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ABSTRACT: We combine state-of-the art synthesis, simu-
lations, and physical experiments to explore the tunable,
responsive character of telechelic star polymers as models for
soft patchy particles. We focus on the simplest possible
system: a star comprising three asymmetric block copolymer
arms with solvophilic inner and solvophobic outer blocks. Our
dilute solution studies reveal the onset of a second slow mode
in the intermediate scattering functions as the temperature
decreases below the θ-point of the outer block, as well as the
size reduction of single stars upon further decreasing
temperature. Clusters comprising multiple stars are formed
and their average dimensions, akin to the single star size,
counterintuitively decrease upon cooling. A similar phenomenology is observed in simulations upon increasing attraction
between the outer blocks and is rationalized as a result of the interplay between interstar associations and steric repulsion
between the star cores. Since our simulations are able to describe the experimental findings reliably, we can use them with
confidence to make predictions at conditions and flow regimes that are inaccessible experimentally. Specifically, we employ
simulations to investigate flow properties of the system at high shear rates, revealing shear thinning behavior caused by the
breakup of interstar associations under flow. On the other hand, the zero-shear viscosity obtained experimentally exhibits a
rather weak activation energy, which increases upon rising star concentration. These findings demonstrate the unusual
properties of telechelic star polymers even in the dilute regime. They also offer a powerful toolbox for designing soft patchy
particles and exploring their unprecedented responsive properties further on.

Recently, soft responsive materials have gained a steadily
increasing relevance in engineering applications and

research because of their functional properties that can be
selectively tailored during preparation and via external
fields.1−3 Supramolecular polymeric assemblies are of partic-
ular interest in industrial applications because of their
outstanding stimuli-responsiveness and their concomitant
reversible properties such as self-healing and shape memo-
ry.3−6 In fact, these materials can dramatically change their
shape and phase under the influence of external stimuli, for
example, temperature, irradiation, pH, electromagnetic fields,
or flow.7−9 Moreover, the use of biologically relevant
composites as building blocks of such assemblies opens up a

road for designing novel materials for biomedical or environ-
mental technologies. Single DNA strands serve as a notable
example of such programmable units that have been exploited
for versatile structure formation.10−12

In this work, we present a strategy for developing and
investigating well-defined star-shaped block copolymer systems
in solvents of varying quality that act as building blocks for
supramolecular assemblies using a combination of syntheses,
simulations and physical experiments. Given the broad scope
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and advances in the field of associating polymers,13,14 we focus
on telechelic star polymers (TSPs), which carry associating
monomers at their ends.15−17 A TSP comprises f AB-block
copolymers (arms) grafted on a common center with their
solvophilic A-blocks being at the interior of the star and their
solvophobic B-blocks attached to the end of each arm. In what
follows, NA and NB denote the number of A- and B-type
monomers in a star arm, respectively, and α = NB/(NA + NB) is
the relative size ratio between the two block lengths.
The behavior of dilute and concentrated TSP solutions is

predominantly governed by the functionality f of the stars, the
block size ratio α, and the attraction strength between the
solvophobic B-blocks that becomes stronger upon worsening
solvent quality. Likewise, structural and viscoelastic properties
of melts, in which end-blocks of TSPs associate due to the
enthalpic A−B interactions, have been shown to be controlled
by the temperature-dependent interplay of intra- and
intermolecular associations.18−21 At infinite dilution, TSPs
under such selective solvent conditions form well-defined
patches, which allows us to regard them as an experimental
realization of soft patchy particles.16,22−24 Their conforma-
tional state-diagram at θ-like conditions for the B-blocks has
been set forward in refs 24 and 25 based on simulations of an
effective blob model. It has been shown that the patchiness of
high functionality TSPs is maintained at finite concentrations
and can facilitate the formation of ordered lattices having
coordination compatible with the number of patches of a single
TSP, suggesting the use of TSPs as tunable building blocks for
the formation of multiscale hierarchical supramolecular
structures.4,24−26 In contrast, as shown by means of extensive
on-lattice simulations, solvophobic blocks of low functionality
TSPs tend to form micellar aggregates27−30 that can
subsequently self-organize at higher concentrations into long
wormlike micelles bridged by arms of individual stars.27,31

