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Abstract: The investigation of the criti-
cal synthesis parameters of germano-
silicate of UTL topology, possessing
14- and 12-rings, has been carried out
in detail. (6R,105)-6,10-Dimethyl-5-
azoniaspiro[4.5]decane hydroxide was
used as the structure-directing agent
(SDA). The kinetics of the synthesis,
the role of the Si/Ge ratio in the syn-

calcination procedure were investigat-
ed in relation to the crystallinity and
textural properties of the synthesized
material. The optimum synthesis time
was found to be six days for Si/Ge and
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(Si+Ge)/SDA molar ratios of 2 and
1.7, respectively. The UTL zeolite crys-
tallizes as small sheets of 10 um in size.
The micropore volume of the best crys-
tals is 0.22 cm’®g~" with a micropore di-
ameter of 1.05 nm, based on DFT and
Saito-Foley analyses of adsorption
data.

thesis mixture, and the effect of the

Introduction

Crystalline molecular sieves, with an extra-large pore diame-
ter of their channels and high sorption capacity, possess a
particular potential for applications in adsorption and catal-
ysis. Among such materials, a special position is held by zeo-
lites as the most frequently employed heterogeneous cata-
lysts in the chemical industry.!'! The most important features
for catalytic applications of zeolites involve well-defined
structures with micropore channels, a chemical composition
able to introduce catalytic active centers, and environmental
tolerance.”! Although zeolite-based catalysts are used in
almost half of all large-scale technological units,”! their main
limitations are due to the restricted size of their channels,
which are not larger than 1 nm.™ Zeolites are frequently ap-
plied as catalysts in the transformations of aromatic hydro-
carbons through alkylation, disproportionation, and isomeri-
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zation®™ or acylation™" reactions; for this reason, any in-
crease in the size of channels would be desirable.

Recently, particular attention has been focused on the de-
velopment of new synthetic strategies for the preparation of
extra-large pore zeolites and zeotypes based on silicates,
phosphates, and germanates.'”’ Though germanate zeotypes
have been synthesized in a large variety of structures with
high porosity, the potential for their industrial application is
not promising because of their high cost and low thermal
and hydrolytic stability. Until now, the only synthesized
extra-large-pore zeolites are 14-ring materials like CIT-5,1
UTD-1," §SZ-53 and SSZ-59,!%1 and gallosilicate 18-ring
ECR-34,1%1 all containing one-dimensional channel systems,
and germanosilicate 18-ring ITQ-33!"" with a two-dimen-
sional system of perpendicular 18- and 10-ring channels. The
synthesis of extra-large-pore zeolites could be an important
alternative to the synthesis of mesoporous zeolites!" or
micro/mesoporous composite materials."!

Recently, two independent research groups have synthe-
sized the germanosilicate zeolites ITQ-15 and IM-12, which
possess a two-dimensional system of perpendicular 12-ring
and 14-ring channels of diameter 8.5x5.5 and 9.5x7.1 A, re-
spectively.”*?!l The zeolite ITQ-15 was prepared using 1,1,3-
trimethyl-6-azonia-tricyclo-[3.2.1.4%]decane  hydroxide as
the structure-directing agent (SDA). The zeolite IM-12 was
synthesized using (6R,10S)-6,10-dimethyl-5-azoniaspiro-
[4.5]decane hydroxide. The Si/Ge ratio in these zeolites was
relatively low: 8.5 and 4.5 for ITQ-15 and IM-12, respective-

Chem. Eur. J. 2008, 14, 10134-10140



ly. The code UTL was assigned to this zeolite topology by
the International Zeolite Association. Based on the detailed
structural investigation, it seems that the key structural
building units are double 4-rings (D4R), the formation of
which is favored by the presence of germanium atoms in the
reaction mixture.”>*! Similar secondary building units are
typical for other germanosilicate zeolites, including ITQ-
22,24 17Q-17,” 1TQ-27,%! and ITQ-33."1 Atomistic force
field methodology confirmed the predicted almost exclusive
location of Ge in D4Rs, which are the characteristic secon-
dary structural units in all new ITQ zeolites synthesized
with Ge.”l As the Si/Ge ratio is not too low, these zeolites
are characterized by a relatively high thermal and hydrolytic
stability. After the introduction of heteroatoms bearing cata-
lytic activity, for example Ti or Sn,”” efficient catalysts can
be obtained. For example, with the introduction of alumi-
num inducing the formation of acid sites in UTL zeolite in
higher concentrations, an (Si+ Ge)/Al ratio lower than 20
would allow the tailoring of the zeolite hydrophobicity/hy-
drophilicity as well as the ion-exchange properties, particu-
larly towards divalent cations. Also, the decrease in the con-
centration of Ge in the structure without a loss of crystallini-
ty, and the incorporation of other cations, such as Ga** or
Fe**, are problems which remain to be solved.

