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a b s t r a c t

Semiempirical (PM3) and DFT (B3LYP/6-31++G(d,p)) calculations of the structure and energies of the
variety of water clusters modeling 4680 fragments of the ice surface with different topology of the hydro-
gen bond network have been performed in order to analyze the contributions of various orientational iso-
mers into the energy distributions of clusters and their impact onto the adsorption ability relatively to the
H2O2 molecule. It was found that, in the framework of the considered model, only several kinds of surface
patterns among all the possible structures have significant thermodynamic weights and, thus, have the
maximum contributions into the adsorption energy. Structural and energetic properties of the adsorption
complexes formed by H2O2 molecule with the most favourable fragments of the ice surface are analyzed
on the basis of B3LYP/6-311++G(2d,2p) calculations.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

The small particles of the water ice in the atmosphere of the
Earth and other planets have a remarkable effect on the atmo-
spheric chemistry because the reactions on their surface frequently
occur with significantly higher rate than it takes place in the gas
phase [1]. The well-known examples of such reactions are the for-
mation of chlorine compounds which are involved in the processes
of ozone destruction [2], photolytic decomposition of mesospheric
ice particles resulting in the OH radical formation [3], and the reac-
tions of oxidants accumulated on the ice and snow particles [4].
The study of these and related processes is tightly connected to
the investigation of the reactions occurring on the surface of water
ice. The experimental part of this research is usually combined
with theoretical modeling that is frequently performed within
the cluster approach. This approach has serious restrictions when
dealing with the collective properties of the surface e.g. the surface
ordering/reconstruction or the thermal molecular disorder result-
ing to the quasi-liquid layer formation. Studies of such phenomena
propose the use of the extensive surface models and sophisticated
approaches like molecular dynamics, Monte-Carlo or Car–Parinello
calculations (see, e.g. [5–9] and references therein). However, in
many cases (adsorption energy estimates at low coverage and
low temperature, the vibrational frequency shifts due to the

adsorption, etc.), the practical tasks are not so demanding and
the important information can be obtained with relatively simple
approaches utilizing the cluster models with the DFT optimization
and frequency calculations. Moreover, because the cluster model is
simpler, it allows the higher levels of quantum chemistry theories
to be applied.

The theoretical consideration in the cluster model, however, has
an important feature which is frequently omitted during the
modeling. This feature is the internal isomerism of the hydrogen
bond network which makes representation of the ice surface
non-uniform. The water ice in its most abundant atmospheric
modification (ice Ih) has a hexagonal lattice with the oxygen atoms
of the water molecules located in the nodes of the graphite-like
crystalline structure with four tetrahedral O� � �O links. Hydrogen
atoms are disordered in this crystalline modification and obey
the ‘‘ice rules” [10,11]: each water molecule forms four tetrahedral
hydrogen bonds with the neighbouring molecules and each
H-bond is occupied by only one hydrogen, either of the same mol-
ecule or of their neighbours. Such crystal organization results in
incredible large numbers of possible isomeric structures distin-
guished by the orientations of the H-bonds. In the real ice crystal
the isomers are considered as distributed with equal (or almost
equal) probabilities and the properties of ice are considered as
average values of all the possible isomers. During the computa-
tional studies of ice or ice surfaces, the cluster models (see for
example [12–17] and numerous references therein) propose that
only one or several possible orientational isomers of the cluster
have to be considered. Most frequently, the random choice of the
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hydrogen bond network is used. Another frequently used way of
modeling is a construction of clusters with the low dipole moment
because the macroscopic ice body has no electrical moments. It
should be noted, that the periodic calculations are also not free
of that problem and the correct choice of the hydrogen bond topol-
ogy is also a question in these studies [18–20].

Thus, independent of the theory level, the question arises how
the different orientational isomers of the ice clusters contribute
to the adsorption properties of the ice surface and to the properties
registered in the experiment, e.g. to the infrared spectra of the ice.

