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The Al siting in the silicon rich ZSM-22 and Theta-1 zeolites of the TON structure was
investigated analyzing already published 2TAl 3Q MAS NMR experimental data using QM/MM
calculations. The results of our computations show that Al atoms can be located in 6 frame-
work T positions because the two eightfold sites (T1 and T2) split into four fourfold T sites
after an Al/Si substitution. The observed resonance at 55.5 ppm corresponds to the T4 site
which is predominantly occupied by Al. This site is not located on the surface of the TON
ten-membered ring channel and thus the protonic sites related with the majority of Al at-
oms in the TON structure exhibit a significantly limited reaction space. The 2TAl NMR sig-
nals centered at 57.6 and 58.7 ppm correspond to either the T2 and T3 sites, respectively, or
only to T2. The T2 and T3 sites accommodate some 40% and up to 10%, respectively, of Al
while the T1 site is unoccupied by Al. Isotropic shifts of 61.1 and 61.6 ppm were calculated
for Al atoms located in the T1-1 and T1-2 sites, respectively. The effect of a silanol “nest” as
a next-next-nearest neighbor on the 27Al isotropic chemical shift of Al located in the T4 site
is calculated to be less than 1 ppm.

Keywords: QM/MM calculations; Ab initio calculations; BLYP; GIAO; Zeolites; 27l 3Q MAS
NMR spectroscopy; ZSM-5 catalyst; Heterogeneous catalysis.

Zeolites are crystalline microporous aluminosilicates widely used as molecu-
lar sieves and catalysts in industrial chemical processes. In the past thirty
years, attention was drawn to ZSM-5 and other silicon-rich zeolites (with
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Si/Al > 12). Their protonic forms are currently used as acid catalysts for hydro-
carbon transformations in petrochemistry’ and they are regarded to be
promising catalysts for synthesis of fine chemicals®® and for transforma-
tion of biomass into chemicals®10. Their transition metal exchanged forms
have been discovered as exceptional redox catalysts for nitrogen oxide
abatement!’'?, and a selective oxidation of hydrocarbons by nitrous oxide!2,

The species assumed to be the active sites in the mentioned reactions, i.e.
protons, metal ions and metal-oxo species, are positively charged and
compensate the negatively charged aluminosilicate framework. Therefore the
Al siting in zeolite frameworks governs the location of the active sites as
well as their properties. This is important for both the acid catalyzed hydro-
carbon syntheses* as well as redox reactions!®>6, Thus, the Al siting in
zeolites is of crucial importance for their catalytic behavior.

In this paper, the siting of Al atoms over the individual T sites of the
Theta-1 and ZSM-22 zeolites (both having the framework of the TON struc-
ture) is examined employing a combination of our calculations and already
published results of 2’Al 3Q MAS NMR experiments'’. Zeolites with the
TON structure represent one-dimensional analogues of the ZSM-5 zeolite
which is the most industrially important silicon-rich zeolite. The TON
structure is thus frequently used as material for a comparison in detailed
studies of catalytic processes over ZSM-5 catalysts.

The predictions of the 27Al isotropic chemical shifts corresponding to Al
in the individual T sites are based on DFT calculations of the local struc-
tures of the AlO,~ tetrahedra employing a quantum mechanics — molecular
mechanics hybrid approach (QM-Pot)18-20. The subsequent evaluation of
the NMR shielding values uses the GIAO method?!. The calculated Al
shieldings were converted to Al isotropic shifts employing the silicon-rich
zeolite of chabasite as a secondary standard?®. The predicted shifts are then
compared with the results of 2’Al 3Q MAS NMR measurements'’. Good
agreement between the calculated and observed 27Al isotropic chemical
shifts is found and two assignments of the observed resonances to the T
sites of TON are made.

Further the effect of a silanol “nest” as a next-next-nearest neighbor on
the local Al geometry as well as the 27Al isotropic chemical shift was
computationally investigated.
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METHODS

Computational Model

The computations are performed for a single Al atom in a unit cell of
Theta-1. A bare zeolite framework model that includes neither cations nor
water molecules and has proven useful in our previous study?° is adopted to
calculate the local structure around the AlO, tetrahedra and to predict the
27Al NMR shielding. The starting structure was generated from an X-ray
structure of the Theta-1 zeolite??.

