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ABSTRACT: Saturated carbon nanothreads are one of the most
attractive new materials produced under high pressure in the last
years. Nanothreads can be considered as a monodimensional
diamond; in fact, they preserve some of the mechanical properties of
the diamond itself, like stiffness, but their intrinsic flexibility makes
them excellent nanowires. Since their discovery, many advancements
have been made, and nowadays, they can be obtained from the
compression of several aromatic molecular crystals. However, it is
often not clear why certain starting crystals give high-quality
nanothreads while others do not or which are the best conditions for
the synthesis in terms of pressure, temperature, compression rate,
and reaction time. In other words, the mechanisms that allow their
formation with respect to other byproducts are often unclear. This is
an important piece of information that can be used for the design of a synthetic strategy for the production of functional materials
with targeted characteristics, like conductivity and electro-optical properties, while preserving the mechanical ones. Here, we report
an X-ray diffraction study in which we followed the transformation induced by the pressure of trans-azobenzene using polycrystalline
samples compressed with and without a pressure-transmitting medium. With this approach, we were able to highlight the structural
relations along the reactive path leading to double-core saturated carbon nanothreads. The features that we discovered could be
common to all pseudo-stilbene crystals, a class of compounds isostructural to azobenzene and characterized by two phenyl rings
connected by a variety of different linkers, thus representing excellent starting materials for the synthesis of functional nanothreads.
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B INTRODUCTION

The last decade was characterized by a revived interest for low-
dimensional carbon materials that can be obtained by pressure-
induced polymerization of aromatic hydrocarbons, with
particular attention to a class of saturated carbon compounds
having a structure resembling a unidimensional diamond-like
wire.'™* These materials, generally called saturated carbon
nanothreads, potentially possess extraordinary mechanical
properties, being extremely flexible and resilient and preserving
most of the tensile strength of the diamond, and are extremely
attractive from a technological point of view.”” These
properties can be suitably tuned by controlling the thread
length, the type and concentration of defects, and the presence
of heteroatoms or functional groups, while preserving most of
the mechanical properties.”’

The existence of such materials was predicted since the early
2000s,"%~"* well before the first synthetic discovery that dates
back to 2015 when bundles of saturated carbon nanothreads
were found for the first time as a product of the high-pressure
reaction of benzene crystals at 23 GPa and ambient
temperature." This was a very surprising finding because, so
far, the high-pressure chemistry of benzene was thought to be
well characterized.””™'® Indeed, the thermodynamic and
topochemical product of benzene that is obtained in many
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pressure and temperature conditions is an extended and
amorphous hydrogenated carbon (a-C:H) compound that
maintains a C/H ratio of 1/1. The mechanism of formation
and the synthetic strategy to obtain carbon nanothreads
instead of the extended compound were later well rationalized
and identified in a crucial nontopochemical reaction step,
induced by the uniaxial stress typically achieved in diamond
anvil cell compression without any hydrostatic pressure-
transmitting medium (PTM).>?

Under this kind of compression, when a benzene crystallite
in a polydispersed sample is rightly oriented with respect to the
compression axis, the reactivity can be induced by the uniaxial
stress, and the b—c stacks of benzene phase II are the best
candidates for nanothread formation.” This reactivity can be
induced even at a pressure lower than the one required for the
(three-dimensional, 3D) bulk reaction leading to the extended
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a-C:H, which is indeed partially avoided. The resulting product
is hence formed by bundles of saturated carbon nanothreads
packed in a pseudohexagonal two-dimensional (2D) lattice,
with a lattice parameter of 6.5 A corresponding to an
interplanar distance of 5.6 A, with the thread axis coincident
with the applied stress direction."” As the topochemical
reaction cannot be completely avoided, the formation of
carbon nanothreads from benzene is never quantitative.

