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ABSTRACT: The mechanism of the NO, reduction reaction on BaNaY zeolite using acetic %

acid/acetate as a reductant has been explored using density functional theory. The elementary
steps, the reaction intermediates, and the transition states were identified on a zeolite cluster
consisting of 10 tetrahedral atoms (10T). The hydrogen abstraction reaction of acetic acid/

acetate was identified as the rate-determining elementary step at 473 K. The long-range

electrostatic effect of the lattice on the rate-determining step was studied on expanded 24T,
30T, 34T, 40T, 44T, and SOT zeolite clusters. It was found that while acetate may be greatly
stabilized on the expanded clusters with additional Na* cations and Al atoms, the stabilization

Eheat

of acetic acid is much less affected by the long-range lattice effect. The reaction barrier of the hydrogen abstraction reaction, on
the other hand, is less sensitive to the long-range lattice effect. The results of this paper highlight the importance of long-range
electrostatic effects on the modeling of “single-site” catalysts involving ionic species.
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B INTRODUCTION

Reduction of NO, is a pressing issue in the area of
environmental catalysis because of strict regulations on the
emission of NO, from automobiles in many countries."”?
Zeolites are a family of microporous, crystalline structures that
are able to host different cations for various applications as
heterogeneous catalysts,3’4 and the potential of zeolites for the
selective catalytic reduction (SCR) of nitrogen oxides (NO,) to
nitrogen under excess oxygen conditions, such as lean-burn and
diesel engines, has attracted much attention. Among the many
zeolite-based catalysts that have been studied for the SCR of
NO,,> "* BaNaY is particularly interesting since it has been
reported that acetaldehyde or acetic acid, which is formed from
hydrocarbons in a nonthermal plasma, reduces NO, to N, over
BaNaY catalysts at a relatively low temperature (473 K), with a
high I\llsoaisconversion (>90%) and a high resistance to water
vapor.

Sachtler, Weitz, and co-workers used FTIR and isotopic
labeling techniques to probe the chemistry of the deNO,
reactions in BaNaY. A number of intermediates were identified,
and a reaction mechanism for the formation of N, from the
reaction of acetaldehyde or acetic acid with NO, and NO was
proposed.'*™*' The proposed overall mechanism involves the
following steps: (A) the formation of NH; from the reaction of
acetaldehyde or acetic acid with NO,; (B) the formation of
HNO, from the reaction between water and the NO,, species;
(C) the reaction between ammonia and HNO,, which forms
ammonium nitrite (NH,NO,) that can swiftly decompose into
N, and H,0.** Furthermore, the formation of nitromethane
(CH3NO,), an important intermediate in step A, was identified
as the rate-determining reaction(s) from experiments, since
NO, reduction to N, proceeds with a high rate and a high
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nitrogen yield at 413 K when nitromethane is used as the
primary reductant.”> The successive reactions for the formation
of nitromethane from the reaction of acetate ion with NO,
were proposed as follows:*?

CH3COy,45) + NOy & -CHyCOp(, ) +HNO,
‘CHyCO4)+NO2 & 0NCHyCOy 4y ©)
0,NCH,COy 4y € €O, + -CHHNOy 4 ) 3)
‘CHNO, (4 HH{{ 4g) © CHINOy () )

Note that CH;CO,”, -CH,CO,”, O,NCH,CO,”, and
‘CH,NO,” are in equilibrium with their neutral parent
molecules, CH;COOH, CH,COOH, O,NCH,COOH, and
-CH,NO,H, respectively. Yeom et al*’ indicated that the
hydrogen abstraction from CH;COOH/CH;CO,” may be
facilitated by NO, (See reaction 1). However, information
about the reaction mechanism at the atomic level, such as the
structural relationship between the intermediates and the
catalyst, was not provided by experiments.

In our previous studies, the adsorption properties of the
above intermediates and the characteristics of the dissociative
adsorption were investigated to unravel the effect of the local
environment of the zeolite using a quantum mechanics/
molecular mechanics (QM/MM) methodology with a 10T QM
cluster.>** Tt was found that the adsorbates, except for HNO;,
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Figure 1. Two different views of the 10T cluster (ball and stick representation) embedded in a super cage of faujasite zeolite (wire and frame
representation). One Ba* ion is located at the center of an S6R (Site II). Two Al atoms are in the para location on the S6R, denoted as (1,4). In the

figure: O (red), Si (yellow), Al (pink), Ba (green).

are more stabilized in their neutral form than their dissociated
form on the 10T zeolite cluster. In the present work, the same
10T cluster is used to understand how the neutral and
dissociated intermediates in the proposed rate-determining
reaction(s) shown in reactions 1 to 4 transform using ab initio
calculations.’* 3% The rate-determining reaction on the 10T
cluster was probed. Furthermore, expanded 24T, 34T, 40T,
44T, and SO0T QM clusters were constructed to understand the
long-range electrostatic effect of the lattice on the reaction
pathway.

