Helical-Sense Matching Facilitates Supramolecular Copolymerization
of Helical-Chiral Pillar[5]arenes
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ABSTRACT: Supramolecular polymerization using two-dimensional m-conjugated chiral monomers has been mainly demon-
strated because the supramolecular polymerization can be controlled by stereocommunication through m-m stacking be-
tween the two-dimensional chiral monomers. We herein report supramolecular copolymerization utilizing three-dimensional
pentahedrons with twisted helical chirality through different combinations of helical-chiral acidic and basic pillar[5]arenes
as comonomers. In this case, helical-sense matching is key to facilitate the supramolecular copolymerization. Based on the
unique helical chirality of the three-dimensional pillared structure of the pillar[5]arenes and alternate ion-pairing interac-
tions between acidic and basic groups on their bilateral rims, the homochiral helical-sense matching system forms kinetically
stable nanowire-shaped supramolecular copolymers, generating the supramolecular gel in high concentration. At elevated
temperatures, the nanowire structure undergoes a transformation into thermodynamically stable nanoparticles, resulting in
gel-to-sol transition. This process can be hindered by introducing linear guest molecules, which prohibit the units swing of
pillar[5]arenes and stabilize the nanowires and supramolecular gel. By tailoring the enantiomeric ratio (e.r.) values of the
chiral combinations, the helical-sense-dependent gel-to-sol transition was realized, specifically by decreasing the e.r. values.
Because of helical-sense mismatching, the heterochiral system generates short, branched nanowires and presents as a turbid
solution. These distinct differences reveal that the helical-sense matching between three-dimensional chiral pillar[5]arene
comonomers is important for supramolecular copolymerization.

INTRODUCTION

Supramolecular polymerization has become an efficient tool
in material science for its exceptional ability to organize mo-
lecular building blocks into ordered nanostructures.! By un-
derstanding deeper insights into the polymerization pro-
cesses,? structural diversity and polymerization growth
control of supramolecular polymers through kinetic path-
ways have been achieved by various strategies such as mo-
lecular design of monomers, seeded living polymerization,*
topologies of self-assembled structures,> and copolymeriza-
tion.® In these supramolecular polymerization systems, in-
corporating chirality into monomers offers an effective ap-
proach to control the supramolecular polymerization
through stereocommunication between chiral monomers.”

For the molecular design of monomers, two-dimensional
(2D) m-conjugated molecules have been widely used in

supramolecular polymerization because continuous T-m
stacking between the monomers can be used as a reliable
assembly driving force® However, supramolecular
polymerization utilizing three-dimensional (3D) chiral
building blocks has been very rare to date because of the dif-
ficulties in introducing suitable interaction sites to generate
supramolecular polymers.® Additionally, the impact of ste-
reocommunication between 3D monomers on the resulting
polymeric structures remains unclear. To overcome these
difficulties, using 3D highly symmetrical macrocycles is one
of the good choices because the interaction sites can be in-
stalled at suitable positions to achieve the stereocommuni-
cation.’® Hence, realizing supramolecular polymerization
utilizing 3D chiral macrocycles can reveal new types of su-
pramolecular assembly principles.

Pillar[n]arenes, characterized by 3D pillar-shaped
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Figure 1. (a) Chemical structures of helical-chiral acidic and basic P5As. (b) Schematic representation of chirality-controlled supra-
molecular copolymerization by different combinations of chiral P5As.

macrocyclic structures,!? exhibit unique helical chirality and
excellent host-guest complexation affinity because of the di-
rectional array of units along their 3D skeletons.!213 Func-
tional groups that drive self-assembly can be installed on
the bilateral rims of pillar[n]arenes, thus the construction of
self-assembled one-dimensional organic nanotubes has
been achieved.1*1¢ We previously reported the construction
of discrete homochiral trimeric nanotubes through multiple
ion-pairing interactions between a per-amino-pil-
lar[5]arene (P5A) and rim-differentiated P5A penta-acid,!®
in which the chiral match of P5As through ion-pair interac-
tions selectively formed homochiral trimeric nanotubes. In
this system, rotation and swinging of the units are im-
portant points to form rigid trimeric nanotubes with five-
fold helical structures. Guest inclusion can also reduce the
swing effect and enhance the rigidity of P5As.

In the present study, we investigated supramolecular copol-
ymerization using 3D helical-chiral P5As as building blocks.
We selected peracid-P5A 1, bearing ten benzoic acid groups
on the rims, and peramino-P5A 2, bearing ten amino groups
on the rims, as chiral comonomers (Figure 1a). Owing to
these bulky substituents, their unit rotation is inhibited,
thus helical-chiral P and M configurations of acidic and basic
P5As can be separated by chiral HPLC. The alternate multi-
ple ion-pairing interactions between the bilateral acid and
base groups of P5As serve as the driving force to initiate su-
pramolecular copolymerization.1617

In this copolymerization system, we discovered that helical-
sense matching is key to facilitate the supramolecular copol-
ymerization (Figure 1b). Helical-sense-matched 1 and 2
homo combination, e.g, M-1 and M-2, formed kinetically
stable long tubular nanowires at low concentration, and su-
pramolecular gels at high concentration. On the other hand,
helical-sense-mismatched hetero combination, e.g., M-1 and
P-2,produced a turbid solution due to the formation of short
nanotubes with branched structures. Helical-sense

dependent gel-to-sol change was also realized by regulating
the enantiomeric ratio (e.r.) of the chiral components. More-
over, the supramolecular copolymerization of the homo
combination presented dynamic behavior. The homo gel
was initially formed by kinetic trap and transformed into
turbid solution because of the formation of thermodynami-
cally stable nanoparticles at elevated temperature. Upon the
addition of guest molecules, the reduced units swing of P5As
due to host-guest complexation resulted in inhibition of
nanowire-to-nanoparticle transition and gel-to-sol trans-
formation, leading to a stabilized gel state. Hence, the host-
guest complexation provides a new way to control the su-
pramolecular copolymer formation through reducing the
flexibility of the 3D macrocycles. The present results suggest
that helical-chiral P5As are promising 3D chiral monomers
for the construction of chiral supramolecular copolymers,
which exhibit dynamic behavior controlled by host-guest
complexation.

