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Abstract

ZEO-1 is the first stable extra-large pore zeolite with a substantial amount of aluminum in the
framework achieved directly upon synthesis, and here we present a comprehensive analysis of
its physicochemical properties. Our findings show that varying the different synthesis param-
eters of ZEO-1 allows for controlling its crystallization kinetics, crystal size, and morphology.
Investigating the acidic properties of ZEO-1 using 2”Al and 'H solid-state nuclear magnetic
resonance shows that ZEO-1 exhibits potentially three different aluminum populations. The
acidic nature of the hydroxyl species within ZEO-1 is studied using pyridine and 2,6-ditert-
butylpyridine and carbon monoxide via in situ infrared spectroscopy, where the extinction co-
efficient for the 1545 cm™! pyridinium band is determined. Density functional theory modeling
suggests that the active sites within ZEO-1 potentially occupy four different tetrahedral sites,
where three of these sites are most likely located within the 12-membered ring channel, while
one site is located in the 16-membered ring channel. The catalytic performance comparison of
ZEO-1 with zeolites Beta and USY in the alkylation of phenol by tert-butyl alcohol, n-hexane
cracking, and anisole dismutation reveals intriguing insights. ZEO-1 exhibits selectivity sim-
ilar to Beta zeolite, consistent with density functional theory modeling predictions. Despite
displaying weaker overall Bronsted acid sites compared to Beta, ZEO-1’s acidity remains com-
parable to USY zeolite. Moreover, ZEO-1 demonstrates consistent performance relative to large

pore zeolites with enhanced stability in the anisole dismutation test.
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For the first time in zeolite history, the acidic properties of a stable extra-large pore alumi-

nosilicate are reported.



1 Introduction

Zeolites are a unique family of inorganic, highly crystalline materials with exceptional hy-
drothermal stability even at high temperatures. Their microporosity introduces a molecular
sieving effect, improving selectivity for various reactions, including cracking and isomeriza-
tion. Furthermore, unlike amorphous aluminosilicates, the Bronsted acid sites in zeolites can
be tuned through synthesis or partial ion exchange, enabling precise characterization in terms
of location and strength. This tunability allows for more controlled catalytic performance!-?.
However, by the 1980s, zeolites had a maximum pore opening of 0.74 nm, represented by
the well-known 12-membered ring Faujasite structure, which serves as a powerful catalyst for
hydrocarbon upgrading®#. This limited pore opening restricts the upgrading of heavy hydro-
carbon fractions. Consequently, there is a demand for extra-large pore zeolites to expand the
operational limits and overcome the mass transfer limitations imposed by the narrow microp-
ores, which can lead to faster catalyst deactivation®®. In 1995, the discovery of the first pure

d?10. Since then, the number

silicate extra-large pore material, UTD-1 (DON ), was reporte
of extra-large pore zeolites reported and registered in the International Zeolite Association
Database (IZA) has reached 27!!. These zeolites have been synthesized as pure silicates, alumi-
nosilicates, borosilicates, germanosilicates, and aluminophosphates. Several dedicated reviews
in the literature discuss the details of these zeolite types!'?!4,

Despite the feasibility of synthesizing extra-large pore zeolites, no industrial endorsement
exists for these materials. This lack of industrial adoption mainly stems from the stability of
the materials and the nature of active sites incorporated within their frameworks. For instance,
germanosilicate extra-large pore zeolites would undergo significant amorphization under am-
bient humid conditions during calcination and the removal of the structure directing agent
(SDA) due to the liability of germanium bonds to hydrolysis by water molecules!>!'6. As for
pure silicate, aluminosilicate, and borosilicate extra-large pore zeolites, while they do exhibit
robust chemical and thermal stability upon calcination and removal of the SDA, incorporating

aluminum within the framework has been particularly challenging. Despite the employment of

different protocols, such as synthesis by seeding and post-synthetic alumination, the aluminum



loading has never been satisfactory for catalytic applications (a maximum of Si/Al = 35)*17-19,

Recently, a noteworthy discovery in the field of zeolite synthesis is the extra-large pore alu-
minosilicate zeolite, ZEO-1 (JZO), which exhibits a relatively lower Si/Al ratio of 15 achievable
directly during synthesis using a phosphonium-based SDA (see Figure S1)?°. ZEO-1 boasts
a three-dimensional framework featuring three super cages formed by interconnected 16+16,
16+12, and 16+12 channels. It demonstrates robust hydrothermal stability during calcination
and SDA removal under atmospheric conditions. Additionally, the 16-ring pore apertures re-
main free from any geometrical distortions caused by interrupted silicon species (such as the
case with -EWT?! and -SS0O??) that could otherwise reduce the effective diameter of the ring,
thereby altering its behavior to resemble that of large or medium pore zeolites. The synthe-
sis of ZEO-1 marks a significant breakthrough in zeolite synthesis, showcasing unprecedented
properties that position it as a highly promising catalyst for future applications.

In this work, we study the effect of the different parameters involved in the synthesis of
ZEO-1, including the aluminum source, the fluoride content, the initial Si/Al ratio, the water
content, and the synthesis temperature on the total duration to obtain this material and its im-
pact on the physical properties of ZEO-1. Then, we investigate the accessibility and strength
of the acid sites in ZEO-1 by combining solid-state nuclear magnetic resonance (NMR) and in
situ infrared spectroscopy where pyridine (Py), 2,6-ditert-butylpyridine (DTBPY), and carbon
monoxide are used as basic probe molecules. The relative stability of Al location in different
tetrahedral atom (T-atom) positions in the framework and the acidity of the corresponding
bridging hydroxyls was estimated by periodic density functional calculations. Finally, the cat-
alytic performance of ZEO-1 in the phenol alkylation by tert-butyl alcohol, n-hexane cracking,
and anisole disproportionation is evaluated and compared to large pore zeolite types (Beta

(*BEA) and USY (FAU).



2 Experimental section

2.1 Materials

All the chemicals listed herein have been used as received from the supplier without further
purification:

Tricyclohexylphosphine (BLD Pharmatech Ltd., 97%), Methyl iodide (Sigma-Aldrich, 99.5%),
Acetonitrile (Fisher Scientific, 98%), Ambersep 900 hydroxide resin (Thermo Fisher Scientific),
Ludox HS-40 (Sigma-Aldrich), ( Aluminum isopropoxide (Fluka, 98%), Sodium Aluminate
(Sigma-Aldrich, 44% Na,O, 56% Al,03), Cesium nitrate (Sigma-Aldrich, 98%), Hydrofluoric
acid 40 wt% (Fisher Scientific, 98%), Ammonium chloride (Fisher Scientific, 98%), Zeolite Beta

(Zeolyst, CP814E*), Zeolite USY CBV-712 (Zeolyst).

2.2 Synthesis of Methyltricyclohexylphosphonium SDA

In an argon-purged Schlenk tube, tricyclohexylphosphine (10 g, 35.6 mmol, 1 equiv.) was dis-
solved in acetonitrile (40 ml). Subsequently, methyl iodide (19.58g, 138 mmol, 3.87 equiv.) was
added dropwise to the solution. The reaction proceeded at room temperature within 48 hours.
The solvent and excess methyl iodide were then removed under reduced pressure, resulting
in the formation of the final product tricyclohexylmethylphosphonium iodide, which has been
analyzed using liquid proton, carbon, and phosphorus NMR to confirm its purity (15g, 35.5

mmol, 98%).

1'H NMR (500 MHz, CDCl3) 6 2.62 (qt, ] = 12.1 Hz, J = 2.9 Hz, 3H), 2.02 (m, 9H), 1.94 (m,
6H), 1.80 (m, 3H), 1.50 (m, 12H), 1.32 (qt, J = 12.9, ] = 3.4 Hz, 3H).

13C NMR (125 MHz, CDCl3 ) 6 30.2 (CH, d, 'Jc.,) = 42.2 Hz), 26.9 (CH,, d, ] ) = 3.8 Hz),
26.3 (CH,, d, ?J(.p) = 12.2 Hz), 25.3 (CH,, d, *Jcp) = 1.4 Hz), 0.1 (CH3, d, 'J.,) = 49.1 Hz).

3P NMR (202 MHz, CDCl3; ) 6 33.9 ppm

Melting point: 186.7 - 187.9 2.5 °C/min



Tricyclohexylmethylphosphonium iodide has been converted into hydroxide by using Am-
bersep 900 hydroxide resin. In a 500 ml polypropylene bottle, 10 grams of tricyclohexyl-
methylphosphonium iodide are added to 250 ml Milli-Q water, followed by 45 g dry resin. The
SDA is left to exchange overnight. Then, the SDAOH solution is collected by filtration and con-
centrated to the target volume using a rotary evaporator at 60 °C. The concentrated solution is
titrated by potassium hydrogen phthalate using Phenolphthalein as an indicator to determine
the degree of exchange and the hydroxide concentration. The obtained basic solution has an

exchange ratio of 98 % and contains 15 wt% SDAOH.

