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Abstract Various properties of water clusters in the
n = 2-34 size regime with the change of cluster size have
been systemically explored based on the newly developed
flexible-body and charge-fluctuating ABEEM/MM water
potential model. The ABEEM/MM water model is to take
ABEEM charges of all atoms, bonds, and lone-pairs of
water molecules into the intermolecular electrostatic
interaction term in molecular mechanics. The computed
correlating properties characterizing water clusters (H,O),,
(n = 2-34) include optimal structures, structural para-
meters, ABEEM charge distributions, binding energies,
hydrogen bonds, dipole moments, and so on. The study of
optimal structures shows that the ABEEM/MM model can
correctly predict the following important structural fea-
tures, such as the transition from two-dimensional (from
dimer to pentamer) to three-dimensional (for clusters larger
than the hexamer) structures at hexamer region, the tran-
sition from cubes to cages at dodecamer (H,O);,, the
transition from all-surface (all water molecules on the
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surface of the cluster) to one water-centered (one water
molecule at the center of the cluster, fully solvated)
structures at (H,0);;, the transition from one to two
internal molecules in the cage at (H,0O)33, and so on. The
first three structural transitions are in good agreement with
those obtained from previous work, while the fourth tran-
sition is different from that identified by Hartke. Subse-
quently, a systematic investigation of structural parameters,
ABEEM charges, energetic properties, and dipole moments
of water clusters with increasing cluster size can provide
important reference for describing the objective trait of
hydrogen bonds in water cluster system, and also provide a
strong impetus toward understanding how the water clus-
ters approach the bulk limit.

Keywords ABEEM/MM - Water clusters -
Hydrogen bond

1 Introduction

“Water clusters”, groups of water molecules held together
by hydrogen bonds, have been the subject [1] of a large
number of experimental and theoretical investigations
because of their importance in understanding cloud and ice
formation, solution chemistry, and a lot of biochemical
processes [2]. Water clusters display a variety of interesting
behaviors and are, therefore, worthy of basic research for
their own sake. In particular, clusters can be considered a
bridge between the gas phase and the condensed phases,
and therefore, evolution toward condensed phase structure
and dynamics as a function of size is of interest.

So far, the properties of small water clusters (H,0),
(n = 2-6) have been extensively studied experimentally
[3-10] and theoretically [11-23]. A number of previous
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studies [3, 4, 11] showed that the most stable structure of
water dimer was of the C; symmetry, and that it had a
single hydrogen bond with strength of 5.44 4 0.7 kcal/mol.
Recently, based on more high quality first principles
electronic structure calculations [21] at the second order
perturbation level of theory, the corresponding binding
energy for the dimer is about 5.0 kcal/mol. At the same
time, these studies demonstrated conclusively a cyclic
structure for n = 3-5 and a transition from two-dimen-
sional (2D) cyclic structure to three-dimensional (3D)
structure at n = 6. For the octamer, two very stable cubic
structures (S4 and D,4) were predicted [24-30]. The stable
symmetric cube structures of the octamer were reported for
the (H,O)g-benzene cluster [31] and for water clusters with
the phenol chromophore [32]. Measurement of size selec-
ted infrared spectra of (H,0O), in the n = 7-10 range, in
conjunction with calculations, resulted in assignment to
single cage structures. The n = 7-10 minimum energy
structures can be viewed as derived from the octamer cube,
by addition or subtraction of molecules [33-35].

To the best of our knowledge, most of the available
experimental data for neutral (H,O), (n > 10) clusters
pertain to distributions of cluster sizes rather than to a
single known size [36—43], although there are interesting
current advances in spectroscopy of size-selected water
clusters doped with an Na atom [43]. For the n = 11-30
size range, considerable insight has been gained from
theoretical studies [16, 18, 20, 22, 23, 29, 44-70]. For
instance, Tsai and Jordan [44] found that the TIP4P
potential for water clusters favored a cuboid geometry over
the hollow cage for n = 12, 16, and 20. Their MP2 cal-
culations confirmed that the cuboid geometry was the most
stable for n = 12. Additionally, ab initio calculations by
Sremaniak et al. [45] supported the stacked cubic structure
of D,gD,gq symmetry over the stacked cyclic hexamers of
S¢ symmetry. MNDO-PM3 calculations [46] also sug-
gested the cuboid geometries to be the most stable for
(H,0), and (H,0)¢. Kirschner and Shields [47] predicted
cuboids and fused pentameric structures to be the most
stable for (H,0),o. However, it is common accepted for
potential model that eventually the cagelike structures will
prevail over cubes, but the size of the cluster at which this
transition occurs is still debated. Subsequently, we find that
such a transition occurred at different cluster sizes,
depending on the water model. For the SPC/E model [71]
this transition occurs for (H,O),, at n = 20. For the POL1
[72] model, the cage appears at n = 12. In the Stillinger
and David’s polarizable model [73, 74] cubes do not appear
even at the n = 8 size. Interestingly, on the basis of his
semiempirical calculations at the INDO level, Khan [48]
also concluded that stacked cubes are unlikely to be formed
and that cage structures are more likely as the cluster size
increases. He has proposed [49-52] several different cage
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structures for (H,O),, (n = 24-35). Some of them are fused
and have free water molecules inside the cage. Day et al.
[53] used simulated annealing methods with the effective
fragment potential to locate the most stable structures for
the water clusters (H,O),, with n = 6, 8, 10, 12, 14, 16, 18,
and 20. Most recently, structural evolution as a function of
size in the n = 2-30 range regime was addressed systema-
tically by Hartke [60-62] for the TIP4P [75] and TTM2-F
[18-20, 22, 23, 30] potentials. Clusters at the low end of
this size range have been described as “all surface”.
Increase in size is marked by appearance of three-dimen-
sional “centered cage” forms with one or two 4-coordi-
nated core molecules in the interior. Recently, Xantheas
et al. [66] have confirmed the existence of the transitional
size regime from electronic structure calculations for
(H,0),, (n = 17-21). Moreover, a number of theoretical
studies focused on the simulations of melting transition in
water clusters [67, 68, 73, 74] and on the investigations of
special structures which were proposed to be particularly
interesting and/or stable.

