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A DFT Study of the Acidity of Ultrastable Y
Zeolite: Where Is the Bronsted/Lewis Acid
Synergism ?**
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Nilton Rosenbach, Jr.

Ultrastable Y zeolites (USY) are the main component of
cracking catalysts. They are normally produced from a NH,Y
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derivative, upon treatment with steam at 500-700°C."! Under
these conditions, there is a partial loss of aluminium from the
zeolite structure, which improves the thermal stability and
catalytic properties of the zeolite. Nevertheless, the aluminum
atoms released from the framework stay inside the cavities
and channels as extra-framework aluminum species (EFAL).
The nature of the EFAL species is not completely known, but
it is postulated that oxoaluminum cations, such as AlO™,
Al(OH),*, AI(OH)*", and some neutral compounds such as
AlOOH and hydrated Al,O;, could account for some of the
EFAL species. @

The catalytic activity of USY zeolites is usually higher
than the parent HY zeolite.’! As the framework Si:Al ratio
goes up, the acid sites in USY becomes more isolated from
each other, increasing the acid strength. However, the
presence of EFAL species plays a more important role.
Leaching out part of the EFAL of an USY zeolite reduces its
catalytic activity.) There are also ways to prepare a deal-
uminated zeolite without EFAL species. The most popular
method is treatment with (NH,),SiF; in aqueous solution. P!
This procedure replaces the framework Al atoms by Si atoms
of the SiF¢’" anion, thus leaving no EFAL species, which
remain dissolved in the aqueous solution and are subse-
quently washed away. Notwithstanding, the catalytic activity
of the dealuminated Y zeolites prepared by this way is
considerably lower! than the catalytic activity of an USY
zeolite, prepared by steaming. To explain these results, a
Brgnsted/Lewis synergism has been proposed, aroused upon
the interaction of the EFAL species
(Lewis acid sites) with the frame-
work hydroxy groups (Brgnsted acid
sites) as schematized in Figure 1."

Measurements of acid strength of
the zeolite are difficult. Methods
relied on Hammett bases are criti-
cized, as many bases might be bulk
enough to diffuse into the zeolite pores. Recent measure-
ments, based on spectroscopic investigations,® ranked the
zeolites as strong acids, with acidity comparable to concen-
trated sulfuric acid solutions. Nevertheless, a study of the acid
strength of dealuminated Y zeolites, with and without EFAL
species, indicated virtually the same acidity values as those
obtained by ammonia microcalorimetry. ¥

On the other hand, theoretical methods have been used'"!
to study the acidity and catalytic properties of zeolites. We
recently published a DFT study of the structure and
coordination of some EFAL species on a zeolite Y cluster.'!)
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Figure 1. Proposed
Bronsted/Lewis syner-
gism in USY zeolites.

Table 1: Calculated deprotonation energies at 298.15 K.
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We present herein preliminary results of cluster calculations
on the effect of the EFAL species on the zeolite acid strength.
Our main objective is to investigate the interactions of the
EFAL with the acid site, aiming to observe if the Brgnsted/
Lewis synergism really occurs on zeolites.

The calculations were performed on a T, cluster (T=Si,
Al), which represents a real part of the zeolite Y structure.
The same cluster was previously used in a study of the
structure of EFAL species on zeolites.'!] The border Si atoms
were saturated with hydrogen atoms and the framework Al
atoms with hydroxy groups, to avoid dangling bonds. The
EFAL species studied were AlIO®, Al(OH),", Al(OH)*,
Al(OH);, and AIOOH. To account for system neutrality, we
used as many framework Al atoms as necessary. All
calculations were performed at the B3LYP6-31G** level of
theory by using the GAUSSIAN98 program.'” The acid
strength was theoretically determined as the enthalpy differ-
ence for the deprotonation reaction. To better describe this
process, single-point energy calculations were performed at
B3LYP6-311 4+ + G**. The thermodynamic properties were
obtained from the frequency calculations, scaled by 0.96.
Calculations of the deprotonation energy for T, clusters with
one and two framework Al atoms were also performed for
comparison, as they represent models of Y zeolites without
EFAL species.

Table 1 shows the results for the calculated systems. One
can see that the cluster with one framework Al atom
presented a lower deprotonation enthalpy than the cluster
with two Al atoms. This is consistent with other calculations
that show that the acid strength decreases as the sites become
closer to each other. There is a drastic change in geometry
upon deprotonation. The Al—O bond length shrinks from
1.95A in the acid form, to 1.77 A in the deprotonated
structure. The Si-O(H)-Al bond angle varies from 128.4° in
the acid form to 147° in the anion. These results account for
the HT; (1 Al), with one framework Al atom, but the trend is
the same for the other calculated structures.