2.3 Zeolite synthesis

A general protocol for zeolite synthesis is outlined for ZEO-1 of a specific condition that applies
to all the screening experiments reported in this article. In a 10 ml polypropylene bottle, 5.45 g
of the SDAOH solution is added, followed by 0.068 g of Al-isopropoxide. The solution is left to
stir for two hours to hydrolyze the aluminum isopropoxide properly. Then, 1.25 g of LUDOX-
HS-40 is added dropwise under vigorous stirring, and the solution is left for another 1 hour
to homogenize. Finally, 18.4 uL of 40 wt% hydrofluoric acid (HF) is carefully added under
a well-ventilated hood to the gel mixture under vigorous stirring, after which the synthesis
gel is left for aging overnight. The excess water in the synthesis gel was removed by a freeze
dryer, where the weight of the bottle containing the gel was monitored every two hours until
the desired water content was reached. Finally, the resulting condensed gel has the following

chemical composition:

1Si0,: 0.33SDAOH : 0.05HF : 0.02A1,05 : 7H,0

is transferred to a 15 ml Teflon-lined stainless steel autoclave and placed in a convection
heated oven at 190 °C.
The zeolite crystals are recovered by centrifugation at 21000 rpm for 10 minutes and washed

with 40 ml of Milli-Q water three times to remove unreacted species and neutralize the pH.



2.4 Post-synthetic modification of as-synthesized ZEO-1
2.4.1 Calcination

The as-synthesized ZEO-1 undergoes calcination using a static oven equipped with a thermo-
couple, programmed as follows: a linear increase starting from room temperature, reaching
150 °C at a rate of 2.5 K/min, and maintained at 150 °C for 60 minutes to ensure mild dehydra-
tion of the zeolite. Subsequently, a linear increase from 150 °C to 600 °C at a rate of 1.9 K/min
is applied, followed by a plateau at 600 °C for 6 hours to ensure the complete removal of the
organic structure-directing agent (SDA) from the zeolite pores.

In instances where the main text mentions that calcined ZEO-1 is washed exclusively with
water, it implies that the calcined samples were washed with 40 ml of Milli-Q water and col-
lected by centrifugation at 21,000 rpm over three cycles, followed by drying overnight at 60
°C.

2.4.2 Ion-exchange

For the conversion of calcined ZEO-1 into its ammonium form, the following methodology
is employed: 1 g of calcined ZEO-1 is suspended in 20 ml of a 0.5 M solution of ammonium
chloride and placed on an oil bath at a temperature of 60 °C, rotating at 450 rpm. This process is
repeated three times to ensure complete proton exchange with ammonium. Finally, the powder
is recovered by centrifugation at 21,000 rpm for 10 minutes and washed with 40 ml of Milli-Q
water over three cycles to remove excess ammonium chloride, followed by drying overnight at
60 °C.

The same protocol mentioned above is used to obtain the cesium form of ZEO-1, but cesium

nitrate is employed as the cesium source.



2.5 Catalytic tests
2.5.1 Alkylation of phenol with tert-butyl alcohol

For the alkylation reaction of phenol with tert-butyl alcohol catalyzed by zeolite, 200 mg of the
zeolite catalyst, 565 mg (0.006 mol) of phenol, and 445 mg (0.006 mol) of tert-butanol were
weighed accurately. These materials were combined in a 50 ml round bottom flask. Addition-
ally, 769 mg (0.006 mol) of nonane was added as an internal standard for chromatographic
analysis.

The reaction mixture was then placed in a temperature-controlled heating mantle and main-
tained at 80 °C with stirring at 500 rpm for a duration of 4 hours to promote the alkylation
reaction. After completion of the reaction time, the mixture was allowed to cool to room tem-
perature. Subsequently, centrifugation at 10,000 rpm for 4 minutes was performed to separate
the solid catalyst from the reaction mixture. The supernatant obtained after centrifugation was
carefully retrieved, excluding any solid residue from the catalyst. The distribution of the prod-
ucts was determined by analyzing the supernatant on a SCION gas chromatograph equipped

with a 5MS column (30 m length, 0.25 mm diameter, and 0.2 ym thickness).

2.5.2 n-Hexane cracking

The catalytic test of the n-hexane cracking was performed in a four-parallel fixed-bed reactor
unit. Different masses of the same catalyst with a particle size of 0.2-0.5 mm were put in
each reactor (20, 40, 60, and 80 mg) and pre-treated at 813 K under nitrogen flow for 12 h.
n-Hexane (99.99 % pure from Sigma Aldrich) was then diluted in nitrogen flow and injected
in the reactors at 813 K with a molar ratio of 11 (Py,/Pcn,,).- The activity of each zeolite
is measured by estimating the conversion by varying the weight hour space velocity (WHSV).
Reaction products were analyzed online in GC450 gas Chromatography equipped with a C-
Al,03/Na,SOy capillary column (50 m, 10 ym) coupled with an FID detector. The Turn Over

Frequency (TOF, h™!) was calculated as follows:

A
[H+] X Mn— hexane

TOF =

9



A (g/h/g catalyst ) is the catalyst activity estimated graphically by the initial slope of the plot
-Ln(1-X) Vs 1/WHSV. X is the conversion, and WHSV is the weight hour space velocity in
2 hexane & 1 h'l. [H*] is the concentration of Brensted acid sites of the catalyst determined by

pyridine (mol/g catalyst), and My, hexane 18 the molar weight of the n-hexane (g/mol)

2.5.3 Anisole disproportionation

The dismutation of anisole (9.95 mg/min) was carried out under N, flow (100 mL/min) in
a fixed bed glass reactor (75 cm, internal @= 0.45 cm). Prior to the reaction, catalysts are
compacted (< 0.5 tonne), crushed, and sieved to 0.2 < @< 0.4 mm homogeneous particles.
Catalyst mass was varied (between 10 and 40 mg) in order to vary the contact time between
feed and active sites. Catalysts were dried under constant N, flow (100 mL/min) at 120 °C
(heating ramp 1 °C/min) for one hour, then heated up to 400 °C (4 °C/min) for one hour prior
to anisole injection. Reaction products are samples and stored in sample loops during the 1 h
reaction, then injected into GC-FID (Column SC-5MS, 30 m — 0.25 mm — 25 ym).

Anisole conversion (X, wt.%) and product yields (Y, wt.%) are calculated using the following

equations:

A .
X( wt. Wo):(l—M)*loo
Atot

Aprod

Y prod (Wt % ) = ( ) 100

tot
Where A 4,501 15 the peak area of anisole (GC-FID), A;,; is the sum of all peak areas in the
chromatogram, and A, is the peak area of the targeted product.

The catalyst activity a; is determined using the following formula:

Wcata

—11’1(1 —X-) = (; *
' ' Ffeed

Where W, is the catalyst mass and Fy,,; corresponds to the mass flow of anisole.

The modeling of the catalysts’ activity against time on stream (TOS) is shown in Figure 11

10



of the main text, and follows, for all zeolites, an inverse exponential law of deactivation, as

shown by the following equation:

a; = aye k0 TOS 4 ¢, (1)

With a; being the activity at any i TOS, a; represents the activity originating from the acid
sites that will cease to participate in the conversion process, and a; + a;, = «, the initial activity.

a, is the residual activity at the steady state.

11



3 Results and Discussion

3.1 Synthesis of ZEO-1
3.1.1 Influence of synthesis parameters on the synthesis period

Our initial interest was reproducing ZEO-1 to investigate its acidic properties and catalytic
performance. However, considering the remarkable properties reported for ZEO-1, we con-
ducted a study to explore the influence of different parameters (fluoride content, structure
directing agent hydroxide (SDAOH) content, aluminum source and content, water content, and
temperature) on the synthesis kinetics of ZEO-1 synthesis. An example illustrating the gen-
eral synthesis protocol of the zeolites and the phosphonium SDAOH protocol is described in
the experimental section. It is worth mentioning that our definition of a crystalline sample
for a successful synthesis trial of ZEO-1 is the clear distinction of the two characteristic reflec-
tion peaks of ZEO-1 at 20 = 4 and 7° and the absence of a broad peak between 26 = 16-25°
which is a characteristic of amorphous content within zeolites (see Figure S2). Finally, each
synthesis experiment presented in this manuscript has been repeated twice to ensure the ac-
curacy of the synthesis period. The different synthesis parameters are summarized in Table 1
using aluminum isopropoxide (Al(O-i-Pr);) and sodium aluminate (Na,0.Al,03) as aluminum
precursors.

Using Al(O-i-Pr); and for a fixed Si/SDAOH ratio of 3, the shortest period of time to obtain
ZEO-1 is achieved at Si/F = 20, corresponding to 16 days. Upon increasing the fluoride content
by a factor of two (Si/F = 10), the synthesis duration doubles to reach 29 days, while reducing
the fluoride content (Si/F = 30) results in an amorphous phase. This suggests that fluoride
at this ratio plays a structure-stabilizing role by accelerating the formation kinetics of ZEO-1
rather than acting as a mineralizing agent. For a fixed Si/F ratio of 20 and varying Si/SDAOH
from 2 to 4, it becomes evident that the SDAOH concentration does not significantly influence

the kinetics of ZEO-1 synthesis, as the crystallization time remained similar.

