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The extra-large-pore germanosilicates with UTL topology have been synthesized using a large
variety of spiroazocompounds as structure-directing agents. Synthesis conditions were optimized
and zeolites with a high crystallinity degree were obtained with 13 different organic structure-
directing agents. The influence of the composition of the reaction mixture and template nature
(structure, hydrophilicity/hydrophobicity balance, rigidity, pKa) on the phase selectivity, crystallinity
degree, and adsorption properties of zeolites with UTL structure was investigated. Selection criteria
of organic molecules as potential structure-directing agents (SDAs) in the synthesis of large-pore
and extra-large-pore zeolites from silicate and germanosilicate media are proposed. The optimum
synthesis time was determined to be 4-9 days for different SDA and (Si þ Ge)/SDA molar
ratios. Clear synergism between the optimum structure of organic template and the presence of
critical amount of inorganic component (GeO2) was evidenced. The UTL zeolite crystallizes as tiny
sheets ∼10 μm thick. The effect of the organic template on the size and shape of the crystals was
found. The micropore volume of the best crystals is 0.22-0.24 cm3/g, with a micropore diameter of
1.05 nm, based on density functional theory (DFT), and Saito-Foley analyses of adsorption
isotherms.

Introduction

Zeolitemolecular sieves are themost frequently employed
heterogeneous catalysts used in chemical industry,1 because
of important features such as havingwell-defined structures
with micropore channels, chemical compositions that are
able to introduce catalytic active centers, and environ-
mental tolerance.2 For the practical application of zeo-
lites in acid catalysis, two particular features must be
considered: (i) the size of the channels inducing the
accessibility of active sites and (ii) the presence of acid
sites (Br€onsted and Lewis types), because of the success-
ful incorporation of trivalent heteroatoms into the neu-
trally charged silica framework. The size of the zeolitic
channels is sufficiently large for many transformations of
aromatic hydrocarbons via alkylation, disproportionation,

and isomerization reactions3-9 or acylation reactions.10,11

However, any increase in the size of channels above 1 nm
would be surely desirable. As for the acidity, the investiga-
tion of acidic properties of zeolites is still a matter of highly
vivid discussion, combining both experimental and theo-
retical approaches.12-17

Successful synthesis of new extra-large pore zeolites
comprises the optimum application of organic structure-
directing agents, proper synthesis conditions, and some-
times also the presence of inorganic structure directors.18
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This led to the preparation 14-ring zeolites like CIT-5,19

UTD-1,20 SSZ-53 and SSZ-59,21 18-membered-ring
ECR-34,22 and ITQ-3323 and 30-ring chiral ITQ-37.24

Understanding of the templating behavior of organic
structure-directing agents on a molecular level is still a
matter of discussion and general conclusions have not yet
been achieved. Fortunately, recent results showed a phase
prediction in some synthesis of zeolites,25 a deeper under-
standing of the interplay between guest organic cations
and silicon oxide,26 and also the role of supramolecular
chemistry in the structure direction of microporous
materials.27 Further development and understanding of
zeolite nucleation,28 synthesis of novel materials with an
odd number of Si atoms in channel openings,29 and role of
templates during the synthesis30 leads then to further
achievements in preparation of zeolitic materials31 or
new insight in their catalytic functions.32 Acidic proper-
ties of individual types of zeolites with particular zeolite
channels then control the catalytic behavior in different
reactions.13,33,34

Recently, the first zeolites with intersecting 12- and
14-ring channels were reported as germanosilicates
ITQ-15 and IM-12,35,36 with their Si/Ge ratios being
8.5 and 4.5, respectively. As templates, 1,1,3-trimethyl-
6-azonia-tricyclo-[3.2.1.46,6]decanehydroxide and (6R,10S)-
6,10-dimethyl-5-azoniaspiro[4.5]decane hydroxide were
used, respectively. Structural investigation evidenced that
key structural building units are double 4-rings (D4R),
the formation of which proceeds in the presence of Ge

atoms in the reaction mixture37-39 and is not limited only
forUTL zeolite but also for other germanosilicate zeolites
such as ITQ-22,40 ITQ-17,37 and ITQ-33.23

Our previous investigation addressed the critical synth-
esis parameters of germanosilicate of UTL topology,
possessing 14 rings versus 12 rings.41 (6R,10S)-6,10-Di-
methyl-5-azoniaspiro[4.5] decane hydroxide was used as
the structure-directing agent. The kinetics of the synth-
esis, the role of the Si/Ge ratio in the synthesis mixture,
and the effect of calcination procedure were related to the
crystallinity and textural properties of the synthesized
zeolite. The optimum synthesis time was determined to be
6 days for Si/Ge and (SiþGe)/SDAmolar ratios of 2 and
1.7, respectively. The UTL zeolite crystallizes as small
sheets 10 μm � 10 μm. The micropore volume of the best
crystals was 0.23 cm3/g.
The crystallization of ITQ-15 and IM-12 zeolites with

UTL structure using SDA with different structures and
basicity in a wide range of Si/Ge ratios shows a large
variability of synthesis conditions for formation of this
zeolite. It is obvious that, for the formation of the UTL
structure, in a similar way as that for other germanosili-
cate zeolites, the space-filling role of the template is not
the only dominating factor but the structure design of
SBU units, typical for reaction mixtures with a Si/Ge
ratio of 2, also plays a major role. Based on that, we
assume the following:

• the nature of template is not the decisive factor for
formation of UTL structure; however, the proper
choice of the particular SDA is required;

• SDA used for synthesis of ITQ-15 and IM-12 is not
unique, and probably is not the best for UTL
crystallization;

• the presence of germanium, as an inorganic struc-
ture director, is definitely needed (at relatively high
concentrations).Thus, some synergism between the
presence of the particular organic SDA and inor-
ganic director is of primary importance to prepare a
well-crystalline zeolite of UTL structure.

The structure-directing agent with the inorganic com-
ponent can determine the crystallization product. One of
the ideas of our work was investigation of the template
properties and hydrophilicity/hydrophobicity balance
(log P), rigidity, basicity (pKa), and their influence on the
phase selectivity in germanosilicate reaction mixtures,
from which UTL structure can be obtained. With respect
to that, we used a series of spiroazacompounds with
different structure and size to examine their structure-
directing role in the synthesis of UTL structure.
Hence, we should solve such questions, as what are the

limits of size, rigidity, solubility, basicity, etc. for qua-
ternary nitrogen-containing molecules as potential struc-
ture-directing agents for synthesis of zeolites with UTL
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structure. In addition,we tried to elucidate peculiarities of
crystallization processes of UTL zeolite using different
templates, especially regarding crystallization kinetics
and product phase selectivity. To solve the problem of
synergism of organic and inorganic structure-directors, a
series of nitrogen-containing compounds (mainly spiroaza-
alkanes), presented in Table 1 were synthesized using oil-
water interphase alkylation reactions promoted by NaOH
(see Scheme 1) and tested as SDA for zeolite synthesis from
germanosilicate mixtures with a Si/Ge ratio of 2.

