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solvent relaxation dynamics. In turn,
quclﬁc features of the solvent relax-

~ation dynamics in molecular liquids
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Femtosecond Dynamics in
Hydrogen-Bonded Solvents

ABSTRACT

We present results on the ultrafast dy-
namics of pure hydrogen-bonding sol-
vents, obtained using femtosecond
Fourier-transform optical-heterodyne-
detected, Raman-induced Kerr effect
spectroscopy. Solvent systems we
have studied include the formamides,
water, ethylene glycol, and acetic acid.
Inertial and diffusive motions are
clearly resolved. We comment on the
effect that such ultrafast solvent mo-
tions have on chemical reactions in
solution.

INTRODUCTION

Many solution-phase chemical trans-
formations have a strong dependence
on both the static and dynamic prop-
erties of the solvent. When considered
in greater detail, macroscopic proper-
ties of solvents such as viscosity or di-
electric constant are actually a mea-
sure of the microscopic structure and
dynamics of molecular liquids. One
class of solution-phase reactions for
which the solvation-coordinate is
strongly coupled to the reaction coordi-
nate is that of adiabatic charge-trans-
fer reactions. In particular, certain
electron-transfer reactions in the bar-
rierless regime have effective rates
that are predicted to be limited by the

uch as magnetic resonance Ti-relax-
ation, dielectric relaxation, Rayleigh
and Raman light-scattering, and far-in-
frared absorption spectroscopy, in ad-
dition to the more recent ultrafast laser
techniques, such as the time-dependent
fluorescence Stokes-shift (TDFSS).

We present results using a femtosec-
ond laser polarization spectroscopy
technique that encompass all of the ul-
trafast dynamical results of the above
mentioned experiments. Our ultrafast
laser spectroscopy data provide a
holistic solvent relaxation profile that
includes the longer-time diffusive sol-
vent relaxation dynamics, in addition to
the more rapid inertial motions. The
inertial motions include librations,
translations, and collisions. By obtain-
ing a complete profile of the neat sol-
vent dynamics on all relevant time-
scales, we can then test theoretical
predlctlons and molecular dynamics
simulations that model the effect of
solvent relaxation on the solvation dy-
namics. These solvent dynamics can
directly affect the outcome of chemical
reactions. In this contribution, we pre-
sent the results of our recent experi-
ments on the femtosecond relaxation of
the dipolar, strongly associated, and
hydrogen-bonding liquids formamide, N-
methylformamide (NMF), N,N-
dimethylformamide (DMF'), acetic acid,
water, and ethylene glycol.

The time-resolved optical Kerr effect
has been used to study molecular lig-
uids since Duguay and Hansen gener-
ated an optical gate in CS2 (Duguay
and Hansen, 1969). In the past
decade, several workers have used a
heterodyne scheme (Levenson and
Eesley, 1979) to make the detected
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signal linear in the molecular nonlinear
optical response (Greene and Far-
row, 1982; McMorrow, et al., 1988;
McMorrow, 1991; McMorrow and
Lotshaw, 1991; Cho, et al., 1992;
McMorrow, et al., 1992; Wynne, et
al., 1992; Chang and Castner, 1993;
McMorrow and Lotshaw, 1993).
Optical-heterodyne detected, Raman-
induced Kerr-effect spectroscopy
(OHD-RIKES) is a very sensitive non-
linear optical technique that measures
the time-dependent relaxation of a co-
herent macroscopic polarization in-
duced in the transparent liquid sample
by an intense femtosecond pulse with a
peak power-density of <2 GW/cm?2, and
probed by a probe pulse about 20 times
weaker. As the molecules of the neat
liquid sample relax both individually
and collectively, they rotate, librate,
vibrate, translate, and collide. The co-
herent macroscopic polarization oscil-
lates and decays as a result of the
molecular motions. While the tech-
nique is electronically non-resonant,
i.e., the samples do not absorb the
near-infrared or visible pulses used, the
low-frequency intermolecular vibra-
tions are impulsively excited. Using
laser pulses of <50 femtoseconds, all of
the single-molecule and collective mo-
tions can be impulsively excited by the
broad, Fourier-transform limited spec-
trum of the actinic pulse. As in the
solid state, the low-frequency collective
vibrations are expected to couple most
strongly with excited states or transi-
tion states of reacting species. Hattori,
et al. (Hattori, et al., 1991) have devel-
oped an analogous technique that also
yields the same molecular information.

