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Individually separated supramolecular polymer chains
toward solution-processable supramolecular polymeric
materials

Random introduction of alkyl chains with different lengths
onto a monomer prevented its supramolecular polymers
from bundling, permitting the preparation of concentrated
solutions of the supramolecular polymer without gelation,
precipitation, or crystallization. With such a solution in hand,
the authors succeeded in fabricating self-standing films and
threads consisting of supramolecular polymers.
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Herein, we present a simple design concept for a monomer that affords individually separated
supramolecular polymer chains. Random introduction of alkyl chains with different lengths onto
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a monomer prevented its supramolecular polymers from bundling, permitting the preparation of

concentrated solutions of the supramolecular polymer without gelation, precipitation, or crystallization.
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rsc.li/chemical-science supramolecular polymers.

Introduction

Most supramolecular polymers can be categorized into two
groups in terms of their polymerization mechanism: i.e., iso-
desmic polymerization or nucleation-elongation polymeriza-
tion." In the latter mechanism, supramolecular polymerization
is considered to occur in a similar manner to crystallization,
except that it proceeds in one dimension exclusively. As such,
seeded growth is possible (like crystallization), which has
recently led to the development of living supramolecular poly-
merization and has opened a new door in supramolecular
polymer chemistry.>®

Although supramolecular polymerization is expected to
proceed one-dimensionally in the above mechanism, in reality,
this is not always the case. An increase in the monomer
concentration leads to an increase in the degree of supramo-
lecular polymerization, and at higher concentrations supra-
molecular polymers are prone to bundle, giving rise to gelation,
precipitation, or crystallization. Consequently, solution pro-
cessing of supramolecular polymers has been largely
unexplored.”® In this context, the purpose of the present study
was to obtain individually separated supramolecular polymer
chains at high concentrations (of the order of several mM).
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With such a solution in hand, we succeeded in fabricating self-standing films and threads consisting of

Previously, Meijer and co-workers' have shown that devia-
tions in the temperature-dependent spectra at high concentra-
tions from those predicted by the nucleation-elongation model
are caused by clustering (bundling) of supramolecular poly-
mers. More recently, Giuseppone and co-workers' found that
bundling of supramolecular polymers occurred either through
coagulation or a secondary nucleation process, depending on
the rate of cooling of the hot monomer solution. In common
monomer designs for nucleated supramolecular polymeriza-
tion, including the above two examples,'>** alkyl chains are
introduced at the periphery of a monomer to endow the resul-
tant supramolecular polymers with solubility by preventing
three-dimensional crystallization. Nevertheless, bundling is
practically inevitable. We hypothesized that engineering the
surface of a supramolecular polymer chain by modifying the
peripheral alkyl chains of its monomer might be effective in
modulating lateral interactions between the supramolecular
polymer chains.

Results and discussion
Supramolecular polymerization and bundling

In this study, we used triphenylene-based monomers®** bearing
six amide groups as intermonomer hydrogen-bonding sites. At
the periphery of the triphenylene core, diverged through the
amide linkages, eighteen octyl or octadecyl chains were intro-
duced into monomers 1g and 1,5, respectively (Chart 1).
Supramolecular polymerizations of monomers of this type are
usually investigated in aliphatic solvents. We surmised that the
solvation of the supramolecular polymers and, consequently,
their bundling would be susceptible to subtle differences in the
structure of the solvent molecule, so we screened linear [e.g. n-
hexane (nHex)], branched [isooctane (iOc)], and cyclic [e.g
cyclohexane (cHex)] aliphatic solvents [see the ESI; Fig. S81].

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Chart 1 Structures of the monomers used in this study.

CygHarin 1,4i0s 1:1.

The 15 and 1,5 monomers were dissolved at a concentration of
50 uM in these solvents by heating, and the resultant solutions
were left undisturbed at room temperature. Both monomers
readily underwent one-dimensional (1D) supramolecular poly-
merization in nHex or iOc, and heavily bundled fibrous aggre-
gates were observed by atomic force microscopy (AFM) (Fig. 1).
In cHex, supramolecular polymerization of 1g occurred rela-
tively slowly (see below), and 1,5 did not form a 1D supramo-
lecular polymer within our experimental timescale (several
months: see ESIL, T Fig. S9). These results suggest that differences
in the nature of the solvent molecule affect the supramolecular
polymerization kinetics but do not significantly affect the lateral
interaction between supramolecular polymer chains. In addi-
tion, the length of the alkyl chains (CgHy; vs. CigHjy) in
a monomer appears not to be a critical factor from a viewpoint
of the purpose of this study.

