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351, Cours de la Libe´ration, 33405 Talence, France

ReceiVed: March 22, 2000; In Final Form: June 26, 2000

The aim of the present paper is to evaluate the influence of the solute-solvent interactions on the infrared
spectra of water diluted in liquid CCl4 and in supercritical xenon, considered as the standard ‘inert’ solvent.
This investigation is based upon FTIR spectra analyzed at the light of both analytical treatments and molecular
dynamics simulations. For water in supercritical xenon, the rotational relaxation processes mainly determine
the shape of the IR profiles associated with theν1 andν3 stretching modes. The water molecule rotates almost
“freely” due to the isotropic character of the van der Waals interactions applied on the solute. Both the
J-model for asymmetric molecular rotor and the molecular dynamics simulations properly account for the
band shapes associated with theν3 andν1 vibrational modes of water. Thus, the rotational dynamics of water
is primarily governed by “collisional” interactions with the neighboring solvent molecules. For water dissolved
in liquid CCl4, a structural analysis based upon the simulated radial distribution functions provides evidence
for the existence of a short-ranged C‚‚‚H-O arrangement between the solute and its neighboring solvent
molecules. It is also found that the reorientational dynamics of water are more perturbed than those in SC
xenon fluid, due to the weakly anisotropic character of the water-CCl4 interactions. In particular, the
reorientational motions of the z symmetry axis of water appear to be more specifically affected. We emphasize
that a correct treatment of the rotational dynamics of water in liquid CCl4 is provided only by simulation
methods that, in contrast to the analytical J model, include the details of the intermolecular solute-solvent
potential. Although the transition dipole moment of theν3 mode of water is only weakly affected by the
interactions, the oscillator strength of theν1 internal mode is found to be enhanced compared to its gas-phase
value, a result related to the increase of the transition dipole moment due to the water-solvent interactions.
Finally, we argue that the spectral properties can be interpreted without invoking a specific H-bond contribution
in the intermolecular potential.

I Introduction

The study of water extremely diluted in highly hydrophobic
solvents has been a well-known research field in vibrational
spectroscopy since the early 1960s.1-8 These pioneering studies
were aimed at understanding the spectral variations on going
from the isolated molecule in gaseous phase to the dense phase,
where the molecules experience many body interactions. The
final objective was to obtain information at a microscopic level
about the nature and the time scale of the main interaction
processes. These two major achievements were only possible
due to the very high sensitivity of infrared absorption spectros-
copy, which is able to probe monomeric water in the liquid
state. From these times, it has been well established that the
fine rovibronic structure of the infrared spectra of isolated water
is lost on going to states of higher densities. This conclusion
has been inferred from a large body of studies that have been
mostly concerned with the symmetricν1 and anti-symmetricν3

stretching vibrations of water and to a much lower extent with
the ν2 bending mode. We recall that for water, which is an
asymmetric top molecule, the stretching vibrations give rise in
the gas phase to a very complicated fine structure resulting from
the two rovibronic spectra respectively centered at about 3657
and 3756 cm-1 which greatly overlap.9 Further experimental
investigations on water diluted in series of organic solvents have

revealed that the strength due to a “specific interaction” could
be characterized by a redshift of the band center observed for
the two stretching vibrations correlated with a blue shift of the
ν2 bending band. In this context, the liquid carbon tetrachloride
(CCl4) appeared to be the weakest interacting solvent. This is
supported by a small redshift of theν1 andν3 internal modes
of water (respectively at about 3613 and 3708 cm-1) and the
well-defined wing (at about 3800 cm-1) associated with the
antisymmetricν3 mode, interpreted as being the remnant of the
rotational structure observed in gaseous state. Thus, it has been
inferred that the rotational motion of water is only very slightly
hindered in liquid CCl4. In 1985, the vibrational spectra of water
dissolved in liquid alkanes were reported for the first time by
Conrad and Straussin a study aimed at the understanding of
very weak hydrogen bond signature in the context of a biological
investigation.10 In alkanes, only theν3 mode was observed, and
the band shape of the associated spectrum exhibits sidebands,
which have been described in terms of P and R branches, a
terminology used for the rovibronic spectra observed in the gas
phase. Using the Gordon J-model (vide-infra), it was subse-
quently established that monomeric water performs large angular
variations in the meantime between collisions with the solvent
molecules. Therefore, the existence of a specific interaction
(namely hydrogen-bond) in the alkanes was ruled out. In
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contrast, for water dissolved in liquid CCl4, higher redshifts on
the ν1 and ν3 modes were observed.11 Moreover, attempts to
use the J-model to interpret the band shape of theν3 stretching
mode of water failed. These findings led to the conclusion that
water and CCl4 form a very weak complex.

More recently, the rotational relaxation of D2O dissolved in
xenon has been studied atT ≈ 383 K, as a function of the
density using infrared absorption and molecular dynamics (MD)
simulation.12 The ν3 mode of monomeric water was clearly
observed and found to present very well defined P and R
branches even at the highest densities investigated in super-
critical (SC) xenon. These results, which are supported by an
analysis of the experimental dipole autocorrelation using MD
simulation, show that water rotates “freely” in this solvent. These
findings led to the conclusion that xenon and the alkanes are
solvents in which there is no specific interaction with water.

The study of water weakly interacting with solvents has more
recently enjoyed an upsurge of interest. In this context, the
existence (or nonexistence) of a very weak hydrogen bond in
the water-benzene mixture has been thoroughly investigated.13-20

A large number of experimental and theoretical investigations
have addressed this question from the study of the isolated dimer
observed in rare gas matrixes and supersonic cooled jet beams
at low temperatures (in the temperature range of∼5 to 10
K).21-29 Similarly, in the liquid state, at room temperature and
at high pressure and temperature, several spectroscopic studies
have been also performed with the aim of detecting and
characterizing the interaction between the molecules.30-38

Convincing factual evidence, which gave support to the exist-
ence of a very weak hydrogen bond between water and benzene
was obtained. Very recently, we have even proposed, from an
ab initio and infrared study, rationalizing the interaction of water
diluted in fluorinated benzenes in term of the more general
Lewis acid-base concept solvent.39 From all the investigations
reported so far, it comes out that, at a qualitative level, water
in liquid CCl4 can be classified as a system intermediate between
the water-xenon and water-alkanesystems and the water-
benzene system. In the former, the water rotational motion is
“quasi free”, and a collisional picture is rather well adapted to
characterize the molecular dynamics. In contrast, the rotational
motion in benzene solution is more hindered, a fact ascribed to
the existence of a very weak hydrogen bond.

The aim of the present article is to investigate the molecular
dynamics of the water-tetrachloride system, for which only
sparse information on the molecular dynamics is currently
available. For this purpose, we present herein the analysis of
the measurements that we have performed on water-CCl4
system in the far- and mid-infrared spectral range analyzed at
the light of a theoretical investigation based upon the use of
both analytical model and molecular dynamics simulation. This
paper comprises three main sections, outlined as follows:

In the first part, we review the basic spectroscopic theoretical
background relevant for our study. In particular, we will present
the pertinent literature results concerning the infrared (IR)
spectra of water in gas phase and isolated in SC xenon. These
elements are needed to understand the influence of the water-
solvent interaction on the intensities and band shapes of the
infrared (IR) profiles associated with theν1 andν3 stretching
modes of water in the following. Indeed, as far we know, the
origin of the activation of theν1 mode of water observed in
liquid CCl4 has surprisingly never been addressed in depth.

The second part will be devoted to the presentation of the IR
absorption measurements of theν1 and ν3 modes of water in
liquid CCl4 at room temperature. The spectra will be analyzed

(shifts, intensities, and band-shapes) and compared with avail-
able literature studies. Then, the analytic treatment of the band
shape, performed using the Gordon’s J-model adapted for
asymmetric top molecules (not previously reported at this level),
will be applied and critically discussed.

