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By means of multiscale molecular simulation, we show that solvophilic-solvophobic AB diblock copoly-
DOL:00.0000000000000¢ mer brushes in the semi-dilute regime present a re-entrant disorder/order/disorder transition. The
latter is fully controllable through two parameters: the grafting density and the solvophobic to
solvophilic ratio of the tethered macromolecules. Upon increasing density, chains first aggregate into
patches, then further order into a crystalline phase and finally melt into a disordered phase. We
demonstrate that the order/disorder transition can be explained through the peculiar properties of
the aggregates: upon increasing density, the aggregation number grows as expected. On the con-
trary their projection on the plane shrinks, thus melting the emergent ordered phase. Such a density
dependent shrinkage, seen for the first time as the cause to an order/disorder phase transition, is as
a consequence of the entropic/enthalpic competition that characterises the hierarchical self-assembly
of the brush.

Polymer brushes are a class of polymeric systems made of macro-
molecules grafted on one end to a substrate or an interfacelll.
The geometry of the grafting substrate and the nature of the
grafted macromolecules give rise to a plethora of possible self-

scenario 13116419 arising from the competition between the en-
tropic steric repulsion among the grafted chains, and the effec-
tive enthalpic attraction in solvophobic regions. Applications
of diblock copolymer brushes range from template surface for
mesoporous materials??, to patterned surfaces?®, and to tissue
engineering?l. The versatility of diblock copolymer brushes at-
tracted for almost three decades the attention of scientists from
diverse sectors’®. Nevertheless, the prediction of their assembly
behaviour still presents a challenging problem. Self-consistent
field theory has offered a very powerful tool for the prediction of
the behaviour of such brushes for grafting densities starting from
the melt, down to the semi-dilute regime 162224 Here, fluctua-
tions in density weaken the predictive power of mean-field based
approaches, rendering computational methods as the main but
not always exhaustive exploration tool due to the large number
of parameter involved.

organising scenarios?3. Simple homopolymeric brushes (i.e.,
brushes made by homopolymers tethered to a substrate) and
their properties have been extensively investigated both theo-
retically®10 and experimentally™"14, corroborating the valid-
ity of scaling theories that predicted the dependence of brush
height on both grafting density and solvent quality®=. A consid-
erably more complex scenario results by altering the local chem-
ical composition of the tethered macromolecules. For example,
by grafting AB solvophilic/solvophobic diblock copolymers onto
substrates of various geometries, it is possible to exploit the rich
morphology presented by such macromolecules in solution, to ob-
tain complex coating patterns 21>H19 arising from the competi-
tion between the entropic steric repulsion among the solvophilic
regions of the grafted chains, and the effective enthalpic attrac-
tion in solvophobic regions. AB solvophilic/solvophobic diblock
copolymer brushes are particular class of grafted macromolecu-
lar assembly, known to present a very complex self-aggregating

