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Abstract

Dodecyl and dodecanoyl groups (C12) are attached at the chain ends of poly[N5-(2-hydroxyethyl) L-glutamine] (PHEG), and association

behavior of this both-ends hydrophobically modified water soluble polypeptide (C12–PHEG–C12) has been investigated by means of light

scattering measurements. Water/ethylene glycol (EG) mixed solvents were used as selective solvent for PHEG block, and PHEG changed its

structure from random-coil state to a-helix with increasing EG content in the mixed solvent (WEG). When WEG is less than 0.5, flower-like

micelle with C12 associated core and PHEG corona in loop conformation was suggested to be formed. Increase of WEG from 0.5 to 0.6

induced drastic increase of association number and size of the associate, in which many C12 associated cores may be connected by PHEG in

bridge conformation. This structure change of associate is considered to be driven by the increase of helix content of PHEG with WEG, which

enhances the possibility to form bridge conformation because of its rigidity. Solution preparation method, i.e. order of addition of solvent,

was found to influence the structure of associate, although its effect on the helix content of PHEG was negligible.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

ABA triblock copolymer having long middle B block

and short A blocks is widely used as thermoplastic

elastomers, in which A blocks form hard microdomains

by microphase separation, and the A domains and B chains

acts as cross-linking point and bridging chain, respectively.

In a selective solvent, which is a good solvent for B block

and a poor or bad solvent for A block, the ABA triblock

copolymer forms associate or micelle as a consequence of

association of poorly-soluble A block [1–17]. When the

polymer concentration is very low and copolymer forms

isolated flower-like micelles, all the B chains take loop

conformation with the both-ends A blocks incorporated in

same associated micellar core. With the increase of

copolymer concentration, probability that respective A

blocks in one copolymer are incorporated in different

associated cores will increase. In this case, the middle B
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block can possibly take two conformations: One is loop

conformation as like that in the isolated micelle, and the

other is bridge conformation that connects two different

associates. The increase of bridge conformation will induce

formation of organized network or gel [18–35] with the

associate of A chains as cross-linking point and B chain as

the bridge connecting the cross-linking points. This physical

gel can be regarded as a transient network [36–41], in which

the cross-links are easily generated and destructed.

Mechanical properties of the gel depend on number of

bridging chain because loop chains are elastically

ineffective.

In our previous work, micellization and gelation

behavior of dilute and moderately concentrated 1-butanol

solutions of poly(methyl methacrylate)-block–poly(tert-

butyl acrylate)-block–poly(methyl methacrylate) (PMMA–

PtBuA–PMMA) have been investigated [18]. 1-Butanol is

good and poor solvent for PMMA and PtBuA block,

respectively. 1H NMR, light scattering, and viscoelastic

measurements at various temperature revealed that micelli-

zation and sol–gel transition have relation with segregation

of terminal PMMA blocks. In this physical gel, formation of

the transient network was suggested because master curves
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of dynamic moduli revealed Maxwell-type viscoelasticity

with narrow relaxation time distribution. Concentration

dependency of plateau modulus is stronger than theoreti-

cally expected, means macroscopic transient network grows

with polymer concentration by increasing fraction of

elastically effective bridging PtBuA chain above sol–gel

transition concentration. Similar transient network is also

proposed for associative water-soluble polymers such as

both-ends hydrophobically modified poly(ethylene oxide)

(HEUR), which have been widely used for application

purpose [30–35].

Possibility to form loop conformation for ABA type

copolymer should depend on chain rigidity of middle B

chain. Khalatur et al. [42] presented molecular dynamic

study of semiflexible telechelic polymer with associating

end-groups. Their simulation results showed that flexible

telechelic chain forms relatively small flower-like micelles,

and for semiflexible chains, associated cores were bridged

with a bundle, in which semiflexible chains are oriented in

parallel to each other. Probability of loop conformation was

decreased with the increase of Kuhn segment length for the

middle chain. Because elasticity of physical gel of ABA-

type associative copolymer depends on fraction of bridge
Fig. 1. Synthesis of C12–PHEG–C12.
conformation, control of chain stiffness of B block should be

one of ways to control mechanical properties of the gel.

