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Depolarized Rayleigh scattering (DRS) of acetonitrile/water mixtures is examined with the time-resolved,
heterodyne-detected optical Kerr effect (OHD-OKE). For neat water, the rise of electronic response gives a
symmetric apparatus function and an asymmetric correction is constructed with the help of high-frequency
Raman data. For the mixtures at 21°C, depolarized Raman spectra up to 1600 cm-1 are obtained with high
signal/noise ratio. The DRS spectra for acetonitrile mole fraction 0.05e xACN e 1 are decomposed into the
spectra of water and of neat acetonitrile and a “composite” spectrum with associated weight functions. The
spectral density at infinite dilution in water is obtained by extrapolation and transformed into the second-rank
orientational correlation function of single acetonitrile solutes. The Einstein frequency of 31.11 cm-1 is higher
than the value of 27.11 cm-1 for the potential-free stochastic rotor and an oscillation is observed in the
corresponding velocity correlation function, both indicating librational motion in a solvent cage. The rotational
correlation timeτ2 ) 1.49( 0.015 ps may be used to rescaleτ2 values from14N nuclear quadrupole relaxation
in water; the comparison provides an improved value 4.54( 0.03 MHz for the coupling constant. The
correlation function is inverted to give the kernel for rotational friction. The latter consists of a fast biexponential
decay with a 33-fs correlation time followed by exponential decay with a 0.779-ps time constant. An oscillatory
residue around 0.3 ps indicates coupling between acetonitrile libration and the water frictional modes.

Introduction

The characterization of intermolecular interactions in liquids
is important for an understanding of the role that the solvent
plays in condensed-phase chemical reactions. The solvent affects
the ease with which reactants approach or products separate and
thereby controls the rate and efficiency of many chemical
reactions. During the reactive step the solvent acts as a bath
that can either supply thermal energy or accept excess energy,
because nearby solvent molecules exert fluctuating forces and
so influence the motion along the reaction coordinate.1 The
nature of this frictionsits mechanism, strength, and effects
may also be examined with the nonreactive motion of suitable
probes in solution. With this purpose, theoretical interest and
recent femtosecond experiments focused on elementary molec-
ular processes such as reorientation2-4 and vibrational relaxa-
tion,5-10 mostly in nonpolar fluids, since here forces on a
molecular solute are due to short-range interactions and their
fluctuations arise from solvent translational motion only,11

paving the way for stochastic or collisional modeling.
The temporal behavior of the frictional forces determines the

coupling to the solute motion, but it also reflects on the way
the process is described. To see this, imagine a model for the
motion constructed from all relevant modes (the system) which
may be time-resolved by an experiment at hand. In this case
the remaining modes (the bath) contribute force fluctuations
which can be assumed to beδ-correlated in time, i.e., instan-
taneous friction. On the other hand, one may want to describe
the observations with a simpler model which provides better

direct insight. For example, solute reorientation may be modeled
as free rotation, i.e., without potential energy. Then some of
the dynamics will not be captured explicitly and instead is
viewed as an external force which fluctuates with some time
structure or memory. In this case the system dynamics is
governed by a generalized Langevin equation (GLE), which now
includes time-dependent friction.12-15 The latter therefore
indicates that the present system is not complete. Seen in a
different way, finding time-dependent friction points to an
additional interaction with the solvent that is neglected by the
model. In this paper we report the measurement of time-
dependent friction for rotation of a small molecular probe in
water and find indications of solvent caging.

Polar solvents owe most of their properties to orientational
structure and dynamics and possibly to H-bonding. When a
charge is redistributed during a chemical reaction in a polar
solvent,16 it feels not only near-range friction but also forces
from polar interactions with solvent molecules which may be
further away. In most cases the solvent polarization can adjust
to, and follow, the instantaneous charge distribution so that the
reaction runs in a mean solvent field. However, if the driving
process is faster, then the solvent polarization may lag behind
and so decelerate the reaction. These ideas were applied by Nee
and Zwanzig in their seminal 1970 paper17 to the rotation of a
dipolar solute in a cavity surrounded by a dielectric continuum.
The rotational friction due to the continuum was calculated from
the dielectric dispersion and termed “dielectric”. A purely
molecular perspective was reached in 1982 by Madden and
Kivelson,18 who approached dipolar solute rotation including
inertial motion from the torque fluctuations. They assumed that
short-range and dipolar frictional torques are not time-correlated
and later specialized to the limit for rotational diffusion. Their
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dielectric friction kernel (eq 53 in ref 18a) consists of several
exponential terms with time constants made up from transverse
(τD) and longitudinal (τD/ε0) Debye relaxation times together
with the near-range rotational diffusion coefficientD0; these
terms are modified by translational motion of the solute and
thereby made faster. Theories of dielectric rotational friction
and the field up to 1994 were reviewed in a molecular dynamics
study by Papazyan and Maroncelli19 to which the reader is
referred for earlier contributions. Recent advances have come
from molecular dynamics (MD) simulations of dipolar rotation
of small model solutes,20,21which we will discuss in this paper.
Simulations were also used to analyze the effect of dielectric
friction on ion mobility22-26 and on vibrational dephasing and
relaxation of a molecular solute.6,7,27-33

Experiments to detect or measure dielectric friction mostly
proceeded from the predictions for dipolar rotation. In this
context recall that spectroscopies are distinguished by the rank
L of the underlying orientational correlation function (L ) 1
for dielectric relaxation, FIR, IR;L ) 2 for NMR, depolarized
Rayleigh scattering DRS or the time-resolved optical Kerr effect
OKE, Raman, optical dichroism).34 Furthermore a spectroscopic
bulk property is the result of from many molecules, and its
correlation function therefore consists of molecular self-cor-
relation and cross-correlation terms. IR, NMR, and Raman
measurements address primarily intramolecular bonds with little
correlation between different molecules; this is why these
spectroscopies are said to have single molecule character. On
the other hand, dielectric relaxation, FIR, DRS or OKE, and
optical dichroism are sensitive to the relative orientation of
nearby molecules, hence they have collective character.35 NMR
methods, notably nuclear quadrupole relaxation (NQR), do not
rely on distinct solutes and therefore can examine neat liquids.
Time-resolved optical dichroism of molecular probes returns a
collective signal, so in order to conform to the model require-
ments, one needs a low concentration in the liquidsmostly dyes
which are excited in the visible. Common to both techniques is
that they provide36 a second rank rotation correlation timeτ2

which is given by the time integral of the friction, i.e., the
friction constant. This integral measure is dominated by
instantaneous (near-range or hydrodynamic) friction, while the
dielectric part should contribute∼10%. Hence to obtain the
latter, the former must be determined independently to∼1%.
In the optical realm this problem was tackled by comparing
rotational dynamics for ground and excited electronic states of
the chromophore37,38 or by exploiting connections to solvation
dynamics,39 but the results provided insight into the dye/liquid
interaction40,41 rather than the desired solvent property alone.
Other attempts to characterize dielectric effects on rotational
dynamics included a change of probe charge,42 comparison of
dyes with similar structure43-45 or different H-bonding,46-49 and
systematic variation of solvent viscosity50-52 or ion strength.49,53,54

With NMR techniques the molecular probes may be simpler
but instantaneous friction must be transferred from nonpolar
solvents55 which may not meet the required accuracy. We are
not aware of an unequivocal measurement of the dielectric
rotational friction constant, let alone friction kernel, for a polar
liquid.

