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’ INTRODUCTION

Zeolites are crystalline porous materials formed by TO4

tetrahedra (T = Si, P, Al, Ge, etc.) that present a large variety
of industrial applications.1�3 The discovery of zeolites with new
structures and compositions to fulfill specific catalytic applica-
tions is a key issue in zeolite synthesis. Zeolites are normally
prepared under hydrothermal conditions in which gel composi-
tion, structure directing agent (SDA), crystallization tempera-
ture, and time, etc., are critical parameters.4However, the relationship
between the synthetic variables and the particular zeolite struc-
tures formed is not yet clearly understood because of the meta-
stable nature of zeolites and the complexity of the formation
mechanism.5 The application of high-throughput (HT) approaches
to materials science can help researchers to fast screen the variables
involved in the synthetic process, increasing the number of samples
produced and characterized.6 Since 1998Wendelbo and co-workers7

introduced the HT technique into zeolite synthesis, this method
has demonstrated its powerful strength in fast optimization of the
synthetic conditions of known zeolites8�10 as well as in the dis-
covery of new structures.11�13

Extra-large pore zeolites are defined as those with pore aperture
larger than 12 rings,14 which in principle, can adsorb and react larger
molecules. So far, among the 197 zeolite frameworks registered by
the International Zeolite Association (each has been assigned with a

three-letter code),15 a relatively small number of zeolites, with 14
and 18 ring pores such as AlPO-816 (AET,14 ring), UTD-117

(DON, 14 ring), CIT-518 (CFI, 14 ring), SSZ-5319 (SFH, 14 ring),
SSZ-5919 (SFN, 14 ring), OSB-120 (OSO, 14 ring), ITQ-1521/
IM-1222 (UTL, 14� 12 ring), VPI-523 (VFI, 18 ring), andECR-3424

(ETR, 18 ring) have been obtained. Besides the above structures
an important group of tridimensional extra-large pore zeolites
such as cloverite (CLO, 3D 20 ring),25 ITQ-3312 (3D 18� 10�
10 ring), ITQ-4026 (3D 16� 16� 15 ring), ITQ-4413 (IRR 3D
18� 12� 12 ring), and the firstmesoporous chiral zeolite ITQ-3727

(ITV, 3D 30 ring) have also been obtained. Most recently, the
first hierarchical meso-microporous zeolite ITQ-4328 (3D 28 �
12 � 12 ring) has been reported. In the case of ITQ extra-large
pore zeolites the structure directing role ofGe towardD4RandD3R
building units has been shown to be very important for successful
crystallization.13,26,29,30

Recently, we have reviewed the synthesis and catalytic appli-
cations of extra-large pore zeolites31 and described three issues to
successfully synthesize novel extra-large pore zeolites. They are
as follows: i) large and rigid organic structure directing agents
(OSDAs) with the required polarity favor the formation of
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zeolites with larger micropore volume and a multidimensional
channel system, though this is not a “sine qua non” requirement;
ii) concentrated gels and fluoride media can increase the pro-
babilities for producing structures with lower framework density
(FD);32 and iii) the synthesis of frameworks containing D4R and
D3R can be facilitated by the introduction of some heteroatoms
such as Ge. The presence of these secondary building units,
together with the suitable OSDAs, will direct to the formation of
structures with extra-large pores. In addition to those synthetic
considerations, the application of high-throughput (HT) approaches
to zeolite synthesis will also speed up the discovery of novel extra-
large pore zeolites.

In the present work we have investigated the following issues: i)
how small the difference in the structure of rigidOSDAs can alter the
phase selectivity and ii) how the gel concentration, Si/Ge ratio,
Al(B) incorporation, and F� concentration affect the synthesis.
To do that we have designed a series of OSDAs with increasing
size based on isoindoline for the synthesis. Then for each OSDA,
a 33� 5 factorial design of experiments has been applied and HT
synthesis approaches have been used for carrying out a systematic
variation of the synthetic parameters. Following this methodology,
further insight into the formation of extra-large pore zeolites has
been provided.