Recently, we have investigated association behavior of

diblock copolymer containing water soluble non-ionic

polypeptide, poly[N5-(2-hydroxyethyl) L-glutamine]

(PHEG) [43]. PHEG is known to take random-coil

conformation in pure water and to change to a-helix

structure with increasing alcohol content of the solvent [44–

47]. In order to consider an effect of chain rigidity of B chain

on association and gelation behavior of ABA triblock

copolymer, PHEG is a suitable candidate as B block.

In this study, we have prepared both-ends hydrophobi-

cally modified PHEG as associative ABA type triblock

copolymer (C12–PHEG–C12, Fig. 1), and report its

association behavior in dilute solution of water/ethylene

glycol (EG) mixed solvent. Dodecyl and dodecanoyl chains

(C12) were used as hydrophobic alkyl chains. Helix-coil

transition of PHEG chain can be induced by changing

composition of the mixed solvent. Formation of micelles

and its structure were investigated by using fluorescence

spectroscopy and light scattering techniques. Relationship

between a-helix content of middle PHEG chain and

micellar structure will be described.
2. Experimental section

2.1. Materials

Dodecylamine, 2-aminoethanol, 2-hydroxypyridine, and

ethylene glycol (EG) was fractionally distilled before use.

Dodecanoyl chloride was used as received. N-Carboxyan-

hydride (NCA) of g-benzyl L-glutamate (BLG) was

prepared by reacting BLG with triphosgene, and purified

by recrystallization from tetrahydrofurane/petrorium ether.

Distilled water was ion-exchanged before use.

2.2. Synthesis of C12–PHEG–C12

Synthetic scheme of C12–PHEG–C12 is represented in

Fig. 1. NCA of BLG was polymerized with using

dodecylamine in dry dichloromethane (DCM) at room

temperature for 4 days. The solution was poured into diethyl

ether, and the precipitates were dissolved in dry DCM

containing triethylamine. This solution was cooled on ice–

water bath, added excess dodecanoyl chloride slowly, and

stirred at room temperature for 1 day. The reaction mixture

was poured into cold methanol, and precipitates were

filtered and washed with diethyl ether. The crude product

was re-precipitated by DCM/methanol in order to remove

unreacted reagents. The obtained C12–PBLG–C12 (Fig. 1)

and 2-hydroxypyridine (5-fold molar) was dissolved in N,N-

dimethylformamide (DMF), 20-fold molar amount of

2-aminoethanol was added, and side-chain exchanging

reaction was performed for 24 h at 26 8C [48]. The reaction

solution was neutralized by acetic acid/methanol (1/1 in
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volume), and dialyzed against water by using cellulose

membrane with nominal fractional molecular weight of

3500. C12–PHEG–C12 was obtained after freeze–drying of

aqueous polymer solution.

2.3. Measurements

1H NMR spectrum of C12–PHEG–C12 was recorded on

a JNM-GX400 (JEOL) with using DMSO-d6 as solvent.

Size exclusion chromatography (SEC) chart was recorded

on a SC-8020 (TOSO). Eluent solvent was DMF/LiBr

(1 wt%), and standard polystyrene was used for molecular

weight calibration. Circular dichroism (CD) measurements

were performed on a J-820/805 (JASCO) with using a

quartz cell having path length of 1 mm. Polymer concen-

tration of the solution was ca. 8!10K4 g/ml, and solution

temperature was maintained at 30 8C. Fluorescence spec-

trum was measured on a RF-5300FC spectrophotofluorom-

eter (Shimadzu) at room temperature, in order to evaluate a

critical micellar concentration (CMC) of C12–PHEG–C12.

1-Anilino-8-naphthalen sulfonic acid magnesium salt

(ANS-Mg, concentration: 1.6!10K6 M) was used as

fluorescence probe [49]. An excitation wavelength of

350 nm was employed for the measurements.

