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The fluorescence of the first excited stale o f both the normal (N ) and lhe photoisomer (P ) forms of 3,3'-dicthyloxadicarbocy* 
anine iodide ( DODCI ) were analyzed under steady stale conditions. Argon ion laser and argon ion pumped dye laser were used 
for excitation. The long wavelength fluorescence, belonging mainly to the P form, shows a similar degree of polarization as the 
short wavelength part arising from the N form. The fluorescence spectra of DODCI at different fluences and different wavelengths 
of laser excitation yielded information about the relative concentrations of the N and P forms. Photoequilibrium between the two 
species via the excited slate of the P form is postulated. The rate constant estimated for the P*-*N transition is much lower than 
the one expected from a model of a twisted state through which all the non-radiative transitions of the P form take place. The 
value is in agreement with that derived from the previous optoacoustic measurements exciting with higher fluences. The results 
indicate that stimulated emission and excited state absorption are not important under the conditions of the experiment.

The study of the photophysics of cyanine dyes has 
received a great deal of attention in recent years. The 
main reasons are, on the one hand, their technolog
ical use as laser materials or saturable absorbers for 
mode-locking [ 1 ] and, on the other hand, their 
structural similarity to a variety of natural photo- 
biological systems with polyene structures [2]. 3,3’- 
diethyloxadicarbocyaninc iodide (DODC1) is one 
of the most extensively studied compounds belong
ing to this group. The knowledge of its behaviour 
under high-fluence laser excitation is nowadays of 
great interest because of its fundamental role in the 
production of femtosecond optical pulses using the 
colliding pulse technique [3].

The existence of the DODCI photoisomer (P) 
transient species produced after singlet excitation of 
the stable form (N), was established by Dempster et 
al. [4] by laser flash photolysis. The ground state 
absorption of P and the isomerization quantum yield 
were measured and different kinetics parameters, 
such as excited stale lifetime for both forms and flu
orescence quantum yield of P were calculated. After
wards, the photoisomerization process has been

studied by several groups. As a result of these studies 
a consistent model for the isomerization mechanism 
is well established [5,6].

The values of the kinetic parameters of the N form 
given by Dempster ct al. [4] have been confirmed 
by direct measurements using picosecond pulse exci
tation [7-9], but only few' studies have dealt with 
the photophysical properties of the P form.

The present paper is concerned with the photo
physical processes undergone by excited P. We pre
sent the results of the laser power dependent 
fluorescence spectra of DODCI under steady state 
conditions. Polarization of the fluorescence has been 
taken into account in the measurements, avoiding 
instrumental artifacts arising from the emission 
anisotropy of the fluorophores.
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2. Experimental

3,3'-diethyloxadicarbocyanine iodide (DODCI) 
laser dye grade from Kodak was used without further 
purification. The purity of the dye was checked by 
thin-layer chromatography on silica plates with dif-

163

1. Introduction



Volume 140, number 2 CHEMICAL PHYSICS LETTERS 25 September 1987

F ig . 2 . C a lib r a tio n  o r  th e  d e te c t io n  s y s te m , ( a )  is th e  c a lib r a tio n  

la m p  sp e c tr u m , ( b )  is th e  re sp o n se  o f  th e  s y s te m  for  p o la r iz a tio n  

p a ra lle l to  th e  g ra tin g  g r o o v es  a n d  ( c )  is th e  r e sp o n se  fo r  p o la r i
z a t io n  p e r p e n d ic u la r  to  th e  g ra tin g  g r o o v es .

ferent solvents. 10"6 M solutions in ethanol (Carlo 
Erba PA) were used immediately after preparation. 
The solution was circulated at low rate in a cylin
drical optical glass cell (2 cm diameter flat windows, 
5 cm length). The excitation light from a cw dye laser 
tunable between 580 and 620 nm (Spectra Physics 
375 with rhodamine 6G) pumped by argon ion laser 
(SP 165), was focused on the cell by a planoconvex 
lens (/=67 mm). The excitation beam passed 
through the cell as near as possible to the observation 
window to avoid inner filter effects.

