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The relative stability of SCM-14 germanosilicate
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We report a computational study of the distribution of germanium ions among the double four-mem-
bered rings (D4Rs) in SCM-14 germanosilicate and the influence of a structure-directing agent (SDA) on
the stability of the as-synthesized material. For the pure zeolite structure, the calculations suggested clus-
tering of Ge ions and the formation of D4Rs populated entirely by Ge heteroatoms, while part of the
D4Rs contain only Si as T-atoms. As a general trend, structures with more Ge-O-Ge bridges are more
stable. Variations in the stabilization energy of the zeolite due to the presence of the SDA are larger in
magnitude than the variations due to different germanium distributions. For this reason, the presence of
the SDA was found to affect the stability order of the individual structures with different germanium distri-
butions but the structures with clustered germanium remain the most stable. The location of the fluoride
anion in D4Rs composed of silicon T-atoms or outside the D4Rs results in strong destabilization of the
structure. The simulated °F NMR chemical shift of fluorine in D4Rs with different germanium contents
suggested similar values of the shifts for models with different compositions and different shifts for
models with the same composition. The calculated chemical shifts for most of the models with two to
eight germanium atoms are in the range of —15 to —5 ppm. Thus, the *°F NMR chemical shift may not be
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1. Introduction

Germanosilicates are a unique class of crystalline microporous
materials in which germanium atoms are incorporated at tetra-
hedral atom (T-atom) positions in a zeolite framework."* The
main role of germanium in these materials is the promotion
of the formation and stabilization of double four-membered
ring (D4R) units during zeolite synthesis, which consequently
allows the synthesis of new zeolite structures with large pore
sizes.>”” While the preferential location of the germanium in
the D4R units of the zeolite framework has been confirmed by
various groups, its distribution among different D4Rs of the
germanosilicate structure and the relative positions of the ger-
manium T-atoms in those units are still under debate. For ger-
manosilicate with the AST framework, Pulido et al.® proposed
that Ge atoms tend to locate far apart, avoiding Ge-O-Ge
links. On the other hand, Kamakoti et al.* suggested that Ge-
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a reliable method for the determination of the germanium content of the D4Rs in germanosilicates.

O-Si and Ge-O-Ge linkages stabilize the D4R units in the BEC
zeolite structure, in contrast to the Si-O-Si linkages. This is
explained by the deformability of all former angles toward
lower values. For UTL germanosilicate, Odoh et al.® observed a
cooperative effect for Ge incorporation in one D4R. Fischer
et al. modelled germanosilicates with AST and ITH framework
types with different germanium contents and found the prefer-
ence for the formation of Ge-O-Ge bridges only in the pres-
ence of fluoride anions in the D4R.'>"

This aspect is particularly important in connection with the
post-synthetic modifications of germanosilicates meant to
transform them in other zeolite structures or to substitute ger-
manium by other elements. Both directions are based on the
ability of germanium to be extracted from the zeolite frame-
work more easily than silicon. The methodology for the syn-
thesis of zeolites with new types of frameworks using ADOR
(assembly-disassembly-organisation-reassembly) is based on
the extraction of labile D4R units and the reassembly of the
obtained zeolite layers."® This process would be facilitated by a
large amount of germanium in those D4Rs. Another post-syn-
thetic treatment may include germanium substitution for
aluminum, which has two benefits - on the one hand stabiliz-
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ing the zeolite framework by removing the labile germanium,
and on the other hand generating Brensted acid sites which
may be used in catalytic applications.”*'* The utilization of
this type of post-synthetic modification requires well-separated
germanium atoms among different D4Rs since the structure
may collapse if germanium atoms are clustered.

Germanium distribution among the D4Rs of germanosili-
cate zeolites is studied by 'F NMR of the fluoride anions
located in the D4Rs of the as-synthesized material. Since the
content of germanium in the D4R cannot be directly derived
from the measured chemical shift, those studies are comple-
mented by relevant computational modeling. An earlier study
of Pulido et al. using anionic D4R fragments with different Ge
contents suggested that the calculated values of the chemical
shifts are in general higher (e.g. lower in absolute value) when
the germanium content of the D4R is higher, but there are
some deviations of this trend for intermediate germanium
content.® A later study of Rigo et al. employed periodic density
functional modeling of a STW zeolite structure with a struc-
ture-directing agent (SDA) inside and calculated the corres-
ponding 'F chemical shifts.'> Although the computed
values deviate notably from the experimentally measured
values, based on the observed trend, they defined four groups
of D4R with different germanium contents with chemical
shifts for the experimental maxima at —-35.7, —16.6, —7.5,
—10.5 ppm. Liu et al. reported a combined computational and
2D NMR study and grouped the D4R into three groups — D4R
composed only of Si T-atoms, D4R in which all Ge atoms are
surrounded by Si T-atoms, and D4R containing at least one
Ge-O-Ge bridge with resonances around -38, —20, and
-9 ppm.*©