Static and dynamic light scattering (SLS and DLS,

respectively) was measured by a laboratory-made apparatus

equipped with an ALV/SO-SIPD detector and an ALV-5000

correlator using He–Ne laser (the wavelength l0Z633 nm)

as a light source [50,51]. Sample solutions were optically

purified by a Millipore filter of nominal pore size of 0.45 or

1.0 mm and transferred into optical tube, and the tube was

flame-sealed under gentle vacuum. Excess Rayleigh ratio

R(q) was calculated from the measured excess scattered-

light intensity at different scattering angle, q, in a range of

30–1208. Conventional data analysis for SLS results by

extrapolating to dilute limit was not applied because of a

possibility of concentration dependence of association

behavior, therefore, evaluated weight-averaged molecular

weight (Mw) and radius of gyration (Rg) are apparent ones

defined by the following equations.

Mw;app Z
Rð0Þ

Kc
(1)

R2
g;app Z

3l0Mw;appðinitial slopÞ

16p2n2
(2)

Kc/R(0) and (initial slope) are intercept and initial slope of

Kc/R(q) vs. sin2(q/2) plots at a finite concentration, c.

Optical constant K is defined by

K Z
4p2n2ðdn=dcÞ2

NAl4
0

(3)

where n the refractive index of solvent and NA the Avogadro

constant. The refractive index increment dn/dc was

measured by a differential refractometer RM-102 (Union

Giken) with using water/EG mixed solvent at different EG
weight fraction (WEG), and expressed as follows:

dn

dc
ðml=gÞ Z 0:1562K0:1566WEG C0:0988W2

EG

K0:0046W3
EG K0:0137W4

EG (4)

In DLS measurements, correlation function, g(1)(q, t), of

electric field was calculated from autocorrelation function,

g(2)(q, t), of scattered light intensity by the equation

gð2Þðq; tÞ Z A½1 CBjgð1Þðq; tÞj2� (5)

where A and B are constants, and q is defined as

qZ ð4pn=l0Þsinðq=2Þ. Decay function g(1)(q, t) was analyzed

by Laplace inversion program CONTIN to evaluate decay

rate (G) distribution. Hydrodynamic radius Rh was

calculated by the Einstein–Stokes equation,

Rh Z
kT

6phD
Z

kT

6phðG=q2Þ
(6)

where DZG/q2 the diffusion coefficient, k the Boltzmann

constant, and T the absolute temperature. The solvent

viscosity h was derived from Ref. [52]. Solution tempera-

ture was maintained at 30 8C during the measurement.

Unless specifically mentioned below, sample solutions for

CD, fluorescence spectroscopy, and light scattering

measurements were prepared by dissolving the polymer in

water/EG mixed solvent, which had been prepared at

desired WEG in advance.
3. Results

3.1. Polymer synthesis

C12–PHEG–C12 was synthesized by aminolysis reaction

of benzyl ester side chains of C12–PBLG–12 with

2-aminoethanol. De Marre et al. [48] tried to optimize

condition for the aminolysis reaction of PBLG by adding

bifunctional catalyst, 2-hydroxypyridine, in order to

minimize chain scission of PBLG backbone. In this study,

we conducted the aminolysis reaction at 26 8C for 24 h with

5 molar amount of 2-hydroxypyridine after preliminary

experiment. Number averaged molecular weight (Mn) and

its distribution of the starting C12–PBLG–C12 was MnZ
11,800 by 1H NMR and Mw/MnZ1.47 by SEC, respect-

ively. After the aminolysis reaction and dialysis process, we

could obtain side-chain-exchanged C12–PHEG–C12 in

which more than 99.2 mol% benzyl groups were exchanged

by 2-hydroxyethyl groups, which was confirmed by 1H

NMR peak area of phenyl group. 1H NMR and SEC

measurements indicated that MnZ9500 and Mw/MnZ1.71

for C12–PHEG–C12. Degree of polymerization (DP) of

PHEG was 53, and this value was identical with that for

PBLG in the starting C12–PBLG–C12. Therefore, amino-

lysis reaction under the above condition was successful

without main-chain cleavage.



