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Objectives
Our aim is to develop strategies for investigating reactive center, adsorption, and
reaction dynamics in nanostructured catalysts.

Research Methodologies

Modeling reactivity of catalysts has been a theoretical challenge. Our focus has been
to design structure, sorption and reaction dynamics in catalytic systems using Electronic
Structure Cluster and Electronic Embedded Cluster methods. In this new electronic
embedded cluster methodology, the active site is modeled as a reactive cluster embedded in
a long-range electrostatic effect of the zeolitic crystal. This allows the active site to be carried
out at an accurate level of electronic structure theary while the influences of zeolite crystal are
effectively included. Combining this with the conventional cluster method will provide us a
powerful tool to predict reaction mechanisms in catalysts.

Results and Discussion

The ZSM-5 structure was taken from the silicious ZSM-5 crystai To represent the Lewis
hasic active site, the silicon atom of the T12 site was substituted by an aluminum atom. An
Cu{l), Ag(l), Li(l) and H" ion were added to counterbalance the negative charge of [AlO4]-.

Four clusters ranging from 3T to 10T, where T is Si- or Al tetrahedral
(Si04 or AIO4), were cut from the ZSM-5 lattice. Due to the partial covalent nature of zeolite,
the boundary Si atoms of each cluster were saturated by capped hydrogen atoms located
along the broken Si-O bonds in ZSM-5 lattice with an Si-H bond distance of 1.47 A. The
boundary SiH3 groups were held fixed in all geometry optimizations.

To incorporate the environmental effects of the remaining zeolite framework. the QM
clusters are embedded in a potential field of point charges. The SCREEP method was used tu
construct these point charges. To account for the electrostatic potential from the cappeda
hydrogen atorns and to minimize their interactions with the external point charges, we
removed the first sheli of external charges closest to the QM cluster and adjusted the
charge’s values of the next shell to reproduce the correct classical Madelung potential
calculated from the Ewald-sum method in the active site region.

Nonlocal hybrid density functicnai theory, particularly the B3LYP functional, was used in
this study due to its consistency and reliability in zeolite systems.

Conclusion

Rational catalyst dssign, notably nanostructured materials, represents one of the
most rewarding challenges in chemical research. Zeclites have been used as catalysis in
many industrial processes, in addition to many other uses due to their nanostructured
framework. They play a significant role in chemicals and fuels production. Their
physicochemical properties "are based on the ability of the open framework structures to
enclose metals [Fe, Cu Ag, Pt, etc.], charged and neutral species as well as nanocluster with
in cavities. These nonstructural catalysts can be tailored or tuned to maximize the product of
target molecules by employing state-oi-the-art technigues. Several interesting problems,

namely adsorption, proton sitting, and reactions of hydrocarbon in nanostructured catalysts
been investigated.

Keyword: zeolite, embedded cluster, adsorption, catalysis.
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I. Introduction

Rational catalyst design, notably nanostructural materials, represents
one of the most rewarding challenges in chemical research. Zeolites have been
used as catalysts in many industrial processes, in addition to many other uses
due to their nanostructured framework. They play a significant role in chemicals
and fuels production. Their physicochemical properties are based on the ability
of the open framework structures to enclose metals [Fe, Cu Ag, Pt, etc.],
charged and neutral species as well as nanocluster with in cavities. These
nonstructural catalysts can be tailored or tuned to maximize the product of
target molecules by employing state-of-the-art techniques.

The Breonsted acidity of zeolitic catalysts generated from surface hydroxy!
within their framework is of prime importance and has led to numerous
important industrial applications, such as catalysts and adsorbents which have
been employed for petrochemical processes and for the production of fine
chemicals. Of particular interest in this active research is the adsorption
structure of methanol and water and the question of whether these probe
molecules are protonated or not at acid zeolite catalysts are discussed in depth.
In spite of a large volume of documents about zeolite research, the details of
structures and reaction mechanisms of adsorption, and particularly of
protonation/deprotonation are still incomplete and, mainly, to be solved.

Transition metal zeolite catatalyst, Cu-ZSM-5, has been the subject of many
recent theoretical and experimental studies since it was discovered to thermally
and photoactivated catalyze the reduction of NOx species.'” The adsorption of
NO molecules on the active site to form nitrosyl complexes is considered the
important step. Much progress in understanding the nature of the active site of
the Cu-ZSM-5 zeolite has been made. However, a detailed molecular-level
understanding of the mechanism of catalytic reduction of NOx species is far
from complete. XANES, EXAFS, and photoluminescence showed that Cu(l)
species are the active site for the decomposition of NO,8-12 and almost all of
Cu(ll) ions in Cu-ZSM-5 can be autoreduced to Cu(l) ions during an evacuation
process.9 CO has been frequenily used as a probe molecule to obtain
information about the active sites of Cu-ZSM-5 due to its high IR absorbance
intensity and the stability of the Cu-ZSM-5/CO complexes.10,13-15 CO is
known to be adsorbed on Cu-ZSM-5, even under mild conditions such as at low
pressure and room temperature.’®? The frequency shift of CO in the adsorption
complex has been used to depict the characteristic of the active site and its
bonding nature. At least two types of Cu(l) species had been identified from
previous IR experiments.'®'"** The first Cu(l) species bonds symmetrically to
two framework oxygen atoms, and the other bonds asymmetrically to three
framework oxygen atoms. Those resuits agree with

XAFS, IR, and UV-vis spectroscopy studies, which showed that the average
coordination number of Cu(l) is 2.5 { 0.3.8-11,25 Experimental observations
suggested that the first Cu(l) type is an active site for the NOx adsorption, but
both types are required for the NOx decomposition process.



Numerous theoretical models have also been performed to provide
information on the nature of the active site of Cu- ZSM-5. Several models of the
active site have been proposed from the simplest model, in which a Cu cation is
in fixed coordination with water ligands (Cu+[H20ln),26'28 to more realistic ones
which consist of up to six tetrahedral sites.'®*** As discussed below, these
models have some mix success. Furthermore, although its coordination
information has been established, the location of Cu+ in the zeolite framework
is not known for certain. Previous HF and lattice energy minimizing calculations
showed that T12 is the most stable site for Al substitution and is believed to be
the type | active center.®®® Such a site is reasonable from the structural point of
view, since the bridging oxygens adjacent tc the T12 site protrude into the
intersection of main and sinusoidal channels; thus, this site provides sufficient
space for small adsorbates binding to the exchanged copper ion.38 For this
reason, most previous theoretical works have chosen T12 as the active site’s
center. However, using a more accurate combined quantum/potential
methodology, Sauer and co workers showed that T12 is not the most stable site
for Al though it is among the more stable sites and there are only negligible
differences in the relative energies of these sites. This issue certainly requires
further study.

Understanding the adsorption of CO and NO on Cu-ZSM-5 zeolite would be
the first step in studying the catalytic activity of this zeolite. Experimentally, the
2156-2157 cm-1 band was attributed to the stretching frequency of adsorbed
CO on the Cu(l) site.®'>'"2*%0 Kyroda deconvoluted this peak into two dominant
peaks at 2159 and 2151 cm-1, which were assigned to the stretching
frequencies of CO adsorbed at Cu(l) species binding to two and three oxygen
atoms, respectively. When Cu- ZSM-5 is exposed to NO gas, there are three
bands appearing via IR at 2295, 1630, and 1812 cm-1. The first two bands
occur due to spontaneous decomposition of NO, and the last band was
attributed to NO adsorbing on the Cu+ site.>*'%4%42 The experimental binding
energies of CO and NO largely depend on many factors, e.g., the Si/Al ratio, the
Cu exchanged rate, temperature, and pressure. The relative binding energy
between CO and NO is still questionable. However, recent IR and adsorption
experiments suggested that CO molecules bind to Cu-ZSM-5 zeolite stronger
than NO molecules.?**? Adsorption of CO and NO have also been the subject of
numerous theoretical studies, 327334354450 The gajculated results for
adsorption energy, frequency shift, geometry, and the coordination number are
still scattered due to differences in the topological structure of the model, cluster
size, constraints, basis sets, and the levels of theory employed. Almost all of the
previous theoretical models, except the Cu-water cluster, were not able to
predict the experimental blue shift of adsorbed CO. Although the simplest
Cu+{H20]n model was able to illustrate several important characteristics of the
active site, including the frequency shift of adsorbed CO, the predicted NO and
CO binding energies are far below the experimental heat of adsorption values.®!

One of the most important characteristics of zeolite is its complicated
framework comprising of channels and pores. The simplest approximation is to
only consider the active site locally and ignore the environment effects of the
zeolite framework, as in the cluster model. However, there is sufficient evidence
that such environment effects are significant.>'>°%%% For instance, the
framework of ZSM-5 significantly enhances the catalytic property of Cu-ZSM-5
over other Cu-exchanged zeolites. So we cannot refute the important role of the



Zeolite framework in this catalytic process. From a computational point of view,
to account for the effects of the zeolite framework in the study of adsorption or
reactions in zeolites has been a great challenge. The large unit cells of most
zeolites, such as 288 atoms for the ZSM-5, prevent the use of an accurate
periodic electronic-structure method, though some progress has been made in
this direction, but at a great computational cost.>*®' It should be noted that
periodic calculations correspond to high loading (coverage) cases.

A practical approach to account for the crystal effects of the zeolite is to
embed the quantum mechanical cluster model of the active site in a classical
potential field due to the extended zeolite framework. There are two embedding
approaches. One is referred to as the electronic embedding method, which
includes the electrostatic interactions of the infinite lattice of zeolite in the Fock
matrix of a quantum mechanic cluster.®*® The other is referred to as the
mechanical embedding method, which represents with an analytical force field
the potential from the crystal environment and the active site is treated as a
quantum mechanical cluster.*>*%7%8 Although there are some differences in
these two approaches, both have been successfully applied to studying
adsorptions and reactions in zeolites. It is interesting to note that to date there
has not been a systematic theoretical study focusing on the dependence of NO
and CQO adsorption properties on models of the active site, i.e., cluster size,
Madelung potential, levels of theory.

From a theoretical point of view, to gain a qualitative understanding on the
adsorption of small molecules on metalexchanged zeolite, one first needs to
have some knowledge on the model dependence of adsorption properties of
interest. In this study, our main objectives are (1) to provide a better
understanding of the cluster and embedded cluster computational methodology
in the study of adsorption/reaction in metalexchanged zeolites and (2) to predict
adsorption properties for adsorption of NO and CO on Cu-ZSM-5 zeolite. The
focus of our first objective is on the cluster size dependence and the effects of
the Madelung potential on the NO/CO adsorption properties. This is
accomplished by carrying out both cluster and embedded cluster calcuiations
for different quantum clusters representing the active center. The focus of our
second objective is on the adsorption structures, energies, and frequency shifts
of the NO/CO adsorbed complexes. The results of this study are important for
establishing a cost-effective methodology for future studies on the mechanisms
of both thermal and photoactivated catalytic reductions of NOx by Cu-ZSM-5
and other metal-exchanged -ZSM-5 zeolites.

H. Experimental and Theoretical Methods

Modeling reactivity of catalysts has been a theoretical challenge. Our
focus has been to design structure, sorption and reaction dynamics in catalytic
systems using Electronic Structure Cluster and Electronic Embedded Cluster
methods. In this new electronic embedded cluster methodology, the active site
is modeled as a reactive cluster embedded in a long-range electrostatic effect of
the zeolitic crystal. This allows the active site to be carried out at an accurate
level of electronic structure theory while the influence of zeolite crystal is
effectively included. Combining this with the conventional cluster method will
provide us a powerful tool to predict reaction mechanisms in catalysts.



