Polymer Chemistry

2 Polymer
-~ Chemistry

Mechanistic Insights into the Pressure-Induced
Polymerization of Aryl/Perfluoroaryl Co-Crystals

Journal:

Polymer Chemistry

Manuscript ID

PY-ART-10-2021-001387.R2

Article Type:

Paper

Date Submitted by the
Author:

31-Jan-2022

Complete List of Authors:

Gerthoffer, Margaret; Pennsylvania State University, Chemistry

Xu, Bohan; Pennsylvania State University

Wu, Sikai; Pennsylvania State University, Chemistry

Cox, Jordan; Northeastern University College of Science, Chemistry &
Chemical Biology

Huss, Steven; Pennsylvania State University, Chemistry

Oburn, Shalisa; Pennsylvania State University, Chemistry

Lopez, Steven; Northeastern University College of Science, Chemistry &
Chemical Biology;

Crespi, Vincent; Pennsylvania State University

Badding, John; Pennsylvania State University, Chemistry

Elacqua, Elizabeth; Pennsylvania State University, Chemistry

o

SCHOLARONE™

O HOLA
SCHOLA

Manuscripts




Page 1 of 10

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Introduction

Polymer €hemistry:

Mechanistic Insights into the Pressure-Induced Polymerization of
Aryl/Perfluoroaryl Co-Crystals

Margaret C. Gerthoffer,? Bohan Xu,® Sikai Wu,? Jordan Cox,© Steven Huss,? Shalisa M. Oburn,? Steven
A. Lopez, Vincent H. Crespi, > John V. Badding,>>¢ Elizabeth Elacqua*?

Recently discovered diamond nanothreads offer a stiff, sp3-hybridized backbone unachievable in conventional polymer
synthesis that is formed through the solid-state pressure-induced polymerization of simple aromatics. This method enables
monomeric A-B alternation to fully translate from co-crystal design to polymer backbone in a sequence-defined manner.
Here, we report the compression of aryl:perfluoroaryl (Ar/ArF) co-crystals containing -OH and -CHO functional groups. We
analyze the tolerance of these functional groups to polymerization, explore the possibility of keto-enol tautomerization, and
compare the reaction outcomes of targeted solid-state Ar/ArF design on nanothread formation. Two new co-crystals
comprised of phenol:pentafluorobenzaldehyde (ArOH:ArFCHO) and benzaldehdye:pentafluorophenol (ArCHO:ArFOH) were
synthesized through slow solvent evaporation. Analysis of the single-crystal structures revealed different hydrogen bonding
patterns between the —OH and —CHO in each solid (tape and orthogonal dimers, respectively), in addition to markedly
different m-n stacking distances within the Ar/ArF synthons. In situ Raman spectroscopy was used to monitor the
compression of each co-crystal to 21 GPa and illustrated peak shifts for the —OH and —CHO stretching regions during
compression. Photoluminescence corresponding to polymerization appeared at a lower pressure for the co-crystal with the
smallest m-mt stacking distance. Nevertheless, the recovered solid with the larger centroid:centroid and centroid:plane nt-nt
stacking distances featured a diffraction ring consistent with the anticipated dimensions of a co-crystal-derived nanothread
packing, indicating that both functional group interactions and parallel stacking affect the pressure-induced polymerization
to form nanothreads. IR spectroscopy of the recovered samples revealed large shifts in the —-OH & —CHO stretching regions,
particularly noticable for ArCHO:ArFOH, which may reflect geometrical constraints associated with forming a rigid thread
backbone under pressure. Simulation suggests that hydrogen bonding networks may affect the relative compressibility of
the co-crystal along a hread-forming axis to modulate the propensity for nanothread formation.

polymer properties, molecular weights, sequential defect sites,
and complex design methodologies.
Methods to achieve sequence definition often focus on a

Nature uses complex machinery that promotes supramolecular
self-assembly toward the design of precise sequence-defined
architectures.! Recent efforts in synthetic polymer chemistry
have focused on using noncovalent interactions in monomer
design to expand the range of sequence-defined architectures
accessible.23 Such methods offer opportunities toward new
donor-acceptor polymers as push-pull chromophores,
sequence-defined structures, and structure-function tunable
support systems.*>6 Yet the design of monomers (and/or
intricate methods) presents a trade-off between resultant
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prescribed monomer order that directly translates into a given
polymer sequence, utilizing electronics to either iteratively add
monomers in a stepwise fashion’” or through step-growth
polymerization.8 Other tactics using ring-opening metathesis
polymerization (ROMP) can promote controlled ring-opening,
attaining high degrees of sequence control.?10 Entropy-driven
ROMP, for instance, can be utilized to polymerize cyclic
macromonomers with living character using enthalpic control.1!
Meanwhile, selective installation of a conjugated sequence has
been accomplished using electronically governed ROMP,
the polymerization of donor-acceptor-based

has afforded sequence control mediated by
electronic and steric effects.? Using a similar electronic design,

wherein
monomers

supramolecular strategies have realized sequence-controlled
electrosynthesis to form organometallic polymers!?2 and the
growth of discrete precursors from orthogonal coordination-
self-assembly and hydrogen bonding.213 Thus,
supramolecular polymerization offers concise monomer design
that prudently plans directional routes for polymerization
through noncovalent interactions.4

driven



Polymer €hemistry:

Supramolecularly guided methods for sequence definition
have recently been applied in the synthesis of diamond
nanothreads. Nanothreads are 1D polymers synthesized
through the pressure-induced polymerization of small aromatic
molecules (e.g. benzene),>1¢ along a stack of molecules in the
solid state. These polymers, theorized to form through a series
of [4+2] cycloadditions,1”.18 have been reported from several
monomers, including pyridine, 1220 furan,2%.22 thiophene,?
aniline,2* and azobenzene.?> Notably, the compression of
benzene had been performed for decades prior to nanothread
discovery, but primarily lead to amorphous carbon as a result of
multiple kinetically favorable reaction pathways opening upon
quick collapse of the crystal.26-2% Upon the discovery of a concise
method to reproducibly form nanothreads from benzene
requiring slow compression,!> 16 interest in these polymer
threads has been fueled by their potential use as high tensile
strength materials, 393! along with possible applications
envisioned as novel semiconductors3? or catalyst-anchoring
platforms, with highly sensitive properties dependent on
monomer composition.33

Alternating copolymer nanothreads have been reported
through the compression of co-crystals, in which two
monomers crystallize in a singular lattice, generally supported
by strong noncovalent interactions (e.g., hydrogen bonds and
qguadrupole forces).3* Aryl:perfluoroaryl interactions (Ar/ArF)35-
44 in co-crystals imbue supramolecularly guided sequence
definition through alternating electron-rich and electron-poor
monomers and have been utilized in many systems including
synthetic foldamers,39 40 and liquid crystals.*> Compression of
octafluoronaphthalene co-crystals with naphthalene (i.e,
C10Hs:C10Fg)?5-46 or anthracene*® form nanothreads without the
need for slow kinetically controlled compression, likely owing to
preferential shrinkage of the Ar/ArF stacking distance upon
pressure application and a more geometrically robust stacking
in these larger, non-substituted aromatics. Similar discoveries
have been illustrated for para-substituted benzenes with cyano,
ethynyl, and nitro functionalities in which co-crystals with the
smallest stacking distances require less extreme synthetic
conditions.4” Pressure-induced phase changes may also affect
reaction outcomes by disrupting stacking geometries favorable
to 1D pressure-induced polymerization. A co-crystal of
CsHe:CsFs, which illustrates close m-m stacking at ambient
pressure, undergoes a high-pressure phase change that enables
closer contacts between adjacent n-stacks as opposed to within
the Ar/ArF stack, yielding a graphane-like structure.?® In
contrast, a phenol:pentafluorophenol co-crystal features
pressure-induced phase changes, yet affords alternating
copolymer nanothreads.*?

Given nanothreads are synthesized from diverse monomers
that vary in electrostatics, crystal structures, intermolecular
interactions, and degrees of aromaticity — and polymerize using
different conditions —an underlying criterion is likely guiding the
mechanism toward reaction. Whereas comparisons of m-
stacked para-disubstituted benzenes,*” including co-crystals,
have revealed a trend between the slippage angle and the
necessity for slow compression and/or heat, the direct effect of
external functionalities remains largely unexplored.

2| J. Name., 2012, 00, 1-3

Here, we report the structures of two new Ar/ArF co-crystals
((i) phenol:pentafluorobenzaldehyde and (ii)
benzaldehyde:pentafluorophenol (coined ArOH:ArFCHO and
ArCHO:ArFOH, respectively)) and detail their pressure-induced
polymerizations toward saturated sequence-defined polymeric
architectures. The resultant polymers, obtained from the
compression of individual co-crystals, feature pendant —OH and
—CHO functionalities. Our design interrogates functional group
tolerance from pressure-induced reactions, including the
potential for keto-enol tautomerization.*® We observe that the
ArOH:ArFCHO co-crystal reacts at a lower pressure than the
ArCHO:ArFOH co-crystal, likely owing to a lower reaction
barrier. IR spectroscopy of the recovered polymers illustrates
functional group preservation, while the ArCHO:ArFOH-derived
product’s X-ray diffraction features a ring at a d-spacing range
that suggests successful polymerization. This complementary
pair of co-crystals therefore offers a strategic view into the
effects of geometry through hydrogen bonding and Ar/ArF
electronics on precursor design for synthesizing sequence-
defined polymeric nanothreads.

