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Abstract

We present a concise review of the large variety of self-assembly scenarios observed in solutions of diblock copolymer stars
with a solvophilic inner block and a solvophobic outer block. A variety of modeling approaches and simulation techniques at
different levels of detail reveals that individual molecules assume configurations akin to patchy colloids, but with a patchiness
that depends on physical parameters and can adjust to external stimuli such as temperature or pH. These soft, patchy building
blocks inter-associate at finite concentrations into micellar or gel-like solutions, including spherical and wormlike micelles, or they
display macroscopic phase separation. The connections between single-molecule conformation and the structure of the concentrated
solution are discussed, and coarse-grained strategies for these novel molecular entities are critically compared to one another.
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1. Introduction

Soft patchy nanoparticles are complex units at the nano-
scale level that are characterized by soft and directional in-
teractions. Examples of this class of particles can be mostly
found in polymer-based systems: Janus-like polymer vesi-
cles [1], patchy micelles emerging from the appropriate de-
sign of functionalised linear dendritic polymers [2], patchy
nanoparticles with controllable symmetry resulting from the
self-organization of block copolymer chains [3] or stars [4],
block copolymer nanoparticles with microphase separation
structures [5], hydrophobic dendrimers particles with dynamic
hydrophobic patches [6] or colloids grafted with poor-solvent
polymer brushes [7] are just some examples. Also DNA-coated
colloids [8, 9] and emulsions [10], as well as DNA nano-
stars [11, 12] are usually considered within the same class of
systems.

The present paper focuses on star polymers with function-
alized arms, known as Telechelic Star Polymers (TSPs), and
presents an overview of the hierarchical self-assembly prop-
erties of these complex units. Experimental realizations of
such macromolecules are, e.g., end-functionalized, zwitterionic
polybutadiene star polymers [13, 14]. In particular, we consider
TSPs whose arms are made of diblock copolymers — polymers
made of two different blocks — composed of a solvophilic part,
A, and a solvophobic part, B, where the latter is grafted onto
a central core. The double nature of TSPs leads to a very rich
assembly scenario when these macromolecules are exposed to
selective solvents. Their ability to hierarchically self-assemble,
first into soft patchy aggregates with different morphologies,
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and then into mesoscopic phases that are compatible with the
functionalisation of the constituent units, makes TSPs excellent
candidates as functionalised nanoparticles for smart materials.

At a single nanoparticle level, when exposed to a solvent,
the intrinsic intramolecular interplay between entropic and en-
thalpic contributions leads to the formation of functionalised
regions on the surface of the stars: when the density of solvo-
phobic monomers is sufficiently high, either due to a high num-
ber of arms grafted on the anchoring point or to a high per-
centage of A monomers per arm, the solvophobic regions tend
to collapse on themselves forming patches, so that the con-
tact with the solvent is minimized. While the solvophobic
patches create a bonding pattern on the nanoparticle surface,
the solvophilic core, due to the entropic repulsion between the
B-monomers, acts as a soft substrate on which patches are dis-
tributed. The solvent quality, the temperature, the pH, the num-
ber of arms per star and the ratio between solvophobic and
solvophilic monomers per arm are the key quantities that com-
pletely allow to tune the single particle properties [4, 15]. Once
the physical and chemical parameters are set up, particles are
either functionalised or not and the single particle properties
are fully characterised.

At finite densities, when the nanoparticles interact with one
another, the functionalised regions tend to coalesce creating an
aggregation scenario where the single molecule properties are
unaffected by the presence of other molecules [16]. In other
words, the faster and tighter intra-star association as compared
to the inter-star association leads to systems composed of equi-
librium patchy aggregates, which can possibly interact with
each other while keeping, on average, a well defined internal
structure. The peculiar features of such self-assembled patchy
aggregates are the extremely soft interactions and the possible
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fluctuations in the patch position/size; for this reason they are
referred to as soft patchy nanoparticles.

