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Temperature and light-induced self-assembly changes
of a tetra-arm diblock copolymer in an ionic liquid

Xiaofeng Ma, Ryoji Usui, Yuzo Kitazawa, Hisashi Kokubo and Masayoshi Watanabe

A tetra-arm diblock copolymer ([PEG-b-P(AzoMA-r-NIPAm)]4) was synthesized by reversible addition–fragmentation chain transfer

copolymerization of N-isopropylacrylamide (NIPAm) and 4-phenylazophenyl methacrylate (AzoMA), initiating from the ends of

functionalized tetra-arm polyethylene glycol (tetra-PEG). The resulting tetra-arm diblock copolymer consists of two segments:

tetra-PEG (the center block; compatible with 1-butyl-3-methylimidazolium hexafluorophosphate ([C4mim]PF6)) and P(AzoMA-r-
NIPAm) (the end blocks; temperature- and photosensitive compatibility with [C4mim]PF6 due to photoresponsive upper critical

solution temperature phase behavior). We found that [PEG-b-P(AzoMA-r-NIPAm)]4 underwent high-temperature unimer and low-

temperature micelle (upper critical micellization temperature (UCMT)) transitions in [C4mim]PF6. The UCMT of the tetra-arm

diblock copolymer depended on photoisomerization states of the azobenzene groups within the copolymer. The UCMT of the

trans-form polymer in dark conditions was higher than that of the cis-form polymer under UV-light irradiation. We demonstrated

photoinduced self-assembly changes of the tetra-arm diblock copolymer in [C4mim]PF6 at a ‘bistable’ temperature. Reversible

photoinduced unimer/micelle transitions were also demonstrated.
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INTRODUCTION

Ionic liquids (ILs) are ambient temperature molten salts and have
attracted considerable attention because of their unique properties
such as nonvolatility, nonflammability, thermal and chemical stability
and high ionic conductivity.1–8 Composite materials consisting of
polymers and ILs can realize useful materials such as polymer
electrolyte membranes, gas separation membranes and catalytic
membranes.9,10 Furthermore, we previously focused on stimuli-
responsive polymers in ILs.11,12 For example, poly(N-isopropylacryla-
mide) (PNIPAm) shows an upper critical solution temperature
(UCST) phase transition in certain ILs, which is a completely opposite
phenomenon to that observed in aqueous solutions.13 In contrast,
certain polymethacrylates14–16 or polyether derivatives17–19 are found
to exhibit lower critical solution temperature (LCST) phase behavior
in ILs. Phase transitions of polymers in nonvolatile and thermally
stable ILs can afford long-term stable smart materials without solvent
evaporation. Recently, we developed photoresponsive polymers
in ILs by copolymerization of an azobenzene-containing monomer,
4-phenylazophenyl methacrylate (AzoMA), with either NIPAm20 or
benzyl methacrylate21 as the main monomer.
Self-assembly of block copolymer in an IL is another fascinating

topic from the materials science point of view.22–26 Block copolymer
membranes or dilute solutions exhibit useful nanostructures due to
intramolecular segregation. Lodge and coworkers reported polybuta-
diene-block-poly(ethylene oxide) (PB-b-PEO) block copolymer self-
assembly in 1-butyl-3-methylimidazolium hexafluorophosphate

