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This paper reviews recent infrared studies on water—aromatic hydrocarbon mixtures. It mainly deals with infrared
absorption of HDO in hydrocarbons measured as a function of temperature and pressure in the 373—-648 K and 100-350
bar ranges, respectively. The intensity ratio of a hydrogen-bonded OH band to a hydrogen-bond-free OH band increases
with increasing temperature. This fact indicates that the rate of increase in water solubility in the hydrocarbons is large
enough to surmount the entropy effect which is unfavorable to water—water association. A good correlation between the
peak frequency of the hydrogen-bond-free band and ionization potential of solvent hydrocarbons suggests that the con-
cept of m-hydrogen bonding between water and aromatic hydrocarbons is useful even at high temperatures and pressures.
At higher temperatures, the two OH bands mentioned above merge into a single band, which suggests that a water mole-
cule rotates rather freely even in a hydrogen-bonded water cluster at high enough temperature. Water concentration and
density of a hydrocarbon-rich phase are estimated from infrared intensities. Both of them show remarkable pressure de-
pendence near an extended line of the three-phase coexistence curve in the phase diagram. This behavior should be char-
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acteristics of fluid mixtures near the critical region.

It is well known that water and hydrocarbons are almost im-
miscible or only poorly miscible with each other at ambient
condition, and the hydrocarbons are usually described as hy-
drophobic. However, their mutual solubilities increase signifi-
cantly with increasing temperature under pressure, and finally,
they become completely miscible at any mixing ratio. Water
and benzene, for example, form a homogeneous mixture at
temperatures and pressures above 570 K and 200 bar, respec-
tively.'"™ Such a wide range variation of the solubility as a
function of temperature and pressure will be useful to a study
of intermolecular interaction of water with hydrocarbons. This
interaction is generally weak and has not been thoroughly
studied because most of the experimental data available are
limited to the very dilute solutions. Nevertheless, the water—
hydrocarbon interaction is concerned with a wide variety of
naturally occurring phenomena. It is particularly important to
studies of formation and stabilization of the native structure of
proteins in solution, where hydration of the hydrophobic side
chains and water trapped in the hydrophobic cavities are
thought to play important roles.>” Furthermore, elucidation of
the water—hydrocarbon interaction will be useful to assessment
and suitable treatment of contamination of water by hydrocar-
bons from petrochemical plants, factories, laboratories, etc.®?

1. Background

The mixtures of water and hydrocarbons at high tempera-
tures and pressures have also been given much attention in a

wide range of industrial situations. Characterization of the
mixtures is indispensable to designs, operations, and mainte-
nance of equipment or plants for oil refineries, coal gasifica-
tion and liquefaction plants, gas industry and petrochemical in-
dustry.'®'* Tt is likely that oil reservoirs have been formed by
geothermal processes involving high temperature water—hy-
drocarbon mixtures.!? Physicochemical properties of the mix-
tures are also important for designing an environment-protect-
ing technology where hydrothermal reactions are applied to
destruction of toxic waste chemicals."*'® Even benzene is
completely oxidized in supercritical water with oxygen at tem-
peratures higher than 850 K and 250 bar."” To understand and
design those industrial processes, thermodynamic properties of
the mixtures are of essential importance and have been widely
studied.'®'22%22. Among others, phase behavior is the most ba-
sic property and has been extensively studied for mixtures of
water with simple hydrocarbons, such as methane, hexane, and
benzene, 10:11:23-29

1.1. Phase Behavior of Water—Hydrocarbon Mixtures.
Figure 1 shows a pressure—temperature phase diagram for wa-
ter—benzene mixtures, which is drawn by using literature da-
ta.*!" The 3-phase line indicates a liquid—liquid—gas coexist-
ence equilibrium curve with a critical end point at 542.6 K and
94.6 bar. At pressures above this line, the gas phase disap-
pears and two liquid phases, namely water-rich and benzene-
rich liquid phases, coexist. The thick solid line connecting the
3-phase end point and the critical point of neat benzene (562.2



1776 Bull. Chem. Soc. Jpn., 74, No. 10 (2001)
500 T T T T T T T T
400 [~ .y
s 2 Phases 1 Phase
~ 300 .
o
5 i . (water)
% | -
o 200
o L
100 - 3c.e.p. i
3-phase line
[ c.p. (benzene) 1
0 2 1 i 1 L 1 L 1
450 500 550 600 650
Temperature / K
Fig. 1. Pressure-temperature phase diagram for water—ben-

zene mixtures.

Thick solid line: one-phase critical curve and liquid-liq-
uid—gas three-phase equilibrium curve; c.p.: critical point;
3c.e.p.: three-phase critical end point.

K and 49.0 bar)™ is a critical curve indicating the highest tem-
perature at which all three phases coexist: above this curve the
benzene-rich liquid phase disappears. The critical curve
around the homogeneous one-phase region ends at the critical
point of neat water (647.3 K and 220.5 bar).*® A phase dia-
gram with these features is classified as type IIl following Scott
and van Konynenburg.®' Most of water—hydrocarbon mixtures
are included in the type Il mixtures, while the phase diagrams
of mixtures in general are classified into six principal features,
type I to type VI. The critical points of water and aromatic hy-
drocarbons studied in the present paper are given in Table 1.
In addition to the phase diagrams, thermodynamic proper-
ties such as heat of mixing, excess molar enthalpy and dielec-
tric coefficients have been reported for water—hydrocarbon
mixtures at high temperatures and pressures.'>?!'*? Neverthe-
less, mutual solubility data are scarce. Even for the water—
benzene mixture, which has been most extensively studied so
far, the solubility data have been limited at the three-phase
equilibrium pressures,'"* and at a few other pressures at high-

