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Abstract

Self-assembling properties of an amphiphilic star block copolymer, 4-arm (PMMA-b-PAA), with poly(methyl methacrylate) core and poly-
(acrylic acid) shell, have been investigated in aqueous solutions. The stars have been observed to aggregate in a complex manner in aqueous so-
lutions, depending on the presence or absence of salt. Screening of the electrostatic repulsion between the polyelectrolyte blocks by adding salt
triggers the formation of worm-like micelles. The presence of worm-like micelles in saline solutions was revealed by Kratky analysis of the light
scattering data. The coexistence of different micellar morphologies was visualized by direct imaging by cryoTEM. Due to the balance between the
electrostatic and hydrophobic interactions semidilute solutions show interesting rheological properties. Shear thinning behavior of salt-free
solutions and their time-dependent gelation have been observed, thus indicating the strong tendency of the polymers to aggregate.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The self-assembling of amphiphilic block copolymers in so-
lution provides an intriguing way to produce nanostructures
with versatile compositions and various morphologies resem-
bling those observed in nature. The most common of these
supramolecular assemblies are not only spherical micelles,
worm micelles, and vesicles [1—3], but also more complex
morphologies can be obtained, such as multicompartment
micelles [4], toroids [5], and helices [6]. As solvent plays an
important role in the formation of noncovalent assemblies
[7], changing the solvent composition, ionic strength or pH
can induce the self-assembling of block copolymers or trigger
the transition between the assembled geometries [3,8—10]. It is
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essential to know the factors that influence the formation of
nanostructures, as precise control over the morphology of the
aggregates is required for the potential applications, such as
targeted drug delivery [11], nanolithography [12] and nano-
reactors [13]. Hence, studying the kinetics and mechanisms of
self-assembly [14,15], and trapping the morphologies by cross-
linking [16—18] have attracted much interest during recent
years.

In addition to associated linear block copolymers, aqueous
colloidally stable dispersions can be obtained, for instance,
from spherical polymer brushes prepared by fixing hydro-
philic polymers on the surface of particles or dendrimers
[19] or by synthesizing amphiphilic star polymers [20]. The
soft soluble outer layer contributes significantly to the overall
behavior of the brushes. A number of different polymer
systems representing this class of ‘soft colloids’ have been
studied with respect to their structural and dynamic properties
[21—28]. The softness of a colloidal system is described
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through the repulsive interactions between the objects (parti-
cles, micelles, polymer brushes, etc.) and varies from ex-
tremely soft linear polymer chains to nonoverlapping hard
spheres [25,29]. The softer the objects are, the more they can
interpenetrate and the more they can be compressed [25].
Spherical polymer brushes represent a system of intermediate
softness, which can be controlled by adjusting the ratio of the
thickness of the stabilizing layer to the core or by adjusting
the degree of grafting (number of arms in a star polymer)
[25,29]. The way these molecules further self-assemble influ-
ences their viscoelastic properties and thus their applicability,
for example, in surface coatings and as rheological control
agents and stabilizers.

Amphiphilic star block copolymers may exist in dilute
aqueous solutions as single molecules, ‘unimolecular mi-
celles’, and in this state the dimensions of individual stars as
well as the dynamics of the blocks can be investigated
[30,31]. Additionally, if the corona of the star polymer is com-
posed of a polyelectrolyte, it is likely to respond to changes in
the solvent salinity or pH. The micellar structures of block co-
polymers can be changed by a careful transfer from the solvent
preferred by one block to the solvent preferred by the other [1].
As star block copolymers have fixed configurations, transfer to
the solvent preferred by the inner block may lead to the precip-
itation of the polymers already at relatively low concentrations,
while in solvents preferred by the outer block colloidally stable
solutions may be obtained in a wide concentration range. Nev-
ertheless, the solubility is ultimately dependent on the ratio of
the block lengths [30,31]. In the case of amphiphilic stars
where the core is hydrophobic and the shell hydrophilic, the
core typically is in a solid-like state in water, resembling
a hard colloidal sphere in solution. The solubilized corona of
the molecule gives a polymer-like behavior to the particles.
Several research groups have reported the aggregation of am-
phiphilic star polymers in aqueous solutions [32—35], and mik-
toarm stars with both hydrophobic and hydrophilic arms have
been observed to form cylindrical and multicompartment
micelles in solution [4,36].

In this paper we describe the self-assembling of an amphi-
philic star block copolymer, 4-arm (PMMA-b-PAA), with
poly(methyl methacrylate) inner blocks and poly(acrylic acid)
outer blocks in aqueous solutions. The (PMMA-b-PAA), star
was dissolved directly in water, and no organic solvents or
dialysis was required. Light scattering was used to investigate
the polymer in saline solutions and the data were analyzed using
Kratky representation, revealing the presence of nonspherical
aggregates. Concentration dependence of viscoelastic proper-
ties of the solutions was examined in order to explore the
dynamics of the stars in the absence of salt. Direct imaging by
cryo-transmission electron microscopy (cryoTEM) was utilized
to visualize the morphologies of micelle-like aggregates, which
showed the coexistence of both spherical and worm-like
micelles in saline solutions. The association of the star-like
macromolecules resembles that of charged biopolymers, such
as actin, since a balance between attractive and repulsive
forces is required for the formation of cylindrical assemblies
and can be manipulated by the ionic strength of the solvent [37].

2. Experimental section
2.1. Materials

tert-Butyl acrylate (Aldrich), diphenyl ether (Merck) and
methyl methacrylate (Fluka) were dried with CaCl, or CaH,
and distilled in vacuum, the last one after the addition of
a small amount of hydroquinone. Trifluoroacetic acid (TFA,
Fluka), CuBr (99.999%), 2,2'-bipyridyl, N,N,N',N',N” -pentam-
ethyldiethylenetriamine (PMDETA) and ethylene carbonate
(all from Aldrich) were used as received. CuCl (Merck) was
purified as described by Nikitine et al. [38]. Dichloromethane
(Fluka) was dried on molecular sieves. The synthesis of the
multifunctional initiator, octa-2-bromoisobutyryltetraethyl-
resorcinarene, has been described earlier [39].

