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Abstract

Structural forces within aqueous water at a solid interface can significantly change
surface reactivity and the affinity of solutes towards it. We show by molecular dynamics
simulation how hydrophilic and hydrophobic quartz surfaces perturb the orientational
structure of aqueous water, ultimately strengthening dipolar forces between molecules
in proximity to the interface. When derived as a function of distance from each surface,
it was found that both surfaces indirectly enhance the long-range dipolar attraction of
water for itself towards the interfacial region. This was found to be longer-ranged for
water molecules solvating the hydrophobic surface than those solvating the hydrophilic
surface, with a range of up to 2.5 nm from the hydrophobic surface. Our results give
direct quantification of surface-induced changes in solvent-solvent attraction, ultimately
providing a counterintuitive addition to the balance of hydrophobic forces at aqueous-

solid interfaces.



Introduction

Intermolecular forces within aqueous water at solid interfaces are complex, and implicated
in biological, geological, and chemical phenomena (e.g. surface adhesion of proteins and
cells,” geosequestration of carbon dioxide,? and aqueous phase heterogenous catalysis,” re-
spectively). The short length scales, presence of impurities (e.g. dissolved gas), and diffi-
culty in preparing clean, extended surfaces mean that they are also tantalizingly difficult to

measure.*"” In the interfacial region, a combination of non-bulk-like molecular orientation,®

viscosity,” dielectrics,™¥ electrical double layers, ™' and hydrogen bonding*#3

create a unique
solvation environment that can significantly change the properties of the surface itself. This
leads to a highly dynamic region within the adjacent solvating liquid that can exert forces on
ions, molecules, and macroscopic objects in close proximity to the surface.** The length
scales pose challenges to both experimental and theoretical investigations, where measure-
ments of the narrow interfacial region are complicated by the requirement to enhance the
signal from the interface over those of the adjacent bulk liquid and solid phases.'®

Information on the structure and dynamics at solid-aqueous interfaces may be obtained

19211 which in combination with molecu-

by sum-frequency generation (SFG) spectroscopy,
lar dynamics (MD)“# provides details on the structural and density perturbations within
aqueous water. Relating these molecular orientations and density oscillations to the inter-
molecular forces towards the interface (i.e., what forces “act” on solutes towards the interface)
is not so straightforward. Forces towards solid-aqueous interfaces are typically probed by
measurement of the forces between two surfaces immersed in aqueous water via atomic force
microscopy (AFM) or surface force apparatus (SFA) measurements. The forces are either at-
tractive or repulsive, strong or weak, and dependent on ionic strength and surface type.23#24
They also typically exceed estimated van der Waals (vdW) forces between the surfaces
across the water medium, leading to the notion of a so-called “hydrophobic force”.*® This

force has been attributed to various causes,? including charge correlations between patchy

bilayers on each surface? and capillary bridging bubbles.“” However, theoretical treatments



for calculating the vdW forces, namely Lifshitz theory,“® considers the intervening solvent
to be a structureless dielectric continuum, thereby neglecting the effect of intervening liquid
structure on the forces between the surfaces. Establishing a concrete link between the inter-
facial water molecular orientation and resulting forces will therefore allow more insight into
solvent-mediated forces towards and between surfaces in aqueous solution.

Herein, using MD simulations we probed the perturbation of aqueous water structure
in close proximity to model hydrophobic and hydrophilic quartz interfaces. Our interest
in quartz-aqueous water interfaces stemmed from their ubiquitousness in nature and recent
studies on quartz from structural,?* =l wettability,**#% and theoreticalt®* 4 perspectives.
The dipolar potential of mean force between water molecules as a function of distance from
each surface was calculated, revealing a new component of the solvent free energy towards
the interfacial region. Unexpectedly, whilst this component was steeper (greater free energy
gain) towards the hydrophilic surface, it was longer ranged towards the hydrophobic surface,
where stabilizing forces extended up to approximately 2.5 nm from the hydrophobic surface.
Our results highlight a solvation mechanism that is neglected in continuum theories of vdW
forces in aqueous water towards solid surfaces, and that is the surface-induced structural

enhancement in water-water interactions.

