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High-pressure, high-temperature synthesis of
nanostructured polydiphenylbutadiyne confined in
the 1-dimensional pores of single crystal AlPO4-
54†

Marco Fabbiani,a Sebastiano Romi,b Frederico Alabarse, c Anna Celeste,d

Francesco Capitani, d Ferenc Borondics,d Christophe Sandt, d Sylvie Contreras,e

Leszek Konczewicz,ef Jérôme Rouquette,a

Mario Santoro bg and Julien Haines *a

The π-conjugated polymer polydiphenylbutadiyne was prepared at the nanoscale confined inside the 1.2

nm 1-D pores of the aluminophosphate AlPO4-54. Molten 1,4-diphenyl-1,3-dibutadiyne (DPB) was inserted

in the pores of AlPO4-54 at pressures below 0.3 GPa as confirmed by X-ray diffraction. Heating to 190 °C

under a pressure of 0.4 GPa induced polymerization of DPB in the pores. Infrared microscopy indicates full

polymerization in the pores and the presence of characteristic saturated C–H defects common to other

nanostructured PDPB materials exhibiting important photocatalytic properties. This nanostructured PDPB

confined in the hygroscopic AlPO4-54 host could be of interest for applications in gas sensing,

photocatalysis and hydrogen generation.

Introduction

Nanoconfinement is a powerful way to modify the structure
and electronic properties of π-conjugated polymers. In
particular, the use of high pressure to insert and then
polymerize unsaturated hydrocarbon molecules in zeolites
was found to be a way to favor selected isomers due to the
effects of nanoconfinement.1–3 In the case archetypical
conducting polymer polyacetylene, the cis or trans form was
found to be favored depending on the form of the pores of
the zeolite.1,3 Based on theoretical calculations, this can result
in isolated semiconducting or metallic polymer chains
confined in an insulating host zeolite.3 Nanoconfinement also
prevents the branching of polymer chains and enabled linear
polycarbonyl2,3 to be synthesized, for example. Organic–

inorganic hybrid composites of this type based on
π-conjugated polymers prepared at high pressures in host
zeolites may also have practical applications. In the case of
polyphenylacetylene, which has potential applications in
organic electronics, the composite formed by polymerization
of phenylacetylene (PhA) under high-pressure, high
temperature conditions in the pores of a 1.2 nm pore
aluminophosphate AlPO4-54 was found to exhibit selective
response to certain simple molecules and may be used as a
component in gas sensing devices.4

A substituted polydiacetylene of considerable interest is
poly(1,4-diphenyl-1,3-butadiyne) or PDPB. Nanostructures of
this polymer have been found to have semiconducting
properties, which open the way for applications in
photocatalysis, self-cleaning surfaces, hydrogen generation
and solar light harvesting.5–7 Polymerization of DPB in
porous materials under high pressure could give rise to novel
nanostructures based on isolated PDPB in a porous host
material. Confinement may also favor certain isomers, in
particular the 1,4 addition product, which has a less bulky
polymer chain. In bulk DPB, previous work showed that
pressures greater than 5 GPa are required to start the
formation of PDPB;8 however, mild heating at a temperature
of 250 °C resulted in polymerization at a pressure of 0.86
GPa.9

Based on our previous work on the PPhA-based system,4

we again selected AlPO4-54 as a candidate for the host

CrystEngComm, 2022, 24, 7109–7117 | 7109This journal is © The Royal Society of Chemistry 2022

a ICGM, CNRS, Université de Montpellier, 34293 Montpellier, France.

E-mail: julien.haines@umontpellier.fr
b European Laboratory for Non Linear Spectroscopy, LENS, 50019 Sesto Fiorentino,

Italy
c Elettra Sincrotrone Trieste, Trieste, 34149, Italy
d Synchrotron SOLEIL, Saint Aubin – BP48, Gif sur Yvette, 91192, France
e Laboratoire Charles Coulomb, CNRS, Université de Montpellier, 34095

Montpellier, France
f Institute of High Pressure Physics, Warsaw, Poland
g Istituto Nazionale di Ottica, INO-CNR, 50019 Sesto Fiorentino, Italy

