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Ultrasoft Colloid-Polymer Mixtures: Structure and Phase Diagram
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Binary mixtures of ultrasoft colloids and linear polymer chains were investigated by small-angle
neutron scattering and liquid state theory. We show that experimental data can be described by employing
recently developed effective interactions between the colloid and the polymer chains, in which both
components are modeled as point particles in a coarse-grained approach, in which the monomers
have been traced out. Quantitative, parameter-free agreement between experiment and theory for the
pair correlations, the phase behavior and the concentration dependence of the interaction length is

achieved.
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Hard spheres have been established in the past as model
systems to investigate on a fundamental level the effective
interactions and phase behavior of soft matter [I].
Following in complexity, colloid-polymer mixtures are
usually described by the Asakura-Oosawa (AO) model
[2]. Building on these simple models, great advances
have been made in the study of gel and glass formation
in colloidal systems [3,4]. More recently, the interest of
colloid scientists has shifted towards the study of soft
particles, among which star polymers have emerged as a
model for a wide class of soft spheres, including block-
copolymer micelles [5,6] and microgel particles [7,8]. For
a star polymer, softness can be controlled by varying its
number of arms (or functionality f), allowing to bridge the
gap between linear polymer chains (f = 2) and hard
spheres (f — o0) [9]. Therefore, star polymers feature
tunable softness, which is responsible for the observation
of anomalous structural behavior [9] and for the formation
of several crystal structures [5,10]. Mixtures of soft parti-
cles offer a much higher versatility with respect to their
hard counterparts, both in terms of structural and rheolog-
ical properties [11-13] and of effective interactions [14]. In
particular, mixtures of star polymers of different sizes and
functionalities have been recently investigated in a joint
theoretical and experimental effort, revealing the existence
of multiple glassy states [15]. On the other hand, the
paradigmatic case of a mixture of star polymers and linear
chains (the direct soft counterpart of the AO model) has
been investigated theoretically [14,16] and experimentally
by (mainly) macroscopic rheology [11,12,17]; however,
detailed structural information is still missing. Recently a
microscopic theory [14,16], capable to appropriately
coarse-grain stars and chains, has been developed, but an
accurate comparison between theoretical predictions and
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experimental results for the structural correlations for star-
chains mixtures has not been attempted so far.

Recently, we introduced kinetically frozen starlike mi-
celles [6,18] formed by the amphiphilic block copolymer
poly(ethylene-alt-propylene)-poly(ethylene oxide), PEP-
PEO, as a tunable model system for ultrasoft colloids [9].
In this Letter we study mixtures of starlike micelles and
linear (PEO) chains and provide a systematic and quanti-
tative characterization of structure factors and phase be-
havior in terms of effective interactions. By combining
small-angle neutron scattering (SANS) and liquid state
theory, we measure and model the correlations between
starlike micelles and linear chains. SANS measurements in
core contrast allow a direct determination of experimental
structure factors, S(Q) [19], providing the basis for a
comparison with the recently-developed theory, in which
both components are modeled as point particles in a
coarse-grained approach that traces out the monomeric
degrees of freedom. A direct comparison without any
adjustable parameters, i.e., using the quantities directly
given by experiments, provides a very good agreement
between experiment and theory for structure factors, phase
behavior and concentration dependence of the interaction
length o. The comparison is done for a broad range of
polymer volume fraction from dilute to concentrated
conditions, i.e. 0.05 = ¢/p* = 7, where ¢ is the overlap
concentration, and it brings forward the influence of the
added chains on the larger star polymers. Our work
provides a comprehensive structural characterization of
soft binary mixtures in terms of effective potentials
and is a further step forward in the understanding and
modelling of complex soft matter systems in general.

Partially deuterated PEP-PEO block polymers and par-
tially deuterated PEO chains were synthesized by anionic
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polymerization following established procedures [20].
Molecular details of the systems are given in Table 1. All
polymers were dispersed in a H,O/D,0O mixture (5:95,
v:v) to ensure a PEO contrast matching (core contrast).
SANS experiments were performed at D11, Institute Laue-
Langevin (ILL), Grenoble. Raw data were corrected for
detector efficiency and dead time. Contributions resulting
from empty cell, solvent and incoherent scattering were
subtracted and corrected data finally normalized by a water
standard to absolute units [cm™!].

Characterization of the single starlike micelle was per-
formed in dilute solution. The SANS-form factor P(Q) was
analyzed using a core-shell model, by assuming a starlike
density profile in the shell [6]. Light scattering (SLS/DLS)
and rheology were used as complementary methods.
A compilation of experimental data gives a functionality
f =91 £ 5 and the characteristic sizes shown in Table I.
The gyration radii yield a chain-micelle size ratio & =

RY/RY = 0.3, which was fixed for the subsequent theo-
retical analysis.

