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ABSTRACT: Pressure-induced topochemical polymerization of
molecular crystals with various stackings is a promising way to
synthesize materials with different co-existing sub-structures. Here,
by compressing the azobenzene crystal containing two kinds of
intermolecular stacking, we synthesized an ordered van der Waals
carbon nanoribbon (CNR) heterostructure in one step. Azoben-
zene polymerizes via a [4 + 2] hetero-Diels—Alder (HDA) reaction
of phenylazo-phenyl in layer A and a para-polymerization reaction
of phenyl in layer B at 18 GPa, as evidenced by in situ Raman and
IR spectroscopies, X-ray diffraction, as well as gas chromatog-
raphy—mass spectrometry and the solid-state nuclear magnetic
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resonance of the recovered products. The theoretical calculation shows that the obtained CNR heterostructure has a type II
(staggered) band gap alignment. Our work highlights a high-pressure strategy to synthesize bulk CNR heterostructures.

B INTRODUCTION

A van der Waals (vdW) heterostructure is constructed by two
or more materials with distinct chemical compositions,
structures, or properties, which has gained wide attention
from fundamental physics and chemistry to the materials
science like optoelectronics, electrocatalysis, and energy
storage."” Its exceptional properties are highly related to the
structure of individual components and their stackings.”® For
example, the placement of graphene on top of BN improved
the charge carrier mobility of devices,” and the carbon
nanotube/graphene vdW heterostructure phototransistor
exhibits high photoresponsivity and fast operating speeds.®
Until now, various synthetic strategies like sequent growth,
self-assembly, and physical transfer have been explored to
construct the heterostructures,””'® but bulk synthesis of the
atomic-scale-ordered heterostructure materials is still a great
challenge.

Pressure-induced polymerization (PIP) is a successful
method for preparing carbon-based materials with extended
structures''~'® and has demonstrated its adaptability in the
preparation of graphane,'®'® ultra-thin diamond nano-
threads,'*™' nanoribbons,”* as well as graphite—diamond
composites.23_26 Most PIP reactions proceed via a top-
ochemical route, and the structure of the final product was
highly related to the intermolecular conformation of its
precursors.”” That means, the molecular stacking is the key
to determine the structure of the synthesized materials. For
example, 1,4-diphenyl-1,3-butadiyne (DPB) polymerizes via a
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dehydro-Diels—Alder route at the closest intermolecular
distance dc..c = 3.2 A, instead of the common 1,4-addition
reaction of diacetylenes due to the long alkyne---alkyne
distance.”” Therefore, if a single-component crystal contains
various molecular stackings, a novel carbon material with
different extend sub-structures (vdW heterostructure) would
be realized, like hetero-nanoribbons and hetero-nanothreads,
which would provide adjustable and intriguing properties
compared to the traditional heterostructures. Azobenzene, a
well-known molecule, has exactly such a crystal structure.”® As
shown in Figure 1, in layer A, the molecules have a slipped
stacking with the phenyl ring against the space between the azo
and phenyl groups of the adjacent molecule, while in layer B,
the molecules are stacked right against each other. Recently,
azobenzene was reported to undergo an irreversible chemical
process above 18 GPa, in which the whole molecule, rather
than the individual N=N or C=C bond, undergoes an
addition reaction.”” In contrast, assuming the polymerization
of the phenyl group, a double-core nanothread model was also
proposed, with the azo group unreacted during the PIP and
present in the recovered materials.””>" This discrepancy is
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Figure 1. Crystal structure of azobenzene at ambient pressure and
room temperature. The dashed line represents the projection of
molecules in the above layer.

likely due to the complex crystal structure and makes the PIP
of azobenzene an interesting topic. In this work, we found that
the PIP of azobenzene proceeded via different reactions in its
A and B layers, respectively, with a [4 + 2] hetero-Diels—Alder
(HDA) reaction of phenylazo-phenyl in layer A and a para-
polymerization reaction of phenyl in layer B. An orderly
stacked vdW heterostructure with two kinds of carbon—
nitrogen nanoribbons is the final product. Such a PIP of the

crystal with different packings provides a straightforward route
to construct bulk heterostructure materials.