RESULT AND DISCUSSION
Optical resolution of 1

For acidic P5A 1, the bulky substituents hinder free rotation
of P5A units, resulting in fixed helical chirality, which was
confirmed by 'H NMR measurement (Figure S19). Direct op-
tical resolution of 1 proved to be challenging because of the
ten polar benzoic acid groups. To achieve the enantiomeric
separation of 1, optical resolution of the P5A ester precur-
sor 3, containing methyl benzoate groups, was conducted by
chiral HPLC (Figure S1).14c The obtained two fractions were
found to be highly pure, as indicated by the HPLC traces of
the reinjected fractions. The CD spectra for the two fractions
presented mirror images (Figure S5), confirming their en-
antiomeric relationship. On the basis of the Cotton-effect
signal at approximately 310 nm derived from the m-n* tran-
sition of P5A skeletons, the first and second fractions were
assigned as M-3 and P-3, respectively. Enantiomeric 1 was
obtained by hydrolysis of the separated enantiomers at
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Figure 2. (a) AFM images and (b)size distributions of homo (M-1 and M-2), hetero (M-1 and P-2), and racemate combina-
tions (chloroform/DMSO = 1:1 (v/v), each monomer: 0.2 mM) by DLS measurement.
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Figure 3. (a) Schematics and photographs of the homo, hetero, and racemate combinations. (b) Storage and loss shear modulus of
homo (M-1 and M-2) as a function of strain amplitude or frequency. (c) Flow behavior of homo (M-1 and M-2), hetero (M-1 and P-2)
and racemate combinations at high shear rates. (chloroform/DMSO = 1:1 (v/v), each monomer: 0.4 mM, 25 °C).

room temperature (Scheme S1). The obtained M-1 and P-1
present mirror CD spectra, and their intensities were re-
tained for three months in a 1:1 (v/v) chloroform-DMSO
mixture at room temperature, indicating high enantiomeric
stability (Figure S6). The synthesis and optical resolution of
peramino-P5A 2 were conducted by a previously reported
method.!>

Facilitation of supramolecular copolymerization by hel-
ical-sense matching

The supramolecular copolymerization behaviors of three
different combinations of 1 and 2 were investigated. These
were the combination of fractions with the same chirality
(M-1 and M-2, or P-1 and P-2), i.e, homo; the combination
of opposite chirality fractions (M-1 and P-2, or P-1 and M-2),
i.e, hetero; and the combination of racemic 1 and 2, labeled
‘racemate’. Owing to the poor solubility of 1 and the effect
of solvent polarity on the strength of ion-pairing interaction
(Table S1), the supramolecular copolymerization was con-
ducted by mixing 1 in DMSO and an equivalent concentra-
tion of 2 in chloroform at a ratio of 1:1 (v/v). We found the
supramolecular copolymer formation in the homo combi-
nation at concentrations below 0.4 mM and gel formation at
a concentration of 0.4 mM.

At a concentration of 0.2 mM, the homo and racemate mix-
tures presented transparent solution, while the hetero mix-
tures gave a suspension. The morphologies of the three
combinations presented significant differences. In the
homo case, distinct long nanowire structures were ob-
served by atomic force microscopy (AFM) (Figure 2a). The

smallest height profile of the nanowire observed was deter-
mined to be ~4.77 nm. Given the size of P5A (diameter: ca.
4.7 A), this result indicates that the nanowires are not uni-
molecularly dispersed but bundled together. Conversely,
the hetero combination exhibited short, branched nan-
owires. The observed smallest height profile of the short
nanowires was ~7.23 nm, indicating that the ionic interac-
tion between diastereomeric 1 and 2 also promoted tubu-
lar-structure formation and led to the formation of bundled
nanowires, but the helical-sense mismatching hindered for-
mation of longer nanowires. For the racemate combination,
nanoparticles and long nanowires were observed simulta-
neously.

Dynamic light scattering (DLS) further revealed the supra-
molecular polymer formation. The homo mixture exhibited
a sharp peak with a large average size 0f 4150 nm, while the
hetero mixture displayed a broad peak with a much smaller
average size of around 459 nm (Figure 2b). The racemate
mixture showed two distinct peaks, indicating the presence
of two morphologies in solution: a prominent peak averag-
ing 13 nm and a smaller peak averaging 4800 nm. These size
differences correspond well with the distinct morphologies
of nanowires and nanoparticles observed in the AFM images.
Furthermore, the diameters of the homo mixture increased
with increasing concentrations (Figure S2), suggesting the
supramolecular polymer growth and bundling by increasing
the concentrations.

At a higher concentration of 0.4 mM (0.15% w/v), the homo
mixture generated a transparent gel (Figure 3a) with a gel-



to-sol transition temperature (Tge) of 58 °C. By shaking the
homo gel, the gel transferred to a sol state, indicating that
the gel exhibited thixotropic behavior. From TEM measure-
ments, the nanowire structures were observed in the gel,
but the nanowire transformed into nanoparticles and amor-

phous structures in the sol obtained by shaking (Figure S22).

