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Aqueous electrolytes confined within functionalized silica nanopores
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Molecular dynamics simulations have been carried out to investigate structural and dynamical char-
acteristics of NaCl aqueous solutions confined within silica nanopores in contact with a “bulk-like”
reservoir. Two types of pores, with diameters intermediate between 20 A and 37.5 A, were inves-
tigated: The first one corresponded to hydrophobic cavities, in which the prevailing wall-solution
interactions were of the Lennard-Jones type. In addition, we also examined the behavior of solu-
tions trapped within hydrophilic cavities, in which a set of unsaturated O-sites at the wall were
transformed in polar silanol Si—~OH groups. In all cases, the overall concentrations of the trapped
electrolytes exhibited important reductions that, in the case of the narrowest pores, attained 50%
of the bulk value. Local concentrations within the pores also showed important fluctuations. In hy-
drophobic cavities, the close vicinity of the pore wall was coated exclusively by the solvent, whereas
in hydrophilic pores, selective adsorption of Nat ions was also observed. Mass and charge trans-
port were also investigated. Individual diffusion coefficients did not present large modifications
from what is perceived in the bulk; contrasting, the electrical conductivity exhibited important re-
ductions. The qualitative differences are rationalized in terms of simple geometrical considerations.
© 2011 American Institute of Physics. [doi:10.1063/1.3632050]

. INTRODUCTION drying transitions?*~*3 — which are absent in more conven-
tional, bulk phases. On the dynamical side, confinement ef-
fects are equally dramatic and are normally portrayed in terms
of important retardations in the translational and rotational
motions. >3’

In what follows, we will present results from molecu-
lar dynamics experiments in which we examined the behav-
ior of aqueous NaCl solutions confined within silica pores.
There is a large amount of scientific production devoted to
the analysis of these mixtures under nanoconfinement. Most
notably are those oriented to the analysis of fluids within
model hydrophobic nanotubes®®** and in slit-shaped silica
and carbon nanopores.*>™*’ Our motivation in performing this
new set of simulations was to analyze pore size and wall-
functionalization effects on the equilibrium solvation struc-
tures and the dynamics of the solute species within the pores.
Special care was taken to model the confined liquid phase un-
der realistic conditions, i.e., in contact with a bulk solution.
In this way we could gauge the modifications operated in the
global and local density fields, taking as a reference what is
perceived at the bulk. Interestingly, this structural description
provided physically sound arguments to rationalize the qual-
itative differences observed in the dynamical coefficients de-
scribing mass and charge transport through the pores.

The organization of the paper is as follows: Details of the
model and simulation procedure are presented in Sec. II. The
@) Author to whom correspondence should be addressed. Electronic mail: main results are discussed in Sec. ITI. Our concluding remarks

dhlaria@cnea.gov.ar. appear in Sec. V.

In recent years, a large body of research work has
been focused on the analysis of aqueous electrolytes trapped
within cylindrical-like pores with dimensions in the nanome-
ter range. Two main reasons have spurred the interest in
these liquid phases. From a biological perspective, confined
salt-solutions represent appropriate benchmarks to analyze
mass and charge transport through complex biological mem-
branes and ionic channels.!™ In addition, the subject is rel-
evant in many processes with practical applications in the
area of nanofluidics,®” such as selective fluxes through mem-
branes controlled by size,® wall-functionalization® '© or exter-
nal fields,!'~!* desalinization processes,'* nanopipets,'> and
osmotic-driven fluxes,'®!7 to cite a few relevant examples. In
all these processes, the adequate microscopic characterization
of the dynamics of the trapped liquids represents a key ele-
ment for the correct interpretation of their performances.

