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ABSTRACT We present here molecular dynamics simulations of deeply super-
cooled SPC/E water confined in a cylindrical pore of MCM-41 silica material. By a
layer analysis of the tag particle density correlators, we are able to extract the
R-relaxation time of the mobile portion of the confined water. This relaxation time
is the same as what can be extracted from neutron scattering experiments. From
examination of the temperature-dependent behavior of the relaxation time and the
dynamic susceptibility, we locate a dynamic crossover at T = (215 ( 5) K and a
corresponding peak in the specific heat, in agreement with experimental findings
in confined water and simulations of the bulk water. Our study demonstrates that
the recent results of the experiments on confined water are extremely relevant for
the comprehension of low-temperature bulk properties of water.

SECTION Statistical Mechanics, Thermodynamics, Medium Effects

D espite the considerable progress in the compre-
hension of the properties of water, a number of
anomalies in its behavior remain to be explained,1,2

especially in the supercooled region. Thermodynamical re-
sponse functions, like isothermal compressibility and specific
heat at constant pressure, increase anomalously when water
is supercooled.3 A number of computer simulations and
theoretical studies on water support the hypothesis that the
anomalous thermodynamical behavior of water is due to the
existence of a second critical point4 experimentally suggested
at around220Kand100MPa.5 This critical pointwouldbe the
end point of a coexistence line between a low-density liquid
(LDL) and a high-density liquid (HDL). The origin of these
anomalies might be alternatively related to local density
fluctuations that would give rise to a singularity free scenario6

or to a critical point free scenario thatwould allow a first-order
liquid-liquid transition without a critical point.7

Transport properties, such as shear viscosity and the
inverse of the self-diffusion coefficient, also show power law
divergences in the supercooled regime toward the singular
temperature,8 indicating a possible connection between ther-
modynamics and dynamics for the case of water.

The dynamical behavior of the bulk water simulated upon
supercooling9 fits in the framework of the idealized version of
mode coupling theory (MCT).10 When a simple liquid ap-
proaches the crossover temperature TC, MCT predicts that
the dynamics is dominated by the cage effect.

Liquidswhich follow theMCTshowa relaxation timewith a
super-Arrhenius behavior. This behavior can be phenomeno-
logically fitted with a Vogel-Fulcher-Tamman (VFT) rela-
tion11 formula, and these liquids are classified as fragile. Below
TC, according to the idealized version of MCT, the system is
frozen. In real structural glasses, hopping processes restore

ergodicity, and the liquid turns its behavior to that of a strong
liquid.10,12 The relaxation time of strong liquids increases
upon decreasing temperature with an Arrhenius behavior.13

Experimental observations demonstrated that bulk water
behaves as a fragile liquid,2,8 and relaxation times followMCT
predictions14 in the temperature rangewheremeasurements
can be performed. It is important to stress that in water,
a network-forming liquid, the caging phenomenon is due to
the breaking and re-forming of the hydrogen bond local
network.15

Experimental investigation of water in the deep super-
cooled region is hampered by the homogeneous nucleation
toward the crystalline phase taking place at ambient pressure
in bulk water at TH = 235 K, although a reversible thermo-
dynamic path appears possible.16 For this reason, several
experiments are performed on supercooled water in confine-
ment to avoid crystallization. Quasielastic neutron scattering
(QENS) experiments performed on supercooled water in
confinement17,18 found evidence of a fragile to strong (FS)
dynamic crossover already hypothesized in bulkwater,19,20 in
analogy with other network-forming liquids.12

Recently a possible relation between the presence of a
liquid-liquid transition in bulk water and the FS dynamical
crossover has been shown.18,21-23 Upon getting closer to the
critical point, the lines of maxima of different response
functions tend to converge to the so-called Widom line.24,25

The Widom line separates the water with HDL-like feature at
high temperatures from that with LDL-like features at low
temperatures. Themaximum found in the specific heat at the
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FS crossover has been related in the literature both in simula-
tion on bulkwater21 and in neutron scattering experiments in
confinement17 to the crossingof theWidomline. Therefore, in
water, the Widom line would be also a switching line for
hopping, favored on the side where water is less dense.

It appears crucial to assess to what extent the properties of
water in confinement are related to the bulk. We present in
this Letter evidence from molecular dynamics (MD) simula-
tions that a FS crossover similar to that in the bulk takes place
in supercooled confined water. We will show that under a
proper analysis of the density correlators, able to extract from
dynamics the same featuresmeasured inQENS, we recover a
bulk-like behavior. In this way, we can connect MD results in
bulk and experiments in confined water.

We simulated water in an MCM-41 pore, where the FS
crossover was first measured.17 The pore was modeled to
catch themain features of theporesofMCM-41 silicamaterial.

