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Local and global conformations of flower micelles and
flower necklaces formed by an amphiphilic alternating
copolymer in aqueous solution

Kai Uramoto1, Rintaro Takahashi, Ken Terao and Takahiro Sato

We investigated the local and global conformations of flower micelles and flower necklaces formed by the amphiphilic alternating

copolymer of sodium maleate and dodecyl vinyl ether, P(MAL/C12), in an aqueous solution using small-angle X-ray scattering

(SAXS) and light scattering. SAXS profiles obtained for seven P(MAL/C12) samples with different degrees of polymerization N01

showed sharp minima characteristic to the hydrophobic core formed by dodecyl groups with a low electron density. Both the

SAXS profile I(k) and hydrodynamic radius RH for P(MAL/C12) samples with N01o300 are consistently explained by the flower

micelle model with minimum-sized loops, while I(k) for micelles formed by P(MAL/C12) samples with N014300 is explained in

terms of the flower necklace model, of which hydrophobic core size determined from I(k) was slightly larger than that from RH.

The size distribution of the hydrophobic core is narrower for the flower necklace than for the flower micelle.
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INTRODUCTION

Strauss and Jackson1 were among the first to report the formation of
polymer micelles by an amphiphilic polyelectrolyte (also called
a polysoap) in aqueous solutions. However, they did not discuss the
detailed conformation of the polymer micelle formed by the polysoap.
More than 40 years later, Borisov and Helperin2–6 proposed theoretical
models of flower micelles, flower necklaces and bouquets of polymer
micelles formed by polysoaps in aqueous solutions. Their models,
however, have not been critically compared with experimental results
using polysoap solutions over a long period of time.
Only recently, Kawata et al.7 proposed a flower micelle model with

minimum-sized loops and favorably compared this model with
experimental results of the hydrodynamic radius for amphiphilic
random copolymers in aqueous solutions. Afterward, Tominaga et al.8

demonstrated that the radial distribution functions of the main chain,
the hydrophobic side chain and the ionic group in an amphiphilic
random copolymer micelle, generated by molecular dynamics simula-
tions, were explained by the same flower micelle model with
minimum-sized loops. More recently, Ueda et al.9 investigated the
micellar structure of the amphiphilic alternating copolymer of sodium
maleate and dodecyl vinyl ether (P(MAL/C12); see Scheme 1) in
aqueous solutions using static and dynamic light scattering (DLS) as
well as time-resolved fluorescence, and found that a transition
occurred from flower micelle to flower necklace upon increasing the
degree of polymerization of the copolymer. Furthermore, they verified
the validity of the flower micelle model with minimum-sized loops

and the flower necklace model comprising the flower micelles to
explain the experimental results obtained for the copolymer.
In the present study, we carried out small-angle X-ray scattering

(SAXS) measurements on aqueous polysoap solutions to investigate
the more local micellar structures of flower micelles and
flower necklaces, choosing the amphiphilic alternating copolymer
P(MAL/C12) as the polysoap. The SAXS profiles obtained were
compared with the same models used by Ueda et al. We used a
0.04 M aqueous borax solution as the solvent for the SAXS measure-
ments, instead of the 0.05 M aqueous NaCl used in a previous study,9

because the pH of the test copolymer solutions can be controlled more
easily.

EXPERIMENTAL PROCEDURE

Copolymer samples and test solutions
The seven P(MAL/C12) samples listed in Table 1 were used for the
measurements that follow. The samples were the same as those used in a
previous study, with the exception of the 320 k and 430 k samples,9 and the two
highest molecular weight samples were obtained from fractions that remained
from the previous study. As performed previously, weight average molecular
weights M1,w of the two new samples were determined in methanol containing
0.1 M LiClO4 by static light scattering. Though molecular weight dispersity
indices were not determined for the new samples, their molecular weight
distributions may be considerably narrow, because the samples used in the
previous study, which were fractionated in a similar way, have dispersity indices
less than 2.9

Test solutions for SAXS as well as light scattering measurements were
prepared according to the previous procedure.7,9,10 Briefly, each freeze-dried
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copolymer sample was dissolved in pure water at room temperature, and
heated at 90 °C for 30 min. The aqueous copolymer solution was then mixed
with 0.08 M aqueous borax solution in a 1:1 volume ratio, and stirred overnight
to afford the test solution with a borax molar concentration of 0.04 M and
pH= 9.3, where the carboxylate groups of the copolymer were fully ionized.

