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ABSTRACT 

We present molecular dynamics (MD) simulations of water-filled silica nanopores 

such as those that occur in ordered oxide ceramics (MCM-41, SBA-15), controlled pore 

glasses (such as Vycor glass), mesoporous silica, bioglasses, and hydrous silica gel 

coatings of weathered minerals and glasses.  Our simulations overlap the range of pore 

diameters (1 to 4 nm) where confinement causes the disappearance of bulk-liquid-like 

water.  In ≥ 2 nm diameter pores, the silica surface carries three statistical monolayers of 

density-layered water, interfacial water structure is independent of confinement or 

surface curvature, and bulk-liquid-like water exists at the center of the pore (this last 

finding contradicts assumptions used in most previous neutron diffraction studies and in 

several MD simulation studies of silica nanopores).  In 1 nm diameter pores, bulk-liquid-

like water does not exist and the structural properties of interfacial water are influenced 

by confinement.  Predicted water diffusion coefficients in 1 to 4 nm diameter pores agree 

with quasi-elastic neutron scattering (QENS) data and are roughly consistent with a very 

simple “core-shell” conceptual model whereupon the first statistical water monolayer is 

immobile and the rest of the pore water diffuses as rapidly as bulk liquid water. 

 

KEYWORDS: Nanopore, confined water, molecular dynamics simulation, silica, surface 

water, diffusion. 
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INTRODUCTION 

How do the properties of water confined in hydrophilic silica nanopores differ from 

those of bulk liquid water?  This fundamental question has implications for the utility of 

synthetic nanoporous silicates such as ordered oxide ceramics (MCM-41, SBA-15)1-3, 

controlled pore glasses (CPG, including Vycor glass)1,4, mesoporous silica5,6, and 

bioglasses7.  In geochemistry, it determines the influence of hydrous silica gel coatings 

on the long-term weathering rates of silicate glasses and minerals8,9, these rates being 

important unknowns in studies of soil formation10 and global carbon cycling11 and in 

predicting the fate of CO2
12,13 and high-level radioactive waste in geological 

repositories14,15.  From a theoretical perspective, the question is compelling because 

hydrophilic silica nanopores can be readily fabricated with well-controlled structural 

features (the materials listed above have an amorphous SiO2 matrix, silanol surface 

functional groups, cylindrical pores, and pore diameters that can be varied from about 1 

nm to more than 100 nm1-4,6) for probing the new physics of water that occur due to 

finite-size effects, a frontier research area with broad implications in catalysis16, 

biology17,18, nanofluidics19,10, membrane science2`, and the geosciences21-23. 

Theoretical models of transport and chemistry in water-filled nanopores routinely rely 

on the simplifying approximation that water properties are not modified by 

confinement19, but this approximation is expected to fail in nanoporous media where pore 

size approaches the diameter of a water molecule20.  Studies of water in hydrophilic 

nanopores carried out with a range of techniques (thermoporometry1,24, capillary 

imbibition25, surface force apparatus22,26, infrared and Raman spectroscopy4,17,18,21,27, 

NMR spectroscopy28, X-ray and neutron diffraction6,29-31, quasi-elastic neutron 
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scattering2,32, molecular dynamics simulations26,33-36) show that this failure occurs in 

pores narrower than ~20 nm and can be classified into two regimes.  The first regime 

occurs in pores that are about 2 to 20 nm wide and results from “surface water” [water 

with structure and dynamics distinct from those of bulk liquid water, found within up to 

three statistical monolayers (~0.9 nm) from hydrophilic surfaces34,35] constituting a non-

negligible part of the pore water25,27,34.  In this regime, the average behavior of pore water 

is sometimes represented with a “core-shell” model, on which pore water is conceptually 

divided into a core of “free” water with bulk-liquid-like properties and a shell of 

“surface” water with distinct properties25,27.  The second regime occurs in pores that are 

narrower than about 2 nm, where the bulk-liquid-like water core is absent2,34 and surface 

water is influenced by confinement between two surfaces rather than by interaction with 

a single surface26.  In this second regime, the average properties of water in hydrophilic 

nanopores are poorly understood, highly sensitive to pore size and surface properties, and 

may diverge strongly from those of bulk liquid water18,23,26,33. 

Early research on the physics of water in water-filled cylindrical hydroxylated silica 

nanopores focused substantially on the low-temperature phase transitions of confined 

water1,24,28,29.  These studies showed that in 2 to 12 nm diameter pores, a 0.4 to 0.6 nm-

thick surface water layer freezes at a much lower temperature than the free pore water 

and does not form a crystalline ice phase24,28,29.  Ice crystals formed in the free pore water 

in 2.4 nm diameter pores have a smaller lattice constant than those formed in 4.2 nm 

diameter pores, suggesting that confinement influences the structure of water even in the 

core region29.  More recent research has concentrated on revealing the properties of 

ambient liquid water in silica nanopores including its structure3,6,31, vibrational 
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dynamics4, diffusivity2,32, and viscosity25.  These studies showed that the first one or two 

statistical water monolayers on the silica surface are ordered and much less mobile than 

the rest of the pore water3,25,37.  However, contradictory results have been reported on the 

influence of confinement on water density3,37 and hydrogen bond structure4,31 beyond the 

first two surface water layers.  Furthermore, very few studies2 have probed the molecular-

scale properties of liquid water in silica nanopores for a range of pore diameters 

overlapping the expected transition between the first and second confinement regimes. 