Finally, compared to triblock copolymers (i.e., f = 2), which
tend to self-organize into flower-like micelles that interconnect
at higher concentrations,32,33 star-shaped copolymers have a
higher propensity to form intermicellar bridges, as they can
split their three arms into three distinct micelles. Therefore,
they are expected to have distinct rheological properties.
These predictions have not yet been fully tested, let alone

materialized experimentally, in a systematic way that exploits
the versatility of TSP structures and properties. In particular, of

prime importance are the exact role of tunable attractions
between the outer blocks of TSPs, the corresponding structure
formation in concentrated systems, and the associated change
of macroscopic properties (such as viscosity) due to micro-
structural reorganization in flow. In this article, we address
these questions to demonstrate the exciting possibilities for
designing and fabricating novel materials with tailored
rheology.
A well-defined 3-arm star diblock copolymer (PS-b-PB1,4)3

was synthesized by anionic polymerization and chlorosilane
chemistry using high-vacuum techniques in custom-made glass
apparatuses. The weight-average total molar mass was
Mw,LS‑SEC = 26700 g/mol, the associated polydispersity was Đ
= 1.03, and the weight fraction of terminal polysterene blocks
was f PS = 23% w/w. The stars were dissolved in 1-phenyl
dodecane, which is a θ-solvent for the outer PS block34 with a
cloud-point at 53.5 °C and a θ-solvent for the inner PB block
at 22 °C. In addition, this solvent has a boiling point of 330 °C
at atmospheric pressure and is therefore amenable to
rheological experiments. The dynamics of the system were
measured by Dynamic Light Scattering (DLS) and the shear
viscosity by rheometry. Details about the synthesis and
solution preparation, as well as DLS and rheological measure-
ments, can be found in the Supporting Information (SI).
We developed a complementary coarse-grained simulation

model for the TSPs based on the Kremer−Grest model35 for
linear polymer chains in a good solvent. Interactions between
the A-A and A-B pairs were purely repulsive, mimicking good
solvent conditions, while the B−B pairs had a Lennard-Jones-
type attraction with a controllable strength λ, which denotes
the depth of the potential well36 and is proportional to an
inverse temperature. λ = 0 is a good solvent, λ = 0.33 is a θ-
solvent for a linear homopolymer, and increasing it decreases
the solvent quality. To directly compare with experiments, we
simulated 3-arm stars with NA = 65 and NB = 3, which
correspond to the number of Kuhn segments in the studied
TSP sample (see SI for model details). We note that the
employed model aims at capturing essential physical
mechanisms at work in associating polymer solutions but not
at quantitatively reproducing the specific interactions and
dynamics in the experiments.
We first investigated the change of the structure at the single

TSP level upon cooling. Figure 1a shows the hydrodynamic

Figure 1. Comparison between single star properties for a star with f = 3 arms of NA = 65 and NB = 3, in experiments and simulations. (a)
Hydrodynamic radius, Rh, extracted from the fast process in the experimentally determined ISFs at c = 0.11c*. The dashed line is a guide to the eye.
(b) Simulated radius of gyration of the same TSP in units of the A-monomer diameter σ as a function of the attraction parameter, λ. Insets illustrate
typical conformations of the TSP at corresponding values of λ. Dotted vertical lines in (a) and (b) correspond to the θ-point of the outer block.
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radius Rh associated with the fast process in the experimentally
measured intermediate scattering functions (ISFs) in the dilute
regime and calculated using the Stokes−Einstein−Sutherland
relation, which effectively represents the size of a single
molecule. As a direct comparison, Figure 1b shows the radius
of gyration Rg of the star in units of the A-monomer diameter σ
obtained from bead−spring model simulations at different
values of λ. Note that the radius of gyration was too small to be
probed by DLS; hence, the comparison will be made between
experimental Rh and simulated Rg. The former, Rh, is an
apparent size of the TSP and it is often assumed that Rh(T)/
Rg(T) is a constant ratio; this is not strictly true because of the
different origins of these quantities.37 Nevertheless, the
existence of a transition temperature for the single TSP caused
by interarm association is an apparent feature of both
quantities.
In both cases, we observe reduction of the molecular size

