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Regulation of self-assembly morphology of
azobenzene-bearing double hydrophobic block
copolymers in aqueous solution by shifting the
dynamic host-guest complexation

Zai-Zai Tong, Rui-Yang Wang, Jie Huang, Jun-Ting Xu,* Zhi-Qiang Fan

The double hydrophobic azobenzene-containing diblock copolymers, namely, poly(L-lactide)-
b-poly[6-(4-(4-methoxyphenylazo)phenoxy)hexyl methacrylate] (PLLA-b-PMMAZO), were
successfully prepared by sequential atom transfer radical polymerization (ATRP) and ring
opening polymerization. These block copolymers (BCPs) can self-assemble into various
morphologies in aqueous solution via host-guest interaction between the azobenzene (azo)
groups and methyl-B-cyclodextrin (B-CD). The complexation equilibrium between azo and -
CD can be shifted by changing the length of hydrophobic PLLA block, micelle concentration
or B-CD/azo molar ratio, thus the micellar morphology and size of the PLLA-6-PMMAZO/B-
CD complexes are altered. A vesicle-to-sphere-to-entrapped vesicle transition was observed at
B-CD/azo=1 as the PLLA block length increases. In addition, a large B-CD/azo ratio or higher
micelle concentration leads to a vesicle-like morphology, while entrapped vesicles tend to be
formed at a smaller B-CD/azo ratio or lower micelle concentration. It is found that
prolongation of the UV irradiation time can also induce a vesicle-to-sphere-to-entrapped
vesicle transition of the complex micellar morphology. Such a transition is reversible upon
irradiation of visible light. In summary, the self-assembly behavior of PLLA-b-PMMAZO/B-
CD complexes can be readily regulated by different methods. Moreover, the complexation
between the azo groups and B-CD is inhomogeneous, which is responsible for the formation of
entrapped vesicles and the microphase separation in the core of the spherical micelles and
entrapped vesicles.

light can be amplified, leading to a change of the structure at a larger
scale and the macroscopic properties. The photo-triggered self-

In selective solvents, block copolymers (BCPs) can spontaneously
self-assemble to form micelles of various structures, including
sphere,'™ rod,*® and vesicle™®, driven by the solvent-philic/solvent-
phobic interactions of different blocks. The self-assembly
morphology of BCPs in solution can be manipulated by altering the
molecular parameters of BCPs (chemical structure, soluble-insoluble
ratio and architectures of copolymers)’'* and external factors such
as temperature, solvent quality and preparation method, etc.'>"’
Nowadays, stimuli-responsive polymer micelles have captured
considerable attention due to their potential applications in memory
storage, biomedical materials, protein probes, and nano-devices.'®*!
Among numerous external stimuli, light is of special fascination
because it can work in a most convenient way. It is found that
azobenzene (azo) is especially advantageous to induce a dramatic
structural change due to its photo-induced reversible trans-cis
isomerization.”>”® The change at the molecular level triggered by

This journal is © The Royal Society of Chemistry 2013

assembly behaviors of azo-containing BCPs have been widely
investigated.”®> Moreover, trans-azo is an excellent guest for
inclusion complexation with f-cyclodextrin (B-CD) driven by
hydrophobic and van der Waals interaction. In contrast, cis-azo
cannot form an inclusion complex with B-CD due to the size
mismatch between the host and guest.** Based on the host-guest
recognition, the photoresponsive self-assembly of azo-bearing BCPs
with cyclodextrin is well studied.*' ™’

However, one should bear in mind that the complexation
between azo and B-CD is dynamic and there exist an equilibrium.
Since the micelle solution of amphiphilic azo-bearing BCPs is
usually prepared at a very low concentration, the complexation
efficiency between azo units and B-CD may be small, though it is
reported that the complexation constant between azo and B-CD is
quite large (1700 M™").*® Ji and Chen studied the effect of f-CD/azo
ratio on the morphology transition of the amphiphilic BCPs and the
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supramolecular assembly, respectively.**>* They found that not all
B-CDs interacted with azo units when the ratio of B-CD/azo was 1.
Only when more B-CD was introduced (B-CD/azo=5), all the B-CDs
could interact with the azo-containing polymers and it led to a
different morphology from that at a low B-CD/azo ratio. These
results show that the inclusion complexation between azo and $-CD
is inhomogeneous at a low concentration. Nevertheless, attention is
rarely paid to the complexation equilibrium between azo and f-CD
when studying self-assembly of azo-bearing BCPs. Because the
complexed and un-complexed have different
hydrophilicity, the hydrophilic/hydrophobic ratio, which is a key
factor determining the self-assembly morphology of BCPs, will be
changed when the complexation equilibrium between azo and f-CD
is shifted. As a result, it is expected that such an equilibrium can be
utilized to regulate the self-assembly behavior of azo-bearing BCPs.
Many factors, including micelle concentration, block length, molar
ratio of B-CD/azo and light irradiation, can affect the complexation
between azo and B-CD. From this viewpoint, controlled self-
assembly of supramolecular amphiphiles can be readily realized, as
compared with the conventional polymeric amphiphiles.

On the other hand, most of the researches on host-guest
recognition-assisted assembly mainly focus on the amphiphilic azo-
containing BCPs. Only recently Zhang reported that the spherical
micelles of a double hydrophobic azo-containing BCP could
dissociate and reassemble upon alternating irradiation of UV/visible
light.** Study on the assembly behavior of double hydrophobic azo-
containing BCPs with the aid of host-guest recognition is quite
interesting and necessary, since it helps us understand the assembly
behavior of BCPs in a broader range.

