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A pure silica zeolite with ISV structure was synthesized using the tricyclopentylmethylphosphonium
(CpsMP™*) cation under fluoride media. Analysis of the organic content in the zeolite suggested the pres-
ence of more than four cations per unit cell, while fluoride anions were exclusively located in the four
double four-membered rings of the structure. 2°Si solid-state NMR demonstrated a significant concen-
tration of Q° Si species, i.e., Si(OSi)3(OH), in the structure, which afforded charge balance but contrasted
with the most common observation of defect-free pure silica zeolites prepared in fluoride media at near-
neutral pH. Calculations showed that improved stability was obtained in an overloaded (i.e., containing
more CpzMP* than F~ and three-channel crossings) defective zeolite. The calculated stabilization of ISV
was larger with CpsMP* than with the cyclohexyl analog used to produce ZEO-1, a zeolite with an extra-
large 3D pore system. Substitution of small amounts of CpsMP* by tetraethylammonium stopped crystalli-
zation instead of producing ISV/BEC intergrowths, despite calculations on the bare zeolites suggesting
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improved stability of the intergrowths. This rendered the observed difficulty in obtaining such intergrowths
puzzling and likely dependent on a disruption of the host—guest assembly. Compared with prior ISV
materials, this zeolite displayed a minimum amount of disorder, which, however, was sufficient to impede
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Introduction

The recent report of the discovery of zeolite ZEO-1 (with zeolite
framework type' code JZO),> a stable 3D extra-large pore (3D
ELP) high-silica zeolite, deserves, in our opinion, careful con-
sideration. The fascinating structures, properties and indus-
trial applications of zeolites have fostered extensive synthetic
efforts worldwide, in both academia and industry. However,
after over eight decades of tenacious efforts, ZEO-1, reported at
the end of 2021, is the first stable zeolite containing a 3D
system of extra-large pores, interspersed with an additional 3D
system of large pores, with the two systems being fully con-
nected. The diffusion-limiting window in a large pore is made
up of 11 or 12 tetrahedra (11-ring or 12-ring, respectively),
while in extra-large pores, they contain more than 12 tetrahe-
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dra. Prior to ZEO-1, 3D extra-large pore “zeolites” were, in fact,
interrupted frameworks (i.e., zeolite-like materials in which
there is a structural, as opposed to defective, lack of full con-
nectivity of the tetrahedral atoms), which additionally had a
composition that compromised their stability (germanosili-
cates or gallium phosphates).* After ZEO-1, two even more
porous, stable extra-large pore zeolites were reported, namely,
ZEO-3 (JZT)° and ZEO-5 (HZF),” but they were not synthesized
by conventional hydrothermal synthesis. Instead, they were
produced from a chain silicate through a 1D-to-3D topotactic
condensation in the case of ZEO-3 or by an interchain
expanded reaction, followed by a topotactic 3D-3D conden-
sation of the same starting chain in the case of ZEO-5. Another
stable zeolite with an extra-large pore size in only one dimen-
sion has also been recently reported.® Thus, ZEO-1 remains
the only stable zeolite with a 3D system of extra-large pores
obtained by conventional hydrothermal synthesis. Then, it is
important to investigate the main factors leading to the discov-
ery of ZEO-1. ZEO-1 was afforded® by a combination of a par-
ticular phosphonium organic structure-directing agent
(OSDA), methyltricyclohexylphosphonium (Cy;MP* ), and a
relatively high crystallization temperature (190 °C) during the
hydrothermal reaction.

Herein, we report our studies of the synthesis of zeolites
using the slightly smaller methyltricyclopentylphosphonium
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(CpsMP"), which leads to a 3D large pore pure SiO, zeolite
ITQ-7 (ISV) instead of ZEO-1. Not many reports exist on the
synthesis of pure silica zeolite ISV with different OSDAs. This
zeolite was first discovered using a spiro cation, 1,3,3-tri-
methyl-6-azoniumtricyclo[3.2.1.4%%|dodecane (TMATCD), syn-
thesized from a commercial bicycloamine,”'® and later on
from a slightly different spiro cation, 1,3,3-trimethyl-6-azo-
niumtricyclo[3.2.1.5%°]tridecane (TMATCT), derived from the
same amine."’ The commercial supply of this bicycloamine
was discontinued a few years later; thus, research on this
zeolite was hampered. Even though the compound is now on
the market again, its current price is considerably expensive.'?
Only a few new OSDAs were reported later on to produce ISV
and only one, N-butyl-N-cyclohexyl-pyrrolidinium (BCHP),
could produce the pure silica version but only with the help of
seeds."® All the OSDAs mentioned up to this point are depicted
in Scheme 1. Other reported OSDAs require the presence of Ge
to produce ISV.'*'* Thus, the discovery of a new OSDA for pure
silica ISV, beyond the spiro cations mentioned above, is signifi-
cant. In trying to understand structure-direction issues,
herein, we have combined experimental results with a detailed
theoretical study.