By now, it is well established that the behavior of lig-
uid phases under nanometric confinement comes as a result
of a complex interplay between inter- and intra-molecular
interactions, conjugated with the particular geometrical re-
strictions of the environments and the effective interactions
prevailing at the domain walls.'® These effects may give rise
to collective responses of the fluids — such as segregation
phenomena,!*?' modifications in phase diagrams,?>?% and
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Il. MODEL AND SIMULATION PROCEDURE

The molecular dynamics experiments were performed on
fully periodic model systems, mimicking a cylindrical pore (I)
of length ¢, with a reservoir (II and III) filled with NaCl aque-
ous solutions, at a global salt concentration close to ¢ ~ 1 M
(see Fig. 1). The cylindrical pore was aligned with its axis par-
allel to the z-direction and occupied the central, |z| < 16.5 A,
region of the simulation box. The lengths of the simulation
box were setto L, = L, =51 Aand L, ~ 65 A.

The silica pores were generated following a procedure
described in full detail in previous papers®*33-31-53 o, for the
sake of conciseness we will only present a brief description of
the main steps. The starting point was the consideration of a
sample of fused SiO,, at a global density of 2.2 g cm™3, con-
tained within a simulation box with lengths L, = L, = 51 A
and L, = 33 A, at temperatures close to 7 ~ 8000 K. After
immobilizing a central cylindrical section of radius R of the
sample along the z axis, the surrounding portion was annealed
down to T ~ 300 K. The central resist was then removed,
leaving a cylindrical pore across a solid silica slab. To gauge
confinement effects, three different values of R = 10, 15, and
17.5 A were examined. In the latter case, the lengths of the
simulation box were setto L, = L, = 55 A and L, ~ 89 A.

In addition, we also examined effects arising from mod-
ifications in the effective wall-solution interactions. To that
end, we considered two types of pores: (i) the first class
— hereafter referred to as hydrophobic cavities (HOCs) —
corresponds to pores in which wall-solution interactions were
exclusively of the Lennard-Jones type; (ii) in addition, we
examined electrolyte confinement within hydrophilic cavities
(HICs), in which unsaturated O-sites at the interface were
transformed into polar Si—~OH groups. In accordance with
experimental information,® the surface density of silanol
groups was set to 3 nm~2. The final stage of the initial equili-
bration procedure involved bringing together the solid sam-
ple with a NaCl aqueous solution, which was allowed to

I | I

| I

FIG. 1. Snapshot of a cut of the simulation box with the hydrophobic silica
pore in the middle region.
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TABLE I. Potential parameters.

€ o q
Site (kcal/mol) A) (e)

a. Water

(0] 0.152 3.15 —0.834
H 0.417
b. Ions

Na 0.1 2.584 1.0
Cl 0.1 4.401 -1.0

c. Silica

O (HOC) 0.155 3.154

Si (HOC) 0.128 3.795

O (silanol) 0.155 3.154 —0.71
Si (silanol) 0.128 3.795 0.31
H (silanol) 0.40

permeate through the pore. To facilitate the filling, the tem-
perature was taken up to 473 K during 2 ns. From then on,
the liquid phase was allowed to re-equilibrate at ambient con-
ditions for about 5 ns, until the global density of the elec-
trolytes within the pore remained fairly constant. During this
period, the value of L, was gradually adjusted so as to bring
the water local density at the z ~ L, /2, bulk region in agree-
ment with the experimental value of a ¢ = 1 M, NaCl aqueous
solution, i.e., pE)“lk = 3.27 x 1072 A3, With this procedure,
the resulting salt concentrations in the bulk regions were in-
termediate between cpx = 1.05 M and 1.2 M, depending on
the particular pore size and the wall-solution interaction con-
sidered. In simulations involving the smaller pores, the liquid
phases contained typically N,, ~ 3500 water molecules and
Nna+ = Nci- ~ 65 ions and twice as much, in simulations
with pores with radius R = 17.5 A.

