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etition in centrally four-
coordinated water clusters and Raman
spectroscopic signature for hydrogen bonding†

Bo Wang,‡ab Wanrun Jiang,‡ab Yang Gao,ab Zhiyuan Zhang,ab Changqing Sun,c

Fang Liu*ab and Zhigang Wang*ab

Extending the electronic structure of four-coordinated hydrogen bonds (H-bonds) to medium sized water

cages (H2O)n (n ¼ 17, 19, 20, 21, 23 and 25), we separate the H-bonded neighbour molecules of their

centrally four-coordinated water (C4CW) molecules from other molecules in outer cages and discover

these two regions interact competitively with the central molecule, showing complementary interaction

energy curves with respect to size changes. Raman spectral analyses clearly reveal the characteristic

vibration response of water molecules to different H-bonding environment, where the C4CW structure

is relatively sensitive. Our theoretical research advances a new perspective for the study of H-bonding

interaction in liquid water.
Introduction

The hydrogen bond (H-bond) plays a signicant role in physics,
chemistry, biology and environmental sciences.1–5 In general,
each water molecule within the static liquid water model is
bonded to its four nearest neighbor water molecules via two
donor and two acceptor bonds, to form the centrally four-
coordinated water (C4CW) structure. Two kinds of H-bonds,
strong and weak, exist in liquid water,6,7 which is a key factor
for determining the properties of water.8 The exchange of strong
and weak H-bonds enhances the competition between the open
and collapsed structures.7 For these reasons, a great number of
detailed spectroscopic and energetic studies have been carried
out for C4CW structures.9–12 Theoretical studies9,13 have revealed
the interactive strength of the C4CW molecule under the
ambient conditions. In particular, some recent experimental
and theoretical reports have revealed the covalent-like proper-
ties of the H-bond,8,14–16 which further implies the interaction
complexity in water clusters through the brought electronic
structure anisotropy. In fact, notable differences may exists
when comparing the interaction between the C4CW molecule
and its nearest neighbor four water (NN4W)molecules with that
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between the C4CW molecule and surface molecules of water
cages (hereaer referred to as rest water molecules). Therefore,
the aim of this work is to demonstrate the energetics relation
between the C4CW molecule and other water molecules in
medium-sized clusters, so that to help connecting the funda-
mental four-coordinated hydrogen bond model with the
behavior of liquid water under ambient condition.

Water clusters are elementary functional units of liquid
water meanwhile are used as ideal theoretical models for
investigating the properties of H-bonds. Various reports have
already indicated that the most stable structures of water clus-
ters (H2O)n (n ¼ 3–5) are cyclic structures17–22 and a transition
from two-dimensional to three-dimensional structures appears
at n¼ 6.23–25 For n > 6, the minimum energy structures are three-
dimensional, with all molecules constructing the surface of the
cluster.22,26,27 For n $ 17, stable structures with odd-numbered
molecules are C4CW clusters9,28,29 and the recent experimental
observations show that the C4CW cluster is also stable for n ¼
20.30 Consequently, C4CW clusters provide a suitable platform
for investigating the medium sized water clusters which is
capable to capture the nature of liquid water through providing
H-bonds in obviously relatively complex coordination
environments.

It is important to understand the nature of liquid water. The
covalent-like characteristics of H-bonds between water mole-
cules prompt us to explore the interaction mechanism in water
clusters from the perspective of an electronic-structure based
division of their geometrical structures. Here, we report a theo-
retical study of C4CW clusters (H2O)n (n ¼ 17, 19, 20, 21, 23 and
25), based on the hierarchical models, which divide every C4CW
cluster into three parts: a C4CW molecule, NN4W molecules
and rest water molecules. Apparently, the same level of
This journal is © The Royal Society of Chemistry 2017
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calculation is helpful in obtaining accurate results for the three
parts. So geometry optimizations employed the empirical
dispersion-corrected density functional theory (DFT-D3)
method with hybrid generalized gradient-approximation
(hybrid GGA) at PBE0-D3/6-31+G(d, p) level.31–34 To conrm
the obtained structures are truly energy minimum, vibrational
frequency verications have also been carried out at the same
level of theory. Furthermore, isotopic substitution was calcu-
lated to explore Raman spectra in water clusters. The calcula-
tions are performed in the Gaussian 09 program.35

