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Abstract

Water confined in nanopores—particularly in pores narrower than 2 nm—displays distinct
physicochemical properties that remain incompletely examined despite their importance in
nanofluidics, molecular biology, geology, and materials sciences. Here, we use molecular
dynamics simulations to investigate the coordination structure and mobility of water and alkali
metals (Li, Na, K, Cs) inside a 1-nm-diameter cylindrical silica nanopore as a function of
surface charge density, a model system particularly relevant to the alteration kinetics of
silicate glasses and minerals in geologic formations. We find that the presence of negative
surface charge and adsorbed counterions within the pore strongly impacts water structure
and dynamics. In particular, it significantly orients water O-H bonds towards the surface and
slows water diffusion by almost one order of magnitude. lon crowding in the charged
nanopore enhances the tendency of counterions to coordinate closely with the silica surface,
which moderates the impact of ions on water dynamics. Co-ions are strongly excluded from
the nanopore at all surface charges, suggesting that 1-nm-diameter cylindrical silica

nanopores likely exhibit nearly ideal semi-permeable membrane transport properties.



Introduction

The distinct thermochemical and dynamic properties of water confined in nanopores and thin
films are an important topic of study in geochemistry," nanofluidics,? biology,>* theoretical
chemistry,s'6 and materials science.”® For example, nanoconfined water contributes
significantly to the overall water content of many geologic materials including fine-grained
(clay-rich) sedimentary rocks® and weathered basalt or minerals.'®"" The impact of
nanoconfinement on the transport, dielectric, and thermodynamic properties of water in these

media is significant, but remains incompletely understood.""'?

The behavior of water in nanoconfinement is of particular interest for nuclear waste
management: recent studies have shown that the long-term alteration rate of nuclear glasses
in liquid water (a key parameter in predictions of nuclear waste storage security) is controlled
by the formation of a nanoporous passivating layer, analogous to amorphous silica in both
structure and composition, with pore diameters on the order of 1 nm."*"® Experimental
studies suggest that a small fraction of the pore water in this layer diffuses rapidly across the
layer (with an effective diffusion coefficient no more than 100 times slower than that of bulk
liquid water)' while the remainder diffuses up to twelve orders of magnitude more slowly
than bulk water (with a rate that may reflect the slow reorganization of the silica network).
The diffusion of the slow water fraction shows significant sensitivity to the presence of

exogenous species, in particular to the weakly-hydrated alkali metals K and Cs."®

Molecular dynamics (MD) simulations have played an important role in elucidating the
distinct properties of nanoconfined water."""” In the case of water-filled silica nanopores,
most previous MD simulation studies focused on systems with uncharged pore walls with a
cylindrical or slit-shaped pore geometry.”?' These simulations revealed that water molecules
adopt a layered distribution within about 1 nm (i.e., three water monolayers) from the pore
walls. In pores narrower than 2 nm, bulk-liquid-like water is absent and the sharpness of the

interfacial water density layering is more pronounced. Nanoconfinement also leads to a lower



diffusivity of water molecules, with a mean diffusion coefficient roughly one order of

magnitude lower than that of bulk liquid water in uncharged 1-nm-diameter pores.

The relevance to real systems of MD simulation results obtained with uncharged pores
remains somewhat uncertain, because silica surfaces are well known to carry a negative
proton surface charge at most pH conditions.?? This charge originates from the silanol groups
at the silica-water interface having intrinsic pK, values of ~4 to 9 depending on their local
coordination.?*?* Glass alteration studies have been performed in a large range of pH
conditions, but the alteration studies mentioned above were mostly performed in near-neutral
pH conditions at 90 °C,"*'® meaning that the pore walls likely carried a negative net proton
surface charge. In these conditions, the fraction of deprotonated silanol sites on flat silica
surfaces is on the order of 20 to 60 %, depending on the type electrolyte present in
solution.?*?* In silica nanopores, the fraction of deprotonated silanol sites is likely smaller
because of the stronger influence of surface charge on surface electrostatic potential in

confined spaces.?®?

To date, only a handful of MD simulation studies have examined the behavior of water in
negatively charged silica nanopores.?®*? These studies found that a charged surface leads to
more hydrogen bonding between water and the silica surface, a more structured water
density distribution, and a reduced water diffusivity. However, most of these studies focused
on water and ion migration driven by pressure or electrostatic potential gradients*>>2 or
focused primarily on systems with alkaline earth metal counterions.?® To the best of our
knowledge, no MD simulation study has yet examined the diffusion of water and ions in
charged silica nanopores equilibrated with a range of alkali metal electrolyte solutions. This
lack is significant, because of the important role of alkali metals as charge compensators in

silicate minerals and glasses.''6:333°

The objectives of this study are, first, to gain additional insight into the extent to which water
in narrow charged silica nanopores differs from bulk liquid water; second, to determine the

relative importance of surface charge density and counterion type in influencing the



properties of nano-confined water and; third, to determine whether the relatively fast diffusion
of a small fraction of the pore water in glass alteration layers noted above is consistent with
molecular diffusion in ~1-nm-diameter charged silica nanopores. To achieve these
objectives, we carried out MD simulations of water and alkali chloride ions in a 1-nm-

diameter cylindrical silica nanopore developed by Bourg and Steefel '’

but modified to carry a
negative surface charge density. Simulations were carried out in conditions similar to those
used in recent silica glass alteration experiments (90 °C in the presence of Li-, Na-, K-, and

CsCl solutions)."® Simulations examined four surface charge densities corresponding to the

deprotonation of 0 to 25 % of surface silanol groups.

