The t r a n s i t i o n t o t h e l o w e s t LF s t a t e i s , a t l e a s t i n p a r t , 
r e s p o n s i b l e f o r t h e a b s o r p t i o n band a t abo u t 380 nm ( F i g . 2 ) . A 
t e n t a t i v e e n e r g y l e v e l d i a g r a m i s shown i n F i g . 3. At room t e m p e r a t u r e 
th e p h o t o c h e m i c a l r e a c t i o n w i l l p r e f e r a b l y t a k e p l a c e from t h e LF 
s t a t e , w h i c h i s much more r e a c t i v e t h a n ^MLCT. At l o w e r t e m p e r a t u r e , 

3 
however, t h e LF s t a t e w i l l n o t be o c c u p i e d when i r r a d i a t i o n t a k e s 
p l a c e a t t h e low e n e r g y s i d e o f t h e 500 nm band. I n t h a t c a s e o n l y a 
r e a c t i o n may o c c u r from t h e ^MLCT s t a t e . H i g h e r e n e r g y e x c i t a t i o n 
w i l l , h o w e ver, l e a d t o o c c u p a t i o n o f LF and t o a r e a c t i o n from t h a t 
s t a t e . Thus, two d i f f e r e n t p h o t o c h e m i c a l r e a c t i o n s may t a k e p l a c e f o r 
t h e s e c o m p l e x e s a t low t e m p e r a t u r e s , w h i c h w i l l be d i s c u s s e d i n 
d e t a i l . 

LF 

MLCT 

>0 

LF 

MLCT 

F i g u r e 3. T e n t a t i v e e n e r g y l e v e l d i a g r a m 
o f F e ( C O ) 3 ( R - D A B ) 

ROOM TEMPERATURE PHOTOCHEMISTRY WITH PHOSPHINES 
I r r a d i a t i o n o f Fe(CO) (R-DAB) i n t h e p r e s e n c e o f PR^ c a u s e s t h e p h o t o ­
s u b s t i t u t i o n o f a CO l i g a n d . I n t h e a b s e n c e o f a s u b t i t u t i n g l i g a n d no 
r e a c t i o n i s o b s e r v e d . F o r t h e p h o t o s u b s t i t u t i o n r e a c t i o n two 
mechanisms have been p r o p o s e d ( F i g . 4) ( K o k k e s 1984; T r o g l e r 1 9 8 6 ) . I n 



t h e f i r s t mechanism t h e p r i m a r y p h o t o p r o c e s s i s r e l e a s e o f CO, i n t h e 
s e c o n d one a m e t a l - n i t r o g e n bond i s b r o k e n f i r s t . F l a s h p h o t o 1 y s i s may 
d i s c r i m i n a t e between t h e s e two mechanisms s i n c e s u b s t i t u t i o n o f CO by 
a s o l v e n t m o l e c u l e (mechanism 1) w i l l cause a s h i f t o f t h e 500 nm band 
to l o w e r e n e r g y and b r e a k i n g o f a m e t a 1 - n i t r o g e n band (mechanism 2) 
w i l l c a u s e t h e d i s a p p e a r a n c e o f t h i s band. The f l a s h p h o t o l y s i s r e s u l t s 
( e x c i m e r l a s e r , X = 308 nm) show t h a t r e l e a s e o f CO i s t h e p r i m a r y 
p h o t o p r o c e s s f o r a l l c o m p l e x e s e x c e p t f o r Fe(CO) ( t - B u - D A B ) . In the 
l a t t e r c omplex a m e t a l - n i t r o g e n bond i s b r o k e n . 
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\ R 
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F i g u r e 4. P o s s i b l e mechanisms f o r t h e p h o t o s u b s t i t u t i o n s o f 
CO i n Fe(CO) (R-(DAB) 



By i r r a d i a t i o n i n n - p e n t a n e a t 200K i n t h e p r e s e n c e o f P ( c - H e x ) ^ , 
Fe ( CO ) ̂  (t-Bu-DAB ) can be c o n v e r t e d q u a n t i t a t i v e l y i n t o Fe ( CO ) ^ ( o~-N-1-
B u - D A B ) ( P ( c - H e x ) ^ ) , an i n t e r m e d i a t e i n mechanism 2 i n w h i c h t h e 
t-Bu-DAB i s m o n o d e n t a t e l y bonded t o i r o n . 

PHOTOLYSIS IN N-PENTANE (T=150K)AND IN LIQUID XENON (P=20BAR,T=170K) 
The t y p e o f p h o t o c h e m i c a l r e a c t i o n i n n - p e n t a n e a t 150K depends on t h e 
s u b s t i t u e n t R o f the R-DAB l i g a n d and on t h e w a v e l e n g t h u s e d . E x c i t a ­
t i o n w i t h A<500 nm g i v e s a d i m e r i c p h o t o p r o d u c t f o r a l l c o m p l e x e s 
e x c e p t f o r F e ( C O ) ( t - B u - D A B ) w h i c h c o m p l e x d o e s n o t r e a c t . The 
f o r m a t i o n o f a d i m e r i s e v i d e n t from the c o n c e n t r a t i o n d e pendence o f 
t h i s r e a c t i o n and f r o m t h e a p p e a r a n c e o f a low C O - f r e q u e n c y i n t h e 
b r i d g i n g c a r b o n y l r e g i o n . T h i s c o m p l e x , p r e s u m a b l y F e . ( C O ) _ ( R - D A B ) _ , 

c. b d 
w i l l be formed by r e a c t i o n o f t h e p r i m a r y p h o t o p r o d u c t F e ( C O ) ^ ( R - D A B ) -
(S) w i t h t h e p a r e n t compound Fe(CO) (R-DAB). Upon i r r a d i a t i o n w i t h 
X>500nm o f an Fe(CO) (R-DAB) complex w i t h not t o o b u l k y s u b s t i t u e n t s 
R, a c o m p l e t e l y d i f f e r e n t r e a c t i o n w i t h low quantum y i e l d i s o b s e r v e d . 
The 500 nm band d i s a p p e a r s and no new bands show up i n t h e v i s i b l e 
r e g i o n . At t h e same t i m e t h r e e new IR bands a p p e a r i n t h e CO-
s t r e t c h i n g r e g i o n a t h i g h e r f r e q u e n c i e s w h i l e no f r e e CO i s o b s e r v e d . 
T h i s means t h a t t h e p h o t o p r o d u c t s t i l l c o n t a i n s t h e F e ( C O ) ^ m o i e t y . 
The s h i f t t o h i g h e r f r e q u e n c i e s o f t h e C O - s t r e t c h i n g modes p o i n t s t o a 
d e c r e a s e o f t h e metal-CO T r - b a c k b o n d i n g w h i c h can o n l y r e s u l t f r o m a 
c o n c o m i t a n t d e c r e a s e o f T T - b a c k b o n d i n g t o R-DAB. In o r d e r t o f i n d out 
w h e t h e r t h i s i n c r e a s e o f i r - b a c k b o n d i n g t o R-DAB i s r e f l e c t e d i n a 
f r e q u e n c y d e c r e a s e o f v s ( C N ) o f t h i s l i g a n d , t h e r e a c t i o n was 
p e r f o r m e d i n l i q u i d Xenon ( L X e ) a t 170K. LXe i s a v e r y i n e r t s o l v e n t 
i n w h i c h u n s t a b l e p h o t o p r o d u c t s and i n t e r m e d i a t e s can be s t a b i l i z e d 
( A n d r e a 1 9 8 6 ) . A f u r t h e r a d v a n t a g e o f t h i s s o l v e n t i s i t s c o m p l e t e 
t r a n s p a r e n c y i n IR, V i s and UV. F i g u r e 5 shows t h e IR s p e c t r a l c h a n g e s 
i n t h e C O - s t r e t c h i n g r e g i o n upon p h o t o l y s i s o f F e(CO)^(c-Hex-DAB ) i n 
LXe a t 170K w i t h X = 565 nm. J u s t as i n n - p e n t a n e the C O - s t r e t c h i n g 
modes s h i f t t o h i g h e r f r e q u e n c i e s . At t h e same t i m e v (CN) i s l o w e r e d 

_ i s 

i n f r e q u e n c y f r o m 1482 t o 1364 cm (See f i g . 6 ) . T h i s i n c r e a s e o f 
metal-R-DAB T T - b a c k b o n d i n g i s e x p l a i n e d w i t h a change o f c o o r d i n a t i o n 

4 
o f t h i s l i g a n d f rom a,a-N,N f i n t o n -CN,CN f as shown i n F i g . 7. 
S u p p o r t f o r t h i s e x p l a n a t i o n i s g i v e n by t h e c o m p a r i s o n o f t h i s 

4 4 p h o t o p r o d u c t F e ( C 0 ) 3 ( n -R-DAB) w i t h F e ( C 0 ) 3 ( n -1 , 3 - b u t a d i e n e ) , w h i c h 
c omplex has n e a r l y t h e same C O - s t r e t c h i n g f r e q u e n c i e s . 



2 1 0 0 2 0 5 0 2 0 0 0 1950 

F i g u r e 5. C O - s t r e t c h i n g r e g i o n o f the IR s p e c t r a o f Fe(CO) (c-Hex-DAB) 
( — ) a n d i t s p h o t o p r o d u c t ) i n LXe upon i r r a d i a t i o n w i t h A = 565 
nm a t 170K. 

• 

1 5 0 0 1 4 5 0 1400 13 5 0 1 3 0 0 c m " 1 

F i g u r e 6. C N - s t r e t c h i n g r e g i o n o f the IR s p e c t r a o f F e ( C 0 ) ^ ( c - H e x - D A B ) 
( ) and i t s p h o t o p r o d u c t i n LXe upon i r r a d i a t i o n w i t h X = 565 nm 
a t 1 7 0 K . ^ r e p r e s e n t s V s ( C N ) o f p a r e n t compound and p h o t o p r o d u c t , D 
t h e same v i b r a t i o n o f the dimer Fe (CO) ( c - H e x - D A B ) 0 . 



A s i m i l a r r e a c t i o n has been o b s e r v e d b e f o r e by us i n r a r e gas m a t r i c e s 
a t 10K ( K o k k e s 1984). The F e l C O ^ n -R-DAB) c o m p l e x e s a r e t h e r m a l l y 
u n s t a b l e . At a b o u t 200K t h e y r e a c t back t o t h e p a r e n t compound. 

F i g u r e 7. S t r u c t u r a l change o f F e ( C O ) ^ ( c - H e x - D A B ) upon p h o t o l y s i s i n 
LXe a t 170K w i t h A = 565 nm 

So two c o m p l e t e l y d i f f e r e n t p h o t o c h e m i c a l r e a c t i o n s a r e o b s e r v e d a t 
low t e m p e r a t u r e s d e p e n d i n g on t h e w a v e l e n g t h u s e d . The r e a c t i o n a t low 
e n e r g y , h a v i n g a low quantum y i e l d , t a k e s p l a c e from t h e ^MLCT s t a t e . 
The change o f c o o r d i n a t i o n o f t h e R-DAB l i g a n d , a c c o m p a n y i n g t h i s 
r e a c t i o n , a g r e e s w e l l w i t h t h e RR e f f e c t s o b s e r v e d f o r t h e d e f o r m a t i o n 
modes o f t h e c o m p l e x . The much more e f f i c i e n t r e a c t i o n a t h i g h e r 
e n e r g y t a k e s p l a c e f r o m a c l o s e - l y i n g ^LF s t a t e . S i n c e t h i s r e a c t i o n 
a t 150K a l r e a d y t a k e s p l a c e upon i r r a d i a t i o n w i t h A = 500 nm, where no 
a b s o r p t i o n t o t h e l o w e s t 1 L F s t a t e t a k e s p l a c e , d i r e c t i n t e r s y s t e m 

1 3 

c r o s s i n g f r o m MLCT t o LF i s assumed t o o c c u r . 
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I N T R O D U C T I O N 

S t r u c t u r e o f m e t a l c o m p l e x c a t a l y s t s f o r o l e f i n m e t a t h e s i s r e a c t i o n 
a n d i t s m e c h a n i s m a r e i n t e n s i v e l y s t u d i e d s i n c e many y e a r s . M o s t o f 
c a t a l y t i c s y s t e m s i n v o l v e t u n g s t e n c o m p l e x e s c o m b i n e d w i t h a l k y l a l u ­
m i n i u m c o m p o u n d , W C l ^ / G ^ H , - A l C l ^ • The c u r r e n t l y a c c e p t e d m e c h a n i s m i s 
b a s e d on c a r b e n e c o m p l e x f o r m a t i o n (W^CH^) w h i c h n e x t c o o r d i n a t e s o l e ­
f i n s i n s u c h a way t h a t t h e m e t a l l o c y c l e may be f o r m e d w i t h h i g h s e l e c ­
t i v i t y . H o w e v e r , t h e f o r m a t i o n o f t h e f i r s t c a r b e n e i s s t i l l c o n t r o ­
v e r s i a l . H i g h l y a c t i v e m e t a t h e s i s c a t a l y s t s h a v e b e e n p r e p a r e d o n l y 
w i t h Mo, W o r Re s o l u b l e c o m p l e x e s . S o , t h e r e i s a l s o some l i m i t a t i o n 
t o t h e m e t a l . I f m e t a l c a r b o n y l s a r e u s e d a s c a t a l y s t p r e c u r s o r s t h e y 
a r e o f t e n a c t i v a t e d p h o t o c h e m i c a l l y o r by a d d i t i o n o f L e w i s a c i d t y p e 
c o c a t a l y s t s . 

O u r e a r l i e r s t u d i e s on p h o t o c a t a l y t i c s y s t e m s c o n t a i n i n g W ( C 0 ) . i n 
C C l ^ r e v e a l e d t h a t i n i n i t i a t i o n o f m e t a t h e s i s r e a c t i o n o f o l e f i n t h e 
k e y r o l e i s p l a y e d by t h e d o n o r W ( C 0 ) ^ - a c c e p t o r A X n ( C C l ^ o r a n o t h e r 
h a l i d e s o f I I I b o r I V b g r o u p s e l e m e n t ) i n t e r a c t i o n s ( B o r o w c z a k , S z y -
m a h s k a - B u z a r , Z i o l k o w s k i 1 9 8 4 ) . S u c h d o n o r - a c c e p t o r i n t e r a c t i o n i s 
c o m p e t i t i v e w i t h t h a t i n w h i c h an o l e f i n p l a y s t h e r o l e o f t h e d o n o r . 
D o n o r - a c c e p t o r i n t e r a c t i o n s c o u l d p r o d u c e t h e i o n p a i r a c c o r d i n g t o 
e q u a t i o n : 

D + A — : D-A ^=fs A~] 

F o r t h e same d o n o r (D = W (C 0 ) ^ ) t h e p o s i t i o n o f e q u i l i b r i u m d e p e n d s on 
e l e c t r o n a f f i n i t y o f t h e a c c e p t o r (A = AX ) . U s u a l l y i n t h e p r e s e n c e 
o f a v e r y s t r o n g a c c e p t o r ( A X ) t h e f o r m a t i o n o f C.T. c o m p l e x c o u l d b e 
o b s e r v e d : 

W ( C 0 ) 6 + A X n ^ [ W ( C 0 ) 6 • A X n ] — [ w ' ( C Q ) * 'AX"] 

I n a c a s e o f w e a k e r a c c e p t o r s , t h e l i g h t may a c t i v a t e t h e d o n o r ( D ) 
a n d f a c i l i t a t e i t s i n t e r a c t i o n w i t h an a c c e p t o r i n t w o w a y s : 

AX_ 

w ( c o ) 6 _ J ^ / A X 

-co 

w ( c o ) 6 ^ [ W ' ( C Q ) £ - - - - A X ~ ] 

A X N 

W ( C 0 ) 5 2—- [ ( C 0 ) 4 W - C 0 - ^ A X N J 

I n t h i s p a p e r we a r e c o n s i d e r i n g t h e e f f e c t o f d o n o r - a c c e p t o r i n t e r a c ­
t i o n s o f W ( C 0 ) 5 L t y p e d o n o r ( L - CO, p y , P P h ^ , C I ) w i t h A X R a c c e p ­
t o r ( A X = 1 1 1 b a n d I V a b g r o u p e l e j n e n t h a l i d e s ; on c a t a l y t i c a c t i v i t y 
o f t h e s y s t e m i n t h e l i g h t a c c e l e r a t e d m e t a t h e s i s o f o l e f i n s . 



M E T A T H E S I S OF I N T E R N A L O L E F I N S 

T h e p e n t - 2 - e n e m e t a t h e s i s r e a c t i o n was s t u d i e s w i t h t h e p h o t o c a t a l y t i c 
s y s t e m c o n t a i n i n g W ( C 0 ) 5 L t y p e c o m p l e x e s a n d Z r C l ^ . T h e r e s u l t s a r e 
s h o w n i n T a b l e 1. 

T a b l e 1. C a t a l y t i c a c t i v i t y o f W(C0)<-L + Z r C l , s y s t e m i n p h o t o c h e m i ­
c a l m e t a t h e s i s r e a c t i o n o f p e n t - 2 - e o e ( a f t e r 30 m i n . ) . _ ? 

R e a c t i o n m i x t u r e c o n t a i n e d : ̂ ( C O ^ U = 3-10 ^ m • 1 ; f Z r C l ^ = 3-10 
m « l { p e n t - 2 - e n e l = 0.3 m-1 i n n - h e p t a n e o r c h l o r o b e n z e n e , l i g h t 
s o u r c e : m e r c u r y l a m p H B - 2 0 0 , r o o m t e m p e r a t u r e . 

W ( C 0 ) 5 L 
p e n t - 2 - e n e 
c o n v e r s i o n 

( % ) a 

O x i d a t i v e 
p o t e n t i a l , 

E l / 2 ( v ) b 

q u a n t u m y i e l d 
o f p h o t o s u b s t i -
t u t i o n r e a c t i o n 

[ E t 4 N ] [ W ( C 0 ) 5 C 1 ] 4 4 ( 3 8 ) d 0 . 59 I O " 2 

w ( c o ) 6 36 1 . 86 1 

W ( C 0 ) 5 p y 30 1 . 0 1 0 . 5 

W ( C 0 ) 5 P P h 3 24 1 .23 0.3 

a - % h e x - 3 - e n e x 2 
b - H e r s h b e r g e r , K l i n g e r , K o c h i , 1 9 8 2 
c - D a h l g r e n , Z i n k , 1 9 7 7 
d - i n d a r k n e s s 

P e n t - 2 - e n e m e t a t h e s i s b y t h e W C C O ^ L - Z r C l ^ p h o t o c a t a l y t i c s y s t e m i s 
h i g h l y s e l e c t i v e ( t h e o n l y p r o d u c t s a r e b u t - 2 - e n e a n d h e x - 3 - e n e ) . 
The t r a c e a m o u n t o f p r o p y l e n e a n d b u t - l - e n e s u g g e s t s t h e f o r m a t i o n 
o f t h e p r i m a r y m e t a l l o c a r b e n e s a s t h e r e s u l t o f d e c o m p o s i t i o n o f t h e 
m e t a l l o c y c l o b u t a n e c o m p l e x e s . 

M E T A T H E S I S OF T E R M I N A L O L E F I N S 

M e t a t h e s i s o f t e r m i n a l o l e f i n s i s o f t e n p r e c e d e d by i s o m e r i z a t i o n 
r e a c t i o n w h i c h may be f a v o u r a b l e . . I n o u r p h o t o c h e m i c a l s y s t e m we 
h a v e o b s e r v e d t h e v a r i o u s c o n t r i b u t i o n o f t h e r e a c t i o n s d e p e n d i n g 
on t h e a c c e p t o r A X n u s e d . R e s u l t s f o r Z r C l ^ a r e s h o w n i n T a b l e 2. 
P e n t - l - e n e p h o t o c h e m i c a l r e a c t i o n s d e p e n d m a i n l y o n a k i n d o f m e t a l 
( T a b l e 3 ) . 
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T a b l e 3. E f f e c t o f M ( C 0 ) , on p e n t - l - e n e p h o t o c h e m i c a l r e a c t i o n s 
i n p r e s e n c e of Z r C l . as c o c a t a l y s t ( a f t e r 2h) 

p e n t - l - e n e p e n t - 2 - e n e m e t a t h e s i s c o meta- i z o m e r i -
of t h e s i s of z a t i o n of 

M ( C 0 ) , p e n t - l - e n e pent-l-ene pent-l-ene 
o and 

pent-2-ene 
(%) (%) (%) (%) (%) 

w ( c o ) 6 25 . 6 6 . 5 44 . 6 23. 2 18 . 1 
M o ( C 0 ) 6 22 . 6 51.8 t r a c e s 25 . 5 64 . 6 
C r ( C 0 ) 6 95.2 4 . 8 - - -

CONCLUSIONS 
1. In p h o t o c a t a l y t I C m e t a t h e s i s and i s o m e r i z a t i o n r e a c t i o n s o f o l e f i n s 
t h e b a s i c r o l e i s p l a y e d by d o n o r - a c c e p t o r p r o p e r t i e s of M(C0)^L and 
A X n m o l e c u l e s , r e s p e c t i v e l y . The most a c t i v e s y s t e m i s t h a t c o n t a i n ­
i n g t u n g s t e n compound of l o w e s t o x i d a t i o n p o t e n t i a l ([Et. N] [W(C0)rCl]) 
and h a l i d e A X n of t h e h i g h e s t e l e c t r o n a f f i n i t y , Z r C l ^ . 
2. F o r m a t i o n o f c o o r d i n a t i v e l y u n s a t u r a t e d t u n g s t e n compounds s u i t ­
a b l e t o b i n d t h e s u b s t r a t e s ( o l e f i n s ) depends on p h o t o c h e m i c a l 
r e a c t i v i t y of W(CQ)^L s p e c i e s and i n t e r a c t i o n s o f A X n ~ a c c e p t o r mole­
c u l e s w i t h L l i g a n d . 
3. The i n t e r n a l and t e r m i n a l o l e f i n m e t a t h e s i s r e a c t i o n s c a t a l y z e d 
by W ( C 0 ) ^ L - A X n s y s t e m a r e l i g h t - i n i t i a t e d . T e r m i n a l o l e f i n s u n d e r ­
go a l s o d o u b l e bond m i g r a t i o n and c r o s s m e t a t h e s i s w i t h i n t e r n a l 
o l e f i n s . 
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PHOTOCHEMICAL GENERATION OF NINETEEN-ELECTRON ORGANOMETALLIC COMPLEXES 
AND THEIR USE AS REDUCING AGENTS IN MICELLAR SYSTEMS 

D . R . T y l e r , V . M a c k e n z i e , and A.S.Goldman 

Department o f C h e m i s t r y , U n i v e r s i t y o f Oregon, Eugene, OR 97403, USA 

We have d i s c o v e r e d a new c l a s s of o r g a n o m e t a l l i c complexes t h a t are 
very powerful r e d u c i n g agents. In some cases these reducing agents 
have o x i d a t i o n p o t e n t i a l s up to ~ 2 v o l t s (vs NHE). In a d d i t i o n to 
being q u i t e p o w e r f u l , the reducing agents are very v e r s a t i l e and 
they are easy t o generate. T h e i r v e r s a t i l i t y i s demonstrated by t h e i r 
a b i l i t y t o reduce a wide v a r i e t y of complexes, i n c l u d i n g o r g a n i c s , 
i n o r g a n i c s , c l a s s i c a l c o o r d i n a t i o n complexes, and o r g a n o m e t a l l i c 
s p e c i e s . Furthermore the r e d u c t i o n r e a c t i o n s can be c a r r i e d out 
i n aqueous or non-aqueous s o l v e n t s . Perhaps the most remarkable 
f e a t u r e of these reducing agents i s t h e i r ease of g e n e r a t i o n ; these 
s p e c i e s form s i m p l y by i r r a d i a t i n g ( g e n e r a l l y \ > 500 nm) a metal-
metal bonded c a r b o n y l dimer i n the presence of an a p p r o p r i a t e l i g a n d . 

GENERATION OF NINETEEN-ELECTRON COMPLEXES 

Our d i s c o v e r y of these powerful reductants was a r e s u l t of our 
i n v e s t i g a t i o n i n t o the photochemical d i s p r o p o r t i o n a t i o n r e a c t i o n s 
of metal-metal bonded dimers. 

In a s e r i e s of papers, we e s t a b l i s h e d the pathway i n Scheme" I f o r 
the photochemical d i s p r o p o r t i o n a t i o n of the Cp^Mo-(CO), complex 
(Stiegman et a l . 19^3; P h i l b i n et a l . 1986a): 

C p 2 M o 2 ( C 0 ) 6 

hv 
2 CpMo(CO) 3 i n i t i a t i o n 

CpMo(C0) 3 + L 
^eq CpMo(C0) 3L 

CpMo(C0) 3L + C p 2 M o 2 ( C 0 ) 6 

C p 2 M o 2 ( C 0 ) 6 " 

CpMo(C0) 3L + + Cp 2Mo 2(C0) 6" 

CpMo(C0) 3~ + CpMo(C0) 3 

CpMo(C0) 3L + CpMo(CO), CpMo(C0) 3I/ + CpMo(CO) 3 

[1] 

[2] 

[3] 

m 

[5] 

O v e r a l l : G p 2 M o 2 ( C 0 ) 6 + L CpMo(C0) 3 + CpMo(C0) 3L^ [6] 

Scheme I 



Analogous mechanisms operate i n the d i s p r o p o r t i o n a t i o n r e a c t i o n s 
of other metal-metal bonded dimers (Stiegman and T y l e r 19$4; Stiegman 
et a l . 19S6; Goldman and T y l e r 1987). 

Note t h a t a key r e a c t i o n i n t e r m e d i a t e i n Scheme I i s the 1 9 - e l e c t r o n 
CpMo(COKL complex, formed i n eq 2. The f o r m a t i o n of these 19-
e l e c t r o n adducts i s q u i t e g e n e r a l as the f o l l o w i n g equation shows: 

ML n + L' ^ ML nL' [7] 
17 19 ' 

ML n = CpMo(CO) 3, CpW(CO) 3, MnCCO)^, CpFe(C0) 2 

L = phosphines, amines, h a l i d e s , oxygen donors 

(The thermodynamics of r e a c t i o n 7 ( P h i l b i n et a l . 19$6b) and a 
molecular o r b i t a l i n t e r p r e t a t i o n of 1 9 - e l e c t r o n complexes have been 
d i s c u s s e d elsewhere (Stiegman and T y l e r 1986). 

THE NINETEEN-ELECTRON COMPLEXES AS REDUCING AGENTS 

Because the 1 9 - e l e c t r o n complexes formed i n the d i s p r o p o r t i o n a t i o n 
r e a c t i o n s are capable of r e d u c i n g metal-metal bonded dimers (E-j_/2 ~ 
-1.4 V vs. Ag +/Ag, M n 2 ( C O ) 1 0 ; -1.5 V, Cp 2Mo 2(CO) 6; -2.2 V, C p ^ e ^ C O ) ^ ) 
they should be capable of r e d u c i n g s u b s t r a t e s w i t h r e d u c t i o n poten­
t i a l s l e s s n e g a t i v e than the metal-metal bonded dimers. This i s 
indeed the case; i r r a d i a t i o n of a metal-metal bonded dimer, a l i g a n d , 
and a r e d u c i b l e s u b s t r a t e g e n e r a l l y l e a d s t o a r e d u c t i o n of the sub­
s t r a t e (and i n h i b i t i o n of the d i s p r o p o r t i o n a t i o n c h a i n mechanism). 
The f o l l o w i n g e q u a t i o n , u s i n g C p 2 F e 2 ( C 0 ) ^ as the dimer p r e c u r s o r 
and dppe ( 1 , 2 - b i s ( d i p h e n y l p h o s p h i n o ) e t h a n e ) as the l i g a n d , i l l u s t r a t e s 
the o v e r a l l process (Stiegman et a l . 19$4). 

1/2 C p 2 F e 2 ( C O ) 4 + dppe + S h v •» CpFe(CO)(dppe) + + S" [8] 

In t h i s r e a c t i o n , i r r a d i a t i o n of the C p 2 F e 2 ( C 0 ) ^ dimer (x > 500 nm) 
y i e l d s a CpFe(C0) 2 r a d i c a l which then r e a c t s w i t h dppe to form the 
1 9 - e l e c t r o n r e d u c i n g agent CpFe(CO)(dppe). Some of the s u b s t r a t e s , 
S, and t h e i r r e d u c t i o n p o t e n t i a l s 2 or E^ c vs Ag/Ag +) f o r which 
the r e a c t i o n proceeds i n c l u d e CpMo(C0)-jCl (the product i s CpMo(C0) 3~) 
(-1.4 V ) , [ P h 4 P ] 3 [ F e ( C N ) 6 ] ( E 1 / 2 > 0 ) , M n 2 ( C 0 ) 1 0 (the product i s 
Mn 2(C0) 5~) (-1.7 V), R e 2 ( C 0 ) 1 0 (-2.3 V ) , Cp 2Co + (PFg" s a l t ) ( E 1 / 2 = 
-1.15 V vs NHE, CH^CN), Bu-py + (^1/2 = -1-30 V vs SCE) (the product 
i s ( Bu-py) 2) and methyl v i o l o g e n (E-^2 = -0.45 V vs NHE). 

We have a l s o demonstrated t h a t systems of £P2^e2^®\ a n c^ P n o s P h ° r u s 

l i g a n d s have u t i l i t y as i n i t i a t o r s of e l e c t r o n - t r a n s f e r - c a t a l y z e d 

1 The phrase " 1 9 - e l e c t r o n complex" i s used t o d e s c r i b e the adducts 
t h a t form when 1 7 - e l e c t r o n metal r a d i c a l s r e a c t w i t h 2 - e l e c t r o n 
l i g a n d s . For .fur t h e r d e t a i l s , see r e f e r e n c e 5 i n Goldman and T y l e r 
(1987). 



(ETC) c h a i n r e a c t i o n s (Bruce et a l . 1983). Thus, f o r example, i r r a d i ­
a t i o n of a THF s o l u t i o n of R u 3 ( C 0 ) 1 2 (4 mM) ( E 1 / 2 = -0.82 V vs 
Ag/AgCl), PMe 9Ph (4 mM), and only a c a t a l y t i c amount of C p o F e O ( C 0 ) , 

^ ii ii 4 
(0.5 mM), i n i t i a t e s the ETC s u b s t i t u t i o n i n r e a c t i o n 9. (Note t h a t 
C p 2 F e 2 ( C 0 ) ^ i s t h e " o n l y species i n s o l u t i o n which absorbs l i g h t at 

C p o F e O ( C 0 ) , , 500 nm R u 3 ( C 0 ) 1 2 + PMe 2Ph —2. 2 J-k' ' „ 

R u 3 ( C O ) i ; L ( P M e 2 P h ) [9] 

the wavelengths used.) S i m i l a r r e s u l t s were obtained w i t h O s 3 ( C O ) 1 2 

13•0 mM) ( E 1 / 2 = -1.16 V vs Ag/AgCl) and Fe(CO)^. 

REDUCTION OF C0 2 

An extremely powerful reducing agent i s formed by i r r a d i a t i o n of 
W 2 ( C 0 ) 1 Q and PMe 2Ph, as the f o l l o w i n g r e a c t i o n s i l l u s t r a t e : 

W 2 ( C 0 ) 1 0
2 " + PMe 2Ph + C0 2

 H V »» 

HC0 2~ + C 0 3
2 " + CO + W(C0) $PMe 2Ph [10] 

1/2 W 2 ( C 0 ) 1 0
2 ~ + PMe 2Ph + S h V »» S" + W(CO) 5PMe 2Ph [11] 

S = C 6 H 5 C ( 0 ) C 6 H 5 , C 6H 5C(0)CH 3 

2-
Presumably, the W 2(00)^Q dimer behaves s i m i l a r l y to the other M-M 
bonded dimers and upon i r r a d i a t i o n forms the 1 9 - e l e c t r o n W( CO) <-PMe2Ph~ 
complex which i s the reducing agent. % / 2 v a - l u e s ^ o r the W(C0)^PR 3~ 
type complexes are g e n e r a l l y about -2.5 V so the o x i d a t i o n p o t e n t i a l 
of the W(CO)^PMe 2Ph~ spec i e s i s q u i t e e x t r a o r d i n a r y . 

