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Abstract: 29Si and27Al NMR chemical shifts have been evaluated from the NMR shielding tensors obtained
using the SOS-DFPT technique. The29Si NMR chemical shifts have been calculated for the nine
crystallographically distinct Si sites of the zeolite-â lattice. The calculations were carried out on cluster models
Si(OSiH3)4 and R3SiOSiR3 (R ) OSiH3) representing one (1T) and two (2T) sites in the zeolite lattice,
respectively. Using the 1T models, the nine signals of the experimental spectrum have been assigned with a
relative error of less than 1 ppm, the absolute error being estimated at about 5 ppm. The use of a “fragment-
averaging” technique based on the results obtained with the 2T models leads to calculated absolute NMR
shifts with an accuracy of(1 ppm. The27Al NMR shifts of AlH(OSiH3)4 models have also been calculated,
after relaxation of the local geometry. It was found that the relative positions of the27Al chemical shifts are
in agreement with the experimental spectrum.

I. Introduction

The zeolite-â is one of the first few high-silica zeolites to be
prepared using organic additives.1 Its framework structure is
complex, due to stacking disorder and also to highly intergrown
hybrids of two distinct structures, namely, polymorphs A and
B.2-4 The aluminosilicateâ zeolite has been synthesized with
varying Si/Al ratio.5-8 It is a large-pore zeolite, which exhibits
a strong Brønsted acidity, typical of high-silica zeolites, and
this acidity is fine-tuned by the incorporation of several other
trivalent elements, such as boron, vanadium, chromium, lan-
thanum, gallium, titanium, iron, etc. in the framework.9

Catalytically, zeolite-â has been utilized for several acid-
catalyzed reactions,10 such as cracking, hydrocracking, dewax-

ing, alkylation/dealkylation, alkoxylation, and deNOx. The
acidity in zeolite-â has been characterized and its acidic
properties have been modified by altering the synthesis proce-
dures, to improve its catalytic properties.11

NMR spectroscopy has been extensively used to study various
characteristics of zeolite-â, for example, the internal void
space,12 the crystallographically distinct Si sites,13 dealumination
processes,14 and the coordination state of aluminum.15 Indeed,
the recent development of high-resolution solid-state NMR, such
as magic-angle spinning (MAS), has induced extensive studies
of the composition and structure of zeolite frameworks16 as well
as in situ reactions.17 This high resolution allows the detection
of small structural differences as those induced by temperature
variations or by crystallographically inequivalent environments
of silicon sites. The traditional assignment of29Si NMR spectra
of zeolites is essentially based on empirical relations derived
from the dependence on geometry of the observed chemical
shifts.18-20 Moreover, the analysis of deshielding effects due
to the presence of Al tetrahedra has led to linear relationships
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between the29Si chemical shifts and the number of Al
neighbors.21 These empirical predictions have been shown to
be useful in determining the distribution of aluminum in faujasite
lattice.22

The ab initio theoretical prediction of NMR properties started
with the early work by Ditchfield,23 who proposed the GIAO
method, later implemented in nonempirical Hartree-Fock
calculations24,25 and post Hartree-Fock26 calculations. Al-
though this method has been applied to predict the chemical
shifts of organic compounds, its application to zeolite structures
has still been limited to a few applications. Using this method,
1H and 29Si chemical shifts have been calculated for model
clusters of symmetrical silicate species.27 Very recently, the
coupled perturbed Hartree-Fock method has been used to
predict 29Si NMR spectra ofR-quartz and several zeolitic
structures28 and to interpret the17O NMR spectrum of a siliceous
faujasite.29 There were few attempts30-32 at modeling NMR
shielding constants within the framework of density functional
theory (DFT), restricted to uncoupled DFT response theory.
Very recently, the sum-over-states density functional perturba-
tion theory (SOS-DFPT) approach has been proposed33 and
demonstrated to be a very efficient and accurate procedure to
calculate NMR shielding tensors.33-35