The fluorescence was detected at 90° with respect 
to the direction of the excitation beam. The polari
zation of the pumping beam was perpendicular to 
the plane defined by the direction of incidence of the 
excitation beam and the direction of observation of 
the fluorescence (fig. 1). Some measurements were 
carried out by exciting the sample with the most 
intense lines of the argon ion laser (488 and 514 nm), 
keeping the same polarization direction.

The spectra were recorded using a 50 cm focal 
length Ebert mount scanning spectrometer (Jarrell 
-Ash 82-025) equipped with a Hamamatsu R-466 
multialkali photomultiplier connected to a boxcar 
integrator (PAR 162/163) triggered internally at l 
kHz. The signals were plotted on an X - Y  recorder.

The power was varied by changing the current in 
the ion pump laser, or by attenuating the dye laser 
beam on the cell with neutral density fillers in the 
low power region, keeping the laser stabilized -well

over the threshold. The diameter of the spot on the 
sample was 50 pm as determined by calibrated pin
holes, The viewing angle of the fluorescence was 
properly selected by an iris placed in front of the cell 
and by the monochromator slit height (5 mm).

It is well known that the response function of a 
monochromator-photomultiplier system can differ 
significantly for polarization parallel or perpendic
ular to the grating grooves [8). The system was cal
ibrated by use of a standard tungsten lamp. The 
spectrum of the lamp (a), and the signals registered 
by the system for polarization parallel (b) and per
pendicular (c) to the grating grooves are shown in 
fig. 2. From these data, the factors to correct the flu
orescence spectra taken under controlled polariza
tion conditions are calculated. Due to the smooth 
dependence of the detection system (fig. 2) for the 
parallel to the grating grooves polarization, all the 
spectra were obtained under these conditions. The 
emission polarization was selected perpendicular to 
the excitation polarization by means of a crystal 
polarizer, CP in fig. 1.

The fluorescence spectra or DODCI exhibited a 
strong dependence with both the fluence and the 
wavelength of the laser excitation. Typical fluores
cence spectra excited at 514 and 609 nm with dif-
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F ig. 1. T h e  e x p e r im e n ta l ap p a ra tu s  u se d . L aser  is  argon  io n  laser  
o r  a r g o n -io n -p u m p e d  d y e  la ser . P o la r iz a t io n  d ir e c t io n s  arc  in d i
c a te d  b y  d o ts  ( • )  a n d  d o u b le  arrow s ( J ) .  T h e  foca l le n g th  o f  L j  

w as 6 7  m m , w h ile  L t a n d  L 2 w ere  a rran ged  to  fo c u s  th e  flu o re s 
c e n c e  o n  th e  m o n o c h r o m a to r  s lit  a n d  to  il lu m in a te  th e crysta l 
p o la r izer  C P  w ith  lo w  d iv e r g e n c e .

3. Results
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Tercnt laser powers are shown in fig. 3. The emission 
intensity is normalized at 595 nm. A laser power of 
100 mW corresponds to a fluence of 1.2 kW/cm2. As 
the pump power increases, the red fluorescence peak 
appears and grows in intensity.

The spectra were studied as a function of the rate 
of ground state absorption by P, b  = a ffr , where a F is 
the absorption cross section of the P form and a is 
the photon fluence rate of the excitation. By varying 
the power and the wavelength of the excitation, the 
value of b  w-as changed over more than three orders 
of magnitude. The fluorescence intensities in W cm-2 
n n r1, /640 and /«» at 640 and 603 nm respectively, 
were selected as representative of the P* and N* 
emission. These wavelengths correspond to the 
emission peaks of both species [9]. The ratios 
between the two intensities, h ^ h o y  for different 
values of b are given in table 1.

Due io the emission polarizer only a fraction of 
the emitted intensity was delected. The fraction 
emitted with polarization perpendicular to the polar
ization direction of the excitation is given by ](1 - p ) ,  
where p  is the degree of polarization defined as 
p -  (/,- I y )/(/, + I x ). The degree of polarization 
for the DODC1 normal form pN was measured at low

T a b ic  l

b  ( n s - 1 ) 7640 n n / A p j  nm Excitation

X (n m ) P { m W )

