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’ INTRODUCTION

Many new large-pore1�5 and extra-large-pore6�11 framework
materials with previously unseen topologies have been success-
fully synthesized during the past decade in the system SiO2/
GeO2 benefiting from a high flexibility of the Ge�O�Ge bond
angle. It should be noted that successful synthesis of new extra-
large-pore zeolites comprises utilization of optimum organic
structure-directing agents (SDAs), appropriate synthesis condi-
tions, and sometimes also the presence of inorganic structure
directors.6,9,11�14 The isomorphous incorporation of three-va-
lent cations (e.g., Al, Ga, B, Fe) is a useful way to adjust the acidic
properties of such materials.

Borosilicate zeolites display an acid strength significantly
lower than that of the corresponding aluminosilicates but are
still able to catalyze reactions such as double bond shift isomer-
ization of linear olefins,15 vapor-phase Beckmann rearrangement

of cyclohexanone oxime to ε-caprolactam,16,17 dehydration of
cyclohexanol,18 and reforming of FCC heavy gasoline and light
cycle oil.19 Borosilicates are also used in industrial processes such
as the conversion of methyl tert-butyl ether to methanol and
isobutene.20 An advantage of B-ZSM-5 in comparison with
Al-ZSM-5 for some special reactions such as double bond
isomerization and aldehyde�ketone rearrangement21 has been
claimed. Using borosilicate zeolites significantly increased the
yield of branched isomers C6 in the conversion of n-hexane.22

Isomorphous introduction of boron into the framework of
“traditional” zeolites was successful: MFI,23�29 *BEA,28,30�33

MEL,24,25,34 MTW,31,35 FER,28,36,37 MWW,38 EUO,39 AFI,28,40
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ABSTRACT: The direct introduction of boron into the framework
of germanosilicate zeolites with UTL topology using different
organic spiro azo compounds as structure-directing agents (SDAs)
was performed. The influence of the SDA's nature, chemical
composition and pH of the reaction mixture, and duration of the
synthesis on the phase selectivity, limit of isomorphous introduction
of boron into the zeolite framework and its location and coordina-
tion, and adsorption and acidic properties of prepared borogerma-
nosilicates was investigated in detail. Experimental data provided
clear evidence that the properties of the SDAs control the upper limit
of the B content in the reaction mixture for successful synthesis of a
pure UTL phase. UTL is formed in the pH region having the highest
concentration of Ge8O15(OH)5

3� (D4R) in water. In synthesized
UTL samples the contents of Si and Ge depend particularly on the
pH values of the reaction mixtures with similar chemical composi-
tions. With increasing pH of the reaction mixture, the silicon
concentration increases, the germanium content predictably de-
creases, and the boron content shows a local minimum at pH ≈ 9. The concentration of boron in UTL samples is much less
dependent on its content in the reaction mixtures. There is a sharp enhancement of the Si/Ge ratio in UTL samples synthesized
from boron-rich reaction gels. A tentative assignment of 11B magic-angle spinning NMR suggests that at lower contents of boron in
the structure the boron atoms are located mainly in the T4 and T9 positions. With increasing pH above 11, a sharp increase in the
Si/Ge ratio (decreasing the concentration of Ge atoms in D4R) was observed. It favors additional introduction of boron atoms into
the T9 position. B-UTL zeolites contain predominantly Lewis acid sites with a small amount of Brønsted acid sites. The
concentration of Brønsted acid sites sharply increases for samples prepared at pH lower than 8.

KEYWORDS: UTL zeolite, boron incorporation, structure-directing agent, role of pH, boron location
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CHA,41 STF,41,42 CON,30,41,43�45 IFR,30,46,47 ATS,48 CAS,49

ETBS-10.50 Some new zeolite topologies were discovered
as borosilicates (SFE,51�53 SFH,14 SFN,14 SFS,54 SFG,55

SSY,56 SSF,57 MVY,58,59) or borogermanosilicate (IWR60).
Our previous investigation addressed the critical analysis of

synthesis parameters of extra-large-pore germanosilicate with
UTL topology, possessing 14-ring vs 12-ring pores.61 (6R,10S)-
6,10-dimethyl-5-azoniaspiro[4.5]decane hydroxide was used as
the structure-directing agent. The kinetics of the synthesis, the
role of the Si/Ge ratio in the synthesis mixture, and the effect of
the calcination procedure were related to the crystallinity and
textural properties of the synthesized zeolite. As a continuation of
this investigation, the UTL germanosilicates have been synthe-
sized using 13 spiro azo compounds as structure-directing
agents.62 The influence of the composition of the reaction
mixture and template properties (structure, hydrophilicity/hy-
drophobicity, rigidity, pKa) on the phase selectivity, crystallinity
degree, and adsorption properties of UTL zeolites was investi-
gated. Selection criteria of organic molecules as potential struc-
ture-directing agents for synthesis of large- and extra-large-pore
zeolites from silicate and germanosilicate reaction media were
proposed.We have shown clear synergism between the optimum
structure of the organic template and the presence of a critical
amount of inorganic component (GeO2).

As a continuation of our research, we investigated a direct
introduction of boron into the framework of germanosilicate
zeolites with UTL topology using several spiro azo compounds,
SDAs. The influence of the SDA’s nature, chemical composition
and pH of the reaction mixture, and duration of the synthesis on
the phase selectivity, limits of isomorphous introduction of
boron into the framework, location and coordination of boron
atoms, and adsorption and acidic properties of prepared bor-
ogermanosilicates was investigated.

’EXPERIMENTAL SECTION

Synthesis of the Templates. In general, preparation of SDAs was
carried out using a method similar to that in ref 63 with subtle variations
depending on the nature (primarily the solubility) of the obtained
substances. Typically, 140 mL of distilled water, 5.68 g of sodium
hydroxide, and 30.66 g of 1,4-dibromobutane (or an equimolar quantity
of another bromo derivative) were mixed in a glass flask. A 16.07 g
portion of (2R,6S)-2,6-dimethylpiperidine (or an equimolar quantity of
another cyclic amine) was added dropwise over a period of 30 min
under reflux. Then the mixture was refluxed under intense stirring

(∼1000 rpm) for 12 h to prepare a milklike suspension and then cooled
in an ice bath. After addition of 70 mL of an ice-cooled 50 wt % solution
of sodium hydroxide, different quantities of solid sodium hydroxide were
added under intense stirring and cooling by ice until an oil product
appeared. As a rule, after 0.5�1 h of stirring, the oil crystallized, and the
solid produced was filtered off and extracted with 100�500mL amounts
of chloroform. When no crystallization proceeded over an extended
period of time, the reaction mixture was additionally cooled by means of
liquid nitrogen, and the stark oil was separated mechanically. The
organic fractions were dried by anhydrous sodium sulfate and partially
evaporated, and the ammonium salt was precipitated and washed out
with diethyl ether. Finally, the salts were converted into hydroxide form
by ion exchange with Dowex SBR LCNG resin. The yield of the product,
depending on the structure, was about 85�98%. The successful synth-
esis of the structure-directing agent was confirmed by 1H NMR spectra
after dissolution in dimethyl-d6 sulfoxide. A list of all templates under
study with their characteristics is given in Table 1.