2.2. Syntheses and characterization

2.2.1. Synthesis of a star-like poly(methyl methacrylate)
macroinitiator (PMMA ),

The polymerization was carried out in a flask equipped
with a high vacuum valve. The flask was charged with the
initiator (224 mg, 1.25 x 10~* mol), 2,2"-bipyridyl (312 mg,
2.0 mmol), diphenyl ether (43 mL, 50% from the total volume
of the reaction mixture) and methyl methacrylate (40.0 g,
42.8 mL, 0.40 mol). The solution was degassed by two
freeze—thaw cycles under high vacuum, followed by the addi-
tion of CuCl (98.7 mg, 1.0 mmol) and three freeze—thaw cy-
cles. The flask was placed in an oil bath thermostated at
90 °C. As the star polymerization of methyl methacrylate is
prone to bimolecular coupling, the polymerization was termi-
nated at low conversion (Table 1). After the reaction time of
13 min, during which the polymerization reached 13.1% con-
version, the solution was cooled by dipping the flask into liquid
nitrogen. The solution was brought to room temperature, after
which the content was dissolved in THF and passed through
a column packed with silica (4/5) and neutral alumina (1/5)
in two layers to remove the copper salts. The polymer was pre-
cipitated in methanol and dried in vacuo at room temperature.
The polymer was purified by dialysis in THF, precipitated and
lyophilized. The multifunctional resorcinarene-based initiator
in this polymerization produces star-like polymers with
4 arms at the studied reaction conditions due to steric hin-
drance, which has been discussed earlier [39,40]. Despite the
low conversion, the presence of coupled stars was revealed
by static light scattering in THF, which gave weight-average
molar mass M, 88,800 g/mol while the M, determined by
SEC was 40,500 g/mol. In our experience on parallel determi-
nation of molar masses by SEC and SLS, this large difference
in molar masses does not stem from the calibration of SEC by
linear standards. Nevertheless, the SEC trace given by the RI
detector (Fig. 1) is nearly symmetrical, indicating a very low
fraction of coupled stars.

"H NMR (200 MHz, CDCls) 6 ppm: 0.78, 0.95, 1.15, 1.32
and 1.39 (3H, >C(CH3)—), 1.75 and 1.82 (2H, —CH,—), 3.53
(3H, —CH3), 3.70 (3H, —CHj;, endgroup). Molar mass M,
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Table 1

Characteristics of a star-like (PMMA), homopolymer, the corresponding (PMMA-b-ptBA), block copolymer, and the amphiphilic (PMMA-b-PAA), star

Polymer Conv (%) M,, (theor) (g/mol) M, (NMR)® (g/mol) M, (SEC) (g/mol) PDI M,, (SEC) (g/mol) M,, (SLS) (g/mol)
(PMMA), 13.1 43,600° 26,700 31,100 1.30 40,500 88,3002
(PMMA-b-ptBA), 19.8 112,400P 90,200 102,600 1.33 137,700 400,000
(PMMA-b-PAA), 61,300° 71,200" 1.33

4 M, (theor) = [M]/[I] x conv X M(monomer) + M(initiator), where ‘conv’ is for conversion.

> M, (theor) = [MJ/[I] x conv x M(monomer) + M, (SEC, macroinitiator).

© Estimated by 'H NMR analysis.

4 Calculated from M, (NMR) of (PMMA-b-ptBA), after the hydrolysis of rert-butyl ester groups.
¢ SEC determinations in THF using calibration by poly(methyl methacrylate) standards.

' Calculated from M, (SEC) of (PMMA-b-ptBA), after the hydrolysis of ferr-butyl ester groups.

€ Determined by static light scattering in THF, dn/dc = 0.092 mL/g.
" Determined by static light scattering in toluene, dn/dc = —0.032 mL/g.

(NMR) was estimated by comparing the signal of the
endgroup to the signals from —CHj groups.

3C NMR (200 MHz, CDCl5) 6 ppm: 16.47 and 18.73 (1C,
>C(CH3)—), 44.82 (1C, —CH,—), 51.79 (1C, —OCH3), 54.37
(1C, >C(CH3)—), 177.00 and 177.85 (1C, >C=O0).

FT-IR (solid, ATR) cm™': 750 (w), 810 (w), 841 (w), 966 (W),
988 (m), 1062 (w), 1146 (s), 1191 (m), 1241 (m), 1269 (m), 1368
(w), 1388 (w), 1435 (m), 1483 (w), 1726 (s), 2950 (W), 2994 (w).

2.2.2. Synthesis of a star block copolymer (PMMA-b-ptBA)4
The polymerization was carried out in a flask equipped with
a high vacuum valve. The star-like poly(methyl methacrylate)
macroinitiator (1.5 g, 4.8 X 10> mol) with molar mass
31,100 g/mol and ethylene carbonate (3.31 g, 37.6 mmol,
16.8% from the mass of the monomer) were dissolved in
tert-butyl acrylate (19.8 g, 0.15mol, 22.6 mL). PMDETA
(41.6 uL, 33.4 mg, 0.19 mmol) was added to the solution and
the solution was degassed by two freeze—thaw cycles. CuBr
(27.8 mg, 0.19 mmol) was added, followed by three freeze—
thaw cycles. The solution was stirred at room temperature for
5 min before placing it in an oil bath thermostated at 90 °C.
Acrylates have a lower tendency towards coupling side reac-
tions than methacrylates [41] and hence, the polymerization
was terminated at a slightly higher conversion (Table 1) than
one of the macroinitiators. After the reaction time of 28 min,
during which the polymerization reached 19.8% conversion,
the solution was cooled by immersing the flask into liquid

(PMMA-b-ptBA), (PMMA),
M,, = 102600 g/mol M,= 31100 g/mol
PDI =1.33 PDI =1.30

7
e o s S e o
24,00 26,00 28,00 30,00 32,00 34,00
Minutes

Fig. 1. SEC traces of star-like (PMMA), macroinitiator and corresponding
(PMMA-b-ptBA), block copolymer.

