
Published: March 30, 2011

r 2011 American Chemical Society 5617 dx.doi.org/10.1021/jp111796d | J. Phys. Chem. B 2011, 115, 5617–5624

ARTICLE

pubs.acs.org/JPCB

New Insights into Response Functions of Liquids by Electric
Field-Resolved Polarization Emission Time Measurements
Margaret A. Hershberger, Andrew M. Moran,† and Norbert F. Scherer*

Department of Chemistry and the James Frank Institute, The University of Chicago, 929 East 57th Street, Chicago, Illinois 60637,
United States

bS Supporting Information

’ INTRODUCTION

While the course of a chemical reaction is usually understood
in terms of the progress from reactants to products, the reactive
species in solution are coupled to motions of the solvent
molecules. These fluctuations of the solvent molecules provide
an energy bath that is coupled (back to) to the reactive species
and can hinder or facilitate the reaction. The spectral densities of
these solvent fluctuations in response to changing dipoles1�4 and
photoinduced charge transfer reactions have recently been
studied.5�9 However, these low frequency motions do not con-
sist of well-defined modes and the actual molecular motions
involved in these spectral densities are incompletely under-
stood.10 To more completely identify the motions of solvent
molecules that influence or are influenced by a reaction, it is
necessary to develop a good understanding of, and appropriate
analytical models for, the range of fluctuations found in a pure
liquid. Previous measurements have not been sufficiently sensi-
tive to the nuclear fluctuations to determine unambiguous
analytical forms for the nuclear response functions. As a result,
the functional forms that are typically used to describe the
intermolecular motions are incorrect in that they contain arbi-
trary terms or have been defined in an intuitive but ad hoc
fashion.

We use full field-resolved polarization emission time (FR-
PET) measurements, which are a new extension of field-resolved
transient-grating (FR-TG) spectroscopy,11 to determine the
intermolecular motions of CS2. Specifically, we apply PET
measurements to more accurately determine the veracity of
commonly used molecular response functions and to demon-
strate better functional forms that have a rigorous basis. Electro-
nic and nuclear responses both contribute to the measured signal
and modulate the amplitude of the spectral phase of the signal
field. These phase modulations are observed as temporal shifts in
the maximum of the signal field relative to the TG probe field.
Signal emission times for the anisotropic CS2 response are
compared to those calculated using a minimal model of the
TG signal field. We find that the instantaneous electronic
response dominates at negative and short TG pump�probe
delays, where the signal emission time follows the convolution of
the pump and probe pulses, while the intermolecular nuclear
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ABSTRACT: We resolve information about the dynamics of
simple liquids that has been obscured in prior frequency and
time-domain measurements by way of full field-resolved polar-
ization emission time (FR-PET) measurements of carbon
disulfide. The amplitude and phase of the field-resolved tran-
sient-grating signal is used to calculate a spectrogram of the
signal field at each delay between the transient-grating (TG)
pump and probe pulses. The temporal maximum of the spectro-
gram, defined to be the signal emission time, varies with
pump�probe delay; it follows the convolution of the TG pulses
while the pulses overlap and exhibits recurrences at times when the nuclear dynamics are the main component of the liquid material
response. Since this is a third-order nonlinear spectroscopic method, the isotropic and anisotropic signals are constructed from the
polarization tensor components. The frequency-integrated anisotropic component of the signal is equivalent to the signal measured
in optical Kerr Effect (OKE) experiments. The FR-PET determination of the signal emission times is a direct measurement of the
third-order nonlinear (polarizability) polarization and, hence provides new strong constraints on appropriate models of the liquid
dynamics. Models for the material response function are used to calculate the signal emission times. In particular, we show that the
proper treatment of the time-correlation function for orientational motion gives the best fit to the FR-PET data for rotational
diffusional motion. We also establish that librational motion is not a short-time (coherent) motion that leads to rotational diffusion.
Finally, we find that the Bucaro�Litovitz form for interaction-induced dynamics is not entirely correct for the CS2 liquid we study.
We suggest that the failing may result from the implicit assumption of two-body interactions, which is only appropriate for gases.
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response determines the recurrences seen in the emission time
once the temporal overlap between the pump and probe pulses
ceases. The signal emission time separates the rise of the inter-
molecular nuclear responses from the decay of the electronic
responses, so fitting the molecular response functions to the signal
emission times also necessitates corrections to the functional form
of the rotational diffusion term of the nuclear response function.

