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Structure and dynamics of water confined in nanoporous carbon
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We study the structure and dynamics of water confined in a nanoporous graphitic carbon structure using
molecular-dynamics (MD) simulations. The carbon structure is generated by a reactive MD simulation of
oxidation of a silicon carbide nanoparticle. We embed water molecules in the nanopores and study structural
and dynamical properties of nanoconfined water as a function of temperature. MD simulation results indicate
the presence of high-density water (HDW) and low-density water. Radial distribution functions and spatial
density functions indicate that the second solvation shell of the HDW is broken. We calculate the self-diffusion
coefficient of confined water molecules as a function of temperature and find a significant decrease in the
diffusion of water molecules around T = 190 K. The cage correlation function c(t ) of confined water molecules
at T = 200 K exhibits stretched exponential decay, c(t ) = exp[−(t/τ )β ], with β = 0.43, which matches exactly
with the theoretical prediction β = 3/7. Furthermore, the self-intermediate scattering function at T = 200 K
indicates differences in small-scale and large-scale dynamics of water molecules.

DOI: 10.1103/PhysRevMaterials.2.115605

I. INTRODUCTION

Nanoporous carbon is a promising material for many tech-
nological applications. Porous carbon is known to be a good
candidate for electrodes in lithium-air batteries [1]. A recent
study indicates that porous carbon is highly compressible
and superelastic [2]. This unique mechanical property has
potential applications in composites. It has been reported that
carbon-based material could be used to make aerogel mus-
cles [3]. Nanoporous carbon has good capacity for hydrogen
storage because it can be synthesized with large surface area
[4]. Efforts have been made to use nanoporous carbon as a
catalyst. For example, sulfonated nanoporous carbon can be
used to convert biomass to fuel and other chemical products
[5]. Nitrogen-doped nanoporous carbon has applications in
heterogeneous hydrogenation and oxidation, either as a cat-
alyst or catalyst supporter [6].

In many of these applications, nanoporous carbon is
in aqueous environments. We have performed molecular-
dynamics (MD) simulations of water molecules confined in
nanoporous carbon. The physical properties of confined water
molecules are quite different from bulk water. Experiments
and simulations of confined water have been reported recently.
A Raman spectroscopy study shows that the melting tempera-
ture of water confined in isolated carbon nanotubes (CNTs) is
significantly higher than 0 °C [7]. These experiments indicate
that the freezing-transition temperature is highly sensitive to
the diameter of the CNTs. In a related study, it is observed
that water molecules can form various ice nanotubes in CNTs
and these structures are very different from the bulk ice phases
[8]. The transitions between these structures can be both first
order and continuous [8].

A recent MD simulation [9] of water molecules confined
in nanoporous silica shows that there exists a mixture of
high-density water (HDW) and low-density water (LDW) in
the “no man’s land” of water’s phase diagram [10]. The
dynamical behavior of water molecules changes dramatically
under confinement. Shekhar et al. [9] have analyzed the
dynamics of water confined in nanoporous silica using the
cage correlation function. This function reflects changes in
the nearest-neighbor configuration of a molecule and how the
mean-square displacement (MSD) of the molecule changes
with time. Shekhar et al. found diffusive regimes separated by
plateaus in the MSDs of confined water molecules. A plateau
in an MSD indicates that a water molecule is trapped in a
cage formed by its nearest neighbors. The water molecule
rattles around in the cage until the cage is broken, allowing
the molecule to diffuse. Shekhar et al. report that the cage cor-
relation function, c(t), of water molecules exhibits stretched
exponential behavior, namely c(t ) = exp[−(t/τ )β]. They find
β = d/(d + 2) = 0.6, where d = 3 is the dimensionality of
the system. This value of β agrees with an exact theoretical
result [11] for anomalous diffusion under confinement if the
molecules have no long-range interaction. In another MD
simulation [12] study of supercooled water confined in SiC
nanotubes, the cage correlation function is again found to
decay as exp[−(t/τ )β] and β = d∗/(d∗ + 2) = 3/7, where
d∗ = f d = d/2 due to long-range Coulomb interaction [13].
This is also in agreement with the exact asymptotic behavior
of c(t ) [14].

