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Structures of water and aqueous electrolyte solutions under 
sub- and super-critical conditions studied mainly by X-ray 
diffraction and also by neutron diffraction are reviewed and 
the experimental results are compared with those reported 
by using computer simulations. Some Raman spectroscopic 
data are included for discussing the existence of hydrogen 
bonds in water at high temperature and high pressures 
(HTHPs). 

The authors propose a classification of supercritical water 
into three categories: (a) low density water, (b) medium 
density water, and (c)  high density water, because density is 
a very important thermodynamic quantity to describe 
properties of sub- and super-critical water. 

From changes in the water-water intermolecular distance 
and the coordination number of water with temperature and 

pressure, and especially with density at HTHP, the authors 
conclude that the compact tetrahedral-like water structure is 
decomposed and long-distance water-water interactions 
increase with temperature and pressure, and they propose a 
model for water: under supercritical conditions water 
consists of small clusters, much smaller aggregates such as 
oligomers, and even monomeric gas-like water molecules. 

1 Introduction 
The structural chemistry of water has not yet been fully 
established even under normal conditions despite a long history 
of investigation after the pioneering work on solution X-ray 
diffraction in 1930-193 1 and the first model of water's structure 
by Bernal and Fowler' in 1933 on the basis of X-ray diffraction 
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experiments, not to speak of the study of water's structure at 
high temperatures and high pressures. 

A large amount of thermodynamic data for HTHP and 
supercritical water has been accumulated in recent years. 
However, the structures of even simple molecular liquids 
without extended hydrogen-bonded networks have not been 
well elucidated under non-ambient conditions. Water, of course, 
always attracts the interest of many scientists, but due to 
experimental difficulties, microscopic structural investigations 
of water at HTHPs and under supercritical conditions have been 
rare until recently. Spectroscopic investigations have been 
performed to discuss the structure of subcritical and super- 
critical water on the basis of changes in vibrational and 
rotational energies of water molecules.2-6 However, results 
obtained on the structure are still limited to discussing hydrogen 
bonding in supercritical water. The application of computer 
simulation techniques such as Monte Car10 and molecular 
dynamics simulations has contributed to a better understanding 
of water's structure at the molecular level under ambient 
conditions and at HTHP. 

Several attempts have been made to study water in the 
subcritical and supercritical regions by using computer simula- 
tion techniques,7-14 but it is obvious that the reliability of the 
simulations can only be confirmed when the simulation data are 
compared with experiments. Recent technical developments for 
X-ray and neutron diffraction methods allow us to study the 
structure of water at HTHPs and even under supercritical 
conditions. Interest in the use of supercritical water has 
increased rapidly in recent years, because of the ability of 
supercritical water to decompose some organic waste. Geo- 
chemistry related to subterranean water and hydrothermal 
synthetic chemistry require a knowledge of HTHP solution 
chemistry. However, only a limited number of X-ray's-18 and 
neutronlg-21 diffraction studies at HTHP have so far been 
carried out. Nevertheless, we believe that it is worth reviewing 
recent results on the structure of HTHP water. 

The properties of supercritical water are often summarized as 
follows: (1) the relative permittivity (E) and viscosity (q) of 
water steeply decrease around the critical point, (2) the density 
of supercritical water at the critical point is about 113 of that of 
ambient water, (3) the solubility of ionic and polar substances 
sharply decreases in supercritical water, (4) on the other hand, 
the solubility of non-polar substances sharply increases in 
supercritical water, ( 5 )  ionic hydration markedly decreases in 
supercritical water. 

Some properties like (1) and (2) can be explained in terms of 
hydrogen-bond breaking of the bulk water at HTHP. However, 
items (3)-(5) may not always be representative of the 
characteristic properties of supercritical water near the critical 
point where the density of water is so small that it is ca. 1/3 of 
that of normal water. In such low-density water, the solubility of 
ionic and polar substances may be decreased due to the lack of 
water molecules to be hydrated. On the other hand, since the 
density of supercritical water near the critical point is so low that 
intermolecular water-water interactions are weakened, hydro- 
phobic non-polar substances can be mixed with the gas-like low 
density water better than with condensed water in which strong 
water-water hydrogen-bonding interactions exist. However, it 
is obvious that supercritical water can have a wide density range 
and at very high pressure and high temperature, far above the 
critical point, supercritical water can have a density of 0.8-1.0 
g cm-3 (as ambient water has) and we have an extremely 
limited amount of knowledge of the structure of supercritical 
water over such a wide range of densities. 

The aim of the present article is to review recent results 
reported by using X-ray and neutron diffraction methods, IR 
and Raman spectroscopies and computer simulations for the 
structure and properties of supercritical water over a relatively 
wide range of density. Unfortunately, not many reports have 
appeared of NMR spectra, probably due to experimental 
difficulties. 

