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P. Vöhringer,a) D. C. Arnett, R. A. Westervelt,b) M. J. Feldstein, and N. F. Schererc)
Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6323

~Received 18 February 1994; accepted 18 October 1994!

The connection between dephasing of optical coherence and the measured spectral density of the
pure solvent is made through measurements and calculations of photon echo signals. 2-pulse photon
echo measurements of a cyanine dye in polar solvents are presented. Signals are recorded for both
phase matched directions enabling accurate determination of the echo signal time shift. Echo signals
are calculated by two approaches that employ the response function description of nonlinear
spectroscopy;~i! a single Brownian oscillator line shape model, and~ii ! the line shape obtained
using the solvent spectral density. The strongly overdamped Brownian oscillator model incorporates
only a single adjustable parameter while the experimental data present two fitting constraints. The
second model incorporates the measured solvent spectral density. Both give very good agreement
with the experimental results. The significance of the second method lies in this being a new
approach to calculate nonlinear spectroscopic signals, for comparison with experimental data, that
uses directly the measured spectrum of equilibrium fluctuations of the solvent. This approach also
provides a better conceptual perspective for deriving insight into the nature of the solute–solvent
coupling mechanism. Comparing the parameters for the strength of interaction in a variety of polar
solvents it is found that the coupling involves the solvent polarizability and not the solvent polarity.
The interaction mechanism cannot be deduced from the Brownian oscillator calculations. ©1995
American Institute of Physics.
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I. INTRODUCTION

Accurate descriptions of chemical reactions in solut
and the dynamics of transient species require understan
the bath fluctuations that are coupled to the reacting solut1,2

Experimental characterization of chemical reaction dynam
in the condensed phase, particularly in liquids and glas
requires elucidation of~1! the spectroscopic and ‘‘kinetic’
properties of the reacting chromophore;~2! the dynamics of
the medium~i.e., the spectrum of equilibrium fluctuations!;
~3! establishing the degree to which the system is driv
from and restored to equilibrium; and~4! the couplings be-
tween the chromophore and bath.

The dynamic nature of a liquid or fluid medium caus
structural changes to occur on time scales correspondin
the Fourier transform of the far-infrared or Raleigh-win
spectrum of the neat fluid.3–5 These frequencies usually d
not exceed 150–200 cm21 in nonassociated liquids, whic
corresponds to about 100 fs for the time scale of interm
lecular fluctuations.6 Therefore, only experiments that a
performed on such short time scales are capable of dire
capturing the solvent effect on or response to chemical p
cesses. Long-time cw-measurements, such as spectral
burning, may have greater spectral resolution but will ha
limited utility in the case of rapid spectral diffusion.7,8

Two, three, and four-pulse experiments can be treate
four-wave mixing ~FWM! processes, where the pump a
probe pulses combine in the sample to create a nonlin
polarization that, in turn, radiates an electric field.7–18 The
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nonlinear response function description of third-order polar
ization,P(3)(t1 ,t2 ,t3), spectroscopy developed by Mukamel
and co-workers14–16 shows that different FWM measure-
ments of the time evolution of a solute–solvent system con
tain complementary information about the time correlation
function of solvent fluctuations. The evolution of electronic
phase reflects the form of the chromophore–bath interactio
potentials and the correlation time of solvent fluctuations
The beauty of this formalism is the self-consistency that is
employed in describing all time-domain nonlinear spec-
troscopies; information from a variety of measurements ca
in principle be combined or compared to extract the solute
and solvent frequencies, couplings and relaxation dynamic
Successful comparison of the solvent spectral density ob
tained from optical Kerr effect~OKE! measurements and the
time correlation function for solvation, obtained from fluo-
rescence Stokes-shift measurements, has already be
made.19

Degenerate four wave mixing~DFWM! or photon echo
studies with transform limited pulses have been applied t
the study of optical~i.e. electronic! dephasing of molecules
in solution. Weiner and Ippen20 measured homogeneous and
inhomogeneous limit responses in liquid and static media
Shank and co-workers21,22 have employed<10 fs duration
pulses in 2- and 3-pulse echo measurements of dye mo
ecules and nanoclusters in solution. Wiersma and
co-workers17,23 have measured the 2-pulse photon echo o
resorufin in DMSO, obtaining intermediate modulation limit
results that were analyzed using a Brownian oscillator line
shape model. Joo and Albrecht24 have observed 2-pulse echo
signals of oxazine dyes in ethylene glycol showing both fas
~homogeneous! and slow ~inhomogeneous! dynamics. Re-
cent FWM studies of the form of thet50 pump–probe
4027/4027/10/$6.00 © 1995 American Institute of Physicso¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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4028 Vöhringer et al.: Optical dephasing
feature25 of HITCI/ethylene glycol conclude that the optica
dephasing occurs on ‘‘multiple time scales.’’

We propose that the spectral density of the solvent pe
turbation of the chromophore, thereby the frequenc
dependence of the solvent–solute interaction, can be de
mined by combining the information from several distinc
measurements. The equilibrium spectral density of the pu
solvent must be compared with the decay of optical cohe
ence, taking any measured ‘‘reaction’’ dynamics into accou
as a dissipation. This approach will allow one to obtain th
correct statistical description of the solute–solvent syste
and correctly account for the distribution of frequencies~i.e.,
time scales! of liquid fluctuations. Furthermore, this ap-
proach, using independent experimental information, can u
ambiguously address the question of the mechanism of
interaction.

