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ABSTRACT: Structure analysis of associated micelles formed by polypeptide-based diblock copolymer PEG-b-

PHEG, consisting of poly(ethylene glycol) (PEG) and poly[N5-(2-hydroxyethyl) L-glutamine] (PHEG), in dilute solu-

tion has been investigated. Cyclohexanol/water mixed solvent was used as selective solvent for PEG-b-PHEG, in

which PHEG forms associated domains. Circular dichrorism measurements revealed that PHEG block changes its con-

formation from �-helix state to random coil state with increase of water content in the mixed solvent from 2.3 to

12.1wt%. Apparent molecular weight and radius of gyration of associated micelles were derived by light scattering

measurements, and most plausible structure of the micelle was evaluated. When the water content is small and helix

content of PHEG is almost 100%, a cylindrical micelle with large association number was suggested, and a vesicle-like

hollow cylindrical micelle with large diameter was proposed. With the increase of water content and decrease of helix

content, association number of the micelle decreased and a core-corona type cylindrical micelle with densely packed

PHEG core was plausible. These structure changes of the micelles were interpreted by possible chain packing of �-hel-

ical and randomly-coiled PHEG and curvature of PHEG core domain. The obtained results indicate that the conforma-

tion and packing manner of the core-forming chain strongly influence the structure of the diblock copolymer micelles.
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A-block-B diblock copolymers are known to self-
assemble to associated micelles in selective solvent.1,2

In a case that solvent is poor for A block and good for
B block, A block forms associated core, and B block
is dissolved in solvent and acts as corona of micelle.
With depending on solvent quality, temperature, con-
centration, and molecular structure such as molecular
weight, block composition and rigidity, the micellar
structure is reported to exhibit various morpholo-
gies.3–10 Structure change of polystyrene-block-poly-
(dimethylsiloxane) micelles with increasing solution
temperature was reported in detail by Iyama and
Nose.3,4 Zhang and Eisenberg5–7 investigated multiple
morphological changes in aggregates of amphiphilic
block copolymers such as spheres, rods, lamellae,
vesicles and so on.
Rod–coil block copolymers, which consist of a rig-

id rod block and a flexible coil block, have recently
attracted considerable attention because of its ability
to self-assemble and liquid crystalline nature of the
rod block.11–13 Flory’s lattice theory for rigid-rod
molecules14,15 shows that nematic ordering of the
rod molecule is preferred in order to increase packing
entropy in concentrated solution. Theoretical studies
for association of rod–coil diblock copolymers also

predicted that rod blocks are packed with its long axis
aligned in associated domain.16–18 Interface between
rod- and coil-segregated domains is sharp because of
their imcompatibility, thus the coils have to stretch
more and more, which results in increase of free ener-
gy for the associate. The balance of these free energy
terms determines the structure of the associate as well
as the packing manner of rods. Similar considerations
are also applicable to rod–coil block copolymer dis-
solved in selective solvent, which is good for coil
and poor for rod, because poor solvent is strongly re-
jected from rod-associated core and coils are well-
swollen in good solvent. Monte Carlo simulation by
Adriani et al.19 suggested that stiffness of insoluble
block in diblock copolymer decreases its critical mi-
celle concentration (cmc) and increases micellar size.
The decrease in cmc was interpreted as arising from
conformational contribution to effective � parameter,
which is due to an increased number of contact be-
tween insoluble block and solvent molecules. There
have been reported some experimental observations
for self-assembled associates of rod–coil diblock co-
polymers in selective solvent.20–29 However, there
have been only limited studies on effects of chain ri-
gidity of constituent blocks on micellar properties
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such as stability and structure.
For a purpose to investigate the effect of chain ri-

