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Classical parallel-tempering Monte Carlo simulations in the isothermal-isobaric ensemble were carried out for the (HyO)y9
and Ar(H,0)y clusters, over a wide ranges of temperatures (30—1000 K) and pressures (3 kPa—10 GPa) in order to study their
thermodynamical properties and structural changes. The TIP4P/ice water model is employed for the water-water interactions,
while both semiempirical and ab initio-based potentials are used to model the interaction between the rare-gas atom and water
molecule. Temperature-pressure phase diagrams for these cluster systems were constructed by employing a two-dimensional
multiple-histogram method. Structural changes were detected by analyzing the heat capacity landscape and the Pearson corre-
lation coefficient profile for the interaction energy and volume. Those at high pressure correspond to solid-to-solid transitions
and are found to be related to clathrate-like cages around the Ar atom. It is also shown that the formation and thermodynamic
stability of such structures are determined by the intermolecular interaction between the rare-gas atom and host water molecules.

1 Introduction

Clusters of finite size are to a certain extent an ideal tool to
investigate macroscopic properties on a microscopic level and
to answer fundamental questions on the transition from the
gas to condensed phase. As model microsolutions they retain
many characteristics of the bulk, are theoretically tractable,
and represent thus a useful approach to more complicated sys-
tems. In the case of water clusters, specific size systems are
currently receiving considerable attention, as models for inclu-
sion compounds of different type of clathrate hydrates. By as-
suming that hydrate formation starts from conceivably stable
clusters ', and considering that usually these systems, e.g spe-
cific size gas-water clusters, are not accessible to experimen-
tal investigations, then employing water clusters as the build-
ing blocks of those hydrate lattices can be used as a model to
probe the relevant guest/host interactions 27 as well as to de-
rive and to test intermolecular potentials that can be also used
under different thermodynamic conditions !

In order to provide insights into these aspects, rare-gas (Rg)
hydrates are significant model systems for the study of water-
gas interactions, especially if we want to describe the nature
of repulsive interactions under high pressure conditions®~'2.
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A number of spectroscopic and diffraction studies have been
conducted to explore at which conditions (pressure, tempera-
ture, composition of the aqueous solution) bulk rare-gas hy-
drates may be formed or decomposed and what types of them
may be obtained at these conditions '>'4. The light He and Ne
atoms are too small to stabilize any cage, forming clathrates
very similar to the original ice frameworks*!3, although there
is some evidence for the formation of Ne hydrate 16 1n turn,
the heaviest Rg hydrates are the most notable exception to
the rules that enable the prediction of the expected clathrate
by considering the relationships between guest size and cage
size. At pressure of 30 MPa for both Ar and Kr hydrates the
sII (cubic structure II) is the stable structure, while Xe forms sl
(cubic structure I). In high-pressures regimes (see Refs. 12,14
and references therein) Ar clathrate hydrate transforms to the
sH (hexagonal structure H) form at 0.46 GPa, while the Kr
hydrate transforms from the initial sII to sI at 0.45 GPa be-
fore transforming to sH at 0.75 GPa, and Xe sl hydrate trans-
forms to a sH at 1.6 GPa. However, there is not always a good
agreement between different sets of experiments and accepted
resolution of the discrepancy.!”2! Therefore, theoretical at-
tempts to describe structural transitions in these clathrate hy-
drates could provide useful information, and could serve to
settle such disagreement.

The majority of results reporting structural changes for wa-
ter clusters doped with impurities do not consider the tempera-
ture and pressure effects 2?3, and only recent studies have ad-
dressed this issue employing genetic algorithms?*% or more
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advanced Monte Carlo simulations?®-2%. Simulations of such
systems is a computational challenge, as their potential en-
ergy landscapes are often rugged, with a large number of
close-lying local minima that requires considerable computer
time for sampling across them. Thus, in this article com-
puter simulations are performed based on the parallel tem-
pering Monte Carlo method in the isothermal-isobaric (NPT
ensemble, aiming to sample the full configuration space of
the system and to provide a complete description of the clus-
ter phase behavior under various temperature—pressure condi-
tions. In this context, it is clear that grids of simulated temper-
atures and pressures will usually be strongly limited due to the
computational demands, and to this end we adopt a recently
implemented interpolation scheme, called multiple-histogram
technique?®, for constructing heat capacity phase diagrams for
specific size clusters. The goal of our study is twofold: (a) to
calculate thermodynamical properties and structural changes
caused by a heavy Ar atom embedding in the small polyhedral
cages of the sI, sII and sH structures, and (b) by employing
two completely different type of Rg-water interaction poten-
tials and examining the conditions at which such structures are
formed and stabilized, more information about the underlying
intermolecular potential energy surface (PES) between the Rg
and host water molecules will be revealed.

The article is organized as follows. In the next section we
briefly discuss the methods employed and the computational
details of the simulations, together with the description of the
potential terms used for the water—water and Ar—water interac-
tions. The results on the (H,O),9 and Ar(H>O);g systems are
presented and discussed in section 3. The structural changes
observed in the phase diagrams, induced by increasing pres-
sure/temperature, are examined in terms of the intermolecular
Ar—water potential and a comparison with experimental data
available for Ar hydrate is presented. Finally, some conclud-
ing remarks are given in the last section.

