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ABSTRACT: Diblock copolymers consisting of a water-soluble nonionic block and either an anionic or cationic
block were prepared from sodium 2-(acrylamido)-2-methylpropanesulfonate (AMPS) or (3-(methacryloylami-
no)propyl)trimethylammonium chloride (MAPTAC) via reversible addition—fragmentation chain transfer (RAFT)-
controlled radical polymerization using poly(ethylene glycol) (PEG)-based chain transfer agent (PEG-CTA) in
water. The RAFT polymerization proceeded in a living fashion, as suggested by the observation that the number-
average molecular weight (M,) increased linearly with the monomer conversion (up to conversions of 30% for
MAPTAC and 50% for AMPS), whereas the polydispersity (M,/M,) remained nearly constant (M/M, < 1.05
for MAPTAC and <1.2 for AMPS) independent of the conversion. The mixing of aqueous solutions of the
oppositely charged diblock copolymers, PEG-b-PAMPS and PEG-b-PMAPTAC, led to the spontaneous formation
of polyion complex (PIC) micelles. The PIC micelles were characterized by '"H NMR spin—spin relaxation time,
static light scattering (SLS), dynamic light scattering (DLS), and scanning electron microscopy (SEM) techniques.
The hydrodynamic size of the micelle depended on the mixing ratio of PEG-b-PAMPS and PEG-b-PMAPTAC
with the size maximizing at the mixing ratio of stoichiometric charge neutralization. The mixing of the oppositely
charged diblock copolymers with shorter charged blocks formed a core—shell PIC micelle. In contrast, a complicated
aggregate was formed from a pair of longer blocks. The exact structure of the aggregate is still an open question,
but it is speculated to be a multicore intermicellar aggregate on the basis of various characterization data.

Introduction

Self-association of block copolymers in solution has been
widely used to prepare polymer-based nanostructured materials
such as micelles (spherical or cylindrical) and vesicles.'
Generally, the self-association is driven by noncovalent interac-
tions including hydrogen bonding, van der Waals, hydrophobic,
and electrostatic interactions. Increasing attention has been given
to the hydrophobically driven self-association of amphiphilic
diblock copolymers because polymer micelles with a core—shell
structure thus formed have been thought to be potentially
important in many applications including separation® and
delivery systems.’

A great deal of effort has been devoted to the investigation
of polyion complex (PIC) micelles.*”” A pair of oppositely
charged block copolymers consisting of a poly(ethylene glycol)
(PEG) block and a charged block forms water-soluble PIC
micelles composed of a PEG shell and segregated PIC core.
Kataoka and Harada were the first to report on this type of PIC
micelle prepared from a pair of oppositely charged poly(amino
acid) block copolymers of PEG.®'° The authors have demon-
strated that PIC micelles formed from a mixture of poly(ethylene
glycol)-block-poly(L-lysine) (PEG-P(Lys)) and poly(ethylene
glycol)-block-poly(a,B-asparatic acid) (PEG-P(Asp)) are mono-
disperse. Matched pairs with the same block length of polyan-
ions and polycations formed core—shell type assemblies with
extremely narrow size distribution.'’

The recent development of living free radical polymerization
methods have provided a useful tool for the syntheses of various
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block copolymers with a controlled structure, allowing one to
utilize a wide variety of monomers that can undergo polymer-
ization with only a free-radical mechanism. Among living radical
polymerization techniques, the reversible addition—fragmentation
chain transfer (RAFT) radical polymerization method offers
advantages because it is a metal-free method that uses only a
dithioester group containing chain transfer agent (CTA) added
to a conventional free radical polymerization medium. Thus,
water-soluble charged vinyl polymers and their block copoly-
mers can be easily prepared via RAFT-controlled radical
polymerization.'?”'# The versatility and usefulness of the RAFT
technique have been comprehensively discussed in excellent
review articles authored recently by McCormick and Lowe.'>'®

In this article, we report on the synthesis of oppositely charged
diblock copolymers made up of a nonionic PEG block and a
charged block (Scheme 1), that is, poly(ethylene glycol)-block-
poly((3-(methacryloylamino)propyl)trimethylammonium chlo-
ride) (PEG-b-PMAPTAC) and poly(ethylene glycol)-block-
poly(sodium 2-(acrylamido)-2-methylpropanesulfonate) (PEG-
b-PAMPS) by RAFT polymerization using PEG-based CTA.
These diblock copolymers assemble in a PIC micelle when
mixed together in water. We also report herein on the
characterization of PIC micelles formed from PEG-b-PMAP-
TAC and PEG-b-PAMPS with different charged block lengths
in water.

Experimental Section

Materials. 4-Cyanopentanoic acid dithiobenzoate (CPD) was
synthesized according to the method reported by McCormick and
coworkers.'” Dichloromethane was dried over 4 A molecular sieves
and was distilled. Poly(ethylene glycol) methyl ether (MeOPEG;
average molecular weight, ~2000) from Aldrich was used as
received without further purification. (3-(Methacryloylamino)pro-
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(a) Chemical structures of diblock copolymers, PEG-b-PMAPTAC
(E47sM,,) and PEG-b-PAMPS (E47A,), used in this study. (b) Schematic
representation of a polyion complex (PIC) micelle composed of E47M,,
and E47An.

pyDtrimethylammonium chloride (MAPTAC) (50 wt % in water)
from Aldrich was passed through an inhibitor-remover column.
2-(Acrylamido)-2-methylpropanesulfonic acid (AMPS) (95%) and
4,4'-azobis(4-cyanopentanoic acid) (V-501) (98%) from Wako Pure
Chemical were used as received without further purification. Water
was purified with a Millipore Milli-Q system. Other reagents were
used as received.

