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Transient absorption and gain spectra of the styryl dye LDS-750 in solution have been studied by
the pump/supercontinuum probe~PSCP! technique with excitation at 530 nm. The pump/probe
intensity correlation width was 70 fs, providing a time resolution of 40 fs. Spectra were detected in
the range 400–800 nm with 1.5 nm resolution. Before 70 fs, prominent spectral structure is observed
due to resonant Raman scattering from a 1500 cm21 active mode of the chromophore. At later time,
the gain spectrum undergoes an ultrafast redshift and change of shape, with time constants of;200
and;600 fs for acetonitrile and chloroform solutions, respectively. At high pumping energy~1.2
mJ!, the final emitting state is reached by internal conversion from higher electronic states without
a further essential Stokes shift. The emitting state is assigned to an excited isomeric form of the
molecule. At low pumping energy~0.3 mJ!, the first excited electronic state isomerizes in an
ultrafast process followed by a slower process, the dynamics of which is controlled by the solvent.
The geometrical and electronic nature of these processes and their coupling to the solvent needs
further clarification. ©1997 American Institute of Physics.@S0021-9606~97!02908-5#

I. INTRODUCTION

Femtosecond solvation dynamics in polar liquids has
proved an attractive and fascinating challenge for theoreti-
cians and experimentalists alike. The reason is that ultrafast
solvation may control the dynamics of charge transfer and
other condensed-phase chemical reactions.1 Both molecular
dynamics simulations2–4 and quasianalytical approaches5,6

predict the existence of an ultrafast~inertial! component of
solvation on a time scale below 100 fs. The first experimen-
tal observation of this component, by fluorescence up-
conversion, was reported in Ref. 7~a! for the styryl dye LDS-
750 ~5Styryl 7, see inset in Fig. 1! in acetonitrile. Later,
other workers obtained similar results for different solvato-
chromic molecular probes in a variety of solvents from tran-
sient fluorescence,8–11 dynamical hole burning,12 and photon
echo13–15 measurements. The dominance of ultrafast solva-
tion for the initial time regime was generally assumed. How-
ever, intramolecular processes in a probe molecule, like vi-
brational relaxation or ultrafast isomerization due to vibronic
coupling of neighboring electronic states, may contribute to
the transient signal. For any solvatochromic probe there re-
mains the task of recognizing intramolecular contributions
and of separating them from solvation dynamics.

This is particularly necessary for styryl dyes which may
isomerize in the excited state along multidimensional paths
which are still not completely identified. LDS-7507,16,17pro-

vides a case in point. Figure 1 shows its stationary optical
spectra~solid lines! in acetonitrile. Here, the fluorescence
intensity was converted into cross sections for stimulated
emission for comparison with the transient spectra. The sta-
tionary emission band has a width~FWHM! of 1490 cm21

while the absorption band is 4600 cm21 wide. This deviation
from mirror symmetry has been noted before16 and led to
concern about the use of styryl dyes as solvatochromic
probes.9~a!,17 It indicates that more than one electronic state is
involved in the absorption region and/or that the equilibrium
geometry and normal coordinates of the optically excited
state differ from those of the emitting state.

To develop this point further, we seek additional infor-
mation about active normal modes and the shape of the tran-
sient emission spectra. Here, we report new results from a
study of LDS-750 in acetonitrile and chloroform which show
that an intramolecular process dominates the observed
Stokes shift. We applied the pump/supercontinuum probe
~PSCP! technique for studying transient optical gain and ab-
sorption spectra of the dye solution. It is a characteristic
feature of this technique that spectral and temporal resolution
are equally stressed and that details of the spectral evolution
are readily recognized.18

II. EXPERIMENT

LDS-750 was used as received from Exciton Chemicals.
The experimental setup is essentially the same as in Ref. 18
and has been described elsewhere.12 The basic pulses at 530
nm ~repetition rate 2 Hz! are compressed to'45 fs with
pulse energy of 60mJ. This beam is split in two parts. The

a!On leave from the Institute of Chemical Physics, Russian Academy of
Sciences, Moscow 117977.
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first part, after passing a variable delay stage, is used for
optical pumping. The pump beam has a diameter of 150mm
on the sample with a typical pulse energy of 0.3mJ. The
second part~;10 mJ! is focused into a fused silica plate~2
mm! to generate a supercontinuum probe which is imaged
onto the pumped sample region to a diameter of 90–100mm.
Pump and probe beams intersect at an angle of 5°. The
sample thickness is 0.3 mm, and the solution is flown out of
the laser region after each shot. The concentration of the dye
in solution ~;3•1024 molar! is adjusted to give an optical
density OD'0.4 at the pump wavelength. The intensity au-
tocorrelation of the pump pulses—measured in the same
geometry—has FWHM of 64–70 fs corresponding to pulses
shorter than 50 fs. The spectral width of the pump pulses is
12 nm ~430 cm21!.