2 Methods and Computational details

2.1 Parallel-tempering Monte Carlo and 2D Multiple-
histogram calculations

A two-dimensional parallel-tempering (PT) algorithm has
been used to accelerate the convergence of the present NPT
Monte Carlo (MC) simulations?’. The PT methodology con-
sists in simulating many systems of identical composition
(replicas), but under different external conditions (temperature
and pressure), in parallel and in periodically exchanging gen-
eralized configurations between different systems. Usually,
only neighboring systems are selected for this exchange move
to keep the exchange probability sufficiently large. Here, an
exchange move has been proposed for a randomly selected
pair of neighboring systems each time one MC step has been

completed for all replicas.

In the NPT ensemble, the residual part of the mean value of
a dynamical parameter, F, if it depends on the system configu-
ration only through the interaction energy and system volume,
is expressed at particular temperature 7" and pressure P as,

Jv Jgin F(E™, V) exp (— Ei:;TPV> Q(E™ V)dEMdV

e Zrp
. 6]
where Q(E™ V) is the classical density of states and
E™ +PV int int
Zrp= / / exp (- V) QE™ V)dE™AV ()
’ V. Einl kBT

is the system configuration integral, V is the volume of the
system, E'™ is the interaction energy of the system, and kg is
the Boltzmann constant.

For a sufficiently accurate estimate of Q(Ei“‘,V), we em-
ployed the multiple-histogram (MH) approach (see Ref. 28
and references therein). First, 2D energy-volume histograms
are collected from a series of NPT PTMC simulations per-
formed over a sufficiently broad range of temperatures and
pressures, and then the 2D density of states, Q(Eim,V), re-
quired for the evaluation of ensemble averages, is obtained
by an iterative scheme over the grid of interaction energies
and volumes. The PTMC calculations are carried out for 414
replicas of the system covering 23 values of pressure (P,) in
the range of 3 kPa to 10 GPa, and 18 temperatures (7},) in the
range of 30 to 1000 K. We should note that the upper limit
in the temperature, which goes beyond a physically relevant
value, is necessary for achieving convergence in the PT sim-
ulations. In Table 1 all possible combinations of these 414
systems simulated in parallel are listed. For both temperatures
and pressures, an exponential increase of spacing is used, in
order to efficiently sample the system configuration space, as
energy and volume fluctuations are small at low temperature
and high pressure. The external pressure is modeled by a hard-
wall spherical container of a variable radius, with an upper
limit set to 200 A to control the volume growth at low pres-
sures and high temperatures.

It should be noted here that the high temperature values are
used for achieving a rapid convergence in the PTMC calcu-
lations. In total, 5x 107 MC steps are performed for reach-
ing each system at thermodynamic equilibrium, and 5x 10’
more MC steps are then used to generate the energy-volume
histograms by collecting data from every 50" of these ad-
ditional steps. The 2D density of states is calculated from
414 energy-volume histograms, each of them having 2000000
points (1000 different energies and 2000 different volumes),
with exponential increase of spacing for increasing interaction
energy and volume. From the 2D density of states, we finally
computed heat capacities and Pearson correlation coefficients
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Table 1 Temperature (7;,) and pressure (P,,) values used in the
present PTMC simulations.

n/m T.[K] P,|GPa]
1 30 0.000003
2 38 0.00001
3 47 0.00003
4 62 0.0001
5 80 0.0003
6 104 0.001
7 132 0.003
8 166 0.01
9 203 0.03
10 240 0.1
11 261 0.15
12 294 0.2
13 330 0.3
14 400 0.5
15 490 0.7
16 600 1
17 750 1.4
18 1000 2
19 2.7
20 3.8
21 54
22 7.5
23 10

for 400 different temperatures and 400 different pressures,
in total 160000 values of measured parameters in the (7',P)
plane. One can see the main advantage of the method: from
the NPT PTMC calculations we obtained values of thermo-
dynamics parameters only for 414 temperature-pressure pairs,
while with the 2D MH method the thermodynamics parame-
ters are evaluated for 160000 temperature-pressure points.

We used the heat capacity as the tool for studying the phase
change properties of the clusters in the direction of tempera-
ture and the Pearson correlation coefficient in the direction of
the pressure. In this work, the residual part of the constant-
pressure heat capacity is used,

cies — KITZ [<<Hint)2> ~ <Hmt>2} , 3)

where H™ = E"t 4 PV and the Pearson correlation coeffi-
cient for volume and energy,
<Eintv> _ <Eim> <v>

P 4
Pginy - ; “)

with (E™) and (V) denoting the mean values and Ggin and
oy being the variances of the interaction energy and volume,
respectively.