However, even with all this activity in the study of
clusters during the last decades, there is still a considerable
lack of understanding of the transitions from the properties
and structures of the small-, intermediate-sized clusters to
those of the large-sized clusters. In particular, starting from
sizes of small water clusters, it is more meaningful for any
potential to investigate the evolution of general structure,
energy, hydrogen bond and dipole moment as functions of
size. ABEEM/MM force field [76-84] is a newly deve-
loped flexible body and fluctuating charge potential model.
In this model, a water molecule is described by seven-point
(7P) charges, including three atom charges, two bond
charges and two lone-pair electron charges (TIP7P), which
can reflect the charge distribution and polarization pro-
perly. Furthermore, in characterizing binding energy,
geometry, hydrogen-bonding energies, as well as dynamic
properties, the ABEEM/MM fluctuating charge potential
model gives quite accurate predictions, and the results are
comparable with ab initio results for small water clusters
[76, 77], ion—water clusters [78], organic and biological
molecules [79-81], and the aqueous solutions [82—84].

The information of water clusters for n > 22 is very
little. The purpose of this paper is to explore low-energy
structures of (H,0), in the n = 2-34 size regime, and
further present the variation trends of various properties
characterizing water clusters (including optimal structures,
structural parameters, hydrogen bonds, charge distribu-
tions, interaction energies, dipole moments, and so on) with
the ABEEM/MM model.

The remainder of this article is organized as follows. In
Sect. 2, we give the descriptions of ABEEM/MM water
model and optimization method. In Sect. 3, we give the
results and discussions of various properties of water
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clusters in the n = 2-34 size regime. Finally, the conclu-
sion is briefly given in Sect. 4.

2 Methodology
2.1 ABEEM/MM water model

The ABEEM/MM water model assumes that the water
molecule is composed of seven charge centers, including
three atoms, two bonds and two lone-pair electrons.
According to the equilibrium geometry of a water molecule
(Fig. 1), the bond length of O-H and the bond angle of
H-O-H are set to their experimental values, 0.9572 A and
104.52°, respectively, and the lone-pair electron center is
0.74 A far from the oxygen nucleus with an intervening
angle of 109.47°. According to the ABEEM/MM model,
the potential energy of pure water system is written as

E = Z Ey + Z Ey+ Z (Evdw + Eelec)z (1)

bonds angles non—bonded

where Ey, Ey, Eyqw, and Eg. stand for the energies of
individual bond stretching, angle bending, van der Waals,
and electrostatic interaction, respectively. The cross terms,
like stretch-bend coupling, etc., are omitted in Eq. 1. The
above equation can be concretely expressed as follows:
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In Eq. 2, the Morse potential is used to represent the O-H
bond stretching Ey,, where the O-H bond dissociation energy
D is 529.6 kcal/mol and o is related to the bond force
constant (o = \/fi, /2D, f;, is the bond force constant), and 7q
is the equilibrium bond length 0.9572 A. The harmonic
potential is employed to represent the H-O—-H angle bending

