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ABSTRACT

Adsorption of water vapor in silica nanopores with different pore morphologies and surface
hydrophilicities was studied to quantify densities and thicknesses of the water sorption layers and
deduce their molecular structures. Water adsorption to surface hydroxyls is described by a
multilayer sorption model. At low pressure, the water adsorption isotherms are largely independent
of pore size and the adsorbed amounts scale with surface hydroxyl density. Adsorbed phase
densities corresponding to adsorption of two water molecules per surface hydroxyl group are found
in the first adsorbed water layer for a wide range of surface hydroxyl densities. The densities and
layer thickness values found in narrow pores indicate that patchy adsorbed layers form if not
enough water molecules exist for a full layer, which coexist with dry pore surface regions. This
behavior indicates cooperative adsorption effects, i.e., a preference for formation of hydrogen
bonds between water molecules bound to surface hydroxyls. In narrow pores, pore condensation
limits further growth of the sorption layer, while in larger pores and at the planar quartz surface a
second adsorbed water layer is formed, which can hold up to approximately 4 additional water
molecules per surface hydroxyl group. The water molecules in these thicker adsorption layers
arrange such that the sorption layer density is similar to the bulk water density. Pore confinement
limitations on the sorption layers are observed in pores with radii as large as 8 nm. Molecular
Dynamics modeling reveals two preferential orientations for water molecule adsorbing to surface
hydroxyl groups and suggests an intra-layer structuring in the adsorbed monolayer. Adsorbed
water molecules in the sorption layer are bonded to the surface hydroxyl group via donation and
acceptance of hydrogen bonds.

Introduction
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Water-mineral interfaces are ubiquitous in both natural and engineered systems. The structural
and dynamic properties of water at mineral surfaces and in narrow pores are important for water
and gas transport and accumulation and retention of water in soils and geologic formations'*, but
also impact the structure and stability of important engineered inorganic materials, for instance
concrete’ and oxide nanoparticles®. The structures of the water layers formed at free surfaces’ and
under nano-confinement significantly impact solubility of the solid, adsorption of solutes and
pollutants®, and catalytic activity at the mineral interface. Silicon dioxide or quartz is the most
common compound in Earth’s crust and widely utilized in engineered materials and applications.
Adsorbed water forms an immobile layer at silica surfaces, its structure and dependence on the
composition of the pore surface and pore network properties are actively researched’!*. Water
molecules in the first adsorption layer (L2) interact with surface hydroxyls via hydrogen bonds,
which are stronger than Van der Waals interactions but weaker than covalent bonds. An additional
water layer (L3) may adsorb onto this first layer. The goal of this contribution is to understand the
molecular structures of the L2 and L3 layers formed in silica nanopores.

Recently, Bellucci and Fenter' utilized X-ray reflectivity (XR) to measure the water density
profile at the planar quartz (101) surface with high resolution. Electron density peaks of the first
and second interfacial water layers were located at 0.17-0.19 nm and 0.48-0.50 nm above the
quartz surface, respectively. The first adsorbed water layer (L2) contained 11.8 water molecules /
nm?. The crystallographic surface hydroxyl density of quartz (101) is 5.92 nm™ which means that
very close to two water molecules per surface hydroxyl are present in this first layer. The thickness
of the first layer is ca. 0.35 nm, and its outer boundary is marked by a minimum in the electron
density curve. These values correspond to a first layer water density of ca. 1.0 g/cm?®. The same

XR study showed that the second water layer (L3) contains 26.1 water molecules/nm?, and also
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has approximately bulk water density. The structuring is less pronounced in the second layer, and
the thickness of that second is layer is ca. 0.78 nm. The XR derived overall thickness of the
adsorbed water film (L2 + L3) at the quartz (101) surface at room temperature and saturation

pressure (P /P, =1) is0.35 nm+0.78 nm ~1.13 nm. Computer modeling of water on interfaces

has successfully reproduced these structures. For instance, MD modeling of water at different
quartz surfaces'® yielded thicknesses of the structured interfacial water layers of ca. 1.12 nm.
Bourg and Steefel!” give a thickness of 3 statistical monolayers and a thickness of ca. 1 nm for the
surface water layer on silica from Molecular Dynamics (MD) modeling, similar values are reported
by Kerisit and Liu'8.

