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ABSTRACT: The synergistic reaction between alkyne and phenyl
groups is a promising pathway for decreasing the reaction pressures of
aromatics and enabling scalable high-pressure synthesis of carbon
materials via pressure-induced polymerization (PIP). Here by combining
theoretical calculations and experimental data, we demonstrate that a
simultaneous polymerization of alkynyl and phenyl groups occurred in
phenylpropiolic acid (PPA) with the threshold distance dc.c = 3.3 A,
generating an extended structure consisting of sp* and sp® carbons. The
reaction pressure of phenyl was significantly decreased to ~5 GPa, which
can be applied for large-scale synthesis. The product has a large z- 5 : T e —
electron conjugated system, resulting in a band gap energy reduced to P (GPa)

1.65 €V and an electrical conductivity increasing to 1.24 X 1076 S - cm™.

Our research confirmed that conjugated polymers can be synthesized at

lower pressures via the high-pressure synergistic reaction route of phenylethynyl compounds and can be used to further realize
applications in organic photovoltaic devices.
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B INTRODUCTION was effectively reduced. The product conjugated polymer with
a low optical bandgap, increases the absorption in visible and
near-infrared bands. It has potential applications in the field of
high-efficiency organic photovoltaic devices.

Different from the high reaction activity of these groups,
amino and carboxyl groups usually exhibit high structural
stability under high pressure because of the intermolecular
hydrogen bonds, which are used to maintain the ordered
arrangement and obtain crystalline polymeric products. By
introducing NH, groups into benzene, aniline is polymerized
under high pressure to obtain crystalline products assisted by
H-bonds.'® The orderly arrangement of acetylenedicarboxylic
acid restrained by the intermolecular hydrogen bonds between
the carboxyl groups results in the topochemical polymerization
of C=C bonds and the formation of poly dicarboxylacety-
lene.”” On the basis of the present experience, we propose that
carboxyl groups would help phenylacetylenes to stabilize the
ordered molecular stacking in polymerization. Thus, in this

Pressure-induced polymerization (PIP) is one of the most
promising synthetic approaches for constructing carbon
materials. This solid-state polymerization method tends to
follow topochemical reaction routes for the precise synthesis of
new carbon-based materials with more saturated and dense
structures.* The unsaturated groups like alkenyl,>® alkyn-
y,~"" and aromatic rings'>™'" can be activated without
catalyst and irreversibly bonded to form high-density carbon
materials with covalent-bond chains or networks. For example,
1D polyacetylene, carbon nanothreads, N-doped nanothreads,
2D F-doped graphene have been synthesized by compressing
acetylene,8 benzene,™* pyridine,ls aniline,16 1,2-diazine,"” and
benzene-hexafluorobenzene cocrystal.'” Compared to the
aromatics, alkynes tend to have higher reactivity and lower
reaction pressure thresholds at ambient temperature. In the
study of 1,3,5-triethynylbenzene (TEB)*® and 1,4-diphenylbu-
tadiyne (DPB),”" phenyl reacts with phenylethynyl via a [4 +
2] dehydro-Diels—Alder (DDA) reaction driven by crystal
alignment, and produces crystalline graphitic nanoribbons at
pressures far below 20 GPa. This is different from the reaction
of the C=C bonds alone in the polymerization reaction of
phenylacetylene,'' suggesting the introduction of alkynyl
induces the synergetic reaction with phenyl groups. The
reaction path was significantly affected, and the pressure of PIP
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work, we investigated PIP of phenylpropiolic acid (PPA) (see
Scheme 1). A synergistic polymerization of alkynyl-phenyl

Scheme 1. Chemical Structure of Phenylpropiolic Acid
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group at S GPa was demonstrated by in situ Raman and
infrared (IR) spectroscopy, during which the hydrogen bond
preserved an ordered arrangement of the molecules. Combined
with metadynamic (MD) simulation, it was proved that the
product structure contains a large s-electron conjugation
system, which corresponds to the bandgap changes observed in
the UV—vis absorption spectra.

B EXPERIMENTAL SECTION

In Situ High-Pressure Experiments of PPA. PPA (purity >
98%) was purchased from MERYER (Shanghai), and used without
further purification. For the in situ high-pressure Raman, IR
absorption, UV—vis absorption, and powder X-ray diffraction
(XRD) experiments, PPA was loaded in to a symmetric diamond
anvil cell (DAC) with an anvil culet diameter of d_,.c = 300 um. Type
II-a diamonds were used for IR and UV—vis experiments to avoid
absorption band at 1000—1300 cm™'. Gaskets (T301 stainless steel)
were preindented to a thickness of ~35 pm, and a center hole with d
= 150 pm was drilled as the sample chamber. The pressure was
calibrated according to the ruby fluorescence equation™

P(GPa) = 248.4[(A/4,)° — 1] (1)

Where 4, (694.25 nm) and A are the wavelengths of the R1 ruby
fluorescence line at ambient pressure and current pressure.