To gain an insight into the bundling process, we attempted
to capture the evolution of bundles of supramolecular polymers
of 15. This was possible in cHex, owing to the slow rate of
supramolecular polymerization in this solvent. After cooling the
hot monomer solution, aliquots of the solution were spin-
coated onto a highly oriented pyrolytic graphite (HOPG)
substrate at various times for AFM measurements. Even in the
earliest stages (30 minutes after cooling), short supramolecular

Fig.1 AFM images of supramolecular polymers of (a and b) 1g and (c
and d) 1,5 prepared in (a and c) nHex and (b and d) iOc: 50 uM; highly
oriented pyrolytic graphite (HOPG) substrates; scale bar = (a and b)
200 nmand (cand d) =1 um.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Successive AFM images of supramolecular polymers captured
at (a) 30 min, (b) 60 min, and (c) 90 min after cooling a hot 50 pM
solution of 1g in cHex; scale bar = 100 nm. The solution was stirred at
400 rpm at room temperature. (d) SEM image (scale bar = 5 um) of the
xerogel of 1g prepared from a 1 mM solution in cHex, (inset) photo-
graph of the organogel. (e) XRD pattern of the xerogel of 1g.

polymers had assembled laterally, indicating the occurrence of
secondary nucleation (Fig. 2a)."* Over time, fibrous aggregates
grew further through elongation and bundling (Fig. 2b and c).
Finally, precipitates displaying birefringence appeared
(Fig. S10%), thus suggesting that agglomeration observed
throughout the above processes occurred in solution and not on
the HOPG substrate. This result clearly indicates that the
triphenylene-based supramolecular polymers have a strong
propensity to undergo bundling.

At a higher concentration (1 mM), 15 formed a translucent or
opaque gel, suggesting the formation of large aggregates
capable of scattering visible light (ESL; Fig, S8at), whereas 1,5
precipitated in most of the solvents tested (ESI; Fig. S8bt). A
xerogel of 15 freeze-dried from cHex consisted of a dense
network of thick fibrous aggregates with diameters of 50
nm-—1.5 pm, as observed by scanning electron microscopy
(SEM) (Fig. 2d). Powder X-ray diffraction (XRD) measurement of
the xerogel showed clear diffraction peaks attributable to
a hexagonal packing of 1D columns of 13 (Fig. 2e). Because of
the crystalline nature of the aggregates, the organogels readily
collapsed upon mechanical agitation, and solid materials
separated out in the solvent (ESI; Fig. S117), which made it
difficult to process the supramolecular polymers to form films
or threads. These results confirmed that lateral interactions
between 1D supramolecular polymer chains dictates macro-
scopic properties of supramolecular polymers.

A new monomer design: random introduction of peripheral
alkyl chains

Although octyl and octadecyl chains were individually found to
be unsuitable for the purposes of this study, we surmised that

Chem. Sci., 2023, 14, 822-826 | 823
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a random mixture of the two types of chain might lead to
a different situation. With this in mind, we designed a new
monomer 1,,q in which octyl and octadecyl chains were
randomly introduced (1,4 in Chart 1). We expected that the
randomness of the side chains would perturb the surfaces of the
supramolecular polymer chains and would prevent them from
bundling (Fig. 3¢). To this end, the ratio of the two types of alkyl
chain in a monomer is a matter of interest, and our first choice
was 1:1 molar ratio, as it had been reported in a study on self-
assembled monolayers (SAMs) that the greatest degree of
disorder in a longer alkanethiolate was observed with equi-
molar amounts of a shorter alkanethiolate.™ In 1,4, Statistically
there are about 8000 possible combinations (i.e., distinct
monomers) in terms of the proportions and positions of the two
alkyl chains. The average number of the octadecyl chains in
a monomer is nine; monomers with nine such units comprise
18.5% of the mixture (Fig. 4c). Monomers with fewer than six or
more than twelve octadecyl chains are in the minority (4.8%
each), and the proportion substituted exclusively with octyl or
octadecyl chain (i.e., 13 and 1,4) is negligible (0.0004%). The
synthesis of 1,,4 was straightforward (Fig. 4a, see ESI; Scheme
S1 and S27). First, 1:1 mixture of 1-bromooctane and 1-bro-
mooctadecane was reacted with methyl 3,4,5-trihydrox-
ybenzoate (methyl gallate) to afford 2,,q9. Using the mixture of
precursors bearing octyl or octadecyl chains (Fig. 4b), 1,,q4 Was
synthesised through common reactions. The number of
aliphatic protons in 1,9 determined by "H NMR spectroscopy
agreed with the expected average value (ESI; Fig. S21). MALDI-
TOF mass spectrometry showed the presence of monomers
with distinct molecular weights (ESI; Fig. S127). These results
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Fig. 4 (a) Random introduction of two different alkyl chains and
synthesis of 1,,q. The proportions of the octadecyl chains in (b)
precursor 2,,4 and (c) monomer 1,.4.

confirmed the random introduction of octyl and octadecyl
chains to the triphenylene core.

