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Monte Carlo computer simulations were performed under thermodynamic conditions corresponding to available
X-ray and neutron diffraction measurements of the supercritical water structure. A detailed analysis of hydrogen
bonding in supercritical water is presented, based on the recently proposed hybrid distance-energy criterion
of H-bonding. Good agreement is found with all available experimental and computer simulated results.
With increasing temperature, the average number of H-bonds per a water molecule,〈nHB〉, decreases with the
same slope for both high-density (∼1.0 g/cm3) as well as low-density (∼0.2 g/cm3) supercritical water,
asymptotically approaching zero at higher temperatures and lower densities. Over the whole supercritical
region, except for the highest density states,〈nHB〉 is always below the percolation threshold (∼1.6), indicating
that the continuous network of hydrogen bonds is broken. Nevertheless, even at the highest temperature and
the lowest density simulated, some degree of hydrogen bonding is still present in the form of dimers and
trimers. For supercritical conditions of 673 K and 0.66 g/cm3, average hydrogen bonds are almost 10%
weaker, 5% longer, and about 8° more bent, compared to those in normal liquid water. However, over 40%
of them are still preserved in the supercritical state, in good aggreement with estimates from all available
experimental data.

I. Introduction

Supercritical water (i.e., water at temperatures and pressures
above the critical point,Tc ) 647 K) 374°C;Pc ) 22.1 MPa)
has recently become a subject of growing scientific interest due
to its crucial role in a variety of natural processes (e.g., those
taking place in so-called hydrothermal systems1,2), as well as
because of emerging technological applications.3,4 Due to the
large compressibility of supercritical fluids, small changes in
pressure can produce substantial changes in density, which, in
turn, affect diffusivity, viscosity, dielectric, and solvation
properties, thus dramatically influencing the kinetics and mech-
anisms of chemical reactions in water.
It is also well-known that many anomalous properties of water

are the consequence of specific hydrogen-bonding interactions
of its molecules. The question of the ranges of temperature
and density where these specific interactions can significantly
influence the observable properties of water substance is very
important for the construction of realistic structural models for
this fluid.5 Experimental evidence suggests that some degree
of H-bonding persists well into the supercritical region.6,7

However, the direct experimental investigation of the super-
critical water structure is a very challenging task, and any new
structural information obtained at high temperatures and pres-
sures is extremely valuable. The latest series of experiments
by Soper et al.8-10 represent a very important step forward in
introducing into the field the powerful technique of neutron
diffraction with isotope substitution (NDIS), since this method
allows one to experimentally probe all three atom-atom
structural correlations in supercritical water (OO, OH, and HH)
simultaneously. Recent proton NMR chemical shift measure-
ments by Hoffmann and Conradi11 represent yet another
independent source of experimental information on the degree
of hydrogen bonding in water under supercritical conditions.

On the other hand, there are numerous Monte Carlo (MC)
and molecular dynamics (MD) computer simulation studies of
supercritical water performed over the last decade12-27 using
several effective intermolecular potential functions. The ad-
vantage of computer “experiments” in this context is in their
ability to generate and analyze in detail spatial and energetic
arrangements of every individual molecule or multimolecular
configurations in the system, thus providing extremely useful
microthermodynamic and microstructural information on the
molecular level, not available from any real physical measure-
ment. In addition to that, computer simulations provide usual
time- or ansemble-averaged properties of the molecular system,
which can be directly compared with experimental data.
Several sources of experimental data were analysed recently,6

and it was demonstrated that very good consistence exists
between estimates of the degree of hydrogen bonding in
supercritical water inferred from IR absorption measurements28-30

as well as from direct structural studies by energy-dispersive
X-ray diffraction technique.31-33 This latter set of structural
data for some reason was not included in the recent comparisons
of experimental and computer simulated supercritical water
structure.10,20,22,24,27 In the present paper we report the results
of MC computer simulations performed under thermodynamic
conditions corresponding to those of X-ray31-33 as well as
neutron8-10 diffraction experiments. We also compare these
results with some other simulations under similar thermody-
namic conditions.23,34

