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A recently developed force field for interactions of water molecules with the (110) surface of oufil€g)

has been generalized for atomistically detailed molecular dynamics simulations of the interfacial structure of
the uncharged mineral surface in contact with liquid SPC/E water at 298 K and 1 atm and for negatively
charged surfaces in contact with SPC/E water containing dissolved electrolyte iohs3iRh Zn**, Na*,

C&", CI). Both hydroxylated (dissociative) and nonhydroxylated (associative) surfaces are simulated, since
both types of watersurface interactions have been postulated from ab initio calculations and spectroscopic
studies under near-vacuum conditions. The positions of water molecules at the interface were found to be
very similar for both hydroxylated and nonhydroxylated surfaces, with either terminal hydroxyl groups or
associated water molecules occupying the site above each terminal titanium atom. Beyond these surface
oxygens, a single additional layer of adsorbed water molecules occupies distinct sites related to the underlying
crystal surface structure. The water structure and mobility quickly decay to the bulk liquid properties beyond
this second layer. The hydrogen-bonding structure and water orientation in these first two oxygen layers are
somewhat sensitive to the hydroxylation of the surface, as are the electrostatic profiles. For all simulated
properties, including space-dependent diffusivity of water molecules, the influence of the interface is negligible
beyond distances of about 15 A from the surface. Increasing the temperature to 448 K while maintaining the
density at the liquietvapor saturated condition had minimal effect on the interfacial structure and electrostatic
properties. These results are foundational to the simulation of dissolved ion interactions with the surface and
the comparison of the simulation results with X-ray standing wave and crystal truncation rod measurements
of water and electrolyte solutions in contact with rutile (110) single-crystal surfaces presented in Part 2 of
this series.

1. Introduction solutions in contact with solid phases, nutrient bioavailability
Mineral—aqueous electrolyte solution interfaces are of com- and bacterial attachment, corrosion, crystal nucleation and

mon occurrence in natural and industrial environments. In the 90Wth, and a myriad of natural and industrial processes.
interfacial region, the solution properties and the crystal structure ~ The description of the surface charging process on metal
both deviate from the characteristics of the bulk phasEse oxides has been made traditionally through one-site/tio-p
surface adsorption of ionic species from the aqueous solutionmodels, i.e., by assuming that the protonation (deprotonation)
generates an accumulation of net charge at the surface that mugerocess characterizing the amphoteric nature of the surface takes
be balanced by countercharges in the fluid vicinity of the place on a single (chemically homogeneous) type of surface
interface and the chemical interaction of water with the mineral site? Typically these fluid-surface interactions are assessed by
surface involves water dissociation and a variety of atidse titration and electrokinetic measurements, methods that provide
reactions involving successive surface protonation sté&t€his valuable information about the average physicochemical affini-
interfacial region, termed the electrical double layer (EDL), ties of the mineral surfaces present, regardless of the true nature
exerts a profound influence on the stability and transport of specific interaction sites. Recently, the revised multisite
properties of colloids, the mobilities of trace elements in aqueous complexation (MUSIC) model has been developedyhich
guantitatively predicts the partial charges and proton affinities
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inversely proportional to the site’s coordination number. In TABLE 1: Atomic Charges and Lennard-Jones Parameters
addition to surface protonation, full charge compensation of SPC/E Water and lons
requires a plausible description of the structure of the electric o +a\2 [0+ qq,

2r B 2r +4¢reorij

double layer, usually accounted for by some form of the Stern Ej = 4y€€
model of specific ion binding at a discrete plane or planes,
coupled with a Gouy-Chapman description of the diffuse layer

of ion concentrations decaying out to the bulk solution composi- alom 4 (€) oA ¢ (keal/mol)
tion.2 Combined thermodynamic models of surface protonation, S 18'2‘2122 3.166 0.1554
counterion affinities, and double layer structure are collectively Rb* +1 3.528 0.1
termed surface complexation models (SCMs). However, fitting cl- -1 4.401 0.1
macroscopic surface titration and ion adsorption data to SCMs Set +2 3.324 0.1

is ambiguous since the resulting ion binding constants and Stern-

layer capacitance values can take on a range of plausible2. Force Field Derivation
valuest12Molecular simulation can provide detailed descrip-
tions of electrical double layer structure, consistent with the
microscopic fluid environment and the structure of the exposed
surface, and thereby help remove the arbitrariness associate
with the application of SCMs. Furthermore, such simulations
can directly connect with various experimental determinations
of the near surface structure and bonding properties.

In principle, the ideal approach to the simulation of mineral
aqueous interfaces would be to utilize the detailed surface

protong_ﬂon per_\awor, .e., the actual_ aelnhs;]a rea_ctlonls anfd reproduce the phase envelope of bulk water, as well as the liquid
water dissoclation processes occurring at the mineral surtace e strycture, diffusivity, and dielectric properties over a wide

To date, such approaches have not been applied to largg ;g0 of temperature and density conditishdnteraction
molecular ensembles, due to the formidable complexity behind potentials of ions dissolved in SPC/E water, given in Table 1,

the atomistic description of the surface chemistry. Therefore, ;.o available from the literatufé2! Having these potentials,

here we opt for a reasonable compromise between the realismyp,y the interaction potentials involving the rutile surface needed
of a fully atomistic description of the metal-oxide surface (as {5 pe derived.

well as the aq_ueous_electrolyte fluid phase), and the practic_ality The SPC/E model, as most water models used in simulations,
of clas_smal S|r_nulat|on metho_d_s based on WeII-characterlz_ed does not allow for dissociation of water molecules. The

force fields derived from ab initio methods. Consequently, this
approach provides the opportunity to fully characterize the