After interaction with the sample, the supercontinuum
probe pulse is dispersed by a polychromator and registered
on a photodiode array~512 pixels covering 400–800 nm!.
Changes of optical density,DOD, as a function of probe
wavelengthl are calculated by comparison with a simulta-
neously recorded reference spectrum. Typically eight mea-
surements are averaged to give a transient spectrum at every
time step of 6.7 fs. Because the supercontinuum is chirped,
the recordedDOD~t,l! data must be time corrected. This is a
crucial problem of the PSCP technique since the precision of
this correction determines the final temporal resolution and
photometric accuracy. We solved this problem in Ref. 18
using a nonresonant pump/probe signal from the pure solvent
as a marker of zero delay for every probe wavelength. The
pump/probe intensity cross correlation has FWHM'70 fs for
every probe wavelength in the range 400–800 nm providing
temporal resolution of 40 fs.

III. RESULTS

Representative kinetic traces of the pump/probe signal
from LDS-750 in acetonitrile at 0.3mJ pump energy are
shown in Fig. 2. Two of them,~a and c!, are given for the
same wavelengths as in Ref. 7~a!, allowing a direct compari-
son with data from fluorescence upconversion. The behavior
of the signal at 654 nm@Fig. 2~a!# matches the corresponding

fluorescence trace. In addition we observe oscillations with a
period of'200 fs ~173 cm21! which are seen more promi-
nently at 667 nm@Fig. 2~b!#. These oscillations are due to
coherent excitation by the short pump pulse~resonant impul-
sive Raman process! of a low frequency optically active
mode of the chromophore. They are detected because of
shorter excitation pulses and better time resolution compared
to Ref. 7~a!. Since the oscillations persist on a 1 pstime
scale, we assign them to the electronic ground state of LDS-
750. The optical gain at 779 nm@Fig. 2~c!# is also similar to
the corresponding fluorescence trace for the first 300 fs. Af-
terwards it continues to grow slowly while the fluorescence
intensity remains nearly constant. The growth and decay of
the fluorescence signal observed at 654 and 779 nm~after
excitation at 608 nm! was attributed in Ref. 7~a! to ultrafast
solvation. We show later that this interpretation is not com-
patible with thewholespectral evolution of the transient ab-
sorption and gain spectrum.19

Figure 3 shows time-corrected transient absorption and
gain spectra of LDS-750 in acetonitrile for a pump pulse
energy of 0.3mJ. The upper panel gives the early spectral
evolution from298 to 70 fs in 14 fs steps. NegativeDOD
corresponds to bleaching or to stimulated emission, while a
positive signal corresponds to transient absorption. Spectral
structure is seen at the pump wavelength of 530 nm and
prominently at 577 nm and at 670 nm. Weak shoulders can
be discerned at 600 and 732 nm. The prominent bands ap-
pear at negative delay times, reach maximal contrast at zero
delay and then disappear due to broadening after 70 fs.

The blue part of the spectrum atl,530 nm is dominated

FIG. 1. Steady-state absorption and emission spectra of LDS-750 in aceto-
nitrile at 22 °C. Vertical lines indicate Franck–Condon factors which were
used for the simulated absorption and emission spectra~see the text!.

FIG. 2. Transient pump/probe signal at fixed wavelengths for LDS-750 in
acetonitrile. The pump pulse of 0.3mJ is centered at 530 nm.~a! 654 nm;~b!
667 nm;~c! 779 nm. The wavelengths in~a! and~c! are the same as in Ref.
7~a!.
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by excited-state absorption. A small peak at 458 nm corre-
sponds to inverse stimulated Raman scattering by a CH
stretching mode~2900 cm21! of pure acetonitrile. The same
mode gives the stimulated Raman signal at 631 nm. The
simultaneous growth and decay of these peaks provides a
check on the experimental time correction which is better
than615 fs.