The relationship between the material response function and
the signal emission times is determined through calculations of
the FR-PET experiment. The TG signal is proportional to the
third-order polarization induced in the sample by the pump and
probe pulses.12

Esðt;TÞ ¼ i2πlωτ

nðωτÞcP
ð3Þðt;TÞ ð1Þ

where ωτ is the carrier frequency of the signal field, l is the
interaction length, the sample refractive index n(ωτ) is constant and

Pð3Þðt;TÞ ¼
Z ¥

0
dt3

Z ¥

0
dt2

Z ¥

0
dt1 R

ð3Þðt3;t2;t1Þ E3ðt � t3Þ

3 E2ðT þ t � t3 � t2Þ E�1ðT þ t � t3 � t2 � t1Þ ð2Þ
Hence, R(3) is the third-order material response function of CS2, E3
is the electric field of the probe pulse, E1 and E2 are the electric fields
of the pump pulses, and each field Ej interacts with the sample at tj.
Since the anisotropic response contains no electronic transitions, we
assume that thematerial dephasing time is instantaneous in t1 and t3.
With the additional constraint that the probe pulse interacts with the
sample after the pump pulses, we can simplify the third-order
polarization to

Pð3Þðt;TÞ ¼ EprðtÞ
Z ¥

0
dt2 R

ð3Þðt2Þ EpuðT þ t � t2Þ2 ð3Þ

whereEpr is the probe electric field andEpu is the pumppulse electric
field. The maximum of P(3)(t,T) for each T is the signal emission
time, i.e., the PET signal.

’BACKGROUND

Femtosecond time-resolved optical Kerr effect (OKE) spec-
troscopy has been used to measure the spectral density of
intermolecular fluctuations in many pure and mixed fluids.13�33

The OKE signal exhibits an instantaneous electronic hyperpolar-
izability response followed by the slower nuclear relaxation.
The electronic response can be deconvoluted from the OKE
signal,16,17,24 and the remaining nuclear response is decomposed
according to the types of motions involved. Diffusive reorienta-
tional motion, responsible for the long-time exponential decay
behavior of the OKE signal, is typically given by:24,31

Rð3Þ
RDðtÞ ¼ aRDe

�t=τRDð1� e�t=τriseÞ ð4Þ
where aRD is the amplitude, τRD is the rotational diffusion time
constant, and τrise is the time constant that models the rise of the
rotational diffusion dynamics. It is useful to subtract the rota-
tional diffusion decay from the OKE signal.16,17,24,31 The remain-
ing spectral density is generally attributed to librations, hindered
rotations, and interaction-induced (II) motions from dipole�
induced dipole interactions.24,31

The functional forms and assignments of the librations and II
motions are still uncertain.10 Furthermore, these dynamics, and
the orientational diffusion, are only captured with limited sensitivity

by OKE or transient-grating14,15 spectroscopy. Analytical models of
the nuclear response are underdetermined by either the spectral
density or the temporal profile of the response. In general, librational
motions occur on the shortest time scales (highest frequency) and II
motions on an intermediate time scale (relative to the orientational
diffusion).24,31 This is perhapsmost clearly illustrated for the case of
water.21 It is also reasonable to assume that cross-terms between
these canonical forms may be significant, as has been shown in
molecular dynamics simulations of CS2

34�37 and benzene.10 In-
stantaneous normal-mode analysis of CS2 and benzene spectral
densities show that II scattering contains an orientational compo-
nent as well as a translational component,10,31 so these canonical
definitions of the motion are more descriptive than accurate.
Nevertheless, in the absence of other options, wewill use themhere.