Supramolecular polymerization of 1,,q was investigated in
a variety of aliphatic solvents. At a relatively high concentration
(1 mM), 1,49 formed transparent organogels in linear or
branched aliphatic solvents. In contrast to organogels of 14 (see
above), those of 1,,q4 were converted into homogeneous solu-
tions upon mechanical agitation (ESI; Fig. S137). In addition,
after 2 days, the organogel reformed without any precipitation
or phase separation (so-called thixotropic behaviour). AFM
measurements showed that bundling was suppressed with 1,49
(50 uM in nHex and iOc; Fig. 3a and b). For comparison, we
investigated the supramolecular copolymerization of 15 and 144

O =N w
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Fig. 3 AFM images of supramolecular polymers of 1,,4 prepared in (a) nHex and (b) iOc (50 uM); scale bar = 300 nm. (c) Schematic repre-
sentation of supramolecular polymerization of 1,,4; bundling processes appear to be prevented owing to the surface engineering. (d) AFM image
of individually separated supramolecular polymer chains of 1,,4 prepared by seeded supramolecular polymerization in a cHex/iOc mixed solvent
(1 mM); scale bar = 1 um. (inset) photograph of the solution containing it. (€) Height measurements across the green line on (d).
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(a) Photograph of a thread drawn from a concentrated solution of 1,,4 prepared by seeded polymerization (Fig. 3d): scale bar = 5 mm.

POM images of the thread on a glass substrate with the thread rotated (b) 45°and (c) 0°/90°with respect to the polarizer/analyser: scale bar =100
um. (d) SEM image of the thread: scale bar =20 pm. (e) Optical micrograph of a knotted thread: scale bar = 500 um. (f) Schematic representation
of the experimental setup for 2D GI-WAXD. (g) Angle-dependence of the peak intensity for 260 = 1.7°-2.7° (ca. 3.9 nm) in the 2D GI-WAXD with

respect to 3, as shown in (f).

(1:1 molar ratio [1g + 1;5] = 1 mM in nHex); the resulting
organogel consisted of bundled supramolecular polymer chains
and did not show the abovementioned thixotropic behaviour
(ESL; Fig. S14t). We infer that 1g and 1,5 do not copolymerize
completely randomly because of the difference in their supra-
molecular polymerization kinetics.

As in the case of 15, 1,59 did not undergo spontaneous
supramolecular polymerization in cHex. However, the addition
of short supramolecular polymers of 1,,q prepared in iOc
(Fig. 3b) as ‘seeds’ to the cHex solution of 1,,4 initiated its 1D
supramolecular polymerization (ESI; Fig. S15t). For reference,
1,5 was unable to form 1D supramolecular polymers with the
addition of the seeds of 1,,4. Interestingly, the seeded supra-
molecular polymerization did not result in the formation of an
organogel, but instead afforded a viscous solution, even at
a higher concentration (1 mM). We infer that the supramolec-
ular polymers propagated in a controlled fashion in terms of
their primary and secondary nucleation processes through the
seeded growth. Gratifyingly, very long, individually separated
supramolecular polymer chains were observed in the viscous
solution (Fig. 3d and e and S16; ESIT).

Solution processing of supramolecular polymer

With this concentrated solution of the supramolecular polymer
in hand, we were able to fabricate self-standing films (ESI;
Fig. S171) and threads. For example, a thread about 10 cm long
was manually drawn from the solution by using a needle
(Fig. 5a). Polarized optical microscopy (POM) under crossed
polarizers revealed that supramolecular polymers of 1,,q were
highly aligned along the thread (Fig. 5b and c). We carried out
grazing-incident wide-angle X-ray diffraction (GI-WAXD)
measurements with the X-ray beam parallel and perpendic-
ular to the long axis of the threads (Fig. 5f). Although weak in
intensity, a diffraction with a d spacing of 3.9 nm, consistent

© 2023 The Author(s). Published by the Royal Society of Chemistry

with the diameter of 1,,,4, was observed by two-dimensional (2D)
WAXD. The diffraction was observed as an anisotropic and an
isotropic pattern with respect to the angle 8 (Fig. 5f) when the
incident X-ray beam were perpendicular and parallel to the long
axis of the thread, respectively. This result indicates that
supramolecular polymers were aligned along the long axis of
the thread (Fig. 5g). Remarkably, the dried thread was suffi-
ciently flexible to permit it to be tied in a knot (Fig. 5e). It should
be noted that such homogeneous solution processing was not
possible with individual 1g, 1,5, or the mixture of 13 and 1,5 (ESI;
Fig. S14%). This result demonstrated an advantage of intro-
ducing randomness at the monomer level.

Conclusions

In conclusion, we presented a simple molecular-design concept
to obtain individually separated supramolecular polymer
chains in organic solvents. It has previously been shown that
electrostatic repulsion is effective in preventing bundling of
supramolecular polymer chains; however, this type of strategy is
generally limited to supramolecular polymerization in aqueous
media.” By using the randomized monomer 1,,4, we demon-
strated that engineering the surface of supramolecular polymer
chains is effective in disturbing lateral interactions, such as
chain-chain coagulation and surface-catalyzed secondary
nucleation. As a result, concentrated solutions of individually
separated supramolecular polymer chains could be prepared
that permitted solution processing of the supramolecular
polymer. We believe that control over the lateral interaction
among supramolecular polymer chains is of great importance
not only for creation of higher-order mesoscopic structures®*®
but also for materialization of supramolecular polymers.*®
Rheological studies on concentrated solutions, films, and
threads containing the resulting supramolecular polymers are
in progress.

Chem. Sci., 2023, 14, 822-826 | 825
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