
Aspects of the percolation process for hydrogen-bond 
networks in watera) 

A. Geiger 

Institut fiir Physikalische Chemie und Elektrochemie der Universitiit Karlsruhe. West Germany 

F. H. Stillinger 

Bell Laboratories. Murray Hill. New Jersey 07974 

A. Rahman 

Argonne National Laboratory. Argonne. Illinois 60439 
(Received 28 July 1978) 

Sets of configurations selected from three molecular dynamics simulations for liquid water have been 
analyzed for the distribution of hydrogen-bond clusters. Two simulations correspond to water at 1 g 
cm- 3

, while the third corresponds to highly compressed water at 1.346 g cm- 3
• An energy criterion was 

adopted for existence of a hydrogen-bond between two molecules. As the cutoff value for bonding 
increases (becomes more permissive), a bond percolation threshold is encountered at which initially 
disconnected clusters suddenly produce a large space-filling random network. At least for the model 
studied, any chemically reasonable definition of "hydrogen-bond" leads to this globally connected 
structure though a few disconnected fragments inhabit its interior. Although some polygonal closures can 
exist, the critical percolation threshold is apparently well predicted by Flory's theory of the gel point for 
dendritic polymerization. 

I. INTRODUCTION 

Over the last few years, it has become apparent that 
the structural and dynamical correlations in pure water 
can be studied with profit by postulating rather Simple 
pairwise additive potentials between rigid water mole'
cules and using Monte Carlo or molecular dynamics 
techniques on a system of a few hundred molecules. 
The result of all these studies has been to show that the 
water structure can be thought of as a network of hydro
gen bonds; however, as against the perfect ice crystal, 
these hydrogen bonds are not perfectly formed and the 
resulting network has to be analyzed and understood in 
terms of the connectivity and clustering that the im
perfectly formed hydrogen bonds engender in the as
sembly of water molecules. Thus, a percolation thresh
old phenomenon arises when the clustering encompasses 
the whole system. In this paper, we present the analy
sis of three molecular dynamics runs from the above 
point of view. 

Unlike the case of ice crystals, in liquid water, one 
is required to set down a "definition" of a hydrogen 
bond. As in previous papers, 1-4 we shall use the poten
tial energy of interaction between two molecules as a 
criterion to decide whether the pair is hydrogen bonded 
or not. If V HB is put down as the energy upper bound 
for the definition of a hydrogen bond, two molecules i 
and j with energy of interaction V Ii < V HB are deSignated 
as bonded, otherwise nonbonded. One of the major 
themes of this paper is to investigate the dependence of 
the properties of the hydrogen bond network on the val
ue of VHB• 

a) Work performed under the auspices of the U. S. Department 
of Energy. 

II. POTENTIAL FUNCTION AND SYSTEMS ANALYZED 

The potential of interaction used for the molecular 
dynamics runs analyzed here was the ST2 potential 
given explicitly for instance in Ref. 1. As stated there, 
the absolute minimum of the ST2 potential is - 6. 84 
kcal/mole, which can be thought of as the energy of the 
ideal hydrogen bond in the ST2 model. In what follows, 
we shall at times use €1 =0.07575 kcal/mole as an ener
gy unit to facilitate comparison with previously pub
lished work on water using the ST2 potential. The three 
water systems analyzed in this paper are designated I, 
II, and ill and are summarized below: 

(I) see Ref. 1; 216 water molecules at 1 g cm-3 and 
284 K. 620 configurations were analyzed for the pres
ent paper. These cover the first third of the total mo
lecular dynamics run reported in Ref. 1. 

(IT) see Ref. 2; 216 molecules at 1.346 g cm-3 and 
371 K. 528 configurations were analyzed for the pres
ent paper; these span the complete molecular dynamics 
run reported in Ref. 2. 

(III) 1728 molecules at 1 g cm-3 and 272 K. The re
sults of this molecular dynamics run have not been re
ported before. Only 21 configurations of this system 
were analyzed for the present purpose. 