Technical details of the Monte Carlo simulations are presented
in section II, along with some brief discussion of thermodynamic
results. The structure of supercritical water in terms of atom-
atom radial distribution functions is discussed next in section
III. In section IV we present a detailed analysis of hydrogen-
bonding statistics in supercritical water based on the proposed
intermolecular distance-energy distribution functions and com-
pare the results with all available experimental data. The
conclusions of the present study are briefly summarized in the
last section V.
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II. Monte Carlo Simulations

Isothermal-isobaric MC simulations were performed for a
system ofN) 216 water molecules in a cubic cell with periodic
boundary conditions. A conventionalNPTensemble algorithm35

used in the simulation is described in detail elsewhere.14 Water
molecules were interacting via the effective site-site pair
potential TIP4P,36 which uses the experimental rigid geometry
of the monomer (OH bond length) 0.9572 Å and∠HOH )
104.52°) and has four interaction sites: three on the nuclei and
one on a point M located on the bisector of the HOH angle at
a distance of 0.15 Å from the oxygen toward the hydrogens.
Two charges of 0.52eare located on the hydrogens, compensated
by the charge-1.04eon M. The total interaction energy for a
pair of molecules consists of the Coulomb interactions between
the charged sites and a Lennard-Jones interaction between the
oxygen atoms, with the parametersσ ) 3.154 Å andε/k) 78.1
K in conventional LJ units.36

Over 30 thermodynamic states were simulated for liquid and
supercritical water at temperatures between 273 and 1273 K
over a pressure range from 10 to 10 000 MPa, thus sampling a
very wide density range between 0.02 and 1.67 g/cm3. For each
thermodynamic state the properties were averaged over 107

equilibrium MC configurations with another 5× 106 configura-
tions generated and rejected on the preequilibration stage. The
convergence of all the properties was monitored during the
simulations, and the statistical uncertainties were calculated by
averaging over 50 smaller parts of the total chain of configura-
tions.
A detailed analysis of the thermodynamic results of present

simulations is given elsewhere.25,37 Simulated values of density,
configurational enthalpy (Hconf), isobaric heat capacity (CP),
isothermal compressibility (κ), and thermal expansivity (R) for
two isobars of 50 and 100 MPa (where experimental X-ray
structural data31-33 are available) are shown in Figure 1. The
values calculated along the two isobars using a standard equation
of state for water38 are also given in Figure 1 as solid lines for
comparison. The results demonstrate a remarkable ability of
the TIP4P intermolecular potential to accurately reproduce the
thermodynamic properties of water over very wide ranges of
temperautres and densities. However, as had been noted
earlier,14,25 the shape of the simulated thermodynamic surface
in the near-critical region indicates that the critical point for
the TIP4P water model is located approximately 50° lower than
observed experimentally. The same conclusion can also be
drawn by extrapolating the simulation results for TIP4P water
along the vapor-liquid coexistence curve.39

The simulated thermodynamic properties at 573 and 673 K
under the conditions closely corresponding to those of the
neutron diffraction experiments10 are given in Table 1. The
simulated results seem to be shifted down in density relative to
the experimental38 values. (The point at 573 K and 9.5 MPa is

obviously shifted from liquid to the vapor branch of the
isotherm.) This shift is the direct consequence of the above-
mentioned shifted location of the critical point for the TIP4P
water model and does not create much problems if we use
density rather than pressure as an independent variable for
comparison.
This qualitatively and quantitatively correct behavior of the

simulated thermodynamic properties for the TIP4P water over
very wide ranges of temperatures and densities allows us to
analyze with reasonable confidence the detailed temperature and
density dependence of local spatial and energetic arrangements
of water molecules leading to hydrogen bonding.

III. Structure of Supercritical Water

Figure 2 compares the simulatedgOO(r) radial distribution
functions with the molecular pair correlation functions obtained

TABLE 1: Thermodynamic Properties of Sub- and Supercritical TIP4P Water

T/K:
P/MPa:

573
9.5

573
30

573
50

573
80

573
100

673
50

673
80

673
100

673
130

F/g‚cm-3 0.0576(4)a 0.627(2) 0.669(2) 0.722(2) 0.754(2) 0.393(3) 0.542(4) 0.601(2) 0.655(2)
0.7145b 0.7508 0.7565 0.8066 0.8233 0.5778 0.6595 0.6929 0.7307