Cyclic amines and bromo derivatives used for the synthesis of
structure-directing agents: (2R,6S)-2,6-dimethylpiperidine, 3,5-di-
methylpiperidine (mixture of cis and trans), decahydroquinoline (mix-
ture of cis and trans), hexamethyleneimine, 2-ethylpiperidine, 1,4-dibro-
mobutane, 1,5-dibromopentane, 1,4-dibromopentane. The compounds
were prepared in pure forms as none of them are commercially available.
Their structures were confirmed by 1HNMR.62Wemeasured the pH for
0.005�0.01 N mixtures of all obtained templates in their OH forms and
used the data to calculate the experimental values of pKa (presented in
Table 1) as a degree of template basicity; for details see ref 62. Likewise,
log P values (1-octanol/H2O distribution coefficient, program ChemS-
ketch 12.01) were calculated for characterization of the hydrophobicity
degree of the templates. Calculation of the number of tertiary and
quaternary atoms in the template skeleton as a measure of rigidity64 was
also carried out.

Preparation of the B-UTL zeolites was carried out using a method
similar to that published in ref 62 with replacement of the silica source
with H3BO3. The molar composition of the reaction mixtures was in
the range 0.300�1.029SiO2:0.0�0.156H3BO3:0.171�0.840GeO2:0.2�
0.7ROH/Br:30H2O. Typically, boric acid was dissolved in water with
variable concentrations of SDA and hydroxide/bromide ratios. Then
crystalline germanium oxide was added, and the mixture was stirred at
room temperature until a clear solution was obtained. After this, silica
(Aerosil 300) was added to the obtained solution, and the mixture was
stirred at room temperature for 30 min. The resulting fluid gel was
charged into 25 mL Teflon-lined autoclaves and heated at 175 �C for
2�23 days under agitation (∼25 rpm). Usually, for appropriate mixing
of the reaction mixture, a small Teflon cylinder was inserted into the
autoclave. The solid products obtained after preset synthesis times were
recovered by filtration, washed out with distilled water, and dried

Table 1. Prepared Organic Compounds Used as SDAs in the Synthesis of Boron-Containing Germanosilicatesa

a In columns 3 and 8, “3�a þ 4�a” indicates the quantity of ternary and quaternary atoms of C and N in a molecule of SDA.
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overnight at 95 �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.
Characterization. X-ray powder diffraction data were obtained on

a Bruker AXS D8 Advance diffractometer in the Bragg�Brentano
geometry using Cu KR radiation with a NaI dynamic scintillation
detector. 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 the preferential orientation of individual UTL crystals,
a gentle grinding of the samples to decrease their size and careful packing
into the holder were performed.

CHN analyses were carried out on a Carlo Erba 1106 analyzer.
The B, Si, and Ge contents were determined by elemental analysis.

For this purpose 0.2�0.3 g of zeolite sample was heated at 70 �C with
5�7 mL of 10 M NaOH in a platinum cup. After total dissolution of the
zeolite sample, 10�15 mL of concentrated HCl was added until the pH
became 0.6�0.7, and the acid solution was evaporated at 50 �C for 1 h.
Under these conditions Ge evaporated from the solution in the form of
GeCl4,

65 but volatilization of boron is slight (<3%). Then to the acidified
residue was added 10�15 mL of concentrated HCl, and after 10 min
50 mL of hot water was also added. The precipitate was recovered by
filtration on an ashless filter and washed out with acidulous distilled
water and then with hot water for full removal of H3BO3. Precipitated
SiO2 3 xH2O was dried at 90 �C, calcined at 1000 �C until a constant
mass was obtained, and weighed. The quantity of boron was determined
by potentiometric titration of the filtrate. This muriatic solution of
H3BO3 was neutralized until pH 6.95�7.05 was obtained with 5, 0.5,
and 2� 10�2 MNaOH sequentially. To the exactly neutralized solution
was added 2 g of mannitol (a decrease of pH took place as a result of
complexation ofH3BO3 andmannitol), and titration was continuedwith
5 � 10�3 M NaOH until the pH returned to the original value of
6.95�7.05. The titer of NaOH was determined by potentiometric
titration with a standard solution of oxalic acid.

For the quantitative determination of Ge in UTL zeolites, an alkaline
solution of the samples (see above) was acidified with concentrated HCl
until the pH value became∼0.5, the precipitated SiO2 was recovered by
filtration, and Ge was determined in the filtrate by back-complexation
titration using the following procedure. A 25.0 mL volume of 0.05 M
EDTAwas added to the analyzed solution, and the resulting solution was
boiled for 10 min and then cooled and alkalized with 4 mL of a 25%
aqueous solution of NH3. The excess EDTA was titrated with 0.05 M
ZnSO4. The presence of B does not prevent chelatometric determina-
tion of Ge. All stages of this determination were tested on a model
mixture of crystalline GeO2, SiO2, and H3BO3. The relative error of
determination of each element did not exceed 5%.

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

FTIR spectra of skeletal vibrations of UTL samples were recorded on
an FTIR spectrometer, Spectrum One (Perkin-Elmer), using a KBr
pellet technique.

The acidity of all zeolites was investigated by adsorption of pyridine
and 2,6-di-tert-butylpyridine used as a probe molecule followed by FTIR
spectroscopy.66 Generally, studied zeolites were activated at 380 �C for 2 h.
The adsorption of pyridine was carried out at 150 �C and investigated on a
Spectrum One (Perkin-Elmer) spectrometer with a resolution of 1 cm�1.

Adsorption isotherms of argon and nitrogen at �196 �C were
measured with a Sorptomatic 1990 instrument. Prior to the adsorption
measurements, all samples were degassed at 300 �C until a pressure of
0.001 Pa was obtained. Nitrogen or argon was used as the adsorbate to
properly evaluate the pore size of this microporous germanosilicate. The
micropore size distribution was calculated by using the Saito�Foley67

method for cylinder pore geometry.
1H NMR (300 MHz) spectra used for characterization of the

structure-directing agent prepared were recorded on a Varian Mercury

300 spectrometer in dimethyl-d6 sulfoxide solution at 25 �C (data are
not shown here).

Solid-state 11B magic-angle spinning (MAS) NMR spectra for
selected samples were collected using a Bruker DSX-500 spectrometer
(11.7 T) using a 4 mm cross-polarization magic-angle spinning
(CPMAS) probe.

’RESULTS AND DISCUSSION

On the basis of our recent results,62 we selected a few SDAs
which we found as the most favorable for the synthesis of UTL
zeolite from B-free germanosilicate reaction mixtures. For the
present study, reproducible formation of the UTL structure
under a broad range of reaction mixture compositions and
synthesis conditions (Si/Ge ratio, (Si þ Ge)/SDA ratio, boron
introduction, pH of the starting gel, duration of crystallization)
was the crucial criterion for the selection. Hydrothermal synth-
esis in the presence of spiro azo compounds differing in structure
and basicity (Table 1) as SDAs in borogermanosilicate reaction
mixtures results in the formation of a pure phase of extra-large-
pore UTL zeolites. Details of the typical synthesis are reported in
Table SI-1, Supporting Information. For example, using SDA4 at
a pH of the starting gel equal to 11 allowed UTL phase crystal-
lization from the reaction mixture containing up to 11 mol %
boron (Figure SI-1, Supporting Information). At higher concen-
trations of boron in the reaction mixture, we usually observed
STF phase formation or an STF/STT mixture. For this series of
B-UTL samples the calculated unit cell volume extremely
decreased for ∼4 mol % boron in the reaction mixture (Figure
SI-1, inset). In contrast to borosilicates, such compression of the
unit cell parameter can be caused not only by decreasing the Si/B
ratio but also by decreasing the Ge/Si ratio. This question is
discussed in more detail vide infra on the basis of changes of the
chemical composition for these samples.

