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Infrared spectroscopy has been used to probe the interaction between water and the hydrophobic solvent,
carbon tetrachloride. At room temperature, water exists as monomers in carbon tetrachloride, presenting a
system for studying the rotational properties of water free of strong hydrogen-bonding. The rotational structure
suggests a very anisotropic motion consisting of essentially free rotation about the symmetry axis and highly
hindered rotation about the two perpendicular axes of the asymmetric water molecule. The rotational lifetime
is significantly shortened relative to gas-phase water. An upper limit of 0.93 ps is deduced from the spectrum.
Interaction with carbon tetrachloride also slightly enhances the intensity of the symmetric stretch. The results
are compared with results of interactions between water and the cations Li+, Na+, K+, and Cs+. It is concluded
that the attractive interaction is between the oxygen of water and the electropositive carbon of carbon
tetrachloride.

Weak, noncovalent interactions between water and hydro-
phobic substances play important roles in phenomena as diverse
as shaping the structure of biomolecules, forming clathrates in
the oceans, and processing in/on aqueous solutions in the
environment. Thus, it is probably not surprising that there have
been a number of studies aimed at elucidating fundamental
aspects of interactions between water and such substances.1-12

Among somewhat stronger interactions, there have been a
number of investigations focused on the interaction between
ionic substances and water, both anionic13-18 and cationic.16,19-32

As part of the ongoing effort to unravel fundamental aspects of
the attraction between water and a variety of other molecules,
it is helpful to have an environment consisting of isolated water
molecules or small clusters of water. This paper reports results
of generating isolated water molecules in the hydrophobic
solvent, carbon tetrachloride. The carbon tetrachloride bath is
transparent to near-infrared radiation, making it possible to bring
the power of vibrational spectroscopy to bear in unraveling
interactions.

The interaction of water with carbon tetrachloride is fairly
unique. For example, in supercritical Xe or CO2,33 the rotational
structure associated with the asymmetric,ν3 vibrational mode
persists to a pressure of 90 and 40 atm respectively. Persistence
of resolved rotational structure indicates essentially free rotation;
i.e., the solvent cage interacts only very weakly with water.
Higher pressure in CO2 results in a collapse of the rotational
structure into a single, Lorentzian-like peak. A previous
investigation of water in carbon tetrachloride34 concluded that
interaction with the solvent cage results in a nearly free rotation
about the symmetry axis and greatly hindered rotation about
the other two axes. This paper reports the results for modeling
of this rotation including determination of the rotational constant
and an upper limit on the rotational lifetime.

The relative intensities of the two O-H stretch modes has
been shown to be sensitive to interaction of the electron cloud
around the oxygen with positive ions.15 This has been attributed
to enhancement of the symmetric stretch oscillator strength due

to alignment of the transition dipole parallel to the electric field
of the ion.15 Calculation of the relative intensity in carbon
tetrachloride is hampered by overlap of the symmetric stretch
fundamental with the rotational structure associated with the
asymmetric stretch. The model reported in this work enables
deconvolution of the symmetric stretch from the rotational
structure of the asymmetric stretch. It is found that the relative
intensity of the symmetric stretch is enhanced relative to water
in the gas phase, although less so than for water interacting
with positive ions. Together the rotational structure and the
symmetric stretch oscillator strength enhancement generate a
consistent picture: the rotational dynamics of water in carbon
tetrachloride are anisotropic due to a weak interaction between
water and the electropositive carbon of carbon tetrachloride.

Experimental Section

Sample preparation has been described previously,35 so only
the main aspects are given here. Solutions were prepared by
mixing ultrapure water (18 MΩ, UV irradiated, Barnstead
nanopure) with carbon tetrachloride (Aldrich anhydrousg99.5%)
that had previously been dried over silica beads to eliminate
extraneous water. All samples were handled in glass vessels
that were silanized prior to sample introduction. All valves
consisted of glass bodies and glass pistons. The IR cell was a
2.5 cm diameter, 2.5 cm long cylinder with IR-quartz windows
attached via loc-tight epoxy. Windows and cell were silanized
prior to use. (In the absence of silanization, water tends to form
interfering clusters on the cell windows.)

Saturated samples of either H2O or D2O in CCl4 were
generated by shaking a mixture of solute and carbon tetrachlo-
ride, followed by standing until phase separation. The resulting
carbon tetrachloride-water solution was stable, giving reproduc-
ible absorbance for at least 10 days. Infrared spectra were
obtained with a Nicolet Magna760 model FTIR (32 scans, 1
cm-1 resolution.)