To carry out molecular dynamics simulation of the rutile
aqueous solution interface, the interaction potentials of all
&pecies must be known. For the aqueous solution (water and
dissolved ions) we employed existing models and potentials.
Water was assumed to be adequately represented by the rigid,
nonpolarizable SPC/E mod®¥ which assigns partial charges
to the oxygen,go = —0.8476e, and two hydrogengy =
+0.4238e, and applies a Lennard-Jones (LJ) potential to the
oxygen site; see Table 1. This model is known to accurately

development of dissociative water models does not seem to have
microscopic behavior of the fluid phase in the neighborhood of ;??Eggethsrgsoé?té% bﬁe?gpléidelr;; u;rgé?gﬁiscgéemiazlratt‘%]:
the mineral surface. requirements resulting from the inclusion of three-body tétms
We limit the current treatment mainly to neutral and or molecular orbital energidMoreover, waterion potentials
negatively charged surfaces, since this effort is part of a are missing for dissociative water models. Therefore we have
coordinated experimental and computational study, which to date chgsen to use the SPC/E water model to be able to immediately
has focused primarily on the SOI’ption of cations on the rutile respond to Ongoing X_ray and pH titration experiments and
surface. More specifically, our goal is to investigate the structure \USIC/SCM modeling? Since a major goal of this effort is
and reactivity of electrolyte solutions in contact with an tg determine the atomic-scale structure of the EDL, we further
atomistically detailed (110) rutile surface when this surface is anticipate that the SPC/E model, which adequately describes
either neutral or negatively charged. This is accomplished by pulk water and electrolyte structural and thermodynamic proper-
choosing conditions similar to those from surface titratidn, ties, will be useful in this context. If a dissociative model of
by aiding and assisting in the interpretation of X-ray standing water was used, the development of surface charge would occur
wave experiments on submerged rutile (110) single-crystal naturally via formation of bonds between surface species and
surfaces;**>and by providing molecular-based details of the O and H atoms of water; that is, adsorption of surface hydroxyls
electric double layer structure needed to clarify the surface modifying the surface charge. With the nondissociative model
complexation modeling resufts? of water, we can still investigate the effect of surface charge
In this paper, we summarize the ab initio derivation of force on interfacial properties, but the surface charge has to be set
fields, relaxed structures, and charges of the ideal rutile (110) explicitly via addition of charged groups (hydroxyls and
surface in contact with aqueous solutidfs$! which is the first hydrogens) on the surface. Having the titration results on
step toward large-scale MD simulations, and introduce the charging of rutile as a function of pH, we are able to link the
interatomic potential models used to describe the (110) rutile conditions of our simulations (surface charge) to pH.
surface, the solvent water, the ions in solution, and their  The first step in modeling of the rutile surface was ab initio
corresponding interactions with one another. The SPC/E watercalculation of relaxed interfacial structure by energy minimiza-
model and the waterion interaction potentials with SPC/E  tion and derivation of the classical force fields for interactions
water are used exclusively in this effort, as will be explained of the surface with water molecules and ions in the aqueous
below. We investigate four types of rutile (110) surface solutionl® The methods and results of this study were similar
depending on the extent of hydroxylation and surface charge, to earlier periodic density functional theory (DFT) calculatiéhs.
namely, the neutral hydroxylated and nonhydroxylated surface Details of the ab initio calculations for neutral surfaces are given
and their negatively charged counterparts. The detailed analysisn ref 16, and therefore the next two subsections are devoted to
of the adsorption of ions (Rh Na", SP*, Ca&*, Zn?*, and CI) describing how these previous ab initio derived structures and
at the interface is presented in Part 2 of this se¥fes. force fields were used in our large-scale molecular dynamics
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Figure 1. Structure of the neutral nonhydroxylated (a), neutral hydroxylated (b), negatively charged nonhydroxylated (c), and negatively charged
hydroxylated (d) rutile (110) surfaces. The Ti atoms are shown in gray, O atoms in red, and H atoms in white. The charging of the nonhydroxylated
surface by addition of terminal hydroxyls, as well as charging of the hydroxylated surface by removal of some bridging hydrogens, is indicated by
arrows in panels ¢ and d.

simulations. Also, a new ab initio-based scheme for assignment The Matsui and Akaod force field for bulk crystallographic
of charges on surfaces bearing net charge and its application inmodifications of TiQ was found to be the best starting point
molecular dynamics simulations is introduced in section C.  for the optimization of surface TiDparameters. When the
Because spectroscopic studies of water interaction with the charges of surface Ti and O atoms were optimized, it was found
rutile (110) surface under vacuum conditions as well as ab initio that the original atomic chargeg = 2.196e andjpo = —1.098e
calculations involving limited numbers of water molecules have can be ascribed not only to Ti and O atoms in deeper layers of
indicated that both molecular water and hydroxyl groups exist TiO, but also with success to surface Ti and O atoms. The
at the surfacé®we chose to simulate the interaction of molecular nonelectrostatic interactions are treated in the form of a
water with the aprotic, vacuum-termination (the nonhydroxylated Buckingham potential (see Table 2), and these approximations
surface), and the surface resulting from sorption of water provide reasonably accurate agreement between force field and
molecules followed by their dissociation into surface hydroxyl ab initio structures generated by energy minimization.
groups (the hydroxylated surface). The interactions between titanium atoms and the oxygens of
A. Neutral Nonhydroxylated (110) Surface.The bulk rutile water molecules (FiO™°) were optimized to give the best
structure is characterized by 6-fold coordinated Ti atoms and agreement between the force field minimization and the ab initio
3-fold coordinated O atoms. The nonhydroxylated (110) surface calculations and are described by a Buckingham potential in
stems from the relaxation of the rutile bulk structure cleaved Table 2. The optimization of the nonelectrostatic interactions
by the (110) plane. Only rows of bridging oxygens (each bonded between the oxygens of rutile and water revealed that it is
to two underlying Ti atoms) protrude out of the surface layer possible to set these interactions equal to those between two
containing 5-fold coordinated titanium and 3-fold coordinated water oxygens; that is, they were set equal to thedd_ennard-
oxygen atoms (Figure 1a). Jones interactions of the SPC/E water model. Similarly, the
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TABLE 2: Parameters of Buckingham PotentiaP for B. Neutral Hydroxylated (110) Surface.The fully hydroxy-
Interaction between Ti and O Atoms lated surface originates from the dissociative adsorption of water
E; = A exp(=ry/p;) — Cij/r".6 on the nonhydroxylated surface. The hydroxyl group from a
water molecule binds to the terminal 5-fold coordinated surface
i Aj (kcalmor?)  pj (A) Gy (kcal mol A°) Ti atom and becomes a terminal hydroxyl. The other hydrogen
Ti—O 391 049.1 0.194 290.3317 from the water molecule binds to the bridging oxygen and forms
Ti—0P 315 480.8 0.194 290.3317 a bridging hydroxyl (Figure 1b).
Ti—Ti 717 647.4 0.154 121.0676