In the third part, we will present the structural and dynamical
properties obtained by MD simulation on water diluted in liquid
CCl4 at room temperature. The discussion of these results has
been performed at the light of the MD simulation of the water/
xenon mixture, considered here as the reference system in which
the solvent is fully “inert”. In particular, the rotational relaxation
processes of light and heavy water around its main symmetry
axes have been further analyzed to assess the influence of their
contributions in the vibration-rotation spectra. Finally, on the
basis of the results obtained in this study, the nature and time
scale of the water-solvent interactions are discussed.

II Material Background on the Infrared Absorption of
Monomer Water

In this section, we will present the basic theoretical back-
ground concerning infrared absorption spectroscopy. Then, we
will put the emphasis on the pertinent facts obtained from the
literature, those needed to introduce the problematic relative to
water in a solitary state in a liquid “inert” solvent.

II-1 Theoretical Background. The linear absorption coef-
ficient of a sample absorbing an electromagnetic radiation is
related to the spectral densityI(ω) by the following relationship40

where,V is the volume of the sample,c is the velocity of the
light, p is Planck’s constant,â ) 1/kBT (with kB, the Boltzmann
constant andT the temperature of the sample), andn is the
refractive index, assumed to be frequency independent.

The spectral densityI(ω) is the time-Fourier transform of the
autocorrelation function (acf)C(t) of the sample dipole moment
MB (t) according to

For a solute that is highly diluted in a solvent, it is assumed
that the interactions between vibrations belonging to two distinct
solutes can be neglected. Moreover, if it is also assumed that
the rotational and vibrational degrees of freedom are uncoupled
and that induction processes (e.g., dipole induced dipole
interactions) are absent, it can be shown that the spectral density
I(ω) associated with a particular infrared transition is given by41

where,ub is the unit vector lying along the transition dipole
moment (∂µ/∂q)q0 associated with the normal coordinateq, and
N is the number of solute molecules.

Therefore, the spectral densityI(ω) results from the convolu-
tion of the spectral densityIrot(ω) due to the rotational motions
of the solute molecule with the spectral densityIvib(ω) associated
with the vibrational relaxation of the studied normal mode, i.e.,

with,

R(ω) ) 4π2

3pcV
1
n(n2 + 2

3 ) ω[1 - exp(-âpω)]I(ω) (1)

I(ω) ) 1
2π∫-∞

+∞
dt e-iωt〈MB (t) ‚ MB (0)〉 (2)

I(ω) ) N
2π∫-∞

+∞
dt e-iωt (∂µ

∂q)q0

2
〈ub(t) ‚ ub(0)〉 〈q(t)q(0)〉 (3)

I(ω) ) (∂µ
∂q)q0

2 ∫-∞

+∞
dω′Irot(ω′)Ivib(ω - ω′) (4)
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and

This approach applied to the fundamental transitionsν1, ν2,

andν3 of monomeric water leads to the following autocorrelation
functions (acf):42

It appears from these expressions that the IR absorption profiles
associated with the bendingν2 mode and the symmetric
stretching ν1 mode of water provide information on the
reorientational motions of the unit vector uz (B-type band) lying
along the C2-symmetry axis. Whereas, the antisymmetric
stretching vibrationν3 of water gives access to the reorientational
motions of the unit vectoruy lying in the plane of the molecule
and perpendicular to theC2 axis (A-type band). Finally, we
notice that the reorientational motions of the unit vectorux out
of the molecular plane (C-type band) is not involved in the
observed IR absorption profiles of water.

II-2 Background Literature Elements on the Infrared
Spectra of Water in Gas Phase and Isolated in Supercritical
Xenon. The mid infrared (MIR) spectrum of water in gaseous
phase is well-known and has been extensively studied.9 In Figure
1, we have reported the experimentally observed spectrum of
theν1 andν3 stretching vibrational modes (see the inset), which
exhibits a complicated overlapping rovibronic structure. The
measured vibrational intensities obtained from the sum of all
of the observed rotational transitions assigned to the separate
of the vibrational transitionν3 andν1 lead to a ratio of about
15,14 which shows that theν3 transition is by far the most intense
in the gas phase. In contrast, in dense phases, due to the
“collisions” experienced by the water molecule with the solvent,
the quantum rotational fine structure of the spectrum collapses
and leads to a continuous envelop. If the meantime between
collisions is much greater than the period of free rotation of
water, the spectrum can be calculated in the framework of
classical mechanics. In this context, the rotational profile
calculated for water, which is an asymmetric top molecule of
C2V symmetry, leads to aν1 band, which presents a P, R structure
(B-type band), whereas theν3 band exhibits a P, Q, R stucture
(A-type band). This observation is perfectly illustrated in the
case of water dissolved in xenon as a function of increasing
pressure at constant temperature.12 At the highest density
investigated, the spectrum of water in supercritical xenon
exhibits the rotational P and R branches, flanking the central
Q-branch associated with theν3 transition (Figure 1). Moreover,
if we consider the relative intensities of the two stretching
vibrations of water measured in the gas phase, it seems that the
ν1 contribution in the spectrum can be safely neglected.
However, a closer examination of Figure 1 shows that the
intensity of the P branch is slightly greater than the R one. This
result is in contradiction with the ratio of the intensity of the
rotational branches, which is governed by the Maxwell-
Boltzmann distribution, namely, the detailed balance principle.43

It might be inferred from this observation that the contribution

of the ν1 mode from the gas-phase result is much greater than
expected. This point, which is not reported by these authors,12

will be discussed below.

III Infrared Absorption Spectra of Water Dissolved in
Liquid CCl 4

III-1 Experimental Details. The solutions were prepared by
mixing ultrapure water (milli Q, 18 MΩ) with carbon tetra-
chloride (Aldrich, purity+99%), dehydrated for several days
on molecular sieves. We have carefully checked to ensure that
the solutions were properly equilibrated by making several
measurements during the several days after mixing. In addition,
we know from our previous infrared spectroscopic works that
water oligomers do not contribute to our spectra.15 The
reproducibility of the measurements indicates that the solutions
were saturated in water, and we assumed that the concentration
was 8.4 10-4 in molar fraction at room temperature (∼25 °C)
as reported from thermodynamic measurements in the litera-
ture.44

The mid-infrared spectra have been recorded on a Bio-Rad
interferometer by accumulating 100 spectra recorded at 2 cm-1

spectral resolution. Theν3 andν1 modes as well as theν2 + ν3

combination of water have been recorded. The observation of
theν2 bending vibration was hampered by the strong contribu-
tion of the internal modes of the solvent. The cell that was used
was made with CaF2 windows and had a 3 cmpath length.

III-2 Experimental Observations. The spectra of water
diluted in CCl4 corrected from the solvent contribution are
reported for theν1 andν3 fundamental transitions and for the
ν2 + ν3 combination in Figure 2. The profiles associated with
the two stretching vibrations display the general features that
have been previously reported in earlier studies, namely two
well-defined peaks corresponding to theν1 andν3 modes and
remnant rotational wings clearly apparent on the profile associ-
ated with theν3 mode. If we consider the spectra associated
with the combination mode, we find that its band shape is almost
identical to the band shape of theν3 mode (vide-infra). It is
noteworthy that theν2+ν1 combination mode, although spec-
trally allowed by group theory (both vibrations belong to the

Figure 1. Experimental infrared spectrum of theν3 anti-symmetric
stretching mode of heavy water (D2O) in supercritical xenon fluid (filled
circles) (T ) 383 K, F ) 15.6× 10-3 mol/cm3).12 We have displayed
the weighted sum of the type A (for theν1 mode) and type B (for the
ν3 mode) simulated rotational profiles of D2O in solid line. For
illustration, we have also reported in the inset the fine overlapping
rovibronic structure of light water (H2O) in gaseous phase.