This paper describes the results of experimental me
surements and numerical calculation of the DFWM respons
i.e., 2-pulse photon echo, of the cyanine dye molecu
1,18,3,3,38,38-hexamethylindotricarbocyanine iodide
~HITCI! in several different polar solvents. Measurement o
the echo signal in bothk352k12k2 andk38 5 2k2 2 k1 phase
matched directions are performed. Detection of both ech
facilitates accurate determination of the temporal shift of th
two echo signals, hence the shift from zero delay time. N
merical calculations of the photon echo signals are pe
formed using a Brownian oscillator model description of fre
quency fluctuations in the nonlinear response function.15,16A
single strongly overdamped mode is used with only one a
justable parameter, which is the frequency spread of solve
fluctuations~i.e., the inverse relaxation time of the mode!, to
fit both k-vector matched echo responses. Steady state s
vent Stokes-shift parameters have been measured26 and used
to fix the oscillator-bath coupling strength to the high tem
perature limiting value. Finally, a conceptually different ap
proach that directly employs solvent spectral densities, o
tained from vibrationally impulsive OKE measurements,
described and used to calculate the echo signals. These la
results amount to an approach for prediction of the 2-pul
photon echo signals based on independent knowledge of
spectrum of equilibrium fluctuations. Furthermore, compar
son of the results from the different solvents allows the d
termination that the solvent polarizability is the property re
sponsible for solute–solvent coupling. This conclusio
cannot be deduced from the Brownian oscillator simulation

II. EXPERIMENT

The experimental apparatus has been described
greater detail elsewhere.26 The particulars of the laser system
used for the echo measurements27 and thek-vector diagram
of the experiment are shown in Fig. 1. The short pulse sour
is a homebuilt Kerr lens mode-locked Ti:sapphire laser28,29

capable of producing 18–22 fs duration transform limite
Gaussian pulses with 45–50 nm spectral bandwidth. The
MHz train of pulses is split into two beams withk-vectorsk1
andk2, an intensity ratio of 1:2, and are focused into a flow
ing dye jet of the chromophore HITC-iodide in a series o
solvents including acetonitrile, DMSO, butanol, decanol, an
J. Chem. Phys., Vol. 102,Downloaded¬09¬Sep¬2001¬to¬128.135.233.49.¬Redistribution¬subject¬to¬
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ethylene glycol. The optical density of the jet at 770 nm, the
laser center wavelength, is maintained at 0.3 or less. Puls
energies at the sample are 1–2 nJ. The diffracted photo
echo signals in the 2k22k1 and 2k12k2 directions are de-
tected with Hamamatsu R928 photomultipliers, processed
with a digital lock-in amplifier~SRS-850! and recorded for
each 2 fs increment of a stepper delay line.

III. THEORY

The experimental photon echo data can be analyzed b
comparison with calculated signals using the nonlinear re
sponse function description ofP~3! spectroscopy.14–16 In this
framework any nonlinear optical signal can be expressed as
convolution of the correct molecular response function with
a proper sequence of excitation fields. For a two-pulse pho
ton echo, the observed signal in the 2k22k1 direction in the
rotating wave approximation is written as

SPE~t!5E
0

`

uR~ t,t! ^ $@E2~ t2t9!#2E1* ~ t2t8!exp@ i ~v2

2veg!~ t2t9!#• exp@ i ~v22v1!~ t2t9!#

3exp2@ i ~v12veg!~ t2t8!#%u2dt, ~1!

whereE(t) is the temporal profile of the excitation pulses
~fitted to a Gaussian profile!, v is the laser center frequency,
veg is the 0–0 transition frequency,t5t92t8, and^ repre-
sents a convolution over implicit time variablest1 and t2.
Here,t8 andt9 are the arrival times of thek1 andk2 pulses at
the sample andt8,t9.0. The wave vectors of the pump and
probe beams are omitted for simplicitly although they are
essential in a complete description of signal detection. The
k-vector dependence of the signal and the associated re
sponse functions is addressed in the Discussion. Equation~1!
follows from Ref. 15 when the general equation for the non-
linear polarization is reduced to the specific case of the
2-pulse photon echo. The molecular response function
R(t,t), contains the temporal response of the molecular sys
tem for pulses separated in time byt and is given by15

R~ t,t!5exp$22 Re@g~ t !#22g* ~t!1g* ~ t1t!%, ~2!

FIG. 1. Experimental apparatus. Ti:Sapphire laser, scanning delay line
focusing-sample-recollimation, signal detection and processing. The
k-vector geometry of the experiment is also shown.
No. 10, 8 March 1995AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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4029Vöhringer et al.: Optical dephasing
whereg(t) is the optical line shape function and* means
complex conjugate.