Light scattering measurements
Static and dynamic light scattering measurements were also performed on
0.04 M aqueous borax solutions of P(MAL/C12) samples at 25 °C using an
ALV/SLS/DLS-5000 light scattering instrument (ALV, Langen, Germany) with
an Nd:YAG laser operating at 532 nm. The obtained data were analyzed by
routine procedures.9 The refractive index increment of P(MAL/C12) in 0.04 M

aqueous borax was measured by a differential refractometer, and the result
(= 0.129 cm3 g− 1) was used to analyze the static light scattering data.
As in the previous study, some DLS data showed bimodal relaxations, which

indicate that the solutions contained two scattering components with largely
different sizes. In such cases, the scattering intensity of the major fast relaxation
component in each solution was extracted from the total scattering intensity
using the relaxation spectrum obtained by DLS and analyzed to determine the
weight average molar mass Mw, the second virial coefficient A2 and the
hydrodynamic radius RH of the major component, as performed in previous
studies.11,12 The results of Mw, A2 and RH for five P(MAL/C12) samples in
0.04 M aqueous borax are listed in Table 1. Because of the limited amount of
sample, light scattering measurements were not made for the 14k sample;
instead, the Mw of this sample in 0.04 M aqueous borax was assumed to be
almost identical with that previously determined in 0.05 M NaCl. Weight
average aggregation numbers mw of the P(MAL/C12) micelles in 0.04M aqueous
borax are also listed in Table 1.

SAXS measurements
SAXS measurements were carried out on the 0.04-M aqueous borax solutions of
the P(MAL/C12) samples with copolymer mass concentrations of
c= 1.0× 10− 3 g cm−3, at the BL40B2 beamline of SPring-8 (Hyogo, Japan)

and the BL-10C beamline of KEK-PF (Ibaraki, Japan). The wavelength, camera
length and accumulation time at SPring-8 (KEK-PF) were chosen to be
0.10 nm (0.15 nm), 3170 mm (2040 mm) and 180 s (300 s), respectively.
A capillary made of quartz containing a test solution or solvent was set in a
heating block thermostated at 25 °C, and the intensity of the scattered X-ray
was measured using an imaging plate detector, as a function of the magnitude
k of the scattering vector. The excess scattering intensity I(k) of each solution
was calculated by subtracting the solvent intensity from that of the solution in
the same capillary.

RESULTS

Figure 1 shows the SAXS profiles of six P(MAL/C12) samples (listed in
Table 1) in 0.04 M aqueous borax at 25 °C (c= 1.0× 10− 3 g cm− 3). All
the profiles have a minimum and a maximum at ca. 1 nm− 1 and
1.5 nm− 1, respectively. These SAXS profiles are characteristic of
spherical micelles formed by low molar mass surfactants bearing a
long alkyl group as the hydrophobe, for example, sodium dodecyl
sulfate,13 demonstrating the existence of a hydrophobic core with a
low electron density, formed by the dodecyl groups in the micelle. It is
noted that the minimum is sharper for P(MAL/C12) with N01,w4300,
and the slope of the curve at the low k region increases with increasing
N01,w at N01,w4300, indicating that P(MAL/C12) samples of higher
N01,w form larger micelles.
The hydrodynamic radii RH of P(MAL/C12) micelles obtained in

0.04 M aqueous borax (pH= 9.3; unfilled circles) is double logarith-
mically plotted against N0,w (=N01,wmw; the weight average number
of monomer units per micelle) in Figure 2. Remarkably, all the
unfilled circles are located below the dotted line passing through the
filled circles, which represent data for the alternating copolymer of
MAL and ethyl vinyl ether sodium (C2), in 0.05 M aqueous NaCl,9

indicating that the shrinkage of the P(MAL/C12) chains occurred due
to hydrophobic interactions among dodecyl groups. While two
unfilled circles at the lowest N0,w are close to the theoretical curve
(the dot–dash curve) previously obtained for the flower micelle model
with minimum-sized loops in 0.05 M aqueous NaCl (pH= 10)9 in the
low N0,w region, the remaining unfilled circles at higher N0,w fall along
a line with a slope that is similar to, but shifted downward from, the
theoretical curve (the dot–dash curve) previously obtained for flower
necklaces formed in 0.05 M aqueous NaCl.9 Therefore, we can say that
the 18k and 39k samples form uni-core flower micelles and that the
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Scheme 1 Chemical structure of the alternating copolymer P(MAL/C12)
used in this study.

