A theoretical approach for modeling reactivity at solid—liquid interfaces
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We present a new general methodology capable of modeling chemical reactions at solid—liquid
interfaces called CECILIAcombined embedded cluster at the interface with liquid apppoddie
main idea is to combine the embedded cluster molecular orbital or density functional methods for
describing interactions at the surface of a solid with the dielectric continuum approach for modeling
a liquid. More details are given on how to apply this methodology to model processes at the ionic
solid—water interface. Geometries and adsorption binding energiesafMaCl, Na', and CI™ at
the NaC{001)—water interface are calculated using this approach and compared with those at the
NaCl(00)—vacuum interface. €1997 American Institute of Physids50021-960607)50818-X

I. INTRODUCTION tron correlation is required. Fudlb initio quantum mechani-
cal calculations of solid—liquid interfaces to date are limited
Molecular processes at the solid—liquid interface playto studies of monolayer or bilayer adsorption of water mol-
important roles in environmental chemistry, biochemistry,ecules using small surface unit celid! Often these methods
electrochemistry, corrosion, and other fields. Understandingre not practical for modeling low-symmetry defect sites and
reaction mechanisms at such interfaces is important for inexploring potential energy surfaces.
dustry and environmental protectidrkor example, the in- Embedded cluster models, well known in the quantum
terface between titanium dioxide (TP and water has chemistry of condensed matter, seem to be the most suitable
shown very promising applications in the photochemicalfor such studies. In these models, the central part of the
splitting of water and photocatalytic water purificat®8o-  chemical system is treated by accurae initio or DFT
dium chloride crystals apart from being a useful model sysmethods and the rest is described by various classical ap-
tem for theoretical developments, participate in atmospherigroximations. These approximations can be divided into
processes. Sea salt aerosoles react with various gases, suebthods using either an atomistic or a continuum represen-
as NQ, in the earth’s troposphefeAs the aerosole surface tation for the remainder of the chemical system. The atom-
is normally covered by several layers of water, these readstic approach may represent atoms as point charges, pseudo-
tions occur at the solid—liquid interface. potentials, pseudoatoms, etc. A great deal of experience is
Despite much experimental progress, very little is knownaccumulated in quantum chemical studies of point defects in
for certain regarding the mechanisms of interfacial processeshe bulk and on the surface of crystals by using different
One of the reasons is that many experimental surface sensitomistic embedding techniquésee, for example, books!?
tive techniques, such as thermodesorption, scanning tunnednd references therginPractically the same method is
ing, and photoelectron spectroscopies require low coverag&nown in solvation studies under the name QM/MM
ultrahigh vacuum or high—low temperature conditions, thusapproach* Atomistic methods are most important when the
may be not directly relevant to the solid—liquid interface structure of the solvent is of interest. However, for compari-
situation in Nature. Theory can play a crucial role here. Classon with many experiments only average properties of the
sical molecular dynamic@D) or Monte Carlo(MC) simu-  solute are important. Thus, solvent structures should be av-
lations can provide valuable information about solvent struceraged over a long period of time using MD or MC tech-
ture at interface$-’ However, these approaches depend omiques. Such methods are still too expensive for use with
the accurate description of solvent—solid interactions by mononempirical electronic structure theories for large realistic
lecular mechanic$MM) force fields. Development of such solutes.Ab initio calculations are usually performed by rep-
force fields is a difficult and time-consuming tdSkurther-  resenting the solvent as a structureless polarizable medium.
more, the MM methods are not particularly suitable for de-This is the central approximation in various dielectric con-
scribing chemical reactions. Any theory for realistic model-tinuum solvation model$>
ing of chemical reactions at solid—liquid interfaces should  Atomistic and continuum methods were found very use-
provide an accurate description of bond-forming and bondful in their areas of applicability, e.g., point defects in the
breaking processes and interactions of adsorption complexdsilk and on the surface of crystals and chemical processes in
and surface defects with the crystal lattice and solver-  the bulk and on the surface of a liquit:'® However, de-
ter). This implies thatab initio molecular orbital or density scribing localized chemical processes at the solid—liquid in-
functional (DFT) theory with appropriate treatment of elec- terface requires a more elaborate theory because in addition
to including an embedding potential from the rest of crystal
30n leave from the Institute of Chemical Physics, University of Latvia, 19 and nearest So.lvatlon shells, one should .alsc.) take into ac-
Rainis blvd, Riga LV1586 Latvia. count self-consistently the long-range polarization of the sol-
BAuthor to whom correspondence should be addressed. vent. To the best of our knowledge, no such method exists to
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pseudopotentials to describe interaction of ions in the buffer
zone with cluster electrorfs:?? For semiconductors and zeo-
Dieleetric Continuum lites, one may use pseudoatoms to cap bonds at the boundary
s of the QM cluster’’ Classical particles in the buffer zone can
Liquid MM interact with each other and with cluster nuclei by means of
i m force fields. For example, solvent water molecules can be
i approximated by the TIP3P potentidfsand interactions be-
tween lattice ions can be taken from pair potentials existing
m N in the literature®*2°
lll. The peripheral zone containing point charges and a
Pseudopotential dielectric continuum ensures correct Madelung and long-
range solvent polarization potentials in the quantum cluster
N region. This is important for an accurate representation of the
Solid cluster electron density, correct positions of the crystal elec-
Point Clnar%}s tronic band edges with respect to vacuum, and redox poten-
tials of molecular solutes. As described below and in our
previous study® several hundred point charges are often
sufficient to approximate the Madelung potential in the clus-
ter with an accuracy of about 1%. A self-consistent treatment

