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ARTICLE INFO ABSTRACT

Keywords: An overview of recent applications of hybrid particle-field Molecular Dynamics (hPF-MD) to grafted materials
Grafting is presented. For such an aim, two classes of materials are considered: polymer nanocomposites and polymer
Nanoparticles

brushes. In the first case, the hybrid approach demonstrates its efficiency to properly relax polymer chains
even of high molecular weight. Also, results highlight the role played by configurational entropy of polymer
chains in determining the effective (two-body and three-body) nanoparticle-nanoparticle interaction in the
melt. A similar role emerges also in the investigation of polymer brushes, where hPF-MD simulations clarify the
mechanisms underlying the “grafting to” process, pointing towards a partition by molecular weight of polymer
chains. This effect, which causes the segregation of the chains with lower molecular weight in proximity of the
substrate surface, is purely entropic and it is originated by the stretching of polymer chains during the grafting
to reaction. This picture is also confirmed by a very recent combination of self-consistent field theory with the
lattice-based reactive Monte Carlo method which allows to predict for the first time the final composition of
the chains grafted on the surfaces.

Polymer melt
Particle-field simulations
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Potential of mean force

1. Introduction properties. These hybrid systems have enabled significant advances in
applications ranging from biomedical to materials science [12].

In the framework of po]ymer chemistry, grafting is a procedure in Grafted NPs find their most widespread application in the field of

which monomers belonging to a given chain are covalently bonded
onto a surface or a substrate [1,2]. For such an aim, one end group of a
polymer chain can be appropriately functionalized, allowing the chain
to be grafted onto surfaces of different chemical compositions, leading
to modifications of chemical-physical properties of the latter. These
modifications can include changes in solubility, nano-dimensional mor-
phology and biocompatibility [3,4]. Currently, grafting is largely im-
plemented to modify the properties of both NPs and solid surfaces
according to tailored specifications designed for target applications [5,
6]. In particular, two well-known applications of grafting to design
targeted materials are constituted by grafted nanoparticles (NPs) [7-9]
and polymer brushes [10,11]. Both of them represent a transformative
class of materials, merging nanoscale precision with tailored surface
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polymer nanocomposites. Indeed, it is well known that the macroscopic
properties of many polymer melts can be significantly improved by the
addition of appropriate fillers, such as inorganic NPs [13-18]. One of
the most studied cases is that of silica NPs embedded in a polystyrene
(PS) matrix, which has been extensively investigated through both ex-
perimental [19-21] and simulation [22-28] approaches. The presence
of polymer chains grafted onto the NP surface significantly affects
the structure, thermodynamics, and phase behavior of the composite
material, as demonstrated in theoretical [29-32], simulation [33-36],
and experimental [37,38] studies. In particular, theoretical approaches
based on self-consistent field theory [39-42] have successfully shown
the effects of the grafting density on solvation free energy, effective
interactions and local structure of grafted silica NPs-PS composites.
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The importance of a proper understanding of grafting processes
and role played by both grafting density and molecular weight of
grafted chains is not limited to nanocomposites materials, but it clearly
emerges also in polymer brushes. In this context, an application which
is arousing much interest is constituted by block copolymer (BCP)-
based nanopatterning methods [43] which allow for the production
of a plethora of nanostructures avoiding the limitations typical of
conventional photolitographic approaches [44]. Since the orientation of
BCP features in thin films, when deposited over a silicon surface, can
be successfully controlled through random copolymers (RCP) grafted
to the surface of the substrate [45], the microscopic mechanisms un-
derlying the grafting processes become crucial. The generally accepted
scenario is that of the “grafting to” reaction from melt, which consists
in anchoring an end-functional polymer onto a proper substrate. Al-
though thermodynamic and kinetic aspects of grafting to reactions are
currently the object of rather intense investigations [46,47], some rele-
vant aspects still remain uncovered, including the way how the grafting
and degrafting reactions are influenced by the molecular weight and
polydispersity of polymer chains.

In order to overcome this issue, in the last decades much effort has
been devoted to develop suitable simulation and theoretical approaches
to study grafted NPs in composite materials and polymer brushes, as
comprehensively reported in some recent reviews [48-50]. From these
works it emerges that many different computational and theoretical
techniques can be applied to investigate both polymer nanocomposites
and brushes, including Molecular Dynamics (MD), Brownian Dynamics,
Dissipative Particle Dynamics and Monte Carlo (MC) methods [51], as
well as PRISM [52], pyPRISM [53], density functional [54] and self-
consistent field theories [55]. However, these theoretical approaches,
as well as simulation studies based on coarse-grained (CG) models,
can be only applied to generic systems and therefore can be hardly
implemented for a specific case of interest. On the other hand, all
the reviewed simulation approaches based on atomistic representations
are computationally very expensive when applied to large systems or
to large time-scales. Similar pictures also emerge from Refs. [56,57],
where it is clearly stated that atomistic models allow for quantitative
comparisons with experiments, but they are also computationally de-
manding and therefore can be only applied to small systems, with a
consequent lack of predictions for grafted long-chain polymers.

Therefore, by focusing our discussion to simulation studies, typically
two kinds of approaches are implemented in the literature: those based
on generic or CG models on the one hand and those implementing
atomistic simulations on the other hand. Both of them show advantages
and disadvantages: the former are usually well suited to investigate
and understand the basic physical principles of composite materials
and polymer brushes, but they lack the chemical detail required for
a precise description of these systems. On the other hand, atomistic
approaches are very effective in reproducing the local chemical struc-
ture of these materials but they are unavoidably restricted to short
polymer chain lengths and timescales. In particular, for grafted NPs
a proper sampling of polymer chain conformations in the presence of
solid NPs is needed. In the case of grafting to reaction, one also needs to
understand the outcome of the reactions (which are generally studied
through quantum approaches) and include them in a model that takes
into account entropic effects due to the chain stretching induced by the
presence of the reactive chains in polymer brush.