([C4mim]PF6).
27 They found that PB-b-PEO self-assembled into

micelles with an IL-insoluble PB core surrounded by PEO corona
chains in [C4mim]PF6. Direct visualization using cryogenic transmis-
sion electron microscopy revealed various nano-ordered self-
assembled structures with universal morphologies such as spheres,
cylindrical micelles and bilayer vesicles in [C4mim]PF6. They also
developed physical ion gels by gelation of an ABA triblock copolymer
with an IL-selective B block and an IL-phobic A block in an IL. For
example, polystyrene-block-poly(ethylene oxide)-block-polystyrene tri-
block copolymer dissolved in a PEO selective IL can form an ion gel
through noncovalent association of the polystyrene blocks.28 Physical
ion gels comprising ABA triblock copolymers and ILs have numerous
applications including organic transistors29, actuators30 and low-
voltage, flexible electrochemiluminescent device.31 Certain thermo-
sensitive block copolymers in ILs can realize thermoinduced
micellization,32 doubly thermosensitive micelles,33,34 and thermore-
versible ion gels.35–37 We also reported that an azobenzene-containing
diblock copolymer (PEO-b-P(AzoMA-r-NIPAm)) exhibits thermo-
and photoinduced micellization in [C4mim]PF6.

38 Owing to the UCST
phase behavior of random copolymer segments composed of AzoMA
and NIPAm (P(AzoMA-r-NIPAm)), the diblock copolymer formed
micelles at lower temperatures than the UCST of P(AzoMA-r-
NIPAm). [C4mim]PF6 was selected because the UCST locates at
experimentally suitable temperatures. Conversely, the block copolymer
became unimers at higher temperatures than the UCST. The upper
critical micellization temperature (UCMT) depended on the
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photoisomerization states of azobenzene in the copolymer. The
UCMT difference between the trans-form polymer and the cis-form
polymer was 4 °C. At a suitable temperature, photoinduced reversible
unimer/micelle transition was realized by illumination using light with
appropriate wavelength. Very recently, we succeeded in realizing the
sol–gel transition of concentrated ABA triblock copolymer solutions
(20 wt%) in an IL triggered by a photostimulus.39 The ABA triblock
copolymer employed was P(AzoMA-r-NIPAm)-b-PEO-b-P(AzoMA-r-
NIPAm), and the sol–gel transition was caused by the photoinduced
aggregation state change of the ABA triblock copolymer. The photo
processable ion gel is a very fascinating material; however, mechanical
strength of the ion gel was not sufficient.39

How block copolymer architecture affects the aggregation states is
of great interest. We need to accumulate such knowledge because the
information on self-assembly of block copolymer in ILs is rather poor,
compared with that in water and organic solvents. Furthermore, in
order to utilize the photoinduced sol–gel transition for material
processing, the enhancement of mechanical integrity of the gel state
is our great concern. Herein, we describe thermo- and photoinduced
self-assembly changes of a tetra-arm diblock copolymer ([PEG-b-P
(AzoMA-r-NIPAm)]4) in [C4mim]PF6. The [PEG-b-P(AzoMA-r-
NIPAm)]4 diblock copolymer, with tetra-polyethylene glycol (tetra-
PEG) as the central block and P(AzoMA-r-NIPAm) as the four end
blocks, was prepared by reversible addition–fragmentation chain
transfer (RAFT) copolymerization of NIPAm and AzoMA, initiating
from end functionalized tetra-PEG precursor. Our paper first describes
the thermosensitive self-assembly of the tetra-arm diblock copolymer
in [C4mim]PF6. Then it describes the reversible photoinduced
unimer/micelle transitions by alternating irradiation by UV and visible
light at a suitable temperature. Although micellization of tetra-arm
diblock copolymers can be found in aqueous solutions,40–47 self-
assembly of tetra-arm diblock copolymers in ILs are yet to be reported.

EXPERIMENTAL PROCEDURE

Materials
Tetra-PEG (number-average molecular weight (Mn)= 40 000, average molecu-
lar weight of each arm= 10 000; polydispersity index (Mw/Mn)= 1.05) was
provided by NOF Corporation (Tokyo, Japan) and dried by azeotropic
distillation using toluene to remove residual water. NIPAm was provided by
Kohjin Chemicals Corporation (Tokyo, Japan) and purified by recrystallization
(two times) using a toluene/hexane (1:10 by weight) mixed solvent. 2,2′-Azobis
(isobutyronitrile) was purchased from Sigma-Aldrich (Tokyo, Japan) and
recrystallized from methanol. 1,4-Dioxane, dehydrated dichloromethane and
oxalyl chloride were purchased from Wako Chemicals (Osaka, Japan) and used
without further purification. S-1-dodecyl-S′-(α,α′-dimethyl-α″-acetic acid)
trithiocarbonate (CTA) was synthesized according to a previously reported
procedure.48,49 AzoMA was synthesized by a reported procedure.50,51 [C4mim]
PF6 was prepared according to a previous report.52 The water content of the
[C4mim]PF6 was determined by a Karl Fischer titration and was o10 p.p.m.