REDUCTIONS IN AQUEOUS SYSTEMS 

One of the l i m i t a t i o n s of the 1 9 - e l e c t r o n reducing agents i s that 
they are generated and used i n non-aqueous s o l v e n t s . This l i m i t a t i o n 
prevents the r e d u c t i o n of many i n t e r e s t i n g w a t e r - s o l u b l e s u b s t r a t e s . 
To circumvent t h i s problem, we r e c e n t l y demonstrated t h a t the 19-
e l e c t r o n complexes can be generated i n m i c e l l a r (or reverse m i c e l l a r 
s o l u t i o n s ) c o n t a i n i n g the w a t e r - s o l u b l e s u b s t r a t e . A t y p i c a l pro­
cedure i s the f o l l o w i n g . A benzene s o l u t i o n of C p 2 F e 2 ( C 0 ) ^ and PBu 3 

i s prepared and added t o an aqueous s o l u t i o n c o n t a i n i n g a s u r f a c t a n t 
( t y p i c a l l y didodecyldimethylammonium bromide) and the s u b s t r a t e . 
I r r a d i a t i o n ( x > 500 nm) then y i e l d s the reduced s u b s t r a t e : 

hv 
Cp 2Fe 2(CO)^/PBu 3/benzene + S • 

S" + CpFe(CO) 2PBu 3
+ [12] 

S = methyl v i o l o g e n , F e ( C N ) 6
3 ~ , R u ( b p y ) 3

2 + 



Formation of the CpFe(CO) 2PBu^ + product suggests t h a t the re d u c i n g 
agent i s the photogenerated 1 9 - e l e c t r o n CpFe(CO) 9PBu^ s p e c i e s . 

SUMMARY AND IMPLICATIONS OF THIS WORK 

N i n e t e e n - e l e c t r o n complexes form when metal-metal bonded dimers are 
i r r a d i a t e d i n the presence of l i g a n d s . The 1 9 - e l e c t r o n complexes 
are powerful and v e r s a t i l e reducing agents, and they can be used 
t o reduce a v a r i e t y of o r g a n i c s , i n o r g a n i c s and o r g a n o m e t a l l i c 
complexes i n e i t h e r aqueous or non-aqueous s o l v e n t systems. Recent 
s t u d i e s from our l a b have demonstrated t h a t the r e a c t i o n of a 17-
e l e c t r o n s p e c i e s w i t h a l i g a n d to form the 1 9 - e l e c t r o n s p e c i e s can 
be thermodynamically " d o w n h i l l " ( P h i l b i n et a l . 1986). Given t h i s 
r e s u l t , our demonstration of the f a c i l e f o r m a t i o n of 1 9 - e l e c t r o n 
s p e c i e s , and the widespread occurrence of 1 7 - e l e c t r o n metal r a d i c a l s 
i n o r g a n o m e t a l l i c c h e m i s t r y , we f e e l t h a t 1 9 - e l e c t r o n i n t e r m e d i a t e s 
should be con s i d e r e d as p o t e n t i a l i n t e r m e d i a t e s i n numerous r e a c t i o n 
systems. In p a r t i c u l a r , chemists must be wary of ETC mechanisms 
i n i t i a t e d by e l e c t r o n - t r a n s f e r from 1 9 - e l e c t r o n complexes as was 
demonstrated h e r e i n . In a d d i t i o n , many r a d i c a l c h a i n mechanisms 
i n v o l v i n g 1 7 - e l e c t r o n r a d i c a l s may a c t u a l l y i n v o l v e ETC mechanisms 
i n i t i a t e d by e l e c t r o n - t r a n s f e r from a 1 9 - e l e c t r o n s p e c i e s . 
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PROBING ORGANOMETALLIC PHOTOCHEMICAL MECHANISMS WITH QUINONES: 
PHOTOLYSIS OF M r i 2 ( C O ) 1 0 

A.Vlc*ek, J r . 

The J . H e y r o v s k y I n s t i t u t e o f P h y s i c a l C h e m i s t r y and E l e c t r o c h e m i s t r y , 
C z e c h o s l o v a k Academy o f S c i e n c e s , Vlas*ska 9, 118 40 Prague 1, CSSR 

INTRODUCTION 
Q u i n o n e s have b e e n shown r e c e n t l y t o be v e r s a t i l e r e d o x - a g e n t s 

p r o n e t o r e a c t w i t h a w i d e v a r i e t y o f r e d u c i n g c o o r d i n a t i o n and o r g a n o ­
m e t a l l i c compounds. The mechanism and n a t u r e o f t h e p r o d u c t s o f t h e s e 
r e a c t i o n s r e f l e c t t h e s t r u c t u r e and c h e m i c a l p r o p e r t i e s o f t h e t r a n s i t ­
i o n m e t a l compound ( V l c e k , J r . 1982, 1983a, 1986a; H a r t l I986). When 
q u i n o n e s a r e e m p l o y e d as t r a p s f o r p h o t o g e n e r a t e d i n t e r m e d i a t e s , t h e 
i n v e s t i g a t i o n o f b o t h t h e r e a c t i o n p r o d u c t and mechanism o f i t s f o r m a t ­
i o n c a n r e v e a l i m p o r t a n t i n f o r m a t i o n on t h e n a t u r e o f t h e i n t e r m e d i a t e 
( V l c e k , J r . 1985, 1986b). 

The M n ^ ( c o ) ^ e x h i b i t s q u i t e c o m p l i c a t e d p h o t o c h e m i s t r y ( S t i e g m a n 
1984a; K o b a y a s h i 1985; Meyer I 9 8 5 ) . Two p r i m a r y p h o t o - p r o d u c t s , 
Mn(co)^ and M n ^ C O ) ^ a r e f o r m e d . I n d o n o r s o l v e n t s , a p h o t o d i s p r o p o r t -
i o n a t i o n t o Mn(co)^st and Mn(co)^ t a k e s p l a c e v i a 1 9 - e l e c t r o n Mn(CO) /. 

x 3 3 5 6 -m 
( s ) " , m = 1-3, s p e c i e s f o r m e d by s o l v e n t (s) a d d i t i o n t o Mn(co)". The m 5 

p r e s e n c e o f t h e s e s p e c i e s has been i n f e r r e d m a i n l y f r o m t h e quantum 
y i e l d measurements ( s t i e g m a n 1984b). 

We have c a r r i e d o u t t h e p h o t o l y s i s o f Hn^(CO)^ i n t h e p r e s e n c e o f 
o r t h o - and p a r a - q u i n o n e s i n o r d e r t o i n v e s t i g a t e t h e n a t u r e o f t h e 
a f o r e m e n t i o n e d p h o t o i n t e r m e d i a t e s and a l s o t o p r o v e t h e u t i l i t y o f q u i ­
n ones as r a d i c a l - t r a p s i n c o m p l i c a t e d p h o t o r e a c t i o n s . 

RESULTS AND DISCUSSION 
The r e a c t i v i t y o f q u i n o n e s w i t h i n d i v i d u a l i n t e r m e d i a t e s o f t h e 

M n 2 ( c o ) 1 0 p h o t o d i s p r o p o r t i o n a t i o n w i l l now be d i s c u s s e d : 
1. No e v i d e n c e f o r p r e v i o u s l y p o s t u l a t e d ( P o s t e r 1980) t h e r m a l a n d / o r 

p h o t o c h e m i c a l e l e c t r o n t r a n s f e r b e t w e e n u n d i s s o c i a t e d M n 2 ( C 0 ) 1 0 and 
q u i n o n e s was f o u n d . 

2o No r e a c t i o n b e t w e e n Mn (CO) p r i m a r y p h o t o p r o d u c t and q u i n o n e s has 
b e e n o b s e r v e d . (The p h o t o r e a c t i v i t y b e t w e e n Mn 2(CO) and q u i n o n e s d e ­
s c r i b e d b e l o w c a n be q u e n c h e d by C C l ^ , w h i c h i s known (Hepp 1983) t o be 
much more e f f e c t i v e q u e n c h e r f o r Mn(CO)^ t h a n f o r Mn^CO)^.) 



3 . The Mn(CO)^ l i a s b e e n f o u n d t o r e a c t r e a d i l y w i t h o - q u i n o n e s ( 3 , 5 -

- d i - t e r t . b u t y l - 1 , 2 - b e n z o q u i n o n e , p h e n a n t h r e n e q u i n o n e and o - c h l o r a n i l ) 
p r o d u c i n g Mn"*" c o m p l e x e s w i t h c h e l a t e d o - s e m i q u i n o n e r a d i c a l a n i o n s 
(SQ = Q T ) , i . e . Mn(CO)^(SQ) t h a t i s f o r m e d i n b o t h i n e r t (CH C l 2 , t o l u e ­
ne ) and d o n o r (THF, CH^CN, 1 0 "Sf p y r i d i n e i n t o l u e n e ) s o l v e n t s . S u b s t i t ­
u t e d Mn(C0) ( S ) ( S Q ) s p e c i e s a r e a l s o p r o d u c e d i n t h e l a t t e r s o l v e n t s . 
The i n t e n s i t y o f c o r r e s p o n d i n g ESR s i g n a l s (Abakumov 1 9 8 2 ; V l c e k , J r . 
1 9 8 6 b ) i n c r e a s e l i n e a r l y w i t h t h e i r r a d i a t i o n t i m e . T h e s e c o m p l e x e s a r e 
a p p a r e n t l y f o r m e d b y an o x i d a t i v e a d d i t i o n o f o - q u i n o n e s t o M n ( c o ) ^ p r o ­
d u c i n g p r i m a r i l y M n ( C 0 ) ^ ( S Q ) s p e c i e s c o n t a i n i n g SQ l i g a n d bound b y one 
o x y g e n atom o n l y ( T u m a n s k i j 1 9 8 l ) . 

No d i r e c t r e a c t i o n b e t w e e n Mn(CO)^ and p - q u i n o n e ( 2 , 6 - d i - t e r t . 
b u t y l - 1 , 4 - b e n z o q u i n o n e , p-DBQ t a k e s p l a c e . No p h o t o r e a c t i o n b e t w e e n 
M n ^ ( c o ) 1 Q and p-DBQ has b e e n f o u n d i n n o n c o o r d i n a t i n g s o l v e n t s , w h e r e a s 
more c o m p l e x b e h a v i o u r was f o u n d i n d o n o r s o l v e n t s ( v i d e i n f r a ) . 

4. The M n ( c o ) ^ was p o s t u l a t e d t o c o o r d i n a t e s o l v e n t m o l e c u l e s p r o d u c ­
i n g c o o r d i n a t i v e l y s a t u r a t e d M n ( c o ) ^ ( s ) " , m = 1 - 3 , s p e c i e s t h a t i s 
s u p p o s e d t o p l a y c r u c i a l r o l e i n t h e p h o t o d i s p r o p o r t i o n a t i o n o f Mn^ 
( C 0 ) 1 Q ( S t i e g m a n 1 9 8 4 b ) . T h e s e s p e c i e s i s known ( M e y e r I 9 8 5 ; Hepp I 9 8 I ) 

t o r e d u c e s u b s t r a t e s whose r e d u c t i o n p o t e n t i a l s a r e c o m p a r a b l e t o t h o s e 
o f q u i n o n e s . T h i s 1 9 - e l e c t r o n s p e c i e s c a n be t r a p p e d b y p-DBQ : A t t h e 
b e g i n i n g o f i r r a d i a t i o n , an i n t e n s e u n r e s o l v e d ESR s i g n a l ( g = 2 . 0 0 5 l ) 

i s f o r m e d . I n t h e c o u r s e o f i r r a d i a t i o n , i t s i n t e n s i t y p a s s e s t h r o u g h 
a maximum and t h e n r a p i d l y d e c r e a s e s c o n c o m i t a n t l y w i t h t h e a p p e a r a n c e 
o f a n o t h e r 1 3 - l i n e s i g n a l ( g = 2 . 0 0 4 8 , = 0 . 1 5 mT, a.^ = 0 . 0 8 mT). 
T h i s l a t t e r s i g n a l does n o t a p p e a r when t h e i r r a d i a t i o n was i n t e r r u p t e d 
a f t e r t h e f o r m a t i o n o f t h e f o r m e r . U n d e r l o w - i n t e n s i t y i r r a d i a t i o n , o n ­
l y t h e f o r m a t i o n o f t h e u n r e s o l v e d s i g n a l was o b s e r v e d . T h e s e r e s u l t s 
p o i n t t o t h e p r e s e n c e o f two s u c c e s s i v e p h o t o r e a c t i o n s t h a t c a n be i n ­
t e r p r e t e d as f o l l o w s : t h e M n ( c o ) ^ ( s ) " s p e c i e s u n d e r g o e s a n e l e c t r o n 

v

 6-mv m 
t r a n s f e r w i t h p-DBQ p r o d u c i n g a F M n f C o ) ^ (S ) + 1 ' fp-DBSQ7 i o n - p a i r 

*• % o—m m J *• -» 
c h a r a c t e r i z e d b y an u n r e s o l v e d ESR s i g n a l whose g - v a l u e i s i d e n t i c a l 
w i t h t h a t o f f r e e p-DBSQ ( V l c e k , J r . 1 9 8 6 b ) . T h i s i o n - p a i r u n d e r g o e s a 
s e c o n d p h o t o c h e m i c a l s t e p i n w h i c h e i t h e r t h e s o l v e n t o r , more p r o b a b l y , 
a C O - l i g a n d d i s s o c i a t e s f r o m t h e M n ( c o ) ^ ( s ) + p a r t o f t h e i o n - p a i r . 

x 7

 6-mx m 
The v a c a n t s i t e i s t h e n o c c u p i e d b y p-DBSQ a n i o n - r a d i c a l t h a t a c t s as 
a n 0-bound l i g a n d . I n a c c o r d w i t h t h i s i n t e r p r e t a t i o n o n l y t h e u n r e s o l v ­
ed ESR s i g n a l i s o b s e r v e d i n t h e p r e s e n c e o f p y r i d i n e . A p p a r e n t l y , 



s t r o n g l y c o o r d i n a t i n g p y r i d i n e competes e f f e c t i v e l y w i t h p-DBSQ f o r 
t h e f r e e c o o r d i n a t i o n s i t e a f t e r t h e s e c o n d p h o t o l y t i c s t e p . 

CONCLUSIONS 
Q u i n o n e s p r o v e d t o be e x c e l l e n t t r a p p i n g a g e n t s t h a t c a n be u s e d 

e v e n t o i n v e s t i g a t e s e p a r a t e l y s e v e r a l i n t e r m e d i a t e s i n a c o m p l i c a t e d 
o r g a n o m e t a l l i c p h o t o r e a c t i o n . To g a t h e r a l l a v a i l a b l e i n f o r m a t i o n , n o t 
o n l y t h e n a t u r e o f t h e p r o d u c t s o f t h e t r a p p i n g r e a c t i o n s b u t a l s o t h e 
mechanism o f t h e i r f o r m a t i o n has t o be f o l l o w e d . 

W i t h t h e u se o f q u i n o n e s , t h e p r e s e n c e and e x p e c t e d c h e m i c a l p r o ­
p e r t i e s o f k e y i n t e r m e d i a t e s o f t h e M n ^ ( C O ) 1 Q p h o t o d i s p r o p o r t i o n a t i o n 
was c o n f i r m e d . The p r i m a r y r a d i c a l p h o t o p r o d u c t M n ( c o ) ^ c a n e i t h e r add 
o x i d a t i v e l y a q u i n o n e m o l e c u l e o r c o o r d i n a t e a s o l v e n t m o l e c u l e p r o d u c ­
i n g a 1 9-e s p e c i e s r e a c t i n g v i a e l e c t r o n - t r a n s f e r . D e s p i t e t h e s i m i l a r 
e l e c t r o n - t r a n s f e r p r o p e r t i e s o f o r t h o and p a r a q u i n o n e i s o m e r s ( v l c e k , 
J r . 1 9 8 3 b ) , t h e o - q u i n o n e s s t r o n g l y p r e f e r t h e o x i d a t i v e a d d i t i o n p a t h ­
way, w h e r e a s t h e i r p a r a - i s o m e r s r e a c t v i a an e l e c t r o n - t r a n s f e r p r o v i d e d 
t h a t t h e o r g a n o m e t a l l i c compound a l l o w s f o r b o t h r e a c t i v i t y p a t h s . 
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LASER FLASH PHOTOLYSIS OF PHOSPHINE-SUBSTITUTED DIMANGANESE CARBONYL COMPOUNDS 

K.Yasufuku, N . H i r a g a , K . I c h i m u r a * , and T. K o b a y a s h i * 

I n s t i t u t e o f P h y s i c a l and Chemical R e s e a r c h , Wakoshi, Saitama 351, JAPAN 
* Department o f P h y s i c s , U n i v e r s i t y o f Tokyo, Bunkyoku, Tokyo 113, JAPAN 

I n t r o d u c t i o n 

T h e r e h a s been c o n s i d e r a b l e i n t e r e s t i n t h e p h o t o c h e m i c a l r e a c t i o n o f 
m e t a l - m e t a l b o n d e d d i m e t a l c a r b o n y l s , L(OC>4M-M(CO) 4L. Two p r i m a r y 
p r o c e s s e s , ( 1 ) m e t a l - m e t a l bond h o m o l y s i s t o p r o d u c e r a d i c a l f r a g m e n t s 
and ( 2 ) CO d i s s o c i a t i o n w i t h o u t m e t a l - m e t a l bond c l e a v a g e , were w e l l 
e s t a b l i s h e d i n t h e c a s e s o f M = Mn, L = CO ( Y e s a k a 1981, 1983; R o t h b e r g 
1982; Hepp 1983; C h u r c h 1984) and M=Re, L=CO ( Y a s u f u k u 1 9 8 4 ) . The r a t i o 
o f t h e p r o c e s s e s ( l ) / ( 2 ) and t h e e f f e c t o f i r r a d i a t i o n w a v e l e n g t h were 
e v a l u a t e d f o r M=Mn, L=C0 ( K o b a y a s h i 1 9 8 5 ) . 

L ( O C ) 4 M - M ( C O ) 4 L hv 2 -M(CO) 4L 

M 2 ( C O ) ? L 2 + CO 

P r o c e s s ( 1 ) 

P r o c e s s ( 2 ) 

The o c c u r r e n c e o f t h e p r o c e s s ( 2 ) h a s been o f r a t h e r u n e x p e c t e d e v e n t 
b e c a u s e o f t h e s u g g e s t i o n o f t h e p r o c e s s ( l ) b e i n g a s o l e c o n s e q u e n c e o f 
p h o t o e x c i t a t i o n b a s e d on a s i m p l e MO scheme. In one p a r t i c u l a r c a s e , 
no m e t a l - m e t a l bond p h o t o c l e a v a g e has been p r o v e n f o r t h e f o r m a t i o n o f 
M n 2 ( C O ) i o I r o m t h e compound, Me2Sn[Mn(C0)5]2 ( Y a s u f u k u , u n p u b l i s h e d r e ­
s u l t ) . T h u s , i t i s o f p a r t i c u l a r i n t e r e s t t o s t u d y on t h e s u b s t i t u e n t 
e f f e c t o f p h o s p h o r u s l i g a n d s on t h e p h o t o c h e m i s t r y o f t h e d i m a n g a n e s e 
c a r b o n y l s ( L = p h o s p h i n e s and p h o s p h i t e s ) : on t h e r a d i c a l r e c o m b i n a t i o n 
r e a c t i o n [ P r o c e s s ( 5 ) ] , on t h e r e a c t i o n o f Mn2(C0)7L2 w i t h CO [ P r o c e s s 
( 6 ) ] , and on t h e r a t i o o f t h e p r o c e s s e s ( l ) / ( 2 ) . 

2 - M n ( C 0 ) 4 L 

M n 2 ( C O ) ? L 2 + CO 

-> L ( 0 C ) 4 M n - M n ( C 0 ) 4 L P r o c e s s ( 5 ) 

P r o c e s s ( 6 ) 

L i g a n d e f f e c t s o f some p h o s p h o r u s l i g a n d s on t h e p r o c e s s e s ( 5 ) and ( 6 ) 
were r e p o r t e d s e p a r a t e l y ( W a l k e r , H e r r i c k 1 9 8 4 ) , h o w e v e r , no i n f o r m a ­
t i o n on t h e r a t i o s o f t h e p r o c e s s e s ( 1 ) / ( 2 ) has been a v a i l a b l e . H e r e 
we d e s c r i b e t h e e f f e c t s o f t h e p h o s p h o r u s l i g a n d s on t h e w h o l e p h o t o ­
c h e m i s t r y o f t h e t i t l e compounds and a n o t h e r p r o c e s s n e w l y f o u n d i n t h e 
c a s e s o f L h a v i n g o n l y n - a l k y l s u b s t i t u e n t s . 

E x p e r i m e n t a l 

The t h i r d h a r m o n i c s (355 nm) o f a Q - s w i t c h e d Nd:YAG l a s e r was u s e d as 
an e x c i t a t i o n l i g h t s o u r c e . S t a t i o n a r y and p u l s e d Xe lamp (350 W) and 
W - I2 lamp were u s e d as m o n i t o r i n g l i g h t s o u r c e s . The e x c i t a t i o n l i g h t 
beam was a l i g n e d c o a x i a l l y w i t h t h e m o n i t o r i n g l i g h t p a t h (1=0.1.cm) a t 
t h e d e s i r e d w a v e l e n g t h . Compounds u s e d were s y n t h e s i z e d by f o l l o w i n g 
t h e r e p o r t e d m e t h o d s . Sample s o l u t i o n s were p r e p a r e d i n v a c u o . 
S o l v e n t ( c y c l o h e x a n e , b e n z e n e , o r 2 - m e t h y l t e t r a h y d r o f u r a n ) s t o r e d on 
K-Na a l l o y was a dded i n t h e s a m p l e compartment a f t e r m e a s u r i n g i t s v o l ­
ume and t h e s a m p l e c e l l s were h e r m e t i c a l l y s e a l e d . Then,.CO o r A r gas 
was a d m i t t e d i n t o them t h r o u g h a s i d e arm w i t h a t e f l o n s t o p c o c k . 



R e s u l t s and D i s c u s s i o n 

As does t h e p a r e n t compound (L=CO), L2Mn2(CO)g show t h e t r a n s i e n t a b s o r p 
t i o n s a t a r o u n d 550 nm and 800 nm. A s o l i d l i n e i n F i g . l shows t h e t r a n 
s i e n t s p e c t r u m o f L=P(n-Bu>3 o b s e r v e d i n c y c l o h e x a n e 1 us a f t e r 355 nm 
e x c i t a t i o n . I t r e p r e s e n t s t h e common a p p e a r a n c e s o f t h e t r a n s i e n t a b ­
s o r p t i o n f o r a l l L. The a b s o r b a n c e s a r o u n d a t 800 nm d i s a p p e a r by f o l ­
l o w i n g t h e s e c o n d o r d e r k i n e t i c s u n d e r e i t h e r A r o r CO a t o m o s p h e r e and 
t h e d e c a y c h a n g e s i n t o t h e p s e u d o - f i r s t o r d e r when CCI4 i s p r e s e n t i n 

t h e s y s t e m s ( F i g . 2 a 
and 2b f o r L = P ( n - B u ) 3 ) . 
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F i g u r e 1. T r a n s i e n t a b s o r p t i o n s p e c t r a o f L=P(n-Bu)3 i n 
c y c l o h e x a n e 1, 30, and 100 us a f t e r 355 nm e x c i t a t i o n . 

On t h e o t h e r h a n d , t h e 
a b s o r b a n c e s a r o u n d a t 
550 nm h a v e l o n g e r l i f e 
t i m e u n d e r A r a t o m o s ­
p h e r e , b u t t h e i r d e c a y 
becomes f a s t e r and 
f o l l o w s t h e f i r s t o r d e r 
k i n e t i c s ( F i g . 2 c f o r 
L = P ( n - B u > 3 ) . A d d i t i o n 
o f CCI4 h a s no e f f e c t 
on t h e i r d e c a y k i n e t i c s 
T h e s e e v i d e n c e s show 
t h a t t h e two p r o c e s s e s 
( 1 ) and ( 2 ) a l s o t a k e 
p l a c e c o n c u r r e n t l y i n 
t h e s e s y s t e m s . 
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F i g u r e 2. Time dependence o f a b s o r p t i o n o f L=P(n-Bu)3 under 1 atm. o f CO i n 
c y c l o h e x a n e a f t e r 355 nm e x c i t a t i o n o b s e r v e d a t : ( a ) 800 nm, (b) 800 nm i n t h e 
p r e s e n c e o f 4 . 2 x 1 0 " 2 mol 1-1 o f CCI4, and ( c ) 550 nm. 

The s e c o n d o r d e r r a t e c o n s t a n t s o f t h e p r o c e s s e s ( 5 ) and ( 6 ) f o r e a c h L 
w ere d e t e r m i n e d and l i s t e d i n T a b l e 1 t o g e t h e r w i t h t h o s e r e p o r t e d by 
B r o w n ( 1 9 8 4 ) . The v a l u e s o f k$ were o b t a i n e d b a s e d on t h e r a d i c a l c o n ­
c e n t r a t i o n s e s t i m a t e d f r o m t h e t r a n s i e n t d e c r e a s e o f t h e s t a r t i n g a b ­
s o r b a n c e s a t 380 nm w h i c h a l s o f o l l o w s t e p w i s e r e c o v e r y c o r r e s p o n d i n g 
t o t h e p r o c e s s e s ( 5 ) and ( 6 ) . The k§ v a l u e s were d e r i v e d f r o m t h e p s e u -
do f i r s t o r d e r r a t e c o n s t a n t s o b t a i n e d u n d e r 1 a t o m o s p h e r i c p r e s s u r e 
o f CO ( b y u s i n g [CO] i n c y c l o h e x a n e = l x l O " 2 mol l - 1 ) . 



L i g a n d E f f e c t on t h e P r o c e s s e s ( 5 ) and ( 6 ) 

The v a l u e s o b t a i n e d h e r e and t h o s e o f Brown's a r e f a i r l y i n good a g r e e ­
ment. T h e s e show t h a t t h e l i g a n d b u l k i n e s s m a i n l y g o v e r n s t h e r a t e s o f 
b o t h p r o c e s s e s ( 5 ) and ( 6 ) . S i n c e t h e s e p h o s p h o r u s l i g a n d s a l l o c c u p y 
t h e a x i a l p o s i t i o n s t o t h e Mn-Mn b o n d , t h e e f f e c t i n k$ may be e x p l a i n ­
ed by r e p u l s i o n b e t w e e n t h e e q u a t r i a l CO l i g a n d s on e a c h Mn atoms t h r o u g h 
w h i c h t h e p h o s p h o r u s l i g a n d s i n f l u e n c e t h e s t a b i l i t y o f t h e m e t a l - m e t a l 
bond i n t h e g r o u n d s t a t e . 

The a p p e a r a n c e o f r a t h e r s i g n i f i c a n t s t e r i c e f f e c t i n k§ i n d i c a t e s t h a t 
t h e e q u a t o r i a l l i g a n d , CO, i s p h o t o e l i m i n a t e d so t h a t t h e a x i a l p h o s ­
p h o r u s l i g a n d may b l o c k t h e s i t e f o r CO r e - l i g a t i o n . I f t h e a x i a l 
l i g a n d was e l i m i n a t e d , t h e k§ m i g h t be l a r g e r and c l o s e r t o t h e v a l u e 
o f t h e c a s e L=CO. 

T a b l e 1. B i m o l e c u l a r Rate C o n s t a n t s f o r R a d i c a l R e c o m b i n a t i o n o f -Mn(C0)4L, k$, 
f o r R e c o m b i n a t i o n o f Mn?(C0)7L? w i t h CO, &6> and R e l a t i v e R a t i o o f t h e P r o c e s s e s 
(1 ) and ( 2 ) . 

L k 5 
*1 

k 6 
*1 . *2 R a t i o 

( D / ( 2 ) e * 3 

CO 9 x 1 0 8 4 X i o 5 (3 X 1 0 5 ) 1.1 95 
P ( O E t ) 3 4 x i o 8 4 X i o 3 2.2 109 
P ( 0 P h ) q 2 X i o 8 (9 X 7 

10 ) 3 X i o 4 1.0 130 
P ( 0 i - P r ) Q 2 X i o 8 3 X i o 4 (4 X 4 

10 ) 1.8 130 
o 

P E t 0 
9 X 1 0 8 7 X i o 3 0.8 132 

3 
P ( n - P r ) 3 

5 X 1 0 8 7 X i o 3 1.7 132 
P ( n - B u ) 3 2 X 1 0 8 ( 1 X 1 0 8 ) 7 X i o 3 (9 X 1 0 3 ) 1.1 132 
P ( i - B u ) 3 7 X i o 7 (2 X 7 

10 ) 2 X i o 3 (2 X 1 0 3 ) 1.4 143 
P P h Q ( 1 X i o 7 ) 144 
P ( i - P r ) 3 3 X i o 6 (4 X 1 0 6 ) 2 X i o 2 (1 X i o 2 ) 1.3 160 

V a l u e s i n p a r e n t h e s i s ( W a l k e r and H e r r i c k 1984) 
*1 m o l - 1 dm3 s " 1 ; *2 Of t h e s y s t e m s by 355 nm e x c i t a t i o n ; 
*3 L i g a n d s t e r i c p a r a m e t e r s (Tolman 1977) 

E f f e c t on t h e R a t i o o f t h e P r o c e s s e s ( l ) / ( 2 ) 
I n a d d i t i o n t o t h e above o b s e r v a t i o n s , t h e r a t i o i n t h e o c c u r r e n c e o f 
t h e p r o c e s s e s ( l ) and ( 2 ) c o u l d be d e t e r m i n e d f o r e a c h L ( T a b l e 1 ) . 
The v a l u e s a r e a l i t t l e s c a t t e r e d i n t h e r a n g e o f 0.8-2.0, however i t 
c a n be s a f e l y n o t e d t h a t i n t h e p h o t o c h e m i c a l e v e n t , t h e p h o s p h o r u s l i ­
g a nd may n o t a f f e c t on t h e e x c i t e d s t a t e n a t u r e o f t h e m e t a l - m e t a l b ond­
i n g . T h i s i s i n q u i t e c o n t r a s t w i t h t h e g r o u n d s t a t e e v e n t s m e n t i o n e d 
a b o v e . F o r e x a m p l e , t h e compound o f L = P ( i - P r ) 3 , w h i c h u n d e r g o e s v e r y 
f a c i l e m e t a l - m e t a l bond c l e a v a g e i n t h e d a r k , shows a l m o s t t h e same i n 
t h e r a t i o o f t h e p r o c e s s e s ( l ) / ( 2 ) t o t h o s e o f t h e t h e r m a l l y v e r y s t a b l e 
a n a l o g s . 

O c c u r r e n c e o f a T h i r d P r o c e s s 
B i s i d e s a f o r e m e n t i o n e d l i g a n d e f f e c t s , a new phenomenon h a s been o b s e r v e d 
i n t h e p h o t o l y s i s o f L = P ( n - B u ) 3 - A n o t h e r t r a n s i e n t a b s o r p t i o n w i t h X M A X 

a r o u n d 470 nm grows i n 100 us and d i s a p p e a r s w i t h i n 2 ms ( F i g . 3 ) . 



