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Salt Permeation and Exclusion in Hydroxylated and Functionalized Silica Pores
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We use combined ab initio molecular dynamics (AIMD), grand canonical Monte Carlo, and molecular
dynamics techniques to study the effect of pore surface chemistry and confinement on the permeation of
salt into silica nanopore arrays filled with water. AIMD shows that 11.6 A diameter hydroxylated silica
pores are relatively stable in water, whereas amine groups on functionalized pore surfaces abstract silanol
protons, turning into NH7 . Free energy calculations using an ab inifio parametrized force field show that
the hydroxylated pores strongly attract Na™ and repel C1~ ions. Pores lined with NH7 have the reverse
surface charge polarity. Finally, studies of ions in carbon nanotubes suggest that hydration of C1~ is more
strongly frustrated by pure confinement effects than Na™.
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The permeation and exclusion of salt in nanoconfined
aqueous media is central to both selective ion transport and
purification or desalination of sea and brackish water. The
recent synthesis of highly ordered, nanoporous, function-
alized silica thin films [1,2], transport experiments in slit-
like nanofluidic channels [3,4], and theoretical study of
single wall carbon nanotube (SWNT) membranes [5]
underscore the timeliness of using water-filled nanoporous
materials to study the effect of pore surface chemistry and
confinement on salt hydration.

Confinement has long been known to reduce the hydra-
tion free energy or Born self energy (AGy,q) of electrolytes
in aqueous channels [6,7]. A recent quasichemical theory
[8] shows that the inner and outer hydration shell contri-
butions to AGypyg in bulk water are comparable. This
suggests that nanopores with diameter less than 12 A
can potentially frustrate the outer shell hydration (by
~10 kcal/mol), effectively excluding salts from the pores.
Currently nanoporous silica membranes have pore diame-
ters down to 2 nm [1]; functionalizing the pore interior and/
or applying atomic layer deposition have the potential to
achieve subnanometer pores [2]. In such solid state pores,
surface chemistry and charge distributions will also be
critically important in controlling ion permeation. While
ion transport in thin trans-cell membrane biological chan-
nel settings (~20 A in length) has been the subject of
extensive theoretical studies [7,9—11], porous silica mate-
rials have submicron thickness [1,2]. SWNT’s, proposed as
a new, salt-excluding, reverse osmosis membrane material
[5], also have large aspect ratios. In this work, we model
these systems as infinitely long pore arrays, and focus on
the material aspects, and on computing the potential of
mean force (PMF) inside the water-filled channels.

First we consider the surface chemistry of model amor-
phous silica pores (Fig. 1). We focus on pH at zero charge
conditions throughout this work; thus the silica framework
is overall charge neutral. While atomistic modeling of
water and electrolyte inside wide silica pores have been
performed [12], molecular force fields that accurately cap-
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ture all aspects of silica-water-ion interactions, polarizabil-
ity or dielectric properties, and deprotonation of surface
silanol (—SiOH) groups [13] do not yet exist. Therefore,
we design a model system that permits a combined quan-
tum and molecular dynamics (MD) treatment. Figure 1
depicts the L, X L, X L, = 17.1 X 17.4 X 15.3 A* unit
cell of this pore array, periodically replicated in all direc-
tions. (1) We first generate an amorphous silica solid of
appropriate mass density [14]. (2) Next, a ~ 11.6 A di-
ameter cylindrical void is created, and all undercoordi-
nated Si atoms are terminated with —OH. The unit cell
contains 70 Si, 158 O, and 38 H atoms. This diameter
would imply 6.8 silanol groups per nm? if the pore is
featureless. However, the pore surface is corrugated and
a~3 A diameter passage exists between adjacent unit
cells; thus actual silanol density should be closer to the
experimental value (5/nm?) [15]. (3) The pore geometry is
optimized using the VASP density functional theory (DFT)
code [16] with the PW91 exchange correlation functional
[17]. (4) Freezing all silica atoms except the surface
silanol protons, we use the grand canonical Monte Carlo
(GCMC) technique to determine the water content [18].
We apply the SPC/E water model [19] and silica force
fields with partial charges fitted to the ab initio electrostatic
potential of a Si;4O,;Hs, cluster [20], and 12/6 Lennard-
Jones (LJ) terms fitted to DFT/PW91 calculations of water
adsorption on crystalline silica surfaces [21]. On average,
41 H,0 molecules reside in the unit cell.