A detailed description of our theoretical approach is
given in [14,16]. By taking the center of the stars and the
middle monomer of the chains as effective coordinates, the
coarse-grained entropic pair interactions display a loga-
rithmic dependence at short distances and an exponentially
decay at large ones. Since the potentials diverge only
logarithmically as r — 0, both star and chains can be
viewed as ultrasoft colloidal particles [9], which can easily
interpenetrate and overlap with one another. The star-star
interaction reads as [9]

_ r _1
hl(”‘) e (1)
—1’:; exp[ — %T(r — a's)] r>o,

r=o;

BVSS(I‘) = ®(f)

where O(f) = = f*/2, f is the functionality, o is a mea-
sure of the star extension and 8 = (kzT)~! with kj, the
Boltzmann constant and 7 the temperature. The chains can
be seen as two-arm stars interacting via [21,22]
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TABLE I. Characterization of the used polymers.

Molecular characteristics ([M,,] = g/mol)

Sample M, pep M, peo M, /M,* xDb
hPEP1-dhPEO20 1100 21250 1.03 0.86
dhPEO20 21250 1.03 0.86
Characteristic sizes (A)

2 ]oe Ry R R
218 = 11 34+2 248*12 317*16° 67=*3

“Polydispersity by SEC.
®Molar fraction of deuterated PEO.
“Hydrodynamic radius obtained from DLS.

with 7o, = 1.03, which guarantees the correct value of the
second virial coefficient of a polymer solution. As before,
. measures the size of the chain. The star-chain interac-
tion results [16]

BV.(r) = {—@(f) ln(é) +K r= Tse 3)
vy fo,(e(Ir —x'))dr’ r> o,

where o, =3(0; +0.), O(f) =5 5[/ + 2)3/2 —
(f2 + 23/%)], and vy, is the excluded volume parameter.
The latter comes from Flory-type arguments for the over-
lapping monomer density profiles 0;(r) (i = s, c¢), which
can be evaluated on the basis of the Daoud-Cotton blob
model [16,23,24]. The constants K and v are estimated by
requiring continuity of V,.(r) and V!.(r) at r = oy. In
Fig. 1 the effective potentials V, V. and V. are shown,
from which center-to-center structure factor of stars S(Q)
follows by solving the two-component Ornstein-Zernike
(OZ) equations within the hypernetted-chain (HNC)
approximation. The latter is very accurate for soft-core
repulsive potentials [25,26].

For our quantitative comparison between experiments
and theory the following quantities are necessary: the
reduced number densities of starlike micelles, p o3, and
of linear chains, p.o?, unambiguously given by experi-
mental concentrations in terms of volume fraction, as well
as f and &, both obtained from independent form factor
analysis. Following [16,21], the relation o = 4R\/3,
i = s, ¢ holds. According to the theoretical predictions,
upon the addition of linear chains, a strong loss of star-star
correlations results, insofar a drastic decrease of the peaks
of §(Q) is found in comparison to the structure factor of the
pure star system. This change is accompanied by a shift of
the peaks to slightly higher Q and also by a slight increase
of the S(Q — 0) value. These features can be well ex-
plained based on a depletionlike mechanics as described
in [11]. The inset in Fig. 2 demonstrates the strong weak-
ening of the peak of the starlike micelle scattering intensity
upon increasing the chain density at fixed star density
p,03 = 0.367. For direct comparison, theoretical S(Q)
were multiplied by P(Q) and convoluted with the instru-
mental resolution function [27].

Figure 2 shows SANS intensities /(Q) for selected con-
centrations below and around the overlap polymer volume

rlc
s

FIG. 1 (color online). Star-star, star-chain, and chain-chain
pair effective potentials given by Egs. (1)—(3) for £ = 0.3.
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FIG. 2 (color online). Normalized SANS intensity for inter-
mediate polymer volume fractions. Inset: Effect of adding chains
on I(Q) at p,a} = 0.367 for p.o3 = 0 (circles) and p.o? = 8.6
(squares). Symbols: experiment; lines: theory.

fraction ¢* = (fM,,/dN,)/(47R},/3) =3% (p,0=
0.220), with M,, and d the average molar mass and mass
density, and R, = Rg,)re + Rg‘}?e” (see Table I). The precise
value of o, was determined by optimizing the agreement
between theory and experiment for S(Q) at ¢*, resulting in
o,(¢*) =305 A, in good agreement with previous, inde-
pendent estimates [9,11] and within the experimental error
bars of about 6% for Rgf). The agreement between experi-
ment and theory is very convincing. Position, height and
width of first and second order peak of liquidlike experi-
mental structure factors are indeed nicely described by the
theory. Only at very low Q vectors some deviations occur,
probably due to not-perfect contrast matching conditions.
In addition, from ¢ = 5% (p,0} = 0.367) on, the height
of the first structure factor peak is overestimated by theory
due to the expected shrinkage of the micellar corona
following o, ~ (¢p/¢*)~1/8 [23]. This effect is shown in
Fig. 3 for higher concentrations well above ¢*. We point
out that this shrinkage does not affect ¢ since the linear
polymer also shrinks, following the same scaling relation.
Consequently, the shrinkage is taken into account by read-
justing the corresponding concentrations in terms of p o3
and p.o3. The resulting theoretical /(Q) are shown as
continuous lines in Fig. 3 and clearly improve the agree-
ment with experimental data. Similar effects are achieved
for concentrations even as high as 20% (= 7¢%).
Nevertheless, the description of experimental data slightly
worsens with concentration, most probably due to three
body forces, which become relevant for ¢/¢* = 5 [28].
To strengthen our quantitative comparison between ex-
periment and theory, we also consider the phase behavior
of the system. Indeed, while S(Q) is only slightly affected
by varying &, the phase behavior can be sensitively altered
by a small change in the same. The agreement in phase
behavior will provide an additional consistency check to
narrow down the values of o, 0. and ¢ and to establish

