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Abs t r ac t 

T h e d e t e r m i n a t i o n o f the spec t r a l p o s i t i o n o f the exci ted s t a t e s a n d o r i e n t a t i o n o f the t r a n s i t i o n d ipo le m o m e n t s o f p o l y m e t h i n e 
molecu les i s e x p e r i m e n t a l l y m e a s u r e d us ing t w o m e t h o d s : the s t e a d y - s t a t e f luo rescence a n i s o t r o p y m e t h o d , a n d a t w o - c o l o r p o l a r -
i za t ion- reso lved p u m p - p r o b e m e t h o d . T h i s nove l use o f t h e p u m p - p r o b e m e t h o d i s desc r ibed in de ta i l a n d a c o m p a r i s o n to t h e f lu -
o rescence m e t h o d i s g iven. Q u a n t u m - c h e m i c a l m o d e l i n g on t h e effects o f the b r idge s t r u c t u r e i n the p o l y m e t h i n e c h r o m o p h o r e on 
the l inear a b s o r p t i o n s p e c t r u m is a l so d i scussed . 
© 2004 Elsevier B .V. All r igh t s r e se rved . 
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1. Introduction 

Polymethine dyes (PDs) are promising compounds 
for nonlinear optical applications, such as optical limit-
ing, due to a strong and broad excited-state absorption 
(ESA) in the visible region. Our efforts have been direc-
ted toward a systematic study of the spectroscopic and 
nonlinear optical properties of a series of PDs in various 
host environments [1-4]. It is relatively easy to modify 
the PDs structure using different heterocyclic terminal 
groups, different lengths of the polymethine chain, and 
introduction of specific substitutes into the polymethine 
chain and cyclization of the chain by conjugated or 
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unconjugated bridges. These studies led to the develop-
ment of PDs with ESA cross-sections as large as 
7 x l 0 ~ 1 6 cm2, which is comparable to that of the 
ground state at its peak [1,2], A detailed investigation 
of the ESA dynamics and molecular motions in liquid 
solutions and in an elastic polymeric media using a 
time-re§olved induced anisotropy method has been per-
formed [3,4]. However, a comparison of these results 
with steady-state fluorescence anisotropy spectroscopy 
left some questions unanswered. 

In this paper, we describe experimental studies and 
give an analysis of the spectral position and the orienta-
tion of the transition dipole moments connected with the 
S0 —> S„ transitions (n = 1, 2, 3, . . . ) in a set of polyme-
thine molecules. The orientation of the So —> Sn transi-
tion dipole moments are commonly determined 
relative to the fluorescence transition dipole moment 
(Si —> So) using the fluorescence anisotropy method. 
We demonstrate for the first time that the pump-probe 
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technique, which probes the orientation of the ESA 
transition dipole moments Si —> S„ (n = 2, 3, 4 , . . . ) , 
can be used to determine the spectral position and orien-
tation of the transition dipole moments connected with 
the Su —< S„ transitions (n = 1, 2, 3,...)- We show for 
the essentially linear polymethine molecules that the 
ESA transition moments can be used for determining 
the orientation of the So —> S„ transitions instead of 
the fluorescence transition dipole moment (Si —» So). 
This important conclusion relies on the fact that the 
transition dipole moment of the most intensive 
S0 —> Si absorption band, which is known to be parallel 
to the direction of the polymethine chain (or molecular 
backbone), is much larger (20-400 times) than for all 
higher transitions (So —» S„, n> 1). Based on these re-
sults we propose a new approach for the investigation 
of the anisotropy properties of linear polymethine mol-
ecules, which can be applied to cases in which the stea-
dy-state measurements cannot be used, e.g., in cases of 
nonfluorescent molecules (e.g., IR-dyes) or solvents with 
low viscosity which decreases the anisotropy value due 
to reorientational diffusion. 

The experimental techniques used to investigate the 
PD molecules are: 

1. Linear absorption spectral measurements. 
2. Steady-state excitation fluorescence anisotropy 

measurements. 
3. Two-color picosecond polarization-resolved p u m p -

probe measurements. 

The analysis includes: 

1. Quantum-chemical calculations. 
2. Numerical fitting of the pump-probe measurements. 

2. Materials 

PD 3428 

PD 2332 

The molecular structures of the polymethine dyes stud-
ied are shown in Fig. 1. Their chemical names are: 3,3,3,3-
tetramethyl-1,1-diphenylindotricarbocyanine perchlor-
ate (labeled as PD 3428); 2-[2-[3-[(l,3-dihydro-l,3,3-tri-
methyl-5-phenyl-2H-indol-2-ylidene)ethylidene}-2-phenyl-
l-cyclohexen-l-yl]ethenyl]-l,3,3-trimethyl-5-phenylindo-
lium tetrafluoroborate (labeled as PD 2338); 1,3,3-tri-
methyl-2-(2-{2-phenyl-3[2-( 1,3,3-trimethyl-1,3-dihydro-
indo-2-ylidene)ethylidene]cyclopent-1 -enyl) vinyl)-3H-in-
dolium tetrafluoroborate(labeled as PD 1952); 1,3,3-tri-
methyl-2-(2- (2-phenyl-3[2-( 1,3,3-trimethyl-1,3-dihydro-
indo-2-ylidene)ethy lidenejcyclopenta-1,4-dienyl) vinyl)-3H-
indolium perchlorate (labeled as PD 2410); 2-[9-( 1-ethyl-
3,3-dimethyl-2H-benzo[e]indol-2-ylidene)-3,7-dimethyl-
4,6-(2,2-dimethyltrimethylene)-l,3,5,7-nonatetraenyl]-l-
ethyl-3,3-dimethylbenzo[e]indolium perchlorate (labeled 
as PD 2332). These PDs were synthesized at the Institute 
of Organic Chemistry, Kiev, Ukraine. Their molecular 

structures were confirmed by elemental analysis and nu-
clear magnetic resonance spectra measurements. Synthe-
sis o.f PDs 2350 and 3428 is performed by standard 
methods described in [5], Specific synthesis for the dyes 
with bridged polymethine chromophores (PDs 1952, 
2410,2338 and 2332) is described in [6]. The linear absorp-
tion spectra of the dyes in ethanol, presented in Fig. 2, were 
recorded with a Varian Cary 500 spectrophotometer. 

