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We report on the gelation capability of polystyrene/poly(2-vinyl pyridine) amphiphilic heteroarm poly-
electrolyte stars in acidic salt-free aqueous media. The star polymers associate through hydrophobic
interactions, by retraction of the stretched arms under no interdigitation conditions, in the dilute regime
forming colloidal soft nanoparticles comprising about 6 stars, At concentrations significantly higher than
the hydrodynamic overlap concentration (c > 40c"), the crowding of the colloidal nanoparticles drives

a jamming transition, leading to a colloidal gel. The intermediate overlap regime (¢* < ¢ < 40c¢”) is char-
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acterized by a significant compaction of the polyelectrolyte entities prior interdigitation and jamming.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Amphiphilic diblock copolymers undergo self-organization
in aqueous media forming micellar nanostructures of various
morphologies. In an asymmetric diblock with short hydrophobic
block, the adopting self-assembly structure is that of a star-shaped
polymer in which all the branched chains are chemically linked in
a central nodule. Thus the star-like micelles can be considered as
physically linked star polymers. At elevated concentrations both
types exhibit interesting rheo-thickening effects and can be used as
rheology modifiers in various applications [1,2]. Recently, an
increasing attention focus to the star polymers because they are
model branched systems with both polymeric and colloidal prop-
erties which can be tuned through their functionality [3].

Most star polymers studied in the literature are uncharged
flexible macromolecules, whose static and dynamic properties have
been investigated both theoretically [4,5] and experimentally [6,7].
As far as static solution properties are concerned, it has been
established that the stretching of the arms, due to inter-arm
repulsive interactions, delays interpenetration of stars above the
overlap concentration [8]. As far as dynamic properties are con-
cerned, the viscoelastic properties of star polymer systems have
been shown to depend on the number of arms. At low arm number
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(up to ~15), the viscoelastic properties of star polymers depend on
the arm molecular weight but not on the arm number, and the arm
relaxation governs the dynamics [9]. At higher arm number (from
~30), the motion of the center of mass of the whole star was shown
to contribute also to the stress relaxation [10].

Star-shaped polyelectrolytes, i.e. star polymers with charged
arms, exhibit specific behavior in high dielectric permittivity media
due to the additional electrostatic interactions arisen from the
dissociation of the ionizable groups along the arms. In salt-free
aqueous solutions, the arms of a polyelectrolyte star of high degree of
ionization, adopt a stretched conformation. This physical picture is
mainly governed by entropic effects due to the trapped counterions
within the star interior. The degree of arm stretching is determined
by the balance between the osmotic pressure of the free counterions
inside the star and the entropic elasticity of the arms (osmotic
regime) [11,12].

Moreover, stars made of polyelectrolyte chains have been shown
to interdigitate at concentrations well above the overlap concen-
tration [13]. A complete diagram of concentration regimes of salt-
free aqueous polyelectrolyte star solutions has been proposed quite
recently by Shusharina and Rubinstein, using scaling concepts [14].

Heteroarm star copolymers are a special class of star-shaped
polymers bearing equal number of two different in nature pure
arms [15]. In previous studies preliminary results have shown
that amphiphilic stars constituted of hydrophobic and poly-
electrolyte arms form very viscous aqueous systems at low
concentrations [16,17]. In this work, we explore the ability of an
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amphiphilic heteroarm star copolymer, constituted of pure
polystyrene and poly(2-vinyl pyridine) arms, PSgP2VPg (Scheme 1),
to form a colloidal gel in acidic salt-free aqueous media in which
the P2VP arms behave like weak polyelectrolytes due to proton-
ation of the pyridine repeating units. The ability to tune the
rheological properties of the model system studied in this work
with molecular or external conditions, such as number and size of
the arms, pH or ionic strength, is of particular interest for potential
applications.

