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Infrared spectroscopic measurements of theνOD stretching vibration of dilute deuterated ethanol in supercritical
CO2 have been performed and analyzed, via a theoretical model and ab initio calculations, to better understand
the ethanol-CO2 interaction. It was found that strongly attractive interactions, predominantly due to dispersion,
dominate the stabilization energy between ethanol and CO2. Differences between the observed and theoretically
predicted spectral shifts indicate the presence of local density enhancements. The continued observation of
these enhancements up to temperatures significantly greater than the critical one,T/Tc g 1.3, suggests that
ethanol is a strongly attractive solute for CO2, at least in the spatial vicinity of the OH functional group. This
suggestion is also supported by an analysis of the local density enhancement factors, as extracted from IR
and other spectroscopies, as well as by the ab initio calculations.

1. Introduction

Fundamental research on intermolecular interactions and the
structural and dynamic properties of condensed phases have been
the main objective of many thorough works over the past thirty
years.1 These investigations typically focused on microphysical
phenomena that occur over distances of several molecular layers
and on time scales varying from femtoseconds to a few hundred
picoseconds. The resultant development of theoretical concepts
and experimental methods has now made it possible to obtain
quantitative information about the structure and dynamics of
molecules (solvation, chemical reactions) within dense media.
More recently, such fundamental studies have been applied to
the very interesting case of supercritical fluid environments
(SCF),2-4 which exhibit two important and interesting properties
not present in liquid solvents.

The first unique property of SCFs is their variable densities,
which can be changed continuously over all values between
that of the liquid and that of the gas. As well, by working at
temperatures only moderately greater than the critical temper-
ature, it is possible to access a broad range of densities with
only small changes in pressure and temperature. Working at
these thermodynamic conditions is thus advantageous, as they
can be used to establish a bridge between studies in the
condensed phase and those in gas phase. This ability to control
SCF densities is well known and has been frequently used in
industrial applications to control the physical properties of a
solvent and to allow, e.g., selective extraction of a solute from
a dense matrix.5

The second, more specific, property of supercritical fluids is
also related to the very high compressibility of a fluid in the
region around its critical point. In this “compressible regime”,

the very high susceptibility of the solvent density to small
variations of pressure generates strong density fluctuations at
the microscopic level.3,6,7 The presence of such microscopic
density inhomogeneities in the solvent are then expected to have
significant consequences for the structure and dynamics of a
solute in such compressible SCF solutions. In particular,
attractive solutes are expected to induce a region of local solvent
density that can be greater than the density of the bulk solvent.8,9

In addition, the extent of this density enhancement is, at least
in part, driven by the relative strength of solute-solvent vs
solvent-solvent interactions. However, the exact correlation of
local density enhancements in supercritical fluids with the
relative strength of the intermolecular interaction is still a matter
of debate.9-11

Vibrational spectroscopy is a powerful tool for probing such
questions about solute-solvent interactions since both the
intensity and frequency associated with any vibrational mode
of the solute depends on the potential of the mean force existing
between the solvent and the solute.12-14 Also, the solvent-
induced forces that act along the solute vibrational coordinate
may be separated into attractive and repulsive contributions.
Consequently, if we vary the density of a SCF solvent over a
broad range of values, we should observe strong variations in
the intensity and frequency of the normal mode of the solute
due to concomitant changes in the contributions of the attractive
and repulsive solvent forces acting on the solute molecules.

Thus, the aim of the present paper is to assess the nature of,
and balance between, the forces governing the intermolecular
interaction between a supercritical solvent and a solute molecule
by measuring the density-induced changes in a vibrational mode
of the solute. In this article, we have focused our study on very
dilute ethanol in supercritical CO2. Not only is carbon dioxide
the most common supercritical solvent, with easily accessible
critical conditions, but supercritical CO2 is widely used with
ethanol as a cosolvent in industrial processes (fractionation,
extraction, etc.) in order to enhance the solubility of polar and
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high-molecular-weight solutes.15-17 Fundamental research into
the microscopic nature of the solvation process in this mixture
will therefore provide highly desirable insights.