12



Table 1: Time in days needed to synthesize ZEO-1 using aluminum isopropoxide (Al(O-i-Pr)3)
or sodium aluminate (Na,0.Al,03) as aluminum precursors, and Ludox HS-40 as the silica
source along with the resulting Si/Al ratio after synthesis for the as-synthesized samples

Aluminum isopropoxide as an aluminum source

Time (days)  Si/Al“

Si/Al = 25 | Si/SDAOH = 3 | H,0/Si = 7 | 190 °C

10 29 20.1
Si/F 20 16 19.5
30 30t -
Si/Al = 25| Si/F =20 | H,0/Si=7|190°C

2 16 21.7
Si/SDAOH 3 16 19.5
4 16 22.4

Si/Al = 25| Si/F = 20 | Si/SDAOH = 3 | 190 °C
H,0/Si 7 16 19.5
15 31 20.0

Si/F = 20| Si/SDAOH = 3 | H,0/Si= 7| 190 °C
15 31* 13.4
Si/Al 20 23 16.7
25 16 19.5

Sodium aluminate as an aluminum source

Si/Al = 25 | Si/Na = 19.3 | Si/SDAOH = 3 | H,0/Si = 7 | 190 °C

o 12 21.2
i/F
Si/ 20 g* 20.1
Si/Al = 25| Si/Na = 19.3 | Si/F = 20 | Si/SDAOH = 3 | 190 °C
>*
H0Si 7 8 20.1
15 21 20.9

Si/Na = 19.3 | Si/F = 20| Si/SDAOH = 3 | H,0/Si = 7| 190 °C

15 8* 13.2
Si/A1P 25 8* 20.1
50 8 46.3

Si/Al = 25 | Si/Na = 19.3 | Si/F = 20 | Si/SDAOH = 3 | H,0/Si = 7
150 40 20.7
Temperature (°C) 170 21 21.5
190 8* 20.1

t Amorphous material is obtained after 35 days of hydrothermal treatment.

" Mordenite is obtained as an impurity.

4 Determined by inductive coupling plasma analysis (ICP).

b For the experiments with Si/Al ratios of 15, 25, and 20, the Si/Na ratios were 11.6, 19.3,
and 38.7, respectively. 13



The presence of alkali cations is known to accelerate the kinetics of zeolite synthesis?3.
Therefore, we used sodium aluminate as an aluminum source, which contains around 44 wt%
of sodium oxide. Table 1 demonstrates that using sodium aluminate instead of aluminum
isopropoxide increases the crystallization kinetics by a factor of 2, where crystalline ZEO-1
is obtained within 8 days instead of 16 days. Figure 1 shows that under the same conditions
(Si/Al = 25 | Si/SDAOH = 3 | Si/F = 20 | H,O/Si =7 | 190 °C), using aluminum isopropoxide
yields pure ZEO-1, as evidenced by the observed PXRD pattern closely matching the simulated
pattern of ZEO-1. However, when using sodium aluminate mordenite (MOR), marked by an
asterisk in Figure 1 is obtained as a competing phase. Moreover, ZEO-1 can be synthesized in
fluoride-free conditions in only 12 days when sodium aluminate is used, requiring only four
extra days, which suggests a less pronounced impact of fluoride ions on the synthesis kinetics

compared to when aluminum isopropoxide is used.

—— Simulated ZEO-1
—— Al-isopropxide
Sodium Aluminate

Relative Intensity (a.u.)

J‘_JL A S A

5 10 15 20 25 30 35 40 45 50
26 (°)

Figure 1: PXRD patterns for as-synthesized ZEO-1 under the same conditions (Si/Al = 25
| Si/SDAOH = 3 | Si/F = 20 | H,O/Si = 7 | 190 °C) using two different aluminum sources
compared to the simulated pattern of ZEO-1. *Mordenite impurity.
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The water content (H,O/Si) influences only the kinetic aspects rather than any phase selec-
tivity, as ZEO-1 was obtained for both synthesis systems. When the H,O/Si ratio is doubled
from 7 to 15, the synthesis time doubles for the aluminum isopropoxide system and nearly
triples for the system employing sodium aluminate. Nonetheless, the latter remains faster.
This shows that while a supersaturated gel promotes faster crystallization kinetics, it is not
necessarily a prerequisite. Even relatively dilute gels have been found to effectively direct the
formation of ZEO-1, highlighting the robust nature of this material’s "SDA-Framework" inter-
action.

The influence of the temperature’s effect was studied only for the sodium aluminate system,
as it exhibits significantly shorter synthesis times, making observations more feasible. Table 1
reveals that ZEO-1 can be synthesized at three different temperatures: 190, 170, and 150 °C,
with lower temperatures requiring a pronounced longer time for zeolite crystallization. Fur-
thermore, when ZEO-1 is synthesized at 170 and 150 °C, mordenite is not detected as a com-
peting phase, probably due to the lower reaction temperature relative to 190 °C, which might
hinder the formation of mordenite as an impurity.

As for the gel composition’s initial Si/Al ratio, it is possible to decrease it down to 15 for both
systems, resulting in a fixed synthesis duration of 8 days when sodium aluminate is employed
compared to 31 days for Al(O-i-Pr);. Nevertheless, mordenite is obtained as a competing phase
in both cases. Interestingly, by using sodium aluminate, it is possible to synthesize pure ZEO-
1 similarly in 8 days starting from a higher Si/Al ratio of 50, which suggests that mordenite
is formed at 190 °C by the unreacted aluminum and sodium species accelerated by the high
temperature.

In examining the impact of synthesis conditions on the resulting Si/Al ratio for the as-
synthesized ZEO-1 shown in Table 1, it is evident that only the initial Si/Al ratio of the pre-
cursor gel significantly influences the aluminum content, while the other parameters result in
Si/Al ratios close to 20. When either aluminum source is used to attain a Si/Al ratio of 15 in
the mother gel, the final aluminum content of ZEO-1 approaches a threshold of 13. Conversely,

utilizing sodium aluminate with an initial Si/Al ratio of 50 leads to a notable decrease in the

15



final aluminum loading within ZEO-1, with a Si/Al ratio reaching up to 46.

3.1.2 Effect of the synthesis parameters on the size and morphology of ZEO-1 crystals

The different synthesis parameters and choice of aluminum source appear to influence the size
and morphology of ZEO-1 crystals dramatically, and the results are summarized in Table 2.

The strongest influence, in terms of size and morphology, comes from the choice of the alu-
minum source. The SEM images for ZEO-1 synthesized under the same conditions (Si/Al = 25
| Si/SDAOH = 3| Si/F = 20, H,O/Si =7 | 190 °C) are shown in Figure 2. When aluminum iso-
propoxide is employed as the aluminum source, these crystals exhibit an ill-defined spherical
shape, and their particle size measures 110 + 19 nm. However, when sodium aluminate is used,
the crystal size undergoes a substantial increase of nearly 16-fold, resulting in crystals with an
average size of 1.73 + 0.28 ym. Additionally, these crystals exhibit a leaf-like and isometric
morphology.

The fluoride and aluminum content is observed to influence only the crystal size without
impacting the morphology of ZEO-1 crystals where the ill-defined spheres morphology is re-
tained. When Al(O-i-Pr); was used, doubling the fluoride content from Si/F = 20 to 10 resulted
in a slight increase in crystal size, growing from around 110 + 19 nm to 170 + 30 nm. On the
other hand, in the case of the sodium aluminate system, the presence of fluoride during syn-
thesis led to a minor reduction in crystal size, decreasing from 1.9 + 0.37 ym to 1.7 + 0.28 ym
when compared to the fluoride-free synthesis (see Figure S3).

Furthermore, increasing the aluminum content for both systems tends to favor the forma-
tion of smaller zeolite crystals. When using Al(O-i-Pr);, the crystal size decreases from 110 to
71 nm upon decreasing the Si/Al ratio from 25 to 15. Similarly, when using sodium aluminate,
the crystal size decreases from 2.3 + 0.3 ym to 1.5 £ 0.29 ym upon decreasing the Si/Al ratio

from 50 to 15 (refer to SEM images in Figure S4).

16



Figure 2: SEM images for as-synthesized ZEO-1 under the same conditions (Si/Al = 25 |
Si/SDAOH = 3| Si/F = 20, H,O/Si=7| 190 °C) using A) aluminum isopropoxide and B) sodium
aluminate as sources of aluminum, C) electron microscopy analysis of the sample obtained us-
ing aluminum isopropoxide showing the electron diffraction pattern along the [100] zone axis,
and D) the correspondent atomic-resolution annular dark field image showing the alternating
16- and 12-membered ring channels within ZEO-1.

