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Reversible assembly and disassembly of rod-like large complex micelles have been achieved by applying photoswitching of
supramolecular inclusion and exclusion of azobenzene-functionalized hyperbranched polyglycerol and a-cyclodextrin as driv-
ing force, promising a versatile system for self-assembly switched by light. Hydrogen-nuclear magnetic resonance (‘"H NMR)
and Fourier transform infrared (FT-IR) spectroscopy were applied to characterize the azobenzene-functionalized hyper-
branched polyglycerol. Atomic force microscopy (AFM), transmission electron microscopy (TEM) and dynamic laser light
scattering (DLS) were employed to investigate and track the morphology of the rod-like large complex micelles before and af-

ter irradiation of UV light.

azobenzene, hyperbranched polyglycerol, reversible self-assembly, host-guest chemistry

1 Introduction

Supramolecular self-assembly of hyperbranched polymers
(HBPs) represents a new research direction, and has at-
tracted increasing interest in the past years because of its
potential applications in the fields of drug delivery and bi-
omimetics [1-6]. Various topological supramolecular ag-
gregates and hybrids at all scales and dimensions have been
generated, such as nano- or micro-micelles, fibers, tubes,
and honeycomb films following the pioneering work of Yan
etal.[4,5,7-10].

Up to date, the obtained self-assembly structures of
HBPs in solution are generally in static station. However, in
life entity or in some other application cases, self-assem-
bling is demanded to be “smart”, which means stimuli-
responsive and reversible. In this respect, the photo-
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switched trans- and cis- transitions of azobenzene are of
particular interest, if considering the host-guest chemistry
between azobenzene moiety and a-cyclodextrin (a-CD)
[11-19]. Trans azobenzene can be well recognized by a-CD
due to the hydrophobic and van der Waals interactions,
whereas the cis form cannot be included because of mis-
match between the host and o-CD guest [13, 15-18, 20-22].
For instance, Zhang and co-workers used amphiphilic sur-
factants containing azobenzene and o-CD to fabricate a
photo-controlled reversible supramolecular assembly sys-
tem [23]. Jiang and co-workers reported linear poly-
mer-based amphiphiles containing 3-CD had dual reversible
self-assembly properties driven by inclusion complexation
between azobenzene and B-CD [24]. However pho-
toswitchable self-assembly of HPBs is yet to be reported.

In this article, we attempt to make use of the pho-
toswitchable inclusion and exclusion of azoben-
zene-functionalized hyperbranched polyglycerol (HPG-azo)
with a-CD to obtain a novel kind of “smart” complex mi-
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celles which can undergo reversible assembly and disas-
sembly.

2 Experimental
2.1 Materials

HPG (M, = 122 kDa, PDI = 1.16, DP = 1650), and 4-oxo-
4-(prop-2-ynyloxy)butanoic acid (alkyne-COOH) were
synthesized according to the previous work [25-28]. CuBr
(purified according to ref. [29] before use, 98%) was pur-
chased from Sigma-Aldrich. 1,1,4,7,7-Pentamethyl-
diethylenetriamine (PMDETA, 98%) was purchased from
Alfa Aesar. 6-(4-Methoxyazobenzene-4'-oxy)hexyl bromide
(azo-Br) was synthesized according to the published proto-
col [30]. All of the other reagents were purchased from Al-
drich and used as recezhaoxiaofen @hotmail.com; ived.

2.2 Characterization

Hydrogen-nuclear magnetic resonance (‘H NMR) measur-
ements were carried out on a Varian Mercury 400 MHz
spectrometer using CDCl; as the solvent. A PE Paragon
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1000 spectrometer was applied to obtain Fourier transform
infrared (FTIR) spectra using KBr disks. Dynamic laser
light scattering (DLS) measurements were performed using
a BI-200SM Dynamic/static Laser Light Scattering,
Brookhaven, and the wavelength of the laser was set at 630
nm. AFM images were obtained by using a Digital
Instrument (DI) Nanoscope IIla scanning probe microscope,
under the tapping mode. Transmission electron microscopy
(TEM) studies were conducted on a JEOL JEM2010
electron microscope at 200 kV. A Varian Cary 100 Bio
UV-vis spectrophotometer was applied to obtain UV-vis
spectra. Induced circular dichroism (ICD) spectra were
recorded on a Biologic MOS-450 spectrometer in DMF
with 1 cm quartz cells.