Methods

Simulations were performed using the published parameters of the consistent valence force
field (CVFF) for the quartz surfaces.*’ The SPC/E model was used for water,*? and the
Kirkwood-Buff parameters for Na™ and Cl~.%4 The open-source Large-Scale Atomic/Molecular
Massive Parallel Simulator (LAMMPS) MD code** was used for all simulations. Non-bonded
interactions were cut-off at 12 A, with a switching function applied between 10 and 12 A. Elec-
trostatics beyond the cut-off were evaluated with the particle-particle-particle-mesh (PPPM)

summation method® with an accuracy of 107° kcal mol~!. Surface simulations were run



in the NVT ensemble, while the bulk aqueous water was run in the NPT ensemble. A
Nosé-Hoover thermostat and barostat were applied to maintain a temperature of 298 K and
a pressure of 1 atm, with a time step of 1 fs, and an output frequency of 20 ps. All sim-
ulations were run for 25 ns, with equilibrium for the first 5 ns, and analyses performed on
the final 20 ns. Atomic coordinates of quartz were frozen during simulation, except for the
hydroxyl groups of the hydrophilic quartz. Wright et al.,*® found that freezing the atomic
coordinates of the quartz had little effect on the water structuring.

147 of dimensions 4.913

Two a-quartz (001) surfaces were built from an original unit cel
x 8.5096 x 5.4052 A3 which was replicated by 9, 5, and 10 in the z, y, and 2z dimensions,
respectively, to create a slab of dimensions 44.217 x 42.548 x 54.052 A3. To construct the
model hydrophobic surface, the outer layer of dangling oxygens in the positive z direction
was stripped, and silicon atoms at the positive and negative z interfaces were protonated
(Figure 1JA). To construct the model hydrophilic surface, the terminal silicons of the outer
layer in the negative z direction were oxygenated, and oxygen atoms at the positive and
negative z interfaces were protonated (Figure 1JE). Optimal cell dimensions were determined
by placing 2640 water molecules on either side of each respective quartz surface and equili-
brating for 25 ns. Final cell dimensions were determined from water density profiles, where
the total cell length in the z direction was determined from 50% of the water density on each
side of the quartz, with a vacuum space of ~ 60 A separating the water halves. Final cell
dimensions were 44.217 A x 42.548 A x 141.500 A and 44.217 A x 42.548 A x 139.500 A
for the hydrophobic and hydrophilic surfaces, respectively. The effect of the terminal groups
on the wetting of the surfaces was determined by separately simulating a droplet of 6140
water molecules placed on surfaces extended in the x and y for final dimensions of 132.651
A x 127.644 A, respectively. (After equilibrating for 4 ns, it was found that the hydropho-
bic surface maintained a well defined droplet with a contact angle of approximately 137°
(Figure S1), consistent with previous experimental results for quartz modified with methyl-

trichlorosilane (136°).%¥ On the other hand, the hydrophilic surface was completely wet by
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the droplet and F, respectively). For the larger-scale analysis, both quartz sys-
tems contained 5280 water molecules with 150 mM NaCl. This ionic strength was purposely
chosen to keep our study relevant to biological processes, where salt ions are ubiquitous.%?
Simulations were performed for 25 ns, with snapshots saved every 20 ps. Snapshots of the
equilibrated systems are shown in and G, and unless otherwise stated, z=0 nm is

taken from the outermost silicon atom of each surface, respectively.
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Figure 1. A schematic of the surface chemistry (A and E), snapshots of water droplets on
quartz (B and F), and equilibrated slab geometry snapshots of aqueous water and hydropho-
bic and hydrophilic quartz (C and D), respectively, along with the corresponding density and
dipolar orientation profiles (D and H). Note the aqueous water consists of 150 mM NaCl,
shown as blue and green spheres, respectively.

Results & Discussion

The molecular orientations of water molecules near the quartz surfaces were probed through
specific correlation functions that describe preferential modes in dipolar orientations with
respect to the interface normal, h,q,, along with the density profile, p(z) (Figure 1D and

