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It is well-known that comb polymers with densely
grafted side chains in a good solvent can adopt worm-
like cylinder brush conformations, in which the side
chains are stretched in the direction normal to the back-
bone, owing to the excluded-volume interaction. The
polymerization of macromonomers provides regular
multibranched polymers with dense branching. Since
both the degree of polymerization (DP,) and the length
of branches are varied, poly(macromonomer)s, often
so-called “polymer brushes,” are interesting models for
the study of branched polymers [1-9]. More recently,
we systematically investigated the architecture of mul-
ticomponent copolymer brushes. Fig. 1 shows the il-
lustration of three types of multicomponent copolymer
brushes. We have reported the synthesis and dilute-
solution properties of poly(diblock macromonomer)s
(double-cylinder-type copolymer brushes, see Fig. 1a)
by free-radical polymerization of the correspond-
ing diblock macromonomers [10-13]. We also pre-
pared double-cylinder-type copolymer brushes by an-
ionic one-shot polymerization of AB-type diblock
nacromonomers [14]. Recently, Matyjaszewski [15]
and Miiller [16] have also synthesized double-cylinder-
type copolymer brushes by the “grafting from” ap-
proach, using atom transfer radical polymerization
(ATRP). The molecular wires, which are electronic nan-
odevices, were prepared by forming a linear array of the
gold clusters [17] or conducting polypyrroles [18] with
an internal core of the double-cylinder-type brushes as
templates, whereas the outer cylinder parts work as an
insulator.

Ishizu and coworkers established a novel synthe-
sis of prototype amphiphilic copolymer brushes (see
Fig. 1b) by alternating free-radical copolymerizations
of binary macromonomers [19, 20]. They have also in-
vestigated their dilute-solution properties and aggre-
gation behaviors in aqueous media [12, 13, 21, 22].
As a result, such copolymer brushes were molecu-
larly dissolved in a dilute solution and took geomet-
rically anisotropic conformation such as cylinder in-
creasing aspect ratio. In the self-assembly process
in water, the hierarchical generation from small rods
to large rods, was observed, because such copoly-
mer brushes exhibited phase-separated hydropho-
bic/hydrophilic domains. Schliiter et al. [23] have
also synthesized the prototype amphiphilic copolymer
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brushes by polycondensation of Suzuki-type dendron
monomer (hydrophobic/hydrophilic side chains) with
dibromic acid ester. More recently, we have reported
a novel synthesis of AB-type brush-block-brush am-
phiphilic copolymers (see Fig. 1c) via ATRP [24].
That is, AB-type brush was composed of a poly-
methacrylate backbone with ester-linked poly(ethylene
glycol methylether) (PEG) chains and a polymethacry-
late backbone with ester-linked poly(2-hydroxyethyl
methacrylate) (PHEMA) side chains. Qin et al. [25]
also reported such block copolymer brushes via ATRP
route. In this paper, we mention the dilute-solution
properties of PEG-block-PHEMA AB-type brushes and
their segregation behaviors in an aqueous medium.

The synthesis route for AB-type brush-block-brush
amphiphilic copolymers is outlined in Scheme 1.
PEG brush macroinitiators (2) were prepared by
ATRP operations of methacryloyl-terminated PEG
macromonomer (PEG-MC; 1: M, = 2000, M,/M, =
1.19) initiated by methyl 2-bromopropionate in water
under the presence of CuCl and bipyridine (Bpy). CuCl
was used as a catalyst with methyl 2-bromopropionate
as the initiator. Due to the halogen exchange equilib-
rium and the relative strengths of the carbon-halogen
bonds, the majority of the polymer chains should in
fact contain Cl end groups. Characteristics of PEG
brush macroinitiators were quoted from Ref. [24] (see
Table I). The values of the weight-average molecu-
lar weight (M) of brush macroinitiators were derived
from a Zimm plot by means of static light scattering
(SLS; He-Nelaser Ay = 632.8 nm) in benzene at 25 °C.
The refractive index increment [(dn/dc)pgg = —0.034
(ml/g)] of PEG was used in benzene [8]. The molecu-
lar weight distributions (M/M),) were determined by
gel permeation chromatography equipped with a low-
angle laser light scattering detector (GPC-LALLS; He-
Ne laser with a detection angle of 5°) using N, N-
dimethylformamide (DMF)/0.1 M LiBr as the eluant
at40°C.