Experimental Section

Materials and Methods. Synthesis of the Template. In
general, the preparation of structure-directing agents

(SDAs, see Scheme 1) was performed using a method
similar to that described in ref 42, with subtle variations,
depending on the nature (primarily the solubility) of
obtained substances. Typically, 140mL of distilled water,
5.68 g of sodium hydroxide, and 30.66 g of 1,4-dibro-
mobutane (or equivalent molar quantity of another
bromoderivate) were mixed in a glass flask. An amount
of 16.07 g of (2R,6S)-2,6-dimethylpiperidine (or equiva-
lent molar quantity of another cyclic amine) was added
dropwise over a period of 30 min under reflux. Then, the
mixture was refluxed under very intensive stirring (∼1000

Table 1. Prepared Organic Compounds Used as Structure-Determining Agents (SDAs)a

a 3�aþ 4�a: denotes the quantity of tertiary and quaternary C andN atoms, as ameasure of rigidity/flexibility of amolecule, designation according to
ref 38. δN

þ denotes the efficient charge for nitrogen ions calculated using semiempirical method PM3 (program Hyperchem Pro 6).
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rpm) for 12 h to prepare a milklike suspension and then
cooled in an ice bath. After adding 70mL of an ice-cooled
50 wt % solution of sodium hydroxide, different quan-
tities of solid sodium hydroxide were added under inten-
sive stirring and cooling by ice until the appearance of oil
product. As a rule, after 0.5-1 h of stirring, this oil
crystallized. When no crystallization proceed over an
extended period of time, the reaction mixture was addi-
tionally cooled by means of liquid nitrogen (the stark oil
was separated mechanically) and solid produced was
filtered off and extracted with 1-5 100-mL amounts of
chloroform. The organic fractions were dried by anhy-
drous sodium sulfate and partially evaporated and the
ammonium salt was precipitated and washed out with
diethyl ether. Finally, the salts were converted to hydro-
xide form by ion-exchange with AG 1-X8 resin (Bio-
Rad). The yield of the product, depending on the struc-
ture, was about 34-96%. The successful synthesis of the
SDAwas confirmed by 1HNMRspectra after dissolution
in dimethyl-sulfoxide-d6. A list of all templates under
study, with their characteristics, is given in Table 1.
Cyclic amines and bromoderivatives used for the synth-

esis of SDAs:
(2R,6S)-2,6-dimethylpiperidine, 3,5-dimethylpiperidine

(mixture of cis and trans), 2,2,6,6-tetramethylpiperidine,
decahydroquinoline (mixture of cis and trans), perhydro-
isoquinoline, 1,10-methylenebis(3-methylpiperidine), hexa-
methyleneimine, piperazine, 2-methylpiperazine, 2-ethyl-
piperidine; 1,4-dibromobutane, 1,5-dibromopentane,
1,4-dibromopentane,R,R0-dibromo-o-xylene, 1,2-dibromo-
ethane, (1-bromoethyl)benzene.
The compounds were obtained in pure forms, because

none of them is commercially available. Their structures
were confirmed by 1H NMR. In many cases, identifica-
tion of the compound structures was difficult, because of
presence of several isomers (up to 8 for template 8). As an
example, for template 1, the peak identification in 1H
NMR spectra was made as follows:

• H10 andH11; doublet 1.287 and 1.309 ppm, I≈ 6
• H6 and H8; two multiplets, at 1.499-1.643 ppm,

I ≈ 4
• H7 ; two pentaplets with centers at ∼1.729 and

1.767 ppm, I ≈ 1 þ 1
• H2 and H3 ; pentaplets with centers at ∼1.925

ppm, I ≈ 4
• H5 and H9;multiplets at 3.301-3.350 ppm, vI≈

2,
• H1 andH4; twomultiplets 3.555-3.676 ppm, I≈

4Here, the total number of protons is -22; the
impurities include H2O (3.322 ppm) (∼5%), and
the rest represents <1%.

We measured pH for 0.005-0.01 N mixtures of all
obtained templates in theirOH forms and used the data to
calculate experimental values pKa (presented in Table 1)
as a degree of template basicity. For calculation, we used
classical methodology based on Debye-H€uckel theory:

pKa ¼ 14- pKb ¼ 14þ logðKbÞ ðat 25�CÞ

Kb ¼ ½SDAþ� � ½OH- �
½SDAOH� ¼ ½OH- �2

c- ½OH- �

¼ ððaOH- Þ2=ðγOH- Þ2Þ
c- ðaðOH- Þ=ðγOH- ÞÞ ¼ 102pH- 28=ðγOH- Þ2

c- ð10pH- 14=ðγOH- ÞÞ
where c is the concentration of SDA determined by
potentiometric titration, a the activity, and γ the activity
coefficient. For very diluted solutions with

ffiffiffi

I
p

< 0:1ðc < 0:01 NÞ
the activity coefficient was determined as a first approxi-
mation:

log γ ¼ -A�
��
�
�z

SDAþ � zOH-
��
�
��

ffiffiffi

I
p

where A is a constant (which is equal to 0.505 for water
solutions), z the charge number of the ion concerned, and
I the ionic strength of the solution.
The efficient charge for N ions was calculated using the

semiempirical method PM3 (programHyperchemPro 6).
Similarly, log P values (n-octanol/H2O distribution coef-
ficient, program ChemSketch 12.01) were calculated for
characterization of the degree of hydrophobicity of the
templates.

Preparation of the UTL/X Zeolites. The preparation of
the UTL/X zeolites was performed using methods similar

to those previously published.42 A gel with the molar
composition0.6-1.0SiO2:0.6-0.2GeO2:0.2-0.7ROH:30-
33 H2O was prepared by dissolving amorphous (or crystal-

line) germaniumoxide (Aldrich) in a SDAhydroxide (ROH)
solution. Silica (Cab-O-Sil M5) then was added to the
solution and the mixture was stirred at room temperature

for 30 min. The resulting fluid gel was charged into 30-mL
Teflon-lined autoclaves and heated at 175 �C for 3-14 days
under agitation (40 rpm). The solid products obtained after
preset synthesis times were recovered by filtration, washed

with distilled water, and dried overnight at 90 �C. To remove
the SDA, the as-synthesized zeolites were calcined in a
stream of air at 550 �C for 6 h with a temperature ramp of

1 �C/min.
A detailed description of the synthesis of samplesUTL/

14 and UTL/16 is provided as follows.
UTL/14. 2.344 g of SDA9 has been dissolved in 11.3

mL of water. To this solution, we have added 4 g of ion-
exchange resin AG 1-X8 and placed the resulting mixture
on a magnetic stirrer for 2 h. After that, the resin was
separated by filtration. To the obtained solution, 0.872 g
of amorphous germanium oxide was added and the gel

Scheme 1. General Scheme of the Preparation of Spiroazacom-

pounds as Structure-Directing Agents (SDAs)
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was stirred for 15 min to fully dissolve. Then, 1.000 g of
silica (Cab-O-SilM5) was added into the solution and the
mixture was stirred at room temperature for 30 min. The
resulting fluid gel was charged into 30 mL Teflon-lined
autoclaves and heated at 175 �C for 9 days under stirring
(40 rpm). The solid product was recovered by filtration,
washed out with distilled water, and dried overnight at
90 �C.

