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Abstract The complex behavior of liquid water, along with its anomalies and their crucial

role in the existence of life, continue to attract the attention of researchers. The anomalous

behavior of water is more pronounced at subfreezing temperatures and numerous theoretical

and experimental studies are directed towards developing a coherent thermodynamic and

dynamic framework for understanding supercooled water. The existence of a liquid–liquid

critical point in the deep supercooled region has been related to the anomalous behavior

of water. However, the experimental study of supercooled water at very low temperatures

is hampered by the homogeneous nucleation of the crystal. Recently, water confined in

nanoscopic structures or in solutions has attracted interest because nucleation can be de-

layed. These systems have a tremendous relevance also for current biological advances; e.g.,

supercooled water is often confined in cell membranes and acts as a solvent for biological

molecules. In particular, considerable attention has been recently devoted to understanding

hydrophobic interactions or the behavior of water in the presence of apolar interfaces

due to their fundamental role in self-assembly of micelles, membrane formation and
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protein folding. This article reviews and compares two very recent computational works

aimed at elucidating the changes in the thermodynamic behavior in the supercooled region

and the liquid–liquid critical point phenomenon for water in contact with hydrophobic

environments. The results are also compared to previous reports for water in hydrophobic

environments.

Keywords Water · Hydrophobic · Confinement · Solutions · Simulations

PACS 64.70.Ja · 65.20.-w · 66.10.C-

1 Introduction

We often think of water as a typical liquid because of its ubiquity in our lives. However,

the thermodynamic behavior of water is very complex and anomalous when compared to

simple liquids [1, 2]. Its isothermal compressibility, isobaric specific heat, and coefficient

of thermal expansion, in fact, show a non-monotonic behavior, displaying an apparent

divergence in the supercooled region [3, 4]. Moreover, water presents a density anomaly,

i.e., a decrease in density upon isobaric cooling [5]. The border of the region of density

anomaly is marked by the temperature of maximum density (TMD) line.

To explain the anomalous behavior of water, in 1992 the liquid–liquid critical point
scenario was hypothesized for supercooled water [6]. Since then, several computer simu-

lations have modeled a singular behavior for supercooled water, i.e., the appearance of a

liquid–liquid critical point (LLCP) at the end of a liquid–liquid phase transition (LLPT)

line between two types of liquid water, high-density liquid (HDL) and low-density liquid

(LDL) [7–14].

The experimental study of water in the supercooled region, where its anomalies are more

pronounced, is extremely difficult due the homogeneous nucleation of the crystal phase,

occurring at T = 235 K at ambient pressure [1]. One way to explore this experimentally

unaccessible region is to nanoconfine water, which forces it to remain in the liquid phase at

temperatures where bulk water freezes, and a number of recent studies of the behavior of

supercooled water have utilized various confining geometries, such as slits, pores or porous

media [15–29].

The study of confined water at low temperatures is relevant to a wide range of

fields, including food refrigeration and the cryopreservation of, for example, stem cells,

umbilical cord blood, and embryos. In both refrigeration and cryopreservation, extracellular

or intracellular ice formation, dehydration, and solute concentration due to ice crystal

growth can permanently damage cells but, under the proper conditions, this destructive

phenomenon can be inhibited through the use of confinement techniques [30–34].

Another way to extend the accessible region in supercooled water is to investigate aque-

ous solutions, because the homogeneous nucleation temperature of water often decreases in

temperature when solutes are added [35]. Several recent studies have explored supercooled

water in aqueous solutions of hydrophilic [36–43] and hydrophobic solutes [44, 45]. The

properties of supercooled aqueous solutions are relevant to many biological and geophysical

systems and, in particular, are of great interest when cryopreserving biological tissues [46].

Of particular interest is the behavior of water in contact with apolar surfaces or with

apolar solutes. The study of water in these hydrophobic environments helps us understand

such diverse phenomena as biological membrane formation, surfactant micellization, the
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folding of globular proteins, and the stability of mesoscopic assemblies [47–49]. Thus,

understanding how hydrophobic interfaces and solutes affect the thermodynamics of

supercooled liquid water also helps us understand the biology and biophysics of life under

subfreezing conditions. In such studies, the crucial question to ask is how water in the

hydrophobic environment differs from bulk water. One way to approach this fundamental

question is to perform computer simulations. Recent simplified models, such as 2D square

lattice models or 3D spherically symmetric potentials with two length scales, have captured

the anomalous behavior of water, including the appearance of a LLPT ending in a LLCP

[50–53].

