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Interactions of pulverized crystalline silica with biological systems, including the lungs, cause cell damage,
inflammation, and apoptosis. To allow computational atomistic modeling of these pathogenic processes,
including interactions between silica surfaces and biological molecules, new parameters for quartz, compatible
with the CHARMM empirical force field were developed. Parameters were optimized to reproduce the
experimental geometry af-quartz, ab initio vibrational spectra, and interactions between model compounds
and water. The newly developed force field was used to study interactions of water with two singular surfaces
of a-quartz, (011) and (100). Properties monitored and analyzed include the variation of the density of water
molecules in the plane perpendicular to the surface, disruption of the water H-bond network upon adsorption,
and space-time correlations of water oxygen atoms in terms of Van Hove self-correlation functions. The
vibrational density of states spectra of water in confined compartments were also computed and compared
with experimental neutron-scattering results. Both the attenuation and shifting to higher frequencies of the
hindered translational peaks upon confinement are clearly reproduced by the model. However, an upshift of
librational peaks under the conditions of model confinement still remains underrepresented at the current
empirical level.

1. Introduction stance, organic phosphate grodpSilanol bonding and phy-
Silica or silicon dioxide is a ubiquitous compound commonly sEorptlon [;o the phospr?_ate h%adgroups oftlcell memg’rjamTw_ i
found in the form ofa-quartz. Being a major constituent of alter membrane properties and consequently cause depo'arization

of membranes, increased levels of reactive oxygen speaies,

rocks, silica represents a significant part of industrial dust in itimatel I d | il i d t
mining, construction, and manufacturing processes. Workers utimately cefl damage, puimonary inflammation, and apopto-

12,13 ic i ini
with long-term exposures to respirable quartz-contaminated dusts>'S’ The chronic inflammatory injury may be caused by

are at risk of developing pulmonary fibrosis and coal workers’ Eterrr?ltte?]t :gactg@tll\(l)n of[hsnlanol %LOUZS n \'/tl)v% for;e>|<amplef
pneumoconiosis, and eventually lung canicaithough already Yy phospholipases. Nonetneless, the described aetiology o

Pliny and Hippocrates were aware of silica-dependent pulmo- sﬂ?nol glroup toxw'?’.’ altlm,:gh plausible, remalnsdhypothetm_
nary inflammation (silicosis), the aetiology of biological toxicity uniess clear connections between macroscopic and microscopic

and pathogenicity of silica polymorphs remains controversial. events Of_ pathoggness are mgde. . .
Over 50 theories have been proposed to explain the phenomenon The microscopic part of silica pathogenicity is especially
of silicosis? The widely accepted ones attribute pathogenicity Poorly understood. It is known that silanol groups on only
of crystalline silica to the presence of silanol groups at the silica crystalline silica are noxious. Amorphous silica and silica in
surface® Blocking silanol groups with chemical agents reduces Phyllosilicates (e.g., kaolinite) cause virtually no adverse long-
or eliminates silica toxicity. Protective agents include natural term health effecté The situation is confounded by variability,
surfactants, polyvinylpyridine-N-oxide® aluminum compounds, ~ error bars, and interpretation of experimental results, which
divalent cationd, trimethylchlorosilané, and high molecular  include biological variability, variations in cytotoxicity of quartz
weight organosilanesSilanol hydroxy groups can form strong dust from different source'$, multiple crystalline silica poly-
hydrogen-bond complexes with biological molecules, for in- Morphsi® and other factors. In another study some of us have
found that silica toxicity is associated with the surface density
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light on molecular aetiology of silanol pathogenicity, although
extrapolations of measured macroscopic averages from thejigs L,
ensemble of dust particles to the microscopic level could be .= - — =
ambiguous. ) ] » Silanes
Quantitative physical-chemical characterization of silica [ ' v
surface represents a major challenge to experimental science|
of low concentration of surface silanol groups (two dimensional) Silancls
comparing to the bulk (three dimensional) and disparities
between liquid and solid-state NMR (e.qg., the latter technique
involves sample spinning at the magic andle}® X-ray :
reflectivity also has significant limitatiori8.Since all crystalline Figure 1. Cleavage of bulk quartz and idealized (100) surface
silica polymorphs are known to break along the conchoidal formation and reconstruction. The hydrophilic side is covered by silanols
fracture, even creation of a sufficiently large fresh singular (Si—OH) and on the hydrophobic side silicon atoms are saturated with
surface represents a formidable challenge. In this situation hydrogens (StH).
computational methods possess an unsurpassable advantage,

—_—

Cleavage o Reconstruction

when they are tuned correctly. The present paper addresses this B!

topic. In the absence of reliable experimental data about H H H H F T —
interactions of biological molecules (such as proteins and lipids, Ho/HO HO = oS
including dipalmitoyl phosphatidylcholine) with a silica surface, f10HOHO HO|30A wme | OHOLLY LY
we chose to parametrize and validate the force field using high- THOHOMHO tickessl | SR
resolution data on silicawater interactions. Our past experience OH OH OH OH OH O O O

suggests that appropriate modeling of interactions with water
molecules is a crucial step in the derivation of a self-consistent

molecular mechanical force field.
. . Figure 2. Models of the systems used in this work. Model 1 was used
Computational experiments offer a complementary approach,for the adsorption studies, and model 2 was used in the simulation of

in which a systematic characterization of silica surfaces can be e vpos spectra. Different thicknesses of the water slab were
carried out under carefully controlled conditions. In silico the employed.

