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Understanding the behavior of water confined at the nanometer scale is a fundamental problem not

only in physics but also in life sciences, geosciences, and atmospheric sciences. Here, we examine

spatial and dynamic heterogeneities in water confined in nanoporous silica using molecular

dynamics (MD) simulations. The simulations reveal intermixed low-density water and high-density

water with distinct local structures in nanopores of silica. The MD simulations also show dynamic

heterogeneities in nanoconfined water. The temporal decay of cage correlation functions for room

temperature and supercooled, nanoconfined water is very well described by stretched exponential

relaxation, exp(�(t/s)b). The exponent b has a unique value, d/(dþ 2), which agrees with an exact

result for diffusion in systems with static, random traps in d¼ 3 dimensions. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4899279]

The phase diagram of bulk water contains a supercooled

region called the “no man’s land (NML),”1 see Fig. S1 in the

supplementary material.2 At ambient pressure, the NML lies

between the homogeneous nucleation temperature

Th� 235 K and the glass transition temperature Tg¼ 136 K.

Below Tg, bulk water is frozen either as low-density amor-

phous (LDA) or high-density amorphous (HDA) ice. It has

been suggested that these amorphous forms of ice become

low-density water (LDW) and high-density water (HDW) in

the NML.3–5 Theoretical models have been proposed to

account for anomalous enhancements in thermodynamics

response functions, such as isothermal compressibility and

specific heat at constant pressure, of supercooled water.6

These models are based on (1) A liquid-liquid critical point

scenario involving a transition between LDW and HDW

phases terminating at a critical point;7 (2) a singularity-free

scenario arising from local density fluctuations;8 and (3) a

scenario hypothesizing a first-order transition sans the criti-

cal point between the two liquid phases.9

Experimental investigations of deeply supercooled water

at ambient pressure are hampered by crystallization below the

homogeneous nucleation temperature. In recent years, experi-

mental10–13 and computer simulation14–16 studies have

focused on the behavior of water confined in glasses, clays,

glass capillaries, silica nanotubes, and thin films. Mallamace

et al. studied supercooled water confined in a micelle-

templated mesoporous silica (MCM-41-S) matrix.17 Zhang

et al. used neutron scattering to investigate liquid-liquid phase

transition in deuterated water confined in nanopores of a

MCM-41-S silica matrix.18 Neutron scattering and NMR tech-

niques have also been used to examine the dynamic behavior

of supercooled, nanoconfined water.19 These experiments

indicate a breakdown of Stokes-Einstein relation in super-

cooled water confined in a nanotube or a lysozyme protein

layer and also in a methanol mixture. This breakdown is

attributed to dynamic heterogeneities,20 which tend to decou-

ple viscosity and diffusion below a certain temperature.

Here, we examine the structural and dynamical behavior

of water in nanoporous silica. We performed all-atom molec-

ular dynamics (MD) simulations with a reactive force field,

which allows bond breaking and bond formation in silica

and water. The force field consisted of pair-wise terms for

charge transfer, steric repulsion, charge-dipole, and van der

Waals interactions between atoms. Covalent interactions in

the silica-water system were included through three-body

terms. Details of the force field, including experimental vali-

dation, are given in the supplementary material.2 MD simu-

lations were performed in the microcanonical ensemble

using periodic boundary conditions in x, y, and z directions.

The equations of motion were integrated with the velocity-

Verlet algorithm using a time step of 0.5 fs. The starting con-

figuration of the system was chosen to be the b-cristobalite

lattice because it has the same mass density as amorphous

silica (a-SiO2) under ambient conditions. The b-cristobalite

lattice was heated to obtain a well-equilibrated liquid at tem-

perature T¼ 4500 K. Using uniform dilation, we obtained

several molten systems at mass densities between 0.1 and

2.2 g/cc at T¼ 4500 K. These expanded liquids were

quenched and thermalized at room temperature to obtain

nanoporous silica systems. The MD protocol for preparing

nanoporous silica systems is discussed in the supplementary

material (see also Fig. S2).2

Rapid changes in pressure due to expansion gave rise to

cavitations in molten silica and the cavities were quenched as

nanopores in the amorphous silica systems. Figure 1(a) is a

snapshot of nanoporous silica at a mass density q¼ 0.5 g/cc.

Here, the red regions represent silica and the pores are color

coded to indicate their sizes. This nanoporous system has a

wide range of pore shapes and sizes. We calculated the radii

of gyration of nanopores to estimate their sizes and the

moment-of-inertia tensor to characterize the shapes and aniso-

tropies of nanopores, see the supplementary material.2 Figure

S3 shows distribution functions for pore shapes and pore ani-

sotropies in the nanoporous silica system at q¼ 0.5 g/cc.2
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Approximately 20% of the nanopores are spherical, 20% are

oblate ellipsoids, and the rest are prolate ellipsoids. Figure

1(b) shows a close-up view of the largest nanopore (grey and

cyan) and the surrounding Si-O network (red). The pore’s ra-

dius of gyration is 2.24 nm and its anisotropy parameter

D¼ 0.32. The value of the shape parameter (S¼ 0.33) indi-

cates that this pore is a prolate ellipsoid.

