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Abstract: Fourier transform infrared (FTIR) spectroscopy has been used to measure the degree of intermolecular hydrogen
bonding between solute molecules of methyl alcohol-d in supercritical carbon dioxide, supercritical ethane, and liquid heptane.
In these fluids, an equilibrium is established between the free non-hydrogen-bonded monomer and the various hydrogen-bonded
species of which the tetrameric species is believed to predominate. The fluid pressure, temperature, and the alcohol concentration
significantly affect the equilibrium distribution of the monomer and oligomeric species. Both supercritical and subcritical
binary solutions containing up to 0.07 mole fraction of methyl alcohol-d were examined under conditions ranging from 30
t0 400 bar and 40 to 80 °C. The changes in the partial molar enthalpies and partial molar volumes of the alcohol upon hydrogen
bonding are reported. These measurements, together with evidence from coupled rotational-vibrational bands, point to the
formation of some type of weak complex between carbon dioxide and methyl alcohol. Such a complex is likely the result of
the interaction of the large carbon dioxide quadrupole with the methyl alcohol dipole. The solvation phenomena presented
in this paper will provide for more complete thermodynamic treatments of these systems.

Introduction

An important and interesting class of binary solvent systems
is one containing a small amount of a hydrogen-bonding solvent
in a nonpolar supercritical fluid. The classic and perhaps most
widely studied example of this type of system is the CO,/methyl
alcohol system. Supercritical fluids such as CO,, which have
moderate critical temperatures, are nonpolar or very low polarity
solvents. The addition of small amounts of polar “modifiers™ can
be used to greatly enhance the solubility of moderately polar
species in the fluid."? In addition to the improved solvent
properties, these binary systems retain the favorable mass transport
properties for which supercritical fluids are well known such as
their high molecular diffusivities and low viscosities.

The understanding of solvation in the simplest, non-hydro-
gen-bonding, binary supercritical fluid solutions is evolving to one
that involves a local “clustering™3 of solvent molecules about the
solute molecule. These “clusters™ are defined as the excess number
of solvent molecules about the solute in excess of the bulk density
and are different from gas-phase clusters formed upon the adia-
batic expansion of a gas. This “clustering” phenomenon becomes
very pronounced near the critical point of the solution where tens
to hundreds of solvent molecules can be clustered around a single
solute molecule. Such clustering causes local increases in fluid
density that explicitly contradict the early models invoked for these
systems. In addition to the solvent—solute “clustering” observed
in dilute solutions, in more concentrated solutions the solutes can
form clusters with other solute molecules.® For solutes having
high polarity, or high polarizabilities, such solute—solute “clusters”
can form at surprisingly low concentrations.

The solvation behavior of these “simple™ supercritical solutions
can be contrasted with supercritical systems in which a solute or
solvent modifier can form hydrogen bonds. In addition to the
expected “clustering” of solvent molecules around the solute, there
is a very different type of clustering equilibrium which exists for
this type of system. Free, non-hydrogen-bonded solutes establish
an equilibrium with aggregates of hydrogen-bonded solute clusters
of various stoichiometric sizes. Spectroscopic studies of hydrogen
bonding of alcohols in apolar liquid solvents extend back 50
years.”” Such studies have suggested that alcohol molecules form
hydrogen-bonded “clusters” in apolar liquid solvents consisting
of from two to six molecules per cluster. The extent of hydrogen
bonding of alcohols in apolar liquid solvents is consistent with a
simple mass-action-type of model. At low concentrations!® (mole
fraction alcohol, x,jpe < 0.003), the alcohol exists in the monomer
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form. Upon increasing the concentration, the aggregation
progresses through dimer, trimer, to tetramer and higher oligomers
at high concentrations of the alcohol. Even after 50 years of
spectroscopic studies, there is disagreement on the types of hy-
drogen-bonded species in such apolar liquid solvents. However,
the existing evidence indicates that, although a multitude of hy-
drogen-bonded species exist in solution, there are two hydrogen-
bonded species that appear to have special stability: the linear
dimer and cyclic tetramer.*!!

The various studies of alcohol hydrogen bonding in solids,
liquids, and in the gas phase have been conducted from both
experimental and theoretical points of view. In a recent study,
Karachewski et al.!? looked at hydrogen bonding of alcohols in
apolar liquid solvents using NMR. Using a combined chemi-
cal-physical model which utilized the NMR data, they showed
that at low mole fractions of the alcohol the tetrameric species
was dominant. Information on structures of the various hydro-
gen-bonded species has been obtained from infrared matrix iso-
lation studies!>!* and from IR photodissociation spectra of gas-
phase clusters isolated in molecular beams.!® These studies clearly
favor a linear dimer species rather than the cyclic structure. The
trimer and higher oligomers are preferentially cyclic structures
in the gas phase.!* The structure of various hydrogen-bonded
methyl alcohol species has also been determined from ab initio
molecular orbital calculations.!8!? This approach also favors the
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linear dimer over the cyclic one and likewise predicts that the
higher oligomers are cyclic. An ab initio study by Curtiss showed
that of the trimer and higher cyclic oligomers the cyclic tetramer
had a special stability.!!

Because of the importance of modified supercritical fluids for
separations, the phase behavior of simple alcohols in supercritical
fluids has been the subject of numerous studies.'*? Friedrich
et al.?' used the near-infrared spectroscopic technique to examine
the partitioning of C¢ and Cy alcohols in supercritical carbon
dioxide. Several authors have modeled the thermodynamics of
these alcohol/fluid systems.*?? However, these thermodynamic
treatments have not directly addressed the presence of various
hydrogen-bonded species in solution. Since the formation of
hydrogen bonds in solution represents a type of chemical equi-
librium, in this study we have chosen to describe the hydrogen
bonding of methyl alcohol from a microscopic perspective. We
expect that the chemical equilibrium between methyl alcohol
monomers and hydrogen-bonded oligomers will be strongly af-
fected by the density and temperature of the supercritical fluid.
The novel effects of the density of the supercritical fluid on reaction
equilibria, and of special effects near the critical point, have been
well-described by Peck et al.??