Hconf/kJ‚mol-1 -3.95(1) -23.93(9) -24.33(6) -24.66(6) -24.89(5) -14.90(10) -17.93(10) -18.76(6) -19.30(7)
-26.46 -26.73 -26.81 -26.79 -26.72 -19.72 -20.90 -21.22 -21.43

CP/J‚mol-1‚K-1 122(5) 117(6) 96(4) 93(4) 83(3) 123(6) 111(5) 88(3) 85(3)
103 91.5 86.1 81.4 79.3 122.4 94.9 88.3 82.5

κ × 103/MPa-1 170(10) 6.6(6) 3.2(2) 2.4(2) 1.6(1) 16.3(10) 7.3(6) 3.6(2) 2.5(2)
3.10 1.95 1.47 1.10 0.95 7.17 2.91 2.1 1.5

R × 105/K-1 775(50) 510(45) 295(20) 256(20) 195(10) 625(50) 452(30) 271(15) 224(15)
320.2 229.4 188.3 153.7 138.7 491.2 265.1 213.7 171.2

a Statistical uncertainties in the last significant figures are given in parentheses.b In the second row the values calculated from the equation of
state38 are given for comparison as “experimental”.

Figure 1. Temperature dependence of density, configurational enthalpy,
isobaric heat capacity, isothermal compressibility, and thermal expan-
sivity for TIP4P water along two isobars. Open and filled dots are for
50 and 100 MPa, respectively. Lines are calculated from the equation
of state for water.38
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from the X-ray diffraction measurements31-33 along the 100
MPa isobar. The general agreement is reasonably good, if we
take into account that most of the simulated high-temperature
functions correpond to densities lower than experimental, due
to the shifted location of the critical point for the TIP4P water
model discussed in the previous section. The excessive steep-
ness of the simulated functions in the region around 2.5 Å is a
common problem with many effective pair potentials of
water14,17,36,40,41resulting from the excessive stiffness of the
Lennard-Jones-like repulsive interactions.
A more detailed comparison of simulated structural functions

for liquid and supercritical water with available neutron and
X-ray diffraction data is shown in Figures 3-5. For normal
liquid water (Figure 3) the TIP4P potential gives higher and
narrowergOO(r) and gOH(r) first peaks, compared to experi-
mental data, which again can be largely attributed to the
excessive stiffness of the Lennard-Jones repulsion term. It is
also worth noting that in the region below 3 Å the inaccuracy
of peak heights derived from neutron diffraction experiments
can be as large as 14%, despite the fact that the position of
peaks is determined much more accurately.10 On the other hand,
the simulated O-O structure beyond the first-neighbor shell
(rOO > 3.7Å) coincides with X-ray and neutron diffraction data
within experimental error. Note that the two experimental
sources give quite different depthts of the firstgOO(r) minimum,
compensated by some difference in the width of the first peak.
The distinct first peak ofgOH(r) at∼ 1.8 Å and the following

deep minimum at∼ 2.4 Å are the basis of a simple geometric
definition of a hydrogen bond, whereby the bond is taken to
exist between a pair of water molecules whose respective O
and H atoms are separated by less than 2.4 Å. Via integration
undergOH(r) up to the chosen threshold distance this criterion
provides often used quantitative estimates of the average number
of H-bonds in which an individual molecule participates under
various thermodynamic conditions.13,42 While the TIP4P po-
tential overestimates the height of this firstgOH(r) peak and the

depth of the following minimum relative to the neutron data,8,10

the positions of thegOH(r) extrema are reproduced quite

Figure 2. Oxygen-oxygen pair correlation functions of liquid and
supercritical water at a constant pressure of 100 MPa. (a) From X-ray
diffraction experiments.33 (b) From Monte Carlo computer simulations
using the TIP4P potential. Figure 3. Atom-atom radial distribution functions for liquid water

from X-ray diffraction33 (thick dotted line), neutron diffraction8,10 (thin
dotted lines with error bars), and MC simulations with the TIP4P
potential (solid lines).]

