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ABSTRACT: The behavior of completely siliceous zeolite ZSM-
S (Si-ZSM-S) under high pressures up to 16 GPa were
investigated by in situ Raman spectroscopy and X-ray diffrac-
tion with synchrotron radiation in a diamond anvil cell. Pres-
sure-induced amorphization was observed in both as-made
and calcined Si-ZSM-S, which transform to a low-density
amorphous silica first and then to a high-density amorphous
silica. However, transition pressures and reversibility were
different for as-made and calcined Si-ZSM-S. It was found that
the existence of the template molecules occluded in the zeolite
framework is mainly responsible for these differences.
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B INTRODUCTION

Zeolites are microporous aluminosilicates with well-defined
channels and cavities." They have been widely used as ion-
exchangers, molecular sieves, sorbents, and catalysts.2 The
stability of zeolites is crucial to their applications. Many experi-
mental and theoretical studies have been concentrated on their
thermal stability.> On the contrary, their behavior under external
high pressures has received less attention. Only a handful of the
zeolite topologies have been studied under high pressures.* '
Much of the early work has been focused on (1) the pressure-
induced structural transformations between crystalline phases;"*
(2) pressure-induced hydration and the compressibility of zeo-
lites affected by nonframework species;'> (3) the effect of
pressure on ionic conductivity of zeolites;'® and (4) pressure-
induced amorphization (PIA) and the reversibility of this process
upon decompression."

Initially discovered in hexagonal ice,"® PIA has been the sub-
ject of many studies®'®*' and found to occur in various
materials. Pressure-induced amorphous state appears to be a
universal property of condensed materials.”> The PIA in zeolitic
systems has been investigated experimentally and theoretically in
the past decade.®'*2%>3~26 Pressure-induced amorphous phases
of several zeolites can partially or totally revert back to the initial
zeolite’s crystalline structure upon decompression. The recent
work by Greaves and co-workers'®*"*”*® has shown that upon
compression a zeolite may transform to two different amorphous
phases: (1) alow-density amorphous (LDA) phase, which is a so-
called “perfect glass” with relatively ordered structure and
negligible configuration entropy, and (2) a high-density
amorphous (HDA) phase with a normal density of alumino-
silicate glass. This phenomenon of the occurrance of
more than one amorphous phase with the same chemical
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composition but different densities and entropies is called
polyamorphism.>® Usually, the topology of the material in the
crystalline phase is preserved in the LDA phase, but lost in the
HDA phase.>*~**

Zeolite ZSM-5 is a representative member of a class of high-
silica zeolites with applications in adsorption, catalysis,*>>* and
thin films/membranes.>*” It is often used as a model system for
zeolite property study.>® ZSM-5 consisting of 4-, 5-, 6-, and 10-
membered rings has a framework with two interconnected
channel systems: sinusoidal 10-memebred ring (10-MR) chan-
nels along the [100] direction, interconnected with straight 10-
MR channels that run parallel to the [010] direction (Figure 1). A
tortuous pore path is present in the [001] direction.*” The three-
letter code for this topology assigned by the International
Zeolite Association is MFIL. ZSM-$ is usually synthesized in
the presence of tetrapropylammonium cations (TPA"), and the
template ions are found in the intersections of the two channel
systems.40

Completely siliceous ZSM-S (Si-ZSM-S) is also known as
silicalite-1. Its framework is neutral and hydrophobic. The
behavior of Si-ZSM-5 under pressures was first investigated by
Liu et al.*' They suggested that the Si-ZSM-S irreversibly trans-
forms into zeolite ZSM-11 at 4 GPa. Since the study did not use
any in situ technique, no information on the structure change
during the compression/decompression is available. More recently,
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Figure 1. Zeolite structure of ZSM-$ viewed along the [010] direction.

the work by Haines and co-workers investigated the possibility of
using siliceous ZSM-5 synthesized in fluoride medium as a
precursor to prepare dense silica glass under high pressures.*
The same authors also studied the PIA of silicalite-1 under
high pressure with insertion of guest species. Silicalite-1 loaded
with CO, is stable up to 22 GPa, but without the guest species,
Si-ZSM-S transforms into an amorphous material completely at
8 GPa.”’

