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Starting from a glassy suspension of star polymers in molecular solvent, we add linear homopolymer with a fixed size ratio and ever
increasing concentration, hence diluting the glass and eventually approaching the regime of stars in polymer matrix. We show that we
can quantitatively decompose the rheology of the mixtures into colloidal star and linear polymer contributions by accounting for the
osmotic shrinkage of the stars due to the added polymers. We also estimate the effective star overlap concentration in the mixtures
and show how the rheological properties change at the crossover concentration, where the number of star-particle contacts decreases
and the star repulsions weaken and eventually become attractive upon increasing the linear polymer concentration. The attraction is
accompanied by a phase separation, pointing to the presence of unstable regions in the star/linear polymer phase diagram, where
gelation results from an arrested phase separation. The crossover concentration is also probed by nonlinear rheological
measurements. These findings are of generic nature for soft colloidal mixtures and suggest guidelines for tailoring their rheology

and phase/state behavior.

I. INTRODUCTION

Colloid—polymer mixtures represent a research topic of im-
mense scientific and technological significance. They have re-
ceived a great deal of attention, particularly over the past decade
with the emergence of a rigorous theoretical description of their
complete phase diagram, accompanied by ample experimental
evidence.! "3 Different phases/states of the mixtures have been
identified, depending on the colloid and added nonadsorbing
polymer volume fractions: gas, liquid, gel, crystal, repulsive glass,
and attractive glass. Their macroscopic properties (mainly rheol-
ogy and diffusion) and the transitions between states have been
investigated experimentally and, where possible, theoretically.* ¢

Although “colloid—polymer mixture” is a general term, it
typically refers to mixtures of hard colloidal spheres and linear
nonadsorbing polymers. Yet, soft colloidal spheres have more
degrees of freedom, and their behavior is very rich. Only recently,
mixtures 1nvolv1ng soft colloids and linear polymers were studied
in detail.”® Softness is an important parameter in these systems as
it is responsible for a very rich phase behavior and associated

v ACS Publications ©2011 american chemical Society

dynamic response. It appears that the two main macroscopic
reflections of softness are deformability and 1nterd1g1tat10n The
former is a typical feature of microgel particles,”'® whereas the
latter characterizes long hairy particles such as star polymers.""
Of particular interest to the present work is the dense state, where
colloids are glassy. The addition of linear polymers of smaller
dimensions at varying size ratios and different concentrations can
lead to a rich state diagram encompassing glassy, liquid, and re-
entrant glassy states. The key mechanism responsible for the
polymer-mediated glass melting is depletion. This has been
discussed at length for the case of star polymers and for varying
interaction potentials.”'>'® In brief, there are two mechanisms
associated with the osmotic effects which the added linear chains
exert on the stars: shrinkage due to star deformability'*"> and
depletion.
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Table 1. Molecular Characteristics of the Samples Used

sample code type total molar mass [kg/mol] f Ry (i=S,L) [nm]

$304-2  star 2100 304 16.5
L61¢ linear 60.8 2 6.5
L168° linear 165 2 13.0

“ Obtained from Polymer Source, Canada. bGenerously provided by
Jacques Roovers.”!

Typically, the experimental soft colloid/linear polymer sys-
tems are tertiary, as they consist of particles (the star polymers),
linear polymers, and solvent molecules. One may consider, as
starting point for a study, the pure star solution and add polymers
in a controlled manner.” At the other end of the spectrum, when
the molecular solvent is replaced by the polymer, we have stars in
a polymer matrix which, depending on their fraction, can be
thought of as a nanocomposite. The latter systems have been also
studied in great detail because they possess many interesting
applications."”*¢~'® Still, many problems remain unexplored.
Most notably, we do not yet have clear design criteria for tailoring
the properties of such complex materials at wish.

Given two extreme binary systems, such as particles in a
molecular solvent, forming a colloidal glass on one hand and
particles in a polymer mixture on the other hand, it is tempting
to consider how they are linked, say by adding polymer to the
former, how do their properties change and whether one can
control the transition from colloidal glass to nanocomposite-like
mixture. This could provide useful information with respect to
the above-mentioned material design issue but also teach us
more about the physics of these systems and possible state
transformations.

In this work we take up this challenge. To this end, we use a
colloidal star polymer suspension in the glassy state. We add a
linear polymer at a fixed size ratio and with increasing concen-
tration, hence moving toward the limit of a polymer matrix. We
study the rheology and the physical state of the different samples
(which are effectively diluted star glasses). We show how,
by accounting for the osmotic effect of the polymers, we can
decouple the rheology of the mixture into star and polymeric
contributions. We also show that the presence of polymers alters
the mixture interactions, weakening the repulsions, inducing
attractions, and leading to phase separation and to a glass-to-
gel transition. Nonlinear rheological data conform to the overall
picture and provide further support to our findings.

