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Organic solar cells have become an important development direction in solar cell materials because of their
low cost, light weight, and good flexibility. However, the size of their bandgap is difficult to continuously
regulate, resulting in a low power conversion efficiency. In this work, an organic molecule TPEPA was
synthesized, and its luminescence performance and polymerization under high pressure were studied by
performing in situ Raman, IR, fluorescence, and UV-vis spectroscopy. The Raman and IR spectroscopic
results show that single bonds (C—H, C—Ph) and long chains (C-C=C-C) are more unstable and prone
to amorphization under high pressure. At 10 GPa, the TPEPA molecule undergoes a transition of
amorphization accompanied by a few polymerizations in the C=C bond structure. After holding
pressure at 20 GPa for one day and releasing to ambient pressure, the other peaks almost disappeared,
while the new peak of C(sp®)=H from the polymerization of the benzene ring was observed, indicating
that the irreversible amorphization and polymerization did occur. UV-vis spectra results show that the
bandgap is reduced from 2.9 eV to 1.3 eV, which is just in the maximum conversion efficiency bandgap
range (1.3-1.4 eV) of p—n junction solar cell materials. This pressure is within the working pressure range
of a large volume press, which is favorable in applications of large-scale synthesis. Our strategy may
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Introduction

In recent years, organic optoelectronic materials have attracted
extensive attention in science and industry for their low-cost,
lightweight, ultra-thin, and flexible properties.'> Organic
materials can be precisely designed and synthesized, which can
achieve multiple regulations of molecular luminescence prop-
erties.*® The size of the bandgap is one of the most important
factors affecting the performance of an organic solar cell.
Whether a material meets the Shockley-Queisser (SQ) limit
bandgap range of 1.3-1.4 eV will directly affect the lumines-
cence efficiency and application, which was proposed by
Shockley and Queisser in 1961.'*'* As an independent thermo-
dynamic parameter, high pressure can not only tailor the elec-
tronic structure but also effectively alter interactions between
atoms. This enables fully continuous and controlled
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provide a method for the large-scale synthesis of novel organic solar cell materials.

modulation of the bandgap to facilitate the synthesis of new
materials, even as a meta-stable phase quenched to ambient
conditions. For example, organic compounds containing
unsaturated bonds can undergo pressure-induced polymeriza-
tion (PIP) under high pressures.'”?' Similarly, high pressure
enables continuous regulation of bandgap size, resulting in
continuous changes in sample luminous performance, espe-
cially for organic compounds.?*** Applying pressure on organic
optoelectronic materials would profoundly modify electronic
orbitals and bonding patterns, thus triggering different reac-
tions according to the difference in the chemical bond
energy.>**

Previous studies have found that tris(4-phenylethynyl)-
phenyl amine (TPEPA) is a high-performance fluorescent
material, and temperature can effectively regulate its bandg-
aps.”® However, the range of bandgap regulation is limited and
does not reach the SQ limit bandgap range.'®** Therefore, high
pressure, another important thermodynamic parameter, is
employed to regulate the bandgap of TPEPA, hoping that the
bandgap energy can be regulated to 1.3-1.4 eV, and continuous
change of fluorescence.

In this work, an organic molecule TPEPA was synthesized.
TPEPA is an organic molecule with a typical aromatic conjugate
system, consisting of three diphenyl acetylene connected to
a nitrogen atom. The crystal structure of TPEPA polycrystalline

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is monoclinic, the space group is P2,/C, and there are 280 atoms
in the unit cell.”® The luminescence characteristics and poly-
merization under high pressure were studied by performing in
situ Raman spectroscopy, infrared (IR) spectroscopy, fluores-
cence spectroscopy, and UV-visible (UV-vis) absorption spec-
troscopy. Raman and IR spectroscopy were performed to study
the structural evolution and main vibration or rotation change
processes of the functional groups. The fluorescence spectrum
was then conducted to study the evolution of luminescence
performance under high pressure. The relationship between
luminescence properties and bandgap variation was studied by
UV-vis absorption spectrum.

