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Phase separation and self-assembly of cyclic
amphiphilic block copolymers with a main-chain
liquid crystalline segment†

Satoshi Honda,‡ Maito Koga, Masatoshi Tokita,* Takuya Yamamoto* and
Yasuyuki Tezuka*

A series of linear and cyclized amphiphilic block copolymers consisting of poly(acrylic acid) (AAm) and

main-chain liquid crystalline (LC) poly(3-methylpentamethylene-4,4’-bibenzoate) (BBn) segments were

newly synthesized. Solid state morphology was investigated by X-ray scattering. Linear AA21BB9AA21,

cyclic AA33BB10, and cyclic AA51BB18 formed lamellar microdomains, where the BBn segment of cyclic

AA51BB18 formed a smectic CA phase. On the other hand, cylinder-type microdomains were formed by

linear AA44BB9AA44 and cyclic AA100BB9. These amphiphilic block copolymers were self-assembled in

water to form vesicles or cylindrical micelles, depending on the polymer concentration of the initial THF

solution. The response of these nanostructures against an electric field demonstrated that the vesicles

formed from linear AA25BB14AA25 and cyclic AA51BB18 turned into substantially larger aggregates, likely

due to the reorganization of the LC segment in the bilayer.

Introduction

Liquid crystalline (LC) polymers are arguably one of the most
widely studied polymeric materials for applications such as
indicating and recording elements. Owing to the rigidity and
dielectric anisotropy of the polymer chain, LC polymeric
materials exhibit a sensitive response to an electric or mag-
netic field by the macroscopic alignment of microdomains.1

Side-chain LC segments were sometimes block copolymerized
with incompatible segments to exhibit combinational func-
tions with phase separation.2 Moreover, living polymerization
techniques allowed to synthesize amphiphilic block copoly-
mers with a side-chain LC segment as the hydrophobe.3,4

Notably, an amphiphile having a polyacrylate derivative
segment appending an azobenzene functionality exhibited
light-responsive order–disorder of the vesicular bilayer via the
cis–trans conformational change.4 However, no studies have

reported the self-assembly of an amphiphilic block copolymer
with a main-chain LC segment and electric or magnetic field-
responsive properties to take full advantage of the LC segment.

In the meantime, cyclization of a series of linear com-
pounds with biphenyl functionalities resulted in different LC
transition behaviors despite no significant changes in the
chemical structure or molecular weight.5 Furthermore, we pre-
viously reported that self-assembly of a cyclized amphiphilic
block copolymer resulted in a drastic enhancement of topology
effects on the thermal and salt stability of the micelles in
comparison with those from the linear prepolymers.6

Therefore, the self-assembly of a cyclic amphiphilic block
copolymer involving a LC segment was expected to lead to the
enhancement of topology effects on the LC functionalities of
the aggregate including a response to an electric or magnetic
field.

Here linear amphiphilic triblock copolymers and their
cyclized counterparts were synthesized composed of hydro-
philic poly(acrylic acid) (AAm) segments and a hydrophobic
poly(3-methylpentamethylene-4,4′-bibenzoate) (BBn) segment,
one of the most studied main-chain LC polymers.7–9 Their
solid state morphologies and phase transition behaviors in the
LC segments of these amphiphilic block copolymers were
studied. Furthermore, self-assembly in water was performed to
give vesicles and cylindrical micelles depending on the con-
ditions. Interestingly, the respective nanostructures responded
to an electric field to transform to larger vesicles and an
agglomerated network structure.
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Experimental
Materials

All commercial reagents were used as received unless other-
wise noted. THF (>99.0%, Kanto Chemical Co., Inc.) was dis-
tilled over a Na wire. tert-Butyl acrylate (tBA) was passed
through an alumina column to remove the inhibitor and
bubbled with dry nitrogen for 30 min. Hydroxy-terminated BBn

(molecular weight by 1H NMR, Mn = 1700) was synthesized
according to the literature.9 A bromo-terminated bifunctional
polystyrene macroinitiator was synthesized by atom transfer
radical polymerization (ATRP) of styrene from benzal
bromide.10 Poly(acrylic acid)–polystyrene–poly(acrylic acid)
(AA134St34AA134) was prepared by ATRP of tBA from a poly-
styrene macroinitiator and subsequent hydrolysis of the tert-
butyl groups according to the reported procedure.11

Synthesis of BBn macroinitiators

BBn macroinitiators having bromoisobutyryl groups at the
chain ends were synthesized through esterification of hydroxy-
terminated BBn with 2-bromoisobutyryl bromide according to
a modified procedure in the literature.9 Thus, into an anhy-
drous CH2Cl2 solution (100 mL) of hydroxy-terminated BBn