Fig. 1 The structure of monomer water by the ABEEM/MM model

Ey, where the angle force constant ky is 34.05 kcal/
(mol x degz) and 0.4 is the equilibrium bond angle
104.52°. Lennard-Jones interaction E,4, between water
molecules involves oxygen—oxygen, oxygen—hydrogen, and
hydrogen-hydrogen interactions, where &, j, and rmin,, ,, are
the Lennard—Jones well depth and minimum energy distance
for the interaction between atom a belonging to water
molecule i and atom b belonging to water molecule j,
respectively. For the oxygen—hydrogen interaction, the oy
equals the geometric mean of the values for the two pure
species well depth and the minimum energy distance rmin,, 1S
given as the arithmetic mean, viz., &oq = \/éooénn, and
Fmingy = % (Fminee + Fmingy )- The electrostatic interaction Ejec
is calculated by using the ABEEM [85-90] charges, where g
is the charge on every site of a water molecule. For example,
Ga» 9a—b» and gy, are the partial charges of atom a, bond a-b,
and lone-pair electron Ip, respectively, in which the bond
charge g,_, is placed on the point that partitions the bond
length according to the ratio of covalent atomic radii of atom
a and atom b. R is the distance between charge sites, for
example, R, ;, Ry p o n» and Ryp )y are the distance between
atom « and atom b, the distance between bond a—b and bond
g—h, and the distance between lone-pair electron Ip and lone-
pair electron Ip’, and so on. Parameter k is an overall
correction coefficient in this model. Parameter ky jip)
R( jap)) 1s related to the separation between the hydrogen
atom belonging to water molecule i and the lone-pair
electron belonging to water molecule j in the hydrogen bond
interaction region (HBIR). The detailed derivation and the
procedures of parameterization for the ABEEM/MM water
model can be found in Yang et al. [76]. When there is a
change of bond, angle, and relative position of molecules, we
recalculate the charges by ABEEM method [85-90], and
recalculate the total energy by Eq. 2. In the calculations, we
only considered a charge neutrality constraint on each water
molecule and there is no charge transfer between the
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molecules and the effective chemical potentials of an atom, a
bond and a lone-pair electron only within a molecule are set
equal.

2.2 Optimization method

In ABEEM/MM calculations, we start with our ab initio
geometries at the HF/6-31G(d) level and perform local
energy minimization with the limited memory BFGS
quasi-Newton nonlinear optimization method [91]. All
possible structures are fully optimized taking into account
the positions of all atoms within the cluster.

In view of the large number of possible geometries for
the larger clusters, there would be several minima on a
shallow potential energy surface, and it becomes extremely
difficult to locate the true energy minimum for each cluster.
Therefore, it is worth noting that we present the results not
as the global minima for the clusters but as an investigation
of several ordered sampling structures. That is, we cannot
guarantee that we have found the global minima of the
clusters, but we are interested in the progression of the
ordered structures which are the relatively most stable in
energy for each cluster, and then to further understand the
characteristics of hydrogen bonds. These water aggregates
are built on a step-by-step basis starting from the dimer
(n = 2) and up to (H,O)34 cluster in the light of different
component forms. These clusters are composed of cubic
octamer-like subunits [24, 25, 92], tubes of five- and/or six-
membered water rings [93], flat sandwich-like structures
[94], large spheroid single cages [49-52], fused cage
structures [49-52], and water-centered cage structures with
one or two 4-coordinated core molecules in the interior
[60-62].

3 Results and discussions
3.1 Optimal structures of (H,O), (n = 2-34) clusters

Structurally the water clusters could be classified into two
broad categories, viz., 2D structures (for example, ring
structure) and 3D structures (such as, cage, prism, or cube
structure, and so on). Main low-lying energy conformers of
water clusters (H,0), (n = 2-34), binding energies,
hydrogen bonds number, and dipole moments optimized
and calculated by the ABEEM/MM model are shown in
Figs. 2, 3, 4, 5, and other low-lying energy conformers and
related information are available in the electronic supple-
mentary material. Figures 2, 3, 4, 5 further confirm and
reflect the following important structural features:

(1) Small clusters (for n < 6) have 2D conformers,
while large clusters (for n > 6) have 3D conformers. The
transition from 2D to 3D structures at hexamer region,
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which has been demonstrated by early work [95], is cor-
rectly reflected in the present study, and the detailed
descriptions are elucidated in Sect. 3.2 based on the change
of structural parameters. It should be noted that in the case
of ring pentamer the hydrogen bonding orientation corre-
sponds to the most energetically favorable conformation
among the 2D structures. Thus, with increasing cluster size,
the energy gain of the hexamer relative to the pentamer
becomes minimal, so the hexamer structures are at the
border between 2D and 3D conformations, resulting in
diverse isoenergetic structures [96] such as ring, book, and
so on. These diverse isoenergetic hexamer conformers
would play an important role in entropy, and so be
responsible for various phase transitions of ice as well as
water. This would be related to the magic number of six in
various water-containing molecular systems as well as ice.
(2) The transition from cubes to cages is predicted by
the ABEEM/MM model at (H,0), (n = 12), and the
abundance of pentamers increases with increasing cage-
like character. This transition is in good agreement with
that identified by the POL1 model [45]. In Fig. 3, the rel-
atively most stable structure of (H,O);, does not occur at
the double cube structures (such as D,y3Dsg, D2gS4, S4S4),
but occurs at the cagelike structure of D3 symmetry.
Rather than viewing the clusters as monomer units con-
nected via hydrogen bonds, they can be viewed as small
cluster units fused together to form a larger cluster. The
double-cube (H,0),, clusters, for instance, can be thought of
as a fusion of two book hexamers and seven tetramer units.
The Dj structure for (H,0O);, cluster can likewise be thought
of as a fusion of two ring hexamers and six tetramer units. To
better understand the (H,0),, cluster with D; symmetry, we
paid attention to the correlated information about (H,O)g. If
the hydrogen bond that forms the “binding” of book hexa-
mer is broken, then the ring structure is obtained. Thus for
(H,0),,, the topologies of the double-cube and D5 cage-like
structures are very similar if viewed from the perspective of
fusing two groups of hexamers. To go from a double-cube
D,4S4 structure to the D3 cage-like structure, it would give
rise to two effects: first, the two hydrogen bonds forming the
“binding” of the two book hexamers must be broken, and
breaking hydrogen bonds somewhat destabilize the Dj
cagelike structure; second, when the above two hydrogen
bonds are broken, the ring strain reduces because the number
of four-membered rings decreases by four and the number of
six-membered rings increases by two, and this reduction
degree somewhat stabilizes the D cagelike structure. As a
final result, of the above two factors, D5 cagelike structure is
more stable than the double-cube D,4S; structure
by 5.90 kcal/mol. Therefore, breaking hydrogen bonds
somewhat destabilize the structure, but this effect is com-
pensated by a reduction in ring strain. In other words, there is
a balance between the numbers of tetramers which result in
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more hydrogen bonds and the numbers of pentamers and
hexamers which alleviate some ring strain since perfect
pentamers and hexamers allow for better accommodation of
the hydrogen bonds than does the tetramer. Indeed, the
abundance of pentamers, in particular, increases with
increasing cagelike character. For example, in going from
(H,0), to (H,0),¢ (Fig. 3), the number of five-membered
rings increases from zero to four.

