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along the Si—O bonds of the ZSM-5 framework
[42].

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
Stefanovich 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
electrostatic potential (SCREEP) method. More
details on this method can be found elsewhere
[37]. In this study, the total Madelung potential
is represented by 201 explicit charges within 3.5
A 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
level using the 6-31G(d,p) basis set. For em-
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bedded cluster models, capped hydrogen atoms
were fixed along the Si~O bond during these
optimizations. For CO adsorption on H-ZSM5
and Li-ZSMS, 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-
gram [43] was used to carried out embedded
cluster calculations whereas the TURBOMOLE
program [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
HF/6-31G ** optimized geometrical parameters of the H-Z8M-5 and H-ZSM-5 /CO systems (bond lengths are in A and bond angles in
degrees)

H-ZSM-5 H-ZSM-5/CO

Bare Embedded Bare cluster Embedded cluster

cluster cluster C-bound O-bound C-bound O-bound
Al-H, 2.326 2338 2.343 2.337 2.352 2.342
0,-H, 0.946 0.953 0.953 0.951 0.960 0.956
Al-0, 1.681 1.678 1.684 1.681 1.680 1.678
Al-0O, 1.866 1.859 1.861 1.863 - -
Siy~0, 1.688 1.685 1.684 1.685 1.678 1.680
S1,-0, 1.605 1.587 1.604 1.602 1.585 1.584
C-0 - - 1.111 1.115 1.110 1.116
H,-C - - 2.230 - 2,184 -
H,-0 - .- - 2.147 - 2.028
0,-Al-0, 93.0 94.8 935 934 95.6 95.6
Si,—0,-Al 1352 135.2 134.9 1349 1353 1354
H,~0,-0,-Al 181.2 177.6 1839 183.1 179.8 178.8
8i,-0,-Al-0, 161.1 160.0 160.4 160.1 1589 158.7
§i,-0y~-Al-0, 181.5 1814 181.3 180.8 180.3 180 7%
C-0,-0,-Al 186.4 182.5
0-0,-0,-Al 1859 1808
q(H) 0415 0.435 0.436 0.44% 0.454 0.464
o0)) —-0.914 —0.884 —-0.924 -0912 —0.886 —-0.8%2
40,) —0.802 —0.805 —0.835 - 0.824 - (.843 -0.832
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models for this zeolite are shown in Fig. 1.
Selected optimized geometrical parameters and
partial charges at the Brgnsted 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,, bond
distance (Brgnsted acid site) Iess than 0.01 A
and increasing the positive charge on H, atom
by 0.02 AU, thus, enhancing the acidity of the
Brgnsted acid site. Our results are similar to
those obtained by Greatbanks et al. [38] using a
different embedded cluster approach with poten-
tial derived charges. The calculated Al-H, dis-
tance of 2.338 A from the embedded cluster
model is also consistent with the NMR mea-
surement 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
This is within the uncertainty of the experimen-
tal data. Thus, the Madelung field has a small
effect on the structure of the Brgasted rite.
However, it was found to have a larger effect on
the energetic properties as discussed below.
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-
tates to O, and O, atoms of the [Al0,] tetrahe-
dron as confirmed by an ESR experiment [47].
Geometrical parameters of the Li-ZSMS5 are
listed in Table 2. The bare cluster calculations
predict the Li cation to be out of the (O,, Al,
O,) plane by 5° in the Li-O,-0,~Al dihedral
angle. The Madelung potential brings the cation
to within 1° in this dihedral angle from being in

Fig. 2. Stmilar to Fig. 1, but for the Li-ZSM-5 zeolite.
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Table 2
HF /631G ** optimized geometrical parameters of the Li-ZSM-5 and Li-ZSM-5 /CO systems (bond lengths are in A and bond angles in
degrees}

Li-ZSM-5 Li-ZSM-5/CO

Bare Embedded Bare cluster Embedded cluster

cluster cluster C-bound O-bound C-bound O-bound
Li-Al 2519 2573 2533 2.535 2.588 2.583
Li-0O, 1.837 1.901 1.851 1.852 1.920 1914
Li-O, 1.822 1.865 1.832 1.837 1.874 1.875
Al-0O, 1.758 1.755 1.755 1.755 1.753 1.752
Al-0, 1.760 1.750 1.757 1.757 1.747 1.747
5i-0, 1.626 1.617 1.623 1.623 1.614 1.614
Si-0, 1.624 1.607 1.621 1.620 1.606 1.605
CO - - 1.107 1.118 1.109 1.117
Li—-C — - 2.343 - 2.353 -
Li-O - - - 2.078 - 2.064
0,-Li-0, 88.4 85.8 87.7 87.5 85.1 85.3
0,-Al-0, 93.0 94.0 93.2 93.2 94.3 943
51-0,-Al 130.1 1314 130.3 1303 131.7 131.7
Li-(,-0,-Al 185.1 178.6 184.4 185.1 178.5 173.6
§i,-0,-Al-0, 160.7 162.2 160.8 160.7 161.7 161.6
5i,-0,-Al-0, 182.4 1818 182.0 1822 181.7 181.9
C-0,-0,~Al - - 183.1 - 183.2 -
0-0,-0,-Al - - - 183.6 - 183.7
qlLi®) 0.666 0.719 0.515 0.609 0.570 0.658
®0,) —-1.011 —-(.991 - 101 —1.013 —0.991 —0.993
¢(0,) ~1.011 —0.999 —1.01% -1.012 —0.998 —-0.999

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-ZSMS5 and Li-ZSM-5 systems, we found the
Al-0, distance is shorten by 0.109 A while the
other Al 0, distance is elongated by 0.077 A
similarly, the Si—0, bond shorten by 0.068 A
while the Si-O, bond elongated by 0.02 A; but
the O,-Al-0O, angle has no significant change
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-
Z3M-5 zeolite. Particularly, it elongates the Al—
Li distance by 0.54 A and decreases the O,-Li-
O, angle by 2.6°. This indicates the Madelung
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-ZS-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 ditfer-
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 smail
dipole of CO. The geometry of the H-ZSM-5 or
Li-ZSM-5 Brgnsted site changes by at most
0.01 A for bond distances and 1° 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-Z8M-5 /CO 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-Brgnsted 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-3.
It is interesting to note that adsorption of CQ
increases the charge of the Brgnsted acid proton
by more than (.02 AU whereas it decrease the
L1 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 keal /mol. For adsorp-
tion of CO on Li-ZSM-5 zeolite, C-bound and
O-bound complexes have almost the same kiad-
ing energy within the uncertainty of the calcula-
tions. We found that the Madelung potential
increases the binding energy by 2.5 kcal /mol in
the H-ZSM-5 and 3.0 kcal /mol ip the Li-Z5M-5
zeolite. With inclusion of basis-set superposi-
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Fig. 4. Similar to Fig. 1, but for the Li-ZSM-5 /CO complex.