Raman experiments were carried out on a Renishaw Micro-Raman
spectroscopy system equipped with a 532 nm Nd:YAG laser (2400
lines/mm grating). The system was calibrated by the Raman signal of
Si. The continuous mode was chosen and the exposure intensity was
10%, with exposure time of 20 s per point.

The sample for IR experiment was prepared as described
previously,”> and a KBr slice was used for PPA sample thinning.
The conventional source was Globar. The Mid-IR spectra were
collected in transmission mode in the range of 600—4000 cm™ on a
Bruker VERTEX 70v with HYPERION 2000 microscope. The
resolution was 2 cm™' through a 20 X 20 um’® aperture. The IR
absorption spectrum of DAC filled with KBr in the same aperture
region was used as the background.

In situ high-pressure powder XRD data were collected at 4W2
beamline at the Beijing Synchrotron Radiation Facility (BSRF). The
incident X-ray was monochromatized to a wavelength of 0.6199 A. A
Pilatus 2M detector at 4W2 was used and the geometry was calibrated
by CeO,. The collected 2D XRD patterns were integrated by the
Dioptas program.”* Lebail fitting and Rietveld refinement were
performed using Jana2006 software.”®

The single crystal of PPA was prepared by slowly evaporating its
ethanol solution. The PPA crystals were loaded inside the sample
chamber; silicone oil was used as the pressure transmitting medium,
and its absorption was used for background calibration in UV—vis
experiments. The absorption spectra and optical micrographs were
measured in a home-designed spectroscopy system (Gora-UVN-FL,
assembled by Ideaoptics, Shanghai, China). UV—vis absorption
spectra were collected using a xenon light source with wavelength
range of 320—850 nm. The bandgap measured by absorption method
is determined by extrapolating the linear portion of the a'/? versus of
the hv curve, where a is the absorption coeflicient, h is the Planck
constant, and v is the frequency of the photon.
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Figure 1. (a) In situ Raman spectra of PPA in the pressure range of 0.7—16.2 GPa upon compression. In situ IR spectra of PPA upon (b)
compression and (c) decompression. (d) IR spectra of PPA and its polymerized product recovered from 10.1, 15.7, 20.9, and 25.4 GPa. The
assignments of Raman and IR modes of PPA are shown in Table S1 and S2, respectively. , 3, and v represent the scissoring, the in-plane bending,

and the stretching vibration, respectively.
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Figure 2. (a) Synchrotron XRD patterns of PPA under applied pressures. (b) Crystal structure of PPA at 4.5 GPa. The C---C distance along cross-
stack and parallel-stack molecules, as demonstrated by the Rietveld refinement of XRD data. (c) Evolution of corresponding compression ratio of
three axis from 0.5 to 4.5 GPa. (d) P—V relationship of PPA fitting by the third-order Birch—Murnaghan equation of state.

Computation Details. The DFT calculations in this paper,
including structural optimization and molecular dynamics simulation,
were gerformed with the Vienna Ab-initio Simulation Package (VASP)
code.”® The local density approximation (LDA) exchange correlation
functional by Ceperley and Alder, as parametrized by Perdew and
Zunger (CA-PZ) was used with the projector-augmented plane-wave
(PAW) potentials.27 For structure optimization, a cutoff energy of 600
eV was set with k-point solution better than 2z X 0.05 A™!, whereas
molecular dynamics simulation was carried out with an energy cutoff
at 560 eV and a I'-point only sampling. First, the crystal structure of
PPA at 4.5 GPa determined by refinement with XRD data was used to
construct a supercell consisting of a 2a X 2b X 2¢ unit cell, and then
the supercell was optimized at 10 GPa, followed by Hessian matrix
calculation. At last, the simulations using metadynamic (MD)*®
method were worked out at 300 K. Each meta step takes 0.5 ps. NVT
ensemble was used in MD simulation. DET-D3(BJ)* correction was
used to take the noncovalent effects into consideration.