Strained silica rings are known to react with H,O to form
silanol groups with low energy barriers [22], in picosecond
time scales at 7 = 300 K [23]. To examine the stability of
our model hydroxylated pore in water, we conduct uncon-
strained ab initio molecular dynamics (AIMD) at an ele-
vated temperature of 375 K using the DFT code/method
mentioned above. A 0.5 fs time step and molecular me-
chanics preequilibrated starting configurations are used.
No chemical reaction or H,O incorporation into the silica
framework occurs within ~4.5 ps, showing that our model
pore array is relatively stable at this pH.
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FIG. 1 (color). Counterclockwise from upper left: water-filled
silica pore unit cell; silica pore functionalized with —CH,NH5
(water removed for clarity); expanded view of a —CH,NH,
group in the process of abstracting a proton from H,O; total
number of —NHJ groups as a function of time in two AIMD
trajectories, starting with 0 and 11 —NH3, respectively. The first
three panels are AIMD snapshots, and periodic boundary con-
ditions apply in all three directions. Green spheres: Si; red/
yellow: O; blue: N; white: H; gray: C.

Functionalized pores behave qualitatively differently.
Experimentally, a fraction of the pore surface -OH groups
have been successfully replaced with —(CH,);NH, groups
[2]. Thus, in a second model, we randomly replace 11 of
the 38 surface —SiOH in our unit cell with —SiCH,NH,.
Because silanol groups are acidic and amines are basic,
proton transfer may occur. However, NHJ is usually sta-
bilized with hydrogen bonding to 3 H,O molecules [24],
and there are only 35 H,O in the pore. To determine the
NH; content, we apply AIMD. We examine two initial
conditions—one with all —NH, terminations, the other
with all —NHJ, with the 11 —SiOH closest to the ammo-
nium groups deprotonated to preserve charge neutrality
(Fig. 1). We graft a CHARMM?22 [25] and DFT/PWO91-
fitted description of the amine/ammonium groups to our
silica force fields, and use them to preequilibrate the initial
configurations.

Figure 1 depicts the evolution of the number of —NHY
(Nnm;)- The AIMD trajectory starting with all —NH7
rapidly equilibrates to NNH; ~ 8.8. In the one starting
with Nyy; = 0, although equilibration of the titratable
protons has not been achieved in 7 ps, most —NH, have
turned into —NHJ, either by abstracting a proton directly
from a nearby SiOH or by indirect transfer via a bridging
H,O (Fig. 1). The fast proton hopping rate is reminiscent of
that between adjoining —NH,/-COOH groups in glycine
[24]. Thus, AIMD shows that a majority of the amine
groups exist in water-filled pores as —NHY, stabilized by
hydrogen bonds to framework silica oxygens as well as

water. Hereafter we assume they are all —NH;. NH;
protrude into the pore center while the compensating
SiO™ reside closer to the pore surface. As will be shown,
this yields a charge distribution, and a PMF [W(x, y, z)] for
ions, dramatically different from hydroxlyated pores.

Next, we use the aforementioned silica force fields to
sample W(x, y, z) for CI~ and Na™. (AIMD is too costly for
this purpose.) We use LJ-based ion force fields [26], with
On,+ adjusted to 2.4 A, so that in bulk water C1~ and Na*
exhibits AGpyq of —90.9 and —88.8 kcal/mol, respec-
tively. We apply umbrella sampling to obtain W(z), the
PMF averaged over x, y, by adding a harmonic bias along z
but otherwise allowing the ions to move freely. W(z) is
shifted to match thermodynamic integration (TT) results for
W(x, y, z) along the pore axis, x = L,/2, y=L,/2, in
sampling windows where the pore center is found to be
most favored. Electrostatic contributions to TI are com-
puted by applying a 2-point integration formula to the ionic
charge [27]. The packing contribution to TI from inserting
uncharged LJ spheres in water is about 1 kcal/mol, and
further should largely cancel between bulk and confined
water; thus it will be neglected. 15-90 ns and 0.2—1 ns MD
trajectories are used for each umbrella sampling window/
TI calculation.