Results and discussion

First of all, we show the stable structures of C4CW clusters in
Fig. 1. Moreover, the Cartesian coordinates for all optimized
structures provided are in part 1 of the (ESI†). It can be seen that
the C4CW molecule for each structure is bonded to NN4W
molecules via two donor and two acceptor bonds. To verify the
reliability of the corresponding region-divided models, we
analyzed the electron density difference taking the C4CW
molecule and the whole outer water cage as two interacting
monomers. The electron density difference was calculated
using the following formula, r ¼ rtotal � rC4CW, where rtotal is
the electron density of the whole water cluster and rC4CW is the
electron density of C4CW molecule. The results show that
electron accumulation and depletion mainly appears between
the C4CW molecule and NN4W molecules, without exception.
This indicates the NN4W molecules dominate the electronic
structure response in the interaction between the center mole-
cule and the outer cage. Dividing NN4Wmolecules form the rest
part of the cage could be reasonable and may provide insights
for understanding the total interaction.

The interaction between the C4CW molecule and its outer
water cage could be different due to the adding of water
Fig. 1 Electron density difference of C4CW-centered (H2O)n clusters
(n¼ 17, 19, 20, 21, 23 and 25). Oxygen atoms appear in red, hydrogen in
white and the broken red lines denote the O:H nonbonds. The C4CW
molecule with its NN4Wmolecules are drawn in solid atoms while the
rest molecules in outer cage are transparent. The blue and green
regions represent the electron accumulation and depletion,
respectively.

This journal is © The Royal Society of Chemistry 2017
molecules in the cage. Hence, the interaction energies between
the C4CW molecule and the overall water cage (Eint), between
the C4CW molecule and its NN4W molecules (Eint(C-4)) and
between the C4CW molecule and the rest water molecules
(Eint(C-rest)) were respectively calculated and compared among
different clusters (see Fig. 2, the details are provided in part 2 of
the ESI†). The results have been corrected for basis set super-
position error through the counterpoise correction. Fig. 2a
shows that the interaction represented by Eint(C-4) is always
stronger than that by Eint(C-rest) for different cluster size n, and
a stronger Eint(C-4) should correspond to a weaker Eint(C-rest),
indicating two parts of the water cage always interacts
competitively with the C4CW molecule. Furthermore, another
common rule is noteworthy that, two curves of Eint and Eint(C-4)
show the same trend thus Eint is dominated by the Eint(C-4),
which is in consistent with the previous implication of elec-
tronic structure response results in Fig. 1. In addition, we also
calculated the average interaction energy per water molecule
(E2, black line in Fig. 2b) and the total number of H-bonds for
these C4CW clusters (blue line in Fig. 2b). The results show that
with the increasing n, the absolute value of E2 and the total
number of H-bonds generally increase, while the E2 deviation of
this trend for n ¼ 20 and 23 may be attributed to the complexity
of geometric structures.
Fig. 2 (a) Total interaction energy of the C4CW molecule with its
NN4W molecules (Eint(C-4), in red), the rest molecules (Eint(C-rest), in
blue) and the overall water cage (Eint, in black). (b) Average interaction
energy per water molecule (E2, in black) of the C4CW cluster and the
total number of H-bonds (in blue). In detail, Eint ¼ Etotal � EC � Ecage,
Eint(C-NN4W) ¼ EC-NN4W � EC � ENN4W and Eint(C-rest) ¼ EC-rest � EC �
Erest, where Etotal, EC-NN4W and EC-rest is respectively the total energy of
all molecules, the C4CW molecule with its NN4W molecules and the
C4CW molecule with the rest outer cage molecules. EC, ENN4W and
Ecage is the total energy of the C4CW molecule, the NN4W molecules
and all molecules in the outer cage, respectively.