Considering the specified features of the crystal structure
and porous system of germanosilicate zeolite with UTL top-
ology, we carried out a detailed investigation of the crucial
synthesis parameters with the following objectives: 1) deter-
mination of the ranges of Si/Ge and (Si+ Ge)/SDA ratios
required for the synthesis of UTL structures using (6R,10S)-
6,10-dimethyl-5-azoniaspiro[4.5]decane hydroxide as the
structure-directing agent, 2) estimation of the kinetics of the
synthesis, 3) detailed description of the calcination proce-
dure of UTL zeolite, and 4) investigation of porous structure
parameters.

Results and Discussion

Characterization of all synthesized and calcined zeolites was
performed by using X-ray powder diffraction. Figure 1 (left)
provides a comparison of the X-ray powder diffraction pat-
terns of as-synthesized UTL zeolites prepared with different
Si/Ge and (Si+Ge)/SDA molar ratios in the reaction mix-
ture at the synthesis temperature of 175°C. It is clearly seen
that zeolites with UTL topology were prepared with a high
crystallinity and without the presence of any other amor-
phous or crystalline phases in
the initial range of Si/Ge higher
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Figure 1. X-ray diffraction patterns of as-synthesized (left) and calcined
(right) germanosilicate UTL prepared with template (6R,10S)-6,10-di-
methyl-5-azoniaspiro[4.5]decane hydroxide with different Si/Ge and (Si+
Ge)/SDA ratios: a) 1 and 4; b) 2 and 4; ¢) 2 and 1.7; d) 5 and 4, respec-
tively.

2 to 5 substantially changes the relationship between the in-
tensities of the individual diffraction lines. The higher the
Si/Ge ratio, the more intense are the diffraction lines at
6.23, 12.50, 18.80, and 25.6°, which correspond to the dy,
dy00, dego, and dggy planes, respectively. This is in agreement
with X-ray patterns published by Corma et al.’! and Pail-
laud et al.?!! Ge is expected to be preferentially located in
D4Rs in analogy to other zeolites®™ " and all indicated dif-
fraction lines cross the centers of D4R units. However, the
increase in the intensity of these diffraction lines could be
explained in terms of the preferential orientation of the
crystal plates of UTL zeolite, despite our efforts to avoid
such a preference by careful packing of the sample into the
holder.

The real chemical composition of the zeolite samples is
shown in Table 1. If the Si/Ge ratio is 4.17 and 9.44 then the
proportion of germanium atoms in the UTL framework is
equal to 14.7 and 7.3 atoms per unit cell or per 16 positions
in two D4R units. The sharp increase in the intensity of the
specified diffraction lines is probably a result of a popula-
tion change in the centers of polyhedrons in a D4R and a
displacement of oxygen atoms.

Calcination of UTL zeolites led to significant changes in
the intensity of X-ray diffraction lines (Figure 1, right).
XRD patterns of UTL zeolites synthesized with the highest
concentration of Ge (Si/Ge=1) were clear evidence for the
partial structural collapse of these samples during calcina-

Table 1. Chemical compositions of reaction mixtures (RMs) and corresponding UTL samples.

than 2 and lower than 5, with

. . . Initial molar ratio Si/Ge Si/Ge (Si+Ge)/SDA  Contents in samples, wt %

the ratio (Si+Ge)/SDA varying Si  Ge SDA H,0 inRM insamples in RM SDA H,0
from 1.7 to 4. When a Si/Ge=1

