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PREFACE

The "Seventh International Symposium on the Photochemistry and Photo-
physics of Coordination Compounds" was held in the charming Schlof
Elmau 1lying in a hidden valley of the Bavarian Alps above Garmisch-
Partenkirchen, Federal Republic of Germany, from March 29 to April 2
1987.

About ninety participants from seventeen countries including about
thirty non-European scientists as far away as Japan and Australia came
together for this symposium. Forty-five oral and twenty-five poster
contributions were presented. These presentations and the opportunity
for many formal and informal discussions stimulated an intense scienti-
fic interaction between the participants.

This meeting followed previous symposia held in Mihlheim 1974
(Koerner von Gustorf), Ferrara 1976 (Carassiti, Scandola), Kéln 1978
(Wasgestian), Montreal 1980 (Serpone), Paris 1982 (Gianotti) and London
1984 (Harriman). The main fields covered by this 7th Symposium were
rhoto-redox processes, organometallic photochemistry, and properties of
metal centered excited states. Furthermore, special complexes such as
[Ru (bpy) ;127

discussed extensively. Moreover, a series of potential applications

and related compounds as well as Cr(III)-complexes were

such as solar energy conversion and storage (e.g. water splitting) and
photoresist technology were important subjects of this meeting. Thus,
it was shown again that the rapidly expanding field of excited-state
chemistry and physics of coordination compounds has become an important
part of inorganic chemistry.

The organization of this symposium_was made possible financially
through the generosity of Deutsche Forschungsgemeinschaft, Fonds der
Chemischen Industrie, BASF AG, Bayer AG, BMW AG, CIBA-GEIGY AG,
CYANAMID GMBH , Degussa AG , HOECHST AG , DR. SEITNER-Meftechnik,
Siemens AG, and Wacker-Chemie GmbH.

1 19 .
Regensburg, July &7 Arnd Vogler and Hartmut Yersin
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TOPIC 1
Metal-Centered Excited States






POLARIZED LUMINESCENCE OF (Pt(CN),bipy) SINGLE CRYSTALS-MAGNETIC FIELD AND
TEMPERATURE: EFFECTS

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

Institut fiir Physikalische und Theoretische Chemie, Universitdt Regensburg,
8400 Regensburg, FRG

ABSTRACT

The polarized luminescence of single crystal [Pt(CN)Zbipy] is repor-
ted. On raising the temperature from 1.9 K to 7 K or increasing the
magnetic field from O to 1 T the Ela-polarized emission band (E:
electric field vector, a: crystallographic a axis) is blue shifted by
~175 cm_1. A temperature increase to 295 K or a magnetic field in-
crease to 6 T reduces the emission lifetime by a factor of ~1O3 and

~102, respectively.

EXPERIMENTAL

The anhydrous red modification of
[Pt(CN)Zbipy] was synthesized by a
procedure described by Bielli [3].
[Pt(CN)2bipy] belongs to the group

Fig. 1. Part of the proposed columnar
structure of the red modification of
[Pt(CN)2bipy], schematic.[1,2]
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of planar d8—transition metal complexes which form quasi-one dimen-
sional columns in the solid state with short Pt-Pt distances, see
Fig. 1. The apparatus and methods for the polarized emission measure-

ments and for the magnetic field studies are described in Ref. [4].
RESULTS
Temperature Behavior of the Polarized Emission

Figure 2 presents the polarized emission spectra of single crystal
[Pt(CN),bipy) at T = 1.9 K. The energies of the Ela and E|la emission

16200
-— L)
A - .
Ella
690 A 660 nm 630 600 16000 A
1 1 1 1 1 1 1 1 1 ;
~ B L]
2 15500
(1}
5 cm 4
<€ - .
c 15300 ELQ
Q
(73 -
@
£
w 15100 1
15000 000 cm? v 0 20Kl 4 T 60
Fig. 2. E|la and Ela polarized Fig. 3. Temperature depen-
emission spectra of dence of the wave numbers
[Pt(CN),bipy] single crystal at 5" and ;L of the emission
T=1.9 K (lex=564 nm). maxima of a [Pt(CN)2bipy]

single crystal (lex=§64 nm) .

maxima vs. temperature are plotted in Fig. 3. Below 20 K the E|a
emission maximum does not depend on temperature. Above 20 K it is blue
shifted monotonically and the intensity I| decreases with increasing
temperature. Within the temperature range 1.9 K < T € 295 K, the life-
time t“ is shorter than 3 ns. Bethin 1.9 K and 7 K the Ela emission
maximum is blue shifted by ~175 cm and the corresponding intensity
IL increases by a factor of ~20. Above T > 7 K the energy of the Ela
emission increases monotonically and the intensity Il becomes weaker
with increasing temperature. The lifetime 7, at T = 1.9 K is ~ 2 ms.
It becomes shorter by a factor of ~103 when the temperature increases

up to 295 K.



Polarized Emission in the Presence of Magnetic Fields

The energy and the intensity of the Ela emission maximum at 1.9 K as
functions of the strength of a magnetic field Hla 1is presented in

Fig. 4 and 5, respectively. Between 0 and 1 T a blue shift of

V] 30
2
15300 4 20 4
2
£
cm™ A T § 10 1 -
1 Ela @ ELG
15100 A HLG 501 HL13
0 1 2 3 LITISHES 0 1 2 3 L[TISHGEG
Fig. 4. Magnetic field dependence Fig. 5. Intensity I_L of the Ela
of the wavenumber ;L of the Ela emission of a [Pt(CN)E(bipy)]
emission maximum of a [Pt(CN)2 single crystal in dependence of
(bipy)] single crystal at T=1.9 K magnetic field strength at
(1ex=364 nm). Hla. T=1.9 K (1ex=364 nm). Hla.

~175 cm_1 is observed. Above H = 1 T the spectral position of the Ela
emission Tremains constant, indicating a saturation effect (Fig. 4).

The relative intensity IL(H)/IL(H=O) increases between 0 and 4 T by a

factor of ~28 reaching a constant value at 4 T (Fig. 5). Application
of a magnetic field of strength H = 6 T yields a reduction of the
lifetime =17, by a factor of ~102. The E|a emission is found to be not

4
influenced by magnetic fields.

DISCUSSION

The observed properties can be described by a system of interacting
complexes of Cév symmetry. The energies of the electronic states are
described by a valence band and a conduction band generated by an

interchain coupling of the molecular states Pt5d and Pt6pX/CN_n'.

respectively.[5] Taking electron coupling and spin-orbit coupling into

account, the resulting ground state has symmetry A%(qu) and the
lowest excited states can be classified according to Aé.A%,Bé(BBq) and

r o
B1( B1).



The Ela emission originates from (self-trapped) states A’,A%,Bé of 531
parentage, which are positioned below the lower edge of the conduction
band. These states are shown at the left hand side (I and II) of
Fig. 6. At 1.9 K the emission belongs to the transition A - A’ which

2 1
B, ——- - B, —————— B(B) —————— A(B)
8, B(8}) AN K(By)

’B, - A, ) A(A}) A(A,)
: l A, ‘ A(A)) A'(A)

Ena 1L 1oL L L n 1 L L u t
A, A, L L A(A)) " A(AY)
HIlz Hily
I I m g

Fig. 6. Proposed energy-level diagram of [Pt(CN)Z(bipy)] and radiative
transitons (schematic). I: spin-orbit coupling neglected (symmetry
C2v)' ITI: spin-orbit coupling included (symmetry Cév)’ III: magnetic
field Hl||z (symmetry C,), IV: magnetic field H[ly (symmetry C_).

is only vibronically allowed. At temperatures > 1.9 K the higher spin-
orbit components A% and Bé become thermally repopulated and emit
directly (non-vibronically) into the ground state, resulting in a blue
shift of ~175 cm—1, an increase of the emission intensity and a re-
duction of the lifetime. The blue shift is on the order of one vibra-
tional quantum. The E|a emission corresponds to the singlet-singlet

transition B; > A% (short lifetime 1” < %3 ns).

The right hand side of Fig. 6 presents the energy 1levels of
[(Pt(CN),bipyl in a homogeneous magnetic field Hia. For H||z and H|y the
Sv > (case III)

and CS (case IV), respectively. A consequence of the symmetry lowering

magnetic field lowers the symmetry C to the subgroup C
is a magnetic field induced interaction of the excited states Aé and
A%/Bé.[B] As a result of the corresponding mixing of these states, a
new additional radiative <channel from the 1lowest excited state
A/A"(Aé) into the vibrationally non-excited ground state A/A’(A%) is
opened. This explains the magnetic field induced blue shift and the

lifetime decrease of the Ela emission at 1.9 K.
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LIGHT-INDUCED EXCITED SPIN STATE TRAPPING IN IRON(II) COMPLEXES

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

Institut flr Anorganische Chemie und Analytische Chemie,
Johannes Gutenberg-Universitdt, 6500 Mainz, FRG

In the course of our studies on the thermally induced high spin (HS) <> low spin (LS)

transition in iron(II) complexes /1/, Jng And 1A in the approximation of O  sym-

g h
metry, we have observed in 1984 a new photophysical effect /2/: If, at sufficiently
low temperature, the solid spin crossover complex is irradiated with green light

. 1 1
into the A1 > T1 ligand field absorption band, the thermodynamically stable LS

state can be converted to the metastable HS state and trapped with practically in-
finite lifetime. We have called this unusual phenomenon "Light-Induced Excited Spin
State Trapping (LIESST)".

The first example, where we have seen the LIESST effect, is [Fe(ptz)()](BFA)2

(ptz = l-propyltetrazole) /2/. This coordination compound is known to exhibit ther-
mally-induced spin transition with hysteresis of ca. 7 K width around 130 K /3,4/.

The transition from the HS(5T ) state to the LS(IA ) state is accompanied by a dra-

matic color change from white“to purple. According}y, the single-crystal absorption

spectra of this complex are quite different in the two spin states as can be seen

from Fig. 1 /5/. At 273 K, there is only one absorption band around 12250 Cm_]
5 5

arising from the quintet-quintet transition T2 + "F in the HS molecules. At 8 K

this absorption band has completely disappeared in favour of two singlet-singlet

transitions, centered at 18400 and 26650 cm_l, corresponding to 1A1 ad 1T1 and
1A1 - 1T2 in the LS molecules. After bleaching the crystal with white light for

ca. 2 min one sees again the typical HS absorption spectrum. Around 10 K, the trapped

€
""" 273K b.b.
—_— 8K b.b 1
——enns 8K a.b. T']g
20
10 Fig. 1: Single-crystal absorp-
tion spectra (unpolarized) of
[F@(ptz)6](BF4)2 before bleach-
ing (b.b.) at 273 K and 8 K,and
e . N after bleaching (a.b.) for Zmin
s & ininbalainitill with white light (tungsten lamp)

10 15 20 25 30 x 103 ¢m! at 8 K (from /5/).

Photochemistry and Photophysics
of Coordination Compounds, Ed. by H. Yersin/A. Vogler
© Springer-Verlag Berlin - Heidelberg 1987


http://thermodynamica.il

10

metastable HS state does not decay to any noticeable extent within several days,
excluding any tunnelling processes. Back relaxation to the thermodynamically stable

LS(lAl) state occurs only if the temperature is raised to 50-55 K. If the sample is

heated further, one finally observes the well established thermally-induced LS + HS
transition around 130 K.

We have followed the LIESST effect in [Fe(ptz)6](BF4)2 also by magnetic suscepti-

bility measurements /5/ and 57Fe Mossbauer spectroscopy /2/. Figure 2 shows a sequence
of Mossbauer spectra of [Fe(ptz)6](BF4)2 for the light-induced LS + HS conversion

at 15 K (a ~ b), the thermally induced back relaxation HS - LS around 50-55 K (c,d),
and the thermally induced LS + HS conversion around 130 K (e = f). The HS state pro-
duced by LIESST has the same Mdssbauer parameters as the thermodynamically stable HS
state above 130 K (compare spectra b and f in Fig. 2).

100 =] 100 [F== .
[r' ﬁiy' r Fig. 2: Mossbauer spectra of
- 90| a ( 90| d i V Fe(ptz)é](BFA)z. (a) Before
'% 80 | bleaching (measuring temperature
.2 L 80 i TM = 15 K); (b) after bleaching
100 Sapwhe vl
E os m/ 100 " for 1 h at 15 K (T, = 15 K);
£ e b ! 0 € H (c) after bleaching to 50-55 K
rf 85 ‘ i U and cooling to TM = 15 K; (d)
& 100 : 122; . ) after second heating to 50-55 K
o5 f and cooling to TM =15 K; (e)
90 ¢ b 96 after subsequent heating to
. | o 97 K (T, = 97 K); (f) after
e — 5 heating to 148 X (TM = 148 X)
v/mms™! v/mms™ (from /2/).

ihe mechanism of LIESST can be explained on the basis of Fig. 3: Irradiating the cold
sample induces spin-allowed transitions 1Alg > 1Tlg and 1Alg *'szg (s. Fig. 1).

The excited spin-singlet states are short-lived and can decay back to the A18 ground
state within nanoseconds. There is, however, an alternative decay path, favoured by
spin-orbit coupling, which leads to a population of the spin triplet states 3Tlg

and 3T (intersystem crossing). These again decay via intersystem crossing, either

2g
to the %
1g

ground state or to the metastable 5T2 state. There is no radiative de-
cay path from the Sng to the 1A

lg state, and the 5ng(HS) state remains trapped
with practically infinite lifetime as long as the temperature is sufficiently low
so that the energy barrier between the 5T2 and the 1Alg potential surfaces, which
are well separated by the large difference in the metal-ligand bond length of ca.
0.2 & between the two spin states /6/, is not thermally overcome. But the trapped
HS state can be pumped back to the LS state by irradiating with red light (of ca.

850 nm) into the Sng > SEg absorption band /7/.

The ST2 > 1A1 relaxation kinetics was examined to pure [Fe(ptz)6](BF4)2 crystals as

well as for mixed crystals [Fexan_x(ptz)6](BF4)2 using optical spectroscopy /8/.

It was shown that (a) for x=~ 0.1 a single-ion treatment of both the spin equili-
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Fig. 3: Potential surface diagram according
to experimental and calculated energies of
the ligand field states of [Fo(ptz)()](m‘l‘)2
(from ref. /5/).

NUCLEAR COORDINATE

1

. . - NN I _ ,
brium (with AHHL = HHS_HLS = 510(12) cm -, ASHL = SHS—SI,S = 5.1(2) em /K at T =100K

and the 5T2 > 1A1 relaxation of the light-induced trapped HS state (with Arrhenius
activation energy EZ = 810(30) cm_l and frequency factor A= 10°/s) is appropriate

and (b) with increasing X cooperative effects become more and more important for
both the HS == LS equilibrium and the relaxation of the trapped HS state. These
statements become apparent from Figs. 4-7.

-3 ) ~*L v T T

p ® . Fig. 4: Relative intensity of the
-

u 4 1A1 > lTl transition vs. temperature
=L --- guide for the eye « P
<
; — cole.with for (*) [ e(ptz)6](BF4)2 and (o)
- BH,, = 510 et [FeXan_x(ptz)é](BF&)2 (x =0.1)
3 8s,, = 51 em VK (from /8/). The abrupt transition for
s 7 the pure iron complex is typical for a

first-order phase transition due to
cooperative effects and agrees with
the results from Mossbauer and magne-
tic susceptibility measurements /4/.
For the dilute material cooperative
effects are less important, and the
X ] spin conversion curve can be inter-
0. 190. 200. T IK) preted as a continuous LS +> HS equi-
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Fig. s: (a) Normalized 5T2 - 1A1 re—
laxation curves for
[Fexan_x(ptz)6](BF4)2 (x>~ 0.1) at

various temperatures.

(b) Arrhenius plot 1n k vs. 1/T. As
shown, an exponential fit

YLs(t) = l-exp(-kt) describes well

the relaxation curves in the dilute
material (x= 0.1) with constant

activation energy EZ = 810(30) cm~1

5

and frequency factor A= 10 s_1 (from

/8/).

Fig. 6: (a) Normalized 5T2 > 1A1 re—
laxation curves for pure
[Fe(ptz)6](BF4)2 at various tempera-

tures. The sigmoidal (rather than ex-
ponential) form of the decay curves
is due to cooperative effects. The
activation energy Ea is now a linear

function of YLS as shown in (b). The

solid line in (b) was obtained from a
simultaneous fit of the five measured
decay curves of Fig. 6a. The broken

line results from a linear regression

(slope AEa = -164 cm_l; intercept
EZ = 797 cm_l) (from /8/).
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a) ¥ T ;/,,4'——“ T T Fig. 7: (a) Normalized 5T2 he 1Al re-
/X

» laxation curves at approximately the same
PRETAS N Q’C‘* 0 4 temperature for various concentrations
T - - .
ofsn | NS 4. 63 0 X of Fe(II) in the mixed crystals
Wi
-

[Fexan_x(ptz)6](BF4)2. The decay cur-

9.50 reLInL-YLs

- — ves follow a simple first-order law only
in the dilute systems, but show more

and more sigmoidal characteristics with
L e - increasing iron concentration due to co-
/// operative effects. The activation ener-
/; g?o ‘ §?0 750 10?0 {Jsed gy turns out to be a function of Yis

and x accordigg to
Ea(YLS'X) =E + YLS (AEa(X)) as shown

....... in Fig. 7b (from /8/).

1.0

x=01

(o]

-

09 Eg/E

— from experiment

~
S~
.

--- linear regression

AEa(x) has been found to depend linearly on x; this supports our suggestion that

the cooperative effects are of elastic and thus long-range rather than of electronic
origin. The so-called "lattice expansion model" /9/ based on long-range elastic in-
teractions arising from the drastic volume change (VHS—VLS) /6/ is well suited to
explain these observations.

The LIESST effect has also been seen in other iron(II) spin crossover compounds,
such as [Fe(2—pic)3]C12-EtOH (2-pic = 2-aminomethylpyridine) /10/ (see Fig. 8),
[Fe(phen)z(NCS)z] /10,11/ (see Fig. 9), and [Fe(Z—Y—phen)3]X2 (Y = CH3, X2 = C]OA;

Y = CH,, X = BPh,; Y = CH,0, X2 = (Cloa)Z'HZO) /12/.

3’ 4 3

Extensive studies on the LIESST effect are currently going on in our laboratory,
particularly towards possible application in optical storage.
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Fig. 8: Mossbauer spectra of
[Fe(Z—pic)3_Kll2 EtOH recorded at

TM = 4.2 K (A) before bleaching,

(B) after bleaching with white light for
1h, and (C,D,E) warming up to 30-32 K
for a short time and cooling back to

4.2 K in three cycles.

The outer two lines refer to the quadru-
pole doublet of the HS state, the inner
two lines to that of the LS state (from

/10/).
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| before
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| 6 K |
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I
Vb, b o
after

i bleachi 1 Fig. 9: Mossbauer spectra of
i eaching | T?%f;ﬂzh)Z(NCS)Z]recorded at
B K i Ty = 6 K before and after
== bleaching with white light
T . . , . for 1 h (from /10/).
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INFRARED LUMINESCENCE SPECTROSCOPY OF V3*DOPED CspNa¥Xg (X=C1,Br)

C.Reber and H.U.Giidel

Institut fiir anorganische Chemie, Universitdat Bern, 3000 Bern 9, SWITZERLAND

1. Introduction

The luminescence properties of V3+ have received very little interest.
The present work represents the first study of exactly octahedral an‘
(X=C1,Br) units which were obtained by doping the elpasolite lattices
CsyNa¥YClyg with V3+ and growing single crystals by the Bridgman tech-
nique. Synthesis, crystal growth and the structure of the host lattices
are described in the literature (Morss et al 1970; Mermant et al 1979).
V3+ has a 3d2 electron configuration and therefore “T, as ground state
in Op symmetry. The lowest energy excited state is either Tog oF ng,
depending on the ligand field strength. In both situations luminescence
in the near infrared region is expected, either as sharp lines (1T2 >
3T1 ) or as a broad emission band ( ng - Tlg)‘ Such transition me%a]
sys%ems are investigated as possible solid state laser materials (Im-
busch et al 1985).

In the title crystals we are in the crossover region between sharp-line
singlet and broad-band triplet emission. This situation in the excited
state makes the luminescence spectroscopy particularly interesting and
informative. From studies of the temperature dependence of the lumines-
cence and decay properties a rather detailed picture of the relevant
excited states is obtained. In addition, the spin-orbit splitting of
the ground state can be determined. In non-cubic crystals luminescence
spectroscopy of d2 ions such as Ti%* or V3% is an excellent probe of
the geometric distortions, because the low-symmetry splittings of 2T,
can be resolved. Ti<t in MgCl, provides a nice example of this (Jacob-
sen et al 1986).

2. Experimental results

The luminescence spectrum of CszNaYCl():V3+ is presented in Fig. 1 at
three temperatures. At 2K rich fine structure is observed. There is a
pronounced change of the spectrum with temperature, above 100K a broad
band becomes dominant. In contrast, CsZNaYBr6:V3+ shows broadband lumi-
nescence already at the lowest temperatures (peak energy 7500cm™' at
4.2K).

In Fig. 2 the temperature dependence of the luminescence decay times is
shown. All the decay curves are single exponentials. In the chloride
host the decay time is 17.2msec at 21K, and it drops by nearly two or-
ders of magnitude on increasing T to 270K. In contrast, the decay time
in the bromide lattice is only 228usec at 16K, similar to the chloride
values at high temperatures, and it drops by only a factor of 3 on war-
ming to 250K.

3. Discussion

a) Low-temperature luminescence spectrum of Cs,oNa¥Clg

The rich fine structure in the luminescence spectrum of CszNaYC1ﬁtv3+

at 2K (Fig. 1) together with the narrow overall width of the spectrum
clearly indicate a 1T2g hd 3T1 transition. The observed peaks can be
assigned as electronic origins to the spin-orbit split components of the
T1g ground state and as vibronic tiu and tp, origins built on these.
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of Coordination Compounds, Ed. by H. Yersin/A. Vogler
© Springer-Verlag Berlin - Heidelberg 1987



18

rel. rel.
Int. int.
20K
18K

137K

7500 9500 om-1

11 1A

—_— Tig
S— S B N | P =
a1g t1'u 1:1u t2u 9
1 1 !
8500 9000 9500 cm-1

Figure 1 Low-temperature single crystal luminescence spectra of
Cs,Na¥Clg:V3+ (0.05 mole%). The fine structure is assigned in terms of
electronic transitions to the spin-orbit split ground state components
and vibronic origins involving ungerade modes of the VClg‘ unit as in-
dicated in the 2K spectrum. Built on the vibronic origins weak alg si-
debands are indicated.

Although there is an overlap of electronic origins and vibronic side-
bands an unambigous assignment of the bands is possible by using all the
observed transitions. The lowest-energy components of the 3T1g ground
state are the ng and E spinor states, which are degenerate In first
order. Our spectra show that they are separated by 9.3cm~!, with E

lower in energy, as could be shown with MCD (Neuenschwander 1981) and
magnetic susceptibility measurements. The Ty, and Ay, origins lie at
energies of 132.6cm~1 and 201.0cm‘1, respectively. From these splittings
we determine a spin-orbit coupling parameter ¢ of 130cm™'. This is 627%
of the free ion value, and we conclude that there is no Jahn-Teller
effect in the ground state.

Three vibronic sidebands with energy displacements of 318cm~!, 186cm~!
and 128cm™" are observed ¢n all the electronic origins. The ground state
vibrational energies of ty,, ty, and tp, modes in the same host lattice
doped with Cr3* are 322cm‘T, 187cm~! and 120cm~!, respectively (Knochen-
muss et al 19§6). The vibronic sidebands in our spectrum can thus be
assigned as t;,, ty, and tj, vibronic origins. These modes are intepnal
VClg‘ modes (Lentz 1974). A group of relatively broad and weak bands,
which is displaced by approximately 300cm~! from the intense group of
vibronic origins, consists of ajg sidebands.
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Figure 2 Temperature dependence of the luminescence de%ay times for
CsoNa¥CIg:V3+ (0.1 mole%, open circles) and CsoNaYBrg:V>* (0.5 moleZ,
filled circles). The insert shows the bromide decay times on an expan-
ded ordinate scale. The solid lines are fits to eq 1 and eq 2 for the
chloride and bromide, respectively, as explained in the text.

b) Radiative relaxation in CszNaYC16:V3+

It is clear from the luminescence spectra in Fig. 1 that with increasing
temperature the T2 excited state becomes thermally populated and
broadband lumlnescence is observed. This is confirmed by the lumines-
cence decay times in Fig. 2 which can be considered as radiative below
200K. The decay time of 17.2msec at 21K is typical for a spinforbidden
transition. The high temperature values of 100-200psec are in the typi-
cal range for spin-allowed vibronic transitions. In order to obtain a
more quantitative picture a simple model was fitted to the decay times.
We assume thermal equilibration within the 1T2 and 3T excited states
to occur much faster than the luminescence tran51tlon9 %o the ground
state. Neglecting the ‘E, excited state, whose energy is _unknown, as
well as spin-orbit coupling within and between ng and 3ng, we obtain
equation 1 for the total radiative decay rate T~

=1 = 15l Py + gl coth(Tw/2kT)- Py (0

with Pg = 3/Z
Py 9-exp(-AE/kT)/Z
Z 3 + 9-exp(-AE/kT)

where Tg and T, are the intrinsic decay times of the T2 and
states, respectlvely and AE is their energy d1fference %h coth %crm
describes the temperature dependence of the > °Tig radiative rate
with an enabling mode frequency of 179cm™ whlcﬁ was determlned from
the temperature dependence of the 3Tl > TZ absorption intensity. T4
was set to 17.2 msec, the observed low-temperature value, and T, as

Won
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well as AE were varied in the least squares fitting process. The para-
meter values are Ty = 213 usec and AE = 231cm~!, The model is clearly
oversimplified, but the fit is very good and the parameters are in quan-
titative agreement with the observed ratios of sharp-line to broadband
emission.

c) Luminescence properties of CszNaYBr6:V3+

The observation of broadband luminescence from CszNaYBr6:V3+ as well as
the different temperature dependence of the decay times show that the
order of the lowest energy excited states is not the same as in the
chloride host. Due to the weaker ligand field of Br~ compared to C1~

is the emitting state in the bromide at all temperatures. This is
con§1rmed by the luminescence decay times. In analogy to eq 1, eq 2
gives the temperature dependence of the radiative decay rate:

-1 = TEI coth(fiw/2kT) (2)
Ty and Nw , the energy of the effective enabling mode, were treated as
parameters. The resulting fit with values of 225 usec and 122cm~ ! for
T, and fw ,respectively, is shown in Fig. 2. In contrast to the chlori-
de lattice it is not p0331b1e to obtain any information on the energy

separation of TZ and in the bromide lattice from our decay time
measurements. Thls is due %o the fact that the faster radiative decay
channel from is dominant at all temperatures. The possibility of

strong spin- OIbl% mixing between ng and a close lying 1T2g cannot be
excluded.

4, References

Imbusch GF, Donegan JF, Bergin FJ (1985) Transition Metal Ion-doped
Materials of Laser Interest. In: Di Bartolo B (ed) Spectroscopy of
Solid-state Laser Materials. Plenum Press, New York, in press

Jacobsen SM, Smith WE, Reber C, Giidel HU (1986) Near-infrared lumines-
cence from TiZ* in MgCly. J Chem Phys 84: 5205-5206

Knochenmuss R, Reber C, Rajasekharan MV, Giidel HU (1986) Broadband near-
infrared luminescence of Cr in the elpasolite lattices CspNalnClg,
CsoNa¥YClg, and CsyNa¥Brg. J Chem Phys 85: 4280-4289

Lentz A (1974) Lattice Vibration Analysis of Cryolite A3B Xg and Elpa-
solite A9BB'Xy Compounds. A Force Constant Calculation of SryZnTeOg.
J Phys Chem Solids 35: 827-832

Mermant G, Primot J (1979) Préparation, crystallogenese et caracteriza-
tion des bromures mixtes de lanthanide, de sodium et de césium
CsoNaLn(IIT)Brg. Mat Res Bull 14: 45-50

Morss LR, Siegal M, Stenger L, Edelstein N (1970) Preparation of Cubic
Chloro Complex Compounds of Trivalent Metals: Cs,NaMClg.

Inorg Chem 9: 1771-1775

Neuenschwander K (1981) Hexachlorokomplexe von dreiwertigem Titan, Va-
nadium, Chrom und Eisen. Kristallzucht und magnetooptische Untersu-
chung der Elektronentransferbanden. Inauguraldissertation, Universitat
Bern, p 109-136



RECENT PROGRESS IN URANYL PHOTO-PHYSICS

R.Reisfeld and C.K.Jgrgensen

Section de Chimie, Université de Genéve, 1211 Geneva 4, SWITZERLAND

The fluorescence of triatomic linear OUO+2 was first studied by Brewster
in 1833,and formed the basis of the law of Stokes,in modern wording;
The photons emitted from a photoluminescent material have lower energy
than corresponding to the absorption band,except perhavs for a coinci-
ding threshold,indicating an electronic origin without vibrational co-
excitation.Uranyl salts were the first inorganic materials not needing
a trace activator,and the familiarity of Henri Becquerel with uranyl
luminescence triggered the discovery of radioactivity in 1896.A rich
experimental set of data about crystalline and vitreous materials
(Rabinowitch and Belford 1964 ;Burrows and Kemp 1974) is less extended,
as far goes solutions.In many cases,the non-radiative de-excitation,
decreasing the quantum yield?Y] below 0.1,if not 0.001,is due not only
to multi-phonon relaxation well-known from internal transitions in the
4f shell of trivalent lanthanides (Reisfeld and Jgdrgensen 1977,1987)
but also to photochemical abstraction of hydrogen atoms from organic
molecules and to removal of an electron from moderately reducing anions
and cations present in solution (Rabinowitch and Belford 1964 ;Burrows
and Kemp 1974) .Marcantonatos (1980) argues that is below 0.01 for
aqua ions,at pH below 2,due to ephemeric hydrogen atom abstraction
from an adjacent water molecule,recombining without luminescence.

This water molecule must be close to one of the two oxo ligands,since
a single perchlorate or phosphate (Lieblich-Sofer et al.1978) ligand
present in the equatorial plane increasesTIBto above 0.1.The striking
similarity of the emission spectra of UO,F.~ with the aqua ion 5
suggests the latter (Gorrler-Walrand and " CoOlen 1982,1984)is UO (OHZTS.
One anion in the equatorial plane only replaces one or two watéer
molecules,but it may modify the oxidizing character and reactivity of
the oxo ligands in the excited state.

In close analogy to yellow and orange colours of chromate and cerium
(IV) ,there is no doubt that the uranyl absorption bands are electron
transfer bands (Jgrgensen 1970) due to one,or several,reducing ligands
transferring one electron in the excited state to an oxidizing central
atom.The first absorption band providing the long-lived fluorescent
state has a position hardly dependent on_the reducing character of the
anion X.The same is true for orange XCrO, (X = Br,Cl,F,OH).In both
cases,the transferred electron comes esséntially from the oxo ligands.
There have been two arguments for hesitation to accept this classifi-
cation of uranyl electron transfer bands.One is the much lower wave-
numbers compared with tungstates and other tungsten(VI) compounds,in
spite of U(VI) being,chemically speaking,only slightly more oxidizing
than W(VI).It is now established (McDiarmid 1976,1?80) that gaseous
UF6 has a weak electron transfer band at 25700 cm whereas WF6 has
the first band at 58000 cm_1 and MoF, at 47600 cm 1.The_ ther,quite
unexpected,fact is that the uranyl bands below 30000 cm are 100 to
2000 times weaker than electron transfer to the empty 4f shell of
cerium(IV) and to the partly filled 5d shell (Jgrgensen 1963,1970)

of osmium(IV),iridium(IV) and platinum(IV) complexes.

Photochemistry and Photophysics
of Coordination Compounds, Ed. by H. Yersin/A. Vogler
© Springer-Verlag Berlin - Heidelberg 1987



22

Until 1975,it was the general opinion (Burrows and Kemp 1974) that the
first excited M.O. (molecular orbital) configuration of the uranyl ion
consists of one or more triplet (S = 1) states followed by singlet (S =
0)at higher energy,as usual for 1uminescgnt organic molecules.This opi-
nion is even true (Jgrgensen 1963) for d transitions of octahedral
rhodium(III) and iridium(III) complexes,though the spin-forbidden bands
here have acquired intensities 3,and 15,percent of those of subsequent
singlet-singlet transitions.However,because of the almost coinciding
energies of at least four (two fq> and two f&§ ) among the seven empty
5f orbitals,combined with strong effects of spin-orbit coupling
(2F7/2 is 7609 cm ! above 2F5/2 in gaseous U+5 indicating‘cgf=2174 cm—1)
the transfer of an electron from one M.O. to the 5f shell provides 16
energy levels (Jprgensen and Reisfeld 1975,1982) characterized by the
quantum numberS?_in linear symmetry,having the -same relation to MJlin
spherical symmetry as A has to ‘M‘l.Deviations from linear symmetry
induced by the equatorial ligands (normally 4,5 or 6 atoms) can,at the
most,produce two separate states from each § level.Nearly all these
values represent mixtures of comparable amounts of triplet and singlet
character,and it has no meaning to speak about spin-forbidden transiti-
?gs.A major step in identifying §Q was Denning et al.(1976) substituting
O in Cs,UO0,Cl, allowing a distinction between Vibrational_?omponents
and electf¥onic “origins.The first excited_}evel at 20096 cm has S2=1;
the two next levels at 20406 and 21310 cm are ascribed_to a splitting
of,§2=2;and 8 further origins up to 27758 cm assigned52=3,2,3 (or 5),
and 4.Comparable results were obtained (Denning et al.1979) for
CsU02(02N0)3 and NaUOz(OZCCH3)3 starting withGQ2 =1 at 21089 and 21104

cm ,respectively.Both these crystals have 6 equatorial ligating atoms.
Contrary to halide complexes (Jérgensen 1963,1970) the minor shift of
the first excited state is not related to ligand electronegativity.
Mixed oxides with octahedral U(VI}O_  have the first gﬁigin (Bleijenberg
198013between 19100 . and 20300 cm ,and salts of UO,F at 19240,but of
UOZF at 19985 cm (Flint and Tanner 1984).0n the whole,the origin
shlf%s toward lower energy with decreasing number of equatoyxial atoms,
and apparently also with shorter U-X distances,since UO,C1l syncrystals
lized in cubic Cs,SnCl, has the fluorescent origin already at 19692 cm
(Flint agq Tanner 1979?.The aqua ion in solution has the origin close to
20600 cm .The values in qlasses_?re less precise (because of multiple
sites) such as 190§? to 20400 cm in borosilicate glass (Flint et al.
1983) and 19800 cm in indium lead barium fluoride glass (Reisfeld et
al. 1986) but seems as high as 20500 cm in NaPO3 glass (Lieblich-Sofer
et al. 1978).

The extraordinary low intensity of the uranyl electron transfer bands
leave no doubt that the M.0O. losing an electron to the empty 5f shell
has odd parity,in spite of 4 among 6 recent approximate M.O.calculations
(Jprgensen and Reisfeld 1982,1983) suggesting the loosest bound M.O. to
have even parity,or being at most 0.4 eV above an even M.O.Extrapolation
from halide complexes (Jdrgensen 1970) would suggest that the two 77
formed in the L.C.A.0. model from oxygen 2p orbitals are easier to
excite or ionize than 07 .The problem is (Jprgensen and Reisfeld 1982)
that ﬁu+[5f(¢P,S)Q=5/2u] providesQ=1,4,2 and 3 (among which@=4 has
not been detected) but a’-)Sf(q,S) should give &x=2 and 3 followed at
2000 cm higher energy By52=1 and 2.Denning et al.1976,1979) argue that
the ligands in the equatorial plane destabilize 5f¢ by about this
amount relative to SfS .Ope might have hoped that the neptunyl(VI) salts
would show informative 5f transitions,but the evidence (Denning et al.
1982) does not seem conclusive.Though this dilemma has not been resolved
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the conceivable easier excitation of OL can be due to anti-bonding on
the closed shell U6p (Jdrgensen,1982; "DeKock et al.1984) in analogy to
the loosest bound M.0. of N, being "pushed from below" by thehdh combi-
nation of the two N2s orbitdls.In any case,in a sufficiently large
wave-number interval,the parity-forbidden uranyl electron transfer
bands comprise all 16 G2 levels due to 0; and 32 82 levels due to'na.

Until recently,only fluorescence of the first excited level had been_4
detected, though higger excited states might easily show Y] around 10
with A~ of order 10 s (Jgprgensen and Reisfeld 1983) .However,crystalline
CsUO, (NO,) ;UOZ(NO )2,6 Hzo;hydrated uranyl sulfate;and uranyl-contai-
ning bordsilicdte glass wére shown (Marcantonatos et al.1986) each to
emit about 30 narrow ban§§ in the interval 20800 to 30000 cm with low
intensity (ﬂ of order 10 7) at 77 K.Already the vibrational structure
connected with emission from the "classical" first excited state is more
complicated than in a diatomic molecule.Though the major peaks of the
emission spectrum are roughly equidistant,much lower frequencies are
superposed,and it is expected from group-theory that nearly all transi-
tions involve one (or three) odd normal modes of vibration.The absorp-
tion bands above 20000 cm were thought of as a roughly equidistant set
generated by a frequency known to be 0.85 times that of the eleg&ronic
groundstate.Today, this seems to be a coincidence after 22000 cm ,where
the strong peaks involve several higher electronic levels,which happen
to be separated by a multiple of the vibration.Continued work by Marg?n—
tonatos shows a quite short-lived electronic state close to 22700 cm

and at %east one somewhat longer-lived state g{ound 29000 cm ' (related
to the F7/2 components expected some 8000 cm above the first excited
state) .The difficulty for interpreting some 30 vibrational components
is that the equidistant manifold of groundstate vibrations seems strongly
modified.A plausible rationalization is that the "classical" first exci-
ted state remains linear,with two equally elongated U-O internuclear
distances,whereas several of the (15 or 47) higherS? levels tend to be
thermalized,with equilibrium distances corresponding to a bending angle
well below 180° and perhaps two different U-O ,not to speak about rear-
rangement of the ligands in the equatorial plane.

Anyhow,a major conclusion is that uranyl absorption is not followed by
exclusively non-radiative relaxation to the first excited state,but
cascades down with perceptible short-lived steps of luminescence150ward
the groundstate.Such cascading is known for eight J-levels of 4f hol-
mium(III) in fluoride glasses (Reisfeld and Jgrgensen,1987).Since the
oscillator strength of the second and following excited @ levels is very
difficult to separate clearly from the first excited state,the observed
T~ above 1 ms in anhydrous salts is not an invariant radiative life-time
since Cs (SnC16)1_X(U02Cl4)x has ¥ = 3.2 ms (Flint and Tanner 1979) T of
hydrated®salts increasé modérately by substitution with deuterium oxide,
but the mere presence of protons is not (like in lanthanides,Reisfeld &
Jprgensen 1977,1987) a sufficient condition for pronounced non-radiative
de-excitation.The distant equatorial methyl groups in NaU02(02CCH3)3
interfere much less than most organic compounds in solution.
The highest known -7 for a glass is 0.63 ms in a fluoride glass (Reisfeld
et al.1986) in spite of simultaneously oresent uranium(IV).The average
oscillator strength of distorted sites in most glasses is higher than in
comparable crystals,decreasing the radiative life-time.Direct comparison
with'f/n might be quite informative.This would also be highly signifi-
cant for the luminescence from higher electronic states (Marcantonatos
et al. 1986).There may be an initial rise of intensity,due to feeding
from higher states,but the maximum should be proportional to the concen-
tration of the short-lived,emitting state.
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EFFECTS OF MACROCYCLIC AND CRYPTAND LIGANDS ON PHOTOPHYSICS OF Eu3* IONS

N.Sabbatini, S.Perathoner, and L.De Cola

Dipartimento di Chimica "G.Ciamician" dell 'Universita', Bologna, ITALY

INTRODUCTION

The effects of second-$phere perturbations on the photochemical and
photophysical properties of transition metal complexes have been discussed in a
recent review paper (Balzani 1986). In the frame of that study lanthanide complexes
were also considered, assuming that an analoqy could be seen between the effects
produced by the second coordination sphere on the d-block metal complexes and the
first coordination sphere on the f-block metal ions.

In the current development of coordination chemistry an important role is played
by complexes with macrocyclic and cage-type ligands (Voeqtle 1981; Lehn 1982; Izatt
1985). For lanthanide ions, which usually give rise to weak complexes having
ill-defined composition and structure in solution, those ligands are particularly
valuable because they provide a means to obtain stable complexes.

In this paper we report preliminary results on the effects produced on the

3+ 3+

photophysics of Eu”" in water solution on complexation of BEu”" with the CyyH)eNg

hexa-aza-macrocyclic ligand in the presence of acetate anions and ion-pair
association of the [Euc 2.2.1]3+ cryptate with F~ anions.

A detailed analysis of the properties of the luminescent excited state of F7u3+
is known to be a powerful means to elucidate molecular structures in solution
(Horrocks 1984; Balzani 1986).

The excited state properties of complexes of some lanthanide ions with the

macrobicyclic 2.2.1 cryptand ligand have been recently studied in our laboratory

(Sabbatini 1984; 1986).

RESULTS AND DISCUSSION
The [Bu(Cy HyeNe )(CH1000)]2¥ Complex

The complex was synthesized as previously described (De Cola 1986). The
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experiments were performed in solutions containing 1.Ox10—1M CH3COONa to minimize
dissociation of the coordinated acetate anion.

Besides the weak f-f transitions of Eu3+, the absorption spectrum shows three
intense ( & of the order of 104) bands in the near U.V. region (}\max=214, 245, and
300 nm). These bands are attributed to transitions within the ligand because of
their high intensity and because they are also observed in the analogous ca3* and
™3+ compounds .

The excitation spectrum shows the same pattern as the absorption spectrum. This
means that intramolecular energy transfer from the excited ligand to the emitting
5Do level of Eu3* takes place.

The emission spectrum under high-resolution conditions shows only one peak

5 7 3%, This

(D =17250 cm—l) in correspondence with the D -->'F, transition of Eu
indicates that only one B3t containing species is present in solution (Horrocks
1984; Balzani 1986).

The lifetimes for the emission from the 5DO excited state of E.‘u3+

are 0.70 ms
(at 300 K) and 1.4 ms (at 77 K) in H,O solution and 2.0 ms (at 300 K) and 2.1 ms
(at 77 K) in DyO solution. These values indicate that (i) the luminescent excited
state of Eu37T is partly quenched by vibronic coupling with the high-frequency O-H
vibrations (longer lifetimes in Dy0 than in Hy0 solution) (Horrocks 1984), (ii) no
low-lying, thermally occupied excited state is present (temperature independent
lifetimes in D,0 solution) (Blasse 1986). The temperature dependence of the
lifetime in H,0 may be attributed to a slight modification in coordination of Hy0
molecules in the glassy state.

From the Horrocks' equation (Horrocks 1984) which makes use of lifetime

measurements carried out in H,0 or Dy,0 solution, we obtain that 1 H,0 molecule is

coordinated to But in the macrocyclic complex at room temperature.

The [Fuc2.2.1]3*-F" and [Fuc2.2.1]3*-2F" Ton Pairs
The [Euc2.2.1]3+ cryptate was prepared as previously described (Sabbatini
1984). The two ion pairs with 1:1 and 1:2 [mc2.2.1]3+:F' stoichiometries were

obtained in the following conditions: [Buc 2.2.113%=5.0x1073M, [F")1=5.0x10"3M or
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5.0x10"1M, respectively, and ionic strength 5.0x1071M obtained by addition of KC1,
on the basis of the reported association constants (Yee 1980).

The absorption spectra show that the N—>BEu3*t amd 0—>Eu3t charge transfer bands

(sabbatini 1984) are blue shifted by ~2000 cm ™ 13+

in going from [Euc2.2.1 to
[mc2.2.1]3+—E" and by ~3000 eml in going from [Fuc2.2.113*-F to
[Euc2.2.1]3+—2F°. This fact can be explained by considering that association with
F~ anions reduces the effective positive charge of Eu3+, with a consequent increase
in the energy of the LMCT transitions involving the nitrogen and oxygen donor atoms
of the cryptand.

In Table I the luminescence lifetimes of the two ion pairs are reported and

Table I. Lifetimes (in ms) of the luminescent 5DO excited state

Solvent T(K)  [Fuc2.2.1]3t  [Buc2.2.113%-F"  Ruc2.2.1)3%-2F

B0 300 0.22 0.50 1.0
77 0.34 0.62 1.2
D,0 300 0.64 1.5 1.7
77 1.2 1.5 1.8

compared with those of the "free" [I-).1¢::2.2.1]3+ cryptate. The increase in the
lifetimes observed in H,0 solution with increasing F~ concentration shows that F~
ions replace water molecules which were found to be present in the coordination
sphere of Eu3* in the 2.2.1 cryptate (Sabbatini 1984), i.e. [Fuc2.2.1]13*-F and
[Euc2.2.113*-2F are not solvent-separated ion pairs. The lifetimes of the two ion
pairs are practically temperature independent. This is explained considering that
radiationless decay via low-lying charge-transfer levels (Blasse 1986) is prevented
because the LMCT excited states of the cryptate move to higher energies (see above)
and become inaccessible when F~ replaces water in the holes of the cryptate
structure.

]3+

The pattern of the luminescence spectrum of [Fuc2.2.1 cryptate (Sabbatini

1984) is markedly affected by association with F~. It shows (i) changes in the
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crystal field splitting, related to changes in the site symmetry of Bt and (ii)
shift of all transitions to higher energies, ascribed to a reduction of the

nephelauxetic effect upon replacing H,0 by F.

CONCLUSION

This study presents new examples of perturbations of the absorption and
luminescence properties of the Bu3* ion by suitable complexation and ion-pair
association and confirms the utility of the photophysical characteristics of Eu3*
in enlarging the knowledge on the properties of macrocyclic and cryptand ligands.
It is well-known that these molecules have recently revealed a particularly
important class of ligands because they offer new possibilities in the field of

coordination chemistry (Lehn 1982; Balzani 1986).

Acknowledgments. The authors wish to thank Prof. V. Balzani for helpful

discussions.
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LIGAND FIELD ANALYSIS OF THE DOUBLET EXCITED STATES IN CHROMIUM(III)
TRISCHELATED COMPLEXES
A.Ceulemans, N.Bongaerts, and L.G.Vanquickenborne

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

THE ORGEL EFFECT IN TRISCHELATES

Trischelated complexes with bidentate Tigands containing a
m-conjugated bridge may show a pronounced trigonal splitting of the

t
29
is due to the electronic interaction between the pwm-orbitals of the

orbitals. As has been pointed out by Orgel (1961) this splitting

ligator atoms via the conjugated bridge. An extended angular overlap
model, which takes this interaction into account, has recently been
developed (Ceulemans et al. 1985). If 1in the frontier molecular
orbital (MO) on the bidentate ligand the ligator pw-functions are in
phase, a y-type Orgel effect results, described by a nl(w) parameter.
Conversely if in the frontier MO of the ligand the pwm-functions are
out of phase, a x-type ~coupling occurs, described by a parameter
"L(X)' In principle more than one M0 interaction can be important so
that both ¥- and x-effects may be operative simultaneously. Defining
the trigonal splitting of the tzg shell, AT2, as the energy

difference between the e and a orbitals of tZg signature

Arz = egle) - e(al)

the Orgel effect in trischelated complexes is given by

ATz = 3nl(w) - 3nl(x)

Quite often 1ligand donor and acceptor levels display opposite phase
coupling so that nl(w) and "L(X) will adopt opposite signs. In this
way quite pronounced trigonal splittings may be obtained.

LIGAND FIELD CALCULATIONS

Within the framework of 1ligand field theory complete state
calculations have been performed on hexacoordinated d3 comp lexes,
showing a variable trigonal splitting of the tzg orbitals. In Fig. 1

3 doublet energies as a function

we present the variation of the (tZQ)
of the trigonal splitting. The 1input parameters of the calculation
are specified in the figure legend. From the figure several observa-

tions may be made
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a) There is no first order splitting of the octahedral doublet levels
2Eg, leg and 2ng. This is a result of their half-filled shell
character (Ceulemans et al. 1982).

b) Spin orbit splitting of the 2E levels 1is similarly small. The E'
and E" components of the lowest 2E level have been indicated on
the figure. Their relative ordering depends on the sign of the
trigonal splitting. Remark that for positive values of ATZ the
spin orbit splitting of the lowest 2E is more pronounced than for
negative values of Arz.

c) In a recent study (Ceulemans et al. 1987) we have also calculated
orbital density distributions for the lowest 2E level of Fig. 1.
From these calculations it was concluded that the trigonal field
induces an anisotropic charge distribution. In all cases this
anisotropy corresponds to a charge flow 1into the lower lying tzg
component, and a concomitant depletion of the higher 1lying
component.

APPLICATIONS

Two typical trischelated Cr(III) complexes of great interest 1in
photochemistry and photophysics, which are 1likely to exhibit a

pronounced Orgel effect, are Cr‘(acac)3 and Cr(bipy)33+.

The acac  1ligand (acetylacetonate) is iso-electronic with the penta-
dienyl anion. Consequently 1its w-donor HOMO will be of the y-type
(nl(w) > 0) while its n*—acceptor LUMO will be of the x-type ("L(X) <
0). The sign of ATZ for Cr(acac)3 is thus unambiguously determined Zo
be positive. Accordingly the spin orbit components of the emitting “E
level will be ordered as 1in the righthand side of Fig. 1 with E'
above E". The spectral origin at 12900 <:m_1 is therefore associated
with the E"(ZE) component while the next transition near 13200 cm1 is
assigned as E'(ZE). (Armendarez and Forster 1964; Schdonherr et al.
1983). This assignment 1is consistent with the ligand field analysis
of the spin allowed quartet bands (Piper and Carlin 1960; Atanasov et
al. 1987). Additional confirmation can be obtained from low tempera-
ture Zeeman Tluminescence spectra, published by Field and coworkers

(1984). Some features of these spectra remain puzzling though.

The bipy ligand (aa'-bipyridyl) is iso-electronic with the butadiene
system and therefore should show opposite phase coupling charac-
teristics. With nl(w) < 0 and nl(x) > 0 the A72 splitting 1in

Cr(bipy)33+ is clearly predicted to be negative. The spin orbit
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components E" and E' are therefore expected to be ordered as in the
lefthand side of Fig. 1 with E' below E". These predictions have
recently been confirmed by detailed Zeeman spectra of Cr(bipy)33+ in
crystalline hosts (Hauser et al. 1987). The E'(2
ponds to the spectral origin around 13775 cm_1

ponent is associated with a transition near 13800 cm
2

E) component corres-
while the E"(%E) com-
1. Remark that
the spin orbit splitting of the “E level 1in Cr(bipy)33+ is substan-
tially lower than 1in Cr(acac)3. The effect 1is more pronounced than

could be expected on the basis of the ligand field calculations 1in
3+

Fig. 1 and 1is probably due to a trigonal twist of the Cr(bipy)3

coordination sphere which counteracts the Orgel splitting.

Acknowledgement : We thank Prof. H.-H. Schmidtke and Dr. A. Hauser
for communicating their results prior to publication. AC 1is indebted
to the Belgian National Science Foundation (NFWO) for a research
grant.
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QUENCHING OF THREE PHOTOAQUATION MODES OF A CHROMIUM(III) ACIDOAMMINE

A.Damiani, P.Riccieri, and E.Zinato

Dipartimento di Chimica, Universita di Perugia, 06100 Perugia, ITALY

INTRODUCTION.  Trans-Cr(NH;) . (CN)X”" complexes with X = Hy0, C17, F7, NCS™, etc. are
photochemically unusual, since the spectrochemical strengths of the two ligands on

the tetragonal axis are respectively higher and lower than that of the equatorial NH3

3)4X§+ L and

trans-Cr(NH3)4(CN); 1'ons,2 which are characterized by different energy orderings of

groups. The situation is intermediate between those of trans-Cr(NH

the ligand-field states, hence, by different antibonding properties of the lowest
excited quartet: mainly axial (4Eg state) for the former, and equatorial (4829) for
the latter. The opposing effects of CN~ and X on the splittings of the octahedral
energy levels make these species electronically quasi Oh’ although their actual
geometries are C4v' Therefore, the ligand-field excitation energy can be distributed
almost evenly among the different types of metal-ligand bonds. A recent investigation3
of some members of this family has provided a test for the degree of detail the
current photolabilization mode]s4 are able to handle when three concurrent photo-

substitutions are involved.

The above ions phosphoresce from the lowest doublet excited state(s) in room-
temperature solution, and for the X = NCS~ complex such emission is fairly intense
and long 1ived. A study of its quenching was thus possible, in parallel with that
of three different and reasonably efficient photoaquation modes. The aim was to
seek further information as to the long debated5 origin of the quenchable part of
chromium{I1I) photochemistry.

)+

RESULTS. The 1igand-field absorption bands of trans-Cr(NH;),(CN)(NCS)" are octahedral-

. . 4 4 .
Tike, with maxima at 466 and 355 nm for the 4Azg——4T29 and AZg—' T19 transitions.

Irradiation of these features in acidic aqueous solution (1073"M HC104) results in
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the simultaneous aquation of NH3, CNT,
and NCS™, with virtually wavelength
independent quantum yields of 0.25%0.01,
0.07+0.01, and 0.019%0.001, respectively.
Such independence extends to the Tow-

energy side of the first absorption band.3

Relative Intensity

The phosphorescence spectrum under photo-

chemical conditions (Fig. 1) shows a peak

at 709 nm. The emission lifetime is 680 700 x. 720 740
30.0%0.5 us at 20°C, and its temperature i

dependence in the 5-30°C range gives an Figure 1. Emission spectrum of trans-—
apparent activation energy of 9.1%0.3 Cr(NH3)4(CN)(NCS)+ in 1x1073 M HC10,

1

kcal mol . solution at room temperature.

The trisoxalatochromate(III) ion, Cr(0204)§: quenches the emission (kq = 5.6x108

M'1s—1 at 20°C) and the three photoreactions. The findings of a systematic study
are the following. (a) Photochemistry and emission are quenched in parallel, as
indicated by the linearity of a plot of photoreaction vs. doublet lifetime quenching
(Fig. 2). (b) Upon complete quenching of the lowest doublet state(s), 25%2% of the

photoreactivity remains unquenched. (c) The quantum yield ratios of the three photo-

aquation modes are the same for both the unquenchable and the quenchable components.

DISCUSSION. The energy separation between the two sublevels of the octahedral 4ng
state of trans-Cr(NH3)4(CN)(NCS)+, evaluated by means of the parameters of the two-
dimensional spectrochemical series,4 is relatively small, ca. 300 cm'1, in agreement
with the absence of any band splitting. Establishment of thermal equilibrium between
the photochemically relevant 482 and 4E states can thus explain: (i) the comparable
extents of the equatorial (NH;) and axial (CN™ + NCS™) photoreactivities, and (i1)
the wavelength independence of quantum yields and, more significantly, of their

ratios.



37

The quenching results are interpreted 0 ' ) ' '
with reference to the d3 excited-state o8
scheme of Fig. 3. The unquenchable part bt
of each photoaquation mode pertains to 0.6 - 1
a
molecules which never pass through the £4d
- O -

doublet state(s). Partial unguenchability 04
. 5 ® NH,
is well known for Cr(III),” and these ozl o cn-
contributions are unanimously assigned to O NCS™
the short-Tived quartet excited state(s), 0 02 dA o o5 o

. s . . 4
formed in competition with intersystem K
crossing to the doublet(s) during Figure 2. Photoreaction vs. emission
vibrational relaxation of the Franck- quenching by Cr(C204)3-

Condon (FC) state(s) (route 1 of Fig. 3).

The quenchable parts are then attributed to excited molecules traversing the longer-
Tived, emitting doublet(s). However, at least three possibilities are currently at

issue about the actual precursor(s) of these contributions: (a) direct doublet

7-9

reaction,6 (b) delayed quartet reaction following back intersystem crossing, and

10 11 three

(c) crossing from the doublet to a reactive ground-state intermediate.
pathways are expected to be activated, hence, compatible with the observed temperature
dependence of the doublet decay. The quenching behavior instead strongly supports
pathway (b) (route 2 of Fig. 3). The same proportion in Tigand labilization for both
the unquenchable and the quenchable photoreactivity points to a single source for all
photochemistry which, in the above context, must be 482/4E. It is highly improbable
that the 482/4E and 2A1/ZB1 states, of different electronic configurations (tgg eg
and tgg), and conceivably different equilibrium structures, be characterized by
identical preferences in the cleavage of three distinct metal-ligand bonds. Similar
considerations apply to comparison between 482/4E and a possible ground-state inter-
mediate, originated from 2A1/ZB1 and branching into various substitutional channels

10 This test appears more severe than previous studies,

where analogous results for either two photoreactions,”’12 or two-isomer product

plus vibrational relaxation.
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9,13 were taken as evidence for N
FC

mixtures,
back intersystem crossing. In such cases
a fortuitous constancy of the mode ratio

for the fast and slow photochemistry could b

not be completely ruled out. The present g 7 ;ji<3 3 dil*m“wm
conclusions are also in line with the fact ,:. i i
that the photoreactivity is entirely %, /Céi;f—
explainable by the models based on the
distortion
antibonding charge distribution of the
excited quartet(s).4 If the postulated
unique reactive entity is not an excited Figure 3. Energy-level diagram for
quartet, but some intermediate generated a Cyy chromium(III) complex.

by excited-state deactivation, its bond
labilization properties should at least

resemble those of the 482/4E states.
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STEREOCHEMICAL CONSTRAINTS ON THE EXCITED STATE BEHAVIOR OF CHROMIUM(III)

J.F.Endicott*, Chong Kul Ryu*, R,B.Lessard*, and P.E.Hoggard**

* Department of Chemistry, Wayne State University, Detroit, MI 48202, USA
** Department of Chemistry, North Dakota State University, Fargo, ND 58102, USA

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 (2E)Cr(IlI) 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- CrlllfMCL)X, (where
MCL = a tetraazamacrocyclic ligand and X = CN- or NH3); (b) Crll([9]aneN3)X3 (where X3 = [9]aneNs,
[NH3]3, [H;013, [CN]33-, [NCS]33-) and the N-derivatized complexes Crlll(DTNE) (DTNE = 1,2-

bis(1,4,7-triazacyclononyl)ethane) and Crlll(TCTA) (TCTA = 1,4,7-tris(acetato)-1,4,7-
triazacyclononane); and

(c) CrlI(PP), X o, (PP = phen or bpy; X = NCS-, CN-, en/2, NH3). 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 UV 1000 pumped tunable dye
laser for excitation, P.A.R.-O.M.A.- I (SIT - Vidicon) or an RCA 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).
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RESULTS AND DISCUSSION

These compounds exhibit three kinds of photophysical behavior (Table I): (a) long lived trans-
Crll(MCL)X, complexes ( X = CN- or NH3) for which the 298 and 77K lifetimes are nearly the same;
(b) very short lived molecules at 298K (t << 0.1 ps) 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 10us. 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 DTNE and TCT 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-, NH3 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(IIT) 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,0
glass at 77K than in the solid state (C1Oy4- salt) and the band width is about 360 cm-!. Matrix dependent
broadening of the emission bands, without appreciable shifts in the emission maxima, is observed for
several CrlI([9]aneN3)X3 complexes. The phenomenon has been examined most closely for
Cr([9]aneN3),3+ for which the emission band width increases with temperature in the range 200-270K in
DMSO-H,O0 (apparent activation energy 300-400 cm-1). It may be pertinent that the 2T g(On) component
electronic origins are found about 360, 400 and 650 cm™! above the energy of the 2E state in this complex.
Thus some part of the line broadening in the emission from electronically excited Cr([9]aneN3)23+ may

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

The small energy differences between the different doublet components of Cr([9]aneN3),3+ raises the
possibility that thermally activated relaxation through the different doublet electronic states may be a feature
of the photophysics of many Cr(IIT) complexes. It seems clear that a large number of factors can
contribute to thermally activated (2E)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 |. Excited State Decay Parametes for Cr(lll) Complexesa

ECE)  E(T2ma® Tim 208 Ea
Complex cm-1/104 cm-1/104 us us kJ mol-1
t-CrL{(CN)p* 1426 235 379 380 ae-
¢-CrLy(CN)o* 1.379 2.16¢ 208 2.1 50
+Cr(d4-L¢)(CN)o* 1.43 2.35¢ 5600 1752
c-Cr(d4-Lp)(CN)* 1.38 2.16° 1854 2 46
#Cr(L3)(CN)o+ 1.404 2.42d 3550 361d
t-Cr(d4-L3)(CN)o* 1.4 2.42d 3060 1499
+-Cr(Lg)(NHgz),3+ 1.47¢ 2.0¢ 180 136 € 6¢
o-Cr(Lg)(NHg),3+ 1.47¢ 2.14¢ 116e 1.0€ 43¢
Cr(Lg)3+ 1.472 2.28¢ 400 30 41
Cr(L4)(NHz)g3+ 1.498 2.17 104 6.7 35
Cr(L4)(CN)z 1.35 2.41 402 6.1 32
Cr(L4)(NCS), 1.332 1.98 112 18 10
Cr(L4)(OHy)33+ 1.483  1.98 65
Cr(DTNE)3+ 1.37 2.08¢ 50 (6 x 10-5)t 32
Cr(TCTA) 1.398 1.95¢ 395 (2 x 10-5)f 38
Cr(phen)s(NH3),3+ 1.422 2.31¢ 190 3.6 35
Cr(phen)(en),3+ 1.436 2.20¢ 155 0.5 30
Cr(bpy)(en)y3+ 1.437 2.15¢ 164 0.5 30
Cr(phen)(CN),- 1.275 2.40¢ 4320 0.4 33
Cr(bpy)o(CN),+ 1.322  222¢ 3600 0.11 34
Cr(phen)o(NCS),* 1.263 1.96 660 2.2 35
Cr(bpy)o(NCS)p* 1.265 1.98 610 2.8 35

Notes for Table |

aln DMSO:H,0 (1:1v/v) except at noted
bLowest energy quartet absorption maximum
CAs cited in Endicott, et. al. (1986,1987)
dKane-Maguire, et. al. (1983)
eKane-Maguire, et. al. (1985)

{Extrapolated value

Ligand abbreviations: L4 = 5,12-meso0-5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane (teta); d4 - L4 = 1,4,8,1-deutero-teta; L, = 5,12-rac-
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane (tetb), d4-Lp = 1,4,8,11-
deutero-tetb; L3 = 1,4,8,11-tetraazacyclotetradecane (cyclam); Lg = 1,4,7-
triazacyclononane ([9]aneN3).
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EXCITED STATE BEHAVIOR AS A PROBE OF GROUND-STATE ION-PAIR INTERACTIONS IN
CHROMIUM(III)-POLYPYRIDYL COMPLEXES

M.Z.Hoffman* and N.Serpone**
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INTRODUCTION

The tris-polypyridyl complexes of Cr(III) (Cr(NN)33+) are remarkable
in that the observed lifetimes (7T, pg) of their thermally-equilibrated
lowest doublet metal-centered excited states (2T1/2E) are amongst the
longest known for transition metal coordination complexes in. fluid
solution at room temperature, ranging from 0.070 ms for Cr(bpy)33+
(bpy = 2,2’-bipyridine) to 0.64 ms for Cr(3,4,7,8~Me4phen)33+ (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 7,pg extremely sen-
sitive 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 2T1/2E excited states and
the %Ag ground states of the complexes have the same geometry, there
being no Stokes shift in the absorption and emission between those
states (Balzani 1970), the nature of the solution medium environment
in the immediate vicinity of the cation will be the same for 2T;/2E as
it was prior to the absorption of light. Thus, the behavior of T1/2E
can be interpreted in terms of ground-state interactions. For OH™,
which quenches 2T1/2E directly in highly alkaline solution (Bolletta
1983) , and C1~, the ion-pair formation constants can be estimated as
-1 M1 by analégy to the Ru(bpy)33*/0H- (Ghosh 1984) and Crlll/cl-
(Wrona 1984) systems. It is easy to see that when the complex concen-
tration is initially ~10 uM, 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, Tgpg was
measured for Cr(NN)33+ (NN = phen, 5-Clphen, 5-Mephen, 5-Phphen, 4,7-
Meophen, 3,4,7,8-Megphen, and 4,4’ -Megbpy) as a function of pH and
[C17] at 5°, a temperature chosen to optimize the experimental condi-
tions.

EFFECT OF C1-

Figure 1 shows the dependence of Tops on [Cl7] in acidic solution for

Cr(Phen)33+ and four substituted-phen complexes. The inflections are
consistent with the occurrence of reaction 1 with Ky ~ 1 M7,
Cr(NN)g3+ + Cl- F=—=2 Cr(NN)g3+,Cl- (1]

EFFECT OF pH

Figure 2 shows the dependence of T,p,g on pH for Cr(phen)33+; Tobs Was
not a function of the nature of the buffer used to control pH. The
reversibility of Tobs Was demonstrated with a solution at pH 9.2 made
acidic to pH 3.1 and returned to the original pH. The intensity of
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the emission from the complex as a function of pH paralleled 7T,pLg in
Fig. 2. This dependence of Topg on pH was a general phenomenon for
those Cr(NN)33+ examined (Table 1). The measurement of 7Topg at pH 3-4
and 9-10 as a function of temperature (5-35°) yielded actlvatlon ener—
gies for the decays of *Cr(phen)3 * (37 and 31 kJ mol-1 ) and *Cr(5-
Mephen)3 + (41 and 30 kJ mol~1).

Table 1. Values of T, pg for Cr(NN)33+ at 5° in Ar-purged solutiomns.

NN pH Tobs,2 ms Tobs:b ms
phen 3.32 1.03 0.62
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 0.87
9.50 0.52
5-Phphen 3.32 0.77 0.33
9.50 0.52
4,7-Megphen 3.32 1.28 0.75¢
9.50 0.55 0.65¢€
3,4,7,8-Megphen 3.38 1.68 0.75
8.96 0.64 0.64
4,4’ -Megbpyd 3.32 0.46 0.46
8.89 0.41
9.05 0.34
9.63 0.43

absence of added NaCl
presence of 1.0 M NaCl
presence of 0.93 M NaCl
in 4% v/v CH3CN/Ho0

a0 op

It should be noted that our previous measurements of 7T,pg for Cr-
(bpy)3 + and Cr(phen)33 , performed in aerated solution containing 1 M
NaCl at 15°, did not reveal any dependence on pH (Maestri 1978; Bol-
letta 1983) Similar measurements by Lilie and Waltz (1983) on Cr-
(bpy)3 * in deaerated solutions in the absence of added solutes also
showed no variation of 75,9 with pH; for Cr(phen)33 under the same
conditions (Lilie 1986), 7,5 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)33+ was higher in
acidic than in alkaline solution. As Table 1 shows, the presence of

1 M NaCl, in general, reduces 7ohg in acidic solution at 5° by a sig-
nificant factor while not affecting the value in alkaline medium to
any great extent (if at all), resulting in a great diminution of the
pH-effect.
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INTERACTIONS OF Cr (NN) 33+

Inasmuch as the complexes do not possess moieties that have acid-base
properties, the effect of pH on 7,5 must be attributed to an interac-
tion that exhibits an inflection 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 2T1/2E, which involves transfer of metal-
centered electronic energy to the vibrational modes of the ligands
(Henry 1978), are changed so that 7T, Lg exhibits slightly different E,
values in acidic and alkaline solution; the pH effect is emphasized at
low temperatures, with the values of 7TopLg 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 OH™ 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)33+ + OH- T Cr(NN)33+,0H" 2]

In order to explain the pH-dependence of the photoaquation quantum
Eields of Cr(NN)33+, we proposed several years ago (Maestri 1978) that
T1/2E can react with Ho0 in competition with its nonradiative decay

to form a "seven-coordinate" intermediate; deprotonation of this
intermediate in the pH ~ 6-7 range is viewed to lead to the final
products. The similarity of the pH-profiles of Topg and ¢ strongly
suggests that the photochemical and nonradiative decay modes of T1/2E
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 2T5/ E with the same configuration. The nonradia-
tive behavior of 2T1/ E as a function of pH reflects the subtle change
of the vibrational modes of the complex as Ho0 is deprotonated; the
photochemical pathway can be viewed as a relatively minor branch off
the same potential energy surface.

