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Helicity- and Molecular-Weight-Driven Self-Sorting and Assembly of
Helical Polymers towards Two-Dimensional Smectic Architectures and

Selectively Adhesive Gels

Yan-Xiang Li", Lei Xu', Shu-Ming Kang, Li Zhou, Na Liu, and Zong-Quan Wu*

Abstract: Self-sorting plays a crucial role in living systems such
as the selective assembly of DNA and specific folding of
proteins. However, the self-sorting of artificial helical polymers
such as biomacromolecules has rarely been achieved. In this
work, single-handed helical poly(phenyl isocyanide)s bearing
pyrene (Py) and naphthalene (Np) probes were prepared,
which exhibited interesting self-sorting properties driven by
both helicity and molecular weight (M,,) in solution, solid state,
gel, and on the gel surface as well. The polymers with the same
helix sense and similar M,, can self-sort and assemble into well-
defined two-dimensional smectic architectures and form stable
gels in organic solvents. In contrast, mixed polymers with
opposite handedness or different M, were repulsive to each
other and did not aggregate. Moreover, the gels of helical
polymers with the same handedness and similar M, can
recognize themselves and adhere together to form a gel.

Introduction

Helical structures adopted by biological macromolecules
have played indispensable effects in living system such as the
double helix of deoxyribonucleic acid (DNA) and o-helix of
peptides and proteins."¥ The fundamental biological pro-
cesses such as recognition, catalysis, replication, and heredity
are related to helix structures.[*” Self-sorting is one of the
fidelity recognition processes, in which a complex object can
recognize self from non-self and further self-assembly into
well-defined supramolecular architectures.*!!! Biomacromol-
ecules have powerful self-sorting ability, for example proteins
and enzymes can discriminate two enantiomers through
supramolecular interactions and thus facilitate biological
processes.'> ] These chirality-driven self-sorting processes
are also depending on the handedness of the helical struc-
tures. Although a variety of synthetic self-sorting complexes,
driven by metal-ligand coordination, hydrogen bonding,
solvophobic interaction, etc.,"*? have been intensely inves-
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tigated, bioinspired chirality-driven self-sorting systems have
been rarely investigated and were mainly limited to discrete
organic/coordination assemblies.”?") However, self-sorting
of enantiomeric molecules is an effective strategy to achieve
optically active materials via stereoselective self-assembly.
The chiral auto-resolution in which the molecular compo-
nents sort themselves into enantiomeric pure assemblies is
analogous to Louis Pasteur’s resolution on racemic sodium
tartrate to form conglomerate crystals.'*2%%’)

To the best of our knowledge, helicity-driven self-recog-
nition in synthetic assemblies like those in DNA and proteins
is seldom reported. Possible reasons are that single-handed
helical polymers without any chiral moieties, in which the
chirality solely comes from the helix-sense, are very rare.**=
Moreover, the reported helical polymers usually have no
specific recognition units or the units are far from the chiral
moieties. The strong intermolecular interactions and chain
entanglement between long polymer chains usually lead to
stereocomplexes of chiral polymers.* However, helicity-
driven self-sorting is particularly intriguing because it may be
closely related to the origin of homochirality in Nature, and
also attractive to the research fields of chirality recognition,
enantiomer separation, chiral self-assembly and so on.**!

Among the developed helical polymers, polyisocyanide is
of great interesting, because of its unique rod-like helical
structure and wide applications.’**? Polyisocyanide is gen-
erally prepared via the polymerization of the corresponding
isocyanide monomer by using transition metal complexes or
cations as catalysts.**1 However, the recent emerging
mononuclear alkyne-palladium(II) catalysts is of particular
useful, which can catalyze living polymerizations of various
isocyanides and efficiently produce stereoregular polyisocya-
nides in high yields with expected molecular weight (M,) and
low polydispersity (M,/M,).F>*"*] Taking advantage of this
method, a variety of polyisocyanides in different topologies
and broad applications have been facilely prepared.“*** One
of the remarkable attributes of polyisocyanide in practical
applications is its inherent chirality of the helical backbone
because left- and right-handed helices are the mirror image of
one another. Thus, investigating the interaction and recog-
nition of helical polymer itself and disclose the influence of
helicity and M, on the recognition and self-sorting are of great
interesting, which may pave a new avenue toward stereose-
lective fabrication of chiral architectures.