Here we report on time-dependent rotational friction in water
using dipolar acetonitrile, CH3CN, as a probe. The importance
of water as solvent for charge-transfer reactions need hardly be
emphasized.56 Acetonitrile was suggested in ref 19 because the
probe should rotate on a time scale similar to the solvent to be
able to distinguish between instantaneous and slow-relaxing
friction. This was followed by MD simulations of neat aceto-

nitrile21 with the intriguing result that near-range and dielectric
friction cannotbe separated in principle, contrary to previous
assumptions. The same conclusion had been reached in an MD
simulation of acetonitrile in water,20 which, however, examined
mainly the influence of solute polarizability on the friction
dynamics. The coupling of near-range translational and rotational
friction is illustrated in Figure 1 which shows the polar solute
surrounded by H2O solvent molecules. Thermal rotational
motion of an H2O which is far away (b) produces a frictional
torque on the solute only by coupling with its dipole field. For
an H2O nearby (a), however, its rotation may generate an
additional torque by impact of atoms onto the repulsive wall of
the solute. With the simulations at hand we wish to obtain
equivalent experimental data for comparison. Because CH3CN
has significant polarizability anisotropy while H2O does not
(Table 1), the time-resolved optical Kerr effect with optical-
heterodyne detection (OHD-OKE)72-75 is the method of choice
to observe solute orientational dynamics. We note in passing
that it is equivalent to frequency-domain DRS.76,77 However
with OHD-OKE one can access the region below 50 cm-1 which
with DRS is masked by the intense quasi-elastic Rayleigh-
Brillouin scattering peak. For good measure we shall examine
the entire compositional range of acetonitrile/water mixtures,
which is of interest by itself in connection with the concept of
microheterogeneity,78 and then extrapolate to infinite dilution.

The organization of the paper is as follows. After an
Experimental Section we present three results. The first concerns
the DRS spectrum of water,79,80which is needed for reference.
In obtaining this spectrum we develop a novel technique to
determine the temporal apparatus function. The second result
is an improved DRS spectrum of pure acetonitrile, which has
been measured before.63,81-87 The spectra of the various mixtures
are reported in the third part, analyzed by mole-weighted fitting,
and extrapolated. The discussion focuses on the DRS spectrum
of dilute acetonitrile in water from which the friction kernel is
extracted. The dependence of integral spectral properties with
acetonitrile mole fraction is examined in the final part of the
discussion, followed by conclusions.

Experimental Section

A Ti:Sa laser oscillator (femtolaser) produces 400 mW
average power in pulses of 14 fs fwhm. The beam is expanded
and routed through a prism compressor. After that, 10%
reflection from a beam splitter (Rh-sputtered quartz plate,

Figure 1. Torque fluctuations experienced by an acetonitrile solute
due to rotation of solvent water molecules. The rotation of an H2O far
away (b) couples by dipolar interaction. The rotation of an H2O nearby
(a) may generate an additional torque by impact of atoms onto the
repulsive wall of the solutestranslational and rotational friction are
not separable.21
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femtolaser) serves as probe while the transmitted part is used
for pumping. The pump beam passes a fast scanning device
which consists of a triple mirror (PLX, OW-05-5) on an
electromagnetic shaker (Bru¨el & Kjæ, 4810) driven by a
frequency generator (Toellner, 7741) to an amplitude of(0.5
mm at 72 Hz. Aλ/2 plate (zero order; all crystal optics from
Halle) and polarizer are set to produce linear electrical polariza-
tion of the pump field tilted by 45° from vertical. The probe
beam is routed through a compensation delay (Physik Instru-
mente, M-150.11) which may be moved to desired positions
for calibration (see below) with(0.06 µm accuracy. Its
polarization is rotated to vertical by aλ/2 plate, after which the
beam enters the setup for measuring transient birefringence. This
consists of a polarizer set for vertical (x) polarization, aλ/4
plate with its fast axis also vertical, and an analyzer which passes
horizontally (y) polarized light only. The extinction ratio of the
Glan-Thompson pair exceeds 106. For the sample cell we select
a cuvette made of fused quartz with a 1-mm internal path length
(Hellma). The cell is placed in a 1:1 telescope, with thin fused-
quartz lenses off ) 60 mm, at optimal overlap of the pump
and probe beams. The diameters of the beams are≈3 mm (for
86% power transmission) on the first lens and their centers are
spaced 6 mm apart. For Gaussian beams, their overlap in the
propagation direction (z) should then be approximately Gaussian
with fwhm 240µm88 well inside the liquid volume and below
the collimation range.

Rotation of the polarizor aroundz by a small angleθ away
from perfect crossing admits a local oscillator fieldElo out of
phase with the signal field so that a dominant heterodyne
transient signalE* loEsignal∝ Im(øeff)θ records the induced optical
birefringence. The homodyne contribution is eliminated by
measuring kinetic traces forθ ) (1.8° and forming their
difference.74

The interaction region in the sample is imaged to a plane ca.
3 m away, where an aperture discriminates against stray light
from the cuvette windows. The transmitted light is detected with
a cooled photomultiplier (Hamamatsu R6060). The signal
current passing through a 0.3-100 kHz band filter is amplified
(Stanford Research 570), sampled at 2 MHz, and A/D converted
to 14-bit (GWU AIX). Typically 104 scans are summed. Because
the shaker position has a cosine temporal dependence, a
calibration of the time base is needed. This is done by recording
OKE traces for several delay settings of the calibration stage,

with pure water as sample. In this case the response is
predominantly electronic and therefore instantaneous. For each
setting, the coincidence of pump and probe pulses corresponds
to a point along the shaker oscillation which is marked by a
spike due to the electronic response. About 10-13 such
measurements suffice to relate the sampling points to the true
delay time.

Acetonitrile (Merck Uvasol) was used as received. Water was
cleaned by ion exchange (Elgastat UHQ PS). The liquids were
placed into the cuvette with a syringe equipped with a microfilter
(0.2 µm, Sartorius RC15) and measurements were carried out
at 21( 0.5 °C.

Results

Water: Simultaneous Determination of Pulse Shape and
Spectral Density. The heterodyne Kerr traceT(t) of the
polarizability anisotropyΠxy of water (normalized to its peak)
is shown in Figure 2. The dynamic range of the induced
birefringence extends over more than 4 decades and noise-
equivalent power is reached at 1300 cm-1 in these measure-
ments. The measured trace is given by the convolution74

HereG(t) is the pump-probe intensity correlation function and
the system responseR(t) consists of an electronic part which is
instantaneous (delta function) and a time-dependent nuclear part:

To obtain the spectral densityø(ω) of the response (see
Appendix A) from the time-dependent birefringence, the “ef-
fective pulse”G(t) is needed for deconvolution and is usually
measured by second harmonic generation (SHG). For pump and
probe fields which are identical (apart for an amplitude factor),
this function is symmetrical in time. However, the pump and
probe beams may not be completely equivalent for very short
(∼10 fs) pulses so that some deviation ofG(t) from symmetry
is to be expected. Here we describe how the correct intensity
correlation function can be determined from a time-resolved
OKE measurement of materials with low nuclear response such
as water. (Of course SHG at the exact interaction position or

TABLE 1: Gas Phase (Italics) and Liquid Properties of Acetonitrile and Water Pertinent for the Analysis of OKE Tracesa

CH3CN H2O

density F, mol l-1 (298.15 K) 18.919e 55.344e

moments of inertia IA, 10-40 g cm2 5.4m 1.009 03j

IB, 10-40 g cm2 91.2h,m 1.927 67j

IC, 10-40 g cm2 91.2h,m 3.017 19j

diffusion constant in water D, 10-5 cm2 s-1 1.8o 2.3,o 2.23n

dipole moment µ, D 3.9,b 3.94,c 1.54aug 1.8,b 1.84c

dielectric constants ε0 37.5,b 35.84( 0.04,c 36d 78.3,b 78.36( 0.06,c 78d

ε1 5.2( 0.1p

ε∞ 3.51( 0.08,c 2.5d 5.16( 0.14,c 4.5,d 3.3( 0.3p

Debye times τD1, 10-12 s 3.506( 0.114d 8.5( 0.4,p 8.794( 0.595d

τD2, 10-12 s 0.177( 0.018d 0.170( 0.040,p 0.212( 0.055d

polarizabilities Rxx, 10-24 cm3 3.65,f 3.75g 1.468( 0.003,k 1.495l

Ryy, 10-24 cm3 3.65,f 3.75g 1.415( 0.013,k 1.626l

Rzz, 10-24 cm3 5.80,f 6.03g 1.528( 0.013,k1.286l

mean polarizability rj , 10-24 cm3 4.37,f 4.51,g 4.325c 1.470( 0.010,k 1.469,l 1.444c

polarizability anisotropy ∆R, 10-24 cm3 2.15,f2.28g 0.098,k 0.297l

relative 2nd hyperpolarizability γ/γN2 4.41( 0.58i 1.87( 0.17i

a Rj and∆R are the mean and the anisotropy of the dipole polarizability, respectively,Rj ) (Rxx + Ryy + Rzz)/3, ∆R ) (1/2)1/2[(Rxx - Ryy)2 + (Ryy

- Rzz)2 + (Rzz - Rxx)2]1/2. The dielectric dispersion isε̂(ω) ) (ε0 - ε1)/(1 + iωτD1) + (ε1 - ε∞)/(1 + iωτD2) + ε∞. b Reference 57.c Reference 58.
d Reference 59.e Reference 60.f Reference 61.g Reference 62.h Reference 63.i Reference 64.j Reference 65.k Reference 66.l Reference 67.
m Reference 68.n Reference 69 forxACN ) 0.005 at 25°C. o Reference 70.p Reference 71.

