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ABSTRACT: At aqueous interfaces, the distribution and dynamics of adsorbates are modulated by the behavior of interfacial water.
Hydration of a hydrophobic surface stores entropy via the ordering of interfacial water, which contributes to the Gibbs energy of
solute binding. However, there is little experimental evidence for the existence of such entropic reservoirs, and virtually no precedent
for their rational design in systems involving extended interfaces. In this study, two series of mesoporous silicas were modified in
distinct ways: (1) progressively deeper thermal dehydroxylation, via condensation of surface silanols, and (2) increasing incorporation
of non-polar organic linkers into the silica framework. Both approaches result in decreasing average surface polarity, manifested in
a blue-shift in the fluorescence of an adsorbed dye. For the inorganic silicas, hydrogen-bonding of water becomes less extensive as
the number of surface silanols decreases. Overhauser dynamic nuclear polarization (ODNP) relaxometry indicates enhanced surface
water diffusivity, reflecting a loss of enthalpic hydration. In contrast, organosilicas show a monotonic decrease in surface water
diffusivity with decreasing polarity, reflecting enhanced hydrophobic hydration. Molecular dynamics simulations predict increased
tetrahedrality of interfacial water for the organosilicas, implying increased ordering near the nm-size organic domains (relative to
inorganic silicas, which necessarily lack such domains). These findings validate the prediction that hydrophobic hydration at inter-
faces is controlled by the microscopic length scale of the hydrophobic regions. They further suggest that the hydration thermodynam-

ics of silica surfaces can be tuned to promote adsorption, which can promote selectivity in catalytic reactions.

INTRODUCTION

Interfacial hydration refers to the behavior of water molecules
in the vicinity of an interface (typically, at distances < 1 nm). It
plays an important role in modulating interfacial dynamics and
adsorption energies of solutes. Together, these effects influence
the efficiencies of separations and catalysis, which are mediated
by the properties of adsorption sites located at both soft and hard
liquid interfaces. The mechanisms by which surface hydropho-
bicity affects solute binding remain poorly understood. For ex-
tended surfaces that are flat and chemically uniform, hydropho-
bicity can be inferred from surface force measurements, in
which the repulsive force! or equilibrium interaction force? be-
tween two surfaces correlates with hydrophobicity. Alternately,
the receding contact angle (0) of a water droplet is measured to
assess the macroscopic hydrophobicity,® defined operationally
as 6 > 90 °. However, the local hydrophobicity of real surfaces
with geometric and chemical heterogeneity, characteristic of
many porous materials, is challenging to evaluate. The high cur-
vature (both external and internal) of such surfaces and their
fractal nature make them intrinsically ill-suited for conventional
macroscopic measurements, which in any case do not provide
information at the molecular length scales relevant to adsorp-
tion and/or reaction.

Fundamentally, a surface is locally hydrophobic when its
Gibbs energy of hydration is positive. However, AGhydration 1S NOt
readily measured. A more accessible definition of surface hy-
drophobicity is based on the excess chemical potential, ex, Of
an adsorbed hydrophobic molecule.** The value of pex can be

determined from the equilibrium partitioning of the hydrophobe
between the surface and the aqueous phase, eq 1,%7 where the
numerator and denominator of the natural logarithm term rep-
resent ratios of the numbers of hydrophobe and water molecules
at the surface and in the bulk solution, respectively.
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Operationally, a surface with a negative value of L is defined
as hydrophobic. Although the sign and magnitude of e are not
readily measured at the nm scale, [ex can be computed from
molecular dynamics simulations of model hydrophobes, such as
methane molecules or Lennard-Jones particles. However, such
studies still require a detailed knowledge of the surface struc-
ture, which may not be available for real systems. Therefore,
experimental methods to evaluate the thermodynamic proper-
ties of interfacial water, reflecting the local hydrophobicity of
the surface, are needed to verify and benchmark the simulations.

The fluorescence from a solvatochromic dye molecule, such
as Prodan, is an indirect probe of hydrophobicity. The emission
energy reflects the local polarity,®® which is closely related to
hydrophobicity.'*'? The emission of adsorbed Prodan has been
used as an empirical measure of relative average hydrophobi-
city in a series of mesoporous organosilicas.'>!* Overhauser
Dynamic Nuclear Polarization (ODNP) relaxometry of interfa-
cial water provides another indirect measure of surface hydro-
phobicity. ODNP relies on cross-relaxation due to dipolar cou-
pling between the 'H nuclear spin of a water molecule and the
unpaired electron spin of a nearby radical (aka the spin label).



At a magnetic field strength of 0.35 T, this coupling is effective
for water molecules whose correlation times for their motion
relative to the spin label are in the ps- to sub-ns-range. By im-
mobilizing the spin label at a surface, ODNP becomes sensitive
to the translational motion of water molecules near that sur-
face.!>!¢ It has been used to assess the diffusivity of water mol-
ecules near proteins and other biomolecules labeled with para-
magnetic spin probes.®!” The diffusivities correlate well with
local surface hydrophobicities predicted by computed values of
Lex,® surface geometric topologies (as measured by local ex-
cluded volumes),’ and solvation entropies.!’

ODNP relaxometry measurements also provide unique in-
sight into the thermodynamic origins of interfacial hydration. In
general, a more hydrophobic surface may have a less negative
Gibbs energy of hydration due to (1) a less negative hydration
enthalpy (implying weaker binding of water to the surface),
and/or (2) a more negative hydration entropy (due to greater or-
dering of the interfacial water, relative to the bulk).!®2! Either
effect can result in more favorable displacement of surface wa-
ter by a solute binding to the more hydrophobic surface. How-
ever, the dynamics of near-surface water differ in each limiting
scenario. When AGydniion 1S dominated by its enthalpic term,
increasing hydrophobicity causes surface water motion to be-
come faster due to the lower enthalpic cost of breaking the hy-
drogen bonds between water and the surface. The lower cost of
dehydration also results in more solute adsorption. In contrast,
when the key term in AGhydration 1S €ntropic, near-surface water
moves more slowly with increasing hydrophobicity. Liberation
of the more ordered interfacial water drives solute adsorption.

The cross-over from enthalpically-driven to entropically-
driven sorption has been predicted to occur when the hydropho-
bic domain size decreases below ca. 1 nm.?*?? Therefore trends
in surface water diffusivity can, in principle, reveal information
about the length scale of the local hydrophobic domains. Alt-
hough cross-over has been demonstrated experimentally for
highly idealized systems such as individual polymer chains of
varying size,>?* it has yet to be observed in porous materials
with extended surfaces, which are particularly relevant in sepa-
rations and catalysis.