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2ce00938b

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ce00938b&domain=pdf&date_stamp=2022-10-15
http://orcid.org/0000-0002-7375-3666
http://orcid.org/0000-0003-1161-7455
http://orcid.org/0000-0002-6432-2004
http://orcid.org/0000-0001-5693-4636
http://orcid.org/0000-0002-7030-3213
https://doi.org/10.1039/d2ce00938b
https://doi.org/10.1039/d2ce00938b


7110 | CrystEngComm, 2022, 24, 7109–7117 This journal is © The Royal Society of Chemistry 2022

material considering its large 1.2 nm diameter pores, which
from a steric point of view could host PDPB. AlPO4-54 is a
hydrated aluminophosphate with the hexagonal Virginia
Polytechnic Institute – Five VFI structure10 (space group P63,
a = 18.9678 Å and c = 8.0997 Å, Al18P18O72·xH2O).

11 The
framework of this structure is built up of PO4 and AlO4

tetrahedra and AlO4(H2O)2 octahedra around 1-dimensional
1.2 nm diameter pores. This material is hygroscopic and in
the as-synthesized material, the pores are filled with water
molecules under ambient conditions. In the case of a
nanocomposite based on VFI and PDPB, this hygroscopic
character could be of interest for various applications such as
gas sensing, photocatalysis and hydrogen generation. In the
present paper, we have determined the pressure and
temperature conditions required to insert and polymerize
DPB in the VFI host to form a composite based on isolated
PDPB chains in the hygroscopic porous host material.

Experimental methods

1,4-Diphenylbutadiyne (99% purity) was obtained from
Sigma-Aldrich. The insertion and polymerization of DPB in
the pores of VFI was investigated in two types of VFI samples:
small polycrystals and large, needle-like single crystals, with
linear dimensions of approximately 30 × 1 × 1 μm3 and 200 ×
25 × 25 μm3, respectively. These materials were synthesized
by an optimized sol–gel procedure followed by hydrothermal
treatment from nanometric alumina and phosphoric acid or
polyphosphoric acid, respectively.11,12 Partial dehydration was
performed by exposing the sample to primary vacuum at
room temperature, which removes the pore water while
retaining some portion of the water coordinated at the 6-fold
coordinated Al in the framework.13

In order to perform the in situ high-pressure (HP), high-
temperature (HT) X-ray diffraction experiments, VFI and DPB
powders were mixed and loaded in a membrane diamond
anvil cell (DAC, Boehler Almax, type IA diamonds, 600 μm
culets), along with ruby14,15 and SrB4O7:Sm

2+ pressure
gauges16–19 in the hole of the stainless steel gasket, having a
diameter and a thickness of 200 μm and 50 μm, respectively.
The open DAC containing the VFI sample was placed in a
vacuum chamber with Kapton windows equipped with a
heater. After partial dehydration of the VFI in the vacuum
chamber, the DAC was remotely closed, through the
membrane, pressurized and the sample heated. The
temperature was measured with a thermocouple and an extra
ruby was placed on the external surface of the diamond
window to check the temperature.

High pressure synchrotron powder X-ray diffraction (λ =
0.4957 Å) measurements in the heated, membrane-driven
diamond anvil cell were performed with an 80 μm beam spot
on the sample on the Xpress beamline equipped with a
MAR345 image plate detector at the ELETTRA Sincrotrone
Trieste (Trieste, Italy). The XRD images were converted to 1-D
diffraction profiles using Dioptas20 based on a calibration
using NIST SRM 674b CeO2 (a = 5.411651 Å (ref. 20)) as a

standard. The sample to detector distance was determined to
be 479.94 mm based on this calibration. Pressure was
measured before and after every X-ray exposure using the
7D0–

5F0 line19 of SrB4O7:Sm
2+. The temperature was based on

the shift of the R1 fluorescence line18 of a ruby that was at
constant pressure on the external surface of the diamond
window and further checked by measurements with a K-type
thermocouple on the bottom of the DAC.

