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Abstract:

The diversity of synthetic zeolites with silicogermanate composition has grown
significantly. Many of these zeolites have large pores, thanks to the double 4-ring (d4r)
structural subunits occupied by Ge atoms. The wide pores make them potentially
interesting for catalytic transformation of bulky molecules, but the thermal and
hydrothermal stability and the acidity are insufficient for practical applications. In the
present work, the stability of known silicogermanate zeolite structures and their silicate and
aluminosilicate analogues is evaluated using periodic density functional theory calculations.
The thermodynamics of isomorphic substitution of Ge atoms for Si and Al via chemical
processes are investigated. The study reveals that thermodynamically, (alumino)silicate
counterparts of all known silicogermanates are intrinsically stable, and that the energetics
of isomorphic substitution reactions of Ge atoms are almost independent of the distribution
of d4r units in the different framework topologies. Chlorides are found better isomorphic
substitution reagent candidates, at least theoretically. This work opens perspectives for the

catalytic use of stable derivatives of silicogermanate zeolites.
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1. Introduction

The most useful synthetic zeolites for practical applications have aluminosilicate
composition. Their microporous frameworks composed of three-dimensional arrangements
of SiO4 and AlO4 tetrahedra can support strong acid sites and are thermally and
hydrothermally stable enough for industrial processes in the fields of adsorption, catalysis,
separation or ion exchange [1,2]. Incorporation of germanium in the zeolite framework
favors the formation of smaller polyhedra such as double 4-rings d4r of tetradedra [3-9].
This leads to the creation of new framework topologies, sometimes with wide pores of
interest to adsorption and catalysis. It explains the interest in these materials from both

academic and industrial perspectives.

Silicogermanate zeolites are synthesized using organic template molecules. As soon as
these templates are removed through calcination, the zeolite becomes unstable because
exposure to ambient air humidity already causes hydrolysis of Ge-O bonds [4,7,10-12]. A
scientific challenge is to find ways to substituting germanium for aluminum or silicon to
generate stable structures. In order to stabilize these silicogermanates, two experimental
post-treatment approaches have been developed in literature. The first approach allows the
initial structure of the parent germanosilicate zeolite to be maintained. To this aim, Ge
atoms need to be substituted directly by Al atoms [10,11,13,14]. This can be achieved
through leaching of the zeolite with acid to dislodge the Ge atoms from the framework in
the presence of an external Si or Al source [4,15—18]. In the second approach, the original
framework is decomposed by breaking framework oxide bonds of Ge atoms. When the Ge

atoms occupy specific crystallographic positions, this rupture of the network generates



structural subunits which are then rearranged and reconnected to new zeolite structures.
This approach is used in ADOR (Assembly—Disassembly—Organisation—Reassembly) [19]

and in the inverse sigma transformation [8,20].

Density functional theory (DFT) calculations have been used to study the stability of the
ITQ-44 silicogermanate when Ge was substituted by different elements such as silicon,
aluminum or zinc [21]. ITQ-44 zeolite framework was found to be stable in the absence of
germanium, although to date a synthesis method for this zeolite type without Ge has not yet
been reported. Computation has shown that theoretically incorporating aluminum into the
ITQ-44 silicate zeolite is favorable. It predicts that it should be possible to obtain this
zeolite in a silicate or aluminosilicate form either by direct synthesis or by post-synthesis

treatment.

In the present work, we investigated the stability of all reported silicogermanate zeolite
framework types as a basis of selection of candidates for future experimental studies on
1somorphic substitution of Ge atoms by Al and Si. To this aim we investigated the intrinsic
stability of silicogermanate zeolite types having structural codes attributed by the
international zeolite association. Some silicogermanates already exist in aluminosilicate or
silicate forms reflecting the stability of these structures such as AST [22-25], BEC [26-28],
ISV [29-32], LTA [33-35], MFI [25,36,37] and STI [38,39], therefore we selected one of
these structures, the BEC, while the rest have been excluded from the present study. The
BEC zeolite was synthesized as a germanate [40], as an overgrown silicate crystal [27], as a
pure silicate [26], as a silicogermanate [28] and the post-treatment of the pure BEC

silicogermanate allowed successfully the partial substitution of Ge by Al [10]. Moreover,