Table 1. Critical Points of Hydrocarbons and Water

Pure substances®

TJ/K P/bar
Benzene 562.2 49.0
Toluene 591.7 41.1
Ethylbenzene 617.1 36.1
o-Xylene 630.2 37.3
m-Xylene 617.0 35.5
Mesitylene 637.3 32.0
Water (H,O) 647.3 220.5
Water (D,0) 643.9 216.7
Mixtures (Three-phase critical end point)

Tcep/K P cep/K
Water—Benzene"” 542.6 94.6
Water—Toluene” 558.1 100.94
Water—Ethylbenzene® 568.1 106.8

a) Ref. 30, b) Ref. 23, ¢) Ref. 25.
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er temperatures>** to our knowledge. This is due to difficulty

in measurements of the mutual solubiltites at high tempera-
tures and pressures. Usually a small amount of mixtures equil-
ibrated in a high temperature-pressure vessel is sampled and
transferred to analytical instruments such as gas chromato-
graphs and Karl Fisher titration instruments for composition
analysis. The transferring of a sample without disturbing equi-
librium and/or without composition change is difficult, particu-
larly at high temperature and high pressure.** In addition, den-
sity measurements at high temperature and pressure add anoth-
er difficulty, and the solubility data are usually given by molar
fractions. It is really difficult to directly measure the density of
each phase in the coexistence region of two phases. However,
the densities of components in the equilibrated phases are im-
portant to understand the physicochemical properties of the
mixtures on the basis of the intermolecular interactions.

1.2. Vibrational Spectroscopy of Water in Hydrocar-
bons. A solution to the experimental problems mentioned
above can be obtained by spectroscopic in situ measurements.
Vibrational spectroscopy is particularly useful for measuring
water in hydrocarbons. The OH stretching band of water is
strong enough not to be masked by absorption of most of sol-
vent hydrocarbons. Moreover, the peak frequency, the inte-
grated intensity, and profile of the band is sensitive to local en-
vironment and hydrogen bonding of the water molecules.
Therefore, the vibrational spectroscopy is one of the most
powerful tools for investigating molecular level structure of
fluid mixtures. Actually, infrared spectroscopy has been often
applied to the problem of whether or not water aggregates exist
in non-polar solvents.>*® It is now commonly accepted that
water is primarily monomeric in benzene and its alkyl deriva-
tives and in saturated hydrocarbons. It has been suggested,
however, that a few percent of dissolved water in benzene and
carbon tetrachloride exist in a dimeric form.*>*" The vibration-
al spectroscopy has also been used in the study of dynamics of
water molecules in hydrocarbons.*®**° The band profile pro-
vides detailed information particularly about reorientational
motion of solute molecules.

In spite of those advantages, only a few papers have been re-
ported for vibrational spectroscopic measurements of the wa-
ter—hydrocarbon mixtures at high temperatures and pressures.
Tassaing*! studied vibrational spectra of water confined in ben-
zene in the temperature range 298-578 K and at a constant
pressure of 160 bar. From analyses of the peak positions, the
band intensities and band profiles, the author has indicated that
water forms a weak m-hydrogen bond with benzene. In addi-
tion, it has been shown that hydrogen-bonded water dimers ap-
pear at the expense of the water—benzene complex as the con-
centration of water increases in the mixture. Pironon et al.**
studied the solubility of water in hydrocarbons trapped in pe-
troleum inclusions at temperatures in the range of 298-573 K,
which covers the conditions of natural petroleum reservoirs, by
Raman and FT-IR measurements. They have obtained bulk
homogenization temperatures of the petroleum inclusions from
a measurement that the liquid water band disappears due to
dissolution of water into the oil phase. Recently, we have stud-
ied water—hydrocarbon mixtures at temperatures up to 648 K
and pressures up to 350 bar by infrared spectroscopy.”** Re-
sults of these studies and some newly obtained results are re-
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viewed in the following.

2. Experimental Methods

2.1. Experimental Setup. The experimental setup we have
used is schematically shown in Fig. 2. The high-pressure cell is a
custom-made cell machined by SITEC-Sieber Engineering, Swit-
zerland. The cell body is made of nickel-base superalloy, Nimon-
ic 80A, which is useful for applications requiring high strength
and corrosion resistance up to 1100 K. The maximum operating
temperature and pressure of the cell are 673 K and 1000 bar, re-
spectively. The windows of the cell are colorless sapphire cylin-
ders of 10 mm diameter and 8§ mm thickness, which are transpar-
ent at frequencies higher than 2000 cm™'. These windows are
pressed against optically polished flat surfaces of window plugs
for the pressure seal by Poulter’s unsupported area principle.*’
The effective aperture for the optical transmission is 6 mm and the
optical path length of a sample is fixed at 1 mm. The cell is heated
by a flexible electric heating tape wound around the cell and the
sample temperature is measured with a chromel-alumel thermo-
couple. Pressure of the sample is measured with a pressure trans-
ducer of a semiconductor strain gauge (PDCR 960, Druck, En-
gland) and a pressure indicator (DPI 261, Druck). The cell is set
in a sample compartment of a BOMEM DA3 Fourier-transform
spectrometer, which is equipped with a CaF, beamsplitter and a
mercury—cadmium—telluride detector.