UTL/16. 11.9 mL of SDA11 (2,10-dimethyl-15,16-
benzo[a,a]-6,8-diazoniadispiro [5.1.5.4]heptadecane hy-
droxide) solution has been mixed with 1.0 mL of water.
To the obtained solution, 0.872 g of germaniumoxidewas
added and mixed for 15 min before full dissolution of the
germanium oxide. Then, 1.000 g of silica (Cab-O-Sil M5)
was added into the solution and themixture was stirred at
room temperature for 30 min. The resulting fluid gel was
charged into 30-mL Teflon-lined autoclaves and heated
at 175 �C for 4 days under agitation (40 rpm). The solid
product was recovered by filtration, washed out, and
dried overnight at 90 �C.

Characterization. Powder X-ray diffraction (XRD)
data were obtained on a Bruker AXS D8 diffractometer
in the Bragg-Brentano geometry using Cu KR radiation
with a graphite monochromator and a position-sensitive
detector (Vantec-1). Relative crystallinity of individual
zeolite samples was determined using the diffraction line
at 6.23� with a (hkl) index of (200). To limit the effect of
preferential orientation of individual UTL crystals, a
gentle grinding of the samples to decrease their size and
careful packing into the holder was performed.
The content of silicon and germanium was determined

on a Philips PW 1404 Model X-ray fluorescence spectro-
meter. Zeolite samples after calcination were homoge-
nized using an agate mortar and, after adding dentacryle
as binder, they were deposited on a surface of cellulose
tablets.
The morphology of zeolite particles was evaluated

using scanning electronmicroscopy (SEM) (JEOLModel
JSM-5500LV).
FTIR spectra of skeletal vibrations of UTL samples

were recorded on a Fourier transform infrared (FTIR)
spectrometer (Nicolet Model Prot�eg�e 460), using a KBr
pellet technique.
Thermogravimetric analysis (TGA) and differential

thermal analysis (DTA) were performed on a Model
Q-1000 thermal analyzer (MOM, Hungary) from room
temperature to 1000 �C with a heating rate of 10 �C/min
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 ad-
sorbates to properly evaluate the pore size of this micro-
porous germanosilicate. Micropore size distribution was

calculated using density functional theory (DFT)46 and
Saito-Foley47 methods for cylinder pore geometry.

1H (300 MHz) NMR spectra used for characterization
of the prepared SDAwere recorded on a VarianMercury
300 spectrometer in dimethyl sulfoxide-d6 solutions at
25 �C (data are not shown here).

Results

The use of 13 of the 25 tested SDAs, together with the
appropriate composition of the reaction mixture, and
under proper synthesis conditions, led to the formation
of highly crystalline zeolites with UTL topology (see
Figure 1 and Table 2). Negligible differences in XRD
patterns of samples prepared using different templates
can, most probably, be related to little differences in
sample degree of crystallinity and crystal size (the possi-
bility of some preferential orientation of sheetlike crystals
in the sample holder41), as well as different populations of
germanium and silicon in different crystallographic sites.
At ratios of Si/Ge = 2 and (SiþGe)/SDA= 1.7-4 in

the reaction mixture, the optimum duration of the synth-
esis was 6 days for most of the zeolites, whereas when
decreasing the Si/Ge ratio to 1 (sample UTL 6a), pure
product was obtained after 3 days of synthesis. Similarly,
an essential reduction of hydrothermal synthesis time was
observed when using SDA5 and SDA11. In the former
case, it is associated with a smaller template molecule size

Figure 1. XRD spectra of samples withUTL structure synthesized in the
presence of different templates.

(46) Lowell, S., Shields, J. E., Thomas, M. A., Thommes, M., Char-
acterization of Porous Solids and Powders: Surface Area, Pore Size
and Density; Kluwer, Dordrecht, The Netherlands, 2004; pp 145, 148. (47) Saito, A.; Foley, H. C. AIChE J. 1991, 37, 429.
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and the absence of shielding of the N atom by methyl
groups. A smaller template size and the absence of
shielding could make the interaction of positively charge
N atoms and negative silica species easier. In the latter
case, we assume that high values of pKa and log P for a
rather big SDA molecule (containing two charged N
atoms) are of the utmost importance. Also, it is impos-
sible to exclude the possible decomposition of molecule
SDA11 (with rupture of the methylene group between N
atoms), because of a longer hydrothermal treatment.
Flexible products of decomposition of SDA11 can be
formed, initiating the formation of medium-pore-size
zeolite with MEL structure.
Although, in most cases, highly crystalline samples

were synthesized over a wide (Si þ Ge)/SDA ratio, it
can be stressed that zeolites crystallized from reaction
mixtures that have higher template contents exhibited
more perfect structure and a higher micropore volume. In
contrast, when using large SDA molecules (SDA3,
SDA7, SDA10, and SDA11), decreasing the template
contents (SiþGe)/SDA=6were necessary. It is possibly
caused by, essentially, the great volume of these mole-
cules, and unattainability of appropriate filling of zeolite
pores by the largemolecules, because of steric hindrances.
The optimum pH range for the successful synthesis of

highly crystalline UTL zeolites was 9.0-11.5. In some
cases, a decrease in pH to 8.5 (for SDA7), 8.0 (for
SDA12), 7.5 (for SDA3), and even to 6.5 (for SDA1) still
led to a well-crystalline UTL zeolite. It can be expected
that, in the case of reaction media with lower pH, a
prolongation of the synthesis time is required (from 3
days to 8 days) to achieve full crystallization of UTL
zeolites. With some SDA applied (e.g., SDA9), even at

pH 9.5, 9-10 days were required to achieve complete
crystallization. The large size and insufficient basicity and
hydrophilicity of SDAmolecules most probably caused a
slower rate of UTL zeolite crystallization. Increasing the
pH to 12.0 or even higher resulted in recrystallization that
occurred too fast, resulting in less-porous zeolites, which
is typical for silicate media.
We did not observe any direct correlation between the

properties of templates and their ability to favor the
formation of zeolites with topology UTL. At the same
time, we noticed that all SDAs applied for successful
synthesis of UTL zeolites possess some similar character-
istics, which will be discussed in more detail vide infra.
Here, we just propose limits of optimum and acceptable
values for those characteristics. All SDAs successfully
applied forUTL synthesis exhibit C/N values in the range
of 10-17, the values of pKa are in the range from 11.74(
0.02 to 12.45( 0.04, and the calculated values of logP are
between 1.78 ( 0.47 and 0.64 ( 0.67 (see Table 1, as well
as Figures 5 and 6 (presented later in this work).
For most of these 13 SDAs, a slight deviation from the

optimum synthetic conditions led to significant changes
in the direction of crystallization, providing some impu-
rities or undesired zeolite phases. Using, e.g., SDA5, a
prolongation of the hydrothermal synthesis from the
optimum 4 days to 6 days caused crystallization of zeolite
MEL, whereas a decrease in the template content to 50%
in the reaction mixture (decreasing the pH in the reaction
mixture from 9 to 6) initiated the formation of highly
crystalline β-GeO2 and amorphous phase SiO2. We ob-
served such phenomenon each time the pH value of the
reaction medium was not sufficiently high (the limit most
probably depends on the nature of the SDA and the