Synthesis of Poly(ethylene glycol)-Based Chain Transfer
Agent (PEG-CTA). PEG-CTA was synthesized according to the
literature with slight modification."® A CH,Cl, solution (100 mL)
of N,N'-dicyclohexylcarbodiimide (DCC) (5.66 g, 27.4 mmol) was
added dropwise to a CH,Cl, solution (100 mL) of MeOPEG (27.4
g, 13.0 mmol), CPD (4.60 g, 16.5 mmol), and a trace of
4-(dimethylamino)pyridine over a period of 30 min. After the
reaction mixture was stirred for 20 h at 40 °C, it was filtrated to
remove dicyclohexylurea. The solvent was removed, and the crude
product was purified on a silica gel column using a mixture of
CHCI; and methanol (95/5 v/v) as eluent, affording 14.0 g of PEG-
CTA as a red powder (44.8% yield). 'H NMR (CDCls, 6): 2.17 (s,
3H), 2.40—2.74 (m, 4H), 3.38 (s, 3H), 3.45—4.25 (m, 188H), 4.27
(t, 2H), 7.40 (t, 2H), 7.57 (t, 1H), 7.90 (d, 2H).

Preparation of Cationic Diblock Copolymer (PEG-b-PMAP-
TAC). A representative example for the preparation of the diblock
copolymer of PEG and PMAPTAC is as follows: MAPTAC (5.96
g, 27.0 mmol), V-501 (35.0 mg, 0.123 mmol), and PEG-CTA (565
mg, 0.250 mmol) were dissolved in water (30.3 mL). The mixture
was degassed by purging with Ar gas for 30 min. Polymerization
was carried out at 70 °C for 5 h. The polymerization mixture was
poured in a large excess of acetone to precipitate the resulting
polymer. The polymer was purified by reprecipitating from
methanol in an excess of acetone twice. The cationic diblock
copolymer obtained was dried in a vacuum oven at 60 °C for 24 h
(6.03 g, 98.9%). The number-average molecular weight (M,) and
the ratio of the weight-average molecular weight to M,, (M,,/M,), a
polydispersity index (PDI), were estimated by gel permeation
chromatography (GPC) to be 1.51 x 10* and 1.02, respectively.
The number-average degree of polymerization (DP,) for the
PMAPTAC block was 106, as estimated by 'H NMR.

Preparation of Anionic Diblock Copolymer (PEG-b-PAMPS).
A representative example for the preparation of the diblock
copolymer of PEG and PAMPS is as follows: A predetermined
amount of AMPS (5.60 g, 27.0 mmol) was neutralized with NaOH
(1.08 g, 27.0 mmol) in 30.6 mL of water. To this solution was
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added predetermined amounts of V-501 (35.0 mg, 0.123 mmol)
and PEG-CTA (566 mg, 0.251 mmol). The solution was degassed
by purging with Ar gas for 30 min. Polymerization was carried
out at 70 °C for 5 h. The polymerization mixture was poured in a
large excess of ethanol to precipitate the resulting polymer. The
polymer was purified by reprecipitating from water in an excess of
ethanol twice. The anionic diblock copolymer obtained was dried
in a vacuum oven at 60 °C for 24 h (5.84 g, 92.4%). The M, and
My/M, values determined by GPC were 2.30 x 10* and 1.17,
respectively. DP, for the PAMPS block was 108, as estimated by
'"H NMR.

Polymerization of MAPTAC in D,0. Predetermined amounts
of MAPTAC (1.10 g, 5.00 mmol), PEG-CTA (0.113 g, 0.05 mmol),
and V-501 (6.90 mg, 0.025 mmol) were dissolved in 6.04 mL of
D,0O. The solution was transferred to several NMR tubes and
degassed by purging with Ar gas for 30 min. The cap was sealed,
and the solution was heated to 70 °C in a preheated oil bath for
varying lengths of reaction time. Polymerization was terminated
by rapid cooling in an ice bath. The monomer conversion estimated
from 'H NMR was monitored as a function of reaction time. GPC
for the reaction mixture was measured to estimate M, and M/M,,.
Polymerization of AMPS using PEG-CTA in D,0 was carried out
in a similar manner.

Measurements. Gel Permeation Chromatography. GPC mea-
surements for cationic polymer samples were performed using a
refractive index (RI) detector equipped with a Shodex 10 um bead
size Ohpak SB-804 HQ column (exclusion limit ~107) working at
40 °C under a flow rate of 0.6 mL/min. A 0.3 M Na,SO,4 aqueous
solution containing 0.5 M acetic acid was used as eluent. The values
of M, and M/M, for cationic polymer samples were calibrated
with standard poly(2-vyniypyridine) samples of six different
molecular weights ranging from 5.70 x 103 to 3.16 x 10°. GPC
measurements for anionic polymer samples were performed using
an RI detector equipped with a Shodex 7.0 um bead size GF-7 M
HQ column (exclusion limit ~107) working at 40 °C under a flow
rate of 0.6 mL/min. A phosphate buffer (pH 9) containing 10 vol
% acetonitrile was used as eluent. The values of M, and M,/M,
for anionic polymers were calibrated with standard sodium poly-
styrene sulfonate samples of 11 different molecular weights ranging
from 1.37 x 10 to 2.16 x 10°.

