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We present a new quantum mechanics/molecular mechanics (QM/MM) embedding approach for systems
with directional polar covalent bonds. This “covalent elastic polarizable environment” (covEPE) scheme features
a variational treatment of an energy expression that includes all degrees of freedom of both the QM region
(the “cluster”) and the MM regions (the “environment”). The method completely and explicitly includes both
the electrostatic and mechanical interactions between a QM model cluster and its environment. Monovalent
pseudoatoms that represent real atoms of the material saturate the dangling bonds of the cluster; these
pseudoatoms belong simultaneously to the QM and MM regions. For a correct description of a pure silica
environment, we constructed a new force field of the shell-model type based on potential derived charges
instead of formal charges. We implemented the covEPE approach in the density functional program ParaGauss
and applied it to pure-silica and Al-containing chabazite, employing a generalized gradient approximation.
These applications showed that calculated structural parameters and OH frequencies of bridging hydroxyl
groups reproduce experimental data with good accuracy compared to other contemporary computational

methods.

1. Introduction

Currently, there is a high demand for realistic, yet feasible
computational modeling of oxides and zeolites. In response,
various quantum mechanical/molecular mechanics (QM/MM)
computational schemes were developed, combining a QM
treatment of an active site with a classical MM modeling of its
environment~* These “hybrid” or embedding QM/MM meth-
ods allow one to account for major effects of the surrounding
framework on the properties of the active site, in particular for
effects due to specific steric restrictions and the long-range

electrostatic potential. Such accurate modeling is not possible

with an isolated cluster approagh.
Substantial complications in QM/MM schemes for covalent

oxides and zeolites arise from the necessity to cut a QM cluster

from a covalent framework of the surrounding material.

Consequently, unsaturated covalent bonds appear for atoms 3,

the boundary of the QM cluster. In most embedding methods
reported, these “dangling” bonds are terminated by H atoms,
referred to as link atoms, with special restrictions for the length
and orientation of the saturating botid. Because these link

atoms are not present in the real system, one attempts to

eliminate their contribution to the energy of the system by a
subtraction scheme of the type suggested by Morokuma®et al.
for organic compounds and complexes. However, a precise
(complete) subtraction can be achieved only when the inter-
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atomic potentials used in the MM calculation are fitted to
reproduce structure and energy variations related to deformations
at the cluster border calculated at the QM level. Sauer and co-
workers established such a strategy at the HartFeek (HF)
and density functional (DF) levels of their QM-Pot (QM-
potential) schemé;this approach correctly represents steric
constraints of the framework. However, the polarization of the
electron density of the QM cluster by the Coulomb field of the
environment is not taken into account. Actually, this is a general
deficiency of all QM/MM methods based on the “subtraction”
strategy, because the QM calculations of the cluster are
completely separated from the MM calculations; i.e., the charge
distribution of the environment does not affect the QM cluster.
Sherwood et a.attempted to overcome this deficiency of the
subtraction schemésimilarly to the approach described by
hiel and co-worker$,they used both mechanical and electro-
tatic coupling between the QM and MM systems without
subtracting the contribution of the link atoms from the energy
of the system. In this method, the electrostatic potential of the
MM region contributes to the electronic Hamiltonian of the
cluster and the polarization of the classical region due to
variations of the charge density in the QM cluster is accounted
for. However, the presence of link atoms in artificial positions
of the structure of the framework (too close to some of the “real”
atoms) required a special rearrangement of the charges on atoms
of the MM part, which are close to link atom#\s a result, the
electrostatic potential near the border between QM and MM
regions is strongly perturbed and likely influences both the QM
cluster and the guest species in an undesirable fashion.

Yet another type of embedding scheme focuses only on long-
range electrostatic effects of the surrounding framework on the
QM cluster; mechanical interactions are not inclu@ethe
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electrostatic potential of the environment is included in the
Hamiltonian of the QM cluster either via an array of point
charges (PC) located at crystallographic positions or as a
correction potential derived from periodic calculations on the
unperturbed structure of the environment. However, both
strategies require special rearrangements of the charges at the
border region due to the presence of bond-capping H atoms at
the QM clustei In addition, the structural relaxation of the
cluster is not approximated properly, because the mechanical
coupling is neglected.

The goal of the present work is a new QM/MM cluster
embedding approach that is suitable for covalent oxides and
zeolites; this new embedding scheme combines both mechanical Border
and electrostatic interactions between the QM and MM parts QM region MM region
of the System and overcomes def'_c',enc'e,S of other methOdSFigure 1. Construction of the border region between a QM cluster
connected with the presence of artificial H link atoms between ang its MM environment. The atoms participating in the QM part are
the two regions. Our approach is a modification of the elastic shown as open circles, and the centers of the MM part are shown as
polarizable environment (EPE) embedding procedure for ionic filled circles. Solid and dashed lines denote bonding between atoms in

Aqpp,

qup o(MMm)
.. Si(MM).-- s

~. J
.

oxides that we presented recently for fully ionic materfalge the QM cluster and the MM part, respectively.
demonstrated the power of the approach for metal adsorption ) .
on MgO(001§ and CO adsorption at-Al,03.° the ionic charges used in ref 11 are rather large (two times larger

“covalent than the potential derived charges (PDC) employed in our
calculations). With our new PDC-based shell model force field,
we aimed, in particular, at an accurate representation of the
electrostatic potential of the surrounding.

In section 2, we will describe the covEPE embedding scheme.
Details of the implementation and the parametrization are

Here, we will extend this scheme to describe a
elastic polarizable environment” (covEPE) for (ionic) systems
with directional polar covalent bonds. In the EPE approach to
ionic as well as polar covalent systems, the QM cluster is
terminated with pseudopotential capping atoms. Whereas cap-
ping atoms of ionic oxides are represented by effective core . : X ' _
potentials without basis functiofsthe QM cluster in the  discussed in section 3. In section 4, we will present an
covEPE scheme is saturated by specially constructed monovalen@PPlication of the covEPE method to pure-silica and Al-
“pseudoatoms”, referred to as bonding atoms. Note that theseContaining chabazite.
bonding atoms represent real atoms of the material which o )
simultaneously belong to both QM and MM regions. Pseudoa- 2 Description of covEPE Embedding Scheme

toms are constructed in analogy to the pseudobond embedding 5 1 Partitioning of the System.We partition our system
approacH? To represent the electronic and geometry structure into two main parts: quantum region | (QM cluster) and region
of the border region properly, pseudopotential parameters have| yeated classically, also referred to as elastic polarizable
to be optimized to reproduce the characteristics of an analogousgpironment (EPE lattice). The QM cluster comprises that part
cluster treated with the QM method. In the current COVEPE ot he framework of the material containing the active site
implementation, such bond capping border centers are located yrigging OH group, metal cation, basic oxygen centers, etc.)
at anionic positions of oxygen atoms of the silicate framework. anq jts immediate neighboring atoms. All adsorbate molecules

This covEPE QM/MM scheme overcomes several drawbacks or guest species interacting with the active site are also
of previous embedding schemes: (i) it completely and explicitly considered to be part of the QM region. As discussed in the
includes both electrostatic and mechanical interactions of a Introduction, one of the most complicated problems of various
cluster and its surrounding, (ii) it avoids complications connected hybrid QM/MM schemes is the construction of the border region
with the use of hydrogen link atoms at the QM cluster border, between the QM and the classical regions where covalent bonds
and (iii) like the EPE method for polar oxid@st features a  are cut. We tried to overcome such complications by locating
variational treatment of an energy expression that includes all the border at real atoms of the system (Figure 1). Our approach
degrees of freedom of both QM and MM regions. Furthermore, has the advantage that it does not introduce artificial link atoms.
calculations in the present QM/MM scheme account for the Border atoms belong simultaneously to the QM and the classical
polarization of the environment by the QM cluster, a feature regions; they interact classically with the lattice, and they
lacking in most popular QM/MM schemes for describing contribute as pseudopotential atoms to the Hamiltonian of the
systems with covalent SiO bonds. Very recently, a similar ~ embedded QM cluster (Figure 1). As part of the QM cluster,
embedding scheme was proposed for siticBoth schemes are  the border atoms of the covEPE approach are represented by
variational and treat active centers in a crystal as point defectsmonovalent seven-electron pseudoatoms featuring an orbital
of the periodic structure. There are two main differences betweenbasis set and a specially adapted pseudopotential. As part of
the approach of Sulimov et &.and the present covEPE the classical lattice, border atoms are considered as lattice centers
scheme: (i) they choose Si atoms as border centers and add aith a modified charge. We choose to cut the system along
special sp orbital, whereas we choose O atoms as border atomspxygen centers, because they are present in all covalent oxides,
(i) the covEPE approach offers an internally consistent treatment zeolites, and other molecular sieve structures; thus, we are able
based on values of point charges of the environmental centersto use the same scheme of embedding with oxygen-terminated
chosen to reproduce, at a distance, the electrostatic potential ofclusters in simulations of all these structures. To achieve the
the corresponding fragment of crystal when described quantumoptimal description of the border region, the pseudopotential
chemically. To achieve such a consistent treatment, we generateaf border oxygen centers O* has to be adjusted for each set of
a special force field parametrization for the environment that terminal pseudobonds, i.e., for each set of neighboring atoms
satisfies all requirements for such a purpose; on the other handon either side, the lattice, and the QM regién.