Amorphous silica is a technologically important material that
is widely used as an adsorbent for chemical separations, and as
a support for heterogeneous catalysts. In this study, variations
in the hydration of amorphous silica were investigated as a
function of their surface chemistry. Hydrophobicity was modi-
fied in two distinct ways: (1) by increasingly severe thermal
treatment, which reduces the silanol/siloxane ratio on the silica
surface,” and (2) by chemical incorporation of organic linkers
having molecular dimensions (ca. 1 nm or less) into the silica
framework.!#2>26 Relative surface polarity was assessed via the
fluorescence of adsorbed Prodan. Equilibrium surface water
diffusivities were measured using ODNP relaxometry, and
combined with molecular dynamics simulations to understand
the enthalpic and entropic consequences of solvation for both
types of surface modification.

RESULTS

Systematic variation of silica hydrophobicity. Amorphous
silicas with hexagonally -ordered mesoporosity (SBA-15-type)
were modified to achieve gradually varying surface hydropho-
bicity. In one series of silica materials, inorganic silica was
made by the templated condensation of tetracthylorthosilicate

(T) as the sole silica source. This material is named T100 (i.e.,
100 mol% T). SEM images show elongated fibers with diame-
ters 0.3-0.6 um and lengths 2-10 um (Figure S1). Calcination
of T100 at 250 °C removed the templating surfactant. Silanol
condensation was achieved at higher temperatures (up to
1000 °C under N, flow), resulting in increased surface coverage
by non-polar siloxane bonds (Scheme 1a).2”?® Silicas subjected
to this additional thermal treatment are denoted by an appended
label indicating the temperature used in partial dehydroxylation.
For example, T100-600 refers to inorganic silica treated at
600 °C. Upon heating, the B.E.T. surface area of the silica de-
creases gradually, from 709 m?/g for T100 after calcination at
250 °C to 353 m?/g for T100-1000 after thermal treatment at
1000 °C (Table S1). Thermal treatment eliminates a small con-
tribution from microporosity, but the nanoscale porosity is
mostly maintained over this temperature range, as confirmed by
small-angle X-ray diffraction (Figure S2). However, the aver-
age pore size decreases slightly, from 10 to 7 nm (Table S1 and
Figure S3a).

Scheme 1. Illustration of SBA-15-type silica materials used
in this study, and their compositional variability: (a) meso-
porous inorganic silicas, with variable surface silanol con-
tent achieved via thermal treatment, and (b) mesoporous
organosilicas, with variable framework linker compositions.
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In a second series of silica materials, one or more organodis-
ilanes (containing phenylene, biphenylene, or ethylene linkers)
were incorporated into the framework of the ordered mesopo-
rous silica during synthesis (Scheme 1b). Each type organosil-
ica is named according to the organodisilane precursor used (B:
1,4-bis(triethoxysilyl)benzene, BP: 4,4'-bis(triethoxysilyl)1-1'-
biphenyl, E: 1,2- bis(trimethoxysilyl)ethane), and its molar pro-
portion. For example, T75-B25 was synthesized by co-conden-
sation of T (75 mol%) and B (25 mol%). In a recent study,* we
showed that the fraction of phenylene and/or biphenylene link-
ers in the SBA-15 framework increases gradually without sig-
nificantly altering the textural properties of the mesoporous sil-
ica, such as the B.E.T. surface area (ca. 700 m*g) and the pore
size (5-10 nm), Table S1 and Figure S3b. However, BP100 has



a broader pore size distribution, compared to other organosili-

cas.'

Table 1. Effect of thermal treatment and framework linkers on surface polarity and near-surface water dynamics in amor-
phous silicas

Silica“® Framework Pore size  Thermal treatmentSilanol density * Prodan emission ¢ Relative polarity ¢ Dsurface
linker(s)
2 £
% % ?E; ;E CLOH Amax
a § S (nm) (°C) (nm2) (nm) (1010 m%/s)
T100 . 9.7 - 1.8 508 0.80 10.0 £ 0.2
T100-600 8.8 600 1.2 504 0.76 94+03
T100-900 7.9 900 0.9 499 0.71 12.6 £ 0.3
T100-1000 - 7.0 1000 0.5 493 0.66 13.7£0.5
T75-B25 o e 7.6 - 1.5 500 0.72 7.4 +0.2
B100 o e 7.6 - 1.3 491 0.65 43+0.5
B75-BP25 « . . 6.3 - 1.8 481 0.56 33+02
E100 . . 7.1 - 2.2 479 0.55 45105
BP100 . . 5.0 - 1.6 475 0.52 24102
B100-350 « « 6.0 400 1.0 483 0.58 8.6 £0.1

@ All materials are ordered mesoporous silicas (SBA-15-type), made by condensing silanes in the presence of P123 as templating surfactant.
Each material is named according to the type of silane precursor(s) used in its synthesis (T: tetracthylorthosilicate, B: 1,4-bis(triethoxysi-
lyl)benzene, BP: 4,4"-bis(triethoxysilyl)1-1"-biphenyl, E: 1,2-bis(trimethoxysilyl)ethane), and their relative molar proportions. Each material
was calcined at 250 °C to remove the templating surfactant, except for E100 (whose lower thermal stability required surfactant removal by
extraction in refluxing ethanol). The appended number indicates the temperature (in °C) of subsequent thermal treatment, if any.  Silanol
content was measured by VOCI; chemisorption, after evacuation at 170 °C and 0.1 mTorr for 7 h to remove adsorbed water.'*? For silicas
thermally treated after calcination, the silanol density was measured after immersion in water at room temperature for 3 d, resulting in partial
rehydroxylation. The partially rehydroxylated silicas were also dehydrated at 170 °C for 7 h prior to measuring their silanol densities. Surface
areas were obtained using the Brunauer-Emmett-Teller (B.E.T.) method, assuming the area occupied by an adsorbed N2 molecule is 0.135
nm? (appropriate for perpendicular adsorption on oxide surfaces).3® The generally accepted measurement error in B.E.T. surface areas, +
10 %,3" leads to an error in the silanol density of ca. 10 %. ° Measurement error =1 nm. ¢ Relative polarity was interpolated using a calibration
curve®? based on the emission of Prodan in solvents of varying relative polarity (Table S3, Figure S5).33 The scale is anchored by assigning

relative polarity values of 0 and 1 to tetramethylmethylsilane and water, respectively.