Overall, our simulation results show that the self-diffusion coefficient of water in 1-nm-
diameter silica nanopores is one to two orders of magnitude slower than in bulk liquid water,
in agreement with the dynamics of the “fast” fraction of water in glass alteration layers
observed in macroscopic experiments. Water structure and mobility in silica nanopores is
sensitive to surface charge density but relatively insensitive to the identity of the alkali metal
counterion, perhaps because all cations studied formed inner-sphere surface complexes at
the charged silica-water interface. Simulations in which the counterions were artificially
pushed away from the pore walls (to form outer-sphere surface complexes) showed a
stronger impact on water structure and dynamics. Finally, MD simulations with a reactive
potential suggest that water mobility is relatively insensitive to the choice of interatomic

potential model.
Methods
Molecular dynamic simulations with non-reactive potentials

Molecular dynamics (MD) simulations were carried out using a modified version of the
methodology of Bourg and Steefel."” Briefly, the simulation cell consists of a 6 nm thick
amorphous silica slab pierced by a cylindrical nanopore with a radius of ~0.5 nm (Figure 1

a). The solid was created by annealing 288 unit cells of a-quartz at 5000 K, quenching to



298 K at the rate of 2 K ps™, cleaving the resulting structure to generate a nanoporous slab
(i.e., removing all Si atoms located within 0.5 nm of the pore axis as well as all Si atoms
located at z < 65 or z > 125 A, then removing all O atoms that were not coordinated to at
least one Si atom) and attaching an H atom to each singly-coordinated O atom to form
surface silanol groups.'” The methodology is consistent with that used in previous studies.*®
As discussed by Bourg and Steefel," the resulting SiO, glass has an atomistic-level structure
consistent with neutron diffraction experiments®” and a low density of structural defects (0.5

% non-bridging O atoms).

65<z<145A

Figure 1 MD simulation snapshot showing a cross-section of the pore in directions (a) normal and (b) parallel to
the pore axis. Figure b shows only the region with (65 < z < 145 A), not the full length of the simulation cell (0 to
210 A). Yellow, red, and white: Si, O, and H atoms in the silica structure; dark and light blue: water O and H
atoms; green and grey: Cs and Cl atoms.

In order to examine the influence of surface charge density on nanoconfined water and ions,

the structure used by Bourg and Steefel

was modified by removing 4, 10, or 25 % of
surface H atoms from randomly-selected silanol groups. The largest deprotonation state is
consistent with the measured net proton surface charge of silica at near neutral conditions.?*
The resulting >SiO” functional groups were charge-balanced by addition of alkali metal
counterions. Test simulations indicated that simulation results are insensitive to the starting
positions of alkali metal counterions (inside or outside the pore). For simplicity, they were
thus initially placed at the center of the pore or near the external surfaces of the silica slab.

Water molecules were introduced in the system in quantity sufficient to fill the nanopore and

form a 4 nm thick water film on each external surface of the silica slab (Figure 1 b), with the



two water films separated by a 3.4-nm-thick void gap. Finally, additional ions were introduced
in each system in order to impose a background electrolyte concentration of 0.4 mol L™ Li-,
Na-, K-, or CsCl. The dimensions of the simulation cell are 31.65 A x 36.54 A x 210 A with a

total of 17 x 10° atoms.

Interatomic interactions were modeled using the CLAYFF model for the silica glass®, the
SPC/E model for water®®, and the parameters of Smith and Dang***"*? for the alkali chloride
ions (Table S1 a). Van der Waals interactions between unlike atoms were derived using the
Lorentz-Berthelot combining rules. This combination of models has been successfully

validated against experimental data on the structure and dynamics of bulk liquid water,*>**

the structure of water at the quartz-water interface,*°

and the structure and dynamics of
water on layered silicate minerals.*®*® Water molecules were modeled as rigid bodies using
the SHAKE algorithm. Silica Si and O atoms were treated as immobile atoms while silica H
atoms were allowed to move in response to Coulomb, Van der Waals, and Si-O-H angle
potential parameters (Table S1 a). In one simulation, denoted K25r in Table 1, an artificial
repulsive force was introduced between potassium cations and silica Si atoms to assess the
sensitivity of simulation results to the tendency of cations to form inner- vs. outer-sphere

surface complexes (Table S1 a). Details of the simulation conditions are summarized in

Table 1.