The goal of this work is to investigate the relative stability of
the germanosilicate zeolite SCM-14 (SOR framework type)
depending on the location of Ge heteroatoms in the frame-
work and the location and orientation of the SDAs in the as-
synthesized zeolite.® Similar to that of other Ge-containing
zeolite structures, the X-ray powder diffraction (XRD) data
show that Ge occupies only the T-atom positions in the D4R.°
In order to check if Ge is evenly distributed among different
D4Rs or the germanium atoms are clustered close to each
other, we applied the approach used earlier for
ITQ-44 germanosilicate'” — comparison of the relative energies
of the periodic zeolite structures with the same chemical com-
position but different distributions of the germanium
T-atoms. In addition, we carried out structural optimization of
the location of the SDA in the pores of the germanosilicate zeo-
lites and investigated their influence on the relative stability of
the zeolites, depending on the location of Ge heteroatoms in
the framework. From these calculations, we obtained the rela-
tive stability of the optimized as-synthesized structure and the
interaction energy of SDA in different orientations and frame-
works. In the final part of the article, we calculated the '°F
NMR chemical shift for the fluoride anion inside D4Rs with
different Ge contents and distributions in order to analyze the
applicability of this shift in the determination of Ge distri-
bution among D4Rs in germanosilicates.
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2. Computational method and
models

For the modeling, we employed a state-of-the-art compu-
tational method, used currently for computational studies of
zeolite structures. Periodic structures were optimized with calcu-
lations, based on density functional theory (DFT), with the
exchange—-correlation functional suggested by Perdew-Burke-
Ernzerhof (PBE)"® with the additional empirical dispersion cor-
rection proposed by Grimme'® as implemented in the VASP
package.?®*! For calculations we used PAW pseudopotentials**>*
and the valence wave functions were expanded in a plane-wave
basis with a cutoff energy of 415 eV. The Brillouin zone was
sampled using only the I” point.>®

The unit cell of the SCM-14 zeolite framework was opti-
mized for the pure periodic silicate structure with dimensions
a=20.92770 A, b = 17.70280 A, ¢ = 7.58770 A; a = f = y = 90°.
Since the unit cell in direction ¢ was small, we also modeled
the structure with a doubled unit cell in that direction, e.g.
with ¢ = 15.17540 A. The results for this model, containing 288
atoms, are reported in the present work. The size of the unit
cell was taken from the experimental CIF file, reported earlier.°®
The germanium content of the modeled structures, 12 Ge per
unit cell, corresponds to that of the experimentally synthesized
materials.

For the models containing SDA, the amount of SDA in the
zeolite cavities was based on the chemical composition of the
as-synthesized material. For the SCM-14 zeolite, the compo-
sition was (CoNyH;3F); 90(H20)0.84[Si37.8G€10.2096), i.€. two pro-
tonated 4-pyrrolidinopyridine molecules, two fluoride anions,
and one water molecule per unit cell. Since we used a doubled
unit cell along the c-axis, our models involved 4 SDA molecules
and 2 water molecules. The initial orientations of the SDAs
were extracted from the experimental CIF files of the as-syn-
thesized material. The extraction of the SDA position from the
CIF files was somewhat complicated since the as-synthesized
materials contain several different locations and orientations
of the SDAs in the zeolite pores, which overlap in the CIF file.
For this reason, we modeled various orientations of the SDAs
in the two zeolite frameworks using structures with different
germanium distributions.

All atoms in the zeolite framework, SDAs and water were allowed
to relax until the force on each atom was less than 5 x 10 eV pm ™
during the geometry optimization procedure. The relative stability of
the structures was evaluated by the electronic energy difference
between the structures with the same composition as one of the
structures is selected as the reference. The interaction/stabilization
energies of the SDAs with the zeolite framework (equivalent to the
stabilization of the models with SDAs with respect to those without
SDAs) are calculated with respect to 4-pyrrolidinopyridine-HF com-
plexes, water molecules and the corresponding zeolite framework.
The relative energies are calculated with respect to the most stable
models, those with the lowest energy or lowest stabilization energy,
thus all relative energies are positive. A lower value of the relative
energy corresponds to a more stable structure.

This journal is © the Partner Organisations 2022
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The simulation of '’F NMR chemical shifts was done by the
gauge-independent atomic orbitals (GIAOs) method** as
implemented in ORCA, an ab initio, DFT and semiempirical
electronic structure package (vers. 4.1.2).>>*° We used the
hybrid gradient-corrected PBEO exchange-correlation func-
tional'® and def2-TZVP basis set.””*® For the chemical shift
simulations, finer grid and tighter SCF convergence criteria
were used. The calculations were performed with a fragment of
the SCM-14 framework including one D4R with all five-mem-
bered rings surrounding it (see Fig. S1 in the ESIt). The posi-
tions of all atoms were allowed to relax, except that of four
silicon centers, which are the most distant from the D4R (one
per each five-ring). The chemical shifts for fluorine were
obtained by subtraction from the calculated isotropic chemical
shielding value for trichlorofluoromethane (CCL;F). Since the
experimental '’F chemical shift of fluorine in CCIF;,
—-28.6 ppm,* falls in the region of the measured fluorine
chemical shifts in zeolite D4Rs, we calculated the corres-
ponding value using the same computational protocol as for
zeolite models and obtained the value of —33.0 ppm, ie. by
4.4 ppm lower than the experiment. Based on this result we
corrected the calculated values for the '°F chemical shift in
zeolite models by 4.4 ppm and those values are reported and
discussed in the article.