(3) A size-dependent transition from all-surface to one
water-centered structures atn = 17, which has been reported
by Hartke [60-62], is also further reflected and correctly
predicted in the present study. At the same time, there is an
evident alternation occurring between internally solvated
(n = 17,19, 21, 23, 26-29) and all-surface (n = 18, 20, 22,
24-25, 30-32) configurations for the relatively most stable
structures with the ABEEM/MM model. This alternation is
similar to the conclusion reached by Xantheas [66] from
electronic structure calculations for (H,0),,, n = 17-21.

(4) As the cage interior gets larger and larger, a transi-
tion from one to two internal molecules in the cage is
predicted at n = 33. In comparison, Hartke [60-62] has

reported this kind of structural transition at n = 27-28. Just
as Hartke [60—62] has mentioned, as a final note on the
larger clusters, it should be pointed out that none of their
structural features bears any resemblance to typical struc-
tural patterns of any of the crystalline bulk ice forms. That
is, all of these clusters should be characterized as amor-
phous. This is in accord with experimental observations on
water clusters from this size range to far larger ones (with
size-preference but without single size-selection) [97, 98].

(5) The results for the water clusters (H,0), (n = 12,
18, 24, 30) show that the relatively most stable structures of
the clusters present a certain regular behavior. That is, the
relatively most stable structures all have the ring hexamers
as building units with opposite hydrogen bond orientation.

3.2 Structural parameters of (H,O), (n = 2-34)
clusters

In addition to the above-mentioned structural features, it is

very interesting to investigate the changes of structural
parameters. It is noticeable that in this paper the mean
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values of structural parameters are not for thermal fluctu-
ations of geometries or averages of a delocalized quantum
state, but just for a single equilibrium configuration.
Figure 6 shows a sharp transition of the structural
parameters at hexamer region predicted by the ABEEM/
MM model. The mean value R(O---H),, decreases with
increasing n for n < 6. However, as the structure changes
from the cyclic planar (2D) to 3D structure, the R(O---H),,
increases drastically. In the hexamer, the R(O---H),, value
of ring structure shows 1.86 A, but those of book, cage, and
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prism structures show 1.91, 1.98 and 2.03 A, respectively.
Then, the values are somewhat steady around 1.94 A for
n > 6. This structural information is also well reflected in
R(O:---0),,. For n < 6, the mean values Z(OHO),, decrease
rapidly from dimer to trimer, and then those of pentamer
and ring hexamer have few difference. However, for n > 6,
the values of Z(OHO),, take on rapid downtrend. In the
region of hexamer, the values of Z(OHO),, for ring and
prism structures are 174.88° and 152.23°, respectively,
while those of Z(OHO),, for book and cage structures are
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166.42° and 158.55°, respectively, falling in the range
between 174.88° and 152.23°. Thus, it can be seen that the
ABEEM/MM model can correctly reflect the fact of tran-
sition from 2D cyclic to 3D structure in the hexamer
region. It is just as Kim has reported [96], viz., the ring and
prism conformers exhibit the characteristics of genuine 2D
and 3D structures, respectively, while the book conformer
is 2D like with some 3D characteristics, and the cage
conformer is 3D like with some 2D characteristics.