The partial charge of O atoms in deprotonated >SiO" groups (not specified in the original

CLAYFF model) was set to -1.525 e following the approach of Lammers, et al.*°

which yields
CLAYFF-compatible partial charges for O atoms in silicate minerals based on their local
coordination. We note that multiple approaches have been used to describe the localization
of the charge arising from deprotonation of surface hydroxyl groups in previous MD
simulations of Si or Ti oxide surfaces. One approach consists in simply removing the surface
H atom; since hydroxyl H atoms have a partial charge of about 0.4 e in most MD simulation

interatomic potential models, this yields a net charge per >SiO” or >TiO™ group significantly

lower than -1 e.2*° A second approach consists in distributing the remainder of the -1 e



charge beyond the deprotonated surface O atom, either up to its second-nearest

31:3238 or over the entire surface.®' The approach used here applies the remainder

neighbors
of the -1 e charge to the deprotonated O atom, an assumption consistent with other partial
charges in the CLAYFF model* and with a subset of previous MD simulation studies of oxide

surfaces.?%%?

Each system was simulated at 348 K for durations of 1 to 9 ns, following 1 ns of equilibration,
as required to characterize water diffusion into/out of the pore. Simulations were carried out
in the NVT ensemble using a 1 fs time step. The presence of a void gap in the simulation cell
effectively imposed a boundary condition P, = 0 in the bulk-liquid-like water regions outside
of the silica nanopore. Long-range electrostatic interactions were evaluated in reciprocal
space using the particle-particle mesh (PPPM) method with a 99.99 % accuracy."”
Temperature was controlled using a Nosé-Hoover thermostat with a coupling constant of
100 ps during equilibration and 1000 ps during simulation."” Simulations were carried out
with the code LAMMPS®? and the resulting data were analyzed using the code VMD** and in-

house Matlab routines.
Molecular dynamic simulations with reactive potentials

Molecular Dynamics simulations with reactive potentials were performed to compare with the
non-reactive CLAYFF simulation results. All atoms are treated through the same potential for
both inter and intra molecular interactions. This allows for dissociation and reformation of
complexes and also has been shown to reproduce the lifetimes of the complexes.>® The
potential has also been parameterized to show interactions in nanoconfined water in silica.®®
Specifically, the reactive MD simulations used the Mahadevan Garofalini force field
(MGFF)*®*” which allows for water dissociation and for water-glass reactions to form silanol
(>SiOH) groups and siloxane (>Si-O-Si<) bridges. On the MGFF model, atomic partial
charges are dynamically updated in a manner that ensures charge neutrality through the
simulation. An amorphous silica block of dimensions 4 nm x 4 nm x 6 nm was created by

melt-quenching a block of cristobalite with a cylindrical pore of 1 nm diameter with its axis



along the longer dimension. After surfaces were created by annealing the amorphous bloc,
water molecules were added to both sides of the pore and inside the pore and allowed to
interact with the glass surfaces. The simulations were carried out with the code LAMMPS®
using tabulated potentials for the 2 body interactions and the Stillinger-Weber potentials for 3
body interactions. All the atoms were allowed to move except for small clusters of the silica
block which were “frozen” to hold the silica block in place. The frozen blocks of silica were far
away from the walls and water atoms and hence do not interfere in the confining regions.
Simulations were carried out for at least 7.5 ns at 298 K and 348 K to compare with the
simulation results obtained with the non-reactive force fields (Table 1). Figure 2 shows the
arrangement of the system from two different perspectives for clarity. During equilibration,
water in the pore reacts with the pore walls, forming silanol groups and also diffusing into the
glass structure. Water from outside the pore enters and fills up the pore space in less than

20 ps, as seen in Figure 2 b-c.

Figure 2 Snapshots of the simulations with the reactive potentials from different perspectives: (a) arrangement of
the whole system with the top portion of the glass block sectioned off to show water inside the 1 nm pore; (b-c)
side view after 1 ps and 5 ns of simulations showing only water molecules inside the pore. The ability of water to
diffuse into the silica glass structure is evident in this view.

Data analysis



Radial distribution functions between atoms of type / and j, g;(r), were determined using the
code VMD.** The average coordination number of any atom type i with water oxygen atoms

(Ow) was calculated from giow(r) using the following equation:

Tmin

Nioy = 4100, [ g0, 0O dr 1
0

where i, is the position of the first minimum of giow(r) (i.e., the boundary between the first

and second solvation shells) and poy, is the average density of O,, atoms in the simulation

cell.