The paper is organized as follows: after this brief introduction,
we provide the experimental procedures in section II. Then, in
section III experimental results and theoretical analysis are
presented and discussed together with the observations of phase
separation and their link to gelation. Finally, the main conclu-
sions are summarized in section IV.

Il. EXPERIMENTAL SECTION

I.1. Materials. We employed multiarm 1,4-polybutadiene (PBD)
stars with a weight-average functionality, f, of 304 arms, and a weight-
average molar mass M, = 2100 kg/mol whose synthesis is described
elsewhere.'”*° We also employed linear 1,4-polybutadiene chains with
two molar masses M,,": 60.8 and 165 kg/mol (Table 1). The polymers
were dissolved in squalene, a nearly athermal, nonvolatile solvent. The
hydrodynamic radii of the stars and the linear polymers were determined
by dynamic light scattering in squalene at 20 °C (Table 1).
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Figure 1. Storage modulus G’ (filled symbols) and loss modulus G”
(open symbols) for S304-2/L61 mixtures as a function of frequency at
Yo =< 0.5% for @, = 1.5, Dy =0 (circles); P, = 1.42, P =0.36 (squares);
@, = 138, Oy, = 0.72 (up triangles); P, = 1.3, ¢y, = 1.51 (down
triangles); @, = 1.16, ®; =2.83 (lozenges); P, =0.71, Dy = 6.44 (stars).

The size ratios O (linear/star radius) for L61/S304-2 and L165/S304-
2 are 0.39 and 0.78, respectively. The apparent colloidal volume fraction
@, occupied by the stars can be calculated using the measured R%,, the
nominal molecular weight, and the measured weight fraction of the
polymers in solution:

Cs 47[NARf‘3cS

o, = =
Pk 3M,

(1)
where N, is the Avogadro number and c, is the star concentration (g/L).
Initial star solutions were prepared at @ = 1.5, putting them in the glassy
regime."**> They were used to prepare the mixtures by adding increas-
ing amount of (the two different) linear chains at constant star/solvent
mass ratio, hence diluting the initial solutions. Each sample was prepared
by a adding volatile cosolvent (cyclohexane) to dissolve properly the
added polymers. In order to identify each mixture, we also defined the
effective volume fraction of linear chains by considering only the available
“free” volume in the mixture, as is typically done in hard colloid —polymer
mixtures. The linear chain effective free volume fraction is defined as
. 4TNARPc)

@, = L =TT 2
T 3ML @)

where ¢, is the linear polymer concentration that only takes into account
the accessible volume for linear chains, ie., the volume of squalene
contained in the mixture. The concentration of linear chains in the
mixtures ranges within the following limits: 0 < ®; < 6.44 for L61/
S304-2 and 0 < ¥y < 10.95 for L165/S304-2.

The parameters (P, ®y), which univocally identify each mixture,
will prove handy to quantify the osmotic effect of the chains on the star
polymers.

I1.2. Methods. The state of the samples was investigated with
rheological measurements, which were carried out with a sensitive strain-
controlled rheometer (ARES-HR 100FRTNI1 from TA USA, formerly
Rheometric Scientific). All the measurements were performed with a
cone-and-plate geometry (stainless steel cone of 8 mm diameter and
0.166 rad cone angle). The temperature was set at 20 = 0.1 °C with a
recirculating water bath. The samples were loaded on the rheometer, and
after applying a well-defined preshear protocol (200% shear amplitude
oscillations at 1 rad/s for 200 s), which ensured that they were properly
rejuvenated before testing,** their linear dynamic response was mea-
sured at different times.

The first task was to account for aging and establish conditions for
reproducible and virtually time-independent measurements. Typically,
the time scale for this was about 1 day. Subsequently, small-amplitude
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Figure 2. Storage modulus G’ (filled symbols) and loss modulus G”
(open symbols) for $304-2/L165 mixtures as a function of frequency at
Yo < 0.5% for @, = 1.5, @y = 0 (circles); P, = 1.48, D = 0.20 (right
triangles); @, = 1.46, Oy = 0.85 (squares); P, = 1.38, O = 2.15 (up
triangles); @ = 1.3, @1 = 4.38 (down triangles); @, = 1.20, Oy = 7.55
(lozenges); @, = 1.05, Py, = 10.95 (stars).

oscillatory shear tests were carried out in the frequency range 0.1—
100 rad/s. Nonlinear measurements were also performed on these
mixtures. In particular, large-amplitude oscillatory shear (LAOS) was
accomplished via dynamic strain sweep tests which were carried out at a
fixed frequency (1 rad/s) with strain amplitudes covering the range from
the linear (<0.5%) to the strongly nonlinear (250%) regime.