3. Results and discussion
3.1. Germanium distribution in the SCM-14 framework

The SCM-14 zeolite structure has six T-atom positions, each of
them with a multiplicity of 8. Four of those positions partici-
pate in the D4R units of the zeolite structure. The single unit
cell of SCM-14 has four D4Rs, while in the double unit cell
model we have eight D4Rs. In order to evaluate the preferred
Ge distribution in the SCM-14 zeolite framework in the
absence of SDAs, nine structures with different distributions
of Ge ions were constructed initially in the single unit cell
model. All the structures contain an experimentally deter-
mined amount of germanium - 12 Ge T-atoms distributed at
the four T-atom positions - participating in the D4R. The
experimentally determined germanium content in those posi-
tions is very similar, 38.6% at T2, 33.0% at T3, 39.5% at T4
and 32.1% at T5. Based on this result, in all our models we
have three germanium ions in each of the four T-atom posi-
tions, i.e. the germanium content in each position is 37.5%,
similar to the experimental values. The modeled structures
differ in the relative location of germanium among D4Rs:

- Ge heteroatoms are evenly distributed among the D4Rs
with 5 silicon and 3 germanium joining in each D4R, e.g. D4R
(551,3Ge), which results in a small number of Ge-O-Ge
linkages;

- structures containing D4R units completely made up of
germanium ions, D4R (8Ge) and completely made up of
silicon ions, D4R (8Si), which have a high number of Ge-O-Ge
linkages;

This journal is © the Partner Organisations 2022
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- models denoted as D4R (4Si,4Ge), which include one
square wall of the DAR made of germanium ions, denoted as
4R (Ge-4R), and the other square wall of the same D4R made
only of silicon ions, 4R (Si-4R), as the two squares are con-
nected via four Ge-O-Si linkages.

A summary of the relative stability and some structural
parameters for SCM-14 germanosilicate models with different
Ge distributions is provided in Table 1.

In the most stable structure, denoted as S14a, all 12 Ge
atoms per unit cell are located in one D4R unit containing 8
Ge T-atoms, D4R(8Ge), and one square wall composed only of
Ge T-atoms in another D4R, D4R(4Ge,4Si). The other two D4Rs
are composed only of Si T-atoms, i.e. D4R(8Si). Next in stability
is the structure denoted as S14b, which also contains one D4R
(8Ge) but not additional 4R(Ge) units. The other modeled
structures do not have D4R(8Ge) and are by more than 1.0 eV
less stable than the structure S14a.

The results suggest some qualitative trends connecting the
Ge distribution and the relative stability of the structures. The
structures with completely germanium and completely silicon
D4Rs, D4R(8Ge) and D4R(Si), are more stable than the struc-
tures with rings containing both Ge and Si T-atoms, and in
particular than the structure with an even distribution of Ge
among the D4Rs. As can be seen in Fig. 2A, in general, the
structures with a larger number of Ge-O-Ge moieties are more
stable. However, some structures containing an intermediate
number of Ge-O-Ge contacts deviate from the latter trend,
which may be caused to some extent by the larger standard
deviation of the Ge-O-Ge angle in some of those structures
(see Table 1) since it was shown earlier that variations of the
Ge-0-Ge angle affect the framework stability.*'”*°

We tested also other potential correlations of the relative
stability with Ge-Ge or Si-Si distances, or with average values
of the Ge-O-Ge, Si-O-Si or Si-O-Ge angles, but no clear
trends were found.

From the optimized structures, we derived some typical
structural parameters, interatomic distances between T-atoms
and T-O-T angles. In the left panel of Table 2, the average

Table 1 Summary of the relative stability and some structural para-
meters for SCM-14 germanosilicate with different Ge distributions using
a double cell model: relative stability with respect to the most stable
structure (in eV), number of Ge—O—Ge linkages per unit cell, number of
D4R(8Ge) per unit cell containing only Ge as T-atoms, number of 4R
(4Ge) containing only Ge as T-atoms without those in D4R(8Ge) per unit
cell, average Ge-O-Ge angles, standard deviation of the Ge-O-Ge
angles

Structure AE  N(Ge-O-Ge) D4R(8Ge) 4R(4Ge) Ge-O-Ge St. dev.

S14a 0.00 16 1 1 130.5 2.2
S14b 0.44 14 1 0 129.9 2.9
Sl4c 112 7 0 0 129.5 1.9
s14d 1.23 9 0 2 131.1 4.9
S14e 1.35 2 0 0 130.7 1.8
S14f 1.36 9 0 1 130.2 1.9
S14g 1.43 9 0 1 130.9 6.8
S14h 1.49 8 0 0 129.7 2.5
S14i 1.50 7 0 0 130.6 2.2
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Table 2 Interatomic distances (in A) and angles (in degrees) of SCM-14 germanosilicate structures: left panel — average values of the parameters of
six (most and least) stable structures of SCM-14 germanosilicate with different Ge distribution; right panel — some individual distances/angles within

the S14b structure

Average values for the structure

Individual values within S14b structure

Structure Ge-0O-Ge Ge-O-Si Si-O-Si Ge-Ge Ge-Si Si-Si Ge-0O-Ge Ge-O-Si Si-O-Si Ge-Ge Ge-Si Si-Si
S14a 131 133 146 3.24 3.13 3.11 130 140 146 3.14 3.20 3.18
S14b 130 140 146 3.23 3.20 3.11 129 140 141 3.10 3.15 3.23
S14f 130 136 144 3.23 3.17 3.10 133 136 140 3.08 3.22 3.20
S14g 131 136 144 3.25 3.17 3.09 131 153 141 3.19 3.16 3.23
S14h 130 137 145 3.23 3.17 3.10 135 140 152 3.10 3.21 3.18
S14i 131 136 145 3.24 3.17 3.10 127 135 138 3.06 3.18 3.27

structural parameters for the two most stable and four least
stable structures of SCM-14 germanosilicate are listed. As can
be seen, the average values for all those structures are very
similar, as the largest difference is observed between two most
stable structures S14a and S14b, and thus, variations in the
average distances and angles cannot be a factor influencing
the structural stability. The obtained trend for the parameters
involving different T-atoms is similar to those observed in pre-
vious studies - the Ge-O-Si and Ge-O-Ge angles are 10-15
degrees sharper than the Si-O-Si angles, and the Ge-Ge and
Ge-Si distances are by 0.14 and 0.07 A longer than the Si-Si
distances.

