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ABSTRACT: Recently, simple carbon based polymers have been
synthesized at high pressures in silicalite, a pure SiO2 zeolite with a 3D
system of mutually interconnected microchannels. These protocols
permitted otherwise unstable polymers to be stabilized and protected
from the atmosphere and to obtain an entirely novel class of
nanocomposites with modified physical properties. In these 3-D
systems, channel interconnection may prevent ideal, isolated polymer
chains to be obtained. In this work, the high pressure (5−10 GPa)
synthesis of two archetypal, linear polymers polyacetylene (PA) and
polycarbonyl (pCO) in the 1D channel system of the pure SiO2 zeolite
ZSM-22 (TON) has been performed. The two resulting nano-
composites PA/TON and pCO/TON are organic/inorganic composite
materials, which are good candidates as highly directional semi-
conductors and high energy density materials, respectively. The synthesis was performed in diamond anvil cells, starting from
dense C2H2 and CO, confined in ZSM-22, and the nanocomposites were recovered at ambient conditions. The monomer
polymerization was proven by IR spectroscopy and synchrotron X-ray diffraction measurements. DFT calculations were
performed in order to obtain insight about the configurations of the 1D embedded polymers.

■ INTRODUCTION

High pressure (HP) conditions, in the range of tenths/
hundreds of GPa, lead to development of new physics,
chemistry and materials science with the discovery of novel
phases and materials.1−12 One remarkable case in this respect is
the purely pressure induced self-assembling/polymerization of
simple, carbon bearing molecules such as acetylene, ethylene,
and carbon monoxide, obtained in the GPa range.13−15,11,16−25

These fundamental studies also have potential implications for
technology. Polyethylene (PE) is the most widely used plastic
material; polyacetylene (PA) is a textbook model, conductive
polymer, and polycarbonyl (pCO) is a good candidate as a high
energy storage material with an energy density comparable with
that of dynamite. HP polymerization avoids the polluting use of
catalysts and radical initiators. Unfortunately, while HP
polymerization of C2H4 leads to crystalline polymers with

ultrahigh molecular weight,11 polymerization of C2H2 and CO
ends in final products which are structurally and chemically
disordered that certainly limits potential technological
applications. Poly-C2H2 (PA) obtained at high pressures is
not only made of conjugated (C2H2)n chains with C in sp2

hybridization as the chains are also highly branched and contain
terminations via sp3 C sites.13 Poly-CO, on the other hand, is
an entirely random 3D polymer made of a large variety of
functional groups such as carbonyls, particularly in the form of
anhydride moieties, epoxy rings, and C−C−O and C−O−C
groups with also an excess of molecular CO2; in addition, both
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PA and pCO are strongly damaged by exposure to light and/or
moisture.17−25