Using Ci* and pgin y,, we constructed temperature-pressure
phase diagrams for the specific size clusters (N=20) corre-

sponding, as we mentioned above, to the building blocks
(small or medium cage) of s, sII and sH hydrate lattices '*.
We should also note that in finite systems, the phase changes
are not sharp and occur over a more or less wide region of
temperatures and pressures. We represent these regions in a
simplified way by curves, namely coexistence curves, corre-
sponding to the maxima of the heat capacity along the temper-
ature axis, and the minima/maxima of the Pearson correlation
coefficient for interaction energy and volume detected along
the pressure/temperature axis>®. For analyzing the structures
under different 7',P conditions, local enthalpy optimizations
are also carried out for 128 ramdomly selected configurations
for each T,P point from the PTMC simulations, with tem-
peratures values up to 240 and 294 K for the (H2O), and
Ar-(Hy0),9 cluster, respectively, and pressure values up to
5.4 GPa. Such minimizations are performed via the simu-
lated annealing method° for a NPT statistical ensemble us-
ing a probability weight of exp(—%) for sampling the
cluster configurations and volumes, with starting temperature
of 5 K and final one 0.01 K. Current temperature has been de-
creased every 50" MC step by a factor of 0.999. We should
note that the fast cooling and the low initial temperature were
adopted so that a local optimization to the nearest local mini-
mum be performed.

2.2 Model interaction potentials

Water model potential: For the water-water interactions the
TIP4P/ice model?! is used. Comparison between different
water models have shown that the TIP4P/ice reproduces in a
very good agreement with the experiment three phase coexis-
tence lines in methane-hydrate " and in general, there is also
a good correspondence with the relative isomer energetics for
the (H>O),0 (D-cage) and (H,O)24 (T-cage) clusters compared
with results from other water model pote:ntials,32’33 as well as
with those from MP2 and DFT calculations (see Refs. 34,35
and references therein). In the TIP4P/ice model a negative
charge is placed (M-site) 0.1577 A from the O atom along
the the Cp-axis of the water molecule. The parameters of the
TIP4P/ice are given in Table 2, with the a fixed C,, geometry
for each water molecule with the OH distance of 0.9572 A,
and /HOH of 104.5°.

Ar-water potential: For describing the Ar-water interac-
tion, we choose two different types of interaction potentials
based on semiempirical and ab initio parameterized forms. In
this way we could analyze the effect of the Ar-H»O interaction
on the structural stability and changes in the Ar—water cluster.

The semiempirical potential combines van der Waals (vdW)
interactions between the Ar atom and the water molecule, and
electrostatic interactions between the point charges g; and g,
centered on M-site and H atoms of each water molecule, and
is given by
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Fig. 1 Top panel: Ab initio and semiempirical potential energy
curves are plotted for the Ar—H,O complex as a function of the
Ar-O0 distance. For the ab initio curves the structures of the
minimum (M1, see color-dashed line) and saddle-points (S1, S2,
and S3, see color-dashed and black-solid line, respectively) of the
ArH, O system are also displayed (lower-side inset plot). In the
upper-side inset plot the potential curves are shown as a function of
the distance along the z-axis between the Ar atom and the center of
mass of a pentagon of water molecules. Bottom panel: Ab initio and
semiempirical potential energy curves are shown as a function of the
distance between the Ar atom and the center of mass of the 5! cage
formed by 20 H>O molecules (see upper-side inset plot and text).

Table 2 Partial atomic charges and LJ parameters for the
TIP4P/ice! and the Ar atom? used in the present PTMC
simulations. The LJ potential parameters between Ar—O atoms are
determined by combination rules (see text).
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Atom qle] olA] £[kJ/mol]
O(water) 0.0 3.1668 0.882159
H(water) +0.5897 0.0 0.0
M(water) -1.1794 0.0 0.0

Ar 0.0 3.359 1.183

y i qiq,
Var-H,0 = +4¢;;
’ el

() -
Tij Tij

&)
where i and j summation runs over Ar and all O, H, M-site
centers on each HyO molecule, respectively. The standard
Lorentz-Berthelot combination rules are used to determined
the Lennard-Jones (LJ) parameters between unlike atoms,
€' = (¢'e/7)1/? and 6/ = (6" 4 677) /2. The LJ parameters
between similar type atoms, £ and ¢¥ corresponding to the
O atom from the TIP4P/ice water model3!, and €/ and 67/
corresponding to the Ar atom?, are listed in Table 2 together
with the partial charges for the Coulombic interactions.

The ab initio PES for the Ar—water interaction is taken from
Ref. 3. This intermolecular potential has been constructed
by fitting an analytical many-body expression to high level
CCSD(T) ab initio data refined at the complete basis set limit
by evaluating its correction at four stationary points of the
PES. The most stable geometry for the Ar-H,O interaction
corresponds to a planar configuration, namely M1, as well as
the next S1, and S2 ones corresponding to saddle-points of the
PES, while the S3 has an out of plane configuration with the
Ar atom in an almost perpendicular position to the H,O plane
(see the lower inset in the top panel of Fig.1).

To compare the Ar-water interactions predicted by the
semiempirical (see Eq. 5) and ab initio potentials, we plot the
potential curves as a function of the Ar—O distance in Fig. 1
(see top panel) for the orientations corresponding to the M1,
S1, S2 and S3 stationary points of the complex (see the lower
inset in the top panel of Fig. 1).