10~‘ 0.31 514 5
J .2 X 1 0 - 5 0.37 514 60
2 .4 X 1 0 - 5 0.45 514 120
2 .5X  IO-5 0.44 600 0.6
5 X lO -3 0.47 514 250

IO-4 0.57 514 500
3 X lO -4 0.64 600 6
6 X lO -4 0.80 614 6
8 .5 X 1 0 -4 0.79 609 12

JO-3 0.81 614 10
2 X lO -3 0.73 600 50
2 .5 X 1 0 -3 0.83 609 36
3 X lO -3 0.86 614 30
7 X lO -3 0.86 609 100

power excitation using a spectrofluorimeter (SLM). 
In ethanol at room temperature, pN = 0.17 was 
obtained. The degree of polarization of the fluores
cence emitted at 700 nm with higher fluence exci
tation was analyzed with the equipment in fig. 1. 
Different power and wavelengths in the laser exci
tation wrere used and 6 varied between 10~s and. 
5xl0~3 ns- *. The value of p  obtained was 
0.15 ± 0.04, independent of b. For the higher values 
of b y most of the intensity comes from the P form at 
this emission wavelength. The necessity of evaluat
ing the degree of polarization and the use of a polar
izer in the detection arise from erratic preliminary 
results obtained when this factor was not considered..

It is well established that the photoisomerizalion 
of DODCI proceeds via the first excited singlet state 
[10]. The radiationless deactivation of N* occurs 
through a short-lived twisted stale which branches 
between the ground stable N, and that of the less sta
ble P. Due to the strong overlap of the absorption of 
both species, at high fluences the first excited singlet 
slate of P is also populated. P* is responsible of the 
red fluorescence peak in fig. 3. The mechanism for 
the non-radiative deactivation of P* is not com
pletely clear. Rullifcre suggested a similar mechanism 
than that of N*, that is, a branching between the
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F ig . 3 . T y p ica l f lu o rescen ce  sp ectra  o f  D O D C I  w ith  d iffe re n t  

p o w e r  an d  w a v e len g th s  laser e x c ita t io n  as in d ic a te d . T h e  e x c i ta 
tio n  sp o t d ia m eter  w as 5 0  p m . T h e  sp ectra  arc c o rrec ted  from  

th e  te c h n ic a l sp ectra  u sin g  th e  factors  tak en  from  fig . 2 for  p o la r 
iz a t io n  p ara lle l to  th e  grating  gro o v es .

4. Discussion
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Fig. 4. Four-level schem e used and  rate  constants for the d iffer
en t processes involved. N on-radia tive transitions are indicated  
by wavy lines, w is the rate constant for the replenishm ent by the 
circulation.

Eq. (6) can be used lo simulate the results of table 
1. The fluorescence intensity emitted at wavelength 
A, in units of W cm-2 nm- ' by the two species is

direct internal conversion to P and the back iso
merization to N [5].

The scheme in fig. 4 was used to model the results 
in table 1. This scheme is equivalent to Rullièrc’s 
model in the limit of a very short lifetime for the 
twisted form [6]. The rate constants of the ground 
state absorption of N and P are represented by aoN 
and b - a a i>, respectively. The rale constant for the 
radiative plus non-radiative transitions between N* 
and N is given by k H. For the P form, k v is the rate 
constant for the radiative plus the non-radiative 
transitions between P* and P. The rate constants for 
the interconnections between the N and P forms are 
given by A:NP, /cPN and k  as explained in fig. 4. The 
lifetimes, and the fluorescence quantum yields for 
the N and P forms are indicated by t,, $*, and t3,

, respectively. The change of state population by 
circulation of the solution is governed by the rate 
constant iv. No triplet state was considered due to 
the small intersystem crossing yield, 0,sc< 0.005 [4] 
and. the efficient quenching by 0 2 in the air-satu
rated solutions used.