Although the average values between the structures with
different germanium distributions are similar, both individual
angles and distances within one structure varies in a wider
range. For example, in the S14b structure, the Si-O-Si and Ge-
O-Si angles vary by 14-18 degrees, while the distances
between the T-atoms vary by about 0.10 A (part of the individ-
ual values are shown in the right panel of Table 2).

3.2. Structure directing agent in the as-synthesized SCM-14

To evaluate the effect of the SDA on the stability of the
SCM-14 germanosilicate structure with different germanium
distributions, we used the already optimized geometries (with
eight D4Rs) in which we introduced 4 molecules of 4-pyrrolidi-
nopyridine protonated by HF and two water molecules. The
experimental CIF file suggests that the organic template prefer-
ably occupies four different orientations, while the location of
the water molecules is essentially the same.® From the CIF file
we extracted four different orientations of each of the two sym-
metrically inequivalent SDA molecules, which can be
described with the position of the pyridine ring in the model:
front-right (pyridine ring is closer to the viewer and directed
towards the right-hand side), front-left, back-right, and back-
left, with short notations fr, fl, br, and bl, respectively. In
addition, the fluoride anion may occupy D4Rs with different
Ge and Si contents.

Due to the various possible combinations of Ge distribution
in the zeolite, different orientations of the SDA and locations
of fluoride, we simulated in total 35 models, grouped in three
series:

3750 | /norg. Chem. Front,, 2022, 9, 3747-3757

Series 1 (9 models): all nine SCM-14 structures with
different distributions of germanium centers, reported in
Table 1 and shown in Fig. 1, using the same initial orientation
of the SDA - all SDAs are oriented front-right. In the models in
this series, the fluoride anion is located in the D4R containing
different amounts of Ge centers.

Series 2 (14 models): in the most stable SCM-14 structure,
denoted as S14a, we included various orientations of the SDAs
and in some cases different locations of the fluoride anion.
The idea for this series was to check to what extent different
orientations of the SDA and different locations of the fluoride
affect the stability of the structure.

Series 3 (12 models): in the last series, we selected four
SCM-14 structures with different distributions of germanium
centers, denoted as S14b, S14c, Sil4e, and S14i. In those
models, we incorporated the SDAs with orientations bl/br and
fr/fl. For the bl/br models, we considered two locations of the
fluoride anion in different D4Rs.

General information about the models with SDAs inside the
pores of SCM-14 in the three series is provided in Table 3. The
relative energies of the structures with SDAs and the relative
energies of the stabilization due to the SDAs are calculated
with respect to the most stable structures with SDAs, denoted
as S14a_2 and S14a_3, which have essentially the same stabi-
lity. The orientation of the SDA molecules in the corres-
ponding model is also provided using the notation described
above. In addition, information about the Ge content in the
D4Rs in which F~ is located is shown (per unit cell). Note that
according to the chemical composition of the as-synthesized
zeolite the number of fluoride anions is twice less than the
number of the D4Rs.

After optimization of the models in Series 1 containing pro-
tonated organic molecules and fluoride anion, the structure
S14a_1 with the maximal number of Ge-O-Ge contacts was
found to be the most stable (Table 3 and Fig. 3A). The stability
order of the other models, however, was influenced by the
presence of the SDA and is modified with respect to the struc-
tures with the same Ge distribution but without SDA, as can
be seen from the lack of linear arrangement of the brown
symbols in Fig. 3A. This is due to the different stabilization of
the models with different germanium distributions in the
presence of SDA with this specific orientation in the zeolite

This journal is © the Partner Organisations 2022
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Fig. 1 Modeled structures of SCM-14 germanosilicate with different relative distributions of germanium ions in the D4R; structures are denoted

with letters a—i according to the notation, used in Table 1.
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Fig. 2 Relative stability of the SCM-14 structure with different germa-
nium distributions in the D4Rs versus the number of the Ge—O-Ge con-
tacts in the unit cell.

channels. The stabilization energy of the zeolite in the pres-
ence of SDAs (four protonated 4-pyrrolidinopyridine species,
four fluoride anions and two water molecules per two SCM-14

This journal is © the Partner Organisations 2022

unit cells) in this series varies between —10.12 and —11.83 eV
for structures denoted as S14d_1 and S14f 1, respectively.

In Series 2 we used an S14a structure to introduce SDAs
with different orientations and fluoride anion in different
locations since this structure has been found to be the most
stable both in the absence of SDA and also in the presence of
SDA in Series 1. In that model, twelve Ge atoms are included
in one D4R containing only Ge T-atoms and one D4R with four
Ge and four Si T-atoms per unit cell. Since we use the same Ge
distribution in all models in this series, we can focus on the
influence of the SDA orientation and fluoride location on the
stability of the models.

