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FLUORESCENCE SPECTROSCOPIC ANALYSIS OF N AND P ISOMERS OF DODCI
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The photoisomerization dynamics of DODCI (3,3 -dicthyloxadicarbocyanine 10didi:) 1s analyzed by lincar absorption and
fluorescence spectroscopic measurements over a wide temperature range. The fluorescence quantum distributions and the Moo
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-isomers are determined
The results are discussed by application of an angular conﬁguration coordinate system.

1. Introduction

The photoisomerization of the polymethine dye
DODCT ( 3.3'-dicthyloxadicarbocyanine iodide ) 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 Q-switched lasers {8-10]. ps trains of
pulsed mode-locked picosecond lasers [2.3,11-13],
single picosecond pulses [12-22], cw mode-locked
lasers [23-27]. and cw dye lasers [28,29]. There is
eaperimental evidence from rotational ditfusion
mcasurcments that in the S, ground state DODCI
molecules are in a coiled-up cis—cis conformation
(normal isomer N) and the photo-excited isomer (P
isomer) is in an clongated all-trans conformation
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[13]. Our results do not depend on the special con-
formation of the Nisomer 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 changes of ex-
cited DODCI molecules has been studied extensively
[1=14.17=-21, 24=-28. 31-34]. A three-valley S po-
tential energy surface with a low-lying minimum at a
perpendicular twisting angle and a two-valley S,y po-
tential energy surface with high-lving barner at a
twisting angle of 90 is often used [8.9,34]. 1his po-
tential energy diagran s sketched in fig T Tewas
first applied to the photoisomenization of stilbene
[35]. A four-level diagram with interisomer relaxa-
tion (fig. 1b) has been applied for a rate cquation

(b) (c)

Fig. 1. Energy level models of DODCL (a) S, three-valley and S, two-valley potential encigy surfaces th) Four-level system (0) Syand
S twosvalley potential enciey surfaces. Solid arrows, rudiative absorption and emission processes, Broken arrows, nonridiativ e transthions
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approach to the photoisomerization dynamics
[7.28.29.32.33.36]). This model is very gencral but
docs not show potential energy surfaces. An S, and
S, two-valley potential energy surface model (fig. 1¢)
sometimes has been applied successfully 1o polyme-
thine dyes (bisdimethvlaminoheptamethine per-
chlorate (BMC). pinacvanol and pscudo-isocy-
anine) [37].

The dye DODCI is used widely as saturable ab-
sorber for passive modec-locking of pulsed picose-
cond [2.3.11.15.16.38-42]. cw picosecond [43-49]
and cw femtosecond [46.50-58] dye lascrs 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]. DODCI has also been used as a
laser dve [8.61-66]. Lasing was achieved for the P
isomer [8.61-65] and the N isomer [66].

In this paper the photoisomerization dynamics of
DODCl is studied by linear absorption spectroscopic
[30] and fluorescence spectroscopic measurements.
The dveis dissolved in methanol (CH;OH). and eth-
vlene glycol (HOCH,-CH.OH). Absorption spec-
1roscopic 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, 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. E(%). and fluorescence quantum effi-
ciency. g) 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 S, state and on the S, activation
energies for N—P and PN isomerization. The N-
and P-isomer fluorescence quantum distributions and
fluorescence quantum efficiencies are separated. The
S-S, 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-isomer absorption and emis-
sion cross-section spectra as well as the fluorescence
quantum yields are needed for a quantitative analy-
sis of the passive modec-locking characteristics of
DODCTI in dye lasers.

2. Experimental

The absorption spectra of DODCT in methanol and
ethylence glvcol are mcasured at different temperi-
tures with a conventional spectrophotometer (Beck-
man ACTA MIV). The S-S, long-wavelength ab-
sorption changes versus temperature are analyzed to
separate the N-isomer and P-isomer absorption cross-
scction spectra [30].

The fluorescence spectra are measured with a self-
assembled spectrofluorimeter using the front-face
collection technique [67]. The arrangement is shown
in fig. 2. Dye cells of I mm thickness are used. The
dye concentrations vary with excitation wavelength.
but are kept below 1.2x 10~* mol/dm* in all expcri-
ments. Up 1o this concentration no dimerization cf-
fects have been observed (absorption cross-section
spectra. fluorescence quantum distributions, and flu-
orescence quantum efficiencics arc independent of
concentration). The dye solutions rhodamine 6G in
methanol (quantum efficiency gx ~0.94 [68-71]).
rhodamine 101 in ethanol (¢ ~0.98 [71-74]). and
cresyl violet in ethanol (gg~0.56 [75-77]) serve as
reference standards for the cxcitation wavelength re-
gions around 510, 590 and 625 nm, respectively. Own
comparative fluorescence quantum efficicncy mca-
surements (accuracy +2%) arc in agreement with the
cited fluorescence quantum efficicncies of the fluo-
rescence standards.

The evaluation of the fluorescence quantum distri-
bution, E(4), and the fluorescence quantum effi-
ciency. g, from the detected fluorescence signal is de-
scribed in appendix A. Re-absorption and re-emission
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Fig. 2. Fluorescence spectroscopic sctup. LS, halogen-tungsien
projector lamp (Osram HLX64655, 24 V, 250 W). L1-14. len-
ses. IF. interference filter. P1, P2, dichroic polarizers. DC. dye
cell. SP, spectrometer. DA, diode-array system (Tracor DARRS).
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ot 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 — 100°C. For measuring at elevated
temperatures the dve cells are put into a heating
chamber with glass windows. Heat cartridges are used
tor heating up to 100" C. The temperature is mea-
sured with Pt 100 resistors.

3. Results

The absorption spectra of DODCI in methanol and
cthylene glycol are determined at three temperatures
and the N-1somer and P-isomer absorption cross-sec-
tion spectra are separated [30].

