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molecular assembly and pressure-
induced polymerization: toward sequence-defined
functionalized nanothreads†

Margaret C. Gerthoffer, a Sikai Wu, a Bo Chen, ab Tao Wang, c

Steven Huss, a Shalisa M. Oburn, a Vincent H. Crespi, acde

John V. Badding acde and Elizabeth Elacqua *ad

Limited supramolecular strategies have been utilized to synthesize sequence-defined polymers, despite the

prominence of noncovalent interactions in materials design. Herein, we illustrate the utility of ‘sacrificial’

aryl-perfluoroaryl supramolecular synthons to synthesize sp3-hybridized nanothreads from sp2-enriched

reactants. Our strategy features A–B reactant pairs in the form of a phenol:pentafluorophenol co-crystal

that is preorganized for an electronically-biased and sequence-defined polymerization. The

polymerization, initiated at 12 GPa, affords an alternating copolymer featuring exogenous –OH

functionalities. The external substitution is confirmed through IR spectroscopy. Importantly, the inclusion

of the functional unit provides the first experimental glimpse at reaction mechanism: keto–enol

tautomerization that can only occur during cycloaddition is observed through IR spectroscopy. Our

approach realizes the first example of a functionalized nanothread and attains sequence definition

through sacrificial supramolecular preorganization and presents a further approach for de novo design of

complex nanothreads.
Introduction

Natural biopolymers (e.g., proteins and DNA) are architected
through dened polymer sequences in concert with non-
covalent interactions. Inspired by precision sequencing and
supramolecular self-assembly in Nature, programming primary
structure in synthetic polymers remains a holy grail for organic
chemists.1 Methods that utilize differential kinetics of mono-
mer reactivity,2,3 exploit enthalpic or entropic driving forces,4–6
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or allow for preorganized monomer sequences to directly
transfer to synthetic polymers garner much interest.7–9

Despite the prominence of supramolecular organization and
self-correction in natural biopolymer synthesis, noncovalent
methods to transfer precise sequences directly to products
remain underexplored, likely because the need to juxtapose
reactants in an eclipsed manner necessitates tactically-precise
supramolecular interactions that propagate parallel to the
polymerization axis. One emerging method of exerting non-
covalent control over molecular reactivity exploits the aryl/
peruoroaryl (Ar/ArF) supramolecular synthon.10,11 Ar/ArF
sequences within co-crystals stack molecules in a face-to-face
direction, and oen are employed to promote a parallel pre-
organization of reacting p orbitals.11,12 Pioneering work by
Grubbs11,13 used the Ar/ArF synthon to mediate covalent bond
formation in the solid state. The Ar/ArF quadrupolar synthon
has also been observed in the organization of synthetic b-sheet-
like polymers17 to invoke chain collapse,18 as well as in co-
crystalline and liquid crystalline materials design.10,13,19,20

Ar/ArF synthons10,21 have been used recently to achieve
extended carbon solids15 in an effort to control the crystal
structure for more uniform synthesis. In particular, a co-crystal
containing naphthalene and octauoronaphthalene was
recently polymerized from eclipsed Ar/ArF stacks under pres-
sure (Scheme 1B), resulting in a crystalline material comprising
hydrogenated and uorinatedmonomeric units.15 The resultant
polymer, known as a carbon nanothread, has a one-
Chem. Sci., 2020, 11, 11419–11424 | 11419

http://crossmark.crossref.org/dialog/?doi=10.1039/d0sc03904g&domain=pdf&date_stamp=2020-10-31
http://orcid.org/0000-0001-5015-0128
http://orcid.org/0000-0001-6041-6436
http://orcid.org/0000-0002-5084-1321
http://orcid.org/0000-0003-2833-1592
http://orcid.org/0000-0001-6244-4406
http://orcid.org/0000-0003-0695-5855
http://orcid.org/0000-0003-3846-3193
http://orcid.org/0000-0002-4517-830X
http://orcid.org/0000-0002-1239-9560
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03904g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC011042