2230 J. Phys. Chem. B, Vol. 107, No. 10, 2003 Nasluzov et al.

~To r_eproduce the polarization (_)f the environment, the centers comprises the electron charge densiuyc?,”(), the nuclear

in region Il (EPE) are treated in a shell model approtch. charges ¢)(Ru)) of atoms inside the cluster, and the nuclear

Cationic qenters (e..g., Si, Al, Ti) are considered as point Charges'charges Q" (Rop)) of border atoms; the latter includes the

and polarizable anions (O) are represented by two (forma_l) point charges (m;‘leat)) of all ions, cores, and shells of the lattice at

c_harges (PC)'qCO’e for the core, andjsne for the shell (_WEh the corresponding positions as well as the charges on the atoms

different coordinates). The total charge of an aniomis = O*. Note that the interaction gf3" with the external electro-

Ocore T Qshelr The two PCs representing an anion interact viaa _, . o l .

harmonic bair potential with a force constant that allows static potential is accounted for through the matrix elements
pair p calculated with the basis functions (see section 3.3) and that

reproduction of the polarizability of the ion. We choose the . . .
. the interaction between nuclear charge and point charge of a
chargesq of all lattice centers as PD&,such that they . .
given border atom O* is excluded.

reproduce the electrostatic potential of the corresponding lattice The second contribution is the short-range nonbonding-host

as it is obtained from high-level electronic structure calculations. guest interaction between the atoms inside the QM cluster and

In this way, the long-range interaction of the lattice ions with .
the QM cluster (which is a part of the framework) and any guest species as part_ of the QM cluster (when present) and
centers of the MM region.

adsorbate will be adequately described. For convenience, we .

- ) Thus, the total energy of the system can be written as
will consider core and shell charges as part of the set of all
centers of the lattice, the coordinates of which will be col- _ =QM/ QM _N N

. ’ - o =E , , +
lectively referred to afa:. In addition to electrostatic interac- & (Par™ il Re)- Qo Ryp)
tions, the cationic centers and the shells of polarizable ions of VCouI(ant'qup'Riat’Rpp) + Vshor(Rlavap) + Veore-sheilRiad)

the lattice participate in “short-range” interactions that represent (LM ,QM N a R.),A +
covalent interactions (including Pauli repulsion) with neighbor- Lear™(par” e(Ra) op(Rop)) 1 1aCa Ria)- Ao Ry

ing lattice centers. Vol Re Rar) (2)

Since the border atoms O* represent the internal border of
the classical lattice, they are bonded to only one cationic center
of the lattice (Si or another center), whereas normal oxygen
centers inside the lattice are bonded to two cationic centers. To
properly balance the charge distribution of the whole system,
one may consider the charge of each center in region Il to result
from incremental contributions due to each bond in which the
corresponding center participates. By this argument, the incre-
mental chargeAqp, of a border center O* as part of the
molecular mechanical lattice should be half the charge of an
oxygen center inside the lattice. The total charge of a border
center O* is the sum of the charge incremenis,, of the
nuclear charge, and of the effective electronic charge. The
polarization of O* is described only on the QM level, no cere
shell splitting is considered.

2.2. Energy. The total energy i) of the system under
consideration is the sum of the energies of both parts, cluster QM _ =QM/, QM _N INE
and lattice E¢; and Ej5) and their interactiorEiy, B = B (pa 9ai(Ra) Gp(Rop)) )

The notation p1||p2] designates the Coulomb interaction
between two charge distributions, andp,. The termV(Rn,R,)
denotes the potential energy due to interactions among all atoms
of the sets in question (with coordinateg andR,, respectively),
including the interactions within each set; by the notat@R,/

R,), we refer to the interactions between atoms of oneRigt,

with atoms of another selR,. For computational convenience,
we consider the charge incrementsyf,) of O* border atoms

as a correction to the nuclear charge of the corresponding border
atom, namely

qsg = qglp + Agy, ®3)

With this modification, we obtain the following forms of the
three energy expressions:

Etot = ESM(ng,Rcl,Rpp) + Ell\gtM (Plat'Riathpp) + E:\gtM = VCouI(ant’ Riat) + Vshor(RIat) + Vcore—shell(Riat) (5)
Bl Rt R rae Rea) (1) En = [05 (03", (R, (Rl PiaGlaRad)]
The first term ESlM) represents the energy of interactions + VyoRys R, ;/Rlat) (6)

acting only within the cluster described by the QM method.

This energy depends on the positiofg) of the atoms ifSide The terms for the short-range interactions of O* border atoms
the cluster, on the position&{,) of the border atoms O*, and  \yjth Iattice centers are now included B, because this term

on the electron dMeMnsity distributiopgd") of the QM cluster.  accounts for the interactions between the two subsystems.
The energy ") of the lattice is calculated with an 2.3. Strategy for Self-Consistent TreatmentDue to the

appropriate force field (FF) that accounts for the interactions different computational treatment of regions | and Il by QM
between the atoms in region Il, also including their interactions and MM methods, respectively, we have to expect an artificial
with border atoms O*. This lattice energy comprises (i) the distortion of the structure of the embedded system compared

Coulomb interaction\{cou); (ii) short-range interactiond/nor)- to a system treated completely classically, even without any
including interatomic repulsion, dispersion interactions, and guest species, impurities, or defects. To eliminate this artificial
three-body interactions (valence angle); and (iii) the eteell distortion, we follow the strategy recently developed for the
interaction vc&’ﬁShe'D at each polarizable center of the lattice. ionic version of the EPE methddThis approach is based on

The energy ;") depends on the positionR4;) of the atoms two preliminary optimization steps for the ideal system:

inside the lattice (core and shell centers are considered Step 1 comprises a classical treatment of the whole unper-

separately) and the positionRy() of the border atoms. turbed (regular) system with the same FF chosen for the MM
The coupling ternE;,; contains two contributions. modeling of the environment. The equilibrium geometry of the
The first contribution is the long-range electrostatic interaction system is produced by minimizing the total energi{\gff)

between the total charge densitp‘c‘?EQM) of the QM cluster which depends on the coordinates of ions, core, and shell

and the total charge density of the lattiggs. The former charges. The resulting equilibrium values of all coordinates, of
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both cluster and lattice, of the regular structure are denoted by self-consistency cycle). Now we construct the total EPE energy
the superscript redR}®, R}, Rg). The corresponding charge  of the system (see eq 6)
distribution of the cluster obtained in this step is denoted as

. ft

pe™(RSIR™9), where the coordinates of the shells of polar- ELE=E"+ EN + EX

izable centers in the cluster (region 1) are also included. oM MM corr
Step 2 provides a reference calculation of the cluster, treated =Ey" +En T Ba T En

guantum mechanically, embedded in the regular (unperturbed) (1)

environment, as represented by the frozen lattice with the e |ast two terms of the last equation affect only the lattice;
configuration obtained in step 1. One minimiZgs with respect hence, they constitute an effective energy of the lattice
to the electron distribution of the cluster, the coordinates of the

atoms inside the QM cluster, and the border atoms for fixed peff — gMM y oorr (12)
— eg : T lat lat int
values ofRz = F{at. The resulting equilibrium values of the

coordinates ardR;' and Sx"? and the corresponding charge which includes all corrections that are necessary to maintain
distribution ispg" (055" ", R R®). the structure of the system in the absence of guest species or

Both charge densitiesoly""™(R5%R™9) and pig (ol 3", defects to that of the regular system.