2.3 Synthesis of alkyne-modified HPG

As shown in Scheme 1, HPG (1.170 g, 15.82 mmol hydrox-
yl) and N,N-dimethylformamide (DMF, 4 mL) were added
into a Schlenk flask under nitrogen flow and stirred until the
HPG was totally dissolved and the flask was immerged into
the ice-water bath. Then N,N-dicyclohexylcarbodimide (DCC,
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Scheme 1  Synthetic protocol for HPG-azo.
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3.300 g, 16.01 mmol), alkyne-COOH (2.540 g, 16.29
mmol), and 4-(dimethylamino)pyridine (DMAP, 0.195 g,
1.58 mmol) were added into the reaction system and the
Schlenk was sealed with a rubber plug. The reaction was
carried out in dark for 24 h at room temperature. During the
reaction, a small amount of dichloromethane could be added
if the system became too viscous. Then the mixture was
filtered and the residual dichloromethane was removed by a
rotary evaporator under reduced pressure. After that, the
mixture was precipitated in de-ionized water followed by
solubilizing the precipitate with acetone as little as possible
and then filtered. The solution was precipitated in
de-ionized water twice. The final product was obtained after
drying in a vacuum oven overnight at 30 °C (0.382 g, yield
38.2%). The final product was light yellow and sticky, and
should be stored in darkness [31].

2.4 Synthesis of azo-N;

6-(4-Methoxyazobenzene-4'-oxy) hexyl azide (azo-N;) was
synthesized from the substitution reaction of NaNj; and
azo-Br. To a 200 mL three-neck round-bottom flask
equipped with a condenser were added a solution of sodium
azide (0.781 g, 12 mmol) in DMF (10 mL) and azo-Br (2.35
g, 6 mmol). The flask was immersed in an oil bath at 75-80
°C and kept stirring for 5 days (caution: the azide is quite
explosively sensitive to friction during feeding and when
the temperature is higher than 80 °C). The mixture was pre-
cipitated in de-ionized water followed by filtering and
washing by 100 mL de-ionized water. The precipitation was
dissolved in acetone and then precipitated in de-ionized
water. The precipitation was filtered and dried in vacuum at
room temperature overnight. Yield: 1.512 g, 71.4%.

2.5 Synthesis of HPG-azo

To the Schlenk flask, HPG-alkyne (75 mg, 0.276 mmol of
alkyne groups calculated by the "H NMR spectrum), azo-N;
(195 mg, 0.552 mmol), dichloromethane (4 mL) were added
and the flask was deoxygenated by bubbling nitrogen for 10
min. Then CuBr (8 mg, 0.055 mmol) and PMDETA (11.8
pL, 0.055 mmol) were added to the flask under nitrogen
flow. The reaction was carried out under room temperature
and lasted 12 h in darkness. After the reaction, the mixture
was precipitated in ether for three times. The final product
of HPG-azo was obtained after drying in a vacuum oven at
room temperature overnight [32, 33].

2.6 Self-assembly and disassembly of the complex mi-
celles constructed by HPG-azo and a-CD

In order to test the self-assembly properties of HPG-azo and
0-CD system, we prepared 0.167 mg mL~" HPG-azo solu-
tion in DMF followed by dissolving excess a-CD (25 times
the amount of azobenzene groups of HPG-azo). Then a cer-
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tain amount of water was added dropwise into the solution
until the solution became opalescence indicating the
self-assembly had occurred. The cloudy dispersion was then
irradiated by UV light at 365 nm for 30 min, affording a
transparent solution again which might indicate the disas-
sembly of the complexation between HPG-azo and a-CD.
DLS was used to track the micelles’ size variation during
the process of adding water. Before and after UV light irra-
diation, DLS, AFM and TEM were applied to characterize
the assembled morphology. UV-vis spectra were also con-
ducted to record transmittance of the solution at 600 nm.
AFM samples were made by the spin-coating method on
freshly-peeled mica substrates before and after irradiation.
TEM samples were made by dropping onto 200 mesh holey
lacey carbon grids on a copper support.