After the pioneering study on benzene, many theoretical
studies have been done, showing the possibility of obtaining
nanothreads from several aromatic, substituted aromatic, and
heteroaromatic hydrocarbons, either six- or five-membered
rings or polycyclics.'”~'” The possibility to introduce a certain
concentration of a specific heteroatom or a functional group in
the nanothread structure is of paramount importance to obtain
materials with tailored chemical, optical, and electronic
characteristics. From an experimental point of view, such
nanothreads were obtained from the compression of
pyridine,”*® thiophene,”" furan,”* aniline,” para-disubstituted
benzenes,”* polycyclic arene—perfluoroarene cocrystals,”>*°
and very recently azobenzene.”” The combined effect of
pressure and temperature has also been exploited, especially in
the cases of aniline,””*® pyridine,”” and azobenzene.”” The
temperature affects the amplitude of molecular motions due to
lattice vibrations, with the beneficial effect of lowering the
pressure threshold of the reaction and increasing its kinetics
but also favoring the thermodynamic product, often in
competition with the nanothread formation, unless they are
the topochemical ones. From this point of view, aniline is a
textbook example, as it is so far the only monomer that was
found to quantitatively yield nanothread materials, even
though in very drastic conditions (33 GPa, 550 K).*’
Nanothreads are indeed the topochemical product in this
case because the crystal undergoes intrinsically anisotropic
compression as its structure is ruled by strong and directional
H-bonds among amino groups.”” When the temperature is
high enough to disrupt the H-bond network that is at the base
of the anisotropic response of the crystal to pressure (P < 20
GPa, T > 700 K), the reaction mechanism changes and, as a
consequence, the product is totally composed of an extended
graphitic material”® In pyridine, there is a competition
between the formation of an amorphous compound®”*' and
nanothreads® even at room temperature, in the high-pressure
reaction (P > 20 GPa). In this case, while a mild heating little
above 400 K enhances the nanothread yield up to 30%,
improves the product quality, and lowers the pressure needed
for the synthesis to 14 GPa, on further heating (T > 650K), the
reaction turns quantitatively to the extended graphitic material
already at 9 GPa.”® An analogous effect is observed in trans-
azobenzene.”’

In some cases, the topology between the monomeric
precursors in the original aromatic crystal and the nanothreads
can be maintained, and then a careful selection of precursors
that show (or develop in pressure) z-stacking along a certain
crystallographic axis can be used to guide the reactivity toward
a desired product structure, allowing a tailored bottom-up
synthetic strategy.”>>*** In other words, the knowledge of the
molecular arrangement in the crystal structure of a reactant
and how it evolves with pressure up to the reaction threshold
gives fundamental information on the possible reaction
mechanism and allows prediction of the final product.*® This
information is fundamental to support a tailored synthesis,
allowing the right choice of the starting materials, the design,

and the optimization of the synthetic strategy, and eventually
to obtain the desired functional material with high yield and
high quality.

In a recent study, we showed that the compression of trans-
azobenzene crystals, at ambient temperature over 20 GPa,
leads to the formation of high-quality double-core nanothreads,
where the azo group (—N=N-), which acts as a linker among
the two cores, is preserved during the reaction and in the
recovered material.”” This result is of paramount importance
because the azobenzene derivatives are the base of an entire
family of dyes and their optical characteristics can be
transferred to the corresponding carbon-saturated nanothreads
if the azo group is maintained in the product. The
photochemical and photophysical properties of the monomeric
azobenzenes can be indeed finely tuned, for example, by
changing the substituents in the phenyl rings.”* Azobenzenes
possess eflicient photoisomerization capabilities, making them
useful starting compounds for the realization of molecular
devices,” functional materials,”® and molecular photo-
switches.” ™%

The molecular arrangement in the crystal structure of
azobenzene at ambient pressure’ "> could be suggestive of a
selective Dies—Alder [4 + 2] polymerization along the
molecular stacks realized parallel to the b crystallographic
axis, leading to the formation of nanothreads. However, at
ambient conditions, the intermolecular distance is too long and
the equivalent molecules are too tilted with respect to the b
crystallographic axis to have any sort of z-interaction along the
stack able to drive the reactivity along the b axis. The
application of pressure could be very effective in developing
such a kind of molecular interaction,'®** but this idea can be
demonstrated only by the analysis of the pressure evolution of
the structural parameters.

