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The aim of the present paper is to evaluate the influence of the saabeent interactions on the infrared
spectra of water diluted in liquid Cgand 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 thandv; 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 theandv, 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 CCl,, a structural analysis based upon the simulated radial distribution functions provides evidence
for the existence of a short-ranged-@&1—0O 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-@@éractions. 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, @Cprovided only by simulation
methods that, in contrast to the analytical J model, include the details of the intermoleculatsoluéat
potential. Although the transition dipole moment of themode of water is only weakly affected by the
interactions, the oscillator strength of thginternal 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-s@tent interactions.
Finally, we argue that the spectral properties can be interpreted without invoking a specific H-bond contribution
in the intermolecular potential.

I Introduction revealed that the strength due to a “specific interaction” could
be characterized by a redshift of the band center observed for
solvents has been a well-known research field in vibrational the two stretching vibrations correlated with a blue shift of the

spectroscopy since the early 19608 These pioneering studies 2 bending band. In this context, the _quuid cz_arbon tetrachlor_id_e
were aimed at understanding the spectral variations on going(CCl4) @ppeared to be the weakest interacting solvent. This is

from the isolated molecule in gaseous phase to the dense phaseUPPorted by a small redshift of the and s internal modes
where the molecules experience many body interactions. The®f Water (respectively at about 3613 and 3708 &mand the

final objective was to obtain information at a microscopic level Well-defined wing (at about 3800 cr¥) associated with the
about the nature and the time scale of the main interaction @ntisymmetrias mode, interpreted as being the remnant of the
processes. These two major achievements were only possiméotauonal structure ol_aserved in gaseous state. Thus, it h_as been
due to the very high sensitivity of infrared absorption spectros- inferred that the rotational motion of water is only very slightly
copy, which is able to probe monomeric water in the liquid hindered in liquid CCJ. In 1985, the vibrational spectra of water
state. From these times, it has been well established that thedissolved in liquid alkanes were reported for the first time by
fine rovibronic structure of the infrared spectra of isolated water Conrad and Strauss a study aimed at the understanding of

is lost on going to states of higher densities. This conclusion Very weak hydrogen bond signature in the context of a biological
has been inferred from a large body of studies that have beeninvestigation'®In alkanes, only thes mode was observed, and
mostly concerned with the symmetig and anti-symmetries the band shape of the associated spectrum exhibits sidebands,
stretching vibrations of water and to a much lower extent with which have been described in terms of P and R branches, a
the v, bending mode. We recall that for water, which is an terminology used for the rovibronic spectra observed in the gas
asymmetric top molecule, the stretching vibrations give rise in phase. Using the Gordon J-model (vide-infra), it was subse-
the gas phase to a very complicated fine structure resulting from quently established that monomeric water performs large angular
the two rovibronic spectra respectively centered at about 3657 variations in the meantime between collisions with the solvent
and 3756 cm! which greatly overlaf. Further experimental  molecules. Therefore, the existence of a specific interaction
investigations on water diluted in series of organic solvents have (namely hydrogen-bond) in the alkanes was ruled out. In
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contrast, for water dissolved in liquid C£higher redshifts on (shifts, intensities, and band-shapes) and compared with avail-
the v, and vz modes were observéd.Moreover, attempts to  able literature studies. Then, the analytic treatment of the band
use the J-model to interpret the band shape o¥thsdretching shape, performed using the Gordon’s J-model adapted for
mode of water failed. These findings led to the conclusion that asymmetric top molecules (not previously reported at this level),
water and CCJlform a very weak complex. will be applied and critically discussed.

More recently, the rotational relaxation 06O dissolved in In the third part, we will present the structural and dynamical
xenon has been studied &t~ 383 K, as a function of the  properties obtained by MD simulation on water diluted in liquid
density using infrared absorption and molecular dynamics (MD) CCl at room temperature. The discussion of these results has
simulation!? The v mode of monomeric water was clearly been performed at the light of the MD simulation of the water/
observed and found to present very well defined P and R Xenon mixture, considered here as the reference system in which
branches even at the highest densities investigated in superthe solventis fully “inert”. In particular, the rotational relaxation
critical (SC) xenon. These results, which are supported by an processes of light and heavy water around its main symmetry
analysis of the experimental dipole autocorrelation using MD axes have been further analyzed to assess the influence of their
simulation, show that water rotates “freely” in this solvent. These contributions in the vibrationrotation spectra. Finally, on the
findings led to the conclusion that xenon and the alkanes are basis of the results obtained in this study, the nature and time
solvents in which there is no specific interaction with water. scale of the watersolvent interactions are discussed.

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 investig&téd. In this section, we will present the basic theoretical back-
A large number of experimental and theoretical investigations ground concerning infrared absorption spectroscopy. Then, we
have addressed this question from the study of the isolated dimemwill put the emphasis on the pertinent facts obtained from the
observed in rare gas matrixes and supersonic cooled jet beaméterature, those needed to introduce the problematic relative to
at low temperatures (in the temperature range~&f to 10 water in a solitary state in a liquid “inert” solvent.

K).2172° Similarly, in the liquid state, at room temperature and  1I-1 Theoretical Background. The linear absorption coef-

at high pressure and temperature, several spectroscopic studieficient of a sample absorbing an electromagnetic radiation is
have been also performed with the aim of detecting and related to the spectral denslfy) by the following relationshif?
characterizing the interaction between the molec#ie¥. , ,
Convincing factual evidence, which gave support to the exist- 47 1n°+ 2

ence of a very weak hydrogen bond between water and benzene aw) = 3thﬁ( 3 ) o[l — exp(=pho)]l(w) (1)
was obtained. Very recently, we have even proposed, from an

ab initio and infrared study, rationalizing the interaction of water where,V is the volume of the sample,is the velocity of the
diluted in fluorinated benzenes in term of the more general light, i is Planck’s constanfj = 1/kgT (with kg, the Boltzmann
Lewis acid-base concept solveft From all the investigations  constant andl the temperature of the sample), ands the
reported so far, it comes out that, at a qualitative level, water refractive index, assumed to be frequency independent.

in liquid CCl, can be classified as a system intermediate between The spectral densitl(w) is the time-Fourier transform of the
the water-xenon and wateralkanesystems and the water autocorrelation function (acf}(t) of the sample dipole moment
benzene system. In the former, the water rotational motion is M(t) according to

“quasi free”, and a collisional picture is rather well adapted to

characterize the molecular dynamics. In contrast, the rotational I(w) = 1 f+oo dt e—iwtlj'/l(t) . I\7|(0)D )
motion in benzene solution is more hindered, a fact ascribed to 27 —

the existence of a very weak hydrogen bond.