‘ff,R;e;) obtained in steps 1 and 2, respectively, represent the This construction of the total EPE energy of the system allows
unperturbed cluster and thus, ideally, should coincide. To us to carry out a complete variational treatment of total energy
approach this requirement, we fix the charge distribution of the that includes all degrees of freedom of both QM and MM
unperturbed QM cluster, treated with the full covEPE embedding regions.
procedure, api""(R%R?Y) as obtained in step 1 for the _
complete regular system. Also, we replace the charge density3: Implementation of the covEPE Method

distribution pii"*"(pj",Rei,Rop) Of the cluster obtained in the  we implemented the covEPE embedding scheme in the
QM calculation by an effective charge distribution density functional program ParaGauss for parallel comptitéfs.

ot eff foLOM, QM First applications will address the structure of pure-silica and

Pel” (Pcththp):Pd' (pg 'RCI'Rpp) - H-chabazite as well as the OH vibrational frequency and
: f, f oref , ; : . -

ptC?tQM(pgle QM pyef %) + ptc?t MM( ?gpﬁ)g) (7 deprotonation energies of the latter material. In the following

section, we describe details of the implementation and the

This effective charge density is used in all covEPE calculations Sélection of pertinent parameters, including a new FF param-
(see below). Contributions pertaining to a guest species (ad-etrization for silicates. _ _
sorbate) are included neither in the (cluster) reference charge 3.1. Density Functional Calculations of the QM Region.
density brtléf,QM) nor in the regular charge density“’(‘MM) of All applications were carried out with the linear combination
cl Cl B . . . . .
. ; f Gaussian-type orbitals fitting functions density functional

the cluster; they appear only in the charge densff§?"(o3", 0 : .
Rei,Rop), obtained in the QM calculation of the embedded cluster. method (LCGTO-FF-DFY as |mplemented In theARAGAUSS
Note thatRy in steps 1 and 2 an& for the complete EPE programt>16We used the gradient-corrected exchange-correla-
system (first term on the right-hand side of eq 7) differ by the tion func_:tlonal suggested by Beck_e (exchange) and Perdew
coordinates of a guest species (if present) (correlation)t® The Kohn-Sham orbitals were represented by

In a similar way, we correct the short-range interaction G2ussian-type basis sets: (6sip)4slp) for H, (9s5pldy-

tential follows: (5s4p1d) for O and C, (12s9p2d) (6s4p2d) for Al and St
potential ¥snor(Rei, Rop/Ra) s follows All contractions were of generalized form. For calculating the

Vel ’ -V ’ _ Har.tr.ee contribution of the electrerelectron interaction, an .
o Ro:Rog/Ra hz;{RZ'f R‘“L{R'a‘) o0 cyegye auxiliary basis set was employed to represent the electronic
Venod R Rop/Riat) + Vanod RS Rop/Riat) (8) charge density” The exponents of the auxiliary basis set were
_ ) _ _ _ _ constructed by scaling the exponents of the orbital bdsas;
Again, coordinates of guest species are included in the first term, standard set of p and d polarization exponents was added on
Vshor{Ret,Rop/Rir), but missing in the two remaining terms. This  each atomic cent@f. The exchange-correlation energy and the
potential correction prevents artificial alterations of short-range matrix elements of the exchange-correlation potential were
interactions between cluster and lattice when the cluster is gygluated by an accurate numerical integrafiéd The structure

treated at the QM instead of the classical level. ~ of the system was optimized using analytical energy gradiénts
Using these effective quantities, we construct an effective and the Broyden Fletcher-Goldfarb—Shanno Hessian update
interaction energy expression: scheme?

off tot eff " After geometry optimization of H-chabazite model clusters,
En = [og * (0e R Rop 10 Rap] + Venod ResRo/Ra) (9) the vibrational frequency of the bridging OH group was
] ) ) ] . evaluated in the approximation of one independent harmonic
This expression can be separated into two parts: the interaction,ggjjiator. This assumes a rigid connection between the OH
energy calculated without corrections of charge distribution and 44, under study and the rest of the cluster, while infinitely

short-range interactior&in (q 6), and the correction terms,  |5rge force constants are assigned to other internal oscillators

Ent' of the cluster. This choice is justified by the strong bond between
the hydroxyl and the zeolite framewofk The force constant

__ / tot, MM _ tot,QM, ref yef yef . . . . .

Ent = [(og (Rﬁgv%%g) pa - (Pe R ’%%))”Plat(Riar)] . of such an approximate vibrational mode was obtained numeri-

Venod REEREIR ) — Venod R REVR,) (10) cally by finite differences of analytical energy gradients.
3.2. Force Field with Potential Derived Charges.As
The correction termEry' depends on the results of the mentioned in the Introduction and in section 2.1, our covEPE
preparatory steps 1 and 2 but affects only lattice atoms (i.e., implementation requires a FF (for a silicate environment) that
for a given lattice configuration, it does not influence the QM relies on the shell model for describing the polarizability of the
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TABLE 1: Electrostatic Potential Derived Charges (in €)
Obtained from Gas-Phase Optimized Clusters

==Si Si Si———
S N “ PDC
clustef Osi Si
— , Siz010Hg” —0.48 1.20
z SisO12Hg® —0.48 1.11
—'Si/\Si Y finald -0.6 1.2
a Calculations performed at BP-DF level with a TZV(d,p) basis set.
. ) b Linear cluster with three T-atoms (Figure 2aFour-membered ring
e Si Si—- (Figure 2b).2 Chosen to represent the electrostatic field of extended
l - systems.
b

embedding method of Sulimov et &luses higher charges for
Si and O centers, 2.4 andl1.2 e, respectively, as proposed
earlier by van Beest et &t.

anions and is based on PDC charges of all lattice centers. Both 3.2.2. Force FieldA shell model FF typically contains four
features are necessary to properly represent the electrostatiénteraction terms (see below). All centers treated at the MM
interaction between the lattice and the QM cluster. Surprisingly, level contribute to the Coulomb interactiovidou(Ray) as point

we were not able to locate a suitable FF in the literature. charges (simple point charges representing cationic centers as
Common shell model force fiel#s?® are based on formal  Well as cores and shells representing anionic centers)

charges that would result in an unrealistic Madelung field acting
on the covEPE embedded QM cluster. On the other hand,
reported force fields adjusted to PDC describe anions by simple
point charges only? Combining parameters from different force

fields violates the consistency of a FF, and hence, it is not Closely connected to this term is the ceshell interaction
feasible. Furthermore, for an_adequate mechanical coupling Of(che—sheID that determines the polarizability of anionic centers,
a QM cluster and the MM environment, the cluster has to match represented by a Simp|e harmonic potentiaj function (force

the size of the corresponding lattice cavity very well. To achieve constantks") between core and shell of a given cerité® in
this goal, it is advisable to use the same quantum mechanicalthe systems considered here)

method, namely, BeckePerdew (BP) DF calculations, for both
_ hA 2
Vcor&shell_ zkls Ari
I

Figure 2. Clusters used for estimating potential-derived charges: (a)
3T linear chain, (b) 4T four-ring.

(14)

the QM cluster treatment and the derivation of the FF
parametersFor these reasons, we decided to construct a new
FF, suitable for our needs. In the following section, we describe o o ] )
the choice of the potential derived charges and the optimization The remaining contributions to the FF are collectively described
of force field parameter for silica, the environment chosen in @S short-range interactions. Typically, a Buckingham potential
subsequent applications (section 4). with both repulsive and attractive terms is used for pure silica
3.2.1. ChargesWith potential derived charges, we aim at and zeolite systerd%
reproducing the electrostatic potential of pure silica framework _
Veuck = Z[Aij exp(ri/p;) — Cyrj 7
D]

(15)

as in zeolites with very low aluminum content. We determined (16)

PDC from BP-DF calculations on silica clusters (with dangling

bonds saturated by hydrogen atoms, applying no external field), However, in some force fields generated by fitting to data from
using the CHELP procedi®as implemented in the program  HE or DF calculations, the attractive term is omitted with the
Gaussian98! Contacts of bond capping hydrogen atoms with  argument that these methods are not able to properly account
tetrahedral Si atoms of the clusters result in unreasonably smallio gispersion interactiorsIn those cases, nearest-neighbor
PDC of Si atoms for pure silica framework; therefore, we ponding is represented only as Coulomb attraction of rather large
designed all clustgrs such that only bonds dangling off OXy@en charges (e.g., formal ionic chargésfinally, there are three-
centers were terminated by hydrogen centers. To derive PDC,pody terms of the FF, connected with the stiffness of valence
we chose two pure-silica clusters, a 3T chain cluster (Figure gngles at T-atoms (Si, Al, Ti, etc.)