Proton Nuclear Magnetic Resonance. '"H NMR spectra were
obtained with a Bruker DRX-500 spectrometer operating at 500
MHz using deuterium lock at a constant temperature of 20 °C during
the whole run. The sample solutions of the polymer for 'H NMR
measurements were prepared in D,O containing 0.1 M NaCl. The
polymer concentration (Cp) was 1.0 g/L. 'H NMR spin—spin
relaxation time (7) was determined by the Carr—Purcell—Mei-
boom—Gill (CPMG) method.'*2° For 7> measurements, NMR tubes
containing D,O solution were deaerated by purging with Ar gas
for 30 min. A 90° pulse of 13.85 us was calibrated and used for
the measurement. Echo peak intensities at 12 different numbers of
the 180° pulse were measured.

Light Scattering Measurements. Light scattering measurements
were performed using an Otsuka Electronics Photal DLS-7000HL
light scattering spectrometer equipped with a multi-7 digital time
correlator (ALV-5000E). A He—Ne laser (10.0 mW at 632.8 nm)
was used as a light source. Sample solutions for light scattering
measurements were filtered by a 0.2 um pore size membrane filter.

In static light scattering (SLS) measurements, the weight-average
molecular weight (M), z-average radius of gyration (R,), and
second virial coefficient (A,) values were estimated from the relation

KC 1
N
> MW(I +

%quz) +24,C, (1)
where Ry is the difference between the Rayleigh ratio of the solution
and that of the solvent, K = 47°n*(dn/dC,)Nad* with dn/dC, being
the RI increment against C,, and with N, being Avogadro’s number
and g being the magnitude of scattering vector. The g value is
calculated from ¢ = (4n/A)(sin(6/2)), where n is the RI of the
solvent, 4 is the wavelength of light source (= 632.8 nm), and 6 is
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scattering angle. By measuring Ry for a set of C, and 0, values of
My, R,, and A, were estimated from Zimm plots. The known
Rayleigh ratio of toluene was used for the calibration of the
instrument. Values of dn/dC, at 633 nm were determined with an
Otsuka Electronics Photal DRM-3000 differential refractometer.
In dynamic light scattering (DLS) measurements, to obtain the
relaxation time distribution, 7A(7), the inverse Laplace transform
(ILT) analysis was performed using the algorithm REPES?' ~*3

gV = [ 7A@ exp(~t/r) d Int 2)

where 7 is the relaxation time and g)(r) is the normalized
autocorrelation function. The relaxation rate (I' = 77!) is a function
of C, and 6.** The diffusion coefficient in the limit of zero angle
(D) was calculated from D = (I'/g?),—~. The infinite dilution
diffusion coefficient (Dy) was calculated from

Dy=DI(1+k,C,) 3)

where kq is the hydrodynamic virial coefficient. The hydrodynamic
radius (Ry) is given by the Stokes—FEinstein equation, R, = kg7/
(6tnDy), where kg is the Boltzmann constant, 7 is the absolute
temperature, and 5 is the solvent viscosity. The details of DLS
instrumentation and theory are described in the literature.?> =2’
Scanning Electron Microscopy. SEM analyses were carried out
on a JEOL JSM-5310 apparatus with an accelerating voltage of 10
kV. A sample for SEM observation was prepared by dropping a
sample solution on a clean glass slide followed by completely drying
at room temperature. The specimen thus prepared was coated with
Pt using a JEOL JFC-1600 sputter coating instrument.
Preparation of Polyion Complex Micelles. PEG-6-PMAPTAC
and PEG-b-PAMPS were separately dissolved in an aqueous
solution containing 0.1 M of NaCl, and the solutions were allowed
to stand overnight at room temperature to achieve complete
dissolution. For the preparation of PIC micelles, a PEG-b-
PMAPTAC solution was added dropwise to a PEG-b-PAMPS
solution over a period of 5 min at room temperature with stirring,
and the mixture was allowed to equilibrate for at least 1 day prior
to measurement. The mixing ratio of the two block copolymers in
solution was represented by the mole fraction of positively charged
unit (f* = [MAPTAC]/([AMPS] + [MAPTAC])), and hence the
complete charge neutralization is attained at f* = 0.5. The PIC
micelles were prepared at f* = 0.5 unless otherwise noted.