Experimental methods

Sample preparation and characterization

TPEPA sample was synthesized according to the literature*>*

with a slightly changed procedure (Scheme 1). In a 100 mL two-
neck flask, tris(4-iodophenyl)amine (3.11 g, 5.0 mmol), phe-
nylacetylene (2.14 g, 21.0 mmol), Pd(PPh;), (145 mg, 0.125
mmol) and Cul (152 mg, 0.125 mmol) were loaded under
nitrogen. Tetrahydrofuran (THF, 30.0 mL) and triethylamine
(TEA, 7.0 mL) were degassed and injected into the flask via
cannula under nitrogen. The mixture was then heated at 80 °C
under N, for 10 h. Upon cooling to room temperature, the
solvents were removed in vacuo and the residue was purified by
column chromatography (silica gel, dichloromethane/hexane as
the eluent) to obtain the target molecule TPEPA as a white
powder (2.32 g, yield: 85%). This compound was characterized
by 'H-NMR, "*C-NMR, and High-Resolution Mass Spectroscopy
(HRMS) spectrums (Fig. S1-S3t). "H-NMR (600 MHz, CDCI;)
6 7.52 (d, J = 7.8 Hz, 6H), 7.44 (d, J = 8.3 Hz, 6H), 7.34 (t, ] =
7.5 Hz, 9H), 7.08 (d, J = 8.3 Hz, 6H). >*C-NMR (151 MHz, CDCI;)
6 [ppm] = 146.81, 132.95, 131.66, 128.48, 128.26, 124.15, 123.53,
118.11, 89.44, 89.39. HRMS: calculated [M + H]' 546.22163,
found [M + H]" 546.22057.

In situ high-pressure experiments

We used DAC equipped with a pair of type-Ila diamond anvils
with a culet size of 300 pm to generate high pressure. T-301
stainless steel gaskets were pre-indented to about 45 pm in
thickness for all experiments. A sample hole with a diameter of
~150 um was drilled at the center of the indentation, and ruby
balls were used to calibrate the pressure.?

The in situ Raman spectra were collected on an Andor
spectroscopy system equipped with a He-Ne laser (A = 638 nm)
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Scheme 1 Synthesis of TPEPA.
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without a pressure transmission medium. Because TPEPA is as
soft as NaCl, which can keep the sample chamber in a quasi-
hydrostatic condition. The Raman spectra were recorded with
a backscattering configuration, and a 600 lines per mm grating
was used. In situ IR spectra were collected on a Bruker VERTEX
70v system with an HYPERION 2000 microscope. Using Globar
as a conventional source, the IR spectra were collected in
transmission mode with a pressure transmission medium of
KBr in the range of 600-4000 cm . In situ fluorescence spectra
were collected on a Renishaw micro-Raman spectroscopy
system with a 325 nm laser without a pressure transmission
medium. In situ UV-vis spectra were collected on an Andor
spectroscopy system in the range of 350-1000 nm, and silicone
oil was used as the pressure transmission medium, which
provides quasi hydrostatic conditions up to 10 GPa (ref. 31) and
more importantly leaves a clean window for collecting a refer-
enced background at each pressure point.

Results and discussion

In situ Raman spectra of TPEPA up to 20.0 GPa are shown in
Fig. 1(a), and no obvious peaks were observed outside this range
in Fig. S(4).t The evolution of Raman vibration modes upon
increasing pressure was plotted in Fig. 1(b). Careful assignment
of different crystal vibrational modes was identified according
to the available references of diphenylacetylene in Fig. 1(c).*>¢
Before 10.1 GPa, all the peaks exhibit blue-shifted under
increasing pressure, indicating that the bond length becomes
shorter and the vibration becomes stronger under high pres-
sure. After 10.1 GPa, the peak of C=C vibration (2223 cm ™' at
1.2 GPa) splits into a new broader peak. Simultaneously, these
two anti-symmetrically coupled C-Ph stretches (a* vibration in
Fig. 1(c) ~1250 ecm ' at 1.2 GPa) are disappeared, indicating
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Fig. 1 (a) Selected Raman spectra of TPEPA upon compression and
decompression, (b) frequency shifts of Raman modes as a function of
pressure. (c) Characteristic region: functional group vibration labeling.
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that amorphous and polymeric reactions began thereafter.
Furthermore, these a* vibrations of C-Ph stretches exhibit the
biggest blue shift rate, and their intensities decrease sharply
upon the increase of pressure, indicating that the a* vibrations
in diphenylacetylene are easy to be compressed and destroyed
under high pressure. In addition, the C=C bond vibration
splits into two peaks and disappears at ~13 GPa, indicating that
it is also slightly prone to react under high pressures. However,
the C=C bond vibrations on benzene rings (~1597 cm™ " at 1.2
GPa) and the symmetric C-Ph stretch (1141 cm ™" at 1.2 GPa) are
disappeared at the pressure of ~20 GPa, indicating that the
benzene ring and symmetric C-Ph are the relatively stable
groups, and less likely to be destroyed under high pressure.
Thus, we summarized propose that the reaction of the C=C
bond occurred firstly in the TPEPA molecule at 10 GPa, which
causes anti-symmetrically coupled of C-Ph stretches to be
destroyed firstly under high pressure, while symmetrically C-Ph
stretches and benzene ring vibration are little affected. Until
20 GPa, completely amorphization occurred in the whole
organic molecule crystals. After holding for one day at 20.0 GPa,
the sample was decompressed, and no Raman peaks were
observed during the whole decompression process. This indi-
cates that most of the samples undergo an irreversible amor-
phous process, samples might undergo
polymerization under high pressure.