In the simulations reported here, we study both structural
and dynamical properties of water confined in nanoporous
carbon generated by oxidation of a silicon carbide nanopar-
ticle using reactive molecular-dynamics (RMD) simulation
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[15]. Our simulations show that water confined in nanopores
of nanoporous carbon is a mixture of HDW and LDW at
T < 232 K [10]. We find that the density difference between
LDW and HDW is almost 0.3 g/cc and that the structures
of LDW and HDW are significantly different. Unlike the
complete second hydration shell of LDW, the second hy-
dration shell of HDW is broken. These structural differ-
ences have been observed in neutron-diffraction experiments
and empirical potential structure refinement [16]. As for
the dynamics of nanoconfined water, we find that freezing
starts around T = 190 K. Above freezing, at T = 200 and
250 K, the cage correlation functions of water molecules
decay as c(t ) = exp[−(t/τ )β], where β is again very close
to the theoretical prediction β = 3/7. We have also calcu-
lated the self-intermediate scattering function (ISF), f (k, t ),
of water molecules at 200 K for different wave vectors.
and fitted the data to stretched exponential functions C(t ) =
exp{−[t/τ (k)]β

(k)}. We find that β(k) and τ (k) decrease as
the wave vector k increases. The latter decreases as k−2 for
small k and much more sharply for large k. This k dependence
shows dynamical differences between small- and large-scale
motion of water molecules confined in nanoporous carbon.

II. METHODOLOGY

A. Preparation of nanoporous carbon

Nanoporous carbon is computationally synthesized with
RMD simulations [17,18]. The RMD approach is based on re-
active force fields (ReaxFF), which allow bond breaking, bond
formation, and charge transfer between atoms. In ReaxFF, the
interaction energy between atoms has the following functional
form:

Esystem = Ebond + Eover + Eunder + Eval + Epen + Etors

+Econj + EvdWaals + ECoulomb,

where Ebond is the bond energy; Eover and Eunder are the
energies of over-/undercoordinated atoms; Eval is the valence
angle term; Epen is the penalty energy for two double bonds
sharing a single atom; Etors is the energy which depends
on torsion angles; Econj describes the energy of conjugated
systems like benzene; EvdWaals is the nonbonded van der Waals
energy; and ECoulomb describes the long-ranged Coulomb
interaction. The parameters in the force field are fitted to
quantum-mechanical calculations based on density-functional
theory. The expression for each term and the parameters for
SiC are given in Ref. [19].

We have used this force field to study oxidation of a SiC
nanoparticle (n-SiC). In the simulation, a SiC nanoparticle
is oxidized at T = 2800 K. Initially, the oxidation process
produces a silica shell around the unreacted SiC core. The
silica-shell thickness exhibits a transition from an initial fast
oxide growth limited by the reaction rate to slow growth
limited by the diffusion of reactants to the oxide/SiC inter-
face. Since silicon atoms react readily with oxygen atoms to
form SiO2, the remaining carbon atoms form C–C covalent
bonds. The resulting nanoporous carbon structure is shown
in Fig. 1(a). The density of the nanoporous carbon (n-C)
structure is 0.5 g/cm3. Most of the carbon atoms in n-C
form six-membered rings but some of them form five- and

FIG. 1. (a) The nanoporous carbon structure. Carbon atoms form
five-, six-, and seven-membered rings which are color coded by
yellow, white, and green, respectively. The analysis of pore-size
distribution indicates that the largest pore has a radius of gyration
Rg = 7.76 Å. (b) The nanoporous carbon structure with embedded
water molecules. Red spheres represent oxygen atoms and white
spheres are hydrogen atoms. Only water molecules inside the carbon
structure are shown here.

seven-membered rings, which are considered defects. We
have analyzed the pore-size distribution using voxels of length
3.1 Å, which corresponds to the size of a water molecule at
normal density (1.0 g/cc). The pore size ranges between 1.6
and 5.6 nm3 and the largest pore has ∼200 water molecules.
We performed only one RMD simulation of oxidation of
n-SiC and therefore we have a single realization of n-C.

