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ABSTRACT: Aggregates formed from amphiphilic alternating
copolymer samples of sodium maleate and dodecyl vinyl ether
(MAL/C12) of different molecular weights or (weight-average)
degrees of polymerization N,,; (= 76—5000) were character-
ized by light scattering and fluorescence techniques in 0.05 M
aqueous NaCl at pH 10 to investigate the molecular weight
dependence of the micellar structure of amphiphilic polyelec-
trolytes. The light scattering and fluorescence data demon-

Uni-core — Multi-core Transition

Increasing
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strated a unicore—multicore transition of the MAL/C12 micelle at N,,; ~ 300. The structures of unicore and multicore micelles of
MAL/C12 copolymers formed were analyzed using the flower micelle model and the flower necklace model, respectively. The data
points for unicore micelles formed from the three low-molecular-weight MAL/C12 fractions were in good agreement with the
flower micelle model of the minimum loop size determined by the rigidity of the polymer main chain, which we proposed previously
[Kawata et al. Macromolecules 2007, 40, 1174—1180]. On the other hand, the data points for the four high-molecular-weight
MAL/CI2 fractions were nicely fitted to the flower necklace model, the conformation of which was represented as the touched

bead model.

B INTRODUCTION

Amphiphilic polyelectrolytes (APEs) comprise hydrophobic
and ionizable monomer units. While hydrophobic monomer units
tend to associate each other by strong hydrophobic attraction in
aqueous media, charged monomer units repel each other as far as
possible because of strong electrostatic repulsion. Thus, APEs
exhibit various types of association behavior in aqueous media
depending on the balance between hydrophobic attraction among
hydrophobes and electrostatic repulsion among charges." Their
association behavior is of importance not only because they are
useful as simple models for the formation of higher order structures
of biological macromolecules but also because they are used
in various fields of applications including cosmetics, drug delivery
systems, paints, coatings, and personal care goods.2 Therefore,
the association behavior of APEs has been studied by a number of
research groups in recent two or more decades. On the basis of
these studies, the association behavior of APEs can be controlled by
changing the chemical structure. However, the structure of micellar
aggregates formed from APEs with random or alternating sequences
in aqueous media had been unclear because of the complexity of the
intramicellar electrostatic and hydrophobic interactions along the
copolymer chains.

Recently, we have extensively investigated the structure of
micelles formed from statistical vinyl copolymers bearing dode-
cyl groups as the hydrophobes, by static and dynamic light
scattering combined with time-resolved fluorescence quenching
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measurements.” When the dodecyl content ranges from ca. 0.2 to
0.4 and the degree of polymerization is less than ca. 300, the APEs
form unicore micelles in aqueous salt solution, and their hydro-
dynamic radii Ry were favorably compared with a flower micelle
model of the minimum loop size determined by the copolymer
chain stiffness (cf. Figure 8). More recently, it has been demon-
strated that this flower micelle model is consistent with molecular
dynamics simulation results for a dodecyl-carrying APE micelle
with respect to the density distributions of dodecyl and ionic groups
as well as main-chain carbons.”

From the analogy of spherical micelles formed by small mol-
ecular amphiphiles,” there may be an optimum aggregation
number for dodecyl groups forming the hydrophobic core of
the flower micelle. Therefore, if we increase the molecular weight
or the degree of polymerization of a dodecyl-carrying APE at
a fixed dodecyl content, we may expect a transition from the
unicore to multicore micelle of the APE in aqueous media.
Although some theoretical considerations on micelles of poly-
soaps with different degrees of polymerization® as well as a
few reports on multicore micelle some amphiphilic copolymers’
have been presented so far, to our best knowledge, there are no
systematic studies on the molecular weight dependence of the
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Scheme 1. Chemical Structure of the Copolymers Used in
This Study
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micellar structure formed by APEs with random or alternating
sequences at a fixed hydrophobic content.