17



Table 2: The effect of the synthesis conditions on the size and morphology of the as-synthesized

ZEO-1 crystals

Aluminum isopropoxide as an aluminum source

Crystal Size  Morphology
(nm)
Si/Al = 25| Si/SDAOH =3 | H,0/Si =7 [190 °C
Si/F 10 170 £30 I11-defined spheres
20 110 £ 19
Si/F =20 | Si/SDAOH = 3 | H,O/Si =7 [190 °C
Si/Al 25 110+19 I11-defined spheres
15 71 +£ 21
Si/Al=25|Si/F=20| H,O/Si=7[190°C
2 1090 + 250 Leaf-like & iso-
Si/SDAOH metric crystals
3 110 + 19 I11-defined spheres
4 93 + 25 Spherical aggrega-
tion of crystals
Si/Al =25 | Si/F =20 | Si/SDAOH= 3 [190 °C
. 7 110 £ 19 I11-defined spheres
H,0/S
20/51 15 863+ 219  Leaflike & iso-
metric crystals

Sodium aluminate as an aluminum source

Crystal Size  Morphology
(pm)
Si/Al = 25| Si/SDAOH = 3 | H,O/Si =7 (190 °C
) 0 1.9 +£0.37 Leaf-like & isometric
Si/F
crystals
20 1.73 £ 0.28
Si/F =20 | Si/SDAOH = 3 | H,O/Si =7 190 °C
Si/Al 50 23+0.3 Leaf-like & isometric
crystals
15 1.5+0.29
Si/Al =25 |Si/F =20 | Si/SDAOH =3 | H,O/Si =7
Temeprature 170 °C - Spherical aggregation
of crystals
150 °C -

18



The synthesis of ZEO-1 in a concentrated medium with low water content, characterized
by H,O/Si = 7, promotes the formation of nanosized crystals approximately 100 nm in size.
Conversely, synthesis in a diluted system, reduced by a factor of 2 with an H,O/Si = 15, fa-
vors the formation of nearly one micron-sized crystals, eight times larger than those in the
concentrated system (see Figure S5). Consistent with the trends observed in previous parame-
ters, smaller crystals around 100 nm exhibit the ill-defined sphere morphology. In comparison,
larger micron-sized crystals exhibit a leaf-like morphology and isometric shape.

The amount of SDAOH significantly affects the crystal size and morphology of ZEO-1. A
notable reduction in the crystal size, from approximately 1.1 ym to around 100 nm, was ob-
served when the amount of SDAOH in the initial gel mixture was decreased from Si/SDAOH =
2 to 4. Regarding morphology, Figure S6 illustrates the distinct leaf-like and isometric crystals
on the one hand and the ill-defined spheres on the other for the ZEO-1 samples synthesized
with a Si/SDAOH of 2 and 3, respectively. Interestingly, another morphology was observed,
characterized by spherical balls formed by aggregating ill-defined spheres at Si/SDAOH = 4.

Synthesizing ZEO-1 at temperatures lower than 190 °C appears to favor the formation of
crystals in an aggregated sphere morphology, as shown in Figure S7. The crystal size was
not listed in Table 2 due to the inherent challenges in estimating the crystal size in this case.
However, it is evident that the agglomerates forming the spheres at 170 °C are larger and exhibit
an isometric shape compared to the much smaller, ill-defined crystals forming the spheres at
the synthesis temperature of 150 °C.

Concerning the spherical aggregation of crystal morphology, it might be possibly related
to the rate of the polymerization/depolymerization of the ZEO-1 framework by the hydroxide
ions, where decreasing the number of hydroxide ions derived from the SDAOH or operating at

temperatures below 190 °C would lead to slower kinetics for ZEO-1 crystallization.

3.1.3 Scaling up ZEO-1

The screening experiments to optimize ZEO-1 synthesis were investigated at a relative mi-

croscale, where the total mass of SiO; in the synthesis gel was 0.5 grams. To explore the feasi-
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bility of relatively scaling up ZEO-1 synthesis, the regular procedure was multiplied by a factor
of 6.4, resulting in a total mass of SiO; of 3.2 grams in the initial synthesis gel. The chemical
composition for the upscaled synthesis was: Si/Al = 25| Si/SDAOH = 3 | Si/F = 20 | H,O/Si =
7. The synthesis was performed at 190 °C, using Al-isopropoxide as the Aluminum source to
avoid the formation of any competing phases. The synthesis was completed after 21 days, with
an extra 5 days compared to the microscale experiment. Figure S8 displays the PXRD patterns
of the as-synthesized scaled-up ZEO-1 after calcination at 600 °C for 6 hours, compared to the
simulated pattern of ZEO-1. Both patterns match perfectly with the simulated pattern, indicat-
ing no competing phases or amorphization upon calcination, thereby confirming the superior
chemical and thermal stability of ZEO-1. The inductively coupled plasma (ICP) confirms that
the as-synthesized scaled-up ZEO-1 has a Si/Al ratio of around 22. The SEM images in Figure
S9 illustrate that upscaling the synthesis of ZEO-1 leads to larger particles with a size of 470 +
100 nm with an isometric shape. This particle size is notably larger than that obtained under
the same conditions during the screening experiment (110 nm). However, it still remains sig-
nificantly smaller than the 1.1 ym particle size achieved when sodium aluminate was employed
as the aluminum source.

The textural properties of the upscaled calcined and then exchanged with NH,Cl ZEO-1
(to remove any residual phosphorus species, which will be discussed in detail in the following
section) were analyzed using nitrogen adsorption/desorption analysis. Figure S10 illustrates
that ZEO-1 exhibits a type-I isotherm, a key property of ultra-microporous materials. The sur-
face area for ZEO-1, calculated by the Roquerol-BET method, is 973 m?/g, and the micropore
volume, calculated using the t-plot equation, is 0.31 cm®/g. Additionally, the high-resolution
scanning transmission electron microscopy (HRSTEM) showcased in Figure 2C and D offers
a compelling visual exploration of the pore system utilizing the annular dark field detector.
These images affirm that the ZEO-1 framework exhibits a consistent pattern of alternating 16-
and 12-membered ring channels, devoid of geometric distortions. This visual confirmation

reinforces the paramount significance of ZEO-1 within the realm of extra-large pore zeolites.
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3.2 Solid-state NMR

ZEO-1 samples investigated by solid-state NMR were synthesized under the following condi-
tions: Si/Al = 25| Si/SDAOH = 3 | Si/F = 20 | H,O/Si = 7 at 190 °C using aluminum isopropox-
ide as an aluminum precursor. The as-synthesized ZEO-1 samples were then calcined at 600
°C then washed with either H,O or NH4Cl. Analysis by N, adsorption revealed a t-plot micro-
pore volume of 0.29 cm?/g for the H,O-washed sample and 0.31 cm?/g for the NH4Cl-washed

sample.

3.2.1 2°Si NMR

Figure S11 displays the experimental and deconvoluted 2°Si NMR spectra for both the as-
synthesized and calcined, then washed with H,O ZEO-1 samples. The studied sample exhibits
a Si/Al ratio of around 22, as determined by ICP analysis, classifying it as a high-silica zeolite.
For the as-synthesized ZEO-1, six distinct resonance lines are observed at chemical shifts of
-98,-101, -105, -106, -110, -116, and -119 ppm.

Resonance lines starting from -110 ppm can be unequivocally attributed to Q4(0Al) Si
species, characterized by Si atoms exclusively in their local coordination sphere?*~2°. Given
ZEO-1’s status as a high-silica zeolite, the presence of paired aluminum species is unlikely,
eliminating the possibility of silicon species with two aluminum atoms in their local coordi-
nation sphere. Therefore, assuming that the resonance lines between -95 and -100 ppm corre-
spond solely to Q3 silanol species Si(3Si, 10H) is reasonable.

However, assigning the resonance lines within the range of -100 ppm to -110 ppm in high-
silica zeolites is a challenging task due to the overlapping signals from silanol species and the
signal corresponding to the presence of one aluminum atom in the local coordination sphere
of Q4 silicon species Si(3Si, 1Al). Upon calcination, the 2°Si NMR spectrum undergoes signifi-
cant changes, with a marked reduction in the intensity of the resonance lines at -105 and -106
ppm. This can possibly be due to the expulsion of tetrahedral framework aluminum to form
octahedral extra-framework aluminum, as will be discussed in the 27A] NMR analysis part.

Similarly, the resonance lines at -116 and -119 ppm become barely discernible, suggesting a
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slight angular distortion of the ZEO-1 framework upon the SDA removal (see Figure S12 for a

direct comparison).

3.2.2 2”A1 NMR

The 2’ Al NMR spectrum for the as-synthesized ZEO-1, presented in Figure 3, reveals a single
prominent resonance line at approximately 56 ppm and an overlapping band at 54 ppm. These
signals correspond to aluminum species with tetrahedral coordination. Upon calcination, the
spectral line at 56 ppm remains unchanged; however, the appearance of a sharp peak at 0 ppm
and a broad band ranging from 0 to -9 ppm can be attributed to the formation of monomeric

27,28 This indicates

and polymeric extra-framework aluminum (EFAL) species, respectively
that the aluminum species within ZEO-1 remains exceptionally stable.

As will be discussed in the infrared spectroscopy section, it is more convenient to prepare
a ZEO-1 sample containing exclusively Bronsted acid sites to precisely determine the pyri-
dine extinction coefficient. Given that the majority of the EFAL species consists of monomeric
species that are positively charged, we explored ion exchange with ammonium chloride (see
experimental section), which demonstrated its effectiveness in removing the EFAL and obtain-
ing ZEO-1 with exclusively tetrahedral Brensted acid sites, as demonstrated by 2’ Al NMR in
Figure 3.