Ill. RESULTS AND DISCUSSION

ll.1. Linear Viscolelasticity. The linear viscoelestic spectra of
the various star/linear mixtures were obtained using frequency
sweep measurements with low-amplitude strain. The frequency
dependences of the loss (G”) and storage moduli (G') are
depicted in Figures 1 and 2 for the two different linear polymers
used, L61 and L1685, respectively. In the absence of linear chains,
the concentrated star solution with an apparent volume frac-
tion @, = 1.5 exhibits a glasslike behavior with G’ and G” being
only weakly frequency-dependent and G'(w) > G”(w) over the
3 decades of frequency investigated. Upon addition of linear
chains at increasing concentrations, both moduli become more
and more sensitive to frequency variations. The decrease in G’
at low frequencies and the rise of both G’ and G” at high
frequencies become more clearly observable as the linear chains
content increases. Note however that, despite the change in
viscoelastic response, the eventual solidlike behavior persists
throughout the range of linear chains concentrations investigated
here. At the lowest frequencies G'(w) exceeds G’'(w) and
remains nearly independent of w. The dilution of the initial star
solution (®, = @, = 1.5) down to P, < 1.3 due to the added
linear chains L61 causes the loss of the characteristic glassy
concave shape® of G'(w) in the frequency range examined
(with G’ being nearly constant) and the concomitant sensible
decrease of the storage modulus at low frequencies for 1.15 <
@, < 1.3. The same behavior is also present in the case of the
higher molar mass L165 but somewhat less pronounced,
presumably because of the higher viscoelasticity of the polymer
matrix surrounding the glassy star polymer suspension. As seen
in Figure 2, for 1.05 < @, < 1.3 and w < 10 rad/s G’ decreases
very weakly with decreasing frequency, whereas G” exhibits
a stronger de7pendence with an approximate power law of
G//( w) ~ wO. ]
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Figure 3. Storage modulus G’ (filled symbols) and loss modulus G”
(open symbols) for $304-2 solutions as a function of frequency at v, <
0.5% for @, = 1.5 (circles); @, = 1.48 (squares); @, = 1.46 (up
triangles); @, = 1.30 (down triangles); @ = 1.1S (lozenges); P, = 1.07
(left triangles); ®, = 0.9 (right triangles); ®, = 0.8 (stars).

In order to compare the rheology of the mixtures with the
behavior of the one-component star polymer system at different
concentrations, we show in Figure 3 the frequency dependence
of the loss and storage moduli of star polymer solutions in
squalene for 0.8 < @, < 1.5. We show how, upon the dilution,
the nearly frequency-independent moduli (G’ and G”’) decrease
until the liquid state is reached for @, = 0.8 where the terminal
power laws (G’ ~ w®and G’ ~ w") are evidenced.

Through the comparison with the one-component solutions,
we conclude that the high-frequency behavior of the mixtures
should reflect the response of the polymer matrix, which can be
viewed as the “the effective solvent” for the star polymer suspen-
sion. Indeed, the high-frequency (9 rad/s) G'—G" crossover of
the mixture (at @, = 1.05), containing the larger molar mass
linear polymer (L165), is identical to the terminal crossover of
the polymer matrix effectively confined in the space among stars.
In order to test this scenario, we performed linear viscoelastic
measurements on pure linear chains L165 in squalene at the same
concentration as in the mixture within the free space excluding
the stars. When the size of the linear chains is comparable to that
of the stars, having a high number of arms, it is reasonable to
assume that the penetration of chains within the stars’ spherical
concavity is limited as this process involves a significant loss of
entropy.”®*° In Figure 4 we provide a comparison between the
rheological results obtained from the star/linear polymer mixture
§304-2/L165 at @, = 1.05 and from two linear polymer solutions
at different concentrations. The first linear polymer solution,
having the same linear polymer-to-solvent mass ratio as the
star—linear polymer mixture (P = 10.95), does not display a
good agreement with the mixture’s dynamic frequency sweep in
the high-frequency regime, showing a high-frequency G'—G”
crossover at @ ~ 27 rad/s as compared to 10 rad/s for the
mixture (see arrows in Figure 4). This discrepancy reflects the
effect of the confinement of the chains within the star polymer
suspension. To confirm our claim, we prepared more concentrated
solutions of linear polymers in order to match the high-frequency
moduli of the mixture. In addition, we estimated the accessible
volume for the chains, the volume occupied by the stars as well as
their shrinkage. As shown in Figure 4, we obtained a good
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Figure 4. Storage modulus G’ (filled symbols) and loss modulus G”
(open symbols) as a function of frequency at vy < 0.5% for S304-2/
L16S mixture at D, = 1.05 (stars) (red circles); 165 kDa linear polymer
solution @y = 10.9 (squares); 165 kDa linear polymer solution @y =
14.5 (lozenges). The arrows indicate the crossover frequency between
G and G".

agreement between the linear polymer solution and the mixture
for the high-frequency moduli for @ = 14.0.