(10.0 g, 5.7 mmol, Mn = 1700) and triethylamine (10.4 mL,
75 mmol), 2-bromoisobutyryl bromide (7.6 mL, 62 mmol) was
added dropwise at 0 °C. The solution was allowed to warm to
room temperature and stirred for 19 h under a nitrogen atmos-
phere. The reaction mixture was filtered and poured into water
(100 mL), and the aqueous phase was extracted by three por-
tions of CH2Cl2 (100 mL). The combined organic extract was
evaporated to dryness under reduced pressure, and the residue
was reprecipitated into MeOH to give a BBn macroinitiator
(7.0 g, 2.5 mmol, Mn = 2800) in 43% yield. 1H NMR (300 MHz,
CDCl3) δ: 1.02–1.15 (m, –CH2CH(CH3)CH2–), 1.60–2.00 (m,
–CH2CH(CH3)CH2–, –OC(vO)C(CH3)2Br), 4.26 (m, –CH2CH2OC
(vO)C(CH3)2Br), 4.36–4.51 (m, –CH2CH2OC-(vO)Ar–),
7.51–7.65 (m, ArH meta to –CO2–), 8.00–8.12 (m, ArH ortho to
–CO2–).

The obtained BBn macroinitiator was fractionated by pre-
parative size exclusion chromatography (SEC) with THF as an
eluent at a flow rate of 14 mL min−1. The SEC trace of the frac-
tionated BB9 macroinitiator (Mn = 3400) showed a narrow poly-
dispersity index (PDI = 1.16) but a multimodal peak (peak
molecular weight by SEC calibrated with polystyrene stan-
dards, Mp = 3800, 3200, 2700, and 2200, Fig. S1a†). The inter-
vals of the multimodal peak corresponded to the BBn

monomer unit (M = 324.37). The BB9 macroinitiator was used
for the synthesis of linear tBA21BB9tBA21 and linear
tBA50BB8tBA50. A BB14 macroinitiator (Mn = 4900, Mp = 7300,
PDI = 1.13) was also obtained by SEC fractionation and used
for the synthesis of linear tBA27BB18tBA27.

Block copolymerization and allylation

The SEC-fractionated BB9 macroinitiator (458 mg, 0.13 mmol,
Mn = 3400), CuBr (36 mg, 0.25 mmol), tBA (5.0 mL, 34 mmol),
toluene (5.0 mL) were added to a test tube, and the mixture

was degassed by three freeze–pump–thaw cycles. The suspen-
sion was stirred at 120 °C, and N,N,N′,N″,N″-pentamethyldi-
ethylenetriamine, PMDETA, (53 μL, 0.25 mmol) was added.
The resulting suspension was stirred at 120 °C for 15 min. The
reaction mixture was quenched in liquid nitrogen and allowed
to warm to room temperature. The remaining monomer was
removed under reduced pressure, and allyltributylstannane
(0.84 mL, 2.7 mmol) and toluene (5 mL) were added to the
residue. The resulting suspension was degassed by three
freeze–pump–thaw cycles and stirred at 110 °C for 17 h under
vacuum. The reaction mixture was precipitated into cold
n-hexane, and the solid obtained was filtered through a plug of
alumina using CHCl3 as an eluent. The crude product was frac-
tionated by preparative SEC with CHCl3 as an eluent at a flow
rate of 3.5 mL min−1 and reprecipitated in n-hexane to allow
isolation of linear tBA21BB9tBA21 (558 mg) in 49% yield.
Mn(NMR) = 2600–2800–2600, Mp = 10 800, PDI = 1.16. 1H NMR
(300 MHz, CDCl3) δ: 0.98–1.14 (m, –CH2CH(CH3)CH2–),
1.17–2.00 (m, –CH2CH(CH3)CH2–, –OC(vO)C(CH3)2–, –CH2CH-
(CO2tBu)–, –CO2C(CH3)3, –CH2CHvCH2), 2.11–2.32 (m,
–CH2CH(CO2tBu)–), 4.10 (m, 4H, –CH2CH2OC(vO)C(CH3)2–),
4.32–4.50 (m, –CH2CH2OC(vO)Ar–), 4.94–5.07 (m, 4H,
–CH2CHvCH2), 5.68 (m, 2H, –CH2CHvCH2), 7.49–7.64 (m,
ArH meta to –CO2–), 7.98–8.11 (m, ArH ortho to –CO2–).

Likewise, linear tBA27BB18tBA27 and linear tBA50BB8tBA50

were synthesized from the BB14 and BB9 macroinitiators,
respectively. After block copolymerization and allylation, each
reaction mixture was precipitated into cold MeOH. The solid
obtained was filtered through a plug of alumina using CHCl3
as an eluent to allow the isolation of linear tBA27BB18tBA27 and
linear tBA50BB8tBA50.