nitrogen. The solution was brought to room temperature, after
which the content was dissolved in THF and passed twice
through a column packed with silica (4/5) and neutral alumina
(1/5) in two layers. The polymer was precipitated in a mixture
of methanol and water (8:2), washed with water and lyophi-
lized. According to SEC, the molar mass had increased during
polymerization, but a part of the macroinitiator had not reacted,
and therefore the polymer was purified by ultrafiltration in
acetone using regenerated cellulose membrane (NMWL
100,000 g/mol, Millipore), followed by precipitation as above.
During this procedure some of the block copolymer may have
been lost. The unimodal and symmetrical SEC traces of the
block copolymer after this procedure are shown in Fig. 1.
The successful block copolymerization can also be confirmed
from the disappearance of the signal from the endgroups of
(PMMA), at 3.70 ppm (Fig. 2a and b). The molar ratio of the
blocks, determined by '"H NMR, is 1:2 (PMMA:ptBA), which
is in accordance with the ratio estimated from the molar masses
given by SEC. The composition of the block copolymer calcu-
lated from the ratio of the blocks and the value of M, (SEC)
(Table 1) is (PMMA,3-b-ptBA43)4. The M,, of the purified
block copolymer given by SEC in THF was 137,700 g/mol
and the M,, given by static light scattering in toluene was
400,000 g/mol (Table 1).

The SEC instrument was calibrated using linear poly-
(methyl methacrylate) standards, which naturally causes ex-
perimental error in the molar mass results of the star-like block
copolymer. The results given by static light scattering may
also deviate from the actual molar mass because of the pos-
sible difference in the refractive index increments (dn/dc)
of PMMA and ptBA blocks, or because of the presence of
coupled block copolymer stars due to star—star coupling re-
actions during the synthesis. Moreover, contrast between the
solvent and the star block copolymer was very low (the dn/dc
of the star block copolymer in toluene was —0.0315 mL/g at
A =488 nm).

'H NMR (200 MHz, CDCl;) 6 ppm: 0.78, 0.95 and 1.06
(3H, >C(CH3)—, PMMA), 1.37 (9H, —C(CH>)3, ptBA), 1.75
and 1.82 (4H, —CH,—), 2.18 (1H, —CH—, ptBA), 3.53 (3H,
—CH;, PMMA). Molar mass M, (NMR) was estimated by
using the block ratio and the M, (NMR) of (PMMA),.

3C NMR (200 MHz, CDCl3) 6 ppm: 16.46 (1C, >C(CH3)—,
PMMA), 28.07 (3C, —C(CHs;);, ptBA), 35.88 (1C, —CH—,
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Fig. 2. "H NMR spectra of the star-like polymers. Spectral assignments are
listed in Section 2 where the most important signals for the characterization
have been highlighted. (a) (PMMA), in CDCl;, (b) (PMMA-b-ptBA), in
CDCl;, (¢) (PMMA-b-PAA), in acetone-d¢/D,O. The signals from solvents
have been marked by asterisks.

ptBA), 41.92 (1C, —CH,—, ptBA), 44.56 (1C, —CH,—,
PMMA), 51.78 (1C, —OCH;, PMMA), 54.36 (1C, >C(CH3)—),
PMMA), 80.33 (1C, —C(CH,)s, ptBA), 174.16 (1C, >C=O0,
ptBA), 176.96 and 177.80 (1C, >XC=0, PMMA).

FT-IR (solid, ATR) cm™': 751 (w), 845 (m), 908 (W), 963
(w), 992 (w), 1035 (w), 1062 (w), 1144 (s), 1254 (m), 1335
(w), 1367 (m), 1393 (w), 1448 (w), 1480 (w), 1725 (s),
2935 (w), 2978 (W), 2997 (w).

2.2.3. Conversion of (PMMA-b-ptBA), star block copolymer
to amphiphilic (PMMA-b-PAA),

Hydrolysis with trifluoroacetic acid in dichloromethane de-
scribed by Ma and Wooley [16] was used to yield star-like
(PMMA-b-PAA), (shown in Scheme 1). Block copolymer
was dissolved in dry CH,Cl,. Trifluoroacetic acid (5 equiv to
the tert-butyl ester) was added and the mixture was stirred at
room temperature for 24 h. The course of the reaction was
monitored by '"H NMR from the disappearance of the reso-
nance signal from protons in fert-butyl ester at 1.37 ppm.
The signal from the —CH— protons of poly(zert-butyl acrylate)
at 2.18 ppm disappeared while that of poly(acrylic acid) ap-
peared at 2.39 ppm upon hydrolysis. No cleavage of the
methyl ester groups of poly(methyl methacrylate) was ob-
served during the 24 h reaction time. The solution was concen-
trated by evaporation. The polymer was precipitated in diethyl
ether and dried in vacuo at room temperature. (PMMA-bH-
PAA), polymer was dialyzed in a water—acetone mixture
(3:1), after which a part of the acetone was evaporated. The
polymer was precipitated in diethyl ether, dissolved in water
and dried in vacuo at room temperature. Since the dry polymer
did not redissolve in pure water, it was dissolved in 0.01 M
NaOH (aq) solution. Ion exchange resin (Dowex 50W, Fluka)
was added to the solution, the mixture was stirred for 30 min
and filtered. The polymer solution was dialyzed in water and
lyophilized. The FT-IR spectrum of the dry amphiphile
showed a broad band of —COOH at v > 2400 cm ™' confirming
the cleavage of tert-butyl functionalities. The selective cleav-
age changed the solubility of the star block copolymer signif-
icantly turning the polymer soluble in water and insoluble in
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Scheme 1. Amphiphilic (PMMA-b-PAA), star block copolymer.
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organic solvents, such as THF or CHCl;. The extent of hydro-
lysis was estimated from the 'H NMR spectrum of the purified
polymer (Fig. 2c), being 98%. Hence, the molar mass of the
final amphiphile is 71,200 g/mol when calculated from M,
(SEC) and 61,300 g/mol from M, (NMR). The M,, of the am-
phiphile was estimated using the former value and the polydis-
persity of the (PMMA-b-ptBA), precursor given by SEC,
giving M, 94,700 g/mol. Here we have assumed that the poly-
dispersity does not change during the hydrolysis of ptBA
blocks. The amphiphilic character of the polymer was demon-
strated by 'H NMR spectroscopy: the resonance signals from
PMMA core of the stars could not be seen in D,O, whereas in
the mixtures of acetone-dg/D,0 the intensities of the signals of
PMMA increased upon increasing the fraction of the good sol-
vent, acetone-dg, indicating that in water the insoluble PMMA
core is hidden within the uni- or multimolecular micelles
formed by the (PMMA-b-PAA), stars. This observation is con-
sistent with the results of amphiphilic stars previously reported
in literature [20,42].

