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Abstract

The electric field gradient (EFG) has been calculated in zeolite clusters at the aluminium site surrounded by four SiO,
tetrahedra. Density functional theory (DFT) with the 6-31G * * basis set has been employed. Formation of a Brgnsted acid
site by protonation of one oxygen atom of the AlO, tetrahedron perturbs the coordination of aluminium, i.e., the
corresponding Al-O bond is considerably weaker than in the unprotonated case. This leads to a large EFG, and the
calculated quadrupole coupling constant (QCC) for Al is 18.2 MHz. Different probe molecules were adsorbed on the
Brgnsted site. The hydrogen bond formed between the acid proton and the probe molecule weakens the zeolitic O~H bond.
For conservation of the overall bond order of the oxygen atom, its bonds to the neighboring tetrahedral atoms (Si, Al)
become stronger. As a consequence, the perturbation of the AlQ, tetrahedron and the EFG at the aluminium position
decrease depending on the strength of the hydrogen bond. Perturbation of an oxygen atom of the AlO, tetrahedron by
accepting a hydrogen bond from the base molecule also affects the corresponding Al-O bond order. A linear correlation is
found between the calculated QCC constants for >’Al and the Al-O bond orders of the oxygen atoms which are perturbed by
protonation or by hydrogen bonds. A geometrical shear strain parameter and a simple electrostatic point charge model are
less successful at predicting the trends in EFG which clearly shows the importance of the chemical bonds. Published by
Elsevier Science B.V.

Keywords: *’Al NMR; Calculation of electric field gradients; Density functional theory; Zeolites; Acid sites

1. Introduction

By insertion of trivalent elements into tetrahedral
silicate frameworks, a negative charge is formed
which is exactly balanced by extra-framework
cations. The microporous members of the family of
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tectoaluminosilicates (zeolites) provide a pool of
highly active solid acids, if charge balance for alu-
minium is accomplished by protons connected to
framework oxygen atoms [1-4].

A detailed knowledge of the local structure and
bonding at the acid site is essential in order to
understand the complex catalytic function of zeolites.
While the O—H bond properties of the Brgnsted acid
sites in dehydrated zeolites have been intensively
studied, e.g., by '"H NMR and infrared spectro-
scopies, the local aluminium environment has been
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explored far less by experimental methods. The exact
local structure is difficult to obtain by X-ray or
neutron diffraction for several reasons including Si-
Al disorder. The properties of the “Al nucleus in
solid-state NMR spectroscopy offer a potentially
sensitive means to probe the local structure.

The first Al NMR spectrum of a zeolite in the
catalytically active, dehydrated form was published
by Ernst, Freude and Wolf [5], who measured the
YA NMR spectrum of zeolites ZSM-5 and Y using a
static echo method. The observed signal is very
broad due to a large quadrupole interaction
(quadrupole moment of YAl 0 =0.14.10"% m?).
Dehydrated zeolites in their catalytically active H-
forms exhibit the largest quadrupole coupling con-
stants for >’Al known so far (11-18 MHz) [5-8].
These large values indicate very unusual geometric
and /or electronic properties of the acid sites, that is
to say the AlQ, tetrahedra must be severely dis-
torted. The quadrupole interaction decreases consid-
erably when probe molecules are adsorbed [9,6],
thus, reducing the distortion.

A structural interpretation of these values and
trends is still lacking. Engelhardt and Veeman [10]
have applied quite successfully a shear strain param-
eter (W) for several minerals and for the microp-
orous molecular sieve VPI-5. However, none of
these solids do contain acid sites. The shear strain
parameter was introduced earlier by Ghose and Tsang
[11], and it will be further expounded in Section 2
(model D).

To date, the only means of obtaining suitable
information about the local structure of acid sites are
quantum-chemical cluster calculations [12,13]. The
aim of this work was to calculate electric field
gradients (EFG) for YAl in zeolite clusters interact-
ing with probe molecules using density functional
theory (DFT). Principles and trends are sought after
which allow a better understanding of YAl NMR
QCC for tetrahedral framework aluminium sites in
zeolites.