The a b s o r b a n c e a t 380 nm r e c o v e r s w i t h t h r e e s t e p s and t h e k i n e t i c s o f 
ea c h s t e p c o r r e s p o n d s t o t h e p r o c e s s ( 5 ) , t h e d i s a p p e a r a n c e o f t h e a b s o r ­
p t i o n a t 470 nm, and t h e p r o c e s s ( 6 ) u n d e r CO a t o m o s p h e r e s h o w i n g t h a t 
t h e t h i r d c o m p o r n e n t d e c a y s a l s o b a c k t h e s t a r t i n g compound. B o t h t h e 
g r o w t h and d e c a y o f t h e a b s o r b a n c e a t 470 nm f o l l o w t h e f i r s t o r d e r k i ­
n e t i c s and t h e c o v e r i n g g a s ( A r o r CO) h a s no e f f e c t on t h e k i n e t i c s . 

S o l v e n t ( c y c l o h e x a n e , b e n z e n e , o r t e -
t r a h y d r o f u r a n ) does n o t a l m o s t a f f e c t 
i t ' s r a t e . A d d i t i o n o f C C I 4 q u e n c h e s 
t h e o c c u r r e n c e o f t h e t h i r d c o m p e r n e n t . 
T h e s e f a c t s s t r o n g l y s u g g e s t t h e p r e ­
s e n c e o f a t h i r d p r o c e s s t o g i v e an 
unknown i n t e r m e d i a t e w h i c h may s e c o n d ­
a r y . g i v e t h e c o m p o r n e n t w i t h X m a x a t 
470 nm. I t d e s e r v e s f u r t h e r s t u d y on 
t h e n a t u r e o f t h e new p r o c e s s , b u t n o t e ­
w o r t h y i s t h a t t h e t h i r d c o m p o r n e n t s 
a p p e a r o n l y i n t h e c a s e s o f L=PR 3, R= 
n - a l k y l . When R=Me, i - P r , o r P h , t h e 
p r i m a r y p r o c e s s e s a r e s i m p l y ( 1 ) and 
( 2 ) . 

F i g u r e 3. Growth and decay o f t h e 
a b s o r b a n c e a t 470 nm: 1 d i v . = 100 u s . 
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ELECTRON TRAPPING IN COLLOIDAL T i 0 2 PHOTOCATALYSTS: 
20 ps TO 10 ns KINETICS 
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1455 West, de Maisonneuve, M o n t r e a l (Quebec) H3G 1M8, CANADA 

ABSTRACT 
The trapping of excess electrons in surface sites in < 0.05 um 

c o l l o i d a l p a r t i c l e s of Ti02 in acid media has a time constant near 2 
ns, independently of the excess electron population being produced by 
inj e c t i o n from an excited dye or hole scavenging. It i s suggested 
that t h i s r e l a t i v e l y long lived state i s one involved in electron 
transfer to solution acceptors in photocatalytic processes. 

INTRODUCTION 
Titanium dioxide photocatalysis has been studied since the 

1930's. The e f f o r t to avoid degradation of organic matrices contai­
ning the oxide as a white pigment stimulated an active program of 
"anti-photocatalytic" research. The results were methods to deacti­
vate Ti02 surfaces. Since the s t r i k i n g report of the photoassisted 
e l e c t r o l y s i s of water by Fujishima and Honda in 1972, the direction 
of research has reversed. Beyond photolysis of water, major i n i t i a ­
t i v es have included the Krautler-Bard (1977) photo-Kolbe reaction and 
photochemical degradation of refractory chlorinated aromatics 
introduced by Carey et a l . (1976) and Carey and Oliver (1980). 

The development of techniques for working with c o l l o i d a l 
photocatalytic Ti02 by Duonghong et a l . (1981) has made i t possible 
to analyze the elementary events which occur in photocatalytic 
reactions using the tools of flash photolysis. There are two 
essential questions which must be addressed i n analysis of either 
photoxidation or photoreduction: what i s the rate of i n t e r f a c i a l 
electron transfer, and what i s the fate of carriers generated in 
T i 0 2 ? 

Early work indicated that fast electron transfer occurs with 
adsorbed partners. Early subnanosecond studies confirmed electron 
inj e c t i o n from Erythrosin B in CH3CN in less than 250 ps (Kamat and 
Fox, 1983) and injection from adsorbed excited tetrasulfonato copper 
phthalocyanine i n less than 100 ps (Kirk et a l . 1984). It w i l l be 
reported below that hexasulfonated t r i s (phenanthroline)ruthenium(II) 
captures holes from excited Ti02 i n less than 50 ps. 

The fate of carriers in Ti02 was f i r s t elucidated by flash 
photolysis studies by Henglein (1982) and Bahnemann et a l . (1984). 
An electron spectrum in Ti02 (pH = 1.5) was established by electron 
injection from r a d i o l y t i c a l l y generated organic radicals. This 
spectrum has a peak near 625 nm and a shoulder near 500 nm. The 
exact shape of the spectrum varies with details of the preparation of 
the c o l l o i d s . This spectrum was also generated by adsorption of 
polyvinyl alcohol (PVA) on the Ti02 followed by direct i r r a d i a t i o n of 
the c o l l o i d at 347 nm. PVA yields the electron spectrum by scaven­
ging holes, h* , to allow an electron build~up in preference to 
recombination. The reaction with PVA i s "rapid" on the time scale of 
15 ns. The decay of the electron signal i s slow on microsecond time 
scale unless an electron acceptor i s present in the solution. 
Henglein et a l . assumed that electrons are trapped near the surface. 

The nature of a trapped electron remaining after steady-state 
i r r a d i a t i o n i s elucidated by ESR recorded at 77 K (Howe and Graetzel, 



1985). Two signals are observed which may be assigned to T i 3 + . A 
small signal i s associated with i n t e r s t i t i a l ions i n anatase. The 
larger signal resembles T i 3 + in s i l i c a t e glasses and shows an 
environmental s e n s i t i v i t y (e.g. pH response) suggestive of a surface 
location. 

As Bahnemann et a l . (1984) summarized the matter: "photo-
c a t a l y t i c reactions i n Ti02 sols can be achieved with sizable y i e l d s 
only i f two scavengers are present (one for e~, one for h +) and at 
least one of them i s adsorbed on the c o l l o i d a l p a r t i c l e s . It i s the 
adsorbed scavenger which determines the y i e l d of the reaction of the 
non-adsorbed one". Recombination can be fast, scavenging by adsorbed 
molecules can be fast, and trapped excess c a r r i e r s can be long l i v e d . 

Recently, Rothenberger et a l . (1985) have provided di r e c t 
picosecond information on the recombination process i n the absence of 
scavengers. Using a 25 ps pulse of about 2.5 mw power at 355 nm 
(Nd/YAG t h i r d harmonic), a transient i s produced which decays with a 
time constant of less than 500 ps. The decay i s a second order 
process depending on the square of the number of photons i n i t i a l l y 
absorbed. The decay i s attributed to hole electron recombination. 
The interesting point i s that the spectrum does not agree with the 
spectrum of the surface trapped electron reported before or the 
spectrum of electrons seen at pH = 3 after steady state or long pulse 
i r r a d i a t i o n by Kolle, Moser, and Graetzel (1985). The transient 
which arises i n the absence of scavenging has a maximum at an energy 
near but to the blue of 600 nm and does not drop sharply toward the 
blue. 

The spectrum obtained in the absence of scavengers appears 
promptly at a 20 ps probe pulse delay and decays' i n a second order 
process. It i s a f l a t band with a maximum somewhat to the blue of 
the other spectra obtained at longer times. It seems probable that 
there are two forms of transients associated with c a r r i e r s i n T i 0 2 . 
One i s produced promptly on excitation with greater than band gap 
photons. The other arises after development of an excess electron 
population and has a long lifetime. 

E X P E R I M E N T A L 

Ti02 c o l l o i d s were prepared by the slow addition of T i C l 4 
to cold water. Concentrations were varied between 1.0 and 16 g/L. 
The pH of solutions was near 1 and were not raised. The size of the 
pa r t i c l e s varied as a function of both the concentration and the 
det a i l s of preparation. The p a r t i c l e size estimation was based on 
the s h i f t to the blue of the absorption edge as the p a r t i c l e size 
becomes small as described by Nozik (13). The procedure was c a l i b r a ­
ted by dynamic l i g h t scattering studies of p a r a l l e l preparations. 
(We thank Prof. Janos Fendler for assistance with these measurements 
and access to h i s equipment.) 

The dyes were the tetrasulfonated copper phthalocyanine used 
previously (Kirk et a l . . 1984), a hexasulfonate derivative of 
trisphenanthrolineruthenium(II) which i s tetraanionic and was the 
generous g i f t of Dr. Ann English, and commercial erythrosin. 

Picosecond f l a s h photolysis experiments were carried out using a 
Nd/YAG mode locked laser i n the second and t h i r d harmonic modes (562 
nm and 355 nm). The pulse width i s 30 ps and the zero of time i s 
adjusted at the maximum when 50% of the pulse has passed. A f r a c t i o n 
of the fundamental of the excitation pulse i s passed through a c e l l 
containing D2O to generate a continuum pulse useful for probing the 
absorption spectrum from 425 to 675 nm. The probe pulse, which has 
the same time p r o f i l e as the excitation pulse, i s delayed from 20 ps 
to 10 ns from the centre of the excitation pulse. Each spectrum i s 
the result of averaging ten shots. 



RESULTS 
a. Absorption spectra. The p a r t i c l e size of the Ti02 may be 

monitored by recording the absorption spectrum of T i 0 2. Up to a 
p a r t i c l e size of 0.025 urn, the observed band edge sh i f t s toward the 
red. This i s i l l u s t r a t e d by the spectra shown in Fig. 1 for samples 
of Ti02 at concentrations of 1.0 to 16 g/L. In addition to the 
increase of concentration, this series re f l e c t s an increase of 
p a r t i c l e size and the red s h i f t i s observable. The p a r t i c l e size 
range in our experiments was calibrated by the study of independently 
prepared samples which were examined by dynamic l i g h t scattering. 

WAVELENGTH 

Figure 1. The absorption spectra of Ti02 colloids. Absorptivity i s 
given in absorbance/gm. 

b. Picosecond f l a s h photolysis. Figure 2 exhibits the spectrum 
obtained on flashing Ti02 alone. The transient observed i s present 
promptly 20 ps after the 355 nm pulse. Its decay i s nearly complete 
within 1 ns. These observations are entirely concordant with those 
of Rothberger et a l . (1985). 

Figure 3 shows a representative transient spectrum for a sample 
of Ti02 of 1.3 g/L with 6.7 X 10~5 M tetrasulfonated copper phthalo-
cyanine (CuPcS 4 -) adsorbed on the oxide (as demonstrated by the fact 
that the colour of the dye may be removed along with the c o l l o i d by 
f i l t r a t i o n or centrifugation). I n i t i a l l y (20 ps), bleaching of the 
dye and excited state absorption centred at 520 nm are observable. 
At 100 ps, bleaching and new absorbances are i n approximate balance 
and the absorbance change l i e s near zero at a l l wavelengths. 
Subsequently, the strong absorption in the red grows i n . 



Figure 2 . Subnanosecond transients i n Ti02 after i r r a d i a t i o n with 
2.5 mJ, 20 ps half width, Nd/YAG t h i r d harmonic pulses at 355 nm. 
The p a r t i c l e size i s near 500 A. The concentration i s 18 g/L. 

WAVELENGTH (nm) 

Figure 3. Transient spectra under spectrometer conditions of 
previous figure for Ti02 - CuPcS*- system. 



Figure 4 presents a representative experiment using the anionic 
Ru(II) complex adsorbed on Ti02. In the particular case, the 
solution contains 2.5 X 10-5 M hexasulfonated tris(phenanthroline)ru-
thenium(II) (Ru(phen)3S*~) adsorbed onto 4.0 g/L of Ti02 of approxi­
mately 50 A p a r t i c l e size. In this system, the c o l l o i d has a band 
gap absorbance at 355 nm of 0.20. The Ru(II) complex has an absor­
bance of 0.08. At 20 ps, absorbance due to direct excitation of Ti02 
i s observable. It decays rapidly. The red band observed previously 
has grown considerably at 5ns. 

Figure 4. Transient spectra for Ru(phen)3S4~ - Ti02 system under 
spectrometer conditions of Figure 2. 

Figure 5 shows a f i n a l set of transients for 1.2 X 10~6 M 
erythrosin adsorbed onto 4.0 g/L Ti02. Bleaching at the center of 
the spectrum due to the loss of the strong absorption of the dye 
depresses the spectrum at a l l times recorded, but the growth of red 
transient i s again observable. 

The growth of the signal i n the red has been evaluated k i n e t i -
c a l l y using 625 nm as the monitoring wavelength. In eight solutions 
of the CuPcS*- over the pa r t i c l e size range the rate constant was 8 
6 X 108 s"i . For four samples of colloids sensitized with the Ru(II) 
complex, the rate constant was 6.5 I X 10* s~i . For the single 
p a r t i c l e size used with erythrosin the rate constant was 5.5 I X 108 

s~i . The rate constants are indistinguishable as the sensitizer 
varies. In contrast, there may be some real variation with p a r t i c l e 
preparation, although t h i s i s not established. Although i t i s 
d i f f i c u l t to correct the spectra for the spectra of the sensitizers, 
the extinction coef f i c i e n t of the red band i s approximately 2 X 104 

M ~ 1 cm~1 . 
It i s also important to observe that the kinetics are the same 

whether the primary absorber i s the sensitizer or the Ti02 c o l l o i d 
i t s e l f . 



140 

. 100 

g .060 1 

. 0 2 0 -f 

, 0 2 0 
50 ps 

1 
4 0 0 . 4 5 0 . 5 0 0 . 5 5 0 . 6 0 0 . 6 5 0 . 7 0 0 . 

WAVELENGTH (nm) 

Figure 5. Transient spectra for the erythrosin - Ti02 system. 

DISCUSSION 
There are three aspects of the present experiments which can be 

analyzed to lead to a reasonable interpretation. These are the 
kinetics of the growth of the signal i n the red, the extinction 
c o e f f i c i e n t of the red band, and the spectral shape of the absorban­
ce. The f i r s t point i s the ki n e t i c behaviour. 

In a l l three cases, the choice of sensitizer i s unimportant to 
the rate of growth of the red band. Nevertheless, a sensitizer i s 
important to the growth of the red band. The role of the sensitizer 
i s to ensure an excess of electrons. Analysis of the energetics of 
each of the sensitizers indicates that they can participate i n two 
processes. The excited dyes are capable of injecting electrons into 
the conduction band of Ti02. Similarly, a hole i n the Ti02 valence 
band can oxidize the dyes. Thus, either or both of the excitation 
processes taking place can lead to development of excess electrons i n 
the c o l l o i d . 

There are two p o s s i b i l i t i e s for the ori g i n of the red transient 
with a "grow i n " time of ~2 ns which are consistent with the indepen­
dence of the sensitizer. Either the process i s a trapping process i n 
the c o l l o i d or i t i s the formation of a solvated electron i n the 
solution. The intensity of the red transient i s greater than the 
transient produced i n i t i a l l y or when Ti02 alone i s excited. The 
observed value i s very close to that reported for a solvated electron 
(14). However, the absorption maximum i s not iden t i c a l to solvated 
electron spectra in water. Moreover, the rate constant for proton 
quenching of a hydrated electron i s 2.1 X 10*0 M~* s~i (Hart, 1965). 
In a solution at pH ~ 1, the lifeti m e of a solvated electron should 
be near one ns. The solvated electron explanation seems to be 
excluded. 

In contrast, an extinction c o e f f i c i e n t near that of the solvated 
electron and a spectrum with peaks similar to those f i r s t described 
by Bahnemann et a l . (1984) at 500 nm and 625 nm i s consistent with 
the ESR evidence for a Ti3+ species in the surface of the p a r t i c l e . 
The two bands are reasonably those of a Ti06 d-d band and a broadened 
red shifted band corresponding to delocalization of the acceptor 



o r b i t a l . It appears that the band which grows in with a time 
constant of ~2 ns i s related to bands associated with electron 
transfer from T i 0 2 . 

It i s important to realize that "surface" states of hydrous 
oxides c o l l o i d s may not be entirely l i k e surface states of crystals. 
Hydrous oxide col l o i d s may be "water swollen gels" with the entire 
structure of a small pa r t i c l e in contact with "solvent" and accessi­
ble as a s i t e for adsorption of a sensitize. Thus, the state which 
i s described may not correspond to a state i n c r y s t a l l i n e T i 0 2 . 

A f i n a l question presents i t s e l f . What i s the nature of the 
rapidly decaying signal seen when electrons and holes are generated 
in equal numbers? This i s not a question to which a d e f i n i t i v e 
answer can be given from the available evidence. However, one 
p o s s i b i l i t y does suggest i t s e l f . A spectrum for excess holes was 
presented early on (Bahnemann et a l . . 1984). It includes a band in 
the blue.A combination of that band envelope and a gently r i s i n g 
absorbance to the red could produce the broad envelope of the sort 
seen i n a situation where a sum of an electron and a hole spectrum 
should be expected. 
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INTRODUCTION 

Our i n t e r e s t i n t h e r a d i a t i o n s e n s i t i v i t y o f h e a v y m e t a l p o l y m e r s was 
f i r s t s p a r k e d b y t h e g o a l o f e n h a n c e d m i n i a t u r i z a t i o n o f i n t e g r a t e d 
c i r c u i t ( I C ) c h i p f e a t u r e s . As t h e f e a t u r e s o f I C c h i n s g e t c l o s e r 
a n d c l o s e r t o g e t h e r a t t h e s u b m i c r o n l e v e l , m i c r o l i t h o g r a p h i c t e c h ­
n i q u e s must use h i g h e r e n e r g y p h o t o n s ( o r e l e c t r o n s , e t c . ) t h a n a r e 

i 
c u r r e n t l y u s e d . O t h e r w i s e , d i f f r a c t i o n e f f e c t s by t h e p h o t o n s w h i c h 
p a s s t h r o u g h a d j a c e n t f e a t u r e s b l u r t h e f e a t u r e s and a l l o w s h o r t c i r ­
c u i t s . The t h i n o r g a n i c p o l y m e r f i l m s , w h i c h a r e n o r m a l l y u s e d as 
l i t h o g r a p h i c r e s i s t s , s u f f e r f r o m an i n a b i l i t y t o a b s o r b a l l o f t h e 
h i g h e r e n e r g y r a d i a t i o n . The u n a b s o r b e d r a d i a t i o n b a c k s c a t t e r s f r o m 
t h e o x i d e l a y e r w h i c h i s n o r m a l l y b e t w e e n t h e r e s i s t and t h e s e m i ­
c o n d u c t o r . 

Heavy a t o m - c o n t a i n i n g p o l y m e r f i l m s s h o u l d have an e n h a n c e d s e n s i t i v i ­
t y t o a p p l i e d r a d i a t i o n b e c a u s e o f t h e a t o m i c number (Z) dependence 
o f t h e p h o t o e l e c t r i c e f f e c t w h i c h has an a t o m i c a b s o r p t i o n c o e f f i c i e n t 
w h i c h i s Z o r g r e a t e r (Evans 1972) whereas p h o t o n s c a t t e r i n g by h e a v y 

2 2 atoms o n l y h a s a Z de p e n d e n c e . To t e s t t h i s c o n c e p t , we s y n t h e s i z e d 
a n d t e s t e d a number o f u r a n y l d i c a r b o x y l a t e p o l y m e r s f o r gamma-ray 

1 V i s i b l e a nd u l t r a v i o l e t r a d i a t i o n p a s s e d t h r o u g h masks o r o r o j e c t e d 
o n t o t h e s u r f a c e p r o v i d e t h e mass p r o d u c t i o n n e c e s s a r y f o r t h e l o w 
c o s t d e v i c e s c u r r e n t l y on t h e m a r k e t . A l t h o u g h e l e c t r o n beam l i t h o ­
g r a p h y c a n p r o v i d e h i g h e r r e s o l u t i o n , t h e t h r o u g h p u t r a t e and b a c k -
s c a t t e r i n g p r o b l e m s s u g g e s t t h a t x - r a y o r l o w - e n e r g y gamma-ray meth­
o d o l o g y i s n e e d e d . F o r more d e t a i l s see e i t h e r o f two r e c e n t r e v i e w 
v o l u m e s (Thompson 1983, 1984) 

2 P o l y m e r s w i t h m a i n g r o u p h e a v y e l e m e n t s have shown i n c r e a s e d s e n s i ­
t i v i t y u s i n g t h e e m p i r i c a l method o f d e t e r m i n i n g s o l u b i l i t i e s b e f o r e 
a n d a f t e r r a d i a t i o n (Webb 1979; H a l l e r 1 9 7 9 ) . Such s e n s i t i v i t i e s a r e 
b a s e d on t h e dos e p e r u n i t a r e a r e q u i r e d t o d i s s o l v e t h e i r r a d i a t e d 
p o l y m e r w i t h 1/2 o f t h e u n i r r a d i a t e d p o l y m e r s t i l l on t h e s u b s t r a t e 
( f o r a p o s i t i v e r e s i s t and v i c e v e r s a f o r a n e g a t i v e r e s i s t ) . They 
a r e s o l v e n t a n d l a b o r a t o r y d e p e n d e n t , c f . Thompson (1 9 8 3 , 1 9 8 4 ) , and 
a r e n o t as f u n d a m e n t a l as G v a l u e s . 



s e n s i t i v i t y . From t h e e x t e n s i v e l i t e r a t u r e on u r a n y l c a r b o x y l a t e Dhoto 

c h e m i s t r y , c f . B u r r o w s ( 1 9 7 4 ) , we a n t i c i p a t e d C 0 2 e v o l u t i o n , p o s s i b l y 
m i x e d w i t h h y d r o g e n a b s t r a c t i o n ( R e h o r e k 1 9 8 2 ) . Much t o o u r s u r p r i s e , 

137 
a s i z a b l e number o f t h e u r a n y l p o l y m e r s show no CO^ l o s s d u r i n g Cs 
i r r a d i a t i o n , b u t t h e y c r o s s l i n k w i t h v e r y h i g h e f f i c i e n c y i n s t e a d . 
METHODOLOGY 

The i r r a d i a t i o n s t u d i e s w e r e c o n d u c t e d w i t h a c e s i u m - 1 3 7 gamma p h o t o n 
s o u r c e (662 keV) w i t h d o s e r a t e s o f 0.022 t o 0.073 M r a d / h r b a s e d on 
F r i c k e d o s i m e t r y ( H i n e 1956; G e t o f f 1 9 6 2 ) . C o r r e c t i o n s f o r d i f f e r e n t 
mass a b s o r p t i o n c r o s s s e c t i o n s b e t w e e n t h e d o s i m e t e r a n d t h e u r a n y l 
p o l y m e r s w e r e made s u b s e q u e n t l y u s i n g l i t e r a t u r e d a t a (Mann 1960) i n ­
t e r p o l a t e d when n e c e s s a r y . S a m p l e s were i r r a d i a t e d i n v a c u o u s i n g 
s e a l e d P y r e x o r q u a r t z t u b e s . M o l e c u l a r w e i g h t a n a l y s i s o f t h e p o l y ­
mers b e f o r e and a f t e r i r r a d i a t i o n w e r e c o n d u c t e d v i a g e l p e r m e a t i o n 
( o r s i z e e x c l u s i o n ) c h r o m a t o g r a p h y (GPC) i n N - m e t h y l p y r r o l i d o n e (NMP) 
s o l u t i o n s on U l t r a s t y r a g e l c o l u m n s , w h i c h h a d b e e n c a l i b r a t e d w i t h 
p o l y s t y r e n e s t a n d a r d s ( i n NMP). Gas c h r o m a t o g r a p h y - m a s s s p e c t r o s c o p y 
(GCMS), e l e c t r o n s p i n r e s o n a n c e ( E S R ) , F o u r i e r t r a n s f o r m n u c l e a r mag­
n e t i c r e s o n a n c e (NMR) a n d i n f r a r e d ( I R ) , a n d u l t r a v i o l e t - v i s i b l e (UVV) 
s p e c t r o s c o p i e s w ere u s e d t o h e l p e l u c i d a t e the p r o d u c t s . 

G v a l u e s were d e t e r m i n e d u s i n g t h e method o f C h a r l e s b y ( 1 9 5 4 , 1960, 
1964) a n d r e i t e r a t e d by D o l e ( 1 9 7 3 ) : 

1/M n' = 1/M n° + ( G s - G x ) ( r / 1 0 0 N a ) [1] 

where M ^ 0 i s t h e n u m b e r - a v e r a g e m o l e c u l a r w e i g h t b e f o r e i r r a d i a t i o n , 
M 1 i s t h e n u m b e r - a v e r a g e m o l e c u l a r w e i g h t a f t e r i r r a d i a t i o n , 
G g i s t h e number o f c h e m i c a l s c i s s i o n s p e r 100 e l e c t r o n v o l t s , 
G^ i s t h e number o f c r o s s l i n k s p e r 100 e l e c t r o n v o l t s , 
r i s t h e r a d i a t i o n d o s e i n e l e c t r o n v o l t s p e r gram, and 
N i s A v o g a d r o ' s number, a 

C o n v e r t e d t o M e g a r a d s (Mrad) t h e e q u a t i o n becomes: 

1/M n' = 1/M n° 4- ( G s - G x ) ( 1 . 0 4 x 10" 6R) [2] 

These e q u a t i o n s a r e b a s e d on random s c i s s i o n and c r o s s l i n k i n g p r o c e s s e s 
random i n i t i a l m o l e c u l a r w e i g h t d i s t r i b u t i o n s (H /M = 2 ) , a n d w i t h G 

J w' n ' s 
and G x d o s e i n d e p e n d e n t . E v e n f o r n o n - i d e a l s y s t e m s , t h e y p r o v i d e t h e 
b e s t g u i d e p o s s i b l e t o t h e m a g n i t u d e o f t h e r a d i a t i o n e f f e c t s , and t h e 
do s e d e p e n d e n c e i s a p p a r e n t f r o m p l o t s o f 1/M n v s d o s e i n M r a d . 



The s y n t h e s i s a n d c h a r a c t e r i z a t i o n o f t h e u r a n y l d i c a r b o x y l a t e s i s d e ­
t a i l e d e l s e w h e r e ( A r c h e r 1987; H a r d i m a n 1 9 8 7 ) . The e s s e n t i a l s y n t h e t i c 
r e a c t i o n i s 

U 0 2 ( 0 2 C C H 3 ) 2 . ( H 2 0 ) 2 + H0 2CRC0 2H - 5 - 5 - 5 ^ . [U0 2 (0 2CRC0 2)2 n + CB^CO^ [3 J 
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The m o l e c u l a r w e i g h t s have been d e t e r m i n e d by GPC, v i s c o s i t y , and NMR 
e n d - g r o u p a n a l y s i s . S o l i d - s t a t e 1 3C-NMR has a l s o b e e n u s e d ( A r c h e r 1987) 
t o c o n f i r m t h e c o o r d i n a t i o n modes o f t h e c a r b o x y l a t e l i g a n d s t o t h e 
u r a n y l i o n . The r e s u l t s a r e as a n t i c i p a t e d f r o m I R r e s u l t s ( H a r d i m a n 
19 8 7 ) ; t h a t i s , b o t h m o n o d e n t a t e and b i d e n t a t e c a r b o x y l a t e c o o r d i n a t i o n 
o c c u r s u c h t h a t 7 - c o o r d i n a t i o n p r e d o m i n a t e s i n p o l y m e r s w i t h e i t h e r one 
o r two m o l e s o f s o l v e n t c o o r d i n a t e d t o t h e u r a n y l i o n . 

URANYL POLYMERS WHICH APPEAR TO EXCLUSIVELY CROSSLINK 

As a n t i c i p a t e d , t h e u r a n y l d i c a r b o x y l a t e p o l y m e r s a r e v e r y s e n s i t i v e t o 
gamma-ray i r r a d i a t i o n . The d a t a f o r f o u r b r a n c h e d a l k y l , one a l k e n e , 
a n d one a r o m a t i c d i c a r b o x y l a t e s w h i c h a p p e a r t o e x c l u s i v e l y c r o s s l i n k , 
w i t h no e v i d e n c e o f C 0 2 e v o l u t i o n , a r e s u m m a r i z e d i n T a b l e 1. Whereas 
t h e e n t i r e a b s o r p t i o n f o r t h e l i g h t e r e l e m e n t s ( 0 . 2 5 7 , 1.54, 2.04, and 
4.09 b a r n s / a t o m f o r H, C, 0, and S, r e s p e c t i v e l y ) i s o f t h e Compton 
t y p e , f o r u r a n i u m 50% i s p h o t o e l e c t r i c a b s o r p t i o n (47.7 b a r n s / a t o m 
t o t a l ) . T h u s , t h e u r a n i u m atom c o n s t i t u t e s f r o m 50 t o 58% o f t h e ab­
s o r p t i o n i n t h e u n i t a t t h i s e n e r g y (66 2 k e V ) , b u t o n l y m o d i f i e s t h e 
mass a b s o r p t i o n c o e f f i c i e n t f o r t h e p o l y m e r by a b o u t 13 t o 16% r e l a t i v e 
t o w a t e r , t h e a b s o r b e r o f t h e F r i c k e d o s i m e t e r . O r g a n i c p o l y m e r s a r e 
t y p i c a l l y l o w e r t h a n w a t e r ; e.g., p o l y ( m e t h y l m e t h a c r y l a t e ) , PMMA, i s 
0.083 cm 2/g u s i n g t h e same numbers, o r 17 t o 20% l o w e r t h a n t h e u r a n y l 
p o l y m e r s . However, on a r e p e a t i n g u n i t b a s i s , t h e u r a n y l p o l y m e r s ab­
s o r b f r o m 600 t o 700% as much r a d i a t i o n as PNMA (G = 1.3) and o r g a n i c 
p o l y m e r s w i t h G v a l u e s as h i g h as 10 a r e known (Thompson 1 9 3 4 ) . 

None o f t h e s p e c i e s i n T a b l e 1 show any t e n d e n c y f o r s c i s s i o n , t h u s , 
t h e G -G v a l u e i s e s s e n t i a l l y -G . W i t h i n c r e a s e d d o se l e v e l s , a l l s x x 
e x h i b i t l o w e r G v a l u e s — a l o g i c a l c o n s e q u e n c e o f f e w e r e f f e c t i v e c r o s s ­
l i n k s . E x t r a c r o s s l i n k s b e t w e e n t h e same c h a i n s do n o t i n c r e a s e t h e 
m o l e c u l a r w e i g h t any f u r t h e r . The v a l u e s i n t h e t a b l e a r e f o r 2 Mrad 
d o s e s ( o r 3 Mr a d f o r t h e s u c c i n a t e and p h t h a l a t e d e r i v a t i v e s as no 
c u r v a t u r e was o b s e r v e d u n t i l above 3 Mrad f o r t h e s e two s p e c i e s ) . The 
e x t r e m e l y h i g h v a l u e f o r t h e t e t r a p i m e l a t e . d e r i v a t i v e must be r e ­
l a t e d t o t h e m o b i l i t y o f t h e l o n g e r a l k y l c h a i n c o u p l e d w i t h s t a b i l i z e d 
t e r t i a r y r a d i c a l s c o u p l e d w i t h e f f i c i e n t e n e r g y t r a n s f e r . 