One can see that the semiempirical and ab initio curves for
the S3 orientation of the Ar-H,O system are very similar to
each other, although the ab initio potential shows a deeper and
more anharmonic well than the semiempirical one. In addi-
tion, in the upper inset we display comparisons of these po-
tential curves for the interaction between the Ar atom and a
pentagon formed by water molecules, as part of the 5'> (D-
cage). As can be seen the differences between the semiempir-
ical and ab initio potential wells are now larger, as well as in
the repulsive part of the curves. Finally, in Fig. 1 (see bottom
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Fig. 2 Temperature-Pressure phase diagram of the (H,O)yq cluster (see text for symbols labelling various regions).

panel) we show the potential curves corresponding to the total
interaction of the Ar atom with 20 H,O molecules forming a
512 cage. The Ar atom could be inside (encapsulated) or out-
side the cavity (see upper inset in bottom panel of Fig. 1) as it
moves along the z-axis.

The main differences between the two, ab initio and
semiempirical, types of curves (solid black and blue lines,
respectively) are in the repulsive part of the PESs, with the
high barriers corresponding to the “on surface” position of the
Ar atom. The ab initio potential is close to the semiempir-
ical one only in the flat minimum area, at energies of about
-1700 cm™!, corresponding to configurations with Ar inside
the cage. In contrast, the semiempirical curve is very different
with much larger repulsion at configurations nearby the sur-
face of the cage. As we can see in the bottom panel of Fig. 1,
the barriers for the formation of the Ar—cage hydrate are much
higher for the semiempirical interactions than for the ab initio
ones. The repulsive parts of the potentials, as we will discuss
below, are related to the outside-to-inside structural transition
of the Ar atom in the high pressure regimes.

3 Results and Discussion

Pure water cluster:

As we mentioned above, the TIP4P/ice water model is em-
ployed here for the water-water interactions. Previous stud-
ies on selected medium-size water clusters, with up to 24
molecules, have been reported 25,3536 although all of them are
mainly dealing with structural transformation of such clusters
at zero temperature and pressure obtained from global clus-
ter structure optimization methods, while more recently the
phase behavior of such cluster sizes have been presented up to
pressures of 1 GPa?8. Here, as we are interested in structural
changes in the region of higher pressures, we extend this study
up to pressures of 10 GPa.

As we described in section 2, we used the Cp* and pgin

in order to construct temperature-pressure phase diagrams for
the specific size clusters. In Fig. 2 we display the phase di-
agram for the (HyO)yo pure water cluster. In general, the
contour lines correspond to the Ci* values, while the coexis-
tence curves indicate different types of cluster transformation
in the (7, P)—plane between three main regions corresponding
to solid-like (S), liquid-like (L), and gas-like (G) phase of the
cluster. We are using here the same nomenclature as used in
the bulk, however, we should emphasize that the coexistence
curves are just a simplified representation of much broader co-
existence regions typical for finite systems, and thus the anal-
ogy with the bulk is only loose. The coexistence curve shown
by black dot lines correspond to the maxima of the heat capac-
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Y

Fig. 3 Structural changes occur for the (H,O);( cluster at low
temperatures as pressure increases. The “all surface” correspond to
the edge-sharing (left side) and face-sharing (right side) pentagonal
prisms.

ity, while blue and red dot lines depict the minima and maxima
of the Pearson correlation coefficient, respectively, and cross
symbols indicate the grid points (see Table 1) in (7',P)-plane
used in the PTMC calculations. At low pressure the coex-
istence curves for the solid-like to liquid-like and liquid-like
to gas-like transitions are getting very close to each other as
they enter to the triple-point (TP) region of the cluster, a finite-
size analogue to the macroscopic picture. Also, at high pres-
sures the solid-liquid curve disappears, the cluster approaches
the critical-point (CP) region, and something like supercritical
fluid (SF) phase emerges.

By comparing with the phase diagram for the N=20 wa-
ter cluster using the TIP4P water model reported in Ref. 28
for pressure values up to 1 GPa, we see a similar pattern at
the pressure range between 10-100 MPa, while some differ-
ences are found at the higher pressure regime, P > 0.5 GPa.

In particular, we found that the transition at pressures around
30 MPa (15-60 MPa for the TIP4P) and low temperatures oc-
curs from the “all-surface” (all water molecules on the sur-
face of the cluster) to internally solvated or cage-1 like (one
molecule at the center with the remaining ones forming a
cage around it) structures. In Fig. 3 we depict the evolution
of the corresponding configurations, obtained from local en-
thalpy minimizations, as we discussed in section 2, as tem-
perature and pressure increase. At 3 MPa < P < 30 MPa
and T < 60 K we only observe “all-surface” configurations
that correspond to the edge-sharing and face-sharing pentagon
prisms (see lower-side structures in Fig. 3), as well as few
irregular fused-cubes structures. Although the edge-sharing
structure is the most abundant isomer, after a slight increase
of the temperature the face-sharing configurations are also de-
tected. For comparison reasons, in Table 3 we list the total
binding energies of the four lowest (H,O)>9 minima from MP2
complete basis set (CBS) calculations >, as well as those pre-
dicted by the TIP4P/ice®' and TIP4P3¢ models. As we men-
tioned above, the TIP4P/ice water model has been designed
to describe solid-phase water properties, and as it was ex-
pected larger deviations are obtained in the total binding en-
ergies compared to the TIP4P and MP2 results. However,
we should point out that the relative energies are compara-
ble, with the edge-sharing pentagon prisms being the global
minimum of the MP2/CBS calculations and TIP4P/TIP4P/ice
water models, and lower in energy by 5.3 and 0.9/0.9, 2.9 and
1.4/1.7 and 17.8 and 11.2/13.8 kcal/mol than the fused-cubes,
face-sharing pentagon prism and pentagon dodecahedron (D-
cage) isomers, respectively.3>36 Further, we should note that
these potential minima are separated by high barriers, which
might lead to non-ergodic behavior by causing convergence
problems in the simulations. However, all low-lying isomeric
configurations have been observed during the present simula-
tions indicating that the PTMC methodology efficiently pre-
vents such effect. For pressures just above 30 MPa we start to
observe irregular internally solvated structures that the popu-
lation of which rapidly grows as the pressure is increasing.