2. Theory and clusters
The non-spherically symmetric part of the EFG is

expressed by a traceless, second rank tensor with the
principal components |V, |< IVyyl <|v,.l. The fol-

lowing definitions apply [14] for the QCC and the
asymmetry parameter of the EFG (n):

e’q-Q
h

Ve, —V,l
A

QCC = ceq=V. (1

n (2)
where e is the electron charge, Q is the nuclear
electric quadrupole moment, and 4 is the Planck
constant.

For an exact electrostatic calculation of V,, (a =
x, vy, z), the whereabouts of all charge-carriers are
needed in a given structure. This condition is ful-
filled for nuclei by the atomic coordinates, but it is
particularly non-trivial for the electrons. For this
reason, often simplified charge models are em-
ployed, or empirical correlations as with the afore-
mentioned shear strain parameter are useful aids.
Here, three models (i-iii) are tested for an interpreta-
tion of the QCC of 7Al in zeolites.

2.1. Model 1

In principle, the most exact approach is a quan-
tum-chemical computation of EFG, which is also the
most demanding method. A general problem of
quantum-chemical EFG calculations is the choice of
the basis set, and in most cases it is not possible to
obtain EFG values that are converged with respect to
the size of the basis set [15,16]. This basis set
problem has also been observed for 7A1 [17]. Bear-
ing in mind this drawback when using quantum-
chemical calculations in model I, we were aiming for
reliable geometries and relative trends of the EFG
rather than correct absolute values. The soundness
and usefulness of this utilitarian approach will be
discussed in Section 3.

All calculations were performed with the
GAUSSIAN92 /DFT code [18] employing the DFT
[19], and the results presented here were obtained
with the 6-31G ™" basis set. Exchange and correla-
tion energies were taken into account self-con-
sistently with the hybrid method Becke3LYP in the
Gaussian92 /DFT program. The latter consists of
Becke’s three parameter exchange functional and the
correlation functional of Lee, Yang, and Parr, which
includes both local and non-local terms.
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A portion including five tetrahedral atoms was
extracted from the crystal structure of zeolite H~Y
[20], and the termini were saturated with hydrogen
atoms (Fig. 1). The atomic numbering in Fig. 1 is
introduced here and does not correspond to Ref. [20].
The Bregnsted proton selected for this study directs
into the large cage (supercage) of zeolite Y. lts
accessibility in the large pores makes this site cata-
lytically relevant.

Self-consistent field optimization of the structure
was carried out by lowering total cluster energies:
after having optimized all bond distances, the coordi-
nates of the hydrogen atoms on the termini and the
silicon atoms were fixed. The other atomic coordi-
nates were then varied until the change in the total
cluster energy between two optimization steps was at
least below a threshold of 0.2 kJ/mol. Geometric
parameters directly associated with the acid site and
EFG components became stable earlier than this
energetic break-off-condition was achieved. The de-
protonated structure and clusters with probe
molecules were optimized under the same constraints
as described above.

Electrostatic properties were calculated with the
PRISM algorithm as implemented in the GAUSS-
TAN92 /DFT software [21]. The electrostatic poten-

tial is deduced from two summations over nuclear
and electronic contributions [21]

V(r) =¥ —2 YP.J

A ‘r—RA( uv

d’ﬂ(’])d’y('ﬁ)

[r—r] a

(3)
where Z, is the nuclear charge of atom A centered at
R,, ¢, and ¢, are orbital basis functions, and P,,
are elements of the density matrix. The diagonalized
EFG tensor V,, (a=x, y, z) is the second deriva-
tive of the electrostatic potential. The QCC of “'Al
(in MHz) is obtained from V,. (in au) by QCC =
—34.9647 v, Q [22].