gidity, polypeptide is suitable as rod block because
some polypeptides are known to exhibit conforma-
tional transition between rodlike helical structure
and random-coil state with depending on surrounding
condition. Harada et al. reported an effect of helix–
coil transition of polypeptide-containing diblock co-
polymer on its association behavior.20 Micelle-like
dimer formation of poly(ethylene glycol)-block-poly-
(L-lysine) (PEG–P(Lys)) in aqueous medium was sug-
gested to be synchronized with the coil-to-helix tran-
sition of poly(Lys) induced by pH change of solvent.
However, this block copolymer was molecularly dis-
solved when poly(Lys) was in random-coil state,
therefore, micellar structure change induced by he-
lix–coil transition was not observed.
Poly[N5-(2-hydroxyethyl) L-glutamine] (PHEG) is

nonionic water-soluble polypeptide, and known to oc-
cur helix–coil transition in aqueous alcohol such as
methanol/water mixed solvent.30–33 It has been report-
ed that PHEG conformation is in random-coil state in
pure water and changes to �-helix with increasing al-
cohol content of the mixed solvent. If PHEG-contain-
ing diblock copolymers are dissolved in aqueous alco-
hol that is poor for PHEG block, chain rigidity of the
core-forming insoluble block is possibly changed by
its helix–coil transition induced by changing solvent
composition. In this study, we have prepared polypep-
tide-based diblock copolymer, poly(ethylene glycol)-
block-poly[N5-(2-hydroxyethyl) L-glutamine] (PEG-
b-PHEG, see Figure 1). As a selective solvent, cyclo-
hexanol/water mixed solvent was used: poly(ethylene
glycol) (PEG) is soluble in both solvent, and PHEG
cannot be dissolved in cyclohexanol but is soluble in
water. Therefore, control of rigidity of core-forming
PHEG block is expected to be possible by changing
the solvent composition of cyclohexanol/water. As

described above, conformational change of diblock
copolymer from coil–coil to rod–coil will considera-
bly affect its micellar structure when the rod is core-
forming block because chain packing manner in the
core changes drastically. Helix–coil transition of
PHEG block in self-assembled micelles formed by
PEG-b-PHEG, and structure change of the micelles
induced by the conformational transition of core-
forming block will be described.

EXPERIMENTAL

Materials
One-end aminated PEG (nominal molecular weight

and its distribution index Mw=Mn are 5,500 and 1.08,
respectively) was purchased from Shearwater, and
used after fractional precipitation by dichloromethane
(DCM)/petrorium ether. N-carboxyanhydride (NCA)
of �-benzyl L-glutamate (BLG) was prepared by
reacting BLG with triphosgene,34 and purified by re-
crystallization from tetrahydrofurane/petrorium ether.
Cyclohexanol was dried with calcium hydride and dis-
tilled before use. Distilled water was ion-exchanged
before use.

Synthesis of PEG-b-PHEG
NCA of BLG was polymerized with using the

one-end aminated PEG in dry DCM at room temper-
ature for four days. The solution was poured into di-
ethyl ether, and precipitated polymers was re-precipi-
tated by N,N-dimethyformamide (DMF)/water in
order to remove unreacted PEG. Obtained poly(ethy-
lene glycol)-block-poly(�-benzyl L-glutamate) (PEG-
b-PBLG) was dissolved in 2-aminoethanol/DMF (50:
50 vol%) with polymer concentration of 0.1 g/mL,
and side-chain exchanging reaction was performed
for two days at room temperature.35 The reacted solu-
tion was dialyzed against water by using cellulose
membrane with nominal fractional molecular weight
of 3,500. PEG-b-PHEG was obtained after freeze-dry-
ing of aqueous polymer solution.

Measurements
Viscosity and density of cyclohexanol/water mixed

solvents were measured on Ubbelohde-type viscom-
eter and density/specific gravity meter (DA-130,
Kyoto Electronics Manufacturing), respectively. 1H
NMR spectrum of PEG-b-PHEG was recorded on
JNM-GX400 (JEOL) with using DMSO-d6 as solvent.
SEC chart was recorded on SC-8020 (Toso). Eluent
solvent was DMF/LiBr, and standard polystyrene
was used for molecular weight calibration. Circular
dichroism (CD) measurements were performed on J-
820/805 (JASCO) with using a quartz cell having
path length of 1mm.