Figure 7 shows the mean value R(O---H),,, R(O-H),,,
R(O-Hp).y, R(O---0),,, Z(OHO),, and Z(HOH),, along with
their variations in the form of vertical bars for the relatively
most stable structures of (H,0),, (n = 2-34) clusters. There are
two types of hydrogen atoms in water clusters: one is referred
to as “free hydrogen (Hy)” that is not involved in a hydrogen

bond, and R(O-Hy) represents the distance between oxygen
and free hydrogen atom in water molecule; the other is referred
to as “bridged hydrogen (H,,)” that is involved in a hydrogen
bond, and R(O-H,) represents the distance between oxygen
and bridged hydrogen atom in water molecule. In Fig. 7a,
when n increases from two to five, the mean value R(O---H),,
decreases. However, when n = 6-34, R(O---H),, increases
drastically and is steady around some value. Similar structural
information is also reflected in R(O---O),, (Fig. 7c). The
R(O---H) values are in the vicinity of 1.950 A, falling in the
expected range [99] of 1.70-2.45 A.In Fig. 7b, the R(O-H,,)
values are different for the different hydrogen bonds in the
relatively most stable conformers of the clusters, but the
R(O-Hy,),, values are all in the vicinity of 0.960 A. Charac-
teristically, the R(O—H,,) values are larger than the R(O-Hy)
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Fig. 5 Same as Fig. 2, for

d
(H0)as 35 . , g4e B
‘J. - 5 TRt ‘{ o . ) J.‘
JJ:J ‘:,, - :il 3 ?‘ 9 J.} ,a. R
n=28 3 @ide% A% el S =29 8 A J.f
2 e g L
. 8, bie ] ’1‘ ﬁ*" o .:‘,d $.
[ ‘e '§‘ " @’ L
28cage_la 28cage 29cage 1
[-321.07] [-281.26] _[-33 5.6_2]
ny=49 1=3284 m42 u=14.417 ny=50 #=1.060
4
5 ._J“‘“aa 'W: ‘M le.o..‘“e':‘, :
=30 Am A n=31 *‘ e’ "'Wf"“ =32 4¥ Y *dS X W
ytd " ‘, v :){..J ‘*':'ﬂ ! s Ja‘f ”‘.‘.“"J
A ‘.“m) e, A ‘J‘?b"' f‘), ‘J
30A 31A 324 32cage
[-353.16] [-358.59] [-370.61] [-306.64]
=54 1#=0.003 ny=56 »=1818 ny=58 1=1.796 m=51 #=13.701
.‘9* -2
J. rl o » *]
4, °
30.3% o, g%
2 ? ‘J;.,n 43 n.’ ‘3.. Lo
n=33 +-9.9 n=34 o Vel
‘P 1.; i TP L £ ‘t."' » 8
‘.J o o - JJ : J.J 4 4 .j ’ x
‘J ‘) .4.:. za .J .J?..)
33(2383_2 34088&_2
[-389.11] [-397.86]
m=S8 4#=2.938 mi=60 #=4.424

values, as has been known for all of the hydrogen bonds in the
literature. For the n = 2-5 ring clusters, there are only single-
donor (sd) hydrogen bonds, whereas for n > 6, there are sd as
well as double-donor (dd) hydrogen bonds. Figure 7d confirms
previous review [29] that the R(O-H,,),, values for dd hydro-
gen bonds are slightly shorter than those for sd hydrogen
bonds, and tests the reasonableness of the ABEEM/MM
model. Figure 7e deals with the relationship between the angle
Z/0OHO value of H-bonded three atoms and the cluster size for
n = 2-34. Because most of the hydrogen bonds are not exactly
linear (ZOHO ~ 135°-176°), the distance R(O---O),, is
around 2.871 A, slightly less than the sum of R(O-Hy),, and
R(O:---H),,. Moreover, the ABEEM/MM model also predicts
the variation tendency of bend angle ZHOH of the individual
water molecules in the cluster with an increase in cluster size
(Fig. 7f). The results show that when the cluster size increases,
the mean values Z/(HOH),, fluctuate about 103.89°, less than
the isolated monomer bend angle 104.52°.

3.3 ABEEM charge distributions

In this section, a cluster structure is arbitrarily chosen to
study the ABEEM charge distributions. Take the relatively

@ Springer

most stable structure of (H,O);;, for example, and the
charges are listed in Table 1. For the model water, ABEEM/
MM model [76] gives the explicitly quantitative charges of
all atoms, bonds, and lone-pair electrons: the positive char-
ges located on the O atom (0.1125) and H atoms (0.2897) are
balanced by the negative charges located on the O—H bonds
(—0.1552) and the lone-pair electrons (—0.1908). When
water molecules interact with each other, the charges of all
sites for each cluster are different from an isolated water,
which is consequential upon environment change, i.e., for an
isolated water, no other molecule affects its electron cloud,
but for a cluster, which is composed of many water mole-
cules, the different position of water molecule relative to
another water molecule affects the redistribution of the
electron cloud. Moreover, the intermolecular hydrogen
bonds between water and water also directly influence the
charge distribution. It is to be mentioned further that in the
water clusters, there are four kinds of water molecules, viz.,
singe proton donor-single acceptor (“da”), single donor-
double acceptor (“daa”), double donor-single acceptor
(“dda”), and double donor-double acceptor (“ddaa”).
Through analyzing the data in Table 1 we can draw the
following three conclusions: (1) The ABEEM/MM model
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can fully consider the conformational changes, viz., the
charges of all atoms, bonds, and lone-pair electrons can
fluctuate according to the different ambient environment. (2)
Compared with isolated water, the remarkable change of
charges takes place at the position where the hydrogen bond
forms. For example, for the “daa” monomer in the struc-
ture 17cage_1, one bound H atom (gy;q is 0.4714) and two
bound lone-pair electrons (gip019 is —0.2884 and gy019 is
—0.2780) of O atom exhibit relatively larger absolute char-
ges than the corresponding free H atom (0.2897) and lone-
pair electron (—0.1908) of O atom. In the same way, this is
also true of “da”, “daa”, and “ddaa” monomers. (3) The
monomer type can be easily identified only from ABEEM
charge distributions. For example, the charges gy, and gy3 of
two H atoms are 0.3978 and 0.4020, respectively, which are
larger than the charge 0.2897 of free H atom in isolated
water, because the two H atoms are both involved in
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Fig. 7 Variations of a the distance R(O---H), b the bond length
R(O-H), c the distance R(O---O), d the bond length R(O-Hy), e the
angle Z(OHO), and f the bend angle Z(HOH) for the relatively most
stable structures of (H,0), (n = 2-34) with increasing cluster size n
for the ABEEM/MM model