T a b l e 1. Gamma-ray S e n s i t i v i t y o f N e g a t i v e R e s i s t U r a n y l P o l y m e r s 

E m p i r i c a l F o r m u l a U n i t a M R
b G s ~ G x ° G s ~ G x G 

( b r i d g i n g c a r b o x y l a t e ) 

U 0 2 0 2 C C ( C H 3 ) 2 C H 2 C 0 2 ( C 2 H 6 S O ) 9 , 0 0 0 g ~ 1 4 g 0.100 - 1 2 g 

( 2 , 2 - d i m e t h y l s u c c i n a t e ) 

U 0 2 0 2 C C ( C H 3 ) 2 C H 2 C H 2 C 0 2 ( C ^ S O ) 48,OOO f - 3 . 1 f 0.100 -2.1" 

(2,2-dimethylglutarate) 

U 0 2 0 2 C C H 2 C ( C H 3 ) 2 C H 2 C 0 2 ( C 2 H 6 S O ) 1 2 , 0 0 0 g - 8 . 0 g 0.100 - 6 . 9 g 

( 3 , 3 - d i m e t h y l g l u t a r a t e ) 

U 0 2 0 2 C C ( C H 3 ) 2 ( C H 2 ) 3 C ( C H 3 ) 2 C 0 2 ( C 2 H 6 S O ) 1 2 , 0 0 0 g - 4 3 g 0.099 - 3 7 g 

( 2 , 2 , 6 , 6 - t e t r a m e t h y l p i m e l a t e ) 

U 0 2 ( Z - 0 2 C H - C H C 0 2 ) ( C 2 H 6 S 0 ) 1 7 5 9,300 -3.3 0.099 -2.9 

( m a l e a t e ) 

U 0 2 ( o - 0 2 C C 6 H 4 C 0 2 ) ( C 2 H 6 S O ) 2 1 7 , 8 0 0 g - 3 . 7 g 0.097 - 3 . 3 g 

( p h t h a l a t e ) 

a R e p e a t i n g u n i t o f p o l y m e r c h a i n i n c l u d i n g s o l v a t i o n 
k f l o f s a m p l e s n o t i r r a d i a t e d ; b a s e d on GPC i n NMP w i t h p o l y s t y r e n e 
s t a n d a r d s , o r by NMR e n d - g r o u p a n a l y s i s i f s o i n d i c a t e d 

r 137 M e a s u r e d n e t G v a l u e u s i n g e q u a t i o n 2 and GPC a f t e r Cs i r r a d i a t i o n 
d 2 Mass a b s o r p t i o n c o e f f i c i e n t s i n cm /g f o r 662 keV i r r a d i a t i o n 
e . 1 , . . . . ^ __2 137 C o r r e c t e d G v a l u e s r e l a t i v e t o F r i c k e d o s i m e t e r ( 0 . 0 8 6 cm /g f o r Cs) 
"^Polymer h a s p o o r M d i s t r i b u t i o n a n d p o o r a g r e e m e n t w i t h e n d - g r o u p d e t n 
g M v a l u e s f o r t h i s p o l y m e r - - e n d - g r o u p c a l i b r a t e d by NMR 

URANYL POLYMERS WHICH UNDERGO SCISSION WITH GAMMA RADIATION 

On t h e o t h e r h a n d , u r a n y l p o l y m e r s w i t h t h r e e d i f f e r e n t t h i o - b r i d g e d 
l i g a n d s a n d f u m a r a t e a l l show l a r g e G g v a l u e s upon i r r a d i a t i o n a s 
n o t e d i n T a b l e 2. The c l e a n e s t one i s t h e p o l y m e r i c u r a n y l t h i o d i g l y -
c o l a t e , w h i c h shows no t e n d e n c y t o w a r d c r o s s l i n k i n g ; t h a t i s , G

S " G
X i s 

p r o b a b l y a t r u e m e a s u r e o f G g. The GPC's o f t h e o t h e r s show e v i d e n c e 
f o r b o t h s c i s s i o n a n d c r o s s l i n k i n g ; t h u s G g i s l a r g e r t h a n t h e G^-G^ 

v a l u e shown. U n f o r t u n a t e l y , t h e y a r e s o s e n s i t i v e t o r a d i a t i o n t h a t 
r e l i a b l e i n d e p e n d e n t v a l u e s a r e i m p o s s i b l e t o o b t a i n . T h e s e h i g h 
G g - G ^ v a l u e s f o r t h e t h i o - b r i d g e d p o l y m e r s w o u l d be e v e n h i g h e r i f t h e 
p o l y s t y r e n e - e q u i v a l e n t m o l e c u l a r w e i g h t s w ere u s e d i n s t e a d o f t h e NMR 



T a b l e 2. Gamma-ray S e n s i t i v i t y o f P o s i t i v e R e s i s t U r a n y l P o l y m e r s f 

E m p i r i c a l F o r m u l a U n i t a M b G -G c u / o d 

/,.-,. n s x r'y 
( b r i d g i n g c a r b o x y l a t e ) 

n 

a eSame as T a b l e 1 

G -G e 

s x 

U 0 2 ( 0 2 C C H 2 S C H 2 C 0 2 ) ( C 2 H 6 S O ) 2 1 4 , 0 0 0 g 5 6 g 0.097 5 0 g 

( t h i o d i g l y c o l a t e ) 

U 0 2 ( 0 2 C C H 2 S S C H 2 C 0 2 ) ( C ^ S O ) ^ 1 2 , 0 0 0 g ~ j 3 0 0 g ~ j 0.097 2 8 0 g ~ j 

( d i t h i o d i g l y c o l a t e ) 

U 0 2 ( 0 2 C C H 2 S C H 2 S C H 2 C 0 2 ) ( C 2 H 6 S 0 ) 2 1 5 , 0 0 0 g ' h 1 0 3 g ' h 0.096 9 3 g ' h 

( m e t h y l e n e b i s t h i o g l y c o l a t e ) 

U 0 2 ( E - 0 2 C C H = C H C 0 2 ) ( C 2 H 6 S O ) 2 26,OOO h' i 6 3 h ' i 0.098 5 5 h ' 1 

( f u m a r a t e ) 

^G v a l u e s b a s e d on f i r s t 0.5 t o 0.6 Mrad o n l y 
g M a d j u s t e d t o a g r e e w i t h NMR e n d - g r o u p a n a l y s i s 
^ P o l y m e r u n d e r g o e s b o t h s c i s s i o n a n d c r o s s l i n k i n g 
1 M d i s t r i b u t i o n p o o r ; r e s u l t s v e r y a p p r o x i m a t e 
-'polymer v e r y s e n s i t i v e t o r a d i a t i o n - - n o n i r r a d i a t e d s a m p l e s change M 
d i s t r i b u t i o n s i g n i f i c a n t l y d u r i n g i r r a d i a t i o n o f o t h e r s a m p l e s 

e n d - g r o u p d e t e r m i n e d w e i g h t s . S p e c i f i c a l l y , t h i o d i g l y c o l a t e , d i t h i o ­
d i g l y c o l a t e , and m e t h y l e n e b i s t h i o g l y c o l a t e were o r i g i n a l l y c a l c u l a t e d 
t o h ave G g - G x v a l u e s o f a b o u t 100, 400, and 160, r e s p e c t i v e l y , u s i n g 
t h e p o l y s t y r e n e - e q u i v a l e n t c a l i b r a t i o n s . These p o l y m e r s a b s o r b f r o m 
a b o u t 5 t o 7 t i m e s as much e n e r g y p e r p o l y m e r u n i t as an o r g a n i c p o l y ­
mer ( s u c h as PMMA) w i t h a m o l e c u l a r w e i g h t o f 100 a t t h i s e n e r g y . E v e n 
s o , w i t h t h e l i g a n d s t h a t have two s u l f u r atoms p e r r e p e a t i n g u n i t , e x ­
t r e m e l y h i g h s e n s i t i v i t y t o t h i s gamma r a d i a t i o n o c c u r s . A t l o w d o s e 
l e v e l , where PMMA shows o n l y a v e r y s m a l l change i n m o l e c u l a r w e i g h t 
d i s t r i b u t i o n , t h e s e u r a n y l s p e c i e s have d r a s t i c a l l y m o d i f i e d m o l e c u l a r 
w e i g h t d i s t r i b u t i o n . GCMS r e s u l t s i n d i c a t e S-C s c i s s i o n f o r m e t h y l e n e ­
b i s t h i o g l y c o l a t e and S-S s c i s s i o n i n d i t h i o d i g l y c o l a t e . And ESR 
r e s u l t s i n d i c a t e a p p r e c i a b l e s p i n d e n s i t y on s u l f u r atoms f o r t h e same 
p o l y m e r s w i t h no e v i d e n c e f o r u r a n i u m ( V ) , e v e n a t -77°K. 

The above r e s u l t s w i t h u r a n y l p o l y m e r s l e d us t o s y n t h e s i z e l i n e a r c o -
b a l t ( I I I ) p o l y m e r s c o n t a i n i n g two 6 - d i k e t o n e s b r i d g e d w i t h S atoms (-S-, 
-SS-, - S 0 - , &-S0 2-) f o r b r i d g e s and l e u c i n e as a n o n p o l y m e r i z a b l e t h i r d 



b i d e n t a t e l i g a n d , w h i c h a l l o w s t h e s y n t h e s i s o f l i n e a r c o o r d i n a t i o n 
2+ 

p o l y m e r s . T h e s e and s i m i l a r VO fl-diketonates b r i d g e d w i t h s u l f u r 
a toms ( A r c h e r 1986) show r a d i a t i o n e f f e c t s w h i c h a r e b o t h w a v e l e n g t h 
and s t a t e / s o l v e n t d e p e n d e n t . F o r e x a m p l e , i n s t e a d o f r e d u c t i o n t o c o -
b a l t ( I I ) , gamma i r r a d i a t i o n p r o d u c e s f a c i l e C-S s c i s s i o n i n t h e c o b a l t -
( I I I ) p o l y m e r s . S p a c e l i m i t a t i o n s p r e c l u d e s f u r t h e r d e t a i l s . 
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TEMPERATURE DEPENDENT EMISSION OF COPPER PORPHYRINS IN LIQUID SOLUTION 
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Department o f C h e m i s t r y , Tokyo I n s t i t u t e o f T e c h n o l o g y , 0-okayama, Meguro-ku, 
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INTRODUCTION 

C o p p e r p o r p h y r i n s e x h i b i t a s h o r t - l i v e d p h o s p h o r e s c e n c e a t a m b i e n t 
t e m p e r a t u r e . F l u o r e s c e n c e i s q u e n c h e d f o r a prompt i n t e r s y s t e m c r o s s ­
i n g t o t h e l o w e s t e x c i t e d t r i p l e t s t a t e c a u s e d by t h e i n t e r a c t i o n s o f 

1 3 * 
an u n p a i r e d e l e c t r o n i n t h e h i g h e s t c o p p e r da o r b i t a l a nd t h e ' (TT

 R
 TT ) 

e x c i t e d c o n f i g u r a t i o n s . The i n t e r a c t i o n makes a l l s i n g l e t s become 
d o u b l e t s and t r i p l e t s s p l i t i n t o d o u b l e t s ( " t r i p - d o u b l e t " ) and q u a r ­
t e t s ( " t r i p - q u a r t e t " ) (Ake 1969; S m i t h 1 9 6 8 ) . 
An e n e r g y gap b e t w e e n t h e l o w e s t t r i p - q u a r t e t and t r i p - d o u b l e t was e s ­
t i m a t e d as 260-330 cm" 1 f o r PCu (P: p o r p h i n ) by h i g h r e s o l u t i o n a l 
e m i s s i o n and a b s o r p t i o n measurements a t l o w t e m p e r a t u r e ( N o o r t 1976 ; 
Bohandy 1 9 8 0 ) . The measurements o f z e r o - f i e l d and Zeeman s p l i t t i n g s 
o f t h e t r i p - q u a r t e t s t a t e o f PCu p r o v i d e d k n o w l e d g e on t h e s t r u c t u r e 
o f t h e t r i p - q u a r t e t (Van Dorp 1975; Van D i j k 1979, 1 9 8 1 ) . 

The r e l a x a t i o n p r o c e s s e s a t room t e m p e r a t u r e o f e x c i t e d c o p p e r p o r ­
p h y r i n h ave b een s t u d i e d by u s e o f p i c o - s e c o n d f l a s h p h o t o l y s i s 
t e c h n i q u e ( K o b a y a s h i 1979; Kim 1 9 8 4 ) . C o p p e r p r o t o p o r p h y r i n i n t h e 

2 
l o w e s t e x c i t e d " s i n g - d o u b l e t " ( S,) s t a t e r e l a x e s i n t o t h e l o w e s t 

2 
" t r i p - d o u b l e t " ( T n) s t a t e w i t h i n 8 ps and t h e n t o a t h e r m a l e q u i -2 4 l i b r i u m s t a t e o f T^ and t h e l o w e s t " t r i p - q u a r t e t " ( T^) s t a t e w i t h a 
t i m e c o n s t a n t o f 450-460 P S ( K o b a y a s h i 1 9 7 9 ) . The p h o s p h o r e s c e n c e o b -

2 
s e r v e d a t room t e m p e r a t u r e i s a s c r i b e d t o a d e l a y e d T e m i s s i o n 

4 2 
c a u s e d by a t h e r m a l a c t i v a t i o n f r o m T 1 s t a t e t o s t a t e . 
The e m i s s i o n b a n d o f OEPCu (OEP: 2 , 3 , 7 , 8 , 1 2 , 1 3 , 1 7 , 1 8 - o c t a e t h y l p o r p h i n ) 
i n b o t h t o l u e n e and p o l y ( m e t h y l m e t h a c r y l a t e ) f i l m i n c r e a s e s p r o m i ­
n e n c e b u t shows o n l y a s l i g h t s h i f t w i t h d e c r e a s i n g t e m p e r a t u r e . The 
e m i s s i o n s p e c t r u m o f TPPCu (TPP: 5 , 1 0 , 1 5 , 2 0 - t e t r a p h e n y l p o r p h i n ) i n 
p o l y m e r f i l m i s r a t h e r i n v a r i a n t w i t h t e m p e r a t u r e (300—77 K) and w e l l 
c o r r e s p o n d s t o t h e s p e c t r u m i n t o l u e n e r i g i d g l a s s a t 77 K. On t h e 
o t h e r h a n d , a b e l l - s h a p e d e m i s s i o n i s o b s e r v e d i n t o l u e n e s o l u t i o n a t 
room t e m p e r a t u r e and t h e band s h i f t s t o t h e r e d w i t h d e c r e a s i n g tem­
p e r a t u r e down t o 200 K. 

I n t h i s p a p e r , we d i s c u s s t h e s t r u c t u r e o f t h e t r i p - d o u b l e t and t r i p -
q u a r t e t s t a t e s i n f o u r c o p p e r p o r p h y r i n s i n t o l u e n e l i q u i d s o l u t i o n on 
t h e b a s i s o f t h e d e c a y l i f e t i m e s and e m i s s i o n y i e l d s m e a s u r e d w i t h 
d e c r e a s i n g t e m p e r a t u r e n o t so as t o f r e e z e t h e medium. 

S-T ABSORPTION SPECTRA OF C OPPER(II) PORPHYRINS 
C o p p e r p o r p h y r i n s e x h i b i t a b s o r p t i o n bands v e r y s i m i l a r t o t h o s e o b ­
s e r v e d w i t h t h e c o r r e s p o n d i n g d i a m a g n e t i c p o r p h y r i n s . However t h e s e 
p a r t i c u l a r p a r a m a g n e t i c p o r p h y r i n s do e x h i b i t a weak a d d i t i o n a l a b ­
s o r p t i o n b a n d (OD c a . 0.1 i s o b s e r v e d w i t h an a l m o s t s a t u r a t e d s o l u -



t i o n o f 10 M) t o t h e r e d o f t h e Q b a n d . The weak b a n d f o r m s a m i r ­
r o r image o f t h e e m i s s i o n o b s e r v e d a t room t e m p e r a t u r e . The a b s o r p ­
t i o n b a n d i s a s s i g n e d t o a S-T (s_ing-doublet-to-£i:ip-doublet) 
t r a n s i t i o n . 

TEMPERATURE DEPENDENCE OF EMISSION IN OEPCu AND TFPPCu 
The t r i p - d o u b l e t e m i s s i o n o f OEPCu and TFPPCu (TFPP: 5 , 1 0 , 1 5 , 2 0 - t e t r a -
( p e n t a f l u o r o p h e n y l ) p o r p h i n ) i n l i q u i d m e d i a 10 t i m e s i n c r e a s e s i t s i n ­
t e n s i t y p e r s i s t i n g t h e s p e c t r a l p r o f i l e upon t e m p e r a t u r e down f r o m 300 
K t o 200 K. L i f e t i m e i n c r e a s e s f r o m 105 ns (OEPCu), 68 ns (TFPPCu) a t 
300 K t o 1200 ns (OEPCu), 1250 ns (TFPPCu) a t 200 K, r e s p e c t i v e l y . A 
scheme i s g i v e n f o r t h e r e l a x a t i o n p r o c e s s o f t h e e x c i t e d s p e c i e s a s 
i n f i g u r e 1. A s s u m i n g t h a t a p h o t o s t a t i o n a r y s t a t e i s o b t a i n e d , t h e 
y i e l d o f e m i s s i o n f r o m t h e t r i p - d o u b l e t i s 

f i g u r e 1 

* 2 = k 2 r -
K + k 4 / k 3 

' i s c ' k 2 K + k 4 ( k 2 / k 3 + l ) (1) 

1 AE where K = 2 e x p ( - j ^ ) : -3 
k. i s c k^+k^j^ 

S i n c e k ! > > k 2 > > k 4 and t h u s l + k 2 / k 3 = l a n d 
K+k^/k^=K, t h e e q u a t i o n 
as 

Y2 2 r K i s c k 2 K + k 4 

(1) i s r e w r i t t e n 

(2) 
2 S ; 

X1 

v 2 r 

Ti k 3 

k 2 n r 
k 4 r 

a E 

4 n r 

k^»—k~i~ k i 2 2 r 2 n r kA=kA +kA 4 4 r 4 n r 

On t h e o t h e r h a n d , t h e d e c a y r a t e o f e m i s s i o n i s d e s c r i b e d a s 

( J ) = j { k 2 + k 3 + k 4 + k _ 3 ± J { ( k 2 + k 3 ) - ( k 4 + k _ 3 ) } 2
+ 4 k 3 k _ 3 

The o b s e r v e d d e c a y c o r r e s p o n d s t o t h e s l o w component g. S i n c e k 3 , k _ 3 

>> k 2 , k 4 , t h e l i f e t i m e i s g i v e n by 
k K+k 

3 . (3) 

From t h e e q u a t i o n s (2) and ( 3 ) , i t f o l l o w s t h a t 

T/<|> = k 2 r - < j > i s c ( l + K ) / K . (4) 

Here t h e t e m p e r a t u r e v a r i a t i o n o f t h e r a t i o r/cf) i s a t t r i b u t a b l e o n l y 
t o t h e e q u i l i b r i u m c o n s t a n t K, s i n c e k^r and ^ s c a r e l e s s d e p e n d e n t 
on t e m p e r a t u r e . U s i n g t h e l e a s t - s q u a r e s m e t hod, t h e v a l u e s o f K a r e 
e v a l u a t e d a s a f u n c t i o n o f t e m p e r a t u r e , f r o m w h i c h t h e e n e r g y gap 

2 4 
(AE) b e t w e e n t h e T., a n d T^ s t a t e s c a n be d e t e r m i n e d a c c o r d i n g t o 

1 - i 1 _ i -1 
t h e r e l a t i o n s h i p K = y e x p ( - A E / k T ) : OEPCu, 310 cm ; TFPPCu, 390 cm . 
TEMPERATURE DEPENDENCE OF EMISSION IN TPPCu AND T ( E t O ) P P C u 
TPPCu shows a b e l l - s h a p e d e m i s s i o n b a n d a t room t e m p e r a t u r e , h owever 
t h e e m i s s i o n p r o f i l e v a r i e s a n d t h e b a n d p e a k s h i f t s t o t h e r e d w i t h 
r e d u c i n g t e m p e r a t u r e . The l i f e t i m e , on t h e o t h e r h a n d , i n c r e a s e s w i t h 



d e c r e a s i n g t e m p e r a t u r e down t o 250 K w h i l e i t d e c r e a s e s upon f u r t h e r 
c o o l i n g : 300 K, 29 n s ; 250 K, 39 n s ; 200 K, 27 n s . The e m i s s i o n o f 
T ( E t O ) P P C u ( T ( E t O ) P P : 5 , 1 0 , 1 5 , 2 0 - t e t r a ( p - e t h o x y p h e n y l ) p o r p h i n ) a l s o 
shows a s m a l l r e d s h i f t a t l o w t e m p e r a t u r e . The l i f e t i m e o f t h i s 
c o p p e r p o r p h y r i n s i m p l y d e c r e a s e s w i t h d e c r e a s i n g t e m p e r a t u r e : 300 K, 
17 n s ; 200 K, 13.5 n s . I n t h e s e two c o p p e r p o r p h y r i n s , t h e e m i s s i o n 
i n t e n s i t y i n t o l u e n e s o l u t i o n i s much l e s s t h a n t h a t i n p o l y m e r f i l m 
b u t v a r i e s o n l y t o a l e s s e r e x t e n t w i t h t e m p e r a t u r e i n c o n t r a s t w i t h 
OEPCu. T e m p e r a t u r e dependence o f e m i s s i o n s p e c t r a and d e c a y l i f e t i m e s 
o f TPPCu and T ( E t O ) P P C u c a n n o t be d e s c r i b e d by means o f t h e s i m p l e 
d i s s i p a t i o n k i n e t i c s a s i n f i g u r e 1. 

STRUCTURE OF THE TRIP-DOUBLET AND TRIP-QUARTET STATES IN COPPER POR­
PHYRINS 

The a b s o r p t i o n b ands o f a t y p i c a l m e t a l l o p o r p h y r i n a r e a s c r i b e d t o t h e 
l o w e s t (IT, IT ) t r a n s i t i o n s w h i c h a r i s e f r o m t h e h i g h e s t o c c u p i e d a 2 u 

a n d a ^ u o r b i t a l s i n a c c i d e n t a l d e g e n e r a c y t o t h e l o w e s t v a c a n t 
d e g e n e r a t e e o r b i t a l p a i r . The l o w e s t e x c i t e d s i n g l e t s t a t e s a r e a s 

g 1 1 50-50 a d m i x t u r e s o f ( a , e ) and ( a ^ e ) , w h i l e t h e l o w e s t e x c i t e d l u g 2u g ^ 
t r i p l e t s t a t e s a r e a p p r o x i m a t e l y a s i n g l e c o n f i g u r a t i o n ^ a i u

e
C T ^ o r 

3 ( a 0 e ) . 
2u g 

I n t h e c a s e o f p a r a m a g n e t i c c o p p e r p o r p h y r i n s , h o wever, an u n p a i r e d 
e l e c t r o n i n c o p p e r d^2_y2 k̂-̂  ) o r b i t a l m i g r a t e s i n t o t h e p o r p h y r i n 
n i t r o g e n s . E x c h a n g e i n t e r a c t i o n s o f t h e u n p a i r e d e l e c t r o n w i t h p o r ­
p h y r i n LUMO's a n d HOMO'S g i v e r i s e t o a m i x i n g b e t w e e n p o r p h y r i n 
l o w e s t (TT,TT ) e x c i t e d s i n g l e t s and t r i p l e t s . 
The e x c h a n g e i n t e r a c t i o n s b e tween c o p p e r b, o r b i t a l and p o r p h y r i n 
LUMO e o r b i t a l s , HOMO a n and a n o r b i t a l s were e v a l u a t e d : (b,e eb, ) g , 2u l u _ 1 1 1 
= 200-250 cm 1 , ( b ^ j a ^ ) = 300-350 cm x , w h i l e ( b ^ - J a ^ ) - 0 
s i n c e t h e a.^ o r b i t a l has no p o p u l a t i o n on t h e n i t r o g e n s (Asano 
u n p u b l i s h e d ) . 
I n OEPCu and TFPPCu, t h e l o w e s t t r i p - q u a r t e t and t r i p - d o u b l e t a r e 

i 4 2 3 
m a i n l y o f | ' (b, ( a , e ) ) > o r i g i n , w h e r e a s i n TPPCu and T ( E t O ) P P C u 
4 2 3 1 1 , 4 2 3 

I ' (b, ( a ~ e ) ) > t u r n s o u t t o be l o w e r t h a n | ' (b, ( a , e ) ) > . T h e r e 
l z ^ 2 1 1 

i s o n l y a s m a l l e n e r g y gap be t w e e n t h e T.. and T n s t a t e s i n OEPCu -1 -1 (330 cm ) and TFPPCu (350 cm ) , w h i l e a q r e a t e r gap i n TPPCu (~7 00 
-1 -1 2 

cm ) a n d T ( E t O ) P P C u (—800 cm ) . S i n c e o b s e r v e d d e c a y r a t e f r o m 
i s a b o u t — 3 0 ns i n TPPCu and —20 ns i n T ( E t O ) P P C u , a B o l t z m a n n e q u i ­
l i b r i u m b e t w e e n t h e l o w e s t e x c i t e d s t a t e s i s n o t e s t a b l i s h e d . On t h e 

4 2 2 o t h e r h a n d , t h e s e c o n d e x c i t e d s t a t e s T 2 and T 2 a r e f a r f r o m t h e 
s t a t e i n OEPCu and TFPPCu, w h i l e t h o s e o f TPPCu and T ( E t O ) P P C u a r e 

2 
c l o s e t o T^ s t a t e . 



CONCLUSION 
The l o w e s t e x c i t e d t r i p - d o u b l e t and t r i p - q u a r t e t c o n f i g u r a t i o n s o f 

i 2 4 3 
OEPCu a n d TFPPCu a r e m a i n l y | ' ( b 1 ( a , e ) ) > , w h i l e t h o s e o f TPPCu and 

i 2 4 3 2 4 T ( E t O ) P P C u a r e | ' {b1 ( a 2 e ) ) > . An e n e r g y gap b e t w e e n T± and was 
o b t a i n e d 300—4 00 cm" 1 f o r OEPCu and TFPPCu by k i n e t i c s s t u d y and t h e 
2 4 
T^ and T^ s t a t e s a r e i n a B o l t z m a n n e q u i l i b r i u m . I n c a s e o f TPPCu 

and T ( E t O ) P P C u , t e m p e r a t u r e d e p e n d e n c e o f e m i s s i o n s p e c t r u m and l i f e ­
t i m e i s v e r y a n o m a l o u s i n t o l u e n e s o l u t i o n . 

A p o s s i b l e i n t e r p r e t a t i o n i s a s f o l l o w s . R o t a t i o n o f p e r i p h e r a l 
p h e n y l g r o u p s c a n c a u s e d e l o c a l i z a t i o n o f T T - e l e c t r o n s o f t h e p o r p h y r i n 
m a c r o c y c l e t o t h e s u b s t i t u e n t s . I t f o l l o w s t h a t t h e t r a n s i t i o n e n e r ­
g i e s v a r y w i t h t e m p e r a t u r e i n l i q u i d s o l u t i o n s i n c e t h e r o t a t i o n de­
p ends on t e m p e r a t u r e . i t i s n o t e d t h a t a.̂  o r b i t a l has no p o p u l a t i o n 
on t h e meso-carbons t o w h i c h p h e n y l s u b s t i t u e n t s a r e b o n d i n g , w h i l e 
a 2 u o r b i t a l d oes h a v e . I n TPPCu and T ( E t O ) P P C u , a n o m a l o u s t e m p e r a t u r e 
d e p e n d e n c e o f e m i s s i o n s p e c t r u m and d e c a y l i f e t i m e i s a t t r i b u t a b l e t o 
t h e v a r i a t i o n o f p h e n y l g r o u p s r o t a t i o n . I n f a c t , s p e c t r u m o f t h e s e 
c o p p e r p o r p h y r i n s i n p o l y m e r f i l m , w h i c h i s c o i n c i d e n t w i t h t h a t i n 
t o l u e n e r i g i d g l a s s a t 77 K, p e r s i s t s i t s p r o f i l e and shows no s h i f t 
w i t h d e c r e a s i n g t e m p e r a t u r e . However, i n c a s e o f TFPPCu, t h e l o w e s t 

, 2 4 3 
e x c i t e d t r i p - d o u b l e t a n d t r i p - q u a r t e t c o n f i g u r a t i o n s | ' ( b ^ ( a 1 e ) ) > 
a r e l e s s i n f l u e n c e d by t h e r o t a t i o n and ortho-fluoro s u b s t i t u e n t s o f 
p h e n y l g r o u p s may i n h i b i t i t . 
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T h i s a r t i c l e s u m m a r i z e s some o b s e r v a t i o n s i n t h i s and o t h e r 
l a b o r a t o r i e s r e g a r d i n g t h e e f f e c t o f p r e s s u r e on r a t e s o f n o n r a d i a t i v e 
d e a c t i v a t i o n f r o m m e t a l c o m p l e x e x c i t e d s t a t e s (ES) i n f l u i d 
s o l u t i o n s . S t u d i e s h e r e ( p a r t i a l l y i n c o l l a b o r a t i o n w i t h H e n r y O f f e n 
a t UCSB an d w i t h R u d i v a n E l d i k a t t h e U n i v e r s i t y o f F r a n k f u r t , FRG) 
h a v e b e e n c o n c e r n e d w i t h u s i n g p r e s s u r e e f f e c t s t o p r o b e p h o t o r e a c t i o n 
m e c h a n i s m s a n d o t h e r p r o p e r t i e s o f m e t a l c o m p l e x e x c i t e d s t a t e s ( F o r d 
1986, D i B e n e d e t t o and F o r d 1 9 8 5 ) . N o n r a d i a t i v e d e a c t i v a t i o n o f t e n i s 
t h e p r i n c i p a l p a thway f o r e x c i t e d s t a t e d e c a y ; t h u s u n d e r s t a n d i n g o r , 
a t l e a s t , d e t e r m i n i n g t h e s e n s i t i v i t y o f t h i s pathway t o s u c h a 
s y s t e m i c p e r t u r b a t i o n i s c r u c i a l t o i n t e r p r e t i n g t h e p r e s s u r e e f f e c t s 
o n o t h e r e x c i t e d s t a t e p r o c e s s e s . 