Recently, significant effort has been made in polymerizing
C2H4,

26 C2H2,
27 and CO28 at high pressures, under strong

confinement inside the pore system of zeolites. The aim of this
research is at least threefold: (i) unveiling fundamental aspects
on self-assembling of dense matter in a strongly confined space
and with reduced dimensionality, (ii) synthesizing organic
polymers in chemically protecting, inorganic scaffolds, and (iii)
synthesizing entirely novel nanocomposite materials with
modified physical and chemical properties with respect to the
two components, the polymer and the zeolite. These protocols
only use pressure as the driving force (and also UV light in the
case of ethylene) with no catalysts and/or radical initiators.
Indeed, PE, PA, and pCO have been synthesized in the GPa
range in the microchannels of silicalite (SIL), an electrically
neutral, noncatalytic, hydrophobic, all SiO2 zeolite. Silicalite is
characterized by a framework of 4-, 5-, 6-, and 10-membered
rings of corner-sharing SiO4 tetrahedra forming interconnected,
mutually orthogonal straight and sinusoidal 5.5 Å diameter
channels.29,30 Single PE, PA, and pCO polymeric chains are
efficiently formed both in straight and in sinusoidal channels,
leading to nanocomposite materials that were termed PESIL,
PASIL, and pCOSIL, respectively. Indeed, total chemical order
and some degree of structural order were obtained in the case
of CO, where all-transoid polycarbonlyl [(CO)]n was
formed in the channels of silicalite. Interestingly, a bulk solid
phase of this type of polymer was predicted to form from CO at
high pressures and to be stable/metastable in a large range of
pressures, including ambient conditions,31 but this polymer has
not been synthesized so far. Strong confinement of self-
assembling, monomeric CO in the channels of zeolites at high
pressure seems to be a unique way, maybe the only way, to
obtain chemically ordered [(CO)]n chains. Unfortu-
nately, the PE, PA, and pCO/silicalite nanocomposites are
affected by at least two drawbacks, which may limit their ideal
physical properties, such as conductivity for PA and, as a
consequence, potential applications of these materials. First,
sinusoidal polymeric chains assembled in the sinusoidal
channels are highly strained as these polymers are linear in
the unstrained form. Also, as verified for PASIL, cross-linking of
linear and sinusoidal channels may lead to branching of
confined polymeric chains. In this work, we aim to overcome
these limitations, which could permit the exploitation of the
directional properties of the polymers, by using a noncatalytic,
all SiO2 zeolite, ZSM-22 (TON),32 with a 1D channel system as
the host material. The unidirectional channels of TON have
elliptical cross sections of 5.7 and 4.6 Å axes, respectively, which
may also be useful in driving the planar assemblage of the
carbon backbone of the polymeric chains. In the following, we
present the high pressure synthesis and spectroscopic and
structural characterization of PA/TON and pCO/TON
composites, where indeed 1D PA and pCO are formed in the
host channels of TON.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

The TON zeolite was prepared by sol−gel techniques using
triethylenetetramine as the structure directing agent followed by
crystallization at 170 °C under hydrothermal conditions as described
previously.32 The sample was calcined in air at 550 °C to remove the
organic template. Membrane diamond anvil cells (MDAC) equipped
with stainless steel gaskets were used for the polymerization of

confined acetylene and CO in TON, i.e., for the synthesis of PA/TON
and pCO/TON. Typical sample dimensions were 100−300 μm in
diameter and 40−50 μm in thickness. Acetylene (purity 99.6% from
Rivoira and further purified by us13) was loaded cryogenically at 190 K
together with hydrophobic TON powder. Gaseous acetylene was
allowed to flow at ambient pressure through the cooled sample
chamber where it froze all around and inside the pores of the zeolite,
and external pressure was then applied, similarly to the loading of pure
acetylene.13 In contrast, carbon monoxide (purity 99.99% from Sapio)
was loaded cryogenically in the liquid phase, at 1−2 bar and 77 K,
together with the TON powder. A ruby chip was also put in the
sample chambers for pressure measurements.33 Good mechanical
matching between TON and monomers guarantees that pressure is
efficiently transmitted from the zeolite matrix to the embedded
monomers and, consequently, that TON and these monomers are
really compressed together. Mechanical matching is due to empty
TON and pure solid molecular systems having reasonably similar
compressibility, slightly lower than one tenth of GPa−1 for TON and
equal to a few tenths of GPa−1 for the molecular substances. On the
other hand, the slightly higher compressibility of the dense monomers
is responsible for these substances being efficiently packed into the
zeolites matrix under pressure before the framework collapse, which in
turn deactivates pressure induced amorphization, at least in the range
of pressures where polymerization is observed in this work.34

IR absorption spectra were measured by a Bruker IFS-120 HR
Fourier transform infrared spectrometer equipped with a globar lamp,
a KBr beam splitter, an MCT detector, and an optical beam condenser
based on ellipsoidal mirrors (ref 35 and references therein). The
spectral resolution was 1 cm−1. Some synchrotron FTIR measure-
ments on PA/TON were also performed at the AILES and SISSI
beamlines at SOLEIL and ELETTRA, respectively. Synchrotron IR
data are consistent with those obtained from the laboratory setup and
are not reported here. Micro-Raman measurements were also
attempted using the 647.1 nm line of a Kr+ laser, but results were
severely limited by fluorescence emission and, in the case of pCO/
TON, by photodegradation of samples. Angle dispersive, powder X-
ray diffraction (XRD) patterns were measured by using both a
laboratory source and a synchrotron facility. Synchrotron XRD were
measured at the ID09A beamline of the ESRF, with a monochromatic
beam (λ = 0.414132 Å for pCO/TON and λ = 0.415352 Å for PA/
TON) and a MAR555 flat panel detector. The nominal size of the
focal spot was 20 μm. The diffraction patterns were analyzed and
integrated using the FIT2D program.36 The Rietveld refinements were
performed with the program Fullprof.37 Fourier maps were calculated
using the program GFOURIER.38