Librations and II motions are treated separately in phenom-
enologicalmodels. An antisymmetrizedGaussian, a heuristicmodel,
is often used to describe the spectrum of the librational motion:

Rð3Þ
L ðωÞ ¼ aL½e�ðω � ω0Þ2=Δω2 � e�ðω þ ω0Þ2=Δω2 � ð5Þ

where aL is the amplitude,ω0 is the central frequency, andΔω is the
width of the distribution of librational modes.24,30,31 The II motion
is usually treated with a modified exponential decay, sometimes of
the same form as the rotational diffusion, based on the observation
that the intermediate time-scale motions also appear to have an
exponential decay.24,31 The II motion10,24,31 is also represented in
the frequency-domain form introduced by Bucaro and Litovitz38 to
describe collision-induced motions measured in Raleigh scattering
spectra of atomic and molecular liquids:

Rð3Þ
II ðωÞ ¼ aIIω

be�ω=ωII ð6Þ
Here, aII is the amplitude,ωII sets the decay of the II response, and
b is a dimensionless constant. Although b is treated as a fit
parameter, it is related to the distance dependence of the molecular
polarizability for a pairwise collision, ΔR(r), through

ΔRðrÞ � r�ð7b þ 14Þ=2 ð7Þ
and has a theoretical value of 12/7, based on the assumption that
the polarizability change is proportional to the repulsive interaction
between the molecules.38

Although the third-order nonlinear responses of simple liquids
have been widely studied,13�33 measurements heretofore have
been of the (time and/or frequency) integrated material polar-
ization response. This integration can, of course, obscure aspects
of the molecular response, particularly when rapid dynamics
occur together with slow features thatmay be of larger amplitude.
The present study is an approach to remove this integration and
thereby clearly reveal dynamics that have been obscured and thus
incorrectly modeled in prior studies.

FR-TG spectroscopy measures the full field generated by the
third-order material polarization and can be compared to other
experiments through the selection of specific tensor elements of
the signal. Linearly polarized pump pulses select a distribution of
CS2 molecules aligned with the pump field and induce a torque
on those not aligned with the field (or cause electrostriction, a
density fluctuation). The decay of the transient grating of these
molecules is probed by a third polarized field and the full (i.e.,
real and imaginary) signal field is measured by spectral inter-
ferometry. By constructing the anisotropic signal fields from the
measured tensor components, the nuclear (and electronic)
response measured in FR-TG is identical to that measured in
OKE spectroscopy.
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Field-resolved measurements offer significant advantages over
simple time- or frequency-resolved measurements since the
entire electric field of the signal, both amplitude and phase, is
determined. Frequency-domain measurements of a signal as a
function of the delay between pump and probe pulses are
commonly used to determine pulse characteristics (intensity
and relative phase) in frequency-resolved optical gating (FROG)
measurements.39 Spectral interferometry, using heterodyne de-
tection (interference of the signal field with a local oscillator field
of known delay relative to the pump pulses), allows complete
determination of the complex electric field (dispersive and
absorptive components).40�43 Spectral interferometry techniques
have been used in pulse characterization43,44 linear45,46 and non-
linear41,42,47�57 spectroscopies. Full field-resolved measurements,
both linear45,46 and nonlinear11,42 spectrograms, have been shown to
reveal novel information compared with conventional (frequency or
time integrated) spectroscopies. For example, field-resolved linear
measurements allow distinguishing between homogeneous and
inhomogeneous lineshapes, and dynamics.46 The phase sensitivity,
as seen in the signal emission times, has been used to distinguish
different signal pathways and nonresonant signals from others in
third-order and fifth-order nonlinear spectroscopies.7,11