In order to overcome these limitations through computer simula-
tions, one of the most convenient approaches is to combine tradi-
tional MD simulations with a self-consistent field representation of
non-bonded interactions [58]. This combination gives rise to the hybrid
particle-field Molecular Dynamics (hPF-MD) approach (see Ref. [59]
for a recent review). The main purpose of this approach, within the
framework provided by the self-consistent field theory, is to obtain
the partition function of a single molecule in an external potential
V(r), along with a suitable expression of V(r) and its derivatives.
According to this formulation, the most computationally expensive part
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of the MD simulations, which amounts to calculate the non-bonded
forces between atoms of different molecules, can be replaced by the
evaluation of interactions among each atom and an external potential
that depends on the local density at position r. In this framework it is
possible to obtain a substantial speed up of the simulation times, al-
lowing for properly relaxing, among others, polymer chains with large
molecular weights [60], carbon nanotubes [61,62] and nanocomposite
materials [63,64], at the same time maintaining a chemically accurate
description of the system.

In the present contribution we report a summary of recently de-
veloped hybrid particle-field models when applied for the first time
to simulate the formation of nanostructures in grafted NPs and the
mechanochemical control leading to selectivity in grafting to reactions.
Furthermore, it will be highlighted how the hPF-MD approach allows
to successfully model the connection between the chemical detail and
the scales needed for a proper representation of grafted materials.
Finally, we present a very recent combination of self-consistent field
theory with the lattice-based reactive MC method [65] which allows
to introduce for the first time the effect of chain stretching on the
grafting to reactions and therefore to predict the composition of the
chains grafted on the surfaces.

The basics of hPF-MD method are provided in what follows: accord-
ing to the hybrid representation, the Hamiltonian of a given system in
the phase space can be written as [66]:

H(I) = HyN)+ W(I), e}

where H, is the Hamiltonian of a system of molecules with only in-
tramolecular interactions and W (I") keeps into account the non-bonded
interactions. Also, I" indicates a point in the phase space and the symbol
" means that a given variable is a function of the microscopic state
represented by I'. Now, what we need is a proper recipe to calculate
W (I'). In the self-consistent field theory, we may assume that W (I")
depends on I only through the particle density ¢(r; I') [66], i.e.:

W(I) = W(d; ), (2)

which amounts to assume that a single molecule interacts with all
other molecules through an external field depending on the density
distribution of the latter. This field can be described by an external
potential V) (r;) which, in turn, can be calculated by performing the
functional derivative of the total energy [66]. By assuming for the latter
the expression due to Helfand [67]

2
kgT 1
Wig(r)] = / dr| =2= ¥ axxr bk o) + 5 <; b (r) - 1> ,

KK'
3

we obtain the following expression for the external potential acting on
the ith particle:

Vg () = kT z[: [; xxk Pk () + % <ZK: P (ry) — 1)] . 4
In Eq. (4) kp is the Boltzmann constant, T is the temperature, the
density field of the species K placed in r is given by ¢g(r), k is
the isothermal compressibility and & g are the mean-field interaction
parameters between a particle of type K and the density fields of
particles of type K’. According to the definition provided by Eq. (4),
in the simple case of a binary mixture constituted by two species A
and B, the mean field potential of a single particle of type A placed in
r is [66]:

Var) = kpT[xaa®a(®) + xapbp(r)] + %(054(1') +¢pr) -1, )

with a similar expression holding for a particle of type B. The force
acting on particle A placed in r can be evaluated by performing
the partial derivative of V,(r) with respect to r. Once known the
intramolecular terms and the non-bonded potentials, in close analogy
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to the traditional force fields of MD simulations, a hybrid force field
representation is obtained for the system at issue. In addition, since
one needs to obtain a CG density, the simulation box is usually divided
into a certain number of cells n,, n, and n,, along the three coordi-
nate axis. All particles are distributed inside these cells according to
their positions in the box, generating a density grid whose resolution
depends on the choice of n,, n, and n.. Both density and its derivatives,
needed to compute forces and potential energy due to particle-field
interactions, can be defined on three-dimensional lattice points obeying
the periodic boundary conditions. To evaluate the density function at
positions r between lattice points it is possible to linearly interpolate
values at neighbor lattice points. Also, if in the hPF-MD framework
entanglements are not explicitly modeled, polymer chains, due to the
softness of potentials, are free to cross each other. This feature is very
useful in order to efficiently relax polymer chains with high molecular
weight, as will be shown more in detail in the next sections. In addition,
it is possible to explicitly restore the entanglements by implementing
the slip-string method, as detailed in Ref. [59]. The implementation of
the so obtained hPF-MD approach can be done through the specifically
developed OCCAM code, whose details can be found in Ref. [68].

The present contribution is structured as follows: in Section 2,
we discuss the performances of the hPF-MD approach in studying
interfacial properties and potential of mean force for separating grafted
silica NPs in a PS melt. In Section 3, we review the capability of
the hPF-MD method to shed light on the properties of the brush-
thin films interface, and the mechanism through which grafting to
reactions can be better controlled and understood. In particular, hPF-
MD results emphasize the critical role of the conformational entropy of
grafted chains in controlling both the phase behavior of the composite
material and the grafting to reactions. In Section 4, we provide a further
validation of this picture through a recent approach [65] that combines
reactive Grand Canonical MC simulations [69] and Scheutjens-Fleer
self-consistent field theory [70]. Finally, conclusions and perspectives
are presented in Section 5.