We have investigated the influence of the pH value in
B-containing germanosilicate reaction mixtures on the phase
selectivity of zeolite formation. It should be noted that UTL
crystallization is afforded in a wide range of pH (Figure 1). As for
the crystallization of the B-free germanosilicate reaction mixture
with SDA4, pure UTL phase is formed in the pH range from 7.5
to 11.5. When 1 mol % boron is added to the reaction mixture,
the appropriate pH range is narrowed to 7.8�11.0, while for
9 mol % boron the range is diminished to 8.4�10.8 (Figure 1).

Figure 1. Influence of the pH and boron content in reaction mixtures
on zeolite phase selectivity (175 �C, 10 days of synthesis, SDA4).
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Enhancement of the pH in the reaction mixture also initiates the
formation of the STF phase. Decreasing pH values caused
essentially a prolongation of the crystallization, and at pH below
7.5 we did not observe any zeolite phase to be formed when using
SDA4. For extremely long crystallization times, mixtures of
tridimite, R-quartz, and β-GeO2 were obtained. Increasing the
boron content to 13 mol % at pH 8�9.3 led to the formation of
the STT phase.

SDAs used in this study have a sufficiently high hydrolytic
stability. The pH of the reaction mixtures significantly increased
during the synthesis due to the release of OH� groups due to a
condensation of silicate, germanate, and borate anions in the
crystallization process. In the case of templates with a lower
hydrolytic stability (Beckmann rearrangement partially occurs in
some tertiary amines), we noted a slight increase in pH during
the crystallization.

The properties of SDAs strongly influence the upper limit of
the B content in the reaction mixture, still providing pure UTL
phase. Syntheses using SDA4, SDA5, and SDA6 resulted in the
formation of a pure UTL phase in a wide range of B/(Si þ
Geþ B) ratios from 0.1 to 11 (Figure 2). In contrast, with SDA1
the UTL phase is formed only up to 3 mol % boron in the
reaction mixture. When higher concentrations of B were used, a
mixture of UTL with STF was formed. Synthesis in the presence
of SDA2 in borogermanosilicate media led to the formation of
UTL only in a mixture with STT in the whole range of boron
content studied. SDA3 occupies an intermediate position among
these templates: the still acceptable maximum of the boron
content in the reaction mixture for UTL formation is 9 mol %.
At higher boron content and pH > 12, we observed formation of
*BEA zeolite.

Seemingly, the size and shape of the SDAs along with their
basicity and balance of hydrophobicity/hydrophilicity are im-
portant features of organic cations controlling the phase selec-
tivity of zeolite formation from a B-containing reaction mixture.
SDA4, SDA5, and SDA6 have very similar structure selectivities:
a close limit of acceptable content of boron in the reaction
mixture and formation of the STF phase behind this limit. SDA1
predictably shows a fast enough transition to zeolites with STF
topology. It is caused, probably, by a significant decrease in the
energy of the molecule with its location in the “barrel” cavity in

the channel of the STF structure at formation in aluminosilicates
or borosilicate reaction mixtures in the presence of SDA1.68

Using SDA3 in high silica media usually resulted in crystallization
of SSZ-31 zeolite69 with *STO topology. We could not obtain a
pure UTL phase (only UTL/STT mixtures) from borogerma-
nosilicate reaction mixtures with SDA2. This is especially sur-
prising when considering that in the presence of SDA2 the UTL
structure easily crystallizes from a pure germanosilicate medium
or after introduction of indium(III) or iron(III) sources into the
reaction mixture.

As shown in ref 67, UTL zeolite can be prepared from B-free
germanosilicate reaction mixtures with a great variety of SDAs.
These SDAs should only satisfy the stability under the synthesis
conditions, balance of hydrophobicity/hydrophilicity, etc.70 Ob-
viously, the SDAs used are not specific stabilizers of the void
region within the UTL framework against dissolution and
transformation to denser, more stable phases. It is known that
piperidinium derivatives of such nature, size, and shape are good
stabilizers for more dense zeolite framework (STF, ITE, and STT
depending on other synthetic conditions) when working in
borosilicate reaction media.71 Therefore, from the thermody-
namic point of view, if the denser phase (in this case STF or STT)
is more stabilized by a given SDA, then we should expect the
denser phase to be preferably formed under all conditions.
Nevertheless, most molecules are selective for the UTL phase
over a wide range of reaction mixture compositions. This is due
to the presence of Ge in the reaction mixture playing the key role
in the UTL crystallization process as UTL is formed from
borosilicate sheets and preferable germanate D4R building units.

D4R secondary building units (SBUs) are the important part
of the UTL structure as they expand silica sheets in a pillar-like
fashion, forming 14-ring pores. Ge atoms preferentially occupy
positions in D4R, thus stabilizing the structures.72

The aqueous chemistry of solutions of germanium dioxide
provides some explanation of pH borders for UTL formation.
Cotton and Wilkinson reported that major ionic species in
diluted aqueous solutions of GeO2 appear to be Ge(OH)3O

�,
Ge(OH)2O2

2�, and Ge8O15(OH)5
3�.73 According to ref 74, the

germania solution phase diagram consists of three distinct
regions: region I (pH > 11.4) containing germania monomers
Ge(OH)3O

�, region II (7.4 < pH < 11.4) containing octamers in
equilibrium with soluble germania (Everest and Salmon75,76

reported that if the germanium concentration in water solution
is higher than 0.01 M in the pH range 6.9�9.4 only the
germanium ion is a singly charged ion—pentagermanic acid,
HGe5O11

�), and region III (0 < pH < 7.4) containing octamers,
soluble germania, and condensed and/or aggregated germania
particles. Thus, Ge8O15(OH)5

3� species playing a significant
role in UTL formation (D4R) exist in the pH range 0�11.4.
Initially, when the pH decreases to ∼10, the total amount of
Ge8O15(OH)5

3� increases, but as the pH is lowered, there is a
mixture of octameric species present in solution with varying
degrees of deprotonation.74 In addition, the solubility of GeO2

and hence the concentration of octameric species in region III
(0 < pH < 7.4) are probably not sufficient for stabilization of the
UTL framework. Therefore, the pH border of UTL formation is
equal to the pH limits of region II with the highest concentration
of Ge8O15(OH)5

3� (D4R) species.
If the final structure grows around these D4R units, then

structures containing D4R units will be favored over those not
containing them.77 Burton et al.71 showed that SDA1, which we
use for synthesis of UTL samples, is particularly selective for

Figure 2. Influence of the SDA nature on zeolite phase selectivity in
boron-containing germanosilicate reaction media (chemical composi-
tion and upper limit of B incorporation for represented zeolites indicated
in Figure 3).
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zeolites with large cage structures (such as STT, STF, and ITE)
due to the strong correlation between the shape and size of an
SDA molecule and the cage sizes of these zeolites and hence
strong van der Waals interactions between the SDA and the
zeolite framework. It may be assumed that other SDAs (e.g., 2, 4,
5, 6) used in this work are also good stabilizers for more dense
large-cage-structure zeolite frameworks, as their kinetic diam-
eters differ only slightly from that of SDA1. Thus, UTL and
denser large-pore zeolites will be competitive phases in germa-
nosilicate reaction mixtures containing such SDAs. When the
relative concentration of Ge8O15(OH)5

3� (D4R) in the reaction
mixture is high (pH 7.4�10, poor silicate mixtures), UTL is the
primary phase. With decreasing concentration of Ge8O15-
(OH)5

3�, the stabilization energy of UTL decreases and STF
(STT, ITE) becomes a more thermodynamically favored phase.