The spectroscopic properties of PDs are determined 
by the existence of a delocalized rc-electron system in 
the polymethine chromophore (or polymethine chain) 
and symmetric terminal groups of a similar nature 
(indolenine residues). The dyes PD 3428, 2338, 1952 
and 2410 all have the same length of the polymethine 
chain (tricarbocyanines). PD 3428 is unique in the fact 
that it has an unsubstituted (or unbridged) polymethine 
chromophore. Other tricarbocyanines differ by the nat-
ure of the bridge group: six-membered cycle (or trimeth-
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Fig. 2. Linear absorption spectra for: PD 2410 (1), PD 3428 (2), PD 
2338 (3), PD 1952 (4), PD 2332 (5) in ethanol. 

ylene bridge) for PD 2338, five-membered cycle (or 
dimethylene bridge) for PD 1952 and five-membered cy-
cle with an extra double bond (or vinylene bridge) for 
PD 2410. Therefore, using this series of dyes, we can 
study the effect of the bridge group on their spectro-
scopic and anisotropy properties. The absorption maxi-
ma for PDs 2338 and 1952 are shifted into the red region 
to 784 and 788 nm relative to the unsubstituted PD 3428 
(757 nm). PD 2338 is characterized as having the largest 
(within the tricarbocyanines) ground-state absorption 
cross-section (<xg = 1.2 x 10~15 cm"2) . The absorption 
maximum for PD 2410 is blue shifted to 684 nm due 
to the influence of the negatively charged vinylene 
bridge group. The effect of the bridge group on the posi-
tion of the absorption band is explained in more detail 
in Section 5. For the tetracarbocyanine PD 2332, 
<7g = 0.8 x 10"15 cm" 2 . PD 2332 is the longest polyme-
thine chain dye included in this study, and has the long-
est it-electron system in the terminal groups, which 
explains the long wavelength spectral position with the 
maximum at 904 nm. PD 2332 was chosen particularly 
for the anisotropy studies. 

3. Experimental methods 

3.1. Steady-state fluorescence excitation anisotropy 
measurements 

Steady-state fluorescence spectra (using low concen-
trated, 10~6 M, to avoid reabsorption) and excitation 
anisotropy spectra were obtained with a PTI Quanta-
master Spectrofluorimeter. All measurements were con-
ducted in high viscosity glycerol solutions in which the 
rate of reorientation (rR « 200 ns) is much slower than 
the excited-state lifetime (TF « 1 ns), thus the effects of 
rotational diffusion on the anisotropy integrated over 

the lifetime of the sample are negligible (^0.5%). Excita-
tion anisotropy measurements give us information 
about the spectral position and orientation of the tran-
sition dipole moments from the ground to first and high-
er excited states S0 —> S„ (n = 1, 2, 3, . . . ) relative to the 
fluorescence transition dipole moment (Si —> So) [7], 
The excitation anisotropy spectrum, is calculated 
as a function of the excitation wavelength X at a fixed 
emission wavelength (usually near the fluorescence max-
imum) after appropriate background subtraction on 
each component: 

im(X) - c(; . ) /vhW 
RW = IW{X) + 2G(X)IVb{X)' ( 1 ) 

w h e r e G(X) = 7H V(A)//H H(A) a n d /V V(A), 7HV(A), 7VH(A), Ihh(X) 
are the polarized fluorescence intensities at the excita-
tion wavelength [7], The first and second subscripts refer 
to the orientation (v for vertical and h for horizontal) of 
the excitation and emission polarizations, respectively. 
The angle between the absorption and emission transi-
tion moments can be determined from the anisotropy 

by: 

R = 2 /3cos2(/?) -
(2) 

where /? is the angle between the absorption transition 
dipole moment and the emission transition dipole mo-
ment [7]. The results of the steady-state fluorescence 
excitation anisotropy measurements are presented 
below. 

3.2. Two-color picosecond polarization-resolved pump-
probe measurements 

The laser system used for these experiments is a 10-
Hz EKSPLA PL2143 Nd:YAG laser and an EKSPLA 
PG401/DFG optical parametric generator (OPG) tuna-
ble from 0.42 to 2.3 |im. The second harmonic (532 nm) 
of the Nd:YAG laser with a pulse width of 24 ps 
(FWHM) is used as the probe. The pump is the output 
of the OPG 'over the range of 420—900 nm. The basic 
experimen-tal set-up is shown in Fig. 3. The energy range 
of the pump beam is between 2 and 20 |jJ, while the 
probe is held to approximately 1 nJ. The probe beam 
is focused to a waist of 30 (im (half width 1/e2 maxi-
mum), while the pump beam s focused waist changes 
size based on wavelength from 120 to 250 |im (half 
width 1/e2 maximum) over the range of 420-900 nm, 
respectively. The pump beam is much larger than the 
probe beam to ensure that the probe beam senses a uni-
form excitation region in the sample. The pump irradi-
ance is at least forty times larger than that of the 
probe and in most cases several hundred times larger. 

The probe beam can be temporally delayed with re-
spect to the pump beam up to 15 ns, but for the determi-
nation of the peak anisotropy only short scans of 10 ps 
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Fig. 3. Schematic of pump-prope setup. Probe beam is represented as 
solid line and pump beam is represented as dotted line. PI,2,3: 
polarizers, Dl,2: detectors, LI,2: lenses, WP: half-wave plate. 

were performed. The reason for determining the anisot-
ropy in the first 5-10 ps after excitation is to avoid reori-
entational diffusion effects in the lower viscosity ethanol 
solutions used in the pump-probe experiment. The rate 
of reorientation ( t r « 300-400 ps [4]) of the polymethines 
in ethanol is typically less than the excited-state lifetime 
( t f « 1 ns), but by taking the anisotropy as the average 
value over the first 5-10 ps there is no need to correct 
for orientational diffusion effects or to average it over 
the fluorescence lifetime. The pump and the probe beams 
are overlapped at a small angle (~5°) within the sample so 
the probe beam can be separated after the sample from the 
pump as shown in Fig. 3. The polarization of the probe is 
fixed and a polarizer placed after the sample is aligned 
parallel with the probe polarization. The pump polariza-
tion is adjusted with a half-wave plate and can be set to 
any angle with respect to the probe polarization. The 
probe beam is monitored before and after the sample 
using large area silicon photodiodes (1 cm diameter). 