Table 2. SiO2-GeO2 Samples: UTL and Other Structures Using Different Templates

Molar Ratio in RM

sample Si Ge Te H2O Si/Ge in RM
(Si þ Ge)/Te

in RM
template
number

synthesis
duration

primary
phase impurities (%)

UTL/1 0.80 0.40 0.3 30 2 4 1 6 UTL
UTL/2 0.80 0.40 0.7 30 2 1.7 1 6 UTL
UTL/2a 0.80 0.40 0.7 30 2 1.7 1 4 UTL
UTL/3 0.80 0.40 0.4 30 2 3 1 6 UTL
UTL/4 0.80 0.40 0.6 30 2 2 1 6 UTL
UTL/5 1.00 0.20 0.4 30 5 3 1 6 UTL
UTL/6 0.60 0.60 0.4 30 1 4 1 6 UTL β-GeO2, 10
UTL/6a 0.60 0.60 0.4 30 1 4 1 3 UTL
UTL/7 0.80 0.40 0.5 30 2 2.4 6 6 UTL
UTL/8 0.80 0.40 0.6 30 2 2 2 6 UTL
UTL/9 0.80 0.40 0.6 30 2 2 5 4 UTL
UTL/10 0.80 0.40 0.2 30 2 2 3 8 UTL
UTL/11 0.80 0.40 0.45 30 2 2.67 7 6 UTL
UTL/12 0.80 0.40 0.6 30 2 2 8 6 UTL
UTL/13 0.80 0.40 0.4 30 2 3 4 6 UTL
UTL/14 0.80 0.40 0.5 30 2 2.4 9 9 UTL
UTL/15 0.80 0.40 0.2 30 2 6 10 7 UTL
UTL/16 0.80 0.40 0.2 30 2 6 11 4 UTL
UTL/17 0.80 0.40 0.4 30 2 4 12 6 UTL
UTL/18 0.80 0.40 0.3 30 2 4 13 6 UTL
UTL/19 0.80 0.40 0.185 30 2 6.5 14 9 MEL UTL, 10, amorph.
UTL/20 0.80 0.40 0.25 30 2 4.8 14 6 MTW UTL, 5
UTL/21 0.80 0.40 0.222 30 2 5.4 15 6 UTL BEA, 40, amorph.
UTL/22 0.80 0.40 0.344 30 2 3.5 15 14 MTW UTL, 10, amorph.
UTL/23 0.80 0.40 0.4 30 2 3 16 6 UTL MTW, 10
UTL/24 0.80 0.40 0.3 30 2 4 16 7 MTW UTL, 20
UTL/25 0.80 0.40 0.3 30 2 4 17 6 amorph UTL
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SDA/(Si þ Ge) ratio) to involve the recrystallization
process of silica and germanate species in the same way.
This can be explained in terms of a partial overlapping of
precipitation fields for silicate and germanate polyanions.
For most SDAs, when the pH is <8.5, only germanate
species are crystallized. Thus, the silicate species remain in
the amorphous gel.
For SDA10, a increase in the template content in the

reaction mixture of∼50% of the original optimum value
caused the transformation of a substantial part of the
primary formed UTL phase into a denser MTW zeolite.
We assume that the reason for such a transformation is
not only due to faster crystallization of the UTL phase
and its subsequent transformation, according to the
Ostwald ripening rule, but also displacement of the
equilibrium of the dissolution/sedimentation of germa-
nate and silicate species (because of essential increase pH)
in favor of the increase in the silica contents in a solid
phase. Similarly, for SDA11, a prolongation of synthesis
time from the optimum 4 days to 5 days led to the
formation of zeolite BEA further to UTL. For SDA9,
traces of BEA zeolite appeared with increasing the synth-
esis time from 9 days to 10 days.
For SDA14-SDA17, we did not succeed in optimizing

the synthesis conditions to prepare UTL zeolite as a pure
phase. SDA14, SDA15, and SDA16 represent a group of
SDAs, in the presence of which UTL zeolite crystallized;
however, the UTL structure was always accompanied by
other zeolitic structures. SDA15 provides UTL as the
dominating phase, with BEA zeolite as the impurity.With
increasing the synthesis time up to 14 days, MTW be-
comes the dominating phase and the UTL phase is found
only as an impurity. In comparison, for SDA16, together
with the dominating UTL phase, the impurity was MTW
zeolite if the synthesis time was 6 days, but MTW/UTL
phases were formed for syntheses of 7 days or more. The
use of SDA14 led to the formation of small quantities
of the desired UTL zeolite; however, the main phase
were zeolites with MEL and/or MTW structures. With
SDA17, only a small amount of UTL phase was formed;
the major part of the sample was amorphous, even at
prolongated synthesis times.
The following issues should be noted when considering

the reasons why specified templates are not “successful”
in the synthesis of pure zeolites with UTL topology. The
structures of SDA14 and SDA17 are rather similar, but
the first one possesses high hydrophilicity (log P =
-1.29) and basicity, whereas the second one, having a
high pKa value, is rather hydrophobic (log P=-0.32).
As a consequence, the use of SDA14 causes not only very
fast crystallization of the UTL zeolite but also fast
transformation of this structure into a denser phase. We
will notice that the final samples with UTL, MEL, and
MTW phases contain very insignificant quantities of
organic templates; that is, medium- and large-pore zeo-
lites do not include SDA molecules in channels. SDA17
possesses insufficient templating ability, because of low
hydrophilicity. At pH 9.0-9.5, we found only traces of
crystallizationUTL zeolite, whereas the increase of pH to

10.5-11.0 leads to the formation of the porous MTW
phase. One cannot exclude that the use of this template
(SDA17) could be successful in obtaining a pure UTL
phase only under very careful control of pH (e.g., by
balancing concentrations of OH-/Br- in a solution) and
at prolonged synthesis times. SDA16 also possesses in-
sufficient templating ability, because of low hydrophili-
city, but at a higher pKa value. Therefore, we observe a
fast transformation of the UTL structure in MTW.
It is necessary also to note that SDA16 consists of

several isomers, because of the structure of the initial
amine, and it also brings some disbalance. The basic
feature of SDA16 (besides sufficiently high hydro-
phobicity) is its adverse corner (close to 135�, unlike
SDA10, where this corner is ∼90�), placing two suffi-
ciently bulky substituents, favoring the formation of
zeolites with the BEA structure.
Templates SDA18 and SDA20 were also favorable for

