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Abstract
The structural stability of the weakest bonded con�gurations of water clusters in the form of gas hydrate
cavities D and T, as well as in the form of Kelvin’s polyhedron, was tested using the local geometric
optimization with the polarizable force �eld AMOEBA. A number of different barrier-free molecular
rearrangements were observed. Most of the con�gurations changed their shapes, forming surface defects
of the same type. But the main attention is paid to the coordinated molecular reorientations leading to the
proton shift along hydrogen bonds. A number of statements about the topology of the hydrogen-bonded
network are rigorously proved. It is concluded that the structural stability of con�gurations and the
features of structural transformations are basically determined by the arrangement of the homodromic
hydrogen-bonded water rings. The stability of the con�gurations, which retained their original shape
during local geometric optimization, was studied by the molecular dynamics method with a gradual
increase in temperature. Some interesting effects were found. This is the stabilizing locking of the most
polarized con�gurations, as well as very intense amplitude oscillations of the free OH group at the end of
two-bond �ips.

Introduction
For many years, the interest in studying the properties of water and ice has not weakened at all [1–7].
Polyhedral water clusters (PWCs) in the form of gas hydrate cavities are very convenient for the
theoretical analysis of the properties of these systems. As in bulk ice, the arrangement of hydrogen atoms
(protons) follows the well-known Bernal–Fowler ice rules [8]. The number of defect-free proton
con�gurations increases exponentially with the number of molecules. The logarithm of this number
determines the residual entropy [9]. PWCs are quite well studied using a variety of computer modeling
methods. Probably the most well-studied PWC is the pentagonal dodecahedron (H2O)20, which coincides
in shape with the small cavity D of hydrate structures I and II [10]. For this cluster, the total number of
proton con�gurations [11] and the number of symmetrically nonequivalent con�gurations [12] are
precisely calculated. For PWCs, mathematical approaches [12–14] and discrete physical models [15]
have been developed, which make it possible to estimate the relative energy of a particular cluster
con�guration, taking into account the topology of the H-bonded network, and predict the set of the most
stable con�gurations.

An important feature of water H-bond network is its variability. The extended jump model [16, 17] for
liquid water, in contrast to the Debye model of rotational diffusion, implies rather strong changes in the
orientations of molecules during breaks and the formation of new H-bonds. However, the molecular
picture of the reorientation mechanisms, as well as proton transport, is far from complete. Quantum
tunneling of protons through H-bonds [18, 19] eventually does not lead to their breaking, but only to a
change in the direction of the bonds. The interest in PWCs research may be due to the fact that they can
be used for detailed study of the spontaneous reorientation of molecules without changing the bond
network as a whole. This kind of rearrangements was observed in the course of geometric optimization
of some con�gurations of PWCs using quantum chemical calculation methods [20, 21].
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Here we present a systematic study of the highest-energy proton con�gurations of clusters in the form of
gas hydrate cavities D and T, as well as in the form of Kelvin’s polyhedron (cluster K). These
con�gurations were found using the Strong–Weak–Effective–Bond (SWEB) discrete model, which takes
into account the Coulomb interaction of the second and third neighbors in the H-bond network [15]. The
stability of these con�gurations was studied using the AMOEBA polarizable atomic multipole water
model [22]. A number of barrier-free and low-barrier structural transformations which result in a proton
shift along H-bonded chains were found. In addition, proton con�gurations that are stable despite very
high energies were found. The topological features of the H-bond network were established, which
allowed us to predict the location and direction of structural changes.

This article is structured as follows. The methodological part includes a brief description of the discrete
SWEB model underlying the classi�cation of proton con�gurations by the stabilization energy, as well as
a description of the computer modeling methods used. The main part of the article includes 1)
veri�cation of the stability of proton con�gurations, 2) proof of rigorous statements concerning the
topology of the H-bonded network, and 3) interpretation of the structural changes. The �nal part is
devoted to the discussion of the results obtained.