4. Results 

4.1. Steady-state fluorescence excitation anisotropy data 

It is well known that the absorption spectra in the vis-
ible and near IR region for PDs are characterized by a 
strong single band, corresponding to the S0 —> Si transi-
tion, with a typical F W H M = (750-950) c m - 1 - see Fig. 
2. A small vibration maximum due to carbon-carbon 
skeleton vibrations is situated about 1200 c m - 1 above 
the main absorption peak. The absorption spectrum in 
the short wavelength region is characterized by small 
intensity and strongly overlapped bands, which corre-
spond to the S0 —> S„ (n = 2, 3 , . . . ) transitions. The exci-
tation anisotropy measurements reveal the spectral 
position of these transitions and the angles between 
the absorption and fluorescence transition dipole mo-
ments. In these measurements, the fluorescence intensity 
near the peak position, resolved into parallel (7||) and 
perpendicular ( / J components relative to the excitation 
polarization, is measured as a function of excitation 

wavelength (/) . The steady-state anisotropy excitation 
spectra, R(A), for PDs 3428, 2338, 1952 and 2410 are 
presented in Fig. 4. For some dyes the anisotropy values 
are close to the theoretical limit of 0.4 [7], showing that 
the orientation of the absorption and emission transition 
dipole moments are parallel. Measurements were also 
performed in ethanol to check if any spectral shift in 
the position of the excited states occurs in different sol-
vents. No shifts are observed, but the maximum value of 
anisotropy, without correcting for the reorientational 
diffusion effects, decreases to 0.06-0.07. The steady-state 
anisotropy excitation spectra, ^(a), were measured with-
in the whole absorption spectrum, including peak posi-
tion and vibronic region. No changes in anisotropy 
value due to vibrational coupling were observed. 

From the experimental results presented in Fig. 4, we 
can locate the positions of the So —> S„ transitions. For 
all dyes the highest anisotropy values are observed for 
the S0 —> S| transition: 0.3 for PD 1952, 0.32 for PD 
2338, 0.34 for PD 3428 and 0.38 for PD 2410. The small-
est (negative values) are observed for PD 1952 for the 
S0 —> S2 transition and in PD 2338 for the So —» S4 tran-
sition. PD 2410 shows an unusual behavior in the 
anisotropy within several of the S0 —» S„ bands, which 
will be discussed in more detail in Section 5. The posi-
tions of the S0 —> S„ transitions revealed from the anisot-
ropy spectra, R(X), show good correlation with the 
positions of the short wavelength absorption bands for 
all dyes (see also analysis in [4]). 

4.2. Two-color picosecond polarization-resolved pump-
probe data 

The pump-probe method has been used by several 
groups (for example [8,9]) to measure the orientation 
of the excited-state transition dipole moments. We are 
proposing to use the orientation of an ESA transition di-
pole moment to measure the spectral location and orien-
tation of the ground-state transitions (So —> S„) relative 
to the fluorescence transition (Si —• So). The method of 
computing the anisotropy from the pump-probe exper-
iment is explained in detail in Ref. [4], The main point is 
the change in transmission of the probe for polarizations 
parallel (A7]|) and perpendicular (AT^) to that of the 
pump polarization replace 7VV, 7vh in Eq. (1). In the case 
of the pump-probe experiment the angle /? in Eq. (2) re-
fers to the angle between the absorption transition di-
pole moment of the pump and the absorption 
transition dipole moment of the probe. The S, —> S5 

transition has been shown [1-4] to be connected with 
the most intense excited-state transition and the probe 
wavelength of 532 nm is close to the peak of the ESA 
spectrum. This point is more thoroughly covered in Sec-
tion 5.4. 

Figs. 4(b)—(d) shows the anisotropy spectra for PDs 
2338, 1952 and 2410, calculated from the pump-probe 
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Fig. 4. (a) Linear absorption (A.U.) (left axis) and steady-state anisotropy (right axis) for PD 3428 in ethanol and glycerol. Linear absorption in: (1) 
ethanol, (2) glycerol, (3) and (4) are higher concentration samples of ethanol and glycerol, respectively, to show details of the spectral location of 
excited states, (5) steady-state anisotropy in glycerol. For PDs 2338 (b) 1952 (c) and 2410 (d) is shown the steady-state (+) and ESA ( • ) anisotropy 
(right axis) along with linear absorption (optical density) (left axis) in ethanol (dotted line) and glycerol (solid line). 

experiments with the tunable pump from 420 to 900 nm, 
along with the anisotropy curves measured using the 
steady-state fluorescence method. There is very good cor-
relation between these two methods. Both pump-probe 
and fluorescence methods can resolve all the features in 
the anisotropy data for the tricarbocyanine dyes; how-
ever, the pump-probe method has the distinct advantage 
of being applicable to a wider range of molecules (i.e., 
nonfluorescent molecules). On the other hand, the 
pump-probe experiment takes considerably more time 
to perform and requires short-pulsed tunable sources. 