Soft patchy units emerging in TSP systems combine direc-
tional interactions and low bonding valence with soft interac-
tions and mobile patches. In contrast, hard patchy units are
usually characterized by a pre-defined and fixed patchiness: for
this class of systems, the number, the size and the geometrical
arrangement of the patches cannot fluctuate. Additionally, the
patches are usually such that the single bonding condition (one
bond per patch) is guaranteed or, at least, favored. Hence, in
hard patchy systems there exists a correspondence between the
patch number and the bonding pattern; such a correspondence
is an important feature determining the properties and the struc-
ture of the macroscopic phases. For our soft patchy nanoparti-
cles the continuous fluctuations of the patch locations may lead
to reversible modifications of the valence (patch number) and
of the patch size; as a consequence the possibility of multiple
bonding between the patches as well as the equilibrium patchi-
ness at finite densities is controlled by the balance between the
energy penalties associated to the distortion of the equilibrium
patch arrangement and the energy gains due to the bonding be-
tween the patches.

In general, we can state that TSPs have a robust and flex-
ible architecture and they possess the ability to self-assemble
at different levels. At the single-molecule level, they first or-
der as soft patchy colloids, which serve then as “soft Lego”
for the emergence of larger structures. At the supramolecular
level of self-assembly, the soft colloids assemble accordingly
to their functionalities, spanning from gels, micellar structure
up to complex crystal structures, such as for example diamond
or cubic phases [4].

2. Lattice models

Considerable progress in understanding the properties of
TSP s and their concentrated solutions has been achieved by
simulations of lattice models; here, the pioneering work was
that of Lo Verso et al. [17], who employed a lattice model for
individual polymers, f of which were anchored on a common
center. Here, the model is built on a square lattice but sequen-
tial bonding between monomers is allowed not only along any
of the 6 nearest neighbor directions but also along any of the 12
second neighbors and the 8 third neighbors, bringing the coor-
dination of the lattice up to z = 26 and thus emulating a contin-
uum case. Lattice sites are either empty (modeling the solvent
molecules) or occupied by monomers, which are of two types:
H for head or solvophilic and T for tail or solvophobic. Ac-
cordingly, each arm of the star has the architecture H,,T,, with
m and n denoting the number of repulsive and attractive arms,
respectively. The f arms are all anchored on a common, H-type
central bead, creating thereby star diblock copolymers coded as
H(H,,T,)y, in obvious notation. All monomers are subject to
excluded volume interactions, i.e., lattice site occupancy is at
most unity. This is also the only condition for the H — H and
H — T interactions, whereas T — T interactions entail an attrac-
tion of depth —e < 0 as long as they find themselves within the
coordination shell (z = 26) of one another.

Extensive, grand canonical Monte-Carlo simulations of
H(H,T,)s-systems (f = 3) with m + n = 10 revealed the fol-
lowing scenario [17]: for n > m, the system undergoes a macro-
scopic liquid-gas transition, terminating at a critical point with
the critical temperature growing as the number of attractive end-
groups increases. On the other hand, when n < m, the macro-
scopic phase separation disappears and the system forms micel-
lar aggregates in which each TSP has collapsed its endpoints in
one patch and several of such collapsed stars turn their patches
into contact with one another, exposing their solvophilic parts
to the solvent. This scenario has been fully confirmed by oft-
lattice simulations showing the collapse of each star to a single-
patch configuration at sufficiently low temperatures [4, 18, 19],
as well as by recent simulations of micelle-like aggregates in
the continuum, see Section 3.4. Upon further increase of the
concentration, these spherical micelles begin to merge by fus-
ing their attractive cores, forming thereby wormlike micelles,
whose characteristics (length, stiffness, orientation) depend on
the temperature as well as on the rigidity of the arms [17, 20].
The scenario has been confirmed also for the case of longer
arms, m + n = 20 [21]. Moving on to higher functionalities,
f =6and f = 10, the self-assembly scenarios become richer.
Indeed, although the systems still show macroscopic separation
for n > m, for the opposite case, n < m, the emerging structure
now depends also on the ratio @ = n/(n + m), i.e., the fraction
of attractive monomers. Whereas for @« = 0.2 again spherical
micelles result, for @ = 0.4 the system spontaneously forms a
percolating, macroscopic gel [21]. These findings are in full
agreement with subsequent and independent off-lattice simu-
lations (see the following section), which demonstrate that for
a = 0.4 the individual molecules adopt multipatch configura-
tions, thus connecting into a macroscopic gel as concentration
grows. On the other hand, for @ = 0.2 all arms collapse onto
a single patch, promoting therefore the stability of micelle-like
organization as that shown in Section 3.4. Finally, we point out
the possibility of emergence of ordered structures for TSPs with
n < m, provided the arms are sufficiently rigid [22].

