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ABSTRACT

Frantz, J.D., Dubessy, J. and Mysen, B., 1993. An optical cell for Raman spectroscopic studies of supercritical fluids and
its application to the study of water to 500°C and 2000 bar. Chem. Geol., 106: 9-26.

A high-temperature, high-pressure optical cell has been developed for the study of aqueous solutions by Raman spec-
troscopy. The disk-shaped cell has a sample volume of < | ml and utilizes diamond or sapphire windows set at 90° to one-
another. Temperatures to 700°C and pressures to 4000 bar have been attained as measured using an internal thermocouple
and a strain gauge. The apparatus was employed in the study of water to 500°C and 2000 bar with spectra of the O-H
stretching mode being collected at intervals of 50°C and 250 bar. A low-frequency shoulder between 3250 and 3300 cm -1
was found to persist to the maximum temperatures 1o at least 450°C at pressures above those of the liquid vapor curve; its
intensity decreased with increasing temperature and decreasing pressure. The frequency of the maximum intensity of the
spectral envelope increased dramatically with temperature to above 250°C and was found to be linear with respect to
density and independent of temperature at constant density above 250°C. Similar behavior is seen for the viscosity, die-
lectric constant and the limiting equivalent conductances of pure water. The data indicate the presence of intermolecular

hydrogen bonding to temperatures to well above 300°C at densities above the critical density.

1. Introduction

High-temperature, high-pressure fluids are of
fundamental importance to heat- and mass-
transfer processes in the Earth’s crust and
mantle. Heat transfer is affected by the flux and
heat capacity of intergranular fluids and mass
transfer by the processes of mineral dissolu-
tion in material transport or mineral precipi-
tation from the fluid. In order to model such
processes, the chemical composition, structu-
tral speciation and thermodynamics of these

Correspondence to: J.D. Frantz, Geophysical Laboratory,
Carnegie Institution of Washington, Washington, D.C.
20008, USA.

intergranular fluids must be known. Electronic
and vibrational spectroscopy of aqueous solu-
tions are powerful techniques since they can be
used as in situ probes of the structure of elec-
trolytic solutions at high temperatures and
pressures. For instance, the structure of water
was investigated in pioneering studies using
infrared spectroscopy (Frank and Roth, 1967;
Valyashko et al., 1980) and Raman spectros-
copy (Lindner, 1970; Ratcliffe and Irish, 1982;
Kohlet al., 1991). Polyatomic ions give rise to
intense Raman spectra and are thus suitable for
Raman studies. Dawson et al (1986) used this
technique to investigate bisulfate—sulfate equi-
libria to 300°C. Aqueous complexes can be
studied both by UV-visible absorption spec-

0009-2541/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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lower frequency) at ¥, =3654 cm~! with asso-
ciated lower-frequency rotational structures.
The infrared spectroscopy of water monomer
using matrix isolation techniques in Ar, Kr or
N, shows the following values: v, =3638--3632
cm~! and v3=3734-3725 cm~' (Thiel et al.,
1957; Tursi and Nixon, 1970; Engdhal and Ne-
lander, 1989). Dimers have been shown to be
represented by two distinct Raman bands at
3652 and 3572 cm~! corresponding to the pro-
ton acceptor and proton donor molecules, re-
spectively (Buldakovaet al., 1986).

The Raman spectrum of liquid water ex-
hibits both intermolecular (< 1100cm~"') and
intramolecular modes (>1200 cm™'), the
former being a characteristic only of liquid
water (Walrafen, 1972). Significant differ-
ences exist between the intramolecular modes
of the liquid and vapor phases. These differ-
ences are considerably greater than for other
compounds as a result of hydrogen bonding
(even compared to dipolar compound such as
H,S). The most striking feature is the exis-
tence of the non-symmetric band assigned to
the stretching vibrations centered between
3100 and 3900 cm~"! with a full width at half
maximum (FWHM) of ~400 cm~! at am-
bient temperature and pressure. This envelope
(Fig. 4b) consists of a component near 3250
cm~', a peak maximum (7,,,,) around 3400
cm~' and a shoulder at 3625+ 10 cm~"' (Wal-
rafen et al., 1972, 1986). The band under the
low-frequency shoulder (considered for water
at room temperature to represent strongly hy-
drogen-bonded water molecules with local te-
trahedral symmetry) lies at a frequency sub-
stantially higher than the corresponding band
of ice. The wavenumber at the maximum in-
tensity (Vpm.,) at 3425 cm~! is significantly
shifted towards lower frequency with respect
to v, of the isolated molecule. By contrast, the
symmetric stretching frequency of liquid H,S
is 2580 cm~' and of the isolated molecule 2611
cm~' (Herzberg, 1976). The large FWHM of
the stretching band points out the importance
of intermolecular coupling through hydrogen

bonding (Green et al., 1986, 1987; Hare and
Sorensen, 1990a, b, 1992). The bending mode
of water exhibits a rather weak band around
1636 cm~—! (Walrafen, 1972; Brooker et al.,
1989; Falk, 1990) and has been shown to be
insensitive to pressure and temperature (Rat-
cliffe and Irish, 1982).