date. The main idea of the present work is to combine ato®f the solvent polarization can be achieved by using dielec-
mistic and continuum models into one computational apiric continuum solvation methods.In this study, we adopt

: : - the GCOSMO method documented in the literaftffé® In
proach capable of studying reactive processes at the solid-*
liquid interface. For brevity, we call this model CECILIA: this approach, the crystal surface and adsorbate are sur-
Combined embedded cluster at the interface with liquid apfounded by a boundary constructed as a set of interlocking
proach. We describe general features of the CECILIA modefPheres centered on nuclei and having fixed radii. This is
in Sec. II, and computational details in Sec. Il To illustrate Shown schematically in Fig. 2. In contrast to homogeneous
the applicability of the CECILIA model, we studied adsorp- solvation studies, the surface of the dielectric cavity is not
tion of Na*, CI-, NaCl, and HO at both the NaGL0OO— closed. Only the QM cluster and its nearest neighbors on the

water and the NaC100)—vacuum interfaces, and our results surface need to be solvated in order to obtain relative ener-
are discussed in Sec. IV. gies of surface configurations. As discussed below, our test

studies show that extension of the cavity beyond these limits
does not change the energetics and electronic structure of the
QM cluster.

In the CECILIA approach, the whole system “surface In the boundary element method, the cavity boundary is
defectrcrystah-solvent” is divided into three main regions divided intoM surface elements with are4S,}. The sol-
as illustrated in Fig. 1. vent polarization field is approximated by a setMfpoint

I. The innermost QM (quantum mechanigsregion, charges{q,}, located at the centers of surface elements,
where chemistry occurs, is treated by accuatteinitio ap-  {tu}- These charges are determined self-consistently with the
proaches such as HF, MP2, CIS, or DFT. Normally, the QMmelectronic and atomic structure of the adsorption complex
cluster may consist of several lattice atoms near the defed¢frough the matrix equation
site, the adsorbate and a couple of water molecules making e—1
strong hydrogen bonds with the surface complex. The size of q=-—
this region, level of theory, basis set, and use of effective
core pseudopotentials are dictated by the specific problemwhere e is the dielectric constant of the liquid is the M
and available computational resources. X M matrix with matrix element€

Il. The buffer or MM region normally includes several
dozen atoms in the crystal lattice surrounding the QM cluster  a :; for u# = \ /4_77

i 9 i U — v, andA,,=1.07 , (2

and several solvent molecules. This region is designed to |tu—t, Sy
describe short-range forces between nuclei and electrons ghd vectorf contains electrostatic potentials produced by the
the QM cluster and surrounding medium. There are severq{harge density of the crystal at poidts}. This potential can
methodologies with different levels of accuracy and com-he conveniently separated into contributions from classical
plexity that can be used to represent the buffer region. Thearticles (atomic nuclei, whole-ion pseudopotentials sur-
simplest way is to treat atoms in this region as pointrounding the cluster, and point charges representing the rest

chargeg*?° Such treatment is not accurate for ions close toof the lattice with chargesz; and positionsR; and from the
the QM cluster, especially for cations, and cannot preveng|ectron density(r) in the QM cluster

unphysical delocalization of the cluster wave function due to

- : iahly ioni Z p(r)
neglect of Pauli repulsion effects. For highly ionic crystals ¢ — folassy el S d3 3)
this difficulty can be overcome by using effective core 4o “F R Ir—ty =

FIG. 1. The CECILIA model.