B COMPUTATIONAL METHODS

Experimental studies have shown that the Ba®* cations in
BaNaY zeolites are the most active sites for NO,
reduction.'®**™3° Site II, located at the center of a single six-
membered ring (S6R) in the super cages of zeolite Y, is the
most favorable site for Ba** coordination.® To study the
deNO, reactions on BaNaY zeolite, a 10T cluster including one
S6R and four more tetrahedral atoms extended from the S6R
was constructed as described in our earlier work.> Figure 1
shows the 10T cluster in a super cage of zeolite Y. The
outermost Si and O atoms of the 10T cluster were saturated
with hydrogen atoms directed along the bond vector of what
would have been the next zeolite framework atom in the crystal
structure. The Si—H and O—H distances were fixed at 1.49 and
0.96 A, respectively. Both the outermost Si and O atoms and
the capping hydrogen atoms were fixed at their crystallographic
positions. All other atoms including barium, atoms in the
adsorbates, and other framework atoms in the 10T cluster were
allowed to relax. Similar termination/relaxation schemes were
employed for the expanded 24—50 T clusters.

Two aluminum atoms are needed for the cluster to be charge
neutral when one Ba?* ion is included. The locations of the
aluminum atoms are limited by Lowenstein’s rule,*® which
states that two aluminum-centered tetrahedra cannot share an
oxygen atom. High-resolution *°Si and *’Al MAS NMR studies
have shown that in Y zeolite, the hexagonal S6R may contain
two Al either in the para or in the meta location.”” ~>* None of
the S6R rings contains three Al atoms, and some may include
only one Al atom.>”™* According to our previous work,> a
(1,4) Al arrangement shown in Figure 1 is able to stabilize the
Ba®* cation well, while the Al arrangements with only one Al in
the S6R are not able to stabilize the Ba>" as well. Therefore, the
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reaction pathways were studied using a 10T cluster with the
(1,4) Al arrangement.

The electronic energies of the intermediates and transition
states on the 10T cluster were calculated with density
functional theory (DFT). The B3LYP functional was used to
describe the electron exchange and correlation. The 10T cluster
was treated with a mixed basis set SDD:6-31G(d,p):6-311+
+G(d,p).* Namely, the SDD effective-core potential was used
to describe the Ba atom. The 6-311++G(d,p) basis set was used
to describe the sorbate molecule and the framework atoms near
the sorbate atoms to effectively describe the hydrogen bonding
between the negatively charged framework oxygen atoms and
the sorbate molecule. The 6-31G(d,p) basis set was used to
describe all other atoms. The detailed assignment of basis sets
for individual atoms can be found in the Supporting
Information, Figure S1. This combination of functional and
basis set was chosen based on calculations on barium-
containing molecules summarized in our previous study and
the reduction in computational cost offered by the smaller basis
set on atoms belonging to the framework farther from the
active site,”* and it was implemented by using the GEN
keyword in Gaussian 03.*' All of the structures investigated in
the present study are most stable in their lowest spin state.

To find the reaction intermediates and transition states,
multiple initial configurations were used for each optimization.
The energetics of the reaction intermediates and transition
states were then evaluated based on their Gibbs free energies at
473 K using standard statistical mechanical formulas within the
rigid rotor, harmonic oscillator approximation as follows:**

H=Ey+ Ezpg + E, + E; + E, + RT (5)
S=8,+S8&+S; (6)
G=H-TS (7)

where H, E, S, and G denote enthalpy, internal energy, entropy,
and Gibbs free energy, respectively. Subscripts “0”, “ZPE”, “v”,
“t”, and “r” denote contributions from electronic energy, zero-
point energy, vibration, translation, and rotation, respectively. R
is the gas constant, and T is the temperature.

In the frequency calculations, imaginary vibrational modes
due to the artificially fixed atoms of the clusters were removed
by the level-shift technique*® as in our previous studies.”* The

level-shift technique shifts the vibrational modes corresponding
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Figure 2. Calculated energy profile for reaction step (1) on the 10T cluster. IM and TS stand for intermediate and transition state, respectively. Only
selected IMs and TSs are shown; the geometries of all other IMs and TSs can be found in the Supporting Information, Figure S2. For the geometries,
only the sorbate molecules and a part of the 10T cluster are shown. The numbers are BSSE-corrected Gibbs free energies in kcal/mol. In the Figure:
O (red), Si (yellow), Al (pink), Ba (green), H (white), C (gray), N (blue).

to the vibrations of the fixed atoms to very large wave numbers,
which are then discarded.*® Minima were confirmed by no
imaginary frequencies after the level-shift procedure. Transition
states were confirmed by the presence of one and only one
imaginary frequency after the level-shift procedure. To confirm
that the transition states are connected to the correct energy
minima, the transition states were perturbed slightly along the
reaction coordinate in the directions of the reactant and the
product. The perturbed geometries were used as starting points
for energy minimizations which eventually led to the associated
energy minima. Gibbs free energy values were calculated within
the rigid rotor, harmonic oscillator approximation using the
level-shifted frequencies. No scale factor was available for the
particular combination of functional and basis set that we
employed, so the frequencies were used unscaled. Basis set
superposition error (BSSE) corrections using the counterpoise
method** were taken into account. All calculations were carried
out using the Gaussian 03 software.'

