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This work reports on the synthesis and light-responsive self-
assembly of a shish-kebab-like supramolecular polymer (SKSP).
The SKSP has a linear alternating sequence structure and can self-
assemble into nanofibers in water. In addition, the fibers can trans-
form into spherical micelles under UV light due to the trans-to-cis
isomerization of the azobenzene groups.

In contrast to traditional polymers, the monomers or polymer
segments in supramolecular polymers (SPs) are connected by
directional and reversible noncovalent interactions, including
electrostatic interactions, hydrogen bonds, host-guest reco-
gnition, van der Waals forces, coordination, n-x stacking, etc.™®
In some aspects, SPs have shown intrinsic outstanding pro-
perties, such as a highly dynamic molecular structure, abundant
stimuli-responsiveness and self-adjusting or self-healing charac-
teristics, and the advantage of facile preparation over the tra-
ditional covalent polymers (CPs). As a result, SPs are very prom-
ising in applications such as optoelectronics, biomedical or self-
healing materials.>”** However, despite the progress, the topo-
logical structures of SPs are still insufficient when compared
with a large number of CPs. Most of the reported SPs have only
a linear structure, and the SPs with topological structures such
as graft, block, hyperbranched, dendritic, star-shaped, and
network structures are quite limited."* " It is still highly chal-
lenging to develop new SPs with unique topological structures.
A shish-kebab-like (SK) structure is a typical structure in
polymer crystals, nanohybrids, small molecule assemblies and
some inorganic nanomaterials.*>>° However, to our knowl-
edge, there are few reports on SPs with a SK structure, mainly
due to the difficulty in synthesis. In our previous work, we
reported linear-branched, Janus, dumbbell-like and dandelion-
like SPs and studied their self-assembly behaviours."*™*'® On
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the basis of these works, herein, we report the construction of
a light-responsive shish-kebab-like supramolecular polymer
(SKSP). As shown in Scheme 1, we first synthesized a func-
tional molecule of p-cyclodextrin (CD) grafted with hyper-
branched glycidyl ether (HPG) on the surface and one azo-
benzene (AZO) group at the end (CD-g-HPG-AZO). Then the
SKSP was prepared through the noncovalent host-guest inter-
action between the CD and AZO groups of CD-g-HPG-AZOs
(Scheme 2). It was found that such an amphiphilic SKSP could
self-assemble into nanofibers in water, which transformed
into micelles under UV light due to the trans-to-cis isomeriza-
tion of the AZO groups (Scheme 2).

The synthesis of CD-g-HPG-AZO was based on the click-
chemistry reaction between the alkynyl group of AZO-Alk and
the azide group of CD-N3-g-HPG (Scheme 1).>° AZO-Alk was
prepared in two steps. In the first step, 4-hydroxyazobenzene
and 6-bromohexanol were reacted under the catalysis of pot-
assium carbonate to give 6-hydroxyoxo-4-azobenzene (AZO-g-
OH). Then, AZO-g-OH was reacted with bromopropyne under
the catalysis of potassium hydroxide and a crown ether to form
6-( propynyloxy)hexyloxy-4-azobenzene (AZO-Alk) (Fig. S1-S6,
ESIt). CD-N3-g-HPG (M, gpc = 1800 Da, M, nugr = 5000 Da,
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Scheme 1 The synthesis of CD-g-HPG-AZO.
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Scheme 2 Preparation, self-assembly and disassembly processes of
SKSPs.

DP, = 58, M,/M,, = 1.4) was synthesized by an anionic ring-
opening multibranching polymerization method reported by
Frey, using CD-N; as a multi-hydroxyl initiator together with
the slow addition of the glycidol monomer, and the detailed
synthesis procedure was also modified based on our previous
work (Fig. S7-S11, ESI{).">'®*'3? The detailed synthesis and
characterization of final CD-g-HPG-AZO are summarized in the
ESI (Scheme S1, Fig. S12 and 13, ESIY).