Experimental
Synthesis of OSDA

For the synthesis of tricyclopentylmethylphosphonium iodide
(CpsMP'17), 50 g tricyclopentylphosphine (10 wt% in hexane
solution, STREM, 20.98 mmol) was dissolved in 100 mL
hexane and placed in an ice bath. Then, 17.88 g methyl iodide
(99%, Aldrich, 126 mmol) was added dropwise under magnetic
stirring (CAUTION: phosphines and methyl iodide are
harmful; work under a hood and use proper personal protec-
tive equipment). After 3 days of reaction, the precipitated solid
was recovered by filtration, washed with hexane (100 mL) and
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Scheme 1 OSDA cations relevant to this work. Only CyzMP™* is able to

produce JZO, while the rest can direct to pure silica ISV (BCHP requires
the additional assistance of ISV seeds).
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diethyl ether (100 mL) and dried at 50 °C overnight.
Tricyclopentylmethylphosphonium iodide salt (CpsMP'T") was
dissolved in CDCI; for liquid NMR (*H, *C and *'P), which
revealed that except for a small impurity (about 5% based on
P), the solid was the expected phosphonium (see Fig. S1-S3 in
the ESIY).

Anion exchange

14.9975 g (39.43 mmol) CpsMP'T™ and 100 mL of wet resin
(Aldrich Dowex Monosphere 550A resin in hydroxide form with
an exchange capacity of 1.2 mol L™" of wet resin) were added
in a flask and stirred overnight for anion exchange. The iodide
salt is not very soluble in water; thus, initially, a white powder
was clearly distinguished together with the resin. However, as
the exchange reaction proceeded, the amount of white powder
diminished and finally disappeared, indicating a much higher
solubility of the hydroxide. Subsequently, the solution was fil-
tered to remove the resin. After extensively washing the resin
with water, the pH of the filtered water was almost neutral.
The solution was then collected and concentrated using a
rotary evaporator under vacuum at 72 °C to get a concentrated
OSDA hydroxide solution that was subsequently titrated with
dilute HCI to determine the hydroxide concentration.

Zeolite synthesis

Pure SiO, ISV was synthesized from a gel with a composition
of 0.5 OSDAOH: 0.5 HF :1.0 SiO,:5 H,0 at 175 °C or 190 °C
within Teflon-lined tumbling autoclaves. In a typical synthesis,
17.8844 g (4.999 mmol, [OH] = 0.2795 mmol g~') OSDAOH
and 2.0922 g TEOS (tetraethylorthosilicate, 98%, Aldrich
10.042 mmol) were added in a weighted beaker. After stirring
overnight for hydrolysis, 181 pL hydrofluoric acid (HF 48%,
Aldrich, 4.996 mmol) was added. After concentrating in an
oven at 86 °C until the water amount reached its target, as
monitored by the weight, the final gel was mixed by hand as
homogeneously as possible and placed into different auto-
claves. After heating for selected times, the product was col-
lected by filtration and washed with water and acetone twice.
The solid products were dried at room temperature and, when
it was found to be pure ISV, it amounted to 21-27 g per 100 g
of gel, implying about 80-100% yield of calcined zeolite based
on silica. This high yields contrast with recent claims that
zeolite yields by the fluoride route are low'® but are in full
agreement with our abundantly reported previous obser-
vations."” Other synthesis conditions are described in Table 1.

Characterization techniques

'H and "C liquid nuclear magnetic resonance (NMR) spectra
of the OSDA were measured on a Bruker Avance III-HD
Nanobay 300 MHz. Multinuclear (**C, *°F, *°Si and *'P) solid-
state magic angle spinning (MAS) NMR spectra were recorded
on a Bruker AV-400-WB equipment and the conditions, with
the exception of *'P measurements, have been reported else-
where.'® The *'P spectra of the as-made zeolite were acquired
at a resonance frequency of 161.97 MHz in a 4 mm triple
channel probe with a /2 pulse at 60 kHz, spectral width of 100