’EXPERIMENTAL SECTION

Syntheses of OSDAs. The OSDAs (see Table 1) have been
prepared by a one step reaction in which 1,2-bis(bromomethyl)benzene
and substituted piperidine were combined in a 1:1 molar ratio in the
presence of an equal mole of K2CO3. The mixtures were heated under
reflux for two days. The bromide was converted into the hydroxide form
(OSDAOH) by ion exchange, and detailed information on the synthesis
procedure can be seen in the Supporting Information.
Syntheses of Zeolites. An initial experimental factorial design

(33 � 5 for each OSDA) was performed in which Si/Ge, Al(B)/(Si+Ge),
F�/(Si+Ge), and H2O/(Si+Ge) were selected as synthetic variables.
Here we use TecanCHMiniprep 75 laboratory robot system to dispense
the liquid reagents. The typical synthesis procedure was as follows: First,
the Telfon vials were put on the IKA RO 15 power 15 head magnetic
stirrer in the robot box. Then the liquid reagents such as Ludox (SiO2, 40%),
OSDAOH, NH4F (10 wt % in water solution), and NH4Cl (10 wt % in
water solution) were added by robot with stirring. After finishing adding

the liquid reagents, the solid sources,GeO2(99.998%) and/orAl2O3 (75wt%,
Catapal B), were added into the vials manually with stirring to form a
homogeneous gel. All the vials were put under an infrared lamp to evaporate
excess water until the desired water amount was achieved by weighing.
Finally, 15 Teflon vials were inserted into a multiautoclave, and the crystal-
lization was carried out at 175 �C for one week under static conditions.
Characterization Techniques. Scanning Electron Micrographs

were obtained with a JEOL JSM-6700F Scanning Electronic Microscope.
Sampleswere first analyzedwith a BrukerD8Discover X-ray diffractometer,
and then those with special interest were further characterizedwith a Rigaku
D/max 2500 X-ray diffractometer. 1H (300 MHz) NMR spectra used for
characterization of the prepared SDA were recorded on a Varian Mercury
300 spectrometer in D2O solutions at ambient temperature.

’RESULTS AND DISCUSSION

Crystallization Field Diagram. Each of the OSDAs was used
in a 33 � 5 HT experimental design, in which the following
synthetic variables were considered: Si/Ge (� 3, set to 2, 10,
INF), Al(B)/(Si+Ge) (� 5, set to 0, 0.05, 0.1 for both Al and B),
F�/(Si+Ge) (� 3, set to 0.1, 0.2, 0.25), H2O/(Si+Ge) (� 3, set
to 3, 7, 15), and OSDA/(Si+Ge) was fixed to 0.25. A total of 945
synthesis experiments were performed. The resulting crystal-
lization field diagrams are shown in Figures 1�3. 395 experi-
ments gave rise to crystalline zeolite products, including eight
zeolite phases, i.e., Beta (3D 12� 12� 12 ring), ITQ-7 (3D 12�
12� 12 ring), ITQ-17 (3D 12� 12� 12 ring), ITQ-15 (2D 14�
12 ring), ITQ-21 (3D 12� 12� 12 ring), ITQ-37 (3D 30 ring),
ITQ-43 (3D 28� 12� 12 ring), and ITQ-44 (3D 18� 12� 12
ring). Among the 395 crystalline zeolite products, 104 were
found to be Beta, while 6 correspond to ITQ-730 (ITQ-17 < 20%),

Table 1. OSDA1-7 Used in the Synthesis

Figure 1. Crystallization field diagram for all 7 OSDAs at H2O/
(Si+Ge) = 3.
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20 correspond to ITQ-1733 (ITQ-7 < 20%), and 201 correspond
to their intergrowths, 5 to ITQ-15,21 14 to ITQ-21,34 8 to ITQ-
37,27 6 to ITQ-43, and 9 to ITQ-44.13 Some experiments
produced a mixture of two zeolite phases, including ITQ-44
and ITQ-21 (8 samples), ITQ-43 and ITQ-21 (3 samples), ITQ-
21 and the ITQ-7/ITQ-17 intergrowth (11 samples). The XRD
patterns and SEM images of the typical samples can be seen in
Figure S1 and Figure S2, respectively.
Notably, among the 8 crystalline zeolite products that have been

found, ITQ-15, ITQ-37, ITQ-44, and ITQ-43 possess extra-large
pore channels. Particularly, the mesoporous chiral zeolite ITQ-37
with 30 ring channels has been now synthesized with a relatively
simple achiralOSDA,while in the original synthesis27 amore complex
diquaternaryamoniumwith four chiral centers asOSDAwas required.
Most of the crystalline phases (85.8%, 339 of 395) are Beta,

ITQ-7, ITQ-17, and intergrowths of ITQ-7 and ITQ-17, so they
have been named as “Default Structures”.
Directing Effect of Ge toward Formation of Specific