The fluorescence quantum distribution spectra,
E(4). and the fluorescence quantum efficiencies, g.
are measured for three excitation wavelengths at var-
ious temperatures. The N-isomer and P-isomer fluo-
rescence contributions are separated and interpreted.
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3. 1. Absorption spectra

The apparent absorption cross-section spectra [ 78]
of DODCI in methanol at =80 °C, 215 Cand 60 ¢
are shown in fig. 3. For DODClin ethylene glycol the
apparent absorption spectraat 2°C, 215 Cand 9y ¢
are plotted in fig. 4. g’ (/) =« (4) /N, is displaved in
the graphs. where « is the absorption cocetticient and
Ny is the total number density of DODCT 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 clectronic
S ground state. ‘

The N-isomer absorption  cross-scction spectra
on(A)=an(4)/Ny and the P-isomer absorption
cross-section spectra agp(i)=ap(4)/.Np are scpa-
rated in figs. 5 and 6 tollowing the procedure de-
scribed in ref. [30] (@=an+ap): First the energy
difference E% between the S, ground-state levels of
the P isomer and the N isomer is deternuned by tem-
perature-dependent absorption measurements [30].
The E$ values are listed in table 1. The mole fraction
XD of P isomers in the S, ground state at thermal
equilibrium is
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Fig. 3. Apparent absorption cross-section spectra. ¢ (4). of DODCT in methanol at (1) 0=060 C.(2) 0= 215 Coand t3) S0 ¢
The stimulated emission cross-section spectrum ot the N isomer, @, 5. is included (2 :=390 nm, =0 C).
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F:g. 4. Apparent absorplioh cross-section spectra. o’ (4), of DODCI in ethylene glycol at (1) 8=95°C, (2) 9=21.5"C.and (3) 9=2°C.

Aiso the simulated emission cross-section spectrum of the N isomer, Gem N, is shown (4 =597 nm, 9= 22°C). The structural formula of
DODCI is included.
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‘ Fig. 5. Scparated absorption and emission cross-section spectra of DODCI in methanol. oy, N-isomer absorption cross-section spectra
and op. P-isomer cross-section spectra at (1) 9=60°C, (2) 0=21.5C, and (3) 9= —80¢C. Gem.p, Stimulated emission cross;sgction
| spectrum of P isomer (9=22°C). .
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Fig. 6. Separated absorption and emission cross-section spectra of DODCI in ethylene glycol. ay, N-isomer absorption cross-section
spectra and g5, P-isomer absorption cross-section spectra at (1) 8=95°C, (2) 9=21.5°C, and (3) 0=2 C. G.mp. stimulated cmission
cross-section spectrum of P isomer (9=22°C).

Table 1

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

Solvent Methanol Ethylene glycol Comments

Traan (DS) 245 2.35 eq. (11)

Traap (NS) x5.1 =4.1 cq. (11)

JOuwsn(7)d7 (cm) 1.35%10-"2 1.25% 1072

[Ouap(7)d7 (cm) ~7.3x10-" ~8x10-1

JOemn (9)dF (cm) 1.19%10-12 1.09% 10~ cq. (12)

[Oemp (#)d5 (cm) 26.4x10-" =7x10-" eq. (12)

E,(cm™") 928 2171 ref. {95)

E} (em™!) 703+50 727+50 this work and ret. [30]
X3 (25°C) 0.0325 0.029 this work and ref. [ 10
EY (cm™") 16920+ 50 16710+ 50 eq. (21)

E (cm-') 15950+ 50 15840+ 50 cq. (22)

Ep (em~') 270+ 100 143+ 100 S eq. (23)

ES (em™') 5005 = 5005 ref. [8]

EY (cm—') 4077 - ES~E,

Eix(cm™') 2380+ 150 2650 + 200 €q. (20) and fig. 21
Ein (cm™') 1450+ 150 - An -y
Elp(em™') 2680+ 50 2470+ 60 ¢q. (20) and fig. 21
Elp(cm™!) 1750+ 50 - E\y-E,

AELp (cm™') —~33+300 323+360 q. (25)
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Np.s, is the number density of P isomers in the S, state
and .V g, 18 the number density of N isomers in the
So state. U is the temperature. The mole fraction of N
isomers in the ground state at thermal equilibrium is
xgl.th =1 _'\.?’Ah'

At the short-wavelength side (Z<Zqgn, Ao i the
zero-vibration electronic Sg—-S; transition wave-
length of the N isomer) oy is separated from ¢’ by
 on 30 /X% . At the long-wavelength side (4> /qn)
ox is determined approximately by [78]

Ox (/) S O em () exp[— e (% - })] -
B O.N .

Oneml(4) 1s the stimulated emission cross-section
spectrum of the N isomer. /1 is the Planck constant.
Co 1s the velocity of light in vacuum, and kg 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

=x%.m0ox 38 ,m0p leading to
g = (1=x.n)on

(3)

op(2)= o
XP.ah
The solid gp(4) curves 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) agrce reason-
ably well with the shape extensions.

The ratio of P-isomer absorption to total absorp-
uon. ap(2)/al(r).is

ap(/) - Npso0p(4)
a(z)  Nps,Op(2)+Nns,On(2)

_ NesOp(4)  XRnop(2)
Noa' (7))~ o' (})

(4)

-
o
Y

ABSORPTION RATI0 apl/a
-o.v

10

= B

500 , S50 600 650
WAVELENGTH A [nm)

Fig. 7. Ratio of P-isomer absorption coefficicnt to total absorp-
tion coefficient versus excitation wavclength for DODCI in
methanol. (1) 9=60°C, (2) 8=21.5"C. (3) ¥=--R0°(.

’

N, is the total number density of DODCI molecules.
In figs. 7 and 8 the ratios ap/a are displayed for

DODCI in methanol and cthylene glycol. respec-

tively. Curves are shown for three different tempera-

tures. At the short-wavelength side (4 </on) the N-

isomer absorption dominates (x9,, in the per cent

region and gp(4) <on(4)) while at the long-wave-

length side the absorption of the P isomers is domi-

nant (op(2) > on(4)).