Therefore, the studies and understanding of the high-pressure
behavior of ZSM-5 under the influence of other factors remain
highly relevant in further development of its catalytic and storage
functionalities. In complement to all previous high-pressure
studies on ZSM-5, especially those by Haines,*>* here we report
a comparative study between as-made and calcined ZSM-$
using comprehensive structural characterization techniques.
The main objective of the present work is to study the behavior
of Si-ZSM-$ with and without template cations (TPA") under
high pressures. Particular attention is focused on (1) the
differences in reversibility of the amorphization between the Si-
ZSM-§ samples with and without TPA™ and (2) the role of the
encapsulated organic molecules in framework transformation
under high pressures.

B EXPERIMENTAL SECTION

As-made Si-ZSM-S was prepared by hydrothermal synthesis
method using tetrapropylammonium bromide (TPAB) as a
template.”* The calcined Si-ZSM-5 was obtained by heating
the as-made sample in a Muffle furnace at 550 °C for 3 h to
remove the template molecules. The identity, crystallinity, and
purity of the samples were checked by powder X-ray diffraction
(XRD).

The high-pressure experiments were performed with sym-
metric diamond anvil cells (DACs), which have a pair of type I
diamonds with a 600 ym culet. A hole with a diameter of 200 ym
was drilled in the center of “pre-indented” stainless steel gaskets
and used as a sample chamber. A ruby (Cr**-doped a-Al,O;)
chip was added in the sample chamber as a pressure calibrant, and
the pressure was determined from the well-established ruby R,
fluorescence line shift. Since the behavior of a zeolite under
pressure depends on the type of pressure-transmitting medium
(PTM) being used (penetrating or nonpenetrating PTM4’45’46),
all high-pressure experiments we performed were without PTM
in order to study the pure pressure effect by avoiding any possible
interactions between the sample and the PTM that may enter the
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Figure 2. Raman spectra of as-made (a) and calcined (b) Si-ZSM-S$ at
ambient conditions.

channels of the sample during compression. In addition, even
without PTM, in the pressure region where most materials
remain crystalline (e.g., < S GPa), no significant nonhydrostatic
effect was observed from the ruby fluorescence profile.

Upon loading the sample, in situ Raman spectra were obtained
using a customized Raman microspectroscopy system. A 488 nm
line from an Innova Ar" laser (Coherent, Inc.) was used as the
excitation source and was focused to less than S um on the
sample by an Olympus microscope. The Rayleigh line was
blocked using a pair of notch filters. The scattered light was
dispersed using an imaging spectrograph equipped with an 1800
lines/mm grating, achieving a best resolution of 1 cm™ ! when the
entrance slit is set to 10 ¢#4m, as indicated by the full-width-at-half-
maximum of neon lines. The scattered light was then recorded
using an ultrasensitive liquid nitrogen-cooled, back-illuminated
charge-coupled device (CCD) detector made by Princeton
Instruments. The spectrometer was calibrated using standard
neon lines with an uncertainty of 1 cm ™. A minimum of 15
min was allowed to ensure equilibrium in the cell upon increasing
or decreasing of the pressure. At each pressure, the Raman
spectrum of the sample was collected for 1 min, and the average
laser power on the sample was maintained at ~30 mW. To avoid
the strong first-order Raman mode of the diamond at 1334 cm ™',
the spectra were collected in several regions of 200—1200,
1440—1600 and 2800—3200 cm ™. All Raman measurements
were conducted at room temperature.

Angle-dispersive X-ray diffraction (ADXRD) experiments were
carried out at an insertion device undulator beamline (16ID-B)
at the High Pressure Collaborative Access Team (HPCAT),
Advanced Photon Source (APS), Argonne National Laboratory
(ANL). A monochromatic X-ray beam with wavelength of
0369126 A and a MAR165 CCD X-ray detector were used to
obtain the two-dimensional (2D) Debye—Scherrer diffraction
patterns. The 2D patterns were then converted to one-dimen-
sional diffraction patterns using FIT2D software.

Scanning electron microscopy (SEM) was used to examine
the morphology of the initial and recovered samples. The
recovered samples in the gaskets were carefully removed from
the DAC after decompression and imaged by SEM using a Leo/
Zesis 1540XB FIB/SEM Crossbeam.
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Figure 3. Selected Raman spectra of as-made Si-ZSM-$ on compression in the pressure region 0—16.3 GPa in the spectral regions 0of 200—1000 cm™ -
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(a), 1000—1600 cm " (b), and 2800—3200 cm ™' (c). The vertical arrow indicates the experimental sequence.