Method
The exact statistics of proton disorder in PWCs include the total number of con�gurations that satisfy the
Bernal–Fowler ice rules [8] and determine the residual entropy [9], as well as the number of symmetrically
nonequivalent con�gurations. For a cluster D, these numbers are 3,600,000 and 30026, respectively [10,
11]. In spite of the complex nature of the intermolecular interactions, fairly accurate regression models
linking the topology of the H-bond network and energy of different con�gurations have been developed
for PWCs [12–14]. A discrete physical model that takes into account the interaction between the �rst,
second, and third neighbors in the H-bond network has also been developed [15]. This approximate SWEB
model agrees well with the results of ab initio calculations. It allows us to divide the entire set of proton
con�gurations into groups by the value of a single structural parameter.

It was previously established that there are only �ve types of H-bonds on the surface of PWCs [23]. First
of all, the eclipsed H-bonds are divided into trans- and cis-con�gurations (Fig. 1, a, b). On the surface of
PWCs, rotations of the H-bonded dimer by 120 and 240 degrees lead to the need to further divide these
two con�gurations into six types, two of which are equivalent. The �ve types of H-bonds are shown in Fig.
1 (c). For t1-bond, the arrangement of electric charges is preferred not only in the pair of H-bonded
molecules themselves. The Coulomb interaction in the entire fragment, including the nearest molecules, is
also extremely advantageous. For cluster D, the classi�cation of all proton con�gurations by the number
of t1-bonds is presented in ref. [15]. 106 con�gurations of the lowest energy level in the SWEB model (t1 
= 7) are usually of the greatest interest. According to the results of various calculations, the
con�gurations of the lower level, in fact, turn out to be energetically most favorable. The separation of the
lowest energy con�gurations from the second-level ones (t1 = 6) and from all other con�gurations can be
easily seen, e.g., in �gures of refs. [15, 24–26]. For this paper, we studied the properties of proton
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con�gurations that have no t1-bonds. According to the results of Kuo et al., the absence of t1-bonds in
the cluster excludes self-dissociation of water molecules [27].

The Tinker molecular modeling package [28] and the non-additive potential AMOEBA [22], which takes
into account the internal degrees of freedom of the molecule and atomic polarizability, were used. The
stability of the highest-energy proton con�gurations without t1-bonds was checked during structural
optimization. A number of barrier-free transitions to more stable con�gurations, also obeying the Bernal–
Fowler rules, were discovered. The stability of the con�gurations that retained their original structure
during optimization was further investigated using a stepwise temperature increase of 10-K interval. The
average temperature was kept constant using a Berendsen's thermostat [29]. A molecular dynamics
simulation at each temperature was performed at a duration of 100 ps and time step of 1 fs. Heating was
performed to determine the temperature at which the structure began to change. To obtain more accurate
estimates, �ve independent heating procedures were performed for each con�guration. The temperature
limit of stability of each con�guration was determined by averaging the �ve values.

Note that the construction of the initial proton con�gurations is quite correct only for stable structures,
when the regions of local minima are separated from each other by high barriers. For less stable
con�gurations, neighboring minima are readily available. Therefore, the results appear to depend on the
method of constructing the initial con�gurations. The geometric optimization was performed at an
average distance of 2.84 Å between oxygen atoms in the initial structures. Surprisingly, for a distance of
2.75 Å, very similar results were obtained regarding the stability of the con�gurations. Yet, there was a
dependence of our results on the initial coordinates of all atoms. Given this circumstance, as well as the
fact that the potential used was approximate and introduced an additional error, we were primarily
focused on identifying the main qualitative regularities.

