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This study addresses azobenzene's structural compression and reactivity under hydrostatic high-pressure
conditions. Synchrotron X-ray diffraction data of single crystals compressed with neon as the pressure-
transmitting medium allowed the refinement of the crystal structure up to 28 GPa, at which the onset of
the reaction was observed. Analysis of the pressure-dependent lattice parameters reveals a first-order
isostructural phase transition at 13 GPa. We have solved the crystal structure of the high-pressure phase
of azobenzene offering a key insight into the strong contribution of stress on the structural compression
mechanism and crystal's reaction chemistry at elevated pressures. While the collapse of the b cell
parameter, previously observed under non-hydrostatic conditions, was identified as the crucial step
toward the formation of azobenzene-derived double-core nanothreads, under quasi-hydrostatic
conditions the compression of the cell parameters up to 33 GPa followed a different route. The
evolution of the cell parameters and the refinement of the crystal structure close to the onset of the
reaction identified a topochemical polymerization path, corroborated by reaction kinetics data by
infrared spectroscopy and by computed polymer structures, suggesting a complex growth process,
resulting in a distinctly different material compared to that formed upon non-hydrostatic compression.
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1 Introduction

Nanothreads are the thinnest crystalline one-dimensional
nanomaterial made by saturated carbon atoms primarily
synthesized by compressing aromatic and heteroaromatic
molecules. Their formation apparently challenged previous
studies in which the compression of model aromatic molecules
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These findings underscore the pivotal role of compression conditions in determining the reaction
pathways of azobenzene, providing novel insights for its application in nanomaterial synthesis.

led to amorphous materials. The benzene case is paradigmatic,
as this molecule is representative of the behavior of aromatics.
The nanothread synthesis from benzene' was at variance with
previous reports which identified the product of the high-
pressure reaction as an amorphous hydrogenated carbon
species.>® This apparent contradiction was explained by iden-
tifying the pathway leading to the nanothread formation, the
diagonal of the unit cell, as non-topochemical and becoming
favored once the applied stress is aligned along this crystal
direction.* However, experimental evidence of microscopic
mechanisms governing the selection of a non-topochemical
path at the expense of the topochemical one are still missing.
From this point of view, the reactivity of azobenzene induced by
pressure is of notable significance. This compound also exhibits
an apparent competition between two reaction paths leading to
the formation of crystalline double-core nanothreads or amor-
phous hydrogenated carbon materials. Spectroscopic and
diffraction experiments were recently performed to characterize
the reaction evolution and the products formed.>” Azobenzene,
compressed with no pressure-transmitting medium (PTM) up to
25-30 GPa while avoiding laser irradiation, transformed into
micron size 2D crystalline double-core nanothreads embedded
in an amorphous matrix.*” This reaction was also investigated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by computational studies, confirming the experimental obser-
vations concerning the chemical inertness of the azo groups,
which remain untouched during the polymerization, acting as
an unsaturated bridge linking the two nanothread cores.® Azo-
benzene-derived nanothreads are the product of the reactivity of
aromatic moieties along their stacking axis direction, which is
the b axis according to the reported P2,/c crystal structure.” A
recent study also hypothesized a different reaction product
arising from the topochemical polymerization of azobenzene
under non-hydrostatic reaction conditions.'® According to this
study, nanoribbons of polymerized azobenzene are formed, also
involving reaction of the azo groups, through the polymeriza-
tion of azobenzene along the ab crystallographic plane (using
the previous frame of reference, P2,/c).

The driving force leading to the linear polymerization along
a specific crystallographic direction, which is crucial for nano-
thread synthesis, has been attributed to distinct phenomena
strongly dependent on the intra- and intermolecular interac-
tions characterizing the starting precursor. There are several
examples of such reactions proceeding along the topochemical
direction. The clearest examples are probably the reactivity of
triazine' and arene-perfluoarene co-crystals,">™* both of which
react exploiting the favorable stacking arrangement determined
by the m-m interactions. The reactivity of cubane forming
nanothreads, for example, is attributed to the energy release of
the highly strained bonds triggered by the high temperature
under high-pressure conditions, permitting polymerization
along the direction corresponding to the shortest C---C
contacts."® The high-pressure reactivity of aniline to yield
nanothreads” was attributed to a topochemical process
involving the complex hydrogen bond framework'® and lattice
motions.? This is an example of how the linear polymerization
into nanothreads can be driven by thread-directing groups or
side reactions as also reported for pyridazine'® and diphenyla-
cetylene.” Remarkably, in the latter case, the polymerization of
the acetylene moieties triggers the nanothread formation also
explaining the very similar reactivity of diphenylacetylene
observed in both non-hydrostatic®® and quasi-hydrostatic**
compressions. A common aspect of all of the topochemical
reactions is the large amount of transformed material (reaction
yield).

On the other hand, polymerization into nanothreads was
widely observed even for precursor crystals for which the top-
ochemical path leads to a different product. The most remark-
able case is certainly benzene,””> a model for nanothread
synthesis. To explain the non-topochemical reactivity to form
nanothreads of these systems, the effect of the strong deviatoric
stress introduced upon compressing the samples with diamond
anvil cells (DAC) without a pressure-transmitting medium was
invoked.*** The DAC itself provides the necessary strong
anisotropic load,* and the uniaxial stress can result in signifi-
cant distortions of the crystal unit cell at high pressure
compared to similar loads applied quasi-hydrostatically.** The
effect of the uniaxial stress influences the reactivity by the
introduction of defects and dislocations into the crystals,*
which act as nucleation centers permitting reactivity in systems
that present a remarkable chemical inertness in a quasi-

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

hydrostatic environment.”® The effect of uniaxial stress can
also discriminate different reaction pathways, inducing the
system to follow non-topochemical routes leading to different
reaction products.>”?®

With regard to azobenzene and stilbene, once compressed
without using any PTM, immediately above a phase transition
between 10 and 12 GPa a sudden decrease of a lattice param-
eter, namely the b axis, determines a molecular arrangement
which is very similar to the one of the nanothreads forming
around 20 GPa.*”*° This suggests a topochemical reaction likely
favored by a more efficient charge delocalization on the
aromatic rings as recently evidenced in the case of stilbene.*
With this in mind, we have studied the pressure-induced reac-
tivity of azobenzene when compressed in a quasi-hydrostatic
way (employing both neon and argon as PTM). High quality
single-crystal data confirmed the occurrence of a phase transi-
tion at 13 GPa and evidenced the crucial role that it plays in
determining the reaction pathway. Indeed, nanothreads do not
form, but a polymer is obtained upon compressing azobenzene
hydrostatically. The structure of the polymer obtained is
proposed by merging numerous results, obtained from detailed
single-crystal X-ray diffraction (SC-XRD) experiments, the reac-
tion kinetics analysis realized through in situ Fourier transform
infrared spectroscopy (FTIR), and quantum mechanical
computations based on density functional theory (DFT). This
polymer drastically differs from azobenzene-derived nano-
threads, which are demonstrated to be the non-topochemical
product of the non-hydrostatic compression of azobenzene.