Il. METHODOLOGY

AT, (1)
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FIG. 2. Sketch of the CECILIA model used for studies gfHadsorption. The equilibrium geometry for the®molecule at the Na@01)—water interface
is shown.

Note that in the traditional GCOSMO approach the first sum

in Eq. (3) runs only over atomic nuclei of the solvated mol- Etot:EV [P (H),+HS,+V,,)+3P,. (G, +G3,)]
ecule. Correspondingly, surface charges in Eq.can be .
separated into “classicalg®@ssand “electronic” q® com- + 3qEaS§UaSSLE |+ E L els (6)

ponents. The classical surface charges are taken into account
by adding the term

whereP ,, is the converged density matrix of the QM clus-
HS,=q%L ,,, (4)  ter,V,, are matrix elements of the potential from the buffer
and point charge zonek,,, is the energy of interaction be-
to the one-electron part of the Fock matriidf(y). Here tween classical particles, i.e., nuclei in the QM cluster and
{L,,} are matrix elements of the potential generated by dons in the buffer and point charge zones. Apart from simple
unit point charge at the poift,}. The contribution of elec- Coulomb interactions, this term may include short-range po-
tronic surface chargeg to the two-electron part of the Fock tentials taken from various force-field&,,nescontains non-

matrix is given by electrostatic dispersion—repulsion and cavity formation con-
tributions to the solvation free energy. These terms are
wazqe'LW. (5)  calculated using methods described in Refs. 31 and 32 with

the optimized solvent water radius of 1.2%&We used the
Then, the self-consistency between the electron density an@PLS force field parametérsfor calculating dispersion—
solvent polarization field is achieved in a single SCF procerepulsion interactions in this work. For fast geometry opti-
dure by calculating® from Egs.(1) and(3) at each iteration. mization of structures at solid—liquid interfaces we derived
Finally, the total energy of the system in HF and DFT first derivatives of the total energ{6) with respect to the
methods is expressed as coordinates of atoms in the cluster and buffer z6h&he
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CECILIA model described above was implemented in our 0.3 [T T T
local version of thesAUSSIAN92/DFT computer codé? i ]
It is important to point out that the methodology of the 0.25 | Exact .
. . . . . [ O Site #1 ]
CECILIA model is suitable for incorporation of various new [ o site #21 1
theoretical developments. For example, to be consistent with 02 F 0 Site #3] -
the treatment of the solvent polarization, one neg@dspar- = - ]
ticular for charged surface complexes take into account S o045 F ]
polarization of the semi-infinite substrate. This can be 3
achieved by using an atomistic surface polarization % o1 b 3
approact?® A recently developed pseudopotential model of 2 '
solvent water moleculé$and embedded density functional r h
theory (EDFT) cluster modél’ can further improve the ac- 0.5 1 ]
curacy of the embedding potential. For metals, one possibil- 0 . ]
ity is to use the embedded cluster molecular orbital approach [
proposed by Whitten and co-worke¥sApplications of these 0.05 T T

theoretical developments are beyond the scope of the present

Study. 0 1 ) 2 3 4 5 6
Distance from the surface (A)

I1l. CALCULATION DETAILS FOR THE FIG. 3. Absolute values of the electrostatic potential above three (§ites
NaCl(001)-WATER INTERFACE numbering of sites, see Fig) 2n the NaCl001) surface modeled as an 8
X 8X 4 point charge lattice compared to the exact potential from the infinite
For the CECILIA model, the QM region consisted of a lattice of point charges.