The surface silanol density of each silica was quantified by
its stoichiometric reaction with VOCI; vapor.?’ This method
gives lower values than H/D exchange methods or analysis
by quantitative '"H MAS NMR,** however, the latter two meth-
ods also count sub-surface silanols that are inaccessible to
VOCIs. For example, the density of VOCls-accessible silanols
on T100 calcined at 250 °C is 1.8 nm™ (Table 1), compared to
ca. 5 nm™ reported for various silica materials by H/D ex-
change.3* The density of VOCl;-accessible silanols decreases
gradually with increasing severity of thermal treatment, even-
tually reaching 0.1 nm for T100-1000 (Table S2).

Since the assessment of surface water dynamics by ODNP
requires extended exposure of each silica to water, silanol den-
sities were remeasured after immersing each thermally treated
T100 silica in water at room temperature for 3 d. (It was not
deemed necessary to rehydrate T100, because calcination at
250 °C results in only a small decrease (< 10 %) in its silanol
content.)* Table S2 shows the changes (typically, 2-5x in-
creases) in silanol density for the water-exposed silicas com-
pared to the dry silicas. This partial rehydroxylation is ex-
pected,?” and limits our ability to make measurements on silicas
with very low surface hydroxyl densities. However, the dehy-
droxylation process is not fully reversed.3® Therefore the si-
lanol content of the rehydrated T100 silicas still decreases

smoothly, from 1.8 to 0.5 nm with increasing thermal treat-
ment up to 1000 °C (Table 1).

Organosilicas containing phenylene and biphenylene linkers
were not treated thermally, apart from the mild calcination re-
quired to remove the templating surfactant. Their silanol den-
sities vary over a smaller range (1.8 - 1.3 nm, Table 1), and
lack a discernable trend. Ethylene-bridged silica (E100) has a
slightly higher silanol density (2.2 nm), due to the use of eth-
anol extraction rather than calcination to remove the templating
surfactant (necessitated by the limited thermal stability of
E100).%° Consequently, changes in surface hydrophobicity for
the mesoporous organosilicas (with the possible exception of
E100) are expected to be associated mainly with the nature and
abundance of the organic linkers, rather than variations in their
surface silanol content.

Relative polarities of silica surfaces. Changes in surface po-
larity for the T100 series of thermally treated silicas were as-
sessed by adsorbing Prodan from aqueous solution. To mimic
the conditions required for subsequent ODNP measurement of
surface water dynamics (see below), each thermally-treated sil-
ica was first immersed in water for 3 d, then Prodan was ad-
sorbed from aqueous solution. Fluorescence spectra for the se-
ries of inorganic silica powders (dried at 85 °C) are compared



in Figure 1a. The Amax values decrease monotonically from 508
to 493 nm as the thermal treatment increases. Thus, Amax 1S cor-
related with silanol density (Table 1, Figure S4).

Fluorescence spectra for the organosilica series with ad-
sorbed Prodan are compared in Figure 1b. The Amax values de-
crease monotonically as the fraction and size of the organic
linkers incorporated into the framework increases. Notably, the
presence of these organic linkers has a larger effect on surface
polarity than silanol density, as evidenced by the much more
significant blueshift (33 nm) of
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Figure 1. Comparison of fluorescence spectra for Prodan adsorbed
on T100 with (a) mesoporous inorganic silicas (T100) after various
thermal treatments (indicated by the appended numbers), and (b)
various mesoporous organosilicas (not thermally treated, except as
necessary for surfactant removal). In each case, spectra were rec-
orded for dry silica powders. (c) Correlation between Prodan fluo-
rescence emission maximum and relative surface polarity, for all

mesoporous silicas (T100: green circle; thermally treated inor-
ganic silicas: orange circles; organosilicas: blue diamonds). Sev-
eral solvent values are also shown for comparison (+).

Amax across the range of organosilicas, compared to just 15 nm
for T100 after various thermal treatments.

Relative surface polarities were obtained for each type of sil-
ica by interpolating values measured for various solvents, rang-
ing from 1.000 for water to 0.444 for dimethylsulfoxide (Table
S3, Figure S5).3%*® The results are shown in Figure 1c. The rel-
ative surface polarities of the inorganic silicas range from 0.80
to 0.66. T100 without thermal treatment is slightly more polar
than methanol. Heating this silica to 1000 °C followed by par-
tial rehydroxylation in water at room temperature results in a
relative surface polarity similar to ethanol.

In the organosilica series, the relative polarities vary down
to 0.52. The polarities of B100 and E100 are similar to ethanol
and 2-propanol, respectively, while the least polar material,
BP100, is slightly less polar than 1-octanol. For organosilicas
containing mixtures of linkers, such as B75-BP25 and T75-B25,
intermediate polarities were obtained (Figure S6a). This effect
is similar to gradually increasing the carbon chain length in al-
iphatic alcohols and ketones (Figure S6b),** and implies a ho-
mogeneous spatial distribution of the organic linkers, without
segregation into organic-rich domains.

Probing the dynamics of interfacial water. The mobility
of near-surface water provides insight into the thermodynamics
of interfacial hydration. ODNP relaxometry probes water mo-
tion that occurs near a spin label, such as a stable nitroxide rad-
ical. It relies on measurement of the cross-relaxivity (), i.e.,
the enhancement of the relaxation rate of the 'H nuclear spin of
water due to dipolar coupling to the unpaired electron spin (e)
of the spin label.'>!® 'H-e cross-relaxation is efficient for water
located within 1 nm of the spin label, and moving with a corre-
lation time less than or equal to the inverse electron spin Lar-
mor frequency (9.8 GHz at 0.35 T).'>!¢ The magnitude of k, is
directly proportional to the rate of water diffusion near the spin
label.® More detailed discussions of the ODNP method can be
found in the Materials and Methods section, and in the SI.

Molecules moving near an interface diffuse more slowly due
to the geometric effect of the surface,***! as well as any chem-
ical interactions with the surface.>* Since the former is ex-
pected to be similar for all mesoporous silicas studied here, ma-
jor differences in water diffusivity can be attributed to differ-
ences in chemical interactions between water and the mesopore
walls. By attaching 4-carboxy-TEMPO radicals to the pore
walls, we ensure that the resulting cross-relaxivity (ks suuce) re-
ports only on the diffusivity of water less than ca. 2 nm from
the surface (Scheme 2). Thus, considering the pore sizes (6-10
nm) of silicas, ODNP reflects water dynamics near the surface,
while for silicas with smaller pores (< 4 nm), water molecules
near the surface and in the center of pore both contribute to the
ODNP results. Surface water diffusivities Dsurface Were obtained
from the measured kssuace Values (see SI). Although the nu-
merical values of Dgface cannot be directly compared to surface
water diffusivities measured by other techniques that average
over different water populations, or capture different types of
motion,®* Dgupce is correlated with surface water diffusivity.