2 Results and discussion

Azobenzene single crystals were compressed to 33 GPa using
neon as pressure-transmitting medium, which ensures quasi-
hydrostaticity throughout the pressure range.*' Diffraction
data were collected from two differently oriented crystals using
synchrotron X-ray radiation, and data were combined for the
determination of the crystal structures on pressure increase up
to 28 GPa. Pictures of the crystals investigated are shown in
Fig. S1 in the ESIL.{ The different orientation of the two crystals
in reciprocal and real space is shown in Fig. S7.7 The merging of
data sets from two crystals improved the completeness of the
high-pressure data, which usually suffers from the restriction of
access to reciprocal space induced by the high-pressure cell.
This is especially important for low-symmetry compounds and
corroborates the high quality of our SC-XRD data. The high data
quality is also apparent in the diffraction images acquired at 0.2
and 28 GPa (Fig. 1).

2.1 Unit-cell compression of azobenzene

The unit-cell volume of azobenzene as a function of pressure is
shown in Fig. 2 for experiments performed under different
conditions, while the pressure evolution of the cell axes and the
monoclinic §-angle are shown in Fig. 3. Red filled and empty
dots represent the current single-crystal compression and
decompression data, respectively, while green and blue dots
represent results from our previous diffraction experiments on

Chem. Sci., 2025, 16, 9240-9254 | 9241


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00432b

Open Access Article. Published on 04 April 2025. Downloaded on 4/7/2026 7:58:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

- i /
/‘.
* neon

g c)1.3GPa
4 (decompressed)
o
z
C w0 b) 28.0 GPa
k=

oyt a) 0.2GPa

e (A [
— T T T T T

2 3 4 5
d-spacing (A)

Fig. 1 Top: inner sections of wide-scan (6w = 65°) X-ray diffraction
images of azobenzene single crystal at (a) 0.2 GPa, (b) 28 GPa, before
the reaction, and (c) after decompressing the polymer at 1.3 GPa, using
neon as the pressure-transmitting medium. Of particular interest is the
observation of single-crystal spots from the recovered polymer (c),
that allowed indexing of the unit cell parameters of the product.
Bottom: 1D azimuthally integrated diffraction patterns of the respec-
tive images. Ticks indicate the calculated reflection positions using the
unit cell metrics determined at the respective pressure. Diffraction
from neon is marked by asterisks.

azobenzene powder samples compressed with nitrogen as the
PTM and without a PTM, respectively.” The high quality of our
single-crystal diffraction data is obvious from the minor data
scatter, the consistency between the unit-cell volumes of the two
individual crystals (light and dark red dots, respectively), and
the small standard uncertainties which are smaller than the
symbol size. Slight deviations in the unit-cell compression of
the two crystals are only observed at pressures >13 GPa for the
unit-cell axes and the $-angle (Fig. 3), and may be attributed to
artifacts arising from the different orientation of the crystals in
the diamond anvil cell and, hence, differently restricted access
to the reciprocal space.

The unit-cell volume shows a nearly continuous reduction up
to ca. 28 GPa with only a very slight anomaly at 13 GPa (see the
inset in Fig. 2). However, strong discontinuities are observed in
the pressure evolution of the cell axes and §-angle at 13 GPa, at
which an abrupt decrease of the crystallographic a axis and
increase of both the b axis and the monoclinic $-angle occur
(Fig. 3). Hence, our single-crystal data clearly highlight a first-
order phase transition at 13 GPa and allow us to determine
precisely the unit cell of the high-pressure phase. The ¢ axis is
only slightly decreased and the «- and y-angles remain 90° (see
Fig. S2 in the ESI}), therefore indicating the preservation of
monoclinic symmetry. The occurrence of a pressure-induced
phase transition has previously been reported for azobenzene
at 7.5-10 GPa from high-pressure Raman spectroscopy and
powder X-ray diffraction.>”*® The lower transition pressure
observed in the previous experiments, in which no PTM was
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Fig.2 Volume of the unit cell as a function of pressure under different
experimental conditions. Data from ref. 7 for compressions of azo-
benzene powder without a PTM and with N as the PTM are reported
with blue and green dots, respectively. The two shades of red dots are
related to the compression of the two single crystals of azobenzene
using Ne as the PTM. Empty dots refer to data acquired of the same
crystals in decompression. The solid black line represents the Rose—
Vinet equation of state employed to fit the single crystal data, for which
parameters are shown in the graph. The fit was performed in the
pressure range O to 13 GPa before the phase transition. An enlarged
view of the pressure evolution of the volume across the transition
(single crystal data) is reported as an inset. Only a few error bars are
reported for the sake of clarity; error bars smaller than the dot diameter
characterize the single crystal experiment.

used, is attributed to the less hydrostatic conditions compared
to the quasi-hydrostatic conditions provided by neon as the
PTM in our single-crystal XRD experiments. The dependence of
the transition pressure on the hydrostaticity also explains why
only hints of a reversible phase transition were observed in
previous powder XRD experiments up to 12 GPa using N, as the
PTM, which also preserves more quasi-hydrostatic conditions in
this pressure range.”

Single-crystal unit-cell volume data up to a pressure of
13.0 GPa, at which the phase transition takes place, were fitted
to a Rose-Vinet equation of state.?> The value of V, = 991 A® was
fixed to the literature value.® The fit yielded a bulk modulus B, =
6.7(1) GPa and its pressure derivative B’ = 8.5(1), typical values
for a molecular crystal.* This result represents the best fit (solid
line in Fig. 2) for the low-pressure phase excluding experimental
data of the high-pressure phase (p > 13 GPa). The cell axes
exhibit an almost isotropic reduction between 0 and 13 GPa
(relative length reductions: a axis —13.6%, b axis —11.4% and ¢
axis —11.2%).