Fig. 3B shows the calculated relative stabilization energies
for some of the models in Series 2 with different orientations
of the SDA using the notation described above. The models are
arranged in two groups: (i) with one fluoride anion inside D4R
(8Ge), composed only of Ge T-atoms, and one inside D4R
(4Ge4Si) per unit cell; and (ii) with one fluoride anion also
inside D4R(8Ge) but the second anion is inside D4R(8Si), com-
posed only of Si T-atoms per unit cell. The models in the first

Inorg. Chem. Front,, 2022, 9, 3747-3757 | 3751
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Table 3 General information about the models with SDAs inside the pores of SCM-14: calculated relative energies of the structures with SDAs (Rel.
E with SDA); energies of the stabilization due to the SDAs (E.p); relative energies of stabilizations (Rel. Egp); relative energies without SDAs (from
Table 1); orientation of the SDAs (notation is described in the text); number of Ge in each of the D4Rs in which F~ is located. All energies are in eV

Structure Rel. E with SDA Estan Rel. Eguap Rel. E without SDA SDA orient. Ge in F/D4R Ge in F/D4R
Series 1

S14a_1 1.84 —-10.53 1.84 0.00 fr/fr 8 0
S14b_1 2.63 -10.17 2.19 0.44 fr/fr 8 0
S14c_1 2.60 -10.89 1.48 1.12 fr/fr 5 3
S14d_1 3.48 —-10.12 2.25 1.23 fr/fr 4 3
Slde_1 3.10 —-10.61 1.75 1.35 fr/fr 3 3
S14f 1 1.91 —11.83 0.54 1.36 fr/fr 4 2
S14g_1 2.33 —-11.47 0.90 1.43 fr/fr 4 4
S14h_1 2.38 —-11.47 0.90 1.49 fr/fr 4 4
S14i_1 2.62 —-11.24 1.12 1.50 fr/fr 4 2
Series 2

S14a_2 0 —12.37 0 0 fr/fr 8 4
S14a_3 0 —12.36 0 0 fr/bl 8 4
S14a_4 0.26 -12.11 0.26 0 fr/br 8 4
S14a_5 0.27 —-12.1 0.27 0 fr/br 8 4
S14a_6 0.44 —-11.93 0.44 0 bl/br 8 4
S14a_7 1.71 —10.66 1.71 0 fr/fr 8 Outside D4R
S14a_8 1.75 —-10.62 1.75 0 fl/bl 8 0
S14a_1 1.84 —10.53 1.84 0 fr/fr 8 0
S14a_9 1.84 —-10.53 1.84 0 fr-bl/fr 8 0
S14a_10 1.96 —-10.4 1.96 0 bl/fl 8 0
S14a_11 2.13 -10.24 2.13 0 fl/br 8 0
S14a_12 2.15 —-10.22 2.15 0 fr/fr 4 0
S14a_13 2.35 —-10.02 2.35 0 br/bl 8 0
S14a_14 2.36 —-10.01 2.36 0 fr/fr 8 0
S14a_15 2.43 -9.94 2.43 0 br/br 8 0
S14a_16 4.1 —8.27 4.1 0 fr/fr Outside D4R
Series 3

S14b_4 1.56 —-11.25 1.12 0.44 fr/br 8 2
S14b_6 1.59 -11.21 1.15 0.44 bl/br 8 2
S14b_17 2.56 —-10.25 2.12 0.44 bl/br 8 2
Sld4e_4 3.63 -10.09 2.28 1.35 fr/br 3 3
Sl4e_6 3.64 —-10.07 2.30 1.35 bl/br 3 3
S14e_17 4.01 -9.71 2.66 1.35 bl/br 3 3
S14i_4 3.73 —-10.14 2.23 1.50 fr/br 4 2
S14i_6 3.91 -9.96 2.41 1.50 bl/br 4 2
S14i_17 3.23 —-10.64 1.73 1.50 bl/br 4 4
S14c_4 2.69 -10.79 1.58 1.12 fr/br 5 2
S14c_6 3.04 —-10.45 1.92 1.12 bl/br 5 2
S14c_17 3.63 -9.85 2.51 1.12 bl/br 5 2

group (see the blue circles) are more stable than the second one
by more than 1.3 eV, which suggests the preference for the
location of the fluoride anion inside D4R(4Ge4Si) with respect
to its location inside D4R(8Si), where Ge is absent. In addition,
the figure shows variations of the stabilization energy depend-
ing on the orientation of the template within each group of
models, the energy variations are 0.44 eV for the 0.68 eV for the
first and the second groups. Note that those variations are
about twice lower than the variations due to different locations
of the fluoride anion. In Fig. 3B we have two structures in the
second group with the same orientation of the SDA, fr/fr, which
correspond to models S14a_14 and S14a_1 (see also Fig. 3C).
The energy difference between those two models is 0.52 eV and
the structural difference between them is only the D4R(8Si) in
which the second fluoride anion is located, i.e. fluoride anion
location and the SDA orientations affect synchronously the
stability of the structure S14a_1 with respect to S14a_14.