In this study we use Fourier transform infrared spectroscopy
to determine the extent of hydrogen bonding of methyl alcohol
in supercritical carbon dioxide and supercritical ethane. Infrared
spectroscopy provides a window on solvation mechanisms in su-
percritical fluids which has been greatly under-utilized until re-
cently. We expect FTIR spectroscopy to have particular utility
for studies of supercritical fluid phenomena, including the mea-
surement of vibrational and rotational-vibrational bands of solutes
in supercritical fluids for the study of (i) solute partitioning, (ii)
chemical reactions in situ, (iii) solvation phenomena from fre-
quency shifts and intensity changes of solutes,”>? and (iv) sec-
ondary energy effects such as molecular rotation. Concerning
the latter, small solute molecules such as water or ammonia are
believed to have an appreciable amount of rotational freedom in
liquid alkane solvents.?’ For supercritical fluid solvents the degree
of rotational freedom will depend on fluid density. Small solute
molecules such as water or methyl alcohol may have a large
amount of rotational freedom in low-density supercritical fluid
solutions. Chialvo et al.?® studied the phenomenon of solute
rotation in supercritical fluids by using molecular dynamics sim-
ulations to determine the rotational relaxation times of pure carbon
dioxide at different fluid densities. IR spectroscopy is one tech-
nique which is suited for experimentally measuring rotation of
solute and solvent molecules in solution and should provide in-
formation on the amount of rotational freedom.

We have previously reported aggregation numbers for dode-
canol-d in CO, and ethane in the range of from 3 to 5.2 This
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Figure 1. Schematic of the high-pressure IR cell and the associated
solvent transfer lines.

study confirmed the expectation that the alcohol aggregation in
supercritical fluids such as CO, is similar to that observed in liquid
and gas phases. It appears that aggregation due to hydrogen-
bonded cluster formation is generally similar in the gas, liquid,
and supercritical fluid phases. Evidence of tetrameric methyl
alcohol aggregates have been found in both the liquid*® and the
gas phases.’’ In both phases, mixtures containing “low™ con-
centrations of the alcohol contain only free monomer; higher
concentration solutions contain progressively more tetrameric
alcohol. Presumably the number or size of such clusters continues
to increase up to the point of phase transition. Supercritical fluids
allow one to vary the density from the gas- to the liquid-phase
limits; therefore, measurements of hydrogen bonding in the gas
and liquid phases provide approximate upper and lower bounds
for cluster size and extent of hydrogen bonding to be found in
supercritical fluids (except in the case of specific chemical in-
teraction of the fluid with the aggregate).

In this study, we report the degree of intermolecular hydrogen
bonding between solute molecules of methyl alcohol-d in three
different solvents: carbon dioxide, ethane, and liquid heptane.
The effects of the fluid pressure, temperature, and the alcohol
concentration on the equilibrium distribution of the monomer and
oligomeric species are determined. Both supercritical and sub-
critical binary solutions containing up to 0.07 mole fraction of
methyl alcohol-d are examined under conditions ranging from 30
to 400 bar and 40 to 80 °C.

Experimental Section

The methyl alcohol-d with a reported purity of 99.5+ atom % deu-
terium and the nondeuterated anhydrous methyl alcohol with a purity
of 99+% (“Gold Label™) were used as received from Aldrich. “SFC
Grade™ carbon dioxide from Scott Specialty Gases had a reported purity
of >99.98% and water content of <3 ppm (v/v). The ethane was “CP”
grade from Alphagaz. Since trace amounts of water can significantly
alter the aggregation of methy! alcohol molecules, both the ethane and
the carbon dioxide were further dried by passing the saturated vapor
through a large bed of molecular sieve. The anhydrous, 99% n-heptane
(H,0 < 0.005%) was used as received from Aldrich.

A Nicolet 740 FT-IR spectrometer (Nicolet Analytical Instruments)
purged with dry nitrogen was used to obtain all infrared spectra. The
spectrometer was equipped with a germanium-on-KBr beam splitter and
a mercury—cadmium-telluride detector. We co-added 128 scans at 4-
cm™' wavenumber resolution to obtain the desired signal-to-noise ratio.
The details of the design of the high-pressure cell and background sub-
traction technique are discussed in an earlier paper.? Briefly, the re-
flectance-type IR sample cell had a total volume of 10.0 mL. The
contents could be stirred with a Teflon-coated, magnetically coupled stir
bar. Asshown in Figure 1, two optical windows were used: a single ZnSe
window provided for transmission of both the incident and the reflected
IR beam; a sapphire window provided for visual observation of the so-
lution to determine the number of phases that were present. Because
many of the systems in this study having higher mole fractions of the
alcohol were suberitical,'®*? it is helpful to visually ensure that only one
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phase is present before measuring the sample. A highly polished stainless
steel mirror inside the sample cell was mounted on an externally trans-
latable shaft that allowed the path length to be adjusted from 0 to 8750
um while the system was under pressure. This internally mounted mirror
reflected the incident beam back through the IR window to the detector.