In an earlier study we performed a combined FTIR and DFT
investigation of the adsorption of species formed during the ozone
photolysis deposited in ice and on the ice surface at 80 K [21]. It
was demonstrated that the main product of this photolysis is
hydrogen peroxide (H2O2) forming multiple hydrogen bonds on
the ice surface, incorporated into the sub-surface layers and prob-
ably undergoing further isomerization and destruction in the ice
network. It was also found that the FTIR spectra of the photolysis
products induce a new absorption band in the region of
2860 cm�1 (Fig. 1). The assignment of this band is somewhat dis-
putable. Usually, it is assigned to the v2 + v6 combination band of
two deformation fundamentals of H2O2. However, there is also a
point of view [22] that it can be a OH valence band of the H2O2

molecule placed in the unusual surface environment. From this
point of view, it is interesting to study how the different organiza-
tion of the ice surface can influence the results obtained in our ear-
lier study. Namely, are there any preferable structures of the
hydrogen bond network of the ice surface contributing to the
adsorption energy and the adsorption complex structure?

Several theoretical studies addressed to similar problems have
already been performed in the past [12,23–28]. Frequently, how-
ever, only the most energetically favourable structure of the infi-
nite ideal ice crystal unit cell was sought on the basis of DFT and
model potential calculations [25] or specially developed ap-
proaches (graph invariant theory) [26–28]. For example, in the re-
lated study [12], the most favourable unit cell of the 2D ice slab
was sought in order to elaborate the adequate model for the HCl
adsorption on the ice surface.

In the study presented here we analyzed the adsorption energy
distribution over the possible H-bond isomers and their impact
onto the adsorption energy regarding to the H2O2 molecule. We
have considered a relatively small model – a cluster of 11 water

molecules without symmetry conditions – trying to elaborate the
common approach suitable to answer the above questions.

2. Theoretical approach

The ice cluster consisting of 11 water molecules was con-
structed in a manner to describe the basal (0 0 0 1) plane of the
ice Ih crystal. Initially, the oxygen atoms were placed into the crys-
talline positions of an ideal hexagonal lattice with the O–O dis-
tance 2.77 Å [29], see Fig. 2. The cluster allows all the possible
orientations of four water molecules of the surface layer in the
ice crystal to be represented. The remaining molecules stand for
the border conditions of the crystalline environment.

Based on the configuration of the oxygen atoms, the special
computer code generated all possible orientations of the water
molecules in a cluster leaving the oxygen positions intact and se-
lected the structures obeying the ice rules. Among the generated
configurations (611 = 362797056 in total), there are 354294 of the
‘‘ice-rule” structures. From these configurations only the clusters
were selected with the single O–H bonds of the border water mol-
ecules oriented downwards (the second O–H bonds of border mol-
ecules could take any directions). It is believed that this selection
does not abuse seriously the generality of the model. At the same
time it reduces the number of possible configurations dramatically
and only 4680 cluster structures remain.

Among the resulting 4680 configurations, some structures are
mutually isomorphic (i.e. identical with each other due to the sym-
metry of the cluster). Using the special algorithm [30], only the un-
ique (non-isomorphic) configurations were selected and their
‘‘weights” in a whole set were determined. In terms of mathemat-
ical group theory, this task is a problem for the determination of
the group orbits and counting of elements in each orbit. This clas-
sification results in 789 orbits (unique structures which are non-
isomorphic to each other): 18 orbits with three elements (isomor-
phic structures) and 771 orbits with six elements.

The unique structures can be distinguished by the hydrogen
bond network in the cluster and subsequently have different ener-
gies. To determine the energy distributions in the selected cluster
set, quantum chemical calculations were performed for all the
789 non-isomorphic structures using the semi-empirical PM3
method. The calculations comprised the partial geometry optimi-
zation of the cluster structure. In a course of optimization, the
geometries of four water molecules of the surface layer in the clus-
ter were completely free whereas the remaining molecules (border
molecules of the clusters) were fixed (the positions of oxygen
atoms corresponded to their ideal crystalline positions, hydrogen
atoms were located at the O–O links and the O–H distances were
taken equal to 0.958 Å). The optimized cluster energies were then
used to obtain the energy distributions of the cluster structures.

Fig. 1. FTIR spectra of ices in the OH stretching region at 80 K. (a) Spectrum of pure
water ice; (b) spectrum after deposition of aqueous H2O2 solution; (c) spectrum of
water ice originally doped with ozone after UV photolysis.

Fig. 2. Structure of oxygen atoms network in the clusters describing the ice surface.
Possible directions of hydrogen bonds are shown with dashed lines, fixed OH
moieties are shown with solid lines.
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During the analysis special attention was paid to the differences
between the clusters describing the different surface regions, e.g.
the clusters with different numbers of dangling hydrogen or oxy-
gen atoms.