T(t) ) ∫-∞

+∞
G(t′) R(t - t′)dt′ (1)

R(t) ) Relδ(t) + Rnuc(t) (2)
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its equilvalent would also provideG(t), but this is both
inconvenient and more susceptible to systematic errors because
of bandwidth limitations.)

The initial part of the water OKE signal up to its peak and
just beyond (cf. Figure 2b) can be assigned to electronic response
only and therefore is taken for the intensity correlation function
there. In a first approximation, the latter is modeled with a
symmetricfunction Gsym(t) and the corresponding parameters
are found by data fitting. For a model function we need a central
Gaussian which is flanked, symmetrically on either side, by two
Gaussian shoulders on an exponential pedestal. The peak
position of the fitted pulse model, which need not coincide with
a time data point, is taken to indicate time zero. Next the tail of
the OKE trace is fitted by an exponential and thereby extended
for Fourier transformation. In the frequency domain, then, the
transformed symmetric function and the transformed water trace
are both time-shifted such that correct time zero applies; the
resultingGsym(ω), T ′(ω), andT ′′(ω) are shown in Figure 3. If
the pulse was indeed symmetrical then deconvolutionT ′′/Gsym

by the pulse spectrum should give the spectral density.89 It is
readily seen from Figure 3 that the nuclear spectral densityønuc

is thus predicted to be strongly negative at all frequencies above
1000 cm-1 which is unphysical. Usually the measured trace is
time-shifted toT(t - ∆t) in order to compensate. But in the

present case,∆t ) -0.7 fs would be required, which is much
larger than the uncertainty in determining time zero and therefore
is not allowed. Instead we conclude that the symmetrical time
function for the effective pulse is not adequate for deconvolution
and should be augmented:

Note that the last term is small (compare Figure 2b and Figure
5a) and vanishes for te 0 since the symmetric term was already
fitted to the trace there. On the other hand, at frequencies well
below the spectral pulse width we may indeed approximate

which is shown in Figure 4 (thick solid line).

Now the crucial step in the procedure is to adopt a model for
water nuclear susceptibility (constructed from line shape func-
tions, Appendix A) which is flexible at low frequencies and
which also contains high-frequency modes transferred from
depolarized Raman spectra. For a start we take the multimode
Brownian oscillator (BO) model of Palese et al.80 who included
Rayleigh scattering data from Walrafen;79 this is shown as a
dashed lineøa′′ in Figure 4. Modification and fitting to ourø′′nuc

below 200 cm-1 (while keeping the high-frequency part) gives
an improved modeløb, the spectral density of which is also
shown in the figure.

Figure 2. Heterodyne optical birefringence traceT of water and the
symmetrical effective pulseGsym, which was derived from the rising
part of T.

Figure 3. Fourier transformsT ′ + iT ′′ of the birefringence trace and
Gsym of the symmetrical pulse in Figure 2. Values forT′ andGsym extend
over a large range and are therefore shown scaled (by a factor of 1/13)
for ν̃ e1250 cm-1. Negative T ′′ at high frequencies indicates an
asymmetrical contributionGasym to the effective pulse, which is
estimated initially asg′ + ig′′ (see text).g′KK was constructed fromg′′
by the Kramers-Kronig relation.

G(t) ) Gsym(t) + Gasym(t). (3)

ø′′nuc(ω) ≈ T ′′(ω)/Gsym(ω) (4)
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To determine the correlation function one needs to find the
asymmetric correctionGasym(t). Let us return to the frequency

domain and observe that

and

the real and imaginary parts of which must be related by the
Kramers-Kronig relation34 since Gasym(t) ≡ 0 for t e 0 by
definition. The procedure therefore is as follows. First assume
some (real) trial valueø for the electronic susceptibility in eq
6, approximate the nuclear susceptibility byøb(ω), and calculate
the spectrum of the trial asymmetric term

In Figure 3 we showg′ andg′′, which are obtained when the
total area under the symmetric pulseGsym(t) is used forø. For
convenience the real and imaginary parts ofg are then expanded
into orthogonal Hermitian polynomials which are derived from
the central Gaussian inGsym(ω). From this analytical representa-
tion of g′′, for example, the corresponding real partg′KK is
calculated with the Kramers-Kronig relation. In Figure 3 it is
readily seen thatg′KK (dashed line) has a shape which is similar
to that of g′ but that the two spectral functions still differ
significantly. Remember that they should be identical if the true
electronic and nuclear susceptibilities are usedsthis suggests
that our trial ø and øb(ω) be varied such that the deviations
g′(ω) - g′KK(ω)are minimized. In that case we haveg ≡
Gasym(ω) and inverse Laplace transformation givesGasym(t). The
result for water is summarized in Figure 5. The bottom panel
shows the nuclear susceptibilityø′′nuc(ω) deconvoluted from
our OKE measurement together with its model description
(smooth line, parameters in Table 2). The latter is presented
relative to the water electronic susceptibilityøel, which is adopted
as reference throughout this paper. The top panel shows again
the normalized Kerr trace of water. Now this is underlaid by
the effective pulseG(t) and by the nuclear response function
R(t), which is obtained fromø′′nuc(ω) with the help of the

Figure 4. Estimate of the nuclear spectral densityø′′nuc of water at low
frequencies from our measurements,T′′/Gsym, and multimode Brownian
oscillator modelsø′′a (ref 80) andø′′b with modes>400 cm-1 trans-
ferred from depolarized Rayleigh spectroscopy (ref 79) (see text).

Figure 5. (a) Heterodyne optical birefringence traceT of water, the
effective pulseG, and the deconvoluted nuclear responseRnuc of water.
(b) Deconvoluted spectral density for the polarizability anisotropy of
water at 294 K, relative to the electronic susceptibility of water.

TABLE 2: Parameters for OKE Spectral Density (Eq A6)
and Friction Relaxation (Eq A8)a

ω0/2πc, cm-1 γ/2πc, cm-1 τF, ps amplitude

waterø(ω)
(Figures 5b, 8, 12b)

21.26 70.81 0 0.107

58.69 86.75 0 0.0518
204.4 188.61 0 0.0437
450 250 0 0.0114
570 250 0 0.009 48
720 250 0 0.007 53

compositeø(ω)
(Figure 12b)

8.81 48.63 0 16.909

32.68 52.29 0.0559 3.709
78.85 80.16 0.0181 2.187

acetonitrileø(ω)
(Figure 12b)

11.89 43.95 0 10.55

35.11 59.00 0.0571 4.503
81.09 78.05 0.0179 1.730

dilute acetonitrileø(ω)
(Figure 11a)

6.94 21.14 0 10.941

34.74 63.86 0.0571 6.053
86.92 74.82 0.0182 1.307

friction relaxationê(t)
(Figure 11b)

17.9( 0.4 53.6( 2.1 0 34.2( 0.9

43.7( 1.2 72.2( 3.9 0 33.9( 1.6
106.4( 3.0 110.6( 7.0 0 45.0( 6.3

3917( 31 62407( 1600 0 538( 14

a More digits are given than is significant to allow reproduction of
figures.

