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Abstract

Polymer brushes alter the interactions between grafted surfaces, typically pro-
moting repulsion through osmosis and excluded volume of the grafted chains. An
exceptional case is that of brushes in a chemically identical polymeric matrix of
equal or higher molecular weight and at relatively high grafting densities. Us-
ing a newly developed coarse-grained molecular dynamics methodolgy we present
for the first time proof of the existence of attraction between flat brushes. The
onset of favorable interbrush interactions are connected to the formation of a
well defined brush-matrix interface due to autophobic dewetting. These insights
are then used to capture the mesoscopic filler structure of polymer nanocompos-
ites with grafted nanoparticles. Simulations are performed where the change in
interparticle interactions due to grafting are accounted for implicitly by tuning
a single-parameter pairwise hard-core potential. The desired morphology can
only be obtained by setting up the particles in small rigid aggregates that rep-
resent their post-mixing configurations which act as the building blocks of larger
agglomerates. Finally, the effect of grafting density on aggregate size during mix-
ing is studied through simulation of opposing flat brushes under shear, showing
a monotonic increase in shear stresses with grafting density that should aid in

aggregate breakup.

Keywords: polymer nanocomposites, grafting, polymer brush, molecular dy-

namics, autophobic dewetting
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Introduction

The second half of the 20" century was marked by rapid advances in the
development of polymeric materials, who went on to assume an irreplaceable role
in modern industry. The combination of low density and ease of processing while
retaining their durability, renders polymers perfect candidate materials for a wide
range of applications. However, despite their well rounded set of properties, they
may still lag behind when it comes to more specialized use cases where other
materials, e.g. metals and ceramics, prevail due to their excellent mechanical
and/or thermal properties. In the constant race of developing materials suit-
able for such applications that will simultaneously retain the generally low cost
and high processability of polymers, engineers have experimented with diverse
molecular chemistries and architectures as well as blends. It is this exploration
that gave rise to the polymer composites (PCs), materials consisting of a usually
inorganic phase — aptly named the “filler” or “reinforcement” — dispersed in a
polymeric matrix in the form of particles, fibers, platelets or other desired shapes
[1].

PCs are characterized by design flexibility, with their final properties depend-
ing on the matrix and filler details as well as their proportions in the mix. A
typical example is the addition of hard inorganic particles in a polymeric matrix,
leading to increased rigidity and durability. The level of property enhancement
is strongly connected to the degree of interaction between the dispersed and con-
tinuous phase, which in turn is tied to the surface area of the interface between

the components [2]. It is precisely this microscale impregnation of the matrix



with the filler that imparts to composite materials their attractive traits makes
their separation arduous and impedes recyclability. Such is their value however,
that demand is expected to remain high regardless of the increasing institutional

push towards a more circular economy of materials [3].

Accordingly, composite materials have been developed with nanoscale filler
units, coining the term polymer nanocomposites (PNCs). The proven improve-
ment in performance obtained when the filler dimensions diminish dramatically
makes PNCs highly desirable but also creates new technological challenges. A
crucial aspect when it comes to optimizing a desired property is that of the
dispersion state of the filler: When the degree of aggregation is high, nanopar-
ticles (NPs) fuse into larger structures, drastically reducing their surface area
and essentially transforming the PNC into a generic PC, which is why good filler

dispersion is a typical requirement of PNC production [4].

A particular inspiration for the present thesis comes from the automotive
industry, and specifically the silica reinforced rubber used during vehicle tire
assembly. Since the 1990s precipitated silica filler has succeeded the originally
used carbon black as it provides a better combination of rolling resistance, heat
dissipation and overall resilience, increasing the tire lifetime and reducing fuel
consumption [5]. The seemingly sole drawback of embedding silica in car tire
rubber is its high polarity which promotes agglomeration, partly negating the
benefits stemming from its usage. To counter this issue a variety of techniques
has been tested, with the one of the most promising being chemically binding
some of the matrix polymer chains to the NP surface [6]. The idea behind this
modification is that the "halo” of surface grafted chains will act as a compatibi-

lizer between the NP and the matrix and filler aggregation will be prevented [7].

