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Hydrogen bonding in water systems is investigated by introducing a new method to analyze
the time dependence of pair-interaction data obtained from a molecular dynamics simulation
of 216 ST2 [F. H. Stillinger and A. Rahman, J. Chem. Phys. 60, 1545 (1974) ] water
molecules at 280 K. This approach avoids the use of cutoff values and yields a more realistic
bond population, whose distributions of geometric and energetic properties are reported as a
function of the bond lifetimes. For the fraction of long-lived bonds, correlation among bond
stability, molecular mobility, and local structure is elecited. Percolation analysis of HB
network evidences cooperativity in the spatial distribution of bonds, which does not originate
from proton polarizability of HB and/or from many-body terms of the interaction potentials

since a rigid water model and pair potentials are used. These features can play a role in the

anomalous properties of liquid water.

I. INTRODUCTION

The anamolous properties exhibited by liquid water are
the macroscopic expression of microscopic cooperative
mechanisms.” Interestingly, computer simulations using ad-
ditive pairwise water—water potentials reproduce many of
these properties,’>* suggesting that cooperative behavior
can originate from mechanisms which do not involve proton
polarizability of hydrogen bond (HB)® and/or many-body
terms of interaction potentials.®’ ,

Several papers have been published on geometric and
energetic properties of HBs, and on the extent and structure
of hydrogen bonding in aqueous systems. In particular, per-
colation analysis®*'' applied to computer simulation data
has shown that liquid water at room temperature can be
envisioned as a self-structuring macroscopic space-filling
network of bent and strained HBs.®® Further, many authors
have analyzed simulated water, in search of self-stabilizing
and/or self-replicating HB structures. Four-bonded mole-
cules,'> unstrained polyhedral species’ and pentagonal
rings'*'* are some of such structures. Also, geometric,* sta-
tistical,'? and stereodynamic'-'® factors have been proposed
to account for the abovementioned polarization-indepen-
dent cooperativity.

In the present work we investigate HB lifetimes and
topological characteristics of networks formed by the more
stable fraction of bonds among ST2 water molecules simu-
lated at 280 K, with the aim of enlighting connections
between HB lifetimes and HB structures at molecular and
supramolecular levels (i.e., in local environment and in
network organization) in liquid water simulated using pair-
wise potentials.

The paper is organized as follows: in Sec. II we briefly
discuss problems that arise if time-dependent properties of
HBs are studied with commonly used HB definitions.
Further, a new method to analyze HB lifetimes is intro-
duced. Results obtained using this method are reported in
Sec. III; in Sec. IIT A the dependence of some relevant geo-
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metric and energetic quantities upon HB lifetimes is dis-
cussed; in Sec. ITII B we evidence a relationship among bond
stability, local structure and water mobility; and in Sec.
III C topological properties are evaluated for the network
formed by the fraction of the stabler bonds.

Il. THE METHOD

The two most common definitions of HB (sometimes
compounded together) are: (i) Energetic: Two water mole-
cules are considered to be H-bonded if their interaction ener-
gy is lower than a given value V5. The dimer interaction
energy function has a smooth shape’ which prevents a
unique choice of Vyg. This problem is normally obviated
using a range of Vyy values. (ii) Geometric: Two molecules
are considered bonded if the values of pertinent internal co-
ordinates of the dimer are within appropriate ranges. For
water dimer, such coordinates are the oxygen—oxygen dis-
tance R g, the hydrogen-oxygen—-oxygen angle 6, the lone
pair (LP)—oxygen—oxygen angle 6, p, and the dihedral angle
& between the planes H-O-O and LP-0-0.'>"" To define
these coordinates, the atom (or pseudoatom) participating
in the bond is taken as the hydrogen atom (or lone pair) on
the donor water closest to the oxygen atom of the acceptor
water.'® In the ST2 water model the lone pair pseudoatoms
coincide with the negative charges.

These definitions are only partially suitable to study dy-
namic properties of H bonding. Indeed, water molecules
show a librational motion on a time scale of 10~ '* s superim-
posed to slower diffusional and rotational motions, which
causes a time variation of dimer interaction parameters.
Therefore, the lifetimes of bonds with parameters oscillating
not too far from the HB definitions limits, can appear much
shorter than they really are, if a definition of HB based on
cutoff values is used. '#-2°

To obviate this distortion, we decided to perform the
present bond time dependence analysis considering all the
attractive pair interactions (API) between molecules whose
Roo distance is smaller than 3.5 A, with no further restric-
tion. The 3.5 A value is roughly the first-minimum position
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of the O-O pair correlation function of water, which is
slightly greater than the HB distance (3.4 A) suggested by x-
ray and neutron diffraction experiments.?! Thus, the API set
of a given configuration includes all HBs present in that con-
figuration as well as some non-HB interactions. This is, of
course, an exceedingly permissive condition. Nevertheless,
realistic HB distribution functions, not affected by the arti-
fact mentioned above, are readily obtained from a bond life-
time analysis based on API sets, as we shall see in the follow-
ing.