B. MD simulation of confined water

After the synthesis of nanoporous carbon structure, we
switched the C-C force field from ReaxFF to adaptive inter-
molecular reactive bond order (AIREBO) [20] and ran an MD
simulation for 1.0 ns at T = 300 K with a time step of 1.0
fs. We estimated the volume of the carbon structure using
a convex hull and found that the volume change was less
than 3%. Over 98% of carbon atoms had the same nearest
neighbors as in ReaxFF, which shows that the carbon structure
is well described by the AIREBO force field.

Water molecules are embedded in the nanoporous carbon
structure enclosed in a rectangular simulation box. The box
is divided into 38 × 44 × 39 voxels of length 3.1 Å. We
embed one water molecule in each empty voxel, making sure
that no H2O molecule is closer than 3.50 Å from the nearest
carbon atom. Our system contains 16,996 carbon atoms and
55,935 water molecules. We use TIP4P/2005 force field [21]
for water, which can describe thermodynamic properties and
the phase diagram of condensed phases over a temperature
range from 123 to 573 K and pressures up to 40, 000 bar.
Water-carbon interaction is described by a Lennard-Jones
(LJ) potential. The LJ parameters σco = 0.319 nm and εco =
0.339 kJ/mol [22] were fitted specifically for TIP4P/2005
water and graphene. The contact-angle calculation for the
force-field development is described in Ref. [22]. They use a
new method to make an accurate estimate of the contact angle
of water droplets on graphene and validate the force field by
experiment [23]. The resulting contact angle θ = 90◦, which
is generally the accepted experimental value [23]. We include
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FIG. 2. 1/D vs 1/T plot shows two distinct regions. The transition
temperature is the intersection of the two straight lines fitted to simu-
lation data. Below the transition temperature, the self-diffusion con-
stant is two orders of magnitude smaller than the room-temperature
value, which indicates that water is nearly frozen. Above the transi-
tion temperature, the self-diffusion constant increases exponentially.

long-range Coulomb interaction and apply periodic boundary
conditions in the x, y, and z directions. First, we equilibrate
the system in the isothermal-isobaric (NPT) ensemble (P =
1.0 bar, T = 300 K) and then switch to the canonical (NVT)
ensemble. Simulations are performed at various temperature
between T = 100 and 300 K using a heat bath to control the
temperature of only the nanoporous carbon structure [24]. We
use a time step dt = 1.0 fs. Systems are first thermalized for
1.0 ns and then structural properties are calculated over the
next 1.0 ns. Cage correlation and self-intermediate scattering
functions are calculated for at least 16 ns.

We have estimated the amount of water adsorbed in n-C by
counting the total number of water molecules inside a sphere
of radius 60 Å centered at the center of mass of carbon atoms.
There are 2.3 × 104 water molecules in that sphere. Since
the MD box size remains the same at different temperatures,
the number of adsorbed water molecules shows no significant
change.

III. RESULTS AND DISCUSSION

We calculated the mean-square displacement of confined
water molecules that were at least 5.0 Å away from carbon
atoms. The temperature dependence of the self-diffusion co-
efficient, namely 1/D vs 1/T data, of those molecules is shown
on a log-linear plot in Fig. 2. For comparison, the temperature
dependence of bulk water is included in the Supplemental
Material [25]. There are two distinct regions in Fig. 2, indicat-
ing a transition at T0 ≈ 190 K. The self-diffusion coefficient
of water is smaller than 10−7 cm2/s below the transition
temperature, and increases as D ∼ exp(−E0/kBT ) above T0.
The linear fits below and above T0 give an impression that
there exists a transition region. We examined the structure
of water in that temperature range and found none of the
characteristics of the no man’s land. Ultrafast x-ray probe
experiment indicates an increase in structural ordering upon

FIG. 3. (a) Snapshot shows water molecules in nanoporous car-
bon. Here only oxygen atoms of water molecules are shown. Blue
and red circles represent HDW (1.1–1.3 g/cc) and LDW (0.7–0.9
g/cc) molecules, respectively. Yellow circles are water molecules at
normal density (0.9–1.1 g/cc). Purple circles are carbon atoms and
white semitransparent circles are water molecules in the buffer region
(within 6.0 Å from carbon atoms). HDW and LDW molecules tend
to form clusters in nanopores [34]. (b) Density profile at T = 200 K.
The average density of water is greater than 1.1 g/cc near nanopore
surfaces. The density decreases to 0.95 g/cc as the distance from
nanopore surfaces increases. The average density of water is close
to 1.0 g/cc at distances larger than 6.0 Å from pore surfaces.

supercooling to ∼229 K [26]. We do not observe such an
ordering in the transition region.