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
kcal /mol. This is in consistent with the experi-
mental range of 3.25-4.10 kcal /mol obtained

Table 3

by 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
kcal /mol. Again this is in reasonable agreer:ent
with the binding energy of 6.7 kcal/mol for

Calculated adsorption energies (kcal/mol) of CO on naked Li(I), bare quantum cluster and embedded cluster model of H-ZS*1-5 and

Li-ZSM-5 zeolites

Naked Embedded 3T quantum cluster Embedded 3T quantum cluster
Li/CO Lif/OC Li-ZSM-5 Li-ZSM-5 Li-ZSM-5 Li-ZSM-5 HZSM-5 HZSM-5 HZSM-5 HZSM-5
/CO /0oC /€0 /0C /CO JOC /CO /oC
AE —1462 -1644 —10.78 —10.38 —8.04 —7.90 —6.09 -475 —3.61 —-2.26
AFE(BSSE) -13.14 -—1525 —8.56 —-8.03 -577 -5.56 —4.95 -3.62 —-225 - 1.41
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adsorption of CO on Na-Y zeolite [49]. Since
Na™ is larger than Li*, 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 Li"—CQ system. The adsorption
energies for both C-bound and O-bound Li*-CO
complexes are also listed in Table 3. As ex-
pected, the CO binds much more strongly to the
Li* cation than in the Li-ZSM-S5 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 kcal /mol compared
to the C-bound complex in the Li*—CO system.
Thus, interactions with the ZSM-5 zeolite
framework reverse the order of relative stability
of these complexes.

4. Conclusions

The 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 guan-
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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Abstract

The interacrion of carbon monoxide with H-faujasite (H-FAU) and metal-exchange Li-FAU zeolites has been investigated by
means of cluster and embedded cluster approaches at the HF/6-31G(d.p) level of theory. In the case of the protonated zeolite.
the adsorption energy of the bare quantum cluster is evaluated o be —1.90 kcal/mol for the H-FAU/CO complex. Inclusion of
the Madelung potential field from the zeolite framewaork has an effect of lengthening the OH distance. hence enhancing the
binding energies of the H-FAU/CO (—3.20 kecal/moi). For adsorption of CO on the metal-exchanged zeolites. the Madelung
potential was found to differentiate the different types of zeolites (ZSM-5 and FAU), that cannot be drawn from the typical 3T-
quantum cluster. This finding clearly demonstrates that acidity does not depend only on the Brgnsted group center. but also on
the dimension of the channel where the Broasted group is located. The adsorption energy of the embedded cluster model
{—6.69 keal/mol) lies between those of the bare quantum cluster mode! {(—5.81 kcal/mol) and the simple naked Li{I¥CO
system (~—13.14 kcal/mol). Correction of the 3T cluster model to take into account the long range contribution of the electro-

static potential of the zeolite crystal is found to agree with the experimental observation, © 2000 Elsevier Science B.V. All
rights reserved.

Kevwords: Zeotite; Carboamoxide: FAU: Embedded Cluster: Ab initio

1. Introduction has been recently reported by Senchenya et al. [23].

All early works of adsorption CO on bare zeolite

Zeolites are of prime importance as catalysts for
many industrial processes, due mainly to their
shape-selectivity and Bronsted acid sites [1-19].
Recently, metal-exchanged zeolites have been found
10 be potential catalysts for decomposition of NO, and
CO from automotive emission and power plants [20-
22]. )

A review of quantum chemical calculations applied
to zeolites and their interaction with carbon monoxide

* Corresponding author. Tel: + 66-2-942-8031: fax: + 66-2-
579-3953.

clusters were limited to the small model fragment
H,S1OHAIH;, or 2T cluster, and are not specific to a
particular zeolite, but represent a generic tetrahedral
sub-unit in an unconstrained environment [23-36].
As is known, small zeolitic clusters may inade-
quately reflect adsorption complexes at the active
site, and the cluster environment may enhance binding
energy, and hence, accurately predict the structures of
reaction intermediate, transition state and products.
In order to overcome the shortcomings in falling to
take into account the electrostatic field in these solid
acid catalysts, an embedded method has to be

0022-2860/0(¥/S - see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0022-2860(00100423-3
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Fig. 1. Cluster and ermnbedded cluster models of the H-FAL zeolite. Bond distances given in the figures are in pm.

employed [37,38]. To include the effects of the
zeolite framework on adsorption of CO in zeolites,
a periodic electrostatic structure method can be
utilized [39-41]. This corresponds to the high
loading case and is often computationally expensive
for most zeolites due to their relatively large unit
cells. Ahernatively, the embedded cluster approach
provides a more practical methodology with little
additional computational cost, compared to the bare
cluster calculation [37].

2. Method

We employed the clusters illustrated in Figs. 1-4 as
the models of interaction of probe molecules on H-
zeolites, and alkali-metal-exchanged  zeolites
HiSIO(X)AKOH),08iH;, and  H3SiC(X)AIL(O-
H),0S8iHy/[CO), hereafter referred to as [H-FAU],
[Li-FAU), [H-FAUY[COI, and [Li-FAU)[CO]
respectively, where X is either H or Li atom. The
naked alkali-cation/CO adducts, Li(IY[CO}, are also
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Fig. 1. Cluster and embedded cluster models of the H-FAL zeolite. Bond distances given in the figures are in pm.

employed [37,38]. To include the effects of the
zeolite frammework on adsorption of CO in zeoclites,
a periodic electrostatic structure method can be
utilized [39-41]. This corresponds to the high
loading case and is often computationally expensive
for most zeolites due to their relatively large unit
cells. Alternatively, the embedded cluster approach
provides a more practical methodology with little
additional computational cost, compared to the bare
cluster calculation [37].

2. Method

We employed the clusters illustrated in Figs. 1-4 as
the models of interaction of probe molecules on H-
zeolites, and  alkali-metal-exchanged  zeolites
H;Si0(X)A{OH),0SiH;, and  H;SiO(X)ALO-
H),08iH,/[CO], hereafter referred to as [H-FAU],
[Li-FAU], [H-FAUY[CO], and [Li-FAU}[CO]
respectively, where X is either H or Li atom. The
naked alkali-cation/CQO adducts. Li(I¥/[CO], are also
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W

Fig. 2. Cluster and embedded cluster modeis of the Li-FAU zeolite. Bond distances given in the figures are in pm.

included for comparing with the effect of the negative
zeolite oxygen framework surrounding the alkahi
cations.

The bare quantum clusters are selected to model
specifically to faujasite zeolite. In these models. the
dangling bonds of the Si atoms are terminated by H
atoms and the Si—H bonds are aligned with the corre-
sponding $-O bonds of the structures of faujasite
zeolite, respectively [42].

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 lauice sites. Using an approach recenty
proposed by Stefanovich and Troung [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 Electrostatic Poten-
tial (SCREEP) method. More details on this method can
be found elsewhere [37]. In this study, the total Made-
lung potential is represented by 1137 explicit charges
within 3.5 A to the quantum cluster and 146 surface
charges. With this small number of point charges.
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Fig. 3. Cluster and embedded cluster models of the H-FAU/CO complex. Bond distances given in the figures are m pm.

additional computational cost is often less than 5%
compared to bare cluster calculations.