AC Impedance Spectroscopy Measurement of PIP Product
of PPA. The ¢-BN gasket for AC impedance s%)ectroscopy
measurement was prepared as described previously,”> with the
thickness of 45 ym and a hole of 240 ym. The PIP product of
PPA was synthesized by symmetric DAC at 25 GPa. After sample
loading, an external pressure of 0.6 GPa was applied to ensure the
compaction. Thin platinum foils with a width of 300 ym were painted
on both surfaces of the sample as electrodes. Silver glue and copper
wires were used to connect the impedance spectrometer and the
electrodes. The data were collected using the apparatus described in
ref 22, with the AC voltage of 100 mV and frequency range of 0.1-32
M Hz. The data in the frequency range of 600—1 M Hz were fitted by
Z-view to obtain the equivalent circuit diagram, resistance, and
capacitance. The conductivity (6) and permittivity (&) were
calculated by the formulas

2)
©)

Wherein [ and S represent the thickness and cross-sectional area of the
sample chamber, respectively.

o =1/RS

e=Cl/S

B RESULTS AND DISCUSSION

Polymerization of PPA under High Pressure. The
evolution of the Raman spectra of PPA up to 16.2 GPa are
shown in Figure la. As the pressure increases, all vibrational
modes adopted blue shift, which is attributed to the reduction
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of interatomic distance. At 5.0 GPa, a new peak centered at
~1547 cm ™" ascribed to the C=C stretching (vc—c) appeared
with the fluorescence enhanced dramatically, and the peaks
from the phenyl (Sc_y at 1245 cm™, Vying at 1615 cm™) and
alkynyl (vc—c at 2250 cm™") were significantly weakened and
disappeared. The pressure dependence of Raman peaks is
shown in Figure Sla, and chemical reaction can be clearly
distinguished. The vc_c mode of poly-PPA was maintained
during the decompression (Figure S1b), but cannot be clearly
observed at recovered sample due to the high fluorescence
background.

To avoid the influence of fluorescence, we also measured in
situ IR spectra of PPA (Figure 1b, Figure S2a). Similar to the
Raman spectra, the absorption peaks from the phenyl and
alkynyl were weakened simultaneously and then disappeared
gradually above 6.3 GPa, including the C—H stretching
(ve_p), the C—H scissoring (5¢_y) at 1240, 1350, and 1450
cm™, the ring stretching (Vring) at 1505 cm™!, and the C=C
stretching (vc—c) at 2234 and 2290 cm™'. New peaks
appeared at ~1185 cm™ and ~1400 cm™" at 7.4 GPa, which
are identified as single bonded C—O stretching (vc_o) and
O—H in-plane bending (fo_p) of the polymer. Subsequently,
The C=C stretching (vc—c, ~ 1634 cm™') mode can be
clearly distinguished at 12.2 GPa, and was enhanced with
increasing pressure (Figure 1b, S2a). These series of
transformations clearly demonstrated that phenyl and alkynyl
reacted simultaneously to produce a polymer with sp*—sp®
carbon. When decompressed to ambient pressure (Figure lc,
Figure S2b), these modes still existed, and additional peaks at
3450 and 2935 cm ™" were also observed. These two bands are
attributed to the O—H stretching (vo_y;) and sp* C—H (vc_yy)
stretching in polymer, indicating new types of hydrogen bonds
appeared. Further comparing the IR spectra of the samples
recovered from different pressure (Figure 1d), we found that
the C=C stretching was greatly enhanced with increasing
pressure, demonstrating a higher polymerization degree in the
sample R-25.4 (recovered from 25.4 GPa).

Structural Evolution under High Pressure. To analyze
the PIP mechanism, we performed synchrotron XRD experi-
ments in the pressure range of 0.5—23.1 GPa, and obtained the
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Figure 3. Crystal structure of PPA at 300 K and 10 GPa, simulated by metadynamics.

(a) T T T ;3 (GIPa) (9) —— Cgmpressit'm ' ' - - '
> —a— Decompression do
w30} —o02
> Q)
E) -
- % 25} g
= 4
S %2 0 " /2.96
o 50 152025303540 |
o % hv(eV)
'*? m154 J
) 2 s " L " " L
% 0 5 10 15 20 25 30
= P (GPa)
- (c)
| I | I 1 :

300.400 500.600 700 800 900
Wavelength (hm)

0.2GPa

d0 GPa

28.7 GPa

Figure 4. Optical characterizations of PPA under high pressure. (a) Selected UV—vis absorption spectra under high pressure. (b) Pressure-
dependent values of bandgap energy. The inset in b shows the variations in (ahv)"/? versus photon energy hv of the PPA before compression and
after decompression. (c) Optical micrographs of PPA crystals collected at selected pressures.