In this paper, we review how hydrophobic particles affect the thermodynamic behavior

of supercooled liquid water. In particular, we discuss and compare the results obtained for

hydrophobic objects in a 2D square lattice model for water, studied using Monte Carlo

(MC) simulations [25] and the results obtained for mixtures of hard spheres (HS) and Jagla

ramp potential particles studied using discrete molecular dynamics (DMD) simulations

[44]. These results are then compared to previous observations for water in hydrophobic

environments at subfreezing temperatures [26, 28, 29, 45, 54, 55].

The paper is organized as follows. Section 2 outlines the details of the models used in

our computer simulations [25, 44]. Section 3 reviews the recent findings reported in these

computational studies. The results are compared to previous reports for supercooled water

in hydrophobic environments in Section 4. Conclusions are discussed in Section 5.

2 Models and simulation details

2.1 MC simulations of a coarse-grained model of water confined

in a matrix of hydrophobic particles

The MC method is a computational tool that allows us to simulate the random thermal

fluctuations of a system by sampling its different states at equilibrium. Different algorithms

have been developed to optimize the MC simulation of spin models and cell models [56, 57].

The Wolff cluster algorithm [58] has become a particularly useful tool for the simulation of

water when coarse-grained or cell models are utilized [53, 59–61].

Here we review MC simulations performed in the NPT ensemble on a water monolayer

between two hydrophobic extended flat surfaces separated by about 0.7 nm, partitioned into

N cells, each with four nearest neighbors (n.n.). Each cell is occupied either by a water

molecule or a hydrophobic nanoparticle whose size is controlled by the number of cells

it occupies. The nanoparticles have an approximately spherical shape and are randomly

distributed to form a fixed matrix that mimics a porous system or a rough atomic interface.

Each water cell has four bond indices with q orientations that determine whether a hydrogen

bond (HB) can be formed between the n.n. We choose q possible orientational states based

on the assumption that the HB breaks when its angle deviation exceeds ±30
◦
, therefore q =

360/60 = 6. The model incorporates isotropic interactions, the HB directional two-body

interaction, and the HB many-body interaction. In addition, the model takes into account

the restructuring effect of water in the first hydration shell by explicitly increasing the

strength of the HB by 30%. The coarse-grained model employed in this simulation in

the absence of hydrophobic interfaces has been extensively explored and has reproduced

the thermodynamic anomalies of water and has predicted a first-order LLPT and the LLCP
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[14, 59, 60, 62–69]. Furthermore, the model allows to explain the observed phase transition

in terms of the proliferation of regions with tetrahedrally ordered molecules.

Using MC simulations, we investigated system sizes up to N = 1.6 × 10
5

with

nanoparticles of radius R = 1.6 nm for different concentrations c ≡ (N − N)/N ranging

from 2.4% to 25%, where N is the total number of water cells. The analysis was repeated

for nanoparticles with R = 0.4 nm. A snapshot of this coarse-grained model of a water

monolayer with hydrophobic nanoparticles of R = 0.4 nm and c = 2.4% is shown in

Fig. 1(a).

2.2 DMD simulations on mixtures of Jagla ramp potential

particles and hard spheres

DMD is a computer simulation method in which particles interact with discontinuous

stepwise potentials. In DMD, particles move along straight lines with constant velocities

until a collision, signaled by a discontinuity in the interaction potential, is encountered.

After this event, the coordinates and velocities of the particles are updated. DMD is an

efficient molecular dynamics (MD) technique, and, unlike the standard MD method, it

allows us to easily simulate potentials containing hard cores. In a sense, DMD is equivalent

to a Metropolis MC in which the set of moves is equivalent to the ballistic motion of the

particles. As a result, DMD simulations are very efficient when studying polymers, colloids,

and lipid membranes [70].