G(ω) ) T(ω)/(ønuc(ω) + øel) (5)

Gasym(ω) ) T(ω)/(ønuc(ω) + øel) - Gsym(ω) (6)

g(ω) ) T(ω)/(øb(ω) + ø) - Gsym(ω) (7)
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fluctuation-dissipation theorem assuming linear response, as
outlined by Lotshaw et al.74

The utility of our deconvolution technique becomes apparent
when the pulse shape derived here is employed in subsequent
measurements, such as of pure acetonitrile, which will be
examined next.

Acetonitrile: Improved DRS Spectrum. The heterodyne
OKE trace of pure acetonitrile (ACN) is shown in Figure 6a
(thick solid line) and the corresponding nuclear susceptibility
is presented in Figure 6b. When the effective pulse is transferred
from the previous measurement with water, its time shift relative
to the peak of the ACN trace remains the only free parameter.
After deconvolution the shift was adjusted such that the spectral
density becomes zero around 1250 cm-1sequivalent to assum-
ing that collision-induced processes have this effective upper
frequency limit (note that general theory10 predicts an ohmic
line shape so that the spectral density may be made arbitrarily
small by going to high enough frequencies). Intramolecular
vibrational modes which are known from depolarized Raman
spectroscopy65,90,91are observed up to 1500 cm-1 in Figure 6b.92

To illustrate the possibilities of high signal/noise together with
adequate data treatment, we backtransform74 and show in Figure
6a the complete nuclear response (thin line) superimposed onto
the measured trace.

Depolarized Rayleigh scattering (DRS) below the degenerate
CCN bending vibration was empirically fitted by Mori line shape
functions (Appendix A) and the parameters are given in Table
2. Its backtransform74 gives the collective intermolecularΠxy

responseR2(t), which (normalized to its time integral) is shown
as solid line in Figure 7. Our result qualitatively reproduces
earlier reports,93-95 but we find a somewhat smaller contribution
of the high-frequency, nondiffusive part. The diffusive limit
appears to be reached by 1 ps. In this case the polarizability
and transverse polarization response functions may be related
by a power law between their underlying rank 2 and rank 1
correlation functions, respectively.96 The latter is constructed
from the susceptibility for transverse polarization which was
obtained97 by combining far-infrared98 and microwave99 data.
By invoking the power law and then forming the time derivative,
the dashed line in Figure 7 is produced (in addition, the
amplitude was adjusted so that theΠxy response is followed
beyond 1 ps.) After the initial peak, a second “hump” around
0.4 ps indicates the fact that collectivedipolerelaxation of liquid
acetonitrile is slightly underdamped.97,100-104 Returning to the
polarizability response, it exhibits no such underdamped be-
havior in bulk acetonitrile. But we will show later that an
oscillation of the polarizability anisotropy emerges if acetonitrile
is diluted in water.

Finally for this section, the electronic response of water and
acetonitrile was also compared in successive OKE measurements
followed by deconvolution: we findø′ el

(acetonitrile)/ø′ el
(water) )

2.66 for the ratio of the molar response at 795 nm. This may
be compared with a ratio 2.36( 0.38 of dynamic second-order
hyperpolarizibilities from EFISH measurements at 1064 nm.64

Acetonitrile/Water Mixtures: Analysis by Mole-Fraction
Weighted Data Fitting. Time-resolved OKE measurements
were then performed for acetonitrile/water mixtures for several
acetonitrile mole fractionsxACN. We are primarily interested in
the low-frequency regione300 cm-1, which is dominated by
Rayleigh scattering due to intermolecular (librational and
translational) modes. Contributions to the spectral density
coming from the strong intramolecular CCN bending mode are
(approximately) removed by fitting the latter with a Brownian
oscillator line shape (eq A2) and subtraction of the fit from the
data. Next the various susceptibility spectra must be placed on
a common ordinate scale. We take the molar electronic response
of water for reference and assume that the electronic response
of a mixture is ideal, i.e., made up from the molar response of

Figure 6. (a) Heterodyne optical birefringence trace of acetonitrile
(thick line) and the deconvoluted nuclear response (thin line).(b) OKE
spectral density of acetonitrile at 294 K, relative to the electronic
susceptibility of acetonitrile, with assignments for Raman bands. Only
depolarized Rayleigh scattering (DRS) will be considered here (The
line is the same as the shaded part, only multiplied by 10).

Figure 7. Normalized polarizability anisotropy response of pure
acetonitrile (solid line, from DRS band of Figure 6b) and equivalent
response obtained fromε(ω) (dashed line, see text).
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the components according to composition. In this way effects
due to volume changes upon mixing are taken into account
implicitly.59,105All ø(ω) from now on should be understood as
so referenced and are therefore dimensionless. Linearity of the
amplitude for the bending mode could also have been used for
scaling but is less accurate.

The DRS spectra which are obtained in this way are shown
in Figure 8 on a semilogarithmic scale. They are dominated by
acetonitrile as its mole fractionxACN is increased because of
the low polarizability anisotropy of water, as can be seen from
Table 1. Apart from increasing amplitude, however, there
appears to be only minor change in the spectra. In particular
near the critical compositionxcan) 0.364106 there is no obvious
indication of the demixing point below, at 271.9 K. However,
it should be noted that the nature of the observable changes as
one moves from dilute aqueous acetonitrile, single and with
small collisional interaction, to neat acetonitrile, with collective
response and strong collisional contribution.107 Therefore op-
posite trends may cancel and small spectral change does not
imply that the dynamics remains nearly identical across the
compositional range. Later we shall expose spectral change by
mole-fraction weighted data fitting. But first let us look at each
ø′′nuc(ω,xACN) individually, by determining spectral parameters
which are then compared. If the weighted water spectrum (1-
xACN)ø′′ nuc

(water)(ω)108 is subtracted, then an excess part
ø′′ nuc

(ACN)(ω,xACN) is obtained: it should approximate the signal
from acetonitrile only. (For this and the next paragraph we now
drop the mole fraction in the notation). The corresponding
relaxation functionS(ACN)(t) is then constructed from the excess
spectral density data. It refers to the collective polarizability
anisotropyΠxy caused by acetonitrile andS(ACN)(t ) 0) ≡
∫ 0

∞ø′′ (ACN)(ω) dω gauges the optical coupling strength in one

mole of the mixture. The rank 2 correlation time is given by

These integral parameters are shown in Figure 9 depending on
xACN.

High-frequency features are best discussed in terms of
velocity correlation functions which are obtained by transforma-
tion of theωø′′nuc

(ACN)(ω). These functions are discussed with the
help of Figure 10 where the full solid line refers to pure ACN.
An initial positive part reflects the impulsive creation of the
birefringence, while a subsequent negative part corresponds to
its decay. The velocity correlation functions for the mixtures
are presented (magnified x15 and offset) only fort > 0.3 ps.

Figure 8. DRS spectral density of acetonitrile/water mixtures depend-
ing on acetonitrile mole fraction (solid lines), relative to the electronic
susceptibility of pure water. Interpolations from the global model in
Figure 11 are also indicated (dashed lines).

Figure 9. Correlation timesτ2
(ACN) (solid circles, connected for better

viewing only) and DRS band integralS (ACN)(t ) 0) (empty circles)
due to the acetonitrile solute, i.e., after subtraction of the ideal water
contribution, depending on mole fraction. The band integral which is
expected for noninteracting solutes is indicated with a solid line. The
viscosity (scaled to the correlation time at infinite dilution) is given
for comparison.

Figure 10. Velocity correlation functions for polarizability anisotropy,
fully shown for pure acetonitrile (thick solid line) but limited tot >
0.3 for other mole fractions (magnified x15 and offset). An equivalent
function derived fromε(ω) is also shown (magnified x15 and offset;
gray line). The long-dashed line is derived from the initial, but
continued, Gaussian relaxation for comparison. A librational oscillation
in pure acetonitrile is visible with far-IR but not with DRS spectroscopy.
For dilute acetonitrile in water a librational oscillation is again observed,
but with lower frequency because of a different surrounding.