'"H NMR (200 MHz, acetone-de/D,0 7:3) ¢ ppm: 0.81, 0.96
and 1.20 (3H, >C(CH3)—, PMMA), 1.37 (9H, —C(CH3)s,
ptBA), 1.65 and 1.87 (6H, —CH,—), 2.39 (1H, —CH—, PAA),
3.59 (3H, —CH;, PMMA).

3C NMR (300 MHz, acetone-d¢/D,O 7:3) 6 ppm: 16.71
(1C, >C(CH3)—,PMMA), 35.07 (1C,—CH—, PAA), 41.79 (1C,
—CH,—, PAA), 44.61 (1C, —CH,—, PMMA), 51.98 (1C,
—OCH;, PMMA), 54.41 (1C, >C(CH3)—), PMMA), 177.52
(1C, >C=0, PMMA and 1C, >C=0, PAA).

FT-IR (solid, ATR) cm™': 750 (m), 804 (m), 840 (w), 912
(W), 965 (w), 985 (w), 1060 (w), 1148 (s), 1189 (s), 1238 (s),
1366 (w), 1408 (w), 1449 (m), 1484 (w), 1547 (w), 1720 (s),
2400—3686 cm ™" (br), 2950 (m), 2992 (w).

2.3. Sample preparation

Ultra high quality water purified by Elga Purelab Ultra sys-
tem was used for the preparation of all solutions. The solutions
were prepared by direct dissolution of the (PMMA-b-PAA), in
water to give 15 mg/mL, 8 mg/mL or 5 mg/mL solutions,
which were equilibrated for 24 h before use. A series of con-
centrations for rheological studies (15—0.17 mg/mL) were ob-
tained by consecutive dilutions. Saline solutions for light
scattering and cryoTEM were prepared by the addition of con-
centrated NaCl (5.0 M) solution to a known volume of 5 mg/
mL or 8.5 mg/mL aqueous polymer solution until the concen-
tration of NaCl was 0.1 M. The dilutions from this solution
were made using aqueous 0.1 M NaCl solution.

2.4. Methods

2.4.1. NMR measurements

The conversions of the polymerizations and the composi-
tions of the polymers were determined by a Varian Gemini
2000 NMR spectrometer operating at 200 MHz for "H NMR
and at 50.3 MHz for '*C NMR, or by a Varian UnityINOVA
NMR spectrometer operating at 300 MHz for protons and
75.4 MHz for '*C. The chemical shifts are presented in parts

per million downfield from the internal TMS standard or with
respect to a solvent resonance line. Molar mass M,, (NMR)
was estimated for the (PMMA), homopolymer by comparing
the signal of the endgroup to the signals from —CHj groups,
and for the (PMMA-b-ptBA), by using the block ratio as well as
the M, (NMR) of (PMMA),. The results are shown in Table 1.

2.4.2. Size exclusion chromatography

The SEC analyses were performed with a Waters instru-
ment equipped with a Styragel guard column, 7.8 x 300 mm
Styragel capillary column and Waters 2487 UV and Waters
2410 RI detectors. THF was used as an eluent with a flow
rate 0.8 mL/min. The calibration was performed with poly-
(methyl methacrylate) standards from PSS Polymer Standards
Service GmbH.

2.4.3. Rheology

The viscoelastic properties were studied with a TA Instru-
ments AR2000 stress controlled rheometer at 20 °C. Double
concentric cylinder geometry with stator inner radius of 20 mm
and outer radius of 22 mm was used as measuring geometry.
The volume of the sample was 7.0 mL. In order to avoid sol-
vent evaporation from the sample the measuring chamber was
covered with a lid. For the steady-shear measurements, shear
rates ranging from 0.1—1000 1/s to 1000—0.1 1/s were applied.
Zero-shear viscosities were calculated using TA Instruments
in-built data analysis software using Cross fitting procedure:
770 N (1)

- -I7+ [l ]
T T ey T

in which 7 is the zero-shear viscosity, 7 is the viscosity at
high shear, v is the shear rate, « is the consistency index
and 7 is the slope of the curve at the inflection point. Relative
viscosities 7, were obtained by division of zero-shear viscosity
of the solutions by the measured solvent viscosity. Intrinsic
viscosity [n] was determined by the extrapolation of the re-
duced viscosities g = (1 — 1)/c (polymer) to zero polymer
concentration. For the linear viscoelastic measurements
frequency sweeps were made in the linear response regime,
determined by a stress sweep.