Table 3 Total binding energies (in kcal/mol) for the four low-lying
families of minima of the (H,O),( calculated at the MP2/CBS level
of theory 3> and compared with the values from the TIP4P/ice 3! and
TIP4P3% water models.

Page 6 of 12

Cluster structure Energy
MP2/CBS TIP4P TIP4P/ice
Dodecahedron -200.1 -197.5 -237.7
Fused cubes -212.6 -207.8 -250.6
Face-sharing
pentagon prisms -215.0 -207.3 -249.8
Edge-sharing
pentagon prisms -217.9 -208.7 -251.5
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As we mentioned above, in this study we focus on transi-
tions at high pressures, and therefore, as one can see in Fig. 2,
the grid of the points is denser in the high pressure/low tem-
perature regime. By analyzing the minima of the Pearson cor-
relation coefficient, one can see that various structural transi-
tions appear to take place for pressure values P > 0.5 GPa.
At pressure value around 0.7 GPa, the first of such solid-solid
changes takes place, and corresponds to the transition from
irregular or cage-1 like to the regular cage-1 structure (see up-
per two structures in Fig. 3), with the regular cage-1 config-
uration to be the dominant one for P > 1GPa. By examining
the heat capacity anomalies in the TIP4P/ice phase diagram
(H20O)y0 at this high pressure range, one should expect ad-
ditional transitions, however we did not observe any further
structural changes, especially the one corresponding to ener-
getically higher family of pentagon dodecahedron (D-cage)
minima on the (H,O),¢ cluster PES. We should note that such
guest-free clathrates of sI and sII structures have been pre-
dicted theoretically as stable phase of water at negative pres-
sures. 7

Note also that our PTMC results indicate only quantitative
differences between the TIP4P and TIP4P/ice water models
on the observed transitions at low/high temperature/pressure
regimes for the water cluster under study.

Ar(H;0)y cluster: In Figure 4 we present the phase dia-
grams calculated for the Ar(H,0O)y cluster using the ab initio
and semiempirical potentials (see top and bottom panels of the
figure, respectively). As previously, one can see the coexis-
tence curves corresponding to evaporation of the systems (see
red and black dotted lines) for 7 > 300 K, and to the cluster
melting (black dotted line) for P > 100 kPa and 7 > 250 K,
while at low temperatures and low pressures P < 100 kPa we
detect some Ar evaporation (black dotted line).

The decomposition curve of Ar hydrates has been measured
by differential thermal analysis, and Raman scattering up to
pressures of 1.5, and 3 GPa, respectively, and temperatures
between 233-443 K 13:18:3839  Features on the curve, such as
its maximum and fractures, have been used to suggest, ini-
tially, the formation of at least three hydrates in the Ar-H,O
system, with the sI structure to be stable at high pressures of
15 kbar and up to temperature of 348 K38, Later on, more de-
tailed diffraction studies 72039 have been carried out, where
discrepancies have been found in the transition from the sII
to sH structure at 0.46 GPa and ambient temperatures, while
they agree in the formation of the tetragonal structural type of
clathrate at pressure around 0.7 GPa, and also for the filled-ice
structure at higher pressures >3, Here, one can see in Fig. 4
that the melting curves of the phase diagrams show the decom-
position of the Ar(H>0O) cluster at high pressures (P between
1 and 2 GPa) and at temperatures around 350 K for both ab
initio and semiempirical potentials. Below, we will discuss on
the solid-solid structural changes predicted by the present re-

sults from the semiempirical interactions, and will try to draw
some relation with the above experimental findings.

In Figure 5 (see top panel) we plot the dependence of the
system mean volume, interaction energy, and Pearson corre-
lation coefficient as a function of pressure at a temperature of
50 K. One can see in Fig. 5 that the interaction energy and
volume of the system become strongly anti-correlated in the
solid-to-solid transition region and, as a consequence, the p
coefficient develops sharp minimum close to -1. Similar be-
havior is also observed at other temperatures close to 7 =50 K,
with such transitions to take place at pressure values around
100 MPa, 2.2 GPa, and 3.8 GPa, as we discuss below in Fig. 4.
In the bottom panel of Fig. 5 we show, as a function of temper-
ature, the distance of the Ar atom from the center of mass of
the 20 water molecules, as well as the radius of the surround-
ing pressure container at pressures of 3 and 30 kPa. One can
observe the Ar evaporation at low temperatures of 50-70 K
and 60-100 K at 3 and 30 kPa pressure values, respectively,
while the water molecule(s) evaporation takes place at higher
temperatures of 300-320 K for the low pressure value, as well
as above 320 K for P=30 kPa. This is in accord with the evap-
oration coexistence curves of Fig. 4, as we mentioned above.