The trajectories were generated using the NAMD
package®* and corresponded to the microcanonical ensemble.
The potential energy of the system was considered to be pair-
decomposable, with site-site interactions involving Lennard-
Jones and Coulomb contributions. For the water molecules,
we adopted the TIP3P model (see Table Ia),>> whereas for the
electrolytes, the Lennard-Jones energy and length parameters
and partial charges were taken from Ref. 30 and are listed
in Table Ib. Parameters for interactions involving sites in the
silica pore were taken from Ref. 56 and appear in Table Ic.
Usual arithmetic and geometrical means were implemented
to describe cross interactions. To handle the long range na-
ture of the Coulomb interactions we implemented a particle
mesh procedure.’” Statistics of the structural characteristics
of the confined solutions were collected from 5 statistically
independent runs, each one lasting 10 ns.

lll. RESULTS
A. Equilibrium results

The first aspect that we will examine deals with the over-
all modifications of the global concentrations within the pore,
compared to the ones prevailing in the bulk regions. The
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analysis of normalized local density fields of the type
Cy] _ 1 (S o 1
P = 7 D18z = )y )

provides a simple route to monitor these differences. In the
previous equation, (x{, y{, z) represent the coordinates of
the ith particle of species «, measured from a coordinate sys-
tem centered at the center of mass of the pore and (- - -) g de-
notes an average restricted to those molecules whose distance
to the z—axis was less than R.

Results of p(iyl(z) (¢ =H,0, Na*, CI7) normalized by
the corresponding bulk values in HOCs and HICs are pre-
sented in Figs. 2 and 3, respectively. At a first glance, one
observes that, in both pores, confinement effects lead to im-
portant reductions of the overall electrolyte concentrations.
As expected, these effects become more vivid in narrower
pores. For example, within HOCs, as we move from R
=175 At R=10 A, the global concentrations within
the pores drop from ~0.8 p?* down to ~0.5 pS%. These
reductions correspond to free energy barriers for the elec-
trolyte confinement of the order of AF = —kBTln[péyl(z
~ 0)/pY] ~ 0.1 — 0.4 kcal mol~!. We remark that R ~ 10
A represents a threshold value below which hydrophobic
pores exhibit spontaneous drying transitions; in fact, we veri-
fied that narrower pores (with radii, say, down to 9 A), filled
with the solution at T ~ 473 K, become empty, as the tem-
perature is lowered at ambient conditions, on a timescale of
a few tens of picoseconds. This phenomenon is well docu-
mented and is the result of a delicate interplay between ge-
ometrical characteristics of the confined region, the overall

FIG. 2. Local density fields for water and ionic species along the z axis for
hydrophobic pores with different radii. Sampling within a cylindrical volume
of radius R are shown for water oxygens (solid line), Na™ (circles), and C1~
(triangles). The vertical dashed lines denote the pore boundaries. The error
bars correspond to standard deviations from five statistically independent tra-
jectories (see text).
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FIG. 3. Same as Fig. 2 for hydrophilic pores.

characteristics of the prevailing interactions, and thermody-
namic conditions.?!

Coming back to the joint analysis of the plots displayed
in Figs. 2 and 3, effects from wall functionalization upon the
overall electrolyte concentration within the pores get trans-
lated into more irregular profiles for the HIC cases. These
more prominent fluctuations not only can be observed in the
individual ion profiles but they are also evident in the solvent
ones. Moreover, modifications in the Na™ plot appear some-
what more marked than those observed for Cl1~. As we will
see shortly, these characteristics respond to the equally irreg-
ular arrangement of the polar silanol groups at the pore wall.

Within the pores, inhomogeneities in the density fields
also manifest along the radial direction. In Fig. 4 we

FIG. 4. Density fields within the hydrophobic pore along the radial direction.
Same labeling as Fig. 2. The arrows in the x axis indicate the values of R (see
text).
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r(A)

FIG. 5. Left axis: Density fields within hydrophilic pores along the radial di-
rection. Same labeling as Fig. 4. Right axis: Electrolyte cumulative integrals
N, . (Na*t: dashed-dotted lines, C1™: dashed lines).

present normalized local density fields along this direction in
hydrophobic cavities, namely:

rad _ 1 _
Pa (r) = 2 lr i (8(}” Ti ))pore’ @)

where r denotes the distance from the ith molecule of
species « to the pore axis and (- --)pore denotes an average
taken from molecules lying within the pore, i.e., sites whose
coordinates satisfy |z{'| < £/2. The plots show that, regardless
of the pore size, the walls are coated exclusively by water.
Note that the thickness of this surface layer, A, is of simi-
lar order to the diameter of a water molecule, ~2.5-3 A. We
remark that these observations are in agreement with results
reported for aqueous electrolytes within carbon nanotubes.*®
As we move to inner water layers, the concentrations quickly
attain their bulk values in the three pores, although in the nar-
rowest one, the ion populations at the center slightly surpass
that value.

