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Introduction

An imidazolium dication affords a stable UWY-like
zeolite and enables a subtle structure direction
towards EMM-17+

Huajian Yu,®® Peng Lu,$? Zihao Rei Gao,
Miguel A. Camblor (2 *@

*§? Alvaro Blanco® and

Zeolites with interconnected medium (10Ring) and large (12R) pores, such as the UWY framework type,
hold significant potential for catalysis but may suffer from instability due to a high germanium content
required for their synthesis. Addressing this limitation, we report the synthesis of HPM-9, a novel UWY-
like germanosilicate zeolite, utilizing 1,1'-(1,8-octanediyl)bis(3-methylimidazolium) (8BMI) as the organic
structure-directing agent (OSDA) in fluoride media. HPM-9 achieves significantly lower germanium
content (Ger = Ge/(Ge + Si) down to 0.14) compared to the original IM-20 (Ger = 0.3), resulting in mark-
edly improved stability upon calcination and exposure to water. Structural analysis using synchrotron
powder X-ray diffraction (SPXRD) suggested disorder and DIFFaX simulations revealed that HPM-9 exhibits
minimal stacking faults along the a-axis, corresponding to an intergrowth with a polymorph where
double four-membered rings (d4r) are partially replaced by single four-membered rings (s4r), likely driven
by the reduced Ge content. Furthermore, decreasing the Ge content further (Gef < 0.05) subtly shifts the
structure direction towards EMM-17, a zeolite featuring interconnected 11R and 10R pores. 1°F MAS NMR
suggests the presence of d4r units in the synthesized EMM-17, and we propose a mechanism where the
less stable d4r-containing polymorph C nucleates first, templating the subsequent growth of d4r-free
polymorphs A and B by epitaxial intergrowth. Comparative studies with analogous OSDAs (7BMI and
9BMI) confirmed the optimal linker length of 8BMI for directing towards stable UWY structures. The
enhanced stability of HPM-9 opens avenues for the practical application of UWY-type zeolites in catalysis.

apertures along the diffusion path, typically exhibit shape
selectivity, which is crucial in catalytic reactions where specific

Zeolites, with their varied complex frameworks and widely
diverse applications, have been at the forefront of research in
materials science and catalysis for decades. The possibility to
fine-tune properties for specific applications has driven the
ongoing quest for new zeolite topologies and compositions.”
One of the key factors influencing zeolite performance is the
size and dimensionality of their pores. Medium pore zeolites,
characterized by rings of 10 tetrahedra (10R) as minimum

“Instituto de Ciencia de Materiales de Madrid (ICMM), CSIC, 28049 Madrid, Spain.
E-mail: macamblor@icmm.csic.es

bEscuela de Doctorado, Universidad Auténoma de Madrid, Madrid 28049, Spain
tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5dt01413a

iPresent address: The ZeoMat Group, Qingdao Institute of Bioenergy and
Bioprocess Technology, Chinese Academy of Sciences, 266101 Qingdao, China.

§ Present address: Department of Chemical and Biomolecular Engineering and
Institute for NanoBioTechnology, Johns Hopkins University, Baltimore, MD,
USA. E-mail: zgao44@jhu.edu

N878 | Dalton Trans., 2025, 54, 11878-11886

molecular sizes and shapes need to be accommodated and/or
diffuse. In contrast, large pore zeolites with 12-membered
rings (12R) facilitate enhanced molecular diffusion, allowing
for the processing of larger molecules. Zeolites that combine
intersecting medium and large pores have garnered significant
interest due to their potential to offer a unique combination of
reactivity, selectivity, and stability.>

The UWY zeolite framework type,® whose reference material
is zeolite IM-20,” is a prime example of such a zeolite. It fea-
tures intersecting 12R and 10R pores, making it an attractive
candidate for various catalytic applications. For instance, a
hypothetical Ge-free aluminosilicate UWY zeolite has been pro-
posed as a potential catalyst for the transalkylation of tri-
methylbenzene with toluene.® However, despite its potential
there has been little further research on the synthesis and
applications of IM-20. The original synthesis of IM-20 involves
a relatively high germanium content (Ge; = Ge/(Ge + Si) = 0.4
in the gel, 0.3 in the product), which compromises its stability.