Results and Discussion

Synthesis of Diblock Copolymers. To prepare diblock
copolymers consisting of nonionic PEG and ionic blocks, we
performed RAFT radical polymerization of ionic monomers
using PEG-CTA. PEG-CTA was synthesized via the esterifi-
cation of the terminal hydroxyl group of MeOPEG with
CPD.?** The RAFT polymerization of MAPTAC by the use
of PEG-CTA proceeded in a controlled manner as illustrated
in Figure 1. In Figure la, a time-conversion relationship is
depicted along with the first-order kinetics plot for the polym-
erization of MAPTAC in the presence of PEG-CTA (M, = 2.38
x 103 estimated from '"H NMR) at 70 °C in D,O under an Ar
atmosphere. The monomer consumption was monitored by 'H
NMR spectroscopy as a function of polymerization time. There
is an induction period of ca. 31 min, which may be due to a
slow rate of the formation of the 4-cyanopentanoic acid radical
fragment, as reported by McCormick and coworker.’® A
monomer conversion of 89.5% was reached within 180 min.
The kinetics plot for the RAFT polymerization of MAPTAC
shown in Figure la indicates that the concentration of active
species remains constant during the polymerization.

Figure 1b shows GPC elution curves (RI response) for the
polymerization of MAPTAC in the presence of PEG-CTA. A
significant increase in the molecular weight occurs upon
polymerization of MAPTAC, indicating the formation of the
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Figure 1. (a) Time-conversion (O) and the first-order kinetics plots
(A) for the polymerization of MAPTAC in the presence of PEG-CTA
in DO at 70 °C. (b) GPC elution curves demonstrating the evolution
of molecular weight during the synthesis of PEG-b-PMAPTAC using
PEG-CTA. Conversions are shown for each peak. (¢c) Dependence of
M, (O) and M,/M, (A) on the monomer conversion in the polymeri-
zation of MAPTAC in the presence of PEG-CTA. The dotted line
represents the theoretical results.

block copolymer, PEG-6-PMAPTAC. Neither a new peak nor
a shoulder due to homopolymers of MAPTAC was recognized.
Thus, it was concluded that no homopolymerization of MAP-
TAC occurred concurrently. In Figure 1c, values of M, and M,/
M,, estimated from GPC for the diblock copolymers are plotted
as a function of the conversion of MAPTAC determined by 'H
NMR. The M, value increases with conversion, whereas M.,/
M, remains fairly constant (M,/M, < 1.05) independent of the
conversion. If the polymerization is assumed to be ideally living
in nature, then the theoretical number-average molecular weight
(M (theor)) can be calculated to be

[monomerlo *m

M, (theon = 1ok & CTAW 100Mm T Mrec—cra

)
where [monomer] is the initial monomer concentration, [PEG-
CTA] is the initial PEG-CTA concentration, xy, is the percent
conversion of monomer, M,, is the molecular weight of
monomer, and Mpgg.cta is the molecular weight of PEG-CTA.
A theoretical line calculated from eq 4 is depicted in Figure
Ic. Observed values of M,, agree reasonably well with theoretical
values in a low M, region, but the M,, plots deviate considerably
from the theoretical line when M, > 1 x 10* At present, the
reason for the considerable deviation is an open question, but
it may be due to the use of poly(2-vynilpyridine) as a standard
polymer to calibrate M, values, of which the volume-to-mass
ratio may be very different from that of PEG-b-PMAPTAC."*
Number-average molecular weights (M,(NMR)) for PEG-b-
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Table 1. Number-Average Molecular Weight (M,), Molecular Weight Distribution (M/M,), and Hydrodynamic Radius (R;) of the Block
Copolymers Used in This Study

samples M(theor) x 1074 M,(GPC) x 1074 M, (NMR) x 1074 My/My(GPC)? Ry (nm)?
PEG-b-PMAPTAC EsM»yy 0.78 0.82 0.83 1.03 4.5
E4M 06 2.52 1.51 2.58 1.02 5.1
PEG-b-PAMPS E47A29 0.80 0.67 0.90 1.15 5.6
E47A 108 2.63 2.30 2.71 1.17 6.1

“ Calculated from eq 4. * Estimated from GPC. ¢ Estimated from 'H NMR for the purified diblock copolymers. ¢ Determined by DLS at 20 °C in 0.1 M

NaCl aqueous solution at C, = 1.0 g/L.
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Figure 2. (a) Time-conversion (O) and the first-order kinetics plots
(A) for the polymerization of AMPS in the presence of PEG-CTA in
D,0 at 70 °C. (b) GPC elution curves demonstrating the evolution of
the molecular weight during the synthesis of PEG-b-PAMPS using
PEG-CTA. The monomer conversion is indicated for each elution curve.
(c) Dependence of M, (O) and M/M, (A) on the monomer conversion
in the polymerization of AMPS in the presence of PEG-CTA. The
dotted line represents the theoretical results.

PMAPTAC samples were calculated from '"H NMR data. As
compared in Table 1, M,(NMR) values for PEG-b-PMAPTAC
are in fair agreement with M, (theor) values.