surface is represented by an infinite slab with which water,

organic molecules, and biopolymers can interact via an inter-  Infinite quartz surfaces were modeled as quartz slabs, and
atomic potential under constant volume or pressure conditions.€ach was cut from a primitive unit cell of butikcquartz along
(Since natural ventilation of the lung is driven by only small the desired directions using the Cefissftware (Accelrys, Inc.,
gas pressures (not more thari0 cm of HO or 1 4+ 0.0003 San Diego, CA). Two surfaces were studied, quartz (011) and
atm), microscopic simulations carried out at constant pressurequartz (100), and will be referred to by the respective Miller
of 1 atm represent the most appropriate modeling approach.)index hereafter. The thickness of each slab was approximately
To ensure the reliability of such methods, it is essential that 15 A to isolate the two faces from mutual interactions while
the interatomic potentials that describe interactions of biological maintaining interactions between the surface groups and the bulk
molecules in the liquid phase and potentials representing silicaphase. The initial structures were obtained from the primitive
in the solid state are compatible. In the present work we describeunit cells representing the slabs by replicating them a sufficient
extensions to the CHARMM suite, which allow modeling of number of times to build a two-dimensional unit cell with a
mixed crystalline silica/liquid phase systems. The extensions surface area of approximately 30 30 A2, The generation of
include new force field parameters for silica compounds and cross-boundary patches, involving creation of bonds, angles, and
coding tools for modeling periodic solid-state crystals. During dihedrals lists, was assisted by a standalone utility program
the past 25 years there have been many attempts to develogleveloped specifically for this purpose. It is included in the
silicate force field$9-24A variety of techniques have been used Supporting Information, together with an example of the input
in the parametrizations, ranging from ab initio calculations of files that are required to use the new CHARMM parameters.
small clusters to fitting to experimental data such as structures, The image facility of CHARMM was then used to replicate
vibrational spectra, elastic constants, or melting points. A the primary cell, thus creating the periodic boundary conditions.
comparison of previous force fields has been recently reported Bond, angle, and torsion angles in the crystal spanning the

Model 1 Model 2

by Herzbach and co-worke?s. boundaries of the unit cell were accounted for explicitly using
] ) the PATCH command. Different surface saturation schemes
2. Methods and Experimental Details were considered. In the studies of the dynamical properties of

Empirical force field calculations were performed with the adsorbed water, one surface was saturated with hydroxyl groups,
programs CHARMM?®:27 and Tinker?! Tinker was used for the  which resulted in full coverage by SOH groups (Figure 1,
initial constant pressure simulations since constant pressuresilanols), and the other face was hydrogenated, being covered
algorithms in CHARMM do not allow for internal terms by Si—H groups (Figure 1, silanes). These systems allow the
between the primitive and image cells. CHARMM (Chemistry study of the interactions between water and hydrophilic or
at HARvard Molecular Mechanics) was used for all force field hydrophobic hydrogenated (note: most commonly occurring
optimization calculations and for all production simulations. natural hydrophobic silica surfaces are covered with siloxane
Quantum mechanical (QM) computations were performed with Si—O—Si bridges) quartz surfaces. The simulation unit cell in
the Gaussian 98 packadeDensity functional theory with the ~ these cases consisted of a 30 A thick layer of water placed
B3LYP functional at the 6-31G* level was used for the geometry between the quartz surfaces and is shown as model 1 on the
optimizations and vibrational analysi¥The HF/6-31G* level left panel of Figure 2. For the confinement studies both sides
of the theory was used to calculate minimum interaction energies of the quartz slabs were terminated with-§&H groups, since
and geometries between model compounds and #ater. the separation of the two surfaces in the direction of surface
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normal was insufficient to avoid interimage interactions and were the nonbonding or interaction parameters between atoms

silanols are the most natural groups on the quartz surfdes. i andj including the partial atomic charges, and the LJ well-
schematic representation of these systems is shown as model 2lepth,e;, and minimum interaction radiuBminjj, used to treat
on the right panel of Figure 2. the van der Waals (VDW) interactions. Typicalby,and Rmin;

All molecular dynamics (MD) simulations were performed are obtained for individual atom types and then combined to
using periodic boundary conditions. The length of the simulation yield ¢ andRminj for the interacting atoms via combining rules.
cells was determined by performing constant pressure MD In CHARMM ¢ values are obtained via the geometric mean
simulations with the algorithm developed by Berend¥eA. €j = SQrtEi*¢) and Rninjj Via the arithmetic meanRminj =
partially flexible cell was employed with the magnitude of the (Rminj + Ruminj)/2. The dielectric constang, is set to 1 in all
c vector (corresponding to theaxis in Cartesian coordinates) calculations, corresponding to the permittivity of vacuum.
being adjusted to maintain the pressure at 1 atm. The surface Force field development in CHARMM follows a strict set of
normal was orientated collinear to thelimension while thex steps to ensure consistency and quality of the determined
andb vectors were kept fixed. Long-range electrostatic interac- parameters. Consistency is the ability of a parameter set
tions in CHARMM were truncated due to the Ewald summation geveloped for a class of compounds to be used in conjunction
algorithm being incompatible with the covalent linkages between vith parameter set(s) developed for different classes of com-
the primary and image atoms. Nonbonded interactions were nounds, An example is the present work where the newly
computed on an atoratom pair basis using the constant developed parameters for quartz can be used with existing
dielectric of 122 Force shift and force switch smoothing of the  cHaARMM parameter set®¥ The quality of a determined force
electrostatic and Lennard-Jones (LJ) interactiBmespectively, field is judged by its ability to reproduce a variety of selected
were performed with the force switch initiated at 10 A, "eyperimental or calculated properties. These are often referred
nonbonded interactions truncated at 12 A, and nonbond pair 5 target data. The methodology is illustrated in the flowchart
lists were maintained heuristically to 14 A. Hydrogen atoms ot Figure 1 of ref 29 and will not be described here. It relies on
were constrained at their equilibrium bond length distances using ihe reproduction of the target data for small molecules also
the SHAKE algorithnt® The equations of motion were inte-  yeferred to as model compounds. These small molecules are
grated using the Verlet algorittithwith a 2 fstime step. The  gimplified models of the real systems and are designed to carry
temperature was maintained at 303 K using the Ndsever — their most significant characteristics. For example, if the real
chain thermostat’ Coordinate sets were saved every 5 ps for gysiem has an exposed acidic group relevant for interactions
subsequent analysis. The total simulation length was 6 NSyt the environment, the model compound will include the
although only the last 5 ns were used in the analysis, the first game acidic group. In the CHARMM methodology bonding
nanosecond being considered as equilibration. parameters are optimized to reproduce geometries, vibrational
spectra, and conformational energies for the model compounds.
Partial atomic charges and LJ parameters are optimized by
reproducing minimum interaction energies and geometries