B RESULTS AND DISCUSSION

Completely Siliceous ZSM-5 with Template (As-Made Si-
ZSM-5). Raman Spectra upon Compression. Raman spectrosco-
py was used to monitor the effect of pressure on the structure
of Si-ZSM-5. The Raman spectrum of as-made Si-ZSM-S at
ambient conditions (Figure 2a) is consistent with those reported
previously.*”** The band labeled v, belongs to the zeolite
framework due to the Si—O—Si bending vibrations, and the rest
of the bands originate from the occluded TPA" cations. The
detailed assignments are given in the Supporting Information
Table S1. The in situ Raman spectra of the as-made Si-ZSM-§
were acquired as a function of pressure up to 16.3 GPa at room
temperature. The selected spectra are shown in Figure 3. Based
on the appearance, the spectra can be broadly divided into three
regions.

Below 2.9 GPa, only the peaks belonging to as-made Si-ZSM-5
are observed. The fact that no new peak appears implies that no
new phase occurs below 2.9 GPa. However, Figure 3a shows that
the v, band due to zeolitic framework vibration is gradually
broadened, suggesting that the framework of as-made Si-ZSM-5
does undergo deformation with increasing pressure. The strong
bands (v;—vg) in Figure 3b,c are due to the template (TPA")
trapped at the channel intersections. These bands do not change
significantly with increasing pressure, which indirectly confirms
that the framework of as-made Si-ZSM-5 mainly remains intact.

However, a careful inspection of the spectra reveals that these
bands do experience a slight line-broadening with increasing
pressure, indicating that the template molecules experience a
slight change in their environment (which is the surrounding
zeolite framework) resulting from the slight deformation of the
zeolite framework.

Between 3 and 7.6 GPa, a broad new band (labeled v,)
appears. This new peak begins to emerge at 491 cm ™" at 3.8 GPa.
At 4.8 GPa, a second new broad band (v5) shows up at 588 cm ™.
The appearance of these new bands is indicative of the formation
of an amorphous phase at about 3 GPa, suggesting that PIA
begins. The intensity of the ¥4 band increases with increasing
pressure, which is accompanied by the gradual disappearance of
the v, band due to the zeolite framework. At 7.6 GPa, the ¥, band
becomes the most prominent peak, and the zeolitic peak is
almost invisible. In this pressure range, the intensities of all the
bands due to TPA" gradually decrease, and the peaks gradually
become very broad. These observations indicate that there is a
dramatic change in the environment of template molecules.
The initially ordered arrangement of the TPA™ cations in the
zeolite has become highly disordered. It seems that, starting at
around 3 GPa, as-made Si-ZSM-S has partially transformed into
an amorphous phase. Both the zeolite and amorphous silica
coexist between 3 and 7.6 GPa with the amount of amorphous
silica increasing with increasing pressure.
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Above 7.6 GPa, the ¥, mode is no longer visible, which means
the framework of as-made Si-ZSM-5 collapses completely. All
the bands due to the template become remarkably broad, and
they almost disappear in the baseline above 13.7 GPa, indicat-
ing completely disordered orientations of the template cations.
Above 7.6 GPa, the intensities of the two new bands (v, and vg)
belonging to the amorphous material also decrease gradually.

The pressure dependences of characteristic Raman bands in
the region of 200—1000 cm ™' during compression are shown in
Figure 4, where all the bands exhibit a blue shift. In general, the
change in the slope of pressure-dependence, disappearance of the
initial peaks, and appearance of new peaks provide evidence for
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Figure 4. Pressure dependences of the Raman shift of selected modes
for as-made Si-ZSM-S. The vertical dashed lines denote the proposed
phase boundaries. The dv/dP values (cm™'/GPa) are indicated. Re-
gions labeled on the top of the figure indicate the reversibility of PIA of
the as-made Si-ZSM-S.