3.2. Fluorescence studies

The fluorescence behaviour of DODCI in metha-
nol and ethylene glycol is studied as a function of cx-
citation wavelength and temperature. Fluorescence
quantum efficiencies, g, and fluorcscence quantum
distributions. E(4). are determined. First. overall
spectra arc presented and then the N-isomer and P-
isomer contributions are scparated.
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Fig. 8. Absorption ratio ap/a of DODCI in ethylene glycol. (1)
0=95°C, (2) 9=22°C,and (3) 9=2°C.

3.2.1. Total fluorescence spectra

The fluorescence quantum efficiencics. ¢. versus
temperature, are plotted in figs. 9a and 9b for three
excitation wavelengths. The fluorescence quantum
efficiencies rise with decrcasing temperature and ap-
proach 100%. An Arrhenius-lype activation cnergy
has to be overcomec for efficient fluorescence quench-
ing (twisting of molecule to 90 ° out-ot-planc orien-
tation in the transter from cis-cis to all-trans arrange-
ment, see below [80-8+4]). The fluorcscence quantum
efficiencies for A, =510 nm and 4, =4,y arc approx-
imately equal. Only at low temperatures does ¢(310
nm) seem to be slightly less than ¢(2gn). At =024
nm (DODCI in methanol) and A =630 nm (DODCI
in ethylene glycol) the P isomer is excited preferen-
tially (fig. 7). High fluorescence quantum cfficien-
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, /:(2). at
different excitation wavelengths and temperatures are
presented in figs. 10-12 for DODCI in methanol. and
in figs. 13-15 for DODCI in ethylenc glycol.
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Fig. 9. Fluorescence quantum efTiciencies versus temperature for three different excitation wavelengths 2, (a) DODCTin methanol (1,
0)24,=590nm, (2. +) A =510nm. and (3. A) 4, =624 am. (b) DODCI in ethylene glycol (1, O) 2y =597 nm, (2. +) 7y =310

nm.and (3, A) 4, =630 nm.
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Fig. 10. Flucrescence quantum distribution of DODCI in meth-
anol. Excitation wavelength 4, =590 nm (full spectral width of
excitation light AZ; =9 nm). The temperatures are 9= —80°C
(1). =40°C (2), —5°C (3),22°C (4).and 60°C (5).

In fig. 10 the excitation wavelength is 4, =590 nm.

It is near the zero-vibration S-S, excitation wave-
length of the N isomer (Zon= 591 nm, fig. 3). At
U= — 80°C additionally to the N-isomer peak around
600 nm there appears the P-isomer fluorescence peak
around 635 nm. The P-isomer fluorescénce peak is
thought to be due to accumulation of molecules in
the S; 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,
state leads to the enhanced P-isomer fluorescence. At
temperatures above —40°C the population accumu-
lation in the P-isomer S, state becomes negligible for
the applied excitation intensities. An analysis of the
accumulation dynamics is given in appendix B. Above
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Fig. 11. Fluorescence quantum distribution of DODCI in meth-
anol for 2, =510 nm (A4.=5.2 nm). The curves belong 10
9=-80°C (1), -40°C(2),0°C(3),22°C (4).and 60°C (5).

—40°C the fluorescence quantum distribution curves
broaden with rising temperature. This broadening is
more clearly seen in fig. 13a where E(A)/F . is plot-
ted for 9=~5°C and 9=60°C. Around the P-iso-
mer fluorescence peak the rise of E(4)/F ., with
temperature is thought to be partially due to thermal

broadening of the fluorescence. Some contribution
could be due to enhanced P-isomer fluorescence duc
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 10 the rise of £(635 nm)/F .
may be obtained by comparing the thermal rise of the
absorption analog ¢’ (530 nm)/0,,,. For a tempera-
ture change from 22°C 1o 60°C the rise of the ab-
sorption ratio is approximatcly 1.08, while the risc of
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the normalized fluorescence quantum distribution is
1.15 for the same temperature interval. For another
comparison, £(585 nm)/F .. of rhodamine 6G in
ethanol increases by a factor of 1.07 in heating from
22°Cto60°C.

The fluorescence spectra for Ag =510 nm are shown
in fig. 1 1. Even at —80°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 tempcrature the
fluorescence around the P-isomer emission peak
(A= 635 nm) increases relative to the N-isomer
emission peak (4602 nm). This behaviour is more
directly seen in fig. 13b where E(4)/E ., is plotted.
A comparison of the dotted curve (excitation wave-
length 4 =590 nm, 9=0°C) with the solid curve |
(AL=510 nm, ¥=0°C) indicates a larger fluores-
cence enhancement around the P-isomer peak for
short-wavelength excitation. This fluorescence be-

{om™}

FLUORESCENCE QUANTUM DISTRIBUTION E(A)

<« Fig. 12. Fluorescence quantum distribution of DODC'l in meth-
anol. Excitation wavelength 4, =624 nm (A4 =11 nm ). I'he sohd
curves present the total fluorescence quantum distribution F(4).
The dash-dotted curves give the contributions x4 En(4). The
long-dashed curve is E(4) —xNEn(4), the short-dashed curve is
xbEp(A), and the dotted curve is @pn X En(4). (1) 0= -80°C,
(2) 9=0°C. (3) 8=22°C, (4) 9=60°C.
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Fig. 13. Normalized fluorescence quantum distributions of DODCI il) methanol at (a) 4; =590 nm and (b) 2, =510 nm l!u' wlid
curves belong to the temperatures (1) 0°C and (2) 60°C. The dotted curve in part (b) reproduces curve | of part (a) (4, -390 nm,
#=0°C). The dashed curves represent (3 +@kp ) Ep(2) for (a) 4y = 590 nm, =260 C.and (b) Jr=S10nmo:- 0,
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Fig. 14. Fluorescence quantum distribution of DODCI in ethyl-
ene glycol. Excitation wavelength 2, =597 nm (A% =9 nm). The
temperatures are (1) —10°C, (2) 22°C, (3) 40°C. (4) 65C
and (5) 90°C.

haviour might be interpreted as an enhanced S;-state
N-isomer 10 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 te P-isomer transfer
. rate is obtained at short-wavelength excitation [79].

