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The quantum chemistry methods are employed to sty singly
coordinated surface oxygens on the rutile unrecocsd (001) crystal
face. The ab-initio predicted charges and protdimiaf constants are
combined with the Grand Canonical Monte Carlo satiahs of the proton
binding in order to obtain H+ ions adsorption issths. The experimental
study of this crystal face is impossible due toinstability, but the same
surface sites can be find on the most stable (&@fface. In both quantum
chemistry calculations and simulations the solveribhcluded by using the
reaction field approach. In the ab-initio calcwas it was achieved by
employing the COSMO-RS model while in the simulatiprocedure by
using the Borkovec [1] interaction potential (whiakludes the polarization
effects). The theoretical predictions are very eltisthe experimental ones,
even if the size of the clusters is relatively dmal

1. INTRODUCTION

Metal (hydro)oxides possess the charged surfaes dite to non-saturated
charges on the surface oxygens. The primary sudiaaege is determined by the
proton binding reactions, and this process is éckas initial in creating the
double electrical layer at the metal oxide/elegt®interface. Proton binding is
frequently described by using the SCM (Surface @ihgr Mechanism) models
[2]. There are a few commonly used models: 1-pK 23pK [4], MUSCI [5] and
CD-MUSIC [6]. Generally, they differ in a number ¢iie proton binding
reactions and the assumed charge on the surfady site
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On such charged surface sites the adsorption afsigby charged ions take
place. Hence, hydrogen ions play the role of paaédetermining ions for metal
oxides, the number of ions bound to the surfacac{iional coverage) changes
according to pH of the bulk phase.

Proton affinity for metal oxides as well as chargdsthe surface groups
(predicted by SCM models) are of special interestalbse they describe the
acid-base properties of the metal oxides quantébti[7]. The most frequently
obtained quantity is the point of zero charge,a.eertain pH value at which the
surface is uncharged. If there is no specific gutsam pzc is the same as the
pristine point of zero charge (ppzc) and in thisecgzc is equal to the
equilibrium constant of the proton binding reacti(r algebraic average of
equilibrium constants if proton binding is descdld®y more than one reaction)
[2].

There are a few metal oxides of special interedicgs aluminum oxide,
titanium oxide), mostly because of their widespreadctical applications. In
this study we focus our attention on titanium datexi

Titanium dioxide is oxide of titanium naturally agcing, occurring oxide of
titanium, which occurs in a few polymorphic forn&9], for example (occurring
at atmospheric pressure): rutile, anatase, brookit®, (B). Rutile is the
thermodynamically stable polymorphic form of Ei@t room temperature, its
crystal structure is a member of C4 crystal gragace group is R4nnm or in
the Person nomenclature tP6) [8,9]. The elementaityconsists of two titanium
atoms and four oxygen atoms. The dimensions oéldxmentary cell are [9]: a =
4.593 A and b = 2.956 A. Many other metal oxidgstallize in the rutile crystal
type, for example: PbQ CoQ, NbO, Mo0O,, SnQ, WO,, MnG,, RuG. The
only difference between the structure of T&hd other oxides which crystallize
in C4 type is the length of the translation vectdiise dominant faces of rutile
are (110) and (100) [8,9], and they are the masjuently studied. In this study
we focused our attention on the (001) crystal fadgch has not been studied so
far. It is well known that (001) crystal face ocgunostly in reconstructed or
relaxed state. For these reasons, it is extrem#élgudt to perform experiments
on this crystal face.

According to the research by Bourikas et al. [ &cid-base properties for
the crystal faces (001), (010) and (100) are vamyjlar. Due to the fact that
MUSIC estimations were published only for stablgstal faces crystal face, we
compared the ab-initio predictions of the (001)¥ate with those for stable one
publised by Hiemstra et al. [11].

