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Abstract The growing structural patterns of water clus-

ters with 30–48 water molecules were investigated by

means of a combined Monte Carlo search algorithm and

density functional theory computations. The (H2O)30–48

clusters with amorphous core–shell structures are lower in

energy than the previously reported fused cage and the

tubular configurations. The significant differences in

infrared spectra of these three different structural patterns

provide some clues to identify the structural properties of

these medium-sized water clusters in experiments.
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1 Introduction

As an eternal theme, water has been attracting scientists to

reveal its mysterious veil both experimentally and

theoretically [1]. For example, at some nanoscale, water

does not freeze even below 0 �C, due to the distorted

hydrogen bonds (H-bonds) [2–4]. Water transportation

across biological and nanoscale channels and the wetting

properties of the solid surfaces with nanoscale patterned

structures were investigated by means of molecular

dynamics (MD) simulation with empirical potentials [5–8].

More interestingly, MD simulations by Hamm and

coworkers revealed that water molecules in bulk actually

form two different microscopic constructions that break

apart and recombine on the order of 200–400 fs [9]. All

these findings evidenced the complicity of water, as

H. E. Stanley said ‘‘We will never understand biology until

we understand water [10].’’

A necessary approach to gain deep insights into water is

to investigate medium-sized water clusters and their

hydrogen bond networks. Water nanoclusters are crucial

building blocks of bulk model systems for explaining the

anomalous properties of water [11, 12]. However, only

indirect experimental information, such as the infrared

spectra (IR) [13–32] and photoelectron spectra [33–41], is

available for size-nonspecific water clusters. Accordingly,

great efforts were devoted to simulating IR spectra in order

to assist experiments [42–45].

Until now, several structural motifs of water clusters,

such as the fused cage [46, 47], clathrate-like [48, 49], and

tubular structures [50], have been proposed. Meanwhile,

several optimization approaches combined with empirical

potentials were employed to search the most stable struc-

tures of different sized water clusters. For example, Hartke

systematically examined the structural evolution as a

function of size in the regime of n = 2–30 with the TIP4P

and TTM2-F potentials [51–53]; Thakkar and Kazachenko

[54] investigated the global minima of TIP4P water clus-

ters (n = 6–27) by basin-hopping algorithm; Liu et al.

Dedicated to Professor Eluvathingal Jemmis and published as part of

the special collection of articles celebrating his 60th birthday.

F. Li � Y. Liu � L. Wang � J. Zhao (&)

School of Physics and Optoelectronic Technology and College

of Advanced Science and Technology, Dalian University

of Technology, Dalian 116024, China

e-mail: zhaojj@dlut.edu.cn

F. Li

Department of Physics, University of Puerto Rico,

San Juan, PR 00931, USA

Z. Chen (&)

Department of Chemistry, Institute for Functional

Nanomaterials, University of Puerto Rico,

San Juan, PR 00923, USA

e-mail: zhongfangchen@gmail.com

123

Theor Chem Acc (2012) 131:1163

DOI 10.1007/s00214-012-1163-5



explored (H2O)2–34 using flexible-body and charge-fluctu-

ating ABEEM/MM water potential model [55]; Yang et al.

[56] studied the low-lying structures of (H2O)20–30 based

on a combination of the AMOEBA potential and general-

ized energy-based fragmentation approach; Kazimirski and

Buch [57] used the classical TIP4P model and performed

MD simulations and rigid-body diffusion Monte Carlo

(MC) optimization for water clusters of selected large sizes

(n = 20–22, 48, 123, and 293).

In spite of those efforts, many fundamental properties of

water clusters remain puzzling. It is highly desirable to

explore the morphology of water clusters at some reliable

and economic level. Following our recent benchmark cal-

culations for small water clusters (H2O)1–10 [58], we con-

tinue to examine the energetically favorable structures of

water nanoclusters (H2O)n, n = 30–48. The size-dependent

evolution of structures and H-bonds, electronic, and

vibrational properties will be discussed.

2 Computational methods

In cluster research, it is known that the number of local

minima grows rapidly with increasing cluster size. The

availability of a myriad of metastable isomers on the

potential energy surface (PES) of large water clusters

makes the global minimum search a computationally

demanding job. This is extremely difficult, if not impos-

sible, to survey such complicated PES using theoretical

levels of high accuracy. A wise strategy is to first thor-

oughly screen the PES using some efficient potentials, then

performs computations at more accurate theoretical levels.