0-0 271 716.3 0.234 606.8883 As for the neutral nonhydroxylated surface, the charges of
Ti—OH0c 28 593.02 0.265 148.060 surface atoms were fitted to produce the best agreement with
ab initio derived structures. At the end of this exercise it was
b Modified potentiad” for terminal hydroxyl obtained in small hydroxide found that only the Ch"?“_ges of termlna_l and bridging O _and H
complexes¢ Interaction between the water oxygen and Ti atom atoms had to be modified. The resulting values are given in
approximated by Buckingham functiotiValue of Ti—O dispersion Table 3 (neutral hydroxylated surface). Also included in Table
coefficient has been estimated from polarizabilities ¢f Ton and water 3 are corresponding charges as calculated with the revised
molecule (see text). MUSIC modelf’ These charges are based on the formal valence
of oxygen (2) minus the bond-valence contribution from Ti
atoms (-4 charge) coordinated to the surface oxygens, which
depends on the length of the-TO bonds involved. Under the
revised MUSIC model approach, the residual charge on the

aBulk atomic chargesq(Ti) = 2.196,q(0) = —1.098. See ref 27.

nonelectrostatic interaction between rutile surface oxygens and
ions in the solution was set equal to that between oxygen of
bulk SPC/E water and the same ions. To our knowledge, there
are no nonelectrostatic potentials available in the literature for k i .
the interaction of Ti and the ions used in our simulations; Surface oxygens is balanced by hydrogen-bond formation with
therefore, the interaction between Ti atoms and ions in the &SSociated water molecules.
solution was taken to be purely electrostatic. This was deemed Due to the hydrogen bonding among bridging and terminal
reasonable because, as will be demonstrated below, the surfacBydroxyl groups and water molecules, it was not possible to
titanium atoms are always shielded from direct interaction with keep the hydroxyl groups rigid during the simulations. More-
dissolved ions by a layer of oxygen atoms. Moreover, electro- over, the geometry of the hydroxyl groups obtained from ab
static interactions dominate long-range interactions. initio simulations proved sensitive to the number of surrounding
One way to approach the dynamics of the surface in MD water molecules, which indicates that there are several favorable
simulations is to allow all Ti and O atoms to move and to apply configurations that have to be sampled during the simulafibns.
Matsui and Akaogi potentials. However, we did not follow this Therefore, the bridging and terminal hydroxyl groups at
approach since (i) it is doubtful that the resulting relaxed hydroxylated surfaces were kept flexible during the simulation,
structure would be more accurate than the one obtained fromwithin fixed Ti—O and O-H bond lengths averaged from the
ab initio calculations and (ii) allowing for surface dynamics ab initio structures (see Table 4). Note that the length of the
greatly increases the computational demands of MD simulations. bridging Ti—O bond changes upon protonation of the bridging
Therefore, we decided to model the neutral nonhydroxylated oxygen. An ab initio-derived bending potential for the-—H
surface as rigid. To validate this approach, we ran a simulation angle, Egti—o-n = (1/2)ka(8 — 60)?, with k; = 14.136 kcal
in which the bridging oxygens were allowed to move within mol~? rad 2 and 6, = 90.85 deg, was applied to both the
fixed bond lengths (as for the hydroxylated surface below), but terminal and the bridging hydroxyl groups, summing the
the results were unaffected by the motion of bridging oxygens, contribution from both Ti atoms bonded to bridging oxygen in
which was in any case quite limited. the latter case. In addition to this bending potential and the

TABLE 3: Charges of Surface Atoms for the Neutral Nonhydroxylated and Hydroxylated Surfaces and the Basic Charges
According to the Scheme for Preparation of Charged Surfaces

neutral surface charged surface
atom nonhydroxylated hydroxylated nonhydroxylated hydroxylated MUSIC rhodel
Terminal Group
terminal Ti 2.196 2.196 2.156 2.156 4.0
3-fold coordinated O in Ti layer —1.098 —1.098 —1.098 —1.098 —-2.0
3-fold coordinated O in Ti layer —1.098 —1.098 —1.098 —1.098 —-2.0
terminal hydroxyl O —1.008 —0.939 —1.254
terminal hydroxyl H 0.459 0.430 1.0
sum 0.000 —0.549 —0.04 —0.549 —0.254
Bridging Group

bridging Ti 2.196 2.196 2.156 2.156 4.0
3-fold coordinated O under Ti layer —1.098 —1.098 —1.098 —1.098 —-2.0
unprotonated bridging O —1.098 —-1.018 —0.405
protonated bridging O —-1.035 —0.964

bridging H 0.486 0.455 1.0
sum 0.000 0.549 0.04 0.549 0.595

Other Atoms (Bulk Atoms)

Ti 2.196 2.196 2.196 2.196 4.0
o —1.098 —1.098 —1.098 —1.098 -2.0

o —1.098 —1.098 —1.098 —1.098 -2.0
sum 0.000 0.000 0.000 0.000 0.0

aVariable charges (shown in boldface type) are further modified by the redistribution of the remaining charge along surface atoms (see the text
and Table 4)° Corresponding charges as defined according to the revised MUSIC Model are included for comparison. All charges are given in the
unit of electron charge.
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TABLE 4: Surface Ti—0O and Ti—O—H Bond Lengths by 1e and protonation of bare bridging oxygen increases the
Averaged from ab Initio Structures and Used in MD surface charge by le. However, because the ab initio oxygen
Simulations® and hydrogen surface charges are lower than their nominal
_ o bridging charges {2e and+1e, respectively), nearly by a factor of 2,
terminal bridging protonated unprotonated removal/addition of these species cannot result in a change in
bond T-O O-H Ti-O O—-H Ti—O surface charge ot1e, and consequently the redistribution of
length (A) 1.895 0.983 2.022 0.994 1.872 the remaining charge among neighboring surface atoms must
take place.

aThe length of the bridging FO bond changes upon protonation . )
of the bridging oxygen. Quantum mechanical calculatidfisof the hydroxylated

surfaces confirm that total charge of terminal and bridging

electrostatic interactions among all atoms, the bridging and hydroxyl groups never reachesle and that the negative or

terminal oxygens interact with all oxygen and titanium atoms - . .
of the rutile via the Matsui and Akaogi potential. All remaining positive charge is spread among the surrounding atoms. Because

interactions are the same as for the nonhydroxylated surface,?f this, ‘t’Ye (Ijev;fed a dsch?me fotrhthte_ asls,lglz)men; of the C*l‘ﬁfgt‘?s
including the Lennard-Jones interactions for the bridging and 0 negatively charged surfaces that I also based on an ab Intio

terminal oxygens with solution species as well as Coulombic calculquon of partial charge§ for O and H in smal! titanium
interactions. hydroxide clustefS and takes into account the qualitative results
C. Negatively Charged (110) Surface<One of our primary of Mulliken population analysi€ for hydroxylated surfaces.