Based on the Pearson correlation coefficient profile, for
pressure values P > 0.5 GPa, we observed transitions cor-
responding to solid—solid changes for both the ab initio and
semiempirical potentials. In particular, by performing local
enthalpy optimizations and analyzing various optimized con-
figurations along the MC calculations performed at various
temperatures and pressures we detected 3 main transitions in
the Ar(H,0O),0 cluster, when the semiempirical Ar—-H,O po-
tential is used. They are denoted by the labels A, B and C
in Fig.. 4 and typical structures, obtained from local enthalpy
minimizations, as we discussed in subsection 2.1, which ap-
pear prior and after each particular transition are given in
Fig. 6. At low temperature, 7 < 100 K, and pressure val-
ues below 100 MPa we observed structures corresponding to
the Ar atom attached to “all-surface” configurations, such as
the edge-sharing pentagonal prisms, and as the pressure is in-
creased one can see that the pentagonal prisms structures are
deformed and for P > 100 MPa we detect the transition to the
water cage-1 structures with the Ar atom outside. As we men-
tioned above, such a transition was observed at slightly lower
pressure of 30 MPa in the phase diagram of the (H,O)y¢ clus-
ter (see Figs. 2 and 3). For pressure values P < 2 GPa we only
observe structures with the Ar atom attached to the pentago-
nal or cage-1 structures of the (H,O),¢ cluster (see region A
in Figs. 4 and 6), while at pressure of 2 GPa a transition from
outside to inside Ar configurations occurs. This transition is
sharp at low temperatures, and it proceeds gradually as the
temperature increases (see region B in Figs. 4 and 6). One can
see that at low temperatures and high pressures we obtain con-
figurations with the Ar atom inside to an irregular cage formed

This journal is © The Royal Society of Chemistry [year]
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T=50 K. The range for the pgin y is from -1.0 to 0. Bottom panel:
The Ar distance from the center of mass of the 20 water molecules
and the radius of the pressure container as a function of temperature
at P=3 kPa (solid lines) and 30 kPa (dashed lines).

by the 20 water molecules. Although such structures are the
most abundant ones even at higher pressures, up to 3.8 GPa,
we also observe regular 5'2 cages for the Ar clathrate (see re-
gion B), with a relative abundance about 10-15%. In addition,
at P=2.7 GPa we found cages formed by tetragons and pen-
tagons, similar to the irregular cages found at lower pressures,
while by increasing the temperature at this pressure, as well as
by increasing only the pressure, structures with tetragons, pen-
tagons and hexagons (see region C in Figs. 4 and 6) are also
detected. Similar type of cages, e.g. the medium size 43506
cage is one of building blocks of the sH clathrate structure,
together with the 5! cage that also appears in both sI and sII
type of clathrates. By analyzing the cages observed, we gain
more information on the structural changes and can draw some
connections with phase transitions in bulk, reported from dif-
ferent experiments performed for the Ar hydrate. !31820.38.39

In particular, on the basis of our results, we may speculate
that structural changes from the irregular cage/Ar inside to the
regular 5'2 cage, taking place in region B of the phase digram,
corresponds to the formation of the Ar hydrate at pressure of
2 GPa, while the structural change from the small 512 o the
medium 435°63 cage for the Ar(H,O),q cluster taking place
at P > 2.7 GPa (region C) could be a germ of a transition
from sI/sII to sH for the Ar hydrate observed experimentally
at P > 0.46 GPa!3183839  However, such attempts should
be seen as (partial) cluster approach to the unit shell of such
clathrates, and thus, as a starting point since further calcula-
tions are still needed in order to provide solid insights.

By inspecting the phase diagram of the Ar(H,O),¢ cluster
using the ab initio Ar-H,O PES (see top panel of Fig. 4), we
found several differences compared to that obtained with the
semiempirical potential (see bottom panel of Fig. 4). One can
see that the coexistence line corresponding to the Ar evapo-
ration at low temperatures and pressures, shows a slight dis-
placement to lower pressures and higher temperatures for the
ab initio potential. The same occurs for the evaporation of
the water monomers from the cluster at the high tempera-
ture regime. The slope of the melting coexistence curve is
smaller for the ab initio potential at T > 260 K. In contrast
to the semiempirical potential, the melting curve shows sev-
eral discontinuities at pressure values between 1-2 GPa and
3.8-5.4 GPa. For the solid-solid transitions at high pressures,
we can see that more structural changes are predicted for the
ab initio potential, however, in contrast to the semiempirical
PES results, we did not observe any transitions to clathrate-
like structures in the range of T-P values studied. In particu-
lar, at low pressures, structures with the Ar atom outside the
water cluster are found, like the ones in the region A of the
Fig. 6, while by increasing the pressure the water molecules
surround the Ar atom forming an open-irregular-cage. As we
mentioned above, such behavior is related to the repulsive part
of the potential, that is accessible at high pressures, and as it

This journal is © The Royal Society of Chemistry [year]
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can be seen in the bottom panel of Figure 1, the semiempirical
PES shows considerably higher barriers than the ab initio ones
for the inside-to-outside transition (see structures in Fig. 6),
indicating more stable encaged structures for the Ar(H,O)y0
cluster at higher pressure values.