Experimental methods were developed to obtain reliable spectra from
the present reflectance cell arrangement. Since a primary reflection from
the first surface of the IR window cannot be isolated optically from the
reflection from the mirror within the IR cell, a subtraction method was
used to remove the unwanted reflection component from the sample
spectrum.?*

Fluid pressure was monitored to 1 bar with an electronic transducer
(Precise Sensors, Inc., No. C451) which was calibrated against a Bour-
don-tube-type pressure gauge (Heise £0.3 bar accuracy). The temper-
ature of the IR reflectance cell was controlled using a three-mode con-
troller with a platinum resistance probe (Omega, No. N2001). The
temperature was also monitored with a platinum resistive thermometer
(Fluka, No. 2108A). For the temperature studies, the three-mode con-
troller was used to rapidly ramp the temperature to a new set point
(approximately 10 min), and then the cell was allowed to “soak” for 20
min so that all contents and components were at the desired setpoint. The
thermal equilibration of the contents could be verified by monitoring any
pressure changes of the closed system. With the cell isolated from the
pump by a closed valve, the pressure of a thermally equilibrated, leak-free
cell remained within %1% for several hours.

The sample preparation procedure was as follows. Ethane or CO, at
3 to 6 bar was used to purge air from the sample cell prior to introduction
of the sample. Known quantities of the methyl alcohol-d were introduced
into the IR cell. The system was then filled with ethane, CO,, or heptane
to the desired pressure using a high-pressure syringe pump (Varian 8500).
The contents of the view cell were vigorously stirred with a magnetic stir
bar for 15 min prior to each measurement. _

To determine partial molar enthalpies, AAyyong, and partial molar
volumes, AV, from changes in the equilibrium between monomers and
oligomers at constant overall mole fraction of the methyl alcohol-d, the
experiment was performed by starting with the highest density solution
and then discharging small amounts of the solution to obtain progres-
sively lower pressures or higher temperatures. Through this technique
the overall mole fraction of the alcohol remained constant. The ar-
rangement for fluid introduction and the location of the pressure trans-
ducer are shown in Figure 1. The solution was carefully discharged
through a metering value which was diffusionally isolated from the cell
by a } m long piece of 500-um i.d. by 1.5-mm o.d. tubing so as to avoid
any discrimination in the valve which would change the overall mole
fraction of the solution. The amount of solvent (either carbon dioxide,
ethane, or heptane) for any condition of temperature and pressure could
be measured within =5% (after calibration) by integration of vibrational
bands for each component. The specific absorbance of these solvent
bands (three combination bands near 5000 em™! for CO, and bands near
4300 cm™! for ethane) was determined from the known path length and
from the density of the pure solvents given in published data for carbon
dioxide® and ethane,?* as well as from measurements of heptane density
made using an oscillating tube type of densimeter. For the Kirkwook—
Bauer-Magat (KBM) plot, the values of the refractive indices for carbon
dioxidg,sand for ethane were obtained from published data for the pure
fluids.

The concentration of alcohol monomer in solution was measured by
first determining the specific absorbance of the monomer species at a
given temperature and pressure. In dilute solutions (typically, alcohol
mole fractions, xp.op < 5 X 107%), methyl alcohol-d was found only in
the monomeric, non-hydrogen-bonded form. In this dilute region, the
specific absorbance was found to follow a Beer—Lambert-type of rela-
tionship with changes in alcohol concentration. The specific absorbance
of the alcohol monomer was determined at each pressure studied. For
the ethane and heptane solutions there was little or no change in the
intensity of the »,°P band with pressure. However, there was a significant
change in the intensity of the »°P band in carbon dioxide solutions.
Hence it was important to determine the specific absorbance of the
monomer at each pressure in order to determine the monomer concen-
tration in the more concentrated solutions where significant hydrogen
bonding occurs.
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Figure 2. O-D and O-H stretching regions of an equimolar mixture of
methyl alcohol and methy! alcohol-d in both carbon dioxide and ethane.
CO, solvent bands interfere with the monomer band, »,°H, and with »°P
of the higher oligomers of the methyl alcohol-d. Peak assignments for
methyl alcohol-d are as follows: C-H combination bands (a); the C-H
symmetric stretch (b); the O-D stretch (»°P) of the methyl alcohol-d
monomer (c); and the O-D stretch (also »,°P) of hydrogen-bonded al-
cohol (d). Hydrogen bonding shifts the O-D stretch from ~2700 to
~2500 cm™!. For CO,, the Xye.0p = Xmeon = 0.04, whereas for ethane,
the xpeop = ¥meop = 0.01. In both cases the pressure was 200 bar and
the temperature was 40 °C. All alcohol spectra were obtained by spectral
subtraction of pure solvent.

The interference of a pair of overtone and combination bands of
carbon dioxide (at ~ 3600 and 3750 ¢cm™') with the O-H stretch (»,°H
= 3682 cm™!) of the non-hydrogen-bonded alcohol required using deu-
terated methyl alcohol over the normal alcohol in this study. Figure 2
shows the spectra of a CO, solution containing both the normal and
deuterated alcohol. The »;° band of the normal alcohol is obscured by
a CO, solvent peak, whereas there is a good solvent window for the »°°
band of methyl alcohol-d. Methyl alcohol-d shows a single, well-resolved
peak at ~2700 cm™ due to the free monomer (peak “c” in Figure 2) and
a broad peak centered at ~2550 cm™' (peak “d”) due to the various
hydrogen-bonded species (dimers, trimers, tetramers, and higher oli-
gomers). Another CO, band, »,, partially obscures the right tail of the
»°° band (peak “d”) of the intermolecular hydrogen-bonded alcohol
species. The lower spectrum in Figure 2 shows a 50:50 mole mixture of
MeOD and MeOH in ethane. For ethane, there are no interfering
solvent bands in either the »;°H or the »,°P regions. The band shapes and
intensities for the »°P region of methyl alcohol-d in ethane are re-
markably similar to the »,°H region (these are, of course, isotopically
mixed aggregates). Although we used the deuterated alcohol for these
studies, the spectra of the two alcohol isotopes in ethane show the
equivalence of the »°P and »,°H bands.