Density functional theory (DFT) based calculations were
performed on the cis-PA/TON and the trans-PA/TON as models
of the ordered state of the PA/TON. Similarly, the cisoid-pCO/TON
and the transoid-pCO/TON were used as models of the pCO/TON.
We used the SIESTA package39 and the generalized gradient
approximation to the exchange correlation functional as proposed by
Perdew, Burke, and Ernzerhof.40 Core electrons were replaced by
nonlocal norm-conserving pseudopotentials. The valence electrons
were described by a double-ζ singly polarized basis set. The
localization of the basis is controlled by an energy shift of 50 meV.
Real space integration was performed on a regular grid corresponding
to a plane-wave cutoff around 300 Ry. Atomic positions were relaxed
at the experimental lattice parameters using a conjugate gradient until
the maximum residual atomic force was smaller than 0.008 eV/Å.
These relaxations were performed using a 6 × 6 × 4, 6 × 6 × 4, 8 × 8
× 8, and 4 × 4 × 6 k-point mesh for the cis-PA/TON, trans-PA/TON,
cisoid-pCO/TON, and transoid-pCO/TON, respectively. Electronic
density-of-states of these four ordered models have been calculated
using a 25 × 25 × 20 k-point mesh. We found that the cis-PA/TON
and transoid-pCO/TON are semiconducting whereas the trans-PA/
TON and cisoid-pCO/TON are metallic. Zone-center phonons of cis-
PA/TON and trans-PA/TON were calculated within the harmonic
approximation by finite difference of the Hellmann−Feynman forces
with an atomic displacement of 0.03 Å and using the same k-point
mesh considered for the relaxation. Positive and negative displace-
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ments are used to minimize the anharmonic effects. For the all-
transoid CO polymer, we used 50 k-points along the polymer
direction, and a vacuum size of 12 Å was used to avoid interchain
interactions in the two other directions.

■ RESULTS AND DISCUSSION
IR Characterization of PA/TON and pCO/TON. IR

absorption spectroscopy, which is a powerful technique for
determining chemical species, was used for tracking the time
evolution of pressure induced polymerization of C2H2 and CO
in TON and to characterize the final, nanocomposite material.
Similarly to polymerization in bulk C2H2 and CO and of the
same molecules confined in silicalite, polymerization in TON
was complete in a few hours/days, at about 5 GPa for C2H2 and
7−10 GPa for CO, respectively.13,25,27,28 The fact that
polymerization occurs at similar pressures in bulk and in the
embedded monomers suggests that indeed pressure is the
major driving force for the self-assembly of the monomers in
the channels of TON and that the potential catalytic role of any
OH impurities at the inner pore surface is rather negligible.
Figure 1 shows the selected spectral region of C−H stretching

modes of PA in the PA/TON composite, at high pressures,
along with similar literature spectra for bulk PA and PASIL,
which are reported for comparison.27 Peaks assigned to modes
of CH groups with C in sp2 and sp3 hybridization are indicated;
these peaks correspond to PA chains/oligomers and points of
branching and termination of the chains, respectively. There-
fore, the ratio r between the integrated absorbance of sp2 and
sp3 peaks is a quality parameter, indicating the degree of