The impulsive-stimulated-Raman-
scattering (ISRS) technique (Ruhman,
et al.,, 1988; Yan, et al., 1988) mea-
sures the same ultrafast solvent dy-
namical properties as our OHD-RIKES

experiment, because in both cases, the
signal arises from the same molecular
nonlinear optical (polarizability) re-
sponse. When performed in a polariza-
tion-sensitive transient-grating/four-
wave-mixing folder BOXCARS geome-
try, the ISRS experiment has the dis-
tinct advantage of being able to mea-
sure either pure nuclear-coordinate or
pure electronic dynamics directly

(Etchepare, et al.,, 1987). In this
case, suppression of the electronic hy-
perpolarizability is clearly advanta-
geous for the study of liquids such as
water and ethylene glycol, where the
electronic contribution to the molecular
nonlinear optical response dominates
the signal. There are two drawbacks of
ISRS relative to OHD-RIKES. They
are: 1) ISRS requires pulse-energies in
the range of 100 nd-1 pd, while OHD-
RIKES pulse energies need only be in
the 100 pJ-5 nd range, and ii) the ISRS
signal is proportional to the square of
the molecular nonlinear optical re-
sponse, while OHD-RIKES signals are
linear in the same response. Pointi) is
not a limitation in many laboratories,
where femtosecond pulse energies after
amplification of a pico-/nano-Joule os-
cillator to up to >1 mdJ is now a stan-
dard technology. However, it is quite
convenient to be able to do the OHD-
RIKES experiment with an un-ampli-
fied Ti:Sapphire femtosecond oscillator.
With regard to point ii): the square of
the molecular response will contain
cross-terms that complicate the anal-
ysis of ISRS data relative to OHD-
RIKES data, without adding any addi-
tional molecular dynamical informa-
tion. On the other hand, strain-bire-
fringence is a difficult problem in ex-
tending the OHD-RIKES experiment to
extremes of low-temperatures (in
cryostats) and high-pressures (in dia-
mond-anvil cells). These limitations
have been overcome for the study of
the femtosecond dynamics of CSg us-
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ing the ISRS technique (Ruhman, et
al., 1987; Kohler and Nelson,

1992). Thus, because each technique
has clear merits and disadvantages,
the ideal will be to select one or the
other based on the limitations imposed
by the liquid under study, such as the
magnitude of the total molecular non-
linear optical response, and the relative
amplitudes of the electronic versus the
nuclear contributions to this response.

A general feature of our femtosecond
solvent dynamical results is that in all
liquids there appears a clear separation
of time-scales between diffusive and in-
ertial dynamics. The diffusive dynam-
ics are temperature-dependent, while
the inertial (or non-diffusive) dynamics
are only weakly temperature depen-
dent. Previous studies of solvent dy-
namics by dielectric relaxation, NMR
T, relaxation, and Rayleigh light scat-
tering have tended to concentrate on
the diffusive component of the dynam-
ics, which leads to predictions for sol-
vent-dependent chemical reaction
rates that are too slow. Rayleigh and
Raman spectroscopy signals arise
from the same molecular polarizability
tensor that is responsible for the OHD-
RIKES signal, but because of our time-
domain measurement, we can easily
separate the diffusive (Lorentzian) and
inertial parts of the low-frequency dy-
namics. By combining data analysis in
the time and frequency domains, which
is possible because we use Fourier-
transform limited laser pulses, we can
develop appropriate models that take
into account lineshapes, dephasing
rates, lifetimes, and relative ampli-
tudes of the different motions con-
tributing to the ultrafast solvent relax-
ation.

EXPERIMENTAL

The experimental setup we use to
measure femtosecond solvent dynam-
ics by the OHD-RIKES experiment has
been described in detail recently by
several authors (McMorrow, Lot-
shaw et al. 1988; McMorrow and
Lotshaw 1991; Chang and Castner
1993; Chang and Castner 1993.).
Thus only a few brief comments will be
given here. One important feature of
our experiment is that we are using an
ultra-stable modelocked Ti:Sapphire
laser for our source of femtosecond
pulses. We routinely use pulses of ~50
fs, with a sech? pulse shape. The
Spectra-Physics Tsunami laser gives
an output at 780 nm of ~650 mW at 82
MHz repetition rate, or ~8 nd/pulse,
when pumped by 6.0 W from an all-
lines BeamLok 2060-7S Art laser in a
TEMgg spatial mode.