High-molecular-weight APE samples are often used in various
applications, so that the molecular weight dependence of the
APE micellar structure is a basically important subject. In this
study, we have chosen the alternating copolymer of sodium
maleate and dodecyl vinyl ether (MAL/C12, Scheme 1) to study
the molecular weight dependence of the micellar structure.
The alternating copolymer has the fixed hydrophobic content
and definite sequence distribution, so that we can study the
molecular weight dependence without ambiguity from sequence
heterogeneity. This type of alternating copolymer has been
investigated by a number of research groups,” '’ but the
molecular weight dependency of the micellar structure remains
unknown. In this study, we have prepared MAL/C12 copolymer
samples of different molecular weights and characterized
their micellar structure by light scattering and fluorescence tech-
niques. The characterization data are indicative of the unicor-
e—multicore transition of the MAL/C12 micelle at a certain
molecular weight. Furthermore, we have analyzed the structure
of the micelles formed from MAL/C12 copolymers by using
the flower micelle model proposed previously’ and a flower
necklace model.

B EXPERIMENTAL SECTION

Materials. Maleic anhydride (MAnh) was recrystallized from
chloroform. Dodecyl vinyl ether (C12VE) and ethyl vinyl ether (C2VE)
were distilled under reduced pressure and under atmospheric pressure,
respectively. Tetrahydrofuran (THF) and benzene used for polymerization
and hydrolysis were distilled over calcium hydride under ordinary pressure.
Methanol used for light scattering was purified by distillation under
atmospheric pressure. Water was purified by a Millipore Milli-Q_system.
NaCl was purified by recrystallization using water. Other reagents were used
without further purification.

Preparation of the Polymers Used in This Study. Alternating
copolymer samples of sodium maleate (MAL) and C12VE (MAL/C12)
were prepared as follows: MAnh, C12VE, and 2,2'-azobis(isobutyronitrile)
were placed in a flask equipped with a three-way stopcock and dried under
vacuum for 1 h. The mixture was dissolved in THF, benzene, or a mixed
solvent of THF /benzene, under an argon atmosphere at ambient tempera-
ture. The flask was immersed in an oil bath thermostated at 65 °C with
stirring for 24 h. After polymerization, the reaction mixtures were poured
into a large excess of methanol to precipitate the copolymer formed, and
recovered samples were purified by reprecipitation from THF into metha-
nol twice. Seven copolymer samples obtained were then divided into 37
fractions by successive fractional precipitation using acetone and methanol

Table 1. Molecular Characteristics of MAL/C12 Copolymer
Fractions Used in This Study

fraction code M,,/10* Niyy1/10% Myy/Moy? M,1/M,,"
MAL/C12-1 1.2° 0.76 1.6 13
MAL/C12-2 1.6° 0.95 L5 LS
MAL/C12-3 34° 2.0 1.8 —e
MAL/C12-4 7.3 45 13

MAL/C12-§ 27 16 1.4

MAL/C12-6 70" 43 17

MAL/C12-7 83" 50 17

“ Determined by sedimentation equilibrium measurements in methanol
containing 0.10 M LiClO, with the specific density increment dp/dc =
0.459 and the specific refractive index increment dn/dc = 0.135 cm’/ g
(at 675 nm) for dialyzed solutions of MAL/C12 at 25 °C. ®Determined
by SLS measurements in methanol containing 0.10 M LiClO, with
On/dc = 0.128 cm?/g (at 532 nm). ‘The weight-average degree of
polymerization (the sum of MAL and C12 units) (= M,,;/M, with M, =
164)."®  Estimated by SEC for the corresponding parent copolymers of
MAnh and DVE using THF as eluent. “Not determined.

as the solvent and precipitant, respectively, and seven fractions were selected
for the following measurements. Ratios of the weight to number-average
molecular weight M,,;/M,; of the selected fractions were determined by
size exclusion chromatography (SEC) using a calibration curve constructed
by standard polystyrene samples (cf. the fourth column of Table 1). The
ratios ranged from 1.3 to 1.8, indicating relatively low fractionation efficiency
of the copolymer, but we did not make further fraction to maintain amounts
of the fractions.

The MAnh moieties of the selected fractions were then hydrolyzed
with 1.0 M aqueous NaOH in THF under an argon atmosphere at
ambient temperature to obtain MAL/CI12 fractions. The MAL/C12
fractions were purified by dialysis against water for 4 days, neutralized by
adding aqueous NaOH, and then recovered by freeze-drying. Weight-
average molecular weights M,,; of the MAL/C12 fractions were determined
by sedimentation equilibrium or static light scattering (SLS) (cf. Supporting
Information).>'® As listed in Table 1, M,,; of the MAL/C12 fractions cover
a wide molecular weight range.