Synthesis of [PEG-b-P(AzoMA-r-NIPAm)]4 tetra-arm diblock
copolymer
The block copolymer was prepared according to the procedure shown in
Scheme 1. The first step was to synthesize the tetra-PEG-CTA macroinitiator.
Tetra-PEG (6.64 g, 0.166mmol) and dry dichloromethane (50ml) was placed
into a two-necked flask and stirred at room temperature until a transparent
solution was obtained. CTA (0.620 g, 1.70 mmol) was mixed with excess oxalyl
chloride (0.44ml, 5.1mmol) in dry dichloromethane (10ml) in another two-
necked flask under an argon atmosphere and stirred at room temperature until
gas evolution stopped (~2 h). Dichloromethane and excess oxalyl chloride were
then removed under vacuum, and the residue was re-dissolved in dry
dichloromethane (12ml). This solution was then added to tetra-PEG solution.
The reaction was allowed to stir for 24 h at room temperature, after which the

contents were reprecipitated three times by pouring the tetra-PEG-CTA
solution in tetrahydrofuran (as a good solvent) into cold diethyl ether (as a
poor solvent). The precipitate was then dried under vacuum at room
temperature overnight to yield tetra-PEG-CTA as a light-yellow powder
(6.33 g, 90%).
The second step was RAFT copolymerization of NIPAm and AzoMA from

the end of the obtained tetra-PEG-CTA. Tetra-PEG-CTA (1.00 g, 0.0242
mmol), AzoMA (1.36 g, 5.11mmol) and NIPAm (15.9 g, 0.141mol)
([AzoMA]/[NIPAm]= 3.5/96.5) were dissolved in 1,4-dioxane (100ml) in a
round-bottom flask and bubbled with argon for 30min at 45 °C. Special
attention was given to avoid crystallization of the NIPAm monomer during the
bubbling process. 2,2′-Azobis(isobutyronitrile) (5.0mg, 0.030mmol) and
1,4-dioxane (5.0ml) was separately placed in a separate round-bottom flask
and bubbled with argon for 30min at room temperature. The 2,2′-Azobis
(isobutyronitrile) solution (3.3ml, 0.020mmol) was then added to the
monomer solution. RAFT polymerization was carried out at 65 °C for 68 h.
The reaction mixture was evaporated and purified by reprecipitation three
times from acetone (as a good solvent) to cold diethyl ether (as a poor solvent).
Then, the collected yellow powder was purified by fractional precipitation. The
precipitate was dissolved in ethanol with 5 wt% concentration at 40 °C. After
the solution was stored in a refrigerator about 2 days, the solid precipitate was
observed. Then the upper solution was decanted and the precipitate was
collected. The precipitate was purified again by reprecipitation with acetone and
cold diethyl ether. The precipitate was then dried overnight under vacuum at
40 °C to yield [PEG-b-P(AzoMA-r-NIPAm)-CTA]4 as a yellow powder
(2.10 g, 11%).
Finally, the removal of the RAFT agent at each chain end of the polymer

([PEG-b-P(AzoMA-r-NIPAm)-CTA]4) was conducted according to the follow-
ing procedure. [PEG-b-P(AzoMA-r-NIPAm)-CTA]4 (1.00 g, 0.0107mmol),
2,2′-Azobis(isobutyronitrile) (0.212 g, 1.29mmol) and 1,4-dioxane (25ml)
were mixed in a round-bottom flask and bubbled with argon for 30min at
room temperature. The reaction was allowed to proceed under argon atmo-
sphere at 80 °C for 12 h. The reaction mixture was evaporated and purified by
reprecipitation three times from acetone (as a good solvent) to cold diethyl
ether (as a poor solvent). The precipitate was then dried overnight under
vacuum at 40 °C to yield [PEG-b-P(AzoMA-r-NIPAm)]4 as a yellow powder
(0.870 g, 87%).