Metathesis polymer cyclization (MPC)

The second-generation Hoveyda–Grubbs catalyst (92 mg,
0.15 mmol) was added to a toluene solution (800 mL) of linear
tBA21BB9tBA21 (200 mg, 24 μmol), and the resulting solution
was stirred at 80 °C for 40 h. Ethyl vinyl ether (10 mL) was
added to the reaction mixture to quench the catalyst, and the
color of the solution immediately changed from brown–green
to dark brown. The resulting suspension was stirred for
10 min at 80 °C. After cooling to room temperature, the reac-
tion mixture was concentrated under reduced pressure and fil-
tered through a plug of alumina using CHCl3 as an eluent. The
crude product was fractionated by preparative SEC with CHCl3
as an eluent at a flow rate of 3.5 mL min−1 to allow the iso-
lation of cyclic tBA31BB10 (140 mg) in 78% yield. Mn(NMR) =
4000–3300, Mp = 9200, PDI = 1.24. 1H NMR (300 MHz, CDCl3)
δ: 0.97–1.15 (m, –CH2CH(CH3)CH2–), 1.18–2.00 (m, –CH2CH-
(CH3)CH2–, –OC(vO)C(CH3)2–, –CH2CH(CO2tBu)–, –CO2C-
(CH3)3, –CH2CHvCHCH2–), 2.10–2.32 (m, –CH2CH(CO2tBu)–),
4.10 (m, 4H, –CH2CH2OC(vO)C(CH3)2–), 4.34–4.50 (m,
–CH2CH2OC(vO)Ar–), 5.30 (m, 2H, –CH2CHvCHCH2–),
7.46–7.64 (m, ArH meta to –CO2–), 7.96–8.11 (m, ArH ortho
to –CO2–).

Likewise, cyclic tBA54BB16 and cyclic tBA91BB8 were
synthesized.
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Hydrolysis of linear tBAmBBntBAm and cyclic tBA2mBBn

Linear tBA21BB9tBA21 (50 mg, 5.9 μmol) was dissolved in
CH2Cl2 (10 mL), and trifluoroacetic acid (TFA, 1.9 mL,
25 mmol) was added. The mixture was stirred at room temp-
erature for 14 h under a nitrogen atmosphere. The reaction
mixture was concentrated under reduced pressure and precipi-
tated into CHCl3 to allow the isolation of linear AA21BB9AA21

(35 mg) in 92% yield. Mn(NMR) = 1500–3000–1500, 1H NMR
(300 MHz, CF3COOD) δ: 0.98–1.41 (m, –CH2CH(CH3)CH2–),
1.47–2.39 (m, –CH2CH(CH3)CH2–, –OC(vO)C(CH3)2–, –CH2CH-
(CO2H)–, –CH2CHvCH2), 2.50–2.99 (m, –CH2CH(CO2H)–), 4.22
(m, –CH2CH2OC(vO)C(CH3)2–), 4.33–4.70 (m, –CH2CH2OC-
(vO)Ar–), 4.98–5.13 (m, 4H, –CH2CHvCH2), 5.67 (m, 2H,
–CH2CHvCH2), 7.36–7.67 (m, ArH meta to –CO2–), 7.86–8.34
(m, ArH ortho to –CO2–).

The hydrolysis of cyclic tBA31BB10 was carried out in the
same procedure to give cyclic AA33BB10 in 85% yield. Mn(NMR)
= 2400–3400, 1H NMR (300 MHz, CF3COOD) δ: 0.94–1.43
(m, –CH2CH(CH3)CH2–), 1.48–2.30 (m, –CH2CH(CH3)CH2–,
–OC(vO)C(CH3)2–, –CH2CH(CO2H)–, –CH2CHvCHCH2–),
2.59–2.85 (m, –CH2CH(CO2H)–), 4.22 (m, –CH2CH2OC(vO)C-
(CH3)2–), 4.39–4.65 (m, –CH2CH2OC(vO)Ar–), 5.48 (m, 2H,
–CH2CHvCHCH2–), 7.30–7.63 (m, ArH meta to –CO2–),
7.80–8.09 (m, ArH ortho to –CO2–).

Likewise, linear AA25BB14AA25, cyclic AA51BB18, linear
AA44BB9AA44, and cyclic AA100BB9 were synthesized.

NMR measurements
1H NMR spectra were recorded at room temperature on a JEOL
JNM-AL300 spectrometer operating at 300 MHz. CDCl3 or
CF3COOD was used as a solvent, and chemical shifts were
reported relative to the signal of the residual proton of the
deuterated solvent.

SEC measurements

SEC measurements were performed at 40 °C on a HPLC system
equipped with a Tosoh CCPS pump, a Tosoh TSK G3000HXL
column, and a Tosoh RI 8020 refractive index detector. THF
was used as an eluent at a flow rate of 1.0 mL min−1. Linear
polystyrene standards were used for calibration, and the Mp

values were reported as polystyrene equivalents.

SEC fractionation

SEC fractionation was performed on a JAI LC-908 recycling
preparative HPLC system equipped with JAIGEL-2H and
JAIGEL-3H columns using CHCl3 as an eluent at a flow rate of
3.5 mL min−1 or a JAI LC-9204 recycling preparative HPLC
system equipped with two of JAIGEL-2H-40, JAIGEL-3H-40, and
JAIGEL-4H-40 columns using THF as an eluent at a flow rate of
14 mL min−1.