The solid curves in fig. 12 display the fluorescence
quantum distribution, E(4), at the excitation wave-
length of 4, =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 ap(4)/a(4) curves of
fig. 7) and due 10 an increasing S,-statc P-isomer to
N-isomer transfcr rate.

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

3,
N

LR S B A O 1

{nm™)

E(X)

T

aal

Al

7

FLUORESCENC QUANTUM DISTRIBUTION

AN
\\
TS WS NS N NS WU SN S WL SR SR SN S 1 ;j

600 650 700
WAVELENGTH X [nm]

Fig. 15. Fluorescence quantum distribution of DODCI in cthyl-
ene glycol. Excitation wavelength 2, =510 nm (A/, =5.2 nm).
The temperatures are (1) =10°C, (2) 22:C, (3) 40-C. (4)
65¢C.and (5) 90°C.

fluorescence behaviour for 4, = 597 nm (figs. 14 and
17a) and 2 =510 nm (figs. 15 and 17b) is very sim-
ilar 10 the situation of DODCI in methanol. For the
case of long-wavelength excitation, 2, =630 nm. the
P-isomer fluorescence and that of the N isomer scem
10 be of the same strength and the P-isomer to N-iso-
mer fluorescence ratios seem 1o be independent of
temperature. In fig. 8 it is seen that the absorption
ratio ap(630 nm)/a(630 nm) is approximatcly
temperature independent. Laser-induced P-isomer
accumulation studies [79] indicatc a very weak P-
isomer to N-isomer transfer raic at 630 nm.

3.2.2. Separated N-isomer and I-isomer fluorescence
spectra
In the following the toial fluorcscence quantum cf-

ficiencies. ¢. and fluorcscence quantum distribu-
o
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tions, E(A), are separated into the N-isomer and P-
isomer contributions. First the separation procedure
is described and then the results arc presented.

3.2.2.1. Separation procedure. Referring to the S, and
S, potential energy surface models (figs. la and l¢or
figs. 19 and 20) the total fluorescence quantum effi-
ciency, ¢, may be described generally by

g=XNGn +XNOpGr + X bgp + X PO INGN
= (XN HXO N F (0 X80 ke ) g
=qn+3qp . (5)

xh=an(A)/a(A,) is the fraction of molecules in
the S, state which is excited from the N-isomer S,
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 A, =630 nm (A/, =15.8 nm). The solid curvces rep-
resent the total fluorescence quantum distribution £(4). The
dash-dotted curves give the contribution x4 En(4). The short-
dashed curve is x} Ep (4). The temperatures are (1) 0= --10°C,
(2) 0=22°C,(3) 8=65"Cand (4) 8=90"C.

E (A /Epq,

o
Qo
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0.2

NORM. FLUOR. QUANTUM® DISTRIB.

WAVELENGTH A\ (am]

Fig. 17. Normalized fluorescence quantum distributions of DODCI in cthylene glycol at (a) A, =597 nm and (b) 4, =510 nm. The solid
curves belong to the temperatures (1) 0= -10°C, and (2) 90°C. The short-dashed curve in part (b) reproduces curve | of part (a)
(A.=597 nm, 9==10°C). The dashed curves represent (x} +¢kp)Ep(4) for (a) A, =597 nm, ¥=90"C, and (b) 4, =510 nm,

v=-10C.
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xp=ap(4)/ () isthe 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 x}
and x} are derived by the following considerations:
excitation rate of N isomers

k&e=0n(AL)Nusolu=an(AL)];

excitation rate of P isomers

kEc=0p(iL) Nps,lL=ap(A)];

total excitation rate

kexe=kSe thae=[an(AL)+ap(ir) L =a(A ) ;
XN =kSe/ ke =an(AL) /a(2y) ;
Xp=kic/keae=ap(AL) /a (i) ;

Nhtxb=1. ’

ap/a=xp versus wavelength / is shown in figs. 7 and
8. gn s the fluorescence quantum efficiency of the N
isomers (fraction of excited N isomers that emit ra-
diatively within the N-isomer S,~S, level scheme) and
gp is the fluorescence quantum efficiency of the P iso-
mers. ¢ 4p gives the fraction of excited N isomers that
transfer to P isomers in the S, band, and ¢}y is the
fraction of initially excited P isomers that transfer to
N isomers in the S, band.

Analogous to the fluorescence quantum efficiency,
.q. the fluorescence quantum distribution, E(4), is
given by

E(A)=(xN+Xp0bn)En(A) + (xp+xkokp) Ep(4)
=EN(A)+ER(2) . ' (6)

Egs. (5) and (6) may be simplified for the two ex-
perimental situations of (a) short-wavelength exci-
tation 2 </gn (4o is the wavelength of zero-vibra-
tion Sy-S; N-isomer excitation) and (b) long-
wavelength excitation 4 > A$%,, (AP, is the wave-
length of maximum S,-S, absorption cross section of
P isomer).

(a) Short-wavelength excitation (2, <2 o). The di-
rect P-isomer excitation becomes small (x} <0.01,
see figs. 7 and 8). The term x},¢}n may be neglected
compared 10 x} and x} =1—x} may be replaced by
1. With these approximations, eqs. (5) and (6) re-
duce to

q(AL. 0)=gn(AL, 0) +gp(4,.. D)
Agn (AL 0)+ [xp+Hokp i, D) (A 0), (7)
E(,20,0)=EN(A AL 8)+ER(A A1)
xEn(4, 2. 0)
+[xp+okp (AL, D) JEp(A AL D). (8)

gn gy and EN(A) = Eq(A) are the dominant contri-

butions. An accurate scparation of g3 or (1) from

gor E(J) is not possible. For a crude scparation pro-

cedure one may assume (i)

E(A, 2on.0°C) = En(4.4,.0°C)
and (ii) ‘
En(A,2L.0)/Emax (4. 8)
=4 [E( AL, 9)/Emax(Ay, 1)
+En(A. i, 0°C) /Eas (2. 0°C) ]

The first approximation (i) overestimates En(4, A,
0°C) somewhat since the P-isomer contribution to
E(A, Aon, 0°C) is neglected. For the second approx-
imation (ii) it is assumed that the rise of the fluores-
cence quantum distribution around the P-isomer flu-
orescence peak, Apmax is due in equal parts to the
thermal broadening of the N-isomer fluorescence and
10 the S,-state transfer of N isomers to P isomers.