2D 27 Al multiple quantum magic angle spinning (MQMAS) experiments allowed us to dis-
tinguish at least three probable nonequivalent Al sites, Figure 4B. Then, the 1D spectrum (Fig-
ure 4A) was fitted using the Czjeck model available in Dmfit software?®. The three peaks used
reflect the location of Al in at least three angular configurations within all the available tetra-
hedral (T) sites. Note that 21 T sites are available for Al in the cage of ZEO-1. Based on the
correlations already found between the T-O-T angles and the isotropic chemical shifts3?, it is
possible to assign the observed peaks to three groups of tetrahedra (Table S1). Upon calcina-

tion, three aluminum distributions are still observed (see the 2’ Al MQMAS shown in Figure

S13) and are centered at 54.8, 58.4, and 61.6 ppm.
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Figure 3: 27 Al solid-state NMR for ZEO-1: as-synthesized, calcined then washed with H,O, and
calcined then exhanged with NH,CI .
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Figure 4: (A) The 1D ?” Al NMR fitted using the Czjeck model, and (B) the 27 Al MQMAS solid-
state NMR for an as-synthesized ZEO-1.
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3.2.3 3P NMR

ZEO-1 is synthesized using tricyclohexylmethyl phosphonium as an SDA. The liquid *!'P NMR
spectrum presented in Figure S14 displays a single spectral line at 0= 33.9 ppm for the syn-
thesized SDA and perfectly agrees with the solid-state 3P NMR spectrum of as-synthesized
ZEO-1. This agreement confirms the presence of the SDA occluded in ZEO-1 without any
degradation. Figure S15 illustrates that upon calcination, the peak at = 33.9 ppm vanishes,
giving rise to a sharp peak at 2 ppm and a series of spectral bands between -5 and -20 ppm.
These changes correspond to the residual phosphorus resulting from the oxidation of the SDA.
Significant efforts have been dedicated to investigating and elucidating the nature of the
phosphorus interaction with the aluminosilicate zeolite framework, notably for zeolite-Y3! and
ZSM-5%273%_ The sharp peak at 2 ppm has been assigned to monomeric phosphate species
(PO;"), similar to those found in orthophosphoric acid. The peaks located between -5 and -12
ppm correspond to the end and middle groups of pyrophosphates or short-chain polyphosphates*%4!,
This assignment is further supported by observing that upon washing after calcination with
only purified water, the peak at 2 ppm disappears, while the intensity of the peaks between
-5 and -12 ppm significantly decreases. As for the spectral lines located at -19 ppm, these
can be attributed to amorphous aluminophosphate units resulting from the interaction be-
tween the remaining phosphorus species and the extra-framework aluminum generated from
calcination*?~#4, This interpretation is further supplemented by the complete removal of resid-
ual phosphorus species after ion exchange with ammonium chloride, which caused the removal

of extra-framework aluminum.

3.2.4 'HNMR

'"H NMR has proven to be a valuable technique for distinguishing between hydroxyl groups,
i.e., silanols and Brensted acid sites within the zeolitic material. It also provides insights into
possible hydrogen bonding interactions between these groups*>~#°. The 'H NMR spectrum was
recorded for a calcined sample of ZEO-1 (washed with that has been washed with H,O) and is

shown in Figure S16 to understand the aspect of the different hydroxyl groups within the ZEO-
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1 framework. The spectral lines within the 0 to 2 ppm range correspond to free silanols (non-
or weakly hydrogen bonded), constituting approximately 70% of the overall hydroxyl group
population. Additionally, spectral lines at 3.44 and 3.66 ppm are assigned to Brensted acid
sites located on the oxygen bridging between a silicon atom and an aluminum atom, account-
ing for approximately 10% of the total hydroxyl group population. Furthermore, at relatively
higher chemical shifts, ranging from 4 to 8 ppm, a series of broad peaks can be attributed
to hydrogen-bonded hydroxyl species compromising 23% of the total hydroxyl group popu-
lation. These species may involve hydrogen-bonded silanols interacting among themselves or

hydrogen-bonded with Brensted acid sites.
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3.3 Insitu infrared spectroscopy

All the ZEO-1 samples investigated by in situ infrared spectroscopy were synthesized under
the following conditions: Si/Al = 25 | Si/SDAOH = 3 | Si/F = 20 | H,O/Si = 7 at 190 °C using
aluminum isopropoxide as an aluminum precursor. The as-synthesized ZEO-1 was then cal-
cined at 600 °C, then exchanged with NH,Cl, and analyzed by N, adsorption to give a t-plot

micropore volume of 0.31 cm?/g.

3.3.1 Interaction of pyridine and DTBPY with ZEO-1

Figure 5 displays different IR spectra in the hydroxyl group stretching vibration region for a
calcined ZEO-1 sample that has undergone exchange with NH,Cl, aiming to understand the
behavior of Bronsted acid sites with minimal interference from extra-framework aluminum
(EFAL). Detailed experimental protocols and technical information are available in the sup-
porting information.

Beginning with the reference spectrum obtained after the removal of guest molecules (H,O
and NHj) from the ZEO-1 framework, three distinct vibrational bands are observed. Two sharp
bands are situated at 3740 and 3640 cm™!, while a broader, less intense band falls between 3590
and 3490 cm~!. As with all zeolites, the 3740 and 3640 cm~! bands correspond to external
silanols and Brensted hydroxyl groups, respectively. As for the broadband between 3590 and

3330 cm™!, may result from hydrogen bonding interactions between the internal silanols them-

50-53 17,54

selves, the so-called silanol nests , Or a mixture

of both.

or with the bridging hydroxyl groups

Pyridine (2= 5.5 * 5.5 A) serves as the primary probe molecule for distinguishing between
silanols and Brensted acid sites while probing the acidity of this material and evaluating the
accessibility of the latter. Following pyridine diffusion and desorption at 200 °C, the band
located at 3640 cm™! completely disappears, along with the ill-defined band at 3550 cm™!,
thus confirming their acidic character and full accessibility. Meanwhile, the band at 3740 cm™!

remains unaffected, albeit with a slight perturbation likely attributed to the close proximity of

pyridinium ions.
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Figure 5: Infrared spectrums showing the hydroxyl group stretching vibration region for ZEO-
1 calcined then exchanged with NH4CI after activation (Reference) and after the diffusion and
desorption of pyridine and DTBPY at 200 °C.

While ZEO-1 features a more open framework relative to FAU and lacks inaccessible cages
that would promote hydrogen bonding between bridging hydroxyl groups, the low-frequency
vibration of this band may be due to hydrogen bonding between bridging hydroxyl groups
pointing toward five-membered rings in ZEO-1, similar to what has been recently reported by
Schroeder and co-workers>°.

2,6-Di-tert-butylpyridine (DTBPY) is a basic probe molecule, mainly employed for quanti-
fying surface and pore mouth-located Bronsted acid sites in 10-membered ring zeolites and 12-
membered ring zeolites, owing to its bulky geometry (@= 8 * 4.5 A)3%-5, An exception to this

trend is observed with Zeolites Y and Beta (BEA)®!'%2, where it has been demonstrated that
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the majority of Brensted acid sites within the micropores are accessible to this probe molecule.

As depicted in Figure 5, DTBPY exhibits full accessibility to all Brensted acid sites in ZEO-1,
evident from the disappearance of vibration bands at 3640 and 3550 cm™! and the emergence of
a band between 3400 and 330 cm™!. This characteristic peak corresponds to the N-H* stretch-
ing band for the 2,6-Di-tert-butylpyridinium complex formed by Brensted hydroxyl groups.
The intensity of the silanol vibration band at 3740 cm™! is notably reduced and broadened, in-
dicating a strong interaction with chemisorbed DTBPY. Furthermore, the broad vibration band

attributed to silanol nests between 3630 and 3330 cm™! remains evident.

3.3.2 Quantifying the number of acid sites using pyridine and DTBPY

Adapting the Beer-Lambert-Bouguer method for solid-state chemistry (see supporting informa-
tion) allows the determination of the extinction coefficient for basic probe molecules to quantify
the concentration of Brensted or Lewis acid sites within zeolites.

A crucial condition for determining the extinction coefficient for pyridine is to work with a
zeolite containing exclusively Breonsted acid sites. This ensures that the cumulative number of
moles of pyridine adsorbed onto the zeolite can be solely attributed to the band at 1545 cm™!,
as pyridine interacting with Lewis acid sites will absorb at 1450 cm~!. As mentioned earlier,
the characterized sample is devoid of EFAL and residual phosphoric species, as observed by
27Al and 3!P solid-state NMR, respectively, which are associated with Lewis acid sites.

Figure S17 presents a plot of the band area at 1545 cm™! versus the cumulative number
of moles of pyridine chemisorbed on ZEO-1, along with the stretching vibration band for the
pyridinium rings at 1545 cm™!.

Despite the sample being free of any EFAL and phosphorus species, as previously men-
tioned, a broad, low-intensity band is observed at 1450 cm~!, characteristic of Lewis acid
sites. This band arises from remaining traces that are undetectable by solid-state NMR. The
integrated area for the band at the final point of cumulative pyridine chemisorbed corre-
sponds to 0.5 x 107 mmol/gram (using the extinction coefficient for EFAl species reported

by Zholobenko et al.®® which is independent of the zeolite framework type), compared to 9.6 x

28



Table 3: The concentration of framework aluminum was obtained using Py and DTBPY adsorp-
tion using infrared spectroscopy.