In this paper, we focus on the self-assembly properties of AB
diblock copolymer brushes, made of A-solvophilic heads grafted
on a entropically repulsive planar surface, and of B-solvophobic
ends exposed to the solvent, in the semi-dilute regime. Starting
from a dilute system we establish, upon increasing grafting den-
sity, the emergence of patches on the surface, the ordering of such
patches into a crystalline phase and in particular an unexpected
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The equilibrium phase diagram of diblock copolymer brushes
generically depends on two parameters that balance the weight
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of the entropy/enthalpy contributions. The first is the fraction «
of solvophobic monomers per grafted chain, while the second is
the ratio o/0* between the surface grafting density o and the
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overlap o* = (7er§)*1 of the same, i.e., the density at which two
neighbouring grafted chains of length L and radius of gyration
Rg ~ LY would on average overlap. The resulting (¢/c*, a)-phase
diagram can be broadly divided in: an entropy-dominated region,
where the steric repulsions between the grafted chains dictate the
global behaviour of the system, and an enthalpy dominated one
where the solvophobic ends start to interactl®24 The entropy
dominated phase of the (0/0*, o)-phase diagram, is a region in
which - on average - the terminal ends of the grafted diblocks do
not interact. The grafted polymeric chains fluctuate similarly to
homopolymeric chains and no significant aggregation is seen on
the grafted substrate. As the (6/0*, &) combination allows for a
non zero probability of binding of the terminal solvophobic ends,
we enter, upon increasing o/c* or «, the enthalpy-dominated
region. Here, the density of attractive monomers in solution
is sufficiently high, and the latter aggregate and form clusters
(patches), that then fluctuate on a “soft substrate” of solvophilic
heads. The transition from the entropy to the enthalpy domi-
nated phase is where the self-assembly process takes place, and it
lies in the semi-dilute regime. The exploration of such a density
region is challenging computationally, as all equilibrium proper-
ties are strongly affected by spatial inhomogeneity, local density
fluctuations, and finite size effects?, thus requiring the analy-
sis of extremely large systems. To this end we make use of the
Soft-Effective-Segment (SES) coarse-graining methodology26/27,
an approach that allows to explore large systems, made of thou-
sands of chains each consisting — in its full monomer representa-
tion — of thousands of monomers. SES has been already proven
to be able to quantitatively characterise equilibrium properties
of macromolecular assemblies of the most diversified geometrical
and chemical composition, with continuous possibility of back-
tracking the coarse grained results onto a well defined under-
lying monomer described system22°20. Within SES, groups of
monomers are represented by means of first principles effective
potentials, retaining all information on temperature, solvent qual-
ity and many body contributions202731,

We here consider brushes made of diblock copolymer chains
of length L = 10° monomers, with a percentage a of solvophobic
monomers spanning the range from 30% up to 80%. We investi-
gate a wide range of grafting ratios 6/c* from 1 up to 26. The
SES interaction potentials between all of the monomer species
are reported in the Supporting Information (SI). It is important to
stress that the range is within the semi-dilute regime and we do
not reach the melt where we expect a lamellar phase with a solvo-
phobic layer standing on a solvophilic one. In the semi-dilute
regime, the SES coarse graining procedure has been shown to be
able to quantitatively reproduce properties of the corresponding
microscopic system 2728132434 (see Simulation Methods in SI for
details). All distances are reported in units of the bond length
b of the underlying full monomer representation, while free en-
ergies (effective interactions between beads) are in units of kgT';
temperatures are expressed in reduced units, where room tem-
perature corresponds to T = 1. To speedup equilibration and sam-
pling, we employ the Virtual Move Parallel Tempering (VMPT)32
method, which in our previous studies on hompolymer brushes,
has proven to be extremely effective in sampling the brush pro-
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files?"19, A typical VMPT simulation is performed at different re-
duced temperatures (4.0, 3.5, 3.0, 2.7, 2.5, 2.2, 2.0, 1.5, 1.2,
1.1, 1.0, 0.8, 0.5, 0.3, 0.2, 0.1), we run the simulation in paral-
lel at higher additional temperatures to help overcome barriers
in the phase space. However, we are only interested in the be-
haviour of the system at the reduced temperature 7 = 1 where the
SES potential are valid. We have considered both the scenarios
where the anchoring point is fixed or mobile on the grafted sur-
face, without observing a significant difference in the behaviour
of the copolymer brush, as previously reported for the case of ho-
mopolymeric brushes?10. The reason is that the chains are long
and well above the scaling limit which is imposed by SES repre-
sentation. By collecting all our simulations, we can sketch a phase
diagram for the system as a function of the (o/c*, ) combina-
tion, as drawn in figure

The green area in panel (b) of Fig. [1] shows the (a,0/0*) re-
gion where there is no significant inter-molecular interaction between the
solvophobic tails of the different macromolecules (gas-phase). The brush
remains in an “open” configuration. Such a phase is characterised by a
carpet of isolated collapsed tails monomers, each anchored to the surface
via its solvophilic head (see Fig. [2h). The ¢/c* boundary of the gas phase
shrinks with increasing « indicating that aggregates forms only when the
density of attractive monomers is over a minimum value.

