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Hydrogen Bonding in Supercritical Water. 2. Computer Simulations
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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 distaercg 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 molbgsiledecreases with the

same slope for both high-density-{.0 g/cn¥) as well as low-density~0.2 g/cn¥) supercritical water,
asymptotically approaching zero at higher temperatures and lower densities. Over the whole supercritical
region, except for the highest density stafeggis always below the percolation threshotdl(.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 ¢icaverage hydrogen bonds are almost 10%
weaker, 5% longer, and about Biore 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 On the other hand, there are numerous Monte Carlo (MC)

. . and molecular dynamics (MD) computer simulation studies of
Supercritical water (i.e., water at temperatures and pressures

” LTI - SO supercritical water performed over the last deéadé using
above the critical poinffe = .647 K= 374 c PF N 2 21 MPa) several effective intermolecular potential functions. The ad-
has recently become a subject of growing scientific interest due “ . . ) L .

- . . ) vantage of computer “experiments” in this context is in their
to its crucial role in a variety of natural processes (€.g., those ability to generate and analyze in detail spatial and energetic
taking place in so-called hydrothermal systéfsas well as ytg y P 9

because of emerging technological applicatibhsDue to the arrangements of every individual molecule or multimolecular
large compressibility of supercritical fluids, small changes in configurations in the system, thus providing extremely useful

pressure can produce substantial changes in density, which, inmicrothermodynamic and microstructural information on the

turn, affect diffusivity, viscosity, dielectric, and solvation molecular level, not available from any real physical measure-

properties, thus dramatically influencing the kinetics and mech- me”t- In addition to that, computer_5|mulat|ons provide usual
anisms of chemical reactions in water. tlmg- or ansemple-averaged prope(tles of thg molecular system,
It is also well-known that many anomalous properties of water which can be directly compared with experimental data.
are the consequence of specific hydrogen-bonding interactions Several sources of experimental data were analysed re€ently,
of its molecules. The question of the ranges of temperature @nd it was demonstrated that very good consistence exists
and density where these specific interactions can significantly between estimates of the degree of hydrogen bonding in
influence the observable properties of water substance is verysSupercritical water inferred from IR absorption measureriérits
important for the construction of realistic structural models for as well as from direct structural studies by energy-dispersive
this fluid> Experimental evidence suggests that some degreeX-ray diffraction techniqué’~33 This latter set of structural
of H-bonding persists well into the supercritical regfoh. data for some reason was not included in the recent comparisons
However, the direct experimental investigation of the super- of experimental and computer simulated supercritical water
critical water structure is a very challenging task, and any new structuret?20.2224.27|n the present paper we report the results
structural information obtained at high temperatures and pres-of MC computer simulations performed under thermodynamic
sures is extremely valuable. The latest series of experimentsconditions corresponding to those of X-#&y2 as well as
by Soper et a§1° represent a very important step forward in neutrof~10 diffraction experiments. We also compare these
introducing into the field the powerful technique of neutron results with some other simulations under similar thermody-
diffraction with isotope substitution (NDIS), since this method namic conditiong334
allows one to experimentally probe all three atoatom Technical details of the Monte Carlo simulations are presented
structural correlations in supercritical water (OO, OH, and HH) in section I1, along with some brief discussion of thermodynamic
simultaneously. Recent proton NMR chemical shift measure- results. The structure of supercritical water in terms of atom
ments by Hoffmann and Conradirepresent yet another  atom radial distribution functions is discussed next in section
independent source of experimental information on the degree|)|. |n section IV we present a detailed analysis of hydrogen-
of hydrogen bonding in water under supercritical conditions. honding statistics in supercritical water based on the proposed
= — e ot Exoormomal Mimoral — intermolecular distaneeenergy distribution functions and com-
s S g o B Mo, R pare the resufs il vaiable expermentl cata, The
mail: andreyk@iem.ac.ru). conclusions of the present study are briefly summarized in the
® Abstract published irAdvance ACS Abstractdjovember 15, 1997. last section V.
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TABLE 1: Thermodynamic Properties of Sub- and Supercritical TIP4P Water