III. DEFINITION OF A CLUSTER AND RELATED 
QUANTITIES 

As mentioned above, once V HB is designated, a pair 
of molecules is either hydrogen bonded or it is not. 
Thus, given a configuration of water molecules, one 
can construct for each molecule i a list of its directly 
bonded partners j, k, •••• Of course, in the list be
longing to the molecule called j, i itself has to appear 
as a member of the list. 
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These lists allow one to construct clusters of bonded 
molecules such that stepping along successive hydrogen 
bonds keeps one confined to a cluster. The "size" of a 
cluster is defined to be the number n of molecules that 
form the cluster. This will be referred to as an n net. 

In the definition of clusters as above, we have treated 
the molecular dynamics system as an isolated system, 
i. e., we have not used the identical repetitions that are 
generated by periodic boundary conditions. The rea
son for this and a schematic two dimensional example 
explaining the construction procedure are given in Ap
pendix A. 

Keeping in view the ideas that have been studied in 
the theory of gelation and condensation (Flory5 and 
Stockmayer6) and in developing the "gel model" of 
water, 7.8 we have analyzed the molecular dynamics 
data by using the definitions that follow. 

Let N denote the size of the molecular dynamics sys
tem under consideration; in a given configuration of 
molecules, let mn denote the number of n nets. Then, 
obviously 

N= L nmn • 
n "1 

The weight fraction (= mole fraction) of water molecules 
bound into n nets is 

Wn =nmn/N. 

Wn is thus the probability that any molecule will be a 
member of an n net. 

Let M =Ln"l mn denote the total number of nets in a 
configuration. Since n is the number of molecules in 
an n net, the average cluster size (n) is given by N/M 

(= Ln;ol nmnlL."1 mn)· 

The fluctuation of the cluster size has been monitored 
by calculating (n 2 )/{n) = L .;01 nWn; it is denoted by (nw)' 
If mn as a function of n is visualized as a histogram, 
then M is the total "area" under the histogram, (n) is 
the mean, and (nw> - (n) is a measure of the fluctuation 
from the mean. 

In the limiting case where ml =N, mn =0 for n> 1, we 
get (n) = (nw) = 1. Similarly, for mN = 1, mn =0 for n<N, 
(n) =(nw) =N. In both cases, the fluctuation vanishes. 
The nature of the maximum in the fluctuation is ob
viously of interest in this context. 

The summation Ln~lnmn when separated into the one 
term n = 1 and the rest (n> 1) allows one to define the 
number of "unbonded" molecules N .. and the number of 
"gel" molecules N

" 
respectively: 

N,=L nm., Nu=N-N,=ml' 
.>1 

M, =M - m 1 gives the total number of "gel clusters" and 
by analogy with (n) defined above 

(n,> = N,IM, 

is the average gel cluster size. 

Finally, the average number of hydrogen bonds 

emanating from a mOlecule is defined as in Ref. 4 (in 
Ref. 3, this quantity is denoted as (b» as 

nHB = L nHB p(nHB) , 
·HB'"O 

where p(nHB) is the probability that a molecule is hydro
gen bonded exactly to nHB other molecules. 

IV. VALUES OF V HB CONSIDERED 

The values of VHB chosen for consideration were 
V HB = - kE l' were k = 20, 24, ... , 72 and Ii: 1 is as defined 
in Sec. II. 

When k is small, nearly all water molecules will be 
found to be interconnected forming one single gel mole
cule; a few "free" molecules or "decoupled" small 
clusters may sometimes be present. In the opposite 
extreme where k is so large that V HB is close to the ab
solute minimum of the ST2 potential (Sec. II), bonds 
will exist rather exceptionally (contrary to the crystal
line case) and only small disconnected nets will be pres
ent in the system; the majority of molecules will be 
classified as belonging to 1 nets. The absolute mini
mum of the ST2 potential corresponds to k - 90. 

Only in an intermediate interval of values of V HB will 
medium sized nets be found to exist. The investigation 
reported here is concerned, among other things, with 
the width of this band of V HB values where clusters of 
intermediate size are found. 