Alternating copolymer samples of MAL and C2VE (MAL/C2,
Scheme 1) were prepared in the same manner as described above. For
the fractionation procedure, however, THF and diethyl ether were em-
ployed as the solvent and precipitant, respectively. Ratios M,,;/M,, of the
fractions of MAL/C2 obtained ranged from 1.2 to 1.8. Molecular weights of
the fractions were determined in 0.05 M aqueous NaCl at 25.0 °C by SLS
with 9n/dc = 0.197 cm®/g (at 532 nm) (see below).

Measurements. a. Preparation of 0.05 M aqueous NaCl Solu-
tions for Measurements. Solutions for the following measurements
were prepared according to the procedure reported previously.>'® Each
freeze-dry copolymer fraction (the sodium salt form) was dissolved
in pure water at room temperature and heated at 90 °C for 15 min. The
solution pH was adjusted to 10 by adding a small amount of 0.10 M
aqueous NaOH. The solution was then mixed with 0.10 M aqueous
NaCl of the same pH by 1:1 volume ratio and stirred overnight. This
original solution was diluted with 0.05 M aqueous NaCl of the same pH
to prepare test solutions of different concentrations.

b. Light Scattering. Simultaneous static and dynamic light scattering
(SLS and DLS, respectively) experiments were performed for 0.05 M
aqueous NaCl solutions (pH = 10) of MAL/C12 fractions as well
as MAL/C2 fractions at 25.0 °C using an ALV/SLS/DLS-5000 light
scattering instrument equipped with an ALV-5000 multiple 7 digital
correlator using a Nd:YAG (532 nm) laser. The excess Rayleigh ratio Ry
obtained by SLS and the first cumulant I obtained by DLS (with
the CONTIN analysis***") for each solution were analyzed using the
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Figure 1. Angular dependences of (Kc/ Rg)l/ % for fraction MAL/C12-4
in 0.05 M aqueous NaCl at different polymer concentrations c.

following standard equations:3'20’21

lim (Ke/Rg)* = (Ke/Ro)'?

=M, 2+ AM,2c+0(3) (1a)
1
lim. (Ke/Ro)"? = M,/ 1+g<52)k2 +0(k (1b)

. 2
k,chEO I'/k* = kgT/67n,Ry (1¢)

to determine the weight-average molar mass M,,, the second virial coeff-
icient A,, the z-average square radius of gyration ($?),, and the hydro-
dynamic radius Ryy of the micelle in the solution. Here, K is the optical
constant, ¢ is the copolymer mass concentration, k” is the square of the
scattering vector, kg T is the Boltzmann constant multiplied by the absolute
temperature, and 7, is the solvent viscosity coefficient. Values of the
specific refractive index increments dn/0c at 532 nm for dialyzed 0.05 M
aqueous NaCl solutions of MAL/C12 and MAL/C2, necessary to calculate
K, were measured to be 0.145 and 0.197 cm®/g, respectively.

For some MAL/CI2 fractions in 0.05S M aqueous NaCl, DLS data
showed bimodal relaxations, which indicate that the solutions contain
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 M,, and the hydrodynamic radius Ry of the
major component, as in the previous study.”>'

c. Fluorescence. A small amount of a concentrated methanol solution
of pyrene was added to an aqueous solution of MAL/C12 (pH 10)
prepared as described above, and the solution was stirred overnight. The
solution was then mixed with 0.1 M aqueous NaCl of pH 10 (1/1, v/v)
and stirred overnight, followed by filtration with a 0.2 ¢m PTFE membrane
filter. After the solution was purged with argon for ca. 30 min, steady-state
fluorescence spectrum and fluorescence decay profile I(t) of the solution
were recorded on an F-4500 fluorescence spectrometer (Hitachi) and a
NAES 550 system (Horiba) equipped with a flash lamp filled with hydrogen,
respectively, in the same manners as the previous.>**

The fluorescence decay profiles were analyzed by the Infelta—Tachiya
equationzo’zzf25
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Figure 2. Concentration dependences of (Kc/RO)l/ 2 for all the MAL/
C12 fractions investigated in 0.05 M aqueous NaCl.

where kg is the fluorescence decay rate constant for an excited free pyrene,
kg and k_ are the rate constants for the excimer formation in a micelle
containing two pyrene molecules and for exit of a free pyrene molecule from
the micelle, respectively, and 7 is the average number of pyrene molecules in
a micelle. Those parameters in eq 2 were determined by the curve fitting to
experimental (), and the number of hydrophobic cores per micelle . was
calculated by***°

- 1([)1(’);(;]1\1:11{ 3)
CINAT

c

with 71 determined. Here, [Py] is the molar concentration of pyrene
measured by absorption spectroscopy, M,, is the molar mass of the micelle
measured by SLS (see above), and N}, is the Avogadro constant.