Model. Rotational dynamics of water in carbon tetrachloride
have been the subject of a previous NMR study,36 which found
the dynamics to be anisotropic with a rotational correlation time
about 20 times shorter in carbon tetrachloride than in bulk water.* Corresponding author. E-mail: Mary.Shultz@Tufts.edu.
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Danten et al.34 report a molecular dynamics study of water in
carbon tetrachloride and also conclude anisotropic rotational
dynamics. On the basis of these results, water in carbon
tetrachloride would seem to provide an excellent laboratory for
determining the interaction between isolated water molecules
and other molecules of interest either in atmospheric chemistry
or in biological environments. For this purpose, it is very helpful
to have a physical picture for the interaction between water and
carbon tetrachloride. For example, it would be useful to know
if the anisotropic rotational dynamics are due to interaction of
the oxygen or the hydrogen with carbon tetrachloride, thus if
access to oxygen or hydrogen is sterically hindered due to this
interaction. The model is built upon the structure of the
vibrational-rotational spectrum.

In the gas phase, water is an asymmetric rotor37,38giving rise
to a complex infrared spectrum featuring rotational lines that
extend for hundreds of cm-1. In carbon tetrachloride, however,
the maze of rotational lines simplifies greatly (Figure 1). Further,
this simplified spectrum shows the expected contraction upon
deuteration. Following the suggestion of Danten34 that the
rotational motion of water in carbon tetrachloride is anisotropic
with a free rotation about the symmetry axis and highly restricted
motions perpendicular to this axis, water is modeled as a pseudo
near prolate top.

The spectrum (Figure 1) indicates that the rotational wings
are associated only with the asymmetric stretch. Symmetry
considerations indicate that the symmetric stretch (A1 symmetry)
couples to rotations about they (B2) and thex (B1) axes. Because
there are no rotations associated with the symmetric stretch,
the rotations aboutx and y must be restricted. Similarly, the
asymmetric stretch (B1 symmetry) couples to rotations about
the y or z-axis. Because rotation about they-axis is restricted,
the rotational wings must be associated with az- or symmetry-
axis rotation.

Simply modeling water in carbon tetrachloride as a near
prolate top does not fit the observed spectrum. The energy levels
of a prolate top are

whereB is the rotational constant for rotation perpendicular to
the symmetry axis (the reducedA and C of gas-phase water)
and A is the formerlyB rotational constant of water, i.e., the
rotational constant about the symmetry axis. WithB , A, the

rotational line spacing is determined byA and the quantum
numberK. The result is a set of equally spaced lines with
intensity given by the Boltzmann population weighted by nuclear
spin statistics due to the two hydrogen atoms. The result consists
of two, interdigitated sets of rotational lines with the intensity
of each set falling from the band origin. The rotational wings
in Figure 1 clearly show a maximum intensity.

It is now important to recall that the rotational dynamics of
water in carbon tetrachloride arenonisotropic: The lifetime for
rotations perpendicular to the symmetry axis is shorter than that
for rotation about the symmetry axis. Hence rotational states
for which |K| differs fromJ are short-lived and scatter into those
for which the rotational motion is about the symmetry axiss
those withK ) (J. On the basis of this dynamic model, the
states withK ) 1, 2, ...,J - 1 relax to the state withK ) J and
thus have statistical weight equal toJ. Similarly the states with
K ) -1, -2, ...,-J + 1 relax to the state withK ) -J and thus
have statistical weight equal toJ. States withK ) 0 are short-
lived and contribute to the intensity at the vibrational origin.
These statistical weights are multiplied by the nuclear spin
statistics: three for odd values ofJ and one for even values for
H2O; for D2O evenJ have nuclear spin weight equal to two
and odd values have weight equal to one.

With the simplification that observed states haveK ) (J,
the rotational transitions become

and

With this analytical model, the spectrum can be calculated and
a least-squares fit performed.

The vibrational origin is composed both of∆J ) 0, ∆K ) 0
transitions and∆J ) (1, ∆K ) 0 transitions. The former,∆J
) 0, ∆K ) 0 transitions are those with no rotational excitation.
For the asymmetric stretch, this is allowed withµx. The∆J )
(1, ∆K ) 0 transitions are allowed withRy andµz. As noted
above, thez transition dipole is enhanced due to interaction with
the electropositive carbon. Hence the asymmetric stretch origin
bandwidth is wider than that of the symmetric stretch due to
contribution from the smallB rotational constant.