Molecular dynamics (MD) and Monte Carlo (MC) simulations are well suited for 

revealing the structure and dynamics of water in nanopores34-36.  However, of the MD and 

MC simulation studies that have probed water in silica nanopores33,37-45, only four studies 

used an amorphous SiO2 structure, silanol surface functional groups, and water-filled 

cylindrical nanopores37,38,40,43.  Gallo et al.38 simulated a 4 nm diameter pore, but they 

focused on conditions where the pore was either filled with supercooled water or partially 

filled.  Leung et al.40 simulated a 1.2 nm diameter pore using Grand Canonical Monte 

Carlo (GCMC) and ab initio MD simulations, but they did not characterize the pore water 

structure and they simulated time and length scales much too short to accurately probe 

water diffusion (4.5 ps, < 400 atoms).  Recently, Lerbret et al.37 carried out 4 ns MD 

simulations of a 3 nm diameter pore with two different densities of silanol functional 

groups, and Milischuk and Ladanyi43 carried out 2 ns MD simulations of 2, 3, and 4 nm 

diameter pores with a low density of silanol functional groups.  Here, we present the 

results of MD simulations of water-filled cylindrical hydroxylated silica nanopores that 

differ from previous simulations in several important aspects.  Firstly, we probe a range 

of pore diameters (1, 2, and 4 nm) that overlaps the transition between the first and 
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second confinement regimes.  Secondly, our simulated nanopores connect two bulk liquid 

water reservoirs.  This ensures that our pores are fully water-filled, and it allows us to 

observe diffusion through the pores.  Finally, we probe time and length scales larger than 

in previous studies (7 to 62 ns simulations; 16,041 to 63,321 atoms per simulation cell).  

We determine for the first time the influence of confinement on the structure and 

diffusion coefficient of liquid water in this type of nanopore for a range of pore 

diameters. 

 

METHODOLOGY 

Details of our simulations are described in the Electronic Annex.  Briefly, our 

simulated systems consisted of a 6-nm-thick SiO2 glass slab pierced by a cylindrical 

nanopore with a diameter of 1, 2, or 4 nm.  Under-coordinated surface O and Si atoms 

were “healed” with H or OH groups as in previous studies38,40.  The density of silanol 

groups, 6.6 ± 0.2 sites per nm2, was lower than the values predicted with other inter-

atomic potential models (6.8 to 7.6 sites per nm2)37,40,46 and higher than that measured for 

silica surfaces (4.9 ± 0.5 sites per nm2)47.  As pointed out by Leung et al.40, the apparent 

discrepancy between experimental and predicted site densities may derive from a 

difference in the definition of surface area: our calculations used an “ideal” surface area 

derived as if our solid were a smooth slab pierced by a smooth cylindrical pore, whereas 

Zhuravlev47 used the “effective” surface area probed by low temperature adsorption of 

Kr.  The effective surface area must be greater than the ideal surface area because Kr 

atoms probe the atomistic-scale roughness of the amorphous silica surface.  The MD 

simulation methodologies used by Gallo et al.38 and Millischuk and Ladanyi43 yielded 
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much lower site densities (2.0 to 2.5 sites per nm2).  Sufficient water molecules were 

added to each simulation cell to fill the nanopore and to form a 4-nm-thick water film on 

both sides of the glass slab (Fig. 1).  The 1 and 2 nm diameter pore systems had 

simulation cell dimensions of 31.65  36.54  190.0 Å3 (16,794 and 16,041 atoms, 

respectively); the 4 nm diameter pore system was twice as large in the x and y dimensions 

(63.29  73.08  190.0 Å3, 63,321 atoms).  The 1, 2, and 4 nm diameter pore systems 

were simulated for durations sufficiently long to observe steady-state water diffusion 

through each pore (62, 23, and 7 ns, respectively, following 3 ns of equilibration at 298 

K).  Unless otherwise specified, simulations were carried out in the NVT ensemble with a 

0.5 fs time step, long-range (> 15.0 Å) Coulomb and van der Waals interactions were 

treated by Ewald summation with 99.99% accuracy, and temperature was controlled 

using a Nosé-Hoover thermostat with a coupling constant of 100 ps.  Simulations were 

carried out with the code LAMMPS48 and visualized with the code VMD49. 

Molecular dynamics simulations of silica-water systems are sensitive to the choice of 

interatomic potential models, the main input of these simulations39,41,50.  To our 

knowledge, at least 15 models have been used to describe inter-atomic interactions in MD 

simulations of bulk liquid water in contact with hydroxylated silica surfaces37-41,51-60.  