The data analyzed in this work were obtained from a 20
ps molecular dynamics (MD) simulation at 280 K of 216
ST?2 particles confined to a cubic box of 18.6 A side length.
Periodic boundary conditions were used to simulate the con-
densed phase. The system density was 1 g/cm® and the inte-
gration timestep was 0.002 ps. Snapshots were recorded on
every five timesteps. From these data, 80 system configura-
tions (called C configurations in what follows) spaced by 0.2
ps were chosen, whose API sets were used as initial data to
select links with lifetimes longer than given 7 values, accord-
ing to a logical AND procedure. Two molecules are consid-
ered linked by a bond lasting more than 7 ps, if their interac-
tion energy is negative and their R, distance is less than 3.5
A in all the snapshots occurring in a 7 ps long time interval
centered on the selected C configuration. In particular, the
7= 0 case corresponds to the usual hybrid energetic—geo-
metric HB definition® with V5 = 0. A link breakage fol-
lowed by reformation within the time interval between con-
secutive snapshots is undetectable. On the other hand, we
expect few events of this kind since the time interval between
successive snapshots is in our case 0.01 ps long (i.e.,
5 0.002 ps), that is at least one order of magnitude smaller
than typical water relaxation times.*

Time-dependent properties of molecular bonding in the
simulated system can be investigated by analyzing API sets
corresponding to different 7 values. Indeed, increasing the 7
values, bonds with shorter lifetime are progressively filtered
off.

11l. RESULTS AND DISCUSSION
A. Energetic and geometric distributions

In this section we discuss the energetic and geometric
properties of the API set as a function of bond lifetime. In
Fig. 1(A) we show the pair interaction energy distributions
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FIG. 2. Normalized distribution functions of the API set for the internal
coordinates of water dimer. The same 7 values and symbols are used as in
Fig. 1. (A) oxygen—oxygen distance Roo ; (B) oxygen—-oxygen-hydrogen
angle ®; (C) oxygen—oxygen-lone pair angle ®, ,; (D) dihedral angle
between the planes H-O-O and LP-O-0O, 8. The arrows indicate com-
monly used values for strong geometric hydrogen bond definitions (Ref.
10).

for links whose lifetimes exceed some selected 7 values (O,
0.35, 0.75, 2.25, and 3.95 ps). In Fig. 1(B), the same curves
are reported after normalization of the underlying areas
(each of which expresses the population of bonds surviving
for a time longer than the corresponding 7 value). In Fig. 2
we show, the normalized distributions for the internal co-
ordinates Rqq, 0y, O.p, and &, using the same symbols as in
Fig. 1. The arrows in Figs. 1 and 2 indicate values commonly
assumed to define strong “geometric”'® or “energetic”” HB.
The mean and rms values for these energetic and geometric
distributions are collected in Table I together with the total
number of analyzed links and the average number of bonds
per molecule with lifetime longer than 7 ps.

The following comments are in order: (i) for 7 values
larger than ~0.4 ps, the above distributions are slightly af-
fected by the specific choice of 7. (ii) The geometric distribu-
tions satisfy very well the criteria proposed for the geometric
definition of strong HB (Fig. 2), while the agreement

“\\\ FIG. 1. (A) Pair interaction distribution

\ function of the API set (see the text) for
- some 7 values: full line 7 = 0; dotted line
7= 0.35; dashed 7 = 0.75; double dashed
7 = 2.25; dash—dotted 7= 3.95 ps). (B)
Same curves normalized to unitary area.
The arrow indicates the most commonly
used value for a strong energetic hydrogen
bond definition (Ref. 1).
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TABLE 1. Total number of analyzed bonds N, mean number of bonds per molecule n,,; with lifetimes longer than 7 ps, and mean and rms values for the

distributions reported in Figs. 1 and 2. Units are ps, A, degree, and kJ/mol.