Recently, we have realized a controlled synthesis of
single-handed helical polyisocyanide from achiral isocyanide
monomer using the alkyne-Pd" catalyst carrying chiral
phosphine ligands.F**! The large optical activity of the
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resulting polyisocyanides was solely from the single-handed
helicity, and inexistence of any other chiral moieties on the
chain ends nor on the pendants. This kind of polymers are
ideal systems to investigate the helicity- and M -driven self-
sorting and assembly processes. In this work, we designed and
synthesized a family of single-handed helical polyisocyanides
with controlled M, and low polydispersity bearing pyrene
(Py) and naphthalene (Np) probes on the pendants. Fluores-
cence resonance energy transfer (FRET) and atomic force
microscope (AFM) studies revealed these polymers can
recognize themselves and self-sort in solution, solid state, in
gel and on gel surface, through the discrimination on their
helicity and M,. Polyisocyanides with the same handedness
can recognize themselves and self-assemble into well-defined
two-dimensional (2D) smectic architectures. While the poly-
mers with opposite handedness or largely different in M, are
repulsive to each other and couldn’t aggregate together.
Moreover, owing to strong intermolecular attraction, helical
polymers with the same helicity can form a self-standing gel in
various solvents. The gels could also recognize themselves,
and selectively adhere together and self-healing based on the
discrimination on helicity and M,. The distinct 2D-smectic
architectures with interesting self-recognition and self-healing
properties endow the helical polymers with great potentials in
many fields such as liquid crystallization, self-healing smart
materials, stereoselective aggregation, photonic crystals, and
in circularly polarized luminescence.”>>!

Results and Discussion

Synthesis of single-handed helical polymers. As displayed
in Scheme 1, single-handed helical polyisocyanides bearing
Py or Np probes on the pendants were prepared via the helix-
sense-specific living copolymerization of achiral isocyanide
monomer (1) with 1-Py or 1-Np, respectively bearing Py- or
Np-substituent (ca. 10% content), using Pd" catalysts carry-
ing S- or R-22'-bis(diphenylphosphino)-1,1’-binaphthalene
(S- or R-BINAP) ligands.”” Because of the living and helix-
sense specific characters of the polymerization, a series of left-
handed helices (M-poly-1m-Py, M-poly-lm-Np) and right-
handed polymers (P-poly-1lm-Py, and P-poly-lm-Np) con-
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Scheme 1. Synthesis of the single-handed helical polymers bearing Np-
or Py-probes.
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taining Py- and Np-probes were facilely prepared with
controlled molecular weights (M, =19.6-76.2 kDa) and low
polydispersity (M, /M, =1.20-1.26) (Table S1, Supporting In-
formation (SI)). For comparison, left-handed M-poly-1ms and
right-handed P-poly-1ms without fluorescent labelling were
also prepared. The chemical structures of these polymers
were fully characterized by size exclusion chromatography
(SEC), '"H NMR, and FT-IR as well (Figure S1-S13, SI).

The helix-sense of the synthetic polymers was verified by
absorption and circular dichroism (CD) spectroscopies, and
AFM analyses. As expected, left-handed M-poly-1,5-Py and
M-poly-1,5,-Np showed intense negative CD at the first
Cotton band. While right-handed P-poly-1m-Np and P-poly-
1m-Py showed positive CDs at the same absorption area, and
were mirror image to that of M-poly-1m-Py and M-poly-1m-
Np, regardless of the fluorescence probes (Figure S14, SI).
The absolute molar CD intensities at 364 nm (Aesq,) that
quantitative reflect the enantiomeric excess of one-handed
helix (ee,) were up to 20 M~'cm ™" for all the polymers. Thus,
the ee, values of these polymers were higher than 99 %,
confirmed the single-handed helix-sense of the main
chain.®>*! Additional evidence for the single-handed helical
structure came from the direct AFM observations. Only left-
handed polymer chains could be observed on the AFM image
of M-poly-lm-Py, while AFM images of P-poly-lm-Py
polymers only showed right-handed helical chains (Fig-
ure S15, SI). The ee, values of the polymers estimated by
AFM were generally agree with the CD analyses, and were all
up to 99% > These studies convinced the single-handed
helicity of the synthetic polyisocyanides bearing Py- and Np-
probes. Note that all these polymers have the same chemical
structure except for the helicity and fluorescent probes. The
chiral ligand and the Pd"-terminus were removed after the
polymerization.®” The helical structures were quite stable, no
racemization was observed in THF at 55°C for one week,
probably due to the stabilization by the long alkyl tails and
amide functions (Figure S16, ST).1*!