upon cooling. Representative snapshots of the TSP given in
Figure 1b help to shed light on the self-assembly process that
takes place as λ increases for this particular ( f, α) combination.
When the B-monomers, colored in red, are in a good solvent
(i.e., for small values of λ), the star is open and the attraction
between star arms is negligible. In this regime, TSPs resemble
usual athermal star polymers. Upon worsening the solvent
quality, solvophobic monomers first start to form transient
patches (1 < λ < 2.5) that can be easily destroyed by thermal
fluctuations. On further increasing λ, this ultimately leads to
the collapse of all three arms of the TSP into one large patch
(λ > 2.5) accompanied by a significant decrease in Rg.

22

Similarly, Rh of a single TSP reduces upon cooling below T =
30 °C. Furthermore, in both cases, the decrease in TSP size
occurs within a narrow region of inverse temperature and λ
that is notably shifted away from the θ-point of the outer block.
Therefore, we argue that cooling (increasing attraction)
triggers a similar self-assembly process in both the experiments
and simulations. On the other hand, in the experiments we
observe only 5% reduction in size, being at the limits of
measurement resolution, whereas this reduction amounts to
25% in the simulations. Such a discrepancy is highly plausible
to originate from the simulation model, which includes neither
details of the atomistic intermolecular interaction that are

relevant for the precise values nor details or possible
modifications of the A−A and A−B interactions upon cooling.
Nevertheless, it captures the basic physics of self-organization,
that is, the end-monomer association. Finally, the different
nature of Rh and Rg renders the main value of this comparison
qualitative, but even a 5% size reduction can significantly
influence properties that depend on the volume fraction in
dense systems.
Next, we examine the dynamics of TSPs. To be able to study

self-assembly in larger systems and to reach longer time scales,
we developed an even coarser simulation model from the
bead−spring model by grouping certain segments of a star arm
into blobs and subsequently deriving effective potentials
between the blobs by means of a rigorous approach that
incorporates the many-body correlations that become
important at finite densities38 (see SI for details). Figure 2
shows the ISFs from both experiments and blob model
simulations at a fixed wavevector and various temperatures
(attraction strengths) for c = 0.11c*, where c* is the TSP
overlap concentration (see SI). The ISF shows two distinct
patterns, as seen in Figure 2a. At temperatures above Tθ of the
outer block, the ISF exhibits a single exponential decay,
demonstrating the existence of freely moving stars in solution.
However, upon cooling the system well below Tθ of the outer
block (T < 47.5 °C in experiments and λ > 1.06 in
simulations), a two-step decay in the ISF is observed. The
slow process becomes more pronounced as T is decreased.
Identical trends emerge in the ISFs extracted from blob model
simulations, as shown in Figure 2b, although the difference
between the fast and slow mode relaxation times is an order of
magnitude smaller than the one observed experimentally. We
attribute this discrepancy to the minimal character of the blob
model, which features soft interblob steric potentials and does
not take into account hydrodynamic interactions mediated by
the solvent, and to the finite box size that limits the growth of
the clusters that constitute the slow component of the solution.
Furthermore, similar information is recovered when ISFs at
various wavevectors are examined: at high T = 60 °C or low λ
= 1.0, the ISF shows a single exponential decay at all q-values,
whereas at low T = 40 °C or high λ = 1.2, the ISF exhibits a
clear two-step decay both in experiments and simulations

Figure 2. ISFs at different temperatures from (a) experiments and (b) simulations of the coarse-grained blob model at c = 0.11c*. The evolution of
a second slow mode is apparent for T < 47.5 °C in experiments and for λ > 1.06 in simulations. Inset in (b) illustrates the decrease of the plateau
height corresponding to the second step of the ISF observed in simulations for λ > 1.2. σ̅, τ̅ are the length and time units of the blob model
simulations (Table S3). The values of experimental C(q, t) smaller than 1 at the lowest t reflect measurement statistics (number fluctuations due to
nonconstant number of scatterers in the scattering volume) in these dilute solutions.
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(Figures S8 and S9). Finally, a few characteristic data points
available in both the experiments and simulations allow us to
establish a relation between λ and 1/T (Figure S10 and the
associated discussion).
The two-step relaxation of the dynamics indicates the

