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ARTICLE INFO ABSTRACT

Keywords: We employed density functional theory/molecular mechanics (DFT/MM) calculations and *°Si magic-angle

BEC spinning (MAS) NMR spectroscopy to investigate the effect of single and multiple Ge/Si substitutions on the 2°Si

Zeolite ?eta polymorph C NMR parameters as well as the local geometry of SiO,4 tetrahedra of the nearest (Ge-O-Si) and next-nearest (Ge-

Gezeolites 0-Si-0-Si) neighboring Si atoms. The influences of the Ge/Si substitutions are compared with the effects of the

g;rimlézga;u;inomhcates corresponding Al/Si substitutions (i.e., Al-O-Si and Al-O-Si-O-Si, respectively). Zeolite Beta polymorph C (BEC),
containing double four-membered rings (D4Rs) and exhibiting three distinguishable T sites in the framework,
was chosen for this study as a model of germanium containing zeolites. Our computations give a systematic
downshift of the 2°Si chemical shift of Si by 1-6 ppm for Ge-O-Si sequences. Furthermore, the contributions of
two, three, and four Ge atoms as the nearest neighbors to the downshift of Si are not additive and the calculated
downshifts lie in the intervals from 2 to 6 ppm, from 1 to 9 ppm, and from 5 to 11 ppm, respectively. Conversely,
the contributions of two, three, and four Al atoms as the nearest neighbors are approximately additive. The
downshifts caused by Ge nearest neighbors are less than half compared with the corresponding downshifts
caused by Al. Moreover, our calculations show that there are no systematic contributions of Ge and Al as next-
nearest neighbors (i.e., Ge-O-Si-O-Si and Al-O-Si-O-Si, respectively) to the 2°Si chemical shift of Si, and not even
the direction (sign) can be predicted without calculating the corresponding sequence.

correlation between the 2°Si chemical shift §(Si) and the average T-O-T
angle (6) of the zeolite framework [35,36]. In addition, there are known

1. Introduction

Zeolites are crystalline microporous aluminosilicates made of
corner-sharing TO, tetrahedra (T = Si, Al7). They are widely used as
molecular sieves and catalysts in industrial chemical processes [1-5].
Germanium can isomorphically substitute silicon in zeolites (i.e.,
T = Ge). Many zeolitic structures with framework Ge atoms have been
obtained (e.g., BEC [6-9], FAU [10-12], LTA [10,13], MFI [14-19],
MON [20], NAT [21], RHO [22], SOD [23-26]). In addition, a large
number of new zeolite topologies with pore sizes ranging from eight-
membered ring to 30-membered ring, all of them containing double
four-membered rings (D4Rs) as structural units, have been synthesized
using Ge containing gels [27,28].

High-resolution 2°Si MAS NMR spectroscopy represents a powerful
tool to characterize the local structures of SiO4 in microporous alumi-
nosilicate frameworks [29-34]. Interpretations of 29Gi MAS NMR ex-
periments on various zeolites were originally based on simple linear
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ranges of the 2°Si chemical shift for framework Si atoms possessing a
different number of Al atoms as the nearest neighbors (i.e., Si(3Si,1Al),
Si(2Si,2Al), Si(1Si,3Al), and Si(0Si,4Al)) for different zeolite frame-
works [37-39]. Conversely, there is no empirical correlation between
the structural parameters and the corresponding 2°Si NMR parameters
available in the literature for Si atoms with Ge atoms as the nearest
neighbors. For germanosilicates and germanoaluminosilicates, there are
even not known intervals of the 2°Si chemical shift for framework Si
atoms with a different number of Ge atoms as the nearest neighbors
(i.e., Si(3Si,1Ge), Si(2Si,2Ge), Si(1Si,3Ge), and Si(0Si,4Ge)).

Advances in quantum chemistry allowed calculations of NMR
shielding for 2°Si atoms in silicate and aluminosilicate frameworks to
interpret 29Gi MAS NMR spectra [33,34,40-46]. Recently, a QM/MM
approach was successfully employed to study the effect of substitution
of Si for Al on the 2°Si NMR parameters as well as the local geometry of


http://www.sciencedirect.com/science/journal/13871811
https://www.elsevier.com/locate/micromeso
https://doi.org/10.1016/j.micromeso.2018.03.021
https://doi.org/10.1016/j.micromeso.2018.03.021
mailto:stepan.sklenak@jh-inst.cas.cz
https://doi.org/10.1016/j.micromeso.2018.03.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2018.03.021&domain=pdf

S.R. Whittleton et al.

Microporous and Mesoporous Materials 267 (2018) 124-133

Fig. 1. Positions of the T1 (violet), T2 (green), T3 (yellow), and inequivalent oxygen (01, 02, ...07) atoms in the BEC framework. Each T1 atom has three T1 and one
T2 nearest neighbors. Each T2 atom has two T1 and two T3 nearest neighbors. Each T3 atom has two T2 and two T3 nearest neighbors. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

SiO, tetrahedra of the nearest and next-nearest neighboring Si atom in
the silicon-rich zeolite of the chabazite structure [34].

In this paper, employing QM/MM calculations [34] together with
the bare zeolite framework model [34,47-52] in a combination with
high-resolution 2°Si MAS NMR experiments, we investigate the effects
of one, two, three, and four framework Ge atoms as the nearest
neighbors on the 2°Si chemical shift of Si (i.e., Si(3Si,1Ge), Si(2Si,2Ge),
Si(1Si,3Ge), and Si(0Si,4Ge), respectively) and the local geometry of
SiO,4 tetrahedra in frameworks of germanium containing zeolites. The
calculated influences of Ge are compared with the corresponding effects
of framework Al atoms. Moreover, the influences of concomitant Ge/Si
and Al/Si substitutions (i.e., Si(T)(2Si,1AlL,1Ge)) are studied as well.
The effects of one framework Ge atom as a next-nearest (Ge-O-Si-O-Si)
neighbor are also investigated.

Zeolite Beta polymorph C (BEC), containing double four-membered
rings (D4Rs) in the framework, was chosen for this study as a model of
germanium containing zeolites. There are only three crystal-
lographically distinguishable T sites (T1, T2, and T3) in the BEC fra-
mework. This study is aimed to give guidance in interpretations of 2Si
MAS NMR spectra of Ge-zeolites, many of which contain D4R units, and
other Ge containing (alumino)silicate matrixes.

