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ABSTRACT: Pressure-induced polymerization of aromatics is an effective method to

construct extended carbon materials, including the diamond-like nanothread and 4
graphitic structures, but the reaction pressure of phenyl is typically around 20 GPa and = 4.0 GPa >
too high to be applied for large-scale preparation. Here by introducing ethynyl to Zz . [4+2] dehydro-Diels-Alder

reaction

3

phenyl, we obtained a spz—sp carbon nanoribbon structure by compressing 1,3,5-
triethynylbenzene (TEB), and the reaction pressure of phenyl was successfully
decreased to 4 GPa, which is the lowest reaction pressure of aromatics at room
temperature. Using experimental and theoretical methods, we figured out that the
ethynylphenyl of TEB undergoes [4 + 2] dehydro-Diels—Alder (DDA) reaction with

1,3-H-transfer

phenyl upon compression at an intermolecular C---C distance above 3.3 A, which is reaction

much longer than those of benzene and acetylene. Our research suggested that the

DDA reaction between ethynylphenyl and phenyl is a promising route to decrease the

reaction pressure of aromatics, which allows the scalable high-pressure synthesis of

nanoribbon materials.

P ressure-induced polymerization (PIP) of aromatics is a cally,* very recently, we found that the phenyl of
robust method to synthesize novel carbon materials.' diphenylbutadiyne reacts with ethynylphenyl at ~10 GPa via

By compression of benzene to ~20 GPa at room temperature, a [4 + 2] dehydro-Diels—Alder (DDA) reaction and produces

ultrathin one-dimensional (1-D) sp® carbon nanothreads were crystalline graphitic nanoribbon.”> This suggests that the

obtained, with a stiff diamond-like structure. Introducing cycloaddition of phenyl and ethynyl in PIP is still promising

functional groups and heteroatoms can modify the reaction and worthy to be explored. In this work, we investigated the

process, structure, and properties of the product; hence, a PIP of crystalline 1,3,5-triethynylbenzene (TEB) and found the

variety of aromatics were investigated, like furan,™® pyrrole,” phenyl undergoes [4 + 2] DDA reaction with neighbored

thiophene,8’9 pyridine,lo’” aniline,'? pyrimidine,B’H tria- ethynylphenyl to form 1-D nanoribbon at 4 GPa. This is an

zine, ! 151 2,4,6-tricyano-1,3,5-triazine (TCT),"” benzene— unprecedented low pressure for aromatics to react under room

hexafluorobenzene cocrystal,'® and benzene—acetylene cocrys- temperature, which can be applied for large-scale synthesis, and

PIP-TEB is hence the most easily scalable synthesized 1-D
nanoribbon from PIP of aromatics.

At room temperature, the Raman spectra of TEB keep their
profile upon compression, and no new peak appears below 3.0
GPa (Figure 1a), with assignments in Figure S1. At 4 GPa, the
signal of TEB disappeared with fluorescence enhanced
dramatically, suggesting the reaction begins. Four new bands
appeared at 654, 868, 1241, and 1511 cm™". The latter two are
attributed to sp> C—C and sp* C=C stretching modes,

tal.'"” New materials including 1-D N- or O-doped nano-
threads, 2-D F-doped graphane, and extended nitrogen-rich
amorphous hydrogenated carbon (a-C:H:N) were thus
obtained. These materials greatly expanded the family of
carbon materials. However, the required pressures for the PIP
of aromatics are typically around 20 GPa at room temperature,
with the lowest one at 10 GPa for furan, which is too high to
be applied for large-scale preparation and prevent further

investigation.

In comparison, alkynes often polymerize in a solid at much
lower pressure. Acetylene polymerizes at ~4 GPa at room Received: June 17, 2021
temperature and produce polyacetylene and graphane.”’™** Accepted:  July 19, 2021

C,1, also polymerizes at 4 GPa and forms conjugated iodo-
carbon materials.”> This reminds us that ethynyl may help to
decrease the reaction pressure of the aromatics. Although in
phenylacetylene ethynyl and phenyl did not react synergisti-
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Figure 1. (a) In situ Raman and (b) IR spectra of TEB during
compression and decompression. The asterisks indicate the new
peaks. v for stretching, y for the out-of-plane bending, and S for the
in-plane bending.

respectively, indicating that TEB underwent PIP reaction and
formed C—C and C=C bonds. The pressure dependences of
Raman frequencies are shown in Figure S2, which clearly
shows the chemical reaction occurring at 4 GPa.