2.5. Light scattering

Static (SLS) and dynamic (DLS) light scattering measure-
ments were conducted with a Brookhaven Instruments BI-
200SM goniometer and a BI-9000AT digital correlator. Ar la-
ser (LEXEL 85, A=514.5 nm or A =488.0 nm) was used as
a light source. In dynamic light scattering the time autocorre-
lation function of scattered light intensity

Ga(1) = (1(0)I(1)) 2)

was collected in self-beating mode. The correlation function
was analyzed by the inverse Laplace transform program
CONTIN to obtain distributions of relaxation times, 7, of corre-
sponding correlation functions of electric field, G(¢), or distri-
butions of hydrodynamic radii R;,. The values of refractive index
and viscosity of water were used for the aqueous solutions. The
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temperature was 20 °C and the range of studied scattering an-
gles was 30—155°, both for dynamic and static light scatterings.
The equipment was calibrated using toluene. The SLS data were
treated using Zimm’s double extrapolation method. The specific
refractive index increments (dn/dc) of the PMMA star in THEF,
of the PMMA-b-ptBA star in toluene, and of the amphiphilic
star in aqueous 0.1 M NaCl were determined at 20 °C from re-
fractive indices measured by Billingham & Stanley Abbe60/ED
refractometer using the same source of incident light. The dn/dc
for the PMMA star in THF was 0.092 mL/g (A =1514.5 nm)
[39], the dn/dc for the PMMA-b-ptBA star in toluene was
—0.032 mL/g (A =488 nm), and the dn/dc of the amphiphilic
polymer in aqueous 0.1 M NaCl was 0.157mL/g (A=
514.5 nm). The literature value for poly(acrylic acid) is
0.158 mL/g (0.1 M NaCl, 30 °C, A =436 nm) [43].

2.6. Cryo-electron microscopy

Aliquots (3 pL) of (PMMA-bh-PAA), at 5 mg/mL in water
or in 0.1 M NaCl were pipetted onto 400 mesh copper grids
covered with a holey carbon film (Quantifoil R 2/2) and vitri-
fied by plunging into liquid ethane [44]. Samples were main-
tained at —180 °C in a Gatan 626 cryoholder whilst images
were recorded on a FEI Tecnai F20 field emission gun trans-
mission electron microscope (Electron Microscopy Unit, Insti-
tute of Biotechnology, University of Helsinki) at 200 kV under
low-dose conditions at a nominal magnification of 50,000 x on
Kodak SO163 film. Micrographs that were free of drift
and astigmatism were digitized at 7 um intervals on a Zeiss
Photoscan TD scanner resulting in a nominal sampling of
1.4 A pixel .

3. Results and discussion
3.1. Light scattering

The investigated amphiphilic star block copolymer,
(PMMA-b-PAA),, is illustrated in Scheme 1, and the descrip-
tion of the amphiphile and its precursors is in Table 1, as
well as in the Section 2. The (PMMA-b-PAA), star dissolved
well in water, but in the aqueous 0.1 M NaCl solutions (poly-
mer concentrations ¢ > 0.015 mg/mL) were opaque, indicating
the presence of particles that are larger than in the absence
of salt and that have sizes comparable to the wavelength of
light. Due to the low scattering intensity, the light scattering
measurements were not conducted at polymer concentrations
below 0.015 mg/mL. The molar mass of these particles was
measured in aqueous 0.1 M NaCl by static light scattering
for the polymer concentration range 0.015—0.09 mg/mL using
Zimm’s double extrapolation method, which gave the weight-
average molar mass M,, = 28.6 x 10° g/mol and radius of gyra-
tion R, =98 nm. This value of molar mass corresponds to the
aggregation number N,,, ~ 300, obtained by dividing the M,,
by the estimated M,, of the amphiphile (94,700 g/mol). The
aggregation number is higher than, for instance, the value
reported by Burguicre et al. [45] (N,z, = 63, corresponding
R, =67 nm) for the aqueous K,COj3 solution of the spherical

aggregates formed by an amphiphilic poly(styrene)-block-
poly(acrylic acid) star block copolymer with 3 arms and
the same block ratio, but significantly lower molar mass
(5500 g/mol).

The distributions of relaxation times of G(f) correlation
functions, 7, were determined by DLS for the amphiphilic
star in the range of polymer concentrations (¢ =0.031—
8.53 mg/mL) in aqueous 0.1 M NaCl. Some typical relaxation
time distributions obtained at 90° measuring angle are shown
in Fig. 3. CONTIN algorithm is based on the Laplace inver-
sion and is known to fail in some cases (such as broad size dis-
tributions) due to generally ill-conditioned problem of fitting
the correlation functions [46]. Therefore, depending on the fit-
ting parameters, the Laplace inversion gave either bimodal
or broad monomodal distributions of relaxation times. Other
origins of bimodal size distributions could be intermolecular
interactions (such as aggregation, too high polymer concentra-
tions, or the polyelectrolyte effect) or the coexistence of both
rotational and translational diffusion processes typical for
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Fig. 3. Relaxation time distributions obtained at various polymer concentra-
tions in aqueous 0.1 M NaCl at 90° scattering angle.
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nonspherical species, such as rod-like micelles [47,48]. The
nature of the relaxation processes was investigated for
a 5 mg/mL solution through the dependence of relaxation
rate I' on the squared amplitude of the scattering vector, ¢°.
The mean relaxation rates from the broad monomodal distri-
butions exhibit a linear dependence on ¢, and the linear fit
to the data passes through the origin, indicating that the relax-
ation times arise from translational diffusion [47].

For a 0.625 mg/mL solution, the relaxation time distribu-
tion yields the mean hydrodynamic radii R,,(mean) = 111 nm.
However, the maximum radius, Reqr, Of a single (PMMA ;3-b-
ptBA43)4 star is 54 nm, given by the contour length of an arm.
As the hydrophobic core of the amphiphilic star is collapsed in
aqueous solutions, the actual hydrodynamic radius of a single
star is expected to be lower than Ry,c,,. In addition, the hydro-
dynamic radius of the hydrophobic (PMMA-b-ptBA), precur-
sor was 7.9 nm in THF, which along with the Rcor suggests
that the Ry(mean) does not correspond to the hydrodynamic
radius of a single amphiphilic star but rather represents inter-
molecular association.

There is a minor variation between the shape of the relaxa-
tion time distributions and the corresponding R,(mean) within
the studied range of polymer concentrations. The R,(mean)
decreases only slightly upon dilution. The normalized intensity
autocorrelation functions of two polymer concentrations
(0.25 mg/mL and 5.0 mg/mL, Fig. 4) obtained at 30° scattering
angle show that the shape of the correlation function does not
change considerably upon changing the polymer concentration,
though the mean relaxation time shifts towards lower values.
The corresponding correlation functions of the electric field
in the insets of Fig. 4 clearly show the deviation from a single
exponential decay due to the polydispersity of the studied
samples.
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Fig. 4. Examples of normalized autocorrelation functions of the intensity of
scattered light, G,(¢), measured at 20 °C and 30° scattering angle. Solid square
() corresponds to polymer concentration 5 mg/mL and open triangle ( A ) to
0.25 mg/mL, both in aqueous 0.1 M NaCl solution. The insets show corre-
sponding correlation functions of electric field, G,(f), where dashed lines
has been added as guide for eye and correspond to a single exponential decay.
Enlarged symbols show the data points corresponding to the same delay time
of the functions.