The pzc value of the various ideal crystal plasesgléntical [10]. Moreover,
they have proved that its value is very close fathtsingly (TiO"%) and doubly
(Ti,0?% coordinated surface oxygens. There are sevecalgues for rutile in
literature, most of the results are around 6.0.
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Fig. 1. Rutile (001) crystal face. Part A — the kbetystal phase, B — one layer of
elementary unit cell, C — the derivation of theface periodic element from the
elementary unit, D — the surface sites with the @éLp and Oklgroups (proton binding
process).
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If there is no specific adsorption pKs equal to pzc (if K is the equilibrium
constant for desorption process). Pzc of ;Jlidusually determined by means of
the potentiometric titration technique, in whicle ttlispersions of oxides can be
only used. According to Kosmulski [12] the recomiahed value for both anatase
and rutile is 5.9, however, it is an average vahese applicability is limited to
the macroscopic studies. In reality the surface éénsity and pzc value depend
on the crystal face. According to Hiemstra et &l][for the 100 crystal facesN
equals 7.4 sites/rand the proton affinity constant (giequals 7.5.

Recently, Predota et al [13,14] have published vatgresting MD studies of
ions adsorption on the rutile (110) crystal faclke Tontinuation of this research
is the paper of Zhnag et. al [15], in which thegwe MD study of many crystal
faces was compared with the X-ray measurementgxample of using ab-initio
molecular dynamics method was presented by Korrdteat. [16] and by Jog et
al [17]. There are also many strictly ab-initio dies of rutile surface, for
example paper of Muscat et al. [18].

In our previous paper [19] we employed the simipapcedure for the
amorphous aluminum oxide surface. For the alumimde the calculations
were not as expensive as for the titanium one (f@ewv elements), but the
amorphicity of the surface results in the necessitybuilding appropriate
clusters. In the case of TiOthe initial geometry can be derived from the
crystallographic data.

This paper is an example of the molecular appréadhe periodic systems,
that is, it employs the classical quantum chemistigchinery (based on the
molecular orbitals) [15]. From the physical point wew, the more correct
approach is based on the Crystal Orbitals (CO) tteitmolecular approach can
be carried out by using almost any kind of the cotafional package, and as a
result it is more popular. The details of the présd ab-initio calculations as
well as for the computer simulation procedures banfound in our previous
papers [19,21,22]. The quantum chemistry calcuiativere carried out by using
PQS package [23].

2. THEORY

The protonation reaction for a singly coordinatedface oxygen can be
written as follows:

° TIOHY™ + H,0%%%® °© TIOH® + H,0" @)

where Q is the charge of an empty surface sites Thirface process is
schematically presented in Figure 2.
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Fig. 2. Surface proton binding (inversion of reawt{1)).

According to the MUSIC model [11], charge of thgsoup (Q) can be
estimated by using Pauling's concept of the loealtmalization of the charge.
Application of the MUSIC model to titanium dioxidesults in the estimation
that Q=-1/3 [11].

Next, the energy of dissociatidDE,, can be calculated from ab-initio results.
It is well known that this reaction is exotherm#l], this means thaDE,, has to

be positive. In calculation of this energy the ection for basis set
superposition error (BSSE) [25] has to be includéds usually achieved by
employing the Counter Poise correction [25]. If wssume that the surface
reaction is carried out under the constant pres@sobaric) and the entropy
changes may be neglected (isoentropic) the freegene equal to the inner
energy. It is undoubtedly true, that surface comggien is not a isoentropic
process, but the entropic changes cannot be olasg#ryee solvent molecules are
not included explicitly. Finally, we can estimabetpK, value by employing the
formula:

[o]

pK, =An DREI[* where A=0.05 3)

where n=1/In(10), R is a gas constant, T is tempeza(293K). A similar
approach was presented by Klamt [26], and by waiimprevious paper [19]. The
value A is a so-called scaling factor, which gutean that the estimated pK
value belongs to the period (0;14).