the formation of the BEA mixture with an unknown
phase. SDA18 is a structure analogue of SDA16 with
similar chemical properties; therefore, the reasons for the
formation of BEA zeolite are almost identical. The ability
of simple small azaspirocompounds similar to SDA20 to
promote the formation of zeolites with BEA topology is
shown in ref 43. For successful templating of UTL
structures for the SDA20 molecule, obviously a lack of
methyl or ethyl group attached to the carbon next to
quaternary nitrogen is critical. In the case of SDA19 and
SDA21 (which are very similar to SDA17 and SDA16),
the main products were zeolites with MTW topology.
With SDA16-SDA19 and SDA21, potential instability
(vide infra) in the conditions of synthesis also should be
considered.
In the presence of SDA22 and SDA23, wewere not able

to optimize the synthetic conditions to form any zeolite
structure. The main reason can be both too-fast crystal-
lization of quartz (and β-GeO2) as well as thermal in-
stability of SDAs. In the case of SDA24 and SDA25,
visible evidence showed that an absence of zeolitization is
caused by both very high hydrophobicity and flexibility of
molecules.
SEM images of UTL zeolites prepared using SDA1 in

the synthesis mixture (Figure 2a) showed that, after
4-6 days of the hydrothermal synthesis at a temperature
of 175 �C, homogeneous, rectangular (close to square)
sheetlike crystals <0.5 μm thick and with an average
size of ∼10 μm � 10 μm were formed. For zeolites
prepared with SDA1, a majority of crystals are isolated
ones, while a minority of them consists of aggregates
of lamellar crystals. Note that SEM, together with pow-
der XRD, confirms a high degree of crystallinity and
phase purity of the prepared samples of UTL zeolites.
The resulting morphology of the crystals under study
differs from the morphology of IM-12 crystals described
by Paillaud et al.36 The authors reported on the forma-
tion of two types of crystals: large aggregates 150 μm �
150 μm � 150 μm in size, under static synthesis condi-
tions, and flower-type aggregates of thin crystals under
agitation.
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UTL zeolites prepared in the presence of other SDAs
possess the morphology of rectangular sheetlike crystals
(see Figures 2b-2f). In general, it is seen that, first of all,
SDA type influences the crystal homogeneity. By chan-
ging the SDA, a very broad variety of crystal sizes (1-60
μm in the planar direction and with a thickness of 0.1-4
μm), different ordering of separation of crystal sheets, as
well as degree of perpendicular or planar intergrowth, can
be obtained. It should be stressed that larger crystals were
formed in the presence of larger SDAs (i.e., SDA7 and
SDA13)with benzene rings in the structure (Figure 2c and
2f). These SDAs are less soluble in water having higher
pKa values. It can be speculated that these factors favor a
low rate of nuclei formation and a relatively fast growth
of isolated UTL crystals. In some cases, we also observed
the formation of “open book” type crystal aggregates (see
Figure 2e).
For better understanding of the reaction conditions

leading to the pure well-crystalline UTL zeolite, we
followed the kinetics of all successful syntheses (see

Figure 3). For some SDAs (especially for SDA5 and
SDA11), some diffraction lines typical of UTL structure
appeared already after 1 day of the synthesis at 175 �C.
The intensity of these diffraction lines increased with the
prolongation of the synthesis time and it seems that the
maximum intensity (optimum synthesis time under reac-
tion conditions used) is ∼3-7 days (depending on
SDA type, cf. Table 1). Further prolongation of the
synthesis time behind the optimum one for each SDA
led to the appearance of diffraction lines of other, more-
dense, zeolites with MTW, MEL, or BEA. After 6-12
days of synthesis (depending on the SDA applied), more-
dense zeolite is the prevailing material in the reaction
mixture, whereas, after 14 days, quartz is preferentially
formed.
Figure 3 provides a scheme of the time evolution of the

content of UTL,MTW, and R-quartz (þ β-GeO2) phases
in the synthesis products. All zeolites identified in the
synthesis products (UTL and MTW, MEL, or BEA)
represent intermediates in this reaction system prepared

Figure 2. SEM images of samples with UTL topology: (a) UTL/2-SDA1, (b) UTL/8-SDA2, (c) UTL/11-SDA7, (d) UTL/14-SDA9, (e) UTL/
15-SDA10, and (f) UTL/19-SDA14.
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with an optimum synthesis time of ∼3-7 days for UTL.
Crystallization kinetic of zeolites with UTL topology is
particularly dependent on the SDA being used. Thus,
significant acceleration of crystallization in comparison
with SDA1, narrowing the time window of pure UTL
phase and quick phase transformation into MTW or
BEA correspondingly, are typical features of SDA5
and SDA11. The only similarity in these two SDAs
is the absence of alkyl groups close to the central charged
N atom. In contrast, the employment of SDA3 and
SDA7 particularly prolonged the induction period of
UTL crystallization and shifted the time window of
UTL phase to 8-9 days. The general phase diagram of
zeolite with UTL topology, depending on the SDA type
being transformed in amore-dense structure, is illustrated
in Figure 4.

FTIR spectra of the skeletal vibration region for zeolite
with the UTL structure, synthesized with different SDAs,
are very similar, which allows us to draw a conclusion
about the insignificant influence of the template nature on
the zeolite framework vibrations. The assignment of the
infrared bands was mainly based on refs 44 and 45. The
spectra show the presence of intensive stretching absorp-
tion bands at 1171 and 1241 cm-1 and bending vibrations
at 525, 539, 578, and 594 cm-1 (see Figure SI-1 in the
Supporting Information).No significant redistribution of
the intensities of pair bands at 525 and 539 cm-1 and 578
and 594 cm-1 was observed for zeolites synthesized in the
presence of different SDAs. In addition, even using
synchrotron radiation, we were not able to locate indivi-
dual templates in the structure of UTL zeolites synthe-
sized with different SDAs. This indicates no additional
significant deformations of the zeolite framework as a

Figure 3. Kinetics of crystallization for zeolite withUTL topology (black
line) synthesized in the presence of different SDA: SDA5 (pattern (a)),
SDA1 (pattern (b)), and SDA9 (pattern (c)). (For patterns a, b, and c, the
black line denotes UTL and the gray line represents MEL data.)

Figure 4. Phase transformation of zeolite with UTL topology in a more-dense structure.

Figure 5. Influence of C/N ratio and pKa of SDAs (numbers given in the
graph denote SDAs; see Table 1) on the formation selectivity of zeolites
with UTL topology. (Green-shaded regions indicate areas where UTL
formation is favorable; blue- and pink-shaded regions represent areas
where UTL formation is bearable.)
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change of the distribution of silicon and germanium in the
framework. This is probably related to the preferential
location ofGe atoms in theD4Runits.37A shoulder in the
spectrum found at 980 cm-1 could be assigned to the
vibrations including Si-O-Gemoieties and four absorp-
tion peaks at 930-835 cm-1 associatedwith different type
Ge-O-Ge species, most probably located in D4R units.
For as-synthesized zeolites, the specified changes in a
FTIR spectrum reflect, first of all, changes of type and
intensity of absorption bands attributed to C-H and
C-N vibration of the template (in particular, in the case
of the presence of aromatic groups, e.g., for SDA3,
SDA7, SDA10, SDA11, SDA13, SDA15, SDA24, and
SDA25).

