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In this work, four monomers, M1, M2, M3, and M4, were designed and synthesized. M1 + M2 + M3 + M4
+ Zn(OTf), could self-assemble into a sequence-controlled supramolecular copolymer through self-
sorting at relatively high concentrations. The self-sorting assembly of the four monomers was verified by
NMR spectroscopy, UV-Vis spectroscopy, viscosity measurements, dynamic light scattering, fluorescence
spectroscopy, SEM, and TEM analyses. The experimental results showed that supramolecular polymeriz-
ation depended on the initial concentrations of the monomers. The resulting supramolecular copolymer
(SCP) showed K* responsiveness, and adding-removing K* could drive the disassembly-reassembly of
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SCP could also be applied to prepare honeycomb-patterned films. With stimuli-responsive behavior and
regulatable fluorescence properties, the SCP has potential application value in creating smart adaptive

rsc.li/frontiers-organic materials.

Introduction

Biopolymers in nature possess unique functions that are
associated with their precisely defined structure sequences.
Engineering the monomer sequence of a polymer main chain
is a considerable challenge in conventional polymer
synthesis."”> Supramolecular polymerization offers another
approach for developing sequence-controlled polymer
chains.®>* With the development of supramolecular science, a
variety of methodologies have been developed to prepare soph-
isticated supramolecular structures.””® Among these method-
ologies, self-sorting assembly is an important method and has
been developed to control the sequence of monomer arrays in
supramolecular copolymerization.® Self-sorting was proposed
to describe the capability of molecules in a mixture to selec-
tively find their counterparts and form specific pairs rather
than binding randomly.”'° Self-sorting is the outcome of com-
peting recognition behavior through the binding constants
among all possible pairs, and high specificity is required for
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each binding event. Many interactions or factors including
steric effects, coordination spheres, charge transfers, sizes and
shapes can drive a self-sorting process."’® By means of self-
sorting assembly, various delicate supramolecular architec-
tures, including sequence-controlled supramolecular poly-
mers, can be easily constructed.”?® Huang and Wang
reported a supramolecular copolymer based on self-sorting
assembly of double crown ethers-based host-guest recog-
nitions.>” Alternatively, Haino et al. prepared a sequence-con-
trolled supramolecular polymer through self-sorting assembly
of complementary calix[5]arene-C60, bisporphyrin-TNF, and
Hamilton’s complexes, which provided possibilities for con-
structing advanced functional polymers with tailored
sequences.*®

Metal coordination, as one kind of directional and strong
supramolecular force, has been widely adopted to construct
precisely defined supramolecular structures.’*** Through
rational molecule design, diverse metal coordination inter-
actions have been developed.***® It was found that terpyridine
(tpy) and its derivative 6,6"-anthracyl-substituted tpy (tay) can
form a complementary ligand pair, and the ligand pair can
form a heteroleptic complex tpy-M-tay with metal ions in solu-
tion.*® Compared to the homoleptic tpy-M-tpy complex, the
heteroleptic tpy-M-tay structure is more stable due to the
enhanced n-n stacking interactions between the anthracene
moieties and the tpy group. On the other hand, host-guest
interactions, as another kind of supramolecular force, are
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important research branches of supramolecular chemistry.
Macrocycle hosts such as crown ethers and pillararenes are
well known to efficiently bind guest molecules for fabricating
supramolecular assemblies, which provide unique physical
and chemical properties for obtaining interlocked species.?”**
Although various supramolecular polymers prepared through
metal coordination, crown ether- and pillararene-based host-
guest recognitions have been reported, the fabrication of
supramolecular polymers by combining the three noncovalent
reactions has not been reported before. If the involved metal
coordination, pillararene-based host-guest interaction, and
crown ether-based host-guest interaction are proved to be self-
sorting in a system, a sequence-controlled supramolecular
polymer fabricated via self-sorting assembly of the three non-
covalent interactions will hopefully be prepared. Herein, we
synthesized four monomers as follows. Heteroditopic M1 con-
sists of a tpy and a neutral guest (TPN); heteroditopic M2
bears a tay group and a crown ether group (B21C7); homodito-
pic M3 contains two pillar[5]arene (P5) groups; and homodito-
pic M4 consists of two dialkylammonium salt (SEA) moieties.
A mixture of M1 + M2 + M3 + M4 + Zn(OTf), was expected to
form a sequence-controlled supramolecular copolymer (SCP)
by self-sorting assembly at relatively high concentrations
(Scheme 1).

