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ABSTRACT: Pressure-induced polymerization of aromatic compounds leads to novel
materials containing sp® carbon-bonded networks. The choice of the molecular species and the
control of their arrangement in the crystal structures via intermolecular interactions such as the
arene-perfluoroarene interaction, can enable the design of target polymers. We have
investigated the crystal structure compression and pressure-induced polymerization reaction
kinetics of two polycyclic 1:1 arene-perfluoroarene co-crystals,
naphthalene:octafluoronaphthalene (NOFN) and anthracene:octafluoronaphthalene (AOFN),
up to 25 and 30 GPa, respectively, using single-crystal synchrotron X-ray diffraction, infrared

spectroscopy, and theoretical computations based on density-functional theory. Our study
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shows the remarkable pressure stability of the parallel arene-perfluoroarene m-stacking
arrangement and a reduction of the interplanar n-stacking separations by ca. 19-22 % before
the critical reaction distance is reached. A further strong, discontinuous, and irreversible
reduction along the stacking direction at 20 GPa in NOFN (18.8 %) and 25 GPa in AOFN (8.7
%) indicates the pressure-induced breakdown of m—stacking by formation of o-bonded
polymers. The association of the structural distortion with the occurrence of a chemical reaction
is confirmed by a high-pressure kinetic study using infrared spectroscopy, indicating a one-
dimensional polymer growth. Structural predictions for the fully polymerized high-pressure
phases consisting of highly ordered rods of hydrofluorocarbons, are presented based on
theoretical computations, which are in excellent agreement with the experimentally determined
unit cell parameters. We show that the polymerization takes place along the
arene—perfluoroarene n—stacking direction and that the lateral extension of the columns

depends on the extension of the arene and perfluoroarene molecules.

INTRODUCTION

Pressure-induced polymerization (PIP) of aromatic hydrocarbons is an intensely studied
topic due to interest in the generation of novel carbon nanostructures of high density.'
While there is a general consensus on the breakdown of aromaticity and changes in
carbon hybridization from sp? to sp® upon reaction, which usually takes place in the
pressure range between 15-35 GPa for aromatic hydrocarbons,? the mechanism of the
polymerization reaction is still not well understood. Comprehension of the process
would very much enhance the possibility of controlling the structure and, hence,
properties of the resulting nanostructures. The first indirect observations indicating PIP
in aromatic hydrocarbons were reported as early as 1964, 1967 and 1970.%3 By far the
most studied aromatic compound at high pressure, and with respect to PIP, is benzene.'®
16,24, 2.4 Similar onset pressures for PIP were observed for benzene (20—23 GPa),'b 2545
“¢ anthracene (22 GPa),?® 3 and naphthalene (between 15 and 20 GPa).2° In most cases,
the polymerization processes have been studied via spectroscopic methods such as IR
and Raman spectroscopy, which confirm the hybridization change from Csp? to Csp?, or
powder X-ray diffraction which, however, is usually limited to determining unit-cell
parameters of a molecular precursor and, most often, only shows the amorphization
process upon reaction, without further information on the structure of the polymerized

phase. Detailed information on the possible crystal structures and mechanisms of the
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1, 2d, 4b, 6

polymerization has been obtained mainly from theoretical studies, while

experimental evidence is rare, a breakthrough being the detailed analysis of the pressure-

1."® Detailed studies on

quenched benzene-derived carbon nanothread by Fitzgibbons et a
new polyaniline and carbon nitride nanothreads formed from C/H/N aromatic
compounds appeared recently.” PIP mechanisms and models for the polymers were also
proposed for 1:1 arene:perfluoroarene co-crystals of benzene:hexafluorobenzene
(CeHe-CeFe),® and, during the preparation of our manuscript, of
naphthalene:octafluoronaphthalene (NOFN, Ci0Hs-C1oFs), one of the two compounds
studied here.’ For the latter one, only unit cell parameters of the low-pressure phase were
reported from single-crystal X-ray diffraction; no atom positions or complete unit cell
parameters of the polymerized phase were presented.

A critical intermolecular nearest-neighbor C---C distance of 2.6 A, corrected by a
thermal translational contribution using the maximum of the phonon density of states,
was computed for the onset of pressure-induced polymerization in benzene.!* This
distance was also proposed to be critical based on reflection positions of powder X-ray
diffraction data of phenanthrene at pressures up to 25 GPa.!® Almost the same critical
C--N and C---C reaction distance (2.5 A) was found for s-triazine and aniline,
respectively, from thermally corrected powder X-ray diffraction data.!! For the benzene-
hexafluorobenzene co-crystal, a nearest-neighbor C---C distance of 2.8 A with thermal
uncertainty was observed from powder neutron diffraction data before the onset of
polymerization.® Recently, the crystal structure of melamine, C3HgsN¢, was reported up
to 36 GPa at which a reversible phase transition takes place, while amorphization was
reported at a much higher pressure of 45 GPa.!? The stability of melamine to such a high
pressure was attributed to the stability of the hydrogen bonds.!? Another study reported
the influence of incorporation of helium, which acted as pressure-transmitting medium,
on the molecular packing and crystal structure compression of 4-hydroxycyanobenzene
up to 26 GPa."?

Herein, we take a new approach by studying not only the development of the unit-cell
parameters, but also of the intra- and intermolecular distances, at a high level of
accuracy, as a function of increasing pressure close to and through the polymerization
reaction using single-crystal X-ray diffraction. Changes in the intermolecular and C---C
bond distances just before the reaction should give the most accurate information on the
polymerization process and loss of aromaticity.!* To the best of our knowledge, no other
single-crystal structure data on polycyclic aromatic hydrocarbons (PAHs) or related
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compounds have yet been reported at pressures above 10 GPa and close to the onset of
polymerization. Our experimental results are complemented by theoretical
computations'® based on density functional theory (DFT) studies of the crystal structures
in the solid state in order to obtain information on the structure of the polymerized high-
pressure phase, and by high-pressure infrared spectroscopic studies to obtain the kinetics
of the polymerization reaction.

We focus on the effect of pressure on the arene-perfluoroarene n—n stacking interaction
in 1:1 co-crystals of PAHs with polycyclic aromatic fluorocarbons. In contrast to the
pure aromatic hydrocarbons, these co-crystals generally form highly oriented, n-stacked
systems due to the attractive multipole as well as dispersion forces between aromatic
and highly fluorinated aromatic components, making the arene-perfluoroarene
interaction a robust supramolecular synthon.!® The attractive interaction results from
opposite multipoles (often approximated as quadrupole moments) due to the difference
in polarization of the C—H versus the C—F bonds as a consequence of the different
relative electronegativities of hydrogen and fluorine atoms with respect to the carbon
atoms. This results in a face-to-face association in contrast to the edge-to-face stacking
(herringbone-type) of pure aromatic or perfluoroaromatic molecules (Figure 1).!%%17 The
strength and effects of this interaction type were discovered by Patrick and Prosser in
1960, by the formation and analysis of a 1:1 co-crystal of benzene and
hexafluorobenzene.'® Common structural features of arene-perfluoroarene complexes,
which include an offset molecular overlap, parallelism of planes, and the formation of
alternating stacks of fluorinated and non-fluorinated arenes with mean inter-planar
distances varying from 3.39 to 3.56 A, were described by Dahl for the first time.!%* The
geometrical parameters of the molecular stacks with respect to the stacking axis,
described in detail by Marder and co-workers,'®® are illustrated in Figures 1 and S8.
Marder and co-workers have used this type of interaction in crystal engineering of

164, 19 including, among many others, 1:1 co-crystals of anthracene

various co-crystals
and octafluoronaphthalene (AOFN, C14H0-C10Fg).'%! Very recently, interest in the high-
pressure behavior and pressure-induced polymerization of arene—perfluoroarene co-
crystals has emerged, as the co-crystals serve as valuable precursors for the formation of

C/H/F polymers.
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Figure 1. Schematic representation of (left) the herringbone packing of benzene (B) in
the solid state and (middle) the stacked arrangement of the benzene (B)-
hexafluorobenzene (HFB) co-crystal (based on that of Williams'”). Right: Schematic of
the arene—perfluoroarene stack in naphthalene:octafluoronaphthalene (NOFN) showing
the definition of the intermolecular parameters after Marder and co-workers.[!?P] The
interplanar separation is calculated using a vertical line between the centroid of one
molecule and its intersection point with the mean plane through the other molecule. The
difference between the centroid-centroid distances and the interplanar separations of the
respective molecules depends on the inclination of the normal direction of the molecular
plane with respect to the stacking axis, which is the a axis in NOFN and AOFN

(anthracene:octafluoronaphthalene), and this is represented by the value of the slip angle.