2. Grafted silica nanoparticles in polystyrene melts
2.1. Coarse grained models and relaxation of polymer chains

Even though the hPF-MD method can be successfully applied to
atomistic models [63], in what follows we focus our discussion to its
application to CG models able to represent both silica grafted NPs and
PS chains. A well suited CG representation, introduced in Ref. [71]
and validated in Refs. [25,63,72] is presented in Fig. 1. In this model,
a PS bead represents a single repeating unit of atactic PS, where the
two different beads labeled R and S account for the chirality of the
asymmetric carbon atom (Fig. 1A). As far as the silica NP is concerned,
each bead groups one SiO, unit and is centered on the silicon atom (Fig.
1B). The model for a grafted silica NP is built following the protocol
described in Ref. [25], where a variable number of PS chains can be
grafted onto the NP surface through a linker unit, constituted by four
CG beads. An example showing a silica NP grafted with 4 PS chains
is represented in Fig. 1C. To accurately describe the silica NP through
the hybrid particle-field representation, it is important to account for
the periodic interstitial structure of the NP surface, which may generate
an oscillating density field inside the NP core. To overcome this issue,
the NP density can be modeled using appropriate spline functions,
as successfully implemented in previous hPF-MD studies of silica-PS
nanocomposites [63,72,73].

In order to highlight the role played by the both ungrafted (free)
and grafted chains in determining the behavior of the composite, it is
convenient to describe its structural and thermodynamic properties in
terms of grafting density (pg), number of grafted chains (N, g), molecular
weight of grafted chains (Lg), number of free chains (IV;) and molecular
weight of free chains (L;). As a first issue, the efficiency of the hPF-
MD approach in relaxing polymer chains in the composite materials
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has to be addressed. For such an aim, a good indication is provided by
the computation of the autocorrelation function (ACF) of the end-to-
end vector: indeed, the simulation time which is needed to obtain an
independent chain configuration (and therefore to loose the memory of
the previous one) corresponds to the time that the ACF needs to decay
to zero. As shown in Fig. 2A, in the case of a PS melt containing a
grafted NP with p, = 1.0 chains/nm?, ACFs of free chains go to zero
within less than 13 ns even for high molecular weights, such as L; =
2400. A similar order of magnitude is observed in the case of ungrafted
NPs, as seen in the inset. This circumstance testifies both the efficiency
of the hPF-MD approach in relaxing PS chains even of high molecular
weights and the independence of ACF from the grafting density of the
NP. The same efficiency can be deduced also from the analysis of the
mean square displacement (MSD), reported in Fig. 2B. Indeed, one
can assume that the equilibrium has been reached once each chain
moves its center of mass by at least its gyration radius [63]. Finally,
the hPF-MD approach can be also successfully used to predict the local
arrangement of free and grafted chains, as done in Fig. 2C, where the
density profiles of free and grafted chains under different conditions
are reported. Interestingly, upon increasing the grafting densities from
0.5 to 1.0 chains/nm?, the peak of the grafted chains distribution
increases, while that of free chains decreases. This behavior amounts
to a progressive expulsion of free polymer chains from the grafted
corona [74] and it is known as “wet-brush-to-dry-brush” transition,
observed also in standard MD simulations of similar systems [22,25].
In this context it is also worth addressing the hPF-MD capability to
reproduce interface properties between grafted NPs and PS melt. In
particular, in the case of grafted NPs the density fluctuations occur in
both all-atom and CG particle-particle models at distances very close
to the surface in a range less than one nm, as can be seen, for instance,
in Ref. [25]. In the hPF-MD approach the implemented values of the
grid spacing are of the same order of magnitude (or smaller) than
the distance between the peaks of density profiles obtained by using
atomistic and CG simulations with pair potentials. Thus, this interface
behavior can be reproduced only on average. On the other hand, as
stated in Ref. [63], it is possible to overcome this issue by recovering
short-range correlations through very short MD runs, due to their local
nature. It is also worth noting that generally these short recovery times
are independent on the chain length.

In summary, the hPF-MD approach proves capable of capturing
all the essential features of the nanocomposite material. Compared
to standard simulation studies that implement particle-particle poten-
tials [22,25], the hPF-MD method offers a significant advantage: it
enables the full relaxation of PS chains with high molecular weights.
This, in turn, allows for the investigation of equilibrium properties,
which are often challenging to address using traditional simulation
methods.

As an example, the two-body and three-body potential of mean force
(PMF) will be discussed in the following sections.

2.2. Effect of grafting on free energy for nanoparticles separation

In this section we present a protocol, based on the thermodynamic
integration, to compute the two-body PMF between a pair of silica NPs.
As detailed in many computational studies [75-77] the knowledge of
the effective potential is of paramount importance to predict the phase
behavior of the composite. For such an aim, the generally adopted pro-
cedure is that of preparing a set of many different initial configurations,
each one corresponding to two NPs (which, in our case, are embedded
inside the PS melt) at a fixed distance from each other, as schematically
reported in Fig. 3. Thereafter, one simulation has to be done for each
configuration, in which NPs are allowed to rotate but not to translate,
in order to guarantee that their mutual distance remains fixed. Once
the system reaches the equilibrium, the forces F acting on the centers
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Fig. 1. PS (A), bare (B) and grafted (C) silica NP CG models. In (A) the center of PS beads is indicated by crossed circles and a single bead groups one PS monomer. In (B) the
section of silica NP core is shown. Each bead is centered on silicon atoms (in yellow) and corresponds to a SiO, unit, while oxygen atoms are given in red. In (C) a snapshot of
silica NP (in pink) grafted with 5 PS chains, each one constituted by 84 beads (in cyan), is given. Panels A and B are reproduced from Eur. Phys. J. Spec. Top. 2016 225, 1817.
https://doi.org/10.1140/epjst/e2016-60127-0. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A): ACF of the end-to-end vector for free PS chains containing a grafted silica NP with p, = 1.0 chains/nm? and L, = 80. Inset: same for a PS melt with a ungrafted silica
NP (see Ref. [63]). Values of L; are in the legends. (B): MSD of the center of mass of free chains normalized by the gyration radius (R,) as a function of the time in a logarithmic
scale for py =10 chains/nm?, L, =80 and various L;. Values of R, are 0.92, 1.99, 2.83 and 8.42 nm for L; = 20, 80, 160 and 2400, respectively. (C): bead number density of
free and grafted chains for p, = 0.5 (dashed lines) and 1.0 (full lines) chains/nm? as a function of the distance from the NP surface. Panel (C) is reproduced from Nanoscale 2018,