The CHARMM empirical force field is well described in the  between a water molecule and the chemical groups of the small
literature?®:2” The total energy of a system is calculated by molecule in a variety of orientations along with various
summing different terms given in eq 1. It is composed of a experimental condensed phase properties when available. The
bonding part that includes bond, angle, torsion, Urey-Bradley, target interaction energies and geometries with water are
and improper torsion terms and a nonbonding part comprising calculated at the ab initio HF/6-31G* level of the theory. Again,

3. CHARMM Parameter Development. Methodology and
Results

electrostatic and LJ terms this QM level is used to maintain compatibility with the
remainder of the force fieléf
UR =5 k(b— by)® + g kos(S— S)° + The first step to determine high-quality force field parameters
bonds is the selection of adequate model compounds. In the present
Z ky (6 — 90)2 + Z kx(l + cosfy — 9)) + case assumptions had to be made on the nature of the real system
afigles diHedrals itself. Silica surfaces are intrinsically complicated and the
k. o(¢ — %)2 + simplified model consists of slabs terminated by silanol groups
imdopers P (hydrophilic surfaces). We also consider hydrophobic surfaces

hydrogen atoms resulting in silane {3i) fragments (see Figure

1). Model compounds were designed to include functional
groups present in the bulk and on the surface of silica, including
Equation 1 is a function of several variables: the bond length, SiO; units and S-OH or Si-H groups, respectively. Depending

b, the distanceS, between atoms separated by two covalent On the surface, surface silanols can be single or double
bonds (1,3 distance), the valence anglehe dihedral or torsion ~ (geminal). A simplification was introduced and consists of
angle,y, the improper anglep, and the distance between atoms considering only double surface groups in the parameter
i andj, rj. The ability of the CHARMM force field to describe ~ development process. Accordingly, simple model compounds
different systems relies on the choice of parameters in eq 1.0 include these components were designed and are shown in
These include the bond force constant and equilibrium distance,Figure 3. Compound A contains -SO—-Si and O-Si—H

Ky and by, respectively, the Urey-Bradley force constant and fragments and was used as a target to optimizedsand Si-H
equilibrium distanceKus andS, respectively, the valence angle bond terms, StO—Si and O-Si—H angles, and SiO—Si—O
force constant and equilibrium angléy, andd,, respectively, and Si-O—Si—H torsions. Compound B was used to optimize
the dihedral force constant, multiplicity, and phase angle, =~ Si—O(H) and G-H bond terms, StO—H angle terms, and

n, and d, respectively, and the improper force constant and O—Si—O—H dihedral terms.

equilibrium improper angleKinp and ¢o, respectively. These Bond, angle, and dihedral force constants associated with the
terms are referred to as the bonding parameters. Also optimizedmodel compounds were optimized by reproducing QM vibra-

G Ruingj| 2 Ruini ) resulting from the saturation of silicon dangling bonds with
) Sii -2 (1)
nonbondpair 47[60['“-

I

ij rij
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Figure 3. Model compounds used for the optimization of internal

parameters. Model A (left) was used to optimize-8iand S+-H bond

terms, S-O—Si and O-Si—H angles, and StO—Si—0 and S-O—

Si—H torsions. Model B (right) was used to optimize-%)(H) and

O—H bonds, SO—H angles, and ©Si—O—H dihedrals.

TABLE 1: Comparison of QM and CHARMM Geometries
of Compounds A and B (Figure 3}

compound A compound B

OM CHARMM QM  CHARMM
Bonds (A)

Si—O(Si) 1.636 1.635 1.633 1.636
1.634 1.649 1.639 1.648
Si—O(H) na na 1.650 1.629

1.645 1.640

Angles (deg)

Si—0-Si 162.2 138.1 142.6 129.3
179.5 129.3 140.1 138.1
0-Si—0 111.4 108.6 107.2 108.6
O(H)-Si-O na na 1111 107.5

1111 114.2

109.2 114.4

107.3 106.8
O(H)-Si—O(H) na na 106.9 109.4
Si—O(H)—H na na 115.3 127.7

114.8 137.8

H-Si—H 1111 109.4 na na

ana, not applicable to this compound.

tional spectra. The QM calculations were performed at the
B3LYP/6-31G* level, and the frequencies were scaled by 8-96.
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Figure 4. Model compoundwater interactions used for the optimiza-
tion of nonbonded parameters. Note that monohydrates were studied
although all waters are presented simultaneously in the figure. Interac-
tion energies and distances are shown in Table S5 of the Supporting
Information.

mental value is 1430 The O-Si—O angles have a larger
variation, between 98.7 and 114.the experimental ones being
109.5 and 1129

4., Results and Discussion

4.1. Parameter Testing and Validation. Dynamics of
Water in Confinement. In recent years a considerable amount
of interest has been dedicated to the investigation of dynamic
properties of liquid water under spatially restricted conditions.
When water molecules are adjacent to surfaces or filling cavities,
their properties are often altered relative to the bulk state. The
effect may result purely from restrictions on the diffusion of
water, may be caused by physical-chemical interactions between

Presented in Table S4 of the Supporting Information are the the solid and water molecules, for example, H-bond interactions,