’EXPERIMENTAL METHODS

Our FR-TGmeasurements were performed using pulses from
a home-built cavity-dumped Ti:sapphire laser, described
previously.58 The pulses were precompensated to a fwhm dura-
tion of 30 fs at the sample using a BK7 prism pair. A 25% beam
splitter was used to generate a probe pulse with variable delay, T
(Newport delay stage, PM400) relative to the pump pulse. Pump
and probe pulse pairs were generated and arranged in a BOXcar
geometry with a diffractive optic (Holoeye, 10 degrees between
(1 order). The diffractive optic establishes the (sufficiently)
stable phase relationship between the pulses in each pair, which is
passively maintained by using common optics for the four pulses.
The pulses were focused into the CS2 sample (Sigma Aldrich,
HPLC grade, used without further purification). One pulse from
the probe pulse pair was attenuated 10 000-fold with a reflective
neutral density filter for use as a local oscillator (LO). Interaction
of the sample with the two pump pulses and one probe pulse
generated a signal collinear with the LO. Additional glass was
inserted to delay the probe pulse so that the LO interacted with
the sample at a fixed delay of ∼1.3 ps before the probe. (Glass
was also inserted into the path of the pump pair to match the
dispersion in the probe and LO.) Only signals associated with the
TG process were observed; i.e., no changes in the LO intensity or
phase were observed due to interaction of the pump pulses with
the LO. Matched half-waveplates (Karl Lambrecht) in the probe
and local oscillator beams were used to define and measure the
ZZZZ and YYZZ tensor elements of the response. The signal and
collinear local oscillator were dispersed in a spectrometer (SPEX
M270, 600 grooves/mm grating) and collected with an array
detector (Andor iDUS 420DU) as a function of T, the delay
between the pump and local oscillator.

The molecular signal at each delay, T, was measured through
heterodyne detection, so the total measured frequency depen-
dent intensity, Itot, at the frequency of the laser, ω, is given by

Itotðω;TÞ ¼ jESðω;TÞj2 þ jELOðωÞj2

þ ESðω;TÞ ELOðω;TÞef�i½ψðωÞ � ωtLO�g ð8Þ

where |ES(ω,T)|
2 is the intensity of the molecular signal field,

|ELO(ω)|
2 is the intensity of the LO field, and the third term is

the interference between the two fields, which oscillates with a
period determined by the delay between the local oscillator and
probe pulses, tLO. The phase difference between the signal and
local oscillator fields is ψ(ω). The molecular signal intensity is a
small contribution to the total measured intensity. The LO
contribution was removed by subtracting the signal intensity
measured at approximately T = �1.5 ps from the measured
intensity at each T. (By causality, the signal at T = �1.5 ps does
not contain any components associated with the T-dependent
transient-grating response.) Any additional contribution of the LO
to the signal was removed in the Fourier transform processing.11,40

’RESULTS

The isotropic and anisotropic signals of the CS2 TG response
are determined by linear combinations of the EZZZZ and EYYZZ
tensor elements.59,60 The signal associated with each tensor
element is measured separately and the response scaled for the
experimentally determined polarization-dependent differences
in the LO and probe transmission. The anisotropic signal Eaniso
and isotropic signal Eiso are given by

Eanisoðω;TÞ ¼ EZZZZðω;TÞ � EYYZZðω;TÞ
2

ð9Þ

Eisoðω;TÞ ¼ EZZZZðω;TÞ þ 2EYYZZðω;TÞ
3

ð10Þ

Processing of the heterodyne detected signal gives the real and
imaginary components (corresponding to the absorptive and
dispersive molecular responses), or amplitude and phase, of the
transient-grating signal. For a nonresonant process, such as the
one studied here, the absorptive component is small. The phase
of the signal field (relative to the local oscillator) is determined by
subtracting the phase differences between the probe and local
oscillator fields from the oscillatory component of the measured
signal. These phase differences result from the time delay and
slight difference in material propagation distance between the
probe and local oscillator fields. The time delay between probe
and local oscillator pulses is determined by the period of the
oscillatory component of the full signal. Differences in material
propagation distance give rise to the constant phase difference,
ψ(ω) from eq 8, which is determined from the residual phase of
the isotropic response at zero delay between the pump and probe
pulses. At zero delay, the isotropic response is due to the
electronic (hyper)polarizability only, which should have a con-
stant spectral phase for well-compressed pulses. (The third-order
polarization has spectral phase of zero for this response, resulting
in a constant phase of π/2 for the signal.)