B RESULTS AND DISCUSSION

Reaction Pathway on the 10T Cluster. In this section,
reactions 1—4 will be discussed sequentially on the 10T cluster
with the (1,4) Al arrangement shown in Figure 1. It is to be
noted that for ease of comparison between different species, the
electronic and free energies of adsorption, AE 4 and AG,y,, in
this paper are defined with respect to the 0 energy reference
state which consists of a zeolite cluster, a CH;COOH molecule,

and a NO, molecule separated infinitely apart in vacuum (see
Figure 2).

Figure 2 shows the calculated energy profiles for the
adsorption of CH;COOH and the subsequent reaction step
(1), together with the geometries of selected reaction
intermediates and transition states. The geometries of all
other intermediates and transition states can be found in the
Supporting Information, Figure S2. For a clearer presentation,
only part of the zeolite cluster is shown. The adsorption of
CH;COOH has a large electronic adsorption energy (AE,q,) of
—26.2 kcal/mol and a much smaller Gibbs free energy of
adsorption (AG,g,) of —3.9 kcal/mol because of the entropy
loss during adsorption. For adsorbed CH;COOH, one of its O
atoms of the carboxyl group is coordinated to the Ba** cation,
while the H atom in the hydroxyl group is coordinated to a
framework O atom, O(A) (See Figure 2).

On the 10T cluster, the dissociated CH;COO™H" has a
positive AE, 4 of 18.8 kcal/mol and a AG,4 of 38.4 kcal/mol.
The H atom of the dissociated CH;COO™H* molecule is
bonded to a framework O atom, O(B), at an OH bond distance
of 0.98 A.

An NO, molecule can perform a hydrogen abstraction from
either CH;COOH or CH;COO™H" (see TS-3 and TS-4 in
Figure 2). In this step, one of the oxygen atoms in the NO,
molecule obtains a hydrogen atom from the methyl group of
the adsorbed CH;COOH or CH;COO HY, producing an
adsorbed -CH,COOH or -CH,COO H" molecule and a gas-
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Figure 3. Calculated free energy profile for reactions 2 and 3 on the 10T cluster. IM and TS stand for intermediate and transition state, respectively.
Only selected IMs and TSs are shown; the geometries of all other IMs and TSs can be found in the Supporting Information, Figure S2. For the
geometries, only the sorbate molecules and a part of the 10T cluster are shown. The numbers are BSSE-corrected Gibbs free energies in kcal/mol. In
the figure: O (red), Si (yellow), Al (pink), Ba (green), H (white), C (gray), N (blue). The path marked by the red dash-dot line was not fully
explored.

phase HNO, molecule. When CH;COOH is the reactant, the
Gibbs free energy barrier AG* for the hydrogen abstraction
reaction is 46.3 kcal/mol, which is a result of both the large loss
of entropy occurring upon adsorption of an NO, molecule and
the large endothermicity of the reaction. For example, the
entropic contribution to the free energy barrier at 473 K is 18.6
kcal/mol while the enthalpic contribution is 27.6 kcal/mol. On
the other hand, hydrogen abstraction from CH;COO™H" has a
free energy barrier AG* of 35.1 kcal/mol, more than 10 kcal/

mol less endergonic than that for CH;COOH. This is due to

the stabilization of the NO, molecule by the dissociated proton

atom when CH;COO™H" is the reactant (see TS-4 in Figure
2).

The product of the hydrogen abstraction reaction, either
adsorbed -CH,COOH or -CH,COO H', has a very similar
configuration to that of either adsorbed CH;COOH or
CH;COO™HY, respectively, and they can interconvert, as
shown by path @ in Figure 2. The details of path @ are very
similar to path @ and are shown in Supporting Information,
Figure S2.

Figure 3 shows the calculated energy profiles for the
reactions 2 and 3, the NO, addition reaction and the CO,
elimination reaction. In step (2), a gas phase NO, molecule
reacts with the CH,COOH radical to form an
O,NCH,COOH molecule (named as O,NCH,COOH-1).

This reaction proceeds without an energy barrier and has a
favorable free energy change of —22.5 kcal/mol.