In nanoporous solids, fluid adsorption taking place at the internal pore surfaces reduces the void
volume in the pores in the process. Although initial fluid uptake via direct surface interactions may
resemble that at flat surfaces, the available pore volume ultimately limits the uptake of fluids and
sorption film growth via two possible pathways. First, the growth of adsorption layers can become
limited by pore size for strongly adsorbing fluids in narrow pores, as has been for instance observed
for supercritical CO,'*?!. Second, subcritical fluids experience pore condensation in nanopores,
i.e., complete filling of the available pore spaces with liquid, which occurs for wetting liquids at a
pressure below the bulk condensation pressure. At the onset of pore condensation, the available

pore volume and radius are reduced by the film adsorbed at the pore walls. The Kelvin radius, R,
, 1s given by the pore radius (R, ) reduced by the adsorbed layer thickness (t,): R, =R, —t,. The

pore condensation pressure P, for cylindrical pores is given by??:

Inﬂ:_yvm cos@ )
R, RRT
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P, is the bulk condensation pressure, y the surface tension and V,, the molar volume of water at

temperature 7, and R is the universal gas constant. Equation 1 shows the inverse relationship
between pore condensation pressure and Kelvin radius, i.e., an increase in sorption layer thickness
reduces the pore condensation pressure. Consequently, the thickest sorption layers are formed at
planar surfaces, while pore condensation limits the growth of sorption layers in nanopores.
Although numerous experimental studies of nano-pore confined water exist, only few provide
estimates for the thickness and density of the sorption phase®*?°. We recently measured water
sorption phase densities and thicknesses in MCM-41, a nanoporous amorphous silica with
cylindrical pores, using vapor sorption measurements2®. The water sorption phase thicknesses in
these narrow pore silica materials were 0.15 — 0.4 nm, which is significantly smaller than the
thickness of the water layer at the planar quartz surface (1.12 nm). These values are also
considerably smaller than the pore radii of the MCM-41 materials, which range from 1.2 — 1.7 nm,
indicating that overlap or other geometric interference of sorption layers from opposing pore
surfaces did not occur. An approximately linear dependence of the MCM-41 sorption phase
densities with surface hydroxyl density was observed but not quantitatively rationalized. In
addition, confinement effects on the morphology of the water sorption phases are still not
understood in larger pores.

In this study we explore a larger range of pore sizes and morphologies and attempt to quantify
the molecular-level morphologies of the water sorption layers and their dependencies on surface
hydrophilicity and pore size. The impact of surface hydroxyl density on adsorbed water density
will be studied in more hydrophilic narrow pores, and the impact of pore size on water sorption

measured for larger nanopores. The goal is to obtain a comprehensive, molecular level
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understanding of the structures of the adsorbed water phases in silica nanopores and delineate the
impacts of surface hydroxyl density and pore size.
METHODS/EXPERIMENTAL
N2 sorption at 77 K

A Belsorp max surface analyzer (Microtrac MRB, USA) was used to measure the N>
sorption isotherms at 77 K using a liquid nitrogen bath. Adsorbent nitrogen was purchased from
Airgas America with a purity 0f 99.999%. Amounts of ca. 100 mg of Controlled Pore Glass (CPG)
and 30 mg for the Angstrompore (AP) samples were used in the measurements, respectively. The
nitrogen sorption isotherms are shown in Figure 1, and the characterization results are summarized
in Table 1. The S12 and S18 samples were described in our previous paper?®.
Water vapor sorption at 298 K

The same Belsorp max instrument used for the nitrogen sorption measurements was also
used to measure water vapor sorption at 298 K. Water with a resistance of 18.3 MQ was taken
from a milli-Q system. The water was degassed in the Belsorp max instrument by repeated freezing
using liquid nitrogen followed by high vacuum application. Temperature of the samples was
maintained at 298 + 0.1 K by use of a circulating water bath.
Sequence of measurements
For the MCM-41 samples S12 and S18, three consecutive sets of pre-treatment, nitrogen sorption
(N) and water sorption (W) measurements were carried out. Synthesis of these materials and details
of the measurements are provided in our previous paper. Briefly, heat and vacuum pretreatment
conditions carried out before each set were varied such that the number density of surface hydroxyl
sites was increasing between the individual sets of measurements. The first measurement sets,

named S12N1, SI12W1, and S18N1, S1I8W1, were carried out after pretreatment at 423 K and 0.1
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Pa vacuum for 8 hours. The samples had not been exposed to water previously. The second set of
measurements (S12N2, S12W2, S18N2, S18W2) was carried out on the same samples, but
pretreated at milder conditions: 383 K and 0.1 Pa for 2 hours. The third measurement set S12N3,
S12W3, S18N3, S18W3 was carried out after brief heating to 383 K in vacuum. The Controlled
Pore Glass (CPG) and Angstrompore (AP) samples were also pretreated at the mild conditions of
383 K and 0.1 Pa for 2 hours.