2. Experimental part
2.1. Synthesis

The PSg-P2VPg heteroarm star copolymer was prepared via
a three-step sequential “living” anionic polymerization procedure
(“In-Out” method) using divinylbenzene linkage (DVB) [18]. In the
first step the polystyrene arms were prepared using sec-butyl
lithium as the initiator at —40 °C in THF. After the consumption of
the styrene monomer and sampling out, a small amount of
divinylbenzene was added to the reaction medium. Star-shaped
polystyrene (PS;) was thus formed, part of which was deactivated
and sampled out for the purpose of characterization. The rest
“living” star polymer was used to initiate the polymerization of
a chosen amount of 2-vinyl pyridine that was added to the reaction
medium at —75 °C. After complete polymerization of 2-vinyl pyri-
dine the reaction mixture was deactivated with degassed methanol
and the final product was recovered by precipitation in cold
heptane, dried, redissolved in benzene and freeze-dried.

2.2. Sample preparation

The samples were prepared in filtered (0.45 um) 0.01 N HCI
under stirring for 18 h. Subsequently they were heated at 100 °C for
72 h and allowed to equilibrate at room temperature for 24 h. Prior
to the measurements the pH was checked, and corrected if neces-
sary at pH 2 by adding HCI. Finally the solutions used for the light
scattering experiments were filtrated with 0.45 um filters in order
to become dust free.

Scheme 1. Schematic representation of the PSgP2VPg amphiphilic heteroarm poly-
electrolyte star in acidic aqueous environment. The PS arms collapse on the core
whereas the charged P2VP arms adopt a stretched conformation. Part of the P2VP arms
located in the vicinity of the star core remains uncharged.

2.3. Rheological experiments

Steady and oscillatory simple shear measurements have been
performed with a Rheometric Scientific SR-200 controlled stress
rheometer, using either a cone-plate geometry (diameter 25 mm,
cone angle 0.1 rad) for samples with high viscosity, or a Couette
geometry (outer cylinder diameter 31.7 mm, inner cylinder diam-
eter 29.5 mm) for low viscosity samples. All steady shear apparent
viscosity results were obtained on time scales long enough for the
transient viscosity variations to be negligible. A thin layer of low
viscosity silicone oil was put on the air/sample interface in order to
minimize solvent evaporation. All experiments have been carried
out at 25 £ 0.01 °C, using a water bath circulator.

2.4. Light scattering experiments

2.4.1. Static light scattering

The weight average molecular weight of the PS; star precursor
and PS,P2VP, was determined by static light scattering using
a thermally regulated (+£0.1°C) spectrogoniometer model BI-
200SM (Bruckhaven) equipped with a He-Ne laser (632.8 nm). The
refractive index increment dn/dc, required for the interpretation of
the light scattering measurements, was calculated by using the
known values of each block and the monomer composition. Data
were treated by the standard Zimm method using the equation

Kc 1 /1
Ry(@,0) — p(q,0) (M_W“LZAZC+ ) M

where K = 4%n?(dn/dc)?/3*N, is a constant containing the refrac-
tive index n of the solvent, refractive index increment of the poly-
mer with respect to the solvent, dn/dc, wavelength of the incident
light, 4, and the Avogadro constant, Na. The other symbols stand for:
Ry(q,c) is the corrected Rayleigh ratio, which depends on the
polymer concentration and on the scattering vector q = (4mn/A)-
sin(6/2), My, is the weight average molar mass of scattering poly-
meric particles and A, is the “light-scattering-weighted” second
virial coefficient of the concentration expansion. The molecular
characteristics of the polymer under investigation are summarized
in Table 1.

2.4.2. Dynamic light scattering

Auto-correlation functions g(g,t) were measured at a given wave
vector, g, on a broad time scale with a full multiple digital correlator
(ALV-5000/FAST) equipped with 280 channels. The light source was
an Argon-lon laser (Spectra Physics 2020) operating in single mode
at 671 nm with a constant output power of about 220 mW. The
correlation functions were analyzed by the constrained regularized
CONTIN method through CoVA-Jacek Gapinski 2001 software. The
hydrodynamic radii were determined via the Stokes—Einstein
equation

Ry, = kgT/(6mnD) (2)

Where D=T/q*> is the diffusion coefficient of the scattered
dispersed particles, kg is the Boltzmann constant and 7 is the
viscosity of the solvent at temperature T.