The polymerization of AMPS in the presence of PEG-CTA
also proceeded in a controlled manner, as illustrated in Figure
2. In Figure 2a are shown time-conversion and first-order
kinetics plots. The polymerization started after an induction
period of ca. 55 min and reached a monomer conversion of
93.8% within 105 min. As can be seen from GPC elution curves
shown in Figure 2b, the molecular weight of the resulting block
polymer, PEG-b-PAMPS, increases with the monomer conver-
sion, and the molecular weight distribution is unimodal. Values
of M, and M,/M, estimated from GPC are plotted in Figure 2¢c
as a function of the conversion. The M, value increases almost
linearly with the conversion up to ~50% conversion, whereas
M /M, lies in a somewhat narrow range of 1.17 to 1.29
independent of the conversion. Compared with the case of PEG-
b-PMAPTAC, values of M, estimated by GPC are relatively
close to the theoretical values calculated from eq 4.
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Figure 3. 'TH NMR spectra measured at C, = 1.0 g/L in D,O containing
0.1 M NaCl for (a) PEG-5-PMAPTAC (E4Miqs), (b) PEG-b-PAMPS
(E47A108), and (c) the PIC micelle formed from E4;M;os/E47A 108 With
ST =0.5. Assignments are indicated for the resonance peaks.

In this work, we prepared a set of PEG-b-PMAPTAC and
PEG-b-PAMPS samples with different lengths of charged
blocks, whereas the length of the PEG blocks were the same
(M,(NMR) = 2.38 x 103, DP, = 47). Values of M, and M,/
M, for all of the block copolymers are listed in Table 1. The
block copolymers, PEG-b-PMAPTAC and PEG-b-PAMPS, are
further abbreviated as E4sM,, and E47A,;; E, M, and A represent
PEG, PMAPTAC, and PAMPS blocks of DP, = 47, m, and n,
respectively.

Proton Nuclear Magnetic Resonance. '"H NMR spectra for
PEG-b-PMAPTAC (E47M1()(,) and PEG-b-PAMPS (E47A108) are
illustrated in Figure 3a,b, respectively. As shown in Figure 3a,
the resonance bands observed in the region of 0.8 to 1.1 ppm
and at 1.8 ppm are attributed to the a-methyl protons and main
chain methylene protons, respectively. DP, (= m) and M ,(NMR)
of the PMAPTAC block in E47M,, were determined from the
intensity ratio of the resonance bands due to the methyl and
methylene protons in the side chain of the PMAPTAC block
around 2.9 to 3.4 ppm and the PEG main chain protons at 3.7
ppm. As given in Figure 3b, resonance bands observed at 1.2
to 2.4 ppm for E4;A,, are attributed to the sum of the main chain
and pendent methyl groups in the PAMPS block. DP, (= n)
and M,(NMR) of the PAMPS block in E4;A,, were calculated
from the intensity ratio of the resonance bands due to the
pendent methylene protons of the PAMPS block at 3.4 ppm
and PEG main chain protons at 3.7 ppm.

Figure 3c shows a 'H NMR spectrum for a mixed solution
of E4sMjps and E47A 0g with 0.5 mol fraction of positively
charged unit (f* = 0.5) prepared in DO containing 0.1 M NaCl
by the addition of a D,O solution of E4;M e to that of E47A 08
at C, = 1.0 g/L. By analogy to the case of a pair of PEG-
P(Lys) and PEG-P(Asp) reported by Harada and Kataoka,® a
stoichiometric mixture (f* = 0.5) of E&M,, and EgA, is
expected to form a core—shell micelle. In the polypeptide-based
PIC micelle, the PIC of oppositely charged polypeptide blocks
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Table 2. Values of Spin—Spin Relaxation Time (7) for Protons
in PAMPS, PMAPTAC, and PEG Blocks in DO Containing 0.1

M NaCl

T, at 1.5 T, at 3.1 T, at 3.7

samples ppm (ms)* ppm (ms)” ppm (ms)“
E47M27/E47A29d 25 60 407
Es7Mps¢ 262 453
E47A29¢ 81 416
E47M06/E47A 108" 2 1 67
E47M]()(,e 207 476
E47A1()x(‘ 54 421

“ AMPS pendent methyl protons.  MAPTAC pendent methyl protons.

¢ PEG main chain protons. ¢ PIC micelle. ¢ Free polymer.
forms a core, and PEG blocks surround the core to form a shell
layer. As can be seen in Figure 3c, the intensities of the
resonance bands associated with the PMAPTAC and PAMPS
blocks are extremely weak compared with those associated with
the PEG block. This observation suggests that motions of the
PMAPTAC and PAMPS blocks are very restricted as a result
of the confinement of these oppositely charged block chains in
a PIC micelle core.

To obtain further information about the motional restriction
of the PMAPAC and PAMPS blocks when PIC micelles are
formed, "H NMR spin—spin relaxation times (7>) were measured
on E4M,,, Eg7A,, and EgM,/E47A,, PIC micelles in D,O
containing 0.1 M NaCl. Two matched pairs of the oppositely
charged block copolymers, in terms of the lengths of the charged
blocks, were chosen to prepare PIC micelles, that is, E4;Ma7/
E47A29 and E47M06/E47A108. Table 2 compares 7> values for
PAMPS pendent methyl protons at 1.5 ppm, PMAPTAC
pendent methyl protons at 3.1 ppm, and PEG main chain
methylene protons at 3.7 ppm in the PIC micellar state and in
the free state. Values of T, for free E47M»7 and E47A9 were
found to be 262 and 81 ms, respectively, but they became
significantly shorter when E47Mj7 and E47Az9 formed a PIC
micelle (i.e., 60 and 25 ms for E4;M»7 and E47A79, respectively).
This decrease in 75 is indicative of restricted motions of the
charged blocks in the PIC micelle. It should be noted that 7>
values for the longer charged blocks decrease to much smaller
values as they form a PIC micelle (i.e., 1 and 2 ms for E4;M s
and E47A0s, respectively). This indicates that the motions of
the charged blocks are more restricted in the PIC micelle formed
from a pair of longer charged blocks.