Results And Discussion

Structural stability check for cluster D
For cluster D, the distribution of the energies and total dipole moments of proton con�gurations
belonging to the highest energy level in the SWEB model (t1 = 0) is shown in Fig. 2. Initially, all 94
con�gurations were built according to the Bernal–Fowler ice rules and then geometrically optimized with
AMOEBA potential. The blue color corresponds to complete geometric optimization, and the red color
corresponds to the �rst few steps of optimization. It can be seen that after the initial optimization stage,
the distribution had a typical, approximately parabolic shape, re�ecting the in�uence of the dipole
moment on the energy of the PWC. The distributions for the classes t1 = 7, 6, etc. had exactly the same
parabolic form [15, 24–26]. The distribution of fully optimized con�gurations naturally moved down, but
had a different form (Fig. 2). Con�gurations with average values of the total dipole moment shifted much
more with a noticeable decrease in the dipole moment. It turned out that during the local optimization, all
con�gurations, with the exception of the con�gurations with the minimum and, surprisingly, maximum
dipole moments, signi�cantly changed their structures. The fact that most of the weakest con�gurations
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of this cluster changed in the course of geometric optimization seemed quite natural. Interestingly, in
some cases, the structural rearrangement exactly corresponded to the transfer of protons along the H-
bonds and led to a new con�guration, which also obeyed the Bernal–Fowler ice rules. It is also interesting
that all transformations could be reduced to simple strict rules.

Homodromic faces
The analysis of structural transformations in the course of energy minimization allowed us to draw a
conclusion about the completely new, key role of faces with homodromic (clockwise/counterclockwise)
circular arrangement of H-bonds. It was not di�cult to make sure that three homodromic faces could not
be adjacent, so their number was bounded from above. There was also a nontrivial lower bound due to
the fact that, in any PWC, the minimum number of the homodromic faces is equal to two [30]. The proof
relies on Stallings' lemma [31]. According to this lemma, in any grid of one-way city roads and in the
absence of intersections, at which all roads converge or diverge, there is always a block that can be
bypassed in one direction. Any closed path along a unidirectional H-bonded chain divides the H-bond
network of a PWC into two parts, for each of which the Stallings' lemma applies. It turned out that for the
weakest con�gurations within the SWEB model (i.e., at t1 = 0) some simple mathematics made it possible
to signi�cantly simplify the understanding of the properties of these con�gurations. We emphasize that
all of the following statements refer precisely to the class of con�gurations without a single t1-bond.

Statement 1. All molecules of homodromic faces have the same number of dangling hydrogen atoms,
either 0 or 1, i.e. all such faces are either absolutely smooth (H0-faces) or completely equipped with
hydrogen atoms (H1-faces). Two homodromic faces are shown schematically in Fig. 3a, b. It is easy to
make sure that with any choice of the direction of external bonds #1, the direction of bonds #2 (as well as
of all other external H-bonds) should be exactly the same to avoid the appearance of t1-bonds (see Fig.
1). Recall that in Fig. 1, the arrows indicate the direction of the H-bond: from the donor to the proton
acceptor.

Statement 2 (inverse). If the face is H0 or H1, then it is necessarily homodromic. To prove this, let us
assume the opposite that the face is not homodromic. Then there are at least two vertices (molecules)
with different numbers of dangling hydrogens (Fig. 3c), i.e. the face is neither of type H0 nor H1.

Statement 3. Two homodromic faces cannot be adjacent, because they form a t1-bond (see Fig. 1).

As noted, in any PWC the minimum number of homodromic faces is two. The question arises: what is the
number of homodromic faces at t1 = 0? We already know that, in this case, homodromic faces cannot be
adjacent. At the same time, all these faces are H0 or H1. In cluster D, the maximum number of non-
adjacent faces is equal to three (Fig. 3d). If all these faces are homodromic, then two of them are
inevitably H0- or H1-faces. Hence, two neighboring vertices (molecules) belonging to these two faces
have the same number of dangling hydrogens. But this is impossible, because the intermediate H-bond
excludes the similarity of these vertices. Therefore, in cluster D the number of homodromic faces is equal
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to two at t1 = 0, since it cannot be less than two. This proves the following statement, which is also true
for t1 = 0.

Statement 4. In cluster D, the number of homodromic faces at t1 = 0 is exactly equal to two.

Statement 5. If the homodromic faces are connected by one intermediate bond (not located opposite to
each other in the polyhedron), then one of them is H1- and the other is H0-face. The reason is that one of
the molecules of this H-bond is an acceptor of one hydrogen atom and the second of two hydrogen
atoms (protons).