2. Experimental section
2.1. Samples

Two samples of the BEC structure from our prior study [53] were
studied by 2°Si MAS NMR spectroscopy: germanosilicate zeolite (BEC-
Ge; Si/Ge ratio of 3.6) and germanoaluminosilicate zeolite (BEC-Ge/Al;
Si/Ge and Si/Al ratios of 6.7 and 30.8, respectively). The former ma-
terial containing only Si and Ge tetrahedral atoms allows the experi-
mental investigation of the effect of Ge without the interference of
framework Al atoms while the latter zeolite which additionally contains
framework Al atoms is a model system of the BEC-type catalytic ma-
terial. The synthesis, the alumination procedure, and the characteriza-
tion of the two studied samples are described in detail in our previous
study [53].

Since the BEC-Ge and BEC-Ge/Al samples contained their organic
directing agent, the samples were calcined under air at 500 °C for 2 h.

However, 2°Si MAS NMR experiments showed that the structure of the
BEC-Ge sample collapsed during the calcination due to the presence of
moisture while the BEC-Ge/Al sample maintained its crystallinity.
Therefore, the BEC-Ge sample was carefully calcined at 500 °C under
oxygen without exposure to humidity to preserve its crystallinity prior
to the NMR experiments. The sample was then transferred into 4 mm-
OD ZrO, rotors directly in a vacuum line and the rotors were closed
with tightly fitting Kel-F caps.

2.2. ?°Si MAS NMR spectroscopy

295i Solid-state MAS NMR spectra of the BEC-Ge and BEC-Ge/Al
samples were recorded on a Bruker Avance III 400 (9.4 T) spectrometer
at a frequency of 79.5 MHz using a 4-mm-OD ZrO, rotor and a double-
resonance probehead. All the MAS NMR experiments were performed
using a sample spinning speed of 14 kHz and tetramethylsilane (TMS)
as the chemical shift reference. Single pulse excitation with pulse
lengths of 7.0 ps (30° flip angle) and 60 s recycling delay were used and
5120 and 2048 scans for the BEC-Ge and BEC-Ge/Al, respectively,
samples were recorded. "H—2°Si cross-polarization (CP) MAS NMR
experiments for the BEC-Ge/Al samples were carried out as well. The
CP MAS NMR measurements were performed with a contact time of
4 ms, a recycling time of 1s, and 51200 scans.

3. BEC-type material

Zeolite Beta (BEA) has a three dimensional network of 12-mem-
bered ring pores and it is an intergrowth of two polymorphs, A and B
[54]. In addition, a polymorph C was also suggested as a hypothetical
structure when the structures of polymorphs were solved in 1988 [54].
More than 10 years later, polymorph C (BEC) was prepared in the pure-
germanate form (FOS-5) [6], followed by all-silica [7], and germano-
silicate forms (ITQ-17) [8,9]. While polymorphs A and B are the most
commonly studied and industrially employed zeolite Beta [55], BEC is
of interest because of its large pore size and linear 12-membered ring
channels that intersect along all three crystallographic axes [53].

The BEC structure possesses three crystallographically distinguish-
able T sites (T1, T2, and T3) and seven symmetrically inequivalent
oxygen atoms in the framework (Fig. 1) and contains double four-
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Fig. 2. Five coordination shell clusters (Si-O-Si-O-Si-O-Hj;,) with the center Si atom located in the T1 (left), T2 (middle), and T3 (right) sites. The Si atom is displayed
as a ball, silicon atoms are in gray, oxygen atoms in red, and link hydrogen atoms in white. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

membered units (D4R) formed exclusively form the T1 atoms [56].

The stability is gained in D4R cages when germanium replaces si-
licon in the TO, tetrahedra [8] since the isomorphous substitution of Si
by Ge does not introduce any framework charge but allows angles and
distances to vary and thereby stabilizing such a secondary building
block. Sastre et al. showed that Ge/Si substitutions into the T1 sites of
BEC (i.e., into D4R units) were thermodynamically favored [57]. Si-
milarly, Blasco et al. showed that Ge atoms selectively and pre-
ferentially occupy positions in D4R cages of the ITQ-7 [58] and ITQ-21
[59], respectively, zeolites.

Industrial application of microporous germanosilicate with a high
Ge content is limited since these materials are not thermally stable and
because of the high price of germanium [53]. Furthermore, since Ge
atoms occupying tetrahedral sites are not charged, they cannot balance
catalytically active species, that is, protons, metal cations, and metal-
oxo cations. Therefore, a postsynthesis substitution of Ge for Al was
developed for a BEC-type material [53]. Partial isomorphic substitution
was successful, showing an increase in the Si/Ge ratio. Moreover, Al
MAS NMR experiments revealed the incorporation of tetrahedral Al into
the framework [53]. Framework Al atoms stabilize the BEC zeolite
framework, and furthermore, introduce a negative charge [53].

4. Computational models and methods

The QM/MM (employing the QMPOT program) approach coupled
with the GIAO NMR calculations was employed to evaluate the effect of
framework Ge and Al atoms as the nearest (Ge-O-Si and Al-O-Si) and
next-nearest (Ge-O-Si-O-Si and Al-O-Si-O-Si) neighbors on the Si atom.
This methodology has been shown to provide results which either re-
produced observed /Al and 2°Si NMR parameters or permitted suc-
cessful interpretations of 2’Al and 2°Si MAS NMR measurements for
zeolites [34,47-50,60,61]. Therefore, we chose this approach to study
the effect of framework Ge and Al atoms on the 2°Si chemical shift of Si
and the local geometry of SiO, tetrahedra in frameworks of germanium
containing zeolites.

4.1. QM-Pot computational model

A bare zeolite framework [34] model, which has been successfully
employed in previous studies [34,47-52], that includes neither cations
nor water molecules is adopted to calculate the local structure around
GeO,4, AlO,~, and SiO4 tetrahedra and to predict the 29Gi NMR
shieldings. The bare charged framework was found that it represents a
realistic model to describe the local geometry of AlO,~ and SiO, tet-
rahedra and predict the %Al isotropic chemical shifts and the 2°Si
chemical shifts in aluminosilicates [34,47-52]. Therefore, we assume
that the bare framework model is appropriate to calculate the local
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structure of GeO4, AlO4 ™, and SiO, tetrahedra and to predict the 296§
NMR shieldings in germanosilicates and germanoaluminosilicates. The
bare zeolite framework model is discussed in detail elsewhere [49]. The
starting structure was generated from the all-silica structure solved by
electron crystallography [7]. However, the numbering of the T sites has
been altered to be consistent with that presented in the International
Zeolite Database, see Fig. 1 [56].