A schematic diagram of the experi-
mental setup is shown in Figure 1. The
geometry is that of a standard pump-
probe polarization experiment, where
an uncoated wedge splits off ~5% of the
beam for the probe, with the remainder
used for the pump. A Glan-Laser cal-
cite polarizer sets the vertical polar-
ization of the pump beam, while the
probe beam is rotated to +45° for a
maximal projection of the probe onto
both axes of the induced birefringence.
Glan-Thompson calcite polarizers are
used in the probe beam, with a mica
quarter-wave retarder located before
the sample. When all optics in the
probe beam are set for maximum ex-
tinction, the ratio of probe transmitted
through blocked and fully open polariz-
ers has been measured to be 1.6x10-8,
including the sample cell, sample, and
focusing lenses. The calcite polarizers
are obtained from Karl Lambrecht
Corp., and the mica waveplates from
Optics for Research. The zero-order



half-wave retarders were from New-
port Corp., and the 1 mm path fused
silica sample cells were from NSG
Precision Cells.

An out-of-phase local-oscillator is gen-
erated for the optical-heterodyne

== 2./2 retarder

N &-T pol.

detection by rotating the input polar-
izer by 1°. The out-of-phase local-oscil-
lator heterodyne signal is measured to
be a factor of 30-50 times greater than
the homodyne signal obtained when the
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Figure 1. Schematic diagram for the OHD-RIKES experimental setup. G-T pol. and
G-L pol. represent Glan-Thompson and Glan-Laser calcite polarizers, respectively.

The pinhole in the spatial filter is 100
tor, either a Hamamatsu R928 photomul

jameter. P.D. represents the photodetec-
tiplier or a Thorlabs PDAS0 photodiode. The

near-retroreflecting SF10 prism pair is a phase compensator for correcting for the
group-velocity-dispersion mismatch arising from the normal dispersion of the polariz-

ers and other optics.

polarizers are crossed. The pump
beam is scanned with 1.0 pm precision
 using an Aerotech DC-servo motor
stage under real-time computer control
via a nuLogic, Inc. interface. Either a
Hamamatsu R928 photomultiplier
tube or a Thorlabs PDA50 photodiode
is used to detect the heterodyned probe

beam. Data is acquired either by using
the stage as a stepper system, or by
rapidly scanning it (3 cm/sec) and ac-
quiring the data on a digital oscilloscope
(5 us = 1 femtosecond delay). In either
case, a number of scans ranging from
10 to 1000 are averaged either on a
computer reading a lockin-amplifier




(stepper case) or on the digital scope
(fast scan case). Water has the small-
est nonlinear optical response of the
liquids we have studied thus far, yet a
signal-to-noise ratio of 1000 relative to
the peak of the signal was obtained by
averaging 10 scans for a room-temper-
ature water sample. A far superior sig-
nal-to-noise is of course obtained for
liquids with a large nonlinear optical re-
sponse, such as CS2. Such a high sig-
nal-to-noise ratio is required to be able
to make best use of the data in later
analysis, such as when the electronic
response is deconvoluted and the pure
nuclear-coordinate motions are consid-
ered in the frequency domain.

All solvents were reagent, spectropho-
tometric, or HPLC grade, and were pu-
rified by fractional vacuum distillation
immediately prior to use, with the ex-
ception of the freshly-opened acetic
acid, which was Baker Ultrex grade.
Water was obtained from a MilliPore
Milli-Q purification system.