coexistence of clusters (slow process) and single TSPs (fast
process). The relaxation spectrum deduced from the inverse
Laplace transformation of the ISF using the constraint
regularized method39 reveals two well-separated peaks that
represent the relaxation times of single stars and clusters
(Figure S4). The corresponding relaxation times are used to
calculate the diffusion coefficient and, subsequently, the
hydrodynamic radius of a TSP and clusters using the
Stokes−Einstein−Sutherland relation. Figure 3a shows Rh
corresponding to the slow process. The obtained values exceed
the full stretch length of the (PS−PB)3 copolymer, which
clearly indicates the formation of the interchain aggregates that
decrease in dimensions on cooling.
Simulations provide insights into such change and reveal

how the morphology of the TSP network and its rearrange-
ments depend on λ. Figure 3b shows the average cluster size as

a function of λ for c = 0.11c* together with the corresponding
simulation snapshots of the TSP structures. At high temper-
atures (λ < 1.06), the dynamics of the TSPs are predominantly
diffusive: stars occasionally form intra- and intermolecular
patches encompassing few arms, which quickly dissociate due
to thermal noise. Further cooling (1.06 < λ < 1.2) dramatically
increases aggregation capabilities of a patch: we observe the
formation of micelles composed out of attractive B-blocks
externally shielded by the inner self-avoiding A-blocks (see
Figure 3b). The micelles feature a rather broad size
distribution and can be interconnected; that is, there are
TSPs whose arms belong to distinct patches, giving rise to
clusters (see Figure S7 for characteristic distributions of patch
and cluster sizes). Another structural rearrangement of the
system occurs by further reducing the temperature (λ > 1.2):
stronger attraction between outer blocks causes tightening of
the respective micellar cores, which simultaneously leads to
enhanced steric constraints between self-avoiding inner blocks
distributed on the exterior of these micelles. Eventually, due to
core crowding, some arms or even TSPs leave a micelle, which
results in smaller aggregation sizes of patches and clusters and

Figure 3. (a) Hydrodynamic radius, Rh, extracted from the slow process in the experimental ISFs. (b) Average aggregate size as a function of λ
extracted from simulations of the coarse-grained blob model. Insets: representative configurations of TSPs for indicated λ with the gray arrows
(attractive blobs, red; repulsive blobs, light blue; star centers, black). Both results correspond to c = 0.11c*.

Figure 4. (a) Shear viscosity as a function of Weissenberg numberWi from monomer-resolved simulations obtained at λ = 1 (open symbols) and λ
= 3 (closed symbols) for various TSPs concentrations. The numbers next to the viscosity curves indicate the slopes of the latter in the
corresponding range of Wi. Inset: viscosity data from experiments at T = 30 °C and low Wi numbers. (b) Temperature dependence of the zero-
shear viscosity from experiments at different concentrations, indicating a small activation energy ranging from 20 to 35 kJ/mol for c/c* = 1−2.5.
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decreased intermicellar separation, as seen in the insets of
Figure 3b. This reorganization, however, increases micellar
interconnectivity, as more stars attach their arms to two or
even three distinct patches (see Figure S6 for patch sizes and
TSP interconnectivity). This scenario calls for a strong
interplay between intra- and interstar association, which is an
important design consideration for tailoring the properties of
soft patchy particles. We argue that the combined structural
and dynamical information from Figures 2 and 3 provides
strong evidence about the tunability of TSPs.
Next, we examine the steady state response of TSPs to

simple shear flow. We carried out a study combining
experiments that probed the system at low shear rates, thereby
capturing only the Newtonian regime, and simulations at very
high shear rates, where clear shear-thinning behavior was
detected. In simulations of the bead−spring model, shear flow
was generated by the reverse nonequilibrium simulation
method40 with an explicit solvent modeled by multiparticle
collision dynamics41 in the HOOMD-blue simulation package
(modified version 2.3.0).42−45 The effect of shear flow on TSPs
was investigated at λ = 1 and 3, where the stars are open and
collapsed at the single molecule level, respectively, under
different concentration regimes.
Figure 4 shows the viscosity measurements from simulations