. din th . UTL/L 080 040 03 30 2 4.17 4 12.56 3.67
ratio was used in the reaction  yryp 080 040 07 30 2 418 17 12.73 336
mixture, the synthesis resulted UTL3 080 040 04 30 2 4.17 3 12.96 3.32
in the formation of a mixture of UTL/4 080 040 0.6 30 2 4.19 2 12.48 3.66
UTL zeolite and p-GeO,. The UTL/S 100 020 03 30 5 9.44 4 12.60 2.81
. . . . UTL/6 0.60 0.60 0.3 30 1 4.17 4 4.52 8.10
increase in the Si/Ge ratio from
Chem. Eur. J. 2008, 14, 1013410140 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10135
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tion. The dominant diffraction lines remaining after calcina-
tion of this zeolite can be attributed to $-GeO, or isostruc-
tural a-quartz. Some differences between the XRD results
of UTL zeolites with Si/Ge from 2 to 5 were observed.
Mainly, they manifested a decreasing intensity of the diffrac-
tion lines, and as a result the XRD patterns of the calcined
samples with Si/Ge >4 become similar.

For a better understanding of the reaction conditions
leading to the pure well-crystalline UTL zeolite we followed
the kinetics of the synthesis. Figure 2 shows XRD patterns
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Figure 2. X-ray diffraction patterns of germanosilicate UTL with Si/Ge=
2 and (Si+Ge)/SDA =4 after different times of the synthesis: 1) 3, 2) 4,
3) 6, 4)8,5) 10, and 6) 14 days.

of UTL zeolite synthesized with an initial Si/Ge ratio equal
to 2 and (Si+ Ge)/SDA =4 for different times of the synthe-
sis. It is clearly seen that after just one day of the synthesis
at 175°C some diffraction lines of UTL structure appeared.
The intensity of these diffraction lines increases with the
prolongation of the synthesis time, and it seems that the
maximum intensity (optimum synthesis time under reaction
conditions used) is after about six days (Figure 2, curve 3).
Further prolongation of the synthesis time led to the appear-
ance of diffraction lines of another more dense zeolite pos-
sessing MTW topology, with characteristic diffraction lines
at 7.65, 8.87, 20.97°, and so forth. This confirms the progress
of the transformation of the less dense UTL structure into
the more condensed one of MTW. After ten days of the syn-
thesis the MTW zeolite is the prevailing material in the re-
action mixture, and after 14 days quartz is preferentially
formed.

Figure 3 provides a scheme of the time evolution of the
content of UTL, MTW, and a-quartz phases in the synthesis
products. Both zeolites UTL and MTW represent intermedi-
ates in this reaction system prepared with an optimum reac-
tion time of about six days for UTL and around ten days for
MTW, respectively. However, under the reaction conditions
used it was not possible to prepare phase-pure MTW zeolite.
This was mainly due to the fact that the first diffraction
lines of quartz were found in the X-ray patterns almost im-
mediately after the appearance of diffraction lines of MTW
zeolite.
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Figure 3. The effect of crystallization time on the crystallinity of germa-
nosilicate UTL with Si/Ge=2 and (Si+Ge)/SDA=4: 1) UTL, 2) MTW,
3) quartz.

Based on the results obtained it can be concluded that the
increase in the initial Si/Ge ratio from 2 to 5 does not lead
to any significant change in the crystallinity of the UTL zeo-
lite. Unfortunately, our attempts to synthesize the UTL zeo-
lite from reaction mixtures with a Si/Ge ratio up to 10 were
not successful: mostly zeolites with the STF structure were
prepared. This is probably caused by the key role of germa-
nium in the formation of D4R units, which are a very impor-
tant part of the UTL structure, although they are not char-
acteristic for aluminosilicate high-silica zeolites. Thus, the
highest Si/Ge molar ratio in the product in UTL zeolites
prepared under our reaction conditions was 9.44 (UTL/S).
On the other hand, the excess of Ge in the reaction mixture
causes the crystallization of a separate dense phase. It is
necessary to consider also that reaction mixtures with high
contents of germanium are more reactive than high-silica
mixtures at the same pH value, and germanate zeolites are
less stable. As a consequence, a faster UTL zeolite crystalli-
zation proceeds, followed by zeolite transformation into a
dense phase for a longer synthesis duration.