2.2. Infrared Measurements. Water specimens were mix-
tures of H,O and D,O with a ratio of 1 : 20 or 1 : 30. Then the ra-
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Fig. 2. Schematics of the experimental setup (upper) and the
high pressure-temperature cell (lower). PT: pressure trans-
ducer, TC: thermocouple, EH: electric heating tape, W:
sapphire windows.
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tios of the isotopic species, H,O, HDO, and D,O are estimated to
be 1:40:400or 1:60:900. Therefore, the contribution of H,O
to the infrared OH stretching absorption can be approximately ne-
glected and the observed OH bands are assigned only to HDO to a
good approximation. Using HDO mixtures instead of neat H,O
and D,0 has a few advantages. First, we can avoid the complica-
tion of spectra due to overlap of the symmetric and antisymmetric
stretching bands, and then we can attribute temperature- and pres-
sure-dependent changes of band profiles directly to changes in
equilibrium of water—water association or dynamics of molecules.
The next advantage of measuring HDO in these mixtures is to re-
duce the OH absorption band intensity. When a neat H,O speci-
men is used, the absorption intensity becomes too strong to mea-
sure at higher temperatures and pressures, due to a great increase
in water solubility in hydrocarbons. Another important advantage
is that D,O-saturated hydrocarbons can be used as references for
obtaining absorbance of HDO, when hydrocarbons have absorp-
tion bands in the OH stretching region. This is the case for water—
benzene mixtures. Benzene exhibits two combination bands in
the 3600-3700 cm ™' region, which change in shape by interaction
with dissolved water particularly at temperatures higher than 530
K where water solubility in benzene becomes significantly large.
To obtain OH absorption bands of HDO in benzene, therefore, we
have to use D,O-saturated benzene as the reference to completely
cancel the absorption of benzene. It would be difficult to find a
suitable reference when a neat H,O specimen is used. Other hy-
drocarbons used in the present study, on the other hand, have no
appreciable absorption in the OH stretching region, and neat hy-
drocarbons can be used as the reference. In addition to the OH
stretching region, we have measured spectra in the 4500—4800
cm™! region for water—hydrocarbon mixtures and neat hydrocar-
bons. Absorption in this region is assigned to a few combination
bands characteristic of a phenyl group, and its integrated intensity
is used for estimates of hydrocarbon concentrations in the hydro-
carbon-rich phase.

Spectroscopic grade hydrocarbons, benzene, toluene, ethylben-
zene, o- and m-xylenes, and mesitylene from Nacalei Tesque (Ja-
pan) and deuterium oxide (99.9% D) from CEA (France) were
used as received. A small amount of the water specimen is put in
the cell, and then compressed liquid hydrocarbons are transmitted
into the cell with a syringe pump for liquid chromatography (L-
6000, Hitachi, Japan). The level of the water—hydrocarbon inter-
face was adjusted to slightly below the optical axis to measure the
hydrocarbon-rich phase. The spectral measurements were per-
formed with 2 cm ™! resolution at sample temperatures in the 373—
648 K (%0.5 K) range and pressures in the 100-350 bar (*1 bar)
range. Each of the experimental temperature—pressure points was
attained at a slow enough rate, and the phase equilibrium of the
mixture was confirmed by a spectrum that was unchanged for at
least an hour. The sample was not agitated to avoid emulsifica-
tion. The resulting spectra of the OH stretching region are given
by absorption coefficients,

1 In Iy(v)
xupo'l  I(V)

o(v) = (n

where xypo denotes the molar fraction of HDO in the water speci-
men, / = 0.1 cm is the sample thickness, and /y(v) and /(v) are the
transmission intensities at v cm ™" of the reference and the sample,
respectively, measured at the same temperature and pressure.
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3. Infrared Absorption of Water in Hydrocarbons at High
Temperatures and Pressures

The frequencies, profile, and intensities of the vibrational
spectra tell about various molecular level features of the fluid
mixtures, such as the nature of the intermolecular interaction,
dynamics of molecules, molar concentration, and the densities.
How these properties vary with temperature and pressure is
important for physicochemical characterization of the mix-
tures. The spectral features of the water—hydrocarbon mix-
tures significantly depend on the temperature and pressure, as
will be seen later. For convenience, description of the spectra
in the following is separated into two ranges of the tempera-
tures: lower and higher than the temperature of the three-phase
critical end point.

3.1. At Temperatures below the Three-Phase Critical
Temperature. Figure 3 shows examples of spectra for wa-
ter—benzene mixtures at a few temperatures at 100 bar. The
absorption intensity increases greatly with increasing tempera-
ture, indicating increase in concentration of water in benzene.
Furthermore, the band profile exhibits remarkable change. At
373 K, only a single peak at about 3640 cm ™' is seen. Howev-
er, a shoulder at about 3580 cm™' grows remarkably with in-
creasing temperature. These temperature-dependent spectral
changes have been commonly observed for all the water—hy-
drocarbon mixtures studied in the present paper. However, the
peak position varies depending on solvent hydrocarbons as

200 T T T T T T
150 | 100 bar
£
L
E 100
3
50
0 1 1 | =
4000 3900 3800 3700 3600 3500 3400 3300
v /em™
Fig. 3. Infrared OH stretching absorption of HDO in ben-

zene at a few temperatures at 100 bar.
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will be shown later. The 3640 cm ™! peak is assigned to a HDO
monomer and the 3580 cm™! band to hydrogen-bonded OH of
a dimeric species of D,O--HDO* from comparison with fre-
quencies observed in the gas phase and in low-temperature ma-
trices,**? which are summarized in Table 2.