Cr(NN)33+ + Hg0 7= Hg0---Cr(NN)g3+ [3)

HoO- - - Cr (NN) 33+ +— -HO---Cr(NN)33+ + H* (4]

At high [C1-], reaction 5 could compete with reaction 3 in acidic
solution, bringing Cl~ into the inner-sphere and resulting in a dimi-
nution in 7,Lg. In alkaline solution, the driving force of reaction
43 and the interaction of OH~ with the metal center and, perhaps, the
nitrogen-heterocyclic ligands, would minimize the presence of Cl™ in
the inner-sphere.

Cr (NN)33+,C1~ +—* ~Cl---Cr(NN)33+ (5]
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Fig. 1. 7Tgpg as a function
of the total concentration
of C1~ (addition of NaCl)
for Ar—purged solutions at
5° and pH 3.3 (controlled
with HCl) ®, 15 uM Cr-
(phen)33*; A, 10 uM Cr(5-
Mephen)3 T O, 10 uM Cr(5-
Phphen)3 M Cr-
(4,7- Mezphen)33+ ‘ 10 uM
Cr(3,4,7,8- Me4phen)33+

Fig. 2. 7Tops as a function
of pH for Ar-purged
solutions at 5° containing
10-15 uM Cr(phen)33+






COUNTERION EFFECTS ON DOUBLET SPLITTINGS OF CHROMIUM(III) COMPLEXES

P.E.Hoggard and Kyu-Wang Lee

Department of Chemistry, North Dakota State University, Fargo, ND 58102, USA

Splittings within the intraconfigurational doublet bands in d3
ions are sensitive to the exact metal-ligand angular geometry, but
not very strongly affected by differences in the values of the ligand
field splitting parameter, 10Dq, of the coordinating groups (Hoggard
1981, 1986). Since the transitions are, to the first approximation,

within the t subshell, ligand e; effects can be expected to dominate

in determiniig the splittings, although we have found that e; + e; is
a better predictor of splittings calculated from a ligand field model
including spin-orbit coupling (Hoggard 1981). Ligand pi anisotropy is
another factor that can make large contributions to the doublet
splittings, but can in principle be accounted for if the exact

geometry is known (Hoggard 1986)

It appears, however, that for some very simple compounds, with
relatively high symmetry, no pi anisotropy, and little deviation from
orthoaxiality, substantial splittings are seen, beyond the ability of
ligand field theory to explain (given reasonable bounds on the
parameters), and causing the widespread conclusion that ligand field
theory is simply incapable of effectively predicting splittings with
magnitudes of tens of reciprocal centimeters (Flint 1977). Table 1
presents some of these data. The theory should not, however, be thrown
out as long as there are still effects that can reasonably be

incorporated into calculations.

All of the data in Table 1 are problematic. In an octahedral
eénvironment, a 2E state is unsplit by spin-orbit coupling, so that
splittings much smaller than 50 crn_1 would be expected for any
octahedral complex. In the pentaammine series, the differences in 10Dq
between NH3 and the other ligand are often large enough to produce
easily visible splitting of the first quartet band. But it is not 10Dgq
differences that matter for the doublet splittings, and in fact the
, C17, Br , I, and H

€5 + eq values of NH O are not markedly

3 2
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Table 1
2g Splittings in Nearly Orthoaxial Chromium(III) Complexes
g
Complex Splitting, cm~1 Reference
KylCr(cN) ] 49 Flint 1974
[Cr(NH3)5Cl]C12 175 Flint 1973
"
[Cr(NH3)SBr]Br2 225
"
[Cr(NH,) 11T, 305
"
[Cr(NH,) H,0](C10,), 205

different. Thus calculations show splittings of at most 50 cm_l, and

more typically very close to zero.

The luminescence spectra of a number of hexacyanochromium(III)
complexes with different cations reveal a considerable variation in
2Eg splittings (Schlafer 1971), from 78 cm—l for the Lit salt to
41 cm_1 for the PhaAs+ salt. Similar variations are seen for
[Cr(CN)6]3_ substituted into hexacyanocobaltate(III) lattices (Flint
1977). This suggests a strong influence of the counterions. We have
thus used the known crystal structure of K3[Cr(CN)6] (Jagner 1974;
Figgis 1981), and have determined the crystal structure of
[Cr(NH3)5
in Table 1 might be explained by energetic effects on the metal d

C1]C12, in order to test the hypothesis that the splittings
orbitals derived from the counterions.

The Angular Overlap Model provides a simple method to incorporate
contributions from any number of counterions. It is also reasonable to
assume that pi-bonding effects will be very minimal, and consequently
the counterions need only be characterized by a single parameter to
represent sigma bonding (eg in the AOM). However, since the
counterions in general do not reside at equal distances from the metal
ion, a radial dependence for eqg of the counterions must be
established. At typical counterion distances they may be’well
represented as point charges, so that the crystal field treatment is
appropriate. This is based on the expression for the potential of an
electron at (r, 6, ¢ in the field generated by a single point charge q

at (R, %, %) in terms of an infinite sum of spherical harmonics.
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o +<
- " . _4n v
V(r,8,¢) = qz EITI 531 Zth(e,tﬁ)'th(eo,'ﬁo)
n=0 m=-¢

When an integral of V(r,6,¢) is taken between two d wavefunctions,
terms with odd n and all terms with n greater than 4 drop out. The

potential may thus effectively be represented as

C C v 7

vV = EQ + g%[yz'_z(eoy¢o)yz’_2(al¢) + Yz,_1(90,¢0)Y2'_1(9,¢) + ...]
c . <

+ E%[Y4,-4(eo'¢o”4,a4‘9"”) " Yy _5(60.0)% g.@) + ... ]

The R—1 term has a spherical angular dependence and is incorporated
into the central field potential. The radial dependence can thus in
3 -5

and R 7.

general be described as a complicated function of R~ For the

3

often-cited octahedral case the R ~ coefficients drop out. For most

3 and R_5 dependences will

actual counterion arrangements both R~
exist. We assume the R_5 terms will be negligible at typical

counterion distances of 4 & or more, and in the calculations to follow
the counterion field is always considered to decline as R—3. Typical egq
values for counterions at 4 to 4.5 % will be seen to be around

300 cm_l, which may appear to represent a more rapid falloff with R,
compared to typical values for ligands at about 2 2 of around

6000 cm—l. In fact, the R—5 terms would be expected to be more
important at shorter distances, and an even stronger dependence on R
should be reached at metal-ligand distances, approximating that of

Born repulsion.

The experimental data for all of the sharp-line doublets of

K3[Cr(CN)6] are listed in Table 2. The 2Eg splitting of 53 cm_1 is
accompanied by 2Tlg and 2T28 splittings of around 60 and 100 cn”}
between the highest and lowest components. Before looking at the

cations, the effects of the chromophore geometry must be examined.
Even though the deviations from orthoaxiality are small, generally
less than 0.5°, they are still capable of causing significant

Splitting, primarily within the 2T state, as shown in the second

28
column of Table 2. In fact the calculated 2T2g splittings are larger
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than the experimental with no contribution from the cations, while the

2Eg state is split hardly at all.

The cation geometry around the chromium center in K3[Cr(CN)6] is
not a simple one. There are 14 k* ions at distances spread irregularly
from 4.2 to 6.0 &, which we have treated as the "second coordination
sphere". It is possible that still more remote K+, and [Cr(CN)6]3_
ions as well, could make significant contributions. Figure 1 shows the
calculated effects on the doublet transition energies of introducing a

1

field from the 14 cations up to an ez value of 450 cm” It is seen

that the Zng splitting is decreased markedly from eo(K+) = 0 to about
-300 cm—l, while the splittings of the 2Eg and T1g states increase.
Near -300 cm'~l the experimental splittings are close to being well

reproduced. An optimization yielded the values in column 3 of Table 2.

Table 2

Experimental and Calculated Doublet Transition Energies for
K3[Cr(CN)6]. All data in cm—1

Exptl, 13K Calculated® Calculated®
Chromophore geometry only Cations Included

2B 12447 12518 12480
7 12500 12521 12511
2T1g 13101 13090 13067
13121 13104 13118
13164 13117 13154
2T2g 18388 18301 18359
18435 18383 18440
18487 18500 18504

®Parameters used: egoy = 8760, egcy = 0, B = 715, C = 1900, (Trees
correction) = 215, = 150.

= 9508, = 607, B= 737, C = 1848, = 217, = 222,

= -334.

b
€oCN

eo K+

ercN
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Although the fit is not perfect, it is close enough to conclude that
the doublet splittings can in the main be accounted for through
geometric effects arising both from the chromophore and from the
counterion sphere.
It is a different story with [Cr(NH3)5C1]C12. There are eight

nearest-neighbor chloride ions, with Cr-N distances from 4.25 to 4.41

®. These form a distorted cube that is nevertheless close enough to a

perfect cube with the ligands oriented towards the centers of the

faces that only a slight amount of additional splitting of the 2E or
the other states is predicted, even at eO(Cl—) = 500 cm_1 Thus the
anions are not responsible for splittings on the order of 200 cm_1 in

this complex, and probably not for the other pentaammines as well.

Is the large 2Eg splitting in the pentaammine series real? One

way to obtain such splittings is for a component of the 2T

].g state
18500 foeeee e
‘v—s_.._____.- —’__'_,.o--" ”-',__-'
18400 = J—— —— aTae
18300 | oo -
13200 I-
2
— Tio
13100f ------- S IITTTII I I~
12600 |- -
12500 et Ll
. >
Eq
12400 \ | \
0 -100 =200 -300 =400 =500
€5

Figure 1. Calculated doublet transition energies for K3[Cr(CN)6] as a

. + .
function of eq of the nearest K ion.

Nearest cations was taken into account.

from the second column of Table 2.

The potential from the 14

The other parameters are those
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to become the lowest doublet. This would, however, require that en

for C1~ be at least 1500 cm-l, which is unlikely. We have recently
measured small splittings, between 10 and 15 cm-l, of the 0-0 lines in
several pentaammine complexes in both luminescence and excitation
spectra. It remains to be seen whether these can be assigned to the
2Eg state, but from the standpoint of ligand field theory, the
assignment of the electronic transitions listed in Table 1 to a

component of the leg state is quite reasonable.
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SPECTRUM-STRUCTURE CORRELATIONS IN HEXACOORDINATED TRANSITION METAL COMPLEXES

T.Schtnherr

Institut flr Theoretische Chemie, Universitat Disseldorf, 4000 Diisseldorf 1, FRG

To understand the photophysical and photochemical processes a compre-
hensive knowledge of the molecular energy level scheme is recuired. It
has been found in recent vears that even slight changes of the geometric
structure can significantly alter the electronic vproverties of transition
metal complexes. This has led to a growing interest in the study of
spectrum-structure correlations, in particular for chromium(III) com-
pounds which are of current interest as possible candidates for lumi-
nescent solar concentrators (1). In the first section of this vaver the
potential of common ligand field theory (LFT) will be illustrated to
describe trigonal distortions for complexes near to high symmetry. For
the properties considered the hexaamminechromate (III) ion revbresents an
ideal system for the global parametrization within the LFT which is
reflected by the high molecular symmetry and the absence of metal-ligand
m-bonding. The angular overlap model (AOM), on the other hand, is based
on an additive descriotion of metal-ligand interactions using local
bonding parameters of o- and m-tvpe which are more adeguate to the chem-
ical way of thinking. One of its advantages over the LFT is that it is
easier to include the molecular geometry into energyv level calculations,
since the AOM parameters are independent of angular distortions within
the coordination sphere (2). In the case of osmium(IV) complexes a great
deal of information about electronic and geometric structure can be de-
rived fror detailed studies of intraconfigurational transitions, and
model rarameters are given here for the first time. In order to explain
Spectroscopic properties of transition group metal acetylacetonates an
extended AOM is recuired. Directional m-bonding effects resulting from
the phase courling of chelate molecular orbitals lead to non-additive
contributions to the d-orbital energies. We will give an illustration

of this type of study below.

. +
olecular Structure Determination of ICr(NH3)6]3 -Salts

4 2E , and 2T1g (in Oh—notation) all derive from

A
2g" g
the (t2g3) electron configuration leading to sharp line spectra in the

The lowest states

low energy spin-forbidden region. Information about the transition into
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the higher 2T1g is very rare because the vibronic structure of the

4A2q —> “E _ transition usually covers the less intense 2T1g lines in
absorption spectra. Recently, a new optical device, which provides for
low temperature svectrosconv of sgolid materials, was applied for meas-
uring an extremely rich vibronic band pattern in the 4.2K absorxption
spectra of the ventachlorocadmium and -copper salts of the hexaammine
complex. As elaborated in detail in Ref. 3 all five spin-orbit compo-
nents (Kramers' doublets) of 2Eg and 2T1q were identified including
assingments for about sixty vibronic sidebands in both cases (cf. Fig. 1).
The electronic level schemres have been rationalized by complete ligand
field calculations considering certain limitations for the trigonal LF
parameters X and K' due to reasonable radial parts of the d-electron
wavefunctions. Trigonal distortions of the CrN6 chromophore can be cal-

culated from the parameter relation

(K+K') / Dg = 10/v/2 - (® - 0) - m/180° , (1)

cub

where 6 denotes the angle Lketween the octahedral trigonal axis and one

19
C
k]
g 1% 18
0
<« 17
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0-0 LAVS v,'zE V3 Vg Vy
—— -
29 g+V1 ‘ \;6 \‘IL \;3 JB
L p) r T T AL -
Azg—>T,g { Al Vsl"t.l V3’ o
B T T -=
[
Figure 1 Low energy part of the absorption spectrum of crystalline

ICr(NH3)6] (Cdc15) at 4.2K.
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of the metal-ligand vectors (4). The calculated doublet energies as
well as ground state splittings are in excellent agreement with the
experimental findings, and 6 is determined to be 0.19° in the Cd-salt
and 0.23° in the Cu-salt, respectively, indicating a slight compression
along the trigonal axis. This reflects the expected distortions of the
chromium complex in the two lattices, the value for the copper salt also
coincides with X-ray results (0.220). Therefore, it is concluded that
conventional LFT can rationalize experimental energies up to high accu-
racy when complexes possess a high symmetry and m-bonding can be neg-
lected. Ctherwise more sophisticated treatments of electron repulsion
(usually spheric parameters are used) or extensions referring to mole-

cular orbital theory are recuired (vide infra).

Angular Cverlav Calculations for Os4+ Complexes

In comparision with the ions from the first transition period, much less
is known about d-electronic states of heavier metal ions in complex com-
pounds. Though in recent vears several papers have been published dealing
with absorption and luminescence svectroscopy of hexacoordinated Os4+
compounds (e.g. Refs. 5-8), assingments even of the best investigated
intraconfigurational transitions are still open for discussion. The first
calculation of energy levels for octahedrally surrounded osmium(IV), in-
cluding spin-orbit coupling, was performed in 1968 (Dorain et al.) using
conventional LFT. Low symmetry d4 complexes have not been theoretically
treated up to now. To assign spectra, band splittings of low symmetry
compounds as well as selection rules for zero-phonon and vibronic tran-
sitions have been used (6). Nevertheless, the given assignments are still
speculative and partially even in contradiction to the predictions of
group theory (8). Therefore, in order to elucidate the electronic struc-
tures and determine hitherto unknown AOM parameters of osmium complexes,
we have fitted calculated energy levels to the experimental ones by
adaptation of the geometrical properties of the molecules. By this pro-
cedure was found for OsC162_, when doped into low symmetry KzanlG host
lattice, that the experimental splitting pattern of the spin-orbit sta-
tes resulting from 3T1g (6,7) is reproduced by use of antibonding para-
meters e, = 9500 cm_1 and e, = 1800 cm_1. Investigations on the energy
level schemes of mixed hexahalide compounds support this result (9).

In the following, the obtained findings are applied to the well resolved
Iy — ry,Tg (all from 3T1g

(8). In this molecule a strong deviation from octahedral surrounding

) transitions in [OsCl4ox12_, ox = oxalate,

appears due to the rigidity of the oxalate ion. From geometrical con-

siderations a bite angle of about 74° is expected. In our AOM calcula-
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tions the chloride antibonding parameters are used as given above while
for the oxalate parameters the guide lines of the spectrochemical series
should hold. Fig. 2 shows that an almost perfect fit of the experimental
findings has been achieved by varying the bite angle a. The obtained
result (o = 78 * 1°) reflects the influence of covalency (a > 74°) as
well as the rigidity of the chelate ligand (o << 90°). This example
demonstrates that spectrum-structure correlations can be gquite signifi-
cant though easy to handle when appropriate models are used oroviding

a good field for future theoretical and experimental investigations.

[0sCl,ox]? AE/em™
1 [
5500+
] B1
] Aq
505 B,
1'3'5
O 5000- A,
i Ay
. h \
] B,
30004 1
i 3
eq(Cl) = 9500 cm™ ]
e.(Cl) = 1800 cm™ . A2
eglox) =11000cm™ ZSOO-i \J/
- -1 T T T —
ean)— 1200 cm 70 80 90 o/°
Figure 2 Calculated (——) and experimental (O) spin-orbit energy

levels of 3Tm(oh). B =370, C= 5B, 7 = 2650 (in cm ).
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Orbital Phase Coupling Effects in Metal Acetylacetonates

The molecular geometry of trisbidentate complexes has been the subject
of many investigations iIn the vast twentv years. However, various ap-
proaches have failed to describe the structural properties of transi-
tion metal acetylacetonates. Furthermore, assingments of some d-d
transitions are not clear up to now. Most recently, it has been shown
that usual LFT (although this model is able to fit the experimental
energy level scheme (10)) and the AOM cannot account for the trigonal
level splittings in Cr(acac)3, for which the coordination sphere of
oxygen atoms is nearly octahedrally arranged (11). Consideration of
anisotropic m-bonding using different AOM parameters for in plane and
out of plane interactions, e c and e o is not able to change the situ-
ation, since for reasons of symmetry a "pseudoisotropic" electron den-
sity results for this compound. However, a more profound extension of
the AOM, which becomes important for chelate complexes (12), can re-
produce the experimental findings. The phase relations of ligand orbitals
influence the d-orbital splitting in a different way as the point sym-
metry of the chromophore would predict, leading to a non-additive model
for the metal-ligand interactions. For trisacetylacetonates in phase
coupling is present in accordance with the fact that the HOMO's of the
acac ligands are of Y-type (Fig.3).

Finally, this is applied to the geometry of such compounds. From analy-

tical expressions of the matrx elements <di[V ldj>, which depend on

trig
the chelate bite angle a and on antibonding parameters, the trigonal

in phase coupling out of phase coupling
¢ type (by) X type (a,)

Figure 3 p-orbital phase coupling scheme for bidentate ligands (sz)
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Figure 4 Bite angle to metal-ligand distance plot from X-ray data. The

dependence for constant O0-O bite is given by the dashed line.

distortion of the MO6 skeleton from octahedral symmetry can be calcu-
3

lated. For example, the total energy of a d” or d6 system is minimal

with respect to variation of a for

cos o = - e / (3eO - 4enc) . (2)

Since the denominator must be positive (o-bonding is larger than cor-
responding m-bonding) as is the case for ers (donor ligands), the in-
crease of 0-O bites in transition group acetylacetonates compared to

closed shell compounds is well explained (Fig. 4). Quantitative results
are derived for the Cr3+ and Co3+ complexes (13), where AOM parameters
can be obtained from trigonal band splittings in polarized absorption

spectra.
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MULTIPHOTON-INDUCED PICOSECOND PHOTOPHYSICS OF CHROMIUM(III)- POLYPYRIDYL COMPLEXES

N.Serpone* and M.Z.Hoffman **

* Department of Chemistry, Concordia University, Montreal, CANADA
**Department of Chemistry, Boston University, Boston, MA, USA

INTRODUCTION

The photophysics of Cr(III)-polvpyridyl complexes, Cr(NN)33+, have been
the object of many studies in attempts at understanding the behaviour
of these systems on absorption of light (Jamieson 1981; Serpone 1983).
The usual photochemically relevant states of Cr(NN)33+ (Fig. 1) are:
the ground state, “A,; the lowest energy spin-allowed guartet state,
Ty; and the lowest energy spin-forbidden doublet states, 2T1/2E. Also,
shown are the other higher energy quartet and doublet states, and the
ligand-centred states (Ohno 1983 1986) depicted as dashed curves; not
shown are some 12 additional doublet states. Several studies have been
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Fig. 1: Qualitative energy level
diagram as a function of a distort-
ion coordinate. Solid lines denote

1 metal-centred state surfaces; dashed
CriNN)3 lines show ligand-centred surfaces.
4F—0 . From (Seroone 1987).
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directed toward the long-lived (t ~ 0.1 - 1 ms) luminescent 2T /2E sta-
tes; prompt fluorescence from 4T2 has not been observed in fluld media
at ambient temperatures, implying either that the lifetime of 4T2 is
too short or that this state is not populated. Recent pulsed laser
Eransient absorption spectroscopy experiments have indicated that 1 of
Ty of Cr(acac)j3, Cr(NCS)g3~, t-Cr(NH3),(NCS),4~, t-Cr(en)3(NCS),*,
Cr(en)33*, ana Cr(bpy)33' are a few ps or less (Kirk 1976; Rojas 1986
1987; Pyke 1978; ILeSage 1983; Nicollin 1980).

Recently, we reported (Serpone 1984) that 355-nm excitation of Cr(bpy)%'
and Cr(4,7—Me2phen)33+ in 1M _HC1l _aqueous media results in a grow-in of
the luminescefice frdm their 2T1/ E states with t(rise) ~ 10-20 ns, at-
tributed to intersvstem crossing from the quartet to the doublet mani-
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folds. We also observed a rapid increase in transient absorption in the
400-600 nm region within the integrated laser pulse (v 30 ps, fwhm)
followed by a slower absorption rise to 12 ns, just outside of experim-
ental error (+o ). Kirk (1986) has questioned our results from the
standpoint of a (a) lack of observeble fluorescence from 4T2, (b) poss-
ible artifact (Raman effects, filter emission,...) in our data, (c) the
emission concaves upward, and (d) + .20 should be used rather than our
+0 . In our reply (Serpone 1986) we emphasized that the slow rise in
emission did not originate from artifactual sources; also, the computer
fitting of the grow-in did not show unreasonable errors (see below).
Curiously, Kirk (1986) carried out neither transient emission experim-
ents, nor transient absorption experiments beyond 400 ps. Rojas (1987)
was surprised at our results on the basis of their own work in which
they employed low-power laser pulses (photon fluxes g 1011 photons/cmz);
they did concede (1986) that perhaps Cr(III)-polypyridyl may have pho-
tophysical properties different from those of other Cr(III) complexes.

We report here our extensive examlnatlon of the ps transient emission
properties of several Cr (NN) complexes, and in detail the transient
absorption properties for Cr%B 6- Mezphen)3 ; transient emission was
determined under identical experimental conditions as, those of t- Cr;
(NH3) 5 (NCS) 4=, t=Cr(en),(NCS),", Cr(en),Fy", Cr(en)33", Cr(terpy),3

and Cr{cyclam) (NH3) , 3* “ro further test for potential artifactual
sources, we also examlned Ru(bpy) 2+, Fe(bpy)32+, eosine-Y, and biacet-
yl.

MATERIALS AND PROCEDURES

These have been reported elsewhere in some detail (Serpone 1987).

RESULTS AND DISCUSSION

In the present work (Serpone 1987) and in our earlier communication
(Serpone 1984) we employed a solid-state Nd:Yag laser svstem (30 ps
pulses; 2-3 mj/pulse); photon flux per pulse " 1016-1017 photons/cm2
some 5-6 orders of magnitude greater than that used by Rojas (1986
1987) .

Transient Emission: A survey of Cr(NN)3.3+ complexes (where NN is bpy,
4,4'-Meybpy, 4,4'-Phybpy, phen, 5-Brphen, 5-Clphen, 5-Mephen, 5-Phphen,
5,6—Me2phen, 4,7—Me2phen, 4,7-Phyphen, 3,4,7,8-Meyphen) revealed that
excitation (355 nm) of all these complexes results in a fast emission
component below 650 nm that decays in ~ 50 ps (Fig. 2a), and, with the
exception of NN = 5-Phphen, 4,4'-Ph,bpy, and Cr(terpy) o 3*, a slow em-
ission rise at ~ 700 nm. The slow rise has also been observed with Cr-
(cyclam) ( + (Kane—Maguire 1984) . The following emitting systems
showed nezt er a slow rise in luminescence nor a fast emission compon—
ent, but only showed their normal decays as seen by others: Ru(bpy)3 +/
Hp0, t-Cr(NH3)3(NCS)4”/H,0, Cr(en),F,*/H50, Cr(en)33¥/H,0, eosine-v/
H70, biacetyl/methanol, and _biacetyl/heptane. With 266-nm excitation
(Fig. 2b), Cr(5,6- Mezphen)33 shows a prompt emission rise (at X % 305
nm; plot A) levelling off to a plateau in the 0-7 ns time window of the
streak camera.However, plot A is a composite of the emission features
in plot B (decay time ~ 13 ns) and plot C; the latter is similar to
plot B of Fig. 2a.

In our prev1ous paper (Serpone 1984), we treated the kinetics of the
slow emission rise by the model of Castelli (1977) {I, = K(1 + e”kt),
where K is a constant and k was taken as the rate of 1ntersystem cgoss—
ing between 4T, and 2Tl/2E} which assumes that thezi 47,0 and 2T,/“E
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Fig. 2: (a) Time-resolved emission from the 355-nm excitation of Cr(5,6-
Mepphen)33; A, time window 568 ps; B time window 6.7 ns. Dashed line in
A is the laser pulse. (b) Time-resolved emission from the 266-nm laser
excitation of Cr(5,6"Me2phen)33. From (Serpone 1987).

states are involved and that back intersystem crossing is negligible.
Application of this model leads to the unreasonable requirement that
T7© be sufficiently long-lived for steady-state fluorescence to be ob-
served (Kirk 1986). The model of Castelli (1977) is in retrospect not
appropriate since *T,© is not populated (Serpone 1981). Rather, the
slow emission grow-in (B of Fig. 2b) can be fitted (Fig. 3) to a model
for two consecutive first-order reactions (eqn 1; Frost 1961); where 1q
k k
l‘B 2, . (1)

>

A

Lo

= 1/ky ~ 500 ps and 1, = 1/k, v 10 ns (Sergone 1987). It is interesting
to note that I~, a wefl known quencher of Tl/ZE states, totally quen-
ches the slow emission growth and slightly quenches the fast emission
Ccomponent. It is not inconceivable then that the slow rise identifies
with formation of the 2Tl/2E manifolds (species (). Wavelength-resolved
emission spectra (Fig. 4) reveal two emissions: one centred at + 570 nm
(t v50 ps) and the other centred at ~ 460 nm (biphasic decay with T v
0.65 ns and Ty v 11 ns). The former is identified (Serpone 1987) with
unrelared fluorescence from the 4Ty manifold; the emission band at =
450 nm is identified with emission originating with the coordinated NN
ligands, by analogy with the steady-state luminescence. Note the con-
gruence between the NN emission decay times with the risetimes of the
slow emission grow-in.

Figure 5a shows the transient absorption spectra at four delay times;
the absorption at 460 nm decreases dramatically between 0 and 50 ps de-
lay times. Figure 5b shows the inverse formation {AA(x ps)-AA(0 ps}
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Fig. 3: Theoretical curve fit of the slow emission rise of 2Tl/zE from
355-nm laser excitation of Cr(5,6- Mezohen)33+. (a) Various curve fits
for different values of k; the circles denote experlmental data. (b)
Best curve fit for k & 0.05 and for k; n 2 x 10%s-1.
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Fig. 4: Wavelength-resolved transient emission spectra taken at_0 ps
from the 266-nm and 355-nm laser excitation of Cr(5,6—Me2phen)33+. Both
spectra were taken under identical conditions except for the excitation
wavelength.

(decay) of the 460-nm band; 1 ~ 50 ps. Figure 6 summarizes the trans-
ient absorption results as AA vs. time. Clearly, there are two decay-
ing transients at v 460 nm and there is one at 541 nm (see insert in
Fig. 6). More important, there is an absorption rise from ~ 1 ns to 10
ns, which is outside of + 20 at both wavelengths. Excitation of Cr (5,
6—Me2phen)33+ at 266 nm shows a spectrum (Fig. 7a) reminiscent of sol-
vated electrons (thus a CTTS state is populated; egn 2); the transient
spectrum of the free ligand in 1M HC1l (Fig. 7b) also shows features
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ps (C), and +50 ps (D) delay times from the 355-nm excitation of Cr (5,
6—Me2phen)33+- From (Serpone 1987). (b) Difference spectra at various
times against that at 0 ps; insert shows the inverse decay of the 460-
nm band.
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Fig. 6: Absorbance change vs. time at 462 nm and 541 nm from the 355-nm
excitation of Cr(5,6-Mezphen)33+. Inset shows a semilogarithmic plot of
AA vs. time. From (Serpone 1987).

3+ hv 4+ -
{cr(s,6-Me phen) 313" e——2—3 {Cr(5,6-Meyphen),}  + e (aq) (2)
266 nm

consistent with solvated electrons (additional absorptions are seen at
lower wavelengths) .
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Fig. 7: Transient absorption spectra at 50 ps and 5 ns from the 266-nm
excitation of an aqueous solution of Cr(5,6—Me2phen)33+; from (Serpone
1987) . (b) Transient absorption spectra at 50 ps, 500 ps and 1 ns from
the 266-nm excitation of the 5,6-Mejphen ligand in 1M HC1/CH3CN aqueous
media.

CONCLUSIONS

In summary, we have identified (Serpone 1987) four transient species:
(1) transients 4 and B with lifetimes ~ 0.5-0.65 ns and 11-13 ns, res-
pectively, are the lLC and 3LC coordinated ligand states which are the
direct and principal precursors to transient ¢ ( Tl/zE states), and
(ii) transient D with T ~ 50 ps is identified with the unrelaxed 4T2
state. The model proposed is shown in Fig. 8 and is based on data known
to date. That is, excitation of the Cr(III) complex by a laser pulse

14cT11S

77 77777777]

tr3-4ms
§ Fig. 8: Jablonsky-type diagram showing
% - the tentative relaxation pathways for
(uyﬁii — —_-::j:::AA2 the photophysical events arising gfom

multiphoton excitation of Cr(NN)3 .
Cr(NN)3>* From (Serpone 1987).
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with such a high photon flux, as used in our work, leads to multiphoto-
nic events, whereby it is evident at 266-nm excitation that a CTTS state
is formed, unlike excitation at 355 nm. Following formation of the CTTS
manifold, energy partitioning ensues that populates the LC states pre-
ferentially (see eg. Fig. 4). It is these two ligand-centred states

that are the primary precursors to the 2T|/2E states, under our eaper-
imental conditions, with both 266~ and 355-nm excitation.

Clearly, the multiphoton induced events presented here contrast, but
are not inconsistent with those reported by Rojas (1987) from single-
photon excitation. High-power laser excitation can therefore discover
and probe new photophysics, not available with low-power laser excitat-
ion. It“is also evident that the polypyridine complexes of chromium
examined here (Serpone 1987) afford the 'right' pathology of ground

and excited states with which to view these multiphotonic events.
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The study of the photochemical and photophysical properties of
transition metal complexes is of great interest for theoretical
reasons (i.e., for a better understanding of the "excited state
dimension"” of chemistry) as well as for practical applications
(luminescent materials, photocatalytic processes etc.). In the last
few years the attention of numerous research groups has been focussed
on the search and characterization of transition metal complexes that
can play the role of light absorption sensitizers (LAS) and/or light
emission sensitizers (LES) for the interconversion between light
energy and chemical energy via electron transfer reactions involving
electronically excited states (Balzani 1983). To perform systematic
experiments in this field as well as to arrive at practical devices we
need a series of compounds covering a broad range of excited state
energies, lifetimes, and oxidation-reduction potentials. The family of
Ru(II)-polypyridine compounds, having as a prototype the famous
Ru(bpy)32+ complex, has proved to be very interesting for these
purposes, and some hundreds Ru(II)-polypyridine compounds have been
synthetized and studied in the last few years (Kalyanasundaram;
Juris). Polypyridine complexes of Cr(III) (Jamieson), Rh(III) (De
Armond), Ir(III) (Watts), and Os(II) (Sutin) have also been studied,
but an ideal LAS and/or LES has not yet been found (Balzani 1986).

The current interest in the photochemical and photophysical properties
of orthometalated complexes (Sprouse; King 1984, 1985; Finlayson;
Maestri 1985, 1987; Chassot; Wakatsuki: Sandrini) is, on one side, a
logic extension of the previously mentioned studies carried out on
complexes containing polypyridine ligands; on the other side, this
interest has been stimulated by the recent development of
Organometallic chemistry, a field that has so far contributed a
relatively small number of studies concerning excited state reactivity

and/or luminescence.

In transition metal complexes the excited state responsible for
luminescence and bimolecular light induced processes is the lowest
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excited state. The properties of such an excited state are strongly
dependent on its orbital nature and on the proximity of other excited
states. For the family of the Ru(II)-polypyridine complexes, suitable
changes in the nature of the ligands may cause a change in the orbital
nature of the lowest excited state and, more generally, may allow us

"to tune" the excited state properties (Juris).

The number of orthometalated complexes that have been examined so far
is not much large. Nevertheless, it is interesting to compare the
available results to draw some preliminary conclusions on the
possibility to tune their excited state properties. In this paper we
focuss our attention on a series of closely related orthometalated
complexes and we examine the trendé shown by energies and lifetimes of

the luminescent excited state.

Figure 1 shows the structural formulae and abbreviations of the
orthometalated ligands. The full names of the ligands constituting the
coordination sphere of the complexes examined are as follows: phpy =
2-phenylpyridine, thpy = 2-(2-thienyl)pyridine, bhg = benzo(h)-
quinoline, bpy = 2,2'-bipyridine, phen = 1,10-phenanthroline.

7 \ 7 N\ I 7\
—N 3 =N —N
phpy~ thpy~ bhq~

Figure 1 - Structural formulae of the orthometalated ligands

Table 1 summarizes the available data concerning absorption spectra at
room temperature and luminescence spectra and lifetimes (at 77 K) of
the complexes examined. It should be noted that for the mixed-ligand
complexes the non-orthometalated ligands are not involved in the
lowest energy excited state, although they may indirectly affect to
some degree the excited state properties via electron withdrawing or

electron donating effects on the metal.



| free
ligand Rh(in) Pd(un) Ir(uy) Pt(n) Pt(iv)
Phpy b
thpy AW

=

=

" free
ligand Rh(m) Pd(n) Ir(m) Pt(u) PtGiv)

Figure 2 - Energy (a) and lifetime (b) of the luminescent excited

States of the free protonated orthometalated ligands and of their
Complexes (see Table 1).
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Figure 2a shows schematically the trend in the emission energy for the
phpy~, bhq™, and thpy complexes of Rh(III), PA(II), Ir(III), Pt(II),
and Pt(IV). For comparison purposes, the emission energy
(phosphorescence) of the free protonated ligands are also shown.
Figure 2b shows the trend in the luminescence lifetime of the same
complexes. Information on the orbital nature (ligand centered, LC, or
metal-to-ligand charge-transfer, MLCT) of the luminescent excited
state can be drawn from the data reported in Table 1 and from their
trends shown in Fig. 2. For the Pt(IV) complexes the emission energy
is very close to (less than 1000 em™! red-shifted from) that of the
free ligand and the luminescence lifetime is relatively long,
indicating a heavy-atom perturbed LC phosphorescence. For the Ir(III)
complexes the red-shift from the free ligand phosphorescence is very
large (2000-3000 cm-l) and the luminescence lifetimesare 10-60 times
shorter than those of the analogous Pt(IV) complexes, showing that the
emitting excited state is essentially MLCT in nature. This is also the
case for the Pt(II) complexes whose emission occurs from slightly
higher energy excited states with comparable lifetimes. For the Rh and
Pd compounds the situation is more complex. The emission of the phpy
complex of Rh(III) occurs at lower energy than that of the Pt(IV)
complex and exhibits a shorter lifetime, in spite of the fact that Rh
is lighter than Pt. These results suggest some mixing between LC and
MLCT levels. For the bhg complex, however, the smaller red-shift from
the free ligand emission and the very long lifetime point towards an
essentially LC emission. The rigidity of the bhg ligand may cause some
steric hindrance that increases the metal-ligand bond distance,
thereby reducing the metal-ligand charge transfer interaction. For the
Rh(III) complex with the flexible thpy ligand, the red shift from the
ligand emission is higher (~1400 cm'l): actually, the emission occurs
~500 cm~! lower in energy than the LC emission of the Pt(IV) complex.
This shows that there is some LC-MLCT mixing although the relatively
long luminescence lifetime (which is also longer than that of the phpy
complex) indicates a noticeable LC character. The fact that the
lifetime of the Rh(III) thpy complex is longer than that of the
analogous Pt(IV) complex (in spite of the apparent purer LC character
of the latter) is likely due to the stronger heavy-atom effect in the
Pt complex.

As to the PA(II) complexes, the red shift from the emission of the
Pt(IV) complexes indicates some LC-MLCT mixing. The fact that the
lifetimes of the Pd(II) complexes are similar (for thpy) or even

higher (for phpy) than those of the Pt(IV) complexes in spite of the
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Table 1 - Absorption and emission data for some orthometalated complexes

Absorptiona Emissionb
Complex

na ¢ (&) /\(% d (:S) Ref.
Rh(phpy), (bpy) ™ 367°  (8000) 454 170 Maestri 1987
Rh(thpy), (bpy)”* 379 (9000) 521 500 Maestri 1987
Rh(bhq) , (phen)* 3938 (5500) 483f 4250 Ohsawa
Pd(phpy), 349 (9000) 458 480 g
Pd(thpy), 382 (7000) 536 280 g
Pd{bhq), 391 (6000) 472 2600 g
[Ir(phpy),C1]," 434 (4200) 4931 4.8 Sprouse
[1r(bhq),C1]," 462 (5500) 510t 30 Sprouse
Pt (phpy), 4023 (12800) 491 4 Maestri 1985
Pt(thpy), 4183 (10500) 570 12 Maestri 1985
Pt (bhq), 4213 (9200) 492 6.5 Maestri 1985
Pt(phpy),(CH,C1)C1 306 (15000) 4bb 300 Chassot
Pt(thpy)z(CHZCI)Cl 344 (17000) 507 340 Chassot

a) Room temperature; CH,Cl, solution, unless otherwise noted.

b) 77 K; propionitrile-butyronitrile 4:5 v/v mixture, unless otherwise noted.

c) Lowest energy absorption maximum.

d) Wavelength of the high energy feature.

e) MeOH solution

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

g) Maestri et al. unpublished results.

h) Substantially similar results have recently been obtained (Ohsawa) for
Ir(phpy)szy and Ir(bhq)zphen+, with some complications due to dual emission.

i) EtOH-MeOH-CH,Cl, 4:1:1 v/v mixture.

j) Propionitrile-butyronitrile 4:5 v/v mixture.

purer LC nature of the latter can again be attributed to the different
degree of heavy-atom perturbation. Finally, the fact that the PA(II)

1 red

bhg exhibits almost pure LC emission characteristics (~500 cm™
shift compared to the free ligand emission: very long lifetime) are

likely due to the rigid nature of bhg which causes steric hindrance
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and, as a consequence, prevents a sufficient closer approach for CT

interaction between metal and ligands.
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The use of Ru(II)-polypyridine complexes as sensitizers in a number of
light driven or light generating processes continues to be of interest
(Juris). In this connection the correlations between optical and
electrochemical properties (Ohsawa, Dodsworth) are much studied
because they offer the opportunity to obtain absorption and emission
energies from electrochemical potentials and viceversa. The basis for
such correlations lies on the fact that the lowest energy Ru -->
ligand transition involves the promotion of an electron from a metal
centered my orbital to the lowest antibonding, "spatially isolated",
ligand centered *“L orbital which resembles the lowest *W orbital of
the free ligand. The same metal centered and ligand centered orbitals
that are involved in the metal-to-ligand transition are also involved
in the oxidation and reduction processes, respectively. On these
grounds it is clear that the ligand structure determines spectroscopic
and electrochemical properties of complexes mainly because of the
accepting ability of the LUMO orbital. This study employs EHMO
calculations to correlate the above experimental quantities to the

energy and symmetry properties of calculated LUMO's of free ligands.

The examined complexes are of the type Ru(LL')32+ or Ru(LL)Z(LL')2+,
where LL' is a ligand easier to reduce than LL. For such complexes,
the attention can be focussed on a Ru-LL' unit of Cp, symmetry. This
is actually the symmetry of the Ru-LL' fragment which is present in
the Ru(LL)z(LL')2+ complexes and is also an appropriate description
for the monoreduced or excited Ru(LL')32+ species because both
Processes involve population of a *ﬂ orbital localized in a single LL'
ligand. A schematic MO diagram showing the orbital relevant to our
discussion is shown in Fig. 1. Figure 2 shows the structural formula

of the LL' ligands and Table 1 reports some calculated properties for
the free ligands.

Figure 3 plots the reduction potential for the free ligands,

Ey/2(LL"), and the reduction potential for the complexes, Ey /o (red),
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Fig. 1. Orbital diagram for the energy correlations between the

calculated energy of the LUMO of LL', the electrochemical properties
of the free ligand LL', and the spectroscopic and electrochemical
properties of the complexes.

Table 1. Reduction Potential and Calculated Properties of the Lowest
Unoccupied Molecular Orbital (LUMO) of the Free Ligands.

(LL")®

Ligand El/2 LUMO
b
\Y energy/ev (pN,pN) symmetry

a) i-biq -2.20 -9.56 (0.35, 0.35) 1%
b) bpy -2.22 -9.71 (0.44, 0.44) v
c) phen -2.04 -9.77 (0.44, 0.44) U]
d) 4,4'-dpb -2.06 -9.70 (0.41, 0.41) U]
e) bpym -1.80 -9.94 (0.35, 0.35) 1%
f) pq -1.94 -10.01 (0.44, 0.34) 1%
g) biq -1.74 -10.19 (0.39, 0.39) v
h) bpz —1.70C -10.47 (0.45, 0.45) Y]
i) DP -1.18 -10.66 (0.10, 0.10) Y
j) taphen -1.26 -10.78 (0.12,-0.12) X

a) Room temperature data in acetonitrile,

unless otherwise noted; b)

MO atomic coefficients on chelating N positions; c)
dimethylformamide.

in
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Fig. 2. Ligands (LL') and complexes: (a) i-big and Ru(i—biq)32+, (b)
bpy and Ru(i-biq)z(bpy)2+, (c) phen and Ru(phen)32+, (d) 4,4'-dpb and
RU(bPY)2(4,4'-dpb)2+, (e) bpym and Ru(bpy)2(bpym)2+, (f) pg and
RU(bPY)Z(pq)2+. (g) big and Ru(bpy)z(biq)2+, (h) bpz and
RU(bPY)z(pr)2+. (i) DP and Ru(bpy)z(DP)2+, and (j) taphen and
R“(bpy)z(taphen)2+.

against the calculated 'm (LL') LUMO of the free ligands. In both

Causes good correlations are found indicating that reduction occurs to

the LUMO of the free ligand in the former case and to the LUMO of the
complex (closely resembling that of the free ligand) in the latter
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Fig. 3. See text. Fig. 4. See text.

case. As one can see the two correlations in Fig. 3 are characterized
by different slopes. For the complexes this is likely due to the
effect of interaction between occupied metal d orbitals and lowest
lying unoccupied ligand orbitals of matching symmetry leading to
stabilization of the former and destabilization of the latter. On the
basis of energy separation arguments, the HOMO (metal centered) and
LUMO (ligand centered) orbitals, Fig. 1, are expected to be most
affected by this interaction.

Under C,, symmetry and if a single configuration Ru --> LL' transition
well approximates the excited state, the energy of the absorption (to
the singlet) and emission (from the triplet) maxima of the MLCT
transition involving the *n(LL') LUMO is given by‘

h\)abs(s) = AEl/2 + A
h\)em(T) = AEl/2 + B
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where AE1/2 = e[El/z(ox) - El/z(red)], El/z(ox) is the oxidation
potential of the complex, and A and B include terms that take into
account solvation energies, inner and outer sphere barriers, and
coulombic energies. Figure 4 shows the relation between the
spectroscopic and electrochemical quantities. Linear relations are
observed with a few exceptions (full points in the figures). A more
detailed discussion concerning the reported deviations will be given

elsewhere (Barigelletti).

As one can see the ligand structure apparently determines a number of
properties of Ru-polypyridine complexes through the energy and
symmetry of the *n (LL') LUMO. Based on the reported linear relations
of Figures 3 and 4, it is suggested that EHMO calculations on free
ligands can help in designing new complexes of the Ru-polypyridine

family with predicted electrochemical and spectroscopic properties.
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TOMARDS A DYNAMIC MODEL FOR THE RU(BPY), ' SYSTEM

M.A.Collins and E.Krausz*

Research School of Chemistry, Australian National University, G.P.0.Box 4,
Canberra 2601, AUSTRALIA

INTRODUCTION

The Ru(bpy)3+ (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 circular
polarization of luminescence (FK 1982, 1986a,b,c) anomalous Zeeman effects (FK
1987), (Krausz 1987), magnetic circular dichroism results of Ferguson, Krausz and
Vrbancich (1986) and also solid phase excited state Raman by Krausz (1984), have

pointed to the possibility of vibronic coupling in this system.

Summarizing our current ideas, much of the spectroscopy of RBY requires a
delocalized description of the metal to ligand charge transfer excited state, yet
other evidence, particularly excited state Raman measured in solution points to
excitation of a single bipyridine ligand. Critical observations of luminescence
changes in passing from rigid to liquid phases (FK 1986a,b,1987b) indicates an
environmentally induced localization process. Some aspects of the luminescence below
10 K bear a remarkable resemblance to the changes in passing from rigid to fluid
environments and in general provide evidence for strong vibronic coupling. Our
contention is then, that although delocalized, the excitation has a tendency to
localize, which becomes more pronounced in long lived excited states below 10 K and
furthermore leads to the luminophore "digging itself a hole" in fluid environments.
Thus some inherent tendency to localize is compensated by a relaxation of the

environment, vhich itself causes a greater degree of localization etc..

In order to access the parent (vibronic) problem
theoretically, a great deal of simplification of our
descriptions of the system must be made. We are developing
a model that contains the barest essentials of the known
Properties of RBY and yet can still be lead to a useful
vibronic analysis. We consider a single, non-degenerate

deformation mode of (each) bpy ligand and couple it to a Q
simplified metal-ligand charge transfer excitation

Jo

Process. Potential surfaces of the resulting (total- M

molecule) modes are then derived along with vibronic

energy levels. Some attempts at calculating intensity

(Franck-Condon) factors between vibronic levels Figure 1. Model for vibronic analysis.
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(at 0 K) are then made, in order to access the observed Stokes shift between
absorption and emission. The relevance to existing experimental information is

discussed and outlines of future developments given.
THEORY

Consider a trigonal arrangement of the metal M and three identical ligands Ly 2,3
’
In the ground electronic state, we consider just one vibrational degree of freedom

associated with each ligand (or metal-ligand bond). We write

3 2 2 ,
H = f P, /2m + kqn/Z + k Q.4

(1)
g n=1

n-1

where p, is the momentum operator of the vibration on the nth ligand, q, the
vibrational coordinate, m the effective mass of the ligand vibration, k the force
constant and k’ is a force constant for terms proportional to 99" If all the
normal modes of vibration in the ground state are degenerate, then no 4,4, coupling
terms vill occur. We describe an electronic excited state of the MLy complex, in an
exciton model, as a linear combination of excited states associated with each
ligand. The excited state in our case refers to the MLCT state with the transferred

. * .
electron occupying a m orbital.

Let |gn> be the ground electronic state of ligand n and |en> the excited state of

ligand n. Thus the electronic excited state is written as
[¥> = cqle>lgy>lgy> + cylg1>ley>lgy> + cqlgy>lgyley> (2)

a useful notation is |g>=|g1>|g2>]g3> and a; the raising operator which creates an

excitation on the nth ligand (going from |g > to |e >. Thus equation (2) becomes
n n

3
| ¥> =nf1 SN |g> 3)

a, is the reverse (destruction operator) and we assume that different states are

orthonormal. Thus
+ +
<e lapa le > = <en|an|gn> = <en|en> =1 (4)
and as no state exists below the ground state anlgn> = 0 so that
+ + +
<gnlanaplen> = <eqlaja;ley> = <gplajaplg,> = 0 (5)

Vhen the nth ligand is excited, the vibrational energy associated with q, is

changed: the Born-Oppenheimer (BO) potential energy surface for (say) ring
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stretching is different for excited state bpy™ from ground state bpy. We denote the
change in potential energy for the n’th ligand vibration as &V(q,). Thus we can

write the electronic Hamiltonian of the excited ML, complex as

3
+
H = Hg+ :=1 aa 8V(q)) (6)

The number operator (agan) will give the eigenvalue 1 if the nth ligand is excited
so that the total energy will be changed by AV(qn). Ve now consider the effect of
resonant energy transfer. Since all three ligands are similar, electronic excitation
can be transferred from one ligand to another. This sharing changes the total
energy. The operator an_Ian acting on |¥> moves the excitation from the nth to the

n-1th ligand. Thus we arrive at our Hamiltonian

3
2 2 ! + + +
H =n§{pn/2m + kqn/2 + k q ndnop * ananAV(qn) + M[an_lan+ anan_lll 7
wvhere M is the energy gain (or loss) due to resonant energy transfer. Combining
equations (3) and (7) we can write the BO energy surface as the expectation value
of the Hamiltonian for the electronic state, neglecting the nuclear kinetic energy

(Pn) in (7); treating the nuclear coordinates q,, as parameters we derive

3
2 , 2 * *
<Y[H|Y = E kqn/Z + k 9.9, 1 * lcn] AV(qn) + M[cncn_1 + Cn—lcn} = E (8)

n=1

Solving the secular equation H|Y>=¢|¥> gives E = € + L kq§/2 + k'qpq, 1

vhere € satisfies

AV(ql)—e M M cq
M tV(qy)-¢ M e ) =0 9)
M M AV(q3)—€ cq

The cubic equation in € is easily soluble if ) 3=0, giving the electronic
’ ’
energies € 9.3 = 2M, -M, -M (the -M level is doubly degenerate). If AV is non
’ ’

vanishing, we assume it can be expanded in a power series
(q) = vy + viq + v2q2 + .. (10)

for simplicity we truncate the series after the quadratic term; significant vibronic
effects can be described at this level of approximation. The solutions to the cubic
€quation arising from the secular determinant can be evaluated, using this
truncation, by considerable tedious but computer assisted algebraic manipulation,

to obtain the energies € 9.3
’ ’
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€ = Vg + 2M + vlpl/43 + Vz(p%+p%+p§)/3 + v%(p%+p§)/9M

g = Vg - M+ v1p1/43 ¥

vo(ed + £2)/3 + |up[r/6 - r2vi/18M (an

+ [v2|v1|/3v1 - V%/ISM]rZCOS3e

gy =
+ [-vylvqyl/3vq +

vo - M+ vypp/d3e vy(eder?)/3 - vy r/l6 - r2vZ/18M

v%/lBM]rzcos38

where p are the normal coordinates with frequencies w defined as
1,2,3 1,2,3

P = (a1+a9+a3)/43, py=(a7-05/2-q3/2)42/43 and p3=(gy-q3)/42 (12)

and the polar coordinates
The energy surface for €q

a function of 6, the well

Introducing dimensionless

operator, we write

hy

(T+el—vo—2M)/hw2 5

>
I

n J(mwQ/h)pn 5 R =

My = v1/4(3mw%h) Py =

have the usual definition, p2=rc056 and p3=rsin6
has minima at r#0. The surface has three local minima as

known Mexican hat surface, Fisher (1984).

variables, and T being the nuclear kinetic energy

h2 = (T+82—VO+M)fhw2 H h3 = (T+83—VO+M)/hw2
{(mey/h)r 5 Po= p/d(mayh) (13)

2v,/(3m63) uy = v3/(9Mmad)

In dimensionless polar coordinates Ppy R, o, Pqy the nuclear dynamics are described

by the three nuclear BO Hamiltonians

fary
I

=
L3S}
I

= (P34 (wyxy/0y) 21/ 20y g3/ 2+ [ PR +PE/R? 1/ 24R2 [ 1/ 2405/ 24115

= [P3 e (oyxy/0y) 21/ 2oy xy sugxd /24 [P+ PD/R2 ]/ 24R2 [Lonay-ug ] /2 + (14)

Iul|R/42+[u2|u1I/ul—u3]R2cos(39)/2

=
w
[

= [P3+(@yxy/0p) 21/ 2uqq 4y %3 /24 [PRPE/RZ ]/ 24R2 [ L4y -113]/2 -

[uq IR/424[-uy Uy | /1q+13]R coS(36) /2

DISCUSSION

The three electronic eigenvalues € 9 3 determine three electronic states at each
b b

nuclear configuration via

the secular equations (9). These states form a complete
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basis for the exact vibronic wavefunctions, 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 hy , 4

The nondegenerate vibration, with coordinate X9y shows the same origin and frequency
shifts in all three excited electronic states: The ground and excited state surfaces
are as shown in Figure 2 unless u2<-(w1/w2)2, vhen anharmonic terms are significant
and the excited state surface may display a double well form. The displacement of
the minimum, proportional to Uy, will contribute to a progression of this mode in
the absorption spectrum as well as a Stokes shift of the order of

(wgup /0p)2=(wy/w)).

The vibrations with coordinates Xy and Xy are degenerate in the ground state and
remain so in the state described by hl; wvhere only a frequency shift occurs. However
these vibrations effect a Jahn-Teller distortion which splits the degeneracy of the
electronic states of energy -M, to produce distinct BO Hamiltonians hy and h3. If
only linear electron-nuclear coupling is included, u2=u3=0, the degeneracy of the
vibrational coordinate is still retained in both h1 and h2‘ The radial dependence of
these potential energy surfaces is shown in Figure 3, clearly illustrating the
displacement of the minimum in h3. While vibronic coupling between states on these
two surfaces will be significant for all vibrational levels, the lowest energy
levels should be approximately described within the BO approximation if the energy

splitting, proportional to u%, is sufficiently large. Assuming that u122 and

e e e e e A
(Franck-Condon Factors)

./\ ] /5

2]\ /1
T /Q; | e S “

Vix) . €,
(excited state)
[ (ground state} \
/ (ground state)
0 ol P R R )
Normal Coordinate x 0 ; 4
Figure 2 Potential energy as a function of Figure 3 Potential energy as a function of

the non-degenerate coordinate. the "Mexican Hat" radius.
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uz,u3=0, the Jahn-Teller distortion is expected to produce a Stokes shift of the
order of 3u%/4—2. Interestingly, this contribution to the total Stokes shift may be
smaller that the contribution caused by the origin shift of the nondegenerate

vibration X1

When u2=u3=0,the motion of the angular coordinate © is that of a free rotor.
However, the second order coupling constants W, and ug introduce a potential
proportional to cos(36) which hinders the rotational motion. For excited states
vhich involve a electron transfer to the bpy ligand, we expect that uq,u,>0 and
u3>0, so that the two terms in h3 proportional to cos(36) may be of opposing signs.
The direction of the distortion associated with this angle 6 would depend on the
actual magnitude of W, and p;. Ve note that the angular potential energy is
proportional to Rz, so that the cos(36) term is much more significant in the third

excited state where the origin shift increases the average value of R.

WVhile the angular momentum is not constant when uz,u3¢0, it fluctuates about a
quantized value, (12, 1=1,2,3...) when Uy and uq are small. In this limit, the
radial motion in h3 can be approximately described in terms of the radial potential
in Figure 3, while the angular motion is that of a hindered rotor at the average
radius R. The wavefunctions of this hindered rotor may be obtained in terms of
Mathieu functions, to describe the tunnelling and "free" states below and above the
maxima in cos(36). Without going into details the Franck Condon (FC) factors for
transitions from the ground electronic/vibrational state, where 1=0, to the rotor
states of h3 can be evaluated. It is straightforward to show that the FC factor is
of the order of 1 if 1=0 in &y. The factor is 0 if 1=1, (u3—u2|u1|/u1)2 if 1=2 and
so on. While one can infer from the form of the radial potential energy that the
radial wavefunction FC factors for transitions to upper vibrational levels of g4 are

favorable, only the component of these levels with 1=0 are readily excited.

Localization corresponds to trapping within a single minimum of the cos(36)
potential well within the state described by h3. 0f course eigenstates retain the
trigonal symmetry of the Hamiltonian so that no eigenstate can be localized within
one well. Any localized wavefunction is therefore a time dependent state. If one
considers the excitation to be initially localized, the corresponding wave packet
will spread on a timescale determined by tunnelling between the equivalent minima in
the cos(30) potential. It is clear that this tunnelling time is long when uq is

large and u3—u2|u1[/u1 is large. The dominant influence is of the linear coefficient

L
FUTURE DIRECTIONS

Analytic solutions to the eigenstates and FC factors for the radial functions are

difficult to evaluate. Numerical evaluation of the full vibronic problem is now
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feasible as we have analytic forms for the electronic matrix elements and potential
energy surfaces, together with a BO basis set. Numerical calculation will also allow
evaluation of magnetic moments (and polarizations) of eigenstates. These properties
in particular will be strongly influenced by vibronic coupling parameters and should

allow a vseful description of recent experiments to be developed.
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BROAD-BAND EMISSION AND ZERO-PHONON LINES OF SINGLE-CRYSTAL
[Ru(bpy)3](PFg), - A COMPARISON

E.Gallhuber, G.Hensler, and H.Yersin

Institut fir Physikalische und Theoretische Chemie, 8400 Regensburg, FRG

INTRODUCTION

In this paper we report on results of investigations on neat
single-crystal [Ru(bpy)3](PF6)2. For this compound the crystal struc-

ture has been determined”: The complex ions lie on D, sites and all

molecular threefold axes are parallel to the crystallographic c axis.
Thus, [Ru(bpy)3](PF6)2 single crystals are well-suited for polarized
spectroscopy, which allows grouptheoretical assignments of the excited
states by use of the selection rulesz. Moreover, single-crystal spectra
may be much better resolved due to a reduction of inhomogeneous broad-
ening. Indeed, at low temperatures it is possible to resolve the zero-
phonon 1ines3'4, which delivers considerably more information about the
lowest exited states than had been deduced from the broad-band spectra
of the complex diluted in organic glasses5 or host matricesG. In the
following we want to demonstrate the parallelism between the broad-band
spectra and the zero-phonon lines of [Ru(bpy)3](PF6)2 with respect to

their temperature dependence and magnetic-field behavior.

TEMPERATURE DEPENDENCE

Broad-band Spectra

Figure 1 shows the temperature-dependent development of the total
emission spectra (Eic, E = electric field vector) run at low spectral
resolution. The main band at 1.4 K (band I) has its maximum at 585 nm.
On temperature increase band II grows in on the blue side at 570 nm and
becomes dominant above 2 K. The growing in of band II is accompanied by
an intensity increase by a factor of about 4 to 5 up to 10 K.

This temperature dependence is readily interpreted by a two-state
m°d912'5'6, in which the transition from the second state is consider-
ably more allowed than the transition from the lower one, and in which
the different transitions involve different vibronic patterns as is
shown schematically in the inset of Fig. 1. Thus, the blue shift on

temperature increase results from a displacement of the centre of the
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Fig. 2. Arrhenius plot of the ratio of

the broad-band emission intensities of
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the spectral band shapes of the "pure"
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Fig. 1. Eic-polarized emission spectra of [Ru(bpy)3](PF6)2 single crys-
tals at low temperatures. The spectra are normalized to their maximum
heights. The intensities of the corresponding Elc-polarized spectra are
generally weaker by a factor of at least 10.

unresolved vibronic distribution. As the low-temperature (T « 10 K)
emission spectra are mainly Eic-polarized (the intensities of the
corresponding Elc-polarized spectra being weaker by a factor of at
least 10) the two emitting states are assigned both to E' states (in
the symmetry group D3').

In order to obtain quantitative results, we analysed the emission
spectra by decomposing them into two separate components due to emis-
sion from the two states 1E' and 2E', respectively. An Arrhenius plot
of the intensity ratio of these two components is shown in Fig. 2. The
straight 1line through the experimental points has a slope of (7.5 & 1)
cm_l, which represents the activation energy for the thermal population
of the second state from the lower one. Further, a value of about 5 is
found for the intercept, from which a value of the order of hundred is
obtained for the ratio kzr/klr of the radiative rates for the two
transitions under consideration.
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A comparison of our single-crystal data to emission data of the
complex diluted in a [Zn(bpy)3]SO4 matrix6 shows that the temperature
dependence of the spectra is identical and that the quantitative
results are comparable. Therefore, it is near at hand to conclude that
also in the neat material the emission properties can be described to
base on excited complexes which are not subject to significant
cooperative solid-state interactions (see also the ref.7).

Zero-phonon Lines

Under high resolution a sharp fine structure is observable on the
very blue side of the emission bands of [Ru(bpy)3](PF6)2 single crys-
tals3. This fine structure essentially consists of a pair of narrow
lines, denoted as lines I and II in Fig. 3, with halfwidths of 2 cm_1
and an energy separation of 6.9 cm_l. The two lines are polarized with
Eic, the intensity of the parallel polarization again is considerably
weaker (by a factor of at least 20). Further, the intensities of the

two lines exhibit a rather drastic temperature dependence: On tempera-

17840 cm™! 17800 S ) K
1 L 1 . 6 from Lineln . exp (- AE/KkT)
Mo Iiner  kir
Llinenr [N
4 ~ K
" Tlive1 s follows  ~2f _ 210 + 20
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-2 4
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0 Q2 04 06 0.8 1/kT [em] 1.2
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Fig. 4. Arrhenius plot of the inten-
sity ratio of the two zero-phonon

lines. Note that the calculated ac-

2K
tivation energy equals the spectral
energy separation of the two 1lines
15K and is in accordance with the value

calculated from the temperature de-

T T

5& nm ;éz A pendence of the broad-band spectra.

Fig. 3. High-energy part of the highly resolved Eic-polarized emission
©°f single-crystal [Ru(bpy)3](PF6)2. The intensities are comparable
after multiplication with the given factor. The two zero-phonon lines
are situated at 17809 cm ' (line I) and 17816 cm © (line II).
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ture increase from 1.5 K, the higher-energy line II grows in to the ex-
pense of line I (see Fig. 3).

As these two lines are the emission features to highest energy,
they are assigned to the zero-phonon transitions from the two 1lowest
emitting states (for further arguments see below and the ref.3'4’7).
,This means that the two lines directly reflect the properties of the
exited electronic states. Moreover, by the detection of the zero-phonon
lines we are able to give both the absolute energies of the two lowest
charge~transfer transitions as well as the energy separation of these
two states of [Ru(bpy)3](PF6)2 directly from the spectra.

Figure 4 shows an Arrhenius plot of the intensity ratio of the two
zero-phonon lines. A straight line is obtained with a slope of 6.8 cm_1
which 1is the same value as the observed spectral separation of the two
lines. Assuming equal electron-phonon coupling strengths for the two
transitions, the total emission intensities in the Boltzmann law may be
replaced by the intensities of the zero-phonon lines. By this a value
of about 210 is calculated for the ratio of the radiative rates (see
Fig. 4). These values should be compared to the values obtained from
the analysis of the broad-band spectra (see Fig. 2). Since they fit
quite nicely, the parallelism in the temperature dependence of the
broad-band emission and the zero-phonon line emission is clearly demon-
strated.

The above model is further supported by the results shown in Fig.
5, from which it can be seen that there is a sharp line in the absorp-

tion as well as in the excitation spectrum just at the same energy po-
4,17

sition as the emission line II . This is the result expected for a
v 17830 cp“ 17810 17790 Fig. 5. Highly resolved emission, ab-

sorption and excitation spectra in
the region of the zero-phonon 1lines

for T = 2 K. In absorption as well as

Hﬁexcnahon
; in excitation a sharp line is observ-
ed corresponding to emission line II,
while this is not the case for line I
(see text). The molar extinction
coefficient of absorption line II is
about 5 1/mol*cm (see the ref.4). The
excitation line II is observed at the
detection wavelength 570 nm as well
as at 585 nm. Excitation into line II

yields the same emission spectrum as

is obtained for high-energy exci-

561.0 Sés' am 5620 by tation (e.g. in the UV region).
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zero-phonon line, because for a purely electronic transition absorption
and emission necessarily coincide. The fact that there is no absorption
and excitation line corresponding to the emission line I is immediately
understood realizing that the radiative transition probability and thus
the extinction coefficient is lower by more than two orders of magni-
tude compared to transition II.

MAGNETIC-FIELD BEHAVIOR

Broad-band Spectra

A magnetic field H oriented perpendicular to the c¢ axis has dras-
tic effects on the low-temperature emission spectraa'9 as demonstrated
in Fig. 6. It is observed that the blue band II grows in at T = 2 K,
when the magnetic-field strength is raised. Thereby the total emission
intensity is enhanced by a factor of about 5 up to H = 6 T, paralleling
the development on temperature increase.

This result is interpreted by a mixing of the wavefunctions of the
two 1lowest excited states under the action of the magnetic field6’8'9.
Thus, the emission properties of the second state (for example the
higher transition probability to the ground state) are effectively
donated to the lower state (and vice versa). The small energy differ-
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 in the broad-band spectra.

The extent of the mixing of the wavefunctions of the two interact-
ing states can be estimated from the magnetic-field dependence of the
broad-band emission: At a magnetic-field strength of 6 T, the mixing
should be almost complete. That is the two states are predicted to
display nearly equal photophysical properties in sharp contrast to the

situation at zero magnetic field.

Zero~phonon Lines
Figure 7 shows that the magnetic-field effect is observed still
8.9 atT=4.5%K

and zero magnetic field the emission is predominantly due to the ther-

more drastically with the zero-phonon emission lines

mally popu-lated second state and thus line I is only very weak (see
Fig. 3). Application of a magnetic field (Hic) leads to the growing in
of line I to the expense of line II. Concomitantly the two zero-phonon
lines move apart.

As has been argued above, the magnetic field removes part of the

forbiddeness of the transition from the lower state. Therefore, line I
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served in Ellc = E1H (for Hic). As Zeeman effect and the rather
the magnetically induced effects drastic change of the line
for Hlc were very weak, they may pattern. See the legend of Fig.
interpreted to be due to slight 6 for further explanation.

misalignments of the crystals.

gains intensity. Moreover, the interaction of the two states causes a
Zeeman effect. Thus, the intensity of line II decreases further because
of lower thermal population of the second state.