2 Solution X-ray diffraction on sub- and super-critical 
water 
X-Ray diffraction studies of liquids and solutions at HTHP have 
lagged behind those under ambient conditions, because of 
various technical difficulties: weak scattering from the small 
sample volume of an HTHP cell, elimination of strong Bragg 
reflections from the crystalline cell, a narrow measurable range 
due to geometrical constraints of the cell, etc. Great progress in 
X-ray diffraction at HTHP has been made, however, when 
intense X-rays became available in synchrotron radiation 
facilities world-wide. The most frequently used method there is 
the energy-dispersive diffraction with a multi-anvil cell made of 
boron nitride or a diamond anvil cell, with which pressures of 10 
GPa, and temperatures of 1000 "C are available, and the 
maximum scattering variable given by eqn. (1) 

s = 4 d - 1  sin 8 (1) 
(A the wavelength and 20 the scattering angle) of 0.10 pm-1 has 
been attained. These sample environments are appropriate for 
liquids containing heavy metals, but not useful for liquids of 
light elements like water, since the X-ray scattering intensity 
from a small volume of sample is too weak to analyse with a 
good confidence level. 

In some laboratories, the energy-dispersive X-ray diffraction 
experiments for sub- and super-critical water were successfully 
made in a beryllium cell using a table-top type X-ray 
diffractometer equipped with a rotatory anode, at 500 "C and a 
pressure of 700 MPa being possible.15.16 However, the energy- 
dispersive method has the inherent disadvantage of complica- 
tion in data correction, which can be much simplified in the 
angle-dispersive mode, and only a limited scattering range is 
measurable at one time, although it does have the advantage of 
time saving by using a solid state detector (SSD). In order to 
overcome the above problems, a solution X-ray diffraction 
method for the angle-dispersive mode has recently been 
developed on a laboratory scale by using a two-dimensional 
imaging-plate (IP) detector.22 

Figs. l(a) and (b) show two types of X-ray diffractometers 
with an SSD22 and an IP detector,23 respectively, which have 
been used for X-ray scattering measurements of water at 
HTHPs. In both cases a similar HTHP sample environment 
[Fig. l(c)] was employed with a spindle-shaped beryllium cell; 
the part through which the X-ray beam passed had a cylindrical 
form with a 6 mm outer diameter and a 1.2-2.0 mm inner 
diameter filled with water. A Mo-Ka X-ray beam (A 71.07 pm) 
was employed. The diffraction ranges of 1" c 0 c 120" by the 
SSD detector and 0" c 8 c 144" by the IP detector were 
covered in each measurement. The high pressure unit was 
guaranteed by the makers up to 1 GPa. The pressure resistance 
of the cell was checked and calibrated up to 800 MPa with an 
uncertainty of 0.05 MPa. The high-temperature and high- 
pressure sample assembly was mounted in a vertica123 or 
horizontaP24 manner on a high pressure support unit placed at 
the centre of the X-ray goniometers. 

The structure function sH(s) was derived from the observed 
intensities I(s) and is usually defined by eqn. (2). 

wherefls) is the scattering factor for one water molecule, b is an 
arbitrary damping factor, and Zcorr(s) is the corrected and 
normalized intensity function. The pair correlation function g(r) 
was derived from the structure function sH(s) by the Fourier 
transform according to eqn. (3). 

W s )  = [Icorr(s> - P(s)l/P(s> bp(-bs2) (2) 

g(r)  = 1 + (1 / 2n2p,) s2 ~ ( s )  [sin(sr)/ s r l h  (3) 

where po is the average number density of the molecules, and 
equal to 3.34 x 10-8 pm-3 at ambient temperature and 
pressure. The pair correlation function represents the possibility 
of the existence of atom pairs with definite separations, and 
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high pressure tube 
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Fig. 1 High temperature-high pressure X-ray diffiactometers. (a) A horizontal type diffractometer with an SSD detector. (b)  A vertical type diffractometer 
with an imaging plate detector. A: diffractometer, B: beryllium cell, C: cell holder, D: slit, E: collimator, F: shield, G: imaging plate, H: imaging plate reader. 
(c) High temperature-high pressure cell and the holder. Quoted in refs. 23 and 24. 
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g(r) = 1 means that all atoms are distributed randomly so that 
no atom-atom pair correlation exists. 

Structural parameters were obtained by a least-squares fitting 
procedure to minimize the difference X2 between experimen- 
tally obtained structure function sH(s) and that from the model 
SHm(S) [eqns. (4) and (5)]: 

~2 = C l s ~ ( s )  -s~,(s)l2 = min (4) 

(5 )  
The sum in eqn. (4) was extended over each discrete s value in 
the measured range. The adjustable parameters of the model 
function were the distance between nearest neighbouring 
molecules r, coordination number N ,  and the parameter 
characteristic of the width of the main peak (temperature factor) 
1. Uncertainties in the values of r, N and 1 are usually 1-2 pm, 
0.1-0.2, and k 1-5 pm, depending on the accuracy of 
measurements, the shape of the peaks, etc. 