Success in simulating the NMR properties of fully siliceous
and aluminosilicate zeolite frameworks would have far-reaching
consequences: (i) the assignment of the different MAS NMR
signals to crystallographically distinct Si or Al sites; (ii) the
correlation between observed NMR spectral changes and
structural modifications of the zeolite framework; (iii) the easier
prediction of in situ reaction mechanisms. The aim of this work
is thus to verify if, using the SOS-DFPT methodology, the
description and assignment of the complex29Si and27Al NMR
spectra of zeolite-â can be performed with sufficient accuracy.
For more clarity, the study of the choice of the basis set and of
the exchange and correlation functionals has been performed
on a simpler zeolite with only two crystallographic sites, i.e.,
the zeolite mazzite. These results as well as a detailed analysis
of the geometrical and electronic factors on the calculated
chemical shifts are reported elsewhere.36 However, we will
incorporate in this paper the calculated29Si chemical shifts of
mazzite for 1T and 2T models, to show that the same general

trends concerning the effect of the cluster size are derived from
both studies. Finally, we propose a simple procedure which
allows an accuracy of about 1-2 ppm without requiring very
large computational resources.

II. Models

There are nine crystallographically distinct “T” sites in zeolite-
â. We considered the experimental structure of polymorph A,
reported by Newsam et al.2 Due to the stacking disorder of
this zeolite, the atomic coordinates used in this study may lead
to some uncertainty when sites have very comparable local
geometries and thus very similar chemical shifts. The frame-
work structure of zeolite-â as viewed along the (010) axis
showing the 12-membered ring pores and the distribution of
the nine T sites is given in Figure 1. A table with the detailed
description of the geometry and connectivity of the Si-O-Si
linkages around the nine crystallographic sites is available as
Supporting Information.

Two kinds of cluster models have been considered in this
study. In Figure 2a a one-site (1T) cluster is shown, with
formula Si(OSiH3)4. Nine different clusters of this kind (denoted
as mSi) have been used to model the nine crystallographic sites
of zeolite-â. The three types of two-site models (2T), hereafter
denoted mSiOSi, which originate from theâ structure are shown
in Figure 2b-d. These clusters are of the type R3SixOSiyR3

(R ) OSiHn, n ) 3) and have respectively zero, one, and two
four-membered rings, following the local connectivity between
the two sites.

In all the clusters that we have considered, the dangling bonds
have been saturated with hydrogen atoms. The Si-H bond
distance has been set to 1.50 Å, and the H atoms have been
positioned along the corresponding Si-O bond vectors in the
experimental structure.

Model clusters of the one-site type were also used to study
the substitution of silicon by aluminum. In these models
(denoted as mAlH), H+ counterions are added to compensate
the negative charge following the substitution. The preferred
O sites for the initial counterion positions before optimization
were defined as the molecular electrostatic potential (MEP)
minima, following the results of a previous study.37
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Figure 1. Framework structure of polymorph A of zeolite-â, viewed
along the (010) axis, with the nine T sites (light gray, medium gray,
and black colors correspond to sites of group B, C, and A, respectively).
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III. Methods

The calculations have been performed within the linear combination
of Gaussian type orbitals-density functional formalism (LCGTO-
DF),38-40 using the deMon and deMon properties programs.33,41,42

The experimental geometry has been adopted for the highly siliceous
models.2 To take into account the relaxation of the structure when Si
is replaced by Al, the terminal H atoms of the cluster models have
been fixed and all the other atoms allowed to move, in a geometry
optimization calculation.

The intent is to optimize the local geometry simulating, with the
fixed boundaries, the rigid component given by the whole zeolitic lattice.
The size of an Al ion is not so much different from that of Si (the
Al-O bond distances in zeolites are about 0.1-0.2 Å longer than Si-
O), and it has been argued that the relaxation following the Sif Al
substitution is a purely local phenomenon,43 so that even relatively small
clusters can give reliable geometries.

All geometry optimizations have been performed at the gradient-
corrected density functional level of Becke44 functional for exchange
and Perdew45 for correlation.