There is a variety of PNCs where chain tethering is found to be an efficient
method of improving dispersion, with various strategies being adopted for the
realization of the desired grafted NPs. The grafting methods revolve around two
philosophies, the “grafting to” and “grafting from” approach respectively. In the
first case, the functionalized polymer is mixed with the NPs and surface attached
through a suitable chemical reaction. This approach allows for complete freedom
on the choice of the grafted chain architecture since it can be synthesized inde-

pendently. An example is shown in fig. 2a, where reactive groups on the chain

2



end form permanent bonds with matching groups on the NP surface. The main
challenge in this case is controlling the grafting density, that is the number of
grafted chains per unit surface area. In order to bond with the NP surface, the
polymer chain has to diffuse within a polymer melt or solution and assume the
correct orientation, i.e. the functionalized part of the chain must face towards
the nanoparticle surface in order for the coupling reaction to take place. This
already challenging feat becomes even more unlikely as the grafting density in-
creases. The area around the NP is now heavily populated by the tethered chains,
further impeding the diffusion of polymer towards the surface. In the “grafting
from” approach on the other hand the NPs are mixed with the polymer building
blocks and the polymerization is performed starting from the NP surface (fig. 2b).
As such, monomers diffuse in a low molecular weight medium until reaching the
zone near the NP surface where polymerization takes place, alleviating the frus-
tration relative to the notoriously slow polymer diffusion. The grafting density
is essentially determined by the availability of polymerization initiators on the
NP surface. However, the ”grafting-from” polymerization process is not as easily
controlled and imposes limitations on the types of grafted chains that can be syn-
thesized. This stems directly from the fact that conditions in the zone adjacent
to the NP surface are different from the bulk polymer [8]. For the simple linear
end-grafted chains which are the exclusive focus of this work this drawback is not
crucial, but could become more relevant in the future if a demand for finely tuned
grafted chain properties arises in specific applications [9]. To avoid straying too
far from the main scope of this work we also abstain from presenting in further
detail variations of both grafting strategies which include coupling agents that
may allow the polymer to tether at various points throughout the length of its
backbone.

Regardless of the rapid advancements in the methods employed in the fab-
rication of the functionalized NPs, there is still limited understanding of the
mechanisms promoting NP dispersion in PNCs in the presence of surface grafted
chains. It is the objective of this thesis to hopefully paint a better picture of the
changing NP-matrix interactions as a function of the properties of the population
of the tethered chains. This exploration can easily become disorienting as sys-

tems of grafted PNCs are far from simple: Even for a given matrix and NP, one

3



Figure 1. Schematic representation of polymer-grafted NPs at two different grafting
densities, going from lower (left) to higher (right)

can vary all the properties regarding the grafted polymer, such as the grafting
density, molecular weight, topology & chemical composition of the monomers.
To add to the confusion, it has also been made possible to fabricate NPs with
polydisperse or outright different types of grafted chains on the same particle [8].
To limit this vast parameter space we will focus on the the case of chemically
identical linear matrix and graft polymers. This represents the most industrially
relevant case, with significant work found in the research literature. This leaves
us with two main parameters to worry about: i) The grafting density, which has a
central role on the present study and ii) The ratio between the molecular weights
of the grafted and matrix chains, for which we will mostly present preexisting
work from the relevant literature. Accordingly, for the first part of this thesis we
will delve into the details of polymer brushes — the structures that are formed by
the grafted chains near the NP surface — and how their presence can alter the
interparticle interactions in the context of the PNC. On the second part we will
try to confirm whether or not the interactions induced by the brush are actually
capable of bringing about the significant changes in dispersion that are observed
experimentally, and on the third and final part some of the consequences of poly-
mer grafting on the PNC rheology and potential secondary effects on dispersion

due to flow will be examined.
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Figure 2. Schematic representation of the main grafting strategies: a) Grafting
to (upper panel): Active sites on the NP surface bond with reactive groups on the
polymer chain. b) Grafting from (lower panel): Initiator sites on the NP surface
react with monomers and start the polymerization process. Adapted from [10]
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Chapter

“Brushing up” the Polymer
Brush

As anticipated in the introduction, a population of surface grafted polymer
chains is referred to as a “brush” due to its likeness to the structure of everyday
objects such as paintbrushes, which are made up of fibers extending from a flat
or curved surface. This is illustrated in the sketch of fig. 1.1, drawn for our
particular case where the grafted chains coexist with a melt of chemically identical
free chains. It is also evident that the “hairs” in such a brush are not straight
but take on the typical tortuous shape of polymer coils. Ignoring any particular
properties of the NP surface, the brush system can be completely characterized
by:

e The grafting density, o

e The degree of polymerization of the grafted and free chains expressed as

the number of Kuhn segments, N and P respectively

e The curvature of the surface, which can be expressed in terms of the brush
height with respect to the NP radius