Water molecules were embedded in nanopores of the

amorphous silica (a-SiO2) system after passivating the

under-coordinated silicon atoms with –OH and dangling ox-

ygen atoms with þH groups. The passivation protocol is dis-

cussed in the supplementary material.2 Figure 2(a) is a

snapshot of water molecules distributed in nanopores of the

a-SiO2 system at q¼ 0.5 g/cc and T¼ 100 K. Here, the silica

network is again displayed in red. Blue and green dots repre-

sent water molecules with mass densities below 0.9 and

above 1.1 g/cc, respectively, and yellow dots indicate water

molecules with mass densities between 0.9 and 1.1 g/cc.

Mass densities of water molecules in nanopores were

obtained from the volumes of Voronoi cells21 constructed

around oxygen atoms of water molecules which were at least

1 nm away from the silica network. The mass-density distri-

butions for water molecules exhibit thermal broadening but

their overall shapes do not change significantly with temper-

ature, see Fig. S4.2

We examined the nature of spatial heterogeneities in

supercooled, nanoconfined water by analyzing the radial dis-

tribution functions, g(r), for oxygen atoms in water mole-

cules. Figure 3 shows g(r) for LDW and HDW molecules at

T¼ 100 K. Here, we chose a range of mass densities between

0.8 and 0.9 g/cc for LDW molecules and 1.1–1.3 g/cc for

HDW molecules. This choice was guided by neutron scatter-

ing results22 for mass densities of LDW and HDW (see

below). We also calculated the tetrahedral order parameters

and found that LDW and HDW molecules were four-fold

coordinated. In Fig. 3, the first peaks in g(r) for LDW and

HDW are located at r¼ 2.77 and 2.85 Å, respectively. These

peaks along with nearest-neighbor coordinations of four indi-

cate the existences of first solvation shells in both LDW and

HDW. The radial distribution function for LDW has a broad

second peak around 4.2 Å, which indicates the presence of a

second solvation shell. In contrast, the g(r) for HDW has a

peak around 3.4 Å and a shallow minimum around the sec-

ond peak in the g(r) for LDW. This behavior suggests that

the second solvation shell of HDW molecules is broken.

Additional evidence for an incomplete second solvation shell

in HDW was found in the O-O-O bond-angle distribution

calculated from the positions of oxygen atoms in HDW mol-

ecules. A complete second solvation shell would have given

rise to a peak at 70�, whereas the MD calculation showed

that the bond-angle distribution for HDW molecules was

FIG. 1. Nanoporous silica synthesized in-silico by MD simulation. (a) The

silica network, shown here in red, has an average mass density of 0.5 g/cc.

In this network, each Si atom is four-fold coordinated with either O atoms or

a combination of O atoms and -OH groups. The system has nanopores of

various sizes, which are indicated here in blue, white, and green. (b) A snap-

shot showing a close-up view of the largest nanopore (gray and cyan) in the

system. The radius of gyration, RG, of the pore is 2.24 nm. The value of the

shape parameter (S¼ 0.33) indicates that the nanopore is a prolate ellipsoid.

The radius of gyration and shape parameter were calculated from the

moment of inertia tensor, as described in the supplementary material.2

FIG. 2. Heterogeneous structure of water confined in nanoporous silica.

Snapshot shows water molecules in nanopores of an amorphous silica system

with an average mass density of 0.5 g/cc. The amorphous silica network is

shown in red. Water molecules are color coded by mass density, which is cal-

culated by Voronoi tessellation of oxygen atoms in water molecules. Dividing

the mass of a water molecule by the volume of its Voronoi cell gives the mass

density at the location of the molecule. The snapshot shows significant spatial

heterogeneity in nanoconfined water. Blue and green dots indicate low-

density water (q< 0.9 g/cc) and high-density water (q> 1.1 g/cc), respec-

tively, and yellow represents water density between 0.9 and 1.1 g/cc.

161907-2 Shekhar et al. Appl. Phys. Lett. 105, 161907 (2014)
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featureless. The second solvation shell in HDW is also

absent at T¼ 150, 200, 250, and 300 K.

Our results for local molecular structures in LDW and

HDW agree remarkably well with neutron scattering data of

Soper and Ricci.22 Using isotope substitution, they measured

partial static structure factors of water as a function of pres-

sure around the ice I/ice III triple point, which is at T¼ 251 K

and pressure P¼ 209 MPa. With an increase in pressure from

26 to 400 MPa, they observed a continuous transformation

from the LDW to HDW phase at T¼ 268 K. Assuming that

the structure of water is a linear combination of the structures

of LDW and HDW, they extracted from their data the mass

densities of LDW and HDW to be 0.88 g/cc and 1.20 g/cc,

respectively. Combining the measurements of oxygen-oxygen

structure factors with simulations based on empirical pressure

structure refinement, Soper and Ricci obtained radial distribu-

tion functions for LDW and HDW. They found the first peaks

in g(r) for LDW and HDW at 2.75 Å and the second peaks

around 4.4 Å and 3.4 Å, respectively. Furthermore, the experi-

mental radial distribution function for HDW showed a shallow

minimum around 4.4 Å. These experimental results imply, in

correspondence with our MD simulations, that the first and

second solvation shells in LDW are complete and that the sec-

ond solvation shell in HDW is not.