Fig. 3. Plots of fH, evaluated by CD spectrum, against WEG. (C) The sample

solutions were prepared by dissolving C12–PHEG–C12 in the pre-mixed

water/EG mixed solvent; (6) polymer aqueous solution was prepared at

first, subsequently EG was added to make a desired WEG and polymer

concentration; (7) EG solution of polymer was prepared at first, then water

was added into the C12–PHEG–C12/EG solution.
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3.2. Helix-coil transition of PHEG

CD measurements for C12–PHEG–C12 solution dis-

solved in water/EG mixed solvent were performed with

varying EG weight fraction in the solvent (WEG). When

WEGZ0, i.e. in pure water, CD spectrum revealed that

PHEG is in random-coil state as shown in Fig. 2 ( ). With

the increase of WEG, two minima in mean residual ellipticity

([Q]) at wavelength lZ208 and 222 nm were recognized,

and their absolute values were increased with WEG. Helix

content fH of PHEG was evaluated from [Q] value at lZ
222 nm, [Q]222 (deg cm2 decimoleK1), as follows [43].

f H Z
½Q�222

K40; 000
(7)

In Fig. 3, obtained fH are plotted against WEG by using

symbol C. The helix content was less than 10% when

WEG!0.3, and gradually increased with WEG. Even at

WEGZ1.0, fH value remained less than 0.8.
3.3. Association behavior in water/EG mixed solvent

Fluorescence spectra measurements of ANS-Mg, a probe

molecule for fluorescence, dissolved in C12–PHEG–

C12/water/EG solution with various polymer concentrations

have been conducted. When polymer concentration is low,

fluorescence intensity maximum is located around 500 nm.

With the increase of concentration, the wavelength at the

maximum shifted to the shorter wavelength and its intensity

increased. These results reflect a change of surrounding

circumstance around ANS: ANS molecules tend to locate in

hydrophobic domain with the increase of polymer concen-

tration. From these results, CMC of C12–PHEG–C12 can be

evaluated because micellization according to association of

C12 forms a hydrophobic C12 domain, in which ANS

prefers to exist rather than in hydrophilic solvent. Evaluated

values of CMC are plotted against WEG in Fig. 4. This figure

shows a gradual increase in CMC with WEG, probably
Fig. 2. CD spectra for C12–PHEG–C12/water/EG solutions with various

WEG as indicated.
because association strength of C12 chain tends to be weak

with increase of content of less hydrophilic EG in the

solvent.
3.4. Light scattering

DLS measurements for C12–PHEG–C12/water/EG sol-

utions with various WEG were performed. Polymer

concentration for these solutions was fixed at 1.0 wt%,

which is enough larger than CMC for all WEG. As shown in

typical examples in Fig. 5, obtained autocorrelation

functions decay at shorter time when WEG%0.5, and for

WEGR0.6 solutions, slower decay mode is dominant. These

curves were analyzed by using CONTIN program, and

evaluated Rh distribution derived from Eq. (6), at qZ908 for

various WEG solutions, are shown in Fig. 6. For solutions

with 0%WEG%0.5, single decay mode at Rhw7 nm (fast

mode) is observed, and with the increase of WEG to 0.6, the

distribution profile shows drastic change and major peak

locates around RhO100 nm (slow mode). Similar results
Fig. 4. Plots of critical micellar concentration (CMC) against WEG

evaluated by fluorescence spectra.



Fig. 5. Autocorrelation function of scattered light intensity g(2)(q, t)

obtained by DLS measurements at qZ908 for C12–PHEG–C12/water/EG

solutions with various WEG as indicated.

Fig. 7. Angular dependence of peak position in Rh distribution curve for

WEGZ0.5 (C) and 0.6 (B) solutions measured at different scattering

vector q.
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were also obtained for solutions with 0.6%WEG%0.9. In

case of pure EG solution (WEGZ1.0), scattered light

intensity was too weak to evaluate G distribution from

autocorrelation function. As shown in Fig. 7, the fast mode

shows almost identical Rh for all measured scattering

angles, but Rh for the slow mode reveals angle dependence.

Apparent hydrodynamic radius Rh,app at finite concentration

was evaluated by extrapolation to q2Z0, as shown by solid

lines in Fig. 7, and numerical results are listed in Table 1. In

Fig. 8, obtained Rh,app for fast mode (C) and slow mode

(B) are plotted against WEG. As shown in Fig. 6, we can

recognize a small slow-mode and fast-mode peak in the

distribution curve for WEGZ0.2 and 0.8, respectively.