3. Continuum models

Proceeding from lattice to continuum models allows on the
one hand to move to more realistic representations of ho-
mopolymers, and on the other hand to move to a coarse-grained
representation of the system, that will allow, through a multi-
scale methodology, to more comprehensively explore the phase
diagram of TSPs. Continuum models, which are not hindered
by the discrete nature that affects the lattice ones and thus al-
low for a finer tuning of the parameters, are better fit to assess
the resulting phase space. However, simulations of continuum
models are also inherently slower than lattice simulations. Con-
sequently, the results shown here pertain to either highly de-
tailed small systems (one or few TSPs), or to bulk simulations
of coarser-grained stars.

In order to assess the single particle properties as a func-
tion of the microscopic chemical and physical details, a full
monomer representation of TSPs is used (Section 3.1), while
to describe large scale systems, possibly at finite densities, a



multiscale approach has been developed (Section 3.2); finally
to further manage extended bulk systems at finite densities a
second-level coarse-grained description has been put forward
(Section 3.5). In the following, we describe the properties of
isolated stars (Section 3.3), small assemblies of TSPs (Sec-
tion 3.4) and TSPs at finite densities (Section 3.5), taking ad-
vantage of the appropriate system description.

3.1. Full Monomer representation

In a full-monomer representation, each TSP is made of f
diblock copolymer chains anchored to a central point through
their solvophilic parts. Each chain is made of N4 monomers of
type A (solvophilic) and Np monomers of type B (solvophobic);
note that the correspondence to the lattice model notation of the
preceding Section is H to A and T to B. The effect of the sol-
vent is taken into account in an implicit way. Nearest (bonded)
neighbours are connected through a standard FENE potential.
All the repulsive interactions acting between both bonded and
non-bonded A — A and A — B pairs are modelled through a gen-
eralised Lennard-Jones (LJ) potential, truncated and shifted in
the Weeks-Chandler-Andersen (WCA) fashion:
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where o is the monomer diameter, € is the depth of the poten-
tial well before shifting and r. = 2!/?*0- ~ 1.030 is the cutoff
radius.

The effective attraction between the terminal solvophobic
monomers is provided by the attractive tail of the same gener-
alised LJ potential as in Eq. (1), rescaled by the dimensionless
number A,
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The role of A is to control the strength of the attraction between
B — B pairs, effectively acting as the inverse temperature; evi-
dently, for A = 1 we recover the full, generalised Lennard-Jones
potential. The large values of the exponents in the generalised
Lennard-Jones interaction have been chosen to make the in-
teraction more short-ranged and hence computationally faster.
Additional details about the model can be found in Ref. [15].

In what follows, lengths are measured in units of o, ener-
gies in units of € and masses in units of the monomer mass, m.
The main physical parameter of the model is the ratio between
the number of solvophobic monomers and the total number of
monomers, @ = Np/(N4 + Np). The temperature is kept fixed
at a value k3T = 0.5, with the strength of the attraction, which
embodies the main chemical parameter, being controlled solely
by A.