Ma and co-workers studied the pressure-accelerated cycloaddition of azides and alkynes
with the functional groups pre-organized via arene-perfluoroarene interactions.?’ A
Raman-spectroscopic  study on a 1:1 co-crystal of naphthalene and
octafluoronaphthalene (NOFN) up to 8 GPa revealed its stability in this pressure range
pointing to a robust structural arrangement of the stacking at high pressure.?! The
stability of the crystal structure of NOFN and, hence, the arene-perfluoroarene stacking
arrangement up to polymerization pressure at 20 GPa was reported recently from unit
cell parameters obtained by single-crystal X-ray diffraction and from IR spectroscopy.’
Single-crystalline order was even noted in the polymer phase of NOFN, even if crystal
structural information could not be extracted in that study. From theoretical calculations,
the authors proposed a [4+2] cycloaddition model proceeding along the stacking axis of
the molecules as a strong candidate for the polymerization mechanism leading to
polymerized rods with single-crystalline order.’ In contrast, aromatic compounds with
herringbone-type molecular arrangement often show pressure-induced phase transitions

leading to more parallel arrangements of the molecules in their crystals, examples being
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phenanthrene and pyrrole.'® 22 However, the smallest arene-perfluoroarene system, i.e.,
the 1:1 co-crystal of benzene and hexafluorobenzene, shows a very complicated behavior
at high pressure, i.e., four high-pressure phase transitions at < 12 GPa and a final
pressure-induced polymerization above 25 GPa.>®8 The main focus of those studies was
the comparison of the PIP of pure benzene or hexafluorobenzene?® with that of the co-
crystal, especially as the latter leads to a pre-organization of the column structure via
arene-perfluoroarene interactions. This could lead to the generation of ordered carbon
nanostructures upon PIP. Due to its complex high-pressure behavior, only the crystal
structure of the first high-pressure polymorph, phase V, could be determined from
single-crystal X-ray diffraction at 1 GPa, while the structures of the other phases were
determined from time-of-flight neutron powder diffraction in a more recent study.?® 8
Interestingly, the authors proposed the formation of H-F graphane with a layered
structure via pressure-induced Diels-Alder reactions, and not a columnar polymer, as the
end product of the pressure-induced chemical reactions.®

In our study, we report the single-crystal structures of two arene-perfluoroarene co-
crystals, 1i.e., naphthalene-octafluoronaphthalene (NOFN) and anthracene-
octafluoronaphthalene (AOFN), at pressures up to the polymerization reactions (19 and
25 GPa, respectively) in order to gain insight into the evolution, stability, and strength
of the arene-perfluoroarene interaction at high pressure and to obtain accurate structural
parameters at pressures close to that of the polymerization reaction. Experimentally
determined crystal structures are compared to crystal structures computed using DFT.
From our high-quality structural data, and the evolution of the unit cell parameters of
NOFN and AOFN across the polymerization-induced reaction and of AOFN on
decompression, and our DFT calculations, we propose a structural model for the fully-
polymerized high-pressure phases. Our results on NOFN are compared with the recently
published polymerization models for NOFN and our structural and theoretical data
confirm the proposed polymerization mechanism. We also present the kinetics of the
polymerization reaction at high pressure from infrared (IR) spectroscopic studies, and
confirm the one-dimensionality of the polymerization mechanism in both NOFN and
AOFN.?* Thus, we report herein: (1) a deep insight into the PIP of NOFN and AOFN;
(2) atom positions of the compressed structures of both NOFN and AOFN; (3) accurate
anisotropic displacement parameters for NOFN, up to a pressure close to the reaction
onset; (4) theoretically computed crystal structures of the low-pressure phase of AOFN
between 1 and 100 GPa and of NOFN between 2 and 40 GPa; (5) experimentally
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determined unit cell parameters of the polymerized high-pressure phases; (6)
theoretically computed structural models of the polymers of AOFN between 1 and 100
GPa and of NOFN between 2 and 40 GPa which are in agreement with experimental
unit cells; (7) the evolution of the IR active vibrational modes at pressures up to the
reaction onset; (8) a kinetic study of the chemical reactions using IR spectroscopy; and
(9) the computed IR frequencies and intensities for both low- and high-pressure phases

of NOFN and AOFN.

RESULTS AND DISCUSSION

Unit-cell compression before and through the polymerization process from single-crystal

X-ray diffraction data

As observed in many aromatic or molecular compounds,?® the unit cells of both AOFN
and NOFN are strongly compressed in the lower pressure region (0—2.5 GPa) before
increased intermolecular repulsion becomes responsible for the decrease of the
compression rate (Figure 2, Tables S1 and S2). Continuous compression of the unit cell
is observed up to 19-20 GPa for NOFN and 23-25 GPa for AOFN. At higher pressures,
a strong and discontinuous reduction of the unit-cell volume by -11 and -7 % for NOFN
and AOFN, respectively, indicates the occurrence of a reconstructive phase transition or
chemical reaction. This is associated with a significant decrease of the diffraction quality
and, hence, increase of the mosaicity of the crystals, which is more severe in NOFN due
to the larger volume reduction, indicating major structural changes in both compounds.
Note the use of helium as the pressure-transmitting medium, which still provides quasi-
hydrostatic conditions at the highest pressures of our experiments.’® In NOFN, the
crystal quality starts to decrease at 18.9(1) GPa and, at 20.6(3) GPa, both the low- and
the high-pressure phases co-exist. However, single-crystal reflections of both phases are
already very broad and, at a higher pressure of 22.5(3) GPa, only very weak and broad
scattering by the high-pressure phase is observed (Figure S1). These observations are
consistent with the reported polymerization pressure of 20 GPa and the observed
decrease of single-crystal quality of NOFN by Ward et al.’ In contrast to Ward et al.,
we were able to index the reflections of the high-pressure phase of NOFN and obtain
the unit cell parameters from the diffraction data of both of the crystals loaded at 20.6(3)
GPa (Tables 1 and S3). Importantly, the single-crystal reflections of AOFN remained

relatively sharp through the phase transition, although they were of much lower intensity,
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and the quality of the AOFN crystal did not further decrease upon increasing the pressure
to 29 GPa (Figure S2). This allowed us to index the reflections of the high-pressure phase
and to follow the pressure evolution of its unit-cell parameters (Figure 2, Tables 1 and
S4). Unfortunately, the intensities of the reflections were too weak to allow full solution
of the crystal structures of the high-pressure phases as there were only a few strong
unique reflections with intensity > 4o, significantly less than the number of parameters
to be optimized during crystal structure refinement. The low intensities of the single-
crystal reflections of the high-pressure phases and the increase in mosaicity may be
explained by strongly disordered structures, large changes in the crystal structure due to
a strong rearrangement of the molecules or the formation and/or breaking of chemical
bonds, or by the formation of highly ordered nanomaterials which produce broad
reflections due to the small number of coherently diffracting unit cells. This
interpretation is consistent with recent high-resolution transmission electron microscopy
studies on nanothread crystals of polymerized benzene and aniline synthesized at high
pressure and temperature, which revealed bends and defects in the nanocrystals
contributing to the broadening of diffraction spots.*" 7 The formation of nanomaterials
is supported by the fact that the material in the high-pressure phase after recovery
appeared to be a powder rather than a single crystal. However, we did not observe