The aim of the present article is to investigate the molecular
dynamics of the watertetrachloride 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 w&éi,
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 N o ot (O 2
paper comprises three main sections, outlined as follows: l(w) = Efw dte™ (a_q) m(t) - u(0)Lg(t)a(0)d (3)

In the first part, we review the basic spectroscopic theoretical qo
background relevant for our study. In particular, we will present \yhere T is the unit vector lying along the transition dipole

the pertinent Iite_rature results corjcerning_the infrared (IR) moment 0u/ ), associated with the normal coordinageand
spectra of water in gas phase and isolated in SC xenon. These\| js the number of solute molecules.

elements are needed to understand the influence of the-water  Therefore, the spectral densliw) results from the convolu-

solvent interaction on the intensities and band shapes of theion of the spectral densitlo(w) due to the rotational motions
infrared (IR) profiles associated with the andvs stretching  of the solute molecule with the spectral densify(w) associated

modes of water in the following. Indeed, as far we know, the \th the vibrational relaxation of the studied normal mode, i.e.,
origin of the activation of the’; mode of water observed in

liquid CCl, has surprisingly never been addressed in depth.

The second part will be devoted to the presentation of the IR
absorption measurements of theand vz modes of water in
liquid CCl,4 at room temperature. The spectra will be analyzed with,

Il Material Background on the Infrared Absorption of
Monomer Water

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(w) associated with a particular infrared transition is givefi-by

l(w) = (%‘é)q ’ j_ﬁfdw'lmt(w')mb(w — ') (4)



Molecular Dynamics of Monomeric Water J. Phys. Chem. A, Vol. 104, No. 42, 2000417
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. . . Figure 1. Experimental infrared spectrum of thg anti-symmetric

It appears from these expressions that the IR absorption profilesstretching mode of heavy water D) in supercritical xenon fluid (filled
associated with the bending. mode and the symmetric  circles) T = 383 K, p = 15.6 x 10~3 mol/cn?).12 We have displayed
stretching v1 mode of water provide information on the the weighted sum of the type A (for the mode) and type B (for the
reorientational motions of the unit vector(B-type band) lying vs mode) simulated rotational profiles of .0 in solid line. For
along the G-symmetry axis. Whereas, the antisymmetric |IIu§trat|c_)n, we have al_so reported in _the inset the fine overlapping
stretching vibratiornvs of water gives access to the reorientational rovibronic structure of light water () in gaseous phase.

motions of the unit vectou, lying in the plane of the molecule

and perpendicular to th€; axis (A-type band). Finally, we  of the », mode from the gas-phase result is much greater than

notice that the reorientational motions of the unit vectpout expected. This point, which is not reported by these autiors,
of the molecular plane (C-type band) is not involved in the || be discussed below.

observed IR absorption profiles of water.

-2 Background Literature Elements on the Infrared Il Infrared Absorption Spectra of Water Dissolved in
Spectra of Water in Gas Phase and Isolated in Supercritical Liquid CCl 4
Xenon. The mid infrared (MIR) spectrum of water in gaseous
phase is well-known and has been extensively stitliedFigure l1I-1 Experimental Details. The solutions were prepared by
1, we have reported the experimentally observed spectrum ofmixing ultrapure water (milli Q, 18 MR) with carbon tetra-
thev; andvs stretching vibrational modes (see the inset), which chloride (Aldrich, purity+99%), dehydrated for several days
exhibits a complicated overlapping rovibronic structure. The on molecular sieves. We have carefully checked to ensure that
measured vibrational intensities obtained from the sum of all the solutions were properly equilibrated by making several
of the observed rotational transitions assigned to the separateneasurements during the several days after mixing. In addition,
of the vibrational transitionvs and v, lead to a ratio of about ~ We know from our previous infrared spectroscopic works that
1524 which shows that thes transition is by far the most intense ~ water oligomers do not contribute to our speé&aThe
in the gas phase. In contrast, in dense phases, due to théeproducibility of the measurements indicates that the solutions
“collisions” experienced by the water molecule with the solvent, were saturated in water, and we assumed that the concentration
the quantum rotational fine structure of the spectrum collapseswas 8.4 10 in molar fraction at room temperature-25 °C)
and leads to a continuous envelop. If the meantime betweenas reported from thermodynamic measurements in the litera-
collisions is much greater than the period of free rotation of ture
water, the spectrum can be calculated in the framework of The mid-infrared spectra have been recorded on a Bio-Rad
classical mechanics. In this context, the rotational profile interferometer by accumulating 100 spectra recorded at2 cm
calculated for water, which is an asymmetric top molecule of spectral resolution. Thes andv; modes as well as the + vs
C,, symmetry, leads to & band, which presents a P, R structure combination of water have been recorded. The observation of
(B-type band), whereas thg band exhibits a P, Q, R stucture thewv; bending vibration was hampered by the strong contribu-
(A-type band). This observation is perfectly illustrated in the tion of the internal modes of the solvent. The cell that was used
case of water dissolved in xenon as a function of increasing was made with CafFwindows and hd a 3 cmpath length.
pressure at constant temperattfeAt the highest density IlI-2 Experimental Observations. The spectra of water
investigated, the spectrum of water in supercritical xenon diluted in CC}, corrected from the solvent contribution are
exhibits the rotational P and R branches, flanking the central reported for the’; andv; fundamental transitions and for the
Q-branch associated with thrg transition (Figure 1). Moreover, v, + v3 combination in Figure 2. The profiles associated with
if we consider the relative intensities of the two stretching the two stretching vibrations display the general features that
vibrations of water measured in the gas phase, it seems that théhave been previously reported in earlier studies, namely two
v1 contribution in the spectrum can be safely neglected. well-defined peaks corresponding to theandv; modes and
However, a closer examination of Figure 1 shows that the remnant rotational wings clearly apparent on the profile associ-
intensity of the P branch is slightly greater than the R one. This ated with thevs mode. If we consider the spectra associated
result is in contradiction with the ratio of the intensity of the with the combination mode, we find that its band shape is almost
rotational branches, which is governed by the Maxwell identical to the band shape of thg mode (vide-infra). It is
Boltzmann distribution, namely, the detailed balance prindple. noteworthy that the,+-v; combination mode, although spec-
It might be inferred from this observation that the contribution trally allowed by group theory (both vibrations belong to the
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TABLE 1: Spectroscopic Data for Water Diluted in Liquid CCl 4, at Room Temperature?