QM-Pot method and programs used. The QM-Pot method employed
[62,63] partitions the whole system into two parts. The inner part is
treated by QM, and the outer part as well as all of the interactions
between the inner and the outer layers are treated by parametrized 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. The QM-Pot approach is discussed in detail elsewhere [64].

The calculations were performed by the QMPOT program [63]
which utilizes the Turbomole program [65-69] for the QM part and the
GULP program [70,71] for the periodic potential function calculations.
The DFT method employing the hybrid B3LYP [72,73] functional and
the TZVP basis set of Ahlrichs et al. [74] were used for the QM calcu-
lations. Shell-model ion-pair potentials [75] parametrized on DFT re-
sults for zeolites [76] were employed as Pot. The electrostatic energy
was evaluated by standard Ewald summation techniques for all cores
and shells. A cutoff radius of 10 A was chosen for the summation of
short-range interactions.

QM-Pot optimization of structures. Both the lattice constants and the
atomic positions of the studied systems were optimized by the force
field GULP program at constant pressure. The optimized structures were
subsequently used for defining a cluster around the Ge, Al, and Si atoms
for the subsequent QM-Pot (DFT/force field) calculations. The clusters
were embedded, and the structure of the entire system was optimized
by QMPOT at constant volume.

QM-Pot cluster models. Single centered clusters were used to cal-
culate the structure and the 2°Si NMR parameters of SiO, tetrahedra of
a single Si atom occupying the crystallographically distinguishable T
sites in the framework of all-silica BEC. The clusters have the Si atom in
the center and include five coordination shells (Si-O-Si-O-Si-O-Hjini)
(Fig. 2) [34,40,47-50].

The Si atoms in the center occupied one of the distinguishable T
sites of BEC. Because of the presence of silicate rings in the framework
of BEC, the created clusters contained pairs of very close Hy;, atoms.
Since the close Hj;, atoms represented the same Si atom, they were
replaced by the corresponding Si(OHj;,i)> moiety. This was repeated
until the cluster contained no such pairs.

Double centered clusters were employed to evaluate the effect of
one Ge and Al isomorphous substitution on the >°Si chemical shift and
the SiO,4 local geometry of the nearest (Ge-O-Si) and (Al-O-Si) and next-
nearest (Ge-O-Si-O-Si) and (Al-O-Si-O-Si) Si atoms. The clusters were
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Fig. 3. Examples of double-centered clusters, centered around T site Si(T1) and the nearest neighbor (T1 atom) for Si-O-Si (left), Ge-O-Si (middle), and Al-O-Si (right),
with the atoms corresponding to these sequences displayed in balls. Silicon atoms are in gray, aluminum atoms in violet, germanium atoms in blue, oxygen atoms in
red, and link hydrogen atoms in white. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Si(T1)

Al(T1)

Fig. 4. Examples of double-centered clusters, centered around Si(T1) and the next-nearest neighbor (T1 atom) for Si-O-Si-O-Si (left), Ge-O-Si-O-Si (middle), and Al-O-
Si-O-Si (right), with the atoms corresponding to these sequences displayed in balls. Silicon atoms are in gray, aluminum atoms in violet, germanium atoms in blue,
oxygen atoms in red, and link hydrogen atoms in white. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

prepared by merging two five coordination shell clusters (T-O-Si-O-Si-
O'Hlink and Si-O-T-O-Si-O-Hlink for T-O-Si; T-O-Si-O-Si-O-Hnnk and Si-O-
Si-O-T-O-Hjjy for T-O-Si-O-Si), which were centered around the T
(T = Ge and Al) and Si atoms (Figs. 3 and 4).

The calculations were carried out for three variants of the cluster for
each T-O-Si and T-O-Si-O-Si sequence (T = Ge and Al). The first variant
contains both the Ge and the Si atoms (Ge-O-Si and Ge-O-Si-O-Si), the
second variant contains both the Al and the Si atoms (Al-O-Si and Al-O-
Si-0-Si), and in the third variant the T (T = Ge and Al) atom is replaced
by Si (Si-O-Si and Si-O-Si-O-Si). Using the three variants of each cluster
allows comparison between the effects of Ge and Al as the nearest (T-O-
Si) and next-nearest (T-O-Si-O-Si) neighbors on Si.

Triple, quadruple, and pentuple centered clusters were used in
the same manner as the double centered clusters to calculate the effects
of two, three, and four, respectively, Ge atoms as the nearest neighbors
(i.e., Si(2Si,2Ge), Si(1Si,3Ge), and Si(0Si,4Ge), respectively). The clus-
ters were prepared by merging three (Si(2Si,2Ge)), four (Si(1Si,3Ge)),
and five (Si(0Si,4Ge)) five coordination shell clusters, which were
centered around the Ge and Si atoms (Fig. 5).

Three variants of the clusters were used: first contains both the Ge
atoms and the Si atom, the second both the Al atoms and the Si atom,
and in the third variant the T (T = Ge and Al) atoms are replaced by Si
to allow the evaluation of the effects of the Ge and Al atoms.

Furthermore, we employed in the same manner mixed Ge and
Al containing triple (for Si(T1), Si(T2), and Si(T3)) and quadruple
(only for Si(T1)) centered clusters to investigate the concomitant effects
of both Ge and Al in Ge-0O-Si-O-Al and (Ge-0),-Si(T1)-O-Al sequences in
germanoaluminosilicates. The latter sequences were calculated only for
Si(T1) to limit the number of possible combinations. The T1 framework

distinguishable site was chosen because Ge/Si substitutions into the T1
sites of BEC are thermodynamically favored [57] and each Ge(T1) atom
has three Si(T1) nearest neighbors.

4.2. Calculation of ?°Si NMR shielding

Subsequent to the QM-Pot structure determination, the GIAO NMR
method [77] in the Gaussian program [78] was employed to calculate
NMR shielding tensors for the Si atoms of the optimized clusters using
the B3LYP functional. The pcS basis sets of Jensen [79] were employed,
with pcS-4 for the Si atom of interest and pcS-1 for all the other atoms
(TZVP for Ge atoms since the corresponding pcS basis sets are not
available).

5. Experimental results

The ?°Si MAS NMR spectra of the BEC-Ge and BEC-Ge/Al samples
(Fig. 6) show very broad resonances due to the presence of various
different sites with close chemical shifts.