However, these peaks are too weak to evaluate its position

precisely, so in Fig. 8, Rh,app values for the main peak are

plotted. This plot clearly reveals that Rh,app show gradual

decrease with the increase of WEG when EG content is

small, and drastically increase in the range of 0.5!WEG!
0.6.
Fig. 6. Distribution of hydrodynamic radius Rh evaluated by DLS

measurements at qZ908 for various WEG solutions as indicated.
SLS measurements were also performed, and obtained

Zimm-type plots are shown in Fig. 9. As shown by plots for

WEGZ0.2 (C) and 0.4 (B), scattered light intensity

revealed weak angular dependence when the water content

is small, which means that Rg of solute is small. The plot for

WEGZ0.5 solution (:) is making bended curve with larger

slope in smaller angle region and almost horizontal curve

in larger angle region, suggesting bimodal size distribution

in solute. Increase of WEG to 0.6 made a sudden increase in

scattered light intensity (6), indicating a formation of large

associates with high molecular weight. Further increase of

WEG induced a decrease in scattered light intensity (7), but

slope of the Zimm-type plot is larger than those for

WEG%0.4. Obtained Rayleigh ratio at qZ458, R(458)/Kc,

are plotted against WEG in Fig. 10. As mentioned above,

scattering light intensity drastically increased when WEG

changed from 0.5 to 0.6, and again decreased with the

further increase of WEG. From the Zimm-type plots, Mw,app

and Rg,app are evaluated by using Eqs. (1) and (2), and listed

in Table 1. In these data analyses, slope was determined

from the plot in larger angle region when WEG%0.5, and

initial slope was used for solutions with WEGR0.6. It should

be pointed out that the value of Rg,app should be containing a

relatively large numerical error because the slope of Zimm-

type plot was close to zero. Table 1 suggests that solute
Table 1

Numerical results of light scattering measurements

WEG Rh,app/nm Rg,app/nm Mw,app Napp

0.0 8.7 18 138,000 8.5

0.1 8.7 20 121,000 7.4

0.2 7.4 10 125,000 7.7

0.3 6.9 14 119,000 7.3

0.4 6.6 20 82,000 5.0

0.5 6.3 10 68,000 4.2

0.6 304 116 2,900,000 179

0.7 236 154 1,130,000 69.6

0.8 456 233 311,000 19.1

0.9 351 165 86,000 5.3

1.0 – 145 13,000 0.8



Fig. 8. Plots of Rh,app for C12–PHEG–C12/water/EG solutions against WEG. Fig. 10. WEG dependence of scattered light intensity at qZ458, R(458)/Kc.
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particle exists in WEG%0.5 solutions have radius of

w10 nm, and Mw,app is about 4–8 times larger than MwZ
Mn!(Mw/Mn) for C12–PHEG–C12. These results indicate

that C12–PHEG–C12 forms associated micelle with its

association number (Napp) to be 4–8, and Napp gradually

decreases with the increase of WEG.
4. Discussion

4.1. Structure of the associates

SLS results for C12–PHEG–C12/water solution (WEGZ
0) indicated association number of the micelle in aqueous

solution is ca. 8.5. For spherical micelles in aqueous

solution of HEUR with terminal dodecyl groups, number of

end group in one hydrophobic domain was estimated from

fluorescence measurement as 15–30 [11]. In Ref. [51],

association behavior of poly(ethylene glycol) monododecyl

ether (C12E25) in aqueous solution has been investigated by

light scattering, and apparent association number of micelle

was evaluated to be about 26. These values show good

consistency with our present results, i.e. the micellar core

contains 2Nappz17 dodecyl chains.

From Napp and density (r) of n-alkyl chain, we can

evaluate radius of C12-segregated core (rcore), with
Fig. 9. Zimm-type plots of angular dependence of inverse of scattered light

intensity, Kc/R(q) vs. sin2(q/2) for various WEG solutions as indicated.
assuming that the core is spherical shape and strongly

rejects solvent, by using the following equation.

rcore Z
3NappMalkyl

2NApr

� �1=3

(8)

For 0!WEG!0.5 solutions, rcore can be calculated as 0.9–

1.1 nm by using parameters such as rZ0.75 (g/cm3) and

MalkylZ155 (for –C11H23 group). Mean-squared radius of

gyration hs2i1/2 of PHEG homopolymer is reported to be

expressed by (6hs2i)1/2Zhr2i1/2Z(6.6nl2)1/2, therefore, for

PHEG with DPZ53, hs2i1/2 is calculated to be 1.9 nm.