Given this value of concentration, we calculated the effective
volume occupied by the chains, the volume occupied by a single
star molecule, defined as the volume that is inaccessible to the
linear polymers, and hence, we estimated the effective radius of
the star polymers within the mixture using the known experi-

mental quantities:
s(ve— "
R | S/ (3)
N 4TW N,

Here Wy, and W are respectively the mass fractions of linear
chains and star polymers within mixtures having a total
volume V.

We obtained R, = 0.58R%,. The same procedure has been
repeated for the mixture $304-2/L165 at @, = 1.20: we obtained
R, = 0.67R",.

As discussed later, these values agree with those determined
on the basis of the osmotic shrinkage of the stars in presence of
linear chains. Therefore, it is possible to have a direct rheological
evaluation of the osmotic pressure effect exerted by linear
homopolymer chains on star polymers in concentrated disper-
sions. The rationalization of this effect, ie., the analysis of the
osmotic star shrinkage, follows in the next section.

l1.2. Osmotic Shrinkage: Theoretical Analysis. The size of
an isolated star polymer molecule in a matrix of linear chains can
be evaluated by employing the Flory argument,"**' ~* account-
ing for the osmotic pressure contribution of the chains that
depends on their volume fraction @y = ¢ /c; *. The insertion of a
star polymer in a solution of linear chains §ives rise to the
expulsion of the latter from a region of size R.'"* The free energy
cost for creating such a cavity corresponds to the mechanical
work that has to be done in order to open a spherical free space
within the solution:

Ful®) = SRTI(®,) @

where IT is the osmotic pressure exerted by the polymer matrix.
Because of the penetrability of the star polymer molecules, we
can neglect the surface term. In fact, the transition of the polymer
concentration from the average value in the solution to its value

within the star interior is gradual,'**' thereby minimizing the
interfacial cost.

The other terms of the free energy for a single star of radius R
that we have to take into account are the elastic and the
interaction free energy given by31

3fR?
Fel(R) = kBTFSaz (5)
UNSZfZ
Em@%)—»@TZNmz (6)

where kg is the Boltzmann constant, T the temperature, a the
length scale of monomers, N; the degree of polymerization of the
arms, and v the excluded-volume parameter.

We will employ for simplicity v = 1, which is appropriate for a
good solvent.'* The competition between the osmotic interac-
tion and elastic contribution can only lead to shrinkage of the star
with respect to the free-chain case because the pressure grows
with R.

Note that the radius of the cavity appearing in eq 4 does not
necessarily correspond to the radius of gyration R, because of the
penetrability of the stars. Camargo and Likos recently showed™
that chains around a star can penetrate the latter up to a distance
o ="*/3R, for a wide range of size ratios, so that we can write R =
bR, with b = 1.3."* The size ratio between chains and stars is
defined as 0 = R /R, where Ry is the radius of gyration of the
linear chains. Furthermore, within the canonical ensemble re-
normalization group formalism for a semidilute monodisperse
polymer solution in 3 dimensions, the osmotic pressure depen-
dence on polymer concentration has been found'**

kT

I(®y) = ?[1 + P(®y)] (7)
where
m@—%mm£F+(ui)mwuﬂ} (8)
and
x(Dy) = %cDLnZ {1 + %(ln 2+ %)} 9)

Thus, minimizing the total free energy with respect to R, we
obtain
3faR

2023
S 4ab’ RO TN S [1 + P(Py)] - SUNe e

=0
N, 2R

(10)

where we have used the scaling relation 6 = (l/fl/s)(Nc/Ns)V31
and the simple relation defining the overlap number concentra-
tion ¢ *=a °N. > with v = 3/5 the Flory exponent. By solving
eq 10, we can predict the reduction factor g = R,/R, for a star
polymer, with the radius Ry being the chain-free value of the
(pure) star in infinitely dilute solution. As first quantitative test of
the theoretical prediction, we compare the values of g obtained
via linear viscoelastic spectra, as described in section III.2, with
the value calculated through eq 10 assuming the known data for
the stars and linear chains employed here (f = 304, a =
0.5 nm,>”** N, = 125, = 0.78); we obtain a very good
agreement: g = 0.60 for @, = 1.05 and g = 0.71 for O, = 1.20
(see Figure 6A). Using the 3D-osmotic theory as theoretical tool,
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Figure 5. Sketch of the two regimes in star/linear polymer mixtures.
Panel A: @, > ®* where d; < 0. Panel B: @, < ®@* where d; > 0. Dashed
lines represent the (2D) ideal surfaces of star polymers.

we can also explain the subtle change in the frequency spectra in
the range 1.05 < @ < 1.3 of Figure 2 and 0.71 < @ < 1.3 of
Figure 1, respectively. The latter will be also discussed within the
context of nonlinear rheology measurements below.