This result suggested that the nanowire structure is im-
portant for maintaining the gel state. The shaken sample re-
formed into a gel after 10 seconds to 30 minutes. However,
this self-healing ability was lost after three or four repeti-
tions.

Conversely, the hetero and racemate combinations at the
concentration of 0.4 mM remained a suspension and a trans-
parent solution, respectively (Figure 3a). The significant dif-
ferences suggested that helical-sense matching of the homo
combination is critical for the supramolecular copolymeri-
zation and gel formation, which was supported by calcula-
tions of the discrete trimeric homochiral tubular structure
formation of P5As from our previous work, representing a
partial structural model of the tubular nanowire.1>

The formation of the gel in the homo combination was con-
firmed by dynamic mechanical analysis using strain ampli-
tude (yo) and frequency (f) (Figure 3b). At sufficiently small
yo values, the storage shear modulus (G') remained inde-
pendent of both yo and f, and was significantly larger than
the loss shear modulus (G"), indicating a gel state under qui-
escent conditions. In contrast, the hetero combination
showed typical behavior of low-viscosity Newtonian fluid,
where G" scaled linearly with fand the phase angle (&) ap-
proached 90° (Figure S4), reflecting a liquid behavior.

For the homo gel, when yo exceeded approximately 1, G' de-
creased with increasing yo, while G" surpassed G' (Figure
3b). This thixotropic behavior suggests that the nanowire
structures present in the gel state are disrupted into nano-
particles and amorphous structures under high strain, as
observed by the TEM images (Figure S22). These results im-
ply that the gel structure is primarily supported by nan-
owire assemblies.

Figure 3c compares the flow behavior at high shear rates for
the homo, racemate, and hetero combinations. The viscos-
ity of the homo mixture remained considerably higher than
that of the other two at high shear rates, likely due to the
presence of nanowires that are shortened under high strain.
Rheological analysis reveals the crucial role of helical-sense
matching in the formation of the supramolecular gel.

The chiral information of the supramolecular copolymeriza-
tion structures was further explored by circular dichroism
(CD) analysis. The hetero and racemate patterns showed
almost no CD signals because enantiomeric P5A skeletons
exist in the 1:1 combination (Figure S7). In the homo case,
the supramolecular gel presented an intense CD signal at
312 nm, the intensity of which was 1.3 times higher than the
sum of the CD signals of the overlapped 1 and 2 monomers
(Figure 4a). The increased CD intensity is attributed to the
fixed units swing upon formation of the supramolecular tub-
ular structure.!8

To monitor the supramolecular gel formation in the homo
combination, time-dependent CD measurement was per-
formed. Consistent CD spectra were observed with time, in-
dicating that nanowires formed immediately upon mixing of
the comonomers (Figure S8). However, vigorous shaking of

the gel resulted in obvious fluctuations of CD spectra (Figure
S9), attributed to inhomogeneous structure formation,
which was consistent with the TEM results (Figure S22).

Helical-sense-dependent gel formation by regulating
enantiomeric ratios

To investigate the importance of helical-sense matching on
supramolecular gel formation, the e.r. values of the M homo
combination were gradually changed. As described in Fig-
ure 4b, solely decrease the e.r. value of M-1 from 100% to 0,
supramolecular gel started to become a turbid solution
when the e.r. value was less than 40%. The CD intensity at
around 314 nm exhibited a linear correlation with the e.r.
value, indicating that combination of the remaining homo
monomers changed linearly with e.r. value (Figure S11).
Meanwhile, nanowires and nanoparticles were observed in
morphology and their relative content varied with e.r. value
(Figure S26). Specifically, the nanoparticles increased sig-
nificantly with decreasing e.r. values, resulting in inefficient
support for the gel structure and hence transformation into
a turbid solution.
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Figure 4. (a) CD and UV-Vis spectra of the M homo gel
(chloroform/ DMSO = 1:1 (v/v), each monomer: 0.4 mM,
25 °C), M-1 and M-2 monomers, and the overlap spectra of
M-1 and M-2. (b) Helical-sense-dependent gel formation by
altering the e.r. values of M-1 and M-2 monomers.

Changing the e.r. values of M-1 and M-2 simultaneously also
resulted in gel-to-sol transformation. When the e.r. values
were above 60%, the mixture formed the gel, while a sol
state was observed when the e.r. value was decreased to
50%, i.e., the racemate (Figure 4b). CD intensity and e.r.
value presented a similar linear correlation, indicating lin-
ear variation of the remaining homo combination (Figure
S$12). For all the measured samples, nanowires and nano-
particle structures were observed, and their relative con-
tents varied with e.r. value. The content of nanoparticles
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mation and transformation.

increased with the increase of racemate combination (Fig-
ure S27), resulting in the gel-to-sol transformation.

The gel characteristics depending on the e.r. values were in-
vestigated through dynamic mechanical analysis, using yo as
avaluable (Figure S3). The gel containing M-1 (60% e.r.) and
M-2 (60% e.r.) exhibited solid-like behavior (G’ > G”) at low
yo values whereas it transitioned to a liquid-like state (G” >
G’) at higher yo, similar to the behavior observed in the gel
formed from the homo combination. However, for the gel
with a 60% e.r. value, a linear modulus independent of yo
was not clearly observed, even at extremely small yo values
less than 0.1. In addition, the reduction in G’ with increasing
yo was more gradual than that observed in the gel in the
homo combination. These differences are likely due to the
inhomogeneous microstructure, consisting of a mixture of
nanotubes and particles, as supported by SEM images (Fig-
ure S27).

