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Near-infrared spectroscopic study of water at high temperatures
and pressures
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Near-infrared absorption of the OH stretching overtone transition of water has been measured at
temperatures and pressures in the ranges of 373-673 K and 20-400 bar, respectively. The
absorption profile at 673 K and 400 bar retains a mark of rotational structure, indicating that an
appreciable proportion of water molecules can rotate quite freely. The molar absorption intensity
decreases linearly with increasing pressure in the low-pressure region. Enthalpy for dimerization has
been estimated to be 3 kJ/mol from the temperature dependence of the slopes. Plots of the molar
absorption intensity against molar concentration are observed to be located on a single curve
irrespective of the temperature. This fact indicates that the ratio of hydrogen-bond formation is
largely dependent on the molar density only. A good correlation between the molar absorption
intensity and the first moments of the band has been found out; this will be useful in the study of
aqueous mixtures. @003 American Institute of Physic§DOI: 10.1063/1.1628667

I. INTRODUCTION indispensable to the design and maintenance of plants for olil

) . refineries, the gas industry, and the petrochemical
Water at high temperatures and pressures exhibits r8ndustry8-21

markably different properties from ambient water. It be- The temperature dependence of the solubility phenom-
comes a 900_% sollvent for nonpolar compounds such agn, of agueous systems mentioned above is thought to be
hydrocarboné, which are US‘%a”y thought of as hydrppho- related to a change in water structure, the hydrogen bond
bic substanpe;. In contrast, h|gh-temperature' water Is a POPtwork, at elevated temperatures. Intensified thermal mo-
solvent for ionic substances due to dehydration of the i0nSg. 12 motions will loosen or destroy the hydrogen-bonded

. . . . . - 4-6 . .
which facilitates jon—ion a_ssomatldn. This change in the structure and reduce orientational correlation among water
solvent property of water is explained by a decrease in the : : . .

o . . molecules, thus causing a decrease in the dielectric constant.
static dielectric constant. For example, this value decreas

from 78.41 at 298 K and 1 bar to 20.22 at 573 K and 100 baftaﬂ iftg‘/zt:rﬁ' L?ESEEE?; ?]'Sgrgz':ssnrsoamngofnthae dZiiicoenp-
and 11.95 at 648 K and 300 bafhe solubility of water in ydrop y ' '

hydrocarbons also increases with increasing temperature uﬁthtates the transfer of water to the hydrocarbon phase, i.e.,

der pressure; water and hydrocarbons become completef duces the chemical potential d'ﬁeren?e for water mp_l-
miscible above a certain temperature and pressure, in a ules between the two pha.s-es.-ln addition to the solubility
ratio. For example, water and benzene form a homogeneo enomena, molecular mobility increases as the hydrogen-
mixture at temperatures and pressures above 570 K and ofgnded structure loosens, which results in a remarkable in-
bar}~3 The dynamical property also exhibits remarkableCréase in the diffusion coefficients.

temperature-dependent change, and molecular diffusion co- In order to understand the characteristic features of high-
efficients  significantly  increase  with  increasing {emperature water, it is essential to examine how the

temperaturé?® The notably large mutual solubility of water hydrogen-bonded structure of water varies with temperature
and organic compounds and accelerated molecular diffusiodnd pressure. Various experimental methods have been ap-
make high-temperature water a promising medium foilied to date to investigate the hydrogen-bond network of
chemical reaction¥?** In addition, high-temperature water high temperature water, particularly at supercritical condi-
may sometimes act as a reactant or catalyst, which can B@ns. Neutron-scatteririg>*and x-ray>*°studies have pro-
explained by the fact that the ion product of water is a fewvided configurational information on a local average struc-
orders of magnitude higher than that of water under ambierfure, while  NMRZ"~?° infrared®~%* and Ramai?~**
condition!*~13High-temperature water has attracted consid-Spectroscopy have revealed how the degree of hydrogen
erable attention as a reaction medium because of these propending varies with temperature and pressure. The static di-
erties, particularly for environmentally benign chemical pro-éelectric constant has also been used to discuss water structure
cesses. It is of particular importance for environment-up to the critical point® Molecular dynamic§MD) simula-
protecting technology where hydrothermal reactions ardions have performed an important role in the investigation
applied to the destruction of toxic waste chemiddfd’  of the structural change of water over a wide range of tem-
Water—hydrocarbon mixtures at high temperatures and preperatures and pressuf®s*® Significant discrepancies be-
sures are also important in a wide range of industrial situatween simulations and experimental results have sometimes
tions. The physicochemical properties of the mixtures areccurred, which suggested that corrections were required for
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the interpretation of experimental resulf¢* Meanwhile, pressures. Furthermore, the effect of hydrogen bonding on
various devices to improve the simulation of water have beetthe absorption intensity of the overtone band is much milder
proposed®>° than that on the fundamental bati® It is well established