Probe molecule Si/Al ratio from ICP L Alpronsted

[mmol/g]
Pyridine 24.4 0.65
DTBPY 24.4 0.60

107> mmol/g for the band at 1545 cm™!, confirming the negligible amount of these Lewis acid
sites.

The experiment to determine the extinction coefficient for the band at 1545 cm™~! has been
repeated three times, yielding an excellent correlation factor, as can be seen in Figure S17. The
obtained value for the extinction coefficient is €545 = 0.9 + 0.023 cm.umol~!. Figure S18 illus-
trates the gradual disappearance of the vibrational bands at 3640 cm™~! and 3550 cm™! due to
titration by pyridine. In the same work®?, Zholobenko et al. surveyed all the reported pyridine
extinction coefficients for different zeolitic materials (see Table 1 in the cited reference). The
noticeable discrepancy in the extinction coefficient values reported even for the same type of
zeolite by different research groups is mainly due to the limitations resulting from the tech-
nical aspect of the used apparatus and experimental protocol. Nevertheless, the extinction
coefficient we obtained is still within the reasonable value limits obtained for other zeolites.

Table 3 summarizes the concentration of Brensted acid sites for the analyzed sample of
ZEO-1 using pyridine and DTBPY. From inductive-coupled plasma analysis (ICP), the Si/Al
ratio is 24.4, which is based on the amount of tetrahedral aluminum present in the frame-
work as there are no EFAL species in the sample, according to Figure 3. The concentration
of Bronsted acid sites using the determined extinction coefficient of pyridine results in 0.65
mmol/g. For DTBPY, when employing the molar extinction coefficient for the N-H" band (5.22
cm.umol~!) reported previously® for Faujasite zeolite, we observed a value of 0.60 mmol/g,
which is slightly lower than that of pyridine.

To further investigate the nature of hydroxyl groups associated with the spectral region

between 3630 and 3330 cm~!, ZEO-1 was transformed into its cesium form (refer to the ex-
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Figure 6: Infrared spectra showing the hydroxyl group stretching vibration region for ZEO-
1 calcined, then exchanged with NH4ClI, then converted to Cs-form after heating at different
temperatures.

perimental section information for details) and subjected to IR spectroscopic analysis. When
the protons within ZEO-1 are fully exchanged with cesium cations, the vibrational bands cor-
responding to the Bronsted hydroxyl must disappear as they no longer exist. In Figure 6, it is
evident that under vacuum conditions (107° torr) at room temperature, the bands at 3640 and
3550 cm™! are absent (see Figure S19 comparing the reference for protonic and cesium refer-
ence spectra of ZEO-1), having been completely replaced by Cs ions. Meanwhile, the silanol
band at 3740 cm™! shows slight perturbation, likely due to residual water within the zeolite.
Additionally, the broad band spanning from 3630 to 3330 cm™! remains discernible. Upon

heating at 180 °C for 5 minutes to eliminate residual water, the silanol band exhibits reduced
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perturbation, while the intensity of the broadband between 3630 and 3330 cm™! experiences a
slight decrease. Further heating to 350 °C results in a significant transformation of the spec-
trum where the broad band between 3630 and 3330 cm™! completely vanishes, and the inten-
sity of the silanol band decreases notably.

This observation aligns with the thermal gravimetric analysis profile presented in Figure
S20 for this sample, where a substantial weight loss (17.8%) occurs at 180 °C, attributed to
water removal. Another minor weight loss (2.11%) is observed, which, in this case, corresponds
to the condensation of hydroxyl groups, as the sample is in the Cs-form. Consequently, this
weight loss cannot be attributed to other guest molecules.

These findings conclude that the hydroxyl groups responsible for this spectral region origi-
nate from silanol nests actively involved in hydrogen bonding. Our group has recently reported
the healing of these silanol nests in the presence of Cs for chabazite zeolite, where an increase
in Cs content at the expense of potassium (K) promoted the healing of silanols®*. Furthermore,
the persistence of these nests when ZEO-1 is activated in its protonic form suggests that they
are stabilized by hydrogen bonding with neighboring Brensted acid sites, resulting in the lower

wavenumber shift of these Bronsted acid sites.

3.3.3 Carbon monoxide as a weak base probe molecule

Carbon monoxide (CO) is a weak base probe molecule widely utilized for distinguishing and
evaluating the strength of various hydroxyl groups within the zeolite framework>%%>. CO ex-
hibits exceptional sensitivity to the local electrostatic field of hydroxyl groups within zeolites
due to hydrogen bonding interactions via its carbon moiety. This interaction results in a shift in
the vibrational frequency of the hydroxyl groups (Av OH) towards lower wavenumbers. Con-
sequently, the magnitude of the shift directly correlates with the acidic strength of the hydroxyl
group®. A higher Av OH indicates a stronger acid site, and the cumulative number of shifts
indicates the various types of acid sites present.

In Figure 7, the impact of CO adsorption on ZEO-1 at 77 K is demonstrated following the

successive introduction of discrete mono doses (ranging from 0.5 to 2 micromoles) into the cell.
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The spectra recorded after each dose and the difference spectra relative to the reference spec-
trum are provided in the supporting information (see Figure S21). It is worth noting that CO
analysis was conducted on a calcined ZEO-1 sample that had only been washed with distilled
water, thus containing extra-framework aluminum (EFAL) species. Consequently, the vibration
band at 3670 cm™! corresponds to hydroxyl groups associated with EFAL species®’. As for the
band at 3790 cm™!, it has been previously observed in y-alumina samples and attributed to
isolated hydroxyl groups®®®’. Since this band was absent in the reference spectrum for EFAL-
free samples (Figure 3), it is reasonable to assign it likewise to hydroxyl groups of EFAL species.
Figure 7 reveals that the bands corresponding to acidic hydroxyl groups at 3640 and 3550 cm™!
experience three significant shifts towards lower wavenumbers upon interaction with CO (Av
OH = 351, 231, and 137 cm‘l). The stretching vibration for CO molecules adsorbed on ZEO-1
is observed at 2179 cm™!. This indicates the presence of three distinct types of Bronsted acid
sites with varying strengths, which correlates well with the findings of 2 Al MQMAS, and 'H
NMR.
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Figure 7: Infrared spectrums for a calcined ZEO-1 then washed with H,O before and after
carbon monoxide adsorption at 77 K.
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3.4 DFT modeling

We used density functional calculations of a periodic ZEO-1 model to estimate the relative
stability of aluminum in different T atom positions.

The results for the relative stability of the structures are shown in the left part of Table
S2. For the deprotonated anionic model, the most stable position for Al substitution is T11,
followed by T7 (11.1 kJ/mol less stable) and T6 and T12 (by ca. 16 kJ/mol less stable than
T11), and their location is highlighted within the ZEO-1 framework in Figure 8. The least
stable positions are T8, T9, and T14, which are by 42 — 46 k]/mol less stable than the reference
structure. The calculated relative energies are also presented with red triangles in Figure S22.

Among the 84 neutral models with bridging hydroxyls next to the Al centers, the most stable
structure is again for Al in the T11 position, denoted as Al-T11-OHa, but the structure Al-T11-
OHb is by only 3.5 kJ/mol less stable. The models with Al in position T7 are again among
the most stable ones; see Al-T7-OHa, Al-T7-OHb, and Al-T7-OHc, which are by 0.6, 5.0 and
8.9 kJ/mol less stable than the most stable model. In those calculations, two other relatively
stable models appear with Al in T21 and T6, namely models Al-T21-OHa and Al-T6-OHd (by
3.3 and 7.9 kJ/mol less stable than the reference structure). On the other hand, some of the
models show higher relative energy up to 60 kJ/mol (see positions T8, T9, T17). The calculated
relative energies of all neutral structures are shown as blue circles in Figure S22. Although, in
general, the models with a more stable Al position in the deprotonated anionic structure are
more stable as neutral structures, there is no strict correlation between those values since the
stability of the neutral structures is affected by additional factors — formation and strength of
hydrogen bonds and local distortions of the zeolite framework due to those hydrogen bonds.
These two additional factors likely cause larger variations in the relative energies of the neutral

structure compared to the anionic ones.
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Figure 8: A schematic illustration thoughtfully delineating the positions of the most stable T-
atoms, including T6 (Cyan), T7 (Pink), T11 (Brown), and T12 (Green), within the optimized
anionic framework of ZEO-1, as determined by DFT modeling. This visual representation is
provided for both the (Top) x-axis and (Bottom) y-axis orientations.
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Using Boltzmann distribution, we calculated a tentative distribution of 25 Al (correspond-
ing to a Si/Al ratio of 23.95) among different T-atom sites. The results are shown in the right
part of Table S2 and Figure S23. The calculation with the values for the anionic structures,
which may be considered representative of an as-synthesized system, suggest a strong prefer-
ence for the T11 position, 21.8 of all 25 Al per unit cell (there are 32 equivalent T11 positions
in one unit cell). Next is T7 with 1.5 Al (i.e., 1 or 2) in this position, followed by T6 and T12
with lower probability.