2a), and a four-ring (Figure 2b). We optimized each cluster

structure, applyin@€sandS, symmetry constraints, respectively, Vinree-bod >‘9) = Zke(gijk — 90)2

using a triple€ basis set augmented with polarization functions, =

TZV(d,p)?” The same basis set was employed when determining

potential derived charges. Two types of charges (one for silicon, This term keeps the bond anglésit all T-atoms in tetrahedral
Si, and one for oxygen, Q are required to reproduce the hybridization close to 109.47the summation runs over angles
electrostatic potential of a pure-silica lattice (Table 1). The centered at T-atoms. It has been repditedt that force field
corresponding FF parametetg,to be used in the shell model ~Parametrizations based on small realistic charges requife Si

description were chosen to preserve the neutrality of silicafSi0  O—Si three-body interaction terms for a correct description of
bulk structural and physical properties. Alternatively to-Si

O—Si three-body terms, two-body-S&i terms have been used

in some modelg® Three-body terms analogous to eq 17 are
The PDC value of a Si atong(Si) = 1.2e, is compensated by included for the oxygen centers of the lattice.

the charges of two O centerf{Osj) = —0.6e. The PDC values Using the program GUL® for fitting BP-DF generated and

for Si and O centers obtained here fall into the interval of 1.2 some experimental reference data, we derived the parameters
to 2.Ce for q(Si) and —0.6 to —1.0e for g(O), reported for of a FF based on PDC. Our FF contains two pair-potential
periodic HF calculations with different basis séfThe recent interactions, S+O and O-0, and two interactions, ©Si—O

17)

q(Si) +29(Og) =0 (13)
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and Si-O—Si, of three-body type. The short-range interactions TABLE 2: Comparison of Optimized Structure Parameters
(except for the three-body term-SD—Si) were parametrized ~ (Bond Distances in A, Bond Angles in deg) and Mulliken

using potential energy curves calculated for the 5T cluster Si- [((:gﬂ?g_(g]?_git_hg_Msoil(%:ﬁ;?#g;fergr"gg"?'gﬁ;tum

[OSi(OH)sa. The value of the coreshell spring constant and  Mechanically (a) and a Model Cluster with a OSi(OH); Unit
the charges on core and shell of polarizable oxygen centers wereSubstituted by an O* Pseudoatom and Point Charges(b)

fitted to reproduce changes of the dipole moment of the 2T

4 . h parameter a b deviation

cluster O[Si(OH)]» induced by a small point charge (85 SII_O" L o22 Tool 0,001
located at a distance of20 au from the molecular center. The %8:1*01)) 1622 1618 0.004
three-body S+O—Si parameters were fitted to selected experi-  (sj1—04) 1622 1625 0.003
mental data on structure and physical properties of two dense  r(Si2—01) 1.611 1.611 0.000
and three microporous silica materials (see below). Most  r(Si2-02) 1.649 1.650 0.001
parameters were determined in a two-step iterative procedure. (Si2-03) 1.650 1.653 0.003

: : - -_ 0(0*-Si1—01) 109.5 107.0 25
First, the short-range interactions-%», O—0O, and G-Si—O .

. . 0(01-Si1-04) 109.5 111.5 2.0

were parametrized. Then, the value of the eeskell harmonic 0(04—Si1—04) 1095 109.0 05
spring and the corresponding charges of cores and shells for [g(si1—01-Si2) 158.8 162.4 3.6
oxygen anions were optimized. Finally, after convergence was  q(O*) —-0.78 —0.54 0.24
achieved for these iteratively determined parameters, the force  d(Sil) 164 1.45 0.19
constant for the three-body interaction-€—Si was established qgf)) E'g 178 _164;‘8 00(')%3
in a single step. After this overview of the parametrization 3(02) —067 —067 0.00
procedure, we discuss some details. q(03) —0.67 —0.67 0.00

To parametrize the pair potentials, %D and OG-0, and the q(04) —0.78 —0.78 0.00
three-body interactions,-©6i—0, the geometry of the 5T model apDC values of PCs as used for the MM region (last row of Table

cluster was optimized at the BP level, using our standard basis1). ® Compensating charge ef0.282 at this center included.
sets (see computational details above) and applying a symmetry_I_ABLE 3 F Field P ters for PDC-Based

H H i i . Force rle arameters for -base
constraint according to the point grotf. This symmetry BP-DF-Derived Shell-Model Potential
restriction was preserved during the subsequent construction of

potential energy curves. The potential energy curve for param- parameters

etrizing the Si-O interaction was obtained in a pointwise  charges q(Si), e 1.2
fashion by stretching the SO bonds gf the central tetrahedron gggcore)oq cz 2.2%78 ,

of the 5T cluster from 1.40 to 1.95 A (16 points), keeping the shell, e
remaining internal coordinates fixed a(lt th?eir opzimumpveglues: short-range parameters P (SAi%), EV gllﬁ’é';gg
r(Si—0) = 1.611 A, 0(0O—Si—0) = 109.47, 0(Si—0—Si) = C (Si-0), eV A¢ 13111
158.8. Similarly, the G-Si—O bending energy curve for A (0-0), eV 95169.354
deriving the G-O and G-Si—O parameters was constructed p (0-0), A . 0.1991

by varying two opposite ©Si—0 angles from 80to 140 (16 core—shell spring Esh(‘g\_/%)_'zev A ‘7‘3-826
pomt_s),_agaln keeplng.other structural parameters fixed at their three-body interaction K, ’(O—Si—O),a eVrad?  0.89844
equilibrium values:r(Si—O) = 1.622 A in the central tetrahe- ks (Si—-O-Si)PeVrad? 562

dron, r(Si—0) = 1.611 A in the neighboring shell}(Si—O—
Si) = 158.8. For each geometry of the target MM cluster (with
fixed core positions of the ions), the shell positions of the anions
were relaxed to equilibrium. The parameters of the three
interactions S+O, O—0, and G-Si—0 are not independent:
(i) the O—0 bond length changes slightly when-%) bond
distances vary, and (ii) the short-range parameters describing
the O-O and O-Si—O interactions are fitted to the same
bending energy curve. For this reason, all these interactionswerequartz§5,36 a-cristobalitd) and three microporous systems
parametrized ;lmultaneogsly. S (zeolites chabazite CHA sodalite SOB¥? and ZK-5), were

To parametrize the anion polarizability, we performed BP- ggjected from experiment (see Tables 4 and 5).
DF calculations for three configurations of the 2T cluster with  The final parameters of our PDC-based FF are listed in Table
the Si-O—Si angles set to 140150, and 160 and the Si-O 3. In Tables 4 and 5, we compare simulation results for the
and O-H bond lengths fixed at 1.647 and 0.971 A, respectively. structure and other properties of crystalline reference materials
For a given geometry of the 2T cluster, the polarizability jth experiment and some well-known force fields for silica
depends only on the shell displacement. Therefore, to obtaingng zeolitedb29 As can be seen from these tables, our PDC-
the core-shell parameters, we fitted the induced dipole moment pased force field reproduces the experimental parameter with
of each 2T configuration calculated in the shell model ap- an accuracy comparable to widely used force fields. In addition,
proximation to the values determined in QM calculations. our FF has the advantage over alternative parametrizations in

Finally, the parameters of the -SD—Si interaction were that it is based on realistic charges of the lattice centers that
established. They were not fitted to calculated data, becausegenerate an adequate electrostatic field in zeolite cavities or close
Si—O—Si interactions in finite clusters and periodic systems to a silica surface.
are quite different. On the other hand, fitting to measured data 3.3. Partitioning of the Environment Region. To model
only is also not adequate, as experimentat@ibond dis- an extended system like a zeolite, we partition the environment,
tances®* 1.599-1.617 A, are shorter than those calculated for region Il, into three subregiorfsi(i) an inner region, lla,
the 5T reference cluster at the BP-DF level, 1.622 A (see Table surrounding the QM cluster, in which the positions of the ions,
2). Therefore, we followed a mixed strategy, using calculated cores, and shells are explicitly optimized; (ii) an intermediate

2 04(0—Si—0) = 109.47. b 0(Si—0—Si) = 163.4.

as well as experimental data. The-%) bond length, 1.622 A,
calculated for the 5T cluster was taken as one of the target
quantities. Further target quantities, namely, structural data (cell
parameters, SiO—Si and O-Si—O bond angles) and other
physical properties (elastic constants, bulk modulus, high-
frequency dielectric constants) of two dense systems (
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TABLE 4: Comparison of Experimental Cell Parameters (in
A and deg) for Pure-Silica Dense and Microporous
Polymorphs with Those Calculated with the New PDC-Based
FF and Two Reference Force Fields

present empirical ab initio
polymorphs expt FF FF FP

a-quart? a=b 4913 4.896 4.84 4.99

c 5405 5.372 5.35 551
a-cristobalitd a=Db 4978 5.004 4.97 5.13

c 6.948 6.893 7.01 7.27
chabazite a=b 13.67 13.74 13.54

C 14.77 14.79 14.55
sodalité a=b=c 8848 8.848 8.82 8.95
ZK-5¢ a=b=c 18.67 18.64
faujasité a=b=c 2426 2464 24.23 24.63

aReference 352 Reference 37¢ Reference 38 Reference 39.
e Reference 40\ Reference 519 Reference 29! Reference 1b.