A closer look at the problem suggests in fact that the addition
of linear chains to the concentrated star solution involves two
different “dilution” mechanisms. The first one is geometric in
nature and is due to the obvious increase of the total volume of
the solution causing an increase of the center-to-center distance
between the stars. On the other hand, the second mechanism is
directly connected to the osmotic reduction of the radius of the
stars upon adding chains, yielding a further separation between
the ideal star surfaces. The surface-to-surface distance d, can be
written in function of the star volume fraction @, and the
effective linear polymer fraction @y, as follows:

3 4
d = Ro{f3—2(P)Ra (1)

where

pL q)s
o =1 12
) ( q,o) (12)
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Figure 6. Theoretical analysis via osmotic theory. Panel A: comparison
between the values of the reduction factor g = R,/R, obtained from linear
viscoelastic spectra (red points) (see section II1.1) and the theoretical
dependence g vs @y calculated from eq 10 (straight line) for 6 = 0.78, f =
304, N, =125, a = 0.5 nm. Panel B: mean star surface—surface distance as
a function of (P, — @)/ P, calculated from eq 11 solving recursively
eqs 10 and 13 for both the size ratios 0 = 0.39 (black dashed line) and 6 =
0.78 (red dotted line). Inset: calculated value of g as a function of the
linear polymer concentration ®; the black points correspond to the
overlap-to-nonoverlap transition (d, = 0); the dotted lines indicate the
highest values of linear chains concentration in the mixtures (red: $304-
2/161; black: $304-2/1165).

Here py. (890 mg/mL*) and ¢, * are the density and the overlap
concentration of the linear 1,4-polybutadiene chains, respec-
tively, and @, is the initial volume fraction of the star polymers in
the free-chains solution.

Though eqgs 10, 11, and 12 allow us to estimate the radius of
star polymers for different values of @, so that we could, in
principle, calculate the concentration of star polymers when d, =
0, i.e,, the concentration where the disengagement of the stars
occurs, the effective volume fraction of chains and the size of stars
must be self-consistently evaluated.

Up to the disengagement concentration (i.e., for d; < 0), the
behavior of the star—linear polymer mixture is strongly domi-
nated by the star dynamics, since the isolated and confined linear
chains do not qualitatively affect the rheology. In this regime, the
Flory argument-based theory cannot be applied, and the reduc-
tion of the average star polymer size is mainly affected by the
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specific repulsion between stars because of the overlap of their
outer blobs. Under these conditions its dependence on the
presence of few isolated chains cannot be estimated easily via
mean-field approaches.

On the other hand, for d; > 0, the formation of a spherical
cavity is geometrically well-defined as well as is the surrounding
polymeric medium, and hence the osmotic pressure can be
calculated. Thus, holding this condition, we can extend the
osmotic theory to concentrated star polymer solutions. This is
clearly a departure from ref 14 which only considers the
shrinkage problem for a single star.

In this regime, we emphasize that the mixtures lose their
typical glassy behavior and the linear polymer matrix appears to
dominate the response (Figure SA,B illustrates the two regimes).
It is worth noting that all the mixtures studied are viscoelastic
solids even at the lowest star volume fraction (P, = 0.71), which
is below the volume fraction, ®g;, where the glass-to-liquid
transition occurs for pure $304-2 solutions (0.8 < @ < 0.9)
(for details see section IIL.4).

To quantify the above ideas, we need to consider the fact that,
when a certain mass fraction Wy, of linear polymer chains is added
to a star polymer solution, the confinement of the chains caused
by the presence of shrunk stars has to be taken into account in
order to evaluate the effective volume fraction ®;. This leads to

WY
T = S . (13)
Wy +——L2t NP LR
Py

where Nj is the total number of star polymers in the solution, ®{
is the volume fraction of chains calculated taking into account the
total volume of the solvent (squalene), and p; is the density of the
star polymer melt. We solved recursively eqs 10 and 13 until
converging to stable values (®y, R,) of linear chain volume
fraction and star polymer dimension that univocally define the
mixture and definitely allow to estimate the mean distance between
ideal surfaces of stars according to eq 11. Figure 6B depicts the
calculated distance between stars as a function of the dilution
parameter € = (O, — D,)/D, for the two star—linear polymer
mixtures employed here. The inset shows the correspondent
values of g as a function of the linear polymer concentration @5,
The condition d, = 0 is obtained for = 0.39 at € &~ 0.20 and for
0 = 0.78 at € &~ 0.18 that correspond to @, = ®* = 1.2 and
O, = ®* = 1.23, respectively. These volume fractions can be
viewed as the renormalized overlap concentrations for star polymer
molecules within the mixtures and corroborate the scenario
emerging from the analysis of the linear viscoelastic data. This
analy51s definitely generalizes and extends the theory of Wilk
etal."* to concentrated star polymers solutions, hence identifying
the departure from the dilute regime.