The ab-initio calculations consist of two stagé® first one is calculation of
the energy by the DFT approach, and the secondisoaepartitioning of the
functional (Hermit) space between atoms in thetelusThe DFT calculations
are carried out by using B3LYP potential for theplRostyle basis set (6-31G)
and by using BVP86 potential for the Ahlrichs'arade split basis sets. The
results for different basis sets with polarizatfanctions as well as for different
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exchange-correlation potentials will be presentgdrl As it was mentioned in
the second stage, the functional quantum populagoalysis (QPA) is
performed. Generally speaking, the population asislgan be divided into three
groups: partitioning of the real space (e.g. Bamaealysis of electron density
based on the Atoms in Molecule concept), partitignof the functional space
(Mulliken and Lowdin for the basis set and WeinhbIBA — Natural Population
Analysis for Natural Bond Orbitals) and the thindgp — fitting the charges to
reproduce the electrostatic potential (e.g. MergBiKollman scheme). In this
paper the discussion is limited to the partitionmigthe Hermit (functional)
space. As it was mentioned, the calculations ateawoied out for the basis sets
with the polarization functions. It is due to tlaf that the puréfunctions have
not been supported by NBO 5.0 package [27] scstagt present, the Weinhold
analysis cannot be performed for such basis sets.

The presence of the solvent is introduced into ¢uantum chemistry
calculations by using SCRF (Self-Consistent Readtield) models, also known
as Continuum Solvent Models [28]. All SCRF modedsdrin common creation
of the cavity around the solute molecule, outside tavity the solvent is
represented by the continuum uniform polarizablaeioma with the dielectric
constant ofe. One of such SCRF models was introduced by Kl&8} and is
known as COSMO-RS (Conductor Like Screening ModelReal Solvent). In
COSMOe changes from the specific value to the infinitythe currently used
modification COSMO-RS describes the interactionsiifluid as local contact
interactions of molecular spheres. For each solaedtsolute (i.e. for each atom
of the solute molecule), Klamt [29] employed thiirfig procedure to estimate
the appropriate COSMO-RS parameters.

It is worth mentioning here that the ab-initio ewied pK, value is the
macroscopic one, i.e. it can be compared with tgeementally determined
pzc. If we want to keep the constant pzc for défgrinput charges (obtained
from the QPA analysis) we have to recalculate, pi subtracting the lateral
interactions contribution. For this reason, we eaypt the MFA approach. In
Table 2 the simulation results are listed, theittetd the MFA approach and its
usage in order to recalculate ab-initio pzc weralipbed elsewhere [19].

3. RESULTS

Some of the macroscopic parameters are set upetditerature values.
According to Bourikas et al. [12], the dielectrionstant near the rutile surface
equals 40, while in the bulk phase we assuewet8 (the same as in COSMO-
RS). The surface site density for (100) crystalefaw rutile is equal to
7.4 sites/nh according to the above mentioned paper of Bouriaal. [12].
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Due to the lack of data for (001) surface we usestiead the data for (100). To
obtain such surface site density mentioned aboeeassume that the surface
space is d=0.368 nm. In this paper we simplifydghdace model, assuming that
simulation can be carried out on the regular cufdigl) lattice with an
appropriate vector of translation (d). In next stege prepare a more realistic
model of rutile surface, i.e. derived from the aistio picture of the surface.
Similarly, to our previous papers [19,21-22], wepéoged Borkovec potential
[1], which contains the solvent polarization efle@=78, e=40, 1k =0.43 nm,

a = 0.1 nm, T=293 K, meaning of these parameterexained in papers
[19,21,22]). The simulations are carried out fa&r tomogeneous surface, i.e. the
identical microscopic pKvalue is associated with each surface site.

Tab. 1. Results of DFT calculations for the ruslaface (M — Mulliken, L — Léwdin,
W — Weinhold (NPA) analysis). The experimental p¥alue for (100) crystal face of
rutile is equal to 7.5 [12].

Theory level DEy; BSSE DEy BSSE pK; Charge QPA|
-0.744598| M
B3LYP/6-31G| 1851.041] -1.472 | -1098.633| -16.606 | 7.60804 | -0.300996| L
-0.44298 W
-0.466501| M
BVP86/svp- | 1851.805] -11.985 | -1098.633| --16.602| 7.47508| -0.135099( L
Ahlrichs 035124 | w
-0.658081
BVP86/tzvp- | 1851.639| -0.481 | -1057.511| -1.055 | 7.60804( -0.235068| L
Ahlrichs 033910 | w

In Table 1 the results of ab-initio calculationg aollected, while in Table 2
the simulation parameters are derived from Tableylemploying the MFA
approach.