The host-guest complexation between the hydrophobic
AZO group and CD-g-HPG of CD-g-HPG-AZOs was character-
ized by 2D-NOESY 'H NMR spectroscopy (Fig. S14t). The inter-
molecular correlations between the H3 and H5 protons in the
inner cave of CDs and the protons of AZO groups provide
direct evidence to support the complexation of CD-g-HPG and
the AZO group of CD-g-HPG-AZOs through the specific AZO/
CD host-guest interactions. In addition, "H NMR titration
experiments were carried out to explore the host-guest com-
plexation between CD and AZO groups by the sequential
addition of CD-g-HPG into the sodium 4-phenylazophenol
(AZO-ONa)/D,0 solution.'>?* The proton signals of AZO-ONa
shifted to a low field with increasing concentration of CD-g-
HPG (Fig S15a, ESIt), which indicated the formation of the
inclusion complex between CD-g-HPG and AZO-ONa through
CD/AZO specific host-guest recognition. According to the
Benesi-Hildebrand equation, the average binding constant
(K.) between CD-g-HPG and AZO-ONa was calculated to be
1412 M™" (Fig S15bf), which was smaller than the typical
K. between P-CD and AZO (~10%), mainly because the
graft HPG weakened the interaction between CD and AZO
groups.®

The supramolecular polymerization process was further
investigated by diffusion ordered spectroscopy (DOSY) NMR.>®
The H3 and H5 proton signals of CD-g-HPG-AZOs varied in
different solutions (Fig. S16a, ESIt). The diffusion coefficient
(D) of CD-g-HPG-AZOs in DMF-d, (4.5 x 107'° m” s™') was
higher than that in the D,O/DMF-d, (10 v% D,O) mixed
solvent (2.9 x 107'° m* s™'), indicative of a larger hydrodyn-
amic radius formed when D,0O was added to trigger the host-
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guest interactions between CD-g-HPG-AZOs (Fig. S16b, ESIt).
According to a previous report,®” the degree of supramolecular
polymerization of CD-g-HPG-AZOs was estimated roughly to be
4. The detailed characterization and calculations are presented
in the ESI (Fig. S16, ESI{).

In addition, dynamic light scattering (DLS) measurement
was also used to track the supramolecular polymerization
process. Firstly, CD-g-HPG-AZOs were dissolved in DMF, and
then water was added dropwise into the solution to induce
host-guest recognition to form supramolecular polymers. In
the DLS measurement, the samples with different water con-
tents had unimodal size distributions (Fig. 1a) and the
number-average hydrodynamic diameters (Dy,) increased with
the water content (Fig. 1b). There seemed to be three stages in
the Dy, versus water content plot (Fig. 1b). In the first stage
(water content: from 0% to 5%), the D), was hardly changed
and remained at 3.5 nm due to the good solubility of CD-g-
HPG-AZOs in the water/DMF cosolvent. In other words, CD-g-
HPG-AZOs were maintained as unimolecular micelles in this
stage. In the second stage (water content: from 5% to 10%), a
gradual increase of the D, from 3.5 nm to 17.7 nm was
observed, indicating the growth of SKSPs driven by the AZO/
CD host-guest interactions.

Interestingly, with the further addition of water, the self-
assembly of SKSPs occurred. As shown in Fig. 1b, with an
increase of the water content from 10% to 15%, the D), of
aggregates in solution increased sharply from 17.7 nm to
132.4 nm, indicating the formation of supramolecular struc-
tures in this third stage. As a further support, the solution
turned turbid showing the Tyndall effect, which also proved
the formation of large aggregates (inset in Fig. 1b). To obtain
stable self-assemblies, the CD-g-HPG-AZO solution with a
water-DMF volume ratio of 15% (v/v) was dialyzed against
water to remove DMF (MWCO: 3500 Da), and a final solution
with a polymer concentration of 0.1 mg mL™"' was obtained.
The self-assemblies of SKSPs were characterized by TEM, AFM
and SEM measurements (Fig. 2). The TEM image in Fig. 2a
shows that the self-assemblies are nanofibers. Interestingly, in
the enlarged figure (Fig. 2b), it can be seen that nanofibers
have a hierarchical stacking structure. The nanofibers were
further characterized by AFM and SEM (Fig. 2¢ and d), which
further confirmed the nanofiber morphology in TEM. The
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Fig. 1 Complexation and self-assembly of SKSPs. (a) DLS curves of CD-
g-HPG-AZOs at various contents of H,O in DMF. (b) Dependence of Dy,
on the water content for CD-g-HPG-AZOs.
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Fig. 2 Characterization of nanofibers. (a and b) The TEM images of the
nanofibers. (c) The AFM image of the nanofibers. (d) The SEM image of
the nanofibers.