Figure 4. Atom-atom radial distribution functions for subcritical (573
K) water from X-ray diffraction33 at 0.82 g/cm3 (thick dotted line),
neutron diffraction10 at 0.72 g/cm3 (thin dotted lines with error bars),
and MC simulations with the TIP4P potential at 0.72 g/cm3 (solid lines).
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accurately, and the above-mentioned geometric estimate gives
the same average number of H-bonds per water molecule in
both cases〈nHB〉G ) 3.2. The experimentalgHH(r) function
(which is the most accurately extracted function from the neutron
data) is reproduced by the present TIP4P simulations within
experimental error in the entire range of distances.
For the subcritical conditions of Figure 4 the agreement of

the simulatedgOO(r), gOH(r), and gHH(r) functions with the
X-ray31-33 and neutron10 data is again very satisfactory. In fact,
it is almost within experimental error. The geometric estimates
of the hydrogen bonding give〈nHB〉G ) 2.4 for both simulated
and neutrongOH(r).
The disagreement of simulated and experimental radial

distribution functions is somewhat larger at the supercritical
temperature of 673 K (Figure 5). Recent results of two other
computer simulations23,34 under very similar thermodynamic
conditions are also shown in Figure 5 for comparison. The
structural functions simulated by Chialvo and Cummings20,27

for the SPC/E water model43 are not shown in Figures 4 and 5
because they virtually coincide with present results for the TIP4P
model. Simulations of Mountain24 for the ST2 and RPOL
intermolecular potentials are also very close to the results for
other water models.
The most striking feature of the neutron diffraction data in

Figure 5 is the disappearance of the first maximum ofgOH(r) at
∼2 Å. However, a significant shoulder still remained at its
place. This feature is best reproduced by the ab initio MD
simulations of Fois et al.34where no assumptions on the potential
is a priori made. Present TIP4P MC simulations also come
close to the neutron data, while MD simulations with the flexible
BJH water model44 show much more structure ingOH(r),

compared to experimental data. The geometric estimates of
〈nHB〉G again give very close values of 2.1 for both experimental
and presently simulated (TIP4P)gOH(r) distribution functions,
while they are equal to 2.3 and 1.7 for the BHJ and ab initio
MD simulations, respectively.
The presence of an inflection point on the experimentalgHH(r)

functions at∼2 Å (see Figures 4, 5) is not reproduced in the
simulations. However, the overall agreement between neutron
data and present TIP4P simulations forgHH(r) is still quite
satisfactory. The BJH potential is unable to correctly reproduce
the behavior of this function because it explicitly forbids two
hydrogens of different molecules to come closer than 2 Å to
each other.23

Although the general trends of the correlation functions
measured by neutron diffraction (such as the shift to larger
distances and the broadening of the firstgOH(r) peak with
increasing temperature and decreasing density10,45) are quali-
tatively reproduced in the present simulations, these effects are
much less pronounced than observed experimentally. Nonethe-
less, they are clearly seen in Figure 6, where the structural results
of two extremely high-temperature (1273 K) MC simulations
are shown for liquidlike and gaslike densities of supercritical
water. The same functions for liquid water under ambient
conditions are also given there for comparison. Figure 6
demonstrates that with increasing temperature and decreasing
density the first peak ofgOH(r) related to H-bonding disappears
due to the shifting and broadening, thus gradually filling the
gap in the distribution between 2 and 3 Å, the feature observed
from neutron diffraction data even at much lower supercritical
temperature (cf. Figures 3-5). With this specific to hydrogen
bonding peak becoming much less distinct at high temperatures,
the simple geometric criterion of H-bonding based exclusively
on the analysis ofgOH(r) distribution becomes completely
unreliable, and some additional orientational and energy criteria
need to be taken into account.9,10,19,20

Figure 5. Atom-atom radial distribution functions for supercritical
water from present MC simulations with the TIP4P potential at 673 K
and 0.66 g/cm3 (solid lines), X-ray diffraction33 at 673 K and 0.69 g/cm3

(thick dotted line), neutron diffraction10 at 673 K and 0.66 g/cm3 (thin
dotted lines with error bars), MD simulations23with the BJH potential44

at 630 K and 0.69 g/cm3 (dashed lines), and ab initio MD simulations34

at 730 K and 0.66 g/cm3 (thin broken line).