(b) Long-wavelength excitation (A, > 7 %.4s). The
P-isomer absorption becomes larger than the N-iso-
mer absorption (figs. 7 and 8). The N-isomer to P-
isomer S,-state transfer term xn@ Npgp ( eq. (5)) may
be neglected and egs. (5) and (6) reduce to

g(0)=xNgn +XpPbngN + X PGP - (9)
E(A’ 19) zx;‘iEN()'s l’) +-\’l”¢l"NEN()H '9)
+xbEp(4,9) . (10)

En(4,0) issetequal to Ex(A, 2N, 9) which is nearly
equal 10 E(A, Agn. 8). xh(AL.0)=1~xb(AL, D) is
taken from figs. 7 and 8. xLEn(4, ¥) is separated
from E(Z. 9). The remaining part is entangled in
xbEp(4,9) and xboinEn(A O) by trial and error
avoiding a break in the x}Ep(A, 9) curve around

- Amax- the peak N-isomer emission wavelength.

3.2.2.2. Separation results.
(a) Long-wavelength excitation. For DODCI in
methanol the separation of F(4) at 9=60°C
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Fig. 18. Fluorescence quantum efficiencies of N isomer, gn, and P isomer, gp, versus temperaturz for (a) DODCI in‘methanol and (b)
DODCI in ethylene glycol. ( +) g belongingto A, =510 nm, (O) gn belonging to A xAox. (A) g values.

into xLEN(A) (dash-dotted curve 4) and
XpopnEn(A) +xbEp(1) (long-dashed curve) as well
as the entanglement of x}p @by En(4)+xbEp(1) into
XpopnEn(A) (dotted curve) and xpEp(A) (short-
dashed curve) is shown in fig. 12. Ep(2) is obtained
from xpEp (A) since x}
gp=fEp(1) dA of DODCI in methanol is plotted in
fig. 18a versus temperature. From the dotted curve
in fig. 12 a value of ¢n(60°C)=0.09 is extracted
(xbohpEn(600nm) ~ 1.45%10-*nm ", x} ~0.75,
Ex(600 nm)=~2.2Xx 103 nm~"). This value is very
unaccurate because it is determined from various pa-
rameters with experimental uncertainties.

The situation of DODCI in ethylene glycol is illus-
trated in ﬁg. 16. For 8=90°C the dash-dotted curve

4 gives xNEn(A). The remaining part (short-dashed -

curve) is practically equal to x) Ep (1). A contribu-
tion xh@bnEn(2) cannot be resolved.

This finding is in agreement with P-isomer accu-
mulation studies [79] where a S,-state P-isomer to
So-state N-isomer transfer rate of =0.004 is deter-
mined. gp=[Ep(4) dA of DODCI in ethylene glycol
is plotted in fig. 18b.

(b) Short-wavelength excitation. Thc solid curves

in fig. 13 (DODCI in methanol) and fig. 17 (DODCI .

in ethylene glycol ) indicate only a small contribution

is known (fig. 7.

of the P isomers to the fluorescence quantum distri-
bution and the fluorescence quantum efficiency. The
dashed curves in figs. 13 and 17 present [x) +
okp(AL, 0))Ep(A, AL, 0) curves determined by the
procedure described above in section 3.2.2.1. From
the dashed curve in fig. 13a (DODCI in mcthanol,
A =590 nm, 0=60°C) a value of @Lp (590 nm,
60°C)~0.065 may be extracted ((xp+ Ny ) En (635
NM)/Emax=0.033, Enax=2.18%10"% nm ' (fig.
10), Ep(635nm)=8.8x 10-* (fig. 12), v3(590 nm,
60°C)=0.0175 (fig. 7)). The dashed curve in fig.
13b (DODCI in methanol, A =510 nm, )=0"C)
gives a value of ¢Lp(510 nm, 0°C) = 0.078. The ex-
tracted values from the dashed curves of fig. 17
(DODCI in ethylenc glycol) are ¢Le(597 nm,
90°C)=~0.10 and ¢Lp (510 nm, 0°C)=0.05. The
obtained @ip values are not very accurate because of
the many experimental values that enter the deter-
mination. In ref. [79] a S,-statc N-isomer to S-state
P-isomer transfer rate of ~0.08+0.01 has been de-
termined for 4, =514 nm and 9=25"C.

Infig. 18, gn=1[¢— (x} +ONp)gp)/xh versus tem-
perature is plotted. ¢y is nearly equal to ¢ since
(xt+0kp)ge is only a small contribution and

=1-xp is ncarly equal to 1.
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3.3. Derivation of spectroscopic parameters

The absorption and fluorescence results are dis-
cussed by the S, double-valley and §, triple-valley
potential energy surface diagram of fig. 19. The po-
tential energy is plottcd versus twisting angle. An out-
of-plane twisting from a coiled form (N isomer) to
an elongated form (P isomer) is assumed [13] (sce
inset on top of fig. 20, different coiled and clongated
forms may exist). The spectroscopic analysis deter-
mines the zero-vibration Sy-S, cnergy gap of the N
isomer, E{' and of the P isomer. L{'. Additionally
the S,-state barrier heights £ y of the N isomer and
E p of the P isomer are derived. No values for the
intermediate S,-state barricr £}, arc obtained. Only
an upper value of E ; may be estimated. The radia-
tive S;-state lifetimes T,,q N and 7,4 p Of the N isomer

N .
< L L P Lo <« Fig. 19. Potential energy model of DODCI versus twisting anglc.
50" o %° o m Absolute scale belongs to DODCLin ethylene glycol. Depth EL,
TWISTING ANGLE © of intermediate valley is undetermined.
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Fig. 20. (a) Limiting case of potential energy model of fig. 19. Absolute scale belongs 1o DODCI in methanol. Dashed potential energy
curves are true potential energies without viscosity barrier contribution. (b) Potential cnergy versus vibrational configuration coordi-

nate. Inset at top of (a) indicates schematically out-of-plane twisting.
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o
and P isomer are calculated. The nonradiative S,-state
relaxation rateskN. = (t) ="' andkP. = (%) ~" of the
N and P isomers are derived from the fluorescence
quantum efficiencies.