O,NCH,COOH-1 rearranges by interacting with the zeolite
framework atoms to either O,NCH,COOH-2 (neutral route)
or O,NCH2COO™H" (ionic route). Reaction 3, the CO,
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elimination reaction, may proceed either via O,NCH,COOH-
2 or O,NCH2COO™H" to form the product -CH,NO,H. In
the neutral route, the highest free energy barrier of 16.8 kcal/
mol along the reaction landscape suggests that the trans-
formation from O,NCH,COOH-2 to the products is the rate-
limiting step. However, the overall free energy required to
rearrange O,NCH,COOH-1 to O,NCH,COOH-2 must also
be taken into account, as O,NCH,COOH-2 is uphill on the
free energy surface from O,NCH,COOH-1, which is required
for the formation of O,NCH,COOH-2. If the energy barriers
along the route to convert O,NCH,COOH-1 to
O,NCH,COOH-2 are low, as they are in this case, then
O,NCH,COOH-1 and O,NCH,COOH-2 can be assumed to
be in quasi-equilibrium, thereby resulting in a net free energy
barrier, AGF, for the overall conversion from O,NCH,COOH-
1 to -CH,NO,H equal to 19.9 kcal/mol (i.e, (—2.5 — (=5.6) =
3.1 kcal/mol; 3.1 + 16.8 = 19.9 kcal/mol). In the ionic route,
not all transition states and intermediates from
O,NCH,COOH-1 to O,NCH,COO™H* have been located
(marked by the red dash-dot line in Figure 3). However,
judging from those that were successfully located (IM-4, TS-9,
IM-S, TS-10), it is seen that on the 10T cluster, large energy
barriers of at least 23.2 kcal/mol need to be crossed to form
.CH,NO,H from O,NCH,COOH-1 via O,NCH2COO H".
Therefore, on the 10T cluster, the formation of -CH,NO,H
from O,NCH,COOH-1 via O,NCH,COOH-2 would domi-
nate. Nonetheless, on the expanded clusters that will be
discussed in the following sections, it is possible that the ionic
species present during the transition from O,NCH,COOH-1
to O,NCH,COO H"* (IM-4, IM-5, TS-9, TS-10) are better
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stabilized, hence making the ionic route competitive with the
neutral route.

Figure 4 shows the calculated energy profile of reaction 4,
namely, the intramolecular H transfer reaction which isomerizes

‘CH,NO,H
aci-nitromethane
-19.3

CH;NO,
nitromethane
-27.7

Figure 4. Calculated energy profile for reaction step (4). Only the
sorbate molecules and a part of the 10T cluster are shown. The
numbers are BSSE-corrected Gibbs free energies in kcal/mol. IM and
TS stand for intermediate and transition state, respectively. In the
figure: O (red), Si (yellow), Al (pink), Ba (green), H (white), C
(gray), N (blue).

aci-nitromethane (-CH,NO,H) into nitromethane (CH;NO,).
From the structure of TS-13, it is seen that this step is
significantly facilitated by the framework oxygen atom O(A).
The free energy of adsorption of aci-anion nitromethane
-CH,NO, is 16.7 kcal/mol (shown in Supporting Information,
Figure S2), which is 35.9 kcal/mol higher than that of
-CH,NO,H. Therefore, the route from -CH,NO,™ to CH;NO,
is not further explored. However, it is possible that -CH,NO,~
may be further stabilized on the expanded clusters discussed in
the following sections.

Long-Range Effect of the Lattice on the Stabilization
of CH;COOH and CH;COO™H™. From the above discussions,
it is seen that on the 10T cluster, the hydrogen abstraction step
has the largest Gibbs free energy barrier, and it is the rate-
determining elementary step of the overall reaction. The Gibbs
free energy barrier of the hydrogen abstraction reaction is large
(46.3 kcal/mol) if CH;COOH is the reactant, while it is smaller
(35.1 keal/mol) if CH;COO™H" is the reactant. On the other
hand, while the adsorption of CH;COOH on the 10T cluster is
favorable, the adsorption of CH;COO™H' is unfavorable. In
other words, the reaction is difficult regardless of whether
CH,;COOH or CH;COO™H" is the starting species.

Several studies have shown that the long-range effect of the
lattice is an important factor to consider to accurately describe
reactions in zeolites.””*™*® In the case of BaNaY, the Ba*'
active sites are surrounded by other Ba®* and Na® cations.
Therefore, it is important to understand the effect of these
additional cations on the reaction intermediates and reaction
barriers.

To rationally expand the 10T cluster, it is important to
examine the local environment around the Ba®* active site. The
molecular formula of BaNaY that was studied experimentally by
Yeom et al. for the NO, reduction'? is
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Bag ¢Nay; sAl3Si; 390055, xH,0. In a unit cell of BaNaY, there
are 32 Site IIs and 16 Site Is shared by 8 super cages. On
average, each super cage contains one Ba®* cation (9.6/8 ~ 1).
Site II and Site I are the most and second most favorable
binding sites for Ba>* and Na*. IR spectroscopy of adsorbed
CO and CO,** and single-crystal X-ray diffraction techniques®>
showed that almost all of the 9.6 Ba** cations are located at Site
II. Consequently, the 33.8 Na* have to bind with the remaining
22.4 (32—9.6) Site IIs and 16 site Is. In other words, while all of
the Site IIs are filled with either Ba** or Na*, the Site Is are not
completely filled, 11.4 (33.8—22.4) Na* cations will have to be
located at the 16 Site Is in each unit cell.