goals is to model at the atomistic level, without introducing  According to this scheme, the CHelpG charges on oxygen
any homogeneous background charge density, surfaces exhibitand hydrogen in small titanium clusters were scaled such that
ing nonzero net charge. Particularly, the negatively charged the average CHelpG charge on H atoms of water molecules
surface was chosen in this study because surface titration studiegwithin these systems) became equal to their values in SPC/E
demonstrated that aqueous ions interact much more extensivelynodel water. The Ti, O, and H atoms of terminal and bridging
with the negatively charged surface than with either neutral or groups are variable-charge atoms. Their basic charges, which
positively charged surfaces. The point of zero charge,{pH  these atoms would adopt for neutral surfaces, are given under
of rutile is about 5.4 at 25C!3 and thus negative surface- the heading “charged surface” in Table 3. In the case of charged
protonation-induced charge develops at any pH above this point.surfaces, the missing charge, arising from the difference between
To simulate the negatively charged surface, the first possible nominal and actual charges of hydroxyl groups, distributes
extreme case in terms of coverage of terminal and bridging between the variable-charge atoms equally. This scheme can
hydroxyls is a surface with no bridging hydroxyls and a selected be applied to all surfaces including neutral ones, for which it
number of terminal hydroxyls. Such a surface can be interpretedgives slightly different surface charges than those given in the
as originating from the neutral nonhydroxylated surface by preceding two subsections. For MD simulations of neutral
conversion of some of the water molecules that naturally adsorb surfaces, we used the surface charges as given in the preceding
above the 5-fold surface Ti atoms to bonded hydroxyls. To point two subsections and under the heading “neutral surface” in Table
out the similarity of this surface to the neutral nonhydroxylated 3 pecause these parameters were obtained and used in MD
surface we term this surface theegatbe nonhydroxylated  simulations prior to our work on charged surfaces and before
surface The number of terminal hydroxyls determines the the present charging scheme was devised. We have checked
resulting surface charge density. The other extreme case of  hat hoth sets of charges yield very similar results. Therefore,

negatively charged surface in terms of surface hydroxyl coveragepe charging scheme can be applied with confidence for both
is a surface with full coverage of terminal hydroxyls and a eutral and negative surfaces.

smaller coverage of bridging hydroxyls, since the MUSIC model
predicts that the bridging proton is more aci#lfcThis surface
can be obtained from the neutral hydroxylated surface by
removal of some of the bridging hydrogens and we term it the
negatve hydroxylated surfacdn this case, it is the number
(percentage) of unprotonated bridging oxygens that determines
the surface charge density.

Because of the redistribution of the missing charge among
variable-charge atoms, the charges of these atoms depend on
the coverage of the surface by hydroxyl groups of both kinds
or, in other words, on the surface charge density. The maximum
charging of the surface would yield a surface charge density
(there are two hydroxyl/bridging groups in the ab initio cell)

All atoms participating in hydrogen bonding, i.e., terminal 2(~1€)/(5.918x 6.497 /) = —0.83 C/nt, which is consider-
and bridging oxygen and hydrogen atoms, were allowed to move ably more negatlve. than the observeq surface charge density
within fixed bond lengths as in the case of the neutral oHdeveloped on rutile powder suspensions in 8.0 mNaCl
hydroxylated surface. All other atoms of the negative hydroxy- Solutions at 25°C and pH= 1113 We extensively simulated
lated surface were kept fixed in the relaxed ab initio positions charged surfaces with surface charge dens208 C/nd (25%
of the neutral hydroxylated surface, since the deprotonation of of maximum charge density). We have also performed a few
bridging oxygen had little effect on the positions of other atoms. Simulations with surface charge density0.104 C/ni. The
Similarly, the ab initio relaxed structure of the neutral nonhy- corresponding pH values for which these surface charge
droxylated surface was adopted for all rigid atoms at the negativedensities develop are about 10 and 8, respectively, in NaCl
nonhydroxylated surface except the hydroxylated terminal Ti Solutions at room temperatutéThe final charges for the two
atoms. Ab initio calculations reveal that while the bare terminal surface coverages studied are given in Table 5. As the surface
Ti atom is relaxed by about 0.1 A inward, when it is charge density decreases, the missing charge is distributed
hydroxylated its relaxation with respect to the ideal crystal among more atoms, and the resulting atomic charges become
geometry is zero. The positions of hydroxylated terminal Ti closer to those given in Table 3 for the situation where there is
atoms at the negative nonhydroxylated surface were thereforea balance between the number of terminal and bridging
kept with zero relaxation. hydroxyls. The geometric distribution of the net-charge-

We have imposed the realistic condition that the adsorption determining species along the surface for both surface coverages
of a terminal hydroxyl group must decrease the surface chargeis shown in Figure 2. When this scheme was devised, the pattern
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TABLE 5: Resulting Charges of the Variable-Charge Surface Atoms Based on the Scheme for Two Surface-Charge Densities

negative nonhydroxylated negative hydroxylated
atom oy = —0.208 C/m on = —0.104 C/m on = —0.208 C/nm on = —0.104 C/nm
5- and 6-fold coordinated Ti 2.121 2.137 2.134 2.146
terminal hydroxyl O —-0.974 —0.956 —0.960 —0.949
terminal hydroxyl H 0.394 0.412 0.409 0.420
unprotonated bridging O —1.053 —1.037 —1.039 —1.028
protonated bridging O —0.985 —0.976
bridging H 0.434 0.444
25% 12.5% was added to the surface structure to make it sufficiently wide
gg — gg - Neuati gg = gg - for this cutoff distance. The two interfacial layers of the resulting
— egative — .
BO — |BO  — | nonhydroxylated | BO — |BO — four-.layer TiQ surface are thus relaxed and the two farther from
T BO — |BO TOH BO — |BO the interface have the ideal bulk crystal geometry. Neutral
y relaxed ab initio structures (either nonhydroxylated or hydroxy-
| BB%H igg ggg igg Neaati B&H ¥8: ggg igg lated) were used for rigid atoms, and-Kd and G-H bond
egative .
BOH TOH|BOH TOH|  hydroxylated [BOF TOH[BOH TOH lengths dgtermlneq from neutral structures (Table 4) were used
BOH TOH| BO | TOH BOH TOH|BOH TOH for dynamics of flexible atoms. The charges of the surface atoms
—x— were fixed to those given in Table 3 for neutral surfaces and