Helicity-driven self-sorting. Self-sorting capability of the
helical polyisocyanides was first investigated in THF by
FRET method.® Py-Labelled, right-handed P-poly-1,5,-Py
and left-handed M-poly-1,5-Py were, respectively added to
two THF solutions of Np-labeled right-handed P-poly-1,5,-Np
under the same condition (Figure 1a). The M, of the three
polymers were almost the same (Table S1, SI). Fluorescence
spectra of the two mixtures were excited at 290 nm and the
emission intensities at 435 nm of Py and 336 nm of Np were
monitored. Figure 1b showed the time-dependent fluores-
cence spectra of the mixture of P-poly-1;5-Py with P-poly-
1,50-Np. It was found that the Np-emission at 310-390 nm was
gradually decreased, accompanied by a dramatically en-
hanced Py-emission at 390-550 nm. After ca. 144 h, the
fluorescence spectra reached to a maximum and became
constant. The remarkable FRET indicated the dynamic chain
exchange and aggregation of the two polymers. In sharp
contrast, almost no FRET could be detected on the mixture of
P-poly-1,5,-Np and M-poly-1,5,-Py under the same conditions,
even it was incubated for more than one week (Figure 1c).
The structure of P-poly-1,5,-Py and M-poly-1,5,-Py was similar
except for the helicity, thus the different FRET behaviors of
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Figure 1. a) Schematic illustration of helicity-triggered self-sorting of
single-handed helical polymers. Time-dependent fluorescence spectra
of P-poly-1,5o-Np in THF upon the addition of equivalent P-poly-T,54-Py
(b) and M-poly-1,55-Py (c) at 25°C. d) Plot of I /Iy, values of P-poly-
1,50-Np with the presence of P-poly-1,5,-Py (black line), and M-poly-1;5,-
Py (red line) versus incubation time.

the two mixtures can be ascribed to the incompatibility of the
opposite helicity. That is the helical polymers with the same
handedness can dynamic exchanged and aggregated together,
while the mixed polymers with opposite handedness were
repulsive to each other and self-sorted. The helicity-driven
self-sorting was further investigated by treating two THF
solutions of P-poly-1,5,-Np, respectively with various amounts
of M-poly-1,5-Py and P-poly-1,5-Py under identical condi-
tions. The addition of P-poly-1,5-Py induced a clear FRET
due to the chain exchange and aggregation of the two
polymers with the same helicity, even only 0.1 equivalent of
P-poly-1,5-Py was added (Figure S17a, SI). In contrast, no
FRET could be discerned upon the addition of M-poly-1,5,-Py
with the opposite handedness to that of P-poly-1,5,-Np, even
20 times equivalent were used (Figure S17b,ST). These results
confirmed that the helicity can drive the polymers to
recognize themselves and self-sorted in solution.

The primary results suggested the helical polymer can
recognize self from non-self in mixed complexes with similar
structures. To further verify this self-recognition process, two
equivalent mixtures of P-poly-1,5,-Np and unlabeled M-poly-
1,5, solutions were, respectively treated with P-poly-1,5,-Py
and M-poly-1,5,-Py under identical conditions (Figure 2a). As
anticipated, the addition of P-poly-1,s5,-Py gradually induced
an intense Py-emission at 390-550 nm through FRET process
(Figure 2b), and the emission increased with the incubation
time. Whereas, the addition of M-poly-1,5,-Py to the P-poly-
1,5-Np/M-poly-1,5, mixture could not induce detectable
FRET (Figure S18, SI). Accordingly, similar dynamic poly-
mer exchange was also observed on the respective additions
of M-poly-1,5,-Py and P-poly-1,5,-Py to the mixtures contain-
ing equivalent amount of unlabeled P-poly-1;5, and Np-
labelled M-poly-1,5-Np. In which only M-poly-1,5,-Py could
induced FRET of the mixture. These results crucially
suggested that the dynamic polymer chain exchange and
aggregation exclusively occurred among the polymers with
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Figure 2. a) Schematic illustration for the helicity-triggered selective
chain exchange and aggregation. b) Time-dependent fluorescent spec-
tra of equivalent mixtures of P-poly-1,5,-Np/M-poly-1,5, in THF with the
presence of P-poly-T,5-Py at 25°C (¢=0.05 mgmL™"). ) Plot of I, /Iy,
values against the incubation time of the P-poly-1,5,-Np/M-poly-1;s5,
mixture with the presence of P-poly-1,5o-Py (black line) and M-poly-1;5o-
Py (red line), respectively.

