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A density functional theory study of the effects of metal cations
on the Brgnsted acidity of H-ZSM-5
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Density functional theory calculations have been carried out to establish the influence of mono- and polyvalent cations on the
Brgnsted acidity of H-ZSM-5. The zeolite was modeled as a cluster containing 41-45 atoms, in the center of which is an
AlD(OH)SIOAI® (OM) unit, where M = H*, Li*,Nat, K+, Ca(OH)*, AlIO*, AI(OH)5". The local geometry of the Bronsted acid
site is affected by the nature of M™ and this in turn causes a change in the value of the proton affinity (PA) for the site. The highest
value of PA is 330 kcal/mol for Mt = H™" and the lowest value of PA is 305 kcal/mol for M* = AlO*. No correlation was found
between the value of PA and the Mulliken charge on Al(). With the exception of the case where M* = AlO™, the binding energy of
CO with the Brgnsted acid proton is approximately 8.8 kcal/mol, independent of the nature of M™. When M+ = AlO*, the binding
energy for COis 11.1 kcal/mol. The present calculations suggest that different factors affect proton affinity and the binding energy

for CO adsorption.
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1. Introduction

Brgnsted acid sites in zeolites occur in the form of brid-
ging hydroxyl groups, viz., =Si(OH)Al=. The acid
strength of such sites is affected by a number of factors
including the bond angle of the Si—-O-Al triad, the pres-
ence or absence of Al atoms in T sites that are next-near-
est neighbors to the Siatom in the Si—O-Al triad, and the
presence of defects in the zeolite framework and extra-
framework alumina located in proximity to the Brgnsted
acid site (see for example refs. [1-4]). It has also been
proposed that polyvalent cations situated on charge
exchange sites that are proximate to a Brgnsted acid site
can affect the strength of the latter site [5-7]. Of particu-
lar interest are the recent studies of Koningsberger and
Miller [8] who report that the whiteline intensity at the
K-edge of the Al X-ray absorption peak increases in the
order H-Y < H-Ca-Y < H-LaY, paralleling the
increasing strength of the Brgnsted acidity. A similar
correlation was observed for H-Y and steam dealumi-
nated H-Y (H-USY), the latter material exhibiting the
higher acidity [9]. The rise in the acidity of H-Y upon
steaming was attributed to the occupation of cation
exchange sites by extraframework alumina species, such
as AlO™. In both studies, it was hypothesized that the
rise in acidity is attributable to the withdrawal of elec-
tron density from lattice oxygen caused by the increase
in positive charge on the Al induced by the presence of a
polyvalent cation on a charge-exchange site proximate
to a Brgnsted acid site.

While the interpretation offered by Koningsberger
and Miller [8,9] is plausible, the experimental data alone
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cannot rule out the possibility that other factors also
contribute to the rise in Brgnsted acidity when metal
cations are exchanged into the zeolite. This influence of
changes in the local geometry and charge distribution
near a Brgnsted acid site can be examined, though,
through quantum chemical calculations. Recent investi-
gations have shown that calculations based on quantum
density functional theory are particularly well suited for
assessing such effects on the electronic properties of
Brgnsted acid sites in H-ZSM-5 and other zeolites [10-
16]. Such calculations have also been used recently to
demonstrate that defects in the form of silanol groups
located on a Si atom bonded via a bridging oxygen atom
to an Al atom can significantly lower the proton affinity
(PA) of the associated Brgnsted acid proton [4]. The
present calculations were undertaken to determine
whether monovalent and polyvalent cations located at
charge-exchange sites proximate to a Brgnsted acid site
could affect the PA of the Brgnsted acid proton. The
effects of metal cations on the interactions of Brgnsted
acid protons with the weak base CO were also exam-
ined.

2. Theoretical approach

The Brgnsted acid site in H-ZSM-5 is represented by
acluster containing 41 atoms with the acid center located
near an Al atom in a T12 site [17]. The T12 site resides at
the intersection of the straight channel and the sinusoi-
dal channel, and has been identified in semiemperical
calculations as the energetically preferred location
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for Al [18]. At the core of the cluster is an
=A1D(OH)SiOAI? (OM)= unit where M+ = H*, Li*,
Na®, K*, Ca(OH)*, AIO", or AI(OH);. Hydrogen
atoms are used to terminate the clusters. Each of the H
atoms is located at a distance of 1 A from the corre-
sponding oxygen atom, and is oriented in the direction of
the bond to the next silicon atom. With the exception of
the terminating OH groups, all of the atoms in the cluster
are allowed to relax geometrically during the course of
the calculation. The initial positions of all atoms in the
cluster are those determined for the high-temperature,
orthorhombic form of H-ZSM-5 [17]. For the corre-
sponding anion, the proton is removed from the opti-
mized acid geometry and the anion geometry is then
reoptimized.