TIK: 573 573 573 573 573 673 673 673 673
P/MPa: 9.5 30 50 80 100 50 80 100 130
plg-cm3 0.0576(4)  0.627(2)  0.669(2)  0.722(2)  0.754(2)  0.393(3)  0.542(4)  0.601(2)  0.655(2)
0.714% 0.7508 0.7565 0.8066 0.8233 0.5778 0.6595 0.6929 0.7307
Heonfkmol-t  —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
ColImol--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
k x 10%MPat  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 15
o x 10/K1 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 parentidsethe second row the values calculated from the equation of
staté® are given for comparison as “experimental”.

Il. Monte Carlo Simulations 1.0 [

Isothermat-isobaric MC simulations were performed for a o?g 08 © fgo"";;a
system ofN = 216 water molecules in a cubic cell with periodic 2 o6
boundary conditions. A conventionsdPTensemble algorith Z oar
used in the simulation is described in detail elsewRérg@vater o ol

molecules were interacting via the effective sisite pair

potential TIP4F8 which uses the experimental rigid geometry S S
250 500 750 1000 1250

of the monomer (OH bond lengts 0.9572 A andJHOH =
104.52) and has four interaction sites: three on the nuclei and T/K
one on a point M located on the bisector of the HOH angle at 10

a distance of 0.15 A from the oxygen toward the hydrogens. 0
Two charges of 0.52are located on the hydrogens, compensated
by the charge-1.04e on M. The total interaction energy for a

pair of molecules consists of the Coulomb interactions between

Heont / kJ mol
'
N
o

the charged sites and a Lennard-Jones interaction between the -30 O 50 MPa ‘
oxygen atoms, with the parameters= 3.154 A ande/k = 78.1 -40 ® 100 MPa 401 o 1oompa 2
K in conventional LJ unit8® 50 Lot bt

Over 30 thermodynamic states were simulated for liquid and 250500 7T5(; K1°°° 1250 250 500 ;55) K1°00 1250

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 §/cRor each

1

thermodynamic state the properties were averaged over 10 *&s 10 ke

equilibrium MC configurations with anothers 10f configura- = o

tions generated and rejected on the preequilibration stage. The % 4q0 2

convergence of all the properties was monitored during the -, O 50MPa 3 O 50 MPa
simulations, and the statistical uncertainties were calculated by ® 100 MPa ® 100 MPa
averaging over 50 smaller parts of the total chain of configura- 1071 b 107 ot
tions. 250 500 750 1000 1250 250 500 750 1000 1250

A detailed analysis of the thermodynamic results of present TIK T/rK

simulations is given elsewhefe3” Simulated values of density, Figgre_l-hTe{nPefaﬂJ{e deptﬁndencle of denSityB_?_ftJnfiguéatti:nal elnthalpy,
; ; ; ; ; isobaric heat capacity, isothermal compressibility, and thermal expan-

%%r:ﬂglrjr;aat:%r:)%;rgt: ;Lﬁﬁ;{? ng’ng?k?:r%:arg)?;;r?sﬁa?;oyﬁégé sivity for TIP4P water along two isobars. Open and filled dots are for

! . ' . 50 and 100 MPa, respectively. Lines are calculated from the equation

two isobars of 50 and 100 MPa (where experimental X-ray qf siate for watep®

structural daté 33 are available) are shown in Figure 1. The

values calculated along the two isobars using a standard equationypyiously shifted from liquid to the vapor branch of the
of state for wate® are also given in Figure 1 as solid lines for jsotherm.) This shift is the direct consequence of the above-
comparison. The results demonstrate a remarkable ability of mentioned shifted location of the critical point for the TIP4P
the TIP4P intermolecular potential to accurately reproduce the yater model and does not create much problems if we use

thermodynamic properties of water over very wide ranges of gensity rather than pressure as an independent variable for
temperautres and densities. However, as had been note¢tomparison.

earlier’*25the shape of the simulated thermodynamic surface
in the near-critical region indicates that the critical point for
the TIP4P water model is located approximately BOver than
observed experimentally. The same conclusion can also be
drawn by extrapolating the simulation results for TIP4P water
along the vaporliquid coexistence curvé.