3 Results and discussion
3.1 Synthesis of alkyne-modified HPG

Similar to our previous work, alkyne-modified HPG was
synthesized by DCC condensation. Figure 1 shows the 'H
NMR and FTIR spectra of HGP-alkyne. All the peaks in the
'"H NMR spectrum were coded by letters associated to the
protons of the products. As shown in the '"H NMR spectrum
of HPG-alkyne, two newly appearing peaks: peak b
(OCH,CCH) at 5.18 ppm and peak ¢ (CH,CH,COOQ) at 2.67
ppm demonstrated the successful linkage of alkyne to HPG.
Because CDCl; is a poor solvent for HPG (addition with the
shielding effect of the terminal chains), the signal from the
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Figure 1 (A) '"H NMR spectrum of alkyne-modified HPG; (B) FT-IR
spectrum of alkyne-modified HPG.
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core of HPG was slightly weakened. The reaction degree
can be roughly calculated by the following formula in
which A, A., Aq and A; represent the peak area of peaks c,
e, d and f respectively .

R=5/8-[AJ(Ac + Aq + Ap)]

From the integration of the signals from the '"H NMR spec-
trum, ~ 56% hydroxyl groups of HPG were transferred into
alkyne groups. The absorption peaks in the FTIR spectrum
also confirmed the formation of the expected structure. The
peaks at 2100 and 3280 cm™' were associated with alkyne
groups and the peak at around 1740 cm™ was assigned to
carbonyl groups.

3.2 Synthesis of azo-N;

As shown in Figure 2(A), all the peaks were labeled in 'H
NMR spectrum, and the peak e (CH,N3) was shifted from
3.44 ppm to around 3.30 ppm compared with azo-Br. This
could also be confirmed by the FTIR spectra as shown in
Figure 2(B). The newly appeared sharp peak at 2100 cm ™'
was assigned to azido groups in azo-Nj.

3.3 Synthesis and photoisomerization behaviors of
HPG-azo

HPG-azo was synthesized by Cu(I)-catalyzed azide-alkyne
click chemistry between alkyne-modified HPG and azo-Nj.
As shown in Figure 3(A), the alkyne peak at 2100 cm '
disappeared completely showing that the click reaction was
almost 100%. As mentioned above, ~ 56% hydroxyl groups
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Figure 2 (A) 'H NMR spectrum of azo-Nj3; (B) FTIR spectra for (1)
azo-Br and (2) azo-N3
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of HPG were transferred into alkyne groups, and all of them
reacted with azo-Nj3 groups during the step of “click” reac-
tion. The molecular weight of the HPG was 122 kDa, which
meant there were 1649 hydroxyl groups for a single HPG
molecule on average. Therefore, we calculated that on av-
erage one HPG-azo macromolecule possesses around 924
azo-arms.

Figure 4 shows the photoisomerization behaviors of
HPG-azo examined by UV-vis spectra in DMF. Upon irra-
diation with UV light at 365 nm, the absorption band of
HPG-azo at around 359 nm (ascribed to m-m* transition)
decreased significantly, and simultaneously the absorption
at 448 nm (ascribed to n-m* transition) increased slightly
(Figure 4(A)), indicating that the azobenzene groups of
HPG-azo changed from trans to cis state. By contrast, when
the DMF solution of HPG-azo was put in dark, the absorp-
tion at 359 nm increased gradually again and the absorption
at 448 nm decreased, suggesting that the azobenzene groups
of HPG-azo recovered from cis to trans state [34-36]. The
whole recovering process took about one day at room tem-
perature in dark.