TABLE 5: Selected Physical Properties (Elastic Constants in
10 N m~2) of Dense Silica Polymorphs

a-quartz a-cristobalite
present empirical ab initio present
expe FF FP FF expt FF

Cu 8.68 8.35 9.47 8.45 5.94 9.42
Ci2 0.70 211 1.84 1.15 0.38 —0.52
Cis 191 1.82 1.97 2.39 —-0.44 0.47
Cus -180 -1.60 —-1.45 —1.37 0.00 0.00
Css 10.58 7.70 11.61 9.63 4.24 4.76
Cua 5.82 3.44 5.01 4.11 6.72 543
Ces 3.99 3.12 3.82 3.65 2.57 2.02
€11 4.45 2.10 4.74 4.07
€33 4.81 212 5.01 4.42
€117 2.36 1.99 2.12 1.76
€33 2.36 2.02
bulk 36.9 39.8 16.0 25.3
modulus

aReference 362 Reference 29 Reference 1b.

No displacement
lic

Mott-Littleton displacement
llb

Explicit optimization

Active Region
I

Environment

Figure 3. Partitioning of the environment region.

region, llb, in which only an effective lattice polarization due

Nasluzov et al.

TABLE 6: Optimized Pseudopotential Parameters of
Capping Pseudoatoms O* for Different Angular Momentum
Values |2

| n Q A

0 0 7.599097 2.004069
1 0 19.87485 —0.242423
2 1 236.6773 1.514864

aSee eq 18.

The remaining, outer part of the environment, region lic, is
considered as a dielectric medium, possibly polarized by a
monopole located at the center of the QM region I. The
polarization of this region contributes only to the energy of the
defect but not to the forces acting on ions of the inner regions.

To represent the electrostatic potential of the environment
on the QM cluster, the contribution of the neutral external part
of the extended region llc was substituted by that of a sphere
that carries a surface charge density and encompasses the cluster.
The radius was set at 15 au, and the surface charge density was
represented by a finite set of 128 points. The values of the point
charges were determined according to a procedure described
previously?41

3.4. Parametrization of the Border Atoms.3.4.1. Param-
etrization of the O* Pseudopotentiadhs already mentioned in
the Introduction, the optimization of parameters for border atoms
saturating the dangling bonds of the quantum mechanical cluster
is a key feature of the present embedding scheme. In our
implementation, these border atoms are represented as monova-
lent atoms. For the present case of a silica environment, these
border atoms are “pseudo”oxygen centers O*, represented by
a specially adjusted pseudopotential that is chosen in a form
also used for nonlocal, angular-momentum-dependent effective
core potentiat®

L-1

VeI = vi(n) + 2 V() =y [ImiImi

Vi(r) = Ar " exp(-oyr?) (18)
Here,| andm are the usual quantum numbers of eigenfunctions
[ImOof the orbital angular momenturh, set in our case at 2,
represents the local part of the effective potential (see Table
6). The valence orbital basis as well as the initial parameters of
the pseudopotential was taken from fluorii&Recall that, as a
functional element of the embedding scheme responsible for
retaining proper charge balance, border atoms bear point charge
incrementsAgpp, which are half of the charge of oxygen atoms
inside the MM region where these centers participate in two
Si—0 bonds (see section 2.1). In their embedding scheme for
ionic—covalent system$, Sulimov et al. assign effective charges

to border atoms Si* in a similar way, 3/4 of the charge of
standard Si centers.

We determined the pseudopotential parameters of the border
atoms O* in a two-step iterative procedure. In the first step, we
adjusted the parameters with a methodology similar to that
described by Zhang et df? targeting structural and electronic

to the effective charge of the defect is taken into account; and features of a model cluster (molecule) that has been treated fully
(iii) an outer region, llc, in which the atomic positions are quantum mechanically. Note an important aspect of our
considered fixed, as in the unperturbed lattice (Figure 3). In optimization strategy: the replaced moiety contains not only
regions lla and llb, the atomic structure of the polarized lattice an O* pseudoatom but also the corresponding point charge
is represented by an array of point charges and discrete dipolesncrement,Agpp, and point charges representing the remainder
(consisting of cores and shells). The effective polarization in of the substituted group. This procedure for fitting a cluster

region llb is described by means of harmonic (Mdtittleton)
displacements of the ions from their equilibrium positiéAg.

model corresponds more closely to the intended situation where
a QM cluster with border pseudoatoms is embedded in a polar
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HO O2H Energy, kdJ/mol
\ o o 9y
HO®=S Si1 Si2mem O3H
HO $ ”03H
a Ho4 [O4H

Figure 4. Sketch of the systems used for fitting the pseudopotential
parameters(a) reference system treated at the QM level éncsystem

-0.05 -0.02 0.0 0.02 0.05

with a OSi(OH} moiety substituted by point charges and an O* AN
pseudopotential center represented in the form of a pseudoatom with Ar(Si-07), A
one free valence.

0.75}

environment, e.g., in silica or a zeolite. In the second step of
the optimization procedure, we aimed at an improved repre-
sentation of the electrostatic potential (ESP) of the embedded
hybrid system. For this purpose, we compared the ESP of a 0.50 |
QM cluster embedded in an array of point charges with the
ESP of a periodic array of point charges that were located in
lattice positions (e.g., of silica or a zeolite framework). To this 025}
end, we adjusted the charge incremeftig, of border pseudoa-
toms by redistributing charge to their Si neighbor in the MM
region. The correctiom\gp(Si) to the point charge of the Si
center adjacent to an O* center aims at reproducing the -0.02 0.0 0.02
electrostatic potential in the border region as accurately as A r(Si-0), A

possible (with atom-centered point charges) when compared to
a periodic reference system. In this way, an eventual polarization

of the O* centers due to neighboring Si centers can be modeled. * /
However, the correction chargeo,,(Si) is only f0.018 e (see _ 15 _X/O\Si/O\L /
below); thus, O* centers are hardly polarized. After this N

~

optimization of Agp(O*) and Agyp(Si), the pseudopotential
parameters of O* were reoptimized (first step) and until changes 10}
in structural and electronic properties of the QM cluster or

discrepancies in the electrostatic potential were reduced below

a chosen threshold. 5t
In the first step of the O* pseudopotential optimization, we
used the QM cluster (OH$i—O—Si(OH),—0O—Si(OH); (Figure c
4a) as reference. One of the O(Si(@Hjroups of this cluster -
- -10.0 0.0 10.0
was replaced by a pseudoatom O*, and the remaining atoms of A (0-Si-0%), deg

the substituted Si(OHQroup were represented as point charges

(Figure 4b). The point charges of the atomic centers of the Figure 5. Comparison of various potential gnergy curves: (aysi1
substituent group Si(Otvere taken at their potential-derived Shot\’,\?:ﬁ; é%iﬁ?g;?g&%ﬁig d?iig)llang (t?)n(nglv:?lvltMe, ?(;ﬁ;[ielrirri).
values, as in the molecular m'echamcs region of the embeddingte curves were obtained by varying the bond lengths-SH. (a),
scheme (see section 3.2.1), i.e.,elf@r silicon and—0.6e for Si1-01 (b), and the bond angle ©Bi1—0* (c), keeping all other
oxygen atoms. The charge of terminal hydrogen atoms of OH internal coordinates fixed at their values optimized for system (a).
groups was set to 0g3to preserve charge neutrality. According

to bond-increment considerations (see section 2.1), a pointequilibrium value. The energy curves for the hybrid QM/MM
chargeAgp, = 0.5 x g(Oum) = —0.3e was placed on the  Systemwere obtained at analogous geometries. The mean-square
pseudoatom O* By use of the simplex method, the O* deviations of each energy in au (5 points for the-St&* bond
pseudopotential parameters were optimized with the goal to curve and 3 points for the SHO1 bond and the O1Si1-0O*
reproduce the fully quantum mechanical results for structure angle curves) were weighted with a factor of 15, and the
and electron distribution of the QM part of the hybrid QM/ difference squared of the Mulliken charges gnwas scaled
MM cluster (OH)}Si—O—Si(OH),—O*. Four characteristics of ~ Wwith a factor of 0.005. The optimized O* pseudopotential
the reference system were chosen as the training set: the mearParameters are listed in Table 6.

square deviations of the potential energy curves of the bonds With a negative charge incremehty,, at the O* center, even
Si1—0* and Sit-01 and the angle O1Si1—O* (represented after optimization of the effective O* pseudopotential on data
by a set of geometry configurations along these curves; Figure pertaining to the reference SO bond curve, the SitO* bond

