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A streptocyanine dye (BMC) and an oxadicarbocyanine (DODCI) were studied in the
picosecond and millisecond time region. The comparison showed that for both dyes the
following parameters are nearly equal: the radiative lifetime, the difference between the
absorption maxima of the stable form and the photoisomer, the activation energy and
the frequency factor for the thermal backreaction and even the energy barrier in the
excited state.
The dyes show strongly different kinetics in the excited state. BMC relaxes faster by

about 2 orders of magnitude than DODCI and shows a much higher photoisomerization
rate. In accordance with Eyring’s theory the higher relaxation and isomerization rate of
BMC is connected with an entropy increase in the transition state.
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INTRODUCTION

Photoisomers of polymethine dyes were found first by irradiation of
solutions at low temperature and were detected by their absorption
spectra1’2. Time resolved flash spectroscopic studies yielded lifetimes
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of the photoisomers in the millisecond range and shorter (e.g.1’4).
Quantum chemical calculations showed an alternate :r-electron den-
sity along the polymethine chain. In the excited state the :r-electron
distribution alters and the bond order is less than in the ground state3.
X-ray studies of streptocyanine dyes5 showed that the bond angles in
the polymethine chain deviate from 120, they are 2.5 less at atoms of
higher electron density, but 4.5 higher at atoms of lower density.

It can be assumed that the geometry observed for the stable ground
state changes correspondingly to the alteration’of the electron density
in the excited state. The role of this fact in the isomerization process is
not known.
The isomerization of polymethine dyes is assumed to proceed by

rotation around a bond within the polymethine chain. Quantum
chemical calculations of the energy and charge distributions as a
function of the twisting angle in the ground and first excited state were
done by Dietz et al. 6 In both states maxima of the potential energy were
found at a twisting angle of 90, but under consideration of the solvent
polarization (solvation model) the barriers became shallow and even a
flat valley occurred at 90. In symmetrical polymethine dyes the charge
density is minimal at the central atom in the excited state. A rotation
around a bond at the central atom seems to be the most probable way
of isomerization7.
The model of the isomerization follows the quantum chemical

calculations done by Orlandi and Siebrand23 for stilbene, in which the
isomerization proceeds into a twisted state. This model has also been
discussed by Rulliere24 for polymethine dyes. The quantum chemical
calculation under consideration of the solvent polarity6 seems to justify
this assumption.

Laser spectroscopic methods of high time resolution especially the
excite and probe technique allows to study not only the excited state
relaxation, but also the photoisomerization kinetics. The formation of
photoisomers have been observed by the increase of the corresponding
absorption spectra (e.g.8’9). The solvent influence on relaxation and
isomerization is strong in polymethine dyes (e.g. 18’2’25) and can be

11 13characterized by the macroscopic viscosity
Often specific interactions between solvent and solute play an

important role17. In comparison to the gas phase the solvent mostly
accelerates the kinetics of relaxation and isomerization (e.g.1).

In this work we studied the processes of the excited state relaxation
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and photoisomerization as well as the thermal back reaction in the
dyes: BMC and DODCI. Both dyes have the same polymethine
chromophor, but different terminal groups. The chromophor is a
heptamethine cyanine group. BMC shows (CH3)2-terminal groups
linked to the nitrogen atoms, whereas DODCI exhibits bulky terminal
double rings with oxygen as a heteroatom (see formula).

BMC: bis-dimethylamino heptamethine perchlorate

(HCa)2--NCH--CH--CH--CH--CH--CH=CH--N---(CH3)2 CIO4
DODCI: 3.3’-diethyl oxidicarbocyanine iodide

oc0CHCHCHCHCH

NL-19 N

CHC2H5 I )

We hoped to get a better insight into the kinetic processes from the
comparison of the experimental results obtained in both dyes. Picose-
cond spectroscopic studies ofBMC at various solvents and at a series of
temperatures have been performed in an earlier paper14. Now the
quantum yield of the .photoisomeriztion was determined with an
equipment which allowed a higher accuracy of measurement than in
the past. The back-reaction of the photoisomer of BMC has never
been measured before, but only estimated in an earlier paper15.
DODCI is one of the often used saturable absorbers in mode locked

dye lasers. This dye was subject of numerous time-resolved spectro-
scopic studies16-2. Dempster et al 16 found a photoisomer in flash
photolysis studies, Velsko et al. studied the dependence of the fluore-
scence lifetime ofDODCI on solvent properties18-2. Our investigation
of DODCI concerns the photoisomerization, i.e. the formation pro-
cess, the photoisomer absorption spectrum and the quantum yield of
the isomerization.