Effect of surface silanol density on water mobility. Since
water interacts via hydrogen-bonding to silanols more strongly



than to siloxanes, surface water diffusivity should vary in-
versely with the surface silanol density. Dgyace Values obtained
for each of the thermally -treated T100 silicas are shown in Ta-
ble 1, Figure 2, and Figure S7a. As expected, the value of Dgy.
face 18 smaller for T100 without thermal treatment, (10.0 + 0.2)
x 107° m?/s, than for T100-1000, (13.7 £ 0.5) x 10"1°m?/s, alt-
hough the difference is small.

Hydration of inorganic silica surfaces can therefore be at-
tributed principally to enthalpic stabilization associated with
hydrogen bonding. Curiously, the change is not gradual: the
surface water diffusivity is unchanged when T100 is treated at
600 °C, but rises abruptly when T100 is treated at 900 °C.
These findings suggest a non-uniform distribution of surface
silanols and the presence of silanol-free hydrophobic domains
(see Discussion below).

Scheme 2. Attachment of a 4-carboxy-TEMPO radical to a
silica surface via a propylamine tether provides the spin
probe for ODNP relaxometry, which measures water dy-
namics within ca. 1 nm of the radical, therefore within ca.
2 nm of the interface.
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Figure 2. Diffusivity of near-surface water (Dsurface, derived from
ko surface as measured by ODNP relaxometry) in mesoporous silicas
containing only oxygen linkers (green and orange circles O, or a
combination of oxygen and organic linkers (blue filled diamonds
# for larger pores, ca. 7 nm, and blue hollow diamonds > for
smaller pores, ca. 4 nm), as a function of the relative surface po-
larity (obtained by measuring the fluorescence of adsorbed Prodan,
Figure 1c). The solid lines are present only to guide the eye.

Effect of organic linkers on water diffusivity. The behav-
ior of water in the organosilica pores is very different from that
of water in the pores of thermally treated inorganic silica. Fig-
ure 2 shows the behavior of surface water for the organosilicas
as a function of their relative surface polarity (blue diamonds).
In contrast to the inverse correlation of surface water diffusiv-
ity with polarity for the inorganic silicas, Dsuface 1S positively
correlated with surface polarity for the organosilicas. For ex-
ample, the value of Dsyce for T100 is twice that for B100, (4.3
+0.5) x 10" m%/s, which in turn is twice that for BP100, (2.4
+0.2) x 10'°m?/s. Reducing the pore size of the organosilicas
from ca. 7 nm to ca. 4 nm (Figure S8) results in minor changes
in surface water diffusivity (Figure 2), suggesting that meso-
pore confinement effects are minor. Since the silanol density
varies little among the organosilicas and shows no obvious in-
fluence of Dgyriace (Figure S7b), and since water molecules in-
teract weakly with the organic linkers, the variability in water
dynamics near the organosilica surfaces must arise due to dif-
ferences in entropic rather than enthalpic contributions (see be-
low).

For the ethylene-bridged organosilica E100, the Dgyace Value
is higher than expected based on the polarity of this organosil-
ica. It is unlikely that the slightly higher silanol density of E100
is responsible, since Dguace 1S independent of silanol density for
organosilicas containing aromatic linkers (Figure S7b). Instead,
the smaller ethylene linkers may be less effective than the
larger aromatic linkers in inducing low entropy surface hydra-
tion.



Partial dehydroxylation of organosilica. The much slower
diffusion of interfacial water in the organosilicas relative to the
inorganic silicas suggests that water molecules at the water-sil-
ica interface become more ordered as surface hydrophobicity
increases, resulting in a loss of entropy. Ordering may arise
when water molecules form a hydrogen-bonded bridge or dome
over the organic moieties, anchored at adjacent silanols
(Scheme 3a).

Scheme 3. Ordering of water molecules near organosilica
surfaces: (a) chain of hydrogen-bonded water anchored at
both edges of an organic linker (the blue dotted lines repre-
sent hydrogen bonds); and (b) reduction in ordering upon
partial dehydroxylation of the organosilica. The red dotted
oval highlights the loss of a hydrogen bond anchoring the
water chain via a surface silanol.
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If some of these silanols are removed by thermal condensa-
tion, the mobility of the near-surface water should increase due
to the resulting decrease in water ordering (illustrated by the
dotted red oval in Scheme 3b). To test this hypothesis, B100
was treated thermally at 350 °C, resulting in a 30 % reduction
its surface silanol density (from 1.3 to 1.0 nm™, Table 1). The
Prodan fluorescence showed the expected blue-shift from 491
to 483 nm (Figure S9). However, despite its lower polarity
(similar to those of B75-BP25 and E100), the surface water dif-
fusivity of B100-350 is double that of B100 prior to its thermal
treatment (Table 1). Thus, these measurements depart signifi-
cantly from the trend of decreasing water diffusivity with in-
creasing polarity observed for the organosilica series, reverting
instead to the “normal” behavior of inorganic silica (i.e., water
diffusivity increasing with decreasing polarity). Apparently,
some silanols are key to the effect of the organic linkers on wa-
ter ordering.

Simulations of water dynamics near silica surfaces. The
experimental evidence described above suggests that slower
water diffusion near organosilica surfaces, relative to inorganic
silica surfaces, arises from increased ordering of water mole-
cules in the hydration layer. To test this hypothesis, molecular
dynamics simulations of water near a hydroxylated amorphous
silica slab were conducted, in the presence and absence of ad-
sorbed benzene molecules (Figure 3). The cut-offs for defining
the hydration layer were chosen to include approximately two
hydration layers, based on the density profiles in Figure S10.
The surface density of silanol groups was adjusted to 1.5 nm?,
similar to the experimental values. Benzene molecules were
placed on the surface to avoid blocking water-silanol interac-
tions, and spaced approximately 1 nm apart. This distance is
slightly longer than the expected spacing between phenylene

groups of B100 (0.5-0.8 nm).* The simplified surface obvi-
ously differs from the phenylene-bridged organosilica in that
benzene is adsorbed rather than being incorporated into the sil-
ica framework, and is present only at the surface rather than
being distributed throughout the material. Nevertheless, the
model should provide qualitative insight into water dynamics
near the experimental surface.
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Figure 3. Snapshots of an amorphous silica surface with its silanol
density, aon, adjusted to approx. 1.5 nm™. Both snapshots were
taken after the simulation, such that the surfaces are fully relaxed.
Water molecules are removed in order to show the surface struc-
ture clearly. (a) The inorganic surface used as a control, and (b) the
same surface, with adsorbed benzene molecules. Color scheme: Si,
yellow; O, red; C, blue, H, white. (c) Probability distribution of
three-body angles (0) for water near the surface with adsorbed ben-
zene, relative to the distribution for water near the surface without
benzene (control). The inset depicts the distribution of three-body
angles in the bulk, which is identical for both surfaces.