Large volume, high-pressure experiments were performed
in a high pressure bomb connected by a flexible capillary to a
UNIPPRESS three-stage gas compressor using helium gas as a
pressure transmitting medium. The pressure in the system
was measured based on the variation of the resistance of a
manganin coil placed in the main vessel of the compressor
and kept at stable, room temperature independent of the
temperature changes in the high pressure chamber. VFI and
DPB powders were first mixed and placed inside a PTFE
capsule with an internal volume of 0.58 cm3 and then
partially dehydrated in a glovebox entrance chamber. The
capsule was placed in a glass tube under an Ar atmosphere
in the glovebox. The glass tube was sealed and heated to 100
°C for 1 h to pre-melt the DPB and obtain a homogeneous
mixture. The capsule was placed in a high-pressure chamber
equipped with a resistive heater in order to process the
sample under HP–HT conditions.

The samples obtained from the large volume synthesis
and from the infrared spectroscopy experiments described
below were analyzed by ex situ synchrotron XRD
measurements on the same beamline. In the case of the
single crystal recovered from the infrared experiment in the
gasket, a phi-scan from −30 to 30° was performed. A Dectris
Pilatus 6 M detector was used for this experiment.

Le Bail fits to obtain the unit cell parameters and Rietveld
refinements were performed using the program Fullprof.21

The quoted estimated standard deviations for the lattice
parameters and the fractional atomic coordinates are those
obtained directly from these refinements. Fractional atomic
coordinates for the framework from previous work were used
as the starting model for VFI.11 Soft constraints were applied
to the Al–O, P–O and O–O distances. An overall isotropic
atomic displacement parameter (ADP) was used for all Al, P,
O and C atoms as no improvement was obtained using
individual ADPs. Crystal structures were displayed using the
program VESTA.22

In situ HP–HT synchrotron infrared (IR) measurements
were performed in transmission mode in the mid-IR region
by using a horizontal microscope developed on the SMIS
beamline (synchrotron SOLEIL) and dedicated to HP
measurements in DACs. SMIS is equipped with a Thermo
Fisher spectrometer (Nicolet iS50 FT-IR) modified to operate
with the synchrotron radiation, which coupled with custom
made Schwarzschild objectives (magnification of 15×,
numerical aperture of 0.5 and working distance of 43 mm)
allows a beam spot of about 30 μm diameter on the sample
inside the DAC. The mid-IR spectral domain (650–8000 cm−1)
was investigated by using a KBr beamsplitter and a mercury
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cadmium telluride (MCT) detector, and data were acquired
with a resolution of 2 cm−1 averaging 1000 or 500 scans. The
background of the empty DAC was obtained with the same
resolution, averaging 200 scans, and was used for
subtraction. Collected spectra were first treated by using the
Omnic software. The single crystal VFI sample and the
powdered DPB were placed along with a ruby as the pressure
sensor in a 210 μm × 50 μm (diameter × thickness) hole in a
stainless steel gasket. The cell was then subjected to primary
vacuum to dehydrate the single crystal and entered into a
glove box, in which the cell was closed. The DAC had 600 μm
IIas type diamond culets. External resistive heating was used
to heat the DAC, with the temperature measured by a K-type
thermocouple. Additional measurements of recovered
samples in gaskets were performed using a Continuum
microscope and a Thermo Fisher Nicolet 8700 spectrometer
using synchrotron radiation with a 20 μm diameter beam.
The background was measured with the same beam
diameter.

Two-dimensional IR hyperspectral images of the recovered
sample under ambient conditions in the gasket hole were
acquired with an Agilent Cary 670 spectrometer coupled to
an Agilent Cary 620 microscope using a Globar as a light
source. Detection was performed with a 2D 128 × 128 pixel
focal plane array (FPA) detector giving a projected pixel size
of 3.3 × 3.3 μm2 with a 25× objective (NA = 0.81). The Quasar
software was used to prepare the images23,24 (https://quasar.
codes). Details concerning the image generation are given in
the ESI.†

Results and discussion
In situ and ex situ X-ray powder diffraction

Mixtures of VFI and DPB were investigated at pressures up
to 3 GPa and temperatures up to 260 °C by in situ and ex
situ synchrotron XRD in order to determine the conditions
required to melt DPB and then insert the molecules in the
pores of VFI without inducing phase transitions in the VFI.
Based on the P–T phase diagram of DPB,9 the liquid phase
is only stable in a triangular region at pressures below 0.4
GPa and temperatures below 250 °C. The melting
temperature increases from 86 °C at room pressure to
approximately 250 °C at 0.4 GPa. Polymerization occurs
from the liquid phase at temperatures higher than 250 °C.
A large number of runs were performed with the goal of
compressing the DPB–VFI mixtures at temperatures at
which DPB is a liquid. In most experiments, VFI
transformed at least partially to AlPO4-8 with collapsed
pores25 indicating that not enough liquid DPB was present
to completely fill the pores. A second limit to filling VFI
was observed in experiments in which the maximum
temperature was greater than 192 °C, where dense tridymite
and/or berlinite phases of AlPO4 were obtained. These
results indicated that optimal filling conditions required the
VFI to be pressurized in excess liquid DPB at temperatures
below 192 °C.