2.2. Model II

A practical, yet in many cases oversimplified,
possibility is to assign all charges to ionic centers
and carry out a simple summation of point charge
contributions to electrostatic properties. In principle,
this method is a simplification of Eq. (3): the second
term is eliminated and summation of the first term
now runs over ionic instead of nuclear charges,
bearing in mind that the second derivative of spatial
components of the electrostatic potential applies for
the EFG tensor. This point charge model ignores

Fig. 1. Final geometry of the zeolite cluster HZ.
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electronic contributions to the EFG in chemical bonds
and has proven useful for ionic bonding situations
like sodium cations in a series of mainly inorganic
compounds including sodium silicates [23]. A simple
PC program [23] was used to carry out these calcula-
tions using geometries and ionic charges as obtained
by Mulliken analysis after the DFT calculations in
model L In order to take into account distortions of

H1

o1

HZ
(or CH;Z)

03

core electrons of aluminium due to EFG, a Stern-
heimer correction of 2.236 was applied for 7A1 [14).

2.3. Model LI

The deviation from ideal tetrahedral coordination
of the aluminium atom is parameterized by the so-
called shear strain parameter (¥) which correlates

Fig. 2. Overview of the central parts of the calculated clusters.
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empirically with experimental QCC [10,11]. ¥ is
defined as

6

=3 Itan( a; - 0‘0)‘ (4)
i=1

where a; is an O—Al-O angle as obtained by model

I, and «, is the tetrahedral angle (109.5°). The ¥

values are translated into Al QCC by using the

linear correlation published by Engelhardt and Vee-

man [10].

2.4. Zeolite clusters

The acid—base interactions of sorbates with zeo-
lites are studied by comparing the following clusters
(see Figs. 1 and 2): the protonated zeolite cluster
shown in Fig. 1 (from now on designated as HZ), the
deprotonated cluster in Fig. 2 (Z7), a protonated
cluster interacting with methanol (MeOH-HZ), a
protonated zeolite interacting with acetonitrile
(MeCN-HZ), the deprotonated cluster interacting
with methoxonium ions (MeOH,~Z), and a deproto-
nated cluster interacting with ammonium ions
(NH ,~Z). In addition, another EFG calculation was
carried out with a methyl group replacing the
Brgnsted proton H1 in Fig. 1 (CH,Z). These sites
are called surface methoxy groups, and they play a
crucial role in some catalytic cycles. Fig. 2 shows
only the central parts of the clusters omitting the
terminal —Si(OH), fragments for the sake of clarity.

Note that NH} and MeOH; ions form two hy-
drogen bonds with two oxygen atoms of the AlO,
tetrahedron (Fig. 2). Methanol accepts a hydrogen
bond from the Brgnsted proton and donates a second,
weaker hydrogen bond to another oxygen atom of
the AlO, tetrahedron [24-26]. In contrast, aceto-
nitrile is a probe molecule which forms a relatively
strong hydrogen bond to the Brgnsted proton, but
does not donate a hydrogen bond to a neighboring
framework oxygen atom [27,28].

3. Results and discussion

3.1. Classification of geometries and bond perturba-
tion effects

All structures were obtained by DFT optimisa-
tions of the clusters using model I. The final geome-

try of the zeolite cluster (HZ) is shown in Fig. 1 and
corresponding interatomic distances and angles are
listed in Table 1 for all clusters. The H1-Al distance
in Fig. 1 is 246 pm which compares well with an
experimental value of 248 pm reported by Fenzke,
Hunger, and Pfeifer [29]. These authors determined
the "H—?'Al distance for the Brgnsted proton in the
supercage of zeolite Y by analysing the heteronu-
clear dipole interaction from the spinning sideband
pattern in the "H MAS NMR spectra.