Geometry optimizations were done at the HF level
using 6-31G(d,p) basis. The GaUSSIANG4 program
[43] was employed to carry out embedded cluster
calculations, whereas the TURBOMOLE program
[44.45] was employed for bare cluster calculations.

The computations were carried out using an IBM
SP2 computer at KU Computing Center and DEC
Alphastation 250 workstation at the Laboratory for
Computational and Applied Chemistry at Kasetsart
University, and clusters of IBM RISC/6000 work-
station at Henry Eyrng Center for theoretical
Chemistry, University of Utah.
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Fig. 4. Cluster and embedded cluster models of the Li-FAU/CO complex. Bond distances given in the figures are in pm.

3. Results and discussion

3.1. H-Faujasite (H-FAU) and merai-exchanged FAU
{Li-FAU)
3.1.1. H-Faujasite (H-FAU)

Cluster and embedded cluster models for H-FAU
zeolites are shown in Fig. 1. Selected optimized
geometrical structures for bare quantum cluster and

embedded ciuster models employed to represent the
Bregnsted and cationic sites are evaluated at HF level
of theory using the 6-31G{(d.p) basis set. and are docu-
mented in Table 1.

Comparing the result between cluster and
embedded cluster models, the Madelung potential
has the effect of lengthening the Gl—Hb bond distance
(Brensted acid site). and hence enhances the acidity of
the Brensted acid sue. Our embedded cluster
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Table 1
HF/6-31G (d.p) optimized geometrical parameters of the H-FAU and H-FAU/CO svstems. {bond lengths are in pm and bond angles in degrees}

H-FAU H-FAU/CO

Bare cluster Embedded Bare cluster Embedded
Al-H 23827 236.26 240.96 237.99
O-H 95.11 95.32 9545 95.84
Al-O1 174.61 172.94 17488 173.14
Al-O2(H) 20241 £97.00 201,47 195.94
Qi-Al-02 88.93 93,09 89.51 93.64
Si-02(H) 170.54 173.88 170.21 1733¢
Si-0l 162.70 162.78 162,33 162.55
Si-O(H)-Al 13971 141,08 139.67 141.01
Cc-0 - - 111.07 110.98
H-C ~ - 227.69 22335
g(H) 0.473838 0.422580 0.436589 0.445540
q(O1) — 0.954577 —0.940278 - 0961167 — 0.942895
q(02) - 0.833108 —0.852211 — 0.864249 - ().887602
structures obtained are similar to those obtained 3.1.2. Meral-exchanged FAU (Li-FAU}
from Greatbanks et al. employing a different For the Li-FAU zeolite (see Fig. 2). the alkali-metal
embedded cluster approach via potential derived cation does not bind with a particular bridging oxygen
charges (PDC) [38]. Our predicted important atom in the {AlO:]”, but is symmetrically bidentated
bond lengths (O-H=953, Si—-O{H)=173.9. to O1 and 02 of {AlO,]” tetrahedron. The symmetric
Al-0O1=172.9, Al-Q2(H) = 197.0 pm) are binding between the alkali-metal and [AlQ,]” has
virtually the same as reported by Greatbanks et al. been confirmed by an ESR experiment [47]. The inter-
(O-H=953.4, Si-O(Ih=169.7, Al-O1=173.2, action of the cationic metal with zeolite framework
and Al-O(H) = 196.6 pm). leads to substantial perturbation of the active acidic
Table 2

HF/6-31G (d.p) optimized geometrical parameters of the Li-FAU and Li-FAU/CO sysiems. (bond lengths are in pm. and bond angles in
degrees)

Li-FAU Li-FAU/CO

Bare cluster Embedded Bare cluster Embedded
Al-Li 25799 258.11 250.32 258.42
Li-01 182.13 187.93 183.40 L8963
Li-02 183.14 186.46 184.60 186.96
O1-Li-02 01.89 89.78 01.01 89.21
Al-01 185.15 182.98 184.71 {82.39
Al-02 185.92 181.77 185.46 181.40
O1-Al-02 90.05 92.84 90.33 9326
Si-02 164.56 166.58 164.30 i66.14
Si-01 164.35 164.85 164,09 164.54
Si-02-Al 137.39 . 139.35 137.61 140.03
C-0 - — 11370 110.62
Li~-C - - 234.66 229.54
g(Li} 0.641231 0.670350 0.492733 0.501856
g(oOn - 1.037929 - 1.035260 - 1.037710 — 1.033770

g(02) — 1.032930 — 1.040422 — 1032320 — L.039635
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site. In particular, comparing the embedded cluster
results listed in Table 2 for H-FAU and Li-FAU
systems, we found the Al-O2(H) distance is shor-
tened by 15.2 pm, while the other Al-O1 distance is
elongated by 10.0 pm; similarly the Si—O2 (H) bond
shortened by 7.3 pm, while the Si~01 bond elongated
by 2.1 pm; but the O1-Al-02 angle has no significant
change upon metal exchange. In a reciprocal effect,
the zeolite framework reduces the Li cation charge to
0.67 a.u. The Madelung potential was found to have a
large effect on the structure of Li-ZSM-3 zeolite. The
oxygen atoms surrounding the cation in the bare
quanium cluster and the environmental crystal in the
embedded cluster via SCREEP can reduce the
cationic strength, as depicted in Fig. 2. The extent
of alkali---Oz distances increase with embedded
model (Li---O,,=182.1pm vs. 1879pm and
Li---0-,=183.1pm vs. 186.5pm), indicating a
weakening of the attachment of the metal cation to
the zeolite framework. One can expect that, in this
case, adsorption on the Li-FAU will be affected by
the presence of the Madelung field.

3.2. The interaction of H-aluminosilicate (H-FAU)
and Li-exchanged Faujasite (Li-FAU) with carbon
monoxide

3.2.1. The interaction of H-zeolite (H-FAU) with
carbon monoxide

Cluster and embedded cluster models for the
adsorption of CO on H-FAU and Li-FAU zeolite are
illustrated in Figs. 3 and 4, respectively. Selected
geometrical parameters of the adduct complexes are
listed in Tables 1 and 2. Adsorption energies evalu-
ated by employing different models are given in Table
3.

The changes in the structural parameters of the CO
and zeolite upon complexation are minute, but very
impressive, The results are in accordance with
Gutmann’s rules [46], i.e. a lengthening of the O-H
bond, shortening of the 5i-0, Al-O and lengthening
of Si—H bonds.

The intermolecular H..-C distance of zeolite/CO
adduct (within the ZO—-H---CO bond) was caiculated
to be 227.7 pm via the cluster model. Including the
Madelung potentials shortens this distance by 4.2 pm.
This is also reflected in the calculated adsorption ener-

gies (Table 3), which increase by 1.30 kcal/mol upon
Madelung potentials inclusion.