A. Brownian oscillator simulations

An analytical expression for the line shape function m
be obtained by describing the spectrum of frequency fluct
tions by a Brownian oscillator model. In the case of
strongly overdamped Brownian oscillator, the line sha
~i.e., relaxation30! function becomes16

g~ t !5
D2

L2 @exp~2Lt !1Lt21#1
il

L
@12exp~2Lt !#,

~3!

whereD is the magnitude of the fluctuations, which is relate
to the displacement of the coordinate,L is the inverse relax-
ation time of the oscillatory mode, andl is the steady state
Stokes-shift, i.e., the reorganization energy of the solven

In the present case of excitation of the dye HITCI th
laser is approximately on-resonance with the optical tran
tion frequency,veg , so the complex exponential factors a
dropped from Eq.~1!. Thus, the two-pulse photon echo sig
nal in the 2k22k1 direction for on-resonance degenerat
frequency excitation may be written as

SPE~t!5E
0

`

uR~ t,t! ^ $@E2~ t2t9!#2E1* ~ t2t8!%u2dt. ~4!

Equation~4! is the operational expression used for calcula
ing the echo signals presented in the next section, and
accurate for the large time-shift and intermediate to inhom
geneous modulation limit results described below.

The optical line shapes resulting from fitting the expe
mental echo signals were used to simulate the linear abs
tion and emission spectra given by16

Sabs~v,veg!5E
0

`

exp@ i ~v2veg!t#exp@2g~ t !#, ~5a!

and

Sem~v,veg!5E
0

`

exp@ i ~v2veg!t#exp@2g* ~ t !#, ~5b!

whereveg is the electronic transition frequency, taken to b
halfway between the emission and absorption maxima,
g* (t) signifies the complex conjugate of the line shape fun
tion. The main peak in the absorption and emission spe
was assumed to arise exclusively from the 0–0 transit
with a broadening described byg(t). The present measure
ments do not provide transition amplitude information that
necessary to nonarbitrarily include underdamped vibratio
transitions into the calculation, even though our pump–pro
studies have established these frequencies.26

B. Line shape functions from solvent spectral
densities

An alternative approach to calculate the 2-pulse pho
echo signal is considered that directly incorporates solv
dynamics into the line shape function through the solve
spectral density,S~v!. Only the real part of the line shap
J. Chem. Phys., Vol. 102Downloaded¬09¬Sep¬2001¬to¬128.135.233.49.¬Redistribution¬subject¬to
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function is considered since the signal depends o
uexp@g(t)#u2 ~i.e., modulus square!, and is given by16

g~ t !5
1

2p E
2`

`

dv
12cos~vt !

v2 S~v!. ~6!

This form obtains from the Wiener–Khintchine theorem as
shown in the Appendix. The full complex form for the line
shape function can be obtained using the fluctuation
dissipation theorem.31,32

To simplify the mechanics of integration in Eq.~6!, the
spectral densities for the various solvents are fit with a
Ohmic function, given by33–35

S~v!5N( Ajv
b j expS v

v j
D , ~7!

whereAj ~i.e., amplitude!, bj , andvj are fitting parameters.
The factorN is a normalization that describes the magnitude
of the solute–solvent coupling and the physical properties o
the solute and solvent that cause the interaction. As se
below, the value of this factor changes with solvent and, fo
the same solvent, should change for different chromophore

Cho and Fleming36 have previously calculated various
photon echo signals using the nonlinear response functio
formalism. They considered a number of approaches inclu
ing a stochastic line shape model, overdamped B.O., corr
lation function of solvent fluctuations from fluorescence
Stokes-shift measurements, and a moment expansion of t
solvation TCF truncated at second order. The approach he
differs in that experimental spectral densities are used to
calculate echo signals for direct comparison with measure
2-pulse photon echo signals.

IV. RESULTS

The two-pulse photon echo signals for HITCI in decano
and the intensity cross-correlation of the pump and prob
pulses are shown in Fig. 2. The echo signals in the tw
directions have reflection symmetry about the zero dela
time. The measurement of both diffracted beams allows a
accuracy of62 fs in determining the temporal shift between

FIG. 2. Measured 2-pulse photon echo signals of HITC-iodide in decano
Both k3 andk38 signal are shown along with the second-order pump–prob
cross-correlation. The line through the data points is to guide the eye. Th
peak signals are scaled to the same value.
, No. 10, 8 March 1995¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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4030 Vöhringer et al.: Optical dephasing

D

the two signal maxima. This temporal shift is an importa
constraint in the choice of model parameters that are use
the fit of the echo signals. In the case of the HITCI/decan
the time shift of thek38 andk3 echos are, respectively,614 fs
from zero delay. The pulse cross-correlation response sh
is the square-root of the actual response@cf. Eq. ~4!#, which
is narrower in time. The echo signals are, therefore, not o
shifted but also noticeably broadened.