the same helicity, and further supported the helical polymers
can recognize themselves via the discrimination on helix-
sense.

The abovementioned helicity-driven self-sorting of helical
polymers could occur in other common solvents, including
CHC(l;, toluene, n-hexane, and n-dodecane (Figure S19, SI).
While THF is the best among the tested solvents. The self-
sorting behavior was related the solvation ability of the
solvents (Table S2), the higher solvation ability, the better
self-sorting. Moreover, temperature also paly important role
on the recognition and self-sorting process. As shown in
Figure S20 in SI, the helicity-driven dynamic polymer chains
exchange was faster at evaluated temperature. Quantitative
analysis on the self-sorting kinetics revealed that it was about
6.5 times faster at 25°C than that at 5°C (Figure S20f, SI).
Because the higher temperature can accelerate the thermal
motion of polymer chains and then facilitate the disassembly
and self-assembly process.

Remarkably, helicity-driven self-sorting had clearly be
observed on the equivalent mixtures of M-poly-1,y-Py/M-
poly-1,0-Np, M-poly-1,5-Py/M-poly-1,5,-Np, M-poly-1,,-Py/
M-poly-1,,-Np, and M-poly-15,-Py/M-poly-15,-Np in same
helicity and similar M, values (Figure S21, SI). While the rate
and extent of the self-sorting were different and depending on
M, of the mixtures. The mixed polymers with higher M,
values can induced intense FRET more quickly (Figure S21d,
SI), indicating the longer polymer chains, the stronger
intermolecular interactions. For example, the mixture of M-
poly-1,4-Py/M-poly-1,,-Np reached a balance FRET within
72 h, while it took ca. 168 h to get a balance for the mixture of
M-poly-15-Py/M-poly-15,-Np with shorter chain length (Fig-
ure S21, SI). These results suggested the higher M, can
promote the helicity-driven recognition and self-sorting.

The effect of M, on the helicity-driven self-sorting
inspired us to investigate whether chain-length can promote
the self-sorting process alone (Figure 3a). Thus, five Py-
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Figure 3. a) Schematic illustration of chain length triggered polymer
chain exchange and aggregation. b) Plot of I/, versus incubation
time of P-poly-1,5-Np with the presence of P-poly-1,4,-Py (black line),
P-poly-1,50-Py (red line), P-poly-1,4,-Py (blue line), and P-poly-15,-Py
(pink line) in THF at room temperature. AFM images of M-poly-1,5,/P-
poly-1:50 (c), and M-poly-1,50/M-poly-15, (d) mixtures cast from THF
solution on HOPG at 25°C.

labelled right-handed polymers (P-poly-15,-Py, P-poly-1g,-Py,
P-poly-1,,,-Py, P-poly-1,5,-Py, and P-poly-1,y,-Py) with differ-
ent M, values and low dispersity (M,/M,=1.21-1.26) were,
respectively added to five THF solutions of P-poly-1,5-Np at
25°C under the same condition. Although all the polymers
were right-handed, the process of the self-sorting and the
dynamic polymer chain exchange were quite different and
were related to M, (Figure 3b, and Figure S22 in SI). The
mixed polymers with similar M, (P-poly-1,s5,-Py/P-poly-1,s,-
Np) can quickly induced a strong FRET, while the mixed P-
poly-1,5,-Np/P-poly-15,-Py with large different M, couldn’t
induced a remarkable FRET under the same condition. These
results suggested the difference in M, played important effect
on the self-sorting process. Accordingly, the mixtures of left-
handed helices with different M, values also exhibited similar
FRET results, which confirmed the helical polymers can
recognize themselves via the differentiation on both helicity
and M,. It is worthy to mention that all the tested polymers
with different M, values have good solubility in THF, and the
self-sorting experiments were carried out at the concentration
much lower than their solubility (Table S3).