The hydrogen-bonding properties of the deuterated alcohol in super-
critical fluids should not differ greatly from those of the normal alcohol.
We know of no previous studies of deuterated alcohols in supercritical
fluids, but the measured physical properties of these two isotopes show
little difference. We determined the dew point pressure of a 0.03 mole
fraction solution of the alcohol in carbon dioxide at 40 °C and found a
pressure of 79.1 & 1.0 bar for methyl alcohol and 78.9 £ 1.0 bar for
methyl alcohol-d. Recently reported values® for the isotopic effect on
the enthalpy of hydrogen bonding in the liquid phase are —2.70 % 0.02
kcal/mol for methyl alcohol and -2.72 £ 0.02 kcal/mol for methyl
alcohol-d. The difference in the thermodynamic behavior between the
normal and deuterated forms of the alcohol in supercritical fluids is
expected to be small. Similarly, the size distribution of intermolecularly
hydrogen-bonded species is not expected to be significantly different
between normal and deuterated forms of the alcohol.

Results and Discussion

Infrared Spectra. Increasing the mole fraction of the methyl
alcohol-d increases the amount of hydrogen bonding in the solution.
As shown in Figure 3, with increasing mole fraction of methyl
alcohol-d in CO, the peak at ~2550 cm™, which is due to » %P

(36) Edwards, H. G. M,; Farwell, D. W. J. Mol. Struct. 1990, 220,
217-226.
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Figure 3. The C-H combination bands (a), the C-H symmetric stretch
(b), and the O-D stretch of the methyl alcohol-d monomer (c) in carbon
dioxide at 400 bar and 40 °C for three different mole fraction concen-
trations of the alcohol; xyeop = 0.063, 0.033, and 0.011. Hydrogen
bonding shifts the O-D stretch from 2700 to 2600 cm™ (d). All alcohol
spectra were obtained by spectral subtraction of pure solvent.

oésozoo 3000

1.2

Absorbance

0.4

0.2

%00 1100 1000 900 800

Wavenumber, cm '
Figure 4. The O—C stretch (e) and the O-D bend (f) of methy! alcohol-d
in carbon dioxide at 400 bar and 40 °C for three different mole fraction
concentrations of the alcohol; xy.op = 0.011, 0.033, and 0.063. Hy-
drogen bonding shifts the O-D bend from 875 up to 925 cm™ (g).

of the hydrogen-bonded alcohol, grows considerably relative to
the monomeric »,°P band at ~2700 cm™. It is well-established
in liquid-phase studies that hydrogen bonding results in a large
red shift of »,°P 37 and of »,OH 93038  Ajs discussed in a following
section, the amount of red shift of the »°P band is strongly
correlated to the magnitude of the solvent—solute or solute—solute
interactions. The general trends of the concentration effect on
the degree of intermolecular hydrogen bonding in supercritical
ethane and CO, are similar to the effects observed in liquids. In
Figure 4 we see further evidence of significant hydrogen bonding
of methyl alcohol-d in CO, at higher concentrations. Figure 4
shows the OD bending vibrational band, »;°P, of methyl alcohol-d
in CO, located at 875 cm™!. At higher alcohol concentrations,
a 8eak appears at 925 cm™!. We assign this 925-cm™ band to
vg°P of the cyclic oligomer of the alcohol. We believe that this
shift to higher energy is due to hindrance of the bending mode
of the cyclic structure. With CO,, either the »3°P bend at 875
cm™ or the »,°P stretch at 2700 cm™ can be used to determine
the amount of monomer at high total concentrations of the alcohol.
The monomer concentration measured using »,°P agrees within
5% of the concentration measured using »;°P

The spectral data of Figures 3 and 4 are summarized in Figure
5, which shows the concentration of the monomer for various total

(37) Fletcher, A. N. J. Phys. Chem. 1972, 76, 2562-2571.
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174-6175.

Fulton et al.

0.04
T = 40°C
P = 200 bar
0.034
MeOD in CO2
H
§
< 0.021 MeOD in heptane
E
L
MeOD in ethane
0.01 1
0.00 %

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

totai
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Figure 6. The effect of low fluid densities on the degree of hydrogen
bonding of methyl alcohol-d in ethane at 40 °C and 30, 50, and 100 bar.
Peak “c” is due to »,°P of the alcohol monomer and peak “d”, which is
due to the hydrogen-bonded »,°P, increases at low densities. For this
experiment the molar concentration was held constant at [MeOD] = 2.5
X 1072 M for all three pressures. The corresponding mole fractions of
alcohol are xy.op = 0.018, 0.0096, and 0.0017 for the 30, 50, and 100
bar spectra, respectively.

mole fractions of the alcohol at 200 bar and 40 °C. Figure 5 also
shows the monomer concentration for methyl alcohol-d in ethane
and heptane. The dashed line in Figure 5 represents the case where
all added alcohol is in the monomer form, i.e., no aggregation.
Deviations from this line are due to intermolecular hydrogen
bonding. Below a total alcohol concentration of about 0.005 mole
fraction, only the monomeric form exists. Upon increasing the
alcohol concentration, increasing amounts of hydrogen-bonded
species are formed. It is interesting to note that of the three
different solvents the amount of monomer is the lowest for ethane
and the highest for CO, when xy.op > 0.01. In a related study,®
we have shown that dodecanol monomer is more soluble in heptane
than ethane simply because heptane, a much more polarizable
solvent, can better solvate the large dipole associated with the O-H
group. We see in Figure 5 the same effect of higher methyl
alcohol-d monomer solubility in heptane compared to supercritical
ethane. Surprisingly, the alcohol monomer is much more soluble

(39) Fulton, J. L.; Yee, G. G.; Smith, R. D. J. Supercritical Fluids 1990,
3, 169-174.
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in CO, than in liquid heptane; this effect cannot be explained based
on the solvent dielectric constant (a simple measure of solvent
strength) since the dielectric constant of CO, is much less than
that of either ethane or heptane (1.46, 1.56, 1.92, respectively),
under these conditions. The high solubility of the alcohol monomer
in CO, constitutes tentative evidence for a weak chemical in-
teraction between these two molecules.