QM and CHARMM vibrational spectra, including the assign-
ment of the modes computed at the QM level. In Table 1

or may be a combination of both. This phenomenon is referred
in the literature asvater in confinement

minimized bond lengths, valence angles, and torsions determined Experimental research in this area has been inspired by recent

at the B3LYP/6-31G* level for the two model compounds are
compared with the equivalent CHARMM results. There is a

progress in physical methods, such as quasi-elastic or inelastic
neutron scattering’ An overview of this topic has been

good agreement on the bond distances, thus validating the choiceublished recently® In particular, the structure of water confined
of the model compounds. The differences are smaller for in various types of porous silica has been repoffed.One
compound B (see Figure 3A) because its target data weresuch method, the experimental “vibrational density of states”
reproduced more accurately since it gives a more realistic (VDOS) spectra of confined water, is directly relevant for the
approximation to the hydroxylated quartz surfaces. The agree-present topic of discussion in which the experimental and
ment on the angles is poorer. However, due to the fact that thecomputed results will be compared. VDOS is easily accessible
force constants associated with these coordinates are small, thisrom MD trajectories as the Fourier transform of the velocity
is not a significant problem and the angles and torsions can autocorrelation function. In practice, one takes short MD

easily distort in the crystal to reproduce their experimental

simulations, for example, 1 ps long, and saves the coordinates

values. LJ parameters and partial atomic charges were optimizecevery 1 fs. The computed VDOS spectrum is the Fourier
by reproducing the interactions between water and the modeltransform of the velocity autocorrelation function. In the present

compounds. In addition to the optimization of the internal

work VDOS spectra from three experimental studies are

parameters, compound B (Figure 3B) was also used in the compared with the computed ones. Funel and co-wotkéts
optimization of the nonbonding parameters, with the interactions studied VDOS spectra and single-particle dynamics of water

with water being depicted in Figure 4.

Testing of the newly developed parameters was also per-

formed by optimizing the geometry of the two quartz slabs,

(011) and (100), as in the MD simulations in the presence of

molecules confined in nanopores of Vycor glass and Crupi and
co-worker46 analyzed the behavior of water in bulk and when
it is confined in a sol-gel porous glass.

VDOS of confined water exhibits some specific features.

water. Topology and parameter files for both surfaces are First, the peak associated with the hindered translational modes,
provided in the Supporting Information. The agreement between identifiable as intermolecular bending motions, occurring be-
the optimized structures and crystalline quartz is again good. tween 6 and 8 meV, is significantly attenuated, indicating a

Empirical computations of SiO bond distances are between

reduction of this degree of freedom upon confinenténélt is

1.622 and 1.686 A and compare with the experimental values also shifted to higher frequenci&s.Second, there is an

of 1.600 and 1.615 A. There are no significant differences
between results from (011) and (100) surfaces. Calculated Si
O—Si angles range between 134.6 and 140a8d the experi-

enhancement of the librational modes having the lowest moment
of inertia (centered at about91 meV) which results in the
shifting of the librational peak~70 meV) to higher energies,
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WL L L L AL AL BN LA L LN AL LA LA LA BN L Water molecules inside cavities are able to interact with other
water molecules and with the surface atoms, for example,
through H bonds, and have their movements restricted in all
directions but one, corresponding to the opening of the pore.
The model used in this study varies from experimental condi-
tions since restriction on the movement of water only occurs in
the direction perpendicular to the surface due to the proximity
of the quartz surfaces. Experimentally water is constrained in
all directions except one, corresponding to the opening of the
pore. However, the results in Figures 5 and 6 provide support
£ - that the newly derived parameters are compatible with the
iy oy — Nw= existing CHARMM parameters (see Figure 5 and Figure 6). It
" w =252 . .
would be very interesting to extend the present work and
* * *Nw=474 perform the calculation with a more realistic cavity structure.

— Bulk water 4.2. Layering Effects of the Water SlabsQuartz surfaces
3 are expected to disrupt the order of the water molecules in the
direction of normal to the surface due to surface groups
PR I P P O O P O P PO P O P O introducing new surfacewater interactions, for example, new
5 10 15 20 25 30 35 40 45 50 55 60 65 0 75 silanowater H bonds. The distortion of H bonding typical to
Energy gain, h (meV) bulk waters has been suggested by studies of water confined in
Figure 5. VDOS of water confined between quartz slabs. VDOS of Vycor glasé’#8and in contact with other surfac&s>°To gain
bulk water is shown in gray. insight into the microscopic structure of water adsorbed on
quartz surfaces, an in-depth analysis of the present MD
LA B B S B B B s B B B B B trajectories was performed. Layering effects on water introduced
y by the surfaces were analyzed for both the (011) and (100)
L Nw = 252 o/ guartz surfaces under the conditions depicted in model 1 (Figure
- - Nw=474 > 2A). Quartz is covered by silanols on one face and silane groups
L Bulk water N on the other. The silanol-covered surface is purely hydrophilic
7 in contrast with the all silane face, which is hydrophobic. The
computed density profiles are shown in Figure 7. The light-
shaded peaks mark positions of the quartz surface hydrogen
atoms, irrespective of type of surface group. The hydrophilic
side of the (011) surface shows bimodal distribution of silanol
hydrogen atoms from two structurally distinct groups of silanol
groups on this surface. On the hydrophilic side the first layer
of water starts closeotO A for both (011) and (100) surfaces.
S 5 4 6 8 o 1z 1 w20 3 On the hydrophobic side the first layer of water starts ap-
Energy gain, b (meV) proximately at 30 A when adsorbed on (011) and approximately
Figure 6. Detail of the attenuation of the translational peak upon at 33 A when adsorbed on (109) surface. The density -pr(.)flles
confinement. are not constant along tlzeoordinate and take a value similar
to that of bulk water at abaw A from both the hydrophilic

S . L . and hydrophobic hydrogens on the (011) surface. The influence
indicating hindrance of the librational motions because of the of the (100) surface on water is more extensive, with water

presence of the surfaééComputed VDOS spectra of confined eaching its bulk density 12 A from the hydrophilic hydroxy!