An increase in the SDA concentration in the reaction
mixture did not result in a change of the zeolite crystallinity,
as shown by X-ray powder diffraction and the change of the
structural type of the zeolite synthesized. The SDA was pro-
vided in the hydroxide form, thus, an increase in the SDA
concentration was accompanied by an increase in the
amount of hydroxide in the reaction mixture. Table 2 pro-
vides the micropore volumes of individual UTL samples
synthesized with different Si/Ge and (Si+ Ge)/SDA ratios
for four and six days. The highest micropore volumes of
0.220 and 0.213 cm®*g ™' were determined for zeolites UTL/2
and UTL/7, respectively, prepared with (Si+ Ge)/SDA equal
to 1.7 and 2.4. Although the X-ray powder patterns of UTL/
1 and UTL/2 after a six-day synthesis are of high quality,

Chem. Eur. J. 2008, 14, 10134-10140
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Table 2. Structure parameters of calcined samples (RM =reaction mix-
ture).

Si/Ge (Si+Ge)/SDA  Spgr Vool Viiero

inRM  in RM [m*g"]  [emPg'] [em’g]
UTLA® 2 4 215 0.135 0.114
UTL/ 2 4 281 0.206 0.136
UTLRE 2 1.7 326 0.163 0.152
UTL/2 2 1.7 417 0.234 0.220
UTL/S 5 4 347 0.236 0.155
UTL/6 1 4 52 0.111 0.022
UTL/7 2 2.4 469 0.220 0.213

[a] Samples with a four day synthesis.

there is a significant difference in the micropore volume:
0.136 versus 0.220 cm’g™'. This indicates faster progress of
the synthesis of UTL samples prepared with a higher
amount of SDA, and therefore a higher concentration of hy-
droxide in the reaction mixture. The prolongation of the
synthesis time for UTL/1 to 15 days was not sufficient to
reach a micropore volume higher than 0.180 cm’g™". This
again stresses the role of the hydroxide concentration in the
reaction mixture. Preliminary results obtained with a mix-
ture of hydroxide and bromide forms of the SDA confirm
the importance of the concentration of hydroxide ions for
the synthesis.

The results of X-ray powder diffraction and the chemical
analysis of the UTL zeolite dried at temperature 90°C show
that in the range Si/Ge=2-5 (in the reaction mixture), zeo-
lites with the template contents 12.56-12.73 % are formed.
In contrast, for sample UTL/6 with the increased germani-
um content, we observed a low amount of the SDA
(Table 1) due to the presence of the additional pB-GeO,
phase and the blocking of channels by extra-framework ger-
manium-containing species.

SEM images of UTL zeolites prepared under different
chemical compositions of the reaction mixture (Figure 4)
showed that the optimum Si/Ge ratio for the formation of a
pure crystal phase with the UTL structure is Si/Ge=2.
After 4-6 days of the hydrothermal synthesis at 175°C, ho-
mogeneous, rectangular (close to square), lamellar crystals
of thickness 0.5-1 um and average size about 10x10 um
were formed. The majority of crystals are isolated ones, and
the minority consist of aggregates of lamellar crystals
(Figure 4, top right). It should be noted that SEM, together
with X-ray powder diffraction, confirms a high degree of
crystallinity and phase purity of the prepared samples of
UTL zeolites. The increase in the concentration of the SDA
in a reaction mixture by 2.3 times did not cause any signifi-
cant changes in the crystal morphology except for an in-
crease in the average size of crystals up to 15 um. The re-
sulting morphology of the crystals under study differs from
the morphology of IM-12 crystals described by Paillaud
et al.”"! The authors reported on the formation of two types
of crystals: large aggregates of size 150 x 150 x 150 um under
static synthesis conditions, and flower-type aggregates of
thin crystals under agitation. In addition, the increase in the
Si/Ge ratio up to 5 in the reaction mixture led to a substan-
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Figure 4. SEM images of calcined UTL samples obtained from reaction
mixtures with different Si/Ge and (Si+ Ge)/SDA ratios: top left: 1 and 4
(scale bar=10 um); top right: 2 and 4 (scale bar=>5 pm); bottom left: 2
and 1.7 (scale bar =5 pm); bottom right: 5 and 4 (scale bar =10 um).

tial growth of the average size of crystals up to 20x40x
5 um (Figure 4, bottom right).