3.2. Experimental results

The principal goal of this study was to inves-
tigate the temperature and pressure depen-
dence of the O-H stretching mode of water
with the objective of relating the changes in the
structure of water under these conditions to
changes in its bulk transport properties. The
spectra were taken from 2700 to 3900 cm ™!
using three overlapping spectral windows. In-
tensities of the overlapping windows were cal-
ibrated using a white lamp. Integration times
were commonly on the order of 0.5-2 s with
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Fig. 4. a. Low-temperature, low-pressure Raman spectra
of water using optical cell fitted with water jackets.b.
Comparison of water spectra of the present study (4) at
1 bar with that of Walrafen et al. (1986) (B). Approxi-
mate location of inflection points listed in Table 1 are
shown as D,.
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100 accumulations. The temperature was
raised in increments of 50°C, each being fol-
lowed by a series of 250-bar pressure incre-
ments. All of the data were taken during a sin-
gle series of measurements on the same fluid
sample. As the diamond windows were highly
strained, no attempt was made to obtain de-
polarization ratios. Spectra at temperatures
between 1° and 80°C were collected in the
previously-described optical cell fitted with
water jackets (Fig. 4a). Comparison of the
water spectrum collected at 21°C with that of
Walrafen et al. (1986) is presented in Fig. 4b.
The high-temperature, high-pressure spectra,
corrected for temperature and background
(Mysen et al., 1982), are shown in Fig. 5. Iso-

J.D. FRANTZET AL.

baric sections for 230, 980 and 1990 bar are
shown in Fig. 6. Full width at half maximum
(FWHM), the frequency of the maximum in-
tensity (Vmax ), the frequencies of the inflection
points (D;) and the relative intensities (with
respect to V,,,) of the inflection points (I,;)
are given in Table 1. These parameters were
determined after computing derivative func-
tions of the spectra. The relative locations of
the inflection points are indicated in Fig. 4b.
Attempts to deconvolute the whole envelope
into three or four bands are difficult because
of different shapes for each line.

At 100° and 145°C, the shape of the spectra
does not change significantly with pressure. At
100°C, the inflection at 3266 cm~' corre-
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Fig. 6. Isobaric sections of the water spectra.

sponding to the low-frequency shoulder (D-)
has a relative intensity (/p,) of ~60% of the
maximum intensity which lies at 3445 cm~".
A high-frequency shoulder is indicated by the
inflection points Ds and D,. The shape of the
peak of the maximum frequency envelope is
skewed towards lower frequency. As the tem-
perature increases to 145°C, the relative inten-
sity of the inflection point at 3265 cm~' de-
creases by 15% with a corresponding decrease
in the FWHM. The frequency of maximum in-
tensity (V. ) increases by 30 cm~'.

The spectra taken at 203°C indicate that
these same trends continue. The value of I,
indicating the relative intensity of the low-fre-
quency band, has dropped to 30% and the fre-
quency of the maximum intensity (v,,,) has
substantially increased by as much as 50 cm ™!
compared with the 145°C spectra. At 203°C,
I, 1s seen to increase and v,,,, decreases with
increasing pressure. Of particular interest is the
increase in the frequency of D, as temperature
increases from 100° to 203°C. This probably
corresponds to a decrease in the contribution
of the high-frequency band envelope at lower
frequencies as it shifts towards higher fre-
quency. The position of D, appears to be in-
dependent of temperature. Additionally, due to
the frequency shift of the high-frequency en-
velope, identification of Ds and D, are becom-
ing increasingly difficult. The frequency of D,
appears to be independent of both tempera-
ture and pressure.

The relative intensity of D, (I,,) is only 18%
at 252°C and the inflection points, Ds and D,
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can no longer be determined. Because of this,
reduced values of FWHM are becoming rep-
resentative of only the high-frequency portion
of the envelope. The shape of the peak of the
maximum frequency band envelope is now
skewed towards higher frequency whereas at
lower temperatures, the skewness is towards
lower frequency. The FWHM continues to in-
crease and v, to decrease with increasing
pressure at 252°C.,

By 300°C, the frequency of the maximum
intensity (V.. ) exhibits at constant density a
much smaller temperature dependence though
the FWHM continues to narrow. Increasing
pressure continues to produce the same effects
in FWHM and v,,,, as at lower temperatures.
As the contribution of the low-frequency band
1s small (D,=9-15%), it is clear that the gen-
eral shape of the high-frequency band enve-
lope is not symmetric but skewed towards high
frequency. The inflection on the high-fre-
quency side of the envelope remains indepen-
dent of temperature and pressure (Table 1).