If the oxygen atom Ol is protonated or meth-
ylated (HZ, CH,Z, CH,CN-HZ, MeOH-HZ), then
the Al-Ol distance is longer than 188 pm (Table 1).
If O1 or O2 are hydrogen bond acceptor atoms, then
the corresponding Al-O1(02) distance is between
172 and 185 pm (MeOH-HZ, MeOH ,~Z, NH ,~Z).
Except for Z~, the non-interacting oxygen atoms
form Al-O bonds shorter than 172 pm. Z~ exhibits
Al-O bonds which do not deviate by more than 0.7
pm from the average distance of 174.6 pm. All
clusters show nearly the same value for the average
Al-O distances in Table 1 (174.6—-176.1 pm). These
average Al-O distances are in good agreement with
expected values from crystal structures of ordered
tetrahedral framework aluminosilicates. Some in-
sights can be obtained by comparing the geometries
of HZ and Z™ in Table 1. Protonation of Ol in HZ
reduces the bond strengths of O1 with Si and Al, and
the corresponding distances are larger than in Z~.
The lengthening of the Al-O1 bond leads to a
contraction of other bonds in the AlQ, tetrahedra
(Table 1), that is to say a perturbation on one bond is
counterpoised by other bonds to result in approxi-
mately constant average Al-O distances.

Crystallographers often use empirical bond-length
bond-valence relationships in order to scrutinize
whether the bond-valence sum around an atom is
equivalent to its valence. This is a method to discern
the accuracy of the structure [30,31]. The Al-O
bond-valence () for Al is calculated from the dis-
tance r with the empirical equation s = exp[(1.651
—r)/0.37]. When this method is applied to the
aluminium atoms in Table 1, then the sum of bond
valences (empirical valences in Table 1) for Al are
very close to the expected value of three. This result
shows that the geometries listed in Table 1 withstand
a test which is widely accepted among crystallogra-
phers. Additionally, the local geometries compare



170 H. Koller et al. / Solid State Nuclear Magnetic Resonance 9 (1997) 165-175

Table 1
Distances (in pm) and angles (in degrees) in the optimized clusters, bond orders are given in parenthesis
HZ CH,Z CH,CN-HZ MeOH-HZ MeOH,-Z NH,-Z z-
Classification O] AIO? OfAlOP 05 AIOP OJAlOPO? O3 AlOj O3 AlO3 O} Al
Distance in pm (bond order)
Al-01 194.3 193.3 188.8 192.9 184.2 179.4 175.2
0.15) (0.16) 0.19) (0.18) 0.23) 0.27) 0.33)
Al-02 170.4 170.6 171.7 172.4 181.5 177.9 173.9
(0.39) 0.37) (0.36) 0.34) 0.27) 0.28) (0.35)
Al-03 169.6 169.7 170.7 169.4 169.8 171.9 174.8
0.37) (0.38) 0.37) (0.38) 0.36) (0.36) (0.33)
Al-0O4 168.9 169.7 169.9 169.2 168.9 170.8 174.4
(0.39) 0.39) 039 (0.39) 039 (0.38) (0.34)
avg. Al-O distance 175.8 175.8 175.3 176.0 176.1 175.0 174.6
O1-H1 97.1 149.1% 103.3 107.1 142.9 167.2 -
(0.30) (0.18)* 0.21) 0.19) (0.11) (0.08)
Sit-01 168.0 168.0 166.0 167.3 163.3 161.8 158.3
(0.26) 0.27) 0.28) 0.29) 0.31) 0.33) (0.40)
2 bond orders O1 0.71 0.61 0.65 0.66 0.65 0.68 0.73
bond orders Al 1.30 1.30 1.31 1.29 1.25 1.29 1.35
‘empirical valence of Al’ (see text) 3.11 3.10 3.10 3.08 3.02 3.08 3.10
Angles in degrees
01-Al-02 973 99.1 100.0 97.2 97.2 101.8 110.0
01-Al-03 105.0 107.6 107.8 108.0 106.1 111.0 1125
01-Al-04 103.7 103.7 106.2 102.9 106.7 112.4 109.9
02-Al1-03 115.2 114.1 112.7 114.6 112.5 106.5 106.1
02-Al-04 116.4 115.0 1152 115.6 116.1 112.3 110.8
03-A1-04 115.6 115.0 113.5 115.7 115.7 112.3 107.5

*Vatues for O—C bond instead of O—H.

well with quantum-chemical results from other
groups [12], and the constant average Al-O bond
lengths have been observed before {32].