3. Results

The clusters under investigation have three unfixed oxygen
atoms on their top. Thus, there can be 0, 1, 2 or 3 dangling OH-
bonds at the top of cluster. Hereafter, we will refer to these struc-
tures as 0, I, II, or III types of clusters, correspondingly (0 – dangling
oxygen and I – dangling OH group on any top oxygen atom, II – two
dangling OH groups on any two top oxygens, III – three OH groups
occupying all the top oxygens). Among the 789 unique clusters,
there are 196 structures of type 0, 362 – of type I, 199 – of type
II, and 32 – of type III. The corresponding numbers of all the
‘‘ice-rule” structures (including the mutually isomorphic ones)
are 196, 2160, 1180, and 180 (4680 in total). In Fig. 3 the energy
distributions among all the clusters which were constructed using
the energy bins of 0.1 kJ mol�1 each are shown.

It is evident from Fig. 3 that the different surface types (0, I, II,
III) typically have different energies. The type III clusters have only
small contributions due to the low number of the structures feasi-
ble. The energies of type 0 structures are typically higher than the
energies of I and II. The most favourable structures are the struc-
tures of type II and (close to them) type I. It is interesting that three
most energetically favourable structures are separated by a rather
remarkable energy gap from all the remaining structures and the
energy differences between the low-energy structures are rather
significant.

If the whole cluster set is considered as thermally equilibrated
(the assumption which will be discussed in the next section), it
can be described by the Boltzmann distribution at the given tem-
perature. Fig. 4 shows the energy distribution at T = 250 K for the
whole set of structures weighed with the Boltzmann factor w(E):

wðEiÞ ¼ Z�1 expð�ðEi � E0Þ=RTÞ
Z ¼

P

i
expð�ðEi � E0Þ=RTÞ

Here, i is the index enumerating the structures; Ei is the energy of
the given cluster; E0 is the minimum energy among all the clusters

in a set; R is the universal gas constant and T is the absolute
temperature.

The most important conclusion from Fig. 4 is that only a small
part of possible structures in the given model contributes in a large
extent to the distribution of structures at the ice surface. In fact,
only 25 most favourable unique structures provide almost 90% of
the graph square in Fig. 4. Thus, as a first approximation, we con-
sider only 25 most favourable structures composing the ice
surface.

Because this conclusion was obtained by using the semi-empir-
ical quantum chemical method, some doubts remain, however,
concerning the accuracy of the energies calculated. To improve
the accuracy, we repeated the geometry optimizations for the 25
most favourable structures using the density functional theory at
the B3LYP/6-31++G(d,p) level. The PC GAMESS program was used
for the calculation [31,32] with the B3LYP1 version of the func-
tional implemented therein. The geometry restrictions in the
partial optimization were the same as in the previous PM3 optimi-
zation for all the clusters and the starting points for the optimiza-
tions were the same as in the PM3 calculations. The results of the
optimization are shown in Table 1. Fig. 5 illustrates the comparison

Fig. 3. Number of the cluster structures (N) obeying the ice rules (4680 in total) as a function of the energy of clusters.

Fig. 4. Thermal distribution of the structures obeying the ice rules based on the
Boltzmann energy distribution at T = 250 K.
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between the relative energies of clusters calculated at the PM3 and
DFT levels. The correlation between the calculated values is about
0.85 and shows that the agreement between the two methods is
not perfect. However, it is evident from Table 1 that the main con-
clusions made on the basis of PM3 calculations remain valid also
for the DFT calculations: 25 structures chosen as the most favour-
able ones on the basis of PM3 calculations provide almost 99% of
the structures occupied at 250 K. The most favourable structures
are the same unique clusters (Nos. 99–101 and 180 in the set of
non-isomorphic structures) as in the case of the PM3 calculations.