3.4 Self-assembly and disassembly of the complex mi-
celles constructed by HPG-azo and a-CD

In order to test the self-assembly properties of HPG-azo and
0-CD system, we prepared 0.167 mg mL™ HPG-azo solu-
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Figure 3 (A) FTIR spectrum of HPG-azo; (B) 'H NMR spectrum of
HPG-azo.
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Figure 4 (A) Absorption spectra of HPG-azo in DMF solution, observed
(a) before and after (b) 20 s, (c) 40 s, (d) 120 s and (e) 600 s of 365 nm
light irradiation at 365 nm. (B) The recovery absorption spectra of
HPG-azo in DMF solution which was irradiated for 15 min by UV light at
365 nm, observed after (f) 24 min, (g) 77 min, (h) 234 min, (i) 974 min and
(j) 24 h of stirring in the darkness.

tion in DMF followed by dissolving excess a-CD. Because
DMF is a good solvent for both HPG-azo and a-CD, the
solution was transparent. After addition of water into the
DMEF solution, the solution became opalescence due to the
efficient complexation between the azobenzene moiety and
a-CD in the presence of water. The process was monitored
by DLS (Figure 5(A)). A peak around 800 nm appeared
after 0.5 mL of deionized water was added into 6 mL of the
DMF solution, indicating the self-assembly of HPG-azo and
a-CD. Atomic force microscopy (AFM) and transmission
electron microscopy (TEM) were used to observe the cor-

responding self-assembly morphology, as shown in Figure 6.

Rod-like assembled structures were found. Estimated from
AFM images, the rods have length of around 540 nm and a
diameter of 127 nm on average. In addition, some short rods
fused with two to three dots with in diameter 100 nm were
also observed. From the TEM image, the typical rods are
280 nm in length and 63 nm in width. The rod size meas-
ured by TEM was almost half of that measured by AFM.
The reason is likely attributed to the stained TEM samples
with tungstophosphoric acid hydrate. As the HPG core
binds with tungstophosphoric acid hydrate more tightly, the
colour of the core part would be much darker, which makes
the periphery part of HPG hardly seen under TEM bright
field. Furthermore, as shown in Figure 6(E), we can clearly
distinguish that the rod-like structures are aggregated line-
arly from three or more smaller dots (labeled by red cycles)
that could be unimolecular micelles of a-CD/HPG-azo
complex [37, 38]. This morphology is in agreement with
that observed by AFM. In order to demonstrate that the
rod-like micelles resulted from the complexation of HPG-
azo and a-CD, we prepared control samples without a-CD
or in the absence of water. No similar self-assembly mor-
phology was found in those samples. The formation of
complexation between HPG-azo and a-CD was also con-
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Figure S DLS charts of HPG-azo and a-CD complex after adding water
(A) before UV irradiation and (B) after UV irradiation.

200 nm

Figure 6 AFM images of (A) rod-like micelles before irradiation and (B)
its phase image. AFM images of (C) rod-like micelles before irradiation for
the fourth cycle and (D) its phase images. TEM images of (E) rod-like mi-
celles before irradiation and (F) unimolecular micelle after the irradiation.
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firmed by induced circular dichroism spectra (ICD) meas-
urements (Figure 7). The peak appearing at around 353 nm
was associated to the complexation between HPG-azo and
a-CD. Therefore host-guest inclusion of azobenzene group
and o-CD is the inducing factor for the self-assembly of
HPG-azo in our system [32, 39, 40].

To demonstrate the photoswitching behaviors of self-
assembly of HPG-azo, the cloudy dispersion was then irra-
diated by UV light at 365 nm for 30 min, affording a trans-
parent solution again. DLS measurements show that the
peak at around 800 nm disappeared as expected, and the
peak around 200 nm appeared again, which corresponds to
the micelles assembled by several HPG-azo molecules.
(figure 5(B)). It is noteworthy that there was also a peak
around 50 nm in Figure 5(B), which corresponds to the
unimolecular micelle of HPG-azo. Because HPG-azo mol-
ecules were amphiphilic with the hydrophilic core and hy-
drophobic arms, they tend to form multi-molecular micelles
when a certain amount of water is added into the system.
The photoswitching behavior could be explained as follows.
During the irradiation process, most of the frans-azobenzene
units transform into cis-ones, making the guest of a-CD
released from the host of azobenzene because of the mis-
match between the host and guest. The TEM image after
irradiation shows that the rod-like structures disassembled
into unimolecular micelles and multi-molecular micelles of
HPG-azo (Figure 6(F)). The ICD spectrum further proved
that the azo moiety was excluded by a-CD because the sig-
nal at around 353 nm disappeared (see in Figure 7) [39, 41].
Therefore, the exclusion of a-CD caused by UV irradiation
was the main reason for the disassembly of rod-like mi-
celles.