V. NETWORK SIZE DISTRIBUTIONS 

For various choices of k (i. e., of VHB , Sec. IV), sys
tem I yields the distribution of tv.. (i. e., the probability 
of a molecule being a member of an n net) shown in Fig. 
l(a). It is immediately obvious that the region of in
terest lies near k = 60, as the distribution shifts sudden
ly from the extreme right to the extreme left as a func
tion of n. This interesting region of Fig. 1(a) is shown 
in Fig. 1(b) on a larger scale. It Signifies the percola
tion threshold for hydrogen bonding, and is expected to 
become infinitely sharp for the infinite system size 
limit. 

System II yields similar distributions. The difference 
between I and II is that the latter shows the same dis
tribution as I at a lower k value, i. e., for a less strin
gent definition of a bond. This implies that the highly 
compressed water of II has a less precisely defined 
structural pattern of hydrogen bonds. Figure 1(c) shows 
the results for system III; the transition is sharper here 
because the system is larger than I and II and it appears 
that k = 62 is a good estimate of the percolation thresh
old for water at ordinary temperature and pressure 
conditions. 

The average quantities defined in Sec. III were calcu
lated for the three systems for varying values of the 
hydrogen bond energy. These are listed in Tables I-III. 
The corresponding graphs are shown in Figs. 2-8. 

VI. DISCUSSION OF RESULTS 

Figure 2 shows the data coJlected in Table I in graph
ical form. In Fig. 1(a), we saw the rapid change in 
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FIG. 1. (a) Mole percentage of water participating in n nets: 
W nX 102 as a function of n for different definitions of VHB (VHB 

o:-k€j, €1=0.07575 kcal/mole. ko:20. 24. 28, ···.72). 
Values of k are indicated at the corresponding curves. The 
HB definition is weakening from foreground to background. (b) 
Enlarged intermediate part of Fig. l(a). (c) Same as Fig. 1(a), 
but for system III and k = 24. 32. 40, "', 80. 
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Wn as a function of V HB' In Fig, 2, we see a conse
quence of that in the various average properties. The 
implications of the sharp percolation threshold vary for 
the different average properties, <n,,) showing the most 
abrupt change. This property will be discussed further 
in a later section. 

have not been displayed. They are qualitatively very 
similar to Fig. 2. 

Figures for the tabulated results in Tables II and ill 

TABLE 1. System 1. 

1 
-€" VHB 

nHB M M, Nu N, 

12 7.08 1.0 1.0 0.0 216.0 
20 4.68 1.0 1.0 0.0 216.0 
24 4.21 1.0 1.0 0.0 216.0 
28 3.87 1.0 1.0 0.0 216.0 
32 3.60 1.1 1.0 0.1 215.9 
36 3.34 1.2 1. 02 0.2 215.8 
40 3.09 1.8 1.12 0.7 215.3 
44 2.82 2.1 1. 38 1.7 214.3 
48 2.54 6.9 2.12 3.8 212.2 
52 2.23 12.7 4.45 8.2 207.8 
56 1. 90 26.5 10.2 16.3 199.7 
60 1. 54 53.2 22.6 30.6 185.4 
64 1.17 90.1 37.1 53.0 163.0 
68 0.82 127.2 42.9 84.3 131.7 
72 0.53 159.0 37.7 121. 3 94.7 
80 0.14 201.1 13.4 187.7 28.3 

Next we compare equivalent properties calculated for 
the three systems. We notice that in many cases a 
reduction to one single curve results when the values 
are normalized to the size of the system (N) and drawn 
as a function of nHB' the average hydrogen bond number 

(nw) (n) (n,) 

216.0 216.0 216.0 
216.0 216.0 216.0 
216.0 215.3 216.0 
216.0 213.6 216.0 
215.8 200.1 214.9 
215.4 170.0 211.7 
214.0 115.6 191. 6 
210.9 69.3 154.8 
203.1 36.3 100.0 
182.3 17.1 46.7 
133.3 8.14 19.6 
46.1 4.06 8.19 

8.09 2.40 4.39 
3.04 1. 70 3.07 
1. 84 1.36 2.51 
1.15 1. 07 2.10 
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TABLE II. System U. 

