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The photbisomerization dynamics of D O D O (3,3 -diethyloxadicarbocyaninc iodide) is analyzed by linear absorption and 
fluorescence spectroscopic measurements over a wide temperature range. The fluorescence quantum distributions ami the lino 
rescence quantum efficiencies are measured for three excitation wavelengths. The N-isomer and P-isomer contributions to the 
fluorescence signals are separated. The absorption and stimulated emission cross sections of the N - and P-wmers arc determined 
The results are discussed by application of an angular configuration coordinate system. 

1. Introduction 

The photoisomerization of the polymethine dye 
D O D O (3.3'-diethyloxadicarbocyanineiodide) has 
been studied extensively by absorption and emission 
spectroscopy in the past. The excitation light sources 
used have been us flash-lamps [ 1 ], us pulsed dye las­
ers [ 1-7], ns (^-switched lasers [8-10], us trains of 
pulsed mode-locked picosecond lasers [2,3,11-13], 
single picosecond pulses [12-22], cw mode-locked 
lasers [23-27]. and cw<iye lasers [28,29]. There is 
experimental evidence from rotational diffusion 
measurements that in ttic S 0 ground state D O D O 
molecules are in a coilcd-up cis-cis conformation 
(normal isomer N) and the photo-excited isomer (P 
isomer) is in an elongated all-trans conformation 

[13]. Our results do not depend on the special con­
formation of the N isomer and P isomer. The P iso­
mer is populated only weakly by thermal excitation 
[30]. The optical excitation to the S, state enhances 
the rate of molecular conformation change 

The dynamics of the conformational chanties of ex­
cited D O D O molecules has been studied extensively 
[1-14. 17-21, 24-28. 31-34). A ihree-vallrv S, po­
tential energy surface with a low-lying minimum at a 
perpendicular twisting angle and a two-valley S 0 po­
tential energy surface with high-lying bamn at a 
twisting angle of 90 is often used | 8 , 9 , V l | . I his po­
tential energy diagram is sketched in fig la It was 
first applied to the photoisomerization of stilbene 
[35]. A four-level diagram with interisomer relaxa­
tion (fig. lb) has been applied for a rale equation 

(a) (b) (c ) 

Fig. 1. Lneigy level modelsof D O l X ' l . (a) S, three-valley and SM two-valley potential eneq',> surfaces (h) I our-level svstem d ) S, and 
S„ two-\al)ey potential eneip.s surfaces. Solid arrows, radiative absorption and emission pr<Kcsscv Mroken annus, noiiradiatisc itansihnns 
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approach to the photoisomerization dynamics 
[7.28.29.32.33.36J. This model is very general but 
does not show potential energy surfaces. An S 0 and 
S, two-valley potential energy surface model (fig. lc) 
sometimes has been applied successfully to polyme-
thine dyes (bisdimethylaminoheptamethine per-
chlorate ( B M C ) , pinacyanol and pscudo-isocy-
anine) [.37J. 

The dye D O D O is used widely as saturable ab­
sorber for passive mode-locking of pulsed picose­
cond [2.3.1 1.15.16,38-42 ]. cw picosecond [43-49 ] 
and cw femtosecond [46.50-58] dye lasers in the 
spectral region between 590 and 633 nm 
[11.52.56,58]. The photoisomerization influences 
the mode-locking behaviour of the dye 
[11.54.57,59.60]. D O D O has also been used as a 
laser dye••[8.61-66]. Lasing was achieved for the P 
isomer [8.61-65] and theN isomer [66]. 

In this paper the photoisomerization dynamics of 
D O D O is studiedly linear absorption spectroscopic 
[30] and fluorescence spectroscopic measurements. 
The dye is dissolved in methanol ( C H 3 O H ) , and eth­
ylene glycol ( H O C H 2 - C H 2 O H ) . Absorption spec­
troscopic measurements over a wide temperature 
range have been applied previously to determine the 
potential energy difference between the P and N iso­
mer in the S 0 ground state and to determine the 
ground-state N and P level populations [30]. Here 
we concentrate on conventional fluorescence spec­
troscopic measurements (fluorescence quantum dis­
tribution, £ ( / . ) . and fluorescence quantum effi­
ciency, q) over a wide temperature range and at 
different excitation wavelengths to gain information 
on the potential energy difference between the N and 
P isomers in the Sj state and on the S, activation 
energies for N-+P and P-»N isomerization. The N -
and P-isomer fluorescence quantum distributions and 
fluorescence quantum efficiencies are separated. The 
S,-S 0 stimulated emission cross-section spectra of the 
N and P photoisomers are determined separately. The 
experimental results are discussed by application of 
a three-valley S, potential energy surface model. 

The N-isomer and P-isomcr absorption and emis­
sion cross-section spectra as well as the fluorescence 
quantum yields are needed for a quantitative analy­
sis of the passive mode-locking characteristics of 
D O D O in dye lasers. 

2. Experimental 

The absorption spectra of DO DC I in methanol and 
ethylene glycol arc measured at different tempera­
tures with a conventional spectrophotometer (Beck-
man A C T A M I V ) . The S 0~S, long-wavelength ab­
sorption changes versus temperature are analyzed to 
separate the N-isomer and P-isomer absorption cross-
section spectra [30]. 

The fluorescence spectra are measured with a self-
assembled spcctrofluorimeter using the front-face 
collection technique [67]. The arrangement is shown 
in fig. 2. Dye cells of 1 mm thickness are used. The 
dye concentrations vary with excitation wavelength, 
but arc kept below 1 2 x 10~ 4 mol /dm 3 in all experi­
ments. Up to this concentration no dimerization ef­
fects have been observed (absorption cross-section 
spectra, fluorescence quantum distributions, and flu­
orescence quantum efficiencies arc independent of 
concentration). The dye solutions rhodamine 6G in 
methanol (quantum efficiency qR^i).9A [68-71 ]), 
rhodamine 101 methanol (4 R *0.98 [71-74]). and 
cresyl violet in ethanol (<7R*0.56 [75-77]) serve as 
reference standards for the excitation wavelength re­
gions around 510, 590 and 625 nm, respectively. Own 
comparative fluorescence quantum efficiency mea­
surements (accuracy ± 2%) arc in agreement with the 
cited fluorescence quantum efficiencies of the fluo­
rescence standards. 

The evaluation of the fluorescence quantum distri­
bution, £(A) , and the fluorescence quantum effi­
ciency, q, from the detected fluorescence signal is de­
scribed in appendix A. Re-absorption and re-emission 

IS LI IF P1 12 DC 

Fig. 2. Fluorescence spectroscopic setup. LS, halogen-tungsien 
projector lamp (Osram HLX64655, 24 V, 250 W). LI-L4. len­
ses. IF, interference filter. PI, P2, dichroic polarizers. DC. dye 
cell. SP, spectrometer. DA, diode-array system (Tracor DA'RRS) 



of fluorescence light is included in the analysis. 
For the low-temperature measurements the dye 

cells are inserted in a home-made optical cryostat. 
Suitable amounts of liquid nitrogen are applied for 
cooling down to - 100C. For measuring at elevated 
temperatures the dye cells are put into a heating 
chamber with glass windows. Heat cartridges are used 
for heating up to 100'C. The temperature is mea­
sured with Pt 100 resistors. 