the start and finish of phase transitions including amorphization.
The approximate phase boundaries for as-made Si-ZSM-5 are
indicated in Figure 4. The first distinct region is between 0 and
2.9 GPa where the Raman bands, v; and v,, show linear and
positive pressure dependences with dv/dP values of 2.34 and
14.48 cm™'/GPa, respectively. The values indicate that the
framework of the zeolite is more compressible than that of the
template ions. In this region, the solid is mainly as-made Si-ZSM-S,
whose structure gradually deforms under pressures. In the
second pressure region (3—7.6 GPa), the v, band shows a
much smaller dv/dP value (1.87 cm™'/GPa) than that in the
low-pressure region, and two new bands (v, and vg) start
appearing, indicating that an amorphous material forms in the
sample. In this pressure range, the crystalline zeolite gradually
transforms to an amorphous phase under pressure, and the
system is a mixture of both. In the third region (above 7.6 GPa),
the v, band disappears, and the bands assigned to the amorphous
material both show larger dv/dP values than those in the second
pressure region, which may imply the formation of a second
amorphous phase. Overall, the two phase boundaries indicate
the crystalline-to-amorphous and the amorphous-to-amorphous
phase transitions, respectively.

Raman Spectra upon Decompression. The reversibility of the
pressure effect on zeolite structure was studied. Raman spectra
upon successive decompression of the pressurized as-made Si-
ZSM-S were collected until ambient pressure was reached
(Figure Sa). The profiles of the new Raman bands (V4 and vg)
due to an amorphous material forming at high-pressure gradually
change with decreasing pressure (Figure Sa). In the decom-
pression spectra, a new weak band (v¢) was observed at above
800 cm ', This band attributed to the amorphous material is
hardly seen in the compression spectra. All three amorphous
bands shift to lower frequencies and gain intensity with decreas-
ing pressure.

The fact that the spectra above 400 cm™ ' taken at ambient
conditions before compression and after decompression look
very different (Figure Sa) implies that the amorphous phase is
mostly retained after releasing pressure. The spectrum of the
retrieved sample above 400 cm ™' has three peaks, and their
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Figure 6. XRD patterns of as-made Si-ZSM-$ during compression and the pattern of the sample recovered from 14.1 GPa (a) and those recovered from
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positions are at 509, 614, and 812 em ™! for Va, Vg, and V¢,
respectively. Previous studies* ' have shown that the high-
pressure treatment converts an LDA silica with 5- and 6-MRs>
irreversibly to an HDA silica with mainly 3- and 4-MRs.>® The
Raman spectrum of recovered HDA silica has three bands at 500,
610, and 800 cm ', and its spectral appearance is very similar to
the spectrum of decompressed as-made Si-ZSM-S in the region
of 400—1000 cm . Since the siliceous ZSM-5 framework
studied in this work merely consists of silicon and oxygen atoms,
it is reasonable to conjecture that high-pressure treatment of as-
made Si-ZSM-5 also leads to the formation of two amorphous
phases. First, the Si-ZSM-$ starts transforming to the LDA silica
at around 3 GPa, and the degree of the conversion to the LDA
silica increases with increasing pressure. Second, the LDA silica
starts to evolve into the HDA silica at around 7 GPa, with the
amount of the HDA silica gradually increasing with increasing
pressure. At very high pressure of around 14 GPa, only the HDA
silica exists in the system.

When the pressure is decreased to 2.4 GPa, a weak broad
hump appears in the region of 330—400 cm ™" (Figure 5a). This
broad envelop comprising several overlapping bands becomes
more distinct with further lowering pressure. For the recovered
sample, three overlapping peaks below 400 cm ™' (317, 340,
and 380 cm ') exhibit some similarities to those (v, and v,) in
the spectrum of the sample before compression. The band at
380 cm ™! of the recovered sample is likely associated with the Si-
ZSM-5 framework. Since the recovered sample is X-ray amor-
phous (see discussion below), the Raman data suggest that for a
small portion of the recovered sample, the MFI topology (i.e., the
Si—O—Si connectivity) is re-established, although long-range
ordering is still lacking.

Figure Sb compares the Raman spectra above 1000 cm ' of
the TPA" cations occluded in as-made Si-ZSM-S before and
after high-pressure treatment. Upon releasing pressure, the tem-
plate peaks disappeared and at high pressure reappear. However,
the spectrum taken at ambient conditions after decompression
shows that the template peaks remain very broad compared

to the corresponding bands before compression, and the peak
positions are not identical. These results imply that the environ-
ments of the trapped template cations are still very disordered,
indicating that the recovered sample still remains amorphous.