The imaginary components of the frequency-resolved and
frequency-integrated isotropic and anisotropic signal fields from CS2
are shown in Figure 1. Both signal fields are convoluted with the LO
field; however, this has minimal effect on the reconstructed field
since the spectral envelope of the signal does not change with delay.
The anisotropic signal shows a peak at T = 0, when the pump and
probe pulses overlap in the sample. As T increases, the signal slowly
rises to a second peak at nearly 200 fs, followed by an even slower
decay. The frequency-integrated anisotropic signal corresponds to
the amplitude of the signal measured in an OKE experiment. The
isotropic signal contains a large amplitude peak when all pulses
overlap in the sample, which is used to determine the pulse duration.
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The long time isotropic response consistsmainly of a small amplitude
oscillatory component that corresponds to the strongly polarized
Raman active totally symmetric stretch of CS2 at 656.5 cm

�1.61

Spectrograms of the signal field show the instantaneous
frequency of the signal field as a function of time, t, for each
delay T. A spectrogram Φ(ωt,t) of the signal field can be
calculated for each delay T as39

Φðωt;t;TÞ ¼
�����
Z ¥

�¥
Esðτ;TÞ gðt � τÞ expð�iωtτÞ dτ

�����
2

ð11Þ

where Es is the signal field and g(t) is a gate pulse set to have the
same duration as the probe pulse. Representative spectrograms
are shown in Figures 2a,b for delays of �30 and þ30 fs. The
signal field is always centered at the wavelength of the LO,

770 nm, but the position of the field’s temporal maximum shifts
in time. The time at which themaximum of the signal field occurs
relative to the time the probe pulse arrives in the sample is
defined as the signal emission time, tem. Positive signal emission
times, as observed at negative T, indicate that the maximum of
the emitted field occurs after the maximum of the probe pulse
arrives in the sample. Similarly, when tem < 0, the signal field
maximum occurs before the maximum of the probe pulse. These
signal emission times are calculated by finding the center of a
Gaussian function that is fit to the temporal profile of the
spectrogram (Figure 2c).7,11 A discussion of the choice of method
for calculating the signal emission time can be found in the
Supporting Information.62

The dependence of the signal emission time on pump�probe
delay is not trivial. As shown in Figure 2c, the signal emission
time decreases linearly near T = 0, then sharply increases at
approximately 40 fs, and decreases again until a second recur-
rence occurs around 300 fs. At long delays, the emission time is
nearly constant and slightly negative until the signal amplitude is
so small that the emission time cannot be determined. While the
precision of determining the signal emission time is very good
(standard deviation = 0.1 fs for tem determined fromGaussian fits
to the spectrogram atTwith relatively large signal amplitudes) its
accuracy is limited by the ability to determine the delay between
probe and local oscillator pulses. The signal emission times are
corrected for errors in the probe to LO delay by calculating the
asymptotic value of tem at long T. As described below, the long
time behavior of tem depends on the rotational diffusion term.
The asymptotic value of tem calculated with a rotational diffusion
time constant of 1.7 ps (determined from a fit of the frequency-
integrated anisotropic response and literature values30) and 30 fs
fwhm pulse duration gives a correction of about 2 fs, which is
added to tem at all delays.

The signal emission time, or PET, is equivalent to the group
delay of the emitted field. It is given by the derivative of the
spectral phase of the transient-grating signal39

tem ¼ djðωt;t;TÞ
dωt

ð12Þ

where j is the spectral phase of the signal given by

jðωt;t;TÞ ¼ � arctan
Im Esðωt;t;TÞ
Re Esðωt ;t;TÞ

� �
ð13Þ

Thus, the emission time reflects changes in the spectral phase of
the signal. The emission time is most sensitive to variation in the
signal field when either the absorptive or dispersive component
of the signal is small, as is the case for this off-resonant mea-
surement of CS2. (Since arctan(1/x) = �arctan(x) ( (π/2), if
either component of the field is small, the derivative of the
spectral phase can change greatly.)

’MODEL RESPONSE FUNCTION CALCULATIONS OF
THE POLARIZATION EMISSION TIME

The experimentally determined signal emission times are fit to
various models of the material response function. Both the
electronic (hyper)polarizability and nuclear response are in-
cluded in models of the material response, giving rise to the
anisotropic signal field of CS2. A delta-function is used to repre-
sent the instantaneous electronic response of the liquid. Func-
tions to describe the nuclear response are based on those used to

Figure 1. Isotropic (top) and anisotropic (middle) responses of CS2
calculated from the measured ZZZZ and ZZYY tensor elements. The
frequency integrated anisotropic (black) and isotropic (red) responses
are shown in the bottom panel.