3. Results 

The absorption spectra of DODCI in methanol and 
ethylene glycol are determined at three temperatures 
and the N-isomer and P-isomer absorption cross-sec­
tion spectra are separated [ 30 ]. 

The fluorescence quantum distribution spectra, 
£ ( / . ) . and the fluorescence quantum efficiencies, q% 

are measured for three excitation wavelengths at var­
ious temperatures. The N-isomer and P-isomer fluo­
rescence contributions are separated and interpreted. 

3.1. Absorption spectra 

The apparent absorption cross-section spectra (781 
of DODCI in methanol at - 8 0 0,21 5 ( aiuU>0 ( 
are shown in fig. 3. For DODCI in ethylene glycol the 
apparent absorption spectra at 2 ( , 21.5 C."arull>5 ( 
are plotted in fig. 4. a (/) = a ( / ) / .Y„ is displayed in 
the graphs, where a is the absorption coefficient and 
A'o is the total number density of DODCI molecules 
(N isomers and P isomers together). The long-wave­
length spectral changes with temperature indicate the 
thermal population of the P isomer in the electronic 
S 0 ground state, 

The N-isomer absorption cross-section spectra 
(7 N ( / . )=sa N ( ; . ) / i V N and the P-isomer absorption 
cross-section spectra rX|,(/.) = a P(/.)/.V,» are sepa­
rated in figs. 5 and 6 following the piocedurc de­
scribed in ref. [30] (cY = a N + «,,): First the energy 
difference E? between the S 0 ground-state levels of 
the P isomer and the N isomer is determined by tem­
perature-dependent absorption measurements [30|. 
The/ip values are listed in table I. The mole fraction 
•Vp.ih of P isomers in the S„ ground state at thermal 
equilibriupi is 

W A V E L E N G T H X I n m l 

Fig.'3. Apparent absorption cross-section spectra, a'{A), ot DODCI in methanol at (I) i) = f»0 (.'. 12). 0JI.5 ('. ami i }) • 
The stimulated emission cross-section spectrum of the N isomer, <r„ n i N, is included (/.t .*><>() nm. O-i) ('). 
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Fig. 4. Apparent absorption cross-section spectra, a' (A), of DODCI in ethylene glycol at (1) #=95CC, (2) 0 » 2 I . 5 X , and (3) #=2X. 
Also the stimulated emission cross-section spectrum of the N isomer, <rem.N> is shown (/L=597 nm, 0=22 : C) . The structural formula of 
DODCI is included. 

W A V E L E N 6 T H X [ n m ] 

Fig. 5. Separated absorption and emission cross-section spectra of DODCI in methanol. <*N, N-isomer absorption cross-section spectra 
and <7P, P-isomer cross-section spectra at (1) #=60X, (2) tfs2l.5X, and (3) fl= - 8 0 X . (T€m,P, stimulated emission crossrsretion 
spectrum of P isomer (0= 22CC). 
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Fig. 6. Separated absorption and emission cross-section spectra of DODCI in ethylene glycol. <xN, N-isomer absorption cross-section 
spectra and aP, P-isomer absorption cross-section spectra at (1) d=95 3C, (2) d=2l.5'C\ arid (3) c> = 2 C. (T e m P , stimulated emission 
cross-section spectrum of P isomer (d= 22 9C). 

Table 1 
Spectroscopic data of DODCI in methanol and ethylene glycol. Most parameters are explained in figs. 19 and 20 

Solvent 

W N ( n s ) 
W p ( n s ) 
kb .Ni^dMcm) 
J<W(*)d*(cm) 
i^muivW {cm) 
l<i<mA?W (cm) 
^ ( c m - 1 ) . 
E%(tm'x) 
Jf*..n(25*C) 
•E$ (cm- 1) 
£}» (cm- 1) 

£ S ( c m - ' ) . 
•EX (cm- 1) 
£ i . N ( c m - ' ) 
E1A.« (cm"1) 
ElP (cm"1) 
n . p ( c m " » ) 

Methanol 

2.45 
» 5 . 1 

1.35X10- 1 2 

* 7 . 3 x l 0 - ' 3 

I.19X10" 1 2 

* 6 . 4 x l 0 - n 

928 
703 + 50 

0.0325 
16920 ± 5 0 
15950150 

270 ± 1 0 0 
5005 
4077 
2380 ± 1 5 0 
14501150 
2680 ± 5 0 
1750150 
-331300 

Ethylene glycol 

2.35 
*4. l 

1.25XIO 1 2 

* 8 x l 0 - ' 3 

1.09xl0~'2 

• 7 X I 0 - " 
2171 
727150 

0.029 
16710150 
15840150 

1431100 
* 5005 

26501200 

2470160 

3231360 

Comments 

eq. (II) 
eq. (II) 

cq. (12) 
eq. (12) 
ref. J95) 
this work and ref. [30| 
this work and ref (301 
eq. (21) 
eq. (22) 
eq. (23) 
ref. [8| 

.E\-E, 
eq. (20) and fig. 21 
Elu-En 

eq. (20) and fig. 21 
E\,v - En 

cq.(25) 
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Yp S (, is the number density of P isomers in the S 0 state 
and . Y N i S o i* number density of N isomers in the 
S 0 state. 0 is the temperature. The mole fraction of N 
isomers in.the ground state at thermal equilibrium is 

At the short-wavelength side ( / . < / a N , A 0 , N is the 
zero-vibration electronic S 0 -S, transition wave­
length of the N isomer) a N is separated from a' by 
a N *(77.VN. ! h . At the long-wavelength side ( / . > / . 0 . N ) ' 

d N is determined approximately by [ 78 ] 

*«>»*-«>^-&Giri)]- ( 2 ) 

( 7 N > c m ( / . ) is the stimulated emission cross-section 
spectrum of the N isomer. /; is the Planck constant. 
c0 is the velocity of light in vacuum, and kB is the 
Boltzmann constant. The exponential factor gives the 
fraction of molecules taking part in the absorption at 
the long-wavelength side. 

The absorption cross-section spectrum of the 
ground-state P isomers is determined by 
a' =.vft . l h <7 N : +.Y^ l h a P leading to 

(7 P ( / . ) = 
< 7 ' - ( l - A - p \ l h ) C 7 N 

•x P.th 
(3) 

The solid a P(A) curses of figs. 5 and 6 are obtained 
by use of eq. (3). The dashed extensions are deter­
mined by assuming the same spectral shape of the ab­
sorption cross-section spectra of the P isomer and the 
N isomer. For DODCI in ethylene glycol the P-iso­
mer absorption cross sections at 488 and 514 nm have 
been determined separately by P-isomer ground-state 
accumulation studies with an argon ion laser [79]. 
The two experimental points (circles) agree reason­
ably well with the shape extensions. 