The normalized second cumulant, (u,/I" 2)q2, is a measure
of the polydispersity of the decay rate distribution and it
was obtained using the second order cumulant fit:

1 1
lnGl(t):—Ft+—u2t2—§/.¢3t3+... (3)

2!

I'=7""is the decay rate also called the first cumulant, u, and
w3 are the second and third cumulants, g = (47tny/Ag)sin(6/2) is
the amplitude of the scattering vector, n is the refractive index
of the solvent, A, is the wavelength in vacuum, and @ is the
scattering angle. The inset in Fig. 5 shows that the normalized
second cumulant extrapolated to 0° scattering angle is nearly
constant and its average value of 0.27 is typical for poly-
disperse samples. This, along with the relaxation time dis-
tributions, refers to the stability of the aggregates: once the
aggregates are formed, the system seems to be rather stable
towards dilution by aqueous 0.1 M NaCl solution. The stability
of the aggregates was confirmed by the fact that no significant
changes in the size distributions were observed during 6 weeks
storage in a refrigerator or upon gradual heating of the solution
to 50 °C within 4 h.

The most expected conformation of supramolecular aggre-
gates of amphiphilic star-like polymers is a sphere [35]. Fig. 5
depicts the angular dependence of the average values of the
diffusion coefficient Dy = I'/g*. As the diffusion coefficient
of the monodisperse spherical species, such as micelles, has
no angular dependence, our results indicate that the depen-
dence originates either from polydispersity of the studied ag-
gregates or from their nonspherical shape. The angular
dependence of the diffusion coefficients was observed within
the whole range of studied polymer concentrations in aqueous
0.1 M NaCl solution.

The radius of gyration R, of the amphiphile was calculated
for 5 mg/mL and 1.25 mg/mL aqueous solutions in 0.1 M
NaCl from the linear region of the particle scattering function,
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Fig. 5. The diffusion coefficients I'lq? = Dy as a function of ¢* for 0.25 mg/mL
(open triangles), 1.25 mg/mL (open squares), and 5 mg/mL (solid diamonds)
polymer solutions at 0.1 M NaCl. The values of I" have been obtained by sec-
ond order cumulant fit. The inset depicts the values of normalized second cu-
mulant, (u,/T%)¢?, representing the polydispersity of the decay rate distribution
at 0° scattering angle, as a function of polymer concentration.
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P(q) = R4/Ry—p, which gave the values of R,=127.9 nm and
162.5 nm, respectively. Fig. 6 shows Kratky representation
(ng)zP(q) versus ¢gR, for solutions of the same polymer con-
centrations. At low values of ¢R, the particles resemble a com-
mon random coil as they are seen in the scattering experiment
comprising a large number of Kuhn segments, and therefore,
theoretical particle scattering functions shown in Fig. 6 coin-
cide [49,50]. At large values of gR, (¢R; > 2) shorter sections
of the particles are probed and the structure of the particles can
be revealed by the Kratky plot, in which the asymptotic part is
strongly amplified making the differences in structure distin-
guishable. Thus, for star-like polymers with the low number
of arms a model of a random coil may still be valid, whereas
increasing the number of arms leads to the Debye—Bueche
behavior typically describing branched structures [51,52].
The experimental data obtained from the 5 mg/mL solutions
of the amphiphilic stars in the gR, > 2 region coincide well
with the theoretical predictions representing either polydis-
perse rods [53] or worm-like chains [54,55]. The difference
between the curves of two polymer concentrations may arise
from the polydispersity of the structures formed in the
1.25 mg/mL solution. For more precise conformation analysis
one needs either other scattering techniques providing larger
g-values (X-rays or neutrons) or other research methods. In
this study we employed electron microscopy (see below) in or-
der to visualize the structures formed in the same 5 and
1.25 mg/mL solutions, and thus verify the conclusions from
the light scattering data.

The ratio of the radius of gyration, R, and the hydrody-
namic radius, Ry, R./Ry, has frequently been used to describe
the structure of the species in solution. R,/Ry(mean) is 1.54 for
the 5 mg/mL solution of the amphiphile and 1.50 for the

wormlike

Debye-Bueche

polydisp.

rod

(R T
0 1 2 3 4 5

Fig. 6. Kratky representation (ng)zP(q) versus gR, of the experimental parti-
cle scattering functions, P(q) =R4/Ry—o, for 5 mg/mL (open symbols) and
1.25 mg/mL (solid symbols) solutions of the amphiphilic stars. Theoretical
curves for model macromolecular structures have been added for comparison
as solid lines.

1.25 mg/mL solution. The literature value of R./R, for rigid
rods is >2.0, both for mono- and polydisperse systems and
hence, the values of Ry/Ry(mean) would rather refer to random
coils (literature values of R./R, = 1.50 for monodisperse and
2.05 for polydisperse systems in good solvent) or regular stars
(literature value for R,/R,, = 1.33 for a 4-arm star in 6 solvent)
than rigid rods [56]. However, one must bear in mind that the
relaxation time distributions indicate a polydisperse system,
and if there are various types of aggregates present in the
solution, the values of R,/R;, may not be applied.