the —CLO and -SYT structures are constructed exclusively by connected d4r units, while
BEA, DFT, EWO, MFI and STI structures do not contain d4r units, as a consequence the
strategy followed in this work (described in section 3.1) is not applicable and the seven
structures were excluded. Thus 20 regular structures, [3,6,25,28,41-67,67-79] 4 interrupted
[6,80—85] and 2 partially disordered [86—89] structures were studied. Note that the term
‘regular’ is used for fully ordered type materials, ‘interrupted’ is related to fully ordered
type materials with systematic interruption in the framework such that not all T atoms are
4-connected to other T atoms. ‘Partially disordered’ refers to materials with disorders in
terms of specific building units. Our calculations were performed in the framework of the
periodic DFT with a dispersion-corrected exchange-correlation functional, to simulate the

different structures with different compositions.
First we investigated whether the topologies are stable in silicate or aluminosilicate
composition. Then we inspected the possibility of substituting Ge for another structural

element such as Si or Al to verify which candidates can be stabilized by post-treatment.

2. Computational methods

2.1.Structures optimization
Periodic DFT calculations were performed using the Vienna ab initio simulation package
(VASP) code [90,91] with the Perdew, Burke and Ernzerhof [92] (PBE, GGA family)
exchange-correlation functional and a density dependent dispersion correction (dDsC) for
the dispersion interactions [93]. The projected augmented wave (PAW) method [94] was

used to describe the core electron interactions with a cut-off energy of 800 eV and of 400



eV for the geometry optimization of zeolites structures, with or without relaxation of the

cell parameters respectively.

All initial zeolites structures were taken from the International Zeolite Association website

[95]. Unit cell parameters were relaxed according to the following procedure:
- Step 1: Cell parameters are fixed while atoms are free (cutoft: 400 eV)

- Step 2: Atoms and cell parameters are free (cutoff: 800 eV)

- Step 3: Cell parameters are fixed while atoms are free (cutoff: 400 eV)

Geometry optimizations were continued until forces were lower than 0.02 eV/A for steps 1
and 3 and until the energy difference between two consecutive optimization steps was
lower than 107 eV for step 2. The break condition for the electronic SCF loop was fixed to
10 eV for all calculations. Gaussian smearing was set with a width of 0.05 eV. Table 1
reports all the investigated structures with the K-points mesh used for energy calculations.
This approach was also applied on materials used as references: 2x2x2 supercells were used
for an accurate estimation of the energy of silica quartz (K-points mesh: 3x3x3),
germanium oxide rutile (3x3x4) and a-alumina (3x3x1). The electronic energies of water
used as reference for interrupted structures was evaluated by placing a water molecule in a

25x25x25A cell.

2.2.Calculations of substitution energies and free energies

Substitution energies and free energies of Ge atoms for Si or Al were quantified with

respect to several sets of references: molecular hydroxides e.g. Si(OH)4, Ge(OH)4 and
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Al(OH)3(H;0) or chlorides such as SiCly, GeCly and AlICl;. The energies of these molecules

were evaluated by placing each molecule (1x1x1) in a 25x25x25 A cell.

The energies of substitution when varying the amount and distribution of Ge were

calculated from the energies of reactions presented in paragraph 3.2 below.

Substitution reactions occur at finite temperatures. Thus to obtain a more realistic
description of experimental substitutions, statistical thermodynamics of these substitution
reactions have been used to estimate the Gibbs free energy, AGgup,Ge SSi/Al (kJ/mol) by
considering the rotational, translational, and vibrational degrees of freedom of isolated gas-
phase molecules[96]. Vibrational properties of these molecules were determined by finite
difference, with a displacement of £+ 0.005 A of each atom starting from the equilibrium
position. The thermal contributions for condensed phases (silicates, aluminosilicates,

silicogermanates) were neglected.

