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Abstract

The absorption of carbon monoxide with H-ZSM-5 and metal-substituted Li-ZSM-5 zeolites has been investigated by
Ž .using both cluster and embedded cluster approaches at the HFr6–31G d,p level of theory. For the H-ZSM-5 zeolite, the

binding energy of CO on a 3T quantum cluster is predicted to be 2.25 kcalrmol for the C-bound complex. The O-bound
complex was found to be less stable by about 0.84 kcalrmol. Inclusion of the Madelung potential was found to increase the
acidity of the Brønsted acidic site and the CO-binding energy to 4.95 kcalrmol, consequently, it leads better agreement with
experimental observation. Similar results were also obtained for the Li-ZSM-5rCO complex. The Madelung potential 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 Liq–CO system. q 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

w xBrønsted acid sites 1–19 . Recently, metal-sub-
stituted zeolites were found to be potential cata-
lysts for decomposition of NO and CO fromX

w xautomotive emission and power plants 20–22 .
CO adsorption is also used as a probe of the
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cation loading in ion-exchange processes in zeo-
w xlites 21 . For this reason, numerous theoretical

and experimental studies have been performed
to examine the interaction of CO with zeolites
w x23–36 . To the best of our knowledge, theoreti-
cal studies to date are based on small quantum
clusters as models of the zeolite Brønsted 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 tetra-
hedral subunit containing the Brønsted acid site
in an unconstrained environment. Recent studies
have shown that the Madelung potential is im-
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portant in studying adsorption processes due to
w xits 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-

w xlized 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-

w xtions 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 consists of
three tetrahedral sites including the Brønsted
site with capped hydrogen atoms at the bound-

Ž . Ž .ary, i.e., H SiO X Al OH OSiH where X is3 2 3

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.
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along the Si–O bonds of the ZSM-5 framework
w x42 .

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. Using an approach recently proposed by

w xStefanovich and Truong 37 , 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

Ž .electrostatic potential SCREEP method. More
details on this method can be found elsewhere
w x37 . In this study, the total Madelung potential
is represented by 201 explicit charges within 3.5
Å to the quantum cluster and 688 surface
charges. With this small number of point
charges, additional computational cost is often
less than 5% compared to bare cluster calcula-
tions.

Geometry optimizations were done at the HF
Ž .level using the 6–31G d,p basis set. For em-

bedded cluster models, capped hydrogen atoms
were fixed along the Si–O bond during these
optimizations. For CO adsorption on H-ZSM5
and Li-ZSM5, two possible adsorption configu-
rations were investigated. One is called C-bound
where CO approaches to the zeolite with the
C-end. Similarly, the O-bound complex means
the O-end approaching the zeolite. Geometries
of these complexes are fully optimized without
additional constraints besides those of the
capped hydrogen atoms. The Gaussian 94 pro-

w xgram 43 was used to carried out embedded
cluster calculations whereas the TURBOMOLE

w xprogram 44,45 for bare cluster calculations.

3. Results and discussion

3.1. Structure of H-ZSM-5 and Li-ZSM-5 zeo-
lites

First, we examine the structure of the H-
ZSM-5 zeolite. Cluster and embedded cluster

Table 1
UU ˚ŽHFr6–31G optimized geometrical parameters of the H-ZSM-5 and H-ZSM-5rCO systems bond lengths are in A and bond angles in

.degrees

H-ZSM-5 H-ZSM-5rCO

Bare Embedded Bare cluster Embedded cluster
cluster cluster

C-bound O-bound C-bound O-bound

Al–H 2.326 2.338 2.343 2.337 2.352 2.342b

O –H 0.946 0.953 0.953 0.951 0.960 0.9562 b

Al–O 1.681 1.678 1.684 1.681 1.680 1.6781

Al–O 1.866 1.859 1.861 1.863 – –2

Si –O 1.688 1.685 1.684 1.685 1.678 1.6802 2

Si –O 1.605 1.587 1.604 1.602 1.585 1.5841 1

C–O – – 1.111 1.115 1.110 1.116
H –C – – 2.230 – 2.184 –b

H –O – – – 2.147 – 2.028b

O –Al–O 93.0 94.8 93.5 93.4 95.6 95.61 2

Si –O –Al 135.2 135.2 134.9 134.9 135.3 135.42 2

H –O –O –Al 181.2 177.6 183.9 183.1 179.8 178.8b 2 1

Si –O –Al–O 161.1 160.0 160.4 160.1 158.9 158.71 1 2

Si –O –Al–O 181.5 181.4 181.3 180.8 180.8 180.72 2 1

C–O –O –Al 186.4 182.52 1

O–O –O –Al 185.9 180.82 1
Ž .q H 0.415 0.435 0.436 0.441 0.454 0.464
Ž .q O y0.914 y0.884 y0.924 y0.912 y0.886 y0.8821
Ž .q O y0.802 y0.805 y0.835 y0.824 y0.843 y0.8322
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models for this zeolite are shown in Fig. 1.
Selected optimized geometrical parameters and
partial charges at the Brønsted site are listed in
Table 1. Comparing results between cluster and
embedded cluster models, the Madelung poten-
tial has an effect of elongating the O –H bond2 b