Adsorbed Phase Model

We recently introduced a geometrical Adsorbed Phase Model (APM) to determine the thickness
and density of the water sorption layer in MCM-41 pores from adsorption isotherms?¢. In that
study, the thickness of the adsorbed water layer was calculated as the difference between the
(hydraulic) pore radius and the Kelvin radius for water, obtained from the water volumes of the
pore condensation steps in the isotherms assuming bulk density of water in the pore condensed
phase. The amount of water adsorbed before the onset of pore condensation yielded the amount of
water in the sorption layer, allowing calculation of the mean density of the sorption layer. For
MCM-41, the near-perfect cylindrical pore geometries allowed the application of a cylindrical
model. However, AP and CPG materials introduced in this study consist of more irregular pore
shapes, which requires a small modification of the formula for calculating the adsorbed layer
thickness. Specifically, the volume of the adsorbed water phase is now calculated as the difference

between the pore volume obtained from nitrogen sorption, V, (Table 1), and the water volume
entered through pore condensation (V, ,, ) (Table 2). Water filled pores consist of the adsorbed and
pore condensation phases: V, = Ait,, +V, ,, , with A the specific surface area obtained from BET

analysis of nitrogen sorption. The thickness of the water sorption layer is given by:

ty = —Viw)/ A, and its volume is V,,, =1, A, . The density of the adsorbed phase is calculated
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from the volume of water entering the pores in the adsorption region of the isotherms and the
volume of the water sorption phase. Water sorption data and results of APM analysis are
summarized in Table 2. Application of the Adsorbed Phase model yields the mean density and
thickness for the adsorbed phase, i.¢., these data are obtained from macroscopic experimental data
without model assumptions. Although the internal structures of the sorption phases cannot be
directly extracted from these data, we can manipulate the properties of the sorption phase through
variation of surface hydroxyl density and pore size, and infer molecular-level information from
the observed variations of sorption phases densities and thicknesses. This indirect method is
particularly useful for the study of the L2 layer.

MD Simulations

A cylindrical nanopore of diameter 4 nm was etched out from amorphous silica and the pore
surface decorated with hydroxyls. The pore model has been developed by us and used in MD
simulations of ethane and CO; in nanoporous silica?’. The density of hydroxyl groups on the pore
surface is 4.1 nm2. DI_Poly 4.06% was used to carry out MD simulations. Water molecules were
modeled in the SPC/E force-field whereas ClayFF?® was used to model the silica nanopore. To
load water into the pore, a bulk water simulation cell with 12005 water molecules of size 6.5 x 6.5
x 8.5 nm? was prepared. This simulation cell was used in an NPT simulation at 300 K, 1 bar that
lasted for 500 ps. A bulk water simulation cell under equilibrium was thus obtained. From this
simulation cell, a cylindrical water plug with a radius of 1.9 nm and a height of 7.1 nm was carved
out and inserted into the silica pore. With 2787 water molecules in the pore, the density of pore-
water was thus slightly lower than the bulk water density in consistency with experimental data.
The confined water thus loaded was already partially in equilibrium. To facilitate the equilibration

further, very short NVT simulations of 50 ps each were carried out at 30 K, 130 K, 230 K and 300
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K respectively. The outputs from these runs were used as inputs for the next simulation run. Water
molecules in a4 nm cylindrical silica pore thus obtained were then used for a final NVT simulation
of 2 ns, the first 500 ps of which were discarded for equilibrium. All simulations employed a
calculation time step of 1 fs. The Nosé-Hoover thermostat and barostat (for NPT simulations) were

used in all simulations. The potential cut-off was set at 1 nm.

RESULTS AND DISCUSSION
Adsorption Isotherms
A diverse set of mesoporous silica samples was assembled to quantify water adsorption over wide

ranges of pore sizes and hydrophilicities. MCM-41 samples represent the group of small pore size
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Figure 1: Nitrogen adsorption-desorption isotherms at 77 K for Angstrompore AP25 and AP50,
and Controlled Pore Glasses CPG75 and CPG350.

and low to medium hydrophilicity materials. The Angstrompore (AP) samples AP25 and AP50
have small pore sizes and high hydrophilicity. Finally, large pores are represented by two

Controlled Pore Glass materials, CPG75 and CPG350. We have not included SBA silica materials
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because the presence of microporosity'! with significant associated surface areas make them less
suitable for this study.
Figure 1 shows the nitrogen sorption isotherms at 77 K for the AP and CPG samples. Table

1 provides the surface areas, pore volumes and hydraulic pore radii (calculated as R, =2V, / A;)

for all samples obtained from the liquid N> sorption isotherms at 77 K. Grand canonical Monte
Carlo (GCMC) modeling of the liquid N> isotherms®® of the AP samples shows pore radii of 1-4
nm, but the majority of pore surfaces are in narrow pores as indicated by the hydraulic radii of
1.26 nm (AP25) and 1.36 nm (AP50). The water sorption isotherms of the AP and CPG samples
are shown in Figure 2. The nitrogen and water sorption isotherms of the AP samples show H2(a)
condensation-evaporation loops, indicative of network effects, while the CPG samples show H1

hysteresis*!. Details on N, characterization and
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Figure 2: Water vapor adsorption-desorption isotherms for Angstrompore AP 25 and AP 50 and
Controlled Pore Glass CPG75 and CPG350, at T = 298 K.

water sorption isotherms for the two MCM-41 samples S12 and S18 with variation of

surface hydroxyl densities (denoted W1, W2, and W3) were presented in our previous study?’.

