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ABSTRACT
The aim of the present paper is to show that the LDS 751

unsymmetrical cyanine laser dye, highly polar in the ground state and non
polar in the fluorescent excited singlet state, is a suitable solvent probe.
Excitation of LDS 751 in a polar solvent with an ultrashort laser pulse
suddenly annihilates the permanent dipole moment of the solute and
suppresses the forces which orientate the nearby solvent molecules. The
subpicosecond analysis of the Time-Dependent Fluorescence Stokes Shift
(TDFSS) of LDS 751 thus enables to probe the relaxation of polar solvent
molecules which can be considered as free of solute-solvent interactions.

INTRODUCTION

Probing the temporal evolution of the fluorescence spectrum of a
solvated molecule following electronic excitation by an ultrashort optical pulse
is a convenient experimental means to study solute-solvent relaxation
dynamics1. Based on models borrowed from theories of the polarization of
liquid dielectrics2, the relaxation dynamics may be interpretated as due to
solvent reorientation in order to accomodate the charge redistribution in the
excited state3. Within the continuum dielectric picture, solvent relaxation
around a newly created dipole occurs on a time scale given by the so called
longitudinal relaxation time

1 L = 2es+ec
 TD- ( 1 )

In this equation, Tp is the macroscopic dielectric relaxation time, £«>, £s are the
high frequency (optical) and the zero-frequency (static) dielectric constants of
the dielectric and £c is the dielectric constant of the assumed spherical cavity
that contains the polar solute molecule4*6.

In recent years, a considerable attention has been devoted
theoretically7"14 and experimentally15*23 to the dynamic response of the



solvent to the sudden change of the charge distribution in a solute molecule.
From experimental data it is evident that solvation dynamics are much more
complex than predicted by simple continuum models; a clearly non-
exponential behaviour is often the case. To address this problem, microscopic
theories incorporating molecular aspects of the solvent have been proposed,
notably the dynamical mean spherical approximation7*9 and generalized
diffusion theories10*12. Inhomogeneous dielectric continuum models have also
been considered13'14. Most of the above-mentioned theories predict relaxation
times significantly slower than TL, contrary to experimental values which often
are closer to the longitudinal relaxation time. Recent molecular dynamics
simulations24'27 have added much to the understanding of polar solvation
dynamics and it has been recognized that translational11-12'26*27 and
inertial24'27 motion of the solvent lead to a faster solvent relaxation.

In particular, the recent observation of extremely rapid solvent
relaxation dynamics28"30 led to the conclusion that the fast initial relaxation,
well fitted by a Gaussian function and accounting for -80% of the total
relaxation, is of inertial origin and occurs in the inner shells in less than 0.2 ps.

The role of the solvation probe properties has been discussed
previously: hydrophobic versus hydrophylic solutes18, probe/solvent
interactions as opposed to vibronic activity in intramolecular modes21.
Amongst these probes, some have an applied interest as laser dyes in the case
of coumarins16'21 or styryl dyes15-23-28-29.

Our investigations of the photophysics and solvatochromism of various
neutral styrenic molecules which are or might be used as laser dyes, DCM (4-
dicyanomethylene-2-methyl-6-p-dimethyl-amino-styryl-4H-pyran)31-36,DFSBO
(7-dimethylamino-3-(-p-formylstyryl)-1,4-benzoxazine-2-one)34 and amino-
benzoxazinones37 have shown that these molecules are characterized by a red
shift of their absorption spectra and an even greater red shift of their
fluorescence spectra in polar solvents due to a large dipole moment increase in
the excited singlet state which induces an enormous relaxation of the solvent
electronic and orientation polarizations. Unfortunately, the lack of absorbance
of these dyes at the 600 nm wave-
length available to us and where
subpicosecond dye laser pulses can
be efficiently generated did not
enable us to analyze their time-
resolved fluorescence spectra. We
have thus recently38-39 attempted
to investigate the photophysics and
the time-resolved fluorescence
solvatochromism of a red-absorbing
styryl laser dye40, LDS 751 (see
figure 1), similar to the LDS 750
dye, recently studied by Fleming et Fig. 1. Resonance structures of
a/.l5,28.29 a n d Blanchard23. LDS 751.



EXPERIMENTAL

LDS 751 (or styryl 8,2(-4-(4-dimethylaminophenyl)-i,3,-butadienyl)-3-
ethylbenzothiazolium perchlorate) was supplied by Lambda Physik and used
without further purification. Solvents, methanol (Merck UVASOL for
spectroscopy), ethanol (Merck, absolute, pro analysi), propanol (Merck
UVASOL for fluorescence spectroscopy), dimethylsulfoxide (DMSO),
dimethylformarnide (DMF), acetonitrile (Merck UVASOL for spectroscopy)
and ethylene glycol (Merck, pro analysi) were used as supplied.