τ2
(ACN) ) ∫0

∞
S(ACN)(t) dt/S(ACN)(t ) 0) (8)
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Upon dilution a weak oscillation emerges aroundxACN ≈ 0.50,
the frequency of which shifts upward as damping is relieved or
correlation with neighboring solutes is removed. One may be
concerned that the entire effect is created artificially by the
subtraction of the water spectrum, which is justified at infinite
dilution but possibly not atxACN ) 0.05. However, in the latter
case the oscillation persists even if the full spectral density is
employed, while pure water shows no effect. Furthermore the
frequency resembles that of dipolar librations in pure acetonitrile,
which was already mentioned. To see this we also show the
hypothetical second-rank velocity correlation function which was
constructed fromε(ω) (i.e., time derivative of the dashed line
in Figure 7). We conclude that dilute acetonitrile in water
performs librational oscillations which are observable by DRS
or time-resolved OKE measurements and note that the known
librations in pure acetonitrile97,100-104 are not observed in this
way. The composition dependence of the spectra in Figure 8 is
needed for extrapolation but is interesting by itself, in view of
the proposed (and controversial) microheterogenity of the
acetonitrile/water system.78 It may be analyzed, for example,
by describing each spectrum in terms of line shape functions
and noting their parameters asxACN ≡ x is increased. The various
bands may then be associated with processes such as rotational
diffusion,2 librational motion, or collisional interaction.63,81-87,102,107

We follow a more empirical approach and expandø′′nuc(ω,x), in
the least-squares sense, into linearly independent functions of
x. Mole-weighted fitting has been used for terahertz infrared
spectra of acetonitrile/CCl4 mixtures.109 Here we employ target
singular-value decomposition (SVD)110 for this purpose. The
spectral integral ranges decreases over 2 decades with aceto-
nitrile dilution, at the end of which the water spectrum must be
represented well: both aspects require a modification which is
presented in Appendix B. The analysis is restricted to frequen-
cies below 230 cm-1 in order to minimize collisional back-
ground, which (at least for dilute solutions) may be presumed
to have ohmic band shape.10

We find that a basis set of only three spectra allows
to describe everyø′′nuc(ω,x) with expansion coefficients
{Vk(x)}k)1,3 to within noise. However, this description is
completely empirical and for physical insight we must introduce
compositional or weight functionsTj(x).111 For example a first
function (1- x) would represent bulk water, a second function
x1 would represent acetonitrile monomers, andx2, ..., x6 would
stand for dimers up to hexamers provided the dynamics were
inhomogeneous. The empirical coefficientsVk(x) are then fitted
by these model functions and eachTj(x) generates an “species
associated spectrum”ø′′(j)(ω) (SASsnote that some of these
may be linearly dependent). In our case a perfect description,
that is down to noise for each measured spectrum in Figure 7,
requires the power series

Here the nuclear spectral densityø′′ nuc
(water) of bulk water is

known already. The spectral density for single acetonitrile
molecules surrounded by water is given byø′′(1)(ω); it is shown
in Figure 11a and presented in Table 2 in terms of Mori line
shape functions (Appendix A).

In the cluster model used so far, many virtual “species” and
associated spectra were considered. The question arises if a
simpler model can be found which nonetheless captures the
essence of the compositional dependence of the depolarized
Rayleigh spectra. We intend to use the spectrum of pure water,

that of pure acetonitrile, and a third spectrum which will be
taken to refer to a “composite species”. The latter spectrum is
to be determined together with the relative weights of the three
“species”. For water, again ideal behavior is prescribed:
Twater(x) ) 1 - x. Deviation from ideality will thus be embodied
in the other compositional weights and in the composite
spectrum. The remaining ACN mole fraction must now be
partitioned: x ) TACN(x) + Tcomp(x), so that one only needs to
find a reasonable form for the weightTcomp(x) of the composite
species. An initial guess (1- x)x was improved toTcomp(x) )
(1 - x)Rxâ by inspection and optimization gave parametersR
) 1.23,â ) 1.19. The result is summarized in Figure 12. The
upper panel shows the weights of the three species as function
of x. Remember that the molecular polarizability anisotropy of
H2O is orders of magnitude below that of CH3CN, so that the
signal due to water becomes insignificant from some ACN mole
fraction onward. This can be seen in the upper panel: the water
weights, as determined by SVD, scatter wildly from the
prescribed line forx > 0.30. The lower panel shows the three
species-associated spectra, of whichø(comp) is new, while the
others refer to pure water and pure acetonitrile. Note that the
“composite spectrum” alone doesnot represent acetonitrile in
the limit of infinite dilution. This is because the slopes of both
TACN(x) and Tcomp(x) are similar asxf0 so that bothø′′(ACN)

Figure 11. (a) Spectral componentø′′(1)(ω) associated with acetonitrile
mole fractionxACN (dots) and description with a single line shape
function (black solid line) involving frequency-dependent friction.
Spectra which are produced when parameters are varied (see text) are
given by gray lines.(b) Rotational friction kernelê2(t) underlying the
spectrum in the upper panel (solid line) and approximate description
by exponentials (dashed line). The shaded part represents the kernel
from dielectric theory withy ) 0.3 (see text).

ø′′nuc(ω,x) ) (1 - x)ø′′ nuc
(water)(ω) + xø′′(1)(ω) + ...

+ x6ø′′(6)(ω) (9)
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and ø′′(comp) contribute. In comparison with the polynomial
expansion above, we findø′′(1) ≈ 0.595ø′′ (ACN) + 0.804ø′′(comp).
To represent and handle these spectra, they were fitted with
Mori line shape functions (eq A6) and the parameters are also
listed in Table 2. In Figure 8, each measured spectrum can now
be compared with its simulated counterpart (dashed lines). (The
Mori fits are by no means unique; for example, several Brownian
oscillator line shapes would also describe the spectra. Such fits
are only used for an empirical representation and the corre-
sponding parameters will not be interpreted.)

Discussion

Dilute Acetonitrile in Water: Determination of the Fric-
tion Kernel from the DRS Line Shape. We begin the
discussion with dilute acetonitrile as molecular Raman probe
in water. The corresponding DRS spectrum was already shown
in Figure 11a and constitutes the main experimental result of
this work. In fact at the lowest acetonitrile mole fraction
measured, on average only 2.7 water molecules in each direction
separate the acetonitriles and orientational correlations between
the latter are therefore expected. On the other hand, extrapolation
of the measured spectra to infinite dilution should have reduced
correlational features further, at least qualitatively. With this
understanding of the experimental situation, the spectrum in
Figure 11a will be treated as that of single acetonitrile molecules
infinitely surrounded by water, and possible deviations will be
examined afterward.