Up to ca. 10 GPa (which is close to the hydrostatic limit of
N,),** the present data are in satisfactory qualitative agreement
with previous experiments we performed on azobenzene
powder samples, both with and without a PTM (green and blue

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Pressure evolution of the crystal cell parameters: blue and
green dots refer to data sets from ref. 7 of azobenzene powder
compressed without any PTM and with N, as the PTM, respectively.
The two shades of red dots are obtained during the compression of the
two azobenzene single crystals using neon as the PTM. For the sake of
clarity only a few error bars are shown. Error bars smaller than the dot
diameter characterize the single crystal experiment.

dots, respectively, in Fig. 3). For higher pressures, while the
unit-cell volume is still in agreement, the individual cell
parameters follow distinct paths depending on the compression
environment. In particular, the pressure evolution of the a and
b axes diverges after the phase transition. The behavior of the
b axis is of particular interest; while its collapse under non-
hydrostatic conditions was identified as the key factor leading
to the formation of nanothreads along this direction,*” the
b axis increases upon compressing azobenzene quasi-
hydrostatically (this study). The opposite is observed for the
a axis. This indicates a significant role of hydrostaticity versus
stress on the unit-cell geometry and, hence, the structural
configuration of the high-pressure phase and the compression
behavior of this system on further pressure increase. Interest-
ingly, under quasi-hydrostatic conditions, the b axis is almost
non-compressible in the high-pressure phase of azobenzene up
to 28 GPa and even along the following polymer formation up to
the highest pressure of 33.0 GPa. This underlines its minor role
in the bond formation mechanism on polymerization in the
topochemical reaction. While the unit-cell compression was
almost isotropic in the low-pressure phase (0-13 GPa), the cell
anisotropically shrinks after the phase transition. In particular,
while the b axis varies by less than 1.0%, the a and ¢ axes are
shortened by —15.0% and —9.6%, respectively, in the pressure
range from 13 to 32.5 GPa.

A discontinuous drop is observed in the unit-cell volume
between 28.2 and 29.7 GPa, and then the volume continuously
decreases again up to 32.5 GPa, the highest pressure of our
study (Fig. 2). This volume drop is attributed to the polymeri-
zation reaction and the change of unit-cell dimensions in the
polymer. The pressure-induced formation of azobenzene-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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derived nanothreads under non-hydrostatic conditions has
already been reported with the onset at lower pressures (18-20
GPa), and a higher transformation rate at 25 GPa.®*”' The
higher reaction pressure observed in this study is attributed to
the absence of deviatoric stress due to quasi-hydrostatic
conditions in the pressure chamber. A discontinuity in the
pressure evolution is also obvious in the reduction of the a and ¢
cell parameters, a slight increase of the b axis, and an evident
decrease of the g-angle by ca. —1° (Fig. 3). It needs to be noted
here that the quality of the single-crystal diffraction is strongly
decreased by the reaction and distinct single-crystal diffraction
spots are only observed at low resolution, which indicates the
presence of local order but a high degree of disorder in the
polymer structure. However, we succeeded in indexing the
polymer phase and following the unit-cell compression up to
32.5 GPa and on decompression down to 1.28(2) GPa, at which
the diamond-anvil cell got stuck.

Our decompression data of the polymer confirm the irre-
versibility of the process occurring at ca. 28-29 GPa, and the
stability of the polymer on pressure quenching. A comparison of
the unit-cell volumes of the molecular and polymer structures of
azobenzene at the same pressure of 1.28 GPa shows a volume
reduction of ca. 18% in the polymer.

2.2 Structure compression of the low-pressure phase up to
13 GPa

The crystal structure of ¢trans-azobenzene was first published in
the monoclinic space group P2,/a, a non-standard setting of
space group no. 14,*** and later on in the standard setting of
the space group, in P2,/c.” The b axis is the common axis in both
settings and the transformation matrix from P24/a to P24/c is (1
01,010, 10 0). Both settings have been used in subsequent
work, the P2,/a setting in the temperature-dependent studies on
the pedal motion in azobenzene by Harada and Ogawa,***” and
the P24/c setting in the pressure-dependent studies by Li et al.,
Romi et al., and Zhang et al.”*>*® In this study, we will refer to
the P2,/c standard setting.

There are two symmetry-independent molecules in the unit
cell, both having inversion symmetry. Molecule A is located on
the inversion center in 1/2, 0, 1/2 (and 1/2, 1/2, 0) with Wyckoff
symmetry 2d (referred to as site 1), and molecule B is dynami-
cally disordered at room temperature on the inversion center in
the origin 0, 0, 0 (and 0, 1/2, 1/2) with Wyckoff symmetry 2a
(referred to as site 2). The configurational disorder of molecule
B was first described by Brown® and its degree was refined to
17% at ambient temperature by Bouwstra, Schouten, and
Kroon.” The two conformers of molecule B are related by an
approximate 2-fold rotation about the longest axis of the
molecules,®* or, as will be seen in the high-pressure structures
in this study, by reflection about a vertical plane perpendicular
to the plane of the molecules through the longest axis of the
molecules. The temperature-dependence of the disorder was
studied in detail by Harada and Ogawa.***” They found that it is
dynamic, as the degree of orientational disorder, due to a pedal
motion, decreases on cooling and disappears at 150 K in the
equilibrium state.** However, the minor, unstable conformer

Chem. Sci., 2025, 16, 9240-9254 | 9243
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could be preserved on shock-cooling in the thermodynamic
non-equilibrium state with the degree of disorder depending on
the cooling rate.’”

In our study, the crystal structure of azobenzene was deter-
mined at ambient pressure and room temperature and at 100 K
to serve as a reference for the high-pressure structures. Our
structural parameters and refined degrees of pedal motion
disorder (17(2)%) at 298 K and unobserved at 100 K, respec-
tively, (Table S1t) agree well with those reported by Bouwstra,
Schouten, and Kroon® and Harada and Ogawa® at room
temperature (17-19%) and by Harada and Ogawa®**” at 150 K
(6%) and 90 K (no disorder observable in the equilibrium state).

The evolution of the pedal motion disorder of molecule B
with pressure is shown in Fig. 4. Our high-pressure structure
data reveal a decrease of the disorder from 15(2)% at ambient
pressure to 4(1)% at 4 GPa, which is in accordance with
a dynamic disorder and the observed decrease on lowering the
temperature. However, on further pressure increase, the
disorder increases again up to 33(2)% at 12-13 GPa. This indi-
cates that the minor conformer again becomes more stable with
respect to the main conformer on pressure increase. We
suppose this to be a static disorder, as dynamic motion is not
supposed to be present at these high pressures. Note that the
neon PTM freezes at ca. 5 GPa; hence, the slightly different
surrounding conditions may have an effect on the crystals in the
pressure chamber. At 13 GPa, the phase transition to the high-
pressure structure takes place and this is accompanied by a loss
of the disorder. Only one stable structural configuration exists
in the high-pressure phase.

In the azobenzene molecules, the phenyl rings are parallel
but not coplanar. The evolution of the interplanar separation s
between the planes of the phenyl rings as a function of pressure
is shown in Fig. 5. The value of s varies between 0.07 and 0.55 A
in the whole pressure range. While s decreases on pressure

OO

E 1 bar { §

% 10 % p’\-{_—% H }° F < 20;3.6,GPa

R O e
o —

0 2 4 6 8 10 12 14 16
Pressure (GPa)

Fig. 4 Degree of the pedal motion disorder (%) of molecule B (site 2)
of azobenzene as a function of pressure. At 13 GPa, the phase tran-
sition takes place and no disorder is observed in the high-pressure
phase. Molecule B is drawn at distinct pressures and the site occu-
pation factor is expressed by the opacity of the nitrogen atoms.
Hydrogen atoms are omitted for clarity.
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Fig. 5 Interplanar separation, s, between the planes of the parallel
phenyl rings of the azobenzene molecules A and B as a function of
pressure.

increase up to the phase transition at 13 GPa in molecule A,
which is becoming more coplanar, s is strongly increasing in the
disordered molecule B, which becomes more distorted. At the
phase transition, the loss of the disorder in molecule B is
accompanied by a strong decrease of s. In the high-pressure
phase, both molecules exhibit a similarly small separation,
which is again increased in both molecules on pressure
increase. Interestingly, s and, hence, the distortion of molecule
B, strongly increases close to the onset of polymerization at ca.
28 GPa.