Similar trends continue as the temperature
increases to 354°, 401°, 451° and 505°C at
pressures above the liquid-vapor curve (or the
critical isochore: p=0.322 g cm~* Haar et al.,
1984). The FWHM continues to narrow with
Vmax decreasing with increasing pressure but
showing little temperature dependence. The
low-frequency band continues to persist to
451°C and possibly to 505°C but with very
much reduced values of /.. At pressures be-
low the liquid-vapor curve (or the critical iso-
chore), large changes occur in both v,,,, and
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TABLE 1

Derived parameters of the O-H stretching band envelope

Pressure  Density FWHM D, D, Ipy Dy Vmax Dy Ipg Ds Dy
(bar) (gem~3)  (em™Y) (em™')  (em™') (%) (em=') (em~') (em™') (%) (cm™')  (cm™!)
100°C:
228 0.969 391 3,181 3,267 59 3,382 3,444 3,598 56 3,638 3,630
481 0.977 381 3,180 3,266 57 3,375 3,445 3,598 57 3,616 3,620
734 0.990 394 3,180 3,267 59 3,382 3,446 3,597 59 3,613 3,636
986 0.992 393 3,180 3,266 59 3,382 3,446 3,595 58 3,613 3,642
1,229 1.008 396 3,180 3,266 61 3,381 3,445 3,596 59 3,613 3,644
1,487 1.017 395 3,180 3,267 61 3,383 3,446 3,598 57 3,612 3,639
1,748 1.025 397 3,181 3,274 63 3,383 3,448 3,597 56 3,613 3,643
1,984 1.033 398 3,181 3,284 61 3,383 3,445 3,597 57 3,613 3,645
145°C:
227 0.934 324 3,189 3,266 44 3,375 3,476 3,598 66 3,614 3,641
475 0.946 320 3,184 3,270 45 3,383 3477 3,596 66 3,613 3,637
733 0.957 330 3,192 3,266 46 3,383 3,475 3,600 63 3,613 3,649
977 0.968 331 3,189 3,265 46 3,381 3,475 3,596 65 3,614 3,635
1,234 0.978 331 3,181 3,265 47 3,384 3,475 3,596 65 3,613 3,643
1,486 0.987 339 3,181 3,267 48 3,383 3,476 3,597 63 3,613 3,637
1,737 0.996 338 3,191 3,266 47 3,383 3,474 3,598 62 3,617 3,643
1,993 1.006 346 3,183 3,251 46 3,381 3,473 3,607 57 3,613 3,644
203°C:
232 0.877 261 3,214 3,266 28 3,424 3,527 3,597 70 3,614 3,642
430 0.893 264 3,216 3,265 30 3,423 3,526 3,595 72 3,613 3,649
726 0.907 264 3,213 3,267 30 3,423 3,519 3,596 70 n.a. n.a.
990 0.921 264 3,214 3,263 30 3,422 3,519 3,597 67 n.a. n.a.
1,244 0.932 269 3,214 3,264 31 3,423 3,511 3,595 69 n.a. n.a.
1,483 0.943 266 3,216 3,265 32 3,424 3,519 3,595 68 n.a. n.a.
1,740 0.953 266 3,207 3,267 32 3,424 3,508 3,596 65 3,614 3,635
1,988 0.963 272 3,213 3,280 35 3,424 3,507 3,590 70 3,613 3,625
252°C:
228 0.816 215 3,217 3,278 18 3,440 3,544 3,597 73 3,613 3,628
487 0.839 218 3,215 3,264 18 3,441 3,542 3,597 72 n.a. n.a.
987 0.874 224 3,215 3,265 20 3,424 3,541 3,597 70 n.a. n.a.
1,233 0.887 224 3,214 3,265 20 3,424 3,537 3,596 69 n.a. n.a.
1,477 0.900 227 3,213 3,266 21 3,422 3,534 3,588 75 n.a. n.a.
1,729 0.914 230 3,213 3,278 23 3,424 3,524 3,594 69 n.a. n.a.
1,987 0.925 231 3,209 3,264 22 3,422 3,531 3,597 65 n.a. n.a.
300°C:
233 0.739 174 3,216 3,258 9 3,529 3,560 3,597 76 n.a. n.a.
489 0.775 178 3,216 3,274 11 3,515 3,550 3.596 75 n.a. n.a.
734 0.801 180 3,214 3,269 12 3,490 3,544 3,597 71 n.a. n.a.
983 0.822 187 3,213 3,262 13 3,490 3,547 3,595 72 n.a. n.a.
1,239 0.841 190 3,219 3,267 14 3,472 3,544 3,597 68 n.a. n.a.
1,478 0.856 192 3,217 3,264 14 3,490 3,543 3,597 67 n.a. n.a.
1,734 0.871 195 3,212 3,262 15 3,480 3,542 3,597 65 n.a. n.a.

1,986 0.885 196 3,214 3,266 {5 3.454 3,542 3,597 66 n.a. n.a.