The interaction energy obtained from the embedded
chuster is calculated to be —3.20 kcal/mel, which may
be compared with the experimental range of 3,25~
4.10 keal/mol obtained by Gupta et al. [48] for an
acidic zeolite of H-X using a range of acid sie
compositions. Agreement between the theory and
the experiment is satisfactory, especially for the
embedded cluster model.

3.2.2. The interaction of alkali-metal-exchanged
aluminosiiicates (Li-FAU) with carbon monoxide

In order to investigate the cationic effect on the
interaction of sorbates in the alkali-metal zeolite/
{CO], the naked alkali-metal ions/[CO]J adducts have
also been performed and compared with the cluster
and embedded resulis.

The optimized geometries for the quantum cluster
Li-FAUW/CO and the embedded complexes are
presented in Table 2. The binding of the naked Li(I)
ion to the carbon monoxide leads to changes in
geometrical structure parameters which are larger
than those obtained for the Li-FAU/CO and the
embedded complexes. The optimized Li--CO
distances are found to be 226.9 pm for the simple
naked Li(I)/CO, 229.5 pm for the embedded cluster.
and 234.7pm for the quantum cluster, the
corresponding  energies  are  —14.62(—13.141.
—9.14(—6.69), and —8.05(—5.81) keal/mol. resmec-
tively, values in parenthesis are BSSE corrected.
Taking into account the BSSE does not change the
trend. One can see that the adsorption energy of the
embedded cluster mode! lies between those of the bare
quantum cluster model and the simple naked Li/CO
systemn. All quantities were overestimated because the
electrostatic field generated by the simple naked
cation is too large compared to the bare guantum
cluster model, where it is reduced by the surrounding
oxygen atoms. The embedded results are found to
improve on the bare quantum cluster results in the
calculation of interaction energies. The interaction
energy of —6.69 kcal/mol for the embedded cluster
model Li-FAU/CO that compares well with the
adsorption energy of —6.7 kcal/mol for Na-
exchanged Y zeolites complex [49].

Another point of interest is the comparison of the
results obtained using both cluster and embedded
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cluster models for exploring the different types of
zeolites. The effects of the Madelung potential are
more profound in the adserption energies of CO on
both Li-ZSM-5 and Li-FAU zeolites, as listed in
Table 3.

For cluster model, L1-ZSM-5/CO and Li-FAU/CO
complexes have virtually the same binding energies
{Table 3). We found that the Madelung potential
increases the binding energy by 2.74 kcal/mol in the
Li-ZSM-5 and by about 1 kcal/mol in the Li-FAU
zeolites. With the inclusion of basis-set-superposi-
tion-error correction and the effects of Madelung
potential, we predict that the Li-ZSM-5/CO complex
is more stable by about 1.9 keal/mol as compared 10
the Li-FAU/CO complex. Thus, the Madelung poten-
tial was found to reveal that acidity of zeolite does not
depend only on the acidic site center, but also on the
framework structure where the acidic site is
embedded.

4, Conclusions

The adsorption of carbon monoxide on H-Faujasite
(H-FAU) and metal-exchanged Li-FAU zeolites has
been investigated by means of both the quantum
cluster and the embedded ab initio cluster approaches.
For the H-FAU/CO complexes, the adsorption energy
of the bare quantum cluster is evaluated to be
—1.90 kcal/mol. Inclusion of the Madelung potential,
via the Surface Charge Representation of the Electro-
static Embedding Potential (SCREEP) method, has a
pronounced influence on the OH distance, hence
increasing the binding energies of H-FAU/CO
(—3.20 kcal/mol). The results obtained are in agree-
ment with experimental data. For adsorption of CO on
the metal-exchanged zeolites, the binding energies of
the complexes obtained from the effect of Madelung
potential can be employed to investigate the different
types of zeolites. For the bare quantum clusters, Li-
ZSM-5/CO and Li-FAU/CO complexes, have almost
the same binding energies (—~5.77 vs. —5.81 kcal/
mol) while the binding energies derived from the
embedded method of Li-ZSM-5/CQ are calculated
to be —8.56 kcal/mol which are larger than those
obtained from the Li-FAU complex (—6.6% kcal/
mol), indicating that the ZSM-5 is more acidic than
that of FAU zeolites and leads to a better agreement

with experimental observation. The results obtained
in the present study suggest that the embedded cluster
approach yield a more accurate and 'practical model
than the bare guantum cluster for exploring zeolite
framework and catalytic properties.
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Abstract

The density functional theory and Hartree—Fock methods were used to investigate the proton transfer reaction tor a series of
model clusters of zeolite/(H-0),: n = 1,2, 3, and 4. Without promoted warter. the hydrogen-bonded dimer of the water/zeolite
system exists as a simple hydrogen-bonded complex, ZOH.(H.O)-. and no proton transfer occurs from zeolite to water. The
third promoted water, ZOH(H,0),H,0, was found to induce a pathway for proton transfer, but at least addition two promoted
molecules, ZO(H;0 H-O{H,0),, must be involved for complete proton transter from zeolite to H,O. The results show that the
hydronium ion in water cluster adsorbed on zeolite, ZO(H;0 *)(H>O):, can considerably affect the structure and bonding of the
hydrogen-bonded dimer of water. The O---O distance is contracted from 2.818 A found in the neutral complex, ZOH(H-0),, to
2.777 A for ion-pair complex. ZO(H;0 ")(H,0):. The distance between the oxygen of the hydronium ion and the zeolitic acid
site oxygen is predicted to be 2,480 A which is in good agreement with the experimentally observed value of 2.510 A. The
corresponding density functional adsorption energy of the high coverages of adsorbing molecules on zeolite is calculared to be
—9.14 keal/mo! per molecule at BALYP/6-311 + G(d,p) level of theory and compares well with the experimental observation of
—8.20 kcal/mol. € 2001 Elsevier Science B.V. All rights reserved.

Keywords: Zeolite/water system: Harree—Fock method: Proton transfer

1. Introduction question of whether these probe molecules are proto-

nated or not at acid zeolite catalysts are discussed in

The acidity of zeolitic catalysts generated from the
surface hydroxyls (=S5i—-OH-Al=) is responsible for
catalytic function and have led to numerous important
industrial applications. such as catalysts and adsor-
bents which have been employed for petrochemical
processes and for the production of fine chemicals [1-
14]. Of particular interest in this active research is the
adsorption structure of methanol and water and the

* Corresponding author. Tel.: +66-2-942-8%00: fax: +66-2-579-
3955.

E-mail address: fscijtl @ku.ac.th {J. Limtrakul}.

depth [15-25]. In spite of a large volume ot docn-
ments about zeolite research, the details of structures
and reaction mechanisms of adsorption and particu-
larly of protonation/deprotonation are still incomplete
and, mainly, to be solved. These understandings are
the basis for catalytic reaction mechanisms and hence
enhance the rational design of improved catalyvsts.
In this work, the interaction of water clusters with
generic zeolites (H-ZOH) and Faujasite (FAU) are
investigated for the first time by the density functional
theory (DFT), and HF with the aims of: (a) investi-
eating the important consequences of adsorbed probe

0022-2860/01/$ - see front matter © 2001 Elsevier Science B.V. All nghis reserved.