The simulated thermodynamic properties at 573 and 673 K
under the conditions closely corresponding to those of the
neutron diffraction experimersare given in Table 1. The
simulated results seem to be shifted down in density relative to  Figure 2 compares the simulatggo(r) radial distribution
the experiment&f values. (The point at 573 K and 9.5 MPa is functions with the molecular pair correlation functions obtained

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.

lll. Structure of Supercritical Water
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Figure 2. Oxygen—oxygen pair correlation functions of liquid and
supercritical water at a constant pressure of 100 MPa. (a) From X-ray
diffraction experimentg3 (b) From Monte Carlo computer simulations
using the TIP4P potential.

R/ A

Figure 3. Atom—atom radial distribution functions for liquid water

from X-ray diffractior?® (thick dotted line), neutron diffractiéi® (thin

from the X-ray diffraction measuremefts33 along the 100
MPa isobar. The general agreement is reasonably good,
take into account that most of the simulated high-temperature
functions correpond to densities lower than experimental, due

dotted lines with error bars), and MC simulations with the TIP4P
if Wepotential (solid lines).]

T=573 K p=0.72 glcm®

to the shifted location of the critical point for the TIP4P water 2
. . . . . NDIS
model discussed in the previous section. The excessive steep- ey
ness of the simulated functions in the region around 2.5 Aisa o —— MC TIP4P
common problem with many effective pair potentials of Sle——— T T
watef417:36.40.41ragylting from the excessive stiffness of the
Lennard-Jones-like repulsive interactions. .
A more detailed comparison of simulated structural functions 0 1 5 3 4 5 6

for liquid and supercritical water with available neutron and
X-ray diffraction data is shown in Figures=5. For normal
liquid water (Figure 3) the TIP4P potential gives higher and
narrowergoo(r) and gou(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 b&i3 A 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 accuratgiDn the other hand,
the simulated GO structure beyond the first-neighbor shell
(roo > 3.7A) coincides with X-ray and neutron diffraction data
within experimental error. Note that the two experimental
sources give quite different depthts of the figgb(r) minimum,
compensated by some difference in the width of the first peak.
The distinct first peak ofion(r) at~ 1.8 A and the following
deep minimum at- 2.4 A 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

9HH

R/ A

and H atoms are separated by less than 2.4 A. Via integrationFigure 4. Atom—atom radial distribution functions for subcritical (573

; i itar - i iof® .82 g/cr (thick dotted line)
undergor(r) up to the chosen threshold distance this criterion K) water from X-ray diffractiod® at 0.82 g/cr . ’
. L . eutron diffractio#’ at 0.72 g/cr (thin dotted lines with error bars),
provides often used quantitative estimates of the average numbegnol MC simulations with the TIP4P potential at 0.72 g¥¢solid lines).
of H-bonds in which an individual molecule participates under
various thermodynamic conditioA%#2 While the TIP4P po-
tential overestimates the height of this figgl(r) peak and the

depth of the following minimum relative to the neutron d&#é,
the positions of thegon(r) extrema are reproduced quite
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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/crh(solid lines), X-ray diffractiof? at 673 K and 0.69 g/ctn
(thick dotted line), neutron diffractidhat 673 K and 0.66 g/cf(thin
dotted lines with error bars), MD simulatiddsvith the BJH potentidf

at 630 K and 0.69 g/cf(dashed lines), and ab initio MD simulatiGfs

at 730 K and 0.66 g/ctn(thin broken line).
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Figure 6. Atom—atom radial distribution functions for high-temper-
ature (1273 K) supercritical water at 1.0 gfeffull lines) and 0.17
g/cn? (dashed lines) from MC simulations with the TIP4P potential.

compared to experimental data. The geometric estimates of
(Mysld again give very close values of 2.1 for both experimental
and presently simulated (TIP4Bgn(r) distribution functions,
while they are equal to 2.3 and 1.7 for the BHJ and ab initio

accurately, and the above-mentioned geometric estimate gives\,p simuiations respectively.

the same average number of H-bonds per water molecule in

both casedhygld = 3.2. The experimentayyn(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), don(r), and gun(r) functions with the
X-ray®-33 and neutro# data is again very satisfactory. In fact,

it is almost within experimental error. The geometric estimates

of the hydrogen bonding giveslg = 2.4 for both simulated
and neutrorgon(r).