The OH stretching mode of the ethanol molecule has been
measured by infrared absorption spectrometry to probe the
intermolecular interactions. This vibration was selected because
it can be considered as a vibrational mode of a pseudodiatomic
molecule, and consequently, the evolution of its frequency shift
with varying density can be analyzed using analytical models
proposed in the literature.18-20 The main advantage to using
such statistical models to estimate the repulsive and attractive
contributions to the solvent forces acting on the solute is that
their application requires only basic molecular parameters, such
as effective diameters, polarizabilities, and dipole and quadru-
polar moments. It is noteworthy that very few vibrational
spectroscopic studies have previously been undertaken on CO2/
alcohol mixtures under supercritical conditions. The focus of
these studies was to measure the degree of hydrogen bonding
of methyl alcohol-d21,22or ethanol-d23 in supercritical CO2 and
to assess the equilibrium concentrations of the monomer and
hydrogen-bonded species as a function of pressure and tem-
perature. Moreover, these studies have also demonstrated the
existence of a weak complex between CO2 and alcohol.24 These
spectroscopic results lend support to previous thermodynamic
investigations of CO2/methanol25 and CO2/ethanol,26 which have
suggested the presence of a Lewis acid-base type of interaction
in which the carbon atom of CO2 and the oxygen atom of
ethanol play the role of the electron acceptor and donor centers,
respectively. This conclusion has also been further supported
by ab initio studies of alcohol-CO2 systems27,28 and of the
H2O-CO2 complex.29,30However, none of these studies provide
a direct comparison between measured and calculated spectro-
scopic observables. The purpose of the present article is therefore
2-fold. First, it will provide a quantitative analysis of the
spectroscopic observable by using an analytical model to
determine the contributions of the repulsive and attractive forces
acting between the ethanol and the CO2 and to evaluate the
weight of the different contributions, namely, dispersion,
induction, and dipole-quadrupole to the attractive part of the
intermolecular potential. The second purpose is to compare these
results with predictions from ab initio calculations.

The present paper is organized as follows. Section 2 provides
the theoretical background for the Buckinghan-Ben-Amotz
model, while section 3 provides the experimental details. In
section 4.1, we present the infrared spectra of theνOD stretching
mode of deuterated ethanol diluted in CO2 measured along three
isotherms in the density range 0.03-0.7 g cm-3. These
experimental data are analyzed in section 4.2 by using the
Buckingham-Ben-Amotz model to estimate the contributions
of the repulsive and the attractive (dispersion, induction, dipole/
quadrupole) forces to theνOD stretching frequency. Then, in
section 4.3, the departure of the experimentally determined
spectral shifts from the linear behavior predicted theoretically
for these shifts in a homogeneous fluid as a function of
increasing pressure (in section 4.2) are analyzed in terms of
local density enhancements. Finally, the last section, 4.4, is
devoted to the study of the CO2-ethanol interaction on the basis
of results derived from the analytical approach and also from
ab initio calculations for an isolated CO2-ethanol pair. Conclu-
sions follow.

2. Theoretical Background

We briefly present the basic theoretical background for
vibrational frequency shift calculations that have been given

previously in detail in the literature. The interpretation of the
frequency shifts,∆ν, is based on the Buckingham-Ben-Amotz
approach.19,20,31 According to this theory, the frequency shift
of an anharmonic stretching vibration of a solute diluted in a
solvent is a sum of two contributions

The former contribution,∆νR, represents the frequency variation
due to repulsive forces between the solute and the solvent. The
latter term, ∆νA, represents the frequency variation due to
attractive forces.

The Repulsive Contribution.The calculation of the repulsive
contributions to the frequency shift∆νR is based on a “perturbed
hard fluid model” developed by Ben-Amotz and Herschbach.18,32

According to this model, the solute molecule is approximated
by a pseudodiatomic molecule comprised of two hard spheres
of diameterσ1 andσ2 located a distancer12 apart and immersed
at infinite dilution in a solvent of hard spheres of diameterσS

and densityF.
The repulsive shift∆νR is then given by

whereν0 is the unperturbed vibrational frequency of the isolated
solute molecule,f andg are the intramolecular harmonic and
anharmonic force constants, respectively, andFR and GR are
the linear and quadratic coefficients in an expansion of the
potential of mean field along the pseudo-diatomic bond of the
solute molecule.