This journal is © The Royal Society of Chemistry 2025
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A newer report on the synthesis of this type of zeolite as
nanosheets did not advance from this point of view, while
demonstrated both the potential of the material for biomass
conversion and the low stability issue.® The UWY topology con-
tains abundant double four-membered rings (d4r), known to
be strained for pure silica compositions. Such structures are
generally only accessible by increasing the flexibility of the
SiO, framework by introducing fluoride in the synthesis, with
fluoride lowering the covalent character of the Si-O bond and
being trapped inside the d4r.”® Alternatively, or simul-
taneously, introduction of Ge helps stabilizing d4r structures
due to the sharper T-O-T angles and longer T-O bonds upon
isomorphous substitution of Si by Ge as a tetrahedral T atom.’
Thus, the potential applicability of UWY zeolites demands new
synthesis routes that can produce stable UWY zeolites with low
Ge content capable of withstanding calcination and exposure
to ambient conditions without degradation.

This study addresses this challenge through the synthesis
of HPM-9, a novel UWY-like zeolite with a significantly lower
germanium content (Ger down to 0.14) and an improved stabi-
lity upon calcination and exposure to water. Interestingly, the
organic structure-directing agent (OSDA) used in its synthesis,
1,1'-(1,8-octanediyl)bis(3-methylimidazolium) (8BMI), is for-
mally a dimer of the one reported for IM-20 (1-butyl-3-methyl-
imidazolium) (Scheme 1).

Additionally, we found a subtle but very interesting struc-
ture-direction effect under certain conditions at an even lower
Ger in the gel, which lead to the formation of EMM-17, a
zeolite with interconnected large 11R and medium 10R
pores.’® A mechanistic hypothesis, based on the existence of
polymorph C, is proposed to explain this.
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Scheme 1 Five OSDAs relevant to this work: (a) 8BMI [1,1'-(1,8-octanediyl)
bis(3-methylimidazolium)] used to synthesize stable HPM-9 (UWY), (b)
1-butyl-3-methylimidazolium used in the original synthesis of IM-20 (UWY)
in ref. 4. (c) 1-Methyl-4-(pyrrolidinyl)pyridinium used for the discovery of
aluminosilicate EMM-17 in ref. 10, and two OSDA's related to 8BMI used
here for comparison (d) 7BMI [11'-(1,7-heptanediyl)bis(3-methyl-
imidazolium)], (e) 9BMI [1,1'-(1,9-nonanediyl)bis(3-methylimidazolium)].
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Experimental
OSDA synthesis

8BMIL: 12.316 g (150 mmol, 2eq.) 1-methylimidazole
(Fluorochem, 99%) was added with 250 mL acetonitrile
(Scharlau, HPLC grade) into a flask under magnetic stirring.
After 20.402 g (75 mmol, 1 eq.) 1,8-dibromooctane (Aldrich,
98%) was added, the system was refluxed for 4d. The crude
product was collected by evaporating the solvent and it was
purified by dissolving in water followed by washing with
diethyl ether (100 ml x 3). The purity of 8BMI dibromide salt
was determined by LNMR in DMSO-de (*"H NMR (300 MHz): §
9.35 (s, 2H), 7.89 (s, 2H), 7.78 (s, 2H), 4.18 (t, 4H), 3.80 (s, 6H),
1.67 (m, 4H), 1.08 (m, 8H); *C NMR (75 MHz): 5136.64,
123.74, 122.57, 49.16, 36.49, 29.75, 28.35, 25.57). Using the
same procedure but adding 1,7-dibromoheptane (Aldrich,
95%) and 1,9-dibromononane (Aldrich, 98%) instead of 1,8-
dibromooctane we obtained 7BMI and 9BMI, respectively.
7BMI, DMSO-ds, 300 MHz, "H NMR: § 9.42 (s, 2H), 7.95 (s,
2H), 7.83 (s, 2H), 4.18 (t, 4H), 3.87 (s, 6H), 1.66 (m, 4H), 1.04
(m, 6H); "*C NMR (75 MHz): § 136.73, 123.72, 122.54, 49.06,
36.53, 29.63, 27.84, 25.41. 9BMI, DMSO-d,, 300 MHz, 'H NMR:
8 9.52 (s, 2H), 7.98 (s, 2H), 7.87(s, 2H), 4.20 (t, 4H), 3.89 (s,
6H), 1.72 (m, 4H), 1.13 (m, 10H); "*C NMR (75 MHz): §136.88,
123.84, 122.66, 49.09, 36.38, 29.85, 28.92, 28.59, 25.76.