From the calculated stabilization energy of the structures
with fr/fr orientation of the SDA and different location of the

3752 | Inorg. Chem. Front, 2022, 9, 3747-3757

fluoride anion, shown in Fig. 3C one may conclude that fluor-
ide in D4Rs containing more Ge centers is energetically favor-
able than the location in D4R with less Ge centers or in the
zeolite channel close to protonated 4-pyrrolidinopyridine. The
conclusions can be seen comparing the following structures:

» The structure S14a_2 is with the lowest relative energy
and in it all four fluoride anions are located in D4Rs contain-
ing in total 12 Ge centers. The structure S14a_12 differs from
it by the position of one fluoride anion - in D4R(8Si) instead
of D4R(8Ge), thus the lack of Ge in the fluoride anion environ-
ment in the latter model leads to a decrease in its stability by
2.15 eV.

« In the least stable structure, S14a_16, the fluoride anions
are located outside the D4R structural units, close to the proto-
nated SDA.

In order to have some more examples of structures with
different orientations of the SDA and positions of the fluoride
anion in Series 3, we used four SCM-14 structures with
different distributions of germanium centers, S14b, Sil4c,

This journal is © the Partner Organisations 2022
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Fig. 3 (A) Relative energies (brown rhombus) and relative interaction
energies (blue circles) of the structures with SDAs for the models in
Series 1 — models with different Ge distributions with the same orien-
tation of the SDA; (B) relative stabilization energies for a part of the
models in Series 2 with different orientations of the SDAs (for the nota-
tion see the text) in the S14a structure and different locations of the
fluoride anions, blue circles — in D4R(8Ge) and in D4R(4Ge4Si), brown
rhombus — in D4R(8Ge) and in D4R(8Si); (C) relative stabilization energy
for models with a fr/fr orientation in the S14a structure of the SDA
versus the total number of Ge atoms in the D4Rs, in which fluoride
anions are located (per unit cell).

Si4e, and S14i. In each of those models, we incorporated the
SDAs with orientation back-left/back-right and front-right/
front-left. For the back-left/back-right model, we considered
also a structure with the location the fluoride anion in
different D4Rs.
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Both relative stability of the modeled structures and the
stabilization energy of the SDA inside them confirms the
general trend discussed above that the structures in which the
fluoride anion is located in D4Rs with more germanium
centers are more stable (Fig. 4A). The points in the figure,
however, suggest a more complex interplay between the fluor-
ide position and the orientation of the organic moieties than
simply counting the germanium centers in the D4R. If we con-
sider the two points for the S14b model with bl/br orientation

A
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Fig. 4 Relative stabilization energies the models in Series 3 with
different orientations of the SDAs versus the total number of Ge centers
in the D4Rs where the fluoride anion is located per unit cell (panel A);
relative energy of the structures with a SDA versus relative energy of the
same structure without a SDA (panel B) or versus relative stabilization
energies (panel C). For panel C the values for Series 2 are equal by
definition.
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of the SDA (dark blue point), we will see a substantial differ-
ence in the relative stabilization energy by1.0 eV only due to
the location of the fluoride anion in different D4Rs (although
the new D4R has the same number of Ge centers, see Table 3
and Fig. S47). For the model S14c one can observe a similar
situation where the energy difference between the two struc-
tures with the same number of Ge centers in the D4R and the
same orientation of the SDA is ca. 0.7 eV. On the other hand,
the S14b_4 and S14b_6 models with different orientations of
the SDA, fr/br and bl/br, and the same location of the fluoride
anion have very similar stability, Eqep = 1.12-1.15 eV. Similarly,
close values are found for the two S14e models with the same
fluoride location, Eg,p, = 2.28-2.30 eV.

After presentation of these results, one may consider all
modeled structures of SDA containing SCM-14. The most
stable structure without SDA, S14a, remains the most stable
also with some of the models with SDA (see the green triangles
in Fig. 4B and C). However, in general, Fig. 4B shows that there
is no correlation between the stability of the structure without
SDA and the stability of the same structure with SDA. This is
due to the stronger influence of the stabilization energy of the
SDA inside the structure, which correlate better with the rela-
tive energy of the structures with SDA (see the data for Series 1
and 3 in Fig. 4C). This factor dominates the total stability
since the variation of the stabilization energies of different
models due to the orientation of the SDA and the location of
the fluoride anion is within 2.66 eV (when all fluoride anions
are in D4Rs) or 4.0 eV (when one counts the model with the
fluoride anion outside the D4R). For comparison, the differ-
ence in the energies of the corresponding structures without
SDA due to different distributions of Ge centers in the D4R is
at most 1.50 eV.

One may discuss the question whether the trend for the
preference for the formation of D4R composed only of Ge T
atoms and for the stabilization of the structures with more Ge-
O-Ge bridges, observed here for SCM-14 germanosilicate, is
specific only for this zeolite framework or is more general. In
an earlier study, Pulido et al. using force field simulations for
a germanosilicate with an AST framework arrived at the oppo-
site conclusion for models with two to four Ge in one D4R that
Ge atoms, when possible, tend to locate far apart, avoiding
Ge-0O-Ge links.® This result may be due to the use of the force
field but not the quantum chemistry method for this evalu-
ation or due to a different topology of the zeolite framework.
Kamakoti et al. determined the stability and structural para-
meters for various models with one to eight Ge atoms in the
BEC zeolite structure with periodic DFT calculations and iso-
lated fragments.? They focused on the importance of the pre-
ferred values of the T-O-T angles, specific for the zeolite
framework, and concluded that the site preference and ener-
gies for Ge substitution are linked to the deformability of all
T-O-T angles in its vicinity toward lower values. For this
reason, Ge-O-Si and Ge-O-Ge linkages stabilize the D4R units
at more acute angles, while Si-O-Si linkages are disfavoured.
Odoh et al. studied UTL germanosilicate with up to three Ge
per unit cell and observed a cooperative effect for Ge incorpor-
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ation in one D4R, which suggests that Ge atoms would
become increasingly concentrated at the D4R sites of UTL as
more Si/Ge substitutions are performed.® For germanosilicates
with AST and ITH framework types, Fischer and Fischer et al.
modelled various structures with different germanium con-
tents and relative locations and found the preference for the
formation of Ge-O-Ge bridges in the presence of fluoride
anions in the D4R.'®'" Such a trend, however, is not observed
in the models in the absence of fluoride and SDA. Thus, con-
sidering the previous quantum chemical studies and the
results from the present work, one may conclude that the pre-
ference for the formation of Ge-O-Ge bridges in D4Rs of ger-
manosilicates depends on the individual framework structure.
For some of the modelled zeolite frameworks such preference
is reported only for models in which the fluoride anion is
located inside the D4R.