Experimental

Co-Crystal Synthesis

Co-crystals selected for this study focused on opposing
electronically activating/withdrawing groups (—OH/-CHO,
respectively) to analyze the effects of ambient-pressure crystal
structure on the pressure-induced reactivity. Phenol (>99%,
reagent grade, solid, Sigma Aldrich), pentafluorophenol (>99%,
reagent grade, low-melting solid, Sigma Aldrich), benzaldehyde
(>99%, reagent grade, liquid, Alfa Aesar),
pentafluorobenzaldehyde (>98%, reagent grade, low-melting
solid, Oakwood Chemicals) were used as purchased for co-
crystal growth. Co-crystallization of ArOH:ArFCHO (MP = 53.4-
54.0) and ArCHO:ArFOH (MP = 38.0-42.1) was achieved by
mixing each of the two desired components in a 1:1 equimolar
ratio within a scintillation vial containing hexane. The solvent
was slowly evaporated over the course of three days to reveal
crystals. Data parameters, key
intermolecular interactions, the experimental specs for
instrumentation (Table S1, S2) and figures of the molecular
structures with details provided on stacks in the unit cell (Figure
S1, S2) are provided in the supplemental information.

clear solid collection

High-Pressure Synthesis and In Situ Raman Spectroscopy

To achieve high pressures, a symmetric diamond anvil cell (DAC)
equipped with 400 um diameter culets of Type IIA diamonds
was used to compress each co-crystal to 21 GPa. T301 stainless
steel gaskets were pre-indented between 45 and 55 um and
subsequently drilled with an 80 um hole (using an electric
discharge machine or a laser-drilling system>%) to serve as a
sample chamber. Each co-crystal was loaded in the DAC by
scooping a small amount of crystal over the pre-indented drilled
hole in the gasket when placed on the bottom diamond with a
ruby chip without a pressure transmitting media.>! The DAC was
closed and pressurized to circa 2-3 GPa to form a powder
sample. For compressions of polycrystals, the DAC was heated
externally with a heat gun. The pressure was then released

This journal is © The Royal Society of Chemistry 20xx
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manually using the DAC screws to melt the heated and
pressurized co-crystal until small seed crystals remained.
Pressure was then slowly reapplied to grow the sample into an
array of crystals using the in situ seeds. Retention of co-
crystallinity under pressure was evaluated from concise shifts in
individual precursor peaks by Raman spectroscopy.>2

Raman spectroscopy during compression monitored for
potential chemical changes during reaction, including
modifications related to external functional groups. Slow
compression was applied using a double-membrane Druck gas
controller at a rate of 0.08-0.10 GPa/min from 2 to 10 GPa,
0.05—-0.07 GPa/min from 10 to 15 GPa, 0.03—-0.04 GPa/min from
15 to 18 GPa, and 0.01-0.02 GPa/min from 18 to 21 GPa,
resulting in a ~24 hour compression overall, including the
collection time for Raman spectra. Slower compression rates
were initiated upon the observation of photoluminescence and
continued up to the maximum pressure to facilitate production
of nanothread products as previously reported for benzene-
type systems.’® Mirrored rates were followed for
decompression.

Results and Discussion
Ambient Pressure Co-Crystal X-Ray Diffraction

X-ray diffraction (XRD) was collected for the ArOH:ArFCHO and
ArCHO:ArFOH co-crystals to discern the Ar/ArF stacking
distance and hydrogen-bonding pattern variances for the
complementary co-crystals (Figure 1). When the electron-
withdrawing group is on the fluorinated ring, as for
ArOH:ArFCHO, the m-m stacking distance (centroid:centroid,
defined as d.) is 3.53 — 3.58 A with a modest slippage angle
ranging from 17.4° to 21.2° along the stacks. The centroid:plane
distance (d,) ranges from 3.30 — 3.46 A. The varied ranges of the
slippage angle and d, arises from non-perfectly parallel planes
in the Ar/ArF co-crystal. In contrast, placement of the electron
donating —OH group on the electron deficient perfluorinated
ring as in ArCHO:ArFOH vyields a larger d. m-rt stacking distance
of 3.96 — 3.98 A and d, of 3.36 — 3.44 A with an angle of 29.8 —
32.2°. Lessons from threads with only core carbon rings (e.g.,
from benzene and CioHs:Ci0Fs) suggest that stacking geometry
controls whether slow compression is needed (benzene)!> 16 or
not (CioHs:C10Fsg)*> 46 to obtain crystalline polymers. This line of
reasoning may suggest that nanothread formation is more
plausible from ArOH:ArFCHO than ArCHO:ArFOH owing to the
larger slippage angle and Ar/ArF distance between the centroids
and non-perfectly parallel planes in the ArCHO:ArFOH co-
crystal. However, benzene and naphthalene derivatives do not
contain external functionalities, which exhibit the potential to
both crosslink and modulate potential high-pressure phase
transitions due to steric bulk, lower-symmetry packing, and

competing intermolecular interactions.
Diethynylbenzene:dicyanobenzene and
dinitrobenzene:dicyanobenzene co-crystals, although not