The ratio of P-isomer absorption to total absorp­
tion. a P ( / . ) /a(/ . ) , is 

otptt) _ A'p.soM*) 
a(>.) A'p.So<3rp(/) + ' V N . S o ^ N U ) 

A>V7p</-> 
Y 0<7'(;.) 

htfpU) 

< 
or 

CO 
< 
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Fig. 7. Ratio of P-isomer absorption coefficient to total absorp­
tion coefficient versus excitation wavelength for DODCI in 
methanol. (1) d=60 f C, (2) #=21.5'C\ O ) rt» -80 ( 

#o is the total number density of DODCI molecules. 
In figs. 7 and 8 the ratios aP/a are displayed for 
DODCI in methanol and ethylene glycol, respec­
tively. Curves are shown for three different tempera­
tures. At the short-wavelength side ( /< / . 0 N ) the N -
isomer absorption dominates (.v?Mh in the per cent 
region and OP(A)<<Tn(/)) while at the long-wave­
length side the absorption of the P isomers is domi­
nant ( ( 7 p ( / ) » f f N ( A ) ) . 

3.2. Fluorescence studies 

The fluorescence behaviour of DODCI in metha­
nol and ethylene glycol is studied as a function of ex­
citation wavelength and temperature. Fluorescence 
quantum efficiencies, q< and fluorescence quantum 
distributions. £ ( / ) , are determined. First, overall 
spectra are presented and then the N-isomer and P-
isomcr contributions arc separated. 

o' (/.) 
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Fig. 8. Absorption ratio af/a of DODCI in ethylene glycol. (I) 
tf=95'C, (2) tf=223C, and (3) tf=2'C. 

/. Total fluorescence spectra 
The fluorescence quantum efficiencies, </. versus 

temperature, are plotted in figs. 9a and 9b for three 
excitation wavelengths. The fluorescence quantum 
efficiencies rise with decreasing temperature and ap­
proach 100%. An Arrhcnius-typc activation energy 
has to be overcome for efficient fluorescence quench­
ing (twisting of molecule to 90 out-of-planc orien­
tation in the transfer from cis-cis to all-trans arrange­
ment, see below [ 80-84 J). The fluorescence quantum 
effciencies for / L = 510 nm and A 

L = ^ - O . N *ii"̂ * approx­
imately equal. Only at low temperatures does q( 510 
nm) seem to be slightly less than </( A 0 N ) ^ l ' i ~ 
nm (DODCI in methanol) and A L = 630 nm (IX )I)CI 
in ethylene glycol) the P isomer is excited preferen­
tially (fig. 7). High fluorescence quantum efficien­
cies are obtained at low temperatures. At elevated 
temperatures the fluorescence becomes smaller than 
for short-excitation wavelengths (longer S,-state ra­
diative lifetime of P isomer, see section 3.3 below ). 
. Some fluorescence quantum distributions, /-.'(A). at 

different excitation wavelengths and temperatures arc 
presented in figs. 10-12 for DODCI in methanol, and 
in figs. 13-15 for DODCI in ethylene glycol. 

Fig. 9. Fluorescence quantum efficiencies versus temperature for three different excitation wavelengths A,. (a) DODCI in methanol ( I . 
O ) A| =590 nm. (2. + ) A t = 510 nm. and (3, A ) A{ =624 nm. (Iv) DODCI in ethylene glycol. (I. O ) 597 nm. {2. f ) / , s i n 
nm. and (3, A ) At =630 nm. , 
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Fig. 10. Fluorescence quantum distribution of DODCI in meth­
anol. Excitation wavelength AL=590 nm (full spectral width of 
excitation light A/.L=9 nm). The temperatures are i9= - 8 0 C C 
(1). - 4 0 C C (2), - 5 C C (3),22 CC(4). and 60CC (5). 

T ~ - 1 — | ) — i — I i — | — i — i — r — i — | — r — r 

j L . . . J i i i i I i i i i I . i — L 
600 650 700 

W A V E L E N G T H X [nm] 

Fig. 11. Fluorescence quantum distribution of DODCI in meth­
anol for ; . L » 5 1 0 nm (AA L*5.2 nm). The curves belong to 
d = - 8 0 6 C ( l ) , - 4 0 ° C ( 2 h 0 e C ( 3 ) , 2 2 c C ( 4 ) , a n d 6 0 ' C ( 5 ) . 

In fig. 10 the excitation wavelength is A L =590 nm. 
It is near the zero-vibration S 0 -S, excitation wave­
length of the N isomer (/. 0 .N*591 nm, fig. 3). At 
0= - 80'- C additionally to the N-isomer peak around 
600 nm there appears the P-isomer fluorescence peak 
around 635 nm. The P-isomer fluorescence peak is 
thought to be due to accumulation of molecules in 
the S 0 P-isomer ground state by the excitation light 
(very long P-isomer to N-isomer relaxation time in 
the ground state). The absorption of excitation light 
from the accumulated population of the P-isomer S 0 

state leads to the enhanced P-isomer fluorescence. At 
temperatures above - 4 0 C C the population accumu­
lation in the P-isomer S 0 state becomes negligible for 
the applied excitation intensities. An analysis of the 
accumulation dynamics is given in appendix B. Above 

- 4 0 C C the fluorescence quantum distribution curves 
broaden with rising temperature. This broadening is 
more clearly seen in fig. 13a where E(k)/Emmx is plot­
ted for - 5 e C and i}=60 c C. Around the P-iso­
mer fluorescence peak the rise of E(k)/Emti% with 
temperature is thought to be partially due to thermal 
broadening of the fluorescence. Some contribution 
could be due to enhanced P-isomer fluorescence due 
to S,-state N-isomer to P-isomer transfer (adiabatic 
S,-state N-isomer to P-isomer transition). An esti­
mate of the contribution of thermal broadening of the 
N-isomer fluorescence to the rise of £ (635 nm ) / £ m a R 

may be obtained by comparing the thermal rise of the 
absorption analog a' (530 nm)/er^„ . For a tempera­
ture change from 2 2 e C to 60 c C the rise of the ab­
sorption ratio is approximately 1.08, while the rise of 
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the normalized fluorescence quantum distribution is 
1.15 for the same temperature interval. For another 
comparison. £ (585 n m ) / f m M of rhodarninc 6(i in 
ethanol increases by a factor of 1.07 in heating from 
2 2 2 C t o 6 0 ' C . 

The fluorescence spectra for A L = 510 nm arc shown 
in fig. 11. Even at - 8 0 C the ground-state P-isomer 
accumulation is weak and therefore no pronounced 
P-isomer fluorescence peak is seen. (For a discussion 
see appendix B.) Again with rising temperature the 
fluorescence around the P-isomer emission peak 
(A*635 nm) increases relative to the N-isomer 
emission peak (A * 602 nm). This behaviour is more 
directly seen in fig. 13b where E(X)/EmaK is plotted. 
A comparison of the dotted curve (excitation wave­
length A L =590 nm, t)=0'C) with the solid curve I 
(A L =510 nm, t )=0 ; C) indicates a larger fluores­
cence enhancement around the P-isomer peak for 
short-wavelength excitation. This fluorescence be-

^ Fig. 12. Fluorescence quantum distribution of D O D C I in meth­
anol. Excitation wavelength A L s 624 nm (AAL= 11 nm). The-solid-
curves present the total fluorescence quantum distribm ion E(A). 
The dash-dotted curves give the contributions xl