PII: §0022-2860(00100737-7



Y70 J. Limtrakul et af. / Journal of Molecular Structure 560 (2004) 169-177 .

Fig. 2. The fuily optimized geometrical strucrures of zeolite/A HyO).:
Fig. 1. The fully optimized gecmetrical structures for generic (a) neuwral complex of generic zeolite/(H-O), system; (b} ion-pair
zeolites, [H:SIOHANOH)-OSiH;|[H.Ol, were investigated at complex on generic zeolite/(H,O), system: (c) ion-pair structure of
B3LYP/6-31Gid.p} levels of theory. water adsorption on faujasite zeolite/(H,O) system.
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Table 1
Adsorption energies of water clusters on zeolites {kcal/mol}

B3LYP/6-31Gid.p)

Models Generic zeolite Faujasite zeolite
Neutra}” fon-pair® Neuwtral” fon-pair”
Zeolite /H,O —18.25(-13.93) - —20.92(—15.99) -
Zeolite {H.O)~ —29.69 (-21.93) - —33.84 (2343 -
Zeolite {H-0); —40.36 (—28.50) - —33.85 (—-29.30 -
Zeolite /(H,0, —50.30 (—33.67) —50.65 (—32.45) - —55.96 (—36.36)

* Values in parenthesis are obtained at B3LYP/6-3114G(d,p/6-31Gid,p) level of theory.

molecules at low and high coverages, i.e. (HyO),,
where n denotes the amount of water molecule
coverages; (b) obtaining structures and the reaction
mechanism of high coverages in zeolite catalyst.

2. Method

We employed the adsorption clusters illustrated in
Figs. 1 and 2 as the models of water molecules adsorp-
tion on zeolites [HySiIOHAI(OH).081H;)/TH,Oln,; n =
1—4 and their possible ion-pair species. The cluster is
selected to model specially to Faujasite zeolite with the
symmetry C,. In models employed the dangling bonds
of “surface” oxygen atoms are terminated by H atoms
and the Si—H bonds are aligned with the corresponding
8i—0 bonds of the structure of faujasite zeolite [26].

Full geometry optimization of the cluster models
mentioned above was carried out with the DFT
methods employing B3LYP density functional. This
functional has been recently demonstrated by us to
yield accurate results about molecular structures,
and vibrational frequencies for zeolites [27-32].
Additionally, calculations with the 6-311+G(d.p)
basis set were performed for some models. The DFT
performs perfectly well at this level of theory, which
is in good agreement with the CPF and GI results
[27,28]. All density functional computations were
performed using the program GaUsSSIAN-94 [33].

For the HF calculations, we employed the
TURBOMOL code [34,35] which is based on the
direct SCF method of Almloef et al. [36]. Geometry
optimization was terminated when the gradients norm
with respect to internal coordinates was less than 107
Ey/ap. The energy change was then below
Sx 107 %au.

The cluster computations were carried out using
DEC Alphastation 250 and HP 9000/700 workstations
at the Laboratory for Computational and Applied
Chemistry at Kasetsart University.

3. Results and discussion

The fully optimized geometrical structures
constrained at €, svmmetry for generic zeolite.
{H,Si0HAI(OH),081H,]f{H-0], and at C, symmetry
for specific type Faujasite/[H.O], (see Figs. 1 and 2}
are investigaied at HF and B3LYP levels of theory
using 6-31G™ basis set. The adsorption energies and
selected parameters for two theoretical approaches are
summarized in Tables 1—-6. Complete coordinates and
other calculation details are available by E-mail:
fscijrl@ku.ac.th.

Comparing the HF suucture of H;SiOHAI(O-
H),0S8iH; with the B3LYP suucture, it is seen that
the Si—-O(H). Al-O(B), O-H bonds of the former
are shorter than the latter. Note that the HF results
always yield an OH bond which is too short as
compared to the experimental result [37].

Further support for the reliability of using this
model is confirmed by the results of NMR measure-
ment [38]: the Al.--H of H-Faujasite has been
estimated to be 2.380 * 0.004 A, whereas our
computed distance at B3ZLYP and HF levels of theory
are 2.397 and 2.416 A. respectively.

3.1. One and nvo warer molecules per acid site

Two representative cluster models of water adsorp-
tion on zeolites are investigated. In one of these, the
hydrogen-bonded structures are stabilized on the
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Table 3
Structure parameters of Zeolite/H.O system

Bond (A) and angle (") Generic zeokite/H-0

Faujasite zeolite/H.O

HF/3.21G B3LYP/6-31Gid. p) HF/3-21G B3LYP/6-31(d. p)

Neutral Neutral Neutral Neutral
Al-01 1.826 1.904 1.864 1.952
Al-02 1.756 1.776 1.779 1.796
Al-03 1.693 1.731 1.736 1.740
Al-04 1.693 1.731 1.718 1.724
(A1-O) 1,742 1.783 1.774 1.803
0O1-05 2.400 2493 2.424 2.523
Ol1-HI 1.038 1.014 1.053 1.033
O5-HI 1.416 1.525 1.387 1.503
05-H5 0.958 0.960 1963 0.967
05-H2 1.001 0.984 1.022 1).996
O1-H1-05 155.7 157.8 166.8 163.5
02-A1-01 102.4 98.5 925 9.9

Brgnsted site. The other is a type of protonated model,
in which hydronium ions forms two hydrogen bonds
towards the unprotonated zeolite framework. All
investigated cluster models yielded only one
minimum as hydrogen-bonded physisprebed warter
complexes, regardless of whether the initial frame-
work structure had H,O or H;0 . Similar conclusions
to our resuits have just recently been reported by
Sauer et al., FT-IR [39,40] and ab initio {41] studies

Table 4
Structure parameters of Zeolite/{H,0), system

of water adsorption on zeolite support the direct clear
evidence for the hydrogen-bonded adsorption of
waler.

The changes in the structural parameters of the
zeolite upon complexation with water are minute
but impressive. The results are in accordance with
Gutmann’s rules [42], 1.e. a lengthening of the brid-
ging O—H bond. a shortening of Al-O adjacent to this

" bond and a lengthening of Al--O (not adjacent to it).