Ar/ArF systems, exhibit close m-stacking, with a d, of 3.49 and
3.54 A respectively (d. for both = 3.78 A). Both co-crystals
feature preferred packing orientation after pressure-induced
polymerization;*” however, no hydrogen bonding is present in

This journal is © The Royal Society of Chemistry 20xx
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these co-crystals, though their functional groups present a
higher propensity for cross-linking than aldehydes or alcohols.
In the ArOH:ArFCHO co-crystal, the functional groups at
ambient pressure hydrogen bond between the —OH and —CHO
in a continuous tape pattern with the functional groups within
a stack eclipsed to one another. In contrast, hydrogen bonding
between —OH and —CHO in the ArCHO:ArFOH co-crystal does
not extend along the stack but forms inter-stack dimers that
have a gauche orientation along a stack. In engineering the
Ar/ArF stacks, no direct control was sought over the functional
group interaction, yet an interesting contrast was obtained in
this aspect as well. The ArCHO:ArFOH/ArOH:ArFCHO
comparison thus provides opportunity to extract lessons
towards nanothread synthesis not only regarding Ar/ArF
distance and slippage angle, but also in the geometry of
intermolecular functional group interactions.

A F O é
- F
OH H
3.537A
F F
F )
3.575A
3.301A
3.537 A
21.2°
@ 3.575A
R =

Figure 1. View of each perspective co-crystal along both the aryl:perfluoroaryl
stacks and the hydrogen-bonding pattern. Shorter stacking distances and “tape-
like” hydrogen-bonding patterns are observed for ArOH:ArFCHO (A) while longer
stacking distances and dimer-like hydrogen-bonding patterns are observed for
ArCHO:ArFOH (B).

Simulation of Co-Crystal Overcompression

Noting these two potential influences on reaction outcomes,
simulations were performed to monitor both Ar/ArF
separations, centroid:plane separations,
slippage angle, and functional group relationships during
hydrostatic compression. Each experimentally obtained co-
crystal structure was relaxed by first-principles density
functional theory with the Perdew—Burke-Ernzerhof exchange
correlation functional®3.54 and D3(BJ) dispersion correction> at
pressures from 0 to 22 GPa in 2 GPa increments, starting from

centroid:centroid

J. Name., 2013, 00, 1-3 | 3
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the experimental co-crystal structure at ambient pressure.
Various intermolecular contacts were monitored at each
pressure point, including d., d,, and (phenol) O—H-:-0=C
(aldehyde) hydrogen bonding distances for each respective co-
crystal (Figure 2). As pressure is applied, both the d. and d,
begin to collapse to shorter distances within each co-crystal
monomer. Due to alternating distances of d. and d, in each co-
crystal stack asillustrated in Figure 1, we present the theoretical
collapse as a range of potential distances. For both monomer
pairs, reduction of the Ar/ArF centroid:centroid separation was
more rapid than that between the hydrogen-bonded
aldehyde/alcohol, especially below 5 GPa. However, the rate of
collapse along the Ar/ArF stack was faster for the ArCHO:ArFOH
co-crystal that exhibited longer stacking distances initially at
ambient pressure. We observe general shortening of hydrogen
bonding up to 22 GPa, maintaining the same geometry of
functional group pairings both co-crystals. The
ArOH:ArFCHO co-crystal hydrogen-bond separation is longer at
ambient pressure but shrinks at a faster rate than for the
ArCHO:ArFOH co-crystal.

for

4
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Figure 2. Measured intermolecular interactions of simulated compressed co-
crystals up to 22 GPa. Distances include centroid:centroid d. (purple), centroid:
plane d, (black), and intra-stack O-:-O hydrogen bonding (red) of each co-crystal
ArOH:ArFCHO (top) and ArCHO:ArFOH (bottom).

The interplane distances (d,) are ~2.8 A between 14-16 GPa
(Figure 2), similar to the interplane distances for co-crystals of
octafluoronaphthalene with naphthalene or anthracene at
initation.#>46 Since -CHO and -F functionalities are both electron
withdrawing while -OH groups are electron donating, we expect
ArOH:ArFCHO to maintain a shorter interplane distance than
ArCHO:ArFOH due to the stronger attraction between paired

4| J. Name., 2012, 00, 1-3

rings. However, the simulations suggest that the interplane
distances of the two co-crystals are similar in intermolecular
separation throughout their compression.

