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Abstract: A dense amorphous form of silica was prepared at high pressure from the highly compressible,
siliceous zeolite, silicalite-1-F. Reverse Monte Carlo modeling of total X-ray scattering data shows that the
structure of this novel amorphous form of SiO, recovered under ambient conditions is distinct from vitreous
SiO, and retains the basic framework topology (i.e., chemical bonds) of the starting crystalline zeolite. This
material is, however, amorphous over the different length scales probed by Raman and X-ray scattering
due to strong geometrical distortions. This is thus an example of new topologically ordered, amorphous
material with a different intermediate-range structure, a lower entropy with respect to a standard glass,
and distinct physical and mechanical properties, eventually approaching those of an “ordered” or “perfect”
glass. The same process in more complex aluminosilicate zeolites will, in addition, lead to an amorphous
material which conserves the framework topology and chemical order of the crystal. The large volume
collapse in this material may also be of considerable interest for new applications in shock wave absorption.

Introduction

Glasses are used for a large number of technological and
everyday applications. One principal drawback of glasses is their
fragility. The existence of polymorphism in liquids and glasses,'
transitions between low- and high-density liquid or glassy forms,
and the resulting modifications to physical properties has
stimulated a great deal of interest in the nature of densified silica
glass®'* with respect to standard glass. In particular, this
“polyamorphism” gives rise to amorphous materials with the
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same chemical composition, but with different densities and
entropies. This is of interest with respect to Kauzmann’s
paradox;'* that is the extrapolated entropy of a liquid at low
temperature is lower than that of the low-temperature crystalline
phase. The glass transition intervenes on cooling prior to the
formation of a low-entropy amorphous material or “perfect
glass”15 (i.e., structural order close to that of the crystal), which
can be expected to have improved mechanical properties (lower
fragility) with respect to standard glass.
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Another method of preparing novel amorphous forms is by
pressure-induced amorphization (PIA) of crystalline phases.'®!”
PIA can yield distinct amorphous forms with important structural
differences with respect to quenched liquids or densified glasses.
This can thus help to better understand the processes of
temperature-induced vitrification, pressure-induced densification
and PIA. The investigation of the different amorphous forms
of silica and related materials can improve our understanding
of the physics and chemistry of glasses and liquids and enable
the design of new amorphous materials with original properties.

PIA of open-structured, microporous materials such as
zeolites'® Y provides another route to prepare distinct amor-
phous solids. These microporous materials, if compressed slowly
enough, were predicted to potentially tend toward the state of
a “perfect” glass by Greaves et al.'>**?> Zeolites are low-
density, porous aluminosilicates built up of corner-sharing SiO,
and AlO, tetrahedra and are extensively used in important
technological applications as molecular sieves and catalysts.*' ~*
PIA is also of interest in these materials as the origin of a new
potential application of zeolites—related to their high porosity—as
shock wave absorbers in the field of energetic materials safety.?’
In the prototypic zeolite faujasite, for example, PIA is ac-
companied by local depressurization effects due to the amor-
phization of the crystalline phase and an increase in density of
the amorphous form at the LDA (low density amorphous)—HDA
(high density amorphous) transformation.**>2%2° Such local
decompression effects provide a key mechanism for shock wave
absorption in this material. Clearly, in order to understand local
depressurization better, it is important to have structural
information on the high-pressure amorphous forms. A key point
is also to determine if there is any remaining structural order in
these amorphous forms and whether they tend toward “perfect”
glasses. The present work focuses on the preparation of a novel
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dense amorphous form of SiO, obtained from the structural
collapse of the zeolite silicalite-1-F upon compression at room
temperature.

Experimental Section

Calcined silicalite-1-F was obtained from SOMEZ (France). This
material is essentially pure SiO, and was prepared by the fluoride
route,*>*® using tetrapropylammonium cations as a templating
agent, followed by calcination. This method yields a product with
0.9% fluorine before calcination, but this value will have signifi-
cantly decreased in the final sample.