When the local monomeric density of the solvophobic terminal ends
reaches a threshold, tails belonging to different chains aggregate into
functionalised regions, or patches. As the latter are formed, they are ex-
pelled from the solvophilic region of the brush and exposed to the solvent.
Each aggregate takes the shape of a “pinned micelle” 1024 where the core
region is formed by the clustered attractive tails, and a corona tethered
to the surface is formed by the corresponding self-avoiding heads (see
Fig. ). The patches fluctuate, on average, around an equilibrium pla-
nar configuration parallel to the grafted substrate.

The region a € [0.5,0.7] shows for c/c* € [7.0,13.0] (red squares in
Fig. [Ip) the emergence of an ordered 2D crystalline phase, or solid-phase
(see Fig. [2b). This phase is suppressed when the grafting density is fur-
ther increased: patches lose their 2D order and fluctuate in both parallel
and orthogonal directions on a plane parallel to the grafting surface, and
a liquid-phase arises from the crystalline region (see Fig. [2|). It is impor-
tant to stress that for a = 0.4 the system goes directly form the gas- to the
liquid-phase, while for o = 0.8 we only observe the liquid-phase.

For clarity reasons, we here focus on the description of the re-entrant
transition for the oe = 0.6 system; however the phenomenology is valid for
all the all of the asymmetry ratios we analysed o € [0.4,0.8] and all graft-
ing densities, as we report in detail in the SI. The self-assembly behaviour
involves the collapse of multiple chains into the pinned micelle configu-
ration. We hence employed a cluster analysis algorithm (see description
in SI) to characterise size, height distribution ¢(z) of the patches with
respect to the grafting surface, and the relative arrangement of the ag-
gregates through their pair distribution function g(r) and the distribution
() of the o, angles between neighbouring patches (see definitions in
SD).

The cluster analysis in the gas-phase indicates the coexistence of small
intermolecular and many intramolecular clusters (see the black histogram
in Fig. . In this case, the g(r) between patches does not present any sign
of structure and the angular distribution II(c,) between neighbouring
patches is featureless (see green inset in Fig. [T]and in the SI the Fig.
and Fig. [S9).

In the solid-phase, all grafted chains participate to the formation of
patches of finite size, that align along preferential directions with respect
to the grafting plane. A strong signature of structure is seen in both the ra-
dial distribution function between aggregates, and the average angle dis-
tribution between neighbouring patches, that sharply distributes around
60° as shown in the red inset of Fig. [I](and in Fig. [SI0]in the SI). The size
of the unit cell of the assembled crystals is controlled by the radius Rcorona
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Fig. 1 Phase Diagram for the gas-solid-liquid transition as a function of the asymmetry ratio @ and the density ratio 6/6* in panel (b). It is possible
to see the appearance of the solid phase as a re-entrant phase (in red - panel (d)) squeezed between the gas (green - panel (c)) and liquid (blue -
panel (a)) phases. In the insets we follow the transition along the ot = 0.6 line. In every inset we show the distribution II(c,) of the angle ), between
pairs of first neighbouring patches (see Sl), and the radial distribution g(r) of the solvophobic monomers, where r is the distance between the centres
of masses of the aggregates expressed in units of the persistence length b of the underlying microscopic representation.

(see Fig. [S4]in the SI). The latter is defined as the average radius of the
2D projection on the grafted surface of the pinned micelles’ coronas. By
normalising the radial distances by Rcorona, the first peak of the crystalline
g(r) re-scales to unity (see inset of Fig. in the SI). Furthermore, the
disorder-order transition between the gas and solid- phases distributes the
patches at a fixed height from the underlying surface (see Fig. in the
SI). As the grafting density is further increased, the patches start oscil-
lating both in the z-direction (see Fig. in the SI) as well as in the
xy-plane. Order gets lost and we see the appearance of the liquid-phase.

In the blue inset of Fig. [I] (and in Fig. [S8]in the SI) we show the 2D
radial distribution function computed on the projection on the xy plane of
the coordinates of the centre of mass of the patches, for the high overlap-
ping densities 6 /0™ > 13. The g(r) shows short-range oscillations typical
of a fluid phase, where translational order decays rapidly with the in-
traparticle distance. The angular distribution IT(c,) in the blue inset of
Fig. (and in Fig. in SI) also shows a strong loss of order: the
sharp peak around 60° appears smoothed with respect to the solid one,
resembling more and more to the gas-phase one in Fig. We will thus
interpret all of the phases characterised by such a combination of g(r) and
I(e,), as liquid-phases.