The presence of an inflection point on the experimegyal(r)
functions at~2 A (see Figures 4, 5) is not reproduced in the
simulations. However, the overall agreement between neutron
data and present TIP4P simulations fp(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 closemtl2aA to
each othef3

Although the general trends of the correlation functions
measured by neutron diffraction (such as the shift to larger
distances and the broadening of the figgl(r) peak with

The disagreement of simulated and experimental radial increasing temperature and decreasing del<iyare quali-

distribution functions is somewhat larger at the supercritical

tatively reproduced in the present simulations, these effects are

temperature of 673 K (Figure 5). Recent results of two other ¢ less pronounced than observed experimentally. Nonethe-

computer simulatiorf§-34 under very similar thermodynamic
conditions are also shown in Figure 5 for comparison. The
structural functions simulated by Chialvo and Cumm#igs

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

for the SPC/E water modélare not shown in Figures 4 and 5 \yater. The same functions for liquid water under ambient

model. Simulations of Mountath for the ST2 and RPOL

demonstrates that with increasing temperature and decreasing

intermolecular potentials are also very close to the results for gensity the first peak afon(r) related to H-bonding disappears

other water models.

The most striking feature of the neutron diffraction data in
Figure 5 is the disappearance of the first maximurg®f(r) at
~2 A. However, a significant shoulder still remained at its
place. This feature is best reproduced by the ab initio MD
simulations of Fois et & where 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 modél show much more structure igon(r),

due to the shifting and broadening, thus gradually filling the
gap in the distribution between 2 and 3 A, the feature observed
from neutron diffraction data even at much lower supercritical
temperature (cf. Figures-3®). 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 ofgon(r) distribution becomes completely
unreliable, and some additional orientational and energy criteria
need to be taken into accolft?-19.20
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06 ¢ ‘ —_— resulting in the main peak of the distribution around 0 kJ/mol.
F | P=100 MPa However, under ambient conditions (dashed line in Figure 7a,b),
" ;' 1- 373K there exists a low-energy peak which is commonly associated
L4t i 2- 473K with the interactions of hydrogen-bonded neighbors. The
3 : | Z: g;gﬁ minimum of the distribution at about10 kJ/mol is usually
2 s { 5. 773K taken as the energetic cutoff threshol8,£) for hydrogen
S o2k i 6- 1273 K bonding3® The integration under this low-energy peak up to
z : ; T7 296K 0.1MPa Eng gives us another quantitative estimate of the number of
i H-bonds per water molecule in the system, which is completely
0.0 Fem NS independent of any geometric considerations. However, it can
30 0 10 20 30 be shown that for normal liquid water this estimate virtually
kJ/mol coincides with the simplest geometric estimate based on the
analysis of thegon(r) function1®
With increasing temperature and decreasing density the main
06 ¢ i peak of the distribution becomes narrower with a higher
i ! - - normal liquid water maximum (beyond the scale in Figure 7), because relatively
@ : bl 1-s7ak & 072 giem? more pairs of molecules are become separated by large
3 0.4 L 2-673K & 0.66 glem® intermolecular distances with a near-zero interaction energy. The
< : oL | height of the low-energy peak decreases, but a distinct shoulder
E : f is clearly seen at the same range of energies, indicating the
S 02+ | noticeable persistence of hydrogen bonding even at the highest
. i temperature and the lowest density.
: 1 As it has been previously shovihi>0 the variation of the
0‘0_36“ 6 0 2‘0 20 energetic threshold valugs, within reasonable limits, does
- [ kol not qualitatively affect the picture of hydrogen bonding in
]