In the following, the results of runs under these optimized
conditions will be described. The result of an experiment on
a DPB–VFI mixture heated to 180 °C and compressed to 0.05
GPa is shown in Fig. 1. The diamond anvil cell was left
slightly open and was first exposed to a primary vacuum of 1
Pa to remove the adsorbed H2O molecules in the pores of
VFI. Due to the structural change involving the loss of H2O
and the conversion of the Al-centred octahedra to AlO4

tetrahedra when going from the hexagonal hydrated material
to the monoclinic dehydrated material, the positions and
intensities of the reflections are modified as can be seen, for
example, in a strong increase in the intensity of the (100)
reflection of VFI below 2° in 2θ, by changes in the range
between 7 and 8° in 2θ, by an important decrease in the a
cell parameter and an increase in c (Table 1), as found

Fig. 1 X-ray powder diffraction patterns (λ = 0.4957 Å) of the VFI–DPB
system during the dehydration and filling processes. Arrows indicate
the strongest DPB reflections. The broad peak at close to 5° is due to
the Kapton windows of the vacuum chamber.

Table 1 Hexagonal unit cell parameters of VFI and VFI–DPB samples.
The values for the ex situ measurement under ambient conditions on the
sample processed in the large volume pressure chamber under the
reported P–T conditions are given in italics

a (Å) c (Å) V (Å3)

Hydrated VFI 18.9621(7) 8.100(1) 2522.3(5)
1 Pa, 40 min. 18.5312(4) 8.330(1) 2477.4(3)
0.01 GPa, 113 °C 18.9536(9) 8.073(4) 2512(1)
0.05 GPa, 180 °C 18.9556(7) 8.167(2) 2541.4(7)
0.5 GPa, 150 °C 18.9951(4) 8.133(1) 2541.4(3)
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previously13 using the P63 unit cell for the hydrated material
and a hexagonal subcell for the monoclinic dehydrated
material. Upon reaching 0.01 GPa and heating the mixture to
113 °C, major changes occurred. The intensity of the (100)
reflection decreased strongly, the a cell parameter increased,
the c parameter decreased and the unit cell volume increased
by 1.4%. In addition, the diffraction pattern of DPB became
very spotty yielding strong sharp peaks in the resulting
integrated powder pattern indicating a recrystallization of
bulk DPB along with the filling of VFI due to partial melting
of DPB. Upon increasing the pressure and temperature
further to 0.05 GPa and 180 °C, the diffraction lines of DPB
disappeared due to full melting with only the diffraction lines
of dehydrated VFI remaining. The volume of VFI increased
again by a further 1.2%.

A similar experiment passing by the liquid phase of DPB
was performed in the large volume pressure chamber. A VFI–
DPB mixture was placed in a PTFE capsule, treated under
vacuum and then heated up to 100 °C to remove H2O and
melt the DPB and finally recovered at room temperature. Two
phase, Rietveld refinement using synchrotron X-ray
diffraction data indicated that this mixture contained 54% w/
w VFI and 46% w/w DPB. The PTFE capsule was placed in the
pressure chamber. The pressure was increased to 0.1 GPa
and the temperature increased to 130 °C to melt the DPB.
The pressure was then increased to 0.5 GPa and the
temperature further increased to 150 °C. The recovered
sample was studied by synchrotron powder XRD, Fig. 2. The
reflections could be indexed based on the P63 space group
also found for hydrated VFI. There are, however, some
differences in relative intensities and the unit cell volume is
slightly higher than that of hydrated VFI.