But how is it that these physical parameters affect the NP dispersion? A
long held opinion is that when grafted NPs approach each other and the brushes
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Free Polymer

Figure 1.1. Schematic representation of a part of the grafted NP surface dispersed
in a polymer melt.

on their surface begin to overlap repulsive interactions start developing, acting
against the van-der-Waals or Coulomb-type interactions that typically lead to
aggregation. The cause of the apparent repulsion could be as straightforward as
a densely grafted brush acting as an obstacle that prevents NP contact, or more
theoretically involved such as the grafted and free chains taking on entropically
unfavorable configurations at the interface between approaching NPs. To get a
better understanding of these possible explanations, we start from the examina-
tion of the literature on the heavily studied case of flat brushes, ignoring for the

moment the influence of curvature.

1.1 Theory of Flat Brushes

1.1.1 Polymer Brushes in Good Solvent

Even though it is not directly related to our study, the vast majority of re-
search on polymer brushes has been carried out for the case of brushes immersed
in a good solvent. For a quick reminder, in polymer science a good solvent is
one whose molecules interact more favorably with the monomers of the macro-

molecule than the monomers do among themselves. As a result the molecule

8
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expands in size so that more monomer-solvent interactions are facilitated. This
observation is closely tied to the description of the dependence of a polymer chain
size on its molecular weight, which is typically expressed through a power law of
the form R; ~ aN". R, is the average chain radius of gyration while o repre-
sents the Kuhn segment length and v is the scaling exponent. For a chain in a
melt state, also known as ideal chain, the exponent is equal to v = 1/2, while for
a good solvent v is much closer to 3/5, an important result that illustrates the
swelling of polymer chains in the presence of a good solvent and will be useful in

the following paragraphs.

The first theoretical description of polymer brushes on a flat surface and in a
good solvent has been provided by Alexander & de Gennes [11, 12], who assumed
a step function density profile, i.e., the brush density is uniform perpendicular to
the wall. Starting from very low grafting density, the average minimum distance
between grafted chains, D = a_%, is larger than R,. This is the so-called mush-
room regime (fig. 1.2a), named after the fact that the coils are far apart enough
to not interact with one another and as such assume a spherical shape reminis-
cent of the free polymer in solution, mimicking isolated “mushrooms” growing
on a surface. At this stage the brush — if it is even valid to call it one yet —
height will be equal to the individual chain size. As the grafting density or chain
size increase and D becomes smaller than Ry, the excluded volume interactions
between the neighboring chains will force them to stretch in the vertical direc-
tion. If the overall concentration in the brush is in the semidilute regime', the
chains can be represented as vertical stacks of blobs (fig. 1.3), each of size D. As

a result, brush height will grow as:

h D\'¥
h (D 1.1
7~ (%) &)

An important insight of the above expression is that the degree of chain
extension depends only on the average distance between chains in proportion to

the coil size. By replacing the R, and v expected for a good solvent:

IThe semidilute concentration requirement is automatically satisfied as soon as chain overlap
occurs and should remain valid as long as the volume fraction of the polymer within the brush
remains < 1
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h~a3Nos (1.2)

Note that the brush height grows faster than the size of the unperturbed
coil with respect to N. The linear growth of h with N can also be understood
intuitively, as increasing the molecular weight of the brush chains is equivalent

to additional blobs being placed on top of the preexisting stack.

(@) (b)

Figure 1.2. Polymer chains grafted on a flat surface in the mushroom (a) and brush
(b) regimes. Taken from [13].

f)~ , D@Q
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Figure 1.3. Polymer brush represented as a stack of blobs. Taken from [13].

By further increasing grafting density and moving from the semidilute to the
concentrated regime, the blob-based approach no longer holds. Instead, invoking
a Flory type mean-field argument by balancing the free energy cost of chain
stretching with that of the excluded volume interactions results in a very similar

expression:

10
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Wl

h~ N (a*wo) (1.3)

with w being the excluded volume parameter of the Flory-Huggins theory.
The scaling dependence of h on N and o is the same as before, with the only
difference now being that the effect of solvent quality is also accounted for through
w.