stacking structure in the nanofibers was also proved by AFM
(inset in Fig. 2c). Unfortunately, we still do not understand the
molecular packing mechanism in these nanofibers. Both the
synchrotron small angle X-ray scattering and wide-angle
X-ray diffraction measurements on the nanofiber aqueous
solutions were performed; however, no useful information was
obtained.

In addition, the competitive guest molecule 1-adamantana-
mine hydrochloride (AD), which has a stronger binding ability
than AZO, was added to the nanofiber solution (Fig. S17a,
ESIt). The Dy, of the assemblies became smaller and the PDI of
the assemblies became larger according to the DLS measure-
ment (Fig. S17b, ESIf). Besides, the TEM images showed that
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the assemblies transformed into small-sized nanoparticles or
irregular fragments after adding AD molecules (Fig. S17c,
ESIT). These results verified that the CD-g-HPG-AZO nanofibers
could be destroyed by the stronger and more competitive AD/
CD host-guest recognition, which provided further evidence to
support that the formation of supramolecular polymers was
driven by CD/AZO interaction.

Under UV light irradiation, the nanofibers could further
undergo the disassembly process. Only trans-AZO can be
inserted into the cavity of f-CD to form a host-guest complex,
while cis-AZO cannot.*®?° Thus, the photoisomerization of
AZO groups will lead to the disassembly of nanofibers. As
expected, with the increase of UV (365 nm) irradiation time,
the peak of trans-AZO (4 = 350 nm) gradually weakened until
almost disappeared, while the peak of ¢is-AZO (4 = 450 nm)
gradually increased (Fig. 3a and b), which triggered the
decomposition of SKSPs due to the disassociation of CD/AZO
complexation. As a result, after irradiation with UV light, the
nanofibers gradually transformed into spherical micelles. As
shown in Fig. 3c, the TEM image displays some intermediates
between nanofibers and nanospheres, and some nanofibers were
attached with nanospheres, indicating the occurrence of nano-
fiber-to-nanosphere transition, which has seldom been observed
in the self-assembly of supramolecular polymers. We had
thought to use visible light to trigger the reversible transition
from nanospheres to nanofibers. Unfortunately, it did not work,
although the cis-to-trans transition of AZO groups did occur
during the time (Fig. S18, ESIf). The irreversible morphology
transformation from nanofibers to nanospheres indicates that
the nanofiber is supposed to be kinetically trapped and the its
formation relies on the pathway of preparation.

In conclusion, a shish-kebab-like supramolecular polymer
was prepared through the noncovalent host-guest interaction.
The obtained supramolecular polymers can self-assemble into
nanofibers in water, which can transform into spherical
micelles under irradiation of UV light. Such a new supramole-
cular polymer structure as well as the unique self-assembly
behaviour will expand the category of supramolecular poly-
mers, and might find application in smart supramolecular
materials with dynamic morphology transitions.

i
o

(a% 0s —o0s —50s | (b)0.241
254 - 1
2s 60s 22 \.
— 55 —80s 0.22
® 0.20 ——10s — 100s 0.20 \.
2 ——20s —120s| &
8 ——30s —150s | & 0181
5 0.154 i 3
] ——40s 240s 5 0.16-
2 ;
2 240s
0.104 [} < 0.14
0.121
0.05- Os 0.104
300 400 500 600 0 50

Wavelength (nm)

100 150 200 250

Time (s)

Fig. 3 Disassembly of SKSP nanofibers. (a) UV-vis absorption spectra of the aqueous solution of SKSP nanofibers at different UV irradiation times
(365 nm, 250 W). (b) Absorbance at 2 = 350 nm (trans-AZO) as a function of the UV irradiation time. (c) TEM image of the intermediates.
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