Irot(ω) ) ∫-∞

+∞
dt e-iωt 〈ub(t) ‚ ub(0)〉 (5)

Ivib(ω) ) ∫-∞

+∞
dt e-iωt 〈q(t)q(0)〉 (6)

{CV
1(t) ) N( ∂µ

∂q1
)2

〈ubz(0) ‚ ubz(t)〉 〈q1(0) q1(t)〉

CV
2(t) ) N( ∂µ

∂q1
)2

〈ubz(0) ‚ ubz(t)〉 〈q2(0) q2(t)〉

CV
3(t) ) N( ∂µ

∂q1
)2

〈uby(0) ‚ uby(t)〉 〈q3(0) q3(t)〉

(7)
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A1 representation, which is infrared active) is not clearly
observed in this spectral range.

We have checked the quality of our measurements by
comparing them with the literature data (see Table 1). For this
purpose, we have performed a simple quantitative analysis of
the band shape reported in Figure 2, using Lorentzian profiles
to evaluate the position of the band center, the fullwidth of the
central branch and the ratio of the integrated intensities
(Iν3/Iν1) of theν1 andν3 bands. The fitted values are reported in
comparison with literature available data in the Table 1. From
this comparison, it appears that there is an overall fair agreement
between the band center and the fullwidth reported in earlier
studies with our measurements. However, the quality of our
data allows to discuss more accurately the band shapes of the
ν1 andν3 profiles and, in particular, to extract their respective
integrated intensities. Indeed, up till now, have been reported
in the literature the values of the extinction coefficientεmax taken
from the maxima of theν1 andν3 profiles. To have an accurate
determination of the integrated intensities, we have to separate
the contribution of theν1 mode, which overlaps strongly with
the ν3 band. Thus, we have assumed that the high-frequency
wing of theν3 mode is not affected by the contribution ofν1

mode.
In consequence, we have obtained the low-frequency part of

theν3 profile from its high-frequency side as follows. In a first
step, we have calculated using eq 1 the spectral densityI(ω0 +
∆ω) associated with the high-frequency side (whereω0 is the
band center frequency, and the frequency deviation from it is
∆ω ) |ω - ω0|. Then, we have applied the detailed balance
relationship that relates the intensity of the low and high-

frequency parts of the profile, i.e.,

Finally, the absorption coefficient associated with the low-
frequency side has been obtained by applying the eq 1 to
I(ω0 - ∆ω). More succinctly, the upper and lower parts of the
ν3 profile are related by

The resulting profile, which is presented in Figure 3, is the
determination of the profile of theν1 mode by subtraction. The
integrated intensities of theν3 and theν1 mode evaluated with
a relative error estimated respectively as 10% and 40% are
reported in Table 1. From these values, we can calculate the
oscillator strengthf of the vibrational transition. We have
obtained a value of (7.4( 0.8) 10-6 for the ν3 mode and (2.2
( 0.9) 10-6 for theν1 mode, which can be compared with the
corresponding values for water in the gaseous phase, which are
8.3 10-6 and 5.6 10-7, respectively.15 Within experimental
uncertainties, the oscillator strength of theν3 mode measured
in the water/CCl4 solution remains close to its gas-phase value,
whereas there is a sizable enhancement of the oscillator strength
of the ν1 mode. We have also performed the detailed balance
numerical treatment on the profile associated with theν2 + ν3

TABLE 1: Spectroscopic Data for Water Diluted in Liquid CCl 4 at Room Temperaturea

ν1 stretching mode ν3 stretching mode ν3 + ν2 combination mode

ν1

(cm-1)
η1

(Nep. cm-2)
∆ν1

(cm-1)
ν3

(cm-1)
η3

(Nep. cm-2)
∆ν3

(cm-1) η3/η1 ref
ν3 + ν2

(cm-1)
η

(Nep. cm-2)
∆ν

(cm-1) ref

3613.0 3708.0 [4-6] 25 °C
3619.0 3710.0 39.0 [8] 30°C 5283.0 39.0 [8]
3613.0 13[£]b 38.0 3705.0 34[£] 42.0 2.6 [7] (30°C) 5282.0 37.0 [11]
3617.0 15.0 3708.0 31.0 [11] 25°C 5285.0 2.5 40.0 our work
3616.0 10 19.0 3709.0 34.5 37.0 3.45 our work
3657.1 2.97 3755.9 43.2 gas phase [9]

a Band center frequencies (ν), integrated intensities (η) and full widths at half-height (∆ν). b [£] Intensity measured at the maximum of the band
(in l mol-1 cm-1 unit).

Figure 2. Experimental infrared spectrum of theν1 andν3 stretching
vibrational modes of water diluted in liquid CCl4 at room temperature
(circles). We have also reported the measured absorption profile
associated with theν2 + ν3 combination mode of water (circles) in the
inset. The Lorentzian band shape decomposition of the profiles is
indicated by the thin solid lines on each figure.

Figure 3. Contribution of theν3 vibrational mode (solid line) on the
infrared spectrum due to the fundamental transitions of water in liquid
CCl4 (dashed-line), which has been evaluated from the symmetrization
procedure used in our study (see text). We have also reported in the
inset the same band shape analysis for the profile associated withν2 +
ν3 combination mode.

I(ω0 - ∆ω) ) I(ω0 + ∆ω) exp (-âp∆ω) (8)

R(ω0 - ∆ω) )

[ω0 - ∆ω
ω0 + ∆ω

‚ 1 - e-âp(ω0 - ∆ω)

1 - e-âp(ω0 + ∆ω)]e-âp∆ωR(ω0 + ∆ω) (9)
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combination band (inset Figure 3). The resulting profile is
compared with the experimental one. A small excess of intensity
is observed on the low-frequency side of theν2 + ν3 combina-
tion band, which can be assigned to theν1 + ν3 combination
band. If this assignment is correct, it appears that the band shapes
associated with theν1 mode and the combinationν1 + ν3 are
different. This finding is in contrast with the similarity observed
between the band shapes of theν3 and theν2 + ν3 profiles.
The integrated intensities of the combination of theν3 and the
ν1 mode evaluated with a relative error estimated respectively
as 20% and 60% are reported in Table 1. Therefore, the
oscillator strength can be calculated, and we have obtained a
value of (5.4( 1.2) 10-7 for theν2 + ν3 mode and a value of
(5 ( 3) 10-8 for the ν1 + ν3 mode, which can be compared
with the corresponding values for water in the gaseous phase,
which are 9.10-7 and 4.2 10-8, respectively.14 In view of
experimental uncertainties, we can assume that the oscillator
strengths of the combination bands of water in CCl4 solution
are the same than those reported for the gas phase.

III-3 Interpretation of the Band Shapes using an Analyti-
cal Model. It is noteworthy from the presentation of the
experimental results reported for water dissolved in xenon,
which is undoubtedly the more “inert” solvent, that the rotational
dynamics plays a major role in conditioning the band shape.12

Similarly, the presence of well-defined rotational wings in the
profile associated with theν3 mode of water in liquid CCl4 also
supports this viewpoint. In this context, we have tried to use
the analytical J diffusion model to fit our data. In this model,
water is considered to be an asymmetric top molecule perform-
ing free rotational periods governed by the three main inertial
moments, which are interrupted by collisions with the solvent
molecules. The instantaneous binary isolated collisions are
assumed to obey a Poisson’s distribution.45,46 After each
collision, the orientation of the angular momentum is random-
ized, and its magnitude is redistributed according to the
Maxwell-Boltzmann distribution law. The main advantage of
this model is to use a single adjustable parameter, namelyτJ*,
the meantime between collisions (the correlation time of the
angular momentum) to treat the rotational dynamics. Using
reduced units, we can defineτJ* as

where, IB is the inertial moment along the Y axis (in the
molecular plane and perpendicular to theC2 symmetry axis).