3. Results and discussion

In the present paper rheological and light scattering experi-
ments were conducted in aqueous media at pH 2 and 25 °C. Under
these conditions the PS arms collapse and form glassy hydrophobic
nanodomains whereas the P2VP arms are charged through
protonation (degree of protonation 60%) [17] and adopt a stretched
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Table 1

The molecular characteristics of the heteroarm star copolymer.

Sample My arm x 1073 My, /Mp? arm My, /Mp? star M x 1032 My x 1073(LS) P

PSg precursor 19.0° 1.09 100 173 8.5

PSgP2VPg 22.7¢ 111 140 366 17.0
2 By GPC.

> Mean number of arms determined by SLS.
¢ M, of P2VP arms calculated by the formula [M,y(PSgP2VPg) — M (PSs)]/f.

conformation. Due to the glassy PS arms, the samples were heated
at 100 °C (non-frozen conditions) for prolonged time prior to use in
order to aid reorganization and homogenization of the system.

3.1. Low concentration regime

In order to explore possible star association effects and to
characterize the size of the self-assembled entities present at low
concentrations, static and dynamic light scattering experiments
were performed first.

In Fig. 1 the inverse scattering intensity data, expressed as Kc/
Ry(g,c) and extrapolated to the zero scattering vector, are plotted as
a function for concentrations c¢ < 0.01 wt%. From the fluctuation
theory we know that the scattering intensity at zero scattering
angle is given by the osmotic compressibility:

RTc(dc/dm) = Ry_g(c)/K (3)
which can be expanded in a virial series:

Kc 1 1

= = — (14 2AMyC+ 3A3Myc® + ) =——— 4
Ryo = WU+ 2AMac + 345Mac + ) =g (4)

For an associating system the molar mass will increase with the
concentration. Thus we have

Mw(c) (om\ _ Mw()) _ 2

RT \oc) ~ Mapp(c) <1 +2X+ 30X + ) (5)
where
X = A;Mwc = c/cy, (6a)
and ¢, the thermodynamic overlap concentration
Cay = 1/(AaMwc) (6b)

From the static light scattering data the molecular weight was
found to be My, = 2.273 x 10% g/mol, which reveals the formation of
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micellar self-assemblies of very low average association number
(N=6.2), in good agreement with previous results reported for
similar heteroarm stars [17,19,20]. Moreover, the thermodynamic
overlap concentration deduced from Eq. (6b) was determined at
0.03 mg/mL.

The concentration dependence of the linear and quadratic
coefficients, from the curves of Fig. 1a, as shown in Fig. 2, is
remarkable. The convex curvature in the g?-dependence of the
scattering curves apparently becomes stronger with increasing
concentration, but is a continuous function. The two highest
concentrations were not included, since a striking change occurred
with no detectable curvature. Anyway, the initial slope increases by
35% when c increases up to 0.02 mg/mL, whereas it drastically
decreases above ¢ > 0.02 mg/mL. This behavior can be attributed to
aremarkable change in the structure of the scattering entities, since
the initial slope determines the apparent radius of gyration, given
by:

(7)

Together with Eqgs. (4) and (5) this relationship can be combined
with the actual mean square radius of gyration to give:

R2 pp(€)=3-Mapp(c)-inital slope(c)

Muw(c)

2/ _ p2 w

R(©) = Reapp©) 7 (8)
a relationship which directly follows from Zimm’s famous equa-
tions [21].

Fig. 3 shows the concentration dependence of the apparent radius
of gyration and the true one that was corrected in order to take into
account the repulsive interactions. R;pp(c) decreases when c increases
as observed for most polymers. As far as the actual radius of gyration
is concerned, the results show an increase of the dimensions of the
macromolecular entities, at least up to 0.01 mg/mL.