The reduction of the Si/Ge ratio in the reaction mixture
to 1 led to a sharp increase in the average size of the UTL
crystals up to 40x50x 10 um (Figure 4, top left). Some inter-
growth of zeolite crystals with visible edge dislocation was
observed. In this picture evidence of significant amounts of
a secondary phase without a defined morphology is clearly
provided. Based on the XRD data, the secondary phase in
these samples was identified as $-GeO,. The above given
observations, together with the results obtained by other
methods, allow us to draw the following conclusions con-
cerning the crystallization of reaction mixtures with differ-
ent Si/Ge ratios. With respect to the solubility of the reac-
tion mixture, the rate of the gel recrystallization to germani-
um and silicon dioxide, and also the formation of competing
phases under the conditions of hydrothermal treatment in
the presence of (6R,10S5)-6,10-dimethyl-5-azoniaspiro-
[4.5]decane hydroxide, the optimum Si/Ge ratio in the reac-
tion mixture should be in the range 1.5-3. For such a com-
position of the reaction mixture, a significant number of
nuclei are formed, favoring the uniformity of crystal sizes
and shapes and allowing the fast crystallization and full
transformation of the gel into the zeolitic crystal phase.

FTIR spectra of the skeletal vibration region for zeolite
with the UTL structure, synthesized with different template
contents in the reaction mixture, are very similar; this allows
a conclusion to be drawn on the insignificant influence of
the template concentration in the range (Si+Ge)/SDA=
1.8-4 (Figure 5). The assignment of the infrared bands was
based mainly on references [31,32]. The spectra show the
presence of intensive stretching absorption bands at 1171
and 1241 cm™' and bending vibrations at 525, 539, 578, and
594 cm™! (Figure 5b). No significant redistribution of the in-
tensities of pair bands at 525 and 539m and 578 and
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Figure 5. FTIR of skeletal vibrations of as-synthesized samples with UTL
topology, Si/Ge=1 (a), 2 (b), and 5 (c).

594 cm ™' was observed for zeo-
lites different in their Si/Ge
ratio. This indicates that no ad-
ditional deformations of the
zeolite structure occurred as a
change of the distribution of sil-
icon and germanium in the
framework proceeded. A
shoulder in the spectrum found
at 980 cm™' could be assigned
to the vibrations including Si—
O—Ge moieties, and four ab-
sorption peaks at 930-835 cm™!
are associated with different
type Ge—O—Ge species.

With increasing silicon con-
tent in UTL zeolites (Figure 5c)
all structurally insensitive bands
are shifted to a higher frequen-
cy area (it is particularly notice-
able for the most intensive band of stretching vibrations
shifting from 1082 up to 1105 cm™'). The second observable
feature relates to a significant decrease in the intensity of
the structurally sensitive band at 1239 cm™, the intensity of
the Ge—O stretching vibrations band at 930-835 cm™, and
the appearance of a new Si—O—Si band at 460 cm™'. The
specified changes in the FTIR spectrum reflect, first of all,
the essential increase in the silicon population in D4R posi-
tions. Significant reduction of the silicon contents in UTL
samples also led to a significant increase in the intensity of
the absorption bands at 960, 911, and 880 cm !, probably de-
scribing stretching vibrations of tetra- and penta-coordinat-
ed germanium with the oxygen environment.

The results of thermogravimetric analysis (TG, DTG) and
differential thermal analysis (DTA) of zeolites with the
UTL structure synthesized from various reaction mixtures
are rather similar. TG, DTG, and DTA curves for zeolites
with different Si/Ge and (Si+ Ge)/SDA ratios are shown in

®
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Figure 6. In general, for all samples the weight loss takes
place in two steps. The first step is observed in the tempera-
ture range from ambient temperature up to 300-320°C (de-
pending on the Si/Ge ratio). This weight loss is due to the
desorption of water from the zeolite. The second step, in the
range 300-700°C, corresponds to the SDA removal. Further
weight loss above 700°C is evidently caused by a partial de-
hydroxylation of UTL zeolites. Zeolites with the UTL struc-
ture showed very high thermal stability: their structure did
not collapse even after calcinations at 1000°C. Note that the
temperature range of the dehydration depends on the Si/Ge
ratio and can be explained by different surface hydrophobic-
ity of the zeolite. In contrast, the temperature corresponding
to the maximum of template removal is similar for all the
UTL zeolites under study. A very low template content and
relatively high amount of water were observed for UTL/6
with Si/Ge=1. The probable reason is that, due to a high
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Figure 6. Thermogravimetric analysis of as-synthesized UTL samples. Si/Ge and (Si+ Ge)/SDA ratio: a) 1 and
4,b) 2 and 4, ¢) 5 and 4, respectively.

concentration of Ge in the reaction mixture, GeO, has been
partly formed together with the UTL zeolite.