In fig. 20a, a limiting form ofﬁg 19 is shown where
the intermediate S;-state barrier height diminishes
(E A1 =0, S,-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 belorig to twisting angle of §=0° and P-iso-
mer curves belong to twisting angle of 0=180°.) The
S¢-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 7,4 5 and 7,54 p of the N iso-
mer and P isomer are derived from the absorption
cross-section spectra (figs. 3-6) and the fluorescence
quamum distribution spectra ( Ex(4, 4on. 22°C) and
Ep(4. 22°C)) by application of the Strickler-Berg
formula [87.88] (i=NorP): '

X -1
Kradi = Tradii

8nn;,co JemEi(A)4 dJ 0i(4)
Ny TemEi(A)A? d/ 2

di. (1)

kmd.iis the radiative transition rate. ng; and n,; are
the average refractive indices of the solutions in the
S-Sy fluorescence region and the S,-S, absorption
region. respectively. The integrations extend over the
S-S, emission (em) and the S,-S, absorption re-
glons (abs). The calculated radiative hfenmcs are
listed in table 1. >

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

BE()
8rnEcoTragifemEi(4) di°

acm.n(;-) =

The stimulated emission cross-section spectra for the
N isomers and the P isomers are included in figs. 3, 4
and S, 6. respectively (8=22°C).

The N-isomer and P-isomer S-S, fluorescence
quantum efficiencies, ¢y and ¢y, are related to the ra-
diative, nonradiative, and N-P S, -state transfer rate
constants Kaq,. Kpejand K, (i=N,P.j=P,N) by

(12)

g = I‘Arad.i = krad.n
' ktol.i ‘krad.l + knr.i + l‘ llr.iy

| -1
(l+""" "'-fﬂ!») . (1

/‘rmln I‘r:hh

The N-P S,-state transfer rate is
ktlr.i) = '—"-l; Kiows
=0 (Keaai Hhari Hhiy)
,f;. (Keats ko) = l%;— '
o5
(I-a.,)r

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

(14)

. <|»

/\nr.i=l__—__(.o_9._,|g-l——l (13)
knd.i 4 h
and

. ]

I\l'r.il' = 2.!1 . : { l(‘)
kr:d.i gi '

The approximation at the right-hand side of eq. (15)
is valid for small 9§ values. Our experimental results
give only rough valuesof &by and o, in the region

~between 0 and 10%. A, ; is given generally by [90]

Kaei =Tk =Ko +hpw, (17)

where k¢, is the (temperature-independent) inter-
nal conversion rate constant (of a stiff molecule) and
ktw, is the twisting nonradiative decay constant. In
our experiments the temperature-independent rate

contribution seems to be negligibly small because

Koei/keaai becomes very small at low temperatures
(g--1,11g. 9).

The normalized rate constants A, n/Kuan and
Kur.p/ Keaa p VETsus inverse temperature are plotted in
fig. 21a for DODCI in mcthanol and in fig. 21b for
DODCI in ethylene glycol. They show an Arrhenius-
type (Stern-Volmer-type ) temperature dependence.
For k! np/Keaan and Al pn/Keagp 10 curses are pre-
sented becausce the ghp and @y values are not very
accurate.

The rotational deactivation rate constants A,
(i=N.P) depend on the molecular solute-solvent
friction & [5.91-94] and on the twisting barricr
height. Itis

s
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knr.i =K(¢) C.’(p( "E,lkn/l*nﬂ)
x (k' /&) exp(—ELi/kpD) . ) (18)

The temperature dependence of the molecular sol-
ute-solvent friction is also approximately given by an
Arrhentus-type equation:

§~'=&5" exp(—E;/kgD) . (19)
Insertion of eq. (19) into eqs. (18) gives
l'.
knl’.i zK"exp(_ M—E{)
kg?
=K""exp(—EL;/kg?) . (20)

The activation energies E} y and E}p are derived
from the slopes of the curves of fig. 21 and are listed
in table 1.

In the case of methanol the melecular solute-sol-
vent friction ¢ is approximately equal to the solvent
viscosity iy and E; becomes equal to E,, [92]. For eth-
vilene glvcol the solute-solvent friction is less than the

solvent viscosity [91,95]. The temperature depen-
dencesofn~' (fluidity) [95] are included in figs. 21a
and 21b and the E, values are listcd in table 1.

Since for methanol E,x E,. the intrinsic barrier
heights EX; of DODCI in mcthanol 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 EQ' between the relaxed
S, state and the S, ground state of the N isomer is
given by
(21)
Aon is the wavelength where on=0mn (figs. 3 and
4).

(ii) The zero-vibration energy difference. E}', be-

tween the S, and S, state of the P isomer is deter-
mined by

EX =hvon=hco/lon;

Eg' =’1Vo_p=h¢'o/1°_p . (22)

Atldgpitis op=0.mp (figs. 5and 6). - vl
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(iii) The P-isomer ground-state level EQ 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)
(DODCl in ethanol; the same values are assumed for
the solvents methanol and ethylene glycol).