The Behavior of Crystalline TPAB Solids under High Pressure.
To better understand the behavior of the template molecule
occluded in the Si-ZSM-S framework, an in situ Raman study of
pure crystalline TPAB solids was carried out in the pressure range
of 0—16 GPa. The behavior of TPAB solids under pressure was
examined before, but the highest pressure was only 4 GPa.>* Figure
S1 illustrates the spectra of TPAB as a function of pressure upon
compression. In the pressure range of 0—4.2 GPa, all the bands
gradually shift to higher energies. Above 5.1 GPa, the intensities of
all the bands decrease dramatically, which suggests the start of PIA
resulting from conformational and positional disordering. Be-
tween 5.8 and 11.0 GPa, all the peaks gradually become extremely
broad with very low intensity. They almost disappear into the
baseline at 11.0 GPa, implying that the solid is completely
disordered with each cation having its own local environment
and the TPA" cations adopting all the possible orientations. There
must also be distributions of bond angle and distance for the TPA"
ion. No further change in spectra is observed beyond this pressure,
which suggests that the PIA is complete at 11.0 GPa.

Figure S2 show the evolution of the Raman spectra of crystal-
line TPAB upon decompression from 16.1 GPa. No drastic
change was detected until 2.2 GPa, except that the broad humps
gradually shift to lower frequencies with increasing intensities. At
0.4 GPa, the broad peaks suddenly become very sharp and very
well resolved. Although there is a hysteresis, the spectrum of the
recovered sample is almost identical to that of the TPAB before
compression, i.e., the peak positions and line-widths are identical.
Thus, the changes in the spectra induced by pressure are
completely reversible upon decompression. It seems that the
TPA" cations, which are in a completely disordered state, return
to the ordered arrangement in their initial crystalline state after
pressure is released, clearly indicating that the PIA of crystalline
TPAB is totally reversible. The ambient spectrum of pure TPAB

2084 dx.doi.org/10.1021/jp205107u |J. Phys. Chem. C 2012, 116, 2080-2089
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Figure 7. Selected Raman spectra of calcined Si-ZSM-$ on compression (a) and decompression (b) in the pressure region 0—13.9 GPa in the spectral
region of 200—1000 cm ™. The vertical arrow indicates the experimental sequence.

solid recovered from 16.1 GPa is much different from that of the
TPA" in the as-made Si-ZSM-S sample obtained from decom-
pression from 16 GPa (Figure Sb). The difference is due to the
fact that the TPA" environment in the recovered as-made Si-
ZSM-5 sample (i.e., the HDA silica) remains disordered.

Powder XRD Patterns. Powder XRD was used to gain direct
information on pressure-induced structural transformations. The
selected XRD patterns of as-made Si-ZSM-S acquired upon
compression are shown in Figure 6a. The sharp reflections indexed
as (501), (303), (313) (101), and (200) observed at ambient
conditions become significantly weaker and broader above 1.0
GPa. At 7.3 GPa, although very weak and broad, the three major
reflections, (101), (200), and (501), of as-made Si-ZSM-5
remain identifiable, suggesting that at this pressure, at least part
of the sample still has MFI topology. The sample becomes
completely amorphous at 14.1 GPa. After decompression to
ambient conditions, the pattern of the released sample looks
identical to that of the sample compressed at 14.1 GPa without
reappearance of the MFI reflections, suggesting that the recov-
ered sample remains largely X-ray amorphous.

The XRD data suggest that after compressing as-made Si-
ZSM-S at 14.1 GPa, the zeolite loses its long-range ordering
permanently. However, as mentioned earlier, the Raman spec-
trum of the recovered sample shows not only the peaks belonging
to the HDA silica, but also the signature band due to the MFI
topology. The Raman and XRD results are not inconsistent
with each other. Raman spectroscopy probes short-range order-
ing in solids, and XRD is sensitive to long-range ordering. The
XRD data show that the HDA silica formed by compressing the
zeolite to 14 GPa remains X-ray amorphous at ambient condi-
tions, whereas the Raman spectrum further indicates that a small
portion of the HDA appears to transform back to the LDA phase
where the Si—O—Si connectivity (i.e., the short-range ordering)
is similar to MFI topology, but the long-range ordering is still
lacking.