v, stretching mode v3 stretching mode v3 + v, combination mode

71 N1 Avy V3 N3 Avs V3 + v n Av
(cm?)  (Nep.cm? (cm™) (cm) (Nep.cn® (cm™)  5a/m ref (cm?1)  (Nep.cm? (cm?) ref
3613.0 3708.0 [46] 25°C
3619.0 3710.0 39.0 [8] 3tC 5283.0 39.0 [g]
3613.0 138w 38.0  3705.0 3 420 26  [7](30°C) 5282.0 37.0  [11]
3617.0 15.0 3708.0 31.0 [11] 2& 5285.0 2.5 40.0 our work
3616.0 10 19.0 3709.0 34.5 37.0 3.45  ourwork
3657.1 2.97 3755.9 43.2 gas phase [9]

aBand center frequencies)( integrated intensities;§ and full widths at half-heightAv). ° [£] Intensity measured at the maximum of the band
(@in I mol=* cm™? unit).
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Figure 2. Experimental infrared spectrum of thrg andvs stretching Wavenumber (Cm'1)

vibrational modes of water diluted in liquid CCAt room temperature 10 3 Contribution of thevs vibrational mode (solid line) on the
(C|rcle_s). We have also fepo.”eo'. the measured abs_orptlor_l profile infrared spectrum due to the fundamental transitions of water in liquid
associated with the; + vs combination mode of water (circles) inthe ¢y (ashed-line), which has been evaluated from the symmetrization
Inset. The Lorentzian b_anc_i shape decor_nposmon of the profiles is procedure used in our study (see text). We have also reported in the
indicated by the thin solid lines on each figure. inset the same band shape analysis for the profile associatedawith

. . . . . combination mode.
A; representation, which is infrared active) is not clearly &

observed in this spectral range. frequency parts of the profile, i.e.,
We have checked the quality of our measurements by
comparing them with the literature data (see Table 1). For this l(wy — Aw) = (0, + Aw) exp (—phAw) (8)

purpose, we have performed a simple quantitative analysis of
the band shape reported in Figure 2, using Lorentzian profiles  gjna)1y the absorption coefficient associated with the low-
to evaluate the position of thg band centgr, the fullw[dth of.t.he frequency side has been obtained by applying the eq 1 to
central branch and the ratio of_ the integrated intensities I(wo — Aw). More succinctly, the upper and lower parts of the
(f1,,) c_)f thev_l an_dvg bands. T_he fitted va_Iues are reported in vs profile are related by
comparison with literature available data in the Table 1. From
this comparison, it appears that there is an overall fair agreementa(wo — Aw) =
between the band center and the fullwidth reported in earlier _ (w0 — Aw)
studies with our measurements. However, the quality of our Wo — Aw .1-e 4
data allows to discuss more accurately the band shapes of the wy+ Aw 1 — g @0+ Aw)
v1 andvs profiles and, in particular, to extract their respective
integrated intensities. Indeed, up till now, have been reported The resulting profile, which is presented in Figure 3, is the
in the literature the values of the extinction coefficienixtaken determination of the profile of the; mode by subtraction. The
from the maxima of the; andvs profiles. To have an accurate  integrated intensities of they and ther; mode evaluated with
determination of the integrated intensities, we have to separatea relative error estimated respectively as 10% and 40% are
the contribution of the’; mode, which overlaps strongly with  reported in Table 1. From these values, we can calculate the
the v3 band. Thus, we have assumed that the high-frequencyoscillator strengthf of the vibrational transition. We have
wing of thevs mode is not affected by the contribution of obtained a value of (7.4 0.8) 107 for the v3 mode and (2.2
mode. + 0.9) 108 for the vy mode, which can be compared with the

In consequence, we have obtained the low-frequency part of corresponding values for water in the gaseous phase, which are
the v profile from its high-frequency side as follows. In a first 8.3 10 and 5.6 107, respectively:> Within experimental
step, we have calculated using eq 1 the spectral delfaity+ uncertainties, the oscillator strength of themode measured
Aw) associated with the high-frequency side (whekgis the in the water/CCJ solution remains close to its gas-phase value,
band center frequency, and the frequency deviation from it is whereas there is a sizable enhancement of the oscillator strength
Aw = |w — wo|l. Then, we have applied the detailed balance of the v; mode. We have also performed the detailed balance
relationship that relates the intensity of the low and high- numerical treatment on the profile associated withithe- v3

e M a(w, + Aw) (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 thet v3 combina-
tion band, which can be assigned to the+ v3; combination
band. If this assignment is correct, it appears that the band shapes
associated with the; mode and the combination + v3 are
different. This finding is in contrast with the similarity observed
between the band shapes of theand thev, + v3 profiles.
The integrated intensities of the combination of theand the
v1 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 (5.44 1.2) 1077 for the v, + v3 mode and a value of
(5 £ 3) 1078 for the v; + v3 mode, which can be compared
with the corresponding values for water in the gaseous phase,
which are 9.107 and 4.2 108, respectively** In view of
experimental uncertainties, we can assume that the oscillator
strengths of the combination bands of water in C&lution
are the same than those reported for the gas phase.

11I-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.
Similarly, the presence of well-defined rotational wings in the 0 5 100 150 200 250 300
profile associated with the; mode of water in liquid CGlalso Figure 4. Calculated spectral densities of light watee@) using the
supports this viewpoint. In this context, we have tried to use J Model for the:s mode (A type band) and the mode (B type mode)

. . . . . for different values ofr;* and a temperature of about 300 K.

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 distributt®fé 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, nanjgly
the meantime between collisions (the correlation time of the
angular momentum) to treat the rotational dynamics. Using
reduced units, we can defing* as

I{w) (arbitrary unit)

I(w) (arbitrary unit)

evolution of the experimental band shapes including the wings
observed on ther; band as well as the behavior of the PR
structure of thes; 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 moders* ~ 10 andrj* ~ 0.05, respectively, for the;
andv; 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 schgelvent
«_ [KT interaction of water in liquid CGland which are based on the
VAT (10)  giudy of rotational dynamics using the J model even in it
B y of rotational dynamics using the J model even in its more
sophisticated version (for asymmetric top molecules) are
where, Ig is the inertial moment along the Y axis (in the duestionable. Due to the limitation of this model, the conclusions

molecular p|ane and perpendicu|ar to tGe symmetry axis). concerning the rotational dynamiCS are indeed dependent upon
Two limiting cases are recovered, namely the “free” rotation the choice of the normal mode investigated. Thus, the absence
limit where 7* > 1 and the rotational diffusion wheng* < of viable analytical treatment prompted us to rely on a molecular

1. In the “free” rotation limit ¢+ > 1), the rotational profile ~ dynamics simulation for interpretative purposes.
of the A-type band exhibits a well-defined PQR-structure. When
the molecule experiences collisiong*(~ 1—2), the Q-branch
broadens and its intensity decreases, whereas the rotational |V-1 The Modeling of the Water—Solvent Interaction
wings on both sides of this central peak become less pronouncedpPotential. This section is devoted to the discussion of a
Finally, a single Lorentzian profile is observed as the diffusive semiempirical model of the intermolecular interactions to study
rotational regime is reachedf < 1). In the case of the B-type by molecular dynamics simulations the structural and dynamical
band, the profile presents aIR structure characterized by the  properties of mixtures of water dissolved in liquid G&hd in
presence of a central dip, which is progressively filled up when supercritical (SC) xenon fluid.