5) as well as the square of the Mulliken charge difference of was reproduced notably too short. Therefore, we decided to
the atom Si1. The energy curves were constructed by changingintroduce an additional compensating short-range repulsion
the corresponding bond length or angle from the equilibrium between O* and Sil centers

value calculated for the reference system (€8ityO—Si- )

(OH),—O—Si(OH)s, keeping other internal coordinates at their V({SiGH*) = Ay exp(=ri/p;) (19)
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When optimizing parameters for O* centers, we gave priority
to describing the charge distribution as well as the-%)bond
adjacent to the pseudobond SiD* and the valence angle ©1
Si—O*. Changes in these characteristics due to the pseudobond
introduced reflect chemical effects of the substitution on
properties of the unmodified QM moiety. We assume the QM
cluster to be constructed in such a way that atoms of the
pseudobond do not directly participate in chemical interactions
of the active center of the cluster. Therefore, it is less important
by which means mechanical characteristics of the pseudobond
are reproducedNe fitted the short-range parametégsand pj

of the Sit-O* interaction once the pseudopotential parameters
for the O* center were established, using the same 5T cluster
[(OH)3SiO]5Si—O—Si(OH); that had previously served for the
parametrization of the short-range interactions of the PDC-based
FF (section 3.2.2). The optimized pair-potential parameters (after
convergence of the two-step iterative procedure)Pg(€SiO} *)

= 10542.70 eV angh({SiO}*) = 0.1527 A. In Figure 5, we
see that the resulting bond stretching and bond angle energy
curves obtained for the pure QM reference molecule and the
corresponding hybrid QM/MM system agree very well.

In the second step of the optimization procedure, the QM
cluster is embedded in its crystal environment, represented by
an array of point charges. In the present case, we invoked a
zeolite framework of chabazite structure containing only Si
T-atoms. The QM model cluster was constructed by substituting
an G;SiOSIQ; fragment of the periodic system by the cluster
O*3SiOSiO*; to be treated quantum mechanically. The O*
pseudopotential parameters were set to the values determined
in the preceding step. Then, the chargeg(O*) and Agpy-

(Si) were optimized by fitting the ESP of the hybrid QM/MM
system to the ESP of the periodic array of potential-derived
charges by a least-squares technique using a grid of 2500 points
distributed around the center of an 8T ring (Figure 6). We started
the optimization from a situation where the chargm, is fully
localized on the core of the border pseudoatoms O*, Ay

(O*) = —0.3e andAdy(Si) = Oe. The iterative fitting procedure

converged after three cycles Amj(O*) = —0.282 and Aqpy- Figure 6. Electrostatic potential (ESP) maps for (a) an array of point
(Si) = —0.01&. charges located in positions of lattice atoms of a chabazite framework,
L (b) the hybrid QM/MM system where a 2T QM cluster is embedded
Thus far, we tested the parametrization of the O* pseudo- in an array of point charges, and (c) the difference of ESPs between

potential on clusters with fixed geometries. Bond lengths, bond (a) and (b). Dashed and solid contours correspond to negative and
angles, and Mulliken charges had been optimized for the QM positive ESP values, respectively. The contours represent equidistant
cluster in the gas phase. In Table 2, we compare these valueyalues with an increment of 0.009 au (23.6 kJ/mol).
to those obtained for the hybrid QM/MM system~%) bond
distances of the two systems deviate at most by 0.004 A. Theacidic protons are to be attached after substitution of Si with
Si—O* pseudobond is 0.001 A shorter than the corresponding Al to model active centers of aluminosilicates. Therefore, we
Si—0O bond of the QM system, and the bond distances-8i1 do not expect these differences in the ESP to affect OH
and Sit-04 closest to the pseudobond bond deviate by 0.004 vibrational frequencies, deprotonation energies, and other
and 0.003 A, respectively, from the corresponding quantities chemical properties of the active site in a crucial fashion (see
of the 5T gas-phase cluster [(O§3)0]zSi—O—Si(OH); treated section 4).
fully quantum mechanically. Other bond distances differ less  3.4.2. Parametrization of the Pair Potential for QM/EPE
than 0.003 A. G-Si—0O bond angles of both molecular systems Coupling.Thus far, we focused on the parametrization of border
agree to 4. Discrepancies of Mulliken charges are almost pseudoatoms O* which are responsible for reproducing of the
negligible (0.01-0.03), except for the O center to be replaced internal structure of the embedded quantum mechanical cluster.
by the pseudoatom O* and the center Sil next to O*; these Finally, we need to address pair potential parameters for the
charges differ by 0.24 and 0.49espectively. interaction of the QM cluster with its MM environment; see
In Figure 6, we compare electrostatic potential maps for a the interaction of O*Si(MM) in Figure 1. This interaction is
periodic array of PDCs, and the QM cluster embedded in an responsible for the correct orientation of the QM cluster in the
array of point charges with modified chargke,,(0*) and Ay cavity formed in the MM lattice.
(Si) (see above). The largest difference of the two ESP maps We parametrized pair-potential parameters for the QM/EPE
occurs close to the border pseudoatom O*. There, the ESP oflinking analogously to the procedure utilized for the O*
the QM/EPE system is 0.02 au more positive than the ESP of pseudopotential. As before, we used the 5T model system
the purely MM reference structure. Nevertheless, the electro- [(OH)3;SiO}zSi—O—Si(OH)s, where the moiety [(OHBIO];Si—
static potential is well reproduced close to oxygen centers whereO* was treated quantum mechanically and the “missing” Si-
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Figure 7. Structures of embedded zeolite clusters used in the simulation
of chabazite: (a) four-ring of pure-silica chabazite, 4T QM cluster;
(b) pure-silica 5T QM cluster where the crystallographic positions of
the O atoms are specified as given in ref 34; (c) Al-containing 5T QM
cluster with an OH group in position O2. The atoms of the QM cluster
are shown as open circles.

(OH)s; moiety was represented by potential-derived charges (O
= —0.6e, Si= 1.2 e, H= 0.3¢). A pair potential for the O*
Si(MM) interaction, again of Buckingham type, eq 16, was
adapted such that the-SD potential energy curve, calculated
previously (section 3.2.2), was reproduced. We obtained the
following optimized parameters for the QM/EPE coupling;

= 36739.265 eVp = 0.2031 A,C = 296.26 eVAS (cf. Table

3).

4. Application of the covEPE Method to Zeolites

As the first application of the new embedding scheme for
systems with directional covalent bonds, we studied the
structures of pure-silica and H-chabazite as well as the OH

J. Phys. Chem. B, Vol. 107, No. 10, 200&37

TABLE 7: Calculated and Experimental Structure
Parameters (Bond Distances in A, Bond Angles in deg) of
Pure-Silica Chabazité

QM/EPE MM PWe  exp
present
40 5Te FR
r(Si—01) 1.635,1.638 1.640 1.625 1.616 1.617
1.640,1.642 1.646
r(Si—02) 1.638,1.639 1.629,1.653 1.624 1.605 1.599
r(Si-03) 1.640,1.641 1.641,1.644 1.627 1.612 1.615
r(Si—04) 1.622,1.649 1.625 1.612 1.613
0(01-Si~02) 110.2, 110.3 109.4 111.8 109.7 110.3
0(01-Si—03) 109.6, 109.7 110.0 1102 109.0 110.2
0(01-Si—04) 109.7 108.0 111.8 107.9
0(02-Si—03) 109.1 107.7 1095 109.7
0(02-Si—04) 110.2 107.8 107.9 108.4
0(03-Si—04) 108.3 111.3 1089 110.2
0(Si—01-Si) 150.8, 151.0 148.1 1483 154.1 14438
0(Si-02-Si) 149.6 150.5 1474 150.6 149.4
0(Si-03-Si) 147.5 146.5 1474 1502 1478
0(Si—04-Si) 151.4 1458 1441 150.0

aOnly the structure of the QM part of the QM/EPE system is given.
b Structure in Figure 7& Structure in Figure 7i Present work.
¢ Plane-wave (PW) calculation (supercell approach, Perd&tang
exchange-correlation potential); ref 4Reference 34.

four OSiO*; groups (Figure 7b). The 5T model was also used
to model an Al-containing H-chabazite (Figure 7c). The covEPE
environment of the QM clusters was described by the newly
parametrized force field based on PDC charges. The QM part
of the system (region 1) consists of 482 atoms, regions lla
and IIb contain 384416 and 24852640 centers, respectively,
and region llc is assumed to be unlimited. In the following
section, we compare the results obtained with those of other
theoretical studies (MM, QM, and QM/MM) and experimental
data where available.