Several parameters are required to fit the spectrum: the
vibrational origins of the symmetric and the asymmetric stretch
(νsym and νasym), the A rotational constant (assume thatB is
negligible), the rotational lifetime (τrot), the vibrational widths,
and the relative intensities of the vibrational origin bands
compared to the rotational wings. These parameters are associ-
ated with the following features of the spectrum. The vibrational
origins,νsym andνasym, are determined by the two sharp features.
The A rotational constant determines both the width of the
rotational wings and the position of the maximum via the
product of the Boltzmann factor and the nuclear spin statistics.
The sample is at equilibrium with the room, so the rotational
temperature is equal to room temperature. This enables deter-
mining the rotational constantin the absence of rotational
resolution.

Figure 1. FTIR spectrum of water in carbon tetrachloride at room
temperature. The saturated concentration is 7.5 mM.35

E/hc) BJ(J + 1) + (A - B)K2 |K| e J (1)
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∆K ) +1, ∆J ) +1
K ) J
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Results

The previously outlined model was used to fit the spectrum
of water in carbon tetrachloride and the result is shown in Figure
2. The fit is excellent.

A standard method for testing a spectroscopic model uses
isotopic substitution. In this case, the spectrum of D2O in water
was fit and the results are shown in Figure 3. As in the water
spectrum, the difference between the simulated spectrum and
the experimental one is very small. Parameters resulting from
the fits are shown in Table 1.

Discussion

Three important parameters emerge from the fit: the rota-
tional constant, the rotational lifetime, and the ratio of the
integrated intensity associated with the symmetric stretch to that
for the antisymmetric stretch. These will be discussed in order.

Water in the gas phase is an asymmetric rotor with rotational
constants37 Ao ) 27.8761 cm-1, Bo ) 14.5074 cm-1, andCo )
9.2877 cm-1 with the Bo rotational constant associated with
rotation about the symmetry axis. Caged in the carbon tetra-
chloride solvent, theA andC rotational motions are very short-
lived and theB rotational constant becomes theA rotational
constant of the resulting pseudo near prolate top. The fit results
in a rotational constant of 14.8 cm-1, within experimental error
of the gas-phase value. This result represents a significant
validation of the model. Deuterium substitution reduces the

TABLE 1: Parameters Derived from Fitting the Experimental Spectrum

νsym (cm-1) νasym(cm-1) A0 (cm-1) A1 (cm-1) τrot (ps) Ia/Is

H2O 3615.5 ((1) 3708.5 ((0.5) 14.8 ((0.2) 13.9 ((0.2) 0.83 ((0.05) 14.8
D2O 2645 2753 8 7.4 0.83 17

*Wavelengths not corrected for dielectric constant of CCl4/H2O

TABLE 2: Rotational Constants and Enhancement of the Symmetric Stretch Intensity for Water

in CCl4 gas phase (ref 37) Li+ (ref 15) Na+ (ref 14) K+ (ref 14) Cs+ (ref 13)

A0 (cm-1) 14.8 ((0.2) 14.5074 13.9 14.3 14.1 14.0
νsym (cm-1) 3615.5 ((1) 3657 3629 3634 3636 3635
νasym(cm-1) 3708.5 ((0.5) 3756 3691 3707 3710 3711
Ia/Is 14.8 18 1.53 1.57 2.44 2.04

Figure 2. Calculated (green squares) and experimental (blue line) water
spectra. Components of the fit are shown as follows: the symmetric
stretch origin (wine squares), the antisymmetric stretch origin (magenta
open squares), theP (purple star) andR (red circles) rotational wings
associated with the antisymmetric stretch. The difference between the
experimental and simulated spectra is shown in (b).

Figure 3. Fitted spectrum (green squares) of D2O in carbon tetrachlo-
ride compared with the experimental spectrum (blue line). Components
of the fit: symmetric stretch (wine squares), antisymmetric stretch
(magenta open squares),P branch (purple star), andR branch (red
circles). The difference between the fit and the experimental points is
shown in (b).
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rotational constant by the expected factor of 2 due to the larger
mass; again a validation of the model.

The short rotational lifetime results in a rotational envelope.
Observation of an envelope rather than resolved rotational lines
places an upper limit on the lifetime. Both the spectrum for
H2O and that for D2O indicate an upper limit on the lifetime of
0.83 ps. This is comparable to the 0.7-1.3 ps lifetime observed
in liquid water. In water, the shorter lifetimes are associated
with weakly H-bonded water, consistent with the weak interac-
tion between water and carbon tetrachloride.39 The lifetime
cannot be much shorter because that would result in either a
weakening of the rotational wings or a collapse of the rotational
structure into the vibrational origin.

