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ABSTRACT: Star-shaped poly(tert-butyl acrylate)s were synthesized by the atom transfer radical
polymerization (ATRP) method. Subsequently, star-shaped poly(acrylic acid)s were induced by hydrolysis
of tert-butyl units. The structural ordering of these stars was investigated through small-angle X-ray
scattering (SAXS) in aqueous solution. Star with f ) 30 and f ) 97 formed a bcc structure above the
overlap threshold (C*). The viscoelastic behavior of the stars was also investigated. This system showed
the transition from a Maxwellian fluid of a weak liquid ordering to a solid of macrolattice structure with
increasing the polymer concentration. This result reflected the stronger interaction among star
polyelectrolytes at higher polymer concentration.

1. Introduction

Star-branched polymers are characterized as struc-
tures where all the chains of a molecule are linked
together to a small-molar-mass core. Generally, star
polymers exhibit smaller hydrodynamic dimensions
than the linear polymer with identical molar mass. The
interest in star polymers arises not only from the fact
that they are models for branched polymers but also
from their enhanced segment densities. Zimm and
Stockmayer were the first to study the conformation of
star-branched polymers using classical theories.1 Daoud
and Cotton studied the conformation and dimensions
of star polymers using scaling theories.2 We have
synthesized and investigated the dilute solution proper-
ties of polyisoprene (PI) stars. The conformation of those
star molecules in good solvents was in agreement with
the Daoud-Cotton scaling model of stars. The dilute
solution properties suggested that they behaved not as
hard spheres but as soft spheres.3

Stars with multiarms (the critical number of arms is
estimated to be of order 102) are expected to form a
crystalline array near the overlap threshold (C*) by
Witten et al.4 We investigated in detail the structural
ordering of stars by means of small-angle X-ray scat-
tering (SAXS).5 PI stars (arm number f > ca. 90) formed
a body-centered-cubic (bcc) structure near C*. This
structure changed to a mixed lattice of bcc and face-
centered-cubic (fcc) structures with increasing polymer
concentration. Recently, we also synthesized function-
alized poly(ethylene oxide) (PEO) stars possessing a
tertiary amino group at each arm end. Subsequently,
positive charges were introduced into such peripheral
tertiary amino groups by quarternization with methyl
iodide (CH3I). It was found that these peripherally
charged stars (f > 37) formed a lattice of bcc below C*
due to electrostatic repulsion between stars.6 The
structure and dynamic behavior of these stars with
multiarms have been investigated both in solution7-10

and in the melt.8,11 The most interesting features
observed in such systems, both in solution and in the
melt, relate to the ordering of the stars into a liquidlike
structure on the macromolecular scale and the reflection
of the latter on the dynamics as an unusual, complex,
slow terminal relaxation.12 In the particular case of
melts, this slow process is attributed to star rearrange-

ments within their structure. These effects have been
observed both experimentally and in computer-simu-
lated systems.13,14

Polyelectrolytes are polymer chains containing ioniz-
able groups. Solution properties of these polymers are
different from those uncharged polymers because of
dissociation of ionizable groups. Experimental and
theoretical studies on the conformation of polyelectrolyte
solutions have been undertaken. Recently, conformation
and interactions of star-branched polyelectrolyte have
also been studied in some detail, using light,15 neutron,16

X-ray scattering,9,17 scaling theory,18 and computer
simulation.19 Borisov et al.20 have described a conforma-
tion of a single star-branched polyelectrolyte using the
self-consistent-field (SCF) approach. They regarded a
dilute solution of star-branched polyelectrolytes as an
ensemble of spherical cells (analogous to the Wigner-
Seitz cell21), each containing one star polyelectrolyte
molecule localized at the center. The star, whose radius
is R, is enclosed in a cell of radius RW > R; all
counterions are restricted to move inside this cell.
Löwen et al.22,23 extended this model to the case of
concentrated solutions and described the effective in-
teraction of two star polyelectrolytes. The effective
interaction between them was ultrasoft in nature but
stronger than its counterpart for neutral star poly-
mers.24 On the other hand, only a few works have
reported the behavior of star polyelectrolytes from an
experimental point of view. Recently, Heinrich et al.25

and Moinard et al.17 investigated the solution properties
(structural ordering) of sodium sulfonated polystyrene
(PSSNa) stars (f ) 12) and poly(sodium acrylate) (PANa)
stars (f ) 4) using SAXS. They observed the ordering
phenomenon in the neighborhood of the C*. It is
interesting to investigate the correlation between the
structural ordering and the dynamics of star polyelec-
trolytes with multiarms.