However, for the samples at 0.05 and 0.1 mg/mL, which are
clearly above ¢y, a pronounced decrease of the actual radius of
gyration is observed. The behavior at ¢ < ¢i» may be caused by chain
stiffening due to electrostatic interactions between non-touching
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Fig. 1. (a) Angular dependence of the Kc/Ry(q.c) at 6 different concentrations and (b) concentration dependence of the Kc/Rg_o(c) = 1/Mapp (c) extrapolated to zero angle of the

PSgP2VPg aqueous solution at pH 2 and at 25 °C.
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Fig. 2. Concentration dependence of the linear (a) and quadratic coefficients (b), from the curves of Fig. 1a.

neighbors, but once ¢35 is exceeded a compression or shrinking of
the structure is induced. This shrinkage has mainly a thermo-
dynamic origin, due to the osmotic pressure on particles which
prevent them from inter-penetration, but may also have an elec-
trostatic origin, due to a screening effect of interactions.

A characteristic autocorrelation function, along with the distri-
bution of relaxation times (through CONTIN analysis), is depicted in
the inset of Fig. 4. A monomodal distribution of relaxation times
was obtained in all cases which should be attributed to the diffu-
sion of aggregates of mean hydrodynamic radius Ry = 126 nm, as
calculated by the Stokes-Einstein formula (Eq. (2)) for equivalent
hard spheres.

More importantly, as Ry exceeds the fully stretched length of the
PS and P2VP arms (ca. 100 nm) and as the ratio Rg/Ry=1.66
(Rg =210 nm from the extrapolated value at zero angle, Fig. 3) is
considerably higher than unity, then the formed nanoparticles are
expected to adopt a non-spherical shape, but rather an ellipsoidal
one [16,22].

Therefore a plausible morphology of the charged self-assembly,
which is formed below the overlap concentration, is an ellipsoid
soft nanoparticle constituted of about six amphiphilic stars asso-
ciated through the attractive interactions of the hydrophobic PS
arms located in the vicinity of the star core. Due to the glassy
character of the arms, these self-assemblies must be considered as
frozen. These interactions are possible because the star cores of
neighboring interacting stars can approach each other by retraction
of the stretched arms under no interdigitation conditions, as
molecular dynamic simulations have shown [23]. Direct
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Fig. 3. Concentration dependence of the apparent radius of gyration Ry,p(c) and the
actual radius of gyration Rg(c).

experimental observations through Cryo-TEM have provided
evidence that spherical polyelectrolyte brushes, which resemble
the amphiphilic star under investigation (Scheme 1), do not inter-
digitate in the osmotic regime [24].

It seems therefore that the physical picture of the system under
investigation is rather a suspension of charged colloidal soft
nanoparticles, which are entities between star and brush poly-
electrolytes, bearing a hydrophilic layer of about 50 stretched
chains in the osmotic regime (Scheme 2) [25].

Knowing the mean hydrodynamic radius of the nanoparticles,
the hydrodynamic overlap concentration, cg, can be inferred
(Eq. (9)). At cgn, the stars fill the available space without
interpenetration:

3Mw

= oM 0 046 wi 9
R 7 ATNGRG v ®

The fact that the thermodynamic and hydrodynamic overlap
concentrations differ remarkably, should be attributed to the
polyelectrolyte nature and the anisotropic structure of the soft
nanoparticles.