The lower panel in Fig. 3 shows the spectral evolution
from 70 to 532 fs in 7 fs steps. By comparison with the
steady-state data, the broadband around 720 nm in the tran-
sient spectrum at 532 fs is readily identified with stimulated
emission. Following the evolution from 70 fs to later times,
DOD continues to decrease in the emission range 670–800
nm; simultaneously it increases in the range 550–670 nm
~compare with Fig. 2!. Light and dark regions correspond to
fast and slow spectral evolution, respectively. It is particu-
larly interesting that two isosbestic points are observed. The
first, at 664 nm, is well defined from 70 to 140 fs. The
second isosbestic point at 682 nm occurs during the interval
from 140 to 315 fs. This is seen in Fig. 4 where the transient
spectra for these time intervals are reproduced.

Figure 5 shows transient spectra after excitation with
higher pump pulse energy of 1.2mJ. In this case, we show
later that excited-stateSn←S1 absorption of the pump pulse

depletes theS1 state which is afterwards repopulated by in-
ternal conversion. Optical gain develops around 720 nm with
a risetime of 670 fs.

Figure 6 shows the spectral evolution in chloroform, a
solvent of weaker polarity, for a pump pulse energy of 0.6
mJ. At early time two gain maxima at 577 and 700 nm are

FIG. 3. Transient time-corrected pump/probe spectra of LDS-750 in aceto-
nitrile at 22 °C, for excitation at 530 nm with 0.3mJ pump pulse energy.
NegativeDOD corresponds to emission or bleaching and positiveDOD to
absorption. The evolution of the signal with increasing time is indicated by
arrows ~here and in Figs. 4–6!. ~a! Early spectral evolution from298 to
170 fs in 14 fs steps. The time-zero spectrum is marked by circles at 458
and 631 nm~Raman scattering by the solvent; see the text!. ~b! Subsequent
evolution from 70 to 532 fs in 7 fs steps.DOD decreases forl>670 nm
because of stimulated emission; simultaneouslyDOD increases at shorter
wavelengths. Light and dark regions correspond to fast and slow evolution,
respectively.

FIG. 4. Spectral evolution as in Fig. 2~b!. ~a! From 70 to 140 fs in 14 fs
steps. A temporary isosbestic point is well defined at 664 nm.~b! From 147
to 315 fs in 28 fs steps. A second isosbestic point is located at 682 nm.

FIG. 5. Spectral evolution for higher pump energy of 1.2mJ, from 70 to 580
fs in 35 fs steps. The stimulated emission contribution has its maximum
around 720 nm and increases with time due toSn→S19 internal conversion
~see Fig. 7!. This process is also seen in the blue region by an increase of
absorption there.

3506 Kovalenko, Ernsting, and Ruthmann: Femtosecond Stokes shift in styryl dyes

J. Chem. Phys., Vol. 106, No. 9, 1 March 1997
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

134.76.223.157 On: Thu, 08 Oct 2015 12:25:00



clearly visible. At longer time the gain decreases around 600
nm and simultaneously increases at 700 nm. In general, the
spectral evolution is slower, and there appears only one isos-
bestic region at 640 nm which is no longer well defined.

IV. DISCUSSION

A. Vibronic structure in the transient and steady-state
spectra

We start our analysis with the acetonitrile dye solution.
Consider first the transient spectral feature at 577 nm near
the steady-state absorption maximum@cf. Fig. 3~a!#. At early
time, while pump and probe pulses overlap, the transient
signal consists in general of three components. The first is
stimulated resonant Raman scattering of the pump at 530
nm. This coherent contribution should follow the pump/
probe cross correlation. The other two components are due to
the ‘‘particle’’ ~population! in the excited state and to the
corresponding ‘‘hole’’ ~lack of population! in the ground
state. Particle and hole are created by optical pumping at 530
nm, which selects chromophores with favorable solvent con-
figurations for the interaction. Since the feature at 577 nm
has maximal contrast at zero delay, we conclude that reso-
nant Raman scattering makes the main contribution to the
spectral structure. Its detuning from the pump frequency
gives a frequency of'1500 cm21 for the optically active
vibration in the ground state.

This mode is also seen in the steady-state emission spec-
trum shown in Fig. 1. The entire emission spectrum~cross
sectionsem for stimulated emission in the present case! is
usually fitted to a log-normal distribution22 over wave num-
bersñ

f ~ ñ !5H g0 expH 2 ln~2!S ln@112b~ ñ2 ñ0!/D#

b D 2J
0 else

if 2b~ ñ2 ñ0!/D.21
.