Figure 8 demonstrates that the energy separation AE of the =zero-

1 at zero field to 13 cmn1 at H =6 T.

phonon lines increases from 7 cm’
Furthermore, the relation between energy separation and magnetic field
is not 1linear, as it is expected for two (zero-field split) states
interacting by the magnetical perturbation. With the knowledge of this
plot the relative thermal populations of the two states can be calcu-
lated as a function of the magnetic-field strength. Then using the ex-
perimental results for the intensity ratio of the two zero-phonon lines
the magnetic-field dependence of the ratio of the radiative rates is
obtained. From Fig. 9 it is found that this ratio decreases from a

value of about 210 (see Fig. 4) at zero magnetic field to a value of
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Fig. 9. Magnetic-field dependence

of the energy separation AE bet- of the ratio of the radiative
ween the two zero-phonon lines. rates for the transitions from
the two lowest excited states.
roughly 2 at T = 6 T. This means that G. W§X) 9“4 ng
at 6 T the radiative transition proba- TMbw%HP&B
bility from the lower state is nearly H=6T
the same as that from the second state, = 2K
confirming the prediction made from the Lé
magnetic-field behavior of the broad- 3
band spectra. 2 %
In order to further support the § o7 %
interpretation of the observed magnet- é , g
ic-field effects, Fig. 10 shows an é £z / g
important issue. For the first time the absorption R
effect of magnetic-field induced ab-
sorption is demonstratedi®, Whereas the ﬂ\ /él°
absorption 1line corresponding to the Ry H\\/%m$;;n
line I cannot be detected at zero mag- e ¢
netic-field this absorption 1line Iis ,—‘/,— T ,
induced by strong magnetic fields. The 10 om 3615 A 5620
two absorption lines exhibit the same Fig. 10. Zero-phonon absorp-
Zeeman effect as the two emission tion for various magnetic-
lines. At H = 6 T the extinction coef- field strenghts. Line I is
ficients of the two absorption 1lines induced in absorption by
are nearly equal, which again indicates magnetic fields. The 1line
almost complete mixing of the wavefunc- emission at zero field 1is

tions.

shown for

comparison.
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CONCLUSION

By carrying out polarized spectroscopy on single crystals of neat
[Ru(bpy)3](PF6)2 it is possible to gain new information about the
lowest excited states and the corresponding optical transitions of the
[Ru(bpy):‘}]2+ chromophore. Especially, the detection of the zero-phonon
lines in emission and absorption lead to direct insight into the photo-
physical behavior. It was found that the two lowest excited states are

separated by 7 cem~1

and exhibit rather different emission properties,
the radiative rate from the lower excited state being less by a factor
of about 210 than that from the second state.

Strong magnetic fields couple the two states. At a magnetic-field
strength of 6 T, the wavefunctions of the two states are almost com-
pletely mixed. As a consequence, their emission properties become very
similar. Moreover, magnetically induced absorption is observed for the
lower state.

Finally, the parallelism between the broad-band spectra and the
zero-phonon 1lines with respect to their temperature dependence and
their magnetic-field behavior was demonstrated, showing that the fine
structure and the broad bands are coupled to the excited states of the

same chromophores.
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MAGNETIC-FIELD EFFECTS AND HIGHLY RESOLVED VIBRONIC STRUCTURE OF [Ru(bpy)s]?*

H.Yersin, E.Gallhuber, and G.Hensler

Institut fiir Physikalische und Theoretische Chemie, 8400 Regensburg, FRG

INTRODUCTION

Up to now only little information is available for [Ru(bpy)3]2+
about the vibrational couplings to the electronic transitions between
the ground state and the different excited states. More comprehensive
data about the vibronic structures, for example, could deliver
information about differences in equilibrium geometries of the ground
state and the excited states or might allow a more reliable treatment

'

of the nonradiative decay rates. Moreover, a detailed knowledge
about the vibronic components of the spectra is an essiatial require-
ment for a well-founded assignment of absorption or emission
spectra.3 But in most cases the published spectra are only badly
resolved. This results mainly from a superposition of vibronic
structures corresponding to different electronic transitions, from
inhomogeneous broadening effects, and from relatively large electron
phonon coupling strengths. However, under suitable conditions spectro-
scopic investigations with single crystals at low temperatures may
deliver highly resolved spectra of the chromophores. Indeed, it has
been shown that single crystals of [Ru(bpy)3]X2 (with X = C104, PF6)
represent promising compounds3'4 and it is subject of this paper to

focus on their vibronic structures.

RESULTS and DISCUSSION

Fig. la reproduces the highly resolved emission of single-crystal
[Ru(bpy)3](C1O4)2 at T = 2 K. At the high energy side one observes two
lines I and II, being AE = 8.2 cm—1 apart (see the enlarged spectrum
at the left hand side of the diagram). Both lines have been assigned
to purely electronic zero-phonon transitions of Rudd - bpyn* triplet
CT-character. The main reason for a classification of these as 0-
0 lines comes from the fact that emission and absorption are found

4.5 and

éxactly at the same energies. (For further arguments see ref.
the discussion below.) These two lowest excited states II> and [II>

are (relative to the long emission lifetime) in thermal equilibrium.
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Therefore, at T = 2 K the emission from III> is essentially frozen out
and the spectrum results mainly from [I>.

The energies of the dominating peaks and their energy separations
to 1line I (at 17605 cm_l) are summarized in Table I and compared to
the energies of Raman modess. The good agreement between these ener-
gies safely allows to assign the observed modes to vibrational modes
coupled to the zero-phonon transition. Further, this assignment is
supported by the fact that the Raman intensities of just these modes
are strongly enhanced in the resonance Raman experiments. Moreover,
the close correspondence between the energies of the vibronic peaks
and the Raman modes also substantiates the assignment of line I as a

zero-phonon transition.

Table I. Vibrational modes of {Ru(bpy)3](C104)2 at T = 2 K

Emission peaks Energy Raman Resonance Raman
separations data 6 enhancement
- - - 6
[em 1] [em 1] [em 1] factors

and remarks

17605 (line I) 0 - zero-phonon line

17444 161 165

17402 203 198

17274 331 337

17253 352 -

17233 372 372 4

17165 440 (464) (20)

17124 481 478 6 -1
1I>510>+481 cm

16946 659 659 4

16938 667 668 150 -1
II°>310>+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
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With application of high magnetic fields one obtains a strong
mixing of |III> and II>, giving the perturbed lowest excited state
II°>. Due to the fact that the radiative decay rate from state I|II> is

much larger than from state II>4’5, the transition II°> » 10> reflects

mainly the spectroscopic properties of the original state III>.7-9

Further, with increasing magnetic fields one expects a growing in
of the zero-phonon absorption 10> » II"> which is not observable for
0> » II> at H = 0 T. Indeed, the enlarged part of the spectrun,
reproduced in Fig. 1b, clearly shows the magnetic-field induced ab-
sorption to the very lowest excited state. Due to the Zeeman effect,
the energy of 10> » II"> is slightly shifted to 1lower energy and
10> » ITI"> to higher energy, respectively, AE increasing from
8.2 cm T (at H=0T) to 11 cm_1 (at H = 6 T).5'8

magnetic fields, these transitions occur at exactly the same energies

Also wunder high

in emission and absorption.

From the presented discussion it follows that the vibronic
spectrum at T = 2 K and H =6 T (Fig. 1b) is mainly governed by the
wavefunction of state III>. Thus, from a comparison of the vibronic
structure at H = O T (Fig. la) with the structure at H = 6 T one finds
that most of the observed promoting modes are the same for the two
lowest excited states. However, one also finds distinct differences.
For example, the 481 cm_1 mode is more strongly coupled to the transi-
tion II> » 10> while the 667 cm_1 mode (and some low energy ones)
distinctly promote the transition III> » 10>. Since the distribution
of the promoting modes is different for the two emitting states one
can easily understand the blue shift of the non-resolved broad band
spectra with application of high magnetic fields.10

The discussed properties of the two lowest excited states of
[Ru(bpy)3]2+ suggest the occurrence of similar vibronic structures of
the emission spectra at H =6 T (T = 2 K) and at T ~~ 5K (H=0T)
(due to the thermal repopulation and the relatively high radiative
rate constant of III> &> 10>5). In fact, this is stated by experiment.

It 1is worthwhile to mention that the emission spectra from the
two states [|I> and III> do not exhibit any pronounced progressions
with regard to the vibrational modes, which are listed in Table I.
This indicates very similar geometrical configurations of the states
10>, II>, and III> with respect to the corresponding normal coordi-
nates.

Transitions between the ground state and higher 1lying excited
states could exhibit different properties of the vibrational coupling.

This has recently been shown for [Ru(bpy)3](PF6)2 single crystals.3 It
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is found that the absorption spectrum to a state (2Aé see ref. 11)
lying about 800 cm—1 above the lowest excited one, is dominated by a
1600 cm_1 (bpy-ring stretching) progression. From this progression one
can conclude on a shift of the equilibrium position of this state
compared to that of the ground state along the corresponding normal
coordinate. (For example, the inter-ring C-C separation is estimated

to change by about 0.02 A 12)

CONCLUSION

This paper presents highly resolved emission spectra which allow
detailed insight into the vibronic structure of the [Ru(bpy)3]2+
chromophore. It is shown by investigations under high magnetic fields
that several distinct modes promote more strongly the transition from
the very lowest excited state |I> while others couple more pronounced
to the transition from III>. Both states seem to have similar geomet-
rical configurations compared to that of the ground state while for a
higher 1lying excited state the equilibrium position is shifted with

respect to a 1600 cm—1 bpy-ring stretching coordinate.
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HIGHLY RESOLVED OPTICAL SPECTRA OF [Os(bpy)3]* DOPED INTO [Ru(bpy)3]Xs

G.Hensler, E.Gallhuber, and H.Yersin

Institut fir Physikalische und Theoretische Chemie, 8400 Regensburg, FRG

INTRODUCTION

Many investigations were carried out to describe the electronic
properties of [Ru(bpy)3]2+ and [Os(bpy)3]2+ complexes due to their
interesting photochemical and photophysical behavior. The recent dis-
coveryl_4 of the electronic 0-O-transitions occuring between the
lowest MLCT states and the ground state in neat single crystals,
delivered the energy positions and separations of the lowest excited
states of [Ru(bpy)3]2+. In this contribution we want to present highly
resolved low-temperature emission spectra of [Os(bpy)3}2+ doped into
[Ru(bpy)3]X2 (X = PF6,
extremely structured spectra are discussed here for the first time.

C104) single crystals. To our knowledge these

RESULTS and DISCUSSION

Figure la shows the Eic-polarized emission of [Os(bpy)3]2+ doped
into [Ru(bpy)3](PF6)2 (E = electric field vector, ¢ = needle axis of

2+ lies at higher energies and

the crystal). The emission of [Ru(bpy)3]
is not reproduced here (but see the two other contributions of the
authors in these proceedings). Application of high magnetic fields Hic
(EIH) 1leads to a drastic change of the overall spectrum (Fig. 1b).
Fig. 2 reproduces the magnetic field dependence in the region of the
high energy part of the emission. With increasing magnetic field the
intensity of the dominating lines increases drastically up to a factor
of about 10> (at H = 6 T).

The most conspicuous feature of these emission spectra 1is the
occurrence of a triple structure. The energy separation between these
lines 1is (37 & 2) cm—l. These transitions are interpreted to result
from three different sites of the guest molecules in the host matrix.
(The crystal structures of [Ru(bpy)3](PF6)2 and [Os(bpy)3](PF6)2 are
not isomorphous.s) This interpretation is confirmed by the fact that

with application of magnetic fields the triple structure is also
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14500 14000 13500 cm™ 13000 ] 12500
1 1
H-=0T
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b
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Fig. 1. Eic - polarized emission spectra of [Os(bpy)3]2+ doped into

[Ru(bpy)3](PF6)2 at H=0T and H =6 T (T = 2 K, Ru:0s =~ 100;
lex = 363.8 nm. For lex = 632.8 nm the results are identical). The
intensities are not comparable. The Elc polarized emission intensity

is weaker by a factor of about 80.

> 14500 cm™ 14450 14 400

Fig. 2. Blue flank of the emis-
sion spectra of [Os(bpy)3]2+

doped into [Ru(bpy)al(PFs)2 at

various magnetic field strengths
oT (Eic, Hic, EIH). The half-width
of the narrow lines appearing at
higher field strengths is about

688 690

62 nm  69L A 2 em 1,
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observed in the absorption spectra at the corresponding energies.
Further, this assignment was verified very recently by site selection
measurements, leading to one-site emission spectra.

Consequently, the emission features of [Os(bpy)3]2+ doped into
[Ru(bpy)3](PF6)2 result from a superposition of the spectra of three
different sites with the respective purely electronic transitions
coupled to a large number of phonons and intramolecular vibrations,
thus producing the pattern of a triple structure.

The changes under magnetic fields are interpreted in analogy to
the behavior found for [Ru(bpy)3]x2 6’7. The 1lowest zero-phonon
transition (for a specific site) is strongly forbidden but through
magnetic-field induced admixture of wave functions of higher 1lying
states 1into that of the lowest excited one this transition can get
considerable oscillator strength mixed-in (see also ref.s).

Figure 3a shows the emission spectrum of [Os(bpy)3]2+ doped into
[Ru(bpy)3](C104)2. This spectrum is much simpler and seems to result
from a distribution of relatively similar sites. ([OS(bpY)3](C104)2
and [Ru(bpy)3](clo4)2 have isomorphous structuress.) Furthermore, the
emission 1is red-shifted by about 330 cm_l, compared to the (PF6)-
compound, being in analogy to the corresponding [Ru(bpy)3]X2 sa1t52'3.
The magnetic field effect (see Fig. 3b) is similar to that demonstrat-
ed in Fig. 1, but less drastic.

14000 13500 cm™ 13000 ] 12500
| A . . Y
H=0T
a
H=6T
x6 b
1
1
M
W

v T Al . )
700 725 750 nm 775 x 800

Fig. 3. Emission spectra of [Os(bpy)3]2+ doped into [Ru(bpy)3l(C104)2
at H=0Tand H=6 T (T = 2 K; Ru:0s =~ 50). Intensities are not
Comparable.
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Figure 4 delivers a synopsis of the temperature dependence of the
emission of [Os(bpy) ]2+ doped into [Ru(bpy) ](ClO ) At T = 2 K line
I (at 14169 cm ) represents the transition of hlghest energy. With
increasing temperature two further peaks appear, 61 cm -1 (line II) and
211 cm'l (line 1III) at higher energies, respectively. These three
transitions are detected in absorption at the same energies and there-

fore represent different zero-phonon linesg.

14500 cm'1 13500 S 12500

line
M”
4}////\\\\\-\5‘ Fig. 4. Temperature dependence of
SOK

the total emission spectra of
[Os(bpy)3]2+ doped into crystalline

. ; - . [Ru(bpy) .] (ClO,) ,.
nm 780 x 3 472

Finally, we want to focus on the vibrational satellites observed
2+ doped into [Ru(bpy)3](C104)2.

In Table I we compare the energies of vibrations coupled to the lowest
10

in the emission spectra of [Os(bpy)3]

electronic transition for the case of H = 0 T to IR and Raman data

of [Ru(bpy)3]2+ and Raman data11 of [Os(bpy)3]2+. At zero magnetic

field, several IR modes are present (e.g. 1126 em™ Y, 1244 enl,

1445 cm_l, 1564 cm—l), while for H = 6 T those vibrations are dominant
10,11 1

(e.g. 1172 cm —,

). This result indicates that the vibronic

which show a strong Resonance Raman enhancement

1325 em Y, 1553 cm %
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coupling of the transitions from different excited states to IR and
Raman modes, respectively, is distinct.

Emission of Vibrational IR10 of Raman10 of Ramanll of
+ .
[Os(bpy)3]2 satellites [Ru(bpy)3]2+ [Ru(bpy)3]2+ [Os(bpy)3]2+
lem 1] fem™ 1 lem 1] fem 1] fem 1)
line 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 -
129972 1172 - 1173 1175
12925a 1244 1243 - -
12844 1325 - 1317 1322
12724 1445 1441 - -
12678 1491 1485 1490 1491
126162 1553 - 1558 1558
12605 1564 1565 - -
12561 1608 1600 1607 1610

Table I. Comparison of observed satellites in the emission spectra of
IOS(bpy)3]2+ doped into [Ru(bpy)3](C104)2 (at T = 2 K) with IR and
Raman data of the [Ru(bpy)3]2+
vibronic peaks (a) are weak at H = 0 T and strong at H = 6 T.

and [Os(bpy)3]2+ complexes. The marked

CONCLUSION

[Ru(bpy)3]X2 (with X = PF, C104) represents an appropriate

2+ Due to weak elec-

matrix for spectroscopic studies of [Os(bpy)3]
tron-phonon coupling in this diluted crystalline system it is possible
to obtain highly resolved emission and absorption9 spectra of the
duest complex. Three zero-phonon transitions occuring between three

different electronic states and the ground state are detected.
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Further, many vibronic satellites are resolved in the emission
spectra, with the energy separations from the 0-O-transition in agree-
ment with the energy values published for IR and Raman modes.
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EXCITED STATE BEHAVIORS OF RUTHENIUM(II) COMPLEXES AS STUDIED BY TIME
RESOLVED AND TEMPERATURE AND SOLVENT DEPENDENT EMISSION SPECTRA

S.Tazuke, H.-B.Kim, and N.Kitamura

Research Laboratory of Resources Utilization, Tokyo Institute of Technology,
4259 Nagatsuta, Midori-ku, Yokohama 227, JAPAN

INTRODUCTION

Ruthenium(II) complexes are widely investigated electron transfer
sensitizers (Kalyanasundaram 1982). The main reasons are ; i) the ap-
propriate oxidation and reduction potentials, ii) the long excited state
lifetime, iii) the negligible photoanation , and iv) the handy wave-
length of photoabsorption. While the factors determining the properties
mentioned above are in principle determined by energy levels of various
electronic states and interactions between any two energy levels (i.e.,
transition moment, overlap, and coupling which decide absorption and
radiative/nonradiative processes), the photophysics of Ru(II) complexes
is not yet fully understood. The major parameters to determine the
electronic state is certainly the nature of ligands. In the past, we
synthesized a series of Ru(II) complexes with various diazadiimine
ligands and showed that the redox potentials in the ground and excited
states, the wavelength of absorption and emission, and the excited state
lifetime could be altered (Kitamura 1983a, 1983b ; Kawanishi 1984 ;
Tazuke 1985). While the redox potentials and the absorption and emis-
sion energies were correlated with ligand properties, the dynamics of
the relaxation from the excited state was puzzling.

In this repgrt, we are going to discuss the relaxation processes of
excited Ru(bpy)s“* and RulL (CN), (L is 2,2'-bipyridine (bpy) or 1,10-
phenanthroline ?phen)). These are, firstly, solvent effects on relaxa-
tion processes, secondly, the relaxation processes from the initially
populated excited °“MLCT state by means of time-resolved emission spec-
troscopy. Through these investigations, we are trying to pin point the
dynamics of the relaxation processes of the excited Ru(II) complexes.

I. SOLVENT EFFECTS ON EXCITED STATE PROPERTIES.

One way to modulate the MLCT excited state properties of metal com-
plexes is the variation of solvents. As reported previously, both ab-
sorption and emission energies of RuL,(CN), (L=diimine ligands) show
higher energy shift with increasing tﬁe Gutmann's solvent acceptor
number, AN (Belser 1985). With increasing AN of solvents, ¢ -donor
strength of the cyanide ligands decreases and consequently, the metal
t% orbitals move to lower energy, bringing about the higher energy
s ?ft of both absorption and emission. Solvent effects on the redox
potentials of Ru(phen)z(CN)z are consistent with the intgrpretation
(Kitamura 1987a). The reduction potential (i.e., the = energy of the
phen ligand) is almost unaffected by solvents whereas the oxidation
potential (i.e., the t orbital on the metal) depends on solvent AN.
The spectral data and gge oxidation potentials are correlated as shown
in Fig. 1.

] Changes in energy levels should also influence the excited state
lifetime. From the lifetime analysis by eq.(1), the temperature
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-1 '
T = k. + k. + k'exp(- AE,/RT) (1)
independent nonradiative rate constant, k r’ and the activation energy
of the emission lifetime, AE were obtained. Figure 2 shows a 1ln k

vs emission energy (E ) plot The energy gap law (Meyer 1986) is ap-
plicable for a series of solvents while the data in hydrogen bonding
solvents deviate from the linear relation. The hydrogen bonding inter-
action between the cyanide ligands and solvents is certainly important
for the relaxation of excited Ru(phen) (CN)Z. On the other hand, there
is a reasonable correlation between AEa and AN (Fig. 3). The observed
AE in low AN solvents is mugh smaller than the estimated energy dif-
ference between the d-d* ?n MLCT states. The energy difference was
reported to be 5000 cm in an N,N-dimethylformamide/dichloromethane
mixture (Belser 1985). Recently, the pre?ence of the fourth MLCT ex-
cited state (MLCT') which lies 600-1000 cm above SMLCT stgte was sug-
gested (Kober 1984 ; Meyer 1986). In low AN solvents, the “MLCT state
locates at lower energy as gompared with that in high AN solvents so
that the relaxation via d-d is unlikely but proceeds through the MLCT'
giving a small QE . With increasing AN of solvents, the relaxation
proceeds via d-d and the overall activation energy increases. Howeve
it is experimentally not possible to divide overall AE, into AE,(d-d )
and AE_(MLCT'). If both the d-d and MLCT' states par%lclpates in the
relaxation, photoanation in a*series of solvents will be related to the
fraction of decay via the d-d° state. The results in Table 1 agree with
this view indicating that photoinduced ligand substitution is facilitat-
ed with increasing AN.

3t Table. 1 Photoreaction of Ru(phen) (CN)2
'TE ° o with KSCN(0.1M).
v L] 1 ] a)
m Solvent AN ¢ 3
4 .
= o ® N,N-dimethylacetamide 13.6 0.0
5| g e dimethylsulfoxide 19.3 13.7
< re N-methylformamide 32.1 14.5

1 n L . methanol 41.3 27.4
10 20 30 40 50 2+
AN a) Relative to the yield of Ru(bpy)
in water.

Fig. 3 Solvent effects on AE
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II. TIME DEPENDENT SHIFT OF EMISSION.

Solvent dipole relaxation in the 3MLCT excited state can be fol-
lowed by time-resolved emission spectroscopy. Interrelation between the
role of solvent dipole relaxation and localization/delocalization of an

excited electron is a point 05 controversy. In the ns time regime, the
emission spectrum of Ru(bpy)3“* shows time-dependent (TD) shift at low
temperature (Ferguson 1985 ; Kitamura 1986). This phenomenon was at-

tributed to solvent dipole relaxation and probably, in part, to the
transition from the charge delocalized excited state to the charge lo-
calized state. Although the TD shift slightly depends on the nature of
a counter anion (X=Cl™, Cl0,”, or PFg~) of Ru(bpy)3X, (Kitamura 1986),
this discussion could not be %pplied to RuL,(CN),, which shows even a
bigger TD shift than Ru(bpy); * as shown in"Fig. 4. The TD shift is
specifically observed in a narrow temperature range just below and above
the glass transition temperature of the matrix (T,.) For quantitative
discussion, we defined the rate of relaxation as ghe reciprocal of time
required for half relaxation (kr) and the Arrhenius polts are shown in
Fig. 5. The plots are devided in two parts at 130 K. Below 130 K, the
apparent activation energies for TD shift, AE,, are 570 and 1360 cm”
for Ru(bpy);Cl, and Ru(bpy),(CN),, respectively. The activation energy
of viscous %low for an ethanol/methanol mixture below 120 K is 1900 cm~
(Carlin 1985) so that the present AE_ values are too small to be as-
cribed to the activation energy for tﬁe phenomena related to the vis-
cosity of the medium. Since the rate of relaxation_depends on the na-
ture of solvents, solvent dipole relaxation in the °MLCT excited state
is primarily responsible for the TD shift.

As audged by the accumulated evidence that an excited electron in
Ru(bpy) 3 * or analogous complexes is delocalized in rigid matrices while
that is localized in fluid media, the TD shift in near T, of the solvent
should be closely related to solvent dipole relaxation og more precise-
ly, solvent assisted electron_localization. In ethanol/methanol at 150
K, the emission from Ru(bpy) 2+ obeys a single exponential function and
the decag time is independeng of the monitoring wavelength. However, for
Ru(bpy) 5 * at 125 K, the decay profile observed at 580 nm does not agree
with that monitored at 752 nm as shown in Fig. 6. Similar results have
been reported by Ferguson et al. (1986a,1986b). The effects are more
pronounced and complicated in the case of Ru(phen)z(CN)z (Kitamura
1987b). The emission decay monitored at 580 nm is multli- or even non-
exponential and the decay profile varies with the monitoring wave-
lengths (Fig. 7). The longer the monitoring wavelength, the longer the
apparent emission lifetime. Furthermore, the wavelength dependent emis-
sion decay is observed at 150 K. The formation and destruction of the
hydrogen bonding interaction between the cyanide ligands and alcoholic
solvents around T_ (Kitamura 1987a) could be reflected on the emission
decay profile. A?though it is not clearly seen in Fig. 6 and 7, the
emission from both complexes exhibits rise and decay when monitored
above 700 nm. Since the emission spectrum shows TD shift at this
temperature, the change in the emission decay profile with the monitor-
ing wavelength is not surprising. However, taking the report of MCPL
experiments (Ferguson 1986) into account, we conclude that the phenomena
are closely related with the transition from the delocalized excited
state to the localized one.

As we have already shown, the decay profile of the emission between
100 and 140 K is complicated and could not be fit in a single or multi-
exponential mode. It is indeed non-exponential. The meaning of non-
eéxponential decay should be understood in two ways. Firstly, because of
the TD shift of emission, the decay profile monitored at a fixed wave-
length provides a false feature. The total emission intensity integ-

1
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of Ru(bpy)3+. of Ru(phen)z(CN)z.

rated over the whole wavelength region must be plotted against time.

Secondly, provided that the procedure mentioned above could be adopted,

the decay profile might be multi-exponential. This is the true case
time-dependent rate. Such non-exponential decay has been discussed

of
in a

number of unimolecular fluorescence decay of organic compounds such as

twisted intramolecular CT compounds (Heisel 1983, 1985a, 1985b) and
intramolecular excimer/exciplex (Tazuke 1986). The work along this
is now in progress.
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THE LOWEST EXCITED STATES OF (Ru(2,2'-bipyrazine) (2,2'-b1’pyrid‘ine)2)2+

Hiroshi Kobayashi, Youkoh Kaizu, Kazuteru Shinozaki, and Hideyo Matsuzawa

Department of Chemistry, Tokyo Institute of Technology, O-okayama, Meguro-ku,
Tokyo 152, JAPAN

PROTONATION AND DEPROTONATION OF EXCITED COMPLEXES

The lowest excited state of [Ru(bpy),(CN),] (bpy, 2,2 -bipyridine) is
the "metal-to-bipyridine" charge-transfer excited state. Absorption
spectrum of the complex varies with protonation on the coordinated
cyano groups in acidified media, while emission exhibits a spectrum

of deprotonated species with a constant yield regardless of the
hydrogen-ion concentrations [H+] in solution. A rapid, conplete
deprotonation follows excitation of the protonated species (Peterson
1976). 1In highly acidic H,S0,-methancl glass at 77 K, (Ru (bpy) , (CN) , ]
as well as [Ru(phen)z(CN)z] (phen, 1,10-phenanthroline) exhibits an
enission band with vibrational structure which is very similar to the
ligand 3(ﬂ,ﬂ*) emission band found with the correspondino Rh(II) tris-
chelate complexes. It was proposed that the protonation in the rigid
glass results in an inversion of the lowest charge-transfer and the
ligand-localized 3(w,n*) excited states (Peterson 1978).

Recently we prepared anion complexes [Rubpy(CN)4]2_ and [Ruphen(CN)4]2T
The complexes exhibit metal-to-bipyridine or -phenanthroline charge-
transfer bands very similar to those observed with [Ru(bpy)3]2+,
[Ru(bpy)z(CN)zl and their phenanthroline analogues. In dilute acidic
solutions such as [H+] <0.5 M, one of the coordinated cyano groups is
pProtonated and a fast, complete deprotonation follows excitation ofl
the protonated complex. In the media 6 M >[H+] >2 M a continuous blue
shift of emission band and an increase of decay lifetime are observed
with increasing [H+]: the protonated excited complexes are rather
long-lived than the deprotonated species. A further increase of [H+]
results in an one-electron oxidation of the complex. A paramagnetic
Ru(Il) complex yielded in highly acidic media ((a*] >8.3 M) emits at
ambient temperature an intense short-lived emission which has the
structure observed with the ligand - (7,7*) emission of [Rh(bpy]3]3+ at
77 K (Matsuzawa unpublished). NMR spectrum confirmed the spin-doublet
State of the paramagnetic Ru(II) complex. By addition of OH to the
acidic solution, the original Ru(II) complex is recovered. The
intense short-lived emission from [Ru(IE)bpy(CN)4]_ is assigneg as a
Spin-allowed transition from the trip-doublet state of ligand (m,m*)
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origin. The interaction with spin doublet on the central metal ion
makes all ligand singlets become doublets and triplets into doublets
(trip-doublets) and quartets (trip-quartets). The protonation gives
rise to an electron detachment but not an inversion of the lowest
charge-transfer and the ligand-localized 3(n,n*) excited states.

Both protonated and deprotonated forms of [Ru(bpy)2(4,7—dihydroxy—
l,lO-phenanthroline)]2+ are emissive in aqueous solutions and the
proton-dissociation constants in the ground and excited states are
determined by spectral and lifetime measurements with varied [H+] in
the media (Giordano 1978). The complex is more acidic in the excited
state. On the other hand, excitation of [Ru(bpy)2(2,2'—bipyridine—
4,4'-dicarboxylic acid)]2+ decreases the acidity of carboxylic acid on
one of coordinated bipyridines. Two different titration curves were
obtained by absorption and emission intensity measurements and a
displacement of the titration curves was attributed to a shift of the
protonation equilibrium upon electronic excitation in the metal-to-
ligand charge-transfer band (Giordano 1977).

EXCITED STATES OF [Rubpz(bpy)2]2+

The lowest excited state of [Rubpz(bpy)2]2+ (bpz, 2,2'-bipyrazine) is
the "metal-to-bipyrazine" charge-transfer (MLCT) excited state.

Irradiation of 457.9 nm line in the red component of the split visible
MLCT band (band I, 20.5x10°
bipyrazine, while irradiation of 406.7 nm line in the blue component
band (band II, 24.8><103 cm_l) exhibits those of bipyridine. [Rubpz-

(bpy)2]2+ exhibits emission from the lowest excited triplet state.

-1
cm =) shows a resonance Raman modes of

Phosphorescence excitation spectra of [Rubpz(bpy)zl2+ doped in PVA
films show a high positive polarization (P=x 2/5) even at room
temperature in the band I, which indicates the electronic excitation
is localized within the coordinated bipyrazine. Phosphorgscenie band
cm T) by

the second-derivative absorption spectrum to the red of the intense

is in a mirror-image of the weak absorption band (16.2x10

MLCT band (band I). The weak band is assigned as the spin-forbidden
S-T (singlet-triplet) component band of "metal-to-bipyrazine" MLCT
transition.

[Rubpz(bpy)2]2+ emits phosphorescence in solution even at room tempera-
ture: the lifetime and yield in HZO at 25 °C are r = 88 ns, ¢ = 0.006;
DZO, T = 190 ns, ¢ = 0.012; CH3OH, T = 200 ns, ¢ = 0.026; CH3CN, T =
460 ns, ¢ = 0.027; propylenecarbonate, 7 = 400 ns, ¢ = 0.026,
respectively (Shinozaki unpublished). From the measured lifetimes and

yields, the radiative (kr) and nonradiative decay rate constants (knr)
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are evaluated according to k_ = ¢T—l and k__ = (l-¢)r-l: H

_ _5r nr _ 2 _
6.8x10% s71, k, =11.3x10%s71; po, k_=6.3x10% 71, K =5.2x10° s
cHyoH, k =6.7x10% 571, Kk =4.9x10% &71; cmon, k =5.9x10% 571, k=
2.1x10° s—l; propylenecarbonate, kr=6.5><104 s_l, knr=2'4x106 s,

The radiative rate is about 7x10% s71 independent of the media.

o, kr=

6 1

’

However, the lifetime is controlled by the rate of nonradiative
relaxation which increases in protic solvents.

The lifetimes were measured in Hzo and DZO as a function of tempera-
ture (Shinozaki unpublished). A plot of ln K (=1/7) against l/kBT
well fits the equation k=k0exp(-AE/kBT): k0q=3.88><107 s‘l, AE,=270
cm_l; kOD=2.70xlO7 s-l, AE=340 eml. Protic solvent molecules form
hydrogen bonds with the peripheral nitrogens of coordinated bipvrazine.
Even if the basicity of bipyrazine is increased by charge transfer
from ruthenium to bipyrazine in the excited state, the hydrogen-bonded
water protons or deuterons are oscillating in a minimum nearby water
oxygen. From the plot of 1n kH/kD versus 1/kBT, we obtained
(mD/mH)l/2f¢/f0=l.4 and thus f*/f0=l. To form the nonemissive
protonated species, the proton should be transferred to another

1, AE=340 cm ). The

protonated species [Rubsz(bpy)2]3+ emits no phosphorescence.

mininmum beyond an energy barrier (AE_,=270 cm

A semiempirical SCMO calculation was carried out on the (m,7*) excited

1’3(ﬂ,ﬂ*)

singlet and triplet states of coordinated bipyrazine. The
excited states were also calculated on the two stages of protonation
of the peripheral nitrogens. The lowest 3(Tr,n*) state of coordinated
bipyrazine in [Rubsz(bpy)2]3+ (lleO3
MLCT excited triplet state (12><103 cm—l), while that of [Rubszz—
(be)zl4+ (14x10°3 cm™!) is at around the MLCT excited state. The

nonemissive 3(ﬂ,ﬂ*) excited state of coordinated bipyrazine is

cm-l) is lower than the lowest

stabilized by vrotonation to one of the two nitrogens much lower than
the lowest MLCT excited triplet. The quenching in the protonated
complex is attributable to fast nonradiative relaxation in the
nonemissive low-lyinc 3(n,ﬂ*) excited state of monoprotonated
bipyrazine. 1In this particular case, it is not necessary to assume a
thermal activation to the low-lying 1’3(d,d*) excited states which
limits the lifetime of the excited comnlexes (Van Houten 1975, 1976;
Allsopp 1978; Durham 1982; Casper 1983; Allen 1984).

]2+
2
]2+

PROTONATION OF [Rubpz (bpy)

In acidic media, [Rubpz(bpy)2 is protonated on the peripheral
nitrogens of coordinated bipvrazine. The monoprotonated species is

predominant in 6.0 M > [H+] >3.5 M, while the diprotonated species in
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[H+] >8.0 M. The protonated complexes emit no phosphorescence. 1In a
dilute acid solution such that no protonated species is detected by
absorption measurements, the phosphorescence is partly quenched by
H3O+ in solution. Two different titration curves are obtained as a
function of pH by absorption and emission intensity measurements.
However the displacement of the curves is not direct indication of

the MLCT-induced enhancement of bipyrazine basicity. By measurements
of the time-resolved repopulation of the ground-state species after
pulse excitation, the excited-state lifetime of the nonemissive
*[Rubsz(bpy)2]3+ in acidic aqueous media was determined as 1.1 ns,
which is rather short in contrast with that of *[Rubpz(bpy)2]2+ (68
ns) (Shinozaki unpublished). Since the nonradiative relaxation
process in the protonated species is so accelerated that the protona-
tion equilibrium is not accomplished within the excited-state lifetime,
the quenching in acidic media is governed by the rate of diffusion
controlled encounter of H30+ and the excited complex.

In a dilute acid solution where the ground-state species is
exclusively [Rubpz(bpy) ]2+, the excited complex is quenched by the
diffusion controlled orotonatlon and thus [Rubpz(boy)z] is recovered
by the proton dissociation following the deactivation. In fact, the

recovery of [Rubpz(bpy)2]2+ is slower than the emission decay.
Measurements determined the rate of proton dissociation (k_2=2><108 s—l)
of the [Rubsz(bpy)2]3+ yielded by the deactivation of excited species.

COMPLEX FORMATION IN THE EXCITED STATE

Absorption spectra vary with increasina concentration of hydrated Ag+
ion [Ag ] in a solution of [Rubpaz( bpy) 2+. The first stage of the
spectral variation is ascrloed to the fornatlon of [RubpzAc(boy)Z]

in which a hydrated Ag ion is coordinated to one of the blpyraZlne
peripheral nitrogens. [RubozAg(bpy)2]3+ emits to the red of the
emission from [Rubpz( bny) ]2+. Emission lifetimes were measured with
[Ag ] varied within the flrst stage of complex formatlon The ratio
of the lifetimes in the absence and presence of Ag ion, O/T,
increases with [Ag ] but the plot of TO/T aqa1§st log[Aq ] shows a
plateau when [Ag ] is increased up to 2~4x10 M. The lifetime of
[RubpzAg(bpy)2]3

. . . . + . . . . .
value T,- Emission spectrum varies with [Ag' ], while it is invariant

* at 25 °C was determined as 66 ns from the plateau

regardless of whether it is excited in the absorption band of
[Rubpz(bpy)2]2+ or that of [RubpzAg(bpy)2]3+. This indicates the
equilibrium of complex formation is accomplished in a shorter period
than the time constant of the excited-state lifetimes.
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From the decay lifetimes measured for a variety of [Ag+], the complex-

formation constant in the excited state was determined K*=130 M_l at

25 oC, p=3.0 M. On the other hand, the formation constant in the
ground state was obtained by absorption measurements as K=20 M“l at
25 °

appreciably promoted than that of the ground state, since the

C, u=3.0 M. The complex formation in the excited state is

coordinated bipyrazine increases the basicity upon the MLCT electronic
excitation.
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in agueous solution. J Am Chem Soc 98: 4853-4858.



QUENCHING OF EXCITED Ru(bpy)§+ WITH METHYLVIOLOGEN AT LOW TEMPERATURES

Cz.Stradowski and M.Wolszczak

Institute of Applied Radiation Chemistry, Technical University (Politechnika),
93-590 Lodz, Wroblewskiego 15, POLAND

There is a growing interest in the studies of electron transfer
reactions,in which the reactants are separated by several molecular
radii.Among them photoinduced electron transfer was intensely studied
(Miller et al.1982).Well-know*reaction transfer between excited
Ru(bpy)g+ (tris(2,2 -bipyridine)ruthenium(II) dication) and Mv?*
(methylviologen, 1,1 -dimethyl-4,4 -bipyridinium dichloride) served as
a model system (Milosavljevic and Thomas 1985).It has been demonstrated
that methylviologen quenches the luminescence of Ru(bpy)g'+ in polymers
at ambient (Milosavljevic and Thomas 1985) and low (Guarr et al.l1985)
temperatures.The quenching was ascribed to electron tunnelling

over large distances (>10 A) from excited Ru(bpy)?'to methylviolgen.The
similar interpretation was used to explain the quenching of Ru(bpy%*

in viscous liquid (Guarr et al.1983). However,the direct proof of
electron transefer via long-range tunnelling,showing the accelleration
of luminescence decay in the presence quencher at 77 K is still
lacking.The aim of the present work was to study the quenching of
luminescence in solid phase down to 77 K.

The luminescene of Ru(bpy);'+ was studied in ethylene glycol-water
mixture,2:1 by volume (EG/HpO) and in several polymer foils.The
preparation of the samples and luminescence measurements are

described elsewhere (Stradowski and Wolszczak %?87).The Fig.l
summarizes the data of luminescence of Ru(bpyls in EG/Ho0 as measured
by time-resolved laser photolysis. The kinetics of the luminescence,
observed after 10 ns laser pulse (Aexc = 530 nm) was monitored at 610
nm.The decay of the luminescence was always monoexponential.The
lifetimes of luminescence at temperatures 290-200 K are presented in
Fig.1l.It is evident that at temperatures 290-200 K the presence of the
quencher accellerated markedly the decay of the luminescence.The
system EG/H20 is higly viscous and possibility of the diffussion of
Ru(bpy)g*and Mvz+during the lifetime of luminescence is very limited.
Nevertheless,one observs efficient quenching of luminescence under
this conditions,which is favour of long-range tunnelling as a
mechanism of quenching.On the other hand,below 200 K the presence of
the quencher has very little or no effect on the rate of luminescence
decay.The decay at 77 K was still monoexponential.The lifetime of the
luminescence was 3.1 us,independent of the quencher addition up to
0.15 M MVz+.Therefore,we conclude that at temperature range 77-200 K
the dynamic quenching of luminescence of Ru(bpy)z by methylviologen
does not occur.In order to find out the quenching mechanism,the
measurements of the dependence of luminescence intensity as a function
of Mv2*concentration were carried out.The intensity of luminescence
Was measured with a conventional fluorimeter.The results are

Sumarized in Fig.2.Curve 1 in Fig.2 shows that at 77 K the quenching
1s very inefficient,and independent of the nature of the medium.In
€arlier studies the quenching of the luminescence of Ru(bpy)ﬁ'by MV
in solids was ascribed to long-range tunnelling of electron from exci-
ted Ru(bpy)j’ to Mv2*(Milosavljevic and Thomas 1985;Guarr et al.1985).

24+
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Fig. 1. The lifetime of luminescence of Ru(bpy) (T) in ethylene
glycol- water as a function of temperature (T) (1) (bpyg alone
(2)- Ru(bpy)3 with 0.05 M methylviologen.

Present data show that this interpretation can not be used for data

at 77 K.Three following observation are in disagreement with such
interpretation: (1) The decay of luminescence of Ru(bpy)?'at 77 K was
not accellerated in the presence of MV®*(2) The quenching curve,shown
in Fig.2,is well described by luminescence quenching in contact pairs.
The radius of such contact pair,calculated from curve l in Fl? 2 is
7.1 A,i.e less then sum of geometric radii of Ru(bpy) and MVt (10 A).
Such result is meaningless from the p01nt of view of long range
tunnelling.(3) Lack of any traces of MV* radical cation,that is the
product of quenching at 77 K.Therefore,we postulate that the quenching
of luminescence of Ru(bpy%* by MV 2t at 77 K via long-range tunnelling
is negllblle Inefficiency of electron tunnelling between excited
Ru(bpy)s’ and Mv?** was assigned by Seefeld (Seefeld et al.1977) to high
energy %arrier between reactants (c.a. 2.5 eV).Thus,the quenching at
77 K in our system should be ascribed to "static" type of quenching,
occuring within contact pairs formed in the ground state.The Perrin

or static type of quenching occuring infinitely fast within an active
sphere,results in a monoexponential luminescence decay and leads to a
decrase of the initial intensity of luminescence.The lifetime of
luminescence remains unaffected by this type of quenching.

On the other hand,the curves 2,3 and 4 in Fig.2 indicate that at room
temperature the quenching in solid state is much more efficient then
at 77 K.The same observation concerns viscous liquid at low tempera-
tures (see Fig. 1).0Obviously,the possibility of the diffusion of
reactants during the lifetime of excited Ru(bpy)3 is very limited under
conditions applied in the present work.Thus,we conclude that thermally
activated electron tunnelling takes place.We have recorded some traces
of MV* cation radical in polymer foils at room temperature,which
additionally supports this suggestion.Let us discuss briefly some
possible mechanisms of the thermal activation.
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Fig. 2. Normalized intensity of luminescence of Ru(bpy)%+ as a
function of methylviologen concentration.Curve (1) at 77 K ( (o) EG/

H O,(e) cellophane,(x) poly(vinyl alcohol),curves 2,3 and 4 at room
temperature ((A) poly(vinyl alcohol) in vacuum, () poly(vinyl alcohol)
in air,(A) dry cellophane).

The first mechanism involves the influence of temperature on electron
energy levels of electron donor,excited Ru(bpy)?’.Thanks to the fine
work of Yersin and Gallhuber (Yersin and _ Gallhuber 1984) one knows a
great deal about energy levels of Ru(bpy)?’at various temperatures.
However,the question of dynamics of electron localization onto one of
bpy ligands at low temperatures in polar solvent is still unresolved
(Ferguson et al.1985). The reorganisation of the solvation shell
arround excited Ru(bpy)g*in a glass,polymeric film,or the solid state
at low temperatures is long on the time scale for excited state decay
(Meyer 1986).At higher temperatures reorganization of the medium is
completed at times much shorter than the lifetime of luminescence.
Relaxation time of the medium is several orders of magnitude smaller
at room temperrature then at 77 K and energy level matching (making
electron transfer efficient) could be much faster.

The second activation mechanism involves influence of temperature on
energy levels in electron acceptor,i.e MV2*.The energy gap between
excited Ru(bpy)}* and MV*'cation radical is 0.4 eV (Milosavljevic and
Thomas 1985).This amount of energy should be dissipated into the
medium during electron transfer,mostly via phonon emission.This
Process is also believed to be thermally activated.

Both factors discussed above are dependent on the medium nature.This
agrees well with curves in Fig.2.It is demonstrated that at room
temperature the quenching is different in various media while at 77 K
this is not case.
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Additional proof for the crucial rocle of thermal activation in the
quenching of excited Ru complexes can be inferred from the studies of
Ru(bpyk (N<:>—<:>N—Meﬁ’(Sullivan et al.l1978).In this structure
electron acceptor occupies a part of the ligand sphere of the complex.
At 77 K the luminescence characteristics resembled those of Ru(bpyﬁ’
At room temperature,however,much weaker,short-lived and red-shifted
luminescence was observed.This effect was explained in terms of ther-
mally activated electron transfer from bpy ligand to remote pyridinium
site (Sullivan et al.1978).

Generally,the present observation suggest that the quenching of
luminescence of Ru(bpy)? by methylviologen at 77 K has mainly static
character.At higher temperatures the quenching via thermally activated
long-range tunnelling occurs in solid phase.The efficiency of this
process depends significantly upon the nature of surrounding medium.
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KINETICS OF THE CHEMILUMINESCENT OXIDATION OF AQUEOUS BR™ BY Ru(bipyr)33+

L.E1-Sayed, D.Salkin Swaim, w.K.wilmarth+, and A.W.Adamson*

Department of Chemistry, University of Southern California, Los Angeles,
CA 90089-1062, USA

A number of examples of chemiluminescent, CL, redox reactions are now

known, for which the emission comes from an excited state coordination
3+
3 b
2,2'-bipyridine, by various reductants, with emission from the lowest
24 %
]

compound. The best known case is that of the reduction of RulL L =

charge transfer excited state of the product, [RuL3 (Lytle, 1971

Gafney 1975; Martin 1972; Vogler 1981; Bolletta 1981, 1982; El-Sayed

1987). As other examples, emission from the doublet thexi state of

+
§2 by RuL33+
1981) as well as the CL oxidation of M06C114V~ or reduction of
M06C114‘ (El-Sayed 1987). Also, a pair of reactant species may be

+
CrL33 has been observed on oxidation of CrlL (Vogler

generated electrochemically, to give an emitting excited state product
on back reaction (Bolletta 1982; Nocera 1984; Luong 1978, Rubinstein
1981). The typical CL reaction is fast however, and detailed kinetic

studies are rare.

Wilmarth and co-workers (Stanbury 1980) were interested in non-
complementary redox reactions, such as between a one-electron oxidant
and a two electron reductant; such reactions involve radical interme-
diates and are often slow enough for conventional kinetic studies,
which can yield useful information about the properties of such inter-
mediates. An example is the oxidation of aqueous Br by Fe(5-Br-
phen)33+ to give the Fe(II) complex and Br, (Salkin 1983) and in a

joint study (El-Sayed 1983), the kinetics of the analogous reaction
3+

3 b
3+ - 2+ -
2 Rul, + 2 Br = 2 RulL,"  + Br, (or Br, ) (1)

with Rul

has been investigated, along with that of the chemiluminescence, CL,
that accompanies the analytical reaction. We report briefly here on

this study, with emphasis on the latter aspect.

—_—
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EXPERIMENTAL

All chemicals used were of reagent grade or were carefully purified
(as in the case of [RuL3](ClO4)2; the solvent water used was dis-
tilled over sodium persulfate and the vapor passed through a tube at
800°C with oxygen carrier gas. Solutions of RuL33+ were prepared
immediately before use by oxidizing an acidified RuL32+ solution with
PbO2 (the excess then filtered off). The oxidized complex was also

2+
prepared photochemically by photolysis of an aerated RuL3 solution.

No difference in kinetic behavior was observed.

Chemiluminescent intensities, both initial and as a function of time,
were measured by means of a quantum counter having a chamber into
which a solution of one reactant would be placed and a solution of the
second reactant then injected under dark conditions. Various filters
could be interposed between the window of the reaction chamber and the
photomultiplier detector, so as to determine the CL spectrum. The
analytical reaction was followed spectrophotometrically, from the
growth of the absorbance of the RuL32+ product at 453 nm. Reacting

mixtures were thermostatted to * 0.1°C.

There is a slow reaction with water in the absence Br (Sutin 1976,
1983; Slawson 1976), which is slightly chemiluminescent. A relatively
minor correction was made to both the analytical and the CL rate data
to allow for this solvent reaction. Dissolved oxygen increases the CL

of the solvent reduction but has little effect on the Br reduction.

RESULTS AND DISCUSSION

It was first established that the CL spectrum was essentially the
2+
same as that of the photoexcited emission from RuL3 and also that

the stoichiometry of the analytical reaction (1) was indeed being

observed (to within about 10% precision).

Some plots of the decrease in CL intensity, I, with time are shown in

Fig. 1, and some of the apparent first order rate constants, kCL’ are
given in Table 1. Figures 2 and 3 illustrate that the rate law for
the CL reaction is

I1° (initial CL intensity) = (constant)(Br—)3(RuL33+)2 (2)

Separate studies (to be reported elsewhere) showed the rate-law for the

analytical reaction (1) to be
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Fig. 2. Dependence of initial
CL intensity (corrected for that
due to solvent reduction) on
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Dependence of initial CL

3+
3 ).

Rate Constants for the Analytical and Chemiluminescent Reduction of

Ru(bipyr)33+ by Br

t, °C 10218r7) 10? kCL,s_l
17.5 1.30 1.13 + 0.1
27.5 1.82 2.53 + 0.15

1.30 1.53 + 0.09
0.781 0.91 + 0.07
37.4 1.30 2.60 + 0.10

2 -
10 k !

AN'S Kor/kay
0.49 + 0.09 2.25
1.69 + 0.15 *
0.99 + 0.03 *
0.578 + 0.00 *
1.13 + 0.03 2.30

B3
Not parallel runs
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3+ _ B - -2 -3 3+
- d 1n(RuL3 y/dt = kAN = kl(Br ) + ky(Br )7 + k3(Br ) (RuL3 )

(3)

It follows from Eqs. (2) and (3) that -d(I/I°)/dt = kCL = 2 kAN' This
expectation is qualitatively confirmed by the data of Table 1, which
give kCL/kAN = 2.3 * 0.3. The chemiexcitation yield was determined,
using the luminol system as reference (Brundrett 1974), and found to

- *
be 4.2x10 > moles of excited state, [RuL32+] , produced per mole of

RuL33+ reduced.

Our results indicate that the CL pathway is the same as one of the
pathways for the analytical reaction, and that via this path, which is
a minor one, only about lO_4 of reaction events produce excited state
product. Note that the AG®° for reaction (1) is only - 8 kcal, while
[RuL32+]* lies about 48 kcal above the ground state. Any mechanism
for the CL path must therefore not .only conform to the observed rate
law, but must also contain a step which is sufficiently energetic to
make excited state product formation possible. One possibility is
that Brz_- radicals produ;id as intermediates in the analytical reac-

tion can react with RuL3 to form [RuLz(LBr)]2+, where LBr is some

form of brominated bipyridine. Reaction of this last complex with

another Br;' radical could now have sufficient energy to give [ML32+]

+ Br3- as products. A detailed mechanism can be written such that the

kinetics would conform to Egqs. (2) and (3).

The present system appears to be the only one reported for which a
direct connection can be made approximately between the mechanisms of

the analytical and corresponding CL reaction.
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SYNTHESIS AND PHOTOPHYSICAL STUDIES OF ORTHO-METALATED Pd(II) COMPLEXES INCLUDING
TWO NOVEL Pd(II)/Rh(III) DIMERS

C.A.Craig, F.O.Garces, and R.J.Watts

Department of Chemistry, University of California, Santa Barbara, CA 93106, USA

INTRODUCTION

The photophysics of cyclopalladated compounds has received attention
in the literature recently (Wakatsuki 1985). We were initially
interested 1in exploring the photophysics of a complex prepared by
Kasahara (1968); ([Pd(ppy)Cl].,. The electronic transitions of this
dimeric complex as well as for“several monomeric derivatives have been
characterized as intra ligand transitions of the ortho-metalated
2-phenylpyridine (ppy) ligand (Craig 1987). Our attention was then
focused on combining two different metals of non-equivalent valence
into a single molecule. We report here the synthesis, characterization
and photophysics of two novel mixed-metal organometallic complexes
where palladium(II) and rhodium(III) have been coupled via a halide
bridge.

(A) (8)

C1
Figure 1. Structures of [(pPY)Pd(Cl)ZRh(ppy)zl (A), and

[(ppy)Pd(c1)2Rh(bzq)2] (B) .

Ortho-metalated transition metal centers linked by a u-dichloro
bridge, where the metal is Rh(III) or Ir(III), have been reported to
Cleave quite readily at the bridge when bidentate chelating ligands
are brought 1in contact with the parent dimer in solution (Nonoyama
1974). sSimilar cleavage occurs in the presence of monodentate coor-
dinating 1ligands or in solvents such as DMF, DMSO or acetonitrile
resulting in monomeric derivatives of the parent complexes. Not sur-
Prisingly, this is true for PA(II) as well (Cope 1965; Parshall 1969;
Trofimenko 1972; Gutierrez 1980; Nonoyama 1982; Sprouse 1984). We
utilized this technique to produce monomeric derivatives of the Pd(II)
and Rh(III) ortho-metalated dimers [Pd(ppy)Cl]l,, [Rh(ppy),Cl] and
[Rh (bzq) ,C1] where: (ppy)=2-phenylpyridine and (bzq)=benzg[h]%uino-
line. Whén ifradiated in equimolar proportion certain monomeric deriv-
atives of these compounds combine to form heterometallic dichloro-
bridged dimers. The newly prepared compounds have the following
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formulas: [(ppy)Pd(Cl),Rh(ppy), 1 (A), and [(ppylPd(Cl) Rh (bzq) ] (B),
with proposed structure% 1llustrated in Fig. 1. “H NMR %or these novel
complexes have been obtained and reveal complex splitting patterns.
Photophysical data strongly suggests that the emitting states of (A)
and (B) are principally ligand localized and each metal center retains
its unique emitting manifold.

EXPERIMENTAL

Synthesis of [(ppy)Pd(Cl),Rh(ppy),]

[Pd (ppy)C1] (0.1441 g) was combined with (0.1567 g) [Rh(ppy).,C1]
(Nonoyama 1371) in 100 ml dichloromethane. Carbon monoxide was bu%ble%
through this solution for three hours. The solution was then broad
band irradiated with a 150 W Hg source for 1 hour and the dichloro-
methane evaporated using a flow of nitrogen gas. The residual yellow
powder was dissolved in 125 ml of <chloroform, filtered, and the
chloroform evaporated. The solid was then recrystallized from di-
chloromethane and hexanes to give 0.2329 g fine needle crystals ( 90
$ yield). Anal. Calculated for [(pPY)Pd(Cl)ZRh(ppy) 1:1/2CH,C1,:

Cc, 51.28; H, 3.18; N, 5.35. Found: C, 51.437 H, 3.12; N, 4.92.

Synthesis of [(ppy)Pd(Cl)_,Rh(bzqg),]
2

2
The procedure was similar +to that used for (A). [Pd(ppy)Cl] and
[Rh(bzq)2C1]2 were combined in equimolar quantities, stirred in“ the

presence” of“CO for 3 hours and then irradiated for 45 minutes. Upon

obtaining the solid it was dissolved in dichloromethane and hexanes

and passed through a column containing Sephadex LH-20 resin in order

to separate the mixed metal dimer from unreacted starting materials.

Mass spectral analysis gave the following peaks: 791,494,459,179,155.

Anal. Calculated for [ (ppy)Pd(Cl)_Rh(bzq) ] 1/4CH Cl,: C, 55.10;

H, 3.01; N, 5.17. Found: C, 55.25% H, 3.0%; N, 4.%6.°

Absorption data were obtained with a Cary 15 spectrophotometer or HP
8452A Diode Array Spectrophotometer. Emission 1lifetime data1 were
obtained with apparatus described elsewhere (Sprouse 1984). All "H NMR

spectra were measured with a Nicolet NT-300 FT NMR spectrometer.

RESULTS AND DISCUSSION

Compounds (A) and (B) are formed following initial generation of
[Pd (ppy)COC1l] and [Rh(L).,COCl] monomeric adducts of the parent dimers
(L=(ppy) or (bzq)) (Cralg 1987). We know from infrared data that
irradiation of the solution containing the carbon monoxide monomers
results in photolysis of the terminally bound carbon monoxide 1ligands
on both palladium and rhodium. This suggests formation of two
coordinatively unsaturated fragments which then recombine to form
compounds (A) and (B). Preferential formation of the mixed metal
species may be explained using simple steric arguments. We propose
that the sterically hindered coordinatively unsaturated rhodium
fragment combines readily with the less bulky palladium fragment.
Attempts to repeat these reactions using [Pd (ppy)C1]

[Ir (ppy) Cl] under identical conditions have been unsuccess%ul in
forming é mixed metal species because of the difficulty in
photoly21ng CO off of the iridium. We feel that success in forming
Pd(II)/Rh(III) dimers is due to facile CO loss under photolysis fol-
lowed by dimerization.
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Both of the mixed metal dimers exhibit unique lH NMR spectra which are
not supeiposed spectra of the parent [Pd(ppy)Cl] and [Rh(L),C1]

dimers. H NMf for both mixed metal complexes intggrate for 24 2pro-
tons. 2D COSY "H NMR have been obtained for (A) and (B) and from this

data we are able to assign all of the chemical shifts in the proton
NMR (Craig 1987).
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Figure 2. "H NMR of [(ppy)Pd(Cl)th(ppy)zl, CD,Cl., solvent

2772

Room temperature absorption and 77 K emission data for (A) and (B) are
shown in Fig. 3. Superposition of the starting dimer spectra with
those of the PA(II)/Rh(III) dimers illustrate obvious similarities
between the mixed metal systems and their parent dimer complexes. The
low temperature emission spectra of [Pd(ppy)Cl], and [Rh(L)_C1] have
been assigned as intra ligand transitions (Sproase 1984; Crgig z987).

The emission spectrum for complex (B) exhibits two distinguishable
emission profiles. Lifetimes were obtained at the maximum peak inten-
sity positions of 460 nm and 484 nm (see Table 1). The 1lifetime
obtained at 484 nm is slightly 1less than that measured for
[Rh(bzq).Cl].,, whereas the lifetime at 460 nm is approximately double
that of de(pr)Cl] . Due to the similarities of the two components of
this emission spectgum to the parent dimer materials it appears as if
each metal centered fragment of the hetero-dimetallic dimer retains
the emission characteristics of its respective parent complex. The
lifetime increase at 460 nm for complex (B) relative to [Pd(ppy)Cl]

could be explained by a decrease in the nonradiative rate of deactiva=
tion via the dichloro-bridge for Pd{ppy) which is now bound to a much
heavier Rh(bzq). species. The opposite effect is also observed for the
rhodium portio% of the dimer which is now coupled to a 1lighter
pPalladium moiety. A second source of the lifetime differences might
result from deactivation pathways via solvent-chloride bridge interac-
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tion. The smaller palladium fragment coupled to the bulkier rhodium
fragment would exclude solvent-chloride interaction relative to the
[Pd (ppy)C1] dimer resulting in 1less non-radiative deactivation

through thfs pathway. The Rh(bzq).,Cl portion of complex (B) would be
solvated to a greater degree about®the chloride bridge as a result of
having the less sterically hindered palladium fragment bound to it.
This would have the effect of increasing the solvent-chloride interac-
tion relative to [Rh(bzg).,Cl] allowing for a greater degree of non-

radiative deactivation resalti%g in a decrease in the lifetime at 484
nm.
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not known at 77 K, however the 484-460 nm peak intensity ratios of the
emission spectra for complex (B) and the absorptivity of [Rh (ppY) ,C1]
versus [Pd(ppy)Cl] suggests that the lifetime should be neare t
that of the [Rh(ﬁpy) Cl]., dimer than the corresponding palladium
dimer. Additionally tfie %ifetime 1s expected to be less than the
[Rh(ppy)2C1]2 dimer (vida supra).

Table 1. Photophysical data for parent dimers, compounds (A) and (B)
and for the free ligands (ppy) and (bzq)

ABSORPTION 77 K EMISEION 77 K

FEATURES (nm) EO-O (nm) LIFETIMESb
2-phenylpyridine 240, 295 4402 1.9(s)?
benzo [h]quinoline 278, 303 4802 2.2(s)2
352, 364
[pd (ppy)Cl], 254, 265 (sh) 460 116 (us)
305(sh), 315
365
[Rh (ppy) ,C11, 240, 310(sh) 461 93 (us)
333(sh), 380(sh)
393, 450
(Rh (bzq) ,C1], 255, 277, 484 2.6(ms)

330 (sh), 390(sh)
410, 440 (sh)

[(PPY)Pd(Cl)ZRh(ppy)zl 245, 265(sh) 460 85 (us)
305, 315 (sh)
365, 393
455 (sh)

[(PPY)Pd(Cl)th(bzq)Z] 247, 257 460 237 (us)
305(sh), 315 484 2.5(ms)
408

a. Phosphorescence
b. 4/1/1 V/V/V Ethanol/Methanol/Dichloromethane glass

CONCLUSION

Carbon monoxide is useful in cleaving u-dichloro-bridged systems of
the types mentioned. This can be used as a method to derivatize these
dimers (Ryabov 1985; Pfeffer 1981; Constable 1980). More importantly
however, facile CO bridge cleavage followed by photolysis is a simple
and efficient means with which to prepare mixed metal systems. The
restriction at this point appears to be that the CO ligand must be
somewhat photo labile. It may be possible however to overcome this by
altering the ligand used in the cleavage reaction. This may actually
become an advantage as one might imagine tailoring reaction and
Photolysis conditions as a method to selectively prepare mixed metal
dimers.
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The similarity of the absorption and emission spectra for (A) and (B)
to those of [Pd(ppy)Cl] [Rh (ppy) Cl] and [Rh(bzq)2C1] , together
with lifetime data g conclusive ev1aence that the™ loWwest energy
excited states of these novel dimers are intra ligand transitions of
the ortho-metalated 2-phenylpyridine and benzolh]quinoline 1ligands.
It might have been expected that these new dimers would have one
equilibrated excited state although evidence has been presented here
arguing for non-equilibrated excited states in these complexes. We are
currently attempting to prepare new dimers of this type using similar
ortho-metalated dimer precursors.
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PHOTOPROPERTIES OF ORTHO-METALATED Ir(III) AND Rh(III) COMPLEXES

K.A.King, F.0.Garces, S.Sprouse, and R.,J.Watts
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INTRODUCTION

Recent studies have served to provide initial characterizations of the
photoproperties of a variety of ortho-metalated complexes of Ir(III)
(Sprouse 1984; King 1984, 1985), Rh(III) (Balzani 1986; Sprouse 1984),
Ru(II) (Reveco 1985; Constable 1986), Pt(II) (Maestri 1985; Chassot
1986), and PdA(II) (Wakatsuki 1985) with 2-phenylpyridine (ppy).,
benzo[h]guinoline (bzg) and related 1ligands. While a portion of the
initial impetus for these studies followed from interest in the chara-
cterization of ortho-metalated complexes of the widely used ligand,
2,2'-bipyridine (bpy) (Watts 1977; Spellane 1983; Wickramasinghe 1981;
Nord 1983; Braterman 1984; Skapski 1985; Cohen 1985; Slama-Schwok
1985; Grutsch 1986; Finlayson 1986), the more traditional ortho-
metalating 1ligands such as ppy and bzg impart upon their metal com-
plexes photoproperties quite distinct from those of either N,N'-
chelated or N,C-ortho-metalated bpy complexes. Of particular signifi-
cance is the ability of these traditional ortho-metalating ligands to
impart upon their metal complexes the thermodynamic potential to
function as strong reducing agents in their low-enerqgy excited states.
Analogous complexes of N,N'-chelating bpy tend to be far superior
oxidizing agents but much poorer reducing agents in their low-energy
excited states. Recent studies in our laboratory have focused upon
ortho-metalated complexes of Ir(III) and Rh(III) with ppy as well as
the methyl-substituted 1ligands 2-(p-tolyl) pyridine (ptpy) and 3-
methyl-2-phenylpyridine (mppy). The structures of these ligands are
illustrated in Fig. 1 below.

2-phenylpyridine 3-methyl-2-phenylpyridine 2- [p~-tolyl) -pyridine
PPY MPPY PTPY

Fiqure 1. Structures of Ortho-metalating Ligands

These studies provide some initial insights into the relative effects
of substitution of the phenyl and pyridyl rings on the photoproperties
of ortho-metalated complexes of these ligands.

Photochemistry and Photophysics
of Coordination Compounds, Ed. by H. Yersin/A. Vogler
© Springer-Verlag Berlin - Heidelberg 1987



142

RESULTS AND DISCUSSION

A variety of monometallic complexes can be prepared (Nonoyama 1971,
1974) by facile reactions of chelating ligands with dimeric species of
the type [M(X-ppy).,Cl],, where X-ppy is ppy, ptpy or mppy. For these
studies we chose %o u§e bpy as the chelating ligand because its pre-
sence 1in the coordination sphere of the metal ion assures that both
good sigma-donor (X-ppy) and pi-acceptor (bpy) ligands are simulta-
neously coordinated. Several interesting phenomena arise in complexes
containing this combination, including: a) low-energy metal-to-ligand
charqge-transfer (MLCT) transitions; b) MLCT transitions in which a
metal electron may be promoted to a pi* orbital of either bpy or the
pyridine ring of ppy; and c¢) excited states capable of functioning as
either good electron donors or electron acceptors.

Evidence for dual emissions arising from MLCT excited states asso-
ciated with bpy and with ppy is found in the time-resolved emission
spectrum of Ir(ppy)z(bpy) in low temperature glasses as 1illustrated
in Fig. 2 below.
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Figure 2. Time-resolved Emission Spectra of Ir (ppy) (bpy)+ in
Ethanol/Methanol at 77 K Excited at 377 nm with a Pu%sed Nitrogen
Laser. a) 100 ns after excitation; b) 15 ps after excitation.