T N Ryp (Roo? IR, () Ogu (Gp) Tgrp (E) O
0.00 39716 4.6 2.94 0.21 22.5 15.9 24.9 15.8 - 154 6.5
0.05 35877 4.1 291 0.18 20.7 14.6 233 14.9 —16.4 5.8
0.35 25976 3.0 2.88 0.16 17.2 11.5 20.1 12.6 —18.0 49
0.75 19 879 2.3 2.87 0.15 16.3 10.5 19.1 11.8 — 18.5 4.7
1.05 16 771 1.9 2.87 0.15 159 10.1 18.7 115 — 18.8 4.7
1.45 13 589 1.6 2.87 0.15 15.6 9.8 18.4 11.2 —19.0 4.6
1.85 11172 1.3 2.87 0.15 154 9.6 18.2 1.1 —19.1 4.6
2.25 9279 1.1 2.87 0.15 15.3 9.4 18.0 11.0 —19.2 4.5
3.08 6 508 0.7 2.87 0.15 15.1 9.3 17.8 11.0 —194 4.5
3.95 4 406 0.5 2.87 0.15 14.8 9.1 17.5 10.9 —19.6 4.5

between energetic distributions and the energetic definition
of strong HB (Fig. 1) is within 70%. In the latter case the
chosen ¥y value ( — 16 kJ/mol) corresponds to an ap-
proximate temperature-invariant point in the ST2 pair po-
tential distribution.' (iii) The average number of bonds per
molecule calculated using geometric as well as energetic
definitions of strong HB (nyp = 2.2)' compares very well
with the average number of bonds per molecule surviving
more than 0.75 ps (nyg = 2.3), asreported in Table I. These
observations suggest that API links having a lifetime longer
than ~0.4 ps can be considered as HBs. For shorter times
the API set contain also some non-HB interactions which
are characterized by larger R values and/or higher inter-
action energy (see Figs. 1 and 2 and TableI). (iv) Nosignifi-
cant change in & is observed as a function of 7, suggesting
that this internal coordinate is not relevant to the HB de-
scription, as already pointed out.'°

Since, as shown in Figs. 1 and 2 and Table I for 7> 0.4
ps, energetic and geometric distributions of bonds depend
slightly on bond lifetimes, energetic or geometric parameters
alone do not provide a characterization of the water dimer
adequate to investigate the HB time dependence. This sug-
gests than an ampler set of molecular parameters is needed.

The API set analysis as a function of 7 provides the
possibility of selecting the statistically most relevant HB
structures and to evaluate their properties without diversion

3 6
time (ps)

FIG. 3. Normalized decay function N(#) of the API bonds (full line);
long-time tail best-fitting straight line (with 2.0 ps slope) (dashed line).

by the abovementioned artificial bond breakages connected
with HB definitions based on cut-off values.

To characterize the time dependent properties of the
stable fraction of API links, we introduced a decay function
N(t) which is defined as the number of links still present
after a time ¢ since their first appearance.'® This function has
been calculated by using an API set involving all system
configurations stored during the MD simulation. In Fig. 3
we show on a logarithmic scale the normalized N(¢) func-
tion vs time. The decay is clearly nonexponential, in agree-
ment with previously reported results.''® For times greater
than ~ 3 ps, however, the N(¢) plot can be fitted by a straight
line with 2.0 ps slope.

According to the above observations on the time analy-
sis of the energetic and geometric properties of the API set,
we interpret the intial part of this curve as the decay of non-
HB interactions, an the part corresponding to times longer
than 0.4 ps as HB decay. The single-exponential tail of N(¢)
can be assigned to the most stable HBs. The 2.0 ps value is in
the range of the results obtained analyzing simulations data
according to energetic definitions of HB'®'® and it agrees
with experimental findings.”?

B. Properties of stably and unstably linked molecules

Aiming to characterize the influence of bond stability on
structural and dynamic properties of ST2 water molecules,
we have selected two groups of molecules with 20 particles
each. The first group (stable group) includes the 20 mole-
cnles with the longest-lived bonds during the present 20 ps
MD simulation; the second group (unstable group) includes
20 molecules whose bonds do not last longer than 4 ps. Qua-
dratic mean displacement, ([r(¢) —r(0)]?), and running
coordination number r(r)—that is, the average number of
neighbors which are found within a sphere of radius 7,
n(r) = 4mpfg(r)- ¥ dr, p being the number density and g(r)
the radial distribution function—have been evaluated for
these two groups as well as for the whole system. In these
calculations all recorded MD data have been used. Results
are shown in Fig. 4 for the quadratic mean displacements
and in Fig. 5 for the running coordination numbers, where
the full lines refer to the stable group, the dashed lines to the
unstable group, and the dotted lines to the whole system. In
Fig. 6 we report the difference 8n(r) between the coordina-
tion numbers of the unstable and stable groups:
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FIG. 4. Quadratic mean displacement (in A2), {[r(¢) — r(0)]?), of mol-
ecules with long-living bonds (full line), of the whole system (dotted
line), and of unstably linked molecules (dashed line). Data averaged over
the 20 ps extension of the MD simulation.