Herein, a series of azo-containing diblock copolymers,
poly(L-lactide)-b-poly[6-(4-(4-methoxyphenylazo)phenoxy)
hexyl methacrylate] (PLLA-b-PMMAZO), were prepared.
These double hydrophobic BCPs can self-assemble into various
micelles in aqueous solution after complexation with B-CD.
Morphological transition of vesicle-to-sphere-to-entrapped
vesicle can be readily achieved for the micelles of the
complexes by different methods: the chain length of the PLLA
block, micelle concentration, f-CD/azo molar ratio and light
irradiation. Besides, microphase separation was observed in the
core of the spherical micelles and entrapped vesicles, which
was interpreted in terms of the inhomogeneous complexation
between the azo groups and B-CD.

azo  units

Experimental

Materials. Methyl-B-cyclodextrin (B-CD) was recrystallized from
deionized water. L-lactide was purchased from Aldrich and
recrystallized thrice from ethyl acetate and stored under nitrogen
atmosphere prior to use. Tetrahydrofuran (THF) and toluene for
polymerization were refluxed with sodium flakes and freshly
distilled. Copper bromide was washed with acetic acid and diethyl
ether for several times and dried under vacuum. Stanneous 2-
ethylhexanoate (Sn(Oct),) (99%) was purchased from Acros and
distilled under reduced pressure to remove the water prior to use.
The other commercially available chemicals were used without
further purification. The synthesis of 6-[4-(4-
methoxyphenylazo)phenoxy]hexyl methacrylate (MMAZO)
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monomer was described in elsewhere.’' The details for synthesis of
initiator 2-hydroxyethyl 2-bromo-2-methylpro-panoate (2-HBMP)
and the 'H NMR spectrum of 2-HBMP are given in the
supplementary information (Fig. S1).

Synthesis of PMMAZO. Atom transfer radical polymerization
(ATRP) was chosen to prepare the azo-containing macroinitiator
(PMMAZO). The detail synthesis of the PMMAZO is given as
below. In a Schlenk flask, 1.24 g of MMAZO monomer,
N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA) (30 pL),
initiator 2-HBMP (8.8 pL), THF (10.0 mL) were mixed and stirred
for 10 min. The mixture was immediately frozen in liquid nitrogen,
and a vacuum was applied. After 3 freeze-thaw cycles, CuBr (9.0
mg) was added under N,. Then the flask was put into an oil bath at
60 °C for 6 h. The product was dissolved in THF and passed through
an alumina column to remove the metal complex. After being
concentrated, the THF solution was precipitated in methanol. The
purification by precipitation was repeated thrice and dried in a
vacuum oven overnight at 40 °C.

Synthesis of PLLA-b-PMMAZO. A typical ring opening reaction
for synthesis of diblock copolymer was described as follows in
detail. PMMAZO macroinitiator, L-lactide were added into a
Schlenk tube at predetermined molar ratio (Tablel), sealed with a
rubber septum, and repeatedly flashed with N, after evacuation.
Freshly distilled toluene (2 mL/g L-lactide) was injected into the
tube with a syringe, and then the tube was immersed in an oil bath
with a temperature of 120 °C. Polymerization was initiated after 5
min by injecting a 10 wt% solution of the catalyst Sn(Oct), in
toluene corresponding to 0.1 mol% of the monomer. Polymerization
was quenched after 24 h by cooling to room temperature. The
polymer was precipitated in methanol thrice and died in a vacuum
oven overnight at 40 °C.

Preparation of the micelle solutions. The micelle solutions were
prepared by following Jiang’s method.”> The PLLA-b-PMMAZO
diblock copolymer was first dissolved in THF to obtain a
homogeneous solution with a concentration of 1 mg mL™, then 0.4
mL solution of PLLA-b-PMMAZO in THF was slowly injected into
4 mL solution of B-CD in water (B-CD/azo=1) at room temperature.
The mixture solution was stirred for 30 min at 65 °C to evaporate the
co-solvent THF and sonicated for 5 min to get the micelle solution.
The final concentration of the micelle solution was 0.1 mg mL™".
Characterizations. Molecular weight and polydispersity index
(PDI) were evaluated by gel permeation chromatography (GPC)
using a Waters system calibrated with standard polystyrenes. THF
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Scheme 1. The synthetic route of the PLLA-5-PMMAZO BCPs.
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Fig. 1. GPC traces of PMMAZO homopolymer and PLLA-b-
PMMAZO diblock copolymers with THF as the eluent.

17 18 19

as an eluent at a flow rate of 1.0 mL min . 'H NMR spectra were
recorded on a Bruker DMX-400 MHz in CDCl; with
tetramethylsilane (TMS) as an internal reference. Fluorescence
spectra were measured on a Thermo Scientific Lumina Fluorescence
Spectrometer. The UV-Vis spectra of the samples were measured
over different irradiation time intervals on a Cary 100 UV-Vis
spectrometer. Dynamic light scattering (DLS) measurements were
carried out on a Brookhaven Instrument BI-200SM with a laser
wavelength of 636 nm at 25 °C at a scattering angle of 90°. The data
were analyzed with the software supplied by Brookhaven. TEM
observations were carried out on a JEOL JEM-1230 electron
microscope at an acceleration voltage of 80 kV. TEM samples were
prepared by dropping 4 pL of the micellar solution onto carbon-
coated copper grids, then the samples were frozen by liquid nitrogen
and freeze-dried under the vacuum to avoid any possible reassembly
and aggregation of the micelles during the drying process. Parts of
the samples were negatively stained with phosphotungstic acid
(PTA) aqueous solution for 10 min after drying for better clarity.
Irradiation of the samples with UV light (365 nm) was performed
with a UV-lamp (45 mW cm™) and the distance between the UV-
lamp and the sample is about 50 cm.