An alternative definition for the coordination number may be 
given by computing the integral in eqn. (6): 

S 

Hm (s) = pa[ s in  ( r ~ ) / r ~ ]  exp (-Ps2/2) 

N = 4 d p 0  g(r)dr I: 
where the upper limit of the integral is extended to the first 
minimum rmin of the g(r) functions. There are various 
definitions for the upper limit of the integration, r, in the 
estimation of N .  Diffraction researchers usually adopt the 
Gaussian distribution of atom pairs, and thus, the r value is the 
value of the upper tail of the Gaussian distribution (definition 
1). On the other hand, simulation researchers usually take the r 
value as the point where the g(r) function passes g(r)  = 1 after 
the first maximum (definition 2). Some researchers define the 
integral limit at the value where the g(r)  function reaches the 
first minimum (definition 3), but this definition is not clear 
when the g(r) function has a very shallow minimum. Of course, 
depending on the definitions the value of N changes. This 
definition of the coordination number in terms of the population 
of atoms until the r value at g(r) = 1 after the first maximum of 
g(r) (definition 3) is favourable when we compare the 
coordination number obtained by the diffraction method and 
that by computer simulations. The coordination number eval- 
uated by using definition 3 is sometimes called Nmin. 

3 Water structure at sub- and super-critical states 
Thermodynamic data for water at the critical point are given as 
follows: the critical temperature T,, 647.29 K (tc = 374.14 "C); 
the critical pressure pc,  22.064 MPa; the critical density pc, 
0.322778 g cm-3.25 It should be noted that the critical density is 
approximately one third of the density of normal water, and 
thus, when we discuss the water structure at HTHP near the 
critical point, we should pay careful attention to the density of 
water samples. In the present paper, we divide water into three 
categories: (a)  low density water; p < pc, (6) medium density 
water; pcS p < 1 g cm-3, and (c )  high density water, 1 g cm-3 
d p (Fig. 2). Discussion concerning the low density water will 
not be included in the present paper. 

In the high density region of water, in 1985 Gaballa and 
Neilsonl7 performed the first angle-dispersive X-ray measure- 
ments on light and heavy water at room temperature over a 
pressure range from 0.1 to 600 MPa; the densities change from 
0.997 g CM-3 at 0.1 MPa to 1.149 g cm-3 at 500 MPa for light 
water and from 1.104 g cm-3 at 0.1 MPa to 1.301 g cm-3 at 600 
MPa for heavy water. They observed that with increasing 
pressure the first neighbour 0-0 peak at 290 pm in the radial 
distribution functions shifts to the shorter distance side and is 
enhanced, while the broad peaks at 440 and 700 pm ascribed to 
the second and third neighbour 0-0 interactions, respectively, 
shift to the shorter distance side and are decreased for both 

Pressure p / MPa 
22 60 1 0  150 250 500 lo00 

I I I I I I @ I I b I 8 - 1  

0 0.5 1.0 

- -  - 

Density p / g ~ r n - ~  

Fig. 2 Phase diagram of water around the critical point. A conventional 
classification of the high, medium, and low density regions is shown in the 
diagram. Quoted in ref. 32. 

Solid 

isotopic forms of water. These findings suggest the weakening 
of tetrahedral ordering in water as a result of compression, 
however, it should be noted that the peaks at 290,440 and 650 
pm are still clearly observed even at 600 MPa, suggesting that 
the tetrahedral ice-like structure remains at the high pressures. 
They analysed the first peak at 290 pm by a least-squares fitting 
procedure using a single Gaussian and found that the peak 
position shifts from 289 pm at 0.1 MPa to 284 pm at 500-600 
MPa for both light and heavy water. The rate of contraction of 
the 0-0 separation was estimated to be ca. 100 pm GPa-1 (0.1 
%, kbar-I). The nearest neighbour 0-0 coordination number 
was found to increase from 4.4 at 0.1 MPa to ca. 4.9 at high 
pressure. 