Experimental Rh,app from DLS measurement (6.3–8.7 nm) is

larger than this value, but more close to 4.7–4.9 nm

calculated by simple summation such as rcoreC2hs2i1/2

expected for core-corona type spherical micelles as

schematically represented in Fig. 11(a). As pointed out by

theoretical considerations for micellar size [13,53], corona

chain is probably extending along radial direction because of
Fig. 11. Schematic representation of structure of associates. Black and dark

lines represent C12 and PHEG chains, respectively. (a) Isolated flower-like

micelles when WEG%0.5. (b) Large associate consisting of multiple C12

cores connected by PHEG chains with partially a-helical structure.
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segmental interaction at inner region of micelle as like the

case for star-like polymers. This change of chain dimension

of PHEG in loop conformation will make the micellar size

larger than those calculated above. Therefore, C12–PHEG–

C12 is believed to be forming flower-like micelles with core-

corona structure when WEG%0.5 as depicted in Fig. 11(a).

As shown in Fig. 8, Rh,app revealed gradual decrease with

the decrease in WEG until WEGZ0.5. One possible reason

for the decrease in size is decrease in Napp, i.e. decrease of

association strength of C12 with the increase of WEG

because EG is more hydrophobic than water. Similar trend

in Napp was also reported for one-end hydrophobically

modified poly(ethylene oxide) (PEO) in water/EG mixed

solvent [54]. Another possible explanation is decrease in

size of PHEG corona with the increase of WEG and its helix

content fH. As pointed out by Ohta et al. [47], PHEG in

aqueous solution exhibited broad minimum in hs2i1/2 vs. fH

curve because of very low cooperativity in helix-coil

transition. By using Teramoto et al.’s approximate

expression for physical quantities of polypeptides [55],

which was derived from Nagai’s theory [56] for helix-coil

transition, we can evaluate a relationship between hs2i1/2 and

fH. In Fig. 12, result of (hs2i/hs2i0)1/2 against fH for PHEG

with DPZ53, calculated from Eqs. (23) and (24) in Ref.

[55], is indicated by solid line, where hs2i0 is equal to hs2i at

fHZ0. In these calculations, numerical parameters are

referred from those reported by Ohta et al. [47], i.e.

cooperative parameter sZ0.004, effective bond length for

random coil portion a0Z1.47 nm, and pitch per monomeric

residue in helical portion a1Z0.197 nm. In Fig. 12,

experimental results for Rh,app are also plotted against fH.

Comparison of these figures indicate that Rh,app as well as

theoretical hs2i1/2 of corona chains show similar gradual

decrease with the increase of fH. Therefore, decrease of size

of PHEG as well as Napp are possibly contributing to the

decrease of Rh,app with the increase of WEG.

In solutions with WEGR0.6, Rg,app and Rh,app are

evaluated as larger than 100 nm for the slow mode, but
Fig. 12. Comparison of relationship of experimentally evaluated Rh,app (C,

left axis) and calculated (hs2i/hs2i0)1/2 for PHEG (solid line, right axis)

according to Teramoto et al.’s expression [54]: DPZ53, sZ0.004, b0Z
1.47 nm, and b1Z0.197 nm.
Napp decreases sharply with the increase of WEG. It is

difficult to suppose any reasonable structures of associate

with small Napp and large Rg,app observed in large WEG

region. So, it should be plausible that freely-dissolved C12–

PHEG–C12 chains, i.e. unimer, are coexisting with large

aggregate having several hundred nanometer in size. Sharp

decrease of Mw,app with maintaining large Rg,app value may

indicate that concentration of the large aggregate are

decreasing with the increase of WEG, i.e. many C12–

PHEG–C12 are existing as unimer when WEG is large. This

consideration is consistent with the decrease in Napp with

increase of WEG in WEG!0.5 region, suggesting the

decrease of segregation power of C12 [54]. In DLS

measurement, decay of autocorrelation function by unimer

is hard to be detected because of its small size.