EXPERIMENTAL RESULTS

The experiments were performed with an excite- and probe-
spectrometer described elsewhere22. For excitation the second har-
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monic of the Nd:phosphate glass laser at 527 nm was used with a pulse
duration of 5 ps and an energy of about 1 mJ.

In Figure 1 the AD-spectrum of BMC solved in ethanol is shown at
the maximum of excitation (0 ps) and 500 ps later. The spectrum at 0 ps
consists in the bleaching at short wavelengths and the stimulated
fluorescence at longer wavelengths. The kinetics was studied in an
earlier paper14 using the bleaching, the excited state absorption at
430nm and the fluorescence. The excited state lifetime in ethanol
amounts to (36 + 5)ps. The AD-values in the bleaching region at
0 ps is proportional to the number of the excited molecules, whereas
the corresponding values at a delay of 500ps are a measure for the
amount of the photoisomer formed. Moreover the absorption spec-
trum of the photoisomer is seen. From the relation of AD-values
within the bleaching, AD(500 ps)/AD(ops) the isomerization quan-
tum yield can be estimated. In this experiment with 5 ps pulses at
527nm for excitation an photoisomerization quantum yield of
io 0.7 + 0.1 was determined in ethanolic solution ofBMC. Former-
ly14 we worked with pulses of 25 ps duration at 532 nm. It could not be
excluded that part of the photoproduct emerging within the 25 ps laser
pulse was also excited. Hence, the photoisomer concentration was
lower than in the present experiment with the shorter pulses and
negligible photo-back-reaction.
The photoisomerization quantum yield of DODCI in ethanol

amounts to 0.086, in methanol we found t#iso 0.15 and in ethylene
glycol t#iso 0.04.
The AD-spectrum and the kinetics of the photoisomerization is

AD

0.05

0

-0.1

-0.2

500ps

Ops
Figure 1 AD-spectrum of BMC (10-4mol/1) in ethanol at 0psand 500ps after excita-
tion by light pulses of 5 ps at 527 nm.
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demonstrated in Figure 2. Figures 2a shows the AD-spectrum of
DODCI at 0ps in a wide spectral range taken by the spectrometer
described in27. An excited state absorption with a maximum at
(442 + 5) nm and an absorption coefficient of 0.3 with respect to that
of the bleaching S0-S1 band was observed. A normalized stationary

O,
Inrn

\’,, f,,"

(a)

0.05 650,-,.,, 5i50
-0.1

-0.:2

-0.3-
L/ (b)

AD

082 2"=t ns

-0.1

-o.2r (c)

lilre 2 AD-spectra of DODCI in methanol. (a) at 0ps () measured by the
spectrometer described in27 and a normalized stationary spectrum (----). (b) at 0ps
() and at 5 ns delay (----) measured by the spectrometer described in22. (c) kinetic
AD-curve at the probe wavelength of 615 nm with the spectrometer described in28.
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absorption spectrum (taken by the spectrometer "Specord" UV/VIS)
is depicted for comparison. It shows that the excited state absorption
continues in the spectral range of the S0-S1 band bleaching. The
AD-spectrum at 5 ns delay and the kinetic curve in the Figure 2b and
2c, respectively, show the photoisomer spectrum of DODCI and the
formation of one. At the probe wavelength 615 nm the kinetic curve
shows an initial negative AD-value caused by the amplified fluore-
scence, but after about 2 ns the absorption of the photoisomer prepon-
derates.
An analysis showed that the function AD(t) contains only one

exponential, i.e. the formation law of the photoisomer and the
depletion of the fluorescent $1 state follows the same exponential time
function. The thermal back-reaction of the photoisomer to the stable
one was studied in a classical flash experiment. Both dyes have
photoisomer lifetimes of a few milliseconds at room temperature. As
an example the spectra and the kinetics of the back-reaction of BMC
are presented in Figure 3. The spectral parameters of the dyes in the
ground and in the excited state will be discussed in the next section.
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Figure 3 AD-spectra of BMC in ethanol after excitation by a flash, insert: kinetics of
the thermal back-reaction taken at the probe wavelength of 550nm.
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DISCUSSION

For a comparison of the properties of the dyes the spectral and
photophysical parameters measured in this paper and reported in
other papers are represented in the Tables I and II.
The radiative lifetime of both dyes is almost equal, i.e. the chromo-

phor, but not the terminal groups effect this parameter. We found
further characteristics which are similar in both dyes. The excited state
absorption coefficient amounts to about 0.3 of that of the S0-S1
absorption band and the energy difference between the participating
levels S1 and Sn is 1.4 times that ofthe S0--S1 distance for both dyes. The
wavenumber distance between the absorption maxima of the two
isomers is equal for BMC and DODCI within the experimental error.
The back-reaction rate at a given temperature and solvent, the Arrhe-
nius factor and the activation energy differ only slightly for the dyes,
i.e. the kinetic behaviour of both photoisomers in their ground states is
quite similar.
From these results we conclude that the dyes form photoisomers of

the same kind, probably by rotation of molecular parts around the
same bond. For DODCI the rotation around the bond at the central
atom is favored from steric reasons, as confirmed by quantum chemical

Table I Spectral parameters of the stable isomer and the photoisomer of BMC and
DODCI solved in ethanol.