Figure 3 shows a series of echos in the 2k22k1 direction
for HITCI in different solvents. While the echo signals ex
hibit similar widths the temporal shifts are observed to va
by more than 10 fs. The time-shift results are compiled
Table I along with solvent Stokes-shift parameters and l
shape parameters used in modeling the data. There is
obvious correlation between the time shift and, for examp
the solvent dipole moment, viscosity or polarizability. Th
small shoulder on the rising edge~i.e., at negative time! of
the photon echo signals results from a thermal grating c
tribution to the experimental measurements that acts
couple the 2k12k2 beam into the direction of the 2k22k1
beam. This contribution decreases with increasing sam
flow rates and reduced sample optical density.27

Interaction of a chromophore with the solvent results
a broadening of the optical spectra. The broadening of
system can be classified by the ratiok5L/D. A homoge-
neously broadened system leads tok@1 ~Markovian limit!
while an inhomogeneously broadened system obtains w

FIG. 3. Measured 2-pulse photon echo signals in a variety of solvents.
plotted signals show the measured shifts with respect to the zero-of-time
the changes in width of the echo for each solvent. The solvents from bot
to top are decanol, acetonitrile, DMSO, ethylene glycol, and butanol. E
successive curve is vertically offset from by 0.24 units from the previou

TABLE I. 2-pulse photon echo simulations overdamped Brownian oscilla
parameters.

Solvent
a

~10224 cm3!
Shift

~62 fs!
l

~ps21!
D

~ps21!
L

~ps21!

Decanol 19.83 13.9 39.7 55.82 11.94
MeCN 4.41 13.77 44.03 58.81 14.45
Ethylene glycol 5.73 17.0 39.91 55.99 6.28
DMSO 7.99 16 41.32 56.97 10.68
Butanol 8.79 18 41.65 57.20 6.28
J. Chem. Phys., Vol. 102ownloaded¬09¬Sep¬2001¬to¬128.135.233.49.¬Redistribution¬subject¬to
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k!1.15 The intermediate modulation regime exists betwee
these limits. The effect of the value of the broadening param
eter is shown in Fig. 4. The series of calculated 2-pulse ph
ton echo signals shown in the figure span the range from t
homogenous to inhomogeneous; in the homogeneous c
the signal is peaked essentially att50 while an inhomog-
enously broadened system yields an echo signal that is ma
mal att.0. This figure clearly shows that the temporal shif
between the 2k12k2 and 2k22k1 phase matched echo sig-
nals is an important parameter for simulating the experime
tal results. To obtain a physically meaningful interpretatio
of the data through uniqueness of fit it is important to inde
pendently establish the value of eitherD or L.

Two-pulse photon echo calculations were performed b
importing measured Stokes-shift magnitudes~l! and,
thereby, coupling strengths~D252lkBT/\ for \v!kBT!, for
HITCI in various solvents.26 The Stokes-shift was taken as
the energy difference between the maximum of the stead
state absorption and emission spectra. This leavesL as the
only adjustable parameter. The inverse relaxation time of t
solvent was then adjusted to obtain a fit for the echo signa
measured in both momentum matched directions. Figure
shows the simultaneous fit to both echo signals for HITCI i
decanol. The simulated echo signals are in very good agre
ment with the experimental signals. The value ofk places the
broadening of the HITC/decanol system in the intermedia
modulation regime closer to the inhomogeneous case, but
into the ‘‘large inhomogeneous broadening limit.’’ The pa
rameters required to fit the echo responses for this symmet
cationic cyanine chromophore in the various polar solven
are given in Table I.

The calculated linear absorption and emission spect
shown in Fig. 6 are not in good agreement with the measur
spectra. In particular, the calculated spectra are too narro
although their respective maxima are in the correct positio
This is primarily because other optically active transition
have not been taken into account in the simulations. Furthe
more, the limited spectral bandwidth of the laser pulses ten

he
and
om
ch
.

or

FIG. 4. Simulated photon echo signals from the overdamped Brownia
oscillator line shape for different values ofk5L/D. The values range from
essentially inhomogeneous to homogeneous broadening limits. The cal
lated signal for decanol is also shown indicating the intermediate nature
the response. All signals are calculated including the laser response funct
, No. 10, 8 March 1995¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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4031Vöhringer et al.: Optical dephasing
to mainly extend over the 0–0 and hot-band absorption r
gions. To include these additional vibronic transitions in th
calculated signal requires independent knowledge of the f
quencies of the transitions and magnitude of the transiti
moments. Therefore, the parameters reported here for
2-pulse echo simulations may change when these other tr
sitions are taken into account. However, the solvent-t
solvent comparisons can be made since the relative tre
will remain the same; the vibronic contributions will be the
same in the different solvents. The fact that the simulat
lineshapes are too narrow compared to the measured one
reasonable since the additional discrete transitions obser
in pump–probe26 would tend to broaden the line shape. Thi
more complete treatment will be reported elsewhere in co
junction with the analysis of 3-pulse stimulated photon ech
data.

FIG. 5. Brownian oscillator simulation~solid lines! of the 2-pulse photon
echo signals~points! of HITC-iodide in decanol for both scattered direc-
tions.D is fixed to the high temperature limit value, the mode is assumed
be strongly overdamped and is represented by Eq.~3!. L is the only fitting
parameter. See text for details. FixingD555 THz and the simultaneous
constraint of obtaining the echo width and the time shift give a unique val
of L512 THz for the single strongly overdamped BO model.