As mentioned above, azobenzene molecules are situated on
inversion centers in the crystal structure (Fig. 6). They are
staggered along the b axis with the b cell parameter being the
separation distance of the molecules in this direction (b =
5.788(2) A at ambient conditions). The planes of the phenyl
rings and, hence, the molecules are tilted by the angle ¢ with
respect to the staggering axis, i.e., the b axis. This angle is 24.3°
and 27.8° for molecules A and B, respectively, at ambient
conditions (Fig. 7). Considering the long intermolecular sepa-
ration along b and the small tilt angles ¢ of the phenyl rings
with the b axis, it is obvious that there is no m-stacking inter-
action present along the b axis. Indeed, there is no w-stacking
interaction present in the low-pressure structure at all. On
pressure increase, the b axis is reduced to 5.149(1) A at 12.7 GPa
and ¢ is slightly decreased to 22.1° and 23.8° for molecules A
and B, respectively.

The equivalent isotropic displacement parameters have also
been extracted for all atoms and their evolution as a function of
pressure (Fig. S8t) closely reflects the structural changes
previously discussed. A rapid decrease of all the U.q with pres-
sure, from ~0.08 A% to a minimum of ~0.02 A% around 6 GPa
occurs, which is expected due to the high density increase of the
crystal that progressively reduces the molecule's motion."*** Up

© 2025 The Author(s). Published by the Royal Society of Chemistry
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13.6 GPa

b

L.a
Fig.6 Crystal structure (left) of the azobenzene low-pressure phase at
12.7 GPa and (right) the high-pressure phase at 13.6 GPa. Top: crystal
structure projected along the b direction; bottom: part of the crystal
structure with all molecules situated on inversion centers at z = 0,
projected along the c direction. Hydrogen atoms are omitted for
clarity. Molecules A are located at x = 0.5, molecules B at x = 0. The
site occupation factor of the disordered nitrogen atoms is reflected by
the degree of opacity. The shaded boxes delimit the size of the pro-
jected molecule B before (red) and after (blue) the phase transition.
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Fig. 7 Pressure evolution of the ¢ and ¢ angles of molecules A and B
on compression and across the phase transition at 13 GPa. A scheme
of one stack of azobenzene molecules along the b axis is also shown.
The distance between the aromatic ring centroids (d) corresponds to
the value of the b axis; ¢ and 6 are the angles between the phenyl rings
(Ce) or the N=N double bond and the b direction, respectively.

to the phase transition, molecule B has values of U.q consis-
tently larger than molecule A by ca. 0.01 A% and its behavior
closely resembles the pedal motion disorder (Fig. 4). Before the
phase transition at 13 GPa, the U,q values increase up to ~0.045
A% to then abruptly drop to ~0.02 A% again. Just before the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polymerization threshold at 28 GPa, another rapid increase is
observed which is indicative of a reactive state.

2.3 Phase transition and high-pressure phase compression
up to pressure-induced polymerization reaction

At 13.04(6) GPa, both the low- and the high-pressure phases
were concomitantly present in one of the crystals and data of
both phases were integrated from a single data set. Hence, this
was found to be the pressure of the phase transition. We have
determined the crystal structure of the high-pressure phase at
slightly higher pressure when the transition was complete.
Structural changes will subsequently be discussed on the
refined structures of the low-pressure phase at 12.7 GPa and of
the high-pressure phase at 13.6 GPa.

The crystal structure of the high-pressure phase was solved
in the same translational lattice and space group, P2,/c, hence,
they are isostructural. From the projection onto the ac plane,

e., (010), we can observe minimal changes concerning mole-
cules A aligned at x = 0.5 (Fig. 6). In contrast, distinct changes
are observed for molecules B at x = 0, which lose their confor-
mational disorder and tilt aligning more parallel to the b axis.
The tilt is quantitatively derived by following the parameters
defined in Fig. 7, in which a simplified representation of one
stack of azobenzene molecules aligned along the b axis is dis-
played. The distance between the aromatic ring centroids (d)
corresponds to the value of the b axis and the angles ¢, between
the phenyl rings and the b direction, and 6, between the N=N
double bond and the b axis, indicate by how much the mole-
cules are tilted with respect to the b axis. Both angles ¢ and ¢
decrease at the phase transition (A¢g = —8.2°; A§ = —26.2°).
Especially, the latter is strongly reoriented with ¢ decreasing for
the molecule B from 46.8° at 12.7 GPa to 20.4° at 13.6 GPa. In
addition, the intramolecular separation s between the phenyl
rings of molecule B decreased from 0.52 A at 12.7 GPa t0 0.17 A
at 13.6 GPa making molecule B flatter (Fig. 5). The reorientation
of molecule B towards the b axis results in the increase of the
b cell parameter and, hence, distance d from 5.15(1) A (12.7 GPa)
to 5.45(1) A (13.6 GPa) and the decrease of the a cell parameter
from 13.09(1) A (12.7 GPa) to 12.40(3) A (13.6 GPa) at the phase
transition (Fig. 3). This is qualitatively shown in Fig. 6 using red
and blue shaded boxes to delimit the azobenzene molecule at
12.7 and 13.6 GPa, respectively. Also, for molecules A, the ¢
angle considerably decreases, indicating a more pronounced
alignment of the aromatic rings along the b axis.

All of these changes highlight the stiffness of the b axis of
azobenzene single crystals on quasi-hydrostatic compression
and the obvious absence of w-stacking in this direction. This is
in stark contrast to earlier experiments on azobenzene powder
samples under non-hydrostatic conditions, in which the b axis
was strongly reduced at the phase transition, and this was
interpreted by a rearrangement of molecules A and B perpen-
dicular to the b axis, instead of parallel, as observed under
quasi-hydrostatic conditions. A reorientation perpendicular to
the b axis under stress could result in 7t-stacking and, hence, in
a conformation suitable to induce nanothread formation along
this axis, as suggested in the earlier studies.*” There is no
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indication for such a rearrangement at the phase transition
under quasi-hydrostatic conditions.