Static Light Scattering. Apparent values of My, Ry, and A,
for PIC micelles determined by SLS measurements are listed
in Table 3. Shown in Figure 4 is a typical example of Zimm
plots for E4;Mos/E47A108 PIC micelle. As can be seen from
Table 3, the size of the PIC micelle strongly depends on the
length of the charged block; the size is larger for longer charged
blocks.

The contour length of PMAPTAC and PAMPS blocks with
a DP, of 110 was calculated to be 27.5 nm. Furthermore, the
end-to-end distance of a fully extended PEG block with a DP,
of 47 was calculated to be 16 nm.>*** The value of Ry = 55.8
nm found for the E47M06/E47A 108 PIC micelle (Table 3) is larger
than that expected from the fully extended length of the E47M s
and E47A 08 chains (i.e., ca. 43.5 nm). In fact, it is known that
micelles with a PEG outer shell have a tendency to form large
aggregates in aqueous solution.*>=® Thus, a multicore structure
formed by the association of individual core—shell micelles may
be postulated for the E47Mps/E47A108 PIC micelle.

The aggregation number (N,g,) for the PIC micelle, defined
as the total number of polymer chains forming one PIC micelle,
can be calculated from the ratio of M, for the PIC micelle
estimated from SLS and M, for a single polymer chain (unimer)
calculated from '"H NMR (M) and GPC (M,,/M,,) data. The large
Ngge for the E4sMi96/E47A108 PIC micelle is indicative of the
intermicellar aggregates.
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Table 3 also lists results obtained with unmatched pairs, in
terms of the block length, of oppositely charged blocks, i.e.,
E47M27/E47A108 and E47M1()6/E47A29 with f+ = 0.5. The mo-
lecular weight values for the unmatched pairs of E4;M»7/E47A 108
and E47M 06/E47A29 estimated from SLS (Table 3) are obviously
larger than those of unimers (Table 1). Therefore, it is clear
that the unmatched pairs exist as a PIC in solution. In a
COIIlpaI'iSOIl of E47M27/E47A29 (matched) and E47M27/E47A1()g
(unmatched) complexes, My, for the latter is about 6 times larger
than that for the former, whereas the aggregation numbers
determined as described above are virtually the same (Nye, =
18). In the case of E4;M06/E47A29 (unmatched) and E47M o6/
E47A 108 (matched) complexes, My, and N,g, for the latter are
about 40 and 32 times larger, respectively than those for the
former. Thus, it can be concluded that larger PIC micelles are
formed from pairs of longer charged blocks. It is inferred from
Nagg and Rg of the E47M27/E47A108 and E47M1()(,/E47A29 PIC
micelles that the intermicellar aggregation may not occur in the
case of the unmatched pairs.

Figure 5 shows the light scattering intensities for matched
pairs of E47M10(,/E47A108 and E47M27/E47A29 in 0.1 M NaCl as
a function of fT. In this experiment, the total polymer
concentration was kept constant at C, = 1.0 g/L. An increase
in the scattering intensity indicates an increase in the size (i.e.,
Nagg) for the PIC micelle. A maximum scattering intensity was
observed at er = 0.5 for both E47M106/E47A108 and E47M27/
E47A9 pairs. These results indicate that stoichiometric charge
neutralization in the mixture of the two block copolymers leads
to the formation of PIC micelles with maximum aggregation
numbers. The same is true for the unmatched pairs of E47May7/
E47A103 and E47M106/E47A29 in 0.1 M NaCl (Figure S1 in the
Supporting Information).

Dynamic Light Scattering. Values of the hydrodynamic
radius (Ry,) for the block copolymers were determined by DLS
at C, = 1.0 g/L in 0.1 M NaCl at 20 °C, as listed in Table 1.
The R, values ranging from 4.5 to 6.1 nm appear to be
reasonable for unimers of these block copolymers. Figure 6a
shows DLS relaxation time (7) distributions for the E47M ¢/
E47A103 and E47M27/E47A29 PIC micelles with er =05at6=
90°. The distributions are unimodal, and the relaxation time at
the peak top for the E4sM 06/E47A 108 PIC micelle is much longer
than that for the E47M»7/E47A79 PIC micelle. The Ry, values for
the PIC micelles of E47M106/E47A103 and E47M27/E47A29 calcu-
lated from the relaxation times at the peak top of the relaxation
time distribution are 56.9 and 8.3 nm, respectively (Table 3).
The Ry, value of 8.3 nm for the E47M»7/E47A29 PIC micelle is
smaller than the length value for the fully extended chains of
E47My; and Eg7Az9 (ca. 23.0 nm), which suggests a simple
core—shell structure without intermicellar aggregation. In
contrast, the large Ry, value of 56.9 nm for the E47M0s/E47A 108
PIC micelle is indicative of the intermicellar aggregation.