The structures presented in Table 1 can be classified by the
hydrogen bond ‘‘pattern” distinguished by the orientations of four
H2O molecules at the top of the clusters. It is interesting that all 25
structures in Table 1 can be classified by only four pattern types
shown in Fig. 6. It should also be noted that most of the structures
presented here are of type A and B patterns with only five clusters
of C and D types. Moreover, all the most energetically favourable

clusters have the A and B pattern. Among the 4680 structures fea-
sible in the given cluster set the thermally weighted number of
structures are 3469.5 of A type, 1190.8 of B type, 15.4 of C type
and 5.3 of D type. This allows the conclusion that we can approx-
imately describe the equilibrium surface of water ice in the given
model as a mixture of only two types of structures: pattern A
and pattern B taken in an approximate amount of 3:1 (based on
the rounded ratio 3469.5 to 1190.8). Fig. 7 shows the optimized
geometry parameters of the two most stable structures (1 and 2)
belonging to the A and B patterns. The geometry optimizations per-
formed at the B3LYP/6-31++G(d,p) and B3LYP/6-311++G(2d,2p)
levels results in the similar geometries. Therefore, only B3LYP/6-
311++G(2d,2p) geometry parameters are shown in Fig. 7.

In order to study the adsorption energies of the H2O2 molecule
coordinated with a variety of clusters of different H-bond orienta-

Table 1
Energies and energy distribution parameters of ice clusters calculated at the B3LYP/6-31++G(d,p) level.

i Structure ID Calculated energy
Etot, a.u.

Relative energy DE,
kJ mol�1

Statistical
weight gi

Boltzman factor wi Fraction of structures
wi N

Pattern
type

1 101 �840.886789 0.0 6 0.4861 2275.0 A
2 180 �840.88605 1.9 6 0.1909 893.5 B
3 99 �840.885791 2.6 6 0.1377 644.3 A
4 100 �840.885436 3.6 6 0.0880 411.9 A
5 209 �840.884879 5.0 3 0.0218 101.8 B
6 179 �840.884392 6.3 6 0.0235 110.1 B
7 178 �840.883845 7.7 6 0.0118 55.2 B
8 95 �840.883677 8.2 6 0.0095 44.6 A
9 113 �840.883346 9.0 6 0.0063 29.4 A

10 49 �840.883262 9.3 6 0.0056 26.4 A
11 208 �840.883065 9.8 6 0.0044 20.6 B
12 94 �840.882742 10.6 6 0.0029 13.7 A
13 93 �840.882531 11.2 6 0.0022 10.5 A
14 473 �840.882364 11.6 6 0.0018 8.5 C
15 163 �840.882053 12.4 6 0.0012 5.7 B
16 182 �840.881941 12.7 3 0.0005 2.5 B
17 47 �840.881794 13.1 6 0.0009 4.1 A
18 477 �840.881791 13.1 6 0.0009 4.1 C
19 111 �840.881777 13.2 6 0.0009 4.0 A
20 320 �840.881759 13.2 6 0.0008 4.0 D
21 112 �840.881568 13.7 6 0.0007 3.1 A
22 475 �840.881473 14.0 6 0.0006 2.8 C
23 48 �840.881341 14.3 6 0.0005 2.3 A
24 495 �840.880912 15.4 6 0.0003 1.4 D
25 181 �840.879888 18.1 6 0.0001 0.4 B

Sum 144 1.0000 4680

Fig. 5. Comparison between the relative cluster energies (relatively to the
minimum cluster energy) calculated by the PM3 and DFT methods for 25 structures
from Table 1.

Fig. 6. Orientation patterns of four top water molecules in the clusters from Table 1.
Points in circles designate the OH-bonds directed upward.
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tions, we performed the PM3 calculation of the coordination en-
ergy of the H2O2 molecule at all 789 unique cluster structures.
The calculations were started from different initial points. To set
up the starting point, the initially optimized H2O2 molecule was
placed at approximately 3 Å over the top of a cluster and rotated
by a sequence of Euler angles chosen in such a manner that all pos-
sible spatial orientations of the H2O2 molecule are covered. In total,
32 orientations of the H2O2 molecules were tested as starting
points for the geometry optimization of the adsorption complex
for each of the 789 unique cluster structures. For every starting
point, the partial geometry optimization was repeated until stan-
dard stopping criteria were fulfilled. The structure with the mini-
mum absolute energy was chosen among all resulting structures
(structures corresponding to the different starting points distin-
guished by the Euler angles of the initial H2O2 position). The geom-
etry parameters and the adsorption energy of the most favourable
adsorption complexes were then analyzed.