Figure 2. Geometric scheme of the distribution of surface groups Table 5 for negative surfaces.
forming 25% coverage (left) and 12.5% coverage (right) of charged  The |ateral size of the MD simulation box was = 6ly =

groups for both negative surfaces. BO, unprotonated bridging oxygen; _ _ . ;
TOH, terminal hydroxyl;—, bare 5-fold coordinated Ti atom; BOH, 35.508 A andLy—. 6|y. N 38.'981 A; that is, .the guantum cell
bridging hydroxyl. The thin solid lines separate elementary ab initio Was replicated six times in botk andy directions, where

structures. periodic boundary conditions were used. The separation of the
) ) ) ] two surfaces in the slali,;,, measured between the layers of
allowing maximum separation of like-charged groups was gyrface Ti atoms as if they were not relaxed, was adjusted to
considered, thus minimizing Coulombic repulsion. yield the desired density and pressure in the bulklike phase in
the middle of the slab. The separatibnof the two surfaces,

L, ~ 50 A, is large enough to establish bulklike water in the
To obtain the structure of the rutiteaqueous solution  center of the slab and to prevent the interference of the two
interface, we performed molecular dynamics simulations of a surfaces. It turns out that the interfacial region spans across about

slab geometry system with two parallel Hi@alls and water 15 A at each of the surfaces, leaving still about 20 A of bulk
molecules (and ions, if present) between them. Therefore, thisregion in the center of the slab.

system has two identical interfaces (both surfaces hydroxylated
or both nonhydroxylated) and the properties reported are

3. Molecular Dynamics Simulation

The neutral nonhydroxylated surface was simulated with 2048
; . . water molecules. From this number, 144 water molecules are
averages over both interfaces. A snapshot of the simulation cell L
is shown in Figure 3. observeq to a§590|at|vely adsorb on the surface above eaqh of

The structure of each of the surfaces was created by periodicf[he termmal Ti sites, and these W"?“er mole(_;ules are ess_entlally
replication of the elementary ab initio cell of dimensidps= immobile. However, there is no difference in the modeling of
5.918 A andl, = 6.497 A containing four surface Ti atoms, the adsorbed and other water molecules; all are treated with
four surface oxygen atoms, and two bridging oxygens for the SPC/E model. For_ the charged and hydro_xylated surfaces,
nonhydroxylated surface, and for the hydroxylated and chargedthe number of associated water molecules is 2048 less the
surfaces, additional terminal hydroxyls and bridging hydrogens. number of dissociatively adsorbed water molecules, which
The surface structure was extracted from the relaxed ab initio become the terminal hydroxyl and protonated bridging oxygen
structure of the five-layer slab, taking three layers from one sites. In this way, the number of oxygens and hydrogens is
side including the central, unrelaxed layer. In the molecular identical for both nonhydroxylated and hydroxylated surfaces.
dynamics simulations we applied a cutoff distafitce= 12.66 In this paper we concentrate on the properties of water at the
A for all real-space interactions, so one more unrelaxed layer interface only (the properties of ions are the subject of Part 2

DAL R TR

Rutile Tonic Rutile

surface solution surface Vacuum Periodic replica

Figure 3. Geometry of the molecular dynamics periodically replicated simulation cedlandy directions with indicated additional periodicity

in z direction for calculation of electrostatic interactions by use of Ewald sum. O (red), Ti (grey), and H (white) atoms are scaled down for clarity;

Rb (blue) and ClI (cyan) ions are shown in actual size.
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in this serie®’); therefore, the results for the neutral surfaces
were obtained for pure water between the interfaces.
To converge long-range electrostatic interactions, the total
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TABLE 6: Heights of Atoms in the Interfacial Layer of
Relaxed (110) Surface Including Terminal Oxygens or
Adsorbed Water Molecule$

simulation box has to be neutral. Therefore, to simulate

negatively charged surfaces, the negative surface charge has to

nonhydroxylated hydroxylated

be counterbalanced by a surplus of cations in the solution. For
this purpose, we dissolved 48 Ribns and 12 Cli ions, or 27
St jons and 18 Ci ions, in the solution, which compensates
the total negative charge ef36e of the two identical surfaces

of the simulation cell avy = —0.208 C/md. Comparing the
results for either Rb or SP* ions being present, we verified
that the structure of water is unaffected by the choice of cation
and is rather a property of the charged surface itself.

A three-dimensional Ewald sum with correction for the 2D
periodic geometry, EW3D& with Ki,ax= 5 and vacuum gaps
between replicas as wide as the system wathter—wall, was
verified to account accurately for the long-range electrostatic
interactions. We checked that the width of the gap must be at
least 20% of the width of the waliwater—wall system (which
is about 70 A) for the method to work; enlarging the gap width

to 50% already produces quite accurate results, and usingagap  a)

as wide as the studied system (which we did) shows no
dependence of the atomic forces on the gap width, i.e., we are
effectively reaching the limit of infinite gap separation with no

z periodicity. We emphasize that even in this limit the EW3DC
method is not identical to the standard 3D Ewald method applied
to systems with 3D periodicity, because of a different shape-
dependent term in the Ewald sum, which guarantees better
convergence.

A fourth-order predictorcorrector and the quaternion for-
malism were used for dynamics and keeping the rigid geometry
of water molecules. The motion of surface hydroxyl groups of
the hydroxylated surface was governed by the Verlet algorithm
with SHAKE to maintain the fixed bond lengths.

The time step of 1.2 fs was applied. Following at least
100 000 equilibration steps, at least 800 000 MD steps were
performed, resulting in simulation time of 1 ns. In fact, reliable
data on water structure are obtained from runs as short at
200 000 cycles.