Simple core-corona type micelle as depicted in Fig. 11(a)

cannot be applicable for these large aggregates, and a

network structure containing multiple C12 segregated cores

connected by bridging PHEG chains as shown in Fig. 11(b)

should be plausible. The sudden structure change from the

isolated flower-like micelle to the large aggregate with

multiple core occurred at 0.5!WEG!0.6, and in this WEG

range, fH increased from 0.2 to 0.35. This increase in helix

content of PHEG chain should be an important driving force

for the structure change of associate. Larger helix content

makes PHEG chain in rod-like conformation, as a result,

loop conformation in which both-end C12 chains are

included in the same C12 core tend to be excluded, and

bridge conformation which connects different C12 cores is

easily occurred. Therefore, inside of the large aggregate is

expected to be a network structure, which containing

multiple C12 cores connected by bridging PHEG chains

with rod-like conformation. This microgel-like structure for

the associate is also supported by Rg,app/Rh,app value, which

is usually used as a dimensionless parameter to elucidate

particle structure [57,58]. Observed Rg,app/Rh,app ranges

0.38–0.65, and these small values are also reported in PVA

microgels with large molecular weight prepared by

emulsion polymerization [57].

In order to confirm the effect of the helix-coil transition

on the association behavior, both-ends hydrophobically-

modified water-soluble polymer without any conformation-

al transition is considered as a suitable control sample. Here,

we comment on recent Dai et al.’s study on aggregation

behavior of HEUR in water/EG mixed solvent [59]. In Ref.

[59], both-ends-capped PEO (Mn is 50,000) with C16H33

alkyl chains are used as HEUR, and the conformation of

PEO is random coil even after the addition of EG. From

light scattering and rheological measurements, they con-

cluded that structure of HEUR associate is flower-like when

EG content is low, and changes to star-like micelle with the

increase of EG content, and further addition of EG induces

several micelles to aggregate [59]. Although their result

show some similarities with our present one, a remarkable

difference between HEUR and C12–PHEG–C12 systems is

that the solubility of PEO in EG is poorer than that of PHEG
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(HEUR is insoluble when WEGO0.8, while PHEG is easily

dissolved in pure EG). For HEUR, this lowering of PEO

solubility is considered as the reason for the further

aggregation of the micelle. Moreover, the increase of Rh

for HEUR aggregates with WEG is very gradual (from w50

to w120 nm when WEG increased from 0.3 to 0.7), while

that for C12–PHEG–C12 aggregates show the sudden

increase at 0.5!WEG!0.6. Therefore, the association

mechanism proposed for HEUR cannot be applied for the

increase in Rh,app shown in Fig. 8.

In Fig. 13, distribution functions of length of helical

sections, L(n1), each of which consists of n1 monomeric

residues, are indicated, which were calculated in accordance

with Teramoto et al.’s approximate expression (Eq. (16) in

Ref. [55]) with using the numerical parameters as indicated

above. This figure reveals that the length of helix sequence

in larger n1 region increases with the increase of fH,

suggesting that PHEG are changing to a semi-flexible chain

as pointed out above. However, because of the low

cooperativity in helix-coil transition of PHEG, completely

rod-like structure in which n1 is close to degree of

polymerization (about 50) is not obvious even when fHZ
0.7. We cannot recognize any significant change in the

distribution curve at fHZ0.2 (- - - -) and 0.35 (– - –), in

between the structure of associate of C12–PHEG–C12

changed drastically. From these results, it is difficult to

discuss quantitative relationship between the degree of

rigidity of PHEG chain and the structure change of

associate. These calculations suggest that the PHEG rigidity

is influenced by not only fH but also the degree of

polymerization, i.e. at the same fH value, PHEG chain is

more flexible when its molecular weight becomes larger.