3. Results and discussion

3.1.Intrinsic stability of silicogermanates and their (alumino)silicates counterparts
The Ge distribution in silicogermanate zeolite frameworks is not well defined. It is known
that high S10S1 angle values lead to more stable solids than their corresponding GeOSt and
GeOGe [97,98]. However, when it comes to narrower angles such as in d4rs, germanium
assures the stabilization of these units by reducing their strain. Only after reaching a certain
amount of Ge, the Ge starts to be located in sites corresponding to sufficient low angles,
outside of the d4r [98]. Thus we limited our study to Ge occupying d4r units only. Based on

experimental observations in literature, Ge atoms occupy mostly all T sites of the d4r, or

7



half of these [64]. Thus to model silicogermanates structures, we have considered three
possibilities: Ge occupying all the T sites of the d4r (Figure 1a), Ge occupying half of the T
sites of the d4r respecting alternation with Si (Figure 1b) and Ge occupying half of the T

sites of the d4r in the same s4r (Figure 1c¢).

For aluminosilicates, respecting the Lowenstein rule [99] imposes that Al alternates with Si
in the d4r. To compensate the negative charge induced by Al, one hydrogen atom is added

for each Al (Figure 2).

The lattice parameters after geometry optimization of the different structures are reported in

Table S1.

The intrinsic stabilities of the structures were evaluated through their energies of formation.
Silica quartz, germanium oxide rutile and a-alumina were chosen as reference structures in
our calculations. The energies of formation (AE¢,m) per T sites were calculated from the

reaction energy of the following reactions:

®,

%+ Silicates:
n (SiOz)ref +m HQO(g) > [(SlOz)n(Hzo)m] Eq ( 1 )

with T=n (T being the total number of T sites),

R/

¢ Silicogermanates with Ge occupying all the corners of d4r:
n(Si02)er + m HyO(g) + p (GeO2)rer =2 [(Si02)n(H20)m(GeOy),]

Eq.(2)
with T= n+p,

R/

¢ Aluminosilicates:



n(Si02)rer + m HyO(g) + q (ALO3)rer =2 [(Si02)n(H20)m (AL,O3)4]

Eq. (3)
with T=n+2q.
Note that water is necessary (m#0) only in the chemical reactions involving the formation

of interrupted structures.

AEfom (kJ/mol) per T site for different structures is presented in Figure 3 and Table SI.
These energies are all positive (with the exception of interrupted structures, see below),
confirming that quartz, corundum and rutile are more stable polymorphs, as expected,
whereas zeolites are metastable. Interestingly, it was shown that all silicates and

aluminosilicates frameworks are more stable than the corresponding silicogermanates.

This result is in accordance with the experimental measurements of the enthalpies of
formation per T sites of BEC materials free of connectivity defects where an increase from
17.79 £ 0.72 kJ/mol for the pure silica form [56] to 19.74 £ 0.32 and 21.04 + 0.24 for
silicogermanates with Si/Ge ratio of 3.5 and 1.4 respectively was detected [9]. The
experimental enthalpies were calculated based on a high temperature oxide melt solution
calorimetry from 298 to 973K using silica and germania quartz as references. In our
calculations, the (electronic) energies of formation per T sites of BEC increase from 14
kJ/mol for pure silica, to 27 and to 37 kJ/mol for silicogermanate forms with Si/Ge of 3 and
1 respectively, considering the transformation in solid forms departing from silica quartz
and germanium oxide rutile as reference structures at 0 K (Eq.1, 2 and 3). Note that the
germanium oxide rutile was chosen over the a-quartz because of its higher stability [101],

by 30 kJ/mol. Using a-quartz Germania as a reference, similar to experiments, the energies



of formation of BEC per T sites increase from 14 kJ/mol for pure silica, to 20 and to 22
kJ/mol for silicogermanate forms with Si/Ge of 3 and 1 respectively. This is in excellent
agreement with experimental results. Moreover, previous measurements of the enthalpies of
formation of ITQ-21 and ITQ-22 after varying the Ge amount, confirmed that
silicogermanates forms are less stable than silicate zeolites [100]. This indicates that Ge is
destabilizing the structure. The role of this element in the formation of large pore structures
is thus of kinetic nature, providing more stable crystal growth intermediates in solution
during the synthesis and in orienting the crystallization process to a specific structure. For
example, increasing the Ge content favors the formation of ITQ-22 over the EU-1 zeolite
[63].

The energies of formation of normal and disordered structures are correlated with the d4r
content of the structure (Figure 3a). This result is congruent with earlier work by Wu et al
[56] showing that the enthalpy of formation increased with increasing number of d4r in a

series of zeolites, viz. ITQ-7, -17, -21, -22, and -33.

