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Abstract

Adsorption of NO on copper exchanged ZSM-5 is investigated using ab initio methods. Cluster models,
ranging from 1T to 5T (T is silicon or aluminum), are used to represent the structure of zeolites. Equilib-
rium structures are calculated at the HF and DFT theory levels. Relative energies among different adsorp-
tion complexes are calculated.

Introduction

“Acid rain” (or so-called acid deposition) is a broad term used to describe both wet and dry ways that acid
falls out of the atmosphere. Acid rain has received worldwide attention during the past thirty years since
it deteriorates our vulnerable environment

Other Industrial Sources and leads to serious health problems.'* Wet
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Figure 1: NOx emissions from the United States in 1998.1

Tremendous efforts, including labor and money, have been spent in controlling acid rain. However, it is
neither an easy task nor a short-term fight. NOx, a mixture of NO and NO,, is one major contributor to acid
rain'* and is emitted primarily in exhaust fumes from millions of automobiles.? In 1998, this accounted for
53% of NOx emissions in the United States (Figure 1). In 2000, the total emissions of NOx in the United
States was 5.11 million tons.! It is of interest and importance, therefore, to develop a powerful catalyst to
selectively reduce NOx and eventually to reduce the damage caused to humans and environments.”®

Zeolites are crystalline materials consisting of a large number of tetrahedral TO, units (T: primarily silicon
with a small portion of aluminum) (Figure 2) connected to each other via oxygen to form three-dimen-
sional cavities and channels (Figure 3). The crystalline framework supplies a high internal surface area and
active sites, which make zeolites good adsorbents and catalysts.”!" Over the past decade, the medium-
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pore ZSM-5 zeolite has attracted a lot of attention. Because of small pore size and its uniform distribution, the
internal surface developed by the porous channels is much larger than the external surface. The higher ratio of
internal to external surface area (about 4:1) leads to its higher activity and selectivity.'>"?

Due to the existence of the aluminum in the TO, unit, oxygen atoms adjacent to the aluminum show the partial
negative charges, which can be balanced by external cations. Copper exchanged ZSM-5 (Cu-ZSM-5), a new de-
rivative of ZSM-5, is the most active catalyst for the direct decomposition of NOx to date.'*'> Cu-ZSM-5 has ad-
sorption properties similar to ZSM-5."2 The ratio of internal surface area to external surface area is even larger than
that of ZSM-5. The study of pore size distribution demonstrates that Cu-ZSM-5 represents a well-defined distribu-
tion with main micropore size at 0.7 nm with a limit of 2 nm. Experimental studies have shown that

Framework View 3D View
Figure 3: The structure of zeolite (MFT type).'>"3

Cu-ZSM-5, rather than ZSM-5 or naked copper cation, exhibits high activity in decomposing NOx into N, and O,
major components of the air.'®'” However, the detailed adsorption-decomposition reaction mechanisms remain
unknown from the experimental investigations.

The computational tool is an alternative and/or support to the experimental research, but theoretical studies (ab
initio calculations) of bulky zeolites are limited by computer resources. With the recent development in theoreti-
cal methods, two affordable approximations, the cluster model and the embedded cluster model, can be used to
represent the interaction between adsorbed molecules (adsorbate) and zeolite fragments, as well as between zeolite
fragments and the whole framework.'®*
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The mechanism of adsorption-decomposition of NO on Cu-ZSM-5 is complicated and involves many steps.** This
study focused only on the adsorption of NO on Cu-ZSM-5, the first step in the adsorption-decomposition process.
Only chemically bonded adsorption complexes may be stable enough to allow subsequent decomposition reac-
tions. There are three possible structures of the NO-Cu-ZSM-5 adsorption complex. Ab initio calculations of the
structure of these complexes were performed to determine possible adsorption complexes and energy barriers.

