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Location of Ge and extra-framework species in the 

zeolite ITQ-24 

A. B. Pinara*, L. B. McCuskera, C. Baerlochera, J. Schmidtb, S. J. Hwangb, M. E. 
Davisb and S. I. Zonesc 

The germanosilicate ITQ-24 (IWR framework type) was synthesized in fluoride medium using 
1,3,5-tris(1,2-dimethylimidazolium) benzene as the structure directing agent (SDA). A 
structure analysis of the as-synthesized ITQ-24 material using synchrotron powder diffraction 
data and difference electron density calculations have allowed the fluoride ions and the 
germanium atoms to be located and the conformation of the SDA to be determined. The benzyl 
ring is perpendicular to the b axis with the three imidazolium moieties forming a "T-shaped" 
arrangement. Ge atoms replace some of the Si in the d4r and in one of the single-4-rings (s4r). 
The other s4r contains only Si. Fluoride ions are in the d4r units. Initially, the space group 
Cmmm (highest possible symmetry) was assumed, but the framework geometry was strained. 
An independent evaluation of the symmetry using the powder charge flipping algorithm in 
Superflip led to a successful refinement with reasonable geometry and a refined composition of 
|[(C6H3)(C7H10N2)3]2F2| [Si40.2Ge15.8O112] in the space group Pban. 
 

 

 

 

 

 

 

Page 1 of 12 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 2 

 

Introduction 
Zeolite synthesis is a complex process that is only poorly 
understood in detail1. Over the years, certain reagents in the 
synthesis gel have been identified as being structure 
directing, the prime one being the organic cation used. 
These are usually quaternary ammonium cations, around 
which the silicate species in the initial synthesis gel are 
thought to assemble2. In efforts to create large pores in the 
final product, increasingly bulky cations have been 
investigated 3 , 4 . It has been demonstrated in numerous 
syntheses in the last decade, that the inclusion of Ge in the 
synthesis mixture can have a profound effect on the 
crystalline product5,6,7,8,9,10. A Ge atom, being larger and 
somewhat less rigid than Si, allows some frameworks to 
form that would not crystallize in a pure silicate system. In 
particular, Ge has been found to favor the formation of 
double 4-ring (d4r) units11. This is normally assumed to be 
because Ge−O−Ge or Si−O−Ge bond angles can be smaller 
than can Si-O-Si angles, making it easier to accommodate 
the d4r geometry. Finally, the mineralizer, usually 
hydroxide or fluoride, can also play a structure directing 
role 5,12,13. The fluoride route, for example, has proven to 
produce more perfect crystals and to favor the formation of 
d4r units. 
In this study, the structure directing efficacy of the triply 
charged triquat 1,3,5-tris(1,2-dimethylimidazolium) 
benzene (Figure 1) was explored. A wide range of 
synthesis conditions in the presence of Ge and HF, in both 
aluminophosphate and silicate systems were examined.  
Surprisingly, in all of these syntheses, only two types of 
crystalline products were found: zeolite A (framework type 
LTA 14 ) in the aluminophosphate system 15  and ITQ-24 
(IWR) in the silicate one. The only obvious correlation 
between these two zeolite framework types is that both 
contain d4r's. The latter is the subject of the present study. 
The synthesis and structure analysis of ITQ-24 were first 
reported by the Corma group in 20038. Their material was 
prepared in hydroxide media using hexamethonium as the 
structure directing agent (SDA). The framework structure, 
which proved to be that of the hypothetical polymorph C in 
the SSZ-33 / SSZ-26 / CIT-1 family of zeolite structures 16, 