B RESULTS AND DISCUSSION

Characterization of MAL/C12 Copolymer Aggregates in
0.05 M Aqueous NaCl. Figure 1 shows the SLS result of fraction
MAL/C12-4 in 0.05 M aqueous NaCl. By extrapolation to the
zero k, we obtained (Kc/Ry)"/? at zero scattering angle at finite
concentrations, and the results of (Kc/Ro)"/? such obtained are
plotted against ¢ for all the MAL/C12 fractions investigated in
Figure 2. From the intercept and slope of the plot, we determined
the weight-average molar mass M,, (or the weight-average number
of monomer units N,, per aggregate) and the second virial coeffi-
cient A, for each fraction (cf. eq 1a). Since data points for fractions
MAL/C12-2 and -3 were scattered, we extrapolated the plots to the
zero ¢ by assuming that A, of the fractions are similar to that of
fraction MAL/C12-1. For the four high molecular weight fractions,
z-average square radii of gyration (8%, were also estimated from the
slope and intercept of the plot of (Kc/Rg)"/* vs k*at ¢ = 0, as shown
by filled circles in Figure 1 (cf. eq 1b).

Results of DLS for MAL/C12 fractions in 0.05 M aqueous
NaCl are shown in Figure 3, where I is the first cumulant. By
extrapolation to the zero ¢, we determined the diffusion coeffi-
cient and converted to the hydrodynamic radius Ry using the
Einstein—Stokes equation. Table 2 lists all SLS and DLS results
for Mal/C12 fractions in 0.05 M aqueous NaCl. For most of
fractions, N, in Table 2 is larger than N,,; in Table 1: the weight-
average aggregation number m,, (= N,,/N,,;) ranges from 1 to
4.5 (Table 2). On the other hand, A, of the MAL/C12 aggregates
are positive, indicating that the aggregates little dissociate by
dilution. (Values of A, seem to be slightly smaller than those
expected for polyelectrolytes, which may come from partial
cancellation of the electrostatic interaction by the hydrophobic
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Figure 3. Concentration dependences of T/ kz)k:(, for all the MAL/
C12 fractions investigated in 0.05 M aqueous NaCl.

Table 2. Characteristics of Major Aggregating Components
of MAL/C12 Copolymer Fractions in 0.05 M Aqueous NaCl
at pH 10

fraction code M, /10* N,/10%¢ m,” A% ($2.,?/nm Ry/nm p°

MAL/C12-1 6.1 3.3 45 63 3.7
MAL/CI12-2 5.7 3.1 3.1 3.8
MAL/C12-3 6.6 3.5 1.7 3.7
MAL/C12-4 31 17 3.7 081 27 12 22
MAL/C12-§ 38 20 1.3 1.8 19 12 1.6
MAL/CI12-6 81 44 1.0 057 26 15 1.7
MAL/CI12-7 170 94 1.8 20 52 26 1.9

 Weight-average monomer-unit number per aggregate (= M,,/M,
with M, = 168). bWeight—average aggregation number (= M,,/M,,;).
“Second virial coefficient in units of 10™* c¢m? mol/gz. 4 Ratio of
(Sz)zl/2 to Ry.

interaction of C12.) Ratios p of (§%),"/? to Ry are slightly larger
than those expected for random coils (1.3—1.5) as well as
spheres (0.78). This may be due to dispersities in the molecular
weight and aggregation number”® because the dispersity increases
(8%, more than Ry;.