HEN(X). The 
long-dashed curve is EU) A), the short-dashed curve is 
xl

PE?{A),&nd the dotted curve is ^ N . 4 / T N ( A ) . ( I ) - 8 0 ' C , 
(2) i ) = 0 ' C (3) 0=22>C, (4) 0=60>C. 
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Fig. 13. Normalized fluorescence quantum distributions of D O D C I in methanol at (a) A, =5*H> nm and (b) A, = 510 nm Ihe solid 
curves belong to the temperatures (1) 0 ° C and (2) 6 0 ° C . The dotted curve in part (b) reproduces curve 1 of pail (a) (; , -VJOnm. 
0 = 0 3 C ) . The dashed curves represent (A;. + 0^P)A' P (A) for (a) A„ 590 nm. » ) ^ 6 0 ( ,aml ( » > ) / , - 510 nm Or 
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Fig. 14 Fluorescence quantum distribution of DODCI in ethyl­
ene glycol. Excitation wavelength/.L=597 nm (A/.L=9 nm). The 
temperatures are (1) - 1 0 C C , (2) 22CC, (3) 4 0 C C (4) 65CC 
and (5) 90'C. 

haviour might be interpreted as an enhanced Sj-statfe 
N-isomer to P-isomer transfer rate at short-wave­
length excitation. It is compatible with recent P-iso­
mer accumulation studies on DODCI in ethylene gly­
col where an enhanced N-isomer to P-isomer transfer 
rate is obtained at short-wavelength excitation [79]. 

The solid curves in fig. 12 display the fluorescence 
quantum distribution, £ ( x ) , at the excitation wave­
length of / L s=624 nm. The P-isomer fluorescence 
dominates. The N-isomer fluorescence gains impor­
tance with rising temperature. This behaviour may 
be due partly to an enhanced N-isomer absorption 
with rising temperature (see a P ( / . ) /a( / . ) curves of 
fig. 7) and due to an increasing S,-state P-isomer to 
N-isomer transfer rate. 

The fluorescence quantum distributions of DODCI 
in ethylene glycol are displayed in the figs. 14-17. The 

T 1 — | 1 1 1 1 1 1 — i — i » — | — r ~ ~ r 
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Fig. 15. Fluorescence quantum distribution of DODCI in ethyl­
ene glycol. Excitation wavelength ;.L=510 nm ( A / L « 5 . 2 nm) 
The temperatures are (1) - 1 0 6 C , (2) 2 2 C , (3) 40 C (4) 
65 c C.and(5)90 c C. 

fluorescence behaviour for A L = 597 nm (figs. 14 and 
17a) a n d / L = 5 I 0 n m (figs. 15 and 17b) is very sim­
ilar to the situation of DODCI in methanol. For the 
case of long-wavelength excitation, /. L=630 nm. the 
P-isomer fluorescence and that of the N isomer seem 
to be of the same strength and the P-isomer to N-iso­
mer fluorescence ratios seem to be independent of 
temperature. In fig. 8 it is seen that the absorption 
ratio a P (630 nm)/a(630 nm) is approximately 
temperature independent. Laser-induced P-isomer 
accumulation studies [79] indicate a very weak P-
isomer to N-isomer transfer rate at 630 nm. 

3.2.2. Separated N-isomer and P-isomer fluorescence 
spectra 

In the following the total fluorescence quantum ef­
ficiencies, </, and fluorescence quantum distribu-

. i 



tions, £(A), are separated into the N-isomer and P-
isomer contributions. First the separation procedure 
is described and then the results are presented. 

3.2.2.I. Separation procedure. Referring to the S„ anil 
S, potential energy surface models (figs, la and I cor 
figs. 19 and 20) the total fluorescence quantum effi­
ciency, <7, may be described generally by 

= (Xl

N + .V P0p N)(/ N + ( V P + .Vk0kp)</,, 

= < 7 N + 4 P • (5) 

600 650 

W A V E L E N G T H X t n m ] 

700 

.YJv,=a N (A L ) /a(A L ) is the fraction of molecules in 
the S, state which is excited from the N-isomer S 0 

ground state to the N-isomer S, state (fraction of ex­
citation photons absorbed by N isomers), while 

^ Fig. 16. Fluorescence quantum distribution of DODCI in ethyl­
ene glycol at ALss630 nm (A>.L= 15.8 nm). The solid curves rep­
resent the total fluorescence quantum distribution F.[k). The 
dash-dotted curves give the contribution * J , £ N ( A ) . The short-
dashed curve is XpEP(X). The temperatures are (1) 0~ - I O C , 
(2) 0=22 3C, (3) 0=f>5Cand (4) d=90'C. 
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Fig. 17. Normalized fluorescence quantum distributions of DODCI in ethylene glycol at (a) At = 597 nm and (b) A, .= 510 nm. The solid 
curves belong to the temperatures (I) #== - 10°C, and (2) 90'C. The short-dashed curve in pan (b) reproduces curve I of part (a) 
U L=597 nm, d=-\0'C). The dashed curves represent (xl + <>lnv)EA*) for (a) A, ̂ 597 nm, i J ^ O ' C , and (b) A, ̂  510 nm, 
Ocr-IO'C. 



x-p = of P(/.i) / a ( A L ) is the fraction of molecules in the 
S, state which is excited from the P-isomer ground 
state to the P-isomer S, state. The relations for xb 
and A {, are derived by the following considerations: 
excitation rate of N isomers 

k cxc = <*N (A L ) A N.So 7 i _ = a N (A L ) / L ; 

excitation rate of P isomers 

/ c L = ^ p ( A L ) V p . s 0 / L = a P ( A ) / L ; 

total excitation rate 

^ = ^ N xc + ^cPxc=[aN(AL) + « P ( A L ) ] / L = a ( A L ) / L ; 

A ^ = ^ x c A e x c = a N ( ; . L ) / a ( A L ) ; 

. V J , + . Y | = 1 . 

a?/a=A:P versus wavelength A is shown in figs. 7 and 
8. <7N is the fluorescence quantum efficiency of the N 
isomers (fraction of excited N isomers that emit ra-
diatively within the N-isomer S,-S 0level scheme) and 
qP is the fluorescence quantum efficiency of the P iso­
mers. 0 N P gives the fraction of excited N isomers that 
transfer to P isomers in the S, band, and 0 P N is the 
fraction of initially excited P isomers that transfer to 
N isomers in the Si band. 

Analogous to the fluorescence quantum efficiency, 
q, the fluorescence quantum distribution, £(A) , is 
given by 

£(A) = + A ^ ^ N ) ^ N ( X ) + + A * ^ ! , p ) £ p ( / ) 

=£J , (A) + £ P ( A ) . (6) 

Eqs. (5) and (6) may be simplified for the two ex­
perimental situations of (a) short-wavelength exci­
tation A L < A 0 . N U O . N is the wavelength of zero-vibra­
tion S 0 -S , N-isomer excitation) and (b) long-
wavelength excitation A L > A P * a x ( A P ^ a x is the wave­
length of maximum S 0 -S, absorption cross section of 
P isomer). 