Interrupted aluminosilicates do not follow the general trend and have higher intrinsic
stabilities compared to normal and disordered structures, with negative formation energies
(Figure 3b). This may result from interactions between hydroxyls of interrupted
frameworks and compensation hydrogen atoms, see Figure Sla. It can also be due to the
reference state of water (gas phase) chosen for the calculation of the formation energy.
Furthermore, the particular stability of the —ITV structure (AEgm/ T sites = -89 kJ/mol) can
be related to the location of all the interrupted sites on the d4r units (Figure S1b) while the

—IFU, -IFT and -IRY structures have their interrupted sites on other rings (Figure S1a).
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A trend between the framework density and the stability of zeolites was established by
force field calculations performed on a large array of solids [102], indicating that zeolites
with higher densities tend to be more stable. However, other force field and quantum
calculations, [103,104] dealing with a lower number of structures, and experimental
measurements [105] suggested a quasi-invariance of the stability with respect to the
density, and that the only factor affecting the stability is the presence of 3-membered rings
due to its strain. Above this size, the rings seem to be unstrained and to have similar
stability.

Our results (Figure S2) support the independence of the intrinsic stability of
silicogermanates and their densities. This independence is still wvalid for their
aluminosilicate analogues. For silicates, the correlation is of better quality with respect to
silicogermanates and aluminosilicates. As a consequence, we suggest that the intrinsic
stability of all silicogermanates is rather independent of the framework density but is
directly related to the Ge content. The latter element orients the crystallization process to
new structures [106]. For instance, the competition between the growth of BEC, ISV and
BEA type zeolites can be explained by relative stability changes depending on the Si/Ge
ratio [107].

Another interesting aspect is the influence of the content and distribution of d4r units in the
framework on its density. Figure 4 points out that the density is not directly related to the
content of d4r. Even structures with the same number of d4r have different densities. This is

quite pronounced for structures with Ngs,/Nt= 0.1 (Figure 4). In some cases, increasing the
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number of d4r in the framework reduces the density of the structure, for example the IM-12
silicogermanate having a UTL framework has a framework density of 14.9 (T/1000A%) and
two d4r per unit cell, while the ITT structure with 3 d4r per unit cell has a lower framework
density of 11.7 (T/1000A%). The high framework density of UOZ of 17.45 (T/1000A°) is in
line with its high d4r content in the framework (4 d4r units per unit cell). Figure 5 sketches
how the distribution of d4r in the structure affects the density: in UTL, the d4r are
separating the layers and creating a spacious framework with reduced density while the
UOZ structure, composed mainly of interconnected d4r, has a higher framework density. In
consequence, one can say that density is affected by the arrangement of the d4rs and not by
their amount in the framework. This reconfirms that the stability of silicogermanates is not

directly related to the framework density.

Based on these results, silicate and aluminosilicate counterparts of silicogermanate zeolites
are stable. However, most of these zeolites cannot be obtained by direct synthesis. They
may be obtained by post-treatments. To estimate the possibility of these transformations,
we have calculated the energies of substitution of Ge for Si and Al, considering various

substitution agents.

3.2.Isomorphic substitution of Ge atoms for Si and Al

To investigate the possibility of substitution of Ge for Si and Al, hydroxide and chloride
reactant molecules were used in the calculations. In the case of chlorides, the studied
substitutions are represented in
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analogues (AEsup(1/2/3), Ge 5 Sis represented with yellow arrows). Substitution of Ge by Al was
evaluated starting either from full-Ge-d4r or both half-Ge-d4r (AEsup(1/2), Ge _)Al) respecting

the Lowenstein rule. Finally, substitution of Si for Al was also evaluated (AEq, si R Al)-

The various substitution energies were calculated following the reactions given in equations

4-15 below.
Using hydroxides:
% Ge—>Si:
AEqub (1), Gey i
[(Si02)n (H20)m (GeO2)p] + p/2 [Si(OH)4]
2 [(Si02)n1pr2 (H2O)m (GeOy)p2] + p/2 [Ge(OH)4] Eq. (4)
AEgub (2), Ge s si:
[(S102)n+p2 (H20)m (GeO2)p2] + p/2 [Si(OH)4]
= [(SiO2)n+p (H2O)m] + p/2 [Ge(OH)4]
Eq. 5)
AEqub 3), Ge s
[(SiO2)n (H20)m (GeO2)p] + p [Si(OH)4]
2 [(SiO2)ntp (H20)m] + p [Ge(OH)4]
Eq. (6)
% Ge2AL
AEgub (1), Ge, Al