This total valence stability against such severe
perturbations as the protonation of oxygen atoms in
zeolite frameworks corresponds to the well-known
bond-order conservation principle in quantum-chem-
ical calculations [13]. The bond order is defined as
the number of electrons in the bonding orbitals be-
tween two atoms divided by two (if no antibonding
orbitals are occupied). Bond orders as obtained by
the DFT calculations are listed in parenthesis in
Table 1. Quantum-chemical bond orders depend on
the basis set, but for the constant basis set 6-31G ™ *
the bond order conservation rule holds rather well as
the sum of bond orders for O1 and Al is nearly the
same for all clusters in Table 1.

Other conspicuous structural details are given by
the O—Al-O angles in Table 1. For all structures but
Z~ the O1-Al-02 angles are by at least 7° smaller

than the tetrahedral angle. This result is easily ratio-
nalized by the perturbation on this side of the tetra-
hedra except for Z~. Even more interesting are the
large values for the angles 02—-Al-03, 02-Al-04,
and O3-Al-04 when Ol is protonated. In this case,
these values are closer to 120° than to 109.5°. In
conjunction with the long Al-O1 distance, this ob-
servation means that the Al atom is not in a real
tetrahedral coordination if O1 is protonated. Instead,
the AlO, site shows a structure which is in between
a tetrahedral geometry and a trigonal planar coordi-
nation (see also Fig. 1). This observation is corrob-
orated by the bond orders which show about half the
value for Al-O1, when Ol is protonated, as com-
pared to the other Al-O bonds (Table 1). All these
observations are consistent with a model of the acid
site as an SiOH group promoted by the neighboring
Lewis acidic framework aluminium atom [13]. The
quadrupole interaction in “’Al NMR could be a po-
tential parameter to probe the electronic Al-O bond
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strain in zeolitic acid sites. This conjecture is further
pursued below.

From the geometric and bonding properties the
clusters of Table 1 are classified according to three
different types of oxygen atoms surrounding the
aluminium atom: a protonated or methylated oxygen
atom (OP), a hydrogen bond accepting oxygen atom
(0%), and a non-perturbed oxygen atom (O"). Ac-
cording to this designation MeOH-HZ is of type
035 AlOPO* and so on (Table 1).

3.2. EFG orientation

The orientation of the principal components V, ,
V., and V,, of the EFG tensor is shown in Fig. 1 for
HZ. V,, is nearly parallel to the O1-Al direction and
the O1-Al-V,, angle is 176.4°. The O1-Al-V_
angles are listed for all clusters in Table 2. This
angle does not deviate by more than 7° from 180° in
Table 2, when Ol is of type OP (HZ, MeOH--HZ,
MeCN-HZ), or when a methyl group is substituted
for the Brensted proton (CH;-Z). This observation
shows that an Al-OP bond determines the orienta-
tion of V,,. When the two oxygen atoms O1 and O2
are of type O° (MeOH,-Z, NH,-7Z), then the O1-
Al-V,, angles are close to 90° in Table 2, and the
V,. vector is about perpendicular to the O1-Al-02
plane. In this situation the orientation of V,, is not
directed along a single Al-O bond. Instead, two
equivalently perturbed Al-O® bonds are now to be
considered. The orientation of the EFG tensor is not
specific for Z~. The EFG orientation corresponds to
the local symmetry and it appears to be largely a
function of the presence of OF, O%, and O" oxygen
atoms. It is concluded that quadrupole interaction for

*’Al in zeolites is mainly a local effect of the AlO,
tetrahedra.