To illustrate, Figure 5 shows a top-down view of a super cage
where the Ba**-occupied Site I (single 6-membered ring, S6R)
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Figure 5. Schematic illustration of the Ba>* active site and the nearby
cation sites. In the figure: O (dark gray), Si (light gray), Ba**-occupied
Site II (filled triangle A), Na*-occupied Site II (filled circle @), Site I
that may or may not be occupied by Na* (filled square H).

is marked by a filled triangle (A). Three identical branches of
framework atoms, marked by 1, 2, and 3, extend from the Ba**-
occupied Site II, forming a super cage. There are altogether
nine Site IIs (@) and three Site Is (double 6-membered ring,
D6R, M) close to the Ba**-occupied Site II. Tt is assumed that
these nine Site IIs are all occupied by a Na* cation, since the
Ba®* cations would assume maximum distances between each
other to minimize repulsion. On the other hand, the three Site
Is may or may not be occupied by a Na* cation. Therefore, it is
necessary to study situations where zero, one, two, or three of
the Site Is are occupied by Na* cations.

On the basis of the above discussions, the 10T cluster was
expanded to a 24T cluster with one Ba** located at a Site II,
three nearby Na* cations in Site II, and zero Na* cations in Site
I as shown in Figure 6. (Results with one, two, or three Na*
cations in Site I are discussed below.) Five Al atoms must be
present in the 24T cluster to balance the positive charges of the
three Na* and one Ba®* cations. The Al atoms were placed
according to the following guidelines. First, two out of the five
Al atoms were placed in the S6R occupied by the Ba** cation to
stabilize Ba®", according to our previous result.”® Second, no
Si(4Al) was allowed since the Si/Al ratio of the BaNaY zeolite

dx.doi.org/10.1021/cs200519p | ACS Catal. 2012, 2, 350—359
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Figure 6. 24T cluster with the Ba>* and Na* cations located at the Site
II positions (single 6-membered rings S6Rs). The three single 4-
membered rings (S4Rs) are marked by asterisks. Five Al arrangements
shown in Table 1 were investigated. In the figure: O (red), Si (yellow),
Ba (green), Na (violet).

that was studied experimentally'® is 2.67, which means the
possibility of any Si(4Al) is extremely low.*”>° Third,
Lowenstein’s rule was obeyed. Following these guidelines, five
different Al arrangements shown in Table 1 (24T-I to 24T-V)

Table 1. Gibbs Free Energies of Adsorption of CH;COOH
and CH;COO ™ H" on the 24T Clusters with Various Al
Arrangements (B3LYP/SDD)*

Al CH,COOH AG,y, CH,COO H* AG,,
name  arrangement (kcal/mol) (kcal/mol)
24T1  2,4,6,6,6" -12.1 124
UTI 2,4,5,7, -103 —-97

o
UTII 2, 4,4,6,6 —92 -8.0
UTIV 2,3,4,6,6 —68 1.0
UTV  2,3,5"6,7 238 10.0

“The arrangements of the five Al atoms are indicated by five numbers
which refer to the positions of the Al atoms in Figure 6.

were investigated. The main difference between these five Al
arrangements is the arrangement of Al on the three single 4-
membered rings (S4Rs, marked by asterisks in Figure 6), whose
atoms are closest to the sorbate molecules. For example, for
24T-1 to 24T-V, there are 3, 3, 4, 3, and 1 Al atoms on the three
S4Rs, respectively. In other words, 24T-I to 24T-IV have a
higher Al density on the three S4Rs than 24T-V. It is to be
noted that the experimentally measured energies are averages
over various Al arrangements in the zeolite sample used.
However, instead of trying to make direct comparison with
experimental values, here we investigate how local environment
can affect the energetics.

To search for the energy minima of CH;COOH/
CH;COO™H" on a given 24T cluster, a number of different
initial configurations were attempted for the quantum chemical
energy optimizations. The initial configurations were chosen
based on the following three criteria: First, at least one oxygen
atom from the carboxyl group of the CH;COOH/
CH,;COO™H" molecule is interacting with the Ba** cation.
This is to be consistent with the experimental observation that
Ba®* is the main active site. Second, the other O atom in the
carboxyl group of CH;COO™H' may be interacting closely
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with the strongly positively charged Ba®’, Na', or the
dissociated proton. Third, the H atom attached to the carboxyl
group of CH;COOH or the dissociated proton from
CH,;COO™H" is interacting with a framework O atom. This
is to make sure that the positively charged H atom or the
proton is stabilized by the negative charge of the framework O
atom.