We applied this method to study the anisotropy of 
the tetracarbocyanine dye PD 2332. Because of its long 
wavelength spectral position, the fluorescence quantum 
yield is very small and we could not perform the stea-
dy-state fluorescence measurements using the existing 
PTI Quantamaster Spectrofluorimeter. Pump-probe 
anisotropy results for this dye are shown in Fig. 5 along 
with its absorption spectrum in this region. The follow-
ing four electron transitions could be resolved from this 
data. As can be seen, the anisotropy values are relatively 
high («0.3) and constant over the S0 —> S| transition 
and exhibit a significant drop (to 0.13) over the second 
band (S0 —» S2 transition) with the peak position around 
570 nm. The next increase in the anisotropy value re-

veals the position of the S0 —* S3 transition (470-520 
nm), which is nearly parallel to the S0 —> Si transition di-
pole moment. The next drop in anisotropy (to 0) corre-
sponds to the position of the S0 —> S4 transition (near 
450 nm) and indicates a significant angle relative to 
the S0 —> Si transition dipole moment. 

From our point of view, ESA anisotropy measure-
ments represent a very useful approach which can be ap-
plied to cases in which the steady-state method cannot 

300 400 500 600 700 800 900 

X (nm) 

Fig. 5. ESA anisotropy (right) for PD 2332 along with linear 
absorption (optical density) (left) in ethanol. 
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be used, for example in cases of nonfluorescent (or low 
fluorescence quan tum yield) molecules or solvents with 
low viscosity which decreases the anisotropy value due 
to reorientational diffusion. 

5. Discussion 

5.1. Methodology of quantum-chemical calculations 

The equilibrium molecular geometry and the electron 
charge distribution for the dyes in the ground and ex-
cited states were performed employing the semi empiri-
cal A M I method ( M O P A C package, gradient <0.01 
kcal/mol). It was demonstrated previously that the 
charges and C—C bond lengths calculated in this 
method are in good agreement with the corresponding 
values obtained in the ab initio approximat ion [10,11]. 
The optimization of the geometry in the excited state 
was calculated taking into account the changes in the 
bond lengths and valence angles (optimization of the 
torsion angles is not considered). This approximation 
is valid since the steady-state anisotropy measurements 
were performed in a highly viscous glycerol solution pre-
venting significant torsion deformations, and the ESA 
anisotropy experiments were measured in the first 5-10 
ps before large changes in the torsion angles could oc-
cur. See details below. The wave function of the excited 
state is expressed as the expansion of the excited config-
urations corresponding to all the possible electron tran-
sitions from the three highest occupied molecular 
orbitals ( H O M O ) and to the two lowest unoccupied 
molecular orbitals (LUMO) . 

5.2. Quantum-chemical calculation: molecular geometry 
and electron density distribution 

Quantum-chemical calculations were performed with 
the goal of understanding the features of the electron 

(a) number of carbon atom 

(c) number of carbon atom 

density distribution in the ground and excited states as 
well as the changes in the molecular geometry of PDs 
under excitation. The principle photophysical properties 
of the polymethine dyes are determined by the electronic 
structure of the conjugated chain. In turn, the features 
of the electronic structure of the polymethine chain in 
the ground and excited states is due to the existence of 
the charges of the Jt-electron system. It has been estab-
lished that the total charge, both positive and negative 
in conjugated molecular ions, induces the partial charges 
at the 7i-centers [11-13]. As an example, Fig. 6(a) pre-
sents the ground state charge distribution at the carbon 
atoms in the model chromophore. 

H : C + - ( C H = C H ) I 0 - C H = C H 2 (3) 

It is seen f rom Fig. 6(a) that there is considerable 
alternation of the charge magnitudes at the neighboring 
atoms. The amplitude of the alternation increases regu-
larly f rom the end of the chain to the middle of the 
chain. This wave is similar to the charge wave of finite 
length due to the doping of an electron or a hole into 
the neutral n-conjugated system of polymers (such as 
polyacetylene) and is directly connected with the alter-
nation of the lengths of the neighboring C - C bonds 
[10,11], This length alternation for the model chromo-
phore (3) is presented in Fig. 6(b). It has been proposed 
that the meaningful quantity is the difference in bond 
lengths between neighboring C - C bonds, which is given 
by the bond length alternation as Al=\lnn+]-
4 + 1./J + 2 I . where ln,n+ 1 i s the bond length between 
two neighboring n and n + 1 carbon atoms (^-centers) 
[10,14], Similarly, the differential property of the charge 
wave can be described by the amplitude of charge alter-
nation, Aq = |qn — qn+ \ \, where qn and qn + 1 are the 
charges at two neighboring n and n + 1 atoms 
[11,15,16]. The maximum of the Ag-function corre-
sponds to the middle of the conjugated chain. The min-
imum of the A/-function coincides with the maximum of 

(b) number of carbon atom 

(d) number of carbon atom 

Fig. 6. (a) Charge distribution at the carbon atoms, (b) carbon-carbon bond lengths, (c) charge alternation, and (d) bond length alternation in the 
ground state for the model chromophore H2C+-(CH=CH)IOCH : :=CH2. 
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the charge wave. This is a general rule for an arbitrary 
molecule in the global energy minimum in the ground 
state [15,16], Both ground state Aq- and A/-functions 
for the model chromophore (3) are presented in Figs. 
6(c) and (d). 

Introduction of the terminal groups and the cycle 
bridges into the structure of the model chromophore 
leads to a shape distortion of both the charge and the 
length amplitude alternation functions. Below we give 
a detailed analysis of the charge density distribution 
and optimal geometries in the ground and excited states 
for the tricarbocyanine PDs 3428, 2338, 1952, 2410 and 
the tetracarbocyanine PD 2332. 