Results and discussion

To investigate the self-sorting binding process, six model mole-
cules 1-6 were first synthesized (Scheme 2). First, a sequence
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Scheme 1 Schematic illustration of the supramolecular copolymer SCP
constructed from the monomers M1 + M2 + M3 + M4 + Zn?* by self-
sorting assembly.
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Scheme 2 Chemical structures of the model compounds 1-6.

of samples comprising two model molecules were prepared,
and the 'H NMR spectra of the samples were collected
(Fig. S1-S5, ESIT). When equimolar 1, 2, and Zn(OTf), were
dissolved in CDCl;~CD;COCD; (3 : 1, v/v), "H NMR peak shifts
were observed, verifying that the complementary tpy and tay
ligands spontaneously formed the heteroleptic complex tpy-
Zn**-tay in the presence of Zn>" ions (Fig. $1t).>*® When 3 and
equimolar 4 were mixed together in CDCl;-CD;COCD;, the
'H NMR spectrum clearly showed the binding of P5-TPN
(Fig. S2t). The host-guest interaction of 5 and 6 was also inves-
tigated, and a complex "H NMR spectrum revealed the slow
exchange interaction between B21C7 and SEA (Fig. $31).*" On
the other hand, the "H NMR spectra also showed that pillar[5]
arene could not bind to the secondary ammonium salt in
CDCl;-CD;COCD; (Fig. S41), and B21C7 could not bind to
TPN (Fig. S51).

The self-sorting complexation among different model com-
pounds in CDCl;-CD3;COCD; was then studied. A sequence of
samples comprising two different noncovalent interactions
were prepared. The '"H NMR spectra clearly showed self-sorting
complexation between P5-TPN and tpy-Zn®*'-tay (Fig. S67),
between B21C7-SEA and tpy-Zn®**-tay (Fig. S71), and between
B21C7-SEA and P5-TPN (Fig. S87). Finally, the "H NMR spec-
trum of equimolar 1 + 2 + 3 + 4 + 5 + 6 + Zn(OTf), in CDCl;—
CD3;COCD; clearly showed that self-sorting complexation
indeed occurred. That is, in a CDCIl;-CD;COCD; solution of
1+2+3+4+5+6+ 2Zn(OTf),, 1 binds 2 in the presence of
zinc ions, 3 binds 4, and 4 binds 5 (Fig. S97).

We then mixed M1 + M2 + M3 + M4 + Zn(OTf), together
(molar ratio: 2:2:1:1:2) in a CDCl;-CD3;COCD; (3:1, v/v)
solution and investigated whether they could form supramole-
cular copolymers by self-sorting assembly. The "H NMR spec-
trum of M1 + M2 + M3 + M4 + Zn(OTf), (Fig. 1e) was compli-
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Fig. 1 'H NMR (400 MHz, chloroform-ds/acetone-dg, 293 K) spectra of
(@) M3, (b) M4, (c) M2, (d) M1, and (e) a mixture of M1 + M2 +
M3 + M4 + Zn(OTf), at a 10 mM concentration (molar ratio:
M1:M2:M3:M4:Zn(OTf), = 2:2:1:1:2). The peaks of the complexed
monomers were designated as c.

cated due to the coexistence of multiple noncovalent inter-
actions. By comparison with the '"H NMR spectra of the model
molecules (Fig. S1-S61) and the help of the COSY NMR spec-
trum (Fig. S107), the complex 'H NMR spectrum of M1 + M2 +
M3 + M4 + Zn(OTf), was interpreted. At a low concentration,
H,_, on M1 shifted upfield, indicating that the alkyl moiety of
M1 threaded into the hole of P5 of M3.** Meanwhile, proton
Hj, of M4 shifted upfield, and proton Hj, shifted downfield,
which implies the occurrence of the binding interaction
B21C7-SEA."" Furthermore, protons Hg_o of M1 shifted upfield,
and protons Hj;_45 shifted downfield, verifying the formation
of metal ligand coordination tpy-Zn>*-tay.>® The "H NMR spec-
trum of M1 + M2 + M3 + M4 + Zn(OTf), clearly revealed that
self-sorting assembly among the four monomers indeed
occurred, as illustrated by the analysis of the model molecules.
NOESY NMR analysis was then performed to further study the
self-sorting assembly. The strong correlations between H; 4
from M1 and Hjs_3; from M3 indicated that the TPN moiety of
M1 thrust into the hole of M3 (Fig. 2). Correlations between
H;3, of M4 and Hgo of M2 were also observed, indicating
that the B21C7 moiety of M2 tightly bound the SEA moiety of
M4 in the mixed solvent.*!