Two limiting cases are recovered, namely the “free” rotation
limit where τJ* . 1 and the rotational diffusion whereτJ* ,
1. In the “free” rotation limit (τJ* . 1), the rotational profile
of the A-type band exhibits a well-defined PQR-structure. When
the molecule experiences collisions (τJ* ≈ 1-2), the Q-branch
broadens and its intensity decreases, whereas the rotational
wings on both sides of this central peak become less pronounced.
Finally, a single Lorentzian profile is observed as the diffusive
rotational regime is reached (τJ* , 1). In the case of the B-type
band, the profile presents a P-R structure characterized by the
presence of a central dip, which is progressively filled up when
the frequency of the collisions with the solvent molecules
increase. As before, in the diffusive rotational regime, the profile
becomes again of the Lorentzian type.

We have used the analytical J model to calculate the spectral
densities for theν3 mode (A type band) and theν1 mode
(B type mode) of light water at temperature about 300 K as a
function of τJ* (Figure 4). This model is able to retrieve the

evolution of the experimental band shapes including the wings
observed on theν3 band as well as the behavior of the PR
structure of theν1 mode existing in the gas phase and which is
collapsed toward a Lorentzian profile under the influence of
the intermolecular collisions. However, this is only possible by
using a different correlation time of the angular momentum for
each mode,τJ* ≈ 10 andτJ* ≈ 0.05, respectively, for theν3

andν1 modes. Although, extended J models using two collision
times have been proposed, the main drawbacks of the model
still reside first in the neglect of the attractive part of the
interaction potential and second in the assumption of the
instantaneous duration of the collisions. Thus, treatments aimed
at the characterization of the nature of the solute-solvent
interaction of water in liquid CCl4 and which are based on the
study of rotational dynamics using the J model even in its more
sophisticated version (for asymmetric top molecules) are
questionable. Due to the limitation of this model, the conclusions
concerning the rotational dynamics are indeed dependent upon
the choice of the normal mode investigated. Thus, the absence
of viable analytical treatment prompted us to rely on a molecular
dynamics simulation for interpretative purposes.

IV Molecular Dynamics Simulation

IV-1 The Modeling of the Water-Solvent Interaction
Potential. This section is devoted to the discussion of a
semiempirical model of the intermolecular interactions to study
by molecular dynamics simulations the structural and dynamical
properties of mixtures of water dissolved in liquid CCl4 and in
supercritical (SC) xenon fluid.

In these simulations, the molecules are treated as rigid units.
The modeling of the intermolecular interactions is based on the
use of an isotropic atom-atom potential, which is decomposed
in a sum of repulsive and dispersive terms. Moreover, we have
explicitly included in the potential energy model, the electrostatic
interaction contributions by placing point charges on the atoms
of the water and CCl4 molecules.

τj* ) xkT
IB

τj (10)

Figure 4. Calculated spectral densities of light water (H2O) using the
J model for theν3 mode (A type band) and theν1 mode (B type mode)
for different values ofτJ* and a temperature of about 300 K.
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For the nonflexible model used here, the structure of the CCl4

molecules is fixed at the experimental tetrahedron (Td) geometry
with a C-Cl bond length of 1.769 Å.47 The atomic charge
distribution on the CCl4 molecules was determined in order to
reproduce the experimental value of the octopole moment in
liquid phase (Ω ≈ 14.96 10-34 esu)48,49 (cf. Table 2).

For the modeling of the CCl4-CCl4 intermolecular interac-
tions, we have chosen to use an isotropic atom-atom potential
using an analytical form of type{exp-6-1} given by

whereR andâ label the C, Cl, O, and H atoms, respectively,
andrRâ is the distance between the atomsR andâ belonging to
two interacting molecules.

This potential model has been used for the neat liquid CCl4

and for the water/CCl4 solution and the atom-atom potential
parameters (B, C, and A) used here are reported in Table 2.

The rigid molecular geometry of water is defined as in the
Berendsen’sSPC model.50 For water diluted in a nonpolar
solvent, the dipole moment is expected to be close to the gas
value (µ ≈ 1.87 D) and therefore, the atomic charges used were
fixed in order to reproduce the latter one. The values of the
point charges for water and carbon tetrachloride used in our
calculations are also reported in Table 2.

The H2O-CCl4 interaction potential is modeled from an
analytic expression of the Lennard-Jones type according to

The LJ atom-atom parametersε and σ describing the
intermolecular interactions were obtained from the potential
models proposed by Mc Donald for CCl4

49 and by Berendsen
(SPC model) for water.50 Finally, the cross parameters of the
water-CCl4 potential have been obtained according to the usual
Lorentz-Berthelot mixing rules. Then, the electrostatic part of
the intermolecular potential is completely defined from the
atomic charge distributions of the H2O and CCl4 molecules.
Clearly, in the limit of the highly diluted solutions considered
here, the electrostatic terms are aimed to reproduce the dipole-
octopole and octopole-octopole contributions for the respective

H2O-CCl4 and CCl4-CCl4 interactions. All of the potential
parameters used in our simulations are reported in Table 2.

For our study of water in SC xenon fluid, we have used the
model originally proposed by Mc Donald and Singer to describe
the interatomic Xe-Xe forces.51 We have applied the previous
approach in order to define the Xe-H2O interactions using an
analytical expression of Lennard-Jones type. The LJ atom-
atom potential parametersεij andσij used in the simulation are
reported in Table 3.

IV-2 Computational Details. We have performed a molec-
ular dynamics simulation of nonflexible molecules in the micro-
canonical ensemble (N, V, E). The sample was composed of a
single H2O (or D2O) molecule and 107 CCl4 solvent molecules
confined in a cubic cell of constant volume. Using the periodic
boundary conditions, the equations of motion were solved by a
leapfrog algorithm with a time step of 0.5× 10-15 s to ensure
a good conservation of the total mechanical energy of the system
during the MD run. The molecular rotations were treated in the
framework of the quaternions formalism. The cutoff radius of
the intermolecular forces was equal to half the box lengthL,
whereas long-range corrections corresponding to the repulsive
and the dispersive part of the potential were added to the
pressure and the internal energy. The calculations were per-
formed at a temperature of 300 K for a molar density number
of the sampleF ≈ 10.3 × 10-3 mol/cm3 (or a molar volume
Vm ≈ 97.36 cm3/mol) and a production run of 600 ps after an
equilibration time of 75 ps was recorded for the needs of our
study. For the sake of comparison, we have also performed a
simulation of the neat liquid CCl4 in the same thermodynamic
conditions as previously recorded but with a simulated sample
composed of 256 molecules in the cubic cell and the use of a
satisfactory time step of 10-14 s required for the integration of
the molecular trajectories. Here again, a production run of 600
ps was carried out (or 60 000 run steps) after an equilibration
time of 75 ps.

For the purpose of our discussion, we have also performed
several simulations under the same overall computational
conditions on a mixture composed of a single water molecule
(H2O and D2O as well) dissolved in a solvent constituted of
255 xenon atoms. The runs were performed during 600 ps after
188 ps of equilibration. The temperature and density of xenon
were respectively chosen atT ≈ 383.15 K andF ≈ 15.6 10-3

mol/cm3. It is under these specific thermodynamics conditions
that the experimental infrared spectra in the region of the
stretching vibration exhibits, as we have discussed previously,
a profile comprising the envelopes of the rotational P and R
transitions. We will show in the following that the choice of
these density conditions is the most convenient for a comparison
with the spectra of water dissolved in CCl4 at room temperature.