10, 21,656-21,670. https://doi.org/10.1039/C8NR0O5135F.

of mass of the two NPs can be calculated, averaged and integrated over
the interparticle distances r according to the equation:

U = — / ™ Er. 6)

"min

where U(r) is the PMF, r;, is the NP diameter and r,, is the in-
terparticle distance where the potential can be confidently assumed
equal to zero. Also, it is worth noting that U(r) is only one of the
two contributions that must be taken into account to calculate the
total interaction between a pair of NPs; indeed, one also needs to
compute the direct interaction between the NP cores, usually modeled
through the Hamaker potential [78]. A proper parameterization of this
potential can be done on the basis of atomistic simulations, following
the prescription reported in Ref. [79].

ly

Ix Ix

Fig. 3. Schematic representation of the protocol for calculating the two-body PMF
upon increasing the distance between a pair of NPs.

Source: The Figure is reproduced from Nanoscale 2018, 10, 21,656-21,670. https:
//doi.org/10.1039/C8NR0O5135F.

The knowledge of effective NP-NP interactions may allow, in prin-
ciple, to know the phase behavior of the composite material, which
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Fig. 4. Comparison among two-body PMF of grafted NPs for high (a) and low (c)
grafted densities and molecular weight of free chains. The confinement of PS chains
between two grafted NPs is pictorially represented in panel (b), where grafted and
free chains are reproduced in gray and blue colors, respectively. A schematic phase
diagram is reported in panel (d). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Source: All panels of the Figure are reproduced from Nanoscale 2018, 10,
21,656-21,670. https://doi.org/10.1039/C8NR0O5135F.

is a crucial issue in order to predict the composite final properties. A
systematic study of PMF as a function of grafting density and polymer
molecular weight is therefore very helpful to identify the different
regimes that can be expected. In particular, the role played by the
grafting density needs to be properly taken into account and, for such
an aim, a wide range of regimes, going from 0.04 to 1 chains/nm?
has been considered. A summarizing comparison among the two-body
PMF between a pair of grafted NPs is shown in Fig. 4, along a cartoon
showing the configurations of free and grafted chains confined between
the NPs. As shown in panel (a), the two-body PMF is significantly
repulsive for high values of both P> Lg and L;. Upon lowering pg OF Ly,
the PMF shows a slightly negative minimum before going to zero even
for low interparticle distances. The NP-NP repulsion observed for high
values of p, or L, can be ascribed to the entropy loss (and therefore free
energy increase) due to both the stretching of grafted chains and the
steric repulsion among them, as sketched in the cartoon of panel (b).
Conversely, for low grafting densities the two-body PMF is attractive
regardless the specific values of L, and L, as shown in panel (c). It
may be worth noting that this behavior is different from that reported
in Ref. [39], where the PMF between a pair of grafted silica-PS plates is
calculated through the self-consistent field theory. Indeed, in that case
it was found that upon decreasing the molecular weight of free chains,
a progressively more repulsive PMF between the plates is obtained.
The opposite behavior is found when free chains are of much larger
molecular weight of grafted chains. These results suggest a role played
by the curvature of the grafted surface: for high curvature (as in the
case of NPs) the molecular weight of free chains plays only a marginal
role, which becomes significant when the curvature vanishes, as in the
case of plates.

On the basis of the behavior documented in Fig. 4, upon consid-
ering a collection of several NPs in a PS melt, one should obtain a
dispersed phase when the two-body PMF is significantly repulsive and
a separation of all NPs from the melt when it becomes attractive. This
can be verified by calculating the second virial coefficient as detailed
in Ref. [72]: indeed, it is known that values of B, < 0 (B, > 0)
indicate that attractive (repulsive) interactions prevail [80], therefore
providing indications on the overall phase behavior of the composite.
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The resulting phase diagram, for some selected values of p, and L,, is
shown in Fig. 4d.

On the other hand, from the knowledge of experimental phase dia-
grams of silica-PS nanocomposites [7,16] it emerges that well dispersed
conditions and phase separations are not the only phases that can be
found in these systems. Indeed, complex structures including strings,
connected sheets and small clusters are also observed, their appearance
depending on specific values of grafting densities and molecular weight
of free and grafted chains. However, since the existence of such struc-
tures is usually due to a competition between attractive and repulsive
interactions [81,82], their appearance cannot be justified on the basis
of the two-body PMF described so far. This apparent mismatch can be
justified on the basis of two implicit assumptions that have been done
so far:

» Multibody contributions to the effective interactions have been
neglected.

+ A monodisperse distribution of molecular weights of polymer
chains has been assumed.

In particular, with reference to the first point, in both experimental [16]
and theoretical [83] studies on polymer nanocomposites it has been
underlined that in dense systems multi-particle contributions to the
PMF cannot be neglected. In addition, a huge number of experimen-
tal [84-88] and simulation studies [30,31,89,90] have shown that the
existence of a polydispersity on chains distribution can significantly
affect static and dynamic properties of the composite material.

This circumstance calls for the explicit inclusion of three-body
interactions and polymer dispersity in the calculation of the PMF, as
shall be detailed in the next section.

2.3. Role of multibody effects and polymer bidispersity on patterns forma-
tion

A pictorial representation of the protocol suited for the calculation
of three-body PMF is given in Fig. 5: in this case, beside the two NPs
taken into account when computing two-body PMF, also a third NP
is needed, that must be placed perpendicularly to the vector joining
the centers of mass of the first two NPs. Similarly to the protocol
adopted for the computation of the two-body interaction, also in this
case the distance d between the first two NPs must be progressively
increased, by keeping fixed the position of the third NP. Then, the
forces and the effective potentials can be computed according to the
previous procedure. The presence of the third NP makes the three-body
contribution to the total PMF maximum when it is as close as possible to
the other two NPs. In addition, it is also possible to increase the distance
D between the third NP and the midpoint of the line joining the first
two NPs, in order to obtain an estimate of the short- or long-range
nature of the three-body contribution.