Over the last decade, several papers have shown that the presence of tetrahedrality or

even of orientation-dependent interactions in computer models of water are not necessary

conditions for the appearance of water anomalies or of a LLPT [51, 52, 71–88]. In fact, the

a b

Fig. 1 a Snapshot of an equilibrated configuration for the water monolayer with randomly positioned fixed

hydrophobic nanoparticles (yellow spheres) of radius R = 0.4 nm. Each water cell is represented by a

small cyan sphere. Colored lines represent hydrogen bonds between molecules in nearest neighbor cells,

with six possible colors corresponding to different possible bonding states. b Snapshot of an equilibrated

configuration for the mixture of Jagla ramp particles (green spheres) and HS (yellow spheres) with HS mole

fraction xHS = 0.20. The total number of particles is 1728
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Jagla potentials, a family of spherically symmetric potentials composed of a hard core and

a linear repulsive ramp, can reproduce both water-like anomalies and the LLPT by tuning

the ratio between the two characteristic lengths [89–93]. It has been suggested that the hard-

core length corresponds to the first coordination shell of water molecules while the repulsive

ramp length corresponds to the second coordination shell [91–93]. It is important to mention

that Jagla potentials differ from water. In particular, the slope of the LLPT in the P− T
plane, related to the difference in entropy of HDL and LDL, in the Jagla potentials has an

opposite sign with respect to water. It is therefore important to understand the consequences

of the differing entropy behavior by comparing the results of the Jagla potentials with those

of water-like models.

The investigated systems are mixtures of Jagla ramp particles and HS with identical

diameters and the same mass m. The mole fractions studied spanned from xHS = 0.10 to

0.50. A snapshot of the xHS = 0.20 mixture is presented in Fig. 1(b).

In Fig. 2, the shape of the spherically symmetric Jagla ramp potential is shown. For

the results we review, the Jagla potential was built considering a hard-core diameter a
and a soft-core diameter, at the end of a linear repulsive ramp, b, where b/a = 1.72.

The potential was supplemented with an attractive linear tail that extends to the cutoff

c = 3a. The potential has been discretized, with the step �U = U0/8, where U0 is the

minimum of the energy that corresponds to the soft-core distance. The repulsive ramp was

partitioned in 36 steps of width 0.02a and the attractive ramp into eight steps of width

0.16a. The energy at the hard-core distance is defined as UR = 3.56 U0, the value of the

least-squares linear fit of the discretized ramp at r = a. The systems were simulated at a

constant number of particles, volume, and temperature. The temperature was controlled by

a modified Berendsen algorithm [70]. For the DMD simulations, all quantities are expressed

in reduced units: distances in units of a, energies in units of U0, times in units a
√

m/U0,

pressures in units of U0/a3
and temperatures in units of U0/kB. The density is defined as

ρ ≡ N/L3
, with L the edge of the cubic simulation box, and is measured in units of a−3

.

The total number of particles is N = 1728.
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Fig. 2 Spherically symmetric Jagla ramp potential. Its two length scales correspond to the hard-core

distance a and the soft-core distance b. The parameters of the potential studied were set to b/a = 1.72 and

UR/U0 = 3.56. The potential was supplemented by an attractive tail and a long range cutoff was imposed at

c/a = 3. The discretized version of the potential (see text) is shown (black solid line) along with the original

continuous version (blue line)
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3 The LLCP of water in hydrophobic environments

In this section, we present the results obtained in the MC simulations of the coarse-grained

model of water confined in a hydrophobic matrix of particles and in the DMD simulations on

mixtures of Jagla ramp potential particles and HS. There have been extensive computational

studies of both approaches considered here without the addition of the hydrophobic particles

[14, 51–53, 63–65, 94] that showed the presence of water anomalies, such as the density

anomaly and peaks of the thermodynamic response functions. These studies were also

consistent with the theoretical predictions of the existence of two types of liquids, i.e., LDL

and HDL, in the subfreezing region of the P− T phase diagram of liquid water, separated

by a first-order LLPT and terminating with a LLCP. Here we show how the presence of

hydrophobic particles affects the liquid–liquid phase diagram of water.

3.1 MC simulations on 2D water confined in a matrix

of hydrophobic particles

Franzese et al. [14, 53, 59, 60, 63–69] previously showed that for c = 0% the coarse-grained

model of a water monolayer employed here for the MC simulations captures the major

thermodynamic phenomena of liquid water such as the liquid-gas spinodal, the locus of

density maxima, the diffusion anomaly, and a first-order LLPT line that terminates in a