As already noted above, after an almost isotropic reduction
of the cell parameters between 0 and 13 GPa, the unit cell of the
high-pressure phase shrinks anisotropically on further
compression. The b axis is almost non-compressible even up to
33.0 GPa, the highest pressure obtained in this study. This is in
agreement with the further decrease of the ¢ and 6 angles of the
molecules and, hence, the tilt towards a more parallel
arrangement with the b axis (Fig. 7). At the highest pressure at
which we refined the crystal structure (28.2 GPa), the ¢ angles
reach 11.1° and 9.9° for molecules A and B, respectively. This is
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Fig. 8 Short intermolecular C---C contacts in the azobenzene high-
pressure phase. In the upper panel, the contact distance of the
shortest carbon—carbon contacts is given as a function of pressure
from 12 GPa up to the highest pressure (~28 GPa) at which the
structure was refined. In the bottom panel, the azobenzene crystal
structure, as obtained from the refinement of single-crystal data at
28.2 GPa, is shown. The shortest contacts are highlighted using
a combination of colors and symbols consistent with those reported in
the upper panel.
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responsible for the crystal stiffness along the b axis. The
distance d between the centroids of the aromatic rings of
molecules stacked along b at 28.2 GPa is almost equal to that at
13.6 GPa (d = 5.45(1) and 5.49(1) A at 13.6 and 28.2 GPa,
respectively). The most compressible axis in the high-pressure
phase is the a axis and to a lesser extent the ¢ axis (shortened
by 15.0% and 9.60%, respectively, between 13 and 33 GPa).

The strong anisotropic contraction of the unit cell upon
compression implies different relative displacements of the
azobenzene molecules as reported in Fig. 8. In the upper panel
of this figure, the shortest carbon-carbon contacts are reported
as a function of the applied pressure. The nitrogen-carbon
contacts have been neglected as evidence of their involvement
in the reaction is missing.®® A separate plot of the N---C contacts
can be found in the ESI, Fig. S4.1 Further confirmation of the
chemical inertness of the azo group will be provided below. An
abrupt reduction of all the contacts takes place near the phase
transition, whereas they undergo a continuous linear short-
ening on further pressure increase (Fig. 8). All of these C---C
contacts were selected because they are shorter than 3.4 A,
which is double the van der Waals radius of carbon and is
considered a limit for the molecular stability in photo-induced
reactions.” Remarkably, all of them belong to the ac plane as
there is practically no contraction of the crystal along the b axis,
as extensively discussed. The possibility of reactivity occurring
along the b axis, observed in azobenzene compressed non-
hydrostatically, ie., when subjected to strong anisotropic
stress,*”' is therefore excluded. On the other hand, the shortest
contacts still belong to aromatic rings residing in planes
parallel to each other, but lying along the a axis of the crystal
unit cell. This direction is the most compressible after the phase
transition (overall shortening of 27.0%) leading to the impor-
tant consequence of progressively increasing m—m interactions
(Table S77).

2.4 Polymerization pathways: experimental and
computational results

One of the main purposes of this work is to pinpoint the top-
ochemical routes characterizing azobenzene polymerization
when subjected to quasi-hydrostatic compression. According to
both previous theoretical and experimental studies, the lattice
phonon-assisted topochemical reaction between aromatic rings
occurs when the C:--C distance is between 2.7 and 2.5 A.2*34! At
room temperature the computed thermal translational contri-
bution is of the order of 0.25 A;> therefore, the carbon atoms
that likely react in the azobenzene crystal at high pressure can
be identified from Fig. 8 as those lying below 2.9 A. Starting
from ca. 26 GPa, the C5---C12 (orange pentagon) and C8---C11
(green diamond) contacts decrease greatly on increasing pres-
sure to below 2.5 A at the onset of the polymerization reaction.
This likely indicates a preference for their involvement in the
reaction. Furthermore, it is important to note that the forma-
tion of specific new bonds precludes the possibility of forming
others involving the same carbon atoms, in spite of the C---C
distance being adequately short. This means that, when
favoring the C5---C12 and C8:--C11 contacts for bond
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formation, the other contacts with the respective carbon atoms,
i.e., C8---C12 (black dot), C9---C12 (violet downward triangle),
and C4---C8 (golden cross), cannot form bonds concomitantly.
Under this preassumption, another good candidate remaining
for bond formation is the short C2---C6 contact (red squares),
formation of which would preclude the formation of bonds
from C2---C5 (empty triangle), C6---C10 (purple triangle), and
C3---C6 (pink hexagon) contacts.

All of this reasoning is also supported by theoretical calcu-
lations of possible stable polymer structures in the athermal
limit. The crystal structure of molecular azobenzene obtained
experimentally at the highest pressure of 28.2 GPa was
geometry-optimized in space group P1, i.e., without considering
symmetry, at various high pressures equal to and above 30 GPa.
The experimentally obtained unit-cell parameters of the main
polymer phase were taken as the starting values. Two polymer
structures were found, both of them being stable at 30 GPa
which we will refer to as “polymer I” and “polymer II” (Fig. 9).
The phonon dispersion curves for both polymer structures
(Fig. S9t) present only positive real modes ensuring that they

(a) Bond formation in Polymer |
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Chemical Science

are in an energy minimum. As the unit-cell angles of both
computed polymers pointed to monoclinic symmetry, the
computed structures in P1 could be transformed by 100% to
monoclinic structures in space group P2,/c for polymer I and
P2,/n for polymer II using PLATON software.*” The structure of
polymer II was then transformed to the same P2,/c space group
setting in order to make it comparable with both the molecular
structure and the structure of polymer I. Polymer I seems to be
an intermediate structure that is stable over a pressure range of
only a few GPa, showing a few bonds between the molecules,
and would transform on further pressure increase to polymer II,
which is fully saturated with several bonds between the mole-
cules, also involving the nitrogen atoms of the azo groups. The
intermediate polymer I better fits our experimental results in
the pressure range investigated up to ca. 33 GPa at quasi-
hydrostatic conditions: C8-C11 bonds are formed in layers of
molecules B, C2-C6 bonds in layers of molecules A, and C5-C12
bonds between those layers. Computations to find another
intermediate polymer phase that involves C-N bond formation
with the azo group only of molecules B, were not successful, and

(b) Molecular, exp., 28.2 GPa

(c) Molecular, another view

,'..- o ,
% ed

Fig. 9

(@ and b) Schematic and experimental view of the short contacts that lead to the formation of theoretical polymer | (d) and polymer Il (e).