Dynamic transformation behavior in homo combina-
tion

The homo gel sample transformed into a turbid solution
when kept at temperatures over 30 °C for several days (Fig-
ure 5a). The resultant solution showed a quite weak CD sig-
nal (Figure S10) due to the precipitated nanoparticles (Fig-
ure S24b). This process can be facilitated by elevating the
temperatures and monitored by SEM measurements, during
which the nanowire structures in the gel state completely
transformed into nanoparticles in the sol state (Figure S25).
Even in the supramolecular polymer formed by the homo
mixture at a low concentration (0.05 mM), a noticeable

change from a transparent solution to a turbid one was ob-
served. The change came from the transformation from nan-
owires to nanoparticles, which was monitored by SEM and
time-dependent of light transmittance measurements. (Fig-
ures S23 and S31). These results indicate that the nanowire
structure is kinetically favored while the nanoparticle struc-
ture is the thermodynamically stable product.

Considering that the turbidity changes during the transfor-
mation, the time-dependence of the light transmittance at
296 nm was measured on a temperature-controlled UV-Vis
spectrometer to investigate the transformation process of
the gel in more detail. In the initial stage, the transmittance
strength showed little change, then there was an abrupt in-
crease as the nanoparticles precipitate until the transmit-
tance signal approached equilibrium (Figure 5b). This pro-
cess was facilitated by higher temperatures, at which the
equilibrium time was significantly reduced. Although the
transmittance strength at the equilibrium state was differ-
ent for different batches of samples, the transformation ten-
dency was similar at the setting temperatures. The Gibbs en-
ergy of activation at 25 °C (AG*2sec) for the gel was deter-
mined to be 113.06+24.09 kJ/mol from the Eyring plot (Fig-
ure S18).

The generated nanoparticles were quite stable, thus the gel
state cannot be recovered by vigorous shanking or long-
time sonication. The gel was only recovered by heating the
sample under 100 °C for 1 minute to completely dissolve the
nanoparticles and immediately immersing the sample in ice
water (~5 °C) for 1 minute (Figure 5a). This process can be
repeated at least eight times before the sample becomes a
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clear solution because racemization occurs at high temper-
ature (Figures S13-S15), indicating that the gel formation
and recovery are kinetically and helical-sense-dependent
processes.

Based on the observed morphologies and the dynamic
transformation process of the assembled structures, the
probable supramolecular polymerization and gelation pro-
cesses are proposed (Figure 5c), in which helical-sense
matching and helical-sense mismatching of chiral comono-
mers significantly affect the supramolecular copolymeriza-
tion. When 1 and 2 are mixed in homo combination, the two
P5As would form oligomeric tubular structures that act as
nuclei. The helical-sense matching between the two mono-
mers and multiple ion-pairing interactions ensures the
rapid linear propagation of supramolecular copolymeriza-
tion. The generated kinetically stable nanowires bundle to-
gether through electrostatic interactions and m-m stacking.
At a high concentration of 0.4 mM, the nanowires further
bundle and form crosslinking network structures, resulting
in the gel formation. However, high temperatures facilitate
dissociation of the nanowires and transformation into
thermo-dynamically stable nanoparticles, which may result
from the units swing of P5As. In the hetero and racemate
systems, helical-sense matching and mismatching also sig-
nificantly affect the supramolecular polymerization and
transformation (details are shown in Figure S28).

Host-guest effect on the transformation in homo combi-
nation

We hypothesized that the unit swings of P5As at elevated
temperatures lead to flexible 3D macrocycles and cause the
nanowires to nanoparticles transformation and gel-to-sol
transition. Thus, adding guest molecules can inhibit the unit
swing by including the guest molecule in the cavity, result-
ing in the formation of rigid P5As and kinetically trapped
nanowires and gels. Since P5As are ideal host macrocycles
for linear guest molecules,!? a series of linear guest mole-
cules were added to homo gel samples. Upon adding an ex-

cess of adiponitrile (2.5% v/v), 1,2-dichloroethane (DCE, 2.5%

v/v), or 1,4-dibromobutane (DBB, 2.5% v/v), which are
known to be good guest molecules for P5As, into the gel
samples, continuous increases of CD intensity were ob-
served (Figure S16). These increased CD signals indicate
that the nanotubular structures remain intact and that the

guest molecules enter the cavities freely through host-guest
complexation, resulting in reduced unit swing of the P5As.20
The stability of the supramolecular gel after guest complex-
ation was further demonstrated at elevated temperatures.
Comparing with the rapid gel-to-sol transformation at 60 °C,
adding adiponitrile (2.5% v/v, 275 eq.) made the gel quite
stable (Figure 6a). Meanwhile, the time-dependent light
transmittance strengths of the gel sample containing adi-
ponitrile showed no change at 60 °C for 30 hours (Figure 6b).
In a different process, the supramolecular gel in the homo
combination was prepared by mixing pre-formed adiponi-
trilecM-1 complex with adiponitrilec M-2 complex (Figure
S17). In this case, the supramolecular gel also formed, and
showed no change to a sol state at 60 °C (Figure S30). These
results indicate that the reduction in unit swing of the P5As
by guest complexation increases the rigidity of P5As, and
further stabilizes gel structures by strengthening the ion-
pairing interaction. Even by standing the gel sample con-
taining adiponitrile (2.5% v/v) at 100 °C for 1 minute and
then cooling it down at room temperature, the sample re-
mained almost transparent, while the gel sample without
guest molecules became completely turbid, indicating that
host-guest complexation greatly hindered the transfor-
mation (Figure S29). The complexation-induced structural
stabilization was also observed in the supramolecular poly-
mer formed at the low concentration (0.05 mM). In the pres-
ence of adiponitrile, the transparent solution containing
nanowires in the homo combination remained transparent
even by heating at 60 °C, while the transformation from
transparent to turbid occurred in the absence of adiponitrile
(Figure S31). The results clearly show that host-guest com-
plexation between P5As and linear guest molecules stabi-
lizes the nanowire structures, thereby reinforcing the su-
pramolecular gel composed of these nanowires.