B RESULTS AND DISCUSSION

First, we investigated the onset of the PIP of azobenzene
[purity confirmed by X-ray diffraction (XRD) as shown in
Figure S1] by in situ Raman spectra. To avoid possible
photoreactions or photoisomerization transitions, the laser
with a wavelength of 785 nm was used for in situ measurement
(Figure S2 using 532 nm for comparison). Upon compression,
all the Raman peaks blue-shifted gradually and broadened
above 10 GPa (Figures 2a and S3). A possible phase transition
of azobenzene occurs around 10 GPa as indicated by frequency
discontinuity with pressure (Figure $4).”°7°' The N=N
stretching peak (vy—y, at about 1460 cm™) splits into two
peaks at about 1450 and 1467 cm™', respectively, above 19
GPa (Figure 2b). The first one at ~1450 cm ™" then weakened
together with the v_c in phenyl (~1600 cm™), indicating a
chemical transformation involving azo and phenyl groups,
which defines the onset of the reaction. On the other hand, the
second vy_y peak located at ~1467 cm™' maintained until
31.8 GPa. This indicates that part of azo groups was involved
in the reaction when compressed to 31 GPa. The recovered
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Figure 2. (a) In situ high-pressure Raman spectra of azobenzene. (b) Raman peak of vy_y under high pressure. The solid black, red, and blue lines
stand for the fitting results of the vy_y peak, and the solid gray line stands for the fitting results of the pc_y peak. The gray circles represent the
experimental data. In situ high-pressure (c) IR spectra and (d) XRD of azobenzene (Raman and IR peak assignments in Table S1). v and p
represent the stretching and rocking vibration, respectively. The blue arrows in (c) and asterisks in (d) mark the new peaks during compression of
azobenzene. D represents the decompression process. The XRD patterns up to 21.9 GPa were collected with an exposure time of 300 s, with 600 s
for others. (e) Fitting of the EOS of azobenzene. (f) Intermolecular distances of azobenzene in A and B layers at 17.1 GPa.
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Figure 3. Crystallographic investigation on the poly-azobenzene. (a)
XRD patterns of poly-azobenzene from the experiment and
calculation. (b) SAED pattern of poly-azobenzene. (c) Simulated
SAED pattern of poly-azobenzene along [010]. (d) SEM and (e)
TEM image of poly-azobenzene.

black product presented obvious D and G bands at 1347 and
1582 cm™’, respectively, which is a typical feature of a sp>—sp’
graphitic material. Similar results were also observed in in situ
high-pressure IR spectra (Figures 2c and SS). Above 22 GPa, a
new peak appeared at 2989 cm™'. Meanwhile, the peaks
centered at 827, 1528, and 1646 cm™' broadened abruptly
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Figure 5. (a) '*C CPMAS solid-state NMR spectrum of poly-
azobenzene. The black, red, and brown lines represent the signal
obtained from the experimental data, the deconvolution result, and
the difference, respectively. The blue and green vertical lines represent
the calculation NMR results of the CNR-A and CNR-B models,
respectively. (b) Structure models of CNR-A and CNR-B. The
assignments of the isotropic peaks are marked with corresponding
colors to guide the eye.

(marked in arrows in Figure 2c). These features marked the
onset of the reaction, consistent with the literature.®® When
decompressed to ambient pressure, four new peaks were
observed at 756, 1495, 1600, and 2997 cm™' (marked in
arrows in Figure 2c), which indicates the formation of new
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Figure 4. (a) Proposed HDA reactions in azobenzene of layer A and para-polymerization reactions in azobenzene of layer B as well as optimized
CNR-A and CNR-B structures. (b) Crystal structure of poly-azobenzene. (c) IR spectra of poly-azobenzene from the experiment and calculation.
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Figure 6. (a) Main oligomers detected in the poly-azobenzene
recovered from 25 GPa by HRGC-MS and their content. (b) Mass
spectra of the isotope-labeled oligomers and the corresponding
molecular structures. Fused ring compounds drawn in green can be
traced from the [4 + 2] hetero-Diels—Alder reaction product CNR-A,
and biphenyl fragments drawn in blue can be traced from CNR-B. RT
stands for the retention time. (c) Co-labeled oligomers by H and D
detected in the PIP product of a 1:1 mixture of C},H,(N,—C;,D (N,
by HRGC-MS and the relationship between these compounds and
CNR-A/CNR-B.