Here, the energetically favorable structures of (H2O)n

(n = 30, 33, 36, 39, 42, 45, 48) were determined by a

combination of MC search and density functional theory

(DFT) computations. First, at each cluster size, about six

hundreds of isomers were generated randomly and inde-

pendently using the Metropolis MC algorithm [59] incor-

porated with TIP4P [60] and TIP5P [61] empirical

potentials. During every MC simulations, the lowest energy

structures were selected from 7 9 107 MC steps. Then, top

six low-energy configurations for the two potentials apiece

at each size were further optimized at the DFT level of

theory. For comparison, some low-energy isomers from

earlier theoretical investigations [45, 51–53, 55–57, 62–67]

were also studied in a consistent manner.

According to our benchmark work for small water

clusters (H2O)1–10 [58], BLYP [68] is reasonable for

describing both the structural and energetic properties of

water clusters, and the triple numerical basis set plus

polarization functions (TNP) implemented in the DMol3

program [69, 70] gives satisfactory performance to water

clusters. Thus, here we used the high-efficient combination

of BLYP and TNP as a practical choice for studying larger

sized (H2O)30–48 clusters.

All DFT computations were carried out with the DMol3

program [69, 70]. Self-consistent field computations were

conducted with a convergence criterion of 10-6 a.u. on the

total energy. All structures were optimized with conver-

gence criteria of 10-6 a.u. on the maximum force and 0.005

Å on the maximum displacement of each atom. The real-

space global orbital cutoff radius was chosen to be 6.0 Å.

All the optimized geometries were characterized as the true

local minima by harmonic vibrational frequency analysis.

To further assess the performance of the computational

scheme, in Table 1, we compare the computed geometry

parameters and physical properties of water monomer and

dimer with available experimental data. BLYP/TNP

scheme can reasonably reproduce the geometry parameters,

electronic properties including dipole moment (l) and

vertical ionization potential (VIP), and vibrational fre-

quencies from experiments.

Table 1 Computed geometry parameters and physical properties for water monomer and dimer compared with available experimental data

Monomer

RO-H (Å) hH–O–H (o) l (Debye) VIP (eV) Frequency (cm-1)

BLYP/TNP 0.97 104.3 1.80 12.52 1,606, 3,670, 3,771

Expt. 0.96 [71] 103.9 [71] 1.86 [72] 12.65 [71] 1,595, 3,657, 3,756 [71]

Dimer

RO-O (Å) Strength of hydrogen bond (kcal/mol) l (Debye) VIP (eV) Frequency (cm-1)

Free O–H stretching Hydrogen-bonded O…H

BLYP/TNP 2.94 5.2 2.54 10.79 3,739 3,638

Expt. 2.98 [73] 5.0 ± 0.7 [73] 2.60 [73] 11.21 [71] 3,730 [74] 3,601

Here, VIP is defined as the energy difference between cationic and neutral clusters when both are at the optimized geometry of the neutral cluster
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3 Results and discussion

3.1 Structures and stability

Our computations reveal that the most energetically

favorable (H2O)30–48 clusters adopt rather complicated

configurations with irregular hydrogen bond network, i.e.,

amorphous core–shell structures (see Fig. 1), which usually

exhibit better stability (4.0 * 5.5 kcal/mol lower in

energy) than the structures reported before, [44, 51–53,

55–58, 60–67] except that (H2O)48 is slightly higher in

energy than Qian et al.’s [55] lowest (H2O)48 structure by

0.61 kcal/mol. The improved stability of these newly

searched (H2O)30–48 structures is a comprehensive conse-

quence of the number of hydrogen bonds and the strength

of hydrogen bonds, which will be discussed in Sect. 3.3.

Here, we cannot guarantee that the present lowest

energy configurations are the true global minima, since the

potential energy surfaces of these medium-sized clusters

are rather complicated. However, the general trend about

energetic preference of amorphous core–shell structures in

these water clusters would still be valid.

The mean adjacent O–O distances (RO–O) for the lowest

energy structures reflect the overall structural information

of a water cluster, as pointed out in our previous study on

(H2O)2–10 clusters. For these most favorable structures of

(H2O)n (n = 30–48), the average RO–O ranges from 2.80 to

2.81 Å, which seems to be insensitive to cluster size and is

very close to the average O–O distance of liquid water

(2.82 Å) [75].

Hydrogen bond network plays a major role in the

physical and chemical properties of water. For instance, the

maximum density of water occurs at 4 �C [76], as a result

of competition between the directionality of hydrogen

bonding (which favors a lower density) and nondirectional

hydrogen bonds, i.e., disorder of water molecules

arrangement (which favors a larger density). The influence

of the H-bond topology on the stability of water clusters

has been the subject of previous studies [77–84].