More recently, Gorbaty and his coworkers18 published the 
results of energy-dispersive X-ray measurements of normal 
water at room temperature over a pressure range from 0.1 to 770 
MPa. The pressure dependent features in the radial distribution 
functions obtained with this technique are broadly consistent 
with those obtained with the angle-dispersive technique by 
Gaballa and Neilson, but there are appreciable differences in the 
radial distribution functions obtained by the two different 
methods; a distinct shoulder appeared at ca. 320 pm, which has 
not been observed in the angle-dispersive data, and at ca. 600 
MPa the 430 pm peak due to the second 0-0 interactions, 
clearly seen in the Gaballa-Neilson data, is almost invisible. 
They employed a least-squares fitting procedure with three 
Gaussians to resolve the first peak at 290 pm, a shoulder at ca. 
320 pm, and the background at the longer distance. The first- 
neighbour 0-0 distance thus obtained showed a peculiar 
behaviour with pressure; when the pressure was raised from 0.1 
to 200 MPa, the 0-0 distance decreased from 282 to 279 pm, 
but then gradually increases up to 282 at ca. 400 MPa and was 
almost constant at higher pressures. This result is not consistent 
with that obtained by Gaballa and Neilson. Since the paper does 
not show detailed numerical results of the radial distribution 
functions, we cannot discuss their results in more detail. 
However, it is difficult to understand such a peculiar change in 
the 0-0 distance, which may be caused by the peak separation 
procedure as was noted in the paper. The above inconsistencies 
in the structure of the high-density water at HTHPs between the 
two different methods have been discussed by Radnai and 
Ohtaki,23 who have recently made angle-dispersive X-ray 
scattering experiments using SSD [Fig. l(a)] on water in the 
medium-density to high-density region (d = 0.896-1.072 
g cm-3) over temperature and pressure ranges of 295-473 K 
and 0.1-200 MPa, respectively. The radial distribution curves 
obtained in this work are shown in Fig. 3. The structural 
parameters finally obtained are summarized in Table 1. The 
structural data at the different temperatures under vapour 
pressure agree well with the literature values measured at 298 K 
and 0.1 MPa ( r  = 287 pm and N = 3.33 and I- = 285 pm and 
N = 3.53), at 373 K under vapour pressure ( r  = 291 pm and 
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N = 3.33), and 473 K under vapour pressure ( r  = 297 pm and 
N = 3.03). The structural parameters obtained under normal 
conditions are also in good agreement with the values obtained 
in previous X-ray diffraction measurements under similar 
experimental conditions.15-18.26 As can be seen in Fig. 3, the 
broad peaks centred at 450 and 600 pm diminish with the 
increase in temperature, but they did not significantly change 

fi 
i 

" ' " ' ~ ' " ' " ~ ' ' "  
0 600 800 lo00 

t I 
0 200 400 600 800 loo0 

rlpm 

Fig. 3 Pair correlation functions g(r) of water at various temperatures and 
pressures. Dashed lines represent data obtained by Narten and Levy.26 
Quoted in Ref. 23. 

Table 1 Structural parameters of water at 295-485 K and 0.1-200 MPa 
(quoted in ref. 23) 

295 (22) 
295 (22) 
295 (22) 
373 (100) 
373 (100) 
373 (100) 
473 (200) 
473 (200) 
473 (200) 

0. I 
100 
200 
V.p.1 

10 
50 

V.P.' 
10 
50 

0.998 
1.038 
1.072 
0.958 
0.963 
0.980 
0.864 
0.872 
0.896 

286 
283 
282 
292 
290 
288 
297 
296 
2 84d 

343 
332 
326 
355 
343 
358 
368 
358 
375 

3.4 
3.7 
4.0 
2.5 
2.5 
2.0 
2.7 
2.2 
2.2d 

Densities are quoted from the literature. rmln denotes the r-value at the 
first minimum after the first main peak in the radial distribution curve. 

V.p. indicates that the water is equilibrted with the vapour pressure under 
the given conditions. d Corrected values of those in ref. 23, unpublished 
data. 

with pressure. The results indicate that temperature mainly 
affects both medium- and long-range ordering in the hydrogen- 
bonding network of water investigated, as has been discussed by 
many authors. The variation of the first peak at 285 pm with 
temperature and pressure gives us information about the effect 
of temperature and pressure on the hydrogen bonding in water. 
This topic will be discussed below. 

In the medium-density range of water and supercri tical water, 
Gorbaty and Demianets published the first results of energy- 
dispersive X-ray diffraction of water over a temperature range 
of 298-773 K at a constant pressure of 100 MPa, with densities 
1.1-0.7 g cm-3.15.16 The second peak at 450 pm in the radial 
distribution function, which provides strong evidence for 
tetrahedral ordering in water, diminishes gradually and is not 
observed at the subcritical temperature of 623 K. These findings 
show that the ice-like short-range order does not exist above this 
temperature. Furthermore, the peaks at 450 and 700 pm merge 
into one peak at ca. 600 pm. The position of the first peak 
changes linearly from 280 pm at 298 K to 304 pm at 773 K. 
They pointed out that the value of 304 pm at 773 K is shorter 
than the nearest-neighbour distance of 3 11 pm in liquid neon at 
the same reduced temperat~re,~' indicating the presence of 
hydrogen bonds even at the highest temperature. They resolved 
the first peak into three Gaussians, i .e.  the peaks at ca. 290 and 
330 pm and the background. On the basis of the X-ray data 
together with IR spectral data, they calculated a parameter 
x = alrJ(a lr l  + azr:!), as an estimation of the fraction of 
hydrogen bonds in water,?' where r l  and r2 are 290 and 330 pm, 
respectively, and the a1 and a2 are their peak areas. The x value 
changed linearly from 0.55 at room temperature to 0.2 at 773 K 
and was expressed by the empirical equation x = (-8.68 
10-4)T + 0.85 I with the absolute temperature T. According to 
this equation, it would be expected that the hydrogen bonds 
persist to ca. 30% at the critical temperature. 

Recently, Yamaguchi and his g r o ~ p 2 ~  reported a result on the 
water structure at HTHPs including a supercritical region over 
temperature and pressure ranges of 300-649 K and 0.1-98.1 
MPa, respectively, using an HTHP X-ray diffractometer 
combined with an IP detector22 [Fig. l(h)]. 