4 Summary

Temperature-pressure phase diagrams are constructed using
a two-dimensional multiple-histogram approach and from
parallel-tempering isothermal-isobaric Monte Carlo simula-
tions for (H,O),9 and Ar(H,O)y clusters. The PTMC cal-
culations are performed for a wide range of temperatures and
pressures. Various thermodynamic and structural parameters
are recorded, such as cluster energy and enthalpy, constant-
pressure heat capacity, volume, and Pearson correlation coef-
ficient for energy and volume, as well as structural isomers,
that subsequently are analyzed. In the following we briefly
summarize the main findings of this study, which is mainly
focused on the high pressure and relatively low temperature
regimes.

For the pure water cluster, (H,O),0, we check the perfor-
mance of the TIP4P/ice model potential and found only quan-
titative differences comparing with previously reported results
using the TIP4P water model up to P=1 GPa. We observe
structural changes corresponding to solid-solid transitions that
at low pressures correspond to changes from the “all-surface”
(edge- and face-sharing pentagonal prisms) structures to the
cage-1 like structures, while at higher pressures transitions to
the cage-1 isomeric structure occur.

For the Ar(H,0),¢ cluster we employed two different PESs
for the Ar-H,O interaction. Using the semiempirical Ar-H,O
surface leads, as we have shown, to specific transitions at the
high pressure regime corresponding to structural changes from
outside-to-inside structures, then to regular 512 gtructures at
about 2 GPa, while at higher pressures structures formed by
tetragons and hexagons are also observed. Such transitions
to regular 5'2 structures are not observed in the simulations
employing the ab initio Ar-H,O PES, thus we relate this be-
havior to the shape of the repulsive part of the two potentials.
Thus, structural transitions in Ar clathrates at high pressure
are shown to be a consequence of the increasing intermolecu-
lar interaction at the repulsive region.

The present work is intended as a first step towards a more
detailed description and understanding of structural changes
in pure water and Ar-water clusters under high pressures. Ul-
timately, a direct comparison with available experiments on
Ar clathrate hydrate is desirable. However, even the size of
the unit cell of such clathrates are not tractable by such the-
oretical modelling, and to the best of our knowledge no ex-
perimental data are available for Ar-water clusters. Thus, we
hope that by extending the present simulations to larger cluster

sizes, such as 24 and 36, as well as with higher occupancy in
these large cages, we could then extract valuable information
and insights for transitions occurring in the building blocks of
the sl, sII and sH Ar clathrate hydrates.

5 Acknowledgements

This work has been supported by the the MICINN grant
FIS2011-29596-C02-01, and COST Action CM 1204 (XLIC).
A.V. and R.K. acknowledge financial support by EU Oper-
ational Programmes Research and Development for Innova-
tions and Education for Competitiveness funded by Struc-
tural Funds of the European Union and the state budget
of the Czech Republic (grants no. CZ.1.05/1.1.00/02.0070
and CZ.1.07/2.3.00/30.0055), and by the Ministry of Ed-
ucation, Youth and Sports of the Czech Republic (grants
no. LM2011033 and 7E12028). The calculations were per-
formed on the HPC resources of UHEM: National Center
for High Performance Computing, Turkey, and University
Center for Information Technology, University of Oslo, Nor-
way, made available within the Distributed European Com-
puting Initiative by the PRACE-2IP, receiving funding from
the European Community’s Seventh Framework Programme
(FP7/2007-2013) under grant no. RI-283493, and on the com-
puters of the IT4Innovations National Supercomputing Cen-
ter, VSB - Technical University of Ostrava (grant no. IT41-1-
5), and Centro de Calculo (IFF-CSIC) and SGAI (CSIC).

References

1 F. Abraham, Homogeneous Nucleation Theory, Academic Press, 1974.

2 S. Alavi, J. A. Ripmeester and D. D. Klug, J. Chem. Phys., 2006, 125,
104501-104511.

3 J. Makarewicz, J. Chem. Phys., 2008, 129, 184310-184320.

4 R. V. Belosludov, Y. Y. Bozhko, O. Subbotin, V. R. Belosludov,
H. Mizuseki, Y. Kawazoe and V. M. Fomin, J. Phys. Chem. C, 2014, 118,
2587-2593.

5 0. S. Subbotin, T. P. Adamova, R. V. Belosludov, H. Mizuseki, Y. Kawa-
zoe, J.-I1. Kudoh, P. M. Rodger and V. R. Belosludov, J. Chem. Phys, 2009,
131, 114507-114515.