Similar results have been found for Ir (mppy) (bpv)+ and for
Ir (ptpy),(bpy) . In each case the relatively unstr%ctured emission at
short délay times (100 ns) is the result of overlapping emissions of
states resulting from charge-transfer of a metal electron to a chela-
ting (MLCT/bpy) or ortho-metalating (MLCT/X-ppy) ligand. At longer
delay times (10-15 ps) a more structured emission characteristic of
the lower-enerqy MLCT/bpy state is evident. Further evidence for
these assignments has been found by monitoring the emission spectra of
the Ir(I11) complexes as a function of excitation wavelength. In these
measurements, excitation at wavelengths longer than 470 nm leads to
the same structured MLCT/bpy emission as is seen in Fig. 2b above,
while shorter wavelength excitation gives unstructured luminescence
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characteristic of overlap of the higher enerqy MLCT/ppy and lower-
energy MLCT/bpy emissions. Rh(ppy).(bpy) , on the other hand, displays
a single emission characteristic®of a ligand-localized state asso-
ciated with ppy (LL/ppy) in both time-resolved emission spectroscopy
and in excitation-emission spectroscopy. These results indicate that
the intramolecular electron transfer (Meyer, 1978) from MLCT/ppy to
MLCT/bpy is slow in Ir(III) complexes in rigid glasses whereas reson-
ance enerqy transfer (Balzani, 1980) from (LL/bpy) to (LL/ppy) in the
Rh(III) complex is rapid. The result is attributed to a viscosity
dependent Franck-Condon barrier (Dellinger, 1975, 1976; Watts, 1978)
to intramolecular electron transfer which arises from a large distor-
tion of the MLCT (bpy) state relative to the ground state. Evidence
for this distortion is found in the room temperature emissions of the
Ir(I1I) complexes 1in fluid solutions, which display large Stoke's
shifts and a single emission characteristic of the MLCT/bpy excited
state under these conditions. In contrast, the LL/ppy and LL/bpy
states in Rh(ppy).,(bpy) are relatively undistorted compared to the
ground state, and gesonance energy transfer proceeds rapidly without
significant Franck-Condon barriers.

Half-wave potentials for the first oxidation and first reduction of
several Ir(III1) and Rh(III) complexes from cyclic voltammograms are
compiled in Table 1 below.

Table 1. Half-wave Potentials for Ir(III) and Rh(III) Complexes in
TEAH-saturated Acetonitrile at Room Temperature

El/,,a, V vs SCE

complex 2+/1+ 1+/0
Ir(ppv)z(bpy)+ 1.28 -1.38
Ir(mppy)z(bpv)+ 1.21 -1.41
Ir(ptpy)z(bpy)+ 1.18 -1.42
Rh(pPY)z(bpv)+ 1.60b -1.38

a. A scan rate of 1.0 V/s was used in each measurement
b. Anodic peak potential of irreversible wave

The reductive process (+1/0) is reversible in all of the complexes
which were studied, whereas the oxidative process is reversible in the
Ir(I11) complexes but irreversible in the Rh(III) complex. The reduc-
tive process is believed to occur at the bpy ligand whereas the oxida-
tive process (+1/+2) is thought to be metal-centered in the Ir(III)

complexes. The high potential oxidative process in the Rh(III} com-
plex is irreversible and oxidation may occur at the ppy ligand in this
instance. Variations of 100 mv in the E values for the 1+/2+

oxidative process among the three Ir(III) c%é%lexes reflect the degree
to which the methyl substituents enrich the electron density at the
metal center.

By combining values of the potentials for the oxidative and reductive
processes in Table 1 with estimates of the excited state energies of
these complexes taken from low temperature emission maxima (2.34 V),
standard electrochemical potentials for the luminescent excited state
of each species can be estimated. This procedure leads to estimated
values of E°(2+/*1+) in the range -1.06 V vs SCE [Ir(ppy)z(bpy) ] to
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-1.16 V vs SCE [Ir (ptpy) (bpy)+] and to values for E° (*1+/0) of about
0.95 V vs SCE for all folir complexes. These estimates assume that
entropy changes upon excitation are negligible, and although they are
expected to provide adequate estimates of the thermodynamic driving
force for excited state redox processes, they do not reflect kinetic
limitations to electron transfer which might arise from Franck-Condon
barriers or non-adiabatic behavior (Sutin 1983). In order to more
fully characterize the kinetics of excited state oxidation and reduc-
tion reactions, gtern-volmer studies of the gquenching of the emission
of Ir(ppy).,(bpy) by a series of oxidatwe quenchers (nitrobenzenes)
(Bock 1975; and a series of reductive gquenchers (phenylamines and
methoxybenzenes) (Marshall 1984) were performed. The results of these
studies are summarized in Fig. 3 below.
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Figure 3. Stern-vVolmer Quenching of Ir(ppy)z(bpy)+ in Acetonitrile by
Reductive (a) and Oxidative (b) Quenchers.

(a) PT, Phenothiazine; DMA, N,N-dimethylaniline; DPA, diphenylamine;
AN, aniline; TMB, 1,2,4-trimethoxybenzene; DMB, 1,4-dimethoxybenzene
(b) pDNB, p-Dinitrobenzene; mDNB, m-Dinitrobenzene; NBA, m-nitro-
benzaldehyde; CNB, p-chloronitrobenzene; NB, nitrobenzene;

MNB, p-methylnitrobenzene

Kinetic estimates of the excited state redox potentials taken from the
breaking region between the diffusion controlled 1limit and the 1linear
region indicate a value of E°(2+/*1+) of -1.1 V vs SCE and a value of
E°(*1+/0) of +0.98 V vs SCE. These values are in good agreement with
the thermodynamic estimates above, and the relatively narrow breaking
region in the plots in Fig. 3 suggest that reorganizational barriers
toward either oxidative or reductive electron transfer are small.

SUMMARY

Combined photophysical, photochemical, and electrochemical studies of
these and related ortho-metalated complexes of a variety of transition
metals indicate that this class of molecular species provides a useful
basis for the study of effects of metal-carbon sigma-bonding on
electron-transfer processes. While the covalent nature of these
metal-carbon bonds may well assure strong electronic coupling of
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excited states in these complexes, these bonds may also impose large
geometric distortions on excited states associated with ligands trans-
to them. The associated Frank-Condon barriers may, in viscous sol-
vents, 1lead to dual emissions such as those observed in the Ir(III)
complexes.

The strong sigma-donor abilities of ortho-metalating ligands dreatly
enriches the electron denisty at the metal center in their complexes,
and leads to species which are often strong reducing agents in their
excited states. When these ligands are combined with qood electron
accepting ligands, such as bpy, in the coordination sphere of a single
metal, complexes which can be used as either excited state oxidizing
or reducing agents result. Kinetic Stern-Volmer quenching studies
indicate that these species do indeed participate 1in outer sphere
electron transfer reactions with driving forces comparable to the
values estimated from combined spectroscopic-electrochemical results.
Ortho-metalated complexes show promise for application as photocat-
alysts where there is a need for substances which can absorb visible
light and convert a large fraction of the absorbed energy into reduc-
ing power in relatively long-lived excited states.
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GROUND AND EXCITED STATE INTERACTIONS IN MULTIMETAL SYSTEMS

J.D.Petersen

Department of Chemistry, Clemson University, Clemson, SC 29634-1905, USA

This article discusses data from this and other laboratories with
respect to the electronic communication across various aromatic,
nitrogen heterocyclic ligands in polymetallic complexes. As the
nature and complexity of the bridging ligand in transition metal
comlexes increases our understanding of the factors that affect
ground- and excited-state electronic coupling must be more fully
understood. The majority of the work sited here is from our
laboratories and has involved numerous graduate students and post-
doctoral fellows, most notably Andrea Wallace, Karen Brewer, and
Rory Murphy.

BACKGROUND

The excited-state reactivity of complexes related to Ru(bpy) 2+
(where bpy = 2,2'-bipyridine) has received considerable atte%tion
because of the long-lived, excited-state of this species at room
temperature in fluid solution, and the ability of this complex and
its derivatives to undergo fascile excited—sﬁite electron- or energy-
-transfer reactions. The fact that Ru(bpy) absorbs visible light
(intense metal-to-ligand charge-transfer trgnsition) has made it a
prime candidate for a variety of solar-energy-driven, fuel pro-
duction schemes.

Recently, the capabilities of these complexes have been expande§+by
the preparation and characterization of complexes like Ru(dpp)
(where dpp = 2,3§§is(2'—pyridyl)pyr§$ine). Like the intensely
studied Ru(bpy) center, Ru(dpp) absorbs visible light, has a
long-lived, emi3sive, excited statg, and is stable thermally ig
both oxidizedzind reduced forms. One advantage that Ru(dpp)3 has
over Ru(bpy) is that the former is capable of binding an
additional métal center to each of the dpp ligands to form
thermally stable, polymetallic complexes. In addition, mixed-
ligand, polymetallic complexes have been prepared using dpp and
other related ligands such as 2,2'-bipyrimidine (bpm), and
2,3-bis(2'-pyridyl)quinoxaline (dpq). While polymetallic complexes
afford the advantage that synthetically you can bring all reaction
partners together in a single molecular unit (thus avoiding the
inherent inefficiency of bimolecular processes), these systems are
complex molecular units which are not well understood. The fact
that some of these polymetallic systems emit at room temperature in
fluid solution while other don't, and the inconsistent trends in
electrochemistry in going from monometallic to bimetallic to poly-
metallic species have generated numerous and varied hypotheses on
the existence and the nature of metal-metal communication in these
ligand-bridged systems.
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GROUND STATE COMMUNICATION

The electrochemistry of mono- di- and polymetallic complexes of
three bridging ligands, bpm (2,2'-bipyrimidine), dpp and dpgq are
summmarized in Table I. In the first two data columns of Table I,
some ipterestlng treg?ilife observed for the metal oxidations: The
comparison °§IE??I couple in a monometallic complex with
the first Ru couple in the corresponding bimetallic analog
shows slightly dlffere?EIyeQaVLOr dependent on BL. 1In the case of

= bpm, the first Ru 4t couple is 0.13 V more positive foE the
blmetalllc [Ru(bpy) ,] ,bpm than the mono-metallic Ru(bpy) . bpm
complex. For the o%h r BL entries in Table I the differenées are
much smaller (0.00-0.05 V). Gaffney and coworkers have attributed
this to ground-state metal-metal communication in the bimetallic
systems. When BL = bpm, good electronic communication is
exhibitied between the two ruthenium centers causing the 0.13 V
shift in potential and leading to loss of emission (room
temperature, fluid solution) for the bpm-bridged bimetallic
complex. On the other hand, dpp and dpg bridged species show only
small potential shifts from monometallic analogs (0.00-0.05 V) due
to a lack of ground-state communication, and thus the room tempera-
ture emission is observed in the polymetallic complexes and not
quenched by the presence of the second metal center.

TABLE I. Electrochemistry of Mono-, Di-, Tri- and Polymetallic
Complexes of Ruthenium Polyazine Complexes

Complex E%(l)ox E%(2)°X E%(l)re
b) c) d)

Ru (bpy) bpm 1.40 - -1.02
[Ru (bpyf.] . bpm?+ 1.53 1.69 -0.41
Ru[ (bpm)Ru bpy)2]3 irreversible

Ru (bpy) dpp 1.33 - ~1.06
[Ru(bpy? ] dpp 1.38, 1.5¢ -0.66
Ru[ (dpp) Ru %bpy)zl3 1.50 1.8 -0.56
Ru (phen) dpp 1.39 - -1.07
[Ru (phenf.].dpp** 1.44_ 1.65 -0.64
Ru[(dpp)Rﬁ(Bhen) 138+ 1.43 1.8 -0.5
Ru (bpy) dpq 1.42 - -0.77
[Ru(bpy?2 2dpq 1.47 1.62 -0.37
Ru (phen) dpq 4 1.42 -- -0.79
[Ru(phen? dpq 1.48 1.64 -0.40

a) In acetonitrile with 0.1 M supporting electrolyte unless
noted otherwise.

b) Potential for oxidation of first Ru(II) center (in V vs. SCE)

c) Potential for oxidation of second Ru(II) center where
appropriate (in V vs. SCE}.

d) Potential for first reduction of complex (in V vs. SCE).

e) Corresponds coulometrically to a three-electron process.

f) Outside solvent window.
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For the tetrametallic complexes, the same trends are observed.
with bpm as the bridging ligand, i.e., Rul[(bpm)Ru(bpy),] , ho
room temperature emission is observed and the electrocﬁeﬁlstry is
irreversible. When dpp is the bridging ligand, the tetrametallic
complexes emit at room temperature and have electrochemistry
consistent with minimal communication between the peripheral
metal centers. While resonance Raman studies may indicate that
the high degree of electronic communication in bpm and lack of
electronic communication in dpp and dpq bridged systems is due to
ligand conformation, that may not be the total picture.
Electrochemical oxidation of the bimetallic complexes of Fe (II)
and Ru(II) show that the electronic communication as measured by
comproportionation constant is roughly the same for bpm, dpp, and
dpq systems (Table II).

Table II. _Comproportionation Constants for Various Bimetallic
Complexes.

Complex E;i,mVb Kcom
[Ru(bpy)zlszmﬁjjgifg: 160 5.1x102
[Ru (bpy) 5158PP 4421 )er 180 1.1x103
[Ru (bpy) 5]12dpg" ;1 72l 0% 150 3.4x105
[Ru(phen?zfzdpp4+/5+/6+ 210 3.5x10)
[Ru(phen)zlzdpq 160 5.1x10
4-/3-/2- 2

[Fe (CN) ,] ,bpmi~/37/2- 140 2.3x10
41245p4/3-/2 150 3.4x10°

[Fe(CN)4]2dpp

a) 1In acetonitrile with 0.1 M supporting electrolyte unless

noted(.)X
b) E%(Z) —E%(l)

Thus, while emission studies indicate that extensive ground-state
communicatior occurs only for bpm, the electrochemistry gives
ambiguous vrusults.

OX from Table I.

EXCITED STATE PROPERTIES

The bpm, dpp, and dpg monometallic complexes and the dpp and dpq
bi- and tetrametallic complexes emit at room temperature in fluid
solution with lifetimes in the 20 - 300 ns region. The emission
is charge transfer in nature and involves the lowest energy =*
orbital (bpm, dpp or dpqg) and the Ru d1T core. Regardless of the
complexity of the system, the emission energy depends on whether
the bpm, dpp, or dpg ligand is terminal or bridged and is not
sensitive to the number of metal centers present (Table III). As
an example of this phenomenon, all of the polymetallic complexes
containing bridging dpp (Table III) have emission maxima between
746 and 772 nm.
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TABLE III. Emission Maxima and Lifetimes of Mono-, Bi- and
Tetrametallic Complexes in Acetonitrile at Room Temperature

Complex Amaxem, nm T, ns
Monometallics
Ru(bpm)3 639 131
Ru (bpy) bpm 710 76
Ru(dpp) 623 183
Ru (bpy) dpp 660 226
Ru(phen) dpp 2+ 652 252
Ru(dpq) 716 82
Ru (bpy) dpq 2+ 766 71
Ru(phen) ,dpq 2+ 756 83
dpp Polymetallics
[Ru (bpy) ,] ,dPP 4+ 756 134
[Ru (phen) ,] ,dpp 4+ 746 153
Ru (phen) dppRu(bpy)g 752 113
Ru[(dpP)Ru(bpy)2]38 772 89
Ru[(dpp)Ru(phen)2]38+ 760 87
Ru [ (dpp) Ru (tpy) C1] >+ 758 50-200
dpg Polymetalilcs
[Ru(bpy)2]2dpq4+ 822 <20
[Ru(phen)zlzdpq4+ 810 20
Ru (phen) dquu(bpy) 820 <20

The data above indicate that very few parameters are necessary to
determine emission energies in polymetallic centers. Thus, highly
absorbing molecular fragments can be placed into supramolecular
vystems with controllable and predictable properties and utilized
for visible-light intramolecular sensitization.
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PHOTOPHYSICAL AND PHOTOCHEMICAL PROPERTIES OF RUTHENIUM(II) MIXED-LIGAND
COMPLEXES: PRECURSORS TO HOMONUCLEAR AND HETERONUCLEAR MULTIMETAL COMPLEXES
CONTAINING RUTHENIUM(II), PLATINUM(II), RHENIUM(I) AND RHODIUM(III)

D.P.Rillema* and H.B.Ross

Department of Chemistry, The University of North Carolina at Charlotte,
Charlotte, NC 28223, USA

INTRODUCTION

The mononuclear ruthenium(II) complexes addressed in this report
contain chelating ligands with remcte bidentate coordination sites.
These sites have been used in our labaratories to coordinate ruthe-
nium(Il), platinum(Il) (Sahai 1986), rhenium(I) and rhodium(III).

The photophysical properties of the mononuclear mixed-ligand ruthe-
nium(II) complexes have indicated that photophysical praoperties of
excited states can be synthetically controlled. These issues are ad-
dressed in this report along with radiative and substitution quantum
vields, excited state redox potentials, and energy gap correlations.

MIXED-LIGAND COMPLEXES
Preparations

Ligands with remote nitrogen donars are shown in Fig. 1

C%@Q@QQ

Figqure 1. Heterocyclic Ligands
bpm
Abbreviations are as follows:
bpy = 2y2°-bipyridine
bpm = 2,2°-bipyrimidine
bpz 2s2’-bipyrazine
BL, = 2,3-bis(2-pyridylligquinoxaline
BilmH, = 8,2’—Biimidazole
i e = ’-Bi imi 1 . .
BiBz ImH;, 2,2’-Bibenzimidazole Bﬂn1H2 BIBZHnH2 BL1

1]

The ligands bpy, bpm, bpz and BL, are w-acceptors; the ligands BiImHg
and BiBzImH, are w-donors. These ligands form the basis for se-
quences such as [Ru(bpy)p...(BL?,1¥*", where n = 1, 2 and 3 and BL is a
bidentate chelating ligand.

The preparation of the ruthenium(II) mixed-ligand camplexes has
involved several thermal (Rillema 1982, 19833 Haga 1983) and photo-
chemical procedures. One thermal method has involved formation of
weakly coordinated acetone (eq. 1) followed by reaction with an excess
of the desired bidentate ligand to give [Ru(bpy)eBL1¥". A more

9
S=CH:xCCHw
Ru(bpy)xCle + 2AgPF, > [Ru(bpy)aSa1®*" + 2AgCl + 2PF .~ [11

A
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general route to a variety of ruthenium(ll) complexes has invalved
reaction of the appropriate ruthenium precursor complex with an
excess of BL ligand in ethylene glycol according to eq. 2. Formatian
of ruthenium(II) complexes containing the bibenzimidazole ligand

Ru(bpy)wCle {Ru(bpy)=BLI="

Ru(bpy)Cl., ethyvlene lycol = EG fRu(bpy) (BL) 1" el
»'s BL, &

RuCl:; 3H=0 CRuU(BL ) »3®™

followed the procedures of Haga (1983), who used glycerol as the
reaction medium rather than ethylene glycol.

Photochemical reactions were used to synthesize complexes that caould
not be obtained thermally. Ligand loss was effected in the presence
of Cl™ and acetonitrile to yield an acetochloro intermediate (eq. 3),
which then was reacted with an excess of the BL ligand via eq. 2

hv, €1~
[Ru(bpz)q 1= > [RU(bpz)a(CHACNIC11™ £31
CH:»CN

resulting in formation of [Ru(bpz)(BL)J1#®,

Ligand Loss Photochemistry: The Lowest w* Energy Level vs.
Monodentate Coordination

The energy of the ligand w¥ levels are in the order BL, < bpz < bpm <
bpy based on their respective reduction potentials of -1.356V, —-1.76V,
-1.99V and -2.21V vs. SSCE. Far [Ru(bpy)x1¥" population of the metal
to ligand charge transfer state reportedly "localizes" the electron
on one of the bpy ligands (Dallinger 1979). It is reasonable, then,
that in closely related systems decay would be to the ligand with the
lowest w* energy levels and this ligand would be lost upon photolysis.
Reactions such as given in eq. 4 verified this hypothesis. Upaon
photolysis, the bpz (eg. 4) ligand was lost to give the appropriate

hv,C1~ bpm
[Ru(bpz)a(bpy)1®* ————— > [Ru(bpz)(bpy) (CHxCNIC1]1" —m—
CH»CN EG,A

[Ru(bpz) (bpy) (bpm) J*®#*+ [4]

acetochloro complex. It was then reacted with bpm to produce the
[Ru(bpz) (bpy)(bpm)1#®* cation.

Photolysis of the monodentate acetochloroc complexes, on the other
hand, resulted in loss of acetonitrile as illustrated in eq. 5. Anal-
ogous results were reported by Pinnick (1983) for [Ru(bpy)s(CHRCNIC11*

hv,C1™
[RU(pr)‘E(CHmCN)Cl]“’_ﬁ [Ru(bpz);;Clz:] [31
CH5CN

and suggested that energy transfer from the *MLCT energy manifold in-
to the do¥ state labilizes the monodentate rather than the bidentate
ligand. The stability of the bidentate ligand to photosubstitution
most likely is due to the chelate effect.
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Photochemical Quantum Yields, Radiative Lifetimes, and Radiative
Guantum Yields

Data in Table 1 are arranged in descending order of emission energy
maxima with the exception that the entry for [Ru(bpy);1#* is on the
top for comparison to the others. Room temperature excited state
lifetimes were found to vary from a little over a microsecond for
[Ru(bpz)=(bpy)1®* to a few nanoseconds for [Ru(bpy)=BL,l®#*. Radia-
tive quantum yields reached a maximum of 0.042 for [Ru(bpy)sl®* and a
minimum of 1.8 x 107% for [Ru(bpm)&(CH,LCNIC11™. Photochemical
substitutions were effected in acetonitrile solutions containing 1mM
tetraethylammonium chloride (TEAC1). The substitution quantum yields
spanned the range from 0.35 for [Ru(bpz);3®* to <1.0 x 107“ for
[Ru(bpy)=BL, 3#* .

Ground State and Excited State Properties

A comparison of the ground state and excited state properties of the
various complexes listed in Table 1 is illustrated in Fig. 2. The
ground state redox potentials shown are for the Ru®*7#+* gnd Ru®*+/~*
couples, although the Ru®*“* couple actually involves the reductiaon
of the most easily reduced coordinated ligand, e.g. {[Ru®®(bpz)(bpy)-—
(bpm)1#+/LRu** (bpz~)(bpy)(bpm)1l*. As shown in Fig. 2, potentials for
the Ru®*”“* couple become more negative in the following order:
CRU(BL, ) »12+*7> < [Ru(bpz)sl®+ 7+ < [Rul(bpm)sl®+ * < [Rulbpy)l®+s,
Potentials for the Ru®*/#* couple become more negative in the
sequence: [Rutbpz)lgpl@®+7®#+  Ru(BL,)p®"®* < Ru(bpm)gp@®v78* (

Rutbpy )@+ r&+, In comparison to the other ligands, bpz stabilizes
ruthenium(II) relative to ruthenium(III); the bpy ligand stabilizes
ruthenium(Il) relative to coordinated ligand reduction (Ru**-B_L").
These effects are related to the stronger ¢ donor properties aof

bpy compared to bpz (pK, of pyridine = 5.3 (Summers 1970); pkK, of
pyrazine = 0.3 (Ford 1968)) and stronger n acceptor character of bpz
relative to bpy. The ¢ and w properties of the bpm and BL, ligands
fall in between these extremes.

Excited state Ru®**“* and Ru®+/#+* potentials were determined by the
difference between E.,.—-values (the energy difference between the
zeroth vibrational level of the excited state emitting manifold and
that of the zeroth vibrational level of the ground state) (Allen
19843 Rillema 1987) and the ground state redox potentials, e.g.
Eﬁ‘.""'*'/*- = Ec:' v T Ei}}.‘.*#-/ -4‘-; Ei':’l«"/i.‘.‘!-i'"ﬂ' = E:E’)'*-/E’."l*- - Er.:- v The f 1 gure shOWS that
the [Ru(bpy)gla@+s@+s* and [Rul(bpyl)sl®*™ " redox potentials are more
negative than potentials of similar tris chelate ruthenium complexes.
Furthermore, Fig. 2 shows that the [Ru(BL ) mnl1®v7 &+ potential 1s a
positive value whereas all other Ru®*7#** potentials are negative
quantities. In addition, the most positive Ru®*™“* couple is for
[Ru(bpz)glay,

Energy Gap Correlations

Energy gap correlations are given in Figs. 3-5. The energy gap

given by[}El/m is the difference in potential between the Ru®*7#* and
Ru#+-+ redox couples. €.9.DNEi, @ = Es, a(RUFT/EY) — E, n(Ru®*7").
Recently we (Rillema 1987) showed that a linear correlation existed
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Table 1. Luminescence Quantum Yields, Excited State Lifetimes and
Photochemical Quantum Yields for Ru(ll) Complexes Containing
the Ligands bpy, bpz, bpm and BL,®

b c d e
Compound Mo "M T, s O oA
Ru(bpy) ** 612 800 0.042 0.0021
2+ f
Ru(bpz) 610 795 0.0339 0.35
Ru(bpm):" 619 13 f 0.00283 0.043
Ru(bpy)  bpz = 684 376 f 0.00557 0.00017
2+ f
Ru(bpy)szm 668 76 0.00109 0.0003
Ru(bpm)_bpy ™" 644 182 0.00384 0.0016
2+
Ru(bpz),bpy 638 1099f  0.0400 0.0048
Ru(bpz)  bpm ** 618 276 f 0.0405 0.24
f
Ru(bpm)szzz+ 633 338 0.0321 0.091
Ru(bpy)(bpz)(bpm)?* 658 550 f 0.0156 0.00038
Ru(bpz),(CH,CN)CI* 725 — 0.00018 0.0052
Ru(bpm)z(CHSCN)CI+ 732 — 0.000018 0.0007
2+
Ru(BL, ), 714 70 0.012 0.029
Ru(BL, ), (bpy)** 734 167 0.010 0.00076
Ru(bpy),BL,** 770 15 0.002 < 0.0001

a. In acetonitrile, unless otherwise noted. T = 25 £1° C

b. N,= 436 nm, 1 nm, N\ __,

c. Data from Rillema (1987) and the MS thesis of George Allen, The Unlversity
of North Carolina (1984).

d. Radiative Quantum Yleld, £5%, h,= 436 nm,

e. Photochemical Quantum Yield, h,= 436 nm, 1 mM TEACI.

Propylene Carbonate.

uncorrected.

™
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betweenAE, . » and Ec,c- AE, .. represents the outer sphere electron
transfer analogue (eq. &) of the inner sphere counterpart (E.,.) as
illustrated by eq. 7. Figure 3 illustrates these relatiaonships,
(Rur*TtBL )®+ + (Ru**-BL™) —3 2(Rut*rBL)®#" [&61
(Rut gl )@ —3 2(Ru®**BL)#"* 71
except corrected E..-values were used rather than E..w- Ewm is
statistically less meaningful since it contains vibrational
contributions that vary as E.,.. Nevertheless,[&El/a is more read-
ily obtained from polarographic measurements, whereas E.,. deter-—

minations require spectral curve fitting analyses of luminescence
spectra obtained at low temperatures.

2.25+
2,15
2.05—

1.95—

Emission Energy, eV
3
]

1.75—

1.65—

1.5 T T T
2.6 2.5 2.4 2.3 2.2 2.1 2.0

AE Y% Volts

Figure 3. Correlation of Energy Gap (AE,/z) 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 correlation relevant to photosubstitution is shown in Fig. 4. This
figure shows that for a series of closely related complexes, photo-
substitution decreases as the energy gap decreases. The fact that

bpm complexes correlate with bpz complexes demonstrates the close
relationship of these two ligand systems. The BL, series, on the
other hand, follows a trend (not shown) that is nearly parallel to the
one shown in Fig. 4. The exponential nature of the trend is related
to the energy barrier between the ®MLCT state responsible for emission
and the dao¥ state responsible for photodissociation. The energy
barrier can be rationalized in two ways. It can either be a kinetic
barrier or an equilibrium barrier. In either case, both are expo~-
nential functions and would account for the logarithmic nature of the
trend. The mast likely mechanism for altering the energy of the
barrier is lowering the ®MLCT manifold and at the same time raising
the do* energy manifold, since the metal-ligand distance is expected
to be fairly constant in the series.
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[Ru(bpz),(bpm)1*" @ ® [Ru(bpz),]**
R
[Ru(bpm)z(bpz)] 2+.
-3 AN [Ru(bpm)s]z"'
Y —
In (Dp
-5 —
[Ru(bpz),(bpy)] 2+
-6 ¥ [Ru(bpy)3]2+
-7 — [Ru(bpm)z(bpy)] 2+
[Ru(bpy)/(bpm)]1**
-8 — A L [Ru(bpz)(bpm)(bpy)]2+
u(bpy), (bpz)]**
2.4 S

2.5 AE Volt 2.6
-|/2, olls

Figure 4. Correlation of Energy Gap <AE‘/2) with In Qp. Data are taken from Table 1
and Fig. 2.

While the photosubstitution behavior appears to be somewhat well
behaved, the radiative processes occurring from the “MLCT states are
less predictable. Figure 5 illustrates that the second member of the
series, e.g. [Ru(bpz)w(bpy)l®*" and [Ru(bpm)u(bpy)l®#*, have larger
radiative quantum yields than their parents, [Ru(bpz)zl*™* and
[Ru(bpm).;la™, The bis-bipyridine analogues, on the other hand, have
lower radiative gquantum yields. This behavior is related to the caom-—
plex nature of the ®MLCT excited state and has been explained either
by the localized aerbital model approach (Braterman 1985335 DeArmond

or— [Rubpa), (bpy)] ** [Rubpa) (bpm))}™
0.04 N 200N [Ru(bpm)  (bpy)] ™
[Ru(bpm) (bpz)]™ @ ® [Ru(bpa),]
0.03 ¢ 0.03™ / 0.003 —
' [Ru(bpm), )™
¢ _ 0.02—] (I). i s
" 1.4
[Ru(BL, ), (bpy)]™ © [Ru(bpz)(bpm)(bpy)]
st =LV CRS o &
o ' " [Ru(bpy), (bpm)™
& [Ru(bpy), (bp1)]
[Ru(bpy), (8L, )] ** : : ‘ [ l
£
21 2.2 23 24 2.4 2_]5 26 2.7 24 25 26 27
A E:‘Ilw' o E‘nev‘ a E‘he»\

Figure 5. Dependence of @y on the Energy Gap AE 1. Data are taken
from Table 1 and Fig. 2.
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1985) or by the possible presence of a 4th MLCT state having greater
singlet character (Rillema 1987). The “MLCT state has been shown to
consist of three closely spaced states, which for [Ru(bpy)sl1®* have
spacings of about 10 and SO cm~* (Hager 19753 Allsopp 1979). The
localized orbital model places the 3rd “MLCT state about 1000 cm™*
above the other two in mixed-ligand complexes and population of this
state is thought to lower the efficiency of the radiative process.
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GROUND- AND EXCITED-STATE ACID-BASE EQUILIBRIA OF
(2,2'-bipyridine) TETRACYANORUTHENATE(II)

M.T.Indelli, C.A.Bignozzi, A.Marconi, and F.Scandola

Dipartimento di Chimica dell'Universitd, Centro di Fotochimica CNR, 44100 Ferrara,
ITALY

The novel mono-bpy Ru(bpy)(CN)42' complex has similar excited-state
properties as the parent Ru(bpy)32*: replacement of two bpy by four
strong-field CN~ ligands keeps the "useful" emitting, long-lived d-m* MLCT
triplet as the lowest excited state (Bignozzi 1986). Owing to its simplicity
this complex may be considered as a prototype for the class of Ru(II)
polypyridine photosensitizers. Contrary to the Ru(bpy)32+ case, however, the
spectroscopic and photophysical properties of this complex are extremely
sensitive to the environment: absorption spectra, emission spectra (both at
room temperature and at 77 K) and excited-state lifetimes depend strongly on
the solvent, nature and concentration of counterions and acidity. This
behavior is consistent with the polar nature of the d-m* transition and the
inclination of the four cyanides towards outer-sphere donor-acceptor
interactions(Balzani 1986).It has long been known (Schilt 1960) that
complexes of the cis-M-(LL)2(CN), type (when LL represents a bipyridine
ligand and M= Fe(II), Ru(II), Os(II)) protonate in acidic media. The effect
of protcnation on the photophysics of Ru(II) complex of this type (where
LL=bpy and phen) has been thoroughly investigated in the last decade by
Peterson and Demas(1979). The effect of protonation on the spectroscopic and
photophysical properties of Ru(bpy)(CN)42“ is now described.

At neutral pH, the complex is present as the fully deprotonated anionic
form. Four consecutive protonation steps (eqgs 1-4) can be envisioned leading
to the fully protonated cationic species in highly acidic solutions
(concentrated sulfuric acid).

K1
Ru(bpy) (CN)42~ + Ht S—® Ru(bpy)(CN)3(CNH)" (1)

K2
Ru(bpy)(CN)3(CNH)~ + HY <e—— Ru(bpy)(CN),(CNH)p (2)

K3
Ru(bpy)(CN)(CNH); + H* <—— Ru(bpy)(CN)(CNH)3* (3)

Kg
Ru(bpy) (CN) (CNH)3*  + HY e——  Ru(bpy)(CNH)42" (4)

Figure 1 shows absorption spectra of the complex in water with varying
concentration of H,S04; definite blue shifts are observed in the visible
region with increasing acidity, starting from pH 3. Up to [H*]~0.05 M ithere
is an isosbestic point which indicates that the solution consists of
deprotonated and monoprotonated forms. A second isosbestic point is present
in the 0.4M - 2M [H*] range where the mono- and diprotonated forms
predominate. For 2M >[H*] <5M slow precipitation of the diprotonated
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uncharged form occurs. At [HT]>5M the redissolution of the precipitate
indicates the formation of cationic species. In solutions of [H»SO4]>18N
further changes in the absorption spectrum are not observed, suggesting that
the fully protonated cationic form is the only species present. It is
important to note that in these highly acidic conditions the blue shift in
the absorption spectrum in the visible region is so large that the d-st*
MLCT band is completely hidden ber-Jv* ligand centered transitions.

€ x1073 € x10-3
25
16
15 4
12
5

Figure 1. Absorption spectra of Ru(bpy)(CN)42' in aqueous HyS0O4 solutions.
Acid concentrations for each curve are: 0 (——), 0.5 N (==---- ), 8 N (--=-9,

Using the same procedure indicated by Demas (1979) for Ru(LL)>(CN), the
following values for the association constants of the first (eq.l) and the
second (eq.2) protonation step have been estimated from the spectral
variations:K;= 60 Ml and X;= 8 x1072 M~l. The calculated distribution
and the absorption spectra of the unprotonated, mono- and diprotonated
forms are shown in Fig. 2. The spectra of the protonated forms are quite
similar in intensity and shape to that of the parent unprotonated form; the
maximum of the visible band is blue shifted of about 2.5 kK upon each step
of protonation.

G lrucooyrane- (a) g0 B
Ru(DRY ) (CX) 3(CMH)~ N\
3F \. P
v
/ \
1 \ \
2 " 7\ \
05t \
\y \
\ \
R \
Ruboy} (CH) T ! \
2(CNH) . \
\ \\
\ S
i A " A e Ss
A 1
3 2 %10 [H4] 350 400 40 o o

Figure 2. (a) Calculated distributions and (b) absorption spectra of
Ru(bpy)(CN) 42~ (———), Ru(bpy)(CN)3(CNH) (===~ -~ yand
Ru(bpy)(CN)2(CNH)y (—:=-=- ).
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This fact is consistent with the d-7r° nature of the lowest transition and
with the electron-withdrawing effect of the proton. The difference between
the absorption maxima of the d =" band of the unprotonated and
monoprotonated forms can be used to estimate the shift in the pK value in
going from the ground to singlet excited state on the basis of Forster cycle
calculations (Grabowski 1976); the magnitude of the shift is estimated to be
about SpK units.

As far as the emission results are concerned, no spectral shifts (Amax
= 610 nm) nor changes in the emission lifetime ( T= 100 ns) were observed to
occur in the 7-0 pH range. This result indicates that (i) the d- s* triplet
excited state is remarkably more acidic than the ground-state (as expected
since the d-s* transition leads to a decrease in electron density at the
protonation site) and (ii) the proton-transfer excited-state equilibrium is
fast with respect to excited-state deactivation (i.e. in the 3-0 pH range
fast deprotonation of the excited state precedes the emission). In more
acidic solutions (12N<[H3S04]>1 N) a progressive blue shift and an increase
in intensity in the emission spectrum were observed with increasing acidity
indicating that excited-state protonation takes place. The onset of the
shift in emission (pH{ 0) seems to indicate that the shift in the pK; of the
triplet state with respect to ground state is smaller than that estimated
for the singlet state from absorption. In Figure 3 are reported the
emission spectra (normalised for intensity) of solutions of different
acidity. As one can see, with further increase of HySO4 concentration
(HpS04>14 N) the emission undergoes a dramatic change: it is further blue
shifted and shoulders appear on the high energy portion of the d-w* band. In
concentrated sulfuric acid, a highly structuréed emission is present.

(arbltrary units)

Intensity

N 1 "
450 560 550 600 650
snm
Figure 3. Room temperature emission spectra of Ru(bpy)(CN)42' in aqueous
H3804 solutions. (——) Hy0, 7= 100 ns; (=--) 12 N HpS04 , T = 300 ns;
(=-=+) 15 N HpS04, T= 1.1 pus; (- ) concentrated HySO4, T= 100 us.

The progressive shift to the blue with increasing acidity is accompanied by
a progressive increase in emission lifetime (Fig. 4). An important
observation is that in the whole range of acidities studied the emission
decays were found to be strictly monoexponential, with lifetimes independent
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on the emission wavelength. This result provides a further direct evidence
of the fact that excited-state protonation equilibria are fast with respect
to deactivation. In this kinetic limit the experimental rate constant

(k = 1/7) of excited state deactivation is given by the following
expression:

n = 0-4
k = 2ag x 1/ 7T (*AHLM)

where r(*AHnn+ ) are the lifetimes of the various protonated forms and

an = [*AHLY] / 3[*AH,M*]. In principle a plot of 1/T against log[H*]

could be used to evalued the excited-state pK values. Such a plot is

shown in Fig. 4. It consist of three distinct regions: (i) a first region

( T< 200 ns) of slowly decreasing 1/t ,(ii) a narrow region in which 1/7
decreases sharply; (iii) a third region (7 >10 us) of slowly decreasing 1/t
These three regions correspond closely to the acidity ranges in which (i)
only the unstructured emission is present, (ii) a transition is seen from
the unstructure to structured emission, (iii) only the structured emission
is present. The figure seems to indicate that several closely spaced excited
state pKs are contained in the acidity range investigated and that

T (*AHL ") values of various forms exhibiting the same type of emission
increase slowly with the degree of protonation. It does not seem possible to
obtain from these data a more detailed picture, in particular regarding the
excited-state protonation step at which the switching between the two types
of emission occurs.

-1
1/t.us
8
6
4
2
Ao A A 1
-7 (0] 0.5 1 15
log [H*]

Figure 4. Emission lifetimes of Ru(bpy)(CN)42‘ in dearated aqueous H3SO4
solutions of different concentration.

As far as the orbital nature of structured emission is concerned, Figure 5
shows a comparison between the emission spectrum at 77 K of Ru(bpy)(CN)42‘
in concentrated sulfuric acid and the 77 K emission spectrum of Rh(bpy)33+,
which is known to consist of - * ligand centered phosphorescence
(Casterns 1970).
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Figure 5. Low temperature 77 K emission spectra of (--~-) Ru(bpy)(CN)42' in

9 M aqueous LiCl glass, ( ) Ru(bpy)(CN)42' in concentrated H;SO4
and (----- ) Rh(bpy)33+ in concentrated H3S04 glass.

Except for a slight energy shifting, the structure, vibrational progression
and relative intensities of adjacent peaks are identical in the two spectra.
Since the structured emission is virtually identical to that at 77 K we
conclude definitely that the protonated form present in concentrated
sulfuric acid exhibits a pure sT-m* phosphorescence. The very long lifetime
(7= 100 us) confirms this assignment.This finding is interpreted in terms
of the shifts in excited state energies depicted in Figure 6.

E —_
[P nn®
— e sa e s D, P —————— AP
x-we e
.,—-———"..
.'__—.F‘..
S—
d-s*
-
T
gr. st —
2o M e + K RN 2
RutBoy MO, ™ == Rulboy) (CN)5(OM)™ S==  Ru(boy)(CN),(OM)) T Ru(boy) (ONI(CMH)s" == Ru(boy)(Om),
+ * + -
- H -H -H - H

Figure 6. Change in the orbital nature of the lowest excited stae upon
protonation of Ru(bpy)(CN)42-

The protonation at the cyanides decreases the electron density at the Ru
center thus shifting to higher energy the Ru-LL MLCT excited state while
leaving almost unaffected levels of T- A * ligand centered orbital origin
(Demas 1979, Balzani 1986). The energy spacing of d -7 * and -7 * levels
is strongly affected so that in HySO4 concentrated the energy ordering of
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the d-71* and s-mt* levels is reversed and the - T* state becomes the lowest
excited state. According to Demas (1976), Ru(bpy),(CN); exhibits a similar
7Fy7* emission in concentrated H;SO4 at 77 K, but becomes nonluminescent at
room temperature. This appears to be the first example of room temperature
very long-lived 7-;t* emission for a Ruthenium(II) polypyridine 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 dell'Universitd di
Ferrara, Via L. Borsari 46, 44100 Ferrara, ITALY

Introduction

Polymeric, electron rich ligand bridged Fe(II) macrocyclic compounds are expected to
give rise to directional electron transfer through the iron atoms. In light of this
peculiarity, they have been studied in view of their use as catalysts of redox pro-
cesses of biological interest (Wang, 1960), as monodimensional electrical conductors
(Schneider, 1983), as models in investigations concerning the light absorption prop-
erties of chlorophyll (Kats, 1973). The photochemical production of this type of
compounds appears to be of some interest because it is possible to induce 'in situ'
redox reactions in chemical as well as in biological systems, so ruling out undesir-
able secondary reactions. In the last years we have conducted investigations 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 axially coordinate to Fe(II),
to give Fe(II) porphyrin hexa-coordinated complexes (hemochromes). On the basis of
this experience, we started an investigation in which the photoreduction of Fe(III)
porphyrins were carried out in the presence of bifunctional nitrogenous ligands (e.g.
pyrazine) to photochemically obtain ligand bridged Fe(II) porphyrin polynuclear com-
pounds (Bartocci, 1986).

Results and discussion

The irradiation with at 320 nm of alkaline (pH 10), carefully deaerated solutions of
Fe(III) Protoporphyrin IX (Hemin, Fe(III)PP) containing an excess of pyrazine (5000/1)
leads to the appearance of an electronic spectrum (Fig. 1, spectrum a) which is quite
similar to that of Fe(II)PP(py). (py=pyridine), indicating that Fe(lI)PP(pyz)2 (pyz=
pyrazine) is the photoreaction product. With less pyrazine (< 100/1) the spectrum
obtained is that shown in Fig. 1, spectrum b. The comparison with spectrum a indi-
cates that, i) the Soret band (400 nm) and & and @ bands (550 and 525 nm, respecti-
vely) are red shifted; ii) a sharp and intense band appears at 800 nm. A similar
spectrum has been previously obtained by Fuhrop et al. (Fuhrop, 1980) upon reduction
of Hemin in aqueous, pyrazine containing,solution and was attributed to a Fe(II)PP
dimeric species in which the Fe(II) units were linked by pyrazine bridges. If, how-
ever, photochemical experiments were conducted in the presence of poly-L-lysine,
which is known to form insoluble adducts with polynuclear Iron porphyrin compounds
(Wang, 1960), a precipitate was obtained which presented an electronic spectrum iden-
tical with that obtained in solution during the irradiation (Fig. 1, spectrum b),
providing evidence that polymeric ( E}e(II)PPpyz:]n) rather than dimeric species

were formed in our conditions. Granted the polymeric nature of the compound obtained,
the most interesting spectral characteristic of [Fe(II)PPpyz] is the intense band
at 800 nm. It was interpreted by Fuhrop (Fuhrop, 1980) as aris?ﬁg from an electron
transfer between two porphyrin chromophores, favoured by the aromaticity of the
bridge ligand. Alternatively, we have assigned the red band to a Fe(II1)-— pyz charge
transfer transition shifted toward lower energies with respect to Fe(II)PP(pyz)_ by
the delocalization of the pyrazine JU system, caused by the polymerization. On the

Photochemistry and Photophysics
of Coordination Compounds, Ed. by H. Yersin/A. Vogler
© Springer-Verlag Berlin - Heidelberg 1987




168

basis of the results obtained up to now, a discrimination between the two interpreta-
tions is unachievable. It is certain, however, that the spectral behaviour is strict-
ly connected to the aromaticity of the ligand, as confirmed by the absence of any red
absorption observed when Fe(II) units are linked by the non aromatic piperazine
(Bartocci, 1986).

0.35

absorbance

600
wavelength (nm)

Fig. 1 - Electronic spectra monitored after 90 s irradiation at X> 320 nm of
Fe(III)PP solutions at pH~10: a) with a 5000 fold excess of pyrazine; b) with a
100 fold excess of pyrazine.

The photoreduction of Fe(III)PP was carried out with pyz/Fe concentration ratioes
ranging from 5000/1 to 1/1. The results unequivocally indicate that the monomeric
Fe(II)PP(pyz)_ species is formed in any case, irrespective of the pyrazine concentra-
tion and that the polynuclear species is formed via a secondary thermal reaction,

the rate of which increases with decreasing the pyrazine concentration. The kinetics
of the secondary reaction was studied with pyz/Fe concentration ratioes ranging from
300/1 to 1,500/1. In these conditions the polymerization process is observed to be
much slower than the reduction of Fe(III)PP. One can thus envisage that virtually all
Fe(III)PP has been reduced when polymerization begins. The complete reduction of
Fe(III)PP was performed with an excess of Sodium dithionite and the disappearance
rate of Fe(II)PP(pyz)_was followed by monitoring the absorbance decrease at 550 nm.
The results show that the polymerization follows a second order rate law. On this
basis, we propose the following mechanism:

K
A P e— B + pyz (1)
kz
2B —_— o} (2)
k3
B + A —— s C (3)
k

4
C + pyz — o C' (4)
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k5

¢ 4+ B =2 % D (5)
k6

cC + B ———» D (6)
k
7

C + A — D' (7)

il

where, A F‘e(II)PP(pyZ)z; 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 is very rapidly established, that, due to the excess of
pyrazine, reactions 6 and 7 are negligible 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)Z).

2 2 2 2
-d[a] sat = (n-1)k K" [A]7/ [pyz] " + (n-1)kk [/ [ovz] (8)
where n is the number of the iron centers in the polymeric compound. Considering

that the steady state concentration of intermediates C, C', D, ... are likely to be
very low, n can be taken constant and representing the number of the monomeric units

in the final product. Then, since the variation of the pyrazine concentration is
negligible due to the excess of the basis with respect to Fe(II)PP(pyz)Z,

- 2 . 2, — —2
~d[ATjdt =k [A]" with k= (n-1)k K/[Tpyz]" + (n-1)k K/[Cpyz] (9)

The validity of kinetic expression 9 has been tested by plotting k bsvs. pyz and
(o]
then making the best fit of the experimental data to the form

y = a/ [pyz]] 2 +  b/[pyz]

In Fig. 2 the good fit of the experimental points with the theoretical curve is
evident.

3
kObB x 10 y X\ a = 0.62
Y b = 24.6
\I
2 .
L
\ e
0.01 0.03 0.05 [pyz)

— 2
Fig. 2 - Best fit plot of experimental kobsvalues to the form y=a/[pyz] + b/[pyZ]

Another peculiarity of the Fe(II)PP polynuclear compound is its reactivity with
respect to oxygen: in alkaline solution (pH~s10) the polymer is rapidly oxidized and
disgregated to give the reactant Fe(III)PP. At pHs close to neutrality (~v8) the
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spectral behaviour after oxygenation is as follows: i) the spectrum exhibits the &¢
and Q bands decreased in intensity and the 800-nm absorption less intense and blue
shifted; ii) the addition of an excess of dithionite reverts the spectrum to that
of the reduced polymer; iii) the spectrum of Fe(III)PP is obtained back by adding
ferricyanide. These results can be taken as an evidence that oxygen oxidizes
E}(II)PPpyEJ " to a Fe(II)-Fe(III) mixed valence porphyrin polynuclear compound.
This compound appears to be stable for several days. It forms with poly-L-lysine a
solid adduct that presents a spectrum identical with that observed in solution,
giving evidence of its polymeric structure. The partial oxidation of [E;(II)PPpyEJn
by oxygen may be interpreted as arising from a different reactivity 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 this structure the pyrazine U system is expected to be less delo-
calized compared with that of the reduced polymer, so giving the reason of the ob-
served diminution in intensity and the blue shift of the 800-nm band. The rapid and
complete oxidation observed in alkaline solution is likely to be due to the pyrazine
bridge breaking caused by OH which is known to be a good ligand for Fe(III) porphy-
rin species. Unfortunately, any attempt to isolate the mixed valence as well as the
reduced polynuclear compounds failed because of the rapid oxidation and disgregation
occurring as soon as the solids were separated from the excess of pyrazine.
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CHARGE-TRANSFER STATES AND TWO-PHOTON PHOTOCHEMISTRY OF Cu(NN)z+ SYSTEMS
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Because Cu(I) has a d1l0 electronic configuration, the metal-
centered absorption bands tend to occur in the UV spectral region.
But because the Cu(II) oxidation state is quite accessible, metal-
to-ligand charge-transfer (CT) absorption bands appear in the
visible spectrum when the ligands present low-lying acceptor
orbitals. For example, Cu(I) complexes involving chelating
heteroaromatic 1ligands (NN ligands) such as bipyridine (bpy) or
1,10-phenanthroline (phen) or one of their derivatives are brightly
colored. In fact, several different CT excited states are
accessible in these systems. One reason is that the ligands present
2 low-lying acceptor levels which Orgel (1961) designated as x and ¢
orbitals. (They transform as symmetric and antisymmetric orbitals,
respectively, under rotation about the two-fold axis (Fig. 1).)
Further complexity arises in Cu(NN)2+ systems because the d shell of
the metal is split into at least four sublevels. Finally, there is
some evidence that a charge-transfer-to-solvent state can be
populated when a high intensity pulsed laser source is used.

In this report we will attempt to assign the visible absorption
bands of a series of copper phenanthrolines. As the CT spectra are
poorly resolved, even at low temperatures, in most cases the spectra
will be assigned under the assumption of the highest available
symmetry which is D;3. However, when phenyl groups are present in
the 2,9 positions of the phenanthroline core, the complexes exhibit
a significant distortion at low temperatures and in the solid state.
This distortion is apparently favored by intramolecular interligand
stacking interactions.

EXPERIMENTAL

The ligand abbreviations are as follows: 1,10-phenanthroline,
phen; 2,9-dimethyl-1, 10-phenanthroline, dmp; 2,9-dimethyl-4,7~
diphenyl-1,10-phenanthroline, bcp; 2,9-diphenyl-1,10-phenanthroline,
dpp; 2,4,7,9-tetraphenyl-1,10-phenanthroline, tpp. The ligands were
obtained from commercial sources or prepared by a literature method
(Dietrich-Buchecker etal. 1981), and the complexes-were prepared as
before (McMillin etal. 1977).

Absorption measurements were carried out with a Cary 17D
spectrophotometer, and the low-temperature data were obtained with
an Oxford Instruments DN-704 cryostat. A Nd:YAG laser (Quanta Ray

DCR-1) served as a high intensity pulsed l%qht source. For
photolysis studies the sample was deoxygenated in a gquartz cuvette
and stirred during irradiation. The rep rate was 10 Hz, and the

width at half height of each pulse was about 7 ns.
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BAND ASSIGNMENTS IN D43 SYMMETRY

In the energy level scheme depicted in Fig. 1 there are seven
symmetry-allowed CT transitions. However, two transitions are
expected to carry most of the intensity. This follows from the CT
theory of Mulliken which predicts that the oscillator strength is
mainly due to the charge-transfer term and is concentrated in

b1 (xX) —
0)(X) ——
ey ¥,) \

D24

Figure 1. Upper left: The relative weights and phases of the pn
atomic orbitals in the x* and ¢* orbitals of phen. Lower left:
Cu(phen)2+ in Dyg symmetry. Right: one electron energy levels for
Cu(phen)2+ in Dygq symmetry. The z-polarized CT transitions (182
<— 1A1) are indicated by arrows.

those transitions which are polarized along the axis joining the
metal and the ligand centers (Mulliken 1952; Day and Sanders 1967;
Phifer and McMillin 1986). When this is the z-axis, the symmetry
labels are e(xz,yz) —> e(y*) and bl(xz—yz) e az(x*) where the
asterisk indicates that n-antibonding orbitals of the 1ligand are
involved.
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The absorption spectrum of Cu(dmp)2+ at 90 K in a 4:1
ethanol/methanol glass is presented in Fig.2. The spectrum reveals
a strong band at 460 nm with a vibronic satellite at 440 nm. In
addition there is a weaker maximum at 390 nm and a shoulder at 510
nm. Similar spectra are obtained from Cu(phen),® and cu(bcp),*
(Table 1). 1If the bands are labeled as Bands I, II and III in order
of increasing energy, the only unambiguous assignment is that the
transition to e(w*) is contained in Band II. This follows because
the transition to * is expected to be quite intense. In
particular, it should be 2-3 times as intense as the transition to
X becsuse the 2pr orbital of nitrogen participates more strongly in
the ¥ orbital (Phifer and McMillin 1986). Band III probably
represents the partially resolved transition to x*. This assignment
is in accord with the relative transition energies expected on the
basis of Fig.1l and with the fact that an analogous transition is not
resolved in the spectrum of bpy analogues where the x* orbital is
known to occur at higher energies. If the symmetry is Dygq, Band I
must be assigned as x,y-polarized. The relative intensity is
consistent with this assignment, and there is a precedent for x,y-
polarized transitions in the spectra of W(CO),4(NN) complexes (Staal
etal. 1978). On the other hand, Band I could also acquire intensity
from the charge transfer term if the complexes are subject to low-
symmetry distortions in solution. In the solid state Cu(phen)2+
(Healy etal. 1985) and Cu(dmp)2+ (Dobson etal. 1984) have been
found to adopt flattened structures with lattice-dependent angles
between mean ligand planes which are significantly smaller than 90 .
However, the flattening distortions have been connected with
intermolecular stacking interactions which do not survive in
solution (Goodwin etal. 1986). More experimental work will be
needed to ascertain whether any low symmetry distortions occur in
solution.
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Figure 2. Absorption spectra of Cu(dmp),* (—) and Cu(dpp);

(---) at 90 K in a 4:1 ethanol/methanol glass.
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Table 1. Electronic Absorption Data at 90 K

NN band A, nnm e NN band A, nm 2
phen I 500 (sh) dpp 11’ 550 3,000
ITa 463 17,200 IIIa: 436 4,400
ITb 435 12,500 IIIb 413 3,900
IIT 380 8,100 .
tpp III 590 9,800
dmp I 510 (sh) ITI 460 10,300
ITa 460 16,500
IIb 440 10,800
IIT 390 4,800
bep I 540 (sh)
ITa 495 31,600
IIb 460 20,200
IIT 425 10,700

8The ¢ values are not corrected for solvent contraction

LOW SYMMETRY SPECTRA

As can be seen in Fig. 2 the low—temperature absorption
spectrum of Cu(dpp)22+ has a very different shape in that two
intense CT absorption bands are resolved in the visible region. 1If
these bands can be ass1gned as transitions to the ¢* and x* orbitals
of the ligands, in view of the relatlve intensities the lower energy
band would be assigned to the $* transition. Extended Huckel
calculations reveal that the presence of the phenyl Lgroups has
little effect on the relative energies of the w and X orbitals,
hence the increased spectral resolution probably reflects a change
in the separation among the -dy2_y2 and the dy, and dy, orbitals.
The splitting increesz suggests a “symmetry change, and 1n line with
this argument a related complex of a catenand ligand has been shown
to have a distorted, almost trigonal pyramidal coordination geometry
in the solid state. In this case the relative positioning of the
ligands appears to be determined by interligand stacking
interactions (Cesario etal. 1985). Because intramolecular stacking
is involved, the low symmetry structure might be expected to occur
in solution as well. The Cu(dpp)2 system also has phenyl
substituents in the 2 and 9 positions, hence it might be expected to
have a similar structure. Indeed, the copper catenate, Cu(dpp)2
and Cu(tpp)2+ all exhibit similar low temperature absorption
spectra. The indicated conclusion 1is that Cu(I) complexes of
phenanthrcline ligands bearing 2,9-phenyl substituents are prone to
low-symmetry distortions due to intramolecular, interligand stacking
interactions. Because of the anticipated symmetry differences,
primed and unprimed numerals are used to label the bands in Table 1.
Parenthetically, we should note that in the 1limit of a 1large
distortion it 1s not p0551ble to attribute the separately resolved
transitions to x* and ¢ orbitals.
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TWO PHOTON ABSORPTION

Although deaerated solutions of Cu(dmp)2+ in CH5Cl, are quite
photostable under room light and under exposure to 355 nm radiation
from a 1000 W Xe arc lamp, Fig. 3 shows that the solutions are
rapidly bleached when irradiated with a high intensity pulsed laser
source. The bleaching is even more rapid when 354.7 nm light is
used. Product analysis shows that the net reaction entails the
oxidation of Cu(dmp)2+ to the Cu(II) state and the reduction of the
solvent with concomitant formation of chloride. At relatively low
powers (< 3 mJ per pulse at 354.7 nm) the rate of bleaching
approximately depends on the square of the laser power. This

establishes that the bleaching requires the absorption of two
photons:

cu(dmp) ™ + 2 hv + CHyCl; —> cu(dmp),2% + €17 + Prod. (1)

At higher intensities the bleaching rate becomes a linear function
of laser power because all of the Cu(dmp)2+ molecules in the
irradiated volume have been driven into the relatively long-lived CT
excited state. Consistent with this interpretation, saturation is
much harder to achieve for Cu(phen)2+ which has a relatively short-
lived CT excited state. The mechanistic details have yet to be
established, but it is possible that two photon absorption populates
a charge-transfer-to-solvent (CTTS) excited state. In any case the
solvent dependence of the bleaching rate (CH;Cl, > CH3CN >> CH3O0H)
parallels the reaction rates of the solvated electron with the same
series of solvents. Moreover, CTTS transitions have been observed
in the UV spectra of the radical anion forms of various aromatic
systems (Joschek and Grossweiner 1966).

0.9 1

' /@\\

S

Absorbance

Figure 3. Photolysis
of cu(dmp),t at 20
in CH,Cl,. The
sample was
irradiated with 3.2
mJ pulses of 502.9
nm radiation for 1
min intervals where
the repetition rate
is 10 Hz.
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350 450 550
Wavelength (nm)



176

ACKNOWLEDGMENT

This research was supported by the National Science Foundation
through Grant No. CHE-8414267.

REFERENCES

Cesario M, Dietrich-Buchecker CO, Guilhem J, Pascard C, Sauvage,

JP (1985) Molecular structure of a catenand and its copper(I)
catenate: Complete overturn of the interlocked macrocyclic
ligands by complexation. J Chem Soc Chem Commun 244-247.

Day R, Sanders N (1967) The spectra of complexes of conjugated
ligands. Part II. Charge-transfer in substituted phenanthroline
complexes: Intensities. J Chem Soc (A) 1536-1541

Dietrich-Buchecker CO, Marnot PA, Sauvage JP (1982) Direct synthesis
of disubstituted aromatic polyimine chelates.

Tet Lett 23: 5291-5294

Dobson JF, Green BE, Healy PC, Kennard CHL, Paskawatchai C, White AH
(1984). The stereochemistry of bis(a,a'-diimine)-copper(I)
complexes: The crystal amd molecular structures of bis(2,9-
dimethyl-1,10-phenanthroline)copper(I) bromide hydrate,
bis(4,4'6,6'-tetramethyl-2,2'-bipyridine)copper(I) chloride
dihydrate, and bis(2,9-dimethyl-1,10-phenanthroline)copper(I)
nitrate dihydrate (a redetermination). Aust J Chem 37: 649-659

Goodwin KV, McMillin DR, Robinson WR (1986) Crystal and molecular
structure of [Ag(tmbp),]BF4. Origin of flattening distortions in
qlo complexes of the type M(NN)2+. Inorg Chem 25: 2033-2036

Healy PC, Engelhardt LM, Patrick VA, White AH (1985) Lewis-base
adducts of group 1B metal(I) compounds. Part 19. Crystal
structures of bis(1,l0-phenanthroline)copper(I) perchlorate and
dibromocuprate(I). J Chem Soc Dalton Trans 2541-2545 )

Joschek H-I, Grossweiner LI (1966) Optical generation of hydrated
electrons from aromatic compounds. II. J Am Chem Soc 88: 3261-3268

McMillin DR, Buckner MT, Ahn BT (1977) A light-induced redox
reaction of bis(2,9-dimethyl-1,10-phenanthroline)copper(I). Inorg
Chem 16: 943-945

Mulliken, RS (1952) Molecular compounds and their spectra. II.

J Am Chem Soc 74: 811-824

Orgel LE (1961) Double bonding in chelated metal complexes.
J Chem Soc 3683-3686

Phifer CC, McMillin DR (1986) The basis of aryl substituent effects
on charge-transfer absorption intensities. Inorg Chem 25: 1329-
1333

Staal LH, Stufkens DJ, Oskam A (1978) A study of the electronic
properties of M(CO)4DAB (M = Cr, Mo, W; DAB = diazabutadiene). I.
Electronic absorption, resonance Raman, infrared, 13¢- and N-
NMR spectra. Inorg Chim Acta 26: 255-262



PHOTOINDUCED MULTIELECTRON REDOX REACTIONS IN THE (PtC1 )2-/ALC0H0L SYSTEM:
VISIBLE LIGHT REDUCTION OF PLATINUM CENTERS 6

A.B.Bocarsly, R.E.Cameron, and Meisheng Zhou

Department of Chemistry, Princeton University, Princeton, N.J. 08544, USA

Although the photochemistry of octahedral haloplatinum (IV) complexes has been
extensively investigated, it has always been viewed in terms of ligand substi-
tution processes. However, the preference of platinum for the (II) and (IV)
oxidation states,and the previous observation (Cox et al., 1972) that photo-
aquation of [PtCfg]2" can involve a Pt(III) intermediate suggests that such
complexes may be capable of photoinduced multielectron charge transfer. Such a
capability has now been demonstrated in the photoinitiated reaction of
[PtC£6]2' with alcohols. Up to four electrons can be transferred in this pro-
cess leading to the formation of platinum metal (Cameron and Bocarsly, 1986)
and aldehydes or ketones depending on whether a primary or secondary alcohol is
initially employed. Of special interest is the finding that primary alcohols
are not overoxidized to the acid. Further aldehyde formation can be carried
out catalytically by addition of 0,/CuCf, to the reaction mixture as a reoxi-
dant of lower platinum oxidation states back to Pt(IV) (Cameron and Bocarsly,
1985) .

The photochemical production of platinum metal is an unusual finding. The
photochemistry of Pt(IV) is typified by an inability to generate platinum
metal. Only recently has production of metal been noted. This was obtained by
Vogler and Hlavatch (1983) who employed the relatively novel [Pt(N;)b]z’ com-
plex which generates N, and metal upon illumination. Since the ability to ge-
nerate a well defined platinum surface is both scientifically novel and of
practical interest with respect to heterogeneous catalysis and electronic
lithography, photochemistry leading to this goal is of fundamental interest.

MECHANISM OF PLATINUM PHOTOREDUCTION

The four electron photoinduced reduction of [PtCf;]2~ in aqueous alcohol does
not require heating and occurs at all wavelengths at which the complex absorbs
light. Thus, irradiation at energies as low as 514 nm, reported to excite a
[PtCe127: la, —— 3717, ligand field transition (Swihart and Mason, 1970)
yields platinum metal. A large variety of alcohol reactants undergo two elec-
tron oxidation in the presence of [PtC£6]2'. The reaction of [Ptcts]z‘ with
ethanol and 2-propanol are prototypical.

The fate of the platinum species in these reactions has been followed using
195 Pt-FINMR and UV-visible spectroscopy. Figure 1 details the time dependence
of the NMR sensitive platinum species during the photoreduction of PtCL2" by
2-propanol, along with organic product formation as determined by gas chromo-
tography. As can be seen from these data the initially observed platinum pho-
toproduct is a Pt(II) species identified as PtC£,2" using UV-visible spectros-
copy. There exists a fairly long induction period prior to metal formation.
The exact length of this period depends on the light intensity employed, and
the reagent concentrations. Once an initial amount of metal is produced the
reaction rapidly goes to completion.

In general, platinum formation is not found to occur until a ~ 90% yielq of
[PtC#, ]2~ has accumulated. This suggests that [PtCLy ]2 acts as an inhibitor
toward platinum metal formation. In order to gain insight into this process
the thermal reduction chemistry of [PtCf,]2" was examined. [PtC4, ]2~ was
found to react with 2-propanol in a redox reaction to produce platinum metal
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and acetone in a 1l:1 stoichiometry. Addition of [PtC£6]2‘ (or KC2) had a
strong inhibiting effect on metal formation demonstrating the source of the
[PtC£6]2‘ inhibition. On the other hand, addition of high surface area plati-
num metal enhanced the reaction rate; thus, this reaction is autocatalytic in
platinum metal. These two findings taken together explain the asymmetry of
the Pt(II) versus time profile shown in Fig. 1.

N
o

—
O

CONCENTRATION

O

0O sg 100 150 200
TIME (MIND

Figure 1: Product distribution for the reaction of [PtCls]2" with 2-propanol
as a function of time. All concentrations are in millimolar. The
"+" represents the [Ptclé]z' concentration, "e" represents
[PtC#, ]2, and "§" represents one third of the total organic concen-
tration. The latter is a sum of acetone and acetaldehyde concentra-
tions. Metal is observed to form at ~ 150 minutes.

Unlike the reduction of [PtCf,]?", which only yields acetone as the organic
product, acetaldehyde is initially the major product during the photoreduction
of PtC#¢2~ by 2-propanol. Formation of this species is indicative of methyl
free radical loss from 2-propanol. The existence of such a process is
confirmed by reaction of t-butanol with [PtClg]2~. This reaction yields
acetone (again signifying methyl loss) and [PtC£4]2‘, directly indicating that
[PtCly ]2~ associated photochemistry is responsible for the formation of methyl
free radicals. The existence of methyl free radicals introduces two major
mechanistic implications. First, the oxygen based 2-propanol free radical,
®0-CH(Me),, must be generated. This is unusual since it is the carbon based
radical which is more stable. Second, the charge transfer chemistry must
involve one electron processes. This latter conclusion is confirmed by the
photochemical reaction of cyclobutanol with [PtCﬂé]z‘. This alcohol is a
known free radical clock (Meyer and Rocek, 1972) which produces ring opened
products upon one electron oxidation. Our observation in this reaction of one
electron oxidized organic products implicates a Pt(III) species as a primary
photoproduct.

Since oxidation of an alcohol via an unstructured oxidant such as Cle (a
possible reactive species in the present system) would lead to the
thermodynamically favored carbon based free radical, the available data
suggest that reaction proceeds via photoinduced formation of a platinum-
alkoxy bond followed by optical homolysis to generate the indicated products
as outlined below:

hv
[PtChg)2~ ——— [PtCLs (OCHRR' ) ]2~ + HCA (1)
R’RCH-OH

hy
[PtCAs (OCHRR') ———— [PtCls]2" + ®OCHRR' (2)



[PtCLs 12" + ®OCHRR' —— [PtCl, ]2" + O=CRR’ (3a)
2[PtCls5 12" [PtC, 127 + [PtChg ]2~ (3b)
®OCHRR’ —— 0=CR + R’ %)

(for R'=Me)

The existence of reactions 3a,b is speculative, however, consistent with the
expected behavior of a Pt(III) species. Support for this mechanism comes from
the observation that irradiation of isolated [PtCEX(OR)é-x]z' complexes (where
R = 2-propyl) leads to platinum metal production. Thus, reaction (2) is
directly verified. Metal formation is expected to proceed from the thermal
reaction of the products of reaction (3) with the alcohol as discussed
previously. Although this latter reaction proceeds via a thermal pathway, it
is photochemically accelerated by visible light.