In this article, we present the synthesis of poly(acrylic
acid) stars with multiarms (f ) 30, 97). We also
investigated the structural ordering and the viscoelastic
behavior of these star polyelectrolytes.

2. Experimental Section

Materials. tert-Butyl acrylate (tBA) and divinylbenzene
(DVB) (Tokyo Kasei Ind., Ltd.; 55% m/p-isomer ) 2, 45%
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mixture of ethylstyrene and diethylstyrene) were distilled in
high vacuum. Toluene, o-xylene, ultrapure water, formic acid,
NaOH (Kanto Kagaku, Tokyo), CuBr (Wako Pure Chemical
Industries), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA) (Aldrich), and methyl 2-bromopropionate (Tokyo
Kasei, Tokyo) were used as received.

Synthesis Characterization of P(tBA) Macroinitiators.
Poly(tert-butyl acrylate) (p(tBA)) macroinitiator was synthe-
sized using CuBr complexed by PMDETA (N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine) as the catalyst and methyl
2-bromopropionate as an initiator in toluene at 80 °C. Subse-
quently, the reaction solvent was changed to THF after
removing toluene using a rotary evaporator and was precipi-
tated in methanol/H2O (5/5 v/v) after passing through an
alumina column to remove the copper complexes. The molec-
ular weight distribution (Mw/Mn) was determined by gel
permeation chromatography (GPC; Tosoh high-speed liquid
chromatography HLC-8120), which was operated with TSK gel
G2000HXL (excluded-limit molecular weight MEL ) 1 × 104)
and two GMHXL columns (MEL ) 4 × 108), in series using THF
as the eluent (flow rate 1.0 mL/min) at 40 °C. The weight-
average molecular weight (Mw) was determined by universal
calibration26 (log[η]Mw vs elution volume) by GPC.

Synthesis of P(tBA) Star Polymers. P(tBA) star polymers
were synthesized by polymerization of p(tBA) macroinitiator
with DVB with CuBr complexed by PMDETA as the catalyst
in o-xylene at 120 °C. Subsequently, the reaction solvent was
changed to THF after removing toluene and was in precipi-
tated in methanol/H2O (5/5 v/v) after passing through an
alumina column to remove the copper complexes. Unreacted
p(tBA) was removed from the polymerization products by the
precipitation fractionation with the THF-H2O system. The
conversion of star polymers was determined by the ratio of
the peak of the p(tBA) star to the total peak area of the
polymerization product in GPC charts. The details concerning
the calculation method have been given elsewhere.27 The arm
number f was determined by the ratio of the Mw of the p(tBA)
star to the Mw,arm of the arm.

Hydrolysis of P(tBA) Star Polymers. P(tBA) star poly-
mer was derived into poly(acrylic acid) (PAA) star polymer by
hydrolysis of tBA units. P(tBA) star polymers were dissolved
in the excess of formic acid. The solution was heated at 40 °C
for 6 h. The products were diluted in water, dialyzed against
water for 2 days, and freeze-dried. The disappearance of tBA
units was confirmed by 1H nuclear magnetic resonance (NMR;
500 MHz, JEOL GSX-500 NMR spectrometer) in CD3OD.

Dilute-Solution Properties of Stars. The Mw of the
fractionated p(tBA) star polymer was determined by static
light scattering (SLS: Photal TMLS-6000HL: Otsuka Elec-
tronics, λ0 ) 632.8 nm) in THF at 25 °C in Zimm mode. The
scattering angle was in the range of 30°-150°. The RI
increment dn/dc () 0.059 mL/g in THF) of p(tBA) star polymer
was measured with a differential refractometer (Photal DRM-
1021: Otsuka Electronics). Sample solutions were filtered
through membrane filters with a nominal pore of 0.2 µm just
before measurement.