Under these assumptions, the steady stale popu
lation of the four levels in fig. 4 can be described by 
the set of rale equations:

if £ P(603)=0 and Er(640)/£N(603) = $ / $  are 
assumed due to the similarity of the shape of the flu
orescence bands. In order to compare the results of 
eq. (8) with the measurements of table 1 other fact 
must be considered: due to the emission polarizer 
(see fig. 1) the intensities quoted in table 1 are only 
a fraction of the total intensity emitted. The fraction 
is governed by the degree of polarization p. From the 
values of p = 0.17 for low power excitation and 
0.1510.04 for high power excitation, it can be 
assumed that, at room temperature in ethanol, the 
degree of polarization p  for the two isomeric species 
of DODCI is the same. Under this assumption and 
introducing (6) in (8), the ratio of the measured 
intensities at 640 and 603 nm is given by

(9)

1 6 6
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where A', is the number of molecules in state / as 
indicated in fig. 4 and the total number of molecules 
is given by

Solving (l)-(5 ) the ratio of the populations of 
excited P and N is

( 6)

(7)

(8)

where E N and E v represents the band shape function 
in photons/nm, of the fluorescence emitted by N and 
P respectively, normalized to /o’ ¿TN,P(A) dA = 
0r\ 0}\ The ratio between the emitted intensities at 
A| = 640 nm and A2=603 nm can be written as

(U

( 2)

(5)

(3)

(4 )
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F ig . 5 . F itt in g  o f  th e  m e a su r em en ts  o f  tab le  1 b y  th e  e x p r e s s io n  
o f  eq . ( 9 ) .  T h e  b est f it t in g  is o b ta in e d  for  A:rN =  0 .0 7  n s -1  a n d  
w < 3 x l 0 " ‘ n s ” ' .T h e  o th er  param eters in e q .  ( 9 )  arc tak en  from  
th e  litera tu re; th e  v a lu e s  are g iv e n  in  th e  tex t. N o  c o n n e c t io n  

(A>n =  0 )  an d  stron g  c o n n e c tio n  [ k Pft =  2 .7  n s - ')  b e tw een  P* a n d  
N  are  in d isa g r ee m e n t w ith  th e  e x p e r im e n t.

The values of /6<!0//603 calculated with eq. (9) are 
given in fig. 5 as a function of b for different values 
of the rate constant for the back isomerization k vu 
and the circulation parameter w. The other param
eters are taken from the literature [4]: £’N(640 
nm)/£'N(603 nm) = 0.32, /cNP=0.07 ns-1, t3 = 0.3 
ns and /c = 7.7xl0~7 ns-1. The values obtained 
under different excitation conditions are best fitted 
by fcPN = 0.07 ns-1 and w ^ X lO -6 ns-1, in agree
ment with the values used by Bilmes et al. [11] to 
explain the results from optoacoustic measurements. 
The value for >v assuming homogeneous flow (w= 
circulation speed/excited volume) is 2x10~3 ns-1 
corresponding to 1 cm3/s circulation speed and 
4 x l0 -5 cm3 excited volume. It is difficult to esti
mate the exact rate of molecular replenishment due 
to the turbulent flux near the cell wall; a considerable 
lower value for w should be expected.

The value ArPN = 0 in fig. 5 corresponds to no con- 
rsion from excited P to the ground state of N. A 

large population of P results and the red fluorescence 
at 640 nm is overestimated for most of the b values. 
The value for fcPN = 2.7 ns~' was calculated consid
ering that the radiationless deactivation of N* pro
ceed mainly via a twisted state [5,6], from which a 
fraction P of molecules undergoes isomerization to 
the P ground state and 1— P goes back to the N 
ground state. The branching ratio P = 0.12 can be 
estimated from Dempster’s measurements [4]. If a 
similar scheme is assumed for the non-radiative 
deexcitation of P*, k PU can be calculated from

For 0f =0.07 [4], eq. (10) yields /cPN=2.7 ns“1. 
Such strong conversion would result in a constant 
value for the emission intensity ratio, showing that 
no relevant population of P ground state is built up. 
In this case, the fluorescence would come mainly 
from the N form, in contrast to the results in figs. 3 
and 5.

The excitation fluence and wavelength depen
dence of the fluorescence of DODCI, allowed the 
determination of the back isomerization (reforma
tion) rate constant for the process starting in the first 
excited singlet state of the less stable P form. 
/cpn  = 0.07 ns~l was calculated in agreement with 
recently performed laser-induced optoacoustic mea
surements [11]. This value is much smaller than that 
calculated using the model of radiationless deacti
vation through a twisted state. In contrast to the pro
cesses undergone by N, the intramolecular twisting 
is not the dominant non-radiative process for excited 
P. Direct internal conversion becomes its main non- 
radiative process.
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