Here, we report the pressure evolution of the trans-
azobenzene crystal parameters, obtained by means of
synchrotron angle-dispersive X-ray diffraction at ambient
temperatures up to the reaction threshold (~20 GPa) using
polycrystalline samples compressed with and without pressure-
transmitting media. Precise topology relations between the
reactant and the product are the outcome of this study, an
important information that can be used in a tailored carbon
nanothread synthesis.

B METHODS

Crystalline trans-azobenzene (from Sigma-Aldrich with a
purity >99%) was ground and loaded into a membrane
diamond anvil cell (MDAC) equipped with type Ila synthetic
diamonds from Almax easyLab Inc., together with some gold
powder for pressure calibration, using the gold equation of
state.** This choice was made to avoid any kind of laser light
irradiation, like that necessary to excite the ruby fluorescence,
because it can alter the sample and induce reactivity. All of the
samples were laterally contained by steel gaskets, drilled to
have an initial sample diameter of 150 ym and a thickness of
about 50 pm. A first compression—decompression run was
performed up to 12 GPa directed to the characterization of the
equation of state of azobenzene, using N, as a pressure-
transmitting medium, which was shown to be hydrostatic in
this pressure range.”” A second compression—decompression
run was performed up to 24.5 GPa, without any pressure-
transmitting medium to have an insight into the transformation
of the reactant in double-core saturated carbon nanothreads
bound together by azo-groups.”’
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Angle-dispersive synchrotron X-ray diffraction measure-
ments were performed at the Xpress beamline at Elettra
Sincrotrone Trieste (Italy) using a MAR34S image plate as a
detector. The beam energy was set at 25 keV, corresponding to
a wavelength of 0.49499 A, with a beam diameter in the focus
of about 80 um (full width at half maximum, FWHM). An X-
ray diffraction pattern was recorded every few kbar in both
compression and decompression cycles. The detector was
calibrated using a CeO, powder standard, and all of the data
treatment and integration were performed using Dioptas 0.5.1
software,*® while the integrated patterns were fit using Fityk
1.3.1 software’” with a Voigt function for every diffraction
peak. The intensity, angular position, and width of the
reflections obtained in the hydrostatic compression were
employed for indexing of powder diffraction patterns at each
pressure step, by the Le Bail Monte Carlo method, using a
modified version of McMaille 4.0 software™ compiled to run
under the Linux kernel.

Fourier transform infrared (FTIR) absorption spectra were
recorded using a Bruker-IFS 120 HR spectrometer suitably
modified for experiments in diamond anvil cells, with an
instrumental resolution set to 1 cm™".*" The ruby fluorescence
was excited using <1 mW of a 532 nm laser line from a
doubled Nd:YAG laser source, a power that was found to be
unable to photoinduce azobenzene reactivity even for pressures
higher than 10 GPa.

B RESULTS AND DISCUSSION

Trans-azobenzene crystallizes in the monoclinic space group
P2,/c with four molecules in the unit cell, each one lying on an
inversion symmetry center of the lattice. There are two
nonequivalent pairs of molecules, and half-molecule of each
kind constitutes the asymmetric unit, one of them showing
dynamic orientational disorder.*”*’ At ambient pressure, a
good agreement of the cell parameters with the literature value
is found.*" The obtained values and the peak indexing obtained
by the Le Bail method are reported in the Supporting
Information (Tables S1 and S2). A comparison of
representative integrated X-ray diffraction patterns and 2D
detector images obtained under compression with and without
pressure-transmitting medium of azobenzene powder is
reported in Figure 1.

A selection of integrated patterns obtained for the
hydrostatic compression—decompression cycle up to ~12
GPa is reported in Figure 2. Every diffraction peak in the range
2 < 20 < 9° was fit with a Voigt function, and the maxima as a
function of pressure are reported in the lower panel of Figure
3. The diffraction peaks of nitrogen (pressure-transmitting
medium), appearing after solidification and marked with a star
in Figure 2, do not overlap with the sample in this 26 region, as
they lie at 20 > 9°. The intensity of the sample diffraction
peaks diminishes with pressure, and the FWHM increases,
resulting in a very difficult peak deconvolution for pressures
higher than 12 GPa, a pressure very close to the hydrostatic
limit of N, itself,** and for this reason, it was the final value of
the compression run. In decompression, we had perfect
reversibility of the peak maxima without any hysteresis and,
after the complete download of the pressure, we recovered the
initial crystalline quality of the powder, thus ruling out partial
reactivity and amorphization. Even the line shape of the
diffraction peaks is reversible in decompression, as to indicate
that no stress is introduced in the powder, as expected for a
hydrostatic compression. The absence of reactivity was