Approaches

Cluster model was used in this project to simulate the zeolite structures. Zeolite is treated as a very small neu-
tral cluster cut out of the bulky crystal structure. Hydrogen atoms terminate the resulting dangling bonds at the
boundary.® Since the cluster model takes only a very small part of the zeolite structure, two important deficien-
cies of cluster models exist.’ First, the cluster model is different from the zeolite structure because atoms near the
cluster boundary, arbitrarily terminated by H, are in different electronic environments. The second is potential
deficiency. A potential is generated from the long-range electrostatic forces between the cluster model and the
zeolite framework, which is missing in cluster calculations.
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Figure 4: The cluster models (X = H or OH).

Results obtained from cluster model investigation may give us a chance to examine the usage of embedded clus-
ter model. A recently developed embedded cluster model method can be used to avoid/alleviate aforementioned
problems without significantly increasing the computational costs.?**

Computational Details

Full optimizations of cluster models, from 1T to 5T models (Figure 4), were performed at the Hartree Fock (HF)25
and then the Density Functional Theory (DFT)27 levels with the 6-31G(d) basis set using the ab initio suite of
GAMESS package.?® Additionally, MacMolPlt, a 3D visualization package, was used to view the optimized geom-
etries.”® All calculations were performed on a Mac Power G5 cluster.

Results
There are three possible ways for NO
",.r;{j N to adsorb on Cu-ZSM-5 (Figure 5). The
- é‘r first possibility is the formation of a bond
N==C between Cu and N to give the Cu-N-O
| \ /lJ adsorption complex (A). Alternatively,
Cu Cu Cu a bond between Cu and O could form,
yielding the Cu-O-N adsorption com-
A B C plex (B). The remaining possibility is for
Cu to bond to both N and O to make a
Cu-N-O ring structure (C). Geometries
optimized at the HF level and at the DFT
level are listed in Table 1 and 2, respectively. Due to the substitution of Si by Al in the zeolite framework, oxygen

Figure 5: Three possible NO-Cu adsorption complexes.
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atoms next to Al are partially negatively charged. As a result, Cu cations are bound to balance this negative charge.
Since NO is a polar molecule and the dipole moment points to N from O, different binding type should affect
bonding in NO, even the relative stabilities of different adsorption complexes.

Complex A must have a shorter Cu-O bond length than B because the partially negative charges on O in B are
shared between Cu and N. As a result, the N-O bond strength is decreased. Complex C will show the longest N-O
distance because Cu forms bonds to both N and O. Because both N and O share Cu, it is expected that Cu-N bond
is weaker than that in complex A but Cu-O bond is stronger than that in complex B. Both HF and DFT results
show the same tendency. At the DFT level, molecular NO was calculated to have a bond length of 1.1589 A. DFT
results in Table 2 show that N-O length in structure A is the closest to that of molecular NO while that in structure
C is about 0.08 - 0.09 A longer.

From Table 1 and 2, it is also found that, with the increase in cluster size, geometrical parameters of cluster frame-
work (e.g. Cu-Al distance) may change drastically. A similar observation is found when a different terminal group
is used. Compared with the change inside of the zeolite framework, changes in bonding between zeolite and ad-
sorbate are smaller (usually less than 0.02 A) but not neglected.

HF shows that the optimized geometries have C2V or CS symmetry since the dihedral angle OCuNO is always
zero. Compared with DFT results, HF can predict the conformations of B and C qualitatively correct, though HF
always overestimates the bond lengths. However, the A complex displays a quite different dihedral angle near 90°
in HF and DFT studies: in small clusters, DFT results support an out-of-plane structure with the C1 symmetry.
With the increasing size of the cluster model, such stable structures vanish. It may suggest that in this study both
the cluster size and electron correlation could be important factors. The CuNO angle in the A complex also varies
between the HF and DFT geometries.

The HF geometries always predict a 180° bond angle. Once again, this is due to the symmetry of the optimized
HF geometries. The CuNO bond angle in the DFT structures is near 150°. This 150° bond angle occurs with the
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Table 1: Distances and bond angles calculated at the HF level with the 6-31G(d) basis set.