Several interesting problems, namely adsorption, proton siting, and
reactions of hydrocarbon in nanostructural catalysts been investigated.

. Development of Embedded Cluster Models
and Their Novel Applications to Catalysis

Embedded methodologies have been suggested to close the gap between
the cluster approach and the periodic calculation. They are considered not only
because the cluster models need corrections for neglected interactions with
their surroundings but also because they are a promising alternative to the use
of supercells in periodic calculations. In this approach interactions between the
adsorbate species may give undesired effects, unless the supercells become
prohibitively large. A cluster containing the active site is defined and the
corresponding wave function is calculated in such a way that a smooth link is
attained with the wave function of the surrounding crystal.

When dealing with the adsorption of molecules on metal surfaces in a
cluster approach, serious problems arise. The requisite of electron localization
at atoms or in bonds, which allows for treatment of ionic or covalent materials in
a well-defined way, is no longer valid for metals. We note, however, that the
method required to perform an ab initio calculation of the whole embedding part
and computational benefits are only achieved when calculations of higher
quality (better basis set, inclusion of electron correlation) are made for the
embedded part.

A hybrid method that treats the region the adsorption takes place
quantum-mechanically and embeds it in the infinite host crystal, which is
described by a classical model

Attempts have been made and are being made to improve the cluster
model by including corrections for the external long-range potential, Vext(r), into
the calculation. This leads to terms such as

F,, =F; +{u(r).. opm)

in the Fock matrix elements F,, The fixed external potential Vext may be
defined according to Hermann as represented by a superposition of

contributions V, (r) centered at substrate atom sites Ri,

V@M= V,(r-R,)

Each V, is given by a multipolar expansion, envisaging multipole moments
q ., and spherical harmonics Y, (r),



L+1

Vi(r)= ZW(QI‘IM/ Wy (r)

It is, however, very common to restrict the multipoles to point charges or, at
most, to charges plus dipoles. From a computational point of view, the increase
in computer time due to inclusion of the external potential in an SCF procedure
is very modest, because only extra one-electron integrals are needed and
virtually all guantum mechanical packages allow for the addition of an array of
charges in a straightforward way.

The different embedding schemes differ by the way the multipoles ¢, are
determined and the one-electron integrals <,u(r)

V., (r)|v(r)) are evaluated.

(1) A CRYSTAL calculation of the substrate is performed and the
nonexpanded electrostatic potential, vV “**“ (r), is derived from the periodic

wave function in the region where adsorption takes place. A cluster model is
chosen, adopting the same structure, and the molecular electrostatic potential,

Ve (ry, is evaluated from the cluster wave function in the same region.. (1a)

The difference of the values of these two potentials is then least-square-fitted to
the classical electrostatic potential of a finite number of point charges, located,
e.g., at substrate ion positions (point ion cluster, PIC) outside the quantum
mechanical cluster

PIC

Vex! (?‘) — Vcrysml (r) _ Vc!uster (I') — Z q /(?’ _ R)

The best fit is obtained by varying the values of the charges, keeping their
location fixed. An example is the scheme of Greatbanks et al. (1b) The chargs
density of the crystal and the cluster are partitioned according to a generalized
Mulliken scheme which allows for expression of the electrostatic potentials of
the crystal and the cluster, respectively, in terms of atomic multipole
contributions. The external potential is obtained as the difference of the two
potentials:

Vex!(r):

Z:rysml ZLM (q]LM crystal /r,r_+1 )Y;_M (T‘ —R;) _
cluster cluster +
Zi ' ZLM (qilM[ : 17, (r=R,)

i.e., no fitting is involved. However, to avoid numerical errors, the summation
does not include the atoms of a well-defined inner zone of the cluster and the
crystal (in which the adsorption takes places). It is assumed that the charge
distributions of the cluster and the periodic crystal do not differ in this zone.

Simitarly, the correction term (y(r)lvm (r)}J (r))is only added to the Fock matrix

if both atomic orbitals, ¢ and v, are centered on nuclei belonging to the inner

zone. This scheme suggested by Teunissen et al. offers a solution to two
important problems: (i) It reduces the artificial polarization of the charge



distribution by the external potential in the outer zone of the cluster where Pauli
repulsion is not preventing such effects. (ii) It eliminates contributions to the
calculated binding energy of the adsorbed species, which are due to the
terminating atoms introduced to saturate dangling bonds but are not present in
the real crystal.

(2) Simpler schemes start from the Madelung potential for the bulk crystal
using charges estimated from population analysis of cluster calculations or from
chemical considerations. For example, full ion charges may be chosen for
partially ionic solids such as SiO2. The value of the embedding charges may
even be treated as free parameters in order to assess the sensitivity of the
results to different Madelung potentials.

There are two ways to include point charges into a Fock operator:

(2a) as an Ewald sum, consisting of a direct space term (from which the
charges of the cluster atoms should be subtracted) plus a reciprocal space
term, and

(2b) as a finite number of point charges. The charge value and/or the
positions of some of these charges may be adjusted to reproduce the exact
Madelung potential. The former approach needs special one-electron integrals
while the latter requires trival modifications of existing codes only. Scheme 2b
has also been used to embed clusters with saturation atoms, but the choice of
the Point charges was not trival. The saturating atoms themselves contribute to
the potential felt by the interior atoms of the cluster and, to avoid exceedingly
large polarization, embedding point ions should not be placed very close to the
bordering atoms.

A new electronic embedded technique: SCREEP

Surface Charge Representation of External Embedding Potential

To accurately calculate the Madelung potential of a crytal, one requires an
infinite Ewald summation over point charges in the 3-D crystal. Implementing
such a summation within the Hartree-Fock formalism is not simple.
Furthermore, derivative of the Ewald sum is difficult to evaluate. The SCREEP
method is designed to replace to the Ewald sum by a sum over a small finite
number of point charges. To do this, we first imagine a piece of conductor in an
arbitrary external potential field. Electrons in the conductor will rearrange on the
surface of this conductor so that the TOTAL potential on the surface or
anywhere inside the conductor is vanished, namely

c)'(r)a' r .
Vea (1) + 4 = M

Where r and r’ are on the surface S, 9 (r) is the surface charge distribution. The
above boundary condition gives us a way to replace the external potential



calculated from the Ewald sum by a surface charge distribution. It is important
to note that the quantum cluster or physical system does not have to be a
conductor. We use the conductor boundary as a mathematical trick to replace
the Madelung potential by a surface charge distribution. In practice we discritize
the surface charge distribution into a finite set of point charges. To minimize the
error in doing so, we divide the Madelung potential into two parts. The potential
from the point charges that are close to the quantum cluster will have a large
fluctuation in the magnitude and sign and thus will be treated explicitly. This
leaves the remaining external potential smoother on the surface S, and thus
discritization would have smaller error. Equation (1) becomes

V. +qA=0 2)

where V_ is the remaining Madelung potential at the locations of the surface

charges, q is the finite number of surface charges, and A is the inverse distance
matrix. Solving this matrix equation will give you q. The surface charge
representation of the external embedding potential is

screep

q =-q

Specification to Adsorption/Reaction of H20 cluster over
Faujasitic Catalyst

Cluster and embedded cluster models were used to determine the structure
of water molecules adsorption of zeolites [H3;SiOHAI(OH),OSiH3}/[H;0), ; n = 1-4
and their possible ion-pair species. The cluster is selected to model specially to
faujasite zeolite with the symmetry C1. In models employed, the dangling bonds
of “surface” oxygen atoms are terminated by H atom and Si-H bonds are
~ aligned with the corresponding Si-O bonds of the structure of faujasite Zeolite.

In the embedded cluster model, the static Madelung potential due to atoms
outside of the quantum cluster was represented by partial atomic charges
located at the zeolite lattice sites. Charges close to the quantum cluster are
treated explicitly while the Madelung potential from the remaining charges from
an infinite lattice is represented by a set of surface charges that were derived
from the Surface Charge Representation of External Electrostatic Potentiai
(SCREEP) method. In this study, the total Madelung potential is represented by
1137 explicit charges and 146 surface charges. With this small number of point
charges, additional computational cost is often less than 5% compared to bare
cluster calculations.



Specification to Environmental Catalysis:
Adsorption of CO, NOx, on Metallosilicate Zeolites

The ZSM-5 structure was taken from the silicious ZSM-5 crystal (Figure
1a).69 To represent the Lewis basic active site, the silicon atom of the 712 site
was substituted by an aluminum atom. Note that we selected the T12 site for
this study for the reason discussed above. An Cu(l) ion was added to
counterbalance the negative charge of [AlO4]-. The exchanged monovalent
copper ion was chosen to bind to two framework oxygen atoms (corresponding
to the 12 site in ref 39), protruding in to the channel intersection as an initial
guess structure.

Four clusters ranging from 3T to 10T, where T is Si- or Al tetrahedral
(Si04 or AlO4), were cut from the ZSM-5 lattice. The largest cluster,
[AISI9016H20]-Cu+, is a complete 10 membered-ring cluster of the main
channel of ZSM-5 (Figure 1b). This model represents the zeolite’'s pore
structure, enclosing an active site and adsorbates. The other clusters are 7T,
5T, and 3T that have molecular structures of [AISIBO12H16]-Cu+,
[AISI4010H12]-Cu+, and [AISi208H8]-Cu+, respectively (see Figures 1c-e).
Due to the partial covalent nature of zeolite, the boundary Si atoms of each
cluster were saturated by capped hydrogen atoms located along the broken Si-
O bonds in ZSM-5 lattice with a Si-H bond distance of 1.47 A. The boundary
SiH3 groups were held fixed in all geometry optimizations.

To incorporate the environmental effects of the remaining zeolite framework,
the QM clusters are embedded in a potential field of point charges. The
SCREEP method was used to construct these point charges. The detailed
description of the SCREEP method was previously discussed elsewhere.64 To
account for the electrostatic potential from the capped hydrogen atoms and to
minimize their interactions with the external point charges, we removed the first
shell of external charges closest to the QM cluster and adjusted the charge’s
values of the next shell to reproduce the correct classical Madelung potential
calculated from the Ewald-sum method in the active site region.

Nonlocal hybrid density functional theory, particularly the B3LYP functional,
was used in this study due to its consistency and reliability in zeolite
systems 334458870 Eor practical purpose, we employed a larger basis set for
the active site region, [SIOAIOSIi]-Cu+, namely, the 6-31G(d) basis set for Si, Al,
O, and the adsorbate; the HayWadt-VDZn+1 ECP basis set for Cu(l) ion; and
the smaller 3-21G basis set for the remaining spectator region.

Preliminary calculations for the smaller embedded model confirmed the
experimental observation that adsorptions of CO and NO do not have large
effects on the structure of the Zeolite framework.®""®® Thus, to reduce the
computational demand the active site and the surrounding sites, except those of
the SiH3 boundary groups, were allowed to fully relax in both cluster and
embedded cluster calculations and then were held fixed in subsequent NO/CO
adsorption calculations. All calculations were done using the Gaussian98
program.”