Fig. 8 presents the adsorption energy distribution among all
cluster structures obeying the ice rules. As it is evident from
Fig. 8, the adsorption energy distribution has four maxima. Maxi-
mum adsorption energy corresponds to several structures of type

I. The second (highest) peak corresponds mostly to structures of
type II. The adsorption energies of structures III are typically dis-
tributed in a broad range whereas structures 0 typically contribute
to the medium-value energies.

Fig. 9 shows the adsorption energy as a function of the cluster
energy. One can conclude that the maximum absolute adsorption
energies (excluding several single peaks on the right) correspond
to the clusters of lowest energy. They are typically by 4–5 kJ mol�1

higher than the energies of the remaining group of clusters. This
fact can be significant if the clusters with random orientation of
hydrogen bonds are used for the adsorption energy estimation.
From this point of view the only clusters with large impact to
the Boltzmann distribution should be used for the adsorption en-
ergy distribution.

As it becomes evident from Table 1, the two most favourable
clusters are the unique structures 101 (type A pattern) and 180
(type B pattern). It should also be stressed that these structures
are typical for all the clusters from the group of most favourable
structures (from the 25 clusters present in Table 1). Thus, the coor-
dination of the H2O2 molecule to these structures results in the
most significant contribution to the adsorption energy.

Fig. 7. Optimized geometries of the two most favourable water clusters (structures 1 and 2) from Table 1. The molecules which are fixed during the optimization are marked
with asterisks.

Fig. 8. Adsorption energy distributions for the 4680 clusters obeying the ice rules.
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The most stable structures found in the extensive minimum
search performed within the PM3 calculations were used as start-
ing points for further optimization at the DFT level. The results of
the geometry optimization of adsorption complexes between
H2O2 molecules and clusters 101 and 180 at two DFT levels of the-
ory (B3LYP/6-31++G(d,p) and B3LYP/6-311++G(2d,2p)) are shown
in Fig. 10. The adsorption energies corresponding to these struc-
tures are given in Table 2. As follows from this table, the adsorption
energy values are typically higher than the ones reported earlier
[21] by 4.0–5.6 kJ mol�1 (10–15% of the estimated values). It
should be noted that the values obtained here can be considered
as improved results compared to the values reported in [21] be-
cause of the larger size of the clusters used here (11 H2O molecules
instead of maximal nine H2O molecules in [21]) and, most impor-
tant, due to the systematic accounting of the variation in the
hydrogen bond topology of the source clusters and adsorption
complexes.

The adsorption energy for H2O2 at the whole ice surface can be
estimated by the integration (integral averaging) of the adsorption

energies obtained for the different clusters. Using the results ob-
tained at the PM3 level, this gives 19.7 kJ mol�1 which is close to
the 21.3–22.5 kJ mol�1 obtained at the B3LYP/6-31++G(d,p) level
with the BSSE and ZPE corrections. These values are suitable for
the cases of initial stages of adsorption when the incorporation into
the interstitial space is not characteristic and for the cases of
monolayer adsorption.

In order to obtain more accurate estimates for the adsorption
energy, the most favourable cluster structures were then used in
further calculations with the larger basis set. Table 2 shows the re-
sults of the B3LYP/6-31++G(d,p) and B3LYP/6-311++G(2d,2p) opti-
mizations of clusters 1 and 2 from Table 1. As it is evident from the
table, the obtained BSSE corrected binding energy is only 3–
3.5 kJ mol�1 higher with the higher theoretical level. In contrast,
the zero-point correction results yield rather different values for
the two levels. The close inspection of vibrational contributions
to the zero-point energy shows that the origin of this difference
is a significant overestimation of vibrational frequencies in the
ranges of 200–1500 cm�1 at the B3LYP/6-31++G(d,p) level in com-

Fig. 9. Energies of adsorption on the clusters of different structure as a function of the cluster energy.

Fig. 10. Optimized structures (B3LYP/6-311++G(2d,2p)) of the H2O2 molecule coordinated to the two most stable clusters from Table 1 (clusters 1 and 2 from Fig. 4).
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parison with B3LYP/6-311++G(2d,2p). It is not clear, however,
whether the results with the higher level are more reliable. Thus,
the difference in the ZPE-corrected energy should be considered
as the internal uncertainty of the quantum chemical theory. Within
this uncertainty, the zero temperature enthalpy of adsorption is
estimated to be in the range of 22–32 kJ mol�1. These estimates
are close to the ZPE-corrected energy obtained in [21] for the coor-
dinated H2O2 molecule and remarkably different from the maxi-
mum adsorption energies obtained for other species considered
in [21].