The aldehyde and hydroxyl groups of the ArCHO:ArFOH co-
crystal dimerize through hydrogen bonding (Figures 1 and 2).
The hydrogen bonded dimers form layers of parallelly aligned
planes of molecules. Moreover, the hydrogen bond dimer is
orthogonal to the Ar/ArF stacking direction. In contrast,
ArCHO:ArFOH’s functional groups form an extended linear tape
rather than dimers between eclipsed Ar/ArF pairs due to the
closest proximity of nearest neighbor -OH and -CHO. This
hydrogen bonding pattern does not illustrate the previously
mentioned layering behavior and the direction of the hydrogen
bond is not orthogonal to the stacks. The change in slippage
angle upon pressure induction also differs between the co-
crystals (Figure S7). For ArOH:ArFCHO, the slippage angle
increases upon pressure induction consistently for all non-
symmetric stacks. For ArCHO:ArFOH, the slippage angle
decreases along one stack and increases along another stack,
suggesting that the hydrogen bonding pattern is regulating the
ability of the stack to collapse. The tendency of ArCHO:ArFOH
to form layers and exhibit direct hydrogen-bonding
orthogonality to the Ar/ArF axis may guide the inter-stack
hydrogen-bond distance to be relatively maintained.
Summation of the inter-stack and intra-stack interactions and
their relative alignment to the thread-formation axis suggests
that an unknown balance of hydrogen bonding and Ar/ArF
interactions could have the potential to govern the
experimental outcome for these co-crystal pairs.

Dimer Energetic Calculations

With the potential for multiple intermolecular interactions to
affect polymerization, we thus investigated gas-phase barrier
calculations to elucidate the respective [4+2] dimer energies
necessary for polymerization. Calculations revealed gas-phase
dimer energies for the ArOH:ArFCHO and ArCHO:ArFOH co-
crystals were 55.3 and 62.4 kcal/mol respectively, which is
similar to that reported for benzene-derived threads at 68
kcal/mol and ArOH:ArFOH-derived threads at 60.3 kcal/mol.4°
The relative energy necessary to make the dimer for each co-
crystal is thus on par with prior reported threads. Collapse of
both co-crystals along the centroids provides intuition towards
valid precursors for controlled polymerizations under pressure.

High Pressure in situ Raman Spectroscopy

With viable candidates to form nanothreads, each co-crystal
was individually loaded into a diamond anvil cell (DAC) as a
polycrystal for polymerization without a pressure transmitting
medium. Perfect uniaxial stress is thus not achieved while
monitoring in situ Raman spectroscopy, allowing for collapse of
the polycrystalline and powder samples in all directions,
resulting in additional texture grains from the images illustrated
in Figure 3 upon pressure application. /n situ Raman
spectroscopy (Figure 3) performed under pressure for both

compressed powder and polycrystalline samples of each co-

This journal is © The Royal Society of Chemistry 20xx
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crystal provides information on possible structural phase
transitions and the initiation of polymerization reactions.
Compression of ArOH:ArFCHO up to 21 GPa reveals multiple
changes in Raman vibrational bands (Figure 3, top), including
the disappearance of a broad band at 3250 cm™! attributed to
aromatic sp? C-H stretching. Continuously throughout
compression, the aldehyde C=0 peak at 1700 cm-! broadens,
accompanied by an increase in photoluminescent background
indicative of further chemical reaction connected to a reduction
in band gap. This steady broadening implies that the (phenol)
O—H---0=C (aldehyde) hydrogen bonded tape non-orthogonal
to the Ar/ArF centroid:centroid stacks is maintained, but
obtains disorder as a result of pressure. Further evidence
toward structural complexity under pressure is provided by C—
C aromatic ring vibrations around 1400-1500 cm-! that begin to
split between 5-9 GPa and become two distinct peaks by 11.1
GPa. Such peak splits can follow a pressure-induced symmetry
breaking within an aromatic ring that more strongly
distinguishes previously symmetry-equivalent (or
equivalent) carbon atoms within the ring.5657.58 These two
structural changes may suggest an increased diversity of
reaction pathways becoming available to the ArOH:ArFCHO co-
crystal under pressure. Further peak broadening of C—F
vibrations around 550 cm-! from 11 GPa upwards suggests
changes in halogen bonding between adjacent Ar/ArF stacks
that could potentially facilitate inter-stack crosslinking. This may
emerge from crystal cracking under non-perfect uniaxial strai,n
as featured in prior nanothread syntheses.1?: 21 49 Upon further
compression the broad photoluminescent background rises,
masking further spectral changes; this is a common observation
in pressure-induced polymerization.>® We note that the
emergence of the photoluminescent background above 11 GPa
is at a lower pressure than that reported for the pressure-
induced polymerization of ArOH:ArFOH threads at 15.7 GPa,*°
an Ar/ArF co-crystal that exhibits a larger average
centroid:centroid stacking distance than that of ArOH:ArFCHO.
Peak broadening also occurs at a far lower pressure (14 GPa) as
compared to the ArOH:ArFOH co-crystal,*® indicating that

near-

crystal cracking, amorphous material formation, or
polymerization could be occuring.
Raman spectroscopy during the compression of