H). It was found that water adjacent to the hydrophilic surface has a higher and sharper



density profile than the hydrophobic, reflecting an increased preference for water to solvate
the hydrophilic surface. For the hydrophobic interface, there is a region of diminished water
density consistent with previous reports of a “hydrophobic gap” of water at hydrophobic
surfaces. "™ The density of ions was found to be higher towards hydrophilic surface than
the hydrophobic (Figure S2), along with an increased number of hydrogen bonds®® at a
closer distance to the interface (including water-surface bonding), confirming water-quartz
hydrogen bonding for the hydrophilic system that is absent in the hydrophobic (Figure
S3). Furthermore, an extended perturbation of the hydrogen-bond distributions between
water molecules away from each surface was found with respect to the number of hydrogen
bond donors and acceptors (Figure S4 and Table S1). Interestingly, the hydrophobic quartz
interface influenced the hydrogen bonding away from the interface to a greater extent than
the hydrophilic, which was found to be comparatively shorter ranged with more defined
peaks. Similar long-range perturbation of hydrogen bonding has previously been observed
from MD simulations of the water-vapor interface.??

The first three correlation functions in h,q, show that the hydrophilic surface induces
sharper regions of preferential dipole moment orientation, which may reflect hydrogen bond-
ing with the surface groups of the quartz as well as with other interfacial water. The
hydrophobic surface, on the other hand, shows more relaxed profiles for all functions, where
the hogo function is greatest around the initial peak of the density profile. This reflects a
preference for water molecules to align their dipole moments perpendicular to the interface
normal (i.e. along the interface). The hjg; functions for the hydrophobic system show that
at the interface, the water molecules’ dipole moments are preferentially orientated towards
the bulk region, but at 0.4 to 0.6 nm away from the surface this preference is reverted to
orientate back towards the hydrophobic surface. On the other hand, for the hydrophilic
system these same functions are strongly oscillating over the same distance from the di-
rect surface. The higher-order h,, functions (Figure S5) also show strong oscillations and

therefore structure for the hydrophilic system, which is more relaxed for the hydrophobic.
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The length scales over which oscillations in the hydrophobic surface-induced water structure
persists are similar to that observed previously for water solvating a planar hydrophobic
graphene surface.”3 For the hydrophobic system, the distribution of angles between wa-
ter’s oxygen and hydrogen bond vector and the interface normal (Figure S6) showed that
directly solvating water molecules (within 2.5 A of the surface) have a tendency to direct
one O-H vector towards the hydrophobic solid, and the second vector consequently directed
slightly inside the water phase, consistent with previous studies of water orientation at hy-
drophobic surfaces.?®®® Together, these clarify that both surfaces behave as hydrophilic and
hydrophobic, respectively, and as such the aqueous water interacts greater, in terms of both
density and molecular orientation, with the hydrophilic quartz surface.

Apart from differences in molecular orientation, the water-water interactions are likely
changed due to the perturbation of the usual intermolecular forces in aqueous water due to the
presence of each surface. This was investigated by selectively analyzing dipolar interactions
between water molecules in proximity to each surface. Following the method of Liu et al.,»”
the angular-dependent radial distribution function (RDF), ¢¥/, between two dipole moments
of a liquid, p, of species ¢« and py of species j separated by r, is considered in terms of the

angular dependent potential of mean force (PMF) ag”#00

gij(rvﬂ'hy’?) = eXp(_BWij<r7lJ'1>M2))7 (1)

where 8 = (kgT)~!, T is the absolute temperature, kg is Boltzmann’s constant, and W¥ is
the PMF. The expansion of the angular-dependent functions in in the basis of

rotational invariants, % ®; ;.,(7, i1, fi2), gives
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where h;{ 1, 18 an expansion coefficient describing preferential modes of dipole orientations
that are selected by ®;,;,;. The subscript “S” denotes the term that is independent of dipole
moment orientation. Gray and Gubbins®® describe the allowed values of the indices in the
hi,1,1 dipolar pair correlation functions. The contribution of dipole correlations h;{ 1, to the

angular averaged PMF, w¥(r) = —kzTlog(gd(r)), is expressed as

W (r) = Wi (r) (3)
L1+l hlj
— kT <log 1+ Z Z Z llbl Dy

L la 1>l —1s] gS

1,2

Expansion of the logarithm in to the second order rotational invariants for cor-

relations between pairs of solvent molecules, i.e. 1 = j = s, yields

W) = WE () +o(1) 0
O (1) /(95 (1))