They examined the water structure at constant densities from 
1-0.7 g ~ m - ~  with varying both temperatures and pressures. 
The measurement has the advantage in investigating the 
structure change in water with temperature and pressure without 
significant modification of the nearest-neighbour 0-0 dis- 
tances by density variation. The radial distribution function is 
defined as eqn. (7). 

~ ( r )  - 4nr2p, = (2r / n) sr CIS (7) 
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where 
i(s) = K Io&) - 

and 

X Y  

Here, po denotes the average scattering (electron) density of 
water, and M(s) = ~(0)/#’2(s)]exp(-O.Ols2). K is a constant to 
convert the scattering intensities lobs(s) to the absolute electron 
unit, nj the number of atoms j in a unit volume, x and y the atom 
pair of x and y,f,(s) the scattering factor of atomj at s, Afl(s) and 
Afi”(s) the real and imaginary parts of the anomalous dispersion 
term, @(s) the degree of incoherent scattering intensities Ijinco(s) 
reached the counter by atomj at s, ng the frequency factor or the 
coordination number of atom x around atom y, rxy the distance 
between atoms n and y, bg the temperature factor of the atom 
pair x and y, which relates to the mean square amplitude < P > 
through the relation bg = < Zxy2 > /2. ng, rg, and bxy are the 
values to be determined. The radial distribution curves obtained 
by the X-ray diffraction method by using an IP detector at 
various temperatures and pressures24 are shown in Fig. 4. 

As is seen in Fig. 4, the peaks at 450 and 670 pm are not 
observed at 416 K when the pressure of 52.9 MPa is applied, 

0 

0 

E a 0  

Q O  

\ 
n 
0 

rn 
k g o  

0 

r /  pm 
Fig. 4 The radial distribution curves of high temperature and high pressure 
water. The radial distribution curve of the normal water is given to show the 
reproducibility of the measurement and is shown as the reference. Quoted in 
ref. 24. 

T= 649 K, p =  80.4 MPa, p = 0.7 g an-3 I 

I T= 469 K, p = 47.8 MPa, p = 0.9 g an-3 

200 300 400 
r l p m  

Fig. 5 Examples of the peak analysis of radial distribution functions D(r)/ 
4nr2po. The experimental values are given by solid lines and the calculated 
ones by dots. I and I1 indicate the H-bonded and the non-H-bonded nearest 
neighbour water molecules. Quoted in Ref. 24. 

showing the loss of the tetrahedral ice-like ordering of water. A 
typical trend of the radial distribution functions with increasing 
pressure and temperature is that the first peak gradually 
broadens and shifts to the longer distance and the second peak 
at 450 pm and the third one at 670 pm merge into one peak at ca. 
600 pm. These features are in qualitative agreement with the 
energy-dispersive data of Gorbaty, et al. At a supercritical 
temperature of 649 K with a medium density (p ca. 0.7 
g ~ m - ~ ) ,  the feature of radial distribution function is very 
similar to that for liquid mercury at low density (ca. 10 g cm-3), 
suggesting that the overall structure of the medium density 
supercritical water resembles that of simple liquids except for 
hydrogen bonding with the nearest neighbours. 

The first peak of the radial distribution curves was resolved 
into two peaks I and I1 (Fig. 5), as carried out by Gorbaty, et al. 
The former had a peak position of 287-292 pm and was ascribed 
to the 0-0 distance of contacted water molecules. The position 
of the latter peak appeared at ca. 340-348 pm and it may be 
attributable to non-bonding water-water distances in water. The 
0-0 distances Y found from the position of the peaks I and 11, 
the coordination numbers N calculated from the peak area, and 
the half-width of half-height of the peaks 0 are given in Table 2 
and are also plotted in Fig. 6. The sum of the two N values, 
N = N I  + NII, is also shown in Fig. 6. The intermolecular 0-0 
distances for peaks I and I1 do not change significantly over the 
temperature range investigated as expected from the constant 
density measurement. On the contrary, with increasing tem- 
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perature NI decreases from 3.1 at 300 K to 1.6 at a supercritical 
temperature of 649 K, whereas NII increases from 1.3 to 2.3; the 
sum, N ,  remains practically constant at ca. 4, although a slight 
decrease in N may be seen with a decrease in the density. These 
results show that the hydrogen bonds are gradually broken and/ 
or distorted with increasing temperature, but the degree of the 
hydrogen bond formation still remains ca. 40% above the 
critical point. Another interesting finding is that the values of (3 

for peaks I and I1 are almost constant at S604 K but increase 
when the temperature approaches the critical point. This finding 
indicates that the nearest-neighbour 0-0 bonds fluctuate 
largely around the critical temperature. 