deviation from the ideal, all conjugated chain of PA. In perfect
PA r would be infinite. Indeed, in bulk PA, PASIL, and PA/
TON r is equal to 0.35, 0.46, and 1.1, respectively, which, once
the different absorption cross sections for sp2 and sp3 C sites
are taken into account,41 leads to sp2/sp3 ratios of 0.52 (bulk
PA), 0.67 (PASIL), and 1.5 (PA/TON). Actually, the real sp2/
sp3 ratio in PA/TON is expected to be even higher than 1.5,
since the powdered nanocomposite is surrounded by bulk PA,
which may be the main source of the C(sp3)−H stretching IR
peak. In the end, the result is that while the degree of branching
in PA assembled in PASIL is comparable to that of bulk PA,
due to the non-1D and interconnected character of the host
channels in silicalite, the 1D channels of TON indeed drive the
formation of virtually nonbranched PA chains, which is of
paramount importance for potential applications. In a similar
manner, Figure 2 shows the IR spectrum at ambient conditions

of pCO/TON in a free-standing gasket, which was taken out of
the DAC and exposed to the atmosphere, together with a
literature spectrum of pCOSIL. We limit our discussion to the
CO stretching region (1500−2000 cm−1) and only for
recovered samples outside of the DACs, since saturating peaks
of TON dominate other spectral regions at lower frequencies
and because the strong two-phonon peak of diamond partially
overlaps with the CO stretching peak of the nanocomposites.
We see that the CO complex band is made of a sharper,

Figure 1. IR absorption spectrum of PA/TON (top), in the selected
frequency range of the C−H stretching modes, at 5.2 GPa. Conjugated
chains of PA are identified by the C(sp2)−H peak (orange, with full
area), whereas the C(sp3) peak (blue) reveals branching and
terminations of the chains, most likely related to the surrounding
bulk polymer. Reproduced spectra of PASIL and bulk PA are also
reported for comparison.27 Absorbances of the three spectra were
normalized to the same peak intensity. Spectra are vertically shifted by
a constant, for the sake of visual clarity.

Figure 2. IR absorption spectrum of pCO/TON (top), in the selected
CO stretching frequency region. The sample was recovered in the
gasket, taken out of DAC, and exposed to atmosphere. The peak
assigned to confined pCO in host TON is schematically marked by the
blue color. Three Lorentzian peaks (dashed lines for each and
continuous yellow line for the sum of the three) have been fitted to
this peak. Vertical bars: DFT calculated frequencies for cisoid-pCO/
TON. Spectrum of pCOSIL is also reported for comparison.28

Absorbances of the two spectra were normalized to the same peak
intensity. Spectra are vertically shifted by a constant, for the sake of
visual clarity.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b01639
Chem. Mater. 2016, 28, 4065−4071

4067

http://dx.doi.org/10.1021/acs.chemmater.6b01639


central peak, marked by the blue color, which also exhibits a
fine structure and is superimposed on a much broader one.
Following the discussion on pCOSIL,28 the sharper peak arises
from confined pCO, whereas the broader one is mainly due to
bulk pCO which surrounds the powdered pCO/TON and, at a
much less degree, by weak peaks of TON. The broad band of
bulk pCO is most likely to be related to different kinds of
carbonyl groups in this chemically disordered material. Instead,
the sharper peak of confined pCO is a strong sign of chemical
order of this polymer in pCO/TON. Indeed, the ideal, infinite
all-transoid [(CO)]n chain has only one IR CO
stretching active mode, which is compatible with the single
peak of confined pCO in pCOSIL. On the other hand, the
corresponding peak in pCO/TON is split in three components
by about 25−30 cm−1. The splitting indicates a more complex
structure or a stronger interaction with the host zeolite than in
the case of “isolated” all-transoid polycarbonyl (transoid-pCO),
which in addition is not compatible with the symmetry of the
unit cell of the host TON zeolite. The most simple symmetry-
compatible configuration is that with alternating cisoid and
transoid (CO) conformations, termed cisoid-pCO/TON.
DFT calculations on transoid-pCO/TON predict eight

infrared A-modes [1606, 1607, 1643, 1656, 1665, 1684, 1690,
and 1692 cm−1] in this region whereas calculations on cisoid-
pCO/TON give four infrared modes [1776 (B2), 1766 (A1),
1746 (A1), and 1733 cm−1 (B2)]. This latter configuration of
the pCO is therefore in much better agreement with the
experimental spectrum considering the number of predicted
modes and their frequencies. Further discussion of this aspect
follows in the XRD section, where results of structural
refinement are presented.
Determination and Refinement of the Structures of