The investigation of the influence of the substitution of silicon
for germanium in aqueous prenucleating and nucleating solu-
tions of tertiary amine hydroxide by the electrospray ionization
mass spectrometry method was published recently.78 The ob-
tained results demonstrated that independently of the organic
template nature (TMAOH, TEAOH, or TPAOH) the major
species observed in the synthesized prenucleating solutions were
single 4R and D4R units. The authors also noted that increasing
the template concentration in the reaction mixtures led to an
increase in the degree of germanosilicate species polycondensa-
tion. We believe that this is due to an increase in the pH of the
solutions and, consequently, a change in the balance of dissolu-
tion/deposition of silica and germanium dioxide (nucleation
species become more silicated). We note another experimental
observation of this work:78 with increasing softness of the
templates as a base, the degree of polycondensation increases;
in particular the dominant particle in solution becomes D4R.

The formation of acid�base pairs is highly probable in
B-containing reaction mixtures and has been demonstrated by
different authors in the case of B-MFI zeolites.29,47 The stability
of (B�O�Si)�SDAþ ion pairs increases with increasing Lewis
acid softness of SDA cations.79 The Lewis acid softness of SDAs
used in this paper increases in the order SDA6 < SDA5≈ SDA4
< SDA1 < SDA2. Most likely, the order of the SDA stabilization
energy for cage-type zeolite formation increases in the same
direction, as the size of the SDA molecule approximates the best
fit of van der Waals interactions between the SDA and the zeolite
framework. Thus, the introduction of a boron source into the
reaction mixture results in the appearance of centers of crystal-
lization (ion pairs of SDAþ with large borosilicate anions) of
large-cage (cavity) zeolites competing with D4R building units.
SDA1 has a high STF stabilizing energy71 and in cationic form is a
soft Lewis acid. Probably in a similar way the SDA2/STT system
also has a high stabilizing energy. This results in parallel crystal-
lization of the mixture of the STT phase and is provoked by the
presence of even amoderate quantity of B�O�Si species. SDA4,
SDA5, and SDA6 have relatively low stabilization ability for
STF or STT formation compared to SDA1 or SDA2 and
(B�O�Si)�SDAþ ion pair stability. This is why the UTL phase
has energetic preference until the B concentration in the reaction
mixture reaches 13 mol %.

The increase in the boron content in the reaction mixture
causes enhancement of the amount of B�O�Si species and
consequently the probability of formation of more thermodyna-
mically stable dense phases. This effect can be compensated with
increasing concentration of Ge8O15(OH)5

3� building blocks,
changing the pH value. We have noted that the highest

concentration of Ge8O15(OH)5
3� is at pH ≈ 10. As a result,

with increasing B content in the reaction mixture, the lower limit
of UTL formation shifts toward higher pH values (7.4 f 10.0)
and the upper limit shifts toward lower pH values (11.4f 10.0).

The chemical composition of the samples with UTL topology
crystallized from different reaction mixtures changes in a wide
range. Some general tendencies can be observed in Figure 3 and
Table 2.

(a) The content of organic components (based on thermo-
gravimetric and CHN analyses) in highly crystalline UTL
samples changes in the range 11.5�13.8 wt %, the C/N ratio
in the analyzed series of UTL samples is approximately constant
and is equivalent to∼11 in the case of SDA4, and the H/N ratio
is close to 22. These data confirm inclusion of SDAs in the
channels of the zeolites and, mostly, preservation of an organic
template in the cationic form without any decomposition.

(b) As for borosilicates, the boron content in UTL samples
crystallized from a low-alkaline germanosilicate reaction mixture
(pH 8.9�9.1), as well as from a high-alkaline reaction mixture
(pH 11.1�11.4), is practically constant and does not depend
straightforwardly on its content in the reaction mixtures
(0.5�0.4 mol % for low pH and 0.9�1.0 mol % for high pH
accordingly). In contrast, the silicon content substantially in-
creases and the germanium content decreases with increasing
boron concentration in the reaction mixture. Consequently,
there is a sharp enhancement of the Si/Ge ratio (especially at
pH 11.1�11.4) for samples synthesized from boron-rich gels.

These results are in contrast with those of other borosilicates
having a boron content proportional to its contents in the
respective reaction mixture, although crystallization of a boralite
often requires a large excess of boron in the synthesis gel with
respect to the amount really incorporated into the crystalline
product.23 This might be related to a poor stability of the boron
atom in the framework, escaping easily from the framework even
after its incorporation.

Theoretical calculations show that the formation of
Si�O�Me bridges is energetically more favorable than the
formation of Si�O�Si.80 This is reflected in the precipitation
of metal hydrosilicates during dissolution of a complex silicate.81

The calculated distribution82 of Ge and Si species as a function of
pH at 25 �C and at saturated pressure of water in germanosilicate
solution without SDA shows transformation of half of Ge(OH)4
into GeO(OH)3

� at pH ≈ 9.3 and half of Si(OH)4 into
SiO(OH)3

� at pH ≈ 9.8. At 250 �C these two critical points
shift to pH ≈ 8.4 and 8.9 (due to the shift neutrality point of
water from pH 7 to pH≈ 5.6). For UTL we witness the greatest
change in the Si/Ge ratio in samples prepared in the pH range
from 7.5 to 9.5, which is in agreement with these data. Simulta-
neously, it should be considered that the differences between the
thermodynamic properties of Ge(OH)4

0(aq) and Si(OH)4
0(aq)

species (ΔfH�298 and C�p,298 are equal to �346.2 kcal/mol
and �40 cal mol�1 K�1 and �267.0 kcal/mol and �50 cal
mol�1 K�1, respectively) increase with the Ge/Si ratio and
temperature in aqueous solutions in equilibriumwith Ge-bearing
silicates.82

In the case of borogermanosilicates, formation of species
B(OH)3, SiO(OH)3

�, Si4O8(OH)4
4�, and Ge8O15(OH)5

3�

shall be considered. During the condensation of these units,
at first nucleophilic attack on the boron nucleus should
proceed since the B�OH group of the borate ion is much less
nucleophilic than the Si�O��group and especially the
Ge�O��group. Thus, formation of Si�O�B species is
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probably followed by the formation of Si�O�Ge. Competition
of Ge and B for condensation with silicate species and primary
formation of Si�O�B species results in a decrease in the Ge
content in UTL zeolites.