THEORETICAL BACKGROUND

In the OHD-RIKES experiment, an in-
tense femtosecond pump pulse inter-
acts with the liquid sample non-reso-
nantly with respect to electronic
states, inducing a macroscopic polar-
ization arising from a coupling between
the electric field and the nonlinear opti-
cal response, R(t). The signal is de-
tected as a birefringence transient.
Because the Born-Oppenheimer ap-
proximation applies, the nonlinear opti-
cal response R(t) is separable into elec-
tronic and nuclear components. These
components include an effectively in-
stantaneous electronic hyper-polariz-

ability response, o(t), and a slower re-
sponse limited by the nuclear motions
of the sample, rj(t). R(t)is written as:

R(t) = o(t) + X4 ri(t) . (1)

While our 50 fs pulses are short, they
are certainly not instantaneous. Thus,
the birefringence transient that we ob-

serve, T(1), is the convolution of the
molecular nonlinear optical response
R(t) with the laser pulse autocorrela-

tion, Go@)(t). T(t)is given by:

T(t) = | dt R(t-1) Gg@(t) . (2)

To obtain the desired solvent relaxation
information contained in the nuclear-
coordinate part of the response R(t), we
must deconvolute the effects of the
non-zero impulse width. McMorrow
has shown (McMorrow, 1991) that a
frequency-domain representation of our
data is a means to a straightforward
and exact deconvolution method. The
frequency-domain susceptibility is de
fined by

D(w) = |~ dt-expliat)-R(t) = F{R(D
3)

where ¥ denotes a forward complex
Fourier-transform. We may now write
the deconvolution relation as

F{T(7)}
D =
)= Hep o) ”

D(w) now contains the low-frequency
spectral-density free from effects of the
non-zero pulse width. For all of the sol-
vents we have studied, our 780 nm
laser pulse is electronically non-reso-
nant. The electronic hyperpolarizabil-
ity component of the nonlinear optical
response, o(t), is then symmetric and
real (following the temporal profile of
the autocorrelation of the femtosecond
optical pulse). Thus, we can eliminate
the electronic hyperpolarizability com-
ponent from our spectral density by

(92
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considering only the imaginary part of
D(w). We define

D, (@) = Im[D(w)] (5)

as the pure nuclear-coordinate fre-
quency-domain representation of our
solvent dynamics. We proceed to ana-
lyze the low-frequency spectral density
in the frequency domain, as well as in
the time domain. Time domain analy-
sis of the dynamics can of course be
obtained by convolute-and-compare
nonlinear least-squares fitting. How-
ever, it is convenient to construct the
pure nuclear-coordinate component of
the nonlinear optical response
r(t) = Y ri(t) from the inverse Fourier-
transform by

r(t) =27 {Im[D(@)[}H(t-t,) (6)

where H(t) is the Heaviside step-func-
tion. The latter technique has the ad-
vantage of being model-independent.

A major advantage of femtosecond
nonlinear optical spectroscopy, such as
OHD-RIKES, over conventional
Rayleigh light scattering is that there
is a clear and obvious separation of
time-scales between diffusive rota-
tional reorientation and faster inertial,
non-diffusive dynamics. The longest
time-scales in the OHD-RIKES exper-
iment correspond to diffusive relax-
ation, and can in fact be subtracted
away to allow for simpler and more ac-
curate modeling of the inertial parts of
the spectral density. The model used
for fitting the diffusive relaxation is
given in the following equation:

ri(t) = Arot2i ¢; exp(-t/tir)
x[1-exp(-2wot)], (7)

where the Tj; are the lifetimes for rota-
tional diffusion, the ¢ij are the relative

weights between the lifetimes, Ayt is
the overall amplitude of rotational dif-
fusion in the nuclear-coordinate re-
sponse, and Mg is the first moment of
the intermolecular vibrational band.
For the hydrogen-bonding solvents we
have studied, at least two exponential
components, sometimes three or more,
were required to properly fit the long-
time tail of the OHD-RIKES birefrin-
gence transient data. This multi-expo-
nential character of the solvent rota-
tional diffusion is a manifestation of the
fact that these solvent molecules are in
general asymmetric rotors with sub-
stantially different inertial moments
about the different molecular axes.