CONCLUSIONS

In conclusion, we have developed a new chiral supramolec-
ular copolymerization system utilizing the unique 3D heli-
cal-chiral P5As. The copolymerization process, driven by
multiple ion-pairing interactions, shows distinct chiral dis-
crimination through helical-sense matching and mismatch-
ing interactions for different combinations of monomers.
Specifically, the homo combination results in long tubular
nanowires in low concentration because of helical-sense
matching, and eventually forms supramolecular gel at high
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concentration. The high e.r. values, i.e,, > 60%, required to
form the gel also indicate the importance of the helical-
sense matching. The hetero combination presents short
branched nanowires owing to helical-sense mismatching of
the P5A monomers, while the supramolecular assembly of
the racemate presents the mixture of nanowires and nano-
particles. This work demonstrates that connecting the
comonomers to make smooth helical structures by homo-
chiral combination with higher e.r. values is key to form the
supramolecular polymer and gel, which is quite different
from other supramolecular polymer and gel systems
demonstrated by the planar m molecules.?! Despite the well-
studied supramolecular polymerization using host-guest
conjugates as monomers,?? this work further indicates that
host—guest complexation offers an additional strategy for
regulating the supramolecular copolymerization pathway
by reducing flexibility of the macrocyclic comonomers.

In biological systems, supramolecular copolymerizations
have been observed by using functionalized nanotubular
proteins.?3 The nanotubular proteins have tubular struc-
tures and interactions sites on the both rims of the tubes,
which are quite similar structures of cationic and anionic
P5As used in this study. Therefore, the present work may
lead to our further understanding of supramolecular copol-
ymerization in biological systems and construction of bio-
mimetic nanomaterials by chiral supramolecular copoly-
merization of tubular helical-chiral P5As.
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All reagents and solvents were commercial reagents, which were used
without further purification except where noted. 'H (500 MHz) and 3C (126 MHz)
NMR spectra were recorded on a JEOL ECZ-500 spectrometer. Viscosity
measurements were measured by KYOTO ELECTRONICS EMS-1000. High
Resolution Electrospray lonization Fourier Transform (HR-ESI-FT) mass
spectra were recorded on a Thermo Fisher Scientific EXACTIVE Plus
instrument by using the ESI method in positive ion mode. Ultraviolet/visible (UV-
Vis) absorption spectra were measured on a JASCO V-750 spectrometer,
circular dichroism (CD) spectra were measured by JASCO J-1500 and 2 mm
quartz cuvettes were used. HPLC separation of P5A 3 was conducted on a
Japan Analytical Industry LaboACE LC-5060 recycling HPLC apparatus
equipped with a DAICEL CHIRALPAK IA (® = 20 mm, / = 250 mm), and chiral
fractions were analyzed with a Hitachi High-Performance Liquid
Chromatograph Chromaster instrument equipped with a DAICEL CHIRALPAK
IA (@ = 4.6 mm, | = 250 mm) column. Atomic force microscopy (AFM) was
performed on a Bruker, model Multi Mode 8 atomic force microscope under
ambient conditions in the scan assist mode. AFM images were analyzed by
Bruker, Nanoanalysis. Scanning electron microscope (SEM) images were
acquired with HITACHI SU8220 FE-SEM at accelerating voltages of 5.0 kV. The
TEM observation was performed using JEM-3100FEF (JEOL Ltd., Tokyo,
Japan) at an acceleration voltage of 300 kV. The microscopic image was
recorded using an ORIUS SC-200 camera installed in the microscope. Particle
size distribution was measured on a DLS instrument (Malvern Zetasizer pV)
equipped with 830 nm diode laser as a light source, using a fixed angle (90°) at
room temperature. Rheological measurements were performed using a

Modular Compact Rheometer MCR 502 (Anton Paar, Graz, Austria).

2. Synthetic procedure and optical resolution
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Peramino-P5A 2 was synthesized and optically separated following the
previous report.S! Ester-P5A 3 was synthesized following the reported synthetic
routine,S? and optically separated by HPLC. The optical resolution of 3 was
conducted with chiral HPLC (Figure S1). The reinjections to chiral HPLC
confirm that both fractions are optically pure (1st fraction: e.e. > 99.5%, 2nd

fraction: e.e. > 99.5%).

Racemate

N

1st fraction

Intensity / a.u.

2nd fraction

0 2 4 6 8 10 12

Time / min
Figure S1. Chiral HPLC traces (n-hexane/dichloromethane, 1/4, v/v, 25 °C) of
rac-3 and the re-injected first (M-3) and second (P-3) fractions. Column:
DAICEL CHIRALPAK® IA (® = 4.6 mm, / = 250 mm).

The optical resolution of peracid-P5A 1 is difficult due to the ten polar
benzoic acids on the structure. Enantiomeric peracid-P5A 1 was obtained by
hydrolysis of the separated M-3 and P-3 at room temperature following the

previous reported condition (Scheme S1).52
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Scheme S1. Synthesis of enantiomeric peracid-P5A 1.