In situ IR spectra were also measured to avoid fluorescence
and possible photoreaction (Figure 1b), and the assignments
of the selected IR modes are shown in Figure S3. Similar to
Raman results, at 4.1 GPa, the absorptions from the phenyl,
including the C—H stretching (v(—c_y;)) at 3082 cm™', the C—
C stretching (y(c_c)) in ring and C—H in-plane bending
vibration (f(_c_s)) located at 1590, 1422, and 1262 cm™", and
the C—H out-of-plane bending (y(_c_p)) vibration at 884
cm ™! were weakened obviously and then disappeared gradually
(Figure 1b and Figure S4). Meanwhile, the intensities of C—H
stretching of the ethynyl moiety (3296 cm™), the Bc-m) at
664 and 682 cm™', and the Y(-c-n) at 622 cm™! also decreased
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obviously at 4.1 GPa (Figure 1b and Figure S4). Simulta-
neously, the sp*> C—H (2901 cm™!, asterisked in Figure 1b)
and sp> C—H stretching (3035 cm™!, asterisked in Figure 1b)
appeared. These series of transformations clearly demonstrated
that phenyl and ethynyl reacted simultaneously to produce sp
C—H and C=C. It must be noted that 4.1 GPa is much lower
than any of the reported aromatics’ reaction pressure, which is
ascribed to the DDA reaction route of ethynylphenyl and
phenyl as discussed below.

To understand the structure evolution of TEB under high
pressure, we performed in situ X-ray diffraction (XRD) up to
4.6 GPa. TEB crystal has a monoclinic structure (space group
C2/c,a=184 A, b=37A c=224A, and f = 108.3°) at
ambient pressure, and the molecules stack in column along the
b-axis.>® With increasing pressure, all the XRD peaks were
broadened, shifted to low d-spacing, and almost disappeared
above 3.6 GPa corresponding to PIP (Figure 2a). When
released to 0 GPa, only three weak peaks centered at 26 = 3.7°,
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Figure 2. (a) In situ XRD patterns of TEB during compression and
decompression. The asterisks stand for the new peaks of the product.
(b) Crystal structure of TEB optimized at 3.6 GPa. (c) Intermolecular
C---C distances at 3.6 GPa.
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4.5° and 4.9° (d = 10.5, 8.7, and 8.1 A) were observed. These
peaks were not from the reactant, which indicated that some
crystalline product was produced irreversibly in the exper-
imental time scale (tens of minutes). The lattice parameters
during compression were obtained by Rietveld refinement
(Figure SSa). The P—V relationship of TEB was then fitted by
one third-order Birch—Murnaghan equation of state,”” with V,,
= 1767 + 23 A%, B, = 10 + 3 GPa, and B, = 5 + 3 (Figure
SSb).

The crystal structure of TEB closed to reaction pressure was
investigated by performing the Rietveld refinement on the
XRD data at 3.6 GPa (Figure SS5c). The obtained structure was
then optimized by density functional theory (DFT) calculation
to get accurate atomic positions, with the lattice parameters
fixed at the experimental values (a = 184 A, b =3.7 A, c =224
A, and ff = 108.3°). As shown in Figure 2b, the TEB molecules
are parallelly stacked in columns along [010] with the
molecular plane tilt 27.7° away from the (010) plane. Hence,
the molecular center is approximately above the C1'—C11’
bond of one neighboring molecule and below H4' of the other
neighboring molecule (Figure 2c). The typical intermolecular
C---C distances are d, = 3.39 A, d, = 3.89 A, d;, s = 3.30 A, d
=3.33 A, and d, = 4.10 A (Figure 2c). Upon comparison with
the critical PIP distance of aromatics (2.8 A)'®*® and alkyne
(2.9-3.1 A)****° at room temperature without a thermal
effect correction (details listed in Table S1), the C--C
distances of TEB closed to the reaction pressure are
significantly larger. This suggests that the phenyl and ethynyl
are not likely to react separately as that in PIP of benzene or
acetylene, and another reaction path should be concluded.
This is also different from the case in TCT,"” in which the
cyano is proposed to trimerize under 10.5 GPa at room
temperature with the aromatic ring unreacted.