The benzene-modified surface has a stronger thermody-
namic signature of hydrophobicity than the inorganic surface.
Specifically, the excess chemical potential u for solvating a
methane-sized (3.3 A) hard sphere probe (i.e., an idealized
small molecule hydrophobe) near the surface is lower for the
adsorbed-benzene surface than for the inorganic surface (Fig-
ure S11). Specifically, within 0.8 nm of the surface, the value
of u3 JkpT is (9.390 £ 0.003) for the benzene-modified sur-
face, compared with (10.000 = 0.004) for the control surface,
consistent with increased hydrophobicity for the benzene-mod-
ified surface.

Water dynamics were assessed by computing the 2D diffu-
sivity of water in the hydration layer for both silica surfaces.
For the surface with adsorbed benzene, the average 2D diffu-
sivity in its hydration layer is (16.5 + 0.5) x 10" m?s™!, com-



pared to (20.0 = 0.4) x 10 m?s™! for the control surface with-
out benzene. This finding is consistent with the experimental
observation of slower water dynamics near organosilica sur-
faces.

Water structure and its ordering in the hydration layers of
both silica surfaces were compared via their three-body angle
distributions. These distributions describe the angles subtended
by a central water molecule and any two of its nearest neigh-
bors. Compared to a simple fluid without directional interac-
tions (e.g., liquid argon), the three-body angle distribution for
water shows a pronounced shift in population towards the tet-
rahedral angle (i.e., showing stronger preference for angles of
ca. 109.5 °).#”%8 In general, the presence of a surface causes the
three-body angle distribution of near-surface water molecules
to change, relative to the distribution in bulk water.

Previously, a shift towards a reduction in tetrahedral popula-
tion relative to bulk water was seen in the hydration of flat, ex-
tended, hydrophobic surfaces,*” while an enhanced tetrahedral
population relative to bulk water appeared as a signature of nm-
scale hydrophobe solvation.*® In this work, water near the ben-
zene-modified surface shows increased tetrahedral ordering,
compared to water near the inorganic surface (Figure 3c). That
is, adsorbed benzene induces increased tetrahedrality in the hy-
dration-layer water, shifting the population of near-tetrahedral
angles closer to that of bulk water, and hence representing a
signature consistent with nm-scale hydrophobe solvation. A
decrease in water-water hydrogen bonding (Figure S12) shows
that the presence of benzene also reduces the number of hydro-
gen-bond partners for interfacial water molecules, with those
that remain exhibiting increased tetrahedrality. Hence, interfa-
cial waters have fewer equal-energy configurational arrange-
ments (i.e., reduced entropy) that, for pure silica surfaces, ena-
ble more facile rearrangement and movement.

DISCUSSION

Tuning hydrophobicity is a powerful method to control so-
lute adsorption. For example, enzymes use hydrophobic hydra-
tion to facilitate solute binding to their active sites.**° In these
systems, locally ordered interfacial water molecules serve as a
low entropy reservoir. Similarly, the liberation of ordered sol-
vent molecules from hydrophobic zeolite micropores leads to
large entropy gains upon solute adsorption, compensating for
the enthalpic penalties associated with solvent reorganiza-
tion.>'™>3 In heterogeneous catalysis, such entropic effects can
influence the overall energetics of adsorption, stabilize transi-
tion states, and ultimately increase catalytic activity.>>* The
enhanced tetrahedrality of water next to moderately hydropho-
bic pore surfaces has been reported to promote clathrate nucle-
ation for gas storage (e.g., methane, carbon dioxide).”>> De-
signing porous materials with precisely configured hydropho-
bicity is hampered by the paucity of information about the hy-
dration properties of catalyst surfaces (usually, internal pore
surfaces) and the chemical potentials of adsorbed solute mole-
cules. Previous reports on interstitial water dynamics in or-
dered mesoporous (organo)silicas relied on '"H NMR T and T»
relaxation times,* or Pulsed Field Gradient (PFG) NMR meas-
urements,>® but neither technique is surface sensitive. Raman
spectroscopy with multivariate curve resolution,?! or THz ab-
sorption spectroscopy combined with MD simulations,* have
been used to describe structural and thermodynamic properties
of water in the presence of ordered mesoporous (organo)silicas,

but neither technique measures water dynamics near the inter-
nal surfaces. Sum Frequency Generation Vibrational Spectros-
copy (SFG-VS) has been used to study water structure at flat
silica surfaces,*’ but it cannot be applied to the study of water
in porous materials. In contrast, ODNP can be used to obtain
information on hydration thermodynamics in pores when the
internal surfaces are functionalized with a spin probe.

As inorganic mesoporous silica (T100) becomes more hy-
drophobic due to progressive removal of its surface silanols,
the diffusivity of near-surface water increases slightly. This
change is consistent with a decrease in the number of hydro-
gen-bonding interactions between water molecules and surface
silanol groups, which results in a reduced enthalpy of surface
hydration. Interestingly, the increase in diffusivity shown in
Figure 2 is not gradual: there is negligible difference in water
diffusivity for surface silanol densities of 1.8 and 1.2 nm (cor-
responding to no additional thermal treatment, and thermal
treatment at 600 °C, respectively), followed by an abrupt in-
crease when the surface silanol density declines to 0.9 nm
(corresponding to thermal treatment at 900 °C). A further de-
crease in silanol density to 0.5 nm™ (after thermal treatment at
1000 °C) results in negligible further change in diffusivity.

Similar observations were made in a recent study of water
mobility near the surface of a non-porous silica, where the dis-
continuity appeared between pre-treatment temperatures of 700
and 800 °C.? It was attributed to disruption of a contiguous 2D
water percolation network (consisting of silanol-waters-silanol,
connected through hydrogen bonds), which is present only
above a threshold silanol density (ca. 1 nm? for mesoporous
inorganic silica, Table 1, Figure S7a). On silicas treated at
lower temperatures, silanol clustering requires departures from
a random distribution of surface silanols that allow the hydro-
gen-bond network to persist, even as the total silanol content
varies significantly.>6%* This type of clustering implies, by
corollary, the presence of large silanol-free regions which in-
teract weakly with water due to the low polarity of siloxane
bonds.