amorphization in the pressure range investigated.
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Figure 2. Compression of the unit-cell volumes of AOFN and NOFN obtained from
single-crystal X-ray diffraction data. At 20.6(3) GPa, a volume reduction of -11 % is
observed in NOFN, while in AOFN a volume reduction of -7 % is observed between 23
and 25.5 GPa. Lines represent 3rd-order Vinet?” equation of state fits to the p—V data,
which result in the bulk moduli B = 7.2(2) GPa and 7.1(1) GPa, and their pressure



derivatives B’=8.6(1) and 9.25(8) for AOFN (Vo =936(1) A*) and NOFN (Vo =795.9(7)
A3), respectively.

Table 1: Unit-cell parameters of the high-pressure phases of NOFN and AOFN obtained
from single-crystal X-ray diffraction data and from DFT calculations on the polymerized

high-pressure structures.

NOFN (HP-phase) AOFN (HP-phase)
Experiment Theory Experiment Theory
Pressure / GPa 20.7(3) 20 29.2(2) 30
alA 4.858(4) 4.7311 4.821 (2) 4.3764
b/ A 8.089(3) 8.2669 16.12(3) 17.2126
cl/A 11.77(3) 12.0693 6.740(3) 6.7564
al® 90 90 90 90
ple 100.0(2) 106.46 102.84(5) 98.84
y/° 90 90 90 90
Volume / A3 455(1) 452.71 511(1) 502.90

The strongest compression of the unit cells of both NOFN and AOFN low-pressure
phases proceeds along the a axis, which is the n-stacking direction (Figure 3). Moderate
compression is observed along the ¢ axis and least along the b axis in both co-crystals.
The principal axes of the strain ellipsoid are not necessarily along the crystallographic
axes in the monoclinic crystal system as the strain ellipsoid may be rotated about the
monoclinic b axis. However, in NOFN and AOFN, the principal axes show the same
trend as the crystallographic axes (Figures S4 and S5). The compression of the computed
lattice parameters of the geometry-optimized NOFN and AOFN low-pressure structures
is in excellent agreement with experiment. Computed unit cell axes are only slightly
longer than experimental ones, which is a usual observation for such DFT calculations
(Figures 4 and S6 and S7, Tables S11 and S12).2% At the high-pressure phase transitions,
the unit cells of NOFN and AOFN are severely distorted. The distortion mechanism is
similar in both compounds, but much more severe in NOFN than in AOFN. The stacking
axis (a axis) shortens by -18.8 % and -8.7 % in NOFN and AOFN, respectively, while
the ¢ axis increases by 6.6 % and 4.8 %, respectively, associated with a strong increase

of the f angle (Figure 3). This may point to a rotation and/or slight slipping of the
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molecules with respect to each other within the stacks. The strong shortening of the a
cell parameter, which is the stacking direction of the molecules, at the phase transition
indicates a discontinuous, strong reduction of the intermolecular separation distances.
This points to a chemical reaction between the stacked molecules and the formation of
new intermolecular c-bonds (vide infra). Our observation for both NOFN and AOFN is
consistent with the previously reported contraction of the a cell parameter in NOFN

which was interpreted as being due to polymerization of the molecules along the stacks.’
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Figure 3. Pressure dependence of the normalized lattice parameters of NOFN (top left)
and AOFN (top right), and of the monoclinic £ angles of NOFN and AOFN (bottom).
A pressure-induced phase transition or reaction is observed at ca. 20 GPa and 25 GPa in
NOFN and AOFN, respectively. Note that in NOFN the unit cell parameters of both the
low- and the high-pressure phase are plotted at 20.6(3) GPa. Only the data points from
crystal 1 of NOFN are plotted, as the data from crystal 2 overlap with them within the

symbol sizes.
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In the earlier study on NOFN, the irreversibility of the pressure-induced phase transition was
confirmed via diffraction during decompression and, hence, a polymerization process was
proposed.’ In order to check for a possible chemical reaction in the other co-crystal, AOFN,
and to investigate the nature of the high-pressure phase transition, we performed two additional
decompression studies on AOFN. In one run (run #2), a single crystal of AOFN was
compressed to 25.6 GPa and wide scan images of broken single crystal parts of the high-
pressure phase (Figure S3) were integrated as powder diffraction patterns and unit cell
parameters were refined. Another crystal was compressed to 21 GPa (run #3) and single-crystal
diffraction data were analyzed. However, the transition process was either not complete at 21
GPa or was slightly different due to the fact that the sample had been irradiated with a 40 mW
532 nm laser in an unsuccessful attempt to record Raman spectra. While the lattice parameters
already indicated the distortion expected at the phase transition, i.e., the strong compression of
the a axis (Figure 4), the unit cell volume did not show the strong reduction as in the runs at
higher pressures due to a larger expansion of the c axis (Figure S7). We interpret this by a phase
transition, which is concurrent with the onset of the chemical reaction, but was not complete at
the lower pressure. Inspection of the decompression data clearly confirms that the phase
transition is irreversible and that the high-pressure phase remains stable at ambient
conditions (Figures 4 and S7). In particular, the irreversibility of the strong reduction of
the crystallographic a axis, which is the m-stacking direction, upon decompression
provides direct evidence of a chemical reaction, i.e., of pressure-induced polymerization

(Figure 4).

7.0 4
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Figure 4. Evolution of the a cell parameter of AOFN on compression and decompression from
experiment and theory (DFT). At about 25 GPa, a considerable shortening of the stacking
direction is observed due to the pressure-induced phase transition. It is irreversible on

decompression, suggesting a pressure-induced polymerization reaction. The data scatter on
11



decompression is larger than that of the compression data in the low-pressure phase, as only a
few reflections of the high-pressure phase were observable up to a resolution of d = 1.2-1.5 A.

The solid lines are guides.

Both the rate of compression and pressure equilibration time, and perhaps laser irradiation,
influence the onset pressure of the chemical reaction in AOFN. The onset of the phase transition
was observed at a pressure of 24.4(1) GPa in the first experimental compression run, when the
sample was equilibrated for ca. one hour between pressure steps. The crystal used in the second
run remained in the low-pressure phase up to about 25.3(1) GPa upon faster compression,
overshooting the reaction pressure, and transformed to the high-pressure phase on pressure
equilibration overnight. In the third run, the pressure was increased to 21 GPa over a period of
9 days, during which the sample was irradiated with a laser (532 nm, ca. 40 mW) for several
Raman measurements upon compression, and left at that pressure for 6 days before X-ray
diffraction data were collected, which showed evidence of the unit cell deformation observed
in the high-pressure phase. However, while the reaction may have been induced by the laser
irradiation (i.e., a 2-photon absorption induced photopolymerization),'® *& 2 it was not
complete at that lower pressure, as no significant reduction of the unit cell volume was

observed.

Crystal structure analysis at high pressure

In order to understand the structural changes at the phase transition, it is crucial to have accurate
structural data just before the transition. To the best of our knowledge, no crystal structures
from single-crystal diffraction data have been reported on an aromatic compound up to a

pressure close to the onset of polymerization.