Table 1 Molecular and micellar characteristics of P(MAL/C12)

samples used in this study

Sample code M1,w/104a N01,w
b Mw/104c N0,w

d mw
e A2f RH (nm)g

14k 1.4h 76 6.10i 328 4.5 — —

18k 1.8h 95 7.60 408 4.2 3.6 3.6

39k 3.9h 200 7.40 398 1.9 3.0 3.6

83k 8.3h 450 23.8 1280 2.9 0.39 6.5

300k 30h 1600 31.9 1720 1.1 0.76 7.8

320k 32 1700 34.8 1870 1.1 0.66 7.9

430k 43 2300 48.9 2630 1.1 2.0 9.7

aWeight average molecular weight of the samples in the Na salt form, in units of g mol−1.
bWeight average degree of polymerization, calculated using the average monomer-unit molar
mass M0=186 g mol−1.
cWeight average molar mass of the micelle in 0.04 M aqueous borax at 25 °C, in units of
g mol−1.
dWeight average number of monomer units per micelle.
eWeight average aggregation number of the micelle, calculated by Mw/M1,w.
fSecond virial coefficient of the micelle in 0.04 M aqueous borax at 25 °C, in units of
10−4 cm3 mol g−2.
gHydrodynamic radius of the micelle in 0.04 M aqueous borax at 25 °C.
hConverted from M1,w of the acid form sample given in ref. 9.
iAssumed to be equal to Mw of the same sample in 0.05 M aqueous NaCl.9

Figure 1 SAXS profiles for six P(MAL/C12) samples with different molecular
weights in 0.04 M aqueous borax at 25 °C and pH=9.3. The polymer mass
concentration c was fixed to be 1.0×10−3 g cm−3. Solid curves indicate
fitting results calculated by the theory explained in the Discussion section.
The data points and theoretical curves are shifted downward with increasing
M1,w.
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83k, 300k, 320k and 430k samples form multi-core flower necklaces.
Moreover, we conclude that the micellar structure of the flower
necklace formed by higher molecular weight P(MAL/C12) may be
sensitive to the solvent conditions.
As mentioned in our previous report,9 there is an optimum number

of monomer units to form the uni-core flower micelle, which is ca.
400 for the two lowest molecular weight samples in this study. If the
degree of polymerization of the sample exceeds this optimum number,
then two or more hydrophobic cores must be constructed. Thus, the
uni-core to multi-core micelle transition takes place at this critical
degree of polymerization.

DISCUSSION

Flower micelle and flower necklace models
Ueda et al.9 previously proposed the uni-core flower micelle and
multi-core flower necklace models with minimum-sized loops, as
illustrated in Figure 3. The former is assumed to comprise nloop
minimum-sized loops with a contour length lloop and a spherical
hydrophobic core consisting of nC12 hydrophobes. The three para-
meters characterizing the flower micelle are related to each other by

nloop ¼ N0h=lloop; nC12 ¼ l nloop þ 1
� � ð1Þ

where N0 is the number of monomer units of the flower micelle, h is
the contour length per monomer unit (= 0.25 nm for vinyl polymers)
and λ is the number of hydrophobes included in the core at each root
of the loop. It should be noted that nC12 is less than the total number
of the dodecyl groups in the flower micelle. Using molecular dynamics
simulations, Tominaga et al.8 demonstrated that for an amphiphilic
random copolymer the dodecyl groups attached to the loop chains
existed outside the hydrophobic core.
Assuming that lloop is determined by the main-chain stiffness, we

calculate lloop by

lloop ¼ 0:8 ´ 2q ð2Þ
where q is the persistence length of the copolymer chain and 0.8 is
the Kuhn segment number where the ring closure probability of the
wormlike chain abruptly increases.14 Furthermore, according to the

wormlike chain statistics, the distance dloop from the root to the top of
the minimum loop is calculated by14

dloop ¼ 0:62q ð3Þ
On the other hand, the radius of the hydrophobic core Rcore can be
calculated by