Water diffusion coefficients in the pore were determined using two methodologies. First, a
“local” diffusion coefficient was calculated from the mean square displacement of water O

atoms [MSD(r)] using the well-known Einstein relation:

D 1 y dMSD(7) 5
T 2n TEOIE) dr (2)

where n is the dimensionality of the system. Specifically, a two-dimensional map of local D
values in axial (z) and radial (r) coordinates was calculated using Eq.(2), with D calculated in

I ' The infinite time-

the direction(s) parallel to the nearest pore walls, as in Bourg and Steefe
limit in Eq.(2) was approximated using time intervals of length r = 10 ps. The resulting map
was used to calculate the average D value as a function of the distance from the curved
surface of the nanopore (by spatially averaging the local D values inside the pore in the z
direction) as well as the average D value in the entire pore (calculated as a weighted

average of the local D values within the pore, weighted by the average number of water O,

atoms present at each coordinate).

Second, a “pore” diffusion coefficient was determined as follows: water O atoms located in
the reservoirs on each side of the silica block were “tagged” after 1 ns of equilibration, while
O atoms already inside the porosity were left “untagged” until they entered one of the
reservoirs. The concentration of tagged water O atoms inside the pore was then monitored

as a function of time. This concentration was found to increase linearly with the square root

10



of time in accordance with a diffusive process. The diffusion coefficient of water in the pore
was determined by fitting the results to the analytical solution of Fick’s second law for
diffusion into a semi-infinite reservoir with boundary conditions [O,] = [Ou]o for z = 0, d[Ou])/dz

= 0 at large z, and the initial condition [O,] = 0 for z> 0 at t = 0:*

0 water 2
[Ow] pore = [W]b* \/_E \/D_t (3)

where [Oy] pore @and [Oy] buik water @re the concentration of tagged water O atoms in the pore
and the concentration of water O atoms in bulk liquid water, respectively, and / is the pore

length.

Diffusion coefficients of water molecules in the reactive MD simulations were calculated
using the MSD method described above. In the reactive system, however, water and
structural O atoms were not modeled as distinct chemical species, i.e., the identity of each
water O atom depends dynamically on its local bonding environment. For the purpose of
calculating water diffusion, water O atoms were identified as those located within 1.2 A of at

least two H atoms.

The present paper focuses particularly on the behavior of water and ions within the silica
nanopore. The behavior of water and ions on the flat external surfaces of the silica slab

(density profiles, etc.) is reported in the supplementary material (Fig. S2 a-l).

Deprotonated Surface Number of Type of Simulation
. Name of the . charge . . .
Cation . . Temperature silanol groups > cations in water time
simulation o density .
(%) 2 the system potential (ns)
(C:m”)

KO0 0 0 16
K4 4 0.26 26

K K10 348 K 10 066 28 Standard 10
K25 25 1.65 81

K K25r 348 K 25 1.65 81 Standard 10
Li0 0 0 16
. Li4 4 0.26 26

Li Li10 348 K 10 0.66 28 Standard 2
Li25 25 1.65 81
Na0 0 0 16
Na4 4 0.26 26

Na Na10 348 K 10 0.66 28 Standard 2
Na25 25 1.65 81

Cs0 0 0 16 6

Cs4 4 0.26 26 6

Cs Cs10 348 K 70 066 8 Standard 5

Cs25 25 1.65 81 6

- F348 348 K 0 0 0 Standard 10
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- F298 298 K

- R348 348 K
- R298 298 K

0 0 0 Reactive 7.5

Table 1 List of the simulations carried out in this study. The K25r simulation included an artificial repulsive force
between K ions and Si atoms. The last four rows describe simulations carried out with uncharged silica nanopores
to determine the consistency of simulation predictions obtained with unreactive (CLAYFF+SPC/E) and reactive
(GMFF) force fields.

Results and discussion

Water density distribution

Molecular dynamics simulation predictions of the impact of surface charge on water density
in the nanopore are reported in Figure 3 and Figure 4 in the case of systems with K
counterions. Two-dimensional maps of water O atom density (Figure 3) indicate that water
molecules tend to form layers at the surface of the silica block and inside the nanopore
regardless of surface charge density. This density layering extends up to ~1 nm (i.e., three
water monolayers) from the silica surface, in agreement with previous studies.'”*® In the

1 nm diameter pore, the entirety of the pore water is influenced by this density layering,
suggesting that short-range interactions (e.qg., steric packing and associated distortions of the
hydrogen bond network) likely modulate pore water properties. This inference is consistent
with previous observations indicating that confinement effects are particularly important in

pores narrower than about 2 nm.>"’

A
v

z

Figure 3 Average density of water O atoms (pow) in pores for simulations KO (a) and K25 (b) plotted as a function
of longitudinal (z = 56-156 A) and radial coordinates (rg = 0.4-15 A, i.e., distance from the pore axis). Red color

indicates pow values greater than the average O atoms density in the bulk liquid, white color indicates pow values
lower than the average value in the bulk liquid.
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Comparison of predicted water density maps in uncharged and charged nanopores reveals
that the presence of deprotonated silanol groups and associated counterions on the silica
surface significantly enhances the localization of water O atoms within the pore and on the
external surfaces of the silica slab (Figure 3). This localization likely reflects the existence of
favorable sites where water molecules hydrate K ions while also donating a hydrogen bond

to a >SiO” group,”® as discussed below.