In Figure 6 we see the effect of low densities of supercritical
ethane on the hydrogen-bonding equilibria of the reaction. As
the density is reduced, the onset of hydrogen bonding is pushed
to lower and lower concentrations. An extensive amount of in-
termolecular hydrogen bonding occurs at 30 bar for a molar
concentration of 2.5 X 1072 M (xye0p = 6 X 107%). In comparison,
for heptane appreciable aggregation does not occur until the molar
concentration is above 7.5 X 102 M (xyeop = 1.5 X 1072). The
large changes in the equilibrium shown in Figure 6 are mainly
caused by the effect of the high isothermal compressibility of the
solvent around the critical point. This experiment was conducted
at constant methyl alcohol molarity utilizing an experimental
technique in which the pressure of the system was increased by
the addition of pure solvent. Such additions greatly shift the
equilibrium of the reaction toward the monomer mainly because
the mole fraction of alcohol decreases with addition of pure ethane.
For experiments conducted at constant mole fraction these
equilibrium changes are much less pronounced.

Enthalpy and Volume Changes for Hydrogen Bonding. The
formation of intermolecularly hydrogen-bonded methyl alcohol
follows a mass action model of aggregation. At low concentrations
the alcohol exists only as free monomer. Upon increasing the
alcohol concentration, aggregation proceeds through dimer, trimer,
and finally to higher oligomers. Because of certain structural
features, the methyl alcohol dimeric and especially the tetrameric
species have a special stability. One expects then that, above a
certain concentration of the alcohol, further additions of alcohol
are likely to form mainly the tetrameric aggregate. A repre-
sentation of the reaction of monomeric species to form an ag-
gregate is:

n(CH,0D) < (CH,0D), )

In a solution of an alcohol in an apolar solvent, one finds a rel-
atively narrow distribution of oligomers (n = 2, 3, 4, 5, and 6)
which is centered around approximately n = 4,4

The temperature and pressure derivatives of the equilibrium
constant, K, give information on the thermodynamics of this
aggregation process.

K = (Xpmer/ (Xmonomer)™) )

From a van’t Hoff type relationship shown in eq 3, the partial
molar enthalpy of formation, Ahy pond = Prmer = MPmonomers CAN
be obtained for the aggregation process in eq 1.

(81In K/8T)p, = ~(Ahy.pona/RT?) 3)

The difference between AH}, 4 Of the ideal gas standard state
enthalpy and the concentration and density dependent, Al pond,
is due to the solvation effects on the enthalpy of reaction. As an
approximation in using eq 3, we assume that only two species
predominate, the monomer and the cyclic tetramer. This as-
sumption is supported by experimental and theoretical studies that
show a special stability for the tetramer species (see Introduction).
We also apply this equation to a solution containing a relatively
high proportion of alcohol, xy.op = 0.072, in order to push the
equilibrium toward formation of the tetrameric species. Because
of the relatively high proportion of alcohol, this solution is not
supercritical. Figure 7 shows the van’t Hoff plots for methyl
alcohol in CO,, ethane, and heptane at a pressure of 200 bar using
the monomer-tetramer model. The calculated enthalpies per
hydrogen bond are given in Table . Assuming only trimer or
pentameric species in equilibrium with the monomer, we have also
calculated (Table I) the enthalpy of the reaction.

(40) Bartczak, W. M. Ber. Bunsenges. Phys. Chem. 1979, 83, 987-992.
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Figure 7. van’t Hoff plot for the monomer-tetramer model of intermo-
lecular hydrogen bonding of methyl alcohol-d in CO,, ethane, and hep-
tane at 200 bar with xy.op = 0.072. The lines represent the linearly
regressed fits of the data.

Table I. Change in the Partial Molar Enthalpy of Hydrogen
Bonding for Methyl Alcohol-d in CO,, Ethane, and Heptane for a
Xpmeop = 0.065 and a Pressure of 200 Bar According to Three
Different Models of Association To Form Trimers, Tetramers, or
Pentamers

Ahyyong per hydrogen bond,

kcal/mol
solvent trimer tetramer? pentamer
carbon dioxide -33 -3.5 (0.3) =37
ethane -5.7 -5.9 (0.9) -6.0
heptane -4.7 (0.4)

?Values in parentheses are two standard deviations.

Measurements of the enthalpy of hydrogen bonding for the
methyl alcohol dimer in the gas phase range from -2.9 to -3.5
kcal/mol.!! Because of the higher stability of the tetramer, the
energy per hydrogen bond is actually higher for the tetramer
species than for the dimer. Renner et al.3! report experimentally
measured enthalpies per hydrogen bond of the tetramer as —6.0
kecal/mol in the gas phase. Ab initio calculations by Curtiss et
al.l! give 3.7 and -7.4 kcal/mol per hydrogen bond for the linear
dimer and the cyclic tetramer, respectively. The measured values
of the partial molar hydrogen bond enthalpies in the three different
solvents (Table I) are similar to the estimated gas-phase values.
The values in Table I include any solvent interaction effects on
the hydrogen-bonding enthalpy since the molecular densities in
all cases studied are far from the gas-phase limits. At these
conditions, ethane has a much lower dielectric constant than that
of heptane, and, of these two solvents, ethane would be most similar
to the gas-phase values for the tetrameric species. The measured
ARy .pond Value for ethane of -5.9 kcal/mol per hydrogen bond is
only slightly lower than the reported gas-phase values. The
measured values of the hydrogen bond energy in heptane are about
1 kcal/mol smaller than for ethane. This is'likely owing to the
stronger interaction of the solvent with the monomeric species.
Although we are using the deuterated form of the alcohol rather
than the normal alcohol, the isotopic effect on the energy of
hydrogen bonding is expected to be small based on the small
differences in the dew point values of the two isotopes.