Prior to our silica nanopore simulations, we selected silica-water interatomic potential 

models that comprised only two-body interactions (for later use with well-tested models 

of aqueous solutes and non-aqueous fluids) and that included short-range and Coulombic 

interaction parameters for Si, O, hydroxyl O (denoted as Oh), and H atoms39,40,51,55 (see 

Table A1 in the electronic annex).  We tested these models against experimental data on 

the density profile of water on the  surface of -quartz62 (the four models 10 1 0
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performed similarly; see Table 2 in the Electronic Annex) and on the structure of SiO2 

glass61 (the CLAYFF model of Cygan et al.55 gave a much more accurate prediction as 

shown in Table 1).  Skelton et al.50 recently found that CLAYFF is consistent with ab 

initio MD predictions of water structure on the  quartz surface.  On the basis of our 

test simulations and the results of Skelton et al.50, we adopted the CLAYFF model in 

combination with the extended simple point charge (SPC/E) water model64 for simulating 

water in silica nanopores.  This combination of models is known to accurately predict the 

structure, diffusion coefficient (in systems of a few hundred water molecules), and static 

dielectric constant of ambient liquid water65-67 and the behavior of water in clay interlayer 

nanopores23,68,69. 

 

RESULTS 

Water density distribution.  Maps of the average density of water O and H atoms 

(Ow, Hw) indicate that water is strongly structured by the silica surface (Fig. 2).  The 

location of the Gibbs surface of water (calculated from Ow as described in the Electronic 

Annex, identified hereafter with the silica-water interface) shows that the simulated silica 

slab has an effective thickness of 61.4  0.2 Å (average value for the three simulated 

systems, with error calculated as two standard deviations) and that the 1, 2, and 4 nm 

diameter pores have effective radii of 4.37, 9.37, and 19.49 Å.  Plots of Ow and Hw vs. 

distance from flat or curved silica surfaces (Fig. 3) reveal density layering extending up 

to about 9 Å (three statistical water monolayers) from the silica surface, in agreement 

with water density layering observed in experimental and MD simulation studies of water 

near other solid surfaces35,62,70.  The water layers are more pronounced in Fig. 2 than in 

10 1 1
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Fig. 3, because the latter figure reports Ow values that are “smoothed out” by averaging 

over a greater area of the rough silica surface (Ow values in Fig. 2 are averaged over the 

circumference of the pore; values in Fig. 3 are additionally averaged over the length of 

the pore).  The density profile shoulder at z ~ -1 Å is produced by water molecules that 

become ensconced in small “pockets” of the amorphous silica surface37,38.  The slope 

leading up to the Ow(r) peak at 2.0  0.1 Å is less steep than on smooth surfaces35 in 

accord with the measured ~ 2 Å roughness of MCM-41 silica pore walls3. 

Water density at the center of our silica nanopores reveals that the transition between 

the first and second confinement regimes (discussed in the Introduction) occurs at a pore 

diameter between 1 and 2 nm, in agreement with previous studies2.  Water density is 

bulk-liquid-like at the center of ≥ 2 nm diameter pores but shows strong oscillations at 

the center of the 1 nm diameter pore.  Our finding of a bulk-liquid-like water density at 

the center of ≥ 2 nm diameter pores is consistent with studies of other nanoporous 

media34-36 but it contradicts several neutron diffraction studies3,31 and at least one MD 

simulation study38 that assumed that the average density of water in silica nanopores is 11 

% lower than that of bulk liquid water.  This assumption was based on a single paper71 

where we found no mention of a low density of water in silica nanopores.  Recently, 

grand canonical Monte Carlo (GCMC) simulations predicted that water density at the 

center of 2 to 4 nm diameter silica nanopores is about 10 % lower than in bulk liquid 

water43, whereas a MD simulation of a 3 nm diameter pore equilibrated with bulk liquid 

water yielded results consistent with our findings37. 

Water density near the pore surface (Fig. 3 at d < 4 Å) shows that the disappearance 

of bulk-liquid-like pore water at diameters between 2 and 1 nm coincides with a 
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significant distortion of the first statistical water monolayer on the silica surface.  In the 2 

and 4 nm diameter pores, Ow profiles near the curved silica surface are essentially 

identical to the profile on flat surfaces (Fig. 3b).  In the smallest pore, where bulk-liquid-

like water does not exist, water O atom density is significantly enhanced near the silica 

surface (Fig. 3b).  We hypothesize that this enhancement results from steric effects that 

prevent optimal water-water hydrogen bonding inside the pore. As noted in the 

Introduction, previous studies indicate the existence of a transition in confinement regime 

at pore widths near 2 nm.  Our prediction of a strong distortion of interfacial water 

structure at pore widths below 2 nm is consistent with this transition. 

We note in passing that the density profiles of water H atoms in 2 and 4 nm diameter 

pores differ mildly from their profile on flat silica surfaces (Fig. 3c).  Since Ow curves on 

these surfaces are nearly identical, this result suggests that confinement (or curvature) 

may influence the orientation of interfacial water molecules even at pore diameters above 

2 nm.  However, the absence of a clear trend in Hw as a function of pore diameter 

prevents any clear conclusion on the significance of this effect. 