Angle-dispersive X-ray diffraction data at high pressure were
obtained using a diamond anvil cell (DAC). The starting material
was monoclinic, space group P2,/n with cell parameters a =
19.8933(3) A, b = 20.1227(3) A, ¢ = 13.3746(3) A, and 8 =
90.657(2)° with a density of 1.787 g/cm?. The silicalite-1-F sample
was placed in the 140 um hole of a tungsten gasket preindented to
100 um. NaCl was added as pressure calibrant and as an intensity
reference. Runs were performed with and without silicone oil, a
nonpenetrating pressure-transmitting medium that does not enter
the pores of the silicalite structure. Two-dimensional, X-ray
diffraction patterns were obtained on an imaging plate using
zirconium-filtered, molybdenum radiation from a microfocus tube.
The sample to imaging plate distance was 143.69 mm. Acquisition
times were of the order of 48—60 h. Pressures were measured based
on the equation of state of NaCl.?>” Cell parameters were obtained
by full-profile fitting using the program Fullprof.*® The pressure-
volume data were fitted using a second-order Birch—Murnaghan
equation of state.>® This second-order expansion fixes the first
derivative of the bulk modulus to 4. An additional exposure on the
starting mixture of silicalite-1-F and NaCl in a 0.3 mm X-ray
capillary was performed on the same diffractometer.

A Walker-type multianvil apparatus was used to prepare the
amorphous silicalite-1-F following the previously described pro-
cedure.® A total of 9.45 mg of powdered sample was placed in a
2.7 mm long, 2.5 mm internal diameter gold capsule and was loaded
in a 10 mm edge length MgO octahedral sample cell. The sample
cell was placed between the eight tungsten carbide anvils cubes
with 32 mm edge lengths and a truncated face of 5 mm edge length
in contact with the octahedron. Preformed 5 x 2 mm gaskets were
used. This assembly was then positioned between the outer six
anvils of the 1000 tonne, split-cylinder, multianvil device. The
pressure was increased to 20 GPa over a period of 3.5 h and held
at this pressure for 1 h. The sample was decompressed slowly over
a period of 15 h.

Raman spectra were obtained using a Horiba Jobin-Yvon Labram
Aramis spectrometer. The samples were placed under the 50x or
100x objectives of the Olympus microscope. 473 nm (silicalite-
1-F and silica glass) and 785 nm (pressure-amorphized silicalite-
1-F) diode lasers were used for excitation with edge filter cutoffs
beginning at 105 and 75 cm™!, respectively.

High energy X-ray diffraction data from the recovered amorphous
sample were obtained using the two axis diffractometer and 61.6
keV X-rays on the beamline BLO4B2 at SPring-8. The details of
experiment and standard data analysis are described elsewhere.*'**
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The density of the amorphous form was estimated with an accuracy
of £5% on the basis of the X-ray pair distribution function to be
0.08119 atoms/A3? (2.7 glem?).

The starting RMC model was obtained by progressively reducing
the volume of a 2 x 2 x 4 orthorhombic supercell of the silicalite
structure while randomly moving atoms to maintain local tetrahedral
geometry and network topology. Once the model had attained the
measured pressure amorphized sample density (model size 35.344
x 34.726 x 46.244 A%), the model was further refined using RMC
protocols*® by minimizing the difference between the S(Q) calcu-
lated from the model and the experimental S(Q) while retaining a
weaker restraint on the tetrahedral geometry.** Although the starting
network topology is implicitly maintained by these geometric
restraints, further bonding between atoms is not prevented. Attempts
to improve the model using RMC by imposing less constraints still
(i.e., only restraining coordination and shortest distances pairs of
atoms may approach and not maintaining silicalite topology)
produced a less physically sensible model and a poorer fit to the
data. This gives further credibility to the model structure reported
here. There are, however, some minor limitations in the resulting
model, largely due to the small size of the model and the isotropic
densification method. For example, the deformed pores in the
amorphous model are still approximately linear. Effects relating to
(e.g.) shear forces would not necessarily be introduced in the
structure and consequently buckling of the pore channels is unlikely
to take place to any great extent.

Results and Discussion

Pressure-Induced Amorphization of Silicalite-1-F. Calcined,
hydrophobic silicalite-1-F was studied at high pressure by angle-
dispersive X-ray diffraction using both a nonpenetrating pres-
sure-transmitting medium (silicone oil) and without a medium.
In both cases, the intensities of the diffraction lines of silicalite-
1-F were found to decrease immediately on pressure increase,
Figure 1A. With the use of silicone oil as a pressure-transmitting
medium (PTM), a very strong decrease in intensity occurs just
above 3 GPa with complete disappearance of the diffraction
lines just above 8.6 GPa. In the absence of a PTM, the decrease
in intensity is more gradual with complete disappearance
occurring above 14.6 GPa.