li+l2

¢mp(T) = _kBT E ZZ Z L) (5)
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where ¢p/p(r) is an orientation-independent contribution to the PMF arising from orienta-
tional correlation between dipoles. Note that hy,;,;(r) can be calculated from MD simulations
via Py (r) = (@) o rj=r- We label ¢pp(r) with a subscript “MD”, to signify that it is
calculated from simulated trajectories. The ¢y p(r) interaction is always negative, so it
produces an attractive force between pairs of polar molecules, which has been shown to con-
tribute to the entropy of hydrophobic solvation,” to contribute to the long-range structure
of polar liquids, including liquid water,*® to be selectively modulated by different ions,%*
and to produce a stabilizing force at the water-vapor interface.®” It is therefore of interest
to compare the strength of this interaction when water molecules are constrained in their
orientation by the quartz interface. This is done by calculating the PMF between water
molecules when at least one molecule is within a distance ¢ from the direct surface, which
corresponds to the region in z of the initial peak in p(z) from D and H, respectively,
averaged over all interactions with every other water molecule in the system.

The water molecules within ¢ of the quartz interface exhibit enhanced long-range dipolar
interactions with other water molecules (Figure 2). This is particularly visible in the 2nd shell
in ¢ p(r) between about 4 and 6 A of separation between molecules, where the interaction is
about 1.8 to 2.8 times stronger than the bulk water-water interaction for both the hydrophilic
and hydrophobic surfaces, respectively. This enhancement is likely dominated by interactions
with other interfacial water molecules, so we compared ¢,;p(r) for when only interfacial-
bulk water (molecules outside of &) interactions are analyzed, to which the enhancement is
less, but still greater than for the bulk water-water interaction. Interestingly, the longer-
range behaviour in ¢y p(r) is increased well above the bulk for both quartz systems. (In
comparing the hydrophobic to hydrophilic systems, it was found that the molecules against
the hydrophobic surface experience greater enhancement of ¢5p(r), though the oscillations
in the functions are similar between the two systems. These are also similar to what has
previously been observed at the liquid water-vapor interface.%? This points to some generality

in the water-water interaction, where the strength differs depending on surface type, but the

10
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structural features of the interaction remain consistent.
The ¢pp(r) interactions contribute to the free energy of the liquid, which is written

3859’63’65

Gy = 4mp /000 drr*¢ap(r)gs(r). (6)

Following our recent method,®” the magnitude of this stabilization was calculated from
the difference between ¢yp(r) as a function of position in the z dimension, in comparison

to bulk ¢y;p(r) interactions, ¢4, (r), such that

AGK](ZZ‘) _ %/Ooo dramr?pgg(r) [quD(zi, r) — gb?WD(fr)} ’ (7)
— %/0 dT47TT2pgS(T)A¢(Zia 7”). (8)

For these calculations we take ¢%,,(r) from the centre bulk region of each respective
system so as to unambiguously obtain the excess quantities at each interfacial region. A
comparison of the ¢4, (r) functions to that obtained from a “true” bulk SPC/E simulation
show that the functions match each other well, with the quartz systems being slightly weaker
at large separations (Figure S7). A form that is more convenient to the analysis of MD

simulations is the equation

1
AGy(z) = mZNp(Zi,Tz’)Aﬁb(Zi,ﬁ% (9)

where N, is the number of molecules at each z; in separation of r;, and L is the length of z

and y, included so as to normalize by the surface area of the interface.

was evaluated for both quartz systems in (full profile in Figure S8).

An increase in the free energy that results from enhanced ¢yp(r) interactions was found

as the interfacial region is approached. This was larger in terms of peak height for water

11
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Figure 2. Comparison of the ¢y p(r) interactions between water molecules when one
molecule is within the first peak of the surface density profile (from z = 0 to £ nm), correlat-
ing only with molecules outside of £ (interface to bulk), or with all molecules including other
interfacial molecules (interface to all), along with the bulk interaction (schematic in A), for
both the hydrophobic (B, £ = 0.55 nm) and hydrophilic (C, £ = 0.58 nm) quartz surfaces.
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Figure 3. A schematic describing the calculation where the interactions of every water
molecule with a “slab” of water at different positions z is computed (A), and the AG4(2)

functions, as given by [Equation 9| for the hydrophilic and hydrophobic quartz systems (B),
respectively, along with the corresponding density profiles.
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molecules adjacent to the hydrophilic quartz surface, which is also situated at the first peak
of the p(z). However, what was also observed was a longer-range stabilization of the water
molecules that are adjacent to the hydrophobic quartz surface. The peak height was about
25% less than that for the hydrophilic surface, though the free energy profile was more
extended for the hydrophobic system towards 2.5 nm of separation from the hard surface.
The hydrophilic system only extended for approximately 1 nm from the hard surface. In
other words, shows that there is at least one component of the solvation free energy
that is more attractive for hydrophobic quartz than for hydrophilic quartz.

