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Compression of small molecules can induce solid-state reactions with products that are difficult or impossible to obtain
through solution-phase synthesis. Of particular interest is the topochemical-like reaction of arenes to produce polymeric na-
nomaterials rich in sp3 carbon. However, high reaction onset pressures and poor control over high-pressure reaction selectiv-
ity remain significant challenges to be addressed. Herein, the incorporation of electron withdrawing/donating groups into -
stacked arenes is proposed as a strategy to reduce reaction barriers and onset pressures. Charge transfer cocrystals represent
systems with optimal n-stacking and reduced energy barriers for intermolecular cycloaddition reactions, however, competing
side-chain reactions between functional groups must also be considered. For the case of a diaminobenzene:tetracyanoben-
zene cocrystal, amidine formation between side groups is the first reaction to occur with an onset pressure near 9 GPa, as
characterized using vibrational spectroscopy, X-ray diffraction, and computational studies. High-pressure reactivity is system-
dependent and while functionalized arenes are predicted to exhibit reduced-barrier energy cycloaddition pathways, directed
reactions between side groups can be used as a novel strategy for the formation unique polymeric materials.

The behavior of organic molecules under high-pressure conditions represents a developing field of chemical research. New
reaction pathways become viable at elevated (GPa) pressures, leading to the formation of a variety of novel polymeric ma-
terials. 2 Previous studies have shown a range of pressure-induced chemical reactions, such as free-radical polymerization,>
4 condensation reactions,® and Diels-Alder cycloadditions®° are all viable at elevated pressures. Of particular interest are
high-pressure reaction products rich in sp3-bonded carbon that are predicted to possess remarkable mechanical,?*% ther-
mal?%28 and chemical stability,?® making them possible candidates for a diverse range of applications.

Several recent studies have focused on nt-stacked aromatic molecular precursors, which can react at high pressure via [4 + 2]
cycloaddition®® Y7 to produce one-dimensional polymeric materials known as nanothreads.®% 3035 Nanothread formation
can depend on hydrostatic vs. non-hydrostatic stress conditions, and precursors with parallel t-stacking, small slippage an-
gles, and short interring distances tend to produce ordered nanothreads under rapid, hydrostatic compression. % 13 18 19,31-36
Other aromatic crystals with offset stacking may also produce nanothreads, but typically require other factors such as aniso-
tropic stress and slow compression to control reactivity (e.g., benzene,® **> pyridine’). Thus, in the absence of polymorphic
phase transitions that affect stacking, molecular crystals with minimally displaced n-stacking overlap may be screened as
potential nanothread precursor candidates based on known crystal structures, or stacked systems may be designed though
crystal engineering methods. In addition, the chemical homogeneity of resulting nanothreads may be improved using thread-
directing groups that isolate selected cycloaddition pathways (e.g., pyridazine,’® thiophene,® furan® 1% 17:3%) Nevertheless,
most nanothread formation reactions occur at pressures around 20 GPa,® 7 111532 which hinders large-volume scaling of
these materials.

Several strategies to reduce nanothread reaction pressures have been employed including reducing aromaticity,® 1”35 and
utilizing external stimulus (e.g., heating,?” photoexcitation3). For the case of molecular [4 + 2] cycloaddition reactions, it is
well understood that the incorporation of electron withdrawing groups on the dieneophile and incorporation of donating

https://doi.org/10.26434/chemrxiv-2023-xsg7n ORCID: https://orcid.org/0000-0003-1011-8339 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-xsg7n
https://orcid.org/0000-0003-1011-8339
https://creativecommons.org/licenses/by-nc-nd/4.0/

groups on the diene can promote reactions by reducing the HOMO-LUMO gap.3° For example, cyano-substituted dienophiles
in solution-phase Diels-Alder reactions have been shown to decrease the barrier to reaction by a factor of two, which in-
creases reaction rates up to seven orders of magnitude.*® Given the high reaction onset pressures required for nanothread
formation, a crystal engineering strategy that allows one to incorporate a variety of functional groups with both electron
withdrawing and donating character into precursors may potentially facilitate nanothread-forming reactions at lower pres-
sures. Additionally, the incorporation of different functionalities may open avenues to polymeric materials with new and
unusual structures and chemistries. Nevertheless, the incorporation of different functional groups may also enable alterna-
tive reaction pathways that could compete with nanothread-forming cycloaddition. Indeed, competing reactions between
pendant groups has been shown for several systems containing disubstituted benzenes.'? Additionally, functionalized
nanothreads that retain some degree of sp? character may undergo post-synthetic tautomerization involving pendant groups
and the nanothread backbone.!! Thus, the interplay between functionalization-enhanced nanothread formation (e.g., via
reduced-barrier cycloaddition) and the potential for new reaction pathways between functional groups must be examined
to understand the roles of competing reaction pathways. In addition, targeted reactions between functional groups on mo-
lecular precursors could represent a new strategy to produce polymeric materials with unique structures and functionalities.