Moreover, the clear solution became opalescence again
after being stirred by a magnetic bar for one day in dark,
and the peak around 800 nm in DLS also appeared. Because
DLS is more sensitive to larger particles, the signal from the
unimolecular micelles was sometime much weaker than the
larger one. Therefore we used the peaks around 200 nm
which correspond to the multi-molecular micelles to indi-
cate the disassembly of rod-like micelles for convenience.
With alternating irradiation of the solution with UV light
and stirring in dark for one day, this assembly and disas-
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Figure 7 ICD spectra of (1) HPG-azo and o-CD complex and (2) after 30
min of UV irradiation.
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sembly process could be recycled for many times. As shown
in the AFM images in Figure 6(C), for the fourth cycle, the
rod-like aggregates could be again clearly distinguished.
The rods’ size was around 670 nm in length and 200 nm in
width, which was quite similar to the first cycle case. Con-
sidering the morphology errors came from irradiation and
magnetic stirring, we conclude that the self-assembled
morphology kept almost the same in different cycles. The
particle size and transmittance at 600 nm were tracked for
five cycles and the results are depicted in Figure 8(A),
showing the reversible self-assembly and disassembly for
the HPG-azo and a-CD systems through photoswitching. In
fact, the transparency difference before and after irradiation
could be observed by naked eyes and the comparison photo
is shown in Figure 8(B) [42].

The dynamic photoswitching process could be explained
by Scheme 2. Before irradiation, the azobenzene moiety in
the peripheral part is included by a-CD due to the hydro-
phobic interaction. We roughly calculated the ratio of inclu-
sion. The solution before irradiation was precipitated and
washed by water and dried in vacuum. The weight differ-
ence between the precipitate and the original HPG-azo re-
flects the amount of a-CD nesting the azobenzene moiety.
As a result, every azo-arm was included by 0.51 a-CD (i.e.,
about half of azo units were included by a-CD). The low
inclusion ratio is mainly caused by the high density of azo
groups and the simultaneous self-assembly of HPG-azo
during the inclusion of a-CD that might lead to the decrease
of effective azobenzene units. With increasing the inclusion
of a-CD, the interactions between CDs (e.g., hydrogen
bonding and crystallization), drive HPG-azo unimolecular
and multi-molecular micelles to self-assemble into larger
micelles such as rods. When irradiated by UV-light, the
trans-azobenzene units of HPG-azo transform into cis-ones,
and a-CD guests drop from the azo-arms, inducing the dis-
assembly of rod-like micelles. Because the host-guest inclu-
sion of HPG-azo and o-CD can be switched by light, the
self-assembly and disassembly of HPG-azo can be reversi-
bly tuned readily [43].

A . 100
800-7-‘.-'- . -
T s &
£ 6001 g
£ 4 %0 £
X 400 E
- vyae v @
- 'R i* 85 =
v
- 80

Cyde number

Figure 8 (A) Changes of Ry of the micelles ( triangle line) formed by
HPG-azo and o-CD and transmittance at 600 nm (circle line) of the solu-
tion upon alternating irradiation with UV for 30 min and stirred in
darkness for one day. Five cycles are shown in the figure; (B) the compar-
ison photo of solution of HPG-azo and a-CD before (right) and after (left)
irradiation.
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Scheme 2 The structure of HPG-azo and illustration of the photoswitch-
ing of self-assembly and disassembly of HPG-azo and o-CD complexation.

4 Conclusions

An azobenzene-functionalized hyperbranched polymer was
readily prepared by efficient Cu(I)-catalyzed alkyne/azide
click chemistry [44, 45]. This polymer showed host-guest
interaction induced assembly and disassembly behaviors
switched by light. Our work provids a novel smart system
which combines photo-chemistry, host-guest chemistry and
self-assembly of HBPs. The “smart” reversible assembly
and disassembly transitions would have potential applica-
tions in intelligent materials and biomimetics [19, 46-49].
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