5.2.1. PD 3428 
The dependence of the amplitude of the charge alter-

nation, Aq, and the bond length alternation, A/, for the 
main part of the polymethine chromophore (between 
nitrogen atoms in indolenine terminal groups) for 
unsubstituted PD 3428 is presented in Figs. 7(a) and 
(b). Comparison with Figs. 6(c) and (d) shows that the 
end groups cause a deformation in the shape of the 
Ag-wave: with an increase in the amplitude near 
the nitrogen atoms of the terminal groups and nearly 
the same values at the middle of the chain. The ampli-
tude of the charge wave becomes nearly flat throughout 
the polymethine chain. The shape of the A/-function re-
mains unchanged with the minimum at the middle of the 
chain and a very small bond alternation in the ground 

(a) 

3 4 5 6 
number of carbon atom 

3 4 5 
number of carbon atom 

Fig. 7. (a) Charge alternation in the ground and excited state, (b) bond 
length alternation in the ground and relaxed excited state, and (c) 
optimized geometries in the ground (grey structure) and excited (black 
structure) state for PD 3428. 

state («10 times less than the model chromophore). 
Immediately after the S0 —• Si transition the charge dis-
tribution will be changed. Fig. 7(a) presents the charge 
distribution in the first excited state for two geometries: 
the Franck-Condon geometry (FC) corresponding to 
the ground-state unaltered geometry, and the so called 
relaxed geometry (R), which could be obtained as a re-
sult of vibronic relaxation in the excited state causing 
changes in the valence angles and bond lengths. It is eas-
ily seen that the excitation leads to a considerable de-
crease in charge alternation. Also, the charge wave 
exhibits two degenerate minima, which become more 
pronounced and asymmetric in the relaxed geometry, 
but in general there are no substantial changes between 
A^-functions in the FC or R Spstate. The calculated 
bond length changes due to vibrational relaxation are 
considerable and are presented in Fig. 7(b). The optim-
ized geometries in the ground and excited-state are 
drawn in Fig. 7(c). It should be mentioned that for sim-
plicity we considered a dye structure with methyl substi-
tutes near the nitrogen atoms instead of the phenyl 
groups for the geometry optimization. These changes 
do not affect the main characteristics discussed. In Fig. 
7(b), it can be seen that the Al at the first carbon atom 
of the chain (near one of the terminal groups) is nearly 
the same in the Si relaxed state and the S0 ground state. 
We take advantage of this fact to compare the optimized 
geometries of the ground and excited-state configuration 
by overlapping the two configurations at this point. 
From Fig. 7(c), it is clearly seen that the deviation of 
the N - N axis is about 20° due to geometric relaxation. 
From our point of view, these changes in geometry are 
responsible for the anisotropy value of the So —• Si tran-
sition. A decrease in anisotropy from the theoretical va-
lue over the spectral range of the So —» Si transition of 
0.4 to the observed value of 0.34 is in good agreement 
with a deviation of the N - N axis of approximately 20°. 

5.2.2. PD 2338 
The dependence of the amplitude of the charge alter-

nation, Aq, and the bond length alternation, A/, for PD 
2338 in the ground and the first excited state, Si, are pre-
sented in Figs. 8(a) and (b). Cyclization of the part of 
the polymethine chromophore by a six-membered cycle 
(trimethylene bridge) with a phenyl substitute in the 
mesoposition of the chromophore situated perpendicu-
lar to the molecular plane, does not cause a considerable 
distortion of the ground-state Aq- and A/-functions with 
respect to the unsubstituted PD 3428. However, the two 
degenerate minima of the charge wave in the Si-state be-
come more pronounced and exhibit an asymmetric 
behavior in the relaxed geometry. The amplitude of 
the bond alternation becomes asymmetric as well. The 
trimethylene bridge keeps the minimum of the A/-func-
tion at the middle of the chain but allows an asymmetric 
increase in the amplitudes at the beginning and the end 
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Fig. 8. (a) Charge alternation in the ground and excited state, (b) bond 
length alternation in the ground and relaxed excited state, and (c) 
optimized geometries in the ground (grey structure) and excited (black 
structure) state for PD 2338. 

of the chain. Both optimized geometries in the ground 
and excited state are shown in Fig. 8(c). For simplicity 
in the optimization of the geometry, we neglected the 
two phenyl substitutes in the terminal groups (which 
do not affect the main properties) and considered the 
simpler analog of PD 2338. For this dye, the minimum 
bond length distortion in the Si state is observed near 
the center of the chromophore. Therefore, following 
the same logic as for PD 3428, we combined both optim-
ized geometries over the central position of the chain. 
From Fig. 8(c), it can be seen that the distortion of 
the chromophore (and N - N axis) becomes more compli-
cated and leads to two different bending angles for the 
two parts of the chain separated by the bridge group 
of about 10° and 6°, respectively. Therefore, it is difficult 
to perform a direct comparison between the angles of 
rotation of the N-N-axis and the anisotropy of the 
S0 —> S| transition. In any case, the total angle does 
not exceed 20°, which could explain the observed anisot-
ropy value over the S0 —> Si transition of 0.32. 

5.2.3. PD 1952 
The electron structure and equilibrium geometry of 

the polymethine chain in PD 1952, presented in Figs. 
9(a) and (b), are much more sensitive to cyclization 
by the five-membered cycle (dimethylene bridge) as 
compare to that of cyclization by the six-membered 
bridge. First of all, the dimethylene bridge leads to 
bending of the chain even in the ground state, so that 

3 4 5 6 7 
number of carbon atom 

3 4 5 
number of carbon atom 

Fig. 9. (a) Charge alternation in the ground and excited state, (b) bond 
length alternation in the ground and relaxed excited state, and (c) 
optimized geometries in the ground (grey structure) and excited (black 
structure) state for PD 1952. 

the angle between the line connecting the two nitrogen 
atoms ( N - N axis) and the line connecting one of these 
nitrogen atoms with the carbon atom in the mesoposi-
tion of the chain is about 15° (the corresponding value 
for unsubstituted PD 3428 is only 7°). In the excited 
state the difference in the length of the two central 
C - C bonds increases considerably leading to a symme-
try breaking in the equilibrium molecular geometry, as 
seen in Fig. 9(b). Secondly, the amplitude of the charge 
wave in the ground state shows two minima due to a 
strong influence of the dimethylene bridge; on the 
other hand, the excited-state relaxation does not cause 
any substantial changes in the electron charge 
distribution. 