4p
3
Rcore

3 ¼ nC12uC12 ð4Þ
where υC12 is the volume of the hydrophobe (= 0.35 nm3 for the
dodecyl group) and nC12 is calculated from N0 using Equation (1). The
radius R of the flower micelle can be calculated by

R ¼ Rcore þ dloop ð5Þ
The hydrodynamic radius RH for the flower micelle is identified with
R calculated by the above equation with N0=N0,w obtained
experimentally.
The particle scattering function P(k) of the uni-core flower micelle

may be approximated to that of a concentric sphere where the inner
and outer spheres correspond to the hydrophobic core and loop
region, respectively. Thus, we can calculate P(k) by15

PðkÞ ¼ D~rcRcore
3FðkRcoreÞ þ R3FðkRÞ
D~rcRcore

3 þ R3

� �2
ð6Þ

where the function Φ(y) and D~rc are defined by

FðyÞ � 3ðsin y � y cos yÞ
y3

ð7Þ

and

D~rc �
Dr�core � Dr�shell

Dr�shell
ð8Þ

with the excess electron densities at the core region Dr�core and at the
shell region Dr�shell. Rcore and R are calculated by Equations (4) and
(5), respectively. We assume that dodecyl groups outside the hydro-
phobic core belong to the loop region.
Pedersen and Gerstenberg16,17 formulated the particle scattering

function for spherical micelles, where the coronal part is represented
as an assembly of Gaussian chains, instead of as uniform electron
density. Although this modification slightly affects the scattering
function in the high k region,15 we do not use this formulation
because the loop chains of the flower micelle are not Gaussian.

Figure 2 Double logarithmic plot of RH against N0,w for P(MAL/C12)
micelles in 0.04 M aqueous borax (unfilled circles), 0.05 M aqueous NaCl
(squares) and for P(MAL/C2) in 0.05 M aqueous NaCl (filled circles) at
25 °C. The solid (dot–dash) curves indicate theoretical values calculated by
the theory explained in the Discussion section for the flower micelle and
flower necklace models in 0.04 M aqueous borax (0.05 M aqueous NaCl9).

Figure 3 Schematic illustration of the flower micelle and flower necklace
models used. The flower necklace can take bended conformations. A full
color version of this figure is available at Polymer Journal online.
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It is known that P(k) has sharp minima and the sharpness strongly
depends on the dispersity of the core radius, as observed from
Equations (1) and (4). Assuming the dispersity of the core radius
obeys the Gaussian distribution, we can calculate the average particle
scattering function P(k) by

PðkÞ ¼ 1ffiffiffi
p

p
Z

D~rcR
03FðkR0Þ þ R3FðkRÞ
D~rcR

03 þ R3

� �2
exp �x2

� �
dx ð9Þ

where R0 is defined by

R0 �
ffiffiffi
2

p
sx þ Rcore ð10Þ

with the mean value Rcore and the variance σ2 of the core radius.
Furthermore, the scattering intensity I(k) from the micellar solution
with c= 1.0 × 10− 3 g cm− 3 may be affected by the inter-particle
interference effect. This effect can be considered by

IðkÞp N0PðkÞ
1þ 2A2M0N0PðkÞc ð11Þ

using the second virial coefficient A2 of the flower micelle;18 M0 is the
molar mass of the monomer unit (= 186 g mol− 1 for P(MAL/C12)).
The multi-core flower necklace may be viewed as a touched-beads

wormlike chain consisting of nc flower micelle units. Each flower
micelle unit comprises Nu monomer units and possesses the radius R,
given by Equation (5) along with Equations (1)–(4); in Equation (1),
N0 is replaced by Nu. The chain stiffness and excluded volume effect of
the touched-beads wormlike chain are characterized in terms of the
persistence length qn and the excluded volume strength Bn, respec-
tively. Yamakawa et al.19 calculated the hydrodynamic radius RH of the
touched-beads wormlike chain as a function of nc, R, qn and Bn.