Silicalite-1-F is highly compressible, Figure 1B. The bulk
modulus over the low pressure range in silicone oil is 13.6(5)
GPa, three times more compressible than faujasite?® or quartz.*’
Above 3 GPa, the remaining crystalline phase exhibits a bulk
modulus of 9.98(9) GPa. The behavior in the absence of a PTM
is very different. Above 3 GPa, the apparent relative volume is
5—10% higher than in silicone oil and a very strong apparent
volume increase is observed above 10 GPa. Such apparent
volume increases under pressure have been reported previously
for zeolite A***>*® and faujasite®® and linked to local depres-
surization effects in mixtures of remaining crystalline material
and amorphous forms of different densities. Effectively, in this
complex microstructure, local decompression within the powder
grains results in a lower pressure being experienced by the
remaining crystalline phase in the amorphous matrix with respect
to the NaCl pressure marker. This is clearly nonequilibrium
behavior. Such local depressurization can also explain the
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Figure 1. Relative intensity of the strongest diffraction line initially at 26
= 3.65° (d = 11.159 A) (A) and relative volume (B) of silicalite-1-F in
silicone oil (triangles, small squares) and without a PTM (@) as a function
of pressure. The large square (M) indicates the relative volume of RMC
model of the recovered amorphous form. Solid lines represent fits to the
data using a Birch—Murnaghan equation of state.”

persistence of the crystalline phase to much higher pressure in
the absence of a PTM. These results can explain the potential
shock wave absorption properties of this material, as this local
decompression also partially “absorbs” the applied static pres-
sure. These effects are particularly marked in silicalite-1-F, for
which the pores are empty, as compared to hydrated alumino-
silicate zeolites such as zeolite A***>?® and faujasite.?
High-Pressure Synthesis, Vibrational and Structural Study
of Amorphous Silicalite-1-F. To understand the process better,
to directly study the structure of the amorphous form of silicalite-
1-F, and to compare it with the initial silicalite structure, a
millimeter-sized sample was prepared and recovered from 20
GPa at room temperature using a multianvil high-pressure
device. The recovered material was transparent and glass-like
in appearance. The Raman spectrum of the recovered sample,
Figure 2, is very different from that of the initial silicalite phase
and from that of silica glass. It exhibits strong bands typical
for amorphous silica at 510 and 618 cm™! along with weaker
features near 798, 847, 994, and 1224 ¢cm™'. A shoulder is
observed at 451 cm™! and the Bose peak at close to 90 cm™'.
The strong bands lie close to those of the D; and D, defect
bands of silica glass, which have been linked to the presence
of four-membered and three-membered rings (MR) of SiO,
tetrahedra, respectively.*® This region of the spectrum resembles
that of permanently densified silica glass,>*® which may be
linked to a shift in ring statistics with respect to silicalite-1-F,
leading to the formation of 3 MRs and 4 MRs; silicalite-1-F is
characterized by the presence of 4, 5, 6, and 10 MRs. Another
possibility is the presence of highly strained O—Si—O and

(46) Galeener, F. L.; Barrio, R. A.; Martinez, E.; Elliot, R. J. Phys. Rev.
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Figure 2. Raman spectra of silicalite-1-F, silica glass and pressure
amorphized silicalite-1-F.

Si—O—Si angles in the collapsed silicalite structure. A notable
difference between amorphized silicalite and silica glass (normal
and densified) is visible in the two weak, highest frequency
modes corresponding to the LO (1224 cm™!) and TO (994 cm™})
antisymmetric Si—O—Si stretching modes.*’ In the present case,
the TO — LO splitting is significantly greater, which would be
consistent with an increase in polar character. In addition, the
TO (798 cm™!) — LO (847 cm™') splitting of the partially
resolved, symmetric Si—O—Si stretching mode near 800 cm™!
is more than twice that observed for silica glass. The TO — LO
splitting in silica glass was found to arise from strong coupling
between the optic modes and low-frequency shear and stress
waves.’

Total X-ray scattering data, Figure 3A, were obtained on the
two-axis diffractometer at the beamline BL04B2 at SPring-8*'**
and correspond to a characteristic broad pattern of an amorphous
material. The first sharp diffraction peak (FSDP) of the pressure
amorphized silicalite-1-F lies at close to 1.82 A‘l, which is much
greater than that of silica glass,'® 1.53 A A strong increase
in the FSDP position has been observed as functions of pressure
and density in previous studies and has been related to changes
in the intermediate-range order in these systems.®”°~'' The
value for pressure amorphized silicalite-1-F is significantly
higher than glass densified at room temperature and slightly
higher than that densified under pressure at high temperature.
In addition, as in densified silica glass, the second peak at about
4.8 A" is very intense and different from normal silica glass.