3.2. Multiblob Multiscale Methodology

To extend the analysis from the single molecule behavior to
the full phase diagram, the development of both a theoretical
model and of suitable simulation techniques appears to be cru-
cial. The billions of monomeric units involved in the simula-
tions of polymers in the semi-dilute regime require the usage

of a multiscale coarse-grained representation that needs to be
precise and back-traceable onto the microscopic system, thus
allowing to bridge the gap between theoretical predictions and
experimental realizations of the system. This implies the use
of a methodology that bridges over length scales that allows
us, starting from few chemical and physical details, to pre-
dict global properties of the system and to test the results upon
an experimental verification. The coarse-graining methodology
starts from a microscopic representation of polymers at infinite
dilution [4]. For every pH, solvent quality or temperature, a set
of effective interactions is derived from the simulation of two
linear chains split into dimers [23]: infinite dilution simulations
allow to derive the set of intramolecular and intermolecular
pair distribution functions between the four constituents of the
dimers that, by means of an analytical inversion, give a (tem-
perature dependent) set of effective potentials that represent a
group of monomers. Such a methodology has been extensively
tested in the last few years, and it was proven to reproduce
microscopical predictions, both when tested on full monomer
simulations in complicated geometrical constraints (e.g., ho-
mopolymer brushes [24]) and when compared to experimental
results for diblock copolymers in the semi-dilute regime [25].
The effective interactions between blobs are determined by a
first principles inversion procedure, which was obtained for di-
block copolymers [25, 26], generalizing the method used earlier
for the simple dumbbell representation of diblock copolymers
[27, 28, 29].

In a microscopic representation, given a TSP, each AB-
diblock arm with a total number of monomers M contains My
monomers of kind A and Mz monomers of kind B. As men-
tioned, in the multiblob representation, each of the two blocks,
A and B, is mapped onto n4 and np blobs respectively, where
every blob contains a number my = My /n4g or mg = Mp/ng of
monomers of the underlying microscopic model. Each blob has
a radius of gyration rg, = abym;y with the subscript y = A, B
denoting the monomer species, v, being the scaling exponent of
the y species, a the monomer size and b, being model-specific,
numerical coefficients of order unity. Since the asymmetry ratio
a can be rewritten in terms of blobs and their radii of gyration,
we obtain a relation between the asymmetry ratio, the number
of A and B blobs, and the radii of gyration rga, rgp.

The three nonbonded potentials, V,z(r), act between all blobs
whereas the tethering potentials, ¢,s(r), only between sequen-
tial blobs along a star arm; here, the centers of two blobs of
types a and B, (o, = A, B), separated by a distance r, are the
effective coordinates. These potentials are made of a superpo-
sition of repulsive and attractive terms of the form:

. . 2
Vo) = ), AL exp | =BG (r/re)'|. 3)
J
for the nonbonded interactions and of the form
() (2
Gap() = D, Co (r/rs = Diy) )
J

for the tethering potentials, where the number of terms in the
sum over j depends on the combination @f3. Moreover, the val-
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Figure 1: Single-molecule conformational state diagram of telechelic star polymers as a function of the number of chains per molecule f and asymmetry ratio .

The quantity p stands for the number of multiarm patches. (Redrawn from Ref. [4].)

ues of the parameters A;j), B‘(;; Cg/; and D(aj) depend on the af-
combination as well. For further details on their values and also
on the derivation of these potentials, we refer the reader to the
original publications [23, 25, 26, 27, 28, 29].

The methodology described in this Section is based on the as-
sumption that the molecular weights of the polymer segments,
underlying each blob, are high enough to guarantee that the
polymer is in the scaling limit. This renders the methodology
independent from the underlying model and from the particular
microscopic length of the polymer used, thus allowing to access
information for a class of polymers in a given point of the phase
space.

3.3. Isolated single stars: intra-molecular self-organization

The first step towards an understanding of the bulk behaviour
of TSPs is the characterisation of the structure of a single, iso-
lated star. We have recently shown how the tunability of such a
system can be widely extended by controlling the physical pa-
rameters of the star (that is, f, N4, Np and @), as well as the
chemical parameters of the solution [15], building upon earlier
results that hinted to the varieties of intramolecular association
patterns of TSPs [18, 19]. In fact, the dependence of the star
structure on the latter is of great importance for applications,
since our results show that changes in temperature and/or sol-
vent quality make it possible to reliably change the number and
size of the attractive patches. This, in turn, allows to steer the
mesoscopic self-assembly behaviour without modifying the mi-
croscopic constituent.