Subpicosecond resolution measurements of the fluorescence intensity
decay of LDS 751 in various solvents were made using the fluorescence
upconversion technique41-43. The experimental setup has been described
elsewhere39'44. Since the upconversion technique is polarization-dependent,
the measurement of the intensity decays of the fluorescence polarized parallel
(I//) and perpendicular (Ij.) to the excitation laser pulse gives information
about both the rotation-free fluorescence decay

F(t) = (I//+2I_D (2)

and the orientational relaxation of the solute molecule (and its solvent cage), as
displayed by the anisotropy decay

Regarding the evaluation of the Time-Dependent Fluorescence Stokes Shift
(TDFSS) from the subpicosecond fluorescence decay measurements, it is
important to note that the fluorescence upconversion setup allows the
measurement at only one given wavelength at the time. One fluorescence
intensity decay curve does not give of course all the information necessary for
the analysis of the time-dependent spectral shift. In order to reveal the
temporal evolution of the fluorescence spectrum of LDS 751 in the various
solvents, we have used the indirect method as outlined by Maroncelli and
Fleming16.

RESULTS AND DISCUSSION

Subpicosecond time-resolved fluorescence spectra of LDS 751 in
various solvents have been recorded using the fluorescence upconversion
method38»39. For example, in ethanol, the average wavelength of the
fluorescence spectrum is shifted from 683 nm at short time (t=l ps) to 702 nm
at time t>20 ps. The TDFSS value is thus at least 19 nm (400 cnv1). This value
is small when compared to the considerable blue shift experienced by the
absorption spectra but is consistent with the relative constancy of the



fluorescence peak wavelength in solvents of different polarities. This point will
be discussed later. After the initial fast decay component observed at short
wavelengths and the related rise observed all the way to the red tail of the
fluorescence spectrum (figure 2), the fluorescence intensity decays with the
lifetime of the relaxed fluorescent state. The correlation function

v(t)-v(oo)
c ( t ) = V(O)-V(Oo) (4)

obtained using the mean frequency decays monoexponentially over the time
range 0-20 ps and gives a 1/e time constant of (5.0±1.0)ps. Similarly, in
methanol and DMSO, the calculated decay times are (3.0±1.0)ps and
(3.9±1.0) ps respectively45. Our time resolution does not allow us to extract an
ultrafast component as observed by Rosenthal et al. in their recent studies of
solvation dynamics in acetonitrile and methanol28-30. For the same reason, our
observation of a 19 nm spectral shift is not inconsistent with the significantly
greater 50 nm spectral shift evidenced by these authors.

The TDFSS cannot be explained by a stabilization of the singlet excited
state due to an increased solvation by the polar solvent molecules. On the
contrary, one must remember that the polar solvent molecules were initially
polarized around the LDS 751 polar ground state, providing a large solvation
energy. As shown in the steady-state fluorescence study45, the internal charge
transfer resulting from excitation to the Franck-Condon excited singlet state
produces a nonpolar excited state but the solvent molecules are still oriented.
Ther orientation cannot be maintained much longer since the dipole-dipole
interavions between the solute and the solvent molecules vanish in the
excited singlet state. The energy level of the fluorescent state should not be
significantly modified during solvent relaxation since the solvation energy of a
nonpolar molecule is negligible.
After the Franck-Condon transition,
the solvent molecules are thus
delivered and relax via random
fluctuations. Therefore, the
fluorescence emission spectrum at
any given time t, rather reflects the
state of the solvent cage around the
So Franck-Condon ground state,
reached in the radiative process.
Before solvent relaxation, the
fluorescence transition leads to a
Franck-Condon state possessing a
large solvation energy, that of the
LDS 751 molecule before laser
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Fig. 2. Fluorescence intensity
profiles of LDS 751 in ethanol at
650, 680 and 750 nm.



relaxation, the solvation energy of the virtual Franck-Condon ground state
decreases and its energy level increases of the same amount. The net result is a
time-dependent red shift of the fluorescence spectrum which has the same
origin as the considerable blue shift of the absorption spectrum in polar
solvents: the solvation of the polar ground state. The steady-state fluorescence
spectrum remains little affected by solvent polarity (low dipole moment of the
excited singlet state and delocalization of the positive charge over the
conjugated chain). In polar and nonpolar solvents, most of the fluorescence is
thus emitted from a Si fluorescent state to a So Franck-Condon ground state
which are both surrounded by a randomly distributed solvent cage and
characterized by a low solvation energy, as shown in figure 3. The very fast
solvatochromic relaxation (x<5 ps) is faster than the longitudinal relaxation
times TL,I in methanol (9.4 ps) and ethanol46 (30.1 ps), normally assigned to the
first dispersion region which is the dominating one in dielectric relaxation
measurements. However, the solvatochromic relaxation time is longer than TL
(2.1 ps) in the case of the aprotic DMSO15. Our findings are very much in
accordance with those of Castner et al.15 who studied the solvation dynamics
of LDS 750 in various polar solvents. Our results also indicate that the
hypothesis of a resemblance of a portion of the LDS 751 molecule to DMABN
(dimethylaminobenzonitrile) and of the isomerization of its dimethylamino end
group as curiously proposed for LDS 750 in the literature23 can be totally
rejected on the following grounds:
- the corrected fluorescence spectra show a single feature with a fluorescence
maximum almost independent of solvent polarity, indicating that the
fluorescent state is unpolar and that its solute-solvent interactions are minimal,
- the time-resolved fluorescence
spectra evolve within less than
20 ps on a relatively small
frequency scale which is
inconsistent with solvation of the
fluorescent state. The time-
dependent spectral red shift is due
to solvent relaxation which affects ?-"•
the energy level of the Franck-
Condon ground state,
- the fluorescence deactivation
occurs via an efficient radiationless
process which is viscosity-
dependent as already observed in
the case of some symmetrical
polymethine-cyanine dyes • HB
(p inacyano l ) and a sc r ibed to *>iBh
vibrational relaxation of
polymethinic chain.
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the Fig. 3. Energy diagram of the ground
and first excited electronic states of
LDS 751 in a polar solvent.