Scheme 1 Synthesis of (A) benzene-derived nanothreads14 and (B) Ar/
ArF-derived nanothreads.15 Approach (C) uses Ar–OH/ArF–OH co-
crystals, wherein a functional group bias is introduced that, along with
the sacrificial synthons, effectively decreases the required reaction
pressure.16
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dimensional poly(adamantane)-like structure featuring an sp3-
rich backbone.14 Such sp3-based backbones are theorized to
possess the strength of diamond,22 the chemical versatility of
graphene, and large insulating band gaps.23 In contrast to
simple molecules (e.g., benzene) under pressure, polymeriza-
tion of this co-crystal produced ordered nanothreads even
under fast compression. Despite an electronically-biased pre-
organization, the pressure needed for reaction was still quite
high, ca. 28 GPa.

Here, we report a functionalized nanothread arising from
pressure-induced polymerization of an Ar/ArF co-crystal
comprised of phenol and pentauorophenol (Scheme 1). Our
Fig. 1 View of (a) Ar–OH (blue)/ArF–OH (grey) co-crystal along the a-ax
stack along the b-axis, and (b) hydrogen-bonding hexameric unit.

11420 | Chem. Sci., 2020, 11, 11419–11424
design features a hydroxy substituent, that, in addition to
allowing close-packed p–p distances, accesses crystalline
nanothreads at markedly lower pressures than those needed for
supramolecular designs.15 The lower reaction pressure is
attributed to the electronically activating –OH substituent on
the ring system, which facilitates participation of the Ar
component (phenol) as a diene to promote polymerization with
a lower activation barrier. Importantly, compression of Ar–OH/
ArF–OH provides an experimental glimpse at reaction mecha-
nism: prominent C]O and C]C character is observed through
IR spectroscopy, suggestive of a keto–enol tautomerization that
can only occur aer a cycloaddition.

Our motivation lies in developing precisely sequenced and
functionalized nanothread polymers using a supramolecular
process. In studies to attain alternating copolymer threads, we
realized that ‘sacricial’ supramolecular synthons would
provide a strategic entry point toward A-B-type polymers. Given
noncovalent interactions typically template solid-state reactions
while remaining intact, we designate our design – the use of sp2-
enriched Ar/ArF supramolecular synthons – as sacricial owing
to the solid-state design elements being consumed throughout
the duration of the reaction. These synthons additionally guide
the establishment of a well-dened sp3-rich polymer backbone.
Results and discussion

Our design required engineering a 1 : 1 phe-
nol : pentauorophenol co-crystal to conrm orientation of the
Ar/ArF units and exogenous –OH groups prior to compression.
Thus, equimolar phenol and pentauorophenol were crystal-
lized from hexanes through slow cooling. Molecular and crys-
talline arrangement of the co-crystal was conrmed using
single-crystal X-ray diffraction (XRD), in close similarity to a re-
ported deuterated structure.24 As expected, the structure of the
co-crystal is dictated by uniaxial p–p stacking quadrupole-type
interactions of the Ar/ArF complex (Fig. 1),25 with the
is with the left inset illustrating p–p stacking distance of an Ar/ArF slip-

This journal is © The Royal Society of Chemistry 2020
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functional groups oriented to favor stable hydrogen bonds.21

The alternating arrangement of short p–p stacking distances
are preorganized for an alternating copolymerization to occur.
The co-crystal molecular structure is further guided by the
presence of solely (Ar) O–H/O (ArF) and (ArF) O–H/O (Ar)
hydrogen bonds between electronically opposed aryl groups (Ar/
ArF). The hydrogen bonds (dO/O ¼ 2.7–2.8 Å) exist entirely
between adjacent stacks to form hexameric assemblies (Fig. 1b).