The ?°Si NMR resonances corresponding to Si of silanol groups (Si-
OH) can overlap with those of Si in Si-O-Al sequences [34]. The CP MAS
NMR experiments carried out on the BEC-Ge/Al sample indicate that
the signals from ca —95 ppm to about —100 ppm correspond to Si
(3Si,0H) atoms. We assume that new defects (i.e., silanol “nests”) were
created during the substitution of Ge for Al in addition to the terminal
silanol groups already present in the initial material.
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Al(TL) [

Fig. 5. Examples of triple-centered clusters, centered around T site Si(T1) and the two nearest Si (left, top), Ge (middle, top), and Al (right, top) neighbors (T1 atoms);
quadruple-centered clusters, centered around T site Si(T1) and the three Si (left, middle), Ge (middle, middle), and Al (right, middle) nearest neighbors (T1 and T2
atoms); pentuple-centered clusters, centered around T site Si(T1) and the four Si (left, bottom), Ge (middle, bottom), and Al (right, bottom) nearest neighbors (T1 and
T2 atoms). The Si(T1) atom and the corresponding Si, Ge, and Al nearest neighbors are displayed in balls. Silicon atoms are in gray, aluminum atoms in violet,
germanium atoms in blue, oxygen atoms in red, and link hydrogen atoms in white. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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-60 -70 —-80 —-90 —100 —110 —120 —130 —140 —150

S (ppm)

Fig. 6. 29Gi MAS NMR spectra of (a) BEC-Ge/Al calcined sample, (b) CP
TH—2Si MAS NMR spectra of BEC-Ge/Al calcined sample, (c) BEC-Ge calcined
sample.
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6. Computational results

6.1. Structure of SiO, tetrahedra and ?°Si chemical shifts of a single Si atom
occupying the T1, T2, and T3 sites

The QM-Pot calculations using single centered clusters show three
distinguishable T sites: T1, T2, and T3 which have multiplicities of 16,
8, and 8, respectively, and yield the ?°Si NMR shieldings and the
average T-O-T angles of the three distinguishable T sites of the BEC
framework (Table 1).

A chabazite sample having a Si/Al ratio of 38 was employed to
convert the calculated 2°Si NMR shieldings into the 2°Si chemical shifts
(Table 1) [34,49]. Table 1 also reports the three distinct experimental
29i chemical shifts for the all-silica BEC obtained by Corma et al. [80]
(i.e., =110, —112, and —116 ppm), which can be assigned to the T
sites using the calculations in this study. The calculated 2°Si chemical
shifts (Table 1) are plotted against the average T-O-T angles for the
three T sites in Fig. S1 of the Supplementary material.

6.2. Effect of one Ge/Si and Al/Si substitution on the nearest Si atom (Ge-
0-Si) and (Al-O-Si)

Single Ge/Si and Al/Si substitutions are performed for all four



S.R. Whittleton et al.

Table 1

29Si NMR shieldings in ppm, average T-O-T angles in deg, and 2°Si chemical
shifts in ppm of Si in the distinguishable T sites (T1, T2, and T3) of the BEC
framework.

Tsite  Multiplicity 2°Si NMR Average T-O-T  2°Si chemical shift
shielding angle
Calculated”  Observed”
Si(T1) 16 449.4 148.5 -110.7 -110
Si(T2) 8 449.8 148.7 -111.1 -112
Si(T3) 8 455.7 154.7 -117.0 —-116

@ The 2°Si chemical shifts were obtained by a conversion of the GIAO NMR
shieldings using the calculated and measured shielding/shift values of
450.2 ppm and —111.5ppm, respectively, for the chabazite sample [34,49].
The multiplicity of the three T sites (2:1:1 for T1:T2:T3) of BEC is taken into
account as well [56].

> The observed 2°Si chemical shift are taken from Ref. [80].

nearest TO4 neighbors of each of the three crystallographically distin-
guishable T sites (T1, T2, and T3) in the BEC framework (see Fig. 3).
The 2°Si NMR shieldings, the 2°Si chemical shifts, and the average T-O-
T angles of the SiO4 of the optimized structures are reported in Table S1
of the Supplementary material. The 2°Si chemical shifts are also listed
in Tables 2 and 3. Furthermore, the 2°Si chemical shifts are plotted
against the average T-O-T angles in Fig. S2 of the Supplementary ma-
terial. The figure reveals good correlation especially for Ge.

Table S1 of the Supplementary material compares the Ge- and Al-
substituted sequences (Ge-O-Si and Al-O-Si) to the non-substituted (Si-
O-Si) all-silica framework to reveal the effects of these isomorphous
substitutions. For all three T sites, the calculations for Ge-O-Si se-
quences yield a systematic downshift (A) of the 2°Si chemical shift of Si
by 1.3-6.0 ppm as well as mainly a decrease in the average T-O-T angle
by —0.3-4.6°. It should be noted that the magnitude of the effect of Ge
substitution is generally the smallest for Si in the T3 site. Table S1 of the
Supplementary material reveals that for the Al-O-Si sequences there is a
systematic downshift (A) of 2°Si chemical shift of Si by 3.2-10.8 ppm as
well as mainly a decrease in the average T-O-T angle by —0.4-4.4°,
respectively.

6.3. Effects of two Ge/Si and Al/Si substitutions on the nearest Si(25i,2Ge)
and Si(2Si,2Al) atoms, respectively

Two Ge/Si and Al/Si substitutions are made for all four nearest TO,4
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neighbors of each of the three crystallographically distinguishable T
sites (T1, T2, and T3) in the BEC framework (see Fig. 5). The 2°Si NMR
shieldings, the 2°Si chemical shifts, and the average T-O-T angles of the
SiO4 of the optimized structures are listed in Table S2 of the Supple-
mentary material. The 2°Si chemical shifts are also listed in Tables 2
and 3. Moreover, the 2°Si chemical shifts are plotted against the average
T-O-T angles in Fig. S3 of the Supplementary material. The figure re-
veals good correlation particularly for Ge.

Table S2 of the Supplementary material compares the effects of two
Ge and Al atoms as the nearest neighbors (i.e., Si(2Si,2Ge) and Si
(2Si,2A1)) to the non-substituted all silica framework. The calculated
downshifts (A) of Si caused by two Ge and Al lie in the range from 1.6 to
6.3 ppm and from 6.5 to 18.1 ppm, respectively. The calculations reveal
that the contributions of the two Ge atoms as the nearest neighbors to
the downshift of Si are not additive (i.e., A = X; ¥ is the sum of the two
individual downshifts (Table S1 of the Supplementary material) of the
corresponding Ge atoms) in most cases while the contributions of two
Al atoms are approximately additive (i.e., A = X; X is the sum of the two
individual downshifts (Table S1 of the Supplementary material) of the
corresponding Al atoms). Table S2 of the Supplementary material also
shows mainly a decrease in the average T-O-T angle by —1.2-4.4° (Ge)
and —4.3-7.5° (AD.