10
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The surface hydroxyl site densities were obtained from BET analysis of the nitrogen and water
sorption isotherms at low pressure. This procedure was tested for MCM-41 samples in our previous
study, and the results were in good agreement with literature values® 1% 32-34,

In Figure 3, water adsorption isotherms at 298 K for all samples, including those for the
previously reported?® S12 and S18 samples, are shown, with the adsorption data normalized to the
number of surface hydroxyl sites. The curves are truncated at the onsets of pore condensation
regions because adsorption ends at that pressure. The adsorption curves follow each other closely,

but AP25W1, APS0W1 and S18W1 show somewhat lower adsorption per surface hydroxyl than

the rest of the samples. While the reason for this behavior is not clear, we note that
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Figure 3: Adsorption of water molecules normalized to surface hydroxyls, at 298 K.
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S18WI had the lowest surface hydroxyl density while the AP samples had the highest
surface hydroxyl densities of our sample set. The adsorption isotherms show that adsorption of

one water molecule per surface hydroxyl is complete at P/ P, = 0.3—0.4, and adsorption of two
water molecules per surface hydroxyl is complete at P/ P, = 0.65. The two CPG samples with

wider pores show adsorption of additional water molecules at higher pressure. The CPG75 sample

experienced pore condensation at P /P, =0.97, while CPG350 didn’t show pore condensation at
the largest experimental pressure of P/P,=0.99. We include the XR data point for water

adsorption to the planar quartz (101) surface's, taken at the bulk condensation pressure without
adsorption limitation by pore condensation. Within the experimental error range, the isotherm of
CPG350, the porous sample with the largest pores and largest pore condensation pressure,

describes the adsorption parts of the isotherms of the samples with smaller pores quite well,

7 . . . . 6

Ny / Ny
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Figure 4: Application of 3D Ono Kondo Model for water multilayer adsorption: a) exponential
singularity model applied to CPG350 data and XR data point for quartz (101), b) logarithmic
singularity model for CPG350 data.

and extrapolates to the data point for quartz (101) at P/P, =1. In the framework of the 3D Ono-

Kondo model, adsorption near saturation is described with exponential or logarithmic singularity.

12



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

The exponential form can be written as T'= f(y)/(1-y)*, with y=P/P, and 0< <1*. In

Figure 4a, a curve fit of this function to our data consisting of the sorption data isotherm for
CPG350 and the XR data point for quartz (101) is shown. The experimental data points are well

described by the exponential model, especially at high pressure. The obtained exponent of 2 ~ 0.2

indicates weakly attractive solid-fluid interactions. In Figure 4b, a curve fit of the logarithmic

multilayer adsorption function I"=—AlIn(1l—y) to the isotherm data of CPG350 is shown, which

also describes the data very well. In summary, both versions of the Ono Kondo model describe the
experimental adsorption data, showing that multilayer adsorption models describe water
adsorption in different silica nanopores. We will now examine the nanoscopic and molecular
structures of the sorption layers and their dependencies on surface hydrophilicity and pore size.
Structure of the Sorption Layer

If adsorption of water molecules occurs exclusively via hydrogen bonds, then the density of the
first adsorbed layer should scale linearly with the density of surface hydroxyl sites. Silicas with
very small pores are ideally suited for studying this first adsorbed layer, because the early onset of
pore condensation precludes adsorption of L3 water. The narrow-pore silica samples in this study
were selected to cover a wide range of surface hydroxyl densities, allowing for a detailed study of
the impact of surface hydroxyl density on the first layer water density. In Figure 5, the measured
densities and thicknesses of the L2 sorption layers are shown as functions of their surface hydroxyl
densities. The individual amounts of adsorbed water are defined by the surface hydroxyl densities
and pore sizes, as discussed above, leading to sorption layers with different densities (shown as
red circles) and thicknesses (shown as blue diamonds). The samples S12, S18, AP25, and AP50
have sorption layer thicknesses of ca. 0.35 nm or less, which means they contain one monolayer

or less than a monolayer of adsorbed water. For the quartz (101) sample, the number of adsorbed
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water molecules in the first layer was calculated from the published XR electron density profile,
and this information was included in the study of first layer water morphology. The CPG75W1
sorption layer thickness of 0.65 nm indicates presence of approximately 2 molecular water layers
(L2 + L3) and will be discussed separately. Pore condensation was, due to its large pore size, not
observed in sample CPG350W 1, making application of the Adsorbed Phase Model impracticable
for that sample.