In Figure 1 the way in which the computational tduswas obtained is
presented. The appropriate fragment of the elemeniait is chosen, and
reorientated according to direction of the (0013ngl. The chosen fragment of
the molecule (Fig. 1C) has the fixed positions bfatoms (according to the
crystallographic data). In order to study protonding, we add OH group and
reoptimize its position (B3LYP/6-31G) by keepingdd the remaining cluster.
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The cluster after adsorption was obtained from @)y adding another
hydrogen atom to surface oxygen and by reoptimittiegsurface group again.

Tab. 2 Simulation parameters obtained from the P#sTilts by using MFA the approach

(e=78,e=40, 1k =0.43 nm, a = 0.1 nm, T=293 K).

Charge QPA pKmere interactions parame#& pKy™=pzc + 2 @n
-0.744598 M 4.3743 8.55791
-0.300996 L 7.60804 32.7657 14.723

-0.44298 w 20.8066 12.1261
-0.466501 M 19.0865 11.6197
-0.135099 L 7.47508 50.164 18.3681

-0.35124 w 28.2246 13.604
-0.658081 M 7.83982 9.31044
-0.235068 L 7.60804 39.2379 16.1284

-0.33910 w 29.2908 13.9685

Fig. 3. Adsorption isotherms for charges obtainedhfQPA at different theory level.
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Reoptimalization of the surface group after adsorptepresents the dynamic
relaxation of the adlayers, which takes place alitye

In Figures 3 and 4 the simulation results are priese As it was mentioned
all isotherms have a intersection point at0.5 (inflection point), which is
tantamount to saying that all surface charge demsitves have the same pzc
value (Figure 4). This condition was obtained bgateulation of ab-initio plk
using the MFA approach. The behavior of the isotiseis easy to predict, the
higher negative QPA charge the smaller lateral rautions between the
adsorbed ions and finally higher fractional cogerdor a given pH value. The
results presented in this paper are quite diffefi@mh our previous ones, due to
the totally different interaction parameters andase site density.

Fig. 4. Surface charge density curves for chargeimed from Weinhold (NPA)
analysis, for various theory level. The curegsf(pH) intersect the ling,=0 at different
pH values (pzc-points).

4. CONCLUSIONS

At present, in many studies the ab-initio methods @ombined with the
statistical ones. This cooperation gives more pmofb understanding of the
process in question. The classical computer simamatnethods require many
assumptions in description of the molecular levethe system, most of them
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can be obtained from the ab-initio studies or othdependent spectroscopic or
crystallographic experiments. At the moment, thesinpyomising method is the
ab-initio molecular dynamics (Car-Parrinello methodnfortunately, it is too

expensive (for the current day computers) to beleyed in many molecule

systems (e.g. in studying of adsorption from lihjphase), for this reason the
simplified approach is presented here. The adswrpgnergy and surface
charges are derived from the quantum chemistryutations, the potential

parameters are set up to literature suggestidms.eEtimated pzc from the ab-
initio calculations is very close to the experinarines (even if we compared
them for a slightly different crystal face), andetkharges are close to the
MUSIC predictions (-1/3). Moreover, the Monte Casdimulation results give

acceptable results, and we support the MUSIC maelthe only one in this

case. Contrary to the real experiment, we can cawy the computer

potentiometric titration on a one monocrystal facBhe experiment of

potentiometric titration gives always the surfackarge density for the

suspension, which even if obtained from the morsiefypossesses particles
exhibiting many crystal faces. This is evidentlye tadvantage of computer
simulation methods over the experimental ones. filesented primary results
encourage to study all crystal faces (includingioss coordination) on all

titanium dioxide forms.

In this paper we confined our interest only to abst (001) crystal face of
rutile. In literature we can find a lot of compumulation results, but none of
them presents predictions for pzc and verificatbtsCM. The complete study
of titanium dioxide is under preparation, and Wil published soon.
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