AN OPTICAL CELL FOR RAMAN SPECTROSCOPIC STUDIES OF SUPERCRITICAL FLUIDS 17
TABLE 1 (continued)
Pressure Density = FWHM D, D, Ips Ds Vinax D, Ipa Ds Ds
(bar) (gem~3%)  (em~') (ecm™') (em™') (%) (cm™') (em~') (em™!') (%) (em~') (cm™!)
351°C:
109 0.050 29 n.a n.a. n.a. 3,632 3,640 3,647 66 n.a. n.a
354°C:
236 0.605 125 3,217 3,263 3 3,532 3,575 3,609 69 n.a. n.a.
480 0.684 136 3212 3,262 5 3,527 3,564 3,596 79 n.a. n.a.
731 0.726 143 3214 3,259 6 3,528 3,564 3,598 73 n.a. n.a.
986 0.755 149 3,213 3,267 7 3,528 3,564 3,595 74 n.a. n.a.
1,231 0.780 153 3,212 3,263 8 3,528 3,556 3,598 68 n.a. n.a.
1,480 0.801 156 3,216 3,266 9 3,517 3,553 3,596 68 n.a. n.a.
1,729 0.819 158 3,214 3,263 9 3,514 3,550 3,594 70 n.a. n.a.
1,990 0.836 162 3214 3,271 10 3,515 3,547 3,595 67 n.a. n.a.
376°C:
200 0.128 43 n.a. n.a. n.a. 3,618 3,628 3,637 83 n.a. n.a.
207 0.143 49 n.a. n.a. n.a. 3,616 3,626 3,640 65 n.a. n.a.
215 0.167 55 n.a. n.a. n.a. 3,614 3,626 3,639 68 n.a. n.a.
222 0.207 64 n.a. n.a. n.a. 3,613 3,620 3,636 75 n.a. n.a.
228 0.404 82 n.a. n.a. n.a. 3,587 3,610 3,635 70 n.a. n.a.
236 0.460 94 n.a. n.a. n.a. 3,567 3,594 3,627 63 n.a. n.a.
232 0.440 94 n.a. n.a. n.a. 3,567 3,594 3,628 63 n.a. n.a.
242 0.479 97 n.a. n.a. n.a. 3,556 3,589 3,619 72 n.a. n.a.
401°C:
234 0.138 41 n.a. n.a. n.a. 3,615 3,628 3,640 69 n.a. n.a.
487 0.565 104 3,214 3,268 2 3,561 3,581 3,604 29 n.a. n.a.
737 0.645 114 3,224 3,267 3 3,540 3,573 3,599 77 n.a. n.a.
981 0.688 117 3,218 3,266 4 3,527 3,570 3,597 75 n.a. n.a.
1,234 0.722 124 3,212 3,267 5 3,528 3,567 3,597 72 n.a. n.a.
1,731 0.771 130 3,212 3,262 5 3,528 3,563 3,595 72 n.a. n.a.
2,006 0.792 135 3,223 3,266 6 3,528 3,558 3,596 67 n.a. n.a.
451°C:
231 0.097 32 n.a. n.a. n.a. 3,624 3,632 3,643 60 n.a. n.a.
482 0.379 72 n.a. n.a. n.a. 3,581 3,603 3,625 64 n.a. n.a.
731 0.538 88 n.a. n.a. n.a. 3,561 3,586 3,609 72 n.a. n.a.
982 0.471 95 3,213 3,265 1 3,555 3,576 3,597 81 n.a. n.a.
1,229 0.653 103 3212 3,265 2 3,539 3,571 3,597 76 n.a. n.a.
1,491 0.689 109 3,214 3,267 1 3,540 3,570 3,597 71 n.a. n.a.
1,751 0.718 115 3,213 3,265 2 3,529 3,569 3,598 70 n.a. n.a.
1,987 0.740 118 3,218 3,267 3 3,527 3,5p64 3,595 69 n.a. n.a.
505°C:
238 0.083 30 n.a. n.a. n.a. 3,623 3,633 3,642 68 n.a. n.a.
484 0.236 47 n.a. n.a. n.a. 3,605 3,617 3,630 69 n.a. n.a.
731 0.412 67 n.a. n.a. n.a. 3,581 3,599 3,622 62 n.a. n.a.
980 0.514 74 n.a. n.a. n.a. 3,563 3,588 3,609 69 n.a. n.a.
1,228 0.575 80 n.a. n.a. n.a. 3,562 3,584 3,609 61 n.a. n.a.
1,475 0.620 84 n.a. n.a. n.a. 3,555 3,576 3,597 76 n.a. n.a.
1,696 0.651 87 n.a. n.a. n.a. 3,547 3,573 3,599 68 n.a. n.a.
2,024 0.689 90 n.a. n.a. n.a. 3,540 3,570 3,596 68 n.a. n.a.