normal liquid water, which remains remarkably similar for a
Figure 7. Normalized distributions of pair interaction energies number of waterwater interaction potentials used in simula-
(dimerization energies) in liquid and supercritical water. (a) Temperature tions16.19.26.364950Thys, adopting the same valueffs = —10
dependence at a constant pressure of 100 MPa. (b) Under thekj/mol for all thermodynamic states provides a universal and
the;mody(r;amlc conditions where neutron diffraction experimemntsre simple criterion for quantifying the picture of H-bonding at any
performec. temperature and density. Note that this value Bz is

IV. Hydrogen-Bonding Statistics in Supercritical Water consistent with spectroscopic and thermodynamic estimates of

: . - . . the hydrogen-bonding ener§y.
In computer simulations, specific configurations of molecules, b isualize the pi t hvd bondi h
which can be considered as hydrogen-bonded, arise as a |° Petter visualize the picture of hydrogen bonding, we have

pe , :
consequence of the charge distribution on individual water (rjece_rgtly_ propo;e"i to g_se |EtermolecuI3rE§|stane:nerg_y
molecules. For a quantitative analysis of the H-bonding, various distributions which combine botgor(r) andE;, as shown in

geometric constraints are often used in addition to the analysisFigure 8. Each pqint on thg 'surfa(.:e .Of such a distribution
of gou(r). They are most frequently based on the requirement represents the relative probability of finding the hydrogen atom

that one or several internal coordinates of a pair of water of a mole_culel_ at ad'Staano.'"H ffo"! the oxygen atom of a
molecules (such as oxygemxygen distance, angles between moleculej, with a specified interaction energy between the

some characteristic bond directions) fall within a certain molecules PfE“' It IS obvious now from Flgurg 8a_tha}t for
specified range of valugg:202427.4648 normal liquid water either geometric or energetic criteria both

There also exists an energetic criterion of a hydrogen bond, quite succ_essfully and consistently diStingl.JiSh H-bonded mo-
which consideres two molecules to be H-bonded if the interac- €cular pairs from th(_a r_10nbonded ones, since the former are
tion energy between them is lower than a given negative repre;;ented by the d|§t|n_ct Iqw-energy short-distance peak on
threshold?® This criterion has been successfully applied to the the distance-energy distribution surface aroune20 k/mol

analysis of temperature and density effects on the H-bond a_nd 1.8 A The feature at the same energy range_,_but at
distributions in liquid and supercritical wat2536 In principle, distances around 3.3 A represents the most likely positions of

the application of both purely geometric or purely energetic the second hydrogen of an H-bor_ldeq molecule and corresponds
criteria should result in the same physical picture of hydrogen ' the second maximum @ox(r) in Figures 3-6.
bonding. In practice however, both pictures are not always Under supercritical conditions (Figure 8b), the picture
consistent, especially under supercritical conditits. becomes much more complicated. The nonoverlapping “tails”
The selection of the specific threshold energy value in the Of the distanceenergy distributions extend far beyond the
energetic criterion of hydrogen bonding is based on the analysischosen threshold values of HB energy and distance. Some of
of pair energy distributions. These functions represent the the molecular pairs considered as bonded in geometric terms
probability density of finding a pair of water molecules that can even have positive (repulsive) interaction energy, thus being
have some particular interaction energy under given thermo- obviously nonbonded in any reasonable physical sense. On the
dynamic conditions. They can be routinely calculated in Other hand, molecular pairs considered as H-bonded in energetic
computer simulations. Figure 7 shows such functions for the terms can have an-©H separation as high as 3.0 A, which
thermodynamic states where some experimental structural@lso seems to be unreasonably large.
information is available from either X-r&y 33 or neutrod? The simplest geometric criterion of H-bonding based on
diffraction measurements (cf. Figures 2, 4, 5). Similar distribu- gon(r) can, obviously, be made more selective by introducing
tion for normal liquid water under ambient conditions is also additional spatial constraints on other interatomic separa-
shown in Figure 7 for comparison. tions and relative orientations of the interacting molecular
Independent of the thermodynamic conditions, most interac- pairs10.20.24.27.4648 However, this inevitably jeopardizes the
tions in the system involve pairs of rather distant molecules, simplicity and universality of the criteria by increasing the
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Figure 8. Normalized intermolecular @H distance-energy distribu- Figure 9. Normalized intermolecular @O distance-energy distribu-
tion functions for liquid (a) and supercritical (b) water. Arrows show tion functions for liquid and supercritical water. Arrows show the
the cutoff values of the H-bond definition. regions where “interstitial” molecules are located.