17,18, was confirmed with a structure refinement using X-ray 
powder diffraction data collected on a calcined sample. Its 
IWR-type framework structure has a 12- x 12- x 10-ring 
three-dimensional channel system with straight 12-ring 
channels running parallel to the c axis, sinusoidal ones 
running parallel to the a axis, and straight 10-ring channels 
running parallel to the b axis (Figure 2). The straight 12-
ring channels are separated from one another by d4r units. 
As might be expected, the Ge atoms in that material were 
found to be concentrated in the d4r. A later, more detailed 
study, showed that while the Ge atoms favor the d4r, they 
are also present in one of the two single 4-rings19. 
Here we were interested in determining (1) how the bulky 
1,3,5-tris(1,2-dimethylimidazolium) benzene SDA fitted 
into the IWR pore system, (2) where the fluoride ions were 
located, and (3) whether or not the Ge distribution was 
affected by the fact that a very different SDA had been 
used in the synthesis. To this end, a careful structure 
analysis of the as-synthesized material using synchrotron 
powder diffraction data was undertaken. 
 
Results and Discussion 

 
Results 

Synthesis and characterization 

ITQ-24 was obtained after ca. 12 days of hydrothermal 
treatment at 175 °C. Thermogravimetric analysis of the 
material showed a weight loss of 18.1 wt. % for the organic 
and fluoride (1.96 SDAs per unit cell, Figure 3) and very 
low water content, as is usually observed for 
germanosilicate microporous materials synthesized in 
fluoride medium.  
The integrity of the SDA after the hydrothermal treatment 
was assessed by 13C NMR spectroscopy. All the signals 
observed in the liquid state 13C MAS NMR spectrum of a 
solution containing the organic SDA are present in the 
spectrum of the as-made zeolite. This indicates that the 
SDA is intact within the zeolite (Figure 4). The Si/Ge ratio 
in the crystalline product measured by EDX was found to 
be about 3.0 (ca. 42 Si and 14 Ge atoms per unit cell). The 
Si/Ge ratio of the synthesis gel is 2.0, so apparently not all 
of the Ge was incorporated into the zeolite. Since the 
partial replacement of Si by Ge does not introduce any 
charge into the framework, the positive charge of the two 
organic SDA species per unit cell (total of 6 positive 
charges) must be balanced by extra-framework species. 
The F/N ratio obtained from chemical analysis is 0.30, 
which suggests that there is not enough fluoride to balance 
all the positive charges. They are probably compensated for 
by framework defects and/or hydroxide ions. The 19F MAS 
NMR has three main resonances at -10.2, -21, and -51 ppm, 
and a negligible resonance at -39 ppm (Figure 1S, Table 
1S). Resonances at -116.5, -120.2 and -126.3 ppm are due 
to the presence of SiF6

3- species, and the resonance at -85.6 
ppm cannot be assigned. In agreement with 19F NMR 
characterization of materials containing d4r’s the resonance 
at -10.2 ppm is assigned to fluoride anions in d4r’s with a 
composition [4Si, 4Ge]. This is the most prominent signal 
and corresponds to the composition found in the 
refinement. The resonance at -51 ppm may correspond to 
fluoride anions located in Ge-containing [415262] cages, as 
was previously observed in Ge-ITQ-1320. For pure silica 
cages, the signal shifted to -66 ppm. These cages must 
contain Ge in the ITQ-24 sample, because all the T atoms, 
T1-T7, are present in the cage. The very weak signal at -39 
ppm is assigned to a minor amount of fluoride in pure silica 
d4r’s. The resonance at -21 ppm could correspond to 
fluoride occluded in d4r’s that contain other amounts of 
germanium and silica19,5,21,22,23,24,25. 
The 29Si MAS NMR spectrum of the as-made ITQ-24 
sample (Figure 2S, Supporting Information) has very broad 
signals, as is normally observed for as-made 
germanosilicate zeolites. The resonances at -115.5 and -
110.8 ppm are tentatively assigned to a Si(OSi)4 
environment -108.2 ppm to Si(OSi)3(OGe), -104.4 and -
101.0 ppm to Si(OSi)2(OGe)2 and -93.8 ppm to 
Si(OSi)(OGe)3. The signal at -97.9 ppm is attributed to 
defect Si(OSi)2(OGe)- sites. 
Scanning electron micrographs show that the ITQ-24 
crystals have a rhombic prism morphology (Figure 5). 
 