3.3. Simulated "°F NMR chemical shifts in germanium con-
taining D4Rs

Our computational results, based on the relative stability of
the SCM-14 structures, suggested that structures with a large
number of Ge-O-Ge contacts and, respectively, with D4Rs
composed mostly of germanium T-atoms or silicon T-atoms
are more stable than the structures with more regular distri-
bution of germanium in different D4Rs. Accounting for the
presence of the SDA in the zeolite channels and fluoride anion
in the D4R affects this stability order to some extent, but the
structures with the highest number of direct Ge-O-Ge contacts
remains the most stable in the presence of organic molecules
in their cavities.

Several papers suggested that experimental '°F NMR
spectra may provide information about the germanium
content of the D4R in the zeolite materials.>*>'®?*" The assign-
ments of the experimentally observed bands in '°F NMR
spectra is based on the comparison of the observed chemical
shift with the chemical shift of the fluoride anion in D4Rs
with different germanium compositions and ordering calcu-
lated by quantum chemical methods. A clear assignment from
those studies is for fluoride in D4R(8Si) composed of silicon
T-atoms with a chemical shift around —38 ppm as the corres-
ponding calculated shift is between —36 and —31 ppm.**® For
the D4R containing germanium, different authors suggested
somewhat different ranges of chemical shifts. In order to apply
this approach to the SCM-14 zeolite we simulated the '°F NMR
chemical shift of fluoride in D4Rs with different germanium
contents using fragments of the zeolite framework. The calcu-
lations are done with hybrid density functional, which is
assumed to provide more accurate electron density distri-
bution than pure gradient-corrected functionals. In addition,
in the calculations we included positively charged fragments
of the SDA, in order to avoid artefacts that may arise from
modeling negatively charged fragments. The obtained results
were compared with the experimental data for the as-syn-
thesized SCM-14 germanosilicates.®

In order to account for the presence of the SDA in our simu-
lations we included protonated pyridine, similar to the posi-
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tively charged part of the SDA used in the synthesis of SCM-14.
In this way, our calculations were performed with neutral
models, which avoids possible artefact with chemical shifts
computed with charged models. The obtained results are
shown in Table 4 together with some topological and struc-
tural data for the models. The lowest value, —30 ppm, corres-
ponds to D4R composed only of silicon T-atoms, as the shift
for one of the models with one Ge in the D4R is similar,
—28 ppm. However, as shown in Fig. 5, there is no correlation
between the germanium content of the D4R and the calculated
fluorine chemical shift. Around —20 ppm one may see D4Rs
with one and with five Ge, while between —15 and —10 ppm
D4Rs with two to five germanium T-atoms may be found. In
the range —10 to —5 ppm fall models with two to eight Ge, e.g.

Table 4 Calculated values for the °F NMR chemical shift for the
fluoride anion in D4Rs with different contents and distributions of Ge:
number of Ge in the D4R, shortest T-atom — F distance (in pm), number
of Ge—O-Ge bridges in the D4R model, distance between fluoride and
the proton from the protonated pyridine (in pm)

Corrected Number Number of
'9F chemical of Gein Ge-F/Si-F Ge-O-Ge H--F
Model shift D4R distance  bridges distance
D4R(0Ge) —30 0 187(S)) 0 446
D4R(1Ge)a —19 1 186(Si) 0 373
D4AR(1Ge)b —28 1 189(Si) 0 413
D4R(2Ge)a -6 2 195 1 381
D4R(2Ge)b -14 2 197 0 417
D4R(2Ge)c —12 2 199 0 414
D4R(3Ge)a —11 3 194 2 405
D4R(3Ge)b —12 3 200 0 387
D4R(4Gela -7 4 197 4 384
D4R(4Ge)b -14 4 201 0 391
D4R(4Ge)c -6 4 201 3 384
D4R(5Ge)a —9 5 197 5 388
D4R(5Ge)b —14 5 199 3 389
D4R(5Ge)c —20 5 193(Si) 4 385
D4R(6Ge)a -8 6 199 5 387
D4R(6Ge)b —10 6 199 7 389
D4R(7Ge) -8 7 200 9 389
D4R(8Ge) -8 8 200 12 390
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Fig. 5 Calculated values for the *>F NMR chemical shift for the fluoride
anion in D4Rs with different Ge contents.
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only D4R(8Si) and D4R(7Si,1Ge) have no signal in that region.
By this reason, it is not surprising that for various germanosili-
cates the °F chemical shift is measured in the latter region.
This is also the case for the as-synthesized SCM-14 zeolite,
which features a '°F shift with the maximum at —7.2 ppm.°
Earlier computational studies also suggested that in the same
range of chemical shifts one may expect D4Rs with different
germanium contents.>*®

For the D4R composed only of silicon T-atoms we also
simulated the structure as negatively charged fragments,
without the positively charged protonated pyridine moiety,
and obtained a '°F chemical shift of —37 ppm, i.e. by 7 ppm
lower than the value for the D4R(8Si) with a neighboring cat-
ionic moiety. This result suggests that the experimental value
around —38 ppm may be due to the fluoride anion inside D4R
(8Si), whose negative charge is not compensated by a cationic
part of the SDA in its vicinity.