Optimization of Structures

Both the lattice constants and the atomic positions of the all-silica TON
structure were optimized at constant pressure by the GULP program?324 us-
ing interatomic potential functions only. Then the silicon atom in the site
of interest was replaced by an aluminum atom, and the structure and the
lattice constants were further optimized at constant pressure. The opti-
mized structure was subsequently used for defining a cluster around the Al
atom for our QM-Pot calculations'®®. The clusters were embedded into a
super cell composed of eight unit cells of the zeolite framework and the
structure of the entire system was optimized by QMPOT at constant vol-
ume.

To model the effect of the presence of a silanol “nest” on the 27Al isotro-
pic chemical shift, the silicon atom in the site of interest was removed and
the dangling bonds of the four O atoms were terminated by hydrogen at-
oms. The lattice parameters and atom positions were optimized by GULP at
constant pressure employing interatomic potential functions. The opti-
mized structure was then utilized to prepare a cluster around both the Al
atom and the hole (missing Al atom). The clusters were embedded into
twenty unit cells and optimized by QMPOT at constant volume.

Cluster Models

To calculate the structure of AlO,~ tetrahedra for Al accommodating each of
the six T sites of a unit cell of TON, clusters having the Al atom in the center
and including five coordination shells (AI-O-Si-O-Si-O-H;,,) were used?%:2>,
Furthermore clusters containing Al-O-Si(1)-O-Si(2)-OH gjjanol “nest) S€-
quences were employed to investigate the effect of a silanol “nest” as a
next-next-nearest neighbor on the local Al geometry as well as the 27Al iso-
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tropic chemical shift. The clusters were prepared by merging two five coor-
dination shell clusters which were centered around the Al atom and the
hole (missing Al atom). The clusters were cut out from the corresponding
optimized super cells. Due to the presence of silicate rings in the zeolite
framework, the created five-shell clusters contained pairs of very close H,in
atoms. Since the close Hj;, atoms represented the same Si atom, they were
replaced by the corresponding Si(OH;,.), moiety. This was repeated until
the cluster contained no such pairs.

Our calculations of the Al-O-Si(1)-0-Si(2)-OH gjjanol “nestr) SEQUENCES Were
performed for two variants of the corresponding cluster for each structure.
The first variant contains a silanol “nest” Al-O-Si(1)-O-Si(2)-OH jjanoi “nest”)
while the second variant includes the TON structure without this defect
(Al-0O-Si(1)-0-Si(2)-0-Si(3); for these structures the clusters are centered
around the Al and Si(3) atoms). This allows comparing the calculated Al lo-
cal geometry and 27Al chemical shift using the clusters of the same shape
and number of coordination shells.

QM-Pot Method and Programs Used

The QM-Pot method employed!®'° partitions the whole system (S) into two
parts. The inner part (1) is treated by quantum mechanics (QM) and the
outer part (O) as well as all the interactions between the inner and outer
layers are treated by parametrized interatomic potential functions (Pot).
The dangling bonds of the inner part are saturated by link hydrogen atoms.
The atoms of the inner part together with the link atoms form the cluster
(C). The QM-Pot energy of the whole system is given by

EQM—Pot(s) - EQM(C) + EPot(s) _ EPot(c)

where EQM(C) is the energy of the cluster at the QM level, EP°Y(S) is the
energy of the entire system at the Pot level and EPY{(C) is the energy of the
cluster at Pot. The QM-Pot approach is discussed in detail elsewhere?®,

The calculations were performed by the QMPOT program?®® which utilizes
the Turbomole program?’-3! for the QM part and the GULP program?324 for
the periodic potential function calculations. The pure DFT method employ-
ing the BLYP 32-34 functional and the TZVP basis set of Ahlrichs3® were used
for the QM calculations. As interatomic potential functions (Pot),
shell-model ion-pair potentials®® parametrized on DFT results for zeolites®”
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were employed. The electrostatic energy was evaluated by standard Ewald
summation techniques for all cores and shells. A cut-off radius of 10 A was
chosen for the summation of short-range interactions.

Calculation of 2’Al Isotropic Chemical Shifts

Subsequently to the QM-Pot structure determination, the Gaussian
program3® was employed to calculate NMR shielding tensors of the atoms of
the optimized clusters at the BLYP/TZVP level using the Gauge-Independent
Atomic Orbital method (GIAO)?2.

The NMR shieldings of Al accommodating each of the six distinguishable
T sites of the TON structure were converted into isotropic chemical shifts
employing a chabasite sample having the Si/Al ratio of 38 (*’Al NMR shield-
ing of 490.0 ppm corresponds to an experimental value of 60.0 ppm for the
27Al isotropic chemical shift)2°.