However, some vibronic structure is apparent as a red shoul-
der of the emission band of LDS-750. Therefore, the entire
band is described by a sum of lognormal functions, each of
which should account for a vibronic subband. We find that
three functions are required for a fit to within experimental
noise. With the asymmetry parameterb constrained to be
equal for all components, the optimized parameters areb5

20.242 and ñ0514 098, 13 743, 12 236 cm21; D51700,
1210, 1370 cm21; g050.451, 0.587, 0.127 Å2, respectively.
The last two subbands are located at 727 and 817 nm, and
they essentially describe the emission peak and the red
shoulder. The dominant subband should represent the 08→09
transition for emission from the fully relaxed chromophore
in its excited state. The shoulder component is redshifted
from the dominant subband byñ'1500 cm21, and it is taken
to represent the 08→19 transition for a corresponding
ground-state mode. Its relative amplitude gives the relative
Franck–Condon factor FC~08→19!/FC~08→09!. This in turn
may be related to a dimensionless displacementDQ ~which

is the displacement between excited- and ground-state har-
monic oscillator potentials along the corresponding vibra-
tional coordinate, measured in units of the zero-point ampli-
tude!. We find 0.50<DQ<0.60. To summarize, the relaxed
emission spectrum has a simple vibronic structure and a nar-
row spectral width.

It is reasonable to assume that the mode which is active
in emission is also active in absorption. The entireS1←S0
absorption band may then be roughly simulated as is shown
by the dashed line in Fig. 1. The extended shape of the
absorption band requires that the~dimensionless! equilib-
rium position of the active mode in the excited state is dis-
placed by 1.4 from that of the ground state. Separate mode
displacements for absorption~1.4! and steady-state emission
~;0.60! indicate that the primary excited electronic state re-
laxes to a final emitting state with a different geometry, i.e.,
to an electronically excited isomeric form of the molecule.

The estimated pattern of vibronic transitions for absorp-
tion is also shown in Fig. 1 as vertical lines with a length

FIG. 6. Spectral evolution in chloroform solution for a pump energy of 0.6
mJ. ~a! from 280 to 53 fs in 14 fs steps;~b! for 100, 150, 250, 450, and 950
fs.
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proportional to its Franck–Condon~FC! factor. The active
modes in the bare molecule are, of course, more numerous;
however, they are dominated by the above-mentioned pattern
as seen, for example, from jet spectra of isolated molecules
of another styryl dye.20~a! For the simulation, we have there-
fore convoluted the ‘‘stick’’ spectrum with an appropriate
line shape function which should roughly account for in-
tramolecular spectral congestion and solvent broadening.21

Comparison with the experimental absorption spectrum
places the 08←09 transition at 600 nm.

B. Vibrational relaxation of the FC state in S1

The pump pulse at 530 nm~indicated by an arrow in Fig.
1! is seen to excite mostly the 18←09 transition, creating a
‘‘particle’’ in the first active vibrational level of the primary
excited electronic state. Now consider again the spectral fea-
ture at 577 nm and the shoulder at 600 nm in Fig. 3~a!. There
will also be a contribution in this region by a spectral hole,
i.e., the bleached 08←09 transition. No significant particle
emission 18→19 is expected here because of its small FC
factor ~based on a displacement of 1.4!. At early time during
optical pumping, when there is no appreciable relaxation, the
Raman and hole contributions form the intense signal around
577 nm. The latter component diffuses on the time scale of
the pump pulse duration as the ultrafast broadening of the
subband shows@cf. Fig. 3~a!#. Examining the transient spec-
tra around the pump wavelength also allows an estimate of
the characteristic time of vibrational relaxation of the excited
Franck–Condon state. Prior to relaxation there should be a
considerable gain contribution from the 18→09 transition. If
the process takes place on a resolvable time scale, it should
show up as a significant change of the transient absorption
signal at 530 nm. However, the transient spectra in Fig. 3~b!
are nearly constant in time at 530 nm. We conclude that
vibrational relaxation is finished before 70 fs, in agreement
with an estimate for a solute molecule of similar comp-
lexity.9~a! As a consequence, relaxation processes on a time
scale of 70 fs or longer should depend on the excitation
wavelength only insofar as the excess vibrational energy
leads to an increase of vibrational temperature for theS1
state.