ACTIVATION VOLUMES 
The a p p l i c a t i o n o f h y d r o s t a t i c p r e s s u r e c h a n g e s a number o f p a r a m e t e r s 
f o r a s o l u t i o n p h a s e r e a c t i o n w h i c h w i l l be r e f l e c t e d i n t h e r e a c t i o n 
d y n a m i c s . A p p l i c a t i o n o f t r a n s i t i o n s t a t e t h e o r y l e a d s t o an 
a c t i v a t i o n v o l u m e d e f i n e d a c c o r d i n g t o 

. d ( l n k.) 
(1) AV* = -RT( 

1 dP 1 

where k. i s t h e r a t e c o n s t a n t f o r a p r o c e s s o f i n t e r e s t . 
D e s c r i b i n g t h e p r e s s u r e dependence o f t h e r e a c t i o n r a t e a s an 
a c t i v a t i o n " volume" p r o v i d e s a c o n v e n i e n t , q u a l i t a t i v e p e r c e p t i o n o f 
t h e d i s t o r t i o n s t h a t may be o c c u r r i n g a l o n g t h e r e a c t i o n c o o r d i n a t e of 
a m o l e c u l a r p r o c e s s . However, t h i s v i e w may be m i s l e a d i n g s i n c e 
p r e s s u r e may p e r t u r b o t h e r s y s t e m i c p a r a m e t e r s i n c l u d i n g s o l v e n t 
d e n s i t y , v i s c o s i t y a n d d i e l e c t r i c c o n s t a n t , w h i c h may p r o f o u n d l y 
i n f l u e n c e t h e r e a c t i o n d y n a m i c s . D e s p i t e t h i s q u a l i f i c a t i o n , t h e u s e 
o f m e a s u r e d p a r t i a l m o l a r v o l u m e s and a c t i v a t i o n v o l u m e s as d e f i n e d 
a c c o r d i n g t o e q . 1 a l l o w s t h e c o n s t r u c t i o n o f r e a c t i o n v o l u m e p r o f i l e s 
w h i c h h a v e p r o v i d e d v a l u a b l e i n s i g h t s i n t o t h e n a t u r e s o f t h e 
m e c h a n i s m s o f numerous t h e r m a l r e a c t i o n s ( v a n E l d i k 1 9 8 6 ) . 
The s i t u a t i o n w i t h e x c i t e d s t a t e s i s somewhat more c o m p l i c a t e d . 
A n a l y s i s o f ES d y n a m i c s a c c o r d i n g t o t r a n s i t i o n s t a t e t h e o r y c a n o n l y 
be v a l i d f o r s l o w e r p r o c e s s e s where t h e r e l e v a n t s t a t e s h a v e a c h i e v e d 
v i b r a t i o n a l e q u i l i b r a t i o n w i t h t h e medium. I n a d d i t i o n , t h e p a r t i a l 
m o l a r v o l u m e s o f s h o r t - l i v e d e l e c t r o n i c s t a t e s c a n n o t be m e a s u r e d by 
t h e c o n v e n t i o n a l m e t h o d o l o g i e s , a d d i n g a f u r t h e r e l e m e n t o f 
u n c e r t a i n t y i n t o t h e i n t e r p r e t a t i o n . The u n i m o l e c u l a r d e c a y o f a 
s i n g l e ES may be s u m m a r i z e d i n t e r m s o f t h r e e t y p e s o f p r o c e s s e s , 
r e a c t i o n t o p r o d u c t s ( r a t e c o n s t a n t k ) , r a d i a t i v e d e a c t i v a t i o n ( k r ) 
and n o n r a d i a t i v e d e a c t i v a t i o n ( k n ) , e a c h o f w h i c h p o s s i b l y a c o m p o s i t e 
o f s e v e r a l c o m p e t i n g m e c h a n i s m s . The sum o f t h e d e c a y r a t e c o n s t a n t s 
k H = £k. i s e q u a l t o t h e i n v e r s e o f t h e l i f e t i m e > w h i l e t h e quantum 
y i e l d 0 . 1 o f a p a r t i c u l a r p r o c e s s i s d e s c r i b e d by t h e p r o d u c t o f 0^cr 
k. andT* 1, where 0. i s t h e e f f i c i e n c y o f f o r m i n g t h e r e l e v a n t s t a t e 
v i a i n t e r n a l c o n v e r s i o n / i n t e r s y s t e m c r o s s i n g . V a l u e s o f k^ t h u s c a n 
be d e t e r m i n e d a s f u n c t i o n s o f p r e s s u r e f r o m t h e c o r r e s p o n d i n g v a l u e s 
o f 0 ± , 0 i c a n d r . 



PHOTOREACTION A V 's 

T h i s a p p r o a c h was u s e d s u c c e s s f u l l y t o ^ d e t e r m i n e AV* v a l u e s f o r t h e 
l i g a n d l a b i l i z a t i o n p a t h w a y s f r o m t h e E l i g a n d f i e l d ( L F ) s t a t e o f 
t h e h a l o p e n t a a m m i n e r h o d i u m ( I I I ) i o n s ( e q . 2, A = NH-, o r ND^ f X = CI o r 
B r ) (Weber 1983, 1 9 8 4 ) . 6 6 

(2) [ R h A 5 X 2 + ] * + H 20 
y—» R h A 5 ( H 2 0 ) 3 + + X 

^ — » R h A 4 ( H 2 0 ) X 2 + + A 

F i g u r e 1 Volume 
p r o f i l e d i a g r a m f o r 
t h e c o m p e t i t i v e 
p h o t o a q u a t i o n o f NH^ 
and o f CI ^ f r o m 
R h ( N H 3 ) 5 C l i n 
a q u e o u s s o l u t i o n v i a 
a p r o p o s e d l i m i t i n g 
d i s s o c i a t i v e 
m e chanism. 

A v o l u m e p r o f i l e f o r t h e c h l o r i d e c o m p l e x i s r e p r e s e n t e d i n F i g . 1 
where i t i s s e e n t h a t , w h i l e AV f o r NH^ l o s s f r o m t h e L F e x c i t e d 
s t a t e i s l a r g e a n d p o s i t i v e , c o n s i s t e n t w i t h a l i m i t i n g d i s s o c i a t i v e 
mode f o r t h i s e x c i t e d s t a t e s u b s t i t u t i o n m e c h a n i s m , A V f o r C l ~ l o s s 
f r o m t h e same s p e c i e s i s - n e g a t i v e . T h i s s e e m i n g l y c o n t r a d i c t o r y 
r e s u l t i s e a s i l y e x p l a i n e d i n t e r m s o f s o l v e n t c o n t r a c t i o n a r o u n d t h e 
t r a n s i t i o n s t a t e o f _ _ t h e l a t t e r p a t h w a y o w i n g t o t h e c r e a t i o n o f c h a r g e 
( d i s s o c i a t i o n o f C I l e a v e ^ a +3 r h o d i u m ( I I I ) f r a g m e n t ) . The v o l u m e 
d i f f e r e n c e s b e t w e e n t h e AV 's o f t h e two p a t h w a y s a r e i n d e e d c l o s e t o 
t h e d i f f e r e n c e s i n t h e p a r t i a l m o l a r v o l u m e s o f t h e r e a c t i o n p r o d u c t s . 
T h us, i t was. c o n c l u d e d t h a t t h e p r e s s u r e e f f e c t s o n t h e LF e x c i t e d 
s t a t e s u b s t i t u t i o n r a t e s f o r t h i s and r e l a t e d R h ( I I I ) c o m p l e x e s were 
c o n s i s t e n t w i t h t h e p r o p o s e d d i s s o c i a t i v e m e c h a n i s m . 

RXN COORD 

PHOTOPHYSICAL AV*'s 

P r e s s u r e e f f e c t s o n r a d i a t i v e d e a c t i v a t i o n h a v e n o t b e e n w i d e l y 
e x p l o r e d f o r m e t a l c o m p l e x e s i n s o l u t i o n , i n p a r t b e c a u s e e m i s s i o n 
quantum y i e l d s a r e o f t e n ( n o t a l w a y s ! ) s m a l l . L i m i t e d s t u d i e s i n 
s o l u t i o n a r e c o n s i s t e n t w i t h t h e c h a n g e s i n k r c o r r e l a t i n g w i t h 
p r e s s u r e i n d u c e d c h a n g e s i n t h e s q u a r e o f t h e s o l v e n t r e f r a c t i v e i n d e x 
as p r e d i c t e d b y t h e S t r i c k l e r - B e r g e q u a t i o n ( D r i c k a m e r 1 9 8 2 ) . 

W i t h r e g a r d t o n o n r a d i a t i v e d e a c t i v a t i o n , p r e s s u r e e f f e c t s o n k n w o u l d 
d e p e n d on t h e d e t a i l e d m e c h a n i s m . D e a c t i v a t i o n f r o m a p a r t i c u l a r ES 
may o c c u r d i r e c t l y t o t h e g r o u n d s t a t e o r by c r o s s i n g o v e r t o a n o t h e r 
ES ( e . g . , one o f d i f f e r e n t o r b i t a l p a r e n t a g e ) w h i c h d e a c t i v a t e s more 
e f f i c i e n t l y . F o r an i n d i v i d u a l s t a t e , k n i s d e t e r m i n e d by v i b r a t i o n a l 
and e l e c t r o n i c f a c t o r s . V i b r o n i c c o u p l i n g h a s been a n a l y z e d i n t e r m s 
o f t h e "weak" and " s t r o n g " c o u p l i n g l i m i t s . The f o r m e r c a s e h a s a 
r e l a t i v e l y s m a l l d i s p l a c e m e n t o f t h e ES p o t e n t i a l e n e r g y s u r f a c e , t h u s 



k n i s d o m i n a t e d b Y t n e h i g h f r e q u e n c y m o l e c u l a r modes and i s p r e d i c t e d 
t o i n c r e a s e e x p o n e n t i a l l y a s A E b e t w e e n t h e g r o u n d and e x c i t e d s t a t e s 
d e c r e a s e s ( t h e " e n e r g y gap l a w " ) . The s t r o n g - c o u p l i n g l i m i t i n v o l v e s 
a l a r g e r d i s p l a c e m e n t o f t h e ES p o t e n t i a l e n e r g y s u r f a c e ( a t l e a s t one 
n o r m a l mode) r e l a t i v e t o t h e a c c e p t o r s t a t e s u c h t h a t t h e s u r f a c e s 
c r o s s n o t f a r f r o m t h e minimum o f t h e h i g h e r s t a t e . A c c o r d i n g t o 
t h e o r y , s t r o n g - c o u p l i n g s h o u l d show an A r r h e n i u s t y p e t e m p e r a t u r e 
d e p e n d e n c e w h i l e w e a k - c o u p l i n g s h o u l d be e s s e n t i a l l y t e m p e r a t u r e 
i n d e p e n d e n t . S t r o n g c o u p l i n g c a n a l s o be a s s o c i a t e d w i t h c h e m i c a l 
d e a c t i v a t i o n p a t h w a y s , t h u s may c o n t r i b u t e t o k i n t h o s e c a s e s where 
u n i m o l e c u l a r r e a c t i o n s o f t h e ES a r e common. n 

I n g e n e r a l one m i g h t e x p e c t t h a t weak c o u p l i n g s h o u l d show a r a t h e r 
s m a l l s e n s i t i v i t y t o p r e s s u r e . Changes i n h y d r o s t a t i c p r e s s u r e may 
p e r t u r b t h e ES e n e r g y by c o m p r e s s i o n o f t h e c o m p l e x o r c h a n g i n g t h e 
s o l v e n t d i e l e c t r i c c o n s t a n t , and k s h o u l d r e s p o n d t o - A E 
e x p o n e n t i a l l y . F o r e x a m p l e , Salman and D r i c k a m e r (1982) i n v e s t i g a t e d 
t h e p r e s s u r e e f f e c t s on t h e m e t a l t o l i g a n d c h a r g e t r a n s f e r (MLCT) 
p h o s p h o r e s c e n c e s p e c t r a , l i f e t i m e s and quantum y i e l d s f o r t h e 
c o m p l e x e s R e C l ( C O ) ^ ( p h e n ) and R e C l ( C O ) 3 ( 4 , 7 - P h 2 p h e n ) a s f u n c t i o n s o f 
p r e s s u r e i n s e v e r a l s o l v e n t s . By s y s t e m a t i c v a r i a t i o n o f s o l v e n t 
p r o p e r t i e s w i t h p r e s s u r e , t h e y d e m o n s t r a t e d a l i n e a r r e l a t i o n s h i p 
b e t w e e n l n ( k ) and A E i n d i c a t i v e o f a w e a j ^ - c o u p l i n g d e a c t i v a t i o n 
m e c hanism f o r e a c h c o m p l e x . V a l u e s o f A V c a n be c a l c u l a t e d f o r e a c h 
c o m p l e x i n t h e v a r i o u s s o l v e n t s , and f o r t R e p o l a r s o l v e n t s d i m e t h y l 
f o r m a m i d e and a c e t o i j i i - t r i l e , t h e s e a r e q u i t e s m a l l , 0 t o +1 cm / m o l . , 
b u t i n m - x y l e n e A V 's a r e l a r g e r r e f l e c t i n g t h e g r e a t e r 
c o m p r e s s i b i l i t y o f ? h a t s o l v e n t . 

2+ 
A s i m i l a r o b s e r v a t i o n has been made f o r t h e Ru(bpy)-. c a t i o n i n p o l a r 
s o l v e n t s a t a m b i e n t t e m p e r a t u r e . E a r l y s t u d i e s o v e r t h e r a n g e 0.1 t o 
230 MPa i n d i c a t e d t h a t A V i s s m a l l and n e g a t i v e ( K i r k ' 1 9 8 0 ) . 
S u b s e q u e n t e x p e r i m e n t s ( F e S t e r o l f 1985) c o n f i r m e d t h e s m a l l ^ v

n 

u n d e r t h e s e c o n d i t i o n s b u t a l s o d e m o n s t r a t e d a d r a m a t i c t e m p e r a t u r e s e n s i t i v i t y f o r A V ( s e e b e l o w ) . u n 

G i v e n t h a t t h e s t r o n g - c o u p l i n g m e chanism i s o f t e n c l o s e l y a s s o c i a t e d 
w i t h u n i m o l e c u l a r r e a c t i o n s o f t h e ES, one m i g h t e x p e c t a c o r r e l a t i o n 
b e t w e e n p r e s s u r e e f f e c t s e x p e r i e n c e d by t h e r a t e s o f c h e m i c a l 
d e a c t i v a t i o n and t h e a s s o c i a t e d c o n t r i b u t i o n s t o n o n r a d i a t i v e 
d e a c t i v a t i o n r a t e s . T h i s a p p e a r s t o be t h e c a s e f o r t h e R h ( I I I ) 
ammine s y s t e m s d i s c u s s e d a b o v e . P r e s s u r e e f f e c t s on k n v a l u e s f o r t h e 
l o w e s t L F s t a t e s g i v e m e a s u r a b l e A V N v a l u e s w h i c h p a r a l l e l t h o s e o f 
t h e p r e d o m i n a n t p h o t o s u b s t i t u t i o n r e a c t i o n s b o t h i n m a g n i t u d e and s i g n 
(Weber 1 9 8 3 ) . Such an o b s e r v a t i o n may i n d i c a t e a s u b s t a n t i a l 
s t r o n g - c o u p l i n g component t o t h e k n mechanism as p r o p o s e d e a r l i e r a s 
a n e x p l a n a t i o n o f t e m p e r a t u r e e f f e c t s on a p p a r e n t n o n r a d i a t i v e 
d e a c t i v a t i o n r a t e s o f h e x a a m m i n e r h g d i u m ( I I I ^ ( P e t e r s e n 1 9 7 4 ) . We have 
f o u n d t h a t a p l o t o f A V v s 0 • A V + 0 • A V a ( t h e o r d i n a t e 
r e p r e s e n t i n g t h e sum o f ?he ES r e a c t i o n a c t i v a t i o n v o l u m e s w e i g h t e d by 
t h e i r r e s p e c t i v e a m b i e n t p r e s s u r e quantum y i e l d s ) i s l i n e a r f o r t h e 
h a l o p e n t a a m m i n e c o m p l e x e s . A l t h o u g h t h e q u a n t i t a t i v e s i g n i f i c a n c e o f 
t h i s p l o t has y e t t o be d e l i n e a t e d , t h e c o r r e l a t i o n b e t w e e n A V and 
t h e w e i g h t e d c o n t r i b u t i o n s o f t h e p h o t o s u b s t u t i o n p a t h w a y s i s c l e a r l y 
s u g g e s t i v e o f t h e c o n t r i b u t i o n s o f s t r o n g - c o u p l i n g p a t h w a y s t o t h e 
d e a c t i v a t i o n modes. 

A R h ( I I I ) c o m p l e x w h i c h does n o t f i t t h e a b o v e c o r r e l a t i o n i s 
t r a n s - R h ( c y c l a m ) ( C N ) 2 ( c y c l a m = 1 , 4 , 8 , 1 1 - t e t r a a z a c y c l o t e t r a d e c a n e ) , 
w h i c h i s i n a c t i v e t o w a r d p h o t o s u b s t i t u t i o n b u t has a r e m a r k a b l y l o n g 
l i v e d L F e m i s s i o n i n a m b i e n t a q u e o u s s o l u t i o n (8.1 u s e e ) ( M i l l e r 



FIGURE 2: P l o t o f AV v s t h e 
n 

summed p r o d u c t s AV*0 + AV*0 
A A X. A. 

f o r R h ( I I I ) c o m p l e x e s 
. 2 + a: 

b: 
c: 
d: 
e: 
f 

Rh(ND 3)cCi; i n D 20 
R M N H ^ C l ^ 
R h ( N H ^ ) ^ C l ^ 
R h ( N H ^ ) ^ C l ^ 
R h ( N H ^ ) ^ B r ^ 
R M N D ^ B r 

d i a m o n d : Rn (bpy) 2Clt> 

i n HCONH. 
i n DMSO 1 

i n DMF 
i n H 9 0 
i n 

i n H 2 0 
A V J 

1 9 8 3 ) . The l a c k o f p h o t ^ o r e a c t i v i t y may be a t t r i b u t e d t o t h e l o w e s t 
e n e r g y L F ES b e i n g t h e A 2 . F o r t h i s s t a t e , l i g a n d l a b ^ l i z a t i o n , 
e x p e c t e d t o be e q u a t o r i a l i n a n a l o g y t o t h e R h ( N H ^ ) 5 C N i o n ( S k i b s t e d 
1 9 8 3 ) , i s b l o c k e d by t h e c y c l a m ^ m a c r o c y c l e * We have f o u n d t h a t u n d e r 
p r e s s u r e > i s s h o r t e n e d and A V d = -4.4 cm / m o l , a n d we i n t e r p r e t t h i s 
| s s u g g e s t i n g t h a t t h e modes n e c e s s a r y f o r s t r o n g - c o u p l i n g f r o m t h e 
A 2 s t a t e a l s o i n v o l v e d i s t o r t i o n a l o n g t h e m a c r o c y c l e ^ c o n s t r a i n e d 

e q u a t o r i a l m e t a l - l i g a n d b o n d s . T h u s , t h e n e g a t i v e AV v a l u e may 
i n d i c a t e t h e r o l e o f a n a l t e r n a t i v e ^ d e a c t i v a t i o n p a t h w a y , t h e c r o s s i n g 
o f t h e s y s t e m t o t h e h i g h e r e n e r g y _E s t a t e f r o m w h i c h n o n r a d i a t i v e 
d e a c t i v a t i o n o c c u r s . A n e g a t i v e A V f o r t h e A 2 — > E t r a n s i t i o n 
m i g h t be e x p l a i n e d i n t e r m s o f s o l v a t i o n c o n t r i b u t i o n s t o V o f t h e 
l a t t e r s t a t e o w i n g t o t h e more i o n i c n a t u r e o f t h e Rh-CN b o n d i n t h e 
l a t t e r s t a t e . 

A s t r o n g c o u p l i n g m e c h a n i s m w i t h s i g n i f i c a n t v o l u m e c h a n g e s w o u l d 
c e r t a i n l y be e x p e c t e d i f t h e t h e r m a l l y r e l a x e d ES has a c o n s i d e r a b l y 
d i f f e r e n t s t r u c t u r e t h a n d o e s t h e g r o u n d s t a t e . An e x a m p l e i s t h e 
f o u r c o o r d i n a t e N i ( I I ) c o m p l e x N i ( d p p e ) C l 2 (dppe = 
1 , 2 - b i s ( d i p h e n y l p h o s p h i n o ) e t h a n e ) f o r w h i c h p r e s s u r e e f f e c t ^ on 
n o n r a d i a t i v e d e c a y ( A m i r - E b r a h i m i 1984) g a v e AV ^ = -10 cm / m o l . 
T h i s was i n t e r p r e t e d a s i n d i c a t i n g t h a t t h e t r a n s i t i o n s t a t e f o r g 
d e a c t i v a t i o n more c l o s e l y r e s e m b l e s t h e s q u a r e p l a n a r d i a m a g n e t i c d 
g r o u n d s t a t e t h a n t h e l e s s t i g h t l y s o l v a t e d t e t r a h e d r a l , t r i p l e t E S . 2 + 

The h i g h s p i n / l o w s p i n r e l a x a t i o n o f F e ( I I ) c h e l a t e s , e . g . , F e ( p y i m ) 3 

( p y i m = 2 - ( 2 - p y r i d y l ) i m i d a z o l e ) i s somewhat a n a l o g o u s , a l t h o u g h i n 
t h i s c a s e r a d i a l c o n t r a c t i o n r a t h e r t h a n c o o r d i n a t i o n s p h e r e t w i s t i n g 
was a r g u e d t o be r e s p o n s i b l e f o r t h e n e g a t i v e AV 's ( D i B e n e d e t t o , 
A r k l e e t c . 1 9 8 5 ) . n 

As s u g g e s t e d a b o v e , n o n r a d i a t i v e d e a c t i v a t i o n may o c c u r v i a c r o s s i n g 
t o a n o t h e r ES f r o m w h i c h d e a c t i v a t i o n i s much more r a p i d . I n s u c h a 
c a s e , t h e r e may a l s o be v o l u m e d i f f e r e n c e s b e t w e e n t h e two ES. T h i s 
i s d r a m a t i c a l l y d e m o n s t r a t e d by the_ e m i s s i o n s p e c t r u m o f t h e 
i r i d i u m ( I I I ) c a t i o n I r ( M e p h e n ) 2 C 1 2 i n DMF ( F i g . 3) w h i c h e m i t s f r o m 
two s t a t e s ( F i g . 4 ) . F o r t h i s s y s t e m , i t i s e v i d e n t t h a t i n c r e a s e d 
p r e s s u r e l e a d s t o e n h a n c e d c h a r g e t r a n s f e r e m i s s i o n (550 nm) a t t h e 
e x p e n s e o f L F e m i s s i o n (720 nm) w i t h l i t t l e o r no s h i f t s a p p a r e n t i n 
t h e p e a k maxima. The s p e c t r a l c h a n g e s w e r e a t t r i b u t e d t o s h i f t s i n 
t h e r e l a t i v e p o p u l a t i o n s o f t h e two ES o w i n g t o p a r t i a l m o l a r v o l u m e 
d i f f e r e n c e s b e t w e e n t h e L F a n d MLCT s t a t e s ( D i B e n e d e t t o 1 9 8 4 ) . A p l o t 
o f t h e l o g o f t h e CT/LF i n t e n s i t y r a t i o v s P p r o v e d l i n e a r . From t h e 
s l o p e a n d t h e a s s u m p t i o n t h a t t h e r a t i o o f t h e r a d i a t i v e r a t e 
c o n s t a n t s i s p r e s s u r e i n d e p e n d e n t , an a p p a r e n t v o l u m e d i f f e r e n c e o f 



4.2 cm /mol be t w e e n t h e s t a t e s was c a l c u l a t e d a c c o r d i n g t o e q . 3, t h e 
L F ES b e i n g t h e l a r g e r . T h a t t h e LF s t a t e i s t h e l a r g e r i s c o n s i s t e n t 
w i t h t h e p o p u l a t i o n o f a n t i b o n d i n g o r b i t a l s i n t h a t ES l e a d i n g t o 
e x t e n s i o n s o f t h e M-L b o n d s . 

d ( l n ( k f / k i f ) ) 
(3) AV ^ = -RT( ) + AV 

app d p eq 

NANOMETERS 

FIGURE 3 ( l e f t ) : E m i s s i o n s p e c t r u m o f I r ( M e p h e n ) JZ1~ i n DMF a t 0.1 
MPa (a) and a t 300 MPa (b) s h o w i n g t h e i n c r e a s e I n t h e MLCT e m i s s i o n 
i n t e n s i t y a t t h e e x p e n s e o f t h e l o n g e r w a v e l e n g t h LF e m i s s i o n a t t h e 
h i g h e r p r e s s u r e . 

FIGURE 4 : Scheme f o r l u m i n e s c e n c e f r o m two e m i t t i n g s t a t e s o f 
d i f f e r e n t o r b i t a l p a r e n t a g e s . K d e f i n e d a s e q u a l t o [ M L C T ] / [ L F ] 

F o r I r ( M e p h e n ) 2 C 1 2 / t h e MLCT i s t h e l o w e r e n e r g y s t a t e y e t t h e two ES 
a r e i n t h e r m a l e q u i l i b r i u m as e v i d e n c e d by t h e w a v e l e n g t h i n d e p e n d e n t 
e m i s s i o n l i f e t i m e s . L i f e t i m e measurements i n DMF s o l u t i o n show t h a t 
t h e a p p l i c a t i o n o f p r e s s u r e d e c r e a s e s t h e d e a c t i v a t i o n r a t e s w i t h t h e 
l n ( k . ) v s P p l o t g i v i n g t h e A V d v a l u e +4.0 + 0.2 cm / m o l . The 
u n i m o l e c u l a r d e a c t i v a t i o n r a t e c o n s t a n t k^ i s r e l a t e d t o t h e v a r i o u s 
c o n s t a n t s n o t e d i n F i g . 4 a c c o r d i n g t o e q . 4 . ^However, s i n c e t h e * r ' s 
a r e much s m a l l e r t h a n t h e k 's a n d , f o r s u c h d c o m p l e x e s , 
n o n r a d i a t i v e d e a c t i v a t i o n i s g e n e r a l l y much f a s t e r f r o m L F s t a t e s t h a n 

f r o m MLCT s t a t e s , k d s i m p l i f i e s t o k * f ( 1 + K )~l. F o r t h e l i m i t i n g 
c a s e K e q >> 1 , e q . 5 w o u l d h o l d , t h u s t h e A V n v a l u e o f +4.0 cm 3/mol 
i s c o n s i s t e n t w i t h t h i s m o d e l . 

( 4 ) 

(5) A v J = - R T [ d ( l n k * f ) / d P ] - A V e q 

A two s t a t e model has a l s o b e e n p r o p o s e d t o e x p l a i i j p r e s s u r e e f f e c t s 
on t h e d e a c t i v a t i o n r a t e s o f R u ( b p y ) 3 . 3 S m a l l AV "s were f o u n d a t 
l o w t e m p e r a t u r e s , b u t a v a l u e o f +7.5 cm /mol was t h e c a s e f o r 7 0 
a q u e o u s s o l u t i o n s ( F e t t e r o l f 1 9 8 5 ) . T h i s was e x p l a i n e d i n t e r m s o f 



two competing n o n r a d i a t i v e processes, slow weak-coupling d i r e c t l y from 
the emissive MLCT s t a t e and competitive thermal promotion t o a 
nonluminescent, h i g h e r energy LF s t a t e from which n o n r a d i a t i v e 
d e a c t i v a t i o n i s extremely r a p i d . 

CONCLUDING REMARKS 

The above has been concerned with the pressure e f f e c t s experienced by 
the n o n r a d i a t i v e d e a c t i v a t i o n from metal complex e x c i t e d s t a t e s . 
S u b s t a n t i a l e f f e c t s j f t e n r e s u l t from the involvement of s e v e r a l ES, 
so t h a t apparent AV ' S may r e f l e c t d i f f e r e n c e s between two ES r a t h e r 
than the d i s t o r t i o n s i n h e r e n t to a s p e c i f i c d e a c t i v a t i o n mode. 
Nonetheless, i t appears t o be a safe c o n c l u s i o n t h a t those systems f o r 
which a weak-coupling n o n r a d i a t i v e d e a c t i v a t i o n mechanism i s dominant, 
pressure e f f e c t s on k n are small (as are temperature e f f e c t s ) . In 
c o n t r a s t , d e a c t i v a t i o n by s t r o n g - c o u p l i n g paths not only i s 
temperature dependent, but may a l s o be much more pressure dependent, 
s i n c e these appear t o i n v o l v e much more d i s t o r t i o n p r i o r t o the 
d e a c t i v a t i o n event. Recently, we have extended our i n v e s t i g a t i o n s t o 
d i n u c l e a r complexes. Given t h a t lowest energy ES f o r many of these 
d e r i v e from e l e c t r o n promotion between o r b i t a l s d e l o c a l i z e d between 
the two c e n t e r s , s u b s t a n t i a l d i s t o r t i o n s of the metal-metal bonds 
o f t e n r e s u l t . An i n t r i g u i n g subset i s t h a t where both metal c e n t e r s 
have the d c o n f i g u r a t i o n such t h a t the highest occupied MO i s M-M 
antibonding but the LUMO i s M-M bonding, thus the lowest ES has a 
s i g n i f i c a n t l y s h o r t e r M-M bond than the ground s t a t e ( M a r s h a l l 1986). 
P r e l i m i n a r y pressure s t u d i e s ( F e t t e r o l f 1987) have shown t h a t the 
phosphorescence l i f e t i m e s i n ^ a c e t o n i t r i l e of the t e t r a b r i d g e d i o n 
Pt~ (^-pop) ̂  (§°P ̂ s P 2 ° 5 H 2 ' a r e ^^tle a f f e c t e d by pr e s s u r e 
( Z V l = -176 cm /mol) but trie d i b r i d g e d complex I r ^ (ju-pz ) 2 (COD) 2 (pjH 
i s p y r a ^ o l e , COD i s c y c l o o c t a d i e n e ) has a s u b s t a n t i a l l y p o s i t i v e AV"n 

(4.6 cm /mol). These o b s e r v a t i o n s suggest t h a t P t 2 ( P O P ) . 
d e a c t i v a t e s by a weak-coupled pathway while the i r i d i u m aimer i n v o l v e s 
s t r o n g - c o u p l i n g d e a c t i v a t i o n . The much g r e a t e r temperature dependence 
of k^ f o r the l a t t e r s p e c i e s i s f u l l y c o n s i s t e n t with t h i s model. 
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HETEROGENEOUS PHOTOCATALYSIS BY METAL SULFIDE SEMICONDUCTORS 

H.Kisch, W.Hetterich, and G.Twardzik 

I n s t i t u t fur Anorganische Chemie der Un i v e r s i t a t Erlangen-Nurnberg 
Egerlandstr. 1 f 8520 Erlangen, FRG 

M e t a l l i z e d s e m i c o n d u c t o r powders l i k e t i t a n i u m d i o x i d e and cadmium s u l ­

f i d e may p h o t o c a t a l y z e t h e r e d u c t i o n of wate r and r e a c t i o n s of o r g a n i c 

compounds. In t h e l e t t e r c a s e no new m a t e r i a l s were o b t a i n e d (Fox 1983) 

e x c e p t i n t h e d e h y d r o d i m e r i z a t i o n of c y c l i c e t h e r s by p h o t o e x c i t e d z i n c 

s u l f i d e ( B u c h e l e r 1982; Zeug 1985; Y a n a g i d a 1985). T h i s r e a c t i o n a f f o r d s 

f r o m 2 , 5 - d i h y d r o f u r a n (2,5-DHF) and 2 , 3 - d i h y d r o f u r a n (2,3-DHF) t h e 

h i t h e r t o unknown compounds 1 - 3 i n p r e p a r a t i v e amounts, and from THF 

t h e 2 , 2 ' - b i t e t r a h y d r o f u r y 1 (4) w i t h o u t t r a c e s o f t h e 2 , 3 ' - i s o m e r . T h e i r 

f o r m a t i o n i s c o u p l e d t o h y d i u g e n e v o l u t i o n from w a t e r w h i c h o c c u r s w i t h ­

o u t a n o b l e m e t a l c a t a l y s t . In t h e f o l l o w i n g we r e p o r t how t h e r e a c t i o n 

o f 2,5-DHF depends on t h e method of c a t a l y s t p r e p a r a t i o n , on t h e c o n ­

c e n t r a t i o n o f w a t e r , 2,5-DHF and z i n c s u l f i d e , and on t h e s u b s t i t u t i o n 

o f z i n c s u l f i d e by cadmium s u l f i d e o r homogeneous s o l u t i o n s o f ZnS/CdS. 

C o m p e t i t i o n and i n h i b i t i o n e x p e r i m e n t s g i v e some b a s i c i n s i g h t s i n t o 

t h e n a t u r e o f i n t e r f a c i a l e l e c t r o n t r a n s f e r p r o c e s s e s . 