The diffusion coefficient (D) of p(tBA) star polymer was
determined by the extrapolation to zero concentration on
dynamic light scattering (DLS: Otsuka Electronics) data with
cumulant method at 25 °C in THF. The scattering angle was
90°. The hydrodynamic radius (RH) of PAA star polymer was
determined by the CONTIN method on DLS at 25 °C in NaOH
aqueous solution.

SAXS Measurement. The SAXS intensity distribution was
measured with a rotating-angle X-ray generation (Rigaku
Denshi Rotaflex RTP300RC) operated at 40 kV and 100 mA.
The X-ray source was monochromatized to Cu KR (λ ) 1.5418
Å) radiation. In the measurement of the solution sample, a
glass capillary (φ ) 2.0 mm, Mark-Röhrchen Ltd.) was used
as a holder vessel. The SAXS patterns were taken with a fine-
focused X-ray source using a flat plate camera (Rigaku Denki,
RU-100). The SAXS intensity profiles plotted from the hori-
zontal section of the SAXS patterns without considering the
smearing correction.

Rheological Measurements. The measurements were
performed in an ARES rheometer (Rheometric Scientific) using
a cone-plate geometry (φ ) 25 mm, cone angle ) 0.04 rad).
Dynamic frequency sweep measurements were performed in
the linear viscoelastic regime, as determined previously by
dynamic strain sweep measurements. Concentrated solutions
were prepared by evaporating the water from diluted solution
under vacuum. The polymer concentration was gravimetrically
calculated. The solutions were transparent.

3. Results and Discussion

Synthesis and Dilute-Solution Properties of
P(tBA) Stars. Controlled/“living” radical polymeriza-
tion processes have proven to be versatile for the
synthesis of polymer with well-defined structures. Sev-
eral comprehensive reviews for controlled/“living” radi-
cal polymerization have been published.28-31 We syn-
thesized star polymers by the atom transfer radical
polymerization (ATRP) method. Table 1 lists polymer-
ization conditions and results for p(tBA) star polymers.
In no case were cross-linked or insoluble materials
observed. It is well-known that the apparent polydis-
persity of branched polymer is smaller than that of the
linear polymer. Therefore, this effect would be reflected
the results that the polydispersity of the star polymer
is smaller than that of the arm polymer. Figure 1 shows
typical GPC profiles of SM25 and the polymerization
product (SM25)97. The GPC peak at lower elution
volume in RI chart corresponds to the p(tBA) star
polymer. The GPC elution pattern of the second peak
is identical with that of SM25. Then, the polymerization
product (SM25)97 is a mixture of p(tBA) star polymer
and unreacted p(tBA) homopolymer. The conversion of
star polymer was 67.4%. Here, the radius of core (Rc)
was estimated by assumed that the density of poly-
(divinylbenzene) was equal to that of polystyrene be-
cause the yield of the star and the feed amounts of DVB
were known. We calculated the Rc from the equation
Rc ) (3f DP/4πFNA)1/3, where F is the density of polysty-
rene (1.01 × 104 mol/m3), NA is Avogadro’s number, and
Dp is the degree of the polymerization of the DVD
(including ethylstyrene) per one arm molecule. These
physical values were also shown in Table 1. Each star
(SM-F) was removed from the corresponding unreacted
p(tBA) homopolymer by the precipitation fractionation
with a THF-water system (see Figure 1). For example,
the sample code (SM25)97F means Mw of arm ) 2.5 ×
104 and arm number ) 97.

Table 1. Polymerization Conditions and Results of Star-Shaped p(tBA)sa

feed conditions arm star

code [M] (mmol/L) [DVB]/[M] (mol/mol) 10-4Mh w
b Mh w/Mh n

b 10-6Mh w
c Mh w/Mh n conversion (%) f Rc (nm)d

(SM17)30 30 7 1.7 1.21 0.53 1.09 71.4 30 2.26
(SM25)97 20 14 2.5 1.18 2.4 1.12 67.4 97 2.90

a All reactions carried out with [macroinitiator]:[CuBr]:[PMDETA] ) 1:1:1:1, under high vacuum at 120 °C in o-xylene. b Determined
by GPC using universal calibration on GPC. c Determined by SLS in THF. d Calculated by Rc ) (3f Dp/4πFNA)1/3. Dp ) the degree of
polymerization of DVB per one arm; F ) the density of polystyrene (1.01 × 104 mol/m3); NA ) Avogado’s number.
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We examined the dilute-solution properties of p(tBA)
star polymers using SLS and DLS in THF at 25 °C. The
observed physical values of p(tBA) star polymers are
listed in Table 2. The mutual diffusion coefficient D(c)
had an almost constant value against the polymer
concentration. As observed in (AB)n star block,32 proto-
type,33 and double-cylinder-type copolymer brushes,34