Figure 4a demonstrates steady-state fluorescence spectra of
pyrene solubilized in 0.05 M aqueous NaCl solutions of MAL/
C12-1 fraction. The ratio I3/I; of the intensities of the third
(383 nm) to the first (372 nm) vibronic peaks for the pyrene
solubilized is ca. 0.9, which is much larger than the I3/I;
value in the bulk water phase (ca. 0.6)*” and comparable to
that (= 0.96) in aqueous micellar solution of sodium dodecyl
sulfate.”® Furthermore, the concentration [Py] of pyrene solu-
bilized in the copolymer solution considerably exceeds the upper
limit of the solubility of pyrene in water (<1 #M). These observa-
tions are indicative of the formation of hydrophobic microdomains in
the aqueous MAL/C12 copolymer solutions. It should be noted here
that the fluorescence spectra exhibits a broad band around 480 nm
due to pyrene excimer at higher [Py], indicating that plural pyrene
molecules are incorporated into a hydrophobic microdomain.

Figure 4b shows decay profiles of the fluorescence intensity
I(t) around 400 nm from pyrene solubilized in the solution of
MAL/C12-1 fraction in 0.05 M NaCl after excitation of pyrene
by a 337 nm light pulse of negligible duration at t = 0. Whereas
I(t) decays single-exponentially with the lifetime of excited
pyrene monomer at a lower [Py] (= 1.1 uM), it exhibits a faster
decay component at higher [Py]. This faster decay corresponds
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Figure 4. Steady-state fluorescence spectra for pyrene solubilized in
0.05 M NaCl solutions of MAL/C12-1 (¢ = 5 x 10 > g/cm®) (a) and
fluorescence decay profiles around 400 nm for the solutions shown in
panel a (b); curves in panel b, fitting results calculated by the Infelta—
Tachiya kinetics (cf. eq 2).>~*°

Table 3. Parameters Obtained from the Fluorescence Decay
Experiments for MAL/C12 Copolymer Fractions in 0.05 M
NaCl at pH 10

fraction code  [Py]/uM  ko/us ' kg/us ' k_/us’' @ n.

MAL/C12-1 6.5 2.6 3.1 0.10 0.29 12
MAL/C12-1 20 2.6 3.0 0.14 0.75 14
MAL/CI12-1 28 2.6 2.9 0.20 0.93 1.6
MAL/C12-2 13 2.7 5.4 0.54 0.80 0.84
MAL/C12-2 20 2.7 5.3 0.59 0.96 1.1
MAL/C12-3 10 2.5 3.3 0.10 0.38 0.95
MAL/C12-3 24 2.5 3.1 0.10 0.80 1.1
MAL/C12-3 33 2.5 3.1 0.13 1.0 1.1
MAL/CI12-4 24 2.5 49 0.59 070 16
MAL/C12-4 34 2.5 5.0 0.84 099 16
MAL/C12-5 22 2.6 3.0 0.20 039 27
MAL/C12-6 16 2.6 4.1 0.10 025 4S5
MAL/C12-6 31 2.6 4.1 0.37 045 49
MAL/CI12-7 14 2.5 3.0 0.10 0.19 110
MAL/CI12-7 30 2.5 3.0 0.20 041 110

to the quenching of fluorescence due to pyrene monomer
by excimer formation within a hydrophobic microdomain (cf.
Figure 4a), which returns to the ground-state emitting light around
480 nm being out of the experimental window.

These fluorescence decay profiles were analyzed on the basis
of the Infelta—Tachiya kinetics (eq 2). As can be seen in Figure 4b,
solid curves demonstrate satisfactory fits for the experimental I(t).
Fluorescence decay profiles for all the MAL/C12 fractions were also
analyzed in the same manner to determine the kinetic parameters, as
listed in Table 3. The decay rate constant ky of excited pyrene as well
as the rate constants kg for the excimer formation and k_ for exit of
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Figure 5. Degree of polymerization N,; dependences of the aggrega-
tion number m,, (top), the number of monomer units N,, per micelle
(middle), and the hydrophobic core number n, per micelle (bottom) for
MAL/C12 copolymer fractions in 0.05 M aqueous NaCl.

pyrene from the microdomain are essentially independent of the
polymer molecular weight M,,;. As shown in the last column of
Table 3, numbers of hydrophobic cores per micelle 7, calculated by
eq 3 are about unity for the three low-molecular-weight MAL/C12
fractions, but it remarkably increases for the four high-molecular-
weight fractions. These results demonstrate that MAL/C12 forms
unicore micelles at N,; < 300 but multicore micelles at N,; = 300
in 0.05 M aqueous NaCl.