number of more or less arbitrarily chosen threshold parametersus to bring additional energetic argumentation to the analysis
in the analysis. Instead, we suggest simultaneous applicationof experimental radial distribution functions obtained from X-ray
of just two intermolecular cutoff critertaone distance-based diffraction measurements® Figure 9 clearly shows that in the
(Ro---n) and one energy-basetjj—as the best compromise first coordination sphere of a water molecule, at the nearest
between simplicity and unambiguity of the constraints imposed distances as short as 3:8.2 A, there is a significant number
on any molecular pair to distinguish between H-bonded and of nonbonded, or “interstitial”, neighbors having high positive
non-bonded configurations. In general, any bond is most interaction energies. Relative to the number of H-bonded
naturally described in terms of its length and strength, which is nearest neighbors, and the total number of molecules in the first
directly reflected in the suggested combined criterion. The third coordination sphere, the number of these “interstitial” molecules
very important characteristic of H-bonding under supercritical is growing with increasing temperature and decreasing density.
conditions, namely the lifetime of a bond, cannot be estimated Since the interaction energy between a pair of water molecules
from MC simulations and is, therefore, left beyond the scope strongly depends on their mutual orientation (especially at short
of the present pap@f:26.52 distances), the observed picture is, in principle, equivalent and
In Figure 9 distanceenergy distributions for the same complementary to the one obtained from the analysis of spatial
thermodynamic conditions as in Figure 8 are presented usingangular distribution function%?:53
the intermolecular oxygernoxygen distance as an independent  Average energyygs, distanceRo..., and angle® = 0O—
variable. This distribution is also very informative and allows H---O and ¢ = [OH---O—H of H-bonds obtained from the

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

T P 0 Wpsd Weoul W —y0 Ro...nd @0 p0d monomers
(K) (MPa) (g/lcm3) (kJ/mol) (kJ/mol) (kJ/mol) A (deg) (deg) Mg O (%)
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 1.35 215
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 —-21.25 471 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 2.0901 147.5 93.6 0.20 78.9
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present MC simulations by the application of the combined 4.0 ; N w T ‘ {

distance-energy criterion are presented in Table 2, along with . e ot oeny

the resulting average number of H-bonds per water molecule O Xeray, 100 MPa (Gorbaty & Demianets, 1983)

and the fraction of competely nonbonded molecules (monomers) 3.0 '. NMR shift, 10-40 MPa (Hoffmann & Conrad!, 1997)
. . iy . Neutron diffraction (Soper et al., 1997)

under varying thermodynamic conditions. Similar values for

liquid water under ambient conditions are also given there for A,

comparison. The energy of the H-bonding is divided into = 20 “ g .

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) 1.0

along an isotherm, bringing about an increase of the repulsive

O — ' MC simulations, ~1 g/cm3
~. T MC simulations, ~0.2 g/cm3
—— MC simulations, 100 MPa

T T T
TN R R N N N R

I B

ST
-
-

LJ contribution to the pair interaction energy. At the same time

however, the Coulomb contribution decreases, resulting in 0.0 * ‘ : ‘ : : : -
average total energy of H-bonding being almost density/pressure 20 400 600 800 1000 1200
independent at a given temperature. Although some smooth T/K

variation of the average HB anglésand¢ is clearly observable, Figure 10. Temperature dependence of the average num.ber of H-bonds
they too remain almost constant along an isotherm. per molecule[m.gCIderived from the X-ray data (open circles), IR

: absorption byoy HDO®2° (open squares), IR absorption fay, HDO?®
In general, we may conclude that the increase of t(:"mperature(filled squares), neutron diffractiéh(filled dots), proton NMR shift

from ambient to supercritical affects the average energetic and(vertlcal bars), and MC (TIP4P) simulations along the 100 MPa isobar
spatial characteristics of H-bonding in water much more and at two different densities.