Reverse Monte Carlo (RMC) modeling was used to determine
the structure of amorphous silicalite-1-F. A very good fit was
obtained to S(Q), Figure 3A, and the resulting model is
compared to silicalite-1-F and silica glass*® in Figure 4.
Significantly, the model S(Q) shows no Bragg peaks (Figure
3A) with no long-range oscillations in the partial radial
distribution functions, g;(r), (Figure 3B), showing that the model
is truly amorphous, despite originating from the low-pressure
crystal structure. On the basis of the total correlation functions
T(r) (Figure 5), the Si—O bond length of 1.62 Ais only slightly
greater than that of normal silica glass.*® In the partial radial
distribution functions (g;(r)), Figure 3B, the O—O and Si—Si
distributions in amorphous silicalite-1-F are much broader, an
indication of a wider distribution of O—Si—O and Si—O—Si
angles in amorphous silicalite-1-F as compared to silica glass.
The Si—Si peak is at a shorter distance in amorphous silicalite-

(47) Galeener, F. L.; Lucovsky, G. Phys. Rev. Lett. 1976, 37, 1474-1478.
(48) Tucker, M. G.; Keen, D. A.; Dove, M. T.; Trachenko, K. J. Phys.:
Condens. Matter 2005, 17, S67-S75.
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r(A)

Figure 3. (A) X-ray total structure factor S(Q) of pressure-amorphized
silicalite-1-F (+) and calculated S(Q) from the RMC refined model (red
solid line). S(Q) data for silica glass (dashed line) are shifted vertically for
clarity. (B) Partial radial distribution functions from the RMC model of
pressure-amorphized silicalite-1-F and silica glass*® (lower and upper traces,
respectively; traces are also shifted vertically for clarity). Note the double
peak in the Si—Si distribution in pressure-amorphized silicalite-1-F near 3
A ().

1-F (just less than 3 A rather than about 3.1 A). There are
differences in the intertetrahedral Si—O distributions reflecting
significant distortions of the different rings. Note also that pair
distribution function data for densified silica® bear a greater
resemblance to normal silica glass than pressure-amorphized
silicalite-1-F.

It is interesting to compare the results on pressure-amorphized
silicalite-1-F with those of the amorphous precursor and the
crystalline phase of the silica-rich zeolite ZSM-5,*" which has
the same structure as silicalite-1-F. The PDF of the amorphous
zeolite precursor is quite similar to that of normal silica glass
and very different from pressure-amorphized silicalite-1-F. The
PDF of the crystalline phase is very similar to that of silica
glass up to 4.5 A, but very different for larger distances. The
PDF of pressure-amorphized silicalite-1-F (Figure 5) presents
a much greater number of discrete peaks and shoulders rather
than smoothly varying broad features. This indicates a smaller
number of distinct distance distributions that arise from a smaller
number of characteristic structural motifs. However, the collapse
of the pores of the zeolite structure introduces further close
contacts such that (for example) intertetrahedral Si—O distribu-
tions linked to 4 (3.5 A, 3.8 A), 5 (3.7 A,3.9A,4.0A, 42 A)
and 6 3.5 A, 39 A, 40 A, 42 A) MRs are particularly
predominant for all systems. The present results indicate that

(49) Wakihara, T.; Kohara, S.; Sankar, G.; Saito, S.; Sanchez-Sanchez, M.;
Overweg, A. R.; Fan, W.; Ogura, M.; Okubo, T. Phys. Chem. Chem.
Phys. 2006, 8, 224-227.

(50) Keen, D. A. J. Appl. Crystallogr. 2001, 34, 172-177.
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Figure 4. RMC models of pressure amorphized silicalite-1-F (a) and silica
glass*® (inset to (b)) and the structure of silicalite-1-F projected along the
[010] direction (b) (to scale, note that there are less atoms in the model for
silica glass).
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Figure 5. Total correlation functions 7(r) of pressure-amorphized silicalite,
silica glass and an amorphous precursor used to prepare the zeolite ZSM-
5.4 T(r) have been obtained by direct Fourier transformation of the total
X-ray structure factor, S(Q).°

the structure of pressure-amorphized silicalite-1-F, being very
different from those of normal and densified silica glass and of
the amorphous precursor used to prepare the silica-rich zeolite
ZSM-5, is indeed a novel form of amorphous silica.