Figure 1. Chemical structure of PEG-b-PHEG and schematic

representation of helix–coil transition for PHEG block.
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Light scattering was measured by a laboratory-
made apparatus equipped with ALV/SO-SIPD detec-
tor and ALV-5000 correlator using He–Ne laser
(wavelength �0 ¼ 633 nm) as light source.36,37 Sample
solutions were optically purified by Millipore filter of
nominal pore size of 0.45 or 1.0mm and transferred in-
to optical tube, and the tube was flame-sealed under
gentle vacuum. Weight averaged molecular weight
(Mw) and radius of gyration (Rg) were evaluated by
excess Rayleigh ratio Rð�Þ calculated from measured
excess scattering intensity as a function of scattering
angle, �. Extrapolation to dilute limit was not per-
formed because of a possibility of concentration de-
pendence of association behavior, therefore, evaluated
results are apparent ones defined as

Mw,app ¼
Rð0Þ
Kc

ð1Þ

Rg,app
2 ¼

3�0
2Mw,appðinitial slopÞ

16�2n2
ð2Þ

where the constant K is given by

K ¼
4�2n2ðdn=dcÞ2

NA�04
ð3Þ

with n the refractive index of solvent, dn=dc the re-
fractive index increment, and NA the Avogadro con-
stant. Kc=Rð0Þ and (initial slope) are intercept and
initial slope of Kc=Rð�Þ vs. sin2ð�=2Þ plots at a finite
concentration, c. Refractive indexes for PEG-b-PHEG
and cyclohexanol/water were evaluated from those
for PEG, PHEG, cyclohexanol and water33,38 with as-
suming additional rule for the constitutional compo-
nents. In dynamic light scattering measurements, cor-
relation function of electric field was obtained from
auto-correlation function of the scattered light inten-
sity. Distribution of decay rate � was calculated
by using CONTIN program, and transformed to hy-
drodynamic radius (Rh) with using Einstein–Stokes
equation,

Rh,app ¼
kT

6��D
¼

kT

6��ð�=q2Þ
ð4Þ

where D ¼ �=q2 the diffusion coefficient, � the sol-
vent viscosity, k the Boltzmann constant, T the abso-
lute temperature, and q the scattering vector given by

q ¼
4�n sinð�=2Þ

�0
: ð5Þ

Because the measurements were performed at a finite
concentration, evaluated hydrodynamic radius was al-
so apparent one.
Concentration of polymer solution for CD and light

scattering measurements was ca. 0.05 or 0.1wt%, and
temperature for these measurements was maintained
at 30 �C.

RESULTS

Characteristics of Polymers
1H NMR spectrum for PEG-b-PHEG revealed

complete exchange of benzyl side chains of PBLG
to hydroxyethyl groups. Number averaged molecular
weight Mn determined by 1H NMR spectrum is listed
in Table I. Decrease in Mn after the reaction from
PEG-b-PBLG to PEG-b-PHEG suggests a possibility
of main-chain scission during the side-chain ex-
changing reaction using 2-aminoethanol. However,
after removal of lower molecular weight component
by dialysis tube having cutoff molecular weight of
3,500, SEC diagram revealed single peak with Mw=
Mn ¼ 1:56.

Viscosity of Cyclohexanol/Water Mixture
It should be noted that cyclohexanol/water system

occurs macrophase separation into cyclohexanol-rich
and water-rich phases.39 Cyclohexanol/water single
phase can be obtained when the water content (w) is
lower than 11.6wt% at 30 �C. In order for analysis
of dynamic light scattering results, viscosity measure-
ment for the mixed solvent in one-phase region was
conducted. Correction according to density difference
was also conducted. Obtained relationship between w

(wt%) and viscosity � (cP) at 30 �C can be expressed
by the following equation.