Calcined (Template-Free) Si-ZSM-5. Raman Spectra on
Compression. The ambient spectrum of calcined Si-ZSM-5
(Figure 2b) is consistent with that reported by Dutta et al.>°
The most prominent band at 385 cm™ ' is assigned to the

Si—O-—Si bending vibrations of the 5-MRs, and it is the only
peak that can be followed at high pressures. The weak bands near
500 cm ™! are attributed to the Si—O—Si bendin% vibrations of
the 4- and 6-MRs and the band at around 830 cm™ " is assigned to
the Si—O stretching vibration.>®

The calcined Si-ZSM-5 was compressed to 13.9 GPa at room
temperature, and the selected Raman spectra are shown in
Figure 7a. The strongest band (at 385 cm ') s gradually
suppressed beyond 0.9 GPa. After 1.5 GPa, two new weak bands
(vp and vg) appear at 450 and 481 cm ™' on the high-frequency
side of the main zeolite peak. The new bands are similar to those
of the LDA silica mentioned before.***” These observations
show that the framework of calcined Si-ZSM-S is quickly dis-
torted under high pressure, and an amorphous material (the low-
density silica) forms quickly. Above 3.0 GPa, the v band is the
only band in the spectra, and gradually shifts to higher frequen-
cies with increasing pressure. In the meantime, the zeolite band
disappears completely, which implies that the crystalline Si-ZSM-
S becomes completely amorphous. Above 11.5 GPa, the vg band
gradually weakens with increasing pressure.

Raman Spectra on Decompression. The Raman spectra of
the calcined Si-ZSM-S on decompression are shown in Figure 7b
from 13.5 GPa to ambient pressure. The new band vg gradually
shifts to lower frequency and is retained at ambient pressure.
Two additional bands appear gradually during decompression
and are clearly visible at 614 and 812 cm ™" in the spectrum of
ambient pressure. The initial Raman bands due to the zeolite did
not reappear at all, which means the framework of the calcined Si-
ZSM-S has totally collapsed and the PIA is irreversible. The
spectrum of the recovered sample looks the same as that of the
HDA silica obtained by high-pressure treatment of the LDA silica
in the previous studies.*’ '

The combination of compression and decompression Raman
data indicates that calcined Si-ZSM-5 quickly deforms under
pressure and starts to form the LDA silica at around 1.5 GPa.
Between 1.5 and 3 GPa, the zeolite continues to transform to the
LDA silica with increasing pressure. The LDA silica starts to
evolve into the HDA silica at around 3 GPa. Only the HDA silica
exists in the system at 11 GPa and beyond.
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Figure 8. Raman spectra of as-made (a) and calcined (b) Si-ZSM-S samples recovered from different high-pressure runs (maximum pressures are

labeled) compared with the spectrum of the sample before compression.

Comparison of the Behavior of As-Made and Calcined Si-
ZSM-5 under High Pressures and Their Reversibility of PIA.
The spectra of as-made and calcined Si-ZSM-$ recovered from
compression to 14 GPa or higher look very similar in the region
above 500 cm ™' and strongly resemble those of the HDA silica
reported in the literature. This indicates that both zeolites are
converted to the HDA silica at high pressures. However, for as-
made Si-ZSM-5, the band at around 380 cm ™! attributed to the
ZSM-$ framework seen in the spectrum of the initial uncom-
pressed sample reappears as a broad, weak shoulder after
decompression from 16 GPa. These observations suggest that,
although most of the compressed as-made Si-ZSM-S sample
remains as the HDA phase upon decompression, a small amount
of the HDA silica does transform back to the LDA where MFI
topology is re-established. In contrast, the HDA phase obtained
by compression of calcined Si-ZSM-5, which has no TPA®
cations, is completely preserved upon releasing pressure. Appar-
ently, the template molecules play a key role in partially restoring
the MFI connectivity when the pressure is released. The ex-
istence of the occluded TPA" cations facilitates the partial
restoration of the MFI connectivity because the interaction
between the TPA" and zeolite framework preserves some silicate
fragments with key local structures associated with the MFI
topology, and these key structural fragments exist even at 16.3
GPa. Upon releasing pressure, the TPA" cations redirect these
silicate species with MFI signature to partially reform the MFI
topology. A similar situation has been found in clathrasil dode-
casil-3R with organic molecules (amino-adamantane) in its cages
in a previous study.®