Figure 6. Atom-atom radial distribution functions for high-temper-
ature (1273 K) supercritical water at 1.0 g/cm3 (full lines) and 0.17
g/cm3 (dashed lines) from MC simulations with the TIP4P potential.
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IV. Hydrogen-Bonding Statistics in Supercritical Water

In computer simulations, specific configurations of molecules,
which can be considered as hydrogen-bonded, arise as a
consequence of the charge distribution on individual water
molecules. For a quantitative analysis of the H-bonding, various
geometric constraints are often used in addition to the analysis
of gOH(r). They are most frequently based on the requirement
that one or several internal coordinates of a pair of water
molecules (such as oxygen-oxygen distance, angles between
some characteristic bond directions) fall within a certain
specified range of values.10,20,24,27,46-48

There also exists an energetic criterion of a hydrogen bond,
which consideres two molecules to be H-bonded if the interac-
tion energy between them is lower than a given negative
threshold.49 This criterion has been successfully applied to the
analysis of temperature and density effects on the H-bond
distributions in liquid and supercritical water.19,25,36 In principle,
the application of both purely geometric or purely energetic
criteria should result in the same physical picture of hydrogen
bonding. In practice however, both pictures are not always
consistent, especially under supercritical conditions.19,25

The selection of the specific threshold energy value in the
energetic criterion of hydrogen bonding is based on the analysis
of pair energy distributions. These functions represent the
probability density of finding a pair of water molecules that
have some particular interaction energy under given thermo-
dynamic conditions. They can be routinely calculated in
computer simulations. Figure 7 shows such functions for the
thermodynamic states where some experimental structural
information is available from either X-ray31-33 or neutron10

diffraction measurements (cf. Figures 2, 4, 5). Similar distribu-
tion for normal liquid water under ambient conditions is also
shown in Figure 7 for comparison.
Independent of the thermodynamic conditions, most interac-

tions in the system involve pairs of rather distant molecules,

resulting in the main peak of the distribution around 0 kJ/mol.
However, under ambient conditions (dashed line in Figure 7a,b),
there exists a low-energy peak which is commonly associated
with the interactions of hydrogen-bonded neighbors. The
minimum of the distribution at about-10 kJ/mol is usually
taken as the energetic cutoff threshold (EHB) for hydrogen
bonding.36 The integration under this low-energy peak up to
EHB gives us another quantitative estimate of the number of
H-bonds per water molecule in the system, which is completely
independent of any geometric considerations. However, it can
be shown that for normal liquid water this estimate virtually
coincides with the simplest geometric estimate based on the
analysis of thegOH(r) function.19

With increasing temperature and decreasing density the main
peak of the distribution becomes narrower with a higher
maximum (beyond the scale in Figure 7), because relatively
more pairs of molecules are become separated by large
intermolecular distances with a near-zero interaction energy. The
height of the low-energy peak decreases, but a distinct shoulder
is clearly seen at the same range of energies, indicating the
noticeable persistence of hydrogen bonding even at the highest
temperature and the lowest density.
As it has been previously shown,49,50 the variation of the

energetic threshold valueEHB, within reasonable limits, does
not qualitatively affect the picture of hydrogen bonding in
normal liquid water, which remains remarkably similar for a
number of water-water interaction potentials used in simula-
tions.16,19,26,36,49,50Thus, adopting the same value ofEHB ) -10
kJ/mol for all thermodynamic states provides a universal and
simple criterion for quantifying the picture of H-bonding at any
temperature and density. Note that this value ofEHB is
consistent with spectroscopic and thermodynamic estimates of
the hydrogen-bonding energy.51

To better visualize the picture of hydrogen bonding, we have
recently proposed19,25 to use intermolecular distance-energy
distributions which combine bothgOH(r) andEij, as shown in
Figure 8. Each point on the surface of such a distribution
represents the relative probability of finding the hydrogen atom
of a moleculei at a distanceRO‚‚‚H from the oxygen atom of a
molecule j, with a specified interaction energy between the
molecules ofEij. It is obvious now from Figure 8a that for
normal liquid water either geometric or energetic criteria both
quite successfully and consistently distinguish H-bonded mo-
lecular pairs from the nonbonded ones, since the former are
represented by the distinct low-energy short-distance peak on
the distance-energy distribution surface around-20 kJ/mol
and 1.8 Å. The feature at the same energy range, but at
distances around 3.3 Å represents the most likely positions of
the second hydrogen of an H-bonded molecule and corresponds
to the second maximum ofgOH(r) in Figures 3-6.
Under supercritical conditions (Figure 8b), the picture