For a fixed state point, the single-star properties are com-
pletely determined by the molecular composition, i.e. by the
number of arms f, the number of monomers N4 and N and the
percentage « of attractive monomers per arm. In addition, in
the scaling regime the dependence on the number of monomers

drops, and f and « are the only parameters influencing the com-
petition between entropic and enthalpic terms [4, 16]. Hence,
fixed-thermodynamic-point state diagrams can be represented
as planes in the (f, @) space [4]. Fig. 1 shows such a state di-
agram, obtained through simulations of coarse-grained single
stars [4].

By choosing, in a selective solvent, the right combination
of functionality f and percentage of attractive monomers «, a
single TSP self-assembles into a soft patchy particle that pre-
serves its character (number of patches, average angle between
the patches, average extension of the patches from the anchor
point) upon increasing density, from the extremely dilute case
up to the semi-dilute regime (see Section 3.5). The aggrega-
tion into these soft patchy structures is fully determined by the
balance between the entropic contributions, arising from the
intra-star repulsions in the core of the stars, and the compet-
ing enthalpic terms, arising from the solvophobic nature of the
terminal monomeric- or blob-units.

As put already forward in Ref. [4], in the case in which
the thermal, solvophobic tails lie slightly below their ®-point,
one finds that, for @ < 0.3, the macromolecules remain in an
open star configuration even when the number of arms is in-
creased. By contrast, for @ > 0.3 the macromolecules always
self-assemble into soft patchy particles. Moreover, for a fixed
functionality f, the number of patches p can be tuned by chang-
ing @. Alternatively, if @ is kept constant the number of patches
can be selected by varying the functionality of the star.

A different path to steer the self-organisation of TSPs for a
given (f, @) combination is to change the solvent quality, i.e.,
to influence the attraction between the monomers of the end-
blocks. Indeed, solvent quality can be seen as a third external
parameter that can be used not only to control the formation of
particles with a given number of patches, but also to tune the
radial and angular flexibility of those functionalized domains.



Figure 2: Number of patches as a function of A for fixed @ = 0.5 and several values of f. The snapshots show three representative configurations for f = 15 at three

different values of A.

Fig. 2 shows the effect of temperature (here embodied by 17!)
on the number of patches for @« = 0.5 and for different func-
tionalities f. The qualitative process is sketched at the bot-
tom of the figure with simulation snapshots: as A (T') increases
(decreases), the arms start to collapse on themselves, forming
patch-like aggregates. At intermediate A-values these aggre-
gates continuously form and break apart. By contrast, for the
highest values of A the patches are completely formed and sta-
ble [15]. The detailed full-monomer description summarized
here can be also used as a starting point for a further bottom-
up coarse-graining, giving rise to quantitative coarse-grained
models with the level of description as the one presented in Sec-
tion 3.2.

3.4. Formation of micellar aggregates

As discussed in Section 2, lattice simulations have shown
that, for specific combinations of physical and chemical param-
eters, TSPs form stable micelles with a relatively broad size
distribution [21]. Here we perform off-lattice simulations of
micellar aggregates made of Ny TSPs to investigate their me-
chanical stability, as well as the dependence of their size and
shape on Nj.

We study TSPs with @ = 0.2, N4 = 24 (and hence Ng = 6),
A=2and f € {3,4,5}. In Fig. 3(a)-(c), we show representative
simulation snapshots for all the investigated stars. For the cho-
sen combination of parameters we observe the formation of ei-
ther one or two patches, depending on the functionality f. TSPs
with f = 3 and f = 4 have always a single patch, which is in-
variably composed of all the available solvophobic monomers.
By contrast, if we move to higher number of arms, we see that
the size of a patch cannot grow indefinitely. Indeed, after a cer-
tain size, the steric hindrance of the solvophilic monomers of

the arms that compose the patch is so high that it prevents any
other arm from joining the aggregate. As a consequence, we
see that the 5-arm TSP exhibits two possible self-aggregation
configurations [19]: either the final structure has two attractive
patches (one in which three arms are bond together and one
containing the remaining two, see Fig. 3(c), or one structure
where four arms form together an attractive patch and the fifth
one is free. Incidentally, we note that the latter configuration is
less likely.