When the calculation of the Al distribution is based on the calculated relative energies of
the neutral structures (at 300 K and 500 K), the results are somewhat different. The most
preferable position is again T11 but with fewer Al in this T site - 12 or 9 (at 300 K and 500
K, respectively). The fraction of sites with Al in T7 increases to 9 or 8 at 300 and 500 K,
respectively. The calculations suggest that 3 Al ions may be located at T21 and one in some of
the positions T6 and T1, as the other positions are with minor probability.

Using the calculated energies of the optimized neutral and anionic structures, we calculated
the deprotonation energies (DPE) of all bridging hydroxyl groups. The relative DPE values are
calculated with respect to the structure with the lowest DPE, i.e., the most acidic hydroxyl.
Interestingly, the most acidic bridging hydroxyl is AI-T11-OHd, which is one of the OH groups
at the most stable Al position, T11; however, this hydroxyl is by 27.4 kJ/mol less stable than the
most stable hydroxyl, AlI-T11-OHa. The relative DPE values calculated for hydroxyls at all Al
positions are shown in Figure S24A, while in Figure S24B, we presented the same values versus
the relative stability of the same hydroxyl. In both panels, we highlighted the points for Al in
the three most stable positions, T11, T7, and T21, which also feature some acidic hydroxyls.
The relative DPE spreads over 50 kJ/mol as the most acidic sites (with relative DPE below 10
kJ/mol) are for Al positions T11, T16, T17, T8, and T21. There are also several hydroxyls with
Al in other T sites with relative DPE between 10 and 20 kJ/mol.

As shown in Figure S24B, there are no points in the rectangular 0-20 kJ/mol on each axis
(shown with black outline); namely, there are no hydroxyls, which are simultaneously among

the most stable and the most acidic ones. This is not surprising since the most stable hydroxyls
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typically participate in hydrogen bonds which can be estimated to contribute to their stabilisa-
tion with about 20 kJ/mol. On the other hand, the most acidic bridging hydroxyls should not
participate in hydrogen bonds and point towards zeolite channels; thus, they are less stable.

Although one hydroxyl may not be simultaneously stable and most acidic, at one Al posi-
tion, Al-T11, we have one most stable and one most acidic hydroxyl, OHa and OHd, respec-
tively. Thus, upon interaction with guest molecules, the proton may move from OHa to OHd
or OHc, which is also among the most acidic ones. A similar combination of stable OH and
acidic OH is observed at the T7 and T21 positions of Al. If we consider the relative stability of
the Al substitution in the anionic structure, the model Al-T16-OHc may also be feasible since
it has a relative DPE value of 5 kJ/mol and the structure Al-T16 is by 19.8 kJ/mol less stable
than the reference one, AI-T11.

Both the anionic and neutral models suggest a preference for aluminum location at the T11
position, which is exposed at the 12-membered ring but not to the 16-membered ring. The
next preference for Al substitution is T7 at the 16-membered ring channel. The other T-sites
where Al may be located with lower probability, T6 and T21, are also at the 12-membered ring
channel, but T1 is at the 16-ring channel. The least stable sites for Al substitution, T8, T9, T14,
and T17, are located at the 16-membered ring channels at the channel intersection, where the
Al site will be the most accessible. Note, however, that the presence of the template in the ze-
olite channels during the synthesis of the samples may influence to some extent the preferable
crystallographic positions for aluminum in the framework, as shown both for aluminum and

for other T atoms.”%71

. The most acidic hydroxyls are also at the T11 position of Al, followed
by T16, T17, T8, and T21. As shown above, T8 and T17 are among the least stable positions for
Al substitution, and Al is unlikely to be present in those sites.

As such, considering the optimized structures obtained with DFT modeling, the 2/ Al MQ-
MAS NMR spectra, and the correlations already established between the chemical shifts and
the TOT angles, we may potentially assign the three Al populations mainly present in the 12-
membered ring channels, i.e., T6 (12 MR), T7 (16 MR), T11 (12 MR) and T12 (12 MR), they

correspond to three T-O-T angular configurations respectively. When considering the DFT cal-
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culations, these sites are among the most stable T sites. Furthermore, the sites exclusively
present in 16 MR channels, i.e., T1, T3, T4, T8, T9, and T10, are energetically among the less

favorable sites.
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3.5 Catalytic tests

We completed our acidity study with three test reactions, which are the alkylation of phenol
with tert-butyl alcohol, n-hexane cracking, and anisole transformation, to evaluate the poten-
tial of ZEO-1 as a heterogeneous catalyst compared to two commercial zeolites (purchased from
Zeolyst) used in different industrial processes, which are zeolite Beta (*BEA CP814E*) and Ul-
tra Stable Y (USY: CBV 712) zeolite with FAU topology. The ZEO-1 sample used for the catalytic
tests is from the scaled-up batch discussed above that was calcined and then exchanged with
ammonium chloride to remove residual phosphorus species and reduce the EFAL species. Ac-
cordingly, it is possible to evaluate the catalytic performance exclusively for the Brensted acid
sites without any contribution from other species. The experimental and technical details for
the catalytic tests are provided in the experimental section. The three zeolites’ physicochemical

properties and catalytic test results are presented in Table 4.

3.5.1 Alkylation of phenol with tert-butyl alcohol

The phenol alkylation with tert-butyl alcohol is a classical Friedel-Crafts alkylation reaction
catalyzed by the intrinsic acid sites of zeolite catalysts. This reaction typically yields three dis-
tinct products: ortho-butyl phenol (0-TBP), para-butyl phenol (p-TBP), and 2,4-di-tert-butyl
phenol (2,4-DTBP). The selectivity for these products is significantly influenced by the avail-
able pore volume, which is determined by the pore opening and geometry directly associated
with the presence of acid sites in this environment”?~74,

Figure 9 presents the selectivity percentages of the three products (o-TBP, p-TBP, and 2,4-
DTBP) obtained using ZEO-1, BETA, and USY where the percent of conversion for the three
zeolites was 84, 71, and 90%, respectively using a batch reactor. USY shows almost no selec-
tivity towards any of the three products, with comparable percentages yielding approximately
37% of o-TBP and 2,4-DTBP, and nearly 26.11% of p-TBP. Conversely, zeolite Beta exhibits
strong selectivity towards p-TBP, with around 87% selectivity and almost negligible selectivity
towards 2,4-DTBP (3%) and roughly 11% towards o-TBP.

This highlights the significant influence of pore volume and geometry on the selectivity of
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the conversion process. For USY, its spacious micropore volume of the super cage (approxi-
mately 1.2 nm), along with induced mesoporosity due to steaming, results in no shape selec-
tivity effect as the kinetic diameters of all three possible products can comfortably fit within
the pore system of USY. In contrast, the constrained 12-membered ring channels of zeolite Beta
cannot accommodate the bulky geometry of 2,4-DTBP and appear to align well with the linear
conformation of p-TBP rather than the non-linear conformation of o-TBP, thus promoting its
formation within its channels.

Interestingly, ZEO-1 shows comparable product selectivity to zeolite Beta, yielding slightly
lower and higher percentages of p-TBP (approximately 76% and 17%, respectively) and around
7% of o-TBP. Despite possessing a supercage formed by the intersection of 16-MR, whose di-
mension is around 1.1 nm comparable to that of USY, we observe that ZEO-1 exhibits much
higher selectivity towards p-TBP rather than 2,4-DTBP. This suggests that the majority of the
acid sites within ZEO-1 are preferentially located within the 12-MR channels. However, simul-
taneously, the amount of 2,4-DTBP remains slightly higher than that of zeolite Beta, most likely
due to catalytic activity within the 16-MR super cages. Moreover, this correlates well with the
DFT modeling findings, which suggest that three out of the most stable tetrahedral sites for
aluminum substitution (T6, T11, and T12) are located within the 12-MR channels, while only

one site is probably located in the 16-MR channel (T7).
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Figure 9: Product selectivity during phenol alkylation by tert-butyl alcohol over ZEO-1, Beta,
and USY zeolites.

3.5.2 n-hexane cracking

The cracking of n-hexane is a well-known model reaction commonly employed to assess the
acidity of zeolites””. This reaction’s suitability arises from the remarkable stability of the C-C
bond, making it an ideal means to evaluate the strength of Bronsted acid sites’®.

In Figure 10, plots of -Ln(1-X) versus W/F for the three structures are depicted, where X
represents the conversion, W signifies the catalyst weight, and F denotes the mass flow of n-
hexane. The linearity observed in these plots suggests that the kinetics of n-hexane cracking
adhere to first-order reaction kinetics, indicative of predominant monomolecular pathway re-
actions. This inference is further supported by the proportionality observed between the molar
75 (

yield of principal products and initial conversion’” (see Figure S25). The activities, determined

from the slopes of these linear plots, are measured at 310, 31, and 20 mmol h1 gcat‘l. Further-
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more, the constancy of n-hexane conversion after 1 hour of reaction (see Figure S26) under the
chosen operational conditions underscores the absence of deactivation within the first hour of
testing on the evaluated catalyst.