n.a. indicates that the position or relative intensity of the derivative was not measureable.
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FWHM. The Raman spectrum of water vapor
was recorded at 351°C and 109 bar (Fig. 7).
It exhibits a single band with v,,,, being 3640
cm~!, a value considerably higher than that
found for the liquid densities and close to the
frequency of the isolated water molecule
(v,=3656.65 cm~'). Its FWHM is also con-
siderably reduced compared to liquid (29 vs.
125 cm~! at 109 and 236 bar, respectively).
The shape of the band is asymmetric and the
shoulder around 3250 cm™! has completely
vanished. A series of spectra was recorded at
376°C, close to the critical temperature
(T.=373.976°C; Haar et al,, 1984) over a
small pressure interval (200-242 bar) to doc-
ument the spectral changes from water vapor
to liquid-like water (Fig. 8). The spectra clearly
show a rapid change of both v,,,, and FWHM.
The value of FWHM monitors the change from
vapor density to liquid density which occurs
between 222 and 228 bar whereas the greatest
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Fig. 7. Raman spectra of water at 351°C and 109 bar
(density=0.05gem™?).
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Fig. 8. Isothermal section of water at low pressures near
the critical density at 376°C. Individual spectra are la-
belled with both the density and the experimental pres-
sure (bar).
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shift in v,,,, occurs in the liquid density range
between 227 and 236 bar. As the temperature
increases from 401° to 451° to 505°C, the
pressure range over which this dramatic spec-
tral change occurs increases. There is a distinct
correlation between changes in the normally
constant D, and the large variation in FWHM
associated with this transition.

3.3. Density correlations and bulk transport
properties

The water spectra as shown in Figs. 5 and 6
indicate significant spectral dependence on
both temperature and pressure. An alternative
and perhaps more meaningful set of parame-
ters by which the spectra can be described are
temperature and density. As the latter is pro-
portional to the number of molecules per unit
volume, the effect of temperature as a function
of average intermolecular distances can be in-
vestigated. Sets of spectra corresponding to
densities of (a) 0.92-0.93 g cm~?; (b) 0.87-
0.88 gecm~%; (c) 0.77-0.78 g cm™7; and (d)
0.69 g cm~* are presented in Fig. 9. Densities
are obtained from Haar et al. (1984). The
spectra in Fig. 9a and b show clearly that O-H
oscillators at similar average intermolecular
distances display varying energy distributions
as a function of temperature. For density of
0.92-0.93 g cm™?, V., shifts towards higher
frequency (145°C: 3476 cm™'; 203°C: 3511
cm~';252°C: 3531 cm~ '), FWHM decreases
(145°C: 320 cm~'; 203°C: 269 cm™'; 252°C:
231 cm™') and I, decreases (145°C: 44%;
203°C: 31%; 252°C: 22%). Similar trends were
observed in the early work of Lindner (1970)
for a density of 1.0 g cm ~* at temperatures up
to 400°C and pressures to 5000 bar. Isochoric
sections at lower density shown in Fig. 9c and
d illustrate a somewhat different behaviour:
V.ax varies little as a function of temperature.
However, FWHM and I, continue to remain
sensitive to changes in temperature: for the
0.77-0.78 g cm~* isochoric section, FWHM-
and I,,,-values respectively are 178 cm~' and
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Fig. 9. Isochoric sections of water spectra.

11% at 300°C; 153 cm™ ! and 8% at 354°C; 130
cm™ ' and 5% at 400°C.

As noted in examination of Table 1 and the
isochoric sections in Fig. 9, the fundamental
parameter influencing v, below 250°C is
temperature; at temperatures above 250°C,
density becomes the dominant parameter. This
behavior is shown in Fig. 10a in which the val-
ues of v,,,, measured from all of the spectra
collected in this study are plotted as a function
of their corresponding densities. The data in-
clude both liquid-like and vapor-like fluids. At
temperatures over 250°C, the value of v, is
approximately linear with respect to density
and independent of temperature at any partic-
ular density (including both liquid-like and
vapor-like densities). Distance between mole-
cules rather than thermal energy becomes fun-
damental. v,,,, remains a linear function of
density down to 0.1 g cm~>. At temperatures
higher than 250°C, these trends strongly sug-
gest the presence of a dominant high-fre-
quency band representing a single dominant
inter-/intramolecular coupling of O-H oscil-
lators. In addition, due to the large depen-
dence of the frequency of this band on density,
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it can be inferred that dipole-dipole interac-
tions (or possibly transient hydrogen bond-
ing) remain important in molecular O-H vi-
brations to the lowest densities and highest
temperatures of this study. The data point re-
corded at 351°C for a 0.05 g cm ™ density sig-
nificantly departs from this linear trend and
produces an inflection point which makes our
data consistent with the low-density frequency
vibration of isolated water molecules at 3656.7
cm~'. This feature documents rather strong
molecular interactions even in the vapor phase
as it 1s also indicated by the value of the second
virial coefficient of the vapor water (Whalley
etal., 1991).