(c) For a series of UTL zeolites prepared from reaction
mixtures with similar chemical compositions and different pH
values, the B, Si, and Ge contents extremely depend on the pH
value. While the silicon content increases and the germanium
content predictably decreases with pH, the boron content shows
a local minimum at pH ≈ 9.

Such a dependence of the B content in UTL samples on the
pH in the reaction mixture can be explained considering the
boron anion distribution in solution andmechanism of B�O�Si
species formation. When investigating the hydrothermal con-
densationmechanism of B-containing zeolite withMFI structure,
de Ruiter et al.26,83 proposed that the framework was built by the
condensation of silicon building units with boron units through
the boron nuclei were nucleophilically attacked by Si�O�

groups. As tetrahedrally coordinated boron species, B(OH)�4,
cannot form the 5-coordinated sp3d transition state required for
SN2-type reaction, it cannot be condensed with the Si�O�

group; only the B(OH)3 building unit can react.

Boric acid has a water solubility of 57 g/L and does not
dissociate in aqueous solution as a Brønsted acid but as a Lewis
acid interacting with water molecules to form the tetrahydrox-
yborate ion.84 Adding OH� to a boric acid (B[OH]3) solution
starts with boric acid’s solubility curve, but as the pH increases,
pentaborate (isolated [B5O6(OH)4

�) is formed exhibiting com-
paratively high solubility. In the pH range 7�10, tetraborate
(B4O5(OH)4

2�) is next formed with a medium solubility for
boron concentrations higher than about 0.025 mol/L. As for pH
higher than about 10, metaborate species (B[OH]4

�) are present
and are highly soluble. At pH 7 the concentration of B(OH)3
species capable of condensation with Si�O� fragments is high,
which is why we can observe maximal B content in UTL samples.
At pH 9 the concentration of tetraborate anions is maximal and
results in a decrease in the B content in the solid product. At pH
9�11 the tetraborate anion concentration in solution decreases,
so the B content in zeolite slightly increases. At pH > 11.5 all
soluble boron species are in the form of B(OH)4

� and are not
capable of reacting with Si�O� species. Thus, at higher pH a
very low content of boron is found in the solid samples.

In the case of borogermanosilicates, condensation and crystal-
lization processes are somewhat complicated due to the presence

Figure 3. Dependence of the framework composition of UTL samples on the B content in the reaction mixture and pH value (175 �C, SDA4, SDA5,
and SDA6): (a) (1) B, (4) Ge, and (5) Si contents and (8) Si/Ge ratio for series zeolite samples prepared at pH 8.9�9.1; (2) B, (3) Ge, and (6) Si
contents and (7) Si/Ge ratio for series zeolite samples prepared at pH 11.1�11.4; (b) (1) B, (2) Si, (3), and Ge contents in samples prepared from
reaction mixtures with B:Si:Ge:SDA = 0.06:0.74:0.4:0.5 and different pH values.

Table 2. Study of the Effect of Changing the Initial B Concentration and pH Value during UTL Synthesis in the Presence of SDA4

framework composition, mol % organic template

sample B/(B þ Ge þ Si) in reaction mixture pH of reaction mixture B Ge Si B/(B þ Ge þ Si) [C], wt % [N], wt %

B-UTL-4-5 0.05 11.00 1.0 16.3 82.7 0.010 10.53 1.01

B-UTL-4-9 0.07 10.94 1.0 13.2 85.8 0.010 10.14 0.98

B-UTL-4-12 0.09 11.32 0.9 10.2 88.9 0.009 10.86 1.02

B-UTL-4-14 0.11 11.35 0.9 7.5 91.6 0.009 9.92 0.90
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of dissolved germanium in the reaction mixture. In the investi-
gated pH range the solubilities of compounds of boron, germa-
nium, and silicon in water differ significantly. Silica solubility is
practically pH-independent (120�138 mg/L) at pH < 9, but
increases dramatically with increasing pH at pH > 9 (180, 310,
876, and ∼5000 mg/L at pH 9.5, 10.0, 10.6, and 10.8,
respectively).85 The solubility of amorphous silica in water at
the vapor pressure of the solution at pH 8 increases almost
linearly with increasing temperature and at 175 �C reaches values
of 850�900 mg/L.86 At pH < 8, the main species in an aqueous
solution of silica is H4SiO4. At concentrations higher than
110�140 mg/L SiO2 and pH > 6.5, polymerization takes place,
yielding polysilicic acids and a colloid, gel, or precipitate.87

Si4O8(OH)6
2� is dominant in solution at pH 9, Si4O8(OH)4

4�

(and partially SiO(OH)3
�) at pH 10�12, and SiO2(OH)2

2� at
pH > 13.88

The increase in the relative content of silica and the decrease in
the Ge content in UTL samples synthesized in the pH range
7�10.6 are caused by sharply increasing Ge dissolution, whereas
the solubility of silicon is still very low under these conditions.
GeO2 solubility is practically constant only until pH 7.5. From
this value every increase in pH in steps of 1 results in a 10-fold
increase in the Ge solubility. Under the conditions of the
hydrothermal synthesis, the GeO2 solubility increases with pH
(extremely beginning from 8.7), which is consistent with the
dissociation of germanic acid.88

Whereas aluminosilicates can be synthesized at high Al3þ and
OH� concentrations (OH�/Si > 0.50), most borosilicates will
not crystallize at all owing to favorable solubilization of both
silicates and borates above pH 11. Aluminates are less soluble at
high pH values, and therefore, crystallization of aluminosilicates
is favored under these conditions.45 Reaction mixtures for
synthesis of zeolites with UTL topology investigated in this
study have OH�/(SiþGeþ B) ratios in a range of∼0.05�0.41
and pH 7.07�12.88. Crystallization of borogermanosilicate
phases at relatively low OH�/(Si þ Ge þ B) but at high pH
(>11) can be explained as follows: The pH value of the reaction
mixture is overestimated and characterizes the concentration of
free OH� ions in the interparticle aqueous media. Whereas
sources of germanium and boron totally dissolve in SDA�OH

solution, silica sources (Cab-O-Sil M5 or Aerosil 380) form a
fluid gel, allowing the crystallization of such zeolites at high
enough pH. Using an equimolar quantity of a silica source (for
example, TEOS) for such synthesis significantly decreases the
pH value of the reaction mixture. During hydrothermal synthesis
the pH usually increases due to the release of OH� ions at
polycondensation of hydroxides.

It is necessary to note that the majority of “successful”
syntheses of zeolites with UTL topology proceeded in reaction
mixtures with the OH�/(Si þ Ge þ B) value in the range
0.05�0.34 (see Table SI-1, Supporting Information). The only
exception is SDA3, for which we found appropriate values of
OH�/(Si þ Ge þ B) up to 0.41. The maximum allowable
OH�/(Si þ Ge þ B) value depends on the composition of the
reactionmixture: an increase in the Si/Ge ratio in the gel not only
improves the upper limit of the latter but also requires an increase
in lower acceptable values. In the reaction mixture with a low
boron concentration, a wide range of OH�/(Si þ Ge þ B)
values are appropriate; at 9�11 mol % B, this range usually
narrows to 0.11�0.22.