The Attractive Contribution. The calculation of the attrac-
tive contribution to the frequency shift,∆νA, is based on the
van der Waals mean-field approximation developed by Chandler
and co-workers.14 This contribution is proportional to the density
F of the solvent according to

The constantCA can be calculated using the simple long-range
solvation attractive-forces model. Considering attractive solva-
tion forces that arise from dispersive, inductive, and dipole-
quadrupole interactions, the angle-averaged attractive potential
energyVA between the solute (O) and the solvent molecule (S)
can be expressed as the sum of three terms, namely

where

andRi, µi, Ii, θi, r0Sare, respectively, the polarizability, the dipole
moment, the potential of ionization, the quadrupole moment,
and the distance between the center of masses of the pseudo-
diatomic solute and the solvent.

∆ν ) ∆νR + ∆νA (1)

∆νR ≈ ν0

FR

f [-(3g
2f ) + (GR

FR
)] (2)

∆νA ) CAF (3)

VA ) Vdispersion+ Vinduction+ Vdipole-quadrupole (4)

Vdispersion≈ - 3
2( I0IS

I0 + IS)(R0RS

r0S
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Vdipole-quadrupole≈ - 1
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2618 J. Phys. Chem. A, Vol. 108, No. 14, 2004 Lalanne et al.



These expressions can be used to derive the attractive mean-
field parameterCA

where

andQ is the normal coordinate of the solute vibrational mode,
∆Q is the variation of the normal mode coordinate upon
vibrational transition, and

3. Experimental Details

The measurements were performed on a Biorad interferometer
(type FTS-60A) equipped with a globar source, a KBr beam
splitter, and a DTGS detector. Single-beam spectra recorded in
the spectral range 400-6000 cm-1 with a 2-cm-1 resolution
were obtained by Fourier transformation of 50 accumulated
interferograms.

We used a special inconel cell having two cylindrical silicon
windows and a path length of 25 mm. Details of the optical
cell have been presented previously in reference.16 The sealing
is obtained using the unsupported-area principle. The windows
are positioned on the flat surface of the inconel plug. A 100-
µm Kapton foil placed between the window and the plug
compensates for any imperfections between the two surfaces.
Flat Teflon seals ensure that the plug and the cell body are well
sealed. Heating is performed by four cartridge heaters dispersed
throughout the body of the cell in which two thermocouples
were placed. The first thermocouple is located close to one
cartridge to enable accurate temperature control, while the
second is located close to the sample area in order to ensure
good temperature regulation, with an accuracy of about∆T ≈
(0.5 °C. The cell was connected via a stainless steel capillary
to a hydraulic pressurizing system that allows the pressure to
be raised to 50 MPa with an absolute uncertainty of(0.1 MPa
and a relative error of(0.3%. The cell was filled with deuterated
ethanol (Prolabo product, 99.9% purity) at the concentration of
6 × 10-3 mol L-1 and heated to the required temperature. The
CO2 (“Air Liquide” company) was then added up to the desired
pressure.

4. Results and Discussion

4.1. Infrared Spectra of Ethanol Diluted in CO2. The strong
absorption of the combination band of CO2 precludes clear
observation of the OH stretching vibration in the spectral range
between 3000 and 4000 cm-1. To circumvent this drawback,
we have used deuterated ethanol (CH3CH2OD). The spectra of

the OD stretching region have been collected at three different
constant temperatures,T ) 40, 80, and 120°C, as a function
of pressure, from 1 to 35 MPa, for the CO2/ethanol mixture.
Typical infrared spectra, as they appear after the removal of
the CO2 contribution, are displayed in Figure 1 forT ) 120
°C. The νOD stretching mode of the ethanol monomer is
observed at 2700 cm-1. This assignment is supported by the
absence of any broad spectral band, due to aggregated species,
on the low-frequency side ofνOD. This assignment is also
consistent with the high dilution of the mixture considered. As
the pressure increases, there is a strong modification of the band
shape as it evolves from the vibrational-rotational P,Q,R
structure observed at low pressure to the Lorentzian type of
profile observed at high pressure (Figure 1). The evolution of
the band shape is accompanied by both a redshift of the band
center position and an increase in the band intensity. The
evolution of both the integrated extinction coefficient,Ah, and
the frequency shift,νOD, of the ethanol monomer vibrational
band is shown in Figures 2 and 3 as a function of density.