Specification to Physical Organic Chemistry of solid catalysts:
Hydrocarbon Transformation:

We used a 3T cluster, namely SiH3OHAI(OH)20SiH3, for the bare
cluster calculations. For the embedded cluster model, this 3T cluster is
embedded in a set of point charges according to the Surface Charge
Representation of External Embedded Potential (SCREEP) method. Accuracy
of this method for modeling adsorption processes in zeolites has already been
addressed in our previous studies. The SCREEP embedded cluster model
used in this study consists of three layers. The center layer is tri-tetrahedral
(3T) quantum chemical cluster. The next layer of the model is a set of explicit
point charges that were derived from periodic population analysis on zeolite
systems. To minimize the errors due 1o the interactions that occur between the
guantum mechanical terminating hydrogens and the neighboring point charges,
the layer of explicit point charge nearest to the quantum cluster is moved out
and combined with the next layer of point charges. The charge values of the
moved point charges are fitted to minimize deviation from the original external
electrostatic field. The outermost layer of the model is the SCREEP surface,
which is represented by a set of a small number of surface point charges tfo
represent the remaining Madelung potential from the extended zeolite crystal.
In the H-FAU, the total Madelung potential is represented by 1137 explicit
charges within 3.5 A to the quantum cluster and 146 surface charges, whereas
for the H-ZSM-5, 201 explicit charges and 688 surface charges are employed
for representing the potential. Note that pure SiO2 FAU and ZSM-5 crystal
structures were used in calculating the Madelung potential thus Si/Al ration
effects are not included in this study.

All calculations were done at the B3LYP level using 6-31G (d, p) basis
using the Gaussian98 program [17]. In all geometry optimizations the capped H
atoms of the two SiH3 groups and the two OH groups bonded to the Al atom
are fixed along the Si-O crystal framework of the zeolite [18] while other atoms
in the quantum cluster are allowed to relax. For the adsorption complex, both
the adsorbate and the active site are optimized. This effectively accounts for
the local structure relaxation due to the Al substitution in creating the Bronsted
acid site and to interaction with the adsorbate. It is known that DFT does not
account for the dispersion component of the interactions, single point MP2/6-
31G (d,p) calculations were carried out at the B3LYP optimized geometries to
improve the energetic information between ethylene and the zeolite framework.
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Abstract

We propose a computational strategy within the full quantum embedded cluster methodology for modeling reac-
tivity in extended systems. This method takes advantages of the embedded cluster methodology for treating interactions
in the active region accurately while allowing interactions with the remaining crystal framework to be treated fully
quantum mechanically by using the ab initio tight-binding theory. We have applied this method to study proton siting
in chabazite. We found that our calculated relative stability of proton at four different oxygen sites agree well with those
from previously periodic calculations, though the computational demand for the present approach is much

less. © 2001 Elsevier Science B.V. All rights reserved.

. Introduction

Despite rapid advances in computer technol-
ogy and tremendous efforts in improving the ef-
ficiency of electronic structure methods, modeling
reactivity in extended systems remains a challenge
for quantum chemistry [1,2]. Periodic ¢lectronic
structure methods provide an accurate framework
to model interactions in extended systems such as
crystals or surfaces. For porous materials such as
zeolites, the unit cells are often larger than 100
heavy atoms. In such a case, the use of accurate
periodic electronic structure methods is rather

" Corresponding author. Fax: +1-801-581-4353,
E-mail address: truong@chem.utah.edu (T.N. Truong).

limited. A number of periodic density functional
theory (DFT) studies of interactions in zeotlites
have been reported recently but only for small
zeolitic systems {3-11). These periodic DFT cal-
culations used enormous computatiouai re-
sources.

Alternatively there are two other computational
methodologies that are often employed, namely
the cluster and embedded cluster methods. The
cluster methodology treats the active region sur-
rounding the active site (or defects) and the ad-
sorbate guantum mechanically as an isolated
system and totally ignores the effects of the re-
maining crystal framework. In many cases, such a
treatment is sufficient in providing useful insights.
However, there is sufficient evidence that the ef-
fects of the remaining crystal lattice, mainly the

0009-2614/01/8 - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Madelung potential, are crucial for obtaining
quantitative understanding on the mechanism of
chemical processes that occur at the active sites (or
defects) of the crystal. The embedded cluster
methodology [12-17] takes advantages of the
simplicity of the cluster approach but adds the
effects of the crystal framework in an approxi-
mated manner. Two approximations known as the
electronic embedding [12,14-17] and mechanical
embedding [13] approaches have been developed.
Both approaches have shown to perform quite well
for many studies on adsorption and reactions at
the Brensted active sites of zeolites. Both, how-
ever, have inherent fundamental approximations.
The electronic embedding neglects the crystal po-
larization and long-range structure relaxation ef-
fects whereas the mechanical embedding neglects
the direct polarization of the wavefunction repre-
senting the active region and assumes certain ac-
curacy of the potential force field, which was fitted
to QM cluster results.

In this study we present a new computaticna
strategy within the full quantum embedded cluster
(FQEC) methodology that takes advantages of the
embedded cluster methodology for accurate
treatment of the active region and of the periodic
electronic structure methods for rigorous repre-
sentation of interactions in the extended system.
Several different computational sirategies within
this general full quantum embedded methodology
have been previously proposed [11,18,19]. The
proposed computational strategy has its unique

strength in crystals with large unit cells such as
zeolites. For this reason, we select proton siting in
H-chabazite as a2 model system for assessing its
accuracy.

2. Methodology

The central idea of the embedded cluster
methodology is to divide the physical system into
two regions, the active and spectator regicns. Most
existent embedded cluster methods are based on
the QM/MM methodology. In the present ap-
proach, the spectator region is also treated quan-
tum mechanically by a periodic electronic
structure theory. The partition of the physical
system within the periodic boundary condition is
illustrated in Fig. 1. The total energy of the system
can be expressed within the framework of the
ONIOM methodology developed by Morokuma
and co-workers [20]

B = EcL:'r{;.-\s:al + (EHigh - ELOW )

cluster cluster

+ AJE'buundary- (1 )

A physical interpretation for Eq. (1) 1s followed.
In the first term, interactions in all regions, the
active and spectator regions of the crystal and the
cross-term interactions between the two regions
are represented within a low level of periodic
quantum mechanical formalism. The second term
represents the correction to the local nteractions

Low Level
(Periodic Boundary Condition)

Fig. 1. Schematic description of the full quantum embedded cluster methodology.
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in the active region by a more accurate level of
electronic structure theory. The last term repre-
sents the difference in the energy of the boundary
region calculated at the two levels of theory. With
careful choice of the boundary region, the last
term can be made to remain nearly constant in a
chemical process and thus has no cffect on the
relative encrgy; consequently it can be ignored. We
have shown that the ONIOM approach as in Eq.
(1) can be used to improve the prediction for the
adsorption energy of H,O on Al;O,(0001) sur-
face calculated from our electronic embedded
cluster method [21]. Sauer and co-workers also
used the same energy correction expression both
within the QM/MM methodology as in the QM-
pot method [13} and within the full quantum em-
bedded cluster methodology in their more recent
study [11].

Correction for the local interactions in the
active region can be done at any level of quantum
chemistry methods available for isolated systems.
Since we can correct the interactions in the most
important region, it is possible to use a less ac-
curate periodic clectronic structure method to
mode! interactions in the crystal. For the crystal
energy term and the third term in Eq. (1), we
propose to use the ab initio self-consistent tight-
binding (AITB) method developed by Sankey and
co-workers [22,23] called FiRerpaLL. The advan-
tage of using this method is that systems with
unit cells of order 1000 atoms can be easily
considered on a Pentium IIl-based workstation.
This is in fact the key strength of the present
approach.

This AITB method is based on the generahized
norm-conserving separable pseudopotentials of
the Hamann type within a self-consistent density
functional theory formalism. A tight-binding-like
Hamiltonian is used to solve the generalized ei-
genvalue equation for determining the band-
structure energy. This Hamiltonian consists of
different density-functional interactions (i.e. ki-
netic, Coulomb, exchange-correlation, etc). In
solving the one-electron Schrodinger equation a
set of slightly excited pseudoatomic ‘fireball’
wavefunctions are used. For the application
discussed below, we employed the non-local
Becke exchange and Lee-Yang-Parr correlation

functional (BLYP) and the double numerical
(DN) basis set of the sp® type. For convenirace
in the discussion below, we introduce a nniation
for AITB calculations similar to guaptum
chemistry methods for isolated systems, namely
AITB calculations with the BLYP functional
using the DN basis set as AITB(BLYPYIDN. The
development of the DN basis set and the tech-
nical aspects of the AITB method have been
described previously [23]. For the FQEC calcu-
lations, we used the ONIOM notation, i.e., high
level:low level.

3. Test system and computational details

To test the proposed method we have applied 1t
to study proton siting in H-chabazite. Due to its
small unit cell of 37 atoms, several theoretical
studies [3,5,8-11] using different periodic electronic
structure methods have been carried out for the
proton siting in this zeolite. Results from these
studies are valuable for comparison purposes here.
For chabazite, all tetrahedral sites (T-sites) (Al or
Si tetrahedral sites) are equivalent by symme:iry.
At a given Al T-site, the Brensted proton can re-
side on any of the four non-equivalent neighboring
oxygen (O; through O,) atoms as shown in Fig.
2a. Since these oxygen atoms are non-equivalent in
the zeolite framework, Brensted protons at dif-
ferent sites have different physical properties such
as acidity and stability. In other words, the effect
of the zeolite framework is perhaps the sole factor
that distinguishes the differences among these sites
and thus the relative stability of proton at these
four sites provides a stringent test of the new
methodology.

To calculate the relative stability of proton at
the four oxygen sites, four different H-chabazite
structures, where the Bremsted acidic proton is
located at different sites, were first fully optimized
at the periodic AITB(BLYP} level. To correct the
local interactions near the Brensted acid site,
clusters of 13T surrounding the four oxygen sites
(Fig. 2b) were selected from the optimized H-
chabazite structures. The hybrid B3LYP/6-
31G(d,p) method was used as the high level in ".his
test case.
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(b)

Fig. 2. (a) Perspective view of four non-equivalent oxygen atoms in the chabazite framework. (b) 13T cluster used in FQEC calcu-

lations.