FIG. 6. Comparison of measured and simulated linear absorption and em
sion spectra. The points are the measured experimental spectra. The s
and dashed lines are the calculated linear absorption and emission spe
respectively. The parameters are the same as those used in Fig. 5.
J. Chem. Phys., Vol. 102,Downloaded¬09¬Sep¬2001¬to¬128.135.233.49.¬Redistribution¬subject¬to¬
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Solvent spectral densities. Another approach is cons
ered for simulation of the 2-pulse echo signal of the cyani
dyes that uses the spectrum of solvent fluctuations explicit
This spectrum is taken from measurements of the optic
heterodyne-detected OKE response of each solvent. T
measurement represents the molecular polarizability corre
tion function, ^a i j (o)akl(t)&, and, by the fluctuation-
dissipation theorem, the associated equilibrium fluctuatio
of the pure liquid.

Our measured OKE signals shown in Fig. 7~a! are nor-
malized to their t50 magnitudes to remove the
measurement-dependent properties~i.e., laser power, Raman
sensitive probing, etc.! thereby facilitating direct compari-

to

e

is-
olid
ctra,

FIG. 7. ~a! Optical Kerr effect signals for acetonitrile, DMSO, butanol, an
decanol. All signals are normalized to a peak value of one. The vertical sc
is expanded to emphasize the nuclear contribution to the response.~b! De-
convoluted susceptibilities of the same solvents as obtained from impulsi
OKE measurements. Each data set is Fourier transformed and deconvol
by the FFT of the pump–probe autocorrelation.
No. 10, 8 March 1995AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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D

son. Thet50 normalization, in effect, divides the actual ex
perimental signal by the square of the solvent polarizabil
These impulsive-OKE responses for four solvents are F
rier transformed and deconvoluted in the frequency dom
by the Fourier transformed laser response~i.e., pump–probe
cross-correlation! according to previous descriptions.34,37

The spectral density is obtained from the imaginary portio37

of the frequency domain susceptibilities for each solve
which are shown in Fig. 7~b!, and are multiplied by a therma
occupation factor. The resulting spectra can be directly co
pared as representing a relative solvent density of sta
times the solvent correlation function. Thet50 normaliza-
tion is important since the remaining scaling paramet
which is not uniquely nor independently determined from t
spectral density fitting for a single solvent, is the interacti
between the solvent and solute.

The susceptibilities for the various solvents are fitted
the functional form given by Eq.~7! to simplify the numeri-
cal integration of Eqs.~6! and~4!. The physical significance
of the Ohmic fit, i.e., whereb51, is that the oscillators con-
tributing to the spectral density exhibit a frequenc
independent friction, i.e., constant damping.19,33For the case
of decanol, as shown in Fig. 8, it is necessary to assume
distributions, defined byvj , for quantitative agreement with
experiment. The low frequency distribution is Ohmic~i.e.,
b51! while the high frequency distribution hasb.1. These
distributions could simulation using the measured solve
spectral density; the calculation is superimposed on the
perimental 2-pulse PE signal~data points! and the agreemen
is very good.

The fitting of the 2-pulse echo signals using the me
sured and normalized spectral densities allows for dir
comparison of the coupling parameter values obtained
the the various solvents. Figure 10 is a plot of the magnitu
of the coupling parameter vs solvent polarizability calculat
from the Lorentz relation38

FIG. 8. Fitted susceptibility for decanol. The susceptibility data~points! is
the imaginary part of the Fourier transform of the OKE signal. The solid li
is the decomposition of the susceptibility into two ohmic function comp
nents~dotted and dash–dotted lines!; a single Ohmic function does not give
a good fit to the data. The fitting parameters@see Eq.~5!# arev1542 cm21

andv2550 cm21 anda150.83 anda255. The spectral density is obtained
from this susceptibility.
J. Chem. Phys., Vol. 102ownloaded¬09¬Sep¬2001¬to¬128.135.233.49.¬Redistribution¬subject¬to
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r S n221
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whereM is the molecular mass,r is the solvent density, and
n is the refractive index.39,40The line through the points is a
best linear fit to the data. The zero intercept implies that the
magnitude of the chromophore interaction with the medium
would go to zero in the absence of a polarizable solvent. The
correlation of the parametersN anda indicates that the sol-
vent polarizability is involved in the coupling between chro-
mophore and solvent. By contrast, a plot of coupling param-
eter versus solvent dipole does not give any correlation. The
significance of this plot is that it allows for independently
determiningN for calculation and prediction of 2-pulse pho-
ton echo signals of HITCI using the OKE spectral densities.

The idea that the interaction between solute and solvent
involves the solvent polarizability may be substantiated by
examining a plot of the shift in the measured absorption

e
-

FIG. 9. Comparison of measured and calculated 2-pulse echo signals of
HITCI in decanol~solid lines! using the measured decanol spectral density.
The data are given by the open squares and triangles.

