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Structural properties and liquid spinodal of water confined in a hydrophobic environment
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We present the results of a computer simulation study of thermodynamical properties of TIP4P water
confined in a hydrophobic disordered matrix of soft spheres upon supercooling. The hydrogen-bond network of
water appears preserved in this hydrophobic confinement. Nonetheless a reduction in the average number of
hydrogen bonds due to the geometrical constraints is observed. The liquid branch of the spinodal line is
calculated from 350 K down to 210 K. The same thermodynamic scenario of the bulk is found: the spinodal
curve is monotonically decreasing. The line of maximum density bends avoiding a crossing of the spinodal.
There is, however, a shift both of the line of maximum density and of the spinodal toward higher pressures and

lower temperatures with respect to bulk.
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I. INTRODUCTION

The behavior of the liquid-gas spinodal in water plays an
important role in the interpretation and the determination of
its complete phase diagram. In particular the related behav-
iors of the liquid branch of the spinodal and the line of tem-
perature of maximum density (TMD line) in the supercooled
liquid state are connected to the possible existence of a sec-
ond critical point [1,2]. Among the different interpretations
of the anomalies of water at low temperatures in fact a num-
ber of experimental and computer simulation results and the-
oretical calculations indicate the possibility of a liquid-liquid
coexistence and a second critical point [3,4]. The low density
and high density liquid phases would be in correspondence
with the low density and high density amorphous forms of
water below its glass transition temperature. In accordance
with these hypotheses the many numerical studies performed
to determine the spinodal line of bulk supercooled water
agree in finding that this line is monotonically decreasing at
least down to the lowest temperatures that were possible to
investigate [5—12]. Correspondingly, the TMD line bends to
avoid crossing the spinodal. This scenario excludes both
TMD and spinodal behavior to be responsible of the water
singularities. These singularities can therefore be connected
to the existence of the second critical point or to a singularity
free scenario [13].

An increasing amount of theoretical and experimental
studies have been performed in recent years on water in con-
fined geometries, see, for example, [14-33]. Water is in fact
confined in many situations of interest for biological and
technological applications. In this respect the study of the
modification of the phase diagram of water induced by the
perturbation of the confining environments is particularly
significant. The study of water in confinement also can help
to shed light on the behavior of the bulk in the region of deep
supercooling where nucleation prevents experiments to be
performed in the bulk while permitting very low tempera-
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tures to be reached in confinement [20-22,25,26] displaying
scenarios that can be connected to the bulk behavior [34].
The shift of the phase diagram due to confinement could
drive the so far experimentally inaccessible zone where the
second critical point is supposedly located in a region acces-
sible to experiment. A study of ST2 water confined between
smooth plates has indicated the possibility of a liquid-liquid
(LL) transition in confinement [32]. A recent theoretical
work indicates a shift to lower temperatures, higher densi-
ties, and higher pressures of the second critical point for
hydrophobic confinement [29]. Indications of a LL transition
have been also found in a recent computer simulation study
[23] on TIP5P water confined between hydrophobic plates; a
shift to lower temperature of the second critical point is also
estimated.

Generally speaking, solid interfaces strongly distort the
hydrogen-bond (HB) network [29]. In some cases a hydro-
phobic environment for water can be provided by the pres-
ence of an apolar solute, as in the case of aqueous solutions
of rare gases, polymers, or large organic molecules. When
the hydrophobic units are small enough it is expected that
water maintains its hydrogen-bond structure [35,36] in spite
of the perturbation of the solute; this leads to the formation
of water cages around the nonpolar solute. In this paper we
explore how this hydrophobic effect influences the behavior
of the spinodal line and the TMD upon cooling in the limit of
small hydrophobic units to study the case where the structure
of water is preserved or only slightly modified. Since the
solute-solute interaction is expected not to play an important
role in comparison with the hydrogen bond and the solute-
solvent interactions, in the present study we consider as a
first approximation a model where few solute particles are
kept fixed to form a hydrophobic confining matrix for water.
We expect this model to catch the main features of the phe-
nomenon.