p(tBA) star polymers also formed a single molecule in
THF. The translational diffusion coefficient D can be
estimated by extrapolation of polymer concentration to
zero. The hydrodynamic radius (RH) can be estimated
by the Stokes-Einstein equation RH ) kT/6πη0D, where
k, T, and η0 indicate Boltzmann coefficient, absolute
temperature, and viscosity of solvent, respectively. The
ratio RG/RH is a sensitive fingerprint of the inner density
profile of star molecules and polymer micelles. The
values of RG/RH for stars were in the range 1.16-1.18.
It is well-known that RG/RH for unperturbed polymers
and hard spheres with uniform density are 1.25-1.3735

and 0.775,36 respectively. It is concluded that p(tBA) star
polymers behave not as hard spheres but as soft spheres
in dilute solution.

Dilute-Solution Properties of PAA Star Poly-
mers. The tert-butyl ester groups were hydrolyzed using
excess of formic acid. The hydrolysis seemed to proceed
almost perfectly from the disappearance of the proton
signal for the tert-butyl groups.

In recent years, Borisov et al.18 describe the confor-
mation of weak star-branched polyelectrolytes in dilute
solution and the dependence of the overall star size on
the number of branches. Thus, we examined the dy-
namics of PAA star polymers in dilute solution by
varying solution pH. Here, we define the normalized
first-order correlation function for the scattered electric

field g(1)(τ) from the sample, where τ is time. In a DLS
measurement, we obtain the second-order correlation
function, g(2)(τ). The two correlation functions are linked
via the Siegert relation

If the scattering medium has only one relaxation mode,
g(2)(τ) - 1 is simply given one exponential functions.
PAA star polymers with different numbers of charge are
measured. For (SMA25)97F star, the stars in pH 4.0, 6.6,
and 7.6 solutions are neutralized 0, 50, and 80 mol %
charges, respectively. Figure 2 shows the plots of the
translational diffusion coefficient D(c) as a function of
the polymer concentration (Figure 2a) and the correla-
tion function at 90° scattering angle for (SMA25)97F in
pH 4.0 solution. The diffusion coefficient D(c) had an
almost constant value against the polymer concentra-
tion. Also, the correlation function at various scattering
angles showed the identical one exponential decay to
that measured at 90° scattering angle. These results
indicate the absence of intermolecular interactions and
aggregation. For branched polyelectrolyte such as stars,
most of the counterions are trapped inside the stars
while the concentration of counterions in the interstar
regions is considerably smaller than the average value.
This can be shown by direct measurement of the osmotic
pressure of the counterions of salt-free solutions of the
spherical polyelectrolyte brushes by Ballauff et al.37

Groenewegen et al.38,39 have also reported the counter-
ions distribution in the coronal layer of polyelectrolyte
diblock copolymer micelles by means of the SANS
experiment. Löwen et al.24 showed that the counterions
above ca. 85% were trapped within arm polymer by
using molecular dynamics (MD) computer simulation.
They also found the tendency of the star polyelectrolyte
to increase the fraction of absorbed counterions as f and/
or degree of dissociation R increase. Therefore, the
constant value of D(c) and one exponential correlation
function for PAA star polymer should mean the weak
polyelectrolyte effect of interchain interactions. Hence,
the measured DH derived from the diffusion coefficient
shows narrow size distribution (Figure 2c) and reflects
the hydrodynamic dimension of PAA star polymer.
These PAA star polymers are expected to behave as soft
spheres as well as nonionic star polymers. The softness
of PAA stars is discussed in the next section. The
observed physical values of 80 mol % charged PAA star
polymers are listed in Table 3.