IV-3 -A Structural properties. IV-3 Molecular Dynamics
Results.The calculated thermodynamic properties for hydro-
genated (H2O) and deuterated (D2O) water diluted in liquid CCl4
at room temperature and for D2O dissolved in SC xenon fluid
at the temperatureT ) 383.15 K are listed in Table 4 and are
compared with those corresponding to the pure solvents
simulated in the same thermodynamic conditions. Notice that
the value of the mean intermolecular potential energy obtained
for the pure liquid CCl4 is in good agreement with the values

TABLE 2: Interatomic Potential Parameters for the
CCl4-CCl4 and H2O-CCl4 Interactions and Molecular Point
Charge Distributionsa

interatomic{exp-6}
potential parameters for

the CCl4-CCl4 interactions
BRâ

(kJ/mol)
CRâ

(Å-1)
ARâ

(kJ Å6/mol)

C-C 1.23× 106 2.971 13 370.0
Cl-Cl 3.05× 106 3.970 5134.9

interatomic LJ
potential parameters for

the H2O-CCl4 interactions εRâ (kJ/mol) σRâ (Å)

O-O 0.651 3.165
Cl-Cl 0.851 3.500
C-C 0.425 4.600

atomic point charge|
distribution (in electron unit)

CCl4 molecule qcl ≈ +0.2920 qc ≈ -1.1680
H2O molecule qH ≈ +0.3356 qo ≈ -0.6712

a The cross atom-atom potential parameters are obtained from the
usual combination Lorentz-Berthelot rules.

URâ(rRâ) ) BRâ exp(CRârRâ) -
ARâ

rRâ
6

+
qRqâ

rRâ
(11)

URâ(rRâ) ) 4εRâ((σRâ

rRâ
)12

- (σRâ

rRâ
)6) +

qRqâ

rRâ
(12)

TABLE 3: Interatomic LJ Potential Parameters for the
H2O-Xe and Xe-Xe Interactions

LJ potential parameters in
the H2O-Xe system εRâ (kJ/mol) σRâ (Å)

Xe-Xe 1.837 4.100
Xe-O 1.083 3.633
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calculated in previous works.49,52 The local ordering of water
(H2O and D2O) diluted in liquid CCl4 at room temperature and
of D2O dissolved in SC xenon fluid is now discussed from the
analysis of the atom-atom pair distribution functionsgij (r).

D2O in SC Xenon.For deuterated water dissolved in SC
xenon, the atom-atom radial distribution functions (rdf)
gXe-Xe(r) calculated for the solution and for the pure SC fluid
xenon are reported in Figure 5a. As expected, they exhibit the
same behavior on the studied range of interatomic distances.
Therefore, the local order between the xenon atoms does not
appear to be affected by water dissolved in the SC fluid. In the
first shell, each xenon atom is surrounded on average by 11
nearest neighbors. A translational local order between Xe atoms
is clearly visible as three shells are observed and respectively
found at interatomic distances about 4.5 Å, 8.5 Å, and 12.5 Å.
The calculated Xe-O and Xe-D pair distribution functions
gO-Xe(r) and gD-Xe(r) are illustrated in Figure 5b. The rdf
gO-Xe(r) is characterized by a first peak centered around 3.8 Å
(compared with the Lennard-JonesσO-Xe ≈ 3.63 Å) followed

by a minimum around 6 Å and a second peak culminating at 8
Å.. The first peak corresponds to the first solvation shell, in
which the water molecule is surrounded on average by 11
nearest Xe atoms. Comparatively, the first peak of the rdf
gD-Xe(r) is rather broad, and its maximum at about 4.4 Å
(instead of 3.8 Å forgO-Xe(r)) is preceded by a slight shoulder
around 3.7 Å. Nevertheless, the first minimum and the second
peak ofgD-Xe(r) coincide nearly with the ones observed on the
rdf gO-Xe(r) (i.e., about 6 Å and 8 Å). From these features, it is
clear that the water molecule is particularly confined in its
solvent cage in which the relative motions of the solute involve
only small fluctuations of the O-Xe interatomic distance around
its mean value (∼3.8 Å). In contrast, the fluctuations of the
relative distances between the Xe and deuterated hydrogen atoms
around the mean value (∼4.4 Å) are more significant. Hence,
this suggests that the orientation of the solute molecule is
randomly distributed in the solvent cage. Finally, the simulated
structural properties of the D2O/SC xenon mixture agree with

TABLE 4: Simulated Thermodynamic Properties for the
H2O/CCl4 and D2O/CCl4 Solutions at Room Temperature (G
≈ 10.3 10-3 mol/cm3) and for D2O Dissolved in the
Supercritical Fluid Xenon (T ≈ 383. K and G ≈ 15.6 10-3

mol/cm3)a

simulated
systems

potential energyUp

(kcal/mol) T (K) |∆ET|/|ET|
H2O/CCl4 -7.23( 0.06 282.2 1.0× 10-4

D2O/CCl4 -7.17( 0.06 292.7 1.4× 10-4

neat CCl4 liquid -7.27( 0.04 300.8 7.2× 10-4

D2O/SC xenon -1.80( 0.03 390.4 ∼ 5 × 10-4

pure SC xenon -1.82( 0.03 385.2 ∼1.5× 10-4

a For a studied system,∆ET/ET represents the relative deviation of
the total energy cumulated on the total simulation time.

Figure 5. Simulated radial distribution functions (rdf) for the SC
mixture D2O/xenon (T ≈ 383.15 K andF ≈ 15.6× 10-3 mol/cm3). (a)
the rdf gXe-Xe(r) calculated in the mixture D2O/xenon and compared
with the one in the pure SC xenon; (b) the rdfgO-Xe(r) andgD-Xe(r)
simulated in the mixture D2O/xenon.

Figure 6. Comparison between the simulated rdfgC-C(r), gC-Cl(r),
andgCl-Cl(r) in the water/CCl4 solution at room temperature (diamonds)
with those calculated for the neat liquid CCl4 (solid line) in the same
thermodynamic conditions (T ≈ 300 K andF ≈ 10.3 × 10-3 mol/
cm3).
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the van der Waals nature of the interactions existing between
D2O and the Xe atoms.

Water in Liquid CCl4. For the neat liquid CCl4 (T ) 300.
K), the interatomic rdfgC-C(r), gC-Cl(r), andgCl-Cl(r) calculated
for a pair of molecules are shown in Figure 6. As expected,
their main features are in rather good agreement with the
previous studies of Mc Donald et al. and Ko¨lmel et al.48,52From
a general viewpoint, the analytic form of the intermolecular
potential and the molecular charge distribution used in our
simulation do not introduce drastic modifications on the local
ordering between the CCl4 molecules, and we notice that each
is surrounded on average by 13 nearest neighbors.

We now consider the solution of hydrogenated (or deuterated)
water very diluted in liquid CCl4, and in particular, we find
that the interatomic rdfgC-C(r), gC-Cl(r), andgCl-Cl(r) between
a pair of CCl4 molecules (Figure 6) in solution are quasi
indistinguishable from those of the pure liquid. However, a
deeper examination of thegC-C(r)andgC-Cl(r) rdf indicates a
very slight increase of the height at radial distances close to
the two first peaks and a very small shift (∼0.1 to 0.2 Å) of the
second peak toward greater distances. This phenomenon,
although relatively weak because the water solutions studied
here are highly diluted, should be assigned to a small perturba-
tion of the local order induced by a solvation process. In this
context, the quantitative analysis that follows and based upon
the calculated rdfgO-C(r), gO-Cl(r), gH-C(r), and gH-Cl(r)
between a pair of water and CCl4 molecules can provide more
physical insight in order to precise the local order around the
solute molecule in its solvent cage (Figure 7). The rdfgO-C(r)
(which is almost identical to the intermolecular rdfgcm(r) of
the center of mass between a pair of water and CCl4 molecules)
for the water/CCl4 solution exhibits a broad peak centered at
distances about 4.5-4.7 Å. The first minima are situated at about
6.4 Å, and we found that the water molecule is on average
surrounded by 8 neighboring solvent molecules. The rdfgO-Cl(r)
exhibits a broad peak centered at distances about 5 Å, leading
to the same main conclusions as those provided from the rdf
gO-C(r) (Figure 7). However, this peak is now broader because
the chlorine atoms distribution around the oxygen of water is
larger. However, a well-defined peak at about 3 Å is equally

observed. This feature is assigned to the signature of a short-
ranged O‚‚‚Cl arrangements between water and CCl4 molecule.
Beyond distances of about 4 Å, the rdfgO-Cl(r) for the water
diluted in liquid CCl4 shows a third peak associated with the
second shell at about 10 Å. Considering the rdfgC-H(r), a short-
ranged local arrangement between the proton of water and the
carbon atoms of CCl4 is suggested by the well-defined sharp
peak observed at about 3.5 Å. In the first shell (distances< 7.2
Å), the second peak clearly observed at distances of about 6 Å
arises from the mean distance between the second hydrogen
atom of water and the carbon atoms of the solvent molecules.
Beyond distances of about 5.5 Å, the rdfgC-H(r) exhibits a peak
at about 9.5 Å associated with the second shell of solvent
molecules around water.