A. Structure

The phase diagram of water consists of several regions: liq-
uid phase above 273 K and supercooled water in the temper-
ature range 232 K < T < 273 K. Below 160 K, water forms
low-density amorphous (LDA) and high-density amorphous
(HDA) ice. Between 160 K < T < 232 K lies a metastable
region called the no man’s land [10]. The LDA and HDA ice
melt into low-density water and high-density water [9].

We calculated the density of water molecules at T = 200 K
using the Voronoi cell construction to examine the structure
of water confined in nanoporous carbon. The inverse of the
Voronoi cell volume around each H2O molecule gives the
local density of H2O at the molecular level. We find 18% of
water molecules are HDW (density > 1.1 g/cc) and 7% are
LDW (density < 0.9 g/cc). The remaining water molecules
have normal density (0.9–1.1 g/cc). Nanoconfined HDW and
LDW molecules form clusters, see Fig. 3(a).

A previous MD study of the structure and dynamics of
water confined in nanoporous amorphous silica [9] indi-
cated approximately equal number of LDW and HDW in the
nanoporous structure. Thus, it appears that the densities of
LDW and HDW depend on the confining medium and the
internal structures of pores. The nanoporous carbon structure
is hydrophobic, whereas the nanoporous silica structure is
hydrophilic. These characteristics of confining materials af-
fect the relative densities of LDW, HDW, and normal water.
Furthermore, the temperature of the system can also change
the density distribution of LDW and HDW. Above a certain
temperature, the distinction between LDW and HDW disap-
pears even in the case of bulk water.
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We examined the density profile of water near the pore
surfaces. The distance is calculated using the nearest carbon
atom from a specific water molecule and the density from
the Voronoi cell volume. Figure 3(b) shows the density as a
function of the distance between water molecules and carbon
atoms in the so-called “boundary” and “free” regions. In the
free region, the density of water is 1.0 g/cc. In the bound-
ary region, the density of water is affected by hydrophobic
interaction and is 10% higher than the average density. As
the distance increases, the density decreases to 0.95 g/cc and
then increases again to 1.0 g/cc. For water molecules at least
6.0 Å away from carbon atoms, the average density is close
to 1.0 g/cc. The minimum density is observed at d = 4.4 Å,
and it is due to the interaction between water molecules.
Similar results have been reported [27] for the density pro-
file of water confined in Mobil Composition of Matter No.
41 (MCM-41). There are some differences arising from the
fact that MCM-41 is hydrophilic and nanoporous carbon is
hydrophobic and therefore we only observe an increase in the
local density closer to the pore surfaces. Results in Fig. 3(b)
can be attributed to the packing effect due to hydrophobicity
of n-C [28].

We cool the system to further examine the local structure
of LDW and HDW in amorphous states. Previous studies
have shown that freezing of water is suppressed under strong
confinement [7]. We calculate the radial distribution function
(RDF) and spatial density function (SDF) at 100 K. LDW and
HDW molecules are chosen at least 6.0 Å from carbon atoms
to ensure that first and second solvation shells are captured.
We calculate the density of water using Voronoi cells. The
LDW density is chosen between 0.7 and 0.9 g/cc and the
HDW between 1.1 and 1.3 g/cc. The RDFs of LDW and
HDW at T = 100 K are shown in Fig. 4. The first peak of HDW
appears at a slightly smaller distance than the one in LDW.
The number of nearest neighbors is still four for both LDW
and HDW. The RDF of LDW has a well-defined second peak,
whereas the RDF of HDW has a broad second maximum.