Moreover, as discussed in the next section, this scenario is also
consistent with the nonlinear rheological properties of these
mixtures, which are surprisingly sensitive to the transition between
the overlapping and nonoverlapping stars regimes just described.

ll.3. Nonlinear Rheology. Strain-amplitude sweep tests
were conducted in order to characterize the behavior of the
mixtures under large deformations. Figure 7 presents indicative
results for the star/linear mixtures containing different amounts
of L61 chains. In particular, it depicts the variation of the first
harmonics of G’ (Figure 7A) and G” (Figure 7B) with increas-
ing strain amplitude y, at @ = 1 rad/s. As expected, for small
amplitudes, both moduli are insensitive to the amplitude of
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Figure 7. Dynamic strain sweeps measurements for S$304-2/L61
mixtures and 0.1% =< Y, < 250%. Filled pomts — @, > O empty
points — @ < ®*: Panel A: storage modulus G': O = 1.47 (black filled
circles), @, = 1.42 (red filled circles), @, = 1.38 (green filled circles),
@, = 1.3 (blue filled circles), @, = 1.16 (black empty circles),
@, = 1.08 (red empty circles), @, = 0.72 (green empty circles). Panel
B: loss modulus G”: @ = 1.47 (black filled circles), @, = 1.42 (red filled
circles), @, = 1.38 (green filled circles), @, = 1.3 (blue filled circles),
@, = 1.16 (black empty circles), @, = 1.08 (red empty circles), P, =0.72
(green empty circles); the low strain loss modulus value G, and its
maximum value Gy, are marked by dashed arrows for @ = 1.47, while
differently sloping arrow outline the passage from the concentrated
regime (invariance of the slope —f3) for @ = 1.3, to the diluted regime
(dependence of the slope by the linear chain’s content) for @, < 1.16.

the applied strain: the sample obeys linear viscoelastic response.
At larger strains, G”'(Y,) increases (apparent thickening) and
reaches a maximum Gy’ before eventually declining. At the same
time, G'(y) decreases with strain smoothly and eventually obeys a
power law. In this regime the material begins to yield and switches
from solidlike (G’ > G’) to liquidlike (G > G’)

The power-law behaviors are G' (o) ~ yo “ and G (yo) ~
o ? where oL and f3 values depend on the hnear olymer content
of the mixtures. For many soft matter systems,'”****~* the ratio
0./f3 was reported to be nearly constant, reaching a value of 2,
which was recently rationalized by invoking a modified mode
coupling theory approach that incorporates the notion of a rate-
dependent characteristic time of the material.*>*” This can be
also predicted from the soft glassy rheology model.*® We
obtained the a and f3 values by fitting the data for Y, = 75%
where it has been shown that a complete fluidization of similar
star polymer glasses occurred*”** and both G’ and G” no longer
depend on the initial state.

Interestingly, the qualitative behavior of the moduli is main-
tained for @ > 1.30 while for lower volume fractions an abrupt
decrease of the low strain storage modulus is evidenced together
with the concomitant change of three characteristic features of
the moduli spectra: the ratio &t/f3, the relative apparent thicken-
ing (GM — G'')/Gy, where Gy is the value assumed by the
loss modulus in the linear regime and the strain position of the
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Figure 8. Ratio a/f3 for both $304-2/L61 (panel A) and $304-2/L16S
(panel B) mixtures. Panel C shows 0./f for the one-component star
polymer solutions at different concentrations. Dashed red arrows are
only a guide for the eye to locate the “crossover” value (P — ®*)/D,,.
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Figure 9. Relative apparent thickening (Gy' — Gi/)/G." for both
$304-2/L61 (panel A) and S304-2/L16S (panel B) mixtures. Dashed
red arrows are only a guide for the eye to locate the “crossover” value

(Do — D)/ Dy.

maximum in the G” spectrum ;. Figure 8 depicts the ratio /3
for all the two star/linear mixtures investigated and for the star
polymer solutions in squalene at different concentrations. We
show how for both mixtures this ratio slightly depends on the
polymer concentration until a critical value of @y is reached. In
particular we show how an unambiguous change of slope occurs
for € ~ 0.2 for both S304-2/L16S and S304-2/1.61 mixtures that
immediately brings us back to the comparison with the overlap
concentration predicted by 3D-osmotic theory (section I11.2).
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Figure 10. Strain amplitude ¥, correspondent to the maximum of
G"(yo) for both S304-2/L61 (circles) and S304-2/L16S (squares)
mixtures. The values have been obtained via parabolic fits of the data
close to the measured maximum.