Structural Ordering of PAA Star Polymers. The
structural ordering of 80 mol % charged PAA star
polymers was investigated by means of SAXS in salt-
free aqueous solution, varying the polymer concentra-
tion. The ionic strength was kept constant for the
different polymer concentration. We measured first the
SAXS intensity profiles of the (SMA25)97F star at 4.7,
8.0, and 9.4 wt % of aqueous polymer solutions. These
polymer concentrations were higher than the C* (1.6
wt %). Figure 3 shows SAXS intensity profiles for the
(SMA25)97F, where q [) (4π/λ) sin θ] (where θ is one-
half the scattering angle) is the magnitude of the
scattering vector. The arrows and the values in paren-
theses indicate the scattering maxima and interplanar
spacing (d1/dn), respectively, calculated from the Bragg
reflection. At 4.7 wt % of polymer concentration (Figure
3a), the first five peaks appear closely at the relative q
positions of 1:x2:x3:x4:x5, as shown in parentheses.
The interplanar spacing (d1/dn) at the scattering angles

Figure 1. GPC profiles of star-shaped p(tBA) star (SM25)97,
fractionated star (SM25)97F, and macroinitiator SM25.

Table 2. Characteristics of Star-Shaped Poly(tert-butyl
acrylate)s

code 10-6Mh w
b

Mh w/
Mh n

a 10-4Mh w,arm
a f

RG
(nm)b

RH
(nm)c

RG/
RH

(SM17)30F 0.53 1.09 1.7 30 17.1 14.5 1.18
(SM25)97F 2.4 1.12 2.5 97 23.2 20.0 1.16

a Determined by GPC using universal calibration on GPC.
b Determined by SLS in THF. c Determined by DLS in THF.

g(2) ) 1 + |g(1)(τ)|2 (1)
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is relative to the angle of the first maximum according
to Bragg’s equation: 2d sin θ ) nλ (where λ ) 1.5418
Å). These values correspond to the packing pattern of
(110), (200), (211), (220), and (310) planes in a bcc
structure. Similar lattice patterns are also observed in
the SAXS profiles at 8.0 and 9.4 wt % of the polymer
concentration (Figure 3b,c). It is noticed that the first

peak shift to the side of high q position in the order of
the increment of the polymer concentration. This fact
means that Bragg spacing d1 became shorter with
increasing the polymer concentration.

The result of SAXS data obtained for (SMA17)30F
star was almost the same as that for the (SMA25)97F
star. That is to say, the structural ordering such as
a bcc lattice appeared above C*, and the packing
density increased with increasing the polymer concen-
tration.

We consider spatial packing of the cubic lattice in
aqueous solution. The measured Bragg spacing d1 is
related to the cell edge ac of the cubic lattice and the
nearest-neighbor distance of the spheres D0:

Table 4 lists the physical values on spatial packing
of the cubic lattice for 80 mol % charged (SMA17)30F
and (SMA25)97F. We carried out the double-logarithmic
plot of D0 as a function of polymer concentration. It is
found that the measured D0 is proportional to the
-0.34th power of the polymer concentration and fits
well with the -1/3 power expected for the homogeneous
system. This fact means that the spherical particles of

Figure 2. (a) Plots of translational diffusion coefficient D(c)
as a function of the polymer concentration for (SMA25)97F. (b)
Plot of correlation function for (SMA25)97F. (c) Size distribution
for (SMA25)97F.

Table 3. Characteristics of Star-Shaped Poly(acrylic
acid)s

code 10-6Mh w f RH (nm)a C* (wt %)b

(SM17)30F 0.32 30 25.0 14.5
(SM25)97F 1.7 97 35.0 20.0
a Determined by DLS in aqueous solution. b Calculated by the

equation C* ) 3Mh w/4πRH
3NA.

Figure 3. SAXS intensity profiles for (SMA25)97F: 4.7, 8.0,
and 9.4 wt %.

D0 ) (x3/2)ac ) x(3/2)d1 for bcc (2)
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PAA stars lead to isotropic shrinkage with increasing
the polymer concentration due to the softness of PAA
stars.