CATALYTIC PRODUCTION OF ALDEHYDES AND KETONES

Although the observation that aldehyde can be produced without overoxidation
to the acid is synthetically interesting, the utilization of an expensive re-
agent (K, [PtClg]) removes any synthetic appeal. In order to generate a syn-
thetically useful process the reaction must be catalytic in platinum. Since
reoxidation of platinum metal is difficult it is necessary to intercept an in-
termediate oxidation state of platinum. Further, it is desirable to trap the
®0CHRR' product prior to methyl loss in cases where this is a possible reac-
tion pathway. This is accomplished by adding a CuCf,/0, redox catalyst to the
system. As shown in Table 1 under these conditions aldehyde and ketone pro-
ducts are generated in high yield without methyl loss or other free radical
side products. Control experiments indicate that neither CuC£,/0, alone nor
[PtCly 12~ /0, alone produces a catalytic cycle.

Table I: Typical Product Yields?

Alcohol Product % YieldP ¢
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 Alcohol Benzaldehyde 93 0.03
2-Hexanol 2-Hexanone 84 0.02
Cinnamyl Alcohol Cinnamaldehyde 88 0.02

@ 1:2 K, [PtCl]/CuCl, catalyst. Reactions were carried out in
acetonitrile, acetone, or water solvents.
Reactions were carried out in an acetone solvent using a tungsten
halogen source supplied with UV and IR cut-off filters.

€ Quantum yield for product formation at 488 nm.

As can be seen from data in Table I this system is capable of carrying out the
specific two electron oxidation of a wide variety of alcohols. Even low redox

potential alcohols such as benzyl alcohol show no tendency to be overoxidized
to the acid. Further, reactivity does not appear to be significantly
influenced by the presence of sites of unsaturation near the alcohol
functionality. Thus, as demonstrated using cinnamyl alcohol conjugated
aldehydes can be generated in good yield. That cyclobutanone is produced in
high yield from the corresponding alcohol indicates the process has a "two
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electron" character to it. Presumably this radical clock is stabilized by the
rapid loss of an electron to Cu?t, a species known to be a fast radical trap.
For the case of 2-propanol oxidation quantum yields as high as 0.15 have been
observed for acetone formation using 488 nm light. Turnover numbers in excess
of 150 have been observed when white light is employed with only a slight
decrease in catalytic activity at the end of the reaction period. Catalyst
stability is quite good.

The reaction is found to be fairly sensitive to the amount of CuCl, present.
As the CuCf; concentration is increased the turnover rate is observed to
increase linearly. This phenomenon appears to saturate at ~ 1:2 ratio of
CuCl, to [Ptcﬂé]z'. Addition of an excessive amount of CuCf, causes the
solution to turn brown with a concomitant loss of catalytic activity. 195pt
NMR studies demonstrate that Cu?* cannot oxidize [PtCf,}2-. This result can
be best explained by assuming that Cu?* is oxidizing a Pt(III) chloride
complex to regenerate [PtCf,]2-. Therefore the requirement of two equivalents
of CuCf, can be understood in terms of its dual role as an oxidant of Pt(III)
and a radical trap for ®OCHRR'. The overall cycle is summarized in Fig. 2.
The high product yields along with the lack of typical organic free radical
products can best be explained by the existence of a binuclear (possibly
chloro bridged) platinum-copper complex as the active catalytic species. Such
a complex could provide the strong cage effect necessary to produce the
observed product yield.

PtClg2- + (n) ROH hv 20
- n 4
. Pre, + (M RT,

b 1
~
o hv + ROH
=]
[&)
N A /hv
o

y
L Pt 4 (n-1) [ROH)® —  » PtCl,>~ + (n-1)R’:oH

cu) + RZ°

SH cuc': PlCI.*-

0, 2 “PtON)*

Figure 2: Mechanistic sequence for the reaction of [PtCls]?~/CuCf,/0;
with primary alcohols and [PtCly ]2~ itself with primary
alcohols.
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DYNAMIC AND STATIC OUTER-SPHERE AND INNER-SPHERE QUENCHING PROCESSES

L.Checchi, C.Chiorboli, M.A.Rampi Scandola, and F.Scandola

Dipartimento di Chimica dell'Universitd, Centro di Fotochimica del CNR,
44100 Ferrara, ITALY

INTRODUCTION

Bimolecular quenching via energy or electron transfer of electronically excited
states of coordination compounds in fluid solutions has been the subject of intesive
investigations in the last ten years (Balzani 1978,Sutin 1979,Sutin 1980,Balzani 1981,
Sutin 1982,Balzani 1983). The kinetics of such processes can be conveniently
discussed by separating diffusive and reactive steps as shown in Scheme 1:

Scheme 1. + -
acneme hv kd kt

A+B %A +B "T*A B A +.B

l /To- k—d A +)€B

The reactive step taking place into the so-called precursor complex *A B, is considered
as a unimolecular process. In most cases (A and B uncharged or with positive charge
product )both the ground and excited state concentrations of A B are small and the
constant kt can be at best indirectly inferred from the second order quenching
rate constant kq.If,.on the other hand, strong electrostatic attraction between A and
B is operating (A and B of high and opposite charge), a sufficiently high concentration
of the ground state precursor complex may be present to allow direct excitation of
this species and observation of the unimolecular step.

Recently,studies of optically induced energy or electron transfer processes
between transition metal centers covalently linked in a supermolecular structure
have been performed (Vogler 1985, Bignozzi 1985, Curtis 1985). These processes are
summarized in Scheme 2.

+ -
Scheme 2 hv kt |A- B
A-B - p - B —o |
— A -*B
1/t

If the supermolecule A - B forms in solution upon addition of A and B (or related
species) and the covalent linkage does not change strongly the properties of the
subunits, the locally-excited molecule can be viewed as a covalently linked precursor
complex of the transfer process. From this viewpoint, a general kinetic scheme

(Scheme 3) can represent photoinduced electron or energy transfer between A and B which
are capable of electrostatic and/or covalent (usually called second sphere
donor-acceptor) interaction.

Scheme. 3
K ° K
d R ) S,
‘A + B ;— —**'AB_+&———" ‘A-B
g " Kooy
w0 Kei
— + -
bl 11/ 0,8 hy| 1/ ¥pp A+ B m| |1/ 2 p A*+B
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In this Scheme, *A B is the precursor complex of an outer-sphere transfer
mechanism, while %A - B can be considered as the precursor complex of an inner-
sphere transfer mechanism. Depending on the relative constants of the various
ground-state. species and on the relative rates of the excited-state processes, the
complex kinetic behavior predicted by this Scheme may give rise to two
experimental distinguishable situations (Balzani 1975, Rybak 1981, Frank 1983,
White 1984): 1) if(i)the ground-state concentration of associated species is
neglegible or (ii) the excited associated species undergo prompt dissociation
(kto<k-d H kti< k*-oi)’ the system behaves as if *A was the only excited species.
In this case both emission intensity (I) and lifetime (1) follow the same Stern-
Volmer behavior: t°/t = I°/I = l+k01°[B} . In this case the quenching is usually
called dynamic quenching;2) if(i)the ground state concentration of outer-sphere
and/or inner-sphere associated species is high and (ii) their excited states react
before dissociating (kto> k_g4; kti>k*-oi)’ a complex multiexponential decay is
expected, with one or two short components whose lifetime is independent of B
concentration, followed by a longer one that obeys Stern-Volmer law.

The intensity quenching is always larger than the lifetime quenching and usually
follows aquadratic law of the type: I°/I= (1+qu°[B])(1+KA[B]) where Kz is an
"effective' association constant of all the present associated species. In this

case the 'quenching is usually called static gquenching. Studies in this field have
been limited by the use of positive sensitizers for which a small number of negative
quenchers is available. We report here the results of quenching studies involving
recently synthetized, negatively charged photosensitizers, Ir(QOSO3)33'(Ballardini
1985) and Ru(bpy)CNéz—( Bignozzi 1986) and positively charged quenchers.

RESULTS and DISCUSSION

System I: Tr(Q0804)3" + Cr(bpy)33t, Cr(phen);3*(DMF, 1=0.01M TEAP)

The diffusional parameters have been estimated by numerical integration of the
Debye-Smoluchowski, Eigen-Fuoss equations (Chiorboli 1986). They are reported in
Table 1. The emission of Ir(QOSO3)33’is quenched by Cr(bpy)33+ according to I°/I=
(1+ k_t°[B])(1+Kp[B]). By using the experimental value of the quenching constant
obtained in laser lifetime measurements (k =1.8x1010 M"1s71) the association
constant is obtained as KA=1.5x103MTIIn single photon counting experiments, the
emission decays are nonexponential as shown in Fig.l.

ln&

10 }

3
101
102,
104

Fig 1: Luminescence decay for Ir(QOSO3)33-
(1.4x10—4M) with various concentrations

100 of Cr(bpy)3§ (a:2x107%M,b: 4x1074M

10 20 30 40 30tns c:8x107%M) 1 =0.01M TEAP.
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The shorter component has a constant lifetime (T*AB =11%0.3 ns) and a relative
weight that increases with quencher concentrations. The longer component has a
lifetime that decreases with quencher concentrations according to a Stern-Volmer
kinetic (kq=1.8x1010 M™ s'l).The absence of artifacts in the appearence of the short
component is indicated by the strictly monoexponential decay obtained for similar
systems having one of the partners as an.uncharged. species (Ir(QOSO3)33—} benzoquinone,
Ir(Q0)3 + Cr(bpy)33+). Laser photolysis fails to give any proof for energy transfer
or ‘(more plausible) elecron transfer quenching mechanism. Similar results have
been obtained using Cr(phen)3§ as quencher.

The data can be interpreted in terms of Scheme 3 as follow:

i) the quenching mechanism is of the outer-sphere type ; (ii) the dynamic part of
the quenching is diffusional (kq=kd)’ requiring ky >k_4, a condition that makes it
possible to detect static quenching upon excitation of *A B;(iii) static quenching
shows up both as a deviation of I°/I from t1°/t and asa double exponential decay.
The short component of the decay (T*AB = Ins) gives a direct measurement of kto(few
examples of direct measurements of kto are available (Ballardini 1985)); (iv) the
experimental K, value obtained from I°/I vs <°/t is higher than the calculated
one, presumably because of compenetration effects.

System IT : Ir(Q0SO3)33™ + Co(NH3)g3¥,Colen)33% (H,0, 120.01 M NaCl)

The estimated diffusional parameters are reported in Table 1.

The emission decays in both laser and single photon counting experiments are
appreciably monoexponential and give k_= 1.7x10 Ml s71. Emission intensity quenching
gives small deviation of I°/I from Stern-Volmer behavior, smaller than that
calculated from I°/I=(1+qu°[B])(1+KA[B]) with the values of experimental kg and
calculated K,. Laser photolysis fails to give any proof for energy or electron
transfer mechanism for the quenching. Similar results have been obtained for the
both quenchers. They can be interpreted in terms of Scheme 3 as follows:

i) the quenching mechanism is of the outer-sphere type; (ii) the kq value is in somewhat
smaller than kjy, implying that k¢, may be of the same order of magnitude as

k_g4( 1x108 s 1):this makes it difficult to detect static quenching effects;(iii) in
fact, very small static quenching is obtained as deviation of I°/I from 1°/t.

System III :Ru(bpy)CNAZ' + Cr(H20)63+ (H,0, ¥=0.6 M KNO5)

The estimated values of diffusional parameters are reported in Table 1.
Aqueous solutions containing Ru(bpy)CN,“" and Cr(H20)63+ undergo slow absorption
spectral changes indicating coordination of the complex to the cynide ligands
Ru(bpy)CNAZ- chromophore(Demas 1977, Bignozzi 1985, Scandola 1986) according to:

Ru(bpy)CN,2™ + Cr(H,0)43" Ru(bpy)CN,,-Cr (Hy0) 5*+H,0

With the same kinetics the emission intensity of Ru(bpy)CNAZ' decreases

with the time. Equilibrated solutions do not emit appreciably. It is possible to
perform quenching experiments on solutions where the adduct formation is neglegible.
The experiments give coincident I°/I and t°/t Stern-Volmer plots, yielding
kq=1.6x108 Mls “1 smaller than ky. Laser photolysis does not supply. any evidence
for electron or energy transfer quenching mechanism. According to Scheme 3, we can
conclude that:(i) the system evolves with the time from outer-sphere dynamic quenching
to inner-sphere static quenching;(ii) the dynamic quenc?inglhas a k, lower than the kg
value, implying that ki < k_gq (estimated value k¢,= 4x10° s )5(iii) taking the
lower limiting value from the lack of emission of the adduct, kti>1o s .

This system clearly shows the large increase in transfer rate constant observed

upon going from outer to inner-sphere mechanism.
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Table 1: Diffusional parameters calculated for the investigated systems.

o1 - -1 -1

A B koM IsT o kg,s KM

_ 3+ 10 7 3

Ir(QOSo3)% Cr(bpy)3 1.8x1010 1.2x1o7 1.sx1o3
1r(Q0S04)3" cr(phen)3*  1.8X10 1.2X10 1.5X10
1r(Q0s04)3" Co(NHy)3Y 2.0x1010 8.9x10’ 2.3x10°
1r(Q0S04)3" CoCen)3* 1.8x10%0 1.0x108 1.7X10°
Ru(bpy)CN2— cr(H,008* 8.7x10° 2.0x10° 4.3
CONCLUSIONS

The possibility of measuring directly the rate constant of the unimolecular reactive
step, taking advantage of ionic or donor-acceptor association, is restricted within a
rather narrow window of conditions. In fact, with the "fast'" Cr(III)reactants the
reactive step of ion pair is at the limit of experimental detection, whereas with
the Co(III)reactants the reactive step is already too slow to occur before dissociation
of the excited ion pair. The large increase in the rate of unimolecular reactive
step expected in going from the outer-sphere precursor cemplex to the inner-sphere
adduct is clearly shown in the last system.
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PHOTOCHEMISTRY AND SPECTROSCOPY OF ION PAIR CHARGE TRANSFER COMPOUNDS

H.Hennig, D.Rehorek, and R.Billing

Sektion Chemie, Karl-Marx-Universitdt, Leipzig, GDR

Ion pairs of metal complexes characterized by spectroscopic ion pair
charge transfer (IPCT) transitions have been described first time by
Linhard (1944), but until now there are no systematic investigations
concerning the general behaviour of this interesting class of com-

pounds.

Examples of IPCT compounds based on metal complexes are still very
rare (Balzani 1986). We have been able to prepare some further IPCT
compounds which are distinguished by interesting photochemical and
photocatalytic behaviour. Our investigations concern ion pair asso-
ciates of copper(II)complexes and cobalt(III)ammines with tetraphe—
nylborate (Hennig 1983; Rehorek 1979, 1980) as well as of cyanometal-
lates with diphenyliodonium cations (Rehorek 1979; Billing 1985).
These compounds are distinguished by spectroscopic transitions in the
visible which can not be explained as the sum of the components for-
ming the ion pairs but which are to consider as ion pair charge tran-

sfer transitions.

The excitation of these IPCT states leads to very efficient photo re-
dox reactions in low-energy regions where the parent complexes alone
(as ICo(NH3)6]3+ and [Mo(CN)8]‘*‘
redox reactivity.

The high brutto quantum yield values concerning the formation of
Co(II) and Mo(V) (1), (2) are due to the formation of both short-1i-
ved tetraphenylbor radicals and diphenyliodine radicals which contri-

bute to overcome fast back electron transfer processes.

, for instance) show not any photo

{[Co(NH )6] 3% g, oo i) 2B, ) —— . M
{[Mo(CN>8] i@ I‘“}_---———--—.{Mo(CN)8J3 T ) ——— ... (2

Systematic investigations of the IPCT phenomenon are rather complica-
ted since all IPCT compounds of complex ions have been detected acci-
dentally and the prediction of the energies of optical IPCT transi-

tions of any ion pair combinations has been unsuccesful until now.
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Therefore an increment system for predicting of the energy of IPCT
transitions as proposed by us very recently (Billing 1985; Hennig
1986) might be useful to expand our knowledge of such second-sphere
effects.

INCREMENT SYSTEM FOR PREDICTING OF THE ENERGY OF OPTICAL IPCT
TRANSITIONS

Our increment system is based on the applicability of an energy cycle
proposed by Cannon (1980) for the estimation of the energy of CT
transitions (AGCT) to IPCT compounds. Considering some common assum-—
ptions (3) can be derived which gives AGCT(A+,D—) the energy of the
optical IPCT transition:

AGp (AT, D7) = AGy +AGy, - AGy + AGgg (3)
where AGE are standard electrode potentials, AGW and AGW, work terms
muiAGFC the reorganization energy. Following Marcus (1965) the reor-
ganization energy can be considered as the arithmetic mean of the

self—-exchange of the both components forming the ion pair and the
following expression can be obtained (4):

NG (A%, D7) = F[E?D/D-) - Bt ay] 1/2[B65a (A78) + AGL, (DDT] (&)

Expression (4) leads to the conclusion that AGCT(A+’D-) consists of
energy contributions of each of both ions independently on the kind
of both components. Therefore the absolute values of the energy con-
tributions can be substituted by increments of each ion. The contri-
butions of the ions AT and D~ to AGCT(A+,D—) can be defined as the
20’
for instance). Using the increments Iig and I%g equation (5) can be

sum of the increments of these ions in a certain solvent (as H

derived:
AGCT(A+,D_) = I+ o+ Ip- (5)
For aqueous solutions the tropylium cation has been introduced as ha-

ving a basis increment of nought (6):

124 . def

trop (6)

and for any donor anions D  the increment values Igg are given by (7)
+ -—

I;g ==AGS%(trop , D7) (7)

Analogously expression (8) can be applied to any acceptor cations A':
aq - Ag2Qpt pr- aq
4 =pefiat, ) - 129 8)
where D'  is a reference anion with know increment value. For aque-
ous solutions hexacyanoferrate(II) has been proposed as a particu-

larly suitiable reference anion.
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Thus it is possible to estimate AGCT(A+,D_) spectroscopically for any
ion pair combinataions by using the proposed increment system. The
AGCT values estimated in this way are in fairly good agreement with
the experimental results. However, if ion pair combinations give ri-
se to thermal redox reactions with tropylium cations and hexacyano-
ferrate(II) anions, respectively, the increments IA+ and I,- can not
be obtained by spectroscopy. The same is to consider if the IPCT
bands are covered by absorption bands of the reference or counter
ions. However, due to the linear dependence of the increment values
IA+ and ID— on their standard electrode potentials, the increment va-
lues can be obtained also by using the appropriate redox potentials
(Hennig 1986). The following equations (9), (10) can be used to esti-
mate IA+ and ID— electrochemically:

I%i = 11,7 -10%em™" + 11,9 E® - 10%em™ Tv! (9)
124 = 3,4 10%m™ -~ 11,8 8% . 107%en v (10)

Relations (9) and (10) have been derived by regression calculations

based on an appropriate number of ion pair combinations.

It has been shown that the increment system for predicting of optical
IPCT transitions can be applied also to non-agueous solvents (Hennig
1986). Using 6 different solvents (methanol, dimethylsulfoxide, di-
methylformamide, acetone, acetonitrile, and dichloromethane) which
represent a broad range of solvent polarity, a good agreement of
AGCT(A+,D—) values estimated experimentally and by using the incre-

mént values obtained for the appropriate solvent has been observed.

Solvent effects on the position of the maxima of IPCT bands can be
estimated generally by using the following three parameter approach
(Hennig 1986):

AGESTV (AT, D7) = C + €, AN + C, DN 03(1/n2 - 15) “an

1 2
where (1/n° - 1/¢ ) stands for the solvent term, DN as the acceptor
number and DN as the donor number and Cn as the coefficients of the

three parameter approach.

However, it is to consider the increment system can be applied only
to contact ion pairs and the position of the lowest energy IPCT band
can be predicted only. Furtheron, we have been unable until now to
prove the reliability of our increment system to such ion pair combi-
nations consisting of donor cations (D*) and acceptor anions (A7)

since there are no appropriate examples available.

Ton pairs distinguished by low—energy IPCT bands are of particular

interest concerning the static spectral sensitization of photocata-
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lytic systems based on light-sensitive coordination compounds and or-

ganometallics, respectively (Hennig 1985).

REFERENCES

Balzani V, Sabbatini N, Scandola F (1986) "Second-sphere" photochem—
istry and photophysics of coordination compounds. Chem Rev 86:

319 - 337

Billing R (1985) Untersuchungen zum spektralen, photochemischen und
thermischen Verhalten von Ionenpaaren in Ldsung - ein Beitrag zur
statischen spektralen Sensibilisierung. Dissertation, Karl-Marx-
Universitat, Leipzig

Cannon RD (1980) Electron transfer reactions. Butterworth, London
Boston, p. 277; see also Adv Inorg Radiochem 21: 253 (1978)

Hennig H, Walther D, Thomas P (1983) Uber das photochemische Verhal-
ten von Ionenpaarassoziaten des Typs CO(NH3>5X ,B(C6H5)4 bei Ein-—
strahlung in den IPCT-Bereich. Z Chem 23: 446

Hennig H, Rehorek D, Archer RD (1985) Photocatalytic systems with
light-sensitive coordination compounds and possibilities of their
spectral sensitization - an overview. Coord Chem Rev 51: 1 - 53

Hennig H, Billing R, Benedix R (1986) Dreiparameterbeschreibung von
Losungsmitteleinfliissen auf Ionenpaar-Charge-Transfer-Banden.
Monatsh Chem 117: 51 — 54

Hennig H, Benedix R, Billing R (1986) Inkrementsystem zur Beschrei-
bung der Lage von Ionenpaar-Charge-Transfer-Banden in Wasser und
nichtwdBrigen Losungsmitteln. J prakt Chem 328: 829 - 840

Linhard M (1944) Uber Lichtabsorption und Konstitution anorganischer
Komplexsalze. I. Luteokobalt— und Luteochromsalze. Z Elektrochem
50: 224 - 238

Marcus RA (1965) On the theory of electron transfer reaction. VI.
Unified treatment for homogeneous and electrode reaction. J chem
Phys 43: 679 — 701

Rehorek D, Ackermann M, Hennig H, Thomas P (1979) Ungewthnliche Pho-
toredoxreaktionen von Bis(ferroin)kupfer(II)-tetraphenylboranaten.
Z Chem 19: 149

Rehorek D, Salvetter J, Hantschmann A, Hennig H (1979) Photooxi-
dation von Octacyanomolybdat(IV) durch langwellige Anregung. J
prakt Chem 321: 159 - 160

Rehorek D, Schmidt D, Hennig H (1980) Langwellige spektrale Sensibi-
lisierung der Photoreduktion von Cobalt(III)-Komplexen durch

Ionenpaarbildung mit Tetraphenylborationen. Z Chem 20: 223 - 224



BACKWARD ELECTRON TRANSFER WITHIN GEMINATE RADICAL PAIR FORMED IN THE ELECTRON
TRANSFER QUENCHING

Takeshi Ohno and Akio Yoshimura

Chemistry Department, College of Chemical Education, Osaka University,
Osaka 560, JAPAN

Unfortunate low vields of redox products have been observed often in
the bimolecul ar electron transfer gquenching of phosphorescent
compounds. The lowest vield of free radical formation in the bulk is
of course zero, which have been observed in the electron transfer
quenching of excited tris(d,2-hipyridine)ruthenium(Il) by
nitrobenzenes and quinones. L.aser photolytic studies of +triplet
state quenching already have denonstrated (Ohno 198%)  that ‘every
gquenching of triplet excited state produces a geminate radical pair,
which undergoes a fast backward electron transfer before ite
dissociation.

Since the geminate radical pair decays via two modes, backward
electron transfer (BET) and dissociation to the bulk, the free radical
yield (F) in the quenching can be expressed by using the two rate
constants of ke and Haim- The formula is rearranged to another one,

F = Fesaw/ (Ketsm + K

in which kn is expressed in terms of the observable guantity, F. The
magnit&de af Lai1e 185 estimated to be around 10*® s for a pair of
similarly charged radicals by using Eigen’'s formula (19%4), theretore,
a variation of the radical vield in the range 5-90 % corresponds to a
variation of ke in the range of 109-102rs™3,

According to R.A.Marcus, the rate of ET reaction increases with exer-—
gonicity involved in the ET reaction in a low exergonic region, stops
increasing and then decreases in a high exergonic region. An
elaborate work by Scandola et al. (1984) has shown leveling off of the
ET rates in a wide exergonic region. However, inspection of BET
within a geminate radical pair could manifest a bell-shaped curve of
ET rate with respect toAG®, because the variation of ke 10 the
range of 10°-10**s-* ig reflected on the radical yields in the range
of  H-90%. The radical yields in l:l CHsCN-H=0 mixed solvent were
obtained in the reductive quenching of Ru(4,7-diphenyl-1,10-
phenanthroline) =®* by some aromatic amines. The ratico, Fn/lKaie,s are
calculated from the free radical yields. On plotting log kFe/kaie 4%
a function of AG®, a bell-shaped curve was obtained with the maximum
at ~-1.7 eV. A similar trend was obtained for reductive quenching of
Ru(bpy)z=+ in the mixed solvent of CHsCN and H=0. The top of the
bell-shaped curve lies at —-1.7 eV again. The phosphorescent state of
Cr (dp-phen) %+ was also quenched by the aromatic amines and methoxy-—
benzenes to produce the cation radical of the donor. A plot of
kow/baia as a function of B appears to have a maximum  at  about
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-1.7 eV. In the case of Rhi{dp-phen)sz®*, which has the triplet
excited state localized in the dp-phen ligand as the lowest excited
state, a bell-shaped curve on plotting 1og kEu/Fai1e as a function of G®
appeares to have the maximum at —1.8 eV,

The variation in the ratio of kEn/kaiae Can be regarded as the variation
in ke since Fuaiwe 18 approximately constant as long as the same charged
reactants are used. This i1s the case for all the reactions mentioned
here. The most important finding is that AG®, maximizing the rate ke,
is substantially more negative compared with AG® required Ffor the
nearly diffusion controlled rate. How can we explain such a large
value in the theory of ET reaction.

l.et me focus on the rate of ET within the geminate radical pair faormed
in the triplet qguenching. A following equation comes from the golden
rule of time-dependent perturbation theory. The integral represents
electronic

ko= ZWA CFI] i FC

coupling between the initial and the final states. The perturbation
must contain  spin—-orbit coupling, because the ET process is
accompanied by & spin—flip. FC 1s thermally averaged Franck-Condon

integral, Ffor which a famous formula has been proposed by R.A.Marcus
in a classical way.

FC = exp [~A/4(1 + AG®, ./ N\ =]

A and G®y ¢ are the rearrangement energy and Gibbs function change
involved in the ET, respectively. Fallowing this equation, ke has
the maximum at G° = — N,

Since A of the bimolecular ET is assumed to be the average of rear-
rangement energies for the self-exchange ET of the two reactants, we
can estimate the AN of BET from the AN for the self-exchange ET of
the reactants which are available in reterences. Though the N for
the amines used here are not available except for TMFD, 1t 1s most

probable that they are smaller thanm 1 eV. Then it turns out  that
A for BET between the reduced metal compound and the cation radical
of the amine could be smaller than 1 eV. These small values of A

never fits to the observation.

Since free radical yield substantially are affected by the solvent
polarity (not dielectric constant), it will be reasonable to apply the
formulas of Kakitani and Mataga (198%5), in which ionic species in polar
solvent is solvated by solvent molecules in a specific way so that the
frequency of solvent mode around the ionic species is much. larger than

that around the neutral solute molecule. This model causes enarmous
differences in the solvent mode depending Franck-Condon integral
between "charge separation" process and "charge recombination"

process: the solvent mode depending Franck—Condon integral remarkably
modefies the intramolecular mode depending Franck-Condon integral to
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shift the maximum of the rate in more exergonic reqgion in the "charge
recombination”, while the former gives rise to a small shift of the_
meé s1mum AG® in the "charge separation” process.

We are returning PRCL to my cases of BET within geminate radical pair.
FERULx™ , BTMFD ) % Rul.x®* + TMFD

I+ you focus an the charge of the metal complex, the process can be
regarded as "charge separation'. Arnd, 1f vou focus on  TMFD, the
process can be regarded as "charge recombination". The whole aspect
of these BET is interpreted to fall between the two extremes so that
the maximum of ks, could be observed at a higher exerqgonicity compared
with the prediction on the intramolecular mode depending Franck-Condon
integral.

It is & pleasuwre to acknowledge a number of very illuminating
discussion with Frof. N.Mataga of Usaka University and Fraot. U.Steiner
of Fonstanz University. I thank Dir. T.Ulrich of tonstanz
University for translating the manuscript.

Eigen M. (19%4) Z.phys.Chem. NF 1, 176-3200.

Indelli M.T, Ballardini R,Scandola F, (1984) J.Fhys.Chem.
Fakitani T, Mataga N, (198%) J.Fhys.Chem. 8%, 4732-7.
Ohno T, Kato §, Yamada A, Tanno T, (1983 J.Fhys.Chem. §7, 775-81.
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PHOTOCHEMISTRY OF COPPER COMPLEXES AND ITS CATALYTIC ASPECTS

J.SYkora

Slovak Technical University, Department of Inorganic Chemistry,
812 37 Bratislava, CSSR

Within the vehement development of photochemistry of coordination
compounds and its photocatalytic zspects in the past ten years /Hen-
nig 1985/ a progress was made also in the field of copper photoche-~
mistry. The nresented contribution summarizes and analyzes the cur-
rent state in the field of photochemical behaviour of copper comple-
xes mainly from the point of view of catalysis. The hitherto known
photochemical reactions of copper coordination compounds are presen-
ted within the classification suggested in our laboratory. The state
reached in some types of copper photochemical reactions is illustra-
ted by purposefully selected representative examples; mainly results
/after 1979/ not included in the latest review &rticle in the field
/Ferraudi 1981/ are preferred for discussion in this lecture.

Cu/I/ FHOTOCHEMISTRY

The variety of possibilities of photochemical Cu/I/ complexes beha-
viour is conditioned by the nature of photochemically active excited
state/s/: LILCT, IMCT, CTTS and intraligand excited states, So that

a many various redox reactions were observed as a consequence of de-
activation of these excited states /e.g. photooxidation of Cu/I/ me-
tal center accompanied by formation of solvated electron followed by
Ho production, photoinduced intramolecular electron transfer etce/e
A number of photochemical processes where coordination compounds of
Cu/1/ catdlyze transformations of the organic substrates was reviewed
recently by Salomon /1983/ and Kutal /1985/. According to Kutal’s
classification of olefin photo-transformations in the presence of
Cu/1/ complexes three types of such phototransformation reactions
can be distinguished

Type 4 Cu/I/ [Cu/Iﬂ"—"f'-"-»\'gu/x/_olefm]——»Cu/I/ + olefm
Type B Cu/I/+olef1n——>Cu/I/-olefln——a@u/I/-olefld-—+Cu/I/-olef1n
Tyre C olef1n———>olefln-——aku/I/-olefln]——*Cu/I/ + olefin’

It is of interest to note that in connection with the possible appli-
cation of photoisomerisation of olefins catalyzed by Cu/1/ complexes
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applicable to the solar energy storage problem Sakaki /1984/ elabo-
rated a Cu/I/ photocatalytic system efficiently working under visib-

le-light irradiation,

Cu/II/ FHOTOCHEMISTRY
Photochemically active is usually spin-azllowed charge transfer dub-
let excited state; observed photoredox reaction is often accompanied
by rapid internal conversion to the lowest d-d dublet excited state

or ground state, respectively. Ligand field excited states are photo-

inert. hen spin-allowed intraligand excited state culL]* is pri-

marily populated, usually very rapid internal conversion to the pho-
toactive dublet charge transfer excited state take place.

RBased on published data on photochemical behaviour the Cu/II/ photo-

chemistry can be classified /Sykora 1982/ into three classes A, B, C

where S=solvent, ligand I#S, Lox=oxidized ligand or solvent, respecti-

velye.

Class A Cu/I1/IS M cu/1/s + L
Cu/II/LZS-h—>Cu/I/L2 + S
Cu/II/LL2————Cu/I/LL + 1

L

oX

ox
Cu/II/L2 Cu/I/L + Lgy
Cu/I/L ——cu® + I,

Class B Cu/11/L —Me Cu/1T1/...1"

Class C Cu/I1/T ——> Cu/I/...L,

Cu/I/e. o Lig—=Cu/I1/ + L

Ou/TI/L, + sf-a-@u/II/L2..§}—a-Cu/I/L + LS
2Cu/I/L —= Cu/I1/L, + cu®

Cu/1/L + L-—»Cu/II/L

Cu/II/L + SL-Cu/I/L + s7

The main attention of our research was concentrated upon the cataly-
tic aspects of Cu/II/ halogenocomplexes photochemistry in order to
use the data obtained in the field of phototransformations of orga-
nic substrates. The observed photosensitivity of these systems in the

region of lowest spin-allowed charge transfer excited state results
in the oxidation of Cl~ to C1 radical evidenced by pulsed laser flash

photolysis as 012 /Cervone 1979/. Besides a powerful oxidation agent-
-the radical C1° also Cu/I/ is formed, oxidable by dioxygen again to
Cu/II/ thus closing the cycle. The presence of 0, often regarded as

o drawback in photochemical studies, is of significance in this case
ond makes it possible to incresse the yields of oxidation products
compared with those of systems irradisted under anaerobic conditions.
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These results led us to suggest photoassisted catalytic reaction of
the Cu/II/-Cu/I/ redox cycle, which would render possible the oxida-
tion of organic substrates; e.g. aliphatic alcohols /Sykora 1982/,
unsubstituted and alkylsubstituted phenols /Engelbrecht 1986, Sykora
1986/ - Fig. 1 /scheme suggested for photooxidation of phenols/.

02 07 0,

&

CulCl,.
culcly cd'CLF, o cdey,
A hv(a) hy
O\ ~ O.
P Cu
O N

@-OH « 0<_)0
OH

Fig. 1

It was found that selectivity of cuinone formation can be regulated
by composition of the system /the composition of copper complexes
present in solution is of great importance/.

The possibilities of practical use of knowledge on copper coordina-
tion compounds photochemistry and photocatalysis in the field of po-
lymer chenmistry, photosynthesis of organic and coordination compounds
solar energy storage, photoelectrochemistry and others were reviewed
recently /Hennig 19853 Sykora 19863 Watanabe 19853 lMclillin 1985/
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INTRAMOLECULAR EXCITED STATE ELECTRON TRANSFER FROM NAPHTHALENE TO COBALT(III)

A.H.Osman and A.Vogler

Institut fiir Anorganische Chemie der Universitit Regensburg, Universitatsstr. 31,
8400 Regensburg, FRG

Introduction

The majority of intramolecular photoredox processes of metal complexes which

have been reported 1.2)

takes place upon direct optical charge transfer (CT)
excitation. As an alternative intramolecular photoredox processes may occur by an
excited state electron transfer. An excited chromophoric group of a complex can
undergo an electron transfer to or from another part of the same complex. While in
intermolecular photoredox processes the structural arrangement of donor and accep-
tor in the encounter pair is not known intramolecular electron transfer occurs in
a better defined environment. Although these features make it attractive to study
intramolecular excited state electron transfer this subject has been largely
neglected until a few years ago.

The recent interest in intramolecular excited state electron transfer is asso-
ciated with attempts to understand the primary events of photosynthesis and to
design model systems for the natural and an artificial photosynthesis. In the first
step an excited state uphill electron transfer is required in order to convert
light into chemical energy. In simple systems this first step is followed by a
rapid downhill charge recombination. In the photosynthesis a charge separation is
achieved by introducing a barrier for back electron transfer. Recently model com-
pounds have been designed to study the charge separation in detail. A system which
found much attention consists of a porphyrin as excited state electron donor which
is linked covalently to a quinone as electron acceptor. In addition, a carotene may
be attached as a donor to accomplish charge separation over large distances 3).

T. J. Meyer and his research group have investigated the light-induced charge

separation in compounds which contain metal complexes as initially excited chromo-
phores 4) ' 1, these cases the charge recombination regenerated the starting com-
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pounds. Under suitable conditions another secondary reaction may be rapid enough to
compete with the charge recombination. As a result stable photoproducts can be

formed.

5)

In 1969 Adamson et al. studied a photoreaction of this type “’. Upon intra-

ligand (IL) excitation of [CoIII(NH3)5TSC]2+ with TSC™ = trans-4-stilbene
carboxylate the excited TSC-ligand transfers an electron to Co(III) 6). The Co(II)
releases its ligands before an efficient charge recombination takes place. A variety
of other complexes of the type [CoIH(NH3)SOOCR]2+ with R = aromatic group
such as naphthyl shows qualitatively the same behavior as the TSC complex 7’8).
Excited state electron transfer from aromatic molecules to Co(III) ammines takes

8,9)

place also as an intermolecular reaction . First observations were explained by

the assumption that an energy transfer occurs to reactive CT states of the complex

9)

. However, more recent investigations have shown that all results can be

explained best by an excited state electron transfer mechanism 6’8).

III(N 2+

In the present study the complexes [2—naphthyl-CONH-(CHz)n-COOCo H3)5]
with n = 1 to 5 were investigated in order to learn more about the structural

requirements for excited state electron transfer in this system.

Results and Discussion
Synthesis

The free ligands were synthesized by the reaction of 2-naphthoic acid and the

benzyl esters of the amino acids:

2-naphthyl-COOH + NH,-(CH -COOCHZ-CGH5

2~ (CHy )

= 2-naphthyl-C0-NH-(CH,) -C00-CHy-CeHg + H,0

Saponification yielded the protonated ligands which were converted by NaOH to
the sodium salts 2-naphthy1-CO-NH-(CHZ)n-COO'Na+. The complexes [2-naphthyl-
CONH-(CHZ)n-COOCo(NH3)5]2+ were obtained as perchlorates by the reaction of
[Co(NH3)5H20](CIO4)3 and the sodium salts of the ligands. Recrystallization

from acetone yielded analytically pure compounds.
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Absorption Spectra

The electronic spectra of the sodium salts of the aqueous free ligands 2-naph-
-yt .
thyl-CO-NH-(CHZ)n-COO Na' show two absorption bands at Aax = 310 nm and M ax

= 317 nm.  Both bands which are of nearly the same intensity (e % 1200 L mol”"
cm°1) are assigned to mnn* transitions of the naphthyl group. In the complex cations
[2-naphthyl-CO-NH-(CHZ)n—COOCo(NH3)5]2+ these intraligand (IL) bands appear

with almost the same position and intensity. These results show unambiguously that
the naphthaline moiety is an isolated. chromophoric group of these complexes since
coordination does not change the absorption spectrum of the free ligands. This
observation is certainly not surprising because the aromatic m-electron system is

3+ ion. In

separated by the saturated methylene groups (n = 1 to 5) from the Co
addition to the IL bands the first ligand field band of the complexes appears at
Amax = 504 nm (e = 85).

Emission Spectra

Light absorption of the free ligands (X ¢ 310 nm) is accompanied by an

ex
intense fluorescence (Amax = 354 nm) which originates from the lowest-energy nn*
singlet of the naphthyl group. The lifetime was not measured but is known to be

10) . This emission is

approximately 10'8 s for related naphthaline derivatives
largely but not completely quenched in the complexes. The integrated fluorescence
intensity was reduced to 2.00 % (n = 1), 1.75 % (n =2), 1.48 % (n = 3), 1.07 % (n =

4), and 1.62 % (n = 5).

Photochemistry

Upon light absorption by the IL bands (A, . = 333 nm) the aquepus complexes
underwent a photoredox reaction. While Co(III) was reduced to Co?* the oxidation
6-8)

products were not identified. In analogy to related cases it is assumed that

the naphthalene ligand was oxidized. The quantum yield of Co2+ formation was

dependent on n: ¢ = 0.084 (n = 1), 0.072 (n = 2), 0.034 (n = 3), 0.024 (n = 4), and
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3

0.041 (n = 5). In the concentration range of 1072 to 1073 M complex the quantum

yields were constant. It follows that under these conditions the photoredox reac-

tion is certainly an intra- and not an intermolecular process.

Mechanism

Naphthalene is oxidized at E1/2 = 1.72 V vs SCE 11). At an excitation energy

12)

of 3.97 eV the nn* singlet is now strongly reducing (E1/2 = -2.25 V). Al-

though these parameters are certainly somewhat different from those of the ligands
2—naphthy1-CO-NH(CHZ)Z-COO' there is no doubt that for the complexes there is a

large driving force for an electron transfer from the excited IL mn* singlet to the

13)

Co(III) center. Similar Co(III) complexes are reduced at E° = +0.06 V . Fluo-

2+

rescence quenching and formation of Co”" can then be described by the following

reaction scheme (Nap = 2-naphthyl group, B = —CO-NH—(CHZ)Z—COO- peptide bridge,

A = ammonia):
[Nap-B-CoI”ASJ2+ fy, [Nap*—B-CoIIIA5]2+

K
[Nap*—B-CoIIIA5]2+ R [Nap-B-CoIIIA5]2+ + hv

ITI

k
[Nap*—B-Co”IASJ2+ N [Nap-B-Co A5]2+ + heat

Kk
[Nap*-B—CoI“As]2+ -—29 [Nap+—B-CoIIA5]2+

k
[Nap+—B-CoIIA5]2+ BILN [Nap-B-CoIIIAS]2+

kK

(Nap*-B-co'Tag] -5, co?t

+ 5NH3 + oxidized Nap-B

On the basis of this reaction scheme kinetic equations can be derived:

of
0
F
®co(1rr) K4

F

o and Eo(III) are the fluorescence intensities of the free and coordinated

ligands. t_ is the lifetime of the nr* singlet of the free ligand which was assumed

o]
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to be 10'8 s (see above). The efficiency of electron transfer (ET) from the excited

IL singlet to Co(III) is then given by:

) k3
ET ;""‘TTT
3t T
2+

The quantum yield of Co™" formation is not only determined by ¢ET but also by
rate constants of back electron transfer (k4) and of the decay of the Co(II)

complex (k5).

et Ks
K

o, 2+ =
Co 5+k4

The rate constant k5 is not known but is assumed to be larger than 106 5'1 14).
It follows that the rate constants k4 for back electron transfer can also not be

obtained. However, relative rates k4' were calculated assuming k5 to be constant:

Table 1.
Rate constants k3 and quantum yields ¢ET of excited state electron transfer, and
relative rate constants k4' of back electron transfer for [2-naphthyl-CO-NH-

2+
(CHZ)Z-COOCO(NH3)5] .

n ky x 107 - k!
-

1 4.9 0.980 T

2 5.6 0.982 13

3 6.6 0.985 28

4 9.2 0.989 40

5 6.0 0.983 23




202

In contrast to the expectation it was found (Table 1) that the rate constant and
efficiency of excited state electron transfer as well as the rate of back electron
transfer drops from n = 1 to 4. This observation suggests that the actual distance
between the naphthyl group and Co(III) decreases with increasing chain length of the
peptide from n = 1 to 4. It is assumed that donor and acceptor come to a closer
approach by an appropriate bending of the flexible peptide linkage. This back bonding

may be favored by hydrogen bonding between coordinated ammonia and the carbonyl

H H
\ C//H H
H—C \ /
Hey H"/C"’"
\ H
HOH g
<1 HN g
HN\I/
Co
NHg \\\\
NH3
NH,

groups of the peptide. At n = 5 electron transfer becomes less efficient (Table 1).

The donor-acceptor distance may now increase be an extension of the peptide.
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Introduction

The photochemistry of coordination compounds of the main group metals is a rather
interesting but largely neglected part of inorganic photochemistry. Within a general

approach to this subject we studied recently photoredox reactions of [Sn(N3)6]2'

2- 1). These ions are examples of complexes containing a metal with

and [Pb(N3)6]
an empty valence shell (s° electron configuration). Such compounds are characterized
by low-energy ligand to metal charge transfer (LMCT) bands in their absorption spec-
tra. Reductive elimination initiated by LMCT excitation seems to be the typical photo-
reaction of s°® complexes. We extended now these investigations to T1(III) complexes in
order to test the general validity of this assumption.

2’3). Spec-

There is not much known about the photochemistry of TI(III) complexes
tral assignments of electronic absorption bands were reported for a few tetrahalogeno
complexes of TI(III) 4’5). In the present work we studied the photochemistry of
[Tl(N3)28r2]', [Tl(bipy)212]+ (bipy = 2,2'-bipyridyl), and [Tl(acetate)3]
in some detail. Spectral assignments of absorption bands were supported by the photo-

chemical behavior of these complexes.

Results and Discussion

The compounds [ As(Cghg),10T1(Ny),Br,] &) and [T1(bipy), 1,11 7),
were prepared by literature procedures. Tl(CH3C02)3 x 1.5 H20 was purchased
from Aldrich.

The absorption spectrum of [TI(N3)ZBr2]' in acetonitrile displays a long-
wavelength band at a . = 293 nm (e = 10200 L mol ! cm"). This band is assigned to

a LMCT transition. Since azide and bromide have comparable optical electronegativities

Photochemistry and Photophysics
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it is difficult to distinguish between N3' - TI(III) and Br~ - TI(III) CT tran-
sitions. However, the photoreaction supports the former assignment. At shorter wave-
length the typical absorption features of the counterion [As(C6H5)4]+ appear

in the spectrum (x__ = 271, 265, 259 nm) &),

m

Upon irradiation of the LMCT band (a = 313 nm) of [TI(N3)28r2]' in

irr
CH3CN the evolution of nitrogen was observed. Simultaneously, the intensity of the
LMCT band decreased. Finally, this absorption disappeared when the photolysis went to
completion. In the later stages of the photolysis the solution became cloudy due to
the formation of insoluble TIBr. These observations are consistent with a reductive

elimination:

hv I

[TIIII(N3)ZBr2]' DV, mifBr 4 B 4 3N,

The disappearance of [Tl(N3)ZBr2]' was determined by the decrease of the
extinction at Apax = 293 nm. Upon irradiation at 313 nm the reductive elimination

occured with a quantum yield of @ = 0.3.

abs
1. 800G
d
a
200 e 27a 350 430 s@e nm

Fig. 1.

Spectral changes during the photolysis of 5.33-10—5 M [Tl(bipy)212]+ in CH,CN

at (a) 0 and (d) 200 s irradiation time, with Npr > 200 nm and a 1-cm cell.

r
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The absorption spectrum of [Tl(bipy)212]+ in CH3CN (Fig. 1) consists of 3
bands at Apax = 374 nm (e = 4700), 302 nm (23210), and 244 nm (28200). The longest

wavelength band at 374 nm may be due to a J° - T1(III) LMCT transition since

4,5)

[TII4]' shows such an absorption at Anax = 397 nm . However, the photo-

chemical behavior of [Tl(bipy)212]+ (see below) is not consistent with this
assignment. As a reasonable alternative the band at 374 nm may be assigned to a J~ -
bipy ligand to ligand (LL) CT transition. The complex [Be(bipy)IZ] shows such a LLCT

band at 368 nm (e = 7000) 8). The second band of [TI(bipy),I1,]* at 302 nm should

212
be assigned to the =n* intraligand (IL) transition of the bipy ligand which absorbs in

this region. An I” - TI(III) LMCT transition could also contribute to this band

since low-energy absorptions of this type are expected to appear near this wave-

4,5)

length . The third absorption at 244 nm is certainly a I~ - T1(III) LMCT band

in agreement with the photochemical behavior of [Tl(bipy)212]+.

Irradiation (x « > 200 nm) of [Tl(bipy)212]+ in CHyCN was accompanied by

ma
spectral changes (Fig. 1) which are consistent with a reductive elimination according

to:

[TIIII(

bipy)212]+ - T1* + 2 bipy + I,
In the photolyzed solution the absorption maximum at 360 nm is caused by 12. The new
band at 286 nm is apparently a superimposition of absorption maxima of 12 (Xmax =
289 nm) and free bipy (Amax = 280 nm). The presence of released bipy is also indi-
cated by bands at lmax = 235 and 243 nm.
In accordance with the assignments of the absorption bands of [Tl(bipy)212]+
the quantum yields of the reductive elimination (¢ = 0.54 at Airr = 254 nm, 0.03 at
302 nm, and 2.9x10'3 at 366 nm) decreased with increasing wavelength of irradiation.
The photochemistry of some thallium(III) carboxylates of the type TI(RCOO)3 where
2)

R is a larger aliphatic group was studied by Kochi and Bethea “’. The photolysis of

these compounds in benzene solution led to the formation of TI(I) and oxidation of

carboxylate (RCO0™ - e” =R« + €0,).



208

In the present work we investigated the photolysis of Tl(CH3COO)3 which does

not dissolve in benzene. In the solid state TI(III) is essentially hexacoordinated by
9)

three chelating acetate ligands “’. In aqueous solution the acetate ligands are

partially substituted 10). Since in acetonitrile such ligand substitutions are

generally less efficient it is'assumed that Tl(CH3C00)3 dissolves in CH3CN with-
out dissociation. The absorption spectrum of Tl(CH3C00)3 in acetonitrile (Fig. 2)
abs
1.4
0.7 -
a
b
0.0 - -
200 300 400 500 nm
Fig. 2
Absorption spectra of 9.9x‘l0'5 M [Tl(CHBCOO)3] (a) and its photolysis product (b)

in CH3CN, lirr > 200 nm, 1-cm cell

is rather featureless. The complex starts to absorb in the visible region. The absorp-
tion increases towards shorter wavelength. A maximum appears at 203 nm (e =12430)
while shoulders occur at 240 nm (e = 6440) and 395 nm (e = 1660). These absorptions
can certainly be assigned to acetate - TI(III) LMCT transitions.

The spectral changes which accompanied the irradiation (white light from a high-
pressure mercury arc) of TI(CH3C00)3 in CH3CN indicated the formation of TI(I)

acetate (Fig. 2) which shows absorption bands at Am = 256 nm and 214 nm. Although

ax
the oxidation products were not identified it is assumed that the reductive elimina-

tion takes place according to the equation:
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T eye00); 2% 11¥(enyc00) + 2 co, + 2 oy

3

The methyl radicals may undergo dimerization or other secondary reactions. At Ai =

rr

254 nm the quantum yield for the disappearance of Tl(CH3C00)3 was ® = 0.14. It

dropped to ¢ = 0.01 at Xirr = 395 nm.
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PHOTOPHYSICS AND PHOTOCHEMISTRY OF TUNGSTEN CARBYNE COMPLEXES
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Department of Chemistry, Princeton University, Princeton, NJ 08544, USA

Transition metal complexes that luminesce at room temperature in fluid sol-
ution upon excitation with visible light have attracted much attention since such
species have low-lying excited states which may allow the utilization of optical
energy in the preparation of useful chemical products. Despite this interest only
few such species have been discovered. In most cases luminescence is associated
with a charge transfer transition involving metal dn electrons and the =* orbital
of ligated aromatic diimines. Here we describe some of the photophysical and
photochemical properties of bis-donor ligand-substituted tungsten arylcarbyne
complexes [(W=CAryl)X(CO),L,] (X=halide, L=donor ligand) (Fischer 1977), a new
class of luminescent organometallic species (Bocarsly 1985). The emissive excited
state 1s associated with the lowest energy absorption band, which is assigned to
a d-metal to m*(M=CAryl) transition. Quenching experiments indicate that a signi-
ficant amount of triplet character is associated with the emissive excited state.
Bimolecular oxidative and reductive charge transfer quenching is also observed,
demonstrating the excited state to be strongly reducing and oxidizing. Photo-
induced associative ligand substitutions occur in these molecules (Cameron 1986).

ELECTRONIC ABSORPTION SPECTRA

The spectroscopic properties of tungsten carbyne complexes of the type [(W=CR)X
(CO),;L,] are listed in Table 1. As a characteristic example the spectrum of

[ (W=CPh)Br(CO), (tmeda)] is shown in Fig. 1. The electronic absorption spectra for
tungsten phenylcarbyne complexes of the type [(W=CPh)X(CO),L,], where X = Cl, Br,
I and L, = 2 pyridine (py), tetramethylethylene diamine (tmeda), and bisdiphenyl
phosphinoethane (dppe), exhibit a fairly weak absorption at about 450 nm and a
more intense absorption at about 350 nm. The lowest energy absorptions are
assigned to d,, - w(M=C)* transitions (z-axis coinciding with M=C bond axis).

For phenylcarbyne tungsten complexes the n(M=C)* orbital is conjugated with the

Table 1. Electronic Absorption and Emission Data.

[ (W=CR)X(CO0),L,] o
R X L, dyy ~ m(M=C)* m(M=C) -+ m(M=C)* Emission
Apax [nm), (e[Mtem™']) Apax [nm], (e[M Tem™']) Anax (0]
Ph Cl tmeda 448 (393) 330 (5500) 640
Ph Br tmeda 450 (400) 327 (13000) 630
Ph 1 tmeda 454 (560) I 630
Ph cl 2py 460 (1064)* 340 (17000)* 625
Ph Br 2py 460 (1086)* 350%* 630
Ph Cl  dppe 435 (368) 360 (10000 660
CMes Cl  tmeda 364 (617) 270 (8000)
2-CqoH; Cl1  2py 475 354+ 660
*shoulder

*solvent dependent, values indicated are in nonpolar solvents.
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Figure 1. Electronic Absorption Spectrum and Emission Spectrum of
[ (WCPh)Br (CO), (tmeda)].

n-system of the phenyl group. Molecular orbital calculations by Kostic and
Fenske (1982) on the related compound [(Cr=CPh)Cl(CO),] indicate that this
conjugation is significant. A similar assignment has been suggested by Vogler
(1983) for [(0s=CPh)C1(CO)(PPh3),]; although this complex has a different
geometry from the tungsten systems, the lowest lying excited state seems to be
similar in nature. Replacement of the phenyl group by a tert-butyl group results
in a shift of the low energy absorption band toward the blue by about 85 nm.

This is consistent with removal of the conjugation from the LUMO orbital,

n(M=C)*. On the other hand, replacement of the phenyl group with a 2-naphthyl
group leads to a red shift by about 15 nm, indicating an extension of the
conjugated system. The nature of the donor ligands also significantly influences
the low energy absorption. Replacing tmeda by two monodentate pyridine ligands
causes a shift toward the red by about 10 nm, replacing tmeda by the
phosphorous-based dppe ligand causes a blue shift by about 15 nm. Assuming that
the energy of n(M=C)* remains more or less unaffected by these ligand
substitutions, the observed changes in absorption energies may be explained by a
weak w-donor ability of the pyridine and a weak m-acceptor ability of dppe
ligands, respectively. Replacing tmeda by 2,2 -bipyridine or by phenan-

throline causes a significant red shift (38 nm) in the lowest absorption band of
the tungsten carbyne system. However, by comparison with the absorption spectrum
of [W(CO), (bpy)] this electronic transition is believed to contain a large compon-
ent of metal d - bpy n* charge-transfer character. Variation of the halide ligand
trans to the carbyne has only a minor effect on the position of the low energy ab-
sorption, ruling out these orbitals as the HOMO and further suggesting that the
halide p-orbitals (lone pairs) are not significantly interacting with the metal
center in these tungsten carbyne complexes.

The more intense absorption at about 350 nm for [(W=CPh)X(CO),L,] is assigned to
n-n% transitions in the conjugated M=CPh systems in analogy to the w-»a* absorption
in diphenylacetylene (295 nm, 29000 cm~! M-'). 1In cases where the ligands L con-
tain a n* system, for example L=pyridine, there is also a component of the ab-
sorptivity in this region associated with an MLCT transition.

LUMINESCENCE IN ROOM TEMPERATURE FLUID SOLUTION

Several tungsten phenylcarbyne complexes of the type [(W=CPh)X(C0),L;] have been
found to luminesce at room temperature in fluid solution upon excitation with vis-
ible light. The emission spectrum of [(W=CPh) Br(CO),(tmeda) is shown in Fig. 1.
It is typical for this class of compound, being structureless both at room temper
ature and at 77K in a frozen glass. This is indicative of a large degree of vibra-
tional coupling similar to that observed for the solution emission of [Ru(bpy)3]2f
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We associate the luminescence with the lowest energy absorption band at 450 nm
based on the observed overlap of the emission onset with the low energy tail of
the 450 nm absorption band. A large Stokes shift on the order of 180 nm is seen
by all these emissive complexes. This may be due to significant stretching of
the metal-carbon triple bond and/or bending of the carbyne ligand in the excited
state. The quantum yield of emission (& )for the tungsten phenylcarbyne complexes
is in the range of 1073 in room temperature fluid solution, Table 1. Irradiation
into the higher energy absorption peaks also leads to emission from the n(M=C)*
orbital of these complexes. Apparently, efficient nonradiative coupling between
these higher energy states and the LUMO orbital exists. Consistent with this re-
sult is the finding that the radiative quantum yield for this system is wave-
length-independent for all wavelengths tested.

Variation of the carbyne substituent R has a strong influence on the emission. If
the phenyl group is replaced by a tert-butyl group, the complex is found not to
emit in fluid solution. Absence of fluid solution emission under these conditions
further suggests that conjugation of the metal-carbon triple bond and the phenyl
n* system is essential to obtain appreciable rate constants for radiative decay.
Replacement of the phenyl group with a 2-naphthyl group leads to an extended
metal-carbyne n* system and correspondingly to a red shift in the emission band.
The nature of the donor ligands L has only a small influence on the observed lu-
minescence properties, provided the ligands do not contain low lying n* orbitals
themselves. As with the absorption spectra, varying the halide ligand trans to
the carbyne has only a minor effect on the emission band. Donor ligands with low
lying n* orbitals strongly affect the emission. Introduction of 2,2 -bipyridine
leads to total quenching of the fluid solution emission. With 1,10-phenanthro-
line an emissive complex is obtained, however, the luminescence is significantly
red-shifted. For these complexes, the lowest energy excitation appears to be the
dyy = m*(Lp) charge-transfer transition. Consistent with this assignment is the
observation that the emission of the phenanthroline complex is blue shifted in
more polar solvents, unlike the other tungsten phenylcarbyne emissions which show
no solvent dependence.

The excited state lifetimes of all luminescent tungsten carbyne complexes were
analyzed and are listed in Table 2. The relatively long lifetimes found for the
emissive excited state suggest the transition to the ground state is forbidden.

Table 2. Emission Quantum Yields, Emission Lifetimes, and Radiative Rate
Constants in Toluene at 298K.

[ (W=CR)X(CO), L, ] @Exlo‘ Lifetime[psec] Radiative Rate Constant
R X L, k, = & /r{sec™!)

Ph Ccl tmeda 6.3 0.285 2.3x103

Ph Br tmeda 5.3 0.180 2.96x103

Ph I tmeda 1.5 0.220 0.70x103

Ph cl 2py 7.8 0.440 1.8x103

Ph cl dppe 2.2 0.232 0.93x103

CMex Cl tmeda

PHOTOREACTIVITY

Energy Transfer Quenching

The luminescence of the tungsten carbyne complexes in fluid solution is found to
be easily quenched by a variety of organic triplet quenchers. As demonstrated in
Table 3 the rate constants for quenching of the excited state of [(W=CPh)Br

(C0), (py),] are dependent on the triplet energy of the organic molecule. The rate
constants are close to diffusion limited until the triplet energy of the quencher
rises above about 210 kJ/mol (572nm). Above 210 kJ/mol the rate constant drops
off quickly. This suggests that the energy of the quenchable state is about 210
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Table 3. Quenching of Emission in Toluene at 298K.

Quencher Triplet Energy Quenching Rate Constant
of Quencher [kJmole~1) kq(M"sec'1]x108

Anthracene 175.7 15.8

Pyrene 201.7 15.1

Benzil 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 region of the absorption and emission
spectra suggesting the quenchable and emissive excited states are the same and
further confirming n(M=C)* as the emissive state.

Electron Transfer Quenching

Irradiation of [(W=CPh)C1l(CO),(tmeda)] by 488 nm light in the presence of methyl-
viologen dichloride (MV2*+) in oxygen-free acetonitrite solution leads to a change
of color from yellow to blue. Changes in the visible absorption spectrum show
that MV' has formed and the neutral carbyne complex has decreased in concentra-
tion. The excited tungsten phenylcarbyne complex is postulated to transfer one
electron to MV2+, generating MV* and [(W=CPh)C1(CO)(tmeda)]*. The tungsten car-
byne complex is not fully regenerated in the slow dark back-reaction. Since popu-
lation of the lowest energy absorption band using 488 nm light induces the charge-
transfer quenching, electron transfer is proposed to be occurring from the emit-
ting excited state. The quantum yield for MV' production is found to be 0.032.

The complex [(W=CPh)C1(CO), (tmeda)] also undergoes reductive quenching with N,N,
N’ ,N"-tetramethyl-p-phenylenediamine (tmpd). Irradiation of the carbyne complex
with 488 nm light in the presence of tmpd in acetonitrile solution generates new
absorptions at 612 and 564 nm corresponding to [tmpd]-t.

Photosubstitution

Irradiation of [(W=CPh)C1(CO),(dppe)] by 488 nm light in the presence of excess
dppe in THF solution under N, leads to formation of a new product which was iden-
tified as [(W=CPh)Cl(dppe),].

[ (W=CPh)C1(CO), (dppe)] + dppe _B¥ , [(W=CPh)Cl(dppe),] + 2CO

The quantum yields for this reaction were shown to exhibit first order dependence
on the concentration of the dppe ligand indicating an associative mechanism of
lignd substitution. Ligand association may be facilitated in the excited state
since transfer of an electron from the tungsten dyy orbital to the n(M=C)* orbital
would make the tungsten center more electrophilic.
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THE PHOTOISOMERIZATION AND PHOTOSUBSTITUTION REACTIONS OF THE RUTHENIUM
CLUSTER HRu3(C0)10(u-C0CH3)

A.E.Friedman and P.C.Ford*

Department of Chemistry, University of California, Santa Barbara, CA 93106, USA

Our recent research has been concerned with using photochemical techniques to
prepare and study reactive organometallic intermediates of the type formed in
active catalytic systems. Described here are the photoreactions of HRu4 (€0) 1 (p-
COCH3), its photoisomerization to form a new carbon-carbon bond from G, precursors,
and its photosubstitution reactivity. This isomerization represents an
unprecedented oxygen to carbon migration of a methyl group on the triruthenium
cluster, a reaction of the type which finds some analogy in the catalytic
isomerization of methyl formate to acetic acid (Pruett, 1982):

PHOTOISOMERIZATION OF HRu3(CO)qq(u-COCH3)

Photolysis (Airr = 313 nm) of a 10'4 M solution of HRu3(CO)1o(p-COCH3) (I) in CO-
saturated cyclohexane led to the electronic spectral changes shown in Fig. 1. The
absorption peak (384 nm e¢ = 6900 nl cm'l) characteristic of the starting cluster,
diminished in intensity, accompanied by rising absorbance at longer wavelength.
Isosbestic points were observed at 358 nm and 436 nm for > 40% reaction. Although
the product infrared spectrum proved virtually identical with that of I,
significant changes in the 1y mr (300 MHz) spectrum were evident. All three
spectral properties (electronic, IR, NMR) are fully consistent with identification
of the product as the p-nz acyl cluster HRu3(C0)1o(p-n2-C(O)CH3) (II). The result
is an overall oxygen-to-carbon migration of the methyl group. (eq 1)

CH
CHs H3

0 hv =313 nm c
(CO)gRU—|——Ru(COly —— (CO)sauﬁ—\———Ru(cou

NC\ / @, \H\ (/ 1)

/
H RU(CO):,’ —'RU(CO)3
¢9) (D

The quantum yield for this isomerization was found to be notably dependent both on
the concentration of CO and on the wavelength of excitation. Although the
resulting optical changes were the same for different X;,.., the quantum yields in
CO saturated cyclohexane ranged from < 107 at 405 nm to 4.9 x 1072 at 313 nm (Fig.
2). Furthermore, the quantum yield varied linearly from 1.2 x 1074 at Peg = 0.0 to
4.9 x 1072 at Pco = 1.0 atm for 313 nm photolysis in cyclohexane. Prolonged
photolysis produces cluster fragmentation in CO-saturated cyclohexane. The
photolysis eventually gives Ru(CO)g5 plus the acetaldehyde. With authentic samples
of HRu3(CO)10(u-n2-C(O)CH3) the latter photoreactiog was studied quantitativly and
a wavelength independent quantum yield of 1.1 x 107~ moles/ einstein was determined
(313 nm irradiation, P,, = 1.0 atm, cyclohexane)
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Figure 1. Electronic spectrial changes
for the photolysis of HRu3(C0)10(p-
COCH3) in cyclohexane Pco = 1 atm, Airr
= 313 nm
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Although additional carbon monoxide is not required by the stoichiometry of Eq. 2
this unusual reaction is promoted by the presence of CO. In earlier studies of the
photolytic fragmentation of the triangular cluster Ru3(CO)12 (Desrosiers, 1986), a
key step in the proposed mechanism was isomerization leading to heterolytic
cleavage of a metal-metal bond with concomitant migration of a terminal CO to a
bridging site. Such a transformation would open up a coordination site for a two
electron donor such as carbon monoxide. In order to test this hypothesis, I was
irradiated at 313 nm in neet THF under a blanket of N,; the quantum yield for
photoisomerization was enhanced by over an order of magnitude compared to the
cyclohexane quantum yield under the same conditions, suggesting that THF as a donor
could also promote this reaction.

Figure 2. Spectrum of HRu3(CO)10(p-
GOCH4) in cyclohexane. Quantum yields
for photoisomerization at 25°C CO-
saturated cyclohexane represented as a
function of irradiation wavelength
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PHOTSUBSTITUTION OF HRu3(C0),qo(u-COCH3)

The photochemistry of HRu3(C0)10(p-COCH3) in the presence of P(OCH3)3 was
investigated to examine, if possible, the photoisomerization with other two
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electron donors. Photolysis (xirr = 313 nm) of HRu3(CO)10(p-COCH3) (10'4 M) with
P(OCH3)3 (0.012 M) in Ny-saturated cyclohexane led to the electronic spectral
changes shown in Fig. 3. The absorption band shifts to longer wavelength
characteristic to phosphite substitution of the cluster. No isosbestic points were
observed, an indication either of secondary photolysis or of nonconsistent
stoichiometry. The analogous thermal reaction was studied by Dalton et al. (1985)
and a pseudo-first order rate constant of 107”7 sec™™ was measured. The products of
the photolysis were isolated and characterized to be the mono- and bis- phosphite
substituted alkylidyne clusters, HRu3(C0)9(p~C0CH3)P(OCH3)3 and HRu3(CO)8(p-
COCH3)(P(OCH3)3)2 with no evidence for alkyl migration. The quantum yield for the
first 10% reaction was determined to be 0.22 moles/einstein. Notably the
wavelength dependence observed for this photolysis was similar to that of the
alkyl-migration; a value of 0.22 was measured at A;,, = 313 and decreased to < 1074
at Ay, = 405 nm. In order to demonstrate that the bis-substituted cluster
HRu3(CO)8(p-COCH3)(P(OCH3)3)2 is formed from secondary photolysis, an authentic
sample of HRu3(C0)9(p-COCH3)P(OCH3)3 was irradiated at 313 nm in the presence of
P(OCH3)3 (0.012 M). The only product formed from this photolysis was the bis-
substituted cluster with a quantum efficiency of 0.1 moles/einstein in N,-saturated
cyclohexane.