This journal is © The Royal Society of Chemistry 2025
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Table 1 Synthesis results using CpzsMP* as OSDA in the synthesis of zeolites?
Al OSDA/T H,O/T OSDA/F T°C Time Yield® XRD
0.02 0.5 10 No HF 190 5d 16.71 Am.
12d 20.50 Am. {IWV
24d 27.94 Am. (+IWV)
0.02 0.5 10 No HF 175 15d 38.84 IC
40d 42.39 IC
0.0 0.5 10 No HF 190 5d 14.76 uu
12d 20.55 Am.
24d 19.75 Am. (+ISV)
0.0 0.5 15 No HF 190 5d 0 No solid
15d 13.18 Am.
30d 14.15 uu
0.0 0.5 10 No HF 175 15d 40.97 uu
40d 31.55 Am.
0.0 0.5 5 1 190 12d 26.93 ISV
0.0 0.5 5 1 175 12d 39.81 Am.(+ISV)
24d 21.11 ISV
26d 21.43 ISV
0.0 0.5 5 1 190 12 d4 27.67 Am. +ISV
12 d° 42.44 IC

¢ Am. amorphous, IC-ill crystallized, UU unknown unstable. ? Al molar fraction (Al/Al + Si). ¢ g per 100 g of gel.  TEA* added as 1% OSDA. ° TEA*

added as 5% OSDA.

kHz, relaxation delay of 40 s, 10 kHz spinning speed and 64
scans accumulated. In addition to direct irradiation spectra,
{"H} *'P cross polarization (CP) spectra were also acquired with
an 'H excitation pulse of 3 ps, 3 ms contact time, 100 kHz
spectral width, tppm15 decoupling at 80 kHz and 256 scans.
The relaxation delay was 5 s. In both cases, (NH,)H,PO, was
used as a secondary reference (0.81 ppm from 85% H3PO,
solution as a primary reference). Laboratory powder X-ray diffr-
action (PXRD, Bruker D8 Advance diffractometer) was used to
identify the products with Cu Ka radiation, A = 1.5418 A.
Synchrotron PXRD data patterns were collected at the Spanish
synchrotron light source (ALBA, Cerdanyola del WValleés,
Barcelona) using the MAD26 multicrystal detector on ALBA’s
beamline 04 (MSPD) with a wavelength of 0.61928 A in capil-
lary mode (0.7 and 0.9 mm diameter for the as-made and cal-
cined, respectively). The crystal size and morphology were
examined by field-emission scanning electron microscopy
(FE-SEM) imaging on a FEI Nova NanoSEM 230 microscope,
which was also equipped with a Genesis XM2i detector for
microanalysis by energy dispersive spectroscopy (EDS). CHN
elemental analysis of the zeolite was done on a LECO
CHNS-932 analyzer. The Fourier transform infrared (FT-IR)
spectra of the as-made and calcined samples were obtained in
the transmission mode after dilution in KBr on a Bruker
Vertex 70 V spectrophotometer at a resolution of 2 cm™
performing 100 scans per sample. For thermogravimetric ana-
lysis (TG), an SDT Q600 TA instrument under air flow (100 mL
min~') was used to analyze the weight loss of the as-prepared

zeolite from 25 °C to 1000 °C at 10 °C min ™.

and

Computational methods

The initial zeolite structure was sourced from the IZA data-
base." Fluoride anions were positioned at the centre of d4r (as
supported by Experimental data, see below). The templates

This journal is © The Royal Society of Chemistry 2025

were loaded in the pore of the zeolite following the procedure
explained in the ESI.{ To the best of our knowledge, there is
no specific parametrization for the interatomic potentials
among the P-bearing cation types under -consideration
(CysMP" and Cps;MP" cations), the zeolitic framework (SiO,),
and F~ anions. Therefore, instead of using a standard Monte
Carlo procedure with generic potentials (such as UFF or
Dreiding potential), the organic cations were loaded into the
ISV structure using the CEGA workflow, which was developed
by Balestra'® and extended later in the works by Gao et al.*®
and Nufez-Rico et al.>" This workflow allows us to study the
insertion of molecules in a porous system automatically at
reasonable accuracy. Some details about the followed pro-
cedure (like the insertion of templates and the construction of
crystalline phases) may be relevant to the discussion in this
work and are included in the ESL.}

We have also used reference materials for the calculation of
enthalpies of formation at standard conditions. We used
quartz for SiO, composition and built hypothetical structures
for OSDA salts/hydroxide, including Cy;MP" F~, Cp;MP" F~,
and Cp;MP' OH™. We have described the generation and
optimization of these salts/hydroxide in the ESI. Once we had
constructed an initial spatial configuration of the (defect-free)
crystalline materials, we performed fully flexible structural
optimizations (i.e., optimizing all atom coordinates and lattice
parameters, without considering symmetry) using the recali-
brated r*SCAN + rVV10 theoretical level with the VASP
program,*” as explained in the ESL{

In this work, following the experimental characterization,
we have also considered ISV zeolites with defects. For struc-
tures with negative charge-bearing defects, we have to insert
an extra cation per defect. To achieve the defect densities
seen in the Results section of this work, we had to go to
cells with large numbers of atoms, making energy optimiz-
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ation with the *SCAN + rVV10 method simply too computa-
tionally expensive. For this reason, we used TB calculations
using the GFN2-xTB theoretical level (as explained in the
ESIf),>® which offer reasonable reliability in terms of the
computational cost.