Secondary Building Units (SBUs). The presence of Ge in the
synthesis can stabilize zeolite structures containing D4R SBU as
demonstrated by means of theoretical calculations as well as
experiments.35,36 By using Electrospray Ionization Mass Spectro-
metry, Sch€uth and co-workers37,38 demonstrate that the germanosi-
licate oligomer such as D4R and substituted D4R are formed
immediately before nucleation. More recently, the incorporation
of Ge in the synthesis has also shown its ability to induce the
formation of structures with 3 ring (ITQ-3312), D3R (ITQ-4413

and ITQ-4026), and spiro-5 (PKU-939 and GeGaO-CJ6340). A
common explanation for this observation is based on the
different coordination geometry of Si and Ge atom. In the case
of pure siliceous structures, the average Si�O�Si bond angle is
about 148�, which is not favorable for SUBs like D4R, 3 ring,

D3R, and spiro-5. However, the smaller Ge�O�Ge or Si�O�Ge
bond angles may release geometric stress and thus stabilize these
SBUs. In our study, among the 8 zeolite phases obtained, there
are 7 containing D4R, i.e., ITQ-7, ITQ-15, ITQ-17, ITQ-21,
ITQ-37, ITQ-44, and ITQ-43, while ITQ-44 contains both D4R
and the first observedD3R.The results confirm the strong structure-
directing effect of Ge toward D4R and D3R. Besides, we can see
(Figure 4a) that the number of zeolites obtained decreases when
increasing the Si/Ge ratio, while the product distribution versus
framework density (Figure 4b) shows that high Ge content, i.e., low
Si/Ge ratio facilitates the formation of low framework density extra-
large pore zeolites (ITQ-37, ITQ-44, and ITQ-43).
The Effect of Gel Concentration. Several works32,41,42

showed that during the synthesis of high-silica zeolites low H2O/
SiO2 ratio favored crystallization of zeolites with lower framework
density (FD) in which high silica zeolite Beta (15.3 T atoms/
1000 Å3) andChabazite (15.1 T atoms/1000 Å3) were the lowest
boundary.32 Here we have focused on the syntheses of a number
of germanosilicates, in which Beta zeolite is the highest FD
boundary. For doing that, the influence of gel concentration of
H2O/(Si+Ge) = 3 (Figure 1), H2O/(Si+Ge) = 7 (Figure 2), and
H2O/(Si+Ge) = 15 (Figure 3) for all sevenOSDAs on the FD value
of the resultant zeolite products has been compared. In these synthe-
tic systems, 8 zeolite phases were identified, including Beta
(15.3 T/1000 Å3), ITQ-7 (15.4 T/1000 Å3), ITQ-15 (14.5 T/
1000 Å3), ITQ-17 (14.6 T/1000 Å3), ITQ-21 (11.6 T/1000 Å3),
ITQ-37 (10.3 T/1000 Å3), ITQ-43 (11.4 T/1000 Å3), and ITQ-44
(10.9T/1000Å3). Figure 5a illustrates the distribution of crystalline
products obtained with OSDA1-OSDA7. It shows that the
number of crystalline product decreases when increasing the
water content. The FD distribution in each group (Figure 5b)
shows that, most of the low FD products, such as ITQ-37, ITQ-44,
ITQ-43, and ITQ-21, are exclusively formed at H2O/(Si+Ge) =

Figure 2. Crystallization field diagram for all 7 OSDAs at H2O/
(Si+Ge) = 7.

Figure 3. Crystallization field diagram for all 7 OSDAs at H2O/
(Si+Ge) = 15.
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3, while only a very small number of the experiments at H2O/
(Si+Ge) = 7 give lower FD structures, and none is obtained at

H2O/(Si+Ge)= 15. ITQ-15 with an intermediate FD can only be
obtained at the intermediate gel concentration, i.e., H2O/(Si+Ge) =
7, while high FD “Default Structures”, i.e., ITQ-7, ITQ-17, their
intergrowths, and Beta, are the most frequently observed phases
in the three gel composition groups, being proportionally more
abundant when working at H2O/(Si+Ge) = 7 and 15. From the
above results, we can conclude that for germanosilicate zeolite
synthesis, as it occurs with high silica zeolites concentrated gels
favor the formation of low FD products.
OSDA Size Effect: Converting “Default Structures” to