If we assume that the liquid phase homogeneously expands 
and is compressed by the change of temperature and pressure, 
the distance between the adjacent water molecules should be 
proportional to p--113, eqn. (10): 

where ro denotes the 0-0 distance in the reference state, water 
under an ambient condition in this case. k is a proportionality 
constant and should be unity if we assume a homogeneous 
variation of the volume of water with temperature and pressure. 
The r values in Table 122 and the rI values in Table 223 are 
plotted against p-113 in Fig. 7. We can see from Fig. 7 that the 
0-0 distance changes almost linearly with p-113 over a limited 
range of the density change from 0.95-1.04 g cm-3, but in the 
lower (20.92 g cm-3) density region, the change in the 0-0 
distance deviates from the straight line given by eqn. (lo), 
although the deviation of the 0-0 distance in the higher (1.072 
g cm-3) density region is unclear. It is obvious that in the lower 
density region, the 0-0 distance cannot be elongated to 
produce the given densities. 

A plot of the coordination number, N ,  vs. density, p, is given 
in Fig. 8. The coordination number increases monotonically 
with increasing density, and we do not see a particular 
irregularity in the variation of N with p. Thus, we can conclude 
that over the temperature and pressure ranges examined, 
expansion and compression of water by changing temperature 
and pressure have a more direct effect in changing the 
coordination number than the 0-0 distance. From the observa- 
tions in the changes in the 0-0 distance, coordination number, 
and the temperature factors with density at HTHPs, we can draw 
the following conclusions: 

(1) Most hydrogen-bonding in water is weakened and/or 
decomposed at elevated temperatures and pressures, but some 
water molecules associate to form a condensed phase with short 
0-0 distances under sub- and super-critical conditions. 

(2) Since the coordination number decreases with a decrease 
in density and the 0-0 distance does not change in proportion 
to the change in p--1/3, the condensed water phase cannot 
expand homogeneously over the whole space, and thus, under 
supercritical conditions water molecules may form clusters 
containing a relatively small number of water molecules with a 
limited 0-0 separation of 280-295 pm. 

r = k ro p-113 (10) 

Table 2 Structural parameters of medium density water. Quoted in ref. 24 

(3) The clusters may be spread over the whole space of 
supercritical water, and there may be smaller aggregates than 
clusters with a small number of water molecules--oligomers to 
monomer-to construct a very diffuse phase of water. 
(4) Since the coordination number decreases rather quickly 

with density, the size of the clusters may not be so large, 
because water molecules at the surface of the clusters, which 
should have a smaller coordination number than those in the 
core, should contribute significantly to the decrease in N with 
P. 

(5) Water molecules in the core of the clusters and aggregates 
are surrounded by a relatively small number of water molecules 
at HTHPs due to decomposition of hydrogen bonds, while the 
number of non-hydrogen-bonded water molecules increases 
with increasing pressure or density due to compression of the 
volume of water with pressure. 

(6) Therefore, it is most likely that water at HTHPs consists 
of a mixture of clusters containing a relatively small number of 
water molecules and much smaller aggregates such as oligom- 
ers and even monomers of water molecules. 

4 Comparison of the views derived from the X-ray 
diffraction measurements and other studies 
Pair correlation functions of sub- and super-critical water 
obtained by various experiments and computer simulations are 
summarized in Fig. 9. Since they have different weights for 
different atom pairs, the shape of the curves are, of course, not 
the same, but we can see a qualitative picture of the structure of 
water under such conditions from the peak shapes and peak 
positions. More detailed discussion should be done by analysing 
the curves using eqn. (9) for the results of X-ray diffraction 
measurements and their equivalents for other studies. 

Neutron diffraction measurements have been made on three 
different types of isotopically enriched water under subcritical 
(423 and 573 K, 10-280 MPa, 0.72-1.0 g ~ m - ~ )  and 
supercritical (673 K, 80 MPa, 0.66 g cm-3) conditions, from 
which three partial pair correlation functions, goH(r), gHH(r), 
and goo(r) have been determined.21 Although the contribution 
of 0-0 pairs to the total intensities is small (ca. lo%), the pair 
correlation function goo(r) obtained at 673 K is compared with 
those obtained from other techniques [see Fig. 9(e)]. gND(r) (the 
superscript ND denotes the data obtained from a neutron 
diffraction study) and shows a large shoulder at ca. 230 pm, 
which has not been found in the X-ray diffraction study24 
[Fig. 901. The peak at ca. 280 pm is sharper in the gND(r) 
function than in gXD(r)  (XD means X-ray diffra~t ion) .~~ A 
broad peak at ca. 500-700 pm appears in both curves, although 
the former shows it more clearly than the latter. 