6n(r) = n(r)unst - n(r)St'

Self-diffusion coefficients evaluated from the long-time
slope of the quadratic mean displacements are 0.7, 2.05, and
1.2 1073 cm?/s for the stable group, the unstable group
and the whole system, respectively. The latter value coin-
cides with a previously reported result relative to MD simu-
lation of ST2 water at the same temperature.'® The corre-
sponding experimental value is 1.5X 1075 c¢m®/s.** The
diffusion coefficients relative to the unstable (stable) group
mimic a temperature increase (decrease) of ~10 K with
respect to the average temperature of the present simulation.
However, due to the small number of particles of the simu-
lated system and to the arbitrary group composition, these
equivalent temperature variations should only be considered
as indicative of a rather large multiplicity of states and prop-
erties of liquid water. The difference in self-diffusion
between stable and unstable groups suggests an increase of
structure around most stably linked molecules.?® This is con-
firmed by the data reported in Fig. 5, which show that indeed
the structural order is different for the two groups. The num-
ber of the nearest neighbors within a 3.3 A distance are 4.7

T
-—

11

nir)

3.8 4.8
R, (A)

FIG. 5. Running coordination number n(r) as a function of the oxygen—
oxygen distance r for molecules with long-living bonds (full line), for the
whole system (dotted line), and for unstably linked molecules (dashed
line). Data averaged over 20 ps.
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FIG. 6. Differences in local density, as measured by &u(r)
= n(r)yoq — n(7),, between groups of molecules with unstable and stable
bonds. ‘

and 5.4 for the stable and unstable groups, respectively.
Further, a lower local density is associated with the stable
group, as measured by the limiting value of §n(7) shown in
Fig. 6. This result parallels previous findings obtained ana-
lyzing the difference of the so-called “patches” of four-bond-
ed and non-four-bonded water molecules.'® Results shown
in Fig. 6 indicate that the above mentioned lower density
regions extend to ~7 A, in agreement with previous find-
ings.' It is worth noting that in Ref. 19 a hybrid energetic —
geometric HB definition was used.

To summarize, molecules with more persisting bonds
are characterized by lower mobility, lower local density, and
enhanced structure, confirming the relevant interplay
between geometry and dynamics in liquid water.' Further,
since fluctuations in local density and local entropy of liquid
water are related to its anomalous thermodynamic proper-
ties,'? the present results suggest a connection between HB
lifetime and anomalous properties of liquid water. Analo-
gous correlations among mobility and local order have been
previously evidenced analyzing MD water simulations at
various densities and constant temperature.’®

C. Analysis of bond network connectivity

In the framework of bond percolation analysis, the con-
nectivity properties of the systems are analyzed as a function
of the probability p, that two adjacent sites are bonded.
Varying p, from O to 1, the system undergoes a transiton
from a small-cluster phase to a completely connected phase.
At a critical value of the bonding probability p, an infinite
cluster appears which spans the whole system.?’

Topological properties of HB networks in simulated lig-
uid water have been investigated associating p, to the aver-
age number of HB per molecule nyy via the relationship
P» = nyp/4, and varying n,p through different choices of
Vup->° A good agreement between ST2 data and random
bond percolation theory has been found, speaking for the
absence of a correlation in the spatial distribution of
bonds.?® Small but systematic deviations between theoreti-
cal random bond distributions and computer simulation
data for ST2 water, which become larger as the temperature
is decreased,'® have been interpreted as the effect of a weak

J. Chem. Phys., Vol. 90, No. 5, 1 March 1989

Downloaded 16 Nov 2005 to 141.108.6.119. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



2790

correlation among connected sites. ' This effect adds to the
well known geometrical cooperativity among connected
sites.’

As suggested by the discussion of Sec. 111, the presence
of correlation in the spatial bond distribution can be masked
by energetic HB definitions. Aiming to evidence such a cor-
relation, we have investigated the connectivity properties of
the HB network as a function of the bond lifetime, following
the time evolution of the API set, whose connectivity has
been analyzed according to procedures described in Refs. 8
and 9.