Dilute acetonitrile (xACN < 0.05) has slightly negative excess
volume of mixing in water and the enthalpy of mixing is
negative.112 This suggests that CH3CN occupies a “cavity” in
the water structure where it is H-bonded through the nitrogen
atom.78 H-bonding is supported by analysis of the CN stretch
contour (∼2253 cm-1 for free CH3CN and blue-shifted upon
bonding to∼2258 cm-1) from Raman and IR spectroscopy of
acetonitrile-water mixtures.57,113From IR data it was inferred
that 10% of the CH3CN molecules are not hydrogen bonded
for xACN ≈ 0.05 and that-O-H---N bonds decrease faster upon
further dilution than-O-H---O bonds are created.113 However,
Monte Carlo simulations modeling the hydration of the sp
nitrogen showed approximately 1.3-1.4 water molecules around
the nitrogen atom in the first shell all of which are hydrogen
bonded, while no hydrogen bonds were found in the methyl
region, which is hydrated by 19 water molecules in the first
shell.114

Extending from the CH3CN solute into the liquid, the water
structure and dynamics is perturbed by the presence of the
organic component. This is reflected in the variation of the ACN
rotational diffusion time from NMR55 with composition even
belowxACN ≈ 0.02. A major difference between H2O and CH3-
CN is that the former acts both as acceptor and donor of two
hydrogen bonds, while the latter can only accept one hydrogen
bond. This leads to a discontinuity in the three-dimensional
water network, which is disrupted when CH3CN is incorporated
into the structure, and the change is enhanced by the hydro-
phobic interaction between the methyl group and the neighboring
polar water molecules. Thus acetonitrile may act rather like
small ions that partially melt the H-bonded water structure.115

A microscopic picture thus emerges of single CH3CN
molecules which are likely to be H-bonded through the nitrogen
atom, have repulsive (hydrophobic) interactions to their sur-
rounding elsewhere, and induce structural change in the water
H-bonded network further away. Since the mean polarizability
R of CH3CN is at least 4 times larger than that of H2O (Table
1), collisional effects between the two can safely be neglected.
Remember that when extrapolating the DRS spectra, the ideal
contribution of pure water was already subtracted so that the
spectrum should reflect CH3CN orientational dynamics only.
Taken together it seems reasonable to assume the homogeneous
limit and describe the DRS spectrum of Figure 11a with a single
line shape based on frequency-dependent friction. The line shape
function will be presented next, following closely the work by
Madden and Kivelson.18

The optical Kerr response is related to an off-diagonal
component,Πxy, of the collective polarizabilityΠ. Actually,
all signals were referenced to the molar electronic susceptibility
øel

(water)(ω) ) NAγel
(water)of water when constructing the spectra

in Figure 8. Neglecting collision-induced effects, we therefore
have for the (dimensionless) signal relaxation

and the corresponding rank 2 relaxation function

HereΩB j is the unit vector pointing along the symmetry axis of
acetonitrile moleculej in the sampled volume,〈 〉 denotes
averaging over an equilibrium ensemble containingN acetoni-

Figure 12. Behavior of the DRS spectra in Figure 8 with acetonitrile
mole fraction. The spectra are decomposed into the water spectrum
which declines as 1- xACN, the acetonitrile spectrum, and a “composite”
spectrum. The parameters for the basic spectra are collected in Table
2.

S(ACN)(t) ≡
〈Πxy(0) Πxy(t)〉

NAγel
(water)

)
1

15

N∆R2

NAγel
(water)

∑
j

N

〈P2[ΩB1(0)‚ΩB j(t)]〉 (10)

C2(t) ) S(ACN)(t)/S(ACN)(t ) 0) (11)
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trile molecules with polarizability anisotropy∆R ) R7 - R per
mole of the mixture.P2 is the second Legendre polynomial.
For dilute acetonitrile the cross terms 1* j can be neglected
and the orientationΩB for a representative single molecule
(here: the first) remains.NA is Avogadro’s number andγel

(water)

the molecular second dynamic electronic hyperpolarizability of
water. Remember that the notationS(ACN)(t) indicates signal from
the dilute solute only since the ideal water contribution has been
removed.

Generally an orientational correlation function of rankL is
defined as

CL(t) arises from a generalized Langevin equation for the angular

velocity ΩB4 ≡ ωb of the type116

whereIB is the moment of inertia for tumbling motion. For a
linear molecule the random torqueRB(t)is related to the dynamic
friction ê(t) (ps-2) by

with Boltzmann constantk and absolute temperatureT. After
Laplace transformation (Appendix A,s ) -iω) a convenient
approximation to an orientational correlation function is achieved
by Mori’s continued fraction,13b which is truncated to second
order (in our case rankL ) 2):

KL(0) is the value for the pertinent velocity friction kernel att
) 0; for free rotation

The Einstein frequencyω0L governs the initial decay as

ê̂L(s) is the transform of the intermolecular dynamic force
friction kernel êL(t), which was illustrated in Figure 1. The
acetonitrile solute experiences a fluctuating torque from trans-
lational motion of nearby water molecules through short-range
(SR) interactions. Solvent rotational motion, on the other hand,
creates a fluctuating torque through dipole-dipole (DD) interac-
tions. Madden and Kivelson18a assumed that both mechanisms
can be separated and decomposed the frictional torque into a
fast-relaxing SR part, taken to be delta-correlated, and into a
slow-relaxing DD part, whose correlation decays multiexpo-
nentially. Kumar and Maroncelli21 examined this hypothesis by
molecular dynamics simulations of a simple polar solute in
acetonitrile and methanol. They found that nearby solvent
molecules are pulled up the repulsive wall of the solute by
Coulomb interaction. As these solvent molecules rotate they
also exert short-range forces onto the solute, which is why the

two kinds of frictional mechanism are correlated and friction
cannot be decomposed.

Returning to an acetonitrile solute surrounded by water, we
intend to provide the friction functionê2(t) from experiment so
that it may be compared with theory or simulations. Inverting
eq 15 one has

with L ) 2 for DRS. The relaxation spectrum Cˆ 2(s) is available
through an empirical description of the DRS spectrum by Mori
line shape functions (Appendix A with Table 2) andK2(0) )
26.72 ps-2 or ω02/2πc ) 27.44 cm-1 from the inertial moment
(Table 1). When both sets of data are used in eq 18 then a
component-Fs is generated inê̂2(s) which is easily recognized
and fitted to giveF ) 0.222. However, this contribution is
unphysical in the context of friction and we see from eq 15
that it should be absorbed in the Einstein frequency squared,
which now becomesK2(0)/(1 - F). The Einstein frequency is
thus raised from a value for thermal free rotation to 31.11 cm-1

(as is best seen directly when fittingC2(t) at early times to eq
17). It is interesting to speculate on the reason for this increase.
For example the moment of inertiaIB may be decreased through
a contraction of the CsC and CdN bonds. Indeed upon
solvation in water, a decrease of the CtN bond length relative
to the gas phase is indicated by IR and Raman spectroscopy,57

but this effect is an order of magnitude below the total upshift
of the Einstein frequency. Another reason may be that, contrary
to our assumptions, neighboring acetonitrile solutes are close
enough so that an orientational correlation exists. In this case
the denominator in eq 16 becomesIBg2 whereg2 is the static
second rank orientational correlation factor.107 In pure aceto-
nitrile g2 > 1 and therefore the initial curvature ofC2(t) becomes
smaller for collective rotation when compared to single-molecule
rotation. It is reasonable to assume the same holds for dilute
acetonitrile so that this effect does not explain our observation.
Instead we assign the increased curvature mainly to librational
motion. Remember that a librational oscillation was seen in the
velocity correlation functions of Figure 10. It implies that
rotation is not entirely free but modified by the librational
potential, and the latter should contribute to the Einstein
frequency, since it gauges all forces att ) 0.117 The friction
spectrumê̂2(s) is therefore recalculated by using the scaled value
K2(0) ) 34.33 ps-2. For an empirical description it is fitted by
Brownian oscillator relaxation functions in the frequency domain
(Appendix A) of which four are required. It is more instructive
to consider how the correlation function for the frictional torque
decays in the time domain, henceê2(t) is shown in Figure 11b.
Before further discussion we need to estimate how wellê2(t) is
determined and for this purpose retrace the analysis back to the
OKE measurement. So first, by substitution of the fit toê̂2(s)
into eq 15, a description ofĈ2(s) is obtained. Next remember
that the normalized responseRL(t) ) -dCL(t)/dt has the
transform

The measured spectral density is finally generated by multiply-
ing ø2′′(ω) from eq 19 with the measured spectral integral S(t
) 0) ) 18.30 (sum of pertinent amplitudes in Table 2). The
result cannot be distinguished from the original spectrum on
the scale of Figure 11a. The sensitivity of a BO parameter in
ê2(t) may be examined by calculating the standard deviation
between simulated and measured data points. Optimal values

CL(t) ) ∑
j

N

〈PL[ΩB1(0)‚ΩB j(t)]〉/ ∑
j

N

〈PL[ΩB1(0)‚ΩB j(0)]〉 (12)

IB
d
dt

ωb + ∫0

∞
dt ′ IBê(t ′)ωb(t - t′) ) RB(t) (13)

IBê(t) ) 1
2kT

〈RB(0)RB(t)〉 (14)

ĈL(s) ) 1

s +
KL(0)

s + ê̂L(s)

(15)

KL(0) ) L(L + 1)kT/IB ) ω0L
2 (16)

CL(t) ≈ 1 - 1
2
ω0L

2t 2 + ... (17)

ê̂L(s) )
KL(0)

1/ĈL(s) - s
- s (18)

øL(ω) ≡ R̂L(s) ) -sĈL(s) + 1 (19)
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and their likely errors (for which the standard deviation doubles
from its minimum) represent the main result of this section and
are summarized in Table 2.