X-Ray measurements

Wide-angle X-ray diffraction (WAXD) patterns were measured
by a Bruker D8 DISCOVER equipped with a Vantec-500 detector
using Cu Kα radiation. The synchrotron radiation (SR)-SAXS

measurement was performed at a BL-10C beamline in Photon
Factory, Tsukuba, Japan, equipped with a PILATUS3 2M. The
X-ray wavelength (λ) was 0.1488 nm, and the camera length
was 2 m. The scattering intensity was plotted against the scat-
tering vector q = 4π sin θ/λ. For the preparation of a specimen,
an amphiphilic block copolymer cast from a THF solution was
heated at 170 °C and then cooled to ambient temperature at a
rate of 1 °C min−1.

DSC measurements

Differential scanning calorimetry (DSC) was performed using a
PerkinElmer Pyris 1 DSC calorimeter equipped with an Intra-
cooler II under a flow of dry nitrogen. The same specimen
preparation method for the X-ray measurements was used.

Self-assembly

Distilled water (1.0 mL) was slowly added to a vigorously
stirred THF solution of linear AAmBBnAAm or cyclic AA2mBBn

(either c0 = 1.0 mg mL−1, 1.0 mL or c0 = 10 mg mL−1, 0.10 mL,
where c0 indicates the polymer concentration of the initial
THF solution). THF was removed under reduced pressure, and
the resulting suspension was diluted with distilled water to a
total volume of 1.0 mL to form a 1.0 mg mL−1 aqueous suspen-
sion of linear AAmBBnAAm or cyclic AA2mBBn. On the other
hand, distilled water (1.0 mL) was added to AA134St34AA134

(10 mg), and the mixture was sonicated. The resulting suspen-
sion was diluted with distilled water to a total volume of 10 mL
to form a 1.0 mg mL−1 aqueous suspension of AA134St34AA134.

TEM observations

A carbon-coated Formvar film supported by a Cu grid
(200 mesh) was plasma glow discharged for 60 s to form a
hydrophilic surface. An aqueous suspension (10 μL) of linear
AAmBBnAAm, cyclic AA2mBBn, or linear AA134St34AA134 was
placed on the film, and the excess suspension was removed
using a filter paper. For the TEM images of Fig. 3e and f, the
samples on the films were stained. Thus, a TI-blue solution
(Nisshin EM) was diluted to 5-fold with water. The diluted
solution (10 μL) was placed on a sample-loaded film for 60 s
and removed using a filter paper. The sample-loaded films
with and without staining were carefully dried under reduced
pressure. TEM observations were performed on a Hitachi
H-7650 Zero A microscope operating at 60 kV.

Results and discussion
Synthesis

Macroinitiators possessing a BBn functionality were prepared
by esterification of hydroxy-terminated BBn (Mn = 1700) with
2-bromoisobutyryl bromide as reported (Scheme 1a).9 The
quantitative conversion of the hydroxyl groups into bromoiso-
butyryl groups was confirmed by the replacement of the 1H
NMR signal of the hydroxyl-adjacent methylene protons at
3.73 ppm (“g” in Fig. S2a†) by the ester neighboring methylene
protons at 4.26 ppm (“g” in Fig. S2b†). The product was fractio-
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nated by SEC to give BB9 (Mn = 3400, Mp = 3800, 3200, 2700,
and 2200, PDI = 1.16 in Fig. S1a†) and BB14 (Mn = 4900, Mp =
7300, PDI = 1.13) macroinitiators. The intervals of the multi-
modal peak of the BB9 macroinitiator corresponded to the BBn

monomer unit (M = 324.37).
Allyl-telechelic block copolymers were prepared through

ATRP of tBA from the BBn macroinitiators in the presence of
CuBr and PMDETA followed by allylation of the terminal bro-
mides with allyltributylstannane (Scheme 1a). The effective
end-capping reaction was confirmed by the 1H NMR signals
“m” at 5.68 ppm and “n” at 4.94–5.07 ppm for allyl-terminated
linear tBA21BB9tBA21 (Fig. S3a†). In addition, the signals from
the two phenylene groups in the BBn units at 7.98–8.11 ppm
for “e” and 7.49–7.64 ppm for “f” and the large signal due to
the tert-butyl protons at 1.42 ppm for “k” were observed. SEC
traces of a BB9 macroinitiator (Mp = 3800, 3200, 2700, and

2200, PDI = 1.16 in Fig. S1a†) and linear tBA21BB9tBA21 (Mp =
10 800, PDI = 1.16 in Fig. S1b†) were compared to show the
shift toward the higher molecular weight region with retaining
narrow polydispersity, which was indicative of living polymer-
ization. Moreover, the molecular weight of tBAm segments
increased along with the polymerization time (Table 1).