Intensity (arb. unit)

Figure 1. Integrated pattern of the azobenzene powder compressed
without any hydrostatic pressure-transmitting medium at 1.9 GPa
(red trace) compared to the one relative to a sample compressed with
N, as a pressure-transmitting medium (PTM) at a similar pressure
(black trace) and the relative 2D images: (left) with PTM and (right)
without PTM. The peak assignment is limited to 20 ~8.5 because of
the contribution from nitrogen above this angle. The reflections
marked with an asterisk are not indexed for the azobenzene crystal
structure.

Intensity (arb. unit)

20 (degree)

Figure 2. Selection of integrated patterns of azobenzene powder
compressed with N, as pressure-transmitting medium reported as a
function of pressure. For display convenience, a background is
subtracted from every trace. The pressure values are in GPa units. The
traces, from top to bottom, are relative to a compression up to ~12
GPa and decompression to ambient pressure. The reflections marked
with a star are relative to the solid N,.

confirmed by FTIR spectroscopy, for a similar compression—
decompression cycle up to the same pressure.

The cell parameters were obtained by Le Bail refinement
deriving their starting values by the reflections at 26 < 6° that
do not significantly overlap in all of the pressure ranges
investigated (see Figure 2). Their behavior as a function of
pressure (Figure 4) is the one expected for a soft molecular
crystal up to ~9 GPa. All of the three cell lengths reduce
almost isotropically: a by about 12%, and b and ¢ by about
10%, while the angle increases by less than 0.3°. Above this
pressure and up to the maximum value we reached (12 GPa),
the cell lengths stop to squeeze and the monoclinic angle j
increases by ~5.5° reaching 118.3°. In decompression, every
crystal parameter is perfectly reversible without hysteresis. The
error bars reported in Figure 4 represent the maximum
variation of the parameter as obtained by composing the
standard deviation from the Le Bail analysis with the major
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Figure 3. Peak maxima of reflections reported in 26 as a function of
pressure for the compression (full symbols) and decompression
(empty symbols) of the azobenzene powder with Nj as the pressure-
transmitting medium (lower panel) and without any pressure-
transmitting medium (upper panel). Miller indexes are also reported
for the quasi-hydrostatic experiment. In the compression without the
pressure-transmitting medium, the reflections relative to 100 and 200
disappear at about 8—9 GPa while a new set of reflections appears
above 3 GPa at 26 ~3° and survive the compression—decompression
cycle.

contribution deriving from the uncertainty in the peak
assignment due to the overlap of reflections.

The volume of the azobenzene crystalline cell as a function
of pressure was fit using the Rose—Vinet equation of state.”’
The values of the parameters and the fit are reported in Figure
5. We obtain a bulk modulus B, of 5.84 GPa and its pressure
derivative By of 9.49, values typical of a soft molecular crystal.”
The better fit is performed excluding the volume values for
pressures higher than 9.5 GPa, as these deviate from the
equation of state valid for lower pressures. This observation in
addition to the abrupt increase of the § angle of ~5.5° is a clear
indication of a phase transition happening at about 9.5 GPa,
transition that is perfectly reversible in decompression without
hysteresis. Other authors had hinted of a phase transition in
this range of pressure, by performing Raman spectroscopy in
nonhydrostatic compression.””>* In the same pressure range,
the Davydov components of some infrared modes exchange
intensity and some others undergo frequency discontinuities or
change in the pressure slope, like that observed for the out-of-
plane CH bending (ycy) or the mixed CC stretching and in-
plane bending (5cyy + vee).”