Zeolites with UTL topology can crystallize from the reaction
mixtures with a wide variability of chemical compositions
(Figure 4). A detailed study of the peculiarities of crystallization
of this zeolite phase shows that for a B-free reaction mixture at
pH≈ 11.0, the acceptable contents of germanium and silicon are
0.167�0.750 and 0.833�0.250, respectively. In a silicon-rich
reaction medium, we observed the beginning of the formation of
the STF phase but with some decrease in pH and the appearance
of tridimite. For Ge-rich reaction media, the rapid emergence of
the β-GeO2 impurity is typical. The successful synthesis of UTL
zeolites from so different reaction mixtures requires very sub-
stantial control of the duration of hydrothermal synthesis, which
is due to dramatic changes in the crystallization kinetics. At
Si/Ge = 5 in the reaction mixture, the optimum time of the
hydrothermal synthesis is 15�17 days, whereas at Si/Ge < 0.66 it
is only 2 days. Introduction of boron into the reaction mixture
requires some prolongation of the crystallization. When the
boron content increases to 11% at constant Ge content, the
average prolongation of the crystallization time is 1.6�1.8-fold.
Although usually borosilicates crystallize muchmore rapidly than
silicates or aluminosilicates,52 in the presence of germanium this
tendency is reversed. Increasing the boron content in the
reaction medium narrows the fields of appropriate contents of
silicon and germanium (Figure 4). Typical impurities in the
samples obtained from relatively boron rich reaction mixtures
using SDA5 are STF, STT, and ITE. In the case of other SDAs,
other phases such as *BEA,MFI,MEL, andMTW can be formed.
It should be noted that, by changing the pH of the reaction
mixture, the region of UTL phase existence changes significantly.
With a decrease in pH to 9 the β-GeO2 phase was observed
already at a Si/Ge ratio equal to 1, while at a high Si/Ge ratio the
β-GeO2 phase does not occur. At pH above 12, the region of
existence of the UTL phase is restricted to Si/Ge values from
1.5 to 3.

Scanning electron microscopy (SEM) images of UTL zeolites
prepared using SDA5 in the reaction mixture at pH≈ 11.2�11.9
showed similar homogeneous sheetlike crystals with a thickness
of less than 0.2 μm and an average size of about 4� 4 μm (Figure
SI-2, Supporting Information). The majority of crystals are
isolated ones, while the minority of them consist of aggregates
of lamellar crystals. It should be noted that SEM together with
powder X-ray diffraction (XRD) confirms a high degree of

Figure 4. Phase diagram depicting the products obtained as a function
of the reaction mixture composition (pH 10.9�11.2, 175 �C, 2�23 days
of synthesis, SDA5).
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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.7 The authors reported on the formation of two
types of crystals: large aggregates with a size of 150 � 150 �
150 μm under static synthesis conditions and flower-type
aggregates of thin crystals under agitation. The morphology of
the crystals also differs from that published previously due to the
differences in the synthesis conditions.62

11B MAS NMR Data. 11B MAS NMR spectra of four as-
synthesized B-UTL zeolite samples are shown in Figure 5a.
Decomposition of the spectra can be made with high accuracy on
four Lorenz components with resonances of �1.86 ( 0.01,
�3.08 ( 0.02, �3.89 ( 0.03, and �4.39 ( 0.03 ppm, accord-
ingly. For some samples we can also see a low-intensity shoulder
at�0.67( 0.05, probably indicating the presence of a negligible
amount of trigonal BOx units. 11B MAS NMR data clearly
evidence that in freshly prepared UTL zeolites all boron atoms
have a tetrahedral environment and they are a part of a zeolite
framework. Different shifts of BO4 probably caused differences in
the nature of the nearest T neighbors (Si, Ge), combined with the
presence of B in different crystallographic sites. Many authors
reported that the position of the peak in a 11B MAS NMR
spectrum of tetrahedral boron in the framework can change in a
wide range from �1.3 for MCM-70(MVY)54 to �3.6 ppm for
B-MTW,35 �4.0 ppm for B-*BEA,30 and �4.5 for SSZ-42-
(IFR)47 depending on the type of zeolite structure and the
chemical nature of the coordination environment.
To try to localize boron atoms in the UTL zeolite structure, we

have analyzed the changes of the intensities of all four peaks
depending on the Si/Ge ratio in the studied samples (Figure 5b)
and the pH of crystallization (Table SI-1, Supporting In-
formation). As evident from Figure 5b, the intensity of the peak
at�3.89 ppm continuously increases with increasing Si/Ge ratio.
In contrast, the intensity of the peak at �1.86 ppm constantly
decreases with increasing Si/Ge ratio. On this basis, we assume
that these two peaks can be attributed to boron atoms in the
positions of the UTL structure with one Ge atom and three Si

atoms in the first coordination sphere. For peaks at �3.08
and �4.39 ppm such dependence of their intensity is not
straightforward as the intensity correlates with the total content
of boron in the samples. It follows from this fact that the last two
peaks could be assigned to boron atoms located in different
framework positions in a completely silica environment.
For specification of the possible boron location in the UTL

framework, we used the results of a previously theoretical
investigation.89 The authors report on calculations on the sub-
stitution of silicon or germanium in T11 and T12 sites for
aluminum, boron, or gallium in the cluster of the UTL structure.
Calculated substitution energies using the DFT-LDA and the
DFT-GGA approximations for 10 nonequivalent T sites testifies
that isomorphous introduction of trivalent elements in some
positions is possible. Substitution energies increase in the order
T4 < T6 < T9≈ T5≈ T1, T2≈ T7 < T8, T11≈ T12. The
authors excluded positions T3 and T10 from consideration
assuming the isomorphous silicon replacement in these positions
is impossible.
Germanium atoms in the UTL structure are preferably located

in the T11 and T12 positions (D4R), especially for samples
having high Si/Ge ratios. Hence, the presence of one germanium
atom at the first coordination sphere of the boron atom is
possible only for the T9 site among the first five energetically
most favored crystallographic positions in the UTL structure. In
this case, the peak at�3.89 ppm could probably correspond to a
boron atom located in the T9 position with a completely silica
environment, whereas the peak at �1.86 ppm can be attributed
to boron atoms in the T9 position with one germanium atom in
the nearest neighborhood. The most intense peak at �3.08
ppm can be attributed to atoms in the energetically most
favorable T4 position and the peak at �4.39 ppm to atoms in
position T6. For the last two positions a completely siliceous
environment is most likely. From 11B MAS NMR data it can be
assumed that at rather low contents of boron in the structure of
zeolites (prepared from reaction mixtures with a relatively low
pH of 8�9) the boron atoms are located mainly in the T4 and T9
positions and at a lesser extent in position T6. The increasing pH

