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1. Introduction 

Zeolite materials, thanks to the unique properties, related to their composition and pore 

topology, are of paramount importance in many technological processes, such as catalysis, 

adsorption, separation and ion exchange [1,2,3,4].  

Due to their structure, zeolites pores can be filled by suitable guest molecules (organic or 

inorganic) and cations, more or less able to diffuse in the pores [5,6]. Their level of 

hydrophilicity/hydrophobicity, thus their affinity for lyophilic or organic molecules can be 

modulated varying their SiO2/Al2O3 ratio. Thanks to their void architecture, zeolites can also be 

adopted as “moulds” for creating regular arrays of molecules to develop functional materials [6], 

such as: i) semiconductor quantum dots and wires [7]; ii) artificial antenna systems provided by 

wires of organic dyes running along the zeolite mono-dimensional channel system [8,9]; (iii) 



luminescent materials obtained by the insertion of lanthanide arrays in the zeolite channels [10]; 

(iv) effect pigments [11]. Moreover, by operating at high pressure (HP) conditions, novel 

supramolecular arrangements can be induced by the zeolite “mould” [12,13]. 

Once the pores are filled, reactions can be induced and controlled inside the zeolite’s cavities. It 

has been demonstrated that high pressure (HP) is an ideal tool for implementing chemical 

reactions induced by purely mechanical methods, by tuning the intermolecular/interatomic 

distances and inducing a rearrangement of chemical bonds. The nano-confinement, deriving from 

the combination of HP with the geometrical constraints imposed by the zeolitic framework, has 

proven to be effective in driving the formation of polymers with desired dimensionality, such as 

polyethylene [14], polyacetylene [15] and polycarbonyl [16]. Preparing isolated, self-standing, 

densely packed polymers, protected in a hydrophobic matrix, is very challenging via conventional 

protocols [17, 18].  

In this work, we explore the possibility to exploit the porous template effectiveness of zeolites 

in inducing, under confinement, a specific polymerization - along preferential directions - that 

does not occur in the bulk. The final goal is to realize a linear conductive polymer which has strong 

potential in several technological applications, such as in gas sensing. The realized hybrid material, 

in fact, will be characterized by a unique combination of properties, such as hydrophobicity, huge 

surface area and space confinement of the host species. In the gas sensing field, the capability to 

fully exploit these properties means low cross-sensitivity to humidity and high sensitivity. In 

addition, an effective host-guest interaction is expected to increase the stability of the guest 

material. High sensitivity and stability and reduced humidity   are all desirable features, which, 

since several years, are pursued through different approaches, but they are still to be reached 

[19].  

In this work, we tested the realization of a continuous mono-dimensional poly-phenyl acetylene 

chain by injecting the monomer molecules as pressure transmitting medium inside a high-silica 

mordenite and following their behaviour under HP. 

 

2. Materials and Methods  

2.1 Materials  

A high silica mordenite (purchased from the Tosoh Corporation in its protonated form, Si/Al ~ 

200, HS-MOR hereafter) was selected as the host material, considering the following specific 



needs: i) its pore dimensions allow the penetration of the molecules of interest; ii) the framework 

has a mono-dimensional channel system, suitable to promote the synthesis of 1D isolated polymer 

chains; iii) the connection among the channels will allow the gas circulation. This latter is a crucial 

point for the realization of a gas sensing device: an effective gas circulation requires mono-

dimensional non-intersecting - but communicating - parallel channels with different diameter, one 

larger channel in which the polymerization will be realized, and one smaller channel for gas 

diffusion. The contact between the parallel channels is ensured in MOR topology by sufficiently 

large windows between them.  

Mordenite: Mordenite (framework type MOR [20], space group Cmcm,) crystal structure 

exhibits a 1D  channel system characterized by two parallel channels running along the c axis: a 

large almost circular 12MR channels (‘‘free diameters’’ 6.5 Å x 7.0 Å) and a strongly elliptic 8MR 

channels (‘‘free diameters’’ 2.6 Å x 5.7 Å). These channels are interconnected along the [010] 

direction through side pockets delimited by two 8MR apertures that, in turn, form a sinusoidal 

channel (‘‘free diameters’’ 3.4 Å x 4.8 Å) running along the b axis [21]. As a whole, two 12MR and 

two 8MR are present in a single unit cell.  