Figure 3. Sequential spectra recorded
during the 313 nm photolysis of
HRu3(CO)10(p-COCH3) plus P(OCH3)3
(0.012 M) in cyclohexane solution Pco -
1.0 atm
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Photolysis of HRu3(CO)1O(p-COCH3) (10'4 M) with P(OCH3)3 (0.012 M) in CO-saturated
cyclohexane also yielded only substituted alkylidyne clusters with a quantum yield
of 0.17 moles/einstein. No photoisomerization was noted in the presence of
P(OCH3)3, in spite of the fact the reactivity involves the same excitation. One
explanation is that upon photolysis an excited complex is formed that reacts by two
pathways, one that leads to alkyl-migration while another, more dominant, pathway
is responsible for substitution. A reaction commonly proposed in the
photochemistry of transition metal carbonyls is labilization of carbon monoxide
followed by trapping of the unsaturated intermediate by L. A similar scheme is
proposed here. (Scheme 1)
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Scheme 1

hv, ¢II
HRu3(CO)1((4-COCHg) =--sem-eeoooens > HRu3(C0)q(-COCH3) + CO
HRu3(CO)9(p-COCH3) + S < > HRu3(CO)9(p-COCH3)S

keo
HRu3(C0)g(p-COCH3) + CO  --------ooomoon > HRu4(C0) ;o (u-COCHy)

k

L

HRu3(CO)9(p-COCH3) + L -eeeeeeeeeioo- > HRu3(C0)9(ﬂ-COCH3)L

An analogous mechanism was proposed for the photosubstitution reactions of the
homoleptic trimer Ru3(CO)12. According to scheme 1 the quantum yield should
respond to variation in [L] and [CO] as follows.

B = Bpp e (2)
11
° ko, [CO] + Ky [L]

A plot of & 1 4s [L]-1 should give @ 1 a5 an intercept and k__[CO]/k, as the
s I1 co L

slope. Such treatment of the data for 313 nm photolysis of P(OCH3); solutions (Peo
= 1.0 atm) gave limiting 2 (i.e. QII) of 0.223 and a kco/kL ratio of 4.06 under
these conditions. The ¢s (lim) agrees with the P(OCH3)3 independent values
measured under N2, i.e., 0.22. The value 4.06 for the discrimination ratio
compares to 4.1 measured for the unsaturated complex Ru3(CO)11 (Desrosiers, 1986).

CONCLUDING REMARKS

The photochemistry of the ruthenium trimer HRu3(CO)1O(p-COCH3) leads to
photoisomerization or to photosubstitution products depending on the conditions.
The photoisomerization has no thermal analogue, although Gavens, (1978) attempted
to interconvert HOs3(CO)10(p-COCH3) to HOs3(CO)1o(p-n2-C(O)CH3) at 150°C in
cyclohexane but no reaction occurred. Our own attempts to thermally isomerize
HRu3(CO)10(p-COCH3) at 100°C in cyclohexane also failed to produce the acyl
cluster. This is further evidence that photogenerated reactive intermediates may
induce new reactivity that may not be thermally accessible. Isotopic labelling and
flash photolysis studies are presently under way to further illuminate these
mechanisms.

Acknowledgement: This work was supported by the National Science Foundation.
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MULTIPLE EMISSION FROM (q C5H5(Re(C0)2 (L = A SUBSTITUTED PYRIDINE) COMPLEXES
IN ROOM-TEMPERATURE SOLUTION

M.M.Glezen and A.J.Lees

Department of Chemistry, University Center at Binghamton,
State University of New York, Binghamton, NY 13901, USA

A great deal has been learned about the excited states ana photophysical proper-
ties of organometallic complexes from their emission data in recent years [1]. In
particular, complexes which emit in room-temperature solution yield valuable deac-
tivation rate data under normally efficient photochemical conditions. On-going
research in our laboratory has been concerned with the emission characteristics of
metal carbonyl complexes in fluid solution; several of these systems are now known
to exhibit room-temperature luminescence from low-lying metal to ligand charge-
transfer (MLCT) excited states [2-4]. Recently, dual MLCT emission bands have been
observed from M(CO), (a-diimine) (M = Cr, Mo, W) complexes at room temperature

5 This artlcle reports absorption, emission and excitation data recorded from

CSHS)Re(CO)ZL (L = a substituted pyridine) complexes; the results indicate
unusual multiple luminescence features in room-temperature solution. Emission
results obtained from (n ~CSH5)Re(CO)2L (L = ammonia, piperidine) are also reported.

The (nBPC H )Re(CO) L derivatives, where L = pyridine (py), UY-methylpyridine
(4-Mepy), 3,5~ gichloropyrldine (3,5-C1 py), 4-acetylpyridine (4-Acpy), 3-benzoyl-
pyridine (3-Bzpy), U4-phenylpyridine (N Phpy) and 4-benzoylpyridine (4-Bzpy), were
synthesized by direct photolysis of the parent (nS-C H )Re(CO complex in the
presence of excess ligand, according to a previously publlsheé procedure [71].
Infrared and UV-visible spectra obtained for the product complexes were in good
agreement with literature values. Electronic absorption spectra were recorded on

a Hewlett-Packard 8450A diode-array spectrometer. Emission and excitation spectra
were recorded on a SLM Instruments Model 8000/8000S spectrometer which incorporates
a photon counting detector; these spectra were fully corrected for variations in
instrument response as a function of wavelength. Emission lifetimes were recorded
on a PRA System 3000 single-photon counting apparatus following excitation with the
357 nm line (1 ns pulsewidth) of a nitrogen flashlamp.

Figure 1 depicts the electronic absorption spectra recorded from these com—
plexes in benzene at 20°C; these spectra are dominated by two intense low-lying
bands, prev1ously assigned to MLCT transitions [7]. Absorption data obtained from
the (n°- )Re(CO),L series are shown in Table 1. In accordance with the MLCT
3351gnmen% %he energy of these transitions depend on the electron withdrawing
character of the ligand substituent, following the order 4-Mepy > py > 4-Phpy >
3-Bzpy > 3,5-Cl,py > 4-Bzpy > 4-Acpy. Moreover, these MLCT absorption features
are very solvent sensitive, shifting to higher energies in more polar media, as
demonstrated by the data of (nS-CSHS)Re(CO) (4-Phpy) (see Table 2), [7,81].

Table 1. Electronic absorption data of (n -C )Re(CO)zL complexes in hexane

at 20°C.
L Absorbance max (nm) L Absorbance max (nm)
4-Mepy 381,414 3,5-Cl,py 434,506
py 392,448 4-Bzpy 474,558
4-Phpy 416,478 4-Acpy 478,552
3-Bzpy 404,510

Photochemistry and Photophysics
of Coordination Compounds, Ed. by H. Yersin/A. Vogler
© Springer-Verlag Berlin - Heidelberg 1987



222

ABSORBANCE

0 1 i L 1
300 400 500 600 700 800
WAVELENGTH, nm

Figure 1. Electronic absorption spectra of (n -C )Re(CO)2L (L = 4-Phpy and
4-Bzpy) in benzene at 20°C.

Table 2. Absorption and emission spectral data of (n -C HS)Re(CO) (4-Pnhpy) in
various solvents at 20°C,

Solvent Absorbance max (nm) Emission max (nm)@
hexane 416, 478 b
benzene 404, 458(sh) 506, 695
chloroform 390, 446(sh) 504(sh), 680
methylene chloride 386, U440(sh) ug9y, 675

@Emission spectra were corrected for variations in instrumental response
as a function of wavelength. The excitation wavelength is 370 nm.
Emission weakly observed in the 500-800 nm region.

Emission and excitation spectra obtained from the (nS—CSH )Re(CO)zL (L = 4-Phpy
and 4-Bzpy) complexes are shown in Fig. 2 and the emission data for the 4-Phpy com-
plex are summarized in Table 2. Each complex exhibits two broad emission features
in room-temperature solution. The lower energy emission band is dependent on both
the nature of substituent and solvent (see Tables 2 and 3) and, consequently, is
assigned as a MLCT transition. Excitation spectra were not obtained from the lower
energy emission bands of each complex. The emission and excitation data obtained
from the higher energy component indicate that this state may also be assigned as
a MLCT band, but it appears to be heavily mixed with intraligand (IL) character.
For example, in the case of (n -C H Re(CO) (4-Bzpy) complex the upper emission
band exhibits structure resembllng that of the free ligand (see Fig. 2). Further-
more, this emission band is unusually high in energy to be associated with the MLCT
absorption, and the excitation spectrum provides further evidence that it originates
from a state at higher energy. We were unable to observe room-temperature emission
from the free 4-Phpy ligand and thus make a comparison of its emission and excita-
tion spectra with those of the complex, however, it is noticeable that the excita-
tion spectra recorded from the 4-Phpy and 4-Bzpy complexes are quite similar.
Moreover, excitation spectra for either complex were observed to be solvent inde-
pendent consistent with a IL contribution. Previously, multiple emission features
involving MLCT and IL excited states have been observed from rhenium carbonyl
complexes, but only in a low-temperature glass environment [9,10].
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Table 3. Emission data of (n5 C )Re(CO)zL (L = 4-Phpy and 4-Bzpy) in deoxygenated
benzene at 20°C.2
high-energy band low-energy band
L Amax (MM 0(x 107H® 1 (ns)®  a_ (am) e(x 107HP ¢ (ns)®
4-Phpy 506 25.2 13 695 8.4 4s
4-Bzpy 495 8.51 25 655 3.28 155

2Emission spectra were corrected for variations in instrumental response as a
function of wavelength. The excitation wavelength is 370 nm, unless otherwise

stated.

Absolute quantum yield data; measured relative to that of Ru(bpy) * (ref. 11).
®Determined following excitation at 357 nm.

Figure 2.
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Corrected excitation and emission spectra of (n5-C H:-)Re(CO),L (L = U4~
Phpy and 4-Bzpy) complexes in deoxygenated benzene at 20°C. Emission
spectra were recorded with an excitation wavelength of 370 nm; excitation
spectra were recorded at 506 nm (L = 4-Phpy) and 495 nm (L = 4-Bzpy),
respectively. Corrected excitation and emission features of the free 4~
Bzpy ligand (---) are also shown.
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The closely related (nS-CSHS)Re(CO)L complexes, where L = NH, and pip (pip =
piperidine), exhibit a single emission band in deoxygenated room—éemperature benz-
ene with maxima at 424 nm and 440 nm, respectively. Excitation spectra indicate
that these emission bands are associated with the lowest lying excited states of
these complexes. In the absence of a low-lying m¥-acceptor orbital (as in these
NH, and pip derivatives) a LF excited state is attributed to be at lowest energy,
al%hough M(dw)»(w*¥)CO and M(dm)>(m*)C H5 transitions are thought to be close in
energy and may contribute substantia?ly to the excited state character [12-114].
Emission lifetimes were observed to be shorter than 1 ns for each complex, consis-
tent with an excited state that contains LF character which can deactivatz rapidly
in room-temperature solution via efficient nonradiative processes. The photophysi-
cal characteristics of these systems are currently being further investigated.
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PHOTOCHEMICALLY INDUCED C-C-BOND FORMATION IN THE COORDINATION SPHERE
OF TRANSITION METALS

C.G.Kreiter and K.Lehr

Fachbereich Chemie der Universitdt Kaiserslautern, 6750 Kaiserslautern, FRG

Unsaturated hydrocarbons alter their reactivity fundamentally,
when coordinated to transition metals and offer interesting
possibilities for the organic synthesis. Nevertheless, the synthetic
potential of readily available hydrocarbon complexes is far from being
thoroughly investigated and used. A promising type of reactions is the
photochemically induced C-C-bond formation between complexed and free

hydrocarbons in the coordination sphere of transition metals.

We have shown several years ago, that +tricarbonyl-n6-1,3,5-
cycloheptatriene-chromium(0) reacts with acyclic, conjugated dienes
upon irradiation in a smooth (4 + 6]-cycloaddition, forming n6-bi-

cyclo{4.4.1]}undeca-2,4,8-triene-tricarbonyl-chromium(0) complexes 1.

hy ~
(CONMCr (COWCr

This reaction principle is limited however. Other complexes,
related to [Cr(CO)3a(n6-C7He )], and cyclic dienes show a different
behaviour. 1,3-Cyclopentadiene or 1,3,5,7-cyclooctatetraene substitute
the né-1,3,5-cycloheptatriene 1ligand photochemically. [Cr(CO)2(n5-
CsHs )(n3-CsH7)] and [Cr(CO)3(n8-CsHs )], respectively are formed in
high yields. With spiro[4.4]lnona-1,3-diene not the expected [6+4]-
cycloadduct, but a [6+2]-cycloadduct is formed with an uneffected
spiro system 2. 1,3-Cyclohexadiene yields tricarbonyl-n4:2-tricyclo-
[6.3.2.02,7 Jtrideca-3,5,9-triene-chromium(0). After a [4+2]-cycloaddi-
tion +to the n&-1,3,5-cycloheptatriene ligand, metal assisted 1,5-H

shifts complete the reaction 2.

Tricarbonyl-n6-1,3,5-cyclooctatriene-chromium(0) or tricarbonyl-

ne-1,3,5,7-cyclooctatetraene-chromium(0) do not react with dienes
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photochemically at all. In [Mo(CO)3(n6-C7Hs)] and [W(CO)3(n€-C7Hs)],
the homologue complexes to [Cr(CO)3(n€-C7Hs)]}, conjugated dienes
substitute photochemically the 1,3,5-cycloheptatriene ligand.

Only complexes very closely related to [Cr(CO)3(n6-C7Hs)], like
tricarbonyl-né-8,8-dimethylheptafulvene-chromium(0) 3, hexacarbonyl-
né: 6 ~heptafulvalene-dichromium(0), and hexacarbonyl-n6: 6 -bi(2,4,6-
cycloheptatrien-1-yl)dichromium(0) 4 show also [6+4]-cycloadditions

with conjugated dienes 5 - 8.

Unexpectedly, tricarbonyl-né-8,8-dimethylheptafulvene-chromium(0)
forms with 2,3-dimethyl-1,3-butadiene the dicarbonyl complex [Cr(CO)2-

(n8:5-C14H16(CH3)2)], which at ambient conditions adds carbon monoxide
5, 6.

[Cr(CO)3(n&~CitoH12)] + CaHa(CH3)3 —>
[Cr(CO)2(n3:5-C14H16(CH3)2)] + CO

[Cr(CO)2(n3:5-C14H16 (CH3)2)] + CO ~—>
[Cr(CO)3 (n6-Ci14H16(CH3)2)]

The formation of [Cr(CO)2(n3:5-Ci4H1e6(CH3)2)] and its smooth
reaction with carbon monoxide sheds some light on the mechanism of the
[6+4]-cycloaddition in the coordination sphere of chromium. Obviously,
the photoreaction proceeds stepwise. First, the diene is coordinated
to an activated complex and forms tricarbonyl-n4-8,8-dimethylheptaful-
vene-n2 -diene-chromium(0). CC bond formation between Cl of the n4-8,8-
dimethylheptafulvene and Cl1 of the n2-diene ligands produces the n(5-
n):(l+n)-1-(butene-1,2-diyl)-7-isopropylidenecycloheptadienyl ligand
(n =0, 2, 4). Different kinds of coordination have to be considered
for this ligand in the intermediate. In most cases the intermediate
immediately forms a second CC bond and yields the [6+4])-cycloadduct.
Only intermediates of moderate stability like [Cr(CO)3(n3:3-
Ci14H16(CH3)2)] loose CO wunder photochemical conditions, and form
[Cr(CO)2(n3:5-C14H16 (CH3)2)] 5, 6,

A new type of cycloaddition between simple, unsaturated hydro-
carbons in the coordination sphere of a transition metal was found by
incident. We have shown, that decacarbonyl-dimanganese(0) reacts pho-
tochemically at 253 K with 1,3-butadiene in n-hexane solution in an
quite wunusual way. After a short time of irradiation pu-n3:1-2-butene-

l1-diyl-enneacarbonyl-dimanganese is the predominating reaction product
9, 10
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[Mnz (CO)10] + Ca4He ——> [Mn2(CO)s(u-n3:1-CaHs)] + CO

The formation of [Mn2(CO)s (u-n3:1-C4He )] can be rationalized by a
stepwise attack of [Mn(CO)s-] radicals to Cl and C4 of 1,3-butadiene
to vyield the intermediate {[(CO)5MnC4HeMn(CO)s1]l}, which looses, like
other carbonyl-nl-enyl complexes CO and yields [(CO)aMn(u-n3:1-CaHs4-
CHz YMn(CO)s].

When the photoreaction of decacarbonyl-dimanganese(0) is conduc-
ted with conjugated dienes, containing a chain of five or more carbon
atoms, the reaction products differ substantially from those of the
reaction with 1,3-butadiene. With E—,\ and Z-1,3-pentadiene the main
reaction leads to mononuclear n3-E-pentadienyl, and n3-pentenyl tet-
racarbonyl-manganese complexes. In a kind of disproportionation hydro-

gen is transferred between two diene molecules 11, 12,

v -
Mn (CO)‘]O £ Mn ( O) (CO) Mn (C0)4|'|“
2 M ( 4 4

The reactions of [Mn2(CO)10] with 1,3-pentadiene and its deriva-
tives are easily understood, when intermediates, corresponding to
[Mn2 (CO)s (mu-n3:1-C4He )] are assumed. A hypothetical [Mnz2(CO)s(n3:1-
CsHs )] should be instable, with respect to a B-elimination, by which
[Mn(CO)4 (n3-C5H7 )] and pentacarbonyl-hydrido-manganese are formed.

[Mn2 (CO)10] + CsHs ~—> {[Mn2(CO)s(n3:1-CsHs )]} + CO
{[Mn2 (CO)s(n3:1-Cs5H8 )]} ~> [Mn(CO)a(n3-CsH7)] + [Mn(CO)sH]

In a further step, [Mn(CO)sH] reacts photochemically with free
diene under loss of CO to [Mn(CO)a(n3-CsHs)]J.

{Mn(CO)5H] + CsHs ——> [Mn(CO)4 (n3-CsHs )] + CO

When E,E-2,4-hexadiene or 2,4-dimethyl-1,3-pentadiene are used
instead of 1,3-butadiene in the reaction with [Mn2(CO)i10]}, tricarbo-
nyl-manganese complexes were obtained as by-products with hydrocarbon

ligands consisting from two diene molecules with one hydrogen less.
% [Mn2(CO)10] + 2 CeHio ~——> [Mn(CO)3(Ci12H19)] + 2 CO + {H}

% [Mn2(CO)10] + 2 CrHiz2 ———> [Mn(CO)a(Ci4H23)] + 2 CO + {H}
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An X-ray diffraction study of [Mn(CO)3(Ci4Hz3)] shows the pre-
sence of an n3%:2-1,3,5,5,7-pentamethyl-2,6-cyclononadien-1-yl1 ligand
in this complex 13, 14,  Similarily, an n3:2-4,5,8-trimethyl-2,6-cyclo-
nonadien-1-yl ligand was prooven by the 1H NMR spectrum for
[Mn(CO)3(CizHi9)]. The substitution patterns of both n3:2-2 6~-cyclo-
nonadien-1-yl ligands suggest a formal (5 + 4] cycloadditon of the
dienes to n5-2,4-hexadien-1-yl, and n5-2,4-dimethyl-2,4-pentadien-1-yl
tricarbonyl manganese complexes, respectively. Such complexes are
readily formed from tetracarbonyl-n3-E-2,4-pentadien-l-yl-manganese

and related complexes on warﬁing to 60 °C.

It 1is reasonable to assume, that a certain amount of [Mn(CO)4 (n3-
E-2,4-hexadien-1-y1)], and [Mn(CO)4(n3-E-2,4-dimethyl-2,4-pentadien-1-
vl)] looses already during the irradiation CO. The hereby formed
methyl substituted [Mn(CO)3(n5-2,5-pentadien-1-yl)] complexes, may
react further with the excess of the dienes to the methyl substituted
[Mn(CO)3 (n3: 2-2,6-cyclononadien-1-yl)] complexes.

In order to proove this hypothesis, we irradiated [Mn(CO)a (ns-
2,5-pentadien-1-yl)] and 1,3-butadiene with UV-light. In a fast, for-
mal [5 + 4] cycloaddition, the simple [Mn(CO)3 (n3:2-2,6-cyclononadien-
1-y1)] is formed good yield.

7/, /

(CO)3Mn (CO)3M‘I:l

Again the question has to be answered, whether this reaction is
generally applicable also to other dienes and other [Mn(CO)3 (n5-dien-
vl)] complexes. With E-1,5-pentadiene, [Mn(CO)3(n5-Cs5H7)] reacts in a
quite smoth reaction similarily. In contrast, Z-1,5-pentadiene reacts

only when benzene is present in the reaction mixture as a catalyst.

In the first case [Mn(CO)3(n3:2-exo0-5-methyl-2,6-cyclononadien-1-

v1)], in the second case the corresponding endo isomer is obtained.

A further system, we have investigated, is [Mn(CO)3 (n5-cyclohexa-
dienyl)]. With 1,3-butadiene, the only product is the chelate complex
[Mn(CO)2(n4: 3-1-(3-buten-1,2-diyl)-2,4-cyclohexadiene)]. 2-Methyl-1,3-
butadiene yields a mixture of [Mn(CO)3(n3:2-3-methyl-bicyclo{4.3.1]-
nona-3,8-dien-7-yl)) and ([Mn(CO)2(n4:3-1-(3-methyl-3-buten-1,2-diyl)-
2,4-cyclohexadiene)]. Interstingly, the ratio between these two

complexes varies with the reaction temperature. Low temperature



229

favours the formation of the Mn(CO)2z complex. At room temperature pre-
dominantly the Mn(CO)s complex is obtained. 2,3-Dimethyl-1,3-butadiene
adds cleanly to ([Mn(CO)3(n5-cyclohexadienyl)] and [Mn(CO)3(n3 2-3,4-
dimethyl-bicyclo[4.3.1]nona-3,8-dien-7-y1)] is obtained.

©-> -
+ —
e /

n

(C0)3M jMn(CO)g + CO

[Mn(CO)3 (n5-CeH7)] + i-CsHs ~——> [Mn(CO)3{(n3:2-CHaCoeHi12)]
[Mn(CO)2(n4:3-Ci1H15)] + CO

[Mn(CO)3 (n5-CeH7 )] + (CH3)2C4Hs —>
[Mn(CO)3(n3: 2-(CH3 )2CsH11)]

These reactions show clearly, that it is possible to build photo-
chemically bicyclo[4.3.1]nonane systems at manganese. There are good
chances, to extend the reaction principle to systems distinctly dif-

ferent from the parent Mn(CO)3a (n5-pentadienyl) complex.

There are also some informations about the mechanism of the reac-
tion available. In a first step, photochemically a coordinatively un-
saturated {[Mn(CO)3(n3-dienyl)]} intermediate 1is formed, which reacts
with dienes to {[Mn(CO)3(n3-dienyl)(n2-diene)]}. Formation of one C-C
bond between the n3-dienyl and n2-diene ligands yields unstable
{[Mn(CO)3(n4:1-1-(endiyl)-2,4-diene)]} or {[Mn(CO)3(n2:3-1-(endiyl)-
2,4-diene)]}. Formation of a second C-C bond leads to [Mn(CO)3(n3:2-
2,8-cyclononadien-1-yl1)], photochemically induced CO loss to [Mn(CO)2-
(n4:3-1-(endiyl)-2,4-diene)].

[Mn(CO)3 (n5-dienyl)] —> {[Mn(CO)3(n3-dienyl)]}

{[Mn(CO)3s (n3-dienyl)]} + diene —>
{[{Mn(CO)3 (n3-dienyl)(n2-diene]}

{[Mn(CO)3 (n3-dienyl)(n2-diene]} ——>
{[Mn(CO)3a(n4:1-(endiyl)diene)]}

{[Mn(CO)3 (n4: 1 -(endiyl)diene)]} —>
[Mn(CO)3 (n3:2-2,6-cyclononadien-1-yl)]
[Mn(CO)2 (n4:3-(endiyl)diene)] + CO
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TRIPLET QUENCHING BY METAL CARBONYLS

M.Xucharska-Zon and A.J.Po@

The Department of Chemistry and Erindale College, University of Toronto,
Mississauga, Ontario, L5L 1C6, CANADA

The quenching of triplet states by organometallic compounds is well
established though not widely studied. Vogler (1970, 1975) reported
benzophenone-photosensitized substitution reactions of M(CO)6 (M =

Cr, Mo, W) in benzene. It was postulated that triplet energy was
transferred to the metal carbonyl, leading to CO dissociation.
Ferrocene quenches triplet states of many organic molecules in
benzene (Fry, 1966; Kikuchi, 1974; Farmilo, 1975) and it was
concluded (Farmilo, 1975) that triplet energy transfer occurs to a
distorted excited state of ferrocene. Traverso et al. (1978) showed
that M(q—05H5)2 (M = Fe, Ru, 0Os) quench triplet uranyl ion in acetone

by electron transfer as do several mononuclear carbonyls and one
dinuclear one, an(CO)10 (Sostero, 1979). It has also been shown

(Fox, 1982) that triplet biacetyl, BA, is quenched by an(CO)lo in
CCl4 and that this sensitizes the an(CO)10 towards reaction with
CCl4 to form Mn(CO)SCI. The simplest explanation is that triplet

energy transfer leads to homolysis of the Mn-Mn bond and reaction of
the Mn(CO)5 radicals with the solvent. Re2(00)10 did not quench BA

but Rez(CO)B(PPh3)2
Re(CO)4(PPh3)Cl. We report here data for phosphorescence quenching

did and was sensitized to formation of

of BA by a wide range of metal carbonyls, and a few examples of
triplet benzil, BZ, quenching.

RESULTS

Phosphorescence intensities showed good agreement with Stern-Volmer

kinetics. Values of kq for BA in benzene are given in Table 1

tocgether with values for the triplet energies, E(T), of the quenchers

estimated by means of equ. (1) (Herkstroeter, 1966; Sandros, 1964)
kq = km/{l + exp. J4E(T)/RT} (1)

where 4E(T) is a measure of the extent to which the triplet energy of
the quencher exceeds that of BA (19 700 cm‘l), and km is the maximum

rate constant for triplet energy transfer taken as 1 x 1010 M_ls_l.
This is close to the highest value of kq observed here but lower than

the 1.6 x 1010 M"]‘s-1 for a diffusion controlled rate constant
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Table 1. Values of kqg and E(T) for Quenching of Biacetyl by Metal

Carbonyls in Benzene at ca. 23°C

Complex kq, les—l E(‘I‘),Ecm_1
(n-CgHy) ,Fe, (CO), 9.9 x 10° 18 760
0s4(C0) g(PPhy) 9.4 x 10° 19 139
(n=CgHg) yMo, (CO) ¢ 6.2 x 107 19 600
Rug(C0) |, 5.8 x 10° 19 630
€0,(C0) |, 5.8 x 109 19 630
C0,(C0) g(dppm) ,° 4.9 x 109 19 690
Mn, (CO) |, 3.4 x 10° 19 840
Mn, (CO) g(P-n-Buy),2 2.6 x 10° 19 910
Mn, (CO) g (PPhy) 9 1.7 x 109 20 030
Mn, (CO) g{P(CgHy)g},% 1.5 x 10° 20,060
Re, (C0)g(PPhy) ¢ 3.0 x 10° 20 407
0s4(C0) |, 1.9 x 108 20 500
Re, (CO)g{P(Cgli;)q)l,% 1.2 x 108 20 596
Re, (C0) |, ca. 5 x 10° 21 254
Mo(CO) ca. 4 x 10° 21 740

2 Estimated from the gradients, qu, of the Stern-Volmer plots and 7
obtained by the method of Jones et al. (1980) based on data of Turro
et al. (1980); b estimated from equ. (1) with A4E(T) = E(T)

1 ¢

- 19 700 cm ~; = dppm = Ph2PCH2PPh2;

d bis axial complexes.
in benzene (Wagner, 1968). Some values of kq for quenching of BZ are

given in Table 2.

DISCUSSION

The values of E(T) given in Table 1 are likely to be lower limits
since values of kq are frequently found not to fall off with 4E(T) as

rapidly as predicted by equ.(1). This has been explained in terms of
formation of geometrically distorted triplet states (Farmilo, 1975)
or of thermal excitation of ground states (Engel, 1983) of the
quenchers. Beach et al. (1968) assigned the lowest triplet state of

Mo(CO)6 an excitation energy of ca. 30 000 cm_1 rather than the
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Table 2. Values of kqE and E(T) for Quenching of Benzil by Some
Metal Carbonyls in Benzene

-1 -1 1

Complex ko (B2), M 's E(T),2cm” k(BZ)/k (BZ) ) 4°
Mn, (CO) ), 1.06 x 10° 19 430 6.6
Co,(CO) g(dppm), 1.25 x 10° 18 810 54
0s4(C0) |, 6.3 x 10" 19 530 102
Re, (C0) g(PPhy), 1.4 x 108 19 370 136
Re,(CO)g{P(CgH ) gl, 2.1 x 10° 19 290 528

2 Estimated using 7 = 80 us (Flamigni, 1983); b estimated from equ.

. _ _ -1, c .
(1) with 4E(T) E(T) 18 500 cm kq(BZ)Calcd is the value of kq
for BZ quenching calculated relative to that for BA quenching by use

of equ. (1).

21 740 cm ! derived here.

Another way of quantifying this effect is to compare the decrease of
values of kq with increasing values of 4E(T) as indicated by studies

with sensitizers of decreasing E(T). We have values of kq for a few
metal carbonyls with BZ (Table 2). For all but one carbonyl kq for
BZ quenching is less than that for BA quenching as expected from the

1 200 cm_1 lower excitation of triplet BZ. However, the ratio
kq(BZ)/kq(BA) is dependent on the nature of the carbonyl and, in one

case it is actually greater than unity. Not only must this mean that
deviations from equ. (1) are dependent on the nature of the quencher,
which is not surprising in view of different possible distortions of
excited states, but it must also mean that the deviations are
different for different donors. This suggests the existence of
rather specific effects on the energy transfer process which require
further exploration.

The assumption of triplet energy transfer and not electron transfer
is supported by the absence of clear correlations with redox
potentials of the carbonyls. The effect of P-donor substituents on
the values of kq for Mn2(00)8L2 is very small whereas such

substitution is known generally to have a very large effect on redox
potentials (Arewgoda, 1982). The trends shown in Table 1 are quite
pronounced. The only mononuclear carbonyl is very inefficient
compared with all the multi-nuclear ones. The quenching efficiency
of the multinuclear carbonyls decreases rapidly as the metal changes
from the first to the second and third transition metal periods. The
effect of P-donor substituents is quite small (and very slightly
retarding) for carbonyls of the first row but substantially
accelerating for third row carbonyls. Both cyclopentadienyl metal
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carbonyls are very efficient quenchers. It will be interesting to
see how these results correlate with triplet excitation energies of
such complexes when they are obtained. It also remains to

investigate the extent to which the quenching process sensititizes
reactions of these carbonyls.
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PHOTOEXCITATION OF W(CO)g SOLUTIONS CONTAINING o-DIIMINE LIGANDS.
KINETICS AND MECHANISM OF CHELATION FOR A SERIES OF PHOTOPRODUCED
W(C0)5(G-DIIMINE) INTERMEDIATES

A.J.Lees, M.J.Schadt, and L.Chan

Department of Chemistry, University Center at Binghamton,
State University of New York, Binghamton, NY 13901, USA

Relatively little is presently known about the identity, structure, and reac-
tivity of reaction intermediates in ligand photosubstitution processes of organo-
metallic complexes. Direct spectral characterization of these intermediates and
quantitative measurements of their reactivity have rarely been reported [1,2]. Re-
cently, we have investigated the nature of reaction intermediates formed following
photoexcitation of W(CO)g solutions that contain an a-diimine ligand [3-5]. Spectral
evidence has been obtained for a reaction intermediate of the type, W(CO) L, where
the normally bidentate a-diimine ligand is coordinated in a monodentate fashion.
This article reports observed kinetic data and mechanistic behavior for the ring
closure reaction of W(CO):L, where L is a series of a-diimine ligands. The a-
diimines studied are 1,10-phenanthroline (phen), 2,2'-bipyridine (bpy), 1,4-diaza-
butadiene (dab), and 2-pyridinal-imine (py-im), or a derivative of these ligands.

phen bpy
H H
< c—cl
c —
> V.
<::L NN—r RemN <§bN__R
py-im dab

A typical experiment consisted of c.a. 2 s irradiation with the 313 nm line of a
200 W Hg lamp of 5 x 107" M W(CO)g and 1 x 1072 M o-diimine in deoxygenated benzene.
Approximately 1 x 10 ° M W(CO)6 undergoes photodissociation during this excitation;
this value has been estimated by determining the incident light intensity using
Ferrioxalate actinometry [6] and the quantum efficiency of w(CO)6 [7]. The amount
of photodissociation was determined accurately from the amount of W(CO)HL complex
produced at the end of the kinetic experiment. Electronic absorption spectra were
obtained throughout the reaction of W(CO)SL on a microprocessor-controlled diode-
array Hewlett-Packard 8450A spectrometer.” The rapid acquisition facilities of this
equipment permitted spectra to be recorded within 2 s following photoexcitation.
The shortest acquisition time and time intervals between subsequent spectral read-
ings possible on this apparatus are 0.5 s and 1 s, respectively.

Figure 1 depicts the spectral sequence at 2950 following photoexcitation of
W(CO)6 in deoxygenated benzene containing 1 x 10 M bpy. The initial spectrum
was recorded rapidly (c.a. 2 s) following photolysis and subsequent spectra were
acquired every 15 s thereafter. The formation of W(CO)y(bpy) product was recorded
by the growth of its characteristic intense metal to ligand charge-transfer (MLCT)
absorption centered at 514 nm. Sharp isosbestic points observed at 397 nm and 424
nm indicate that this thermal process apparently proceeds without interference
from side or subsequent reactions.
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Figure 1. UV-visible spectral sequence recorded at 20°C following c.a. 2 s irradi-
ation of a deoxygenated solution of 5 x 10-u M W(CO)6 and 1 x 100° M bpy
in benzene: curve O, initial spectrum recorded within 2 s after excita-
tion; curves 1-8, spectra at subsequent 15 s intervals.

Figure 2 illustrates the difference UV-visible spectrum obtained by subtracting
the absorption data of the unphotolyzed solution from that of the initial spectrum
(curve O in Fig. 1). The spectral features of this difference spectrum are typical
of those observed from a number of W(CO):L complexes [8,9], as evidenced by the
comparison with W(CO)g(2-Phpy) (2-Phpy = 2-phenylpyridine). Thus, the initially
formed intermediate is assigned to a w(CO)S(bpy) species where the normally biden-
tate bpy ligand is coordinated in a monodentate manner. Importantly, a monodentate
W(CO):L intermediate was not observed when L = phen, in accordance with the rigid
coplanar nature of this a-diimine ligand.

0.4

o
W

ABSORBANCE
o

[e2]

350 450 . 650 650 750
WAVELENGTH, nm

Figure 2. UV-visible difference spectrum (—) obtained by substracting spectral
data of unphotolyzed solution from curve O in Fig. 1. For comparison
the spectral features (---) of W(CO)S(Z-Phpy) are included; absorption
is scaled arbitrarily to make maxima equal.
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Reactions 1-3 are consistent with the experimental observations.

W(C0)g vy W(CO)s + CO (1)
b
A,fast .
W(C0)s5 ———— 3 W(CO)g(a-dimmine) (2)
a-diimine
W(CO)5(a-diimine) “rKobs | W(CO),(a-diimine) + CO (3

Reaction rates have been determined for the ring closure reaction by monitoring
the growth of the long-wavelength MLCT absorption of the corresponding W(CO)yL prod-
uct. In each case the reactions were observed to be first order and 1ndependent of
ligand concentration over a 1 x 10 3. 1 x 10 -2 M range. Determined rates and acti-
vation parameters for the phen, bpy, dab and py-im complexes are listed in Table 1.

Table 1. First-order rate constants at 20°C and derived activation energy parameters
for the reaction of W(CO)SL to form w(CO)uL and CO.

AH* AS*
Ligand (L) Kobs (s™h (keal mol™ 1) (cal K1 mo1™ ")

phen >0.42

bpy 3.86 x 1072 19.2 0.5

u '~ (CyHg) p=bbY 1.58 x 10:5 17.0 -8.6

'~ (CyHg)5-dab 1.05 x 107 19.1 -12.4

- (C5H,)5-dab 1.79 x 1072 20.9 -8.9

py (C6H5) in 1.97 x 1073 10.9 -33.5

py- (CyHg)-im 1.50 x 107° 19.6 -13.6

8This value represents a lower limit as w(CO)5L intermediate was not observed.

The measured rate data illustrate a dependence on ligand class (phen > bpy >
dab); this is interpreted in terms of steric constraints for the a-diimine coordin-
ation (see Fig. 3). When L = phen the nitrogen atoms are held coplanar and this
results in a rapid ring closure mechanism following initial coordination. In con-
trast, the chelation of W(CO).L complexes, where L = bpy or a dab derivative, is
much slower. Theoretical ang experimental studies on the conformation of the bpy
and dab ligands have concluded that they exist in an approximately s-trans configu-
ration in condensed phases [10-16]. Thus, these ligands must rotate about the
central carbon-carbon bond to effect bidentate coordination; it has been estimated
that the energy for the rotation is about 5 - 7 kcal mol”! for either of these
ligands [16,17].

O o .
¢ H

- oy

= = N0 0;71\/1——— NO)  oe—=M=—N

R\
N

[of [
6] [0}

o0

Figure 3. Stereochemistry of w(CO)SL derivatives (L = phen, bpy, and dab).



238

Therefore, although the W(CO).L complexes containing dab ligands undergo ring closure
much more slowly than the anaiogous bpy species, these large differences in rate data
are not thought to be due to differences in the rotational energy barrier. Rather,
it is more likely that these rate differences arise because of the varying interac-
tions of the B-CH group in these ligands. Referring to Fig. 3 it can be seen that
when L = bpy the B~CH group will interact substantially with the metal center and the
carbonyl ligands, resulting in substantial electronic repulsion. This will tend to
assist the twisting mechanism about the ligand C2-C2’ bond that is required to
achieve the cis-chelation geometry. When L = dab, the B-CH group is considerably
less crowded and the W(CO)-(dab) intermediate is much longer lived. In this connec-
tion, it is notable that monodentate dab complexes have been isolated with other
transition-metal centers [17], but there are no reports of the analogous bpy com—
plexes being stable.

Determined activation parameters (see Table 1) indicate that the ring closure
reaction is enthalpy-controlled. For each of these ligand classes the rates of
chelation are substantially greater than those previously reported for thermal sub-
stitution of either L or CO in M(CO)SL complexes, in which the entering species is
an amine, phosphine, or arsenide ligand [18-20]. The more rapid chelation processes
is attributed to a large contribution to the CO extrusion reaction by the associat-~
ing ligand when it is already coordinated in a monodentate fashion.

The py-R-im ligands, perhaps not surprising, chelate at rates between the bpy
and dab ligands. Importantly, a single rate constant is observed for each of these
reactions and, therefore, only one chelation process is apparently involved in the
mechanism [5]. However, the kinetic and activation energy data obtained depend
substantially on the ligand substituent and relate closely to the steric hindrance
about the aliphatic nitrogen atom. The data imply that the pyridine nitrogen atom
initially scavenges the photoproduced W(CO). species and that subsequent ring
closure involves coordination by the free aliphatic nitrogen atom. Thus, when R =
Ph chelation occurs much more rapidly than for the bulky R = tert-Bu. The derived
activation energy parameters implicate that there are varying degrees of associa-
tive components in the transition states of the ring closure mechanism for these
py-im ligands.
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KINETICS AND MECHANISM OF C-H ACTIVATION FOLLOWING PHOTOEXCITATION OF
(P°-C5Hg)Ir(CO), IN HYDROCARBON SOLUTIONS

D.E.Marx and A.J.Lees

Department of Chemistry, University Center at Binghamton,
State University of New York, Binghamton, NY 13901, USA

The homogeneous catalytic activation of carbon-hydrogen bonds using transition
metal complexes has been a challenging goal for organometallic chemists in the past
few years. This process is of fundamental importance to the petrochemical industry,
and has attracted considerable attention [1-7]. The activation of the C-H bonds of
aromatics and saturated hydrocarbons is of particular interest because these are an
abundant source of organic compounds but are normall 5y inert due to their high C-H
bond energies. Recently, it has been shown that (n CSHS)M(PMe3)H2 (M = Rh, Ir)
[8,9] and (nS-CSR )Ir(CO), (R = H, Me) [10,11] undergo stoichiometric oxidative
addition to the C-H bonds of benzene and alkanes under relatively mild photo-
chemical conditions. This paper reports steady-state photolysis, quantum yield,
and kinetic data for the C-H bond activation of a variety of hydrocarbon solvents
by the photoexcited (nS-C5H5)Ir‘(C0)2 complex.

The synthesis of (n5—C H5)Ir'(CO)2 was performed according to that previously
described, with minor modification [12]. All solvents were used as spectroscopic
grade without further purification. Steady-state photolyses were carried out with
the 366 line of an Ealing 200W medium pressure Hg lamp. The (n -C5H5)Ir(CO)2
solutions were deoxygenated prior to the photolysis by purging for at least 15 min
with purified nitrogen. Electronic absorption spectra were recorded in the dark on
a microprocessor-controlled diode-array Hewlett-Packard 8450A UV-visible spectro-
photometer. Infrared spectra were recorded on a Perkin-Elmer 283B spectrometer.
The samples were recorded as solutions in a NaCl cell of 1 mm pathlength. Trans-
ient absorption spectra were obtained following excitation with the third harmonic
of a Korad Nd glass laser (353 nm, 20 ns pulsewidth) [13,14].

Figure 1 illustrates the electronic absorption spectral sequence observed
following 366 nm excitation of 2.2 x 1073 M (n -CSHS)IP(CO)E in deoxygenated
benzene at 20°C. The conversion to product apparently occurs without interference
from secondary photochemical or thermal processes, as evidenced by the clean spec-
tral progression. IR spectral changes were recorded durlng thls photolysis and are
consistent with conversion of (n —C Hc)Ir(CO), [2040(5) em | colr _1972(s) em”
(vgp)] to (n2-CgHg)Ir(CO)(H)(CgHy) T2800) on ! (vypgp)s 2003(5) em ! (ve)l, as
previously reported [10,11].

The quantum yield (¢) for this reaction has been calculated to be 3.0(+0.3) x
10_2 in neat benzene. Table 1 lists quantum yield values determined for several
solvents; the magnitudes of these yields reflect the relative selectivity of this
photoexcited complex for the intermolecular activation of hydrocarbon C-H bonds.
Recently, Janowicz and Bergman [8] have, from a series of competitive experiments,
determined a relative rate of U:1 for benzene:cyclohexane C-H activation following
irradiation of (nS-CSMe )Ir(PMe (H) and Graham et al. [10] have reported a 2.5:1
ratio for benzene: cyclohexane C%iactlvatlon from the products formed following
photoexcitation of (n —C5Me5) Ir(CO)Z. The quantum yield data of Table 1 indicates
that the aromatic hydrocarbons are activated more efficiently than the aliphatic
molecules; thus the C-H bond activation may be facilitated by a wm-interaction.
Moreover, the exceptionally low value obtained for isooctane implies that steric
factors could also be important in the C-H bond activation mechanism.
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Figure 1. Electronic absorption changes accompanying the 366 nm photolysis (time
intervals in h) of 2.2 x 10 3 (n ~C5H5)Ir(CO)2 in Nz‘purged benzene at
20°C.

Table 1. Quantum yields (¢) for the reaction of (nS—CSHS)Ir(CO)2 to (n55C5H5)Ir-
(CO)(H)(R) products in various Nz-purged hydrocarbon solvents.

RH ¢
benzene 0.03
toluene 0.026
n—heptane 0.015
n-pentane 0.014
cyclohexane 0.010
isooctane 0.006

aRepor-ted values estimated to be accurate to #10%;
excitation wavelength is 366 nm.

Importantly, in neat perfluorobenzene no reaction was observed to take place
over an 8 h photolysis period. Quantum yields (¢) for C-H activation of benzene
were measured as a function of benzene concentration in perfluorobenzene at 20°C,
and the data are listed in Table 2. The dependence of ¢ on [C6H6] implies that the
C-H activation reaction proceeds via a bimolecular process in which the association
of a benzene molecule with the metal complex is the rate determining step. The
experimental results are consistent with either of the two following mechanistic
schemes, where S = perfluorobenzene.

h
(°-CoHg)Ir(CO), ——p  (nd-Cghg)Ir(CO) ¥ (M
Scheme 1
_ ky+S
(n°~CgHg)Ir(C0),* g——=2 (n>-CgHg)Ir(CO)(S)  +  CO ()

ko
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k
(NP-CoHg)Tr(CON(S) —= (n5-CgHg)Ir(CO)(H)(CgHg)  + S (3)
Cetg
Scheme 2
Ky .S
(n-CgHg ) Ir (CO),* 'k—._* (n3-CgHg ) Ir(C0),(S) (1)
2
K3
(n3-CoHg)Ir(C0)5(S) —=b (n’-CeHg)Ir(COI(H) (CgHg) + CO + S (5)
CeH
etls

Quantum yields have been measured for C-H activation of benzene in perfluoro-
benzene solutions saturated with CO (c.a. 1072 M [15]), and the data are shown in
Table 2. The results illustrate that the effect of added CO on ¢ is negligible at
any of the benzene concentrations measured. This observation argues against the
mechanism involving initial CO dissociation from_the photoexcited complex (Scheme
1). On the other hand, a hapticity change (n5+n ) mechanism (Scheme 2) would not
be expected to be affected by the CO concentration. Low-temperature experiments
previously carried out on the closely related (n5-CSMe )Ir(CO), complex have pro-
vided additional support for a hapticity change mechanism, even after prolonged
photolysis of this complex in Ar or N2 matrices at 12 K no more than trace quanti-
ties of (n -C5Me5)1r(CO) have been observed [16].

Table 2. Quantum yields (¢) for the conversion of (n5 CSH5)Ir'(CO)2 to (n -C H )YIr-
(CO)(HXCGHB) in perfluorobenzene at 293 k.2

(CgHgl, M o° ¢°
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
11.34 0.030

3Reported values estimated to be accurate to +10%; excitation wavelength is 366 nm.
Nz-purged solutions.

CcO-saturated solutions (-10 "2 M in dissolved CO concentration, see ref. 15).

Neat benzene solvent.

Excitation of 3.8 x 10 R (n -C )Ir(CO) in N2 purged benzene at 20°C with
the third harmonic line of a Korad Nd g?ass laser (353 nm, 20 ns pulsewidth) pro-
duces an absorbance change 1mmediat%}y follow1ng the laser pulse that is depicted
in Fig. 2. Approximately 1.1 x 10 "~ M (n -C HS)Ir(CO) undergoes photodissociation
following this excitation. This value has been determined from the_ laser pulse
energy, the irradiated volume, absorbance, and quantum yield of (nS-CSHS)Ir(CO)2 in
the transient absorption experiment. No further absorbance changes were observed.
These absorption features closely match thoge obtained in the steady-state photoly-
sis experiment and it is concluded that (n”-C H5)Ir(CO)(HxC6H } has been formed.
This result demonstrates that the 1ntermolecular C-H activation of benzene by the
photoexcited metal complex takes place on a very fast timesc gle (w1§h1n the 20 ns
laser pulse); thus, a lower limit for kK = 4.4 (£0.9) x 10 s (k

ob /[C Ht]) can be estimated for the C- ﬁlactivation process. Any trans?ggt pro-
duced fol?owing photoexcitation is very short lived and rapidly scavenged by the
solvent molecules present (neat benzene at 20°C is 11.3 M),
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Figure 2. Photoproduct spectrum obtained in trans{gnt absorption experiment
following 353 nm excitation of 3.8 x 10 3 M (n5-C )Ir(CO)2 in benzene
at 20°C.

Similar experiments have been carried out for (n -C:H )Ir(CO) in N,-purged
perfluorobenzene containing 5 x 10" 2 M benzene. Immediately follow1ng excitation
a transient with a broad absorbance (centered at 625 nm) was recorded, which sub-
sequently decayed with kgyo = M 8(+1.0) x 10° 577 (tnhus Kapp = 9:6(£1.9) x 10
M s to form the product (n —C H )Ir(CO)OU(C6H ). Thls E}an51ent absorption
feature is assigned to the (n°- ?r CO) (S) species in accordance with the above
analysis. Moreover, we were unable to observe absorbance changes representing
product formation following laser photoexcitation of (n”-C.H )Ir(CO) in neat
perfluorobenzene; this result is consistent with the n”+n” "back reactlon (see
equation 4) taking place in the absence of scavenging benzene molecules.
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IDENTIFICATION OF Hp-, Do-, Npo- BONDED INTERMEDIATES IN THE Cr(C0)g
PHOTOCATALYZED HYDROGENATION REACTIONS

A.Oskam, R.R.Andréa, D.J.Stufkens, and M.A.Vuurman

Anorganisch Chemisch Laboratorium, University of Amsterdam,
Nieuwe Achtergracht 166, 1018 WV Amsterdam, THE NETHERLANDS

The mechanisms of photochemical reactions involving transition metal
complexes have been the subject in several recent papers. Many
attempts have been made to identify intermediates. This can be
performed by studying parent molecules and primary photoproducts in
inert matrices or solid glasses. Usually these intermediates can be
characterized by IR and UV-visible spectroscopy. It 1is also possible
to use flash photolysis in combination with fast resolved spec-
troscopy. This technique has the great advantage that reactions can be
followed under normal conditions. This time-resolved technigues
however have special restrictions as time and money consuming methods.
Aithough matrix isolation spectroscopy is a very valuble technique for
the identification and conformational analysis of primary photoproducts
it has severe limitations in studying ongoing reactions because of
lack of diffusion and mobility of the components.

A combination of the advantages of several methods 1is the use of
liquid noble gases as solvents.These solvents do not absorb in the IR-
and UV-visible spectral regions, are inert, can be used at various
temperatures, show sufficient mobility of the components to study
reactions, stabilize reactive intermediates of (photochemical)
reactions long enough for spectral identification and do not show any
site symmetry splittings.The solubdlity of most of the compounds in
combination with a long pathlength in the sample cell is large enough
for spectroscopic measurements. Several reports about IR, UV-visible,
ESR and NMR-spectroscpic studies in solutions of liquid noble gases
have appeared (Andréa 1986).

In order to stabilize primary photoproducts and study their thermal
and photochemical reactions we have extended our experiments to
solutions in liquid Xenon (LXe, 170-240K). This solvent is especially
useful to look at the reaction mechanisms of Cr'(CO)6 photocatalyzed
hydrogenation reactions of dienes. For this purpose a solution of
Cr(CO)u(norbornadiene) in LXe has been irradiated at 183K in the
D. and N.. The photoproducts were mainly identified

2’ 2 2
with FTIR. The CO-frequencies of the various photoproducts were

presence of H
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assigned with the wuse of the data obtained from irradiation
experiments in N2 and CHu—matrices.
The infrared spectrum of Cr(CO)5H2 as an intermediate of the

irradiation of Cr'(CO)6 and H in 1liquid Xenon has been published

2
before showing a Cr(CO)5-pattern and an Hz-stretching vibration at
3030 cm_1 (Upmacis 1985). With D2 instead of H2 the same spectra

appeared but with the D_-stretching vibration at 2241 cm-1, slightly

2
higher than could be <calculated for an wuncoupled vibration. The

corresponding N_-experiment results in Cr(CO)5N2 with a N2 frequency

2
at 2237 cm-1 and after prolonged irradiation in Cr(CO)u(Nz)Z, cis and

trans with two different sets (a1 + b2 and au) of Nz-stretching

frequencies (Turner 1983).
Irradiation Cr(CO)u(norbornadiene) with H2 or D2 in order to identify

a possible H2-bonded intermediate of the catalyzed hydrogenation

rection of norbornadiene no H2— or D2— stretching vibration of H2

resp. D2 as a ligand could be detected. The concentration of these

intermediates simply was too low.

Because there were changes in the CO-stretching region during this
photocatalyzed hydrogenation reaction we repeated this experiment with
Cr(CO)u(norbornadiene) and N_,. Here, three -eventually four photo-

2
products could be identified;

i.e. Cr(CO) (Nz)ax(norbornadiene),
Cr(CO)3(N2)eq(norbornadiene),
Cr‘(CO)n(NZ)(r)2 norbornadiene),
and Cr(CO)3(N2)2(r)2 norbornadiene). (see Figure)
Identification of these photoproducts were based on the assignments of
the bands in the N2- as well as in the CO-stretching region. At first

the Cr(CO)3(N2)(norbornadiene) products (= 3) grow in and later on
CP(CO)u (N2)(r)2 norbornadiene) (= U4) and Cr(CO)3(N2)2(n-norbornadiene).
(= 2).

The same experiments with H, or D, and (Cr(CO)u(norbornadiene) in

2 2
stead of N2 show the same patterns in the CO-region. Therefore, we
propose that the same type of products arise in these experiments.

13

Complete proof of the assignments with CO labeling experiments is in

progress. Cr(CO)u(norbornadiene) with H,_, and D2 after prolonged ir-

radiation in the presence of free norb;inadiene shows no detectable
intensity decrease of the parent bands of Cr(CO)u(norbornadiene) at
the very end and large bands which evidently belong to free
norbornane.

Further experiments in liquid xenon to unraffle the mechanism of the

catalyzed hydrogenation reaction of norbornadiene are 1in progress.




Nz-region

.88 1.10 1.%2

ABSONBANCE
.88

1)

.288 ,860 ,%82

ABSORBANCE
.216

19
w

.000 .072 .
%

245

CO-region

.88 1.10 1.82

ABSONBANCE
. .88
——

_
.

.10 1.32  1.S54 .00

.88 1

ABSORBANCE
.88

11
_—
w

2z,
w
o

s .287
N

o7 .

-.001

é.

0 2277 225y 2291 zéas 2185  2(s2 2[ses

IAVENIMAFRQ

PRODUCTS:

2{1e 2089

.88 1.10 1.92 1.5% .00
_Jw
I
(2]

36 4

RBSONBANCE
.88

Yy
e

22

r2for 2087 2033 1833 1des  18s1 1637 1889 1B28 1°
WAVENUMBERS

6= c1~(12co)6

4= Cr( co)4(n —~NBD)(N,)
3=cr(} co)3(n —NBD)(NB“X)
3= Cr( co)3(n —~NBD)(N;%9)
2=Cr(**c0)4(n* —NBD)(N,)

Figure

Photolysis of Cr(CO)u(norbornadiene) with N2



246

REFERENCES

Andréa RR, Luyten H, Vuurman MA, Stufkens DJ and Oskam A (1986)
Applied Spectroscopy 40: 1184 and references therein

Turner JJ, Simpson MB, Poliakoff M, Maier II WB and Graham MA (1983)
Inorg. Chem. 22: 911

Upmacis RK, Gadd GE, Poliakoff M, Simpson MB, Turner JJ, Whyman R,
Simpson AF (1985) J.Chem. Soc. Chem. Commun. 27



SPECTROSCOPY AND PHOTOCHEMISTRY OF Ni(CO)Z(a-DIIMINE) COMPLEXES

P.C.Servaas, D.J.Stufkens, and A.Oskam

Anorganisch Chemisch Laboratorium, University of Amsterdam,
Nieuwe Achtergracht 166, 1018 WV Amsterdam, THE NETHERLANDS

INTRODUCTION

During the 1last ten years much attention has been paid in our
laboratory to the spectroscopy, photochemistry and in some cases
photophysics of low-valence transition metal o-diimine complexes. For
most of these complexes the lowest excited state is metal to a-diimine
charge transfer (MLCT) in character. Only in a few cases, viz.
d6-M(CO)u(agdiimine) (M=Cr,Mo,W) (Balk 1980; van Dijk 1985) and
recently d —Fe(CO)3(a-diimine) (van Dijk, to be published; Kokkes
1984), a reaction was observed from these MLCT states, although the
quantum yields of these reactions were always very 1low (¢<0.01).
Because of these low quantum yields and because of the presence of
close-lying reactive LF states, photochemical reactions normally occur
from these latter states, especially at room temperature when these LF
states become thermally occupied.

In order to investigate the steric and electronic effects on the MLCT
photochemistry of «oa-diimine complexes without disturbing reactions
from close-lying LF states taking place, we started a spectroscopic
and photochemical study of the Ni(CO)Z(R-DAB) complexes. h-DAB
represents the most simple a-diimine 1ligand 1,4-diaza-1,3-butadiene
(=R-DAB; R-N=CH-CH=N-R). The results of this study are presented here.

RESULTS AND DISCUSSION

Ni(CO)Z(R-DAB) complexes could only be prepared for R-DAB ligands with
bulky substituents R at the coordinating nitrogen atoms. This study is
therefore confined to Ni(co)z(t-Bu-DAB) and Ni(CO)2(2,6-iPr2-Ph-DAB).
Both complexes show an intensive absorption band in the visible
region, with maxima in benzene at 19.34 kK for Ni(CO)e(t-Bu—DAB) and
at 18.48 kK for Ni(CO)2(2,6-iPr'2

MLCT transition and it shows the characteristic solvent dependence of

-Ph-DAB). This band is assigned to a

such a transition. The He(I) and He(II) photoelectron spectra of
Ni(CO)z(t-Bu-DAB), reported by Andréa (1985) pointed to a tetrahedral
configuration of' the metal-d orbitals. From MO calculations following

the CNDO/S method, using known bond distancess and angles of other
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tetrahedral Ni(CO)Z(a—diimine) complexes (von Hausen 1972; Sieler
1985), a MO scheme has been composed; the relevant part of which is

shown in Figure 1.

b2 "'(DAB)
y| z
aq — 14— dy2_z2
by ——+—d;;
W{ Figure 1.
a, —4—— dyy MO-diagram of N1(CO)2(t-Bu—

aj—+—+—dy2 -DAB)

The =z-polarized b2+b2* MLCT transition will be the most strongly
allowed transition in the absorption spectrum due to the strong
overlap between the metal dyz (b2) and ligand T* (bz) orbitals
involved. With the use of the resonance Raman (rR) technique it 1is
possible to determine in detail the character of these MLCT transi-
tions. For both Nj(CO)Z(R—DAB) complexes these spectra have been

measured and some characteristic ones are shown 1in Fig. 2.

Ni (CO)z (t-Bu-DAB)

1

Ni(Co )Z(Z,GiPrz-Ph-DAB )

Figure 2.
Jku A rR spectra of N1(CO)2(R—DAB)

r *——— ==} . .
400 800 1500 2000 —-cm” complexes (in C6H6).
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These spectra exhibit striking differences which at first sight

indicate a change in CT-character of the main electronic transition.

The appearance of an intensive band for vsym(CN) of the R-DAB 1ligand

in the rR spectrum of Ni(CO)Z(t-Bu-DAB) is in accordance with a
transition with considerable CT-character. This is also reflected in
SYM(c0) at 2006 cm™'. A rR effect for vIY"(co) was

also found for the M(CO)H(R—DAB) [M=Cr,Mo,W] complexes (Balk 1980) and

the observation of v

had then been explained by a through space overlap between a-diimine-

and CO-T* orbitals. Strong rR effects are also observed for two bands

at 773 cm”
) . .

the NiNCCN moiety. Hardly any rR effect 1is observed for the

and 913 cm_1, respectively, belonging to bending modes of

metal-ligand stretching modes which means that none of these bonds is
severely affected during this CT-transition. In summary we can say
that the character of this transition as derived from the rR spectra
is 1in accordance with that of the =z-polarized b2+b2* transition
derived from the MO-diagram, showing a large solvatochromism and
therefore a large amount of CT-character.

The rR spectrum of Ni(CO)2(2,6-iPr -Ph-DAB) differs appreciably from

2
that of Ni(CO)2(t—Bu-DAB) (see Fig. U4). The appearance of strong
SYB(Ni-N) at 206 cm” | and vSY™(Ni-C) at 321

SYM(CN) at 1475 cm-1) characterizes

metal-ligand vibrations (v
cm-1) and weak ligand vibrations (v
the transition as strongly metal (dﬂ)-ligand (m*) bonding to anti-

sym

bonding. However, such a strong rR effect for v (Ni-C) cannot arise

from resonance of the exciting laser line with the bz*bz* transition
of a quasi tetrahedral complex. There has to be a structural change
with respect to the Ni(CO)Z(t-Bu-DAB) complex. Unfortunately, no

single crystals of Ni(CO)2(2,6—iPr -Ph-DAB) could be prepared for a

X-ray structure determination. In 2or‘der‘ to find out how structural
changes affect the rR-spectra of Ni-a-diimine complexes we measured
the rR spectra of Ni(R—DAB)2 complexes. These <complexes have
structures varying from tetrahedral Ni(c-Hex-DAB)2 (Svoboda 1981) to
pseudo planar Ni(2,6-Me2—Ph—DAB)2 (tom Dieck 1981), the latter having
an angle between the two a-diimine ligands of 44.5°. The results are
shown in Fig. 3.

These spectra show similar features as the spectra of the
Ni(CO)z(R-DAB) complexes in Fig. 2. The tetrahedral complex Ni(c-Hex-
DAB), shows a strong rR effect for v3YM(CN) at 1496 cm” | and weak
effects for the M-L stretching modes. This result points to a
transition with strong CT-character just as found for Ni(CO)z(t-Bu—

DAB). The pseudo planar complex Ni(2,6-Me —Ph-DAB)2 on the other hand

2
shows strong rR effects for the M-L stretching modes and a weak effect
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for vsym(CN) which is 1n good agreement with the rR spectrum of
Nl(CO)2(2,6-1Pr'2
spectrum of the tetrahedral complex Ni(N-Me-Ph-DAB)2 is presented in
Fig. 3.

-Ph-DAB). For reasons of comparison also the rR

Ni(cHax-DAB)2

Ni(4-Me-Ph-DAE)2

Ni(Z,G-Mez-Ph-DAB)2

Figure 3.
A rR spectra of Ni(R-DAB)2

400 | 800 | 1200  —ecm? complexes (in C6H6)'

This spectrum shows similar rR effects as the structural analogue
Ni(o—Hex-DAB)Z, which means that the striking differences between the

rR spectra of Ni(c-Hex-DAB)2 and Ni(2,6-Me -Ph-DAB).2 are primarily

2
determined by the change of structure. Based on these results a MO

scheme has been calculated f’or"Ni(CO)2(2,6-iPr2-Ph—DAB) assuming a

distorted tetrahedral geometry (Fig. 4).

. [
2(CO) v .
b dyz="loag)~Miico)

b—"4"4— d,;+pag)*Mc0)

a—a—— Tyug Figure 4.
b——— N_+dxz . . )
a N+ dy MO diagram of Nl(CO)2

a——+— d,2 (2,6-iPr_-Ph-DAB).

2
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It is obvious from Fig. 4 that during the main b>b* z-polarized
CT-transition in particular the Ni-CO bonds are weakened as the result
of the mixing of a 7¥-CO orbital in both the HOMO and LUMO. This
change of Ni-CO bond character during the main transition is reflected
in the photochemistry of this compound viz. release of CO as the
primary photoprocess.

The photochemical behaviour of both Ni(CO)2(R-DAB) complexes 1s shown

schematically in Scheme 1I.

Ni(CO)5(t~Bu—~DAB)

1.+ PRy (toluene) —wox— Ni(COXPR;)(t-Bu~DAB)

2. + R'-DAB (toluene) T Ni(CO),(R'-DAB)

3. CH, matrix 10 K ( no CO dissociation)

4 pentane 168 K dinuclear complex
(high concentration)

Breaking of a Ni-N bond

Ni(C0)5(2.6—iPro—Ph~DAB)

1. + PR3 (toluene) —5g— Ni(CO)(PR4)(2,6—iPr,~Ph—DAB)
2. + R'-DAB (toluene) —g~ Ni(R'-DAB)26-iPr,~Ph—~DAB)
3. pentane 168 K
(high concentration)

no reaction

Breaking of a Ni-~CO bond

Scheme I. Photochemistry of Ni(CO)Z(R—DAB).

Contrary to the Ni(CO)2(2,6—iPr -Ph-DAB) complex Ni(CO)z(t-Bu-DAB)

shows Ni-N bond breaking leading to the formation of dimers when
rather high concentrations of the complex are irradiated at 168 K in
pentane. Irradiation causes the breaking of the weakest bond (Ni-N)
whereas in the case of Ni(CO)2(2.6-iPr2—Ph-DAB) that particular bond
is broken which is mostly affected wupon excitation (Ni-CO).
In conclusion it can be said that structural differences exist between
Ni(CO)2(R-DAB) complexes which strongly affect both the rR spectra and

the photochemical behaviour.
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Fe(CO), (R-DAB), A COMPLEX WITH TWO CLOSE-LYING REACTIVE EXCITED STATES

D.J.Stufkens, H.K.van Dijk, and A.Oskam

Anorganisch Chemisch Laboratorium, University of Amsterdam,
Nieuwe Achtergracht 166, 1018 WV Amsterdam, THE NETHERLANDS

INTRODUCTION

The complexes Fe(CO)B(R—DAB)(R-DAB =1,4-diaza-1,3-butadiene; R-N=CH-CH~
=N-R), having the structure shown in Fig. 1, possess an intensive
absorption band at about 500 nm (Fig. 2). The Resonance Raman (RR)
spectra, obtained by excitation into this band, only show RR effects
for R-DAB and FeCO deformation modes (Kokkes 1983). This means that
the transition 1involved has no MLCT character but that it is
accompanied by a distortion of the complex. Similar results were
obtained from m.o. calculations.

Although the lowest excited state (still called ’3MLCT' in Fig. 3) is
therefore not expected to be reactive, fairly high quantum yields
(¢=0.2) are found for the photosubstitution of CO by a nucleophile.
This points to the presence of a close-lying reactive LF state and
support for this assumption comes from the increase of ¢ upon going to

higher energy excitation into the 500 nm band.

A i
/V H 1
€Quatorial R\ - —_l / T
o N N v
= c "
o >/ =
= AN
®Quatonal c - R
o %
C H
/// 400 500 800 700 _.nm
o
Figure 1. Figure 2
Molecular Structure Absorption spectrum of
of Fe(CO)B(R-DAB) Fe(CO)3(c-Hex-DAB) in toluene
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The transition to the lowest 1LF state 1is, at 1least in part,
responsible for the absorption band at about 380 nm (Fig. 2). A
tentative energy level diagram is shown in Fig. 3. At room temperature
the photochemical reaction will preferably take place from the 3LF

3

state, which is much more reactive than

3

MLCT. At lower temperature,

however, the LF state will not be occupied when irradiation takes

place at the low energy side of the 500 nm band. In that case only a
3

reaction may occur from the MLCT state. Higher -energy excitation

3

will, however, lead to occupation of LF and to a reaction from that
state. Thus, two different photochemical reactions may take place for
these complexes at 1low temperatures

detail.

, which will be discussed 1in

F

IR —

S0

Figure 3. Tentative energy level diagram

of Fe(CO)3(R-DAB)

ROOM TEMPERATURE PHOTOCHEMISTRY WITH PHOSPHINES

Irradiation of Fe(CO)B(R—DAB) in the presence of PR_ causes the photo-

3
substitution of a CO ligand. In the absence of a subtituting ligand no
reaction 1is observed. For the photosubstitution reaction two

mechanisms have been proposed (Fig. Y4) (Kokkes 1984; Trogler 1986). In
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the first mechanism the primary photoprocess is release of CO, in the
second one a metal-nitrogen bond is broken first. Flashphotolysis may
discriminate between these two mechanisms since substitution of CO by
a solvent molecule (mechanism 1) will cause a shift of the 500 nm band
to lower energy and breaking of a metal-nitrogen band (mechanism 2)
will cause the disappearance of this band. The flashphotolysis results
(excimer laser, X = 308 nm) show that release of CO is the primary
photoprocess for all complexes except for Fe(CO)3(t—Bu-DAB). In the

latter complex a metal-nitrogen bond is broken.