Anion exchange

35 mmol 8BMIBr (7BMIBr, 9BMIBr) was dissolved in deionized
water with 140 mL resin (hydroxide form, Amberlite IRN78,
1.1 meq mL " by wetted bed volume) under stirring overnight.
The solution was filtered and the resin washed with deionized
water (until neutral). The obtained solution was then concen-
trated by evaporation and the final concentration of OSDA
(OH), was determined by titration of OH™ with 0.1261 M HCI

(aq.)
Zeolite synthesis

Stable HPM-9 was discovered by high-throughput experiments
involving 8BMI, fluoride and Ge by varying Ge, OH/T, H,O/T,
OH/F, temperature, and crystallization time. Pure HPM-9 was
obtained in a synthetic gel with a composition of 0.25 OSDA
(OH),: 0.5HF : 0.1GeO, : 0.9 SiO, : 10H,0 heated at 160 °C for 7
days. When Ge¢ decreased to 0.05 and 0.025, EMM-17 was
obtained as main phase with trace amount impurities from a
gel with composition of 0.25 OSDA(OH), : 0.5HF : 0.05 or 0.025
GeO,:0.95 or 0.975 SiO, : 10H,0 heated at 160 °C for 12 days.
The detailed synthesis results of all the experiments are listed
in Tables S1 and S2.7

In a typical synthesis, GeO, was dissolved in 8BMI(OH),
([OH] = 0.2344 mmol g') and stirred few hours until the
solution became clear. Then, TEOS was added to the solution
and the mixture was stirred overnight for hydrolysis while all
the ethanol and some water were allowed to evaporate.
Subsequently, HF was added into the mixture, then the beaker
was placed into a 90 °C oven for evaporating excess water.
When the weight of the beaker reached the targeted amount,

Dalton Trans., 2025, 54, 11878-11886 | 11879
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the mixture was stirred by hand to make it as homogeneous as
possible before putting it into an autoclave. The autoclave was
placed at 160 °C in a static oven for 7 d (or 12 d for EMM-17).
After that, the product was collected by filtration and washed
with deionized water and acetone.

Characterization

Laboratory powder X-ray diffraction (PXRD, Bruker D8 Advance
diffractometer, Cu Ko, 4 = 1.5418 f&) was used to identify the
zeolite phases. For better data quality, we collected synchro-
tron PXRD datasets (SPXRD) at the Spanish synchrotron light
source (ALBA, Cerdanyola del Valles, Barcelona, BL04-MSPD)
in capillary mode. CHN elemental analysis of as-made zeolites
was measured on a LECO CHNS-932 analyzer.
Thermogravimetric and differential thermal analyses (TG-DTA)
were performed on a TA SDT Q600 thermal analyzer, 10 °C
min~" up to 1000 °C, 100 mL min~" air. FE-SEM (Field-emis-
sion electron microscopy) and EDS (Energy Dispersive
Spectroscopy, Genesis XM2i detector) were used to check
zeolite morphology and determine its Ge; on a FEI Nova
NanoSEM 230 microscope. Liquid nuclear magnetic resonance
(LNMR, "H and "*C) spectra were obtained on a Bruker Avance
III-HD Nanobay 300 MHz and a Bruker 300 MHz. Multinuclear
(*H, C, *F and *°Si) solid-state magic angle spinning (MAS)
spectra were acquired on Bruker AV-400-WB equipment and
the detailed experimental conditions have been reported else-
where.® The Ar adsorption isotherm was obtained at 87 K in a
Quantachrome Autosorb iQ.

Rietveld refinement of a calcined HPM-9 with a measured
Geg= 0.2 (0.15 in the synthesis mixture) was performed against
SPXRD data (4 = 0.49587 A) using the GSAS-II suite.'* The start-
ing model was obtained from IZA-SC* by assuming Ge atoms
(Ger = 0.2, 12 Ge per uc) are distributed evenly in 10 T atoms.
22 coefficients were used to fit the background with a
Chebyschev-1 function. A pseudo-Voigt function (U, V, W, X,
Y), uniaxial size model and generalized microstrain model
were used for peak-shape fitting before the structure refine-
ment. Sample displacement to beam and unit cell were varied
during Rietveld refinement. 40 bond soft restraints (T-
0:1.68 A) and 88 angle soft restraints (O-T-O: 109.54°, T-O-T:
145°) were applied. Several constraints were used including
that Si and Ge atoms in the same T atoms site have the same
coordinates, the sum of their occupancies were constrained to
1, all O, Si and Ge atoms have same displacement parameter
and there were a total of 12 Ge atoms per unit cell. After peak-
shape fitting and atom coordinate refinement, the occupancies
of T atoms and displacement parameters were refined and the
occupancy of Ge was fixed to 0 if it became negative during
refinement.