Rheological Measurements Figure 4 shows the
flow curves of 80 mol % charged (SMA25)97F in salt-
free aqueous solutions at the polymer concentrations of
4.7, 8.0, and 9.4 wt %. With increasing the polymer
concentration, the change of the flow behavior is ob-
served. At 5.0 wt % of the polymer concentration,
Newtonian flow is observed. The shear stress, σ, is
proportional to the shear rate, dγ/dt, as follows

and the viscosity η ) 49.2 mPa‚s. This means that the
interactions between the star polymers are very weak,
and the system is a homogeneous solution under shear-
ing. On the other hand, at 8.0 wt % of the polymer
concentration, non-Newtonian flow behavior is observed.
The rheological behavior in the plastic flow region
indicates the presence of a solidlike structure respon-
sible for a yield stress. The flow behavior with yield
stress σ0 ) 190 Pa for 9.4 wt % was observed (see Figure
4c). Similar rheological transition were observed for
(SMA17)30F. It is interesting that the changes in visco-
elasticity by varying the polymer concentration. The
dependence of the yield stress on the polymer concen-
tration and the comparison with hard spheres and other
colloidal systems would be very important, but this
information has been left unsolved in this work.

Figure 5 shows the frequency, ω, dependence of the
storage modulus, G′, and the loss modulus, G′′, of
(SMA25)97F in aqueous solutions at the polymer con-
centrations of 4.7, 8.0, and 9.4 wt %. At 4.7 wt % of the
polymer concentration (Figure 5a), G′ and G′′ exhibit
typical behavior for viscoelastic (Maxwellian) fluids.
That is, G′ scales with ω2 and G′′ does ω1. On the other
hand, for 8.0 wt % of the polymer concentration (Figure
5b), the crossover between G′ and G′′ is observed at ωc
) 10 rad/s. This indicates that the system at this
concentration becomes a viscoelastic fluid with a long
relaxation time at this frequency. At a higher frequency
than this critical frequency (ωc ) 10 rad/s), the system
behaves as a solid. However, for ω < ωc, it is a viscous
solution and flows. For 9.4 wt % of the polymer
concentration (Figure 5c), G′ has a larger modulus than
G′′ in the overall range of frequencies. These results
indicate that the structural transition from a weak
liquid ordering structure to a macrolattice structure is
by way of like a sol-gel transition. Similar behavior was
observed for (SMA17)30F, which shows the tendency
that the value of the storage modulus increased with
increasing the polymer concentration. The value of the

storage modulus would reflect the strength of the
interaction between star polyelectrolytes.

As mentioned in the Introduction, Löwen et al.24 have
examined the effective interactions of star polyelectro-
lytes using molecular dynamics (MD) simulations with
analytical theory. More recently, Jusufi et al.40 showed
the simplified effective interaction between two spheri-
cal polyelectrolyte brushes. They neglected the tiny
fraction of charge outside of the brush and presented
the effective interaction Veff(D) between two spherical
polyelectrolyte brushes, kept at center-to-center distance
D, as follows:

where R is the radius of the star, Rc is the radius of the
core, L ) R - Rc, and K is a D-dependent dimensionless
parameter obtained from the condition ∫VinF(r) d3r ) Q,

Table 4. Physical Values on Spatial Packing of Cubic
Lattices in Aqueous Solution

polymer concn
(wt %) q1 (nm-1) d1 (nm)a D0 (nm)b

(SM17)30F 4.8 0.19 33.0 40.5
7.9 0.22 28.5 35.0
9.1 0.26 24.1 29.6

11.5 0.30 20.9 25.6
(SM25)97F 4.7 0.19 33.0 40.5

8.0 0.21 29.9 36.6
9.4 0.25 25.1 30.7

a Calculated by d1 ) 2π/q1. b Calculated by D0 ) (x3/2)d1.

σ ) η dγ
dt

(3)

Figure 4. Flow behavior of (SMA25)97F: (a) 4.7, (b) 8.0, and
9.4 wt %.