Previous work showed that PIA can be reversible or partially
reversible in some systems,'”'** i.e., the amorphous phase may
revert back to its original crystalline state when the pressure is
released. There exists a threshold pressure.”*** Below this
pressure PIA is completely reversible, and above this pressure
PIA is not reversible. In order to determine whether such a
threshold pressure exists in as-made and calcined Si-ZSM-5, we
examined the reversibility of amorphization in these zeolites.
Specifically, we characterized the recovered samples obtained by

first compressing the zeolite to desired pressures and then
releasing them to the ambient value. Raman spectra of the
samples recovered from the as-made Si-ZSM-5 compressed to
the different pressures are shown in Figure 8a. The spectra of the
samples recovered from compression to 7 GPa or less look
identical to that of as-made Si-ZSM-$ without compression. As
mentioned before, 7 GPa is the approximate pressure at which
the LDA silica is just about to transform to the HDA phase. The
Raman data suggest that the PIA in as-made Si-ZSM-5 is totally
reversible from the LDA phase, i.e., the LDA silica formed from
as-made Si-ZSM-5 can completely transform back to the crystal-
line MFI structure as long as the maximum pressure applied is 7
GPa or less. The spectra of the samples recovered from 10.2 and
12.6 GPa are similar: all the TPA" peaks show a decrease in the
intensity and an increase in the line-width. The peak due to the
zeolite at 385 cm ™' becomes extremely broad. These phenom-
ena indicate that a large part of the recovered sample remains
amorphous. Thus, the PIA in as-made Si-ZSM-$ appears to be
only partially reversible in the pressure range between 7.3 and
12.6 GPa. The spectra of the samples retrieved from 14.1 and
16.3 GPa are the same, the bands due to the HDA silica are seen
clearly, and the original bands due to the zeolite become
extremely broad, suggesting that the recovered sample is highly
amorphous only with a very small amount of the material
regaining the MFI topology.

XRD is also used to determine the reversibility of the sample.
The XRD patterns of the recovered as-made Si-ZSM-5 samples
from different high-pressure runs are compared with the pattern
of the sample before compression (Figure 6b). The patterns of
the recovered sample treated at 3.7 and 7.3 GPa look identical to
that of the uncompressed as-made Si-ZSM-5, confirming that the
PIA is completely reversible and the long-range ordering of the
initial zeolite is recovered completely. This result is consistent
with the Raman data. The pattern of the sample recovered from
the treatment at the highest pressure (14.1 GPa) only exhibits a
extremely weak and broad envelop, suggesting that after the
treatment at this pressure, the sample is completely amorphous,
no crystalline structure is recovered, and the PIA is irreversible.
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Figure 9. Scanning electron micrographs of the morphology of as-made Si-ZSM-5 (a) before compression, (b) recovered from 7.3 GPa, (c) recovered
from 16.3 GPa, and calcined Si-ZSM-$ (d) before compression, (e) recovered from 2.7 GPa, and (f) recovered from 13.9 GPa (tiny balls on the surface

are due to the contaminates from air).

Raman spectra of the recovered calcined Si-ZSM-5 samples
from different high-pressure experiments are shown in Figure 8b.
The spectrum of the sample recovered from 2.7 GPa looks
similar to that of the same sample before compression, suggesting
the PIA is almost reversible when the sample is treated at 2.7 GPa
or less. The spectrum of the sample recovered from 3.4 GPa is
quite different from that of the uncompressed sample, since all
the zeolite peaks become very broad and weak, especially the
initial strongest peak at 385 cm ™', which now overlaps with the
peaks due to amorphous silica as a featureless hump. These
observations imply that the recovered sample is a mixture of an
amorphous phase and the recovered ZSM-5. Therefore, the PIA
is only partially reversible after the treatment at the maximum
pressure of 3.4 GPa. The spectra of the samples recovered from
11.3 and 13.9 GPa are the same. Only the new bands due to the
HDA silica are clearly visible. All the initial zeolite bands vanish,
suggesting that the zeolite becomes completely amorphous after
being compressed at the pressures above 11 GPa and the PIA is
irreversible at this pressure. These results indicate that the
formation of the HDA silica takes place at about 3 GPa for
calcined Si-ZSM-S, and the PIA is reversible before the occur-
rence of the HDA silica. The conversion of the LDA to HDA
silica finishes at about 11 GPa; above this pressure only the HDA

silica exists in the system. The XRD results are consistent with
those extracted from Raman spectra. The pattern of the
calcined ZSM-S recovered from compression to 2.8 GPa looks
identical to that before the compression, whereas the pattern of
the sample recovered from 13.0 GPa exhibits no reflection due
to ZSM-S (Figure S3). Overall, the PIA of the as-made Si-ZSM-
S is reversible in a wider pressure range (0—7 GPa) than that of
the calcined one (0—3 GPa).