Intrinsic proton affinity of silica-water interfaces.  One important property of silica 

nanopores that may be influenced by confinement is the acid-base reactivity of silanol 

functional groups: 

 >SiOH  >SiO- + H+. (1) 

The reaction described by Eq. (1) determines silica surface charge, an important 

parameter in the reactivity of silicate glasses and minerals7,11,72,73 and the design of 

nanofluidic devices74,75.  According to bond valence models76-79, the intrinsic pKa value 

of silanol groups may be sensitive to the number of hydrogen bonds received by the 
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silanol O atom.  Therefore, if confinement influences the structure of surface water in 

silica nanopores, it also could influence the acidity of silanol groups.  Indeed, several 

studies suggest that silanol groups located in silica nanopores have a different acidity 

than those located on flat silica surface5,80,81.  To investigate this hypothesis, we used our 

simulation results to calculate the amount of “bond valence” (sH-bond) received by each 

silanol O atom (Oh) from H atoms in neighbor silanol groups or water molecules.  To 

evaluate sH-bond for each Oh atom in our simulations, we calculated the radial distribution 

functions gOhH(r) of neighbor silanol or water H atoms around each Oh atom.  Then, for 

each Oh atom, we applied the relationship between hydrogen bond length (rH-bond) and 

bond valence proposed by Machesky et al.78: 

 sH-bond  (1.551.06r 0.186r2 )
r1.4Å

r2.4Å gOhH (r)dr . (2) 

The cumulative distributions of sH-bond values of silanol groups located on flat silica 

surfaces and on the curved surfaces of 1, 2, or 4 nm diameter nanopores are plotted in 

Fig. 4.  Our calculations show that Oh atoms located in silica nanopores receive slightly 

less bond valence from hydrogen bonds than Oh atoms located on flat silica surfaces 

(Fig. 4).  According to the widely used multi-site complexation (MUSIC) model76, a 0.05 

difference in bond valence translates to approximately a unit difference in the intrinsic 

pKa values of protonation reactions.  If a similar relationship exists for deprotonation 

reactions, the average intrinsic pKa value of silanol sites in silica nanopores should be 

about 0.5 pH units higher than on flat silica surfaces.  This difference is smaller than the 

precision of reported silanol group pKa values (7.0 ± 0.6)73,82,83.  Evidently, water 

hydrogen bond donation to surface O atoms is essentially insensitive to pore diameter 

even in the 1 nm diameter pore. 
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We note that the acidity of silanol groups may depend not only on hydrogen bonding 

to surface O atoms, but also on the electrostatic screening of charged >SiO- sites by ions 

in the electrical double layer11 and on the dielectric screening of those sites by interfacial 

water77,81,84, both of which may vary with confinement or interfacial curvature.  

Examination of these effects may require using molecular simulation methods that allow 

proton transfer reactions, such as ab initio MD simulations81,85 or classical MD 

simulations with so-called “reactive” force fields58. 

Water diffusion in silica nanopores.  Water diffusion in silica nanopores was 

probed at the pore scale by “tagging” water O atoms according to the bulk water reservoir 

in which they were last located.  Water molecules initially located inside the pore (64.3 < 

z < 125.7 Å) were left untagged until they entered one of the bulk water reservoirs.  

Examples of density profiles of tagged O atoms in the 2 nm diameter pore are shown in 

the upper part of Fig. 5.  Cumulative breakthrough fluxes of water O atoms diffusing 

through the 1, 2, and 4 nm diameter pores are shown in the lower part of Fig. 5.  Our 

results indicate that simulation times greater than at least 40, 10, and 5 ns are required to 

observe steady-state water diffusion through the 1, 2, and 4 nm diameter pores, 

respectively.  Steady-state tracer concentration profiles across the pores are essentially 

linear, indicating that the diffusion coefficient of water is invariant with z.  In particular, 

this means that water molecules exchange freely between the nanopores and the bulk 

liquid water reservoirs, in agreement with MD simulation studies of clay interlayer 

nanopores86,87, but in contradiction with the extant “Renkin model” of diffusion in 

nanopores88-91.  Steady-state breakthrough fluxes were calculated from the data in Fig. 5 

with the standard expression: 
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 Dnanopore =  -J / (ΔC/Δz), (3) 

where J is the steady-state flux (mol m-2) calculated from the long-time slope of the 

curves in the lower part of Fig. 5 (t > 50, 10, or 5 ns for the 1, 2, and 4 nm diameter 

pores) and ΔC/Δz is the concentration gradient of tagged water O atoms across the pore 

(ΔC = 55.3 mol dm-3; Δz = 6.14  0.02 nm).  Our calculations yield pore-scale water 

diffusion coefficients Dnanopore = 0.28  0.09, 1.01  0.05, and 1.54  0.13  10-9 m2 s-1 in 

the 1, 2, and 4 nm diameter pores. 

To gain further insight into the diffusion of water in silica nanopores, we calculated 

the molecular-scale diffusion coefficient D of water molecules as a function of their (r,z) 

coordinates using the well known Einstein relation: 