Regarding the estimation of zeolite stabilities, we calculated
the formation enthalpy 6H; of the zeolites using as reference
the formation enthalpy of quartz per Si atom and the enthal-
pies of OSDA'F™ salts and OSDA" OH™. We calculated all for-
mation enthalpies using the same theoretical level. Thus, AH,
= H(NO,F X, Noy F, NO,d) — Nii h(SiOZ)quartz — Noyr H(XF)gale —
No,a H(xOH)g,c for x = Cy;MP" and CpsMP*, where HNo r X,
Nor F, Nog) is the enthalpy of the zeolite system, No is the
number of pairs of x-type OSDA cations and F~ anions, No g is
(in the presence of negative bearing defects) the number of
x-type OSDA and defects (-SiOH, and -Si-O~ pairs), Ng; is the
number of Si-atoms in the simulation box, and H(xF)s,; and
H(xOH);,y are the enthalpy of the corresponding fluoride and
hydroxide. The enthalpy per T-atom is Ak, = N 'g; AH,. This
formation enthalpy allows us to compare the stability between
different compositions.

Results and discussion
Zeolite synthesis

Table 1 shows the synthesis experiments using CpsMP'OH™
while varying the H,O/T ratio, temperature and presence or
absence of HF. We first attempted experiments without HF at
175 and 190 °C. With Cy;MP", the preferred conditions to get
ZEO-1 were high temperature with Al,> while at 175 °C in pure
Si0,, the chain silicate ZEO-2 was obtained.® With the slightly
smaller Cp;MP", the corresponding experiments produced
amorphous, unstable or ill-crystallized solids, although some
traces of IWV (when using Al) or ISV (without Al) were also
detected. Since the synthesis of pure silica d4r-containing zeo-
lites without fluoride has never been achieved by a direct
hydrothermal synthesis,* we suspected the traces of ISV that
we obtained might be due to small amounts of fluoride
coming from the Teflon liners, where it might be adsorbed
from previous synthesis and/or during their washing. This has
been corroborated by the presence of a small fluoride Ko peak
in the EDS spectra of certain crystal-like particles observed in
that solid. By contrast, IWV, which contains a 2D system of
large 12-ring pores with 14-ring stretches, was synthesized as
an aluminosilicate by a fluoride-free hydroxide route using
diquats formed by linking two 1,3,4,5-tetramethylimidazole
molecules with chains of four, five or six methylenes.”* The
initial discovery of IWV was made, however, in fluoride media
using a phosphonium cation.”® Our results suggests that
CpsMP" could possibly be a good OSDA for aluminosilicate
IWV in hydroxide medium by increasing the Al content in
the gel (here, it is smaller than in the original report). The
PXRD patterns and SEM images of several products of nomin-
ally HF-free synthesis are collected in Fig. S4 and S5,f
respectively.
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When fluoride is intentionally added to the pure SiO, syn-
thesis mixture, ISV is the only crystalline phase obtained
under the conditions used at both temperatures tried (175 and
190 °C). The addition of small fractions of tetraethyl-
ammonium (TEA") to replace equimolar amounts of Cp;MP*
in the synthesis gel in an attempt to force an intergrowth of
ISV with BEC resulted in a very small amount of pure ISV (for
a 1% mol OSDA replacement) and an ill-crystallized phase (for
a 5% mol OSDA replacement). This very strong disrupting
effect of small TEA" additions may seem intriguing, given the
highly similar structures of BEC and ISV, with layer sequences
AAAA and ABAB, respectively, and the possibility to synthesize
BEC with TEA under some circumstances (presence of Ge).>®
Actually, we have calculated the energies of ISV/BEC-ordered
structures with ABBA and ABBBA layer sequences (Fig. S71), as
well as of BEC and ISV (ABAB), using the Sanders et al. poten-
tial,>” and the GFN2-xTB method; the results (Table S1f) show
that all the structures have similar stabilities and the order of
decreasing stability is BEC, BAAAB, BAAB and ISV (see struc-
tures in Fig. S71). Given that the calculations refer to SiO,
without guests, we can attribute the observations to a highly
disruptive effect of TEA in the assembly of cations and SiO,
structures.