Plots of pore water O and H atom density in the radial direction (averaged over the pore
length) show that surface charge has relatively little impact on the overall distribution of water
O and H atoms within the pore (Figure 4). In particular, the major O,, density peaks at ~2 and
~5 A (indicative of two layers of water molecules and of the absence of bulk-like water at the

center of the pore)'” 182’

are only weakly sensitive to surface charge (Figure 4a). The O,
density shoulder at d ~ -1 A (associated with water molecules that occupy small cavities or
roughness features on the silica surface)" increases slightly with negative surface charge
density. This insensitivity to surface charge density in Figure 4a is consistent with the

expectation that water O atom density distribution in the direction normal to the surface is

dominated by steric effects rather than Coulomb interactions.

A greater impact of surface charge density is observed in the water H density profile (Figure
4b), where density shifts reveal a reorientation of water H atoms towards the silica surface.
This reorientation also is obvious in the radial distribution functions between water H atoms
(Hw) and O atoms in deprotonated silanol groups (Og), protonated silanol groups (Oy), and
water molecules (Oy) (Figure 4d). In particular, the g(r) functions indicate that O4 atoms
receive two to three times as many hydrogen bonds from water as do O,, or O,, atoms
(nearest-neighbor O-H coordination numbers calculated with Eq. 1 equal 3.0, 1.6, and 0.8 for
Oq4, Oy, and Oy, atoms, respectively). The g(r) functions further suggest that water donates
stronger hydrogen bonds to O4 atoms than to O,, or O, atoms based on the closer position of
the first peak for O4 (1.55 A) than for O, or Oy, atoms (1.75 A). In short, silanol group

deprotonation strongly enhances the tendency of water molecules to orient their hydrogen
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atoms towards the silica surface. Overall, roughly 8 (K4) to 35% (K25) of the hydrogen from
water molecules confined in the pore are coordinated to deprotonated silanols. This finding is
consistent with observations of interfacial water dipole reorientation on deprotonated silica®

and other charged surfaces."*"*°

lon distribution and coordination in the nanopore

Alkali metals in our simulations show a density layering at the surface of the pore and on the
flat silica surface, as illustrated in the case of potassium in Figure 4 c. In all cases, the main
cation density peak is located closer to the surface than the first O,, density peak, indicating
that alkali metals form inner-sphere surface complexes at the charged silica-water interface.
This finding is consistent with previous MD and density function theory simulations of alkali

metal interaction with uncharged and charged planar silica-water interfaces.®

As surface charge density increases, the main cation density peak shifts closer to the surface
of the pore (from 2.10 to 1.20 A in the case of potassium, Figure 4 ¢) as previously observed
in simulations of charged carbon-water interfaces. This closer approach to the surface
results in a decrease in the aqueous coordination number of all alkali metals with increasing
surface charge density, particularly within the nanopores, but also (to a smaller extent) on the
external flat silica surface (Table 2). The existence of this effect on the flat silica surfaces
suggests that it reflects, at least in part, the interaction of cations with multiple deprotonated
silanol groups at higher surface charge densities. The enhanced effect observed in silica
nanopores suggests that ion-ion repulsion within the pore may also play a significant role by
“pushing” the counterions towards the surface, in agreement with studies of biological
nanopores.®’ We note, in passing, that this finding contradicts the routine assumption in
models of adsorption and colloidal interactions that rely on the Gouy-Chapman model of the
electrical double layer that the distance of closest approach of ions to a charged surface is

invariant with surface charge density.
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Other impacts of adsorption or confinement on the coordination of alkali metals are more
subtle. For example, the position of the gc.ow(r) first peak (where C is the alkali metal cation)
is similar in bulk water, near the flat surface, and inside the pore. By contrast, the gc.nw(r) first
peak is less sharp inside the pore and near the flat surface than in bulk water (Table S4),
particularly at high surface charge densities. This indicates that the silica surface disrupts the
orientation of a significant fraction of the water molecules in the first solvation shell of cations,
perhaps because these water molecules adjust their orientation to coordinate withsurface
silanol groups. This finding suggests that ions may be more weakly solvated in silica
nanopores than in bulk liquid water, in agreement with results obtained in carbon nanotubes’

and in clay interlayer nanopores.®?

pOw (')
pr (')