PEG brush-block-PHEMA block copolymers (3)
were prepared by the ATRP technique of PEG
brush 2 with HEMA in a mixture of methanol/water
(1/1 v/v) using the same catalysis system. The de-
gree of PHEMA blocks (DP, puema) was in the range
30-35. Subsequently, the esterification of hydroxy
groups (OH) in PHEMA blocks was carried out with
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Figure 1 Tllustration of multicomponent copolymer brushes.

2-bromoisobutyryl bromide (BIB) in 50 wt% tetrahy-
drofuran (THF) solution, varying the feed ratio of
[BIB]J/[OH]. This esterification proceeded quantita-
tively under the large excess amounts of BIB to OH
groups. PEG brush-block-PHEMA AB-type copoly-
mers (5) were prepared by “grafting from” approach
using ATRP of polyinitiator (4) with HEMA in the mix-
ture of methanol/water. The polymerization systems for

TABLE I Characteristics of PEG brush macroinitiators

Expt. no. 107° M3 My /M DP,, pmmac
BIF 1.38 1.73 40
B3F 0.74 1.86 20
B4F 1.96 1.45 68

4Determined by SLS in benzene at 25 °C.
"Determined by GPC-LALLS in DMF as eluent.
“Degree of polymerization of PMMA backbone calculated from M,,.

TABLE II Characteristics and solution properties of AB-type PEG
brush-block-PHEMA brush copolymer

DP,, of
Expt. PHEMA  10'D§ R} RS RS,
no. 1073 M My/ M}l’ side chain® (cm?/s) (nm) (nm) (nm)

BBIF 2.17 1.78 21 7.4 54 75 39

#Determined by SLS in chloroform at 25 °C.

bDetermined by GPC-LALLS in DMF as eluent at 40 °C.

Calculated from both M, of copolymer brush and polyinitiator precur-
SOT.

dDetermined by DLS in chloroform at 25 °C.

¢Determined by SAXS in chloroform using Guinier’s plots.

polyinitiators with initiation site Br at each pendant end
(100% esterification of OH groups in PHEMA blocks)
showed heterogeneity due to less solubility of PHEMA.
So, AB-type copolymer brush was synthesized using
polyinitiator BI1 [starting PEG brush-block-PHEMA
BIF: P[(EG)49-block-(HEMA )30 ], number of initiation
sites per PHEMA block (Npg) = 14]. The character-
istics of AB-type copolymer brush BB1F were also
quoted from Ref. [24] as shown in Table II. The value
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Scheme 1 Reaction scheme for synthesis of AB-type copolymer brushes.
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of M, was derived from a Zimm plot by means of SLS
in chloroform at 25 °C. The refractive index increment
[(dn/dc)aB] of AB-type brushes was determined by ap-
plying the well-known equation

(dn/dc)ap = wpeg(dn/dc)pec

+ (1 — wpeg)(dn/dc)puema (1)
where wpgg is the weight fraction of PEG and
(dn/dc)puema 1is the refractive index increment
of PHEMA. The values (dn/dc)pgg = —0.025 and
(dn/dc)pgpma = 0.045 (ml/g) were used in chloro-
form [26]. This sample BBIF has in total only 70
main chain units (DP, ppmva + DPp puema) as com-
pared to 45 (PEG) and 21 (PHEMA) side chain units,
respectively.