II. MODEL AND COMPUTER SIMULATION DETAILS

The water fluid is simulated with the DL._POLY package
(Smith, Forester, and Todorov, Daresbury Laboratory, U.K.)
using the TIP4P site model [37]. In this model three sites are
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arranged according to the molecular geometry. The two sites
representing the hydrogens are positively charged with gy
=0.52 atomic charges; each one forms a rigid bond with the
site of the oxygen at distance 0.9752 A. The angle between
the bonds is 104.52°. The site of the oxygen is neutral while
a fourth site carries the negative charge of the oxygen
qo=-2qy. This site is located in the same plane of the mol-
ecule at a distance 0.15 A from the oxygen with an angle
52.26° from the OH bond. The intermolecular interactions
are represented by Coulombian terms between the charged
sites and a Lennard-Jones (LJ) potential between the neutral
oxygen sites. The LJ parameters are given by 0o=3.16 A
and €5=0.65 kJ/mol.

Water is embedded in a rigid disordered array of N,,=6
soft spheres. The soft spheres interact with the water oxygen
sites by means of the potential

Con 12
vou(r) =4eoy - > (1)
where
€om = VEQ€EY (2
and
1
O-OM:E(O-O"'O-M)' (3)

We assume o),=20¢g and €),=0.1€;. The average distance
between the centers of two soft spheres is 10.5 A. With this
size the soft spheres are far from the limit where they appear
as a hard wall to water. On the other hand, to enhance the
volume excluded effects we use a pure repulsive water-
spheres interaction, where the parameter €, of the soft po-
tential is taken as 0.l€y to soften the repulsive ramp. The
order of magnitude of the size of the spheres is close to the
typical hard sphere diameter of apolar solutes [38,39].

The simulations are performed in the NVT ensemble with
the use of a Berendsen thermostat. The potentials are trun-
cated at 9 A. The corrections to the long range Coulombic
interactions are taken into account with the Ewald method.
The time step used is 1 fs.

The density of water p is calculated on assuming that the
excluded volume due to the confining spheres is approxi-
mately V. =7N, MO%M/é; in this way for a given number of
water molecules N,

Nw NA

= b (4)
L3 - Vexcl Wmol

p
where L is the box length, N, is the Avogadro number, and
Wmot 18 the molar volume. In the starting configuration the
water molecules are arranged with the center of mass in a
cubic lattice configuration where there are voids correspond-
ing to the random positions of the matrix spheres. In order to
have enough space for the spheres, the box length is fixed to
L=19.25 A. Then, for a given density, we place in the box a
number of water molecules according to Eq. (4). The range
of temperatures spanned is 200 K<7<<350 K and the den-
sity range is 0.75 g/cm®<p<1.02 g/cm?. For each density
the system is melted at 7=500 K and equilibrated at several
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FIG. 1. Snapshot of an equilibrated configuration of the system
at T=300 K and p=0.85 g/cm?’. Black spheres, hydrophobic sol-
ute; gray spheres, oxygen atoms; light-gray spheres, hydrogen
atoms.

temperatures in the range indicated above. The longest runs,
corresponding to the lowest temperatures investigated, lasted
10 ns. The soft spheres’ positions are the same for all the
states simulated. We checked for an isochore that changing
the disordered configuration of the soft spheres did not sig-
nificantly alter the pressure values (see Fig. 10).

In Fig. 1 we show a snapshot of an equilibrated configu-
ration for T7=300 K and p=0.85 g/cm?’. The depletion re-
gions around each hydrophobic sphere and the uniform dis-
tribution of water molecules elsewhere are evident.

III. STRUCTURAL PROPERTIES

The site-site pair correlation functions have been calcu-
lated averaging the equilibrated configurations to see the ef-
fect of changing the density of water. The results for the
water-water functions at ambient temperature are reported in
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FIG. 2. Site-site pair correlation functions goo(r) at 7=300 K
for the confined system at densities p=1.0 (dotted line), 0.90
(dashed line), 0.75 (long-dashed line) g/cm? compared with the
bulk at 7=300 K and p=1.0 g/(:m3 (solid line).
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FIG. 3. Site-site pair correlation functions goy(r) at the same
temperature and densities as Fig. 2.