Results from computer simulations for supercritical water 
give good suggestions for interpretation of diffraction data. 
Many attempts have been carried out for the structure of 
supercritical water using various types of pair potentials such as 
TIP4P,10,11 SPC,12,28 SPCE,l3 and SPCG.29 The pair correla- 

Peak I Peak I1 

T/K (PC) pMPa p/g ~ m - ~  rdpm NI 01/pm rdpm NII %/Pm 

300 (27) 
416 (143) 
441 (168) 
469 (196) 
498 (225) 
523 (250) 
557 (284) 
592 (319) 
610 (337) 
637 (364) 
649 (376) 

0.1 1 .o 287 
52.9 0.95 291 
98.1 0.95 290 
47.8 0.9 287 
98.1 0.9 290 
5.0 0.8 287 

51.6 0.8 289 
98.1 0.8 287 
36.5 0.7 293 
67.7 0.7 293 
80.4 0.7 292 

3.1 
2.8 
2.8 
2.5 
2.4 
2.1 
2.1 
2.1 
1.8 
1.7 
1.6 

0.28 341 
0.27 341 
0.27 340 
0.26 342 
0.27 342 
0.26 339 
0.25 344 
0.30 343 
0.31 348 
0.33 343 
0.35 342 

1.3 
1.8 
1.9 
2.4 
2.4 
2.2 
2.1 
2.4 
1.9 
2.0 
2.3 

0.37 
0.34 
0.32 
0.36 
0.36 
0.34 
0.35 
0.34 
0.42 
0.42 
0.44 
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Fig. 8 The variation of the coordination number N with density p 

perature and pressure increase and no marked valley appears in 
gXD(r) and gCS(r) of supercritical water; the deep valley in 
gND(r) may be a spurious one, as the shoulder at ca. 230 pm in 

SPC (p = 7.586 10-30 C m, where p denotes the dipole 
moment of a water molecule) and SPCE (p = 7.843 10-30 C m) 
water molecules have dipole moments larger by 23 and 27%, 
respectively, than that of an isolated water molecule (p = 6.187 
X C m). The dipole moment of the SPCG water molecule 
is the same as that of an isolated water molecule. Therefore, we 
can expect that hydrogen-bonding interactions and dipole- 
dipole electrostatic interactions are weaker in the SPCG water 
than in SPC and SPCE waters. In fact, the goH(r) curve obtained 
by using the SPCE model has larger peaks at ca. 180 and 320 
pm, the former should correspond to the distance between a 
hydrogen atom of the central water molecule and the oxygen 
molecule in the adjacent water molecule and the latter indicates 
the 0.-H separation between the central water molecule and the 
hydrogen atom in the adjacent water molecule.28 However, the 
neutron diffraction experiment21 did not show the peak at ca. 
180 pm (Fig. 10). Probably more careful neutron diffraction 
experiments should be repeated. On the other hand, more 
sophisticated pair potentials for supercritical water should be 
developed toward recent attempts to take into account the effect 
of polarizability of water and the many-body effect. 

Diffraction experiments can provide the distribution of 
distances between atoms. However, the distance does not 
directly tell us whether they are bonding or not. Such 

gND(r)- 

200 300 400 500 600 700 
TIK 

Fig. 6 The results of peak analysis of the radial distribution functions shown 
in Fig. 4. (a) Coordination numbers of peaks I and I1 and their sum, (b) their 
interatomic distances, and (c) their full-width at half height against the 
temperature. Quoted in ref. 24. 

tion functions, g(r), obtained with these simulations and 
diffraction methods are also summarized in Fig. 9. The shape of 
the curves is similar in all cases, except for gND(r) [Fig. 9(e)], 
and the first peak at ca. 280 pm in all gCS(r) (CS denotes the 
function calculated from computer simulation) is sharper than 
that in gXD(r). Since the density of supercritical water examined 
by the SPCE model13 (0.33 g cm-3) is much lower than 
that used for the neutron21 (0.66 g cm-3) and 

(0.7-0.9 g cm-3) diffraction experiments, a direct 
comparison between gCS(r) and gND(r) or gXD(r) may be 
difficult. Results obtained by using the TIP4P model [Figs. 9(a) 
and (b)] should be similar to those obtained by diffraction 
methods, because the densities of the examined water are rather 
similar. However, a remarkable difference is seen in gND(r) 
from the other g(r) values for the shoulder at ca. 230 pm and a 
deep valley appearing at ca. 420 pm. A further, careful 
investigation may be needed for neutron diffraction experi- 
ments, since the valley appearing in the gXD(r) curves under 
subcritical conditions [Fig. 9(g)] becomes shallow as tem- 
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Fig. 9 Comparison of pair correlation functions g ( r )  of various HTHP water 
samples examined by different methods. Superscripts MC and MD 
represent Monte Carlo and molecular dynamics simulations, respectively. 
ND and XD mean neutron and X-ray diffraction measurements, re- 
spectively. (a): ref. 10, (b): ref. 14, (c): ref. 12, (4: ref. 13, (e):  ref. 21, v>: 
ref. 24, (g): ref. 23. Data in (g) were obtained under subcritical conditions. 
Quoted in ref. 3 1 except for (g). 

information may be given by the value by comparing it with 
other experimental values which are known as the bond lengths. 
On the other hand, the frequency measurements by IR and 
Raman spectroscopies are more sensitive for the bonding 
nature, but usually they do not give us the value of the distance 
between atoms. Thus, both methods should be applied com- 
plementarily. The NMR method is especially useful for 
obtaining dynamic information of water molecules. However, 
application of high temperature and high pressure to the NMR 
cell is not easy and extremely limited attempts have been made 
by NMR specialists. 