3.2. Viscoelastic behavior of salt-free aqueous solutions

The rheological behavior is dependent on the structure of
the species in solution and thus, the interactions between the
amphiphilic stars, or rather between their aggregates as indi-
cated by the cloudiness of the aqueous solutions, were investi-
gated by the rheological methods in the absence of salt. The
addition of salt (0.1 M NaCl) reduced the viscosities of the so-
lutions close to that of the solvent and resulted in shear induced
precipitation due to decreased electrosteric stabilisation of the
aggregates having a polyelectrolyte shell. This solution behav-
ior resembles the one described by Korobko et al. [28] for
strongly interacting micelles of linear poly(acrylic acid)-
block-poly(styrene) that has interpenetrated polyelectrolyte
coronal layers, which could be an additional reason for the
precipitation of the studied star polymers at high polymer
concentrations. Because of the precipitation, rheological inves-
tigations were not conducted in the presence of salt. The vis-
cosity curves of some of the aqueous polymer solutions are
depicted in Fig. 7. The solutions with low polymer concentra-
tions (<1.6 mg/mL) exhibited Newtonian flow throughout the
studied shear rates, whereas shear thinning was observed at
higher polymer concentrations (2—15 mg/mL). The onset of
shear thinning was around shear rate 40—80 1/s, shifting to
lower shear rates with increasing concentration. There was
no significant hysteresis in the flow curves during subsequent
experiments, suggesting that the structure of the solution
does not change irreversibly during the measurements.

The analysis of the flow curves by Cross fitting procedure
(Eq. (1)) gave zero-shear viscosities, which yield the relative
viscosity 7. = no/ns when divided by solvent viscosity 7.
The critical overlap concentration c* of the salt-free solutions
was calculated from the intrinsic viscosity [7] of the dilute
regime (c* = [n]~"), which gave c* = 1.7 mg/mL. The strong
increase in the relative viscosities above the concentration c*
where the aggregates of the polymers start to overlap, in the
present case at 1.7 mg/mL (inset in Fig. 8), is typical for
micellar systems [25]. The ¢* in a saline solution could not
be measured by this technique but it may be assumed to be
somewhat higher than in pure water due to lower viscosities
of the solutions.

The concentration dependence of 7, above the c* reflects
the “softness” of colloidal systems, since the zero-shear
viscosity of hard-sphere systems diverges at the maximum
packing fraction while for polymer-like samples a lower scal-
ing factor is expected. In the present case the viscosity of the
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Fig. 7. Flow curves of the amphiphile in distilled water at different concentra-
tions: (O) 15 mg/mL, (X) 8.0 mg/mL, ( A ) 7.0 mg/mL, (l) 5.0 mg/mL, ([J)
3.9 mg/mL, and ( A ) 3.0 mg/mL. The inset shows the relative viscosity against
the concentration of the amphiphile.

aggregated stars above the c¢* scales up approximately as
Nl % ¢>°, which is the theoretical scaling of linear polymers
above c* [21,57]. The weak shear thinning behavior and the
observed concentration dependence indicate that the star poly-
mers do not behave as hard spheres and they do not form an
interconnected network at the studied concentration range.
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Fig. 8. Storage and loss moduli versus frequency of the amphiphile at concen-
tration of 15 mg/mL (IM,J), 8.0 mg/mL ( A,A) and 3.9 mg/mL (¢ ,<) in
water directly after flow measurement and of 15 mg/mL (@ O) after 14 h
waiting. Filled symbols are for G’ and open symbols for G”. The straight lines
show theoretical scaling of the moduli as G’ scales up ~w' and G” ~w”.

The amphiphilic star shows striking time-dependent visco-
elastic properties in a semidilute solution (15 mg/mL). Fig. 8
shows the frequency dependencies of the storage (G') and
loss (G") moduli for various polymer concentrations. The sam-
ples presheared in a flow measurement with a maximum shear
rate of 1000 1/s behave as a viscous liquid as G” exceeds G’
throughout the studied frequency range. The moduli for the
15 mg/mL presheared sample scale with frequency as it is typ-
ical for viscoelastic Maxwellian fluids, that is, G” scales with
w? and G’ with w'. However, after the 15 mg/mL sample was
allowed to stand undisturbed in the measuring cylinder, the
elastic modulus built up slowly and after 14 h the sample
reached a soft gel-like behavior with G’ > G” over the entire
studied frequency range. The fluid-like character reappeared
upon shearing the gel. The slow gelation may stem from the
formation of a physical network owing to hydrophobic interac-
tions or to the interpenetration of the coronal layers. Due to the
repulsion between the PAA chains in the absence of the salt,
the association between the micelles can be easily broken after
which the sample exhibits fluid-like character.

It has been reported that elongated or worm-like micelles
exhibit gel-like behavior at higher concentrations [48]. The ge-
lation of star-shaped colloids typically takes place at high
polymer concentrations due to an order—disorder transition
near the close packing volume fraction [58]. This transition
is dependent on concentration, on the composition of the stars
and on temperature [59,60]. Hence, in addition to the hydro-
phobic association, the gelation of the amphiphilic stars or
their micelles could occur upon the interpenetration of the
soft coronas resulting in the entanglement of the PAA blocks,
as described by Korobko et al. [28] for micellar systems of lin-
ear polyelectrolyte block copolymers. High molar mass, low
number of arms and star-like architecture have been observed
to favor gelation of neutral block copolymers: for example
with block copolymers of poly(L-lactide) and poly(ethylene
oxide) the gelation in aqueous solutions has been observed
to occur at lower polymer concentration by star polymers
than by linear analogues with the same poly(ethylene oxide)
content [60]. Park et al. have also reported that the gelation
due to hydrophobic association of amphiphilic stars is depen-
dent on the fraction of the hydrophobe in the polymer [60].

3.3. Cryo-electron microscopy

Two major classes of particles are seen in cryo-electron
micrographs (Fig. 9) of a 5 mg/mL solution of the star-like
amphiphile in aqueous 0.1 M NaCl. Small spherical micelle-
like aggregates [61] with visible radiating arms can be ob-
served, as well as flexible worm-like aggregates of varying
lengths. The worm-like species are also rough at the edges,
with similar radiating arms as in the spherical micelles. Ac-
cording to the micrographs the diameter of the spherical mi-
celles is 19 + 3 nm, being also the approximate diameter of
the worm-like micelles. The length of the worm-like micelles
is 195 £ 25 nm.