Sample preparation
A solution of [PEG-b-P(AzoMA-r-NIPAm)]4 in [C4mim]PF6 was prepared
using the co-solvent method. The tetra-arm diblock copolymer was first
dissolved in tetrahydrofuran, followed by the addition of an appropriate
amount of [C4mim]PF6 (polymer/IL= 1/99 by weight). The solution was then
stirred continuously for at least 3 h until a transparent solution was obtained.
The volatile tetrahydrofuran was then removed by evaporation at 80 °C under
vacuum for 24 h. Sample solution was filtered by using 0.20-μm filter to
eliminate dust before dynamic light scattering (DLS) measurements.

Measurements
The synthesized polymers were characterized by 1H NMR and gel permeation
chromatography (GPC). 1HNMR (500MHz) spectrum was recorded with a
Bruker DXR 500 (Karlsruhe, Germany). The Mw/Mn of the synthesized
polymers was determined by GPC using a Shimadzu HPLC system (columns:
Tosoh calibrated by polystyrene standards (Kyoto, Japan)). The system was
operated at a flow rate of 1.0 mlmin− 1 using dimethylformamide containing
0.01mol l− 1 LiBr as the eluent.
DLS was performed using an Otsuka Electronics DLS-6500 (Osaka, Japan)

equipped with an ALV-6010/160 correlator (Langen, Germany) and a He–Ne
laser with wavelength of 633 nm. Temperatures were controlled to within an
accuracy of ± 0.1 °C using an index-matching silicon oil bath. Experiments
were performed at various temperatures from 75 to 50 °C in a cooling process.
The intensity correlation functions g2(q,t) were recorded at a scattering angle of
90° at each temperature for 30 s to obtain the relationship between Rh values
and temperatures. The intensity correlation function data for photoreversible
micellization were collected every 30 s to make the time resolution of each
measurement, which is faster than that of the photoinduced micellization
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process. Data was collected after equilibrating at each temperature for at least
30min.
For solutions containing monodisperse particles, the electric field correlation

function g1(q, t) exhibits a single exponential decay,

g1 q; tð Þ ¼ exp �Gtð Þ ¼ exp �D0q
2t

� � ð1Þ
where t is the time, q is the scattering vector (q= (4πn/λ)sin(θ/2); n is the
refractive index of the solutions, λ is the wavelength of the light in vacuum
and θ is the scattering angle), Г is the decay rate and D0 is the mutual
diffusion coefficient at infinite dilution. The recorded intensity correlation
function g2(q, t) was converted to g1(q, t) through the Siegert relation.53 The
hydrodynamic radius, Rh, can be estimated using the solvent viscosity, η and
the Stokes–Einstein equation,

Rh ¼ kbTð Þ=6pZD0 ð2Þ
where kb and T are the Boltzmann constant and absolute temperature,
respectively. For solutions with polydisperse (not monomodal) particles, g1(q,
t) can be analyzed by the method of cumulants,54

g1 q; tð Þ ¼ A exp �Gtð Þ 1þ 1=2!ð Þm2t2 � 1=3!ð Þm3t3
� �

; ð3Þ
where Г is the mean decay rate and μ2/Г2 represents the width of the
distribution. In this work, the apparent hydrodynamic radius, Rh, was
determined using equation (2) by replacing D0 with D=Г/q2 of the 1 wt%
solutions. The distribution of Rh was also obtained by applying the inverse
Laplace transformation to g1(q, t) with the well-established CONTIN
program,55 and by a sum of two exponentials. To estimate Rh, the temperature
dependence of the viscosity of [C4mim]PF6 was calculated using the