Despite the similarity of the calculated energies of the
different structures, ISV/BEC intergrowths have not been
clearly realized so far.?® The only claim of such an intergrowth
that we are aware of is not very strongly supported by the
experimental evidence'* since when comparing the DIFFaX
simulations with the experimental patterns, the latter can be
assigned to either ordered ISV or ordered BEC. There is a large
interest in controlling the adsorption and catalytic properties
of zeolites by controlling their degree of intergrowth.>® Our
work with these and other OSDAs (pending publication) indi-
cates that the ISV/BEC intergrowth is surprisingly difficult and
elusive despite the obvious structural relationship and appar-
ent ease of connectivity between both phases.’°

The synthesis of pure silica ISV with Cp;MP" contrasts with
previous reports of zeolite synthesis using the same OSDA,
which only obtained this phase in the presence of high Ge
fractions (Ger = Ge/(Ge + Si) = 0.25 or 0.5).>" We attribute their
failure to the significantly lower temperature used (150 °C). As
we already discussed for materials prepared with Cy;MP", the
use of more stable phosphonium cations may afford the syn-
thesis of materials with higher apparent activation energies
not accessible at lower crystallization temperatures.>

Zeolite characterization

PXRD reveals a high crystallinity of pure silica ISV synthesized
with CpsMP" (Fig. 1). However, attempts to refine the structure
by the Rietveld method against synchrotron PXRD data under
different space groups failed, and this was also the case for Le
Bail full profile fittings (Fig. S6T). This is attributed to disorder
(see below). Disorder in our previously reported ISV was not
related to stacking faults, which was determined by high-
resolution electron microscopy and was proposed to be associ-
ated with lattice strain, likely related to missing or incomple-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 PXRD of the as-made (bottom) and calcined CpzMP*-SiO,-ISV.

tely built d4r.>° Comparison of the PXRD patterns of the as-
made and calcined ISV in this work with those we reported
earlier suggests that the new ISV does have disorder although
to a minimum degree (denoted as Dy, in ref. 30).

TGA (Fig. 2) mainly shows a single step starting at about
400 °C and a total weight loss of ca. 21.7%. This is slightly
smaller than expected if all the OSDA and F were removed
(22.07 for the ideal content of 4 cations per unit cell) to yield
SiO,, which suggests that a portion of P remains in the zeolite
as phosphorus oxides. This has been confirmed by EDS, which
showed the presence of P after calcination, although in
amounts much smaller (0.6-1 P uc™') than those in the as-pre-
pared materials (ideally 4 P uc™'). This amount of P,Os
retained in the final solid would amount to a decreased weight
loss of about 0.8 to 1.4 wt% in the TGA curve. The relatively
low retention of P contrasts with a much larger retention of P
in the aluminosilicate ZEO-1 despite its larger pores,
suggesting that framework Al might play a role in phosphorus
retention in that case (P/Al is close to 1 by chemical analysis in
calcined ZEO-1). Extensively washing a calcined zeolite with
water effectively removes P to below the detection limits of EDS.

C and H analysis reveals an H/C ratio of 2.02 well above the
value in CpsMP' (1.87). C analysis indicates an empirical
formula of [C16H30PF]4.31[Si0;]64, assuming that the cation is
counterbalanced by fluoride (theoretical 16.5% C, 2.6% H;

105 : : . o . . . .
“ TG

DTA
100 -

95 | B

92

Weight %
DTA °C

85 |-

75
1000
Temperature 2C

Fig. 2 TG (purple) and DTA (green) curves of CpzsMP*-SiO,-ISV.
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found 16.5% C, 2.8% H). The excess with regard to an ideal
[C16H30PF]4[Si0,]64 (theoretical 15.6% C, 2.45% H) cannot be
attributed to an amorphous phase because the FE-SEM images
only show the roughly squared crystals typical of ISV zeolites
(Fig. 3) without evidence of amorphous particles.’ Since all flu-
oride atoms are occluded in d4r according to '°F MAS NMR
(see below), we find likely that the excess organic is balanced
by Q° observed by 2°Si MAS NMR (see below). The question of
the chemical composition of ISV will be discussed later, after
considering the loading optimization calculations (see below).
We describe this cation loading as “overloading” not only
because the amount of cations exceeds the amount of fluoride
anions but also because it exceeds the number of three-
channel crossings (straight/straight/sinusoidal at (0, 0.5, 0.75)
where the cations presumably sit (see below)).