Lattice simulations have shown that the basic building block
of micelles made of TSPs is a “watermelon” aggregate, which
is a TSP having all the solvophobic beads forming one single at-
tractive patch lying opposite to the anchoring point [20]. There-
fore, we exclude the f = 5 star and resort to building micelle-
like aggregates out of f = 3 and f = 4 TSPs only. In order
to do so, we put N, equilibrated watermelons in the simulation
box and add a spring-like potential acting between the centers
of mass of each pair of attractive patches. We run the simulation
till all the attractive patches are in contact with each other and
then switch off the biasing potential. Finally, we let the formed
aggregate equilibrate and then start gathering statistics.

We investigated aggregates formed out of a minimum of 2
and a maximum of 30 stars. Fig. 3(d)-(k) shows simulation
snapshots for aggregates of different size, formed by both f = 3
and f = 4 TSPs. Within an aggregate all solvophobic beads
are clustered together in its center, whereas the anchors lay on
the outer side of the structure. All the assembled aggregates
were found to be stable over time, with their shape being also
preserved.

3.5. TSPs at finite densities

The development of a reliable multiscale strategy allowed
to perform extensive studies starting from a very dilute up to



Figure 3: Snapshots of single TSP aggregates and micellar aggregates. The top row shows single TSP aggregates obtained for stars containing (a) 3 arms, (b) 4
arms, and (c) 5 arms. The middle and bottom rows show snapshots of micelles containing 6 TSPs [(d) and (h)], 12 TSPs [(e) and (i)], 18 TSPs [(f) and (j)], and 24
TSPs [(g) and (k)]. In the middle row the TSPs composing the aggregates have f = 3 arms, whereas in the bottom row f = 4.

the semi-dilute regime, thus assessing the sturdiness of the sin-
gle particle self-aggregation behaviour upon perturbations such
as the increase in density and the consequent interactions with
other macromolecules. The single-star self-aggregating sce-
nario was shown to be very robust: the behavior of TSPs at
finite densities shows a well-defined patchiness per unit as a
function of the functionality f and the asymmetry ratio a [16].
In particular, it was shown that the average number of patches
per star, the average distance between a patch and its core as
well as the average angular distribution of the patches around
their center are preserved upon augmenting the density up to
relatively high densities. While the number of patches is pre-
served on changing f, a change in « affects the angular flex-
ibility and the softness of the elongation of the patches, as
well as the size of the patch [16]. Within the multiblob de-
scription, TSPs stars in solution at various densities showed to
retain the zero density patchiness for a wide range of (f, @)-
combinations [16].

As TSPs are able to self-assemble into robust soft patchy
units, they are prone to undergo a subsequent self-organization
process where the final phase is compatible with the function-
alization of the self-assembled units. Starting from the ex-
tremely dilute phase and increasing the density of the stars in
solution, TSPs are prone to form aggregates that might clus-
ter into percolating, gel-like networks, where the latter are de-
fined as all those systems in which stars assemble in amorphous
percolating structures and where the motion of the anchoring
point of the stars is extremely slow (see Fig. 4, upper panel).
The resulting gel phase is formed via the fusion of the patches

of the single stars into larger patches shared by two or more
stars. We note that the route towards gel formation in these
systems has not been systematically studied. In contrast to lat-
tice simulations, where no sign of phase transitions has been
observed [21], in the continuum the possible presence of a gas-
liquid transition definitely requires more investigation.