the frequency of the collisions with the solvent molecules  In these simulations, the molecules are treated as rigid units.
increase. As before, in the diffusive rotational regime, the profile The modeling of the intermolecular interactions is based on the

IV Molecular Dynamics Simulation

becomes again of the Lorentzian type. use of an isotropic atomatom potential, which is decomposed
We have used the analytical J model to calculate the spectralin a sum of repulsive and dispersive terms. Moreover, we have
densities for thevs mode (A type band) and the; mode explicitly included in the potential energy model, the electrostatic

(B type mode) of light water at temperature about 300 K as a interaction contributions by placing point charges on the atoms
function of 7;* (Figure 4). This model is able to retrieve the of the water and CGImolecules.
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TABLE 2: Interatomic Potential Parameters for the
CCl,—CCl; and H,O—CCl, Interactions and Molecular Point
Charge Distributions?

interatomic{ exp-6¢

potential parameters for Bos Cus Aup
the CCl-CClyinteractions  (kJ/mol) (A (kJ A%mol)
c-C 1.23x 10F 2.971 13370.0
Cl-Cl 3.05x 10°  3.970 5134.9
interatomic LJ
potential parameters for
the HO—CCl, interactions €qp (KI/mol) oo (R)
0-0 0.651 3.165
Cl-ClI 0.851 3.500
c-C 0.425 4.600

atomic point charge
distribution (in electron unit)

g~ +0.2920 g~ —1.1680
g~ +0.3356 g~ —0.6712

@ The cross atomatom potential parameters are obtained from the
usual combination LorentzBerthelot rules.

CCly molecule
H,O molecule

For the nonflexible model used here, the structure of the, CCl

molecules is fixed at the experimental tetrahedron (Td) geometry

with a C—Cl bond length of 1.769 A’ The atomic charge
distribution on the CGlmolecules was determined in order to

reproduce the experimental value of the octopole moment in

liguid phase Q ~ 14.96 1034 esu}®49 (cf. Table 2).

For the modeling of the C@+CCl, intermolecular interac-
tions, we have chosen to use an isotropic at@tom potential
using an analytical form of typgexp-6-3 given by

4.9
Uas(rop) = Bug €XpCopf o) — % + r—ﬁ (12)
op

whereoa andj label the C, Cl, O, and H atoms, respectively,
andrg is the distance between the atomandp belonging to
two interacting molecules.

This potential model has been used for the neat liquid,CClI
and for the water/CGlsolution and the atomatom 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 modef® For water diluted in a nonpolar

Danten et al.

TABLE 3: Interatomic LJ Potential Parameters for the
H,O—Xe and Xe—Xe Interactions

LJ potential parameters in

the HO—Xe system €qp (KI/mol) oop (R)
Xe—Xe 1.837 4.100
Xe—0 1.083 3.633

H,O—CCl, and CC}—CCl, 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®! We have applied the previous
approach in order to define the %&1,0 interactions using an
analytical expression of Lennardones type. The LJ atom
atom potential parameteeg andoj 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 HO (or D,O) molecule and 107 Cgbolvent 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 0:6 10715 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 lerigth
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 sampleo ~ 10.3 x 102 mol/cn® (or a molar volume
Vm A 97.36 cn¥/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 C¢Iin 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 1®*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

solvent, the dipole moment is expected to be close to the gasseveral simulations under the same overall computational
value {x ~ 1.87 D) and therefore, the atomic charges used were conditions on a mixture composed of a single water molecule
fixed in order to reproduce the latter one. The values of the (H,O and DO as well) dissolved in a solvent constituted of
point charges for water and carbon tetrachloride used in our 255 xenon atoms. The runs were performed during 600 ps after
calculations are also reported in Table 2. 188 ps of equilibration. The temperature and density of xenon
The HO—CCl; interaction potential is modeled from an were respectively chosen &t~ 383.15 K ando ~ 15.6 103
analytic expression of the Lennardones type according to mol/cn®. It is under these specific thermodynamics conditions

" o that the experimental infrared spectra in the region of the
Oup Oup

4 0u95 stretching vibration exhibits, as we have discussed previously,
r r
of ap

(12) a profile comprising the envelopes of the rotational P and R
transitions. We will show in the following that the choice of
The LJ atom-atom parameters and o describing the these density conditions is the most convenient for a comparison
intermolecular interactions were obtained from the potential with the spectra of water dissolved in G@t room temperature.
models proposed by Mc Donald for C£Jand by Berendsen IV-3 -A Structural properties. 1V-3 Molecular Dynamics
(SPC model) for watet Finally, the cross parameters of the Results. The calculated thermodynamic properties for hydro-
water—CCl, potential have been obtained according to the usual genated (KHO) and deuterated @) water diluted in liquid CGCl
Lorentz—Berthelot mixing rules. Then, the electrostatic part of at room temperature and for,O dissolved in SC xenon fluid
the intermolecular potential is completely defined from the at the temperatur&é = 383.15 K are listed in Table 4 and are
atomic charge distributions of the,& and CCJ molecules. compared with those corresponding to the pure solvents
Clearly, in the limit of the highly diluted solutions considered simulated in the same thermodynamic conditions. Notice that
here, the electrostatic terms are aimed to reproduce the dipole the value of the mean intermolecular potential energy obtained
octopole and octopoteoctopole contributions for the respective  for the pure liquid CClis in good agreement with the values

l’aﬂ
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TABLE 4: Simulated Thermodynamic Properties for the 25 —
H,0/CCl, and D,O/CCl, Solutions at Room Temperature p
~ 10.3 10 mol/cm3) and for D,O Dissolved in the
Supercritical Fluid Xenon (T ~ 383. K and p ~ 15.6 103 2t
mol/cm3)a
simulated potential energy, = 1.5¢
systems (kcal/mol) T(K) |AET|/|E+] ~y
H,O/CCly —7.23+0.06 282.2 1.0« 104 o 1F
D,0O/CCly —7.174+0.06 292.7 1.4« 10
neat CClJ liquid —7.27+0.04 300.8 7.2 104 05 [
D,0O/SC xenon —1.80+ 0.03 390.4 ~5x 10
pure SC xenon —1.82+0.03 3852 ~15x10* o

aFor a studied systen\E/Er represents the relative deviation of 2 8 4 5 6 7 8 9 1011 12

the total energy cumulated on the total simulation time.
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Figure 5. Simulated radial distribution functions (rdf) for the SC  Figure 6. Comparison between the simulated ¥ (r), gc—ci(r),
mixture D;O/xenon T ~ 383.15 K antp ~ 15.6 x 1073 mol/cn¥). (a) andggi—c(r) in the water/CC solution at room temperature (diamonds)
the rdf gxe—xe(r) calculated in the mixture f/xenon and compared  with those calculated for the neat liquid G@$olid line) in the same
with the one in the pure SC xenon; (b) the g#f xe(r) and go-xe(r) thermodynamic conditionsT(~ 300 K andp ~ 10.3 x 1073 mol/

simulated in the mixture fD/xenon. cnr).