 D  1

2n
lim


dMSD( )

d
, (4) 

where MSD(τ) is the mean-square displacement of a diffusing molecular averaged over 

all molecules of interest and all time intervals of length τ, and n is the dimensionality of 

the system in which diffusion occurs.  In heterogeneous systems such as our simulation 

cells, application of Eq. 4 is non-trivial because D varies with the location of the 

diffusing particle.  In such systems, use of Eq. 4 requires the existence of an observation 

time scale τ sufficiently long that particle motion is in the diffusive regime, yet 

sufficiently short that individual particles do not probe regions with very different D 

values35.  On the basis of previous studies34,35, we approximated Eq. 4 by calculating the 

slope of MSD(τ) from τ = 2 to 10 ps and by using a MSD(τ) function calculated either in 

the xy plane or in the z direction, whichever was parallel to the nearest surface. To 

determine “local” D values, we divided our simulation cell into 0.2-Å-wide regions in the 

r and z dimensions; for each of these regions, we calculated a MSD(τ) function using all 
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10 ps water O atom trajectories that started in this region.  Calculated D(r,z) values are 

mapped in the three simulated systems in Fig. 6 and plotted as a function of distance from 

the silica surface in Fig. 7.  Figure 6 shows that water diffuses more rapidly near the 

liquid-vapor interface, in agreement with previous studies92.  The predicted D value of 

water far from any interface (D = 3.16  0.19  10-9 m2 s-1, average value calculated in 

the region where z = 36 to 40 or 150 to 154 Å in our three simulations) is consistent with 

previous studies of the self-diffusion coefficient of bulk liquid SPC/E water (D0 = 2.4  

0.4  10-9 m2 s-1 in simulations of 216 water molecules65, increasing with the size of the 

simulation cell—a well known artifact of MD simulations93—to an extrapolated value of 

D0 = 2.84  10-9 m2 s-1 in infinitely large systems94; for comparison, D0 = 2.299  10-9 m2 

s-1 for real liquid water at 298 K95) and with studies showing that in asymmetric 

simulation cells, MD simulations predict larger water diffusion coefficients in directions 

along which the simulation cell is shorter36.  The density-weighted average value of D in 

our silica nanopores (calculated for z = 75 to 115 Å) yields Dnanopore = 0.17  0.04, 1.06  

0.04, and 1.82  0.01  10-9 m2 s-1 in the 1, 2, and 4 nm diameter pores (confidence 

intervals were calculated as two standard errors of the mean using four 10 Å segments of 

each nanopore).  The good agreement between the Dnanopore values calculated at the 

molecular scale (this paragraph) and at the pore scale (previous paragraph) shows that the 

two methods are essentially equivalent even though they probe very different time scales 

(ten picoseconds vs. nanoseconds, respectively). 

Our predicted Dnanopore values are compared in Figure 8 with experimental results 

obtained by quasi-elastic neutron scattering (QENS)32,96,97.  Most models used to interpret 

QENS data treat a small portion of the pore water as immobile.  In Fig. 8, we report the 
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average diffusion coefficient of all pore water (mobile or immobile) according to the 

models used to interpret QENS data.  Takahara et al.96 compared three different models 

for interpreting their QENS data in 2.14 and 2.84 nm diameter pores; in Fig. 8, we report 

their average estimates of Dnanopore.  To account for the fact that the SPC/E model over-

estimates the self-diffusion coefficient D0 of bulk liquid water in systems larger than a 

few hundred water molecules, we report normalized pore diffusion coefficients 

Dnanopore/D0, also known as steric constrictivity coefficients 98,99.  Overall, our MD 

simulations are remarkably consistent with the experimental results of Takahara et al.31,96 

and Matar Briman et al.97 considering the non-triviality of the interpretation of QENS 

data96,100 and the sensitivity of MD simulations to the choice of interatomic potential 

parameters.  This sensitivity is illustrated in Fig. 8 by the MD simulation result of Lerbret 

et al.37, who used a similar silanol density and the same SPC/E water model as this study 

but a different model of silica-water interactions.  The blue curve in Fig. 8 shows the  

values that would be predicted by a conceptual model assigning zero mobility to water 

molecules in the first statistical water monolayer (within 3 Å of the silica surface) and 

full mobility to water located beyond the first layer.  The success (even for pore 

diameters as low as 1 nm) of this very simple core-shell conceptual model is remarkable 

in view of the fact that the actual decrease in water mobility near hydrophilic surfaces 

occurs gradually over two or three water layers and that the first water layer is not really 

immobile33-35,37,44 (Figs. 6-7). 

Studies of bulk liquid water show that hydrogen bond breaking, an important step in 

water diffusion101, occurs through discrete, large-amplitude rotations of a single water 

molecule that rapidly reorients a OH bond towards a new neighboring O atom102.  This 
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rapid change in hydrogen bonding is preceded and facilitated by a slow (ps-scale) 

approach of the new neighbor O atom towards the reorienting water molecule102.  In 

water-filled silica nanopores, this type of hydrogen bond breaking mechanism would be 

strongly inhibited in the first water layer by the fixed location of silanol groups and by 

steric constraints resulting from water density layering; hence, current understanding of 

hydrogen-bond breaking mechanisms is consistent with water diffusion being slowed 

down mostly in the first statistical water monolayer. 