3.3. Effects of basis sets and cluster sizes in model 1

The QCC for 7’Al in HZ as calculated with model
I is 18.2 MHz and the asymmetry parameter (7)) is
0.15 when the 6-31G** basis set is used. Single-
point calculations on the same geometry with the
smaller 3-21G ™ * basis set yields QCC = 14.9 MHz
(7=0.21) and the larger 6-311G" " results in a
QCC value of 21.8 MHz (= 0.16). Full geometric
optimisations of small molecules (AICl,,
(HO); AIOH,) with various basis sets and quantum-
chemical methods (DFT and SCF/MP2) confirm
that QCC becomes larger upon increasing the size of
the mentioned Pople basis sets. The observed varia-
tions of QCC are not due to the density functional
method.

The basis set in model I does not alter the orienta-
tion of the EFG significantly. Additionally, the
asymmetry parameter shows only a minor depen-
dence on the basis set, and it has obviously con-
verged to a stable value for basis sets larger than
3-21G " *. These observations clearly show that the
different EFG components are in the right relative
scale to each other, but the absolute values are
dependent on the basis sets. This scaling is elimi-
nated in a relative EFG property like the asymmetry
parameter (Eq. (2)) as opposed to the absolute EFG
quantity QCC (Eq. (1)) which depends on the size of
V...

Calculations of different cluster sizes show that an
increase of the cluster size would not improve the
results of the EFG calculations. This result was

Table 2

Quadrupole interaction parameters obtained from models I-III compared with experimental values

Model Parameter H-Z CH,Z CH;CN-HZ MeOH-Z MeOH,-Z NH,-Z 7z

1 QCC/MHz 18.2 16.2 13.5 15.5 -82 ~6.6 -2.0
n 0.15 0.16 0.26 0.30 0.85 0.73 0.61
O1-Al-V_, 176.4 175.9 175.3 173.3 88.2 93.6 128.6

I QCC/MHz -12 -09 -0.84 -1.0 —-0.4 -03 0.3
7 0.14 0.18 0.13 0.14 0.35 0.36 0.34

1] QCC/MHz 7.3 6.1 4.6 6.0 4.4 35 1.6

exp. Qcc 11-18 - - 5-7° 5-10 0-5°

“Crudely estimated range for fully hydrated zeolites.

bAssignment to MeOH-Z or MeOH ,~Z not trivial, since dynamic effects are important (see text).
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achieved by using the differently sized protonated
clusters shell-1, shell-1.5, shell-2, and the faujasite
model in Ref. [25]. These geometries were kindly
provided by Haase and Sauer, who used ab initio
calculations including electron correlation for opti-
mising the structures.

3.4. Models I-11l and comparison with experimental
values

Table 2 lists the QCC and asymmetry parameters
of the EFGs for models I-HI and the experimental
values known from literature. It is striking that all
clusters with an oxygen atom of type OF (HZ,
CH,Z, MeOH-HZ, MeCN-HZ) show a large QCC
value (13.5-18.2 MHz). For cases with two O" and
two O* oxygen atoms (MeOH,-Z, NH,~-Z) QCC
shows an intermediate value with negative sign
(—8.2 and —6.6 MHz, respectively). For four O"
atoms around the aluminium atom (Z~) the magni-
tude of QCC is small (2 MHz).