Charge-transfer cocrystals represent a promising class of nanothread precursors that can incorporate a wide range of func-
tional groups. Partial charges between monomer stacking layers can provide sandwich-type p-stacking overlap with short
interring distances that may enable controlled nanothread reactions at elevated pressures. Previous studies on arene:per-
fluoroarene cocrystals of benzene,** naphthalene'® '* and others!! indicate the possibility for controlled nanothread for-
mation, but reduced reaction pressures and enhanced thread homogeneity require improvements. Charge-transfer cocrys-
tals may represent good candidates for the formation of nanothreads at reduced pressures. For example, cocrystals synthe-
sized from 1,2,4,5-tetracyanobenzene (TCNB) form with considerable p overlap between aromatic rings along the stacking
axis, and allow for the incorporation of a variety of electron withdrawing and donating groups (EWG/EDG), e.g., hexa-
methylbenzene,*? p-hydroquinone,* and anthracene®.

To further examine the role of electron withdrawing/donating groups on nanothread formation and the potential for com-
peting reactions between side-groups, we studied the high-pressure behavior of a 1:1 cocrystal of 1,4-diaminobenzene (DAB)
and 1,2,4,5-tetracyanobenzene (TCNB) using both theoretical calculations and experiments. Above 9 GPa, pedant amine (—
NH:) and cyano (—CN) groups react via nucleophilic attack to produce a new one-dimensional amidine-rich polymeric mate-
rial. Further compression results in the formation of a chemically inhomogeneous product with evidence for the presence of
sp3-carbon. The results highlight a system-dependent balance between enhanced cycloaddition reactivity and side-group
reactions and suggest a new strategy to produce novel polymeric materials via the controlled reaction of functional groups.

The published structure of the DAB:TCNB cocrystal*® shows near-sandwich-type n-stacking with an average interring centroid
distance of ~3.57 A and average interring slippage angle of ~21°, making it an excellent candidate to undergo nanothread
formation via sequential [4 + 2] Diels-Alder polymerization along the molecular stacking axis.*? Based on known reactions at
ambient pressure,*® the incorporation of cyano-substituents on the ring may lower the reaction onset barrier and enable
intermolecular [4 + 2] cycloaddition to occur at reduced pressures. To explore this possibility, we performed quantum chem-
ical calculations to determine the reaction barriers and dimer energies for various [4 + 2] cycloadditions between DAB and
TCNB rings (Figure S1). All reaction barriers for dimerization were found to be lower than that of benzene (55 kcal/mol) —
nearly half the barrier energy in some cases (Figure 1A). These calculations suggest favorable reaction barriers for TCNB-DAB
cycloaddition, however several similar interring distances (3.39 — 3.56 A) and energy barriers for different pathways (AE* =
31 - 35 kcal/mol) indicate that a single dominant nanothread-forming pathway is unlikely.

Interestingly, the crystal structure of DAB:TCNB also shows that the DAB rings are slightly tilted relative to the TCNB plane,
which appears to be due to intermolecular interactions between amino groups and cyano groups in neighboring molecules
within a stack (see Figure 1B). This tilt creates a short N---C separation of just 3.33 A between amine (N) and cyano (C) groups,
which is less than any of the interring distances in the low-barrier [4 + 2] cycloaddition reactions. Given the small distances
between functional groups, we also calculated the relative energies of the dimers that would be formed by nucleophilic
attack of a cyano group by an amine, followed by H-transfer to form an amidine. Note that due to the formation of a zwit-
terioninc transition state, calculation of a reaction barrier for this step was not possible (see Sl). These dimers were found to
be slightly lower in energy (ca. -5 kcal/mol) than the starting cocrystal (see Figure S2), indicating that amidine formation is
exothermic and may potentially occur during the compression of DAB:TCNB. The DFT-optimized crystal structures of potential
[4 + 2] nanothread and amidine polymers were found to be relatively close in energy compared to the starting cocrystal
(+1.24 and -0.60 kcal/mol, respectively), suggesting that both reactions may be viable upon compression.
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Figure 1. A) Comparison of the reaction barriers (AE*) for potential Diels-Alder [4 + 2] cycloaddition reactions in benzene and
the DAB:TCNB cocrystal. Blue carbons represent reactions where DAB is acting as the diene, and red carbons represent reac-
tions where TCNB is acting as the diene. AE* values are determined for the gas phase energy of the transition states using
DLPNO-CCSD(T) (see the Supporting Information). Right: Visualization and relative energy of a DFT-optimized crystalline
nanothread structure formed by [4 + 2] cycloaddition. B) Closest-contact distances, formation mechanism, proposed struc-
ture, and relative energy of the resulting polymer for amidine formation between pendant -NH> and -CN groups in the
DAB:TCNB cocrystal. Omitted -NHz2 and -CN groups are represented by blue and red dots, respectively. Energies of the crys-
talline structures are calculated relative to the starting DAB:TCNB cocrystal.