The relaxation rates (I') measured at different scattering angles
are plotted as a function of the square of the magnitude of the
scattering vector (¢?) in Figure 6b. A linear relation passing
through the origin indicates that all of the relaxation modes are
virtually diffusive. These findings suggest that the PIC micelles
are spherical in shape.’” Diffusion coefficients (D) estimated
from the slope of the T' versus ¢> plots were found to be in
good agreement with those calculated from I' at the peak top
of the relaxation time distribution obtained at & = 90°. Because
the angular dependence was negligible, Ry, values were estimated
at a fixed 0 of 90°. There was also no angular dependence for
the PIC micelles formed from unmatched pairs of E47May7/
E47A|08 and E47M106/E47A29 (Figure S2 in the Supporting
Information). Table 3 lists R, values for the PIC micelles
estimated at 0 = 90°.
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Table 3. Dynamic and Static Light Scattering Data for the PIC Micelles in 0.1 M NaCl at 20 °C

samples Ry (nm)“ M, (SLS) x 1075 R, (nm)® Ay x 10° (mol mL/g?) Ry/Ry Nags” dn/dCy(mL/g)
E47M27/E47A29 8.3 1.60 4 6.82 d 18 0.161
E47M06/E47A 108 56.9 685 55.8 0.27 0.98 2590 0.157
E47M27/E47A 108 13.2 9.69 11.6 342 0.88 18 0.159
E47M106/E47A29 15.7 17.3 15.2 1.39 0.97 80 0.158

“ Estimated by DLS in 0.1 M NaCl at 20 °C. » Estimated by SLS in 0.1 M NaCl at 20 °C. ¢ Aggregation number of PIC micelles calculated from My,
of the micelles determined by SLS and M,, of the corresponding unimers determined by GPC. ¢ Too small to determine by SLS, i.e., R, <10 nm.
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Figure 4. Typical example of Zimm plot for the PIC micelle of E4+7M ¢/
E47A 08 with £ = 0.5 in 0.1 M NaCl aqueous solution at 20 °C at
angles from 30 to 130° with a 20° increment. The polymer concentration
was varied from 1.0 to 4.0 g/L.
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Figure 5. Light scattering intensity of (a) Es/Moe/E47A 03 and (b)
E4sM17/E47A2 as a function of f+ (= [MAPTAC]/([MAPTAC] +

[AMPS])) in 0.1 M NaCl aqueous solutions at 20 °C. The concentration
of the total block copolymers was fixed at 1.0 g/L.

In Figure 6¢, D is plotted against the polymer concentration.
Values of D for the PIC micelles are practically constant in the
polymer concentration range of 0.5 < C, < 4 g/L. Because the
diffusion coefficients are independent of C, and the hydrody-
namic virial coefficient (kq) in eq 3 can be negligible, it is
suggested that the hydrodynamic size of the PIC micelle is
constant independent of C,,. For the unmatched pairs of E47Ma7/
E47A 108 and E4sMg6/E47A09, the values of D are also indepen-
dent of C, (Figure S3 in the Supporting Information).

The ratio of Ry/Ry, is useful for characterizing the shape of
molecular assemblies. The theoretical value of R /Ry, for a
homogeneous hard sphere is 0.778, and it substantially increases
for a less dense structure and a polydisperse mixture; for
example, Ro/Ry, = 1.5 to 1.7 for flexible linear chains in a good
solvent, whereas Ro/Ry = 2 for a rigid rod.** ™ As listed in
Table 3, the R,/Ry, ratio for the PIC micelle of E4;M0s/E47A 108
was found to be 0.98. This value suggests that the intermicellar
aggregate of the E47Mo6/E47A 108 PIC micelles is fairly close
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Figure 6. (a) Typical examples of DLS relaxation time () distributions
for the PIC micelles of E47M1()(,/E47A103 (O) and E47M27/E47A29 (A) with

ft=05at C,=1.0g/L in 0.1 M NaCl aqueous solutions at 20 °C.

(b) Relationship between relaxation rate (I') and square of the magnitude
of the scattering vector (q2) for E47M|06/E47A1()g (O) and E47M27/E47A29
(A) with f*=10.5 at C, = 1.0 g/L in 0.1 M NaCl aqueous solutions.
(C) Plots of diffusion coefficient (D) for E47M|06/E47A103 (O) and E47M27/
Es7Ax (A) with fT = 0.5 as a function of C, in 0.1 M NaCl aqueous
solutions.

to a spherical shape and somewhat polydisperse in size, as
suggested by DLS relaxation time distribution data shown in
Figure 6a.

Figure 7 shows SEM images for the PIC micelle of E47;M;os/
E47A 08 with f = 0.5. Spheres with a diameter of ca. 100 nm
are observed. The size observed by SEM is fairly close to that
estimated from light scattering data.