As for the role played by the polymer dispersity, by limiting ourself
to the case of a bimodal distribution of molecular weights, it is possible
to introduce the bidispersity index (BDI), defined as [73]:

BDI = M,/ M, )

where M,, and M, are the weight average molecular weight and the
number average molecular weight, respectively, defined as:

_ % NiMiz, _ XiNiM;

v zi Ni Mi ’ ! Zi Ni ’
where N; and M; indicate the number of chains with a given molecular
weight and the number of beads belonging to each of these chains.
Accordingly, the bidispersity indexes of free and grafted chains shall
be indicated as BDI; and BDI,, respectively.

The role played by both three-body effects and bidispersity of
polymer chains on the effective NP-NP interaction is summarized in
Fig. 6. It emerges that for intermediate/high grafting densities (i.e.
pg = 05 and pg = L0 chains/nm?) the addition of the third NP

®
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a)

.Increasing d.

Increasing D

D siceseasmme

Fig. 5. Schematic procedure for the calculation of the three-body PMF: starting from a configuration where all NPs are in close contact (a), the distance d between the first two
NPs increases, leaving unchanged the position of the third NP (b). The short or long-range nature of the three-body PMF can be determined by increasing the distance D between

the third NP and the center of the line joining the centers of mass of the first two NPs (c).

Source: The Figure is reproduced from Macromolecules 2019, 52, 8826-8839. https://doi.org/10.1021/acs.macromol.9b01367.
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Fig. 6. Top: schematic morphology diagram for grafted NPs embedded in a PS matrix, drawn by considering the three-body PMF and calculating the second virial coefficient.
Different colors are used for well dispersed, strings, connected sheets and small clusters regions. The behaviors of two-body and three-body PMF are also reported for enhancing
their relation to the morphology diagram. Bottom: comparison between two-body (open symbols) and three-body (full symbols) PMF between grafted NPs with p, = 0.1 chains/nm?
upon increasing BDI; (a) and BDI, (b). Top panels are reproduced from Nanoscale 2018, 10, 21,656-21,670. https://doi.org/10.1039/C8NRO5135F.

strengthens the repulsive behavior of the PMF. As already observed
for the two-body case, this is mainly due to the entropy loss (with
the corresponding free energy increase) due to the stretching of grafted
chains and increase of the steric repulsion among them, progressively
more enhanced as close as the NPs are [72,83]. More interesting
behaviors are observed for low grafting densities: indeed, under these
conditions all three-body PMFs show the existence of a short-range
attraction followed by a longer-range repulsion, compatibly with the
onset of aggregated structures, as theoretically predicted [91,92]. In

particular, the observed PMFs are compatible with the onset of clus-
ters, planar structures and strings, which have been experimentally
observed [7,16]. Interestingly, these findings qualitatively agree also
with results based on dissipative particle dynamics (DPD) simulations
of Lu and co-workers [90], in which has been shown that anisotropic
self-assembled structures can be achieved only by setting moderate
grafted chain lengths and grafting densities. As a further interesting
datum, upon grafting NPs with low-molecular-weight chains, the NP
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aggregation was always found; however, this circumstance has not been
investigated in the hPF-MD approach.

The effect of bidispersity is presented in the bottom panels of Fig.
6, where, for a grafted NP with p, = 0.1 chains/nm? the increase of
BDI; (a) and BDI, has been separately considered. In the first case,
the comparison with the two-body PMF shows that in the monodisperse
condition the three-body PMF is more repulsive than the two-body
counterpart, while for BDI; = 2.36 this trend is reversed and for
BDI; = 5.14 two- and three-body PMF similarly behave. This suggests
that in this case multibody effects and the wettability of the NP surface,
influenced by the increase of BDI; are non-trivially combined, gener-
ating a complex, non-monotonic dependence of the resulting PMF on
the bidispersity. On the other hand, the effect of increasing BDI, (b)
is more clear: indeed, in all cases the repulsion increases when going
from two- to three-body interactions, as also expected on the basis of
experimental studies of bimodal NPs [86]. Noteworthy, also in this case
a qualitative agreement is found with results reported in Ref. [90],
where it was stated that when bimodal grafted NPs are considered,
an entropy gain for the polymer matrix penetration inside the brush
is observed, promoting a well-dispersed condition.

Summarizing, what finally emerges from the combined analysis of
structure, free energy and multibody effects of grafted silica NPs in PS
melt is that a leading role is played by the conformational entropy of
polymer chains. Indeed, it is worth pointing out that all these effects
are purely entropic, since no energetic contribution among polymer
chains (which are all of the same chemical species) has to be addressed.
Therefore, the gain or loose of chain entropy is enough to promote or
hinder a given phase behavior and to provide the final properties of the
composite.

3. Silicon surfaces grafted with poly(styrene-r-methyl methacry-
late) random copolymers

3.1. Interface between polymer brushes and thin films

As anticipated in the Introduction, the second class of grafted ma-
terials reviewed in the present contribution concerns polymer brushes.
In particular, it has been pointed out [45] the importance of a proper
dealing of the interface between BCP thin films and solid substrates
grafted with RCP brushes. When studying the spin-coating of a BCP
solution on a silicon substrate with RCP grafted onto its surface, it is
worth noting that the infiltration of the solvent in the BCP film may
increase the chain mobility, reducing the free-energy barriers of the
process [93]. In these cases, a proper characterization of the RCP/BPC
interface could, in principle, depends on a number of factors:

» The molecular weight and grafting density of the brush.
» The thickness of the BCP film.
» The amount of the residual solvent.