The thermogravimetric analysis (TG, DTG) and dif-
ferential thermal analysis (DTA) results of UTL zeolites
synthesized from two different SDAs are rather similar
and are shown in Figure SI-2 of the Supporting Informa-
tion.Generally, for all samples, theweight loss happens in
two steps. The first step is observed in the temperature
range from ambient temperature up to 300-350 �C
(depending on the type of SDA). This weight loss is due
to the desorption of water from the zeolite. The second
step in the range from 300 up to 700 �C corresponds to the
SDA removal. Further weight loss above 700 �C is
obviously caused by a partial dehydroxylation of UTL
zeolites. Zeolites with UTL structure show very high
thermal stability; their structure did not collapse, even

Figure 6. Field of optimum values ofC/N ratio and logP for nitrogen-containing organicmolecules suitable for use as SDAs in the synthesis of large-pore
and extra-large-pore zeolites fromsilicate and germanosilicatemedia. Blacknumbers represent SDAnumbers from thiswork; blue, red, and green numbers
in the graph represent SDAs from the figures below the graph. The yellow field denotes the region of desirable values, and the magenta field denotes the
admissible limits of the C/N ratio and log P.
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after calcinations up to 1000 �C. Note that the tempera-
ture range of the dehydration depends on the Si/Ge ratio
and can be explained by different surface hydrophobicity
of the zeolite. In contrast, the temperature corresponding
to the maximum of template removal is somewhat differ-
ent for all UTL zeolites under study. As-synthesized
zeolite prepared with SDA containing aromatic rings
show an additional maximum at 650-680 �C, which is
attributable to the oxidation of aromatic hydrocarbon
moieties.
Textural parameters of the porous structure of the

UTL zeolites were determined using adsorption iso-
therms with nitrogen and argon as adsorbates (see Fig-
ures SI-3 and SI-4 in the Supporting Information). The
BET surface area was 660-720 m2/g. The micropore
volume of crystalline zeolite samples prepared with dif-
ferent SDAs agrees well with the total amount of template
and water in the as-synthesized samples (and CHN
analysis data) and was intended to average 0.21-0.23
cm3/g. For example, in the case of not well-crystalline
samples UTL/2a (4 days of synthesis) and UTL/5, the
micropore volume was 0.152 and 0.155 cm3/g, respec-
tively (at template contents of 12.73 and 12.60 wt%,
water contents of 3.36 and 2.81 wt%, Si/Ge ratios of
4.18 and 9.44, the calculated free space will be 0.175 and
0.167 cm3/g). For better crystalline samples (UTL/2 and
UTL/7), the void volume was 0.220 and 0.213 cm3/g,
respectively, practically not depending on the SDA type.
The analysis of N2 and Ar adsorption isotherms in the

pressure range from p/p0 = 10-6 up to p/p0 = 4 � 10-1

allowed us to determine the micropore size distributions
for calcined samples. For the determination based on
nitrogen adsorption isotherms, the DFT approach46 and
the Saito-Foley47 method estimated the average pore
diameter close to 1.05 and 1.10 nm, respectively.41 The
analysis of the Ar adsorption isotherm using the Saito-
Foley (SF) method provided a diameter of∼1.20 nm (see
Figure SI-4 in the Supporting Information). It is well-
known that the pore diameter is very sensitive, with
respect to the values of the magnetic susceptibility and
polarizability.46 Argon is usually preferred, because of its
spheric shape; however, the value obtained from argon
measurements is higher than that frompowder XRD. It is
important to note that only one maximum has been
obtained, even without any shoulder. This indicates that
even a high-resolution argon measurement is unable to
distinguish between two types of UTL pores with dia-
meters of 8.5 Å � 5.5 Å and 9.5 Å � 7.1 Å. Although the
pore diameters determined, based on Ar and N2 adsorp-
tion isotherms, are slightly overestimated, they are in
relatively good agreement with the XRD analysis data.
Both confirm that the investigated zeolites possess extra-
large pores.

Discussion

Analyzing the peculiarities of the crystallization of
UTL zeolites in the presence of different SDAs and trying
to explain the influence of the template nature on the

crystallization process and phase selectivity of products
some important factors are discussed in relation to
Figure 5.
The Basicity of SDA Molecules, Containing Positively

Charged Quarternary Nitrogen Atom(s). Experimentally
definable pKa values properly characterize the degree of
dissociation of the pair cationic form of template/hydro-
xide ion, or the ionic strength of SDA as alkali (creation
of some pH value of water solutions at adjusted con-
centration) can be a measure of the basicity. pKa values
that are too high (such as that for SDA22) accelerate the
fast crystallization reaction, cause considerable displace-
ment of a balance of SiO2, and promote GeO2 dissolution
in favor of amore-complete dissolution of the germanium
compounds. As a result, unfavorable conditions for the
formation of UTL zeolite favor a quick crystallization
process, leading to the preferential formation of quartz.
Reducing the synthesis temperature to 130-150 �C,
which is intended to prolong the synthesis time, did not
result in the synthesis of pure UTL phase. pKa values
below optimum ones (admittedly 11.0-11.5) lead not
only to excessive slowing of the crystallization (and to
an increase in the probability of nucleus formation of
other phases, e.g., with SDA21) but also to the insuffi-
cient dissolution and recrystallization of silica compo-
nents (as a result, amajority of the solid phase formedwill
be found to be amorphous). The absence of any correla-
tions between a calculated positive charge on the N atom
and value of pKa can be thus inferred (see Table 1). It is
obvious that the local environment of the N atom is not
the unique factor that determines the basicity of such a
molecule. The C/N ratio is also of the utmost importance,
as well as molecular weight, type and positions of sub-
stituting groups, and, also, probably conformation.
Balance of Hydrophobicity/Hydrophilicity of the SDA

Molecule. Experimentally definable or calculated log P
value (log P is defined as the ratio of the concentration of
a compound in the aqueous phase relative to the concen-
tration of this compound in an immiscible solvent, as the
neutral molecule, usually the n-octanol/H2O distribution
coefficient) is a measure of the hydrophobicity/hydro-
philicity of molecules.48 To use the pH-dependent n-
octanol/H2O distribution coefficient, log D (log D =
log P - log[1 þ 10∧(-charge � (pKa - pH))]) is more
correct when charged molecules are considered. One of
the main factors (but not the only one) that determines a
balanced hydrophobicity/hydrophilicity in SDA mole-
cules is the C/N ratio. Gies and co-workers were the first
to investigate the influence of the template structure (size
and shape) on the crystallization of high-silica zeolites.49

Kubota et al.50 observed a correlation between template
C/Nþ values, phase transfer behavior, and the ability for
structure direction in zeolite synthesis. The authors also
reported a simple method for determining the relative
hydrophobicity of templates and observed a correlation

(48) Leo, A.; Hansch, C.; Elkins, D. Chem. Rev. 1971, 71, 525.
(49) Gies, H.; Marler, B. Zeolites 1992, 12, 42.
(50) Kubota, Y.; Helmkamp, M. M.; Zones, S. I.; Davis, M. E.