The NMR shieldings of Al in the Al-O-Si(1)-O-Si(2)-OH gjjanol “nest~) S€QUEN-
ces were not converted into isotropic chemical shifts because the clusters of
different shapes and sizes were used for different silanol “nests” structures.

RESULTS AND DISCUSSION

Local AlO, Structures and *’Al NMR Shieldings

Our QM-Pot calculations of the TON framework (P1 symmetry) containing
one Al atom per unit cell resulted in 6 distinguishable structures corre-
sponding to Al substitution into the 6 T sites of TON. The eightfold T1 and
T2 sites split into fourfold sites T1-1, T1-2 and T2-1, T2-2, respectively (Table I).
The structure of a unit cell of TON reflecting the splitting of the T1 and T2
sites is shown in Fig. 1. The force field relative energies of Al in the 6 T sites
of TON are all within 4.0 kcal/mol, see Table I. The site T2-1 is the most sta-
ble, T1-2 is the least stable one.

Table | reveals the calculated four individual T-O-T angles and the aver-
age T-O-T angles, the GIAO 2’Al NMR shieldings and the corresponding
isotropic chemical shifts (calibrated employing the chabasite zeolite) for the
6 T sites. Note that a higher shielding corresponds to a lower chemical
shift. The calculated AlI-O-Si angles scatter between 132 and 172°, but the
average Al-O-Si angles vary significantly less — from 141 (T3 site) to 148°
(T4 site).
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Lippmaa et al.3% suggested a linear correlation between the 2’Al NMR iso-
tropic shift 8(Al) and the average T-O-T angle (8) of the zeolite framework
based on the crystallographic and 2’Al NMR data of aluminum-rich zeolites.

O(Al) = -0.50 06 + 132 (ppm)

TasLE |

Force field relative energies (kcal/mol) of Al in the T sites of TON, BLYP GIAO 27TAl NMR
shieldings (ppm) and isotropic chemical shifts* (ppm), Al-O-Si and average Al-O-Si angles

(°) for the individual T sites of TON

T site Multiplicity Energy Shielding Shift T-O-T Angle Average
T1-1 4 1.5 488.9 61.1 1333 136.1 141.1 153.5 141.0
T1-2 4 4.0 488.4 61.6 1322 133.0 139.8 172.1 1443
T2-1 4 0.0 490.4 59.6 139.4 140.4 144.4 1475 142.9
T2-2 4 3.1 490.2 59.8 140.1 140.9 143.6 143.8 142.1
T3 4 2.2 489.5 60.5 137.6 138.2 141.5 145.6 140.7
T4 4 3.8 494.7 55.3 139.2 143.0 146.1 165.3 148.4

3 The 2’Al NMR isotropic shifts were obtained by a conversion of the BLYP GIAO shieldings
using the calculated and measured shielding/shift values 490.0 and 60.0 ppm, respectively,

for the chabasite sample (Si/Al = 38).

Fic. 1
The structure of a unit cell of TON reflecting the splitting of the T1 and T2 sites

Collect. Czech. Chem. Commun. 2008, Vol. 73, Nos. 6-7, pp. 909-920



Aluminum Siting in the ZSM-22 and Theta-1 Zeolites Revisited 9215

The calculated GIAO 2’Al NMR shifts of TON are plotted against the aver-
age Al-O-Si angles in Fig. 2. The plot shows that the linear correlation does
not hold even when the calculated Al-O-Si angles are used instead of crys-
tallographic T-O-T angles. The same conclusion has been achieved for
ZSM-5 20,

Assignments of Observed Resonances to T Sites and Aluminum Distribution
in TON

The results of single pulse 2’Al NMR experiments revealed that during the
calcination of the as-made ZSM-22 and Theta-1 samples a part of the frame-
work Al became octahedral'’. This makes a comparison of the experimental
data on the calcined samples and our calculations impossible due to an un-
known effect of the octahedral framework Al on other Al tetrahedral atoms.
The octahedral framework Al atoms transform back to tetrahedral Al after
ion-exchange. Therefore we compare our calculated ?’Al isotropic chemical
shifts only with experimental results obtained for ion-exchanged samples?’.