To make the connection between
the pure solvent relaxation data mea-
sured in our OHD-RIKES experiments
and the solvation coordinate for a
charge-transfer reaction, we have im-
plemented an ansatz based upon the
recent theory of Maroncelli, et al.
(Maroncelli, et al., 1993). The
Maroncelli model yields a correlation
function Cy(t) for the response of a sol-
vent to an instantaneously created
charge. Cy(t) is based on the single-
molecule rotational correlation function
taken to the power of the normalized
dipole density 0pmgp. Our approxima-
tion to Cy(t), based on our pure nu-
clear-coordinate solvent dynamical re-
sponse, r(t), is (Chang and Castner,
1993):
aMKP/3

J:r(t’)dt’

Cy(t)={1-L
© Lr(t')dt’

(8)

Though a microscopic model including
all interactions between the many sol-
vent molecules and the reactant should
smooth out much of the oscillatory
character of the coherent, inertial sol-
vent response, we find that a rapid



femtosecond response occurs in our
constructed Cy(t) functions with a
Gaussian shape in the first hundreds of
femtoseconds, with a non-exponential
component to the solvation relaxation
occurring on time scales correlated
with the diffusive solvent relaxation.

RESULTS AND DISCUSSION

On the longest time scales of our OHD-
RIKES experiment, ranging from 1-150
picoseconds, only diffusive molecular
rotation is occurring in the hydrogen-
bonding liquids. In all cases, this rota-
tional diffusion correlation cannot be
modeled by an exponential decay. Two,
three, or more time constants are re-
quired. Figure 2 shows the longer time-
scale rotational diffusion relaxation for
acetic acid at 296 K. An excellent fit is
obtained for acetic acid when three ex-
ponential time constants are used, of
lifetimes 0.67, 3.34, and 22.1 ps, re-
spectively. The quality of the fit may
be judged by the residuals from the
nonlinear least-squares fit; systematic
deviations occur when only one or two
exponential time constants are used. A
quite similar effect is shown to occur
for formamides over a range of concen-
trations in other polar solvents (Chang
and Castner, 1993) and over a range
of temperatures between 290-360 K.
Water and ethylene glycol require two
exponential components, with the
longer lifetimes for the two solvents
being 1.2 and 9.4 ps, respectively.

The shorter time-scale dynamics of
the hydrogen-bonding liquids studied
are shown 1n Figures 3 and 4. The raw
data are presented in semi-log form,
and the frequency-domain representa-
tio1n, .f the dynamics are shown after
deconvolution of the electronic hyper-
polarizability response, done using
Equations 4 and 5.

All of the OHD-RIKES data sets have
a sharply rising leading edge that ini-
tially follows the laser-pulse autocorre-
lation signal. This pulse-response
shaped signal component arises from
the electronic hyperpolarizability part
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Figure 2. The longer time-scale diffu-
sive rotational reorientation decay is
shown for acetic acid at 296 K. The
data near zero-time-delay are off-scale.
The open circles are the data, and the
solid line is the nonlinear least squares
fit. The residuals from the fit are
shown at the top of the figure. Three
exponential time constants are re-
quired to fit the data in the range from
1-80 ps. The relative amplitudes and
lifetimes are:

c1 = 2.958x10-3+3.4x10-4,

c2 = 5.593x10-4+6.9x10-9,

c3 = 5.775x10-4+1.3x10-5, and

11 = 0.66810.065 ps, 12 = 3.834+0.67 ps,
and 13 = 22.110.4 ps.
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Figure 3. The OHD-RIKES data for formamide, N-methylformamide, and N,N-
dimethylformamide are shown. The raw data in the time domain are presented in
semi-log form in the left column, with the deconvoluted frequency-domain data ob-
tained from Equations 4 and 5 are shown in the right column with linear ordinate
scales.
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of the molecular nonlinear optical re-
sponse, labeled o(t) in Equation 1. The
signal begins to decay more slowly than
the laser pulse autocorrelation starting
in the range from 100-300 femto-
seconds. This initial rapid decay of the
nonlinear optical polarization arises
from the nuclear-coordinate inertial
motions of the solvent molecules. At
time-scales longer than 1.0-1.5 pico-
seconds, all of the inertial components
of the molecular nonlinear optical
response are damped out, and only the
diffusive rotational reorientation pro-
cesses coniribute to the polarization
decay.

For all of the hydrogen-bonding sol-
vents presented here, a rather rapid
decay of the birefringence transient
occurs after the peak of the signal.
Partly this is caused by the very rapid
decay of the intermolecular vibrations
convoluted with the laser pulse, and
partly this is simply a result of the fact
that the electronic hyperpolarizability
component of the response dominates
the overall molecular response, R(t),
except for acetic acid. For acetic acid,
the diffusive part of the nuclear relax-
ation dominates, leading to a much
slower decay of the OHD-RIKES
transient in the first 0.5 ps.