The change of slope is absent in the pure star polymer solutions
corroborating the idea that the appearance of the crossover
concentration is induced by osmotic effects. However, it is
important to note that the dramatic increase of the ratio o/ B
may also reflect the fact that in the star/linear mixtures the
terminal slope (at large strains) has not been reached in the
experimental window investigated.

At the same time, we report in Figure 9 the change of the
relative apparent thickening taking place when varying the linear
polymer content where we verify the existence of a crossover
appearing in the same range of £ mentioned before. Furthermore,
Figure 10 shows the strain amplitude 5 where G reaches its
maximum (evaluated via parabolic fits of the data close to the
measured maxima) as a function of ¢. Once again, the data for
both mixtures display a sharp increase that appears to level off
around & ~ 0.2 (see dashed arrows in Figure 10). We will
comment briefly on the above-mentioned phenomenological
evidence in an effort to elucidate the origin of the observed
behavior.

The dilution of a glassy soft particle solution trough the
addition of linear chains can be viewed as the natural way to
investigate the transition of soft matter from colloidal glasses to
linear polymer melts, expecting to find the pure melt behavior in
the limit of very high chains’ content (¢ — o). When we add
chains to a crowded star polymer system, they can assume, in
principle, very different conformations according to the func-
tionality and volume fraction of stars. When confined chains are
isolated (& << 1), the glassy response of the mixtures is preserved
and the presence of chains within the solution can be detected by
looking at the high-frequency regime of dynamic frequency
sweeps, where the fastest modes reflect the polymer matrix
response (also well below the overlap-to-nonoverlap transition
of stars). In this regime, increasing the amplitude of the imposed
strain does not induce any significant change in the elastic and
viscous properties of mixtures. The qualitative characteristics of
the pure glassy star polymer solution [a/f ratio, relative
apparent thickening, and y3;(¢)] remain unchanged. However,
as the star polymer molecules disengage, the star—star interac-
tions drop while the confined chain—chain interactions radically
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Figure 11. Storage modulus G’ (filled symbols) and loss modulus G”
(open symbols) for pure glassy star polymer solution $304-2 @, = 1.5
(circles) and mixture $304-2/L61 @, = 0.71 (lozenges). Right panels:
correspondent images of the samples.

start contributing to the yielding and the shear thinning of
the material. As the stars become eventually virtually “isolated”
(ds > 0) and immersed in the concentrated polymer solution, the
material can be viewed as stars in solution of linear chains with
varying interaction. This is demonstrated by the linear viscoe-
lastic spectra described in Figure 4 and by the fact that the soft
colloidal suspensions exhibit solidlike behavior in the low-
frequency window of the spectra.

lll.4. Phase Separation and Gelation. As mentioned in
section IIL.2, we surprisingly obtained a viscoelastic solid even
at a volume fraction (®, = 0.71) that is lower than the glass-to-
liquid transition found for pure S304-2 star polymer solution.

The latter was found to be in the range 0.8 < @y, < 0.9, as
roughly estimated by simply diluting the initial glass with
squalene until the liquid phase was recovered. In Figure 11 we
show the linear storage and loss moduli over a wider range of
frequencies (0.01 rad/s < @ < 100 rad/s) in order to distinguish
the different type of solidlike behavior of the mixture S304-2/L61
at @, = 0.71 from that of the original glassy system. It is
important to point out that this value of the concentration of
the soft colloidal particles within the mixture should be con-
sidered only as an upper bound for their effective packing fraction
because it does not take into account for the osmotic reduction of
their sizes due to the presence of the surrounding concentrated
linear chains solution. * Using the osmotic theory-based calcula-
tion described in section IIL2, we obtain g = 0.55, hence
predicting an effective volume fraction of stars @, = g3CI)S =
0.12. However, there is evidence that, at this concentration, the
system undergoes macroscopic phase separation with a huge
increase of the turbidity of the solution. This is in fact visible to
the eye. The two pictures shown in Figure 11 display the pure star
polymer glass @ = 1.5 and the mixture $304-2/L61 ®,=0.71 in
NMR tubes after 1 day after sample preparation. They clearly
show the optical difference between the two samples: the opacity
of the mixture is much higher than the pure star polymer
solution, the latter appearing transparent, signaling the occur-
rence of a phase separation upon adding linear chains in the
original solution.