(a) d(A) (b)
25 T 16
: — KO —— Oh-Hw
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Figure 4 (a) Average density of water O atoms pow, (b) water H atoms pnw (relative to their concentration in bulk
liquid water), and (c) K atoms px (in mol L") calculated for z = 85-125 A as a function of the distance from the
curved surface of the nanopores. The pore axis is located at d = 5 A. The black dash-dot line at d = 0 A delineates
the region beyond which Si atoms were removed while creating the pore. The black dot line corresponds to the
Gibbs surface of water as determined by Bourg and Steefel 7 in the case of the uncharged nanopore. No K
atoms entered the pore during the KO simulation run. (d) Radial distribution functions between water H atoms
(Hw) and O atoms from protonated silanols (Oh), deprotonated silanols (Od), or water molecules (Ow) in
simulation K10 (other data are in supplementary material Fig. S4 j-k).
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N 20
Bulk Flat Pore

KO0 6.4 - -
K4 6.2 5.5 5.5
K10 6.5 6.2 4.4
K25 6.4 4.9 3.8
K25r 7.1 7.8 5.2
Li10 4.1 2.9 2.4

Na10 5.3 4.2 3.0
Cs10 7.8 7.4 4.7

Table 2 Average number of water molecules in the first hydration shell of the cations in bulk liquid water, on the
external flat silica surface, and in the nanopore calculated using Eq. 1. The relevant g(r) functions are displayed in
the supplementary material (Fig. S4 a-h).

Similar results on water and ion coordination were obtained regardless of the nature of the
alkali metal, with an effect on water density distribution that is minimal (Figure 5 a-b). Despite
differences in cation size, the same number of each cation is found inside the pore for a
given surface charge density (Figure 5 d). This is required from charge balance
considerations, because anions were completely excluded from the nanopore in all
simulations. Differences in coordination between the different cations are relatively minor. All
cations tend to form inner sphere surface complexes at the silica-water interface, as noted
above (Figure 5 c¢) and as attested by their aqueous coordination numbers (Table 2). Smaller
alkali metals (Li, Na) tend to approach the surface more closely relative to the larger metals
(K, Cs) as expected from their smaller ionic radius, in agreement with previous studies of

systems where alkali metals form inner-sphere surface complexes.®*%

Water content in the nanopore

The average number of water molecules present in the nanopore is remarkably sensitive to
surface charge density and the identity of the exchangeable cation. Overall, water content
increases with surface charge, but this effect is strongly inhibited in the presence of K or Cs
(Figure 5 e). This inhibition of water uptake by K and Cs likely reflects both the larger size
and lower hydration energy of the larger alkali metals; for example, Cs occupies up to 30 %
of the pore space in our simulations, leaving less space for water molecules. This
dependence of pore water content on both surface charge density and the hydration energy
of the adsorbed cation is consistent with well-known trends in water uptake by other

nanoporous media including swelling clay minerals.*** A rough estimate of the fraction of
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nanopore water located in the first hydration shell of the cations (calculated by multiplying the

average number of cations in the pore by their average aqueous coordination number and

dividing by the total pore water content) suggests that the pore contains little or no “free”

water at the highest deprotonation state, particularly in the presence of K or Cs (Figure 5 f).

This negative influence of K and Cs on the hygroscopicity of silica nanopores is reminiscent

of the tendency of K and Cs to inhibit the migration kinetics of the “slow” water fraction in

hydrated amorphous silica layers (as noted in the introduction). This coincidence may hint at

a possible influence of counterion hydration on the reorganization dynamics of the polymeric

silica network (i.e., the presence of more weakly hydrated cations may lead to a less

hydrated, less labile silica network).
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Figure 5 (a) Average density of water O atoms pow, (b) water H atoms pnw, and (c) alkali atoms paiai @s a function
of the distance from the curved surface of the nanopores, calculated for z = 85-125 A for each alkali metal at

10 % deprotonation. (d) Number of cations in the pore (the uncertainty bars are smaller than the symbols), (e)
number of water molecules in the pore (Li and Na last points are superimposed; dashed lines are drawn to guide
the eye), and (f) rough estimate of the percentage of water molecules in the pore that coordinate adsorbed
cations.

Impact of cation adsorption as inner- vs. outer-sphere surface complexes

To assess the effect of the formation of inner-sphere surface complexes on water density
distribution, the simulation with K at the highest surface charge density was replicated with
an artificial repulsive force between K and the silica block (simulation K25r). Adsorbed
cations were thus forced to form outer-sphere complexes. Interestingly, the water content of
the nanopore decreases by 16 % as the ions are forced to detach from the pore surface
(Figure 5 e). This decrease in water content results primarily from a decrease in water
density near the pore axis (Figure 6 a-b). In short, the forced detachment of K ions from the
pore walls strongly disrupts the ability of water molecules to fill the pore, even though the K
ions adopt a more ordered hydration shell (Figure 6 d) and are not located on the pore axis

(Figure 6 c).
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Salt exclusion from uncharged nanopores

