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Abstract. The solvent intermolecular response in solvation is studied by 2-D 
polarizability response spectroscopy. The isotropic and anisotropic solvent response 
spectra of Coumarin 153 in CH3CN, measured during solvation, reveal comparable 
translational vs. orientational dynamics.  

 
 
Although the collective chemical intuition about the affect of solvent properties (e.g. 
polarity, dielectric constant) on chemical reactivity is encyclopedic, our understanding 
of solvent dynamics during the reaction is less comprehensive. Time-resolved 
fluorescence Stokes-shift and photon echo spectroscopies1,2 have been able to extract 
the time-integrated solvent spectral density in reactive processes, particularly 
solvation. However, what is really desired is a measurement of the instantaneous 
dynamics during the reaction. This paper describes such a method with a C153-
CH3CN system. See refs.3,4 for background. As shown in Fig. 1, 2-dimensional 
polarizability response spectroscopy (2D-PORS) is performed in an optical 
heterodyne detected-transient grating (OHD-TG) geometry; a pump field that is 
resonant only with a solute is added. The local oscillator field allows selectively 
measuring the real part of the third-order polarization. A nonequilibrium solute-
solvent state is created by electronic excitation of a solute with a resonant-pump pulse 
at T=0 ps. After a time delay of T, relaxation of the entire system is monitored by 
OHD-TG spectroscopy scanning two pairs of pulses over time “t”.  
 

Fig. 1. Experimental scheme and 
beam geometry. ER-pu is the 
resonant pump field, and Epu, Epr, 
and ELO are the off-resonant TG 
pump, probe, and local oscillator 
fields, respectively, for OHD-TG 
spectroscopy. 
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This approach enables observing the relaxation of the nonequilibrium solute-solvent 
state to a new equilibrium state as the solvent undergoes a time-dependent 
reorganization around solute. 

The OHD-TG spectrometer employed a diffractive optic to arrange the 800 
nm beams in a boxcar geometry.5 The second-harmonic (resonant pump) pulse, 
generated in a BBO crystal, was directed to the center of the square (see Fig. 1). The 
2D-PORS signal, measured with lock-in detection by chopping the resonant pump, 
was 90° out-of-phase relative to the LO field. Thus, the 2D-PORS experiment 
measures the t-(time)dependent change in the index of refraction of the system 
induced by the resonant pump at successive delay times, T; i.e. ( , )S T t . 

The 2D iso- and anisotropic responses of C153 in CH3CN are calculated from 
zzzz and yyzz tensor elements. The anisotropic response selectively measures 
orientational relaxation, of both solute and solvent, with respect to a solute transition 
dipole. The isotropic response is sensitive to the isotropic change in the system (e.g.  
local solvent density around solute induced by translational interactions). In both 
responses, a drastic change occurs at T< 1.0 ps and an asymptotic behavior is 
observed with increasing T. At early time (in a few picoseconds), nonequilibrium 
solvent dynamics are observed in both responses. On a longer time scale, the isotropic 
response at each T contains a constant offset while the anisotropic response contains a 
long decay component. 

The signal measured in 2D-PORS is the molecular response that is induced 
by the resonant-pump (i.e., pump-on – pump-off) and contains a component that is the 
difference in local solvent molecular structure (configuration) around the excited vs. 
ground state solute in addition to a change in solute (e.g. solute reorientation). 
Therefore, the signal at a given T can be described by the contributions from the 
solvent around solute (solvation) and the solute 

2 ( ; ) ( ; ) ( ; )solvation solute
D PORSS t T S t T S t T− = +    (1) 

These two different dynamics are separable in time because the nonequilibrium 
solvation dynamics occur on a picosecond time scale while the solute dynamics are on 
an order of magnitude longer time scale. The solute reorientation that appears in the 
anisotropic response is well described by a single exponential and its time constant 
agrees well with fluorescence Stokes shift measurements.6 The solute response in the 
isotropic response can be described as a change in either the solute size or the solvent 
cavity around solute; e.g., as in the viscoelastic model for nonpolar solvation.7 The 
amplitudes of longer time components in both responses converge with increasing T; 
i.e. as the solvation progresses. The plot of amplitudes of longer time components 
against T gives the timescale of solvation. The solute contribution on the longer time 
scale can be properly removed from the 2D-PORS signal based on Eq.(1) to yield 
nonequilibrium solvent dynamics in early times. Fourier deconvolution of 
nonequilibrium solvent responses in the time domain enables calculation of 
susceptibilities in the frequency domain.4 Fig. 2 shows the evolution of solvent 
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molecular spectra along the solvation time T. The isotropic response is of a little bit 
greater magnitude than the anisotropic response indicating that solvent translational 
and orientational motions have comparable involvement in solvation. The details of 
the spectral evolution with time differ between the iso- and anisotropic responses. 
However, even so, the trend is not simple and may reflect the frequency dependent 
coupling previously reported.4 Higher frequency responses of the solvent are 
dominant in the isotropic response. Instantaneous susceptibilities (hence spectral 
densities at a given T) can be obtained by differencing of adjacent T-slices. For now, 
the modest S/N ratio doesn’t allow obtaining a quality representation of the 
instantaneous susceptibility at each value of T. This response will have comprehensive 
information on solvent dynamics in solvation. The improvement of the S/N ratio of 
the 2D-PORS measurement is in progress. 

Fig. 2. 2-D (frequency vs. T) contour representation of the isotropic (A) and anisotropic (B) 
PORS responses of solvent molecules around solute. Solid line is positive and dotted line is 
negative amplitude signal. 

References 

(1) Horng, M. L.; Gardecki, J. A.; Maroncelli, M. J. Phys. Chem. 1995, 99, 17311. 
(2) Fleming, G. R.; Cho, M. Annu. Rev. Phys. Chem. 1996, 47, 109. 
(3) Underwood, D. F.; Blank, D. A. J. Phys. Chem. A 2003, 107, 956. 
(4) Park, S.; Flanders, B. N.; Shang, X.; Westervelt, R. A.; Kim, J.; Scherer, N. F. 

J. Chem. Phys. 2003, 118, 3917. 
(5) Goodno, G. D.; Dadusc, G.; Miller, R. J. D. J. Opt. Soc. Am. B 1998, 15, 1791. 
(6) Horng, M. L.; Gardecki, J. A.; Maroncelli, M. J. Phys. Chem. A 1997, 101, 1030. 
(7) Berg, M. J. Phys. Chem. A 1998, 102, 17. 

0 20 40 60 80 100 120 140 160 180

ω / cm-1

(B)

0 20 40 60 80 100 120 140 160 180
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

ω / cm-1

T 
/ p

s

(A)

 