1 
-€" VHS 

nHS M M~ Nu N~ (nw> (n> (n,> 

12 8.14 1.0 1.0 0.0 216.0 216.0 216.0 216.0 
20 5.48 1.0 1.0 0.0 216.0 216.0 215.6 216.0 
24 4.73 1.0 1.0 0.0 216.0 216.0 211. 2 216.0 
28 4.13 1.1 1. 01 0.1 215.9 215.8 194.0 214.7 
32 3.62 1.4 1. 02 0.4 215.6 215.1 149.9 210.8 
36 3.16 2.5 1.16 1.3 214.7 212.8 88.1 185.8 
40 2.73 5.0 1. 73 3.3 212.7 205.9 42.5 122.7 
44 2.32 11. 7 3.68 8.0 208.0 187.1 18.5 56.5 
48 1. 93 25.4 8.93 16.5 199.5 141. 3 8.49 22.3 
52 1. 57 50.5 20.5 30.0 186.0 53.7 4.28 9.07 
56 1. 22 85.1 34.4 50.7 165.3 9.49 2.54 4.81 
60 0.91 118.3 41. 5 76.8 139.2 3.65 1. 83 3.36 
64 0.63 147.7 39.9 107.8 108.2 2.18 1. 46 2.72 
68 0.41 171.5 32.2 139.3 76.7 1. 58 1. 26 2.38 
72 0.24 189.8 22.0 167.8 48.2 1. 29 1.14 2.19 
80 0.05 210.2 5.68 204.5 11. 5 1. 06 1. 03 2.03 

for a molecule: dence of MIN on nHB is the same. 

up to n H B - 1. 3, we have (within our precision) 

MIN=1-nHB/2. 

(A) Figure 3 shows (nw)IN as a function of nHS; for 
systems I and II, the curves are essentially coincident 
in spite of the difference in temperature and density. 
For large cluster sizes (i. e., for large nHS)' the 
scaled value is in agreement for all three systems. It 
is also clear that the large system (III) has a sharper 
transition than systems I and II (dashed line in Fig. 3 
compared to the circles and the triangles). 

Since (NI2)nHB is the total number of bonds in the sys
tem, each new bond diminishes M by 1, i. e., two clus
ters combine to become one cluster. This linear de
pendence of M on nHB reveals that, up to nHB-1. 3, bond 
ring formations (i. e., intranet bonds) can be neglected. 

The dotted line in Fig. 3 exhibits the behavior of 
<nw>1216 for system III, showing clearly that for very 
strict definitions of hydrogen bonds (i. e., small nHS)' 
the absolute values of (nW> coincide for all three systems 
This is as expected since for small cluster sizes the 
overall system size or the periodic boundary conditions 
cannot produce large perturbations. The dotted line 

(C) In Sec. III, we have defined M
" 

the number of 
hydrogen bonded "polymers" (i. e., M, is the count of 
clusters of two or more molecules). It is clear that 

- ' for nHB - 0, all molecules are monomers and M - O. 
For large nHB' all mol"ecules will be considered bonded 
making M , - 1. From Tables I-III, we see that M I 

also shows that for nHB close to the transition region, 
there is a very rapid growth of (nW> in the larger system_ 
We believe that the rapid rise of (nw>1216 for III is 
closely indicative of the infinite system percolation 
threshold. 

passes through a maximum for intermediate values of 
nHB (see also Fig. 2). Moreover (see Fig. 5), M IN 
. I 
IS the same for all three systems considered in the re-
gion of the maximum, the maximum value being - O. 2 
at nHB - O. 8. For system I, this corresponds to V HB 

- - 68~1 (see Table I) and Fig. 1(a) shows that only 
small oligomers are present for that value of V HB' (B) The average number of nets M in the system (in

cluding 1 nets as mentioned in Sec. III) scaled by N de
creases linearly as n HB increases up to n HB - ~. 3 (see 
Fig. 4). From Fig. 4, we see that, for all three sys
tems over the whole range of nHB values, the depend-

TABLE III. System III. 