Textural parameters of the porous structure of the UTL
zeolites were determined by using adsorption isotherms,
with nitrogen and argon as adsorbates (Figure 7). Sample
UTL/6 (Si/Ge=1) exhibited a low micropore volume
(Table 2) due to the presence of a substantial amount of
GeO,, which is in good agreement with the X-ray diffraction
pattern (cf. Figure 1, left). The micropore volume of studied
zeolites with different Si/Ge ratio agrees well with the
amount of template in as-synthesized samples (and CHN
analysis data), but not with total weight loss data obtained
from the thermal analysis investigation.

The analysis of N, and Ar adsorption isotherms in a pres-
sure range from 107° to 4.107! p/p, allowed us to determine
micropore size distributions for the calcined samples. Calcu-
lation from adsorption isotherms of nitrogen carried out by
using the DFT approach®! and the Saito-Foley® method
showed the average pore diameter to be close to 1.05 and

Chem. Eur. J. 2008, 14, 10134-10140
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Figure 7. Adsorption isotherms of nitrogen (1-6) and argon (7 and 8) for
samples of UTL zeolite (see Table 1 and Table 2): 1) UTL/6, 2) UTL/1,
3) UTL/2 (4-day synthesis), 4,7) UTL/1, 5,8) UTL/2, 6) UTL/S.

1.10 nm, respectively (Figure 8). Analysis of the Ar adsorp-
tion isotherm by using the Saito-Foley (SF) method showed

SF for Ar

_
[
1

DFT for N,

] sFrrn,

dv/dD, cm® g‘] nm~!
P

0.5

0.0 T T T T
1.0 1.5 2.0 2.5 3.0
Pore Diameter, nm

Figure 8. Pore size determination for best porosity sample (UTL/2).

the diameter was close to 1.20 nm. It is known that the pore
diameter value is very sensitive with regard to the values of
magnetic susceptibility and polarizability.®* Argon is usually
preferred due to its spherical shape, but the value obtained
from argon measurements is higher than that from X-ray
powder diffraction. It is important to note that only one
maximum has been obtained, even without any shoulder.
This indicates that even a high-resolution argon measure-
ment is not able to distinguish between two types of pores
with diameters of 8.5x5.5 and 9.5x7.1 A, and the obtained
pore size was a little overestimated. Considering this, it ap-
pears that the results of nitrogen and argon adsorption are
in good agreement with the data of the X-ray structure anal-
ysis, and confirm that the investigated zeolites possess extra-
large pores.
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Conclusion

A number of silicogermanate zeolites with UTL topology
have been synthesized in alkaline media using (6R,10S)-
6,10-dimethyl-5-azoniaspiro[4.5]decane hydroxide as the
structure-directing agent. The optimum synthesis time was
found to be six days for Si/Ge and (Si+ Ge)/SDA molar
ratios of 2 and 1.7, respectively. The typical Si/Ge ratio in
solid samples is 4.17, but it can be increased up to 9-10 with-
out an essential decrease of zeolite crystallinity. Zeolite with
the UTL structure shows very high thermal stability: the
structure did not collapse after calcinations at 1000°C. The
micropore volume of the best crystals is 0.22 cm®’g™!, and
the micropore diameter is 1.05 nm.