The first evidence of the linear scaling of h with N come from the surface
force apparatus (SFA) experiments of Hadziioannou et al. [14]. The brushes
were formed by PV2P/PS diblock copolymers, with the PV2P side strongly ad-
sorbing on an atomically flat mica surface. The idea behind the experimental
setup, pictured in fig. 1.4, is that as the two grafted surfaces are brought closer,
repulsive forces will develop between them due to the disturbance of the brush
from its equilibrium configuration. Measurements in good (toluene) and almost
theta? (cyclohexane at 38°C) solvents verified the onset of a repulsive force, and
the brush height was considered as half the distance at which forces were first
observed. For a bad solvent (cyclohexane at 21°C), attraction is observed at
brush contact, since the brush chains interact more favorably with one another
than with the solvent molecules. At smaller separations repulsion is restored as
the solvent is almost completely expelled and the grafted layers get compressed.
Later similar experiments [15, 16] observe a departure from the linear scaling and
instead give h ~ N°6, which can be explained by accounting for the fact that in
the experimental system grafting density drops as molecular weight increases due
to the relatively weak grafting energy. More definitive proof of the linear height
growth came from small-angle neutron scattering experiments that allowed for

the direct measurement of brush height [17].

1.1.2 Interactions Between Opposing Brushes in Good Sol-

vent

Besides estimating the brush height, SFA results can be used to directly study

the grafted surface interactions. These measurements may then be compared to

2Theta solvents screen excluded volume interactions between chain monomers and cause it
to assume ideal conformations as if it were in melt state

11
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Figure 1.4. Schematic of surface force apparatus experimental setup. End-active
polymer chains graft onto crossed mica cylinders and the force between them is
measured at various separations. Taken from [15]

analytical expressions of the force developed between flat opposing brushes as
obtained from the scaling and mean-field theories described previously. Assum-

ing no interpenetration between the two layers, the force per unit area is given

W] e
Foy(h) ~ kT (ﬁ)% KIZOY - (:{))] (1.4b)

where hg is the equilibrium brush height and h half the separation length

respectively by [18]:

kT

Fsc(h) ~ ﬁ

between the grafted surfaces, which coincides with the compressed brush extent
under the no interpenetration assumption. Obviously, the above relations are
valid only for h < hg. A similar relationship has been developed by Patel et al.
[19], following the same scalings as eq.(1.4a) but is not presented here since it is
algebraically more complex while not offering any further physical insight. Both
expressions presented above give similar scaling of forces with compression, with
the first term in the square brackets corresponding to the osmotic pressure which
tends to swell the brush, while the second one to the entropic chain elasticity
which acts to bring the elongated brush chains back to their equilibrium length.
Figure 1.5 illustrates how eq. (1.4a) describes well the SFA force-separation pro-
files of [15, 16] up to an arbitrary vertical shift factor. Important discrepancies

between data and theory are observed at high separations, that is near the initial

12
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brush contact. A probable explanation is that the density profile near the brush
edge deviates significantly from the step function initially assumed by Alexander

and De Gennes.
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Figure 1.5. Force/Cylinder Radius profiles from the SFA experiments of [15]. Ob-
tained with the setup of fig. 1.4, they are equivalent to energy per unit area between
two flat plates as per the Derjaguin approximation [20]. The squares and circles
represent the results of two separate experiments. Solid symbols show the forces
measured on compression of the adsorbed layers, and open symbols the correspond-
ing forces on rapid decompression. The solid line is the predicted energy per unit
area between flat plates, as given by integrating eq. (1.4a)

To tackle the limitations of the scaling and mean-field approaches, Milner et
al. [21] utilized a self-consistent field (SCF) theory and by making no assumptions
about the form of the brush density profile showed that it is parabolic. At the

limit of very long chains, (N — 00), an analytical solution is available:

c(z) = ;ﬁ% (h§ — 2°) (1.5)

where ¢(z) is the number concentration of the brush segments at a distance z
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from the grafting surface and v is a parameter with dimensions [length]fz. The

equilibrium brush height for this case is given by:

1
12w\ 3 1
hO = (71_21}) o3 N (16)

These expressions are valid at relatively high grafting densities, where the
chains are substantially stretched in the vertical direction, and when the solvent
is not too good®. Interestingly, the scaling exponents of brush height through
the SCF approach are identical to those predicted by the scaling / mean-field
theories, which is also true when the SCF approach is used for the case of a
very good solvent and/or low grafting density. Neutron reflectivity [22, 23] and
neutron scattering [24] experiments confirm the parabolic form of the density
profile, with the exception of the zone near the brush maximum extension, where
the profile is better approximated by an exponential decay. This can attributed
to the finite size of the chains, which can be accounted for by performing direct
numerical calculations for different degrees of brush polymerization [25], as shown
on fig. 1.6. This picture is further reinforced by Monte Carlo (MC) [26] and
coarse-grained molecular dynamics (MD) [27] simulations.