˚Ž .distance Brønsted acid site less than 0.01 A
and increasing the positive charge on H atomb

by 0.02 AU, thus, enhancing the acidity of the
Brønsted acid site. Our results are similar to

w xthose obtained by Greatbanks et al. 38 using a
different embedded cluster approach with poten-
tial derived charges. The calculated Al–H dis-b

˚tance of 2.338 A from the embedded cluster
model is also consistent with the NMR mea-

˚ w xsurement of 2.38"0.04 A 46 . As noted above,
the Madelung potential was found to also

˚lengthen the Al–H distance by about 0.01 A.b

This is within the uncertainty of the experimen-
tal data. Thus, the Madelung field has a small
effect on the structure of the Brønsted site.
However, it was found to have a larger effect on
the energetic properties as discussed below.

Ž .For the Li-ZSM-5 zeolite see Fig. 2 , the Li
cation does not bind to a particular bridging
oxygen atom but rather symmetrically biden-

w xtates to O and O atoms of the AlO tetrahe-1 2 4
w xdron as confirmed by an ESR experiment 47 .

Geometrical parameters of the Li-ZSM5 are
listed in Table 2. The bare cluster calculations

Žpredict the Li cation to be out of the O , Al,2
.O plane by 58 in the Li–O –O –Al dihedral1 2 1

angle. The Madelung potential brings the cation
to within 18 in this dihedral angle from being in

Fig. 2. Similar to Fig. 1, but for the Li-ZSM-5 zeolite.
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Table 2
UU ˚ŽHFr6–31G optimized geometrical parameters of the Li-ZSM-5 and Li-ZSM-5rCO systems bond lengths are in A and bond angles in

.degrees

Li-ZSM-5 Li-ZSM-5rCO

Bare Embedded Bare cluster Embedded cluster
cluster cluster

C-bound O-bound C-bound O-bound

Li–Al 2.519 2.573 2.533 2.535 2.588 2.583
Li–O 1.837 1.901 1.851 1.852 1.920 1.9141

Li–O 1.822 1.865 1.832 1.837 1.874 1.8752

Al–O 1.758 1.755 1.755 1.755 1.753 1.7521

Al–O 1.760 1.750 1.757 1.757 1.747 1.7472

Si–O 1.626 1.617 1.623 1.623 1.614 1.6142

Si–O 1.624 1.607 1.621 1.620 1.606 1.6051

CO – – 1.107 1.118 1.109 1.117
Li–C – – 2.343 – 2.353 –
Li–O – – – 2.078 – 2.064
O –Li–O 88.4 85.8 87.7 87.5 85.1 85.31 2

O –Al–O 93.0 94.0 93.2 93.2 94.3 94.31 2

Si–O –Al 130.1 131.4 130.3 130.3 131.7 131.72

Li–O –O –Al 185.1 178.6 184.4 185.1 178.5 178.62 1

Si –O –Al–O 160.7 162.2 160.8 160.7 161.7 161.61 1 2

Si –O –Al–O 182.4 181.8 182.0 182.2 181.7 181.92 2 1

C–O –O –Al – – 183.1 – 183.2 –2 1

O–O –O –Al – – – 183.6 – 183.72 1
qŽ .q Li 0.666 0.719 0.515 0.609 0.570 0.658

Ž .q O y1.011 y0.991 y1.011 y1.013 y0.991 y0.9931
Ž .q O y1.011 y0.999 y1.011 y1.012 y0.998 y0.9992

the same plane. However, the interaction of Li
cation with zeolite leads to substantial perturba-
tion on the zeolite framework near the active
site. In particular, comparing the embedded
cluster results listed in Tables 1 and 2 for
H-ZSM5 and Li-ZSM-5 systems, we found the

˚Al–O distance is shorten by 0.109 A while the2
˚other Al–O distance is elongated by 0.077 A;1
˚similarly, the Si–O bond shorten by 0.068 A2

˚while the Si–O bond elongated by 0.02 A; but1

the O –Al–O angle has no significant change1 2

upon metal exchange. In a reciprocal effect, the
zeolite framework reduces the Li cation charge
to 0.72 AU. The Madelung potential was found
to have a larger effect on the structure of Li-
ZSM-5 zeolite. Particularly, it elongates the Al–

˚Li distance by 0.54 A and decreases the O –Li–1

O angle by 2.68. This indicates the Madelung2

field weakening the attachment of the Li cation
to the zeolite framework. One can expect that in
this case, adsorption on the Li-ZSM-5 will be

affected by the presence of the Madelung poten-
tial.

3.2. Adsorption of CO on H-ZSM-5 and Li-
ZSM-5 zeolites

Cluster and embedded cluster models for the
adsorption of CO on H-ZSM-5 and Li-ZSM-5
zeolites are illustrated in Figs. 3 and 4, respec-
tively. Selected geometrical parameters of the
adduct complexes are listed in Tables 1 and 2.
Adsorption energies calculated by using differ-
ent models are given in Table 3.