RSC Adv., 2017, 7, 11680–11683 | 11681
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To further illustrate the interaction behavior in medium-
sized water clusters and to possibly facilitate experimental
structure recognitions through spectroscopic means, we calcu-
lated and analyzed Raman spectra for these six clusters. The
characteristic range for stretching vibrations of O–H covalent
bonds are chosen. This region reported as a signature is the
focused on previous studies.36,37 These O–H bonds are classied
into different groups according to their intermolecular
H-bonding environments. Correspondingly, 4 distinguish parts
appear from the total spectra in Fig. 3 (themass-weighted atomic
displacements of these O–H stretching modes for n ¼ 17). The
part A is from those H-bonded ones whose oxygen atoms possess
the other H atom dangling outside the cluster, which can be
found around some vertexes of the cluster. The part B is from
those belonging to the C4CW molecule and have involved in its
H-bonding four-coordination. The part C is from those in
undercoordinated water molecules without dangling O–H
groups, which can be found around some concave regions of the
cluster. The sharp part D is from those dangling ones. At last,
there are still some residual peaks in the total spectra curve in
Fig. 3. Shown in this implicit way, these are the h contribution
from O–H covalent bonds in NN4W molecules, given NN4W
molecules satisfy all exception conditions above as no dangling
groups, not at the center and not undercoordinated. In addition,
isotopic substitution is employed to investigate Raman spectra.
This technique has been widely used in spectroscopy studies.38,39

We studied two isotopic mixtures, one is deuterated rest of the
water molecules apart (see Fig. S1†), the other is deuterated
C4CW molecule (see Fig. S2†). A comparison of the deuterated
vs. undeuterated systems showed practically the same charac-
teristic vibration response in the Raman spectra. These results
provide further support to the hierarchical models.

It is shown that, O–H stretching Raman differences among
six water clusters are most clearly reected by the shi and
Fig. 3 Raman spectra for O–H bond stretching vibrations in C4CW
water clusters (H2O)n (n ¼ 17, 19, 20, 21, 23 and 25) (scaled by 0.9547).
The black dashed lines show features from all bonds in entire clusters.
Part A is from those H-bonded ones whose oxygen atoms possess the
other H atom dangling outside the cluster. Part B is from bonds
belonging to the C4CW molecule. Part C is from those in the under-
coordinated water molecules without dangling O–H groups and the
sharp part D corresponds to the dangling ones.

11682 | RSC Adv., 2017, 7, 11680–11683
deformation of the C4CW part B and NN4W residual peaks.
Comparisons between n ¼ 19 and 20 as well as between n ¼ 21
and 23 provide two most typical cases for this phenomenon. It
implies the vibration response of C4CW structuresmight be able
to characterize the size revolution of medium-sized water clus-
ters. Besides, the synergy between the spectral response of part B
and NN4W signals also indicates the C4CW molecule interacts
with the NN4W molecules relatively strong so that two regions
could inuence each other through their H-bonding. This is in
consistent with above energetic and electronic structure analyses
and further supports our region-divided model. On the other
hand, part A, C and D are less sensitive to the size changes. Part
D almost show no notable response since these O–H dangling
bonds are hardly inuenced by the surrounding intermolecular
environment. Similar stiffen effects for such stiffer frequencies
have also been observed in other water systems and are attrib-
uted to the undercooridnation.40,41 Reasonably, a common
feature of parts A, C and D is corresponding O–H bonds are all in
undercoordinated water molecules.

Conclusions

In conclusion, this study gives an access to the quantitative
analysis on interaction nature of C4CW clusters, from the
perspective of electronic-structure based region-divided
models. The energetics results demonstrate the NN4W mole-
cules and the rest outer-cage water molecules interact compet-
itively with the C4CWmolecule in medium-sized water clusters.
O–H bond Raman spectra present distinguish features with the
respect to different H-bonding environments and indicate the
O–H bonds of the C4CW water molecules and their NN4W
molecules have size-sensitive vibrational frequencies. Besides,
further study on the dynamic simulation42 and methodology43

of water clusters are also the direction of our efforts. Hence, we
hope that our ndings could promote the understanding of the
interaction nature towards the liquid water and help to predict
the complex behavior of this most ubiquitous substance.
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