In contrast to the modest effect of decreasing silanol density
on water mobility, increasing surface hydrophobicity via the
incorporation of organic linkers into the silica framework re-
sults in a much more dramatic change in the dynamics of inter-
facial water. Furthermore, the monotonic change is in the op-
posite direction. The presence of organic groups appears to al-
ter water dynamics by a mechanism that is entirely different
from a scarcity of silanols, indicating that structural heteroge-
neity significantly affects the hydration dynamics.®*%* The
slowing of surface water dynamics with increasing surface hy-
drophobicity in the organosilica series strongly suggests order-
ing of water molecules around the organic moieties, i.e., the
embedded hydrophobic linkers are hydrated by low entropy
water. Thus, our results demonstrate the connections between
interfacial water structure (e.g., tetrahedrality), thermodynam-
ics (e.g., density profiles, methane chemical potential), and dy-
namics (e.g., diffusivity) of water hydrating the surfaces of or-
ganosilicas.

The computed structural shift towards increased tetrahedral-
ity of interfacial water near the benzene-modified surface is
consistent with hydrophobic regions hydrated by ordered water.
The established theoretical framework for the hydration of hy-
drophobic molecules predicts increased ordering of interfacial
water and a corresponding reduction in entropy. However, our
findings contrast with previous simulations of water behavior



near extended hydrophobic surfaces, which show that diffusiv-
ity increases as the hard-sphere chemical potential decreases
(i.e., as the surface becomes thermodynamically more hydro-
phobic).* Nevertheless, a study of the temperature dependence
of the interfacial tension between aliphatic hydrocarbons and
water revealed that the sign of ASpygration changes from negative
to positive as the hydrocarbon chain length decreases.!® Thus,
the hydration of very small hydrophobes is entropy-driven.
Since interfacial water molecules appear to experience the or-
ganic linkers in organosilica frameworks as discrete, small-
scale perturbations to the extended silica surface, the hydration
of these surfaces should also be entropy-driven.

A quantitative theoretical framework exists to estimate the
hydrophobic length-scale for entropic-enthalpic reversal in the
Gibbs energy of hydration. Lum-Chandler-Weeks theory pre-
dicts that AGhydration 1S dominated by entropy and scales with
volume for small hydrophobes, while for larger hydrophobes
AGhydration 1s dominated by enthalpy and scales with the exposed
surface area,?? since the hydration dynamics are governed by
interface formation. The transition is expected to occur on the
nm length-scale. Studies of model hydrophobes also predict a
characteristic length of ca. 1 nm for entropic-enthalpic rever-
sal 1920226566 Experimentally, water ordering has been ob-
served for small hydrophobic solutes such as alkanes, alcohols
and single polymer chains whose length-scales are, indeed, < 1
nm.22467:68 Quch small solutes are encaged by laterally hydro-
gen-bonded water (i.e., not directly interacting with the hydro-
phobe), without disrupting the hydrogen-bond network of the
surrounding water medium.

In principle, entropic-enthalpic reversal may also occur in
materials with extended surfaces (i.e., with dimensions much
larger than nm) provided the chemical features themselves
have nm-scale dimensions. However, such observations have
not previously been made. Assuming the hydrophobic domains
on organosilica surfaces are uniformly distributed, the domain
length scale is determined mainly by the Si-Si distance associ-
ated with the Si-R-Si linker. Using typical Si-C and C-C bond
lengths,% 7! the relevant Si-Si distances are estimated to be 0.3,
0.6, and 1.1 nm for E100, B100, and BP100, respectively
(Scheme 1). These sizes are comparable to the predicted cross-
over length scale (ca. 1 nm) for entropically- vs. enthalpically-
driven hydration.?**> The low entropy reservoirs are pro-
posed to consist of several water molecules that form a hydro-
gen-bonded bridge (or dome) over the organic domains, an-
chored by silanols located at the periphery (Scheme 3). Increas-
ing the density of surface organic groups generates more low
entropy “hotspots”, leading to gradually decreasing surface wa-
ter mobility.

This picture is consistent with a 2D 'H-*C heteronuclear
correlation (HETCOR) NMR study of ordered mesoporous or-
ganosilicas that suggested water molecules are not present near
hydrophobic framework organic linkers, but occupy the near-
surface region and form hydrogen bonds with the hydrophilic
inorganic regions.*® This picture contrasts with a previous re-
port which suggested that benzene interacts with water via m-
hydrogen bonding, based on a red-shift for the O-H stretch ob-
served by Raman.” However, our modeling studies found no
evidence for such interactions. Our observation of decreased
water mobility on organosilica surfaces is also consistent with
a quasi-elastic neutron scattering (QENS) study which reported
an elevated population of slow-moving surface water in a mes-
oporous organosilica with biphenylene linkers.” The authors

proposed that alternating hydrophilic silanol and hydrophobic
biphenylene groups inhibit the surface diffusion of water.”*
Since removal of the anchoring silanols should lead to an in-
crease in surface water diffusivity, we predicted that thermal
treatment of B100 at 350 °C, which induces partial dehydrox-
ylation, should result in a higher Dgymce value. Our experi-
mental results confirm that the silanol groups adjacent to the
organic linkers contribute to the formation of ordered interfa-
cial water.

CONCLUSIONS

The thermodynamic properties of interfacial water are key in
modulating the strength of solute binding to surfaces in aque-
ous environments. The mechanism by which the surface chem-
istry affects the local thermodynamic properties of interfacial
water on real surfaces has been poorly understood, thus the de-
liberate design of inorganic surfaces in order to control surface
water dynamics is still in its infancy.

In this study, the effects of two types of progressive surface
modification were investigated to make amorphous silica grad-
ually more hydrophobic: (1) decreasing the silanol/siloxane ra-
tio by thermal treatment, thereby creating large patches of hy-
drophobic, silanol-free regions that interact weakly with water,
and (2) incorporating organic linkers into the silica framework,
resulting in small hydrophobic domains that induce local or-
dering of interfacial water (hydrophobic hydration). Conse-
quently, the enthalpic and entropic contributions to surface hy-
dration were separately and deliberately altered by modulating
the surface chemistry of silica.

The ability to design low entropy “hotspots” with locally or-
dered water in silica mesopores presents new opportunities for
tuning the strength of solute adsorption, promoting the for-
mation of clathrates, and enabling improvements in the effi-
ciency of separations and catalysis in porous materials.