In order to examine the behavior of the cocrystal under pressure and determine the roles of cycloaddition vs. side-group
reactions between monomer layers, a sample of DAB:TCNB (synthesized using the previously published method)* was
loaded into a diamond-anvil cell (DAC) and monitored using a combination of in situ vibrational spectroscopy and X-ray dif-
fraction (XRD).

Given that the vibrational properties of this cocrystal have not been reported, we calculated the infrared (IR) spectrum for
DAB:TCNB to help assign vibrational modes and interpret changes in bonding with pressure (see Figure S3 and Table S1). In
situ FTIR measurements (Figures 2A and $4) indicate that above 5 GPa, N-H bending and stretching vibrations at 1624 cm?
and 3459 cm™ broaden significantly, and above 9 GPa, high-frequency shoulders emerge on both peaks. With increasing
pressure, the intensity of the N—H stretching vibration decreases dramatically, disappearing almost entirely by 15 GPa. Inter-
estingly, the disappearance of the N—H stretch is accompanied by a simultaneous decrease in intensity for C=N vibrations at
ca. 2250 cm™ and the appearance of increased intensity around ca. 1600 cm™, consistent with new C=N vibrations.*® Addi-
tionally, above 9 GPa, new peaks at ca. 1674, 1066, 1006, 742 and 711 cm™ appear, further indicating the onset of a chemical
reaction. Above 11 GPa, all FTIR peaks steadily broaden, and by 30 GPa no sharp peaks remain. In situ Raman spectra of the
DAB:TCNB cocrystal were also collected over the same pressure range and show complementary changes to the FTIR spectra
above 9 GPa (Figure S5), however, samples become sensitivity to laser irradiation at high pressure and exhibit radiation-
induced damage.

In situ powder XRD data obtained during compression (Figures 2B and S6) are consistent with vibrational spectra. Upon
compression, the Bragg peaks exhibit a monotonic shift to higher angles reflecting a contraction of the unit cell in response
to increased pressure. Above 10 GPa, the relative intensities of the peaks corresponding to the {211} and {221}/{040} re-
flections begin to invert with the relative intensity of the {211} peak increasing and the {221}/{040} peak correspondingly
decreasing in intensity. Above 20 GPa, the intensity of all Bragg peaks decreases further with minimal diffraction observed
above 30 GPa, indicating a significant loss of crystallinity.
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Figure 2. A) Variable-pressure FTIR absorption spectra for a DAB:TCNB cocrystal between 500 — 4000 cm™* and 0 — 30.9 GPa.
The diamond absorption region between 1800-2200 cm™ has been omitted. Red asterisks indicate new peaks that appear
above 9 GPa. B) In situ XRD patterns for DAB:TCNB (A = 0.2952 A) collected between 0 — 31.5 GPa. Red square indicates the
intensity shift of the {211} and {221}/{040} reflections. Blue asterisks indicate diffraction from the rhenium gasket. Bragg
peak intensity decreases gradually with pressure as can be observed by the relative increase in low-angle air scattering in-
tensity at high pressure. All diffraction patterns are normalized to the most intense peak.

XRD patterns collected on the material recovered after decompression from ~30 GPa show that the sample remains partially
crystalline, with a well-defined four-fold diffraction pattern clearly visible at d = 6.30 A, and broad amorphous scattering is
observed after background subtraction using an empty gasket hole (Figure 3A). The crystalline portion of the diffraction
pattern of the recovered sample is consistent with the starting DAB:TCNB cocrystal when oriented along the stacking c-axis,
which also exhibits four-fold diffraction corresponding to the {110} reflections at d = 6.80 A at ambient conditions. The d-
spacings of the {110} reflections in the recovered product are similar to those of the molecular cocrystal near the reaction
onset pressure (6.27 A at 8.3 GPa Figure S7). The similarity in d-spacings coupled with retention of the 4-fold diffraction
suggests that the basic molecular packing of the precursors has been retained in the polymerized material, and that the
crystalline component of the reaction proceeds such that the overall macromolecular geometry remains similar. Such behav-
ior is consistent with previously reported topochemical-like reactions from cocrystal systems,''* with a higher degree of
disorder observed in the present case.