The pristine material has been fully characterized and previously used in a number of studies, 

[22,23,24,25,26,27,28]. A representation of MOR framework and structural data of the pristine HS-

MOR here used are reported in Figure 1 and in Table 1, respectively.  

 

Figure 1. MOR framework structure viewed along the [001] direction. Unit cell is drawn. 

 



HS-MOR  

SiO2/Al2O3 ~200 

Space group Cmcm 

a (Å) 18.0519(8) 

b (Å) 20.2061(8) 

c (Å) 7.4506(3) 

V (Å3) 2717.7(2) 

H2O molecules p.u.c.* 3.6 

 

Table 1: Data relative to the pristine HS-MOR used for phenylacetylene loading. *taken from the structural 
refinement reported in reference [26]. 

98%pure Phenylacetylene: Pure phenylacetylene (PhA hereafter) purchased by Sigma Aldrich.  

2.2 Pore dimensions evaluation 

Textural properties were evaluated by N2 adsorption at 77 K in a vacuum-improved 

Micromeritics Tristar apparatus after outgassing at 250°C. Mesopore volume was measured by the 

aS method and mesopore size distribution was evaluated by DFT method. 

2.3 High pressure experiments  

To unravel the formation of PhA polymer inside HS-MOR and its stability inside zeolite 

channels, the guest-guest and host-guest interactions were investigated by in situ HP X-ray 

powder diffraction experiments (HP-XRPD) and HP Infrared Spectroscopy (HP-IR) experiments. 

2.3.1 HP-XRPD  

Some preliminary patterns were collected on a conventional diffrattometer (Mo Kα Radiation) 

but the quality of the data allow only qualitative consideration on pore filling (see below), so all 

the HP-XRPD experiments were collected at synchrotron facilities 

HP - XRPD experiments were performed at the beamline BM01, ESRF (European Synchrotron 

Radiation Facility, Grenoble France) using a modified Merrill−Basset Diamond Anvil Cell [29]. 

Pressure was calibrated using the ruby fluorescence method [30] on a nonlinear hydrostatic 

pressure scale (the estimated error is 0.05 GPa) [31]. Pure PhA was used as penetrating Pressure 

Transmitting Medium (PTM). The experiments were performed in Debye Scherrer geometry with a 

fixed wavelength of 0.68202 Å. Diffraction intensities were collected on a Pilatus Dectris detector 

(with pixel dimensions of 172 μm x 172 μm) positioned at a fixed distance of 238.98 mm from the 

sample. Pressure was increased up to 1.34 GPa and then the pressurized DAC was kept in oven at 



150°C for 5 hours. Then a diffraction pattern was collected. Diffraction images were integrated and 

treated obtaining one-dimensional patterns using the Dioptas program [32]. 

Structure refinement was performed on the pattern collected at 0.40 GPa in the Cmcm space 

group using the GSAS package [33] with the EXPGUI [34] interface, starting from the framework 

atomic coordinates reported in [27]. The extra-framework sites (oxygen atoms of water and PhA 

molecules) were localized through the inspection of the difference Fourier map. The background 

curve was fitted using a Chebyshev polynomial with 24 coefficients. The pseudo-Voigt profile 

function proposed by Thompson [35] was used with a peak intensity cut-off set to 0.1% of the 

strongest peak. Soft-restraints were applied to the T–O (1.60 Å) and C-C distances (1.50, 1.40 and 

1.25 Å  for the single, double and triple bonds respectively); the weight was gradually decreased, 

after the initial stages of refinement, up to a final weight of 50. The isotropic displacement 

parameters were constrained in the following way: a value for all the tetrahedral cations, a second 

value for all the framework oxygen atoms, and a third value for the carbon atoms. Details of the 

structural refinement are reported in Table 2. Atomic coordinates, occupancy factors, and thermal 

parameters, along with selected bond distances (Å) are reported as Supporting Information 

(Tables 1S and 2S, respectively). The final observed and calculated powder patterns for HS-MOR 

PhA at 0.40 GPa are provided in Figures S1.  