Self-assembled 2D-smectic architectures. The morphol-
ogy of the self-sorted helical polymers was then investigated.
AFM studies revealed the helical polymers were self-assem-
bled into well-defined 2D-smectic structures. Figure 3¢ dis-
played the AFM image casted from THF solution of the
equivalent mixture of M-poly-1,5,/P-poly-1;5, on highly ori-
ented pyrolytic graphite (HOPG).>** The helical polymer
chains were parallel bundled together into a single molecular
layer film with ca. 2.20 nm in height (Figure S23, SI). The
average length of polymer chains was ca. 38 nm and in good
homogeneity. It was found that the polymers were self-sorted
based on the helix-sense, and the same handed helices were
closely bundled together into 2D-smectic structures through
differentiation on the helicity. The boundary of the right- and
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left-handed helical polymer domains can be clearly distin-
guished (green dotted line in Figure 3 c). These results further
confirmed the helicity-driven self-sorting of single-handed
helical polymers can not only occurred in solution but also in
solid state. Moreover, the M, -driven self-sorting was also
confirmed by AFM. AFM image of the equivalent mixture of
M-poly-1,5/M-poly-15, casted from the THF solution was
showed in Figure 3d. Two kind of polymers with chain length
of ca. 38 and ca. 15 nm were clearly observed, which were,
respectively corresponding to M-poly-1,5, and M-poly-15,
polymers. As anticipated, the polymer chains were compacted
bundle together into a single molecular layer film, and were
compartmentalized into several 2D-smectic domains based
on chain length (Figure 3d). In each domain, the polymers
have similar chain lengths, further supported M -driven self-
sorting of the helical polymers.

Self-sorting in gels. Because of strong intermolecular
interactions, the helical polymers can form stable gels in
organic solvents including n-hexane, n-dodecane and toluene.
However, the gelation ability was also depending on the
helicity and M,. The mixed polymers with the same helicity
and similar M, were easily to form stable gels. For example,
single-handed helices like M-poly-1;5, (or P-poly-1;5,) can
formed self-standing gels in n-hexane and n-dodecane with
the concentration as low as 25 mgmL™"' (ca. 3 wt. %) (Fig-
ure 4a). In contrast, equivalent mixture of M-poly-1,5, and P-
poly-1,5, with similar M, but were opposite in handedness was
hard to form a gel even the concentration was increased to
50 mgmL~' and stand at room temperature for one week
(Figure 4b). Rheology studies also supported the helicity-
depending gelation, the storage moduli (G") of left-handed M-
poly-1,5, in n-dodecane was larger than the loss moduli (G”)
for all the probed frequencies, indicative a typical gel-like
material response (Figure 4¢).°”! Similarly, right-handed P-
poly-1;5, showed a similar rheology behavior to that of M-
poly-1;5, due to the strong gelation ability. However, the
rheology of the equivalent mixture of P-poly-1,5,/M-poly-1;5,
was quite different, the modulus values were several orders of

10*
() £1(
sooss60668888888) U
©10? poo?" jemt| @
e e nu® a 10 @
@ o " 4 g .
S0 o_m S0 coa®"
=] o = ° 0C el
<§> o =G G § fm | =G 6"
jozfm ™ A & Mepoly-ig, 10 A 2 Mpoly-1ys
¢ O P-poly-1,5, 108 ¢ O M-poly-1g,
ich = O M'poly'1@ + P-poly-15| = O M-poly-1,5, + M-poly-15,

10" 10° 10 1 10" 10°. 10' 10?
Angular Frequency (rad/s) Angular Frequency (rad/s)

Figure 4. Photographs of M-poly-1,5, (a), equivalent mixture of M-poly-
1150/ P-poly-1;50 (b), M-poly-15, (c), and equivalent mixture of M-poly-
1150/ M-poly-1sy (d) in n-dodecane at room temperature

(¢=25 mgmL™"). Viscoelastic moduli G’ (») (closed symbols) and G”
(w) (open symbols) for M-poly-1,5, (black), P-poly-1,5, (red) and
equivalent mixture of M-poly-1,50/P-poly-1,5, (blue) (e), and M-poly-1;5,
(black), M-poly-15y (red) and equivalent mixture of M-poly-1,5,/ M-poly-
15, (blue) (f) recorded in n-dodecane.
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magnitude smaller than those of pure M-poly-1,5, or P-poly-
1,5,. Moreover, the G’ was dominant lower than G”, consistent
to a typical solution-like rheology response.””!