4. Results

A. Interface Structure. We have performed simulations at
ambient conditions] = 298.15 K andopux = 1 g/cn?, and at
T = 448 K andopuk = 0.9 g/cnd, reflecting the density of water
in equilibrium with its vapor at each temperature. We will
discuss only the room-temperature results in detail since the
influence of temperature on interfacial structure proved to be
very small. Unlike in a vacuum, the relaxation of the rutile
surface in contact with aqueous solution is minimal, with the
displacement of surface Ti atoms being less than abdul
A. This is fully consistent with X-ray crystal truncation rod
studies of rutile (110) single-crystal surface in contact with liquid
water at room temperatuféThe heights of surface atoms from
ab initio calculations and MD are given in Table 6. The
agreement between ab initio and MD positions of terminal and
bridging oxygens is guaranteed by use of ab initio bond lengths
for corresponding FO distances, as given in Table 4. The
zero height is set to the position that the surface layer of Ti
atoms would occupy in the unrelaxed crystal termination. This
definition is identical for both hydroxylated and nonhydroxylated

atom surface surface

bridging Ti 0.13 0.005
unprotonated bridging O 1.27

1.25+ 0.05 1.13+ 0.09
protonated bridging O 1.38

1.36+ 0.05

hydroxylated terminal Ti 0.13 0.12
nonhydroxylated terminal Ti  —0.09
associated terminal 4@ 2.15

2.20+0.1°

2.37+0.1°
terminal O 1.99

2.0+ 0.08 1.97+0.05

a Ab initio heights are given as numbers only; heights from molecular
dynamics simulations are given with error ranges. Titanium atoms are
treated as immobile in MD? Data for negatively charged surface only.
¢ Data for neutral surface only.
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Figure 4. Axial density profiles of oxygen (top) and hydrogen
(bottom). The sharp peak at 2.0 A corresponds to terminal oxygen; the
positions of the oxygen of adsorbed water molecule above bare Ti
are 2.2 and 2.35 A for the neutral and negatively charged nonhydroxy-
lated surface, and the height of second-layer adsorbed water molecules
is 3.7-3.8 A for all surfaces. At further distances, the structuring of
water is minimal for neutral surfaces and pure water, while for negative
surfaces, structuring of water is observed due to the presence of ions.
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The density profiles of oxygen and hydrogen are compared
in Figure 4 for all four types of surface. The density profile
shows the average density of atoms of a given kind as a function
of distance from the surface, and the normalization was chosen

surfaces despite the different relaxation of these surfaces. Thesuch that the unit corresponds to the water density of 1 §/cm

reason for this convention is to allow direct comparison with
the positions of surface and solution atoms obtained from X-ray
experiments, which are relative to the (1IDppacing of the
bulk crystal, as discussed in Part 2 of this seffes.

The axial profiles give information on the height of oxygens

above the Ti surface plane but provide no information on the
lateral position of oxygens relative to the structured surface.
To be able to analyze the adsorption sites of water molecules
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Figure 5. Contour plots of the lateral density profiles of water molecules in the first layer (top row) and second layer (middle row) at nonhydroxylated
surface and in the second row at hydroxylated surface (bottom row). The differences between negative surfaces (left column) and neutral surfaces
(right column) are marginal. The first layer of interfacial oxygens at the hydroxylated surface is formed by terminal hydroxyls, which prevent water
molecules from occupying their place. Contours are shown in increments of unit reduced density, which corresponds to a uniform distribution.
Darker color means higher density.

at the surface, we have calculated the lateral density profiles of corresponds to the first layer of adsorbed oxygens, which are
oxygen atoms at narrow bins of widtkz = 0.1 A. In this way, either the terminal hydroxyls present on all surfaces except the
the density of oxygen atoms as a function of lateral coordinates neutral nonhydroxylated, giving rise to the sharp peak at 2.0
x andy is recorded at different heights above the surface, A, or molecularly adsorbed water molecules in the terminal site,
providing a three-dimensional density map of water molecules. giving rise to a peak at 2.2 A at the neutral nonhydroxylated or
From this more detailed information, the lateral density profiles 2.35 A for the negative nonhydroxylated surface. The latter
in a selected layer (height) above the surface can be easilyseparation distance is larger because of the electrostatic repulsion
obtained by integration over the rangezafoordinate. In Figure between water molecule oxygens and the negatively charged
5 we plot the lateral density profiles of water molecules in the surface. The length of the FiO bond for terminal hydroxyl
first and second layers at the nonhydroxylated surface and ingroups is fixed to 1.8949 A (see Table 4), and the peak of
the second layer at the hydroxylated surface. terminal hydroxyl oxygens at 2.0 A indicates that the-Ti

The axial profile of oxygen (Figure 4) shows two distinct bond is perpendicular to the surface. X-ray experintéennot
peaks at distances 1-2.4 A and around 3.8 A. The first peak distinguish terminal oxygens (part of terminal hydroxyl) from
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TABLE 7: Positions of Oxygen Peaks and Numbers of Protonated/Unprotonated Bridging Oxygens and Terminal Hydroxyls
for All Surfaces

no. of unprotonated no. of protonated no. of no. of associated first O peak second O peak
surface bridging O bridging OH terminal OH terminal HO A) A
nonhydroxylated neutral 144 0 0 144 2.2 3.8
nonhydroxylated negative 144 0 36 108 204 3.6
hydroxylated neutral 0 144 144 0 2.0 3.8
hydroxylated negative 36 108 144 0 2.0 3.7

a Position of terminal hydroxyls in the first layer.

oxygens of adsorbed water molecule above terminal Ti and give 10 T L ral hydroxylated
only the observed average height of 22tD.02 A, which lies N — — neutral nonhydroxylated
between our MD determined heights for both oxygen species ol \‘ ——+= negative hydroxylated
and is therefore consistent. There is excellent agreement in the ~ Jaip®® [ - ‘qA’\_ negative nonhydroxylated

height of the second layer of water molecules, 3.8 A, between
MD and X-ray experiment&!