water are presented in Figure 5. Two systems were generate . .
by confining 252 and 474 water molecules between a quartz({1y0|r0gens and 13 A from the hydrophobic hydrides. Closer

slab and its image. To avoid hydrophobic effects, both faces of Inspection of the prpfiles reveals iqteresting features. On the
the quartz slabs were terminated with silanol groups as depicted(01l) surface, there is an accumulat_|on of water near the silanol
in model 2 of Figure 2. Three main features of the simulated groups. Water has some overlap with the surface silanols, _and
confined water were observed. For all systems, confined andNiS i represented by the black area of Figure 7, starting
bulk water alike, the computed and experimental spectra have@PProximately at 0 A. After this area of accumulation there is
a similar shape (see Figure 5). The hindered translational peak® Smaller area of depletion followed by a very small area of
at ~6 meV and the broad librational peak &65 meV are accumulation before reaching the bulk density at &goki from _
clearly defined and follow the experimental cuifeThe the hydroxyl hydrogens. On the other hand, on the hydrophoblc
attenuation and upshifting of the hindered translational peak is Side the effects of the surface on the density profile are more
evident as the depth of the water slab decreases (Figure 6). Thesgvident. Water is shifted away from the surface and no
plots are shifted along thg axis in order to have common  significant penetration occurs. There is a very strong accumula-
minima at~13 meV. The librational peak at approximately 55 tion of water aboti2 A from the last hydride layer. This
meV is typical for both the confined and bulk simulated states corresponds to the very large band visible on the right of the
but does not change with confinement. This deviates from the top panel of Figure 7. Following the region of high accumula-
experimental findings, which suggest an upshifting when water tion, there is an area of strong depletion~a27 A. This is

is confined®”#6The librational peak results from the librational followed by increasingly smaller areas of accumulation and
(rocking) modes around the three possible symmetry axes ofdepletion until the bulk density is finally restored at ap-
water. proximatey 8 A from the last hydride layer.

Z(m), (arb. units)

Frequency Distribution Function,

Frequency Distribution Function,Z{ @), (arb. units)
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A T T T _ leaving fewer gaps into which water can diffuse. On quartz (011)
' f P Pl only on the hydrophilic face is there significant overlap between
water and quartz slabs and it is due to formation of H bonds
between surface hydroxyls and water molecules. On the
hydrophobic side, water is repelled away from the surface by
the silane groups, building up a large accumulation layer nearly
3 A wide (Figure 7A). The situation on quartz (100) is reversed.
i . The distribution of surface groups allows for sufficiently large
5 /w l areas into which water molecules can adsorb onto the surface.
| On the hydrophilic face this originates the distinct black peak
I in Figure 7. Water is able to occupy the void spaces bounded
. o by the protruding silanols. Interstitial waters are then stabilized
o RN R R by water-water and silanetwater H bonds. On the hydropho-
B H : SRR RN d 1 bic face the interpenetration of water molecules is smaller but
AESY  EEESEESSEEEEESEEEEEEEEEEEEEE] | GHE still enough to show some overlap with the surface hydrides.
4202 A 0 B0 6 IS 2022 226 28 30 A2 The peak is narrower than that on the hydrophilic surface

Number of waters
FN
|
e ————

[E)
I

Distance (A) because the surface is water repellent and waters can only be
we—_— stabilized by waterwater H bonds while simultaneously
B @y ] avoiding surface-water interactions. This leads to fewer waters
= RS o ' ' N | inside the cavities. The position of the first accumulation peaks
e Lon HO I at less tha 3 A from the surface silanols in both surfaces and
E oM HO is an indirect indication for the existence of silan@later H
g i-OH H,0 N bonds. A more quantitative picture is given below in section
= ) 4.4 where the nature and distribution of water H bonds is
5 1 analyzed.
'E EREEEEERREERRERRRRRRERRNAE | & 4.3. Space and Time Correlation of Water. The Van Hove
= VS IWENE R VARNE S SR Ta a1 Self-Correlation Function. More insight into the effects of
L P f i f quartz surfaces on adsorbed water can be obtained by analyzing
7 the correlation in the positions of the same atom at different
times. This is done with the help of the Van Hove self-
SIS E R RRRERRREERERNENREEE correlation function,Gg(r,t), a function introduced by Van
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 HOVél Wthh iS deﬁned as
Distance (A)
Figure 7. Density profiles for water adsorbed on quartz. Orange N
represents the surface hydrogen atoms and the black areas mark the Gs(r,t) = N ofr +r,(0) — ry()]0 (2)

layers where surface hydrogen atoms coexist with water oxygens. i=

The density profile of water changes more dramatically when The physical interpretation of the Van Hove correlation function
in contact with the (100) quartz surface (Figure 7B). On the is that 412G t) dr gives the probability of finding a particle
hydrophilic side there is a significant penetration of water in in a volume element around the poméat timet, given that the
the interstices formed by the surface hydroxyls. These waterssame particle was at the origin at tirhes 0. Formula 2 can be
form a distinct first layer although its density is about half of evaluated directly from MD simulations. The dependence of
that of the bulk phase (black region on the bottom left of Figure the Van Hove self-correlation function (VHSCF) for water
7). Contrary to (011), the region of strong accumulation of adsorbed on the hydrophilic faces of quartz (011) and quartz
waters is not contiguous to the hydroxyl hydrogen atoms layer (100) is shown fot = 20 ps (plot of 4r?Gg(r,20)) in Figure 9.
but occurs at abdw2 A away. The regions of accumulation (At t = 20 ps. the effect of the surfaces on the properties of
and depletion are more extensive than those on (011) and wateradsorbed water is clearly observed.) The calculations were
only reaches its bulk density 12 A from the hydroxyl hydrogen performed for selected slabs measured from the quartz faces.
layer. The profile close to the hydrophobic side of (100) is The influence of the surfaces on water is clear for both surfaces,
similar to the hydrophilic side with water reaching its bulk and on the 20 ps time scale the mobility of water follows the
density 13 A from the last hydride layer. This result is extremely same pattern for both surfaces. The stratification of water is
interesting since we have roughly the same profiles for surfacesagain evident. Waters that at timhe= O ps fill the interstices of
of completely different nature. This prompted us to look at the quartz (100) or are in the first layer when adsorbed on quartz
microscopic interactions between water molecules and the way(011) (i.e., those between 0@ A or 0-3 A, respectively)
they are disrupted by the different surfaces. are the slowest. The maximum of the VHSCF for these waters