calculated in previous W(_)rk"§:52 The local ordering of water  py 3 minimum aroud 6 A and a second peak culminating at 8
(H20 and DO) diluted in liquid CC} at room temperature and & The first peak corresponds to the first solvation shell, in
of D20 dissolved in SC xenon fluid is now discussed from the | hich the water molecule is surrounded on average by 11
analysis of the atomatom pair distribution functiongj(r). nearest Xe atoms. Comparatively, the first peak of the rdf
D,O in SC XenonFor deuterated water dissolved in SC ; Iy
xenc2>n the atomatom radial distribution functions (rdf) g-Dfxe(r) Is rather broad, an.d s maximum at about 4.4 A
, . . (instead of 3.8 A folgo_xe(r)) is preceded by a slight shoulder
gxe-xe(r) calculated for the solution and for the pure SC fluid - '3 7 & ‘Nevertheless, the first minimum and the second
xenon are reported in Figure 5a. As expected, they exhibit the B . ' .
same behavior on the studied range of interatomic distancesfdefag Ofg'(Dr‘)X(ei(re) C;g;;%e;:gyg\%h;?g;?ﬁzszbéitﬁgso?tﬁze
Therefore, the local order between the xenon atoms does not - 20 e o S . L
appear to be affected by water dissolved in the SC fluid. In the clear that the water molecule is particularly confined in its
first shell, each xenon atom is surrounded on average by 11 solvent cage in which the relative motions of the solute involve
nearest neighbors. A translational local order between Xe atomsONly small fluctuations of the ©Xe interatomic distance around
is clearly visible as three shells are observed and respectivelyits mean value¢3.8 A). In contrast, the fluctuations of the
found at interatomic distances about 4.5 A, 8.5 A, and 12.5 A. relative distances between the Xe and deuterated hydrogen atoms
The calculated XeO and Xe-D pair distribution functions  around the mean value-¢.4 A) are more significant. Hence,
go-xe(r) and go_xe(r) are illustrated in Figure 5b. The rdf this suggests that the orientation of the solute molecule is
go-xe(r) is characterized by a first peak centered around 3.8 A randomly distributed in the solvent cage. Finally, the simulated
(compared with the Lennardlonesso-xe =~ 3.63 A) followed structural properties of the JO/SC xenon mixture agree with
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Figure 7. Atom—atom rdfgo—c(r), go—ci(r), gu—c(r) andgu—ci(r) calculated between a pair of water and £@blecules for the water/CEsolution
(T ~ 300 K andp ~ 10.3 x 1072 mol/cn®).

the van der Waals nature of the interactions existing betweenobserved. This feature is assigned to the signature of a short-
D,0 and the Xe atoms. ranged O--Cl arrangements between water and @blecule.
Water in Liquid CCJ. For the neat liquid CGI(T = 300. Beyond distances of about 4 A, the m_c(r) for the water
K), the interatomic rdfc—c(r), gc-ci(r), andgci—ci(r) calculated diluted in liquid CC}, shows a third peak associated with the
for a pair of molecules are shown in Figure 6. As expected, second shell at about 10 A. Considering thegglfu(r), a short-
their main features are in rather good agreement with the ranged local arrangement between the proton of water and the
previous studies of Mc Donald et al. and k@I et al*®52From carbon atoms of Cglis suggested by the well-defined sharp
a general viewpoint, the analytic form of the intermolecular peak observed at about 3.5 A. In the first shell (distarc@s2
potential and the molecular charge distribution used in our A), the second peak clearly observed at distances of about 6 A
simulation do not introduce drastic modifications on the local arises from the mean distance between the second hydrogen
ordering between the C£molecules, and we notice that each atom of water and the carbon atoms of the solvent molecules.
is surrounded on average by 13 nearest neighbors. Beyond distances of about 5.5 A, the ggf(r) exhibits a peak
We now consider the solution of hydrogenated (or deuterated) at about 9.5 A associated with the second shell of solvent
water very diluted in liquid CGl and in particular, we find molecules around water.
that the interatomic rdfic—c(r), gc—ci(r), andgci—ci(r) between From these findings, the local ordering in these water{CCl
a pair of CCh molecules (Figure 6) in solution are quasi solutions can be discussed. First of all, the presence of a quasi-
indistinguishable from those of the pure liquid. However, a linear G--H—0O arrangment with the €O distance of about
deeper examination of thg-—c(r)and gc—ci(r) rdf indicates a 4.5 A is revealed from the position of the peak observed on
very slight increase of the height at radial distances close to gc—n(r) at 3.5 A andgc—o(r) at 4.5 A. In this situation, the
the two first peaks and a very small shift@.1 to 0.2 A) of the expected interatomic ©CI distances between the closest
second peak toward greater distances. This phenomenonneighbors should be effectively at about 3.5 A. Clearly, the
although relatively weak because the water solutions studied existence of the first peak agp-c(r) at abou 3 A requests the
here are highly diluted, should be assigned to a small perturba-consideration another short-ranged arrangement between water
tion of the local order induced by a solvation process. In this and a second neighboring solvent molecule. For this purpose, a
context, the quantitative analysis that follows and based uponsecond ©&-Cl—C arrangement involving €O interatomic
the calculated rdfgo-c(r), go-ci(r), gn—c(r), and gu—ci(r) distances of about 4.7 A and corresponding to the position of
between a pair of water and CCholecules can provide more  the first peak observed on the ig_o(r) needs to be considered.
physical insight in order to precise the local order around the In this case, the Gi-H distances between closest neighbors are
solute molecule in its solvent cage (Figure 7). Thegglfc(r) expected at about 4.A. This conclusion is consistent with the
(which is almost identical to the intermolecular rg(r) of observation of the first peak observedgan n(r) and the second
the center of mass between a pair of water and;@G@lecules) peak observed at 5.7 A ogc_n(r). Finally, the simulated
for the water/CCj solution exhibits a broad peak centered at structural properties of water in liquid CCleveal that a
distances about 4:54.7 A. The first minima are situated at about C---H—O short-ranged arrangement is favored between the
6.4 A, and we found that the water molecule is on average solute and the surrounding solvent molecules. In this situation,
surrounded by 8 neighboring solvent molecules. Thesde(r) one proton of water points toward the carbon atom of a,CCl
exhibits a broad peak centered at distances about 5 A, leadingmolecule. This structural solutesolvent conformation presents
to the same main conclusions as those provided from the rdf some similarities with the calculated structure of the isolated
0o-c(r) (Figure 7). However, this peak is now broader because H,O—CCl, dimer?® although the mean interatomic distance
the chlorine atoms distribution around the oxygen of water is O---C is found to be greater in our simulations. For the
larger. However, a well-defined peak at ab8uA is equally hydrogenated water solution, we found that this short-ranged
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local order coexists on average with a secondary@—-C [ - .