Allyl-telechelic tBAmBBntBAm was subjected to the meta-
thesis polymer cyclization (MPC) process under the dilution
(0.25 g L−1) in the presence of the second-generation Hoveyda–
Grubbs catalyst.6,12 The 1H NMR spectra of the product from
linear tBA21BB9tBA21 showed the signals of the inner olefinic
group at 5.30 ppm for both cis and trans isomers (“m” in
Fig. S3c†), completely replacing those from the terminal allyl
groups of the prepolymer (“m” and “n” in Fig. S3a†). In
addition, the other signals were essentially unaffected through
MPC, indicating that no side reactions occurred in the present

Scheme 1 Synthesis of (a) linear AAmBBnAAm from hydroxy-terminated BBn and (b) cyclic AA2mBBn from linear tBAmBBntBAm.

Table 1 Properties of the tBu-protected and deprotected linear and cyclic block copolymers

tBu-protected block copolymer Deprotected block copolymera

Formula
ATRP time
(min)

Cyclization
yield Mn

b Mp
c PDIc Formula Mn

b

Linear tBA21BB9tBA21 15 2600–2800–2600 10 800 1.16 Linear AA21BB9AA21 1500–3000–1500
Cyclic tBA31BB10

d 70% 4000–3300 9200 1.24 Cyclic AA33BB10 2400–3400
Linear tBA27BB18tBA27 30 3500–5700–3500 11 000 1.33 Linear AA25BB14AA25 1800–4700–1800
Cyclic tBA54BB16

d 38% 6900–5100 6100 1.28 Cyclic AA51BB18 3700–5900
Linear tBA50BB8tBA50 60 6300–2700–6300 18 700 1.16 Linear AA44BB9AA44 3200–2900–3200
Cyclic tBA91BB8

d 74% 11 700–2500 17 500 1.17 Cyclic AA100BB9 7200–2900

a Mp or PDI was not measured due to the insolubility of the AA segments in a solvent for SEC. bMolecular weights of the BBn, tBAm, and AAm
segments, and thus their numbers of repeating units, were calculated by the peak areas of “a”, “j”, and “j”, respectively, with respect to “g” in the
1H NMR spectra (Fig. S3). c Mp and PDI were determined using calibration with polystyrene standards. dCyclic tBA31BB10, tBA54BB16, and
tBA91BB8 were synthesized from linear tBA21BB9tBA21, tBA27BB18tBA27, and tBA50BB8tBA50, respectively.
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reaction system. The molecular weights of the prepolymer and
the product determined by 1H NMR (Mn), and thus their for-
mulae (linear tBAmBBntBAm and cyclic tBA2mBBn), were some-
what inconsistent with each other due to the purification
process to remove intermolecularly coupled products (Table 1).

SEC for cyclic tBA31BB10 showed a unimodal peak in the
absence of a noticeable shoulder at the higher molecular
weight region after fractionation by preparative SEC (Mp = 9200
in Fig. S1c†). The results of MPC with linear tBA27BB18tBA27

and linear tBA50BB8tBA50 are also summarized in Table 1.
While the linear precursors with a relatively short BBn segment
(linear tBA21BB9tBA21 and linear tBA50BB8tBA50) showed high
yields (≥70%), that of linear tBA27BB18tBA27 was comparably
low (38%). This was likely caused by the suppressed intra-
molecular metathesis of the latter having the longer rigid BBn

segment. Nevertheless, the present cyclization process is appli-
cable for a linear tBAmBBntBAm precursor with a rather high
molecular weight (∼15 000 for linear tBA50BB8tBA50) with the
appropriate length of the BBn segment.

The tBAm segments were hydrolyzed by trifluoroacetic acid
(TFA) to give poly(acrylic acid), AAm, segments in the acid
form, forming linear AAmBBnAAm and cyclic AA2mBBn amphi-
philic block copolymers (Scheme 1). As reported elsewhere, a
tert-butyl ester group is easily deprotectable by the addition of
TFA without causing a side reaction.13 The 1H NMR spectra of
the products, linear AA21BB9AA21 (Fig. S3b†) and cyclic
AA33BB10 (Fig. S3d†), showed the disappearance of the signal
of the tert-butyl protons at 1.42 ppm (“k” in Fig. S3a and S3c†).
Moreover, the signals of the allyl groups of linear
tBA21BB9tBA21 (“m” at 5.68 ppm and “n” at 4.94–5.07 ppm in
Fig. S3a†) and the inner olefinic group of cyclic tBA31BB10 (“m”

at 5.30 ppm in Fig. S3c†) as well as the other protons were
unaffected through hydrolysis. Likewise, a series of linear
AAmBBnAAm and cyclic AA2mBBn with different molecular
weights were synthesized and characterized (Table 1). Also, in
this synthetic process, Mn and the formulae of the copolymers
shifted due to purification.