PA/TON and pCO/TON by XRD. Laboratory XRD has been
used to qualitatively check the degree of pore filling of TON
with acetylene/PA and CO/pCO during the synthesis of the
composite materials, at high pressures. However, the limited
data quality of laboratory XRD and particularly the low signal-
to-noise ratio and low angular resolution prevented quantitative
structure refinements of PA/TON and pCO/TON. Synchro-
tron powder XRD measurements were thus performed on the
nanocomposite materials, which were recovered in the gasket at
ambient pressure. Very high quality data were obtained for PA/
TON. Preliminary refinements were performed using the
empty SiO2 framework based on the structural model of
Marler.42 The fit was very poor with a Bragg R-factor of 30.1%.
A Fourier difference map was then calculated, which enabled 4
sites for carbon atoms per unit cell to be located. These four
sites, each with a multiplicity of 4, lying in the yz plane cannot
all be occupied simultaneously as the C−C distances would be
too short. The refinement with the 24 SiO2 formula units from
the framework and the 16 C atoms in the pores with the
chemical site occupancy fixed to 50% gave a very good fit with a
Bragg R-factor of 4.2%, Figure 3 (top), Table 1, and Table 1SI.
The improvement in the fit obtained by including 16 C atoms
with 50% occupancy is consistent with the presence of a degree
of disorder in the chain isomers and positions, which is in
better agreement with the residual electron density in the
center of the pores in the observed Fourier map, Figure 4 (top),
than a model with 8 C atoms fully occupying their
crystallographic sites. The PA content is thus four chains per
unit cell and consequently one chain per pore corresponding to
100% pore filling. In order to obtain further information on the
nature of the PA chains inside the pores, a second refinement

was performed using the relaxed cis-PA chain from the DFT
calculations with fixed positions, Table 1, Table 2SI, and Figure
5 (top). We can again note that DFT calculations also confirm

Figure 3. Experimental (dots) and calculated (solid line) XRD profiles
from the Rietveld refinement of PA/TON (top) and pCO/TON
(bottom) at ambient pressure; the samples were recovered in the
gasket. The difference profile is on the same scale. Vertical bars
indicate the positions of the calculated Bragg reflections.

Table 1. Structural Data and Agreement Factors Obtained
from Rietveld Refinements for PA/TON and pCO/TON
(space group Cmc21, Z = 8)a

cell parameters PA/TON pCO/TON

a (Å) 13.8553(1) 13.8867(4)
b (Å) 17.3992(2) 17.4430(9)
c (Å) 5.03855(5) 5.0475(2)
V (Å3) 1214.64(2) 1222.63(8)
Rp (%) 10.2 [11.9] 9.1 [9.8]
Rwp (%) 9.4 [10.7] 5.7 [6.3]
RBragg (%) 4.2 [5.7] 3.1 [3.2]

aAgreement values with the atoms of the embedded polymers fixed to
the values obtained from the relaxed DFT structures with fixed cell
parameters are given in square brackets. The full list of structural data
is in the Supporting Information (Table 1SI and 2SI).
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that the PA chains have a planar zigzag conformation parallel to
the bc plane. The Bragg R-factor increased to 5.7% indicating

that such a model, although it is much closer to the final model
in terms of the quality of the fit than the empty pore model,
does not completely reproduce the data. This result and the fact
that the observed Fourier map contains additional features with
respect to the four peaks along z in the center of the pores
expected for the carbon atoms of pure cis-PA indicates that the
true structure is disordered. It can be noted that an ordered
pure-trans PA is not consistent with the symmetry of TON and
such a structure would imply an increase in the size of the unit
cell and a change in symmetry and consequently changes in the
X-ray diffraction pattern, which is not observed in the
experimental data.
A similar approach was adopted for the pCO/TON

nanocomposite. Again the C and O atoms could be readily
located on the Fourier difference map and incorporated in the
structural model, although they could not be chemically
distinguished because of their nearly equal scattering power.
The fit obtained from the Rietveld refinement was very good
with a Bragg R-factor of 3.1%, Figure 3 (bottom).
The refined occupations give a CO content of 2.4 molecules