The single-handed helical polymers were prone to form
a stable gel, even the degree of the polymerization (DP) was
lower than 50. For instance, both M-poly-1,5, and M-poly-15,
can independently formed self-standing gels in n-dodecane
(Figure 4c). However, because of the M,-driven self-sorting,
the equivalent mixture of M-poly-1,5¢/M-poly-15, with the
same helicity but different in M, was hard to form a gel
(Figure 4d), even the concentration was increased to
100 mgmL ' and stand for one week. More evidences came
from the rheology measurements. As outlined in Figure 4f,
single handed helical polymers with low M, also had high G’
and G” values. For example, the G’ and G” were 200 and
100 Pa for M-poly-15,, respectively, similar to those of M-poly-
1,5, with higher M. Remarkably, the mixture of long M-poly-
1,5, with short M-poly-1y, with the same left-handed helicity,
the G' and G” values decreased dramatically (Figure 4 f).
Furthermore, G' was clearly lower than G”, suggested the
mixture of the two polymers was a solution-like state.”’ These
results further confirmed the different intermolecular inter-
action between the polymers with different helicity and M,
and also supported the self-sorting capability in gelation.

More interestingly, the helicity- and M -driven self-sorting
of helical polymers also existed on gel surface, which endowed
the gels with selective adhesion property. As depicted in
Figure 5, the gels formed from helical polymers with the same
helicity and similar M, were very easy to adhere together due
to the dynamic chain exchange on the interface of the two
gels. For example, two cut M-poly-15, gels can tightly adhere
together and self-healed immediately when they were con-
tacted together (Figure5a, and videol in SI). Similar
phenomenon was also observed on the cut P-poly-1;5, gels
(Figure 5b, and video 2 in SI). Tensile tests revealed the
ultimate stress was =~ 1.0 MPa for the original P-poly-1;5, gel,

Figure 5. Photographs of selective adhesion and healing properties of
M-poly-1;5, gel (a), P-poly-1;5, gel (b), and M-poly-1,5, gel with P-poly-
1150 gel (). The gels were prepared in n-dodecane at room temper-
ature. The M-poly-1,5, gel was colored with methylene blue for
comparison.
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and was 0.7 MPa for the repaired gel, indicated ca. 70%
strength was recovered (Figure S24, SI). These results can be
ascribed to the chain exchange between polymers with the
same helicity on interface of the two gels. In sharp contrast, no
adhesion and self-healing could be observed when the cut M-
poly-1,5, gel was contacted with P-poly-1,5, gel (Figure 5c,
and video 3 in SI), because of the helicity-driven self-sorting
and slow chain exchange on the gel surface between the
helical polymers with the opposite handedness. Similar results
can also be found on the polymers with the same helicity but
largely different in M,. No adhesion was observed when the
cut gels of long M-poly-1,5, and short M-poly-15, possessing
the same helicity were contact together, even they were
contacted together for 24 h (Figure S25, and video 4 and 5 in
SI). These investigations revealed that the helical polymers
can recognize themselves and selective adhered together and
self-healing on the basis of both the helicity and M, not only
in solution, in solid state, in gel, but also on gel surface.

Conclusion

We have synthesized a series of Np- and Py-labelled,
single-handed helical polyisocyanides. These polymers
showed interestingly self-sorting properties driven by both
the helicity and M,. The helical polymers can recognize
themselves through differentiation on either helicity or M, in
solution, solid state, gel and on gel surface as well, via
dynamically chain exchange and aggregation processes. The
present work not only achieve a breakthrough in self-
recognition on complex macromolecular level, but also bring
out an innovative stereoselective self-assembly strategy for
fabricating dynamic supramolecular architectures applicable
to various research fields such as self-recognition, chiral auto-
resolution, liquid crystallization, self-healing materials and so
on.
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