Results and discussion
HPM-9 synthesis and characterization

Tables S1 and S27 list the synthesis results. In the absence of
Ge (Table S17), the synthesis with or without Al is dominated
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by MFI type zeolites (and/or MFI-MEL intergrowths), a default
zeolite not demanding of a strong structure-direction effect.
Experiments with Ge were then performed (Table S27), using a
lower temperature to favour less dense phases. Most experi-
ments were done in static conditions to overcome the limited
number of rotation sites in our ovens. Using Ge we first discov-
ered HPM-9, later recognized as a zeolite with UWY topology.
The Ger of HPM-9 is typically slightly larger than that in the
synthesis mixture for low Ger and slightly lower for high Geg,
while at a Ger of 0.3 both values are similar. Interestingly, we
were able to get HPM-9 at Ger values much lower than those
reported for IM-20, the reference material for this topology.*®
While IM-20 had a reported Ge¢ = 0.3 (0.4 in the gel) and after
calcination requires storage under dry conditions to prevent
degradation, HPM-9 with a Ge¢ of 0.14 determined by EDS
(0.1 in the gel) can withstand calcination and exposure to
ambient air without structural degradation, making it a more
viable candidate for industrial applications (Fig. 1). The
measured BET area of HPM-9 is 445 m”> g~ '. The calcined
zeolite is also stable after immersion in water for one hour.
UWY contains a large number of d4r (two crystallographi-
cally different d4r amounting to 3 d4r per unit cell of 60 T,
with 24 T sites belonging to d4r), known to be favored by both
F and Ge.””'>' The 'F MAS NMR spectra of three HPM-9
samples with Ger = 0.14, 0.31 and 0.41 show only resonances
in the 0 to —40 ppm chemical shift range, corresponding to F
occluded in d4r. For a Ge; of 0.14 (8.4 Ge per uc) the spectrum
contains three resonances at —40, —21 and —10 ppm, corres-
ponding to F anions occluded in d4r of types I, II and III,
respectively.'* Their relative intensities are approximately
1:4:6, respectively. If there were a 100% preference of Ge for
T sites in d4r and Ge were equally distributed among the d4r,
then an average of 2.8 Ge per d4r could be calculated (0.14 x
60/3). For a random distribution of Ge among all T sites the
average would be 1.1 Ge per d4r (24 x 0.14/3). Since resonance

16000
— HPM-9
14000 —— HPM-9-cal
12000 4 —— HPM-9-cal contacted air 6d

10000 A
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3
8
1
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4000

2000

0 T T T T T T T T
5 10 15 20 25 30 35 40 45

20 /degrees

Fig. 1 PXRD of (from bottom) HPM-9 as-made, calcined and calcined
and exposed to ambient air for 6 days. By contrast, HPM-9 with higher
Ges significantly degraded upon calcination and air exposure (Fig. S17).

This journal is © The Royal Society of Chemistry 2025
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I corresponds to F in d4r with no Ge, its presence in this
HPM-9 with Ge¢ = 0.14 suggests the distribution of Ge among
T sites but also among d4r is not random (Fig. 2) and demon-
strate the existence of a non-negligible content of pure silica
d4r in this HPM-9 (around 10% if all d4r are occupied by fluor-
ide). Additionally, this suggests Ge pairing are somehow
favored at that Ge¢ because site type III (Ge pairs with no more
than 2 Ge neighbors) occurs while there are still d4r with a low
Ge content (type II, non-paired Ge) or no Ge at all (type I, no
Ge). On the contrary, when the Ges is increased to 0.3 in the
gel (0.31 in the zeolite, 18.6 Ge per uc) and 0.5 (0.41 in the
zeolite, 24.6 Ge per uc), resonances I and II disappear and only
resonance III (implying between two and six Ge per d4r) is
observed. Resonance III is symmetric in both samples and can
be fitted with a single Gaussian peak. This is also the reso-
nance reported in the original IM-20 (—8.9 ppm, attributed in
that report to Ge in a d4r containing five Ge).* For a Ge; = 0.41,
the number of Ge atoms per unit cell (24.6) already surpasses
the number of available T sites in d4r (24) and, despite that
fact, resonance IV (at least one Ge with at least 3 Ge neighbors)
is still not present (it should appear at a chemical shift
between those of resonances II and III, at around —14 ppm).
Hence, these results suggest there may be a tendency to avoid
extensive Ge pairing in UWY even at relatively high loadings.
An avoidance of Ge pairing has been proposed in AST only for
Geg < 0.5," while it was discarded in STW, where Ge pairings
appeared even at very low Ge; below 0.1.* This suggests Ge
pairing in zeolites might be highly structure dependent. The
fact that we observe a tendency to pairing at low Gey (0.14) and
a tendency to avoid pairings at high Ger may indicate that the
preference of Ge for sites in d4r is not very strong in UWY. A
caveat about this conclusion is that resonances III and IV
might perhaps appear in UWY at chemical shifts too close to
distinguish between them. The general observations discussed
above (a tendency of Ge to cluster at low Ge; and a topology-
dependent clustering) appear to agree with the conclusions of