[(Si02) (Hy0)m (GeO,),] + p/2 [Si(OH)4] + p/2 [Al(OH);H,0]

17



> [(Si02)n+p2 (H20)mips (AL O3)y4] + p[Ge(OH)4]
Eq. (7)
AEgub 2), Gey Al
[(Si02)nip2 (H20)m (GeO2)pin] + p/2 [Al(OH);H,0]
> [(Si02)nspz2 (H2O)mipia (ALyO3)ya] + p/2 [Ge(OH),]

Eq. (8)

s Si2AlL
AEqu, si Al
[(Si02)n+p (H20)m] + p/2 [Al(OH);H20]
> [(Si02)n+pr (H20)mipia (ALO3)pa] + p/2 [Si(OH)4]
Eq. (9)
Using chlorides:
s Ge—>Si:
AEqub (1), Ge.y si-
[(S102)n (H20)m (GeOy),p] + p/2 (SiCly)
> [(Si02)nip2 (H20)m (GeO2)p2] + p/2 (GeCly)

Eq. (10)

AEgup (2), Ge s si:
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[(SiO2)ntp2 (H20)m (GeOa)y2] + p/2 (SiCLy)
> [(SiO2)ntp (H20)m] + p/2 (GeCly)
Eq. (11)
AEqub (3), Gey Si
[(Si02)y (H20)m (GeO2),] + p (SiCly)
2 [(SiO2)n+p (H20)m] + p (GeCly)
Eq. (12)
% Ge2>Al
AEsub (1), Gey AL’
[(SiO2)y (H;0)m (GeOy),] + p/2 (SiCly) + p/2 (AICL) + p/2 (HCI)
> [(Si02)nip2 (H2O0)mrpia (AL203)p4] + p(GeCly)
Eq. (13)
AEqup (2), Ge Al
[(SiO2)nipr2 (H20)m (GeOy)pn] + p/2 (AICI;) + p/2 (HCI)
2 [(SiO02)n+p2 (H2O)met pra (Al203)pa] + p/2 (GeCly)
Eq. (14)
% Si2>Al:
AEqub, siy Al
[(SiO2)ntp (H20)m] + p/2 (AICL3) + p/2 (HCI)

> [(Si02)n+p2 (H2O)meps (ALO3)ya] + p/2 (SiCly)
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Eq.(15)
The values of AEqy (3), Ge 5Si departing from a silicogermanate with Ge occupying the full
d4r and AEgpb (2), Ge SAl departing from Ge occupying half of the d4r with alternation are
represented in Figure 7 (full removal of Ge). Both families of data follow a similar trend.
All the energies of substitutions are negative, this means that thermodynamically the
substitution of Ge for Si and Al should be possible using hydroxides or chlorides. In
addition, almost no dependence between the substitution and the studied parameters nor the
different zeolite structures exists. The results moreover indicate that substitution using

chlorides is easier than using hydroxides.

The energetics of substitution were investigated on structures with Ge occupying entire d4r
units, Ge occupying half of the d4r with alternation with Si or in s4r composing d4r, AEg
(1, 2 and 3)s GeSi and AEgwb (1 and 2), Ge SAL Changing the Ge organization was found not
affecting the substitution energy since the energies of substitutions are almost overlapped

(red and green, Figure 8).

The energies of substitution of Ge for Si or Al and even the energies of substitution of Si
for Al per substituted atom indicate that these substitutions are almost independent of the
population with the different atoms of the d4r of silicogermanates. In fact, the difference of

these energies between all silicogermanates did not exceed 30 kJ/mol (Figure 8).