Unicore—Multicore Transition of the MAL/C12 Copoly-
mer Micelle. Figure S summarizes the degree of polymerization
N, dependences of the aggregation number m,, the hydro-
phobic core number ., and the number of monomer units per
micelle N,,. In the unicore region (N,,; < 300), m,, is inversely
proportional to and N,, is independent of N,,;. Thus, we can say
that the unicore micelle of the MAL/C12 copolymer consists of a
fixed monomer unit number N* &~ 300.

On the other hand, in the multicore region (N,,; 2 300), m,,
seems to decrease and tend to unity with increasing N,,;, which
may be approximately fitted to the empirical equation

" 1160
Nwl

(4)

My, —

50

MAL/C2
AMPS
NaPSS
AGly
Aval

Alle
MAL/C12

oV dapronoe

50 100 1000 10000
Ny orN,,

Figure 6. Plots of Ry against N,,; or N,, for MAL/C2 copolymers (@),
AMPS homopolymers (00),* NaPSS homopolymers (<),** AGly
homopolymers (A),> AVal homopolymers (V),*> Alle homopolymers
(tilted A),* and MAL/C12 copolymers (O) in 0.05 M aqueous NaCl.

Scheme 2. Chemical Structures of AMPS/C12, AXaa/C12,
and A/C12 Copolymers

\ o i ]
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(the solid curve at N,,; > 300 of the top panel of Figure 5). As
mentioned above, A, data indicate that the micelle does not
dissociate by dilution within the concentration ranges investi-
gated, and thus the critical aggregation concentration should be
very low for the copolymer. At present, we have no molecular
interpretation for eq 4. Using eq 4, we may calculate N, and by

Nw = mwNwh ne = mwNwl/Nc (5)
where N is the number of monomer units per hydrophobic core.
The solid curves at N,,; > 300 of the middle and bottom panels of
Figure S indicate are drawn using eqs 4 and 5 with N = 82. It is
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Figure 7. Plots of Ry; against N, for MAL/C12 copolymers (O) as well
as AMPS/C12 copolymers (), AGly/C12 copolyemrs (A),*> AVal/
C12 copolymers (V),* Alle/C12 copolymers (tilted A),*> and A/C12
copolymers (<)% in 0.05 M aqueous NaCl. The dotted line represents
Ry values for MAL/C2 copolymers in 0.05 M NaCl. The solid and
broken lines represent Ry estimated based on the unicore flower micelle
model of the minimum loop size and on the flower necklace model
consisting of linearly connected flower micelles with the minimum loop
size, respectively.

noted that N. < N*¥; i.e., the unit core size in the multicore micelle
is smaller than the core size of the unicore micelle.

All the quantities m,, N, and n. are discontinuous at N,,; =
N*. The average copolymer concentration inside the micelle, cal-
culated by 3M,,/47TR;;° N, also suddenly changes from 0.37 &+
0.5 g/cm” to less than 0.1 g/cm3 at N,,; = N*. We refer to this
discontinuity as the unicore—multicore transition of the MAL/
C12 micelle. To the best of our knowledge, this is the first demo-
nstration of the transition by changing the molecular weight of
the amphiphilic copolymer.

Micellar Structures. Figure 6 compares the degree of poly-
merization N,,; dependence of the hydrodynamic radius Ry for
MAL/C2 (filled circles) with the N,, dependence of Ry for
MAL/C12 (unfilled circles) in 0.05 M aqueous NaCl. The MAL/
C2 copolymer may take a random coiled conformation because
the hydrophobic interaction among ethyl groups on C2VE units
is not strong in aqueous solution. In fact, the data points for MAL/C2
are close to those for homopolymers of sodium 2-acrylamido-2-
methylpropanesulfonate (AMPS)** and of sodium salt of N-acryloyl-
amino acids (AGly, AVal, Alle)* (Scheme 2 where x = 0) as well as
sodium poly(styrenesulfonate) (NaPSS)* in 0.05 M aqueous NaCl.
All those data points are almost fitted to the theoretical line (the
solid line in Figure 6) calculated by the theory of Yamakawa et al,>*
for wormlike touched bead model with the persistence length g =
3.0 nm, the bead diameter d;, = 1.5 nm, the molar mass per unit
contour length M;, = 900 nm" ', and the excluded volume strength
B =15 nm.