Bond (A) and angle {7} Generic Zeolite/tH-0),

Faujasite Zeolite/(H,0)-

HF/3-21G B3LYP/6-31Gid. p) HF/3-21G BILYP/6-31G4d. p)

Neutral Neutral Neutral Neutrai
Al-01 1.814 1.888 1.849 1.941
Al-02 1.755 1.780 1.767 1.793
Al-03 1.698 1.734 1.738 1.746
Al-04 1.698 1.734 1.720 1.726
(Al-O) 1.741 1.784 1.768 1.80t
01-05 2.420 2.493 2.443 2.521
O1-HI 1.063 1.032 1.057 1.043
O5-HI 1.358 1.462 1.403 1.484
O5-HS 0.978 0.973 1.008 (.998
O5-H2 0.978 0.973 0.963 0.967
05-06 2433 2.549 2,465 2.634
06-H3 0.996 0.983 1.000 0.986
O6-H4 0.960 0.961] 0.962 3.965
O1-HI-05 177.0 1773 166.5 1718
02-A1-01 108.2 103.7 93.1 20.2
O5-H2-06 146.5 148.0 1523 158.8
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Table 5
Structure parameters of Zeolite/(H,0); system

Bond {A) and angle () Genenic zeolite/{H,0)5

Faujasite zeolite/(H,0),

HE/3-21G BILYP/6-31Gip. d) HF/3-21G B3LYP/6-31G(d. p)

lon-pair Neutral Lon-pair Neutral
Al-0O1 1.792 1.873 1.796 1.937
Al-02 1.764 1.783 1.785 £.794
Al-O3 1.705 1.737 1.745 1.748
Al-0O4 1.705 1.737 1.730 1.736
(AI-O» 1741 1.783 1.764 1.804
O1-03 2.379 2417 2,401 2.468
Ol1-HI 1.239 1.690 1.304 1.09¢
0O3-HI 1.141 £.325 1.103 1.381
03-H3 0.996 0.981 0.986 0.982
O5-HZ 0.996 0.981 1.036 0.993
05-0¢ 2411 2.562 2.397 2.653
06-H3 1.004 0.984 0.962 0.987
O6-H4 0.960 0.96] 1.020 0.966
07-03 2.602 2.736 2.580 2.790
Ol-H1-05 176.8 176.6 172.0 173.8
02-A1-01 109.4 1044 65.7 90.4
03-H3-07 1714 168.4 161.0 170.1
03-H2-06 151.4 148.2 151.5 160.7

Table 6
Structure parameters of Zeolite/{H;(Q), system

Bond (A} and angle (") Generic zeohite/{H-0),

Faujasite zeotite/(H.0),

HF/3-21G B3LYP/6-31Gud. p} HF/3-21G B3LYP/6-31G(d, p)

lon-pair Neutrat Ton-pair Ton-pair Ion-pair
Al-01 1.789 1.863 1.830 1.756 1.864
Al-O2 1.762 1.785 1.800 1.808 1.8309
Al-03 L1707 1.739 1.742 1.729 1.396
Al-O4d 1.707 1.739 1.742 1.743 1,755
{AI-O) 1.741 1.782 1779 1.759 1.706
01-03 2.398 2.392 2.428 2.608 2726
Ol1-H! 1.300 1.161 1.337 1.659 0.987
03-HI 1,100 1.232 1.090 0.989 1.813
QO3—H3 1.005 0.989 0.985 0.976 0.984
03-H2 1.005 0.989 1.034 1425 1441
05-06 2.384 2.502 2416 2.409 2.480
O6-H3 0.990 0.979 0.988 1.096 1.06%
OH6—H4 0.97} 0.973 0.974 0.986 0.9%6
O7-03 2.598 2713 2.665 2.681 2739
G6-08 2.708 2818 2777 2.603 2.680
O1-HI1-03 176.8 177.1 i79.8 156.2 152.3
02-a1-01 109.7 103.4 103.8 95.8 929
03-H3-07 171.2 1656 168.8 156.5 166.9
05-H2-06 152.4 1515 155.7 155.0 166.1
06-H4-08 1564 157.6 156.4 171.7 172.2
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Similar trends are also observed for two water
molecules per acid site. The O-H distance in the
optimized structure of zeolite/H,O and zeolite/
(H-O), adducts (Fig.1) are evaluated to be 1.014 and
1.032 A, respectively. The lengthened O—H distance
of the latter model refects an increase of the binding
energy (see Table 1) (—13.93 versus —21.93 keal/
mol.). Comparison of H,O adsorption on H-zeolite
with previous quantmum calculations [43-45] and
experimental measurement [15] is also documented
in Table 2. Our findings agree closely with those
reported by Zygmunt et al. [43], Gale [44], and Rice
et al. [45] on the basis of DFT calculations carried out
with a 3T, 4T, or a 5T cluster, respectively. The calcu-
lated adsorption energies and those estimated from the
experimental values are different for the case of one
adsorbed H-O molecule but not for the adsorption of a
second H-O molecule. Since the uncertainties in the
experimental adsorption energy values are not known
[45], it is difficult to discuss further.

Attempts have been made to observe the Z7/
[H,0] "[H,01, an initial structure in which a hydronium
ion is optimized. The OH bond of H;O" and the
hydrogen bond angle (O-H...OQ) in the complex is
constrained at the optimized H;O" and 180° respec-
tively. However, during the optimization, the proton
of HyO" is transferred to the zeolite, and the final equi-
librium complex H-Z/[H,0}{H,0] is obtained. The
present finding is consistent with those of Gale [44)]
and Rice er al. (45] that no evidence of proton transfer
is observed with either one or two H;O molecules
adsorbed on the zeolitic cluster modets. The experimen-
tally observed reduction of adsorption energy per mole-
cule when passing from one to two molecules per site of
about 4.06 kcal/mol is reproduced by our predicted
value of 4.27 keal/mol. We note that differences in
cluster size. method of cluster termination, the presence
or absence of structural constraints may contribute to the
observed differences on the geometry.

3.2. Three and four water molecules per acid site

The equilibrium structures for Zeolite/(H,O),, n =
3 and 4, are illustrated in Figs. 1 and 2 together with
the key parameters and corresponding adsorption
energies. There are two types of these clusters: the
hydrogen-bonded and ion-pair forms. From the
clusters shown in Fig. 2 and geometrical parameters

documented in Tables 5--6, the data derived indicates
that the zeolitic proton remains non-transferred in the
zeolite/(H,0), complexes until at  least - three.
preferably four, water molecules are solvated around
the Brgnsted acid site.

The intermolecular O---O distances in the optimized
structure of zeolite/(HyO), complexes (within the
OH---O hydrogen bond) are evaluated to be 2.493.
2.417, and 2392 A for zeolite/(H,O),, zeolite/(H,O):
and zeolite/(H,0),, respectively. The contracted O---O
distances with higher coverage reflect an increase of the
O-H Brensted distance (1.032, 1.090 and 1.161 A). I
does nevertheless show at the low level of theory (HF/3-
21G) that zeolite/(H,0); starts deproteonation when
solvated by three water molecules. Note that this ion-
pair structure is achieved only at HF/3-21 G, while only
hydrogen-bonded ZH[H>O][H,O], is obtained at the
B3LYP level of theory. This may be due in part o the
over binding at this low theoretical level.