EXPERIMENTAL AND
METHODS

Chemicals. Tetraethylorthosilicate (T, 98%), 1,4-bis(triethox-
ysilyl)benzene (B, 96%), 4,4 -bis(triethoxysilyl)1-1"-biphenyl
(BP, 95%), 1,2-bis(trimethoxysilyl)ethane (E, 96%), Pluronic
123, Brij®S10, vanadium oxytrichloride (99%), ammonium
metavanadate, hydrogen peroxide (30 wt% in H,O), sulfuric
acid (95.0 - 98.0 wt%), hydrochloric acid (37 wt%), N-(3-di-
methylaminopropyl)-N-ethylcarbodiimide hydrochloride, 2-
(N-morpholino)ethanesulfonic acid (MES), and N,N-dimethyl-
6-propionyl-2-naphthylamine (Prodan), were purchased from
Sigma Aldrich. 4-Carboxy-TEMPO and 3-aminopropyl-
dimethylethoxysilane were purchased from Santa Cruz Bio-
technology and Gelest, Inc., respectively. All were used as-re-
ceived.

COMPUTATIONAL

Syntheses and thermal pretreatments of mesoporous sil-
icas. Silicas (pore sizes: 5-10 nm) were synthesized followed a
previously described procedure,' with the exception of E100.
The reagent amounts used to obtain each material are shown in
Table S4. E100 was synthesized by modifying previously re-
ported methods.”>7¢ P123 (3.0 g) was dissolved in aqueous HCI
(106 mL, 0.2 M) by stirring at 150 rpm overnight in a Pyrex
glass flask at room temperature. 1,2-Bis(trimethoxysi-
lyl)ethane (16 mmol) was injected dropwise. The mixture was
heated to 40 °C in a warm water bath and agitated for 23 h. The



reaction mixture was removed from the water bath and trans-
ferred to a Parr pressure vessel equipped with a Teflon liner
(125 mL). The reactor was sealed and placed in an oven at
100 °C for 48 h. After cooling to room temperature, the result-
ing suspension was filtered and washed with ~500 mL water,
then mixed with ~200 mL ethanol and stirred at 60 °C over-
night. After filtering to remove ethanol containing the P123
surfactant, the surfactant extraction was repeated twice more.

B100 and E100 with smaller pore sizes (ca. 4 nm) were syn-
thesized modifying a previously reported procedure.”” For the
synthesis of small-pore B100, Brij®S10 (2.3 g) was dissolved
in aqueous HCI (106 mL, 0.8 M) at 50 °C by stirring at 150
rpm for 1 h. 1,4-Bis(triethoxysilyl)benzene (15 mmol) was
added, and the mixture was stirred at 50 °C for a further 20 h.
After transferring the mixture to a Parr pressure vessel, the re-
actor was placed in an oven at 100 °C for 48 h. After cooling
to room temperature, the solid was washed with water, then
suspended in ethanol (200 mL) and stirred overnight at 60 °C.
After filtration, residual surfactant was removed by calcination
in air at 250 °C for 3 h (ramp rate: 3 °C/min). The same proce-
dure was used to synthesize small-pore E100, except for the
surfactant removal step. The ethanol extraction was performed
as described above three times at 60 °C, and the calcination step
was omitted.

Partially dehydroxylated inorganic silicas were obtained by
heating T100 (500 mg) to the desired temperature in a tube fur-
nace at a ramp rate of 10 °C/min in a flow of dry N, then hold-
ing for 6 h. To partially dehydroxylate B100, the organosilica
(100 mg) was heated at 350 °C for 3 h in a flow of dry N,. After
thermal treatment, silicas were stored in air prior to use.
Readsorption of moisture from the laboratory ambient there-
fore partially restored their hydroxyl content. Further rehydrox-
ylation occurred during functionalization with 4-carboxy-
TEMPO via propylamine linkers attached to the surface silanol
groups, following a previously described method. '

Characterization of silica morphology. SEM images were
obtained using a ThermoFisher Apero C LoVac Field Emission
Gun Scanning Electron Microscopy (FEG SEM). X-ray pow-
der diffraction patterns of air-exposed silicas were acquired us-
ing a Rigaku X-ray diffractometer equipped with Cu Ko radia-
tion. N> sorption isotherms were measured at 77 K using a
3Flex Surface Characterization Analyzer (Micrometrics). Be-
fore each measurement, the silica was heated at 150 °C for 8 h
in flowing N> to remove adsorbed water. Apparent surface ar-
eas were measured using the Brunauer-Emmett-Teller (B.E.T.)
method, assuming a molecular area for adsorbed N> of 0.135
nm?.* Pore size distributions were obtained by analyzing the
adsorption branches of the isotherms, using the Barrett-Joyner-
Halenda (B.J.H.) method.

Surface hydroxyl density measurements. Physically ad-
sorbed water was removed from each silica by evacuation in a
Schlenk tube at 170 °C and 10 Torr for 7 h. A portion of the
dry silica (30 mg) was exposed to excess VOCl; vapor for 25
min to convert accessible silanols (=SiOH) to =SiOVOCl,, ac-
cording to a previously described procedure.?’ The chemi-
sorbed vanadium was extracted from a precisely weighed sam-
ple in air (approx. 10 mg) with a freshly-made H.SO4 solution
(1 M, 5.0 mL) containing H>O, (0.26 M). The UV-vis spectrum
of the resulting solution was measured using a UV-2401 spec-
trophotometer (Shimadzu). The absorbance at 448 nm was con-
verted to vanadium loading using a calibration curve prepared
using ammonium metavanadate.

Assessment of surface polarity. Each silica (20 mg) was
immersed in water (1 mL) for 3 d, then an aqueous solution of
Prodan (5 mL, 30 uM) was added, and stirred for 1 h. The mix-
ture was centrifuged at 3000 rpm for 3 min, then the superna-
tant liquid was decanted. The wet solid containing adsorbed
Prodan was dried using a rotary evaporator (Buchi Rotavapor
R-210) at 30 °C and 100 mbar. After removing liquid water,
the silica was further dried at 85 °C for 2 h in the oven and
fluorescence spectrum was measured with a FluoroMax 4 flu-
orimeter (Horiba), using an excitation wavelength of 365 nm.
The peak maximum Ay Was obtained from the zero-crossing
of the first-derivative. In order to estimate the relative polarity
of silica surfaces, Amax values for Prodan dissolved in various
solvents®? were correlated with reported values for relative sol-
vent polarity.** A second-order polynomial function fitted to
the data was used to interpolate relative polarities for silicas
based on their Amax values.