(a) Short-wavelength excitation (XL^k0N), The di­
rect P-isomer excitation becomes small ( A ' p ^ 0 . 0 1 , 
see figs. 7 and 8). The term x P 0 P N may be neglected 
compared to A*N and AT^ = 1 - x P may be replaced by 
1. With these approximations, eqs. (5) and (6) re­
duce to 

a^N ( / a .0 ) + l . v t + ^ P ( / L , 0 ) ] ^ ( ; M d ) ^ (7) 

* £ N ( A , A L , < 3 ) 

+ [ A ' , , > - r 0 j , P ( A L , t 3 ) ] £ P ( A . A L . , O ) . (8) 

<?'N * < 7 N andEJsi(A) * £ N ( A ) are the dominant contri­
butions. An accurate separation of q\> or £ P ( A ) from 
q or £ ( A ) is not possible. For a crude separation pro­
cedure one may assume (i) 

E ( A , A 0 . N , O e C ) = E N ( A . A L , O C C ) 

and (i i) 

£ N ( A , A L , t 3 ) / £ M A X ( A L , t J ) 

^\[E(XA^d)IEmn%(k^i)) 

- r £ N ( A . A l . , 0 C C ) / £ M A X ( A L , 0 C C ) ] . 

The first approximation (i) overestimates £ N ( A , A L , 
0°C) somewhat since the P-isomer contribution to 
£ ( A , A 0 . N , 0 C C ) is neglected. For the second approx­
imation (i i) it is assumed that the rise of the fluores­
cence quantum distribution around the P-isomer flu­
orescence peak, A P , M A X , is due in equal parts to the 
thermal broadening of the N-isomer fluorescence and 
to the S,-state transfer of N isomers to P isomers. 

(b) Long-wavelength excitation (XL^X%%ax). The 
P-isomer absorption becomes larger than the N-iso­
mer absorption (figs. 7 and 8). The N-isomer to P-
isomerSi-statetransfertermxN0NPt/P (eq. (5)) may 
be neglected and eqs. (5) and (6) reduce to 

^ ( r 3 ) % . v ^ N + A - P 0 P N ( 7 N + - V p ( 7 P , (9) 

£ ( A , r 3 ) * A - J , £ N ( A , t?) + A ^ p n £ n ( A , d) 

4 - A P £ P ( A , f 3 ) . (10) 

£ N ( A , t?) is set equal to £ N ( A , A 0 , N , # ) which is nearly 
equal to £ ( A , A 0 . N , X N ( A L . d) = \ - x P ( A L , d) is 
taken from figs. 7 and 8. X N £ N ( A , r3) is separated 
from £ ( A , r3). The remaining part is entangled in 
J C p £ p ( A , r3) and x P 0 P N £ N ( A , 0) by trial and error 
avoiding a break in the A * p £ p ( A , $) curve around 
AN?max< the peak N-isomer emission wavelength. 

3.2.2.2. Separation results. 
(a) Long-wavelength excitation. For DODCI in 

methanol the separation of £ ( A ) at fl=60"C 
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Fig. 18. Fluorescence quantum efficiencies of N isomer, <?N, a n d P isomer, fr,'-versus temperature for (a) DODCI in-methanol and f n) 
DODCI in ethylene glycol. (+) qu belonging to A L = 510 nm, (O) qH belonging to A L *v* 0 . N . (A) values. 

into A : N £ N ( A ) (dash-dotted curve 4) and 
. Y p 0 p n £ n ( A ) + . X : p £ p ( A ) (long-dashed curve) as well 
as the entanglement of A P 0 P N £ N ( A ) + ; t p £ p ( A ) into 
.v.p0 P N£ N .(A) (dotted curve) and * P £ P ( A ) (short-
dashed curve) is shown in fig. 12. £ P (A) is obtained 
from A* P £p (A) since x\> is known (fig. 7). 
<?P=J£ P (A) dA of D O D C I in methanol is plotted in 
fig. 18a versus temperature. From the dotted curve 
in fig. 12 a value of 0 P N (6O°C)*O.O9 is extracted 
(x P 0kp£ N (6OO n m ) * 1.45X 10~ 4 nm*1,x\>*0.75, 
£ N ( 6 0 0 n m ) * 2 . 2 x 10~ 3 nm""1). This value is very 
unaccurate because it is determined from various pa­
rameters with experimental uncertainties. 

The situation of D O D C I in ethylene glycol is illus­
trated in fig. 16. For r3=90 3C the dash-dotted curve 
4 gives X N £ N ( A ) . The remaining part (short-dashed 
curve) is practically equal to J C p £ p (A). A contribu­
tion A p 0 P N £ N ( A ) cannot be resolved. 

This finding is in agreement with P-isomer accu­
mulation studies [79] where a Si-state P-isomer to 
So-state N-isomer transfer rate of «0 .004 is deter­
mined. q?~ J £ P ( A ) dA of DODCI in ethylene glycol 
is plotted in fig. 18b. 

lb) Short-wavelength excitation. The solid curves 
in fig. 13 (DODCI in methanol) and fig. 17 (DODCI 
in ethylene glycol) indicate only a small contribution 

of the P isomers to the fluorescence quantum distri­
bution and the fluorescence quantum efficiency. The 
dashed curves in figs. 13 and 17 present [xj. + 
0NP(^L» 0 ) ] £ P ( A , A L , 0) curves determined by the 
procedure described above in section 3.2.2.1. From 
the dashed curve in fig. 13a (DODCI in methanol, 
A L = 590 nm, 0=60 C) a value of 0fcP(59O nm, 
60°C) * 0.065 may be extracted ( ( \ r + cj^y)/:,.(635 
n m ) / £ m a x = 0 . 0 3 3 , £ r m u = 2.18x 10~ T nm 1 (fig 
I 0 ) , £ p ( 6 3 5 nm)=r8 .8xl0- 4 ( f ig . l2),.vJ.(5Wnm, 
6 0 ° C ) * 0 . 0 I 7 5 (fig. 7)). The dashed curve in fig. 
13b (DODCI in methanol, A L = 510 nm,r) = 0°C) 
gives a value of 0^ (510 nm, 0°C) * 0.078. The ex­
tracted values from the dashed curves of fig. 17 
(DODCI in ethylene glycol) are 597 nm, 
9 0 ' C ) * 0 . 1 0 and 0 ^ ( 5 1 0 n m , . 0 * 0 * 0 . 0 5 . The 
obtained 0 N P values are not very accurate because of 
the many experimental values that enter the deter­
mination. In ref. [79] a S,-state N-isomer to S„-statc 
P-isomer transfer rate of * 0.08 ±0.01 has been de­
termined forXt =514 nm and 0=25°C. 

In fig. 18, qN = [q-(AP +0{*P)</,.]/ vfj versus tem­
perature is plotted. </N is nearly equal to q since 
(jc P +0Np)?p is only a small contribution and 
Xs = 1 - X p is nearly equal to 1. 
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3.3. Derivation of spectroscopic parameters 

The absorption and fluorescence results are dis­
cussed by the S 0 double-valley and S, triple-valley 
potential energy surface diagram of fig. 19. The po­
tential energy is plotted versus twisting angle. An out-
of-plane twisting from a coiled form (N isomer) to 
an elongated form (P isomer) is assumed [13] (see 
inset on top of fig. 20, different coiled and elongated 
forms may exist). The spectroscopic analysis deter­
mines the zero-vibration S 0 -S, energy gap of the N 
isomer, Eft and of the P isomer, 7;^. Additionally 
the S,-state barrier heights E A . n of the N isomer and 
ZTVP of the P isomer are derived. No values for the 
intermediate S,-state barrier EX

KA arc obtained. Only 
an upper value of El

Ai may be estimated. The radia­
tive S,-state lifetimes T R A D N and t r a d ,> of the N isomer 

^ Fig. 19. Potential energy model of DODCI versus twisting angle. 
Absolute scale belongs to DODCI.in ethylene glycol. Depth \ , 
of intermediate valley is undetermined. 