Moreover, it was found that the framework density does not differentiate zeolites with the
same amount of d4rs. This is illustrated for zeolites with Ng4,/Nt equal to 0.036 and 0.1 in
Figure S3. In addition, in the latter zeolites, only small variations of the OT O angles in the

d4r depending on chemical composition were noticed. The OALO angles lie between 108

20



and 110° and the 0S10 between 109 and 111°. This implies that the d4r units are uniform
inside the different structures and are unconstrained by the density and the detailed
framework structure of the zeolite. Sastre et al. predicted the feasibility of obtaining pure
silica and germania zeolites by calculating an energetic penalty associated with TOT angles
[98]. Based on that work, we measured the TOT (T= Si, Ge; Al) angles inside the d4r of the
studied structures. The average GeOGe angle varied from 128 to 141°, that of S10Ge from
135 to 145°, the StOAI ranges from 141 to 147° and S10S1 from 144 to 148°. As known, the
ideal angles are 145 and 130° for S10St and GeOGe, respectively [108]. This indicates that
Ge is crucial for the construction of the d4r having narrow angles. Once the framework is
formed, its relaxation in the presence of other elements such as Al or Si is possible by the
broadening of the TOT in the d4r. However, the stability of the structure is not directly
related to the d4r angles, Figure 9. Furthermore, when the energy of substitution is reported
against the difference of TOT angles between the initial and the substituted zeolite no
correlation is noticed, Figure S4. These results indicate that the d4r itself is not responsible
of the zeolite stability and its suitability for isomorphic substitution. The TOT effect can be
related to the entire framework. Additionally, the average of the angles in the d4r does not
correlate with the content of d4r of a structure (Figure 3). In other words, the intrinsic
stability of the structures is not dependent of the characteristics of the d4r but of their
number. In fact, the d4r units could create a tension on the surrounding angles. It is then
possible that their number affects the strains exerted elsewhere in the network. These

results are in agreement with the experimental enthalpies of high silica zeolites where the
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enthalpies were not correlated to the average S1t0St angle but were critically dependent of

the presence of an important amount of low S10St angles (< 140°) [105].

Hence, an important conclusion from this theoretical study is that all reported
silicogermanate zeolites are suited for isomorphic substitution of Ge with Si or Al atoms

without significant distinction.

On the other hand, it is worth mentioning, that the average of AEgy, s; sarper T substituted
atom is -38 kJ/mol while that of AEgp, Ge SAI is -248 kJ/mol which highlights that
substituting Ge for Al is energetically much more favorable than Si for Al (Figure 8). This
suggests a preferential reactivity order during the isomorphic substitution post-treatment.
For example, one could start by substituting partially Ge for Si to favor the conditions of
respecting the Lowenstein rule in the next step of alumination. Then a treatment to
substitute the remaining Ge for Al could follow. These treatments will then insure the
stabilization of the material and the introduction of catalytic activity due to the presence of

a newly introduced bridging OH groups.

The above energies are computed at 0 K. To obtain a more realistic description of
experimental substitutions the Gibbs free energies (AGgyp) have also been calculated at
temperatures varying from 298 K to 1000 K. The difference between these energies for
normal and disordered structures does not exceed 20 kJ/mol so the temperature effect is
small, Figure 10. Interestingly, substitution of Ge for Si becomes easier by increasing the
temperature meanwhile working at lower temperature is preferable to substitute Ge for Al.

Indeed, during the substitution of Ge for Al, adding an HCI molecule, Eq. (13-14), leads to
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a loss of entropy. During the substitution of Ge for Si, the entropies of SiCls and GeCl, are

close hence the thermal effect is less pronounced.

4., Conclusions

According to our estimation of framework stability using DFT, silicate and aluminosilicate
analogues of germanosilicate zeolites are thermodynamically more stable. This suggests
that Ge plays a kinetic role during the crystallization of the zeolite. In addition, the intrinsic
stability of germanosilicate zeolites is independent of the framework density. Substituting
Ge for other elements such as Si and Al is feasible independently of the distribution of the
d4r inside the different structures. This computational study suggests that large pore
zeolites that currently can be synthesized with germanosilicate composition only can be
converted to silicate and aluminosilicate variants by isomorphic substitution. These results
open the door to future practical applications of a score of large pore zeolites with attractive
pore structures. Energy estimations suggest the best procedure to be substitution of part of
the Ge with silicon at high temperature in a first step, and substitution of the residual Ge

with Al in a second step at lower temperature.