R
¢ \ hv Os A
N /N=CH C N=
OEC*Fe\ \ — o—c\Fe/ —C\H + co
= CH <4+ =L
40/ N= / \N=CH
O/ \ S \
R R
loL
MECHANISM 1 R
L N =CH
oEc::%’/ EH
C/ ~N=
% \
o0z R
o) R
S \ hv °s
o—c\\ /N-_-C\H C\ s
—C/Fe\N:.CH «— OEC;Fe’ g N
Z \ c SNF NeE N
(o] Z N [
R 0% ) H R
R
i
O\\C L
< 7/
OEC;Fe g N
C \Né NAZ N\
<=
0% | g R
R
~-CO
MECHANISM 2 l
R
o—'l(;\ _ N=CH
_C /Fe ~n=CtH
=
0% \R

Figure 4. Possible mechanisms for the photosubstitutions of

CO in Fe(CO)3(R-(DAB)
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By irradiation in n-pentane at 200K in the presence of P(c-Hex)3,
Fe(CO)3(t-Bu-DAB) can be converted quantitatively into Fe(CO)3(0—N-t-
Bu-DAB)(P(c—Hex)s), an intermediate in mechanism 2 in which the

t-Bu-DAB is monodentately bonded to iron.

PHOTOLYSIS IN N-PENTANE (T=150K)AND IN LIQUID XENON (P=20BAR,T=170K)
The type of photochemical reaction in n-pentane at 150K depends on the
substituent R of the R-DAB ligand and on the wavelength used. Excita-
tion with A<500 nm gives a dimeric photoproduct for all complexes
except for Fe(CO)3(t—Bu—DAB) which complex does not react. The
formation of a dimer 1is evident from the concentration dependence of
this reaction and from the appearance of a low CO-frequency 1in the
bridging carbonyl region. This complex, presumably FeE(CO)B(R-DAB)Z,

will be formed by reaction of the primary photoproduct Fe(CO)E(R—DAB)-
(S) with the parent compound Fe(CO)3(R-DAB). Upon irradiation with
A>500nm of an Fe(CO)3(R—DAB) complex with not too bulky substituents
R, a completely different reaction with low quantum yield is observed.
The 500 nm band disappears and no new bands show up in the visible
region. At the same time three new IR bands appear in the CO-
strétching region at higher frequencies while no free CO is observed.
This means that the photoproduct still contains the Fe(CO)3 moiety.
The shift to higher frequencies of the CO-stretching modes points to a
decrease of the metal-CO mw-backbonding which can only result from a
concomitant decrease of mw-backbonding to R-DAB. In order to find out
whether this increase of mw-backbonding to R-DAB is reflected 1in a
frequency decrease of vS(CN) of this 1ligand, the reaction was
performed in liquid Xenon (LXe) at 170K. LXe is a very inert solvent
in which unstable photoproducts and intermediates can be stabilized
(Andréa 1986). A further advantage of this solvent is its complete
transparency in IR, Vis and UV. Figure 5 shows the IR spectral changes
in the CO-stretching region upon photolysis of Fe(CO)3(c-Hex—DAB) in
LXe at 170K with A=565 nm. Just as in n-pentane the CO-stretching
modes shift to higher frequencies. At the same time vs(CN) is lowered
in frequency from 1482 to 1364 cm-1 (See fig. 6). This increase of
metal-R-DAB mw-backbonding is explained with a change of coordination
of this 1ligand from o0,0-N,N' into nu—CN,CN' as shown 1in Fig. 7.
Support for this explanation 1is given by the comparison of this
photoproduct Fe(CO)3(nu-R—DAB) with Fe(CO)3(nu—1,3-butadiene), which

complex has nearly the same CO-stretching frequencies.
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Figure 5. CO-stretching region of the IR spectra of Fe(CO)3(c-Hex-DAB)
(==)and its photoproduct {(..-_.=) in LXe upon irradiation with A=565

nm at 170K.

v v v )
1500 1450 1400 1350 1300 cm

Figure 6. CN-stretching region of the IR spectra of Fe(C0)3(c-Hex-DAB)
(=) and its photoproduct (---«) in LXe upon irradiation with A=565 nm
at 170K.‘ represents \)S(CN) of parent compound and photoproduct, D
the same vibration of the dimer FeZ(CO)5(°'Hex'DAB)2'
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A similar reaction has been observed before by us in rare gas matrices
at 10K (Kokkes 1984). The Fe(CO)3(nu—R—DAB) complexes are thermally
unstable. At about 200K they react back to the parent compound.

H H H

NV 7

c//!\\b //d//!\\b\\
0/ 4 '! \o O/ |(|)l \o
0.0-NN’ n%. cn.eN
Figure 7. Structural change of Fe(CO)B(c-Hex-DAB) upon photolysis in
LXe at 170K with A=565 nm

So two completely different photochemical reactions are observed at
low temperatures depending on the wavelength used. The reaction at low
energy, having a low quantum yield, takes place from the 3ML.CT state.
The change of coordination of the R-DAB 1ligand, accompanying this
reaction, agrees well with the RR effects observed for the deformation
modes of the complex. The much more efficient reaction at higher
3

energy takes place from a close-Iying LF state. Since this reaction
at 150K already takes place upon irradiation with A=500 nm, where no
absorption to the 1lowest 1LF state takes place, direct intersystem
3

crossing from 1MLCT to “"LF is assumed to occur.
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THE PHOTOCATALYTIC METATHESIS REACTION OF OLEFINS

T.Szymahska-Buzar anhd J.J.ZidYkowski

Institute of Chemistry, University of WrocYaw, 14, Jolijot-Curie St.,
50-383 WrocYaw, POLAND

INTRODUCTION

Structure of metal complex catalysts for olefin metathesis reaction
and its mechanism are intensively studied since many years. Most of
catalytic systems involve tungsten complexes combined with alkyl alu-
minium compound, WC1 /CZH A1Cl,. The currently accepted mechanism is
based on carbene compleXx §orma%ion (W=CH, ) which next coordinates ole-
fins in such a way that the metallocycle"may be formed with high selec-
tivity. However, the formation of the first carbene is still contro-
versial. Highly active metathesis catalysts have been prepared only
with Mo, W or Re soluble complexes. So, there is also some limitation
to the metal. If metal carbonyls are used as catalyst precursors they
are often activated photochemically or by addition of Lewis acid type
cocatalysts.

Qur earlier studies on photocatalytic systems containing W(C0), in

CCl, revealed that in initiation of metathesis reaction of ole?in the
key 'role is played by the donor W(CO), - acceptor AX (CCl4 or another
halides of IIIb or IVb groups element) interactions (nBorowczak, Szy-
mariska-Buzar, Ziotkowski 1984). Such donor-acceptor interaction is
competitive with that in which an olefin plays the role of the donor.
Donor-acceptor interactions could produce the ion pair according to
equation:

D+ A == D-A == [D------ A

For the same donor (D = W(CO),) the position of equilibrium depends on
electron affinity of the acceptor (A = AX_). Usually in the presence
of a very strong acceptor (Axn) the formation of C.T. complex could be
observed:

W(CO), + AX = [W(CU)6 . qu’]—— [w‘(co)g ..... 'Ax;]

In a case of weaker acceptors, the light may activate the donor (D)
and facilitate its interaction with an acceptor in two ways:

AX
n o + . —
" W(co), ——— [Wco)z----AX]
W(Co)¢ AX
W(Co)g —— [(CO),W-CO—=AX_]
-co

In this paper we are considering the effect of donor-acceptor interac-
tions of W(CO)BL type donor (L = CO, py, PPh., Cl1 ) with AX_ accep-
tor (AX_ = IIIb”and IVab group element halides% on catalytic activity
of the gystem in the light accelerated metathesis of olefins.
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METATHESIS OF INTERNAL OLEFINS
The pent-2-ene metathesis reaction was studies with the photocatalytic

system containing W(CU)SL type complexes and ZrClA. The results are
shown in Table 1.

Table 1. Catalytic activity of W(CO).L + ZrCl, system in photochemi-

cal metathesis reaction of Bent—Z—ggé (aifer 30 min.). _2
Reaction mixture contained: W(C0)¢1 = 3-10 " m-1 °; [ZrCl,] = 3-10
m-1 J{pent-2-enel = 0.3 m-1 in n=heptane or chlorobenzene, light

source: mercury lamp HB-200, room temperature.

pent-2-ene Oxidative guantum yield
W(Co) st conversgion potential, of photosubsti-
(%) E1/2 (v) tution reaction
d -2
Et,N [w(c0)501] 44(38) 0.59 10
W(CO)6 36 1.86 1
W(CO)Spy 30 1.01 0.5
W(CO)SPPh3 24 1.23 0.3
a - % hex-3-ene x 2
b - Hershberger, Klinger, Kochi, 1982
c - Dahlgren, Zink, 1977
d - in darkness

Pent-2-ene metathesis by the W(CO) L-ZrCl, photocatalytic system is
highly selective (the only products are but-2-ene and hex-3-ene).
The trace amount of propylene and but-1l-ene suggests the formation
of the primary metallocarbenes as the result of decomposition of the
metallocyclobutane complexes.

METATHESIS OF TERMINAL OLEFINS

Metathesis of terminal olefins is often preceded by isomerization
reaction which may be favourable..In our photochemical system we
have observed the various contribution of the reactions depending
on the acceptor AX_ used. Results for ZrCl, are shown in Table 2.
Pent-1-ene photochemical reactions depend mainly on a kind of metal
(Table 3).
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Table 3. Effect of M(CO), on pent-l-ene photochemical reactions
in presence of ZrCl4 as cocatalyst (after 2h)

pent-1l-ene pent-2-ene metathesis cometa- izomeri-
of thesis of zation of
M(Cco) pent-l-ene pent-l-ene pent-l-ene
6
and
pent-2-ene

(%) (%) (%) (%) (%)

W(CD)6 25.6 6.5 44 .6 23.2 18.1

Mo(CO)6 22.6 51.8 traces 25.5 64.6

Cr(CU)6 95.2 4.8 - - -
CONCLUSIONS

1. In photocatalytic metathesis and isomerization reactions of oclefins
the basic role is played by donor-acceptor properties of M(CO).L and
AX_ molecules, respectively. The most active system is that contain-
ing tungsten Compound of lowest oxidation potential (Ei M[W(CD)CH)
and halide AX of the highest electron affinity, ZrCl4

2. Formation of coordinatively unsaturated tungsten compounds suit-
able to bind the substrates (olefins) depends on photochemical
reactivity of W(CU)SL species and interactions of AX -acceptor mole-
cules with L ligand?

5. The internal and terminal olefin metathesis reactions catalyzed
by W(CO).L-AX system are light-initiated. Terminal olefins under-
go also dauble bond migration and cross metathesis with internal
olefins.
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PHOTOCHEMICAL GENERATION OF NINETEEN-ELECTRON ORGANOMETALLIC COMPLEXES
AND THEIR USE AS REDUCING AGENTS IN MICELLAR SYSTEMS

D.R.Tyler, V.MacKenzie, and A.S.Goldman

Department of Chemistry, University of Oregon, Eugene, OR 97403, USA

We have discovered a new class of organometallic complexes that are
very powerful reducing agents. In some cases these reducing agents
have oxidation potentials up to =2 volts (vs NHE). In addition to
being quite powerful, the reducing agents are very versatile and
they are easy to generate. Their versatility is demonstrated by their
ability to reduce a wide variety of complexes, including organics,
inorganics, classical coordination complexes, and organometallic
species. Furthermore the reduction reactions can be carried out

in aqueous or non-aqueous solvents. Perhaps the most remarkable
feature of these reducing agents is their ease of generation; these
species form simply by irradiating (generally > 500 nm) a metal-
metal bonded carbonyl dimer in the presence of an appropriate ligand.

GENERATION OF NINETEEN-ELECTRON COMPLEXES

Our discovery of these powerful reductants was a result of our
investigation into the photochemical disproportionation reactions
of metal-metal bonded dimers.

In a series of papers, we established the pathway in Scheme I for

the photochemical disproportionation of the Cp2Mo2(CO)6 complex
(Stiegman et al. 1983; Philbin et al. 1986a):

hv

Cp,Mo, (CO) g = 2 CpMo(CO)B initiation (1]

Keq
— CpMo(CO)3 + L == CpMo(C0),L (2]
CpMo(C0) 4L + Cp,Mo,(CO)g —— CpMo(CO)3L+ + Cp,yMo, (CO)™  [3]
szMoz(CO)é' —_— CpMo(CO)B— + Cleo(CO)3 (4]
CpMo(CO) 3L + CpMo(CO)y ———™ CpMo(CO)3L+ + CpMo(CO) 5~ [5]
Overall: Cp,Mo,(CO)y + L —* CpMo(CO)B— + CpMo(CO)3L+ (6]

Scheme I
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Analogous mechanisms operate in the disproportionation reactions
of other metal-metal bonded dimers (Stiegman and Tyler 198L; Stiegman
et al. 1986; Goldman and Tyler 1987).

Note that a key reaction intermediaie in Scheme I is the 19-electron

CpMo(CO)BL complex, formed in eq 2. The formation of these 19-
electron“adducts is quite general as the following equation shows:
ML o+ L' &= ML L' (7]
17 19
MLn = CpMo(CO)B, CpW(CO)B, Mn(CO)5, CpFe(CO)2

L = phosphines, amines, halides, oxygen donors

(The thermodynamics of reaction 7 (Philbin et al. 1986b) and a
molecular orbital interpretation of 19-electron complexes have been
discussed elsewhere (Stiegman and Tyler 1986).

THE NINETEEN-ELECTRON COMPLEXES AS REDUCING AGENTS

Because the 19-electron complexes formed in the disproportionation
reactions are capable of reducing metal-metal bonded dimers (El/2 =

1.4 V vs. Ag'/Ag, MnZ(CO)lO; -1.5 Y, szMoz(CO)é; -2.2 V, szFez(CO)

they should be capable of reducing substrates with reduction poten-
tials less negative than the metal-metal bonded dimers. This is
indeed the case; irradiation of a metal-metal bonded dimer, a ligand,
and a reducible substrate generally leads to a reduction of the sub-
strate (and inhibition of the disproportionation chain mechanism).
The following equation, using Cp2Fe2(CO)LP as the dimer precursor

L)

and dppe (1,2-bis(diphenylphosphino)ethane) as the ligand, illustrates
the overall process (Stiegman et al. 1984).

1/2 Cp,Fe,(CO), + dppe + 8 — = CpFe(CO)(dppe)* + S~ (8]

L
In this reaction, irradiation of the Cp2Fe2(CO)L dimer (A > 500 nm)
yields a CpFe(CO)2 radical which then reacts with dppe to form the

19-electron reducing agent CpFe(CO)(dppe). Some of the+substrates,
S, and their reduction potentials (El/2 or Epc vs Ag/Ag’) for which

the reaction proceeds include CpMo(CO)BCl (the product is CpMo(CO)B_)
(=1.4 V)l [PhuP]B[Fe(CN)é] (El/2 > 0), Mn2(CO)}O (thf product is
MnZ(CO)5 ) (=1.7 V), Rez(CO)1O (=2.3 V), Cp2Co (PFé salt) (El/2 =
-1.15 V vs NHE, CH4CN), Bu-py " (Ey,, = -1.30 V vs SCE) (the product
is (Bu—py)z) and methyl viologen (El/2 = -0.45 V vs NHE).

We have also demonstrated that systems of szFez(CO)l+ and phosphorus
ligands have utility as initiators of electron-transfer-catalyzed

1 The phrase "l19-electron complex'" is used to describe the adducts
that form when 17-electron metal radicals react with 2-electron
ligands. For further details, see reference 5 in Goldman and Tyler
(1987).
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(ETC) chain reactions (Bruce et al. 1983). Thus, for example, irradi-
ation of a THF solution of Ru3(00)12 (4 mM) (El/2 = -0.82 V vs

Ag/AgCl), PMe2Ph (4L mM), and only a catalytic amount of Cp2Fe2(CO)h

(0.5 mM), in?tiateg the ETC substitution in reaction 9. (Note that
CPZFeE(CO)h is the only species in solution which absorbs light at

Cp,Fe,(CO) 500 nm
2° 72 ’
Ru;(C0O)y, + PMe,Ph -l -
RuB(CO)ll(PMezPh) (9]
the wavelengths used.) Similar results were obtained with Os.(CO)

3 12

3.0 mM) (El/2 = -1.16 V vs Ag/AgCl) and Fe(CO)S.

REDUCTION OF CO2
An extre@gly powerful reducing agent is formed by irradiation of
W2<CO)10 and PMezPh, as the following reactions illustrate:

2- hv
WZ(CO)lO + PMeZPh + 002 _—

2—

H002 + 003 + CO + W(CO)5PMe2Ph [10]
- h -
1/2 W2(CO)102 + PMeQPh + S — = 57 4 W(CO)5PMe2Ph [11]
S = C6HSC(O)06H5, 06H5C(O)CH3

Presumably, the W2(CO)102_ dimer behaves similarly to the other M-M

bonded dimers and upon irradiation forms the 19-electron W(CO)SPMe2Ph_
complex which is the reducing agent. E1/2 values for the W(CO)5PR3—
type complexes are generally about -2.5 V so the oxidation potential

of the W(CO)5PMe2Ph— species is quite extraordinary.

REDUCTIONS IN AQUEOUS SYSTEMS

One of the limitations of the 19-electron reducing agents is that
they are generated and used in non-aqueous solvents. This limitation
prevents the reduction of many interesting water-soluble substrates.
To circumvent this problem, we recently demonstrated that the 19-
electron complexes can be generated in micellar (or reverse micellar
solutions) containing the water-soluble substrate. A typical pro-
cedure is the following. A benzene solution of Cp2Fe2(CO)L and PBu3

is prepared and added to an aqueous solution containing a surfactant
(typically didodecyldimethylammonium bromide) and the substrate.
Irradiation (a > 500 nm) then yields the reduced substrate:

h
Cp,Fe,(CO), /PBu,/benzene + § >

S CpFe(CO)ZPBu3+ [12]

S = methyl viologen, Fe(CN)63—, Ru(bpy)32+



266

Formation of the CpFe(CO)zPBu3+ product suggests that the reducing
agent is the photogenerated 19-electron CpFe(CO)zPBu3 species.

SUMMARY AND IMPLICATIONS OF THIS WORK

Nineteen-electron complexes form when metal-metal bonded dimers are
irradiated in the presence of ligands. The 19-electron complexes
are powerful and versatile reducing agents, and they can be used

to reduce a variety of organics, inorganics and organometallic
complexes in either aqueous or non-aqueous solvent systems. Recent
studies from our lab have demonstrated that the reaction of a 17-
electron species with a ligand to form the 19-electron species can
be thermodynamically "downhill" (Philbin et al. 1986). Given this
result, our demonstration of the facile formation of 19-electron
species, and the widespread occurrence of 17-electron metal radicals
in organometallic chemistry, we feel that 19-electron intermediates
should be considered as potential intermediates in numerous reaction
systems. In particular, chemists must be wary of ETC mechanisms
initiated by electron-transfer from 19-electron complexes as was
demonstrated herein. In addition, many radical chain mechanisms
involving 17-electron radicals may actually involve ETC mechanisms
initiated by electron-transfer from a 19-electron species.

Acknowledgment is made to the donors of The Petroleum Research Fund,
administered by the American Chemical Society, the National Science

Foundation, and the Air Force Office of Scientific Research for sup-
port of the research described in this paper.
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INTRODUCTION
Quinones have been shown recently to be versatile redox-agents
prone to react with a wide variety of reducing coordination and organo-

metallic compounds. The mechanism and nature of the products of these
reactions reflect the structure and chemical properties of the transit-
ion metal compound (V1éek, Jr. 1982, 1983a, 1986a; Hartl 1986). When
quinones are employed as traps for photogenerated intermediates, the
investigation of both the reaction product and mechanism of its format-
ion can reveal important information on the nature of the intermediate
(Vicek, Jr. 1985, 1986b).

The an(CO)lO exhibits quite complicated photochemistry (Stiegman
1984a; Kobayashi 1985; Meyer 1985). Two primary photo-products,
Mn(CO);
ionation to Mn(CO)

and an(co) are formed. In donor solvents, a photodisproport-
BS; and Mn(CO); takes place via 19-electron Mn(CO)é_m
(S)é, m = 1-3, species formed by solvent (S) addition to Mn(CO);. The
presence of these species has been inferred mainly from the quantum
vield measurements (Stiegman 1984b).

We have carried out the photolysis of Mn2(CO)10 in the presence of
ortho- and para-quinones in order to investigate the nature of the

aforementioned photointermediates and also to prove the utility of qui-

nones as radical-traps in complicated photoreactions.

RESULTS AND DISCUSSION
The reactivity of quinones with individual intermediates of the
Mn2(CO)lO photodisproportionation will now be discussed :

1. No evidence for previously postulated (Foster 1980) thermal and/or
photochemical electron transfer between undissociated MnZ(CO)10 and
quinones was found.

2. No reaction between Mn2(00)9 primary photoproduct and quinones has
been observed. (The photoreactivity between MnZ(CO)lO and quinones de-
scribed below can be quenched by CClh’ which is known (Hepp 1983) to be

much more effective quencher for Mn(CO); than for Mnéco)g.)

Photochemistry and Photophysics
of Coordination Compounds, Ed. by H. Yersin/A. Vogler
© Springer-Verlag Berlin - Heidelberg 1987



268

3. The Mn(CO); has been found to react readily with o-quinones (3,5-
~di-tert.butyl-1l,2-benzoquinone, phenanthrenequinone and o—chloranil)
producing MnI complexes with chelated o-semiquinone radical anions
(s@ = Q7), i.e. Mn(CO)h(SQ) that is formed in both inert (CHZClz,tolue—
ne) and donor (THF, CH_CN, lO—lM pyridine in toluene) solvents.Substit~
uted Mn(CO)B(S)(SQ) species are also produced in the latter solvents.
The intensity of corresponding ESR signals (Abakumov 1982; Vlcéek, Jr.
1986b) increase linearly with the irradiation time. These complexes are
apparently formed by an oxidative addition of o-quinonesto Mn(CO); pro-
ducing primarily Mn(CO)5(SQ) species containing SQ ligand bound by one
oxygen atom only (Tumanskij 1981).

No direct reaction between Mn(CO)é and p-quinone (2,6—di—tert.
butyl-l,4k-benzoquinone, p-DBQ takes place. No photoreaction between
an(CO)10 and p-DBQ has been found in noncoordinating solvents, whereas
more complex behaviour was found in donor solvents (vide infra).

4. The Mn(CO)é was postulated to coordinate solvent molecules produc-
ing coordinatively saturated Mn(CO)é_m(S);, m = 1-3, species that is
supposed to play crucial role in the photodisproportionation of Mn2
(CO)lO (Stiegman 1984b). These species is known (Meyer 1985; Hepp 1981)
to reduce substrates whose reduction potentdials are comparable to those
of quinones. This 19-electron species can be trapped by p-DBQ : At the
begining of irradiation, an intense unresolved ESR signal (g = 2.0051)
is formed. In the course of irradiation, its intensity passes through
a maximum and then rapidly decreases concomitantly with the appearance
of another 13-line signal (g = 2.0048, ayn = 0.15 mT, ay = 0.08 mT).
This latter signal does not appear when the irradiation was interrupted
after the formation of the former. Under low-intensity irradiation, on-
ly the formation of the unresolved signal was observed. These results
point to the presence of two successive photoreactions that can be in-
terpreted as follows : the Mn(CO)G_m(S)é species undergoes an electron
transfer with p-DBQ producing a [Mn(CO)6_m(Sm)+J' [p—DBSQ] ion~pair
characterized by an unresolved ESR signal whose g-value is identical
with that of free p-DBSQ (Vl1dek, Jr. 1986b). This ion-pair undergoes a
second photochemical step in which either the solvent or, more probably,
a CO-ligand dissociates from the Mn(CO)6_m(S); part of the ion-pair.
The vacant site is then occupied by p-DBSQ anion-radical that acts as
an O~bound ligand. In accord with this interpretation only the unresolv-—

ed ESR signal is observed in the presence of pyridine. Apparently,
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strongly coordinating pyridine competes effectively with p-DBSQ for

the free coordination site after the second photolytic step.

CONCLUSIONS

Quinones proved to be excellent trapping agents that can be used
even to investigate separately several intermediates in a complicated
organometallic photoreaction. To gather all available information, not
only the nature of the products of the trapping reactions but also the
mechanism of their formation has to be followed.

With the use of quinones, the presence and expected chemical pro-
perties of key intermediates of the an(CO)10 photodisproportionation
was confirmed. The primary radical photoproduct Mn(CO); can either add
oxidatively a quinone molecule or coordinate a solvent molecule produc-
ing a 19-e_ species reacting via electron-transfer. Despite the similar
electron~transfer properties of ortho and para quinone isomers (Vléek,
Jr. 1983b), the o~quinones strongly prefer the oxidative addition path-
way, Whereas their para-isomers react via an electron-transfer provided

that the organometallic compound allows for both reactivity paths.
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LASER FLASH PHOTOLYSIS OF PHOSPHINE-SUBSTITUTED DIMANGANESE CARBONYL COMPOUNDS
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Introduction

There has been considerable interest in the photochemical reaction of
metal-metal bonded dimetal carbonyls, L(OC)4M-M(CO)4L. Two primary
processes, (1) metal-metal bond homolysis to produce radical fragments
and (2) CO dissociation without metal-metal bond cleavage, were well
established in the cases of M = Mn, L = CO (Yesaka 1981, 1983; Rothberg
1982; Hepp 1983; Church 1984) and M=Re, L=CO (Yasufuku 1984). The ratio
of the processes (1)/(2) and the effect of irradiation wavelength were
evaluated for M=Mn, L=CO (Kobayashi 1985).

v 2 oM(CO)4L Process(1)
L(OC)4M-M(CO)4L
MZ(CO)7L2 + CO Process(2)

The occurrence of the process(2) has been of rather unexpected event
because of the suggestion of the process(l) being a sole consequence of
photoexcitation based on a simple MO scheme. In one particular case,
no metal-metal bond photocleavage has been proven for the formation of
Mno(CO)19 from the compound, Me2Sn[Mn(CO)s]g (Yasufuku, unpublished re-
sult). Thus, it is of particular interest to study on the substituent
effect of phosphorus ligands on the photochemistry of the dimanganese
carbonyls (L=phosphines and phosphites): on the radical recombination
reaction [Process(5)], on the reaction of Mng2(CO)7Lg with CO [Process
(6)], and on the ratio of the processes (1)/(2).

2 -Mn(CO),L — ks L(0C) ,Mn-Mn(CO) ,L Process(5)
Mn, (CO), L, + co k6 " " Process(6)

Ligand effects of some phosphorus ligands on the processes(5) and (6)
were reported separately (Walker, Herrick 1984), however, no informa-
tion on the ratios of the processes(1)/(2) has been available. Here

we describe the effects of the phosphorus ligands on the whole photo-
chemistry of the title compounds and another process newly found in the
cases of L having only n-alkyl substituents.

Experimental

The third harmonics (355 nm) of a Q-switched Nd:YAG laser was used as
an excitation light source. Stationary and pulsed Xe lamp (350 W) and
W-Io lamp were used as monitoring light sources. The excitation light
beam was aligned coaxially with the monitoring light path (1=0.1.cm) at
the desired wavelength. Compounds used were synthesized by following
the reported methods. Sample solutions were prepared in vacuo.

Solvent (cyclohexane, benzene, or 2-methyltetrahydrofuran) stored on
K-Na alloy was added in the sample compartment after measuring its vol-
ume and the sample cells were hermetically sealed. Then,.CO or Ar gas
was admitted into them through a side arm with a teflon stop cock.
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As does the parent compound (L=CO), L2Mn2(CO)g show the transient absorp-
tions at around 550 nm and 800 nm. A solid line in Fig.l shows the tran-
sient spectrum of L=P(n-Bu)3 observed in cyclohexane 1 us after 355 nm
excitation. It represents the common appearances of the transient ab-
sorption for all L. The absorbances around at 800 nm disappear by fol-
lowing the second order kinetics under either Ar or CO atomosphere and
the decay changes into the pseudo-first order when CCly is present in

the systems (Fig.2a

and 2b for L=P(n-Bu)3).

Results and Discussion

— s On the other hand, the
=== 30us absorbances around at
~100us 550 nm have longer life ‘
time under Ar atomos-
phere, but their decay
becomes faster and ‘
follows the first order
kinetics (Fig.2c for
- —— T L=P(n-Bu)3). Addition
0 T of CClgq nas no effect
450 550 650 750 on their decay kinetics.
Wavelength / nm These evidences show ‘

. . . that the two processes
Figure 1. Transient absorption spectra of L=P(n-Bu)3 in (1) ande(2) all)so takes

cyclohexane 1, 30, and 100 ps after 355 nm excitation.
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Figure 2. Time dependence of absorption of L=P(n-Bu)3 under 1 atm. of CO in
cyglohexane after 355 nm excitation observed at: (a) 800 nm, (b) 800 nm in the
presence of 4.2x10-¢ mol 1-1 of CCly, and (c) 550 nm.

The second order rate constants of the processes(5) and (6) for each L
were determined and listed in Table 1 together with those reported by
Brown(1984). The values of kg5 were obtained based on the radical con-
centrations estimated from the transient decrease of the starting ab-
sorbances at 380 nm which also follow stepwise recovery corresponding
to the processes(5) and (6). The kg values were derived from the pseu-
do first order rate constants obtained under 1 atomospheric pressure

of CO (by using [CO] in cyclohexane = 1x10-2 mol 1-1).
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Ligand Effect on the Processes(5) and (6)

The values obtained here and those of Brown's are fairly in good agree-
ment. These show that the ligand bulkiness mainly governs the rates of
both processes(5) and (6). Since these phosphorus ligands all occupy

the axial positions to the Mn-Mn bond, the effect in k5 may be explain-
ed by repulsion between the equatrial CO ligands on each Mn atoms through
which the phosphorus ligands influence the stability of the metal-metal
bond in the ground state.

The appearance of rather significant steric effect in kg indicates that
the equatorial ligand, CO, is photoeliminated so that the axial phos-
phorus ligand may block the site for CO re-ligation. If the axial
ligand was eliminated, the kg might be larger and closer to the value
of the case L=CO.

Table 1. Bimolecular Rate Constants for Radical Recombination of -Mn(CO)4L, k5,
{?g RecoTb;nation of Mn(C0)7L2 with CO, k6, and Relative Ratio of the Processes
and (2).

.
L 1‘5*1 ka*l ?igiﬁzi 0"
co 9 x 108 4 x 10° (3 x 10°) 1.1 95
P(OEt), 4 x 102 . 4 x 102 109
P(OPh), 2 x 10° (9 x 107 3 x 100 \ 1.0 130
POI-Pr); 2 x 107 3x 100 (4 x10% 1.8 130
PEt, 9 x 10° 7 x 107 0.8 132
P(n-Pr), 5 x 10 7 x 10 1.7 132
P(n-Bu), 2 x 10? (1 x 1oi) 7 x 102 (9 x 102) 1.1 132
PGBy 7x 107 (2x 100 2x 107 (2x100) 14 140
PPh, [ (1x 00 , , 144
P(i-Pr), 3 x 10° (4 x 10%)  2x10® (1 x10% 1.3 160

Values in parenthesis (Walker and Herrick 1984)
*1 mol-1l dm3 s-1; *2 Of the systems by 355 nm excitation;
*3 Ligand steric parameters (Tolman 1977)

Effect on the Ratio of the Processes (1)/(2)

In addition to the above observations, the ratio in the occurrence of
the processes(1l) and (2) could be determined for each L (Table 1).

The values are a little scattered in the range of 0.8-2.0, however it
can be safely noted that in the photochemical event, the phosphorus li-
gand may not affect on the excited state nacure of the metal-metal bond-
ing. This is in quite contrast with the ground state events mentioned
above. For example, the compound of L=P(i-Pr)z, which undergoes very
facile metal-metal bond cleavage in the dark, shows almost the same in
the ratio of the processes (1)/(2) to those of the thermally very stable
analogs.

Occurrence of a Third Process

Bisides aforementioned ligand effects, a new phenomenon has been observed
in the photolysis of L=P(n-Bu)z. Another transient absorption with Apax
around 470 nm grows in 100 us and disappears within 2 ms (Fig. 3).
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The absorbance at 380 nm recovers with three steps and the kinetics of
each step corresponds to the process(5), the disappearance of the absor-
ption at 470 nm, and the process(6) under CO atomosphere showing that
the third compornent decays also back the starting compound. Both the
growth and decay of the absorbance at 470 nm follow the first order ki-
netics and the covering gas (Ar or CO) has no effect on the kinetics.
Solvent (cyclohexane, benzene, or te-
trahydrofuran) does not almost affect
it's rate. Addition of CCly quenches
the occurrence of the third compernent.
These facts strongly suggest the pre-
sence of a third process to give an
unknown intermediate which may second-
ary .give the compornent with Apax at
470 nm. It deserves further study on
the nature of the new process, but note-
worthy is that the third compornents
appear only in the cases of L=PRg, R=
n-alkyl. When R=Me, i-Pr, or Ph, the
primary processes are simply (1) and

(2).

Figure 3. Growth and decay of the
absorbance at 470 nm: 1 div.= 100 us.

References

Yesaka H, Kobayashi T, Yasufuku K, Nagakura S (1981) Laser Photolysis
of Dimanganese Decacarbonyl. Reza-Kagaku Kenkyu 3: 97-99

Yesaka H, kobayashi T, Yasufuku K, Nagakura S (1983) Laser Photolysis
Study of the Photosubstitution in Dimanganese Decacarbonyl. J Am Chem
Soc 105: 6249-6252

Rothberg LJ, Cooper NJ, Peters KS, Vaida V (1982) Picosecond Dynamics
of Solution-Phase Photofragmentation of [Mng(CO)1p]. J Am Chem Soc
104: 3536-3537

Hepp AF, Wrighton MS (1983) Relative Importance of Metal-Metal Bond
Scission and Loss of Carbon Monoxide from Photoexcited Dimanganese
Decacarbonyl: Unsaturated, CO-Bridged Dinuclear Species in Low-Tem-
perature Alkane Matrices. J Am Chem Soc 105: 5934-5935

Church SP, Hermann H, Grevels F-W, Schaffner K (1984) The Primary Photo-
products of Mng(CO)1p: Direct I.R. Observation and Decay Kinetics of
Mn(CO)5 and Mng(CO)g in Hydrocarbon Solution at Room Temperature. J
Chem Soc Chem Commun 785-786

Yasufuku K, Noda H, Iwai J, Ohtani H, Hoshino M, Kobayashi T (1985)
Laser Photolysis Study of Dirhenium Decacarbonyl: Evidence for a Non-
radical Primary Process. Organometal 4: 2174-2176

Kobayashi T, Ohtani H, Noda H, Teratani S, Yamazaki H, Yasufuku K (1986)
Excitation Wavelength Dependence of Photodissociation and the Second-
ary Laser Pulse Photolysis of Dimanganese Decacarbonyl. Organometal
5: 110-113

Yasufuku K, Noda H, Onaka S, Teratani S, Kobayashi T (to be published)
Laser Flash Photolysis Study of Dimethylbis[pentacarbonylmanganese]-
tin(II), 2(Mn-Sn).

Walker HW, Herrick RS, Olsen RJ, Brown TL (1984) Flash Photolysis Studies
of Dinuclear Manganese Carbonyl Compounds. Inorg Chem 23: 3748-3752
Herrick RS, Brown TL (1984) Flash Photolytic Investigation of Photoindu-
ced Carbon Monoxide Dissociation from Dinuclear Manganese Carbonyl

Compounds. Inorg Chem 23: 4550-4553
Tolman CA (1977) Steric Effects of Phosphorus Ligands in Organometallic
Chemistry and Homogeneous Catalysis. Chem Rev 77: 313-348



TOPIC 6
Methods, Applications, and Other Aspects






ELECTRON TRAPPING IN COLLOIDAL Ti02 PHOTOCATALYSTS:
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ABSTRACT

The trapping of excess electrons in surface sites in < 0.05 um
colloidal particles of TiOz in acid media has a time constant near 2
ns, independently of the excess electron population being produced by
injection from an excited dye or hole scavenging. It is suggested
that this relatively long lived state is one involved in electron
transfer to solution acceptors in photocatalytic processes.

INTRODUCTION

Titanium dioxide photocatalysis has been studied since the
1930’s. The effort 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 Ti0O2 surfaces. Since the striking report of the photoassisted
electrolysis of water by Fujishima and Honda in 1972, the direction
of research has reversed. Beyond photolysis of water, major initia-
tives have included the Krautler-Bard (1977) photo-Kolbe reaction and
photochemical degradation of refractory chlorinated aromatics
introduced by Carey et al. (1976) and Carey and Oliver (1980).

The development of techniques for working with colloidal
photocatalytic TiOz by Duonghong et al. (1981) has made it 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 in analysis of either
photoxidation or photoreduction: what is the rate of interfacial
electron transfer, and what is the fate of carriers generated in
TiOz2?

Early work indicated that fast electron transfer occurs with
adsorbed partners. Early subnanosecond studies confirmed electron
injection from Erythrosin B in CHaCN in less than 250 ps (Kamat and
Fox, 1983) and injection from adsorbed excited tetrasulfonato copper
phthalocyanine in less than 100 ps (Kirk et al. 1984). It will be
reported below that hexasulfonated tris (phenanthroline)ruthenium(II)
captures holes from excited TiO2 in less than 50 ps.

The fate of carriers in TiO2 was first elucidated by flash
photolysis studies by Henglein (1982) and Bahnemann et al. (1984).

An electron spectrum in TiOz (pH = 1.5) was established by electron
injection from radiolytically 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 colloids. This spectrum was also generated by adsorption of
polyvinyl alcohol (PVA) on the TiOz followed by direct irradiation of
the colloid 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 is "rapid"” on the time scale of
15 ns. The decay of the electron signal is slow on microsecond time
scale unless an electron acceptor is present in the solution.
Henglein et _al. assumed that electrons are trapped near the surface.

The nature of a trapped electron remaining after steady-state
irradiation is elucidated by ESR recorded at 77 K (Howe and Graetzel,
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1985). Two signals are observed which may be assigned to Ti23+. A
small signal is associated with interstitial ions in anatase. The
larger signal resembles Ti3+ in silicate glasses and shows an
environmental sensitivity (e.g. pH response) suggestive of a surface
location.

As Bahnemann et al. (1984) summarized the matter: “photo-
catalytic reactions in TiOz sols can be achieved with sizable yields
only if two scavengers are present (one for e-, one for h+) and at
least one of them is adsorbed on the colloidal particles. It is the
adsorbed scavenger which determines the yield of the reaction of the
non—adsorbed one”. Recombination can be fast, scavenging by adsorbed
molecules can be fast, and trapped excess carriers can be long lived.

Recently, Rothenberger et al. (1985) have provided direct
picosecond information on the recombination process in the absence of
scavengers. Using a 25 ps pulse of about 2.5 mw power at 355 nm
(Nd/YAG third harmonic), a transient is produced which decays with a
time constant of less than 500 ps. The decay is a second order
process depending on the square of the number of photons initially
absorbed. The decay is attributed to hole-electron recombination.
The interesting point is 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
irradiation by Kolle, Moser, and Graetzel (1985). The transient
which arises in 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 in a second order
process. It is a flat 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 carriers in TiOz.
One is 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.

EXPERIMENTAL

TiO2 colloids were prepared by the slow addition of TiClas
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
particles varied as a function of both the concentration and the
details of preparation. The particle size estimation was based on
the shift to the blue of the absorption edge as the particle size
becomes small as described by Nozik (13). The procedure was calibra-
ted by dynamic light scattering studies of parallel preparations.

(We thank Prof. Janos Fendler for assistance with these measurements
and access to his equipment.)

The dyes were the tetrasulfonated copper phthalocyanine used
previously (Kirk et al., 1984), a hexasulfonate derivative of
trisphenanthrolineruthenium(II) which is tetraanionic and was the
generous gift of Dr. Ann English, and commercial erythrosin.

Picosecond flash photolysis experiments were carried out using a
Nd/YAG mode locked laser in the second and third harmonic modes (562
nm and 355 nm). The pulse width is 30 ps and the zero of time is
adjusted at the maximum when 50% of the pulse has passed. A fraction
of the fundamental of the excitation pulse is passed through a cell
containing D20 to generate a continuum pulse useful for probing the
absorption spectrum from 425 to 675 nm. The probe pulse, which has
the same time profile as the excitation pulse, is delayed from 20 ps
to 10 ns from the centre of the excitation pulse. Each spectrum is
the result of averaging ten shots.
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RESULTS

a. Absorption spectra. The particle size of the TiOz may be
monitored by recording the absorption spectrum of TiOz. Up to a

particle size of 0.025 um, the observed band edge shifts toward the
red.

This is illustrated by the spectra shown in Fig. 1 for samples
of TiOz at concentrations of 1.0 to 16 g/L.

increase of concentration, this series reflects an increase of
particle size and the red shift is observable. The particle size
range in

our experiments was calibrated by the study of independently
prepared samples which were examined by dynamic light scattering.

In addition to the
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Figure 1. The absorption spectra of TiOz colloids. Absorptivity is
given in absorbance/gm.

b. Picosecond flash photolysis. Figure 2 exhibits the spectrum
obtained on flashing TiOz alone. The transient observed is present
promptly 20 ps after the 355 nm pulse. Its decay is nearly complete
within 1 ns. These observations are entirely concordant with those
of Rothberger et al. (1985).

Figure 3 shows a representative transient spectrum for a sample
of TiOz of 1.3 g/L with 6.7 X 10-5 M tetrasulfonated copper phthalo-
cyanine (CuPcS4-) adsorbed on the oxide (as demonstrated by the fact
that the colour of the dye may be removed along with the colloid by
filtration or centrifugation). Initially (20 ps), bleaching of the
dye and excited state absorption centred at 520 nm are observable.
At 100 ps, bleaching and new absorbances are in approximate balance
and the absorbance change lies near zero at all wavelengths.
Subsequently, the strong absorption in the red grows in.
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Figure 2. Subnanosecond transients in TiOz after irradiation with
2.5 mJ, 20 ps half width, Nd/YAG third harmonic pulses at 355 nm.
The particle size is near 500 A. The concentration is 18 g/L.
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Figure 3. Transient spectra under spectrometer conditions of
previous figure for TiOz - CuPcS4- system.
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Figure 4 presents a representative experiment using the anionic
Ru(II) complex adsorbed on TiOz. In the particular case, the
solution contains 2.5 X 10-5 M hexasulfonated tris(phenanthroline)ru-
thenium(I1) (Ru(phen)3S4-) adsorbed onto 4.0 g/L of TiOz of approxi-
mately 50 A particle size. In this system, the colloid 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 TiOz
is observable. It decays rapidly. The red band observed previously
has grown considerably at 5ns.

10 ns

DELTA A
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o
o
o
2

. 100 2C ps
1 ns
| 100 ps
! S00 ps
000 +4 , | f + } j
400. 450. 500. 550. 600. 650. 700.
WAVELENGTH (nm)
Figure 4. Transient spectra for Ru(phen)3aS4- - TiOz system under

spectrometer conditions of Figure 2.

Figure 5 shows a final set of transients for 1.2 X 10-8 M
erythrosin adsorbed onto 4.0 g/L TiO2. Bleaching at the center of
the spectrum due to the loss of the strong absorption of the dye
depresses the spectrum at all times recorded, but the growth of red
transient is again observable.

The growth of the signal in the red has been evaluated kineti-
cally using 625 nm as the monitoring wavelength. In eight solutions
of the CuPcS4- over the particle size range the rate constant was 8
6 X 108 s-1 ., For four samples of colloids sensitized with the Ru(II)
complex, the rate constant was 6.5 1 X 108 s-1_. For the single
particle size used with erythrosin the rate constant was 5.5 1 X 108
s-1 . The rate constants are indistinguishable as the sensitizer
varies. In contrast, there may be some real variation with particle
preparation, although this is not established. Although it is
difficult to correct the spectra for the spectra of the sensitizers,
the extinction coefficient of the red band is approximately 2 X 104
M-1 cm-1.

It is also important to observe that the kinetics are the same
whether the primary absorber is the sensitizer or the TiOz colloid

itself.
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Figure 5. Transient spectra for the erythrosin - TiO2 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 in the red, the extinction
coefficient of the red band, and the spectral shape of the absorban-
ce. The first point is the kinetic behaviour.

In all three cases, the choice of sensitizer is unimportant to
the rate of growth of the red band. Nevertheless, a sensitizer is
important to the growth of the red band. The role of the sensitizer
is to ensure an excess of electrons. Analysis of the energetics of
each of the sensitizers indicates that they can participate in two
processes. The excited dyes are capable of injecting electrons into
the conduction band of TiOz. Similarly, a hole in the TiO2 valence
band can oxidize the dyes. Thus, either or both of the excitation
processes taking place can lead to development of excess electrons in
the colloid.

There are two possibilities for the origin of the red transient
with a "grow in" time of ~2 ns which are consistent with the indepen-
dence of the sensitizer. Either the process is a trapping process in
the colloid or it is the formation of a solvated electron in the
solution. The intensity of the red transient is greater than the
transient produced initially or when TiO2 alone is excited. The
observed value is very close to that reported for a solvated electron
(14). However, the absorption maximum is not identical to solvated
electron spectra in water. Moreover, the rate constant for proton
quenching of a hydrated electron is 2.1 X 1010 M-1 s-1 (Hart, 1965).
In a solution at pH - 1, the lifetime of a solvated electron should
be near one ns. The solvated electron explanation seems to be
excluded.

In contrast, an extinction coefficient near that of the solvated
electron and a spectrum with peaks similar to those first described
by Bahnemann et al. (1984) at 500 nm and 625 nm is consistent with
the ESR evidence for a Ti3+ species in the surface of the particle.
The two bands are reasonably those of a TiOs d-d band and a broadened
red shifted band corresponding to delocalization of the acceptor
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orbital. It appears that. the band which grows in with a time
constant of ~2 ns is related to bands associated with electron
transfer from TiOz.

It is important to realize that "surface" states of hydrous
oxides colloids may not be entirely like surface states of crystals.
Hydrous oxide colloids may be "water swollen gels” with the entire
structure of a small particle in contact with "solvent™ and accessi-
ble as a site for adsorption of a sensitize. Thus, the state which
is described may not correspond to a state in crystalline TiOz.

A final question presents itself. What is the nature of the
rapidly decaying signal seen when electrons and holes are generated
in equal numbers? This is not a question to which a definitive
answer can be given from the available evidence. However, one
possibility does suggest itself. A spectrum for excess holes was
presented early on (Bahnemann et al., 1984). It includes a band in
the blue.A combination of that band envelope and a gently rising
absorbance to the red could produce the broad envelope of the sort
seen in a situation where a sum of an electron and a hole spectrum
should be expected.
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THE RADIATION SENSITIVITY OF SELECT METAL CHELATE POLYMERS:
MECHANISTIC CHANGES AT HIGHER ENERGIES
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INTRODUCTION

Our interest in the radiation sensitivity of heavy metal polymers was
first sparked by the goal of enhanced miniaturization of integrated
circuit (IC) chip features. As the features of IC chins get closer
and closer together at the submicron level, microlithographic tech-
'niques must use higher energy photons (or electrons, etc.) than are
currently used.1 Otherwise, diffraction effects by the photons which
pass through adjacent features blur the features and allow short cir-
cuits. The thin organic polymer films, which are normally used as
lithographic resists, suffer from an inability to absorb all of the
higher energy radiation. The unabsorbed radiation backscatters from
the oxide layer which is normally between the resist and the semi-

conductor.

Heavy atom-containing polymer films should have an enhanced sensitivi-
ty to applied radiation because of the atomic number (Z) dependence

of the photoelectric effect which has an atomic absorption coefficient

4

which is Z° or greater (Evans 1972) whereas photon scattering by heavy

atoms only has a Z2 dependence. To test this concept,2 we synthesized

and tested a number of uranyl dicarboxylate polymers for gamma-ray

1 Visible and ultraviolet radiation passed through masks or projected
onto the surface provide the mass production necessary for the low
cost devices currently on the market. Although electron beam litho-
graphy can provide higher resolution, the throughput rate and back-
scattering problems suggest that x-ray or low-energy gamma-ray meth-
odology is needed. For more details see either of two recent review
volumes (Thompson 1983, 1984)

2 Polymers with main group heavy elements have shown increased sensi-
tivity using the empirical method of determining solubilities before
and after radiation (Webb 1979; Haller 1979). Such sensitivities are
based on the dose per unit area required to dissolve the irradiated
polymer with 1/2 of the unirradiated polymer still on the substrate
(for a positive resist and vice versa for a negative resist). They
are solvent and laboratory dependent, cf. Thompson (1983, 1984), and
are not as fundamental as G values.
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sensitivity. From the extensive literature on uranyl carboxylate photo-
chemistry, cf. Burrows (1974), we anticipated Cozevolution, nossibly
mixed with hydrogen abstraction (Rehorek 1982). Much to our surprise,

a sizable number of the uranyl polymers show no CO2 loss during 137Cs

irradiation, but they crosslink with very high efficiency instead.

METHODOLOGY

The irradiation studies were conducted with a cesium-137 gamma photon
source (662 keV) with dose rates of 0.022 to 0.073 Mrad/hr based on
Fricke dosimetry (Hine 1956; Getoff 1962). Corrections for different
mass absorption cross sections between the dosimeter and the uran&l
polymers were made subsequently using literature data (Mann 1960) in-
terpolated when necessary. Samples were irradiated in vacuo using
sealed Pyrex or quartz tubes. Molecular weight analysis of the poly-
mers before and after irradiation were conducted via gel permeation
(or size exclusion) chromatography (GPC) in N-methylpyrrolidone (NMP)
solutions on Ultrastyragel columns, which had been calibrated with
polystyrene standards (in NMP). Gas chromatography-mass spectroscopy
(GCMS) , electron spin resonance (ESR), Fourier transform nuclear mag-
netic resonance (NMR) and infrared (IR), and ultraviolet-visible (UVV)

spectroscopies were used to helo elucidate the products.

G values were determined using the method of Charlesby (1954, 1960,
1964) and reiterated by Dole (1973):

1/Mn'

1/H_® + (G,=G_) (r/100N ) [

o . .
where M is the number-average molecular weight before irradiation,

Mz' is the number-average molecular weight after irradiation,
Gs is the number of chemical scissions per 100 electron volts,
GX is the number of crosslinks per 100 electron volts,

r is the radiation dose in electron volts ner gram, and

N, is Avogadro's number.

Converted to Megarads (Mrad) the equation becomes:
Mo' = = O - -6
/M Y= /M 7+ (Gg-G) (1.04 x 10 °R) [2]

These equations are based on random scission and crosslinking processes,
random initial molecular weight distributions (Mw/ﬁh = 2), and with G
and G dose independent. Even for non-ideal systems, they provide the
best guide possible to the magnitude of the radiation effects, and the

dose dependence is apparent from plots of 1/Hn vs dose in Mrad.
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The synthesis and characterization of the uranyl dicarboxylates is de-
tailed elsewhere (Archer 1987; Hardiman 1987). The essential synthetic
reaction is

U02(02CCH3)2(H20)2 + HO

CRCOZH

2 [uo, (0,CRCO,) ] + CH,CO,H [3]

=
CZHGSO
The molecular weights have been determined by GPC, viscosity, and NMR

13C—NMR has also been used (Archer 1987)
to confirm the coordination modes of the carboxylate ligands to the

end-group analysis. Solid-state

uranyl ion. The results are as anticipated from IR results (Hardiman
1987); that is, both monodentate and bidentate carboxylate coordination
occur such that 7-coordination predominates in polymers with either one
or two moles of solvent coordinated to the uranyl ion.

URANYL POLYMERS WHICH APPEAR TO EXCLUSIVELY CROSSLINK

As anticipated, the uranyl dicarboxylate polymers are very sensitive to
gamma-ray irradiation. The data for four branched alkyl, one alkene,
and one aromatic dicarboxylates which appear to exclusively crosslink,
with no evidence of CO2 evolution, are summarized in Table 7. Whereas
the entire absorption for the lighter elements (0.257, 1.54, 2.04, and
4.09 barns/atom for H, C, O, and S, respectively) is of the Compton
type, for uranium 50% is photoelectric absorption (47.7 barns/atom
total). Thus, the uranium atom constitutes from 50 to 58% of the ab-
sorption in the unit at this energy (662 keV), but only modifies the
mass absorption coefficient for the polymer by about 13 to 16% relative
to water, the absorber of the Fricke dosimeter. Organic nolymers are
typically lower than water; e.g., poly(methyl methacrylate), PMMA, is
0.083 cm2/g using the same numbers, or 17 to 20% lower than the uranyl
polymers. However, on a repeating unit basis, the uranyl polymers ab-
sorb from 600 to 700% as much radiation as PNMA (G = 1.3) and organic
polymers with G values as high as 10 are known (Thompson 1984).

None of the species in Table 1 show any tendency for scission, thus,

the GS—Gx value is essentially —Gx. With increased dose levels, all
exhibit lower Gx values--a logical consequence of fewer effective cross-
links. Extra crosslinks between the same chains do not increase the
molecular weight any further. The values in the table are for 2 Mrad
doses (or 3 Mrad for the succinate and phthalate derivatives as no
curvature was observed until above 3 Mrad for these two snecies). The
extremely high Gx value for the tetrapimelate.derivative must be re-
lated to the mobility of the longer alkyl chain coupled with stabilized

tertiary radicals coupled with efficient energy transfer.
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Table 1. Gamma-ray Sensitivity of Negative Resist Uranyl Polymers
Empirical Formula Unit? 7o . -6.% wpd G -c.°
P “n s ox PP s °x
(bridging carboxylate)
g -149 ~129
UO2 OZCC( 3)2CH CO2 (C2H6SO) 9,000 14 0.100 12
(2,2-dimethylsuccinate)
f £ £
UO2 O2CC( 3)2CH CH2CO2 (C2H6SO) 48,000 -3.1 0.100 =-2.7
(2,2-dimethylglutarate)
g - g - g
UO2 02CCH2C(CH3)2CH2CO2 (CZHGSO) 12,000 8.0 0.100 6.9
(3,3-dimethylglutarate)
g ~439 _379
UO2 OZCC(CH3)2( 2 3C(CH3 2CO2 (CZHGSO) 12,000 43 0.099 37
(2,2,6,6-tetramethylpimelate)
(Z 02CH CHCO ) (C HSSO)1.75 9,300 -3.3 0.099 -2.9
(maleate)
- g - g9 _ g
U02(9 OZCC6H4CO )(CzHGSO)2 17,800 3.7 0.097 3.3
(phthalate)
aRepeating unit of polymer chain including solvation
bﬁn of samples not irradiated; based on GPC in NMP with polystyrene
standards, or by NMR end-group analysis if so indicated
CMeasured net G value using equation 2 and GPC after 137Cs irradiation
dMass absorption coefficients in cm2/g for 662 keV irradiation
€corrected G values relative to Fricke dosimeter(0.086 cm2/g for 137Cs)

fPolymer has poor M distribution and poor agreement with end-groun detn

9% values for this polymer--end-group calibrated by NMR

URANYL POLYMERS WHICH UNDERGO SCISSION WITH GAMMA RADIATION

On the other hand, uranyl polymers with three different thio-bridged
ligands and fumarate all show large Gs values upon irradiation as
noted in Table 2. The cleanest one is the polymeric uranyl thiodigly-
colate, which shows no tendency toward crosslinking; that is, GS-Gx is
probably a true measure of Gs' The GPC's of the others show evidence
for both scission and crosslinking; thus GS is larger than the GS—G
value shown. Unfortunately, they are so sensitive to radiation that
reliable independent values are impossible to obtain. These high
GS—vaalues for the thio-bridged polymers would be even higher if the

polystyrene-equivalent molecular weights were used instead of the NMR
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Table 2. Gamma-ray Sensitivity of Positive Resist Uranyl Polymersf

C . - = b

Empirical Formula Unit M GS—GXc P(Pd GS-GXe
(bridging carboxylate)

U0, (0,CCH,SCH,CO, ) (C,H,50) 14,0009 569 0.097 509
(thiodiglycolate)

U0, (0,CCH,SSCH, €O, ) (C,H S0) ; ¢ 12,000977 300973 0.097 280977
(dithiodiglycolate)

UO, (0,CCH,SCH,SCH,CO, ) (C,H50),  15,0009'P  1039/" 5 096  939:0
(methylenebis thioglycolate )

U0, (E~-0,CCH=CHCO,)) (C,H,50), 26,0000 1 g3t 5 093 sghed

(fumarate)

a-e
£

Same as Table 1

G values based on first 0.5 to 0.6 Mrad only
Im adjusted to agree with NMR end-group analysis
hPolymer undergoes both scission and crosslinking
iﬁ distribution poor; results very approximate

JPolymer very sensitive to radiation--nonirradiated samples change M
distribution significantly during irradiation of other samnles

end-group determined weights. Specifically, thiodiglycolate, dithio-
diglycolate, and methylenebis thioglycolate were originally calculated
to have GS—Gx values of about 100, 400, and 160, respectively, using
the polystyrene-equivalent calibrations. These polvmers absorb from
about 5 to 7 times as much energy per polymer unit as an organic noly-
mer (such as PMMA) with a molecular weight of 100 at this energy. Even
so, with the ligands that have two sulfur atoms per reneating unit, ex-
tremely high sensitivity to this gamma radiation occurs. At low dose
level, where PMMA shows only a very small change in molecular weight
distribution, these uranyl species have drastically modified molecular
weight distribution. GCMS results indicate S-C scission for methylene-
bis thioglycolate and S-S scission in dithiodiglvcolate. And ESR
results indicate anpreciable snin density on sulfur atoms for the same

polymers with no evidence for uranium(V), even at -77°K.

The above results with uranyl polymers led us to svnthesize linear co-

balt(III) polymers containing two R-diketones bridged with S atoms (-S-,

-55-, —-SO- &-502—) for bridges and leucine as a nonnolvmerizable third
14 14 -
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bidentate ligand, which allows the synthesis of linear coordination
polymers. These and similar V02+ 8-diketonates bridged with sulfur
atoms (Archer 1986) show radiation effects which are both wavelength
and state/solvent dependent. For example, instead of reduction to co-
balt(II), gamma irradiation produces facile C-S scission in the cobalt-

(ITI) polymers. Space limitations precludes further details.
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TEMPERATURE DEPENDENT EMISSION OF COPPER PORPHYRINS IN LIQUID SOLUTION

Motoko Asano, Osamu Ohno, Youkoh Kaizu, and Hiroshi Kobayashi

Department of Chemistry, Tokyo Institute of Technology, O-okayama, Meguro-ku,
Tokyo 152, JAPAN

INTRODUCTION

Copper porphyrins exhibit a short-lived phosphorescence at ambient
temperature. Fluorescence is quenched for a prompt intersystem cross-
ing to the lowest excited triplet state caused by the interactions of

an unpaired electron in the highest copper do orbital and the 1’3(n,ﬂ*)
excited configurations. The interaction makes all singlets become
doublets and triplets split into doublets ("trip-doublet") and quar-
tets ("trip-quartet") (Ake 1969; Smith 1968).

An energy gap between the lowest trip-quartet and trip-doublet was es-
timated as 260~330 cm™l for PCu (P: porphin) by high resolutional
emission and absorption measurements at low temperature (Noort 1976;
Bohandy 1980). The measurements of zero-field and Zeeman splittings
of the trip-quartet state of PCu provided knowledge on the structure
of the trip-gquartet (Van Dorp 1975; Van Dijk 1979, 1981).

The relaxation processes at room temperature of excited copper por-
phyrin have been studied by use of pico-second flash photolysis
technique (Kobayashi 1979; Kim 1984). Copper protoporphyrin in the

lowest excited "sing-doublet" (251) state relaxes into the lowest
"trip-doublet" (2Tl) state within 8 ps and then to a thermal equi-

librium state of 2T and the lowest "trip-quartet” (4Tl) state with a

1
time constant of 450-460 ps (Kobayashi 1979). The phosphorescence ob-

served at room temperature is ascribed to a delayed 2Tl emission
caused by a thermal activation from 4Tl state to 2Tl state.

The emission band of OEPCu (OEP: 2,3,7,8,12,13,17,18-octaethylporphin)
in both toluene and poly(methyl methacryvlate) film increases promi-
nence but shows only a slight shift with decreasing temperature. The
emission spectrum of TPPCu (TPP: 5,10,15,20-tetraphenylporphin) in
polymer film is rather invariant with temperature (300~77 K) and well
corresponds to the spectrum in toluene rigid glass at 77 K. On the
other hand, a bell-shaped emission is observed in toluene solution at
room temperature and the band shifts to the red with decreasing tem-
perature down to 200 K.

In this paper, we discuss the structure of the trip-doublet and trip-
quartet states in four copper porphyrins in toluene liguid solution on
the basis of the decay lifetimes and emission yields measured with
decreasing temperature not so as to freeze the medium.

S-T ABSORPTION SPECTRA OF COPPER(II) PORPHYRINS

Copper porphyrins exhibit absorption bands very similar to those ob-
served with the corresponding diamagnetic porphyrins. However these
particular paramagnetic porphyrins do exhibit a weak additional ab-
sorption band (OD ca. 0.1 is observed with an almost saturated solu-

Photochemistry and Photophysics
of Coordination Compounds, Ed. by H. Yersin/A. Vogler
© Springer-Verlag Berlin - Heidelberg 1987



292

tion of 10 3 M) to the red of the Q band. The weak band forms a mir-
ror image of the emission observed at room temperature. The absorp-
tion band is assigned to a S-T (sing-doublet-to-trip-doublet)
transition.

TEMPERATURE DEPENDENCE OF EMISSION IN OEPCu AND TFPPCu

The trip-doublet emission of OEPCu and TFPPCu (TFPP: 5,10,15,20-tetra-
(pentafluorophenyl)porphin) in liquid media 10 times increases its in-
tensity persisting the spectral profile upon temperature down from 300
K to 200 K. Lifetime increases from 105 ns (OEPCu), 68 ns (TFPPCu) at
300 K to 1200 ns (OEPCu), 1250 ns (TFPPCu) at 200 K, respectively. A
scheme is given for the relaxation process of the excited species as

in figure 1. Assuming that a photostationary state is obtained, the

yield of emission from the trip-doublet is

K+k,/k 2
6=k, . - a3 SO
2 T2r Tisc k2K+k4(k2/k3+l) ’

figure 1

-3
X k . ~ 4T1
here Kelexp(-BEyo—z3 4 oL kg Y
where R=5€Xp{~yq’~ k, ' ‘isc kptk] 3 T
k2r anr
Since k,>>k.>>k, and thus 1+k,/k.=1 and
3 2 4 27773 k k
K+k4/k3%K, the equation (1) is rewritten 1 4r 4nr
as 25%)
K
= . d. —_ (2) — _
P27Kor Pisc K KR, Ko=kortkonrs X47Kgrt¥yn,

On the other hand, the decay rate of emission is described as

2 _ -at -Bt
["Ty1=Cje "+Cye ,

ay - 1 2
(B> 2{k2+k3+k4+k_3tJ {(k2+k3)—(k4+k_3)} +ak k_, }'

The observed decay corresponds to the slow component 8. Since k3,k_3

>> k2,k4, the lifetime is given by
1.3 =_52§ifﬁ_ (3)
T 1+K *

From the equations (2) and (3), it follows that

/¢ = kzr'¢isc(l+K)/K. (4)

Here the temperature variation of the ratio 1/¢ is attributable only
to the equilibrium constant K, since k2r and ¢isc are less dependent

on temperature. Using the least=-squares method, the values of K are
evaluated as a function of temperature, from which the energy gap

(AE) between the 2T and 4T states can be determined according to

1 1 -1 -1
the relationship K=!=exp(—AE/kT): OEPCu, 310 cm ~; TFPPCu, 390 cm .

2
TEMPERATURE DEPENDENCE OF EMISSION IN TPPCu AND T (EtO)PPCu

TPPCu shows a bell-shaped emission band at room temperature, howeyer
the emission profile varies and the band peak shifts to the red with
reducing temperature. The lifetime, on the other hand, increases with
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decreasing temperature down to 250 K while it decreases upon further
cooling : 300 K, 29 ns; 250 K, 39 ns; 200 K, 27 ns. The emission of
T (EtO)PPCu(T(EtO)PP: 5,10,15,20-tetra (p-ethoxyphenyl)porovhin) also
shows a small red shift at low temperature. The lifetime of this
copper porphyrin simply decreases with decreasing temperature : 300 K,
17 ns; 200 X, 13.5 ns. 1In these two copper porphyrins, the emission
intensity in toluene solution is much less than that in polymer film
but varies only to a lesser extent with temperature in contrast with
OEPCu. Temperature dependence of emission spectra and decay lifetimes
of TPPCu and T (EtO)PPCu can not be described by means of the simple
dissipation kinetics as in figure 1.

STRUCTURE OF THE TRIP-DOUBLET AND TRIP-NUARTET STATES IN COPPER POR-

PHYRINS

The absorption bands of a typical metalloporphyrin are ascribed to the

lowest (n,n*) transitions which arise from the highest occupied a,

and a, orbitals in accidental degeneracy to the lowest vacant

degenerate e orbital pair. The lowest excited singlet states are as

50-50 admixtures of l(alueg) and l(azueg), while the lowest excited

griplet states are approximately a single configuration 3(alueg) or
(aZueg)'

In the case of paramagnetic copper porphyrins, however, an unpaired

electron in copper dxz—yz (b, ) orbital migrates into the porphyrin

lg
nitrogens. Exchange interactions of the unpaired electron with por-
phyrin LUMO's and HOMO's give rise to a mixing between porphyrin

lowest (n,ﬂ*) excited singlets and triplets.

The exchange interactions between copper blg orbital and porphyrin

LUMO e orbitals, HOMO a5, and al, orbitals were evaluated: (ble]ebl)

_ » -1 | B " -1 , .
= 200~250 cm -, (bla2|a2bl) = 300~350 cm —, while (blal|albl) 0
since the al, orbital has no population on the nitrogens (Asano
unpublished) .

In OEPCu and TFPPCu, the lowest trip-quartet and trip-doublet are
[4’2(b13(ale))> origin, whereas in TPPCu and T(EtO)PPCu
4'2(b13(ale))>. There
is only a small energy gap between the 4Tl and 2Tl states in OEPCu
(330 cm_l) and TFPPCu (350 cm_l), while a greater gap in TPPCu (~700

- - . 2
cm 1) and T(EtO)PPCu (~800 cm l). Since observed decay rate from Tl

mainly of

|4'2(b13(aze))> turns out to be lower than |

is about ~30 ns in TPPCu and ~20 ns in T(EtO)PPCu, a Boltzmann equi-

librium between the lowest excited states is not established. On the
other hand, the second excited states 4T2 and 2T2 are far from the 2T1

state in OEPCu and TFPPCu, while those of TPPCu and T(EtO)PPCu are

close to 2Tl state.
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CONCLUSION

The lowest excited trip-doublet and trip-quartet configurations of
OEPCu and TFPPCu are mainly [2’4(bl3(ale))> , while those of TPPCu and
T (EtO)PPCu are |2'4 , and 4Tl was
obtained 300~400 cm™ ' for OEPCu and TFPPCu by kinetics study and the

le and 4Tl states are in a Boltzmann equilibrium. In case of TPPCu

(bl3(a2e))>. An energy gap between 2T

and T(EtO)PPCu, temperature dependence of emission spectrum and life-
time is very anomalous in toluene solution.