To avoid fluorescence interference, the infrared spectrum is
used to obtain more spectral peaks vibration information. The
in situ IR measurements were carried out up to 20.5 GPa, as

and a few

shown in Fig. 2(a). Similar to the Raman results, all the peaks
before 10 GPa were blue-shifted and broadened under
compression. After 10 GPa, most vibrations of C-H, C-C, and
C=C bonds were red-shifted and gradually disappeared in
Fig. 2(b), indicating that the TPEPA molecule was distorted, so
that these vibrations directions were easier to vibrate and rotate.

@r "plepd (b an
208 - . L so
A 124 § | I
= 5 —23 im 2 PhiSkeleton
3 A s ~l% boeaesd
S | < 2 '/*r’ oh |8, [eear ettt
S MMNZ E 70w out P g'“’”
£ 8.4 £ Suar  N-Phistretch
s ~6.0] = =
E 34 L Ringbreathy A 10
1.0 r',,.**--’ Anti-sym CPh stretch
o 1.0)
0.1l 0 3 6 9 12 O R
\ T Ly P/GPa P/GPa
" AS-C-Ph str \ f ; . ; - ; ;
Ring breath N-Ph s ¢ H (d)
C-H out Ph w. Skelpton C(P)-
600 800 1000 1200 1400 1600300032003400
Wavenumber / cm™
(c) 3
o
0.1 9. 12.5 >t
M A A 4 s
11— — l"-l - 2
'\ =
il sl ik, l'“ X
T ((\|!‘+\p ) H i
‘ -
" "' '\' LY 4 ;

800 1200 1600 2000 2400 2800 3200 3600 4000
Wavenumber / cm™

Fig. 2 (a) Selected infrared absorption spectra of TPEPA upon
compression and decompression, (b) frequency shifts of IR peaks as
a function of pressure in 680-840 cm ™! and 1200-3150 cm™, (c)
optical microscopic images of TPEPA at different pressures, (d) before
and after the high pressure of pure sample by infrared spectrum.
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It can be seen from Fig. 2(b) that, the skeleton vibration peak of
the benzene ring (in the range of 1400-1600 cm™ ) still holds
a steady change after 10 GPa, and gradually disappears at
20 GPa, while most C-H, C-Ph, and N-Ph vibration peaks show
large redshift after 10 GPa. It indicates that after 10 GPa, the
vibration of the benzene ring remains stable and its local
chemical environment was still preserved, while these chain
structures undergo amorphization and partial polymerization,
which is consistent with the results of Raman spectroscopy. At
about 20 GPa, most of the vibrational models of the TPEPA
molecule disappeared, indicating that the sample was
completely amorphous. Meanwhile, it can be seen from Fig. 2(c)
that after 10 GPa, the sample showed a dark color, corre-
sponding to the process of amorphization and polymerization.
When compressed to 20 GPa and even released to ambient
pressure, the color of the sample remains dark yellow, indi-
cating that the amorphization and polymerization process was
irreversible. After releasing pressure from holding 20.5 GPa for
one day, the peak centered at 2207 cm™' (C=C stretching)
disappeared, and a new peak at 2926 cm ™" (C(sp®)-H stretching)
was observed in Fig. 2(d), demonstrating that the C-H vibration
with sp® transformed to sp® + sp® during polymerization. C=C
bond in the chain structure might be transformed into single or
double-bonded amorphous network polymers (vibration in the
range of 1200-1600 cm ). This C(sp*)-H vibration is likely to
arise from the polymerization of the unsaturated C=C bond in
the benzene ring. Raman spectroscopy showed that the TPEPA
molecule was completely amorphous after high pressure, and
no spectral peak was detected. While the infrared spectroscopy
(region average measurement) showed that most samples were
amorphous after compression, there was still an obvious new
peak of the polymerized quenched sample.

Summarily, Raman and IR results show that single bonds
(C-H, C-Ph) and long chains (C-C=C-C) are more unstable
and prone to amorphization under high pressure. After 10 GPa,
amorphization accompanied by partial polymerization in C=C
bond structure began to take place. After 20 GPa, the irreversible
amorphous process of the sample occurs.