becomes much more complicated. The nonoverlapping “tails”
of the distance-energy distributions extend far beyond the
chosen threshold values of HB energy and distance. Some of
the molecular pairs considered as bonded in geometric terms
can even have positive (repulsive) interaction energy, thus being
obviously nonbonded in any reasonable physical sense. On the
other hand, molecular pairs considered as H-bonded in energetic
terms can have an O‚‚‚H separation as high as 3.0 Å, which
also seems to be unreasonably large.
The simplest geometric criterion of H-bonding based on

gOH(r) can, obviously, be made more selective by introducing
additional spatial constraints on other interatomic separa-
tions and relative orientations of the interacting molecular
pairs.10,20,24,27,46-48 However, this inevitably jeopardizes the
simplicity and universality of the criteria by increasing the

Figure 7. Normalized distributions of pair interaction energies
(dimerization energies) in liquid and supercritical water. (a) Temperature
dependence at a constant pressure of 100 MPa. (b) Under the
thermodynamic conditions where neutron diffraction experiments10were
performed.
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number of more or less arbitrarily chosen threshold parameters
in the analysis. Instead, we suggest simultaneous application
of just two intermolecular cutoff criteriasone distance-based
(RO‚‚‚H) and one energy-based (Eij)sas the best compromise
between simplicity and unambiguity of the constraints imposed
on any molecular pair to distinguish between H-bonded and
non-bonded configurations. In general, any bond is most
naturally described in terms of its length and strength, which is
directly reflected in the suggested combined criterion. The third
very important characteristic of H-bonding under supercritical
conditions, namely the lifetime of a bond, cannot be estimated
from MC simulations and is, therefore, left beyond the scope
of the present paper.24,26,52

In Figure 9 distance-energy distributions for the same
thermodynamic conditions as in Figure 8 are presented using
the intermolecular oxygen-oxygen distance as an independent
variable. This distribution is also very informative and allows

us to bring additional energetic argumentation to the analysis
of experimental radial distribution functions obtained from X-ray
diffraction measurements.6,33 Figure 9 clearly shows that in the
first coordination sphere of a water molecule, at the nearest
distances as short as 3.0-3.2 Å, there is a significant number
of nonbonded, or “interstitial”, neighbors having high positive
interaction energies. Relative to the number of H-bonded
nearest neighbors, and the total number of molecules in the first
coordination sphere, the number of these “interstitial” molecules
is growing with increasing temperature and decreasing density.
Since the interaction energy between a pair of water molecules
strongly depends on their mutual orientation (especially at short
distances), the observed picture is, in principle, equivalent and
complementary to the one obtained from the analysis of spatial
angular distribution functions.8,9,53

Average energyUHB, distanceRO‚‚‚H, and anglesθ ) ∠O-
H‚‚‚O and φ ) ∠H‚‚‚O-H of H-bonds obtained from the

Figure 8. Normalized intermolecular O‚‚‚H distance-energy distribu-
tion functions for liquid (a) and supercritical (b) water. Arrows show
the cutoff values of the H-bond definition.

TABLE 2: Average Parameters of Hydrogen Bonding in Liquid, Sub- and Supercritical TIP4P Water

T
(K)

P
(MPa)

F
(g/cm3)

〈UHB〉
(kJ/mol)

〈UCoul〉
(kJ/mol)

〈UL-Jl〉
(kJ/mol)

〈RO‚‚‚H〉
(Å)

〈θ〉
(deg)

〈φ〉
(deg) 〈nHBl〉

monomers
(%)