The azobenzene powder was then pressurized at ~25 GPa
without any pressure-transmitting medium to induce the
formation of carbon nanothreads”” and have an insight into the

reaction mechanism. We reached the pressure threshold for the
irreversible reaction, and we observed how the Bragg peaks of
the reactant transform into the ones characterizing the product.
A selection of X-ray diffraction patterns is reported in Figure 6,
while the peak maxima as a function of pressure, obtained by
fitting each peak with a Voigt function, are reported in the
upper panel of Figure 3. At about 3.5 GPa, a new set of
reflections appears at 26 ~3°, a feature that also characterizes
the nanothread product. These reflections cannot be indexed
using the monoclinic structure of azobenzene and cannot be
attributed to a product, as we know from FTIR spectroscopy
that the crystal is chemically stable in this pressure range. The
peaks can be more probably related to the activation of
reflections like 001 or 101, lying in this 20 range but not
supposed to have intensity in the monoclinic structure. This
occurrence suggests the loss of the c-glide plane, which would
imply symmetry lowering. Weak reflections at about 26 ~ 3°
also appeared in the quasi-hydrostatic experiment (see Figures
2 and 3) but at a considerably higher pressure (8.7 GPa). Since
these peaks persist in the diffraction pattern of the nanothread,
as observed in the experiment performed without pressure-
transmitting medium, but cannot be related to a chemical
reaction because of the perfect reversibility observed in the
quasi-hydrostatic experiment, they are likely due to a
rearrangement of the molecules in a geometry suggestive of
that characterizing the nanothreads. All of these changes, as
well as the progressive weakening of the 100 and 200
reflections above 3.5 GPa and their disappearance around 10
GPa, can be therefore ascribed to a phase transition. The
abrupt pattern modification observed at about 7 GPa in the
sample compressed without pressure-transmitting medium is
instead not evident in the quasi-hydrostatic experiment.
However, this can be due to the limited pressure reached in
the latter experiment (11.9 GPa). In fact, all of the other
changes described so far have been observed in both samples
but with a higher pressure of about S GPa in the quasi-
hydrostatic experiment. As can be seen in Figure 6, in the
sample compressed without pressure-transmitting medium, all
of the peaks lose intensity above 7 GPa till vanishing, except
for the diffraction peaks that are present also in the nanothread
product, like the reflection at 26 ~5.5°, deriving from the
original 002 reflection of the azobenzene crystal. Despite the
width of the Bragg peaks and the poor quality of the powder
that is highly stressed in the nonhydrostatic compression, the
cell parameters can be obtained by the Le Bail method,
although affected by some error. The relevant reflections
employed to this purpose are shown in the Supporting
Information. The indexing of the unit cell parameters was
indeed performed only in the monoclinic domain, neglecting
every possible distortion of the @ and y angles from 90°, even
though this kind of distortion is not unlikely because of the
uniaxial stress.

In the range from 9.5 to 10.5 GPa, where the volume starts
to deviate from the equation of state valid for lower pressures
in the hydrostatic compression, we observe a clear sign of a
phase transition, namely, an abrupt drop in the cell volume of
~5.7%, which can be imputed almost totally to a ~4.9%
decrease of the b length and to a ~5° increase of the
monoclinic angle . Above this pressure, and up to the highest
pressure at which we still observe a reliable crystalline
diffraction pattern (17—19 GPa), the a and c lengths and
the f angle stay constant within the error, and the further
reduction of the cell volume of about 9% can be then entirely
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Figure 4. Cell parameters obtained by Le Bail refinement for the azobenzene powder: black dots are relative to compression (full black dots) and
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By = 5.84 GPa
B'o = 9.49
Vo= 990.453 A3

Volume (A3)

L L L A B B
0 2 4 6 8 10 12 14 16 18
Pressure (GPa)

20

Figure S. Volume of the azobenzene unit cell as a function of pressure
obtained by Le Bail refinement for the powder with N, as pressure-
transmitting medium in compression (full black dots) and
decompression (empty dots) cycles, and the relative fit using the
Rose—Vinet equation of state (blue line). The fit is performed in the
range of pressures from ambient to 9.5 GPa. The bulk modulus (B,)
and its derivative with respect to pressure (B)) obtained from the fit
are also reported. The red dots are relative to the compression
without any pressure-transmitting medium.