(1) Monomer-Dimer Equilibrium. In order to separate
the absorption into the hydrogen-bond-free and the hydrogen-
bonded bands, we have resolved the observed spectra into a
few components with Lorentzian and Gaussian profiles. Fig-
ure 4 shows an example of least-squares fitting of the band of
the water—benzene mixture at 473 K and 100 bar. A band at
about 3910 cm™! is assigned to a combination band of D,0,
which is observed owing to using neat benzene as reference,
and is excluded in the following discussion. The broad band
with the center at about 3800 cm ™! is assigned to a vibration-
rotation transition of the monomeric species, which corre-
sponds to those found in low-temperature matrices.>*

To discuss monomer-dimer equilibium, we have estimated
the integrated intensities,

Aoy = jbaoggv)dv 2

of the components bands. Intensities of the hydrogen-bond-
free band are obtained by a sum of the 3640 cm ™' and the 3800
cm™! bands, and those for the hydrogen-bonded bands by a
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Fig. 4. Decomposition of the infrared OH absorption of

HDO in benzene at 473 K and 100 bar. Open circle: ob-
served; solid line: calculated total; dotted line: calculated
components.

Table 2. Observed Wavenumbers of v3(OH) Stretching of HDO in various states.*

Solvent viee/em™! ybonded /e 1
Benzene (373 K) 3641.0

473 K) 3648.6 3570 (—79)

(523 K) 3652.0 3590 (—62)

vdimer/cm— 1 vtrimer/cm— 1

Gas 3707.47% 3616 (—91)Y 3529 (—178)Y
Ne (matrix) 3699.09
Ar (matrix) 36889 3590 (—98)” 3520 (—168)”
N, (matrix) 3681.6° 3562 (—120)°

*Figures in parentheses are wavenumber shifts from v/

free

a) Ref. 48, b) Ref. 49, c) Ref. 50, d) Ref. 51, e) Ref. 52.
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sum of the two lower-frequency components. Strictly speak-
ing, we should have taken account of the lower frequency
counterpart of the 3800 cm™' band. However, it is masked by
the hydrogen-bonded bands and is difficult to separate from
them. Neglect of the lower frequency counterpart will not
change the following discussion.

The resulting intensities of the OH absorption bands are
plotted against temperature in Fig. 5. The total intensity in-
creases by an order of magnitude as the temperature increases
from 373 K to 523 K, indicating an increase in the water con-
centration since the intensity should be proportional to the wa-
ter concentration. In addition, it is found that the intensity ra-
tio of the hydrogen-bonded band to the hydrogen-bond-free
band increases with the increasing temperature. This fact indi-
cates that the relative ratio of the dimeric species to the mono-
meric species increases with increasing temperature. In gener-
al, the increase in temperature has two mutually opposite ef-
fects on the equilibrium. The increase in solubility of water in
benzene is favorable to the hydrogen-bonded species owing to
the law of mass action. On the other hand, an entropy effect
favorable to the hydrogen-bond-free species increases also
with increasing temperature.

Assuming a monomer-dimer equilibrium,

2W «— W, 3)

the equilibrium constant is given by

d

K= Sca-ay @

where C is the total concentration of water and d indicates the
degree for the dimer formation. The population ratio of the
dimer to the monomer is given by

d
. — 5
" 1—a ©)
From Eqgs. 4 and 5, r is obtained as
r = %(v‘SCK%—l—l) 6)

The first derivative of r with respect to temperature 7T is given
by

ar_ 2

d
——(CK
dT V8CK +1 dT( ) @

Using the experimental result dr/dT > 0, we obtain

1K

1dC
>
K dT ®)

cdr

This relationship indicates that the rate of increase in the water
concentration is larger than the rate of decrease in the equilib-
rium constant. This is the condition for the effect of solubility
increase to be superior to the entropy effect, and is found to be
fulfilled in all the water—hydrocarbon mixtures measured in the
present study.

Figure 6 shows the effect of pressure on the OH band at con-
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Fig. 5. Effect of temperature on the integrated intensities of
the OH stretching absorption (left ordinate) and intensity
ratios (right ordinate) of the hydrogen-bonded band to the
hydrogen-bond-free band of HDO in benzene.
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Fig. 6. Infrared OH stretching absorption of HDO in ben-

zene at 473 K (a) and 523 K (b) at a few pressures. (Repro-
duced from Ref. 45 with permission. Copyright (2000)
American Institute of Physics).

stant temperatures, 473 K and 523 K. In contrast to the re-
markable temperature effect on the band intensity mentioned
above, the effect of pressure is only seen at around the peak of
the hydrogen-bond-free band. The total band intensity is ap-
proximately independent of pressure, indicating constant water
concentration in the 100 to 350 bar range. However, it is
worthwhile to note that the relative intensity of the hydrogen-
bond-free peak to the shoulder assigned to the hydrogen-bond-
ed OH increases with increasing pressure. This fact suggests
that the water—water hydrogen bond is destabilized a little as
the increasing pressure strengthens the water—benzene interac-
tion.