Given high onset pressures ranging from 18–20 GPa for
nanothreads derived from benzene and naphthalene/
octauoronaphthalene (Scheme 1), we sought to include an
external substituent off of the ring that would realize a lower
reaction pressure. We hypothesized that the phenol/
pentauorophenol co-crystal might electronically activate the
aryl unit, thus favorably lowering the activation energies required
for cycloaddition. The proposed co-crystal affords, in principle,
36 isomers of the [4 + 2] cycloaddition dimer, for which we
analyzed the respective energies and activation barriers (see
ESI†).26 With phenol acting as the diene, the average activation
barrier is 59 kcal mol�1. When pentauorophenol acts as the
diene, the calculated activation barrier increases to
61 kcal mol�1. The determined activation barrier for our Ar/ArF
co-crystal is signicantly lower than that for benzene-based
threads (68 kcal mol�1), suggestive of a lessened onset pres-
sure. Interestingly, we found that the four lowest energy isomers
suggest that the C–C bonds within a dimer are meta and para to
the hydroxyl group of the ArF unit. These positions are the most
likely to exhibit electron-rich character through resonance and
are abundant in the precursor crystal as probable reaction sites.
Fig. 2 In situ Raman spectral overlay depicting 1 : 1 phe-
nol : pentafluorophenol co-crystal throughout compression. The top
images are taken with the Raman microscope during compression.

This journal is © The Royal Society of Chemistry 2020
Upon loading the co-crystal in a diamond anvil cell, the
powder sample was slowly compressed and analyzed using in
situ Raman microscopy (Fig. 2). At 5.9 GPa, we observed the
appearance of peaks at 3160 cm�1, characteristic of sp3-
hybridized C–H stretching and/or a phase-induced new sp2-
hybridized C–H mode. At 5.9 GPa, we additionally noted
a decrease in the ring breathing mode at 1007 cm�1, most likely
owing to the formation of pressure-induced metastable adducts
such as oligomeric threads present below 15 GPa.

Between 15.7 GPa and 17.5 GPa, further reaction occurred, as
the sample began to appear yellow-orange, the photo-
luminescent (PL) background increased, and the gasket
deformed (Fig. 2). In contrast, none of these signature charac-
teristics were observed in compression attempts of the indi-
vidual components (Fig. S2†). Instead, compression yielded
mainly amorphous character, with higher reaction pressures
being required to observe signicant changes. In the co-crystal,
an increase in PL background, change in C–H stretchingmodes,
and decrease in ring breathing modes all occurred below
18 GPa. These combined observations conrmed that the
lowered onset pressure in comparison to both benzene and
the naphthalene:octauoronaphthalene co-crystal can be
attributed to the –OH functional groups favorably providing an
electronic bias upon reaction.

The nal product was analyzed through X-ray diffraction. The
observed six-fold diffraction pattern (Fig. 3) suggests that nano-
threads were formed with quasi-hexagonal packing. The diffrac-
tion pattern indicated d-spacings of 6.72 Å for one Friedel pair
and 6.75 Å for two others.27We attribute the distinct d-spacings to
different orientations of the exogeneous hydroxyl groups around
the thread axis. Since the width and subsequent packing of the
Ar–OH/ArF–OH co-crystal thread is likely determined by the ArF–
OH ring, the small difference in d-spacings is consistent with the
ArF ring being approximately circular due to similar C–F and C–
OH bond lengths; this supposition is examined further in the
simulations of packing described below.

A diffraction simulation of the co-crystal at ambient pressure
along the Ar/ArF stacks illustrates a similar pattern in that two
Fig. 3 (Left) Hexagonal six-fold X-ray diffraction pattern obtained for
the functionalized nanothread; and (right) 50� images within a stain-
less-steel gasket, illustrating crystallinity along with (bottom) a polar-
ized light micrograph using a 530 nm waveplate.