Results and Discussion

Synthesis of azo-bearing diblock copolymers. The azo-bearing
diblock copolymers (PLLA-b-PMMAZO) were synthesized via
ATRP and ring opening polymerization as shown in Scheme 1. The
PMMAZO homopolymer and a series of PLLA-b-PMMAZO BCPs
with narrow polydispersity (PDI<1.14) were successfully prepared,
which is confirmed by the GPC and 'H NMR. Fig. 1 shows the GPC
traces of the PMMAZO homopolymer and four PLLA-b-PMMAZO

Polymer Chemistry

6 5 4 3
Chemical Shift (ppm)
Fig. 2. '"H NMR spectra of a) PMMAZO,¢ and b) PLLA,;-b-
PMMAZO,¢ diblock copolymer in CDCl;.

BCPs. It can be seen that the molecular weights of block copolymers
increased with the molar ratio of the LLA monomer to macroinitiator
(M/I in the Table 1). The composition of four BCPs can be further
calculated from the 'H NMR result. Fig. 2 shows the representative
'"H NMR spectra of PMMAZO and PLLA;-b-PMMAZO,¢ in CDCl;.
One can see that newly emerging signals (¢ and d) are assigned to
the PLLA block, which indicates the diblock copolymer is
successfully synthesized. From the area ratio of the '"H NMR peaks
corresponding to the PMMAZO (signal n) and PLLA blocks (signal
c), the composition of the BCPs can be calculated. The
polymerization result of four PLLA-b-PMMAZO BCPs with weight
fraction of the PLLA block varying from 0.19 to 0.56 is included in
Table 1.

Self-assembly of the PLLA-b-PMMAZO/B-CD complexes in
water

Critical micellization concentrations of the complexes. It is well
known that the morphologies and sizes of self-assemblies from an
amphiphilic block copolymer in aqueous solution are mainly
determined by the block length, and the hydrophilic/hydrophobic
ratio. For the PLLA-6-PMMAZO block copolymers, both blocks are
hydrophobic and thus they cannot form micelles in water. However,
the azo-containing PMMAZO block can interact with f-CD by host-
guest inclusion complexation. The PMMAZO/B-CD complex is
water-soluble and thus the PLLA-6-PMMAZO/B-CD can self-
assemble in water. Before studying the self-assembly behavior of the
PLLA-b-PMMAZO/B-CD complexes, the critical micellization
concentrations (CMCs) of the complexes should be known. The
CMCs of the amphiphilic complexes were determined by using
pyrene as a fluorescent probe. After micellization, the pyrene

Table 1. Molecular characteristics of PMMZAO homopolymer and diblock copolymers.

Run M/1? Conv (NMR) M,CPC PDICPC Composition (NMR) MNMR WeLia
0 50 49% Y 10400 1.11 PMMAZO, 9 - 0
1 20 85% 13300 1.10 PLLA 7-b-PMMAZO, 12700 0.19
2 50 88% 15900 1.11 PLLA 44-b-PMMAZO, 16600 0.38
3 60 97% 16700 1.14 PLLAs5-b-PMMAZO, 18600 0.45
4 100 92% 25600 1.13 PLLAg,-b-PMMAZO 4 23500 0.56

This journal is © The Royal Society of Chemistry 2012
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“ Molar ratio of monomer to initiator; ” based on mass yield; © Using GPC-determined block.
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Fig. 3. Effect of concentration on the fluorescence intensity ratio /3//; from pyrene excitation spectra: a) PLLA;-b-PMMAZO,¢/B-CD at B-
CD/azo=1 and b) PLLAy,-b-PMMAZO,s/B-CD at B-CD/azo=1; c) PLLAg,-b-PMMAZO,4/p-CD at B-CD/azo=0.5 and d) PLLAg,-b-

PMMAZO,4/B-CD at B-CD/azo=2.

probe will be preferentially located in the hydrophobic domains
of micelles,>® leading to a rapid rise in the intensity ratio of the
peaks at 383 and 371 nm (/3/I;) of pyrene in the excitation
spectra.45 As shown in Fig. 3, the CMC of PLLA,;-b-
PMMAZO,/B-CD (B-CD/azo=1) is determined to be 1.2 x107
mg mL™'. By contrast, it is 0.37 x10” mg mL™" for PLLA,-b-
PMMAZQO,4/B-CD (B-CD/azo=1). This is quite normal, since a
larger hydrophilic/ hydrophobic ratio will increase the CMC of
BCPs. The effect of B-CD/azo ratio on CMC of PLLAy,-b-
PMMAZQO,4/B-CD was also studied. The CMCs are 0.26x1073
and 0.85x10 mg mL™" for p-CD/azo=0.5 and 2, respectively.
This indicates that the B-CD/azo ratio can affect the stability of
PLLA-b-PMMAZO/B-CD complexes.
complexed at a larger B-CD/azo ratio, leading to a larger
hydrophilic/hydrophobic ratio and thus a higher CMC.