Appendix A. Supplementary Information
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The supplementary information (S1) includes graphs and tables of cell parameters of the
framework structures, electronic and Gibbs free energies and structural data for the BEC
structure. (PDF)

The supplementary information (S2) includes CIF files of the studied structures in their
silicate, silicogermanate (Ge occupying the full d4r, Ge occupying half of the d4r with
alternation and Ge occupying half of the d4r in a same s4r) and aluminosilicate forms after

geometric optimization. (.cif)
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Tables:
Table 1: List of structure types investigated in the present work. The names correspond to

zeolites in their silicogermanate forms.

IZA Structural code | Name K-points mesh
Regular

ASV [25] SU-10 3x3x1
BEC [28,41-43] ITQ-17 I" point
IRN [44] ITQ-49 I' point
IRR [6,45-47] ITQ-44 I" point
ITG [48] ITQ-38 I" point
ITR [49,50] ITQ-34 I" point
ITT [51-57] ITQ-33 I" point
IWR [58-60] ITQ-24 I' point
IWS [61] ITQ-26 I" point
IWW [62-65] ITQ-22 I" point
POS [66] PKU-16 I" point
SOF [67] SU-15 1x1x2
SOR [68,69] SCM-14;ITQ-62 Ix1x11
STW [67,70] SU-32 ;Ge-STW I" point
SOV [109] SCM-15 I" point
SVV [71,72] SSZ-77 I" point




UOS [73] IM-16 1x4x4
UOV [74] IM-17 I' point
UOZ [75] IM-10 4x4x1
UTL [3,76-78] IM-12;ITQ-15 I' point
UWY [79] IM-20 I' point
Interrupted

-IFT [83] ITQ-53 I" point
-IFU [84] ITQ-54 I" point
-IRY [85] ITQ-40 I" point
-ITV [6,80-82] ITQ-37 I" point
Partially Disordered

*CTH [86-89] CIT-13 ;NUD-2; SAZ-1 | I point
*UOE [110] IM-18 3x3x1

(-) for interrupted, (*) for partially disordered structures.
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Figure Captions

Figure 1: Ge and Si siting in d4r units: (a) Ge occupying all d4r, (b) Ge occupying half of the d4r with alternation

with Si and (c) Ge occupying half of the d4r in a same s4r._The d4r part of the structures only are shown, the other

parts of the structure (with T sites occupied by Si only) are omitted for the sake of clarity and for generalization

purposes.

Figure 2: Al and Si siting in aluminosilicate d4r units.

Figure 3: Energies of formation per T site (AE¢m/ T Sites) of silicates (yellow), silicogermanates with Ge occupying
the full d4r (green) and aluminosilicates (purple) of (a) regular (circles), partially disordered (triangles) and (b)
interrupted (squares) zeolite structures. Ng4/Nt correspond to the number of d4r of the structure over the total

number of T sites.

Figure 4: Variation of the framework density against the ratio of the number of d4r units in the structure over the

total T sites (Nd4r/N+). The studied framework types are represented in Table 1.

Figure 5: Positioning of d4r in UTL, UOZ and ITT framework structures. For UTL and ITT, only single 4-rings of

the d4r units occupied by Ge atoms are shown for clarity.

Figure 6: Substitution scheme of Ge for Si and Al using chlorides._The d4r part of the structures only are shown, the

other parts of the structure (with T sites occupied by Si only) are omitted for the sake of clarity and for

generalization purposes.

Figure 7: Energies of full substitution of Ge for Si (AEy (3), ce.,si) departing from Ge occupying the full d4r (yellow)
and of Ge for Al (AEg (2), ce _)A,) departing from Ge occupying half of the d4r with alternation (purple), normalized
to the number of substituted T sites, using (a) hydroxides and (b) chlorides against the number of d4r in the
structures over the total T sites (Nqs/N7). Spheres, triangles and squares correspond to regular, partially disordered

and interrupted zeolite structures, respectively.
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Figure 8: Energies of partial substitution of Ge for Si AEgy, (1), cesi departing from full occupation of d4r with Ge
and full substitution AEsy23), ce,si departing from Ge occupying half/same s4r and fully in the d4r respectively(a).
Energies of partial substitution of Ge for Al AEgy ), ce,a departing from Ge occupying the full d4r and full
substitution AEgy (), ceal departing from Ge occupying half of the d4r with alternation or in the same s4r (b).
Energies of full substitution of Si for Al AE, si, a1 departing from Al occupying half of the d4r (c). All the energies
are normalized to the number of substituted T sites against the number of d4r in the structures over the total T sites
(Nga/N7). Spheres, triangles and squares correspond to regular, partially disordered and interrupted structures

respectively.