FIG. 10. Coupling strength versus solvent polarizability. The error bars are
obtained from the stated precision in the time shift determination. That is,
changing thek3 2 k38 time shift by62 fs and reoptimizing the fit withN
yields the indicated error. The normalization of the measured spectral den-
sities would be another source of error. The solid line is the best fit through
the data points. The line also has a zero intercept eventhough this is not a
fitting point.
, No. 10, 8 March 1995¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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4033Vöhringer et al.: Optical dephasing
maximum vs (n221)/(n212). This is shown in Fig. 11. A
clearly linear trend is obtained that, when combined with th
observation of a solvent-independent~i.e., constant!
Stokes-shift,26 indicates the bathochromic shift arises from
the two-level system–solvent interaction through the solve
polarizability. The slope of the line reflects the change in th
chromophore polarizability between the ground and excit
states. This consistency supports the idea that the form of
correlation is a property of the system rather than a prope
of the echo measurement.

V. DISCUSSION

The calculated photon echo signals are found to agr
very well with the measured signals for both models that a
employed. In both cases some of the adjustable parame
are determined independently. This results in an overdet
mined fitting problem with one fitting parameter and tw
constraints; the time shift and the echo width. The analysis
overdetermined within the assumption to omit additional o
tical transitions that must actually contribute to the prepar
coherence.26 These additional parameters can, however,
obtained from cw-resonance Raman spectral studies a
from 3-pulse stimulated photon echo measurements, and w
be reported elsewhere.41

The observed 2-pulse photon echo signals of this sy
metric cationic cyanine dye are similar to the two-pulse ech
signals recently reported for other chromophores.24 Cho and
Fleming36 have calculated various photon echo signals, usi
the nonlinear response function formalism, that are qualit
tively the same as the signals reported here. Furthermore,
echo signals presented here are in qualitative agreement w
the semiclassical photon echo simulations of Loring and c
workers that exhibit nonexponential decay behavior.42 From
this standpoint the conclusion of an intermediate line sha
and dynamics for relaxation~i.e., not simply separable into
homogeneous and inhomogeneous contributions! obtained
from analysis of the photon echo signals in HITCI is reaso

FIG. 11. Solvatochromic shift of the absorption spectrum of HITCI in
series of solvents. The peak of the absorption maximum~in cm21! is plotted
against (n221)/(n212). The solvents include the alcohols~methanol–
pentanol, octanol, decanol!, acetonitrile, DMSO, ethylene glycol.
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able. Furthermore, this may be a more general result for rea
sonably weakly interacting solute–solvent systems.

The direct comparison of measured and calculated pho
ton echos using solvent spectral densities is the principle
result of this study. Two new conclusions result from this
analysis for this chromophore in a range of solvents. First
the method for calculating photon echo signals implicitly
assumes that the spectrum of equilibrium fluctuations of the
pure liquid determine the spectrum of modulations of the
optical transition frequency resulting in optical dephasing.
This concept was introduced in the echo calculations using
measured solvent spectral densities. Secondly, as shown
Fig. 10, the comparison of experimental and calculated pho
ton echos facilitates establishing the nature of the solute–
solvent coupling. It should be emphasized that this is no
possible in the framework of the single overdamped Brown-
ian oscillator simulations since the interaction there is deter
mined by the solvent Stokes-shift, which is constant for the
range of solvents studied. Furthermore, the bathochromi
shift of the linear absorption spectrum shown in Fig. 11 sup-
ports the idea that the chromophore-solvent coupling
changes with solvent even though the steady-state Stoke
shift is approximately constant in these solvents.26 This indi-
cates that the overdamped Brownian oscillator analysis~i.e.,
generalized Kubo line shape! described by Eq.~3! is not
appropriate for analysis of photon echo signals in the cas
where the chromophore does not exhibit a significant chang
in dipole moment upon optical excitation, that is, when the
Stokes-shift does not adequately represent the magnitude
the interaction.43

Another question that naturally arises from this picture is
why the spectrum of equilibrium fluctuations of the solvent
can be used to calculate, and actually predict, the 2-puls
photon echo response for a chromophore in the same so
vent? Two factors have to be taken into account;~i! the en-
ergy of solvation per interacting solvent molecule, and~ii !
the applicability of linear response to chromophore–solven
interaction upon optical excitation. The interaction of the
chromophore with the first few solvent ‘‘shells’’ would, pre-
sumably, account for the modulations in the optical transition
frequency of the chromophores in the ensemble. Molecula
dynamics simulation studies of charge and dipolar solvation
have shown44 that the dominant contribution to the solvation
energy is obtained from the first three solvent shells. The
interactions include a long range ion–dipole contribution
$U ion–dipole}[(z•e)•m]/ r

2% and a dipole–dipole contribution
@Udipole–dipole}~m1

2m2
2!/r 6#. In the present case the interaction

results from ion-induced dipole$U ion-id}[(z•e)
2a]/ r 4%

and/or instantaneous dipole-induced dipole
~Udisperion}a1a2/r

6! contributions since the coupling strength
and absorption maximum shift correlate with solvent polar-
izability. We have calculated the solvation energy of ground-
state HITCI in water45 to be approximately 20 kcal/mol,
which implies that the interaction energy per chromophore is
7000 cm21. The large size of the chromophore, however,
results in approximately 100 molecules residing in the first
and second solvation shells. Therefore, the interaction energ
for a near lying solvent molecule is less thankBT ~'200
cm21! at room temperature. Solvation of small charged spe

a

, No. 10, 8 March 1995¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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4034 Vöhringer et al.: Optical dephasing
cies with few proximal solvent molecules~i.e., single atom
cations, solvated electron, etc.!, on the other hand, would be
expected to perturb the local solvent structure significan
such that the spectrum of fluctuations is altered from the pu
liquid value.46