The symmetric stretch of water is quite weak; in the gas
phase37 it is about 18 times weaker than the asymmetric stretch.
It has been observed that when water hydrogen bonds to a
positive ion, the symmetric stretch intensity is enhanced (see
Table 2).14,15The enhancement has been attributed to alignment
of the transition dipole for the symmetric stretch with the field
generated from the positive ion. In contrast, the transition dipole
of the asymmetric stretch is orthogonal to the field lines from
the cation bound to the oxygen lone pair. For water interacting

with carbon tetrachloride, the enhancement should be much
weaker because the carbon is electropositive but not charged.
Consistent with this expectation, the enhancement in the
integrated intensity of the symmetric stretch relative to that of
the asymmetric stretch results in the asymmetric stretch being
14.8 times the intensity of the symmetric stretch.

All three results (the rotational constant, the rotational
lifetime, and the slight enhancement of the symmetric stretch)
are consistent with a model in which the lone pair on the oxygen
interacts weakly with the electropositive carbon of carbon
tetrachloride.

The interaction of water with carbon tetrachloride bears
similarities to binary metal cation-water complexes, which have
been investigated in beam expansion experiments by Duncan,
Lisy, and co-workers.13-15,40,41Beam expansion produces very
cold clusters that do not suffer collisions with a solvent cage
because the clusters lack a solvent cage. To test the present
model, parameters derived from the beam expansion experi-
ments were used and spectra calculated relaxing the restriction
that |K| ) J, calculating the intensity due to ground states in
which |K| ) J. The results are shown in Figure 4. For the low-
temperature spectrum (panel a in Figure 4) the simulation is
consistent with the experimental spectra of Lisy, Duncan et al.15

The higher temperature spectrum (panel b in Figure 4) under-
shoots the intensity of the (4r 3) transition due to neglect of
higherJ states; imposing the restriction that|K| ) J overshoots
the (4 r 3) transition. The two different assumptions on the
relationship betweenK andJ bracket the experimental observa-
tion, suggesting that rotational relaxation in the cluster is
intermediate between the long life of gas-phase water and the
very short life of carbon tetrachloride-confined water. Note that
Lisy, Duncan et al. modeled the spectra with AsyRotWin,38 a
general program for fitting rotational spectra of asymmetric
molecules. Given the simplicity of the presented model, the fits
are remarkably good. Further, the excellence of the fit generates
confidence in the parameters derived for water in carbon
tetrachloride.

The geometry of the water-carbon tetrachloride complex was
calculated at the Density Functional B3LYP 6-31G* level of
theory and the result is shown in Figure 5. Note that the oxygen
lone pair is directed toward the slightly electropositive carbon
of carbon tetrachloride. In the solution, the complex is further
caged by additional carbon tetrachloride molecules. A complex
such as this is consistent with the results: with the lone pair

Figure 4. Simulated spectrum of the water-Li + complex at (a) 40 K
and (b) 180 K. Spectra are comparable to those in reference 15.

Figure 5. Equilibrium geometry and density-potential surface for a
water-carbon tetrachloride complex calculated at the density functional
B3LYP 6-31G* level of theory.
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slightly anchored, rotation about the axes perpendicular to the
symmetry axis would be inhibited and the interaction would
slightly polarize the lone pair enhancing the transition dipole
for the symmetric stretch. The remainder of the carbon
tetrachloride cage is sufficiently close that the rotating water
molecule collides with the surrounding molecules, shortening
the rotational lifetime.

Conclusion

The infrared spectrum of water confined in carbon tetrachlo-
ride has been modeled as a pseudo near prolate top with
nonisotropic rotational motion. Rotations about axes perpen-
dicular to the symmetry axis quickly relax to rotation about the
symmetry axis. The lifetime of rotation about the symmetry axis
is limited due to collisions with the solvent cage. A weak
interaction of the oxygen lone pair with the slightly electro-
positive carbon results in enhancement of the symmetric stretch
oscillator strength compared to that of the antisymmetric stretch.

Water is only slightly soluble in carbon tetrachloride and
exists as monomers. The combination of water and carbon
tetrachloride thus constitutes a room-temperature matrix isolation
environment for water. However, the interaction of water with
carbon tetrachloride is asymmetric: the oxygen of water is
weakly attracted to the carbon of carbon tetrachloride. Bearing
in mind the asymmetric interaction, the water-carbon tetra-
chloride system presents an excellent environment for examining
interaction between isolated water molecules and other species,
particularly water hydrogen-bond-donor interactions, which
should be quite accessible. Interaction with the hydrogen atoms
will necessarily quench the free symmetry-axis rotation; thus
loss of the rotational wings is a sensitive barometer for these
interactions.
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