� ðcPÞ ¼ 41:485� 7:027wþ 9:213� 10�1w2

� 7:289� 10�2w3 þ 2:692� 10�3w4 ð6Þ

CD measurements and Helix–coil Transition
CD spectra for PEG-b-PHEG in cyclohexanol/

water with polymer concentration of 0.05wt% were
measured with varying w from 2.3 to 12.1wt%, and
results are shown in Figure 2. When w ¼ 2:3 and
4.1wt%, two minima in the mean residual ellipticity
(½��) were observed at wavelength � ¼ 208 and
222 nm. With the increase of w, the minimum at
208 nm became broad and ½�� value at 222 nm in-
creased. It is reported that single-minimum spectrum
is observed when CD-active chains are associated in
solution.40–43 Solution of w ¼ 12:1wt% exhibit typi-
cal CD spectrum for randomly coiled polypeptide.

Table I. Molecular weight and its distribution of PEG-b-

PBLG and PEG-b-PHEG

Sample
Mn

a

Mw=Mn
b

PEG PBLG PHEG

PEG-b-PBLG 5,500 21,000 1.52

PEG-b-PHEG 5,500 7,500 1.56

a 1H NMR. bSEC.
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The helix content fH of PHEG was evaluated from
½�� value at � ¼ 222 nm, ½��222 (deg cm2 dmol�1),
as follows.31

fH ¼
½��222
�40;000

ð7Þ

Results are listed in Table II, and in Figure 3, fH

values are plotted against w. This figure clearly shows
that PHEG chains are in �-helix state when w ¼ 2:3
and 4.1wt%, contains fairly amount of random-coil
conformation when w ¼ 6:0, 7.9, and 10.0wt%, and
completely in random-coil state when w ¼ 12:1wt%.

Static and Dynamic Light Scattering
Light scattering measurements for solutions with

polymer concentration of ca. 0.05wt% were per-
formed with changing water content w, and evaluat-
ed Mw,app and Rg,app are listed in the upper part of
Table II. As mentioned above, cyclohexanol/water
mixture with w ¼ 12:1wt% is turbid and reveals

phase separation into water-rich and cyclohexanol-
rich macrophases. However, addition of small amount
of PEG-b-PHEG makes the solution clear because of
its ability as surfactant. It should be plausible that
the water-rich phase is emulsified by PEG-b-PHEG,
and PEG and PHEG blocks mainly exist in cyclohex-
anol-rich and water-rich phases, respectively. The
Kc=Rð�Þ vs. sin2ð�=2Þ plot for this emulsified solution
gave negative intercept, which may be owing to pres-
ence of large emulsions stabilized by PEG-b-PHEG
localized at its interface. This assumption also ex-
plains the result of CD measurement, i.e., PHEG
chains take random-coil conformation because they
locate in the water-rich phase.
All of the measured Rg,app values are larger than

54 nm, which is larger than sum of chain length of
the fully extended PEG (45.0 nm, calculated by using
standard bond length and bond angle44) and �-helical
PHEG (6.5 nm, calculated by using residual pitch for
�-helix45). Therefore, a simple core-corona type
spherical micelle is not plausible. In Figure 4, inverse
of apparent particle scattering function defined by

PappðqÞ ¼ RðqÞ=Rð0Þ ð8Þ

is plotted against qRg,app, and compared with those
of some structure models such as uniform sphere, in-
finitely-thin disc, and rigid rod with infinitely thin.46

Figure 4 suggests that the observed scattering function
showed good resemblance to that for infinitely-thin
rigid rod model. Therefore, possible micelle structure
formed in the solution with w ¼ 2:3{10:0wt% may
be a cylindrical shape.
Distribution of decay rate � evaluated by dynamic

light scattering measurements conducted at � ¼ 90�

was converted to distribution of Rh, and typical exam-
ples are shown in Figure 5. For w ¼ 2:3{10:0wt%
solutions, an unimodal distribution peak locates in the
range of Rh,app ¼ 50{90 nm, however, peak for w ¼
12:1wt% solution locates around Rh,app ¼ 250 nm.
This result is also consistent with the static light scat-
tering measurements as mentioned above, i.e., rela-
tively large water-rich phases are emulsified by

Figure 2. CD spectra for PEG-b-PHEG in cyclohexanol/

water mixed solvent at 30 �C. Polymer concentrations are ca.