For the formamides, water, and ethy-
lene glycol, a substantial change in
curvature occurs in the OHD-RIKES
birefringence transients at a time delay
between 200-300 femtoseconds. In
each of these cases, this "knee" of the
curve results from the underdamped
intermolecular vibrations: out-of-plane
librations for the formamides, (Chang
and Castner, 1993) and translational
density fluctuations for water (Chang
and Castner, 1993).

When the OHD-RIKES femtosecond
dynamics are considered in the fre-
quency domaiaq, it is possible to remove
the rotational diffusion response ex-
actly in the time domain, prior to de-
convolution of the electronic response.
This is done by fitting the longer time
multi-exponential tails, and subtracting
this part using Equation 7. We have
done this analysis for all of our data
sets, and the results are shown in the
right hand columns of Figures 3 and 4.
The resulting nuclear-coordinate spec-
tral density then contains only the in-
ertial parts of the solvent relaxation.
For all the liquids studied, there is a
peak in the low-frequency spectral-
density occurring near 50 cm-1. This
low-frequency band results from a
complex sum of intermolecular inter-
actions including overdamped librations
and interaction-induced Raman modes
that result from intermolecular coi-
lisions. The higher frequency modes
with band centers in the 100-250 cm-!
range have been assigned to librations
and translations for acetic acid
(Faurskov Nielsen and Lund,
1983), formamide (Faurskov-
Nielsen, et al., 1982), ethylene glycol
(Manisse-Morgant, et al., 1971;
Schwartz, 1977), and water

(Walrafen, 1990) based on low-fre-
quency Raman studies in the frequency
domain.

We analyze our low-frequency spec-
tral density obtained from applying
Equations 7, 4, and 5 to our data, in
terms of a sum of different classical
oscillators. The librational and trans-
lational bands are fit to sums of Gaus-
sian or anti-symmetrized Gaussian
models. The broadest asymmetric low-
est-frequency band has been assigned
to collisional interaction-induced effects
in simpler liquids, and is often fit to a

10



function form of the type
I(®) = 0% exp(-w/wg), where the expo-
nent o is usually near unity.

Figures 5A and 5B show the solvation
time-correlation functions, for an in-
stantaneously-created charge, Cv(t),
for the three formamides, and acetic
acid, ethylene glycol, and water, re-
spectively. These curves were calcu-
fated using Equation 8. The initial
parts of the decays of Cy(t) all show a
Gaussian shape, indicating the :nertial
character of this part of the solvation
respease. For longer times beyond
~250 fs, the Gaussian initial decay
trails into a non-exponential response
arising from the diffusive rotational re-
orientation.
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Figure 5A. The solvation correlation-
function for an instantaneously created
charge, Cy(t), are shown. Cy(t) is cal-
culated using Equation 8. Formamide,
N-methylformamide, and N,N-
dimethylformamide.
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Figure 5B. Cy(t) for acetic acid, ethyl-
ene glycol, and water are shown.

For comparison with TDFSS experi-
ments and molecular dyramics simu-
lations, we define an el’ective inte-

grated solvation time constant tg as

Ts = joCV (t)dt. The effective solva-

tion times, tg, are given in Table 1.
Though the effective solvation times
for NMF, acetic acid, and ethylene gly-
col all exceed 1.0 picosecond, Figure 5
clearly shows that extremely rapid in-
ertial processes are present in all of the
six hydrogen-bonding solvents that we
have measured.

Table 1
Solvent Ts (ps)
formamide 0.46
NMF 1.1
DMF 0.45
acetic acid 15.2
ethylene glycol 1.76
water 0.074
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Recent theoretical work has concen-
trated on understanding the ultrarapid
inertial motions in terms of multi-mode
Brownian oscillators (Fried and
Mukamel, 1993) and using an inter-
molecular normal vibrational mode
analysis (Buchner, et al., 1992). We
are presently extending our data anal-
ysis to include these newer and more
sophisticated models for the inertial
dynamics and lov-frequency spectra.
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