6.4. Effects of three Ge/Si and Al/Si substitutions on the nearest Si
(1Si,3Ge) and Si(1Si,3AD) atoms, respectively

Three Ge/Si and Al/Si substitutions are carried out for all four
nearest TO, neighbors of each of the three crystallographically distin-
guishable T sites (T1, T2, and T3) in the BEC framework (see Fig. 5).
The 2°Si NMR shieldings, the 2°Si chemical shifts, and the average T-O-
T angles of the SiO, of the optimized structures are shown in Table S3 of
the Supplementary material The 2°Si chemical shifts are also listed in
Tables 2 and 3. In addition, the °Si chemical shifts are plotted against
the average T-O-T angles in Fig. S4 of the Supplementary material. The
figure reveals excellent correlation for both Ge and Al

Similarly, as for two Ge and Al nearest neighbors, Table S3 of the
Supplementary material shows that three Ge/Si and Al/Si substitutions
cause a downshift (A) of Si(2Si,2Ge) and Si(2Si,2Al), respectively, from
0.6 to 8.9 ppm and from 13.6 to 23.2 ppm, respectively. Table S3 of the
Supplementary material reveals that the contributions of the three Ge
atoms as the nearest neighbors to the downshift of Si are not additive
(i.e., A = %; ¥ is the sum of the three individual downshifts (Table S1 of
the Supplementary material) of the corresponding Ge atoms) while the

Table 2

29Gi chemical shifts (in ppm) of Si(T)(45i,0Ge), Si(T)(3Si,1Ge), Si(T)(2Si,2Ge), Si(T)(1Si,3Ge), and Si(T)(0Si,4Ge) atoms for T = T1, T2, and T3.
nearest neighbors 8(Si(T1))? nearest neighbors 8(Si(T2))? nearest neighbors 8(Si(T3))?

—110.0 -112.0 —-116.0

Ge(T1)® —104.0 Ge(T1) —108.3 Ge(T2) —-114.5
Ge(T1)® -107.7 Ge(T3) —108.9 Ge(T3)¢ —-114.7
Ge(Tl)b —-107.6 Ge(T3)¢ —-114.3
Ge(T2) —-106.7
Ge(T1), Ge(T1)¢ —104.3 Ge(T1), Ge(T1) —-107.6 Ge(T2), Ge(T2) —-114.1
Ge(T1), Ge(T1)¢ —108.4 Ge(T1), Ge(T3) —105.7 Ge(T2), Ge(T3)¢ —-111.9
Ge(T1), Ge(Tl)d —105.8 Ge(T3), Ge(T3) —-106.6 Ge(T2), Ge(T3)¢ —-113.3
Ge(T1), Ge(T2)" —-104.7 Ge(T3), Ge(T3) —-112.5
Ge(T1), Ge(T2) -103.7
Ge(T1), Ge(T2) -107.2
Ge(T1), Ge(T1), Ge(T1) —-107.0 Ge(T1), Ge(T1), Ge(T3) —104.6 Ge(T2), Ge(T2), Ge(T3)® —-111.5
Ge(T1), Ge(T1), Ge(T2)" —104.6 Ge(T1), Ge(T3), Ge(T3) —-103.1 Ge(T2), Ge(T2), Ge(T3)® —-115.4
Ge(T1), Ge(T1), Ge(T2)" —-106.9 Ge(T2), Ge(T3), Ge(T3) —109.4
Ge(T1), Ge(T1), Ge(T2)" -104.7
Ge(T1), Ge(T1), Ge(T1), Ge(T2) —105.3 Ge(T1), Ge(T1), Ge(T3), Ge(T3) —-101.0 Ge(T2), Ge(T2), Ge(T3), Ge(T3) —-111.0

2 The 2°Si chemical shifts in ppm were obtained as follows: §(Si(T1)) = —110.0 + A(shieldings) for Si in T1; §(Si(T2)) = —112.0 + A(shieldings) for Si in T2; 5(Si
(T3)) = —116.0 + A(shieldings) for Si in T3; where —110.0, —112.0, —116.0 are the experimental 29Gi chemical shifts [80] in ppm assigned to Si in T1, T2, and T3,

respectively.

b.e d e f & h The corresponding clusters have symmetrically inequivalent O atoms.
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Table 3

296i chemical shifts (in ppm) of Si(T)(4Si,0Al), Si(T)(3Si,1Al), Si(T)(2Si,2AlD), Si(T)(1Si,3Al), and Si(T)(0Si,4Al) atoms for T = T1, T2, and T3.
nearest neighbors 8(Si(T1))? nearest neighbors 8(Si(T2))? nearest neighbors 8(Si(T3))?

—-110.0 —-112.0 —-116.0

Al(Tl)b -101.7 Al(T1) —106.1 Al(T2) —110.0
Al(T1)® —101.8 Al(T3) —102.5 AI(T3)¢ —105.2
Al(T1)® —104.9 Al(T3)* —108.3
Al(T2) —106.8
AI(T1), Al(T1)¢ —-93.3 Al(T1), Al(T1) —103.3 Al(T2), AI(T2) —103.8
AI(T1), AI(T1)? —-97.4 Al(T1), AI(T3) —-98.3 Al(T2), AI(T3)® —-98.0
Al(T1), Al(Tl)d -96.3 AI(T3), AI(T3) -93.9 AI(T2), AI(T3)¢ —104.3
Al(T1), Al(T2)f —98.6 AI(T3), AI(T3) —98.5
Al(T1), A(T2)f —-99.2
AI(T1), AI(T2)" —103.5
Al(T1), Al(T1), AI(T1) —88.7 Al(T1), Al(T1), AI(T3) —-95.1 AI(T2), AI(T2), AI(T3)® —94.6
AI(T1), AI(T1), AI(T2)" —-93.3 Al(T1), AI(T3), AI(T3) —-90.2 Al(T2), Al(T2), AI(T3)8 —-102.4
AI(T1), AI(T1), AI(T2)" —-95.6 Al(T2), AI(T3), AI(T3) —92.8
Al(T1), AI(T1), Al(T2)" -95.9
Al(T1), Al(T1), AI(T1), AI(T2) -90.0 Al(T1), Al(T1), AI(T3), AL(T3) —-87.0 Al(T2), Al(T2), AI(T3), AI(T3) —-91.2

3 The 2°Si chemical shifts in ppm were obtained as follows: §(Si(T1)) = —110.0 + A(shieldings) for Si in T1; §(Si(T2)) = —112.0 + A(shieldings) for Si in T2; §(Si
(T3)) = —116.0 + A(shieldings) for Si in T3; where —110.0, —112.0, —116.0 are the experimental 29Gi chemical shifts [80] in ppm assigned to Si in T1, T2, and T3,

respectively.
b,c d e f, g h

contributions of three Al atoms are approximately additive (i.e., A = Z;
¥ is the sum of the three individual downshifts (Table S1 of the Sup-
plementary material) of the corresponding Al atoms). Table S3 of the
Supplementary material also shows both an increase (minus sign) and a
decrease (plus sign) in the average T-O-T angle by —2.6-4.4° (Ge) and
—6.2-8.2° (Al).