The same color and symbol coding used in Fig. 8 is employed, while the bonds that form in polymer Il are highlighted with star shaped symbols.
The perspective shown in panel (c) highlights the layering nature of the bonds that extend in the ¢ direction between molecules of the same type,

and along the a axis through bonds between A and B molecules.
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always resulted in one of the two other polymers. This suggests
that polymer II would be the final polymer structure obtained if
the pressure were increased beyond the values achieved in our
experimental study. However, under the conditions of our
experiments up to 33 GPa, polymer II does not seem to be
accessible. Our unit-cell data of the polymer compare better
with those of polymer I at the same pressure (Table S91) and,
also, considering the IR studies (vide infra), the azo groups are
thought to be preserved in the reaction, as was also observed
under non-hydrostatic conditions.**

It has to be noted that in polymer I, unsaturations remain on
the C3-C4 and C9-C10 bonds for molecules A and B, respec-
tively (Fig. 10d). This is also confirmed by their bond lengths of
1.306 A and 1.316 A, which are very similar to their respective
values in the unreacted molecule (1.36 A), while all the other
bonds lengthen due to the change in hybridization of the
carbon atoms (Table S137). These bond lengths range in value
between 1.46 A and 1.52 A, which are in perfect agreement with
the expected values for Cg,’-C,° and Cyp,°~Csp” carbon bonds. A
similar observation is made for the C1 and C7 atoms of mole-
cules A and B, which form bonds with the N1 and N2 nitrogen
atoms, respectively, and show a decrease of the C-N bond
lengths by about 0.1 A while the bonds of the azo groups
increase by the same amount. This can be rationalized by the
formation of double bonds between the carbon and nitrogen
atoms, while the bonds between the nitrogen atoms become
single bonds. Therefore, polymer I does not include any ionic or

8/7§12

9 yo=11
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radical species and the valence of all the atoms is respected.
Another point to note with respect to the polymer II structure, is
its rather long, newly formed C1-C9 bond of 1.84 A. The
formation of bonds with similar length has already been re-
ported for specifically designed, highly strained compounds.*
Given the extreme pressure conditions at which the polymer II
structure would form, it is likely that the bond in question is
lengthened from the high degree of strain that the structure
experiences. The bond formation is also signaled by its Mul-
liken's population value, which is similar to the values obtained
for the other bonds.

Considering other short contacts, slightly different alterna-
tive reaction pathways that do not produce ionic or radical
species may be described. Such pathways are depicted in Fig. 10
where bonds are formed from the short contacts C3---C6 and
C2---C5 next to each other on one side of the phenyl ring for
molecules A, and C9:--C12 and C8---C11 for molecules B,
respectively, which corresponds to a [2 + 2] cycloaddition reac-
tion (depictions a, b, e and f of Fig. 10). Another possibility is the
formation of only one of these bonds, but on both sides of the
phenyl ring on the same aromatic ring (depictions ¢ and g of
Fig. 10). It is important to note that these pathways can be
combined with each other, which is ultimately what leads to
a spread out polymer. Branching between layers is still likely to
occur occasionally through the C5-C12 bond wherever these
carbon atoms are available to bond.

Polymer |

Fig. 10 Alternative pathways (a—c and e—g) compared to polymer | (d and h) considering the distribution of the shortest contacts among
azobenzene molecules at high pressure which do not produce ionic or radical species. Bonding sites have the same color coding as employed in
Fig. 8. At the top, the respective configurations of the aromatic rings after bond formation is shown. These examples are not mutually exclusive,
highlighting the branching nature of the polymerization, forming two-dimensional branched layers from molecules A and B that extend in the ac
plane. Interlinking between layers may occasionally be present through the C5-C12 bond.
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Nevertheless, these considerations would not preclude the
polymerization to develop in other directions. It is reasonable
that, due to the numerous short contacts involving azobenzene
molecules under high-pressure conditions, the proposed poly-
mers and reaction pathways are not the only ones with
a chemically ordered structure. The actual product is locally
ordered but, due to the large number of possible competitive
paths, branched disordered and amorphous regions are likely
obtained. Furthermore, the possibility to form ionic and radical
species can open reactive channels difficult to foresee. However,
it is important to note that all new bonds allowed by the
reconstruction of the short contacts of the high-pressure azo-
benzene crystal phase, compressed with the PTM, have their
components distributed along more than one direction, thus
excluding the possibility to synthesize the carbon nanothreads
obtained upon compressing azobenzene non-hydrostatically.

2.5 Reaction kinetics from high-pressure infrared
spectroscopy

The compression and polymerization of azobenzene under
quasi-hydrostatic conditions were analyzed in detail by FTIR
spectroscopy, and the results are summarized in Fig. 11. A few
crystals of azobenzene were loaded into a DAC together with
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Fig. 11 Upper panel: selection of infrared spectra of azobenzene
single crystals compressed up to 24 GPa using Ar as the PTM. Lower
panel: IR spectrum of the recovered reaction product obtained upon
decompressing the sample, measured at room pressure inside the
DAC.
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argon acting as pressure-transmitting medium. Despite the fact
that the hydrostatic limit of argon is lower than that of neon,*
which could affect the overall hydrostaticity of the compression,
it was found not to alter the reactivity of azobenzene
compressed quasi-hydrostatically. Indeed, as will be discussed
below, it was possible to distinguish the reactivity of azo-
benzene compressed with Ar unambiguously from that
compressed non-hydrostatically. This is indirect evidence of the
primary role that the phase transition plays in selecting the
reaction pathway. Indeed, argon exhibits good hydrostaticity up
to about 18 GPa,*' thus ensuring the passing of the phase
transition under quasi-hydrostatic conditions. The effects of the
quasi-hydrostatic compression are also visible in the IR
absorption spectra. A selection is reported in the upper panel of
Fig. 11, where the preservation of a remarkable quality can be
appreciated well above the phase transition. A general blue shift
of all vibrational modes was observed as expected by the density
increase. Above 15 GPa, a widespread broadening of the bands
also occurred, ascribable to the progressive increase of defects
upon compression. This occurrence is particularly relevant in IR
absorption experiments as the IR beam probes the entire
sample of 150 pm in diameter. The line broadening complicates
the identification of the reaction onset, also considering that it
takes place well above 20 GPa. To overcome this issue we used
the absorbance difference of two IR spectra measured at the
same pressure, but separated by a few minutes (an example of
the procedure is reported in Fig. S51). The reaction onset was
identified to occur at 24 GPa, by the appearance of sharp
negative bands in the spectral window 700-1700 cm . These
vibrations are characteristic of the aromatic moiety;** thus, the
intensity drop is attributed to the progress of a chemical reac-
tion involving the phenyl rings of azobenzene.

After the reaction reached the equilibrium, the sample was
decompressed and the IR spectrum of the product recovered at
ambient pressure was acquired and is reported in the lower
panel of Fig. 11. The most remarkable indication of the chem-
ical reaction is given by the new intense bands centered below
3000 cm™?, indicating the presence of CH stretching modes
involving sp® hybridized carbon atoms, evidence of the satura-
tion, even partial, of the aromatic moieties. The broad band
centered above 3000 cm ™' is instead attributed to sp> CH
stretching modes, indicating that the reaction product still
contains a significant amount of unsaturation. Both features
are in agreement with the proposed polymer (Fig. 9).