=

M-1: Enantiomeric M-3 (71 mg, 0.034 mmol) obtained by HPLC separation was
dissolved in THF (12 mL), and KOH (aq.) (12 mL, 0.28 M) was poured into the
solution with cooling in an ice bath. The resulting solution was stirred at room
temperature for 3 days. After evaporating THF under reduced pressure, the
obtained aqueous solution was acidified with HCI (aqg.) until pH equal to 1. The
product was filtered, washed with CHCIs and vacuum-dried to afford M-1 as a
yellow solid (57 mg, 86%).

"H NMR (500 MHz, ds-DMSO, 298 K): & (ppm) = 7.96 (d, J = 8 Hz, 20H), 7.46
(d, J = 8.5 Hz, 20H), 6.88 (s, 10H), 4.68 (dd, J = 44, 12 Hz, 20H), 3.82 (s, 10H);
HR ESI-FT-MS (positive): m/z calcd for 1950.5517 [C115H90030]": 1973.5409
[M+Na]*; found: 1973.5477.

P-1 (85%): Synthesized in the same way as M-1. The characterization data are

consistent. The CD spectra of M-1 and P-1 present mirror images (Figure S3).

3. Sample preparation and characterization
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The chiral supramolecular copolymerization was investigated through
three different combinations of 1 and 2: the combination of the same chiral
fractions (e.g., M-1 and M-2), i.e. homo; the combination of opposite chiral
fractions (e.g., M-1 and P-2), i.e. hetero; and the combination of racemic 1 and
2, named racemate. Due to solubility issue of 1, the supramolecular co-
assembly was conducted by mixing combined solvents of 1 in DMSO and an
equivalent concentration of 2 in chloroform at a ratio of 1:1 (v/v).

The DMSO solution of 1 (0.80 mM) and chloroform solution of 2 (0.80 mM)
were prepared separately. The two samples were kept at 30 °C in a water bath,
and then 300 uL of each solution was mixed in a 2 mL vial and sonicated for 1
min. It turned out to be gel for homo, while hetero and racemate resulted in
turbid and clear solvent respectively. In case of time dependencies for the
homo gel, characterization was conducted after 24 h.

The gel-to-sol transition temperature (Tg4e/) of homo gel was conducted within
a 2 ml vial. The gel was heated at a rate under 1 °C/min in oil bath, the
temperature at which gel deformed and became solution was determined as
Tge.S2 The experiment was repeated several times for confirmation (58+1 °C

for 0.40 mM DMSO/Chloroform homo gel).

4. Investigation of solvent effects
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Solvents show significant effects on supramolecular copolymerization. Due
to solubility issue of 1, the supramolecular copolymerization was conducted by
mixing combined solvents of 1 in DMSO and 2 in other solvents. As shown in
Table S1, the DMSO/CHCIs system was the only case among the measured
solvent systems that gave gel formation of the homo combination. Other
solvent systems, such as DMSO/THF, DMSO/Acetone and DMSO/Toluene,

only precipitate or transparent solvent was observed for all the combinations.

Table S1. Solvent effects on gel formation

Solvent (1/1, viv) Homo Hetero Racemate
DMSO/Chloroform Gel (58 °C) Sol Sol
DMSO/THF Sol Sol Precipitate
DMSO/Toluene Precipitate Sol Precipitate
DMSO/Acetone Sol Sol Precipitate

The concentration for each monomer is 0.40 mM, parenthesis: Gel-to-sol
transition temperature.

5. DLS results
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—— M homo combination (0.2 mM) 4150 nm

—— M homo combination (0.05 mM) 825 nm

—— M homo combination (0.025 mM) 625 nm

1 10 100 1000 10000
Diameter (nm)

Figure S2. Size distributions of the homo combination by increasing the
concentrations from 0.025 mM to 0.2 mM. The diameters gradually changed
from 625 nm to 4150 nm by increasing the concentrations.
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6. Rheological results
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Figure S3. The storage (G’) and loss (G”) moduli as a function of strain
amplitude at a frequency of 1.0 Hz for M homo gel and M-1(60 % e.r.)/M-2(60 %
e.r.) composed gel (Chloroform: DMSO = 1:1 v/v, each monomer: 0.40 mM, 25 °

C).
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Figure S4. Loss shear modulus (G”, red circles) and phase angle (0, purple
squares) as a function of frequency of hetero (M-1 and P-2) combinations
(Chloroform: DMSO = 1:1 v/v, each monomer: 0.40 mM, 25 °C). The applied

strain amplitude was within linear response regime.
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7. CD and UV-Vis spectra
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Figure S5. CD and UV-Vis spectra of 3 (CHCIs, 0.40 mM, 25 °C) after HPLC
separation.
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Figure S6. CD spectra of 1 (Chloroform: DMSO = 1:1 v/v, 0.40 mM, 25 °C).
Both chiral fractions were retained at room temperature for over 3 months.
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Figure S7. CD and UV-Vis spectra of homo, hetero and racemate (Chloroform:
each monomer: 0.40 mM, 25 °C). The UV-Vis spectra of homo
and racemate are consistent, which are different from the hetero, indicating
self-sorted, helical-sense-matched assembly behavior in the racemate.
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Figure S8. Time dependent CD and UV-Vis spectra for M homo gel
(Chloroform: DMSO = 1:1 v/v, each monomer: 0.40 mM, 25 °C) formation, the
weak linear dichroism (LD) signals indicate homogeneous assembled

structures.
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Figure S9. Spectral changes towards shaking of the M homo gel (Chloroform:
DMSO = 1:1 v/v, each monomer: 0.40 mM, 25 °C). The obvious linear LD
signals were attributed to inhomogeneous assembled structure formation after
shaking.
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Figure $10. CD and UV-Vis spectra of the turbid solvent from M homo gel
transformation by keeping the homo gel at around 30 °C for several days.
(Chloroform: DMSO = 1:1 v/v, each monomer: 0.40 mM).
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Figure S11. CD spectral changes upon the e.r. value changes of M-1 in M
homo combination (a) and the CD intensity change (314 nm) with the e.r. value

of M-1 (b).
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Figure S12. CD spectral changes upon the e.r. values change of M-1 and M-2
simultaneously (a), and the CD intensity (314 nm) change with the e.r. value of