In order to perform the Rietveld refinement, a model was
used beginning with the fractional atomic coordinates of the
Al, P, O and structural H2O molecules from the hydrated P63
structure in the literature.11 Fourier difference maps were
then calculated. This enabled three additional adsorbed
water molecules to be located and three further peaks were
identified. The adsorbed water molecules were added to the
structural model as isoelectronic Ne atoms and CH residues

of the DPB were modeled as N atoms placed on the three
additional sites. A very good fit was obtained with this model
(Rp = 4.0%, Rwp = 5.5%, RBragg = 2.1%, see Table S1 in the
ESI†). As in the VFI/PPhA system,4 the result indicated that
partial rehydration occurs due to the available space around
the confined polymer when the VFI/DPB composite is
exposed to air in agreement with the results of infrared
spectroscopy presented in the next section. The fit is already
very good and thus, more detailed structural information on
probably disordered DPB molecules in the pores is not
accessible. The corresponding structure (Fig. 3) of VFI is
characterized by an adsorbed layer of H2O molecules in the
pores and disordered DPB molecules along the pore axis. The
quantitative phase analysis from the refinement indicates
that the sample contains 80% w/w DPB-filled VFI and 20% w/
w remaining solid DPB, thus showing that more than half of
the initial quantity of DPB entered the pores of VFI. These
results confirm the filling of VFI by DPB; however, powder

Fig. 2 Experimental (black), calculated (red) and difference (blue)
profiles (λ = 0.4957 Å) for the Rietveld refinement of the DPB-filled VFI
(VFI–DPB) and DPB mixture. Vertical bars indicate the calculated
positions of the Bragg reflections of VFI–DPB (above) and DPB (below).
A vertical zoom of the patterns from 3–19.2° is given in the inset.

Fig. 3 Refined crystal structure of DPB-filled VFI. The pale blue, purple
and red spheres represent the aluminum, phosphorus and oxygen
atoms, respectively. Adsorbed H2O molecules are represented by large
blue spheres. Empty black spheres represent CH units of DPB.

Fig. 4 In situ synchrotron infrared spectra of a single crystal of
dehydrated VFI in DPB as functions of pressure and temperature in a
diamond anvil cell. The P–T conditions correspond to solid DPB
(above), liquid DPB (center) and PDPB (below).
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Table 2 Principal infrared bands (cm−1) of the DPB–VFI system under various P–T conditions. Detailed assignments for DPB,28,29 PDPB29 and VFI11,25–27

can be found elsewhere

Solid DBP
ambient

VFI + liquid DPB VFI + PDPB Recovered
PDPB-filled VFI Assignment0.19 GPa, 160 °C 0.40 GPa, 190 °C

3460vs, br O–H
3137w 3127w 3137w Combination
3098m 3096sh 3098sh 3099sh C–H sp2

3081m 3079s 3078s 3080m C–H sp2

3066m 3064s 3056s 3056s C–H sp2

3050s 3053sh C–H sp2

3037m 3033m 3029s 3031m C–H sp2

3018m 3017m 3020sh 3019m Combination
2992m 3001sh 2995sh 3001sh Combination
2973w 2971w 2971w Combination

2961sh C–H sp3

2933vw Combination
2926w 2924w 2928m C–H sp3

2922vw Combination
2879m 2878w 2877sh C–H sp3

2876vw Combination
2857w 2854w 2856m C–H sp3

2794vw Combination
2681w 2680w Combination

Inaccessible 2213vw Sym. CC
2150s Inaccessible Inaccessible 2151vw Asym. CC
2102w Inaccessible
1967m Inaccessible Combination
1952m Inaccessible 1952w Combination
1896w 1894w 1896w Combination
1881m 1876w 1879w 1879w Combination
1824w 1819w Combination
1806w 1797w 1797w 1803w Combination
1752m 1749w 1748w 1749w Combination
1739w Combination
1670m 1668w 1666w Combination

1628m, br δH–O–H
1593s 1593m 1594m 1597m CC phenyl
1570s 1569w 1572sh 1572w CC phenyl
1528w
1512w 1507w Overtone

1493sh 1493sh CC phenyl
1485s 1485s 1487s 1487s CC phenyl
1440s 1441s 1441s 1442s CC phenyl

1401w 1408w
1384w 1379w 1379w Combination
1370w Combination
1355w 1340w 1344w
1329w 1329w 1328w 1328w Phenyl
1307w
1284w 1287sh 1288sh 1290sh Phenyl
1276w 1273w 1273w 1275w Phenyl