FIG. 3 (color online). Normalized SANS intensity for volume
fractions well above ¢*. Symbols correspond to experiments,
dotted lines to theory with constant o, and continuous lines to
theory with decreasing o ~ (¢/¢*)~'/8. Inset: Reduced viscos-
ity vs reduced shear rate for selected volume fractions, with 7,
the zero shear viscosity and . obtained from a Carreau-Fit [34].

the correctness of the adopted effective interactions.
We investigated the rheological properties of the samples
by means of both steady and oscillatory shear measure-
ments. As the inset of Fig. 3 shows, most of viscosity
curves display the Newtonian-plateau typical for a liquid
and the usual shear-thinning at high shear rates. For larger
concentration, namely ¢ = 29% (p,o = 0.887), we find
a transition to a solid (glassy) state, clearly indicated by the
absence of the Newtonian plateau. The formation of an
arrested state was also verified for ¢ =33% (p,0; =
0.966) by tube inversion.

The theoretical phase diagram is shown in Fig. 4 for two
different values of size ratios £ = 0.27 and & = 0.30 in the
(ps» p.) plane. To account for the possible existence of a
demixing region, we make use of the fact that the HNC
fails to converge in the neighborhood of a spinodal line
[25]. The convergence line (CL) in Fig. 4, can be consid-
ered an estimate of the phase separation region. Above the
CL, we expect the homogeneous mixture to become un-
stable with respect to demixing. Although it is possible to
determine the coexistence curve from the HNC results
[26], this is beyond the scope of this Letter, and therefore
we keep the CL as an indicator of the location of phase
separation. To estimate the stars’ freezing boundary,
we use the Hansen-Verlet (HV) criterion: to the right of
the HV line, the main peak of S(Q) exceeds 2.85, indicat-
ing crystallization [6]. Finally, an (ideal) glass transition
line (GL) is shown, indicating vitrification [29]. This
line was calculated by means of the (one-component)
mode-coupling theory (MCT) [30], which uses as inputs
only S(Q) and p,o?. This approach accounts very well
for the location of the real vitrification line and that the
addition of chains leads to glass melting at fixed py, as
previously demonstrated [12,13].
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FIG. 4 (color online). Phase diagram: Symbols denote our
experimental path (open symbols assuming shrinkage, open
squares correspond to glassy samples). Lines (CL, HV, and
GL, see text) are given by theory. Full and dashed lines corre-
spond, respectively, to ¢ = 0.3 (the actual experimental one) and
to ¢ = 0.27.

The investigated experimental points are also reported
on this phase diagram. Given the constant ratio between
starlike micelles and linear chains, our experimental path
through the phase diagram is a straight line with slope
x,/(1 — x,) with x, the number density fraction of the
linear chains. For all samples under investigation, no phase
separation was observed in agreement with the theoretical
CL results for £ = 0.30. A crossing with the theoretical
CL, which would happen for a smaller size ratio & = 0.27,
must be excluded. This result confirms that the actual
experimental size ratio is close to & = 0.30, as established
by the S(Q) analysis. At higher concentrations, our experi-
mental path meets the HV line suggesting that a liquid-
solid transition might take place. However a large number
of studies on star polymer systems has shown that it is quite
difficult to nucleate a crystal, while instead solutions at
high concentrations undergo a disordered arrested state
[12,31,32]. This was also the case for our starlike micelles
in the absence of added chains at the same functionality as
in the present study [6]. In the presence of chains, we also
find that arrest is retarded to higher concentrations, in
agreement with previous studies [12,31]. Indeed, for the
most concentrated samples, the dynamical arrest to an
amorphous solid (glass) agrees with the phase diagram
of Fig. 4.

In summary, we have described structural and phase
behavior of binary mixtures of ultrasoft colloids and linear
polymers. By combining small-angle neutron scattering
(SANS) and liquid state theory we offer robust experimen-
tal evidence to the accuracy of the coarse-graining proce-
dure for developing effective interactions between the
starlike micelles and the homopolymer chains, in a wide
range of concentrated mixtures. Without any adjustable
parameter we find quantitative agreement between experi-
ments and theory for the influence of the added chains on
the intermicelle structure and on their phase behavior. Our
work provides a comprehensive characterization of soft

binary mixtures in terms of effective potentials and is
therefore a successful benchmark in the study of complex
soft matter systems in general, opening the way for explor-
ing experimentally the features of anomalous depletion
predicted by theory [14], and for studying even more
versatile soft-based systems, e.g., mixtures of micelles
with block copolymers [5,33].
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