298 0.1 0.99 -18.03 -24.22 6.19 1.926 160.3 99.8 3.19 0.2
573 0.95 0.06 -17.11 -21.59 4.48 2.050 151.6 96.4 0.39 63.0
573 30 0.63 -16.85 -21.63 4.78 2.027 153.6 97.7 1.61 12.2
573 50 0.67 -16.83 -21.67 4.84 2.025 153.6 97.8 1.75 10.9
573 80 0.72 -16.82 -21.70 4.88 2.023 153.6 97.7 1.77 9.5
573 100 0.75 -16.79 -21.72 4.93 2.021 153.7 97.5 1.93 8.7
673 50 0.39 -16.63 -21.17 4.54 2.049 151.8 96.8 1.05 30.8
673 80 0.54 -16.59 -21.23 4.64 2.043 152.1 96.9 1.35 21.5
673 100 0.60 -16.57 -21.25 4.68 2.041 152.2 97.0 1.36 18.5
673 130 0.66 -16.54 -21.25 4.71 2.040 152.3 97.0 1.38 16.6
673 1000 1.05 -16.34 -21.79 5.45 2.015 151.9 96.1 2.06 5.7
673 10000 1.67 -15.72 -23.79 8.07 1.956 149.2 94.5 2.82 2.35
373 100 0.98 -17.51 -23.25 5.73 1.962 157.6 98.9 2.88 0.8
473 100 0.89 -17.11 -22.36 5.25 1.996 155.4 98.2 2.23 3.3
573 100 0.75 -16.79 -21.72 4.93 2.021 153.7 97.5 1.93 8.7
673 100 0.60 -16.57 -21.25 4.68 2.041 152.2 97.0 1.36 18.5
773 100 0.44 -16.39 -20.88 4.49 2.058 150.9 96.2 0.96 34.3
1273 100 0.17 -15.79 -20.10 4.31 2.091 147.5 93.6 0.20 78.9

Figure 9. Normalized intermolecular O‚‚‚O distance-energy distribu-
tion functions for liquid and supercritical water. Arrows show the
regions where “interstitial” molecules are located.

Hydrogen Bonding in Supercritical Water. 2 J. Phys. Chem. A, Vol. 101, No. 50, 19979725



present MC simulations by the application of the combined
distance-energy criterion are presented in Table 2, along with
the resulting average number of H-bonds per water molecule
and the fraction of competely nonbonded molecules (monomers)
under varying thermodynamic conditions. Similar values for
liquid water under ambient conditions are also given there for
comparison. The energy of the H-bonding is divided into
Coulomb and Lennard-Jones contributions, according to the
definition of the TIP4P interaction potential. As expected, the
average HB distance decreases with increasing pressure (density)
along an isotherm, bringing about an increase of the repulsive
LJ contribution to the pair interaction energy. At the same time
however, the Coulomb contribution decreases, resulting in
average total energy of H-bonding being almost density/pressure
independent at a given temperature. Although some smooth
variation of the average HB anglesθ andφ is clearly observable,
they too remain almost constant along an isotherm.
In general, we may conclude that the increase of temperature

from ambient to supercritical affects the average energetic and
spatial characteristics of H-bonding in water much more
dramatically than any isothermal change in pressure or density
within the range from 10 to 10 000 MPa, or from 0.03 to 1.67
g/cm3, respectively, under supercritical conditions.
In the paper of Gorbaty and Kalinichev,6 no definite criteria

of a hydrogen bond were deliberately used for the analysis of
spectroscopic and X-ray diffraction data. Instead, a quantityø
was introduced which can be considered either as the mole
fraction of hydrogen bonds or as the overall degree of “hydrogen
bondedness” in water under certain thermodynamic conditions.
This quantity can vary from 1 to 0 for ice and very dilute vapor,
respectively. In the present paper, we are using direct quantita-
tive estimates of the average number of H-bonds per water
molecule,〈nHB〉, based on our hybrid distance-energy criterion
of H-bonding. Since the maximum number of ideal H-bonds
per water molecule is 4 (e.g., in ice-I), these two quantities are,
obviously, in a very simple relationship to each other:

Figure 10 shows the experimental estimates from the previous
paper6 (replotted in the new scale) and recent neutron diffraction
data10 along with the results of the present Monte Carlo
simulations under similar thermodynamic conditions. Recent
high-temperature proton NMR chemical shift measurements at
pressures 10-40 MPa are also given there using the scaling
factor of 3.2 for the degree of hydrogen bondingη (defined in
the experimental paper11) and 〈nHB〉. There is very good
agreement between experimental data from different sources
and present computer simulations. Note that above∼700 K
the NMR data correspond to densities< 0.2 g/cm3, thus
expectedly positioned below the MC results for this density,
but in good agreement with low-density IR results.29,30 Some
overestimation of〈nHB〉 relative to the X-ray diffraction data33
at lower temperatures is the direct consequence of the overes-
timation of the height of thegOO(r) first peak by the TIP4P
potential data (see Figures 2 and 3). On the other hand, the
value of 3.58 for〈nHB〉 derived from the neutron diffraction
data10 also seems somewhat overestimated.
From computer simulations, the general temperature depen-

dence of〈nHB〉 is observed as a broad band between high-density
(dash-dotted) and low-density (dotted) curves, asymptotically
approaching zero at higher temperatures and lower densities,
as previously predicted.6 However, even at the highest tem-
perature and the lowest density of the present simulations (Figure
10) there persists some noticeable degree of hydrogen bonding,
represented, most probably, by small clusters like dimers and
trimers.