Figure 12 provides a comparison of the low-frequency plateau
moduli G,(®;) for the simple glassy star solutions at different
concentrations and for $304-L61 mixtures. In the case of simple
dilution of the initial glassy system (P = 1.5), G, shows a pure
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Figure 12. Storage modulus G’ for @ < 0.1 rad/s of different pure star
polymer solutions $304-2 in the range 0.8 < ®, < 1.5 (circles) and of
mixtures $304-2/L61 in the range 0.71 < @, < 1.5 (lozenges). The solid
black lines represent the best linear fit on the data for 0.9 < @ < 1.5
(pure star polymer solutions $304-2) and for 1.15 < @, < 1.5 (mixtures
$304-2/L61). At @, = 0.8 the pure star polymer solution becomes
rheologically liquid. The dashed arrows are only a guide for the eye.

linear degendence on D as already shown in other star polymer
systems,” until the liquid phase is reached (®, = 0.8). The
respective dependence of the storage modulus of the mixtures
clearly follows two regimes: the first, at low linear polymer content,
is characterized by a linear decrease upon the addition of chains,
where a steeper slope with respect to the pure stars’ solutions
corroborates the idea that a reduction of the effective volume of
single stars follows the addition of chains. The second regime is
characterized by a weaker dependence on @, leading eventually
to a solidlike response even for a concentration where a liquid is
expected. This scenario conforms to the idea that above a well-
defined concentration of linear chains, corresponding to the stars
overlap-to-nonoverlap crossover concentration, the interactions
between the stars progressively weaken”"> and eventually switch
from repulsive to strongly attractive in the presence of a
concentrated solution of relatively small chains, leading the
system to gelation. Recently, Camargo and Likos*’ showed that
for stars of low functionality (f = 18) and size ratio 0 = 0.5 a
cluster prepeak appears in the static structure factor of coarse-
grained modeled star—linear polymer mixtures, signaling the
presence of a preferential cluster size as a precursor for a
demixing transition. On the other hand, increasing f, the cluster
prepeak disappears and the system is directly driven to the
demixing transition as the concentration of the chains is
increased."® Their findings support the existence of macrophase
separation in such mixtures and corroborate our experimental
results.

Furthermore, it is worth noting that in our case the demixing
transition appears with a persistent dynamical arrested state of
the system, which presumably leads to a glass-to-gel boundary in
the phase diagram of star/linear polymer solutions.

Thermodynamic models considered gelation initiated by
fluid—crystal®® or liquid—gas phase separation®"** which may
arrest leading to percolation. Interestingly, Lu et al.> interest-
ingly provided strong quantitative physical evidence that the
gelation boundary for short ranged attractive particles is precisely
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equivalent to the boundary for equilibrium liquid—gas phase
separation in low-density solutions. While, such polymer—hard
sphere mixtures can be easily parametrized with three mutually
independent quantities, namely the packing fraction of colloids
@, the attraction strength U/k, T and the range of the attraction
&, the star—linear polymer systems contain a much higher
“degree of complexity” because of the pronounced interdepen-
dence of the three above-mentioned parameters, so that they
cannot be easily represented via the existing coarse grained
models aiming to capture the details of the phase diagram.

The deformability of the star polymers, even with a large
number of arms, giving, as postulated here, a strong dependence
of the size of particles on the chains’ content, makes reasonable a
sharp passage from a glassy state, dominated by repulsive
interactions and characterized by both in-cage and out-of-cage
dynamics,* to a low-density attractive gel phase, where percola-
tion stops the growth of the clusters and phase separation,
whereas at the same time the osmotic constraints, imposed by
the very dense linear polymer solution, render the stars smaller

and hard-sphere-like.

IV. CONCLUDING REMARKS

We have investigated the rheological behavior of star/linear
polymer mixture employing two different molar mass of linear
chains (of the same chemical nature) to dilute a concentrated
glassy solution of star polymers. We have shown that the dilution
of the initial glassy phase is reflected in the lower low-frequency
storage modulus of the material (depending on the size ratio) as
well as the fact that the high-frequency moduli are dominated by
the linear chains contribution. We directly estimated the reduc-
tion of the size of the stars upon the addition of chains comparing
the results with those obtained via osmotic theory. We used the
latter to estimate the effective overlap concentration of stars in
the mixtures showing how the rheological properties change
close to the crossover concentration, where the number of contacts
between the particles per unit time and volume sharply decreases
and the particle—particle interaction potential changes from
purely repulsive to weakened repulsive and eventually become
attractive, in the presence of high concentration of chains. We
have underlined how a macroscopic phase separation occurs in
the mixtures containing the chains with the smallest molar mass
employed here (60.8 kg/mol), together with a persistent solid
(gel-like) state even below the solid-to-liquid transition corre-
sponding to the pure star solutions. This finding suggests the
presence of unstable regions in the star/linear polymer mixtures
phase diagram where an arrested phase separation (demonstrated
here by simple visual observation) guides the gelation of the
ultrasoft colloidal particles. This provides new possibilities for
tailoring the macroscopic properties of soft colloids and hence
for further experimental investigations.
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