-40

-20 -40 -60 -80
9F 6/ppm

Fig. 2 '°F MAS NMR spectra of HPM-9 with (from bottom to top) Ge; =
0.14, Ges = 0.31, and Ge; = 0.41. Chemical shifts of the resonances are
marked. Peaks at —9/-10 ppm, —21 ppm, and —40 ppm correspond to
resonances type lll, I, and |, respectively, of the F anion occluded in
d4r**
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a recent analysis of the Ge distribution in zeolites using neural
network potentials.'®

The morphology of the HPM-9 crystals varies along with
variations of Ger and water/T ratio in the gel. HPM-9 tends to
crystallize in the form of round hollow aggregates composed of
small plaques randomly interpenetrated (Ge; = 0.1, water/T =
10, Fig. 3b). However, upon dilution (Ges = 0.1, water/T = 15),
interpenetrated larger plaques are formed instead (Fig. 3c). At
high Ge; very small needles are formed (Fig. 3d) while we have
also obtained “house of cards” aggregates at very low Ges
(Ges = 0.05, water/T = 10, Fig. 3a). The corresponding PXRD
patterns are shown in Fig. S2.1

The *C MAS NMR spectrum of as-made HPM-9 matches
well with the liquid NMR spectrum of the OSDA (Fig. S3t),
indicating the OSDA is intact after the synthesis. This was also
proved by CHN element analysis, where the C/N ratio of the as-
synthesized HPM-9 (4.0, Table 1) matches well with the calcu-
lated C/N ratio of the OSDA (C;6N,H,g, C/N = 4). Organics and
fluoride can be removed by calcination, most of it between 250
and 450 °C (Fig. S41) in an exothermic process (Fig. S51).

We then performed >°Si direct polarization (DP) and *°Si
{"H} cross polarization (CP) MAS NMR measurements on both
the as-made and calcined HPM-9 (Ge¢ = 0.14). For the as-made
HPM-9, its DP spectrum possess a broad, featureless reso-
nance ranging from —100 to —120 ppm (Fig. 4a). Because of
the existence of Ge in tetrahedral framework positions, the
resonances of neighboring Si shift to lower field, which is
common in germanosilicate zeolites. The *°Si{'H} CP spec-

Fig. 3 The very different morphologies observed in the synthesized
HPM-9 at 160 °C (OSDA/T = F/T = 0.5) as a function of the Ge; and/or
water/T ratio in the gel: (a) house of cards (under rotation with Ge; =
0.05, water/T = 10; the sample contains traces of MFI and/or TON not
observed here), (b) hollow spherical aggregates of thin plaques (static,
Ges = 0.1, water/T = 10), (c) much thicker interpenetrated plaques by
dilution (static, Ge; = 0.1, water/T = 15, contains traces of TON), and (d)
needles (as in b but increasing the Ge; to 0.3; a further increase to Ge; =
0.5 gives similar crystals).

Dalton Trans., 2025, 54, 11878-11886 | 11881
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Table 1 Chemical composition of HPM-9 and EMM-17
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wt% Molar ratios®
wt%?”
Phase N C H C/N H/N TG residue Unit cell*
HPM-9 Ge; 0.14 2.66 9.06 1.50 3.97 7.85 82.9(83.6) (C16N4H,5(F,0H),)5.26(H20)3.84[Sis1.6Ge5.40120]
EMM-17 Ge 0.045 2.85 10.04 1.78 4.11 8.74 82.54(80.8) (C16N4H,5(F,0H),) 4 71(H20)16.10[Si114Ge60240]

“The C/N and H/N values for the 8BMI dication are 4 and 7, respectively.

b The expected value according to the composition in the last column is

written within parenthesis. The organic content of these materials continuously decreases upon washing suggesting strong adsorption in the

outer surface.

T (o)

(d)
(c)

(b)

i

(a)

T T T T 1
-100  -110 -120 -130 -140

29Sj chemical shift (ppm)

T T
-80 -90

Fig. 4 2°Si MAS NMR study of HPM-9: 2°Si direct polarization (DP)
spectrum of as-made HPM-9 (a), 2°Si{*H} cross-polarization (CP) spectra
of as-made HPM-9 with long (6 ms) (b) and short (0.5 ms) contact time
(c), 2°Si DP spectrum of calcined HPM-9 (d), and 2°Si{*H} CP spectrum
of calcined HPM-9 with 6 ms contact time (e). Numbers of scans for
spectra (a—e): 952, 1024, 8192, 965, 2048 runs, respectively. Relaxation
delays for spectra (a—e): 60, 5, 5, 60, 5 seconds, respectively.