C. Evidence for isomerization processes

Next we turn to the main point of this article, the evolu-
tion in the region of the steady-state emission band. The
band at 670 nm, which is prominent at zero delay, loses its
contrast with increasing delay time as the temporal overlap
of the pump and probe pulses is decreased. This may indicate
a coherent contribution for delay times<70 fs, but the de-
tuning of'3900 cm21 from the pump frequency is difficult
to explain. Alternatively, the band may be due to stimulated
emission by population in vibrational levels ofS1. Transi-
tions are indeed expected in this region at 659 and 732 nm,
and the gain spectrum should be as extended as the absorp-
tion spectrum. Instead the observed band is quite narrow,
similar to the steady-state gain band. We conclude that a

change of mode structure has occurred and assign the band to
stimulated emission from a transient isomeric form of the
molecule.

But when is this isomerization process completed, and at
which point is solvation solely responsible for the spectral
evolution? At a delay of 200 fs@Fig. 4~b!#, the transient gain
band is well defined and quite similar to the steady-state gain
band. The entire transient spectrum at 200 fs may be fitted by
ground-state bleaching, excited-state absorption, and gain
bands. The latter is described by a lognormal curve22 with
the optimized parametersñ0514 080 cm21, b50.1 ~asym-
metry!, andD51790 cm21 ~'FWHM in this case!. Com-
pared with the steady-state band, the transient gain band at
200 fs is located at an energy higher by only 330 cm21 and is
broader by 300 cm21 ~FWHM!. In the interval between 70
and 315 fs, the signal grows in the region of 670–800 nm
and decreases around 550–670 nm with temporary isosbestic
points at 664 and 682 nm~Fig. 4!. Such behavior is a char-
acteristic feature of intramolecular relaxation processes.

There are several explanations for the occurrence of an
isosbestic point in transient optical spectra. First, two diaba-
tic electronic states may contribute different spectra each of
which changes only in relative amplitude because of popula-
tion relaxation from one state to the other. The spectral
shapes of both contributions remain constant and an isosbes-
tic point occurs. Second, one adiabatic excited electronic
state may undergo vibrational relaxation, isomerization or
solvation which alters the shape, position, and oscillator
strength~and hence the amplitude! of its spectral contribu-
tion. Under special conditions, the three parameters may
vary in such a way that an isosbestic point is obtained. But as
the signal decreases on one side of the isosbestic point and
increases on the other with the same time constant, as seen in
Fig. 4, this further requirement renders the entire set of con-
ditions improbable. Third, because the emitting stateS1 con-
tributes the difference between its absorption and gain to the
total signal, an isosbestic point may be caused by internal
conversionSn→S1 from higher electronic statesSn . Let us
discuss the last possibility in greater detail.

As is seen in Fig. 3, the total signal at the pump wave-
length~530 nm!, which is the sum of negative bleaching and
positive excited-state absorption, is close to zero during the
whole spectral evolution. Because the bleach signal is strong
at this wavelength~see Fig. 1!, so must be the excited state
absorption. Sequential two-photon absorption of the pump
pulse therefore causes a depopulation of the first excited
electronic stateS1 and a corresponding population of higher
excited statesSn at early time. Subsequent internal conver-
sionSn→S1 creates an additional transient component in the
observed transient spectra. This relaxation is seen in Fig.
3~b! as a small growth of absorption forl,530 nm. Now
consider the spectral evolution in the intermediate range
530–670 nm, and suppose that theS1 excited state absorp-
tion cross section here is larger than the cross section for
stimulated emission. After 70 fs the negative bleach signal is
constant in time. On the other hand, theS1 contribution to
the transient spectra~presumed positive! should increase
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with time due toSn→S1 internal conversion and may thus
cause the appearance of an isosbestic point.

We checked this explanation by studying the spectral
evolution at a higher pump pulse energy~1.2mJ!. The results
are shown in Fig. 5. From the preceding arguments we ex-
pect an enhancement of the spectral changes around the isos-
bestic points at 664 and 682 nm compared to the case of low
excitation energy@Fig. 3~b!#. Instead, the transient spectra in
Fig. 5 show only a small change in this region. Additionally,
it can be inferred from the prolonged increase of absorption
for l,530 nm, that the internal conversion process should
show up as a corresponding significant increase also at low
pump energy, whereas in fact the change in this region is
small after 260 fs. Therefore, the explanation of the transient
isosbestic points being caused by internal conversion should
be ruled out. Moreover, the spectral evolution at higher
pumping differs qualitatively from the one in Fig. 3~b!,
pointing at quite another aspect of theSn→S1 internal con-
version.