Figs. 2—4 for different densities and compared with the bulk
for p=1 g/cm®. The trend is similar to the one found in
aqueous solutions of rare gases [40-42], considering that the
decrease of the density in our case is equivalent to an in-
crease of the solute concentration. The rise of the OO peak in
Fig. 2 with decreasing density is the signature of the en-
hancement of the structuring effect when fewer molecules
are present and they can more easily approach one another.
This is also evident in the behavior of the gon(r) in Fig. 3
and gyy(r) in Fig. 4.

On the contrary, on decreasing density, the cages formed
by water around the confining spheres become less struc-
tured as can be seen in Fig. 5, where the water-sphere radial
distribution functions are reported for two different tempera-
tures and different densities. The first peak of the gop(r)
becomes less pronounced and shifts toward higher distances,
a signature of an increase of the hydrophobic repulsion at
lower density. In the upper inset of Fig. 5 we show the num-
ber of nearest neighbors ng,, defined as follows:

"min

oy = 41Tpcof gom(n)ridr, (5)

0
where r,;, is the value of the interatomic distance at which
the first minimum in ggy,(r) is located, cq is the concentra-
tion of oxygen atoms, and p is the total density. We see that
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FIG. 4. Site-site pair correlation functions gyy(r) at the same
temperature and densities as Fig. 2.
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FIG. 5. Pair correlation functions goy,(r) (middle panel), gy, (r)
(bottom panel) for 7=300 K on the left-hand side and 7=220 K
on the right-hand side and densities p=0.90 (solid line), 0.85 (dot-
ted line), 0.80 (dashed line), 0.75 (long-dashed line) g/cm?. In the
top panel, number of oxygen nearest neighbors ng,, as a function of
density for 7=300 K (full squares) and 7=220 K (filled triangles).

the number of nearest neighbors nq,, reported in the top
portion of the figure goes down as the water density de-
creases. Figure 5 also shows the effect of the decreasing
temperature. The cage becomes more ordered and more wa-
ter molecules are present on the average in the first shell
around the soft spheres at high density. On lowering the den-
sity the nq), reaches an asymptotic value which appears to be
independent from the temperature.

The behavior of gy,(r) also reported in Fig. 5 shows a
similar trend as a function of temperature and density. The
first peak of gy, () is at the same position of the go,,(r) one;
this indicates that the soft sphere is located interstitially in
the hydrogen-bond network equidistant on the average from
the oxygen and hydrogen. We notice in gy;,(r) at lower tem-
perature for the higher density the appearance of a shoulder
after the first peak, indicating that some of the O-H bonds
point radially toward the second shell. Looking at the second
peak of gy (r) and gy, (r) we notice that the water mol-
ecules in the second shell are preferentially oriented with the
oxygen atoms toward the sphere and the hydrogen atoms
toward the water similar to the trend found in aqueous solu-
tions of water and rare gases [40-42].

In Fig. 6 to show the effect of the temperature on the
structure of water we report the goo(r) for T=300 K and
T=220 K and p=0.90 g/cm?’. The radial function shows
maxima and minima at the same position but more pro-
nounced at lower temperature. We notice that the go(r) for
p=0.90 g/cm? in the confined system is very similar to the
goo(r) for p=1.0 g/cm? in the bulk apart from a difference
in the height of the first peak. This similarity is preserved at
decreasing temperatures.

To complete the analysis of the change of density on the
structure of water we consider the changes in the H-bond
network. We define the hydrogen bond by geometric condi-
tions. Two molecules are hydrogen bonded if the intermo-
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FIG. 6. Site-site pair correlation functions goo(r) for the
confined system at density p=0.90 g/cm® and temperatures
T=300 K (long-dashed line) and 7=220 K (dotted line) compared
with the bulk at density p=1.0 g/cm® and temperatures
T=300 K (solid line) and T=220 K (dashed line).

lecular O---O distance is less than 3.35 A and the angle
between the intramolecular O-H vector and the intermolecu-
lar O---O vector is less than 30°.