At temperatures below 300°C, the spectral
envelope in the vicinity of v,,,, indicates the
presence of at least two (if not more) bands.
The O-H oscillators responding to other mo-
lecular environment(s) have become much
more important than at higher temperatures
where they appear to play a minor role. As
shown in Fig. 5 and described in the previous
section, the shape of the peak is skewed to-
wards higher frequency at 300°C and reflects
the skewness of this portion of the envelope as



20

(a) 3700
"B‘“ o
I/A x
v I +Axx
g 3600 . A@%
— EE?
3 s
£ w 100C O 354C %zﬁ
2 ® 145c  * 376C iy
© 3500F & 203c © 40iC
W O 252¢  t+ 451C @y
= % 300C A 505C
« 351C ® VAPOR s
3400

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Density, g/cm?

80 T v T
(b) = 100C # 300C
* 145C 0O 354C

60 a 203c O 401C |l"
* O 252C + 451C A
B‘, L
@ 40 M
]
£ 20r1

ot P

-20 U ——
00 02 04 06 08 10 1.2
Density, g/cm?

Fig. 10. a. The frequency of the envelope maximum (Vmax)
as a function of density and temperature.b. The intensity
of the inflection point D, as a function of density and
temperature.

a whole. As the temperature is progressively
decreased, the skewness disappears and then
reappears towards lower frequency as the tem-
perature approaches 100°C. These trends,
combined with the observation that the inflec-
tion (D,) on the high-frequency side of vy 18
insensitive to temperature and density changes
at the low temperatures (Table 1), indicate
that the band represented by the linear rela-
tionship between frequency and density in Fig.
10 persists (though is no longer dominant) to
the lowest temperatures of this study.

While the frequency of the maximum of the
envelope (Vmay) 18 very sensitive to tempera-
ture between 100° and 300°C, similar fre-
quency shifts do not occur in the case of the

J.D. FRANTZET AL.

low-frequency shoulder. For densities above
the critical density, the inflection point (D,)
remains constant at ~3265 cm~' with in-
creasing pressure and decreasing density to at
least 451°C. However, the relative intensity of
the inflection point (I,,) decreases with in-
creasing temperature and decreasing density
(Fig. 10b). This temperature dependence of
I, extends above 400°C until it can no longer
be measured. As the frequency of this band re-
mains constant above critical densities, this in-
dicates that the OH oscillators experience a
perturbation, by surrounding molecules, which
depends on the mean average distance be-
tween water molecules but which is tempera-
ture independent. This feature suggests that the
band under this shoulder represents vibrations
in “tetrahedral” clusters of hydrogen-bonded
water molecules. In a first approximation, the
frequency of O-H oscillators in such clusters
would be insensitive to the average intermo-
lecular distances between molecules; they
would primarily be sensitive to the intermolec-
ular distances between molecules only within
the clusters themselves.

The behavior of the bulk transport proper-
ties of water as functions of temperature and
density parallel the observed spectral trends. In
Fig. 11a, the viscosity (Haar et al., 1984) is
plotted as a function of density and tempera-
ture for all the temperature—density combina-
tions of the spectral study. The viscosity is seen
to be highly temperature dependent to 250°C.
At temperatures above this value, the viscosity
becomes an almost linear function of density
and is temperature independent at constant
density. The trends shown in Fig. 1 1a are intri-
guingly similar to those of Fig. 10a. At the lower
temperatures of the present study (<250°C),
hydrogen bonding appears to result in a sub-
stantial portion, if not most, of the water mol-
ecules being in some way structurally associ-
ated with one another. As stated above, the
band at ~3265 cm~! in all probability indi-
cates clusters of hydrogen bonded molecules;
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Fig. 11. a. Viscosity of water as a function of density and
temperature.b. Dielectric constant of water as a function
of density and temperature.c. Limiting equivalent con-
ductance of sodium chloride in water as a function of den-
sity and temperature.

the lower-frequency band of the central por-
tion of the envelope, less-structured molecular
““associations”. The unusually viscous behav-
jor of water under these conditions is most cer-
tainly a result of these interactions. As temper-
ature increases, the structure of water appears
to simplify with these clusters and molecular

associations diminishing in importance. Un-
der these conditions, the viscosity dramati-
cally decreases with increasing temperature. At
temperatures of >250°C, some clusters ap-
pear to persist but the primary spectral feature
is a high-frequency band representing rela-
tively unstructured water, which is linear with
respect to density and temperature indepen-
dent at constant density. Under these condi-
tions, viscosity is also primarily dependent on
density and nearly independent of tempera-
ture. Viscosity is expected to mainly be con-
trolled by water involved in the lowest molec-
ular interaction energy: this explains why
similar behavior is observed for viscosity and
Vomax a8 a function of temperature and density.