The first spectrum shown in Fig. 5 corresponds to a de-
lay time of 70 fs. At this time, a broad background~DOD.0!
in the red part is assigned to absorption both fromS1 andSn .
The last spectrum, at a delay of 580 fs, clearly shows the
gain band which peaks around 725 nm. Retracing its evolu-
tion to earlier time, we observe a similar band even at 70 fs.
The similarity strongly suggests that it also represents stimu-
lated emission from the same emitting state. The spectral
position at earliest time corresponds closely to that of the
steady-state emission band, occurring higher in energy by
just '170 cm21. It appears that the state which emits near
the steady-state frequency—already then, at 70 fs and
before—is created through anintramolecular relaxation
channelwhich is accessed at higher excitation energy.

D. A model for the isomerization processes

A model for the different intramolecular relaxation pro-
cesses is depicted in Fig. 7. Here,S1 andS19 represent the
initial, locally excited and the final emitting isomeric state,
respectively. For 1.2mJ pump energy, the initial population
in Sn is high and comparable to that inS1. Internal conver-
sion fromSn populatesdirectly the final state S19 , but notS1.

The corresponding time constant is 670 fs in acetonitrile so-
lution, as obtained from the growth of the optical gain. The
internal conversion process is also seen in Fig. 5 as the
growth of the absorption in the blue region, due to excited-
state absorption fromS19 .

At low pump energy~0.3mJ, Fig. 4!, mainly theS1 state
is populated initially and the isomerization proceeds in two
steps,S1→S18→S19 . An intermediate isomeric stateS18 is as-
sociated with the early gain band at 670 nm; it may also be
indicated by the first isosbestic point in the spectral evolu-
tion. The first step corresponds to the time interval 70–140 fs
covered by Fig. 4~a!, while the second stepS18→S19 is cov-
ered largely by Fig. 4~b!. We estimate the averaged time
constant for the isomerization as'200 fs. Note that some
part of the change is still contributed by internal conversion
from higher electronic states. The slow growth of the optical
gain at 790 nm after 300 fs@Fig. 2~c!# may be attributed to
this process.

For the chloroform solution, only one isosbestic point is
observed. This may be explained by a close location of the
S18 andS19 energy levels. The pump energy of 0.6mJ is in-
termediate between ‘‘low’’ and ‘‘high’’ pumping. Therefore,
at early time @Fig. 6~a!#, the transient emission band is
peaked close to the stationary fluorescence maximum due to
Sn→S19 relaxation. At longer time the other relaxation chan-
nel S1→S19 becomes dominant and reveals the isosbestic
point. In general, the spectral evolution is similar in acetoni-
trile but slower, with a time constant of'600 fs.

The previous analysis shows that the ultrafast Stokes
shift of the emission band in LDS-750 does not directly ex-
press ultrafast solvation as has been supposed before,7 but
that it is connected rather with some ultrafast conformational
change of the chromophoric molecule. Still, the measured
dependence of the isomerization rate on solvent polarity im-
plies strong solute–solvent coupling and indicates that solva-
tion may influence the isomerization process. As the main
point of this paper, we emphasize that the transient spectral
changes of LDS-750 should largely be considered intramo-
lecular, while the dynamics may be composed of coupled
intramolecular and solvation components.

Any further analysis must first describe the intramolecu-
lar isomerization process of LDS-750. The coordinates for
this description are the dihedral angles for rotation around
the single and double bonds of the central butadiene moiety,
and for the rotation around the single bond linking the amino
group to the chromophore. The identification of the reaction
coordinate, or at least its qualitative assignment, may be pos-
sible by comparison with rigidized model derivatives where
some coordinates are eliminated, or in systems which are
otherwise restricted sterically. In the following we briefly
point to molecular systems where this procedure has been
applied, in order to find a case which best resembles that of
LDS-750 so that some conjecture about the reaction coordi-
nate for ultrafast photoisomerization of this dye in polar sol-
vents can be made.