skeletons of carbon nanoribbon (CNR) and sp*-C—H
according to our latter calculations, and unambiguously
demonstrates the reaction of phenyls.
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(DFT) calculation with the lattice parameters fixed at the
result of Rietveld refinement (a = 13.35 A, b = 521 A, ¢ =
11.03 A, and S = 116.23°), and the obtained crystallographic
data are presented in Table S2. As shown in Figure 2f, the
molecules in layer A have the nearest intermolecular distances
between phenyl and phenyl (d¢,..c, = 3.03 A), and phenyl and
azo (dcs.1 = 3.37 A), close to the threshold distance of the
Diels—Alder reaction happened in 1,4-diphenylbutadiyne.””
Such arrangement of molecules is suitable for a HDA reaction,
in which the azophenyl acts as a “diene” and the phenyl acts as
a “dienophile”. In contrast, in layer B, molecules have the
nearest intermolecular distances between phenyls (3.18 A).
The distances between azophenyl and phenyl are 4.79 A
(dcs.np) and 3.61 A (dcs...cq'), respectively, which are too far
for a HDA reaction.”” As a result, the molecules in layer B
should have “inert” azo groups due to inappropriate stacking
and may bond via other routes, like the para-polymerization
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between the adjacent phenyls.*>** This is consistent with the
in situ Raman results mentioned before.

To understand the structure of polymerized products, we
synthesized poly-azobenzene by Paris—Edinburgh (PE) Press
at 20 GPa. Poly-azobenzene displays three sharp diffraction
peaks at 11.2, 6.3, and 5.6 A (Figure 3a). The selected area
electron diffraction (SAED) pattern of poly-azobenzene
indicated that these peaks are from the same phase, and
indexed using a 2D-lattice with a = 7.67 A, ¢ = 27.13 A, and 8
= 123.5° (Figure 3b). The ordering of b-axis was not found
after many attempts, which is also a typical feature for the
assembly of most nanothreads and nanoribbons.'”*°~**%

The sample morphology observed using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) also suggests a 1-D ribbon structure (Figure 3d,e).”” In
addition, we found that the unit cells of the polymer and the
monomer have almost the same area of the a—c plane (173.5
A? for the polymer and 170.8 A’ for the monomer), which
indicates that the ribbons are not bonded in the a—c plane.
Therefore, we can conclude that azobenzene reacts along the b
direction with the shortest intermolecular distance to form
one-dimensional carbon—nitrogen nanoribbons.

Considering the appropriate intermolecular orientation and
distance along the b axis of azobenzene crystal under critical
pressure and the structural feature of poly-azobenzene, we
proposed the azobenzene of layer A polymerizes into carbon—
nitrogen nanoribbon-A (CNR-A) via HDA reactions and
subsequential partly elimination of hydrogen, and the
azobenzene of layer B polymerizes into carbon—nitrogen
nanoribbon-B (CNR-B) via para-bonding of phenyl (Figure
4a). The crystal structure of poly-azobenzene was optimized
with the lattice parameters g, ¢, and f fixed at the experimental
results, and b = 4.1 A was obtained in the optimization. No
imaginary phonon mode was obtained in the calculation, which
demonstrates the dynamical stability of this structure (Figure
S9). The structures of CNR-A and CNR-B are shown in Figure
4a. In the optimized CNR-A, the N—N bonds (from the azo
group) break and form phenazine units, reaching a locally
stable state. The complete crystal structure of poly-azobenzene
is shown in Figure 4b, with the lattice parameters and atomic
coordinates listed in Table S3. The XRD pattern and SAED
pattern simulated by the crystal structure fit the experimental
data well (Figure 3a—c), which confirms the proposed model.
The unit cell volume of poly-azobenzene is compressed by
28% compared to that of azobenzene due to the polymer-
ization.

The proposed structure of the poly-azobenzene composite is
also evidenced by IR and cross-polarization magic-angle-
spinning (CPMAS) solid-state nuclear magnetic resonance
(NMR). We calculated the IR spectrum of poly-azobenzene by
DFT, which also fit the experimental data well. The two strong
IR peaks at 1495 and 1600 cm™" are ascribed to the skeleton
vibrations of CNR-A (1413 cm™') and CNR-B (1612 cm™),
respectively (Figures 4c and S10). The C(sp’)—H and
C(sp*)—H stretching modes were identified at about 2900
and 3000 cm™, respectively, indicating that two types of C—H
exist on the poly-azobenzene. The detailed assignments of the
IR peaks are provided in Figure S10 according to the
theoretical calculation.