«—J 1 — — - — i 1 i -
- 9 0 # O f 9 0 # 1 8 0 # 2 7 0 # 

TWISTING ANGLE 8 CONFIGURATION COORDINATE 

Fig. 20. (a) Limiting case of potential energy model of fig. 19. Absolute scale belongs to DODCI in methanol. Dashed potential energy 
curves are true potential energies without viscosity barrier contribution, (b) Potential energy versus vibrational configuration coordi­
nate. Inset at top of (a) indicates schematically out-of-plane twisting. 



and P isomer are calculated. The nonradiative Si-state 
relaxation rates A* * = ( ) - 1 andA: £ r = ( r£ r ) ~ 1 of the 
N and P isomers are derived from the fluorescence 
quantum efficiencies. 

In fig. 20a, a limiting form of fig. 19 is shown where 
the intermediate S,-state barrier height diminishes 
(El

AA =0, Si-state potential energy curve reduces to a 
double-valley curve). Part (b) of fig. 20 shows the 
potential energy curves of the N and P isomers along 
a vibrational configuration coordinate. (N-isomer 
curves belong to twisting angle of 0=O 3 and P-iso­
mer curves belong to twisting angle of 0= 180 \ ) The 
5 0 - S, absorption follows the Franck-Condon transi­
tion principle. The excited vibrational states in the 
S,-band thermalize quickly in relaxing to the S, po­
tential minimum [85]. The excess heat energy is 
transferred quickly to the solvent [86]. 

The radiative lifetimes T r a d t N and r r a d , P of the N iso­
mer and P isomer are derived from the absorption 
cross-section spectra (figs. 3-6) and the fluorescence 
quantum distribution spectra ( £ N ( A , /.0,N< 22~C) and 
£ p ( / . 2 2 : C ) ) by application of the Strickler-Berg 
formula [87,88] (i = N o r P ) : 

A'rad.i = ^rad.i 

abs 

A r a d i ; i s the radiative transition rate. n¥l and nAi are 
the average refractive indices of the solutions in the 
51- So fluorescence region and the S 0 -S i absorption 
region, respectively. The integrations extend over the 
S,-S 0 emission (em) and the S 0 -S | absorption re­
gions (abs). The calculated radiative lifetimes are 
listed in table 1. 

The stimulated emission cross-section spectra are 
derived from the fluorescence quantum distribution 
spectra by [89] 

kr:il 

<W,(A) = 
8RAi^'oT r . d i i / e m £i(; . ) d;. * 

(12) 

The stimulated emission cross-section spectra for the 
N isomers and the P isomers are included in figs. 3,4 
and 5, 6. respectively ( t>=22°C). 

The N-isomer and P-isomer S i - S 0 fluorescence 
quantum efficiencies, </N and qVy are related to the ra­
diative, nonradiative, and N-PS,-state transfer rate 
constants A: r a U j . A-n r < i and A'JV.J ( i = N , P; j = P, N) by 

^rad.i ' ^-nr.i ~ * ir.ij 

-(l + r i + ra) • 
The N - P S,-state transfer rate is 

A^ir.ij = ^ij A'toi.i 

~ 0ij ( A'ratl.i Am i + A'tr.g ) 

01, 

(1.1) 

(14) 

Insertion of eq (14) into eq. (13) gives after some 
rearrangement 

A '̂rad.i Q\ ll\ 

and 

V a d . i 

0ji 

(15) 

(16) 

The approximation at the right-hand side of eq. (15) 
is valid for small 0 J values. Our experimental results 
give only rough values of o P N and <>\*v in the region 
between 0 and 10%. A n r l is given generalh by [l>0| 

A'nr.i ~ T nr\i = A'|C , 4" A', vv.i • (17) 

where A: | C i is the (.temperature-independent) inter 
nalconversion rate constant (of a stiff molecule) and 
A'TWi is the twisting nonradiative decay constant. In 
our experiments the temperature-independent rate 
contribution seems to be negligibly small because 
A-'nr.i/A'rad.i becomes very small at low temperatures 
iq-+ I, fig. 9). 

The normalized rate constants A n r N / k ( ; l t l N and 
A'nr.p/A'rad.i* versus inverse temperature arc plotted in 
fig. 21a for DODCI in methanol and in fig. 21 b for 
DODCI in ethylene glycol. They show an Arrhcnius-
type (Stern-Volmer-type) temperature dependence. 
For•fcJr.NpM'raii.N and A' r pN/A'rad.p no-curves arc pre 
scnted because the 0 N P and 0 P N values arc not ver> 
accurate. 

The rotational deactivation rate constants A„,, 
(i = N,P) depend on the molecular solute solvem 
friction £ [5,91 -941 and on the twisting barriei 
height. It is 
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Fig. 21. Normalized relaxation rates of (a) DODCI in methanol and (b) DODCI in ethylene glycol. A*„ r , N/A r . d N is represented by solid 
curves and experimental points ( O ) for A L * A 0 . N - fcm.p/*Wpi* shown by dashed curves and experimental points ( A ) . Dotted lines 
indicate the solvent fluidity (inverse viscosity) n~ 

M*7«)ew(-E&/M). " (18) 
The temperature dependence of the molecular sol­
ute-solvent friction is also approximately given by an 
Arrhenius-type equation: 

r'-tt'expC-̂ /M). (19) 
Insertion of eq. (19) into eqs. (18) gives 

/ c „ r , ^ - c x p ( . ^ l ) 

= K ' e x p ( - E V i / M ) . (20) 

The activation energies E A , N and EAtP are derived 
from the slopes of the curves of fig. 21 and are listed 
in table 1. 

In the case of methanol the molecular solute-sol­
vent friction q is approximately equal to the solvent 
viscosity >/ and E . becomes equal to En [ 92). For eth­
ylene glycol the solute-solvent friction is less than the 

solvent viscosity [91,95]. The temperature depen-
dencesofj/"1 (fluidity) [95] are included in figs. 21a 
and 21 b and the En values are listed in table 1. 

Since for methanol £ { * E r the intrinsic barrier 
heights E A ' J of DODCI in methanol can be deter­
mined. The values are listed in table 1. 

The potential energy curves of figs. 19 and 20 are 
drawn with quantitative energy values. 

(i) The energy difference Eft1 between the relaxed 
S| state and the S 0 ground state of the N isomer is 
given by 

E a ' a A ^ N - A c o / ^ N ; (21) 

AQN is the wavelength where <?N = cr c m , N (figs. 3 and 
4)'. 

( i i ) The zero-vibration energy difference, Ep*1, be­
tween the Si and So state of the P isomer is deter­
mined by 

E g , = / ? ^ p = /ic 0 /A 0 . P . (22) 

At A0.P it is <7p=<xem,p (figs. 5 and 6). ' 1 



(ii i) The P-isomer ground-state level £ ? was de­
termined previously by thermal population studies 
[30]. 