hydrogen bonds. At the same time, the absolute charges
0.3085 and 0.3045 of two lone-pair electrons (IpOl and
1p’0O1) on O atom are larger than the absolute charge 0.1908
of free lone-pair electron on O atom in isolated water,
because the two lone-pair electrons are also involved in
hydrogen bonds. It is obvious that this water molecule
belongs to “ddaa” monomer.

To summarize, the fluctuating charges of the water
molecules can quantitatively reflect the redistribution with
the changed ambient environment and make a compensation
for the shortages of fixed-point charge models. Meanwhile,
the fluctuating charges are very important in the calculations
of the binding energies and dipole moments.

3.4 Energetic properties of (H,O),, (n = 2-34) clusters

With an increase in the size of water clusters, there is an
increase in the number of hydrogen bonds and hence an
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Table 1 The charges of the relatively most stable structure for (H,0),; calculated by the ABEEM/MM model

17cage_1 ABEEM/MM 17cage_1 ABEEM/MM 17cage_1 ABEEM/MM 17cage_1 ABEEM/MM
qo1 0.1147 4031 0.1091 qo13-H15 —0.1507 Q07 —0.3268
qu2 0.3978 quz2 0.3702 qo16-H17 —0.1530 Q010 —0.2824
qu3 0.4020 qus3 0.3765 qdo16-H18 —0.1451 Q010 —0.2829
qoa 0.1112 qo34 0.1089 4019-H20 —0.1453 Q013 —0.2703
qus 0.3834 quss 0.3804 qo19-H21 —0.1530 Qip'013 —0.2893
que 0.3776 q136 0.3613 4022123 —0.1451 Q016 —0.2830
qo7 0.1124 q037 0.1085 q022-H24 —0.1530 Qipote —0.2730
qus 0.3880 quss 0.4405 4025-H26 —0.1447 qipo19 —0.2884
qHo 0.3875 qH39 0.2855 qo25-H27 —0.1523 Q019 —0.2780
qo10 0.1107 qo40 0.1089 §028-H29 —0.1504 Qip022 —0.2819
qu11 0.3742 qHa1 0.4555 §028-H30 —0.1504 Q022 —0.2884
qu12 0.3828 qua2 0.2765 qo31-H32 —0.1505 Qipo2s —0.2744
qo13 0.1102 qo43 0.1079 4031-H33 —0.1502 qp'025 —0.2754
qH14 0.3837 qH44 0.3665 q034-H35 —0.1497 Qip028 —0.2364
qHi1s 0.3682 quas 0.3672 q034-H36 —0.1506 Q028 —-0.3217
qo16 0.1098 qo46 0.1068 q037-H38 —0.1455 qip'031 —0.2425
qu17 0.2758 qua7 0.3676 4037-H39 —0.1517 Q1031 —-0.3126
qH18 0.4684 qHas 0.3573 q040-H41 —0.1459 Q034 —0.3146
qo19 0.1113 qo49 0.1088 §040-H42 —0.1525 Q034 —0.2358
qH20 0.4714 qH50 0.3705 q043-H44 —0.1513 qip’' 037 —0.2667
qH21 0.2820 qus1 0.3691 q043-H45 —0.1513 iy 037 —0.2706
qoxn 0.1114 qo1-H2 —0.1509 q046-H47 —0.1501 Gip' 040 —0.2728
qH23 0.4757 qo1-13 —0.1506 q046-H48 —0.1506 Qi 040 —0.2697
qH24 0.2813 qo4-Hs —0.1505 4049-H50 —0.1500 Q043 —0.2245
4025 0.1095 qo4He —0.1507 q049-H51 —0.1505 Qip'0s3 —0.3145
qH26 0.4553 qo7-H8 —0.1519 Qipo1 —0.3085 Qip'046 —0.2199
qu27 0.2821 qo7-H9 —0.1520 Qipo1 —0.3045 Qip' 046 —0.3112
qo28 0.1094 qo10-H11 —0.1505 q1po4 —0.3194 q1p' 049 —0.3135
qH29 0.3720 4o010-H12 —0.1518 Qip'04 —0.2515 iy 049 —0.2343
qH30 0.3774 qo13-H14 —0.1517 Qo7 —-0.2571