The use of a mixed basis set SDD:6-31G(d,p):6-311+
+G(d,p), as described in the methods section, on the expanded
cluster is difficult because of the large computational time
required. Instead, an all SDD basis set was used to treat the 24T
cluster and all other expanded clusters described hereafter. To
validate the use of the all SDD basis set, key reaction
intermediates and transition states shown in Figure 2 were
recalculated using the all SDD basis set and are shown in
Supporting Information, Figure S3. Table 2 compares key

Table 2. Comparison of the Gibbs Free Energies of
Adsorption and Reaction Barriers of Key Intermediates and
Reactions Calculated by Using the Mixed Basis Set and the
All SDD Basis Set

Gibbs free energies of adsorption reaction barriers for the hydrogen

(kcal/mol) abstraction reaction (kcal/mol)
mixed mixed
basis  all SDD basis  all SDD
set basis set set basis set
CH;COOH -39 —10.8 from 46.3 41.3
CH,COOH
CH;COO™H* 384 41.7  from 35.1 24.9
CH,COO™H"
-CH,COOH 59.3 534
.CH,COOH* 169 157

adsorption energies and reaction barriers calculated by using
the mixed basis set and the all SDD basis set. Qualitative
agreement between the results from the mixed basis set and the
all SDD basis set is seen. Comparison between Figure 2 and
Supporting Information, Figure S3 also shows that the
configurations of the reaction intermediates and transition
states calculated using the mixed basis set and the all SDD basis
set are very similar.

Table 1 shows the Gibbs free energies of adsorption for
CH,COOH and CH;COO™H" on the 24T clusters with five
different Al arrangements. It is seen in Table 1 that 24T-I
affords the best stabilization of both CH;COOH and
CH;COO™HY, and the Gibbs free energy of adsorption for
the two species are essentially identical (—12.4 and —12.1 kcal/
mol). The minimum energy configurations of CH;COOH and
CH,;COO™H" are shown in Figure 7. While one of the O atoms
in the carboxylic group of the CH;COO H' species is
stabilized by the positively charged Ba®" cation, the other O
atom in the carboxylic group is best stabilized by the Na* cation
in one of the Site II positions. The attractive interaction
between the Na* cation and the O atom is so strong that it is
able to move the Na* out of its original position in Site IL

Table 1 also shows that the Al arrangements with more Al
atoms in the three S4Rs (24T-I to 24T-IV) are able to stabilize
both CH;COOH and CH;COO H" better than the Al
arrangement with fewer Al atoms in the three S4Rs (24T-V).
This may be attributed to the negative charges created by the Al
atoms on the S4Rs. The negative charges help the stabilization
of the positively charged H atoms in both CH;COOH and
CH,;COO™H". In Table 1, it is also seen that the stabilization of
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ACS Catalysis

Research Article

CH;COO'H*

CH;COOH

e
AT Dy

@
S A
fo

/

Figure 7. Minimum energy configurations of CH;COOH and
CH;COO™H" found on the 24T-I cluster. The sorbate molecule,
the cations, and the Al atoms in the framework are shown in the ball
and stick representation; all other atoms are shown in the wire and
frame representation. CH;COO™H?" is stabilized by one of the Na*
cations. In the figure: O (red), Si (yellow), Na (violet), Ba (green), H
(white), C (gray), Al (pink).

CH;COO™H" is much more sensitive to the Al arrangement
than CH;COOH. For example, the Gibbs free energies of
adsorption of CH;COOH on the five 24T clusters range from
—12.1 to —2.8 kcal/mol, while the Gibbs free energies of
adsorption of CH;COO™H" range from —12.4 to 10.0 kcal/
mol.

It is interesting, however, to see that although all of the
clusters from 24T-I to IV have high Al densities on the three
S4Rs, some are able to stabilize both CH;COOH and
CH;COO™H" better than the others. To understand this,
Figure 8 shows the minimum energy configurations of

24T y L
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Figure 8. Minimum energy configurations of CH;COO™H" found on
24T-I and 24-1I1. The sorbate molecule, the cations, and the Al atoms
in the framework are shown in the ball and stick representation, and all
other atoms are shown in the wire and frame representation. In 24T-
II1, the Al atom marked by an asterisk creates a negative charge which
repels the negatively charged oxygen atoms in the acetate. In the
figure: O (red), Si (yellow), Na (violet), Ba (green), H (white), C
(gray), Al (pink).

CH;COO H" on 24T-I and 24T-IIIl. A comparison shows
that in 24T-11], there is an Al atom (marked by *) which creates
a negative charge and repels the negatively charged O atoms in
the carboxyl group. Clearly, certain arrangements of the Al
atoms are able to create opposite dipoles to the CH;COOH
and CH;COO™H" molecules and hence help to stabilize these
molecules.

The above discussion shows that compared with the 10T
cluster, the 24T cluster is able to improve the stabilization of
the ionic CH;COO™H" species drastically, which is mainly
because the O atoms in the carboxyl group of CH;COO H*
can be stabilized by the Na* cations that are not present in the
10T cluster.

The 24T cluster was further expanded to 30T and 34T
clusters to study the effect of a single Na™-occupied Site I on
the stabilization of CH;COOH and CH,;COO™H". Figure 9

Figure 9. 34T cluster with one Ba>* and three Na* cations located at
the Site II positions (single 6-membered rings), and one Na* cation
located at a Site I position (double 6-membered rings) opposite to the
three Site IIs. Five Al arrangements shown in Table 3 were
investigated. In the figure: O (red), Si (yellow), Na (violet), Ba
(green).

shows the 34T cluster with a single Na*-occupied Site I located
opposite to the Na*-occupied Site II positions. Five Al
arrangements, 34T-I to 34T-V, were studied. Similar Al
placement guidelines and minimum energy search protocols
to the ones used for the 24T clusters were employed on the
34T clusters. The details of the five Al arrangements are listed
in Table 3.