per unit cell corresponding to 30% pore filling in a statistical
distribution. Incomplete pore filling is probably linked either to
an incomplete polymerization of CO and subsequent loss of
remaining monomers after pressure release or to incomplete
filling by the initial CO monomers. The present structural
model consists of alternating cis and transoid configurations,
which are commensurate with the framework and consistent
with the observed Fourier map, Figure 4 (bottom). This model
gives unreasonable bond lengths and angles. As in the previous
case, the relaxed chain from DFT calculations was used in a
second refinement with fixed positions for the chain atoms,
Figure 5 (bottom) and Table 1. In this case the Bragg R-factor
was essentially identical to the first refinement, indicating that
the refinement is not very sensitive to minor shifts in the
positions of the guest atoms. The DFT model can thus
correctly reproduce the experimental data, both on a structural
level and on a vibrational level in the infrared spectrum.
In addition, DFT calculations of the electronic density-of-

states of the ordered models of pCO/TON and PA/TON
show van Hove singularities within the band gap of the TON
due to the 1-D nature of the polymer chains. This result
suggests that these singularities could be observed in the
corresponding experimental samples, which is beyond the
scope of the present study. An estimate of the band gap of these
nanocomposites is presently not possible as we found that the
ordered models of PA/TON can be metallic (trans-PA/TON)
or semiconducting (cis-PA/TON). The same problem occurs
for the ordered models in pCO/TON.

■ CONCLUSIONS
We have developed high pressure technological protocols, in
the GPa range, to synthesize novel organic/inorganic subnano-
composite materials made of 1D guest polymers, PA and pCO,
within the driving 1D microchannels of an all SiO2, noncatalytic
zeolite ZSM-22 (TON). Dense acetylene and CO were indeed
inserted in TON, and purely pressure induced polymerization
of the monomers was obtained, leading to two new materials:
PA/TON and pCO/TON. Characterization by IR spectrosco-
py, synchrotron XRD, full structural refinements, and DFT
simulations show that the guest polymers have a strict planar
conformation, which is most likely due to the elliptical shape of
the host channels, and that they are mainly in the cis
configuration, although PA is affected by some degree of

Figure 4. Section of the electron density map at x/a = 0.5, obtained by
Fourier inversion of observed structure factor amplitudes and model
phases (the isocontour interval is 0.1 e/Å3). The white circles at y/b =
0.1−0.25 and y/b = 0.75−0.9 represent the framework atoms, whereas
the polymerized chains are visible at y/b = 0.4−0.6 for PA/TON (top)
and pCO/TON (bottom).

Figure 5. Structure of PA/TON (top) and pCO/TON (bottom).
SiO4 tetrahedra are represented in blue. Black/white, white, and red/
white spheres represent carbon, hydrogen, and oxygen atoms,
respectively, from the relaxed structure of PA and pCO obtained
from DFT calculations and fixed during the refinement.
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disorder within the plane. Remarkably, confined pCO is
chemically ordered in constrast to bulk pCO observed so far,
which is structurally and chemically disordered. On a general
ground, our protocols indicate new chemical routes for
synthesizing composite materials, where an inorganic scaffold
drives the formation of, supports, and protects from the
atmosphere an embedded organic polymer with low
dimensionality, which in turn leads to overall novel materials
with important physicochemical properties. In the present case,
pCO/TON is a material with an energy storage capacity
comparable to or even higher than that of dynamite. The
protecting TON truly allows this energy to be retained/stored
in the presence of atmospheric moisture, whereas pure bulk
pCO immediately releases the stored energy when exposed to
the atmosphere after the high pressure synthesis. In the case of
PA/TON, the zeolite is also a unique way to prevent PA from
reacting with the atmospheric moisture. In addition, the 1D
nature of the polymers, in particular the van Hove singularities
predicted by DFT in the density of states of valence electrons,
which are confined in the transverse directions and free or
quasi-free in the long direction, leads to the potential use of this
class of materials as quantum devices for important applications
such as quantum computation.
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