Chem. Sci., 2020, 11, 11419–11424 | 11421
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Friedel pairs have similar d-spacings, here 5.83 Å, with an addi-
tional d-spacing of 5.78 Å for the other. The increased d-spacing in
the product suggests polymerization from an sp2 supramolecular-
bound co-crystal composed of molecular rings to an sp3-rich
architecture,16 necessitating an expansion due to rigid covalent
constraints. In addition, the functionalized and crystalline nano-
thread product exhibits birefringence when viewed under polar-
ized light (Fig. 3), suggestive of optical anisotropy.

In designing simulations of how functionalized nanothreads
may pack, the combinatorial complexity of kinetic pathways
(i.e., several possible [4 + 2] cycloaddition products) motivated
a strategy of extracting general lessons from illustrative chiral
and achiral thread categories. We therefore investigated the
packings of nanothreads based on two archetypes: chiral poly-
twistane and achiral (3,0)-type28 backbone, both adapted to the
alternating Ar–OH/ArF–OH-derived stack. These structures were
packed into crystals and relaxed; d-spacings were then calcu-
lated (see ESI†). For both types, many isomers exist, reecting
different positions of the –OH groups for polytwistane, as well
as eclipsed, gauche, and conserved hexameric hydrogen-
bonding pattern arrangements for the (3,0)-type threads (Fig. 4).

Before addressing the detailed results, we note that the�1.1 Å
increase in d-spacing from benzene-derived nanothreads to the
Ar–OH/ArF–OH-derived threads (i.e., from 5.6 Å to 6.7 Å) corre-
sponds to an increase of about 1.3 Å in the interthread center-to-
center separation. The change from C–H to C–F corresponds to
Fig. 4 Comparison of interplanar d-spacings for simulated and experim
account for 1–3% subtraction for thermal expansion.

11422 | Chem. Sci., 2020, 11, 11419–11424
a 0.24 Å increase in bond length and a 0.37 Å increase in the van
der Waals radius of an F-atom compared to H. Doubling this
�0.6 Å expansion yields a center-to-center dilation of 1.2 Å, as
close to the observed 1.3 Å as would be expected for a rough
empirical estimation. A chiral structure, such as the helical pol-
ytwistane, cannot easily assume a consistently anisotropic inter-
thread hydrogen-bonding pattern, thus, the simulated d-spacings
are closely grouped in magnitude.

Achiral structures such as thread (3,0), in contrast, can natu-
rally assume either near-isotropic (e.g., eclipsed B) or anisotropic
(e.g., eclipsed A, gauche) interthread bonding geometries. The
experimental observation of a near-hexagonal symmetry with
consistent anisotropy in d-spacings rules out an achiral structure
with anisotropic inter-thread bonding such as eclipsed A or
gauche (absent sufficient structural defects). The information
available at present is not denitive enough to decide a specic
thread backbone and substituent pattern therein.

Given the successful compression, we sought to understand
more about the nal nanothread molecular structure and eluci-
date any mechainstic details that might result from the –OH
units being incorporated. We, thus, studied the IR spectroscopic
features of the nanothread product in comparison to the starting
co-crystal. Prior to compression, the experimental IR spectrum
featured prominent modes (Table S5†), including a sharp and
strong signal at 3418 cm�1 indicative of the O–H/O hydrogen
bonding, and sp2 C–H stretching around 3200 cm�1 (Fig. 5, black
ental X-ray diffraction patterns along the co-crystal a-axis. Simulations

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Comparison IR spectra of precursor co-crystal at ambient
pressure (black) and final nanothread (red).
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trace). These modes were in agreement with a simulation of the
co-crystal at ambient pressure (Fig. S4†).

In contrast, the IR spectrum of the nal nanothread product
(Fig. 5) highlighted a larger degree of hydrogen bonding, evi-
denced by the broadened O–H stretching between 3200–
3700 cm�1. The nanothread product also featured sp3 C–H and
sp2 C–H stretching centered around 2800 cm�1. Additional modes
corresponding to both C–F and C–Hbending and stretching in the
region of 1000–1400 cm�1 were observed, as expected. In addition,
the IR spectrum features a signicant C]O signal centered
around 1700 cm�1, as well as a sharp C]C stretching peak.