1 
-€" VHB 

nHB M M, Nu N, 

24 4.20 1.10 1. 00 0.1 1727.9 
32 3.62 2.05 1. 05 1.0 1727.0 
40 3.14 8.7 1. 62 7.1 1720.9 
48 2.60 39.9 8.71 31.2 1696.8 
56 1. 93 198.1 65.9 132.2 1595.8 
64 1.19 704.2 272.2 432.0 1296.0 
72 0.54 1265.0 289.1 975.9 752.1 
80 0.14 1604.9 110.6 1494.3 233.7 

Figure 6 shows the number of unbound molecules Nu 
normalized to N. Once again, the results for all three 
systems are the same. Since Nu =M -M" we see from 
Figs. 4 and 6 that MIN'" 0.6 and NiN'" 0.4 at the value 

(nw> (n) (n, > 

1727.8 1577.7 1727.9 
1725.7 824.7 1648.5 
1710.9 197.2 1062.9 
1628.5 43.25 194.7 
1101.1 8.72 24.21 

11. 0 2.45 4.76 
1. 94 1. 37 2.60 
1.16 1. 08 2.11 
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FIG. 2. Collection of the properties of system I, shown as 
function of the hydrogen-bond energy definition VHS: 0: aver
age cluster size (n)i "7: average gel cluster size (n .. )i 0: 

cluster size weight average (n",) i x: number of bound water mole
culesN .. i "f': number of unbound water moleculesNu=N -N .. i .: 

number of nets Mi.: number of gel molecules M,. 

1.0 <II c e 

Q.B 

0.6 

0.4 

0.2 

3.0 4.0 

FIG. 3. Weight averaged cluster size (n",) as function of the 
average hydrogen bond number nHS. normalized by the number 
of water molecules N in the system; 0: system I; V: system 
II; 0: system ill; dashed curve: (n",}/1728 of system ill; 
dotted curve; (n",)/216 of system ill (see text). 
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FIG. 4. Average number of nets in the system M =Ln<!j m n• 
normalized by the system size N. Symbols are as in Fig. 3. 

of nBB at which M,IN is a maximum (Fig. 5). 

(D) The definition of nBB includes unbonded mole
cules. To take the bias out, we can calculate nh, 
which is the average number of hydrogen bonds at a 
molecule counting only those molecules which have at 
least one bond. At nBB-0.8, we get n:B=nBB(N/N .. ) 
-1.3. Moreover, (n .. ) , the average gel polymer size, 
is (from the above values of Ny, M .. , and M at the max
imum in Fig. 5)-3.0atnHs=O.8, i.e., n:s =I.3. 
This suggests that at the maximum of M .. (Fig. 5), the 

0.2 

1.0 3.0 4.0 

FIG. 5. Number of polymers (gel molecules) M .. =Ln>t mn as a 
function of the average hydrogen-bond number iiHB, normalized 
by N. Symbols are as in Fig. 3. 
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FIG. 6. Number of "unbound" (free) water molecules Nu == m I' 
The number of bound molecules N, = Ln>! nmn- Then, Nu = N - N" 
Symbols are as in Fig. 3_ 

mostfrequently occurring polymers are "linear" trimers 
formed by two bonds for which (n,) =3 and ntB =4/3. 

(E) Finally, in Figs. 7 and 8, we show the depen
dence of (n) and (n,) on nHB , respectively. We notice 
that the transition region is broader and shifted to larger 
values of n HB (compare Fig. 3). Also, the different 

0.8 
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(n) 
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FIG. 7. Number averaged cluster size (n) for the different 
systems as a function of nHB. scaled to the system size N. 
Symbols and lines are as in Fig. 3. 

~ 
N 
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FIG. 8. Number averaged polymer (gel molecule) size. Other
wise, see Fig. 7. 

systems show coincidence only in the unscaled values 
at small n HB but not in the transition region. 

VII. nHB : AVERAGE NUMBER OF HYDROGEN 
BONDS PER MOLECULE 

The values of nHB derived from various theoretical 
considerations and from experimental data are uncom
fortably diverse. For temperature between 0 and 10 QC 
and density 1 g cm-3 (systems I and III), a list of at
tempts to obtain nHB is given below. The list is ordered 
according to decreasing values of nHB: 

(a) The lattice gas model of Fleming and Gibbs9 gives 
nHB = 3. 9 in this temperature range. 