For geometry optimization, all-electron basis sets of DZP quality
have been used for all heavy atoms whereas the terminal hydrogens
have been described by a smaller DZ basis. In Huzinaga’s notation
the contraction patterns are (6321/521/1), for Si and Al, (621/41/1) for
O, and (41) for H.46

The associated auxiliary basis sets used to fit the density and the
exchange-correlation potential are for the same atoms (5,4;5,4),
(5,2;5,2), and (5,1;5,1), respectively, where the usual deMon notation
is used.37 A grid of 64 radial points has been used for the evaluation
of the exchange-correlation potential and energies during the geometry
optimizations. The single-point NMR calculations used a 32 radial
grid for theVxc fitting. As suggested by Malkin et al.,33 more precise
molecular orbital coefficients are obtained by performing an additional
iteration after SCF convergence using the numerical evaluation of the
exchange-correlation potential on an enlarged grid.

The NMR shielding tensors have been calculated with the sum-over-
states density functional perturbation theory (SOS-DFPT) in the LOC1
approximation,33 along with the IGLO method for the choice of the
gauge origin.47 The IGLO III basis set of Kutzelnigg et al.47 was used
for all the heavy atoms, keeping the standard (41) basis for the terminal
H. Only the shielding tensors of the two central T atoms (T) Si, Al)
were considered, because only these atoms have an appropriate local
environment. All the shielding tensor calculations were performed
using the PW91 functional.48

IV. Results and Discussion

1. One-Site Cluster Models. We first carried out calcula-
tions on the one-site (mSi) clusters representing each one of
the nine crystallographic sites, as mentioned in an earlier section.
A similar calculation was also performed for tetramethylsilane
(TMS), and the chemical shifts (δ) reported for the various
silicon sites are obtained using TMS as a reference. In Table
1, the calculatedδ values are presented for the models
representing the nine sites together with the experimental
chemical shifts and average Si-O-Si angles. Although the
average Si-O bond distance in the nine distinct SiO4 units does
not vary significantly (cf. Table 2 for sites 1, 3, and 8), the
average Si-O-Si bond angles show a variation of 7.9° between
the lowest value of 148.0° (Si3 site) and the highest value of
155.9° (Si2 site).

Fyfe et al.13 have reported the29Si MAS NMR spectrum for
a siliceous zeolite-â. Despite the stacking disorder in the solid,
this high-resolution spectrum could be deconvoluted into nine
distinct signals. This might indicate that the29Si NMR screening
constant is a local property, allowing us to anticipate a
reasonably good description even using small model clusters.
There have been attempts in the literature to correlate NMR
shifts to geometric parameters such as T-T distances13,19 and
T-O-T angles.20 Moreover, the29Si chemical shifts are
sensitive to neighboring aluminum atoms and hence to the T-T
distance, being systematically shifted downfield by approxi-
mately 5-10 ppm for every additional Al atom in the first
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Figure 2. (a) Typical mSi cluster model representing the Si1 site in
polymorph A of zeoliteâ. (b-d) Typical mSixSiy cluster models. These
cluster models represent zero, one, or two four-membered rings formed
because of different connectivities of adjacent Si sites. Large circles
are Si, medium circles O, and small circles H.

Table 1. Calculated29Si NMR Shielding Constants and Chemical
Shifts (ppm) for 1T Models Compared with Experimentalδ
Values13

Si sites 〈TOT〉 σ, δcalc δexp

1 155.3 457.9,-113.0 -115.5
2 155.9 458.1,-113.2 -116.0
3 148.0 451.5,-106.6 -111.0
4 148.2 451.8,-106.9 -111.6
5 151.8 454.3,-109.4 -112.0
6 152.2 454.8,-109.9 -113.0
7 152.8 455.9,-111.0 -113.2
8 151.4 454.9,-110.0 -111.8
9 149.7 453.7,-108.8 -111.7
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tetrahedral coordination sphere of the silicon atom.49 In contrast,
for highly siliceous zeolites, the average Si-O-Si bond angle
seems to have the best correlation with chemical shift values.20

As shown from Table 1, the lowestδ value (highestσ) is
assigned to the T site with the largest〈T-O-T〉 angle.