appropriate Vogel–Tammann–Fulcher equation,52

Z ¼ 0:36 exp 639= T � 201ð Þ½ � ð4Þ
where T (K) is the absolute temperature. The refractive index of [C4mim]PF6
was calculated using equation,56

n ¼ 1:49569� 3:2 ´ 10�4T þ 8:8´ 10�8T2 ð5Þ
where T (K) is the absolute temperature. Photoirradiation was carried out using
a 500W high-pressure mercury lamp (Ushio Optical Modulex BA-H500).
The wavelength and intensity of the irradiated light (UV-light: 366 nm,
8mWcm− 2; visible light: 437 nm, 4mWcm− 2) were adjusted using color
filters. Either UV (366 nm) or visible light (437 nm) was irradiated from the
upper side of the DLS sample tube (1 cm diameter). A transparent heat-
absorbing filter covered the top of the sample tube to avoid the generation of
heat from the mercury lamp and contamination by dust.

RESULTS AND DISCUSSION

Characterization of the tetra-arm diblock copolymer
The products of each reaction step in Scheme 1 were identified by 1H
NMR (Supplementary Figures S-1, and Figure 1). The end group
conversion ratio of tetra-PEG-CTA was calculated from the 1H NMR
spectrum (Supplementary Figure S-1) by comparing integrated signal
intensities of the ethylene protons in the tetra-PEG main chain (e)
with that of the methyl protons in CTA (a) and was found to be unity.
Changes in the GPC traces with each reaction step are shown in
Figure 2, and an 1H NMR spectrum of the target block copolymer
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Scheme 1 Synthetic procedure for the tetra-arm diblock copolymer.
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([PEG-b-P(AzoMA-b-NIPAm)]4) is shown in Figure 1. The Mn of
[PEG-b-P(AzoMA-b-NIPAm)]4 was calculated from the 1H NMR
spectrum (Figure 1) by comparing the integrated signal intensities of
the tetra-PEG main chain ((f) 3.6 p.p.m.) with that of the end blocks
((c) 4.0 p.p.m. from NIPAm; (d) 7.9 p.p.m. from AzoMA). The
AzoMA composition was calculated from the ratio of integrated signal
intensities between NIPAm and AzoMA, which showed that 8.7 mol%
of AzoMA was incorporated into the random copolymer. The
characterized results of the original tetra-PEG and the synthesized
tetra-arm polymers are summarized in Table 1.
In the GPC trace of tetra-PEG, a satellite peak was observed at a

longer elution time than that of the main peak, which corresponded to
PEG having Mn= 10 kDa, one-fourth of Mn of tetra-PEG, which
appeared to be originated from trace amount of water in the
preparation system. This satellite peak still persisted in the GPC trace
of tetra-PEG-CTA. In contrast, the GPC traces of [PEG-b-P(AzoMA-r-
NIPAm)-CTA]4 and [PEG-b-P(AzoMA-r-NIPAm)]4 were unimodal,
indicating that low molecular weight block copolymers starting from
the low molecular weight PEG were effectively removed by the
fractional precipitation (Supplementary Figure S-3). Although

polymers prepared by living radical polymerization usually have a lower
Mw/Mn than 1.2. However, [PEG-b-P(AzoMA-r-NIPAm)]4 has
Mw/Mn= 1.4. This is due to the fact that the polymerization is less
controlled due to retarding or inhibiting effect of the azobenzene group
for radicals.57 All of the data supported reasonable preparation of the
tetra-arm diblock copolymer ([PEG-b-P(AzoMA-r-NIPAm)]4).