While the sample recovered from 30 GPa maintains some degree of crystallinity based on XRD, the FTIR spectrum consists of
broad peaks indicating significant local chemical inhomogeneity (Figure 3C),*2 which is consistent with previous studies of
functionalized benzenes and other nanothreads that possess crystalline macromolecular packing and a broad distribution of
local chemical environments. Samples recovered from 30 GPa show clear evidence for the retention of starting functionality
in the resulting material. Notably, the broad peak at ca. 2220 cm™ (C=N stretch, c¢f. 2242 cm™ in TCNB) suggests retention of
a fraction of the cyano groups, with an ~77% decrease in integrated peak intensity. The recovered product also shows a new,
broad absorption feature at ca. 2900 cm™ that may indicate the presence of sp3 C—H vibrations, consistent with the formation
of a disordered nanothread-like material via subsequent reactions of aromatic rings.

Given that chemical reactivity in compressed DAB:TCNB appears to occur in two stages, i.e., initial side-group reactivity near
9 GPa followed by further reactions at higher pressure, additional DAC samples were compressed to 15 GPa and recovered
for characterization. This pressure was chosen as it is above the side-group reaction onset pressure, but below the pressure
where significant broadening of the IR spectra and additional reactivity is observed. The FTIR spectrum of material recovered
from 15 GPa confirms that the first reaction in DAB:TCNB occurs between pendant amino and cyano groups with the emer-
gence of a new peaks at ca. 1649 cm™ consistent with the formation of amidine C=N groups.” ¥ Given the loss of N—H stretch-
ing vibrations at ca. 3461 cm™, and a significant decrease in intensity of the C=N stretches at ca. 2242 and 2248 cm’, it is
likely that these C=N groups are produced by the amidine-forming reaction shown in Figure 1B. While calculated barrier
energies for reactions between pendant functional groups and adjacent aromatic rings are comparable to [4 + 2] cycloaddi-
tions between rings (Figure $8), large intermolecular distances (i.e., >4 A) likely prohibit such reactions and amidine formation
appears to be the most probable explanation for the initial reaction near 9 GPa. Amidine formation via this reaction scheme
is also supported by the loss of the DAB C—NH: vibration at ca. 1278 cm™, the emergence of a new amidine C-N vibration at
ca. 1061 cm™ (cf. 1061 cm™ in imidazole*’), and the presence of a new peak at ca. 3300 cm™ consistent with sp? N-H
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vibrations.* Furthermore, peaks corresponding to the sp? C—H stretching (>3000 cm™) and bending vibrations in DAB and
TCNB (at ca. 833 cm™ and 904 cm™ respectively) remain present in the recovered sample, indicating that the core aromatic
rings remain intact up to 15 GPa. Calculated FTIR spectra for four candidate polymer systems (see Figure S9) further supports
the formation of an amidine rich polymer. Notably, the new peaks at ca. 1404 and 1379 cm™ observed in the DAB:TCNB
sample recovered after compression to 15 GPa can be assigned to C=N-C vibrations from the amidine group. The formation
of the amidine polymer also explains the significant broadening of the peak at ca. 833 cm™in the starting cocrystal. Calculated
FTIR of both amidine polymers shows several new peaks between 800-900 cm™ which can be assigned to out-of-plane sp? C—
H and N-H vibrations from the DAB and TCNB rings and the newly formed amidine group. Due to the broad FTIR spectrum
for the sample recovered from 30 GPa, no clear assignment of a structure can be made.
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Figure 3. A) Comparison of the background-subtracted XRD patterns (A = 0.2952 A) for as-synthesized DAB:TCNB before
(black) and after compression to 31.5 GPa (red). Inset: Two-dimensional diffraction pattern of the recovered sample collected
at ambient conditions, showing a 4-fold diffraction pattern corresponding to the #° reflections at d = 6.30 A in the one-dimen-
sional pattern. B) Comparison of FTIR spectra of molecular DAB:TCNB (black) and samples recovered to ambient conditions
after compression to 15 (red) and 30 GPa (blue). C) 3C Cross-polarized magic-angle spinning (CPMAS) NMR spectra for as-
synthesized DAB:TCNB (black), and a PE press sample recovered from 15 GPa (red). Inset: Structures of the starting cocrystal
and amidine polymer.