details of high-pressure structural evolution of PPA. The XRD
peaks were marked using Miller indices, as shown in the Figure
2a. The XRD pattern of PPA at 0.5 GPa was well-fitted
through Rietveld refinement (Figure S3a). It crystallized into a
P2,/n space group, and the corresponding unit-cell parameters
are a = 5.069(1) A, b = 14.834(3) A, ¢ = 9.807(3) A, @ = 90°,
B =90.98(2)°, and y = 90°. Apparently, there are two forms of
molecular stacking, crossed and parallel, in its crystal structure
(Figure S3b, S3c). With increasing pressure, all the XRD peaks
of PPA moved to higher 20 without generating new peaks. At
4.5 GPa, the diffraction peak observed at 11.3° (=1 3 1) is
separated from 11.4° (1 3 1) and then merges with the 1 3 0
diffraction peak at 15.9 GPa (indicated by the arrow in Figure
2a), indicating anisotropic compression of the lattice. It is
worth noting that they are almost along the lines connecting
the centroids of alkyne groups and the centroids of phenyl
groups in the next paralle]l molecules. Above 17.2 GPa and
throughout the ensuing decompression process, most of the
diffraction peaks disappeared and widened. There was only one
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obvious diffraction peak in the recovered polymer with a d
value of 8.56 A, which is close to the d-spacing of (0 1 1) of the
reactant (Figure S4a). These indicate that the deteriorated
crystallinity originating from disordered rearrangement of poly-
PPA oligomers.

Because of the PIP of PPA, the original structure can only be
fitted to 4.5 GPa (Figure 2b, Figure S4b). The compression
ratio of three axis was obtained by performing the Rietveld
refinement and shown in Figure 2c. The P—V relationship of
PPA was then fitted by the third-order Birch—Murnaghan (B-
M) equation of state (Figure 2d):

(‘/0)7/3 (‘/0)5/3
1% 14

2/3
&7
v (4)
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With V= 763 + 10 A3, B, = 11 & 2 GPa, and B, = 4.8 + 1.3.

As shown in Figure 2b, the nearest C---C distances between
adjacent cross-stack and parallel-stack PPA molecules at 4.5
GPa are d¢,..cg= 3.30 A and dgs..c= 3.31 A, respectively.
This is similar to the critical PIP distance d..c = 3.3 A
reported for the phenyl-alkynyl synergistic reaction of TEB.”

An MD simulation was then performed to investigate the
PIP process at 10 GPa and 300 K starting from a 2a X 2b X 2¢
supercell of this structure (Figure 3). The first reaction occurs
at step 10 of the MD and is the bonding of alkyne carbon
atoms C8—C8’ between adjacent molecules stacked in parallel
packing mode. The closest C---C distance of PPA molecules,
dcs...c77, is then further shortened to bonding, demonstrating a
synergetic reaction between alkynyl and phenyl groups.
Hydrogen bond between carboxyl groups maintained the
orderly stacking of oligomers and led to ordered chains.
Therefore, the process hydrogen bond-assisted topochemical
PIP of PPA has been demonstrated, and the product with a
longer chain and a higher degree of 7-conjugate backbone was
confirmed. Further simulation shows that in step 12, the
carbon atoms in phenyl and carboxyl groups undergo a
complicated linkage to form a five-membered ring. This may
be induced by the activation of the carboxyl carbon due to high
pressure, which leads to the bonding of the C9 atom to the
radical-bearing C6” atom and the formation of a carbon ring.
Meanwhile, the O atom attached to C9 atom is bonded to the
neighboring H atom to form a new O—H bond, corresponding
to the new vg_; mode (~3450 cm™') of the poly-PPA
observed in the IR spectra. These processes can result in the
expansion of the conjugate skeleton from a single molecule to
multimolecules in the ab plane, thereby significantly affect the
bandgap of the material.