The dielectric constant of water is another
bulk property which is sensitive to intermolec-
ular interactions. The dielectric constant is a
measure of the ability of the molecules with
permanent and/or induced dipoles to orient
themselves in an external electric field creating
an internal field counter to the externally ap-
plied field. Due to the effects of thermal energy
which impedes orientation of the dipoles, the
dielectric constant normally decreases with in-
creasing temperature. In accordance with the
Kirkwood equation, the presence of intermo-
lecular interactions such as those resulting in
clusters of hydrogen-bonded water molecules
results in anomalously high values of the die-
lectric constant. At 25°C and 1 bar, the dipole
moments of sulfur dioxide and water are quite
similar but due to the existence of hydrogen
bonding in the latter, its dielectric constant
(78.5) is over six times that of the SO, (12.3).
As in the case of viscosity, the dielectric con-
stant (Haar et al., 1984) is plotted against the
density (Fig. 11b). Again, a striking similarity
exists with Fig. 10. The trends are somewhat
similar to those of viscosity except that the ef-
fects of temperature persist to lower densities.
This would be expected as the water molecules
in clusters exhibit a disproportionately large
influence on the dielectric constant. This is not
the case with respect to viscosity. The disap-
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pearance of clusters and other molecular asso-
ciations, as discussed above (p.20) is in ac-
cord with the rapid decrease of the dielectric
constant from 100° to 300°C. The less dra-
matic but continued decrease with tempera-
ture (above 300°C) at constant densities down
t0 0.4 g cm~? is probabily due to: (1) contin-
ued decrease in molecular interactions (the
existence of intermolecular associations has an
extremely large effect on the bulk dielectric
constant); and (2) increasing thermal energy.
As in the case of viscosity, a direct correspond-
ence is seen between the spectral evolution of
water as a function of temperature and density
and a bulk transport property such as the die-
lectric constant.

The limiting equivalent conductance, a
measure of ionic mobility (at infinite dilu-
tion) in an external electric field, is plotted for
sodium chloride in water (Marshall, 1987) as
a function of temperature and density of pure
water. Again, large changes occur at tempera-
tures <300°C; above the property becomes
linear with density and independent of tem-
perature. The limiting equivalent conductance
(A4) is proportional to the electric field force
(F) and the conventional ionic mobilities if the
ions (u;):

A0=F(ugonv+ +ugonv—-) (1)

The conventional ionic mobilities are in turn
inversely proportional to the viscosity, #:

ugonv=zre()/1800npi7] (2)

where z,e, and r, are the ionic charge and ionic
radius, respectively. It is thus not surprising
that the plot of the limiting equivalent conduc-
tance of sodium chloride in aqueous solution
as a function of temperature and density par-
allels that of the viscosity (Fig. 11a) and also
can be directly correlated to the spectral
changes of water (Fig. 10). Since diffusion
coefficients (D*) for a salt can be related to
equivalent conductances by the Nernst—Ein-
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stein equation:
A=zF*(D*+D~)/RT (3)

the simplicity of the relationships of the pa-
rameters shown in Figs. 10a and [1a and ¢ as
functions of temperature and density allow for
the possibility for meaningful theoretical pre-
dictions of diffusion coefficients for electro-
lytes particularly at the lower concentrations
(<1 m). The anomolously high value of the
limiting equivalent conductance of the hydro-
gen ion at temperatures <300°C (Marshall,
1987) is another indicator of significant inter-
molecular hydrogen bonding at temperatures
up to almost 300°C. For liquid-like densities,
hydrogen ions combine with water molecules
forming H;O* complexes. At temperatures and
densities at which significant intermolecular
associations exist, the protons are able to jump
from one molecule to another with enhanced
mobility. This anomolous mobility appears to
disappear by 300°C with the disappearance of
intermolecular connectivity.