4. Results and discussion
4.1. Structure relaxation

Breonsted acidic site is created when the Si atom
at a tetrabedral site is substituted by an Al atom.
Due to the change in the valency at the tetrahedral
site, one can expect such a substitution would in-
duce a large structure relaxation on the zeolite

framework. As expected we found a large structure
relaxation upon Al substitution in chabazite from
the periodic AITB calculations. Selected optimized
geometrical parameters are listed in Table 1 along
with those from previous studies. The degree of
relaxation is different when the proton is located at
one of the four different neighbor oxygen sites. In
particular, the Si-O bond distance in the chabazite
8i0, crystal lattice is 1.65 A. Upon substitution,
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Table 1
Selected structural parameters of Bransted acid sites in H-chabazites (;\ and degree)

H-site Method O-H Si-O(H) Al-O(H) ZAHO(H)-Si OUTOR®

(o)} Periodic 1.007 1.748 1,894 121.0 9.7
AITB
QM-pot® 0.976 1.725 1.910 128.4 2.8
Periodic 0.974 1.702 1.904 132.9 0.6
DFT*
Periodic 0972 1.680 1.838 132.8 —
DFT

02 Periodic 1.004 1,723 1.846 129.7 3.0
AITB
QM-pot® 0.977 1.721 1.876 1334 12.3
Periodic 0.976 1.701 1.876 135.2 20.5
DFT®
Periodic 0.971 1.681 1.807 1326 -
DFTY

03 Periodic 1.011 1.714 1.858 139.9 3.8
AITB
QM-pot® 0978 1,722 1.883 134.0 5.3
Periodic 0.976 1.697 1.876 136.8 13.7
DFT*
Periodic 0.973 1.678 1.808 134.1 -
DFTY

04 Periodic . £.059 1.748 1.912 148.9 1.9
AITB
QM-pot® 0.980 1.738 1.921 129.9 74
Periodic 0.975 1.714 1.938 1352 1t.6
DFT*
Periodic 0.972 1.697 1.857 1344 -
DFT¢

#Qut-of-plane angle.
® Taken from [3].
“Taken from [8}.
9Taken from [9].

the Al-O(H) bond distance (O(H) is the oxygen
atom of the hydroxyl group) varies from 1.846 to
1912 A. The large elongation in this particular
lattice bond creates a local strain to the framework
and induces changes in coordinates of the nearby
atoms, particularly the AI-O(H}-Si angle. This
angle is compressed from the original value of
about 145° by as much as 26°. -

The AI-O(H)-Si angle can be used to compare
the differences between different computational
methods in predicting the crystal structure relax-
ation upon Al substitution. It is interesting to note
that the QM-pot method was able to reproduce
the large structure relaxation upon Al substitution
{3]- The varation in the magnitude of such relax-
ation when the Brensted acidic proton located at
four different sites is rather small as indicated by

the range in the AI-O(H)}-Si angle from 128° to
134° as compared to the range 121-149° from the
periodic AITB calculations. However, the plane-
wave periodic DFT results have a much smaller
range 133-137° [8). In our periodic AITB calcu-
lations, experimental crystal parameters from
5i0; chabazite crystal (volume of 798 A) were
used. Periodic plane-wave DFT calculations [8]
have shown that upon Al substitution the pnit-cell
volume is expanded from 800 to 821 Aj Thus,
constraining the unit-cell volume at 798 A wruld
introduce an external pressure on the systeml and
thus would induce larger structure changes. That is
in fact observed in our AITB calculations. Qpti-
mizing the crystal parameters using the periodic
AITB method is being carried out and the vesults
will be reported in a forthcoming paper.
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Table 2

Relative stability for the Brensted acidic proton located at the four distinct oxygen atoms 01-04 in the active site of chabazite

Methods Relative energy (kcal/mol)
0l 02 03 04

Periodic AITB(BLYP) 0.00 3.78 3.99 3.81
Cluster AITB(BLYP)® 10.49 8.08 0.00 0.33
Cluster BILYP* 8.50 6.65 0.00 5.28
B3LYP:AITB/AITB 0.00 4.35 598 10,75
Periodic HF//QM-pot® 0.00 4.07 3.09 3.01
Periodic HF* {0.0) {16.0) {716.7) (80.1)
Periodic DFT/#QM-pot? (0.0) 275 1.72 321
Periodic DFT* 0.00 2.10 1.25 1.43
Periodic DFT' 0.00 [.61 0.92 2.08
CCSD(TY.DFTHQM-pot® 0.00 9.00 5.20 12.90

#Using 13T clusters selected from the periodic AITB(BLYP)Y/DN optimized crystal structures.

®Taken from [5).

“ Taken from [10]; partial optimization; site specific information was not given explicitly.

9 Taken from [3].
“Taken from [8].
“Taken from [9}.
ETaken from {11].

4.2. Energetics

Relative stability for the Bransted acidic proton
located at the four distinct oxygen atoms O1-04
{denoted as HI-H4, respectively) in the active site
of chabazite calculated by different methods is
listed in Table 2. Our calculated results can be
compared to those from previous periodic HF//
QM-pot [5], BILYP//QM-pot [3,11] and plane-
wave PZPW91 [8,9] calculations. Larin and Ver-
cauteren [10] reported a periodic HF study with
partial optimization for this system. All periodic
methods including the present periodic AITB and
B3LYP:AITB ones predict H1 to be the most
stable. This is in consistent with the observation
from a powder neutron diffraction study that
found two distinct acid sites at Ol and O3 in the
unit cell [24). Different methods,- however, yield
slightly different order of relative stability for the
remaining sites H2-H4. The differences in the
spread of relative stability between B3LYP:AITB
results of 10.7 kcal/mol and those of periodic HE//
OM-pot, BILYP/QM-pot, and plane-wave
PZPW9I results of less than 4.1 kcal/mol can be
due to (1) the degree of structure relaxation upon
Al substitution in chabazite discussed above and/
or (2) the differences in the local interactions. The

fater is supported by the recent the periodic DFT
study when the interaction in the active region (1T)
is corrected at the CCSD(T) level the larger spread
of 12.9 kcal/mol was observed [11].

Results from AITB and B3LYP single-point
energy calculations for 13T clusters used in the
determination of the B3LYP:AITB energy can al:o
provide information on the contributions of the
clectronic component of the zeolite framework,
local interactions, and structure relaxation in the
relative stability of proton at these four sites. First
of all, comparing the cluster and periodic AITB
results, we found that the electronic component of
the zeolite framework, i.e. Madelung potential and
crystal polarization, has a significant effect on the
relative stability of the H1-H4 Brensted acidic
protons. Without it, the AITB method predicts the
H3 and H4 protons to be more stable while H1 and
H2 protons to be much higher in energy. This is in
fact totally opposite to results from periodic cal-
culations. In particular, this component stabilizes
the HI-H4 protons by 14.5, 83, 0.0, and
0.5 kecal/mol relative to that of the H3 proton, re-
spectively. Comparing the B3LYP and AITB
cluster results, we found that improving the accu-
racy for interactions in the active site region sta-
bilizes the H1 and H2 protons by 2.0 and
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1.4 kcal/mol, respectively, while it destabilizes the
H4 proton by 5.0 kcal/mol relative to that of the
H3 proton. Thus the local corrections for interac-
tions in the active region further spread the relative
stability of these protons as mentioned above.

5. Conclusion

We presented a computational strategy within
the full quantum embedded cluster (FQEC) meth-
odology for studying reactivity of extended sys-
tems. This method takes advantages of the
embedded cluster methodology for treating inter-
actions in the active region accurately while al-
lowing interactions with the remaining crystal
framework to be treated fully quantum mechani-
cally but at a less accurate level, particularly by the
use of an ab initio tight-binding theory. To illus-
trate the applicability and accuracy of this method,
we performed a study on proton siting in chabazite.
The non-local hybrid B3LYP level of theory was
used for the active region while a self-consistent
tight-binding AITB method was used for deter-
mining the crystal structure when the Brensted
proton is located at four different oxygen atoms
01-04 in the active site, We found that the FQEC
results are consistent with previously published full
periodic HF and DFT results. This is particularly
encouraging since the present approach is compu-
tationally much less demanding compared to the
periodic HF or DFT methods, thus allowing con-
sideration of crystals with large unit cells such as
zeolites. Furthermore, the availability of analytical
gradient and Hessian for the AITB method opens
many opportunities for the FQEC method in
studying reactivity of extended systems. This study
so far only provides proof of the concept. More
studies however are required to fully access its
range of applicability and limitations. Such studies
are currently being considered in our lab.
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We present a systematic study on the adsorption of NO and CO in Cu—ZSM-5, using an ab initic embedded
cluster methodology at the B3LYP level of theory. We found that the effects of the cluster size and Madelung
potential are small for adsorption energies of CO and NO. For adsorption of CQ, the calculated binding
energy of 32 kcal/mol is in good agreement with experimental data from 29 to 32 kcal/mol. On the contrary,
for adsorption of NO the calculated binding energy of 22 kcal/mol is much smaller than the experimental
estimate, though it is consistent with recent experimental observation that NO binding energy should be
smaller than that of CO. Madelung potential, however, is important for obtaining the correct blue shifi »f an
adsorbed CO and red shift of an adsorbed NO.

Introduction

Cu—ZS8M-5 has been the subject of many recent theoretical
and experimental studies since it was discovered to thermally
and photoactivated catalyze the reduction of NO, species.!™7
The adsorption of NO molecules on the active site to form
nitrosyl complexes is considered the important step. Much
progress in understanding the nature of the active site of the
Cu—ZS8M-5 zeolite has been made. However, a delailed
molecular-level understanding of the mechanism of catalytic
reduction of NQ, species is far from complete.

XANES, EXAFS, and photoluminescence showed that Cu(l)
species are the active site for the decomposition of NO,5~12 and
almost all of Cu(Il) ions in Cu—ZSM-5 can be autoreduced to
Cu(l) ions during an evacuation process.? CO has been fre-
quently used as a probe molecule to obtain information about
the active sites of Cu—ZS8M-5 due 1o its high IR absorbance
intensity and the stability of the Cu—ZSM-5/CO complexes.10.13-15
CO is known to be adsorbed on Cu—ZSM-5, even under mild
conditions such as at low pressure and room temperature. 6-2
The frequency shift of CO in the adsorption complex has been
used to depict the characteristic of the active site and its bonding
nature. At least two types of Cu(l) species had been identified
from previous IR experiments.'é724 The first Cu(l) species
bonds symmetrically to two framework oxygen atoms, and the
other bonds asymmetrically to three framework oxygen atoms.
Those results agree with XAFS, IR, and UV —vis spectroscopy
studies, which showed that the average coordination number
of Cu(I) is 2.5 £ 0.3.2~11.25 Experimental observations suggested
that the first Cu(I) type is an active site for the NO, adsorption,
but both types are required for the NO, decompeosition process.

Numerous theoretical models have also been performed to
provide information on the nature of the active site of Cu—
ZSM-5. Several models of the active site have been proposed
from the simplest model, in which a Cu cation is in fixed-

coordination with water ligands (Cu*[H;0},),%"%* tv more
realistic ones which consist of up to six tetrahedral sites. 82935
As discussed below, these models have some mix success.
Furthermore, although its coordination information has been
established, the location of Cu™ in the zeolite framework is not
known for certain. Previous HF and lattice energy minimizing
calculations showed that T12 is the most stable site for Al
substitution and is believed to be the type I active center.36¥
Such a site is reasonable from the structural point of view, since
the bridging oxygens adjacent to the T12 site protrude into the
intersection of main and sinusoidal channels; thus, this site
provides sufficient space for small adsorbates binding to the
exchanged copper ion.*® For this reason, most previous theoreti-
cal works have chosen T12 as the active site’s center. However,
using a more accurate combined quantum/potential methodol-
ogy, Sauer and co workers showed that T12 is not the most
stable site for Al,*® though it is among the more stable sites
and there are only negligible differences in the refative energies
of these sites. This issue certainly requires further study.

Understanding the adsorption of CO and NO on Cu—Z3M-5
zeolite would be the first step in studying the catalytic activity
of this zeolite. Experimentally, the 2156—2157 cm™! ban ( was
attributed to the stretching frequency of adsorbed CO wn the
Cu(l)y site.'%1724% Kyroda deconvoluted this peak into two
dominant peaks at 2159 and 2151 cm™!, which were assigned
to the stretching frequencies of CO adsorbed at Cu(l} species
binding to two and three oxygen atoms, respectively. When Cu—
ZSM-5 is exposed to NO gas, there are three bands appearing
via IR at 2295, 1630, and 1812 cm™!. The first two bands occur
due to spontaneous decomposition of NO, and the last band
was attributed to NO adsorbing on the Cu?* site. %9:164142 The
experimental binding energies of CO and NO largely depend
on many factors, e.g., the Si/Al ratio, the Cu exchanged rate,
temperature, and pressure. The relative binding energy between
CO and NO is still questionable. However, recent IR and
adsorption experiments suggested that CO molecules bind to
Cu—ZSM-5 zeclite stronger than NO molecules.?*# Adsorption
of CO and NO have also been the subject of numerous
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theoretical studies.!327-30343584-50 The calculated results for
adsorption energy, frequency shift, geometry, and the coordina-
tion number are still scattered due to differences in the
topological structure of the model, cluster size, constraints, basis
sets, and the levels of theory employed. Almost all of the
previous theoretical models, except the Cu—water cluster, were
not able to predict the experimental blue shift of adsorbed CO.
Although the simplest Cu*[H;O], model was able to illustrate
several important characteristics of the active site, including the
frequency shift of adsorbed CO, the predicted NO and CO
binding ecnergies are far below the experimental heat of
adsorption values.5!