Figure 3 shows the plot of both the experimental and
calculated chemical shifts against the Si-O-Si bond angles.
A qualitative linear correlation is observed in both cases with
a few minor deviations. It is gratifying to observe the 1:1
correlation between the experimental and calculated chemical
shifts of the various T sites. The same trend has also been
obtained for mazzite: the calculatedδ values (average〈Si-O-

Si〉 angles) are-109.2 ppm (152.5°) and-100.2 ppm (141.3°),
for sites 1 and 2, respectively. These results also prove that
the linear correlation assumed between the chemical shift and
the average〈T-O-T〉 bond angle is valid. They also prove
that 1T models can be used to describe relative chemical shifts,
the error being less than 2 ppm for zeolite-â and less than 1
ppm for mazzite. However, the size of these clusters is not
sufficient to describe absoluteδ values with a precision better
than 1-5 ppm for zeolite-â and 3-4 ppm for mazzite (δexp(site
1) ) -113.1;δexp(site 2)) -103.4 ppm). It is interesting to
compare our results (1T and 2T models) with those obtained in
the study of Bussemer et al.28 They have calculated the29Si
shifts ofR-quartz and five siliceous zeolites with a CPHF-GIAO
method using three shells of neighbors (O, Si, O) around the
central silicon. These models are, in some sense, intermediate
between our 1T and 2T models (with averaging technique). They
obtain, at the experimental geometry, a low-field shift of
approximately 4 ppm with respect to the experimental spectra,
which is comparable with the shift obtained with our 1T models.

The study of the correlation between the electronic structure
of the zeolite and the chemical shifts is not straightforward,
expecially when neighboring silicons are replaced by other
elements. Several proposals have been made in the literature
to correlate29Si shifts and electronic properties of neighboring
O and T atoms.19,50,51 The analysis of the contributions of the
various localized molecular orbitals to the screening tensors of
the different29Si sites in zeolite-â shows that the variation of
the paramagnetic term (negative) is dominant. The main
paramagnetic contribution originates from the Si-O bonding
orbitals and increases with decreasing〈T-O-T〉 angles.

Topographically, the nine T sites in zeolite-â could be
grouped into three categories, namely, A, B, and C as described
earlier.37 In group A, a given T site is not associated with any
four-membered ring whereas in groups B and C, the T sites
belong to one and two four-membered rings, respectively. T
sites 7, 8, and 9 come under group A, 1 and 2 come under
group B, and 3, 4, 5, and 6 come under group C. Although the
experimental spectrum shows indeed three groups of signals, it
can be observed from Figure 3 that, if upfield signals are
exclusively due to group B sites, the two downfield signals are
found to be arising from both groups A and C. Thus, the
chemical shifts cannot be correlated to the topography of Si
sites only.

A. Geometry Relaxation of Si-Containing Clusters. To
verify the incidence of geometry optimization on our results,
we have chosen three representative cluster models of groups
B, C, and A, namely, T1, T3, and T8, and optimized their
geometry, as described in Section III. Their calculated structures
are compared with experimental values in Table 2, whereas the
corresponding29Si chemical shifts are displayed in Table 3.

As seen from Table 2, the calculated Si-O bond lengths are
regularly too long, by 0.01-0.03 Å, whereas the Si-O-Si bond
angles are 4-5° too small. These differences with respect to
the experimental geometry of the solid occur systematically for
the three models and result from the limited size of the 1T
clusters. As a consequence of the decreased value of the average
Si-O-Si bond angle, the calculatedδ values are also system-
atically decreased, following the above-mentioned correlation
between smaller angles and less negative chemical shifts.