Temperature and density dependencies of fractions of water
molecules having a given number of H-bonds for typical
supercritical isobar, isochore, and isotherm are plotted in Figure
11 based on the present MC simulations for the TIP4P water
model. For the thermodynamic conditions of neutron diffraction
experiments10 (673 K and 0.66 g/cm3) 12% of water molecules
are estimated to be involved in three H-bonds, about 70% of
molecules are involved in one or two H-bonds (dimers and
trimers), and only 17% represent nonbonded monomers. This
picture is in good qualitative agreement with recent calculations
of the water equation of state using the hydrogen-bonding lattice
fluid model (LFHB)54 and associated perturbed anisotropic chain
theory (APACT).55

V. Conclusions
In the previous paper6 several independent sets of experi-

mental data were analyzed, and good consistence was demon-

4ø ) 〈nHB〉 (4.1)

Figure 10. Temperature dependence of the average number of H-bonds
per molecule,〈nHB〉 derived from the X-ray data33 (open circles), IR
absorption byνOH HDO6,29 (open squares), IR absorption byνOD HDO28

(filled squares), neutron diffraction10 (filled dots), proton NMR shift11

(vertical bars), and MC (TIP4P) simulations along the 100 MPa isobar
and at two different densities.

Figure 11. Distributions of molecules involved in a given number of
H-bonds (numbers at the curves) in supercritical water resulting from
the present MC simulations for the TIP4P intermolecular potential: (a)
along an isobar of 100 MPa; (b) along an isochore of 1 g/cm3 ; (c)
along an isotherm of 673 K.
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strated in estimating the degree of hydrogen bonding in
supercritical water. It was shown that H-bonding is still
noticeable even at temperatures as high as 800 K and very low
densities. In the present paper we reported the results of Monte
Carlo computer simulations performed under thermodynamic
conditions corresponding to the available X-ray31-33 and
neutron10 diffraction measurements for supercritical water. We
also compared these results with some other recent experimen-
tal11 and simulated23,34 data under simlilar thermodynamic
conditions. Obviously, more experimental X-ray and neutron
diffraction measurements under supercritical conditions are
needed before these structural data can be used for reliable
reparametrization of the available intermolecular potential
functions used in computer simulations. However, even in their
present form the potentials like TIP4P36 seem to give a
description of the structure and properties of supercritical water
which is qualitatively, and often even quantitatively, quite
consistent with available experimental data.
The detailed analysis of the picture of hydrogen bonding in

supercritical water, based on the proposed intermolecular
distance-energy criterion of H-bonding, demonstrated good
agreement of present computer simulations with several sets of
experimental data from different sources. With increasing
temperature, the average number of H-bonds per water molecule
decreases with the same slope for high-density (∼1 g/cm3) as
well as low-density (∼0.2 g/cm3) supercritical water and
asymptotically approaches zero at higher temperatures and lower
densities, in good agreement with previous predictions.6 Since
these numbers of〈nHB〉 are well below the percolation threshold
(∼1.6),56 the continuous network of hydrogen bonds is already
broken atT ) 573 K andF < 0.63 g/cm3 (see Figure 10 and
Table 2). For temperatures above∼873 K the continuous
network is broken even for liquidlike densities above 1.0 g/cm3.
However, even at the highest temperature and the lowest density
of the present simulations some degree of hydrogen bonding is
still observable in the form of dimers and trimers.
For the typical supercritical conditions ofT ) 673 K andF

) 0.66 g/cm3, average hydrogen bonds are approximately 1.5
kJ/mol (or 8%) weaker, 0.1 Å (or 5%) longer, and 8° less linear,
compared to those in liquid water under ambient conditions
(Table 2). However, more than 40% of H-bonds are still
preserved in the supercritical state according to the results of
present simulations and in excellent agreement with all estimates
based on experimental data from different sources.
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