The crystal structures of NOFN (space group P2i/c) and AOFN (space group P2i/n) were
determined at ambient pressure at room temperature and at 100 K in order to serve as a reference
for the high-pressure structures. Our structural parameters agree well with those reported for
NOFN at room temperature®® and for AOFN at 120 K!®d (Tables S1 and S2). In both NOFN
and AOFN, the centroids of all molecules lie on inversion centers of the unit cell (Figure 5).
The stacks are related via the glide planes and the 21 screw axes are parallel to the b axis. Arene
and octafluoronaphthalene molecules are alternately m-stacked along the a axis. Hence, the
centroid-centroid distance between arene and octafluoronaphthalene molecules is equal to one

half of the a cell parameter (Figures 1, 5 and S8).
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Figure 5. Top: Molecular overlap and m-stacking of octafluoronaphthalene (OFN) with
naphthalene (left) and anthracene (right) viewed perpendicular to the OFN mean plane, at 100
K and ambient pressure. The centers of fluoroarene rings lie over C—C ring junction bonds of
the arenes which is observed in many arene-perfluoroarene co-crystals.'®* ¢ Nearest-neighbor
intermolecular C---C distances (C7---C1’ in NOFN, left, and C2’---C6’, C1’---C11°, C1’---C12,
and C4---C10 in AOFN, right) are shown by red lines between labelled atoms. Bottom: Packing
diagrams for NOFN and AOFN, showing the n-stacking of the components at 100 K and

ambient pressure. Fluorine atoms are colored green in OFN molecules.

The main compression of the crystal structures of AOFN and NOFN is along the a axis, i.e.,
the m-stacking direction. This is directly associated with the strong compression of the inter-
component centroid-centroid distance (= /2, Figure 6) and, hence, the inter-component
interplanar separations between the molecules which are n-stacked via the arene-perfluoroarene
interaction (Figure 6). For AOFN especially, the compression of the a axis and, hence, of the
centroid-centroid distances, closely corresponds to the compression of the intermolecular
distances due to the small tilt of the molecules with respect to the a axis, which is represented
by the small slip angles of 5.7° and 8.1° for anthracene and OFN, respectively (Figures 1, 5, 6,
S8, and S9). In NOFN, the slip angles are larger, being 19.9° and 23.5° for naphthalene and
OFN, respectively, hence the centroid-centroid distances are significantly longer than the
interplanar separations (Figures 1, 6, S8, and S9). The mean inter-component interplanar

distances of AOFN and NOFN are in the range of typical m—m stacking interactions;’! in
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NOFN, it is 3.47(5) A, and is compressed by -19 % to 2.82(5) A at the highest pressure of
18.9(1) GPa, whereas in AOFN, it is compressed by -22 % from 3.44(1) A to 2.69(1) A at
22.6(1) GPa (Figure 6, Tables S5 and S6). The DFT optimized structures of NOFN and AOFN
between 1 and 25 GPa show very similar slip angles and only slightly larger distances compared
to the experimentally determined ones, with stronger deviations for the distances at lower
pressures of 1 — 5 GPa (Figures 6 and S9, Tables S18 and S19). The computed mean inter-
component interplanar distances are compressed to 2.82 A for NOFN at 20 GPa and to 2.68 A
for AOFN at 25 GPa. At higher pressures, a phase transition or chemical reaction takes place
associated with a strong decrease of the a cell parameter by -8.7 % in AOFN (Figures 3 and 4).
As the tilt angles of the molecules with respect to the a axis are very small in AOFN, a similar
compression is inferred for the inter-component interplanar separation, which is extrapolated to
be ca. 2.46 A. This is below the critical nearest-neighbour (nn) intermolecular C---C distance
of 2.6 A at which the onset of polymerization reactions has been proposed from theoretical
calculations.'* In NOFN, the compression of the a axis at the phase transition at 20.6(3) GPa is
-18.8 %, more than twice of that in AOFN. If we consider the larger slip angles of the molecules
in NOFN, and that they do not change at the phase transition, an extrapolation of the mean
inter-component interplanar separation would result in a value of ca. 2.29 A. However, if one
considers the extreme case in which the slip angles drastically decrease to 0°, the maximum
inter-component interplanar separation would become equal to the inter-component centroid-
centroid distance and, hence, to half of the a axis, i.e., 2.43 A at 20.6(3) GPa, a value close to
that extrapolated for AOFN (2.46 A) and again well below the critical nn (nearest-neighbor)
C---C distance of 2.6 A.

The pressure evolution of the nn C---C distances in AOFN and NOFN (labels and nn contacts
are shown in Figure 5) show a similar trend (Figure 6, Tables S7 and S8). The shortest C1’---C7
distance in NOFN is compressed by -20 % from 3.384(13) A to about 2.717(8) A at 18.9(1)
GPa (Table S7). The shortest C4---C10 and C2’---C6’ distances in AOFN, which are both at
the same sides of the molecules, are reduced by 23 and 22 % from 3.425(7) and 3.398(8) A to
2.644(4) and 2.662(5) A at 22.6(1) GPa, respectively (Figure 5, Table S8). Hence, the nn C---C
distances before the phase transitions are close to the critical nn C---C distance of 2.6 A

proposed by Ciabini et al.'* Fitting 3"-order Vinet?’

equations of state to the pressure
dependence of the distances, and extrapolating those values to higher pressures, a distance of
2.70 A is calculated for the C1°---C7 separation in NOFN at the phase transition pressure of
20.6 GPa, and of 2.63 A for both C4---C10 and C2’---C6’ separations at 25.4 GPa in AOFN.
The values for the theoretically computed structures are ca. 2.71 A for the C1°---C7 separation
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in NOFN at 20 GPa and ca. 2.65 A for both the C4---C10 and C2’---C6’ separations in AOFN
at 25 GPa (Figure 6, Tables S15 and S16). Again, while the compression behavior of the nn
C---C distances of the computed AOFN structures is in excellent agreement with the

experimentally determined ones, absolute values are slightly larger.
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Figure 6. Pressure evolution of the (left) inter-component arene-OFN interplanar separations

and centroid-centroid distances for NOFN and AOFN and (right) nearest-neighbor (nn)

intermolecular C---C distances. Solid lines represent 3rd-order Vinet?’

the pressure dependence of the nn C1°---C7 distance in NOFN and the C4---C10 and C2’---C6’

equation of state fits to

distances in AOFN, while dashed lines represent computed data. See Figure 5 for the key nn

C---C interactions in NOFN and AOFN.

As the nn C---C distances are arranged nearly parallel to the stacking axes, we conclude that
they decrease well below 2.6 A at the phase transition. This supports the interpretation of the
phase transition being associated with a polymerization reaction. Interestingly, the orientations
of the molecules relative to one another, and the slip angles of the arene and OFN molecules,
vary within only 1-2° on compression up to the highest pressures obtained before the phase
transitions (Figure S9, Tables S5 and S6). Hence, the interstack H---F contacts, % 1% 1% which
are present between the columns of both NOFN and AOFN structures decrease upon
compression only as a result of the free volume reduction between the molecules. In agreement
with previous results on NOFN,? our results show that the arene-perfluoroarene interaction
leads to a very stable molecular arrangement in both NOFN and AOFN up to very high
pressures, shortly before chemical reaction and loss of aromaticity takes place. The
strengthening of intermolecular interactions at high pressure can be visualized via Hirshfeld
surface plots®? of the low-pressure structures of NOFN and AOFN at ambient and highest
pressures which reveal an increase in the C---C and C---F intermolecular close-contact fractions