At low density, the integrated extinction coefficientAh is
independent of the temperature and is found to be about 800(
50 L mol-1 cm-2. To the best of our knowledge, this value has
not been reported in the literature for gaseous ethanol. However,
it is in agreement with that reported for methanol,33 which was
found to be 980 L mol-1 cm-2. With increasing pressure, we
observe an increase of the integrated area up to a value of about
1200 L mol-1 cm-2 (cf. Figure 2). The integrated extinction
coefficientAh of a vibrational transition is related to the transition

CA ) Adispersion+ Ainduction+ Adipole- quadrupole (8)
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3

1
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Figure 1. Infrared spectra in the OD stretching region of deuterated
ethanol highly diluted ([CH3CH2OD] ) 6 × 10-3 mol L-1) in
supercritical CO2 as a function of pressure atT ) 120 °C.

Figure 2. Evolution of the integrated intensity (molar extension
coefficient) of theνOD band of deuterated ethanol as a function of the
density of supercritical CO2.
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moment (∂µb/∂q) according to the relation

whereµred is the reduced mass of the oscillator. This expression,
which involves only molecular properties, shows that the
integrated extinction coefficient should be density independent.
This prediction is in marked contrast with the experimental
observation which shows thatAh increases by about 50% as the
reduced densityFr ) F/Fc of CO2 (whereFc is the critical density
of CO2) increases from 0 to about 1.8, independent of the
temperature. Therefore, the transition moment itself is sensitive
to the solvent density.

In the same range of density, the band center frequency of
this mode shows a nonlinear redshift that weakens slightly with
increasing temperature (cf. Figure 3). From these observations,
it can be inferred that the ethanol interacts with the surrounding
CO2 molecules.

4.2. Frequency-Shifts Calculations.To assess the nature of
the solute-solvent interactions that give rise to the evolution
of the band center frequency of the OD stretching mode with
pressure, we have used the analytical model presented in section
2 to predict the frequency shift of theνOD vibration as a function
of the reduced density. The parameters used in this model were
extracted from both literature data and ab initio calculations
and are reported in Table 1. The results of the calculation atT
) 40 °C are compared with the experimental data in Figure 4.
Examination of this figure shows that the shifts of the band
center due to the repulsive forces are positive (blueshift) and
increase with the density. The calculated values of this quantity,
which do not exceed 1 cm-1 at reduced densities,Fr , less than
1, grow slightly faster at higher densities, but still only reach
modest values of less than 5 cm-1 at densities as high as that
characteristic of the liquid,Fr ) 2.5-3. In contrast, the shift
due to the attractive forces is negative and varies markedly with
density in a linear way (as expected according to the model
(see paragraph 2)). At each density, the magnitude of the
calculated values are always much greater than those due to
the repulsive forces. Therefore, the shift of the band center,
which is governed by the balance between repulsive and
attractive interactions, is always found to be at lower frequen-
cies, indicating that attractive forces play the major role in the
density range investigated.

This theoretical prediction is in qualitative agreement with
the experimentally observed trend (Figure 4). However, the

calculated values disagree quantitatively with experimental ones
in the reduced density range 0.04-1.5. One may argue that the
theoretical approach used, which models the vibrational mode
of a polyatomic solute as the stretching vibration of a diatomic
molecule, is certainly crude. However, it is important to
recognize that the discrepancies between calculated and experi-
mental shifts are observed at densities around the critical density
for Fr < 1.3, i.e., in that range usually called the “compressible
regime” of the fluid where density inhomogeneities are expected,
whereas much better agreement is attained at both high and very
low densities. This suggests that the nonlinear behavior of the
shift observed in this density region may be directly related to
the local density enhancements (LDE) expected around attractive
solutes in solutions close to the critical point.3,4,34,35 It is
important to recall that studies in UV-vis spectroscopy3,4,36,37