The catalyst turnover frequency (TOF), based on activity per Bronsted acid site (refer to the
experimental section), for the three zeolites is outlined in Table 4. ZEO-1 exhibits a TOF of 65
molecules per site per hour, marginally surpassing that of USY zeolite (46 molecules per site per
hour) while being approximately tenfold lower than Beta (620 molecules per site per hour). The
elevated activity of zeolite Beta has been attributed to the presence of considerable amounts of
EFAl species within the zeolite’s framework that exalts the cracking activity”>. This comparison
highlights that ZEO-1 possesses a comparable number of acid sites capable of catalyzing the
proto-catalytic cracking of n-hexane to USY, albeit with weaker Bronsted acidity than Beta.
This result assures that extra-large pore zeolites” acidic strength is at least equivalent to the
horsepower of FCC catalysis being USY, which satisfies the long-foreseen anticipation for this

class of materials and presents a positive sign for future applications.
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Figure 10: First-order kinetic plots of n-hexane cracking on ZEO-1, Beta, and USY zeolites at
540 °C.

3.5.3 Anisole disproportionation

Given the long-anticipated potential of employing extra-large pore aluminosilicate zeolites for
biomass upgrading applications, believed to outperform existing large pore zeolites due to re-
stricted pore apertures enhancing treatment of bulky molecules and diffusion profiles, a com-
parison of the deactivation profiles of ZEO-1 with those of Beta and USY using a biomass model
reaction becomes intriguing.

Anisole disproportionation is a model reaction for the catalytic upgrading of biomass py-
rolysis bio-oils””~’?. Anisole’s methoxy group and aromatic cycle are largely found in primary
pyrolysis products of lignocellulosic biomass. Anisole undergoes several transalkylation re-

actions, first producing methylanisole and phenol, then increasingly methylated phenolics:
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cresols, xylenols, mesitols (respectively methyl, dimethyl, and trimethyl phenol)””/8.

In Figure 11, the relative activity (P = a;/a() versus time on stream (TOS) is presented.
The study was performed at several contact times for each catalyst where the deactivation con-
stants kp (h™!), determining the steepness of the deactivation curve for the three catalysts, are
summarized in Table 4 (refer to the experimental section for details).

All three catalysts exhibit an inverse exponential deactivation pattern, with Beta and USY
displaying nearly identical kp, values of 26 and 25 h™!, respectively. Remarkably, ZEO-1 ex-
hibits a significantly lower kp value of 7 h™!, approximately 3.6 times lower than its counter-
parts. Notably, the Beta sample utilized is ultra-nanosized with a crystal size of 30 nm (nearly
14 times smaller), accompanied by spacious mesoporosity (V,,.s, = 0.87 cm?®/g) resulting from
interparticle voids. Similarly, the USY catalyst is intrinsically mesoporous due to the steaming
process during its hierarchization (V,,.s, = 0.25 cm3/g), suggesting minimal kinetic diffusion
limitations for reactants/products within and out of the catalyst particles for both zeolites. In
contrast, the ZEO-1 material is employed without ultra-nano dimensions (< 100 nm) or post-
synthetic hierarchization, yet it demonstrates superior stability to Beta and USY. This enhanced
stability can be attributed to the limited population of acid sites within the 16-membered ring
(16-MR) channels of ZEO-1, thereby facilitating a free molecular diffusion pathway and ensur-

ing a steady performance.
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Figure 11: Evolution of activity with time on stream (TOS) for anisole disproportionation on
zeolites. Dots: experimental data. Lines: deactivation modeling.
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Table 4: The physicochemical properties and catalytic performance comparison of ZEO-1, Beta,
and USY zeolites.

ZEO-1 (JZO) Beta (*BEA) USY (FAU)
Pore network (A) 16 126.6 X 6.7* <> 125.6 x 5.6% 12 7.4 x 7.4
10.62%x9.41/10.54%9.64
%% PARN 12
7.24%x6.60/7.18%x5.48
Si/Al? 22.5 12.5 6
Y Alg onsted 0.51 0.50° 0.54°
(mmol/g)
YAljewis (mmol/g) 0.04 0.12¢ 0.19¢
Crystal size (nm)4 470 30 500
Surface area (m?/g)® 973 528 762
V icro (cm?/g)f 0.31 0.15 0.21
V eso (cm3/g)8 0.10 0.87 0.25
Phenol alkylation with tert-butyl alcohol (at 80 °C)
Conversion (%) 84 71 90
n-Hexane cracking (at 540 °C)
TOF (molecules per 65 620 46
site h™!)
Anisole disproportionation (at 400 °C)
kp (h71) 7 26 25

4 Determined from ICP analysis.

b Calculated using the extinction coefficient €p onsteq at 1545 cm™! of pyridine from ref.[63].

¢ Calculated using the extinction coefficient €y ¢is at 1450 cm™! of pyridine ref.[63].

d Determined using SEM analysis.

¢ Apparent surface area calculated using the Roquerol BET-criteria.

f Micropore volume is calculated by the t-plot method using the Harkins and Jura thickness
equation with a monolayer thickness range defined between 2.5 to 5 A.

& Mesopore volume calculated by V.50 = Viotal = Vinicro» Where Vi, is the total pore volume
calculated at P/Py = 0.97.
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4 Conclusion

In this work, we reported a comprehensive investigation of the synthesis and the acidic prop-
erties of a 16-membered ring aluminosilicate zeolite ZEO-1.

Using sodium aluminate as an aluminum source with the optimal amount of fluoride al-
lows for the shortest synthesis period of leaf-like and isometric micron-sized ZEO-1 crystals
within only 8 days. However, using aluminum isopropoxide as an aluminum source favors the
crystallization of ill-defined spherical nanosized zeolites. Using both aluminum sources, the
aluminum loading of ZEO-1 shows convenient flexibility from high silica ratio to relatively
high alumina ratios. The water content temperature influenced the synthesis kinetics and crys-
tal habit of ZEO-1, while the amount of SDAOH influenced only the latter.

Using 2’ Al NMR, we identified the potential existence of three different aluminum popu-
lations based on their angular configuration, supported by 'H NMR. Then, via in situ infrared
spectroscopy, we deciphered the acidic nature of the vibrational bands in the hydroxy group
stretching vibration region using pyridine and DTBPY as probe molecules. ZEO-1 exhibits two
vibrational bands corresponding to Brensted acid sites and another broad vibrational band at-
tributed to hydrogen-bonded silanol species that was supported by analyzing the cesium form
of ZEO-1. Moreover, the extinction coefficient for pyridinium ions at the band of 1545 cm™!
was determined to be 0.9 cm.yumol~!.

DFT modeling revealed that the most stable T-atom sites for aluminum substitution in the
anionic model of ZEO-1 are at T6 (12 MR), T7 (16 MR), T11 (12 MR), and T12 (12 MR), with
T11 being the most stable. Correlating the 2’ Al NMR chemical shifts calculated using the
optimized structure of ZEO-1 obtained with DFT and the chemical shifts of the three aluminum
populations obtained by 2” Al MQMAS allowed us to assign these chemical shifts to the most
stable T-atoms revealed by DFT calculations.

In the comparative analysis of catalytic performance among ZEO-1, Beta, and USY zeolites
in the alkylation of phenol by tert-butyl alcohol, n-hexane cracking, and anisole disproportion-
ation, ZEO-1 demonstrated a similar catalytic selectivity to zeolite Beta. This finding aligns

with DFT modeling results, suggesting that most aluminum species, and hence Brensted acid
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sites, are potentially located within the 12-membered ring (12 MR) channels of ZEO-1. More-
over, the strength of the Bronsted acid sites within ZEO-1 was found to be comparable to that
of USY: CBV 712, although notably weaker than those of zeolite Beta. ZEO-1 exhibited en-
hanced stability for anisole conversion compared to ultra-nanosized Beta and mesoporous USY

zeolites, highlighting its potential for further catalytic applications.

5 Supplementary Materials

The supporting information file (https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00186)

includes the following;:

» Technical details for the experimental setups used to characterize the physicochemical

properties of ZEO-1, along with the computational details for the DFT modeling.

* PXRD, nitrogen adsorption/desorption, TGA figures, and SEM images for different ZEO-

1 samples synthesized under different conditions.
o 29Gi 27A] (1D and MQMAS), 31p and 'H solid-state NMR figures.

* In situ IR spectroscopy figures illustrating the determination of the molar extinction co-
efficient of the 1545 cm™! pyridinium band, comparison between the protonic form of
ZEO-1 and its Cs form, and the series of spectra recorded after sending discrete mono-

doses of CO into the IR cell.

* DFT modeling figures presenting the relative stability of the ZEO-1 structure, the calcu-
lated aluminum distribution based on the Boltzmann distribution, and the relative de-

protonation energy of all the bridging hydroxyl groups versus the Al positions.

 Catalytic test result figures of the initial yields of the principal cracking products as a
function of initial n-hexane conversion and the n-hexane conversion as a function of time

on stream for ZEO-1, Beta, and USY.
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* Two supplementary tables: Table S1 summarizes the T-O-T bond angles corresponding
to the aluminum substitution for each T-atom within the ZEO-1 framework and its cor-
responding isotropic chemical shift, and Table S2 presents the relative stability of the
modeled 21 anionic structures and 84 neutral structures with different locations of Al

and of the charge-compensating proton around them.
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