It is worth pointing out that when simulating polymer brushes
the grafting density regime is always less or at most equal to the
mushroom regime [74], according to the experimental values of the
grafting density achieved during the grafting to reactions. To clar-
ify the effects of these parameters on the brush/thin film interface,
the hPF-MD approach can be applied to poly(styrene)-b-poly(methyl
methacrylate) (PS-b-PMMA) BCP thin films spin-coated on a func-
tional hydroxyl-terminated poly(styrene-r-methyl methacrylate) [P(S-r-
MMA)] RCP brush layer grafted onto a silica substrate [93]. Deuterated
toluene can be employed as the solvent, providing a suitable medium
for the simulation and experimental comparison.

To perform such simulations, CG models of copolymers, substrate,
and solvent must be developed. Following the mapping proposed in
Ref. [93], the silica substrate is modeled as a collection of 18,720 beads
arranged in a hexagonal configuration, forming eight connected layers
with a total thickness of 4.9 nm. This representation ensures a realistic
description of the substrate geometry and surface properties.
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The RCP and BCP chains are represented as sequences—random
for RCP and ordered for BCP—of two types of beads. Each bead
corresponds to five PMMA or six PS units. The mapping scheme for
an RCP chain is shown in the left panel of Fig. 7, where the random
arrangement of PMMA and PS beads reflects the copolymer’s structure.

The solvent is modeled as a single bead representing five toluene
molecules. Additionally, to accurately simulate the BCP-air interface,
vacuum beads must be explicitly included, as proposed in Ref. [94].
This ensures a proper description of the interfacial effects and phase
separation phenomena occurring at the thin film boundary. The re-
sulting CG system is depicted in the right panel of Fig. 7, which
integrates substrate, brush layer, copolymer thin film, solvent, and
vacuum components into a unified framework.

To reduce the number of simulation parameters, a fixed grafting
density is considered in this case study. This choice allows for a focused
investigation of the interfacial properties and the role of conformational
entropy in determining the behavior of the brush/thin film system.

The role played by the solvent at the RCP/BCP interface can be
investigated by calculating density profiles as a function of the toluene
concentration and the thickness of the BCP film. Such density profiles,
calculated along the axis orthogonal to the interface, are reported in
Fig. 8 for a brush molecular weight of 19.5 kg-mol~!: interestingly,
while for a BCP thickness of 30 nm (left) no significant effects of the
toluene concentration are found, for BCP=75 nm one clearly observes
that the amount of BCP at the interface decreases upon increasing
the solvent concentration. In addition, also the density profiles of the
grafted substrate change, but from the simple visual inspection of the
figure, one cannot quantify this change. In this context, a rule to
compute how the RCP/BCP interface depends on both solvent concen-
tration, BCP thickness and RCP molecular weight can be very helpful.
For such an aim, according to the prescription reported in Ref. [95],
it is possible to define an interpenetration length (which provides an
indication of the thickness of the interface) as:

¢= /dz~,,,(z).,,2(z), ©®

where p;(z) and p,(z) are the density profiles of RCP brush and BCP
film, respectively, normalized by their bulk values. A pictorial repre-
sentation of the interpenetration region is given in the left panel of Fig.
9, while values of &, calculated according to Eq. (9), are collectively
reported in the right panel of Fig. 9. It emerges that ¢ decreases upon
increasing the toluene concentration and increases with the molecular
weight of RCP. Conversely, the thickness of the BCP film has a little
effect on the interpenetration length and, therefore, on the RCP/BCP
interface. Interestingly, it emerges that, apart the role played by the
solvent, it is the molecular weight of the brush layer which plays the
more significant role in characterizing the interface with the thin film.
Therefore, a proper control of brush properties and the mechanisms
underlying such properties becomes of paramount importance to in-
vestigate this kind of interfaces, as will be further demonstrated in the
next section.

3.2. Mechanochemical control in grafting to reactions

In order to shed light on the mechanisms responsible of the grafting
to reactions, and on the role played by configurational entropy of
polymer chains in this context, it is possible to separately simulate
through the hPF-MD approach the different steps of the grafting to
process. In particular, it is possible to first model the pre-reaction
step by simulating the silica substrate, initially grafted by deuterated
random copolymer chains, in contact with fully hydrogenated random
copolymer chains, as done in Ref. [96]. Then, one may assume that
a single hydrogenated copolymer chain becomes grafted onto the sub-
strate (reaction step), and, consequently, that a single deuterated chain
detaches from the substrate surface (post-reaction step). The above said
process is schematically reported in Fig. 10.
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Fig. 7. Left: CG representation of a [P(S-r-MMA)] RCP chain. A single bead groups five PMMA (yellow beads) or six PS (purple beads) repeating units. Right: typical example of
CG system suited to be studied through hPF-MD approach. Silica substrate is depicted in pink, RCP chains in blue, BCP chains in yellow and purple, toluene in cyan and vacuum
particles in green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Schematic representation of the mechanochemically driven grafting to mech-
anism.

Source: The Figure is reproduced from Macromolecules 2021, 54, 499-508. https:
//pubs.acs.org/doi/10.1021/acs.macromol.0c02142.