SEM was used to visualize the effect of pressure on sample’s
morphology. The SEM images in Figure 9 show the morphol-
ogies of the as-made and calcined Si-ZSM-5 before compression
and recovered after treatment at different pressures. The indivi-
dual as-made Si-ZSM-$ crystals have a near-ovate shape with
dimensions close to 20 um X 1S um before compression. After
being retrieved from 7.3 GPa, crystals similar to those before
compression can be found in the recovered sample shown in
Figure 9b, suggesting that the sample recrystallizes from the
amorphous material. This confirms that the PIA is reversible at
this pressure.

Upon releasing the sample from 16.3 GPa, no zeolite crystal
can be seen (Figure 9¢c); only a large plate with flat surface forms
inside the hole of the gasket, showing no crystal morphology.
This suggests that the sample has totally lost its crystalline
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structure and becomes an amorphous material. Thus, PIA is
irreversible at this pressure. An amorphous material with a similar
morphology has been found after treating zeolite Y at 8 GPa and
then decompressing.”' Before compression, the calcined Si-ZSM-$
crystals shown in Figure 9d look similar to those of the as-made Si-
ZSM-S. After decompression from 2.7 GPa, Si-ZSM-S$ recrystallizes
(Figure 9e), indicating that the PIA is completely reversible at this
pressure. For the sample recovered from 13.9 GPa (Figure 9f), all
the initial zeolite crystals are fused into a large plate, suggesting that
the sample has totally lost its crystalline structure.

B CONCLUSIONS

As-made Si-ZSM-5 undergoes two successive phase transi-
tions during the PIA process. The crystalline zeolite starts
transforming to the LDA silica at around 3 GPa. Between 3
and 7 GPa, as-made Si-ZSM-35 and the LDA silica coexist. The
amount of the LDA silica gradually increases with increasing
pressure. In the LDA phase, the MFI topology is likely retained,
but the long-range ordering is lost. For the sample treated at 7
GPa or lower, the PIA is completely reversible. The LDA phase
starts evolving into the HDA silica at around 7 GPa. The con-
version likely occurs via collapsing of the larger 10-MR channels
to form the smaller rings (3- and 4-MRs), leading to a denser
amorphous material. The HDA silica cannot transform back to
the crystalline ZSM-S upon decompression.

Calcined Si-ZSM-S$ also experiences PIA and has two amor-
phous phases as well. The LDA silica starts forming at around 1.5
GPa and begins to evolve into the HDA silica at around 3 GPa. At
this stage, the sample can still recrystallize back to ZSM-5 upon
releasing pressure. Above 3 GPa, the LDA phase continues to
transform to the HDA silica upon further compression. Above 11
GPa, only the HDA silica exists in the system and the PIA is
irreversible.

Although both as-made and calcined Si-ZSM-S undergo PIA,
their threshold pressures of amorphization and polyamorphic
transition are different. These pressures for calcined Si-ZSM-5
are much lower than those of as-made Si-ZSM-S. Calcined Si-
ZSM-5 deforms much earlier than as-made Si-ZSM-5 under
pressure. This is because calcined Si-ZSM-5 has no template
molecules to reinforce the 10-MR channels. For both zeolites,
the LDA phase can be transformed back to the original crystalline
MFI structure. However, the pressure range for this reversible
phase transition is much wider for as-made Si-ZSM-5 (0—7 GPa)
than that for the calcined one (0—3 GPa), indicating that the TPA™
cations also act as “organizing centers” to redirect the silica fragments
with zeolite formwork signature to reform the MFI topology.®

B ASSOCIATED CONTENT

© Ssupporting Information. A table of Raman modes of the
as-made Si-ZSM-S sample containing TPA™ cations, selected
Raman spectra of the crystalline TPAB on compression and
decompression, and powder XRD patterns of recovered calcined
ZSM-S. This material is available free of charge via the Internet at
http://pubs.acs.org.
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