Table 2: Structural refinement parameters of HS-MOR compressed in PhA at 0.40 GPa. 

 

0.40 

GPa 

Space 

group Cmcm 

a (Å) 

18.119(1

) 

b (Å) 

20.235(2

) 

c (Å) 

7.4619(6

) 

V(Å3) 

2735.8(3

) 

Rwp (%) 0.1031 

Rp  (%) 0.007 

RF
2  (%) 0.10 

Nobs 947 



Nvar 71 

2.3.2 HP-IR  

For investigating HS-MOR/PhA mixtures at high pressures by IR absorption spectroscopy, we used 

membrane DACs with a diamond culet diameter of 600 μm and equipped with stainless steel 

gaskets. Typical sample diameter and thickness were 200 μm and about 50 μm, respectively. The 

cell was loaded with pure phenylacetylene as PTM. A ruby chip was also put in the sample 

chamber for pressure measurements [36]. After closing the cell, the liquid hydrocarbon filled both 

the pores of the zeolite (confined PhA), as testified by changes in the relative intensity of X-ray 

diffraction Bragg peaks of HS-MOR, and the residual empty space between the grains of mordenite 

(bulk PhA). High pressure, IR spectra on HS-MOR/PhA were measured with resolution of 1.0 cm-1, 

using a Bruker IFS-120 HR Fourier transform infrared spectrometer equipped with an optical beam 

condenser based on ellipsoidal mirrors [37]. The IR spot diameter is typically larger than the 

sample diameter and, consequently, the gained information on chemical structure corresponds to 

the spatial average of this structure over the whole sample size. 

 

3. Results and Discussion 

3.1 Surface area and pores dimensions of pristine HS-MOR 

 To obtain information on the pore dimension distribution, HS-MOR sample was characterized 

by N2 adsorption. The N2 sorption (Figure 2) follows a type 1 isotherm, typical of a microporous 

solid, with some specific features. The onset of adsorption at low pressure is less sharp than 

expected in a purely microporous solid. The presence of a continuous transition between 

microporosity (diameter lower than 2 nm) and small mesoporosity has to be considered in the 

evaluation of the micropore volume by comparison methods. The αS plot cannot be linearized 

below αS=1. As a consequence, the volume of small pores evaluated by this method, 0.22 cm3 g-1, 

is not limited to micropores, but it includes all pores with diameter smaller than 4 nm. A DFT 

analysis of mesopore size distribution indicates a pore volume of 0.021 cm3 g-1 distributed in the 

size range 2-4 nm. If this volume is subtracted from the αS data, the true micropore volume can be 

evaluated at 0.20 cm3g-1. This continuous transition between micropores and mesopores is 

expected in a dealuminated commercial sample (code HSZ-690HOA Tosoh), as the dealumination 

procedure is well known to induce defects and to open side communications between side 

pockets of mordenite. Dealumination methods can also open mesopores with larger size. The total 



mesopore volume of the sample between 2 and 60 nm diameter is 0.061 cm3 gr-1, of which 0.037 

are widely distributed in the diameter range between 6 and 60 nm.  

 

Figure 2 Adsorption-desorption N2 isotherm at 77 K.  

3.2 X-ray powder diffraction experiments 

To explore the possibility of injecting PhA inside the HS-MOR pores, a preliminary qualitative 

test was performed with conventional (Mo Kα source) X-Ray powder diffraction (XRPD) in 

Diamond Anvil Cell (DAC). Figure 3 reports the patterns collected before and after the contact of 

the powder with liquid PhA. 
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Figure 3: HS-MOR XRPD patterns measured in a DAC before (black) and after loading liquid PhA (red). A 
molybdenum X-ray micro-source (λ=0.71073 Å) has been used. The strong Compton background from 
diamonds and the broad diffuse diffraction pattern from liquid PhA have been subtracted. The two patterns 
have been normalized for the same intensity at 9.1°-10.3°.  