We checked some possible structural characteristics that
may influence the value of the '°F NMR chemical shift for the
fluoride anion in D4Rs - the shortest T-atom-F distance, the
number of Ge-O-Ge bridges in the D4R model, the distance
between fluoride and the proton from the protonated pyridine,
and the distance of fluoride from the center of the D4R. None
of those characteristics was found to correlate with the calcu-
lated shift, likely due to the complexity of the factors determin-
ing the actual chemical shift value. One may note also that
D4Rs with the same number of germanium T-atoms may have
notably different '°F chemical shifts due to different germa-
nium distributions and different locations of the fluoride
anion, see for example D4R(5Ge)a and D4R(5)c, the values for
which differ by 11 ppm. The importance of the actual location
of the fluoride inside the D4R can be seen from the different
chemical shifts, —19 ppm and —28 ppm, calculated for D4R
(1Ge)a and D4R(1Ge)b, as the only difference between the
models is the location of the fluoride, which is on different
sides of the cavity.

Recent ab initio molecular dynamic simulations, reported
by Fischer et al.,'"*' had shown that fluoride is very mobile at
room temperature. This may cause additional complication for
comparing the experimental values with calculated chemical
shifts due to the mobility of fluoride inside the D4R, which
may result in values averaged over various positions of the flu-
oride. On the other hand, the structures obtained from geome-
try optimization capture one of the various possible local
minima. In some of those minima, the fluoride anion may
appear closer to Ge or to Si. Goesten et al. had shown that the
F-Si bond is not formed in a constrained D4R(8Si); however, in
completely unconstrained optimization the F-Si bond
appears.*?

4. Conclusions

The results from modeling different distributions of Ge ions in
the SCM-14 germanosilicate zeolite structure suggest that the
Ge ions prefer clustering together and forming D4Rs popu-
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lated entirely with Ge heteroatoms, while part of the D4Rs
contain only Si at T-atoms. The formation of completely ger-
manium square walls of the D4R also partially contributes to
the stability of the structures. On the other hand, the most
energetically unfavorable structures are those in which the Ge
heteroatoms are evenly spread among the D4R. There is a
qualitative trend that the most stable structures have a large
number of Ge-O-Ge linkages; however, this is not a quantitat-
ive correlation.

The presence of SDA, however, affects this stability order,
obtained for the pure structures. For SCM-14, the structure
with the highest number of direct Ge-O-Ge contacts remains
the most stable in the presence of organic molecules in their
cavities. However, for the whole set of modeled structures
there is no clear correlation between the stability of the struc-
ture without a SDA and the stability of the same structure with
a SDA. Both the relative stability of the modeled structures and
the stabilization energy of the SDA inside them confirm the
general trend that the structures in which the fluoride anion is
located in the D4R with more germanium centers are more
stable. The analysis of the stabilization energies of the struc-
tures suggests a more complex interplay between the fluoride
position and the orientation of the organic moieties than
simply counting the germanium centers in the D4R. The
results have also shown that the as-synthesized models with
the same distribution of germanium, combined with different
orientations of the template, have significantly different rela-
tive energies. The reason for this is that the variations of the
calculated energy for the stabilization of the as-synthesized
zeolite due to the presence of SDA, 2.66 eV, are higher than the
variations in the relative energies of the zeolite due to different
Ge distributions in the D4R, 1.50 eV. Thus, the stabilization
energies due to the presence of the SDA with a specific orien-
tation may be a thermodynamic factor that influences the Ge
distribution in the zeolite framework during the zeolite syn-
thesis. In addition, the observed preference for the location of
fluoride anions inside D4Rs containing more Ge atoms may
suggest that fluoride stimulates the formation of D4Rs with
high germanium content.

The last part of the work includes the simulation of '°F
chemical shifts since the 'F chemical shifts measured by
NMR spectroscopy are considered to provide information
about the germanium content of the D4R in which fluoride is
located. The results suggest that there is no correlation
between the chemical shift and the germanium content of the
D4R or with the number of the Ge-O-Ge bridges in it. Based
on the results one may distinguish only the D4R, composed
only of silicon T-atoms from the D4Rs containing germanium.
Most of the D4Rs feature '°F between —15 and —5 ppm as
those with 6 to 8 germanium per D4R are in the range —8 to
—10 ppm. This result agrees with the experimentally measured
value for SCM-14 germanosilicate, —7.2 ppm. In general, the
9F chemical shift cannot be used with confidence for the
determination of the number of germanium T-atoms in the
D4Rs where the fluoride anion is located since D4Rs with
different compositions feature shifts in the same region, while
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fluoride in D4Rs with the same Ge content have different
chemical shifts.
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