6.5. Effects of four Ge/Si and Al/Si substitutions on the nearest Si(0Si,4Ge)
and Si(0Si,4Al) atoms, respectively

Four Ge/Si and Al/Si substitutions are performed for all four nearest
TO,4 neighbors of each of the three crystallographically distinguishable
T sites (T1, T2, and T3) in the BEC framework (see Fig. 5). The 2Si
NMR shieldings, the 2?Si chemical shifts, and the average T-O-T angles
of the SiO,4 of the optimized structures are revealed in Table S4 of the
Supplementary material. The 2°Si chemical shifts are also listed in
Tables 2 and 3. Furthermore, the 2°Si chemical shifts are plotted against
the average T-O-T angles in Fig. S5 of the Supplementary material.
Table S4 of the Supplementary material reveals that Si(0Si,4Ge) and Si
(0i,4Al) atoms are downshifted (A) by 4.7-11.0ppm and
20.0-25.0 ppm, respectively. The contributions of four Ge are non-ad-
ditive (i.e., A = X; X is the sum of the four individual downshifts (Table
S1 of the Supplementary material) of the corresponding Ge atoms))
while those of four Al are approximately additive (i.e., A = Z; X is the
sum of the four individual downshifts (Table S1 of the Supplementary
material) of the corresponding Al atoms). The calculated average T-O-T
angle is decreased by up to 5° (Ge) and 4° (Al).

6.6. Effects of mixed Ge/Si and Al/Si substitutions on the nearest Si
(2Si,1Ge, 1Al and Si(T1)(Si,2Ge,1Al) atoms

One Ge/Si and one Al/Si concomitant substitutions are made for all
four nearest TO4 neighbors of each of the three crystallographically
distinguishable T sites (T1, T2, and T3) in the BEC framework.
Furthermore, two Ge/Si and one Al/Si concomitant substitutions are
performed for all four nearest TO4 neighbors of T1. The 2961 NMR
shieldings, the 2°Si chemical shifts, and the average T-O-T angles of the
SiO4 of the optimized structures are shown in Table S5 of the Supple-
mentary material. The 29Gi chemical shifts of the Si(T)(2Si,1A1,1Ge)
atoms are also listed in Table 4. Moreover, the 2°Si chemical shifts are
plotted against the average T-O-T angles for the Si(T)(2Si,1AL1Ge)
atoms in Fig. S6 of the Supplementary material. The figure reveals good
correlation.

The corresponding clusters have symmetrically inequivalent O atoms.
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Table S5 of the Supplementary material compares the effects of one
Ge/Si and one Al/Si concomitant substitutions (i.e., Si(2Si,1Ge,1Al))
and two Ge/Si and one Al/Si concomitant substitutions (i.e., Si(T1)
(Si,2Ge,1A1)) to the non-substituted all silica framework. The calculated
downshifts (A) of Si of Si(2Si,1Ge,1Al) lie in the range from 2.1 to
13.4 ppm while those of Si of Si(T1)(Si,2Ge,1Al) from 3.8 to 12.3 ppm.
The calculations reveal that the contributions of the one Ge and one Al
as the nearest neighbors to the downshift of Si are approximately ad-
ditive (i.e., A = X; X is the sum of the two individual downshifts (Table
S1 of the Supplementary material) of the corresponding Ge and Al
atoms) in most cases while the contributions of two Ge and one Al are
not additive (i.e., A = X; X is the sum of the two individual downshifts
(Table S1 of the Supplementary material) of the corresponding Ge
atoms and one individual downshift of the Al atom). Table S5 of the
Supplementary material also shows mainly a decrease in the average T-
O-T angle by —4.5-6.8° for Si(2Si,1Ge,1Al) and —3.9-5.3° for Si(T1)
(5i,2Ge,1Al).

6.7. Effect of Ge/Si and Al/Si substitutions on the next-nearest Si atom (Ge-
0-Si-0-Si) and (Al-O-Si-O-Si)

16 next-nearest neighbor positions were selected for a single iso-
morphous substitution of Si for Al or Ge at a T site in the BEC frame-
work. The ?°Si NMR shieldings, the 2°Si chemical shifts, and the
average T-O-T angles of the SiO4 of the optimized structures are re-
ported in Table S6 of the Supplementary material. In addition, the 2°Si
chemical shifts are plotted against the average T-O-T angles in Fig. S7 of
the Supplementary material. The figure reveals good correlation for
both Ge and Al

Table S6 of the Supplementary material compares the Ge- and Al-
substituted structures (Ge-O-Si-O-Si and Al-O-Si-O-Si) to the non-sub-
stituted (Si-O-Si-O-Si) all-silica framework to reveal the effects of this
isomorphous substitution. The findings in Table S6 of the Supplemen-
tary material regarding the effects of the substitution (A values) on the
295i NMR shielding vary depending on the T site and the atom that is
substituted (Ge or Al). The A values for the 2°Si NMR shielding values
range from —2.6-2.2 ppm for Ge and —2.1-3.3 ppm for Al. However,
the majority of the A values for Ge and Al are less than = 1.0 and =
2.0 ppm, respectively. The largest A values in shielding are observed at
the T3 site, specifically when substitution occurs at a T3 next-nearest
neighbor (upshift —2.6 ppm). In addition, an Al next-nearest neighbor
substitution has a larger effect on shielding than the respective Ge next-
nearest neighbor.
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Table 4