Gradient corrected density functional theory (DFT)
implemented within the PSGVB suite of programs [19]
was used to determine cluster energies, geometries, and
Mulliken populations. The B3LYP hybrid method [20]
was used to represent the exchange and correlation ener-
gies. To minimize the computational time needed for a
run, we first carried out Hartree-Fock (HF) geometry
optimizations. These calculations provided the initial
estimate of the cluster geometry for the more computa-
tionally demanding B3LYP calculations.

6-31G basis sets [21] were used for O, H, and Li while
the effective core potentials (ECP) of Hay and Wadt
[22], with the associated valence basis sets, were used for
Si, Al, and the larger metal cations. No corrections were
made for basis set superposition error, nor were zero
point energy corrections accounted for in calculating
energy differences.

The influence of local composition on Brgnsted acid-
ity was explored in two ways. The first involved calcula-
tion of the proton affinity (PA), which is the difference in
energy between the protonated and deprotonated forms
of the cluster. The second was based on a calculation of
the heat of adsorption of CO, a weak base. While both
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Figure 2. Structure of the cluster containing M™ = Li*. PA = 324.
The terminal hydrogen atoms are not shown for the sake of clarity.

methods provide a means for identifying the effects of
local composition on zeolite acidity, the trends in acidity
with composition may not be the same. The reason for
this is that while PA is influenced significantly by the
relaxation energy of the anion, this effect does not con-
tribute to the heat of CO adsorption.

3. Results and discussion

Figures 1-7 show the equilibrium structures of the
seven protonated clusters investigated. Selected bond
distances and angles for these structures are presented in
table 1, together with the Mulliken charges associated
with H, O, and AIV. Substitution of the proton asso-
ciated with A1®) by either a monovalent or polyvalent
cation causes a number of small changes in the geometry
of the =A1) (OH)Si= unit associated with the Brgnsted
acid site. The most significant of these changes is in the
magnitude of ~ginedral, the angle between the OH bond

Figure 1. Structure of the cluster containing M*™ = H*. PA = 330.
The terminal hydrogen atoms are not shown for the sake of clarity.

Figure 3. Structure of the cluster containing M* = Na*. PA = 309.
The terminal hydrogen atoms are not shown for the sake of clarity.
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Figure 4. Structure of the cluster containing M+ = K*. PA = 314,
The terminal hydrogen atoms are not shown for the sake of clarity.

and the Al-O-Si plane. It is evident that cation substitu-
tion for H causes a series of subtle structural changes in
the cluster which ultimately results in reorientation of
the OH bond relative to the A1-O-Si plane. Table 1 also
shows that cation substitution has relatively little effect
on the Mulliken charges for H and O, with the exception
of the case where the cation is AI(OH); . The perturba-
tion observed in the latter case may be due to hydrogen
bonding between the Brgnsted acid proton and one of
the OH groups on the AI(OH); cation. Changes in the
Mulliken charge on Al() are observed, but these are rela-
tively small.

In calculating the equilibrium structure of the anionic
form of the cluster, it was observed that for HT, Lit,
AlO*, and AI(OH)j, the position of the cation in the
anion was essentially the same as that in the protonated
structures. However, for Na*, K*, and Ca(OH)™, the
cation was observed to move so as to straddle the two O

Figure 6. Structure of the cluster containing M+ = AlO*. PA = 305.
The terminal hydrogen atoms are not shown for the sake of clarity.

atoms bonded to the Si atom in the =Al-O~-Si-O™ -
Al= portion of the cluster. For these larger cations, the
distance between the cation and Al® is sufficiently large
that the cation—framework interaction energy is smaller
when the cation moves so as to interact with the O atoms
attached to the Si atom located between the two Al
atoms.

The influence of substituting the proton associated
with A1 by a mono- or polyvalent cation on the PA of
the proton associated with Al(!) is given in table 1. It is
evident that the value of PA is highest when Mt = H™
and that PA decreases in the order H" > Li™ > AI(OH);
> K* >Nat >AlO" > Ca(OH)", corresponding to an
increase in Brgnsted acidity. The decrease in PA is paral-
leled by a decrease in the HOMO-LUMO gap (see
table 2), indicating an increasing softness of the acid [23].
The rise in Brgnsted acidity (i.e., lowering of the value of
PA) for H-ZSM-5 upon the introduction of Ca(OH)™ or

Figure 5. Structure of the cluster containing M* = Ca(OH)*.
PA = 303. The terminal hydrogen atoms are not shown for the sake of
clarity.