The calculated chemical shifts for the optimized models are
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Table 2. T-O Bond Distances (Å) and T-O-Si Bond Angles
(deg) with T) Si or Al in the 1T Cluster Models after Geometry
Optimization, Compared with the Experimental Values

mSi (exp) mSi (opt) mAlH (opt)

Site 1
T1-O10 1.616 1.636 1.699
T1-O11 1.617 1.631 1.906
T1-O12 1.616 1.634 1.708
T1-O13 1.617 1.627 1.717

∠TO10Si2 163.2 157.6 162.8
∠TO11Si3 148.3 143.5 135.1
∠TO12Si7 156.4 150.9 135.3
∠TO13Si8 153.3 148.6 132.7

Site 3
T3-O11 1.614 1.641 1.714
T3-O30 1.616 1.637 1.714
T3-O31 1.615 1.636 1.724
T3-O32 1.616 1.629 1.889

∠TO11Si1 148.3 143.3 130.7
∠TO30Si4 162.3 159.9 148.0
∠TO31Si5 137.5 135.0 123.8
∠TO32Si8 143.9 137.8 130.2

Site 8
T8-O13 1.615 1.641 1.714
T8-O21 1.617 1.637 1.712
T8-O32 1.616 1.633 1.900
T8-O61 1.617 1.628 1.714

∠TO13Si1 153.3 149.7 137.6
∠TO21Si2 157.8 155.0 146.8
∠TO32Si3 143.9 138.2 130.8
∠TO61Si6 150.7 145.0 131.2

Figure 3. Variation of δ with 〈SiOSi〉 angles for 1T (triangles) and
2T clusters (stars) compared with experimental data (diamonds), taken
from ref 13. The dashed straight lines represent the linear fit for both
experimental and calculatedδ.
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then 7-9 ppm lower than the experimental values. We can
thus estimate at around 5 ppm the error due to the cluster size
effect on the geometry (leading to underestimatedδ values) and
at 2-4 ppm the error due to the cluster size effect on the
modeling ofδ itself. Of course, there are also systematic errors
due to the methodology (SOS-DFPT, basis sets, etc.), but they
should be partly canceled in the difference with the screening
constant of the reference compound. Morever, the large shift
provided by the use of 2T models (next subsection) shows that
the cluster size is a major source of error when absoluteδ values
are considered.

Small 1T models are sufficient to describe relative chemical
shifts among the different sites of a given zeolite, even if the
error on the absoluteδ values is increased by geometry
optimization. This situation indeed occurs when Si sites are
substituted by other elements. Larger clusters are necessary
for a more precise description of the absolute chemical shifts
(see further below).

B. Geometry Optimization of Al-Containing Clusters
Models. 27Al NMR shielding constants and chemical shifts
have been calculated for representative sites of groups B, C,
and A, namely, sites T1, T3, and T8. The calculation ofσ was
carried out for the trimethylaluminum (TMA), and theδ values
reported for various Al sites are obtained using TMA as the
reference. The experimental chemical shifts for27Al are usually
determined with respect to Al(NO3)3 in aqueous solution.
Modeling this species as Al(H2O)63+ (Th symmetry) corresponds
to an uncertainty of more than 10 ppm for its27Al shielding
constant, leading us to the conclusion that this representation
of the solvated reference complex is too simple.36 The use of
TMA (dimer) as the calculated reference and of the gas-phase
experimentalδ(TMA) value with respect to Al(NO3)3 in aqueous
solution allows this difficulty to be avoided.

Since the experimental crystal structure is not available for
zeolite Al-â, the geometry of the cluster models mAlH has been
optimized. We can expect from our results on the mSi models
and also from an earlier study37 that the geometry optimization
will lead to slightly overestimated Al-O bond lengths and
underestimated bond angles. The optimized geometries of the
mAlH clusters are reported in Table 2, whereas their calculated
shielding constants and chemical shifts are given in Table 3.

The downfield shift is maximum for the Al1 site, with a
calculated ordering ofδ1 < δ8 < δ3, which correlates with our
assignment of Si sites based on the29Si chemical shifts. Since
27Al is a quadrupolar nucleus, with spin 5/2, the NMR signals
are broadened due to the large quadrupolar interaction, despite
its 100% natural abundance.