Figure 5. (a) 11BMASNMR spectra of as-synthesized B-UTL zeolite samples: (1) B-UTL-4-3, (2) B-UTL-4-14, (3) B-UTL-4-8, (4) B-UTL-4-15. (b)
Dependence of the intensity of the peaks on the Si/Ge ratio: (1) �1.86 ppm, (2) �3.08 ppm, (3) �3.89 ppm, (4) �4.39 ppm.
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of the reaction mixture above 11 leads to a sharp increase in the
Si/Ge ratio (and a decrease in the Ge atom content located in
D4R) in zeolite samples and favors the additional introduction of
boron atoms in the T9 position. It is also necessary to notice that
T atoms in the T4 and T6 positions of the UTL structure
are connected to the common oxygen atom (O19) while the
simultaneous presence of two boron atoms is forbidden by the
L€owenstein rule. This reduces 2-fold the total amount in these
positions. In a similar way, T atoms in the T9 and T6 positions
are also connected to the common oxygen atom (O22). Such a
geometry of the UTL structure creates preconditions for intro-
duction of a 2-fold higher amount of boron atoms in the T9 and
T4 positions instead of the T6 position, especially for high-silica-
containing samples.
FTIR Spectroscopy Data. FTIR spectra in the framework

vibration region of calcined UTL samples of B-containing
germanosilicate are shown in Figure SI-3, Supporting Informa-
tion. In the spectrum of pure germanosilicate zeolite several IR
bands are observed: structure-insensitive bands at 1084, 782, and
440 cm�1, which are common for all silicate materials, and
structure-sensitive bands at 1240, 877, 660, 582, and 524 cm�1. A
shoulder in the spectrum found at∼1000 cm�1 (980 cm�1 in the
as-synthesized sample) and a weak band at 940 cm�1 could be
assigned to Si�O vibrations in different Si�O�Ge moieties.
The band at 877 cm�1 and weak shoulder at 820 cm�1, most
likely, can be attributed to an asymmetrical stretching vibration of
Ge�O of the tetrahedrally coordinated germanium, whereas the
band at 582 cm�1 can be attributed to the symmetrical stretching
vibration of Ge�O.90

For B-containing germanosilicate samples withUTL topology,
additional IR bands at 1453, 1384, and 908 cm�1 and a doublet at
794 and 759 cm�1 appeared in the spectra. The bands at 1384
and 908 cm�1 correspond to asymmetric and symmetric vibra-
tions of the B�O bond in the B�O�Si group, where the boron
is a trigonally coordinated framework boron91,92 practically in
all borogermanosilicates samples. The absorption band at
1384 cm�1 is observed only in H-form zeolites because this peak
is very sensitive to sorption of basic adsorbates. A new absorption
band at 1453 cm�1, as far as we know, was not observed earlier
for B-containing zeolites. Taking into consideration the chemical
composition of this zeolite sample and also the 11B MAS NMR
data, it would be possible to attribute this band to asymmetric
vibrations of the B�O bond in the B�O�Ge group, where the
boron is located in the framework position T9. The bathochro-
mic shift of νOTO caused by the introduction of boron or other
atoms into the framework has been reported by many authors.23

We also observed a shift of the band at 1084 cm�1 to 1077 cm�1,
which testifies to incorporation of boron into the UTL structure.
Among other changes in the FTIR spectra, it is necessary to note
the disappearance of the band at 660 cm�1 for samples synthe-
sized from a high-pH reaction mixture, splitting of the band at
782 cm�1 into a pair of bands at 794 and 759 cm�1 for the zeolite
samples synthesized from a low-pH reaction mixture, and the
disappearance of the shoulder at 1000 cm�1 for all B-containing
germanosilicates with UTL topology.
AdsorptionData.Textural parameters of the porous structure

of the B-UTL zeolites were determined using adsorption iso-
therms with nitrogen as the adsorbate (Figure SI-4 and
SI-6, Supporting Information). The Brunauer�Emmett�Teller
(BET) areas were in the range 500�610 m2/g. The micropore
volume of crystalline zeolite samples prepared with different
SDAs agrees well with the total amount of template and water in

as-synthesized samples (DTAþTG andCHN analysis data) and
was on average 0.19�0.23 cm3/g.62 The variation in the pore
volume ((0.23 � 0.19)/0.23 � 100) is probably due to the
presence of some traces of nonporous solids (amorphous) or a
difference in the crystallinity degree.
The analysis of N2 adsorption isotherms in the pressure range

(p/p0) from 10�6 to 10�3 allowed determination of the micro-
pore size distributions for calcined samples. For the determina-
tion based on the nitrogen adsorption isotherm Saito�Foley93

method, the average pore diameter was estimated close to
1.05 nm. We note that the value obtained from nitrogen
measurements is somewhat higher than that from crystal struc-
ture data. It is important to note that in micropore size distribu-
tions for some samples two maxima have been obtained. N2

adsorption data have shown a clear dependence of the pore size
distribution on the quantity of boron in the reaction media
(Figure 6). In particular, with increasing boron content (more
than 3 mol %), the narrowed (∼0.84�0.86 nm) pores increased.
To check our hypothesis, we measured the adsorption iso-

therms of argon as a nonpolarizable atom (Figure SI-5, Support-
ing Information). Analysis of Ar adsorption isotherms evidences
the identical pore size distribution. This result shows that in this
case there has been a real change in the size of some of the
channels. We believe that the most probable reason is changing
of the 12- and 14-ring pore geometry due to framework distor-
tion. This distortion could be due to the replacement of
germanium atoms in a certain positions in the D4R for silicon
atoms. This changes the O�T�O and T�O�T angles, and the
12-ring channels become more elliptic. Similar changes were
observed for germanosilicate zeolites with UTL topology and Si/
Ge ratios ofmore than 10 in solid samples. It should also be noted
that for the relatively Ge rich (probably Si/Ge≈ 4) UTL zeolites
(IM-12)7 the authors present the distribution of pore sizes with a
maximum at 10.5 Å, while in high-silica (probably Si/Ge > 14)
UTL zeolites (ITQ-15)6 the maximum is 7.5 Å.
Acidity of B-UTL Samples. Pyridine adsorption on B-UTL

zeolite usually indicates predominantly a Lewis acid sites and a
small amount of Brønsted acid sites (Figure 7a). Only for

Figure 6. Micropore size distribution for samples of B-UTL zeolite
prepared with use of SDA5 from reaction mixtures with different
contents of boron.
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samples prepared at pH less than 8 does the concentration of the
Brønsted acid sites (bands at 1542 and 1638 cm�1) increase
sharply. As follows from Figure 7a in the UTL borogermanosi-
licates, several types of Lewis acid centers are present: in the
range 1430�1475 cm�1 we observed three bands at 1443, 1452,
and 1462 cm�1 and sometimes a shoulder at 1470 cm�1. The
band at 1443 cm�1 could be attributed H-bonded pyridine
coordinated to silanol groups.94 The second band and bands at
1609 and 1622 cm�1 are tentatively assigned to pyridine
adsorbed on four-coordinated germanium atoms.95 The intensity
of these bands correlates with the Si/Ge ratio in the samples. For
pure germanosilicate zeolites this band (1452 cm�1) is present in
the spectra, and its intensity changes in parallel with increasing
Si/Ge ratio in the reaction mixture at constant pH or with
elevation of the pH with identical Si:Ge:B:SDA ratio in the
reaction mixture. The band at 1462 cm�1 was observed only in
B-UTL samples, and its intensity generally depends on the boron
content in the samples. However, it should be noted that, for each
sample studied, the relative intensities of the bands at 1462 and
1542 cm�1 depend on the evacuation conditions before adsorp-
tion of pyridine. The temperature threshold of stability in a
vacuum fo 5� 10�3 Torr for the bridged OH groups associated
with boron is 370�380 �C. This temperature is quite sufficient to
completely remove adsorbed water molecules from B-UTL
zeolites and to achieve a residual pressure of 5 � 10�3 Torr.
At higher temperatures of activation we observed a partial
destruction of the bridged OH groups. As a consequence,
reduction in the intensity of the absorption band at 1542 cm�1

and growth of the band at 1462 cm�1 (as well as at 1638 cm�1)
were found. At temperatures above 450�470 �C most of these
Si�O(H)�B groups are destroyed, and obviously the boron
atoms are transformed into the three-coordinated state. There is
no clear relationship between the boron concentration in the
reaction mixture and the intensity of the “boron” absorption
bands of adsorbed pyridine. We also observed an absorption
band at 1609 cm�1, the intensity of which correlates with the

intensity of the band at 1443 cm�1. In particular, the band is
more intense in high-silica UTL zeolites synthesized from the
reaction mixtures at a higher pH. The assignment of the
absorption band at 1608�1609 cm�1 to pyridine coordinated
to the germanium species could be proposed.96