It is evident that the simple contact between HS-MOR and PhA under very mild pressure 

conditions (obtained by simply closing the DAC) induces strong changes in the intensity of the low-

angle diffraction peaks. Being these peaks strongly influenced by the extraframework contents, we 

can assume that some PhA molecules are intruded in HS-MOR microporosity. This result is not 

obvious since the Van der Waals diameter of a PhA molecule is 7.2 Å, whereas the nominal 12MR 

channel diameter of MOR is 6.5x7.0 Å.  However, the penetration of species slightly larger than 

the pores dimension in zeolites at low pressure, or even at ambient pressure (Pamb) conditions, has 

been already demonstrated in a number of studies [38,39,40,41,42]. 

X-ray powder diffraction structural analysis was performed on the pattern collected at 0.40 

GPa. At higher pressures, the bad quality of the data lead to unrealistic distances and did not allow 

a reliable structural refinement.  

An accurate X-ray powder diffraction structural analysis was perfomed at 0.4 GPa. The 

refinement at 0.40 GPa indicates that the compression of HS-MOR with PhA leads to an expansion 

of the unit cell along all the three axes, in comparison to the values measured at ambient pressure 

(Table 1 and Table 2). In particular, the a parameter shows an increase of about 0.30 %, while b 

and c expand by 0.14 and 0.15 %, respectively. This anisotropic behavior of the cell parameters is 

related to the intrusion and the consequent arrangement of the extraframework molecules in the 

porosities. As a whole, 2 molecules of PhA per unit cell, distributed over 4 equivalent sites, were 

located in the 12MR channels (Tables 1S and 2S). The molecules, on average, are parallel and lie 

near the center of the channel on two equivalent planes parallel and close to the (020) plane. This 

induces a larger increase of the a lattice parameter. Despite PhA molecules can be sited over 4 

equivalent sites (two in each 12MR channel), the too short distance (1.8300(1) Å (Table 2S)) 

between two carbon-cycles belonging to two different molecules suggests the distribution of the 

two phenylacetylene molecules into two different channels. For each molecule, phenyl sites (C1h1 

and C2h2, see Figure 4a) are uniquely located, while the position of the C≡CH acetylenic moiety has 

four possible crystallographically equivalent orientations (C3l1 and C4l2 carbon atoms in Figure 4). 

Figures 4b and 4c show the average refined structure, reporting two possible PhA molecule 

configurations inside the mordenite microporosities. Along with the PhA molecules, 3.2 H2O 



molecules were localized in the side-pockets between the 12 and 8MR channels, without 

interactions with the framework and extraframework atoms. 

 

Figure 4: a) Phenylacetylene molecule showing the labels used for the carbon sites. b and c) Structural model of HS-
MOR compressed in phenylacetylene at 0.40 GPa. (water molecules are omitted for safe of clarity). The two figures 
show only the average positions actually occupied rather than all the partially occupied symmetrically equivalent 
positions. 

As shown in Figure 5, upon pressure increase, the relative intensity of the diffraction peaks 

changes, indicating the further intrusion of phenylacetilene. Unfortunately, the high disorder 

affecting the extraframework species does not allow to localize the PhA molecules in the channels. 

After the compression at 1.34 GPa, the DAC was kept in oven at 150°C for 5 hours. Upon heating, 

the pressure reached 2.58 GPa, whereas in the room temperature quenched sample, the pressure 

returned to the pristine value of 1.35 GPa. Once the T was brought at room temperature the 

pressure inside the DAC reassumed the value of 1.35 GPa. The powder diffraction pattern 

collected after the HT-HP treatment shows new slight differences in the peak intensity and in their 

ratio with respect to the pattern collected at RT (Figure 5). Due to the strong peak broadening, no 

further consideration can be made on the evolution of the cell parameters. Indeed, the cell 

parameters values at 1.34 GPa ( a = 18.05(8) Å,  b = 18.0(1) Å, c = 7.40(5) Å, V = 2670(28) Å3) and 

after thermal treatment ( a = 18.1(2) Å,  b = 20.0(3) Å, c = 7.4(1) Å, V = 2675(56) Å3) are affected by 

very high standard deviations, which do not allow to appreciate any differences between the two 

sets.   