Since the size and orientation of V,, are obvi-
ously a function of bond distortion effects, the com-
puted Al-O bond orders are used for a correlation
between bond properties and the QCC (Fig. 3). This
is to demonstrate the importance of bond effects as
to the size of the QCC. Such a correlation must take
into account the different bonding situations. To this
end, three different classes of perturbations of the
AlQ, tetrahedra are distinguished. Protonation of the
framework is a large perturbation where the z-direc-
tion of V,, is dominated by the Al-OP bonds, and
this bond order is taken accordingly for the analysis
of cases with OP. If two O? atoms are present, which
corresponds to a medium perturbation on two oxy-
gen atoms, then the average of the two Al-O? bond
orders is used. For O}Al, the non-distorted, or more
generally the uniformly perturbed AlO, site, the
average of all four AI-O" bond orders is used. The
choice of different numbers of bonds which enter the
correlation can be understood on the basis of approx-
imate local symmetry considerations. Due to the
dominance of OP, O;AlOP and O,0°AlOP are of
C,,-like symmetry for the EFG. O, AlO3 is of C,,-
like local symmetry with two similar O® atoms.
AlO;} is of T;-like symmetry. The number of AlI-O
bonds entering the correlation is determined by these
approximate local symmetries.

25
20 . HZ ‘
R
otz M. g MeOH-HZ AlOP
N 15 ¥ . :
~ |
2 MecN-+z B !
> .
Q
<10 N
MeOH,-Z I«
2 o | Aoz
NHz B
5 .

L Z—\\\. O Al
0 \\ - :

T T T
0.12 0.16 02 0.24 0.28 0.32 0.36
bond order

Fig. 3. Correlation between the magnitude of the calculated
quadrupole coupling constant (QCC) and Al-O bond orders of the
perturbed oxygen atoms (see text); the AIOP region includes data
where only the Al-O1 bond order is considered, AlOj includes
data with the average of Al-O1 and Al-O2 bond orders, and for
O7 Al the average of all four Al-O bond orders is used.

Fig. 3 shows a correlation between the magnitude
of the calculated QCC and the Al-O bond orders
corresponding to the three perturbation cases. A
linear correlation is observed which holds for of all
three cases. The smaller the bond order in Fig. 3,
which means stronger perturbation, the larger is the
QCC calculated with model 1. The interaction be-
tween the Brgnsted proton and a basic molecule
decreases the O1-H1 bond order. The oxygen atom
retains its valence by strengthening the bonds to Al
and Sil, and the increased Al-O bond order results
in a smaller QCC for ?’Al. Thus, the decrease of the
QCC value is a function of the strength of the
acid-base interaction. It is anticipated that aceto-
nitrile could be a suitable probe molecule to study
the zeolite acid strength by “A1 NMR due to the
clear decrease of QCC upon MeCN adsorption, and
because an intricating proton exchange can not occur
as for MeOH (vide infra).

Models II and III predict qualitatively the same
trend as model I for the QCC in Table 2. However,
the predicted differences are smaller. A comparison
between the known experimental values [5-8] and
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Fig. 4. Comparison between experimental quadrupole coupling
constants (QCC) and predicted numbers from the three models;
squares stand for model I, triangles for model II, and circles for
model III; horizontal bars are not error bars but indicate experi-
mental ranges from several sources.

the predictions of QCC from the three models is
shown in Fig. 4. Since no experimental value is
known for Z~, we used an estimated range between
0 and 5 MHz. Results of this order of magnitude are
typical for fully hydrated zeolites in the sodium form
where only weak interactions between the frame-
work oxygen atoms and Na®™ or H,O exist. In
addition, all four oxygen atoms of the AlO, tetrahe-
dra are perturbed uniformly which preserves a sym-
metric case for hydrated zeolites in the sodium forms.