To understand the relative stabilities between isomers,

we thus compared the H-bond topological structures of the

low-energy configurations for the (H2O)30–48 clusters by

counting the number of H-bonds (Fig. 2). As expected, the

total number of hydrogen bonds increases as the cluster

size increases, while the average number of H-bonds per

H2O molecule remains about 3.3 for all sized clusters

explored. There are *10% interior molecules for these

core–shell (H2O)30–48 clusters. All of these clusters are

mainly composed of three-coordinated water units and also

have significant number (10–18) four-coordinated water

(which increases with increasing the cluster size); however,

they only have very few (0–3) 1–3 two-coordinated water

units, which are all at the irregular shell surface. Note that

the three- and four-coordinate water units also dominate in

the other regions of phase diagram, such as the crystalline

ice forms [85].

Fig. 1 Lowest energy

structures of (H2O)n

(n = 30–48) clusters
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Silicon shares the fourfold coordination environment in

solid/amorphous phase with water in the liquid/ice states.

This reminisces us about the Si27–50 clusters [86, 87],

which also possess an amorphous structural pattern similar

to (H2O)33–48 clusters. Moreover, there are two (three)

atoms/molecules in the ‘‘core’’ part of the disordered core–

shell structures for both Si30 (Si33) and (H2O)30 ((H2O)33),

and the number of interior water molecules (1–5) for the

(H2O)n is similar to the number of Si atoms (1–7) stuffed

inside the Sin clusters for a size range of n = 30–48

[86, 87].

3.2 Electronic properties

The size dependence of VIP (vertical ionization potential)

is one of the interesting quantities for understanding tran-

sitions from molecule to bulk phase. It is also useful to

identify a specific cluster by the difference of VIP values in

experiments. As listed in Table 1, our computed VIP val-

ues for water monomer and dimer (12.52 and 10.79 eV,

respectively) agree well with the experimental data (12.65

and 11.21 eV [71], respectively) and the high-level

CCSD(T)/aug-cc-pVTZ values (12.67 and 11.81 eV, [88]

respectively). According to our computations, the VIP for

(H2O)33–48 decreases from 7.20 to 6.75 eV as the cluster

size increases (see Fig. 3a).

All these water clusters under study have considerable

HOMO (the highest occupied molecular orbital)–LUMO

(the lowest unoccupied molecular orbital) gap energies.

The HOMO–LUMO gaps oscillate in the range of 5.1 to

5.6 eV (Fig. 3b) and are not sensitive to the size of water

clusters for the size range we considered. The sizable

HOMO–LUMO gaps can be related to the high kinetic

stability of these water clusters.

3.3 Comparisons of three different structural patterns:

stabilization energies and IR spectra

In this section, we compare the thermodynamic stabilities

and infrared spectra of the amorphous (H2O)30–48 struc-

tures with two previous proposed structural motifs, i.e.,

fused cage [46, 47] and tubular configurations formed by

six-membered rings (6MRs) [50].

Stabilization energy (SE) is a key indicator that evalu-

ates the strength of the intermolecular hydrogen bonds in a

water cluster. The stabilization energy per molecule for the

(H2O)n cluster containing n water molecules is defined as

SE = -(En-nE1)/n, where En and E1 are the total energies

of (H2O)n cluster and water monomer, respectively. By

definition, a larger positive SE value suggests the higher

stability of a cluster.

The size-dependent SEs for these three patterns are

compared in Fig. 4. Within the size range studied, amor-

phous structures prevail over the other two motifs. As

mentioned before, the stability of water clusters is related

with the number of hydrogen bonds and the strength of

H-bond, whereas the O…H distance can serve as the index

for the strength of hydrogen bonds. Thus, we analyzed the

number of hydrogen bonds and the average of O…H dis-

tances for the water clusters of the three structural motifs

(Table 2). The number of hydrogen bonds of amorphous

water clusters is larger than the fused-cage isomers, while

the hydrogen bonds are of comparable strength, leading to

the larger stabilization energies of amorphous (H2O)30–48.

On the other hand, the tubular structures (6MR) have more

H-bonds than the amorphous configurations, but the

strength of hydrogen bonding is greater in the amorphous

clusters, as indicated by the shorter mean O…H distance

(by *0.02 Å). Consequently, the amorphous isomers also

possess larger stabilization energies than the tubular forms.

IR spectrum is extremely sensitive to geometric struc-

ture and electronic properties, and serves as a useful tool to

characterize the structural and bonding behavior of water

systems [89–91]. Numerous experimental and theoretical

efforts have been devoted to crystalline ice [92], liquid

water [93, 94], and water clusters [95–100]. A detailed

analysis of the vibrational frequencies in the water clusters

enables us to understand the H-bonds and to predict the

structural pattern.