Statement 6; If in cluster D the homodromic faces are located opposite each other and both are of the
same type (H0 or H1), then the remaining molecules forming a single H-bonded cycle have the opposite
number of free hydrogens (1 or 0). This follows from the fact that in any three-coordinated PWC, the
number of vertices with and without dangling bonds is the same [12, 13].

Structural transformations in cluster D
In cluster D, the structure of the initial con�gurations with t1 = 0 was not too diverse. It was characterized
by the arrangement of two homodromic faces. In 68 con�gurations, the homodromic faces were
separated by one H-bond. In the remaining 26 con�gurations, the homodromic faces were located
opposite each other. Eighteen of these 26 con�gurations were asymmetrical (C1). A separate group
consisted of 8 highly symmetric con�gurations with the C5 axes. Let us �rst consider 68 con�gurations
with non-opposite arrangement of homodromic faces. All of them changed during the local optimization.
One of their faces was H1, i.e. dangling hydrogen atoms were arranged in a pentagonal ring. Of course,
this was energetically disadvantageous. Note in advance that this hydrogen atom con�guration was the
main driver of all structural transformations.

There is a need for clarity here. C1-bonds with nearest dangling hydrogen atoms are considered as the
main factor that reduces the binding energy of PWCs [12]. But this re�ects the disadvantage of the
interaction of only the nearest H-bonded molecules. In PWCs, the other two variants of cis-con�guration
are equally unpro�table (Fig. 1c). Electrostatic interactions are long-ranged and constitute the main
contribution to the intermolecular interaction. Taking into account the interaction of the second and third
neighbors, the energy of PWCs is determined basically by the number of t1-bonds [15]. The suitability of
the criterion c1 ◊ min for structural optimization is due to a purely combinatorial equality c1 + t1 = N/2,
where N is the number of molecules in the PWC [13]. The destruction of con�guration is caused more by
the presence of extremely unfavorably located molecules than by the low stabilization energy as a whole.
There are con�gurations with signi�cantly lower stabilization energy that are still structurally stable (see
below).

In the course of geometric optimization of the 68 con�gurations with non-opposite arrangement of
homodromic faces, the following was established. The H1-face molecule participating in the formation of
an intermediate H-bond between the homodromic faces always started to turn �rst. This is due to the fact



Page 7/20

that a strong electric �eld was created at the place of this H-bond, the direction of which is shown by the
arrow in Fig. 4a. This �eld was created by the molecules of the homodromic faces themselves, since the
dipoles of all adjacent bonds were directed mainly downwards, and the sum of the dipoles inside the
faces was zero. This �eld was further enhanced by the two molecules shown in Fig. 4 as an oval. Due to
the Bernal–Fouler ice rules, two hydrogen atoms of these molecules were always directed downwards.
The "electric breakdown" (concerted rotation of molecules) occurred, which could be carried out in
different ways.

During the rotation, the free hydrogen atom of the H1-face pushed the hydrogen atom lying on the H-bond
inside the polyhedron. Most often, the second atom then formed an additional H-bond inside the second
homodromic face (Fig. 4b, central dotted line). In this case, the pentagonal H0-face turned into an
adjacent square and triangle. This transformation is also typical for an isolated cyclic pentamer [32] and
for other PWCs [33]. Following [32], this transformation will be denoted by sqtr-structure or sqtr-defect.

In the course of local optimization, a pure two-bond �ip was observed in four cases with non-opposite
arrangement of homodromic faces. The H-bond connecting two homodromic faces was always �ipped
�rst. Under the action of a strong electric �eld, the free hydrogen atom of the �rst molecule turned and
pushed the hydrogen atom of the second molecule inside the polyhedron. The hydrogen atom of the
second molecule, immersed inside the polyhedron, turned around and pushed out the hydrogen atom of
the third molecule, which had previously formed the second H-bond. In this case, the original polyhedral
shape of the cluster was preserved. In fact, this was a barrier-free proton transfer along two adjacent H-
bonds without tunneling and without dissociation of the molecules. The molecules rotated concertedly,
although the molecule of the H1-face started moving �rst. Figure 5a shows the time-dependence of the
rotation angles of these three molecules. In reality, the maximum values of the rotation angles were
slightly different from each other. The O-H bond also never strictly coincided with the O-O direction. For
this reason, the values in Fig. 5a are normalized to the tetrahedral angle: arccos (-1/3) = 109.47 . This
process can be seen in Movie S1.