It is now commonly accepted that hydrogen bonds perthat the integrated intensity of the fundamental OH stretch-
sist at temperatures even higher than the critical temperatuieg band increases remarkably with increasing hydrogen
of water. However, the quasitetrahedral arrangement of watdyond strengtfi® For example, the molar absorption intensity
molecules, which is characteristic of the hydrogen-bond netof the water molecule increases by an order of magnitude
work of the ambient water structure, collapses at temperafrom the gas to the liquid pha$8.In contrast, the molar
tures in excess of 416 R*2%%|n addition, the number of absorption intensity of the overtone band shows a slight de-
hydrogen bonds per molecule decreases from about 3.6 atease with increasing hydrogen bond strengff.Never-
ambient temperature to about 1.5—2 at around the criticatheless, the band position shifts significantly as a result of the
temperaturé*—2%3° Thus the average structure of high- hydrogen bonding. Therefore, to obtain information on the
temperature water has been elucidated to a certain extergitate of the hydrogen bonding in fluid or liquid water, the
However, molecular level behavior of high-temperature wa-absorption profile of the overtone band is superior to that of
ter has not yet been clarified to a satisfactory level. Morethe fundamental band. In the latter band, a feeble hydrogen-
over, the molecular-level structure of aqueous mixtures abond-free component, which would exist to an appreciable
high temperatures and pressures still remains largely urgxtent, is heavily buried under the strong hydrogen-bonded
known, although the thermodynamic properties have beefomponents. Making use of the advantages of the near-
widely studied. Infrared spectroscopy is one of the most useinfrared overtone absorption, it is possible to measure the
ful techniques to study the properties of aqueous systems &pectral profile at a wide range of densities, from the gas
the molecular level. phase to the supercritical state of a liquidlike density. In this

In situinfrared measurements provide quantitative infor-Paper, we report evolution of the band profile and the inte-
mation about the composition of mixtures at high temperagdrated intensity with increasing pressure at sub- and super-
tures and pressures. This is a particularly useful technique fdiitical temperatures, and discuss the origin of the band pro-
the study of each of the two coexisting phases. Recently, wéle and the hydrogen-bond structure of water. These data
analyzed a hydrocarbon-rich phase of water—hydrocarboWill also be useful to the study of agqueous mixtures.
mixtures at high temperatures and pressures, and obtained
the concentrations of water and hydrocarbons as a functiop experIMENT
of temperature and pressufe’?We discovered that the wa-
ter concentration, estimated from the integrated intensities of- APParatus and procedure