(b) King and Barietta10 used isotope fractionation ex
periments to infer a value in agreement with molecular 
dynamics results ll for VHB = - 40t:l = - 3.03 kcal/mole, 
giving nHB =3.l. 

(c) The "bond lattice" model of Angell12 suggests a 
value nHB =2. 96. 

(d) Weres and Rice 13 with a "cell model" obtained 
'l'rHB =2. 7 (note that their Ph is fl HB!2). 

(e) A temperature invariant point in the distribution 
of pair interaction energies seen in the analysis1 of 
molecular dynamics data suggests V HB = - 52. 8E 1 = - 4. 0 
kcal/mole. For this value of V HB' we get nHB := 2.2. 

Figure 9 shows the dependence of nHB on V H B in the 
three systems considered in this paper. The influence 
of system size and of temperature and density is seen 
to be small. 

(f) The cluster model of Lentz, Hagler, and Scheraga14 

uses nHB = 1. 84 with negligible temperature dependence. 
This value, in our calculation, requires V HB = - 56. 6El 

= - 4. 3 kcal/mole. From Figs. 1 and 3, we find large 
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/0 

FIG. 9. Average number of hydrogen bonds per water molecule 
nHB as a function of the HB energy definition VHB: 0: system 
I; 'V': system II; 0: system III. 

clusters (nw) - N/2 for this V HB' This contradicts the 
supposition of the cluster model of these authors that 
only small clusters (of size< 10) are present. More
over, in this model, Wn increases in going from n = 1 to 
6 whereas all distributions we obtain show a monotomic 
decrease of Wn in the small cluster size region. 

VIII. LIQUID H2 0 AS A GEL 

The gel model of Cohen, Gibbs, and FlemingS is 
based on the analogy between vapor condensation and 
gelation in chemical polymerization developed by Stock
mayer. 6 The same problem has been treated by Gordon 
and Temple15 using graph theory. 

StockmayerS showed that the weight average (n,) di
verges (in an infinite system) as soon as the "degree 
of polymerization" ()I approaches a critical value ()Ie 
given by 

()Ic=1/{f-1) , 

where / is the "functionality" of the monomer units, 
i. e., the number of possible bonds of each monomer. 
For water, /=4 is a natural choice, giving ()Ie =1/3. 
The critical number of hydrogen bonds per molecule 
nc (= / x ()Ie) is then 4/3. 

For a finite system, (nw) will not diverge but will 
undergo a sudden but continuous increase when nHB ex
ceeds n~; this behavior was seen in Fig. 3. We have 
noticed already that the transition is sharper for the 
larger system. We also need to remark that the transi
tion occurs for nHB > 4/3; the main reason for this is 
that the gelation model excludes intrapolymeric bond 
ring formation so that clusters with rings are always 
smaller than the clusters calculated in the model for 
the same number of hydrogen bonds. 

IX. PERCOLATION IN THE WATER SYSTEM 

The questions of connectivity between various parts 
of our system of water molecules is naturally related 
to the broad class of percolation phenomena. We need 
to consider a critical bond concentration Xc beyond 
which percolation paths occur throughout the system; 

in obtaining a bond concentration, it is of course de
sirable not to neglect the formation of rings inside the 
connected clusters. 

Kirkpatrick16 has given the description of a percola
tion process which applies to our system nearly literal
ly: When the concentration x of bonds is low (x« xc), 
small is.olated clusters occur. The weight average of 
clusters increases monotonically with x. As x ap
proaches Xc from below, the larger clusters merge and 
in a macroscopic system the mean cluster size diverges 
at xc' For a finite system, this implies one or more 
connected paths along bonds covering the volume of the 
whole system. For x> xc' one main cluster remains 
with possibly several very small ones scattered in vari
ous positions. 

Regarding xc, a "rule of thumb" says17 that, in a 
three dimensional network, an average of at least 1.5 
unblocked steps (bonds) are needed out of every node 
(molecule). 