In addition to spatial heterogeneities, the MD simula-

tions reveal dynamic heterogeneities in water confined in

nanoporous silica. The mean square displacements of water

molecules as a function of time show plateaus separating dif-

fusive regimes, see Fig. S5 in the supplementary material.2

These plateaus result from trapping of water molecules in

cages formed by nearest-neighbor water molecules.23 We

examined the dynamics of water molecules through the cage

correlation function

C tð Þ ¼ h
P

i li tð Þ•li 0ð Þi
h
P

i li 0ð Þ2i
; (1)

where li(0) and li(t) are arrays containing information about

the nearest neighbors of the ith water molecule at time t¼ 0

and at a later time t, respectively. The array elements are

unity if the IDs correspond to nearest neighbors of the ith
molecule at that time; otherwise, they are set equal to 0. On

average, this function gives the fraction of nearest neighbors

retained by the ith water molecule after time t. The cage cor-

relation functions were calculated for water molecules,

which were at least 1 nm away from the surfaces of silica

nanopores, see Fig. S6 in the supplementary material.2

Figures 4(a) and 4(b) show how C(t) decays at T¼ 200 and

250 K. These curves, along with the MD results for cage cor-

relation functions at other temperatures, collapse into a sin-

gle curve when the data are plotted against t/s; see Fig. 4(c).

The Kohlrausch-Williams-Watts24,25 or stretched exponen-

tial relaxation exp(�(t/s)b) with b¼ 0.6 provides the best fit

to cage correlation functions for nanoconfined water at all

temperatures. The relaxation time, s, increases significantly

upon cooling. The value of b coincides with an exact asymp-

totic relation for diffusion in a system with static random

traps, namely, b¼ d/(dþ 2), where d¼ 3 is the spatial

dimensionality of the system.26,27 We interpret this as an

effect of the nanoporous silica network, which effectively

provides a set of static traps for water molecules diffusing in

its nanopores.

FIG. 3. Structural correlations in low-density and high-density water. Radial

distribution functions, g(r), for low-density water (blue curve labeled LDW)

and high-density water (red curve labeled HDW) molecules in the nanopo-

rous silica system at T¼ 100 K. Radial distribution functions were calculated

from the positions of oxygen atoms of water molecules residing in nano-

pores of the silica network. Water molecules within 1 nm of the network

atoms (silicon or oxygen in silica) were not included in the calculation.

Here, the mass density of LDW ranges between 0.8 and 0.9 g/cc and the

mass density of HDW lies between 1.1 and 1.3 g/cc. Areas under the first

peaks indicate that both LDW and HDW molecules are four-fold coordi-

nated and that their first solvation shells are complete. The second peak and

second minimum in g(r) for HDW are located near the first minimum and

second peak in g(r) for LDW molecules. These differences in local struc-

tures indicate that second solvation shells of LDW molecules are complete

and those of HDW are disordered.

FIG. 4. Stretched exponential relaxation of nanoconfined water. Temporal

decay of cage correlation functions, C(t), for water molecules in nanoporous

silica. The decay in C(t) provides a measure of the average residence time of

water molecules trapped in cages formed by nearest neighbor water mole-

cules. Panels (a) and (b) show that C(t) decays more slowly and the cage res-

idence time increases upon cooling. These curves were fitted to stretched-

exponential relaxation, exp(�(t/s)b). Panel (c) shows that the MD results for

C(t) versus t/s at T ¼ 100, 150, 200, 250, and 300 K collapse into a single

curve. The value of the shaping exponent, b ¼ 0.6, agrees with an exact the-

oretical result, b ¼ d/(dþ2), for diffusion in a medium with static, random

traps in d ¼ 3 spatial dimensions.

161907-3 Shekhar et al. Appl. Phys. Lett. 105, 161907 (2014)
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In conclusion, the MD simulations reveal that the nano-

porous silica network induces spatial heterogeneities in the

form of LDW and HDW. The MD simulations indicate that

the first and second solvation shells of LDW are fully

formed, whereas the second solvation shell of HDW mole-

cules is disordered. These local structural differences in

LDW and HDW are akin to those observed in neutron scat-

tering experiments.22 The simulations also indicate that the

nanoporous silica network instigates dynamic heterogene-

ities, which are manifested as a “universal” stretched expo-

nential relaxation of cage correlation functions for water

molecules. The shaping exponent in the stretched exponen-

tial function has a unique value, b¼ 3/5, which Phillips calls

a “magic” number.28 Experiments support the existence of

dynamic heterogeneities in supercooled liquids29 and theo-

retical work indicates that they arise from inherent structures

in the energy landscape of undercooled liquids.30 NMR31

and neutron scattering experiments may be able to probe the

dynamics of water confined in nanoporous silica, see also

Fig. S7.2 These features of nanoconfined water are quite gen-

eral and therefore relevant to other systems including, but

not limited to, nanostructures in cement,32 conformational

dynamics of proteins,33 and material transport in

nanogeoscience.34
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