295i chemical shifts (in ppm) of Si(T)(2Si,1Al,1Ge) atoms for T = T1, T2, and T3.
nearest neighbors 8(Si(T1))? nearest neighbors 8(Si(T2))? nearest neighbors 8(Si(T3))?
AI(T1), Ge(T1)® -97.7 Al(T1), Ge(T1) —105.0 Al(T2), Ge(T2) —108.7
Al(T1), Ge(Tl)b —-98.3 Al(T1), Ge(T3) —-103.9 AI(T2), Ge(T3)¢ —-102.6
Al(T1), Ge(T1)® —-102.2 Ge(T1), AI(T3) —-99.1 Al(T2), Ge(T3)¢ -107.7
AI(T1), Ge(T1)® —-103.6 Al(T3), Ge(T3) —100.1 Ge(T2), Al(T3)¢ —106.0
AI(T1), Ge(T1)® -101.3 Ge(T2), AI(T3)? —108.4
AI(T1), Ge(T1)® —-102.2 AI(T3), Ge(T3)® —-103.3
AI(T1), Ge(T2)f —-98.4 AI(T3), Ge(T3)¢ —-107.5
AI(T1), Ge(T2) -97.5
AI(T1), Ge(T2) -102.5
Ge(T1), Al(T2)8 —-104.3
Ge(T1), Al(T2)® —-103.5
Ge(T1), Al(T2)8 —-107.9

@ The 2°Si chemical shifts in ppm were obtained as follows: §(Si(T)) = —110.0 + A(shieldings) for Si in T1; §(Si(T2)) = —112.0 + A(shieldings) for Si in T2; §(Si
(T3)) = —116.0 + A(shieldings) for Si in T3; where —110.0, —112.0, —116.0 are the experimental 2°Si chemical shifts [80] in ppm assigned to Si in T1, T2, and T3,

respectively.

b ¢ d e £ 8 The corresponding clusters have symmetrically inequivalent O atoms.

The effect of isomorphous substitution on the average T-O-T angle
of SiO, is also varied, with the A values ranging from —2.4-3.4° for Ge
and —4.3-4.0° for Al Consistent with trends in the NMR shielding,
most of the average T-O-T angles change by less than = 1.0°, with the
largest A values correspond when a T3 next-nearest neighbor sub-
stitution occurs at a T3 site (3.4°). Again, the effects of the next-nearest
neighbor substitutions on the average T-O-T angle are typically greater
for an Al substitution, than its respective Ge analog.

7. Discussion
7.1. °Si chemical shift of Si in the all-silica framework

For the all-silica BEC framework, Table 1 reveals the calculated 2°Si
NMR shieldings, the 2°Si chemical shifts, and the average T-O-T angles
that are distinct for the three T sites, however the T1 and T2 sites are
close in magnitude and have similar average T-O-T angles. The T3 site
is the most shielded, with the largest negative shift and average T-O-T
angle. This is consistent with the previously observed experimental
work which reports three very narrow resonances at —110, —112, and
—116 ppm in the 2°Si MAS NMR spectra that correspond to the three
crystallographically distinguishable positions of the all-silica BEC [80].
In that work, the integrated intensity of the peak at —110 ppm is sig-
nificantly stronger compared to the other two resonances, indicating it
belongs to the sixteen-fold T1 site, and not to the eight-fold T2 and T3
sites. This assignment also matches the calculated °Si NMR shielding
values since the smallest one is calculated for Si in T1. The corre-
sponding calculated 2°Si chemical shift of —110.7 ppm is in good
agreement with the experimental value of —110 ppm. The 2°Si NMR
resonance at —112 ppm can be assigned to Si in T2 since the corre-
sponding calculated 2°Si chemical shift is —111.1 ppm. Our calcula-
tions predict only a very small upshift by 0.4 ppm of the 2°Si chemical
shift of Si in T2 with respect to the 2°Si chemical shift of Si in T1 while
the experiment reveals an upshift by 2ppm. The resonance at
—116 ppm belongs to Si in T3 which is calculated at —117.0 ppm. The
calculated upshift of the 2°Si chemical shift of Si in T3 relative to Si in
T1 is 6.3 ppm while the observed value is 6 ppm. Comparison of the
calculated and experimental 2°Si chemical shifts for the all-silica BEC
framework (Table 1) allows the estimation of the error of the calculated
295i chemical shift which is about 1 ppm.

7.2. 29Si chemical shift of Si in germanosilicate and germanoaluminosilicate
frameworks

It is well known that Al atoms as the nearest neighbor (i.e., Si
(3Si,1Al)) strongly influence the 296i chemical shift of Si in

aluminosilicates and that the effect of more Al atoms as the nearest
neighbors on the 2°Si chemical shift of Si (i.e., Si(2Si,2Al), Si(1Si,3Al),
and Si(0Si,4Al)) is additive [29,38,81]. The Si(3Si,1Al) signal is
downshifted by some 6 ppm, however, the downshift can be larger,
reaching 9 ppm for zeolite Beta [82] and it might reach even somewhat
larger values [39]. Our computations (Table S1 of the Supplementary
material) show that the effect of one Al atom as the nearest neighbor
(i.e., Si(3Si,1Al)) in the BEC framework is a systematic downshift from
3 to 11 ppm. These results are close to those obtained in our prior study
for the silicon-rich zeolite of the chabazite structure [34]. Furthermore,
Tables S2, S3, and S4 of the Supplementary material reveal that the
contributions of two, three, and four Al atoms, respectively, as the
nearest neighbors are approximately additive and the calculated
downshifts range from 7 to 18 ppm, from 14 to 23 ppm, and from 20 to
25 ppm, respectively. These results are in general accord with the
current knowledge [39].

Conversely, the effect of Ge as the nearest neighbor on the °Si
chemical shift of Si (i.e., Si(3Si,1Ge), Si(2Si,2Ge), Si(1Si,3Ge), and Si
(0Si,4Ge)) in germanosilicates is not known. Our calculations (Table S1
of the Supplementary material) reveal that one Ge atom in Ge-O-Si
sequences (i.e., Si(3Si,1Ge)) cause a systematic downshift of the 29gi
chemical shift of Si from 1 to 6 ppm, the majority are a downshift of
2-3 ppm. These values are only about half compared to the effects of Al
is Al-O-Si. Moreover, Tables S2, S3, and S4 of the Supplementary ma-
terial reveal that the contributions of two, three, and four Ge atoms,
respectively, as the nearest neighbors to the downshift of Si are not
additive and the calculated downshifts lie in the intervals from 2 to
6 ppm, from 1 to 9ppm, and from 5 to 11 ppm, respectively. These
values are less than half compared with the corresponding downshifts
caused by Al nearest neighbors.

295i MAS NMR spectra of germanoaluminosilicates are more com-
plex since 2Si chemical shifts of framework Si atoms are affected by
both Ge and Al atoms as the nearest neighbors. Our calculations (Table
S5 of the Supplementary material) reveal that the contributions of one
Ge atom and one Al atom as the nearest neighbors to the downshift of Si
(i.e., Si(2Si,1Ge,1Al)) are approximately additive while the opposite is
true for Si(1Si,2Ge,1Al). The reason is that the contributions of more Ge
atoms as the nearest neighbors are not additive. This non-additivity
complicates interpretations of 2°Si MAS NMR spectra of germanoalu-
minosilicate samples with lower Si/Ge ratios.