Optimized ground and excited-state geometries for 
PD 1952 are shown in Fig. 9(c). For this dye, the 
minimum bond length distortion in the excited state 
is observed near the 5th carbon atom of the chromo-
phore. Therefore, following the same logic as with the 
previous dyes, we combined both optimized geome-
tries over this position. As can be seen in Fig. 9(c) 
there is only a slight additional deformation of the 
chromophore in the excited state. For this dye it is 
difficult to perform a direct comparison with the 
anisotropy of the So —» Si transition. Probably, the 
strong bending of the polymethine chromophore is 
responsible for the observed anisotropy value over 
the S0 —> Si transition of 0.3. 



R.S. Lepkowicz el al. I Chemical Physics 306 (2004) 171-183 179 

5.2.4. PD 2410 
Considerable changes in the al ternation of both 

charge and geometrical characteristics are observed for 
PD 2410 that has a five-membered vinylene bridge con-
jugated with the main 7i-electron system of the chain. 
Figs. 10(a)—(c) represent all calculated quantum-chemi-
cal parameters. As can be seen, the vinylene bridge 
causes a substantial bond length distortion in the 
ground state, but this distortion remains nearly constant 
in the excited state in contrast to that of PD 1952. Over-
lapping both of the molecular geometries with respect to 
the central bond, we observe the smallest change in the 
orientation of the polymethine chromophore , which 
probably explains the high anisotropy value of 0.38, 
which was observed experimentally. It is interesting to 
note that such cyclization leads to considerable symme-
try breaking in the charge distribution after the geomet-
rical relaxation as seen in Fig. 10(a). 

5.2.5. PD 2332 
The indotetracarbocyanine, PD 2332, differs f rom the 

other dyes by an increased length of the conjugated n-
electron system. The ground-state Ag-function shows 
two degenerate minima, which become asymmetric in 
the S)-state after the geometrical relaxation (Fig. 
11(a)). The behavior of the A/-function for this dye 
Fig. 11(b)) shows some similarity with the A/-function 
)f the unsubstituted PD 3428. Overlap of both of the 
>ptimized molecular geometries, ground state and re-

3 4 5 6 7 
number of carbon atom 

. (a) Charge alternation in the ground and excited state, (b) 
ngth alternation in the ground and relaxed excited state, and (c) 
;d geometries in the ground (grey structure) and excited (black 
;) state for PD 2410. 

number of carbon atom 

3 4 5 6 7 

number of carbon a tom 

Fig. 11. (a) Charge alternation in the ground and excited state, (b) 
bond length alternation in the ground and relaxed excited state, and (c) 
optimized geometries in the ground (grey structure) and excited (black 
structure) state for PD 2332. 

laxed state, with respect to the bond with the minimum 
difference of A/ between the ground and relaxed state is 
shown in Fig. 11(c). 

Quantum-chemical analysis of the charge distribution 
and optimal geometries for the PDs under study leads to 
the following conclusions: 

1. All features of the electron density distribution and 
molecular geometry in the ground and first excited 
state, Si, can be explained using the two functions 
of ampli tude of the charge alternation (Aq) and bond 
length alternation (A/). 

2. Introduction of the terminal groups to the model 
polymethine chromophore causes a deformation in 
the shape of the charge wave leading to an increase 
of the amplitude near the nitrogen a toms of these ter-
minal groups. 

3. The S o — » S i excitation leads to a considerable 
decrease in the ampli tude of the charge alternation. 
Also in the Si-state the charge wave exhibits two 
degenerate minima, which become more pronounced 
and asymmetric in the relaxed geometry. 

4. Cyclization of the part of the polymethine chromo-
phore by a six-membered cycle (trimethylene bridge) 
does not cause considerable distortion of the 
ground-state Aq- and A/-functions with respect to 
the unsubsti tuted chromophore . The distortion of 
the equilibrium geometry of the polymethine chain 
in PDs due to a five-membered cycle (dimethylene 
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bridge) is substantial. This distortion occurs even in 
the ground state of the molecule which leads to an 
increase in the ground state absorption cross-section. 
Deformations in the molecular geometry under exci-
tation (from Franck-Condon to relaxed state), 
accompanied by changes in the valence angles and 
bond lengths, are responsible for the change in 
anisotropy over the S0 —» Si transition from the theo-
retical value of 0.4 to the experimentally measured 
values of 0.30-0.38 (depending on the dye) for the 
S0 —» Si transition. 

5.3. Quantum-chemical calculation: electron transitions 
and effect of the cyclization by hydrocarbon bridge group 

5.3.1. Charge redistribution under the excitation 
The excitation of the dye molecule by light and hence 

the promotion of an electron from one of the H O M O to 
one of the L U M O is accompanied by a substantial redis-
tribution of the charges on the atoms. It was established 
that under excitation the electron densities at the carbon 
atoms in the odd positions of the polymethine chain de-
crease while those at the even positions increase 
[12,13,17]. Thus, there is a considerable difference in 
the changes of the charge at the neighboring atoms in 
the chain. Similarly the amplitudes of the charge and 
bond length alternation functions (Aq and A/), under 
excitation can be characterized by the amplitude 
Q = \&q* - A<7°| , where Aq° and Aq* are A^-functions 
in the ground and excited Si-states, respectively. These 
functions for PDs 3428, 2338, 1952 and 2410 are pre-
sented in Fig. 12(a). We can note that the maximum 
of the electron density redistribution always corresponds 
to the center of the polymethine chromophore for all 
dyes independently of the bridge type. Amplitudes of 
PDs 3428, 2338, 1952 are approximately equal and the 
amplitude of charge redistribution for PD 2410 is much 
less. This trend corresponds to their absorption cross-
sections presented in Fig. 2. 