A qualitative argument for the applicability of linear re-
sponse for the optical transition can also be made. The m
nitude of the perturbation of solute–solvent interaction mig
be judged by the Stokes-shift to be small; in the case
HITCI and HDITC-perchlorate, another cyanine dye, this
approximately 400 and 300 cm21, respectively.26 In this case,
however, the shift in the absorption maximum from the iso
lated molecule value is a more appropriate estimate of t
change in the solute–solvent interaction upon optical exci
tion. This value is approximately 700 cm21; again, the aver-
age interaction energy per solvent molecule is significan
less thankBT. The motions of the proximal solvent mol-
ecules will, by the fluctuation-dissipation theorem, not b
significantly modified by the changes in the electrostatic i
teraction between solute and solvent. Therefore, the sp
trum of solvent fluctuations will be very similar to those
measured in the pure liquid, vide supra. This may even
true in the case where the solute undergoes a reasona
change in dipole upon excitation since it has been shown
simulations that linear response is closely obeyed.44 Cer-
tainly some of the solvent fluctuations of the nearest lyin
solvent molecules will be replaced by solvent–solute mod
which will certainly contribute to the dephasing proces
Considering the goodness of fit of the time integrated ec
responses using the spectrum of pure solvent fluctuatio
suggests that the solute–solvent modes and changes in
solvent–solvent motions are both relatively small in numb
and/or similar in frequency such that the effective spectr
density is approximately the same, within 20% or so.

The measured susceptibilities, hence spectral densit
work best when used to simulate the two pulse echos
HITCI ~and recently the cyanine dye analog HDITC
perchlorate! dissolved in the same solvent. Although th
spectral density of one solvent could be substituted and us
to simulate the echo measured in another solvent, especi
acetonitrile for DMSO or butanol for decanol, this would
require a new value for the coupling parameter,N. The cor-
relation of coupling parameter with polarizability would
however, be eliminated. New simulations that do not involv
the approximations made in writing Eqs.~1! and ~4! show
the sensitivity of the simulated photon echo signal to hig
and low frequency portions of the spectral density. The i
termediate to high frequency range~30–600 cm21! dictates
the echo response.47

The parameter that accounts for the interaction betwe
solute and solvent,N in Eq. ~7!, is here assumed to be fre-
quency independent. This is consistent with the idea that t
low-frequency portion of the solvent susceptibility is Ohmic
although this observation does not justify the frequency i
dependence. In general, the coupling would be frequenc
dependent, i.e.,N~v!, but the present analysis would, in this
case, no longer be unique. Incorporation ofN~v! amounts to
finding the appropriate spectral density for the observed p
cess. The frequency-dependent coupling could be determin
J. Chem. Phys., Vol. 102,Downloaded¬09¬Sep¬2001¬to¬128.135.233.49.¬Redistribution¬subject¬to¬
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by least-squares minimization in fitting. However, the as
sumption of omitting the additional vibronic transitions is
probably a more important consideration at this stage,
judged from Fig. 6. This assumption aside, the equilibrium
spectral density serves as a useful reference point fro
which to establish the frequency dependence of the coupli
of the solvent fluctuations to the optical transition moment

The momentum matching condition for the 2-pulse ech
signals can have an effect on the form of the nonlinear r
sponse function that is appropriate in the simulation. Fou
different time-ordered interactions~and their complex conju-
gates! result in four response functions,Ri , i51,...,4.14,15

The large inhomogeneous broadening limit is usually in
voked for simplification of the number of contributions~i.e.,
neglecting pathways,R1 andR4! that contribute to the non-
linear polarization.15 TheR1 andR4 terms do not contribute
to polarization rephasing and echo formation due to violatio
of causality. Also, for well-separated pulses, the 2-pulse ec
signal obtained from the time-ordered interactions ofk1
pulse followed byk2 allow only R2 andR3 to contribute to
the signal. This is simply a result of properly accounting fo
the k-vector matching conditions for the detected signal d
rections. The well separated pulse limit is a good approxim
tion for the peak and decaying edge of our echo respons
shown in Figs. 2 and 3. TheR1 andR4 responses do, how-
ever, contribute to stimulated photon echo signals.41 Com-
parison of the present simulations with simulations that co
sider all four response functions and a more gener
treatment of the time propagation show that the most signi
cant deviations of the calculated echo responses occur bef
the peak of the signal.47

The line shape functions used in the present calculatio
are limited in the frequency range over which they are app
cable. This stems from the high temperature~i.e., classical!
limit assumption implicit in the Langevin equation and its
solution in the form of the Brownian oscillator line shape
More general line shape functions that are appropriate
both lower temperature and/or higher frequency have r
cently been reported.48–50 The deviation of the Langevin–
Brownian oscillator line shape from the generalized versio
is significant for underdamped oscillators especially for fre
quencies greater than or equal tokBT, while the overdamped
line shapes are similar up tokBT. In the present case the
frequency range for the spectral density is generally less th
200 cm21 so the aforementioned forms will be retained. W
employ the generalized line shape functions for the analys
of pump–probe measurements51 and 3-pulse photon echo
studies.41