Table 3. Gibbs Free Adsorption Energies of CH;COOH and
CH;COO H" on the 34T Clusters with Various Al
Arrangements (B3LYP/SDD)“

CH,COOH AG,;, CH,COO™H* AG,,

name Al arrangement (kcal/mol) (kcal/mol)
4TI 2,4,5%6,6,6" —25.7 -30.1
4TI 2,4, 4,667 -193 —252
(TN 2,2, 4,667 -132 122
4TIV 3,3,3%5,5,7 —133 03
TV 2,2,4,6,6"7 ~10.0 0.5

“The arrangements of the five Al atoms are indicated by six numbers
which refer to the positions of the Al atoms in Figure 9.
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Table 3 shows the minimum adsorption free energies of
CH,;COOH and CH;COO™H* on the 34T clusters with five
different Al arrangements. It is seen that the CH;COOH and
CH;COO™H" species are best stabilized on 34T-I, which has
an identical Al arrangement as 24T-I except for the additional
Na*-occupied Site I and the accompanying Al. Similar to what
was observed on the 24T clusters, the stabilization of
CH;COO™H" on the 34T clusters is more sensitive to the Al
arrangement than that of CH;COOH. For example, in Table 3,
the highest and the lowest adsorption free energies of
CH;COOH are —25.7 and —10.0 kcal/mol, whereas the
highest and the lowest adsorption free energies of
CH;COO™H* are —30.1 and 0.5 kcal/mol. The additional
Na*-occupied Site I is able to further stabilize CH;COO™H*
compared to CH;COOH. For example, on 34T-I, the
adsorption free energy of CH;COO™H" is —30.1 kcal/mol,
which is about 4 kcal/mol lower than the adsorption free
energy of CH;COOH (—25.7 kcal/mol). In addition, the
stabilization of CH;COOH and CH;COO™H" is also sensitive
to the position of the Na'-occupied Site I. For example, the
30T cluster shown in Figure 10 has the same number of Al

Figure 10. 30T cluster with one Ba®* and three Na* cations located at
the Site II positions (single 6-membered rings) and one Na' cation
located at a Site I (double 6-membered ring) that is on the same side
as the three Site IIs. In the figure: O (red), Si (yellow), Na (violet), Ba
(green).

atoms and Na atoms as 34T-I, but the position of the additional
Na*-occupied Site I is different. Nonetheless, the AG,4, values
of CH;COOH and CH;COO™H' located on 30T are only
—12.1 and —13.3 kecal/mol, respectively.

So far, the effect of zero or one Na*-occupied Site I on the
stabilization of CH3;COOH and CH;COO™H' has been
discussed. To examine the effect of two or three Na'-occupied
Site I positions, cluster 34T-I was further expanded to a 40T
and a 44T cluster with two Na*-occupied Site I positions, and a
SOT cluster with three Na*-occupied Site I positions (see
Supporting Information, Figure S4). Al arrangements similar to
34T-1 were maintained on clusters 40T, 44T, and SOT. The
Gibbs free energies of adsorption for both CH;COOH and
CH,;COO™H' on the 40T, 44T, and SOT clusters are listed in
Table 4. It is seen that adsorption of CH;COO™H" is preferred

357

Table 4. Gibbs Free Adsorption Energies of CH;COOH and
CH;COO H" on the 40T, 44T, and SOT Clusters with Al
Arrangements Similar to That of 34T-1 (B3LYP/SDD)“

CH;COOH AG,4, (kcal/mol) CH;COO™H" AG,q4, (kcal/mol)

34T-1 —25.7 -30.1
40T —258.3 -30.9
44T =212 -30.8
S0T —25.1 —26.2

“The details of the 40T, 44T, and SOT clusters are shown in
Supporting Information, Figure S4.

over adsorption of the neutral molecule CH;COOH in all cases
shown in Table 4, similar to the stabilization for 34T-1 (Table
3). In addition, the minimum energy configurations of
CH;COOH and CH;COO™H' on these clusters are very
similar to the ones on 34T-I, which suggests that further
expansion of the zeolite cluster may not change the energetics
of the reaction intermediates or transition states.