To study the influence of the amorphous process on TPEPA
luminescence performance, high-pressure in situ fluorescence
spectroscopy was performed, as shown in Fig. 3. There are two
peaks in the fluorescence spectrum at ~470 nm and ~501 nm
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Fig. 3 Fluorescence spectra of TPEPA under different pressures, (a)
before 5.6 GPa, (b) after 5.6 GPa.
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respectively, and the corresponding sample produces blue and
green light when excited. The peak at 470 nm is probably from
the electron transition from w* antibonding orbital to
bonding orbital (=* — ) in the vibration of the conjugated =
bond from the benzene ring. The peak at 501 nm corresponds to
the * — m electron transition from the carbon-carbon triple
bond. The peak at 470 nm red-shifted from 0.2 GPa at 470 nm
(cyan) to 10 GPa at 550 nm (green), and the fluorescence
intensity was decreasing continuously during compression.
Before 2.1 GPa, the fluorescence emission intensity of the
benzene ring is weaker than that of the C=C bond, and then
exceeds that of the C=C bond vibration thereafter. This indi-
cates that the benzene ring is more stable, which is consistent
with the Raman and IR data results. After 10 GPa, the spectral
peaks disappeared basically, and the corresponding sample
began to undergo an amorphous and polymerization process.
After being pressurized to 20 GPa and held for one day, the
spectrum peak did not appear again, and TPEPA was completely
amorphous under high pressure. If we want to obtain the
fluorescence enhancement phenomenon of TPEPA, we can
introduce hydroxyl or groups containing N, and F atoms into
the end group of the TPEPA molecule to make it conducive to
forming hydrogen bonds under high pressure. Thus, intermo-
lecular vibration can be reduced, the non-radiative transition
can be reduced, and fluorescence can be enhanced.*”?® In
summary, the -7 stacking interaction in TPEPA was enhanced
by pressure, resulting in a significant decrease in fluorescence
intensity and irreversible amorphization.

Finally, to study the effect of high pressure on the accom-
panying regulation of bandgap during the amorphous process
of TPEPA. In situ UV-vis spectra were performed to demonstrate
the bandgap evolution as a function of pressure, and the
bandgap was fitted according to the Kubelka-Munk function
and Tauc plot,*** as shown in Fig. 4. It can be seen that this
unique peak is the result of the transition of w orbital electrons
to w* antibonding in the conjugated system of the benzene ring
and C=C bond, which can be expressed as 7 — w*. With the
increase of pressure, this peak red-shifts and the corresponding
bandgap gradually decreased from 2.9 eV at 0.2 GPa to 1.3 eV at
20.4 GPa. In addition, an obvious mutation occurred at 10 GPa,
corresponding to the changes of Raman, IR, and fluorescence
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Fig. 4 (a) Selected in situ UV-vis patterns of TPEPA under compres-
sion. (b) The bandgap of the TPEPA is under high pressure.
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spectra, which means an irreversible amorphization began at
this pressure point. This pressure is within the working range of
a large volume press, which is conducive to large-scale synthesis
application. After holding pressure for one day, the bandgap
remains at 1.3 eV after dropping to ambient pressure, which is
in the maximum conversion efficiency bandgap range (1.3-1.4
eV) of p-n junction solar cell materials.'>**

Conclusions

In summary, an organic molecule TPEPA was synthesized, and
its amorphization and polymerization were studied under high
pressure, using in situ Raman, IR, fluorescence, and UV-vis
spectroscopy. The Raman and IR results show that the C=C
bond is the first bond to start the amorphization and poly-
merization, and =C-H (sp”) bond vibration transforms to C-H
(sp> + sp’) bond vibration due to the polymerization of the
benzene ring after high pressure, which means that an amor-
phous state with partially irreversible polymerization has
occurred. The polymerization of unsaturated organic
compounds under high pressure will irreversibly generate new
products so that the properties obtained under high pressure
can be partially retained. The fluorescence spectrum peak of 7*
— w electron transition was red-shifted and gradually dis-
appeared from 470 nm (cyan) at 0.2 GPa to 550 nm (green) at
10 GPa, which means that TPEPA was completely amorphous
under high pressure. The UV-vis spectroscopy shows that the
bandgap is reduced from 2.9 eV to 1.3 eV, which is in the
maximum conversion efficiency bandgap range (1.3-1.4 eV) of
the p-n junction solar cell materials. Our researches show that
TPEPA can provide a reference for the large-scale synthesis of
novel organic solar cell materials.
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