The experimental27Al MAS NMR spectrum of zeolite Al-â
shows a broad signal, 10 ppm wide, which can be deconvoluted
into three bands.14 The calculated ordering, using the group
nomenclature, is thusδB < δA < δC. As found previously for
the Si sites, the more negative27Al chemical shift correlates
with the larger〈Al-O-Si〉 angle. Moreover, the decrease in

〈Al-O-Si〉 values going from Al1 to Al8 and to Al3 follows
the same trend as the one found for the corresponding Si sites.
Hence, our prediction that the-106.0 ppm signal corresponds
to group B sites seems thus reasonable. For the two other bands,
it may be argued from the comparison with the29Si spectrum
that they could be due to groups of signals which are not
straightforwardly classified as A and C. In fact, the assignment
of the band with the least negativeδ to some C sites, as is the
case for29Si sites C3 and C4, is also suggested by the following
arguments. In the experimental spectrum, the intensity of the
band (δ3 value here) decreases progressively when the zeolite
is dealuminated, indicating a smaller stability for these Al sites.
At the same time, the evaluation of the relative stabilities of
aluminum in cluster models of sites B1, A8, and C3 shows that
the latter corresponds indeed to the least stable Al site.37 These
results suggest that at least some of the sites C are related to
the experimental band at-99.5 ppm.

As expected, the geometry optimization of these mAlH
models leads to underestimated chemical shifts, with error of
about 11 ppm with respect to the experimental values. This
error is larger than for the corresponding mSi models, which
can be related to a larger effect of the constraint (fixed border
H atoms) on a necessarily more relaxed structure.

2. Two-Site Cluster Models. Since the cluster size is shown
to be important for the description of absolute chemical shifts,
we have then chosen to analyze the effect of increasing this
size. Indeed, quantitative prediction of the chemical shifts for
crystallographically distinct sites will increase the confidence
in NMR techniques as a structure-determining tool.

The study of the mazzite zeolite showed that increasing the
cluster size to an octamer (H3SiO)3SiOSi(OSiH3)3 leads to a
substantial improvement of the NMR simulation. Mazzite is a
highly symmetrical zeolite with only two crystallographically
distinct Si sites, which can be included in the same octamer
(2T) model. In the case of zeolite-â, the presence of all the
next neighbor Si sites would imply a large cluster model
containing nearly 17 Si sites, which is computationally demand-
ing. Hence, we tried a fragment-averaging technique. The
central silicon in a mSi cluster has four silicon neighbors. To
build a double-site model (octamer), one of the four silicon
neighbors of a mSi cluster is terminated by three OSiH3 groups
instead of three hydrogens, as shown in Figure 2 b-d. The
same procedure is applied three more times to create three more
octamers, wherein the other three silicon neighbors are saturated
with OSiH3 groups instead of hydrogens. This method has been
used earlier to represent a pentamer cluster by four dimer
clusters.52

The results of the calculations carried out on such octamer
cluster models are given in Table 4, whereas their structures
are illustrated in Figure 2b-d. To represent the influence of
all the next neighbor silicons on the29Si NMR chemical shift
of Si1, we considered four cluster models, namely, mSi1Si2,
mSi1Si7, mSi1Si8, and mSi1Si3. The final chemical shift for
site 1 is taken as an average of the four values. The29Si
chemical shifts calculated by this procedure for Si1, Si3, and
Si8 are given in Table 4. They are in excellent agreement with
the experimental values, since these predicted chemical shifts
are within an accuracy of 1 ppm. The same considerable
improvement with respect to the 1T models was obtained for
mazzite (2T model:δcalc ) -113.3 and-103.4 ppm, compared
to δexp ) -113.1 and-103.4 ppm).

We can also argue from these results that the calculated
shielding constants are sensitive to the number of four-

(52) Vetrivel, R.Zeolites1992, 12, 424.