Thermosensitivity of the tetra-arm diblock copolymer in
[C4mim]PF6
DLS was employed to investigate micellization of tetra-arm diblock
copolymer in [C4mim]PF6. Figure 3 shows the normalized scattering
intensity and hydrodynamic radius of a 1 wt% tetra-arm diblock
copolymer solution in [C4mim]PF6 with or without UV-light irradia-
tion at a scattering angle of 90°. The normalized scattering intensities
were defined as the intensity at each temperature divided by that at
75 °C. Under dark conditions, the isomerization state of the azoben-
zene was composed of the trans-state (100%), whereas under UV-light
irradiation the cis-state (80%) dominated.21,58 In the cooling process
from 75 °C, the scattered intensity increased with decrease of sample
temperature in the dark and under UV-light irradiation (Figure 3a),
thanks to the UCST phase behavior of the P(AzoMA-r-NIPAm)
segments. This indicates that the tetra-arm diblock copolymer
aggregates into large size micelles, which scatter the incident light.
The aggregation behavior was thermally reversible. The mean hydro-
dynamic radius (Rh) of the trans- and cis-form polymer were also
determined (Figure 3b). At higher temperatures than the UCMT, the
distribution function was bimodal both in the dark and under
UV-light irradiation (Figures 4 and 5). The smaller Rh peak
corresponds to the single polymer chains (unimers), whereas the
larger Rh peak indicates the existence of aggregates. (dashed lines in
Figure 3b) However, the weight fraction of the unimers is calculated to
be over 0.999 using a previously reported method,59 and it was
considered that almost all of the scattering in [C4mim]PF6 above the
UCMT came from single polymer chains. There are two possible
reasons for this small amount of aggregates at higher temperatures.
One reason is that these aggregates might arise from solubility
differences because of chain-to-chain variations in the comonomer
distribution and composition in the random copolymer block; the
other reason is these aggregates may result from the tiny fraction of
polymers with very high molecular weight that are reluctant to
dissolve. The Rh of the unimer in the [C4mim]PF6 is o10 nm,
consistent with the size of [PEG-b-P(AzoMA-r-NIPAm)]4 single
polymer chains with a molecular weight of 92 kDa.
When the temperature was lower than the UCMT, only an intense

peak around the Rh of large particles remained and the smaller Rh

peak was completely disappeared. This indicates that unimers aggre-
gated into micelles. The Rh of the micelle at lower temperatures are
approximately 35 nm, possibly suggesting spherical core–shell micelles

9 8 7 6 5 4 3 2 1 0
p.p.m.

-1

Figure 1 1H NMR spectrum of [PEG-b-P(AzoMA-r-NIPAm)]4 in CDCl3.

Figure 2 GPC traces of tetra-PEG (solid line), tetra-PEG-CTA (dashed line),
[PEG-b-P(AzoMA-r-NIPAm)-CTA]4 (dotted line) and [PEG-b-P(AzoMA-r-
NIPAm)]4 (dashed and dotted line).

Table 1 Molecular characterization of tetra-PEG and tetra-arm block

copolymer ([PEG-b-P(AzoMA-r-NIPAm)]4)

Polymer Mn (kDa) Mw/Mn
a [AzoMA]/[NIPAm]b

Tetra-PEG 40.0 1.05 —

[PEG-b-P(AzoMA-r-NIPAm)]4 92.0b 1.41 8.7/91.3

Abbreviations: AzoMA, 4-phenylazophenyl methacrylate; DMF, dimethylformamide; GPC, gel
permeation chromatography; NIPAm, N-isopropylacrylamide; PEG, polyethylene glycol; PSt,
polystyrene.
aDetermined by GPC (calibrated with PSt standards and eluent: DMF containing
0.01mol l−1 LiBr).
bDetermined by 1HNMR.
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Figure 3 (a) Temperature dependence of normalized scattering intensity for [PEG-b-P(AzoMA-r-NIPAm)]4 (1 wt%) in [C4mim]PF6 under dark conditions (solid
diamonds) and with UV-light irradiation (open circles) at a scattering angle of 90° in the cooling process. (b) Temperature dependence of the hydrodynamic
radius (Rh) for [PEG-b-P(AzoMA-r-NIPAm)]4 (1 wt%) in [C4mim]PF6 under dark conditions (solid diamonds) and with UV-light irradiation (open circles).
Dotted line indicates minor components in the system.