BMC DODCI
Stable isomer Photoisomer Stable isomer Photoisomer

Fluorescence
Z (nm) 542

Absorption
AA (nm) 512

eA(oolcm) 1.56 "105

vs- vPI(cm-1)
Excited state

absorption
,A(nm) 400

e(S1- Sn) 0.3 + 0.1
e(S0- S1)
AE(Sl Sn) 1.37 + 0.1
AE(So- S1)

590 + 10 625 + 10 660 + 5

545 + 5 582 620 +

(0.55 0.1). 1051 2.38. 105

1190 _+ 100

(422 + 5)
0.28 + 0.03

1.39 + 0.1

(1.55 _+ 0.3). 105

1180 _+ 100
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Table II Photophysical parameter of BMC and DODCI in ethanol.

Parameter BMC DODCI

Radiative lifetime (ns) 2.27 + 0.321
Fluorescence quantum yield ql 0.01721
Photoisomerization 0.3714
Quantum yield qhso 0.7 + 0.1
Fluorescence lifetime r(ps) at

293 K 36 + 514

Rate constants (s-l):
fluorescence kr
photoisomerization kiso
internal conversion kic

Barrier energy in Sl(kJ/mol)
Arrhenius factor (s-1)
Back-reaction rate (o-So)

(s-1) at 293 K
Barrier energy in o(kJ/mol)

Arrhenius factor (s-i)

2.54 _+ 0.2516
0.4916
0.0816
0.153,b

1250 --+ 6017
900 _+ 40a’’
9202b

0.05" 1010 3.6. 108 5 "..10s [
2.0. 101 0.64. 10 1.7. 108 /0.8. 101 3.8" 10 4.4- 108
20.2 + 1.214 22.8 +/- 2.320
1.1. 1014 14 6.3. 1012 20

(1.78 + 0.02). 102a (3.3 + 0.03). 102a
60.9 _+ 0.5 57.5 + 0.5

57.3 + 2.520
(1.3 + 0.3). 10TM (5.5 __+ 1)" 10TM

2.3 1013 20

a,b

This work. b in MeOH.

calculations7. In BMC several isomers are imaginable, but experimen-
tally only one photoisomer could be detected by the excite-and-probe
technique.
The structure of the photoisomers cannot be determined by this

technique. Detailed information on the geometry can be obtained
from time resolved Raman scattering, especially CARS methods (see
e.g.26).
Whereas the parameters concerning the photoisomer in its ground

state are very similar in both dyes, the kinetic parameters of the excited
state are quite different.
The Sl-lifetime and the photoisomerization yield are essentially

greater in BMC than in DODCI. The rate parameters in Table II were
calculated from the experimental data under the assumption that the
simple relation holds:

t#iso kiso’t"

(ris the Sl-lifetime). The dominant rate parameter in BMC relaxation
is that of the photoisomerization, it is two orders of magnitude higher
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than in DODCI. The reason for this is not the activation energy, which
is also nearly equal in both dyes, but the frequency factor.
To describe this result the transition state theory29 of Eyring seems

to be suitable. It predicts for the overall rate constant

k kBT
h

exp (AS/R) .exp (-H/RT)

(kBmBoltzmann constant, hmPlanck’s constant, Rmgas constant,
H- EmBarrier enthalpy). Thereby the frequency factor is

A haT
h

exp (AS/R)

In BMC the high frequency factor means an increase of the entropy
going from the primary excited state to the transition state
(AS + 14.9 J/K). In DODCI the entropy decreases (AS -8 J/K).
That gives a hint to the higher number of realizations of a transition
state in BMC than in DODCI. The picture of several realization
possibilities of the transition state in BMC is understandable, because
of the flexibility of the polymethine chain and the quasi free rotation of
the small terminal (CHa)E-groups. This fact also implies an effective
isomerization and relaxation.
DODCI has a more rigidized structure because the oxygen atoms

block the motion of the external CC-bonds. Moreover the bulky
terminal groups allow torsional vibrations of lower frequencies than in
BMC. These structural features of DODCI render the isomerization
and the radiationless relaxation more difficult, whereas the radiative
relaxation becomes more efficient.
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