The s u l f i d e s were p r e p a r e d by a d d i t i o n o f sodium s u l f i d e t o z i n c s u l ­

f a t e a t room t e m p e r a t u r e (ZnS-A) or by t h e r e a c t i o n of z i n c s u l f a t e 

1 2 3 

Scheme 1 



w i t h t h i o u r e a ( K u r i a n 1972) i n a l k a l i n e s o l u t i o n a t 80°C (ZnS-B) . A l l 

s a m p l e s were o b t a i n e d as amorphous powders c o n t a i n i n g v a r i o u s amounts 

o f c u b i c z i n c s u l f i d e . The s u l f i d e s ZnS-B have s u r f a c e a r e a s o f 10 - 15 
2 

m /g (BET-method) and e x h i b i t s t r o n g p h o t o c o r r o s i o n . E D A X - a n a l y s i s shows 

t h a t t h e r a t i o o f Zn/S on t h e s u r f a c e i n c r e a s e s f r o m 1.00/0.83 t o 1.00 

/0.68 when t h e s u l f i d e i s p r e c i p i t a t e d from a s o l u t i o n w i t h t h e r a t i o 

Z n 2 + / 0 H " = 1/5 ( Z n S - B 1 ) and 1/10 ( Z n S - B ^ ) , r e s p e c t i v e l y . The h i g h e r c o n ­

t e n t o f z i n c o x i d e , as i n d i c a t e d by t h e h i g h e r z i n c t o s u l f u r r a t i o , 

i n c r e a s e s p h o t o c o r r o s i o n and d e c r e a s e s t h e r e a c t i o n r a t e by 50% as com­

p a r e d t o ZnS-B,. . 

A l l z i n c s u l f i d e s p r e p a r e d e x h i b i t a t room t e m p e r a t u r e l u m i n e s c e n c e upon 

f r o n t - f a c e i l l u m i n a t i o n . Maxima i n t h e e m i s s i o n s p e c t r a a t 430, 670 nm 

o r i g i n a t e from z i n c s u l f i d e , a t 500 nm from t h e l a t t e r and t r a c e s o f 

z i n c o x i d e , and a t 600 nm.from an i m p u r i t y o f M n ( I I ) . No o b v i o u s c o r ­

r e l a t i o n i s f o u n d between s l i g h t c h a n g e s i n t h e e m i s s i o n s p e c t r a and 

p h o t o c a t a l y t i c a c t i v i t y . 

When t h e f o u r s u l f i d e s Z n S - A ^ _ 4 a r e p r e c i p i t a t e d from s o l u t i o n s c o n ­

t a i n i n g d i f f e r e n t c o n c e n t r a t i o n s o f ammonia, t h e i n i t i a l r a t e s a r e 7, 

0, 7, and 19 ml H 2/h f o r t h e m o l a r r a t i o s Z n 2 + / N H 3 = 1/0, 1/7, 1/20 and 

1/30, r e s p e c t i v e l y . D i f f u s e r e f l e c t a n c e s p e c t r a o f ZnS-A^_ 3 c o n t a i n t h e 

bandgap a b s o r p t i o n a t 354 nm, w h i c h i n d i c a t e s t h e p r e s e n c e o f i n t e r s t i ­

t i a l Z n 2 + and Zn (0) ( K u r i a n 1 9 7 2 ) . Z n S - A 4 has t h i s a b s o r p t i o n a t 336 nm 

w h i c h i s e q u a l t o t h e l i t e r a t u r e v a l u e o f p u r e z i n c s u l f i d e . The i n t e r ­

s t i t i a l atoms promote e l e c t r o n - h o l e r e c o m b i n a t i o n and t h u s t h e l o w e r c a ­

t a l y t i c a c t i v i t y o f ZnS-A^_ 3 becomes e x p l a i n a b l e . When t h e ammonia c o n ­

c e n t r a t i o n i s t o o low* as i n t h e c a s e o f ZnS-A^, t h e a l k a l i n e medium 

i n d u c e s t h e f o r m a t i o n o f z i n c o x i d e w h i c h i n h i b i t s t h e r e a c t i o n ; t h e 

r a t i o Zn/S on t h e s u r f a c e i s 1.00/0.87, 1.00/0.55 and 1.00/0.83 i n t h e 

c a s e o f ZnS-A 1 , ZnS-A 9 and ZnS-A., r e s p e c t i v e l y . I n d u c t i o n t i m e s a r e 



l o n g e r w i t h t h e l e s s a c t i v e samples p o i n t i n g t o a p o s s i b l e r e m o v a l o f 

i n t e r s t i t i a l atoms and s u r f a c e o x i d e a t t h i s i n i t i a l s t a g e of t h e r e ­

a c t i o n . The r a t e i n d u c e d by ZnS-A^ i s about t h r e e t i m e s t h a t o b t a i n e d 

by ZnS-B^ and i t s c a t a l y t i c a c t i v i t y p e r s i s t s much l o n g e r . T h i s may be 
2 

due t o t h e l a r g e r s p e c i f i c s u r f a c e of t h e s u l f i d e s ZnS-A (100 - 130 m /g) 

However, o t h e r p r o p e r t i e s of t h e s u r f a c e l i k e p o r o s i t y seem t o be a l s o 

i m p o r t a n t and t h e r e i s no s i m p l e c o r r e l a t i o n between s u r f a c e a r e a and 

p h o t o c a t a l y t i c a c t i v i t y . 

Homogeneous s o l u t i o n s of p l a t i n i z e d ZnS/CdS i n d u c e a d e c r e a s e of t h e 

i n i t i a l r a t e when t h e amount o f cadmium i s i n c r e a s e d ( F i g . l ) . T h i s may 

be due t o t h e c o n c o m i t a n t d e c r e a s e of t h e r e d u c i n g and o x i d i z i n g power 

F i g . l : R a t e o f h y d r o g e n e v o l u t i o n as 

mmol o f c a t a l y s t s u s p e n d e d i n 

1: Z n S - A 4 > 2: Z n Q 2 C d Q g S / P t , 

f u n c t i o n o f i r r a d i a t i o n t i m e ; 0.3 

120 ml o f 2,5-DHF/H 20 = 1/14 ( v / v ) ; 

3: Z n Q C d Q g S / P t , 4: CdS/Pt 



o f t h e p h o t o g e n e r a t e d e l e c t r o n s and h o l e s , r e s p e c t i v e l y ; t h e f l a t b a n d 

p o s i t i o n s o f z i n c and cadmium s u l f i d e a r e a t -1.6 and -0.7 V (pH=7), t h e 

bandgap e n e r g i e s a t 3.65 and 2.4 eV, r e s p e c t i v e l y . In t h e c a s e o f CdS/Pt 

t h e r e a c t i o n o c c u r s a l s o w i t h v i s i b l e l i g h t . 

C o m p e t i t i o n e x p e r i m e n t s between 2,5-DHF and THF were c o n d u c t e d w i t h t h e 

c a t a l y s t ZnS-A^. S i n c e t h e r e a c t i o n r a t e of 2,5-DHF i s t e n t i m e s t h a t o f 

THF, d e h y d r o d i m e r s o f t h e l a t t e r and c r o s s - p r o d u c t s s h o u l d be f o r m e d 

when THF i s p r e s e n t i n a t e n f o l d e x c e s s o v e r 2,5-DHF. The f a c t t h a t t h e s e 

p r o d u c t s a p p e a r o n l y i f t h e r a t i o THF/2,5-DHF i s a t l e a s t 100/1, p o i n t s 

t o s p e c i f i c a d s o r p t i o n e f f e c t s . When t h e r a t i o i s a b o u t 300/1, t h e de-

h y d r o d i m e r o f THF , 4, i s t h e m a j o r p r o d u c t i n t h e c a s e o f e q u a l amounts 

o f z i n c s u l f i d e and 2,5-DHF; c o n t r a r y , 1 - 3 a r e for m e d p r e d o m i n a n t l y 

when 2,5-DHF i s p r e s e n t i n a t h r e e f o l d e x c e s s o v e r t h e s u l f i d e ( c a s e a ) . 

When t h e r a t i o THF/2 ,5-DHF i s i n c r e a s e d t o 1000/1 and t h a t o f 2,5-

DHF/ZnS i s d e c r e a s e d t o 0.3, 4 becomes t h e main p r o d u c t and 1 - 3 a r e 

form e d o n l y i n t r a c e s ( c a s e b ) . The r e a c t i o n s t o p s i n c a s e a a f t e r a l l 

2,5-DHF has been consumed but c o n t i n u e s w i t h a s l o w e r r a t e , due t o r e ­

a c t i o n o f THF, i n c a s e b. The d i f f e r e n c e may be r a t i o n a l i z e d by t h e a s ­

s u m p t i o n t h a t 2,5-DHF c o v e r s a l l a d s o r p t i o n s i t e s when p r e s e n t i n e x c e s s 

o v e r z i n c s u l f i d e , and t h a t THF c a n n o t use t h e s e s i t e s f o r a d s o r p t i o n 

n o r r e p l a c e a d s o r b e d 2,5-DHF or 1 - 3. C o n t r a r y , when 2,5-DHF i s p r e s e n t 

i n l o w e r c o n c e n t r a t i o n s ( c a s e b) t h e r e seems some f r e e s u r f a c e a v a i l a b l e 

f o r a d s o r p t i o n o f THF and t h e r e a c t i o n c o n t i n u e s t h r o u g h o x i d a t i o n o f 

THF when a l l 2,5-DHF has r e a c t e d . T h e s e e x p e r i m e n t s d e m o n s t r a t e t h a t 

c h e m o s e l e c t i v i t y can be i n t r o d u c e d by p r o p e r s e l e c t i o n o f t h e r a t i o o f 

s u b s t r a t e t o c a t a l y s t . 

The b e t t e r a d s o r p t i o n o f 2,5-DHF i s f u r t h e r s u p p o r t e d by t h e L a n g m u i r -

t y p e d e p e n d e n c e o f t h e r a t e on t h e c o n c e n t r a t i o n s o f 2,5-DHF, THF and 

w a t e r ; a f t e r an i n i t i a l l i n e a r i n c r e a s e a p l a t e a u o f maximum r a t e i s 



r e a c h e d a t c o n c e n t r a t i o n s o f 1.5, 6 and 15 M, r e s p e c t i v e l y . From t h e 

p l o t o f r e c i p r o c a l r a t e s v e r s u s r e c i p r o c a l c o n c e n t r a t i o n s , e q u i l i b r i u m 

c o n s t a n t s o f a d s o r p t i o n a r e o b t a i n e d as 10, 0.5 and 0.6 M _ 1 f o r 2,5-DHF 

THF and w a t e r , r e s p e c t i v e l y . 

From t h e s e e x p e r i m e n t a l r e s u l t s a m e c h a n i s t i c scheme i s p r o p o s e d w h e r e i n 

p h o t o p h y s i c a l p r o c e s s e s and t h e a d s o r p t i o n e q u i l i b r i u m of w a t e r a r e o-

m i t t e d f o r t h e sake o f s i m p l i f i c a t i o n (Scheme 2 ) ; D 7 q s y m b o l i z e s an 

RH
 +
 D Z n S R H g d (1) 

ZnS ^ v • Z n S ( e ~ , h + ) (2) 

H 2 0 g c | + Z n S ( e " , h + ) •> Z n S ( h + ) + 1/2 H g + 0 H a d (3) 

0H a' d OH' (4) 

R H g d + Z n S ( h + ) » R H a d + ZnS (5) 

RH +' R a d + H a d <6> 
ad 

n; d — : H +
 ( 7 ) 

ad — 1 / 2 Rp (8) 
ad 

1/2 R 9 « m 1/2 R (9) 
ad 

R a d R" (10) 

1/2 R 2 (11) 

Scheme 2 

empty a d s o r p t i o n s i t e , and s o l v a t e d s p e c i e s a r e shown w i t h o u t an i n d e x . 

The p h o t o g e n e r a t e d e l e c t r o n - h o l e p a i r ( s t e p 2) r e d u c e s w a t e r t o h y d r o g e n 

(3) and t h e r e m a i n i n g h o l e s o x i d i z e t h e a d s o r b e d e t h e r (1,5) t o t h e 

r a d i c a l c a t i o n . D e p r o t o n a t i o n s h o u l d be f a s t due t o t h e h i g h h y d r a t i o n 



e n e r g y o f t h e p r o t o n ( 6 , 7 ) . The r a d i c a l R" may d i m e r i z e i n t h e a d s o r b e d 

(8,9) a n d / o r f u l l y s o l v a t e d s t a t e (10,11) t o t h e f i n a l p r o d u c t s . The 

f a c t t h a t t h e d i a s t e r e o m e r s o f t h e d e h y d r o d i m e r s a r e f o r m e d i n e q u a l 

amounts p o i n t s t o t h e l a t t e r p o s s i b i l i t y . I n t e r f a c i a l e l e c t r o n t r a n s f e r 

(3,5) seems t o be s t r o n g l y c o u p l e d as i n d i c a t e d by t h e i n h i b i t i o n o f 

b o t h h y d r o g e n and d e h y d r o d i m e r f o r m a t i o n i n t h e p r e s e n c e o f e l e c t r o n 

s c a v e n g e r s l i k e N^O o r z i n c c h l o r i d e . The more e f f i c i e n t r e m o v a l o f 

c o n d u c t i o n band e l e c t r o n s by t h e s c a v e n g e r s h o u l d i n c r e a s e t h e s t a t i o ­

n a r y h o l e c o n c e n t r a t i o n . T h i s may i n d u c e o x i d a t i o n o f RH +* o r R' by a 

s e c o n d h o l e , p r e v e n t i n g d i m e r i z a t i o n . A f u r t h e r p o s s i b i l i t y i s t h a t t h e 

i n h i b i t i o n o c c u r s a t a s u r f a c e s i t e where no e t h e r s p e c i e s i s a d s o r b e d . 
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INTRODUCTION 
P h o t o l i t h o g r a p h y i s us e d e x t e n s i v e l y i n t h e m i c r o e l e c t r o n i c s i n d u s t r y 
t o g e n e r a t e t h r e e - d i m e n s i o n a l p a t t e r n s i n a s o l i d s u b s t r a t e s u c h 
as s i n g l e c r y s t a l s i l i c o n ( W i l l s o n 1983; Bowden 1984). F i g u r e 1 
i l l u s t r a t e s t h e s e q u e n c e o f s t e p s t h a t c o m p r i s e t h e t y p i c a l 
p h o t o l i t h o g r a p h i c p r o c e s s . The s u b s t r a t e i n i t i a l l y i s c o a t e d w i t h 
a t h i n l a y e r o f a p h o t o s e n s i t i v e m a t e r i a l , t e r m e d a r e s i s t , and 
t h e n e x p o s e d t o l i g h t t h r o u g h a mask c o n t a i n i n g t r a n s p a r e n t and 
opaque a r e a s t h a t d e f i n e t h e d e s i r e d p a t t e r n . The t r a n s p a r e n t a r e a s 
t r a n s m i t l i g h t w h i c h c a u s e s a p h o t o c h e m i c a l r e a c t i o n i n t h e r e s i s t , 
t h e r e b y a f f o r d i n g a means o f d i f f e r e n t i a t i n g t h e e x p o s e d and u n e x p o s e d 
r e g i o n s . P r e f e r e n t i a l d i s s o l u t i o n o f t h e u n e x p o s e d r e s i s t i n a 
s u i t a b l e d e v e l o p i n g s o l v e n t , f o r e x a m p l e , c r e a t e s a n e g a t i v e t o n e 
image o f t h e mask on t h e s u b s t r a t e s u r f a c e ( a p o s i t i v e t o n e image 
r e s u l t s i f t h e e x p o s e d r e s i s t d i s s o l v e s p r e f e r e n t i a l l y i n t h e 
d e v e l o p e r ) . T h i s i m a g e , i n t u r n , can be t r a n s f e r r e d i n t o t h e 
s u b s t r a t e v i a a c h e m i c a l a n d / o r p h y s i c a l e t c h i n g p r o c e s s i n w h i c h 
t h e a r e a s n o t p r o t e c t e d by t h e r e s i s t a r e a t t a c k e d by t h e e t c h a n t . 
The f i n a l s t e p i n v o l v e s s t r i p p i n g away t h e r e s i s t t o y i e l d a n e g a t i v e 
t o n e r e l i e f image i n t h e s u b s t r a t e t h a t r e p l i c a t e s t h e p a t t e r n o f 
t h e mask. 

Light 

Expose Develop 

Strip 

F i g u r e 1. Sequence o f s t e p s i n t h e p h o t o l i t h o g r a p h i c p r o c e s s . 



R e s i s t s composed o f a f u n c t i o n a l i z e d p o l y m e r and a p h o t o i n i t i a t o r 
h a v e been a m a i n s t a y o f t h e p h o t o l i t h o g r a p h i c p r o c e s s f o r a number 
o f y e a r s . The g e n e r a l i z e d r e s p o n s e o f t h i s t y p e o f s y s t e m t o l i g h t 
can be s u m m a r i z e d by e q . 1 and 2. A b s o r p t i o n o f a p h o t o n by t h e 

P J i ! L — I [ 1 ] 
I + p o l y m e r m o d i f i e d p o l y m e r [ 2 ] 

p h o t o i n i t i a t o r P r e s u l t s i n i t s c o n v e r s i o n t o one o r more r e a c t i v e 
s p e c i e s I . S u b s e q u e n t t h e r m a l r e a c t i o n o f I w i t h t h e p o l y m e r c a u s e s 
t h e change i n s o l u b i l i t y o r o t h e r p r o p e r t i e s t h a t f o r m t h e b a s i s 
f o r d i s t i n g u i s h i n g between e x p o s e d and u n e x p o s e d a r e a s . S i n c e t h e 
p h o t o i n i t i a t o r and t h e p o l y m e r s e r v e d i f f e r e n t f u n c t i o n s , i t i s 
p o s s i b l e t o o p t i m i z e t h e p r o p e r t i e s o f one w i t h o u t a f f e c t i n g t h e 
d e s i r a b l e f e a t u r e s o f t h e o t h e r . T h i s i n h e r e n t f l e x i b i l i t y o f a 
two-component s y s t e m g r e a t l y s i m p l i f i e s t h e t a s k o f d e s i g n i n g 
r a d i a t i o n - s e n s i t i v e m a t e r i a l s . 

The m a j o r i t y o f c o m m e r c i a l l y - i m p o r t a n t p h o t o i n i t i a t o r s a r e n o n m e t a l l i c 
compounds w h i c h g e n e r a t e r a d i c a l s a n d / o r s t r o n g a c i d s upon 
i r r a d i a t i o n . The l a t t e r s p e c i e s p l a y t h e r o l e o f I i n e q . 1 and 
2 and r e a c t w i t h t h e f u n c t i o n a l i z e d p o l y m e r v i a w e l l - p r e c e d e n t e d 
r a d i c a l o r c a t i o n i c p a t h w a y s . E x a m p l e s o f commonly-used n o n m e t a l 
i n i t i a t o r s i n c l u d e b e n z o i n and b e n z o i n e t h e r s , b e n z y l k e t a l s , 
b e n z o p h e n o n e s p l u s h y d r o g e n atom d o n o r s , and "onium" s a l t s b e l o n g i n g 
t o t h e a r y l d i a z o n i u m , t r i a r y l s u l f o n i u m , and d i a r y l i o d o n i u m f a m i l i e s 
( G a t e c h a i r 1983; V e s l e y 1986). I n c o n t r a s t , l i t t l e i n f o r m a t i o n 
c u r r e n t l y e x i s t s c o n c e r n i n g t h e u s e o f t r a n s i t i o n m e t a l c o m p l e x e s 
as p h o t o i n i t i a t o r s f o r t h e r e a c t i o n s o f f u n c t i o n a l i z e d p o l y m e r s . 
T h i s o v e r s i g h t i s s u r p r i s i n g , s i n c e s e v e r a l c l a s s e s o f c o m p l e x e s 
a p p e a r t o be w e l l - s u i t e d f o r t h i s r o l e . E x e m p l a r y i n t h i s r e g a r d 
a r e t h e c l a s s i c a l a c i d o p e n t a m m i n e c o b a l t ( I I I ) c o m p l e x e s , CoiNH^) t^X+2} 

where X i s C I , B r , I o r o t h e r u n i n e g a t i v e g r o u p . I n a d d i t i o n t o 
t h e i r e a s e o f s y n t h e s i s , t h e s e c o m p l e x e s r e s i s t d e c o m p o s i t i o n by 
a i r , m o i s t u r e , and h e a t (>100°C), a b s o r b s t r o n g l y i n t h e u l t r a v i o l e t 
s p e c t r a l r e g i o n , and u n d e r g o quantum e f f i c i e n t p h o t o d e c o m p o s i t i o n 
f r o m a l i g a n d - t o - m e t a l (X t o Co) c h a r g e t r a n s f e r e x c i t e d s t a t e . As 
d e s c r i b e d by e q . 3> t h i s i n t r a m o l e c u l a r r e d o x r e a c t i o n i n a q u e o u s 
s o l u t i o n g e n e r a t e s t h e a q u a t e d c o b a l t ( I I ) c a t i o n ( a L e w i s a c i d ) , 

C o ( N H 3 ) 5 X + 2 — — C o ( + a 2 q ) + 5 N H 3 + X * 

t h e X" r a d i c a l , and f i v e m o l e c u l e s o f ammonia ( a L e w i s b a s e ) ( B a l z a n i 
1970; E n d i c o t t 1975). One o r more o f t h e s e c h e m i c a l l y d i s t i n c t 
s p e c i e s c o u l d p l a y t h e r o l e o f I i n e q . 2 and i n i t i a t e u s e f u l 
c h e m i s t r y i n a f u n c t i o n a l i z e d p o l y m e r . 

To t e s t t h i s p o s s i b i l i t y , we s e l e c t e d [ C o ( N H 3 ) 5 B r ] ( C I O 4 ) 2 as t h e 
p h o t o i n i t i a t o r o w i n g t o i t s s t r o n g a b s o r p t i o n i n t h e d e e p - u l t r a v i o l e t 
r e g i o n , w h i l e t h e c o m m e r c i a l l y - a v a i l a b l e r e s i n , COP ( F i g . 2 ) , s e r v e d 
as t h e f u n c t i o n a l i z e d p o l y m e r . The l a t t e r i s a c o p o l y m e r o f g l y c i d y l 
m e t h a c r y l a t e and e t h y l a c r y l a t e w h i c h h a s f o u n d use as a n e g a t i v e 
e l e c t r o n - b e a m r e s i s t (Thompson 1974, 1975). The e p o x i d e g r o u p 
s i t u a t e d on t h e g l y c i d y l s i d e c h a i n i s s u s c e p t i b l e t o r i n g o p e n i n g 
b o t h by a c i d i c and b a s i c r e a g e n t s and t h u s i s a l o g i c a l s i t e f o r 
c r o s s l i n k f o r m a t i o n ( L e e 1967). As d i s c u s s e d i n t h e n e x t s e c t i o n , 
t h e C O P - [ C o ( N H 3 ) 5 B r ] ( 0 1 0 4 ) 2 s y s t e m p r o v e d t o be o f c o n s i d e r a b l e 
i n t e r e s t a s a p h o t o r e s i s t . 
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F i g u r e 2. S t r u c t u r e and p r o p e r t i e s o f COP sample used i n t h i s s t u d y . 

RESULTS AND DISCUSSION 

W h i l e r e s i s t s o f v a r y i n g c o m p o s i t i o n have been i n v e s t i g a t e d ( K u t a l 
1987), t h e r e s u l t s s u m m a r i z e d h e r e r e f e r s p e c i f i c a l l y t o a f o r m u l a t i o n 
c o n t a i n i n g 9 wt % o f COP and 1 wt % o f [Co (NH3) 5 B r ] (CIO4) 2 d i s s o l v e d 
i n a 1:3 ( v : v ) s o l v e n t m i x t u r e o f N - m e t h y l - 2 - p y r r o l i d i n o n e / 
c h l o r o b e n z e n e . F o l l o w i n g f i l t r a t i o n t h r o u g h a 0.2 ym f i l t e r , t h i s 
s o l u t i o n was s p i n - c o a t e d o n t o q u a r t z and s i l i c o n w a f e r s and t h e 
s o l v e n t removed by h e a t i n g a t 62° C f o r m i n u t e s . F i l m s o f 
COP-[Co(NH3)5Br](CIO4)2 p r e p a r e d by t h i s p r o c e d u r e were 0.5 pm 
t h i c k a n d , when e x a m i n e d u n d e r a m i c r o s c o p e a t 1500x m a g n i f i c a t i o n , 
showed no e v i d e n c e o f a g g r e g a t i o n o f t h e c o b a l t s a l t . The e l e c t r o n i c 
a b s o r p t i o n s p e c t r u m o f a f i l m above 250 nm i s e s s e n t i a l l y t h a t o f 
Co ( N H j ) ^Br" 1"^ ̂  s i n c e COP a b s o r b s v e r y w e a k l y i n t h i s w a v e l e n g t h r e g i o n . 
E x p o s i n g a f i l m t o 25^ nm r a d i a t i o n c a u s e s a b l e a c h i n g o f t h e i n t e n s e 
B r - t o - C o c h a r g e t r a n s f e r a b s o r p t i o n band ( X m a x = 258 nm) i n t h e 
c o m p l e x . T h i s b e h a v i o r i s c o n s i s t e n t w i t h t h e o c c u r r e n c e o f a 
p h o t o r e d o x p r o c e s s w h i c h , i n a n a l o g y t o t h e aqueous s o l u t i o n 
p h o t o c h e m i s t r y o f t h e c o m p l e x ( e q . 3 ) , g e n e r a t e s one o r more 
w e a k l y - a b s o r b i n g c o b a l t ( I I ) s p e c i e s . W h i l e a d e t a i l e d 
c h a r a c t e r i z a t i o n o f t h e p h o t o p r o d u c t s has y e t t o be u n d e r t a k e n , 
we w o u l d e x p e c t t h e r e d u c e d m e t a l t o r e m a i n c o o r d i n a t e d t o a number 
o f ammonia m o l e c u l e s s i n c e s u c h c o m p l e x e s a r e known t o p e r s i s t i n 
t h e s o l i d s t a t e a t room t e m p e r a t u r e (Wendlandt 1967). D i s s o c i a t i o n 
o f ammonia may o c c u r , h o w e v e r , e s p e c i a l l y when t h e p o l y m e r f i l m 
i s h e a t e d . 

A f i l m e x p o s e d t o >60 mJ/cm 2 o f 25^ nm r a d i a t i o n d i s s o l v e s c o m p l e t e l y 
away f r o m t h e u n d e r l y i n g w a f e r upon b e i n g s p r a y e d f o r 15 s e c o n d s 
w i t h a 5:3 m i x t u r e o f 2 - b u t a n o n e / e t h a n o l . I n c o n t r a s t , h e a t i n g 
a c o m p a r a b l y i r r a d i a t e d f i l m a t 68°C f o r 6.5 m i n u t e s r e n d e r s i t 
i n s o l u b l e i n t h i s s o l u t i o n . S i n c e h e a t i n g , by i t s e l f , d o e s n o t 
c a u s e i n s o l u b i l i z a t i o n , i t a p p e a r s t h a t one o r more o f t h e 
p h o t o d e c o m p o s i t i o n p r o d u c t s o f [ C o ( N H 3 ) 5 B r ] ( C I O 4 ) 2 r e a c t ( s ) w i t h 
COP i n a t h e r m a l l y - a c t i v a t e d p r o c e s s w h i c h c r o s s l i n k s - t h e epoxy 
r e s i n . E x p e r i m e n t s d e s i g n e d t o e l u c i d a t e t h e mechanism o f 
c r o s s l i n k i n g s u g g e s t t h a t one o r p e r h a p s b o t h o f t h e f o l l o w i n g p a t h s 
( F i g . 3) p l a y ( s ) an i m p o r t a n t r o l e : ( i ) r e a c t i o n o f t h e b a s i c ammonia 



molecule with pendant epoxide groups on adjacent polymer chains, 
( i l ) coordination of a cationic cobalt species to the oxygen atom 
of an epoxide ring followed by nucleophilic attack of a second 
epoxide. 

Figure 3. Mechanisms for the crosslinking of COP: (i) base i n i t i a t e d , 
( i i ) cation i n i t i a t e d . 

Dose-response measurements on C0P-[Co(NH3) ̂ Br ] (CIO4) 2 films reveal 
that 20-25 mJ/cm2 of 254 nm radiation i s s u f f i c i e n t to cause 
detectable gel formation, while one-half of the ultimate f i l m 
thickness can be achieved with 35~40 mJ/cm2. Figure 4 displays 
the line-space pattern obtained upon exposing a film in contact 
with a chrome mask to a 40 mJ/cm2 dose, baking at 68° C for 6.5 
minutes, and then developing with 2-butanone/ethanol. Despite some 
swelling of the negative tone images by the developer, 1-2 micron 
resolution can be obtained. 

Films of pure COP are insensitive to 254 nm radiation since, as 
noted e a r l i e r , the resin exhibits negligible absorption at this 
wavelength. Photochemistry does occur upon prolonged i r r a d i a t i o n 
at shorter wavelengths, but quite interestingly, i t results in 
degradation of the polymer chains. Consequently, upon development, 
the exposed areas of the film dissolve away. Thus, quite apart 
from extending the effective photosensitivity of the system to a 
convenient wavelength, the incorporation of [Co(NH3)^Br](CIO4)2 
into a film of COP changes the basic response of the material from 
positive tone to negative tone. Moreover, the a b i l i t y to image 
a COP-[.C6(NH3)5Br](C10i|)2 f i l m with both photons and electrons ( r e c a l l 
that COP, i t s e l f , i s a sensitive e-beam re s i s t ) offers the prospect 



o f " h y b r i d " l i t h o g r a p h y (Imamura 1 9 8 4 ) whereby r e l a t i v e l y l a r g e 
p a t t e r n s a r e f i r s t p r i n t e d w i t h uv l i g h t and t h e n v e r y f i n e p a t t e r n s 
a r e d e l i n e a t e d w i t h a f o c u s e d e l e c t r o n beam. 

The i n t e r e s t i n g c h e m i c a l and l i t h o g r a p h i c p r o p e r t i e s o f t h e 
C 0 P - [ C o ( N H 3 ) ^ B r ] ( C I O 4 ) 2 s y s t e m p r o v i d e a p r o m i s i n g i n d i c a t i o n t h a t 
new c l a s s e s o f r a d i a t i o n s e n s i t i v e m a t e r i a l s can r e s u l t f r o m t h e 
p r o p e r c o m b i n a t i o n o f an i n o r g a n i c i n i t i a t o r and a f u n c t i o n a l i z e d 
p o l y m e r . The d e s i g n o f s u c h m a t e r i a l s , t h e i r f u n d a m e n t a l c h e m i s t r y , 
and t h e i r p o t e n t i a l a p p l i c a t i o n a r e t o p i c s t h a t we a r e c o n t i n u i n g 
t o p u r s u e . 
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F l u o r e s c e n c e o f o r g a n i c c o l o r a n t s i s g e n e r a l l y e n h a n c e d by h i g h v i s c o s i t y 
o f t h e s u r r o u n d i n g m e d i u m , h a v i n g much f e w e r e n e r g e t i c c o l l i s i o n s w i t h 
t h e e x c i t e d s t a t e , a n d p e r h a p s a l s o p r e v e n t i n g l a r g e d i s t o r t i o n s a l o n g 
u n s y m m e t r i c a l v i b r a t i o n a l m o d e s . H o w e v e r , t h i s i s n o t s i m p l y d e t e r m i n e d 
by t h e m a c r o s c o p i c v i s c o s i t y ( L e w i s and C a l v i n 1939) s i n c e c o o l g l y c e r o l 
i s much more e f f e c t i v e t h a n a l u b r i c a t i n g o i l a t t h e same low t e m p e r a t u r e . 
We a r e h e r e s t u d y i n g f l u o r e s c e i n , b e l o n g i n g t o t h e c a t e g o r y o f x a n t h e n e 

d y e s ( t h e h e t e r o c y c l i c x a n t h e n e i s two b e n z e n e r i n g s c o n n e c t e d w i t h two 
b r i d g e s i n o r t h o - p o s i t i o n , o n e b e i n g an o xygen atom and t h e o t h e r CH^) 
l i k e t h e v a r i o u s s u b s t i t u t e d e o s i n e and r h o d a m i n e m o d i f i c a t i o n s . I n many 
c a s e s , t h e i r quantum y i e l d Y\ i s above 0.9,and c o r r e s p o n d i n g t o t h e i r v e r y 
s t r o n g a b s o r p t i o n bands i n t h e v i s i b l e , t h e l i f e - t i m e *T o f f l u o r e s c e i n 
i s o n l y 4 n a n o s e c o n d s i n w a t e r and a l c o h o l s ( M a r t i n 1 9 7 5 ) . 