the OH stretching bands, shows strong pressure dependence Figure 1 shows the schematic of the high-pressure cell,
in the region around an extended line of the three-phase cqvhich is a custom-made cell machined by Teramecs Co.
existence curve in the phase diagram. Moreover, the watertkyoto, Japaih The cell body is made of Hastelloy, which is
hydrocarbon mixtures exhibit anomalous volumetric behava nickel-base superalloy and useful for applications requiring
ior in the vicinity of the critical regiort®> For example, high strength and corrosion resistance up to 1400 K. The
volume expansion on the mixing of water and benzene bemaximum operating temperature and pressure of the cell are
comes as large as 200% at 573 K and 100 bar. Similar phez73 K and 500 bar, respectively. The windows of the cell are
nomena have been observed for water—toluene, watereolorless sapphire with an effective aperture for optical trans-
ethylbenzene, and water—hexane mixtdfesThus the mission of 6 mm, and are pressed against optically polished
anomalous volume expansion is considered to be common ftat surfaces of window plugs for a pressure seal by the un-
the mixing of hydrophobic hydrocarbons and water in thesupported area principle. The optical path length of a sample
vicinity of the critical region. These findings are for the is 1.46 mm, which was determined by comparison of the
hydrocarbon-rich phase in the two-phase coexistence regioabsorption intensity of a near infrared band of water at room
We were interested in establishing whether the water-richemperature with that measured using an ordinary liquid cell
phase in the same region shows the corresponding volumetf known path length. The cell is heated by rod-shape elec-
ric behavior. To examine this, the concentrations of both watric heaters that are inserted into holes bored in the cell body,
ter and hydrocarbons in the water-rich phase are requireénd the sample temperature is measured with a chromel—
However, we were unable to measure the concentrations ialumel thermocouple. The cell has three sample inlets. The
the water-rich phase due to the strong infrared absorption afne on the top is for initial filling of sample liquids and the
water. We then attempted to measure the concentrations uswo on the side are for transmitting compressed liquids into
ing near infrared absorption caused by the overtone OHhe cell with a syringe pump for liquid chromatography. The
stretching transition. upper one of the two side inlets is for hydrocarbons and the
Measurement of the overtone absorption has some adewer one for water. Pressure of the sample is measured with
vantage over the fundamental absorption. Intensity of the pressure transducer of a semiconductor strain gage, which
overtone band is two orders of magnitude smaller than thés set between the cell and the pump.
fundamental OH stretching barti*>*-%%and the integrated Near-infrared transmission spectra were measured with a
intensity can be obtained with an optical pathlength of abouPerkin-Elmer System 2000 Fourier-transform spectrometer,
1 mm, which is in the range that can be controlled reasonwhich was equipped with a near-infrared source and a near-
ably easily and accurately even at high temperatures aniafrared detector. Spectral measurements were performed
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; FIG. 2. Effect of temperature on the absorption profile of the near-infrared

= of the hydrogen bond¥ Therefore, the rapid decay of ab-
sorption in the 6800 to 6000 cm region may be related to a
k.. | reduction in, or fragmentation of the hydrogen bond network

in water. This is consistent with the structural change ob-
EE@ @ﬂ: served by x-ra§? and MD simulation studie®*® which is
characterized by decay of the quasitetrahedral hydrogen
bonded structure.

A small bulge at around 6850 c¢rh which appears
FIG. 1. Schematic of the high-pressure—high-temperature cell. EH, electri@bove 373 K, decays with rising temperature and is assigned
heater; W, sapphire windows; TC, thermocouple. to hydrogen bonded OH groups. However, it seems to persist

even at 673 K, and may be assigned to small hydrogen-
with 2 cm™? resolution at sample temperatures in the 373_bonded clusters, such as dimers and trimers, being consistent

. - with the previous infrared study of the fundamental OH
673 K range and pressures in the 20400 bar range. Each of{etching regiort* The absorption in the region above 7000

. . S
the experimental temperature-prfa.ss.ure points was attf';uned A1 Diributed to hydrogen-bond-free OH groups. The
a slow rate, and the phase equilibrium of sample fluid was . X .
confirmed by a spectrum that remained unchanged for ea_k maximum gradually shifts to hlghe[gvave_numbers, and
least an hour. a slight bump emerges at aroupd 7400 crat higher tem- o
peratures. To further characterize these band features, it is
useful to examine the evolution of the band shape with in-
creasing pressure at a constant temperafuie®

Figure 2 illustrates how the absorption profile of the Figure 3 displays the observed spectra of water at pres-
near-infrared OH-stretching overtone transition varies withsures in the 20 to 400 bar range at a constant temperature of
increasing temperature from 293 to 673 K at a constant pre$673 K, where an inlet figure shows the spectra at lower pres-
sure of 400 bar. The absorbance has been normalized Isures on an expanded scale. The rotational fine structure,
densities (g/cn™) which are taken from NIST Chemistry which is clearly observed in spectra at the lowest two pres-
WebBook®! As the temperature rises, the absorption in thesures, gradually collapses to a smooth envelope Rjtf,
region below 7000 cmt decays rapidly while the absorption andR branches as the pressure increases. At the higher pres-
at higher wave numbers grows remarkably. At the low-wavesures, theP, Q, and R branches merge into a single band.
number end of the figure, a tail of another band appeardiowever, theR branch does not completely fade even at 400
which is centered around 5200 cfnand assigned to an OH bar, but remains as a slight bump on the higher-wave-number
stretchingtbending combination transition. The absorptionside of the band. A feature of tHebranch cannot be seen at
of this band is several times stronger than the OH overtonéhe higher pressures, due to faster mergence withQhe
band concerned in the present study. The lower-wavebranch and overlap with the growing absorption of
number tail of the overtone band is thought to originate fromhydrogen-bonded OH groups on the lower-wave-number
the hydrogen bond network, in which the OH groups exhibitside. Thus the absorption band still retains rotational features
broad absorption at lower wave numbers due to cooperativitjo a certain extent at 673 K and 400 bar, where the density is