Figure 2. Spectrograms calculated for T =�30 fs (a) and T = 30 fs (b)
showing a shift in the peak amplitude relative to the arrival of the probe
pulse (at t = 0). (c) This shift in signal emission time, tem, is shown for
each delay T.
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describe the results of OKEmeasurements and contain terms for
rotational diffusion, interaction-induced motion and librational
motion as described in the Background, i.e., eqs 4�6. A Nelder�
Mead simplex algorithm is used to minimize the square differ-
ences between the calculated signal emission times and the
smoothed experimental values.63 Convergence of the simplex
algorithm is confirmed by checking different initial conditions
and by varying each parameter of the response function indivi-
dually after a minimum is found. Fitted curves are only calculated
for T > 45 fs to avoid delays when the assumption that the probe
pulse arrives in the sample after the pump pulses might be
expected to break down.

Each term in the material response function for CS2 con-
tributes a specific behavior to the emission times calculated from
the full response function. A purely electronic response function
causes the TG signal to follow the convolution of the pump and
probe pulses and the calculated tem decays linearly, as shown in
Figure 3a. The electronic response of the liquid is thus respon-
sible for the monotonic decay of the measured signal emission
times at negative and short T shown in Figure 2c. Additional
terms are needed to describe the nuclear response, which causes
the two recurrences in the measured tem at longer delays. Exam-
ples of these terms are shown in Figure 3a. A model response
function consisting solely of an exponential decay, describing
rotational diffusion at large T, causes a quick decay at small T,
followed by a constant, negative tem forT > 50 fs. The value of tem
at large T depends only on the exponential decay time constant
and pulse duration. A Gaussian response function, similar to the
function used to describe librations, gives a linearly decaying tem.
The slope depends on the width of the Gaussian (100 fs) and the
calculated tem = 0 at the maximum of the Gaussian (T = 200 fs).
Combinations of these terms are dominated by the largest

amplitude term for any particular delay. As shown in Figure 3b,
the emission times calculated from the sum of the delta function,
Gaussian, and exponential decay are not the same as the sum of
the emission times for each term. Comparison with the ampli-
tude of each model term (Figure 2c) demonstrates that the first
recurrence occurs when the nuclear response amplitude is larger
than the electronic response, the second decrease in the emission
time is due to the librational motion and the second recurrence
occurs as the librational term decreases and the rotational
diffusion term dominates the signal.

As usually formulated, the full nuclear response functions have
somewhat arbitrary mathematical forms to describe the rise of
one or more of the terms. The exponential rise of the rotational
diffusion term in eq 4 is also used in similar models for the II
response. The Bucaro�Litovitz model of the II motion and the
antisymmetrized Gaussian model of the librational motion do
not contain arbitrary rise terms. Calculating the tem with models
for the nuclear response containing these exponential rise terms
replicates the general trends in the signal emission times, as seen
in Figure 4a, but leads to unphysical parameters for the nuclear
response function. In particular, τrise from eq 4 approaches zero,
implying that the rotational diffusion does not rise exponentially
but has nonzero amplitude at T = 0. Attempts to model the PET
with a nonzero exponential rise, or with a Gaussian rise term
matching the decay of the librational motions, fit the experimen-
tal tem poorly. (See Figure 4a here and the Supporting Informa-
tion in ref 62.) Furthermore, the separation between the rise of
the rotational diffusion and librational decay shows that the

Figure 3. (a) Calculated signal emission times for model material
response functions showing the role of a delta function (purple), used
to model the electronic response, a Gaussian function centered at T =
200 fs (green), similar to the function used to model the librational
nuclear response, and an exponential decay (red), which describes the
rotational diffusion at long delays. (b) Emission times calculated from
the sum of these terms (black) compared to the (amplitude weighted)
sum of the emission times for each term (blue) show that the emission
time is not additive. (c) Pump pulse convoluted with each term to show
the relative amplitudes of the delta function (purple), Gaussian (green),
exponential decay (red), and their sum (black).