and a decrease in the H---F ones (Figures S12 and S14 in the S.I.).
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The intramolecular C—C and C—F bonds are only slightly shortened (0.02 A on average) over
the whole pressure range studied (Figures S15-S20, Tables S7 and S8). This total compression
is within 2—4 standard uncertainties (s.u.) of the bond lengths, considering the actual errors from
the scatter of the pressure evolution of the C—C and C—F bond distances (Figures S15-S20).
The actual errors are estimated to be in the range of £0.013 A for the data sets of one single
crystal and £0.005 A for the combined data sets from two NOFN crystals, and are slightly
larger than the s.u.’s obtained from the structure refinements (Tables S7 and S8). Bond
distances at ambient conditions are least reliable due to the strong thermal atomic motions. The
C—C and C—F compression of the computed NOFN and AOFN structures is in the same range
as the scatter of the experimental data (Figures S15-S20, Tables S15 and S16). Our data confirm
that the C—C distances are still in the range of aromatic bonds at the highest pressures of single-
crystal structure refinements at 18.9(1) GPa for NOFN and at 22.6(1) GPa for AOFN.
Nevertheless, the onset of the phase transition is observed in the crystal structure of NOFN at
18.9(1) GPa by a strong increase of the displacement parameters which reflects an increased
uncertainty of the atom positions and hence a decrease of the quality of the two single crystals
(Figure 7). The loading of two NOFN crystals of different orientations, and combined
refinement of the intensity data, increased the data:parameter ratio and, hence, enabled the
stable refinement of reliable anisotropic displacement parameters (Uj;), which are all positive
without applying restraints in the structure refinements (Table S9). In Figure 7, the pressure
evolution of the mean equivalent displacement parameters of atom groups with similar bonding
environment and, hence, vibrations is shown. In general, pressure increase leads to a decrease
of atomic thermal motions as is observed upon temperature decrease. The effect is especially
strong for molecular organic crystals.*® If we compare the displacement parameters of NOFN
at 100 K with the high-pressure trend, the motions would correspond to those of NOFN at a
pressure between 5 and 6 GPa. In comparison, the atomic motion of syn-1,6:8,13-
biscarbonyl| 14]annulene studied at 7.7 GPa by Casati ef al. was found to correspond to the
thermal motions of this compound at 123 K.3* At the highest pressure, the unusual increase of
the displacement parameters indicates the onset of the reaction. To the best of our knowledge,
a similar accurate evolution of the decreasing anisotropic displacement parameters of an
aromatic molecular compound, in our study up to 18 GPa, has not been previously reported at

pressures > 10 GPa.
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Figure 7. Pressure dependence of the mean equivalent displacement parameters Ueq (A%) from
the combined refinement of the NOFN data sets. At 3.32(1) GPa, only a single data set from
one crystal was refined. At 18.9(1) GPa, the quality of both crystals decreased resulting in

reflection broadening, a lower data:parameter ratio and, hence, larger displacement parameters.

Crystal structures of the polymerized columnar hydrofluorocarbons from theoretical
computations

On geometry optimization of the low-pressure crystal structure of NOFN in space group P1 at
20 GPa, a fully polymerized structure for the high-pressure phase was obtained
computationally, for which unit cell parameters are in excellent agreement with our
experimental data from single-crystal X-ray diffraction (Tables 1 and S3). While computed unit
cell angles of the polymer structure point to a monoclinic symmetry, the structure slightly
deviates from monoclinic (P21/c) symmetry and resembles triclinic symmetry (space group P1).
We kept the unit cell setting and atomic parameters comparable to the low-pressure phase (P21/c
setting) for better comparison (# = 106.5°). Another setting corresponding to the pseudo-
monoclinic P21/n symmetry (8= 96.5°) would be the standard setting (Table S3). The geometry
of the crystal structure of AOFN was optimized in space group P1, taking the low-pressure
structure determined at 18.9(1) GPa as the starting geometry, at a much higher pressures of 50
and 120 GPa than reached in our experiments, and fully polymerized high-pressure structures
were obtained, showing similar structural features. Indeed, both computed structures had P21/n
space group symmetry, and, after re-optimization at different pressures, we found that both

resemble the same polymer structure. The unit-cell parameters of the computed high-pressure

17



structure (P21/n) agree well with our experimental data at ca. 30 GPa (Tables 1 and S4). Data
of the computed crystal structures are given in the Supporting Information (Tables S13 — S14).

The stable phases at these pressure conditions are fully polymerized along the arene-
perfluoroarene m-stacking direction (Figures 8, S32, and S33). They form broad columns of c-
bonded sp® carbons with the breadth of the columns depending on the extension of the
polycyclic arenes involved, i.e., AOFN forming laterally more extended columns than NOFN.
However, at the outer edges of the anthracene unit, two pairs of doubly-bonded sp? carbons
remain, with C—C bond lengths of 1.305 A at 30 GPa (Figure 9). All bond distances of the
polymerized phases are illustrated in Figure 9. In NOFN, Csp*~Csp® bond lengths at 20 GPa
are 1.488-1.553 A in the naphthalene unit, 1.478-1.548 A in the octafluoronaphthalene unit,
and 1.470-1.619 A for the 6-bonds connecting the units. In AOFN, Csp’~Csp® bond lengths at
30 GPa are 1.480-1.521 A in the anthracene unit (Csp’~Csp? = 1.455-1.484 A, Csp>—Csp? =
1.305 A), 1.504-1.552 A in the octafluoronaphthalene unit, and 1.493—1.538 A for the 5-bonds
connecting the units. Hence, bond lengths of the AOFN polymer vary within a smaller range

than those of the NOFN polymer.

Figure 8. Crystal structures of the fully polymerized high-pressure phases of NOFN at 20 GPa
(left) and AOFN at 30 GPa (right) as obtained from theoretical calculations. Columns of

hydrofluorocarbons are formed along the a axis.
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Figure 9. C—C bond distances (A) of the polymerized NOFN (left) and AOFN (right) high-
pressure phases in the octafluoronaphthalene unit (top), naphthalene or anthracene unit
(middle), and between the fluorocarbon and hydrocarbon components (bottom) in the column
of o-bonded sp® carbons at 20 and 30 GPa, respectively. The C—C double bonds in the
anthracene unit are drawn in black (middle). For NOFN, distances are shown for only one of

two similar, but symmetry-independent columns.

The computed structures of the NOFN and AOFN polymers are very different as a result of the
different number of benzene rings in the naphthalene and anthracene molecules. In the NOFN
polymer, the 6-membered rings of the naphthalene and octafluoronaphthalene units have twist
boat conformations with a pseudo-inversion relation within each unit. The units are
interconnected via 5-, 6-, and 7-membered carbon rings, of which the 6-membered rings have
boat conformations (Figure 10). The columns extending along the @ axis can be considered as
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double threads, the single threads related to each other via pseudo-inversion symmetry.
Considering only the bonding of the carbon atoms and neglecting the hydrogen and fluorine
substituents, a single thread resembles the conformation of a zipper polymer as reported by
Chen et al. for one possible benzene nanothread conformation.** ®® Hence, the NOFN polymer
can best be described as an H-F-substituted double-thread zipper polymer. Based on this, we
propose a reaction mechanism starting with Diels-Alder [4+2] cycloaddition reactions followed
by zipper reactions on both benzene rings of the naphthalene units (Figure 10). A similar
reaction mechanism was recently proposed for NOFN.? Although the authors have reported
two computed structural models for the NOFN polymer phase, they did not provide any
structural data, i.e., no unit cell parameters, atomic coordinates, or bond lengths were
presented.” Hence, we cannot compare our experimental unit cell data nor our computed model
with their simulated models. However, our model agrees better with the [4+2] cycloaddition
model than with the 2A-tube model.’ In contrast to NOFN, in AOFN the number of benzene
rings in anthracene and OFN molecules differ by one. This prevents the formation of a tube-
like polymer arrangement. Instead, C—C bond formation between the molecules is favorable in
a diamondoid-type way>* forming columns of face-sharing diamantanes along the stacking axis.
Hence, the rings of the anthracene units are shifted with respect to those of the OFN molecules
by half a ring when viewed down the stacking axis, with the double bonds remaining at both
ends of the anthracene units (Figure 10). We propose a straight zipping reaction between the
anthracene and OFN molecules resulting in a diamondoid polymer as illustrated in Figure 10.
Similar to the crystal structure of diamond, all carbon rings are 6-membered, including the

interconnecting rings, and have chair conformations.