Solid state morphology

The phase separation of these linear and cyclic amphiphilic
block copolymers in the solid state was studied. Linear
AA21BB9AA21, cyclic AA33BB10, and cyclic AA51BB18 segregated
each segment to form lamellar microdomains which display
SAXS profiles including maxima at scattering vectors q at
integer ratios (Fig. 1). Effects of macrocyclization on the lamel-
lar morphology can be recognized by comparing the SAXS
profile of cyclic AA33BB10 with the linear AA21BB9AA21 counter-
part. The scattering peaks of the linear copolymer are broader
than that for the cyclic counterpart, suggesting that the lamel-
lae periodicity was less ordered for the linear copolymer.
While the lamellar spacings (d100) were comparable to each
other (linear AA21BB9AA21, 9.3 nm; cyclic AA33BB10, 9.2 nm),
the LC lamella thickness estimated from the SAXS peak inten-
sity ratios was larger for the cyclic copolymer (linear
AA21BB9AA21, 3.3 nm; cyclic AA33BB10, 5.9 nm) as shown in
Table 2. Though the macrocyclization decreased the Mn of the

AAm segment to increase the BBn volume fraction by a factor of
ϕv, BBn, cyclic/ϕv, BBn, linear = 0.57/0.48 = 1.2, the BBn lamellar
thickness increases by a factor of 5.9 nm/3.3 nm = 1.8, which
was remarkably larger than that expected from the difference
in ϕv, BBn

. Thus the macrocyclization by connecting the AAm
segments at both chain ends decreases the AAm lamella thick-
ness and increases the middle BBn segment lamella thickness
to maintain the lamellar spacing constant.

Here we note that the BBn segments in both copolymers
might form an ordered phase. Both copolymers exhibited DSC
thermograms including two steps at around 55 °C and 100 °C
attributed to the glass transition of BBn and AAm segments,
respectively, and an endothermic peak at around 140 °C in the
heating process (Fig. S4a and S4b†). The ordered phase seems
to be different from the smectic CA phase formed by the BBn

homopolymer because it exhibited higher Tg and lower Ti and
smaller ΔHi than that of the smectic CA (SmCA) phase (Tg =
30 °C, Ti = 150 °C, and ΔHi = 3.8 kJ mol−1).8 Moreover both
copolymers did not display the layer reflection characteristic of
the SmCA phase with a d-spacing of 1.63 nm in the WAXD
intensity profiles (Fig. S5†). In contrast, the BBn segment of
cyclic AA51BB18 formed the SmCA phase displaying the layer
reflection with d = 1.63 nm in the WAXD pattern though Ti =
111 °C and ΔHi = 2.33 kJ mol−1 (Fig. S4c, Table S1†) were
smaller than that of the homopolyester and was accommo-
dated in 7.1 nm thick lamellae (Table 2). The average contour
length of the BB18 was 29.3 nm determined by a layer spacing
of 1.63 nm multiplied by the number of BBn units. Assuming
that the BBn segments are most extended perpendicular to the
lamellar interface, the BBn segment folds at every 4.4 units on
average to be accommodated in the 7.1 nm thick lamellae. The
average number of folding was 3.1 ((29.3 nm/7.1 nm) − 1). The
odd number of folding may be in accord with the cyclic top-
ology of the copolymer (Fig. 2c). The lamellar microdomain
structures thus elucidated are depicted in Fig. 2a–c.

The pair of linear AA44BB9AA44 and cyclic AA100BB9 formed
cylinder-type microdomains displaying scattering peaks at q
with ratios of 1 : 40.5 : 90.5 (Fig. 1d and e). It should be noted
that the 30.5 peak is missing. This suggests that its position
may correspond to the position of the first zero of the form
factor. In the SAXS profiles, the square of the calculated form
factor for a cylinder of 3.9 nm in radius is presented with solid
lines. The first zero arises at around q = 1.0 nm−1, which corres-
ponds to the position of the 30.5 peak as found in Fig. 1d and e.
The distance between two adjacent cylinder centers was esti-
mated to be 12.7 and 12.4 nm for the linear and cyclic copoly-
mers, respectively (Fig. 2d and e). From the volume fractions
of each segment, the BBn segments were assumed to be accom-
modated within the cylinders. Both copolymers did not exhibit
the endothermic peak (Fig. S4d and S4e†), and the layer reflec-
tion was ascribed to be the smectic phase formed by the BB-5
(3-Me) homopolyester (Fig. 1d and e), suggesting that the BBn

segment is amorphous. Here the macrocyclization by connect-
ing the AAm segments at both chain ends can decrease the
volume fraction of the AAm segments immersing the BBn-
segment cylinders. Though the BBn volume fraction calculated
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from the Mn of each segment was 0.30 and 0.27 for the linear
and cyclic copolymers, respectively, that calculated from the
dimensions of the cylinder microdomain was 0.35 for both
copolymers (see Table 2).