 

CONCLUSIONS 

We find that silica surfaces carry up to three statistical monolayers of density-layered 

water.  Bulk-liquid-like water (defined here as water with no density layering and with 

the same average density as bulk liquid water) exists in silica nanopores with diameters 

of 2 or 4 nm, but not in silica nanopores with diameters of 1 nm, in agreement with 

studies2 that detected this transition at pore widths near 2 nm.  The structural properties of 

interfacial water probed here (water density layering, water hydrogen bonding with 

silanol O atoms) are essentially identical in 2 and 4 nm nanopores and on flat silica 

surfaces, indicating that confinement and interfacial curvature do not significantly 

influence surface water structure as long as bulk-liquid-like water exists at the center of 

the pore.  In 1 nm diameter pores, confinement (or curvature) strongly influences certain 

structural features (density layering) but not others (water hydrogen bonding with silanol 

O atoms).  Our finding that water located at the center of 2 and 4 nm diameter pores has 

the same density as bulk liquid water contradicts the assumptions of several neutron 

diffraction3,31 and MD simulation studies38,43, but it supports recent MD simulation 
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results by Lerbret et al.37.  Our results on water diffusion are consistent with QENS 

data32,96,97 (yielding a measure of confidence in the quality of our MD simulations) and 

can be described with a very simple “core-shell” conceptual model on which the first 

water monolayer is immobile on diffusive time scales while the rest of the pore water 

diffuses as fast as bulk liquid water. 
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SUPPORTING INFORMATION 

Details of our simulations are described in the Electronic Annex.  This information is 
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Table 1. SiO2 glass structure (density and radial distribution function peak coordinates) at 

298 K predicted with the LR51, CLAYFF55, LRL40, and JA39 models (this study), by the 

REAXFF model58, and measured by neutron diffraction61.  Confidence intervals on the 

radial distribution function peak coordinates are approximately ± 0.01 Å. 

 

Model Density 

(kg dm-3) 

Si-O first 

max. (Å) 

O-O first 

max. (Å) 

Si-Si first 

max. (Å) 

Si-O second 

max. (Å) 

LRL 0.51 3.07 3.57 4.18 6.25 

JA 0.65 2.93 3.37 4.69 5.97 

LR 1.03 2.97 3.47 4.79 6.13 

CLAYFF 2.15 1.57 2.55 3.11 3.99 

REAXFFa 2.14 1.56 2.53 3.06 3.90 

Experimentb 2.20 1.60 2.61 3.115 4.13 

aCalculated by Fogarty et al.58. 

bRadial distribution function peak positions were read from the neutron diffraction 

results of Ohno et al.61; density was reported by Hudon et al.63. 
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Figure 1. Molecular dynamics simulation snapshots of 6-Å-thick cross-sections [normal 

(left) or parallel (right) to the pore axis] of the 4 nm diameter pore (yellow, red, and 

white: Si, O, and H atoms in the silica structure; dark and light blue: water O and H 

atoms).  Silanol OH groups are highlighted as red and white spheres in the cross-section 

on the left-hand-side.  The 4-nm-thick water films that cover both surfaces of the silica 

slab are visible in the cross-section on the right-hand-side.  The simulation cell (63.29126 

 73.08256  190.0 Å) includes a 5-nm-thick vapor gap between periodic images in the z 

direction (normal to the silica slab). 

 

 

 
Silica slab Water filmWater film
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Figure 2. Average density of water O atoms (Ow) in 1, 2, and 4 nm diameter pores (from 

top to bottom) plotted as a function of z (horizontal axis) and distance r from the pore 

axis (vertical axis).  Red color indicates Ow values greater than the average O atom 

density in the bulk liquid.  Water density layering occurs within about 1 nm of the silica 

surfaces. 

 

 

 

Surface water on the nanopore wallSurface water on the flat silica slab
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Figure 3. (a) Average density of silanol H (in black), Ow (in red), and Hw atoms (in blue) 

as a function of distance from the curved surface of the 2 nm diameter pore, calculated 

for z = 75 to 115 Å. (b) Comparison of the average Ow density (Ow) profiles on flat 

surfaces (calculated for r = 23.0 to 31.2 Å in the 4 nm diameter pore simulations) and on 

curved nanopore surfaces (z = 75 to 115 Å). (c) Same as Fig. 3b for Hw. 
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Figure 4. Cumulative distribution of the sH-bond values (in valence units) of silanol sites 

located on flat surfaces (r > 22 in the 4 nm diameter nanopore simulation) and on curved 

nanopore surfaces (z = 67 to 123 Å). 
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Figure 5. Upper graph: average density distribution of “tagged” water O atoms 

(normalized to the average density of water O atoms, averaged over both z directions, and 

plotted as a function of z) during several time intervals after the beginning of the 2 nm 

diameter nanopore simulation. Lower graph: cumulative breakthrough flux of tagged 

water O atoms diffusing through 1, 2, and 4 nm diameter nanopores (averaged over both 

directions, normalized to pore cross-section area) plotted as a function of time since the 

beginning of the MD simulation. 
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Figure 6. Molecular scale diffusion coefficient of water molecules, calculated from the 

mean-square-displacement of water O atoms during 10 ps, plotted as a function of z 

(horizontal axis) and distance r from the pore axis (vertical axis) in the 1, 2, and 4 nm 

diameter pores. 
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Figure 7.  Molecular scale diffusion coefficient of water molecules, plotted as a function 

of distance from the silica surface, on flat surfaces (region where r = 23.0 to 31.2 Å in the 

4 nm diameter pore simulations) and on curved nanopore surfaces (z = 75 to 115 Å). 
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Figure 8. Pore scale water diffusion coefficient in silica nanopores, normalized to the 

self-diffusion coefficient of bulk liquid water ( = Dnanopore/D0), plotted as a function of 

pore diameter at 298 K (most data) or 300 K32.  Error bars (95 % confidence intervals) on 

the data of Takahara et al.96 were calculated as two standard errors of the mean, treating 

their three data analysis methods as a “replicates” of the same measurement.  Error bars 

on the data of Takahara et al.32 were estimated using the standard error calculated from 

the data of Takahara et al.96.  The data of Matar Briman et al.97 were converted to Dnanopore 

values by assuming that the fraction of immobile water in their pores was roughly 0.8 

times the fraction of immobile protons (as suggested by the data of Takahara et al.32).  