 

Figure 5: Diffraction patterns of HS-MOR compressed in phenylacetylene at 0.40 GPa, 1.34 GPa and at 1.34 
GPa after HT treatment.  

3.3 Infrared spectroscopy Investigation 

In Figure 6, we report selected high pressure IR absorption spectra of HS-MOR/PhA mixtures and 

of pure PhA, measured along similar P-T paths. 

The IR investigation on the high pressure-high temperature polymerization of pure PhA here 

serves as a reference background to interpret analogous results on HS-MOR/PhA mixtures. Pure 

PhA solidifies above 1.1 GPa forming a molecular solid and it does not polymerize below 8 GPa at 

room temperature [43]. On the other hand, here we found that high temperature severely 

enhances the high pressure polymerization of PhA. Indeed, solid PhA at 2.0 GPa is chemically 

stable (Figure 6, top spectra) over days at least, whereas heating the sample to 150 °C at nearly 

the same pressure for 18 h results in almost the 100% polymerization of the starting monomer. 

This occurs likely because the sample is melted and the mass diffusivity and chemical reactivity are 

increased. The material recovered after the HP-HT treatment is polyPhA, a red solid material. This 

polymer is made of a skeletal conjugated carbon chain, where conjugation relates to the red color, 

while the phenyl groups are chemically unaffected by the polymerization reaction [43]. 

Monomeric and polymeric PhA exhibit IR peaks at rather similar frequencies in the 1400-1650 cm-1 

range, although relative intensities and line-shapes of those peaks substantially differ for the two 

species. The C-H stretching peaks at 2800-3400 cm-1 are a direct easy probe for the carbon 

coordination changes in going form the monomer to the polymer. Indeed, the very strong ≡C(sp)-H 

stretching peak of the monomer at 3300 cm-1 is drastically reduced in intensity during the thermal 



treatment and it is hardly visible in the polymer, showing that the polymerization is almost 

complete. This is accompanied by a substantial intensity increase in the 3000–3150 cm-1 frequency 

range where C-H stretching vibrations from sp2 carbon are typically found, and we interpret this 

increase mostly with the formation of the conjugated -C=C- skeleton system of polyPhA. The C-H 

stretching IR peak of this skeleton partially overlaps to those of the aromatic phenyl groups. Then, 

an intensity increase in the 2800-3000 cm-1 region is also observed during the thermal treatment,  

due to C-H stretching modes of saturated sp3 C defects, which always form together with the 

conjugated polymer.  

 

Figure 6: Selected, high pressure IR absorption spectra of HS-MOR/PhA mixtures and of pure PhA. Bottom: spectra of 
a HS-MOR/PhA sample at 0.30 GPa, freshly loaded in DAC (black) and after 19 h (red). Stars indicate short oligomers 
formed as a function of time. Middle: spectra of the same sample at 1.70 GPa (black) and of the recovered sample at 
ambient conditions (red), after polymerization of PhA obtained in about 13 h at 150 °C and 2 GPa. Top: spectra of a 
pure PhA sample at 2GPa (black) and of the recovered sample at ambient conditions (red), after polymerization 
obtained in about 18 h at 150 °C and 2 GPa. Spectral intervals for peaks due C(sp3)−H, C(sp2)−H and C(sp)−H stretching 
modes are also labeled in blue. An absorption spectrum of pure HS-MOR measured at ambient pressure in DAC has 
been subtracted from all the spectra of HS-MOR/PhA.  

 

Figure 6 (bottom) shows selected IR spectra of a HS-MOR/PhA sample sealed at 0.30 GPa, a 

pressure where PhA is a liquid monomer. Spectra measured over a time interval of about 19 h 

show the slow formation of new peaks, labeled by asterisks in the figure, which belong neither to 

monomeric nor to polymeric PhA. These peaks can be assigned to short carbo-cationic oligomers 



probably formed as a result of the catalytic action of mordenite. In fact, these peaks do not appear 

in the pure PhA sample. Anyway, the catalyzed reaction of PhA is at a very initial stage after 19 h 

and the vast majority of initial monomeric PhA is still present, as shown by the strong, always 

saturating C(sp)-H stretching peak of monomeric PhA at 3300 cm-1. The sample was then 

compressed at 1.70 GPa (Figure 6, middle, black spectrum), above the solidification pressure of 