In the case of dynamic micelles formed by small molecular
surfactants or by amphiphilic diblock copolymers, unimers coexist
with micelles in equilibrium where amphiphiles can undergo
exchange between the micelle and bulk phases.*' ** To clarify
whether the PIC micelles in the present study exist in an
equilibrium or a kinetically frozen state, we examined whether
the block copolymers (unimers) could be exchanged between
the PIC micelles of E47M0¢/E47A 108 and E47M27/E47A59 in water.
Figure 7 shows distributions of Ry for the PIC micelles of
E47M06/E47A 108 and E47Mp7/E47A29 along with a 1:1 (w/w)
mixture of the two PIC micelles of E47Mo¢/E47A 103 and E47M»7/
E47A29 at C, = 1.0 g/L in 0.1 M NaCl aqueous solutions. The
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Figure 7. SEM images for the PIC micelle of E4;M06/E47A 105 with £
= 0.5. The scale bars are (a) 1 um and (b) 100 nm.
1:1 mixture was prepared by mixing the same volume of 1.0
g/L aqueous solutions of E47Mos/E47A 108 and E47M27/E47A29
PIC micelles, and the mixed solution was equilibrated for 1
day at ambient temperature. As can be seen in Figure 8, the
size distributions for the PIC micelles of E47Mos/E47A108 and
E47My7/E47A29 are well separated and peak at R, = 56.9 and
8.3 nm, respectively. An important observation is that the
mixture of the two PIC micelles gives a unimodal size
distribution located between the distributions for the E47M ¢/
E47A108 and E47M27/E47A29 micelles. A value of Rh = 16.4 nm
was estimated from the distribution peak for the mixture, which
is an intermediate value between R, = 56.9 and 8.3 nm for the
PIC micelles of E47M106/E47A103 and E47M27/E47A29. These
observations indicate that the exchange of the block copolymers
occurs between the PIC micelles within 1 day in aqueous solu
tion and yields mixed PIC micelles of the four block copolymers
E47M106, E47A108, E47M27, and E47A29. ThllS, we can conclude
that the PIC micelle exists in an equilibrium state and that the
PIC micelles formed by matched pairs are not particularly stable
compared with those formed by unmatched pairs.

The radius of the core (Rcore) Of the E47M»7/E47A29 PIC micelle
formed at f* = 0.5 with a simple core—shell structure may be
calculated from the volume of each charged block as follows

_ (3Vcorc) 173 _ 3 (M, pmaprac n M,, pavps h 113
core 4 47N, 2

PPMAPTAC PpamPs

(&)

where Vo i the core volume of a PIC micelle, My, pmaptac
and M, pamps are the weight-average molecular weights of the
PMAPTAC and PAMPS blocks, respectively, and ppmaprac and
ppamps are the densities of the PMAPTAC and PAMPS blocks,
respectively. From Ry, and Rcore, the shell thickness (L) can be
calculated to be L = Ry, — Rcore. For the calculation of R, the
bulk densities of MAPTAC and AMPS monomers were used
as ppmaprac = 1.05 and ppamps = 1.21 g/cm?. Thus, values of
Rcore and L for the E47M37/E47A29 PIC micelle are calculated to
be 3.5 and 4.8 nm, respectively.

The density of the PIC micelle (dpic) can be calculated by

d — M w,PIC
P (N (Vi)

where My, pic is the weight-average molecular weight of a PIC
micelle and Vpic is the volume of a PIC micelle. Values of dpic

(6)
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Size distribution function

Figure 8. Distributions of Ry, for the PIC micelles of E4&;Mos/E47A 108
(O), E47M27/E47A29 (A), and a 1:1 (W/W) mixture of E47M106/E47A103
and E47M27/E47A2 (O) in 0.1 M NaCl aqueous solutions at 20 °C.

for the PIC micelles of E47M|06/E47A103 and E47M27/E47A29 are
calculated to be 0.142 and 0.111 g/cm?, respectively. These
values are similar to those for the PIC micelles formed from
the mixture of PEG-P(Asp) with PEG-P(Lys).” The value of
dpic for the intermicellar aggregates of E4;Mjos/Es7A 08 18
slightly larger than that for the E4;M27/E47A29 PIC micelle,
which suggests that the intermicellar aggregate is more densely
packed than the simple core—shell PIC micelle. The smaller
value of dpic for the E47M»7/E47A29 PIC micelle implies that
the E47M27/E47A29 PIC micelle is more hydrated (a greater
number of water molecules are present in the micelle) than the
E47M106/E47A1()8 PIC micelle.

Conclusions

Diblock copolymers, PEG-b-PMAPTAC and PEG-b-PAMPS,
with well-defined block lengths were prepared via RAFT-
controlled radical polymerization in water using a PEG-based
macro-CTA. Pairs of the oppositely charged block copolymers
formed PIC micelles in water. When the MAPTAC/AMPS unit
mole ratio was unity, that is, f* = 0.5, the PIC micelle exhibited
a maximum scattering intensity, indicating that the stoichio-
metric PIC formation is favorable for the micelle formation.
Small 7, values in 'H NMR observed for the core of the PIC
micelles suggested that the motions of the core of PIC micelles
are very restricted. DLS data suggested that the PIC micelles
formed from E4;Mj7/E47A29 were spherical in shape with
diffusion coefficients remaining unchanged in the concentration
range from 0.5 to 4.0 g/L. The N, and Ry, values for the
E47M06/E47A 108 PIC micelles are considerably larger than those
for the E47M»7/E47A29 PIC micelle. Thus, it can be concluded
that the oppositely charged diblock copolymers with shorter
charged blocks form a simple core—shell PIC micelle whereas
those with longer charged blocks form a complicated aggregate.
The latter is likely to be an intermicellar aggregate.
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