Figure 4. (a) Smoothed experimental signal emission times (black)
shown on two scales with emission times modeled using eq 4 for the
rotational diffusion (green), rotational diffusion with a rise matching the
decay of librations (blue), and eq 14 for the rotational diffusion (red
dashed). In all cases librations and II motions were modeled with eqs 5
and 6. Note that the red and green curves are nearly coincident. (b)
Pump pulse convoluted with the response function to show the relative
contribution of each component. The full model (black) is the sum of
the electronic hyperpolarizability, the rotational diffusion term (red), the
librational term (green), and the term describing interaction induced
motion (blue).
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librations do not act as a (short time) coherentmotion that drives
rotational diffusion.

The failure of this analysis motivates the need for a new form
for the rotational diffusion term of the nuclear response. Several
candidates for the material response function captured the signal
emission times less successfully and are described in the Support-
ing Information.62 We find that the signal emission times are
well-fit by a response function containing the usual librational
response term (eq 5), the Bucaro�Litovitz model for the
intermediate motions (eq 6) and a rotational diffusion term that
is associated with the dipole�dipole orientational time-correlation
function. The latter arises from a Langevin equation treatment of
two dipoles in a viscous fluid withGaussian white noise and is given
by64

Rð3Þ
RDðtÞ ¼ aRD expf�½t � cþ ce�t=c�=τRDg ð14Þ

where τRD is the rotational diffusion time constant, aRD and c are
constants with c = I/ς, where I is the moment of inertia and ς is the
friction coefficient. At short times this response is Gaussian in form,
and at longer times it follows the usual exponential decay. This
function does not satisfy the usual condition that the intermolecular
nuclear response function be zero at T = 0. The mechanical
argument for this requirement is that there is an inertial delay in
the nuclear response as the molecules respond to the torque
induced by the pump fields.13 However, we believe that the non-
zero population of molecules probed in the TG experiment at this
delay reflects the fact that a set of molecules are “selected” by the
pump pulses from the population ofmolecules already alignedwith
the pump fields. Therefore, the rise of this response is deter-
mined by the width of the pump pulses. As shown in Figure 4a, the
experimental emission times are well-described by those calculated
from the best set of parameters for this model (R2 = 0.999). The
parameters are given in Table 1. (Note that the best fit parameters
were obtained by holding the parameter for the rotational diffusion
time constant fixed at 1.7 ps, which is the well documented value of
the exponential decay of CS2 at∼298 K.) Thus, we believe this is a

well motivated and improved solution for the nuclear response
function.

The general characteristics of the new composite nuclear
response function agree well with previous results. For compar-
ison withOKEmeasurements, the time-profile of the full material
response function and each component convoluted with the pump
pulses is shown in Figure 4b. As is generally found,31 the librational
and rotational diffusion terms (eqs 5 and 14, respectively) are
responsible for the majority of the nuclear response, while the
intermediate time-scale motions, represented by the Bucaro�
Litovitz line shape (eq 6), are a relatively minor component.
However, the II term is necessary for a good-quality fit of the
signal emission times even with the new model for the rotational
diffusion term. Table 1 lists the parameters found for the new
model of thematerial response function. The parameters agree well
with those found previously by OKE experiments31 for librations30

and by scattering measurements for II motions.38 The exception is
b, the parameter controlling the rise of the Bucaro�Litovitz term
(see eq 6), which is 0.05, rather than the theoretical value of 12/7
for molecular liquids.38 The same value for this parameter was
found for the best fit parameters for the material response function
using eq 4 to describe the rotational diffusion. The difference
between the theoretical value and our experimentally determined
value can be attributed to the anisotropy of the CS2 molecule and
the breakdown of the assumption that only 2-body interactions
occur in liquids (i.e., 3-body, etc., interactions are neglected in the
Bucaro�Litovitz form). In addition, it may reflect the presence of
cross-terms between the canonical types of motion described.

’DISCUSSION AND CONCLUSIONS

The selectivity of the fitted models to the measured PET
signals implies that the emission times provide an additional
constraint for models of the material response function. Models
of the librational and II motions have been frustrated by the lack
of distinct structure in the OKE spectral densities.31 Unlike the
OKE spectral densities, the PET measurement and analysis
presented here is most sensitive to changes in the response func-
tion at short delays. At long delays, the emission times are relati-
vely insensitive to the material response function; for example, an
increase of 1 ps in the rotational diffusion time constant results in
less than a 1 fs change in the value of tem at large T. The emission
timemeasurement thus complements theOKEor transient-grating,
etc. measurements of the intermolecular fluctuations of CS2 provid-
ing additional information to aid in the development of models for
the nuclear component of the material response function.