In Fig. 7 we report the distribution function of the average
number of H bonds per molecule at two different tempera-
tures and three densities. We have computed the average HB
number for each instantaneous configuration and then we
have calculated the distribution function of these average
values over many configurations. We now discuss the results
for the bulk at normal density compared with p
=0.90 g/cm? in the confined system since they appear to
have a similar structure as shown above. It is evident that
decreasing water density in confinement has the effect of
reducing the average number of hydrogen bonds in compari-
son with the bulk even when gno(r) are similar. At ambient
temperature in confinement the distribution becomes broader
and its peak position shifts to lower value with respect to
bulk. These effects are enhanced by decreasing the density.
At lower temperatures the H-bond distribution becomes
sharper while the peak position moves toward a value close
to 4.

Distribution function

3 35 4
Average number of hydrogen bonds

FIG. 7. Distribution functions of the average number of hydro-
gen bonds per molecule at temperatures 7=300 K and 7=220 K
for the bulk at density p=1.0 g/cm?® (solid line) and for the con-
fined system at densities p=0.90 g/cm?® (long-dashed line) and
p=0.75 g/cm? (dashed line).
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FIG. 8. Distribution functions of cos(#) (see text for definition)
at temperatures 7=300 K and 7=220 K for the bulk at density
p=1.0 g/cm? (solid line) and for the confined system at densities
p=0.90 g/cm?® (long-dashed line) and p=0.75 g/cm® (dashed
line).

The confinement, however, preserves the geometry of the
H-bond network. This can be deduced from the distribution
of the angle # formed by the vectors joining the oxygen atom
of a central molecule and the oxygen of the two nearest
neighbor water molecules which are H bonded. This distri-
bution is reported in Fig. 8. It is evident that the trend is very
similar between the bulk and the confined case. On lowering
the temperatures the H-bond network approaches more
closely the tetrahedral ordering with a sharper distribution
around the angle 104° of the TIP4P potential, while the num-
ber of interstitial molecules decreases. We note that the con-
fined p=0.90 g/cm? system has a distribution similar to the
bulk p=1.0 g/cm? system.

In analogy with previous work on water confined between
hydrophobic plane walls [23,29] we find a reduction of the
average number of H bonds. In our case the H-bond network
does not appear to be deformed by the presence of the ma-
trix. In the hydrophobic shells around the soft spheres water
molecules maintain the H-bond network, but since they can-
not form H bonds with the neutral soft spheres the average
number of hydrogen bonds is smaller compared with the
bulk. As a general trend we observe that confined water
seems to be equivalent to bulk water at a higher density (see
Fig. 6), it is also evident that there are not dramatic changes
in the network apart from a decrease of the hydrogen bond
average number.

IV. CALCULATION OF THE SPINODAL LINE

As we have shown in the preceding section the soft sphere
matrix does not induce large changes in the structure of wa-
ter. We investigate now how the thermodynamical behavior
of confined water is changed with respect to the bulk and we
will see that for thermodynamics important changes take
place.

To study how the confinement in the hydrophobic matrix
affects the thermodynamic stability of liquid water we calcu-
late the liquid branch of the isotherms of our system upon
cooling. From the isotherms the limit of mechanical stability
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FIG. 9. Isotherms for densities ranging from p=0.75 g/cm? to
p=1.0 g/cm® for temperatures ranging from 7=350 K to
T=200 K.

can be determined in the framework of mean-field theories
from the divergence of the isothermal compressibility. The
singularity points where

JpP
—1] =0 6
(ﬂp)T (©)

define the spinodal line. They can be obtained by searching
for the minima of the P;(p) curve. We consider here the
liquid spinodal. In bulk water the liquid spinodal [5-12] has
been found to extend to the region of negative pressures.