We have also calculated the SDF of HDW and LDW
from MD trajectories. Unlike RDF, SDF shows anisotropic
distribution of density. We choose the origin at an oxygen
atom and the x axis is taken along the line joining the two
hydrogen atoms. The z axis starts from the oxygen atom and
passes through the midpoint of the two hydrogen atoms. The
y axis is chosen normal to both x and z axes. Note that a water
molecule in the TIP4P/2005 model is a rigid, symmetric body.
Therefore, these axes are valid for water molecules in different
positions and orientations. The SDF plots are generated using
the positions of oxygen atoms and by smearing Gaussian
spheres of diameter 1.0 Å around oxygen atoms. In Figs. 4(b)
and 4(c), we plot isosurfaces of SDFs for HDW and LDW. We
choose the second maxima in RDFs to show second hydration
shells of both HDW and LDW. The SDF of LDW has two
ring structures, whereas the isosurface of SDF for HDW is
smooth and has no anisotropic features. This indicates that the
second hydration shell of LDW is complete and the second
solvation shell of HDW is not. This is consistent with the
simulations of nanoconfined water in nanoporous silica [9]
and furthermore, the neutron-scattering experiment by Soper
and Ricci corroborates this result [16].

FIG. 4. (a) RDFs at T = 100 K reveal that HDW does not have a
well-defined second maximum. (b), (c) Spatial density functions of
LDW and HDW, respectively, at T = 100 K. The SDF is plotted as
an isosurface with spatial density corresponding to the height of the
second maximum in RDF. There are two symmetric ring structures
in the upper region of the SDF for LDW. In contrast, the SDF of
HDW is smooth with no spatial heterogeneity, which indicates that
the second solvation shell is broken [29].

B. Dynamics

MSDs of nanoconfined water molecules as a function of
time display diffusive regimes separated by plateaus below
T = 250 K. A plateau in the MSD of a water molecule
indicates that the molecule is trapped in a cage formed by its
nearest neighbors. The water molecule rattles around in the
cage until the cage is broken, allowing the molecule to diffuse.

We have calculated the cage correlation function (CCF),
C(t), at T = 200 and 250 K using the formula

c(t ) =
〈∑

i li (t ) · li (0)
〉

〈∑
i li (0)2

〉 , (1)

where li (t ) are the nearest neighbors (within a cutoff distance
of 3.14 Å, corresponding to the first minimum in the RDF)
of particle number i at time t [9,29]. li (t )[j ] = 1 when j is
a nearest neighbor of i at time t , and li (t )[j ] = 0 otherwise.
The CCF provides a quantitative analysis of the dynamics of
water confined in nanoporous carbon. It describes changes in
the nearest-neighbor configurations of particles. By definition,
c(t ) = 1 at t = 0. When the nearest neighbor of all the parti-
cles in a group has changed completely, c(t ) = 0.

We find c(t ) can be fitted to a stretched exponential func-
tion,

c(t ) = exp(−(t/τ )β ), (2)

at T = 200 K, see Fig. 5. The exponent β is found to be
0.43, and τ = 1.85 ns. Note that we only fit the tail of c(t )
where c(t ) < 1/e. In our calculation, it takes 2.64 ns for c(t )
to decay from 1 to 1/e. We have also calculated the cage
correlation function at T = 250 K and we again observe
stretched exponential relaxation with an exponent β = 0.40,
which is close to the theoretical prediction, β = 3/7.

Shekhar et al. [9] also find stretched exponential decay for
the cage correlation function of water molecules confined in
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FIG. 5. (a) −Log[C(t)] vs time. The calculated values (purple
dots) are fitted to the blue line. (b) Self-intermediate function calcu-
lated at T = 200 K for different values of the wave vector k. Color
dots are the calculated values and solid black lines are the fitted
stretched exponential functions. The dots from top to bottom are for
k = 1, 5, 10, 15, . . . , 100∗2π/lx . Red dots in the middle of the figure
correspond to k = 37∗2π/lx , which is the size of cages, and the solid
red line corresponds to the stretched exponential function for that
value of k.

nanoporous silica but their value of β is 0.60. This is due to the
fact that their force field for water is short ranged. Khademi
et al. have reported exactly the same value as us (β ≈ 3/7)
for water molecules confined in SiC nanotubes [12]. Their
simulation includes long-range Coulomb interactions. These
results suggest that stretched exponential decay of cage corre-
lation function is a universal feature of nanoconfined liquids.