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

Eb=EY ~E3—EQ' . (23)

(vi) The S,-state intermediate barrier height EX,
remains undetermined. The presented fluorescence
studies only give an approximate upper limit of
" \1 S E\~. because for a considerably larger barrier
height the S,-state 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 (4>730 nm) due to fluores-
cence emission from the intermediate S,-state valley
would allow the determination of the barrier height
E 1. Our fluorescence measurements were extended
out to 1100 nm but no additional fluorescenge pea
could be observed: :

830 nm )
E(i)di=4x10-4,

P30 nm

H(m‘nm
E(/)di<107%.

880 nm

The experimental results are compatible with E} ;=
0 (sce fig. 20) since the necessary condition for this
relation

EYN+FEA\N=ER+EY +ELp, (24)
or
AELp=EY +E\n—EY—EQ —E\p=0 (25)

is fulfilled within our experimental accuracy.

In the literature £\ n and E are only found for
DODCI in ethanol [8). EAn=1680%£70 cm~! [8]
agrees rcasonably well with our value of EAn=
23002150 cm ! for DODCI in methanol.

The P-isomer fluorescence quantum efficiencies are
substantially smallcr than the N-isomer fluorescence
quantum efficiencics. This behaviour is thought to be
due to the longer radiative lifetimes of the P isomers
(table 1). Forexample thedataat 22°C are gy ©0.32,
TEN=0NTaan 0.8 05 ¢p = 0.18. and 14 2 0.9 ns for
DODCI in methanol. In the case of DODCI in cth-
ylene glycol the data at 22 Care gys0.60, 1, w2 1.4
ns. gp =0.35 and 7z p > 1.4 ns. Time-resolved fluores-
cence lifetime measurements indicate comparable
values of 1 and 1y [24]. Sometimes 7, values
shorter than t;  values have been reported [2.12.21].

4. Conclusions

Absorption and fluorescence spectroscopic data.of
the mode-locking dye DODCI have been determined
in the solvents methanol and ethylene glveol. The
ethylene glycol results apply directly to the modc-
locking situation in colliding pulse modc-locked or
hybridly mode-locked dye lasers since DODCT in
ethylene glycol is used in the dye jets. DODCT in ace-
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 encrgy curve versus
twisting angle. In the S,-state N-isomer and P-isomer
barrier heights could be determined. The barrier
height of the intermediate Sy-state valley remains still
undetermined. Time-resolved fluorescence measure-
ments [96,97 ], time-resolved excited-state absorp-
tion mcasurements [98.99] and time-resolved reso-
nance CARS mcasurements [100.101] may help to
clarify the situation.

An adiabatic photoisomerization of di-9-mcthyl-
antracene in the S, state (chemical change takes place
in the S, state) has been reported in ref. [102]. An
“across-a-ridge-isomerization” of olctins in the trip-
let T, state is discussed in refs. [103-105]. The ro-
tational isomerization of 2-vinylanthracence in the S,
state has been proven recently. by picosccond time-
resolved fluorescence measurements using time-cor-
related single-photon counting techniques [971.
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Appendix A. Fluorescence spectroscopic fundamentals

The fluorescence quantum distribution £(2) is defined by
E(2)=S,(2)/P, (A.l1)
and the fluorescence quantum efficiency is '

g= j E()d: . (A.2)

Si(+) is the intrinsic photon emission per wavelength interval (dimension photons per nm) and P, is the num-
ber of absorbed photons of excitation light. P, is given by
_ Pu( I _RL)( 1— TL)
AT I=RU(1-Ty)

(A.3)

P, is the number of incident excitation photons to the fluorescing sample. The indices L stand for excitation
light. R = (n —1)?/(n +1)?is the reflectance of the excitation light at the entrance surfacc of the fluorescing
sample. 1, is the refractive index at the excitation frequency vy. T =exp( —ayNo/) is the transmission of the
excitation light through the sample. g is the absorption cross section at the excitation frequency ».. N, is the
number density of dye molecules. and / is the sample length. The term R (1 — T ) in the dcnominator takes care
of the back-reflected excitation light (geometric row).

The fluorescence quantum efficiency is measured relative 1o a reference dye of known fluorescence quantum
efficiency ¢gr. Itis

Si(2) Pyr - Si(4)  (I=Rig)(1=T g)[1 =R (1=-T1)]
JemSir(£)dA Py [Sr(2)dA(1=R)(1=T)[1 =R (1 =T gr)]

E()= gr - (A.4)
when the number of incident excitation photons, Py, is constant. ,

S1(4) has to be related to Sg(2). the spectral fluorescence signal outside the fluorescence cell within a solid
angle. AQ. of signal detection. It is

Se(A)=S1(:)(1=Re) (AQ/4mnE) fae(4) . (A.5)

AQ/n# is the solid angle of detection inside the fluorescence cell. ng is the average refractive index of the dye

solution in the fluorescence spectral region. Rg= (ng—1)2/(ng+ 1)? is the reflectance of the fluorescence light.

[ie(2) takes care of the multiple fluorescence re-absorption and re-emission. This factor is determined below.
Insertionof eq. (A.5) intoeq. (A.4) gives

E(i)= Se(A)fae(2)  nig 1=Re (1=Rig)(1=Tig)[1=R.(1-T1)] ..
T iSer(A) fagr(2) dA nE 1=Rer (1=R)(1=T)[1=RLr(1-Trr)]

The detected fluorescence signal S,,(2) (in photons per wavelength interval) is related 10 the spectral fluores-
cence signal. Sg(~) outside the sample by

Sm(2)=Se(2)TF(2) . (A7)

(A.6)

vl
The transfer function TF(4) depends on the spectral characteristics of the polarizer, the spectrometer, and the
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diode array detéctor (sce fig: 2). The wavelength dependence of TF(4) is determined by measuring the spectral
signal distribution Sy, ;,mp (4) of a halogen—-tungsten lamp of known colour temperature 8¢ [106,107]. It1s
TF(;-)=;'Sm.lamp('{)/o(';u OF) . ’ (\8)
;'is a constant factor.