have reported that the spectral shifts associated with the
electronic transition of a highly dilute chromophore in an SCF
exhibit a marked deviation from linearity when the reduced
density varies in the approximate range 0.2< Fr < 1.2. These
deviations have been interpreted to mean that the local density
around the solute is in excess of that of the bulk fluid, i.e., of
the homogeneous fluid under the same temperature and pressure
conditions, thus signifying the presence of LDEs.

The general validity of such enhanced local-density-based
interpretations of this type of nonlinear behavior has been well
established by numerous computer simulations studies, which

Figure 3. Evolution of the band-center frequency of theνOD band of
ethanol as a function of the density of supercritical CO2 along three
isotherms.

Ah ) ∫band
ε(νj) dνj ) 1

2.3

πNav

3c2µred
(dµb
dq)q)0

2

TABLE 1: Molecular Parametersa

solute CH3CH2OD
M (g mol-1) 47
r0 (Å) 0.967b

reff (Å) 1.98b

σsolute(Å) 4.63c

σ1 (Å) 4.41c

σ2 (Å) 2.4c

µ (D) 1.69d

R (Å3) 5.11e

θ (D Å) 5.7b

ν0 (cm-1) 2713f

dR/dr (Å2) 13.3b

dµ/dr (D.Å-1) 1.16b

f (dyn cm-1) 9.22 0.105 b

g (dyn cm-2) -1.294× 1014 g

Isolute(cm-1) 84654d

∆r (Å) 0.0123

solvent CO2

µ (D) 0
σs (Å) 3.96c

I (cm-1) 111000d

R (Å3) 2.6e

θ (D Å) -4.49e

a Key: M, molar mass;r0, O-H bond length;reff, effective diatomic
separation between the center of mass of the two groups associated to
the diatomic oscillator, namely, C2H5O (1) and H (2)(see ref 19);σsolute,
solute diameter;σsolvent, solvent diameter;σ1 andσ2, effective diameters
of the two spheres of the diatomic oscillator calculated from van der
Waals volume;I, ionization energy;µ, dipole moment;R, polarizability;
θ, quadrupolar moment;ν0, gas-phaseQ branch frequency; dR/dr and
dµ/dr, polarizability and dipole moment derivatives;f andg, harmonic
and anharmonic force constants.∆r ) -3/2hcν0g/f 2.19 b Calculated
by ab initio28 using the Moller-Plesset perturbation theory at the
second-order level (MP2) with the Dunning’s aug-cc-pVDZ basis set.
c Calculated by the method of Bondi.50 d From CRC Handbook of
Chemistry and Physics, 61st edition, CRC Press, Inc.e From ref 51.
f From the experimental gas-phaseQ branch frequency.g g has been
calculated using the following expression:ωexe ) 3h/(32π4µred

2c3ω0)
(- 5g2/(16π2µredc2ω0

2) - j) for the intramolecular potentialV of the
vibrator given byV ) (1/2)fq2 + (1/2)q3 + jq4. The anharmonic constant
ωexe for gaseous deuterated ethanol has been found experimentally to
be equal to 50 cm-1.
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have confirmed and explained the presence of such local density
enhancements in compressible SCFs.3,34,10,11Similar nonlinear
discrepancies between predicted and experimental values have
been observed in three previous studies of vibrational shifts in
SCFs,38,39,40although in only one of these studies did the authors
attribute their observations to LDEs.40,41 However, theoretical
and simulation work on vibrational spectroscopy in SCFs has
since shown that, for attractive solute-solvent systems in
compressible SCFs, LDEs should be expected to give rise to
nonlinear deviations of the vibrational shifts away from those
predicted in the absence of such density enhancements, just as
they do for electronic spectral shifts.34,42 Both the results
presented herein, as well as other work in progress in this
laboratory on several other organic solutes dissolved in super-
critical CO2, confirm this expectation. In particular, the good