There is no clear sign of reaction from the azo group in the
spectrum of the recovered product and the relatively sharp band
located at 1475 cm™*, related to the N=N stretching mode,**
hints that the azo group did not participate in the polymeriza-
tion reaction. Additionally, the lesser absorbance decrease of
this band during the reaction and in the recovered product with
respect to the other monomer bands supports this assumption.

Although the analysis of the infrared spectrum of the reac-
tion product derived from the quasi-hydrostatic compression of
azobenzene is of undeniable interest, it does not provide
enough information to distinguish this reaction product from
the already -characterized nanothreads, which primarily
constitute the product of azobenzene compressed up to similar
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pressures but without a pressure-transmitting medium.
Compelling support for the formation of a polymeric material
different from the nanothreads, which adds to the XRD pattern
of the recovered reaction product, comes from the reaction
kinetics. The intensity of azobenzene absorption bands in the
1500 and 1800 cm™ ' frequency range was obtained by fitting
these bands with Voigt functions. An example of the fit is shown
in Fig. S6.7 The absorbance, which is proportional to the azo-
benzene concentration, as the entire sample chamber is probed
by the IR beam, was determined as a function of time. Specifi-
cally, the intensity was first normalized and then expressed as
the fraction of the consumed reagent. This resulted in the data
presented in Fig. 12. The data were then analyzed with the
Avrami kinetic law, opportunely modified to describe solid-state
diffusion controlled reactions®*»*>**” which is formally:

R(1) = Lo — 1y =R, [1 _ e[ﬁk(,f/n)"]}
L)
where R is the fraction of reacted azobenzene. R, is defined as
[I(0) — I(=))/I(0), Where I represents the intensity (absorbance) of
the bands selected to follow the kinetics, therefore corre-
sponding to the fraction of reactant transformed and, finally, "/
" and n are the reaction rate constant and an adimensional
parameter describing the dimensionality of the growth process,
respectively. It is important to note that the low intensity of the
sample's bands combined with the intense background due to
both interference fringes and amorphous material make the
evaluation of azobenzene absorbance difficult. Therefore, we
chose a method for the background fitting that takes into
account fluctuations between measurements and that is
consistent for all the analyzed spectra (see Fig. S61), ensuring
that the correct evolution of the kinetics is obtained. However,
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Fig. 12 Time evolution of selected infrared bands of the reaction
product in the region of 1500-1800 cm™! measured at 24 GPa. The
error bars are due to the fit uncertainty. Experimental data have been fit
to the Avrami kinetic law for diffusion-controlled solid state
reactions*~% (see text) and the related parameters are summarized in
the inset. The values of the parameters k, n and ty are not influenced by
R, which is characterized by an undefined uncertainty.
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due to the arbitrary choice of the background, the uncertainty
determining R.. is unknown. This does not affect the other
parameters obtained, but for this reason, the reaction yield will
not be discussed further. The parameter n is the most inter-
esting to consider, as its value (0.81) is almost three times
greater than the one found in the non-hydrostatic azobenzene
reaction (n ~ 0.30).° In particular, n = 0.3 describes a linear
polymerization where the main process is the accretion of the
oligomers, while the nucleation rate remains constant over
time. On the other hand, the meaning of n = 0.81 is less con-
strained and it could indicate both a higher dimensionality of
the process (2D, due to polymer branching) or a time-dependent
nucleation law combined with the linear accretion of the poly-
mer. The discrimination between these two processes cannot be
provided only on the basis of the reaction kinetics analysis, but
can be rationalized keeping in mind that the large number of
short C---C intermolecular contacts characterizing the high-
pressure phase of azobenzene could lead to complex reactive
paths, likely involving radicals or ionic transition states, which
can cause the polymer to branch with the consequent increase
of the process dimensionality.

3 Conclusions

The structural evolution and the chemical transformation of
azobenzene subjected to a quasi-hydrostatic compression up to
~30 GPa, employing both argon and neon as pressure-
transmitting media, were investigated and compared with the
non-hydrostatic high-pressure reactivity. Azobenzene repre-
sents an attractive material being widely employed for realizing
functional materials,*® molecular photo-switches,* " and gra-
phene composites.® As a building block of double-core carbon
nanothreads, its photochemical properties are particularly
appealing as they can be finely tuned by decorating the aromatic
rings with functional groups® or by interspersing it with other
pseudo stilbenes.* As a whole, polymers and other azobenzene
derivatives can represent attractive nanomaterials of potential
interest in various scientific, medical, and industrial fields. The
most important result achieved in this study is the detailed
characterization of the crystalline structure of azobenzene by
single-crystal XRD analysis up to the reaction threshold that
allowed us to depict the topochemical reaction which leads to
a novel polymeric nanomaterial. According to the relative
molecular orientations in the high-pressure crystal and distinct
possible reaction pathways that lead to polymer branching, the
formation of a mostly two-dimensional polymer derived from
the cross linking of the aromatic moieties without the involve-
ment of the azo group has been proposed. As the stable polymer
structure that best fits to our experimental data, the three-
dimensional polymer I was obtained from theoretical compu-
tations. Our results clearly define the role of the unidirectional
applied stress in driving the nanothread formation observed in
the previous studies. The isostructural phase transition occur-
ring at 13 GPa represents the trigger of the transformation into
nanothreads or branched polymers occurring at higher pres-
sure depending on the compression conditions. Under the
unidirectional stress exerted by the diamond anvil cell the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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crystal structure is forced to collapse along the b axis, i.e., the
coordinate along which the nanothread develops. In contrast,
this direction becomes extremely rigid once the phase transi-
tion is accomplished under quasi-hydrostatic compression
conditions. The paramount importance of this discovery lies in
the fact that the differences between the topochemical and non-
topochemical reaction pathways of azobenzene have been
clearly highlighted, a result that, in spite of the flourishing
literature concerning the reaction mechanism characterizing
small aromatic molecules involved in the nanothreads
synthesis, was never experimentally demonstrated to the best of
our knowledge.

4 Experimental
4.1 In house single-crystal X-ray diffraction

Crystals suitable for single-crystal X-ray diffraction were
selected, coated in perfluoropolyether oil, and mounted on
polyimide microloops. Diffraction data were collected on
a Rigaku Oxford Diffraction XtaLAB Synergy-R diffractometer
with a semiconductor HPA-detector (HyPix-Arc-150) and multi-
layer mirror monochromated Cu-K, radiation generated by
a rotating anode PhotonJet-R source. The temperature was
regulated using an Oxford Cryostream 800 low-temperature
device. Diffraction data were collected at 100 K and 298 K.
The images were processed and corrected for Lorentz-
polarization effects and absorption (empirical scaling) using
the CrysAlis”™” software® from Rigaku Oxford Diffraction. The
structures were solved using the intrinsic phasing method
(SHELXT)®® and Fourier expansion technique. All non-hydrogen
atoms were refined in anisotropic approximation, with
hydrogen atoms ‘riding’ in idealized positions, by full-matrix
least squares against F> of all data, using SHELXL® software
and the SHELXLE® graphical user interface. Diamond* soft-
ware was used for graphical representation. Other structural
information was extracted using OLEX2 (ref. 60) and VESTA®
software. Crystal data and experimental details are listed in
Table S1 in the ESLi full structural information has been
deposited with the Cambridge Crystallographic Data Centre.
CCDC-2336566 and 2336607.