The change in the nuclear response function has implications
for the interpretation of the molecular motions involved in the
nuclear response. The exponential rise factor in the rotational
diffusion term of the nuclear response given in eq 4 reflects the
inertial delay in the response of the liquid molecules to the
perturbing electric fields. The dipole�dipole correlation func-
tion reflects the distinction between motions driven by the pump
fields (librations and interaction-induced motions) and realign-
ment by rotational diffusion of those molecules selected by the
pump field. Further work with the corrected form of the
rotational diffusion response motivated by these FR-TG-PET
measurements will makemore accurate models for the librational
and II terms of the nuclear response accessible. The dipole�
dipole correlation function form of the rotational diffusion alters
the (T-dependent) amplitude of the remaining librational and II
motions. Our work also provides insight into the appropriate

Table 1. Parameters Obtained for the Best Fit to the
Smoothed Experimental Dataa

parameter value

Libration

aL 1.5

ω0 10 cm�1

Δω 48 cm�1

II

aII 0.013

b 0.05

ωII 17 cm�1

Orientational/Rotational Diffusion

aRD 0.15

c 0.0009

τRD 1700 fs
aThe librational term is given by an antisymmetrized Gaussian (eq 5, see
Supporting Information for analytical Fourier transform), the Bucar-
o�Litovitz function (eq 6) was used for the II term, and the exact
dipole�dipole correlation function (eq 14) was used for the orienta-
tional/rotational diffusion term.
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physical models for these motions. The breakdowns seen in the
Bucaro�Litovitz model for II motions show that future models
must consider higher order interactions between molecules in
liquids in addition to pairwise interactions.

The need for corrections to unphysical and arbitrary terms in
the nuclear response functions describing the structural relaxa-
tionmodes of pure liquids has also been addressed by Turton and
Wynne.32 Their work developed corrections to the functional
forms used to describe R (rotational diffusion) and β (inter-
mediate time scale) relaxations in water and a peptide model
molecule. While signal emission time measurements are not
especially sensitive to the longer-time decays important in
distinguishing the R and β relaxations and the corrections they
propose, the FR-PET approach could be useful in confirming
correct forms for the rise of the R and β relaxations.

Finally, in past and recent work from our group45,46,50 we have
been motivated to devise relatively simple experiments that
would give more clarity and deeper insights into the limits of
information content that can be obtained. In particular, in
revisiting linear spectroscopy of densely absorbing solutions we
were able to obtain information about the response functions of
HOD (in D2O) that had only been thought possible to ascertain
via third-order nonlinear measurements.46 The present paper
shows that one can directly measure (and model) the nonlinear
polarization, rather than its time integral. We have demonstrated
the greater insight this provides on appropriate physical models
for liquid dynamics. This method and the associated insights
should be extended to create more illuminating probes of
chemical reaction dynamics in solution. While CS2 is a con-
venient and well studied molecular liquid due to its large OKE
signal, with sufficient pulse energies, PET measurements can be
extended to other molecular liquids, their mixtures, and more
complex solutions. Measurements from our group have deter-
mined emission times for solutions11 and for solvent molecules
involved in solvation of a reacting solute.7 As demonstrated by
this study, PET measurements are most sensitive to a liquid’s
material response function at relatively short delays and could be
used to distinguish differences in the librational motion, and thus
local structure, in a series of liquids or mixtures. Multiexponential
decays are often seen in mixtures of liquids,31 these could be
resolved in some cases by performing PET measurements with
relatively long pulses. Longer pulse durations than those used in
this study give large, easily measurable |tem|at large T.

’ASSOCIATED CONTENT

bS Supporting Information. Discussion of the method used
to calculate the signal emission times. A list and descriptions of
the candidate nuclear response functions used to fit the experi-
mental signal emission times, including response functions not
discussed in the main text. Discussion of details of the results of
curve fitting and fitting conditions. This material is available free
of charge via the Internet at http://pubs.acs.org.
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