It is obvious that model I predicts the trends in the
QCC best in agreement with experimental values in
Fig. 4. Model II can be considered as a purely ionic
model which does not take into account chemical
bonds. This neglect of chemical bonds is most proba-
bly the reason why this method fails to predict
reasonably the QCC of Al in zeolites. Model TII is
an empirical method which has been established for
many structures other than acidic zeolites. This
method places emphasis on geometrical strain. Geo-
metrical factors are obviously not a sufficient expla-
nation for the large QCC values of Al for zeolites
with protonated oxygen atoms, since model III also
predicts too small values. The severe perturbation
concentrated on one oxygen atom of the AlO, tetra-
hedron does not occur in the structures for which

model III has been developed and applied so far
[10,11,33]. These observations clearly show the im-
portance of the electronic bond strain as a dominat-
ing factor for the EFG at aluminium in acidic zeo-
lites. This effect of bond strain is illustrated in the
correlation of QCC with the bond order in Fig. 3.
Experimental asymmetry parameters are less reliable
than the QCC. The difficulties at evaluating the
uniqueness of a set of line simulation parameters can
obscure the experimental asymmetry parameter more
dramatically than the QCC values [8]. However, a
general trend of experimental values of 7 seems to
meet with the results of model I here: for C, -like
symmetry (O;AlOP, 0,0°A10P) the asymmetry pa-
rameter is small (< 0.5), and for C,,-like symmetry
(0,AI0%) 7 is large (> 0.5).

MeOH-HZ and MeOH ,—Z deserve special atten-
tion due to the contemporary issue as to whether
methanol is protonated in zeolites or not [24-26,34].
This question is crucial for understanding the mecha-
nism of the technically important methanol-to-gaso-
line reaction in zeolites [35,36]. From Table 2, it
could be concluded that “’Al NMR spectroscopy is a
very straightforward method to distinguish between
the two scenarios MeOH-HZ and MeOH,-Z. An
experimental range for the QCC of Al between 5-7
MHz has been published by Hunger and Horvath [9]
for HZSM-5 loaded with one molecule methanol per
acid site. This observation would apparently suggest
that protonation of methanol has taken place. How-
ever, such a biased conclusion would not take into
account a fast proton exchange between unproto-
nated methanol and_the zeolitic proton according to
the reaction O1-H'O(Me)H”02 2 O1H'(Me)OH"-
O2. This process occurs even at low temperatures
due to the small activation barrier of ca. 10 kJ /mol
[24,25]. Such a proton exchange would average the
Al-01 and Al-02 bonds for MeOH-HZ, and the
averaged bond order has to be taken for a prediction
of QCC using the correlation shown in Fig. 3. The
averaged bond order is 0.26 which is very close to
the two bond orders Al-O1 (0.23) and Al-02 (0.27)
for MeOH,~Z (Table 1). To verify this result a
number of EFG calculations have been carried out
over the reaction coordinate of the proton exchange
using the DFT. Only the positions of the most impor-
tant atoms (Al, O1, 02, H1, H, .00 Were varied
for CPU time reasons. Calculating the averaged EFG
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components and diagonalising the obtained tensor
gives indeed dynamically averaged values for
MeOH-HZ which are very close to those of the rigid
MeOH,~Z. This result means that /A1 NMR can not
distinguish between MeOH ,—Z and MeOH-HZ con-
sidering the aforementioned dynamical exchange.

4. Conclusions

The QCC of YAl in zeolite correlates with the
Al-O bond perturbation in the AlO, tetrahedra. For
zeolitic acid sites the chemical bonds dominate the
EFG at the aluminium centers, while geometric fac-
tors and ionic charges play a less important role.
These conclusions arise from the empirical shear
strain parameter (model III) and from the point
charge model (model II) predicting too small QCC.
Due to the severe bond perturbation, the presence of
a Brgnsted proton causes a large QCC which de-
creases upon interaction of the proton with a base.
The extent of the decrease depends on the nature of
the base, and, presumably, on the strength of the acid
site. The observed trends, when different bases are
adsorbed in a certain zeolite, could be a valuable
means to a deeper understanding of the Brgnsted
site. Acetonitrile could be a useful candidate as a
probe molecule while methanol adsorption is too
complicated due to a dynamic proton exchange.
However, based on the results here, a general corre-
spondence between the intrinsic acidity of different
zeolites in their H-forms and the “'Al QCC can not
be predicted.
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