Microporous Mater. 1996, 6, 213.
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between the relative hydrophobicity and rigidity of the
organic cations and their structure direction ability for
the formation of high-silica zeolites. In this way, rigid
molecules with intermediate hydrophobicity (10%-50%
transport of tetraalkylammonium compounds from water
to chloroform51) can be the best SDAs for the formation
of new high-silica zeolites. The authors also noticed that
organic SDAs for the successful synthesis of high-silica
zeolites had, as a rule, C/N ratios in the range of 10-16.
Based on that, it was reported that the transport of
tetraalkylammonium compounds from water to chloro-
form indicated that molecules with a C/Nþ ratio of <10
strongly prefer water and themolecules with aC/Nþ ratio
of >16 strongly prefer chloroform. Goretsky and co-
workers52 discussed the influence of hydrophobicity/
hydrophilicity for various quaternary ammonium mole-
cules and, accordingly, differences in their structure-
directing role for ZSM-5 formation and concluded that
the control of the hydrophobicity of the organic SDA is
necessary for the synthesis of pure-silica zeolites.
As depicted in Figure 5, SDAs that are successful for

UTL crystallization are generally included in this range.
When some of the C atoms are aromatic instead of
aliphatic, the appropriate C/N ratio can be higher (e.g.,
C/N = 17 for SDA10). The obvious reason is a higher
hydrophilicity of aromatic compounds, because of the
presence ofπ-orbitals in theSDAmolecule.FromTable 1,
it follows that the optimum (calculated) values of log P
for SDAswhich are successful forUTL formation are in a
wide range:-1.78 to-0.28 ((0.46). For SDA24, SDA25,
and SDA15, the increasing C/N ratio (and, correspond-
ingly, the increasing hydrophobicity, log P > -0.2) will
lead to a decreased solubility of SDA molecules in water.
This will not favor the formation of a hydrate shell
around a SDA molecule (the formation of such an
ordered, hydrophobic hydration sphere around the or-
ganic cation is an important intermediate stage in the
process of zeolite crystallization53). The intermediate
hydrophobicity of organic molecules permits their solu-
bility in aqueous solution. In the limited space of the
liquid phase among the colloidal particles of the gel, SDA
hydrophobic hydration spheres and hydrophobically hy-
drated domains of soluble silicates could impact with
each other and cause overlap of the hydration sphere to
happen. The release of water molecules from the ordered
hydrophobic hydration sphere into the bulk and the
subsequent establishment of favorable van der Waals’
contacts between alkyl chains of SDA and the hydro-
phobic silica could thus provide the entropic and enthal-
pic driving forces for the formation of the composite
inorganic-organic species. The solvent shell of water
molecules around the template can be displaced by a shell
of less-polar silicate species to establish favorable van
der Waals interactions. This assembly mechanism was

proposed Burkett and Davis,53,54 who also claimed that
an intermediate template hydrophobicity is required for
appropriate structure direction. It is proposed that the
properties of organic molecules should balance the hy-
drophilic properties;to be soluble in water but not
interact too strongly with water molecules. Simulta-
neously, they should provide a hydrophobic character
that generates favorable interactions with the silica host
but still be able to form a hydrate shell around them. For
example, the authors of ref 55 showed that no crystal-
line product was obtained using tetraethylammonium
cations, because they can participate in the hydrogen
bonding network of water not forming a hydrophobic
hydration sphere.56 They concluded that the formation of
a hydrophobic hydration sphere is significant to the
mechanism of structure direction. The tetrapenthylam-
monium cation is an example of the opposite function:
they tend to aggregate and phase-separate in aqueous
solutions, rather than exist as isolated, hydrophobically
hydrated cations.57

For SDA14, SDA16, SDA17, SDA19, SDA21, and
SDA23, all of which contain twoNatoms in themolecule,
a decrease in the C/N ratio leads to the formally calcu-
lated values of log P = -1.3 to 0.3 obviously unequally
represent the change in hydrophilicity, and it is necessary
to use the log D value, which depends substantially on
pH. It is worthwhile to stress that having the same overall
formula of the SDA molecule, its hydrophobicity and
basicity can be changed by a substitution of alkyl group
type and their positions, with respect to the N atoms (cf.
compare pairs SDA1/SDA5, SDA2/SDA6, and SDA4/
SDA8 in Table 1 and Figure 4), as well as the position of
the N atom in the individual structures (SDA9/SDA18,
SDA10/SDA15). Obviously, limiting appropriate values
of pKa, log P (or log D), and C/N ratios are not strict
during the changes of synthesis conditions and composi-
tions of reaction mixtures. Successful synthesis of UTL
zeolite is also possible with templates that also have
boundary values of these parameters (e.g., with templates
SDA14, SDA15, SDA16, and SDA17).
Size and Geometric Form of the SDAMolecule.The size

and geometric form of templates under discussion play an
important role in the synthesis of UTL zeolite, although,
for UTL structures, no straightforward relationship be-
tween the volume and the size of channels and the size and
volume of related SDA molecules was observed. This is
supported by our XRD study not showing a specific
location of SDA molecules in the channel system of
UTL. The influence of geometry becomes apparent, first
of all, in the case of conformationally rigid templates used
for UTL structures when the geometry of bulky template
molecules corresponds to the geometry of the UTL
channels. For example, as for SDA9 and SDA10, well-
crystalline UTL phases were synthesized while, with
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SDA15, a UTL/BEA mixture is formed and, for SDA18,
BEA and unknown phase(s) were obtained. However,
this effect may not appear in a clear form, because these
pairs of templates, which have the same overall formula,
also differ in terms of basicity and hydrophilicity. Tem-
plates that are too large do not allow the formation of the
UTL structure (for example, SDA24 and SDA25); how-
ever, here, the situation is complicated by a harsh increase
in hydrophobicity, as well as excessive flexibility of
structures.
Flexibility/Rigidity of Template Molecule. Under the

same synthesis conditions, conformationally more rigid
SDAs are more preferable, because they induce strict
conditions for the formation of certain channel structures
identically and do not allow any formation of more-
compact zeolitic frameworks with smaller channels.
Kubota et al.50 examined three types of templates, as a
function of SDA properties, and showed that bulky, rigid
molecules with limited conformational variability are
able to direct the unique formation of a great variety of
new high-silica zeolites (SSZ-13, SSZ-23, SSZ-25, SSZ-
26, SSZ-31, SSZ-33, and SSZ-37). The use of relatively
flexible molecules with a minimum diameter of 5 Å that
more loosely fit into 12-ring pores gives more than one
molecular sieve. The authors of ref 50 also have noted that
many tertiary and quaternary atoms in the template
skeleton can serve as a measure of rigidity. The fewer
the number of choice of conformations, the easier the
prediction of the form and pore size of zeolite. This will
be discussed in more detail vide infra. It indicates that,
for successful synthesis, the number of atoms and their
positions in SDA are more important than the absolute
number of the atoms (in the main body of molecule or
in the opposite borders of flexible molecule). At the
same time, it is obvious that aromatic rings possess
higher rigidity: 5-rings are more rigid than 6- or 7-rings
and are especially more rigid than a linear chain of C
atoms. The flexibility of SDA may strongly affect the
selectivity of the synthesis. Linear amines or polyamines
gave one-dimensional zeolites, such as TON or ZSM-
48, while branched amines generally prefer the forma-
tion of zeolites with multidimensional pore systems
(such as MFI or MEL).58 Rigid SDAs may be more
selective, in comparison with flexible molecules, which
can achieve a higher number of conformations. How-
ever, there are some examples, when rigid molecules
such as N,N,N-trimethyladamantammonium was favor-
able for the crystallization of five different zeolites (SSZ-13,
SSZ-23, SSZ-24, SSZ-25, SSZ-31).58 Furthermore, there
are some flexible molecules (both linear and branched)
that produce only one or a few phases (e.g., TPA and
TBA).
Thermal and Hydrothermal Stability of the Template.