3.2. High concentration regime

Dynamic light scattering experiments were performed above
Cgn in order to explore the dynamics of the system when crowding
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Fig. 4. Concentration dependence of the hydrodynamic radius, Ry, of the PSgP2VPg
associates at pH 2 and at 25 °C (line is the linear fit). Inset: characteristic autocorre-
lation function (red line) along with the relaxation time distribution derived by
CONTIN analysis of 0.1 mg/mL polymer concentration.
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Scheme 2. Schematic representation of a colloidal soft nanoparticle made from self-
organization of six PSgP2VPg stars.

effects are expected to become significant. A continuous decrease of
the diffusion coefficient with increasing concentration was
observed (Fig. 5), as well as deviations of the first cumulants I'(q)
from the g>-dependence. The I versus g plots (not shown) made it
clear that the influence of center of mass diffusion had already
significantly dropped, internal or segmental motions governing the
behavior. Moreover the light scattering intensity levels off above
Ckn, Which could mean that further association of the stars do not
occur.

The more concentrated regimes were studied using rheological
investigation techniques. The main objective of this part is to study
how the entities revealed by light scattering experiments discussed
in the previous section behave when crowding prevails.

3.2.1. Steady shear rheological properties

The apparent steady shear viscosity of the amphiphilic poly-
electrolyte star in water has been plotted as a function of shear
stress in Fig. 6, at pH 2. Below a polymer concentration of 2 wt%, the
suspension behaves as a Newtonian fluid; at 3 wt%, the flow curve
exhibits shear-thinning over the whole range of stresses explored,
whereas above 3 wt%, a near discontinuity in the flow curve is
observed at intermediate shear stresses, separating two smooth
shear-thinning regions, a high-viscosity one at low stresses and
a low-viscosity one at high stresses.

From a phenomenological point of view, the rheological
behavior observed above 3 wt% is usually attributed to the exis-
tence of a so-called apparent yield stress, which marks the abrupt
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Fig. 5. Concentration dependence of the diffusion coefficient and static light scattering
intensity (inset) determined at 90°, of the PSgP2VPg aqueous solutions at pH 2 and at
25 °C in the semi dilute unentangled regime.
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Fig. 6. Apparent viscosity as a function of shear stress for different polymer concen-
trations, at pH=2 and at 25 °C.

transition between a very high viscosity flow behavior, and a low
viscosity flow behavior [26]. Fig. 7, representing the apparent yield
stress as a function of polymer concentration, shows that the
apparent yield stress strongly increases with concentration above
3 wt%. Evidence of a sharp transition between 2 and 3 wt¥% is
confirmed when plotting the apparent viscosity versus concentra-
tion. Fig. 8 shows the low-shear viscosity, 7 measured at 10~% s~
corresponding to the high-viscosity region of the flow curve, as
a function of concentration ¢, at pH = 2. The absence of viscosity
data at c = 3 wt% in Fig. 8 is due to the fact that it was impossible to
measure the apparent viscosity of this sample at very low-shear
rates ~10~%4s~1, The apparent viscosity versus concentration curve
clearly exhibits a transition at a polymer concentration of about
2 wt%, characterized by a very sharp increase of the low-shear
apparent viscosity (6 orders of magnitude), which looks like a near
discontinuity in the vicinity of 3 wt%. Below ¢ = 2 wt%, the apparent
viscosity increases weakly with polymer concentration. At polymer
concentrations higher than 3 wt%, the Newtonian viscosity
increases strongly with concentration, following the empirical

power law 7 o 87

3.2.2. Linear viscoelastic properties
For all samples at concentrations above 3 wt%, the strain
dependency of both viscoelastic moduli (not shown in the paper)

100 . . : :

80 - y
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40 -
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Fig. 7. Concentration dependence of the apparent yield stress of the hydrogel formed
at pH 2 and 25 °C.