(2) n-Hydrogen Bonding. Next, we consider the varia-
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tion of peak frequencies of the hydrogen-bond-free peak with
alkyl substituents of the phenyl ring. As mentioned before, the
band profile of HDO is about the same for all the water—hydro-
carbon mixtures studied, but the peak frequencies are depen-
dent on the alkyl substituents and occur in the order: benzene
> toluene > ethylbenzene > o-xylene—m-xylene > mesity-
lene. This fact gives a clue to the nature of the intermolecular
interaction between water and the hydrocarbons. Another in-
triguing point is that the peak frequency of the monomeric
HDO in benzene at 473 K and 100 bar, 3648.6 cm ™!, is near to
that of a water—benzene complex, 3649 cm™ !, which was ob-
served for a jet-cooled cluster with resonant ion-dip infrared
spectroscopy.” This agreement suggests that the monomeric
water in benzene at high temperature and pressure undergoes a
similar interaction to that in the low-temperature complex, in
which water forms a hydrogen bond with benzene, with one of
its hydrogen atoms pointing toward the midpoint of the ben-
zene ring,>° as illustrated in Fig. 7. In this configuration, the
m-electron of the benzene ring is thought to act as a hydrogen-
bond acceptor and to form a m-hydrogen bond with water.
Therefore, the present experimental results mentioned above
may also be explained by the m-hydrogen-bonding interac-
tion. The strength as the hydrogen-bond acceptor will be relat-
ed to the ionization potential of the hydrocarbons, which is a
measure of electron-release tendency. Actually, the above-
mentioned order of the peak frequencies is exactly the same as
the order of ionization potentials of the aromatic hydrocar-
bons.

A useful model for the m-hydrogen-bonding between water
and aromatic hydrocarbons has been proposed by Ratajczak
and Orville—-Thomas®’ on the basis of Mulliken’s charge trans-
fer theory.®® They derived the following relationship between
the OH stretching peak frequency, V;, and the vertical ioniza-
tion potential, /p, of the electron-donor molecule (aromatic hy-
drocarbon in the present case):

@an = %UD ~Ex—0) ©
where Av = v, — v, is the peak frequency shift from a certain
reference frequency, v;, which is free from the charge transfer
interaction, a is constant for structurally similar hydrogen-
bonded complexes, E4 is the vertical electron affinity of the
electron-acceptor molecule (water in the present case), C de-

Fig. 7. Configuration of a water—benzene complex.
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notes the difference in stabilization energy between the excited
(charge-transfer) state and the ground state, and f is a reso-
nance integral between the donor and acceptor orbitals. For
convenience, Eq. 9 is rewritten as,

AW ' =mlp+n (10)
where

m=ap,? (11)

n=—afy > (Ex+C)=—m(Es+C) (12)

Thus, a linear relationship is expected between (Av)~! and Ip.
As the reference frequency, Vv;, we adopt the frequency of HDO
dissolved in hexane measured at 473 K and 100 bar, v, =
3679.3 cm™ 1% This frequency may involve a similar interac-
tion to that in aromatic hydrocarbons except for the charge
transfer interaction. The resulting values of (Av)~! are plotted
against I in Fig. 8. The plots are obviously linear, as expected
above, and indicate that the interaction between water and aro-
matic hydrocarbons in the mixtures at high-temperatures and
pressures can be described as the m-hydrogen bonding as that
in their complexes observed at the very low-temperatures. The
stabilization energy of the charge transfer state is approximate-
ly given by the Coulomb energy of the ion pair and, in general,
much larger than that of the ground state.®* Therefore, C can
be approximated by the net attractive energy of the ion pair, C
= ¢*/(4meyr), where ¢ = 1.602 X 107! C is the elementary
electric charge and & = 8.854 X 1072 Fm™! is the electric
permittivity of vacuum. Consequently, the distance r between
water and benzene is given by the following relationship

2
r o= q (13)
4rey —[(n/m)—Ex]

The value of n/m is estimated as —6.4 = 0.1 from eV the slope
and the intercept of the plots in Fig. 8, and the electron affinity
of water has been reported as E, = 1.2 eV.%" Using these val-
ues, r 1s estimated to be 2.8 = 0.1 A, which is comparable to
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£
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2 0.025 |- 0, m-xylene 4
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0.015 L L —L = L
8.2 8.4 8.6 8.8 9.0 9.2 9.4
ID /eV

Fig. 8. Plots of the frequency shifts of the OH stretching of
HDO against ionization potentials of solvent aromatic hy-
drocarbons at 473 K and 100 bar.
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those previously reported for the low-temperature complex. In
the MP-2 optimized structure,%? the distance from the center-
of-mass of benzene to the t-bonded hydrogen atom is 2.302 A,
and that from the water center-of-mass to the benzene center-
of-mass is 3.210 A, which is in fair agreement with the experi-
mental value of 3.347 A determined from jet cooled micro-
wave spectra.”® Although the distance 7 in Eq. 13 is difficult to
concretely define, it seems reasonable that the r value is in the
middle of the two explicitly defined distances mentioned
above, because the electron accepting orbital of water is con-
sidered to be an anti-bonding orbital of the OH bond. There-
fore, the present experimental result of r gives another support
to describing the water—benzene interaction in the high-tem-
perature-pressure mixtures with the concept of m-hydrogen
bonding.

3.2. At Temperatures above the Three-Phase Critical
Temperature. Spectral behavior of the water—hydrocarbon
mixtures at temperatures higher than the three-phase critical
point is significantly different from that at the lower tempera-
tures. Figure 9 shows examples of the spectra observed for the
water—benzene mixture at some temperatures at constant pres-
sure 300 bar. In the temperature range from 523 to 573 K, the
absorption increases with increasing temperature similarly to
the temperature-dependent increase in the lower temperature
range shown in Fig. 3. However, with further rising of the
temperature, the absorption decreases rather steeply. The same
phenomena have been observed for the water—toluene and wa-
ter—ethylbenzene mixtures, although the temperatures of the
maximum absorption shift to the higher temperature values, as
shown in Fig. 10. These facts indicate that the water concen-
tration in the hydrocarbon-rich phase of the water—aromatic
hydrocarbon mixtures passes a turning point as the tempera-
ture increases at constant pressure. Positions of the turning
points are in the vicinity of the critical curves as will be shown
later.