4. Discussion

We investigated the structure and properties of the adsorption
complexes of H2O2 on ice surfaces using a model for the systematic
study of the orientational isomerism of the hydrogen bond net-
work in ice crystals. The model is based on several implicit
assumptions: (1) structure of oxygen atoms network is close to
the well-defined crystalline structure; (2) ice surface is considered
to be under equilibrium conditions; (3) surface structures are dis-
tributed correspondingly to their energies and obeying the Boltz-
mann distribution.

The question whether the equilibrium crystalline structure can
be considered as a reference configuration for the ice surface is of
great importance for the above analysis. The experimental and
theoretical studies demonstrate that the ice surface is not a well-
defined crystalline structure at the temperatures higher than
180–190 K and significant disorder of oxygen lattice takes place
(see, e.g. [5,7] and the references therein). At higher temperatures
formation of a layer of water molecules takes place where the H2O
molecules undergo almost free translational and rotational move-
ments [7]. Moreover, serious arguments were obtained recently [6]
supporting the idea about existence of the so-called Fletcher phase
on the ice surface – the alternating rows of dangling H and dan-
gling O atoms. This idea was proposed by Fletcher [33] on the basis
of theoretical analysis of electrostatic interaction between the sur-
face groups and it was demonstrated [6] that it is qualitatively con-
sistent with the experimental results of He atoms scattering and
the sum frequency generation spectroscopy as well as with the
classical potential calculations in the extensive periodic slab
models.

The description of the phenomena like the quasi-liquid layer or
Fletcher phase formation proposes the use of the complicated sur-
face models comprising tens or hundreds of molecules and the cor-
responding theoretical approaches. However, the ideal structures
presented here can be considered as limiting structures represent-
ing the different contributions of the disordered configurations at
the partially amorphized surface or the instantaneous configura-
tions of a quasi-liquid layer. It should be noted that even at the
high degree of disorder the ideal structure conformations contrib-
ute significantly to the disordered molecular ensemble as it follows

from the distributions obtained in [7]. Moreover, the cluster ap-
proach does not contradict the existence of the Fletcher phase be-
cause its construction proposes the large contribution of the A or B
patterns considered here in terms of the cluster model.

The assumption on the Boltzmann energy distribution of the
cluster structures, neglects the long-range interactions between
the surface groups and cannot represent the global distributions
arising due to the long-range order. From this point of view, the
long-range (collective) interactions of the surface groups can
change the set of structures preferable for the single molecule
adsorption. However, the analysis performed in [6] shows that
within the same ‘‘surface phase” (i.e. within the same kind of the
long-range OH ordering) the energy distribution is rather similar
to that presented in Fig. 3. Moreover, the long-range ordering is
probably not perfect (at least at higher temperatures) and the vio-
lation of the local Boltzmann distribution is probably not pro-
nounced. Besides of all, this is also supported by the general
applicability of cluster models in adsorption studies.

Based on the results for the model considered here one can con-
clude that the effect of different network organization can proba-
bly be taken into account if the simplified model of the ice
surface is considered where only several most favourable surface
structures are considered (e.g. patterns A and B) on the top of
the cluster.

It is evident that the influence of the different choice of the
hydrogen bond topology in the clusters with adsorbed H2O2 results
in 10–15% changes of the adsorption energy (in comparison with
similar calculations with the random H-bond topology). Thus, the
effect of the various H-bond topologies on the calculated energetic
parameters is not significant from the practical point of view (from
the point of view of applied theoretical chemists who use the clus-
ter models for the approximate estimates of the adsorption param-
eters) because the internal uncertainty of the cluster model itself
and the theoretical method has a similar or even larger uncertainty
value. However, to be more specific, the entire majority of clusters
can be characterized as a set of only two or several most favourable
structures. The performed study also demonstrates that some local
structures and patterns on the ice surface are distinguished by a
remarkable different energy and, consequently, some of them can
significantly dominate on the ice surface due to their energetic
favourability.
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