In the case of the non-deprotonated system, despite simulation times longer than 10 ns,
neither cations nor anions entered the pore. Longer simulations would be required to
determine whether this observation reflects a kinetic or a thermodynamic limitation to the
entry of ions in the nanopore. A kinetic origin is suggested by the absence of ion exchange
between bulk and nanopore water in the simulations with charged pore walls during
simulation runs of up to 10 ns. However, a thermodynamic origin would be expected based
on both mean-field theories (because silica has a lower dielectric constant than liquid

water)®*%®

and atomistic-level considerations (because nano-confinement disrupts the ability
of water to solvate ions, as noted above)62 and would be consistent with the partial or total

salt exclusion observed in carbon nanotubes® and uncharged clay interlayer nanopores.>
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Water and ion diffusion in the silica nanopore

Simulation results on the diffusion coefficients of O,, atoms and cations in bulk liquid water
and confined water are reported in Table 3 and Figure 7. As noted in the methods section,
diffusion coefficients were determined using two methods: from the slope of MSD vs. time
over 10 ps and from the diffusion of “tagged” water molecules from the external water
reservoirs into the nanopore. Simulation predictions of MSD vs. time had a coefficient of
determination (r2 value) near 1 for water in bulk liquid water. In the nanopore, lower 7 values
were obtained, suggesting that D values calculated with the MSD method may have a
significantly lower precision (supplementary material Fig.S3 a-e). Nonetheless, the
progressive uptake of “tagged” water in the nanopores increased linearly with the square root
of time, as expected for a diffusive process (Figure 7 b), and the “tagged” water and MSD
methods yielded mutually consistent D values for nanopore water in most cases (Table 3),

which provides confidence in the accuracy of both methods.

As expected, maps of the local water D values in the nanopore as calculated with the MSD
method indicate that water diffusivity increases with distance from the pore walls (Figure 7 a).
With increasing negative surface charge density, water diffusion is inhibited roughly evenly
throughout the pore. For example, in simulations with potassium counterions the water D
value at the center of the pore decreases by a factor of 3 (from 1.5 to0 0.5 x 10 m?-s™) with
increasing surface charge density (Figure 7 a); simultaneously, the average water diffusion
coefficient in the pore also decreases by a factor of 3 (from 0.7 to 0.2 x 10° m?s™) (Figure 7
f). This slowing down of water diffusion with increasing surface charge is consistent with the
structural features described above, in particular the tendency of water molecules to form
strong hydrogen bonds with deprotonated silanol groups and the fact that at high surface
charge densities much of the nanopore water belongs to the first hydration shells of

counterions (Figure 5 f).

The identity of the exchangeable cation has remarkably little influence on water diffusion in

the nanopore (Figure 7 f). The influence of cation adsorption as inner- vs. outer-sphere
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surface complexes, however, may strongly influence water diffusion, though the results are
ambiguous because of a large discrepancy between the two methods of quantifying water
diffusion in simulation K25r (supplementary material Fig.3 d-e). The MSD method suggests
that the average diffusion coefficient of nanopore water in simulation K25r was lower than in
simulation K25 by a factor of ~5 (Table 3), particularly because of a very slow diffusion of
water near the pore axis (Figure 7 c). This prediction is at least qualitatively consistent with
experimental observations of water dynamics in Vycor glass, where the diffusion coefficient
dropped by 80 % when Ca ions (which have a greater tendency to form outer-sphere surface

complexes) were introduced in solution.®’

Finally, alkali metals are predicted to diffuse up to two orders of magnitude more slowly in the
nanopore than in bulk liquid water, as shown in the case of potassium in Table 3. Simulation
predictions suggest that about half of this effect is caused by confinement (i.e., the D value of
potassium decreases by one order of magnitude when going from bulk liquid water to the
charged silica nanopore with the lowest charge density) while the other half is caused by ion
crowding in the pore (i.e., the D value of potassium decreases by almost one more order of

magnitude as surface charge density increases).

1.6 20
—KO0
16 }
h2 E
g 5
£ En2t
Q.8 S
Qa4 | T
S 47t
0.0 0 L
5 0 0.5 2.5 3

(b) ! 1 t12 1,‘155112)

21



o
o

10

K25 K25
— K25r —K25r

o
)
T

o Dg, (103 mZs")
w
[OW] pore (1027 mol-m-3)

N
T

RN
T

0 1 2 3 1
(C) d (A) (d) t12 (I’IS”Z)

7.5

-
o

OLiONa©K ©Cs OLiONa©K ©Cs

o
©
L
L

OO

8

N
~
T

8 _

6.5 L L . L . . . )
0 5 10 15 20 25 5 10 15 20 25
(e) Deprotonation (%) (f) Deprotonation (%)

Mean bulk Dg,, (10° m?:s)
~
o
Mean confined Dg,, (10° m2:s)
o o
N o
T T

I
o
o
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Bulk D K Confined D K Bulk D ow Confined D ow Confined D ow

(MSD) (MSD) (MSD) (MSD) (Ow tagged)

(10° m*-s™) (10° m*-s™) (10¥ m*-s™) (10° m*s™) (10° m*s™)
KO0 1.13 z041 - 7.03 £0.06 0.71 £0.04 0.73
K4 1.17 t 044 0.08 £0.02 7.05 £0.09 0.50 +0.04 0.53
K10 1.24 052 0.03 £0.01 7.04 +0.08 0.31 +0.03 0.26
K25 1.20 048 0.03 £0.01 7.07 £0.12 0.21 £0.04 0.14
K25r 1.15:043 0.01 £0.002 7.09 £0.07 0.04 £0.01 0.11

Table 3 Average diffusion coefficients of cations and water molecules in bulk water and confined water predicted
with the MSD and tagged water methods.