Figure 2(a) highlights the dramatic effect of confining
ions inside narrow, water-filled, hydroxylated pores. Cl™~
(Na™) is strongly destabilized (stabilized). The large, al-
most equal but opposite effect on C1~/Na* suggests that
the repulsion/attraction is due to electrostatic interactions
with the polar pore surface [28]. Figure 2(c) shows that
functionalization with 11 NHJ groups (and compensating
Si07) indeed reverses this polarity, except for a Na* trap
site.

The PMF depicted in Fig. 2 is computed by placing
one ion in the unit cell (Fig. 1). Our objective is the
dilute limit, i.e., for a single ion in an n — oo pore array,
with a simulation cell (“‘supercell”’) made up of n* unit
cells replicated n times periodically in all direc-
tions. Table I shows that W(L,/2,L,/2,z) for n =1 is
already converged to 2 kcal/mol—but only after we
have added the Ewald self-energy, which is large
(—27.3 kcal/mol) for n =1 and is appropriate because
the water present in the pore array effectively screens
the ion-ion image interaction. Extrapolating to n = 3, the
axis of the hydroxylated pore repels (attracts) CI~ (Na™)
by an average of +25.8 (—22.0) kcal/mol relative to bulk
liquid water.

These results are slightly force field dependent.
Applying TI to the partial charges and LJ parameters of
another silica force field [12] yields W(L,/2, L,/2, z) for
Cl~/Na* that differ by ~ = 4 kcal/mol. The results also
depend on pore surface structure and silanol coverage.

In hydroxylated pores, the variations in W(z) and in
W(L,/2, L,/2, z) computed via TI at 10 equally spaced
positions along the pore axis agree to within 2 kcal/mol
[Fig. 2(a)], indicating that the latter is a good measure of
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FIG. 2 (color). (a), (b) refer to hydroxylated pore arrays, (c)—
() to —CHZNHgr lined systems. (a), (c) Crosses/open circles:
potential of mean force for C1~ /Na* frozen along the pore axis.
Solid curves: umbrella sampling W(z) for unconstrained
Cl~ (red) and Na® (green). Horizontal lines: AGyy for
Cl~/Na™ in bulk water. Panel (c), filled circle: Na*t trap site
at the pore surface. (b) Radial distribution of Cl™ (red),
Na™ (green), and H,O (blue) in hydroxlyated pores. (d) Na*
at and near trap site (pluses) at z = 2.7 A; (e), (f) Regions where
Cl™ free energy is at or below the listed values are shown in
color. Atom key: see Fig. 1; water removed for clarity.

ion permeability in such pores. This is consistent with the
fact that the radial density of ions divided by r (the distance
from the pore axis, and volume element in polar coordi-
nates), P(r)/r, is relatively r independent, and there are no
trap sites. The H,O oxygen P(r)/r in hydroxylated pores
[Fig. 2(b)] trails off at r = 4.25 A yielding our estimate of
an 11.6 A pore diameter after accounting for the size of
H,0. The two peaks in P(r)/r suggest that this pore can
accommodate one water molecule at the center and a water
shell around it. Overall, C1™ is found to prefer the pore
center [Fig. 2(b)]. Its P(r)/r also exhibits features at the

TABLE L. W(L,/2,L,/2,13.3 A)/kcal/mol in hydroxylated
pore supercells, computed via thermodynamic integration.

Ton/cell n=1 n=2 n=3
Cl~ —66.3 0.3 —-62.9 0.7 —64.5 0.8
Na* —112.3 = 0.5 —111.5 £ 0.6 —110.1 = 0.8

“trough™ of the H,O radial distribution. Na™ has a higher
concentration at the —OH line pore surface.