Structure analysis 

The diffraction pattern of ITQ-24 was indexed using the 
program TREOR26 implemented in CMPR27 to give a C-
centred orthorhombic unit cell (a = 21.17, b = 13.63, c = 
12.62 Å), which is similar to that reported for the 
framework structure of ITQ-24 (framework type IWR) by 
Corma et al. 8 Structure refinement was initiated in the 
space group Cmmm using the published atomic coordinates. 
First the geometry was optimized using a distance-least-
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squares procedure 28 , assuming all atoms in tetrahedral 
coordination (T atoms) to be Si.  
A difference electron density map then revealed the 
location and conformation of the SDA at the intersection of 
the straight 10- and 12-ring channels with the sinusoidal 
12-ring channel (see Figure 6). A certain amount of 
chemical interpretation was required, because the SDA 
does not have as high a symmetry as the framework, and as 
a consequence, it is disordered over four equivalent 
positions with equal probability (maximum occupancy of 
0.25). However, it was possible to deduce that the benzyl 
ring was oriented perpendicular to the b axis, with the three 
imidazolium moieties on one side of the ring forming a “T-
shaped” arrangement around it. Two lie on the mirror plane 
perpendicular to c and are related to one another by the 
mirror plane perpendicular to a, and the third lies on the 
mirror plane perpendicular to a.   
Only after the SDA had been added to the model did the 
electron density peaks corresponding to Ge appear in the 
difference electron density map (Figure 6). Large peaks 
were observed on the T atoms of the double-four-ring 
(d4r), and smaller peaks appeared on two of the T atoms in 
one of the two single-four-rings (s4r). This additional 
electron density was interpreted to indicate the presence of 
Ge at those positions, so Ge was added, keeping the total 
Ge+Si occupancy at each position at 1.0. This is consistent 
with the location of Ge found in other zeolites (e.g. ITQ-75, 
ITQ-229 and ITQ-2110), where Ge also favors d4r's.  No Ge 
was found in the second s4r.  
Not surprisingly, a fluoride ion was found to occupy the 
center of each d4r, and its occupancy factor refined to one 
per d4r, or two per unit cell.  
Refinement of this model with geometric restraints on the 
bond lengths and angles of both the organic and the 
framework yielded a reasonable geometry for the organic 
species, but the framework was strained. Large differences 
in the four T−O distances from each T site, especially T1, 
were observed (1.57-1.70 Å). Furthermore, residual 
electron density was observed close to T3. In an attempt to 
obtain a better model for the framework and a cleaner 
difference electron density map, Ge and Si were refined 
independently, but this did not result in a better geometry. 
At this point it was reasoned that the distorted geometry 
could be due to the fact that all the oxygen atoms in the d4r 
lie on mirror planes, so one coordinate is always fixed. It 
was not clear which mirror plane should be removed, so an 
independent evaluation of the symmetry was carried out by 
running the powder charge flipping (pCF) algorithm 29 
implemented in Superflip30. In this program for structure 
solution from powder diffraction data, the algorithm does 
not assume any symmetry beyond the unit cell translational 
symmetry (it this case, C1), and once it has found a 
solution, it searches for the symmetry of the electron 
density map. The structure refined in Cmmm was used to 
calculate a phase set. These phases were then allowed to 
vary by up to 30% in a random fashion to create a new 
starting phase set for each pCF run. The best of the 
resulting electron density maps suggested that at least one 
of the mirror planes was missing.  
The symmetry was first reduced to Cm2m, but the 
geometry did not improve. Then Cmm2 and C222 were 
tried, but with equally unsatisfactory results. Therefore, 
Pban, the highest primitive subgroup of Cmmm without 
any mirror planes, was tested. The asymmetric unit 
contains 7 T sites: T1 and T2 are in the d4r, T3-T6 in one 
s4r, and T7 in the other. Refinement of the framework in 