One of the most important characteristics of zeolite is its
complicatzd framework comprising of channels and pores. The
simplest approximation is to only consider the active site locally
and ignore the environment effects of the zeolite framework,
as in the cluster model. However, there is sufficient evidence
that such environment effects are significant.155233 For in-
stance, the framework of ZSM-5 significantly enhances the
catalytic property of Cu—ZSM-5 over other Cu-exchanged
zeolites, So we cannot refute the important role of the zeolite
framework in this catalytic process. From a computational point
of view, to account for the effects of the zeolite framework in
the study of adsorption or reactions in zeolites has been a great
challenge. The large unit cells of most zeolites, such as 288
atoms for the ZSM-5, prevent the use of an accurate periodic
electronic-structure method, though some progress has been
made in this direction, but at a great computational cost.*~¢! It
should be noted that periodic calculations correspond 1o high
loading (coverage) cases.

A practical approach to account for the crystal effects of the
zeolite is to embed the quantum mechanical cluster model of
the active site in a classical potential. field due to the extended
zeolite framework. There are two embedding approaches. One
is referred to as the electronic embedding method, which
includes the electrostatic interactions of the infinite lattice of
zeolite in the Fock matrix of a quantum mechanic cluster.82-66
The other is referred to as the mechanical embedding method,
which represents with an analytical force field the potential from
the crystal environment and the active site is treated as a
quantum mechanical cluster.¥53%.6%%8 Although there are some
differences in these two approaches, both have been successfully
applied to studying adsorptions and reactions in zeolites. It is
interesting to note that to date there has not been a systematic
theoretical study focusing on the dependence of NO and CO
adsorption properties on models of the active site, i.e., cluster
size, Madelung potential, levels of theory.

From a theoretical point of view, to gain a qualitative
understanding on the adsorption of small molecules on metal-
exchanged zeolite, one first needs to have some knowledge on
the model dependence of adsorption properties of interest. In
this study, our main objectives are (1) to provide a better
understanding of the cluster and embedded cluster computational
methodology in the study of adsorption/reaction in metal-
exchanged zeolites and (2} to predict adsorption properties for
adsorption of NO and CO on Cu—ZSM-5 zeolite. The focus of
our first objective is on the cluster size dependence and the
effects of the Madelung potential on the NO/CO adsorption
properties. This is accomplished by carrying out both cluster
and embedded cluster calculations for different quantum clusters
representing the active center. The focus of our second objective
is on the adsorption structures, energies, and frequency shifts
of the NO/CO adsorbed complexes. The resulis of this study
are important for establishing a cost-effective methodology for
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future studies on the mechanisms of both thermal and photo-
activated catalytic reductions of NO; by Cu~ZSM-5 and other
metal-exchanged -ZSM-5 zeolites.

Methodology

The ZSM-5 structure was taken from the silicious ZSM-5
crystal (Figure 1a).% To represent the Lewis basic active site,
the silicon atom of the T12 site was substituted by ar aluminum
atom. Note that we selected the T12 site for this study for the
reason discussed above. An Cu(I) ion was added to counterbal-
ance the negative charge of [A10,4]~. The exchanged monovalent
copper ion was chosen to bind to two framework oxygen atoms
{corresponding to the 12 site in ref 39), protruding in to the
channel intersection as an initial guess structure.

Four clusters ranging from 3T to 10T, where T is Si- or Al-
tetrahedral (8104 or AlQ47), were cut from the ZSM-5 lattice.
The largest cluster, [AlS19O46Hzp] Cu™, is a complete 10-
membered-ring cluster of the main channel of ZSM-5 (Figure
1b). This mode! represents the zeolite’s pore structure, enclosing
an active site and adsorbates. The other clusters are 7T, 5T,
and 3T that have molecular structures of [AlSigO2H 6] Cut,
[Al8i4010H 2]~ Cut, and [AlSizOsHs]~Cu*, respectively (see
Figures lc—e). Due to the partial covalent nature of zeolite,
the boundary Si atoms of each cluster were saturated by capped
hydrogen atoms located along the broken Si—O bonds in ZSM-5
lattice with an Si—H bond distance of 1.47 A. The boundary
SiH3 groups were held fixed in all geometry optimizations.

To incorporate the environmental effects of the remaining
zeolite framework, the QM clusters are embedded in a pot.atial
field of point charges. The SCREEP method was ured to
construct these point charges. The detailed description of the
SCREEP method was previously discussed elsewhere.® To
account for the electrostatic potential from the capped hydrogen
atoms and to minimize their interactions with the external point
charges, we removed the first shell of external charges closest
to the QM cluster and adjusted the charge’s vaiues of the next
shell to reproduce the comect classical Madelunz potential
calculated from the Ewald-sum methaod in the active site region.

Nonlocal hybrid density functional theory, particularly the
B3LYP functional, was used in this study due to its consistency
and reliability in zeolite systems.?13445.66.70 For practical purpose,
we employed a larger basis set for the active site region,
[SiOA108i)"Cut, namely, the 6-31G(d) basis set for 51, Al, O,
and the adsorbate; the HayWadt-VDZ,+; ECP basis set for
Cu(I) ion; and the smaller 3-21G basis set for the remaining
spectator region.

Preliminary calculations for the smaller embedded model
confirmed the experimental observation that adsorptions of CO
and NO do not have large effects on the structure of the zeolite
framework.51:6¢ Thus, to reduce the computational demand the
active site and the surrounding sites, except those of the SiH;
boundary groups, were allowed to fully relax in both cluster
and embedded cluster calcuiations and then were held fixed in
subsequent NO/CO adsorption calculations. Al calculations
were done using the Gaussian98 program.”!

Results and Discussion

In this study, we have examined both the physicui preperties
of CO and NO adsorptions on Cu—ZS3M-5 zeclite and the
factors that can affects the accuracy of the embedded cluster
model, particularly the size of the quantum clusier and the
Madelung potential. Thus it is natural to separate the discussion
of the results into two parts, namely, model depeudence and
chemistry of CO and NO adsorption on Cu—ZSM-5 zeolite.
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Figure 1. Cu—Z5M-5 Cluster models: {a) ZSM-5 lattice, {b) 10T cluster, (c) 7T cluster, {d) 5T cluster, and (e) 3T cluster of Cu—ZSM-5.

Our calculated results are summarized in Tables 1—3. Optimized
geometrical parameters, Mulliken charges, and Cu ion binding
energy of Cu—ZSM-5 calculated from both the cluster and
embedded cluster methods using four different QM clusters are
tabulated in Table 1. Similar results for CO and NO adsorption
on Cu—ZSM-5 are listed in Tables 2 and 3, respectively.
Model Dependence. In the embedded cluster methodology,
there are lwo main factors that can affect the accuracy of the
results, namely, the size of the QM cluster and the representation
of the embedded potential. It is difficult 1o separate the effects
of these two factors. In this study, the embedding potential
consists of only the long-range electrostatic contribution from
the zeolite framework. As the size of the QM cluster increases,

it includes the short-range electrostatic, repulsion-dispersion, and
polarization contributions from the local region of the active
site in its full quantum mechanical treatment. Thus, the most
accurate results from this study are from the embedded 10T
cluster calculations and are used as a reference point for
comparison in the discussion of model dependence.
Cu—7SM-5 Active Site. We found that the local structure
of the active site, i.e., the Cu* ion binding site, is not very
sensitive to the size of the QM cluster and the inclusion of the
Madelung potential. As the size of the QM cluster increases
from 3T to 10T, the Cu—0O bond distances increase by at most
0.01 A and the AI—0O (to Ol or 02) bond distances decrease
by at most 0.05 A. The Cu—Al distance appears Lo converge at
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TABLE 1: Structural Parameters (A), Mulliken Charges (au), and Binding Energy (kcal/mol} of Cu-ZSM-5 Clusters

Treesukol et al.

3T 5T T 10T

MF! bare emb” emb® bare emb? emb® bare emb” emb® bare emb” emb?
Cu—01° 1.980 2.003 1.990 2.006 1.994 2.012 1.998 2.013
Cu—02¢ 1.993 2.005 2.010 2.016 2.011 2023 2.012 2.032
Cu—Al 2.743 2.767 2725 2.748 2.732 2758 2.732 2.764
Al—-01 1.812 1.819 1.752 1.760 1.752 1.755 1.751 1.753
Al-02 1.780 1.785 1.743 1.757 1.747 1.748 1.748 1.745
g(Cu) 0.52 0.61 0.61 0.52 0.57 0.58 0.49 0.55 0.55 0.48 0.55 0.55
g(0) —0.60 —0.60 -(.59 —0.60 —0.60 -0.60 —-0.60 —0.60 —-0.59 —0.60 -0.60 —0.60
Eiina(Cu)* 180.13 233.76 134.02 195.62 185.76 180.05 187.30 163.90

2 Unoptimized embedded cluster. * Optimized embedded cluster. ¢ Framewotk oxygens.  Includes BSSE cortection.

TABLE 2: Structural Parameters (A and deg), Mulliken Charges (au), and Binding Energy (kcal/mol) of CO Adsorption on
Cu-ZSM-35 Clusters

Cu(l) 3T 5T T 10T
C-down O-down C-down C-down C-down C-down

parameters® cluster emb cluster emb cluster emb cluster emb cluster emb
cob 1.126 1.139 1.137 1.136 1.138 1.134 1.138 1.135 1.137 1.136
Cu~C(O) 1.893 2.002° 1.818 1.827 1.815 1.829 1.817 1.829 1.825 1.832
ZCu~CO 179.9 1759 179.8 178 8 180.0 178.6 178.2 174.7 178.6 177.8
g(CO) 0.26 0.13 0.22 0.25 0.23 0.25 0.23 0.25 023 0.24
g(Cw) 0.74 0.54 036 043 .33 037 0.30 0.36 0.29 0.37
GO.¥ —0.60 —0.60 —0.60 ~0.60 —0.60 —0.60 —0.60 ~0.60 —1.60
Etina” 37.50 6.18 32.58 32.21 32.53 32.83 3298 33.13 31.6% 3530

4 Qnly the adsorbate is optimized. # Optimized gas-phase CO bond length is 1.138 A. < Average of charges on two bridging oxvgen atoms.