LLCP at about 174 K and 0.13 GPa (Fig. 3). When we added a fixed matrix of hydrophobic
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Fig. 3 P− T phase diagram for the water coarse-grained model at different nanoparticle concentrations c,

obtained by MC simulations. The T axis is shown in logarithmic scale. The liquid-gas spinodal is denoted

by open circles, the TMD line by open squares, and the liquid-liquid spinodal by open diamonds. Lines are

guides for the eyes (dashed for c = 0%, dotted for 2.4% and solid for 25%). Critical points are presented as

large filled circles. The first-order LLPT between LDL and HDL ends in a LLCP (black circle) at T � 174 K

and P � 0.13 GPa for all c. For c = 2.4% and 25% a new critical point emerges at approximately T � 168 K

and P � 0.15 GPa, above which the first-order LLPT can no longer be detected. Figure adapted from Fig. 1

of Ref. [25]
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nanoparticles to the water monolayer we observed a decrease in temperature of the liquid-

gas spinodal, and a deformation of the TMD line. The TMD line shifts to lower T for P
below 0.14 GPa, and to higher T for P above 0.16 GPa [25]. In addition, we noticed a

weakening in the first-order LLPT. In particular, at temperatures below 168 K and pressures

above 0.15 GPa, there is only one liquid phase and there is no LLPT between the LDL

and HDL.

In Fig. 4, we compare the isobars for water with the MC simulations of the coarse-

grained model in the presence of and in the absence of hydrophobic nanoparticles

(concentration c = 25%). For the case of c = 0%, we observe sharp discontinuities in

density ρ for P above 0.13 GPa, which is consistent with a strong LLPT line that

terminates at about 0.13 GPa. On the other hand, water confined in the nanoscopic

hydrophobic particle matrix displays smaller discontinuities in density than that of

c = 0% in a pressure region between 0.13 GPa and 0.16 GPa. This observation indicates a

weakening in the LLPT. Moreover, the maximum slope of ρ vs. T largely decreases above

0.16 GPa, suggesting that there is no first-order phase transition above 0.16 GPa. This

result, together with the fluctuation analysis [25], suggests that in this case, the LLPT

is delimited by two critical points: one at P � 0.13 GPa and another at P � 0.15 GPa

(Fig. 3).

A detailed finite-size scaling study of response functions such as compressibility,

thermal expansion coefficient, and specific heat [25] confirms the absence of the LLPT

at high P above 0.16 GPa. It also shows that even a small number of nanoparticles,

c = 2.4%, is sufficient to reproduce the effect of the reduction of the first-order LLPT

to a narrow region in both P and ρ with two critical points at high and low pressures

(Fig. 3).
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Fig. 4 MC isobars of the coarse-grained model of water with hydrophobic nanoparticles at concentration

c, for a system with size N = 1.6 × 10
5
. Isobars are for P = 0.10 GPa, 0.12 GPa, 0.14 GPa, 0.16 GPa,

and 0.18 GPa (from bottom to top) at c = 0% (red empty circles with solid connecting lines) and at c = 25%

(black empty squares with dashed connecting lines). At high pressures, isobars for c = 0% display an infinite

slope, which is consistent with a strong LLPT. For the case c = 25%, the maximum slope decreases, which

is consistent with the absence of the first-order phase transition
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3.2 DMD simulations on mixtures of Jagla ramp potential

particles and hard spheres

Several thermodynamic studies employing DMD simulations for bulk Jagla ramp particles

have shown a LLPT line that terminates with a LLCP at Tc = 0.375, Pc = 0.243, and ρc =
0.37 [51, 52, 94] (see Section 2.2 for the definition of the quantities). The analysis of the

isotherms and isochores of the mixtures of Jagla ramp particles and hydrophobic HS solutes

with the same size and mass revealed the existence of a LLPT and a LLCP for all mole

fractions investigated [44].

Figure 5 shows that when the mole fraction of the HS in the aqueous solution is increased

the position of the LLCP shifts to a lower temperature and higher pressure. This shift can

occur because the solvation tendency of the HS in the LDL is stronger than that in the HDL

[95–98]. We also notice a narrowing of the region in the P− T plane between the LDL and

HDL limit of mechanical stability (LMS) as xHS increases, suggesting a weakening of the

LLPT line as solute content increases.