Further experiments for C12–PHEG–C12 with various

molecular weights are in progress.
4.2. Sample preparation dependency

In order to investigate stability of associated micelles,

CD measurements were performed for sample solutions

prepared by different preparation methods as follows. (1)
Fig. 13. Effect of helix content fH on helix sequence length distribution

L(n1) for PHEG: DPZ53 and sZ0.004.
C12–PHEG–C12 was first dissolved in pure water, and EG

was added to the aqueous solution to make solutions with

desired WEG and polymer concentration. (2) Solvent was

added to polymer in reverse order, i.e. water was added to

C12–PHEG–C12/EG solution prepared in advance. For

solutions prepared by the methods (1) and (2), fH was

elucidated by CD measurements and plotted against WEG in

Fig. 3 (6 and 7 for method (1) and (2), respectively).

Comparison of these data with those for solutions prepared

by dissolving polymer in pre-mixed water/EG solvent (C in

Fig. 3) suggests that the helix content in PHEG is not

influenced by solution preparation method.

Similar sample–preparation–method dependency on

light scattering results was also examined. At first, DLS

measurement was performed for 1 wt% polymer solution

prepared from mixed solvent with WEGZ0.4. To this

solution, EG was added so as to make WEGZ0.5 solution

with lower polymer concentration, and DLS measurements

was conducted after 2 days. Further addition of EG was

made to obtain WEGZ0.6 solution. Rh distribution profiles

for solutions prepared by this method are shown in

Fig. 14(a). On the other hand, solutions with various WEG

prepared by adding water to 1 wt% solution with WEGZ0.6

was measured, and results are shown in Fig. 14(b).

Comparison of Fig. 14(a) with Fig. 6 indicates that structure

change of micelles by the addition of EG gave similar

results to the solutions prepared by dissolving polymer

directly in pre-mixed solvent. However, the large aggre-

gates formed in WEGZ0.6 solution were still observed even

in WEGZ0.4 solution prepared by the addition of water

(Fig. 14(b)). From these results, we can point out that the

large aggregates with bridge conformation is easily formed

from the isolated flower-like micelles by the increase of
Fig. 14. Distribution of Rh derived by DLS measurements. (a) Solutions of

WEGZ0.5 and 0.6 are prepared by adding EG into WEGZ0.4 solution. (b)

Water was added to WEGZ0.6 solution to make WEGZ0.5 and 0.4

solutions.
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helix content, however, the large aggregates tend to

maintain its network structure even after fH for PHEG is

decreased. These dependencies on structure of associates by

sample preparation process suggest a possibility to control

mechanical properties of physically cross-linked gel

samples of more concentrated solution. Sol–gel transition

and viscoelastic measurement of moderately concentrated

C12–PHEG–C12/water/EG solutions are in progress, and

will be reported in future work.
5. Conclusions

Association behavior and its structure for C12–PHEG–

C12, both-ends hydrophobically modified water-soluble

polypeptide, in water/EG mixed solvent have been

investigated. The middle PHEG chain is random coil state

in aqueous solution, and helix content of PHEG increased

with the increase of WEG. Fluorescence measurements for

dilute C12–PHEG–C12/water/EG solutions indicate for-

mation of hydrophobic domains with the increase of

polymer concentration, suggesting segregation of C12

chains in mixed solvent. Static and dynamic light scattering

measurements for 1 wt% polymer concentration solutions

are conducted at various WEG. When WEG is less than 0.5,

evaluated Rh,app values are 6–9 nm and Napp are 4–8, and

these values are reasonable when spherical core-corona type

flower-like micelle with random-coil PHEG in loop

conformation is assumed. Increase of WEG from 0.5 to 0.6

induced drastic increase of association number and size of

associate, suggesting that large aggregates in which many

C12 segregated cores are connected by PHEG in bridge

conformation are formed. This structure change of associate

is considered to be driven by the increase of fH of PHEG

chain from 0.2 to 0.35 with the increase of WEG, which

should enhance possibility to form bridge conformation by

the increase of rod-like-sequence fraction. However,

theoretical calculations of distribution function of length

of helix section based on helix-coil transition theory [56]

does not show any significant change between the

distribution curves for fHZ0.2 and 0.35. Solution prep-

aration method, i.e. the order of addition of solvent, was

found to influence structure of associate, especially when

water was added to the solution containing larger

aggregates. These differences in solution preparation

process gave negligible effect on helix content of PHEG.
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