The possibility of tuning the number and the equilibrium ar-
rangement of the patches in combination with the capability
of these patchy assemblies to maintain their internal structure
at finite density, strongly motivated the investigation of bulk
systems at a second coarse-grained level. A simple patchy
model that keeps close connection to the polymer-based com-
plex units, while dealing with pair interaction potentials be-
tween few effective entities has been recently introduced [30].
The movements of the patches are controlled by two flexibility
parameters: one describes the patch elongation along the ra-
dial direction, while the other one is associated to the angular
patch freedom. In this way, both the patch-core distance and the
patch-patch angle within the same particle are allowed to fluc-
tuate around their respective equilibrium values. The internal
energy of each effective particle is the result of pair interactions
occurring between the single entities, either cores or patches,
belonging either to the same particle or to two different parti-
cles. A deep insight in the self-organisation pathways of these
complex units can be obtained via a systematic variation of the
two flexibility parameters. The described model has allowed
to explore the role of softness and patch rearrangement on the
formation of gel networks at a coarse-grained level where both
features can be controlled by suitably chosen parameters. The



Figure 4: Snapshot of a percolating gels formed by TSPs: on the upper panel,
telechelic star polymers within the multiblob description with f = 5 arms and
a = 0.6 are shown; on the bottom panel, soft patchy units within the second
level coarse-grained description. The green spheres represent attractive end-
monomers (upper panel) or attractive patches (bottom panel).

self-organisation scenarios of this model were shown to be dic-
tated by the competition between the energy penalties associ-
ated to the patch fluctuations and the energy gains due to the
patch bonding. Among the emerging gels, significantly differ-
ent morphologies could be identified: for relatively rigid units,
an homogeneous structure was observed, while on increasing
the patch flexibility, voids emerged in the gel structure due to
clustering of several patches; interestingly, on further increas-
ing the patch flexibility, the morphology of the network became
again homogeneous (see Fig. 4, bottom panel).

Finally, patchiness is preserved upon very high density ren-
dering TSPs a perfect tunable soft building block to assemble
ordered structures compatible with the self-assembled function-
alisation of the soft colloidal macromolecules. Such a prop-
erty has been exploited to demonstrate the mechanical stabil-
ity of different crystals (simple cubic and diamond lattices) in
Ref. [4], compatible with the single particle functionalisation.

4. Conclusions

Telechelic star polymers self-organize into a large variety
of soft patchy nanoparticles, whose conformations and patch-
iness can be tuned and modified either by choosing the func-
tionality and degree of amphiphilicity or even in situ, by ther-
mally affecting the solubility of the attractive end-blocks. The
conformation of the single molecule largely affects the emerg-
ing mesoscopic structure of the concentrated solution: whereas
single-patch TSPs tend to form spherical micelles that further
organize into wormlike micelles as the concentration grows,
multipatch particles form percolating gels, and tetrahedrally
coordinated TSPs can support the (mechanical) stability of
fourfold-coordinated crystals such as the diamond lattice. The
ramifications of these various forms of self-organization for the
rheological response of such solutions [31, 32] (viscosity, non-
Newtonian behavior, shear-banding etc.) is the subject of cur-
rent investigations.

We note that, while in other systems with mobile and flexible
bonds the patches can form one and only one bond, irrespec-
tive of how flexible and soft the particle bonds are [12, 33, 34],
the described coarse-grained model for polymer-based patchy
units is designed to consider the possibility of multiple bonding
between the patches as well as possible energy penalties associ-
ated to the distortion of the equilibrium patch arrangement [30].
It is such a competition that governs the emergence of different
disordered phases or, possibly, crystalline ones.

Whereas the equilibrium properties of concentrated systems
of TSPs are, due to the interest in the variety of assembly sce-
narios they present, the subject of ongoing investigations, cur-
rent research is also increasingly turning its attention to the be-
havior of these systems under non-equilibrium conditions. Fu-
ture challenges include the investigation of the behavior of the
patchiness of individuals TSPs under (shear) flow and its influ-
ence on their rotation- and tumbling-dynamics in comparison
with their non-fucntionalized counterparts, as well as the me-
chanical and rheological properties of concentrated solutions
of the same. In particular, the stress distribution, dynamical
rearrangements and the thixotropic behavior of the variety of
TSP-gels is a topic deserving further investigations and offering
promises for the designed control of the viscoelastic properties
of the material.
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