4. Discussion

The structure of liquid water has been the
subject of numerous investigations and re-
mains controversial (Eisenberg and Kauz-
mann, 1969; Ben-Naim, 1974). Though over-
simplified, Stanley and Teixeira (1980)
suggested that the proposed models can be
classified as belonging to either: (a) the mix-
ture/interstitial or (b) the distorted hydrogen
bond (continuum) categories. In the former,
liquid water is assumed to be a mixture of ice-
like components and what is termed ‘‘normal
water” (e.g., Nemethy and Scheraga, 1962).
Different and discrete combinations of hydro-
gen-bonded molecules are assumed to coexist
as evidenced by the existence of an isosbestic
point (Walrafen, 1967; Walrafen et al., 1986).
In the second category, water is thought to ex-
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ist as a continuous network of molecules inter-
connected by somewhat distorted hydrogen
bonds (Ratcliffe and Irish, 1982; Rull and Saja,
1986; Sokolowska and Kecki, 1986; Zhelyas-
kov et al., 1988; Sokolowska, 1989; Efimov,
1990). Molecular dynamics calculations
(Geiger et al., 1979; Stillinger, 1980) have
supported Frank and Wen’s (1957) proposal
of the cooperative nature of hydrogen bond-
ing. A hydrogen bond modifies the charge dis-
tribution in water molecules in such a way that
the hydrogen-bonded molecules are more likely
to form additional hydrogen bonds than un-
bonded molecules. This mutual reinforcement
results at low temperatures (<50°C) in the
formation of a random three-dimensional net-
work of hydrogen-bonded water molecules with
local tetrahedral symmetry over that of “ice-
berg”-like clusters suspended in a sea of un-
bonded molecules. A statistical approach us-
ing percolation theory has been developed to
describe this connectivity of water molecules
(Geiger et al., 1979; Stanley and Teixeira,
1980). Such studies, which consider only lin-
ear hydrogen bonds, predict that a single clus-
ter of doubly-bonded molecules of infinite size
does not exist at temperatures above 70° or
80°C. As temperature increases, the network
composed of doubly-bonded water molecules
becomes increasingly disrupted and frag-
mented by kinetic effects although local envi-
ronments of tetrahedral orientation may con-
tinue to exist (Dore, 1991). Narten et al.
(1967) and Gorbaty and Demianets (1983)
have demonstrated the existence of tetrahe-
drally-coordinated water structures to temper-
atures of 200°C. Giguére (1984 ) suggested the
existence of a second type of bond, the birfur-
cated (or bent) hydrogen bond, which may re-
sult in weaker network connectivity persisting
to higher temperatures than in the case of net-
works consisting of only linear bonds.

The data collected in this study appear to be
in accordance with the continuum models
which postulate some form of network connec-
tivity with local tetrahedral symmetry due to

linear hydrogen bonding. The frequency of the
low-frequency shoulder as monitored by D, at
3265 cm ™! appears not to change as a function
of temperature and pressure and probably rep-
resents O—H oscillators in tetrahedrally-coor-
dinated water clusters linked by two linear hy-
drogen bonds. Green et al. (1986, 1987) and
Hare and Sorensen (1990a, b, 1992) demon-
strated that in the supercooled region both the
intensity and frequency of this low wavenum-
ber band continuously shift toward values of
amorphous ice as temperature approaches the
singular temperature (—46°C). The higher-
frequency portion of the spectral envelope ap-
pears to be comprised of two principal com-
ponents: the low-frequency component lo-
cated just above 3400 cm~' which appears to
predominate at temperatures below 200°C;
and the higher-frequency component located
above 3550 cm ! which predominates at tem-
peratures of >200°C. As in the case of the
band denoted by D, at 3265 cm ™', the low-fre-
quency component also may suggest network
connectivity of water molecules but with lower
symmetry involving fewer linear (or possibly
bent or birfurcated ) hydrogen bonds. The high-
frequency component is thought to represent
O-H oscillators of water molecules free of the
direct influence of hydrogen bonding. This
suggestion is indicated by the independence of
the frequency of the band above 3550 cm™'
with respect to temperature at constant den-
sity at temperatures above 250-300° C and the
linearity of ¥, With respect to both liquid-like
and vapor-like densities. With increasing tem-
perature and decreasing density, the three-di-
mensional network of hydrogen bonds weak-
ens with the corresponding decrease of both the
prevalence of the local “tetrahedral” struc-
tures with double linear hydrogen-bonded
water molecules (as denoted by the decrease in
intensity of the 3265 cm~' band) and a less
symmetric network (as denoted by the de-
crease in the lower-frequency component of the
high-frequency portion of the envelope) with
fewer linear (or bent) hydrogen bonds. Con-
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sidering the cooperative nature of hydrogen
bonding (Frank and Wen, 1957), the decrease
in intensity of both of these bands is in all
probability interrelated. The high-frequency
band has been classically assigned to “free” OH
oscillators, i.e. non or weakly hydrogen-bonded
oscillators (Walrafen, 1967, 1972; Monosmith
and Walrafen, 1984; Giguére and Pigeon-Gos-
selin, 1986; Sastry and Singh, 1987; Zhelyas-
kovetal., 1989; Georgiev et al., 1990) but was
recently interpreted to result from splitting of
the O-H stretching mode due to intermolecu-
lar coupling (Hare and Sorensen, 1992). Its
disappearance above 200° C may be further in-
dication of the decrease in connectivity with
increasing temperature. The increasing simpli-
fication of the bulk properties of water (such
as the viscosity and dielectric constant) with
increasing temperature and decreasing density
is a direct result of the increasing dominance
of non-hydrogen-bonded molecules at temper-
atures of >250°C (as evidenced by the band
above 3550 cm™!).

Geochemical modelling of supercritical
fluids should be approached from the perspec-
tive that water under hydrothermal conditions
does not exhibit the unusual properties with
which it is associated at lower temperatures and
pressures. Solubilities, solute complexing, ac-
tivity coefficients, solvation and diffusion
coefficients can be expected to be modelled in
a much simpler manner than one is accus-
tomed to at lower temperatures and pressures.
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