90° dihedral angle in these structures. However, this bond angle becomes 180° when the dihedral angle is 0.0° in
the larger clusters. The variations of the CuNO angle and the dihedral angle in the DFT structures always occur
together. Therefore, when C2V or CS is broken in the small DFT clusters, it is because O from NO lies roughly
30° outside the CS plane.
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The relative energies of the adsorption complexes at the HF level show little variation among the 1T and 3T clusters
(Table 3). The calculated energies at the HF level indicate that adsorption type A is the most stable and, therefore
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Table 2: Distances and bond angles calculated at the DF'T level with the 6-31G(d) basis set.
Adsorption Type 1T IT-H 3T-OH 5T-H

HF/HEF

A 0.0 0.0 0.0 0.0
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Table 3: Relative energies (kcal/mol) calculated using 6-31G(d) basis set.

the most likely adsorption type. The B and C types are relatively closer in energy. DFT energies, however, differ
significantly from the HF energies. The 1T and 3T clusters still indicated type A as the most stable complex and
B is significantly higher in energy than C. The substantial differences in energies at the DFT level demonstrate the
importance of electron correlation in these calculations. Given the DFT energies, type B is clearly the least stable
of the adsorption complexes. The cluster size also contributes to the difference in the DFT calculations. 1T and
3T cluster models indicate that the A type is the most stable, followed by the B type. When the cluster is enlarged
to 5T, though, the C type is the most stable followed by the A type.

Discussion

The most obvious conclusion from this data is that the cluster size has a significant impact on the energies of the
complexes as well as on the geometries. If only small clusters are used, then the A type adsorption complex would
appear to be the most stable. However, framework effects from the larger 5T zeolite cluster seem to increase the
stability of the C type adsorption complex. DFT data from the 5T (-H terminated) cluster model indicate that type
C is in fact the favored adsorption mechanism, contrary to the established trend from smaller clusters. Type C,
with its longer N-O bond length, would be better able to dissociate NO into N and O ions or radicals.
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In addition to the effects of the cluster size, the level of theory (DFT vs. HF) also impacts the results. Electron cor-
relation from the DFT calculations contributes to a large increase in the relative energy of the B complex. From
HF energies alone, it is not clear whether type B or type C is the most stable. DFT results, however, show a clear
difference in energy between these two adsorption complexes. Type B, then, is clearly the least stable complex.
Type C, on the other hand, appears to be the most stable given a large cluster size.

The results in Table 3 also indicate a difference between —H termination and ~OH termination. Though two clus-
ters may have the same number of tetrahedral units, the type of termination used still impacts the results. Chang-
ing the cluster from -H terminated to ~OH terminated can greatly change the electron distribution in the zeolite
framework and, further, change the binding of the absorbate.

With only one type of cluster contradicting the stability of the A type mechanism, it is unclear whether this result
is an anomaly. Therefore, it is necessary to obtain DFT results for other large clusters — namely the 5T ~OH termi-
nated and 10T clusters. If type C is the most stable complex in these larger clusters, then it will be clear that small
clusters give qualitatively incorrect results.

Acid rain is a serious problem that affects everyone. It can cause aesthetic damage to paints and other coatings.
More importantly, it affects the environment by acidifying soils and aquifers. Changes in pH are harmful to aquat-
ic animals by interfering with biological processes and reducing the amount of available calcium carbonate for
shells. In addition, acid in the soil can react with metals bound up in minerals and cause them to be released into
drinking water. Many of these metals are toxic to humans and other animals. Additionally, many acidic gases --
in particular nitrogen oxides -- are greenhouse gases. Although the amount of these emissions is small compared
to the production of CO,, they still contribute to climate change. Acidic gases are produced through both natural
means such as volcanism as well as through the burning of fossil fuels.

Any technology that reduces the production of acidic gases will greatly benefit people and the environment. This
includes alternative energy sources such as solar or wind power, alternative fuels such as hydrogen or biofuels, or
catalysts that reduce acidic gases to harmless molecules. So far, copper exchanged zeolite is one of the most prom-
ising catalysts that shows stronger catalytic capability over NO from small-scale experimental studies. However,
before it is used on a large scale, it is necessary to understand how and why it works and whether it can be im-
proved. If the reaction mechanism for the reduction of NO on zeolite is understood, it may be possible to design
better catalysts that work in a wider range of circumstances.
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