The time-dependent rotational frictionê2(t) will now be
discussed in view of recent simulations.19-21 As a first measure
we consider the friction coefficientê ) ∫ 0

∞ê2(t) dt ) ê̂(0) )
51.15 ps-1, which alone matters when friction decays much
faster than the solute reorients. That condition may safely be
assumed in the diffusive limit, i.e., when inertial motion has
faded and solvent velocities are thermalized. ThereCL(t) decays
monoexponentially,

and the rotational diffusion constantDr is given regardless of
rank by

Kim and co-workers20 simulated the molecular dynamics of
polar model solutes in water and focused on the effect of solute
polarizability. They determinedê ) 7.6 ps-1 for a nonpolar-
izable solute with a 3.6-D dipole moment like acetonitrile, of
which a major part (5.6 ps-1) can be attributed to random torques
from nonpolar interactions. When comparing simulated and
observedê, one should rather consider the torque-torque
correlation, the time integral of which scales withIBê according
to eq 14. From our measurement for acetonitrile in water we
find ∫ 0

∞〈RB(0)RB(t)〉 dt ) 2.95 x 10-74 g2 cm4 ps-3.118 This result
fits well into the range of values simulated with various solute
modelssfor example, the nonpolarizable solute mentioned above
gave 2.60 x 10-74 g2 cm4 ps-3.20

The shape should distinguishê2(t) from dynamic friction
kernels of other rank. The function in Figure 11b can be well
described by three exponentials:

which together represent 98% of the integralê. A small
librational hump around 0.3 ps arises formally from the
superposition of underdamped relaxation modes at 44 and 106
cm-1 (see Table 2). Interestingly, the simulatedê1(t) (Figure
8a in ref 20) also appears to have a very weak second maximum
at 0.2 ps. We note that while theinertial motion is properly
presented by eqs 13 and 15,librational motion is not and
therefore is projected into the friction kernel. Molecular dynam-
ics simulations of time-dependent rotational friction in aceto-
nitrile and methanol solutions found a pronounced quasi-
Gaussian component within∼100 fs, related to inertial solvent
motions and accounting for more than 70% of the function’s
decay, followed by a small amplitude tail reflecting diffusive
dynamics at longer times.21 In particular for methanol, inertial
motion was noted on two different time scales: a∼100 fs time
scale typical of small molecule liquids and the much faster∼20
fs feature which was associated with hydroxyl librational motion.
The ultrafast 21.1 fs component of our measurement may
likewise be caused by water libration but intramolecular bending
may also contribute. The longer time of 0.779 ps is assigned to
translational motion of the acetonitrile solute coupled to
collective orientational motions of the solvent as will be shown
below. The oscillatory feature inê2(t) suggests backscattering
from the solvent which may eventually be understood with
mode-coupling theory.119-121 The latter treats a solute rotating

in a cage formed by a simple liquid, and the rotational friction
is expanded into the modes of the entire system.

The theory of dielectric friction was developed from a
molecular viewpoint by Madden and Kivelson.18 For an analyti-
cal treatment the authors needed to assume separability between
instantaneous near-range friction and slow-relaxing dipolar
friction. As was already mentioned, molecular dynamics simula-
tions showed that this assumption cannot be maintained.20,21We
support that finding by showing thatê2(t) curves generated from
the dielectric theory never match, or do not describe qualita-
tively, the experimental curve at all times. To begin with, assume
that a fractionyê of the time integral can be considered
δ-correlated. The corresponding rotational diffusion coefficient
D0 ) kT/IByê is then entered into the dielectric part ofê2(t)
(ê2

DD(t) of eq 58 in ref 18a), which also contains functions from
translational diffusion (for parameters see Table 1). The
amplitude ofê2

DD(t) is determined so that integration gives the
remaining fraction (1- y)ê. In Figure 11b, the curve which
reproduces the slow decay time hasy ) 0.3; this means that
the slow decay can be explained in terms of solute translational
and water dielectric modes. On the other hand the observed
friction at early times cannot be simulated even qualitatively
by the theory since large differences remain in this region for
everyy. The integral of the predicted curve (grey area) is also
too small since the remainder is reserved forD0.

By the way the nuclear14N quadrupole coupling constant
(NQCC) for dilute acetonitrile in water may be determined from
our data. We calculate a correlation timeτ2

(ACN) ) 1.49( 0.015
ps (at 21°C), which is attributed to single-molecule reorienta-
tion. This property is usually inferred from the longitudinal
magnetic relaxation timeT1 according to

The problem is that even if accurate experimental NQR data
exist, the coupling constant can differ from phase to phase (ref
122 and references therein). Using the solid-state value NQCC
) 3.74 MHz,123 Wakai et al.55 obtain 2.29 ps for dilute CD3-
CN in water at 20°C, and after rescaling for CH3CN,122 2.20
ps is obtained without loss of accuracy. (This recent value is
preferred toτ2

(ACN) ) 1.9 ps, which was determined from line
width measurement by Goldammer and Hertz.124) By compari-
son with our value, the appropriate coupling constant is found
to be 4.54( 0.03 MHz, above the gas-phase value of 4.224
MHz.125

Compositional Dependence of Acetonitrile/Water DRS.
Acetonitrile/water mixtures have been studied by a variety of
methods including NMR,55,69,122,126Raman57,127-129 and infrared
spectroscopy,113,130,131 dielectric relaxation,58 far-infrared (fs
THz) time domain spectroscopy,59,132 X-ray diffraction,131 as
well as Monte Carlo133 and molecular dynamics simula-
tions.126,134-137 (Here only the recent contributions are cited of
the prolific literature from over 40 years.) Still many aspects
of structural and dynamical properties of this binary remain to
be unveiled, with the clearest picture coming from MD
simulations. At issue is the proposed presence of microhetero-
geneity (ref 78 and references therein) raising fundamental
questions about its concept and characterization. The spec-
troscopies referred to above including time-resolved OKE
measurements138 fail to address this issue directly because they
access one-time correlation functions only. To be specific
consider a mixture with acetonitrile mole fractionxACN. For any
observable, the intermolecular spectral density may consist of

1
T1

) 3π2

2
NQCC2 τ2

(ACN) (22)

CL(t) ≈ exp{-L(L + 1)Drt} (20)

Dr ) kT/IBê (21)

ê2(t)/ps-2 ≈ 474 exp{-t/21.1 fs} + 134 exp{-t/71.4 fs} +
39.4 exp{-t/0.779 ps}
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“inhomogeneous broadening” from a static (or very slow)
distribution of environments convoluted with “homogeneously
broadened lineshapes” from the liquid dynamics. For decon-
volution one must proceed to fifth order Raman experi-
ments,139-141 for example, which provide two-time correlation
functions but are quite demanding theoretically142 and experi-
mentally,143 since data from such experiments have proven
difficult to interpret. But information on the liquid is also
obtained ifxACN is varied and the behavior of various (linear)
spectral densities is charted and compared over a large
compositional range. This is the route by which all experimen-
talists have so far examined the acetonitrile/water system.