The CPMAS solid-state NMR data of poly-azobenzene also
shows the signals of sp> C and sp® C, which can be fitted by
four peaks at 146, 130, 126, and 39 ppm, indicating three kinds
of sp* C and one kind of sp® C presented in poly-azobenzene.
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The experimental results are also well reproduced by the
theoretical simulation (vertical lines in Figure Sa) based on the
proposed product model (Figure Sb). The broad peak at 146
ppm is ascribed to the sp~C(—N) atoms in CNR-A (152
ppm) and sp>~C(—H) atoms at the center of CNR-B (139
ppm), while the peak at 130 ppm is attributed to the sp*—
C(—H) atoms on the edge of CNR-A and CNR-B (131 ppm).
The sp® carbons in CNR-A and CNR-B were calculated to be
resonant at 41 ppm and are observed experimentally around 39
ppm. The peak at 126 ppm may originate from the sp*—
C(—N) atoms in CNR-B (134 ppm).

To confirm the polymerization pathways from azobenzene
to CNR-A and CNR-B, we extracted oligomers from the poly-
azobenzene sample recovered from 25 GPa for high-resolution
gas chromatography—mass spectrometry (HRGC-MS) meas-
urement (Figures S11—-S14). As shown in Table S4, 13
compounds with content greater than 1% were detected.
Aniline (58.41%) is the decomposition product, which is also
common in the HRGC-MS experiments of other C—N
polymer systems.”' Several typical compounds that were
recognized in the National Institute of Standards and
Technology (NIST) database are shown in Figure 6a. The
fused ring (8.24%) and biphenyls (16.49%) molecules were
recognized to produce from the proposed HDA and para-
polymerization reaction, respectively.

For an in-depth investigation on the intermolecular reaction,
we carried out a parallel experiment on the 1:1 mixture of
C,H,(N,—C;,D;0N,, and the identified molecules are similar
to the unlabeled sample but with H-D co-labeled, like A-1-
HD (phenazine-d,), A-2-HD(benzo[h]cinnoline-d,), B-1-HD
(biphenyl-ds), B-2-HD (2-aminobiphenyl-d; or 3-amino-
biphenyl-d;), and B-4-HD [phenyl-(2-phenylphenyl)diazene-
ds or phenyl-(3-phenylphenyl)diazene-d;], with MS in Figures
6b and S15. As shown in Figure 6¢, fused ring fragments A-1-
HD and A-2-HD are unambiguously from the HDA product
CNR-A, while biphenyl fragments such as B-1-HD, B-2-HD,
and B-4-HD result from the para-polymerization reaction
product CNR-B. Our GC-MS findings are in perfect
accordance with the proposed structural models and clarify
the controversy about the reactivity of the azo group in
azobenzene.”” ™'

Our experimental data are perfectly interpreted by the
heterostructure model instead of the double-core nanothreads
model®”*" according to our intensive analysis. Further
theoretical calculation shows that the band gap for CNR-A is
1.89 eV (from —4.53 to —2.64 eV) and that for CNR-B is 1.53
eV (from —4.92 to —3.39 eV) (Figure 7). The valence band
maximum (VBM) of the CNR-B is lower than that of CNR-A
by 0.39 eV, while the conduction band minimum (CBM) of
CNR-B is lower than that of CNR-A by 0.75 eV. Such an
heterostructure of CNR-A and CNR-B has a characteristic of
the so-called type II or staggered band gap alignment, in which
both the VBM and CBM of one semiconductor are higher than
the other, and brings considerable interest for the application
of photovoltaics or photocatalysis.”>*” The energy gap
between the VBM of CNR-A and the CBM of CNR-B is
1.14 eV, which is close to the band gap of the bulk poly-
azobenzene heterostructure (0.91 eV, Figures 7 and S16). This
indicates that the electron transition of poly-azobenzene is
likely an inter-ribbon transition between CNR-A and CNR-B.
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B CONCLUSIONS

In summary, we conclude that the azobenzene experiences two
distinct topochemical polymerization reactions at 18 GPa
including the HDA reaction between the azophenyl and phenyl
groups and the para-polymerization reaction between two
phenyl moieties and produced an orderly stacked CNR van der
Waals heterostructure. The different reaction selectivity is
caused by the arrangement of the ABAB layer stacking in the
crystal. This is the first example to produce the vdW
heterostructure by using the PIP reaction from monomers
with different stackings, which provides a novel and fresh
perspective on the creation of bulk heterostructure materials.
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