From these findings, the local ordering in these water/CCl4

solutions can be discussed. First of all, the presence of a quasi-
linear C‚‚‚H-O arrangment with the C‚‚‚O distance of about
4.5 Å is revealed from the position of the peak observed on
gC-H(r) at 3.5 Å andgC-O(r) at 4.5 Å. In this situation, the
expected interatomic O‚‚‚Cl distances between the closest
neighbors should be effectively at about 3.5 Å. Clearly, the
existence of the first peak ongO-Cl(r) at about 3 Å requests the
consideration another short-ranged arrangement between water
and a second neighboring solvent molecule. For this purpose, a
second O‚‚‚Cl-C arrangement involving C‚‚‚O interatomic
distances of about 4.7 Å and corresponding to the position of
the first peak observed on the rdfgC-O(r) needs to be considered.
In this case, the Cl‚‚‚H distances between closest neighbors are
expected at about 4.Å. This conclusion is consistent with the
observation of the first peak observed ongCl-H(r) and the second
peak observed at 5.7 Å ongC-H(r). Finally, the simulated
structural properties of water in liquid CCl4 reveal that a
C‚‚‚H-O short-ranged arrangement is favored between the
solute and the surrounding solvent molecules. In this situation,
one proton of water points toward the carbon atom of a CCl4

molecule. This structural solute-solvent conformation presents
some similarities with the calculated structure of the isolated
H2O-CCl4 dimer,53 although the mean interatomic distance
O‚‚‚C is found to be greater in our simulations. For the
hydrogenated water solution, we found that this short-ranged

Figure 7. Atom-atom rdfgO-C(r), gO-Cl(r), gH-C(r) andgH-Cl(r) calculated between a pair of water and CCl4 molecules for the water/CCl4 solution
(T ≈ 300 K andF ≈ 10.3× 10-3 mol/cm3).
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local order coexists on average with a secondary O‚‚‚Cl-C
short-ranged arrangement of water involving a second neighbor-
ing solvent molecule.

IV-3-B Rotational Dynamics of Monomeric Water in
Hydrophobic Solvents.This section is aimed at a discussion
of the influence of the water-solvent interactions on the
reorientational dynamics of water. In particular, we investigate
the contribution of the rotational relaxation mechanism in the
broadening of the IR absorption profiles associated with the
internal modes of water, which are governed by both rotational
and vibrational processes.

From molecular dynamics simulations, the first insights
concerning the rotational dynamics of the water molecule in its
solvent cage are provided from the analysis of the individual
time (classical) autocorrelation functions (acf) defined by

which are associated with the unit vectoruê (ê ) x, y, z) lying
along the corresponding main symmetry axes of the asymmetric
rotor.

Nevertheless, for the sake comparison with the observed IR
absorption profiles, it is convenient to analyze the simulated
rotational spectral densitiesGuê(ω). Because the simulation gives
only access to the “classical” rotational spectral densities of
water, the detailed balance conditions have been applied to
desymmetrize theGuê(ω) profiles (centered on the zero fre-
quency).54,55Consequently, the latter profiles were obtained from
the time Fourier transform of the corresponding simulated acf
Cuê(t), i.e.,

In the following, the rotational relaxation processes of water
around its main symmetry axes have been quantitatively
analyzed and comparatively discussed from the results obtained
in supercritical xenon fluid, considered here as the reference
system.

System D2O/SC Xenon.We briefly summarize our main
results obtained from MD simulation on the rotational dynamics
of heavy water in the SC xenon fluid (T ≈ 383 K andF ≈ 15.6
× 10-3 mol/cm3). First of all, the simulated acfCuê(t) of D2O
are reported in Figure 8. Notice that the small oscillations
observed on the functionsCuê(t) for times greater than 1 ps result
from a residual statistical noise (the correlations are evaluated
from only one heavy water molecule on a sampling time about
5 ps). The calculated correlation times associated with the
reorientation of each axes of the heavy water in the SC xenon
are given in Table 5. For comparison with the observed IR
profiles, we analyze in detail the reorientational dynamics of
D2O from the simulated rotational profilesGuê(ω) which are
reported in Figure 9. Clearly, the spectral densities associated
with the reorientational motions of the unit vectors ux and uy of
D2O exhibit a well-defined PQR type rotational band shape.
The full widths at half-height∆ν of the central Q-branches
associated with the C- and A- type rotational bands respectively
at values of about 14 and 15 cm-1 (estimated with a relative
uncertainties of about 10-15%). In contrast, the band shape of
the simulated profileGuz(ω) relative to the reorientational
motions of theC2 symmetry axisuz of D2O is undoubtedly
characterized by a rotational PR structure.

Clearly, the rotational band shapes obtained from the simula-
tion indicates that the rotational motions of D2O in SC xenon
are almost unhindered. This conclusion arises from the com-

parison of the simulated profiles with those analytically
calculated (using here the J-model withτJ* ∼ 10 vide supra)
presented in Figure 9. Therefore, our results support the main

Figure 8. Simulated autocorrelation functionsCuê(t) associated with
the reorientational motions of the unit vectorsux (dashed lines),uy

(point-dashed line-points) anduz (solid line) lying along the main
symmetry axes of D2O in SC xenon. We have reported the same
functions only up to 1ps in the inset.

Figure 9. Rotational spectral densitiesGuê(ω) associated with the
reorientational motions of the unit vectorsux (C-type band),uy

(A-type band), anduz (B-type band) of D2O in SC xenon from the
simulation (solid lines) and calculated withτ* J ≈ 10 andT ) 383.15
K using the J-model (dashed-lines).

TABLE 5: Calculated Correlation Times Associated with
the Reorientational Motions of Each Axes of Water in
Liquid CCl 4 (T ≈ 300 K Density G ≈ 10.3× 10-3 mol/cm3)
and in SC Xenon Fluid (T ≈ 383 K and G ≈ 15.6× 10-3

mol/cm3)

τux (ps) τuy (ps) τuz(ps)

D2O/SC xenon 0.28 0.16 0.24
D2O/CCl4 0.22 0.29 0.43
H2O/CCl4 0.28 0.51 0.50

Cuê(t) ) < uê(t) ‚ uê(0) > (13)

Guú(ω) ) 1
2
(1 + exp(-âpω))

1
2π∫-∞

+∞
dtCuú(t)e

-iωt (14)
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conclusions arising from the previous study of Bowman et al.12

concerning the predominant importance of the rotational process
in conditioning the shape of theν3 profile. Nevertheless, the
role of theν1 mode contribution in the spectral range situated
at about 2700 cm-1 for D2O as been left hanging. For this
purpose, we have compared the experimental spectrum measured
by these authors with the spectrum calculated as a weighted
sum of the simulated type A (for theν1 mode) and type B (for
theν3 mode) profiles. This comparison is displayed in Figure 1
and shows that it is only possible to obtain a rather good
agreement with the weighting coefficients having the respective
values of about 0.4 (for theν1 mode) and 1.2 (for theν3 mode).
We notice that the ratio of the integrated intensities of theν1

profile by theν3 one is about 1/3, a value which is much greater
than the one obtained for water in gas phase (∼1/15).14 Although
the main conclusions concerning theν3 profile raised by
Bowman et al. are still valid, we also find that theν1 mode
contribution in the resulting profile is not negligible. This result
is perhaps the clue to understand the fact observed but not
discussed, that the P wing seems apparently more intense than
the R wing on the IR experimental spectrum. Indeed, if the IR
spectrum was only due to theν3 transition, we should expect
according to the detailed balance that the P wing is less intense
than the R one. Finally, it appears that the vibrational processes
involved in both theν1 andν3 modes of water contribute only
very slightly in the broadening mechanism of the band shapes.
However, the enhancement of the intensity of theν1 mode is
related to the increasing of the corresponding dipole transition
∂µ/∂q1 due to the van der Waals nature of the interactions applied
on the water molecule in its solvent cage.