When homodromic faces were placed opposite each other, the two-bond �ips were observed more often.
Of the 18 con�gurations with C1 symmetry, such �ips were observed in 12. In three cases, a pure two-
bond �ip occurred. In 9 con�gurations, the two-bond �ips were accompanied by additional rotation of
some molecules. In the remaining con�gurations, surface sqtr-defects occurred. These defects were
accompanied by the appearance of additional H-bonds as well as preferred t1-bonds, and some general
deformation. The H1-face was still the driver of the structural rearrangement. But here, it was more
di�cult to predict in advance the reconstructed fragment of the cluster due to the symmetrical
arrangement of the homodromic faces. In total, a pure two-bond �ip was observed in seven
con�gurations with both non-opposite (3 con�gurations) and opposite (4 con�gurations) arrangement of
homodromic faces. This was accompanied by a signi�cant increase in the stabilization energy, because
t1-bonds were formed at the beginning and at the ends of the H-bonded chains (see below).

Hydrogen bond reorientations in clusters T and K.
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This section presents the results of the study of barrier-free reorientations in two PWCs with the number
of molecules N = 24. The �rst cluster Т has the form of a large cavity of the hydrate structures sI [10].
Along with 12 pentagonal faces, it forms two hexagonal faces, which are located opposite each other
(Fig. 6a). The second cluster K has the shape of Kelvin's polyhedron (Fig. 6b). The peculiarity of the
second cluster is that it does not contain a single pentagonal face. This topological feature determines its
advantage over polyhedra D and T, because the maximum fraction of t1-bonds is noticeably higher (1/3)
[13] and, as a consequence, the stability of the most energetically preferred proton con�gurations is
higher [33]. We relied on the Statements presented above, of which only 4 and 6 relate exclusively to
cluster D.

It was found that the reorientation in clusters T and K is also basically determined by the location of the
homodromic faces. However, the analysis of these reorientations in these clusters becomes more
complicated due to the fact that the number of homodromic faces may be greater. The total numbers of
defect-free proton con�gurations in T and K clusters are 73041408 and 75400162, respectively [34]. At t1 
= 0, the number of con�gurations is 65312 and 62144, of which 2739 and 1343 are symmetrically distinct
(non-isomorphic). It was established that the numbers of non-isomorphic arrangements of homodromic
faces are 20 and 16. In Fig. 7, faces H0 and H1 are shown in black and gray, respectively. Each coloring
corresponds to a class of proton con�gurations with the same arrangement of homodromic faces, but
differing in the direction of H-bonds in the cluster as a whole. The number of con�gurations in each class
is shown at the diagrams. The number of con�gurations in classes II-5 and II-6 for cluster T (as well as
some other classes of both clusters) is the same, because changing the direction of all H-bonds
transforms con�gurations of one class to another, and vice versa.

In the course of the local geometric optimization with the AMOEBA potential, it was found that the
reorientation of H-bonds without the polyhedral shape breaking occurs only in a small number of
con�gurations. In clusters T and K, the �ips were observed only in 82 and 57 con�gurations out of the
total number of con�gurations 2739 and 1343, respectively (see above). The basic mechanism of
concerted H-bond reorientation is the same as in cluster D. This is the pushing one of the OH-groups from
H1-face and the sequential rotation of three molecules around H-bonds, which results in a change in the
direction of two H-bonds. However, in clusters T and K, the distance between the homodromic faces is
various. For the �ips between the homodromic faces, we used a special designation, which, along with
the number of reversed bonds, also takes into account the distance between these faces. So, in cluster D
the �ips between the homodromic faces with one intermediate H-bond are 2/1-�ips. In clusters T and K,
2/2-�ips are typical for con�gurations in which the distance between these faces is 2. In this case, only
intermediate bonds are �ipped, unlike the 2/1-�ips. The designation 2/3 is used for two-bond �ips located
between faces H0 and H1 separated by three bonds.
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Table 1
Characteristics of hydrogen bond �ips in cluster T