A second connectivity analysis has been performed on
the API set, where n,, was varied by selecting energy
thresholds ¥}, rather than bond lifetimes 7. The results of
this energetic analysis, which are reported for comparison in
the following figures, coincide with previously published
findings.®® Therefore, differences in connectivity properties
of HB networks resulting from application to the API set of
the above procedures—time-stability analysis and energetic
analysis—cannot be attributed to different spatial positions
of molecules (i.e., to different pseudolattice) or to different
statistical features.

In Fig. 7 we report results concerning the fractions f; of
molecules that are linked to j neighbors vs nyg. For a ran-
dom distribution of bonds we have,®

zZ . .

sz(j)Pé'(l—Pb)z_’, (1)
where z is the coordination number of the network and
P» =nNup/2.

In Fig. 7(A) we show the f; functions evaluated using
the above time-stability criterion (TC) (A) and energetic
criterion (EC) (O) analyses. For all nyy values, f, and f,

}
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C FIG. 7. (A) Fractions f, of water

molecules having j intact bonds

(j = 0-4) evaluated using energetic

bond definition (EC) (0) or bond

4 time-stability criterion (TC) (A).

In this part of the figure full lines are

only drawn as eye guides. (B) f; for

EC data () compared with the bi-

nomial distribution of Eq. (1) (full

line) using p=nyE/4 and z=4.

(C) f; for TC data (A) compared

with the results of the Monte Carlo

fitting procedures of Eq. (2) (full
line).

f1 02 {3

values are larger for TC than for EC data, indicating that (i)
the same total number of bonds is distributed over a lower
number of molecules in the TC case as compared with the
EC case and (ii) that the probability of four-bonded sites is
higher in the TC case than in the EC case. Therefore, a high-
er connectivity is apparent in the HB network if the time-
stability criterion is used to define ny,y. In Fig. 7(B), EC
data are reported with superimposed (full line) random
bond theoretical f; values obtained from Eq. (1), withz = 4.
Since the EC f; values agree with the theoretical predictions,
any difference between EC and TC data must be ascribed to
correlation among bonds. These results clearly show that the
bond network of simulated ST2 water does not appear, at
least at the presently simulated temperature, as a random
bond network, if the connectivity is probed varying nyy ac-
cording to the above outlined time-stability criterion.

To further investigate this correlation effect, we have
fitted the TC f; data according to some bond distribution
rules, using the following Monte Carlo procedure:

(a) Randomly pick up a bond within the API set corre-
sponding to 7 = 0.05 ps. This 7 value has been cho-
sen rather than 7 = 0, to take away the fastest decay-
ing bonds.

(b) Evaluate the bond breakage probability p, accord-
ing to the chosen rule.

(¢) Compare this p, with a random number p, evaluated
with a uniform random number generator.

(d)Delete the selected bond if p, is greater than p,.

(e)Repeat from (a) until all the links are deleted.

InFig. 7(C) wereport TC data (A) together with the results
(full line) obtained using this procedure with the following
bond-breakage rule, which provides the best agreement with
TC data:

1 if at least one of the two molecules linked by
the randomly chosen band has more than four bonds

p1= 1—0.09Xk

if the randomly chosen bond connects molecules

(2)

with up to four bonds; & is the total number of

bonds of the two linked molecules

As mentioned above, a number of bond-breakage rules have
been tried, some of them favoring the stability of four-bond-
ed molecules. However, the best agreement with TC data
was yielded by Eq. (2).

-

These findings confirm that (i) there is a correlation in
bond distribution, which favors a spatial bond condensation,
and (ii) that the bond lifetime is strongly coupled to the
complete environment of the linked molecules, in agreement
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FIG. 8. Mean cluster size § evaluated according to the energetic (dashed
line) and time-stability (full line) criteria.

with the results discussed in Sec. III. (iii) Further, Eq. (2)
suggests that the bond lifetime probability does not favor a
specific coordination number, being proportional to the total
number of bonds, i.e., to the local connectivity of the sites.
(iv) The longest-living bonds are those which connect four-
bonded molecules. This agrees with the results concerning
the running coordination number n(r) and self-diffusion co-
efficient of the stably bonded group of molecules, that have
been discussed in Sec. IV.