(iv) The ground-state P-isomer to N-isomer bar­
rier height E% is taken from the literature [8] 
(DODCI in ethanol; the same values are assumed for 
the solvents methanol and ethylene glycol). 

(v) The Sj-state energy level difference between the 
P isomer and the N isomer is given by 

EP = Ey~E°P-EV • (23) 

(vi) The S,-state intermediate barrier height El

Al 

remains undetermined. The presented fluorescence 
studies only give an approximate upper limit of 
E{A < E i , N , because for a considerably larger barrier 
height the S rstate N - to P- and P- to N-isomer trans­
fer would become negligibly small (no P-isomer flu­
orescence in case of N-isomer excitation and vice 
versa). The fluorescence spectra analysis seems to in­
dicate a small S,-state N - to P- and P- to N-transfer 
probability. A peak in the fluorescence spectra at the 
long-wavelength side (A>730 nm) due to fluores­
cence emission from the intermediate S,-state valley 
would allow the determination of the barrier height 
EA.I- Our fluorescence measurements were extended 
out to 1100 nm but no additional fluorescence peak 
could be observed: • 

880 nm 

f £ U ) d ; . * 4 x . l 0 - 4 , 

1 M) n m 

l l O O n m 

J E ( / . ) c U < 1 0 - 4 . 
880 n m 

The experimental results are compatible with E L

A A = 
0 (see fig. 20) since the necessary condition for this 
relation 

E N

l + / - i . N = E g + E S I + £ i . F , (24) 

o r 

A£JL.P = £&' + £ i l N - E°P - EV - £ J U = 0 (25) 
is fulfilled within our experimental accuracy. 

In the literature £ A , N and E A are only found for 
DODCI in ethanol.[8]. £ i . N = 1680±70 c m " 1 [8] 
agrees reasonably well with our value of E A . N = 
2 3 0 0 ± 150 cm'" 1 for DODCI in methanol. 

The P-isomer fluorescence quantum efficiencies are 
substantially smaller than the N-isomer fluorescence 
quantum efficiencies. This behaviour is thought to be 
due to the longer radiative lifetimes of the P isomers 
(table I). For example the data at 22 ' C are qN * 0.32, 
fF.N^^/N^rad.N^O.S iis. 0.18, and Tpj.vO. 1) ns for 
DODCI in methanol. In the case of DO DC I in eth­
ylene glycol the data at 22 C are </N* 0.6O. r, N * 1.4 
ns, ^p%0.35 and r F P 5: 1.4 ns. Time-resolved fluores­
cence lifetime measurements indicate comparable 
values of r F N and r r r (24). Sometimes ty,. values 
shorter than r F N values have been reported [2,12,21 ]. 

4. Conclusions 

Absorption and fluorescence spectroscopic <lata»of 
the mode-locking dye DODCI have been determined 
in the solvents methanol and ethylene glycol. The 
ethylene glycol results apply directly to the mode-
locking situation in colliding pulse mode-locked or 
hybridly mode-locked dye lasers since DODCI in 
ethylene glycol is used in the dye jets. DO DC I in aee-
tonitile (an aprotic dipolar solvent) exhibits the same 
absorption spectrum and shows the same tempera­
ture dependence of the fluorescence spectra as 
DODCI in methanol. 

The obtained spectroscopic data allow the drawing 
of a more quantitative potential energy curve versus 
twisting angle. In the S,-state N-isomer and P-isomer 
barrier heights could be determined. The barrier 
height of the intermediate S,-state valley remains still 
undetermined. Time-resolved fluorescence measure­
ments [96,97 | , time-resolved excited-state absorp­
tion measurements [98,99] and time-resolved reso­
nance CARS measurements [ 100,101 ] may help to 
clarify the situation. 

An adiabatic photoisomerization of .di-9-methyl-
antracene in the S, stale (chemical change takes place 
in the S, state) has been reported in rel. [102 |. An 
kkacross-a-ridgc-isomerization" of olefins in the trip­
let T, state is discussed in refs. [ 103-105). The ro­
tational isomerization of 2-vinylanthracene in the S, 
state has been proven recently by picosecond time-
resolved fluorescence measurements using lime-cor­
related single-photon counting techniques [ 9 /1. 
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Appendix A. Fluorescence spectroscopic fundamentals 

The fluorescence quantum distribution E(k) is defined by 

£-(/)=-.Vi(/.)//U. (A. I ) 

and the fluorescence quantum efficiency is 

q= J £</.)d/ . (A .2) 
cm 

Vj(/.) is the intrinsic photon emission per wavelength interval (dimension photons per nm) and f\ is the num­
ber of absorbed photons of excitation light. P A is given by 

A , ( 1 - * L ) ( 1 - 7 - l ) ( A 3 ) 

p > - i - * L ( i _ r L ) • ( A - 3 ) 

P0 is the number of incident excitation photons to the fluorescing sample. The indices L stand for excitation 
light. / ? L ~ 0 ? L - 1 )2/(nL+1 ) 2 is the reflectance of the excitation light at the entrance surface of the fluorescing 
sample. nL is the refractive index at the excitation frequency vL. r L = e x p ( x 7 L A V ) is the transmission of the 
excitation light through the sample. oL is the absorption cross section at the excitation frequency vL. N0 is the 
number density of dye molecules, and / is the sample length. The term RL( 1 - TL) in the denominator takes care 
of the back-reflected excitation light (geometric row). 

The fluorescence quantum efficiency is measured relative to a reference dye of known fluorescence quantum 
efficiency </R. It is 

r ; ,$,(;.) / v R ( i - ^ L j i ) ( i - r L , R ) [ i ^ L ( i - r L ) ] j (A 4) 
*v (,ms^{A)dkPA / s , . R u ) < u ( i - J ? J ( l - r L ) [ l - i ? L . l l ( l - ^ L . R ) ^ R , 

when the number of incident excitation photons, P0, is constant. 
5,(/.) has to be related to 5 E ( A ) . the spectral fluorescence signal outside the fluorescence cell within a solid 

angle. of signal detection. It is 

S E ( ; . : ) = . S , ( / . ) ( l - / l F ) ( A f l / 4 i c n ^ ) / A E U ) . (A.5) 

A.Q//? F is the solid angle of detection inside the fluorescence cell. nF is the average refractive index of the dye 
solution in the fluorescence spectral region. RF= (;? F-1 ) 2 / ( ;? F + I ) 2 is the reflectance of the fluorescence light. 
./A E(/.) takes care of the multiple fluorescence re-absorption and re-emission. This factor is determined below. 

Insertion of eq. (A .5) into eq. (A .4) gives 

R R ) S E ( / . ) / A E U ) 1 - « F (\-RL.R)(\-TL*)[\~RL(\-TL)] A 6 

j5 E . R (/ .)AE.R(/.)d/. l - / ? F . R ( l - / l L ) d - r L ) [ l - / l L . R ( l - 7 L R ) ] 

The detected fluorescence signal Sm(l) (in photons per wavelength interval) is related to the spectral fluores­
cence signal. SE(/.) outside the sample by 

. S m ( / ) = . V E ( x ) T F ( A ) . (A .7 ) 
i i 

The transfer function T F ( / ) depends on the spectral characteristics of the polarizer, the spectrometer, and the 



diode array detector (see fig. 2). The wavelength dependence of TF(A) is determined by measuring the spectral 
signal distribution 5 m l a m p (/.) of a halogen-tungsten lampofknown colour temperature flF [106,107). It is 

TF( ; . )== ; ^ m . l a m p a ) /0 ( ; . , o F ) . <\.8) 

*/ is a constant factor. 