Through the SCF theory it is also possible to extract an expression for the

force per unit area:

F(h) = %T (112)7 wiviNod [(120)2 - Zh% + (;})41 (1.7)

A re-examination of the data of [15] using eq.(1.7) has shown that SCF theory
and experiment match very well without the need for any fitting parameters
[29]. The agreement at high separations is still limited but can be significantly
improved by extending the SCF theory to account for the polydispersity of the
brush chains. Further experimental studies [30] showed a similar trend.

Theoretical predictions of the forces between overlapping brushes can also
be evaluated through computational studies. Murat & Grest performed MD

simulations of brushes in implicit good solvent [31], assuming that the interaction

3The criterion is that the thermal blob size must be larger than the distance between grafted
points. For a more detailed explanation the interested reader can check the relevant chapters
of any polymer physics textbook, such as the classic read of Rubinstein & Colby [28].
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Figure 1.6. Volume fraction profiles of flat polymer brushes in good (A) and
athermal (B) solvent. The dashed curve is the analytical prediction of SCF theory
and solid curves correspond to degree of polymerization N = 600, 100, 50, 25 in order
of increasing deviation from the dashed curve. Taken from [25]

force will be equal to just the force developing between the brush chains. The
resulting force profiles were in agreement with the scaling theory only for low
to medium compressions/grafting densities. Such a behavior is to be expected
since at high brush concentrations the osmotic pressure, which is the leading
contribution to the force, diverges logarithmically with 1 — ¢, ¢ being the brush
volume fraction. Another work treating the same system with a lattice Monte-
Carlo method [32] found good agreement between the force profiles predicted by
simulations and SCF theory, with deviations at low compressions, where chain

finite-size effects are significant.

Performing these simulations with an explicit description of the solvent is not
a trivial modification. In the SFA experiments the brush is immersed in bulk
solvent reservoir that permits mass exchange between it and the brush zone. In
terms of thermodynamics this means that the solvent within the brush will as-
sume the chemical potential of the reservoir. That chemical potential is going
to be the same at all compressions if the reservoir is kept at a constant tem-
perature and pressure. Simulation studies with an explicit monomeric solvent
have indeed been performed by setting the solvent chemical potential at a ref-
erence value for all separations [33, 34, 35]. In these simulations, performed in

the so-called grand-canonical ensemble (GCE), the solvent chemical potential is
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measured periodically through the Widom insertion method and adjusted by re-
moving or adding particles using a feedback scheme. Results from [33] show good

agreement between the GCE simulations and theoretical scaling laws.

1.1.3 Limit of High Compression

Regarding the discrepancy between theory and experiment /simulation at high
compressions, it should be noted that in all presented theoretical approaches
the scalings match at small separations, since in that limit the repulsive force
is always approximated by the corresponding osmotic pressure of an ungrafted
semidilute solution. At the high compression regime the energy per unit area
scales with an exponent of —1 or —1.25, as predicted by integrating eqs. (1.4)
and (1.7) and adapting them to the crossed cylinder geometry of the SFA setup
through the Derjaguin approximation. Experimentally measured forces though
increase faster than predicted, showing energy scalings as strong as ~ h~3, which
is expected as the mass density becomes too high for the osmotic mean field
potential to be well approximated by a term proportional to the number density.
This disparity has been addressed by assuming a quartic equation of state for the
(osmotic) pressure of the polymer solution consisting of unthethered brush chains
and using it to extend the SCF method [36]. Comparing the numerical solution
of the resulting expression for interaction forces with further SFA experiments
of double/single brush systems at strong compression validates the claim that
at high brush densities interaction is dominated by the osmotic pressure of the

equivalent polymer solution.

Another way to tackle the problem of force prediction at high compressions
could be by accounting for the brush interpenetration. As mentioned previously,
most theoretical treatments are performed under the assumption of no interpen-
etration, that is the chain monomers of each grafted layer are found at most a
distance of half the overall separation away from their respective surface. While
such a claim is valid at the limit of infinitely long chains, experimentally relevant
systems do indeed demonstrate significant brush interpenetration. A typical way

to quantify interpenetration is:
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2h
I= M (1.8)

o P1(z)dz

where p; is the number density of the brush monomers grafted on the z =0
surface. Essentially the interpenetration as defined here is the fraction of the
brush mass that is further than h, that is half the separation length, from the
grafting surface.