With the wvery high coverages. four water
molecules, the protonation seems certain and the
1on-pair structure is achieved only for the specific
type Faujasite. Our results clearly show the important
influence of water loading for the formation of proto-
nated species on the zeolite. The bridging OH bond
length of zeolite increases with each probe molecule
successively added. The optimized structure para-
meters of [H;SiOAI(OH).SiH;} /[H;0] [H,0], are
illustrated in Fig. 2b and documented in Table 6.
For this ion-pair structure, the [H;0]  cation forms
three very strong hydrogen bonds towards the neigh-
boring water molecules and the negatively charged
zeolite. The Al-Ol1, and Al-0O2 distances are 1.864
and 1.809 A, which are longer than found in anionic
zeolite (both at 1.776 fk). For these high coverages.
the hydronium ion is found to have a strong effect
on the hydrogen-bonded dimer of water. The
O(6)---O(8) distance of [H.SiOANOH),SiH;) ™/
(H30]*[H20]; is coniracted by 0.04 A as compared
to the neutral hydrogen-bonded system, [H;Si0A-
1(OH),SiH3J/[H,0}[H,0O]; for generic zeolite (Fig.
2b and c¢). The energy for conversion of [H;Si0A-
[{OH)-SiH;] /[H;0]*[H>0]5 to the neutral hydrogen-
bonded complex [H;SiOAl(OH).SiH;)/{H,O1{H,01:
is 0.34 kcal/mol.

The most stable structure of water adsorption on
Faujasite zeolite 1s illustrated in Fig. 2c. It should be
noted that there are much deviations between the
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isolated H;0™ structure and those for H3O" in the
zeolite/water complex. This observation is due mainly
to the fact that the hydronium ion is stabilized by
interacting with solvating water molecules and the
anionic zeolite framework. The acid hydrogen sits
1.417 A from the zeolitic framework oxygen, O(2)
and 1.069 A from the oxygen of the H;O " ion. The
oxygen of the hydronium ion is located at 2.480 A
from the acid site oxygen O(2). This calculated
H;0".--Oz distance can be compared well with the
experimental observation of 2.51 A for a weaker acid
catalyst, silicoaluminosilicate (SAPO){46]. The ion-
pair complex. [HiSiOAI(OH).SiH:]™ /[H;0] " [H,0}
was somewhat similar to those of HCI(H-O), and
HBr(H,0), [47] and other acid—water clusters
previously investigated, and was shown to indeed
induce protonation of a variety of acids [48].

4. Conclusions

The influence of high coverages of adsorbing mole-
cules on zeolites has been investigated by means of both
density functicnal theory and Hartree—Fock methods.
Equilibriurn structures determined for the adsorbing
molecules successively added from one to four mote-
cules per acid site. While [H3SiOAYOH)-51H;)/[H-0)
and [H;SiOAWOH),SiH;}/[H-0)]; are a hydrogen-
bonded complex, cluster of [H;SiOANOH)SIH,.Y/
[H:O}, contains both types of ion-pair and neutral
complexes. The ion-pair complex results from a prompt
and compiete proton transfer from zeolite to adsorbate
that takes place in the high coverages. For the hydro-
nium ion which is stabilized by additional adsorbing
molecules, the distance between the oxygen of the
hydronium ion and the zeolitic acid site oxygen is calcu-
lated to be 2.480 A. This finding is in good agreement
with the experimental observation of 2.510 A for a weak
zeolite acid catalyst, HSAPO-34. The comresponding
adsorption energy of this complex is predicted to be
—9.14 keal/mol per molecule at B3LYP/6-311+G(d,
p) ievel of theory and compares well with the measured
adsorption heat of —8.20 kcal/mol in HZSM-5.
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High coverage effect on proton transfer of faujasite/water system:
density functional embedded cluster approach
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Quantum cluster and embedded cluster approaches were used to investigate the proton
transfer reaction for a series of model clusters of zeolite/(H,O), ; n =1, 2, 3, and 4, using the
B3LYP/6-31G (d,p) level of theory. For both calculations, without promoted water, the
hydrogen-bonded dimer of the zeolite/water system exists as a simple hydrogen-bonded
complex, ZOH(H;0),, and no proton transfer occurs from zeolite to water. The third
promoted water, ZOH(H,0),H,0, was found to induce a pathway for proton transfer, but at
least the addition of two promoted molecules, ZO(H;0"H,O(H,0),, must be involved for
complete proton transfer from zeolite to H,O. Inclusion of the Madelung potential was found
to increase the acidity of the Brgnsted acid site, yielding the complete proton transfer from
zeolite to H,O in the presence of the third promoted water, ZO(H:0")(H;0),. The distance
between the oxygen of the hydronium ion and the zeolitic acid site oxygen is predicted to be
2.512 A for the embedded cluster which is in good agreement with the experiment.

1. INTRODUCTION

The acidity of zeolitic catalysts generated from the surface (=Si-OH-AI=) is responsible
for the catalytic function and have 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 [1-12]. 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.

2. METHODS

Cluster and embedded cluster models were used to determine the structure of water
molecules adsorption of zeolites [HsSiOHAI(OH),OSiH;)/[H>0], ; n = 1-4 and their possible
ion-pair species. The cluster is selected to model specially to faujasite zeolite with the
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symmetry C;. In models employed, the dangling bonds of “surface” oxygen atoins are
terminated by H atom and Si-H bonds are aligned with the corresponding Si-O bonds of the
structure of faujasite zeolite [13].

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 Stefanovich and Troung [14], 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 Potential (SCREEP)
method. More details on this method can be found elsewhere [15-16]. 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.

Geometry optimizations were investigated with the density functional theory at the
B3LYP/6-31G(d,p) level of theory using the GAUSSIAN 94 [17] program code. 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 Computation:il and
Applied Chemistry (LCAC) at Kasetsart Umversity.

3. RESULTS AND DISCUSSION

A series of model clusters of zeolite/(H,O)s; n= 1, 2, 3, and 4 are investigated at cluster
and embedded cluster approaches. The fully optimized geometry strictures for all systems are
documented in Tables 1-2. Adsorption energies evaluated by employing different models are
given in Table 3.

3.1. One and two water molecules per acid site

Two representative cluster models of water adsorption on zeolites are investigated. In one
of these, the hydrogen-bonded structures are stabilized on the Bregnsted site. The other is a
type of protonated model, in which hydronium ions forms two hydrogen bonds toward the
unprotonated zeolite framework. All investigated models yielded only one minimum as
hydrogen-bonded physisprobed water complexes, regardless of whether the initial framework
structure had H,O or H3O". Similar findings to our results have just recently been reported by
Sauer et. al. FT-IR [18-19] and ab initio [20] studies of water adsorption on zeolite support
the direct clear evidence for the hydrogen bonded adsorption of water. Comparing the resuit
between cluster and embedded cluster models, the Madelung potential has the effect of
lengthening the O1-H1 bond distance (Brgnsted acid site), and hence enhances the acidity of
the Brgnsted acid site (see Table 1).

The changes in the structural parameters of the zeolite upon complexation with water are
minute but impressive. The results are in accordance with Gutmann’s rules [21], ie. a
lengthening of the bridging O-H bond, a shortening of AI-O adjacent to this boml and a
lengthening of Al-O (not adjacent to it).Similar trends are also observed for two water
molecules per acid site. The O-H distance in the optimized structure of zeolite/H,O and
zeolite/(H,0), adducts (Fig.1-2) are evaluated to be 1.033 (1.045) and 1.043 (1.064) A,
respectively. The lengthened O-H distance of the latter model reflects an increase of the
binding energy (see Table 3) (-15.99 (-17.42) versus —23.44 (-24.24) kcal/mol); values in
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parenthesis are those obtained from the embedded cluster calculations. For cluster models, our
findings agree closely with those reported by Zygmunt et al. [22], Gale [23], and Rice et al.
[24] on the basis of DFT calculations carried out with a 3T, 4T, or a 5T cluster, respectively.