Plots of p™(r) in HICs are displayed in Fig. 5 and dif-
fer from those described in the previous paragraphs: (i) First,
the water profiles exhibit increments in their fluctuations, spe-
cially in the narrowest, R = 10 A pore case. (ii) Second, in
the outer layer in contact with the pore walls, one observes
local increments of the Nat concentrations. The analysis of
the cumulative integrals of the ionic densities, Ny(r), is in-
structive. Note that, for the three pore sizes, the two curves
detach from each other beyond a radial distance which prac-
tically coincides with the location of the outer solvent shell.
Expressed in terms of the global salt content within the pores,
these increments roughly represent ~25% of the global Na™
concentrations. Incidentally, we remark that the prevalence of
Na™ wall solvation states — which has also been reported*’
in silica pores with slit geometry — responds mainly to steric
effects, since the smaller size of the cations facilitates their
stabilization within irregular wall domains surrounding some
silanol groups. In this respect we found no correlations be-
tween the local fluctuations in the three profiles of ,olf,ﬁl(z) and
the overall density of silanol groups along the z-direction, so
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we tend to believe that the characteristics of the resulting ion
density profiles reflect the availability of binding sites at the
vicinity of a few selected Si—-O-H groups; (iii) Similar to what
we found in hydrophobic pores, as we move to inner solvent
shells, both local concentrations become comparable and sim-
ilar in magnitude to the one found in the bulk (regions II and
IITin Fig. 1).

B. Dynamical analysis

We will now move to the dynamical analysis that will
be focused on time correlation functions describing diffusive
motions and the electrical conductivity along the axial direc-
tion. Individual diffusion coefficients were obtained from the
limiting slopes of R2, the root mean square displacements
along the axial directions:

(|2 — 22O

D! = lim ; 3)

t—00 2t
whereas estimates for the conductivity were computed from
time integrals of the current-current time correlation function,
namely:

1
o =
kgTV

Hy=3">"quz. “

In the previous equations, V = m R*¢ denotes the pore vol-
ume and ¢, is the charge of species «. All correlation func-
tions were computed by restricting the sampling to contri-
butions from those ions that were present within the pore at
times O and ¢.

Results for mass and charge transport coefficients in
HOC:s are listed in columns 2-4 of Table Ila. Surprisingly,
when compared to bulk solution results, the ionic diffusion
coefficients only present a ~ 10% drop in the narrowest pores
while they are practically the same, for wider ones. Moreover,
this constancy clashes with the results observed in the diffu-
sion of simple polar solvents, where diffusion coefficients are
known to exhibit much more drastic reductions.**>® We also
remark that, in all cases investigated, we found no evidence of

/OO<J”<z) ~J0)) dt;
0

TABLE II. Transport coefficients for confined aqueous electrolytes.

R Dl.: DY o R G
A 105 em?s™ ) (1077 em?s™) @ 'm™H A) @ 'mhH
a. Hydrophobic pores

10 0.9+0.1 12401 44401 75 7.8
15 1.1+0.1 13+0.1 50401 125 72
17.5 1.140.1 1.340.1 54402 150 7.4
b. Hydrophilic pores

10 0.6 +0.1 0.84+02 45402 76 7.8
15 0.8 402 1.1+£02 55404 13.0 73
17.5 0.840.2 1.1+£02 63+04 155 8.0
Bulk? 1.1 1.3 7.8

2Calculated from the widths of the external peaks of pf{yzl o (see text).

YReference values for a ¢ = 1 M, bulk solution taken from Ref. 56.
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sublinear behaviors in the temporal dependences of any of the
Rﬁ(t) investigated, a fact that would reveal modifications in
the bulk-like mechanisms controlling electrolyte mass trans-
port. On the other hand, the electric conductivity does show
more marked modifications: note that ¢ falls from 0.7 o™/
for R =17.5 A pores down to 0.55 o™ for R =10 A
ones. The analysis of transport coefficients in HICs listed in
Table IIb suggests a similar scenario, although the retarda-
tions are somewhat more marked (see, for example, the case
of Na* in the narrowest pore where the diffusion coefficient
drops practically to half the bulk value).