1263br νP–O–Al
1242w 1238w 1238w 1232w Combination

1207vw
1200w 1198w 1196vw, br C–C
1177m 1176w 1176w 1176w Phenyl

1160vs, br νP–O–Al
1158m 1158w 1157w 1157w Phenyl

1141sh
1097w 1096w 1096w 1099w Combination
1068m 1067m 1068m 1070m Phenyl
1040w
1025m 1025m 1026m 1028w Phenyl

1003sh
998w 999w 999w 1000w Phenyl
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XRD is not the most appropriate technique to study the
polymerization of DPB in the pores of VFI, as we know that
the DPB entered the pores, but we do not have any direct
information on its state: monomer or polymer.
Complementary spectroscopic techniques are thus necessary
to obtain such information on the state of DPB in the pores.

In situ and ex situ infrared spectroscopy

The polymerization of DPB in single crystals of VFI was
investigated by IR spectroscopy. VFI single crystals were
surrounded by DPB powder and treated under primary
vacuum to remove adsorbed water as in the XRD studies.
This was confirmed by the disappearance of the H2O
stretching and bending bands in the IR spectrum. The
mixture was then heated under pressure in a diamond anvil
cell, Fig. 4. Note that the two-phonon absorption of the
diamonds from the DAC masked the 2100–2150 cm−1 region,
in which the CC stretch of DPB is found. Apart from the
weak contribution of dehydrated VFI corresponding to a very
broad band between 1050 and 1300 cm−1 due to P–O–Al

stretching,11,25–27 the other modes are due to DPB,28

principally dominated by the bulk DPB around the VFI single
crystal. Based on the absence of changes to the IR spectrum
apart from minor shifts in wavenumber, the DPB remained
solid up to 140 °C and 0.2 GPa. Many changes in the
spectrum occurred at 160 °C and 0.19 GPa, where the
majority of bands broaden significantly and with the region
between 800 and 1000 cm−1 being particularly affected,
Table 2. Some bands disappear and a new band is observed
at 837 cm−1. The most intense band near 916 cm−1

corresponding to the phenyl C–H bending decreases strongly,
but the other principal modes of the phenyl group are less
affected. This is in agreement with melting of DPB as
described in previous work.29 At 190 °C and 0.40 GPa, the
principal C–H stretching vibrations between 3000 and 3100
cm−1 broaden further. As in previous studies, the sharp band
of the C–C stretch initially at 1200 cm−1 in the solid
disappears.29 This band corresponds to a C–C stretch in the
butadiyne group and its disappearance is a clear sign of
polymerization. A weak band also appears close to 1400 cm−1

as in previous work.29

Table 2 (continued)

Solid DBP
ambient

VFI + liquid DPB VFI + PDPB Recovered
PDPB-filled VFI Assignment0.19 GPa, 160 °C 0.40 GPa, 190 °C

987w 984w 979sh Phenyl
964w 963w 963w 966w Phenyl
945w 948sh 948sh 951w
927sh
916m 913m 912w 915m Phenyl CH bending
899w 889w
877w 873w 871w 877w
848w 839w 839w 841w Phenyl
826w 823w 821sh 822w
758vs 752vs 753vs 750vs Phenyl
696m 697sh 694vs Phenyl
688s 688vs Phenyl
670m 670m 668sh

Fig. 5 Synchrotron infrared spectra of the solid DPB monomer
(above) and the recovered, rehydrated single crystal of VFI filled with
PDPB after heating at 190 °C at 0.4 GPa (below).

Fig. 6 Selected infrared spectra from FPA imaging of the gasket
containing the recovered, rehydrated single crystal of VFI filled with
PDPB (brown) and bulk PDPB (blue) after heating at 190 °C at 0.4 GPa.
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Additional experiments were performed on further
samples at temperatures up to 250 °C and the same
spectrum was observed for the polymer. However, as found
by XRD, VFI starts to transform to nonporous forms of
AlPO4.