The first scaling theory developed considering brush interpenetration predicts
a scaling law of ~ h™2 for the interaction energy, which gives good agreement
with experiments at intermediate to high compressions, up to h/hg ~ 0.1 [37].
In the same study they also showed that the interaction energy is essentially pro-
portional to the interpenetration width, as measured in MD simulations. While
approaches based on brush interpenetration seem to aid in closing the gap be-
tween theory and experiment, there may still be significant discrepancies as graft-
ing density increases beyond levels that are experimentally accessible. A more
recent theoretical approach based on the density functional theory [38] reports
that strongly compressing dense brushes leads to power law exponents at least

as strong as —2.4, and up to —4.3 for higher grafting densities.

1.1.4 Effect of Solvent Quality

The above picture changes drastically as we move towards the theta and bad

solvent regimes. By invoking eq.(1.1), the brush height scaling is:

Niheta = OCQU%N (19)

hpad ~ 2o N (1.10)

The above scaling expressions are correct even though the blob picture is
not valid for a bad solvent. Even in that case though the same logic works by
just considering the volume occupied by a fully collapsed brush. Such brush
collapse as the solvent quality worsens has been demonstrated by neutron scat-

tering experiments [39], with the observed density profiles partially adhering to
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the theoretical description of Zhulina et al. [40]. Simulation studies with implicit
[41, 42] and explicit [43] description of the solvent confirm the density profile pre-
dictions. In addition, they showcase the formation of dimples for relatively low
grafting densities, as the brush chains form clusters to avoid exposure to the bad
solvent, leading to an inhomogeneous density profile (fig. 1.7). The appearance
of lateral structure on a polymer brush in a bad solvent has also been confirmed
by atomic force microscopy (AFM) [44], showing the characteristic formation of

grafted polymer clusters on flat surfaces, as shown in fig. 1.8.
Mushrooms
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Figure 1.7. Observed structures of brush layers in a poor solvent. At low (top)
and high (bottom) grafting density the chains form collapsed mushrooms or a ho-
mogeneous collapsed layer respectively. At intermediate grafting densities, Ry ~ D
(mid), bundling of the brush chains in localized clusters can be achieved.

1.1.5 Polymer Brushes in Polymeric Solvent

Switching the low molecular weight solvent for a polymeric one leads to a
qualitatively different behavior. Assuming neutral interactions between the brush

and matrix chains, the unperturbed radius of gyration of the brush chains scales
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Figure 1.8. AFM scans of a dextran grafted surface immersed in water before (a)
and after (b) the replacement of water with propanol. The grafted layer is initially
smooth as the brush is swollen within the good solvent (water) but forms a globular
morphology as it dehydrates under the presence of propanol. Taken from [44]

as:

g~ aN3P~s (1.11)

The above expression is mentioned in other works [45, 46] without any citation
and we have not been able to find an original source. It does however look
reasonable as it gives the typical scaling of a chain in a good solvent for P = 1
and is valid up to P = v/N, at which point the coil size scales as ~ N 3. For
higher values of P the chains will retain the ideal statistics as if they were in melt
state.

Following the above scalings, the mushroom regime for brushes in a chemically
identical melt is defined by:

o8 2
s<{® NTEPE, P <N (1.12)
a 2N P>+/N

Naturally, by increasing the grafting density above these thresholds we enter
the brush regime. For P < v/N we have a picture similar to that of a brush
in a good solvent, with a scaling of h ~ o3 NP~5. On the other hand, when
VN < P < N, the brush will not start stretching immediately with increasing
o: Instead, the brush chains — following ideal statistics — will initially overlap
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without stretching, up until the point where the entropic cost of preventing the
matrix chains from mixing with the brush overcomes that of brush stretching.
This is observed at ¢ = a 2N ’%P, above which the same ”good solvent” scaling
is recovered. This wet brush regime will dominate the brush behavior until high
values of surface coverage, where once again the entropic cost of introducing
matrix chains in the brush becomes prohibitive. The solvent will be essentially
expelled from the brush and the height will scale as h ~ aocN. As expected, the
crossover grafting density separating the wet from dry brush regime drops with
the matrix chain size, following the line o = a 2Pz, Finally, for P > N, the
stretched brush regime is completely bypassed. Instead there is a transition from
the unstretched to the dry brush regime at ¢ = a_QN_%, which signifies the
point at which the unstretched chains completely occupy the brush volume. All
of the above information is summarized on the phase diagram of fig. 1.9, taken
from Aubouy et al. [46].