We found that adsorption of CO does not
affect the zeolite framework significantly.
Though this can be expected due to the small
dipole of CO. The geometry of the H-ZSM-5 or
Li-ZSM-5 Brønsted site changes by at most

˚0.01 A for bond distances and 18 for angles due
to CO adsorption. This result has an important
implication that is in future theoretical studies
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Fig. 3. Similar to Fig. 1, but for the H-ZSM-5rCO complex.

of adsorption of similar species, it is possible
without loosing much accuracy to fix the zeolite
framework in optimization of the complex struc-
ture. This would accelerate the convergence and
reduce significantly the computational cost.

For the C-bound complex on H-ZSM-5, the
distance from the C atom to the Brønsted proton

˚was predicted to be 2.230 A using the cluster
model. Including the Madelung potential short-

˚ens this distance by 0.046 A. The effect is
noticeably smaller for adsorption on Li-ZSM-5.
It is interesting to note that adsorption of CO
increases the charge of the Brønsted acid proton
by more than 0.02 AU whereas it decrease the
Li cation charge by as large as 0.15 AU.

The effects of the Madelung potential are
more profound in the adsorption energies of CO
on both H-ZSM-5 and Li-ZSM-5 as listed in
Table 3. For the adsorption of CO on H-ZSM-5
zeolite, we found that both bare cluster and
embedded cluster models predict both C-bound
and O-bound adducts existed with the C-bound
being more stable by 1 kcalrmol. For adsorp-
tion of CO on Li-ZSM-5 zeolite, C-bound and
O-bound complexes have almost the same bind-
ing energy within the uncertainty of the calcula-
tions. We found that the Madelung potential
increases the binding energy by 2.5 kcalrmol in
the H-ZSM-5 and 3.0 kcalrmol in the Li-ZSM-5
zeolite. With inclusion of basis-set superposi-
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Fig. 4. Similar to Fig. 1, but for the Li-ZSM-5rCO complex.

Ž .tion error BSSE correction calculated using
the counterpoise correction method and effects
of Madelung potential, we predict that CO ad-
sorbs on H-ZSM-5 zeolite in a C-bound com-
plex preferably with a binding energy of 4.95
kcalrmol. This is in consistent with the experi-
mental range of 3.25–4.10 kcalrmol obtained

w xby Gupta et al. 48 for a lower acidic zeolite
H–X using a range of acidic site compositions.
For Li-ZSM-5 zeolites, both adducts exist with
the C-bound configuration being slightly more
stable and having the binding energy of 8.56
kcalrmol. Again this is in reasonable agreement
with the binding energy of 6.7 kcalrmol for

Table 3
Ž . Ž .Calculated adsorption energies kcalrmol of CO on naked Li I , bare quantum cluster and embedded cluster model of H-ZSM-5 and

Li-ZSM-5 zeolites

Naked Embedded 3T quantum cluster Embedded 3T quantum cluster

LirCO LirOC Li-ZSM-5 Li-ZSM-5 Li-ZSM-5 Li-ZSM-5 HZSM-5 HZSM-5 HZSM-5 HZSM-5
rCO rOC rCO rOC rCO rOC rCO rOC

D E y14.62 y16.44 y10.78 y10.38 y8.04 y7.90 y6.09 y4.75 y3.61 y2.26
Ž .D E BSSE y13.14 y15.25 y8.56 y8.03 y5.77 y5.56 y4.95 y3.62 y2.25 y1.41
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w xadsorption of CO on Na–Y zeolite 49 . Since
Naq is larger than Liq, one can expect that CO
would bind more strongly to Li-ZSM-5 than
Na-ZSM-5. It is interesting to compare the ad-
sorption of CO on Li-ZSM-5 zeolite with the
case where the zeolite framework is absent, i.e.,
in the naked Liq–CO system. The adsorption
energies for both C-bound and O-bound Liq–CO
complexes are also listed in Table 3. As ex-
pected, the CO binds much more strongly to the
Liq cation than in the Li-ZSM-5 zeolite by
almost a factor of 2 in the binding energy. An
interesting result is that the O-bound complex is
more stable by about 2.11 kcalrmol compared
to the C-bound complex in the Liq–CO system.
Thus, interactions with the ZSM-5 zeolite
framework reverse the order of relative stability
of these complexes.

4. Conclusions

ŽThe interaction of carbon monoxide via the
.C-bound and O-bound adducts with the H-

ZSM-5 and metal-exchanged Li-ZSM-5 zeolites
has been investigated by using both the quan-
tum cluster and embedded cluster approaches.
For both the H-ZSM-5 and Li-ZSM-5 zeolites,
the C-bound adducts were found to be more
stable than the O-bound adducts. Inclusion of
the Madelung potential from the zeolite frame-
work was found to noticeably increase on the
binding energies of these adducts and leads to
better agreement with experimental observation.
The results obtained in this study also suggested
that the embedded cluster approach provides a
more accurate and practical model than the bare
cluster one for studying zeolite structure and
catalytic activity.
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