In a cubic cell with a box length of 42.78Å, silica atoms at a
density of 0.0662 Å-3 were simulated with the Vessal et al.
potential.26 The system initially in theβ-cristobalite crystalline
structure was melted at 6000 K and then driven and equili-
brated toward 1000 K. After that, the melted silica was
quenched at a cooling rate of 1013 K/s to 300 K to obtain a
glassy phase. Inside of the cubic cell of silica glass, we carved a
cylindrical pore of 15 Å in diameter. This radius was chosen to
make contact with experiments.17,18 The cavity was cut out
by eliminating all of the atoms lying within a distance of 7.5 Å
of the central axis of the cube, taken as the z-axis. After
relaxing the cavity for a few picoseconds, we eliminated all of
the silicon atoms with less than four oxygen neighbors. After
this procedure, in the system, there were bridging oxygens
(BO) with two silicon neighbors and nonbridging oxygens
(NBO) with only one silicon neighbor. The dangling bonds of
the NBO were saturated with hydrogen ions, acidic hydrogens
(AHs).With this procedure,we obtained a cavitywith a roughly
cylindrical shape and a corrugated surface. During the simula-
tion, all of the atoms of the confining matrix were kept rigid.

We inserted in the pore N = 380 water molecules. The
number was tuned to get a density of around 1 g/cm3 in the

inner part of the pore. Thewatermolecules were described by
the SPC/E model.27 The SHAKE algorithm was employed to
integrate the equations of motion. Water molecules interact
with the atoms of thematrix bymeans of a silica-water force
field defined by the parameters reported in Table 1. We used
the Lorentz-Berthelot mixing rules for the Lennard-Jones
part of the interaction. Since the simulations of such a system
are time-consuming, we used the shifted forcemethod with a
cutoff at 9 Å for all interactions. We checked that the use of a
larger cutoff or Ewald summations did not change the trendof
the obtained results; see also ref 28. Periodic boundary
conditions were applied. The molecular dynamics was per-
formed in the microcanonical ensemble with a time step of
1 fs. Each runwas equilibrated via a coupling to a temperature
reservoir by using the Berendsen method of velocity rescal-
ing.We simulated temperatures ranging from T=300 to 190
K. For each temperature, equilibration runs between 5 ns at
high T and 12 ns at low T were performed. The self-inter-
mediate scattering function (SISF) was calculated from
a number of equilibrated configurations ranging from 10 ns
at high T to 20 ns at low T. The total time required for
the simulations presented in this work was about 20000 h
(∼2.5 years on a single processor). Lengthly simulations are
required because already at ambient temperature, the SISF
decays on a very long time scale.

We report in Figure 1a a snapshot of thewater configuration
after equilibration. A number of water molecules are attracted
to the silica surface and formhydrogenbondswith the oxygens
or the AHs of the surface. Strong inhomogeneities are present
in the system, and in thedensity profile ofwater, a distinct layer
close to the hydrophilic surface is visible, as shown in Figure 1b.

Figure 1. Left: projection in the xy plane of the snapshot of the N = 380 water molecules configuration inside of the silica cavity at
T=220 K. A portion of the silica surface is shown. The larger spheres are silicon atoms, and the darker are acidic hydrogens. Right: density
profile of oxygen atoms of water along the pore at T=300K.With the chosen number of particles, the effective density inside of the pore is
around 0.98 g/cm3, while the density in the inner part of the pore (0 < r < 5.5 Å) is around 1.0 g/cm3.

Table 1. Bridging Oxygens (BO), Nonbridging Oxygens (NBO),
Silicons (Si), and Acidic Hydrogens (AH) Potential Parameters29

q (e) σ (Å) ε (K)

BO -0.629 2.70 230

NBO -0.533 3.00 230

Si 1.283 - -
AH 0.206 - -
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The SISF Fs(Q,t) is the space Fourier transform of the tag
particle density-density correlation function. From the ana-
lysis of this correlator, we can extract the R-relaxation time,
that is, the slow relaxation time that liquids develop upon
supercooling. We show in Figure 2 the SISF of the oxygen
atom of water molecules at the peak of the oxygen-oxygen
structure factor. The SISF calculated for all of the water
molecules, total SISF, is shown in the inset. Since the total
correlators show a long tail extending well beyond the 10 ns
time scale already at ambient temperature, there are water
molecules in the pore that are, on average, extremely slow at
all temperatures. Besides, the shape of the total correlation
function strongly deviates from the expected behavior for
supercooled liquids, which is either an exponential at highest
temperatures (Brownian relaxation) or a stretched exponen-
tial at lower temperatures (R-relaxation). These deviations are
caused by the highly hydrophilic nature of the substrate. The
dynamics of the extremely slow water molecules close to the
surface of the pore superposes to the behavior of the rest of
the water. Similar to water in Vycor,29 a layer analysis of the
density correlators must be performed in order to recover a
bulk-like behavior. In the present case, we found that we
recover a stretched exponential decay if we consider only the
dynamics ofwater contained in the layer definedby a radius 0
< r< 5.5 Å, where r2 = x2 þ y2. As shown in Figure 1b, we
define the water in this layer as the free water. This water
containsmolecules that are far enough from the surface not to
be engaged in hydrogen bonds with the substrate. The
remaining water molecules in the monolayer close to the
strongly hydrophilic surface, bound water, are practically
immobile and can be identified by the first distinct layer close
to the substrate in the density profile. The percentage of free
water in our pore is around 70%.