Recovered, rehydrated samples were investigated using
an infrared microscope with a smaller beam spot of 20 μm
instead of 30 μm for the in situ experiment in the diamond
anvil cell. The resulting higher spatial resolution allowed
the PDPB in single crystal VFI to be studied more
selectively. In addition, as the DAC masked the 2100–2150
cm−1 region, in which the CC stretch of DPB is found,
these vibrations can now be observed directly in the
recovered sample in the gasket outside the DAC, Fig. 5. In
contrast to the in situ measurements on dehydrated VFI,
broad bands due to OH stretching and bending are
observed at 3460 and 1628 cm−1, respectively, indicating
that the VFI single crystal had rehydrated4 as a
consequence of exposure to air. The broad VFI framework

P–O–Al stretching vibrations at 1263 and 1160 cm−1 are
clearly evident in the spectrum of the single crystal. In the
VFI crystal, the antisymmetric CC stretching band at
2150 cm−1 has almost disappeared in the confined PDPB
polymer as compared to solid DPB indicating that the
monomer is essentially entirely consumed in the
polymerization reaction. In addition, a very weak peak at
2213 cm−1, corresponding to the Raman-active symmetric
CC stretching band of the DPB monomer,28 is observed.
This indicates that the center of symmetry that was present
in the DPB monomer is lost, possibly due to the formation
of cyclic structures of the polyacene type in the polymer.29

Additionally, bands are observed at 2928, 2877 and 2856
cm−1 close to where sharper combination bands are
observed for solid monomeric DPB. Such bands close to
saturated C–H stretching mode frequencies are
characteristic of defects (possibly isobutyl end-groups)30 in
polymeric DPB. In an infrared 2D imaging of the gasket
hole, Fig. 6 and 7, it can also be seen that the intensities
of these saturated C–H vibrations are correlated to the
intensities of the H2O stretching and bending vibration and
the P–O stretching vibrations of the crystal and are much
stronger in the crystal as compared to the surrounding
bulk DPB polymer. It can thus be concluded that
nanoconfinement favors such saturated C–H defects. The
strong intensity of these C–H vibrations is similar to what
is observed in other nanostructured PDPB materials,5 which
exhibit interesting photocatalytic properties.

The recovered IR samples were also studied by
synchrotron single crystal XRD. The crystal quality was not
good enough to perform a structure refinement due to a
certain degree of degradation due to filling and processing
under high pressure–high temperature conditions. A large
number of X-ray diffraction spots could be clearly observed
and they were readily indexed based on the P63 VFI
structure. This indicates that the host material has lower
crystal quality after processing, but retains its porous
structure. This could be due to strain induced by the
processing conditions or simply induced by the presence of
the polymer in the pores. If the latter is the case, this is a
sign of interactions between the host and the polymer
guest, which could be expected to modify its electrical and
optical properties.

Conclusions

Diphenylbutadiyne was melted and then inserted in the
porous aluminophosphate VFI at modest pressures of less
than 0.3 GPa and temperatures of 110–160 °C depending on
the pressure. Upon increasing the temperature to 190 °C at
0.4 GPa, polymerization of DPB was found to occur. Volume
changes and Rietveld refinements using X-ray diffraction data
confirmed the insertion of DPB in VFI. The polymerization of
DPB in the pores of VFI was clearly demonstrated by infrared
microscopy. The precise and reproducible determination of
the relatively modest pressures and temperatures of 0.4 GPa

Fig. 7 Infrared spectral FPA imaging in the O–H stretching 3130–3700
cm−1 (above) and in the 2940–2960 cm−1 saturated C–H stretching
(below) ranges of the spectrum of the gasket (hole diameter of 180
μm) containing the recovered, rehydrated single crystal of VFI filled
with PDPB and bulk PDPB after heating at 190 °C at 0.4 GPa. The
colors represent the intensity scale from weak (blue) to strong (yellow).
Two fragments of a second single crystal are present on the right at
the edge of the gasket hole.
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and 190 °C for the filling and polymerization of DPB in VFI
indicates that these conditions correspond to those routinely
used in industrial large-volume high pressure devices thus
opening the way to scale up the synthesis of this material.
The nanoconfined PDPB polymer exhibits characteristic
saturated C–H vibrations, which have been observed for other
nanostructured PDPB materials5 exhibiting interesting
photocatalytic properties. Nanocomposites obtained from the
insertion of PDPB in the hygroscopic host VFI could be of
interest for photocatalytic hydrogen generation with a
continuous source of water or as a component in gas
sensors.
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