5.3.2. Effect of the cyclization 
The effect of cyclization on the spectral position of 

the absorption band can be interpreted within the 
framework of perturbation theory (see, for example, 
[18]). The change in the energy of the ith molecular or-
bital upon cyclization may be described by the general 
formula: 

A £/ ( 4 ) 

where £,• and C,„ are the energy and coefficients of the /'th 
molecular orbital of the unsubstituted dye molecule; ej 
and Cjm are the energy and coefficients of they'th molec-
ular orbital of the bridge; /3nm is the resonance integral of 
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Fig. 12. (a)Electron density redistribution for the S0 —< S| transition for 
PD 2410 (1), PD 1952 (2), PD 2338 (3), and PD 3428 (4). The effects of the 
bridges on the energy levels for PD 2338 (b), PD 1952 (c) and PD 2410 
(d). Where (A) represents the energy level of the chain alone, (B) 
represents the energy level of the bridge alone, and (C) shows the 
resultant energy level of the interaction between the bridge and the chain. 

the bonds formed upon cyclization, which character-
izes the interaction between the nth atom of the chain 
and the rath atom of the bridge. It is "important to note 
that j = 1 because only the first MO of the bridge affects 
the energy position of the molecule. 

Trimethylene bridge is the six-membered cycle in PD 
2338. The central CH 2 -group of this bridge is not in 
the plane of the molecule. Therefore, the influence of 
the bridge is equivalent to (or can be modeled by) the 
electronic effect of two methyl groups (CH3) interacting 
with the n-electron system of the chain [19]. The interac-
tion of the CH 3 group with the 7r-electron levels of the 
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chain is described in the frame of the so called "hyper-
conjugation" model [19]. From this model it follows that 
each CH3 group has only one level (or one MO), which 
is placed far from both the H O M O and L U M O levels of 
the chain. Therefore, the influence of the bridge is rela-
tively small, but not zero. From Eq. (4) it follows that 
the effect of the bridge on the energy level of the dye is 
proportional to the square of the coefficients C,„ and 
Cjm and inversely proportional to the energy difference 
between the molecular orbitals of the dye molecule 
and the bridge. For PD 2338 this interaction is schemat-
ically presented in Fig. 12(b). The circles at H O M O and 
L U M O levels correspond to the values of the electron 
density distribution. As can be seen, the interaction will 
only be substantial between two levels of the two CH 3 

groups and the H O M O level of the chain because of 
the non-zero values of the coefficients at the cyclization 
atoms (positions 1 and 2). At the L U M O level the 
charges are negligible. As a result, the interaction leads 
to a decrease in the energy difference between H O M O 
and L U M O levels, which leads to a red shift of the 
absorption band. This trend is observed experimentally. 

Dimethylene bridge is the five-membered cycle in PD 
1952. In contrast to the trimethylene bridge it is placed 
in the molecular plane and is characterized by an addi-
tional interaction between two rigid fixed CH2-groups. 
Due to this interaction, the molecular orbital of the 
bridge itself is split into two levels: symmetrical (s) and 
asymmetrical (a), see Fig. 12(c). Analysis of Eq. (4) 
accounting for the signs of all coefficients shows that 
the interaction is substantial only between the two asym-
metrical orbitals (bridge and H O M O orbital of the 
chain). The interaction between symmetrical orbitals 
of the bridge and L U M O of the chain is negligible be-
cause of nearly zero coefficients at the cyclization atoms 
(positions 1 and 2 of L U M O orbital). Thus such cycliza-
tion leads to a decrease in the energy difference between 
the H O M O and L U M O levels resulting in a red shift of 
the absorption band that is similar to the previous case. 
This trend is also observed experimentally. This infor-
mation for PD 1952 is schematically presented in Fig. 
12(c). 

Vinylene bridge in PD 2410 is the five-membered vin-
ylene cycle conjugated with the main 7t-electron system 
of the polymethine chromophore. The vinylene bridge 
possesses its own n-electron system, thus causing the 
splitting of the molecular orbital of the bridge to be so 
large that its asymmetric level (a) becomes higher in en-
ergy than the L U M O of the chain, see Fig. 12(d). It is 
seen from this Figure that L U M O coefficients are negli-
gible in the positions of cyclization (1 and 2) resulting in 
a negligible interaction with the orbitals of the bridge. 
On the contrary, the interaction between the asymmetri-
cal orbitals of the bridge and H O M O of the chain 
should be substantial. Therefore, introduction of the 
vinylene bridge into the polymethine chromophore 

causes a decrease in the energy of the H O M O level 
and hence, leads to a blue shift of the absorption band. 

5.3.3. Nature of the higher electron transitions in PD 2410 
It is shown in Fig. 12(d) that the occupied level of the 

vinylene bridge is situated close to the H O M O level of 
the dye, in contrast to the remote displacement of the 
corresponding levels in the other dyes, substituted PD 
1952 and unsubstituted PD 3428. Therefore, the 
So —> S2 and higher electron transitions may involve 
the interaction with these levels of the vinylene bridge. 
The different nature of the higher electron transitions 
S0 -> S„ (n = 2, 3, . . . ) for PD 2410 in contrast to PDs 
3428 and 1952 can be illustrated by the diagrams of 
the electron redistribution presented in Fig. 13. It fol-
lows from Fig. 13 that the nature of the S0 —• S, transi-
tion is the same for all dyes; there is only a small 
influence of the charges in the vinylene bridge as shown 
in Fig. 13. The nature of the second transition in PD 
2410 does not coincide with the corresponding transi-
tions in the other dyes. Instead of the usual electron 
transfer from the atoms in the odd position to the even 
position of the polymethine chain, this transition is 
mainly connected with electron transfer from the outer 
part of the chain to the central five-membered conju-
gated cycle. The calculations predict that a similar elec-
tron transfer will occur from the outer part of the chain 
to the central cycle for the S0 —» S4 transition in PD 
2410, while the nature of the S0 —> S3 transition is simi-
lar to the S0 —• S3 transition in the other dyes, except for 
the slight decrease in the electron density at the carbon 
atom in the mesoposition of the chain. 