On the other hand, the data points for the MAL/C12 copolymer
appreciably deviate downward from those for the randomly coiled
polyelectrolytes. As mentioned above, MAL/C12 forms micelles
due to the strong hydrophobic interaction among dodecyl groups.
Figure 6 indicates that both unicore and multicore micelles of
MAL/C12 take more compact conformations than do the ran-
domly coiled polyelectrolytes.

So far, we have studied the unicore micelle structure formed by
several amphiphilic statistical vinyl copolymers possessing dode-
cyl groups as the hydrophobic moiety, as shown in Scheme 2.7***
Figure 7 collects Ry; data for the unicore micelles of those copolymers

Figure 8. Schematic representations of the flower micelle model of the
minimum loop size (a), where only a part of hydrophobic chains are
drawn and those attached to the loops outside the hydrophobic core are
omitted for simplicity, and the flower necklace model consisting of
linearly connected flower micelles with the minimum loop size (b),
where hydrophobic chains are omitted for simplicity.

in 0.05 M aqueous NaCl. It is noted that N, of all the previous
random copolymer samples shown in the figure are less than 300
(and x < 04). As already demonstrated, Ryy data for the unicore
micelles of those random copolymers are consistent with the flower
micelle model of the minimum loop size, as schematically shown in
Figure 8a. In this model, the loop size is determined by the stiffness of
the copolymer chain expressed in terms of the persistence length g,
and the radius R, of the hydrophobic core and the dimension djc,,
of the minimum loop are calculated by**

47 3 N, 1
— Reore” = Al —+1 , diop = 0.62 6
3 R, (1.6q+ )Ucn loop q (6)

where [ is the contour length per monomer unit (= 0.25 nm), V¢,
denotes the molecular volume of dodecyl group (= 0.35 nm®), and
1.6q is the contour length of the minimum loop. We assumed that
A dodecyl groups are included in the core at each root of the loop.
Choosing q = 3 nm (the value used to calculate the theoretical curve
in Figure 6) and 1 = 4.5, the hydrodynamic radius Ry as the sum of
Rore and djoqp calculated by eq 6 fits the experimental results for the
amphiphilic random copolymers as shown by the solid line in Figure 7.
It is noted that the minimum loop consists of 19 monomer units, and
only 25% of dodecyl groups are inside the hydrophobic core.

The results for MAL/C12 shown in Figure 6 are replotted in
Figure 7 by unfilled circles. The data points for the three low-
molecular-weight MAL/C12 fractions are nicely fitted to the solid
line of the flower micelle model of the minimum loop size, but the
data points for the four high molecular weight fractions deviate
upward from the solid line.

The spherical micelle formed by small molecular amphiphiles
is known to have some optimum aggregation number. Similarly,
micelles formed by polymeric amphiphiles should also have an
optimum aggregation number of hydrophobes, which is propor-
tional to the optimum aggregation number N* of monomer units.
The constant N,, in the unicore region (N,,; < 300) shown in
Figure S corresponds to this optimum aggregation number of
monomer units, which leads to the inversely proportionality of
m,, to N, from eq 5.3

2975 dx.doi.org/10.1021/ma102635y |Macromolecules 2011, 44, 2970-2977



Macromolecules

‘When the number of monomer units of the single copolymer
chain exceeds this optimum aggregation number N¥, the chain
may not be able to form stable unicore flower micelle but tends
to form a multicore flower micelle by aggregating with other
copolymer chains. Previously, Borisov and Helperin® theoreti-
cally considered the flower necklace model, where n_ unit flower
micelles, each of which comprises N. monomer units, are conn-
ected linearly by bridge chains (see Figure 8b). From the results
shown in Figure 5, N should be taken to be 82 and n_ be calcul-
ated by eq S, if we apply this model to the multicore micelles of
the MAL/C12 copolymer.