In the NHJ lined model silica pores, W(L,/2, L,/2, z) is
less useful. The free energy contours in Figs. 2(e) and 2(f)
show that C1™~ exhibits more tendency to sample the pore
surface near NHJ groups. Hence, in some umbrella win-
dows, a radial 0.5% kcal/mol/A? potential is applied, and
its effect is removed by reweighting, to facilitate sampling.
Na™ can also reside off center to avoid protruding NH
(not shown). With the pore interior now generally unfav-
orable, Na™ is found to be strongly trapped at the afore-
mentioned passageway in the pore wall, which is devoid of
NH3+ groups [Figs. 2(c) and 2(d)]. One-dimensional um-
brella sampling does not readily converge near this Na™
trap, but TI reveals that it is deep and localized [Fig. 2(d)].
W(x, v, z) rapidly relaxes to pore centerlike values as r
decreases, yielding a large free energy barrier against
escape. Thus, this trap should always be occupied by an
immobile Na™, which does not readily take part in ion
transport but should be considered part of the functional-
ized silica framework. It will repel other Na*, making the
pore even more unfavorable towards Na*t. Thus we expect
that the pore polarity reversal of silica pores suggested by
the Na™ W(z) [Fig. 2(c)] is qualitatively unchanged by this
rare, deep trap. Indeed, polarity reversal via —NHJ func-
tionalization has recently been demonstrated in 40 nm
wide nanofluidic channels [4]. Figure 2(c) demonstrates
this general behavior, but also points out that incomplete
NH; coverage may lead to isolated cases of Na™ trapping.

The results discussed so far convolve confinement and
pore surface polarity effects. To isolate the pure confine-
ment contribution [6], we also consider water-filled
(18,18) SWNT placed in a_ 18X 18 A? square lattice.
This nanotube has an 11.4 A pore diameter, similar to
our silica pore, but carries no charges. We apply force
fields that reproduce the experimental graphite-water con-
tact angle [29]. GCMC calculations show that this SWNT
exhibits a water density similar to that in our silica pores:
46 H,0 molecules per 17.04 A tube length.

Figure 3(a) shows that n = 1 supercells converge TI-
predicted W(L,/2, L, /2, z) to within 2.5 kcal/mol, similar
to silica pores [28]. SWNT pores of this size thus show
little confinement penalty for Na®, in agreement with
Ref. [30], but Cl~ is surprisingly unfavorable by
12.6 kcal/mol relative to bulk water. This “pure”” confine-
ment effect is smaller than, and nonadditive to, the electro-
static contribution in hydroxylated silica pores. The P(r)/r
depicted in Fig. 3(b) shows that layering is more pro-
nounced for H,O in SWNT than in silica pores, where
there is substantial surface inhomogeneity. Na™ is lodged
between two shells of water, while C1~ prefers the pore
center [31]. Preferential transport of Na® over Cl~ has
been reported for model transmembrane channels [31,32];
the asymmetry between Cl~ and Na* likely arises from
outer water shell contributions, and is related to ion size,
charge, and the hydrogen bond network of first hydration
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FIG. 3. (a) z-independent PMF of ions along the pore axis of a

SWNT array as supercell size n varies. Solid lines/crosses: Cl™;
dashed lines/circles: Na*. (b) Radial distribution for C1~ (solid
line), Na* (dashed line), and H,O (dot-dashed line).

shell water. It may be missed by a purely dielectric con-
tinuum treatment of water [6,7,33].

In conclusion, we have shown that 11.6 A diameter silica
nanoporous membranes dramatically alter ion permeabil-
ity. Hydroxylated silica pores repel (attract) CI~ (Na*) by
~28(22) kcal/mol. Amine groups on functionalized silica
pores turn into —NHJ by abstracting protons from silanol
groups. This reverses the pore polarity, and molecular force
fields now predict that the pore center slightly attracts C1~
and repels Na*. However, Na® can become trapped at
surface sites. Pure confinement effects are asymmetric
for these ions. Based on these results, a viable way to
exclude both ions may be to use alternating hydroxylated
and amine-functionalized silica pore segments. In that
case, ion trapping, pH and multiple ion effects, and contact
ion pair formation may occur, and may strongly affect ion
transport.
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