Experimental Section

Synthesis of the structure-directing agent: Preparation of the (6R,10S5)-
6,10-dimethyl-5-azoniaspiro[4.5] decane hydroxide (Scheme 1) was per-
formed according to the following procedure. Distilled water (140 mL),
sodium hydroxide (5.68 g, Lach-Ner, Czech Republic), and 1,4-dibromo-
butane (30.66 g, Aldrich) were mixed in a round-bottom flask. Then,
(2R,6S5)-2,6-dimethylpiperidine (16.07 g, Aldrich) was added dropwise

Br-, OH"
Br NaOH / : NaOH *
NH + Br —_— N e NQ
Br

Scheme 1. Template preparation.

over a period of 30 min under reflux. The mixture was vigorously stirred
(~1000 rpm) for 12 h to prepare a milklike suspension. Then, the mix-
ture was cooled down in an ice bath. The temperature was decreased,
and an ice-cooled solution of sodium hydroxide (70 mL, 50 wt %) was
added. After that, solid sodium hydroxide (20 g) was added slowly under
vigorous stirring and further cooling by ice. The addition of sodium hy-
droxide was stopped after an appearance of the oil product. Further in-
tensive stirring led to the formation of the crystalline phase, which was
recovered by filtration and extracted three times with chloroform
(100 mL). The organic fractions were dried using anhydrous sodium sul-
fate and partially evaporated. The ammonium salt was precipitated and
washed out with diethyl ether. The salt was converted into hydroxide
form by ion exchange with AG 1-X8 resin (Bio-Rad). The yield of the
product was about 92 %. The successful synthesis of the structure-direct-
ing agent was confirmed by NMR spectroscopy after dissolution in
[Dg]dimethyl sulfoxide.

Synthesis of germanosilicate with UTL structure: The synthesis of zeolite
with UTL topology was carried out by a modified method described in
reference [20]. Reaction gel of molar composition: 0.6-1.0 Si0,/0.6-0.2
Ge0,/0.3-0.7 SDA/30-33 H,O was prepared by dissolving amorphous
germanium oxide (Aldrich) in the solution of SDA. A list of individual
samples with their abbreviations and specified molar ratios of individual
reaction components is provided in Table 1. After that, silica (Cab-O-Sil
MS5) was added into the solution and the mixture was stirred at room
temperature for 30 min. The resulting fluid gel was charged into 25 mL
Teflon-lined home-made stainless steel autoclaves and heated at 175°C
for 3-9 days under agitation (40 rpm). The solid product was recovered
by filtration, thoroughly washed with distilled water and dried overnight
at 90°C.

To remove the SDA, the as-synthesized zeolite was calcined in air at

550°C for 6 h with a temperature ramp of 1°Cmin".
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Characterization: X-ray powder diffraction data were obtained on a
Bruker AXS D8 diffractometer in the Bragg-Brentano geometry by
using Cug, radiation with a graphite monochromator and a position-sen-
sitive detector (Vantec-1). The relative crystallinity of individual zeolite
samples was determined using the diffraction line at 6.23° with (hkl)
index (200). To limit the effect of preferential orientation of individual
UTL crystals, being aware of their shapes (see Figure 4), a gentle grind-
ing of the samples was carried out to decrease their size, and they were
packed carefully into the holder.

The content of Si and Ge was determined on a Philips PW 1404 X-ray
fluorescence spectrometer. Calcined samples were homogenized using
agate mortar, and after adding dentacryle as a binder they were deposit-
ed on a surface of cellulose tablets.

The morphology of zeolite particles was evaluated using a scanning elec-
tron microscope JEOL JSM-5500 LV.

FTIR spectra of skeletal vibrations of ITQ-15 samples were recorded on
an FTIR spectrometer Nicolet Protégé 460 by using a KBr pellet tech-
nique.

Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) were performed on a Q-1000 thermal analyzer (MOM, Hungary)
from room temperature to 1000°C with a heating rate of 10°Cmin'
under flowing air.

Adsorption isotherms of argon and nitrogen at —196°C were measured
with a Micromeritics ASAP 2020 instrument. Prior to the adsorption
measurements, all samples were degassed at 250°C until a pressure of
0.001 Pa was attained. Nitrogen and argon were used as adsorbates to
properly evaluate the pore size of this microporous germanosilicate. The
micropore size distribution was calculated by using DFT! and Saito—
Foley® methods for cylinder pore geometry.

'"H NMR (300 MHz) spectra used for characterization of the structure-di-
recting agent prepared were recorded on a Varian Mercury 300 spec-
trometer in [D4]dimethyl sulfoxide at 25°C (data are not shown here).
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