this symmetry finally led to a reasonable geometry and a 
clean difference electron density map. With this lower 
symmetry, however, the SDA suffered from 
pseudosymmetry effects. To reduce the resulting instability 
in refinement, the benzyl ring was forced to be planar (the y 
coordinate was constrained to be the same for all six C 
atoms) as were the imidazole moieties. With these 
constraints added, the coordinates of the SDA atoms 
refined well. The H atoms in the SDA were taken into 
account by increasing the population factors of the C atoms 
according to the number of H atoms bonded to them. The 
occupancy for this model refined to 1.9 per unit cell, so it 
was set to 2 (the maximum). This is in very good 
agreement with the value obtained from the 
thermogravimetric analysis results (1.96 SDAs per unit 
cell). The structure of ITQ-24 with the SDA and fluoride 
ions included is shown in Figures 7 and 8. The 
crystallographic data are given in Table 2, and the profile 
fit for this model is shown in Figure 9.  
 

Discussion 

The structure of Ge-ITQ-24 synthesized in the presence of 
1,3,5-tris(1,2-dimethylimidazolium) benzene adopts a 
symmetry (Pban) lower than that reported previously for 
calcined Ge-ITQ-24 (Cmmm6 and Amm219). However, the 
published structure refined in Cmmm is strained with large 
differences in the four T-O distances for two of the T sites. 
This is similar to our findings for refinements in Cmmm so 
a decrease in the symmetry in that case may also have 
resulted in more reasonable bond distances and angles. As 
might be expected, the SDA is located at the intersections 
of the three channels. The benzyl ring is oriented 
perpendicular to the b axis and the three imidazolium 
moieties form a “T-shaped” arrangement around it. It fills 
almost all of the void volume available. This is reflected in 
the Hirshfeld surface31 shown in Figure 8, where the two 
round red spots indicate a close packing of the organic 
molecules along the b axis. The elongated red spot is due to 
a short distance (2.9 Å) between one of the methyl groups 
and a framework oxygen atom. This short contact, also 
observed for two of the methylene groups that link the 
benzyl ring to an imidazole moiety, may be indicative of 
weak CH···O interactions. An overall view of the Hirshfeld 
surfaces (Figure 10) shows the efficient packing of the 
SDA species, which have arranged themselves to mimic the 
channel system of the zeolite. The occupancy factors 
refined to 1.9 SDAs per unit cell, which is consistent with 
the thermogravimetric analysis results. The charge-
balancing fluoride ions were the only other extra-
framework species located. In view of the TGA results, 
water molecules were not expected.  
A fluoride ion was found to occupy the center of each d4r 

to give a total of two per unit cell. The results from 
chemical analysis showed that the amount of fluorine is ca. 
3.6 F/u.c., so there is some unlocalized fluoride that could 
correspond to the signals at -51 or -85.6 ppm in the 19F 
NMR spectrum, or to SiF6

3- species (Figure 11). The signal 
at -51 ppm that could be assigned to fluoride occluded in 
Ge-containing [415262] cages20 is very broad, probably 
because the fluoride is disordered over several positions. 
This would be consistent with the fact that it could not be 
located in the structure analysis. The amount of fluoride 
found in the chemical analysis is not enough to balance all 
six positive charges from the two organic cations per unit 
cell. The remaining charges must be balanced either by 
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unlocated OH- groups and/or by framework defects 
Si(OSi)2(OGe)O-. The latter would be consistent with the 
29Si NMR spectrum. 
The Ge atoms are distributed over 5 of the 7 T sites (see 
Figure 2a). One of the four T sites in one s4r is pure Si 
(T4), and the average composition of the ring is [3Si,1Ge], 
with the Ge showing a preference for T5 (59 %), over T6 
and T3 (23 and 17 %, respectively). The second s4r has a 
pure Si composition (T7). In the d4r, the two T sites T1 and 
T2 refined to 49 and 51 % Ge, respectively. In other words, 
the average composition of the d4r is [4Si,4Ge]. The 29Si 
MAS NMR spectrum (Figure 2S, Supporting Information) 
is consistent with this structure. This distribution of Ge is 
similar to that of ITQ-24 with the same Ge content refined 
in Amm219. However, in that case the Ge populations in the 
T sites that are equivalent in Cmmm were constrained to be 
equal. In the refinement in Pban significant differences 
between the Ge populations in those equivalent positions 
are observed (T3 and T4 are 16 % and 0 %, respectively, 
and T5 and T6 59 % and 23%). These details are lost in the 
higher symmetry. The refined composition of the 
framework is thus Si40.2Ge15.8O112, with a Ge content 
slightly higher than that found in the chemical analysis 
(Si42Ge14O112). The T−O bond distances and T−O−T bond 
angles reflect the Ge populations, i.e. the mixed Ge/Si 
positions with a higher percentage of Ge have longer T−O 
distances (see Table 3) and smaller T−O−T bond angles. 
The Ge distribution is similar to that reported previously 
for calcined Ge-ITQ-24 samples synthesized in hydroxide 
medium with hexamethonium as the SDA6.  
 