A. Kyriazis et al. / Polymer 50 (2009) 3204-3210 3209

E T ) oo E

10k

, 1~ 57 ,

10°f ,

o E / E
s F
10%
10-4 g N N PR | N N N MR | §

1 10
C (wt%)

Fig. 8. Low-shear apparent viscosity as a function of polymer concentration, at pH 2
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does not exhibit any strain hardening behavior and the linear
viscoelastic regime was shown to be limited to rather small strains,
that is ~1%. Both viscoelastic moduli G’ and G”, determined in the
linear viscoelastic regime, were shown to be nearly independent of
frequency (inset of Fig. 9). Moreover, G’ was shown to be superior to
G” by about 1 decade for all samples tested. These results prove that
the system studied behaves like an elastic soft solid at high
concentrations. Moreover, Fig. 9 shows that the plateau storage
modulus G g is a power law function of the polymer concentration,
with a power law exponent of about 5.4. The rheological investi-
gation performed on concentrated suspensions shows the exis-
tence of a threshold polymer concentration of about 2 wt%, which
marks the transition from a fluid like to a solid like behavior, as
evidenced by the drastic increase of the apparent low-shear
viscosity, coupled with the presence of an apparent yield stress and
a frequency-independent storage modulus.

Colloidal systems with an attractive interparticle energy, exhibit
such a fluid to solid transition at some threshold concentration due
to colloidal gelation [27,28]. Colloidal particles having only
a repulsive interaction on contact, also exhibit a fluid to solid
transition: they undergo a glass transition to a disordered solid
[29]. Similarities between colloidal gelation and glass transition are
numerous, since they are both driven by crowding: crowding of

10—
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Fig. 9. Plateau storage modulus as a function of polymer concentration at pH 2. Inset:
storage and loss modulus of a 3.5 wt% polymer solution as a function of frequency.

individual particles or crowding of particle aggregates [30], which
induces structural arrest in the system. Unifying schemes have
been proposed recently in order to describe such frozen systems, as
reviewed by Trappe and Sandkiihler [31]. Particular interest was
shown in the concept of jamming [32], which proved to be a good
conceptual framework for describing soft glassy materials [33].

A significant finding of the present system is that the concen-
tration where the fluid to solid like transition occurs was observed
about 40 times higher than the hydrodynamic overlap concentra-
tion. This behavior should be ascribed to the charged character of
the star-like colloidal soft nanoparticles. According to recent theo-
retical considerations for multiarm star polyelectrolyte solutions,
several concentration regimes have been identified [14]. Above the
overlap concentration, an extended concentration regime, named
overlap regime, was predicted where the stars do not interdigitate.
In this regime, the star radius decreases with concentration
(compaction effect) because the arm stretching has to disappear in
order to make the interdigitation favorable. The compaction regime
continues until the size of the arms decreases to the size of a linear
chain in a semi dilute regime. In this case the electrostatic interac-
tions have been screened and the stars behave like neutral stars.

As reported previously [34], neutral multiarm star polymers
have been clearly proved to behave as more or less soft colloidal
nanoparticles in organic solvents. More precisely in a dense star
suspension, an increase of temperature leads to star overlap
enhancement, interdigitation and jamming which causes dynamic
arrest of the suspension. Hence it is suggested that the fluid to solid
transition observed herein is another example of jamming transi-
tion, even though very slow dynamics and aging effects, which are
often seen as rheological signatures of jammed systems [35] have
not been studied in the present work.

4. Conclusions

We have explored the ability of amphiphilic heteroarm poly-
electrolyte stars, constituted of pure polystyrene and poly(2-vinyl
pyridine) arms, to form colloidal gel in acidic salt-free aqueous
media. The low concentration regime was investigated by static and
dynamic light scattering and the concentrated properties were
studied by rheometry. The results showed that intermolecular
hydrophobic association prevails in the dilute regime, where
colloidal soft nanoparticles constituted of about 6 stars are formed.
Far above the overlap concentration determined at 0.046 wt¥%, (i.e.
at about 40c™), a fluid to soft solid transition was observed, leading
to a colloidal gel due to crowding effects (jamming transition). In
the extended concentration regime between the hydrodynamic
overlap concentration and the jamming transition, a continuous
compaction of the star-like soft nanoparticles prior to interdigita-
tion seems to occur, in qualitative agreement with the scaling
theory for star polyelectrolytes [14].
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