Whereas the C]C signal could result from unreacted co-
crystal, the two combined vibrational modes are more likely
the result of rapid tautomerization of isolated enolic interme-
diates to their more prominent keto forms (Scheme 2). Each
successful keto–enol tautomerization could, thus, turn an
electronically-activated ‘hot’ diene into a deactivated, a,b-
unsaturated ketone (akin to a dienophile) or an isolated alkene
within the thread structure. Evidence of such a structural detail
can also be observed in the IR spectrum. Signals around
1620 cm�1 are commonly observed in 1,3-diketone species
wherein an enolic form predominates at one position,29,30 giving
Scheme 2 Schematic depicting representative cycloadducts capable
of (left) facilitating keto–enol tautomerization and (right) intra-
molecular enol-assisted hydrogen-bonding. H- and F-atoms have
been removed for clarity.

This journal is © The Royal Society of Chemistry 2020
rise to a cyclic intramolecular hydrogen-bonding vibration. The
strong shoulder on the C]O stretching at 1621 cm�1 could
suggest the analogous diketone pattern that can arise in prox-
imal rings upon cycloaddition to favor the formation of an
enolic H-bond donor within the thread backbone (Scheme 2).
Given these signatures of tautomerization are only plausible
aer an addition reaction that retains some degree of sp2

character, the IR spectral features – combined with the lowering
of reaction pressure through installation of a functional group
able to induce polarization – suggest that a [4 + 2] Diels–Alder-
like cycloaddition is a key step within initiation/propagation
events leading to nanothread formation.

Conclusions

In conclusion, we demonstrate that a functional Ar/ArF-based
co-crystal undergoes an electronically-activated pressure-
induced polymerization and results in a well-dened crystal-
line nanothread polymer, as evidenced by a hexagonal X-ray
diffraction pattern. Our investigations have highlighted three
salient points: (i) the thread-forming polymerization is tolerant
of exogenous functional groups, such as –OH; (ii) the combi-
nation of ‘sacricial’ supramolecular assembly and intact
hydrogen bonding leads to a lower activation barrier for the
reactants; and (iii) isolation of the product highlights key
features: the presence of C]O in concert with intense C]C
signals in the IR spectrum suggests tautomerization of –OH
groups aer a [4 + 2] cycloaddition as a mechanistic lynchpin in
nanothread formation. The combined results suggest that the
polymerization is inuenced by electronic substituents which
act to reduce energetic barriers for initiation of the
cycloaddition-based polymerization, thus lowering the required
reaction pressure.31 Future work will look to pinpoint the effect
of electronic bias on polymerization to gain further insights into
mechanism, functional group tolerance, and precise theoretical
structure elucidation to provide the intuition for designs
amenable to post-polymerization functionalization.32

Experimental section
Synthesis of functionalized nanothreads

Compression of the Ar/ArF co-crystal was conducted in
a symmetric diamond anvil cell (DAC) with a 400 mm culet while
monitoring the pressure-induced polymerization using in situ
Raman spectroscopy. The solid co-crystal was cooled in the
fridge, ground using a mortar and pestle, and placed on the
lower diamond within a stainless-steel gasket. A ruby chip was
added to the sample chamber to monitor the pressure through
uorescence. The DAC was closed to form a powder sample by
applying 2.0 GPa of pressure. A typical compression proceeded
over the course of 16 hours to a maximum pressure of 23 GPa.
The compression rate slowed upon the incidence of a photo-
luminescent (PL) background that indicated polymerization
occurring at around 11 GPa to 2–3 GPa h�1. The compression
rate was slowed further above 17 GPa to less than 1 GPa h�1.
Decompression progressed over the course of 16–18 hours with
similar rates on the descent.
Chem. Sci., 2020, 11, 11419–11424 | 11423
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