The dashed red line shown in Figure 5 corresponds to the model case of adsorption of two water
molecules per surface hydroxyl sites in a monolayer of 0.35 nm thickness (indicated by the blue

dashed line). This model case, which
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Figure 5: Density and thickness of the first water layer (L2) as a function of surface hydroxyl
density. The dashed lines describe the density and thickness of the reference case of adsorption of
two water molecules per surface hydroxyl.

describes the experimental sorption phase densities for the monolayer samples well, is anchored
by postulating zero adsorption in the absence of surface hydroxyls and increasing water adsorption

with increasing surface hydroxyl density*®3®. X-ray reflectivity results for the first water layer at
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the quartz (101) surface measured a density of ~1.0 g/cm?® and thickness of ~0.35nm!>. Samples
AP25 and AP50 have small pore sizes and experience the onsets of pore condensation at relatively
low pressures, allowing adsorption of only ~1 water molecule per surface hydroxyl, see Table 2.
However, the measured sorption phase densities are very close to those predicted for adsorption
of two water molecules per surface hydroxyl. As there are not enough adsorbed water molecules
present for a full adsorbed monolayer, the AP samples form dense, patchy monolayers. We
estimate surface coverages of 59% and 53%, respectively, from the quotient of measured
thicknesses of these sorption phases and the monolayer thickness of 0.35 nm. These patches of
adsorbed water coexist with surface regions with zero water adsorption. The two MCM-41
samples have lower surface hydroxyl densities than the AP samples, and we observe decreasing
adsorbed phase densities with decreasing surface hydroxyl densities. However, the measured
sorption phase densities at low surface hydroxyl densities are higher than predicted from our
simple model.

This behavior is likely caused by a combination of three factors. First, uneven distribution of
surface hydroxyl groups over the pore surfaces is likely, i.e., presence of regions of higher surface
hydroxyl density that coexist with regions of lower surface hydroxyl density. Agamalian et al.*
studied the distribution of surface hydroxyls using neutron diffraction, and give a size of ca. 2 nm
for the clusters of higher surface hydroxyl density present in mesoporous Vycor glass. The authors
report clusters of 40-60 adsorbed water molecules which are connected by hydrogen bonds. The
surface hydroxyl clustering effect was also suggested by Schrader et al.** and modeled
computationally by Monroe and Shell*!. Diffusivity experiments and MD modeling by Schrader

1.40

et al.** found local surface hydroxyl densities of 2.1 nm™ for average surface hydroxyl densities

of 1.0 — 1.5 nm™, which coexisted with regions of significantly lower surface hydroxyl densities
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of 0.3 — 0.7 nm™. The effect diminished at larger average surface hydroxyl density and disappears
at fully hydroxylated quartz surfaces.

Second, S12 samples adsorbed a little less than 2 water molecules per surface hydroxyl
site, (see Table 2). However, S18 samples have larger pores than S12 samples, and adsorption of
more than 2 water molecules per surface hydroxyl took place before onset of pore condensation
prevented further adsorption. These additional water molecules will not bond directly to surface
hydroxyls, but still adsorb within the L2 layer volume, which was only partially filled after
adsorption of 2 water molecules at these intermediate surface hydroxyl densities. For example, 3.3
water molecules per surface hydroxyl are adsorbed in sample SI8W1, and the sorption phase
thickness is about 0.25 nm — indicating formation of a patchy sorption layer. Interestingly, the
sorption phase densities of S12W1 and SI8W1 are very similar, and these two samples show the
strongest densification of the sorption layers above the model case of adsorption of 2 water
molecules per surface hydroxyl. Samples SI8W2 and S18W3 adsorb 2.77 and 2.44 water
molecules per surface hydroxyl, and the sorption layer thicknesses of ca. 0.35 nm indicate
formation of adsorbed water monolayers with full coverage of the pore surfaces. Consequently,
the densities of the adsorbed water layers in these two samples increase above the density of 2
adsorbed water molecules per surface hydroxyl, but remain well below bulk water density. Third,
it is possible that some new surface hydroxyl groups are formed during the water adsorption
experiment. This effect would be most pronounced for the most dehydroxylated samples (SI2W1
and S18W1), while the samples with larger initial surface hydroxyl densities are close to or in
surface hydroxylation equilibrium. In summary, the adsorbed phase densities in the L2 layer scale
with the surface hydroxyl densities and indicate preferential adsorption of two water molecules

per surface hydroxyl, although additional effects obscure the linear relationship at low surface
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hydroxyl density. Formation of an adsorbed L2 layer with 2 water molecules per surface hydroxyls
is supported by our Molecular Dynamics study, as will be discussed later.

In pores with radii larger than ca. 1.5 nm, adsorption of more than 2 water molecules per
surface hydroxyl takes place. Water adsorption layers in these wider pores show similarities to
those at the flat quartz surface, as is indicated by densities approaching that of bulk water. The
adsorption of water molecules increases steeply in the high-pressure region (P/Po > 0.7). The water

adsorption to the quartz (101) surface is 6.4 molecules/surface hydroxyl (at P/ P, =1). For quartz