Looking for clues to rationalize the qualitative differ-
ences between the behaviors of the two transport coeffi-
cients, we re-examined the structural description of the con-
fined electrolytes and focused on the fact that, in both types
of pores, the spatial confinements of the charged species
were actually somewhat tighter than the ones estimated by
the sole consideration of the dimensions of the pore. The
characteristics of ,ogj‘d(r) led us first to define the effective
radii, R=R— A, taking into account the positions of
the outer local minima in the pgdd(r) profiles. We then
evaluated effective conductivities &, by simply rescaling the
original estimates of the pore volumes by the geometrical
factors (ﬁ / R)?. Values of R and results for & are shown in
columns 5 and 6 of Table II. One can observe that practi-
cally all effective conductivities look similar in magnitude and
much more comparable to the bulk results. Moreover, a sim-
ilar argument could be invoked to explain the mild modifi-
cations of the ionic diffusion coefficients in HOCs, since the
prevailing confinement would be concentrated in the central —
and dynamically fastest — region of the pore. In HICs, contri-
butions from the tightly adsorbed Nat would bring down the
diffusion coefficients. The general picture that emerges from
these simple geometrical considerations suggests that the drop
in the observed conductivity would simply reflect a reduction
of the global electrolyte concentration, due to the presence of
coating shells deprived of charged species in the HOC cases
and tightly adsorbed Na™, with much minor contributions to
the parallel current, in the hydrophilic pores.

IV. CONCLUDING REMARKS

Our simulation results reveal important modifications in
the global and local densities of aqueous electrolytes confined
within silica pores in contact with bulk-like reservoirs. The
latter is a key ingredient since it allows an adequate control of
the local fluctuations of the individual concentrations within
the confined domain, bringing the comparison between struc-
tural and dynamical characteristics of bulk and pore environ-
ments physically meaningful. Within pores with diameters of
the order of ~2-3 nm, the global concentrations are interme-
diate between 0.5 and 0.8 times the ones observed in the bulk
reservoir. From a local perspective, in hydrophobic cavities,
the closest solvation shell of each ion is preserved, leading
to an external coating layer in contact with the pore wall,
composed exclusively of water. The presence of hydroxylated
groups at the solid interface leads to the incorporation of ex-
cess Na' ions in the outer shell. This binding is controlled
by the structural characteristics of the amorphous pore wall
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in the close vicinity of these polar groups, i.e., the availabil-
ity of adsorption sites large enough to accommodate cationic
species.

Mass transport coefficients in the pores exhibit only mild
drops, which contrast with the more marked modifications ob-
served in the ionic conductivity. Looking for clues to rational-
ize the observed qualitative differences between the behaviors
of the two transport coefficients, we focused our attention on
the characteristics of the spatial confinement. The simple con-
sideration of a smaller, effective volume leads to a more uni-
fied description of D! and & which would suggest that, in
this pore-size regime, the mechanisms that control mass and
charge transport would not differ from those prevailing in bulk
in a sensible fashion.

Additional investigations to corroborate the range of va-
lidity of our conclusions are surely called for. We can think
of two relevant questions in this respect: (i) First, one could
speculate on possible modifications in the extent of the cen-
tral segregation of the ionic species in cases involving bigger
and more polarizable anions, such as I~, which are known to
exhibit more propensity for surface solvation states, at least,
in water/air interfaces;*® (ii) second, the particular structural
characteristics of the pore walls is another issue that will
require further examination. In order to clearly discern be-
tween effects from short-range and long-range Coulomb wall-
solution interactions, we restricted our analysis to two model
pores investigated that differed only in the addition of par-
tial charges at a few selected Si—-O-H groups at the interface.
Further simulations focused on clarifying these two issues are
currently carried out in our laboratory.
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