quantitative agreement between the experimental shifts and the
theoretical predictions at both very low and high reduced
densities for all temperatures considered (parts A-C of Figure
4), with the nonlinear deviations occurring only at intermediate
reduced densities, is consistent with the trends expected when
LDEs are involved. The fact that the magnitude of the observed
nonlinear deviations decrease with increasing temperature is also
consistent with the expected behavior of LDEs, that is, with a
reduction in the presence of such enhancements as one moves
away from the critical point (increasing temperature). However,
while this general decrease in the degree of nonlinear behavior
with increasing temperature is expected, the rate of this decrease
is here much less rapid than has typically been observed.3,4

Specifically, in electronic spectral shift studies, LDE-based
nonlinear behavior has typically been confined to temperatures
belowTr ≈ 1.1 or lower, while in the present vibrational spectral
shift studies, such nonlinear deviations are still present even at
the highest temperature considered (Figure 4C), 80°C, which
corresponds to a reduced temperature ofTr ) 1.3. We will
present a hypothesis explaining this result below.

4.3. Analysis of the Local Density Enhancement.From the
evolution of the frequency shift as a function of the density, it
is possible to extract a local density enhancement factor,∆F )
Floc - Fbulk, which reflects the difference between the local
solvent density in the solvation sphere of ethanol,Floc, and the
density of the bulk solvent,Fbulk. However, there are no
theoretical methods available for determiningFloc, and we have
therefore resorted to the empirical method frequently used in
the spectroscopic work in the literature. For this purpose, we
have assumed that the frequency shifts calculated previously
using the Buckingham-Ben-Amotz approach provides a good
prediction of the transition frequency shift in a homogeneous
fluid. The method used to evaluateFloc from the Buckingham-
Ben-Amotz reference line is illustrated in Figure 4A. FromFloc

we then compute∆F, at each state point considered. The
resulting variation of the local density enhancement factor∆F,
reported in Figure 5, appears as a broad curve that exhibits a
maximum at a reduced density of aboutFr ∼ 0.4. This curve
has the same characteristic appearance as those reported in the
literature from UV-vis spectroscopic measurements.36,37More-
over, the value of the density maximum falls in the same
approximate range, 0.35< Fr < 0.5, as do those reported in
many other studies of LDEs.3,9 For comparison, we have also
displayed in Figure 5 the values of the excess local density
extracted from NMR measurements of chemical shifts of the
hydroxyl proton of the ethanol molecule in the CO2/ethanol
system atTr ) 1.03 (40°C).43 These NMR results appear to be
qualitatively, but not quantitatively, in agreement with those
predicted by our vibrational shift data. The qualitative similarity
strongly suggests that local density enhancements are indeed
responsible for the nonlinear behavior of the IR band shift
observed in the present work. Also, the quantitative differences
in the extracted values of these enhancements should not be
considered to detract from this conclusion, since IR and NMR
spectroscopies are probing different molecular properties and
would thus be expected to exhibit different sensitivities to the
presence (and the exact nature) of LDEs. Indeed, differing LDE
predictions for the same system when examined by differing
spectroscopies has previously been observed, e.g., by Heitz and
Maroncelli.44

We now address the question of how the observed differences
between the LDE values extracted from the IR and NMR spectra
of the ethanol/CO2 system can be interpreted. Also, we ask
whether we can also understand the observation that the IR