W

1cm
—

SIDE VIEW

B. Observed spectra
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FIG. 3. Effect of pressure on the near-infrared OH stretching overtone abFIG. 4. Plots of molar absorption intensity of the near-infrared OH stretch-
sorption of water at 673 K. ing overtone transition of water against pressure at various temperatures.

29 mol/l. This fact indicates that an appreciable proportion ofdensities, but will not affect the following discussion. For
the molecules rotate quite freely, although they undergo frespectra recorded at pressures below 50 bar that exhibit a
quent collisions with other molecules. The spectra of watetistinct rotational fine structure, the intensities were inaccu-
have usually been decomposed to symmetric componentate due to uncertainty in the position of the baseline and
with Lorentzian and/or Gaussian profiles to estimate the rawere excluded from the following discussion.

tios of the different hydrogen-bonded states of water The resulting molar absorption intensities are plotted
molecules’™*¢58{owever, such a method is not useful for against pressure in Fig. 4. The discrete jumps at 573 and 623
analysis of the present spectrum. A contribution of the freek are due to the gas-to-liquid transition. At 650 K, which is
molecules exhibiting the remnant of the, Q, and R  slightly above the critical temperature, the intensities are ex-
branches is difficult to separate from the heavily overlappingremely sensitive to pressure at around the critical point and
components bands that are related to different hydrogerwe have obtained a quasidiscrete jump. However, at 673 K,
bonded states. Therefore, to discuss the state of hydrogehe intensities exhibit a large but smooth variation with pres-
bonding in water, we have estimated the integrated intensitgure. The decrease of the molar absorption intensities with

and the first moment of the absorption bands. rising pressure is attributed to the effect of hydrogen bonding
between water molecules. This is in contrast to the pressure
IIl. DISCUSSION dependence of the OH stretching fundamental absorption in-

) . N i tensity, which shows a remarkable increase due to hydrogen
The integrated intensities of the OH stretching overtong,onding3233 Thus the effect of hydrogen bonding on the
absorption bands h:alve been estimated in the frequency ranggy|ar absorption intensity is opposite for the fundamental
of 6200 to 7800 cm". The molar absorption intensities are 5nq the overtone OH stretching transitions.

obtained from the integrated intensities divided by the molar ¢ approximately linear decrease of the intensity in the

concentration of wate€,, taken from the literaturé* low-pressure region, seen in Fig. 4, is attributed to a
pressure-induced shift of the monomer—dimer equilibrium.
A= af In(lo/1)dv, (1) The observed molar absorption intensity is given by an av-

w

erage of those of the free moleculds,,, and the dimers,
wherel denotes the sample thickness, 0.146 cm, laadl, A,

transmission spectra of the cell with and without sample,

respectively. Reflection at a fluid—window interface should A=(1=X)AnTXAg, 2
influence thel andl, spectra in different ways and yield a wherex denotes a mole fraction of water molecules forming
slight, nearly vertical shift in the absorbance. To exclude thighe dimers. It is well established that the water dimer has a
effect from the integration, a horizontal base line is taken atranslinear configuration, which consists of a hydrogen—
a signal level of 7800 cit, where the overtone absorption donor and a hydrogen—acceptor mole&ii€® Therefore,
decays sufficiently. The lower frequency limit of the integra-the value ofA4 is considered to be an average for these two
tion range, 6200 cml, is set to allow for the overlapping different states of molecules in the dimer:

with the lower-frequency combination band. This may yield Ae (At A2 3)
some error in the estimation of the absolute values of the 24~ (AddTAda)/2.