0.05wt% for all solutions. Water contents in the mixed solvents,

w, are ( ) 2.3wt%, ( ) 4.1wt%, ( ) 6.0wt%, ( ) 7.9wt%, ( )

10.0wt%, and (�) 12.1wt%.

Table II. Numerical results of CD and light scattering

measurements for PEG-b-PHEG micelles in cyclohexanol/

water mixed solvents with different water content

w

(wt%)
c

(wt%)
fH

(%)
Mw,app

(106 gmol�1)
Rg,app

(nm)
Rh,app

(nm)

c ¼ 0:05wt%

2.3 0.0509 96 274 129 79

4.1 0.0550 100 89.2 77 66

6.0 0.0540 91 24.3 54 54

7.9 0.0531 67 67.6 107 87

10.0 0.0450 45 2.4 98 58

12.1 0.0588 0 — — 250

c ¼ 0:1wt%

4.2 0.0995 99 944 140 112

12.2 0.104 1 — — 363

Figure 3. Plots of helix content fH for PHEG block in PEG-b-

PHEG dissolved in cyclohexanol/water mixed solvent against w.
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PEG-b-PHEG. Because the angular dependence of
Rh,app was small, Rh,app values obtained at � ¼ 90�

are listed in Table II.

Concentration Dependence
In order to investigate concentration dependence of

association behavior, solutions with 0.1wt% polymer
concentration have been prepared. However, com-
pletely clear solutions could not be prepared for mixed
solvents with w close to 2, 6, 8 and 10wt%, and some
precipitates were remained. CD and light scattering
measurements were performed for w ¼ 4:2 and
12.2wt% solutions, in which PEG-b-PHEG was com-
pletely dissolved, and numerical results are listed
in the lower part in Table II. When w is ca. 4wt%,
fH value kept almost 100%, and Mw,app, Rg,app and
Rh,app values became larger with the increase of

polymer concentration. Plot of scattering function
1=PappðqÞ vs. qRg,app also suggested rigid-rod for mi-
cellar structure (data are not shown). Formation of
large emulsions was also suggested for w ¼ 12:2
wt% solution, i.e., static light scattering analysis
failed the extrapolation to zero angle and Rh distribu-
tion peak located at 363 nm.

DISCUSSION

As pointed out above, the observed Rg,app values are
larger than those assuming conventional core-corona
type spherical micelle. The scattering function was
closest to that for a thin-rod model as shown in
Figure 4. In the following, the most plausible struc-
ture of cylindrical micelles will be estimated from
the observed values of Rg,app and Mw,app.
Schematic representation of core-corona type cylin-

drical micelle, with PHEG associated core and PEG
corona, is illustrated in Figure 6a. Under an assump-
tion of uniform density in a cylindrical core, contour
length (L) and diameter (L0) of the micelle core can
be evaluated from the experimental Mw,app by using
next equation.

Mw,core ¼ 0:58Mw,app ¼ NA	�
L0

2

� �2

L ð9Þ

where 0.58 is the weight fraction of PHEG in PEG-b-
PHEG, and 	 ¼ 1:399 g cm�3 is density of PHEG.32

For rigid rodlike particle, relationship between
Rg,core, L, and L0 is expressed as follows.

Rg,core
2 ¼

1

2

L0

2

� �2

þ
1

12
L2 ð10Þ

Figure 5. Distribution of hydrodynamic radius Rh by dynamic

light scattering at � ¼ 90� for PEG-b-PHEG micelles in cyclohex-

anol/water with w ¼ 2:3wt% ( ) and 12.1wt% ( ) measured at

30 �C. Polymer concentration is ca. 0.05wt%.

Figure 6. (a) Illustration of core-corona type cylindrical

micelle with contour length L and diameter L0 for core region.