The change in the partial molar enthalpy for hydrogen bonding
in CO, is smaller than that for either ethane or heptane even
though the dielectric constant of CO, is lower than that of either
alkane. One would expect Ahy pong for CO, to be even closer to
the gas-phase value than ethane. These results however suggest
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Figure 8. The effect of pressure on the chemical equilibria (monomer—
tetramer model) of intermolecular hydrogen bonding of methy! alcohol-d
in CO,, ethane, and heptane at 40 °C with xpy.0p = 0.062. The lines
represent the linearly regressed fits of the data.

a strong interaction between CO, and the monomer alcohol having
an interaction energy of a few kilocalories/mole. The derivative,
d1n K,/8(1/T), for CO, is fairly linear over the temperature range
shown in Figure 7 because at 200 bar and 40 °C the fluid is far
enough away from the critical point to avoid large nonlinearities
observed by others?? near the critical region. For this solution,
where xp.op = 0.072 the system is below its critical temperature
(T. = 50 °C, P, = 95 bar).3? Because the stoichiometry of the
association of CO, with the alcohol monomer is not known, the
number of possible interactions per CO, molecule is not known.
The lowering in the enthalpy of formation may be caused by two
or three CO,'s interacting with the monomer, or perhaps tens to
hundreds of molecules. These results confirm previous reports
from gas-phase studies of the CO,/methyl alcohol system*! which
have also shown some type of weak chemical association between
these two molecules.

The pressure derivative of the equilibrium constant shown in
eq 4 gives the change in the partial molar volume, AV, for the

-RT(In K/8P)r, = AV 4)

reaction to form the hydrogen-bonded species from the free
monomer. In this case AV represents the partial molar volume
change under the same conditions as K and not at infinite dilution.

In eq 4, the equilibrium constant, K, is in units of mole fraction.
For K to be expressed in molarity, an additional isothermal
compressibility term must be added to eq 4.2 There is an ap-
preciable difference in the equilibrium of the reaction if the ex-
periment is conducted at constant molar concentration rather than
constant mole fraction. For the constant molarity experiment there
is a much more pronounced shift of the equilibrium toward the
monomer at higher pressures. This is due to a much larger effect
of the isothermal compressibility on the equilibrium*? when the
experiment is conducted in the constant molarity mode. Because
the objective of this experiment was primarily to obtain values
for AV, it was undesirable to have to account for the large iso-
thermal compressibility term especially when its value must be
independently measured for these more concentrated solutions.
Hence, by conducting the experiment at constant mole fraction,
the effect of the isothermal compressibility on the change of the
equilibrium could be reduced.

(41) Hemmaplardh, B; King, A. D. J. Phys. Chem. 1972, 76, 2170-2175.
(42) Isaacs, N. S. Liquid Phase High Pressure Chemistry, John Wiley:
New York, 1981,
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Table II. Change in the Partial Molar Volumes, AV, for Hydrogen
Bonding of Methyl Alcohol-d in CO,, Ethane, and Heptane at 40 °C
for Two Concentrations of the Alcohol, xp.op = 0.062 and 0.031

AVH-bondv sz/mol

solvent Xmeop  trimer tetramer? pentamer
carbon dioxide  0.062 —62.3 -79.2 (6.9) -96.2
ethane 0062 -478 —62.2(38.6) -76.8
heptane 0.062 -6.9 (8.8)
carbon dioxide 0.031 -54.8  -65.9 (10.7) -76.9
ethane 0.031 -32.9 -423(304) -51.5
heptane 0.031 -13.7 (9.4)
?Values in parentheses are two standard deviations.
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Figure 9. The rotational-vibrational bands for densities near and below
the critical density showing the evolution of the P and R branches of the
various vibrational modes of methyl alcohol-d in CO, as the density is
decreased. The molar concentration of alcohol is [MeOD] = 2.2 X 1072
(*meop ~ 5 X 107).

Figure 8 shows the effect of pressure on the chemical equilibria
at constant alcohol mole fraction. As expected, the effect of
pressure on the equilibria results in a moderate change in AV in
ethane and CO, with little or no change in liquid heptane. In
Table II, the AV data for two different concentrations is presented
with their corresponding fits to three simple models of hydrogen
bonding: monomer-trimer, monomer—tetramer, and monomer—
pentamer. The experiments were conducted relatively far away
from the critical point where only minor effects of the fluid
compressibility on the partial molar volume are observed. The
CO, data at 100 bar are perhaps the closest to a critical point,
although no deviations from linearity were observed. This is
because at xp.op = 0.062 the system is approximately 5° below
its critical temperature (T, = 45 °C, P, = 88 bar).>? The value
reported for methyl alcohol-d in heptane in Table II is similar
to the approximate value of —4.6 cm®/mol reported for n-butyl
alcohol in 2,3-dimethylbutane.*® The larger AV for ethane and
CO, is partially caused by the contraction of solute volume as-
sociated with the transition from approximately four monomer
molecules to a single intermolecularly hydrogen-bonded aggregate;
this value may also involve contributions due to increased clustering
of the solvent around the larger aggregate.