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 gg T pticompa | o
g/cn?, respectively, under supercritical conditions. 1

In the paper of Gorbaty and Kalinichéno definite criteria :2 a

mol %

of a hydrogen bond were deliberately used for the analysis of 20

spectroscopic and X-ray diffraction data. Instead, a quaptity w0} :
Wasllntroduced which can be considered either as the mole T
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 O for ice and very dilute vapor, 60

respectively. In the present paper, we are using direct quantita- 50 1
tive estimates of the average number of H-bonds per water
molecule,ys[] based on our hybrid distancenergy criterion

of H-bonding. Since the maximum number of ideal H-bonds ‘0
per water molecule is 4 (e.g., in ice-l), these two quantities are,

mol %
w
o
T

i‘
1
\

0

obviously, in a very simple relationship to each other: 200 400 600 TBO/(’K 1000 1200 1400
4y = [h,g0 (4.2) 60— R — ‘
50 Lt ° T=673 K c
Figure 10 shows the experimental estimates from the previous o 20 EoNc e e

papef (replotted in the new scale) and recent neutron diffraction El 2 — T
datd? along with the results of the present Monte Carlo 20 - \/' AR
simulations under similar thermodynamic conditions. Recent 1% / —~—_ 8
high-temperature proton NMR chemical shift measurements at 04 06 08 10 12 14 186
pressures 1640 MPa are also given there using the scaling p I gem®
factor of 3.2 for the degree of hydrogen bondipgdefined in Figure 11. Distributions of molecules involved in a given number of

the experimental pap€) and hysl] There is very good H-bonds (numbers at the curves) in supercritical water resulting from
agreement between experimental data from different sourcesthe present MC simulations for the TIP4P intermolecular potential: (a)
and present computer simulations. Note that abeV@0 K along an isobar of 100 MPa; (b) along an isochore of 1 §/rie)

the NMR data correspond to densities 0.2 g/cn®, thus along an isotherm of 673 K.

expectedly positioned below the MC results for this density,  Temperature and density dependencies of fractions of water
but in good agreement with low-density IR resdft8? Some  molecules having a given number of H-bonds for typical
overestimation offgsCrelative to the X-ray diffraction data superctitical isobar, isochore, and isotherm are plotted in Figure
at lower temperatures is the direct consequence of the overes41 based on the present MC simulations for the TIP4P water
timation of the height of th@oo(r) first peak by the TIPAP  model. For the thermodynamic conditions of neutron diffraction
potential data (see Figures 2 and 3). On the other hand, theexperiment¥ (673 K and 0.66 g/c#) 12% of water molecules
value of 3.58 forlmygOderived from the neutron diffraction  are estimated to be involved in three H-bonds, about 70% of
datd® also seems somewhat overestimated. molecules are involved in one or two H-bonds (dimers and
From computer simulations, the general temperature depen-trimers), and only 17% represent nonbonded monomers. This
dence ofslis observed as a broad band between high-density picture is in good qualitative agreement with recent calculations
(dash-dotted) and low-density (dotted) curves, asymptotically of the water equation of state using the hydrogen-bonding lattice

approaching zero at higher temperatures and lower densitiesfluid model (LFHB*and associated perturbed anisotropic chain
as previously predicte®l. However, even at the highest tem- theory (APACT)5®

perature and the lowest density of the present simulations (Figure

10) there persists some noticeable degree of hydrogen bondingy- Conclusions

represented, most probably, by small clusters like dimers and In the previous papérseveral independent sets of experi-
trimers. mental data were analyzed, and good consistence was demon-
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