A possible interpretation is as follows. Rotation of peripheral
phenyl groups can cause delocalization of m-electrons of the porphyrin
macrocycle to the substituents. It follows that the transition ener-
gies vary with temperature in liquid solution since the rotation de-

pends on temperature. It is noted that ajy, orbital has no population

on the meso-carbons to which phenyl substituents are bonding, while
as, orbital does have. 1In TPPCu and T(EtO)PPCu, anomalous temperaturec

dependence of emission spectrum and decay lifetime is attributable to
the variation of phenyl groups rotation. 1In fact, spectrum of these
copper porphyrins in polymer film, which is coincident with that in

toluene rigid glass at 77 K, persists its profile and shows no shift
with decreasing temperature. However, in case of TFPPCu, the lowest

1240, (aye))>

are less influenced by the rotation and ortho-fluoro substituents of
phenyl groups may inhibit it.

excited trip-doublet and trip-quartet configurations
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PRESSURE EFFECTS ON NONRADIATIVE DEACTIVATION FROM METAL COMPLEX
EXCITED STATES IN SOLUTION

P.C.Ford and J.DiBenedetto

Department of Chemistry, University of California, Santa Barbara, CA 93106, USA

This article summarizes some observations in this and other
laboratories regarding the effect of pressure on rates of nonradiative
deactivation from metal complex excited states (ES) in fluid
solutions. Studies here (partially in collaboration with Henry Offen
at UCSB and with Rudi van Eldik at the University of Frankfurt, FRG)
have been concerned with using pressure effects to probe photoreaction
mechanisms and other properties of metal complex excited states (Ford
1986, DiBenedetto and Ford 1985). Nonradiative deactivation often is
the principal pathway for excited state decay; thus understanding or,
at least, determining the sensitivity of this pathway to such a
systemic perturbation is crucial to interpreting the pressure effects
on other excited state processes.

ACTIVATION VOLUMES

The application of hydrostatic pressure changes a number of parameters
for a solution phase reaction which will be reflected in the reaction
dynamics. Application of transition state theory leads to an
activation volume defined according to

- d(ln ki)

(1) AVi = =RT( )

ap T

where k. is the rate constant for a process of interest.

Describing the pressure dependence of the reaction rate as an
activation "volume" provides a convenient, qualitative perception of
the distortions that may be occurring along the reaction coordinate of
a molecular process. However, this view may be misleading since
pressure may perturb other systemic parameters including solvent
density, viscosity and dielectric constant, which may profoundly
influence the reaction dynamics. Despite this qualification, the use
of measured partial molar volumes and activation volumes as defined
according to eq. 1 allows the construction of reaction volume profiles
which have provided valuable insights into the natures of the
mechanisms of numerous thermal reactions (van Eldik 1986).

The situation with excited states is somewhat more complicated.
Analysis of ES dynamics according to transition state theory can only
be valid for slower processes where the relevant states have achieved
vibrational equilibration with the medium. 1In addition, the partial
molar volumes of short-lived electronic states cannot be measured by
the conventional methodologies, adding a further element of
uncertainty into the interpretation. The unimolecular decay of a
single ES may be summarized in terms of three types of processes,
reaction to products (rate constant k_), radiative deactivation (k_)
and nonradiative deactivation (k_), eBch of which possibly a composite
of several competing mechanisms.” The sum of the decay rate constants
k, = 2k. is equal to the inverse of the lifetime ™ while the quantum
y?eld ¢.lof a particular process is described by the product of @. ,
k. and¥ , where @. 1is the efficiency of foeming the relevant stats
via internal convérsion/intersystem crossing. Values of k. thus can
be determined as functions of pressure from the corresponding values
of ¢i, ¢ic and T.
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PHOTOREACTION AV™ s

This approach was used successfully to,determine av* values for the
ligand labilization pathways from the “E ligand field (LF) state of
the halopentaamminerhodium(III) ions (eq. 2, A = NH3 or ND3, X =Cl or
Br) (Weber 1983, 1984).

. 3+ -—
~ Rha_(H,0)3% + x
x**1" + mo 32

2 —> RhA, (H,0)x*" + a

A volume profile for the chlorige complex is represented in Fig. 1
where it is seen that, while AV for NH, loss from the LF excited
state is large and positive, consistent with a 1imitin3 dissociative
mode for this excited state substitution mechanism, AV for Cl 1loss
from the same species is negative. This seemingly contradictory
result is easily explained in terms of solvent contraction around the
transition state of_the latter pathway owing to the creation of charge
(dissociation of Cl leaveg a +3 rhodium(III) fragment). The volume
differences between the AV ‘s of the two pathways are indeed close to
the differences in the partial molar volumes of the reaction products.
Thus, it was. concluded that the pressure effects on the LF excited
state substitution rates for this and related Rh(III) complexes were
consistent with the proposed dissociative mechanism.

(2) [RhA5

L Cl 2+
JAQ +NHy Figure 1 Volume
--=- profile diagram for
2+ the competitive

photoaquation of NH,
A .

w - and of Cl ,from
% ”}\“#Cl' +39 Rh(NH,)_.Cl in
J < i v aqueols solution via
S o a proposed limiting
-10}F : -17.8 dissociative
TS mechanism.
_20_
RXN COORD

PHOTOPHYSICAL AvV*’s

Pressure effects on radiative deactivation have not been widely
explored for metal complexes in solution, in part because emission
quantum yields are often (not always!) small. Limited studies in
solution are consistent with the changes in k_ correlating with
pressure induced changes in the square of the solvent refractive index
as predicted by the Strickler-Berg equation (Drickamer 1982).

With regard to nonradiative deactivation, pressure effects on k_ would
depend on the detailed mechanism. Deactivation from a particular ES
may occur directly to the ground state or by crossing over to another
ES (e.g., one of different orbital parentage) which deactivates more
efficiently. For an individual state, k_ is determined by vibrational
and electronic factors. Vibronic coupling has been analyzed in-terms
of the "weak" and "strong" coupling limits. The former case has a
relatively small displacement of the ES potential energy surface, thus
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kn is dominated by the high frequency molecular modes and is predicted
to increase exponentially as AE between the ground and excited states
decreases (the "energy gap law"). The strong-coupling limit involves
a larger displacement of the ES potential energy surface (at least one
normal mode) relative to the acceptor state such that the surfaces
cross not far from the minimum of the higher state. According to
theory, strong-coupling should show an Arrhenius type temperature
dependence while weak-coupling should be essentially temperature
independent. Strong coupling can also be associated with chemical
deactivation pathways, thus may contribute to k_ in those cases where
unimolecular reactions of the ES are common.

In general one might expect that weak coupling should show a rather
small sensitivity to pressure. Changes in hydrostatic pressure may
perturb the ES energy by compression of the complex or changing the
solvent dielectric constant, and k_ should respond to - AE
exponentially. For example, Salman and Drickamer (1982) investigated
the pressure effects on the metal to ligand charge transfer (MLCT)
phosphorescence spectra, lifetimes and quantum yields for the
complexes ReCl(CO),(phen) and ReCl(CO),(4,7~Ph.,phen) as functions of
pressure in severa} solvents. By systématic variation of solvent
properties with pressure, they demonstrated a linear relationship
between 1In(k_) and AE indicative of a weaﬁ-coupling deactivation
mechanism fo? each complex. Values of AV_ can be calculated for each
complex in the various solvents, and for the polar solvents d%methyl
formamide and acetopitrile, these are quite small, 0 to +1 cm /mol.,
but in m-xylene AV ‘s are larger reflecting the greater
compressibility of Bhat solvent.

A similar observation has been made for the Ru(bpy) 2+ cation in polar
solvents at ambient tempergture. Early studies ovér the range 0.1 to
230 MPa indicated that AV_ is small and negative (Kirk 1980).
Subsequent experiments (FeBterolf 1985) confirmed the small AV
under these conditigns but also demonstrated a dramatic temperatgre
sensitivity for av o (see below).

-

Given that the strong-coupling mechanism is often closely associated
with unimolecular reactions of the ES, one might expect a correlation
between pressure effects experienced by the rates of chemical
deactivation and the associated contributions to nonradiative
deactivation rates. This appears to be the case for the Rh(III)
ammine systems discussed above. Pregsure effects on k_ values for the
lowest LF states give measurable Ayn values which parallel those of
the predominant photosubstitution reactions both in magnitude and sign
(Weber 1983). Such an observation may indicate a substantial
strong~coupling component to the k_ mechanism as proposed earlier as
an explanation of temperature effecCts on apparent nonradiative
deactivation rates of he¥aamminerhgdium(IIIl (Petersen 1974). We have
found that a plot of AV_ vs oAVX + @ -AV_ (the ordinate
representing the sum of Bhe ES®realtion”actfvation volumes weighted by
their respective ambient pressure quantum yields) is linear for the
halopentaammine complexes. Although the gquantitative significgnce of
this plot has yet to be delineated, the correlation between AV_ and
the weighted contributions of the photosubstution pathways is Clearly
suggestive of the contributions of strong-coupling pathways to the
deactivation modes.

A Rh(III) complex whigh does not fit the above correlation is
trans-Rh(cyclam)(CN) (cyclam = 1,4,8,l1-tetraazacyclotetradecane),
which is inactive toWard photosubstitution but has a remarkably long
lived LF emission in ambient aqueous solution (8.1 usec) (Miller
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FIGURE 2: Plot of AV; vs the

¢ - L
Z summed products AVA;ZSA + AVX¢X
o for Rh(III) complexes
2+
* a: Rh(ND3)gCly, in D)0
*g b: Rh(NH3)5C12+ in HéONHz
z c: Rh(NH3)5C12+ in DMSO
« d: Rh(NH3)ZCl% . in DMF
© e: Rh(NH3)5Br2+ in H20
£ Rh(ND3) Br in D40
diamond: Rﬁ(bpy)2c13 in H,0
#
AV,
1983). The lack of phogoreactivity may be attributed to the lowest

energy LF ES being the “A,. For this state, ligand laEilization,
expected to be equatorial®in analogy to the Rh(NH,)_.CN ion (Skibsted
1983), is blocked by the cyclam‘macrocycle We havé found that under
pressure ™ is shortened and AV, = -4.4 cm”/mol, and we interpret this
3s suggesting that the modes negessary for strong-coupling from the

A2 state also involve distortion along the macrocycle ,constrained
eqlatorial metal-ligand bonds. Thus, the negative AV_ value may
indicate the role of an alternative,deactivation pathwdy, the crossing
of the system to the higher energy “E state fgom whicg nonradiative
deactivation occurs. A negative AV for the A, --> TE transition
might be explained in terms of solvation contri%utions to V of the
latter state owing to the more ionic nature of the Rh-CN bond in the
latter state.

A strong coupling mechanism with significant volume changes would
certainly be expected if the thermally relaxed ES has a considerably
different structure than does the ground state. An example is the
four coordinate Ni(II) complex Ni(dppe)Cl, (dppe =
1,2-bis(diphenylphosphino)ethane) for which presgure effectg on
nonradiative decay (Amir-Ebrahimi 1984) gave AV = -10 cm~/mol.
This was interpreted as indicating that the transition state for 8
deactivation more closely resembles the square planar diamagnetic d
ground state than the less tightly solvated tetrahedral, triplet ES.2+
The high spin/low spin relaxation of Fe(II) chelates, e.g., Fe(PYim)3
(pyim = 2-(2-pyridyl)imidazole) is somewhat analogous, although in
this case radial contraction rather than coordina;ion sphere twisting
was argued to be responsible for the negative AVn‘s (DiBenedetto,
Arkle etc. 1985).

As suggested above, nonradiative deactivation may occur via crossing
to another ES from which deactivation is much more rapid. 1In such a
case, there may also be volume differences between the two ES. This
is dramatically demonstrated by the emission spectrum of the
iridium(III) cation Ir(Mephen),Cl in DMF (Fig. 3) which emits from
two states (Fig. 4). For this“syStem, it is evident that increased
pressure leads to enhanced charge transfer emission (550 nm) at the
expense of LF emission (720 nm) with little or no shifts apparent in
the peak maxima. The spectral changes were attributed to shifts in
the relative populations of the two ES owing to partial molar volume
differences between the LF and MLCT states (DiBenedetto 1984). A plot
of the log of the CT/LF intensity ratio vs P proved linear. From the
slope and the assumption that the ratio of the radiative rate
constants is pressure independent, an apparent volume difference of
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4.2 cm3/mol between the states was calculated according to eq. 3, the
LF ES being the larger. That the LF state is the larger is consistent
with the population of antibonding orbitals in that ES leading to
extensions of the M-L bonds.

ct, 1f
d(ln(kr /kr ))

(3) AV = ~RT + AV
app ¢ ap ) Veq
NANOMETERS

500 700 900 #OO
T T T 17

RELATIVE EMISSION
INTENSITY

) 1 1 |

23 20 17 14 18
emuo73

FIGURE 3 (left): Emission spectrum of Ir(Mephen).,Cl * in DMF at 0.1

MPa (a) and at 300 MPa (b) showing the increase in %he MLCT emission
intensity at the expense of the longer wavelength LF emission at the
higher pressure.

FIGURE 4: Scheme for luminescence from two emitting states of
different orbital parentages. Keq defined as equal to [MLCT]/[LF]

For Ir(Mephen),Cl +, the MLCT is the lower energy state yet the two ES
are in thermal®eqliilibrium as evidenced by the wavelength independent
emission lifetimes. Lifetime measurements in DMF solution show that
the application of pressure dec;eases the deactivatign rates with the
In(k.) vs P plot giving the AV. value +4.0 + 0.2 cm™/mol. The
unimglecular deactivation rate gonstant k, is related to the various
constants noted in Fig. 4 according to eq. 4. _However, since the kr’s
are much smaller than the kn's and, for such d° complexes,
nonradiative deactivation is generally much faster from LF states than

from MLCT states, kg simplifies to k%f(l + Kg )_1

case Keq >> 1, eq. 5 would hold, thus the AVn value of +4.0 cm3/m01
is consistent with this model.

. For the limiting

ct ct 1f 1f
(4 « _ Keg(kr + kn ) + kn + kr
d
1 + Keq
(5) v* = -rT[d(1n kif)/ap] - AT
aVq n eq

A two state model has also been propo&gd to explaig pressure effects
on the deactivation rates of Ru(bpy) -3 Small AV ‘s were found St
low temperatures, but a value of +7,% cm” /mol was Bhe case for 70
aqueous solutions (Fetterolf 1985). This was explained in terms of
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two competing nonradiative processes, slow weak-coupling directly from
the emissive MLCT state and competitive thermal promotion to a
nonluminescent, higher energy LF state from which nonradiative
deactivation is extremely rapid.

CONCLUDING REMARKS

The above has been concerned with the pressure effects experienced by
the nonradiative deactivation from metal complex excited states.
Substantial effects gften result from the involvement of several ES,
so that apparent AV_'s may reflect differences between two ES rather
than the distortions inherent to a specific deactivation mode.
Nonetheless, it appears to be a safe conclusion that those systems for
which a weak-coupling nonradiative deactivation mechanism is dominant,
pressure effects on k_ are small (as are temperature effects). 1In
contrast, deactivation by strong-coupling paths not only is

temperature dependent, but may also be much more pressure dependent,
since these appear to involve much more distortion prior to the

deactivation event. Recently, we have extended our investigations to
dinuclear complexes. Given that lowest energy ES for many of these
derive from electron promotion between orbitals delocalized between
the two centers, substantial distortions of the metal-metal bonds
often resugt. An intriguing subset is that where both metal centers
have the d° configuration such that the highest occupied MO is M-M
antibonding but the LUMO is M-M bonding, thus the lowest ES has a
significantly shorter M-M bond than the ground state (Marshall 1986).
Preliminary pressure studies (Fetterolf 1987) have shown that the
phosphorescence lifetimes in,acetonitrile of the tetrabridged ion

Pt (&—pop)4 (gop is P205H ) are little affected by pressure

( %Vn = -1.6 cm” /mol) bt thlie dibridged complex Irz(p—pz)z(COD)2 (ng
is pyragole, COD is cyclooctadiene) has a substantIally pggitive Avn
(4.6 cm™/mol). These observations suggest that Pt,(POP)

deactivates by a weak-coupled pathway while the irIdium éimer involves
strong-coupling deactivation. The much greater temperature dependence
of kd for the latter species is fully consistent with this model.
Acknowledgement: This research was supported by the US National
Science Foundation (CHE84-19283 and INT83-04030)
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HETEROGENEOUS PHOTOCATALYSIS BY METAL SULFIDE SEMICONDUCTORS

H.Kisch, W.Hetterich, and G.Twardzik

Institut fir Anorganische Chemie der Universitdt Erlangen-Niirnberg
Egerlandstr. 1, 8520 Erlangen, FRG

Metallized semiconductor powders like titanium dioxide and cadmium sul-
fide may photocatalyze the reduction of water and reactions of organic
compounds. In the lectter case no new materials were obtained (Fox 1983)
except in the dehydrodimerization of cyclic ethers by photoexcited zinc
sulfide (BlUcheler 1982; Zeug 1885; Yanagida 1985). This reaction affords
from 2,5-dihydrofuran (2,5-DHF) and 2,3-dihydrofuran (2,3-DHF) the

hitherto unknown compounds - 3 in preparative amounts, and from THF

1
the 2,2'-bitetrahydrofuryl (4) without traces of the 2,3’-isomer. Their
formation is coupled to hydiugen evolution from water which occurs with-

out a noble metal catalyst. In the following we report how the reaction

Scheme 1

of 2,5-DHF depends on the method of catalyst preparation, on the con-
centration of water, 2,5-DHF and zinc sulfide, and on the substitution
of zinc sulfide by cadmium sulfide or homogeneous solutions of ZnS/CdS.
Competition and inhibition experiments give some basic insights into

the nature of interfacial electron transfer processes.

The sulfides were prepared by addition of sodium sulfide to zinc sul-
fate at room temperature (ZnS-A) or by the reaction of zinc sulfate
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with thiourea (Kurian 1972) in alkaline solution at SOOC (ZnS-B). All
samples were obtained as amorphous powders containing various amounts

of cubic zinc sulfide. The sulfides ZnS-B have surface areas of 10 - 15
m2/g (BET-method) and exhibit strong photocorrosion. EDAX-analysis shows
that the ratio of Zn/S on the surface increases from 1.00/0.83 to 1.00
/0.68 when the sulfide is precipitated from a solution with the ratio
Zn2+/0H— = 1/5 (ZnS—Bl) and 1/10 (ZnS-BZ), respectively. The higher con-
tent of zinc oxide, as indicated by the higher zinc to sulfur ratio,

increases photocorrosion and decreases the reaction rate by 50% as com-

pared to ZnS—Bl.

All zinc sulfides prepared exhibit at room temperature luminescence upon
front-face illumination. Maxima in the emission spectra at 430, 670 nm
originate from zinc sulfide, at 500 nm from the latter and traces of
zinc oxide, and at 600 nm.from an impurity of Mn(II). No obvious cor-
relation is found between slight changes in the emission spectra and

photocatalytic activity.

When the four sulfides ZnS—Al_4 are precipitated from solutions con-
taining different concentrations of ammonia, the initial rates are 7,

0, 7, and 19 ml Hz/h for the molar ratios Zn2+/NH = 1/0, 1/7, 1/20 and

3

1/30, respectively. Diffuse reflectance spectra of ZnS-A contain the

1-3
bandgap absorption at 354 nm, which indicates the presence of intersti-

tial Zn2+ and Zn(0) (Kurian 1972). ZnS—A4 has this absorption at 336 nm

which is equal to the literature value of pure zinc sulfide. The inter-
stitial atoms promote electron-hole recombination and thus the lower ca-

talytic activity of ZnS-A becomes explainable. When the ammonia con-

1-3

centration is too low} as in the case of ZnS-A the alkaline medium

2 ’

induces the formation of zinc oxide which inhibits the reaction; the

ratio Zn/S on the surface is 1.00/0.87, 1.00/0.55 and 1.00/0.83 in the

case of ZnS—Al, ZnS-A2 and ZnS-A4, respectively. Induction times are
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longer with the less active samples pointing to a possible removal of
interstitial atoms and surface oxide at this initial stage of the re-
action. The rate induced by ZnS-A4 is about three times that obtained

by ZnS—B1 and its catalytic activity persists much longer. This may be

due to the larger specific surface of the sulfides ZnS-A (100 - 130 mz/g)
However, other properties of the surface like porosity seem to be also
important and there is no simple correlation between surface area and

photocatalytic activity.

Homogeneous solutions of platinized ZnS/CdS induce a decrease of the
initial rate when the amount of cadmium is increased (Fig.1). This may

be due to the concomitant decrease of the reducing and oxidizing power
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Fig.1: Rate of hydrogen evolution as function of irradiation time; 0.3
mmol of catalyst suspended in 120 ml of 2,5—DHF/H20 = 1/14 (v/v);

1: ZnS—AA, 2: ZnO.ZCdO.BS/Pt’ 3: ZnO.ICdO.9S/pt‘ 4: CdS/Pt
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of the photogenerated electrons and holes, respectively; the flatband
positions of zinc and cadmium sulfide are at -1.6 and -0.7 V (pH=7), the
bandgap energies at 3.65 and 2.4 eV, respectively. In the case of CdS/Pt

the reaction occurs also with visible light.

Competition experiments between 2,5-DHF and THF were conducted with the
catalyst ZnS—A4. Since the reaction rate of 2,5-DHF is ten times that of
THF, dehydrodimers of the latter and cross-products should be formed
when THF is present in a tenfold excess over 2,5-DHF. The fact that these
products appear only if the ratio THF/2,5-DHF is at least 100/1, points
to specific adsorption effects. When the ratio is about 300/1, the de-
hydrodimer of THF , 4, is the major product in the case of equal amounts
of zinc sulfide and 2,5-DHF; contrary, 1 - 3 are formed predominantly
when 2,5-DHF is present in a threefold excess over the sulfide (case a).
When the ratio THF/2,5-DHF is increased to 1000/1 and that of 2,5-
DHF/ZnS is decreased to 0.3, 4 becomes the main product and 1 - 3 are
formed only in traces (case b). The reaction stops in case a after all
2,5-DHF has been consumed but continues with a slower rate, due to re-
action of THF, in case b. The difference may be rationalized by the as-
sumption that 2,5-DHF covers all adsorption sites when present in excess
over zinc sulfide, and that THF cannot use these sites for adsorption
nor replace adsorbed 2,5-DHF or 1 - 3. Contrary, when 2,5-DHF 1is present
in lower concentrations (case b) there seems some free surface available
for adsorption of THF and the reaction continues through oxidation of
THF when all 2,5-DHF has reacted. These experiments demonstrate that

chemoselectivity can be introduced by proper selection of the ratio of

substrate to catalyst.

The better adsorption of 2,5-DHF is further supported by the Langmuir-
type dependence of the rate on the concentrations of 2,5-DHF, THF and

water; after an initial linear increase a plateau of maximum rate is
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reached at concentrations of 1.5, 6 and 15 M, respectively. From the

plot of reciprocal rates versus reciprocal concentrations, equilibrium
constants of adsorption are obtained as 10, 0.5 and 0.6 M_1 for 2,5-DHF

THF and water, respectively.

From these experimental results a mechanistic scheme is proposed wherein
photophysical processes and the adsorption equilibrium of water are o-

mitted for the sake of simplification (Scheme 2); E]ZnS symbolizes an

—_—
RH + EIZnS > RH_ 4 (1)
Zns Ay o ZnS (e ,h") (2)
- + + -
HZOad + ZnS(e ,h") —_— ZInS(h") + 1/2 H2 + OHad (3)
OH_ -— OH™ (4)
+ +.
RHad + ZnS(h") E— RHad + ZnS (9)
+
RHY - —  Rag * Hag (6)
H;d pu— HY (7)
R: —_— 1/2 R (8)
ad 2ad
1/2 R, — 1/2 R, (9)
ad
Rig — R (10)
R —_— 1/2 R, (11)

Scheme 2

empty adsorption site, and solvated species are shown without an index.
The photogenerated electron-hole pair (step 2) reduces water to hydrogen
(3) and the remaining holes oxidize the adsorbed ether (1,5) to the

radical cation. Deprotonation should be fast due to the high hydration
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energy of the proton (6,7). The radical R’ may dimerize in the adsorbed
(8,9) and/or fully solvated state (10,11) to the final products. The
fact that the diastereomers of the dehydrodimers are formed in equal
amounts points to the latter possibility. Interfacial electron transfer
(3,5) seems to be strongly coupled as indicated by the inhibition of
both hydrogen and dehydrodimer formation in the presence of electron
scavengers like N20 or zinc chloride. The more efficient removal of
conduction band electrons by the scavenger should increase the statio-
nary hole concentration. This may induce oxidation of RH"" or R" by a
second hole, preventing dimerization. A further possibility is that the

inhibition occurs at a surface site where no ether species is adsorbed.
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INORGANIC PHOTOINITIATORS FOR PHOTOLITHOGRAPHIC APPLICATIONS
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INTRODUCTION

Photolithography is used extensively in the microelectronics industry
to generate three-dimensional patterns in a solid substrate such
as single crystal silicon (Willson 1983; Bowden 1984). Figure 1
illustrates the sequence of steps that comprise the typical
photolithographic process. The substrate initially is coated with
a thin 1layer of a photosensitive material, termed a resist, and
then exposed to 1light through a mask containing transparent and
opaque areas that define the desired pattern. The transparent areas
transmit light which causes a photochemical reaction in the resist,
thereby affording a means of differentiating the exposed and unexposed
regions. Preferential dissolution of the unexposed resist in a
suitable developing solvent, for example, creates a negative tone
image of the mask on the substrate surface (a positive tone image
results if the exposed resist dissolves preferentially in the
developer). This image, in turn, can be transferred 1into the
substrate via a chemical and/or physical etching process in which
the areas not protected by the resist are attacked by the etchant.
The final step involves stripping away the resist to yield a negative
tone relief image in the substrate that replicates the pattern of
the mask.

Light /—\
L L

Expose Develop

_ f '/ Resist J
E { S ———

Coat o~ Substrate Etch

e
S

Strip

Figure 1. Sequence of steps in the photolithographic process.
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Resists composed of a functionalized polymer and a photoinitiator
have been a mainstay of the photolithographic process for a number

of years. The generalized response of this type of system to light
can be summarized by eq. 1 and 2. Absorption of a photon by the
P _PL_' I [1]

I + polymer ——— modified polymer [2]

photoinitiator P results in 1its conversion to one or more reactive

species I. Subsequent thermal reaction of I with the polymer causes
the change in solubility or other properties that form the basis
for distinguishing between exposed and unexposed areas. Since the

photoinitiator and the polymer serve different functions, it is
possible to optimize the properties of one without affecting the
desirable features of the other. This inherent flexibility of a
two-component system greatly simplifies the task of designing
radiation—-sensitive materials.

The majority of commercially-important photoinitiators are nonmetallic
compounds which generate radicals and/or strong acids upon

irradiation. The 1latter species play the role of I in eq. 1 and
2 and react with the functionalized polymer via well-precedented
radical or cationic pathways. Examples of commonly-used nonmetal

initiators include Dbenzoin and benzoin ethers, benzyl ketals,
benzophenones plus hydrogen atom donors, and "onium" salts belonging
to the aryldiazonium, triarylsulfonium, and diaryliodonium families
(Gatechair 1983; Vesley 1986). In contrast, 1little information
currently exists concerning the use of transition metal complexes
as photoinitiators for the reactions of functionalized polymers.
This oversight 1is surprising, since several classes of complexes

appear to be well-suited for this role. Exemplary in this regard
are the classical acidopentamminecobalt(III) complexes, Co(NH3)5X+2,
where X is Cl, Br, I or other uninegative group. In addition ¢to

their ease of synthesis, these complexes resist decomposition by
air, moisture, and heat (>100°C), absorb strongly in the ultraviolet
spectral region, and undergo quantum efficient photodecomposition
from a ligand-to-metal (X to Co) charge transfer excited state. As
described by eq. 3, this intramolecular redox reaction in aqueous
solution generates the aquated cobalt(II) cation (a Lewis acid),

Co(NH3)5x*2 v CO(+a2q) + 5NH3 + X° (3]

the X' radical, and five molecules of ammonia (a Lewis base) (Balzani
1970; Endicott 1975). One or more of these chemically distinct
species could play the role of I in eq. 2 and initiate useful
chemistry in a functionalized polymer.

To test this possibility, we selected [Co(NH3)s5Br](ClOy)p as the
photoinitiator owing to its strong absorption in the deep-ultraviolet
region, while the commercially-available resin, COP (Fig. 2), served
as the functionalized polymer. The latter is a copolymer of glycidyl
methacrylate and ethyl acrylate which has found use as a negative
electron-beam resist (Thompson 1974, 1975). The epoxide group
situated on the glycidyl side chain is susceptible to ring opening
both by acidic and basic reagents and thus is a logical site for
crosslink formation (Lee 1967). As discussed in the next section,
the COP-[CO(NH3)5Br](Cloq)2 system proved to be of considerable
interest as a photoresist.
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Figure 2. Structure and properties of COP sample used in this study.

RESULTS AND DISCUSSION

While resists of varying composition have been investigated (Kutal
1987), the results summarized here refer specifically to a formulation
containing 9 wt % of COP and 1 wt % of [Co(NH3)5Br](Cl0y4), dissolved
in a 1:3 (viv) solvent mixture of N-methyl-2-pyrrolidinone/
chlorobenzene. Following filtration through a 0.2 wum filter, this
solution was spin-coated onto quartz and silicon wafers and the
solvent removed by heating at 62°C for 3-4 minutes. Films of
COP-[Co(NH3)5Br](Clou)2 prepared by this procedure were 0.5 um
thick and, when examined under a microscope at 1500x magnification,
showed no evidence of aggregation of the cobalt salt. The electronic
absorption spectrum of a film above 250 nm is essentially that of
Co(NH3)5Br*2, since COP absorbs very weakly in this wavelength region.
Exposing a film to 254 nm radiation causes a bleaching of the intense
Br-to-Co charge transfer absorption band ( Apgx = 258 nm) in the
complex. This behavior is consistent with the occurrence of a
photoredox process which, in analogy to the aqueous solution
photochemistry of the complex (eq. 3), generates one or more
weakly—-absorbing cobalt(II) species. While a detailed
characterization of the photoproducts has yet to be undertaken,
we would expect the reduced metal to remain coordinated to a number
of ammonia molecules since such complexes are known to persist in
the solid state at room temperature (Wendlandt 1967). Dissociation
of ammonia may occur, however, especially when the polymer film
is heated.

A film exposed to >60 mJ/cme of 254 nm radiation dissolves completely
away from the underlying wafer upon being sprayed for 15 seconds

with a 5:3 mixture of 2-butanone/ethanol. In contrast, heating
a comparably irradiated film at 68°C for 6.5 minutes renders it
insoluble in this solution. Since heating, by 1itself, does not

cause insolubilization, it appears that one or more of the
photodecomposition products of [Co(NH3)5Br](CIOu)2 react(s) with
COP in a thermally-activated process which crosslinks. the epoxy
resin. Experiments designed to elucidate the mechanism of
crosslinking suggest that one or perhaps both of the following paths
(Fig. 3) play(s) an important role: (}) reaction of the basic ammonia
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molecule with pendant epoxide groups on adjacent polymer chains,
(ii) coordination of a cationic cobalt species to the oxygen atom
of an epoxide ring followed by nucleophilic attack of a second

epoxide.

~N

o
~

(i — = M9
SH 0 CH,
Y - /
L+2 (S=OH,NHp) éoﬂ cins)

Figure 3. Mechanisms for the crosslinking of COP: (i) base initiated,
(ii) cation initiated.

Dose-response measurements on COP-[Co(NH3)gBr](C10y)p films reveal
that 20-25 mJ/cm? of 254 nm radiation is sufficient to cause
detectable gel formation, while one-half of the wultimate film
thickness can be achieved with 35-40 mJ/cm?2. Figure 4 displays
the 1line-space pattern obtained upon exposing a film in contact
with a chrome mask to a 40 mJ/cm@ 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 earlier, the resin exhibits negligible absorption at this
wavelength. Photochemistry does occur upon prolonged irradiation
at shorter wavelengths, but quite interestingly, it results 1in
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)5Br](C1l0y)p
into a film of COP changes the basic response of the material from
positive tone to negative tone. Moreover, the ability to image
a COP-[Co(NH3)gBr](C1l0y), film with both photons and electrons (recall
that COP, itfself, is a sensitive e-beam resist) offers the prospect
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Figure 4. Optical photomicrograph of pattern obtained upon 254-nm
exposure and development of a COP-[Co(NH3)5Br](C104), film.

of "hybrid" 1lithography (Imamura 1984) whereby relatively large
patterns are first printed with uv light and then very fine patterns
are delineated with a focused electron beam.

The interesting chemical and lithographic properties of the
COP-[Co(NH3)5Br](C10y)» system provide a promising indication that
new classes of radiation sensitive materials can result from the
proper combination of an inorganic initiator and a functionalized
polymer. The design of such materials, their fundamental chemistry,
and their potential application are topics that we are continuing
to pursue.
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PHOTOCHEMICAL BEHAVIOUR OF LUMINESCENT DYES IN SOL-GEL AND BORIC ACID GLASSES
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Fluorescence of organic colorants is generally enhanced by high viscosity
of the surrounding medium,having much fewer energetic collisions with
the excited state,and perhaps also preventing large distortions along
unsymmetrical vibrational modes.However,this is not simply determined
by the macroscopic viscosity (Lewis and Calvin 1939) since cool glycerol
is much more effective than a lubricating oil at the same low temperature.
We are here studying fluorescein,belonging to the category of xanthene
dyes (the heterocyclic xanthene is two benzene rings connected with two
bridges in ortho-position,one being an oxygen atom and the other CH2)
like the various substituted eosine and rhodamine modifications.In many
cases, their quantum yield 1} is above 0.9,and corresponding to their very
strong absorption bands in the visible,the life-time T of fluorescein

is only 4 nanoseconds in water and alcohols (Martin 1975).

Lewis,Lipkin and Magel (1941) studied fluorescein in glasses formed by
melting boric acid B(OH)3 and removing water vapor to a composition close
to B20027(OH)6.From the point of view of protonation discussed below,the
absorption maximum at 436 nm makes this glass comparable to aqueous acid
with pH below 1,but the luminescence is superposed a very slow decay of
the first triplet state ("phosphorescence") reaching ¥ = 3 seconds at
liquid air besides a non-exponential singlet emission at higher energy.
Following JabYofiski (1935),Lewis et al. (1941) distinguish the "beta
process" of triplet emission from the "alpha process" of exceptionally
slow emission from the first excited singlet state,enhanced by increasing
temperature.We call the alpha process "delayed fluorescence" since it is
due to the thermal excitation of the long-lived triplet state to the
first excited singlet,with an Arrhenius activation energy agreeing with
the spectroscopic energy difference 3000 cm_1.Another complication for
the luminescence is the appearance (in strong illumination) of two new
absorption bands at 650 and 505 nm due to transitions from the quasi-
stationary concentration of the lowest triplet to two much higher

triplet states.
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flu(C) cation: *each one H; ** one H

*O O O* flu(N) neutral molecule(quinonic form;in
equilibrium with lactonic tautomer in
‘3 less polar solvents):
45 (: *one of two ras H; ** one H
()**- flu(aA) anion with one negative charge:
- *one of two has H

flu(D) di-anion with two negative charges:
no additional H

flu(MA)is a neutral compound;each £ has
H replaced by HgOZCCH3

The consecutive pK values for the deprotonation C)HN->A D in water
(Zanker and Peter 1958;Leonhardt et al. 1971) are 2.2, 4.4 and 6.7.
Hence,the di-anion is prevailing for all pH above 8.Contrary to many
excited singlet states of heterocyclic compounds studied by Forster,
the third pK = 6.7 only decreases marginally to 6.9 in the excited
state.The C absorption maximum shifts smoothly from 436 nm in 0.5
molar to 431 nm in 7.4 molar perchloric acid (where the emission
maximum occurs at 482 nm).It should be noted that differing conditions
of hydrogen bonding in 7 solvents (Martin 1975) shift both the absorp-
tion and emission maxima of the di-anion within 7 percent.There is no
sign of isosbestic points,as is also true in the case of IrBrg2 in
organic solvents (Jdrgensen 1962).The almost identical behaviour of
6—-hydoxy-9-phenyl-fluoron (Martin 1975) shows that the carboxyl group

plays no essential rdle in fluorescein.

Contrary to boric acid glasses,the triplet state does not form to any
large extent in theseuggfeents,though the probability of internal
conversion (non-radiative de-excitation) is then multiplied by 0.6 to
0.7 (Martin and Lindgvist 1973).The triplet life-time is 4.5 ms in
acids and 20 ms at pHE = 12,less than a percent of the value for boric
acid glass (Carmichael and Hug 1986).Correspondingly,?] = 0.31 for
the neutral (N) and 0.93 for the di-anion (D) (Weber and Teale 1958).
We find Y‘= 0.23 at pH = 1 (cation C) showing the absorption maximum
at 437 nm,‘n = 0.92 at pH = 6 in water (mixture of A and D,479 nm)and
Y= 0.92 at pH = 13 (D,490 nm).

Heat-sensitive colorants can be incorporated in Vycor glass (Mack et
al. 1983) and in gel glasses (Reisfeld 1984;Levy et al. 1984) where,
for instance,the silica cage modifies the spectra of trapped

rhodamine 6 G and strongly enhances its photostability (Avnir et al.
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1984) .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 al. 1987).Also thin sol-gel glass films prepared by the
method of Avnir,Kaufman and Reisfeld (1985) show n = 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 first excited singlet to the lowest
triplet 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 millise-
conds,followed by a slow decay (at room temperature) with 7=2.830.5
seconds,the 7~ value 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 difficult by the photochemical
dissociation of the two MAgroups.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.It seems rather probable that
flat-plate luminescent solar copcentrators (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
silicon coverage,if combined with some organic materials (Reisfeld and
Jprgensen 1982;Reisfeld et al. 1983;Neuroth and Haspel 1986) .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 al. 1986).
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INDUSTRIAL APPLICATIONS OF ORGANOMETALLIC PHOTOCHEMISTRY

A.RoToff, K.Meier, and M.Riediker

Central Research Laboratories, CIBA-GEIGY AG, 4002 Basle, SWITZERLAND

INTRODUCTION

In an attempt to understand and improve the inorganic photochemistry

of the photographic process numerous scientists in industrial laborato-
ries studied the interaction of light with silver halides. Another form
of imaging however has recently gained a lot of attention. Photopoly-
merisation methods for the manufacture of printed and integrated cir-
cuits are studied in great detail (Steppan et al. 1982). It is in this
area that organometallic photochemistry has been put to work (Curtis

et al. 1986). Two examples from our own research laboratories shall
demonstrate the usefulness of organometallic photochemistry for imaging
systems.

TITANOCENE PHOTOINITIATORS

A number of titanium(IV)-complexes have been described as light sensitive
and some have been claimed as photoinitiators (Zucchini et al. 1971;
Kaeriyama, Shimura 1972).

The photochemistry of bis-cyclopentadienyl-titanium-diphenyl (1) has

been extensively studied (Peng, Brubaker 1978; Rausch et al. 1978; Tung,
Brubaker 1981).

1 2

Photoinitiators however must be thermally stable and offer advantages
over conventional radical UV-initiators. During our work with titanium
complexes we discovered enhanced thermal and oxidative stability as well
as a very efficient curing rate when a fluorinated aryl ligand is intro-
duced into the complex (2) (Riediker et al. 1983; Roloff, Meier, Riedi-
ker 1986). The synthesis of these complexes was easily achieved accor-
ding to the literature procedure (Chaudhari, Treichel, Stone 1964).

The photochemistry of the fluorinated compounds (2) however proved to

be totally different from what was known about the phenyl derivative (1).
Rausch (1978) had found that benzene and diphenyl were formed as the
major products when the complex was irradiated in solution.
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We were able to trap the radicals formed by homolysis of the Ti-aryl
bond with the aid of a radical scavenger (Roloff, Meier, Riediker 1986).
From the photoreaction of the fluorinated compound (7) however no orga-
nic radicals could be trapped. Pentafluorophenyl substituted cyclopenta-
dienes (8) were observed as the main organic products and a titanium-
fragment which had reacted with two radical scavengers (9) was isolated.
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We are currently investigating the source of polymerisation initiation.
Nevertheless are these titanium based photoinitiators among those with
the greatest curing speed for vinyl polymerisation. They are applicable
in the manufacture of permanent coatings and integrated circuits. Due

to their absorption in the visible and their bleaching they can be
applied in the curing of thicker layers as they are required for the
application as planarising dielectrics between metal layers (Rohde et al.
1985, 1986). Their pronounced absorption in the region between 400 and
600 nm opens an opportunity to use these photoinitiators in laser-litho-
graphy. The main emissions of an argon laser are exactly in the region of
the charge-transfer band of our titanium photoinitiators.
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Fig. 1. Absorption spectrum of (10) with main emission
lines of the argon laser.

IRON-ARENE PHOTOINITIATORS

In recent years the photocrosslinking of epoxides has become a field of
increasing interest (Delzenne 1979; Green, Stark 1981). Crosslinked
polyethers with their favourable properties such as thermal stability,
mechanical strength, and chemical resistance thus became available for
coating and imaging applications. In contrast to free radical polymeri-
sation of vinylic substrates the cationic polymerisation of epoxy resins
is not inhibited by oxygen (Lohse, Zweifel 1986). Several types of cat-
ionic photoinitiators have been described in the literature (Schlesinger
1974; Crivello 1977, 1981). A number of organometallic compounds have
also been tested for this purpose (Brown et al. 1976; Curtis et al.
1986). So far most of the cationic photoinitiators have had certain draw-
backs which with-held them from achieving a major break-through. In many
cases there is a lack in thermal stability.

Our new iron-arene photoinitiators (11) can overcome most of these short-
comings (Meier et al. 1982; Meier, Zweifel 1985, 1986).

+
<::;:>] Ar: n6—bound arene ligand

Fe ) & X: non nucleophilic anion like
' - - -
Ar PF6 s AsF6 s BF4

1
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The preparation of these compounds was described by Nesmeyanov (1963)
and he already studied the photochemical behaviour of these complexes
(Nesmeyanov 1970).

:I'\‘Fe . 1. AICL, /Al FL .
&>
1

2.NaPF

Gill and Mann (1980, 1981) studied ligand exchange reactions replacing
the arene ligand by another three suitable ligands.

+ +

Fe PF; _hest Fe | PFE L= P(OPh),
| -CeHsCH, LN co
{D>—CH, RNC
14 15

We have shown that the ligand is photolytically removed from the com-
plex and the resulting Lewis-acid can start the epoxide polymerisation.
We were however not successful in isolating the proposed intermediate
(16).

"lo 10
1 *
@ X~ hv @ X~ ?O -
Fe __6_9 lpe —_— Fe X ——>> Polymerization
oo e Y Q{ Y
R), R/ "SR
13 16 i

Fig. 2. Postulated mechanism for epoxide polymerisation
initiation.

In a model experiment the photolysis of the toluene complex (15) in
presence of ethylene oxide yielded the crystalline paramagnetic solid
(17) with a chemical yield of 80 % (Meier, Rihs 1985). This led us to
beTieve, that after photolytically removing the arene ligand an epox-
ide can serve as a suitable substitute.

- 2+
+ /—0
0 0
2 Fe PFy +8 /N —> Fe (PFg"), +
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CH.
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Subsequently ring opening can take place within the coordination sphere
of the complex and thus start polymerisation. The process however re-
quires temperatures of about 100°C. This temperature can be lowered,

if as shown in fig. 3 the iron(II) is oxidised to iron(III). This then
Y;éé)execute the polymerisation process at about 50°C (Lohse, Zweifel

A

_\/—f

“Eed®e “Fe2®~

-AH

With oxidant

50 100 150
Temperature (OC)

O~

Fig. 3. DSC diagram of epoxide polymerisations with 2.5 % photo-
initiator in the presence and in absence of the oxidant
cumene hydroperoxide.

Cationic polymerisation with iron-arene complexes must therefore be con-
sidered a dual step process: 1. liberation of the active initiator by
photolysis and 2. heat treatment to obtain complete polymerisation.

CONCLUSION

Organometallic photochemistry has practically not been used in indus-
trial processes so far. The two examples of using organometallic photo-
chemistry for polymerisation initiation seem only the beginning of ex-
ploiting a so far unused field.
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SYNTHESIS AND CHARACTERIZATION OF A p-oxo-diruthenium COMPLEX AS A
PRECURSOR TO AN EFFICIENT WATER OXIDATION CATALYST

F.P.Rotzinger, S.Munavalli'2, P.Comte, J.K.Hurst!b, and M.Gratzel

Institut de Chimie Physique, Ecole Polytechnique Fédérale
1015 Lausanne, SWITZERLAND

A precursor to a highly active molecular water oxidation catalyst has been prepared by
controfled potential electrolysis of «is- Rull(HyL)2(H20)2 in 0.5 M HpS04. The

deprotonated ligand L2- is the 2,2 -bipyridyl-5,5'-dicarboxylate anion. The dimers
(HgL)2(H20)RulHIORUITI(H70)(HyL);  (blue) and (HyL)2(Ho0)RulllORulV(H,0)(HgL)2
(orange) were characterized by cyclic voltammetry, resonance Raman and UV-vis
spectroscopy. In 0.5 M HpS04, CelV and Co3* oxidize water rapidly to molecular oxygen
in presence of this dimer. In comparison to other similar p-oxo-Ru dimers this complex is
a much more durable and efficient water oxidation catalyst.

INTRODUCTION

Strong oxidants such as e. g. Ag2+, Co3+ and CelV oxidize water only slowly in acidic
sofution 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-O bond formation, vz 2 H20 - H702 + 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:

Mo+ Q-Mn+ . Mn-1.0-mn-1 + 2 H*
| | | |
HO  OH 0—0

The complex (bpy)2(H20)Rulll-0-Rulll(H20)(bpy)p4* 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 (H2L) instead of
2.2 -bipyridine (bpy), a more efficient water oxidation catalyst is obtained.

Hnvited 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.
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SYNTHESIS AND CHARACTERIZATION

Attempts to prepare the (HL)pRu(H20)7 (HL: monodeprotonated HpL ligand) directly
from "RuCl3-3 H20" and the ligand failed, presumably because the desired product
polymerizes via displacement of coordinated water by carboxylate. (HyL)2Rull(H20)7 in
0.5 M HpS04 (1 <x < 2) was prepared as follows:

L' EtOH
"RuCiz-3 Hp0" -  RuL'pCl2-H20
(L 2,2"-bipyridyl-5,5 -dicarboxylic acid diethyl ester)

NEL3
RuL 2Ci2-H20 - Ru(H,L),Cl,-2.5 H0
H,0/EtOH
Ag’
Ru(H,L),Cly- 25 H20  —  (HgL)pRull(H0)p
O,SMHZSO“

(HzL)2Rull(H20); forms Ru“(HzL)zSO4- 4 H20 on standing in 0.5 M H,S04 for a couple

of weeks. The IR spectrum shows that sulfate acts as a bidentate chelating ligand. From
this behavior and the CV (exhibiting EI/Z = 0.78 V for the diaqua complex and a small

wave at 51/2 =0.61 V for the sulfato complex) we conclude that sulfato complexes must
also exist in solution.

Electrolysis of (HyzL)pRull(H20)7 at 1.1 V (SCE) produced the corresponding Rulll

complex which then was dimerized by heating to 400C and keeping the potential at 1.1 V.
The primarily formed dimers are presumably sulfato complexes exhibiting EI/Z = 0.68

and 0.87 V. The sulfato dimers were subsequently reduced at 0.65 V which lead to the
diaqua complex (HXL)Z(HZO)RUI”—O—Rum(HZO)(HxL)Z which is oxidized reversibly to

the corresponding RuI II-RuIV dimer at 0.98 V. This complex slowly oxidizes water to

molecular oxygen. The sulfato complexes of the Rum-RuIV dimer are reformed, if the
solution is again electrolyzed at 1.1 V.

The thus obtained Ru“I~Rt1III and Rum-RuIV dimers were further characterized by
UV-vis spectroscopy. The former complex exhibits &, .. at 654 nm with ¢ - 18000
M lem™! whereas the latter has Amax at 500 nm with € = 17000 M lcm™! These

maximas are red-shifted compared to those of the corresponding bpy analogs (Gilbert et.
al. 1985).

The Raman spectra of the Rum-RuIII and Ru”I—RuIV dimers show vg at 375 and 381

cm’l, respectively. These vibrations are resonance enhanced and typical to vS(M—O—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
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from chemical reductions of (HXL)Z(HZO)RUIII—O—RuW(OH)(HxL)Z with ascorbic acid.

Addition of one equivalent of reductant to the Rum—RuIV dimer lead to the Ru”I—RuI”
dimer which was converted to two moles of (HxL)ZRu“(HZO)Z upon addition of two

equivalent.of reductant. At pH ~ 3 the Rum-RuIII dimer precipitates after addition of
acetone. The solid analyzes as Bal(HL)(L)(H,0)Ru!l-0-Ru! I (H,0)(L)(HL)I- 13 H,0.

The trans isomers of the (bpy)zRu“/ III(H20)22+/ 3 complexes are thermodynamically

unstable, but they can be generated by irradiation of the corresponding ¢is complexes
(Durham et. al 1980). Since our preparations have been carried out in the dark, the
monomers are expected to be present in the «s configuration. Dimerization of the dis
complex, however, can still lead to two isomers, the racemate and the meso form. The

crystal structure of [(bpy)z(Hzo)RuHI—O-Rul”(HZO)(bpy)zl(ClO4)4~2 H,0 is known
(Gilbert et. al. 1985), and this compound is racemic.

The solution of (HXL)Z(HZO)RUI”-O-RuI”(HZO)(HxL)Z in 0.5 M H,S04 prepared by the

procedure described above exhibits, in addition to the prominent wave at 098 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/HZO 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. (1985) postulate a three

electron oxidation of the (bpy)z(HZO)Rum—O—RuI”(HZO)(bpy)z complex to the

corresponding RuV-0-RuV dimer which restores the Rulll-0-Rulll 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 SnOz electrode.

(bpy)oRulll-0-Rulll(bpy)y s===—=n (bpy)2Rulll-0-RulV(bpy);
| [ te, tH* | |
OHz  OHp OH OH

-02, +2H20 t3e, +3H*

(bpy)2RuV-0-RuV(bpy)2

]
o 0
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b) Alternative Mechanism:

Only the (HyL)2(H20)Rulll-0-RullI(H,0)(HgL); complex and the corresponding Rulll-0-
RulV dimer can be observed by UV-vis spectroscopy and CV. Therefore, we propose that
formation of the RulV-0-RulV dimer is slow and/or thermodynamically unfavorable, but
this presumably very reactive species forms a p-oxo, j-peroxo complex which would
quickly form molecular oxygen upon oxidation and reform the Rulll-0-Rulll dimer.

(HyL)2RulHI-0-RulTI(HyL)7) g==—==—=a (HzL)2Rulll-0-RulV(H4L);

| | te, tH* 1 |
OH» OH» OH,  OH
-2e
+2H20 te, tH* slow and/or
-02 unfavorable

(HyL)2Rulll-0-RullI(HyL); €———— (HzL)2RulV-0-RulV(HqL)p
| | -2H* I |
0——0 OH OH

(0727)
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THE APPLICATION OF DIFFUSE REFLECTANCE LASER FLASH PHOTOLYSIS TO
METAL PHTHALOCYANINES IN AN OPAQUE ENVIRONMENT

F.Wilkinson and C.J.Willsher

Department of Chemistry, University of Technology, Loughborough, LE11 3TU, UK

Since its initial discovery, the elegant technique of flash photolysis has
been continually refined in response to developments in the instrumentation
for capturing very fast signals and in the shortening of the excitation pulse.
A recent development has been our work to extend flash photolysis to
opaque and highly-scattering substances; for such samples the transient
species generated by an exciting pulse is interrogated by means of monitoring

light which has been diffusely reflected from the sample. We have used

'Diffuse Reflectance Flash Photolysis' (DRFP) to detect transient absorption
from the triplet state of a number of chromophores in a wide variety of
different opaque environments, such as hydrocarbons adsorbed on P-alumina,
(Kessler, Wilkinson, 1981) ketones in microcrystalline form (Wilkinson,
Willsher, 1984) and intercalated in the channels of the synthetic zeolite
'silicalite' (Wilkinson, Willsher, Casal, Johnston, Scaiano, 1986), and in the
dyestuff Rose Bengal chemically attached to a polymer substrate (Wilkinson,
Willsher, Pritchard, 1984). We have also shown that pulse radiolysis can be
carried out on opaque substances by using the diffuse reflection from the
sample to monitor transients formed by ionising radiation (Wilkinson,
Willsher, Warwick, Land, Rushton, 1984), and recently we have extended DRFP to
follow processes initiated by a picosecond excitation source (Wilkinson,

Willsher, Leicester, Barr, Smith, 1986).

\ / \ /
<N
Aluminium Sulphonated

SO~ Phthalocyanine (ALPCS)
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Figure 1. Decay of the triplet-triplet absorption at 510 nm of ALPCS dyed into
a dry, Np-purged cotton fabric. Agyo = 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 triplet state of ALPCS (Wilkinson,
Willsher, 1985). The decay of the triplet, which depicted in figure 1, follows
a first order rate law where T is in the region of 1 ms. This lifetime is
somewhat longer than that observed for triplet ALPCS in water, where T ranges
between 250 and 50 us, depending on the pH of the solution (Darwent, McCubbin,
Phillips, 1982). Quenching by O, of triplet 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 infig. 2 but
the decay cannot be fitted by a pseudo-first order rate law, which suggests
that the quenching process is inefficient. In an aqueous solution, however,
oxygen quenching does occur quite efficiently, with kq = (2.0+0.1) x 107 dm3
mol™1 g1 (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 triplet ALPCS, even when the cotton fabric is water-saturated and
concentrations of donor as high as 1071 M are used in the solutions employed
to load the dyed fabric with donar molecules. It is reported than in solution
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Figure 2. Decay of the triplet-triplet absorption at 510 nm of ALPCS dyed
into cotton fabric which is water-saturated and oxygen-purged following pulsed

excitation at 354 nm.

kq =55 x 108 dm3 mo1™1 s71 for quenching with p-benzohydroquinone that leads
to the formation of the phthalocyanine radical anion, (Darwent, McCubbin,
Phillips, 1982); this species is not detected in the dyed fabric. These
observations suggest that ALPCS is 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.

CJW gratefully acknowledges support from the European Office of the US Army
under Contract No. DAJA 45-85-C-0010 and wishes to thank the Department of
Chemistry of LUT for financial assistance to attend this Conference.
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QUENCHING OF SINGLET OXYGEN BY COBALT COMPLEXES

T.Vidéczy and S.Németh

Central Research Institute for Chemistry of the Hungarian Academy of Sciences,
Pusztaszeri ut 59-67, 1025 Budapest, HUNGARY

Certain coordination compounds are efficient quenchers of singlet(lA )
oxygen (Wilkinson 1981), referred to firstly by Carlsson (1974). af-9
terwards experiments were aimed to obtain a better insight into the
polymer stabilizing efficiency of these compounds (Allen 1984). In
spite of these results, however, no general theory emerged which could
explain the large differences in the quenching ability of the various
coordination compounds. The only study of the substituent effect on
the ligands has not been evaluated kinetically (Kajitani 1985). There-
fore we undertook a systematic study of the quenching of singlet oxy-
gen by coordination compounds, starting with a series of cobalt com-
plexes.

Quenching rate constants were determined by the widely accepted method
of measuring the consumption of a singlet oxygen acceptor, 1,3-diphen-
yl-isobenzofuran (DPhBF) in both the absence and the presence of the
quencher (Merkel 1974). Singlet oxygen was generated by a flashlamp
pumped dye laser (Rhodamine 6G) using methylene blue (MB) as a sensi-
tizer. Neutral density filters were employed to control the pulse in-
tensity in order to keep the consumption of the acceptor below 10%.
Under such conditions the consumption of the acceptor, being the meas-
ure of the disappearance of singlet oxygen, follows first order kinet-
ics. The increase in the apparent first order rate constantdivided by
the concentration of the gquencher (Q) yields the quenching rate con-
stant to be determined.

The accuracy of the measuremens is higher, if the lifetime of singlet
oxygen is longer in the solvent employed. Therefore a mixture of 90%
dichloromethane and 10% methanol was used.

Typical experimental result is shown in Fig. 1, where the main dia-
gram represents the original data points, whereas the inset shows the
straight line fitted to the evaluated points.

All cobaloximes were prepared according to the modified Schrauzer
(1968) method. All chemicals were of analytica& grade, diphenylglyox-
ime was recrystallized before use (m.p.: 240-17C). In every case 0.02
mol of dimethylglyoxime or diphenylglyoxime, 0.02 mol of LiOH and
0.012 mol of the appropriate axial ligand were dissolved in 100 ml of
boiling ethanol, and 0.01 mol of Co(ClO4)2.6H20 were added under in-

tensive stirring. Oxygen was bubbled through the solution for 2 hours.
The precipitates were filtered off, washed ether and dried. When TLC
analysis indicated the presence of impurities, the solids were recrys-
tallized from ethanol-water mixture. The complexes were characterized
by their IR spectra.

Ph3PCO(Hdmg)20H: yield 32%; IR (in cm_1): 3094, 1556, 1483, 1437,

1248, 1104-1084 (broad), 752, 698, 517.
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Et,NCo(Hdmg) ,OH: yield 22%; IR: 2941, 2904, 1562, 1460 (br), 1384,
1210 (br), 1113, 974, 750, 503.

pyCo (Hdmg) ,OH: yield 19%; IR: 3101, 3094, 3027, 3011, 2894, 1608,
1566, 1493, 1450, 1242, 1229, 1108, 977, 773, 750 (br), 698, 511.

Ph,PCo(Hdpg) ,O0H: yield 44%; IR: 3022, 1482, 1440, 1262, 1117, 1088
(br), 993, 889, 740, 695, 622, 514.

pyCo (Hdpg) ,OH: yield 31%; IR: 3031, 1610, 1491, 1453, 1446, 1302 (br),
1132, 896, 766, 740, 692, 628.

Figure 1
Results of a typical measurement. [DPhBF] = 2.21:10"° mol-dm >,
[Q] = 1.91-10_4 mol-dm_3, calculated rate constant = 44700+720 s_1

The results of our measurements are summarized in Table 1. The results
show clearly that both the equatorial and the axial ligands exert a
decisive effect on the quenching ability of the complex. Comparing the
values obtained with the dimethylglyoxime series it can be assumed
that a correlation exists between the sigma donor potential of the ax-
ial ligand and the rate constant for quenching; the same holds for the
corresponding dimethylglyoxime and diphenylglyoxime pairs. This hy-
pothesis will be tested in the next series of experiments.
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Table 1
Rate constants for quenching of singlet oxygen by cobalt complexes

Complex kq-)O—6 am>emo1” s
Co(acac)3 650150

Et3NCo(Hdmg)20H 15020
pyCo(Hdmg)20H 45+10
pyCo(Hdpg)2OH 20+ 6
Ph;PCo (Hdmg) ,0H <5
Ph3PCo(Hdpg)2OH <5

Ph3P 5+0.5

H,dmg 14+0.5

Hdmg: monoanion of dimethylglyoxime; Hdpg: monoanion of diphenylgly-
oxime; py: pyridine; NEt3: triethylamine; PPh3: triphenylphosphine;

acac: acetylacetonate monoanion.

- One of the authors (T. V.) gratefully acknowledges the helpful discus-
sions with professor DezsS Gal.
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RECENT ADVANCES IN INORGANIC AND ORGANOMETALLIC PHOTOLITHOGRAPHY

R.E.Wright

Corporate Research laboratory, 3M, St. Paul, MN 55144, 'SA

During the last decade there has been a rapid growth in the number of
publications dealing with commercially related applications of
inorganic and organometallic photochemistry. The majority of these
relate to lithography, specifically photoinitiators, photocrosslinking
agents, and microlithography. There are far fewer examples of systems
that have actually been commercialized, however. This paper 1is
intended to both inform and stimulate inorganic and organometallic
photochemists so that they will be more aware of the current 'hot'
topics in all three areas of research. Several excellent references
are available on conventional lithography (Brinckman 1978; Roffey
1982; Thompson 1983; Pappas 1985). For any commercial system
containing inorganic or organometallic components to succeed, it must
meet several requirements. First and most important, the system must
meet strict toxicological guidelines both for the ultimate user and
for the environment. It must also be economical. Air stability is a
concern since special handling is otherwise required and finally, the
system must offer advantages over more conventional or traditional
alternatives.

The utility of most lithographic systems arises from photochemically
induced solubility differences. Insolubilization may occur by
formation of an insoluble polymer from a soluble monomer or else by
formation of a crosslinked polymer from soluble oligomers or low
molecular weight polymers. Conventional photopolymers are usually
cured by one of two routes. Acrylate and related monomers are cured
by free radical initiators whereas epoxides require cationic
initiation. If either inorganic or organometallic initiators are to
be utilized, they will most likely be limited to those few cases where
some definite increase in performance 1is observed. Since small
quantities of initiator are needed, the other requirements for
success, except alr stability, can be largely ignored.

Lithographic systems in which insolubilization occurs as a result of
crosslink formation are treated separately since there is no chain
reaction. A single event gives rise to a single stoichiometric
chemical reaction. Several metal-containing systems, described below,
have been shown to offer advantages over conventional organic ones but
since larger quantities of the photoactive species are necessary, the
other restrictions become much more important.

Another area where inorganic and organometallic photochemists can make
significant contributions 1is microlithography. As the name implies,
microlithography is a subset of lithography that 1is defined by
resolution limits. The fabrication of microelectronic circuits is the
principal goal. High resolution 1is required with both speed and cost
being of secondary concern. Current efforts are pushing below one
micron resolution and the market is primed for major breakthroughs in
this area. The ultimate resolution is of course limited by the
wavelength.
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PHOTOPOLYMERS

A recent review (Curtis 1986) presents an excellent introduction to
organometallic photoinitiators. The ability of some diunuclea--
transition metal carbonyl complexes to initiate free radical
polymerizations has been known for some time (von Gustorf 1966). More
recently, complexes which generate organic radicals directly upon
photolysis have been investigated (Geoffrey 1979). So far, there have
been no clear cut advantages demonstrated in using inorganic or
organometallic free radical initiators over traditional organic
systems.

In curing of epoxides, a great deal of industrial research has been
going on. Several patents have either issued or been applied for in
this area (Irving 1983; Palazzotto 1984; Yates 1984). Most of the
efforts have dealt with cationic initiators. The mechanism has not
been clearly elucidated but appears to involve the formation of
coordinatively unsaturated cationic metal complexes arising from loss
of a ligand. This area continues to be an active area of research.

PHOTOCROSSLINK FORMATION

Since no chain reaction 1is involved in formation of crosslinks,

efficient photoreactions are a prerequisite. Transition metal
carbonyl complexes, where quantum ylelds are typically near unity,
have therefore received the most attention. Toxicity problems

assoclated with metal carbonyls 1n general have hindered progress in
this area. Furthermore, homoleptic metal carbonyls tend to have
appreciable vapor pressures at room temperature and thus present a
considerable stability problem. One possible way to circumvent these
problems was first suggested by Pittman (1971) when he showed that
some metal carbonyl complexes, especially those containing arene or
cyclopentadiene groups, could be easily incorporated into polymer
backbones by appropriate functionalization. The synthetic route to a
typical organometallic polymer precursor is outlined below. Polymers
containing pendant transition metal carbonyl complexes of this type
have been found to be useful as lithographic systems (Wright 1985).

KHSO,
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The functionalized polymers can be crosslinked several different ways.
In the presence of bidentate ligands such as pyrazine, 4,4'-bipyridyl,
and ethylenediammine, irradiation results in crosslink formation and
insolubilization in the exposed areas. Furthermore, if the bridging
ligand contains conjugation such that the metals are in electronic
communication, highly colored images result. Resolution better than
1000 line pair per millimeter was achieved in some cases. The
proposed mechanism of crosslink formation is shown below. Note that
the method is inherently slow because crosslink formation requires two
separate metal centers to undergo —-CO loss before the bridge can form.
There 1s also an orientation requirement for crosslinks of this type
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to occur. The organometallic photopolymers are useful either as
negative resist materials in which the unexposed areas are removed by
wet development or alternatively, the image can be fixed by heating
the film at some temperature at which the excess ligand can be driven
off to give a non-silver imaging system.
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In an attempt to increase the speed of the system, both the
organometallic moiety and a nucleophile were incorporated in the
polymer backbone. The resulting photopolymers were found to become
insoluble after much shorter exposure times. Spectroscopic evidence
supports a mechanism involving photochemical loss of -CO followed by
coordination of the nucleophile. Others (Purbrick 1981) have
investigated the use of transition metal carbonyl complexes as
components in compositions containing nucleophilic polymers. These
systems also crosslink upon irradiation, although it appears that
oxygen plays an important role in the mechanism of crosslink
formation. In all likelihood, both mechanisms are operative. Several
advantages of organometallic photopolymers have been shown. The best
solvent was found to be dilute H POM containing a small amount of an
inorganic salt such as CuSOy. é&imination of the need for organic
developers is a major bene%it. Adhesion of the photopolymers to
aluminum substrates was found to be considerably better than observed
using traditional organic photopolymers which usually require addition
of an adhesion promoting layer. This often makes the final printing
plate humidity and/or temperature sensitive. The organometallic
photopolymers do not require addition of an adhesion promoter. The
ability of coordinatively unsaturated metal carbonyl complexes to bind
to oxide surfaces is known and it is assumed that a similar mechanism
is operative at the oxide/photopolymer interface. Humidity and
temperature stability of the organometallic photopolymers 1is
excellent.

MICROLITHOGRAPHY

Microlithography is a third area that is capturing the attention of
photochemists. High resolution 1is required by the electronics
industry for generation of photoresists and microcircuit fabrication.
Recent work by Kutal and Willson (1986) has shown that
[Co(NH )5Br](010 )» can be used to photocrosslink a copolymer of
glycidyl methacryﬁa%e and ethyl acrylate, a well known negative resist
(Thompson 1983). A combination of photochemical and thermal steps is
proposed for the mechanism. The exposed films displayed features with
1-2 micron resolution after development.

The ability to photochemically generate conductive metal films with
micron scale resolution has recently been demonstrated (Montgomery
1986). Backside irradiation through a quartz substrate which is in
contact with a solution containing a dinuclear metal carbonyl and a
soluble silver salt caused cleavage of the metal carbonyl to give
radicals which then reduced the silver cations to silver metal on the
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substrate. Film thickness was limited to less than a few hundred
angstroms by the decreasing transmittance of the substrate as the
metal film deposited. Copper and palladium were also used although
the quality of the films was poorer and the power requirements higher.
The need for transparent substrates, intimate contact of the substrate
with the solution, and the relatively thin films formed are all
drawbacks of the technology.

SUMMARY

Excellent opportunities exist for the inorganic and organometallic
photochemist to contribute to areas of reprographic lithography.
Applications are available for virtually any combination of
performance attributes, including speed, resolution, and spectral
response. Furthermore, use of metal-containing components may lead to
unanticipated benefits that could have significantly greater impact.
It remains for the photochemist to be more aware of the opportunities
and consider possible applications of his efforts.
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