PhA, and the polymerization stopped entirely over a probing time interval of about 24 h, probably 

because of the solidification related drop of mass diffusivity, which hinders the reactivity of the 

monomer. Finally, the HS-MOR/PhA sample was brought to the same P-T conditions of pure PhA 

(i.e. 150 °C at 2 GPa, for 13 h) (Figure 6, middle, red spectrum) and the PhA component of the 

mixture polymerized almost entirely, probably because of the melting related increase of mass 

diffusivity of PhA, as discussed above. The IR spectrum of the mixed recovered sample, whose 

picture is reported in Figure 7, is rather similar to that of polymeric pure PhA. 

 

Figure7. Picture of HS-MOR/PhA (red sample in the center of the metallic gasket) at almost ambient pressure after the 
high P-T polymerization of PhA described in the text. The orange/yellow chips within the sample are the rubies used 

for measuring pressure. The gasket diameter is 600 µm and the sample is illuminated both by transmitted and 
reflected light. 

Discussion and Conclusion 

The experiments performed indicated that, despite the larger dimensions with respect to the 

zeolite pore openings, phenylacetylene molecules can enter the mordenite pores even at very low 

pressure (almost Pamb). The increase of the pressure favors the further penetration of the 

molecules in the microporosity and, as shown from X-ray diffraction data it is possible to conclude 



that at 0.40 GPa, on average, two phenylacetylene molecules are hosted in each mordenite unit 

cell. This number is lower with respect to that estimated on the basis of the steric hindrance. A 

further penetration of molecules upon pressure increases is witnessed by the changes in the 

relative intensities of X-ray diffraction peaks. However, probably due to the statistical disorder in 

the pores at higher pressure (and evidenced by the worsening of the diffraction pattern with 

compression) it has not been possible to quantify the maximum number of molecules at the 

highest investigated pressure. In the absence of a detailed structural investigation, spectroscopic 

data gave important clues to unravel the evolution of the system at higher pressure. In fact, IR 

spectra suggest a slow oligomerization reaction, observed at 0.3 GPa, forming short carbo-cationic 

oligomers. These species do not form in the pure PhA sample in the same condition, so they 

should be the results of the interaction with mordenite that catalyzes the reaction. The limited 

spatial resolution of the experiment did not allow to analyze specifically the PhA in contact/hosted 

with/in the mordenite; on the other hand, from the IR spectra, we clearly found that the vast 

majority of initial monomeric PhA is still present at 3.0 GPa. Oligomer molecules were not 

detected by HP-XRPD, firstly because these oligomers form disordered arrays, and diffraction can 

offer only average structure, and secondly because the oligomerization kinetics is much slower 

(hours) than the data collection time (minutes).  

Once the applied pressure reaches that of PhA solidification (~1.1 GPa) the molecular system 

freezes and in order to observe further evolution of the system higher temperature is needed: 

once the formed PhA molecular solid formed in the gasket melts upon heating, it is possible to 

observe further reactivity and the complete polymerization of PhA into poly-phenylacetylene. 

Once again it is not possible to distinguish between the IR signal coming from the zeolites+PhA 

(polyPhA) mixture and from the pure polyPhA present inter – grains, even if it is possible to 

conclude the PhA is completely consumed in favor to the polymer. 

Interestingly, despite the choice of a zeolite characterized by a mono-dimensional channel system, 

the IR spectra measured on the polymerized samples indicated the presence of somewhat 

branched, conjugated polymers, rather than the desired ideally linear, fully conjugated 

polymersThis is clearly due to the presence of a certain degree of mesopores in the starting 

zeolites: the de-alumination procedure, aimed at the obtaining of a high silica phase, is well known 

to induce strong defectivity, leading to a non-perfectly mono dimensional structure. Anyway, it is 

worth noting that, at least part of the polyPhA we observe through IR – i.e portions of conjugated 

oligomers- can also be also allocated within the mesopores of HS-MOR. Further studies will be 



aimed to obtain a linear conjugated polymer in a non-defective framework characterized by 

monodimensional channel system. 
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