attributed to the b length, which decreases a further ~7% in
the pressure range of 11—19 GPa. This is a very important
observation as the reactive approach for the formation of the
carbon nanothreads was supposed to occur among equivalent
molecules along the b axis, which indeed becomes the thread
axis.”” In the nanothread product, ac is the plane normal to the
thread axis, where the distorted pseudohexagonal packing
occurs. This packing can be viewed as a two-dimensional
crystalline cell with the two main lengths of 13.05 and 6.45 A,
respectively, and an angle between them approaching the
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Intensity (arb. unit)

2 3 4 5 6 7 8 9
20 (degree)

Figure 6. Selection of integrated patterns of azobenzene powder
compressed without any hydrostatic pressure-transmitting medium as
a function of pressure. The black trace is relative to the recovered
material at ambient conditions taken outside of the DAC. For display
convenience, a background is subtracted from every trace. The
pressure values reported are in GPa units.

hexagonal one (120°), in which the electronic densities present
along the azo-groups axis and the thread core axis, both parallel
to the b crystallographic axis, act as scatterers.”” This distorted
pseudohexagonal structure has then the main Bragg diffraction
peaks (100 and 001) lying, in the product obtained here, at 20
values of 2.49 and 5.01°, respectively, and a third less intense
peak at 26 of 4.48° (101) as reported in Figure 6.

From FTIR measurements performed in the same
conditions, aimed at the discovery of the pressure reaction
threshold and the reaction kinetics, we know that azobenzene
is chemically stable up to 20 GPa.”” In addition, azobenzene
needs to be kept at this pressure for several hours to have 20—
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Figure 7. Structure of azobenzene at 19.5 GPa reconstructed considering the molecules are incompressible and using the relative atomic positions
of the ambient pressure structure*' and the cell parameters at this pressure, obtained in the compression without any pressure-transmitting medium
(a=1340 A, b = 465 A, c = 1095 A, = 118°). The shortest distances, reported in green, are between carbons belonging to neighboring

equivalent molecules along the b axis, and they are 2.60 A.

30% of monomer transformation. According to these results,
we cannot assign any of the features observed up to 20 GPa to
the chemical transformations of the monomer, being under the
pressure threshold for the reaction. Therefore, the structural
transformation induced by nonhydrostatic compression can be
seen as a prereactive stage in which the equivalent molecules
along the b crystallographic axis reorientate and start to
interact along the stack by s-interactions as the b length
shrinks and they come closer.

In Figure 7, we propose a reconstruction of the high-
pressure structure of azobenzene at 19.5 GPa, very close to the
reaction pressure threshold, obtained with the VESTA
software.”” The quality of the data relative to the compression
without pressure-transmitting medium and the number of
reflections surviving up to this pressure are not sufficient to
perform a refinement of the atomic positions so that the
atomic positions can only be presumed. The reconstruction is
performed supposing that the azobenzene molecule is not
distorted, the bond length and the relative orientation of the
two nonequivalent molecules are unchanged, and barycenter
positions in the crystalline cell are unaltered with increasing
pressure. The only pressure effect taken into account is the
modification of the cell parameters (lengths and angle). The
parameters used for depicting the cell are therefore the ones
obtained at 19.5 GPa in the nonhydrostatic compression (CIF
file available as Supporting Information). Within this
approximation, even if the reorientation of the molecules is
not considered, the minimum C—C distance between
neighboring molecules is realized among carbons belonging
to molecules stacked along the b axis, and it is of 2.60 A. This
is a value at which a carbon—carbon o-bond can be formed,
aided by thermal motions'>***° (details in the Supporting
Information), making the approach along the b axis of
equivalent molecules the most favorable to induce a reaction.
Due to the same reasons, the reactivity proceeds preferentially

along the stack rather than expanding in a tridimensional way,
leading to the formation of double-core saturated carbon
nanothreads. An explanation of the preferential compression
along the b axis could be given supposing that the uniaxial
stress is able to drive the z-electronic densities of the aromatic
rings, aligned in a slipped parallel way along the b axis at
ambient conditions, to interact over a certain pressure upon
molecular reorientation, as in a prereactive stage. This
occurrence can be the one driving the phase transition
observed around 10 GPa, also in view of the abrupt negative
slope increase of the pressure behavior of the b length over this
pressure. This process finally leads to the one-dimensional
(1D) reactive approach along the stack, which allows the
formation of double-core saturated carbon nanothreads in a
preferential way with respect to a 3D extended material. In this
respect, the nanothreads can be seen as the topochemical
product of azobenzene, while nonhydrostatically compressed.