The first peak of molecularly adsorbed water occurs only for
nonhydroxylated surfaces, because these water molecules occupy
the site above the terminal Ti atom (top row of Figure 5), which 05
is occupied by full coverage of terminal oxygens on the
hydroxylated surfaces. Counting both terminal oxygens and Ll
water molecules, the coverage of the first layer at- 29t A is 2 3 4 5
exactly one water molecule per terminal Ti, i.e., full coverage. z[A]
As will be confirmed below, the molecularly adsorbed water Figyre 6. Average cosine of the dipole vector with the inward (pointing
molecules in this layer have zero diffusion within the time frame toward the bulk water) surface normal. Because of the nearly zero
of simulation. Consequently, the molecules are truly adsorbed, density of water molecules in the region 282 A, the behavior of
though there is no a priori restriction imposed on their the lines in this region is not significant.
dynamics-these molecules interact as any other water molecule.
The second peak around 3.8 A corresponds to water moleculest nonhydroxylated surfaces is reversed; they point toward the
interacting with the first layer of terminal and bridging oxygens; surface. As aresult, there is a broad peak of hydrogens between
the relative coverage of this layer (divided by the number of the first and second oxygen peaks with a relative coverage about
bridging Ti atoms) is 1.0 for the nonhydroxylated surface and 3, that is, containing both hydrogens of the first-layer water
1.5 for the hydroxylated surface. There is a small third peak Molecules and half those of the second layer. For the negative
around 4.8 A followed by a flat density profile for nonhydroxy- honhydroxylated surface, hydrogens of the first-layer water
lated surfaces. At hydroxylated surfaces, structuring of water molecules still form the peak at 2.8 A, but some of them also
is more pronounced up to distancesi® A from the surface, contribute to the smaller peak at 2.3 A, which coincides with
with an additional oxygen peak at about 6 A. The numbers of the position of terminal hydroxyl hydrogens.
different types of oxygens on each type of surface and the For the neutral hydroxylated surface, bridging hydrogens
location of corresponding peaks are summarized in Table 7. (hydrogens of bridging hydroxyls) contribute to the peak at 2.2
The heights of the bridging oxygens are about 1.25 A when A and the terminal hydrogens to the peak at 2.5 A, while the
unprotonated and 1.4 A when protonated (according to different peak at 3.2 A is formed by one of the hydrogens of second-
Ti—O bond lengths; see Table 4 and Table 6). layer water molecules. When the hydroxylated surface is nega-

The differences in lateral distribution of oxygens (Figure 5) tively charged, these positions shift by 0.1 A closer to the
between neutral surfaces and negative surfaces are marginalsurface. The difference between nonhydroxylated and hydroxy-
The distribution of second-layer water molecules at the non- lated surfaces, namely, the difference between two hydrogens
hydroxylated surface reveals the most probable position abovebeing part of a water molecule or part of two surface hydroxy!
the bridging oxygen is tilted toward the terminal Ti, and the groups, is most noticeable in the distribution of hydrogens at a
preferred position above the hydroxylated surface is rather distance of about 2.8 A, i.e., between the first and second oxygen
similar, only extended somewhat in tigadirection parallel to layers. These differences lead also to a different orientation of
rows of terminal Ti. water molecules in the second layer of oxygens around 3.8 A

To understand the axial distribution of hydrogens shown in &t Poth surfaces (Figure €). Unlike at the nonhydroxylated
Figure 4b, it is useful to look at the angular distribution of water Surface, where these molecules point toward the surface to make
molecules at the same time. In Figure 6, the average cosine offlydrogen bonds with mplecularly adsorbed first-layer water, the
the angle between the water molecule dipole vector and the Water molecules forming the second layer at the neutral
inward (pointing toward the bulk water) surface normal is plotted NYdroxylated surface tend to be oriented rather away from the
as a function of distance from the rutile surface; thus, a positive Surface. The negative hydroxylated surface, which has a
number means a water molecule is pointing its hydrogens away!€ndency to repel oxygens and attract hydrogens, favors the
from the surface. First-layer water molecules at nonhydroxylated Melecules at the negative hydroxylated surface to be aligned
surfaces point their dipoles away from the surface, in fact nearly toward the surface, but the average cosine of the dipole
perpendicularly for the neutral surface, giving rise to the orientation of the second-layer water molecules is still close to
hydrogen peak around 2.8 A. This can be interpreted in terms Z€70-
of Ti—O attraction and the possibility of the hydrogens facing  B. Electrostatic Properties.From the axial density profiles,
the liquid to form H-bonds with water molecules of the second the charge density profile,(2) = Y pi(2a + po(2)do + pH-
layer. Indeed, the orientation of second-layer water molecules (z)gy is obtained as a sum of the"contributions from surface
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Figure 7. Electrostatic properties as a function of distance from the Figure 8. Axial density profiles of oxygen (a) and hydrogen (b) at
TiO; surface at ambient conditions: charge dengifytop), electric negative surfaces, showing the minimal effect of increase of temperature

field E, (center), and electrostatic potentigl (bottom, with inset from room temperature to 448 K (17%) on the interfacial structure
showing long-range oscillations and decay). The electrostatic potential of water.
has been shifted to zero in the center of the slab in all cases.

made, except for the first adsorbed layer of water molecules.

atoms (both flexible and rigid), water oxygens, and hydrogens, Because of the observed oscillation of the electrostatic potential,
. o z predicting potentials for comparison to experimental measure-
respectively. Subsequently, the electric figlg(z) = (1eq) /- ment€? is not possible at the current level of simulation
po(Z) dZ, whereeq represents the vacuum permittivity and the information gathered. Nevertheless, our simulations do not
. . z appear to indicate an extensive region (tens to hundreds of
electrostatic potentig(z) = —(1/e) / pa(z)(z = Z) dZ, can  ,n4ctroms) of hindered solvent motion or structural modification,
be calculated. The profiles of electrostatic properties are shownas is implied by the mathematical relationships used to derive
in Figure 7. Despite the differences in density profiles of O the { potential from electrophoresis studies of oxide particle
and H, the charge density profiles for hydroxylated and suspensions in water, and other electrokinetic techniques.
nonhydroxylated surfaces differ only at distances less than C. High-Temperature Interfacial Structure. Titration data
approximately 3.2 A from the surface, as a consequence of theof rutile powder suspensions in high-temperature NaCl solutions
different structure of hydrogens at that range. At larger (upto523 K along the liquidvapor saturation surfabendicate
separations, the charge density, as well as the integrateda substantial decrease in the pH of zero net surface charge with
quantities E, andy, show the same features for both surfaces. increasing temperature, as well as a significant increase in
Moreover, the effect of the surface negative charge is not surface charge density for a given temperature, bulk solution
dramatic. The electrostatic potential reveals large oscillations ionic strength, and pH, relative to the pH of zero net surface
of the order of a few volts witmi 6 A of thesurface, followed charge at that temperature. Our molecular dynamics results for
by damped oscillations (see Figure 7 inset) up to about 15 A. the rutile-solution interface af = 448 K andopux = 0.9 g/cn?
Note that the electrostatic potentials have been shifted in all indicate that the interfacial structure of water is hardly affected
cases to zero in the center of the slab to show the difference inby the increase of temperature, as confirmed by Figure 8, where
electrostatic potential between bulk and interfacial regions.  the axial density profiles of O and H atoms are compared at
One of the goals of this effort was to make a link between negative surfaces for 298.15 and 448 K. The profiles of charge
our MD predictions of the electrostatic potential in the interface density, electric field, and electrostatic potential that result from
and experimentally measurédpotentials?® Traditionally, the the axial profiles of O and H are therefore also insensitive to
¢ potential is assumed to be the difference in electrostatic this temperature increase accordingly, as is the orientation of
potential at a shear plane between relatively immobile and water molecules. This observation has important implications
mobile layers of water adjacent to the solid surface. In our MD for the interpretation of SCM model parameters obtained from
simulations, based on the information from the density and fits to pH titration and electrokinetic studies of oxide powder
electrostatic profiles and angular orientation, we see a strongsuspensions at elevated temperatures, particularly with regard
effect of the surface up to distances of about 6 A. However, no to the dielectric properties of the solvent in the interfacial
sharp distinction between immobile and mobile layers can be region?
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a) 3.0 at 3.8 A) is about 10% of the bulk value at room temperature,
_255_ and the diffusivity grows quickly in layers further from the
LTTE A surface, reaching the bulk value of SPC/E water, .10°°
§20F e E cm?/s 30 15 A from the surface. The experimental value of real
“':o_ 15 E ’o//{_/ﬁ: 'D ol s 3 water diffusivity at 300 K is 2.3% 1075 cn?/s3t The agreement
5 07 o D, neutral nonhycrox. between this value and that for SPC/E water is superior to the
10F /4 —2— D, negative nonhydrox majority of existing water models, considering that the models
05 E -®- g ::"::: :z:rxamx 3 are typically fitted to thermodynamic but not transport proper-
E L 1:.2:1 D; ".egﬁ“Yeln°Py*‘¥d’f;*;§ ties. The diffusivity in thez-direction is always smaller than