The presence of a spatial bond condensation is also con-
firmed by the data reported in Figs. 8 and 9, where plots are
shown of the mean cluster size S and of the fraction of mole-
cules belonging to the infinite cluster p_ , respectively, vs
nug, which have been evaluated according to both TC (full
line) and EC (dashed line) criteria. Indeed, the position of
the maximum of S (Fig. 8) identifies a critical value p,
which is lower for TC than for EC data, suggesting that in
TC data a smaller number of bond per molecule is sufficient
to form an infinite cluster. Since the same lattice is used in
both cases, the higher percolation efficiency must be as-
cribed to bond correlation effects. The same effect on the

3.0 1.8 1.0 .3 (ps)

FIG. 9. Fraction of molecules belonging to the infinite cluster p_ according
to energetic (dashed line) and time-stability (full line) criteria. The nonlin-
ear upper scale has been constructed using 7and 1,5 data reported in Table
I

critical p value is found, if Sand p  are evaluated for the case
of four-bonded water molecules as in Ref. 19.

When the time stability is used as a criterion to vary
nyg, p can be interpreted as a decay function of the percola-
tive properties of the HB network, and a percolative persis-
tence time can be associated to the critical value p_. As one
can see from Fig. 9, the cluster of the API set retain percola-
tive properties up to ~ 1.5 ps at 280 K, and liquid water
would appear as a macroscopic gel, if observed for shorter
times. The equivalent persistence time for the percolation of
four-bonded sites is ~0.2 ps, suggesting that at the presently
simulated temperature, non-HB interactions provide strong
contributions to the percolative characteristics of four-bond-
ed molecules. These two percolation persistence times could
be assumed as useful parameters to analyze the liquid water
properties in the metastable region of the temperature—den-
sity place.

IV. CONCLUSIONS

In this work we have studied the properties of the attrac-
tive pair interactions (API) among adjacent molecules in
ST2 water as a function of bond lifetimes at a simulated tem-
perature of 280 K. This approach provides a new method to
calculate energetic and geometric distributions of hydrogen
bonds, which does not imply any choice of cutoff values. A
particularly relevant result of this analysis is that the HB
lifetime is not directly determined by its energetic value only.

Some dynamic and structural properties have been eval-
uated for molecules with long-living bonds, which have been
compared with the corresponding properties of unstably
bonded molecules as well as with the average properties of
the whole system. Self-diffusion coefficient and running co-
ordination number for stably and unstably linked molecules
have been calculated. Differences in these properties show a
correlation among bond stability, molecular mobility, and
enhanced local order. These differences persist for the two
groups of molecules at least up to 20 ps (i.e., the time exten-
sion of the present MD simulation). Further, stably linked
molecules are characterized by low local density. This fea-
ture has been previously observed for four-bonded patches of
ST2 water® and in the environment of a MCY water mole-
cule with restricted mobility.?®

Results of bond network connectivity analysis as a func-
tion of bond lifetimes are also presented. These data are in-
terpreted in terms of correlated bond distribution and com-
pared with results of a MC fitting procedure that indicates a
proportionality between bond stability and local connecti-
vity. Correlation determines an easier cluster formation and
a lower percolation threshold as compared with the random
bond theory results.%? In particular, the findings of our MC-
fitting procedure suggest that the longest-living bonds are
those which connect four-bonded molecules.

Weak correlation in bond distribution and tendency of
clustering among connected sites were previously suggested
on the basis of small but systematic differences between
theoretical random bond results and simulation data.®'®
Such effect is evidenced by the present bond time-stability
analysis which enables one to sort out a statistically relevant
bond population without incurring problems connected
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with the use of cutoff values to define HB.

Cooperativity in liquid water hydrogen bonding is evi-
denced by the present analysis, although rigid pairwise addi-
tive potentials are used to model the water-water interac-
tion. Therefore, since cooperative effects arising from HB
polarizability® or from many-body contributions®® are ex-
cluded, a HB stabilizing mechanism appears to be present
which depends on the water—water interaction geome-
try.>'31 Further, due to the nonrandom bond distribution,
the spatial correlation among four-bonded molecules in-
creases beyond the pure geometrical effect.” This introduces
in the percolative model of water'>*° a long-range correla-
tion that would make it consistent with the stability limit
conjecture.'*?! Spatial correlations of HBs in liquid water
have been experimentally observed.*?

The overall picture of liquid water emerging from this
study is that of a percolating network of spatially correlated
hydrogen bonds. The backbone of this network, which is
composed of sites with long-living bonds, lower local density
and lower mobility, retains percolative characteristics up to
~1.5psat 280 K.

The application of the presently developed method to
analyze MD simulations performed at lower temperature
and concentrations could yield useful information on both
structural and dynamic properties of water in its metastable
region, as well as of the longer-living molecular aggregates.
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