Rotational-Vibrational Bands. Figure 9 shows the solvent-
subtracted spectra of methyl alcohol-d in CO, for pressures near
and below the critical pressure. At pressures below 100 bar there
is a significant amount of broadening of all of the vibrational bands
within the 700- to 3500-cm™! region. Singly resolved peaks show
evolution to triplets at low densities due to increasing rotational
freedom of the alcohol. The peak forming to the right of the main
vibrational band is the coupled rotation-vibration R branch, and
the peak forming to the left is the P branch. Figure 9 shows the
splitting of methyl alcohol-d peaks to R and P branches for (i)
15°P, the O~D bend at 875 em™,; (ii) »,°°, the C—O stretch at 1035

(43) Fishman, E.; Drickamer, H. G. J. Chem. Phys. 1956, 24, 548-533.
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Figure 10. Comparison of the monomer O-D stretch of methyl alcohol-4
in ethane at 100 and 450 bar and in carbon dioxide at 100 bar. Nar-
rowing of peaks in CO, at 100 bar and in ethane at 450 bar indicates loss
of rotational freedom. In all cases T = 40 °C and xyeop = 0.003.

cm™; (iii) #,°P, the O-D stretch at 2700 cm™; and (iv) #,H, the
C-H stretch at 2850 cm™. The other C-H stretch and combi-
nation bands around 2980 cm™! show evidence of rotational
broadening but are unresolved because of the overlap of multiple
vibrational bands. The region near the critical point of the solvent
could not be investigated in more detail in the other studies since
the monomer peak is complicated by the enhanced rotational
freedom.

Figure 10 shows »,°P of the alcohol monomer in CO, and
ethane. At 100 bar, the »,°P peak in CO, is significantly narrower
than in ethane, having a full width at half-maximum (fwhm) of
20.6 cm™ in CO, and a fwhm of 42.6 cm™ in ethane. Although
the molecular densities of ethane and CO, are similar under these
conditions, the broader ethane peak suggests greater rotational
freedom in ethane. The »,°P monomer peak narrows slightly in
ethane from 42.6- to 38.7-cm™! fwhm when the pressure is in-
creased from 100 to 450 bar, suggesting significant rotational
freedom even at 450 bar. Recently Conrad et al.?” reported IR
evidence of nearly free rotation of water and methyl alcohol in
weakly interacting solvents such as liquid alkanes and were able
to satisfactorily describe the broadening by a rotational diffusion
model with free rotation time of about 0.1 ps. At 450 bar, the
density of supercritical ethane approaches liquid-like densities.
Since ethane is a more weakly interacting solvent than the higher
alkanes, one would expect greater rotational freedom.

The restriction of rotational freedom of a solute in a supercritical
fluid as the fluid density increases should appreciably affect the
internal energy of that solute. However, the relationship between
the degree of rotational broadening of a vibrational peak and the
actual restriction of rotational states cannot be directly determined.
A quantum mechanical fit such as the one used by Conrad et al.?’
may be required. A significant change in the amount of rotational
energy of a solute in a supercritical fluid solution would be an
important term in the total energy of the system, especially near
the critical point where the large changes in the rotation-vibration
bands were observed.

Interaction of Carbon Dioxide with Methy! Alcohol-d. The IR
spectra strongly suggest the existence of a specific interaction
between CO, and methyl alcohol. There are five different in-
dicators of such an interaction: (1) the alcohol intermolecular
hydrogen-bonding equilibria are perturbed, (2) the measured
enthalpy of hydrogen bonding is lower, (3) the alcohol shows less
rotational freedom, and (4) the »,°P band position and (5) intensity
show behavior which is characteristic of interacting solvents.
Whether this interaction is described as a weak chemical effect
or simply a electrostatic effect, its source is likely the attraction
between the relatively large quadrupole on the CO, and the large
dipole of the alcohol group. We can speculate that a weak complex
forms between one or two CO, molecules with a methyl alcohol
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molecule, although there is no direct evidence for such a structure
from this study.

As shown in Figure S, the equilibria between the alcohol mo-
nomer and hydrogen-bonded species are significantly different
for CO, than for a “noninteracting” solvent such as ethane. In
CO, much more of the alcohol is in the monomer form than in
ethane. This is opposite to what one would expect based on the
molecular polarizabilities of the solvents at the molecular densities
used in this study. Because of a weak chemical interaction between
CO, and the alcohol, as represented in eq 5, the equilibrium is

n(CH;0D=mCO,) < (CH,OD), + nmCO,  (5)

shifted toward the non-hydrogen bonded form of the alcohol.
Further, the measured enthalpy (Table I) for hydrogen bonding
is significantly lower than for “noninteracting” alkanes solvents.
The enthalpy data suggest that the energy of interaction of the
CO, with the alcohol monomer is on the order of 1-2 kcal/mol
of alcohol. Because the number of CO, molecules that interact
with a single alcohol has not been determined, the energy of
interaction could involve tens and possibly hundreds of CO,
molecules, and thereby proportionally reduce the interaction per
CO, molecule. If this contribution arises from dipole—quadrupole
interactions (potential energy ~ r®), then the interactions are
shorter range* than the dispersion forces (~r%) which would
suggest a smaller cluster size. This hypothesis is supported by
the measurements of A¥ which show approximately the same value
of AV for CO, as that found for ethane where there are no di-
pole—quadrupole interactions. Alcohol in the tetrameric form is
not capable of the same dipole/quadrupole interactions because
hydrogen bonding significantly reduces the magnitude of the
alcohol dipole. Hence one would expect a more positive value of
AV than that found for ethane if large clusters were forming
around the methyl alcohol monomers. However, little difference
in AV values is observed. Thus we believe a complex involving
only a few CO, molecules with the alcohol monomer is most likely.

Figure 10 shows that the degree of rotation of methyl alcohol-d
is significantly less in CO, than in ethane. Formation of a CO,
cluster or complex with the alcohol monomer as represented by
eq 5 would either lead to a loss of rotational freedom through
collisional hindrance or significantly change the rotational energy
states by formation of a complex having different rotational energy
levels. This lack of rotational structure in the CO, spectra is
further evidence of an interaction with the alcohol. Chialvo et
al.2® have shown a pronounced effect of the quadrupole of a
CO,-like molecule, simulated by molecular dynamics, on the
slowing down of its rotational dynamics. The larger dipole-
quadrupole interactions of methyl alcohol/CO, should greatly
restrain the rotational freedom of the alcohol.