We used D0 = 2.299  10-9 m2 s-1 for real water at 298 K95, D0 = 2.41  10-9 m2 s-1 for real 

water at 300 K (interpolated from D0 values at 298 and 308 K95 using an Arrhenius 

relation), and D0 = 2.84  0.2  10-9 m2 s-1 for SPC/E water at 298 K94 (with a confidence 

interval roughly estimated from the data of Kerisit et al.94).  The line shows the trend that 

would be predicted by a very simple “core-shell” conceptual model assigning zero 

mobility to water molecules in the first statistical water monolayer and full mobility to 

water located beyond the first layer. 

 

0 

0.2 

0.4 

0.6 

0.8 

1 

0 1 2 3 4 

-

Pore diameter (Å) 

MD (this study, from the ns-scale steady-state flux) 
MD (this study, from the 10-ps-scale MSD) 
MD [37] 
QENS [32] 
QENS [96] 
QENS [97] 



  35

ELECTRONIC ANNEX 

SiO2 glass structure test simulations.  For our first test of SiO2-water interaction 

models, we applied a series of annealing cycles to a 29.4822  34.0431  32.4282 Å 

simulation cell containing 288 unit cells of -quartz (total 2592 atoms) constructed with 

the atomic coordinates of Kihara103.  Each cycle consisted of 1 ns of equilibration at the 

annealing temperature Tanneal (NPT ensemble; P = 0 MPa; thermostat and barostat 

coupling constants of 10 and 50 ps), quenching to 298 K at the rate of 2 K ps-1 (same 

pressure and thermo-/barostat coupling constants), 1 ns of equilibration at 298 K (same 

pressure; thermostat and barostat coupling constants of 100 and 1000 ps), and 1 ns of 

equilibration at 298 K (NVT ensemble; thermostat coupling constant of 100 ps).  Selected 

simulation times and quenching rates are typical of silicate melt simulations41.  

Successive annealing cycles were carried out for increasing Tanneal values until the SiO2 

fluid “vaporized” (i.e., density dropped below 0.2 kg dm-3) or until Tanneal = 5000 K.  

Radial distribution functions gSiSi, gSiO and gOO of quenched SiO2 glasses were acquired 

during the last 100 ps of each annealing cycle; coordinates of the first peaks of these 

functions and SiO2 glass densities are reported in Table 1 along with experimental data61 

and MD simulation results obtained by Fogarty et al.58 with the reactive force field 

REAXFF.  The CLAYFF model of Cygan et al.55 performed much better than other two-

body interaction models (Table 1); in fact, it predicted radial distribution function peak 

coordinates slightly more accurately than the much more complex REAXFF model of 

Fogarty et al.58. 

To test the influence of quenching rate on the structure of SiO2 glass, we repeated our 

simulation with the CLAYFF model using a slower quenching rate (0.4 K ps-1).  This 
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yielded no significant difference in bulk density or radial distribution function peak 

coordinates, but it decreased the density of structural defects (the fraction of non-bridging 

O atoms decreased from 0.52 to 0.29 %). 

Quartz-water interface test simulations.  For our second test, we cleaved a -

quartz crystal along “termination ” of the  face62 to create a 29.4822  32.4282  

37 Å slab (periodic in the x and y dimensions).  We placed this slab in a 29.4822  

32.4282  140 Å periodically replicated simulation cell.  Then, we healed both  

surfaces with H atoms placed 1 Å directly above each under-coordinated surface O atom.  

Finally, we placed a 6-nm-thick water film (1900 water molecules) on one of the two 

 surfaces of our quartz slab.  Our interest being in the structure and diffusion of 

water at 298 K, we carried out all test simulations using the SPC/E water model64, which 

accurately describes the structure67, diffusion coefficient (in simulations of a few hundred 

water molecules65), and static dielectric constant66 of ambient liquid water.  The SPC/E 

water model was used in the original implementation of the LRL40 and JA39 silica-water 

interaction models and is frequently used with the CLAYFF model23,50,68,69, whereas the 

LR51 silica-water interaction model was originally implemented with the TIP4P water 

model104.  We simulated our quartz-water systems for 500 ps at 298 K with a 0.5 fs time 

step (after 502 ps of equilibration) with fixed atomic coordinates for quartz Si and O 

atoms.  Simulation results on the distance between the plane of Si atoms closest to the 

interface and the first peak of water O atom density are shown in Table A2 along with the 

X-ray reflectivity measurement of Schlegel et al.62.  Evidently, the adequacy of the four 

tested SiO2-water models cannot be distinguished based on the experimental data of 

10 1 0

10 1 0

10 1 0
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Schlegel et al.62.  In a recent study, however, Skelton et al.50 showed that CLAYFF model 

is consistent with ab initio MD predictions of water structure on the  quartz surface. 