Furthermore, UV-Vis titration was also conducted to study
the self-sorting assembly. The titration experiment was first
carried out by adding Zn(OTf), to the solution of M1 + M2
(Fig. 3a), and the titration plots showed an isosbestic point at
311 nm, suggesting the gradual transformation from the free
tpy and tay moieties to a metal-ligand coordination species.*?
A maximum absorbance of 346 nm was observed when the
molar ratio reached 1:1:1 (Zn>": M1 : M2), which further con-
firmed the formation of the tpy-Zn>'-tay structure. The titra-
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Fig. 2 NOESY NMR (400 MHz, CDCl3—CDsCOCD3 = 3/1, v/v, 298 K)
spectrum of M1 + M2 + M3 + M4 + Zn(OTf),.

tion curves of M1 + M2 + M3 + M4 + Zn(OTf), were similar to
the curves of M1 + M2 + Zn(OTf), (Fig. 3b), and an endpoint
was observed when the molar ratio was 2:2:2:1:1
(M1:M2:Zn(OTf), : M3 : M4), suggesting that B21C7-SEA and
P5-TPN host-guest interactions did not interfere with the tpy-
Zn**-tay coordination. The above UV-Vis titration further veri-
fied the self-sorting assembly among the four monomers.
Finally, the concentration-dependent "H NMR spectra revealed
that increasing the concentration of monomers could broaden
the "H NMR spectra (Fig. S11, ESI{), which implied the for-
mation of supramolecular copolymer SCP at high
concentrations.

Diffusion-ordered NMR spectroscopy was also carried out
to investigate the self-sorting assembly. When the concen-
tration of monomers changed from 2 to 130 mM (Fig. 4a and
Fig. S127), the diffusion coefficient (D) for the solution of M1 +
M2 + M3 + M4 + Zn(OTf), decreased significantly from 5.56 x
107'% t0 4.21 x 107" m® 57" (D,.o mM/Dy30,, mM = 13), indicat-
ing that supramolecular polymerization of M1 + M2 + M3 +
M4 + Zn(OTf), was concentration-dependent. According to the
concentration-dependent  property of  supramolecular
polymerization,’®*” a high polymerization degree required
that the D value be reduced more than 10 times. The experi-
mental D value supported that the supramolecular copolymer
was stepwise generated from the small oligomer to the supra-
molecular polymer when the monomer concentrations
increased. Capillary viscosity was also measured to study the
formation of SCP. A bilogarithmic graph of specific viscosity
against the concentration of monomer is plotted in Fig. 4b. A
curve slope of 0.93 was observed at low concentrations, imply-
ing the predominance of oligomers at low concentrations.**
However, the curve slope became 1.75 at a relatively high con-
centration (the critical polymerization concentration value is
approximately 28 mM), indicative of a gradual transition from
small oligomers to larger supramolecular copolymers. The for-
mation of supramolecular copolymer SCP at high concen-
tration was further verified by SEM observation (Fig. 4c). A rod-

Org. Chem. Front, 2021, 8, M7-1124 | 1119
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Fig. 3 (a) Changes in UV-Vis absorption after gradually adding Zn(OTf), to a 0.02 mM M1 + M2 solution; (b) changes in UV-Vis absorption after
gradually adding Zn(OTf), to a 0.02 mM M1 + M2 + M3 + M4 solution. Inset: the changes in absorption intensity at 342 nm.
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Fig. 4 (a) Diffusion coefficient of M1 + M2 + M3 + M4 + Zn(OTf), against the concentration of M1 (600 MHz, 293 K); (b) specific viscosity of M1 +
M2 + M3 + M4 + Zn(OTf), against the concentration of M1. Molar ratio: M1: M2: M3: M4 :Zn(OTf), = 2:2:1:1:2; (c) SEM image of a rodlike fiber
drawn from a highly concentrated solution of M1 + M2 + M3 + M4 + Zn(OTf),.

like fiber could be drawn from a highly concentrated solution
of M1 + M2 + M3 + M4 + Zn(OTf),. The fibers provided direct
evidence of the formation of supramolecular copolymers SCP
at high concentrations.?” The high viscosity of the SCP solu-
tion at high concentration was an important factor for exten-
sion of the fiber under the drawing of an external force.