The columnar arrangement of the polymer structures for the NOFN and AOFN high-pressure
phases is different than the arrangement of the nanothread tubes proposed previously for
polymerized aniline and pyridine.” 7 In contrast to most other studies on PIP of aromatic
compounds, except that of Ward et al.,” in the cases of NOFN and AOFN, the reaction involves
polycyclic aromatic hydrocarbons and fluorocarbons, hence resulting in broader columns, when

compared to benzene, aniline or pyridine nanothreads (Figures 8 — 10, S32 and S33).
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NOFN  Diels-Alder [4+2]=> Zipper reaction => Zipper polymer
cycloaddtion

Figure 10. Sketches of the potential reaction pathways of the naphthalene (N) / anthracene (A)
and octafluoronaphthalene (OFN) molecules along the stacking direction. In NOFN (top), a
Diels-Alder [4+2] cycloaddition reaction (red lines indicate C—C bond formation) followed by
a Zipper reaction (blue lines represent C—C bond formation) is proposed in order to form a fully
saturated carbon double thread. In the columnar Zipper polymer, red circles represent pseudo-
inversion centers relating the single threads to one another. Carbon atoms are numbered
according to the schemes of the OFN and N molecules on the right. Red and blue atoms indicate
carbon atoms involved in the [4+2] reaction and the Zipper reaction, respectively; green:
fluorine, grey: hydrogen. Interconnecting carbon rings between the N and OFN units are 5-
membered (-6-6’-5-4"-5- and -1-2-3-2’-1’-), 6-membered (-2-3°-4’-5-4-3- and -2°-3-4-5’-4’-
3’-), and 7-membered (-1-2-3°-2°-1’-6’-6- and -1’-1-6-5-4-5’-6’-). In AOFN (bottom), a
straight zipping reaction between the inner carbon atoms of one unit and the outer carbon atoms
of the other unit is proposed, leading to a diamondoid polymer structure. Note the remaining

double bonds at both ends of the anthracene units.

While overshooting the experimental pressure of the reaction was necessary and expected in
the theoretical calculations of AOFN in order to obtain a polymerized structure, the pressure
evolution of the total energy per unit cell for both the low- and the high-pressure structure shows

that the polymerized phase is already the stable phase at pressures above 11 GPa (Figure S34).
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This is a much lower pressure than the experimentally observed reaction pressure (ca. 25 GPa).
However, the energy differences are thermodynamic quantities and thus do not take into
account transition state kinetic barriers or very slow dynamic processes, which are observed in
both the X-ray diffraction and IR spectroscopic experiments. They show the influence of
equilibration time on the onset pressure of the reaction, and the slow kinetics of the

polymerization reaction.

The pressure dependence of the unit-cell parameters of the computed low- and high-pressure
structures of AOFN are shown in Figures 4 and S7, and are listed in Table S12. As the computed
a lattice parameter and £ angle of the AOFN high-pressure phase are smaller while the b lattice
parameter is slightly larger than the experimental values, further computations were performed
to stabilize a dimer or different polymer by alternatively increasing and decreasing gaps
between molecular pairs, sliding one molecule over another, or rotating one of the molecules a
little bit. However, these calculations have always resulted in either a molecular or a fully
polymerized structure. Nevertheless, the longer experimental a axis, which is the n-stacking
direction, if compared to the computed one, could be an indication of a metastable dimerization
or only partial oligomerization of the high-pressure structure of AOFN due to the high kinetic

energy barrier in the experiment.

Kinetics of the polymerization reaction from high-pressure infrared spectroscopy

The occurrence of a polymerization reaction instead of a simple phase transition was
additionally confirmed by high-pressure IR spectroscopy on both NOFN and AOFN. Samples
were pressurized several times in different pressure media (see Supporting Information for more
details) until the onset of the reaction was observed, and the time evolution of the IR absorption
spectra and, hence, of the reaction was investigated at that pressure. The influence of successive
pressure increase on the reaction was studied for AOFN as well. The mid-IR spectra can, in
general, be interpreted as a combination of IR modes from each of the molecules of the co-
crystals, i.e., of naphthalene and OFN modes for NOFN, and of anthracene and OFN modes
for AOFN. Typical overall assignment of the IR modes in hydrogenated aromatic systems at
ambient conditions is grouped as follows: C—H stretching bands in the 3100 — 3000 cm™! range,
C=C stretching bands at 1620 — 1430 cm™!, in-plane ring deformation vibrations bands at 1300
— 1000 cm™!, and out-of-plane C—H bending vibrations at 910 — 660 cm™.3 C—F stretching and
C-F deformation bands appear in the 1270 — 1100 cm™ and 910 — 660 cm™ regions,
respectively, in perfluorinated aromatic systems. In single-bonded hydrocarbons as expected

for the polymers, the sp® C—C stretching and C—H bending vibrations are usually in the 1250 —
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910 cm’! region at ambient conditions. Upon pressure increase, the mode frequencies, in
general, show a blue shift due to the increasing bond strength, as is also observed for most of
the IR modes of NOFN and AOFN (Figures S27 — S28 and S30 — S31, respectively, in the
Supporting Information). Soft-mode behavior is detected for two IR modes at 666 cm™ (at 0.77
GPa; 654 cm™ at 20.3 GPa) and 679 cm™ (at 4.22 GPa; 672 cm™ at 20.3 GPa) in NOFN, and
for two weak IR modes between ca. 650 and 700 cm™! (635.5 and 664 cm™ at 21 GPa), a mode
at 1270 cm™' and two modes between ca. 1390 — 1410 cm™ for AOFN. The soft modes between
600 and 700 cm™ (at the pressure of polymerization) are assigned to out-of-plane ring
deformations of the carbon skeletons of the OFN and naphthalene molecules in the co-crystals
(Figures S37 and S38). As these out-of-plane deformations are in the directions of the stacking
axis and, hence, of the intermolecular bond formation, a relationship between these soft modes
and the intermolecular bonding process at polymerization may exist. However, to prove this,
an extensive computational study would be required which is beyond the scope of our study.
At close to 15 GPa, a new mode appears at 644 cm™ in NOFN, while the appearance and
increase of intensity of a new mode at 1147 cm™! is already observed at 12 GPa (Figures S26
and S28). This mode arises as a shoulder of another strong mode at slightly higher frequency,

which decreases in intensity as a consequence of the increase of the new mode.

In spite of the appearance of the subtle modes just mentioned, the overall features of the
spectrum do not show relevant changes up to the onset of reaction at 17 — 20 GPa for NOFN,
while for AOFN it was observed at a higher pressure of ca. 22 GPa in KBr and argon pressure-
transmitting media (PTM), and at ca. 24-25 GPa in more hydrostatically behaving liquid
nitrogen and helium PTM. The intensities of the strong IR modes of both NOFN and AOFN
pristine co-crystals decrease with reaction time and with pressure, while an increase in the
background signal is present in the 1000 — 1450 cm™ region (Figures 11 — 12, and S21 — S25
in the Supporting Information). This is consistent with the formation of sp* carbon atoms. As
stated above, sp’ C—C and C-F stretching modes as well as sp> C—H bending and C—C
deformation modes of the polymer are expected in this range. In the 1450 — 1800 cm™! range,
all modes decrease in intensity and, as those modes are typically due to sp* C=C stretching
vibrations, this is a clear evidence for the polymerization reaction, bond formation, and, hence,
loss of aromaticity. Our observation for NOFN is in agreement with the IR analysis of the

recent reaction study on NOFN by Ward et al.’