It looks like the relative and absolute intensities of the bands of
pyridine adsorbed on Brønsted and Lewis acid sites are influ-
enced by the pH values of the reaction medium. As can be seen
from Figure 7b, increasing the pH from∼8 to∼9 leads to a very
substantial decrease in the number of Brønsted acid sites as well as to
the reduction of the concentration of Lewis acid sites. In the samepH
range, the concentration of Lewis acid sites attributable to the atoms
of the four-coordinated germanium95 is reduced to a lesser extent,
whereas the concentration of Si�OH groups remains practically
unchanged. These results are in agreement with the above-described
results on the effect of the pH of the reaction mixture on the boron
content and Si/Ge ratio in the samples of UTL zeolites. An increase
in the pH above 11.2 causes a sharp increase in the concentration of
silicon defects, which obviously reflects a very substantial increase in
the Si/Ge ratio in the samples. In this case, the concentration of
Lewis acid sites attributed to the atoms of the four-coordinated
germanium slightly decreased. We observed some reduction of the
concentration of “boron” acid centers of both types, although the
results of chemical analysis show that the boron concentration in the
samples increases slightly. Apparently, the reduction of the concen-
tration of boron centers could be related to an increase in boron
removal from the framework by calcination.
Compared with aluminosilicate zeolites, borosilicates always

show a lower acidity (weaker acid sites). Our results of ammonia
temperature-programmed desorption (TPD) showed that the
strength of the acid sites for borogermanosilicate zeolites with
UTL topology differs little from that of the nonacidic surface: in
addition to the peak at 195 �C, we observe only a weakly
expressed shoulder at 220 �C.
Last but not least, another feature of germanosilicate UTL

zeolite is mentioned. In the hydrated state, at least part of the

Figure 7. (a) FTIR spectra of pyridine adsorbed on B-UTL zeolite synthesized from reaction mixtures of different compositions: (1) B-UTL-4-3, (2)
B-UTL-4-14, (3) B-UTL-4-3, (4) B-UTL-4-15. (b) Dependence of the acidity distribution (bands at 1542 cm�1 (BB), 1452 cm

�1 (LGe), and 1462 cm
�1

(LB)) for B-UTL zeolite on the pH value of the reaction mixtures.
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germanium atoms coordinate water molecules to form do-
nor�acceptor complexes. When sample evacuation is carried
out at 250 �C, coordinated water molecules are retained in the
pores, whereas most of the water is removed. Adsorbed pyridine
“recognizes” polarized water molecules coordinated with germa-
nium as Brønsted acid sites: the spectrum contains a fairly intense
absorption band at 1542 cm�1, while the band at 1452 cm�1

remains very low. Heating of the samples above 350 �C in
vacuum leads to the removal of water complexes from framework
germanium atoms. As a consequence, in the spectrum of
adsorbed pyridine, the band at 1542 cm�1 is practically not
observed while another band appears at 1452 cm�1, the intensity
of which correlates with the content of germanium in the zeolite
samples.
To determine the effect of the boron content in the germa-

nosilicate reaction mixtures with a high pH on the concentration
and type as well as the availability of acid sites, we also studied the
adsorption of 2,6-di-tert-butylpyridine.66 Similarly to pyridine
adsorption on B-UTL zeolite, adsorption of 2,6-di-tert-butylpyr-
idine shows predominantly Lewis acid sites (three types) and a
small amount of Brønsted acid sites (Figure SI-6, Supporting
Information). In the OH group region, the absorption band at
3663 cm�1 disappeared after 2,6-di-tert-butylpyridine adsorp-
tion. For a series of samples synthesized from reaction mixtures
with a pH value of more then 11, the concentration of Brønsted
centers is almost independent of the boron content in the
reaction mixture (Table 3, Figure 7b). The concentration of
boron in the samples (determined from the position of Si�O
absorption bands in the FTIR spectra) increases slightly with
increasing concentration of boron in the reaction mixture, which
is reflected in the increasing concentration of Lewis acid sites.
Some overestimation of the Si/B value may be due to the
presence of germanium atoms of the zeolite framework, which
slightly increases the average distance of T�O.

’CONCLUSION

The properties of SDAs strongly influence the upper limit of
the B content in the reactionmixture, which still allows pureUTL
phase to be obtained. The pH borders of UTL formation are
equal to the pH limits of the region where the concentration of
Ge8O15(OH)5

3� (D4R) in water is the highest. For a series of
UTL samples prepared from reaction mixtures with similar
chemical compositions and different pH values, the B, Si, and
Ge contents extremely depend on the pH value.While the silicon
content increases and the germanium content predictably de-
creases with pH increments, the boron content shows a local
minimum at pH ≈ 9. The boron content in the UTL samples
does not depend straightforwardly on its content in the reaction
mixtures, but the silicon content substantially increases and the
germanium content decreases with increasing amount of boron
in the reaction mixture. Consequently, there is a sharp enhance-
ment of the Si/Ge ratio for samples synthesized from boron-rich

reaction gels. From 11B MAS NMR data it probably follows that
at rather low contents of boron in the structure of zeolites
(prepared from reaction mixtures with a relatively low pH of
8�9) the boron atoms are located mainly in the T4 and T9
positions and in a smaller extent in position T6. The increasing
pH of the reaction mixture above 11 leads to a sharp increase in
the Si/Ge ratio (and a decrease in the concentration of Ge atoms
in D4Rs) and favors additional introduction of boron atoms in
the T9 position. B-UTL zeolites exhibit predominantly Lewis
acid sites and a small amount of Brønsted acid sites. Only for
samples prepared at pH lower than 8 does the concentration of
the Brønsted acid sites increase sharply.

’ASSOCIATED CONTENT

bS Supporting Information. Figures showing the XRD pat-
terns and SEM image of B-containing samples, FTIR spectra of
skeletal vibrations of B-UTL zeolites, adsorption isotherms of
nitrogen for samples of B-UTL zeolite, micropore size distribu-
tion for samples of B-UTL-5�35, and IR spectra of the hydroxyl
vibration region of UTL and a table giving the details of the most
representative synthesis of UTL zeolite. This material is available
free of charge via the Internet at http://pubs.acs.org.
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