DLS (dynamic light scattering) and TEM were then adopted
to observe the size of the SCP in solution and the morphology
of the SCP at dry state. The CHCl;-CH;COCH; solution of M1
+ M2 + M3 + M4 + Zn(OTf), showed an average hydrodynamic
diameter (Dy,) of 160 nm (Fig. 5a, [M1] = 120 mM). In contrast,
no large aggregate was observed for the 10 mM solution, verify-
ing the concentration dependence of the supramolecular
polymerization. The morphology of the supramolecular copoly-
mer SCP was then observed by TEM. The TEM photograph of
the SCP showed a spherical morphology (Fig. 5b). It should be
noted that the TEM may be difficult to accurately measure the
size of SCP due to the dynamics of noncovalent bonds and the
existence of the secondary assembly when the SCP was
removed from the solution to dry state.*® Because monomers

1120 | Org. Chem. Front,, 2021, 8, M7-1124

01 (a)

—=— 120mm
¢ 10mM

N
°

Number %
2

1 10 100 1000
Dy / nm

Fig. 5 (a) The hydrodynamic diameter distribution of M1 + M2 + M3 +
M4 + Zn(OTf), in CHClz—CHsCOCH3 (3:1, v/v, M1 = 120 mM or 10 mM,
molar ratio: M1: M2: M3: M4 :Zn(OTf), =2:2:1:1:2, 293 K); (b) repre-
sentative TEM image of M1 + M2 + M3 + M4 + Zn(OTf),.

M2, M3, and M4 have very flexible chains of six methylene
groups, the globular morphology may be a result of the entan-
glement of the linear supramolecular copolymer SCP.** To
confirm that the spherical morphology visualized by TEM was
derived from the supramolecular copolymer, control experi-

This journal is © the Partner Organisations 2021
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ments were performed for ternary mixtures lacking one of the
building blocks. No spherical morphology could be observed
in M1 + M2 + M3 + Zn(OTf),, M2 + M3 + M4 + Zn(OTf),, or M1
+ M2 + M4 + Zn(OTf), solutions. This phenomenon indicated
that the self-sorting assembly among the four monomers was
crucial for the formation of SCP.

Next, we studied the stimuli-responsiveness of SCP. Because
B21C7 can capture K*,*! adding-removing K" could realize the
reversible disassembly-reassembly of SCP (Fig. S15 and 16,
ESIt). On the other hand, butanedinitrile could also induce
the disassembly of SCP by destroying the binding of P5-TPN
(Fig. S17, ESIf). In addition to the B21C7-SEA and P5-TPN
host-guest interactions that could be manipulated, we specu-
lated that tpy-Zn®*'-tay binding could also be adjusted by
removing the Zn** ions.*® A thin yellow film was fabricated by
spurting the solution of the SCP onto one glass, which was
then dried in air. The yellow-green film fabricated by SCP gave
off almost no fluorescence under the illumination of a 365 nm
UV lamp. However, when tetrabutylammonium hydroxide
(TBAOH) was added into the film, the film emitted blue fluo-
rescence (Fig. 6a). This phenomenon could be explained as
shown below: adding TBAOH into the film caused the gene-
ration of zinc hydroxide, which resulted in breakage of the tpy-
Zn**-tay coordination structure and induced the removal of
Zn”* from the skeleton of SCP. The removal of Zn>" drove the
disassembly of SCP and induced the coordinative tay moiety
into a free tay moiety. The free tay moiety emitted blue fluo-
rescence under UV lamp irradiation because of the existence
of two anthracene chromophores on the free tay moiety. The
fluorescence emission spectra supported this inference
(Fig. S19, ESIt). A similar fluorescence emission enhancement
was observed when adding TBAOH to the solution of SCP
(Fig. 6b).