4.1. Structure.4.1.1. Pure-Silica Structure¥he pure-silica
chabazite structure features one kind of tetrahedral (Si) position
and four kinds of oxygen positior#$,01, 02, O3, and O4
(Figure 7). Therefore, in chabazite, there are four different types
of Si—0O bonds, six types of tetrahedraHSi—0O angles, and
four types of Si-O—Si angles. In Table 7, we present these
structure parameters as calculated with the QM/EPE embedding
approach for 4T and 5T quantum mechanical clusters. The
structure data determined in periodic plane-wave calculdfions
and in experime#t are also given for comparison. Furthermore,
we list the structure parameters obtained in a MM simulation
with the PDC-based force field established in this work (Table
7). The geometrical parameters obtained in the QM/EPE
calculations for the 4T and 5T QM clusters are found close each
to other, agreeing within 0.01 A and-B°. However, bond
distances and angles in the QM part of hybrid QM/EPE systems
vary slightly, depending on their distance to the QM/EPE border
(Table 8). For example, three regions can be distinguished in
the 5T cluster: (i) the first shell farthest from the QM/EPE
border, containing the central Si@etrahedra, (ii) the second
shell next to the first region comprising one shell of Si centers,
(iii) the third shell closest to the QM/EPE border containing
the pseudoatoms O*, and (iv) the QM/EPE border region, which
includes the O*Si(MM) bonds and the bond angles ©Si-
(MM) —O(MM), O*—=Si(MM)—0%*, and Si-O*—Si(MM).

The Si0 bond lengths of the first and second shells of the
5T cluster vary in the ranges 1.622.641 and 1.6441.653

vibrational frequencies and deprotonation energies of the latter A, respectively (Table 8). The bonds of the second shell are

material. We calculated structural parameters of pure-silica
chabazite for two QM model clusters: 4T, representing a four-
ring (Figure 7a) and 5T, with a central Si center surrounded by

longer than those of the first shell; moreover, the shorter the
Si—0O bonds of the innermost shell, the longer the corresponding
Si—0 bonds in the second shell. The bonds on the QM/EPE
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TABLE 8: Optimized Structure Parameters (Bond Lengths in A, Bond Angles in deg) from Hybrid QM/EPE Embedded
Calculations on the 5T Cluster Si(OSiQ), in a Chabazite Environment (Figure 7b)

QM cluster
MM first shell second shell third shéll QM/EPE links
r(Si—0) 1.624-1.627 1.622-1.641 1.6441.653 1.629-1.642 1.636-1.637
0(0-Si—0) 107.8-111.8 108.3-110.2 105.5113.1 105.3-113.6 103.+113.2
d(Si—O—Si) 145.8-148.3 146.5151.4 140.3-146.7

@Including O* centers.

border—the pseudobonds SD* and the QM/EPE links O*- TABLE 9: Optimized Structure Parameters (Bond Lengths
- . . - in A, Bond Angles in deg) of 5T Pure-Silica (Si) and

Si(MM)—agree well with the StO bond lengths of the first Al-Containing Clusters® Embedded in a Chabazite

shell of the QM part of the QM/EPE system. The-8i bond Framework

lengths of the two shells of the hybrid 5T-QM/EPE systems Si AIOb  AI(O1H) AI(O2H) Al(O3H) Al(O4H)

agree with those of the corresponding force field results, with ——— 1610 1763 1952 1716 1720 L1724
maximal deviations of 0.015 and 0.029 A, respectively. In the %T—OZ% 1629 1754 1712 1925 1722 1717
present QM/EPE calculations, bond lengths are overestimatedr(T—03) 1.644 1769 1729 1.726 1943  1.730
compared to experiment, just as in other generalized gradient(T—04) 1622 1736 1716 1729 1.698 1911
approximation (GGA) calculations (see abo¥e).appears that :(Si:'gl) 1.646 1.602 0'19%5 0'19219 0'192(1)8 0'19218
the bond lengths of periodic plane-wave GGA calculatidns  r(si-02) 1653 1599 1.624 1716 1.623 1628
are shorter than the true GGA lin#t*® probably as a  r(Si—03) 1641 1602 1622 1626 1705 1.629

consequence of the specific type of pseudopotentials used. 5((55‘19;‘102) 10%‘_349 10%‘_5696 10%)'231 10%‘_6337 11},,,'_%21 11%‘_128

Similar to the bond distances, results of-68i—O angles 0(01-T—03) 110.0 109.4 101.9 1155 102.0 1151
depend on their location relative to the QM/EPE border. ng%j:ggg iggz ﬁg-g ﬁ‘é-g %g-fi 132-8 igg-g
O—Si—0 angles of the central tetrahedron of the QM cluster 0(02-T-04) 1102 1121 1206 038 1230 1023

fall into the narrow interval 10811C°, whereas the differences  0(03-T-04) 108.3 107.3 116.1  115.1 99.5 98.7

between the tetrahedral angles of subsequent shells and at thé/(H—0—Al) 1075 1026  109.2 1121
QM/EPE border exceed 10the values are between 10&8nd B%?:gliss')i) 1481 1501 1%?;;3 1%266?3 1%2591 1%%'2?6

11# (Table 8). The O*=Si(MM)—O* angles, 118, deviate O(T-02-Si) 1505 153.4 157.7 141.0 1562 144.2
more from the ideal tetrahedral angle; this can be rationalized O(T-03-Si) 146.5 1424 1398 137.6 1305 1379

by the fact that the embedded QM cluster is somewhat larger (T-04=S) 1514 152.7 1547 1443 1797 1364
than its MM counterpart of the chabazite lattice due to longer  2The numbering refers to the different positions of oxygen atoms
Si—O bonds calculated at the GGA level. to which a proton is attached; see Figure 7Beprotonated cluster.

The Si-O—Si angles obtained for the QM part of hybrid QM/

EPE system fall into the interval 147151°, in very good not exceed 0.011 A. The SD bonds at the QM/EPE border
agreement with experimental valu¥s]45-150°, and results of the Al-containing system were calculated to be shorter than
of our molecular mechanic calculations, 14B48 (Table 7). those in the Al-free systems, but the changes are less than 0.01
The Si-O*—Si(MM) angles, calculated at 14047, are about A. In general, F-O bond length changes alternate in subsequent
4—7° smaller than S+O—Si angles in the QM part of the  shells, in agreement with the principle of bond order conserva-
system. tion as previously reported for zeolités*

4.1.2. Al-Containing Structureés a model for Brgnsted acid Substitution of a Si center by an Al atom also affects the
sites in zeolites, we studied Al-containing chabazite. An Al- O—T—0 angles in the central tetrahedron Jf the charged
exchanged structure is modeled by substituting the central SiQM cluster Al(G;SiO),~. O—AI—-0 angles vary with a larger
atom of the 5T QM cluster by an Al center (Figure 7c), while amplitude, 106.6112.T, compared to ©Si—O angles, 1083
the EPE environment is considered as pure-silica. The model110.2, of the corresponding SiQtetrahedron of pure-silica
system constructed in such a way corresponds to a zeolite withsSystems. Note that three of the six-@l—O angles are larger,

a very high Si/Al ratio, more than 1000 Si atoms in the regions and the remaining three are smaller than the ideal tetrahedral
I, lla, and IIb, per only one Al. Four different protonated forms angle. The G-Si—O angles in the second shell of the Al-
of the (3SiO)Al—O(H)—SiO; cluster were studied, with the ~ containing system, 105:9115.2, and the tetrahedral angles in
proton attached to each of the four crystallographic oxygen the third shell, 103.6111.2, are almost unchanged from the
centers$ The structure parameters obtained from embedded corresponding angles in pure-silica systems (not shown in
QMI/EPE calculations for deprotonated and protonated forms tables). The angles G*Si(MM)—O(MM) at the QM/MM

of Al-containing chabazite are presented in Table 9. Geometrical border vary in the range 99:813.7 As for pure-silica
changes are most significant in the region close to the centralstructures, O*Si(MM)—O* angles deviate significantly (127

Al impurity and decrease with increasing distance from this 130°) from the tetrahedral angles in the inner parts of the QM
center. The O bonds of the central T{tetrahedron of the cluster.

deprotonated cluster AlESiO),~ (A0 in Table 9) are calculated The AI=O-—Si angles connecting two atoms in tetrahedral
to be stretched by 0.110.13 A compared to the corresponding  positions obtained for the QM part of the charged QM cluster
pure Si cluster. The AtO bond distances are calculated from Al(OsSiO);~ range from 142to 153. The Si-O*—Si(MM)
1.736 to 1.769 A. The SiO bond lengths of the second shell angles are 134142, i.e., they are smaller than analogous angles
of the QM cluster Al(QSiO),~ fall into the interval 1.596 in Al-free systems. This compression of-&*—Si(MM) angles
1.602 A; they are 0.040.05 A shorter than those in the pure- is a consequence of the larger size of the QM cluster due to the
silica structure. Bond length changes in the third shell of the substitution of the central silicon atom by an aluminum impurity.
Al-containing QM cluster relative to the corresponding silica As expected, attachment of a proton td a specific oxygen
cluster are even smaller than those in two inner shells; they docenter of the QM cluster results in an extension of the