Veff(D)
kBT

) Q
|e|[ 1

2RK (D ln2( D
2R) + 8Rc ln(Rc

R )) +

ln(2L
RK) - 2

Rc

L
ln(Rc

R )] (4)
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where F(r) ) A/r2 and the normalization factor A )
Q/(4πRK). This yields

In our case, because the star polyelectrolytes carry a
very high charge (almost every monomer along the
chain is charged), we expect a significant number of
counterions to be cylindrically condensed along the
rodlike chains. A simple estimate of the number of
condensed counterions can be obtained by considering
the Manning parameter, ê, which is defined as the ratio
of the Bjerrum length λB ) e2/(εkBT) (where ε denotes
the dielectric constant of the solvent, kB is Boltzmann’s
constant, and T is the absolute temperature) to the
distance a between two sequential charged sites. With
the Bjerrum length λB ) 7.1 Å (corresponding to water
at 25 °C), we obtain for the Manning parameter the
value ê ) (λB/a) ≈ 3. This implies that the number of
condensed counterions is Qcond ) Qbare(1 - 1/ ê), ap-
proximately two-thirds of the bare charge. As the bare
charge is roughly Qbare ) 3.5 × 104|e| for (SMA17)30F
and 1.9 × 105|e| for (SMA25)97F, the effective charge Q
) 1.2 × 104|e| and 6.3 × 104|e|, respectively. The effective
interaction between star polyelectrolyte was calculated
by using Rc (from Table 1), RH (from Table 3), and D0
(from Table 4). Figure 6 shows the plots of the storage
modulus G′ω)100 and the effective interaction Veff as a
function of C/C*. It is found from this figure that G′ω)100
and Veff of (SMA25)97F diverge for C/C* < 6. On the
other hand, gradual increasing of G′ω)100 and Veff of
(SMA15)30F can be seen. This type of behavior has been
discussed with nonionic stars. Likos et al. have pro-
posed the effective pair potential V(r) between two
nonionic star polymers.41 The stars with f < 64 show
only gradual increasing of V(r). For high f ) 128 and
256, however, V(r) diverges like colloidal particles. This
result for nonionic star agrees with our results. Namely,
(SMA15)30F PAA star would behave like a nonionic star
polymer due to decreasing of the effective charge with
increasing the polymer concentration. Therefore, G′ω)100
and Veff of (SMA15)30F PAA star would result in gradual
increasing for C/C* < 20. This speculation may be
verified by adding salt to monitor transition from
polyelectrolyte to nonionic behavior. We believe that
these star polyelectrolytes offer a new soft colloidal
system with many opportunities for tuning their be-
haviors. As the rheological data presented are rather
limited, however, they are only preliminary. A complete
rheological investigation is currently under way and will
be reported in the near future.

Figure 5. Viscoelastic behavior of (SMA25)97F at various
polymer concentrations.

Figure 6. Plots of the G′ω)100 and Veff as a function of C/C*.

K ) 1 - 2
Rc

R
+ D

2R[1 - ln( D
2R)] (5)

2916 Furukawa and Ishizu Macromolecules, Vol. 38, No. 7, 2005



4. Conclusions
Star-shaped poly(tert-butyl acrylate)s were synthe-

sized by the atom transfer radical polymerization (ATRP)
method. Subsequently, star-shaped poly(acrylic acid)s
were induced by hydrolysis of tert-butyl units. The
structural ordering of these stars was investigated
through small-angle X-ray scattering (SAXS) in aqueous
solution. Star with f ) 30 and f ) 97 formed a bcc
structure above the overlap threshold (C*). The nearest-
neighbor distance of the spheres (D0) decreased continu-
ously with increasing the polymer concentration. The
viscoelastic behavior of the stars was also investigated.
This system showed the transition from a Maxwellian
fluid of a weak liquid ordering to a solid of macrolattice
structure with increasing the polymer concentration.
The effective interaction between two star polyelectro-
lytes was evaluated by using Löwen’s prediction. It was
found that the effective interaction has stronger depend-
ence on the polymer concentration with increasing the
arm number.
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(41) Likos, C. N.; Löwen, H.; Watzlawek, M.; Abbas, B.;

Jucknischke, O.; Allgaier, J.; Richter, D. Phys. Rev. Lett.
1998, 80, 4450.

MA047777N

Macromolecules, Vol. 38, No. 7, 2005 Multiarm Star Polyelectrolytes 2917