Figure 4 CONTIN results for [PEG-b-P(AzoMA-r-NIPAm)]4 in [C4mim]PF6 (1 wt%) solution at (a) 75 °C and (b) 50 °C under dark conditions.

Figure 5 CONTIN results for [PEG-b-P(AzoMA-r-NIPAm)]4 in [C4mim]PF6 (1 wt%) solution at (a) 75 °C and (b) 50 °C under UV-light irradiation.
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with solvatophobic P(AzoMA-r-NIPAm) core. The core could be
surrounded by solvatophilic tetra-PEG segments that are not free end-
arm shells, as they have a tetra-arm nodule in the center of the block
copolymer. We have previously reported thermo/photoinduced micel-
lization of an azobenzene-containing diblock copolymer (PEO-b-P
(AzoMA-r-NIPAm), total Mn= 35 kDa, PEO weight fraction= 0.43)
in [C4mim]PF6.

38 In that report, below the UCMT, PEO-b-P(AzoMA-
r-NIPAm) diblock copolymers self-assembled into micelles having
Rh= 120 nm, which could have vesicular morphology judged from the
Mn.

38 Since the present tetra-arm block copolymer has the same PEO
weight fraction of 0.43 as that of the diblock copolymer, the difference
in the Rh values could mainly be attributed to a difference in the block
copolymer architecture (simple diblock copolymer and tetra-arm
diblock copolymer). The PEO segments in the diblock copolymer
have free chain ends, whereas those in the tetra-arm block copolymer
do not. Such difference appears to cause the difference in the micellar
structures. After passing through the UCMT, the scattering intensity
monotonically increases (Figure 3a); nevertheless, the Rh of the tetra-
arm diblock copolymer is almost kept constant with decreasing
temperature (Figure 3b). Since the scattering intensity is generally
proportional to the sixth power of the size of the micelle and linear to
the number of particles. Thus, this result may suggest that the number
of particles gradually increases with keeping the size of micelle
constant during the cooling process.59

The UCMTs of the tetra-arm diblock copolymer were 70 and 60 °C
for the trans- and cis-form polymer in [C4mim]PF6, respectively
(Figure 3b). Importantly, there is a 10 °C difference between the
UCMT of the trans-form polymer and that of the cis-form polymer
(bistable temperature range). The UCMT difference arises from the
difference in polarity of photoisomerization states of AzoMA. It is
well-known that the polarity of azobenzene depends on its photo-
isomerization state; the dipole moment of the planar trans- azoben-
zene (0.5 D) is markedly smaller than that of cis- azobenzene (3.1 D).
This could result in the higher polarity of the latter and its improved
solubility in ILs. [C4mim]PF6 has dipole moment (μ) of 5.3 D and
dielectric constant (ε) of 11.4, indicating moderate polarity.60,61

Therefore, the trans-form polymers have higher UCMT in ILs than
the cis-form polymers. In our previous report, the UCMT difference of
the diblock copolymer with or without UV irradiation was as small as
4 °C.38 The different temperature ranges between both systems can be
attributed to the difference in azobenzene composition of the block

copolymers. The azobenzene composition in the stimuli-responsive
segment for the previously reported diblock copolymer was 2.0mol%,
whereas that in the present tetra-arm diblock copolymer was 8.7mol
%. These results are consistent with the previous report on the UCST
phase transition of a P(AzoMA-r-NIPAm) random copolymer, where
the cloud point difference between the trans- and cis-form polymers
changed from 4 to 24 °C with a change in the AzoMA composition
(from 1.9 to 8.6 mol%).38 By using this transition temperature
difference, we further confirmed the reversibility of photoinduced
unimer/micelle transition.