B CONCLUSIONS

Understanding the mechanism of a solid-state chemical
reaction and the topological relations between the reactant
and the product is of paramount importance in view of the
design and optimization of a synthetic strategy to yield a high-
quality functional material of the highest quantity. Without this
knowledge, every synthesis is at risk of being tentative, and its
recipe given more by chance than planning. In this work, we
followed the evolution of the crystal structure of trans-
azobenzene from ambient pressure up to the pressure of the
spontaneous reaction, by means of powder X-ray diffraction
using synchrotron light. By comparing the results of quasi-
hydrostatic and nonhydrostatic experiments, we were able to
understand how the product of the high-pressure reaction, i.e.,
double-core carbon-saturated nanothreads, forms. Using the Le
Bail Monte Carlo method, we obtained the structural
parameters of the azobenzene crystal as a function of pressure
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by indexing up to 15—20 diffraction peaks for each pressure
step.

In the presence of a quasi-hydrostatic pressure-transmitting
medium, we have signs of a reversible phase transition at about
9.5 GPa, inducing a modification of the monoclinic angle j
from 112.75 to 118.3° in few GPa, while the cell lengths stop
to decrease, and as a consequence, the volume deviates from
the equation of state valid for lower pressure, despite observing
no discontinuity. Instead, in the compression without a
pressure-transmitting medium that is intrinsically not hydro-
static, we observe an abrupt modification of the diffraction
pattern already at ~7 GPa, and consequently, an about 12%
decrease of the cell volume that can be mainly imputed to the
reduction of the b length of ~5% and a modification of the
angle that approaches 120°, being clear signs of a phase
transition. Above this pressure and up to the pressure of the
spontaneous reaction, all of the cell parameters are almost
unaffected with the notable exception of the b length that
shortens a further ~7% up to 19 GPa. This anisotropic
compression of the crystalline cell induced by stress is at the
base of the supposed reaction mechanism. The b axis is the
one along which the nanothreads form, and it will become the
nanothread axis itself, while the ac plane of the initial crystal
will become the plane in which the distorted pseudohexagonal
arrangement will be realized. At 20 GPa, pressure threshold of
the spontaneous reaction, we have a minimum C-C
equilibrium distance among the equivalent molecules aligned
along the b axis of 2.60 A, short enough to allow the formation
of a C—C o-bond, while aided by the thermal motions. As the
other cell lengths do not shorten any more, there is a
preferential axis for the reaction propagation, which is again
the b axis, so that a tridimensional propagation of the reaction
is avoided, and the product is hence the 1D saturated carbon
nanothreads. Therefore, nanothreads are the topochemical
high-pressure product of azobenzene, at least while non-
hydrostatically compressed. A better definition of the reactive
path and of the importance of the anisotropic compression
could be provided by single-crystal diffraction studies using a
hydrostatic compression medium up to the pressures of
interest (about 20 GPa) such as helium or neon.

Azobenzene crystal is isostructural with stilbene and by
extension with the pseudo-stilbenes. Due to the structural
similarity and the similar kind of weak interactions that
characterize these molecular crystals, they have the possibility
to form inclusion or mixed crystals in any reciprocal ratio.”">’
The findings that we reported here could be common to the
whole class of pseudo-stilbenes, and all of them could be
excellent starting materials for the carbon nanothread syn-
thesis. In this view, the chemical, optical, and electronic
characteristics of the resulting products could be finely tuned
by suitably changing the ratio and the composition of
azobenzene/pseudo-stilbenes in the starting mixed crystal for
a tailored synthesis of double-core saturated carbon nano-
threads.

B ASSOCIATED CONTENT
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