4 Include BSSE and ZPE corrections. * Cu=~Q(C) distance. f #Cu~0C.

TABLE 3: Structural Parameters (A and deg), Mulliken Charges (au), and Binding Energy (kcal/mol) of NO Adsorption on
Cu-ZSM-5 Clusters

Cu(l} 3T 5T " IT 0T
N-down O-down N-down N-down N-down N-down

parameters® cluster emb cluster emb cluster emb cluster emb cluster emb
NO* 1.147 1.174 1.168 1.166 1.169 1.164 1.168 1.165 1.167 1.165
Cu~N(O} 1.871 1.952¢ 1.815 1.822 1.814 1.826 1.815 1.823 1.821 1.824
£Cu=NO 179.9 138.1 145.4 145.4 144.8 144.8 1453 147.6 148.0 148.3
g(NO) 0.12 0.10 0.08 0.11 0.09 0.13 0.09 0.13 0.10 0.12
g{(Cu) 0.88 0.54 0.45 0.52 0.43 045 040 0.44 0.38 0.46
g(0.) —0.59 —0.59 —0.59 —0.59 —(.59 -0.59 -0.59 —0.59 —0.59
Ehind® 4294 7.32 23.38 22.84 23.66 22.80 23.92 23.47 22.61 21.78

° Only the adsorbate is optimized. * Optimized gas-phase NO bond length is 1.159 A. < Average of charges on two bridging oxygen atoms,

4 Include BSSE and ZPE corrections. ¢ Cu=O(N) distance. / £Cu~0ON.,

7T. Examining the convergence of the structural parameters,
we found that the 3T cluster results deviate noticeable from
others, thus indicating such a cluster is too small. Inclusion of
the Madelung potential increases all Cu—0, Al—0O, and Cu~—
Al bond distances. The largest variation of about 0.03 A is in
the Cu—Al bond distance. The increase in the Cu—Al bond
distance would hinder the delocalization of Cut charge by the
zeolite framewaork. This observation is further supported by the
larger Cu Mulliken charge (by 0.1 au) when the Madelung
potential is included (see Figure 2). Note that increasing the
cluster size in bare cluster calculations does not have such an
effect. Thus, the Cu* charge localization is due mainly to the
Madelung potential. The Cu™ binding energy shows the largest
dependence on both the QM cluster size and the Madelung
potential. From the bare cluster calculations, the Cut binding
energy increases from 180.1 to 187.3 kcal/mol when the size
of the QM cluster increases from 3T to 10T. The embedded
calculations show the reverse trend, i.e., the binding energy
decreases from 233.8 to 163.9 kcal/mol from the 3T to the 10T
case. This indicates that inclusion of only the long-range
Madehmg potential may overestimate the Cu* binding energy.
The local short-range repulsion dispersion and polarization of

0.7

0.6 1

0.5

a{Cu}

0.4

031

0.2

ar 5T T

Models
Figure 2. The cluster size and the Madelung potential dependences
of the Cu Mulliken charge: cluster (CI), embedded cluster (), CO/
cluster (O), CO/embedded cluster (@), NO/cluster (<), and NO/
embedded cluster (#).

wT

the zeolite framework also have a noticeable contribution in
lowering the ion binding energy.
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CO and NO Adsorption. Both CO and NO may bind to a
Cu ion of Cu—~ZSM-5 via either the C- (or N-} down or the
O-down structures. The resolts are shown in Tables 2 and 3.
We have used both bare and embedded 3T cluster models to
investigate both modes of adsorption for CO and NO on Cu—
ZSM-5. For both systems, the Cu—0 binding distances (Cu to
oxygen of CO or NO) in the O-down adsorption complexes
are more than 0.13 A longer than the corresponding C-down or
N-down case. Consequently, the O-down adsorption complexes
have much weaker binding energies, particularly 6.2 versus 33.2
keal/mol for the CO/Cu—ZSM-5 complex and 7.3 versus 22.8
kecal/mol for the NO/Cu—ZSM-5 complex. For this reason, we
do not expect that the O-down adsorption mode would play an
impottant role in the chemistry of reduction of NO, by Cu—
ZSM-5 zeolite, and thus, we only concentrate our further efforts
to study the C-down and N-down adsorption modes.

It is interesting to note that the structures and binding energies
for adsorption of both CO and NO on Cu—ZSM-5 zeolite do
not depend strongly on either the cluster size or the Madelung
potential. In fact, variations in the CO and NO bond distances
in the adsorption complexes are less than 0.005 A for both bare
and embedded cluster methods. Inclusion of the Madelung
potential is seen to lengthen the adsorption distance (Cu—N or
Cu—C bond distance) by at most 0.015 A. Similar to the Cu—
ZSM-5 zeolite, in the adsorption complexes, the Madelung
potential localizes the Cut ion charge but to a lesser degree.
Both the effects of the QM cluster size and the Madelung
potential give rise to the varations in the CO binding energy
from 31.7 to 33.2 kcal/mol and in the NO binding energy from
21.8 to 23.9 kcal/mol. It is interesting to point out the general
perception that the Madelung potential tends to increase the
binding energy of the adsorbate. It is not so. Our results show
that the Madelung potential increases the CO binding energy
by about 1 kcal/mol but decreases the NO binding energy also
by about 1 kcal/mol. Although the effect of the Madelung
potential is not large here, it is sufficient to illustrate the point.

In summary, with the exception of the Cu* ion binding
energy, the structures of the Cu—ZSM-35 and its CO and NO
adsorption complexes and their corresponding binding energies
exhibit a rather weak dependence on the size of the quantum
cluster and the inclusion of the Madelung potential. The
Madelung potential, however, was found to stabilize the Cu*
ion charge and thus reduces the charge delocalization by the
zeolite framework. This would have an important implication
in studying the photocatalytic activity of metal-exchanged
zeolites where the charge-transfer process is thought to be an
important step in the catalytic cycle. From the variations in the
structures, binding energies, and Mulliken charges, we found
that the embedded 5T cluster model provides a balance between
computational efficiency and accuracy.

Chemistry. In this subsection, we discuss the chemistry of
CO and NO adsorption on Cu—ZSM-5 and comparisons of our
results with those from previous experimental and other
theoretical studies. For this, we use the results from our most
accurate embedded 10T cluster calculation.

Cu—ZSM-5. Previous experimental and theoretical studies
have suggested that Cu™ jons are located at intersections between
sinusoidal and main channels, exposed to diffused species. The
majority of Cu™ ions in ZSM-5 are expected to coordinate o
two bridging oxygen atoms of the active site.!82930.334550.72 A ]|
structural parameters of our model, i.e., bond distances and the
coordination number of the copper ion, are comparable to
experimental results. Particularly, the calculated Cu—O bond
distances of 2.013—2.032 A (see Table 1) are in excelient
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agreement with the experimental data of 2.00 + 0.02 A,
determined by Lamberti et al® In comparison with previous
theoretical studies, our calculated Cu—O bond distances are
slightly larger. In particular, Chakraborty et al., 3 using the 5T
cluster, found the two Cu—O bond lengths of 1.95 and 1.86 A.
The DFT/LSD calculations of Hass and Schneider on the 5T
cluster yielded Cu—O distances of 1919 and 1,924 A%
Increasing cluster size and including the Madelung poential
do not have large effects, though they bring the results in better
agreement with experimental values. Although there is some
charge redistribution between the copper iom and zeolite
framework, the charge of (.55 on the Cu* ion supports the
suggestion that these Cu™ ions prefer to exist as isclated
monomer species.”

Since experimental data for the Cu* binding energy is not
available, we compare our results to previous theoretical data.
We mentioned above that the binding energy between the Cut
cation and zeolite framework shows a strong dependence on
the cluster size and the Madelung potential. Comparisons with
previous studies further support this conclusion and also show
some dependence on the levels of theory employed. In particular,
Hass and Schoeider used the simple 5T mode! at the DFT/LSDA
level of theory and obtained the binding energy of 175 keal/
mol.?® Sauver and co-workers** determined the Cu* binding
energy of 160 kcal/mol from a 3T model at the DFT/B3LYP
level of theory. Sauer et al.’ also predicted a value of 148.6
kcal/fmol from their mechanical embedded 3T cluster model
{QM-pot} at the same level of theory. Our calculated binding
energy with the basis set superposition error (BSSE) correction
is 164 kcal/mol. The variations in these results serve as a caution
for the use of cluster and embedded cluster models in studying
Lewis basic sites and adsorption of ions on zeolites.

Adsorption of CO on Cu—~ZSM-5. Basically, the natire of
the bonding between a Cu' ion and a CO molecule ccn be
described by the back-bonding process. The HOMO vrbital of
CO is the 5¢0* antibonding orbital. o donation from: Lhis orbital
to the transition metal ion would strengthen both the CO bond
and the Cu~CO inieraction. On the other hand, the LUMO of
CO is the 67* orbital. 7 accepting to this orbiial, i.e., clectron
flows from the transition metal to the Sn* orbitai, would
strengthen the Cu~CQ interaction but weaken the O bond.

CO bond length is shortened slightly upon adsorption. Our
calculated Cu—Oframework and Cu~C distances of 2.03 and 1.832
A are in excellent agreement with those of 2.05 and 1.89 A
determined by Nagao et al.’! using spectroscopic techniques.
As expected, the Cu~C bond is slightly affected by the
Madelung potential, thus supporting the observation that the
Cu~C:stretching frequency is much more sensitive to the zeolite
structure, i.e., the long-range potential, than the CO bonding, '3
The Cu=CO angle is linear (Figure 3) corresponding to previous
calculation studies.26¢73¢ The net charge of the adsorbed CO
molecule is slightly positive, revealing the electron transfer from
an adsorbate to the copper ion. From the shortening of the CQ
bond length and the decreasing of the Cu* positive charge, we
can conclude that the o donating dominates the interaction
between the exchanged copper and the carbonyl ligand.

One of the most important characteristics of the CO/Cu—
ZS5M-5 complex that can be obtained from experiment is the
IR frequency of adsorbed CO. While the interaction berseen
the bare Cu* ion and a CO molecule yields the red shift of the
CO stretching frequency, IR spectra of adsorption of CO on
Cu—ZSM-5 yields two peaks (from two different {’u* sites as
mentioned above) at 2159 and 2151 cm™!, which are blue-
shifted from the peak at 2143 cm™! of the gas-phase CO * This
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Figure 3. Optimized structure of CO/Cu—ZSM-5 complex using the
embedded 10T model.

blue shift should correspond to the stronger and shorter CO
bond, as observed in this study. To confirm this the stretching
frequency of an adsorbed CO was calculated using our embed-
ded 3T model. Without any scaling, the adsorbed CO frequency
was determined to be 22377 cm™!, blue-shifted from 2208.2
cm™! of the gas-phase CO. Such a blue shift was not observed
in most of the previous theoretical models, even at the same
cluster size and the same level of calculation. Thus the Madelung
potential is expected to be important for obtaining the correct
blue shift of an adsorbed CO.

The binding energies calculated from previous theoretical
models are quite scattered, ranging from 25 to 54 keal/
moj 2729304674 The experimental CO binding energy was
determined to be 28.7 kcal/mol by Nagao et al.’! and 31.6 kcal/
mol by Szanyi and Paifett (an unpublished resuit cited by Brand
et al.”"). After including the BSSE correction and zero-point
energy (ZPE) correction, we obtain the CO binding energy of
32.01 kcal/mol, which agrees well with experimental values.

In this study, we found an “anticorrelation” between binding
energy and bond distance. If the bonding between an ion and
an adsorbate is dominated by electrostatic interaction, one can
expect that the binding energy decreases upon increasing the
bond distance. Our results show that while the binding energy
between the bare Cu™ ion with CO (57.5 kecal/mol) is much
larger than that (32.3 kcal/mol) of the Cu—ZSM-5/CO complex,
the Cu~C bond distance is longer, 1.893 A compared to 1.832
A. This indicates that the interactions between the Cu* site in
ZSM-5 zeolite and CO are more complex than just an
electrostatic one. This supports the previous suggestion that the
combination of electrostatic interaction, between CO molecule
and zeolitic framework, and o donation, between CO and
exchanged copper ion, induces a blue shift of adsorbed CO."

Adsorption of NO on Cu—ZSM-5.