Experimental Section 

 
Synthesis 

 
Synthesis of the SDA 

All the reagents were purchased from Sigma-Aldrich and 
used without further purification. The triquat 1,3,5-tris(1,2-
dimethylimidazolium) benzene was synthesized following 
the procedure described in references 32 and 33. To ensure 
its purity, the product was recrystallized in absolute 
ethanol, and dried under vacuum. Its identity was verified 
by 1H and 13C liquid NMR (1H-NMR (500 MHz, D2O): δ  
2.56 (s, 9H), 3.81 (s, 9H), 5.37 (s, 3H), 7.18 (s, 3H)., 7.33 
(d, 3H), 7.40 (d, 3H);  13C-NMR (125 MHz, D2O): δ 9.86, 
35.47, 51.38, 121.67, 123.19, 127.83, 136.54, 145.52). The 
bromide salt of the SDA was subsequently transformed into 
the corresponding hydroxide (SDAOH) using Supelco 
Dowex Monosphere 550A UPW hydroxide exchange resin 
with an exchange capacity of 1.1 meq/mL. If necessary, the 
resulting solution was concentrated using rotary 
evaporation and the final solution was titrated with 0.01 M 
HCl using a Mettler-Toledo DL22 autotitrator. 
 
Synthesis of the zeolite 

ITQ-24 was synthesized from gels with molar composition: 
0.67 SiO2 : 0.33 GeO2 : 0.5 R1/3OH : 0.5 HF : x H2O, x=4-
14. Tetraethylorthosilicate (TEOS, 98 wt. %) and 
germanium ethoxide (99.95 wt. %) were added to an 
aqueous solution of the organic SDAOH. The container 
was closed and stirred overnight to allow for complete 
hydrolysis of Si and Ge sources. The lid was then removed 
and the ethanol and appropriate amount of water were 
allowed to evaporate under a stream of air. Once the 
appropriate mass was reached, the material was transferred 

to a Teflon Parr Reactor, and hydrofluoric acid (48 wt. % in 
H2O, ≥99.99% trace metals basis) added. The mixture was 
stirred by hand until a homogenous gel was obtained. The 
autoclave was sealed and placed in a rotating oven (43 
r.p.m.) at 175°C. Aliquots of the material were taken 
periodically by first quenching the reactor in water and then 
removing enough material for powder X-ray diffraction 
analysis.  
 