1P (single resonance at 40 ppm) and >C MAS NMR (unre-
solved resonances at about —0.9, 1.5, 27.6 and 31 ppm) spectra
of the as-made zeolite prove the OSDA is occluded intact in its
pores (Fig. S8 and S9, respectivelyt). The *'P {"H} CP spectrum
confirms no additional signals (Fig. S107). The °F spectrum
shows a single and highly asymmetric resonance at about
—40 ppm (Fig. 4), a chemical shift highly characteristic of flu-
oride occluded in pure silica d4r cages in zeolites.>* The
absence of any additional '°F resonances demonstrates that
there is no fluoride outside the d4r cages, which limits the
maximum possible amount of fluoride anions to that of d4r,
ie, 4 Fuc™'. A deconvolution of the spectrum shows that
there are actually two signals with almost equal intensities
(areas 0.98:1) but large differences in widths (FWHM of about
2 and 1.6 ppm, respectively) centered at —39.3 and —40.2 ppm,
respectively, confirming that both types of crystallographically
distinct d4r cages present in ISV are occupied by fluoride, as
was also the case in our first reports of ITQ-7 synthesized with
TMTACD.”*°

HFW

mag WD HV det

Landing E| spot

Fig. 3 FESEM image of the CpzsMP*-SiO,-ISV zeolite.
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Fig. 4 °F MAS NMR spectrum of CpsMP*-SiO,-ISV zeolite. From top:
experimental (purple), deconvoluted (yellow), individual components
(blue and green) and difference experimental-deconvoluted (red)
curves.

*°Si MAS NMR of the as-made ISV needs a long relaxation
delay (240 s) due to the lack of interaction with paramagnetic
oxygen, as is typical for as-prepared zeolites.>* A small, broad
and unresolved resonance in the —95 to —102 ppm range is
assigned to Q® connectivity defects related to the presence of
excess Cp;MP" (Fig. 5 bottom). After calcination and extensive
washing with water to remove P, the Q° species remain (Fig. 5
top), and a noticeable change of the whole spectrum to high
field occurs. The resolution of the spectrum of the calcined
material is poorer than that observed in the most disordered
calcined material prepared with TMATCD (Do ITQ-7),*°
which we attribute to the presence of defects in the zeolite
framework,> in addition to framework disorder (see below).

Infrared bands at 2965, 2919 and 2876 cm™ " assigned to the
C-H stretching vibration of the OSDA in the as-prepared
zeolite and at 1456 cm™, assigned to C-H bending, disappear
by calcination at 600 °C (Fig. S117). The integrity of the ISV
structure upon calcination is demonstrated by PXRD (Fig. 1
top) and affords the presence of sharp bands in the region of
framework vibrations below 820 cm™" (Fig. 6 top). Vibration
bands at 504 cm™" and 484 cm™' in the as-prepared and cal-
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Fig. 5 2°Si MAS NMR spectra of the as-made (bottom) and calcined ISV
prepared with CpsMP™.
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Fig. 6 Infrared spectra in KBr of as-made (purple) and calcined ISV
(green). The arrows mark the position of the bands assigned to d4r
cages with (bottom) or without (top) occluded fluoride.>®

cined zeolites are assigned to the d4r unit with or without F~,
respectively.®® On the other hand, there is a noticeable blue
shift of the strong symmetric and asymmetric Si-O stretching
bands in the 750-850 and 1000-1300 cm™" regions, respect-
ively, as usually observed when as-prepared high silica zeolites
are calcined.?®

Disorder in SiO,-ISV

According to ref. 30, disorder in ISV materials prepared with
TMATCD resulted in differences in the PXRD pattern and in
the 'F and *°Si MAS NMR spectra. Certain PXRD peaks
became broader and changed positions while others remained
sharp and invariant. For instance, the peak at about 22.8° is
always sharp and invariant, while that at 21.8° is sometimes
broader and shifted to lower angles with increasing degree of
disorder. Comparison of the PXRD patterns of calcined
CpsMP-ISV and the ones in the reference mentioned above
strongly suggests that Cp;MP-SiO,-ISV has some disorder, very
similar to the one characterized as Dp;,-ITQ-7. This can be
observed in Fig. S12,f showing that the patterns of both
materials are almost superimposable. Given the very similar
crystal size and morphology (Fig. 3 here and Fig. S4F in ref.
30), preferred orientation effects are not likely to distort the
comparison. When the '>F MAS NMR is considered, a
decreased resolution of the resonances corresponding to fluor-
ide in each crystallographically distinct d4r also suggest some
disorder.*® However, we cannot rule out that interaction with a
different cation might contribute to the decreased resolution.
In fact, the chemical shifts in our material (—40.2 and
—39.3 ppm) are slightly different from those we previously
reported (—39.3 and —38.5 ppm), although in both cases, the
separation of the two resonances are almost identical. With
regard to >°Si MAS NMR, the very low resolution (Fig. 5) can be
assigned to the combination of disorder and a significant con-
centration of defects. Thus, for the material reported here, dis-
order is mainly supported by PXRD (including the impossi-
bility to perform a Rietveld refinement or even a LeBail profile
fitting, in addition to the comparison shown in Fig. S127),
although it is also compatible with the NMR results.