[NasCl,]* cluster containing nine atoms that form &3
square on the Na@O02) surface and the atoms of an adsor-
bate(see Fig. 2 The structure of the Na(@O01) surface was cially chosen to provide a rather accurate approximation of
assumed fixed as bulk lattice termination. Geometries of althe Madelung potential inside the QM cluster and above the
molecular species studied in this wofgas phase, liquid surface. Electrostatic potentials above three sites on the sur-
phase, adsorbed on the clean surface, and adsorbed at flage of the 8<8x 4 block are compared with the “exact”
interface were fully optimized at the pseudopotential potential above the infinite lattice of point charges in Fig. 3.
Hartree—Fock level. Na and Cl ions were described by Hay-The latter values were calculated using the Ewald summation
Wadt effective core pseudopotentii®CP) and standard va- procedure. One can see that differences are almost negli-
lence double-zeta basis séisThe oxygen atom was de- gible.
scribed by the SBK ECP and CEP-8G* basis sef’ The The dielectric cavity was constructed using the gepol93
311+ G** basis set was used for hydrogens. Electron correalgorithnf! as a set of interlocking spheres centered on at-
lation was included at the MP2 level as single point calcula-oms. The cavity boundary adjusted automatically when at-
tions at HF optimized geometries. Dissociation and adsorpems in the QM region moved during the geometry optimiza-
tion energies were calculated as total energy differenceBon. Each complete atomic sphere contained 60 surface
between the compound system and its separated fragmentharges. Atomic radii were taken from our previous wotk:
For energy calculations of Na Cl~, and NaCl species, their 1.172 A for H, 1.576 A for O, and 1.75 A for Cl. For the
basis sets were augmented by standard polarization and dia’” cation, an atomic radius of 1.61 A was fitted to the
fuse functions, and an additional diffuse function with theexperimental hydration energy of 98 kcal/mol. With these
exponent of 0.015 was added to the basis set of chlorine. radii, the hydration free energy of the NaCl molecule is 46.1
The buffer region included Nacations that are nearest kcal/mol as compared to the experimental value of 47.0
neighbors to the QM cluster in the crystal lattice. They werekcal/mol#? The cavity boundary was truncated so that only
represented by the Hay—Wadt EGR frozen ¥22s°2p® QM atoms and nearest neighbors to the QM region on the
core without basis functions attached. More distant*Na surface were solvated. The effect of such truncation was
ions can be rather accurately represented as point chargémund to be very small. For example, when the boundary was
(g=+1). Actually, when they were treated as pseudopotentruncated so that only QM atoms were solvated, the adsorp-
tials, cluster energies changed by less than 0.1 kcal/mol. Weon energies changed by less than 0.1 kcal/mol. The value of
are not aware of any accurate whole-ion pseudopotential re[¥8.3 was used for the dielectric constant of water. This value
resentation of lattice ClL However, as indicated in Refs. 21 for bulk water may not be accurate for the interfacial region
and 22, the ground-state electron density in the quanturdue to the specific ordering of water layers near the surface
cluster only slightly penetrates surrounding anions, thereforef polar crystals. The effect of such ordering on dielectric
they can be described rather accurately in the point charggroperties of water is not well understood yet. In principle,
(q=—1) approximation. The point charge region of the this difficulty may be alleviated in the CECILIA approach by
crystal lattice was selected in such a way that the wholéncluding explicit first-solvation-shell water molecules in the
surface was represented by ax 8x4 block of the NaCl QM or buffer zones. However, statistical average over con-
lattice (four layers deep This size of the lattice was spe- figurations of these solvent molecules is required in this case.
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TABLE I. Structure(distances in A, angles in degr¢es adsorbates at the TABLE Ill. Na—Cl equilibrium distances and dissociation energies
NaCl001)—water interface and on the clean NE&ITI1) surface. (NaCl—Na'+CI™) in different environments.
Parametér Aqueous interface Clean surface Na-Cl Dissociation energykcal/mo)
- distance(A)
Water adsorption Medium HE HE MP2 Expt®
O-H 0.952(0.95%) 0.949 (0.947)
H-O-H 104.5 (104.6) 98.3 (105.8) Gas phase 2.43 126.4 128.6 130.1
o, 2.60 2.40(2.14) NaCl(001) surface 2.45 122.0 1235 n/a
0,=0, 0.06 0.41(0.55) Aqueous solution 2.75 3.0 4.8 0.0
tilt angle® 11.9 0.3(1.0% NaCl(001)/water 2.78 35 4.9 n/a
Na' adsorption
Na'z 2.84 2.77 BAAH' (298.15 K from Ref. 42.
Cl™ adsorption
Clz 3.08 2.92
Na'\(f'ﬁdsorp“on 571 0l similar to that obtained imb initio periodic calculations of
N:*)z( 585 574 H,O0—MgQ(001) adsorption.”® The water oxygen atom
Clx 0.03 —0.01 binds to the surface Naion. Water hydrogen atoms are
Clz 3.57 3.12 attracted to CI ions so that the molecular plane is almost