Class of con�gurations II-1 II-2 II-3 II-4 II-7 II-10

Number of Flips 7 16 33 20 3 3

Flip type 2/1 2/1 2/2 2/3 2/1 2/3

Standard �ips, % 100 44 76 45 67 100

Complemented �ips, % 100 81 100 85 100 100

A distribution of H-bond �ips by the con�guration classes, taking into account the homodromic faces
arrangement, is presented in Tables 1 and 2. In cluster T, �ips were found only in con�gurations with two
homodromic faces. 2/1-�ips were observed in con�gurations of classes II-1, II-2 and II-7. The third and
fourth rows in Table 1 shows the fraction of single standard �ips of the given type and the fraction of
standard �ips accompanied by any additional �ip. The mechanism of the additional �ips is the same.
Only the pushing of a free OH-group does not occur from fully equipped H1-face, but from a face with
some number of OH-groups. In rare cases, there were �ips of H-bonds located not between homodromic
faces. Naturally, any additional �ip further stabilize the cluster.

It is easy to see that the �ips in cluster T indeed due to the arrangement of homodromic faces. A smaller
fraction of standard (predictable) �ips in class II-4 is associated with a very distant and asymmetrical
arrangement of homodromic faces. With a symmetrical, maximally distant location of homodromic faces
in class II-10, all three 2/3-�ips are oriented from H1- to H0-face. In class II-4, some unusual �ips were
observed. Pairs of simultaneous 2/3-�ips were detected three times. The absolute exception is an
extremely atypical 3/3-�ip, in which three intermediate H-bonds between the homodromic faces are
�ipped. In this case, the rotations of the molecules were more complex.

A very similar picture was observed in cluster K (Table 2), although here �ips were also observed in
con�gurations with three homodromic faces. The maximum number of �ips was observed in the largest
class II-1 (see Fig. 7b). All of them were single standard 2/1-�ips. In classes II-5 and II-6, most 2/2-�ips
were also standard, although sometimes they were accompanied by additional �ips. Both reorientations
in class II-2 are 2/2-�ips, accompanied by additional �ips of two bonds. In classes III-1, III-2 and III-3,
standard 2/1-�ips were also observed. In the �rst two of these classes, homodromic squares are arranged
in a semicircle. Three of the six reorientations in class III-2 deserve special attention. These are
converging 2/1-�ips directed from opposite H1-bases of the polyhedron to the same H0-square located at
the equator. In this case, the total dipole moment of the cluster has changed slightly and only in the
perpendicular direction. The convergent direction of the �ips towards each other is counterintuitive and is
due to the local features of the electrostatic �eld (Movie S2). The only reorientation in class III-3 is
interesting because it combines two standard �ips: 2/1 and 2/2.
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Table 2
Characteristics of hydrogen bond �ips in cluster K

Class of con�gurations II-1 II-2 II-5 II-6 III-1 III-2 III-3

Number of Flips 24 2 13 7 4 6 1

Flip type 2/1 2/4 2/2 2/2 2/1 2/1 2/1

Standard �ips, % 100 0 85 29 100 100 100

Complemented �ips, % 100 100 100 86 100 100 100

In most reorientations, the total dipole moment signi�cantly decreased, and the number of t1-bonds
increased, i.e., the stabilization energy of cluster increased. It is noteworthy that as a rule the number of
t1-bonds increased to at least two. The appearance of only one t1-bond was noted only once in cluster D
with a non-standard �ip. In this case, two �ipped bonds that are not located between homodromic faces
turned over. For all optimized con�gurations after standard 2/1 and 2/2-�ips, strict equality t1 = 2 is
performed. In our opinion, this is an interesting manifestation of the topological properties of PWCs. Most
often there were exactly two t1-bonds. With multiple �ips, 3, 4 and even 5 t1-bonds appeared. Five bonds
were found after triple two-bond �ips. This was observed both in cluster T (three reorientations in classes
II-3 and II-4) and in cluster K (both reorientations of class II-2).