To discuss the geometrical anisotropy and inter-
molecular interaction, we determined the translational
diffusion coefficient (Dg) of polymer brushes by means
of dynamic light scattering (DLS) data with negative
non-restriction least square (NNLS) method in CHCI;
at 25°C. The NNLS method is a preferable way of
treating the data for polydisperse samples. In general,
the mutual diffusion coefficient D(C) is defined as
D(C) = Fe‘le_io’ where 0 is the scattering angle. An-

gular dependences of I',qg~2 (gRy < 1, where Ry, is
the hydrodynamic radius) for PEG brushes B3F and
B4F, and AB-type copolymer brush BB1F are shown
in Fig. 2. Polymer concentrations were in the range 4—
15 mg/ml benzene solution of PEG brushes and 9-15
mg/ml CHClj solution of AB-type copolymer brush,
respectively. It is found that the observed data on PEG
brush B3F are fitted on an almost flat line. The weak
dependence of I',g~2 on g° shows that there is only
a single diffusion mode. This brush is composed of a
short backbone (DP,, pmma = 20). In general, polymer
brushes composed of low DP,, took a star-like confor-
mation in a good solvent [5, 9]. It seems, therefore, that
the B3F takes a spherical shape in the dilute solution. On
the other hand, PEG brush B4F and copolymer brush
BBIF show angular dependence. The PEG brush B4F
has in total only 68 (PMMA) main chain units com-
pared to 45 (PEG) side chain units. Therefore, these
brush samples seem to take an anisotropic conforma-
tion in a dilute solution.

Fig. 3 shows the relationship between translational
diffusion coefficient D(C) and polymer concentration
for PEG brushes B3F and B4F, and AB-type copolymer
brush BB1F. Each D(C) has an almost constant value in
the range 4—15 mg/ml of polymer concentration. This
suggests that these polymer brushes are molecularly
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Figure 2 Angular dependence I',q =2 vs. g* for PEG brushes B3F and B4F in benzene, and AB-type copolymer brush BB1F in chloroform.
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Figure 3 Plots of diffusion coefficient against polymer concentration for PEG brushes B3F and B4F in benzene, and AB-type copolymer brush BB1F

in chloroform.
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dissolved in the dilute solution. Similar tendencies were
also observed in double-cylinder-type [10-13] and pro-
totype [21, 22] copolymer brushes. The translational
diffusion coefficient Dy can be estimated by extrapo-
lation of polymer concentration C to zero. The values
of Dy and Ry, for AB-type copolymer brush BB1F are
also listed in Table II. Ry, is defined as Stokes-Einstein’s
equation: Ry = kT/6mnoDy, where k, T, and ng indi-
cate Boltzmann coefficient, absolute temperature, and
viscosity of solvent, respectively. On the other hand, the
values of Dy and Ry, for PEG brushes were as follows:
B3F; Dy = 10.3x10~7 cm?/s, R, = 3.5 nm and B4F;
Dy = 7.8x1077 cm?/s, R;, = 4.6 nm. Dy decreased by
increasing the molecular weight of polymer brushes.

Since the radius of gyration (Rg) of polymer brushes
is very small, it is impossible to evaluate them from
SLS. Then, R, was determined by small-angle X-ray
scattering [SAXS; Cu K, (A = 1.54 A)] in CHCIl;. In
the measurement of CHCI; solution (0.5-5.0 wt%) of
the AB-type copolymer brush, we used the cell sand-
wiched between mica plates as a holder vessel. The
background correction was carried out using polyethy-
lene film. The value of R, is estimated by Guinier’s
method from the following equation [27]:

InI(g) = const — (1 /3)(R§)q2 2)

where ¢ is the scattering vector. The value of cross-
sectional radius of gyration (R, () is estimated from the
following equation [28]:

In[I(q)g] = const — (1/2)(R2 )g*  (3)