Characterization 

The crystalline products were identified using X-ray 
powder diffraction data (Rigaku MiniFlex II, CuKα 
radiation). The organic content was characterized by 
thermogravimetric analysis (TGA) (PerkinElmer STA 
6000), heating the samples up to 900 °C at a rate of 10 
°C/min). The crystal morphology was determined by 
scanning electron microscopy (ZEISS 1550 VP FESEM, 
equipped with in-lens SE). EDX spectra were acquired with 
an Oxford X-Max SDD X-ray Energy Dispersive 
Spectrometer system. 13C CP-MAS solid-state NMR 
spectra were recorded on a Bruker CXP-200 spectrometer 
(4.7 T) with a Bruker 7 mm MAS probe at a spectral 
frequency of 50.29 MHz at a rotation rate of 4000 Hz and 
were referenced relative to adamantane as an external 
standard (2 ms contact time, 2 s delay).  19-F NMR were 
recorded on a Bruker DSX-500 spectrometer (11.7 T) with 
a Bruker 4 mm MAS probe at a spectral frequency of 470.7 
MHz and was referenced relative to CFCl3  as an external 
standard (4 µs 90° pulse, 30 s delay). 19F MAS NMR were 
collected at both 13 and 15 kHz to assign spinning side 
bands. 1H and 13C liquid NMR spectra were collected in a 
400 MHz Varian Spectrometer. 
 
Structural analysis 

Synchrotron powder diffraction data were collected on the 
Materials Science Beamline at the Swiss Light Source 
(SLS) in Villigen, Switzerland 34  (Table 1). Rietveld 
refinement was performed using the XRS−82 suite of 
programs35. The structure drawings were produced using 
CrystalMaker 36  and the profile plots with the program 
ppp1437. 
 

Conclusion 

The finer details of the structure of the germanosilicate 
ITQ-24 (IWR) synthesized in fluoride medium using 1,3,5-
tris(1,2-dimethylimidazolium) benzene hydroxide as the 
SDA have been examined. Rietveld refinement has 
revealed that the bulky cations are located in the 
intersection of the 10- and 12-ring channels, with the 
benzyl ring oriented perpendicular to the b axis and the 
three imidazolium moieties all on one side of the ring in a 
"T-shaped" arrangement. Two fluoride ions per unit cell 
occupy the centers of the d4r's. This corresponds to slightly 
less than the amount of fluoride in the chemical analysis, 
and it is assumed that some (0.6 per unit cell) disordered 
fluoride ions are present, perhaps in the [415262] cages. The 
remaining positive charge of the SDA cations is balanced 
by framework defects and/or unlocated hydroxide ions. Ge 
atoms replace half of the Si in the d4r and one quarter of 
those in the s4r sites to yield average compositions of 
[4Si,4Ge] and [3Si,1Ge], respectively. The other s4r in the 
framework contains only Si. This is consistent with the 29Si 
MAS NMR spectrum. This distribution of Ge is similar to 
that reported for calcined ITQ-24 synthesized using the 
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hexamethonium cation as the SDA in hydroxide medium 
(refined in the space group Cmmm), so the arrangement 
does not appear to be influenced by the presence of fluoride 
ions or the nature of the SDA. The more reasonable bond 
distances and angles found in this study are probably the 
result of the fact that a lower space group (Pban) was used 
for the refinement.  
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Tables 

Table 1. Synchrotron powder diffraction data collection parameters for 
the sample ITQ-24. 

Synchrotron facility SLS 
Beamline Material Science 

Diffraction geometry  Debye-Scherrer 
Detector MYTHEN II 

Monochromator Si 111 
Wavelength 1.000 Å 

Sample rotating 0.3 mm 
capillary 

Nominal step size 0.004 °2θ 
Detector positions 4 
Time per pattern 10 s 

2θ range  4.0−44.0 °2θ  

 

Table 2. Crystallographic data from the Rietveld refinement of ITQ-24.a 

Chemical composition |[(C6H3)(C7H10N2)3]2F2|  
[Si40.2 Ge 15.8O112] 

Unit cell  
 a 21.1443(1) Å 
 b 13.6221(1) Å 
 c 12.6108(1) Å 
Space Group Pban 

Standard peak (hkl, 2θ) 110, 5.01° 
Peak range (FWHM) 15 

Data points 10240 
Contributing reflections 750 

Geometric restraints 218 
 T-Ob 1.61-1.69(1) Å 28 

 O-T-O 109.5(20)Å 42 
 T-O-Tc 135/145(8)° 15 
 C-Nd 1.36/1.45(1) Å 18 
 C-Ce 1.54/1.40(1) Å 15 

 C-N-C 109.8(20)° 6 
 C-C-C 120.0(20)° 12 
 C-C-Nf 106.8/111.4/125.8(20)° 15 
                  N-C-N 112.0(20)° 3 

Parameters  
 structural  130 

 profile 9 
RF 0.123 
Rwp 0.122 
Rexp 0.019 

a The numbers given in parentheses are the esd's in the units of the least 
significant digit given. Each restraint was given a weight equivalent to 
the reciprocal of its esd.     