To summarize, two distinct effects on the slabs of water have occurs at approximatel7 A and progressively increases to larger
to be explained. One is the existence of the interstitial waters distances upon moving to the bulk phase. The explanation for
(black areas in Figure 7). The second is the position of the first this behavior is based on the ability of the surface silanol groups
accumulation layers in relation to the silanol and silane surface to interact with water molecules through formation of silanol
groups. A qualitative explanation is given next in terms of the water H bonds (see Table 2 of section 4.4 for the average
geometrical properties of the two quartz surfaces. Shown in number of silanotwater and waterwater H bonds per oxygen
Figure 8 are probability densities of the surface silanol oxygen atom).
atoms. The density of the surface silanes follows a similar  The peaks for the outermost slabs, between 6 and 15 A on
pattern. On quartz (011) (Figure 8A) the density of silanol quartz (011) and between 5 and 15 A on quartz (100) (see Figure
groups is much higher than that on quartz (100) (Figure 8B), 7), occur between 9 and 10 A in both cases. Interesting is the
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Figure 9. VHSCEF for water adsorbed on the hydrophilic surfaces of

guartz (011) (A) and quartz (100) (B) @t = 20 ps. Each plot
corresponds to a layer of water.

behavior of water in the25 A slab of the quartz (100) system.
Recalling the plot of the density distribution of waters, shown
in Figure 7, the 25 A layer of quartz (100) resembles the ®

of the H bonds formed by oxygen atoms in this slab are to
silanol groups. On the other hand, quartz (100) allows water to
fill the interstices formed by the surface silanols, and water
molecules in the 25 A shell are the second layer of water.
The vast majority of silanetwater H bonds are to the interstitial
waters leaving waters in the—% A slab free from surface
interactions. The behavior in the outermost layers16 A and
5-15 A for the quartz (011) and quartz (100) systems,
respectively, is very similar. The peak of both curves occurs at
the same distance, and the curves are virtually identical.

4.4, Microstructure of Water. Effects on the H-Bond
Network. The effect of the surfaces on the microstructure of
water, particularly on the H-bond structure, is analyzed in this
section. From previous sections it has emerged that water in
contact with quartz has significantly different properties than
water in the bulk phase and that this behavior differs for the
two surfaces. The present section is aimed at investigating the
molecular arrangements and interactions responsible for this
behavior. The single most important factor for the structure and
properties of liquid water is the network of H bonds in which
the water molecules participate. Two water molecules are
considered to be H bonded if the separation of the oxygen atoms
is less than 3.5 A and the-©0O—H angle is less than 3¢253
The first coordination shell of water, as measured by its
oxygen—-oxygen radial distribution functions, extends to ap-
proximately 3.5 Ag4

Although not part of the definition above, the®t--H—OH
separation is the simplest and most intuitive quantity to look at
when investigating the properties of H-bonded waters. Shown
in Figure 10 are distributions of watewater H-bond distances
for quartz (011) and (100). The water slabs are divided into
layers corresponding roughly to the areas of accumulation and
depletion closer to the surfaces (Figure 7). The distributions
are normalized to the number of waters contained in each slab,
such that the height of each distribution function is proportional
to the number of H bonds formed by each water oxygen atom.

A slab adjacent to quartz (011). Both slabs constitute the first In Figure 10 the upper panels are for water adsorbed on the
accumulation layer in contact but outside quartz and both havesilanol faces and the lower panels are for adsorption on the
their maximum at approximatel2 A from quartz. However, hydrophobic (Si-H) surfaces. As may be seen in parts A and
significant differences exist between the two slabs. Waters in B of Figure 10 (quartz (011) system), the distributions of
the immediate vicinity of quartz (011) are much more restrained H,O---H—OH distances are almost identical for all layers, the
than waters inside the-5 A slab on the quartz (100) system. only significant difference being the height of the plot for the
In agreement with results presented below, namely, the analysisnnermost slab that is significantly lower than the others. This
of the H-bonded patterns of water in the different slabs (see is an indication of competitive H-bond formation between
section 4.4), the explanation relies on the differential ability of surface silanols and nearby water molecules. Analysis of water

water molecules to form silanelvater H bond interactions with
the surface. For the quartz (011) system, waters—8 & are
the first layer of water molecules and can form watsgitanol

adsorbed on quartz (100) shows the same effects, only magnified
(see Figure 10C and Figure 10D). For waters in the innermost
layer on the hydrophilic side, the height of the®--H—OH

H bonds with the surface. Table 2 (section 4.4) shows that 29% distance plot is much lower and the peak is broader than that
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TABLE 2: Average Number of Water—Water and Silanol—Water H Bonds per Water in Different Slabs?

quartz (011) quartz (100)
slab HOH--OH, (Si)O—H-+-OH, slab HOH--OH, (Si)O—H-++OH,
0-3A 1.172 0.472 62A 0.686 1.032
3-6A 1.662 0.003 25A 1.341 0.348
27-30A 1.616 na 59A 1.646 0.000
24-27 A 1.642 na 31.533A 1. 465 na
21-24 A 1.641 na 2931.5A 1.612 na
25-29 A 1.640 na
@na, not applicable.
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Figure 10. Distribution of water-water H-bond separations,8---H—OH for waters adsorbed on quartz (011) (A and B) and quartz (100) (C and
D). Each plot corresponds to a different layer, measured from the quartz surfaces. The top and bottom drawings are for water adsorbed on the
hydrophilic and hydrophobic sides, respectively. The plots are normalized to the total number of waters in each slab.