The electron micrograph of the saline solution of the
amphiphile verifies the light scattering results in the presence
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Fig. 9. Representative cryo-electron micrographs of (PMMA-b-PAA), star polymer in 5 mg/mL aqueous 0.1 M NaCl solution (underfocus 8.4 um). The black
arrows point to spherical micelles and the white arrows to the worm-like ones. Inset shows an enlargement of micelles displaying radiating arms.

of nonspherical micelle-like aggregates. Comparison of cryo-
TEM images with the Kratky presentation (Fig. 6) shows
that the scattering from the 5 mg/mL solution is primarily
determined by the large worm-like species. The 1.25 mg/mL
solution may either contain highly polydisperse worm-like
chains or larger relative number of spherical aggregates than
in the more concentrated solution. In addition, light scattering
emphasizes large scatterers in solution and hence the scatter-
ing from smaller spherical micelles is engulfed. This is the
case for 1.25 mg/mL solution, for which DLS fails to resolve
the composition. As a result, the size distribution for 1.25 mg/
mL solution is apparently monomodal and broad and
Ry(mean) is smaller than that in 5 mg/mL solution.

The small discrepancies in the size of the worm-like mi-
celles determined from DLS and from the cryoTEM images
evidently originate from the difference in contrast between
the compact PMMA core of the micelles and the less dense
shell of the hydrophilic PAA blocks, the latter is seen as
roughness or ‘fuzziness’ in the micellar species, which makes
it difficult to estimate the confines of the micelles.

The large molar mass of the block copolymer given by
SLS (Table 1) suggests that some star—star coupling has
occurred during the synthesis. The presence of coupled stars
in the aggregates could broaden their size distributions,
thus making the determination of the particle sizes more
complicated.

The cryoTEM image of a salt-free aqueous 5 mg/mL solu-
tion of the amphiphile (Fig. 10) shows the coexistence of
spherical micelles and micellar species that could rather be de-
scribed as elongated or clustered, than wormlike. Obviously,
screening of electrostatic interactions by the addition of salt
plays an important role in the formation of worm-like species.
Crowding of the micelles at the thicker edges of the biconcave
cryoTEM sample is known to occur during sample preparation
due to size segregation of the particles in solution [62,63].
This is unlikely to be the reason for the formation of worm-
like species as these are observed also in the thinner parts in
the middle of the sample.

&
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Fig. 10. Representative cryo-electron micrograph of (PMMA-b-PAA), star
polymer in 5 mg/mL salt-free aqueous solution (underfocus 6.8 pm). The
black arrows point to spherical micelles and the white arrows to the elongated
ones.

4. Conclusions

Water-soluble 4-armed star amphiphiles with a PMMA core
and a PAA corona show a tendency to associate in aqueous
solutions. Like their linear analogues, amphiphilic star-like
block copolymers tend to diminish the exposure of the hydro-
phobic blocks to water, and thus aggregate into micelles.
Burguiere et al. [45] have suggested that the star block co-
polymers form micelles in a similar way as linear diblock
copolymers, that is, the aggregation number N, of the
micelles is strongly dependent on the lengths of the hydro-
philic and hydrophobic blocks and the micellization is con-
trolled by the interchain distance between the hydrophilic
blocks in corona. According to Huh and coworkers [35] the
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micellization makes the stars to adopt restricted conformations
in the spherical geometry, thus giving rise to a loss in confor-
mational entropy.

According to Zhang and Eisenberg [1], the formation of
different micellar morphologies in the aqueous solutions of
amphiphilic block copolymers is governed by the extension
of the hydrophobic blocks in the micellar core, the surface
tension between the core and the solvent, and the repulsion
between the hydrophilic chains in the corona. In case the
hydrophilic block is ionic, like poly(acrylic acid), the balance
between these factors can be perturbed by the addition of salt
which decreases the electrostatic repulsion in the corona,
favoring a further aggregation of the amphiphiles and thus
increasing the aggregation number [64,65]. We observed that
the addition of salt induced the formation of worm-like
micelles of the amphiphilic star block copolymers, and spher-
ical and worm-like micelles coexisted within the studied
concentration range. This is in accordance with the observa-
tions from the linear amphiphiles with charged hydrophilic
blocks [66,67]. Increasing the aggregate size is thermodynam-
ically favorable in order to reduce the interfacial area between
the solvent and the hydrophobic core [1,9]. Further aggrega-
tion would lead to an increase in the radius of the core and
stretching of the chains. Hence, according to Zhang and Eisen-
berg [1], an additional degree of freedom could be attained
without significant changes in conformation by changing the
micellar morphology from spherical to cylindrical. Other
factors that may affect the micellization process include tem-
perature, ionic strength and pH of the solvent, and these will
be subject of further studies. The interaction between the
micelles of the amphiphilic stars was observed as the shear
thinning behavior of the salt-free polymer solutions as well
as in their tendency to form gels at semidilute polymer con-
centrations due to both the hydrophobic association and the
softness of the corona.

The formation of cylindrical or worm-like polymer mi-
celles by linear amphiphilic block copolymers with different
compositions and block ratios has been observed earlier
[1,3,17], as well as that by amphiphilic miktoarm star copoly-
mers, in which the arms rearrange to separate hydrophobic and
hydrophilic domains to induce aggregation [36]. Amphiphilic
star block copolymers have been treated as representatives of
unimolecular micelles in dilute solutions [20], but according to
the evidence above, when the number of arms is low they are
also capable of forming multimolecular assemblies like spher-
ical or worm-like micelles or both, depending on the polymer
concentration and the solvent condition. These assemblies
mimic the ones formed by globular cytoskeletal proteins
such as tubulin or actin, which contain acidic groups to pro-
vide polyelectrolyte nature. For instance, in laboratory condi-
tions G-actin forms filamentous F-actin upon addition of salt
[37]. Recently, a report has been published on applications
of worm-like micelles as drug delivery vehicles resembling
natural filamentous phages, which have significantly longer
circulation times in vivo than spherical carriers [68]. Other
possible applications could include unimolecular and self-
assembled nanoreactors [69].
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