Finally, the SCP was tested to determine whether it could
be applied to fabricate 2D honeycomb films, which have
potential value in adsorption, separation, and catalysis.>*>' By
means of a breath figure method (BF), a well-organized honey-
comb film was prepared from the SCP-based solution. The dia-
meters of these pores were approximately 1 + 0.5 pm through

Fig. 6 (a) Images of a SCP-based film and the TBAOH responsiveness
of the film; (b) images of the SCP-based solution and fluorescence
change by adding TBAOH to the solution; (c) the SEM image of the
porous film.
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SEM observation (Fig. 6¢). Usually, honeycomb structures fab-
ricated via the BF method need a certain segment density,>*>*
which could facilitate polymer settling around water droplets.
The entangled polymer chain of SCP constructed by self-
sorting assembly and the increasing viscosity are speculated to
stabilize the water droplets when the solvent is evaporated,
generating an ordered microstructure after the water was
totally removed.

Conclusions

In summary, four monomers, M1, M2, M3, and M4, were
designed and synthesized. M1 + M2 + M3 + M4 + Zn(OTf),
could self-assemble into a sequence-controlled supramolecular
copolymer SCP through self-sorting at relatively high concen-
trations. The self-sorting binding among the three different
noncovalent interactions, P5-TPN, B21C7-SEA, and tpy-Zn*'-
tay, and the self-sorting assembly among the four monomers
were verified by a combination of NMR spectroscopy, UV-Vis
spectroscopy, viscosity measurements, dynamic light scatter-
ing, SEM, TEM, and fluorescence spectroscopy. The experi-
ments also verified that the supramolecular polymerization
depended on the initial concentrations of the monomers. The
resulting supramolecular copolymer SCP showed K" and buta-
nedinitrile responsiveness, and adding-removing K' could
drive the disassembly-reassembly of the SCP. Moreover, OH™
could induce the fluorescence emission enhancement of the
SCP-based solution or film. The SCP could also be applied to
prepare honeycomb films. With stimuli-responsive behavior
and regulatable fluorescence properties, SCP possesses poten-
tial value in creating smart adaptive materials.

Experimental
Materials and methods

The synthetic routes and characterizations of monomers M2
and M3 were afforded in the ESI.f Monomers M1,>* M4, and
some intermediate compounds 7,>® 9,>° were synthesized
according to the literatures. The other reagents and solvents
were either employed as purchased or dried prior to use by
usual laboratory methods. Column chromatography was per-
formed on silica gel (200-300 mesh). All reactions were carried
out in atmosphere unless noted. '"H NMR, >C NMR, 'H-'H
COSY, NOESY experiments were recorded on a Bruker AVANCE
III 400 MHz spectrometer. Viscosity measurements were
carried out with Ubbelohde micro viscometers (0.40 mm inner
diameter) at 298 K in chloroform-acetone (3/1, v/v). The two-
dimensional diffusion-ordered NMR (DOSY) spectra were
recorded on a Bruker DRX600 spectrometer. High-resolution
electrospray ionization mass spectra (HR-ESI-MS) were
obtained on a Bruker Esquire 3000 plus mass spectrometer.
MALDI-TOF-MASS spectrometry was performed on an
AXIMA-CFR plus mass spectrometer. Dynamic light scattering
(DLS) measurements were carried out on a Brookhaven

Org. Chem. Front, 2021, 8, M7-1124 | 121
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BI-9000AT system (Brookhaven Instruments Corporation, USA).
UV-Vis absorption spectrum was recorded on a PerkinElmer
Lambda 35 UV/vis spectrometer. Fluorescence spectra were col-
lected on a Shimadzu RF-5301PC spectrofluorometer.

The TEM samples were conducted at a 100 mM concen-
tration, a drop of sample solution (chloroform/acetone = 3/1,
v/v) was placed on a carbon-coated copper grid. After the
solvent was removed in a short time, TEM images were taken
on a JEM-2100 instrument.

The honeycomb film was prepared by a breath figure
method: a CDCl;-CD3;COCDs; (3 : 1, v/v) solution of M1 + M2 +
M3 + M4 + Zn(OTf), (molar ratio: 2:2:1:1:2) was prepared at
a concentration of 6.5 wt% to obtain a SCP solution. Next,
30 pL of the prepared SCP solution was dropped onto a treated
PET substrate using a syringe. A steady moist nitrogen flowed
through the surface of the SCP solution. After the solvent and
water were evaporated thoroughly, an ordered honeycomb film
was formed on the surface of PET substrate. The honeycomb
film was then observed on a JEOL 6390LV scanning electron
microscopy (SEM) instrument, and the sample of film was
sprayed with conductive coating before being taken.
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