Fig. 1. Cluster and embedded cluster models of the faujasite/H>O system. All values are given
in angstroms.

The calculated adsorption energies and those estimated from the experimental values are
different for the case of one adsorbed H,O molecule but not for the adsorption of a second
H>0 molecule. Since the uncertainties in the experimental adsorption energy values are not
known [24], it is difficult to discuss this further.
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Attempts have been made to observe the Z/[H30]"[H,0], an initial structure in which a
hydronium ion is optimized. The OH bond of HyO" and the hydrogen bond angle (O-H...0) in
the complex is constrained at the optimized H;O" and 180° respectively.

However, during the optimization, the proton of H;O" is transferred to the zeolite, and the
final equilibrium complex H-Z/[H,O][H,0] is obtained. The findings obtained from quantum
cluster and embedded cluster models are consistent with those of Gale [23] and Rice et al.
[24] that no evidence of proton transfer is observed with either one or two H;O molecules
adsorbed on the zeolitic cluster models. The experimentally observed reduction of adsorption
energy per molecule when passing from one to two molecules per site of about 4.06 kcal/mol
compares well with our predicted embedded value of 5.3 kcal/mol. We note that differences
in cluster size, method of cluster termination, the presence or absence of structural constraints
may contribute to the observed differences in the geometry.

{H5)
ﬁuﬁ

i1

g

1.43_‘

o

) H4{ 13
o~ o
g

S

Fig. 2. Cluster and embedded cluster models of faujasite/(H,0), system. All values are given
in angstroms.
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Table 1

Structure parameters of the faujasite/water system.

Bond (A) Faujasite/H20 Faujasite/(H20)2
and Bare cluster Embedded Bare cluster Embedded
angle (degree) neutral neutral neutral neutral
Al-O1 1.952 1.907 1.941 1.890
Al-O2 1.796 1.776 1.793 1.771
Al-O3 1.740 1.744 1.746 1.742
Al-O4 1.724 1.777 1.726 1.781
<Al-O> 1.803 1.801 1.801 1.796
01-05 2.523 2.507 2.521 2.494
O1-Hi 1.033 1.045 1.043 1.064
05-H1 1.503 1.468 1.484 1.432
0O5-H5 0.967 0.968 0.998 0.968
05-H2 0.996 0.982 0.967 0.999
05-06 - - 2.634 2.603
06-H3 - - 0.986 0.975
06-H4 - - 0.965 0.966
O1-H1-05 168.5 172.1 171.9 175.1
02-Al1-01 39.9 93.4 90.2 93.9
05-H5-07 - - - -
05-H2-06 - - 158.8 1543

3.2. Three and four water molecules per acid site

The results derived from the quantum cluster method indicate that the zeolitic proton
remains non-transferred in the zeolite/(H20)n n = 1-3 until at least four water molecules are
solvated around the Brgnsted acid site. For the embedded cluster method, the protonation
seems certain when three water molecules are adsorbed on zeolite. It should be noted that
there are many deviations between the isolated H30+ structure and those for H30+ in the
zeolite/water complex. This observation is due mainly to the fact that the hydronium ion is
stabilized by interacting with solvating water molecules and the anionic zeolite framework.
The acid hydrogen sits 1.446 A from the zeolitic framework oxygen and 1.067 A from the
oxygen of the H30+ ion. The oxygen of the hydronium ion is located at 2.512 A from the
acid site oxygen O(1). This calculated H30+....0z distance can be compared well with the
experimental observation of 2.51 A for a weaker acid catalyst, silicoaluminosilicate (SAPO)
[25].

The corresponding embedded adsorption energy of the high coverages of adsorption
molecule of zeolite, ZO(H30+)(H20)2 is calculated to be -14.2 kcal/mol per molecule at
B3LYP/6-31G++(2d, 2p) level of theory and compares well with experimental observation.
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Table 2
Structure parameters of the faujasite/water system.

Bond (A) Faujasite/(H20); Faujasite/(H20),
and Bare cluster Embedded Bare cluster
angle (degree) neutral ion-pair ion-pair
Al-O1 1.937 1.838 1.809
Al-O2 1.794 1.803 1.864
Al-O3 1.748 1.769 1.740
Al-O4 1.736 1.797 1.755
<Al-O> 1.804 1.802 1.792
01-05 2.468 2.512 2.726
O1-H1 1.090 1.446 1.813
05-Hi 1.381 1.067 0.987
05-H5 0.982 0.999 0.984
05-H2 0.993 1.026 1.441
05-06 2.653 2.542 2.480
06-H3 0.987 0.983 1.069
06-H4 0.966 0.972 0.996
07-05 2.790 2.692 2.759
06-08 - - 2.680
0O1-H1-05 173.8 176.2 1523
02-A1-01 90.4 953 92.9
05-H5-07 170.1 175.0 166.9
05-H2-06 160.7 167.2 166.1
06-H4-08 - - 172.2
Table 3
Adsorption energies of water clusters on faujasite zeolite (kcal/mol per molecule).
FAD/ B (Ejil?:itYe]Er’m 311+G(d Embeddlgng{]g?ée;ll G (d,p)
-311+G(d, -311+G (d,
(H20), BALYPIS3I0W@D) niiVpoaisary BILYPE3IGER) oo voredsic (4
n NC' P NC* 1P’ NC* TP NC? IP®
1 -20.92 - -15.99 - -22.41 - -17.42 -
2 -17.02 - -11.72 - -17.52 - -12.12 -
3 -14.14 - -9.85 - - -19.57 - -15.02
4 - -13.92 - -9.14 - - - -

*NC = neutral complex. °IP = ion-pair complex
5. CONCLUSIONS

The influence of high coverages of adsorbing molecules on zeolites has been investitatzd
by means of both the density functional theory quantum cluster and the embedded cluster
methods. For cluster models, equilibrium structures determined for the adsorbing molecules
successively added from one to four molecules per acid site.  While
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[(HaSiOANOH)SiH31/[H20] and [H;3SiOAI(OH),SiH3/[H,O), are a hydrogen-bonded
complex, cluster of [H3SiOAI(OH),SiHz)/[H,O]s they contain both types of ion-pair and
neutral complexes. The ion-pair complex results from a prompt and complete proton transfer
from zeolite to adsorpbate that takes place in the high coverages. It is shown that for the
zeolite /(H,O); complex, a complete proton transfer, ZO(H;0") (H,0); , can be observed
when the zeolite lattice potential is taken in to account.

Fig. 3. Cluster and embedded cluster model of the faujasite/(H20); system. All values are
given in angstroms.
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