ArCHO:ArFOH to similar pressures (Figure 3, bottom) reveals a
broad photoluminescent background that rises at 7 to 10 GPa,
a lower pressure than for ArOH:ArFCHO. The ArCHO:ArFOH co-
crystal underwent at least one structural phase transition
between initiating at 3.8 GPa that was not observed by theory,
as evidenced by changes in the C—H stretching region around
3000 cm-?, C=0 stretching around 1700 cm-1, aryl ring vibration
around 1200 cm™1, and the emergence of a new band below
1000 cm-1. This structural phase transition (like the co-crystal
itself) is not reported and would be difficult to solve to
completeness at these pressures. We can infer, however, that
the phase change likely altered the intermolecular interactions
of the benzaldehyde component in the co-crystal, as all bands
that changed are singularly present in benzaldehyde. For
example, the peaks associated with both C=C and C=0
stretching continue to broaden up to 10 GPa, indicating the

This journal is © The Royal Society of Chemistry 20xx
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accumulation of disorder. The experimental Raman spectra of
the two co-crystals, the heightened photoluminescent
background in ArCHO:ArFOH, the symmetry lowering in
ArOH:ArFCHO from the tape hydrogen bonding pattern, and the
hints of possible inter-stack close contacts developing under
pressure in ArOH:ArFCHO, may suggest a higher propensity for
columnar polymerization into nanothreads in ArCHO:ArFOH
than in ArOH:ArFCHO.

on r A, 20.8
Sgpes
!

18.2

\
j

11.1

9.1
W\JJ\T.M 4.7 ?Pa . -
500 1000 1500 2000 2500 3000

Raman Shift cm-

—
@AH Fﬁw |, 20.6
oo B

500 1000 1500 2000 2500 3000
Raman Shift cm-
Figure 3. In situ Raman spectroscopy collected during polymerization of

ArOH:ArFCHO (top) and ArCHO:ArFOH (bottom), with respective images during
polymerization featured to the right. For the ArCHO:ArFOH, bands featuring the
onset of the suspected IE)hase transition at 3.8 GPa, continuing to 6.6 GPa are
highlighted by an asterisk (*).

Recovered X-Ray Diffraction

X-ray diffraction collected on the recovered sample from the co-
crystal with the shorter stacking distance (i.e.,
ArOH:ArFCHO) reveals primarily amorphous scattering upon
polymerization, while the ArCHO:ArFOH-derived polymer
shows a broad diffraction ring from d = 6.0-7.2 A (maximum
intensity at d = 7.07 A; Figure 4). While the origin for these
differences isn’t fully understood, we suspect that the unusual
increase of slippage angle in ArOH:ArFCHO upon increasing
pressure and the difference in hydrogen bonding patterns that
guide layers of Ar/ArF stacks allows for the ArCHO:ArFOH to
retain better order during nanothread formation.

Although weaker than the diffractive features of most
crystalline inorganic materials, the diffraction ring derived from
ArCHO:ArFOH is much sharper than is typically seen in organic
polymers and thus reflects an usually high degree of polymeric

T-TU
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Figure 4. (A, B) X-ray diffraction and recovered microscopy images with (top) and without cross-polarizers
ArCHO:ArFOH (red). (C) Comparison of experimentally recovered diffraction of ArCHO:ArFOH to theoretica
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ﬁbottom) of polymers formed from ArOH:ArFCHO (gray) and
packings, and (D) Thread 1

order. Under polarized light, both polymer products appear to
exhibit birefringent characteristics, but the ArCHO:ArFOH co-
crystal product is brighter, potentially reflecting an optical
anisotropy consistent with a more thread-like mesoscale
morphology (Figure 4).