Estimated packing manner of PHEG in the core region are illus-

trated in cross-section, (b) when the helix content is in the range

of 70% � fH � 90% in solutions with w ¼ 6 and 8wt%, and

(c) when fH ¼ 45% in solution with w ¼ 10wt%.

Figure 4. Plots of apparent scattering function PappðqÞ for

PEG-b-PHEG micelles in cyclohexanol/water at 30 �C against

qRg,app compared with those calculated by some simple structure

models; uniform sphere (—), infinitely-thin disc (- - -), and infin-

itely-thin rigid rod (-�-�). Polymer concentration is ca. 0.05wt%.

The plots are for solutions of w ¼ 2:3 ( ), 4.1 ( ), 6.0 ( ),

7.9 ( ), and 10.0wt% ( ).
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In calculation, Rg,core was assumed to be equal to the
observed value of Rg,app because the contribution of
PEG with Mw ¼ 5;500 on Rg,core should be small. Re-
sults for solutions with polymer concentration of 0.05
wt% are listed in the upper part of Table III. The di-
ameter L0 of the core can be compared with molecular
geometry of PHEG. As mentioned above, molecular
length along the �-helical PHEG is 6.5 nm. For ran-
domly-coiled PHEG, Rg is calculated as 1.7 nm by us-
ing the characteristic ratio of end-to-end distance,
hr2i=nl2 ¼ 6:6.47 The L0 values of 23.1 and 17.0 nm
for w ¼ 2:3 and 4.1wt% solutions seems too large
to be assuming uniformly packed PHEG core, so,
the core-corona type cylindrical micellar model is
not plausible for these solutions. For the solutions
with w ¼ 6:0 and 7.9wt%, the evaluated L0 is close
to twice of the chain length of PHEG (13.0 nm). Be-
cause the helix content for these solutions is still high,
core diameter may be determined by �-helical chain
and packing manner of PHEG is possibly illustrated
as shown in Figure 6b. Further increase of w to 10.0
wt% induced the decrease in Mw,app with maintaining
Rg,app value, which suggests the decrease in core di-
ameter. The L0 value of 2.5 nm is comparable to Rg

for random coil PHEG calculated above. Therefore,
the decrease in fH made it possible to form densely
packed and slim core with randomly-coiled PHEG

as shown in Figure 6c.
As shown in Table II, the value of Rg,app=Rh,app,

which is used to elucidate the shape of the particle,46

ranges from 1.0 to 1.7. These values are smaller than
that expected for rigid rod (> 2:0), so there is possibil-
ity that the cylindrical micelles have some flexibility.
For worm-like chain with persistence length P, the
relation between Rg,core and L can be expressed as fol-
lows.4,48

Rg,core
2 ¼ P2 L

3P
� 1þ

2P

L
�

2f1� expð�L=PÞg
ðL=PÞ2

� �

ð11Þ

With assuming L0 value, we can evaluate L and P

from eqs 9 and 11. For w ¼ 2:3 and 4.1wt% solu-
tions, L0 was assumed to be twice of the chain length
of �-helical PHEG (13.0 nm) because fH are almost
100%. Thus obtained L values were more than ten
times larger than P, i.e., the micelle has much larger
contour length than its persistence length. This result
is inconsistent with the assumption that the micelle
is rigid rod, thus, the core-corona type semiflexible
cylindrical model is also implausible when w ¼ 2:3
and 4.1wt%. These calculations indicated that small
decrease of L0 resulted in drastic decrease of P. For
w ¼ 6:0wt% solution, decrease in L0 from 10.6 to
10.0 nm changed P value from 1 to 164 nm, means
that Mw,app and Rg,app for w ¼ 6:0, 7.9, and 10.0
wt% solutions can be reasonably reproduced by semi-
flexible worm-like model. This flexibility of the cylin-
drical micelle may be having an effect on the value of
Rg,app=Rh,app.
In order to reproduce the large Mw,app values for so-

lutions with small w, a rodlike vesicle model with a
hollow cylinder having a pair of hollow hemispheres
at its both ends has been examined. Mw,core and
Rg,core for a rigid hollow hemispherical cylinder with
inside radius r1, outside radius r0, and length of
Lþ 2r0 (see Figure 7) can be expressed as follows.