In a pioneering example, ultrafast transient absorption
following fs excitation of bacteriorhodopsin23 was explained
by rotational isomerization of the retinal chromophore

FIG. 7. Scheme of energy levels for LDS-750 and possible intramolecular
relaxation pathways~thin arrows! after femtosecond excitation~see Sec.
IV D !.
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around the bond between C13 and C14, which is formally a
double bond in the electronic ground state and changes to a
single bond upon electronic excitation.24 Yet the electronic
structure of a polyene like retinal is quite different from that
of styryl ~better: hemicyanine! dyes like LDS-750, so that no
conclusions regarding the latter may be drawn here. A model
compound for intramolecular charge transfer~CT! in solu-
tion is p-dimethylamino benzonitrile~DMABN !. The notion
that charge transfer may be correlated with a rotation of the
amino group into a perpendicular geometry relative to the
benzonitrile moiety~twisted intramolecular charge transfer,
TICT! was originally developed for this compound.25 The
characteristic time constant for the charge transfer process,
of 20 ps in propanol, for example, was consequently as-
signed to rotational isomerization at the amino group.26 This
model has been juxtaposed by alternative explanations, like
vibronic coupling between closely lyingS1 and S2 ~CT!
states promoted by the inversion of the amino group,27 or by
charge transfer coupled to the CN bending coordinate.28 So
even in this generic case, the reaction coordinate has not
been identified unequivocally. A clearer picture emerges of
the photoinduced processes of styryl dyes like
4-dimethylamino-48-cyanostilbene ~DCS!. In this case,
bridged model derivatives showed that the amino group is
not involved, and that the isomerization involves rotational
changes around the single bonds between the phenyl rings
and the ethylene moiety.29 The fact that two single bonds are
available for the process leads to rotational isomerism, which
is avoided if no central ethylenic moiety is present. In this
spirit, a simple hemicyanine dye was examined recently.30

Here, the isomerization around the only central single bond
involves large-amplitude motion, with a characteristic time
constant of 25 ps in butanol; again amino group twisting
could be excluded.

Let us return to LDS-750. Blanchard31 proposed that the
amino group rotates in the excited-state relaxation similarly
to the TICT model for DMABN. In his picosecond pump/
probe experiment, he described an inhomogeneous spectral
relaxation for this dye in the slow solvent butanol. Using the
phenomenological model of Agmon,32 he calculated an
isomerization time constant of 50 ps. The isomerization pro-
cess which we observe is much faster, 200 and 600 fs for
acetonitrile and chloroform solutions, respectively. Note that
the other principal isomerization process, a conformational
change of the central butadiene part~presumably involving
double bonds29! which is responsible for fluorescence
quenching, takes place with a time-constant of 160 ps in
acetonitrile16 and is therefore not important for our measure-
ments. In view of the molecular systems mentioned in the
previous paragraph, we conjecture that the ultrafast process
observed by us involves rotations around the single bonds of
the central butadiene moiety. If these angle changes are
coupled, it is possible to construct a reaction coordinate
which has low moment of inertia associated with it and small
overall rotational amplitude. For forces similar to the model
hemicyanine mentioned above,30 the reduced effective mass
and amplitude could speed up the process by more than an
order of magnitude.

We should mention that the spectral evolution revealed
in this experiment appears to be general for styryl dyes. Re-
cently, we found a similar behavior for DCM18 and DASPI33

in a variety of solvents, and equivalent results have been
obtained for DCS in acetonitrile and methanol.20~b! However,
in view of the high dimensionality of the isomerization prob-
lem for these dyes,conclusivedescriptions of the main ge-
ometry changes and the evolution of the adiabatic electronic
states cannot be made at present.

V. CONCLUSION

Transient pump/supercontinuum probe spectra of the dye
LDS-750 in polar solvents were recorded with 40 fs time
resolution after ultrashort excitation at 530 nm. The results
show that solvation is not directly connected with the tran-
sient Stokes shift of the emission band. At high pumping
energy, the final emitting state is populated by internal con-
version from higher electronic statesSn , and the subsequent
dynamic Stokes shift of the emission band is negligible. The
final excited state is therefore assigned to an isomeric form
of the molecule with a similar dipole moment in its elec-
tronic excited and ground states, respectively. The same final
excited state is normally reached from the first excited elec-
tronic stateS1 in an isomerization process, the characteristic
time scale of which depends on solvent polarity. The nature
and extent of this solvent dependence needs to be further
clarified.
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