9 It is
noted that the contour length of the touched-beads wormlike chain is
given by 2Rnc.
The scattering function P(k) of the flower necklace may be

calculated by

PðkÞ � PuðkÞPnecklaceðkÞ;

PnecklaceðkÞ � 1

nc2

Xnc
i¼1

Xnc
j¼1

sin ðkrijÞ
krij

� � ð12Þ

where Pu(k) is the scattering function of the unit flower, rij is the
center-to-center distance between beads (or unit flowers) i and j, and
〈...〉 indicates the conformational average of the flower necklace. The
scattering function Pu(k) can be calculated by Equation (9), where N0

in Equation (1) is replaced by Nu. The scattering function (or the
structure factor) Pnecklace(k) for the discrete chain of nc scattering
centers, located on the wormlike chain contour has not been
formulated thus far. Because the chain stiffness may not affect the
local conformation or the scattering function in a high k region to an
appreciable extent, we may approximate it to the scattering function
for the random flight chain, where 〈sin(krij)/(krij)〉= [sin(2kR)/
(2kR)]|j− i|.20 The final expression of Pnecklace(k) can be written as

PnecklaceðkÞ ¼ nc � 2x � ncx2 þ 2xncþ1

nc 1� xð Þ½ �2 ; x � sin ð2kRÞ
2kR

ð13Þ

We also neglect the effect of the intra-chain excluded volume on
Pnecklace(k), which is less important in the scattering function in a
high k region. The scattering intensity I(k) is calculated by Equations
(11)–(13).

Comparison with experimental results
In Figure 2, the solid curves indicate the fitting results for RH of
P(MAL/C12) in 0.04 M aqueous borax (unfilled circles). The following

paramers were chosen for both the flower micelle and the flower
necklace: q= 3 nm and λ= 3.5; Nu= 250, qn= 7.1 nm and Bn= 4 nm
were used for the flower necklace model. The diameter 2R of the
flower micelle unit within the flower necklace, calculated by Equation
(5), is 6.9 nm. The value of q chosen was close to that of vinyl
polyelectrolytes, including the electrostatic stiffness.9 Data points
at N0,wo500 (18k and 39k samples) and those at N0,w41000
(for the 83k, 300k, 320k and 430k samples) are fitted to the theoretical
curves for the flower micelle and flower necklace, respectively. The
number of monomer units Nu (= 250) comprising the unit flower
micelle is slightly smaller than that (N0,w ~ 400; cf. Table 1) compris-
ing the flower micelles of the 18k and 39k samples.
Data points for RH of P(MAL/C12) in 0.05 M aqueous NaCl

(unfilled squares) obtained in the previous study are fitted to the
dot–dash curves drawn with q= 3 nm and λ= 4.5 for both the flower
micelle and the flower necklace, and Nu= 82, qn= 5.9 nm and
Bn= 2 nm for the flower necklace model.9 The difference between
the solid and dot–dash curves for the flower necklace is mainly due to
the values of Nu, but we have not yet specified the factor which
determines Nu. We can only say that the factor may be related to
solvent conditions, for example, the type of added salt in the aqueous
solution.
The SAXS profiles shown in Figure 1 were also fitted by the above

theory (Equations (6)–(13)) for the flower micelle (for the 14k and
39k samples) and the flower necklace (for the remaining samples) with
q= 3 nm, λ= 3.5 and experimental A2 listed in Table 1. The excess
electron densities Dr� i in the core and shell regions are calculated by

Dr� i

NA
¼ ne;i

Mi
� u� i

usolv

ne;H2O

MH2O
1� wboraxð Þ þ ne;borax

Mborax
wborax

� �	 

ci; i ¼ core and shellð Þ

ð14Þ
where NA is the Avogadro constant, ne, M and u are the number of
electrons, the molar mass and partial specific volume, respectively, of
the component indicated by the subscript, υsolv and wborax are the
specific volume of the solvent and the weight fraction of the aqueous
borax, respectively and ci is the mass concentration in the core and
shell regions. The parameters of the dodecyl group and MAL/C12
repeating unit of P(MAL/C12) are chosen as ne,i, Mi and υi of the core
and shell, respectively. As the hydrophobic core region does not
contain the solvent, ccore¼ 1/ucore, and cshell may be calculated by
[(3M0Nu/4πNA)− (Rcore