and experiments for TSPs at various shear rates, concen-
trations, and temperatures. In both cases, the TSP viscosity was
normalized by the solvent viscosity, ηs, and the shear rate, γ̇,
was multiplied by the Brownian time of a single TSP, τ0, to
define the Weissenberg number, Wi = γ̇τ0. The results from
both experiments and simulations indicate an increase in the
relative solution viscosity upon decreasing T (increasing λ).
For TSPs with moderate attraction (λ = 1) at c ≤ c*, as well as

for λ = 3 at c = 0.1c*, we observe a Newtonian regime at small
Wi combined with a weak shear-thinning of viscosity at higher
Wi with the slope of viscosity, η/ηs ∼Wi−δ, δ ≈ 0.1 (see Figure
5 for representative TSP conformations). Upon increasing c for
the system with higher attraction (λ = 3), we first detect a
transition from a Newtonian to a weakly thinning response,
and then to a strongly thinning response. In this case, the slope
of viscosity at high Wi is reduced, suggesting a tendency
toward an infinite-rate limiting viscosity, which implies
saturation of deformation of the inner blocks in shear flow
(at λ = 3 and c = 2.5c*, for example, δ decreases from 0.74 to
0.5 upon rising Wi). This is further confirmed by the fact that
TSPs stretch and tend to align their arms along the flow
direction (Figure S11). In addition, experimental data for very
dilute solutions of linear polymers (c < 0.2c*) indicates very
low slopes, similar to that of c* solution at λ = 1 in our case,
both in good and θ-like solvent conditions. The slope grows
with increasing concentration and reaches 0.5 in the semidilute
unentangled regime,46,47 while simulations provide even higher
values, up to 0.75.48,49 Slopes ranging from 0.3 to 0.4 for
increasing c have been reported for dilute solutions of star
polymers with up to 50 arms in good solvent.50 The wide range
of slopes reflects the complexity of these multiscale TSP
systems, which are very different from simple polymers, yet
their thinning is associated with deformation of segments and
breakup of patches.
As determined by simulations, the microscopic origin of

shear-thinning in solutions of TSPs can be qualitatively linked
to the fission of patches between outer blocks in shear flow.
The dependence of the number and size of patches on Wi are
shown in Figure 6a and b, respectively. For λ = 1, the shear rate
had only a small effect on the patches. On average, the patches

Figure 5. Representative configurations from the bead−spring model simulations of TSPs at Wi = 14.6 (left) and Wi = 107.4 (right) at c = 0.1c*
and λ = 3.

Figure 6. (a) Number of patches and (b) their size as a function of Wi obtained from bead−spring model simulations at λ = 1 (open symbols) and
λ = 3 (closed symbols) and various concentrations.
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contained 2−3 arms and the number of patches decreased
slightly with increasing flow rate because the patches were
broken up by the rearrangement of the polymers under shear,
leaving behind free arms. Such behavior is consistent with the
weak shear-thinning of viscosity observed in Figure 4a. On the
other hand, for λ = 3, the patches were broken up into smaller
ones under strong shear rates, resulting in a steep increase of
their number, and hence implying a strongly thinning response.
In conclusion, we have shown how a simple 3-arm telechelic

star polymer, a soft patchy particle, is a paradigm for a designer
material with tunable structure and rheology. Tunability is
easily achieved by varying the strength of attraction between
the associating terminal monomers of the TSP, that is, by
selecting a proper solvent that is at the same time good for the
inner blocks but poor for the outer ones and then controlling
the temperature. We demonstrated this promising possibility in
dilute solutions, where such tuning leads to an interplay
between intra- and interstar associations that result first in the
formation of clusters comprising multiple stars in the system
and then to reduction of their size upon cooling. The clusters
are gel precursors that can be characterized by a weak flow
activation energy, but have substantial deformability in strong
shear fields due to the disintegration of interstar patches. The
combination of system simplicity and unprecedented richness
of material behavior make this approach particularly promising.
The satisfactory agreement between experiment and simu-
lations suggests a powerful strategy to design soft responsive
patchy particles with tunable macroscopic properties.
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Telechelic Star Polymers to Watermelon Structures. Phys. Rev. Lett.
2006, 96, 187802.
(23) Lo Verso, F.; Likos, C. N.; Löwen, H. Computer Simulation of
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