Regarding DRS, the compositional dependence was shown
in Figure 12 and parameters were given in Table 2. Combining
femtosecond terahertz pulse spectroscopic results with thermo-
dynamic arguments, Venables and Schmuttenmaer suggested
that microheterogeneity seems questionable.59 They found that
the mixtures deviate from ideality most noticeably in the region
between 0.10 and 0.40 acetonitrile mole fraction. The Debye
model employed for describing the dielectric relaxation of the
mixtures showed that they are better treated as uniform solutions
rather than as two-component systems, so enhanced structure
relative to ideal mixtures does not necessarily indicate micro-
heterogeneity. In the same spirit, the composite and ACN
“species” and their associated spectra in Figure 12 must be
understood as an empirical description only. These data are best
explained with the help of molecular dynamics simulations of
the polarizability, which are only sparsely available at present.126

This is why we defer a discussion of the line shape or the
temporal behavior.

Here we comment first on the integral spectral density instead,
which was shown in Figure 9 (empty circles); it is identical to
the initial polarizability anisotropyS(ACN)(t ) 0). In the range
xACN < 0.5, the initial signal appears to be somewhat larger
than expected for independent acetonitrile solutes (solid line),
which should haveS(1)(t ) 0) ) 18.3xACN. Here the additional
signal must come from the rank 2 orientational pair contribution,
which therefore is positive,

indicating preferred parallel or antiparallel orientations at
equilibrium. With higher mole fractions the initial signal
becomes diminished compared even to rotationally independent
acetonitrile molecules. This effect is assigned to collision-
induced effects and for neat acetonitrile is consistent with
molecular dynamics simulations.107

The second comment concerns the collective correlation time
τ2

(ACN) (solid circles). It increases from 1.49 ps atxACN ) 0 to
1.86 ps atxACN ) 0.2 and then falls again to 1.1 ps for neat
acetonitrile. In14N nuclear quadrupole relaxation studies the
single-molecule correlation timeτ2

(ACN, s) is determined instead.
Wakai et al.55 were able to cover the compositional range 2 x
10-3 e xACN e 2 x 10-2, while Goldammer and Hertz124

examined the range 5 x 10-2 e xACN e 1. Taken together with
our new NQCC for acetonitrile in water,τ2

(ACN, s) is seen to be
a constant 1.49 ps up toxACN ≈ 0.15, from where it decreases
to 0.956 ps in neat acetonitrile.122 It was already concluded that
self-association of acetonitrile is not significant at small
concentrations,55,144contrary to simulations.134 Now it is tempt-
ing to see which information could be extracted from better
data. For example, atxcan ≈ 0.2 we find att ) 0 thatS(ACN)(0)
) S(ACN,s)(0) + S(ACN, p)(0) ≈ 1.11S(ACN, s)(0). The measured

correlation timeτ2 ) 1.8 ps may then be understood, according
to eq 8, to be composed ofτ2

(ACN, s) ) 1.49 ps and a pair
rotational correlation timeτ2

(ACN, p) ≈ 3 ps. This value is still
subject to the uncertainties of our measurements at lowxACNs
the time dependence of the pair correlation should be a
rewarding objective for future OKE and molecular dynamics
studies.

Conclusion

Depolarized Rayleigh scattering (DRS) of acetonitrile/water
mixtures at 21°C was examined with the heterodyne-detected,
time-resolved optical Kerr effect (OHD-OKE). A novel decon-
volution method for materials with low nuclear response such
as water was presented: a symmetric apparatus function is
obtained from the rise of electronic response and an asymmetric
correction is constructed with the help of high-frequency Raman
data. Thus for the mixtures in the time domain, Raman spectra
up to 1600 cm-1 were recorded with high signal/noise. Spectra
are given relative to the water electronic response.

The DRS spectra for acetonitrile mole fraction 0.05e xACN

e 1 can be decomposed into three basic spectra with associated
weight functions. The spectral density due to acetonitrile at
infinite dilution in water was obtained by extrapolation. With
the assumption of homogeneous broadening, it was transformed
into the second rank reorientational relaxation function of single
acetonitrile solutes. The Einstein frequency of 31.11 cm-1 is
found higher than the thermal value of 27.11 cm-1 and an
oscillation is observed in the corresponding velocity correlation
function, both indicating librational motion in a solvent cage.
Comparison of the rotational correlation timeτ2 ) 1.49( 0.015
ps with NMR data for14N nuclear quadrupole relaxation gives
a value 4.54( 0.03 MHz for the coupling constant. The
reorientational correlation function is inverted to give the kernel
for rotational friction. The latter is mainly described by
exponentials with time constants of 21.05 fs, 71.4 fs, and 0.779
ps, which cannot be explained by the theory for dielectric
friction. An oscillatory residue indicates coupling between
acetonitrile libration and the water frictional modes.
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Appendix A

Different conventions are often used for integral transforms.
We define the Fourier transform as F{R(t)} ≡ ∫ -∞

+∞R(t)eiωt dt
≡ ø(ω) ) ø′(ω) + iø′′(ω), which (since the responseR(t)
vanishes before time zero) is identical to the Laplace transform
L{R(t)} ≡ ∫ 0

+∞R(t)e-st dt ≡ R̂(s) with new variables ) -iω.
Consider the Laplace transform of a normalized relaxation

function C(t) (taken to be general so that the rankL which
referred to orientational motion is omitted here). Its continued
fraction expansion is truncated at the second order:

whereK0(0) is the value of the velocity friction kernel att ) 0
and ê̂(s) is the transform of the force friction kernel. With
assumptions for the latter, special forms are created which are

0 < ∑
j

N

〈P2[ΩB1(0)‚ΩB j(0)]〉 with 1 * j (23)

Ĉ(s) ) 1

s +
K0(0)

s + ê̂(s)

(A1)
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conveniently used to describe transient phenomena in the
frequency and time domain. Generally, the response function
R(t) ) -dC(t)/dt has the transformR̂(s) ) -sĈ(s) + 1 and
R̂(-iω) ≡ ø(ω).

Mori relaxation and line shape functions follow when the
force friction kernel is set to decay exponentially,ê(t) ) K1(0)
exp{-t/τF}. In the frequency domain it is best to write

Hereγ constitutes a force friction or damping constant which
is associated with the area-normalized decay.Brownian Oscil-
lator functions145,146 are obtained for delta-correlated force
friction, that is in the limitτF f 0

Next note that Cˆ (s) resemblesL {cos(ω0t)}. When the relaxation
is expanded int one has

whereω0 is the Einstein frequency. Usingω0, γ, and τF for
parameters, we obtain the Mori (τF > 0) or BO (τF ) 0)
functions

with common denominator

The advantage of a multimode BO description is that all
component relaxation and response functions can be given
directly in the time domain. Here it is practical to distinguish
the overdamped (od, ω0 < γ/2) or underdamped (ud,ω0 > γ/2)
case:146

and the response functions are obtained as negative time
derivatives.

Appendix B

The spectra are defined atM frequenciesν̃i and for N
acetonitrile mole fractionsxj ) 0, ..., 1; the data may therefore
be collected in aM x N matrix D ) [ø′′nuc(ωi,xj)]. Note that the

first column|d1〉 contains the spectrum of pure water. By SVD110

the data can be written as

where the columns|uk〉 of U represent normalized basic spectra,
the rows ofVT contain their normalized dependence onx, and
diagonalS has the weights or singular valuesSkk > 0 arranged
in descending order. Usually just a few (sayK) such combina-
tions adequately describe the data andU, S, andVT are restricted
to dimensionsM x K, K x K, andK x N; in our caseK ) 3.
Next the x-dependence is analyzed: the rows onVTare
approximated by linear combinations

Linear optimization without constraints is achieved analytically,
for

The M x 3 matrix

contains in its columns the spectra which are associated with
1 - x, x -(1 - x)Rxâ, and (1- x)Rxâ, respectively. However,
we know already that the spectrum which contributes with
weight (1 - x) is identical to the water spectrum:|d1〉. This
condition already determines the first column inF

and a different route must be followed to obtain the other
coefficients. For this purpose we formR by deleting the first
row of T:

and solve for the remaining coefficientsFkj in

The associated spectra are again given by the columns ofB.
Finally, the parametersR,â in T are optimized in the nonlinear
part of the procedure, by minimizing|VT - FT|.
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