Silica nanopore simulations.  Our nanopores were constructed from SiO2 glass as in 

previous studies38,40,53.  We used a silica glass structure generated with the CLAYFF 

model to create a 29.4822  34.0431  64.8564 Å glass slab in a 29.4822  34.0431  

190.0 Å simulation cell (the glass slab was centered at z = 95 Å).  To create 1 or 2 nm 

diameter pores, we removed all Si atoms located within 0.5 or 1.0 nm of the pore axis as 

well as all Si atoms located at z < 65 or z > 125 Å.  Then, we removed all O atoms that 

were not coordinated to at least one Si atom.  Finally, we attached an H atom to each 

singly-coordinated O atom, with very few exceptions as required to maintain charge 

balance. Finally, we placed 2040 water molecules on each side of the silica slab.  For our 

4-nm-diameter pore, we replicated our glass slab in the x and y dimensions before 

removing all Si atoms located within 2.0 nm of the pore axis, and we placed 8160 water 

molecules on each side of the glass slab.  During the equilibration period, water imbibed 

the nanopores, in agreement with the hydrophilic nature of hydroxylated silica surfaces41. 

Periodic boundary conditions have no discernible influence on the behavior of water and 

ions in cylindrical nanopores for systems as large as those simulated here105,106. To 

calculate the location of the Gibbs dividing surface of water on flat slab surfaces (zG) and 

on curved pore walls (rG), we used the standard relations: 

Ow
(z)dz

zz*

zzG  Ow,bulk (zG  z*) 

where z* is a z-coordinate sufficiently far from the flat slab surface that ρOw has the 

uniform, bulk-liquid value ρOw,bulk, and: 

Ow
(r)2r dr

r0

rrG  Ow,bulk (rG )2 . 

10 1 1
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Table A1. Parameters of the SiO2-water models considered in the present study.  In 
these models, interatomic potentials are represented as the sum of a long-range 
Coulombic interaction between atoms of charge qi (e) and a short-range Lennard-Jones 6-
12 interaction potential ij(r) = 4ij [(ij/r)

12 - (ij/r)
6], where r is the i-j interatomic 

distance, ij is the short-range interaction potential, and 21/6ij and ij are the location (Å) 
and depth (kJ mol-1) of the i-j potential well.  Parameters ij and ij are obtained for any i-
j atom pairs from the Lorentz-Berthelot combining rules [ij = ½(i + j) and ij = 
i

1/2j
1/2].  The behavior of surface H atoms was constrained with a fixed Si-O-H angle 

and O-H bond length [LR model: 109.5 and 0.9572 Å; CLAYFF and JA models: 
109.47 and 1.0 Å; LRL model: 120 and 0.968 Å; Si-O-H angles and O-H bond lengths 
were “stiffened” by setting harmonic bending and stretching constants to values ten times 
higher than in the original models or, if not defined, ten times higher than in the CLAYFF 
model]. 

 
Atom type  (Å)  (kJ mol-1) q (e) 
LR51 modela 

Si 3.795 0.5336 1.24 

O 3.154 0.6487 -0.62 

Ohb 3.154 0.6487 -0.71 
H 0 0 0.4 
CLAYFF55 model 
Si 3.30203 7.7005  10-6 2.1 
O 3.16556 0.65017 -1.05 
Oh 3.16556 0.65017 -0.95 
H 0 0 0.425 
LRL40 modelc 

Si 4.0 0.41839 1.2 

O 3.16556 0.65017 -0.6 
Oh 3.16556 0.65017 -0.73 

H 0 0 0.43 
JA39 modeld 

Si 3.386 2.447 1.36 
O 3.16556 0.65017 -0.68 
Oh 3.16556 0.65017 -0.78 

H 0 0 0.44 
aLee and Rossky51 estimated q for surface Oh and H atoms, assigned q = 0 e to all non-silanol Si and O 

atoms, and deduced q = 0.31 e for silanol Si atoms.  Instead, we used the same q values for Oh and H atoms 
and assumed that all Si atoms have identical q values, which yields qsi = 1.24 e and qO = -0.62 e. 

bSilanol O atom. 
cLeung et al.40 used qOh = -0.74 e and adjusted each qSi to yield local charge neutrality.  For simplicity, 

we used qSi = 1.2 e and qOh = -0.73 e. 
dJoseph and Aluru39 used the short-range interaction parameters of SPC/E water O atoms for silica O 

and Oh atoms, but they erroneously reported these as O = 3.169 Å and O = 0.6502 kJ mol-1.  We modified 
their qOh value from -0.77 to -0.78 e to ensure charge neutrality. 
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Table A2. Distance between the plane of Si atoms closest to the quartz surface and 
the first peak of the water O density profile on the  surface of -quartz at 298 K 
predicted by the LR, CLAYFF, LRL, and JA models (this study) and measured by X-ray 
reflectivity62. 

 
Model Si-water O 

distance (Å) 
LR 3.46 ± 0.02 
CLAYFF 3.48 ± 0.02 
LRL 3.48 ± 0.02 
JA 3.40 ± 0.02 
Experiment 3.2 ± 0.1 
 

10 1 0
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