In this respect, we compared the IR of three different

structural patterns for (H2O)42 cluster as a representative

(see Fig. 5). For the H–O–H bending mode (around

1,600 cm-1), the amorphous structure endows more

vibration peaks with regard to the other two forms. The

O–H stretching mode is sensitive to the strength and

coordination of the H-bonds. The intramolecular H-bonds

significantly affect the O–H stretching vibrations, and

different arrangements between adjacent water units lead to
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redshift of the corresponding O–H stretch frequencies from

that in the gas-phase monomer. For example, Goss et al.

[101] experimentally assigned the 3,335 cm-1 peak to the

bound OH stretching in water clusters in the size of

n = 20–100, which is redshifted from the symmetric

(3,657 cm-1) and anti-symmetric (3,756 cm-1) O–H

stretching mode of water monomer by *320 and

420 cm-1, respectively. For the three structures we con-

sidered, it is redshifted up to *1,000 cm-1 from the

positions of the symmetric and asymmetric OH stretch

vibrations of the free water molecule at 3,657 and

3,756 cm-1, respectively [13], depending on the arrange-

ment of neighboring water molecules. There are seven

dominant peaks among the O–H stretching region for the

6MR structure. Compared to the ‘‘concise’’ O–H vibra-

tional frequencies of 6MR-tube, the corresponding

stretching modes of the fused-cage and amorphous struc-

tures present wider distribution with many vibrational

peaks.

These (H2O)42 clusters with different structural pat-

terns have different IR distributions for O–H stretchings.

The fused cage has the broadest O–H stretching range,

followed by the amorphous and the 6MR structures. The

IR distributions of amorphous structure can be traced

back to the disordered arrangement of O atoms [102],

similar to the inter- and intra-molecular coupling

between OH bonds in the proton-disordered crystal [103].

The broadest O–H stretching range in the fused cage can

be attributed by the more drastic redshifts of the O–H

stretchings in the fused cage due to the disorder of O–H

directions. Uniformly, there are peaks around 3,700 cm-1

in the simulated IR of all the three structures, which

can be assigned to be the free OH stretching modes, as

found in the experimental measurements for large clusters

(with up to several hundred water molecules) [14–16,

19, 22]. For reference, the IR spectrum of liquid

water exhibiting a broad, unstructured distribution with a

maximum at 3,400 cm-1 [104, 105], whereas the spectrum

Fig. 4 Left fused-cage

structures and tubular (6MR)

configuration of (H2O)48 (color

scheme: O, red; H, green). Right
stabilization energies of

different structural motifs

Table 2 The number of

H-bonds and average of O…H

distances (in Å) for the three

structural motifs at each size

Number of H-bonds Average of O…H distance (Å)

Amorphous Fused cage 6MR Amorphous Fused cage 6MR

n = 30 50 45 54 1.819 – 1.840

n = 33 54 – – 1.814 – –

n = 36 60 54 66 1.822 1.810 1.831

n = 39 65 61 – 1.820 1.805 –

n = 42 70 66 78 1.812 1.807 1.839

n = 45 74 – – 1.808 – –

n = 47 – 75 – – 1.808 –

n = 48 80 – 90 1.822 – 1.843

Theor Chem Acc (2012) 131:1163 Page 5 of 7

123



of amorphous ice shows a similar distribution of peaks

around 3,270 cm-1 [106].

Despite the computed frequencies are generally larger

than the experimental values (such differences can be

reduced slightly by a scaling factor), the trends of shifting

for the corresponding vibrational modes are expected to be

valid and provide useful information for the structural

patterns of the medium-sized water clusters.

4 Conclusions

By means of a combination of empirical MC search and

density functional theory computations, we obtained the

most stable configurations of (H2O)n (n = 30–48) clusters

with lower energies than earlier reports. Water clusters in

such a size range (n = 30–48) energetically prefer amor-

phous core–shell structures, rather than the symmetric fused

cages or tubular configurations with directionality of

H-bonds. IR analysis can provide the structural information

for experimentalists to further confirm our prediction. The

large number and the considerable strength of H-bonds, and

the sizable HOMO–LUMO gap contribute to the high

stability of the amorphous water clusters. Due to the extreme

complicated nature of the potential energy surface, we still

cannot guarantee that we have obtained the global minima.

Nevertheless, the general trends found for the structural

growth pattern of medium-sized clusters should be more or

less valid. Our results may provide instructive indications for

the evolution toward bulk water from medium-sized clusters.
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