trum with short contact time (0.5 ms) and longer scanning
(8192 runs accumulation because of the poor intensity at short
contact time, Fig. 4c) indicates at least five resonances in the
range of —110 ppm to —120 ppm, plus another resonance at
around —-126 ppm, assigned to penta-coordinated Si in
Si(OT),F."” The possible existence of Q° sites, i.e. Si(OSi);(OH),
cannot be ascertained because most H is contributed by the
OSDA itself in the as-made zeolite sample. After calcination,
the >°Si DP spectrum possess three resonances, a small broad
hump at —102 ppm, plus two stronger overlapped resonances
at —110 ppm and —114 ppm (Fig. 4d). The one at —102 ppm
was proved to be Q? sites by the CP spectrum (Fig. 4e) while
the other two are Q” sites, where it is not possible to discern

1882 | Dalton Trans., 2025, 54, 11878-11886

individual Si(OSi), and Si(OGe)(OSi); species. Considering the
spectrum (e) in Fig. 4, the Q® site concentration must be very
low in the calcined HPM-9, suggesting a good integrity after
calcination of the zeolite with low Ge content, in agreement
with PXRD results (Fig. 1).

Structural analysis of calcined HPM-9

After Rietveld refinement of HPM-9 against SPXRD data the
refined Ge distribution basically agree with our conclusions
from MAS NMR (vide supra). The two crystallographically
different d4r have the same Ge content (2.4 Ge per d4r,
amounting to 7.2 Ge) and there are 4.8 additional atoms dis-
persed in 4 T atoms outside d4r, supporting the idea that there
is a tendency to avoid Ge pairings in UWY. Three sites outside
d4r (sites T4, T7 and T8) have no Ge. However, the overall
refinement failed to produce a completely satisfactory fit.
While the numerical indicators (R, = 7.38%, GoF = 2.65) were
relatively good, the Rietveld plot (Fig. 5) was indicative of pro-
blems in the structural model."® A detailed analysis showed
that most of the peaks were broad, while (0, k, [) reflections
were significantly sharper and this could not be adequately
modeled by using anisotropic peak broadening strategies in
GSAS-1I. Additionally, the difference trace in Fig. 5 revealed
that the position of the Bragg reflections were not consistently
precise along the full profile. These observations suggested the

Intensity

5 10 15 20 25 30
26 (°)

Fig. 5 Observed (purple +) and calculated (green solid line) synchro-
tron powder X-ray diffractograms for calcined HPM-9 refined in space
group Pmmm. Vertical marks indicate the positions of allowed reflec-
tions. The cyan trace is the difference plot. The high angle region is also
shown with expanded intensity (15x). 1 = 0.49587 A.
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presence of stacking faults along the a direction. Examination
of the UWY framework type revealed a possible stacking fault
scheme where d4r along these direction were occasionally con-
verted into single 4 rings (s4r) (Fig. 6). This would result in
modulations of the a parameter that could account for the
observations. This problem was tackled using DIFFaX, a
program that calculates diffraction intensities from crystals
faulted in one direction.'® First, a fully ordered zeolite in
which the concerned d4r were converted to s4r was built
(Fig. 6). The resulting framework (polymorph B of HPM-9) con-
tains medium 10R pores along the three crystallographic direc-
tions and was found to be topologically identical to the pro-
posed polymorph A of zeolite ECNU-13, a disordered material
that was very recently reported and whose synthesis makes use
of the “monomer” 1-butyl-3-methylimidazolium.>°

The coincidence of both framework types (polymorph A of
ECNU-13 and polymorph B of HPM-9) has been confirmed by
analysis of their coordination sequences using Kriber.>! Then,
both UWY and the new ordered zeolite were reoriented to have
the stacking direction along ¢ and DIFFaX files were con-
structed to simulate random intergrowths of both frameworks.
The patterns obtained for different stacking probabilities
(implying different proportions of both polymorphs) are
depicted in Fig. S6, where we can observe that at both
extremes the simulated patterns agree well with the patterns of
the ordered polymorphs simulated with VESTA software.>* At
intermediate probabilities the patterns are as expected: (0, k, )
reflections (Miller indexes according to the UWY orientation in
the IZA database)® are much sharper and are unaffected in

s4r s4r

s4r

s4r s4r

Fig. 6 The structures of UWY (A) and polymorph B (ECNU-13)(B) of the
HPM-9 structure.
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position by the probability of intergrowth, while any other
reflection moves to higher 20 angles and becomes broader as
the proportion of the polymorph A of ECNU-13 increases. As
shown in Fig. 7, the experimental pattern for HPM-9 agrees
well with a disordered intergrown material with a very high
proportion of UWY (estimated as around 95%). Given the sta-
bilizing role that Ge exerts on d4r, the appearance of the kind
of intergrowth observed, which imply a decrease in d4r units,
is very likely a consequence of the decrease in the Gey.