M-1 or 2 (b).
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Figure S13. Temperature-dependent spectral changes of M homo gel
(Chloroform: DMSO = 1:1 v/v, each monomer: 0.40 mM). The CD spectra
exhibit significant fluctuations with continuous temperature increase. CD
intensity at 312 nm reached its minimum value at 80 °C because the
transformed nanoparticles completely precipitated out. By further increasing
temperature from 80 °C to 100 °C, the CD intensity slightly increased because
nanoparticle began to dissolve and the sample transformed into clear solvent.
The obvious LD signals were attributed to inhomogeneous assembled structure
formation.
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Figure S14. Spectral changes for M homo gel recovery (chloroform: DMSO =
1:1 vlv, each monomer: 0.40 mM) by standing the sample at 100 °C for 1 min
and then quickly immersing in ice water for 1 min. This process can be repeated
at least for eight times until racemization occurs by continuous heating. The

fluctuated spectra were attributed to LD signals.
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Figure S15. Time-dependent CD intensity changes of monomer M-1, M-2 and
M homo gel samples at 100 °C (Chloroform: DMSO = 1:1 v/v, each monomer:
0.40 mM, recorded at 312 nm). CD intensity of M-1 in blue line shows sharp
decreased CD intensity at the initial stage and then decrease slowly with time
because of racemization. CD intensity of M-2 in green line sharply decreases
at 100 °C and becomes racemate within one hour. The intensity of M homo
gel in red line shows obvious decrease within one hour because of the fast
racemization of M-2, and then slowly decrease because of the gradual
racemization of M-1. The sharply decreased CD intensities at the initial stage
for all the samples were attributed to the violet swing of the P5A units at 100 °C

in solution.S4

(a) 1200, 1200 (€) 1200,

Adiponitrile (2.5% v/v)
55 min DCE (2.5% V/Iv) DBB (2.5% vIv)
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Figure $16. CD (top) and UV-Vis (bottom) spectral changes of the M homo gel
upon addition of adiponitrile (2.5% v/v) (a), DCE (2.5% v/v) (b) and DBB (2.5%
viv) (c). The time-dependent CD intensity changes were attributed to diffusion
of guest molecules in the gel sample.
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Figure S17. CD and UV-Vis spectral changes of monomers upon addition of
(a) adiponitrile (2.5%v/, 275 eq.) into M-1 (0.8 mM, DMSO) and (b) M-2 (0.8
mM, chloroform). (c) CD and UV-Vis spectra of the homo gel (chloroform:
DMSO = 1:1 v/v, each monomer: 0.40 mM) formed by mixing DMSO solution
of M-1 (0.8 mM) with adiponitrile (275 eq.) and chloroform solution of M-2 (0.8

mM) with adiponitrile (275 eq.).
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8. Transformation of the homo gel

The transformation of the homo gel (nanowire) to turbid solution
(nanoparticle) was initially investigated by Eyring equation. The homo gel
samples (Chloroform: DMSO = 1:1 v/v, each monomer: 0.40 mM) in a 2 mm
quartz cuvette were heated to 50 °C, 55 °C, 60 °C and 65 °C separately. The
transmittance intensities of the samples at 296 nm were recorded. Considering
the plateau at the initial stage where the transmittance intensity shows almost
no change, the curves selected in Figure 4b are within the following ranges: 2
min to 1295 min at 50 °C, 5 min to 1333 min at 55 °C, 20 min to 1260 min at
60 °C, and 60 min to 1396 min at 65 °C. The thermodynamic parameters such
as AH*, AS* were determined from the slope and intercept by plotting In(hk/kBT)
vs 1/T by using the linear Eyring plots®®:

j e AHT1 A
"o R T R

where h, ks and R are Planck constant, Boltzmann constant and molar gas
constant, respectively. k is the reaction rate constant. By using the above
equation, we speculated the transformation of the homo gel as a pseudo-first
order reaction. AG* was obtained according to the following equation:

AG* = AH* —TAS*
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Equation y =a+b*x
Plot J
-37 Intercept 26.51 + 4.61
Slope -21498.88 + 1524.34
R-Square (COD) 0.99
Adj. R-Square 0.99
-
@ -38
3
<
N
[
—
-39
-40 -
T T T T T T T
2.96 3.00 3.04 3.08

1/T (103 K"

Figure S18. Eyring plots from the light transmittance changes of M homo gel
at 296 nm. The AH* and AS* were determined to be 178.74+12.67 kJ/mol, and
220.42+38.33 J/mol/K, respectively. Therefore, the Gibbs energy of activation
at 25 °C was determined to be AGz25°c = 113.06+£24.09 kJ/mol.
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9. 'H NMR spectra
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Figure $19. '"H NMR spectra of homo, hetero and racemate combinations
(CDCls: DMSO-ds = 1/1 v/v, each monomer: 0.40 mM, 25 °C). The methene
protons (Hg) on the two rims of 1 exhibit a distinct AB quartet split, indicating
the bulky substituents hindered free rotation of P5A units and the chirality can
be fixed. All the combinations presented broad and weak proton signals
because of supramolecular copolymer formation. Meanwhile, different proton
signals, like H, and H:, were observed in homo and hetero, attributing to
homochiral match and heterochiral mismatch generated diastereoisomeric
structures, while homo and racemate are almost consistent, indicating self-
sorted, helical-sense-matched assembly behavior in racemate.
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Figure $20. 'H NMR titration by adding adiponitrile into the solution of 1 (CDCls:
DMSO-ds = 1/1 v/v, 5 mM). The distinct new proton signals (below zero) of
adiponitrile (marked with asterisks) suggests slow formation of a complex on
the NMR timescale. Based on the integration of the complexed and free proton
signals of adiponitrile (1.0 eq.), the binding constant was determined to be