Extra-Large Pores. Davis and co-workers43 studied the effect
of the carbon to nitrogen ratio (C/N+) in the OSDAs on the
crystallization of zeolites. The authors concluded that relatively
rigid OSDAs with moderate polarity, e.g., with C/N+ between 11
and 16, appear to be the best option for high-silica zeolite
synthesis. In some other works by Zones et al.,42,44,45 it was
found that when the OSDA increased up to a certain dimension
(C/N+ is about 10 for monoquaternary ammonium), the resul-
tant products changed from clathrasils to microporous molecular
sieves. This was in agreement with the study by Gies and co-
workers46,47 on the conditions of a successful OSDA to form
clathrasil structures. Interestingly, in the present work, we
observed the conversion from the high FD “Default Structures”
to the extra-large pore zeolites when the size of OSDAs increases
above a certain dimension (C/N+ 15 and 17).
In germanosilicates, when an OSDA is relatively small or it is large

but very flexible, the formation of “Default Structures” such as Beta,
ITQ-7, and ITQ-17, are usually obtained. However when rigid
OSDAs with increasing size have been studied it can be seen in
Figure 6 that the smaller OSDA1 (C/N+ = 13) and OSDA2

Figure 5. (a) The number of crystalline products for OSDA1�OSDA7
for three synthetic concentration groups (H2O/T(IV) = 3, 7, 15).
(b) The product distribution in percentage versus framework density in
percentage within each group.

Figure 6. Converting “Default Structures” to extra-large pore zeolites.
(a) OSDA1,2 can direct only the “Default Structures”; (b) Besides the
“Default Structures”, OSDA3,4 can produce ITQ-21; (c) When OSDA
is increased to OSDA5, extra-large pore zeolite ITQ-44 starts to appear;
(d)WhenOSDA6 is used, in addition to the structure mentioned above,
it can induce the formation of ITQ-15 and ITQ-43; (e)When the largest
OSDA7 is used, mesoporous chiral zeolite ITQ-37 is formed.

Figure 4. (a) The number of crystalline products for OSDA1�OSDA7
for three Si/Ge ratio groups (Si/Ge = 2, 10, INF). (b) The product
distribution in percentage versus framework density within each group.
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(C/N+ = 14) only direct to Beta, ITQ-7, and ITQ-17. In contrast,
OSDA3, OSDA4 having the sameC/N+ as OSDA2 but with a larger
size, directs toward ITQ-21 (FD = 11.6) which is a more open struc-
ture than ITQ-17 (FD = 14.6), although the synthesis product still
contains some ITQ-17 impurity. When the size of the OSDA is
further increased with a C/N+ = 15, ITQ-44 (FD = 10.9) with 18�
12 � 12 ring extra-large pores is obtained. If the OSDA6 (C/N+ =
15) is adopted, besides ITQ-44, ITQ-15with 14� 12 ring extra-large
pores and a novelmeso-microporous zeolite ITQ-43with 28� 12�
12 ring extra-large pores can also be found in the products. Notice
that, �Cejka andco-workers48 have also reported the successful synthesis
of ITQ-15 (UTL) using the analogues of OSDA5 and OSDA6.
OSDA7 (C/N+ = 17) is the largest OSDA used here, correspond-
ingly, it directs the formation of the mesoporous zeolite ITQ-37.
The Effect of TIII Heteroatoms and the Concentration of

Fluoride. The introduction of TIII (Al, B) has at least two effects
on the synthesis. On the one hand, since TIII�Obond lengths and
O�TIII�O bond angles are different from Si�O and O�Si�O,
it may direct to some specific building units, thus inducing the
formation of new structures. On the other hand, the negative
charges generated by introduction of TIII elements in framework
positions together with the F� anion will require larger amounts
of OSDA cations to be included in the pores, thus resulting in the
increase of the micropore volume in the synthesized zeolite.
According to the amount of aluminum that the product can
accept, one can divide the zeolites into three groups: The first
group corresponds to products that can only be crystallized in
presence of Al, for instance, ITQ-44. The second group corre-
sponds to zeolites that can only be obtained in a gel without Al or
with small amount of Al, for example ITQ-37 and ITQ-43. The
third group of zeolites is not strictly restricted by the Al content
in the synthesis, for example, ITQ-7, ITQ-17, ITQ-15, and ITQ-
21. Notably, ITQ-44 which belongs to the first group can only be
synthesized at low F� concentration. This might be due to the
fact that when lower F� anion content is introduced, more Al can
be incorporated into the framework to compensate the positive
charge of the OSDA required to fill pores, as requested for the
formation of ITQ-44. On the other hand, ITQ-37 and ITQ-43
which belong to the second group can hardly be synthesized at a
high Al concentration, and thus higher F� concentration is required
for compensating the large amount of OSDA incorporated.
The Intergrowth of ITQ-7 and ITQ-17. The structural