This counter-intuitive result shows the existence of a free energy gradient that water
molecules “feel” towards the interfacial region, which results from enhanced orientational
correlations between water molecules that interact back towards the bulk phase due to the
presence of the hydrophobic interface. This interaction is due to the specific structure of wa-
ter molecules at the hydrophobic interface, and therefore, at least in part, explains a driving
force for that structure (i.e. a mechanism for water molecules to recover free energy due to
the presence of the hydrophobic surface). This stabilizing interaction for water molecules
towards the interfacial region will likely contribute to the increased molecular density in the
interfacial region.

Interestingly, the free energy we find in AG4(z) is of the same magnitude of measurable
hydrophobic forces at small length scales (for example see reference®). The attraction in

AGy(z) at small length scales (below 1 nm) is best fitted by a single exponential function of

the form

AGy(z) = —Ce /™, (10)

but deviates at larger distances to a more power-like behaviour, fitted by

A
12722’

AGy(z) = (11)
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that are both fitted and shown in along with the fitted parameters C, zj, and
A. This means that the attraction due to AG4 cannot be adequately captured by a single
attractive force law. An important consequence of this result is in relation to the Lifshitz
continuum theory of vdW forces*® that is used to rationalize AFM and SFA measurements
of hydrophobic forces. The component due to ¢y p(r) is neglected in the assumption of a
structureless dielectric continuum, as is the basis in Lifshitz theory, and likely contributes to
the inaccuracy of the theory at small separations between surfaces in aqueous water®® (i.e.,
there is an attraction of solvent for itself which cannot be calculated through traditional

Lifshitz theory).

- . hydrophilic \ hydrophobic
s 101 .,f}_&oq— limit of attractive slope "-E 101 \4(4— limit of attractive slope

z 100
€ 10

° . j)—ower fit ) % 101 _Eo_vsie_rﬁfi;t .
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z/nm z/nm

Figure 4. The fitted functions (Equation 11{and [Equation 10 to the left-hand side attrac-
tive slopes in AGy of the hydrophilic (A) and hydrophobic (B) quartz systems. The fitted
parameters are A = 2.48 x10722 J, C' = 12.61 mN m™!, 2y = 0.21 nm, and A = 8.30 x10~22
J, C =43.71 mN m™!, zy = 0.20 nm, for the hydrophilic (A) and hydrophobic (B) systems,
respectively.

Chun et al.®T recently showed how heterogeneity in interfacial solvent structure can result
in strengthened short-range dispersion forces between surfaces immersed in aqueous water,
over what is predicted within the standard Lifshitz formalization. This is likely linked
to the enhanced ¢y p(r) interactions that we have observed for quartz interfacial regions.
Additional contributions to the total interfacial forces involve direct vdW attractions with
the surface itself, and between two surfaces immersed in water. Furthermore, we point out
that our simulated systems do not account for pH effects at the mineral interface, nor for

dissolved gas, which are both omnipresent in experimental measurements of such systems.
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However, our systems have allowed elucidation of an underlying solvation mechanism that in
the presence of additional contributions might not be immediately obvious. It is anticipated
that the enhanced coupling between dipole moments would become greater towards nano-

confinement regimes% ™ and for adsorbed water films on quartz.™

Conclusions

In summary, we have provided a method for calculating dipolar forces directly from simu-
lation of liquids that are solvating hard quartz surfaces. The contribution of these dipolar
interactions to the free energy of the fluid, as a function of distance from the surface, has
revealed a gradient increasing in attraction towards the interface that results from changed
molecular orientations of the direct solvating water molecules. This was found to exert a
longer-ranged stabilization, and hence attraction of water molecules towards a model hy-
drophobic quartz interface, than to a model hydrophilic interface. These studies have there-
fore revealed an additional component of the solvation of hydrophobic surfaces by aqueous

water, ultimately adding to our understanding of hydrophobicity.
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