A solvatochromic shift of a vibrational band of a solute is
observed as the dielectric constant of the solvent is changed. The
magnitude of these shifts can be related through the semiempirical
relationship of the Kirkwook-Bauer-Magat (KBM) model, given

as
Vg T ¥ e—1

( Vg ) k(2€+|) 6)
where v, and v, are the locations of the vibrational peaks in the
gas phase and in the liquid or solvent phase, respectively. The
functionality for the dielectric constant, ¢, shown on the right-hand
side of eq 6 is directly related through some proportionality
constant, k, to the observed solvatochromic shifts of the peak. The
validity of this relationship for »,°H of water has been estab-
lished.?’#% “Noninteracting” solvents such as the alkanes and
fluorocarbons show a linear relationship between the KBM

function and the shift of the »;°H peak. These solvents interact
only through their induced dipole with the dipole or induced dipole

(44) Prausnitz, J. M. Molecular Thermodynamics of Fluid-Phase Equi-
libria; Prentice-Hall: Englewood Cliffs, NJ, 1969.

(45) Scherer, J. R. In Advances in Infrared and Raman Spectroscopy;
Clark, R. J. H,, Hester, R. E., Eds.; Heyden & Sons: Philadelphia, PA, 1978;
pp 149-216.
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Figure 11. KBM plot of »,°P for methyl alcohol-d in CO,, ethane, and
heptane at 40 °C. Values for CO, deviate from linear relationship of the
noninteracting alkane solvents. Ethane, heptane, and CO, values rep-
resent a range of pressures from 85 to 450 bars, whereas the pentane and
CCl, values are at | bar. In all cases T = 40 °C and xy.op = 0.003.

of the alcohol molecules. Solvents having any type of weak
chemical interaction with the O-H group deviate from the KBM
relationship with larger than expected red shifts. Examples of
solvents showing significant deviation are the alkenes, benzene,
and CCl,.

A KBM plot for »,°P of methyl alcohol-d in various liquid and
supercritical solvents is shown in Figure 11. The alkanes, su-
percritical ethane, and liquid pentane and heptane show the ex-
pected linear relationship of the band shift with the KBM function.
The data points for ethane represent a range of pressures from
85t0 450 bar. As the density of supercritical ethane is increased
with increasing pressure, »,°P undergoes a red shift corresponding
to an increase of the fluid dielectric constant with pressure. The
red shift of »°P of methyl alcohol-d in CO, for a range of pressures
clearly deviates from the linear relationship of the noninteracting
alkanes. Again we have evidence of a specific interaction between
CO, and methyl alcohol-d.

Finally we examine the »,°P band intensity. Glew and Rath?
have established that a linear relationship exists between the »,°H
shift of methyl alcohol and its band area. As the solvent-induced
red shift increases, so does the band area of »,°H, Strong hy-
drogen-bonding solvents yield a 10-fold increase in »,°H intensity
over simple van der Waals solvents.*’

In Figure 12, a plot of the band area of »,°P versus the system
pressure for the three fluids is shown. The intensity of the #,°P
is much larger in CO, than in the two alkane solvents, and the
intensity increases as the pressure or density of the fluid increases.
Both the heptane and the ethane show little or no pressure effect.
For heptane this behavior was expected since these pressure ranges
have little effect on the density of the solvent. However, for ethane
there are appreciable changes in the fluid density, and an increase
in the band area with pressure might be expected. No appreciable
intensity increases were observed. The high intensity of »,°P in
CO, provides additional evidence of a weak chemical interaction

(46) Glew, D. N.; Rath, N. 8. Can. J. Chem. 1971, 49, 837-856.
(47) England-Kretzer, L.; Fritzche, M.; Luck, W. A. P. J. Mol. Struct.
1988, /75, 277-282.
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Figure 12. Relative band area of the »;°P versus pressure for methyl
alcohol-d in CO,, ethane, and heptane. In all cases T = 40 °C and xp0p
= 0.003.

between CO, and the methyl alcohol-d.

Conclusions

The solvation phenomena examined in this work should provide
a basis for a more appropriate treatment of hydrogen bonding in
supercritical fluids. The onset of hydrogen bonding in ethane
occurs at methyl alcohol concentrations above about xy.op =
0.003. This intermolecular hydrogen bonding becomes extensive
at concentrations above about xy.op = 0.05 in a region where
the tetramer is believed to be the dominant alcohol species. In
CO,, the onset of hydrogen bonding occurs at a higher alcohol
concentration (xXy.op = 0.005) than expected due to a weak
chemical interaction between CO, and methyl alcohol, which shifts
the equilibria toward the monomer form of the alcohol. The IR
spectral data provide further evidence of a special interaction
between the alcohol monomer and CO, solvent, likely involving
a weak complex of the alcohol and a small number of CO,
molecules. These observation may help to explain the large de-
viations of the predicted excess molar enthalpies for the CO,-
methyl alcohol mixtures.?

The methyl alcohol monomer/aggregate equilibrium was found
to be shifted toward aggregation by decreasing the temperature
or by increasing the pressure (at constant mole fraction). At
densities near or below the critical density of the fluid, the bands
assigned to the various vibrational modes of methyl alcohol show
broadening which is characteristic of increased rotational freedom.
Hydrogen bonding in the region very near to the critical point
could not be investigated because of the appearance of rotation-
al-vibrational bands. Measurements of the enthalpy for hydrogen
bonding showed similar values in ethane as found in the liquid
alkane solvents. However, the enthalpy of hydrogen bonding for
methyl alcohol in CO, is significantly lower at the same tem-
perature and pressure because of the CO,/methyl alcohol in-
teraction.
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