that in thexy directions but follows the same trend. While the
interfacial structure at 448 K is very similar to that at room
temperature, bulk diffusivity at the higher temperature (Figure
9b) is about 6 times larger and is more steeply approached as
a function of distance from the surface, with second-layer water
molecules acquiring 50% of bulk diffusivity. The experimental
value of bulk diffusivity at 448 K, about 1.& 104 cn¥/s, is
reproduced by our MD simulations.

5 10 z[A] 15 20
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5 VA" 20 25 The recently developed force field for interactions of water

Figure 9. Perpendicular@®,) and parallel D) diffusion coefficient molecul_es with the (;I.lO) neutral rutile surface has_ _been
calculated in 2.3 A wide bins as a function of distance from the surface 9eneralized for modeling of charged surfaces by devising a
atT = 298.15 K (a) and = 448 K (b). The bulk values are indicated ~ Charging scheme for assignment of surface atom charges on
by arrows. negatively charged surfaces. This force field, as well as the bond
lengths obtained from ab initio calculations for surface hydroxyls
D. Water Diffusivity. To quantify the dynamics of water  and relaxed structures of other surface atoms, has been utilized
molecules and help in identifying the mobile and immobile in molecular dynamic simulations of the rutitevater interface
layers, thez-dependence of the diffusivity is plotted in Figure that incorporate this atomistic description of the rutile surface.
9. The charging of the surface has a small effect on water The structure of water at the interface, including axial and lateral
diffusivity, and it is rather the effect of increasing ionic density profiles, has been analyzed. It was found that the
concentration that decreases the diffusivity due to reduced structure of oxygens at the surface is very similar for both
mobility of water molecules bonded to adsorbed ions. The nonhydroxylated and hydroxylated surfaces, although molecular
diffusion constant of a homogeneous isotropic fluid is calculated and dissociative adsorption take place at these surfaces,
asD = lim Yg d/ot [ri(t) — ri(0)]20) where the averaging is  respectively. In both cases the first-layer oxygens occupy a
distinguish the diffusivity along the surface, i.e., in theplane, layer of water molecules is found at about 3.8 A. These results
Dy = lim Y, d/ct x(t) — x(0)]2 + [yi(t) — vi(0)]?0) and are in excellent agreement with in situ X-ray crystal trunca-
the difftho?vity perpedicular to the surfac®, = lim %, d/dt tion rod .(CTR). measurements of rutile (110.) single-crystal
o O surfaces in liquid water at room temperatét@his agreement
[z (t) — z(0)]*L) Moreover, we average these diffusivities over \jigates the choice of a nondissociating, rigid, nonpolarizable
molecules in bins parallel to the wall, to see their dependence yater model that is computationally efficient yet yields real
on the distance from the surface. If a molecule is found at time jsic structural results both for bulk solutions and, as demon-
tin a different bin than it was at time O, half of the square sirated in this study, at solid/solution interfaces down to
displacement is added to the sums in the initial and terminal spbatomic length scales. A surprising outcome is the lack of a
bins. We calculated the slope of the mean square displacementignificant temperature effect on the interfacial structure and

for times between 10 and 20 ps. During this time, the molecules electrical properties, though this has yet to be experimentally
diffuse abot13 A from the origin, which is comparable with  yglidated.

the width of our bins used to measure diffusion coefficients,

le. 2.3 A. This alleviates the issue of molecules crossing bins, 5160 es, which demonstrates that the first-layer water mol-
effectively including partial contribution from the nearest .. iesare immobile, but the bulk diffusivity is approached about
neighboring bins only. Thanks to the selected time range for 15 A from the surface. We have not observed any sharp
which the diffusivity was recorded, even the perpendicular mean boundary between so-called immobile and mobile layers,
square displacement shows linear behavior, though the long-aqitionally used in interpretation of electrokinetic measure-
range limit of its slope is of course zero because of the finite ants. Consequently, we were not able to pinpoint a well-
slab geometry of our system. defined location on our axial profile of electrostatic potential

Figure 9 shows that the diffusion coefficients are insensitive at the interface, which could be linked to the experimentally
to the surface hydroxylation; curves for hydroxylated and observed; potential. Further work on model systems, including
nonhydroxylated surfaces coincide within uncertainties. We dynamic MD simulations of interfaces involving shear flow,
confirm that the first layer of water molecules, immobile by will be necessary to study this problem. For all properties, we
definition for the hydroxylated surface (since it is formed by see little or no effect of the interface beyond 15 A from the
bonded terminal hydroxyls), is indeed immobile when molecular surface, which is in contrast to model parameters obtained from
adsorption occurs. The mobility of the second layer of water fitting some experimental electrokinetic d&aut agrees with
molecules (around the second peak of oxygen density profile findings of X-ray experimen#$ and other studie®:-33

We have also calculated the diffusivity profile of water
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