A meta-dynamic calculation (M-D) was then performed to
simulate the PIP process at 4 GPa and 300 K starting from the
crystal structure at 3.6 GPa. Most of the reactions occurred in
the third step of M-D; hence, we optimized the product
structure obtained from this step (meta-3) by DFT
calculations. The optimization results show eight infinite
ribbons with four kinds of structures in one unit cell, and
they are referred as 3-1, 3-2, 3-4, and 3-5, as shown in Figure
3a,b. At this step all the products contain allene, which is not
detected in IR spectra (supposed at 1950 cm™, asymmetric
stretching vibration) or '*C nuclear magnetic resonance
(NMR) data (210 ppm) mentioned later, and should not be
the final product due to its instability. Thus, on the basis of the
carbon skeletal, we rearranged the distribution of H via 1,3-H-
transfer reaction and optimized the structure again at 0 GPa.
The final product, meta-3-H, including one 3-1-H, five 3-2-H,
one 3-4-H, and one 3-5-H infinite ribbons, is shown in Figure
3a,)b. To understand the processes of PIP, we reviewed the
bonding routes in the M-D results. In the dominating (5/8)
structure 3-2, C52’ on ethynyl bonds to C6 on the phenyl
group. After several steps with the shortest 4 fs and longest 62
fs, C1 bonds to C4’ and forms polymer 3-2. The time gap
between formation of these two new bonds is extremely short,
indicating a synergetic bonding process between ethynylphenyl
and ethynyl,”’ and hence a [4 + 2] DDA reaction between
C4'—CS§'—C51'=CS52’ (ethynylphenyl as a diene) and C1-C6
(phenyl as a dienophile) can be concluded. A similar [4 + 2]
DDA reaction also happened between C4'—C3’—C31'—C32’
and C1—C2, forming 3-5 in a mirrored geometry compared to
3-2. 3-1 can be considered as a further reaction of 3-2 with
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Figure 3. Structure models of the product. (a) Crystal structures of
meta-3 and meta-3-H. 3-1(-H), 3-2(-H), 3-4(-H), and 3-S(-H) are
distinguished by green, blue, orange, and purple coverings,
respectively. (b) Models of ribbons (3-1, 3-1-H, 3-2, 3-2-H, 3-4, 3-
4-H, 3-5, and 3-5-H). New bonds are in blue, and double bonds are in
red.

C32’ and C2 bonded. Additionally, there is another bonding
route between ethynylphenyl and phenyl (3-4 in Figure 3)
with 1/8 of the ribbons in one unit cell. This low content may
be due to the less stability of the 10-membered ring compared
with the six-membered ring formed through DDA routes. The
M-D results show that the PIP of TEB is nonuniform but with
DDA reaction as a dominating route. The product models
including the 3-1-H, 3-2-H, 3-4-H, and 3-5-H were proposed
(Figure 3b) and confirmed by the following investigation,
though other models for the product are not excluded.

To demonstrate the structure of product experimentally,
tens of milligrams of PIP-TEB were synthesized at 5 GPa by
using the Paris—Edinburgh (PE) press (referred as PES). The
product was washed with dichloromethane to remove
unreacted TEB and oligomers. ~20 mg of PES can be
obtained in 1.5 h or 30—40 mg in 4—S5 h in one compression.
The lab XRD results show five peaks at 20 = 8.5° (10.5 A),
10.2° (8.51 A), 11.03° (8.02 A), 15.8° (5.50 A), and 17.2°
(5.06 A) (Figure 4a), consistent with the product recovered
from the in situ XRD experiments (10.5, 8.7, and 8.1 A). The
distribution of these peaks of PES was similar to the 002, 200,
202, 202, and 004 peaks of its precursor TEB powder. On the
basis of a topochemical reaction process, we traced XRD peaks
from TEB to PES with its Miller index unchanged and then
calculated and refined the cell parameters of PES, with a = 18.3
A, c=21.9A, and ff = 106.9°. The Le Bail fitting plot of PES is
shown in Figure S6. b cannot be determined directly due to
lacking of hkl (k # 0) peaks, which indicates the disordering
along the b-axis and is consistent with the pressure-induced
reaction occurring along the b-axis.

Under a high-resolution transmission electron microscope
(TEM), PES shows obvious lattice stripes with a d-spacing
~7.86 A, which fits well with the 200 peak in lab XRD results
(Figure 4b). In the selected area electron diffraction (SAED)
pattern, two-dimensional ordering was identified, and the
diffractions were indexed as 200 (dyo = 8.0 A) and 002 (dy, =
10.2 A) (Figure 4c). These results are consistent with the
theoretically predicted structure as shown in Figures 3a and 4d.

https://doi.org/10.1021/acs.jpclett.1c01945
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Figure 4. (a) Lab XRD, (b) high-resolution transmission electron
microscopy (TEM) and (c) selected area electron diffraction (SAED)
pattern of PES. (d) Side view of the ribbons (meta-3-H) along the c-
axis. The (200) plane is represented in green, with a d-spacing of 7.8
A.