The geometry is in Fig. 3. go and gy are the charges on the site of the atom O and H, go_g is the charge on the site of the ratio of covalent atomic
radii of the atom O and H, gy, is the charge on the site 0.74 A from the O atom

increase in the IBEI values, as shown in Fig. 8a and b. The
average number of hydrogen bonds (77y) per water mole-
cule increases with an increase in n initially but then levels
off around 1.8 as n approaches 34. The mean values 71y are
equal to each other for (H,0O), (n = 3-6) clusters, because
these geometries (including trimer, tetramer, pentamer, and
ring hexamer) are 2D structures.

It seems very attractive to compare the energies of the
clusters per hydrogen bond (which are plotted in Fig. 8c) as
this information may point toward which structures are
favored in the ices and liquid water. There is a noticeable
increase in the mean hydrogen-bond strength for n = 2-6.
The ring hexamer structure has the highest binding energy
per hydrogen bond at 7.47 kcal/mol of all the clusters
studied, which is probably of significance when consider-
ing the “hexagon rich” structure of the ices. We can also
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see from Fig. 8c that there does appear to be any sort of
convergence after about n = 13 where the mean hydrogen-
bond strength is 5.82 kcal/mol. There is perhaps a gradual
drift in the energies up to n = 34 (6.52 kcal/mol).
Figure 8d describes the relationship between the binding
energy per molecule and the cluster size. It shows that the
variation of binding energy per molecule exhibits conver-
gence 11.7 kcal/mol at n = 34.

In addition, binding energies of (H,0),, (n = 2-22, 24,
28, 32) clusters calculated by the ABEEM/MM model are
compared with the previous results obtained from the high-
level ab initio calculations at the MP2 level of theory [21,
30, 63], semi-empirical quantum mechanical method [48—
52], and empirical potentials [16, 20, 23, 30, 65]. As could
be seen from Table 2 the binding energies calculated by the
ABEEM/MM potential model are found to be in good
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Fig. 8 Variations of a the number of hydrogen bonds (ny) and the
average number of hydrogen bonds per water (7 = ny/n), b the IBEI
value, ¢ the hydrogen bond strength (IBEl/ny), and d the binding
energy per water (IBEl/n) for the relatively most stable structures of
(H,0),, (n = 2-34) with an increase in n for the ABEEM/MM model

agreement with those of previous calculations. In a word,
the ABEEM/MM potential model can well give rise to and
correctly calculate the static properties.

3.5 Dipole moments of (H,0),, (n = 2-34) clusters

Of late, there is some controversy in the literature about the
“correct” value of the liquid water dipole moment. A recent
analysis of X-ray diffraction (XRD) data by the Soper group,
which was the first experimental study of the average dipole
moment in liquid water, inferred a value of 2.9 D under
ambient conditions [100]. Silvestrelli and Parrinello [101]
found that the average dipole moment (u) of water molecule
in liquid should be about 3.0 D. The studies of water clusters
by Gregory [95] showed that the average dipole moment of a
water molecule increased from 2.1 to 2.7 D as the size of the
cluster increased from the dimer up to the hexamer.
Figure 9a displays the variation trend of the average dipole
moments of the relatively most stable structures for
(H,0),, (n = 2-34) clusters with respect to the cluster size n
using the ABEEM/MM model. Concretely, the average
dipole moments from monomer to ring hexamer are 1.855,
2.078, 2.329, 2.460, 2.525, and 2.547 D, respectively. This

increasing trend in average dipole moments almost gives
quantitative agreement with the experiment [7]. The average
molecular dipole moments against cluster size are slower to
converge toward the predicted liquid water value of 2.80 D
with the ABEEM/MM model [82].

Furthermore, there appears to be some significant struc-
ture to the values of the dipoles with respect to cluster size.
This is most evident in the plot of the total dipole moment
against cluster size (Fig. 9b) which exhibits strong maxima
atn = 2,5,7,10,15,19,21,23,26,28 and minima atn = 4,
6,8, 12, 18, 24, 30 (where the dipole moments are close to or
identically zero by symmetry). It is interesting to speculate as
to why this series closely follows a periodicity of 6 for the
minima at n = 12, 18, 24, 30. The n = 12, 18, 24, 30
structures are all built out of stacked ring hexamer units and
so it is not surprising they share similar properties.

4 Conclusions

Based on the newly developed flexible-body and charge-
fluctuating ABEEM/MM water potential model, we have
studied and explored several static properties of water
clusters (H;0),, in the n = 2-34 size regime with the
change in cluster size, including optimal structures, struc-
tural parameters, ABEEM charge distributions, binding
energies, hydrogen bonds number, hydrogen-bond
strengths, dipole moments, and so on.