Table 3. 29Si and27Al NMR Shielding Constants and Chemical
Shifts, ppm, Calculated for the 1T Cluster Models Representing
Sites 1, 3, and 8 after Optimization and Compared with
Experimentalδ Values13,14

site 〈TOT〉opt σ, δcalc δexp

Si1 150.2 453.1,-108.2 -115.5
Si3 144.0 446.8,-101.9 -111.0
Si8 147.0 449.4,-104.5 -111.8
Al1 141.5 501.5,-95.1 -106.0
Al3 133.2 495.3,-88.9 -99.5
Al8 136.6 497.8-91.4 -103.0
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membered rings present in the model. Indeed, a given silicon
site within models with the same number of four-membered
rings has similar values ofδ, whereas its chemical shifts differ
for different numbers of four-membered rings (4.8 ppm for Si3
between the models mSi3Si8 (zero four-membered rings) and
mSi3Si4 (two four-membered rings), for example). This shape
effect suggests the opportunity to use a cluster with four
coordination spheres (O, Si, O, Si) around the examined silicon
atom, or equivalently to apply the described fragment-averaging
technique, along with two sites, two-coordination-sphere cluster
models, to reach quantitative results.

V. Conclusion

The29Si and27Al MAS NMR spectra of zeolite-â have been
calculated, using the recently developed SOS-DFPT technique.
The chemical shifts of the nine silicon sites have been first
estimated using cluster models with a chemical formula of
Si(OSiH3)4 and the geometry derived from the reported crystal
structure.

From these models, each representing a single T site of the
solid, we were able to assign the nine MAS NMR signals
reported for a highly siliceous zeolite-â. These results reveal a
linear correlation between the29Si NMR chemical shifts and
the average Si-O-Si bond angles.

When the structures of these clusters were allowed to relax,
fixing the border H atoms at the solid geometry, it was observed
that the geometry relaxation causes a uniform downfield shift
of about 5 ppm, due to the underestimation of the Si-O-Si
angles in these small models.

However, the relative positions of the signals remain un-
changed, allowing then a valid assignment of the spectrum.

The 27Al NMR chemical shifts for the corresponding Al-
containing cluster models have also been evaluated after

relaxation of the cluster geometries, leading to a qualitative
assignment of the wide band displayed by the experimental
spectrum and deconvoluted into three signals.

Finally, larger cluster models with a chemical formula of
R3SiOSiR3 (R ) OSiH3) have also been considered, representing
double T sites in the zeolite lattice. We used a “fragment-
averaging” technique to take into consideration the effects of
next neighboring TO4 units. The results obtained are extremely
gratifying, reducing the error of the calculated chemical shifts
to (1 ppm with respect to experimental values.

Thus, the present study has demonstrated a technique to
calculate chemical shifts quantitatively. The MAS NMR
technique combined with such quantum calculations could now
be used as a “structure-determining” tool, particularly for the
macroporous materials with smaller crystallite sizes (<5 µm),
where the single-crystal structure determination is prohibitive.

These results indicate that the Si sites can be exactly assigned
to distinct signals in the29Si NMR spectrum, using the SOS-
DFPT method.
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Table 4. Comparison of Calculated and Experimental29Si Chemical Shifts, ppm, for the Different Si Sites in Polymorph A of Zeolite-âa

model n4r Si1 Si2 Si3 Si4 Si5 Si6 Si7 Si8 Si9

mSin -113.0 -113.2 -106.6 -106.9 -109.4 -109.9 -111.0 -110.0 -108.8
mSi1Si2 1 -117.8 -117.9
mSi1Si7 0 -115.0 -114.1
mSi1Si8 0 -114.9 -112.9
mSi1Si3 1 -117.2 -111.3
mSi3Si4 2 -113.7 -114.0
mSi3Si5 1 -110.5 -113.3
mSi3Si8 0 -108.9 -112.2
mSi8Si2 0 -115.3 -113.1
mSi8Si6 0 -112.3 -112.8

average -116.2 -111.1 -112.8
exp -115.5 -116.0 -111.0 -111.6 -112.0 -113.0 -113.2 -111.8 -111.7

an4r is the number of four-membered rings attached to the Si site.
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