Thus, introduction of the vinylene bridge with its own 
two levels placed near the frontier (HOMO and LUMO) 
levels of the main chromophore in PD 2410, is accompa-
nied by changes in the nature of the two transitions 
S0 —» S2 and So —»• S4. Orientation of these transitions 
is connected with electron transfer from the outer region 
to the center of the chain (along the polymethine chro-
mophore), which is the same as for the S0 —> S| transi-
tion. These changes in the nature of the electron 
transfer are' responsible for the unusual behavior of 
the excitation anisotropy function for PD 2410 (Fig. 
4d). All three transitions So —> S2, So —+ S3 and So —• S4 

are characterized by relatively high and approximately 
equal anisotropy values (about 0.3), which means nearly 
collinear orientation of the absorption-and fluorescence 
transition dipole moment for all three transitions. This is 
in contrast to the behavior of PD 1952 in which the 
anisotropy values for S0 —» S2 and S0 —» S4 transitions 
are close to zero. 

5.4. Anisotropy in ESA transitions 

We have shown in Section 4.2 that in all polymethine 
molecules the ESA transition dipole moments (the most 
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Fig. 13. Electron energy redistribution on transitions So —> S„ (n = 1-
4) for PD 3428, PD 1952, and PD 2410. Dark circles correspond to an 
increase of electron density due to a transition, while the white circles 
correspond to a decrease. The diameters of the circles reflect the values 
of electron density change. 

intense Si —» S5 transition was used in these cases) can 
be used for determining the orientation of the So —> S„ 
transitions instead of the fluorescence transition dipole 
moment (Si —> S0). This important result can be ex-

plained using the following three concepts. First, 
polymethine molecules are linear conjugated molecules, 
so the most intense absorpt ion band occurs for the t ran-
sition in which all n-electron centers are involved in the 
transition and the transition dipole moment is parallel 
to the direction of the polymethine chain (or molecular 
backbone) , which is the So —• Si transition. This well-
known conclusion is based on the analysis of the linear 
absorpt ion (S0 —> S„) spectra and quantum-chemical 
theories [12,13,17], Our calculations show that for all 
the PDs studied the So —< Si transition dipole moment 
is much larger (20-400 times) than all higher transitions 
(So —> S„, n > 1). Secondly, the most intense excited-
state transitions are parallel to the polymethine chain 
[2,4], again due to the fact that these molecules are lin-
ear conjugated molecules. These transitions that are 
parallel to the polymethine chromophore are the only 
observable Si —> S„ transitions. The small percentage 
of the populat ion in the excited state (Ni) makes it dif-
ficult to observe weak excited-state transitions. F rom 
our calculations, the largest percentage of molecules in 
the excited state is 15% of the total populat ion. All 
excited-state transitions that are oriented at a relatively 
large angle to the molecular backbone are weak and are 
thus unlikely to be observed. In the ground state the 
weak transitions (S0 —» S„, n > 1) are observable due to 
the high concentrat ion of molecules in the ground state 
(N0 « N, where N is the total populat ion). This large 
difference in populat ion between the ground and excited 
state (N0 ^ N\) is the reason why only strong excited-
state transitions oriented parallel to the polymethine 
chromophore are observable. Finally, the energy level 
that both the ESA and fluorescence processes probe is 
the same relaxed Si-state that is formed from the 
F r a n c k - C o n d o n excited state after vibrational relaxa-
tion. Our experiments, performed previously with the 
femtosecond nonlinear spectrometer [2], have shown 
that the format ion of the vibrational structure of the 
ESA-spectrum in the visible region for typical PDs is 
complete in approximately 1-1.5 ps. Therefore, this 
time can be considered as the time of excited-state 
geometry optimization adapt ing to the new excited-state 
charge distribution. Dur ing this time the valence angles 
and bond lengths can change their initial values leading 
to a change in the orientation of the polymethine chro-
mophore . This process was described in detail in Sec-
tion 5.2. As a result, all excited-state molecules are 
aligned parallel to this new orientation of the polyme-
thine chromophore affecting bo th ESA (Si —> S„) and 
fluorescence (Si —> So) transitions. 

These three reasons explain why the anisotropy of the 
ground to excited-state transit ions in PDs can be moni-
tored by the ESA of a probe beam instead of being mon-
itored by the fluorescence intensity. As for molecules 
that are not linear and possess more than one intense 
ground state transition (i.e., phthalocyanines or porphy-
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rins) the analysis is not so straightforward and is cur-
rently being investigated. 

6. Conclusion 

We have described a detailed investigation of the flu-
orescence and ESA anisotropy spectra for a series of 
polymethine molecules with different substitutions of 
the polymethine chromophore and different lengths 
of the chain. It is found that in all polymethine mole-
cules studied the excited-state transition dipole moments 
can be used for determining the orientation of the 
S0 —> S„ transitions instead of the fluorescence transition 
dipole moment (S| —> S0 transition). The two-color 
polarization-resolved pump-probe ESA method allows 
us to resolve all features in the anisotropy behavior for 
polymethine dyes. Therefore, we conclude that the 
ESA anisotropy method represents a useful approach 
for linear conjugated molecules like the polymethine, 
which can be applied to cases in which the steady-state 
fluorescence anisotropy measurements cannot be used, 
for example, in cases of nonfluorescent (or low fluores-
cence quantum yield) molecules, which is typical for 
long wavelength absorbing dyes, or for solvents with 
low viscosity which decrease the anisotropy value due 
to reorientational diffusion. We are currently investigat-
ing if this method is applicable for other types of 
molecules. 

We have performed a detailed quantum-chemical 
analysis of the changes in molecular geometry and elec-
tron density distribution in the ground and excited state. 
It was assumed that the deformations in the molecular 
geometry under excitation (from Franck-Condon to re-
laxed), accompanied by the changes in the valence an-
gles and bond lengths, are responsible for the 
anisotropy changes from the theoretical value of 0.4 to 
the range of values of 0.3-0.38 for the So —> Si transition 
(depending upon the dye). This conclusion is based on 
the experimental results that there is no change in 
anisotropy value due to vibrational coupling. On the ba-
sis of quantum-chemical calculations, the effect of the 
polymethine chromophore cyclization with different 
types of bridges was explained. The conjugated vinylene 
bridge strongly affects the nature of the higher electron 
transitions leading to the unusual behavior of the excita-
tion anisotropy function in PD 2410. 
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