Figure 7. Structure of the cluster containing M* = Al(OH);.
PA = 322. The terminal hydrogen atoms are not shown for the sake of
clarity.
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Table 1
Geometries, Mulliken charges. and proton affinity for clusters of the form AI)(OH)SiOA1? (OM)

M Ron Rann Rpamo Rsio QA0 08 QA OH Vdihedral Al o) H PA
H* 0.975 2.360 1.807 1.692 134.6 112.6 16.0 1.71 —0.99 0.49 330
Lit 0.974 2.339 1.814 1.699 134.1 110.4 3.0 1.74 —1.00 0.48 324
Na* 0.979 2.196 1.793 1.695 142.3 100.6 22.5 1.74 —0.99 0.47 309
K+ 0.975 2.328 1.806 1.715 134.8 110.9 —5.8 1.75 —1.00 0.47 314
Ca(OH)™ 0.977 2.328 1.824 1.701 1334 108.6 —8.8 1.74 —1.00 0.49 303
AlO* 0.977 2.316 1.848 1.678 131.5 106.0 -39 1.73 —0.99 0.49 305
A1(0H)2+ 1.062 2.434 1.816 1.668 129.1 112.9 22.8 1.70 -1.07 0.57 322

4 All bond distances are given in A and all bond angles in degrees. Mulliken charges are given in units of |¢|. Proton affinities are given in units

of kcal/mol.

AlO™ is qualitatively similar to what has been reported
by Koningsberger and Miller for H-Y =zeolite [9].
However, in contrast to the findings of these authors, we
observe that while the Mulliken charge on A1) increases
upon replacement of the proton associated with Al®) by
a metal cation, there appears to be no correlation
between the charge on A1) and PA for any of the cases
studied.

The effect of cation substitution on the binding energy
of CO is listed in table 2. If the charge compensating
cation for A1® is H*, the CO binding energy is 8.8 kcal/
mol. This value is about 2.4 kcal/mol higher than that
reported by Farnworth and O’Malley [24] based on DFT
calculations carried out with an H3;Al(OH)SiHj3 cluster
using the B3LYP functional to represent the effects of
exchange and correlation, and the 6-31G** basis set.
After correction for the zero-point energy and basis-set-
superposition error, these authors estimate the corrected
adsorption energy to be 2.62 kcal/mol, which is slightly
lower than the experimental range of 3.25-4.10 kcal/
mol for H-X zeolite [25]. In the present study, no correc-
tions were made for basis-set-superposition error, since
they are expected to be roughly the same for each of the
clusters examined, and we are only interested in the
trends in CO binding energy with the nature of the sub-
stituted cation.

While the substitution of H' by Li* has no effect on
the binding energy of CO, the introduction of AIO*
increases the binding energy to 11.1 kcal/mol. This
increase parallels the decreases in PA. and the decrease

in the energy of the HOMO-LUMO gap when AlO™ is
substituted for H™. Table 2 also shows that, consistent
with the higher binding energy of CO when AlO™ is the
charge compensation cation, the H-C bond distance is
shorter and the C-O bond distance is longer. It is also
observed that when K* or Ca(OH)™ is the charge-com-
pensating cation, the binding energy for CO is essentially
the same as that calculated when H is the charge com-
pensating cation. Thus, in these two instances, there
seems to be no correlation between the CO binding
energy and the PA. Since the influence of anion relax-
ation is especially large for these cases, due to the shift in
the positions of K+ and Ca(OH)™" relative to the zeolite
framework upon going from the protonated to the
deprotonated (anionic) form of the zeolite, the decrease
in the value of PA relative to the situation in which the
second charge compensating cation is HT may be exag-
gerated. For this reason, the heat of adsorption of CO
may provide a more appropriate measure of the effects
of metal cations on the Brgnsted acidity of ZSM-5 than
does PA in such instances.

4. Conclusions

The substitution of mono- or polyvalent cations for
H* as the charge compensating cation for an Al atom
located in next-nearest neighbor proximity to a Brgnsted
acid site in H-ZSM-5 causes a number of changes to the
local geometry of the Brgnsted acid site, as well as a

Table2
Geometries, binding energies, and HOMO-LUMO gaps for CO interactions with Brgnsted acid sites in clusters of the form
A1D(OH)SIOAI®(OM) 2

M+ Ryc QHCO ARco AEco AEHOMO-LUMO PA
H* 1.980 172.2 0.003 8.7 139 330
Lit 1.998 174.9 0.003 8.7 123 324
Na™ na na na na 115 309
K+ 2.084 171.5 0.002 8.0 115 314
Ca(OH)*" 2.025 163.5 0.005 8.5 115 303
AlO™ 1.890 167.7 0.006 11.1 105 305
Al(OH); na na na na 131 322

2 All bond distances are given in A and all bond angles in degrees. CO binding energies, HOMO-LUMO gaps, and proton affinities are given

in units of kcal/mol.
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change in the positive charge density of the Al atom asso-
ciated with the site. These changes result in a reduction
in the PA of the Brgnsted-acid proton, suggesting an
increase in its acid strength. For the systems investi-
gated, these changes are most notable when the substi-
tuting cation is AIO™. Substitution of A1O™ for H™ also
causes an increase in the binding energy for CO.
However, it is observed that in general there seems to be
no clear correlation between the PA and the binding
energy of CO. This may be due at least in part to the
influence of anion relaxation effects, which can be large
particularly when the charge compensating metal cation
shifts position as the zeolite goes from its protonated to
its deprotonated state. It is concluded therefore that dif-
ferent aspects of the local structure and composition of
H-ZSM-5 affect the proton affinity and the binding
energy of the proton with weak bases.
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