If / is the functionality of the monomers, Shante and 
Kirkpatrick16 pOinted out that this rule is valid for a 
wide range of values of /. The rule continues to be 
valid when bonds to other than immediate neighbors are 
also present. In the context of hydrogen bond networks, 
the possibility of more than four bonds is thus allowed. 

More accurate theoretical calculations give Xc = 1. 56 
for the ice (wurtzite) lattice19 and 1. 55 for the diamond 
lattice. 20 

X. CONCLUSIONS 

Molecular dynamiCS results clearly demonstrate the 
presence of the percolation threshold, at k:::: 62, 
nHB :::: 1. 3 for water under ordinary conditions. We note, 
from statements in Secs. VII, VIII, and IX, that esti
mates of the average number of hydrogen bonds in water 
all lie beyond the percolation limit. 

In an extensive tabulation, Falk and Ford21 give esti
mates of the average number of hydrogen bonds in water 
derived from very different experimental observations. 
With the exception of two extreme cases, all estimates 
yield nBB > 1.6. Hence, water has to be considered as 
a large macroscopic space-filling network enclosing a 
few small bonded but isolated clusters. 

In the work reported here and in an already published 
analysis of molecular dynamicS results, liquid water 
appears as a uniform space-filling random network; it 
should be mentioned however that the conclusions are 
based on an "energetic" definition of a bond. The pos
sibility cannot be ignored however that, with a different 
prescription for the existence or absence of a bond, a 
different picture can emerge of connectivity in liquid 
water. 

APPENDIX A: SCHEMATIC EXAMPLE FOR CLUSTER 
SIZE DETERMINATION 

The model system is nine molecules in two dimen
Sions, periodic boundaries, and hydrogen bonds are in
dicated by lines: 
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7 

1 2 3 1 2 3 1 2 3 
I I I 

4-5 6 4-5 6 4-5 6 
I 8-~ I 

7 8-9 7 7 8-9 

The resulting list of partners is as follows: 

reference 
molecule 

# 

1 
2 
3 
4 
5 
6 
7 
8 
9 

# of hydrogen-bonded 
partners 

no HB partner 
rn 
(]J] 
[[] 
rn 
II:]] 
[]] 
[L]] 
13 6 7 81 

The resulting cluster lists are as follows: 

1218 191 3161 7/ 

[ITI] 

Thus, we find 

1 1 net ml = 1 , 
m2=1, 

1 6 net m 3, ••• , ms =0 , 
and ms=l, 

1 2 net m 7 , ••• , m9=0. 

It is important to recognize that the network size n re
fers to the number of particles contained in one single 
b,?x. If one considers the infinite periodic arrangement, 
the 6 net transforms to an infinitely large net due to 
periodicity. 

There are also possibilities for 6 nets that remain 
finite in the infinite periodic arrangement, e. g. , 

9 7 9 7 

3 1 2 3 1 
I I 
6 4-5 6 4 

I 
9 7 8 9 7 

3 1 2 3 1 

APPENDIX B 

For control purposes, several of the results published 
in Ref. 3 can be compared with the results of the pres
ent study (system I): (1) average hydrogen bond num
ber nHB '= (b): 

1 (b) nHB , 
- -VHB 

E Ref. 3 this paper 

28 3.88 3.87 
40 3.14 3.09 
52 2.26 2.23 
64 1. 18 1.17 

(2) fraction of unbonded water molecules NulN '= no: 

1 no, NuIN, 
-E VHB Ref. 3 this paper 

28 0 0.00005 
40 0.00331 0.00345 
52 0.0410 0.0379 
64 0.249 0.245 

(3) fraction of water molecules with exactly one hydro
gen bond p(nHB = 1) '= nl: 

1 nl' p(l), - -v E HB Ref. 3 this paper 

28 0.0026 0.00327 
40 0.029 0.0426 
52 0.180 0.195 
64 0.415 0.420 

If one takes into consideration that in Ref. 3 only 14 con
figurations are used for averaging, whereas here 620 
configurations are used, the agreement is good, with 
perhaps one exception: p(l) and nl at - (l/E)VHB =28 and 
40 differ by about 50%. 
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