The HOMO of NO molecule is the 6z* orbital. The electron
transfer from the copper’s d-orbital to this orbital in the &
accepling process increases the Cu™NQ interaction but simul-
taneously decreases the NO bond order, i.e., elongates the NO
bond distance while the & and ¢ donating (from So* and 6oc*
orbitals) would increase the Cu™~NO interaction and NO bond
order, i.e., shorten the NO bond distance.
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Figure 4. Optimized structure of NO/Cu—ZSM-5 complex using the
embedded 10T model.

Our calculated NO bond distance in the NO/Cu—ZSM-5
complex is 1.165 A, which is longer than the zas-phose value
of 1.159 A. Previous theoretical studies have also coserved this
elongation of the NO bond. This indicates that ;7 accepting is
the dominant process, which is opposite of the CC/Cu—ZSM-5
case. It is interesting to point out that for the bare Cu* icn/NO
complex, the NO bond distance is shortened to 1.147 A and
thus o donating is preferred (molecular charge of adsorbed NO
compared to free NO). These results show that the zeolite
framework is important in determining the nature of the bonding
between the exchanged Cu' ion and the adsorbate. From IR
studies, the NO stretching vibration at 1810 cm™! was assigned
to linearly adsorbed NO, since generally NO frequencies that
are larger than 1720 cm™! correspond to linear species.!3.76.77
Our Cu=NO angle of 148° (see Figure 4) differs drastically from
this suggestion and also from the CO/Cu—ZSM-5 case (see
Figure 3). This appears to be a contradiction between our result
and experiment. Since the interaction between the Cu™ jon and
NO is dominated by the 7 accepting, one can expect that the
Cu~NO cenfiguration should be bent to have a positive overlap
with Cu’s d orbital (the linear configuration would yield zero-
overlap). This is different from the CO/Cu—ZSM-5 system,
where the o donating is the dominant process and the linear
configuration would have the largest overlap. To further
understand the difference between our result and the experi-
mental observation, we plotted a potential curve as the function
of the Cu~NO angle, as shown in Figure 5. From the overlap
argument above one can expect the linear configaration to be
the saddle point between the two symmetrical bent structures.
Figure 5 confirms our expectation, and the barrier for converting
between the two stable bent structures is only 1 kcal/mol.26 This
suggests that experiments would observe the average of the
thermal fluctuation between the two stable bent structures, i.e.,
the linear configuration. Thus, our results provide a deeper un-
derstanding of the adsorption structure of NO on Cu—ZSM-5.

The NO stretching frequency of the NO/Cu—ZSM-5 complex,
observed experimentally at 1812 cm™}, is red-shifted from 1860
em™! of the gas-phase NO.#2 This red shift corresponds to the
lengthening of the NO bond, observed in our study and other
theoretical works.27-29324647 The stretching frequency of an
adsorbed NO was calculated using our embedded 3T model to
be 1921.7 cm™), red-shifted from 1990.4 cin~? of the gas-phase
NO.
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Figure 6. Comparison between calculated and experimental binding
energies, for the CO/Cu—Z8M-5 system: the present embedded results
(apper solid line), bare cluster results (upper dashed line), experimental
range (light shade area, from refs 27 and 51), and previous theoretical
predictions (large ® from ref 27; large x from ref 46; large B from ref
30). For the NO/Cu—Z5M-5 system: the present embedded results
{lower solid line), bare cluster results {lower dashed line), experimental
range (dark shade area, from ref 18) and previous theoretical predictions
(smal] ¢ from ref 27; small x from ref 46; small W from ref 30 and *
from ref 79).

Our calculated binding energy of NO to the Cu—ZSM-5,
including the BSSE and ZPE corrections, is about 22 kcal/mol.
Note that previous calculated binding energies of NO adsorption
are very scattered, ranging from 17 to 52 kcal/mol, as shown
in Figure 6.!829.3034.44.9647.78.9 The N binding energy estimated
by Chakraborty et al.'® from TPD results of Li and Ammor is
43.9—49.5 kcal/mol and that estimated from Schay and Guezi's
results is 47.6=49.5 kcal/mol. These experimental estimations
are much higher than our prediction for the NO binding energy
and higher than the experimental CO binding energy as well.
However, recent experiments on successive adsorption of CO
and NO'-16 faund that CO molecules can displace NO molecules
adsorbed on the active site of Cu—ZSM.-5. This indicates that
the binding energy of NO should be smaller than that of CO
and thus supports our results. Note that our relative CO/NQ
binding energies (32.3/21.8 kcal/mol) are consistent with those
from the previous calculations of Schneider et al. (40.9/38.5
kecal/mol )2 and Brand et al. (24.7/17.0 kcal/mol).?? Furthemmore,
the binding energy of NO to Cu—Zeolite-Y was determined to
be 20 keal/mol by IR spectroscopy ®0 and a different absorption
experiment also showed that NO can bind to the Cu—ZSM-5
tighter than to the Cu—Zeolite-Y *° Due to the fact that Zeolite-Y
and ZSM-5 have the same order of pore size, the binding
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energies of NO to these zeolites should not be too differen.
Combining all of these experimental facts, the NO hkinding
energy should be slightly larger than 20 kcal/mol and thus fully
consistent with our results.

Conclusions

We presented a systematic theoretical study on the structure
of the Lewis basic active site of the Cu—2Z8M-5 zeclite and
the adsorption properties of NO and CO on this zeolite. Both
cluster and embedded cluster methodologies were employed to
study the effects of the cluster size and of the Madelung
potential. From a theoretical point of view, we found that the
effects of the cluster size and of the Madelung potential are
small in the NO and CO adsorption properties. However, these
effects are noticeable in the Cu* binding energy. Comparing
all models considered in this study ranging from 3T to 10T,
the 5T cluster gives the optimal cost per performance ratio and
thus provides a more practical model for future studies on this
system. For NO and CO adsorption, we found that the zeolite
framework plays a significant role in the adsorption mechanism.
The calculated adsorption properties, namely, adsorption struc-
ture, binding energy, and vibrational frequency of CO on Cu—
ZSM-5 zeolite, agree well with available experimental results.
Compared to previous studies, the Madelung potential is
expected to contribute the correct blue shift of an adsorbed CO

. and red shift of an adsorbed NO. Particularly, the calculated

CO binding energy of 32.3 kcal/mol is in excellent agree.meut
with the available experimental data from 29 to 32 ke ‘'mol.
For NO adsorption, we were able to explain to the difference
between our predictions of the bent adsorption structure with
the experimentally observed linear structure. The calculated NO
binding energy of 21.8 kcal/mol is smaller than the estimated
experimental values ranging from 44 to 50 k¢al/mol. However,
our result is consistent with recent experimental observation that
the NO binding energy should be smaller than that of CO and
is within the range of NO binding energy in the similarly pore
sized Cu—Y zeolite. The calculated red shift in the adsorbed
NGO stretching frequency also agrees well with experiments.

The study further supports the use of the embedded cluster
model to study adsorption in zeolites, particularly metal-
exchanged zeolites, and establishes a foundation for future
studies of the catalytic activity of Cu—ZSM-5 in reduction of
NO, species.
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Siriporn Jungsuttiwong ‘Y, P. Khongpracha ™, T. N. Truong ®, and Jumras Limtrakul ™"

* Laboratory for Computational & Applied Chemistry, Chemistry Department, Kasetsart
University, Bangkok 10900, THAILAND; e-mail: fscijri@ku.ac.th
® Henry Eyring Center for Theoretical Chemistry, Department of Chemistry, University of
Utah, 315 S 1400 E, rm 2020, Salt Lake City, UT 84112, USA

Adsorption of carbonmonoxide on the silver ion-exchanged Ag-ZSM-5 zeolite has been
studied using both quantum cluster and embedded cluster at the models B3LYP/6-31G(d,p)
level of theory. The Ag*...Oz distance in Ag*-ZSM-5 complexes is predicted to be 2.26 A
for the quantum cluster and 2.32 A for the embedded cluster, the latter is in agreement with
the experimental value of 2.30 + 0.03 A. The optimized Ag*...CO distances in the Ag*-ZSM-
5 are evaluated to be 2.04 and 2.07 A for quantum and embedded clusters, respectively. The
corresponding CO stretching mode in the Ag*-ZSM-5/CO is calculated to be 2157 cm™ for
the quantum cluster and shifted to 2171 cm’! when the zeolite lattice framework is taken into
account ,which is close to the observed values by FITR (2190-2192 cm‘l). Similar trends
were observed for the Cu*-ZSM-5/CO complexes: Cu*-Oz = 2.00 (2.00 + 0.02) A , Cu*-CO
= 1.85 (1.89) A » AEas = -33.56 (-28.7) kcal/mol; values in parentheses are those obtained
from experimental results. For the Ag*-ZSM-5/CO complex, AE,4 amounts to 60% of the
adsorption energy value for the Cu’-ZSM-5/CO complex which is due to the lengthened
Ag’...CO distance as compared to the Cu®...CO distance in the Cu*-complex. The results
obtained for the Ag'-ZSM-5 complex indicates that correction of the long-range electrostatic
potential of the zeolitic crystal in the quantum cluster is found to yield reliable results when
compared to the experiment observation.

1. INFRODUCTION

The transition-metal cation-exchanged zeolites are found to be effective catalysts in many
industrially important processes [1-16]. Ag’-exchanged zeolite has attracted interest for
severat catalytic and photocatalytic processes such as photochemical dissociation of H,O into
H; and O, [17-18], the disproportion of ethylbenzene [19], the selective reduction of NO by
ethylene [20] and the photocatalytic decomposition of NO [21-26].

The adsorption CO on the Ag'-exchanged zeolites has been recently investigated by
Bordiga et al [27]. However, the structure, bonding, and energetics of these transition-metal-
exchanged zeolites and their interactions with probe molecules are not well understood, and
this hinders understanding of many of the above-mentioned processes. To the best of our
knowledge, no theoretical works on Ag*-ZSM-5/CO complexes are reported. In this study,
the density functional theory method has been employed to compare the local active sites of
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the Ag*-ZSM-5 and Cu*-ZSM-5 complexes and to investigate the CO adsorption on these
catalysts. Attempts have been made to make correction for the long-range electrostatic
potential of zeolite in cluster calculations by employing embedded approaches [28-40]. We
have demonstrated that the ab initio embedded cluster method can be exploited to provide
reliable results when compared to the experiment observation [28-29].

2. METHOD

The bare quantum clusters are selected to model specifically to Ag-ZSM-5 zeolite. In the
MFI framework models, the dangling bonds of Si atoms are capped by hydrogen atoms at the
boundary, while the Si—H bonds are fixed along with the corresponding Si—O bonds of the
framework [41].

In the embedded cluster approach, the electrostatic Madelung potential, corresponding to
zeolite framework outside of the quantum cluster, was represented by partial point charges
located at the zeolitic lattice point. Using an approach recently employed by us [28-29, 40],
charges close to the quantum cluster were treated explicitly while the remaining infinite
lattice Madelung potential was represented by a set of surface charges that were evaluated
from the surface charge representation of the external electrostatic potential (SCREEP)
method.

Surface Charges
(688)

Explicit Charges
(201)

Quantum Cluster

Fig.1 The cluster HaSiOHAI(OH),OSiH3 in the ZSM-5 framework structure.