Figure 3 shows the calculated and measured (for the ion-exchanged sam-
ple) 27Al isotropic chemical shifts for Theta-17. The values for the six T
sites extend over ranges of 6.3 and 3.2 ppm, respectively. Note that Al can
occupy only some T sites in the Theta-1 sample and therefore the calculated
shift extension can be significantly larger than the measured one. Based on
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FiGc. 2
2TAl isotropic shifts plotted against the average T-O-T angles for the 6 T sites of TON
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a comparison of the calculated and measured shifts (Fig. 3) there are two
plausible assignments. The observed resonance at 55.5 ppm corresponds to
T4 for both the assignments. It then follows that the measured resonances
at 57.6 and 58.7 ppm belong to T2 (T2-1 or T2-2) and T3, respectively (As-
signment 1). It is also possible that the two resonances correspond only to
T2 (T2-1 and T2-2), see Fig. 3 (Assignment 2). The calculated 27Al isotropic
chemical shifts of the T2-1 and T2-2 sites are much closer to each other
(59.6 and 59.8 ppm, respectively) than those of the two observed reso-
nances (57.6 and 58.7 ppm). A similar feature was observed for resonances
R-11 (52.9 ppm) and R-IIl (53.7 ppm) of ZSM-5 which were assigned to T8
(53.3 ppm) and T4 (53.4 ppm), respectively??. The calculated shift ranges
are 5.2 and 4.5 ppm for Assignments 1 and 2, respectively. These values are
closer to the observed shift extension of 3.2 ppm than the entire theoretical
shift range of 6.3 ppm since the T1 site of TON is not occupied by Al in the
Theta-1 sample used!’.

Our two assignments are significantly different than those!’ based on
Lippmaa correlation®?. The reason is that the relationship between the 27Al
NMR isotropic shift §(Al) and the average T-O-T angle (6) employed in
ref.1” does not hold. Moreover, the T-O-T angles employed*’ corresponded
to Si-O-Si angles rather than Al-O-Si ones which significantly differ.

Our computational results together with the outcome of the 27Al single
pulse MAS NMR experiments!’ allow to quantify the Al distribution in the
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Fic. 3
Comparison of the observed and theoretical 2TAl isotropic chemical shifts of Theta-1; Assign-
ment 1 (—) and Assignment 2 (- - -)
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Theta-1 and ZSM-22 samples. About 55% of the framework Al in Theta-1
(60% in ZSM-22) occupy the T4 site. The remainder (40%) of Al in ZSM-22
populates the T2 site. For the Theta-1 zeolite, 35% of the framework Al lo-
cate in T2 (T2-1 or T2-2) and 10% in T3 (Assignment 1) or all the remaining
framework Al atoms (45%) occupy T2 (T2-1 and T2-2) (Assignment 2).
However, different parameters of the synthesis of the TON zeolite can result
in different Al distributions as observed for ZSM-5 20,

The Al atoms in the most populated T4 site are located in a position
which is not on the surface of the TON ten-membered ring channel (see
Fig. 1). Thus the protonic sites balancing the negative charge of these AlO,~
tetrahedra correspond to a restricted reaction space and therefore their role
as catalytic centers is limited. The “effective” concentration of protonic
sites is thus less than one half of the nominal concentration. Moreover, the
preference of Al atoms to accommodate the “buried” T4 site indicates that
large blocks as AlO,(SiO,), with the AlO, tetrahedron surrounded by SiO,
tetrahedra are building units during the syntheses of the Theta-1 and
ZSM-22 zeolites of the TON structure.

The assignment of individual resonances to Al T sites further allows sug-
gesting the siting of the octahedral framework Al atoms of the calcined
Theta-1 and ZSM-22 samples. It was shown!’ that the octahedral framework
Al atoms were formed in ZSM-22 on the expense of the tetrahedral Al atoms
characterized by an isotropic chemical shift of 55.1 ppm (60% of all Al atoms
in the ion-exchanged sample, 12% in the calcined one). Our calculations
revealed that the resonance at 55.1 ppm corresponds to Al in the T4 site.
The presence of Al in the T4 site is necessary but not sufficient in order for
the transformation of the tetrahedral to octahedral framework Al atom to
occur (compare the 27Al NMR isotropic chemical shifts for ZSM-22 and
Theta-1). It is not clear whether it is the aluminum content and/or other
parameters connected with the increased concentration of Al atoms in the
framework of ZSM-22 zeolite compared to Theta-1, e.g. a formation of
Al-O-(Si-O),-Al sequences.