Covalent Oxides and Zeolites J. Phys. Chem. B, Vol. 107, No. 10, 200239

TABLE 10: Calculated and Experimental OH Frequencies TABLE 11: Calculated Deprotonation Energies (DE) and

(in cm™1) of a Bridging OH Group in Chabazite at the Four Relative Stabilities AE?2 (in kJ/mol) of OH Groups in

Crystallographic O Positions? Chabazite at Four Crystallographic O Positions

QM method model Si:Al o1 02 03 04 QM method model o1 02 03 04
expF 16:1 3603 3579 BP QM/EPE DE 1250 1256 1251 1258
BP QM/EPE >1000 3586 3546 3561 3609 AE -6 -1 -8
PW plane-wave’ 11:1 3675 3720 3620 3615 HF QM-Pot DE 1277 1258 1266 1255
PW plane-waved 11:1 3590 3565 3570 3580 AE 19 11 22
PW plane-wave" 11:1 3574 3555 3557 3545 HF periodic/QM-Pdt! AE 17 13 13
B3LYP periodi¢’ 11 3669 BP isolated-2F DE 1271
B3LYP QM-Poti 111 3684 PW plane-wave AE 5 6 9
BP @solated-ZT 3459 PW plane-wave AE 7 4 9
ESF:LYP ::gll:::gg;l-n 3737 3565 2 Relative to that of position OP.Present calculatiorf.Reference

le.dSingle-point energy calculated with a periodic HF method at
aHarmonic frequencies are reported for BP calculations of isolated structures obtained with the QM-Pot methé®Reference 49.Refer-
clusters with QM/EPE; the other calculated values represent anharmonicence 439 Reference 47.
frequencies. Also given is the Si:Al ratio of the system or model used.

® The numbering refers to the different positions of oxygen atoms to ratio. From this effect, we expect some increase of our calculated
which a proton is attached; see Figure 7Reference 349 Present OH frequencies for the ratio Si/Al= 16, closer to the

calculation; for the ratio Si:AP 1000 see section 4.1.2Anharmo- - . .
nicity corrected values.Reference 479 Reference 46" Reference 43. experimental frequency values. The available experimental

i Reference 45.Reference 1¢k Reference 49.Reference 257 Eight- information for the OH frequency of the hydroxyl groups at
ring; ref 48. 01 and O2 oxygen positions in chabazite, 3603 and 3579

cm~1,34 allows a direct comparison with our results, which are

corresponding AFO(H) and Si~O(H) bonds by about 0.20 and  only 19-33 cnt! smaller than the experimental values for the
0.10 A, respectively, compared to the deprotonated Al-contain- corresponding position (Table 10). The higher frequency of the
ing cluster AlO (Table 9). The other AlO distances of the QM OH group in O1 position is also semiquantitatively predicted,
cluster are contracted by 0.6D.05 A. The lengths of the Af calculated by 40 cmt, and in experiment by 24 cm.3* The
O(H) and S+O(H) bonds vary slightly with the position of the  accuracy of the BP QM/EPE calculations is comparable with
OH group at one of the four crystallographic oxygen sites (by more recent PW plane-wave calculatidi$Swhere the differ-
0.04 and 0.02 A, respectively). Similar variations were observed ence between calculated and experimental values wag43
in periodic plane-wave& and QM-Poteé calculations. The ©H cm~L. Earlier plane-wave simulatioffsyielded a considerably
bond length is 0.97% 0.002 A, depending on the position of higher OH frequency than that obtained by experimerit(q
the proton. These calculated values are close to the results oftm™); moreover, the OH frequency at the O2 position was
periodic plane-waVve calculations employing the Perdew-Wang calculated to be 45 cni larger than that obtained at the O1
(PW) functional, 0.975+ 0.001 A, and of periodic B3LYP position, at variance with experimental observations (Table 10).
modeling* 0.968 A (for Si/Al = 1), whereas the QM-Pot  The QM-Pot calculation with the B3LYP methtdjielded an
approach at the HF levélyields shorter G-H bonds, 0.955 A. OH frequency that is 81 cm larger than the experimental value.

The presence of a bridging OH group in the protonated Periodic B3LYP modelingf also gives a high value of the OH
clusters and changes in the bond lengths close to the OH groupfrequency; however, this value applies to a system with a ratio
cause substantial alterations of the bond angles. The&O~H)— of Si/Al = 1. Unfortunately, we cannot compare to OH values
Si angles, 136141°, are 12-16° smaller than those in the for other Si/Al ratios reported in ref 45, because the corre-
deprotonated cluster. Similar values of these bond angles weresponding structures were optimized at MM level only. The
found in periodic PW and QM-Pot calculatiots*3The angles frequencies obtained in plane-wave, QM-Pot, and periodic
at the central Al atom also deviate from the tetrahedral reference; B3LYP calculations are corrected for anharmonicity effects, at
two of them are smaller and the other two larger (Table 9).  variance with the present QM/EPE calculations. In summary,

4.2. Frequencies.In Table 10, we report calculated OH compared to other available contemporary methods, the OH
harmonic frequencies, and we compare our results with experi- frequencies at different positions in chabazite calculated here
mental daté and OH frequencies obtained in periodic PW with our QM/EPE approach agree well with experiment. In part,
plane-wave simulation$;*¢4"periodic BSLYP modeling? the this good correspondence is due to a compensation of the
QM-Pot embedding approaéhand gas-phase cluster calcula- missing anharmonicity corrections and the underestimation of
tions#8 In general, the calculated values of the OH frequencies OH frequencies by the BP functior}#°.50
vary considerably between the different computational methods. 4.3. Deprotonation Energies.The deprotonation energies
Moreover, even the same models and computational approachDESs) of the hydroxyl groups in chabazite calculated with the
(e.g., the PW plane-wave calculatiéh®®#} can yield values QM/EPE method vary between 1250 and 1258 kJ/mol (Table
that differ by more than 100 cm (Table 10). The GH 11). These results cannot be compared with experiment, because
frequencies calculated with our QM/EPE method range from DEs are not amenable to direct measurement. Also, supercell
3546 to 3609 cm!, close to the experimental values 3579  calculations are not suitable for modeling the deprotonated form
3603 cnrl34 of a zeolite, because it represents a charged defect in a periodic

It has previously been noted that harmonic frequencies structure. Therefore, our results can be compared only with those
calculated with the LCGTOFF—DF method using the BP  from other QM/MM embedding methods and QM gas-phase
exchange-correlation functional agree closely with experimental cluster model$:*° Quantum mechanical calculations of DE using
vibrational frequencies of ©H and other bond¥4950When isolated cluster models yield values from 1200 to 1400 kJ/mol,
comparing to experiment, note that the latter was performed depending on the QM method, the basis set, and the cluster
on a sample with a ratio of Si/AF 16, while our model system  size® An earlier computational study of our groiat the BP
corresponds to a ratio of Si/AF 1000. As previously level on an isolated 2T cluster furnished a deprotonation energy
discussed?® the OH frequency decreases with increasing Si/Al of 1271 kJ/mol, i.e., a slightly higher value than the DE obtained
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with the present covEPE embedding method. Our present resultscompensation of our BP calculations. The deprotonation energies

are close to DE values obtained with the QM-Pot method at of different crystallographic sites of the OH group were

the HF level® (Table 11); the differences are between 3 and 27 calculated to vary by less than 1%; the values obtained are

kJ/mol for different positions of the OH group. However, in similar to results of previous theoretical studies.

the calculations of Biadle et all®the DE varied by 22 kJ/mol The covEPE cluster embedding scheme introduced here is

for different crystallographic oxygen positions, whereas the DE applicable for exploring silica systems with different impurities,

values of the present work vary by 8 kd/mol only. This different e.g., framework substituted transition metal atoms such as Ti,

behavior could be due to the way the electrostatic field of the V, and Fe. The covEPE embedding accounts for long-range

framework on the active site is represented in both embedding electrostatic interactions of the centers in the QM cluster with

techniques. Recall that the covEPE method takes long-rangeits classical surrounding and thus allows us to study, in an

electrostatic effects fully into account, at variance with the QM- accurate way, how chemical modifications of the environment

Pot approach, which includes such field effects only at the MM affect characteristics of a reactive center.

level. Alternatively, the difference could originate from different
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