More azo units are

Effect of PLLA block length. After knowing the CMCs of the
complexes, we firstly examined the self-assembly behavior of the
complexes of four BCPs with B-CD in aqueous solution with a molar
ratio of B-CD/azo=1. The micelle concentration is fixed at 0.1 mg
mL!, which is similar to that used in literature and well above the
CMCs of the complexes. The size distribution obtained from DLS
and morphologies captured by TEM are shown in Fig. 4. One can
see that the aggregation size of the PLLA-b-PMMAZO/B-CD
complexes varies with the chain length of the PLLA block. With
increasing the PLLA block length, the particle size of the aggregates
increases as well. TEM reveals that the PLLA,;-b-PMMAZO,¢/B-
CD complex, in which the PLLA block is the shortest, forms vesicle-
like micelles with a diameter ranging from 40-100 nm and a wall
thickness about 10 nm. We notice that the size of the vesicles
measured by TEM is smaller than that obtained by DLS. This
difference may be due to the swelling of the soluble corona in the
solution.

When the PLLA block becomes longer, the micelles of the
PLLA44-b-PMMAZO,¢/B-CD complex have an irregular
spherical shape with a stripe structure (Fig. 4c). It should be
noted that the micelles in Fig. 4c were stained with PTA. Since

4| J. Name., 2012, 00, 1-3

the PLLA block cannot be stained by PTA,** the bright stripe
phase should be the domain of PLLA. As compared with the
vesicular micelles of PLLA ;-b-PMMAZO,¢/B-CD, it is quite
strange that PLLA44-b-PMMAZO,¢/pB-CD with a longer
hydrophobic PLLA block forms spherical micelles. According
to Eisenberg’s theory,” the BCP with a lower fraction of
hydrophilic block tends to form vesicular micelles, while the
BCP with a higher fraction of hydrophilic block prefers to self-
assemble into star-like spherical micelles. Herein, we believe
that the micelles of PLLA4-b-PMMAZO,4/B-CD in Fig. 4c are
crew-cut, in which the corona is relatively short.

In order to quantitatively describe the impact of PLLA block
length on the self-assembly morphology evolution, the complexation
efficiency (CE), which is defined as the fraction of complexed azo
moiety, was calculated in terms of the complexation constant

between B-CD and azo (1700 M™' in aqueous solution**):
1 26¢ 1 26¢ 26¢
%”“”W‘\/[%““”wa—4’<Mw>2 M
CE n n n
26¢
ZX MBCP

Where r is the molar ratio of B-CD/azo, ME® is the molecular
weight of a BCP obtained from NMR and c¢ is the micelle
concentration. The calculated result is summarized in Table 2. One
can see that the CE is only 0.215 for PLLA;-b-PMMAZO,¢/B-CD,
and it is reduced to 0.182 when the polymerization degree of the
PLLA block is 44. This shows that there exist lots of uncomplexed
azo groups, which makes the PMMAZO block similar to a random
amphiphilic copolymer. As a result, parts of the uncomplexed or less
complexed PMMAZO segments may also aggregate into the core of
the spherical micelles. The evidence lies in that the inner core of the
micelles is composed of the periodical grey and white stripes, which
possibly results from the microphase separation between the
incompatible uncomplexed or less complexed PMMAZO and PLLA.
After being stained with PTA, the inner structure of the core can be
clearly observed (Fig. 4c and Fig. S2b of supplementary
information), as compared with the un-stained micelles (Fig. S2a of
supplementary information). The hydrophilic ratio (fyiic), i.e. the

This journal is © The Royal Society of Chemistry 2012
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weight fraction of the hydrophilic segments, can be calculated based
on following equation.
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of the PLLA-b-PMMAZO/B-CD complexes (B-CD/azo=1) in aqueous solution (¢=0.1 mg mL™"). b) PLLA7-6-PMMAZO,, ¢) PLLA 4-b-
PMMAZOy, d) PLLAsg-b-PMMAZO,4 and €) PLLAg,-b-PMMAZOQ,, inset is the detail structure of micelle in the corresponding red dash
circle. Sample in ¢) was stained with PTA for 10 min. f) Illustration of the inclusion complexation between the azo group and B-CD.

26CE(M**° + M"Y
(M P +26CE x MP~)

Where M*?© is the molecular weight of azo moiety (M**°
=211), M*P is the molecular weight of B-CD (M*P=1303). It
is found that vesicles are formed at fp;;c=0.423, while spheres
are fabricated at 0.314 (Table 2). Li also observed vesicles (or
polymersomes) at a fyhiic around 0.4 in amphiphilic BCPs
containing a liquid crystalline block,” which is very similar to
our result. In addition, since spheres are formed at a smaller
Johilie> it 1S reasonable that the PLLA44-b-PMMAZO,4/B-CD
complex forms crew-cut micelles at 3-CD/azo=1.

When the polymerization degree of PLLA is increased to 58
and 92, the CEs become further smaller, and the values of fypijic
are also decreased to 0.280 and 0.194, respectively. As a
consequence, the self-assembly morphology of the complexes
changes accordingly. One can see that PLLAsg-b-
PMMAZO,¢/B-CD forms the mixture of spheres and vesicles

f philic — @)

This journal is © The Royal Society of Chemistry 2012

with a spherical particle entrapped inside (Fig. 4d). There exists
a domain (bright phase, Fig. 4d) between the core and wall of
the vesicles. Such self-assembly morphology is called as
entrapped vesicle, which is rarely reported for block copolymer
micelles.’®” The formation mechanism of the entrapped vesicle
will be discussed in the following section. As shown in Fig. 4d
(inset), the overall size of a typical entrapped vesicle is about
70 nm, and the wall thickness of the vesicular layer is about 10
nm (inset in Fig. 4d). The size of the spherical particle
entrapped inside the vesicle is about 30 nm, and the gap
between wall of the vesicle and sphere is also about 10 nm. As
compared with self-assembly morphology of the PLLAsg-b-
PMMAZO,s complex, uniform entrapped vesicles with a larger
size are observed for the PLLAg,-b-PMMAZO,¢/B-CD
complex.