IR and Raman spectroscopic investigations for supercritical 
water were carried out much earlier than diffraction experi- 
ments and computer simulation. Franck and Rothz studied the 
0-D stretching frequency of HDO containing 8.5 mol% D 2 0  in 
H20 at 303-673 K and 5 4 0 0  MPa (Fig. 11). A sharp band at 
2719 cm-l in HDO water having a density of 0.0165 

l .51 I I  

r / p m  

Fig. 10 Comparison among the partial pair correlation function gOH(r) 
obtained by computer simulations (dashed line: ref. 29) and a neutron 
diffraction experiment (solid line: ref. 21) for water at T = 673 K and p 
= 0.66 g cm-3, Dots represent gOH(r) of water under the normal conditions. 
Quoted in ref. 33. 

g cm-3 was not observed in water with a higher density than 
0.095 g (3111-3. On the other hand, a broad band at 2650 cm-l 
increased and shifted towards the lower wavenumber side with 
density, and in water with the density of 0.9 g (3111-3 the band 
was observed as a big broad band centred at 2600 cm-I. A more 
intense v0-D band was observed at 2520 cm-1 in water with the 
density of 1.0 g cm-3 at 303 K. The authors explained that a 
sharp band found at 2719 cm-1 in water with the density of 
0.0165 g cm-3 at 673 K should correspond to the YO-D band 
without hydrogen bonding, while the broad and intense 2520 
cm-1 band observed in the water should indicate that water 
molecules are hydrogen bonded. 

Kohl, Lindner and Franck6 employed Raman spectroscopy to 
a study of water with almost constant density of 0.8-1.0 g ~ m - ~ .  
According to their results the broad 0-D stretching band in 
HDO water appeared at ca. 2510 cm-1 at room temperature, 
which shifted towards the high frequency side and was 
sharpened with increased temperature. Under supercritical 
conditions at 673 K (the density of water was 0.04 g ~ m - ~ )  the 
band became very sharp and the band at 25 10 cm- completely 
disappeared. The shape of the sharp band is close to that in the 
gas phase. From these results we may say that hydrogen- 
bonding interactions among water molecules still exist in 
supercritical water with a density greater than 0.1-0.2 
g cm-3. 

Giguere30 measured the 0-H stretching band in water at high 
temperature and amorphous ice by Raman spectroscopy, and 
discussed two different 0-H bonds, one having the normal 0-H 
hydrogen-bonding distance of 185 pm and the other having 230 
pm which resulted from a bifurcated O-H--O hydrogen bond. 
He explained that the former bond was formed predominantly at 
low temperatures and the contribution of the latter increased 
with increased temperature. The 0-0 distance may be kept 
practically unchanged with the change in temperature. His 
interpretation means that the tetrahedral ice-like water structure 
is practically unchanged, while the central water molecule 
rotates along the axis of one O-H..-O hydrogen bond in the 
tetrahedrally coordinated water structure with temperature. 
However, it is difficult to say that hydrogen bonds are still 
formed in the bifurcated form, because the 0-H-0 angle in the 
bonded water molecules should be bent by more than 50". Since 
the H...O distance at ca. 330 pm can still be detected in the 
neutron diffraction study21 and computer simulations,28 the 
interaction may be better attributed to the weak interaction 
between the hydrogen atom of the central water molecule and a 
second neighbour water molecule which approaches the central 
water molecule to ca. 330 pm. 
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Fig. 11 Isotropic Raman spectra for the Y(D 0) stretching mode in 9 7 mol% HDO in HzO at vanous temperatures and densities Quoted in ref 6 

5 Concluding Remarks 
Supercntical water has attracted scientists’ interest in recent 
years due to its peculiar physicochemical properties and 
industrial uses. However, structural information on supercntical 
water is limited. The lack of structural information prevents the 
development of physicochemical studies of supercntical water 
because we do not have sufficient information for inter- 
molecular interactions. We have reviewed recent investigations 
on the structure of sub- and super-critical water, and concluded, 
on the basis of structural data so far obtained, that water at 
HTHPs consists of a mixture of clusters and the dispersed phase 
contains low aggregates including monomenc water molecules. 
We predict extensive development of this field in the near 
future. Investigations of ionic solvation and complex formation 
reactions in supercntical water have begun in some laborato- 
nes.32 33 Knowledge of hydration of ions and polar substances 
in supercntical water is important to understand ion-water and 
polar molecule-water interactions which relate to solubility 
phenomena and decomposition of the substances. The drastic 
change in the acid-base properties of water is also related to 
chemical relations of water with polar and non-polar molecules. 
Studies on the formation and decomposition reactions of 
organic substances in supercritical water may open another 
potentially useful field of chemistry. The expected development 
of chemistry in the 21st century will certainly necessitate a 
microscopic level exploration of supercntical water. 
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