(101), the L2 layer contains 2 water molecules, and the L3 layer holds an additional 4.4 water
molecules, for a total of ca. 6.4 water molecules per surface hydroxyl. This value compares to an

adsorption of ca. 5.2 water molecules per surface hydroxyl at P/ PR, =0.987 for CPG350, which
extrapolates to ca. 5.8 water molecules / surface hydroxyl at P/ B, =1. For CPG75, adsorption is

limited by pore condensation to ca. 5 water molecules per surface hydroxyl. The measured
adsorbed layer thickness of water in CPG75 is 0.65 nm, and its density is equal to or very close to
the bulk water density. Formation of water sorption phases with approximately bulk water density
is observed in both CPG75 and at the quartz (101) surface despite their very different surface
hydroxyl densities of 3.77 nm™ and 5.92 nm™, respectively. This finding indicates that adsorbed
water phases with more than 2 adsorbed water molecules per surface hydroxyl arrange in molecular
configurations that mimic the bulk water structure. Our results show that the number of adsorbed
water molecules depends both on the hydroxyl density and the ultimate adsorption pressure before
the pore condensation pressure is reached (see Figure 3). The thickness of the sorption phase
adjusts with surface hydroxyl density and pore size to resemble bulk water density in the sorption
phase if more than 2 water molecules are adsorbed per surface hydroxyl.

Molecular Modeling
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MD simulations were carried out on a cylindrical pore of diameter 4 nm carved out from
amorphous silica. The model pore used in the simulation thus approximates the sample S18 in the
experiments. Figure 6 shows the radial pair distributions of the fluid-fluid (panel a) and fluid-pore
(panel b) pairs. These functions are calculated by creating histograms of atomic species that are
found at a given radial distance from another species placed at the origin and are not normalized.
The objective here is to investigate the relative distances between different species which can be
readily read from the peak positions. Ow and Hw refer to the oxygen and hydrogen atoms
belonging to water molecules, H and Oh refer to the hydrogen and oxygen atoms belonging to the
hydroxyl groups, and Si and O refer to the silicon and oxygen atoms of the substrate. The peaks at
1.0 and 1.63 A in the Ow-Hw and Hw-Hw distributions are intra-molecular peaks that represent
Ow-Hw and Hw-Hw distances in a water molecule. The Ow-H and Ow-Si pairs have the same
position of the first peak as the first inter-molecular Ow-Hw peak, whereas Ow-O and Ow-Oh
both have a first peak slightly before the Ow-Ow peaks. This suggests stronger fluid-solid
interactions for water molecules close to the pore surface. Figure 7a and b show the probability
distribution of the oxygen and hydrogen atoms belonging to the water molecules along the radial
direction inside the cylindrical pore as a function of distance from the pore axis. The distribution
is non-zero even beyond the 2 nm pore radius suggesting that some molecules penetrate the pore
surface. Some of these water molecules that penetrate the surface are adsorbed by unsaturated
silica atoms inside the substrate and give rise to a peak at 1.63 A in the Ow-Si distribution shown
in Figure 6. Investigating distances between oxygen atom of the water molecule and the pore
surface atoms resulted in no Si-Ow distances of less than 2.4 A, confirming an absence of
unsaturated Si atom on the pore surface. A double peak is observed in Figure 7 close to the pore

surface, beyond which there is a weak third peak beyond which the distribution becomes almost
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flat towards the pore center after a small depression. The two prominent peaks occur at ~1.8 and
~1.65 nm. Of these the former is weak and exhibits only a slight surplus intensity compared to the
bulk region (below 1.65 nm). Further, the combined thickness of these two peaks is roughly equal
to the thickness of a monolayer (0.35 nm, see Figure 5). This suggests that both peaks belong to
the adsorbed monolayer, which exhibits intra-layer structuring. As we will show, this intra-layer
structuring is a result of two preferential orientations of a water molecule close to a surface
hydroxyl. A clearer picture emerges from the two-dimensional projection of the distribution of

water molecules in the simulation cell projected in

10 [T T T T T 1 10
Ow-Ow
8 Ow-Hw - = 8
o
) Hw-Hw =
B 6 _ 453 6 -
=
= =
= 4 - 4
)
17 £
E 2 - = ) 2 -
0 o SN I N N N B 0 I A e e
01234546 7 8 910 012345467829
r (A) r (A)
(a) (b)

Figure 6: Radial pair distribution functions of (a) fluid-fluid and (b) fluid-pore atoms.

the X-Y plane, perpendicular to the pore axis, shown in Figure 7c and d. Some water
molecules penetrate the pore wall, but most of these remain close to the pore wall and give rise to
protrusions in the intensity map. In addition, a very small number of water molecules go deeper
into the SiO- substrate and get trapped. For example, patches of substrate trapped water molecules
can be seen around (-15, -27); (20, 30) and (-30, 30). Panel (d) shows a zoomed in part of the

simulation cell close to the pore surface. In addition to protrusions, several points of very high
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intensity (bright yellow), can be seen close to the pore surface. These are isolated adsorption sites.

In Figure 8, the probability distribution of the angle of attachment of adsorbed water molecules to

the surface hydroxyls is shown. A cutoff distance of 0.24 nm was chosen based on the assumption

that water is adsorbed to the surface hydroxyl group via hydrogen bonds. This is the cut-off

distance prescribed by Marti for the H-O distance in a hydrogen bond. All molecules, at least one

of whose atoms either proton or oxygen came within this distance were used in the calculations.