Long-Range Lattice Effect on the Stabilization of
Transition States. So far, the long-range lattice effect on the
stabilization of CH;COOH and CH;COO™H' has been
discussed using expanded 24T, 30T, 34T, 40T, 44T, and 50T
clusters. On the representative 24T and 34T clusters, five Al
arrangements have been investigated. It is seen that the
stabilization of the ionic species CH;COO™H" is much more
sensitive to Al arrangement and cluster size than the neutral
species CH;COOH. For example, on the 10T cluster, the
adsorption free energy of CH;COO™H" is much higher than
that of CH;COOH (41.7 vs —10.8 kJ/mol, SDD), whereas on
the expanded clusters such as the 50 T cluster, the adsorption
free energy of CH;COO H" is similar to that of CH;COOH
(=26.2 vs —25.1 kJ/mol, SDD) It is to be noted, however, that
only a limited number of Al arrangements were studied in this
work because of high computational costs. Therefore, it is not
our intent to conclude definitively that CH;COO™H" is more
stable than CH;COOH on BaNaY zeolite.

On the 10T cluster, the hydrogen abstraction reaction was
identified as the rate-determining step of the overall reaction.
To understand the long-range lattice effect on the hydrogen
abstraction reaction barrier, the energy profile for this reaction
was explored on one of the representative expanded clusters,
the 34T-I cluster, and is shown in Figure 11.

Figure 11 shows that on cluster 34T-I, CH;COOH converts
to CH;COO H' before the hydrogen abstraction reaction
takes place. Interestingly, unlike the stabilization of the ionic
species CH;COO™HY, the free energy barrier of the hydrogen
abstraction reaction is much less sensitive to the long-range
electrostatic effect of the lattice. For example, the Gibbs free
energy barrier of the hydrogen abstraction on cluster 34T-I is
29.8 kcal/mol, which is comparable to the free energy barrier of
the same reaction on the 10T cluster (24.9 kcal/mol, see Table
2).

Bl CONCLUSION

In this work, DFT calculations were performed on a 10T
BaNaY zeolite cluster to probe the rate-determining step(s) of
the NOx reduction reaction using acetic acid/acetate as a
reductant. The calculations were performed using both a
B3LYP/mixed basis set scheme and a computationally less
costly B3LYP/SDD scheme. Qualitative agreement was
obtained between the two schemes. On the 10T cluster, it
was found that acetic acid is much better stabilized than acetate.
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Figure 11. Calculated energy profile for reaction step (1) on the 34T-I cluster. The sorbate molecule, the cations, and the Al atoms in the framework
are shown in the ball and stick representation, and all other atoms are shown in the wire and frame representation. IM and TS stand for intermediate
and transition state, respectively. The numbers are BSSE-corrected Gibbs free energies in kcal/mol. In the figure: O (red), Si (yellow), Na (violet),

Ba (green), H (white), C (gray).

For example, the Gibbs free adsorption energy of acetic acid is
—3.9 kcal/mol (mixed basis set) or —10.8 kcal/mol (SDD),
while the energy gap between the adsorbed acetic acid and its
ionized adsorbed form is 42.3 kcal/mol (mixed basis set) or
52.5 keal/mol (SDD). The hydrogen abstraction reaction from
acetic acid was identified as the rate-determining elementary
step at 473 K. The free energy barrier of this reaction with
acetic acid as a reactant is 46.3 kcal/mol (mixed basis set) or
41.3 kcal/mol (SDD).

Expanded 24T, 30T, 34T, 40T, 44T, and SOT clusters were
constructed to understand the long-range electrostatic effects of
the lattice on the stabilization of the reaction intermediates and
transition states. The calculations on the expanded clusters
were done by using the computationally less costly B3LYP/
SDD scheme. It was found that the stabilization of acetate may
be greatly improved on the expanded clusters with additional
Na* cations and Al atoms. On the other hand, the stabilization
of acetic acid is much less affected by the long-range lattice
effect. For example, on a 34T cluster, the Gibbs free energy of
adsorption for acetic acid is —25.7 kcal/mol versus —10.8 on
the 10T cluster, while the Gibbs free energy of adsorption for
acetate is —30.1 kcal/mol versus +41.7 on the 10T cluster. The
reaction barrier of the rate-determining elementary step, on the
other hand, is less sensitive to the long-range lattice effect: the
free energy barrier of the hydrogen abstraction reaction on the
34T cluster was found to be 29.9 kcal/mol (SDD), which is
only about S kcal/mol higher than on the 10T cluster.

The results in this work provide an interesting case study
about the importance of long-range electrostatic effects in
zeolites and the quest for “single-site” catalysts. A Ba>" cation in
a single six-membered ring of a Y zeolite cavity may seem like a
perfect single-site catalyst, but these results indicate that the
locations of the surrounding cations can play an important role
in stabilizing reaction intermediates and transition states,
particularly for ionic species. Given the multitude of possible
locations of these surrounding cations, the task of modeling

358

catalysis on these sites is perhaps much more challenging than
has been appreciated in the literature.
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© Supporting Information

The Supporting Information includes (1) the 10T cluster and
its basis set assignment; (2) geometries of the intermediates
and transition states that were not shown in the main text; (3)
the geometries of the intermediates and transition states shown
in Figure 2, recalculated using the all SDD basis set; and (4) the
40T, 44T and 50T clusters. This material is available free of
charge via the Internet at http://pubs.acs.org.
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