for the outer layers. On the hydrophobic face the shapes of thel.7 and 2.2 A. A molecular picture of the arrangement of the
H,0---H—OH distributions for the three layers are very similar water molecules in contact with the surfaces is given in Figure
although the height of innermost layer is somewhat smaller. 11. It shows the positions of waters and quartz slabs in the last
These observations prompted a careful analysis of the causesframe of the simulations. The filling of the void spaces is evident
Table 2 shows the average number of wateater H bonds in the quartz (100) surface (Figure 11B).

per water for each of the slabs, and the results are totally Another way to investigate the interactions between surface
consistent with the qualitative observations of Figure 10. For atoms and water and between water molecules themselves is
the innermost layers on the silanol-covered faces of the two by looking at the distribution of the ®©O—H angles. As may
systems there are significant numbers of (Si¥D--OH, H be seen in parts A and B of Figure 12 the distribution for waters
bonds. For quartz (100) these interactions comprise the majority adsorbed on quartz (011) has similar shapes for the hydrophilic
of H bonds in which water molecules participate. In section and hydrophobic faces. The height of the innermost water layer,
4.2 the deeper penetration of water molecules in the interstitial represented by the black continuous line, between 0 and 3 A
spaces between the surface groups, either silanols or silanes, iron the hydrophilic side, is considerably lower than when moving
quartz (100) was noted as compared to quartz (011). This istoward the bulk phase layers. The effect was also observed on
possible because, as noted in Figure 8, there are void spaceshe distribution of the KHO---H—OH distances distribution and
big enough that can be filled by water molecules. Competitive corresponds to the formation of H bonds between water and
formation of silanot-water H bonds for both systems, enhanced the silanol groups on the surface. On the hydrophobic side water
by diffusion and concentration of water molecules in the molecules cannot be stabilized by interaction with surface silanol
interstitial spaces between the surface silanol groups on quartzgroups so the distribution of ©@O—H angles between waters
(100), is responsible for the different heights observed on the is virtually identical in all layers, corresponding to having a
H,O---H—OH distances. These phenomena do not impart any constant number of watewater hydrogen bonds per oxygen
changes on the shapes of the distributions. The peaks are sharptom (see Table 2). The plot of the distribution of-@—H

and the majority of the bD---H—OH distances fall between water—water H bond angles for water adsorbed on quartz (100)
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Figure 11. Snapshot of the last frame of the MD simulations for both (011), left drawing (A), and (100), right drawing (B). The penetration of
waters in the void spaces created on the quartz surfaces is visible, particularly on quartz (100).
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Figure 12. Distribution of water-water H-bond angles, ©O—H, for waters adsorbed on quartz (011) (left) and quartz (100) (right). Each plot

corresponds to a different layer, measured from the quartz surfaces. The top and bottom drawings are for water adsorbed on the hydrophilic and
hydrophobic sides, respectively. Each plot is normalized to the total number of waters in each slab, and its area is proportional to the number of
water-water H bonds per atom.

is shown in parts C and D of Figure 12. On the hydrophilic is slightly smaller than those on the other slabs as a consequence
side the layer of water between Och@ A has fewer water of the geometric constraints that hinder formation of some H
water H bonds and the curve representing it is much lower than bonds (see Table 2).

for other slabs as a consequence of formation of watganol The combined analysis of the distance and-O—H angle

H bonds. For the next two layers considered, between e 2  distributions for waters in different slabs reveals a remarkable
A and 5-9 A shells, the distribution of @-O—H H-bond angles uniformity. Apart from differences in the height of the curves,
steadily increases to values similar to those observed on thewhich are related to the average number of H bonds per water,
(011) surface and the average number of wavester H bonds the vast majority follow the geometric criteria to be considered
per oxygen reaches its bulk value. On the hydrophobic side theH bonds. This is evidenced by the fact that most of the
behavior is similar to that observed on the hydrophobic side of H,0:--H—OH distances occur between 1.7 and 2.2 A, with the
quartz (011), although the curve for the first peak is slightly maxima occurring at 1.9 A. The-©0—H angles are distributed
smaller than the next ones. The explanation relies on the between 7 and 20with the peak occurring at approximately
geometric characteristics of the surface and on the interstitial 12°.

diffusion of some water molecules between the-8igroups. The local arrangement of water molecules was also analyzed
The average number of watewater H bonds per water oxygen by looking at the distribution of ©-0O---O angles between
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Figure 13. Distribution of O--O---O angles for H-bonded water molecules adsorbed on quartz (011) (left) and quartz (100) (right).The curves are
normalized to the total number of angles present in each shell.

waters. Results are given in Figure 13 for water adsorption on  An extensive series of calculations of TIP3P water confined
quartz (011) and quartz (100). Analysis of the distribution of between slabs of quartz has shown that the new parameter set
0O---0--+0 angles gives a better assessment of the geometricalfor silica is able to reproduce important features of experimental
constraints imposed on the water molecules, for example, whenneutron scattering of water confined in Vycor glasses ang sol

in close contact with the surfaces, since it spans a larger areagel silica3”4>46An experimental VDOS spectrum of confined
and is more likely to change. The curves are normalized to the water has revealed distinct features as compared with the bulk
total number of angles present in each shell, so they havestate. There is a decrease of the hindered translational peak at
approximately the same height. For water adsorbed on quartz~6 meV and the broad librational peak is shifted to higher
(011) the difference between the two layers is small, although energies. Simulations with the newly developed parameters show
the innermost slab is shifted toward lower angles. For water a decrease of the rotational peak with increasingly more drastic
abowe 3 A on thehydrophilic side and in all slabs of the confinement conditions as observed experimentally. However,
hydrophobic face, the distribution of-©0-:-O angles has its  the librational peak was found to be insensitive to confinement.