In this present work, the total Madelung potential is represented by 201 explicit charges
and 688 surface charges. More details on this method can be found elsewhere [40]. Due to
the small number of point charges, additional computational consumption is often less than
5% compared to bare cluster calculations.
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Geometry optimizations were investigated with the density functional theory at the
B3LYP/6-31G(d,p) level of theory using the GAUSSIAN 94 [42] program code. The basis
sets employed for transition metal potentials were of Hay-Wadt effective core potential type
[43-45]. The computations were carried out using an IBM SP2 computer at KU Computing
Center and a DEC Alphastation 250 and HP 9000/700 workstation at the Laboratory for
Computational and Applied Chemistry (LCAC) at Kasetsart University.

3. RESULTS AND DISCUSSION

The effect of metal ions on the structure and bonding of zeolitic catalysts is investigated
at cluster and embedded cluster approaches. The fully optimized geometry structures for Ag"™
ZSM-5 zeolite and the interaction with CO molecules are documented in Table 1.

3.1 Cationic environment: Ag*-ZSM-5

Cluster and embedded cluster models for Ag*-ZSMS5 zeolite are shown in Fig.2. The
transition metal ions do not bind with a particular bridging oxygen atom in the [AlQ4]’, but
symmetrically bidentated to the O1 and O2 of the [AlO,] tetrahedron and the interaction has
1onic character. Table 1 indicates that the charge compensating metal ions can affect the
=5i-0-Al= by weakening the Si-O and Al-O bonds as compared to the anionic framework.
Comparing the result between cluster and embedded cluster models of Ag'-ZSMS5
complexes, we found the Al-O1 and Al-O2 distances are shortened by 0.0034 and 0.0113 A,
respectively (Al-O1 = 1.761 A vs. 1.757 A and Al-O2 =1.766 A vs. 1.755 A).

Table 1
B3LYP/6-31G (d,p) optimized geometrical parameters of the Ag"-ZSMS5 and Ag*-ZSM5
/CO systems. (Bond lengths are in A. and bond angles in degrees.)

Ag'-ZSM5 Ag'-ZSMS5 /CO
Bond or angle Quantum Embedded Quantum Embedded
Cluster Cluster Cluster Cluster
Sij - Oy 1.609 1.615 1.638 1.618
Siz — O 1.612 1.626 1.643 1.629
Al-0, 1.761 1.757 1.759 1.756
Al-0, 1.766 1.755 1.765 1.754
Al---Ag 3.048 3.108 3.055 3.103
0,-Ag 2.270 2.345 2,251 2.324
0,-Ag 2.250 2.300 2.237 2.277
C-0 ) - - 1.135 1.134
Ag---C - - 2.038 2.069
Ag-C-0 - - 179.1 176.4
0,-Ag-0; 69.6 67.6 69.4 67.9
0;,-Al-0O, 94.0 947 92.9 94.1
Ag ~0,-0,-Al 191.2 169.2 185.8 175.6
q(AghH 0.5165 0.6041 0.4511 0.5113

w(CO) (cm™) - - 2157.6 2171.1
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The calculated metal...O distances increase when the zeolitic lattice framework is
included (Ag*..01 = 2,270 A vs. 2,345 A and Ag*...02 = 2.250 A vs. 2.301 A). The Ag"...Al

distance is also lengthened by 0.060 A, indicating that a weakening of the attachment of the
metal cation to zeolite framework.

Fig. 2 Cluster and embedded cluster models of the Ag-ZSM-5 zeolite. All values given in
angstroms.

Further support for the reliability of using the embedded cluster model is confirmed by
the results of EXAFS measurement [27]: the Ag*...O of the Ag*-ZSM5 complex has been
estimated to be 2.30 + 0.03 A, whereas our computed distance is 2.32 A .
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Similar trends taken from the cluster and embedded models are also observed for the Cu’-
ZSMS5 zeolites. The Al-O1 and Al-O2 distances are shortened by 0.0037 and 0.0104 A,
respectively (Al-O1 = 1,769 vs. 1.765 A and Al-O2 = 1.773 vs. 1.763 A).

1.135

Fig.3 Cluster and embedded cluster models of the Ag-ZSM-5/CO complex. All values given
in angstroms.

The metal...O distances increase when the zeolitic lattice framework is included (Cu*...01 =
2.007 A vs. 2.062 A and Cu ..02 = 1.996 A vs. 2.029 A) and the Cu'...Al distance is
lengthened by 0.039 A (2.757 vs. 2.796 A). These values are larger than those derived
previously by Trout et al. [46] based on the density functional theory with local spin density
approximation (DFT/LSDA) results using the uncontracted Huzinaga basis set (Cu* 01 = 2.0
A, Cu*02 = 1.9 A and Cu*~Al = 2.4 A). These small differences can be attributed to the
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overbinding at this DFT/LSDA level as already noted by Bell et al. [47]. Comparison can also
be made with HF/6-31G** level of theory obtained by Blint [48). The two Cu* O, distances
are estimated to be 2.14 A. Our predicted Cu*Oz value of 2.04 A is in close agreement with
the results of DFT reported by Rice et al. [47] (Cu*~O,; = 2.06 A, Cu*"Op = 1.95 A and
Cu*Al = 2.64 A) and experimental EXAFS technique reported by Lamberti et al. [49] (the
average Cu*O, bond length is 2.00 + 0.02 A). The results obtained for the Ag*-ZSM-5 and
Cu*-ZSM-5 complexes clearly indicate that correction of quantum cluster by including zeolite

lattice crystal is found to yield reliable data when compared to the experiment observation [28-
29].

3.2 Adsorption of CO on Ag*-ZSM-5

Cluster and embedded cluster models for interaction of CO with Ag*-ZSM-5 zeolite are
shown in Fig. 3. Selected geometrical parameters and their binding energies (bases set
superposition errors are included) are documented in Table 1. We found that adsorption of
CO does not affect the zeolite framework significantly. The geometry of the Ag’-ZSM-5
active site changes by at most 0.002 A for bond distances and 1° for angles due to CO
adsorption. This result has an important implication that is, in future theoretical studies of
adsorption of similar species, it is possible, without loosing much accuracy, to constrain the
zeolite framework in optimization of the complex structure. This would accelerate the
convergence and reduce significantly the computational cost.

The distances between the Ag” ion and the C atom of the CO molecule were evaluated to
be 2.04 and 2.07 A for the quantum cluster and embedded cluster models, respectively. Qur
predicted metal...CO distances are in good agreement with the observed experimental values
(Ag"...CO, = 2.07 vs. 2.10 A). The adsorption energy (AE,s) of the Ag'-ZSM-5/CO
complex amounts to 60% of the AE, value for the Cu*-ZSM-5/CO complex (AE,q4s (Ag'-
ZSM-5/CO) = -20.29 kcal/mol ; AE,4(Cu’-ZSM-5/CO) = -33.56 kcal/mol).

The C-O stretching mode of CO adsorbed on the Ag*-ZSM-5 and Cu*-ZSM-5 are 2159
and 2171 cm™, respectively. The calculated high frequency of C-O stretching in the
Ag*...CO complex is fully in agreement with the experimental findings of Zecchina et.al.
[27] as only o-donation is dominated, not the w-contribution. This is due in part to the large
Ag’...C distance prohibiting n-back bonding in silver carbonyls [50] which was confirmed.

4. CONCLUSIONS

Calculated results obtained from the embedded cluster method at B3LYP/6-31G(d,p)
yielded a metal-oxygen distance of 2.300 (2.30+0.03) A for the Ag*-ZSM-5; the value in the
parenthesis is taken from the experimental results. The Madelung potential, represented by
sets of point charges surrounding the quantum cluster causes metal-oxygen distances to be
elongated by 0.05-0.07 A which make all predicted results agree very well with the
observations. The observed differences in the metal-O distances assigned to the larger ionic
radius of the Ag” ion, as compared to the Cu’. The corresponding adsorption energies were
found to be -33.56 (28.7) and —20.29 and kcal/mol for their interaction with CO molecules,
respectively, The C-O stretching modes of CO adsorbed on the Cu*-ZSM-5 and Ag*-ZSM-5
are 2159 and 2171 cm-1, respectively. The calculated high frequency of C-O stretching in the
Ag*-ZSM-5 complex is on account of the larger Ag*-C bond (2.07 A) as compared to the
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Cu*-C bond (1.85 A). This large distance can to some extent prevent the contribution of the
n-back bonding in silver carbonyl complexes. '
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Abstract

The absorption of carbon monoxide with H-ZSM-5 and metal-substituted Li-ZSM-5 zeolites has been investigates by
using both cluster and embedded cluster approaches at the HF /6~31G(d,p) level of theory. For the H-ZSM-5 zeolitv, the
binding energy of CO on a 3T quantumn cluster is predicted to be 2.25 kcal /mol for the C-bound complex. The O-bound
complex was found to be less stable by about 0.84 kcal /mol. Inclusion of the Madelung potential was found to increase the
acidity of the Brgnsted acidic site and the CO-binding energy to 4.95 kcal /mol, consequently, it leads better agreement with
experimental observation. Similar results were also obtained for the Li-ZSM-5 /CO complex. The Madelung potentizl field
from the zeolite framework was found to reverse the order of relative stability of C-bound and O-bound adducts in
comparison to the Li*—CO system. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Zeolite catalysis is of prime importance in
many industrial processes due to the size- and
shape-selectivity of zeolite crystals and their
Bregnsted acid sites [1-19]. Recently, metal-sub-
stituted zeolites were found to be potential cata-
lysts for decomposition of NO, and CO from
automotive emission and power plants [20-22].
C{} adsorption is also used as a probe of the

" Corresponding author, Fax: +1-801-581-8433.
E-mail address: truong@mercury.chem.utah edu
(T.N. Truong).

cation loading in ion-exchange processes in zeo-
lites [21). For this reason, numerous theoretical
and experimental studies have been performed
to examine the interaction of CQO with zeolites
[23-36]. To the best of our knowledge, theoreti-
cal studies to date are based on small quantum
clusters as models of the zeolite Brgnsted acid
site. Such cluster models sometime can give
reasonable estimates of adsorption energy.
However, such results does not correspond to
any specific zeolite but rather to a generic teira-
hedral subunit containing the Brgnsted acid site
in an unconstrained environment. Recent studies
have shown that the Madelung potential is im-

1381-1169 /00/% - see front matter © 2000 Elsevier Science B.V. All rights reserved.

PIl: S1381-1169(99)00339-8



156 J. Limtrakul et al. / Journal of Molecular Catalysis A: Chemical 153 (2000) 155-163

portant in studying adsorption processes due to
its long-range electrostatic nature [37,38].

To include the effects of the zeolite frame-
work on the adsorption of CO in zeolites, a
periodic electronic structure method can be uti-
lized [39-41]. This corresponds to the high
loading case and is often computationally ex-
pensive for most zeolites due to their relatively
large unit cells. Alternatively, the embedded
cluster approach provides a more practical
methodology with a little additional computa-
tional cost comparing to the bare cluster calcula-
tions [37].

In this study, we examine the interaction of
CO in both H-ZSM-5 and Li-ZSM-5 zeolites.
Particularly, we focus our attention on the im-

portance of the Madelung potential in the struc-
ture and energetics of CO adsorption in these
zeolites.

2. Computational method and physical mod-
els

Cluster and embedded cluster models were
used to determine structure and energetics of
species in H-ZSM-5 and Li-ZSM-5 zeolites.
The quantum cluster in both models consisis of
three tetrahedral sites including the Brpnsted
site with capped hydrogen atoms at the bound-
ary, i.e., Hy;SIO(X)AI(OH),08iH, where X is
either H or Li atom. The Si—H bonds are fixed

Fig. 1. Cluster and embedded cluster models of the H-ZSM-5 zeolite. Bond distances given in the figures are in A.