(1) Dynamical Feature of the Water—Water Hydrogen
Bond. Itis intriguing that the band shapes at higher tempera-
tures are more symmetric and structure-less as compared with
those at lower temperatures, as seen in Figs. 9 and 10. The
change in the band shapes is more clearly shown in Fig. 11, in
which each spectrum is normalized at the peak maximum. At
the lower temperatures, the hydrogen-bond-free and hydrogen-
bonded bands can be separately recognized. On the other
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Fig. 9. Effect of temperature on the infrared absorption of
HDO in benzene at 300 bar.
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Fig. 10. Effect of temperature on the infrared absorption of
HDO in toluene (a) and ethylbenzene (b) at 300 bar.
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Fig. 11. Effect of temperature on the band profile of the OH
absorption of HDO in benzene at 350 bar. (Reproduced
from Ref. 45 with permission. Copyright (2000) American
Institute of Physics).

hand, the absorption at the higher temperatures seems to be
difficult to decompose. On the contrary, the distinction be-
tween the hydrogen-bond-free and hydrogen-bonded bands
seems to be meaningless. It is rather likely that the two bands
merge into a single band at the higher temperatures, at which a
water molecule would acquire enough rotational energy to
cleave a hydrogen bond within a hydrogen-bonded cluster.
The hydrogen bond energy of water, about 20 kJ mol™!, is
much larger than the thermal energy at the present temperature
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range, 5.4 kJ mol ™! at 648 K. In such conditions, a hydrogen-
bonded cluster will continue to exist for a certain period which
is long enough in the time scale of infrared measurements. On
the other hand, the energy barrier for molecular rotation within
the hydrogen-bonded cluster may be comparable to the ther-
mal energy. The energy barrier for a hydrogen-bonded water
dimer, for example, is estimated to be about 6 kJ mol™! from
ab initio calculations by Matsuoka et al.,** assuming that the
bifurcated configuration is a transition state, as illustrated in
Fig. 12. At high enough temperature, therefore, the OH bond
of the HDO molecule changes back and forth between the hy-
drogen-bonded (G) and hydrogen-bond-free (G) states with
high enough frequency. Consequently the two bands merge
into a single band by the same principle as that for the well-
known phenomenon called signal coalescence due to chemical
exchange in the NMR spectra. The low limit of the exchange
rate to yield the band coalescence can be estimated from fre-
quency difference between the two bands. The rate constant at
the coalescence temperature is given by

ke = mcAv/~2, (14)

where c is the speed of light and Av denotes the frequency dif-
ference between the two bands. Using the wave numbers 3648
and 3580 cm ™, k. is estimated to be 5 X 10" s™!, and a rota-
tional lifetime of the hydrogen bonds in the water cluster is
givenas 2 X 1073 s,

(2) Temperature-Pressure Dependence of the OH Band
Intensity. Effect of pressure on the spectra is shown in Fig.
13. In contrast to the very small pressure effect at the lower
temperatures seen in Fig. 6, the absorption intensity as a mea-
sure of water concentration increases by an order of magnitude
as the pressure increases from 100 to 350 bar. Since the ab-

(a)

..... D B D
¢\IO)-H CF <> ((D 0<D > /Q—D ....... %DD
G(HBd OH) T(bifurcated) G'(HB-free OH)

(b)

Potential Energy

Fig. 12. Schematics of an exchange mechanism between the
hydrogen-bonded and hydrogen-bond-free states of an OH
group within a water dimer (a) and a potential energy curve
for the rotational jump (b).
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Fig. 14. Integrated intensities of HDO in benzene plotted
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(Reproduced from Ref. 45 with permission.
(2000) American Institute of Physics).

Copyright

sorption at the higher temperatures is difficult to decompose
into component bands, we have obtained the integrated intensi-
ties of the whole OH absorption for a quantitative discussion.
The integrated intensities are summarized in Fig. 14 for the
water—benzene mixture. It is clearly shown that the intensities
at 473 and 523 K are almost independent of pressure. On the
contrary, at the higher temperatures, the intensities increase re-
markably with increasing pressure and then reach or seem to
reach constant values at the higher pressures. The rate of the
initial increase is the steepest at 548 K and gradually reduces
as the temperature rises. These phenomena can be properly
understood by referring to a phase diagram which includes po-
sitions of the typical experimental points as shown in Fig. 15
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Fig. 15. Infrared intensity map for HDO in the benzene-rich
phase (upper) and the typical experimental points indicated
in the phase diagram (lower).

(lower). It is seen that all the experimental points at 473 and
523 K are in the two-phase region and are distinctly above the
three-phase equilibrium line. Then the present experimental
results indicate that the water concentration in the two-phase
region increases remarkably by going left-to-right along a hor-
izontal line in the phase diagram, but it changes little along a
vertical line, at least in the 100-350 bar range. In contrast, at
the higher temperatures, the water concentration remarkably
increases along a vertical line.