The presence of HS narrows the LDL-HDL coexistence envelope in both the P− T
and the P− ρ planes. In Fig. 6, the isotherms of bulk Jagla particles are compared to the

xHS = 0.20 mixtures. Together with the isochores, the liquid–liquid LMS and the liquid–

liquid coexistence line are shown. The LMS line is built by joining the extrema of the

isotherms, and the coexistence line is obtained by the Maxwell construction. When going

from the bulk case to the xHS = 0.20 case, the width of the regions enclosed by both the

coexistence line and the LMS line is reduced, indicating a weaker LLPT. The density

anomaly, indicated by the crossing of the isotherms in the P− ρ plane, is well defined

in the bulk case, but significantly weaker in the xHS = 0.20 case. The phase diagram of

the mixtures changes gradually with concentration (not shown), and while a LLCP with a
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Fig. 5 DMD simulations on the Jagla ramp potential: comparison of the positions of the LLCP (filled
circles) upon the increase of the solute mole fractions from 0, or bulk, (red) to xHS = 0.10, 0.15, and 0.20

(in black, green, and blue, respectively). The data points presented with open symbols show the positions of

the two branches of the liquid–liquid LMS lines for LDL and HDL (labeled only for bulk, for clarity). Lines

connecting the data points are guides for the eyes. Here we observe that upon increasing the solute mole

fraction the position of the critical point shifts to lower temperatures and higher pressures and the region

enclosed by the LMS lines shrinks. The critical line (dashed) joining the LLPCs of the mixtures is drawn as

a guide for the eye. Figure adapted from Fig. 4 of [44]
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Fig. 6 DMD isotherms for the Jagla potential. Isotherms are shown as fourth-degree polynomial fits to

simulated state points in the P− ρ plane for bulk (red solid lines from T = 0.3 to 0.39 with a step of

�T = 0.01) and xHS = 0.20 solution of HS (blue dashed lines from T = 0.28 to 0.36 with a step of

�T = 0.01). The liquid–liquid LMS lines are outlined by striped curves, and the coexistence regions by

thick black curves. In the case of the mixture, the LMS density range is reduced in ρ with respect to the bulk

case. The LLCPs are shown as large filled circles. Density anomaly manifests by crossing of the isotherms in

the low-density region. This isothermal crossing is very well pronounced in the bulk case and is significantly

weaker in the case of the xHS = 0.20 solution. Figure adapted from Fig. 3 of [44]

narrower coexistence envelope is apparent up to xHS = 0.50, the density anomaly disappears

at the highest mole fraction, xHS = 0.50.

4 Comparison to other computational and experimental studies

As we have shown in the previous section, the presence of hydrophobic nanoparticles,

either as a confining medium or as a solute, can significantly affect the phase diagram of

supercooled liquid water. In particular, it affects the behavior of the LLPT and the position

of the LLCP. Several studies in the past have addressed the thermodynamic behavior of

supercooled water in the presence of a hydrophobic environment. Here, we summarize some

relevant findings in the literature and compare them to our own results.

Kumar et al. [28, 29] performed MD simulations on a system composed of 512 TIP5P

water molecules confined between two smooth walls, mimicking solid paraffin. They

observed a 40 K decrease in T in the overall phase diagram of confined water with respect to

bulk water. The temperature shift was qualitatively explained as being caused by the absence

of HBs between the hydrophobic walls and water molecules, which on average reduced the

number of HBs per molecule in the confined water, analogous to the case of bulk water at

high temperatures. Due to the shift to lower T, it was not possible to reach the LLPT found in

bulk water. However, inflections in P− ρ isotherms were observed, implying the proximity

of the system to the LLCP. This result shows that the presence of a LLCP in water in a

hydrophobic confinement is plausible also when using 3D, orientational-dependent water

models, in agreement with the results found for the 2D coarse grained model studied with

MC simulations [25] (see Section 3.1).
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Gallo and Rovere [26] used MD simulation to study the thermodynamic properties

of TIP4P water confined in a rigid disordered matrix of hydrophobic soft spheres upon

supercooling. Although they also observed a reduction in the average number of HBs,

the HB network appeared preserved, in contrast to the case of water confined between

hydrophobic plates. Despite the substantial integrity of the network and the small changes

found in the structural properties of confined water, significant shifts to higher P and lower

T of both the TMD line and the liquid-gas spinodal were found with respect to bulk TIP4P

water. The magnitude of the temperature shift is consistent with water confined between

hydrophobic plates. The authors suggested a weak dependence of the properties of water on

the hydrophobic confining medium. The existence of a TMD line and liquid-gas spinodal

in TIP4P water confined in a rigid disordered matrix of hydrophobic objects compares well

with the results shown for the MC simulations (see Section 3.1).