Effect of the Presence of Si—-OH “Nests” on the 2’Al Isotropic Chemical Shift

For ZSM-22, a small part of Al atoms was released from their framework po-
sitions during the calcination procedure and these Al atoms are present in
the zeolite as extraframework Al species, as evidenced by the presence of a
broad weak band at around -8 ppm in the 2’Al MAS NMR spectrum of
ion-exchanged sample?’. Silanol “nests” of four terminal Si-OH groups are
formed at this Al vacancy in the ZSM-22 framework. These silanol “nests”
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are known also for other zeolites and they can significantly affect both the
structure and properties of dealuminated zeolites*0-43.

The ZSM-22 27Al NMR signals are observed as broad bands centered at
55.1 and 57.6 ppm. Furthermore there is also present a shoulder centered
under 55.1 ppm in the spectrum.

To investigate the effect of the presence of a silanol “nest” as a next-
next-nearest neighbor on the 27Al isotropic chemical shift of Al located in
the T4 site, we calculated selected Al(T4)-O-Si(1)-O-Si(2)-OHjianol “nest)
sequences. Such sequences are a result of a release of Al from the TON
framework. The computational results revealed a small effect of +1 ppm
(Table I1) which is in agreement with the observed broadening of the 27Al
NMR bands and with the presence of the shoulder in the 2’Al NMR spec-
trum of the ion-exchanged ZSM-22 sample. Also the calculated change of
the average T-O-T angles was tiny (less than 1°). The effect of the presence
of a silanol “nest” as a next-nearest neighbor (Al(T4)-O-Si-OH gjjanol “nest™))
was not calculated since the 2°Si MAS NMR spectra of ion-exchanged
ZSM-22 and Theta-1 samples revealed no Al-O-Si-O-Al sequences in the zeo-
lite framework’. Al-O-Si-O-Al is the precursor of Al(T4)-O-Si-OH janol “nest):

TABLE Il
BLYP GIAO 27Al NMR shieldings (ppm), Al-O-Si and average Al-O-Si angles (°) for
Al-O-Si-O-Si-OH sequences

Sequence Shielding A T-O-T Angle Average A
Al-Si-Si-Si (T1-2)  493.1 137.7 141.0 143.6 165.0 146.8
Al-Si-Si-OH (T1-2) 492.6 05 1338 1404 1441 1614 1462 0
Al-Si-Si-Si (T3) 494.9 140.4 142.4 147.8 163.0 148.4
Al-Si-Si-OH (T3)  495.6 07 1424 1426 1483 1626 149.0 06
Al-Si-Si-Si (T3) 494.0 140.3 1421 147.3 157.5 146.8
Al-Si-Si-OH (T3)  493.2 -0.8 1372 1422 1443 1605 146.1 -0.7

CONCLUSIONS

Our QM-Pot calculations of the TON framework (Si/Al = 23) resulted in six
distinguishable structures corresponding to Al substitution into the 6 T sites
of TON and six 2’Al NMR shieldings. The two eightfold T1 and T2 sites split
into four fourfold sites: T1-1, T1-2 and T2-1, T2-2, respectively. Based on
our calculations and experimental results of Derewinski we show that at
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least 2 and 3 out of 6 distinguishable framework T sites are occupied by Al
atoms in the ZSM-22 and Theta-1 zeolites, respectively. The observed 27Al
isotropic shift of 55.5 ppm for Theta-1 (55.1 ppm for ZSM-22) corresponds
to Al atoms in the T4 site. There are two plausible assignments of the 27Al
NMR signals centered at 57.6 ppm (Theta-1 and ZSM-22) and 58.7 ppm
(Theta-1 only). The former and latter relate to T2 (T2-1 or T2-2) and T3, re-
spectively, or only to T2 (T2-1 and T2-2). Al atoms in the T4 site predomi-
nate in the Theta-1 and ZSM-22 zeolites (about 60%). Some 40% of Al
atoms are located in the T2 site, and the T3 site accommodates only a mi-
nority of Al atoms (10%) or is together with the T1 site unoccupied by Al
atoms.

We further show that the octahedral framework Al atoms formed in the
protonic form of ZSM-22 are most likely located in the T4 site. The calcu-
lated effect of the presence of a silanol “nest” as a next-next-nearest neigh-
bor on the 27Al isotropic chemical shift of Al located in the T4 site is
modest (z1 ppm).

This work was financially supported by the Czech Science Foundation (Project No. 203/06/1449).
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