Unlike nanothreads derived from benzene,5> thiophene,?3
furan,?! pyridine,®* naphthalene:octafluoronaphthelene,s 46
and others24 45,49 which show the six diffraction spots of a quasi-
hexagonal packing,'® the diffraction ring formed by
polymerization of ArCHO:ArFOH indicates the presence of
domains with multiple azimuthal orientations around the local
thread axis (in addition to wandering of the thread axis about
the axis of compression). That this result is obtained regardless
of whether the monomer is loaded as a powder or polycrystal —
in contrast to the more orientationally ordered outcomes
obtained for the aforementioned precursors — may suggest a
relation to the distinct character of functionalization
pressure-polymerized ArCHO:ArFOH. The relatively sparse
interthread hydrogen bonding between —-OH and -CHO
functionalities affords a diversity of interthread separations in
an ideal packing (Figure 4C); any azimuthal irregularities in the
placement of these functionalities around the threads’ axes in a
real crystal would then cause the orientation of the domain to
wander about the thread axis as the “tight-packed” and “loose-
packed” directions vary from place to place. The outcome would

in

be a diffraction ring aligned generally to the axis of compression
and with a width corresponding to the span from the shortest
to the longest d-spacings of the ideal packing.

To interrogate this notion, Figure 4C shows the radial
diffraction profile of compressed ArCHO:ArFOH compared to
simulated diffraction from both the molecular co-crystal and
from well-ordered packings of candidate thread structures that
follow the two most likely [4+2] cycloaddition reaction
outcomes based on the closest carbon-carbon contact distances
(Figure S13), denoted Thread 1 and 2. Given the large number
of isomers for nanothreads, it is difficult to determine if two
threads are the exact experimental product. For the purpose of
this work, we are using two thread candidates to estimate the
diffraction ring’s d-spacing, which mostly depend on the
approximate positioning of functional groups, rather than exact
structure. All simulations were relaxed at the same level of
convergence with an empirical 2% thermal expansion applied to
these otherwise T=0 K calculations. The three major peaks
correspond to the three diffraction planes of a quasi-hexagonal
packing (shown in Figure 4D for the packing of Thread 1),
showing the role of functional group interaction in modulating
the d-spacing. This range in d-spacing corresponds reasonably
well to the experimental ring width, lending a measure of
credence to this model. The co-crystal, in contrast, has a
prominent peak above 7.5 A. The presence of a ring rather than

Please do not adjust margins
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spots for diffraction from threads derived from ArCHO:ArFOH
would not be surprising.

While the exact structure and its packing are still to be
determined, the simulated d-spacing corresponds reasonably
well to the experimental ring width. This diffraction ring is
distinct from the diffraction formed from nanoribbons®? 62 or
the graphane-like structure produced by the compression of a
CsHe:CsFs co-crystal.*® Furthermore, the diffraction ring is also
not from the residual co-crystal as the prominent peak for the
co-crystal occurs above 7.5 A. While the experiment and
simulation suggest that the product is likely to be nanothread,
the confirmation of thread formation still requires further data,
such as solid-state NMR and TEM. However, we note that
compared to the naphthalene:octafluoronaphthalene*> and
anthracene:octafluoronaphthalene co-crystals that exhibit
sharp diffraction peaks,4> 46 the co-crystals studied in this paper
are weakly diffracting to other 1D nanoarchitectures formed
under pressure. This is perhaps due to the thinner aromatic
cores of the singularly-substituted benzene-rings and weak
hydrogen-bonding over the polycyclic arenes. Yet, a weaker
diffraction is unsurprising and not discouraging, as 1D rods with
weaker affinity to pack tightly (combined with the additional
utility of commodity functional groups) would be easier to pull
apart for practical material use in solvation, suspensions,
interchelations, and post-polymerization functionalization.

Recovered IR Spectroscopy

IR spectroscopy of the recovered samples after compression
revealed sp3-hybridized carbon (2900 cm-1) in both polymer
products (Figure 5 and 6, S8-11), as anticipated. Remaining,
unreacted co-crystal and/or partially saturated portions of
threads are still observed in both samples as illustrated by
remaining C=C and sp2-hybridized C-H stretching. Moreover, O—
H (3400 cm-1) and aldehyde C=0 peaks (1700 cm-!) were
observed in both recovered samples and shifted significantly
post-compression, suggesting their tolerance to polymerization.
After compression of ArOH:ArFCHO, the O—H stretching mode
broadens and shifts to higher frequency, a change commonly
associated to changes in hydrogen bonding or hybridization
compared to the co-crystal precursor (Figure 5).

Much larger O—H stretching shifts are observed for the
ArCHO:ArFOH-derived polymer that yielded a more well-
ordered structure. These frequency shifts could arise from
changes in hybridization on the polymer backbone, electron
delocalization around the O—H group in the perfluoroaryl ring,
or functional group interactions between threads or along a
given thread. We thus simulated the IR spectra of the Thread 1
and Thread 2 candidates for an ordered ArCHO:ArFOH-derived
polymer (Figure 6) as both isolated threads and crystal-packed
threads, where Thread 2 has significantly weaker intra-thread
hydrogen bonding than Thread 1 (Figure S16). We also
examined a backbone that eliminates hydrogen bonding
entirely by placing the functional groups para to one another
(Thread 3), and another that features carboxylic acids in place
of the aldehydes (Thread 4), to further elucidate effects of
functionality on vibrational shifts.