short-ranged arrangement of water involving a second neighbor- ! ‘ 3

ing solvent molecule. 0.8 08 ]
IV-3-B Rotational Dynamics of Monomeric Water in i 06t}

Hydrophobic Solvents. This section is aimed at a discussion i Wil
of the influence of the watersolvent 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

Cie(t) = < ug(t) - u(0) > (13) '
t (ps)
which are associated with the unit vecter(§ = x, y, z) lying Figure 8. Simulated autocorrelation functioi@(t) associated with
along the corresponding main symmetry axes of the asymmetricthe reorientational motions of the unit vectars (dashed lines)uy
rotor. (point-dashed line-points) and, (solid line) lying along the main

Nevertheless, for the sake comparison with the observed IR fsymme”y a>|<es of B‘f in S% xenon. We have reported the same
absorption profiles, it is convenient to analyze the simulated TU"ctions only up to 1ps in the inset.

rotational spectral densiti€%,s(w). Because the simulation gives 55 —— —————————
only access to the “classical” rotational spectral densities of - - —-J model
water, the detailed balance conditions have been applied to 50 ——— MD Simulation
desymmetrize th&s,:(w) profiles (centered on the zero fre- —
guency)*55Consequently, the latter profiles were obtained from 45 -
the time Fourier transform of the corresponding simulated acf
Cue(t), ie., 40r
Ge(@) = (1 + exp(-pho))a [ diC,(De ™ (14) T
ug > 27— O =
s 30
In the following, the rotational relaxation processes of water %
around its main symmetry axes have been quantitatively = 25
analyzed and comparatively discussed from the results obtained £ 20 I
in supercritical xenon fluid, considered here as the reference <
system. 15
System BO/SC XenonWe briefly summarize our main I
results obtained from MD simulation on the rotational dynamics 10
of heavy water in the SC xenon fluid & 383 K andp ~ 15.6 . 27\
x 1078 mol/cn®). First of all, the simulated ad®,(t) of DO 5+G,, (@) ,7
are reported in Figure 8. Notice that the small oscillations -7 ’ ~. L
observed on the functiori(t) for times greater than 1 ps result 0 == L L -
from a residual statistical noise (the correlations are evaluated -300 -200 -100 0 100200 300
from only one heavy water molecule on a sampling time about Wavenumber (cm'1)

5 ps). The calculated correlation times associated with the i 9. Rotational | densitied iated with th

reorientation of each axes of the heavy water in the SC xenon' '94r€ - 0:""“0”?‘ Spe‘;”‘ah ensitieSus(w) asgoc'ateb W'; the
. in Table 5. For comparison with the observed IR reorientational motions of the unit vectors (C-type band),uy

are given in : omp . . : A-type band), and), (B-type band) of DO in SC xenon from the

profiles, we ana_llyze in detail _the reorlgntatlonal dynamlcs of simulation (solid lines) and calculated with; ~ 10 andT = 383.15

D,0 from the simulated rotational profileSus(w) which are K using the J-model (dashed-lines).

reported in Figure 9. Clearly, the spectral densities associated

with the reorientational motions of the unit vectogsand y of ';rh/;\aBllQ_Eo?i:en?gi%lﬁgltel&o(ﬁggseIgftig;;irgsje é'\g?‘\’/‘\:/i:ttgrdix"ith
D,O exhibit a well-defined PQR type rotational band shape. Liquid CCl 4 (T ~ 300 K Density p ~ 10.3 x 10-3 mol/cm?)

The full widths at half-heightAv of the central Q-branches  and in SC Xenon Fluid (T ~ 383 K and p ~ 15.6 x 1073
associated with the C- and A- type rotational bands respectively mol/cm?)

at values of about 14 and 15 cfn(estimated with a relative Tux (PS) Tuy (PS) 2(pS)
uncertainties of about 1815%). In contrast, the band shape of

- 8 . . - D,0/SC xenon 0.28 0.16 0.24
the simulated profileG,,(w) relative to the reorientational D,0/CCl, 0.92 0.9 0.43
motions of theC, symmetry axisu, of D,O is undoubtedly H,O/CCl, 0.28 051 0.50

characterized by a rotational PR structure.

Clearly, the rotational band shapes obtained from the simula- parison of the simulated profiles with those analytically
tion indicates that the rotational motions of@in SC xenon calculated (using here the J-model witji ~ 10 vide supra)
are almost unhindered. This conclusion arises from the com- presented in Figure 9. Therefore, our results support the main
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Figure 11. Simulated rotational spectral densiti€g:(w) associated
t (ps) with the reorientational motions of the distinct x, y, and z symmetry

Figure 10. Simulated autocorrelation functio®(t) associated with axes of QO and HO dissolved in liquid CCl

the unit vectorsi, (dashed lines), (point-dashed line-points), and inertial regime). At longer timest (> 0.3ps), all of these
(solid line) for DO diluted in liquid CC} at room temperature (and  relaxation functions are characterized by a tail that slowly
for Hz0 in liquid CCl in the inset). decreases and shows that the rotational diffusive regime of water