Cho and Fleming have recently discussed higher-ord
@i.e., x~5!# nonlinear scattering measurements as a bett
probe for distinguishing inhomogeneous from homogeneo
broadening contribution to the line shape.52 We propose an
alternative approach which is at the level ofx~3! and is a
direct extension of the measurements reported here. T
scheme involves gated detection of the echo, which allow
direct detection of the asymmetry in the echo shape. Th
asymmetry reflects the product of inhomogeneous~i.e., sym-
metric Gaussian! and homogeneous~i.e., exponentially de-
caying! contributions to the nonlinear response function. An
No. 10, 8 March 1995AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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D

other advantage involves replacing the~third! integration in
Eq. ~1! with a simple and finite convolution over the gat
pulse duration. These measurements have been perfor
and indeed reflect greater sensitivity to the form of the sp
tral density; the multidimensional data allow determining
frequency-dependent coupling parameter.53

Finally, Wiersma and co-workers have very recently r
ported 2-pulse photon echo simulations of HITC-iodide
ethylene glycol.54 They fit a 2-mode Brownian oscillator line
shape function to the ethylene glycol susceptibility report
in Ref. 35. The resulting simulated 2-pulse echo respon
agree well with measured signals although the Brownian
cillator parameters are more homogeneouslike than those
tained here. We have also previously reported on the idea
using a measured solvent property to fix the frequency sp
trum of fluctuations very similar to that reported here usi
Ohmic fits to the acetonitrile susceptibility.55

VI. CONCLUSIONS

In conclusion, 2-pulse photon echo signals for a cyan
dye are reported and calculated using the strongly ov
damped Brownian oscillator model for the line shape. T
measurement of both echo signals is shown to constrain
allowable value of the single fitting parameter via both t
time shift, which is well determined as the time betwe
maxima of the two echo signals, and the width of the ec
response. Taking the high temperature limiting value forD
obtained from the experimentally determined Stokes-shift,l,
leavesL, the inverse correlation time of the solvent, as t
only adjustable parameter for the fit.

The principal result of this study is that the 2-pulse P
signal can be ‘‘predicted’’ from the measured spectral dens
of the neat solvent. The calculated two-pulse echo sign
obtained from the measured spectra of solvent fluctuati
are in excellent agreement with the measured 2-pulse pho
echos. This indicates that the solvent spectral density
tained from impulsive OKE measurements essentially
counts for the solvent fluctuations that dictate the evoluti
of optical coherence of HITCI in polar solvents. The succe
ful comparison of the model calculation and the experime
tal results indicate that frequency-dependent couplings
not required. Measurements performed in a variety of s
vents and the appropriate normalization of the solvent sp
tral densities enables the determination that t
chromophore–solvent interaction involves the solvent pol
izability. This interaction mechanism and parameter can
be established using the more standard Brownian oscilla
simulation in which the magnitude of the solvent fluctuatio
is determined by the Stokes-shift, which in this case is co
stant for a wide range of solvents.26 The conclusion that the
solute-solvent interaction occurs through the solvent pola
ability is consistent with the bathochromic shift of the a
sorption spectrum of HITCI in a large variety of polar an
polarizable solvents.
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APPENDIX

The form of the line shape function used for echo calcu
lations from the measured solvent spectral density is give
here. The magnitude of the solvent-induced shift of the op
tical transition frequency of our 2-level chromophore is
given byU/\. The correlation function of solvent-induced
fluctuations in the transition frequency is then written as

C~ t !5
^dU~ t !dU~0!&

^dU2&
. ~A1!

We define the spectral density of fluctuations,S~v!, using the
Wiener–Khintchine theorem as56

C~ t !5
1

p E
0

`

S~v!cosvtdv. ~A2!

Loring and co-workers42 gave the 2-pulse photon echo signal
and line shape functions derived using a cummulant expa
sion to second order,

SPE~2t!5$exp@24g~t!1g~2t!#%2 ~A3!

and

g~ t !5E
0

t

dt~ t2t!^dU~t!dU~0!&, ~A4!

respectively.
Equation~A1! can be rearranged and rewritten as

^dU~ t !dU~0!&5^dU2&E
0

`

S~v!cos~vt !dv. ~A5!

This result can be substituted into the line shape function t
obtain

g~ t !5E
0

t

dt~ t2t!^dU2&E
0

`

S~v!cos~vt !dv

5^dU2&E
0

` @12cos~vt !#

v2 S~v!dv. ~A6!

The ^dU2& term contains the magnitude of the frequency
fluctuations of the chromophore induced by the solvent whil
the integrand describes the spectrum of solvent fluctuation

Finally, the 2-pulse photon echo signal can be evaluate
using the line shape function as
, No. 10, 8 March 1995¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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SPE~2t!5expH 22^dU2&E
0

` 1

v2 S~v!dv@3

24 cos~vt !1cos~2vt !#J . ~A7!
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