EMM-17 synthesis and characterization

Under certain conditions at very low Ge; in the gel (0.05 and
0.025) we obtained zeolite EMM-17 (see Fig. S8t). This zeolite,
which has interesting catalytic potential and also contains
large (11R) and medium (10R) pore intersections,'® is one of
the rare “odd zeolites”, i.e. those containing odd-membered
pores.”® In our syntheses EMM-17 frequently appears with
trace impurities of zeolite TON or MFI. This structure-direction
effect toward EMM-17 at very low Ge contents is intriguing
because while Ge is known to structure-direct towards struc-
tures containing d4r, the reported EMM-17 topology is an
intergrowth of two dominant polymorphs (A and B) that are
devoid of such units. A third polymorph containing d4r units,
polymorph C, was first proposed as hypothetical and later
suggested to exist very minoritarily by high resolution electron
microscopy.”® The structure of the three polymorphs of
EMM-17 are compared in Fig. S7.1 Notably, the '°’F MAS NMR
spectroscopy in Fig. 8 reveals the presence of a small but sig-
nificant concentration of d4r in our EMM-17 zeolite (reso-
nances I and II at —39 and —20 ppm, respectively) indirectly
but strongly suggesting the existence of the less stable poly-
morph C (MFI and TON appearing as impurities, often at trace
levels, don’t contain d4r). This discovery enables us to
propose, at a hypothetical level, a mechanistic explanation for
the observed structure-direction effect: presumably, F (and Ge)
initially help the nucleation of the less stable d4r-containing
polymorph C, while this phase promotes in turn the sub-
sequent formation of polymorphs A and B by epitaxial inter-

N

);J \V NI VSN

A 1 A L 1 L L 1 1
2 4
26 ()
Fig. 7 DIFFaX simulated XRD patterns (1 = 0.49587 A) for UWY-
ECNU-13A intergrowths at high UWY proportions (thin traces, from
bottom to top the UWY content is 99, 97.5, 95, 92.5, 90, 87.5, 85 and
82.5%). The thick red trace corresponds to the experimental SPXRD. For
the whole UWY-ECNU-13A range, please check Fig. S6.1
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Fig. 8 !°F MAS NMR spectrum of as-made EMM-17 using 8BMI as the
OSDA at Ge; 0.025. Resonances at —20 and -39 ppm correspond to
types Il and |, respectively, of F anions within d4r units while resonances
at —53, —59, and —64 ppm are assigned to F anions confined within
[4°5%] cages.

Crystallization

Fig. 9 Proposed mechanism for the crystallization of EMM-17 in this
work. The presence of Ge and mostly F favours the nucleation of poly-
morph C of EMM-17 (left) which then grew to EMM-17 disordered
materials by epitaxial intergrowth.

growth (Fig. 9).”°> The Ge; of EMM-17 measured by EDS is a bit
larger in the zeolite (0.045) than in the gel (0.025).

The much larger intensity of the resonance of type I com-
pared to type II suggests the main d4r promoting effect is
exerted by fluoride rather than Ge. However, when the Gey is
decreased or increased, other phases (MFI and TON or HPM-9,
respectively) compete. The high field signals observed in Fig. 8
at —53, —59 and —64 ppm can be unambiguously attributed to
fluoride occluded in the [4°5%] cage present in the three
EMM-17 polymorphs,”® although the —64 ppm resonance
could also have a very minor contribution of F occluded in the
[4'5%6%] cage in trace MFL>’ Resonances in similar chemical
shift ranges are consistently attributed to F in [4°5"] cages in
several zeolites, including Beta (-58, —65, —70 ppm), STT
(=56, —69 ppm) or IFR (—68 ppm).

At Geg = 0.025 our EMM-17 crystallizes in the form of very
thin interpenetrated flakes giving the overall shape of a grain
of rice, which we call “rice of cards” by analogy to the house of
cards terminology (Fig. 10a and b). That morphology is mark-
edly different from the reported ones,'®** with thicker plates
that may interpenetrate without giving the regular overall mor-
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Fig. 10 Two typical morphologies found for EMM-17 synthesized using
8BMI: the rice of cards obtained at Ge; = 0.025 (a and b) and the desert
roses crystallized at Ge; = 0.05 (c and d). In d, a TON impurity (as
suggested by PXRD) is also observed.

phology observed in our material. At a Ge; = 0.05 our
EMM-17 has the form of very small flakes aggregated in for-
mations reminiscent of desert roses (Fig. 10c and d).