In 1982, Grassberger and Procaccia showed theoretically
that particles diffusing in a medium with random traps would
exhibit stretched exponential behavior. They derived the exact
value of the exponent β = d/(d + 2), where d is the dimen-
sionality of the system. (A brief summary of their derivation is
given in the Supplemental Material.) In three dimensions, β =
3/5, which agrees with the MD simulation result of Shekhar
et al. [9]. Phillips has shown that β = d∗/(d∗ + 2), where
d∗ = d/2 is an effective spatial dimension in the presence of
long-range Coulomb interaction [14]. He argues that particles
diffuse not only in the real space but also in the subspace cor-
responding to polarization and that only real-space diffusion
corresponds to the change of nearest neighbors. Our value of
the exponent β agrees with this exact result because our force
field for water includes long-range Coulomb interaction.

Stretched exponential decay has been reported in a variety
of system, e.g., spin glasses [26], relaxation of a glass, and
granular materials, to name a few. Welch et al. [30] measured
strain relaxation in a glass sheet at room temperature over a
period of 18 months and found stretched exponential behavior
with β = 3/7, which agrees with the exact theoretical result.

We have also calculated the ISF f (k, t ) to examine relax-
ation of nanoconfined water. The function f (k, t ) is defined
as [31]

f (k, t ) = 1

N

N∑

j=1

exp(−ik · (rj (t ) − rj (0))), (3)

where rj (0) denotes the position of the j th water molecule
at time t = 0 and rj (t ) is the position of the same molecule
at a later time t. This function provides information about
the mean relaxation time of the system: ballistic motion at
short timescales, cage motion at intermediate timescales, and
molecules leaving cages (stretched exponential behavior) at
long times. The ISF can be measured by neutron-scattering
experiments. Chen and co-workers have reported measure-
ments of ISF for D2O confined in pores of Vycor glass using
neutron spin-echo spectrometers [32] and van Megen et al.
have reported measurements of ISF for suspensions using
dynamical light scattering [33].

Since our system is isotropic, we calculate f (k, t ) for k
along the x direction and fit the results to stretched exponen-
tial function f (k, t ) = exp(−(t/τ (k))β

(k)
) for a specific k =

2π/λ value corresponding to the size of cages λ = 3.14 Å.
The fitted parameters are β(k) = 0.386 and τ (k) = 0.67 ns,
and they both decrease as k increases. The decay of f (k, t )
is slower than exponential, which suggests the presence of
dynamic heterogeneities in the system. β(k) decreases from
0.9 for small k to 0.2 for large k and τ (k) ∼ k−2 for small
k (see the Supplemental Material). This is expected since the
dynamical behavior is dominated by Brownian motion at large
spatial and temporal scales. For large k, τ (k) decreases faster
due to subdiffusive dynamics.

IV. CONCLUSION

In conclusion, MD simulations reveal significant changes
in the structure and dynamics of water confined in nanometer-
size pores of amorphous carbon. The local structure of LDW
is different from that of HDW. The LDW molecules have
complete first and second solvation shells, whereas only the
first solvation shell of HDW is complete and the second
solvation shell is broken. Confinement also has a dramatic
effect on the dynamics of water molecules. Water molecules
are not frozen even at temperatures as low as 200 K, although
the self-diffusion coefficient drops sharply around 190 K. The
cage correlation functions for nanoconfined water molecules
at T = 200 and 250 K exhibit stretched exponential behavior
with a universal exponent β = 3/7. This agrees not only with
an exact theoretical prediction but also with experimental and
simulation results for a variety of systems. Lastly, we have
presented results on intermediate scattering function which
also displays stretched exponential behavior. Our predictions
regarding the universal value of β and the behavior of inter-
mediate scattering function can be readily tested by neutron-
scattering experiments.
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