4.2 High-pressure single-crystal synchrotron X-ray
diffraction

Two azobenzene single crystals (25-50 pm diameter and 25 pm
thickness) of different orientations were loaded together with
small ruby balls (5-10 pm diameter) and two crystals of stilbene
(related to another experiment) into a hole of 300 pm in a steel
gasket pre-indented to a thickness of 80 pm in a membrane
diamond anvil cell** equipped with conical diamonds® of 600
pum culet diameter and 64° opening angle, i.e., X-ray aperture. As
a strong X-ray absorber, a small piece of gold was placed in the
pressure chamber alongside the crystals for centering them at
the w rotation axis. The ruby balls were loaded for pressure
determination using the pressure shift of the ruby fluorescence,
which was induced by laser light (532 nm), using the pressure
scale of Mao et al.®* Rubies were placed far away from the
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samples in order to avoid any possible laser damage or photo-
induced reactivity. Compressed neon gas was loaded as a pres-
sure-transmitting medium using a gas-loading autoclave
system.

High-pressure single-crystal X-ray diffraction experiments
were performed using synchrotron radiation with a wavelength
of 0.4100 A and a beam diameter of about 10 pm at the ID15B
beamline at the ESRF. A large area EIGER2 X 9M CdTe (340 X
370 mm) flat panel detector from DECTRIS company was used
and the sample-to-detector distance was 180 mm, calibrated
using a silicon standard. A vanadinite and an enstatite (MgSiO3)
single crystal were used for the calibration of the detector
parameters for data reduction in the program CrysAlis””.® The
diffraction images were collected on compression at various
pressures up to 32.46(6) GPa and on decompression down to
1.28(2) GPa by 0.5° w-scanning across the opening angle of the
diamond anvil cell. The image format was converted according
to the procedure described by Rothkirch et al® for further
processing with the CrysAlis™ software® for indexing reflec-
tions, intensity data reduction, and empirical absorption
correction. Crystal structures were refined with the SHELXL
program®” using the SHELXLE graphical user interface.’® At
each pressure, a single data set was recorded for each of the
crystals and the data sets were combined in the structure
refinement using different scaling factors. Due to the different
orientations of the monoclinic crystals in the pressure chamber,
the completeness of the data was increased from 31% and 44%
for crystals 1 and 2 at d = 0.8 A resolution (19% and 25% at d =
0.57 A, respectively) to a completeness of ca. 54% at d = 0.8 A
(35% at d = 0.57 A), which resulted in a significant improve-
ment of the quality of the refined crystal structure. All non-
hydrogen atoms were refined in anisotropic approximation,
with hydrogen atoms ‘riding’ in idealized positions. The
equivalent isotropic displacement parameters (Uey), reported in
Fig. S8, have been extracted for every atom at each pressure
point with the Python library and GUI crystchemlib.*® Crystal
data and experimental details at high pressure and ambient
temperature are listed in Table S2 in the ESI,{ cell parameters of
crystals 1 and 2 as a function of pressure are given in Tables S3
and S4 in the ESI,T respectively; full structural information has
been deposited with the Cambridge Crystallographic Data
Centre. CCDC-2336562-2336565, 2336567-2336606, and
2336608-2336622.

4.3 IR spectroscopy

Crystalline azobenzene (Sigma Aldrich, purity of 99%) was
loaded in a membrane diamond anvil cell equipped with IIa
type, Raman grade diamonds. Samples were laterally contained
by a pre-indented stainless steel gasket drilled to have an initial
sample chamber of about 150 pm diameter and 50 um thick-
ness. A micrometric ruby chip was loaded together with the
sample in order to measure the pressure by the ruby fluores-
cence technique® using few mW of a 532 nm laser line from
a frequency-doubled Nd:YAG laser source. To avoid laser
damage or photo-induced reactivity, the ruby was placed in an
empty space within the gasket, ensuring it was kept separate
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from the sample. Argon was liquefied under gas pressure of 3-5
bar within a closed chamber that was cooled in a bath of liquid
nitrogen, and loaded cryogenically in the pressure chamber of
the diamond anvil cell as PTM. No irreversible phase transitions
of azobenzene were induced by the cryogenic bath, as
confirmed by laboratory XRD measurements performed just
after the loading procedure. Fourier transform infrared
absorption spectra were recorded using a Bruker-IFS 120 HR
spectrometer suitably modified for experiments in a diamond
anvil cell, with an instrumental resolution set to 1 em™*.%

4.4 Computational details

The electronic and geometric structure calculations were per-
formed within the density functional formalism using the
CASTEP program.®® This is an implementation of the Kohn-
Sham scheme based on a plane-wave basis set in conjunction
with pseudopotentials. The calculations were performed with
the accurate® pseudopotentials from the CASTEP database
using a kinetic cutoff energy and a Monkhorst-Pack grid”®
which converges total energy differences to better than 1 meV
per atom. The PBE” exchange-correlation functional was
employed. We consider that geometry self-consistency was
achieved when the residual stress was <0.05 GPa and the
maximal force <0.01 eV A", yielding structures accurate to
0.005 A with respect to numerical convergence.

For the optimization of the lowest-energy minimum struc-
ture, all structural parameters were relaxed simultaneously in
space group P1; symmetry was not constrained to allow for
symmetry lowering geometries (commensurate with the unit
cell). Crystal structure starting values were taken from the
crystal structure of the high-pressure phase determined exper-
imentally at 28.2 GPa and unit cell parameters from experi-
mental values of the polymer phase at 30 GPa. Full geometry
relaxations were then performed at various pressures at and
above 30 GPa until polymerization occurred. The structures of
molecular azobenzene and two polymer structures (named
“polymer I” and “polymer II”) were fully geometry relaxed at
30 GPa and both found to be thermodynamically metastable at
this pressure. The phonon dispersion curves (Fig. S9f) are
calculated in space group P1 to avoid any constraints. The
calculated modes are all positive without the presence of any
imaginary mode, which ensures that the calculated structures
lie on an energy minimum. Platon software** was used to search
for higher symmetry and retransform the triclinic structures to
structures of monoclinic P2;/c space group using the same
setting as the starting molecular structure of azobenzene.

Data availability

Deposition numbers CCDC-2336562-2336622 contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge via the joint Cambridge Crys-
tallographic Data Centre (CCDC) and Fachinformationszen-
trum Karlsruhe. FTIR data that support the findings of this
study are available from the corresponding authors upon
request.
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