Figure 4. Comparison between the experimental and the calculated
frequency shifts atT ) 40 °C (A), T ) 80 °C (B), andT ) 120 °C
(C).
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spectra reflect the presence of LDEs to unusually high values
of the temperature. To begin, we recognize that, as will be
shown below, the vibrational shift is dominated by the short-
range dispersion interactions (r-6) between ethanol and CO2,
being nearly insensitive to the presence of the dipole-
quadrupole interactions. In contrast, the analysis of the NMR
shifts presented in ref 43 suggests that the quadrupolar field of
the CO2 solvent generates a significant, longer-range term (r-4)
in the NMR shift expression. It therefore seems reasonable to
assume that the IR experiments probe the nature of the solvent
density over a shorter range (smaller local region) than do the
NMR experiments. Simulations studies have shown consistently
that a decrease in the local range around the solute over which
the solvent density is considered will lead to an increase in the
predicted value of the LDE, a result which follows directly from
the fact that solvent density enhancements fall off with distance
as one moves away from an attractive solute.3,10 Thus, since IR
probes a shorter range than does the NMR technique, the IR
shifts would be expected to “feel” greater local densities than
do the NMR shifts, and this is exactly the result observed in
Figure 5, where the IR results suggest the presence of larger
LDEs than do the NMR results. Additionally, Goodyear et al.
have shown that when the local range is decreased, potential-
induced contributions to the LDEs, which tend to be maximized
at low bulk densities, play a greater role.10 Consequently, as
the range of the local region is decreased, the position of the
maximum in∆F vs Fr is expected to shift to lower values ofFr,
exactly as observed in Figure 5 when one compares the shorter-
range IR-based LDEs with the longer-range NMR-based LDEs.

The presence of LDEs in the IR results up to temperatures
as high asTr ) 1.3 is somewhat harder to rationalize, as such
results have tended to be observed only for very strongly
attractive solute/solvent systems.3 However, because IR shifts
tend to probe only over a very short range, such as a single
solvation shell, the presence of even a very small number of
excess solvent molecules in this shell, e.g., 1 or 2, could generate
a noticeable enhancement of the local density in this small
region. Consequently, if there is a tendency for any sort of
complexation between the solute OD dipole and one or more
CO2 molecules, one might observe the LDE signature in the IR
spectra at higher than normal temperatures. That such “com-
plexations,” i.e., strongly asymmetric-enhanced local densities,
may exist under supercritical conditions is supported by several
computer simulation studies of SCFs.45-47 We therefore turn
our attention to the ethanol-CO2 interaction to ascertain whether

the presence of extra CO2 molecules around the OD functional
group is likely. As we shall see below, the OD group seems to
be particularly sensitive to the presence of excess CO2 molecules
in the local region, resulting in the formation of an electron-
donor-acceptor (EDA) complex. This complexation generates
an IR shift, thus potentially increasing the temperature range
over which LDEs would be observed.

4.4. Analysis of the Ethanol-CO2 Interaction. From
Analytical Calculations.To examine the relative contribution
of the different mechanisms involved in the attractive interaction
existing between ethanol and the CO2, we have calculated the
contribution of the different solute-solvent interaction mech-
anisms to the OD vibrational shift by evaluating the expressions
eq 9-11 with the values of the parameters reported in Table 1.
The results, shown in Figure 6 forT ) 40 °C, demonstrate that
the contribution of the dispersive term overwhelmingly domi-
nates the observed frequency shift. We emphasize, however,
that this result applies only to the vibrational spectra, and it
should not be misconstrued to mean that only dispersive forces
contribute to the stabilization of the CO2/ethanol interaction.
On the contrary, an estimate of the relative weights of the
different contributions to the attractive part of the intermolecular
potential, which was calculated from eqs 5-7 with the
parameters of Table 1 forT ) 40 °C and is shown in Figure 7,
illustrates that the dipole-quadrupole interaction plays a
significant role in the stabilization of the CO2/ethanol interac-
tions, although it is only about one-fourth that of the dispersive
contribution. A comparison of eqs 6 and 11 shows that the lack
of importance of the dipole-quadrupole term in the spectro-

Figure 5. Evolution of the local density enhancement factor as a
function of the density of supercritical CO2 for the three temperatures
investigated. The crosses indicates the NMR results reported in the
literature for ethanol diluted in supercritical CO2 at T ) 40 °C.43

Figure 6. Relative energetic contributions in the attractive part of the
frequency shift.

Figure 7. Relative weight of the different energetic contribution.

2622 J. Phys. Chem. A, Vol. 108, No. 14, 2004 Lalanne et al.



scopic shift arises because the shift is computed from a
derivative quantity which reflects not the magnitude of this
component of the energy, but rather, how much it changes with
variations of the vibrational normal coordinate,Q. Finally, we
also note that the energy associated with the dipole-quadrupole
mechanism of interaction is inversely proportional to temper-
ature and thus that its contribution will tend to vanish with
increasing temperature.