conclusions arising from the previous study of Bowman étal is reached. Therefore, deviations from the “free” rotational
concerning the predominant importance of the rotational processdynamics of water is observed on all the &gf(t). In particular,
in conditioning the shape of the; profile. Nevertheless, the  we notice that the reorientational motions of fhgsymmetry
role of thev, mode contribution in the spectral range situated axis of water appears the most affected by the interactions with
at about 2700 cmt for D,O as been left hanging. For this the solvent molecule€,(t) (Figure 10). Therefore, it can be
purpose, we have compared the experimental spectrum measuredresently inferred from this preliminary analysis in the temporal
by these authors with the spectrum calculated as a weighteddomain that the rotational bands should differ appreciably from
sum of the simulated type A (for the mode) and type B (for ~ those corresponding to the free rotation limit. For this purpose,
thevs mode) profiles. This comparison is displayed in Figure 1 we will thoroughly analyze the simulated spectral densities
and shows that it is only possible to obtain a rather good Gu(w) (§ =X, Y, z) reported in Figure 11. For,D, the spectral
agreement with the weighting coefficients having the respective density G, (w) due to the reorientational motions of the unit
values of about 0.4 (for the, mode) and 1.2 (for thez mode). vector ux out of the molecular plane of water (type C band)
We notice that the ratio of the integrated intensities ofithe  exhibits an intense central peak having very broad wings which
profile by thevs one is about 1/3, a value which is much greater are reminiscent of the free rotational wings. The value of the
than the one obtained for water in gas phas&/{5)1* Although full width at half-heightAvc of the central peak is at about 26
the main conclusions concerning thg profile raised by cmL. The spectral densit, (w) associated with the reorien-
Bowman et al. are still valid, we also find that tlve mode tational dynamics of the unit vectoy, of heavy water (type A
contribution in the resulting profile is not negligible. This result band) presents a central branch characterized by a full width at
is perhaps the clue to understand the fact observed but nothalf-heightAva ~ 23 cnml. This peak is flanked with well-
discussed, that the P wing seems apparently more intense thamlefined wings, suggesting that the rotational motions of the
the R wing on the IR experimental spectrum. Indeed, if the IR y-axis of water is less hindered than the one ofthais. Finally,
spectrum was only due to the transition, we should expect the profileG,(w) due to the reorientational motions of the-C
according to the detailed balance that the P wing is less intensesymmetry axis of water (type B band), exhibits an intense central
than the R one. Finally, it appears that the vibrational processespeak accompanied on both sides with very weak wings. Clearly,
involved in both thev; andv; modes of water contribute only  the appearance of the central branch on this simulated profile
very slightly in the broadening mechanism of the band shapes.indicates strongly perturbed reorientational motions of the C
However, the enhancement of the intensity of themode is symmetry axis. The full width at half-heigivg of the central
related to the increasing of the corresponding dipole transition branch has a value of about 14 chis due to the relaxation
dul/doy due to the van der Waals nature of the interactions applied process of the unit vectau,, which is due to the rotational
on the water molecule in its solvent cage. diffusion mechanism at the long time in liquid GCIThis
System Water/C@lAs before, we will put the emphasis in  diffusive phenomenon also plays a role in the long-time part of
this section on the band shape analysis of the spectral densitieshe reorientational relaxation processes of the unit veaigrs
in order to assess the reorientational dynamics of water. anduy of DO (shown in Figure 10) and governs the broadening
However, we briefly comment on the main features obtained mechanism of the corresponding central branches of the
in the time domain. For this purpose, we have displayed in simulated rotational profile§.(w) (§ = X, y, z).

Figure 10 the simulated time aCfs(t) (§ = X, y, z) and reported The same conclusions can be reached from the band shape
in Table 5 the corresponding correlation times fe©and HO. analysis of the rotational bands calculated for light water diluted
Clearly, the overall time behavior of the simulated &gf(t) in liquid CCls (Figure 11). As expected, due to the smaller

are rather different than those found in SC xenon (compare values of the inertial moment of J@, the main spectral
Figure 8 and Figure 10). Indeed, they are characterized by adeviations observed this time on the rotational profi@g(w)
decrease taking place on two well-separated time scales. At shorand G, (w), are the frequency positions of the maxima of the
times ¢ < 0.15 ps), the acC.g(t) are rapidly decreasing. This  envelop of the rotational wings. Furthermore, the widths of the
indicates that the water molecule is not affected by interactions central branches are narrower and have the respective values
with the solvent molecules and rotates freely (it is the so-called of aboutAvc ~ 23 cnt! and Ava ~ 20 cnt! (instead of 26
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Figure 12. Simulated power spectid.:(w) associated with reorien-  rigyre 13, Comparison of the simulated far-IR profiles ob® (A)
tational motions of the distinct x, y, and z symmetry axes gd[solid and DO (B) dissolved in liquid CGl(solid lines) with the correspond-
lines) and HO (dashed-lines) in liquid CGl ing experimental spectra (dashed-lines).

cm-* and 23 cm* for heavy water). Compared with the free  reorientational motions of th€,-symmetry axis of HO (and

rotation, the band shape of the rotational pro@ig(w) is also D,0) (cf. Figure 12) exhibits a broad profile centered at a
found strongly modified in liquid CGJ as indicated by the  frequency value of about 190 cth(correspondingly 150 cri
appearance of a narrow central peak feOHAvg ~ 14 cn). for D,0). In this context, it is particularly interesting to compare
From these findings, it can be inferred that the reorientational the simulated far-IR profiles of water g8 and BO) dissolved
dynamics of water (kD and DQO) in liquid CCl at room in liquid CCl, with the experimental ones (see figures 13A and
temperature is singularly affected by the sotuelvent interac- 13B)15 For this purpose, we have considered the profiles as

tions. Indeed, the surprising appearance of the central peak orprimarily governed by the dipole relaxation process of a solitary
the simulated spectral densiGy,() reveals a reorientation  water molecule in its solvent cage. In other terms, the simulated
dynamics of the @symmetry axis of water strongly affected  profiles shown in Figure 13 have been simply obtained in a
at long-times { > 0.3ps), which is governed by diffusive first approximation by the relationship (without induced dipole
relaxation processes although remnant rotational wings are stillinteraction processes)

observed at much shorter times. Therefore, the reorientational

motions associated with the main symmetry axes of water FIR), N — ~ 2

appears to be differently affected by t);m inte?lactions with the @) = e M’Aué(w) (15)
neighboring solvent molecules.

Indeed, we found that the reorientational dynamics ofythe
axis are nearly free, whereas the reorientational motions of the .
z symmetry axis of water are strongly hindered. Incidentally, H,ZO and DO at room temperaturé},andu is the permanent
let us emphasize that the J model is unable to lead for a type gdiPOle moment of water (taken here at the value of 1.9 D).
band composed of an intense central peak accompanied with W€ observe that the band shapes of the simulated far-IR
residual rotational wings as obtained in the simulation. Clearly, 2Psorption profiles are in fair agreement with those measured
the short-time reorientational dynamics of water probed through and exhibit broad bands centered at about 190 and 158 cm

these rotational wings~<150—300 fs) primarily depends of the  for H20 and DO, respectively (see Figures 13A and 13B). A
nature of the intermolecular interactions of the solute with the further analysis, which is not discussed here, clearly shows that
neighboring molecules. the agreement between the simulated and measured far-infrared

At this stage of our study, it is interesting to further analyze (FIR) absorption spectra of water in liquid GCan be improved

the rotational wings in order to get more physical insight about by explicitly taking into account the interaction-induced dipoles

the faster reorientational relaxation processes of water takingMechanisms in these solutions. Although it represents a minor
place in liquid CCJ. For this purpose, we have calculated the contribution, the role played by the interaction-induced absorp-

power spectraye(w) (~o(1 — e #)Gy(w), with & = X, y, 2) ti(r)]nbprocelsses on the. far-IR prolfiles ofkwater.in smfjch hydrg-
associated with the reorientational motions of the different ph obic solvents cczjr:js_t}tutels a relevant E.y ﬁcl_r:ltbo O(;J(; stu ):j
molecular axes of water in its solvent cage (Figure 12). As thatmerits some additional comments, which will be addresse

shown in Figure 12, the band shape of the spectrum associated” & forthcoming papet?
with the reorientational motions of the unit vectar of H,O

(and DO) is characterized by a broad band that peaks at a
frequency value of approximately 150 ch(respectively 100 A physical insight on the vibrational relaxation contribution
cm! for D,O). The power spectrum associated with the in each of thev; andv; stretching modes of water diluted in

wherecs is the solubility (in mol 1) of water in liquid CC}
(respectively of about 8.% 103 M and 7.4x 103 M for

V Discussion
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Figure 14. Comparison of the infrared spectrum of® diluted in
liquid CCl, (filled circles) with the calculated profile (solid line)
obtained from the convolution according to the eq 14 of the simulated
rotational spectral densities associated withzbgis (for thev; mode)

and they axis (for thevs; mode) of solute with the adjusted vibrational
profiles (assumed of type Lorentzian).