L e w i s , L i p k i n and M a g e l (1941) s t u d i e d f l u o r e s c e i n i n g l a s s e s f o r m e d by 
m e l t i n g b o r i c a c i d B(OH)^ and r e m o v i n g w a t e r v a p o r t o a c o m p o s i t i o n c l o s e 
t o B 2 Q ° 2 7 ( ° H ) 6 * F r o m t n e p o i n t o f v i e w o f p r o t o n a t i o n d i s c u s s e d b e l o w , t h e 
a b s o r p t i o n maximum a t 4 36 nm makes t h i s g l a s s c o m p a r a b l e t o aqueous a c i d 
w i t h pH b e l o w 1,but t h e l u m i n e s c e n c e i s s u p e r p o s e d a v e r y s l o w d e c a y o f 
t h e f i r s t t r i p l e t s t a t e ( " p h o s p h o r e s c e n c e " ) r e a c h i n g <r~ = 3 s e c o n d s a t 
l i q u i d a i r b e s i d e s a n o n - e x p o n e n t i a l s i n g l e t e m i s s i o n a t h i g h e r e n e r g y . 
F o l l o w i n g J a b t o n s k i ( 1 9 3 5 ) , L e w i s e t a l . (1941) d i s t i n g u i s h t h e " b e t a 
p r o c e s s " o f t r i p l e t e m i s s i o n f r o m t h e " a l p h a p r o c e s s " o f e x c e p t i o n a l l y 
s l o w e m i s s i o n f r o m t h e f i r s t e x c i t e d s i n g l e t s t a t e , e n h a n c e d by i n c r e a s i n g 
temperature,V7e c a l l t h e a l p h a p r o c e s s " d e l a y e d f l u o r e s c e n c e " s i n c e i t i s 
due t o t h e t h e r m a l e x c i t a t i o n o f t h e l o n g - l i v e d t r i p l e t s t a t e t o t h e 
f i r s t e x c i t e d s i n g l e t , w i t h an A r r h e n i u s a c t i v a t i o n e n e r g y a g r e e i n g w i t h 
t h e s p e c t r o s c o p i c e n e r g y d i f f e r e n c e 3000 cm 1 . A n o t h e r c o m p l i c a t i o n f o r 
t h e l u m i n e s c e n c e i s t h e a p p e a r a n c e ( i n s t r o n g i l l u m i n a t i o n ) o f two new 
a b s o r p t i o n b a n d s a t 650 and 505 nm due t o t r a n s i t i o n s f r o m t h e q u a s i -
s t a t i o n a r y c o n c e n t r a t i o n o f t h e l o w e s t t r i p l e t t o two much h i g h e r 
t r i p l e t s t a t e s . 



f l u ( C ) c a t i o n : * e a c h one H; ** one H 
f l u ( N ) n e u t r a l m o l e c u l e ( q u i n o n i c f o r m ; i n 

e q u i l i b r i u m w i t h l a c t o n i c t a u t o m e r i n 
l e s s p o l a r s o l v e n t s ) : 
*one o f t w o h a s H; ** one H 

f l u ( A ) a n i o n w i t h one n e g a t i v e c h a r g e : 
*one o f two h a s H 

f l u ( D ) d i - a n i o n w i t h two n e g a t i v e c h a r g e s : 
no a d d i t i o n a l H 

f l u ( M A ) i s a n e u t r a l compound;each £ h a s 
H r e p l a c e d by H g 0 2 C C H 3 

The c o n s e c u t i v e pK v a l u e s f o r t h e d e p r o t o n a t i o n C->"N-*A->D i n w a t e r 
( Z a n k e r a n d P e t e r 1 9 5 8 ; L e o n h a r d t e t a l . 1971) a r e 2.2, 4.4 and 6.7. 
H e n c e , t h e d i - a n i o n i s p r e v a i l i n g f o r a l l pH above 8 . C o n t r a r y t o many 
e x c i t e d s i n g l e t s t a t e s o f h e t e r o c y c l i c compounds s t u d i e d by F o r s t e r , 
t h e t h i r d pK = 6.7 o n l y d e c r e a s e s m a r g i n a l l y t o 6.9 i n t h e e x c i t e d 
s t a t e . T h e C a b s o r p t i o n maximum s h i f t s s m o o t h l y f r o m 4 36 nm i n 0.5 
m o l a r t o 431 nm i n 7.4 m o l a r p e r c h l o r i c a c i d (where t h e e m i s s i o n 
maximum o c c u r s a t 482 n m ) . I t s h o u l d be n o t e d t h a t d i f f e r i n g c o n d i t i o n s 
o f h y d r o g e n b o n d i n g i n 7 s o l v e n t s ( M a r t i n 1975) s h i f t b o t h t h e a b s o r p ­
t i o n a n d e m i s s i o n maxima o f t h e d i - a n i o n w i t h i n 7 p e r c e n t . T h e r e i s no 

-2 
s i g n o f i s o s b e s t i c p o i n t s , a s i s a l s o t r u e i n t h e c a s e o f I r B r ^ i n 
o r g a n i c s o l v e n t s ( J ^ r g e n s e n 1 962).The a l m o s t i d e n t i c a l b e h a v i o u r o f 
6 ~ h y d f c > x y - 9 - p h e n y l - f l u o r o n ( M a r t i n 1975) shows t h a t t h e c a r b o x y l g r o u p 
p l a y s no e s s e n t i a l r o l e i n f l u o r e s c e i n . 
C o n t r a r y t o b o r i c a c i d g l a s s e s , t h e t r i p l e t s t a t e d o e s n o t f o r m t o any 
l a r g e e x t e n t i n t h e s e s o l v e n t s , t h o u g h t h e p r o b a b i l i t y o f i n t e r n a l 
c o n v e r s i o n ( n o n - r a d i a t i v e d e - e x c i t a t i o n ) i s t h e n m u l t i p l i e d by 0.6 t o 
0.7 ( M a r t i n and L i n d q v i s t 1973).The t r i p l e t l i f e - t i m e i s 4.5 ms i n 
a c i d s a n d 20 ms a t pH = 1 2 , l e s s t h a n a p e r c e n t o f t h e v a l u e f o r b o r i c 
a c i d g l a s s ( C a r m i c h a e l a n d Hug 1 9 8 6 ) . C o r r e s p o n d i n g l y , V| = 0.31 f o r 
t h e n e u t r a l (N) a n d 0.93 f o r t h e d i - a n i o n (D) (Weber and T e a l e 1 9 5 8 ) . 
We f i n d Yj = 0.23 a t pH = 1 ( c a t i o n C) s h o w i n g t h e a b s o r p t i o n maximum 
a t 437 nm, Yj = 0.92 a t pH = 6 i n w a t e r ( m i x t u r e o f A a n d D,479 nm)and 
Y| = 0.92 a t pH = 13 (D,490 nm) . 

H e a t - s e n s i t i v e c o l o r a n t s c a n be i n c o r p o r a t e d i n V y c o r g l a s s (Mack e t 
a l . 1983) a n d i n g e l g l a s s e s ( R e i s f e l d 1 9 8 4 ; L e v y e t a l . 1984) w h e r e , 
f o r i n s t a n c e , t h e s i l i c a c a g e m o d i f i e s t h e s p e c t r a o f t r a p p e d 
r h o d a m i n e 6 G a n d s t r o n g l y e n h a n c e s i t s p h o t o s t a b i l i t y ( A v n i r e t a l . 



1 984 ).Recently,we have incorporated fluorescein derivatives (in metha-
nolic solution) in a glass prepared by controlled hydrolysis of 
Si(OCH3)4 at 60°C for 48 hours.The glasses obtained are of good optical 
quality,transparent above 340 nm,and of densities 1.15 to 1.2 g/ml 
(Reisfeld et a l . 1987).Also thin sol-gel glass films prepared by the 
method of Avnir,Kaufman and Reisfeld (1985) show r] = 0.9 after light 
absorption in a maximum at 455 nm.If heated to 200°C,the absorption 
shifts to 490 nm,resembling the effect of deprotonation.Fluorescein 
substituted by two mercury acetate groups,flu(MA)in the scheme above, 
shows rapid transformation of the f i rst excited singlet to the lowest 
tr iplet state,as a typical relativistic "heavy-atom" effect.The time-
evolution of the emissibn spectrum of flu(MA) in boric acid glass is 
roughly invariant intensity of the 570 nm emission for a few mil l ise­
conds , followed by a slow decay (at room temperature) with T=2.8 :t0 .5 
seconds,the Tvalue Lewis et al.(1941) found for 570 nm emission of 
fluorescein in boric acid glass at 60 K,to be compared with about 1 s 
at 300 K.These measurements are rendered diff icult by the photochemical 
dissociation of the two "HAgroups.Nevertheless,the observed 490 nm 
emission from flu(MA) has less than a-quarter of the intensity at 570 
nm after at least 0.01 s has elapsed since the illumination stopped. 

The luminescence of fluorescein in glasses prepared at moderate tempe­
ratures may have several applications.lt seems rather probable that 
flat-plate luminescent solar concentrators (transporting emitted light 
by a series of total reflections out to a rim covered with a photo­
voltaic material) are only a competitive alternative to flat-plate 
sil icon coverage,if combined with some organic materials (Reisfeld and 
J$6rgensen 1 982 ; Reisfeld et a l . 1 983;Neuroth and Haspel 1 986).Lasers 
involving 4f and 3d group ions may also be combined with thin films 
containing organic luminophores (Reisfeld 1983 and 1985).Fluorescein-
doped boric acid glass shows non-linear optical properties applicable 
to phase conjugation devices (Kramer et a l . 1986). 
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INDUSTRIAL APPLICATIONS OF ORGANOMETALLIC PHOTOCHEMISTRY 

A . R o l o f f , K . Meier, and M . R i e d i k e r 

C e n t r a l Research L a b o r a t o r i e s , CIBA-GEIGY AG, 4002 B a s l e , SWITZERLAND 

INTRODUCTION 

I n an a t t e m p t t o u n d e r s t a n d a n d i m p r o v e t h e i n o r g a n i c p h o t o c h e m i s t r y 
o f t h e p h o t o g r a p h i c p r o c e s s n u m e r o u s s c i e n t i s t s i n i n d u s t r i a l l a b o r a t o ­
r i e s s t u d i e d t h e i n t e r a c t i o n o f l i g h t w i t h s i l v e r h a l i d e s . A n o t h e r f o r m 
o f i m a g i n g h o w e v e r h a s r e c e n t l y g a i n e d a l o t o f a t t e n t i o n . P h o t o p o l y -
m e r i s a t i o n m e t h o d s f o r t h e m a n u f a c t u r e o f p r i n t e d a n d i n t e g r a t e d c i r ­
c u i t s a r e s t u d i e d i n g r e a t d e t a i l ( S t e p p a n e t a l . 1 9 8 2 ) . I t i s i n t h i s 
a r e a t h a t o r g a n o m e t a l l i c p h o t o c h e m i s t r y h a s b e e n p u t t o w o r k ( C u r t i s 
e t a l . 1 9 8 6 ) . Two e x a m p l e s f r o m o u r own r e s e a r c h l a b o r a t o r i e s s h a l l 
d e m o n s t r a t e t h e u s e f u l n e s s o f o r g a n o m e t a l l i c p h o t o c h e m i s t r y f o r i m a g i n g 
s y s t e m s . 

TITANOCENE PHOTOINITIATORS 

A n u m b e r o f t i t a n i u r n ( I V )-comp1 e x e s h a v e b e e n d e s c r i b e d a s l i g h t s e n s i t i v e 
a n d some h a v e b e e n c l a i m e d a s p h o t o i n i t i a t o r s ( Z u c c h i n i e t a l . 1 9 7 1 ; 
K a e r i y a m a , S h i m u r a 1 9 7 2 ) . 
T h e p h o t o c h e m i s t r y o f b i s - e y e 1 o p e n t a d i e n y 1 - 1 i t a n i u m - d i p h e n y 1 ( 1 ) h a s 
b e e n e x t e n s i v e l y s t u d i e d ( P e n g , B r u b a k e r 1 9 7 8 ; R a u s c h e t a l . 1"978; T u n g , 
B r u b a k e r 1 9 8 1 ) . 

P h o t o i n i t i a t o r s h o w e v e r m u s t be t h e r m a l l y s t a b l e a n d o f f e r a d v a n t a g e s 
o v e r c o n v e n t i o n a l r a d i c a l U V - i n i t i a t o r s . D u r i n g o u r w o r k w i t h t i t a n i u m 
c o m p l e x e s we d i s c o v e r e d e n h a n c e d t h e r m a l a n d o x i d a t i v e s t a b i l i t y a s w e l l 
a s a v e r y e f f i c i e n t c u r i n g r a t e when a f l u o r i n a t e d a r y l l i g a n d i s i n t r o ­
d u c e d i n t o t h e c o m p l e x ( 2 ) ( R i e d i k e r e t a l . 1 9 8 3 ; R o l o f f , M e i e r , R i e d i -
k e r 1 9 8 6 ) . T h e s y n t h e s i s o f t h e s e c o m p l e x e s was e a s i l y a c h i e v e d a c c o r ­
d i n g t o t h e l i t e r a t u r e p r o c e d u r e ( C h a u d h a r i , T r e i c h e l , S t o n e 1 9 6 4 ) . 
T h e p h o t o c h e m i s t r y o f t h e f l u o r i n a t e d c o m p o u n d s (2) h o w e v e r p r o v e d t o 
be t o t a l l y d i f f e r e n t f r o m w h a t was known a b o u t t h e p h e n y l d e r i v a t i v e ( J _ ) . 
R a u s c h ( 1 9 7 8 ) h a d f o u n d t h a t b e n z e n e a n d d i p h e n y l w e r e f o r m e d a s t h e 
m a j o r p r o d u c t s when t h e c o m p l e x was i r r a d i a t e d i n s o l u t i o n . 

2 
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We w e r e a b l e t o t r a p t h e r a d i c a l s f o r m e d by h o m o l y s i s o f t h e T i - a r y l 
b o n d w i t h t h e a i d o f a r a d i c a l s c a v e n g e r ( R o l o f f , M e i e r , R i e d i k e r 1 9 8 6 ) . 
F r o m t h e p h o t o r e a c t i o n o f t h e f l u o r i n a t e d c o m p o u n d (7) h o w e v e r no o r g a ­
n i c r a d i c a l s c o u l d be t r a p p e d . P e n t a f 1 u o r o p h e n y 1 s u b s t i t u t e d c y c l o p e n t a -
d i e n e s (8) w e r e o b s e r v e d a s t h e m a i n o r g a n i c p r o d u c t s a n d a t i t a n i u m -
f r a g m e n t w h i c h h a d r e a c t e d w i t h t w o r a d i c a l s c a v e n g e r s (9») was i s o l a t e d . 

8 

9 

We a r e c u r r e n t l y i n v e s t i g a t i n g t h e s o u r c e o f p o l y m e r i s a t i o n i n i t i a t i o n . 
N e v e r t h e l e s s a r e t h e s e t i t a n i u m b a s e d p h o t o i n i t i a t o r s among t h o s e w i t h 
t h e g r e a t e s t c u r i n g s p e e d f o r v i n y l p o l y m e r i s a t i o n . T h e y a r e a p p l i c a b l e 
i n t h e m a n u f a c t u r e o f p e r m a n e n t c o a t i n g s a n d i n t e g r a t e d c i r c u i t s . Due 
t o t h e i r a b s o r p t i o n i n t h e v i s i b l e a n d t h e i r b l e a c h i n g t h e y c a n be 
a p p l i e d i n t h e c u r i n g o f t h i c k e r l a y e r s a s t h e y a r e r e q u i r e d f o r t h e 
a p p l i c a t i o n a s p l a n a r i s i n g d i e l e c t r i c s b e t w e e n m e t a l l a y e r s ( R o h d e e t a l . 
1 9 8 5 , 1 9 8 6 ) . T h e i r p r o n o u n c e d a b s o r p t i o n i n t h e r e g i o n b e t w e e n 4 0 0 a n d 
6 0 0 nm o p e n s an o p p o r t u n i t y t o u s e t h e s e p h o t o i n i t i a t o r s i n l a s e r - l i t h o ­
g r a p h y . T h e m a i n e m i s s i o n s o f an a r g o n l a s e r a r e e x a c t l y i n t h e r e g i o n o f 
t h e c h a r g e - t r a n s f e r b a n d o f o u r t i t a n i u m p h o t o i n i t i a t o r s . 
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A b s o r p t i o n s p e c t r u m o f ( K ) ) w i t h m a i n e m i s s i o n 
l i n e s o f t h e a r g o n l a s e r . 

IRON-ARENE PHOTOINITIATORS 

I n r e c e n t y e a r s t h e p h o t o c r o s s l i n k i n g o f e p o x i d e s h a s b e c o m e a f i e l d o f 
i n c r e a s i n g i n t e r e s t ( D e l z e n n e 1 9 7 9 ; G r e e n , S t a r k 1 9 8 1 ) . C r o s s l i n k e d 
p o l y e t h e r s w i t h t h e i r f a v o u r a b l e p r o p e r t i e s s u c h a s t h e r m a l s t a b i l i t y , 
m e c h a n i c a l s t r e n g t h , a n d c h e m i c a l r e s i s t a n c e t h u s b e c a m e a v a i l a b l e f o r 
c o a t i n g a n d i m a g i n g a p p l i c a t i o n s . I n c o n t r a s t t o f r e e r a d i c a l p o l y m e r i ­
s a t i o n o f v i n y l i c s u b s t r a t e s t h e c a t i o n i c p o l y m e r i s a t i o n o f e p o x y r e s i n s 
i s n o t i n h i b i t e d by o x y g e n ( L o h s e , Z w e i f e l 1 9 8 6 ) . S e v e r a l t y p e s o f c a t ­
i o n i c p h o t o i n i t i a t o r s h a v e b e e n d e s c r i b e d i n t h e l i t e r a t u r e ( S c h l e s i n g e r 
1 9 7 4 ; C r i v e l l o 1 9 7 7 , 1 9 8 1 ) . A n u m b e r o f o r g a n o m e t a l l i c c o m p o u n d s h a v e 
a l s o b e e n t e s t e d f o r t h i s p u r p o s e ( B r o w n e t a l . 1 9 7 6 ; C u r t i s e t a l . 
1 9 8 6 ) . So f a r m o s t o f t h e c a t i o n i c p h o t o i n i t i a t o r s h a v e h a d c e r t a i n d r a w 
b a c k s w h i c h w i t h - h e l d t h e m f r o m a c h i e v i n g a m a j o r b r e a k - t h r o u g h . I n many 
c a s e s t h e r e i s a l a c k i n t h e r m a l s t a b i l i t y . 
O u r new i r o n - a r e n e p h o t o i n i t i a t o r s (JJ_) c a n o v e r c o m e m o s t o f t h e s e s h o r t 
c o m i n g s ( M e i e r e t a l . 1 9 8 2 ; M e i e r , Z w e i f e l 1 9 8 5 , 1 9 8 6 ) . 
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A r : n - b o u n d a r e n e l i g a n d 

X: n o n n u c l e o p h i l i c a n i o n l i k e 

As F, BF, 



T h e p r e p a r a t i o n o f t h e s e c o m p o u n d s was d e s c r i b e d by N e s m e y a n o v ( 1 9 6 3 ) 
a n d he a l r e a d y s t u d i e d t h e p h o t o c h e m i c a l b e h a v i o u r o f t h e s e c o m p l e x e s 
( N e s m e y a n o v 1 9 7 0 ) . 
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G i l l a n d Mann ( 1 9 8 0 , 1 9 8 1 ) s t u d i e d l i g a n d e x c h a n g e r e a c t i o n s r e p l a c i n g 
t h e a r e n e l i g a n d by a n o t h e r t h r e e s u i t a b l e l i g a n d s . 
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We h a v e s h o w n t h a t t h e l i g a n d i s p h o t o l y . t i c a 1 l y r e m o v e d f r o m t h e c om­
p l e x a n d t h e r e s u l t i n g L e w i s - a c i d c a n s t a r t t h e e p o x i d e p o l y m e r i s a t i o n , 
We w e r e h o w e v e r n o t s u c c e s s f u l i n i s o l a t i n g t h e p r o p o s e d i n t e r m e d i a t e 
(16). 
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I Polymerization 

F i g . 2. P o s t u l a t e d m e c h a n i s m 
i n i t i a t i o n . 

f o r e p o x i d e p o l y m e r i s a t i o n 

I n a m o d e l e x p e r i m e n t t h e p h o t o l y s i s o f t h e t o l u e n e c o m p l e x (_1_5) i n 
p r e s e n c e o f e t h y l e n e o x i d e y i e l d e d t h e c r y s t a l l i n e p a r a m a g n e t i c s o l i d 
( 1 7 ) w i t h a c h e m i c a l y i e l d o f 80 % ( M e i e r , R i h s 1 9 8 5 ) . T h i s l e d us t o 
b e T i e v e , t h a t a f t e r p h o t o l y t i c a 1 l y r e m o v i n g t h e a r e n e l i g a n d an e p o x ­
i d e c a n s e r v e a s a s u i t a b l e s u b s t i t u t e . 
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S u b s e q u e n t l y r i n g o p e n i n g c a n t a k e p l a c e w i t h i n t h e c o o r d i n a t i o n s p h e r e 
o f t h e c o m p l e x a n d t h u s s t a r t p o l y m e r i s a t i o n . T h e p r o c e s s h o w e v e r r e ­
q u i r e s t e m p e r a t u r e s o f a b o u t 1 0 0 ° C . T h i s t e m p e r a t u r e c a n be l o w e r e d , 
i f a s s h o w n i n f i g . 3 t h e i r o n ( I I ) i s o x i d i s e d t o i r o n ( I I I ) . T h i s t h e n 
w i l l e x e c u t e t h e p o l y m e r i s a t i o n p r o c e s s a t a b o u t 5 0 ° C L o h s e , Z w e i f e l 
1 9 8 6 ) . 

' I 1 , , • 
0 50 100 150 

Temperature (°c) 

F i g . 3. DSC d i a g r a m o f e p o x i d e p o l y m e r i s a t i o n s w i t h 2.5 % p h o t o ­
i n i t i a t o r i n t h e p r e s e n c e a n d i n a b s e n c e o f t h e o x i d a n t 
c u m e n e h y d r o p e r o x i d e . 

C a t i o n i c p o l y m e r i s a t i o n w i t h i r o n - a r e n e c o m p l e x e s m u s t t h e r e f o r e b e c o n ­
s i d e r e d a d u a l s t e p p r o c e s s : 1. l i b e r a t i o n o f t h e a c t i v e i n i t i a t o r by 
p h o t o l y s i s a n d 2. h e a t t r e a t m e n t t o o b t a i n c o m p l e t e p o l y m e r i s a t i o n . 

CONCLUSION 

O r g a n o m e t a l l i c p h o t o c h e m i s t r y h a s p r a c t i c a l l y n o t b e e n u s e d i n i n d u s ­
t r i a l p r o c e s s e s s o f a r . T h e t w o e x a m p l e s o f u s i n g o r g a n o m e t a l l i c p h o t o ­
c h e m i s t r y f o r p o l y m e r i s a t i o n i n i t i a t i o n seem o n l y t h e b e g i n n i n g o f e x ­
p l o i t i n g a s o f a r u n u s e d f i e l d . 
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SYNTHESIS AND CHARACTERIZATION OF A M - o x c - d i r u t h e n i u m COMPLEX AS A 
PRECURSOR TO AN EFFICIENT WATER OXIDATION CATALYST 

F . P . R o t z i n g e r , S . M u n a v a l l i 1 d , P.Comte, J . K . H u r s t 1 ^ , and M . G r a t z e l 

I n s t i t u t de Chimie P h y s i q u e , E c o l e P o l y t e c h n i q u e F e d e r a l e 
1015 Lausanne, SWITZERLAND 

A precursor to a highly active molecular water oxidation catalyst has been prepared by 
controlled potential electrolysis of as- Ru I I (H xL)2(H20)2 in 0.5 M H2SO4. The 
deprotonated ligand L 2 ~ is the 2,2-bipyridyl-5,5'-dicarboxylate anion. The dimers 
(H xL)2(H20)RuIIl0RuIII(H 20)(H xL)2 (blue) and (H xL)2(H20)Ru"l0RuIV(H 20)(H xL)2 
(orange) were characterized by cyclic voltammetry, resonance Raman and UV-vis 
spectroscopy. In 0.5 M H2SO4, Ce^V a n c j Q)3 + oxidize water rapidly to molecular oxygen 
in presence of this dimer. In comparison to other similar |x-oxo-Ru dimers this complex is 
a much more durable and efficient water oxidation catalyst. 

INTRODUCTION 

Strong oxidants such as e. g. Ag^ + , Co^ + and Ce*V oxidize water only slowly in acidic 
solution despite of the large driving force, because the one electron oxidation of water 
leads to the very unstable hydroxyl radical. A simultaneous oxidation of two water 
molecules concerted with 0-0 bond formation, viz. 2 H2O -» H2O2 + 2 e + 2 H + , would 
avoid the formation of hydroxyl radicals and therefore, a much lower energy of activation 
would be required for water oxidation. A binuclear complex exhibiting e. g. two 
coordinated hydroxide ligands could achieve this goal: 

Mn+-0-Mn + -> Mfl- l -O-Mn-1 + 2 H + 

I I I I 
HO OH 0 0 

The complex (bpy )2 (H20 )RuI I I -0 -Ru I I I (H 2 0 ) (bpy )2 4 + was recently studied in detail by 
Gilbert et. al. (1985) and found to be a precursor to a water oxidation catalyst, indeed. 
Unfortunately, this compound has a low turnover number. 

We found that by using the 2,2-bipyridyl-5,5-dicarboxylic acid ligand (H2U instead of 
2,2 -bipyridine (bpy), a more efficient water oxidation catalyst is obtained. 

1 Invited professor, on leave of absence from: 
a) The Chemical Research and Development Center of the United 

States Army, Edgewood, Maryland 21010. 
b) The Department of Chemistry, Oregon Graduate Center, Beaverton, Oregon 97006. 



SYNTHESIS AND CHARACTERIZATION 

Attempts to prepare the (HL)2Ru(H20)2 (HL: monodeprotonated H2L ligand) directly 

from "RUCI33 H2O" and the ligand failed, presumably because the desired product 

polymerizes via displacement of coordinated water by carboxylate. (H xL )2Ru^(H20)2 in 

0.5 M H2SO4 (1 < x ^ 2) was prepared as follows: 

L'ltOH 
"RuCl 3• 3 H 2 0 " -» RUL2CI2• H2O 
(L1: 2,2'-bipyridyl-5,5-dicarboxylic acid diethyl ester) 

NEt3 

RuL 2CI2 • H2O Ru(H 2L ) 2 Cl2• 2,5 H2O 
H20/Et0H 

Ag + 

Ru(H 2 L) 2 Cl 2 -2 .5 H2O -> (H xL)2RuII(H 2 0)2 
05MH 2 S0 4 

(H x L )2Ru n (H20)2 forms R ^ ^ L ^ S O ^ 4 H2O on standing in 0.5 M H 2 S 0 4 for a couple 

of weeks. The IR spectrum shows that sulfate acts as a bidentate chelating ligand. From 
this behavior and the CV (exhibiting E j / 2 = 078 V for the diaqua complex and a small 

wave at E j / 2 - 0.61 V for the sulfato complex) we conclude that sulfato complexes must 

also exist in solution. 

Electrolysis of (H x L )2Ru n (H20)2 at 1.1 V (SCE) produced the corresponding R u 1 1 1 

complex which then was dimerized by heating to 40°C and keeping the potential at 1.1 V. 
The primarily formed dimers are presumably sulfato complexes exhibiting E j / 2 - 0.68 

and 0.87 V. The sulfato dimers were subsequently reduced at 0.65 V which lead to the 

diaqua complex ( H x L ) 2 ( H 2 0 ) R u I I I - 0 - R u I I I ( H 2 0 ) ( H x D 2 which is oxidized reversibly to 

the corresponding R u I i r - R u I V dimer at 0.98 V. This complex slowly oxidizes water to 

molecular oxygen. The sulfato complexes of the R u ' ^ - R u ^ dimer are reformed, if the 
solution is again electrolyzed at 1.1 V. 

The thus obtained R u ^ - R u 1 * 1 and R u ^ - R u ' v dimers were further characterized by 
UV-vis spectroscopy. The former complex exhibits X m a x at 654 nm with e - 18000 

M ^ c m " 1 whereas the latter has * m a x at 500 nm with e - 17000 M ' ^ c m " 1 . These 
maximas are red-shifted compared to those of the corresponding bpy analogs (Gilbert et. 
al. 1985). 

The Raman spectra of the R u ^ - R u * ' * and R u ^ ^ - R u ' ^ dimers show v s at 375 and 381 

c rn^ , respectively. These vibrations are resonance enhanced and typical to v g (M -0 -M) 

(Plowman et. al 1984, Burke et. al. 1978, San Filippo et. al. 1976 and Campbell et. al. 
1980). Further evidence for the proposed structures and oxidation states were obtained 



from chemical reductions of (H x L)2 (H 2 0)Ru U A -0 -Ru i V (OH) (H x L) 2 with ascorbic acid. 

Addition of one equivalent of reductant to the R u * ^ - R u * v dimer lead to the R u ' ^ - R u 1 1 1 

dimer which was converted to two moles of ( H x D 2 R u n ( H 2 0 ) 2 upon addition of two 

equivalent.of reductant. At pH * 3 the R u n i - R u n i dimer precipitates after addition of 

acetone. The solid analyzes as Ba[(HL)(L)(H 20)Ru I I I-0-Ru I I I(H 20)(L)(HL)]-13 H 2 0. 

The trans isomers of the ( b p y ) 2 R u I I / i n ( H 2 0 ) 2
2 + / 3 + complexes are thermodynamically 

unstable, but they can be generated by irradiation of the corresponding cis complexes 
(Durham et. al 1980). Since our preparations have been carried out in the dark, the 
monomers are expected to be present in the cis configuration. Dimerization of the cis 
complex, however, can still lead to two isomers, the racemate and the meso form. The 

crystal structure of [ (bpy) 2 (H 2 0)Ru I I I -0-Ru I I I (H 2 0) (bpy) 2 KC10 4 ) 4 -2 H 2 0 is known 

(Gilbert et. al. 1985). and this compound is racemic. 

The solution of ( H x D 2 ( H 2 0 ) R u I I I - 0 - R u I I I ( H 2 0 ) ( H x L ) 2 in 0.5 M H 2 S 0 4 prepared by the 
procedure described above exhibits, in addition to the prominent wave at 0.98 V, an 
additional small wave at * 0.9 V (SCE) in the CV. We assume that the wave at ~ 0.9 V is 
due to small amounts of another isomer (eventually the meso form). Also, the isomer 
produced in large amounts is less soluble in acetone/H20 at pH * 3. 

PROPOSED WATER OXIDATION MECHANISMS 

a) Mechanism proposed by Gilbert et. al. (1985): 

Based on CV using a glassy carbon electrode Gilbert et. al. (1.985) postulate a three 

electron oxidation of the ( bpy ) 2 (H 2 0 )Ru i n -0 -Ru n i (H 2 0 ) (bpy ) 2 complex to the 
corresponding Ru^-O-Ru^ dimer which restores the RuIH-0-RuW dimer by reductive 
elimination of molecular oxygen. We assume that this mechanism is not established, 
because we were unable to obtain the three electron wave using In doped Sn0 2 electrode. 