We computed the phonons of both the low- and high-pressure phases of NOFN and AOFN at

the reaction pressure using a density functional perturbation theory (DFPT) method*® (Figures
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13 and 14, Tables S20 and S21 in the S.I.). Theoretical results are in excellent agreement with
the experimental observations. Compared to the strong IR modes of the NOFN and AOFN
low-pressure structures, the respective computed modes are systematically red-shifted by 20 —

40 cm™! (Table 2, Figures S35 and S36, Tables S20 and S21 in the Supporting Information).

Table 2. Comparison of the strongest IR modes (cm™) of the NOFN and AOFN co-crystals

and polymers from experiment (exp.) and theory (theo.).

NOFN AOFN
Co-crystal, Co-crystal, Polymer, Co-crystal, Co-crystal, Polymer,
exp., 21 GPa theo., 20 GPa theo., 20 GPa | exp., 25 GPa theo., 25 GPa theo., 25 GPa
821 803 1082 761 746 855
1002 972 1106 990 985 955
1480 1446 1118 1000 991 975
1557 1521 1147 1270 1233 1052
1745 1712 1176, 1182 1484 1423, 1433 1220, 1224
1250 1514 1488, 1496, 1247
1503
1308, 1317 1561 1522, 1530 1399
1336 1746 1704

The IR modes of the calculated polymerized high-pressure structures have weak to moderate
intensities compared to those of the low-pressure structures, with an accumulation of
significantly intense bands between ca. 1050 and 1350 cm™ for NOFN at 20 GPa and ca. 955
and 1400 cm™! for AOFN at 25 GPa, respectively. The strongest bands in the IR spectrum of
the calculated polymerized NOFN phase are accumulated in the 1080 — 1180 cm™ and 1300 —
1380 cm™! regimes (Figure 13). The bands at 1082 and 1106 cm™ correspond to sp® C—C
deformation, while the bands at 1118, 1176 and 1182 cm™' are due to a combination of C—C—H
bending with C—C and C—F stretching vibrations of the polymer. Similarly, the strongest
calculated bands of the polymerized AOFN phase are at 955 cm™ (sp® C—C deformation), and
at 1220 and 1224 cm™ (C—H deformation) (Figure 14). They are consistent with the increase of
the background signal in this spectral range observed in both, NOFN and AOFN, on reaction
progress. In particular, for the chemical reaction of AOFN in argon PTM, which proceeded
very slowly at 22 GPa, a slight intensity increase with time is only observed at ca. 900, 1050,
1200 — 1250, and 1400 cm™ (Figure 12). These spectral regions are fully consistent with those
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of the strongest calculated modes of the AOFN polymer (Table 2), and, hence, this is consistent

with the formation of the polymer structure.

While strong IR modes are present in the 1450 — 1750 cm™! region in NOFN and AOFN co-
crystals at 20 and 25 GPa, respectively, no IR modes are predicted for the NOFN polymer in
this region, and only a few extremely weak modes of unobservable intensity are predicted for
the AOFN polymer (Figures 13 and 14). This is consistent with the observed decrease of the
strong modes in this spectral region on reaction progress and with the absence of strong sp?
C=C stretching vibrations in the polymer structures. For example, the IR mode observed in
NOFN at 1745 cm’! (at 20 GPa) is an sp? C=C stretching band of the aromatic OFN molecule
and should no longer be present in the polymer. Hence, it was used for the determination of the
amount of reacted monomer (see below). Note that in AOFN not all of the aromatic C—C bonds
become Csp’~Csp? single bonds upon polymerization, and also that Csp® — Csp® bonds and sp?
C=C double bonds are formed in the polymer due to the mismatch of the anthracene and OFN
molecules. Thus, sp> C=C double bonds remain at the outer edges of the anthracene molecules,

which explains the theoretical prediction of some weak modes in this spectral region.

Theoretical calculations do not predict any vibrational modes between 1800 cm™ and 3000
cm’! for any of the phases investigated. At 1800 — 2600 cm™!, the strong IR absorbance of the
diamond anvils of the pressure cell is dominant in our experiments. vc-y stretching modes are
predicted at ca. 3200 — 3300 cm™! in the NOFN co-crystal structure at 20 GPa and at ca. 3150
— 3250 cm! in the polymerized structure at 20 GPa (Figure 13). These modes occur at slightly
higher energies for the AOFN co-crystal (3250 — 3400 cm™ at 25 GPa) and span a wider range
for the AOFN polymer (3050 — 3470 cm™ at 25 GPa). The vc-u stretching modes are weak and
not well resolved in our experiments so that only the decrease of IR absorbance is observed
with time in this region (Figure 11 and S24 in the Supporting Information). For the vc-n
stretching modes of both naphthalene and anthracene, it was previously reported that the
theoretically calculated absorption intensities are consistently overestimated by a factor of ca.
2 when compared with experimental intensities.’” Such an overestimation is also observed in

our study on the arene-perfluoroarene co-crystals.
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Figure 11. Infrared absorption spectra of NOFN in KBr pressure medium at pressures ranging
from 20.5 to 22.4 GPa in the spectral range from 600 to 1800 cm™ (left) and from 3000 to 3500
cm’! (right). After reaching 20.5 GPa, significant changes of the intensities are observed as a
function of time indicating the progress of a chemical reaction. Red arrows designate the
decrease in IR mode intensities while blue arrows designate the increase in IR absorbance with
time. Asterisks indicate IR modes that do not belong to NOFN. Their sharpness suggests that

they are due to impurities outside the pressure chamber of the diamond anvil cell.
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Figure 12. Infrared absorption spectra of AOFN during its chemical reaction upon pressure
increase from 20.0 to 30.4 GPa in KBr pressure medium (left) and at ca. 22 GPa as a function
of time in an argon pressure medium (right), both in the spectral range from 600 to 1800 cm™.
Significant changes of the intensities are observed upon increasing pressure and with time
indicating the progress of a chemical reaction. Red arrows designate the decrease of the
strongest IR mode intensities while blue arrows designate the increase of IR absorbance with
time. The picture in the bottom center shows the reacted sample disc — the sample became
orange colored upon polymerization — and a ruby ball in the KBr pressure medium, after
pressure quenching at ambient pressure before opening the diamond anvil cell. The diameter of

the sample chamber is ca. 150 um.
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Figure 13. Computed infrared absorption spectra of the NOFN molecular structure (black line)
and the NOFN polymer structure (red line) at 20 GPa. Note the lower IR mode intensities of

the polymer structure.
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Figure 14. Computed infrared absorption spectra of the AOFN molecular structure (black line)

and polymer structure (red line) at 25 GPa.