0 ( ^ F ) = ^ [ e x p ( ^ / W ) - l ]

 , A , , ) 

is the Planck emission formula in photons/nm cm 2 . For our calibrations a halogen-tungsten lamp of 
tfF=3450± 10 K was used (Osram type HLX64625 halogen-projection bulb with 12 V voltage). 

Insertion of eq. (A.7) into eq. (A.6) gives 

FC)- ••y»nU)TF- ,(A)AE(A) njR \ - R F ( l - R L . R H l - T U R ) l l - R L ( l - T L ) ] . Q-
~ K ' ' / s m ( A ) T F - ' a ) / A E . R ( ; . ) < u n F i - « F t R ( i - / v L ) ( i - r L ) [ i - . / ? L , R ( i - r ^ ) ] < / R v v * 

The multiple re-absorption and re-emission factor of the fluorescence l ight , / A E (A) , is determined in the fol­
lowing for the situation of front-face fluorescence detection [68]. Without re-absorption and re-emission of 
fluorescence light it is / A E ( / ) = 1 • The case of re-absorption of fluorescence light without re-emission is discussed 
in ref. [67]. The fluorescence reabsorption factor was found to be 

/ A < ; , ) « I" 7 • ( A . I . ) 

<?(/.) is the absorption cross section of the dye solution at wavelength L In the general case of multiple re-
absorption and re-emission of fluorescence light it is 

S E (A)= I Sfc'MA)., <A.I2) 

with - . 

^ , ) ( A ) ^ S E ' > ( A ) [ 1 - / A ( A ) ] ( 7 ' (A.I3) 

and 

5 F

0 > ( / ) = 5 I ( A ) ( l - - J R F ) ( A f l / 4 j t / 7 F ) A a ) . ( A . I 4 ) 

Eq. (A.14) is equal to eq. (A.5) with A E U ) - / A ^ ) (no fluorescence emission of re-absorbed fluorescence 
light). The geometric row of eq. (A. 12) gives 

^ ( / . ) = S r ( A ) / { l - [ l - / A ( ; . ) W ( A . I 5 ) 

and r 

. / ; E a ) = A a ) / { i - [ i - A U ) ] . ^ . ' ( A . i 6 ) 

Insertion of eq. (A.16) into eq. (A.10) gives an implicit equation of the fluorescence quantum distribution, 
E(k) (qat right-hand side) which is solved numerically. 

Appendix B. Light-induced accumulation of P isomers in S 0 ground state 

The fluorescence spectrum of DODCI in methanol shows a clear P-isomer peak around 635 nm at a temper­
ature of 0= - 8 0 - C in the case of light excitation at kx = 590 nm. This P-isomer fluorescence peak is thought to 
be due to light-induced accumulation of population in the S 0 ground state of the P isomer At low temperature 



the thermalization process between P and N isomers in the S 0 ground state becomes very slow. A small fraction 
of excited N-isomer molecules may relax to the P-isomer ground state. These molecules accumulate there and 
contribute to the P-isomer fluorescence by absorption of the excitation light. 

The ground-state P-isomer to N-isomer transfer rate is [8,20,30]: 

(ris)'l = k^=Al9Otxp(^E0

A/kBd) (B.I) 

and the N-isomer to P-isomer transfer rate is 

( ^ p ) - , = ^ p = = , 4 i s o e x p [ ~ ( £ A " f £ p ) / A - B f 3 ] . (B.2) 

The prc-exponcntial factor AIW and the ground-state activation energy £ 2 have been determined in ref. [ 8 ] for 
DODCI in ethanol. The values are A}SO* 1.9X 10 1 3 s ' 1 and E% *9 .95x 10~ 2 0 J. E% is listed in table I. AIU% and 
E% are thought to be approximately the same for methanol and ethylene glycol as is confirmed by the similar 
relaxation limes rpVi at room temperature measured for ethanol, methanol and ethylene glycol [20]. In fig. 22, 
TpN and x%p are plotted versus temperature r3 ( £ £ = 703 c m " 1 is used). At d= - 8 0 C , values of T?» n *850 S 
and tftp * 1.6 X 10 s s are calculated. 

The ground-state P-isomer population will accumulate i f the population rate from the S, state is larger than 
the depopulation rate A ? N . The population rate depends on the excitation light intensity lL. Appreciable accu­
mulation of population occurs if 7 L is larger than the.saturation intensity of accumulation, /Sp, which is defined 

-100 -50 0 SO 100 

TEMPERATURE $ f C l 

Fig. 22. Ground-state P- to N-isomer relegation time T J n and N -
to P-isomcr transition time TNP versus temperature. The curves 
belong to eqs., (B.l) and (B.2) with A^- t.9x 1013 s~\El = 
9.95x l O " 2 0 J. and 1.4X 10- 2 0 J [8,30). 

EXCITATION WAVELENGTH XL Inm) 

Fig. 23. Ground-state P-isomer saturation intensities of accu­
mulation, versus excitation wavelength, for various tem­
peratures. The short-dashed curve represents roughly the experi­
mental intensity of excitation light in the sample, (a) DODCI in 
methanol, (b) DODCI in ethylene glycol. , 



by A > , O / A N , O = ^ P ( / L = ^ ) / 2 . In the case of dominant S r state N - P transfer (0NP>0NOP ,0PN>0PN), /S.P " 
given by [79] 

,o A M I — 0NP0PN ) [ l - e x p ( - £ p V A : B f l ) l ML ( N U 

S P ^p(AL) t -pN0PN [ l -0NP + 2( l~0p N )0i ,p(T N (A L ) /0p N (Xp(>lL)] " C7p(A L)T? > N0 l

,»N ' 

In the case of dominant direct S,-state to S0-state N-isomer to P-isomer and P-isomer to N-isomer transfer J 8 ] 
with transfer rates 0j$> and eq. (B.3) remains valid in the case of 0 & « I and <c 1 if 6l

sv and 0 P N are 
replaced by 0N° P and 0p?,, respectively. 

In fig. 23, /§,P of DODCI in methanol (a) and ethylene glycol (b) is plotted versus excitation wavelength A, 
for various temperatures. 0 P N =0.01 (equivalent to 0™ =0.01) is used for the calculation of the curves. The 
applied excitation intensity / L is included in fig. 23. For DODCI in methanol at 0 = - 8 0 T and A L = 590 nm it 
is /L 2 5 Js.p- For this case enhanced P-isomer fluorescence has been observed experimentally (curve 1 of fig. 10) 
For all the other experimental situations it is / L ^ / S . P and P-isomer accumulation in the S 0 state plays no role. 
Even for DODCI in methanol at t)= - 8 0 ° C and A L =5I0 nm is / L already small compared to /$ P . 
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