The Raman and IR spectra of PES evidenced that the C—C
and C=C groups were present in PE S (Figure S7).
Meanwhile, the C—H stretching of the ethynyl moiety can
be still observed in the IR spectrum of PES, which is consistent
with the proposed models. We simulated the IR spectrum of
the proposed models, which fits the experimental result very
well (Figure S7b).

The high-resolution solid state magic angle spinning nuclear
magnetic resonance (MAS NMR) spectra of PES are shown in
Figure S with that of pristine TEB in Figure S8 for reference.
Compared to the *C cross-polarization with total suppression
of side bands (CP/TOSS) spectrum of TEB, a new peak
centered at 30.1 ppm and broad peaks in the 100—160 ppm
range were observed in PES, indicating its complex carbon
environment (Figure 5). Peaks at 139.2, 133.6, and 122.6 ppm
are attributed to sp> C, and those at 82.5 and 30.1 ppm are
ascribed to sp C and newly formed sp*® C, respectively. Then,
the "*C cross-polarization/polarization inversion (CPPI) NMR
spectrum was collected to distinguish the —CH,, CH, and C/
CH; groups in PES which show negative, zero, and positive
peaks, respectively. Upon comparison of these two spectra,
four positive peaks at 29.8, 82.7, 122.4, and 139.0 ppm are
shown in the CPPI spectrum, while the peak centered at 133.6
ppm in the CP/TOSS spectrum disappeared (Figure S9).
Thus, the peak centered at 30.1 ppm observed in CP/TOSS
should be attributed to the quaternary carbon because there is
no methyl carbon (—CH,) observed in PES. The peaks
centered at 139.2 and 122.6 ppm are corresponding to the sp*
C bonded to three carbon atoms, and the peak at 133.6 ppm is
for the sp* CH group. The experiment results of PES are
consistent with the simulation NMR results based on the 3-1-
H, 3-2-H, 3-4-H, and 3-5-H models, and the assignments of
the carbon environments are shown in Figure S. It is worthy to
mention that the 3-4-H does not contain sp® C, and the peak at
169.9 ppm was not observed either, which suggests a low
content. This also confirmed that the 3-1-H, 3-2-H, and 3-5-H
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Figure 5. 3C CP/TOSS NMR spectrum and CPPI NMR spectrum
of PES. Vertical bars represent the calculated chemical shift. The blue
solid and red dashed line represent experimental results and the
cumulative fit peak, respectively. The asterisks represent spinning side

bands.

produced from the [4 + 2] DDA reaction is the dominating
reaction routes.

The [4 + 2] DDA reaction path of TEB observed in this
work is completely different from that of phenylacetylene.”*
The extra two ethynyls results in obvious synergetic effect,
which decreased the reaction pressure significantly. The critical
reaction distance through [4 + 2] route is above 3.3 A, in
contrast to 2.9—3.1 A for alkynes and 2.8 A for
aromatics.'¥****7° This suggests that the critical distance is
not only functional-group-sensitive but also path-sensitive.
Additionally, the decreasing of reaction pressure not only
allows large-scale synthesis but also avoids the severe local
stress under higher pressure and hence improves the
crystallinity.

In summary, we investigated the reaction process and
product structures of TEB under high pressure systematically
by combination of experiment and simulation methods. TEB
polymerizes at 4 GPa under room temperature, which is much
lower than any of reported aromatics’ reaction pressure under
room temperature, and can be applied for scalable high-
pressure synthesis. The obtained product has unprecedented 1-
D nanoribbons structure with sp, spz, and sp3 carbons. We
conclude that TEB experienced a [4 + 2] dehydro-Diels—Alder
reaction under high pressure with ethynylphenyl as a diene and
phenyl as a dienophile. Our study demonstrated that the
synergetic reaction of ethynyl and phenyl can help to decrease
the polymerization pressure and thus improve the crystallinity

https://doi.org/10.1021/acs.jpclett.1c01945
J. Phys. Chem. Lett. 2021, 12, 7140-7145


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01945/suppl_file/jz1c01945_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01945/suppl_file/jz1c01945_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01945/suppl_file/jz1c01945_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01945/suppl_file/jz1c01945_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01945?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01945?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01945?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01945?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01945?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01945?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01945?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01945?fig=fig5&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

of the polymerized product efficiently, which sheds light on the
large-scale high-pressure synthesis of 1-D carbon nanoribbons.
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