3400 3500 3900

liquid CCl; 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 thaexis (for the

v1 mode) and the axis (for thevs 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 obtaine
from a weighted sum of the two previous profiles according to
the following expression

47 (rot) ib
= C\/u(l — exp(=phw){n,G;”(w)BLy,

) + 736" (0)BL (0 — w3} (15)

a(calc) (w) —

(0 =

wheren; and, are the weighting coefficients, anﬁﬂb(w -
w;) is the vibrational Lorentzian profile centered at the angular
frequencyw;.

In this treatment, the vibrational full widths and the weighting

Danten et al.

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 withithand

v3 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 themode 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 the 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 thg and v,
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 CGl 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-rangeeHz-O structure
between the solute and its neighboring solvent molecules.
d:urthermore, such weak soldteolvent interactions have more
sizable effects on the reorientational dynamics of water in liquid

CCl, 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 setute
solvent interactions as revealed by the band shape analysis of
the v, infrared absorption profile. In conclusion, the main
difference observed on the rotational dynamics of water in liquid
CCly must be ascribed to the weakly anisotropic character of
the solute-solvent interactions of electrostatic nature. Clearly,

coefficients are taken as adjustable parameters. The comparisofthe rotational relaxation processes of water depend on a detailed
of the calculated spectrum with the experimental one is displayed description of the potential applied on the solute by the

in Figure 14. This good agreement is obtained using vibrational
full widths having respective valuezs;’,'lb ~ 7.5 cnr? andAj,"Sb
~ 12 cnt! and a rationi/n3 =~ 3.5. Clearly, this result shows

surrounding solvent molecules. In this context, we must
emphasize that the correct treatment of the classical rotational
dynamics of water (kD or D,O) in liquid CCl, may only be

that the IR profiles cannot be interpreted on the basis of the provided up to now by simulation studies and that the use of

rotational contribution alone and that the vibrational relaxation

currently available analytical approaches (J-model, for instance)

processes must be taken into account in the broadeningneed to explicitly include the details of the solutolvent

mechanism of both; andv; band shapes. Moreover, it also
comes out from this quantitative analysis that theibrational
mode of water in liquid CGlis more affected by the solute

potential. Another important viewpoint concerning the statement
about the existence of a very weak H-bond complex between
water and CCJ molecules also merits emphasiziHgClearly,

solvent interactions as indicated by the enhancement of itswe have been able to interpret the spectral properties by taking

intensity. Indeed, the oscillator strength of the fundamental
vibrational transition of water is increased by a factor 3.8 on
going from the gaseous phase to liquid @Ch contrast, the
oscillator strength value of the fundamentatransition remains
very close to its gas-phase value (cf. discussion in section I1I-2
and Table 1).

VI Conclusion

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

In this paper, we have shown that the infrared spectroscopy associated with they; and v; internal modes of water,

is particularly well-adapted to probe the interactions of water

respectively. Moreover, the intensity of thginternal mode is
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found to be about four times greater than that found for water  (12) Bowman, L. E.; Palmer, B. J.; Garrett, B. C.; Fulton, J. L.; Yonker,

in gaseous phase. In contrast, within experimental uncertainties & (Fié)':é“ur;gég’u Mo \évﬁ:')e%hse's'iﬂsl Eg}’iss' Eg?gﬂgﬁfnigﬁﬁiffﬂuq
the intensity of thevs internal mode remains fairly close to its  199q 46 99. =~ ' ' ' T

gas phase value. Finally, the vibrational frequencies are found (14) Kjaergaard, H. G.; Henry, B. R.; Wei, H.; Lefebvre, S.; Carrington,
_chi i i #+h T., Jr.; Mortensen, O. S.; Sage, M. IL. Chem. Phys1994 100, 6228.

red sh|_fted from their gas phase values, a fact consistent with (15) Tassaing. T.: Danten. v.. Besnard. M.: Zoidis, E.. Yarwood, J.

the existence of attractive forces between the two partners.gyissani, v.: Guillot, BMol. Phys.1995 84, 769, and references therein.

Adopting the early terminology used in the literature, we may  (16) Zoidis, E.; Yarwood, J.; Tassaing, T.; Danten, Y.; BesnardJ M.

conclude that the liquid Cglcan be considered as a “more Mol. Liq. 1995 64, 197.
. . o 17) Suzuki, S.; Green, P. G.; B ,R.E..D ta, S.; Goddard,
interacting” solvent than xenon. From our study, this implies W_(A_’)”hué?all& G. Le_%nciencelgguzng;{ngzz_ asgupta oddar

that the interaction with the solvent leads to hindered rotational  (18) Klemperer, WNature 1993 362, 698.

motions of water with a greater anisotropic character, whereas __ (19) Kim, K. S.; Lee, J. Y.; Choi, H. S.; Kim, J.; Yang, J. Bhem.
the vibrational processes play an increasingly role on the infrared P'YS; L199% 265 497,
p play aly (20) Gregory, J. K.; Clary, D. OMol. Phys 1996 88, 33.

spectra. Therefore, it should be inferred that the former  (21) Augspurger, J. D.; Dykstra, C. E.; Zwier, T. &.Phys. Chem
contribution is vanishingly small for water dissolved in more 1992 96, 7252.

. - . . (22) Karlstran, G.; Linse, P.; Wallgvist, A. Jtsson, BJ. Am. Chem.
interacting solvent. Thus, upon increasing the strength of the g, "1gg3"105 3777.

interaction between water and the solvent, it is necessary to (23) Engdahl, A.; Nelander, Bl. Chem. Phys1985 89, 2860.
explicitly consider the vibrational relaxation mechanism of the ~ (24) Engdahl, A.; Nelander, Bl. Chem. Phys1987 91, 2860.

internal modes of water with the solvent molecules in an gg(i%)sfumwsw' H.'S.; Emilsson, T.; Arunan, &.Chem. Phys1993

exhaustive approach aimed at performing a quantitative analysis (26) Gotch, A. J.; Zwier, T. SJ. Chem. Phys1992 96, 3388.
of the mid-infrared absorption spectra. (27) Pribble, R. N.; Zwier, T. SSciencel994 265, 75.
(28) Pribble, R. N.; Zwier, T. SFaraday Discuss1994 97, 229.
(29) Pribble, R. N.; Garrett, A. W.; Haber, K.; Zwier, T. $. Chem.
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