Figure 9: Energies of formation per T sites (AEq,/ T sites) of silicates (yellow), silicogermanates with Ge
occupying the full d4r (dark green)/ Ge occupying half of the d4r with alternation (light green) and aluminosilicates
(purple) of all studied structures. TOT correspond to angles in the d4r respectively SiOSi, GeOGe, SiOGe and

SiOAl

Figure 10: Gibbs free energies of substitution of Ge for Si (AGgun), ce,siy departing from Ge occupying the full d4r
(a) and Ge for Al (AGup), ceay departing from Ge occupying half of the d4r with alternation (b) at different
temperatures, normalized to the number of substituted T sites against the number of d4r in the structures over the
total T sites (Nga/N7). Spheres, triangles and squares correspond to regular, partially disordered and interrupted

structures, respectively.
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Figures:

(a)

Figure 1: Ge and Si siting in d4r units: (a) Ge occupying all d4r, (b) Ge occupying half of the d4r with alternation
with Si and (c) Ge occupying half of the d4r in a same s4r. The d4r part of the structures only are shown, the other
parts of the structure (with T sites occupied by Si only) are omitted for the sake of clarity and for generalization

purposes.

Figure 2: Al and Si siting in aluminosilicate d4r units.
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Figure 3: Energies of formation per T site (AE¢,/ T sites) of silicates (yellow), silicogermanates with Ge occupying
the full d4r (green) and aluminosilicates (purple) of (a) regular (circles), partially disordered (triangles) and (b)
interrupted (squares) zeolite structures. Ny, /Nt correspond to the number of d4r of the structure over the total

number of T sites.
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Figure 4: Variation of the framework density against the ratio of the number of d4r units in the structure over the

total T sites (Nd4r/N+). The studied framework types are represented in Table 1.
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Figure 5: Positioning of d4r in UTL, UOZ and ITT framework structures. For UTL and ITT, only single 4-rings of

the d4r units occupied by Ge atoms are shown for clarity.
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Figure 6: Substitution scheme of Ge for Si and Al using chlorides. The d4r part of the structures only are
shown, the other parts of the structure (with T sites occupied by Si only) are omitted for the sake of clarity and
for generalization purposes.
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(yellow) and of Ge for Al (AEq (2, geyal) departing from Ge occupying half of the d4r with alternation (purple),

normalized to the number of substituted T sites, using (a) hydroxides and (b) chlorides against the number of d4r

in the structures over the total T sites (Ng4/N7). Spheres, triangles and squares correspond to regular, partially

disordered and interrupted zeolite structures, respectively.
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Figure 8: Energies of partial substitution of Ge for Si AEgy 1), ceysi departing from full occupation of d4r with Ge
and full substitution AEq23), ceysi departing from Ge occupying half/same s4r and fully in the d4r respectively(a).
Energies of partial substitution of Ge for Al AEq (1), Gesal departing from Ge occupying the full d4r and full
substitution AEqy;, (5 ceal departing from Ge occupying half of the d4r with alternation or in the same s4r (b).
Energies of full substitution of Si for Al AEg, syl departing from Al occupying half of the d4r (c). All the energies
are normalized to the number of substituted T sites against the number of d4r in the structures over the total T
sites (Ngsar/N7). Spheres, triangles and squares correspond to regular, partially disordered and interrupted

structures respectively.
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Figure 9: Energies of formation per T sites (AEq/ T sites) of silicates (yellow), silicogermanates with Ge
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aluminosilicates (purple) of all studied structures. TOT correspond to angles in the d4r respectively S10St, GeOGe,
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Figure 10: Gibbs free energies of substitution of Ge for Si (AGgun(), cesi) departing from Ge occupying the full d4r
(a) and Ge for Al (AGgb), ceyan departing from Ge occupying half of the d4r with alternation (b) at different
temperatures, normalized to the number of substituted T sites against the number of d4r in the structures over the
total T sites (Nga/N7). Spheres, triangles and squares correspond to regular, partially disordered and interrupted

structures, respectively.
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