Effect of micelle concentration. Above result reveals that the self-
assembly morphology of the PLLA-b-PMMAZO/B-CD complexes

J. Name., 2012, 00, 1-3 | 5
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at p-CD/azo=1 in aqueous solution changes with the
hydrophilic/hydrophobic ratio. Due to the low concentration of the

Journal Name

micelle solution (0.1 mg mL™), the CE of the azo group is rather

Table 2. Effects of PLLA length, micelle concentration and f-CD/azo ratio on the complexation efficiency between azo and B-CD/azo and

the hydrophilic ratio of the complexes.

Sample name Concentration B-CD/azo  Complexed Complexed Free Sonitic Morphology
(mg mL™) azo (CE) B-CD B-CD

PLLA,;-b-PMMAZO,¢ 0.1 1 21.5% 21.5% 78.5% 0.423 vesicle
PLLA,4-b-PMMAZO 0.1 0.5 10.3% 20.6% 70.4% 0.202 entrapped vesicle

0.1 1 18.2% 18.2% 81.8% 0.314 sphere

0.1 2 32.3% 16.2% 83.8% 0.461 vesicle
PLLAss-b-PMMAZO 0.1 1 17.5% 17.5% 82.5% 0.280 entrapped vesicle, sphere
PLLAg,-b-PMMAZO,, 0.1 1 13.9% 13.9% 86.1% 0.194 entrapped vesicle

0.2 1 22.3% 22.3% 77.7% 0.288 sphere

0.4 1 32.7% 32.7% 67.3% 0.372 vesicle

0.8 1 45.2% 45.2% 54.8% 0.458 Large compound micelles

small. Since the CE is dependent on both the concentrations of 3-CD
and azo moiety, if we increase the micelle concentration or the -
CD/azo ratio, the hydrophilic/hydrophobic ratio and the self-
assembly morphology may be altered accordingly. We prepared the
micelle solutions of PLLAg)-b-PMMAZO,s/-CD complex at
various concentrations. The calculated values of CE and fyic are
summarized in Table 2. The size and morphology at different
concentrations are shown in Fig. 5. One can see that the f,;c varies
from 0.194 to 0.458 when the micelle concentration changes from
0.1 to 0.8 mg mL™"'. At the same time, the size of the micelles is
increased from 222 nm at ¢=0.1 mg mL™' to 280 nm at ¢=0.8 mg mL"
! If we dilute the micelle solution from 0.8 mg mL™ to 0.1 mg mL"',
the effective diameter of the micelles is reduced to 212 nm, which is
very similar to the size of the micelles directly prepared at 0.1 mg
mL™.

As we can see, PLLAg,-b-PMMAZO,¢/B-CD forms entrapped
vesicles at ¢=0.1 mg mL"' (Fig. 4¢). When the micelle concentration
is increased from 0.2 to 0.8 mg mL’, the micellar morphology
changes from sphere to vesicle, and then to large compound micelle.
Similarly, if we dilute the micelle solution with a concentration of
0.8 mg mL™" to 0.1 mg mL", entrapped vesicles are reconstructed, as
shown in Fig. 5Se. This result indicates that the inclusion
complexation between azo group and B-CD is dynamically
equilibrated in aqueous solution, and such an equilibrium shifts
quickly as the concentration changes. The transition of the self-
assembly morphology with micelle concentration can also be
attributed to the different hydrophilic/hydrophobic ratios at various
concentrations. This shows that, increase of micelle concentration
and decrease of the PLLA block length have a similar effect on the
self-assembly morphology of the PLLA-b-PMMAZO/B-CD
complexes to some extent.

Effect of p-CD/azo ratio. On the other hand, when we change the -
CD/azo ratio, the CE of the azo group and thus the
hydrophilic/hydrophobic ratio will be altered as well. Therefore, we
believe the self-assembly morphology of the PLLA-b-PMMAZO/B-
CD complexes can also be regulated by the B-CD/azo ratio. We
studied the self-assembly morphology of PLLA4-b-PMMAZO,/B-
CD complexes at f-CD/azo=0.5, 1 and 2, respectively. The micelle

6 | J. Name., 2012, 00, 1-3

concentrations were kept the same (0.1 mg mL™"). The calculated
values of CE and f;;. are listed in Table 2. It is observed that, the

a) 110 }——=—0.1 mg/mL
- —e—0.2 mg/mL
100 =—a—0.4 mg/mL

90 |- 0.8 mg/mL
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Fig. 5. Effect of micelle concentration on the micellar size and
morphology evolution of PLLAg,-b-PMMAZO,4/B-CD complex. a)
Size distribution at various micelle concentrations; b) TEM images
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for the micelles of PLLAg,-b-PMMAZO,4/B-CD complex at ¢=0.2
mg mL™'; ¢) at ¢=0.4 mg mL™'; d) at ¢=0.8 mg mL"'; and e) at 0.1 mg
mL"! diluted from 0.8 mg mL™".
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Fig. 6. Effect of B-CD/azo ratio on the micellar morphology of PLLA44-b-PMMAZO,4 co