Comparison of non-reactive and reactive simulation potentials

Water O and H density profiles obtained with both reactive and non-reactive potential at 298
and 348 K are displayed in Figure 8 a-d. The reactive potentials allow for the dissociation of
water molecules and the formation of silanol groups.68 We note that the pore diameter is

slightly greater (by ~0.2 nm) in the reactive systems than in the non-reactive system because
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of differences in the methodologies used to construct the simulated systems. Nevertheless,
the two types of interatomic potential models yield broadly consistent results. In the
simulations with reactive potentials, a small number of water molecules penetrate deeply (>
0.3 nm) into the silica structure (Figure 8 c-d) as observed in previous studies.®® In the case
of non-reactive potentials, water does not penetrate deeply into the silica structure, and water
within the pore tends to exhibit somewhat sharper density peaks (Figure 8 a-b). '7%%72
Nevertheless, the two methodologies yield similar water density layering (Figure 8 a-d) and
O-H radial distribution functions (Figure 8 e-f). A shift towards a more uniform density is
observed at higher temperature with both the potentials studied, though the layering still

persists.
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Figure 8 Radial density profiles at 298 and 348 K of (a) H and (b) O from water molecules with the non-reactive
potentials and (c) H and (d) O from water molecules the reactive potentials. The data indicates a deeper
penetration of water into the silica structure and persistent layering at both the temperatures. Pair distribution
function between hydrogens in water and different types of oxygens in the system at 348 K. (e) Non-reactive
system. (f) Reactive system, where water oxygens were isolated based on the number of their hydrogen
neighbors. In both cases, the shorter distance of the gog-nw(r) second peak (~1.65 A) compared to that of gow-rw(r)
(~1.75 A) indicates stronger bonds between these species.

Figure 9 a-b shows a plot of the diffusion coefficient of water for two temperatures with both
potentials (reactive and non-reactive). Increased temperature allows for faster diffusion of
water. The highest self-diffusion coefficients, which are attained at the center of the pore
(~0.5x 10" m?s™ at 298 K, ~1.5 x 10 m?s™ at 348 K), are clearly lower than in bulk water
at the same temperatures.*® Overall, qualitatively consistent diffusion trends are observed
with both type of inter-atomic potential models: water diffusion is similarly reduced near the
pore walls in both cases, as expected because both methods yield consistent results on the
coordination of hydrogen bonds with water and silica O atoms (Figure 8 e-f). The slightly
faster water diffusion observed with the reactive potential is qualitatively consistent with the

small difference in pore diameter between the two systems.
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Figure 9 Diffusion coefficient of water at the two temperatures studied with (a) the non-reactive potentials and (b)
with the reactive potentials. All indicate that the diffusivity of water is reduced inside the pore.

Ideally, comparative simulations of water diffusion in ion containing solutions would provide
further comparison with the CLAYFF simulations. However, there are no parameters yet for
alkali ions. The development of these potentials would allow detailed comparison with

reactive potential simulations.
Conclusions

Overall, our simulation results reveal a significant effect of surface charge on water structure
and dynamics. Water molecules form strong hydrogen bonds with deprotonated silanol
groups. A large fraction of the pore water molecules solvate alkali metal counterions, but the
solvation structures are disrupted by nano-confinement. The mean self-diffusion coefficient of
water inside the pore is at least one order of magnitude lower than in bulk liquid water and

decreases further with increasing surface charge density.

The structure of confined water is only weakly dependent of the nature of the alkali metal
cation, perhaps because all metals form inner-sphere surface complexes in our simulations.
The type of metal, however, significantly influences the amount of water in the pore, with

larger, less hydrophilic metals (K, Cs) resulting in significantly lower pore water contents.

Finally, mutually consistent results were obtained with reactive and non-reactive interatomic

potential models, though the comparison is only qualitative because of a small difference in
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pore size. MD simulations with a reactive potential showed that the reorganization of the
silica network (thought to govern the slow water dynamics seen in recent experimental
studies)'® occurs much more slowly than the time scale of the present simulations, as the
diffusion coefficients obtained here are more than 12 order of magnitude higher than those

calculated in the study of Gin et al. *°

Supporting information

Details of our simulations, flat surface supplementary data, water diffusion supplementary
data, and radial distribution function supplementary data. This material is available free of

charge via the Internet at http://pubs.acs.org.
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