integrated intensity at the lower temperatures or at the higher The equilibrium constant is given by
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. X(2—X) (4) FIG. 6. Plots of molar absorption intensity of the near-infrared OH stretch-
- ) ing overtone transition of water against molar density.
4(1-x)%P ’ g Y

whereP denotes the total pressure. It is easily shown xtiat

approximately equal to RP in the range ok<<1. Then . . . . )
bridge, contributes a negligibly small intensity to the over-

A=Ant+2KP(Ag—Ap). (5  tone transition. This is in marked contrast with their contri-
Thus the observed negative slope of the plotsAaigainst bution_ to the fundamen_tal OH stret_ching tran_sition. These
pressureP indicatesAy<A,,. Least squares fitting was per- _experlmental_results in nitrogen matrix are consistent afith
formed for the plots of the three higher temperatures witHMitio theoretical calculations of water dimer by Low and
constraint of the same intercept. A value Af,=(4.55 Kjaergaaroff. F_urthermore, these experlmgntall and Fheoretl—
+0.02)x 10° cm/mol is obtained from the intercept. Since cal results indicate that_the molar absorption intensity of the
A,, andAy are constant, the temperature dependence of theroton donor molecule is roughly half that of the monomer,

slope,sy=2K(A4—A,,), provides enthalpy change for the Aga=An/2. By use .of these estimations, E&) can be re-
dimerization, duced to the following form:

dInK B dIn[ —sa] A=AL(1-KP/2). @

-R =— , (6)

(L) J(1T) Therefore, the equilibrium constaldtis given by the ratio of
where R is the gas constant. Figure 5 shows plots of Inthe slope to the intercept in the plots. The resulting values are
[—sa] against inverse temperature, and the slope of thes@x 10 4, 10x10 4, and 1x10 *bar ! at 673, 650, and
plots gives aAH value of 15-3 kJmol ™. This is in good 623 K, respectively, and the molar fraction of dimerization,
agreement with the previously reported result, 16857  x, is estimated to be 0.18, 0.20, and 0.22, at 100 bar. There-
kJ mol™, which was obtained from analysis of the absorp-fore, roughly 20% of water molecules take part in the dimer-
tion intensity of the OH stretching fundamental transition. ization at 100 bar in the above temperature range.

At present, the equilibrium constaKtcannot be experi- Figure 6 shows plots of the molar absorption intensity
mentally determined, since the valueAf is unavailable. It  versus molar density. The plots at different temperatures are
appears difficult to measure &y value in the gas phase. approximately on the same line in the whole density region.
Nevertheless, a rough estimation &f may be possible by The rate of decrease in the molar absorption with increasing
use of a matrix isolation study and theoretical calculationsdensity exhibits a change at around 2 mol/l. The steep de-
so we attempted to estimate the fraction of water moleculesrease at the lower densities is attributed to the dimerization
forming the dimers in the compressed gases. Recentlynentioned above. In the middle density range, from 6 to 40
Percharff reported measurements of infrared intensities ofmol/l, the molar absorption decreases almost linearly even
the fundamental and overtone bands of water trapped in niwhen passing the vapor-to-liquid transition. In the region of
trogen matrix and performed detailed analysis of the intensithe higher densities, the molar absorption appears to con-
ties of various transitions. The results have indicated that thgeerge. These facts indicate that the ratio of the hydrogen-
molar absorption intensity of the overtone transition of thebond formation is largely dependent on the molar density
proton acceptor molecule in the dimer is approximatelyonly, irrespective of the temperature in the temperature range
equal to that of the monomeh,,=A,,. For the proton do- concerned. This can be understood by considering that the
nor molecule, the molar absorption intensity originates preenergy of the hydrogen bonding of water molecules, about
dominantly from the OH bond that is free from hydrogen 20 kJ/mol, is distinctly higher than the average thermal en-
bonds, while the other OH bond, forming the hydrogen-boncergy, 5 to 6 kJ/mol in the 573—-673 K range.

AH=
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5010° . . . : . . molar absorption intensity of the overtone transition in-
creases by only 20% as the first moment increases by 270
cm 1, as illustrated in Fig. 7. This is an advantage of using

8 the overtone band to estimate water concentration in aqueous
mixtures, because uncertainty in the estimates of the molar
absorption intensity is quite small and the water concentra-
3.0 10°- . tion can be estimated without significant uncertainty. The
relationship given by Fig. 7 will be used in a study of water—
benzene mixtures at high temperatures and pressures in the
next paper.

4.0 105

2.0 10°
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