770£63 M-,
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Figure S21. "H NMR titration by adding adiponitrile into the solution of 2 (CDCla:
DMSO-ds = 1/1 v/v, 5 mM). The distinct new proton signals (below zero) of
adiponitrile (marked with asterisks) suggests slow formation of a complex on

the NMR timescale. Based on the integration of the complexed and free proton
signals of adiponitrile (1.0 eq.), the binding constant was determined to be

387+47 M.
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10. Images of electron microscopy

AFM measurements were carried out with the samples spread on highly
oriented pyrolytic graphite (HOPG) plates with spin-coating method. TEM
measurements were carried out with the sample solution placed on a grid mesh
(Cu 200, JEOL, 780111621). SEM measurements were conducted on samples

spread on ITO glass, followed by vacuum drying to rapidly remove the solvent.

e 200 nm B

Figure S22. TEM images of each combination for homo gel (a), homo gel after
shaking (b), hetero (c) and racemate (d) (CHCIls: DMSO = 1/1 v/v, each
monomer: 0.40 mM, 25 °C). Inserted images show their physical properties.
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Figure S23. SEM images of homo solutions at the concentration of 0.1 mM (a),
0.05 mM (b) and 0.025 mM (CHCls: DMSO = 1/1 v/v, 25 °C) (c). Nanowires in
the homo combination (0.05 mM) transforms into nanoparticles by heating at
60 °C for 2 hours (d).

()]

1.0um

paed =2 {77}

Figure S24. SEM images of each combination for homo gel (a), homo gel
transforms into turbid solvent under the temperature over 30 °C for several days
(b), hetero (c) and racemate (d). For the sake of obtaining clear microscopy
images, the gel samples were diluted for the measurements (Chloroform:
DMSO = 1:1 vl/v, each monomer: 0.2 mM).
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Figure $25. SEM monitoring of homo gel transformation at 40 °C for O h (a),
1h(b), 2 h(c)and 6 h (d). For the sake of obtaining clear microscopy images,
the gel samples were diluted for the measurements (Chloroform: DMSO = 1:1
vlv, each monomer: 0.2 mM).
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Figure S26. SEM images by changing the e.r. values of M-1 in M-1/M-2
combination, 100%/100% (i.e. homo) (a), 80%/100% (b), 60%/100% (c),
40%/100% (d) and 20%/100% (e, f). The concentration of each monomer is 0.2
mM.
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Figure S27. SEM images by changing the e.r. values of M-1 and M-2 (M-1/M-
2) simultaneously, 100%/100% (i.e. homo) (a), 80%/80% (b), 60%/60% (c),
50%/50% (i.e. racemate) (d). The concentration of each monomer is 0.2 mM.
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Figure S28. Possible co-assembly pathway for racemate (a) and hetero
combination (b) based on observed morphologies. For racemate combination,
it shows similar '"H NMR spectra (Figure S19) and UV-Vis spectra (Figure S7)
with homo combination, which are significantly different from the hetero
combination. This result suggests that the helical-sense-matched homochiral
binding is favored in the racemate combination and resulting in formation of
self-sorted nanowires and nanoparticles. However, the inevitable hetero
binding at the two ends of the kinetically stable homo nanowires or oligomers
could interrupt the elongation process, resulting in excess thermodynamically
stable nanoparticle formation and turn out to be solution. For hetero
combination, the helical-sense mismatching of P5As results in a nondirectional
array of P5A at both ends of the short nanowire, making the propagated longer
nanowire unstable, and the irregular morphology provides external binding sites
to form branched structures. However, the short-branched nanowire
morphology only stable in absolute hetero combination. When decrease the e.r.
value of 1 in homo combination (Figure 4b), the increased hetero content as
the decrement of e.r. value should increase the content of short nanowire, but
the morphology presented to be cubic nanoparticle. We assume that
introducing enantiomer of the chiral monomers in the system (i.e., changing the
e.r. value of 1 or 2), the competitive helical-sense-matched binding of the homo
combination interrupts the formation of short branched nanowire to form more
stable nanoparticles (Figure S26).
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11. Host-guest effect on homo mixture transformation
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Figure S29. Photographs of homo gel transformation under 100 °C for 1 min
and then cool down at room temperature. The gel sample with guest molecule
remained transparent with partial gel character, while the gel sample without
guest molecule totally transformed into turbid solvent.
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Figure S30. Time dependence of light transmittance for the M homo gel
(chloroform/DMSO = 1:1 (v/V), each monomer: 0.4 mM) at 60 °C with
adiponitrile (black line) and without adiponitrile (red line). The stability of gel
prepared by mixing the adiponitriecM-1 complex with adiponitrilecM-2
complex is presented in blue line. Inserted image show the physical properties
of the gel.
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Figure S31. Time dependence of light transmittance for the M homo
combination in sol state (chloroform/DMSO = 1:1 (v/v), each monomer: 0.05
mM) at 60 °C with adiponitrile (green line) and without adiponitrile (black line).
Inserted images show the physical properties of the gels.
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