_ 27[('0
~ A*exp(hcy/kpilg) = 1]

0(4. Ug) (A.9)
is the Planck emission formula in photons/nm c¢cm?2. For our calibrations a halogen-tungsten lamp of
Up=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

CEG)= Sm(DTF~'(A)fae(2)  nEr 1=Re (1-Rig)(1=Tip)[1-R.(1-T})] -
T S (A TF T (D) faer(A) dA nE 1=Rer (1=RO(1=TL)[1 =R g(1=Tpr)]

" The multiple re-absorption and re-emission factor of the fluorescence light, fag(4). 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 f,¢ (4 ) = |. 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.10)

oL l_TLm.-#aH)l/er

L (A1)
o +a(’) -7,

fa(i) =

a(7) is the absorption cross section of the dye solution at wavelength 2. In the gencral case of multiple re-
absorption and re-emission of fluorcscence light it is

Se(A)= 3 SE(4). (A.12)
1=0 .

with :

SETVGI SO A=A BN

and , ‘ ’

SE () =8(4) (1= Re ) (A/4rnd)a () | (A.14)

Eq. (A.14) is equal to eq. (A.5) with fie(4)=/a(2) (no fluorescence emission of re-absorbed fluorescence
light). The geometric row of eq. (A.12) gives :

Se(2) =S () /{1 -[1-fa(2) 1q} (A.15)
and ’
ReB) =LA /{1 =[1-fi(1)]q} . - (A.16)

Insertion of eq. (A.16) into eq. (A.10) gives an implicit equation of the fluorescence quantum distribution,
E(2) (qatright-hand side) which is solved numerically.

Appendix B. Light-induced accumulation of P isomers in S, ground state
The fluorescence spectrum of DODCI in methanol shows a clear P-isomer peak around 635 nm at a tempet-

ature of 9= —80°C in the casc of light excitation at A, = 590 nm. This P-isomer fluorescence peak is thought to
be duce to light-induced accumulation of population in the So ground state of the P isomer. At low temperature
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the thermalization process between P and N isomers in the S, ground state becomes very slow. A small fraction
of excited N-isomer molecules may relax 10 the P-isomer ground state. Thesc 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]:

, (19n) ' =kBn =450 exp( = E/ky D) : ' (B.1)
and the N-isomer to P-isomer transfer rate is
(T?\'P)_l:kg‘P:AisOCXp[—(Eg+Eg)/k519] . (Bz)

The pre-exponential factor A, and the ground-state activation energy E$ have been determined in ref. [8] for
DODCI in ethanol. The values are A4,,,>1.9%X10'*s~! and E$ =9.95x10-2°J. EQ is listed in table 1. A,,, and
ES are thought 1o be approximately the same for methanol and ethylene glycol as is confirmed by the similar
relaxation times 19y at room temperature measured for ethanol. methanol and ethylcne glycol [20]. In fig. 22,
t8n and 1 are plotted versus temperature 9 (E3 =703 cm~"! is used). At 8= —80°C, valucs of t0n 850 s
and 1% > 1.6 X 10° s are calculated.

The ground-state P-isomer population will accumulate if the population rate from the S, state is larger than
the depopulation rate k2. The population rate depends on the excitation light intensity /;. Appreciablc accu-
mulation of population occurs if /,_is larger than the.saturation intensity of accumulation, /¢ ;. which is defined

Al T T T I T L] T Rl '[ T T 1 T ' T ¥ T T
1’ . .
\ - 1osrv||[t|vv T
sofl , ] _
\ e

st \ , £

107+ E =z
_ \ a
“ (-]
= o'\ N\ ] .y
o \
A o't \ %
E £
£ 0’
2 3 i oc Y o'c Y
w WF =
¥ g tr -
= ot 3

! X ta) g )
§ 10 §
g : :
g vy a i
= 3 ‘.s
5 i '«'n" s [T
ém-l.- ® .,,.'|...,"1";J..JL...
g . ) 500 550 6050 50 &%
G ) [ N TR SN NS W WG SR WO GAN SN W N | Lokl 4 . 3

-100 -50 0 S0 00 ) EXCITATION WAVELENGTH X\  [nm)

L]
TEMPERATURE 3 1%C) Fig. 23. Ground-state P-isomer saturation intensities of accu-

Fig. 22. Ground-state P- 1o N-isomer relgxation time 195 and N- mulation. /,, versus excitation wavelength, 4, for various tcm-
10 P-isomer transition time tp versus temperature. The curves peratures. The short-dashed curve represents roughly the experi-
helong 10 eqs. (B.1) and (B.2) with Ay, =1.9%10"s~", E3 = mental intensity of excitation light in the sample. (a) DODCl in

9.95%10-*%J.and E§=1.4%x10-%J [8,30). methanol. (b) DODCI in ethylene glycol. ol
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by Npo/Nno=xB(IL=2¢)/2. In the case of dominant S;-state N-P transfer (dkp >0, 0bn > 05N). 125 is
given by [79]

hv (1 —okpdpn) [L —exp(—ER/kp?)] ~ hy
UP()L)79N¢PN[1—¢VP+2(l—¢PN)¢NPUN()'L)/¢PN0P()~L)] Op(AL)TONOPN

In the case of dommam direct S,-state to So-state N-isomer to P-isomer and P-isomer to N-isomer transfer [8)
with transfer rates¢ and ¢4, €q. (B.3) remains valid in the case of g1 << 1 and 044 < | if B4y and B by are
replaced by ¢\% and ¢4, respectively.

In fig. 23, I3 of DODCI in methanol (a) and ethylene glycol (b) is plotted versus excitation wavelength 4;
for various temperatures. gn =0.01 (equivalent to ¢}% =0.01) is used for the calculation of the curves. The
applied excitation intensity /,_is included in fig. 23. For DODCI in methanol at 0= —80°C and 2 = 590 nm it
is I ~ I p. For this case enhanced P-isomer fluorescence has been observed experimentally (curve | of fig. 10).
For all the other experimental situations it is /; « I and P-isomer accumulation in the S, state plays no role.

Rp= (B.3)

Even for DODCI in methanol at 8= —80°C and 4, =510 nm is /, already small compared to /2.
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