System Water/CCl4. As before, we will put the emphasis in
this section on the band shape analysis of the spectral densities
in order to assess the reorientational dynamics of water.
However, we briefly comment on the main features obtained
in the time domain. For this purpose, we have displayed in
Figure 10 the simulated time acfCuê(t) (ê ) x, y, z) and reported
in Table 5 the corresponding correlation times for D2O and H2O.
Clearly, the overall time behavior of the simulated acfCuê(t)
are rather different than those found in SC xenon (compare
Figure 8 and Figure 10). Indeed, they are characterized by a
decrease taking place on two well-separated time scales. At short
times (t < 0.15 ps), the acfCuê(t) are rapidly decreasing. This
indicates that the water molecule is not affected by interactions
with the solvent molecules and rotates freely (it is the so-called

inertial regime). At longer times (t > 0.3ps), all of these
relaxation functions are characterized by a tail that slowly
decreases and shows that the rotational diffusive regime of water
is reached. Therefore, deviations from the “free” rotational
dynamics of water is observed on all the acfCuê(t). In particular,
we notice that the reorientational motions of theC2 symmetry
axis of water appears the most affected by the interactions with
the solvent moleculesCuz(t) (Figure 10). Therefore, it can be
presently inferred from this preliminary analysis in the temporal
domain that the rotational bands should differ appreciably from
those corresponding to the free rotation limit. For this purpose,
we will thoroughly analyze the simulated spectral densities
Guê(ω) (ê ) x, y, z) reported in Figure 11. For D2O, the spectral
densityGux(ω) due to the reorientational motions of the unit
vector ux out of the molecular plane of water (type C band)
exhibits an intense central peak having very broad wings which
are reminiscent of the free rotational wings. The value of the
full width at half-height∆νC of the central peak is at about 26
cm-1. The spectral densityGuy(ω) associated with the reorien-
tational dynamics of the unit vectoruy of heavy water (type A
band) presents a central branch characterized by a full width at
half-height∆νA ≈ 23 cm-1. This peak is flanked with well-
defined wings, suggesting that the rotational motions of the
y-axis of water is less hindered than the one of thex axis. Finally,
the profileGuz(ω) due to the reorientational motions of the C2-
symmetry axis of water (type B band), exhibits an intense central
peak accompanied on both sides with very weak wings. Clearly,
the appearance of the central branch on this simulated profile
indicates strongly perturbed reorientational motions of the C2-
symmetry axis. The full width at half-height∆νB of the central
branch has a value of about 14 cm-1 is due to the relaxation
process of the unit vectoruz, which is due to the rotational
diffusion mechanism at the long time in liquid CCl4. This
diffusive phenomenon also plays a role in the long-time part of
the reorientational relaxation processes of the unit vectorsux

anduy of D2O (shown in Figure 10) and governs the broadening
mechanism of the corresponding central branches of the
simulated rotational profilesGuê(ω) (ê ) x, y, z).

The same conclusions can be reached from the band shape
analysis of the rotational bands calculated for light water diluted
in liquid CCl4 (Figure 11). As expected, due to the smaller
values of the inertial moment of H2O, the main spectral
deviations observed this time on the rotational profiles,Gux(ω)
andGuy(ω), are the frequency positions of the maxima of the
envelop of the rotational wings. Furthermore, the widths of the
central branches are narrower and have the respective values
of about∆νC ≈ 23 cm-1 and∆νA ≈ 20 cm-1 (instead of 26

Figure 10. Simulated autocorrelation functionsCuê(t) associated with
the unit vectorsux (dashed lines),uy (point-dashed line-points), anduz

(solid line) for D2O diluted in liquid CCl4 at room temperature (and
for H2O in liquid CCl4 in the inset).

Figure 11. Simulated rotational spectral densitiesGuê(ω) associated
with the reorientational motions of the distinct x, y, and z symmetry
axes of D2O and H2O dissolved in liquid CCl4.
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cm-1 and 23 cm-1 for heavy water). Compared with the free
rotation, the band shape of the rotational profileGuz(ω) is also
found strongly modified in liquid CCl4, as indicated by the
appearance of a narrow central peak for H2O (∆νB ≈ 14 cm-1).

From these findings, it can be inferred that the reorientational
dynamics of water (H2O and D2O) in liquid CCl4 at room
temperature is singularly affected by the solute-solvent interac-
tions. Indeed, the surprising appearance of the central peak on
the simulated spectral densityGuz(ω) reveals a reorientation
dynamics of the C2-symmetry axis of water strongly affected
at long-times (t > 0.3ps), which is governed by diffusive
relaxation processes although remnant rotational wings are still
observed at much shorter times. Therefore, the reorientational
motions associated with the main symmetry axes of water
appears to be differently affected by the interactions with the
neighboring solvent molecules.

Indeed, we found that the reorientational dynamics of they
axis are nearly free, whereas the reorientational motions of the
z symmetry axis of water are strongly hindered. Incidentally,
let us emphasize that the J model is unable to lead for a type B
band composed of an intense central peak accompanied with
residual rotational wings as obtained in the simulation. Clearly,
the short-time reorientational dynamics of water probed through
these rotational wings (∼150-300 fs) primarily depends of the
nature of the intermolecular interactions of the solute with the
neighboring molecules.

At this stage of our study, it is interesting to further analyze
the rotational wings in order to get more physical insight about
the faster reorientational relaxation processes of water taking
place in liquid CCl4. For this purpose, we have calculated the
power spectraAuê(ω) (∼ω(1 - e-âpω)Guê(ω), with ê ) x, y, z)
associated with the reorientational motions of the different
molecular axes of water in its solvent cage (Figure 12). As
shown in Figure 12, the band shape of the spectrum associated
with the reorientational motions of the unit vectoruy of H2O
(and D2O) is characterized by a broad band that peaks at a
frequency value of approximately 150 cm-1 (respectively 100
cm-1 for D2O). The power spectrum associated with the

reorientational motions of theC2-symmetry axis of H2O (and
D2O) (cf. Figure 12) exhibits a broad profile centered at a
frequency value of about 190 cm-1 (correspondingly 150 cm-1

for D2O). In this context, it is particularly interesting to compare
the simulated far-IR profiles of water (H2O and D2O) dissolved
in liquid CCl4 with the experimental ones (see figures 13A and
13B).15 For this purpose, we have considered the profiles as
primarily governed by the dipole relaxation process of a solitary
water molecule in its solvent cage. In other terms, the simulated
profiles shown in Figure 13 have been simply obtained in a
first approximation by the relationship (without induced dipole
interaction processes)

wherecs is the solubility (in mol l-1) of water in liquid CCl4
(respectively of about 8.9× 10-3 M and 7.4× 10-3 M for
H2O and D2O at room temperature),44 andµw is the permanent
dipole moment of water (taken here at the value of 1.9 D).