In themain frame of Figure 2, we show the SISF calculated
only for the “free water”, partial SISF. It is evident by looking
at the partial SISF that the behavior of the correlator is

now similar to what was found in the bulk water.9We observe
upon supercooling the onset of a plateau region after an initial
ballistic regime. After the plateau, it develops a long time
decay with the features of an R-relaxation that, at variance
with the total SISF, can be described by a Kohlrausch-
William-Watts (KWW) function. Except for the lowest tem-
peratures, this correlator decays to 0 between 100 and
1000 ps. The analysis of the freewater is therefore particularly
relevant since in QENS experiments, only mobile water
contributes to the measured correlation functions. In fact,
due to the instrumental energy resolution function, the
dynamics that happens on time scales larger than 10 ns is
buried inside of the line shape of the resolution and is there-
fore nonmeasurable in neutron scattering experiments.

A fitting procedure of the freewater SISF can be performed in
termsof theKWWformulas. The fits are also reported inFigure2.

The relaxation times obtained from the fit are reported in
the main frame of Figure 3. We see that by decreasing the
temperature below 280 K, the system enters into a regime
where the relaxation time has a fragile behavior. In analogy
with experiments on MCM-41, we fitted it with the VFT
relation. Below T = 210 K, the relaxation time shows a
crossover to theArrheniusT dependence. In order to precisely
locate the temperature of the crossover, we calculated the
inverse temperature derivative of ln (τ). This quantity is
shown in the lower inset of Figure 3, where we see that a
very sharp peak is present, from which we can estimate the
crossover temperature asTL= (215(5)K. In the upper inset,
we report the values of the stretching parameter β obtained
from the fit. The values of the β exponent in confinement
appear lower than the bulk9 but with a similar trend. Compa-
tible values have been obtained from QENS experiments on
confined water in MCM-41.17

Figure 2. Main frame: self-intermediate scattering function (SISF)
of the oxygen atoms of the free water for Q0 = 2.25 Å-1 from T=
300 (bottom) to 190 K (top). The continuous lines are the fit to the
Kohlrausch-William-Watts (KWW) formula Fs(Q,t) f fQe

-(t/τ)β,
where fQ is the height of the plateau, τ is theR-relaxation time, and
β is the Kohlrausch exponent. Inset: SISFof the oxygen atoms of all
of the water molecules for Q0 = 2.25 Å-1 for a selected set of
temperatures.

Figure 3. Main frame: Arrhenius plot of the relaxation time τ as a
function of 1000/T. At high temperature, below 300 K, the points
are fitted with the VFT formula (bold line) τ = τ0

VFTexp[BT0/(T -
T0)], where B is the fragility parameter and T0 is an ideal glass
transition temperature located below the experimental glass
transition temperature Tg. The parameters extracted from the fit
are B = 0.25 and T0 = 200 K. At low temperature, the fit is done
with the Arrhenius function (long dashed line) τ= τ0

A exp[EA/kBT],
where EA is the activation energy. We find from our data an
activation energy of EA = 34 kJ/mol. Lower inset: inverse tem-
perature derivative of the logarithm of τ. Upper inset: β values.
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A recent QENS experimental study of the dynamical suscep-
tibility χT(Q,t) on confined water has shown that this quantity
can be used to locate TL.

30 The peak height of χT(Q,t) grows as
T is lowered and reaches a maximum when the system under-
goes the dynamic crossover. We report this quantity calculated
fromourdata in themain frameofFigure4.Ahighpeak is visible
for the χT(Q,t) corresponding to T= 215 K.

In order to verify the relation between the Widom line and
the dynamic crossover, we calculated the specific heat of the
system for all of the temperatures investigated. The result,
obtained by computing the derivative of the internal energy
with respect to temperature, is reported in the inset of Figure 4.
We observe awell-defined peak at T= (218( 5) K, consistent
with thevalue ofTL obtained from thebehaviorof τand χT(Q,t).

TheFScrossover inconfinedSPC/Ewater foundhere canalso
be compared with the result for bulk SPC/E, where it has been
located at around T= 210 K for the F= 1 g/cm3 isochore.31

Wehave shown in this Letter thatMDsimulations of bulk and
confined water describe the same phenomenology upon super-
cooling as far as the cooperative properties are concerned,
provided a layer analysis is performed in the confined system.
In our confined system, the temperature of the FS crossover
obtained from the relaxation time in the “free water” is con-
sistent with the crossover transition found in the dynamical
response function and with the maximum of the specific heat.

We believe that the findings reported in this Letter repre-
sent a big step forward in the comprehension of the water
anomalous behavior in the supercooled region. Our Letter in
fact bridges the gap present between experiments in confine-
ment; see, for example, refs 17 and 18 and MD results in the
bulk,21 showing for the first time that the results of the
numerous neutron scattering experiments that were done
in confinement are valid also for the bulk phase.
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