Such temperature-pressure-dependency of water concentra-
tion is conveniently shown by a three-dimensional intensity
map in Fig. 15 (upper). Similar intensity behavior has been
found for the water—toluene and water—ethylbenzene mixtures,
as shown in Fig. 16, but the temperature for the steepest in-
crease shifts to somewhat higher temperatures, probably corre-
sponding to shifts of the three-phase critical points.

These remarkable pressure dependences of the integrated
intensities or the water concentrations should be characteristic
of fluid mixtures in a near critical region. It is well known that
the density of a pure substance exhibits a drastic but continu-
ous pressure dependence at temperatures slightly above the
gas—liquid critical temperature.* By analogy with this fact,
the density of the water—aromatic hydrocarbons is expected to
show remarkable pressure dependence at temperatures slightly
above the three-phase critical temperature. Although the criti-
cal behavior of a mixture will be more complicated than that of
a pure substance, the above-mentioned pressure dependence of
the water concentration should be related to the density of the
mixtures. Therefore, it is intriguing to examine the tempera-
ture-pressure dependence of the density of the hydrocarbon-
rich phase.
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Fig. 16. Infrared intensity map for HDO in the toluene-rich

phase (upper) and the typical experimental points indicated
in the phase diagram (lower).

4. Molar Concentrations and Density

In order to estimate the density of the hydrocarbon-rich
phase, we need molar concentrations of water and hydrocarbon
in this phase. The water concentration has been estimated by
means of an empirical relationship between the peak frequency
and the molar integrated intensity. To estimate the concentra-
tion of hydrocarbons, we have measured the near-infrared ab-
sorption assigned to a phenyl group.

4.1. Molar Concentration of Water. The molar concen-
tration of water, Cy,, can be obtained from the integrated inten-
sity of the OH stretching band, Aop, divided by the molar ab-
sorption intensity, A™,

Cy, = Aon/A™. (15)

We have proposed an empirical expression for the molar ab-
sorption intensity A™ by allowing for an internal-field effect
and effect of hydrogen-bond formation.*> The results are as
follows:

A™ = A™/O (16)
_ 9n
©= (n> +2) a7

Ag™/(10° cm mol ™) = 3.0 + 5.37 X 1072 (3707 — vy/em ")
+2.12 X 107* (3707 — vp/em™ )? (18)
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where © denotes the internal-field correction factor given by
the refractive index n of the fluid mixture, and Ay™ is the molar
absorption intensity as a function of the band center frequency,
Vp. The n values can be estimated from the density of the mix-
ture and the molar refraction of water and hydrocarbons. Us-
ing literature values of the mixture densities at some tempera-
ture—pressure points>*> and assuming additivity of the molar
refraction,® we have estimated the values of the internal-field
correction factor, ©, to be in the 0.82-0.90 range for the
present experimental condition.*> This rather narrow variation
range of O indicates that the internal-field correction does not
affect the similarity in the temperature—pressure dependence
between the infrared integrated intensity and the water concen-
tration. The expression of A¢™, has been derived as an empiri-
cal relationship between the integrated intensities and the peak
frequencies, both of which vary significantly by hydrogen
bonding. As the hydrogen bond strengthens, the band center
shifts to the lower frequency and the band intensity increases.®
Taking account of this fact, we have obtained Eq. 18 using the
molar absorption intensities and the peak frequencies of HDO
in the gas, liquid and solid phases.*> Since the observed bands
are not symmetric and exhibit some structure, we have used
the first moment of the absorption as the band center, vj.

The resulting molar concentrations of water in the hydrocar-
bon-rich phase are plotted against temperatures at some pres-
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Fig. 17. Plots of water concentrations in benzene (a), toluene
(b), and ethylbenzene (c) against temperature at some pres-
sures.
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Fig. 18. Infrared absorption of benzene (a), toluene (b), and
ethylbenzene (c) at 473 K and 100 bar. Solid line: neat lig-
uid; dotted line: water-saturated liquid.

sures in Fig. 17. For the water—toluene and water—ethylben-
zene mixtures, the © values have been approximated by those
for the water—benzene mixture. It is obvious that, with in-
creasing temperature at constant pressure, the water concentra-
tion reaches the maximum at a certain temperature and then
steeply decreases at higher temperatures. Intriguingly, the po-
sitions of the turning points are close to the extended line of
the three-phase equilibrium curve and/or the one-phase critical
curve.

We should here take notice of the propriety of the present
estimate of the water concentrations. It is based on rather
crude approximations and has much room for improvement.
Nevertheless, the water concentrations in benzene are approxi-
mately consistent with the previously reported values for limit-
ed ranges of temperature and pressure.*'*> The uncertainty of
the present estimates may be in the range of 10% to 20%.

4.2. Concentration of Hydrocarbons in the Hydrocar-
bon-Rich Phase. Figure 18 shows observed spectra of neat
hydrocarbons and the hydrocarbon-rich phases of the water—
hydrocarbon mixtures at 473 K and 100 bar. We deal with the
absorption in the 4470-4800 cm ™' range, which is assigned to
a few combination transitions of the phenyl groups.®” The mo-
lar absorption intensities of neat hydrocarbons, Af.,, are esti-
mated from the integrated intensities, Syeq, in the spectral rang-
es 4470-4800 cm ™! for benzene, 4520—4750 cm ™! for toluene,
and 4480-4750 cm ™! for ethylbenzene, as
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heat = Snead (Cit']) 19)