Thermally induced structural transformations of stable con�gurations
Eight highly symmetric con�gurations of cluster D with opposite arrangement of the homodromic faces
formed a completely separate group. Four of them had C5 symmetry and the other four had S10

symmetry. In this case, the homodromic faces could be different or the same (H0/H1). These eight
con�gurations can be divided into three groups according to the types of faces (Fig. 8). Within these
groups, the con�gurations differed in the direction of H-bonded cycles: clockwise or counterclockwise.
Different directions of H-bonds within the three cycles (upper and lower pentagonal faces as well as an
equatorial line) are shown at the bottom. The third group had only two options, since H-bonds along the
equator were alternately oriented. All of these eight con�gurations retained their structure during local
optimization. Further, their stability was tested with a gradual increase in temperature (by 10 K) in the
course of molecular dynamics simulation. The simulation was run for 100 ps at each temperature, with
an integration step size of 1 fs. To reduce random effects, the heating of each con�guration was repeated
�ve times.

Table 3
The temperature limits of structural stability (°K) for eight

con�gurations of cluster D with opposite homodromic
faces (Fig. 8) for �ve realizations of the heating process.
No. 1 2 3 4 5 6 7 8

Average 32 40 36 30 32 22 20 10

Table 3 shows the average temperature at which the original con�guration changed. Con�gurations no.
1–3 with opposite H0-faces were the most stable. Con�gurations no. 4–6 with opposite H1-faces were
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slightly less stable. Con�gurations 7 and 8 with different homodromic faces were the least stable. For the
last two con�gurations, even the mechanical stability at T = 0 was quite unexpected, given the highest
values of the energy and dipole moment (Fig. 2). The stability was largely due to the symmetry of these
con�gurations. In addition, in this case, the hydrogen atoms of the H1-face were locked by the hydrogen
atoms located just below. This caused the self-locking effect. Three two-bond �ips occurred during the
heating of con�guration no. 8. Two of these �ips were closely related. Figure 6b shows the rotation
angles of the three molecules of the �rst two-bond �ip. Due to the natural spread, the maximum rotation
angles were not equal to each other. The �rst two molecules started moving almost simultaneously,
because in this case the H1-face molecules were locked and could not start independently. In Fig. 5b, one
can see that the third molecule started moving later. The Berendsen thermostat was used with a coupling
constant of 0.1 ps. During the rapid structural changes, the temperature did not have time to stabilize.
Therefore, when the potential energy was released, there was a natural noticeable increase in temperature
(kinetic energy). In the �nal stage of the two-bond �ip, the kinetic energy was largely localized in the last
hydrogen atom. This created a whip-like effect in the H-bonded chain. The hydrogen atom of the last
molecule moved more quickly. These motions can be seen in Movie S3. According to recent results
obtained using ultrafast spectroscopy, molecules on the surface of water lose energy in a similar way
[35].

Thermally induced structural transformations in con�gurations no. 1–3 with two oppositely located H0-
faces (Fig. 8a) almost always resulted in the formation of one or two sqtr-defects. Sometimes, a pair of
sqtr-defects appeared simultaneously. A very similar pattern was observed when heating con�gurations
with homodromic H1-faces.

In both clusters T and K, locally stable con�gurations were also found. Of eleven stable con�gurations in
cluster T, three con�gurations of classes II-9 and II-11 differ in the direction of H-bonds in homodromic
bases and along the equator. There was one maximally polarized con�guration of class II-10 with the
effect of self-locking. In addition, four con�gurations of class II-6 turned out to be stable. In cluster K,
there were eight stable con�gurations with only opposite homodromic squares. Half of them belong to
class II-3, and the other half belongs to class II-4. Similar con�gurations of classes II-9 and II-10, as well
as maximally polarized con�gurations of classes II-2 and II-7 with different opposite faces, turned out to
be unstable. In clusters T and K, the general picture of the loss of stability during heating, including the
spontaneous occurrence of H-bond �ips and the manifestation of whip effects, was exactly the same as
in cluster D.