Unimer-micelle transition of [PEG-b-P(AzoMA-r-NIPAm)]4 in
[C4mim]PF6 induced by photo-stimuli
Figure 6 shows a reversible unimer-micelle transition induced by light
stimuli at a bistable temperature. First, the polymer solution was kept
at a bistable temperature (64 °C) under UV-light irradiation; the Rh of
the tetra-arm diblock copolymer was o10 nm. The size distribution
always displays a bimodal distribution (Figure 7a). This is consistent
with distribution function of Figure 5a. The weight fraction of single
polymer chains could also be estimated to be over 0.999, which
indicates that aggregation is negligible. At time 0 s, the solution was
irradiated by visible light to form the trans-polymer. The size of
micelles formed by photoinduced transition was ~ 35 nm. This was
quite similar to the size of the micelles generated under the thermal
induced transition of [PEG-b-P(trans-AzoMA-r-NIPAm)]4, as shown
in Figure 4b. The size distribution function exhibits a unimodal
distribution (Figure 7b), which indicates formation of micelles. There
is an induction time (500 s) before aggregation of the tetra-arm
diblock copolymer. We previously reported that photoinduced
unimer-micelle transition of PEO-b-P(AzoMA-r-NIPAm) diblock
copolymer in an IL required two elementary steps.38 The first step
was the photoisomerization of azobenzene from cis to trans, while the
second step was diffusion of polymers to self-assemble into micelles.38

We considered these two steps, because the photoisomerization
of the cis- to the trans-form of the azobenzene-containing random
copolymer in the IL reached a photostationary state within 240 s under
UV-light irradiation,20,21 using the same experimental set-up and
conditions as the present study. Therefore, polymer diffusion step is
the rate-determining step for photoinduced micellization.
After the induction time, the scattering intensity monotonically

increased until 2300 s, whilst the average Rh abruptly increased

Figure 6 Reversible photoinduced self-assembly and dissociation of [PEG-b-P(AzoMA-r-NIPAm)]4 polymer micelles at 64 °C under UV (open diamonds) or
visible light (solid diamonds) irradiation; (a) normalized scattering intensity and (b) mean Rh, as a function of time.
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(Figure 6). Early in the aggregation process, system includes a large
amount of unimers and few large aggregates. The scattering intensity
strongly depends on the size of particles rather than the number of
particles. Therefore, once the unimers aggregation starts, the DLS
signal is heavily weighted by the larger particles.59 Thus, the increase of
scattering intensity from 500 to 2300 s is roughly proportional to the
increase of the number of micelles. The completion of aggregation
process seems to be reached after about 2300 s.
After the micelles were formed under visible light irradiation, we

switched back to UV-light irradiation at 3250 s to form the cis-form
polymer. Both the scattering intensity and the Rh decreased (Figure 6).
This indicated that the disassociation of micelles into individual single

polymer chains, because the UCMT of the cis-form polymer was lower
than 64 °C (measurement temperature). The distribution function also
confirmed this transition (Figure 7c). This phenomenon demonstrated
that the photoinduced unimer/micelle transition was reversible. The
demicellization process was much faster than the micellization process,
because no polymer diffusion step was required.

CONCLUSION

A tetra-arm diblock copolymer ([PEG-b-P(AzoMA-r-NIPAm)]4) was
successfully prepared by RAFT polymerization. The tetra-arm diblock
copolymer had tetra-PEG as the solvatophilic central block and P
(AzoMA-r-NIPAm) as four temperature- and photoresponsive end
blocks. We studied its self-assembly in [C4mim]PF6 under diluted
conditions. It was shown that the UCMT of the trans-form polymer
was 10 °C higher than that of cis-form polymer from the DLS
measurements. Finally, a photoinduced reversible unimer/micelle
transition of the tetra-arm diblock copolymer utilizing the UCMT
difference between the trans- and the cis-form polymer in an IL was
demonstrated. A study on the development of photoreversible sol–gel
transition using self-assembly of the tetra-arm diblock copolymers for
concentrated solutions is now in progress.
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