b The T−O bond distance restraint was adjusted to reflect the Ge 
population at each T site.  

cThe T−O−T bond angle restraint was set to 135 for those angles with at 
least one T site partially occupied by Ge.   

dThe C−N bond distance restraint was set to 1.36 for N−CH2 in the 
imidazolium moiety and to 1.45 for all others.  

eThe C−C bond distance restraint was set to 1.54 for CH−CH3 and 
CH−CH2, and to 1.40 for CH2−CH2 and CH−CH bonds. 

fThe C−C−N bond angle restraint was set to 106.8 for N−CH2−CH2, 
111.4 for N−CH2−CH and 125.8 for N−CH−CH3 bonds. 

 

Table 3. Average refined T-O bond distance and percentage of Ge in 
each T site for ITQ-24. 

T site T-Oavg Ge PPa Ge/u.c. b 

T1 1.66 49% 3.9 

T2 1.67 51% 4.1 

T3 1.62 16% 1.4 

T4 1.60 - - 

T5 1.67 59% 4.7 

T6 1.63 23% 1.8 

T7 1.59 - - 

a % of Ge in each T site. The % of Si is 100-%Ge.  

b Ge atoms per unit cell in each T site. The number of Si atoms is 8 
minus the number of Ge atoms.     
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Figures 

 

 

Figure 1. The structure directing agent 1,3,5-tris(1,2-dimethylimidazolium) benzene. 

 

 

Figure 2. The ITQ-24 framework structure showing (a) the arrangement of the d4r units, and (b) the intersection of the three channels. A possible arrangement of 

Ge atoms (red) is shown in (a). Oxygen atoms have been omitted for clarity.  
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Figure 3. TGA analysis of the sample ITQ-24.  

  

Figure 4. Solid-state 
13

C CP MAS NMR spectrum of as-made ITQ-24 (upper) compared to the spectrum of a solution containing the organic SDA cation (lower).  

 

 

Figure 5. Scanning electron microscopy image of the sample ITQ-24 showing the rhombic prism morphology.  
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Figure 6. Difference electron density map calculated in Cmmm (a) before adding the organic SDA to the model (one and a half unit cells are displayed to show the 

electron density for a complete molecule), and (b) before adding Ge to the model (SDA included). The final refined structure is overlaid for comparison. 

 

 

Figure 7. View of the ITQ-24 framework down the c axis. The organic species are located at the intersections between the 10- and 12-ring channels, and the 

fluoride atoms occupy the center of the d4r’s. Oxygen atoms have been omitted for clarity.  

 

Figure 8. Detail of the structure to show the T-shaped configuration of the 1,3,5-tris(1,2-dimethylimidazolium) benzene SDA. Oxygen atoms have been omitted for 

clarity (a). Hirshfeld surface (b) viewed down the b axis calculated using CrystalExplorer [38]. A contact distance normalized by the van der Waals radii of the atoms 

involved (dnorm) has been used. Red areas represent intermolecular contacts shorter than the sum of the van der Waals radii of the atoms. Distances around the 

sum of van der Waals radii are white and longer contacts are blue.  
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Figure 9. Observed (black), calculated (red) and difference (blue) profiles for the Rietveld refinement of ITQ-24. The profiles in the inset have been scaled up by a 

factor of 3.5 to show more detail. Reflection positions are marked as vertical bars. 

 

Figure 10. View of the Hirshfeld surface down the c axis to show the efficient packing of the SDA species within the channels of ITQ-24. Colors are as in Figure 8. 
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