Retaining the SDA structure at least until the end of the
formation of a zeolite structure is required. It is known
that molecules containing one methylene group between
twoNatomsare not stable enough.For example, diamino-

methane is not sufficiently stable59 in the monopronated
or unprotonated forms in a water solution, even at room
temperature. Such substances in alkaline media, even in
nonaqueousmedia, decomposewith ammonia evaluation
(Hoffmann degradation). So, diaminomethane dihy-
drochloride in dioxane in the presence of Et3N is used
as a slow ammonia-releasing agent.60 Certainly, more
assistance at N atoms, including N atoms in 5- or 6-rings,
as well as the existence of charge onN atoms, will stabilize
such compounds. However, bond breakage in SDA
molecules under hydrothermal conditions cannot be
completely excluded. While, in the case of SDA11, the
availability of benzene rings obviously stabilizes the SDA
molecule (as a result, with this template, the formation
of zeolites with UTL topology is possible), then for
SDA16, SDA21, SDA25, and especially SDA23, we
are uncertain of the invariance of the template’s struc-
ture during the entire hydrothermal synthesis time. The
formation of smaller or more linear molecules favorable
to constituting zeolites with smaller pore diameters can
be the result of the destruction of SDAs. This can be
evidenced by the following example of such a template
transformation in the synthesis of FOS-5 zeolite, as
shown in ref 61. Those authors reported, but did not
explain, the reasons and the mechanism of transforma-
tion in an alkali solution of enough stable molecules of
1,4-diaza-bicyclo-[2,2,2]-octane into two molecules of
trimethylamine with a necessary breakage of three
relatively strong C-C bonds.
All SDAs that were successfully used for the synthesis

of UTL zeolites possess C/N values in a range of 10-17;
the pKa values calculated from experimental data are
between 11.74( 0.02 and 12.45( 0.04, and the calculated
log P value fit into the interval between-1.78( 0.47 and
-0.64 ( 0.67 (see Table 1 and Figure 5). The knowledge
and understanding of the acceptable limits of C/N and log
P values can help with preliminary selection of potentially
“successful” SDAs in the synthesis of large and extra-
large pore zeolites from silicate and germanosilicate
synthesis media from a variety of nitrogen-containing
organic compounds and to predict their templating abi-
lity (see Figure 6). Because of the possible synthesis of
such compounds and the admissible flexibility of their
structures, this will allow a more purposeful search for
new SDAs to be performed.
Thus, in this contribution, we reported on a clear

synergism between the optimum structure and properties
(pKa, log P) of organic templates and the presence of a
critical amount of inorganic component (GeO2) for crys-
tallization of zeolite with UTL topology. We stress that,
for the formation of this structure, there are the following
optimum conditions of the synthesis mixture: Si/Ge = 2,
(Si þ Ge)/SDA = 3, pH 10.5-11, and, using SDAs, the
organic molecules containing one or two quaternary N
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atoms (C/N ratio = 10-17) with an optimum hydro-
phobicity/hydrophilicity balance (logP=(-1.78( 0.47)
- (0.64( 0.67)) and basicity (pKa= 11.74( 0.02- 12.45
( 0.04). Some templates from those investigated by us
allow expansion in this area of formation of pure UTL
structure, up to a Si/Ge ratio of 1-5 in the reaction
mixture by an appropriate optimization of other synthesis
parameters (e.g., a change of hydrothermal treatment
duration). The use of other SDAs allows the performance
of hydrothermal zeolite synthesis in a wide pH range
(6.5-11.5) or at essentially lower concentrations of SDA
in the reaction mixture. At the same time, zeolites with
UTL topology cannot be obtained according to our
present understanding from reaction mixtures with a
Si/Ge ratio less than 1 or more than 5 (this is possibly
associated with a key role of Ge atoms in the formation
of D4R secondary building units) or, using templates,
the C/N, pKa, and log D values, which are outside the
specified limits.

Conclusions

Several silicogermanate zeolites with UTL topology
have been synthesized in basic media using 13 different
structure-directing agents (SDAs) in hydroxide form as
SDAs. The optimum synthesis time was determined to be
3-7 days at a Si/Ge ratio of 2 and (Si þ Ge)/SDA molar
ratios of 1.7-6. Zeolite with UTL structure shows very
high thermal stability: the structure does not collapse
after calcinations, even at 1000 �C.Themicropore volume
of the best crystals is 0.21-0.23 cm3/g, and the micropore
diameter, based on nitrogen and argon adsorption ex-
periments, is ∼1.0 nm. The influence of the composition
of the reaction mixture, template nature (structure, hy-
drophilicity/hydrophobicity balance, rigidity/flexibility,
pKa) on the phase selectivity, degree of crystallinity, and
adsorption properties of zeolites withUTL structure were
established and discussed. On the basis of the experimen-
tal data received in this work, selection criteria of organic
molecules (from a family of nitrogen-containing bases)
as potential SDAs in the synthesis of large and extra-
large pore zeolites from silicate and germanosilicate

media are offered. These criteria can be summarized
as follows:
(1) The organicmolecule, potentially successful as SDA in

the synthesis ofhigh-silicaor germanosilicate zeolites, should
contain, in the structure, oneor twoquaternaryNatomsand
have aC/N ratio in the range of 10-16. The inclusion of one
or two benzene rings into the structure of SDA connected
with nitrogen not less than through one CH2 group is
acceptable. In this case, the C/N values can be even 17 to 18.
(2) The SDAmolecule should possess sufficient rigidity. It

is desirable that its structure includes two or more 5- or
6-membered aliphatic hydrocarbon rings. Spiro-structure,
especially with a chargedNatom in a place joining two rings,
as well as the presence of benzene rings, is useful.
(3) The SDAmolecule should possess optimum hydro-

phobicity. Based on our study and literature data, calcu-
lated log P values in the range between-1.8 and-0.6 are
desirable. In contrast, the presence of oxygen atoms or
other heteroatoms in a molecule is undesirable.
(4) The SDA should possess sufficiently high stability

under the conditions of hydrothermal synthesis of zeo-
lites. Presence of one bridged methylene group between
two charged N atoms, as well as the aromatic quaternary
N atom in the SDA structure, is undesirable.
(5) The kinetic diameter of a SDA molecule should be

within the following limits: 7-15 Å.
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