This journal is © The Royal Society of Chemistry 2025
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Computational results

The relative enthalpy of ISV above BEC zeolites (calcined SiO,
zeolites) using the r*SCAN + rVV10 method is 0.64 kJ per mol
per T-atom (BEC more stable). This agrees with the same cal-
culation performed using the SLC potential and the GFN2-xTB
theoretical level, with 0.52 and 0.15 k] per mol per T-atom (see
Table S1t for other measures of stability of pure SiO, zeolites).
The cell parameters of the optimized ISV structures using the
”SCAN + rVV10 method, containing different OSDA cations
are a = 12.77 A, b = 12.81 A, ¢ = 25.14 A, and a = 12.73 A, b =
12.64 A, and ¢ = 24.86 A, for Cy;MP" and Cp;MP" cations,
respectively, both with «, 3, and y ~90°. The corresponding
difference of formation enthalpies considering the same
theoretical level between the two structures is ASA(Cy;MP" —
CpsMP") = —3.05 kJ per mol per T-atom. Thus, the synthesized
structure using the Cp;MP" cation is expected to be more
stable; see Fig. 7 for the optimized structures. The calculated
molecular volumes of both cations inside the optimized
zeolite systems are much different, viz., 409.3 A> (Cp;MP") and
500.6 A® (Cy;MP"), and their conformations can be seen in
Fig. 8. The difference between the formation energies is also
reflected in the volume of the structures relative to the volume
of the optimized pure silica ISV structure, V/V,, through the
molecular pressure on the zeolite pore. The V(Cy;MP")/V, =
1.01 (ie., a 1.37% increase), while V(CpzMP")/V, = 0.98 (ie., a
1.41% decrease), suggesting that the larger cation “pushes”
the zeolite walls outwards, while the smallest cation, with also
a larger stabilization energy, “pulls” them inwards.

Fig. 7 Snapshots of the r’'SCAN + rVV10 optimized structures of the
ISV zeolite with CysMP* (left panel) and CpsMP™ (right panel) cations
(four cations per unit cell). The colour code is red, orange, grey, green,
cyan, and white for O, Si, C, F, P, and H atoms, respectively. F atoms are
always (by construction) occluded in the d4r. The P atoms have a similar
distribution in the pore for both compositions. Thus, the two systems
mainly differ in the conformation of the cyclic groups in each organic
cation, as well as in some structural distortions of the ISV framework
(see text and Fig. 8).
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Fig. 8 Molecular conformation of CpsMP* (left) and CysMP* (right)
inside the ISV pores of the corresponding r*SCAN + rVV10 optimized
structures. The ball-and-stick model represents the conformer with the
minimum energy in vacuum (green P, grey C, white H). The superposed
golden stick structures represent the conformers in the pore of the ISV
structure, close in energy to the best, and the depicted surface corres-
ponds to the complete ensemble of conformers.

The structures obtained from the energy relaxations using
the 7”SCAN + rVV10 functional help us understand the two
zeolite systems at an atomic level. Fig. 7 shows that the cations
distort the ISV framework. These distortions can be studied
using the histogram of geometric measurements, such as T-O
distances or T-O-T angles, with respect to the pure silica ISV
framework. We have shown these in Fig. 9. Both Cy;MP" and
CpsMP' cations make the average T-O distances slightly
longer than in the calcined material. However, Cp;MP" cations
increase the number of smaller TOT angles (the distortions in
the ISV structure in Fig. 7), explaining how the final zeolite
volume is smaller than that of the calcined zeolite with this
cation (longer T-O distances but more acute TOT angles). For
Cy;MP", similar or larger T-O distances with larger TOT angles
result in an expansion of the cell volume. These distortions are
reflected in the estimated *°Si NMR chemical shift (Fig. 10).