3/ucore)]/(R3
−Rcore

3).
When the same parameters as those for RH are selected for q, λ and

Nu (that is, 3 nm, 3.5 and 250, respectively), minimum positions of
the theoretical SAXS profiles deviated slightly toward lower k from
those of the experimental profiles (cf. dotted curves for the 14k, 39k
and 83k samples in Figure 1). Best fits were obtained, when slightly
smaller values were chosen for Rcore (cf. the last column of Table 2), as
shown by the solid curves in Figure 1. The value of σ in Equation (10)
determines the sharpness of the scattering function minimum; and the
values in the seventh column of Table 2 were selected as σ to obtain
the solid curves. Disagreements between theory and experimental
results at k41.3 nm− 1 may be due mainly to the uniform electron
density assumption in the loop region of the flower micelle
(cf. Equation (6)), but the local structure (for example, the thickness)
of the copolymer chain may also contribute to the scattering function
in such a high k region. The solid curves for the flower necklaces
slightly deviate from the experimental profiles in an intermediate
k region (0.3ok (nm− 1)o0.7), and the deviations may arise from the
neglect of the stiffness of the necklace chain, as mentioned above
(cf. Equation (13)).
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The core size dispersity σ is much narrower for the flower necklace
than that for the flower micelle. The hydrophobic core of the (unit)
flower micelle should have an optimum aggregation number nC12
of dodecyl groups. While the uni-core flower micelle adjusts nC12
only by the polymer aggregation number mw, the multi-core flower
necklace can adjust this number by changing both mw and the
number of cores nc. Thus, the flower micelle unit in the flower
necklace may be able to approach the optimum nC12 more easily,
which may be the reason for the sharper minimum of I(k) of the
flower necklace.
As demonstrated previously by the molecular dynamics simulation

for the flower micelle formed by an amphiphilic random copolymer,8

the radial distribution function of the dodecyl group ρC12(r) is a grad-
ually decreasing function of the radial distance (cf. Figure 4 of Ref. 8),
and there exists a domain where the dodecyl groups intermingle with
the copolymer main chain. As mentioned above, the size distribution of
the hydrophobic core is broader for the flower micelle than that for the
flower necklace, indicating that ρC12(r) for the unit flower of the flower
necklace may be a more sharply changing function and that the flower
micelle model characterized by Equations (1)–(5) (where N0 is replaced
by Nu) is more suitable for the unit flower of the flower necklace. As
the result, the Rcore value calculated by Equation (4) is closer to that
determined by the SAXS fitting (see Table 2).

CONCLUSION

We have investigated the local and global conformations of micelles
formed by an amphiphilic alternating copolymer P(MAL/C12) in an
aqueous solution using SAXS and light scattering. Both local and
global conformations for micelles of P(MAL/C12) with N01,w

(the weight average degree of polymerization) o300 and N01,w

4300 have been explained consistently by the flower micelle and
flower necklace models with minimum-sized loops, respectively, as
previously proposed.9 The characteristic minimum of the SAXS profile
arising from the hydrophobic core of dodecyl groups indicates that the
size and size distribution of the hydrophobic core are larger and
narrower, respectively, for the flower necklace than for the flower
micelle. These differences in the local hydrophobic core structure
between the flower micelle and flower necklace are not reflected on
the more global hydrodynamic radius.
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Table 2 Values of parameters characterizing flower micelles and flower necklaces selected at fitting for the SAXS profiles for P(MAL/C12)

samples in 0.04 M aqueous borax

Rcore (nm)

Sample code Micelle type nc q (nm) λ Nu,w σ D~rc R (nm) From Equation (4) From SAXS

14k Flower micelle 1 3 3.5 330 0.39 −3.45 3.61 1.75 1.10

18k 1 3 3.5 410 — — 3.74 1.87 —

39k 1 3 3.5 400 0.31 −3.2 3.72 1.86 1.30

83k Flower necklace 5 3 3.5 250 0.06 −4.05 3.47 1.61 1.46

300k 7 3 3.5 250 0.08 −4.05 3.47 1.61 1.48

320k 7 3 3.5 250 0.07 −4.05 3.47 1.61 1.40

430k 11 3 3.5 250 0.04 −4.05 3.47 1.61 1.45

Abbreviation: SAXS, small-angle X-ray scattering.
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