Mw,core ¼ NA	
4

3
�fr03 � r1

3g þ �Lfr02 � r1
2g

� �
ð12Þ

Rg,core
2 ¼

4

5
ðr05 � r1

5Þ þ Lðr04 � r1
4Þ þ

L2

3
ðr03 � r1

3Þ þ
L3

12
ðr02 � r1

2Þ

4

3
ðr03 � r13Þ þ Lðr02 � r12Þ

ð13Þ

By using the experimental Mw,app and Rg,app values,
the geometrical parameters can be evaluated when
the value of r0 � r1, which corresponds to the thick-
ness of the PHEG associated domain of the hollow

cylinder, is fixed. Under the assumption that r0 � r1
is equal to the chain length of �-helical PHEG
(6.5 nm), diameter and length of the hollow cylinder
can be obtained as listed in Table IV. The inner diam-

Table III. Evaluated values of contour length (L)

and diameter (L0) of cylindrical micelles with assuming

core-corona type structure

Rigid-rod cylinder

w

(wt%)
L

(nm)
L0
(nm)

c ¼ 0:05wt%

2.3 446 23.1

4.1 267 17.0

6.0 188 10.6

7.9 370 12.6

10.0 341 2.5

c ¼ 0:1wt%

4.2 482 41.5

Helix–Coil Transition and Micellar Structure
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eters of the hollow cylinder are 14.0 and 4.6 nm for
w ¼ 2:3 and 4.1wt% solutions, respectively, which
is larger than Rg of the PEG (2.3 nm, evaluated by
using hr2i=nl2 ¼ 4:0). Thus, the vesicle-like struc-
ture model with monolayer packing as depicted in
Figure 7 might be a possible structure for the rod–coil
diblock copolymer micelles.
Table II shows that Mw,app tends to decrease with

the increase in w, although Rg,app values revealed only
small change. This result suggests the decrease in the
diameter of the cylindrical micelles with the increase
of w. As described in Introduction, packing manner of
rod–coil diblock copolymers has been discussed theo-
retically and experimentally.11–13,16–29 Rod blocks
were proposed to be packing with their long axis
aligned, and this packing manner induces a flat inter-
face between rod- and coil-segregated domains. On
the other hand, in random-coil polymer, it should be
possible to form a segregated domain with large cur-
vature such as spherical micelle. These considerations
reveal good consistency with the micellar structures
evaluated in this study. The vesicle-like micelle in
which PHEG associated domains has smaller curva-
ture is suggested when fH ¼ 100%, and with the
decrease of fH, core-corona type cylindrical micelle
in which PHEG domain has larger curvature was sup-
posed to be formed. As pointed out in refs 32 and 33,

cooperativity of helix–coil transition of PHEG is rela-
tively weak, so it is suggested that �-helix sequences
and random-coil sequences are coexisting in one
PHEG chain. The small L0 value for w ¼ 10:0wt%
solution may suggest that PHEG chain cannot be re-
garded as rigid rodlike polymer and behaves as ran-
dom coil when the helix content is smaller than
45%. Recently, Bellomo et al.49 have reported that
�-helical amphiphilic diblock copolypeptides form
spherical vesicles with micrometer scale, however,
such kind of vesicles could not be observed in samples
prepared with using racemic amino acid. They pointed
out the importance of helical conformation for the for-
mation of flat membranes of giant vesicles. Although
the length scale of the associates is different, their re-
sults showed similar tendency with our present work.
It should be noted that the above analysis of the