Solvent (#)
Acetonitrile (1)
Methanol (2)

DMF (3)
Ethanol (4)
DMSO (5)

Propanol (6)

0.36
0.60
0.90
1.20
2.20
2.26

Tor fas)
65
100
135
170
380
350

T(O)
0.35
0.35
0,36
0,34
0,35
0.36

Table I. Viscosities T), measured rotational relaxation times tor and the
anisotropy of LDS 751 at time zero in the six solvents studied. (The
numbering refers to figure 6).

The anisotropy decay r(t) of LDS 751 was measured and analyzed in 6
different solvents (see table I). In all cases, the fluorescence was measured at
725 nm, which is situated on the red side of the intensity maximum. However,
usually the measured anisotropy does not depend on the emission wavelength
when only one excited state (Si) is responsible for the fluorescence. This has
been verified in the case of MeOH, EtOH and DMSO, for which measurements
were made at different wavelengths. An example of the parallel (I//) and
perpendicular (IjJ fluorescence decays for LDS 751 in DMF is shown in
figure 4. The two curves approach each other with increasing time due to
disappearence of the photo-induced anisotropy of the sample. The
corresponding time-dependent anisotropy, r(t), is shown in figure 5. All the
observed anisotropy decay curves are well described by monoexponential
functions. The characteristic decay times Tor and the r(t=O) values are
presented in table I. The anisotropy decay is caused by rotational diffusion and
depends therefore on the solute-solvent interactions. Different models for the
rotational diffusion have been proposed, ranging from empiric ones based
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Fig. 4. In and I± fluorescence
intensity curves for LDS 751 in
dimethylformamide .
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Fig. 5. Anisotropy decay curve r(t)
of LDS 751 in dimethyl-formamide.
(Tor=135 ps).
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Fig. 6. Observed rotational
diffusion time constants tor as a
function of the solvent viscosity T].

on macroscopic solvent properties
to more detailed descriptions of the
processus, taking account of the
microscopic solute-solvent
interactions on the molecular level.
We present here only a brief
interpretation of our observations
based on the Debye-Stokes-
Einstein (DSE) model for rotational
diffusion47, which basically gives
Tor as proportional to the viscosity
i). By plotting the observed
rotational diffusion times Tor against
the viscosity T|, (see figure 6), it can
be seen that the dependence is
perfectly linear with a slope given
by ATor/AT| = 160 ps/cp. This value can be compared with a value calculated
from the DSE model in the "stick^limit47. Taking the LDS 751 molecule as an
ellipsoid with axes a = 9 Â and b = 2.5 Â, its volume is 235 Â3. A sphere with
the corresponding volume would have a slope Aior/Atl = 56 ps/cp. Using the
knowledge of the ratio of the ellipsoid's two axes, p = 3.6, the "stick" limit
predicts an increase of the rotational time around the short axis with a factor
of 2.95, giving ATor/AT| = 165 ps/cp. This close similarity between the
experimentally obtained value and the one calculated from the DSE model
indicates that no solvent molecules follow the solute molecule in its rotational
motion in spite of the fact that we use the "stick" limit which indicates that
attractive solute-solvent interactions are present4851. In fact, the uncertainties
inherent in both values are rather large.In order to refine this interpretation, a
much improved model of the rotational diffusion should be available.

CONCLUSION

Amongst the various fluorescent probes which have been used
previously to study microscopic solvation dynamics, the nonpolar fluorescent
LDS 751 molecule appears to have ideal properties to be used as a probe of
solvent relaxation.

Subpicosecond resolution fluorescence spectra obtained by the
fluorescence upconversion technique show that the TDFSS is excessively
small compared to the total Stokes shift in the solvents under study (only
400 cm*1 in ethanol) and that reorientation of the solvent molecules initially
polarized by the polar ground state solute and delivered after the laser
excitation of the solute is completed within 20 ps. The correlation function c(t)
can be fitted by a monoexponential decay in methanol, ethanol and DMSO.
Solute-solvent interactions are thus expected to play a minor role during both
the reorganization of the solvent cage and the fluorescence of the excited



singlet state. It is concluded that the rapid solvent cage relaxation manifested
by the TDFSS of LDS 751 in the three solvents under study does not
contribute to a lowering of the energy level of the first singlet excited state.
Rather, the TDFSS results from the loss of solvation energy in the Franck-
Condon ground state due to the reorientation of the nearby solvent molecules
after the solute laser excitation.
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