where / is the sample thickness, and CY denotes the molar con-
centration of neat hydrocarbons and is estimated from litera-
ture data of the densities.®*® The resulting molar absorption
intensities are almost independent of temperature and pressure,
as shown in Fig. 19 for benzene, and we assume constant val-
ues: (2.15 * 0.05) X 10° cm mol ™! for benzene, (1.69 = 0.10)
X 10° cmmol ™! for toluene, and (1.77 = 0.15) X 10° cm mol ™!
for ethylbenzene. The value for benzene is consistent with the
previously reported molar absorption intensity of 2.19 X 10°
estimated in the 4493-4763 cm ™' range at 298 K and 1 bar.”"
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Fig. 19. Molar absorption intensities of neat benzene in the
temperature—pressure range of 473-648 K and 100-350
bar.
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Fig. 20. Molar concentration of benzene in the neat fluid and
in the water-saturated fluid plotted against pressure at vari-
ous temperatures.
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The molar concentration of the hydrocarbon in the hydro-
carbon-rich phase, Cy, is estimated from the integrated intensi-
ty of the mixture, Spx, by

CH = Smix/(Arr?eat'l) (20)

assuming that the molar absorption intensity in the mixture is
the same as that in the neat hydrocarbons. This assumption is
supported by the fact that the both spectra in that region are al-
most the same in profile and peak position, as seen in Fig. 18.
The resulting molar concentrations for neat benzene and the
water—benzene mixture are plotted against pressure in Fig. 20.
Rather unusual fluctuations for the mixture at the higer temper-
atures and lower pressures are probably due to a slight temper-
ature gradient in the cell, which may perturb the mixing state
of the fluid particularly at the lower pressures. The concentra-
tion of benzene gradually increases with increasing pressure at
constant temperature and decreases with increasing tempera-
ture at constant pressure. Obviously, the concentration of ben-
zene in the benzene-rich phase of the mixture is lower than that
of neat benzene. Needless to say, dissolution of water into the
benzene-rich phase give rise to the decrement of the benzene
concentration.

4.3. Ratio of the Water Concentration and the Density.
Using the results of the water and hydrocarbon concentrations,
we estimate densities of the hydrocarbon-rich phase in the
two-phase region and the homogeneous phase by

Pmix = CwMw + CuMy 20

where My and My denote the molecular weight of water and
hydrocarbon, respectively. Figure 21 shows the ratio of the
water concentration and the density, Cw/pmix, plotted against
pressure. Intriguingly enough, the ratios at 548 and 560 K
show far milder pressure dependence as compared with the re-
markable pressure dependence of water concentration seen in
Figs. 14 and 17. This fact means that the density of the ben-
zene-rich phase increases steeply with increasing pressure in
about the same way as that for the water concentration. In ad-
dition, the ratios slightly decrease with increasing pressure in
the temperature range 473-560 K, which is lower than the crit-
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Fig. 21. Plots of ratio of the water concentration to the densi-
ty of the benzene-rich phase against pressure at some tem-
peratures.
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ical solution temperature, 567 K.,* the lowest temperature in
the critical curve. A similar tendency has been observed for
the water—toluene and water—ethylbenzene mixtures.

At 573 K, on the contrary, the ratio increases initially and
then seems to become constant or slightly decrease at higher
pressures. In other words, as the pressure goes up along the
vertical line in the phase diagram shown in Fig. 15, the water
concentration increases somewhat faster than the density up to
around the crossing point over the critical curve. A similar ten-
dency has been found at the higher temperatures, although the
calculated values suffered from large uncertainty. To discuss
this phenomenon further, the uncertainty of the experimental
data at higher temperatures and lower pressures must be signif-
icantly reduced.

Observation of the above-mentioned phenomena has be-
come possible for the first time by the in situ spectroscopic
measurements. The present results are the first measurements
of the temperature-pressure-dependent change of the density
of the one phase in a two-phase coexistence region of the fluid
mixtures, to our knowledge.

5. Conclusion

It has been shown that in situ infrared measurements contain
various types of useful information about the water—hydrocar-
bon mixtures at high temperatures and pressures. Infrared ab-
sorption of HDO in aromatic hydrocarbons measured as a
function of temperature and pressure has been analyzed. At
temperatures lower than the three-phase critical end point, the
absorption can be decomposed into the hydrogen-bond-free
and hydrogen-bonded bands. The intensity ratio of the latter to
the former increases with increasing temperature against the
unfavorable entropy effect. This is explained by a high enough
increasing rate of water solubility with increasing temperature.
A good correlation is found between the OH stretching fre-
quency and the ionization potential of the solvent hydrocar-
bons. Then, it is indicated that the concept of the m-hydrogen
bonding, which has been proposed for a water—benzene com-
plex at extremely low temperatures, is still useful for under-
standing water—hydrocarbon interaction even at high tempera-
tures and pressures. The significant temperature-dependent
change in the band profile suggests that a water molecule ro-
tates rather freely even in a hydrogen-bonded water cluster at
high enough temperatures. At temperatures higher than the
three-phase critical end point, the absorption intensity as a
measure of water concentration increases remarkably with in-
creasing pressure, particularly around the extended line of the
three-phase coexistence curve. This is found to be parallel to
pressure dependent-change in the density of the hydrocarbon-
rich phase. The steep continuous increase in the density in the
region near the three-phase critical end point resembles well-
known observations for pure fluids near the critical point, and
should be characteristic of fluid mixtures near the critical re-
gion. This phenomenon is observed for the first time by the
present in situ infrared measurements.

This work was supported by the Research Fellowships of
the Japan Society for the Promotion of Science for Young Sci-
entist to S.F.
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