Self-assembly in water

Some of the linear and cyclic amphiphilic block copolymers
were self-assembled in water to determine the topology effects
on discrete structures. Self-assembly of linear AA21BB9AA21,
linear AA25BB14AA25, cyclic AA33BB10, and cyclic AA51BB18 was
carried out by evaporating a good solvent from a mixture of
the good solvent and water that contained an amphiphilic

block copolymer,14 and the resulting nanostructure was
observed by transmission electron microscopy (TEM). Thus,
distilled water (1.0 mL) was slowly added to a vigorously stirred
THF solution of a copolymer (1.0 mg mL−1, 1.0 mL). THF was
removed under reduced pressure, and distilled water was
added to a total volume of 1.0 mL to form an aqueous suspen-
sion of the copolymer (1.0 mg mL−1). The TEM images of sus-
pensions containing each of self-assembled linear
AA21BB9AA21 and cyclic AA33BB10 showed a cylindrical micellar
morphology with approximately 20–30 nm in width (Fig. S6a
and S6b†). No significant difference between linear
AA21BB9AA21 and cyclic AA33BB10 was observed despite the

Fig. 1 SAXS intensity profile (blue dots) measured for (a) linear AA21BB9AA21, (b) cyclic AA33BB10, (c) cyclic AA51BB18, (d) linear AA44BB9AA44, and (e)
cyclic AA100BB9. Black curves and red lines are the square of the form factor and the lattice factor, respectively, calculated for (a–c) two-phase
lamellar microdomains and (d) and (e) cylinder microdomains with the parameters shown in Table 2.

Paper Polymer Chemistry

4172 | Polym. Chem., 2015, 6, 4167–4176 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 T
ok

yo
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
on

 2
6/

05
/2

01
5 

23
:5

9:
08

. 
View Article Online

http://dx.doi.org/10.1039/c5py00346f


changes in the topology and the molecular weight of the AAm
segments. On the other hand, the structure formed by linear
AA25BB14AA25 (Fig. 3a) was quite uniform, while that observed
for cyclized AA51BB18 was much less continuous (Fig. 3b).
According to the critical packing parameter (CPP) theory,15 the
hydrophobic/hydrophilic balance of an amphiphilic block
copolymer determines the morphology of the self-assem-
bly.15,16 The concurrent formation of discrete micelles indi-
cates that cyclic AA51BB18 had a significantly smaller CPP than
linear AA25BB14AA25. Although the molecular weight fraction
of the BBn segment is larger for cyclic AA51BB18 (5900/(3700 +

5900) = 0.61) than linear AA25BB14AA25 (4700/(1800 + 4700 +
1800) = 0.57) as shown in Table 1, the cyclic topology was
expected to restrict the conformational degree of freedom of
the BBn segment compared to that of the linear counterpart,
resulting in a smaller CPP. Models for the cylindrical micelles
are depicted in Fig. S7.†

The dependence of the self-assembled structure on the
polymer concentration of the initial THF solution (c0) was sub-
sequently investigated. Generally, self-assembly is strongly
influenced by the diffusion process of a poor solvent into a
good solvent that solvates the less soluble segment.17 There-

Table 2 Solid morphology of linear AA21BB9AA21, cyclic AA33BB10, cyclic AA51BB18, linear AA44BB9AA44, and cyclic AA100BB9 determined by SAXS

Structure
d100
(nm) ϕv, BBn

Lamellar thickness or
cylinder radius (nm)

Linear AA21BB9AA21 Lamellar 9.3 0.48a 4.5a

0.35b 3.3b

Cyclic AA33BB10 Lamellar 9.2 0.57a 5.3a

0.64b 5.9b

Cyclic AA51BB18 Lamellar with LC phases 11.0 0.60a 6.6a

0.64b 7.1b

Linear AA44BB9AA44 Cylinder 11.0 0.30a 3.6a

0.35b 3.9b

Cyclic AA100BB9 Cylinder 10.7 0.27a 3.4a

0.35b 3.9b

a Based on the molecular weights and density of each segment. b Based on the structural factors estimated from SAXS intensity.

Fig. 2 Phase separation models of (a) linear AA21BB9AA21, (b) cyclic AA33BB10, (c) cyclic AA51BB18, (d) linear AA44BB9AA44, and (e) cyclic AA100BB9.
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fore, to investigate the possible formation of other structures
by controlling the diffusion kinetics, c0 was increased to 10 mg
mL−1. For self-assembly of the linear AA21BB9AA21 (Fig. S6c†)
and the corresponding cyclic AA33BB10 (Fig. S6d†), the pre-

dominant morphology was still cylindrical micelles. Although
discrete spherical micelles were observed only for linear
AA21BB9AA21, the effect of c0 seemed rather small for these
copolymers. In sharp contrast, the morphology of the aggre-
gates from linear AA25BB14AA25 and the corresponding cyclic
AA51BB18 were notably changed to vesicles. The size of the vesi-
cles formed from cyclic AA51BB18 was ca. 20–200 nm in dia-
meter with a certain degree of size distribution (Fig. 3f). On
the other hand, the vesicles from linear AA25BB14AA25 were
larger (mostly ca. 200 nm–500 nm in diameter, Fig. 3e), and
those as large as 2 μm were also found. TI-blue, a staining
agent, was used on these vesicles to show sufficient contrast in
the TEM images. Although dynamic light scattering measure-
ments were attempted, the size distributions could not be
obtained, likely due to the fact that the exceedingly large distri-
butions did not allow for fitting of the data. Compared to
linear AA21BB9AA21 and cyclic AA33BB10, linear AA25BB14AA25
and cyclic AA51BB18 had a relatively longer BBn segment, which
tended to form a bilayer for vesicles. The formation of vesicles
from an amphiphile with a longer hydrophobic chain is con-
sistent with the CPP theory15 as well as previous reports.17,18