(bpy)2RuIH-0-Ru m (bpy)2 « » (bpy) 2RuIII-0-RuIV(bpy) 2 

I I ±e,±H + | | 
0H2 OH2 OH 2 OH 

(bpy) 2RuV-0-RuV(bpy) 2 



b) Alternative Mechanism: 
Only the (H x L )2(H20 )Ru 1 I I -0 -Ru I H (H20 ) (H x L )2 complex and the corresponding R u n i - 0 -

R u 1 ^ dimer can be observed by UV-vis spectroscopy and CV. Therefore, we propose that 
formation of the R u ! V - 0 - R u I V dimer is slow and/or thermodynamically unfavorable, but 
this presumably very reactive species forms a n-oxo, ^.-peroxo complex which would 
quickly form molecular oxygen upon oxidation and reform the R u ' ^ - O - R u ^ ' dimer. 

( H x L ) 2 R u n i - 0 - R u n i ( H x L ) 2 i > ( H x L ) 2 R u i n - 0 - R u I V ( H x L ) 2 

I I ±e,±H + | | 

OH2 OH2 OH2 OH 

-2e 

^2H20 

-02 

( H x L ) 2 R u n i - 0 - R u m ( H x L ) 2 +• 

±e, ±H + slow and/or 
unfavorable 

(H x L ) 2 RuIV -0 -R U IV (H x L )2 

-2H+ 
0- OH OH 

(O2 2 -) 
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THE APPLICATION OF DIFFUSE REFLECTANCE LASER FLASH PHOTOLYSIS TO 
METAL PHTHALOCYANINES IN AN OPAQUE ENVIRONMENT 

F . W i l k i n s o n and C . J . W i l l s h e r 

D e p a r t m e n t o f C h e m i s t r y , U n i v e r s i t y o f T e c h n o l o g y , L o u g h b o r o u g h , LE11 3TU, UK 

Since i t s i n i t i a l discovery, the elegant technique of f l a s h p h o t o l y s i s has 
been continually refined in response to developments i n the instrumentation 
for capturing very fast signals and i n the shortening of the excitation pulse. 
A recent development has been our work to extend f l a s h p h o t o l y s i s to 
opaque and h i g h l y - s c a t t e r i n g substances; for such samples the t r a n s i e n t 
species generated by an exciting pulse i s interrogated by means of monitoring 
l i g h t which has been d i f f u s e l y r e f l e c t e d from the sample. We have used 
fDiffuse Reflectance Flash Photolysis 1 (DRFP) to detect t r a n s i e n t absorption 
from the t r i p l e t s t a t e of a number of chromophores i n a wide v a r i e t y of 
different opaque environments, such as hydrocarbons adsorbed on ^-alumina, 
(Kessler, Wilkinson, 1981) ketones i n m i c r o c r y s t a l l i n e form (Wilkinson, 
W i l l s h e r , 1984) and i n t e r c a l a t e d i n the channels of the s y n t h e t i c z e o l i t e 
' s i l i c a l i t e ' (Wilkinson, Willsher, Casal, Johnston, Scaiano, 1986), and in the 
dyestuff Rose Bengal chemically attached to a polymer substrate (Wilkinson, 
W i l l s h e r , P r i t c h a r d , 1984). We have a l s o shown that pulse r a d i o l y s i s can be 
c a r r i e d out on opaque substances by using the d i f f u s e r e f l e c t i o n from the 
sample to monitor t r a n s i e n t s formed by i o n i s i n g r a d i a t i o n (Wilkinson, 
Willsher, Warwick, Land, Rushton, 1984), and recently we have extended DRFP to 
f o l l o w processes i n i t i a t e d by a picosecond e x c i t a t i o n source (Wilkinson, 
Willsher, Leicester, Barr, Smith, 1986). 

Aluminium Sulphonated 
Phthalocyanine (ALPCS) 
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Decay of the triplet-triplet absorption at 510 nm of ALPCS dyed into 
-purged cotton fabric. A = 354 nm. 

We shall disuss briefly DRFP studies of a metal phthalocyanine, namely ALPCS 
dyed into a woven cotton fabric. The transient difference spectrum can be 
assigned as arising mainly from the t r i p l e t state of ALPCS (Wilkinson, 
Willsher, 1985). The decay of the triplet, which depicted in figure 1, follows 
a f i r s t order rate law where T i s in the region of 1 ms. This lifetime i s 
somewhat longer than that observed for triplet ALPCS in water, where T ranges 
between 250 and 50 ̂ s, depending on the pH of the solution (Darwent, McCubbin, 
P h i l l i p s , 1982). Quenching by 0 2 of t r i p l e t ALPCS is not observed in a dry 
fabric, and an oxygen effect can be seen only when the cotton is soaked with 
water. The deactivation of the oxygen-quenched triplet is shown i n f i g . 2 but 
the decay cannot be f i t t e d by a pseudo-first order rate law, which suggests 
that the quenching process is in e f f i c i e n t . In an aqueous solution, however, 
oxygen quenching does occur quite e f f i c i e n t l y , with k q = (2.0+0.1) x 10^ dm̂  
mol"-1- s" 1 (Darwent, McCubbin, Phillips, 1982). It is interesting to note that 
electron donors such as cysteine or p-benzohydroquinone have no effect on the 
decay of t r i p l e t ALPCS, even when the cotton fabric i s water-saturated and 
concentrations of donor as high as 10~1 M are used in the solutions employed 
to load the dyed fabric with donor molecules. It is reported than in solution 
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Figure 2. Decay of the t r i p l e t - t r i p l e t absorption at 510 nm of ALPCS dyed 
into cotton fabric which is water-saturated and oxygen-purged following pulsed 
excitation at 354 nm. 

kg = 5.5 x 10** dm-* mol"1 s~L for quenching with p-benzohydroquinone that leads 
to the formation of the phthalocyanine radical anion, (Darwent, McCubbin, 
P h i l l i p s , 1982); this species is not detected in the dyed fabric. These 
observations suggest that ALPCS i s quite inaccessible when incorporated in 
cotton fibres, and water is necessary to observe quenching by oxygen. Even so, 
quenching by oxygen is not totally efficient, and larger molecules such as 
cysteine and p-benzohydroquinone cannot interact with the chromophore to any 
measurable extent, and therefore the electron transfer reactions which are 
known to occur in a less restricted environment are insignificant within the 
fibres of a cotton fabric. 
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QUENCHING OF SINGLET OXYGEN BY COBALT COMPLEXES 

T . V i d o c z y and S.Nemeth 

C e n t r a l Research I n s t i t u t e f o r C h e m i s t r y o f the Hungarian Academy o f S c i e n c e s , 
P u s z t a s z e r i u t 59-67, 1025 Bud a p e s t , HUNGARY 

C e r t a i n c o o r d i n a t i o n compounds a r e e f f i c i e n t q u e n c h e r s o f s i n g l e t ( A ) 
ox y g e n ( W i l k i n s o n 1 9 8 1 ) , r e f e r r e d t o f i r s t l y by C a r l s s o n ( 1 9 7 4 ) . A f - 9 

t e r w a r d s e x p e r i m e n t s were aimed t o o b t a i n a b e t t e r i n s i g h t i n t o t h e 
p o l y m e r s t a b i l i z i n g e f f i c i e n c y o f t h e s e compounds ( A l l e n 1 984). I n 
s p i t e o f t h e s e r e s u l t s , h o w e v e r , no g e n e r a l t h e o r y emerged w h i c h c o u l d 
e x p l a i n t h e l a r g e d i f f e r e n c e s i n t h e q u e n c h i n g a b i l i t y o f t h e v a r i o u s 
c o o r d i n a t i o n compounds. The o n l y s t u d y o f t h e s u b s t i t u e n t e f f e c t on 
t h e l i g a n d s h a s n o t been e v a l u a t e d k i n e t i c a l l y ( K a j i t a n i 1 9 8 5 ) . T h e r e ­
f o r e we u n d e r t o o k a s y s t e m a t i c s t u d y o f t h e q u e n c h i n g o f s i n g l e t o x y ­
gen b y c o o r d i n a t i o n compounds, s t a r t i n g w i t h a s e r i e s o f c o b a l t com­
p l e x e s . 

Q u e n c h i n g r a t e c o n s t a n t s were d e t e r m i n e d by t h e w i d e l y a c c e p t e d method 
o f m e a s u r i n g t h e c o n s u m p t i o n o f a s i n g l e t o x ygen a c c e p t o r , 1 , 3 - d i p h e n -
y l - i s o b e n z o f u r a n (DPhBF) i n b o t h t h e a b s e n c e and t h e p r e s e n c e o f t h e 
q u e n c h e r ( M e r k e l 1 9 7 4 ) . S i n g l e t o x y g e n was g e n e r a t e d by a f l a s h l a m p 
pumped dye l a s e r (Rhodamine 6G) u s i n g m e t h y l e n e b l u e (MB) as a s e n s i ­
t i z e r . N e u t r a l d e n s i t y f i l t e r s were employed t o c o n t r o l t h e p u l s e i n ­
t e n s i t y i n o r d e r t o keep t h e c o n s u m p t i o n o f t h e a c c e p t o r b e l o w 10%. 
Under s u c h c o n d i t i o n s t h e c o n s u m p t i o n o f t h e a c c e p t o r , b e i n g t h e meas­
u r e o f t h e d i s a p p e a r a n c e o f s i n g l e t o x y g e n , f o l l o w s f i r s t o r d e r k i n e t ­
i c s . The i n c r e a s e i n t h e a p p a r e n t f i r s t o r d e r r a t e c o n s t a n t d i v i d e d by 
t h e c o n c e n t r a t i o n o f t h e q u e n c h e r (Q) y i e l d s t h e q u e n c h i n g r a t e c o n ­
s t a n t t o be d e t e r m i n e d . 

The a c c u r a c y o f t h e measuremens i s h i g h e r , i f t h e l i f e t i m e o f s i n g l e t , 
o x y g e n i s l o n g e r i n t h e s o l v e n t e m p l o y e d . T h e r e f o r e a m i x t u r e o f 90% 
d i c h l o r o m e t h a n e and 10% m e t h a n o l was u s e d . 

T y p i c a l e x p e r i m e n t a l r e s u l t i s shown i n F i g . 1, where t h e main d i a ­
gram r e p r e s e n t s t h e o r i g i n a l d a t a p o i n t s , w h e r e a s t h e i n s e t shows t h e 
s t r a i g h t l i n e f i t t e d t o t h e e v a l u a t e d p o i n t s . 

A l l c o b a l o x i r a e s were p r e p a r e d a c c o r d i n g t o t h e m o d i f i e d S c h r a u z e r 
(1968) method. A l l c h e m i c a l s were o f a n a l y t i c a l g r a d e , d i p h e n y l g l y o x -
ime was r e c r y s t a l l i z e d b e f o r e u se (m.p.: 240-1 C ) . I n e v e r y c a s e 0.02 
mol o f d i m e t h y l g l y o x i m e o r d i p h e n y l g l y o x i m e , 0.02 m o l o f Li O H and 
0.012 m o l o f t h e a p p r o p r i a t e a x i a l l i g a n d were d i s s o l v e d i n 100 ml o f 
b o i l i n g e t h a n o l , and 0.01 m o l o f C o ( C 1 0 4 ) 2 . 6 H 2 0 were added u n d e r i n ­
t e n s i v e s t i r r i n g . Oxygen, was b u b b l e d t h r o u g h t h e s o l u t i o n f o r 2 h o u r s . 
The p r e c i p i t a t e s were f i l t e r e d o f f , washed e t h e r and d r i e d . When TLC 
a n a l y s i s i n d i c a t e d t h e p r e s e n c e o f i m p u r i t i e s , t h e s o l i d s were r e c r y s ­
t a l l i z e d f r o m e t h a n o l - w a t e r m i x t u r e . The c o m p l e x e s were c h a r a c t e r i z e d 
by t h e i r I R s p e c t r a . 
P h 3PCo(Hdmg) 2OH: y i e l d 32%; IR ( i n cm ) : 3094, 1556, 1483, 1437, 

1248, 1104-1084 ( b r o a d ) , 752, 698, 517. 



Et 3NCo(Hding) 2 0 H : y i e l d 22%; I R : 2941 , 2904, 1562 , 1460 ( b r ) , 1 384 , 
1210 ( b r ) , 1113, 974, 750, 503. 

pyCo(Hdmg) 20H: y i e l d 19%; I R : 3 1 0 1 , 3094, 3027, 3 0 1 1 , 2894, 1608, 
1566, 1493, 1450, 1242, 1229, 1108, 977, 773, 750 ( b r ) , 698, 5 1 1 . 

P h 3 P C o ( H d p g ) 2 0 H : y i e l d 44%; I R : 3022 , 1482, 1440, 1262, 1117, 1088 
( b r ) , 9 9 3 , 889, 7 4 0 , 695, 622, 514. 

p y C o ( H d p g ) 2 0 H : y i e l d 3 1 % ; I R : 3031 , 1610, 1 491 , 1453, 1446, 1302 ( b r ) , 
1132, 896, 766, 740, 692, 628. 

F i g u r e 1 
-5 -3 

R e s u l t s o f a t y p i c a l measurement. [DPhBF] = 2.21•10 mol'dm , 
[Q] = 1.91- 1 0 " 4 m o l - d i r T 3 , c a l c u l a t e d r a t e c o n s t a n t = 44700±720 s~~1 

The r e s u l t s o f o u r m e a s u r e m e n t s a r e s u m m a r i z e d i n T a b l e 1. The r e s u l t s 
show c l e a r l y t h a t b o t h t h e e q u a t o r i a l and t h e a x i a l l i g a n d s e x e r t a 
d e c i s i v e e f f e c t on t h e q u e n c h i n g a b i l i t y o f t h e c o m p l e x . C o m p a r i n g t h e 
v a l u e s o b t a i n e d w i t h t h e d i m e t h y l g l y o x i m e s e r i e s i t c a n be assumed 
t h a t a c o r r e l a t i o n e x i s t s b e t w e e n t h e s i g m a d o n o r p o t e n t i a l o f t h e a x ­
i a l l i g a n d and t h e r a t e c o n s t a n t f o r q u e n c h i n g ; t h e same h o l d s f o r t h e 
c o r r e s p o n d i n g d i m e t h y l g l y o x i m e a nd d i p h e n y l g l y o x i m e p a i r s . T h i s h y ­
p o t h e s i s w i l l be t e s t e d i n t h e n e x t s e r i e s o f e x p e r i m e n t s . 



T a b l e 1 
R a t e c o n s t a n t s f o r q u e n c h i n g o f s i n g l e t o x y g e n by c o b a l t c o m p l e x e s 

Complex k •10 6 dm 3-mol 
C o ( a c a c ) 3 6 50+50 

E t 3 N C o ( H d m g ) 2 0 H 150±20 
pyCo(Hdmg) 20H 4 5±10 
p y C o ( H d p g ) 2 O H 2 0 i 6 

P h 3PCo(Hdmg) 2OH <5 
P h 3 P C o ( H d p g ) 2 0 H <5 

P h 3 P 5 + 0.5 
H 2dmg 1±0. 5 

Hdmg: m o n o a n i o n o f d i m e t h y l g l y o x i m e ; Hdpg: monoanion o f d i p h e n y l g l y -
oxime.; p y : p y r i d i n e ; N E t 3 : t r i e t h y l a m i n e ; P P h 3 : t r i p h e n y l p h o s p h i n e ; 
a c a c : a c e t y l a c e t o n a t e m o n o a nion. 

One o f t h e a u t h o r s (T. V.) g r a t e f u l l y a c k n o w l e d g e s t h e h e l p f u l d i s c u s ­
s i o n s w i t h p r o f e s s o r Dezso G a l . 
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RECENT ADVANCES IN INORGANIC AND ORGANOMETALLIC PHOTOLITHOGRAPHY 

R.E.Wright 

C o r p o r a t e R e s e a r c h L a b o r a t o r y , 3M, S t . P a u l , MN 55144, *JSA 

During the l a s t decade there has been a r a p i d growth i n the number of 
p u b l i c a t i o n s d e a l i n g w i t h c o m m e r c i a l l y r e l a t e d a p p l i c a t i o n s of 
i n o r g a n i c and o r g a n o m e t a l l i c photochemistry. The m a j o r i t y of these 
r e l a t e to l i t h o g r a p h y , s p e c i f i c a l l y p h o t o i n i t i a t o r s , p h o t o c r o s s l i n k i n g 
agents, and m i c r o l i t h o g r a p h y . There are f a r fewer examples of systems 
t h a t have a c t u a l l y been c o m m e r c i a l i z e d , however. T h i s paper i s 
i n t e n d e d t o both i n f o r m and s t i m u l a t e i n o r g a n i c and o r g a n o m e t a l l i c 
p h o t o c h e m i s t s so t h a t they w i l l be more aware of the c u r r e n t T h o t T 

t o p i c s i n a l l three areas of research. S e v e r a l e x c e l l e n t r e f e r e n c e s 
a r e a v a i l a b l e on c o n v e n t i o n a l l i t h o g r a p h y (Brinckman 1978; R o f f e y 
1982; Thompson 1983; Pappas 1985). F o r any c o m m e r c i a l system 
c o n t a i n i n g i n o r g a n i c or o r g a n o m e t a l l i c components to succeed, i t must 
meet s e v e r a l requirements. F i r s t and most important, the system must 
meet s t r i c t t o x i c o l o g i c a l g u i d e l i n e s both f o r the u l t i m a t e u s e r and 
f o r the environment. I t must a l s o be economical. A i r s t a b i l i t y i s a 
concern s i n c e s p e c i a l handling i s otherwise r e q u i r e d and f i n a l l y , the 
system must o f f e r advantages over more c o n v e n t i o n a l or t r a d i t i o n a l 
a l t e r n a t i v e s . 

The u t i l i t y of most l i t h o g r a p h i c systems a r i s e s from photochemically 
i n d u c e d s o l u b i l i t y d i f f e r e n c e s . I n s o l u b i l i z a t i o n may o c c u r by 
f o r m a t i o n o f an i n s o l u b l e polymer from a s o l u b l e monomer or e l s e by 
f o r m a t i o n o f a c r o s s l i n k e d polymer from s o l u b l e o l i g o m e r s or low 
m o l e c u l a r w e i g h t p o l y m e r s . C o n v e n t i o n a l p h o t o p o l y m e r s are u s u a l l y 
cured by one of two routes. A c r y l a t e and r e l a t e d monomers are cured 
by f r e e r a d i c a l i n i t i a t o r s w h e r e a s e p o x i d e s r e q u i r e c a t i o n i c 
i n i t i a t i o n . I f e i t h e r i n o r g a n i c or o r g a n o m e t a l l i c i n i t i a t o r s are to 
be u t i l i z e d , they w i l l most l i k e l y be l i m i t e d to those few cases where 
some d e f i n i t e i n c r e a s e i n p e r f o r m a n c e i s o b s e r v e d . S i n c e s m a l l 
q u a n t i t i e s o f i n i t i a t o r a r e needed, the o t h e r r e q u i r e m e n t s f o r 
success, except a i r s t a b i l i t y , can be l a r g e l y Ignored. 

L i t h o g r a p h i c systems i n which i n s o l u b i l i z a t i o n occurs as a r e s u l t of 
c r o s s l i n k f o r m a t i o n a r e t r e a t e d s e p a r a t e l y s i n c e t h e r e i s no c h a i n 
r e a c t i o n . A s i n g l e event g i v e s r i s e t o a s i n g l e s t o i c h i o m e t r i c 
chemical r e a c t i o n . S e v e r a l m e t a l - c o n t a i n i n g systems, d e s c r i b e d below, 
have been shown to o f f e r advantages over conventional organic ones but 
s i n c e l a r g e r q u a n t i t i e s of the photoactive species are necessary, the 
other r e s t r i c t i o n s become much more important. 

Another area where i n o r g a n i c and o r g a n o m e t a l l i c photochemists can make 
s i g n i f i c a n t c o n t r i b u t i o n s i s microlithography. As the name i m p l i e s , 
m i c r o l i t h o g r a p h y i s a s u b s e t of l i t h o g r a p h y t h a t i s d e f i n e d by 
r e s o l u t i o n l i m i t s . The f a b r i c a t i o n of m i c r o e l e c t r o n i c c i r c u i t s Is the 
p r i n c i p a l g o a l . High r e s o l u t i o n i s r e q u i r e d with both speed and cost 
b e i n g o f s e c o n d a r y c o n c e r n . C u r r e n t e f f o r t s a r e p u s h i n g below one 
micron r e s o l u t i o n and the market i s primed f o r major breakthroughs i n 
t h i s a r e a . The u l t i m a t e r e s o l u t i o n Is o f c o u r s e l i m i t e d by the 
wavelength. 



PHOTOPOLYMERS 

A r e c e n t r e v i e w ( C u r t i s 1986) p r e s e n t s an e x c e l l e n t i n t r o d u c t i o n t o 
o r g a n o m e t a l l i c p h o t o i n i t i a t o r s . The a b i l i t y o f some d i n u d e a ^ 
t r a n s i t i o n m e t a l c a r b o n y l c o m p l e x e s t o i n i t i a t e f r e e r a d i c a l 
p o l y m e r i z a t i o n s has been known f o r some time (von Gustorf 1966). More 
r e c e n t l y , complexes which g e n e r a t e o r g a n i c r a d i c a l s d i r e c t l y upon 
p h o t o l y s i s have been i n v e s t i g a t e d (Geoffrey 1979). So f a r , there have 
been no c l e a r c u t adva n t a g e s d e m o n s t r a t e d i n u s i n g i n o r g a n i c o r 
o r g a n o m e t a l l i c f r e e r a d i c a l i n i t i a t o r s o v er t r a d i t i o n a l o r g a n i c 
systems. 

In c u r i n g of e p o x i d e s , a g r e a t d e a l of i n d u s t r i a l r e s e a r c h has been 
g o i n g on. S e v e r a l p a t e n t s have e i t h e r i s s u e d or been a p p l i e d f o r i n 
t h i s a r e a ( I r v i n g 1983; P a l a z z o t t o 1984; Y a t e s 1984). Most o f the 
e f f o r t s have d e a l t w i t h c a t i o n i c I n i t i a t o r s . The mechanism has not 
been c l e a r l y e l u c i d a t e d but ap p e a r s to i n v o l v e the f o r m a t i o n o f 
c o o r d i n a t i v e l y unsaturated c a t i o n i c metal complexes a r i s i n g from l o s s 
of a l i g a n d . T h i s area continues to be an a c t i v e area of research. 

PHOTOCROSSLINK FORMATION 

S i n c e no c h a i n r e a c t i o n i s i n v o l v e d i n f o r m a t i o n o f c r o s s l i n k s , 
e f f i c i e n t p h o t o r e a c t i o n s a r e a p r e r e q u i s i t e . T r a n s i t i o n m e t a l 
c a r b o n y l complexes, where quantum y i e l d s a r e t y p i c a l l y n e a r u n i t y , 
have t h e r e f o r e r e c e i v e d the most a t t e n t i o n . T o x i c i t y p r o b l e m s 
a s s o c i a t e d w i t h metal carbonyls i n general have hindered progress i n 
t h i s a r e a . F u r t h e r m o r e , h o m o l e p t i c m e t a l c a r b o n y l s tend t o have 
a p p r e c i a b l e v a p o r p r e s s u r e s a t room t e m p e r a t u r e and thus p r e s e n t a 
c o n s i d e r a b l e s t a b i l i t y problem. One p o s s i b l e way to circumvent these 
p r o b l e m s was f i r s t s u g g e s t e d by P i t t m a n (1971) when he showed t h a t 
some metal carbonyl complexes, e s p e c i a l l y those c o n t a i n i n g arene or 
c y c l o p e n t a d i e n e g r o u p s , c o u l d be e a s i l y i n c o r p o r a t e d i n t o p o l y m e r 
backbones by a p p r o p r i a t e f u n c t i o n a l i z a t i o n . The s y n t h e t i c route to a 
t y p i c a l o r g a n o m e t a l l i c polymer p r e c u r s o r Is o u t l i n e d below. Polymers 
c o n t a i n i n g pendant t r a n s i t i o n metal carbonyl complexes of t h i s type 
have been found to be u s e f u l as l i t h o g r a p h i c systems (Wright 1985). 

The f u n c t i o n a l i z e d polymers can be c r o s s l i n k e d s e v e r a l d i f f e r e n t ways. 
In the presence of b i d e n t a t e l i g a n d s such as p y r a z i n e , 4 , V - b i p y r i d y l , 
and ethylenediammine, i r r a d i a t i o n r e s u l t s i n c r o s s l i n k f o r m a t i o n and 
i n s o l u b i l i z a t i o n i n the exposed areas. Furthermore, i f the b r i d g i n g 
l i g a n d c o n t a i n s c o n j u g a t i o n such t h a t the m e t a l s a r e i n e l e c t r o n i c 
communication, h i g h l y c o l o r e d images r e s u l t . R e s o l u t i o n b e t t e r than 
1000 l i n e p a i r p e r m i l l i m e t e r was a c h i e v e d i n some c a s e s . The 
proposed mechanism of c r o s s l i n k f o r m a t i o n i s shown below. Note that 
the method i s i n h e r e n t l y slow because c r o s s l i n k f o r m a t i o n r e q u i r e s two 
separate metal c e n t e r s to undergo -CO l o s s before the bridge can form. 
There i s a l s o an o r i e n t a t i o n requirement f o r c r o s s l i n k s of t h i s type 



t o o c c u r . The o r g a n o m e t a l l i c p h o t o p o l y m e r s a r e u s e f u l e i t h e r as 
negative r e s i s t m a t e r i a l s i n which the unexposed areas are removed by 
wet development or a l t e r n a t i v e l y , the image can be f i x e d by h e a t i n g 
the f i l m a t some temperature at which the excess l i g a n d can be d r i v e n 
o f f to gi v e a n o n - s i l v e r imaging system. 

o 

In an a t t e m p t t o i n c r e a s e t h e s p e e d o f t h e s y s t e m , b o t h t h e 
o r g a n o m e t a l l i c m o i e t y and a n u c l e o p h i l e were i n c o r p o r a t e d i n the 
polymer backbone. The r e s u l t i n g photopolymers were found to become 
i n s o l u b l e a f t e r much sh o r t e r exposure times. Spectroscopic evidence 
supports a mechanism i n v o l v i n g photochemical l o s s of -CO fo l l o w e d by 
c o o r d i n a t i o n o f t h e n u c l e o p h i l e . O t h e r s ( P u r b r i c k 1981) have 
i n v e s t i g a t e d the use of t r a n s i t i o n m e t a l c a r b o n y l complexes as 
components i n c o m p o s i t i o n s c o n t a i n i n g n u c l e o p h i l i c p o l y m e r s . These 
systems a l s o c r o s s l i n k upon i r r a d i a t i o n , a l t h o u g h i t appears t h a t 
o x y g e n p l a y s an i m p o r t a n t r o l e i n t h e me c h a n i s m o f c r o s s l i n k 
f ormation. In a l l l i k e l i h o o d , both mechanisms are ope r a t i v e . S e v e r a l 
advantages of or g a n o m e t a l l i c photopolymers have been shown. The best 
s o l v e n t was found to be d i l u t e HoPO/j c o n t a i n i n g a s m a l l amount of an 
i n o r g a n i c s a l t such as CuSOn. E l i m i n a t i o n o f the need f o r o r g a n i c 
d e v e l o p e r s i s a major b e n e f i t . Adhesion o f the p h o t o p o l y m e r s t o 
aluminum s u b s t r a t e s was found to be consi d e r a b l y b e t t e r than observed 
using t r a d i t i o n a l organic photopolymers which u s u a l l y r e q u i r e a d d i t i o n 
of an adhesion promoting l a y e r . This o f t e n makes the f i n a l p r i n t i n g 
p l a t e h u m i d i t y and/or t e m p e r a t u r e s e n s i t i v e . The o r g a n o m e t a l l i c 
p h o t o p o l y m e r s do not r e q u i r e a d d i t i o n o f an a d h e s i o n promoter. The 
a b i l i t y of c o o r d i n a t i v e l y unsaturated metal carbonyl complexes to bind 
to oxide s u r f a c e s i s known and i t Is assumed that a s i m i l a r mechanism 
Is o p e r a t i v e a t the o x i d e / p h o t o p o l y m e r i n t e r f a c e . H u m i d i t y and 
t e m p e r a t u r e s t a b i l i t y o f t h e o r g a n o m e t a l l i c p h o t o p o l y m e r s i s 
e x c e l l e n t . 

MICROLITHOGRAPHY 

M i c r o l i t h o g r a p h y i s a t h i r d a r e a t h a t i s c a p t u r i n g the a t t e n t i o n o f 
p h o t o c h e m i s t s . High r e s o l u t i o n i s r e q u i r e d by the e l e c t r o n i c s 
i n d u s t r y f p r generation of p h o t o r e s i s t s and m i c r o c i r c u i t f a b r i c a t i o n . 
R e c e n t w o r k by K u t a l a n d W i l l s o n (1986) h a s shown t h a t 
[Co(NHo)nBr ](C10h )p can be used t o p h o t o c r o s s l i n k a copolymer o f 
g l y c i d y l methacrylate and e t h y l a c r y l a t e , a w e l l known negative r e s i s t 
(Thompson 1983). A combination of photochemical and thermal steps i s 
proposed f o r the mechanism. The exposed f i l m s d i s p l a y e d f e a t u r e s w i t h 
1-2 micron r e s o l u t i o n a f t e r development. 

The a b i l i t y to photochemically generate conductive metal f i l m s w i t h 
m i c r o n s c a l e r e s o l u t i o n has r e c e n t l y been d e m o n s t r a t e d (Montgomery 
1986). B a c k s i d e i r r a d i a t i o n t hrough a q u a r t z s u b s t r a t e which i s In 
c o n t a c t w i t h a s o l u t i o n c o n t a i n i n g a d i n u c l e a r m e t a l c a r b o n y l and a 
s o l u b l e s i l v e r s a l t caused c l e a v a g e o f the m e t a l c a r b o n y l t o g i v e 
r a d i c a l s which then reduced the s i l v e r c a t i o n s to s i l v e r metal on the 



s u b s t r a t e . F i l m t h i c k n e s s .was l i m i t e d t o l e s s than a few hundred 
angstroms by the d e c r e a s i n g t r a n s m i t t a n c e o f the s u b s t r a t e as the 
m e t a l f i l m d e p o s i t e d . Copper and p a l l a d i u m were a l s o used a l t h o u g h 
the q u a l i t y of the f i l m s was poorer and the power requirements higher. 
The need f o r transparent s u b s t r a t e s , i n t i m a t e contact of the s u b s t r a t e 
w i t h the s o l u t i o n , and the r e l a t i v e l y t h i n f i l m s formed a r e a l l 
drawbacks of the technology. 

SUMMARY 

E x c e l l e n t o p p o r t u n i t i e s e x i s t f o r the i n o r g a n i c and o r g a n o m e t a l l i c 
p h o t o c h e m i s t t o c o n t r i b u t e t o a r e a s o f r e p r o g r a p h i c l i t h o g r a p h y . 
A p p l i c a t i o n s a r e a v a i l a b l e f o r v i r t u a l l y any c o m b i n a t i o n o f 
p e r f o r m a n c e a t t r i b u t e s , i n c l u d i n g speed, r e s o l u t i o n , and s p e c t r a l 
response. Furthermore, use of m e t a l - c o n t a i n i n g components may lead to 
u n a n t i c i p a t e d b e n e f i t s that could have s i g n i f i c a n t l y g r e a t e r impact. 
I t remains f o r the photochemist to be more aware of the o p p o r t u n i t i e s 
and c o n s i d e r p o s s i b l e a p p l i c a t i o n s of h i s e f f o r t s . 
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