Ill-crystallized phases and ITT

Both EMM-17 and HPM-9 appear to crystallize better at low
concentrations (relatively high water/T ratios). In Table S27
several phases are listed as ill-crystallized (IC), although it is
likely that the ill-defined PXRD patterns are just a consequence
of a very small crystal size in the nanometer range. We have
identified three different types of IC phases, ICa to ICc. PXRD
of representatives of each IC group are shown in Fig. S91 and
representative SEM images are shown in Fig. S10.f ICa are
most likely nanosized HPM-9 and/or EMM-17. This is not only
supported by the PXRD patterns but also from the infrared
spectra in the region of framework vibrations, which may
sometimes reveal the crystalline nature of nanophases better
than the PXRD, as was clearly shown for instance in the case
of nanozeolite Beta.”® As shown in Fig. S11,} the spectra of all
the ill-crystallized materials are rather similar and suggestive
of crystalline zeolitic materials containing organic material,
specially when compared with the IR spectrum of EMM-17.
These ill-crystallized or nanosized phases are more frequent at
low water contents and/or high Ges suggesting nucleation
under those conditions is fast while crystal growth is compara-
tively slow.

At a Ger of 0.5 and above a well-crystallized germanosilicate
ITT zeolite starts to compete for crystallization.>® This zeolite
contains interconnected extra-large (18R) and medium (10R)
pores and its well crystallized nature is evident in the PXRD
pattern (Fig. S121) and FESEM images (Fig. S13t) revealing
small, submicrometer, hexagonal crystals.

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 FESEM images of EMM-17 obtained at Ge; = 0.025 and water/T
=10 with 7BMI (a) and 8BMI (b) at 7d and with 9BMI at 7d (c) and 12d (d).

Comparison with 7BMI and 9BMI

As stated above, 8BMI is formally a dimer of the original OSDA
for IM-20.* We have explored the use of two similar OSDAs
with the imidazolium moieties separated by slightly shorter
and longer linkers, i.e. with 7 and 9 methylene linkers (7BMI
and 9BMI, respectively, in Table S2,T see Scheme 1) to check
the importance of the linker’s length. Although the structure
direction of both was rather similar to that of 8BMI, the latter
had a stronger effect towards HPM-9, exemplified by the fact
that we were able to get pure HPM-9 with 8BMI at Ge; = 0.1,
while 7BMI and 9BMI produced mixtures with EMM-17.
Moreover, at certain conditions producing pure HPM-9 with
8BMI (Ger = 0.5, water/T = 10), both the shorter and longer
OSDAs produced a phase with a very low crystallinity (ICb)
with traces of ITT. At a lower Ge; (0.025) both 7BMI and 9BMI
afforded EMM-17 (with trace impurities). The morphology for
the 7BMI product at 7d was the noted rice of cards, while for
9BMI was an undeveloped rice of cards at 7d that finally
evolved to the rice of cards at 12 days without an increase in
the overall size of the particles. The particle size of the zeolite
obtained with 7BMI was smaller than that of the zeolite pre-
pared with 8BMI and much smaller than those prepared with
9BMI (Fig. 11).

Conclusions

A bisimidazolium dication, which is formally a dimer of the
OSDA reported in the discovery of IM-20, affords the synthesis
of HPM-9, a UWY type of zeolite with a significantly decreased
Ge content. This endows the zeolite with a much higher stabi-
lity upon calcination and exposure to water than the original
UWY had. The improved stability may open the way to appli-
cations of this mixed large pore/medium pore (12R/10R)

This journal is © The Royal Society of Chemistry 2025
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zeolite. OSDAs with slightly shorter or longer size have a
poorer structure direction towards HPM-9. At least for the
HPM-9 zeolite with low Ge content some disorder is observed,
which can be conclusively attributed to the presence of stack-
ing faults along the a axis. Even if the disorder can be con-
sidered minimal (around 95% is UWY), the faults are related
to the conversion of some d4r into s4r, which can in turn be
attributed to the decreased amount of Ge available to stabilize
d4r.

At even lower Ge contents another mixed pore system (11R/
10R) with the structure of EMM-17 was obtained. This is in
spite of the lack of d4r in the predominant A and B poly-
morphs reported for this zeolite. "’F MAS NMR reveals d4r do
exist in our synthesized EMM-17 and we propose fluoride and,
marginally, the small amount of Ge favors the formation of
polymorph C, which contains d4r, and then polymorphs A and
B grow by epitaxial intergrowth over polymorph C.
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