The results obtained from optimal structures show that the
ABEEM/MM model can correctly predict and reflect a series
of structural transitions, including the transition from 2D to
3D structures at hexamer region, the transition from cubes to
cages at dodecamer (H,0),,, the transition from all-surface
to one water-centered structures at (H,O);-, and the transi-
tion from one water-centered to two water-centered struc-
tures at (H,O)s3. The first three structural transitions show
good agreement with those obtained from previous work,
while the fourth transition is different from that proposed by
Hartke [60-62]. It is worth noting that after the second
transition, the abundance of pentamers increases with
increasing cagelike character for (H,O), (n = 12-16).
Subsequently, the structural alternation between interior
(n = 17,19, 21, 23, 26-29) and all-surface (n = 18, 20, 22,
24-25, 30-32) structures is also predicted in the n = 17-32
cluster regime, and this kind of alternation is very similar to
the conclusion reached by Xantheas [66], from electronic
structure calculations for (H,0),,, n = 17-21. Moreover, the
relatively most stable structures of (H,0), (n = 12, 18, 24,
30) clusters all have the ring hexamers as building units with
opposite hydrogen bond orientation and so it is not surprising
they have similar total dipole moments.

The results of a systematic investigation of structural
parameters, energetic properties, and dipole moments of
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Table 2 Binding energies (BE, kcal/mol) for the minima of clusters (n = 2-22, 24, 28, 32) with the ABEEM/MM model, compared with the
results of previous calculations

n Structure code® ny ABEEM/MM Results of previous calulations
MP2/CBS TTM3-Ff TTM2-R TIP4P ASP-W4

2 Dimer 1 —4.40 —4.98° —5.18 —4.98¢ —6.24! —4.99'
3 Trimer 3 —15.18 —15.8° —15.77 —15.59¢8 —16.73 —15.48
4 Tetramer 4 —26.72 -27.6° —26.82 —27.038 —27.87 —26.95
5 Pentamer 5 —36.13 —36.3° —35.78 —36.05¢ —36.35' —35.07'
6 Ring 6 —44.84 —44.8° —44.29 —44.288

Book 7 —44.22 —45.6° —45.17 —45.148
7 7a 10 —55.03 —56.75% —58.22 —57.891
8 Dag 12 —68.67 —72.9¢

Sy 12 —67.80 —72.8°
9 9A 13 —78.65 —81.77¢8 —82.32 —g82.01!
10 Diame 15 —89.97 —92.87¢ —93.46' —94.211
11 11D 17 —103.30 —102.93¢ —103.13 —102.75
12 S4S4 20 —110.20 —117.91% —117.81 —117.60!
13 13A 21 —122.14 —126.97¢ —127.38 —126.62
14 14A 23 —144.07 —140.38° —139.341 —140.95
15 15A 25 —154.73 —151.418 —150.18' —151.46'
16 S4D2S4 28 —158.88 —164.318 —162.811 —163.89'
17 17D 29 —167.75 —174.198 —172.99' —172.46'
18 18E 31 —188.80 —187.35¢8 —184.81° —187.98!
19 19cage_1b 31 —202.64 —199.302 —196.23! —197.99
20 20A 34 —228.77 —217.9/-218.3¢ —212.3 —212.518 —208.65 —210.83

20G 35 —214.67 —215.0/—215.4¢ —210.42 —207.29° —210.69°

201 36 —209.49 —212.6/—211.7¢ —211.45 —210.75" —207.80° —210.24¢

20cage® 30 —190.94 —200.1¢ —196.93 —197.47° —197.08°
21 21D 37 —223.26 —221.70" —219.10' —217.211
22 22B 39 —241.97 —231.77" —228.53"

20F 39 —238.04 —234.92" —230.44"

2217 39 —231.85 —231.47" —227.91"

2K 38 —227.41 —234.28" —231.12"
INDO SCF RHF®
24 24cage 36 —247.13 —243
28 28cage 42 —281.26 —281
32 32cage 48 —306.64 —311

* Referencing to the Figs. 2, 3, 4, 5
® Xantheas et al. [21]

¢ Xantheas and Apra [30]

d Fanourgakis et al. [63]

¢ McDonald et al. [56]: Applying the intermediate neglect of differential overlap self consistent field restricted Hartree—Fock method (INDO
SCF RHF) after parameterization for H and O atoms by Khan

f Fanourgakis and Xantheas [23]
¢ Burnham aned Xantheas [20]
" Kazimirski and Buch [65]

! Wales and Hodges [16]
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Fig. 9 Average molecular dipole moment and total dipole moment
against cluster size for the relatively most stable structures (n = 1-
34) using the ABEEM/MM model. The straight line in a shows the
calculated average molecular dipole moment in liquid water of
2.80 D with this model

water clusters with increasing cluster size also reflected the
objective trait of hydrogen bonds in water cluster system,
and provided a strong impetus toward understanding how
the water clusters approach the bulk limit.

Recent experimental spectroscopic studies [102] of the
IR spectra of the H"(H,0), (n = 6-27) clusters have been
successfully obtained, whereas experimental information
about neutral water clusters is very little. It is, therefore,
hoped that the results of our present study can provide
basic clues for further experimental confirmation of neutral
water clusters (Fig. 4).
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