—— : : parallel to the surface. To facilitate this interaction, the O
“The origin is placed on the central Naon (see Fig. 2 x andy axes are  o0m ghifts by 0.58 A in thé110) direction, and HOH angle
directed toward nearest Clions, z axis is perpendicular to the surface o . .

decreases by 7.5°. Earlier experimental measureiffents

plane. X . .
PCalculated for hydrated molecule. yielded the value of about 10.5 kcal/mol for isosteric heat of
‘Calculated for free molecule. the H,O—NaCl[001) adsorption at zero coverage. More re-

9From pair potential calculations in Ref. 5.

“The angle between the bisector ofand the(001) surface plane. cent results indicate that this value is about 15.1 kcalfimol.

Assuming that water molecules on the surface are immobile,
the zero temperature potential energy of adsorption should
IV. RESULTS AND DISCUSSION be about 2 kcal/mol lower than the isosteric heat of
. adsorptiorf® that is 8.5-13.1 kcal/mol. Due to the presence
Table | shows geometry data for four_ studied adsorbategf surface defects, these experimental values may overesti-
at both NaCl-water a.nd NaCI—.vacuum interfaces. In Tabl ate the actual interaction energy of a single water molecule
Il we present adsorption energies calculated at the HF an ith the flat NaCl001) surface® Thus our calculated value

MP2 Ievgls. Tthe eIectronbcolrr%IzT(tlor;/ effleclztsthgelnertallyl N0t 8.1 kcal/mol(see Table Il is in a reasonable agreement
crease adsorption energy by 1-3 kcal/mol. In the last columiy .., experimental data.

of Table Il, the nonelectrostatic solvation effects were added 15 qissociation reaction NaGINa* +CI- is highly un-

to the .N.IPZ adsorptio_n energy. _These_ effects result fron?avorable in the gas phase with a calculated of 128.6
competition Of_ two main contributions. Slnce_ a molecule ad'kcal/mol (see Table Il). The dissociation energy is still quite
sorbed at the interface is less solvated than in bulk water, thl%\rge for NaCl adsorbed on the clean NaCl surface. even
dispersion attraction to the solvent decreases. On the oth ough dissociation products Nand CI lower their ener,gy
hand, the cavity formation term also decreases. In all studie ue to adsorption. The energy required to desorb molecular
cases the latter term prevails to the favor of stronger adsorp,\—laCI from an NaQ01) surface is 12.5 kcal/mol in our

gpn at.tr:_e mterfac.e.. Ianj.ble i WT I'?t b?rlq d|s|tantges a:cndcalculations. This is much larger than the value of 1.5 kcal/
issociation energiegnclu Ing nonelectrostatic solvation €= 4| gptained in simple classical pair potential calculatiths.
fectg for the NaCl molecule in different environments.

A. Adsorption at the clean NaCl(001) surface B. Adsorption at the NaCl(001)/water interface

The equilibrium structure for O adsorption at the Interesting conclusions can be drawn from comparison
NaCl00)-vacuum interface(see Fig. 2 is qualitatively ot a4sorptions at the clean NaCl surface and its interface
with water. The screening effect of the solvent reduces at-

TABLE II. Adsorption energiegkcal/mo) at the clean NaQd01) surface traction of the HO molecule to surface ionsee Table )l

and NaC{001)—water interface. The distance of the oxygen atom from the surface increases
by 0.2 A. H atoms no longer feel a strong attraction to Cl
Adsorption energykcal/mo) lattice anions, therefore, the tilt angle between the molecular
NacCl(001) surface NaQD01)-water interface axis and surface plane increases from 0.3° to 11.9°, the lat-
VP2 eral shift of the molecule ananlO)_ axis decreases from
Species HE MP2 HE MP2  +Enonels 0.58 to 0.08 A, and the HOH angle increases to the value of
104.5 characteristic for the hydrated water molecule. In gen-
(N:f‘f 152 1;‘-; 712; 03%4 13(-)6 eral, the internal structure of the,8 molecule adsorbed at
NaCl 93 125 50 46 07 the interface is much closer to the geometry of hydrated
H,0 6.7 8.1 1.0 2.9 55 H,O than to the geometry of water adsorbed at the clean

NaCl(00)) surface. In agreement with these results, dielectric
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