6 O.S. Subbotin and V. R. Belosludov, J. Struct. Chem., 2002, 43, 545-551.

7 S. Yoo, M. V. Kirov and S. S. Xantheas, Journal of the American Chemi-
cal Society, 2009, 131, 7564-7566.

8 C. Vega, J. L. F. Abascal, M. M. Conde and J. L. Aragones, Faraday
Discuss., 2009, 141, 251-276.

9 T.J. Frankcombe and G. J. Kroes, J. Phys. Chem. C, 2007, 111, 13044—
13052.

10 D. Luis, J. Lopez-Lemus, M. Mayorga and L. Romero-Salazar, Molecular
Simulation, 2010, 36, 35-40.

11 M. Conde and C. Vega, J. Chem. Phys., 2013, 138, 056101-056103.

12 J. S. Loveday and R. J. Nelmes, Phys. Chem. Chem. Phys., 2008, 10,
937-950.

13 Y. Dyadin, . Larionov, E. Aladko, A. Manakov, F. Zhurko, T. Mikina,
V. Komarov and E. Grachev, J. Struct. Chem., 1999, 40, 790-795.

14 E. D. Sloan and C. A. Koh, Clathrate Hydrates of Natural Gasess, CRC
Press, 3rd edn., 2007.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-12 | 11



Physical Chemistry Chemical Physics

Page 12 of 12

16

17

18
19

20

21

22
23

24
25

26
27

28
29

30
31

32
33
34
35

36
37

38

39

N. L. Papadimitriou, I. N. Tsimpanogiannis, A. K. Stubos, A. Martin, L. J.
Rovetto and C. J. Peters, J. Phys. Chem. Lett., 2010, 1, 1014-1017.

Y. A. Dyadin, E. G. Larionov, A. Y. Manakov, F. V. Zhurko, E. Y. Aladko,
T. V. Mikina and V. Y. Komarov, Mendeleev Commun., 1999, 9, 209-210.
A. Manakov, V. Voronin, A. Kurnosov, A. Teplykh, E. Larionov and Y. A.
Dyadin, Dokl. Phys. Chem., 2001, 378, 148—151.

H. Lotz and J. Schouten, J. Chem. Phys., 1999, 111, 10242-10247.

S. Desgreniers, T. Flacau, D. Klug and J. Tse, Proceedings abstract of
CeSMEC conference, Florida, 2003.

H. Hirai, Y. Uchihara, Y. Nishimura, T. Kawamura, Y. Yamamoto and
T. Yagi, J. Phys. Chem. B, 2002, 106, 11089-11092.

S. Sasaki, S. Hori, T. Kume and H. Shimizui, J. Phys. Chem. B, 2006,
110, 9838-9842.

V.N. McCarthy and K. D. Jordan, Chem. Phys. Lett., 2006, 429, 166—168.
A. V. Egorov, E. N. Brodskaya and A. Laaksonen, Comput. Mater. Sci.,
2006, 36, 166-170.

B. Hartke, J. Chem. Phys., 2011, 130, 024905-024913.

U. Buck, C. C. Pradzynski, T. Zeuch, J. M. Dieterich and B. Hartke, Phys.
Chem. Chem. Phys., 2014, 16, 6859-6871.

G. L. Holden and D. L. Freeman, J. Phys. chem. B,2011, 115, 4725-4744.
A. Vitek, A. Ofiala and R. Kalus, Phys. Chem. Chem. Phys., 2012, 14,
15509-15519.

A. Vitek and R. Kalus, Comput. Phys. Commun., 2014, 185, 1595-1605.
T. Okabe, M. Kawata, Y. Okamoto and M. Mikami, Chem. Phys. Lett.,
2001, 335, 435-439.

S. Kirkpatrick, C. G. Jr and M. Vecchi, Science, 1983, 220, 671680.

J. Abascal, E. Sanz, R. G. Fernandez and C. Vega, J. Chem. Phys., 2005,
122, 234511-1-10.

B. Hartke, Phys. Chem. Chem. Phys., 2003, 5, 275-284.

J. Yin and D. Landau, J. Chem. Phys., 2011, 134, 074501-1-9.

G. Fanourgakis, E. Aprd and S. Xantheas, J. Chem. Phys., 2005, 121,
2655-2663.

S. Yoo and S. S. Xantheas, in Structures, Energetics, and Spectroscopic
Fingerprints of Water Clusters n = 2-24, Springer, 2012, pp. 761-792.
D.J. Wales and M. P. Hodges, Chem. Phys. Lett., 1998, 286, 65.

L. Jacobson, W. Hujo and V. Molinero, J. Phys. Chem. B, 2009, 113,
10298-10307.

Y. A. Dyadin, E. G. Larionov, D. S. Mirinski, T. V. Mikina and L. L.
Starostina, Mendeleev Commun., 1997, 7, 32 — 33.

A. Manakov, V. Voronin, A. Kurnosov, A. Teplykh, V. Komarov and Y. A.
Dyadin, J. Inclus. Phen. Macrocyclic Chem., 2004, 48, 11-18.

12| Journal Name, 2010, [vol], 1-12

This journal is © The Royal Society of Chemistry [year]