All the EFAL-HT{ clusters studied, excepted the
Al(OH),*, presented a higher deprotonation enthalpy, com-
pared with the respective HT clusters. Contrary to what is
proposed in the literature, the EFAL reduced the acid
strength of the framework hydroxy groups and no Brgnsted/
Lewis synergism was found. The optimization of the
Al(OH);HT4(1Al), AIOOH-HT,(1 Al) and AIO*HT,(2 Al)
led to an intramolecular proton transfer and all ended with
the proton being bound to one of the oxygen atoms of the
EFAL (Figure 2). Hence, deprotonation of these species

B3LYP6-31G**

Reaction!®! AH [kcal mol™]
HT(IA)=T, (1Al) + H* 297.9 20.4
H,T,2A)=HT, (2Al) + H* 303.9 3.7
Al(OH)-HT,(1 A)=AI(OH), T (1A + H*  309.6 13.1
Al(OOH)-HT,(1 A)=AI(OOH) T, (1Al) + H* 367.5 14.5
AlO*.HT, 2A)=AIO*T,~ (2Al) + H* 347.7 273
Al(OH),*HT, (2A)=AI(OH),*Ts~ (2Al) + H* 298.6 21.0
Al(OH)*2HT, (3 Al)=AI(OH)*2 T, BAl) + H* 311.2 310

291.8 295.5 20.4 289.4
302.8 298.1 3.7 297.0
305.7 303.4 13.1 299.5
363.2 360.8 14.5 356.4
339.6 342.6 27.3 3345
292.3 294.2 21.0 287.9
301.9 305.8 31.1 296.6

B3LYP6-311 44 G**//B3LYP6-31G**
AS [calmol'K™"]  AG [kcalmol™"] AH [kcalmol™"] AS [calmol™'K™'] AG [kcalmol™]
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Figure 2. Optimized structure of the AIO*-HT,(2Al), showing the
formation of an EFAL hydroxy group (framework Al assigned).

involves considerably higher energy, compared to deproto-
nation of the isolated acid site. For the AIOOH and AlO*
species, the intramolecular proton transfer forms a stable
structure, as indicated by the highest deprotonation enthalpy
among the calculated structures. This may imply that AI=O
bonds are not favored, but are protonated to form EFAL
hydroxy groups.

From the calculations at the B3LYP6-311 + 4+ G** level,
the highest acidity was found for the AI(OH),"HT4(2 Al). If
we take the AG (G is the Gibbs free energy) between the
Al(OH),*HT((2Al) and the two EFAL free clusters,
HT4(2 Al) and HT,(1 Al), to estimate the increase in acidity,
we find that the EFAL has an effect on the pK, value by about
—15.5 for HT4(2Al) and —2.5 for HT¢(1 Al) at 298.15K.
Nevertheless, this increase in acid strength is not due to a
Brgnsted/Lewis synergism, but to hydrogen bonding between
the EFAL hydroxyls and the oxygen atoms of the formed
AlO,” tetrahedral (Figure 3). Hence, anion stabilization
through hydrogen bonding, instead of Brgnsted/Lewis syner-
gism in the acid form, should account for the enhanced
activity of USY zeolites. Therefore, structural defects in USY,
formed upon the release of framework aluminum atoms,
might also contribute to the increased activity of these
zeolites, compared with those dealuminated by (NH,),SiF,.

Figure 3. Structure of the conjugated base of AI(OH),-HT6(2Al), show-
ing the hydrogen bonding between the EFAL hydroxy group and the
framework oxygen atom (framework Al assigned).
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The defects generate SiOH nests, which could also contribute
to anion stabilization through hydrogen bonding.

We also ran calculations with ammonia as base, as
suggested by one of the referees. We have identified that
there are many possibilities for the NH; molecule to interact
with the EFAL, which constitutes a separate work. However,
we found the same behavior of reducing the acid strength with
respect to an isolated acid site. For the AI(OH),"HT,
interacting with ammonia, we found, at least two possible
reaction pathways: one leading to NH,*Al(OH),"T,, in
which the proton is transferred to ammonia; the other leading
to the formation of a complex between NH; and
Al(OH),*-HT,. This second structure was found to be more
stable by 4.6 kcalmol ™! at B3LYP6-31G** level, and involves
an internal proton transfer to the EFAL OH group, which is
hydrogen bonded with the NH; and the zeolite conjugated
base. This may explain the better stabilization of this
structure. Nevertheless, we stress that these are initial results
and a careful investigation of the adsorption of NH; on
EFAL-HT; is under way.

It was recently proposed’® that the presence of cationic
species near the acid site stabilizes the conjugated base and
increase zeolite acidity. Our calculations show that hydrogen
bonding of the hydroxylated EFAI species with the conju-
gated base also contribute to an increase in acid strength.
These concepts may change the direction of developing new
structural modifications in zeolites to improve catalytic
activity.

Supporting Information: Structure of the optimized
minima.
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