We observe that the band shapes of the simulated far-IR
absorption profiles are in fair agreement with those measured
and exhibit broad bands centered at about 190 and 150 cm-1

for H2O and D2O, respectively (see Figures 13A and 13B). A
further analysis, which is not discussed here, clearly shows that
the agreement between the simulated and measured far-infrared
(FIR) absorption spectra of water in liquid CCl4 can be improved
by explicitly taking into account the interaction-induced dipoles
mechanisms in these solutions. Although it represents a minor
contribution, the role played by the interaction-induced absorp-
tion processes on the far-IR profiles of water in such hydro-
phobic solvents constitutes a relevant key point of our study
that merits some additional comments, which will be addressed
in a forthcoming paper.56

V Discussion

A physical insight on the vibrational relaxation contribution
in each of theν1 and ν3 stretching modes of water diluted in

Figure 12. Simulated power spectraAuê(ω) associated with reorien-
tational motions of the distinct x, y, and z symmetry axes of D2O (solid
lines) and H2O (dashed-lines) in liquid CCl4.

Figure 13. Comparison of the simulated far-IR profiles of H2O (A)
and D2O (B) dissolved in liquid CCl4 (solid lines) with the correspond-
ing experimental spectra (dashed-lines).

R(FIR)(ω) ) cSµw
2Auê

(ω) (15)
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liquid CCl4 can be obtained from the comparison of the
experimental spectrum with the profile calculated according to
the following treatment. The simulated spectral densities as-
sociated with the reorientational motions of thez axis (for the
ν1 mode) and they axis (for theν3 mode) have been respectively
convoluted by Lorentzian profiles in order to take into account
the vibrational relaxation contribution associated with each of
the corresponding modes. The calculated spectrum is obtained
from a weighted sum of the two previous profiles according to
the following expression

whereη1 andη2 are the weighting coefficients, andLVi
Vib(ω -

ωi) is the vibrational Lorentzian profile centered at the angular
frequencyωi.

In this treatment, the vibrational full widths and the weighting
coefficients are taken as adjustable parameters. The comparison
of the calculated spectrum with the experimental one is displayed
in Figure 14. This good agreement is obtained using vibrational
full widths having respective values∆V1

Vib ≈ 7.5 cm-1 and∆V3

Vib

≈ 12 cm-1 and a ratioη1/η3 ≈ 3.5. Clearly, this result shows
that the IR profiles cannot be interpreted on the basis of the
rotational contribution alone and that the vibrational relaxation
processes must be taken into account in the broadening
mechanism of bothν1 and ν3 band shapes. Moreover, it also
comes out from this quantitative analysis that theν1 vibrational
mode of water in liquid CCl4 is more affected by the solute-
solvent interactions as indicated by the enhancement of its
intensity. Indeed, the oscillator strength of the fundamentalν1

vibrational transition of water is increased by a factor 3.8 on
going from the gaseous phase to liquid CCl4. In contrast, the
oscillator strength value of the fundamentalν3 transition remains
very close to its gas-phase value (cf. discussion in section III-2
and Table 1).

VI Conclusion

In this paper, we have shown that the infrared spectroscopy
is particularly well-adapted to probe the interactions of water

with hydrophobic solvents on a picosecond time-scale. For the
most “inert” solvent like xenon, we found that the rotational
relaxation processes play a predominant role in controlling the
shape of the IR absorption profiles associated with theν1 and
ν3 stretching modes and that the vibrational relaxation contribu-
tions can safely be neglected. In particular, in these solvents,
the water molecule is found to rotate almost “freely” around
all its main molecular axes, a fact that is ascribed to the isotropic
character of the van der Waals interactions applied on the solute.
Moreover, the transition dipole moment of theν3 mode of water
is only weakly affected by the interactions with the Xe atoms
and remains nearly at its gas-phase value. In contrast, it appears
that the oscillator strength of theν1 internal mode is increased.
Hence, suggesting that this last vibration is more sensitive to
the intermolecular interactions. In this context, the use of
molecular dynamics simulations to treat the purely rotational
contribution of the spectra associated with theν3 and ν1

vibrational modes of water is convenient and of great interest.
Furthermore, it was shown that the analytical treatment based
upon Gordon’s J-model for asymmetric-molecular rotors pro-
vides valuable insight on the rotational dynamics of water
primarily governed by collisional interactions with the neighbor-
ing solvent molecules.

For water dissolved in liquid CCl4, the existence of an
octopole-dipole electrostatic contribution between the interact-
ing partners has consequences on both the structural and the
dynamical properties. In the former case, our study has
demonstrated the existence of a short-ranged C‚‚‚H-O structure
between the solute and its neighboring solvent molecules.
Furthermore, such weak solute-solvent interactions have more
sizable effects on the reorientational dynamics of water in liquid
CCl4 than in SC xenon fluid. Indeed, it is found that the mean
intermolecular torque applied on the water molecule by its
solvent cage affects differently the reorientational dynamics
associated with each main symmetry axes of the solute. In
particular, the reorientational motions of the z symmetry axis
of water appears more specifically affected by the solute-
solvent interactions as revealed by the band shape analysis of
the ν1 infrared absorption profile. In conclusion, the main
difference observed on the rotational dynamics of water in liquid
CCl4 must be ascribed to the weakly anisotropic character of
the solute-solvent interactions of electrostatic nature. Clearly,
the rotational relaxation processes of water depend on a detailed
description of the potential applied on the solute by the
surrounding solvent molecules. In this context, we must
emphasize that the correct treatment of the classical rotational
dynamics of water (H2O or D2O) in liquid CCl4 may only be
provided up to now by simulation studies and that the use of
currently available analytical approaches (J-model, for instance)
need to explicitly include the details of the solute-solvent
potential. Another important viewpoint concerning the statement
about the existence of a very weak H-bond complex between
water and CCl4 molecules also merits emphasizing.11 Clearly,
we have been able to interpret the spectral properties by taking
into account only the electrostatic forces without invoking a
specific H-bond contribution in the intermolecular potential.

When compared with the study of water in xenon, the
contribution of the vibrational processes in the IR absorption
profiles now plays a significant role in the band shapes, the
intensity enhancements, and the frequency shifts of the stretching
modes of water. The vibrational relaxation processes contribute
to 40% and 30% of the total broadening observed on the profiles
associated with theν1 and ν3 internal modes of water,
respectively. Moreover, the intensity of theν1 internal mode is

Figure 14. Comparison of the infrared spectrum of H2O diluted in
liquid CCl4 (filled circles) with the calculated profile (solid line)
obtained from the convolution according to the eq 14 of the simulated
rotational spectral densities associated with thezaxis (for theν1 mode)
and they axis (for theν3 mode) of solute with the adjusted vibrational
profiles (assumed of type Lorentzian).

R(calc)(ω) ) 4π2

3pcV
ω(1 - exp(-âpω)){η1Gz

(rot)(ω)XLV1

Vib(ω -

ω1) + η3Gy
(rot)(ω)XLV3

Vib(ω - ω3)} (15)
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found to be about four times greater than that found for water
in gaseous phase. In contrast, within experimental uncertainties,
the intensity of theν3 internal mode remains fairly close to its
gas phase value. Finally, the vibrational frequencies are found
red-shifted from their gas phase values, a fact consistent with
the existence of attractive forces between the two partners.
Adopting the early terminology used in the literature, we may
conclude that the liquid CCl4 can be considered as a “more
interacting” solvent than xenon. From our study, this implies
that the interaction with the solvent leads to hindered rotational
motions of water with a greater anisotropic character, whereas
the vibrational processes play an increasingly role on the infrared
spectra. Therefore, it should be inferred that the former
contribution is vanishingly small for water dissolved in more
interacting solvent. Thus, upon increasing the strength of the
interaction between water and the solvent, it is necessary to
explicitly consider the vibrational relaxation mechanism of the
internal modes of water with the solvent molecules in an
exhaustive approach aimed at performing a quantitative analysis
of the mid-infrared absorption spectra.
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