The amount of reacted sample was determined from the decrease of the integrated areas of the
IR absorbance bands at 1745 cm™ at 20.5 GPa for NOFN, at 820 cm™' at 25.5 GPa for AOFN
in a nitrogen PTM, and, due to broader modes and more severe overlap of IR modes, at 1550
cm’! at 22 GPa for AOFN in a less hydrostatic argon PTM (Figure 15). From this we can

determine the amount of unreacted sample during the reaction. The data were analyzed with a
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modified Avrami model.’® The fitting equation is R; = Ry - (1 — e KE=t)™)  where R, =

Ag—Aty - o e 1
100 - (OA—t) is the reacted reagent ratio with A the absorbance of a reagent band at initial time
0

and A, the absorbance of the same band at a subsequent time 7. R, is the reaction yield at the
end of the reaction, k'/™ is the reaction rate, and n is a parameter depending on the
topochemistry of the process and increases with the dimensionality of the process (Figure 15).
Originally, the Avrami model was developed to describe the kinetics of crystal growth from a
liquid phase.>® When only the growth step is taken into account, the n values of 1-2, 2-3, and
> 3 indicate linear, two- and three-dimensional growth processes, respectively. However, if the
nucleation process is considered, as in our case, the n values change according to the nucleation
rate and the mechanism controlling the nucleation step.*’ For n < 1, linear growth is
unambiguous. The fit of the data to the Avrami model results in #n = 0.36 (run in a KBr PTM)
and n = 0.38 (run without a PTM) for NOFN, and in » = 0.58 (run in a nitrogen PTM) for
AOFN (Figure 15). For the kinetic data of AOFN in argon, we can only estimate the values
because, after ca. 24 h, further significant progress of the reaction was observed as a result of
laser irradiation of the sample. The laser with a wavelength of 532 nm (ca. 1 mW power on the
sample) was used in order to induce the fluorescence of a small ruby ball within the pressure
chamber, the shift of which is used for pressure determination.*! With n=0.45 and k1/m =045,
we can reproduce both the rapid rate at the beginning of the reaction followed by the slow rate
on a long time scale (> 24 hours) (Figure 15). A similar effect of laser light on the reaction was
observed in NOFN (vide infra) (Figure S21). All of the values for n are close to 0.5, a value
which was correlated to a one-dimensional, diffusion-controlled growth process.*® This
confirms our proposed mechanism of polymerization along the columns of n-stacked arenes
and perfluoroarenes in both NOFN and AOFN. Our study shows that the reaction is very slow
at ambient temperature. After 24 hours, between 20 and 26 % of the NOFN and AOFN sample
have reacted; however, after 6 days, the reacted portion is only < 30 %. The reaction yield is
between ca. 30 and 40 % for NOFN and AOFN at constant pressure and temperature. The low
yield is consistent with a reaction driven by the uniaxial stress due to the compression direction.
It was discussed previously, with respect to pressure-induced nanothread formation in pyridine,
that only the portions of the sample aligned with the stress direction react to give threads.”
None of the pressure media used in our IR studies provides hydrostatic conditions at the

26,42 nor are the samples soft at these pressures, as is evident from

polymerization pressures,
their equations of state (Figure 2). Hence, non-hydrostatic stress is clearly present in these

samples and needs to be considered in the selection of the reaction path.
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Figure 15. Kinetic curves representing the time evolution of (left) NOFN polymerization at
20.5 GPa (as a bulk material without PTM and in KBr PTM) and (right) AOFN polymerization
at 25.5 GPa (in Nz) and 22 GPa (in Ar) and ambient temperature from the decrease of the
integrated areas of the IR absorbance bands at 1745 cm™ (NOFN), 820 cm™ (AOFN in Ny),
and 1550 cm™ (AOFN in Ar), respectively. The fit to the modified Avrami equation (given in
the plots) is represented by the solid lines. The data scatter is larger for AOFN due to higher

uncertainties introduced by the overlap of IR mode tails.

While we intensively studied the reaction kinetics, we also observed the effects of PTM,
pressure increase, or laser irradiation on the reaction. When AOFN was loaded with KBr as
PTM, the reaction onset pressure was lower than with nitrogen or helium as the PTM. This led
to overshooting of the onset pressure in this experiment and, hence, the chemical reaction was
followed with a pressure increase up to 30.4 GPa on a short time scale instead of following its
time dependence. We noticed a severe effect of pressure on the reaction leading to a largely
reacted sample at the highest pressure (Figure 12). Furthermore, we observed a change of the
sample color from colorless to orange. A change in NOFN color was also reported by Ward et
al.’ During the reaction of NOFN in nitrogen as the PTM, we noticed that irradiation of the
partly reacted sample with a ca. 1| mW laser at 532 nm, which was used for pressure
determination by the ruby fluorescence technique,*! for just a few minutes greatly enhanced the
reaction (Figure S21 in the Supporting Information). This is probably due to the effect of two-
photon absorption induced reactivity, which is quite common in molecular compounds at high
pressures due to the red shifts of the excited states; examples are benzene, water, and
butadiene.!® # 2% The reaction can be triggered by only few excited molecules and then
usually proceeds by itself in a condensation process. A closer investigation of this effect in
NOFN and AOFN is the subject of future studies.?*® In order to exclude this effect in our kinetic

study, we performed a time-dependent reaction experiment on NOFN, in which the sample was
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loaded as a bulk material without a PTM and without a ruby pressure standard (Figures 15 and
S22). The pressure was calibrated via the pressure shift of the vibrational modes, as determined

in the previous experiments, in order not to irradiate the sample.

CONCLUSIONS

To the best of our knowledge, this is the first time that the pressure evolution of the single
crystal structure of aromatic compounds has been studied experimentally with high accuracy to
a pressure close to the pressure of polymerization and thus loss of aromaticity (ca. 20 GPa),
which is associated with the conversion of C—C n-bonds to inter-ring c-bonds. From our
experimental structural data on NOFN and AOFN we conclude that n—stacked molecules with
ann C---C distance of ca. 2.65-2.70 A are still stable at high pressure. On further compression
below this distance, chemical reactions will start. This is in agreement with the critical
intermolecular C---C reaction distance of 2.6 A (corrected for thermal uncertainty) previously
reported from theoretical calculations on the structural compression of benzene,'® and also with
the nn C---C distance of ca. 2.8 A (with thermal uncertainty) between benzene and

hexafluorobenzene at 20 GPa obtained from a powder neutron diffraction study.®

As reported in recent studies, the smallest arene-perfluoroarene co-crystal, namely 1:1
benzene:hexafluorobenzene, shows a complex high-pressure behavior with four pressure-
induced phase transitions before polymerization to a proposed graphane-type polymer structure
occurs at > 20-25 GPa.?> ® In contrast, the 1:1 arene-perfluoroarene co-crystals of the larger
molecules naphthalene and anthracene with octafluoronaphthalene show an extraordinarily
stable stacking arrangement within the crystal structure up to the onset of pressure-induced
polymerization at 21-25 GPa. This leads to the conclusion that the n—n arene—perfluoroarene
interaction is stronger and more robust for the larger molecules, which have a larger surface
area, possibly due to larger van der Waals (dispersion) interactions between the molecules.
Hence, the simplest arene-perfluoroarene system does not seem to be the prototypical system
for structural and high-pressure investigations, and is also not the most representative of the

high-pressure behavior of arene-perfluoroarene co-crystals.

Our study on NOFN and AOFN shows that the arene-perfluoroarene interaction is a valuable
synthon not only for generation of parallel m-stacking in 1:1 co-crystals of arenes and
perfluoroarenes and interesting liquid-crystal phase behavior which indicates the persistence of
these interactions at temperatures up to around 200 °C,'%* %% but also for the stabilization of

these stacked structures of polycyclic aromatic hydrocarbons (PAHs) and perfluoroarenes at
30



high pressure. The retention of the stacking arrangement has the advantage of formatting
polymers with highly-ordered columns of hydrofluorocarbons by chemical reaction at pressures
> 21 GPa. It is postulated here that stacks of more extended polycyclic aromatic hydrocarbons
and fluorocarbons will provide a useful means to control the width and lateral extension of the

columns.
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