In the course of the whole process, it is worth to investigate the
role played by the chain stretching in determining the detachment of
deuterated chains. For such an aim, still following what have been done
in Ref. [96], it is convenient to consider two cases of high (R38.6) and
low (R1.7) molecular weights of the hydrogenated chain, corresponding
to 38,600 and 1700 g-mol~!, respectively, while setting the molecular
weight of the (monodisperse) deuterated chains to the intermediate
value of 19,500 g-mol~! (Rd19.5). In this way, it is possible to clearly
identify the entropic effect due to the chain stretching, which, in turns,
depends on the molecular weight of the chains. This effect can be
investigated by computing the distributions of end-to-end distances of
Rd19.5 chains which are placed far from or adjacent to the incoming
R1.7 or R38.6 chain, during the reaction step. All chains in the brush
layer far away from the incoming one can be considered unperturbed.
The resulting probability distributions of the end-to-end distances are
reported in Fig. 11 for the different cases where a R38.6 chain becomes
grafted to the substrate (a) and after the degrafting (b) of an adjacent
chain. The same distributions are computed for an incoming R1.7 chain
(c and d). It is clearly observed that once a R38.6 chain becomes grafted
to the brush layer, the distribution of adjacent chains takes significantly
higher values than that of the unperturbed chains (Fig. 11a): this
finding points to a remarkable stretching of the adjacent chains. On
the other hand, when one of these stretched chains degrafts from the
substrate, the distributions of adjacent and unperturbed chains become
very similar (Fig. 11b). In the case where the incoming chains has a
significant lower molecular weight (R1.7), the distribution of end-to-
end distances of the adjacent chains shows only a slight stretching (Fig.
11c). Once again, the distribution of unperturbed chains is practically
restored upon degrafting one of the adjacent chains (Fig. 11d).

According to the picture emerging from this analysis, the reactivity
of the systems depends on the degree of stretching (and therefore on
the conformational entropy) of the brush layer due to the entering
of additional polymer chains. Therefore, there is a "mechanochemical
control” at work which underlies the whole grafting to process. In this
framework, a further consideration immediately arises: the mechanism
described so far should imply a preference of chains with low molecular
weight to graft the substrate, in comparison to chains with high molec-
ular weight. Therefore, one should be able to verify that, by preparing
a blend with different molecular weights (therefore, in the pre-reaction
step), the low-molecular weight component should preferentially react
with the silicon surface [97]. This can be verified by investigating
the behavior of an equimolar polymer blend of partly deuterated hy-
droxy terminated poly(styrene dg-st-methyl methacrylate) copolymer
with average molecular weight of 11,200 g-mol~! (R11.2) and a hy-
droxy terminated poly(styrene-st-methyl methacrylate) copolymer with
molecular weight of 5400 g~mol‘1 (R5.4), as done in Ref. [97]. The
main results of this investigation are presented in Fig. 12, in which the
distribution of the number of contact (a) and of the time fraction (b)
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Fig. 11. Probability distribution of the end-to-end distances (normalized by the ideal
value) for unperturbed (blue) and adjacent (red) grafted chains: a, R38.6, reaction step;
b, R38.6, post-reaction step; ¢, R1.7, reaction step; d, R1.7, post-reaction step. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Source: The Figure is reproduced from Macromolecules 2021, 54, 499-508. https:
//pubs.acs.org/doi/10.1021/acs.macromol.0c02142.

spent by chain ends on the surface is reported. As visible, the number
of chain ends of R5.4 in contacts with the silica surface is significantly
higher than that of R11.2: indeed, the calculation of the average values
of contacts (N) provides (N) ~ 6 for R5.4 and (N) ~ 1.8 for R11.2. In
addition, it also emerges that the chain ends belonging to R5.4 spend
more time on the silica surface than those belonging to R11.2.

Further indications on the way how chains of different molecular
weight arrange themselves onto the silica substrate can be obtained by
computing the surface covered by chains. This can be done, in turn,
by calculating the components of the gyration radius, as described in
Ref. [97]. As a result, it emerges that the surface covered by a single
R5.4 chain (% 6 nm?) is much lower that covered by a single R11.2
chain ( 15 nm?). However, the sum over all chains provides a value
of ~ 35 nm? for R5.4 chains and ~ 25 nm? for R11.2 chains, therefore
confirming the propensity of chains with the lower molecular weight
to graft the silica substrate. Two typical configurations of the system,
showing the different arrangements of the chains close to the surface
are shown in Fig. 13.

An immediate consequence of this scenario is the occurrence of a
molecular weight partitioning during the grafting to reaction, where
the lower molecular weight component is selectively incorporated into
the brush layer [97]. This selectivity arises from the segregation of
shorter chains near the substrate/polymer interface prior to the grafting
process [98]. It is important to emphasize that the origin of this
selectivity is purely entropic. Specifically, it stems from the differences
in the conformational entropy of polymer chains, which ultimately
dictates the conditions and outcome of the grafting to reactions.

4. Reactive Grand Canonical Monte Carlo simulations

We conclude our overview of molecular models suited to inves-
tigate grafted materials by discussing a hybrid approach [65] that
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Fig. 12. Distribution of: (a) number of contacts of a chain end with the silica surface; (b) time fraction spent by chain ends on the surface.
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Fig. 13. Representative configurations of adsorbed R5.4 (in red) and R11.2 (in
blue) polymer chains. The layers of silica supports are reported in gray. For both
configurations the total percentage of surface coverage is ~ 7%. Other polymer chains
are omitted for clarity. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

combines reactive Grand Canonical MC (rGCMC) simulations [69]
and Scheutjens-Fleer self-consistent field (SF-SCF) [70] theory. This
approach has been developed to theoretically elucidate the mecha-
nisms that regulate the competing grafting to process that occurs be-
tween low-molecular weight (short) and high-molecular weight (long)
chains. By means of this procedure, it is possible to combine the bene-
fits of both the rGCMC (accurate sampling of equilibrium properties
of the system under scrutiny) and the SF-SCF (sampling performed
at a less expensive computational cost by reducing a many-chain
problem to a one-chain problem) approaches. In the specific case of
mixtures of hydroxy-terminated poly(styrene-st-methyl methacrylate)
(hydrogenated species, h-PS-PMMA) and partly deuterated hydroxy-
terminated poly(styrene d8-st-methyl methacrylate) (deuterated species,
d-PS-PMMA) [97,98], grafting densities can be predicted by rGCMC and
then used to predict the density profiles through the SC-SCF method.

According to the protocol implemented in Ref. [65], the model can
be developed on a quadratic lattice in a two-steps process:

i .