relationship between ITQ-7 and ITQ-17 (the polymorph C of
the Beta family) can be described as different stacking sequence
of the same layer connected by the D4Rs (Figure 7). This close
structural relationship raises the possibility of stacking faults and,
particularly, a disordered intergrowth between ITQ-7 and ITQ-
17 because of their similar tetragonal arrangement of D4R, which
allows a perfect matching of the respective layers. The different
degrees of intergrowth of the family ITQ-7 and ITQ-17 were
simulated by Camblor and co-workers,49 but there was no
experimental evidence showing such intergrowth. Here we
have first observed the intergrowth of ITQ-7 and ITQ-17 and a
transformation from ITQ-7 to ITQ-17 when varying the synthetic
conditions. Figure 8a shows the XRDpowder pattern simulations of
disordered intergrowths of the ITQ-7 and ITQ-17 family calculated
using DIFFaX50 developed by Treacy and Deem. The pure silica
structure was used as input model for the simulations. The
experimental XRD patterns showing the disordered intergrowths
of the ITQ-7 and ITQ-17 family are given in Figure 8b. These
samples are synthesized under different conditions by varying
the type of OSDA, the H2O/(Si+Ge), Si/Ge, and F�/(Si+Ge).

Unfortunately, we could not correlate this transformation with
specific synthetic factors.

’CONCLUSIONS

In the present work, seven OSDAs with increasing size based
on the isoindoline have been prepared. Then a 33 � 5 HT
factorial design for each OSDA has been performed, in which the
following synthesis parameters including Si/Ge, Al(B)/(Si+Ge),
F�/(Si+Ge), and H2O/(Si+Ge) have been considered. From a
total of 945 synthesis experiments, 8 crystalline zeolite products

Figure 7. The structure relationship between ITQ-7 and ITQ-17. a)
Layers A and B are related by 90� rotation. b) Layers of ITQ-7 and ITQ-
17 are stacked in sequence of ABAB and AAAA, respectively.

Figure 8. (a) XRD powder pattern simulations of disordered inter-
growths of ITQ-7 and ITQ-17 family calculated by DIFFaX. (b) The
experimental XRD powder patterns showing disordered intergrowths of
ITQ-7 and ITQ-17 family. The synthetic conditions of samples from up to
bottom: 1) H2O/(Si+Ge) = 7, OSDA7, Si/Ge = 2, F�/(Si+Ge) = 0.2; 2)
H2O/(Si+Ge) = 7, OSDA1, Si/Ge = 2, F�/(Si+Ge) = 0.2, Al/(Si+Ge) =
0.05; 3) H2O/(Si+Ge) = 7, OSDA3, Si/Ge = 2, F�/(Si+Ge) = 0.2, B/
(Si+Ge) = 0.1; 4) H2O/(Si+Ge) = 3, OSDA3, Si/Ge = 2, F

�/(Si+Ge) =
0.2; 5) H2O/(Si+Ge) = 3, OSDA2, Si/Ge = 2, F�/(Si+Ge) = 0.2, B/
(Si+Ge) = 0.05; 6) H2O/(Si+Ge) = 7, OSDA5, Si/Ge = 2, F

�/(Si+Ge) =
0.2. 7) H2O/(Si+Ge) = 7, OSDA5, Si/Ge = 2, F�/(Si+Ge) = 0.25.
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have been obtained, including four large pore zeolites, i.e., Beta,
ITQ-7, ITQ-17, and ITQ-21, four extra-large pore zeolites, i.e.,
ITQ-15, ITQ-37, ITQ-44, and ITQ-43. The results show that
a) The introduction of Ge can induce the formation of D4R

and D3R SBUs which are beneficial factors to produce
extra-large pore zeolites. Furthermore, a gel with lower Si/
Ge ratio has more opportunities to crystallize as extra-large
pore zeolites.

b) In germanosilicates, a lower H2O/(Si+Ge) ratio favors the
synthesis of lower framework density zeolites, as it also
occurs with Ge free high silica zeolites.

c) The smaller OSDAs can only produce “Default Structures”,
while larger and rigid OSDAs can direct toward extra-large
pore zeolites.

d) Because both the incorporation of Al cations and the F�

anions present in the zeolite generate the negative charges,
there appears a competition between the Al content and
F� in the synthesis. Less amount of F� content may enable
more Al cations to be incorporated into the framework,
and vice versa.

e) Experimentally, there are disordered intergrowths in the
family of ITQ-7 and ITQ-17 due to their close structural
relationship.

’ASSOCIATED CONTENT
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