In addition, the influence of structural defects has been
considered, consistent with experimental findings (*°Si MAS
NMR and C, H, N analysis). To model the defect concentration
found experimentally, we used a 2 x 2 x 1 supercell containing
one defect. The defect consists of a silanol-silanolate pair,
introducing a local lattice disruption, and a cation, yielding 17
cations in the supercell, equivalent to 4.25 cations per unit
cell. Fig. 11 shows the defective overloaded ISV structure, high-
lighting the defect and the extra cation. The defective structure
exhibits slightly enhanced stability compared to the structure
without defects, with a calculated energy of 12.43 kJ per mol
per T-atom versus 13.17 kJ per mol per T-atom, calculated
using the GFN2-xTB theoretical level (see Table S2%). The
defective structure’s volume decreases by 0.91% relative to the
calcined ISV zeolite but remains slightly larger than that of the
defect-free structure. In the initial optimization with 4 cations
per unit cell, the cations are located very close to the three
channels crossing at (0, 0.5, 0.75), a site we here call S1. The
extra cation is positioned at a different site, S2. To accommo-
date the cation at S2, the four neighboring cations at S1 are
displaced by circa 1-2 A from their equilibrium positions. This
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Fig. 9 Distribution of TO distances (left panel) and TOT angles (right panel). In red, blue, and green are the compositions for ISV with CpsMP*,

CysMP™ and without guests, respectively.
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Fig. 10 Simulated 2°Si NMR spectra for empty ISV (green), ISV with 4 F~
and CpzMP™ ion pairs per unit cell (red), and ISV with 4 F~ anions, 4.25
CpsMP* cations per unit cell, and 1/4 negatively charged structural
defect (SiOH, SiO™ pair).

arrangement is depicted in Fig. 11, where the cation at S2 is
marked with large spheres. In the 2 x 2 x 1 supercell, there are
four S2 sites (one per unit cell). However, due to the required
displacement of cations in S1 sites, introducing more than one
cation at S2 becomes energetically unfavorable as adding a
second cation increases the enthalpy to 22.2 kJ per mol per
T-atom, still accessible at room temperature, but exceeding the
enthalpy of the defect-free structure (13.7 kJ per mol per
T-atom) at the same theoretical level (see Table S2}). The pres-
ence of defects also alters the ISV structure, as evidenced by
the shift in the *°Si NMR chemical shift (see the blue line in
Fig. 10). This shift indicates a modification in the local silicon
environment due to the introduced defects.

The simulation of *°Si MAS NMR spectrum of the bare
zeolite agrees reasonably well with the spectrum in our first
report of ISV in ref. 9 but not with the current one in Fig. 5,
which we attribute to structural disorder, as commented
above, as well as to the presence of Q° in the current material.
On the other hand, the simulation of ISV with the cation
inside (red curve in Fig. 10) does not agree with the one of the

Dalton Trans.

Fig. 11 c-View of the ISV structure (2 x 2 x 1) supercell with 17 CpzMP™*
cations, 16 F~ anions, and 1 structural defect. The cations are located in
sites S1 and S2. The cation in the S1 site is shown by the ball-and-stick
model, and the cation in the S2 site, as well as the —SiOH defect, by the
CPK (large spheres) model. The displacement of nearby cations at site S1
upon accommodation of an additional cation at site S2 is shown in
Fig. S14.%

as-prepared sample in Fig. 5. However, the simulation of the
overloaded defective zeolite (blue curve) is in reasonable agree-
ment with the experimental one in Fig. 5, confirming the over-
loading and validating the computational approach.

Conclusions

The new synthesis of the 3D large pore zeolite ISV without the
addition of Ge or seeds has been accomplished. The synthesis
makes use of CpsMP" as the OSDA. This cation is slightly
smaller than the Cy;MP"* used to synthesize the 3D extra-large

This journal is © The Royal Society of Chemistry 2025
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pore zeolite ZEO-1. Calculations indicate a larger flexibility
and entropy of CpsMP" and a better fit in ISV and larger stabi-
lization energy than those calculated for Cy;MP', explaining
the observations. Experimental results suggest that the zeolite
is overloaded with cations and contain defects to balance the
extra charges. Calculations demonstrate that this overloaded
configuration is possible and energetically favorable by intro-
ducing one additional cation every four unit cells. The
obtained zeolite contains disorder that, albeit small, prevents
a successful Rietveld refinement. The replacement of small
fractions of Cp;MP* by TEA" stops the crystallization instead of
promoting ISV/BEC intergrowths despite our calculations,
which suggested that such intergrowths may be more stable
than ISV itself. We attribute this to a disrupting effect of TEA"
on the packing of CpsMP" inside the zeolite.
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