10

» The rGCMC is formulated on a bidimensional lattice with peri-
odic boundary conditions adopted in both the lattice directions.
The interaction between the silicon (grafting) substrate and the
interacting monomer of a single polymeric chain is described as
a point that occupies only one lattice site. The interaction with
the grafted polymeric chains is accounted only by the nearest
neighbor sites via an ad hoc potential, which is related to the
loss of conformational entropy of the macromolecules in the
brush [65]. In this way, the grafted phase is equilibrated with
an external reservoir (bulk phase) by exchanging and moving
the macromolecules through GCMC trials that are accepted or
rejected according to the Metropolis acceptance criterion [99].
The SC-SCF is formulated in such a way that the structural
architecture of the molecule can be built along the third direc-
tion of the lattice model (perpendicular to the substrate surface)
and the conformational stiffness of the grafted macromolecules
can be accounted by implementing the second-order Markov
approximation [100].

Full prediction of the grafting density ¥ can be performed by
rGCMC on blends at different molecular weights MW, and different
compositions ¢y, of the hydrogenated species without any use of
parameters retrieved from experiments on blends, as shown in panels
(a) and (b) of Fig. 14. When investigating the effects of MW}, (Fig. 14a),
results reveal a decreasing trend for h-PS-PMMA, while an increasing
trend for d-PS-PMMA is noticed. The observed behavior suggests that
the hydrogenated chains are affected by a minor degree of reaction
with the silicon substrate when M W, increases, in favor of an improved
affinity for deuterated chains. These findings point out the preferential
grafting of shorter chains at expenses of longer ones, regardless the
chemical nature of the polymer chain. Upon investigating the effects
of blend composition (Fig. 14b), it is observed an opposite trend:
the grafting density of hydrogenated species increases with the molar
fraction, while the one of deuterated species decreases. Also in this
case, this finding can be ascribed to an higher propensity of the lower
molecular weight compounds to react with the silicon substrate, the
more being the molar fraction of d-PS-PMMA in bulk the more being
the brush region enriched of this shorter polymer chain.

Grafting densities predicted by the model and validated by experi-
ments can be therefore implemented to predict morphological features
of the obtained brushes, also in this case on blends at different MW,
and ¢y, 1,5 (panels (c) and (d) of Fig. 14). In cases where M W, increases
(Fig. 14c), the increasing trend of the brush average thickness H
suggests that long chains induce not only a wider distribution of the
interphase region, but also an increase in the average value of the
brush height. In this way it is unveiled that the average trend of H can
be attributed to hydrogenated chains that become progressively longer
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Source: All panels are reproduced from Polymer 2024, 294, 126737. https://www.sciencedirect.com/science/article/pii/S0032386124000727?via%3Dihub.

and thus reach higher distances, while the deuterated species only
change their distribution and always occupy the same portion of the
brush region. When dealing with results related to the effects of blend
composition (Fig. 14d), it can be observed that H tends to decrease
with ¢y 1, suggesting that a lower concentration of the longer chains
(being in this case the deuterated species) within the bulk leads to
shorter density profiles within the interphase region.

The model outcomes, parametrized and validated through exper-
imental results, demonstrate the successful viability of novel hybrid
technique. Moreover, by combining rGCMC and SF-SCF methods, it is
also possible to simulate brush properties, which are hardly measured
by experiments such as the local thickness and the surface roughness
of the experimental samples [65]. More in general, the proposed ap-
proach may represent a fast and accurate tool used to identify optimal
parameters useful to realize engineered surfaces obtained by grafting
to reactions.

5. Summary and perspectives

In this study, we reviewed two recent applications of the hPF-MD
approach to grafted materials. Specifically, we examined grafted silica
NPs in PS melts and silica substrates grafted with random copoly-
mer chains. The hPF-MD method has demonstrated exceptional effec-
tiveness in relaxing polymer chains, even those with high molecular
weights.

Our findings underscore the critical role of conformational entropy
in polymer chains, which significantly influences effective NP-NP in-
teractions and the resulting phase behavior of composite materials.
In particular, the hPF-MD approach allows the direct evaluation of
the potential of mean force even between NPs grafted by polymer
chains with high molecular weight, an issue unaffordable by standard
approaches based on pair-potential simulations.
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Moreover, hPF-MD simulations provided valuable insights into the
microscopic mechanisms underlying the grafting to process in random
copolymer-grafted silica substrates. In these systems, conformational
entropy was again shown to play a pivotal role, as the final grafting
density of the polymer brush strongly depends on chain stretching
during the grafting process. Also, the hybrid approach allows a direct
comparison with experimental data, along with the possibility to effi-
ciently simulate large systems, in which substrate, brush, solvent and
thin film can be properly taken into account.

By synthesizing results from both systems, we highlight the ability
of the hPF-MD technique to develop molecular models that elucidate
phenomena on scales inaccessible to conventional approaches. These
phenomena include the morphology of NP aggregates, the behavior
of block and random copolymers in solvent environments, and the
ubiquitous entropy loss associated with chain stretching.

Further advances are achieved by combining reactive Grand Canon-
ical Monte Carlo (rGCMC) with the Scheutjens—Fleer self-consistent
Field method. This combined approach enables accurate predictions of
final grafting densities in polymer brushes, representing a significant
improvement over the current state of the art. Also, the implementation
of MC-based approaches may allow to improve sampling also in molec-
ular models containing NPs, due to the capability of this method to
efficiently sample displacement and rotation of NPs, with a subsequent
reduction of simulation times.

The methodologies reviewed here open several directions for future
research on grafted materials. Particularly interesting is the clarifica-
tion of kinetic effects and their interplay with thermodynamic factors
during grafting to processes. Understanding these interactions is cru-
cial for achieving precise control over grafted materials. To this end,
extending both hPF-MD and rGCMC approaches, as well as their inte-
gration, to kinetic schemes could provide powerful simulation tools for
gaining molecular-level insights.


https://www.sciencedirect.com/science/article/pii/S0032386124000727?via%253Dihub
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