scattering data assumes a simplified structure model
for the micelles, i.e., without size distribution. As
shown in the Rh distribution in Figure 5, the micelle
exists as polydisperse one. Thus, the comparison of
scattering function in Figure 4 as well as the numeri-
cal results listed in Tables III and IV should be con-
taining some uncertainty. The lack of the extrapola-
tion to infinitely dilute limit also influence the
evaluated results from the light scattering measure-
ments. However, the tendency of the decrease in
Mw,app with the increase of w and decrease of fH is
suggested in Table II, and it can be described by the
change of diameter of the cylindrical micelle and cur-
vature for the PHEG associated domains as discussed
above. We also performed similar elucidation for
structural parameters with assuming spherical or disk-
like oblate shape for micelles, but the cylindrical mod-
el described above was most reasonable. This result is
consistent with the comparison of experimental and
theoretical PappðqÞ shown in Figure 4. Therefore, ef-
fect of the micellar size distribution on qRg,app-
dependence of PðqÞ was not significant in this system.
Above considerations for micellar structure were

also applied for 0.1wt% solution with w ¼ 4:2wt%.
As listed in Table III, the evaluated L0 with assuming
the core-corona type cylinder was larger than the
chain length of �-helical PHEG. On the other hand,
assumption of hollow cylinder gave a reasonable r1
value (Table IV). Therefore, as like the more dilute
solution, PEG-b-PHEG in 0.1wt% solution most
probably forms vesicle-like hollow cylindrical micelle
when w ¼ 4:1wt%.
In the above discussion, structure change of the

micelles is considered to be responsible to the confor-
mational change of the core-forming PHEG block.
Another possible reason for the micellar structure
change is solvent quality, which would be less selec-
tive with the increase of water content. If PHEG be-

Table IV. Evaluated values of inner radius (r1), outer

radius (r0), and length along the cylinder (L) for the

hollow cylindrical micelle with assuming the thickness

for PHEG associated domain (r0 � r1) equal to 6.5 nm

w

(wt%)
r1

(nm)
r0

(nm)
L

(nm)

c ¼ 0:05wt%

2.3 7.0 13.5 424

4.1 2.3 8.8 255

c ¼ 0:1wt%

4.2 30.8 37.3 402

Figure 7. Illustration of hollow hemispherical cylinder mi-

celle with inner radius r1 and outer radius r0 formed in solutions

with w ¼ 2:3 and 4.1wt%. In PHEG associated domain, �-helical

PHEG chains with fH ¼ 100% are arranged as their long axis

aligned in monolayer manner.
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comes more soluble with the increase of w, the solvent
molecules possibly enter into the PHEG domain. This
swelling effect of PHEG core also makes it possible to
form the PHEG domain with larger curvature. Howev-
er, as mentioned above, it was difficult to prepare
clear solutions with polymer concentration higher
than 0.05wt%. Because PEG is well dissolved in both
water and cyclohexanol, this difficulty in solution
preparation should be the result of poor solubility of
PHEG block. Therefore, the swelling of PHEG do-
main may be playing minor role for the micellar struc-
ture change.

CONCLUSIONS

Structure of PEG-b-PHEG self-assembled micelles
in dilute solution of cyclohexanol/water mixed sol-
vent has been investigated. In this solvent system,
PHEG block forms associated domains and PEG
block is well dissolved. As shown by CD spectra in
Figure 2, PHEG block changes its conformation from
�-helix state to random coil state with the increasing
of water content in the mixed solvent from 2.3 to
12.1wt%. When w ¼ 2:3 and 4.1wt%, helix content
fH was almost 100% and micelle structure was sup-
posed to be vesicle-like hollow hemispherical cylinder
as illustrated in Figure 7. For solutions with w ¼ 6:0,
7.9, and 10.0wt%, fH values decreased and PHEG
blocks form densely-packed cylindrical core with
smaller diameter, i.e., the micelle is no longer hollow
shape. These structure changes of micelles are inter-
preted by the conformational change of core-forming
PHEG block. The parallel alignment of rigid-rod �-
helix tends to make the PHEG domain more flat,
and the small curvature for the core region results in
vesicle-like hollow micelles. With the increase of
flexibility, PHEG domains with larger curvature
would be possibly formed. These results indicate that
the conformation of the core-forming associated
chains and their packing manner strongly influence
the structure of diblock copolymer micelles.
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