Overhauser dynamic nuclear polarization (ODNP) NMR
relaxometry. Functionalization of silica by 4-carboxy-
TEMPO followed a previously described procedure.!* Spin
concentrations (typically, 3-10 pumol/g) were estimated by
comparison of the double integral of the EPR spectrum to the
value for an aqueous solution of 4-carboxy-TEMPO (0.200
mM). A sample of spin-labeled silica suspended in water (40-
80 mg/mL) was loaded into a quartz capillary tube (0.60 mm
1.D., 0.84 mm O.D). The X-band continuous-wave (CW) EPR
spectrum was recorded using a Bruker EMX CW EPR spec-
trometer equipped with a Bruker ER-4119HS-LC resonator,
operating at a microwave frequency of ca. 9.3 GHz, | mW mi-
crowave power, 100 kHz modulation frequency, and 0.4 G
modulation amplitude.

ODNP measurements were conducted at room temperature
using a Bruker EMX CW EPR spectrometer and a Bruker
Avance III NMR console. The sample was positioned inside
the coil of a home-built NMR probe. The coil, an oval-shaped
Helmbholtz pair, was tuned and matched using an RLC circuit
consisting of two variable capacitors and one fixed inductor.
The coil and sample were positioned in the center of a micro-
wave cavity (ER 4119HS-LC, Bruker Biospin). The software
Xenon was used to tune the cavity. An EPR spectrum was ac-
quired to identify the magnetic field value at the center of the
spectrum (ca. 348.5 mT) and the resonant frequency of the
loaded cavity (ca. 9.78 GHz). The NMR probe was subse-
quently tuned to the 'H Larmor frequency at the magnetic field
used in the experiments (ca. 14.83 MHz). NMR signal en-
hancements were measured upon irradiation of the central EPR
resonance of the nitroxide radical, using applied microwave
powers up to a maximum of approx. 6 W. The data used to
calculate hydration parameters consist of an array of NMR sig-
nal enhancements measured as a function of applied micro-
wave power, and the corresponding array of 'H longitudinal re-
laxation times (T)) at each applied microwave power.

Hydration parameters were calculated following previously
published procedures.'®*’*#" The NMR signal enhancement
with microwave power caused by the Overhauser effect is as-
ymptotic, due to the saturation behavior of the electron spin
transition. An equation modeling the saturation profile was fit-
ted to the data describing the enhancement profile. The “cross-
relaxivity”, k,, accounts for the effective rate of hyperpolariza-
tion, which is directly related to the rate of diffusion of water
molecules near the spin label.”® A more detailed explanation is
presented in the SI.



Computational Methods. MD simulations were performed
in GROMACS (release 2016.1)%! using the TIP4P-Ew water
model,® in conjunction with force field parameters developed
for models of amorphous silica interfaces.®3> The model used
here is approximately 4 nm x 4 nm, and 2 nm thick. The
PARMED package®* was used to decrease the silanol density
to approx. 1.5 OH/nm?, by identifying pairs of silanols to un-
dergo condensation. A hydroxyl group and a proton were re-
moved before creating a siloxane bond between the remaining
oxygen and the undercoordinated silicon. Silanol pairs consid-
ered for condensation were those with Si-Si distances < 0.55
nm and O-O distances < 0.45 nm. H-bonded silanol pairs with
0-0 distances < 0.35 nm and O-H-O angles > 110 ° were re-
moved first, before proceeding to condense other pairs.

To model the organosilica surface, benzene molecules were
placed onto the silica surface at locations chosen to avoid cov-
ering the silanols. Parameters for benzene were obtained from
the Automated Topology Builder.®> An energy minimization
was performed in vacuum with surface silicon atoms frozen, to
allow the benzene molecules to achieve low-energy, adsorbed
configurations. All surfaces were then solvated with 1840 wa-
ter molecules and subjected to further energy minimization,
while keeping surface silicon atoms and adsorbed benzene
molecules frozen. After the simulation box dimension perpen-
dicular to the interface was adjusted so that the water density
far from the interface (bulk water, at least 1 nm from the silica
surface) was close to its pressure-equilibrated value, a final en-
ergy minimization was performed with only silicon atoms fro-
zen (in order to preserve the surface structure).

In all simulations, the time-step was 0.002 ps, with coordi-
nates output every 0.5 ps. Equilibration consisted of an initial
constant-volume run of 100 ps using a Berendsen thermostat®’
with a coupling constant of 0.5 ps. Subsequently, the system
was equilibrated with 200 ps of NPT simulation using the same
thermostat and a Berendsen barostat set to 1 bar acting only on
the dimension perpendicular to the box, with a coupling con-
stant of 5 ps and a compressibility of 4.5 x10~° bar™'. The con-
stant pressure simulation was repeated to calculate the average
box dimension perpendicular to the interface. The simulation
box was scaled accordingly and 100 ps of further equilibration
was performed in the NVT ensemble using a Nose-Hoover
thermostat®® at 300 K and with a coupling constant of 2 ps.
The final production run, for which all analyses were per-
formed, used the same thermostat for a total 10 ns. Dynamics
were propagated with the velocity Verlet algorithm,*® and all
bonds involving hydrogen were constrained via LINCS.’!
Throughout all MD simulations, the surface silicon atoms as
well as three of the carbon atoms in all benzene rings were po-
sition-restrained with spring constants of 1000 kJ/mol-nm, al-
lowing the surface hydroxyl groups to move and form hydro-
gen bonds freely with water. Lennard-Jones and Coulombic
pair interactions were cut and shifted to zero at 1.2 nm, with
long-range electrostatics handled by the Smooth Particle Mesh
Ewald algorithm using GROMACS default parameters.®

Three-body angle distributions were calculated as described
in the literature,*”® considering the angle between all pairs of
water oxygens within a radial distance of 0.332 nm (approx.
the first RDF minimum for TIP4P-Ew water at ambient tem-
perature and pressure) from a central water oxygen. Three-
body angle distributions at surfaces consider only water ox-
ygens within 0.8 nm of the mean interface, defined as the dis-
tance from the surface where the water oxygen density reaches
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9.96 nm™ (i.e., approx. 30 % of the bulk density). The pytraj
package®® was used to analyze the simulation trajectories.

Excess chemical potential of hard-sphere insertion is defined
as uf¥ = kzT Inp,, where py is the probability of successful
insertion of a hard sphere of volume ¥, considering all config-
urations sampled during the simulation trajectory.* Successful
insertions result when there is no overlap of the hard sphere
with the centers of any water oxygen or surface heavy atoms.
In this work, py was computed as a function of distance from
the mean silica-water interface by counting the number of suc-
cessful insertions of hard spheres of volume ¥ placed at random
locations in 2D planes of varying distance z from the surface.
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