2:1.
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CE increases from 10.3% to 32.3% and the fjc changes from 0.202
to 0.461, as the B-CD/azo ratio varies from 0.5 to 2. Fig. 6 shows the
TEM images of the PLLA44-b-PMMAZQO,/p-CD micelles at various
B-CD/azo ratios. As we can see, uniform entrapped vesicles are
formed at f-CD/azo=0.5, while spherical micelles are observed at -
CD/azo=1. When the B-CD/azo ratio is increased to 2, the micellar
morphology is completely changed into vesicle. As a result, increase
of the B-CD/azo ratio can induce the entrapped vesicle-to-sphere-to-
vesicle transition of the micellar morphology of PLLAyy-b-
PMMAZO,¢/B-CD complex. The TEM images of the self-assembly
morphology of PLLAg,-b-PMMAZOQO,¢/B-CD complexes at various
p-CD/azo ratios are supplied in Fig. S3 of supplementary
information. It is observed that the micellar morphology of PLLAy,-
b-PMMAZO,¢/B-CD changes with the B-CD/azo ratio in a way
similar to the PLLA4-b-PMMAZO,¢/B-CD complex. This result
further confirms that the entrapped vesicle is formed due to the
smaller hydrophilic/hydrophobic ratio, since the PMMAZO block is
less hydrophilic at a smaller -CD/azo ratio.

The interaction between the azo groups and B-CD at various f3-
CD/azo ratios can further be experimentally identified by '"H NMR.
The chemical shift of the -OCHj; proton of B-CD located at the inner
surface of the cavity was compared with that of the proton in the
residual THF reference (1.88 ppm). It is noted that, during
preparation of the micelle solution, the PLLA-b-PMMAZO was first

fJncompIexed
B-CD

54 5.2 5.0
Chemical Shift (ppm)

This journal is © The Royal Society of Chemistry 2012

Fig. 7. "H NMR spectra of the uncomplexed p-CD, and B-CD in the
PLLAg,-b-PMMAZO,¢/B-CD complex in D,O at various p-CD/azo
ratios.

dissolved in THF and the THF solution was added into the aqueous
solution of B-CD. It seems difficult to completely remove THF from
the micelle solution even after vigorously stirring around the boiling
temperature of THF (65 °C) for a long time. However, the
concentration of the residual THF in micelle solution estimated from
the NMR is only about 0.3 wt%, thus the effect of the residual THF
on the micellar morphology is ignored. The '"H NMR spectra of
uncomplexed B-CD and B-CD in the D,O solution of PLLAy,-b-
PMMAZO,¢/B-CD complexes at various f-CD/azo ratios are shown
in Fig. 7. It is observed that the two protons of uncomplexed B-CD
are located at 5.22 ppm and 5.02 ppm, respectively. By contrast, for
the resonances of the complexed protons at various -CD/azo ratios,
a prominent upfield shift is detected, although the fraction of free p-
CD is dominated. Moreover, as the B-CD/azo ratio decreases, a
larger shift to upfield position occurs and the difference in the
chemical shift between the complexed and uncomplexed B-CD
becomes smaller. This shows that, with increasing the B-CD/azo
ratio, the fraction of uncomplexed B-CD is higher. Such a result is
consistent with the variation of the calculated CE (Table 2) and the
morphology evolution (Fig. 6) with the B-CD/azo ratio.

Micellar structures of the PLLA-b-PMMAZO/B-CD complexes
We can see from above results that, the self-assembly morphology
of PLLA-b-PMMAZO/B-CD complexes varies with the PLLA block
length, micelle concentration and B-CD/azo ratio, as illustrated in
Scheme 2. Generally, the effects of above parameters can be
attributed to the change of the key parameter, fyhiic, as shown in
Table 2. When fic is larger than 0.372, vesicles tend to be formed.
By contrast, spheres are formed when fyi ranges from 0.288 to
0.314. If foniiic is further decreased to 0.202, entrapped vesicles are
preferentially produced.
We notice that the CEs of the azo groups under various
conditions are rather low. Moreover, the complexation between azo
and B-CD is random and dynamic. Consequently, the complexed
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PMMAZO blocks are quite inhomogeneous, i.e. there exist both less
and more complexed PMMAZO blocks. The inhomogeneous
PMMAZO blocks may result in some particular structures of the
micelles of the PLLA-b-PMMAZO/B-CD complexes. For the
spherical micelles, the core is composed of the less complexed
PMMAZO block and the PLLA block. The incompatibility between

more hydrophilic S b \ \ 5
segment e <) L { é )
LR B fwit
4 R A w
\ d >
\ ) \‘
< '
e * %
&
vesicle sphere entrapped vesicle

PLLA block length, or UV irradiation time
Micelle concentration, or B-CD/azo ratio

Scheme 2. Illustration for the structures of three micellar
morphologies of PLLA-b-PMMAZO/B-CD complexes in aqueous
solution and regulation of the micellar morphology by different
methods.