maximum at 105, being close to the tetrahedral angle of  Other calculations were performed to analyze the behavior
109.5. For water adsorbed on quartz (100) the distribution of of water adsorbed on quartz on the nanosecond time scale. Two
0O---O-+-O angles follows a totally different pattern in the layers  gifferent surfaces were considered in the study, resulting from
close to the surface. For the hydrophilic side the distribution of fracturing quartz along different planes: (011) and (100). Quartz
angles spans a large range of values with similar probabilities, (011) was modeled with single silanols on one face and single
from 55 to 90. On the hydrophobic side, the peak corresponding sjlanes on the other. Quartz (100) was modeled similarly, having
to the first shell is sharper and the maximum occurs &t 85  geminal groups instead of single groups. The density profiles
This is in accord with recent work where a peak corresponding of water along the normal plane to the surface were analyzed
to interstitial waters was found at54°.47-48 Diffusion of water first and yielded important results. There is some overlap
into the interstitial spaces on .both faces of quartz (100), petween water and the hydroxyl hydrogen atoms on the
supplemented by formation of silarelvater H bonds on the  hygrophilic side of quartz (011), while on the hydrophobic face
hydrophilic face, causes water to be spatially constrained. This\yater moves away from the surface and generates a large area
effect does not show on the-@0—H angles or HO---H—OH of accumulation at approximatel A from the hydrogen layer.
distances because those are less spatially sensitiveD-H On quartz (100) there is a significant overlap between water
angles and kD---H—OH distances depend on interactions of oyygen atoms and hydrogen atoms of silanol or silane groups
two water molecules while @0O---O angles involve three water i hoth hydrophilic and hydrophobic faces. The effect is more
interactions. visible on the hydrophilic side and a distinct area of accumula-
5. Conclusions tion is formed. These results were explained by considering the
The two main goals of this study were (i) optimization and differences in the densities of the surface groups between quartz
presentation of a newly developed set of CHARMM force field (011) and quartz (100), the (100) allowing water molecules to
parameters for silica and (ii) proof that it provides reliable migrate to the interstices formed between the surface groups.
representation of the picosecond and nanosecond dynamics of-or all surfaces following an area of accumulation there is an
water in the vicinity of quartz crystalline surfaces using MD area of depletion, becoming increasingly damped as the distance
simulations. from the surface increases, before reaching the bulk state.
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The structure of water was then analyzed, in particular the  (15) Brucrll,hJ.; Rehn, S.; Rehn, B.; Borm, P.; Fubini,IB. J. Hyg.

- i i . O— eeee ietribii- Environ. Health2004 207, 203.
H bond interactions. O.O H and G--O-+-O angle distribu (16) Murashov, V. V.; Harper, M.; Demchuk, E. Submitted for publica-
tions were plotted for different shells of water molecules close jon iy 3. Occup. Eniron. Hyg.
to the surfaces. Plots of (Siy¢H:--OH; bonds and ®-0O—H (17) Sindorf, D. W.; Maciel, G. EJ. Phys. Chem1982 86, 5208.
angles have similar profiles for all surfaces, with maxima at 89(;%)7 Fyfe, C. A; Gobbi, C. G.; Kennedy, G. J. Phys. Chem1985
apprquately 1.9 Aand 12 respectively. The height of b.Oth '(19) .Schlegel, M. L.; Nagy, K. L.; Fenter, P.; Sturchio, N.@sochim.
plots is related to the number of H bonds per water, and in the cosmochim. Act2002 66, 3037.
first shell they can form fewer H bonds than other waters in  (20) Tsuneyuki, S.; Tsukada, M.; Aoki, H.; Matsui, Phys. Re. Lett.
outer layers. Competing formation of H bonds to surface atoms 1988 61, 869. ' .
or impossibility of forming H bonds at all due to geometric Let(tzjl-)g%aggeis)tésa W. H.; Kramer, G. J.; Vansanten, RPRys. Re.
restrictions is the reason. The@-+-O profiles indicate that (22) Hill, J. R.; Sauer, JJ. Phys. Chem1994 98, 1238.
intermolecular water assumes a tetrahedral arrangement in all (23) Schroder, K. P.; Sauer, J. Phys. Chem1996 100, 11043.
cases except for the first layer of each surface where there i582(24) Demiralp, E.; Cagin, T.; Goddard, W. Rhys. Re. Lett. 1999
S|gn|f|pant dlffusmn into the surface interstices or strong H- '(25) Herzbach, D.: Binder, K.; Muser, M. H. Chem. Phys2005 123
bond interactions to SL_J_rface atoms occurs. In these cases the (26) Brooks, B. R.: Bruccoleri, R. E.; Olafson, B. D.; Sates, D. J.:
O--+O---0 angle is significantly lower than the ideal tetrahedral Swarninathan, S.; Karplus, M. Comput. Cheml983 4, 187.
value of 109. The most evident effect occurs on hydrophilic _ (27) MacKerell, A. D., Jr.; Brooks, B.; Brooks, C. L., Ill; Nilsson, L.;

- . Roux, B.; Won, Y.; Karplus, M. CHARMM: The Energy Function and Its
quartz (100) and parallels the experimental results for water in Paramerization with an Overview of the Program. Hncyclopedia of

confinement. Computational ChemistrySchleyer, P. v. R., Allinger, N. L., Clark, T,
The dynamic properties of confined water were investigated Gasteiger, J., Kollman, P. A., Schaefer, H. F., IlI, Schreiner, P. R., Eds.;

; _ ; ; John Wiley & Sons: Chichester, 1998; Vol. 1; p 271.
through analysis of the Van Hove self-correlation function. (28) Frisch, M. J. Trucks, G. W. Schlegel, H. B.: Scuseria, G. E.: Robb,

Water in shells closer to the surface travel smaller distancesy "} cheeseman. J. R.; Zakrzewski, V. G.. Montgomery, J. A., Jr.:
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