The pressure-amorphized material (p = 2.7 g/cm?®) is 51%
more dense than silicalite-1-F (p = 1.787 g/cm®) and 23% more
dense than silica glass (p = 2.2 g/cm?). The density of the
pressure-amorphized material in situ at 20 GPa may be expected
to be of the order of 3.5 g/cm® based on the study of silica
glass."® Such a density value would be consistent with 4-fold
coordinated silicon and a structure exhibiting the same basic
framework as the recovered pressure-amorphized material. It
is clear that the amorphization (and attendant loss of periodicity)
is linked to the collapse of the pores in the silicalite structure,

025 50 75 100 125 150 17
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0 25 50 75 100 125 150 175
Si-Si-Si angle (°)

Figure 6. Bond angle distributions from the RMC model of pressure-
amorphized silicalite-1-F and silica glass.*®

which occurs through large random local changes in Si—O—
Si bond angles based on the strong broadening of the Si—Si
correlation (see Figure 5). The strong reduction in Si—Si—Si
and Si—O—Si bond angles with respect to silica glass (see
Figure 6) and the presence of a double peak in the Si—Si
correlation (Figure 3B) are indicative of highly strained
configurations on different length scales, respectively; in the
ring edges and locally in the Si—O—Si angles around the oxygen
atoms. This intertetrahedral Si—O—Si angle distribution in
amorphized silicalite-1-F is centered around 125° rather than
145—150° and is much broader than in silica glass (see Figure
6).

There are small voids corresponding in particular to the
collapsed 5, 6, and 10 MRs of the initial crystalline structure.
The present experimental results and RMC model indicate that
the amorphization can take place while still retaining remnant
periodicity and without a major change in ring statistics. The
ring statistics in pressure-amorphized silicalite-1-F found in
Figure 4 can be explained by an extraordinary “topologically
ordered” structure (i.e., still retaining the initial chemical bonds
and connectivity); amorphous materials usually exhibit “topo-
logically disordered” structures’'>? in which ring statistics are
very broad and very different from the corresponding crystal
phase.>® Inspection of the silica glass model (Figure 4, inset)
shows that voids are also present, but distributed in a random
manner, more a characteristic of a quenched liquid.

The amorphous structure can helpfully be compared with the
pressure-induced amorphous structures produced at high pres-
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sures using ab initio methods on zeolite structures.”’ In this
study, a series of different structural motifs were obtained with
increasing pressure which correspond to increased distortion of
the zeolitic ring and pore structure with eventual collapse and
increased bonding at the highest pressures. The pressure
amorphized silicalite-1-F structure shown in Figure 4 is strongly
reminiscent of the collapsed ring structures of the ab initio study
at intermediate pressures. Interestingly, the ab initio structures
at these pressures also do not involve bond breaking and show
reduced average Si—O—Si bond angles.

Finally, a recent PDF study® of the pressure-amorphized,
hydrated aluminosilicate zeolite Na-A indicates little change in
the local environments around T (Al, Si) and Na atoms upon
PIA. This is consistent with no measurable T—O bond breakage,
which is in agreement with the present results concerning Si—O
bonding. Major changes were, however, observed in correlations
at longer distances linked to the specific secondary building
units, such as sodalite cages and double 4 MRs, of the Na-A
structure.

Conclusion

The present study emphasizes the difference between the
vibrational properties and the structural topology of amorphous
materials obtained by temperature-induced vitrification and those
obtained by PIA of an open-structured, microporous, crystalline
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material; the latter retains the basic topology of the initial
crystalline phase, but with strong geometrical distortions. This
opens the route to prepare new topologically ordered (i.e., still
retaining the initial chemical bonds and connectivity), amor-
phous materials with different intermediate-range structures, a
lower entropy with respect to a standard glass, distinct physical
and mechanical properties, eventually approaching those of an
“ordered” or “perfect” glass. The conservation of the topological
order in analogous, but more complex, aluminosilicate zeolites
will, in addition, also conserve the chemical order of the crystal
in the amorphous material. The structural collapse, in particular
around the empty pores, which is shown to occur in PIA of
silicalite-1-F and leads to a high degree of densification, provides
a mechanism for shock wave absorption in this material.
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