The conformation of this model may be represented as the
touched bead model with the bond length (= bead diameter) d,,
and the bond angle 6 taking from 60° to 180° without steric
hindrance between the second nearest neighboring unit flower
micelles. (This touched bead model should be distinguished
from the wormlike touched bead model for the homopolyelec-
trolyte and MAL/C2 copolymer chains used in Figure 6.) The
bead diameter d,, of the present touched bead model is identical
with the diameter of the unit flower micelle, which may be
estimated from 2(Rcore + dioop) (= 6.2 nm) where Ry and dioop
are calculated from eq 6 with N,, = N_ = 82 and q = 3 nm. On the
other hand, its persistence length g,, may be given by

d, (3 — cos 60° n 1 7)
In 2\ 1+ cos 60° 4x2Q

On the right-hand side of the equation, the first term is the
intrinsic persistence length of the touched bead model derived
from its characteristic ratio,”*** and the second term represents
the electrostatic one***” calculated from the Debye screening
length " and the Bjerrum length Q. In 0.05 M aqueous NaCl,
the second term (= 0.66 nm) is much smaller than the first one
(= 5.2 nm). Furthermore, the excluded volume effect on this
touched bead model® 3! is characterized by the excluded
volume strength B,,, which is taken as an adjustable parameter.

Using the above parameters, we can calculate Ry; for the flower
necklace model according to Yamakawa et al.’s theory.>’ When
the only adjustable parameter B,, is chosen to be 2 nm, we obtain
the dot-dash line in Figure 7, which fits to the experimental data
for the multicore micelle of the MAL/C12 copolymer.

Borisov and Helperin® also suggested the possibility of
branched structures for the multicore micelle. As the simplest
branched architecture, we consider the three-arms regular star, of
which Ry in a good solvent diminishes from that of the linear
structure by the factor gy = 0.96.%® A similar good fit was obta-
ined for the four-arm regular star architecture if B,, was selected to
be 4.8 nm. However, Ry for the randomly branched chain of the
functionality 3 in the unperturbed state® was too small to fit the
experimental data for the multicore micelles (g; = 0.09—0.12).
Therefore, we can exclude the possibility of the randomly bran-
ched architecture for the multicore micelle of the MAL/C12

copolymer, but not the possibility of a branch architecture with a
few branch points.

Bl CONCLUSION

Aggregates formed from MAL/C12 alternating copolymers
of different weight-average degrees of polymerization N,
(= 76—5000) were characterized by light scattering and fluores-
cence techniques in 0.05 M aqueous NaCl at pH 10 to investi-
gated the N,,; dependence of the micellar structure of amphiphilic

polyelectrolytes. The light scattering and fluorescence data demon-
strated that MAL/C12 formed unicore micelles at N,,; < 300 but
multicore micelles at N,,; = 300 in 0.05 M aqueous NaCl. In the
unicore region (N1 < 300), the weight-average aggregation
number m,, (= M,,/M,,;) was inversely proportional to and the
number of monomer units per micelle N, was 300 independent of
N1, indicating that the unicore micelle of the MAL/C12 copolymer
consists of a fixed monomer unit number N* & 300. On the other
hand, in the multicore region (N,,; 2 300), 1, seemed to decrease
and tend to unity with increasing N,,;, whereas N, and the number
of hydrophobic cores per micelle 7. increased with increasing N1,
where the number of monomer units per hydrophobic core N was
82. All the quantities m,,, N,,, and . are discontinuous at N,,; = N¥,
indicative of the unicore—multicore transition of the MAL/C12
micelle.

The structures of unicore and multicore micelles of MAL/C12
copolymers were analyzed using the flower micelle model and
the flower necklace model, respectively. The data points for
unicore micelles formed from the three low-molecular-weight
MAL/C12 fractions were in good agreement with the flower
micelle model of the minimum loop size determined by the
rigidity of the polymer main chain, which we proposed pre-
viously. On the other hand, the data points for the four high-
molecular-weight MAL/C12 fractions deviated upward from the
flower micelle model but were nicely fitted to the flower necklace
model, the conformation of which was represented as the
touched bead model consisting of n. unit flower micelles of
N, = 82, when the only adjustable parameter, i.e., the excluded
volume strength B, is chosen to be 2 nm. A branched archi-
tecture with a few branch points also provided a good agreement
for the multicore micelles, but the randomly branched chain
did not. We are going to study the micellar structure of the
copolymer by small-angle X-ray scattering.

Various micellar solution properties may drastically change by
the unicore—multicore transition in amphiphilic polyelectrolytes
(APE). Thus, the understanding of the transition must be
important in applications of APE in various fields, and it is an
important task to establish the interrelation between the micellar
structural transition and solution properties.
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