To enable additional characterization of the lower-pressure DAB:TCNB product phase, the synthesis of this material was
scaled to mg quantities using a Paris-Edinburgh (PE) press (see Materials and Methods). The FTIR spectrum of the PE press
sample recovered from ~15 GPa is in good agreement with the DAC sample recovered from the same pressure (Figure S10).
Combined thermogravimetric analysis/differential scanning calorimetry (TGA/DSC) carried out on the recovered PE press
sample supports the formation of an extended polymer via enhanced thermal stability (Figure S11). The starting molecular
cocrystal shows a two-step decomposition process consistent with the behavior of previously reported TCNB cocrystals.>°
However, the recovered PE press sample remains thermally stable over this entire temperature range and does not decom-
pose until >450 °C, aside from minor mass loss up to 100 °C, which is attributed to weakly absorbed water. The enhanced
thermal stability of the recovered product clearly demonstrates a permanent pressure-induced chemical transformation re-
sulting in the formation of a more thermally stable product.

Comparison of solid-state 3C NMR spectra of the starting DAB:TCNB cocrystal and the product recovered from 15 GPa con-
firms the formation of an amidine-rich polymer upon compression (Figure 3B). The starting cocrystal exhibits three resolved
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peaks at ca. 117, 137, and 139 ppm, consistent with the sp/sp? carbon environments of the constituent molecules. The *3C
NMR spectrum of the material recovered from 15 GPa is notably more complex than the starting material reflecting a distri-
bution of chemical environments and loss of the starting molecular symmetry. Although it is difficult to precisely assign all
specific contributions in the spectrum, overlapping peaks occupy three general frequency regions that provide valuable in-
sights into the chemical nature of the product. Two groupings of peaks bracket the initial shifts in the molecular precursor
(i.e., ~113-122 ppm, ~137-150 ppm), reflecting a distribution of sp/sp? carbons found in the molecular precursor. Notably,
no carbon environments are observed at frequencies below ca. 113 ppm indicating no sp3 carbon environments are formed
during reaction, which confirms that no nanothread-forming cycloaddition reactions occur upon compression to 15 GPa. The
third frequency range occurs between ~160-175 ppm. Compared with the starting cocrystal, two new peaks appear in the
recovered product at ca. 164 and 168 ppm, which we assign to sp? amidine (N=C-N) environments, consistent with previous
solid-state 3C NMR studies of amidines.5! This result confirms the proposed amidine reaction scheme shown in Figure 1B.
The presence of two amidine peaks can be explained by the presence of both HN=C—NH and H2N-C=N amidines. Materials
containing amidine groups are important for their diverse chemical and pharmacological properties. Notably, photolumines-
cent amidine-rich polymers have been used to selectively detect and capture metal cations and as fluorescent probes in
biological imaging.>? However, formation of amidine-rich materials is challenging. One-step synthesis of amidines from reac-
tion between amines and cyano groups is only possible if the C=N groups are activated through the incorporation of electron
withdrawing species (e.g., CF3CN)> or by the use of Lewis acid catalysts.>* Formation of amidine-rich polymers is an especially
difficult multicomponent reaction process that must be carried out under inert conditions.>* 5 Therefore, solid-state com-
pression represents a novel route to obtain amidine rich polymers using a simple process.

In summary, this work demonstrates that tetracyanobenzene charge transfer cocrystals can be used as a platform for the
high-pressure formation of polymeric materials under compression. Theoretical calculations predict that the incorporation
of electron donating and withdrawing groups in these cocrystals can significantly lower the energy barrier associated with
nanothread-forming [4 + 2] cycloaddition reactions compared to non-functionalized analogues, suggesting that optimized
functionalization could reduce the onset pressures required for nanothread formation. Nevertheless, interactions between
specific pendant functional groups are also important as new side-group reactions may become favorable leading to entirely
new reaction pathways. For the case of DAB:TCNB, the initial polymerization mechanism indeed occurs between pendant
side groups through the formation of an amidine polymer, while the formation of sp3 carbon between core aromatic rings
may occur at higher pressures. Similar to nanothreads, the new amidine-rich product is a one-dimensional polymer that packs
with chains along the molecular stacking axis in a paracrystalline product. Unlike nanothreads, the amidine product has one
bond in each direction and is thus more like a conventional polymer. Similar to many nanothread products, the observed
crystallinity of the amidine originates from the macromolecular packing of chains that individually have some chemical het-
erogeneity. Side-chain polymerization between functional groups represents a new method to be explored further for con-
trolled solid-state reactions. Directed side-chain polymerization reactions may serve as a new method to create novel poly-
meric materials with functionalities and bonding motifs that are difficult to obtain through conventional approaches.
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