The hydroxyl groups were attached to the surface of the pore of radius 2.0 nm, and reduce the pore
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Figure 7. Distribution of water molecules as a function of distance from the pore axis.
Panels (a) and (b) show the distribution function, while panels (c) and (d) show the intensity map
of water distribution in the X-Y plane perpendicular to the pore axis. The intensity represents
log(N+1), where N is the number of water molecules that reside at a given grid point of the plot
(projection in the X-Y plane) in the entire production run time (75001 frames).
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radius by ca. 0.1 nm, such that a sphere of 0.24 nm around the hydrogen of the -OH group
will encompass the adsorbed monolayer. Figure 8 (a) illustrates the definition of this water —
surface hydroxyl binding angle. Figure 8 (b) shows the distribution of this angle (red curve) along
with a hypothetical isotropic distribution of angles (black curve). Two preferred orientations are
indicated by the distribution function. These orientations are identified by their excess probabilities
over the isotropic case, which occur at angles of ca. 70° (brown shaded area) and close to 150°
(green shaded area). The two corresponding molecular orientations are illustrated in the inserts in
Figure 8 b (brown and green outline rectangles, respectively), and the molecular structure for

adsorption of 2 water molecules to the surface hydroxyl is shown in Figure 8 c.

; g || Possible Scenario

0 | | |
0 45 90 135 180
Angle 6 (degrees)
(a) (b) ()

Figure 8. (a) Definition of the angle made by Ow-Hw bond of water with the vector (H-Ow)
connecting water with the hydroxyl group. (b) Distribution of the angle defined in (a) for water
molecules that lay within a distance of 0.24 nm from the H in hydroxyl group. (c) A possible
scenario suggested by (b) for two water molecules adsorbed on a hydroxyl group.

The information from these two rectangles can be combined to illustrate a possible scenario

as shown on the right side of the plot (part c).
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Water sorption on the pore surface was further investigated by calculating the number of
hydrogen bonds that a hydroxyl on the pore surface makes with the surrounding water molecules.
A wide range of geometric criteria defining the hydrogen bond can be found in literature*?. To start
with, we used the criterion proposed by Marti*®, with the distance between the hydrogen and the
acceptor oxygen within 0.24 nm. With this criterion each hydroxyl was found to accept 0.56+0.03
hydrogen bonds and donate 0.83+0.03. However, when the distance criterion is relaxed to 0.272
nm, the sum of Van der Waal radii of oxygen and hydrogen** 44, each hydroxyl is found to accept
0.88+0.05 and donate 1.11+0.04 hydrogen bonds. We note that distance criterion relaxed to as far
as 0.3 nm are not uncommon in literature. We can thus say that the simulation data suggests two
hydrogen bonds made by each surface hydroxyl. Irrespective of the geometric criterion used, a
surface hydroxyl is slightly more likely to accept a hydrogen bond from water than donate it. Also,
the dependence of the number of bonds made on the geometric distance criterion means that the
strength of the hydrogen bonds made by water with the surface hydroxyls and hence the strength
of adsorption spans a considerably wide range. This could be because of a variety in the chemical
environment of the hydroxyl because of a rough surface, which in turn is due to the amorphous

nature of the substrate.

From experimental and simulation results, a more detailed picture of the structure of the
adsorbed monolayer emerges. Figure 9 shows a schematic of this model structure, along with a
snapshot of a part of the simulation cell. A typical surface hydroxyl site can accommodate two
water molecules in its vicinity, one of which is closer to the pore surface and donates a hydrogen
bond to the oxygen atom of the surface hydroxyl group. The other water molecule is relatively
farther from the pore surface and accepts a hydrogen bond from the hydrogen atom of the surface

hydroxyl. The presence of these hydrogen bond acceptor and donor water molecules at different
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Figure 9: (a)Possible configuration of monolayer. Red, white and green spheres respectively show
atoms of oxygen in water and hydroxy! group, hydrogen in water, and hydrogen in hydroxy! group.
The pore surface is shown as a grey slab while thin blue lines show possible hydrogen bonds. (b)
A simulation snapshot with all water molecules except for those within 0.24 nm of the surface
hydroxyl removed.

distances from the pore surface gives rise to an intra-layer structuring of the adsorbed
monolayer. This picture is consistent with the Monte Carlo study by Malani et al.*®, who showed
that adsorbed water molecules in the first adsorbed layer form hydrogen bond networks with
surface hydroxyls, and both the hydrogen and the oxygen atoms of the surface hydroxyl group
participate in hydrogen bonds, resulting in an average of 2 hydrogen bonds per surface hydroxyl.
These hydrogen bonds to surface hydroxyls are complemented by hydrogen bonds to other
adsorbed water molecules, which raises the number of hydrogen bonds per water molecule to
approximately 3.55, i.e., close to the value for bulk water. Lentz and Garofalini*® used reactive all-
atom MD to study water at the silica surface and measured the bond lengths and continuous H-
bond lifetime autocorrelation functions of water molecules adsorbed to the surface. They found
that hydrogen bonds donated by water molecules to surface hydroxyls are 0.01 -0.05 nm shorter
than bulk water hydrogen bonds. In addition, they found that while these hydrogen bonds are
transient, the hydrogen bond donating water atoms stay in place for long periods of time that

include phases without hydrogen bonds to surface hydroxyls.
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CONCLUSIONS