them leads to a lamellar microphase-separated structure of the
micellar core. It should be noted that the microphase separation takes
place in nano-spheres, which is like a BCP confined in spherical
domains. Under such a spatially confined environment, formation of
a lamellar microphase-separated structure is usually due to the large
ratio of the particle size over the lamellar d-spacing of the BCPs.>®
There exists microphase separation inside the entrapped vesicles
as well. As schematically depicted in Scheme 2, the entrapped core
and wall of the vesicles (dark domains in Fig. 4d) are composed of
PLLA, and the bright domain between the entrapped core and wall
of the vesicles corresponds to the PMMAZO blocks complexed with
a smaller fraction of B-CD. The outside of the vesicle wall is the
PMMAZO blocks complexed with a larger fraction of B-CD, which
are more hydrophilic but cannot be observed by TEM. It should be
pointed out that the microphase-separated structure inside the
entrapped vesicles is a spherical PLLA core wrapped by a concentric
layer of less complexed PMMAZO, which is different from the
alternate lamellar structure in the core of the spherical micelles.
Formation of such a microphase-separated structure is possibly due
to the asymmetric vesicle structure in the entrapped vesicles. The
outside of the vesicle wall is more complexed PMMMAZO, but the
inner-side is less complexed PMMAZO, which will be more
affinitive to the chemically linked PLLA core. The selective affinity
of the inner surface of the hollow sphere toward one of the blocks
usually leads to formation of a concentric layered structure of
microphase separation for BCPs confined in spherical domains.*®
Generally, micelles with a microphase-separated core are
observed for ABC triblock terpolymers, in which one of the blocks
is solvent-soluble and forms the micellar corona, but the remaining
two blocks are both solvent-phobic and form the micellar core.
However, since the core-forming two blocks are immiscible,
microphase separation occurs in the micellar core.”** In the present
work, the micellar core is the less complexed PLLA-b-PMMAZO (in

8 | J. Name., 2012, 00, 1-3

the entrapped vesicles) or the mixture of the less complexed PLLA-
b-PMMAZO and the PLLA block connected with more complexed
PMMAZO block (in the spherical micelles). Therefore, microphase
separation may also take place in the micellar core. The difference
between the micelles of PLLA-b-PMMAZO/B-CD complexes and
common ABC triblock BCPs lies in that the micellar core is not or
only partially connected with the micellar corona. As a result, the
origin for occurrence of microphase separation in the micellar core
of PLLA-b-PMMAZO/B-CD complexes is the inhomogeneous
complexation between the azo groups with B-CD. The less
complexed PMMAZO blocks are also incorporated into the micellar
core, which will segregate from the hydrophobic PLLA block. The
inhomogeneous complexation between the azo groups and B-CD
may be also responsible for the formation of the entrapped vesicles.
Because of the co-existence of the more and less complexed PLLA-
b-PMMAZO, the less complexed PLLA-b-PMMAZO is unstable in
the aqueous solution and tends to be wrapped by the vesicles formed
by the more complexed PLLA-b-PMMAZO.

We wonder whether the entrapped vesicle is the result of kinetic
trap or is metastable. The solutions of the PLLAg,-b-PMMAZO,4/B-
CD and PLLA,4-b-PMMAZO,4/B-CD containing entrapped vesicles
or phase separated spheres were annealed at the temperature around
the glass transition temperature of the PLLA block (65 °C) for 24 h.
It is found that the size and morphology of the micelles are almost
the same as un-annealed micelles (Fig. S4 in supplementary
information). This shows that the entrapped vesicles are
thermodynamically stable in aqueous solution. The sphere-to-
entrapped vesicle transition resulting from dilution of the micellar
solution (Fig. 5) also confirms that formation of the entrapped
vesicles is not the result of kinetic trap.

The entrapped vesicles may have potential applications in highly
efficient dispersion of hydrophobic materials and controlled drug
delivery. As a result, it is important to understand the formation
mechanism of entrapped vesicle. The entrapped vesicles were first
observed by Petrov in the aqueous solution of poly(ethylene oxide)-
block-poly(n-butyl acrylate) (PEO3-b-PnBAyy3),%® but they didn’t
propose a mechanism for the formation of entrapped vesicles. Salim
also observed this intriguing morphology for the poly(ethylene
oxide)-block-poly(lactide) (PEO-b-PLA)/poly(acrylic acid) (PAA)
complexes with a molar ratio of EO:AA=1 in the H,O/THF mixed
solvent.”” They believed that this morphology was the result of the
increased free energy reflecting the stretching of the core-forming
PLA block and the change of the interaction among different PEO
blocks caused by complexation with PAA. As for the formation
pathway, they proposed that the formation of entrapped vesicles
started from the large vesicles at a high polymer concentration and a
high water content. Nevertheless, the heterogeneity of the
complexation between PAA and PEO was not discussed. Here in our
system, the inhomogeneous complexation between azo and B-CD
may be the main factor for the fabrication of the entrapped vesicles.
Moreover, the structure of the entrapped vesicles is kinetically
frozen after addition of selective solvent in literature.’*>’ By
contrast, the micelles of PLLA-b-PMMAZO/B-CD complexes are
thermodynamically equilibrated, since the micellar morphology
changes quickly with dilution of the micelle solution (Fig.5e).

This journal is © The Royal Society of Chemistry 2012
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Photo-regulated self-assembly of the PLLA-b-PMMAZO/B-CD

complexes
It is well known that trans-azo isomer has a strong binding affinity
with B-CD in aqueous solution, while the binding force between the
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cis-azo isomer and B-CD is weak. On the other hand, the reversible
trans-cis isomerization of the azo groups can be readily realized

Fig. 8. a) Size distribution of the PLLA,;-b-PMMAZO,¢/B-CD complex at -CD/azo=1 before (black) and after (red) UV irradiation, and
after subsequent irradiation with visible light (blue). The TEM images of the complex micelles. b) before UV irradiation; c) after UV
irradiation for 1 min; d) for 3 min; e) for 30 min and f) after subsequent irradiation with visible light for 30 min.