Conclusions
As a rule, in computer simulation of molecular systems, only the most stable structures are of interest. At
the same time, the least stable con�gurations of ice-like systems are of particular interest because of the
possibility of observing consistent water molecule reorientations. Spontaneous reorientations in PWCs
lead to the displacement of the proton along the H-bond chains, as in quantum tunneling. The molecular
dynamic trajectory of the system during structural rearrangement is very similar to the dominant
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tunneling path (instanton) [19]. Both of these trajectories provide a better understanding of the coherent
collective nature of the process. Of no less interest are the thermo-induced low-barrier transformations,
which also lead to the shift of protons along the H-bond chains. Note that the method of obtaining the
proton con�gurations 7 and 8 in cluster D with the maximum dipole moment is probably the simplest. In
our study, we did not take into account possible ionization of molecules. Although the above noted whip-
like movement of H-bonded molecules perhaps, deserves a more accurate analysis, taking into account
formation of t1-bonds, which can themselves lead to self-dissociation of water molecule [27].

According to the discrete SWEB model, the highest energy con�gurations have very speci�c topological
properties. This greatly facilitated the interpretation of the results obtained. We emphasize that the
established regularities can be easily transferred to other water polyhedra. So, in a triangular water prism
as well as in a cubic water cluster, there are two highest-energy con�gurations with t1 = 0. It is easy to
make sure that they are characterized by the opposite arrangement of homodromic faces [36]. One of
them is a H0-face and another is a H1-face because they share H-bonds. Calculations with the TIP4P and
AMOEBA potentials showed that these con�gurations are stable.
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Figures

Figure 1

(a and b) Two types of eclipsed hydrogen bonds, forming trans- and cis-conformations respectively. (c)
Classi�cation of the H-bonds on the surface of polyhedral water clusters. Arrows indicate the direction of
the H-bonds from the proton donor to the acceptor.
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Figure 2

Distribution of the energies and total dipole moments |

| per molecule for con�gurations belonging to the highest energy level in the pentagonal dodecahedron
(H2O)20, according to the SWEB model, with the AMOEBA interaction potentials. Red squares and blue
diamonds correspond to the initial and optimized con�gurations, respectively.

Figure 3

(a and b) Schematic sketch of the homodromic faces with two adjacent bonds. (c) Non-homodromic
face. (d) Three non-adjacent faces of the pentagonal dodecahedron.
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Figure 4

Structural transformations in cluster D. (a) Direction of the electric �eld (arrow) between the homodromic
H0- and H1-faces (dotted lines) in the initial con�guration; two molecules strengthening the �eld are
shown by oval. (b) Defect structure, including square and triangular H-bonded cycles with a
common bond (sqtr-defect). (c) Defect-free con�guration after two-bond �ip.

Figure 5

The time-dependence of the rotation angles for three molecules taking part in the concerted two-bond
�ips: (a) energy minimization, (b) molecular dynamics simulation.
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Figure 6

Structure of clusters T (a) and K (b).
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Figure 7

Non-isomorphic arrangements of homodromic faces in clusters T and K. The faces without dangling
hydrogen atoms (H0) and faces completely equipped with hydrogen atoms (H1) are shown by grey and
black colors, respectively. The edging frame on the Schlegel diagrams corresponds to back face.
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Figure 8

Con�gurations of cluster D with oppositely arranged homodromic faces: (a) No. 1–3 with H0-faces, (b)
No. 4–6 with H1-faces, and (c) No. 7 and 8 with different faces. The direction of H-bonds in the
pentagonal homodromic faces and in the equatorial 10-membered cycle (for panels a and b) are shown
by arrows. The highlighted hydrogens in panel (c) show the location of two-bond �ips.
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