Chatterjee and Debenedetti [45] conducted theoretical investigations of the effect of

apolar solutes with different strengths of dispersive interactions (solute–solute interactions)

on the mixture phase behavior. They compared this to the bulk phase behavior for a model

that incorporates the presence of the LLPT line and the LLCP and found a critical line

originating at water’s second critical point for aqueous mixtures. This line extended towards

low P and high T as the solute mole fraction was increased, suggesting a possible accessible

experimental manifestation of the LLCP in the deeply supercooled water. The existence

of a critical line originating at the LLCP of water in solution of hydrophobic objects is

in agreement with the results found in the DMD simulations on mixtures of Jagla ramp

particles and HS [44] (see Section 3.2). The difference in the direction of the shift of the

LLCP in solutions could be due to the presence of dispersive interactions between apolar

particles in the Chatterjee and Debenedetti model and/or to the different slope of the liquid–

liquid coexistence line, negative in their case, positive in the Jagla model.

Urbic et al. [54] modeled two-dimensional Mercedes-Benz water, freely mobile in a

rigid disordered matrix of Lennard-Jones disks. They found that the presence of the

obstacles induced perturbations in the water structure. They also demonstrated that high disk

densities greatly affect the HB network, and cause a reduction in such response functions

as compressibility, in agreement with what was observed in the MC 2D coarse grained

model [25].

Finally, Zhang et al. [55] reported experimental results of a 17 K shift towards lower

T of the TMD line in water confined in the hydrophobic mesoporous material CMK-1-14,

which consists of micrometer-sized grains, each with a three-dimensional interconnected

bicontinuous pore structure, with an average pore diameter 14Å, at a hydration level of 99%

at ambient pressure. They measured the broadening of the thermal expansion coefficient

peak in hydrophobic CMK confinement, contrasting with the sharp peak in the hydrophilic

confinement in silica MCM mesopores. The reduction of the anomalous properties of water

in hydrophobic environments agrees with what was observed both in the MC simulations

on the 2D coarse-grained model [25] (see Section 3.1) and in DMD simulations on the Jagla

model [44] (see Section 3.2).

In all of these studies, the effect of the hydrophobic confinement is revealed by a shift in

P− T of the thermodynamic loci. Furthermore, experiments [55] and simulations [25, 54]

reveal a reduction of the fluctuations with respect to the less hydrophobic cases. In

particular, this decrease of fluctuations could be relevant even when the hydrophobic

nanoparticle concentration is small [25].

We finally remark that the difference in entropy behavior between the Jagla potential and

water, and in particular the coarse-grained model of water presented here, should be taken

into account when comparing the results, as this is possibly the origin of the different effect
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of the hydrophobic confinement on the LLPT. In the isotropic Jagla potential, the LDL

phase has a larger entropy than the HDL phase and consequently, through the Clausius-

Clapeyron equation (dP/dT) = (�S/�V), the HDL-LDL coexistence line has a positive

slope. In water and in the coarse-grained model presented here, the LDL phase has a smaller
entropy than the HDL phase, thus the slope of the HDL-LDL coexistence line is negative.

In the Jagla potential with hydrophobic solute [44] the entire LLPT shifts to lower T and

higher P as the solute molar fraction is increased. On the other hand, for the coarse-grained

model of water confined by hydrophobic nanoparticles between hydrophobic walls [25], the

LLCP is almost not affected by the increase of the nanoparticle concentration, but the LLPT

is weakened, and eventually disappears, at high P.

5 Conclusions

We have reviewed and compared two recent computational works describing the changes

in the thermodynamic behavior in the supercooled region of water and in the LLCP

phenomenon for water in hydrophobic environments. We have compared these works with

previous reports for water in hydrophobic environments in order to give an overview of

the modifications in the phase diagram of water at subfreezing temperatures. We have seen

that the presence of a hydrophobic environment can significantly alter the thermodynamic

properties of water. The reported temperature shifts in water anomalies and critical points,

and the weakening of the LLPT as well as its disappearance at high pressures observed in

the MC simulation case, are relevant to current biological research. In biological systems,

water is often found in contact with hydrophobic objects, and the results shown can play

a crucial role in studies of cryopreservation, in which the reduction of volume fluctuations

and the inhibition of ice formation can minimize cell damage.
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