The previous study of the influence of Al on Si in Al-O-Si-O-Si (next-
nearest neighbor) in the silicon-rich zeolite of the chabazite structure
revealed a systematic downshift which ranges from 0 to 2 ppm, the
majority are a downshift up to 1ppm [34]. The results of this in-
vestigation (Table S6 of the Supplementary material) yield different
results; an upshift (up to — 2 ppm) for some Al-O-Si-O-Si sequence and a
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Fig. 7. 2°Si MAS NMR spectrum of the BEC-Ge calcined sample with the cal-
culated 2°Si chemical shifts of the Si(T)(4Si,0Ge) atoms (red lines); Si(T)
(3Si,1Ge), Si(T)(2Si,2Ge), Si(T)(1Si,3Ge), and Si(T)(0Si,4Ge) atoms (black
lines) for T = T1, T2, and T3.
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downshift (up to 3 ppm) for the others. Therefore, the effect of Al on the
295i chemical shift of Si in Al-O-Si-O-Si depends on the type of the
framework of the zeolite. Similarly, as for Al, our computations also
reveal that Ge atoms in Ge-0-Si-O-Si affect the 2°Si chemical shift of Si
resulting in an upshift (up to — 3 ppm) for some Ge-O-Si-O-Si sequences
and a downshift (up to 2 ppm) for the others. However, almost all of the
A values are less than + 1.0 ppm (Table S6 of the Supplementary ma-
terial) so the effects of Ge atoms as next-nearest neighbors can be ne-
glected for °Si MAS NMR spectra interpretations. It should be noted
that for germanosilicate samples with lower Si/Ge ratios, there can be
multiple Ge atoms as next-nearest neighbors and their contributions to
the downshift of Si are not additive.

Fig. 7 compares the calculated 2°Si chemical shifts of Si(T)(45i,0Ge),
Si(T)(3Si,1Ge), Si(T)(2Si,2Ge), Si(T)(1Si,3Ge), and Si(T)(0Si,4Ge)
atoms for T = T1, T2, and T3 (Table 2) with the observed 2°Si MAS
NMR spectrum of the BEC-Ge calcined sample. The range of the com-
puted °Si chemical shifts is in very good agreement with the experi-
ment. The very low intensity >°Si NMR resonance around — 100 ppm
belongs to surface terminal silanol groups. The 2°Si MAS NMR spectrum
of BEC-Ge was not simulated since there are too many uncertain
parameters (e.g., which of the Si(T1,2,3)(3Si,1Ge), Si(T1,2,3)(2Si,2Ge),
and Si(T1,2,3)(1Si,3Ge) atoms are present in the sample, width of 29gj
NMR resonances, possibly the Gaussian/Lorentzian proportions of 2°Si
NMR resonances).

Similarly, Fig. 8 compares the calculated 2°Si chemical shifts of Si
(T)(4Si,0Ge,0Al), Si(T)(3Si,1Ge,0Al), Si(T)(3Si,0Ge,1Al), Si(T)(2Si,1-
Ge,1Al), Si(T)(2Si,2Ge,0Al), and Si(T)(1Si,3Ge,0Al) atoms for T = T1,
T2, and T3 (Tables 2—-4) with the observed 2°Si MAS NMR spectrum of
the BEC-Ge/Al calcined sample. Both the theoretical and experimental
results are in agreement. The ?°Si NMR resonances from around
—100 ppm to ca —95 ppm correspond to silanol groups as evidenced by
the CP '"H—?°Si MAS NMR spectra. However, low intensity 2°Si NMR
resonances of various Si atoms of Si(2Si,1Ge,1Al) can also be present in
the spectrum at ca — 100 ppm to — 97 ppm (Table 4) and if present they
would overlap with the resonances belonging to silanols. The alumi-
nation procedure increased the concentration of silanol groups in the
BEC-Ge/Al sample. The 2°Si MAS NMR spectrum of BEC-Ge/Al was not
simulated either because there are even more uncertain parameters.
The good agreement between the calculated and experimental ranges of
295i chemical shifts for both the samples validates the computational
approach used.
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Fig. 8. 2°Si MAS NMR spectrum the of BEC-Ge/Al calcined sample with the
calculated 2°Si chemical shifts of the Si(T)(45i,0Ge,0Al) atoms (red lines); Si(T)
(3Si,1Ge,0Al), Si(T)(2Si,2Ge,0Al) and Si(T)(1Si,3Ge,0Al) atoms (black lines); Si
(T)(3Si,0Ge,1Al) and Si(T)(2Si,1Ge,1Al) atoms (blue lines) for T = T1, T2, and
T3. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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8. Conclusions

This study examines the effects of one, two, three, and four frame-
work T (T = Ge and Al) atoms as the nearest (T-O-Si) neighbors on the
295i chemical shift and the SiO, local geometry of Si employing the QM-
Pot approach together with the bare zeolite framework model and the
GIAO NMR method. These computations give a systematic downshift of
the 2°Si chemical shift of Si by 1-6 ppm and 3-11 ppm for Ge-O-Si and
Al-O-Si sequences, respectively. The majority of the downshifts are
2-3 ppm for Ge and 5-8 ppm for Al. Furthermore, our results reveal that
the contributions of two, three, and four Ge atoms as the nearest
neighbors to the downshift of Si are not additive and the calculated
downshifts lie in the intervals from 2 to 6 ppm, from 1 to 9 ppm, and
from 5 to 11 ppm, respectively. Conversely, the contributions of two,
three, and four Al atoms as the nearest neighbors are approximately
additive and the calculated downshifts range from 7 to 18 ppm, from 14
to 23 ppm, and from 20 to 25 ppm, respectively. The downshifts caused
by Ge nearest neighbors are less than half compared with the corre-
sponding downshifts caused by Al

Our calculations show that there is no systematic contribution of T
(T = Ge and Al) in T-O-Si-O-Si sequences to the 296i chemical shift of Si,
and not even the direction (sign) can be predicted without calculating
the corresponding sequence. The effect is = 1 and = 2ppm for the
majority of the Ge and Al atoms, respectively.

The results of this study provide guidance in interpretations of °Si
MAS NMR spectra of Ge containing zeolites and other Ge containing
(alumino)silicate matrixes.
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