The values of R, and R,. of copolymer brush
BBI1F were estimated from the corresponding slope of
Guinier’s plots at the small-angle region (gR < 1) (see
Fig. 4a and b). These physical values are also listed
in Table II. The R,/Ry, value (calculated as 1.4 from
Table IV) of BB1F indicates a relatively compact shape.
Assuming a polydispersed rodlike shape (BBIF;
My, /M, = 1.78) and neglecting the cross-sectional di-
mension, R, is given by the following relation

Ry = L,/2 for Schulz-Flory length distribution
(Lw/Ln=2) “4)

where Ly, denotes the length of a rodlike molecule,
Equation 4 allows evaluating the rod length as Ly, =
15 nm. The cross-sectional diameter d is calculated
from the cross-sectional radius of gyration as

d = (V8)Ry. )

by assuming a constant electron density across the
cylinder. Since Equation 5 yields d = 11 nm, the as-
pect ratio L,/d(1.36) of AB-type brush BBIF is not
so long. Accordingly, the prepared AB-type sample is
more similar to Janus-type micelles [29] as sketched in
Fig. 5.
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Figure 4 Guinier’s plot (a) and cross-sectional Guinier’s plot of AB-type
copolymer brush BB1F on SAXS in chloroform.

We studied the aggregation behavior of such a Janus-
type amphiphilic copolymer brush BBIF in an aque-
ous solution. Fig. 6a shows the hydrodynamic diame-
ter (Dy) distribution of BB1F in an aqueous solution
(2x1072 mg/ml) by DLS measurement. Polymer so-
lution showed turbidity but we have never observed
the precipitates. An aqueous solution of PEG brushes
was homogeneous at the same polymer concentration.
Water is a good solvent for PEG but somewhat poor
for PHEMA. Single peak is observed at 200 nm. This
peak appearing at the larger Dy, suggests the presence
of aggregates in the system. Fig. 6b shows a typi-
cal field emission gun scanning electron microscopy
(FE-SEM) photograph of the aggregation product of
BB1F (3x 10~ mg/ml of aqueous solution was placed
onto a glass plate and spin coating was conduced im-
mediately at 3000 rpm for 5 min). The texture shows
the existence of large particles (observed diameter;
ca. 190 nm). Fig. 7 shows the polymer concentra-
tion dependence on the aggregate formation for BB1F.
This copolymer brush forms uniform aggregates be-
yond 1072 until 0.6 mg/ml. However, these aggregates
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Figure 5 Illustration in aggregation process of Janus-type copolymer brushes.
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Figure 6 Hydrodynamic diameter distribution of BBIF in water
(2x 1072 mg/ml) (a) and FE-SEM photograph of BB1F (prepared from
3%10~3 mg/ml aqueous solution) (b).

precipitated beyond 0.6 mg/ml. A Janus-type ellip-
soid of a length 15 nm formed a spherical aggre-
gate of a diameter 200 nm. The aggregation mecha-
nism can be speculated as follows: Less hydrophilic
PHEMA domains lead to aggregation with each other
in an aqueous solution, and PHEMA core-PEG shell
type spherical particles may be formed in the first
stage. Subsequently, such PEG shells lead to fusion
with PEG domains of Janus-type brushes. By repeat-
ing these aggregation processes, large multiple-phase
particles having “onion-like” morphology (supermi-
celle) are formed as sketched in Fig. 5. These uni-
form particles (diameter 200 nm) are stabilized ster-
ically by densely grafted PEG chains in the range
10~3-0.6 mg/ml of polymer concentration.

As mentioned in the introduction, hierarchical gener-
ation from small rods to large rods was observed in the
self-assembly process of prototype copolymer brushes.
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Figure 7 Polymer concentration dependence on the aggregate formation
for BBIF in water.

Thus, the trend of an aggregation behavior for Janus-
type copolymer brushes is very different from that for
prototype copolymer brushes. We will investigate the
segregation behaviors of AB-type brush-block-brush
amphiphilic copolymers with various aspect ratios. The
results obtained will be reported in the near future.
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