This journal is © The Royal Society of Chemistry 20xx
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The difference of the —OH stretching frequency between
packed and isolated threads (Thread 1 and 2) can be as large as
300 cm™! due to the presence of interthread hydrogen-bonding
when packed, suggesting that interthread interactions can play
an important role in the observed upshifts (Figure 6). Moreover,
simulated threads with stronger intra-thread H-bonding have
lowered O—H stretching frequencies. Thus, the increase in
frequency of the O—H and C=0 vibrations after compression can
be attributed to constrained intermolecular interactions as a
result of the formation of a stiff, multiply connected sp3
backbone. This stiff backbone prevents the free rotation of
functional groups to find the most enthalpically favorable
interaction, as would be available in solution-phase co-crystal
synthesis. Moreover, simulations of Thread 3, in which
hydrogen bonding is eliminated, produce maximal upshifts in
the O-H and C=0 frequencies as compared to the isolated
precursor, suggesting that the upshifts observed for other
threads are not due to the direct change in hybridization of the
carbon atoms involved.

Recovered X-Ray Photoelectron Spectroscopy

Both recovered polymers were analysed using XPS to gain
further insights on their overall compositions (Table S7 & S8).
The high-resolution carbon spectrum of the ArCHO:ArFOH-
derived polymer reveals a small fraction of CF, which can be
attributed to keto-enol tautomerization, akin to that observed
in nanothreads derived from ArOH:ArFOH.4® This
supported by the much higher-than-anticipated prevalence of
C—0. XPS of this polymer product confirms that a large amount
of precursor monomer is recovered, as components supporting
oxidation of the aldehyde into a carboxylic acid are observed
(i.e., COO). According to the high-resolution oxygen spectrum,
O-CF was also confirmed for the ArCHO:ArFOH-derived
polymer, suggesting that detachment of fluorine atoms is
possible during polymerization. If either of the functional
groups crosslink with one another, an ether-like functionality
could arise, resulting in consumption of some C=0. However,
since O—C-0, O=C, and C—F are indistinguishable in XPS, the
relative amounts of crosslinking, fluorinated carbons, and the
remaining aldehyde cannot be deconvoluted and quantified.
For the ArOH:ArFCHO-derived polymer, no CF, or COO is
observed in the high-resolution carbon spectrum. Rather, an
unusually high amount of C-0 relative to C=0 is present, which
would be expected if keto-enol tautomerization readily
occurred.

is also

Conclusions

This work has explored the impact of competing intermolecular
interactions on the ability of a well-stacked Ar/ArF monomer to
be consumed under pressure into an ordered thread-like
product. We compressed two monomer pairs — whose
preorganization was fixed through aryl/perfluoraryl (Ar/ArF)
interactions — of the same chemical composition to witness
remarkable functional group tolerance under pressure en route
to forming saturated architectures. The two new Ar/ArF co-

8 | J. Name., 2012, 00, 1-3

crystals, ArOH:ArFCHO and ArCHO:ArFOH, exhibit contrasting
solid-state frameworks, with ArOH:ArFCHO possessing closely
eclipsed stacks maintained by a tape-like hydrogen bonding
pattern offset from the Ar/ArF stacks while ArCHO:ArFOH
witnesses slipped Ar/ArF stacks with orthogonal hydrogen bond
dimers perpendicular to the polymerization axis, enabling more
facile stack collapse. Although solid-state favorability towards
columnar polymerization was originally anticipated to be
governed by centroid separation at ambient pressure, solids
recovered from putatively non-ideal stacks in ArCHO:ArFOH
exhibited the greatest experimental support of polymerizing in
a singular direction by yielding a crystalline sample with a
diffraction ring on par with anticipated nanothread packings.
Moreover, simulations of the IR spectra of the ArCHO:ArFOH
nanothread product support candidate thread structures,
relating shifts in both the O—H and C=0 aldehyde vibrations that
lend toward alterations in hydrogen bonding as a result of
backbone formation.

Our evidence, combined with insights from prior studies,
points to a summation of intermolecular interactions as key to
the design of pressure-induced stack collapse. Future work aims
at further elucidating the control necessary to dictate high-
pressure phases using heat, photochemical means, and/or
varied compression rates to maximize the crystalline output for
each co-crystal. Further solid-state arrangements of co-crystal
monomers possessing strong intermolecular interactions
directly perpendicular to the stacking axis may lend toward the
favorable compression of new nanothread architectures with
designed functional group supports. The success of forming
threads from precursors compressed herein thus offer design
opportunities to target dual functional sequence-controlled
nanothreads.
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