In situ UV—vis absorption spectroscopy was utilized to
measure the optical properties and bandgap evolution of PPA
under high pressure (Figure 4a and Figure SS). At 0.2 GPa, the
main absorption peak was around 327 nm with bandgap of
2.96 eV, which is designated as a 7 — 7#* excitation of #
electrons in the conjugated system consisting of phenyl and
alkynyl. The carboxyl group acts with C=C group as an
auxochromic group. With further compression, the absorption
spectra show distinct and continuous redshift to longer
wavelengths (Figure S6). At 5.3 GPa, a new broad peak
centered at 436 nm was observed representing the formation of
PIP product. Especially, the absorption peak crosses over 300
nm in wavelength and finally covers the entire visible light
region above 25 GPa. The bandgap energy was reduced to 1.54
eV at 28.7 GPa (Figure 4b). These properties suggested poly-
PPA was a good candidate in optoelectronics. The
extraordinary piezochromic transition of PPA is evidently
seen through optical micrographs (Figure 4c). Upon
compression, the crystals gradually darkened and eventually
turned into opaque brown at 28.7 GPa. The transformation of
absorption edge regulation (Figures S6 and S7) and
piezochromism (Figure 4c, Figure S8) was completely
irreversible, and the optical properties did not revert to the
original state after decompression, corresponding to a bandgap
value of 1.65 eV for the polymer (Figure 4b). This
demonstrates the PIP of PPA greatly expanded the region of
m-electron conjugation and the effective molecular chain
length, forming a more 7—7 conjugated system. With reference
to the relationship between the number of double bonds and
the absorption edge shift in polyene compounds,30 a more than
10 conjugated z-electron system was speculated to be formed
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in the polymer. This is in good agreement with the product
structures depicted in the MD simulations, also corresponding
with the reaction observed in the Raman and IR spectra.
The n-conjugate structure in the poly-PPA significantly
promoted the electrical conductivity. We conducted an AC
impedance experiment on the PIP product synthesized at 25
GPa. An equivalent circuit was constructed to fit the semicircle
in the Nyquist plot, as shown in the Figure 5. The permittivity

-6.0x10° . . . T .
e Experimental data
—— Fitting curve
Equivalent circuit diagram
-4.0x10° R, Rgp -
—
c
A
N CPE
N
-2.0x10°} E
0.0+ .
1 1 1
0.0 2.0x10°  4.0x10°  6.0x10°
Z'(Q)

Figure 5. AC impedance spectrum of poly-PPA in the Nyquist plot.
The equivalent circuit used for fitting is shown in the inset.

of the semicircle is ~3.0 X 107! F - em™!, which corresponds
to the grain boundary.”"*” This suggests that the grain
boundary plays a major role in impeding electron migration.
The corresponding conductivity is 1.24 X 107° S - cm™, which
is greatly improved compared to the insulating reactant
monomer. However, due to the existence of a large number
of sp>C and terminal groups of carboxyl, it is still significantly
lower than that of the conductor (>1 X 10* S - cm™). The
electron conductivity of the poly-PPA is similar to that of poly-
DPB,”' demonstrating the presence of a large 7—7 conjugated
system in its structure.

The synergetic reaction of PPA observed in this work differs
significantly from that of DPB,”' TEB,” and phenyl-
acetylene.'" There is a substantial synergistic impact on the
alkyne and phenyl groups due to the initial step of
polymerization between alkynyl groups, resulting in a
significant reduction in reaction pressure. The critical C---C
distance in this reaction is 3.3 A, which is consistent with
previous studies of DDA reactions, implying PIP depends on
the distance between reactive carbon atoms. Despite the
identity of C--C distance in two modes (Figure 2b), the
bonding occurs only between parallel-stack PPA molecules,
where the alkyne group is roughly aligned to the center of the
phenyl group, and H-bonds are maintained on both sides. This
also demonstrates that the crystal structure (including relative
location and direction at threshold pressure, as well as
intermolecular interactions) highly determines the direction
of the topochemical reaction paths. Although hydrogen bonds
can adhesion nearby molecules to some extent, the extensive
and complicated bonding that happens in the ab plane makes it
challenging to attain adequate crystallinity of the products. In
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the PIP reaction, stronger intermolecular interactions are
expected to contribute to the reaction’s orderliness and
facilitate the large-scale high-pressure synthesis of the
crystalline products.

B CONCLUSION

In summary, we systematically investigated the structural
evolution and polymerization mechanism of PPA under high
pressure, and found that the alkynyl and phenyl groups
undergo an arrangement-selective synergetic polymerization at
S GPa, which is demonstrated by in situ Raman and IR
spectroscopy. Combined with MD simulation, we verified the
alkynyl-phenyl reactivity at much lower pressure than that in
PIP of the reported aromatics, implying that the distance and
stacking mode of unsaturated groups are the key factors of the
pressure and reaction pathways of PIP. The carboxyl groups
aid to maintaining a regular arrangement in the conjugate
structure by forming intermolecular hydrogen interactions.
Our study synthesized organic polymers with long z-
conjugated backbone, lower bandgap energy and improved
electrical conductivity via the PIP of PPA. This provides an
inspiration for the goal-directed synthesis of organic photo-
voltaic materials by phenylethynyl compounds.
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