Response to an electric field

Although several studies have so far been performed on the
self-assembly of an amphiphilic block copolymer having a LC
segment to construct discrete structures,3,4 their electric or
magnetic field response, which is the most characteristic prop-
erty of a LC polymer, has not been reported. To the vesicles
and cylindrical micelles obtained from the present linear and
cyclic LC copolymers, an electric field was applied to investi-
gate their response. The experimental setup is shown in
Fig. S8.† In order to prevent electrolysis of water, the effective
minimal strengths of the electric field (1.5 V mm−1) and time
(2 min) were optimized. The effects on the self-assembled
structures were observed by TEM. Interestingly, the vesicles
from cyclic AA51BB18 became significantly larger by applying
an electric field (as large as ca. 3 μm in diameter, Fig. 3h).
Small vesicles of tens to hundreds of nanometers were also
observed at the surface of the micrometer-scale vesicles. More-
over, the bilayer was rather clearly observed even without
staining. It was expected that the self-assembled vesicles
transformed into the larger vesicles by the fusion of the bilayer
through the reorganization of the LC segments in response to
the electric field. The reorganization likely gave a thermo-
dynamically more stable, more regulated, and robust bilayer,
resulting in the significantly larger aggregate size and the clear
appearance in the TEM image. For linear AA25BB14AA25, vesi-
cles of 1–2 μm in diameter were observed after applying an
electric field (Fig. 3g). No smaller vesicles (200–500 nm) that
existed in Fig. 3e were found, suggesting that the small vesicles
were re-assembled into the micrometer-scale vesicles. The vesi-
cles from linear AA25BB14AA25 and cyclic AA51BB18 were rather
similar in size after applying an electric field than those self-
assembled. These results suggest that the topology, and poss-
ibly also the difference in the molecular weight of the BBn

segment caused by purification, play a more significant role

Fig. 3 TEM images of self-assembled structures from linear
AA25BB14AA25 and cyclic AA51BB18 using an initial THF solution with a
polymer concentration (c0) of 1.0 and 10 mg mL−1 before and after
applying an electric field (E) of 1.5 V mm−1 for 2 min. (a) Linear, c0 =
1.0 mg mL−1, before E. (b) Cyclic, c0 = 1.0 mg mL−1, before E. (c) Linear,
c0 = 1.0 mg mL−1, after E. (d) Cyclic, c0 = 1.0 mg mL−1, after E. (e) Linear,
c0 = 10 mg mL−1, before E, stained with TI-blue. (f ) Cyclic, c0 = 10 mg
mL−1, before E, stained with TI-blue. (g) Linear, c0 = 10 mg mL−1, after E.
(h) Cyclic, c0 = 10 mg mL−1, after E.
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during the self-assembly process than the reorganization by an
electric field. In the meantime, the cylindrical micelles formed
from the respective linear and cyclic copolymers using a c0 of
1.0 mg mL−1 became an agglomerated network structure
under the same electric field conditions (Fig. 3c and d). The
BBn unit has dielectric anisotropy between the long and short
axes of the biphenyl group, and the long axis is aligned paral-
lel to an applied electric field. The isotropic transformation to
form the larger vesicles and agglomerated networks was prob-
ably caused by the rotation of the structures in the solvent. In
accord with the reported transformation of vesicles by the
osmotic pressure,17,19 the details of the present phenomenon
are currently under investigation.

Since poly(acrylic acid) is an anionic polymer, the observed
electric field response could be caused by the negative surface
charge of the nanostructures. To confirm the effect of the BBn

segment on the electric field response, a polystyrene (Stn)
counterpart, linear AA134St34AA134, was used for the electric
field-applying experiment. Self-assembly gave a spherical
nanostructure with 300 nm or less in diameter with a large
size distribution (Fig. S9a†). However, this nanostructure did
not show any response to an electric field (Fig. S9b†). There-
fore, the electric field response of the vesicles and cylindrical
micelles indeed arose from the BBn segment.

Conclusions

Series of linear and cyclized amphiphilic block copolymers
consisting of hydrophilic AAm and hydrophobic BBn segments
were synthesized, where BBn is a typical main-chain LC. The
phase separation in the solid state was studied on the basis of
the topology and segment lengths of the copolymers. The self-
assembly in water led to the formation of vesicles or cylindrical
micelles depending on c0. The application of an electric field
resulted in the reorganization of the BBn segment, giving rise
to the transformation to micrometer-scale vesicles or an
agglomerated network structure. The utilization of the present
methodology would widely open the application of voltage-
sensing materials. Furthermore, the amphiphilic block copoly-
mers having a main-chain LC segment reported here resemble
voltage sensor-containing phosphatase (VSP) for ion channels
and transporters.20,21 Therefore, the dynamic motions upon
applying an electric field would mimic the VSP functions of
the cell membrane to deliver electric signals.20
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