From ab initio Calculations.To gain additional insight into
the origin of the interaction between ethanol and CO2, we
performed ab initio calculations using the Gaussian suite of
programs.48 The details of these calculations have been reported
elsewhere, so we will recall here only the most relevant
findings.28 Specifically, the geometry of an isolated CO2/ethanol
pair was fully optimized using second-order Moller-Plesset
perturbation theory (MP2) using Dunning’s aug-cc-pVDZ basis
set. The resultant equilibrium geometry, havingCs symmetry
shown in Figure 8, was found to have an intermolecular distance
of R(C‚‚‚O) of 2.754 Å and intermolecular angle ofRH-O...C of
114.702°. This complex was found to result from an EDA
interaction in which the carbon atom of the CO2 molecule acts
as a Lewis acid and the oxygen atom of ethanol plays the role
of electron donor center. The interaction energy of the complex
was determined to be-2.96 kcal mol-1, after correcting for
basis-set superposition error.49 Moreover, it was also found that
the contribution of electron-correlation effects to the stabilization
energy, which can be thought of as the dispersion contribution
to this energy, is significant, having a value of about-1.3 kcal
mol-1. These ab initio results, then, clearly support our
hypothesis, made above, that a relatively strong, specific
interaction exists between the OD functional group and CO2

and thus that such an interaction is most likely responsible for
the difference between the LDEs predicted from the OD
vibrational shifts presented here and those predicted from other
spectroscopies.

Finally, we were also interested in the vibrational analysis
of the internal modes of the CO2/ethanol complex and, more

particularly, in the perturbations induced by EDA interaction
on the characteristic infrared and Raman frequencies and
intensities. In particular, we found that theνOH stretching mode
of ethanol interacting with a CO2 molecule is shifted to lower
frequencies by about 5 cm-1 compared to that calculated for
the isolated ethanol molecule. Moreover, because of this
interaction, the integrated intensity of this mode increases by a
factor of 1.6. These two observations are consistent with the
infrared experimental results reported on Figures 2 and 3.

5. Conclusion

The infrared spectra of theνOD stretching vibration of
deuterated ethanol diluted in supercritical CO2 have been
measured along three isotherms in the reduced density range 0
< Fr < 2. The observed strong redshift of the band center, the
intensity enhancement, and the band shape distortion all indicate
the presence of an attractive interaction between ethanol and
CO2. An analysis based on the analytical Buckingham-Ben-
Amotz model indicates that the frequency shift is strongly
dominated by the attractive, rather than by the repulsive, forces
and that this attractive contribution arises almost entirely from
the dispersion interactions. The deviation of the experimentally
observed shifts from the theoretically predicted linear behavior
expected in a homogeneous fluid as a function of pressure (in
the mean-field approximation) strongly suggests the existence
of local density enhancements and was therefore used to estimate
empirical local density enhancement factors as a function of
density. Differences between these local density-enhancement
factors, extracted from the OD vibrational shift, and those
extracted from NMR data are rationalized on the basis of the
observation that IR spectra probe the solvent density over a
shorter range than do the NMR spectra. It is subsequently argued
that the larger local densities extracted from the IR spectra are
consistent with the presence of a very local, likely spatially
asymmetric, enhancement in the number of CO2 molecules near
the ethanol solute, and, most probably, near the OD group. This
explanation is consistent with the observation of local density
enhancements in the IR spectra up to unusually high temper-
atures,Tr g 1.3, which itself suggests the presence of a relatively
strong attractive interaction between ethanol and CO2. These
arguments are supported by ab initio calculations of an ethanol-
CO2 complex, which reveal the presence of a relatively strong,
specific OH-CO2 interaction. This calculated result also
confirms the origin of the redshift and intensity enhancements
observed experimentally for theνOD mode and shows that the
stabilization of the ethanol-CO2 complex is due to the EDA
interaction between the carbon atom of CO2 and the oxygen
atom of the hydroxyl group.
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