In Fig. 9 we show the isotherms of the system obtained
upon cooling for densities ranging from p=0.75 g/cm’ to
p=1.0 g/cm® and temperatures from T=350 K to
T=200 K. Below 7=280 K minima start appearing in the
curves in correspondence with p=0.8 g/cm?. In the bulk [5]
the minima appear between p=0.85-0.87 g/cm’. From Eq.
(6) we see that the minima of the isotherms represent the
limit of stability of the liquid. The corresponding Pg(T) spin-
odal line is plotted in Fig. 10 together with the isochores of
the system. In Fig. 10 we report for the p=0.95 g/cm? iso-
chore also the results obtained for a different configuration of
soft sphere. As it can be seen changing the soft spheres’
position does not alter significantly the values of the pres-
sure. From the isochores also the behavior of the TMD line
can be extracted. In fact along the TMD line the coefficient
of thermal expansion

1{aV

ap="| "= )
V\aT/p
goes to 0.
The thermal pressure coefficient
JP

=|— 8
Yv ( &T)V (8)

is connected to the coefficient of thermal expansion by the
following equation:
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FIG. 10. Pp(T) of the confined system isochores for several
values of p in g/cm?, spinodal line (long-dashed line with points)
and TMD curve (solid line). Open circles represent the
p=0.95 g/cm? isochore obtained from a different configuration of
the matrix of soft spheres.
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Therefore, the TMD points lie on the line connecting the
minima of the isochores. In Fig. 10 also the TMD line is
drawn. We observe down to the lowest temperature investi-
gated a nonretracing spinodal and correspondingly a TMD
that bends on approaching the spinodal. This behavior is
similar to both nonpolarizable [5] and polarizable [12] bulk
TIP4P water. The interesting feature is represented by the
shift induced by confinement on both the spinodal and the
TMD with respect to the bulk. To give a more quantitative
insight on this displacement we plotted in Fig. 11 the

300
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«
-300

-500 ;
200 250
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300

FIG. 11. Pp(T) of the bulk system isochores for several values
of p in g/cm?, TMD curve (long-dashed line). The isochore of the
lowest density is close to the spinodal.
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FIG. 12. TMD and spinodal of the confined system (bold lines
with filled circles) and TMD and isochore of the lowest density for
the bulk system (bold lines with filled diamonds).

isochores and the TMD for the bulk TIP4P. Some of the
isochores have been calculated here as they are not available
in literature. By comparing the spinodal and TMD curves of
the bulk and confined system, Fig. 12, we note that both the
spinodal line and the TMD for water under hydrophobic con-
finement are shifted toward higher pressures. The TMD line
shifts also to lower temperatures and correspondingly its cur-
vature broadens. In a different hydrophobic confinement
[23], as already stated in the Introduction, a negative shift of
40 K has been observed with respect to the bulk for the
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TMD, but no shift in pressure nor changes in the curvature
were found. Interestingly our shift in temperature is also
roughly 40 K.

V. CONCLUSIONS

We performed a MD study of TIP4P water confined in a
rigid matrix of soft spheres. The geometry of the hydropho-
bic environment in our case is different with respect to the
previous studies mentioned above where water is confined
between plane surfaces. We observed that the effect on water
structure is similar to the case of a solution of small apolar
solutes when it is taken into account that the decrease of
water density is equivalent to an increase of solute concen-
tration. Moreover, we found that volume excluded effects
reduce the average number of hydrogen bonds. The
hydrogen-bond network, however, is preserved at variance
with the case of water confined in hydrophobic plates.

In spite of the preservation of the network of water and
the not large changes in its structure we observe an important
shift of the limit of stability both in pressures and tempera-
tures and also a different shape in the shifted TMD with
respect to the bulk. The temperature shift is similar to the one
observed by Kumar er al. [23]. These simulations indicate
only a weak dependence of water properties on the confining
potential [16]. It would be therefore valuable to understand
to what extent an analogy can be drawn.
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