In Fig. [3]lwe show the cluster size distribution for the three phases. The
gas-phase presents the coexistence of single chain intramolecular clusters

with small intermolecular clusters. Aggregates formed in the solid phase
are quite monodisperse, with a cluster size distribution that is sharply
peaked. As soon as density is increased, and the crystal melts in favour
of a liquid-phase. The average cluster size grows, and the width of the
cluster distribution spreads. On the other hand, R.orona decreases e.g., by
~ 10% for the o = 0.6 case, passing from 7625 (bond lengths) in the crystal
phase (6/0* =7.1) to 483b deep in the liquid phase (o/c* =25.8). The
reduction in the coronae of the pinned micelles can also be appreciated
by comparing the solid and liquid g(r) (see in Fig. and Fig. in
the SI). The position of the first peak - in microscopic units - is centred
around 1000[b] for the solid case, while the liquid phase shows an average
distance between nearest neighbours of about 500 — 600[b].

To understand such an apparently counter-intuitive behaviour, we anal-
yse the scaling of the average brush height as a function of density. Remi-
niscent of the scaling of a homopolymer brush, we observe that, as graft-
ing density is increased, the brush as a whole is stretched, and patches are
clearly expelled outwards. Reaching the liquid phase, the aggregates float
on a carpet of fully stretched solvophilic chains, see Fig. [4] To formalise
the correlation between the stretching of the brush and the shrinkage of
the corona radius, we performed a scaling analysis (see SI) where Rcorona
is obtained by minimizing the total free energy of the pinned micelles
for every density. Taking into account the free energy contributions of
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Fig. 2 Snapshots of the typical diblock copolymer brush conformations
for the three different phases (a) gas, (b) solid (d) liquid. (c), left: sketch
of the gas phase: the end of the chains are not cross- interacting and
cover uniformly the surface of the brush. (c), right: sketch of the pinned
micelles in the aggregated phases (solid and liquid). (d) snapshot of the
re-entrant liquid. Upon increasing the ratio /0™ the aggregates melt
the 2D-crystalline pattern shown in (b). In all snapshots, red are the
solvophobic monomers, cyan are the solvophilic ones.

both the packing of the monomers in the patch, and the stretching of the
chains belonging to the coronae, scaling theories (see dedicated section
in SI) confirm that Rcorona decreases with as o/c* grows, as shown in
the inset of Fig. Hence, the re-entrant behaviour is the result of two
concurring effects: the reduction of the R¢orona and the loss of the 2D con-
finement (double peaks in Fig. int he SI) reminiscent of the phase
observed in core-softned colloids by Osterman et al.%€.

In this work we analysed the properties of solvophilic/solvophobic di-
block copolymer brushes in the semi-dilute regime. The computational
investigation was made through a coarse grained approach known as
the soft-effective-segment methodology2832, that allows to regroup thou-
sands of monomers into an effective potential, while retaining quantita-
tive predictions on equilibrium properties of the system. We analysed the
self-assembling properties of substrates grafted by thousands of polymers
each made of millions of monomers.

We mapped the configurational space of the brush into the phase
space of the o/0*, a parameters that fully control the self-assembling
properties of brush. We identified the presence of a re-entrant disor-
der/order/disorder transition in the /0, o phase space. The ordered
phase corresponds to a 2D crystalline array of patches formed by the as-
sembled solvophobic tails of the polymers. We show how to control the
crystalline order by changing the /0™, o parameters. Hence, producing
a tunable crystalline surface with many applications for patterning and
templating the growth of materials from the surface. The second key ob-
servation that we performed concerns the mechanism for the re-entrant
transition. We have demonstrated, both computationally and theoreti-
cally, that the increase in the grafting density stretches the pinned micelles
outwards reducing their 2D effective radius. To the best of our knowledge
such a mechanism has never been observed before and represents a novel
physical approach to control the ordering of a 2D system. In particular the
ordered phase has not been experimentally observed yet. The results pre-
sented in Fig. offers a precise map to guide potential new experiments.
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