We have studied the roles of surface hydroxyl density and pore size on the density, thickness, and
molecular structure of the adsorbed water layers in a variety of silica nanopores by means of vapor
adsorption isotherms and molecular dynamics modeling. We find that two water molecules adsorb
per surface hydroxyl group via hydrogen bonds. In smaller pores, patches of water molecules
adsorbed in regions of higher surface hydroxyl group density can coexist with pore surface regions
with no adsorbed molecules. In larger pores, a second adsorption layer is formed, which
accommodates up to 4 additional water molecules per hydroxyl, depending on pore size. At the
highly hydroxylated quartz(101) surface, the binding of 2 water molecules per surface hydroxyl
builds a fully filled L2 layer with bulk water density. At lower surface hydroxyl densities, a fraction
of the L2 layer remains unoccupied after adsorption of 2 water molecules per surface hydroxyl. In

larger pores with pore condensation pressures above P /P, =0.65, that free space will be filled

with additional water molecules until bulk water density is achieved. With addition of further water
molecules, the film thickness will grow beyond 0.35 nm while maintaining bulk-like density. MD
modeling suggests an intra-layer structuring of the adsorbed water monolayer. This is a result of
two water molecules forming hydrogen bonds with the oxygen and hydrogen of the -OH group by
taking two different preferred orientations, thereby giving rise to a bimodal density distribution in
the adsorbed monolayer.

This new knowledge can help to better rationalize the dynamics properties of confined water in
oxide mineral nanopores. The impact of surface hydroxyl density on the translational mobility of
interfacial water in native and hydrophobically modified MCM-41 nanopores has recently been
studied by Jani et al*’ using neutron backscattering spectroscopy. The largest reduction in mobility

was found for the more hydrophilic pore surfaces with higher density of surface hydroxyl anchor
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sites, leading to a larger fraction of directly surface bound water molecules in that sample.
Adsorption of two distinct water species in the first adsorbed layer reported here has also been
observed for different mineral surfaces in MD studies**°, which also exhibit hydrogen bond
donating and accepting configurations. The observed reduced hydration of the surface hydroxyl
sites in nanopores may contribute to increased cation adsorption affinities in nanopores reported
from experiments®’. Surface-water interactions have also been shown to impact pore filling and
emptying dynamics of nanopores!, as well as pore condensation and evaporation pressures which

we will examine in a forthcoming publication.
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Table 1: Nitrogen sorption at 77 K characterization. Provided are specific surface area (As),

pore volume (V;), and hydraulic pore radius Ri=2V/As

Sample As(N) 'V, Rn (nm)
(m*/g)  (cm’/g)

S12N1 963 0.573 1.19
S12N2 996 0.592 1.19
S12N3 999 0.587 1.18
S18NI1 930 0.796 1.71
S18N2 927 0.726 1.57
S18N3 925 0.706 1.53
AP25 530 0.339 1.26
AP50 549 0.383 1.36
CPGT75 143 0.588 8.0
CPG350 59 0.951 32.1

Table 2: Water sorption at 298 K. Characterization of adsorption and pore condensation
parts of the water vapor sorption isotherms shown in Figure 2. Provided are the surface hy-
droxyl density, pore volume, pore evaporation pressure, pore condensation pressure, pore density
of water, water vapor volume at STP entering pores in pore condensation, water vapor volume at
STP leaving pores during pore evaporation, number of adsorbed water molecules per surface hy-

droxyl.
Sample -OH V, (P/Po)pc  (P/Po)rc  pw V(ads) V(pc) naw/
Sites  (cm®/g) (W, des) (W, ads) . (mlg, (mllg, nou
(nm’ (g/em’)  gTP)  STP)
2
)
S12W1 1.54 0.499 0.335 0.519 0.843 94 526 2.06
S12W2 2.73  0.508 0.375 0.493 0.865 161 470 1.77
S12W3 2.78 0.503 0.377 0.488 0.857 167 458 1.84
S18W1 1.18 0.717 0.461/ 0.673 0.887 92 798 3.32
0.348
S18W2 3.25 0.624 0.529/ 0.631 0.883 250 525 2.58
0.393
S18W3 34 0.596 0.514/ 0.592 0.844 250 490 2.41
0.391
AP25W1 5.4 0.319 0.43 0.61 0.93 116 267 1.07
AP50W1 5.0 0.362 0.45 0.57 0.95 100 341 1.00
CPG75W1 3.77 0.59 0.88 0.965 0.99 116 613 5.8
CPG350W1 5.8 N/A N/A N/A N/A 67 N/A 5.24
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