upon irradiation of light with different wavelengths. This indicates
that the inclusion complexation between B-CD and azo is reversible
as the photo-isomerization of azobenzene occurs. Based on this
result, it is expected that regulation of the self-assembly morphology
of the PLLA-b>-PMMAZO/B-CD complexes may be achieved via
change of light irradiation time. It should be pointed out that,
although the trans-cis isomerization at the molecular level is very
fast (see Fig. S5 in supplementary information), the transition of the
self-assembly morphology at a large scale may be relatively slower,
since we didn’t observe morphological change for the micelles of
PLLA7-b-PMMAZO,4/B-CD complex after UV irradiation for 30 s.
However, prolongation of UV irradiation time can trigger the
morphological transition of the micelles. Fig. 8 represents the
micellar size and morphology of the PLLA;-b-PMMAZO,¢/B-CD
complex at B-CD/azo=1 before and after UV irradiation for various
times, then further irradiated with visible light. One can see that
before UV irradiation, the PLLA;;-b-PMMAZQO,s/p-CD forms
vesicles in aqueous solution (Fig. 8b). After irradiation of 365 nm
UV for 1 min, the micellar morphology transforms into sphere (Fig.
8c). Entrapped vesicles are observed at further increased irradiation
time (3 min), as shown in Fig. 8d. Therefore, as the UV irradiation
time increases, the vesicle-to-sphere-to-entrapped vesicle transition
can be realized for the micelles of the PLLA;-b-PMMAZO,/-CD
complex. Such a transition can be ascribed to the gradual decrease of
the fraction of the frans-azo isomer and the hydrophilic/hydrophobic

This journal is © The Royal Society of Chemistry 2012

ratio in the complex with increasing UV irradiation time. In the
previous section, we pointed out that a larger fpij;c is favourable to
formation of vesicles, whereas entrapped vesicles tend to be formed
at a smaller fy.. Herein we find that UV irradiation has an
equivalent effect with increasing the PLLA length or lowering the
micelle concentration and B-CD/azo ratio, as illustrated in Scheme 2.
We also try to evaluate the fyic at different UV irradiation times,
since the fraction of #trans-azo moieties has a linear relationship with
UV irradiation time (Fig. S6). If so, the concentration of trans-azo
moieties at different irradiation times can be calculated, thus fyyic
can be obtained. Nevertheless, we failed due to the lagged
morphological evolution at the macroscopic scale, as compared with
the trans-cis isomerization at the molecular level.

When the irradiation time of UV is prolonged to 30 min, the
micelles almost disappear and particles with an irregular shape are
formed (Fig. 8e). At the same time, the size of the aggregates after
UV irradiation for 30 min is decreased from 170 nm to 130 nm (Fig.
8a). This shows that, after long time UV irradiation, most of the
trans-azo isomers are changed into cis-azo ones and azo moieties
will slide out from the cavity of B-CD due to the size mismatch
between the host and guest. As a result, the PMMAZO block
recovers its insoluble characteristic and the PLLA-b-PMMAZO
forms completely insoluble aggregates. Possibly due to the presence
of nearby B-CD,* the aggregates can stably suspend in water for a
short time and don’t precipitate from the solution.

J. Name., 2012, 00, 1-3 | 9
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On the other hand, the subsequent irradiation with 450 nm visible
light for 30 min can lead to recovery of the micellar size and shape
before UV irradiation (Fig. 8a and 8f). This shows that, not only the
trans-cis photo-isomerization of the azo moiety but also the resulting
morphological transition of PLLA-b-PMMAZO/B-CD complex
micelles is reversible. As a result, we can switch the self-assembly
morphology of the PLLA-b-PMMAZO/B-CD complexes simply by
irradiation of UV light for different times Similar result is obtained
for the PLLAy,-b-PMMAZO,4/B-CD complex, which is supplied in
Fig. S7 of supplementary information.

We also examined the reassembly rate of the disassociated
aggregates under visible light by DLS, and the variation of the
aggregate size with irradiation time of visible light is shown in Fig.
9. One can see that the size of the aggregates increases quickly in the
initial period, and after 3 min the size levels off about 170 nm, which
is similar to the size of the vesicles before UV irradiation. This
process is driven by the cis-trans isomerization under visible light,
through which the host-guest interaction is recognized again. This
shows that the reassembly of the disassociated aggregates can be
completed within 3 min upon irradiation of visible light. As
compared with the photo-isomerization rate of the azo groups (Fig.
S5), the reassembly rate of the aggregates is evidently slower. This
difference is understandable, since there are intermediate processes,
such as re-association between trans-isomers with B-CD, and
reassembly among different polymer chains, when the effect of the
structural change of the azo groups is amplified and transferred to
the inter-molecules.
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Fig. 9. Variation of the aggregate size of PLLA7-b-PMMAZO, at
-CD/azo=1 with irradiation time of visible light.

Conclusions

A series of double hydrophobic PLLA-6-PMMAZO BCPs with
different compositions were successfully prepared via ATRP and
ring opening polymerization. The hydrophobic BCPs can self-
assemble into vesicles, spherical micelles and entrapped vesicles in
aqueous solution, with the aid of host-guest inclusion complexation
between the azo groups and B-CD. These morphologies can be
regulated by the PLLA block length, micelle concentration, B-
CD/azo ratio and UV irradiation time, through which the
hydrophilic/hydrophobic balance is changed. Moreover, the micelles

10 | J. Name., 2012, 00, 1-3

can be reversibly disassembled and reassembled by alternative UV
and visible light irradiation, which results from the reversible trans-
cis isomerization of the azo moieties. In addition, the
inhomogeneous complexation between the azo groups and B-CD
leads to incorporation of the less complexed PMMAZO into the
micellar core, thus microphase separation occurs due to the
incompatibility between the less complexed PMMAZO and the
hydrophobic PLLA blocks.
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