2 Stretched dry brush
g h~aNgo
8 N2
o Stretched wet brush
c
£ h~aNp''"3 Unstretched brush
a h~aN'2
b N
NS% Ideal mushroom
Swollen Mushroom eal mushr
h__aN3/5 P-I/5 h~aN”2
1
N1/2 N

P - degree of polymerisation of matrix

Figure 1.9. Various regimes for a brush formed of chains of degree of polymerisation
N with a grafting density o, exposed to a matrix of a chemically identical polymer
melt with degree of polymerisation P. Taken from [46]

The effect of matrix molecular weight, responsible for the wet to dry brush
transition, has been observed with direct measurement of the brush density profile
through neutron reflectivity experiments [47]. The overall scaling picture has also

been validated by numerical solution of the SCF equations [48] and coarse-grained
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MD simulations [49] for the brush-in-melt system, with the added observation
that the crossover between different scaling regimes is much more gradual than
implied by the phase diagram borders.

When it comes to interactions between brushes coming in contact in a melt
matrix, the brush regime is a defining factor. Wet brushes will behave quali-
tatively similar to the good solvent case, with repulsive forces developing upon
brush contact. The picture is different at the dry brush regime: As the op-
posing brushes come in contact, the matrix polymer trapped between them will
be forced into unfavorable conformations, leading to its expulsion from the gap.
This creates a negative osmotic pressure which translates into an effective attrac-
tion between the two surfaces, as the brush chains interact preferentially with
the brush chains grafted on the opposite surface. This attractive interaction is
limited to a small range of separations as soon as brush contact is achieved and
after full expulsion of the matrix material strong repulsive forces are restored.
Numerical solutions using the SCF theory have shown that the magnitude of the
attractive force increases with increasing P/N and grafting density, without in-
dicating a specific functional dependence [48]. Experimental evidence have been
provided by Hasegawa et al. [50], who checked the dispersion state of grafted
NPs in a chemically identical matrix for increasing grafting densities. Going
from nude to lightly grafted particles leads to improved nanoparticle dispersion
due to the repulsive forces developing between the surface brushes that gradually
screen the NP attractive interactions. Overcoming a critical grafting density dis-
persion gradually worsens, hinting at the onset of the dry brush regime and the
development of attractive forces between the brushes. These results are accom-
panied by a theoretical treatment where the overall interaction potential between
the grafted NPs was obtained as the sum between the interparticle Hamaker-type
interaction and the and the interbrush potential resulting from mean field cal-
culations. The critical grafting density is then chosen as the one that minimizes
the depth of the attractive well, with the result being close to the experimentally
observed one (fig. 1.10).

21



1.2. COMPUTER SIMULATION OF POLYMER BRUSHES IN A MELT

(0] - 5
0.1 /
r e 0.02°0° 02
= L / '
= / i
—~ /
E /
< i
I
L i
L |
|
[
| \ 1 L
0 40 80

distance H/a

Figure 1.10. Interaction energy plotted against the separation between 400nm
particle surfaces for N = P = 100. Each curve is labeled by the corresponding
grafting density in units of nm~2. Solid lines show the total interaction energy,
dashed lines the polymer contribution, and the single broken line the van der Waals
attraction between the particles. The depth of the attraction energy reaches its
minimum around ¢ = 0.1nm™2. Adapted from [50].

1.2 Computer Simulation of Polymer Brushes in

a Melt

Apart from the few theoretical works and scarse experimental evidence, there
seems to be no computational approach dealing with the issue of interactions
developing between brushes in a polymeric solvent. As a starting point in this
direction, we open the discussion with the simulation study of the effect of a
polymeric matrix on the static properties of brushes, which necessitates that the
solvent molecules be explicitly present. We adopt the system of Grest [49], where
brush and solvent molecules are represented by Kremer-Grest coarse-grained
bead-spring chains [51]. With all species being chemically identical, beads on

the same and different chains interact with a purely repulsive Lennard-Jones
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(LJ) potential truncated at the minimum and shifted so that it only takes posi-

tive values:

12 6
l&ﬂﬂ=4EKaw) _(Wﬂ)]+& < Toin = 28077 (1.13)
T T

with r being the euclidean distance between bead centers, € the depth of the
potential well before the shift, and oy ; the “size” of the bead. Neighboring beads
in the chain are held together by FENE bonds:

2
Urene(r) = —0.5KR% . In [1 — < " ) 1
Rz

where K is stiffness parameter of the bond and R,,,, its maximum extent.
Brush chains are attached by immobilizing a chain end bead on one of the z-
surfaces of the simulation box (randomly or in a hexagonal pattern), while the
surfaces themselves act as hard impenetrable walls interacting with all beads
through the aforementioned Lennard Jones potential, which must be expressed

in terms of distance of the bead center from the wall surface, z,:

12 6
oLJ _ oLJ
Zy + 2 Zy + 2

The position vector, r;, of the beads (except for the grafted ends which re-

Uwall(zw) =4e + ¢, Zw < ZZ,”” = 2_EULJ

main fixed) at each timestep is updated by numerically integrating the Langevin

equation of motion:

d2’l"i d’l‘i
7”&2__VU_Cw

+ Wi(t) (1.14)

where m is the bead mass and U the sum of the potentials acting on the bead.
The system is thermostatted by coupling the bead movement to a heat bath
through the damping coefficient ¢ and the white noise term W, which satisfies
the fluctuation-dissipation theorem. As such, at each timestep each component

of W, has to be picked randomly from a Gaussian distribution with variance
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2mCkpT /At (or for computational savings from a uniform distribution of range
+./6mCkpT /At [52]) where kp is the Boltzmann constant and T the desired
temperature. Simulations are performed in LJ units with m = oy = e = 1, with
the FENE parameters being R, = 1.5 and K = 30, rendering chain crossing
energetically prohibitive [51] at the chosen temperature 7' = 1 with a damping
coefficient of ( = 0.5. Time integration is performed with the velocity-Verlet

algorithm using a timestep of At = 0.005.

To setup the simulation system, polymer chains are placed one by one and
constructed successively from the first bead. The first bead of brush chains
is placed on the wall surface following the chosen grafting pattern while the
first bead of solvent chains is placed randomly at a point in the simulation box.

min
w

All bead centers must be at a minimum distance z from the walls, while
successively added beads are placed at a distance 7,,;, from the previously added
bead by selecting a random angle. An additional restriction is placed on back
folding, that is the distance between second neighbors in a chain must be larger
than a set minimum, |r;_s — ;| > 1.02. Brush chains are inserted first, followed
by the addition of solvent chains, up until the desired total monomer number
density p = 0.85 is achieved, the typical value for a Kremer-Grest melt. The
resulting setup is that of two opposing brushes extending in the z direction, as
illustrated in fig. 1.11. At this stage the individual beads are strongly overlapping
with each other but these overlaps are broken up by replacing the diverging LJ
potential with a soft sinusoidal and performing a preliminary MD run. The form

of the soft potential is:

UsoftA|:]-+COS< o ):|; 7 < Tmin
Tmin

its value decreasing monotonically with bead separation from 24 at r = 0 to 0
at r = n- The value of the prefactor A is not held constant, instead increasing
linearly with time from 0 to 60 for the duration of the preliminary run. Once
finished, beads are well-separated, the hard-core potential can be reinstated and

canonical ensemble (NVT) MD may be performed.
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Figure 1.11. Simulation box of two opposing brushes (¢ = 0.05, N = 30) in
explicit monomeric solvent, only the bonds of the brush chains are visualized for
clarity. Borders are periodic in the x and y directions while flat walls block the
passage of beads through the z direction borders.

1.2.1 The Reservoir Concept

The above setup is useful for extracting configurational and dynamic proper-
ties of the brush but cannot be used for the accurate measurement of interaction
forces. That would require that the chemical potential of the solvent remains
constant between runs at different separations, as in the case of [33, 34, 35] for a
monomeric explicit solvent. Unfortunately, such approach is not feasible as the
method used for the measurement of the solvent chemical potential is not readily
applicable for non-rigid solvent molecules. To circumvent this issue we introduce
a solvent reservoir, by extending the simulation box in one horizontal direction
(fig. 1.12). The reservoir essentially operates as a tank of bulk solvent that can
exchange mass with the brush zone. Being a single component bulk phase, it can
be maintained at the desired chemical potential simply by maintaining it at the
same temperature and pressure at all separations, thus indirectly controlling the
chemical potential in the brush area, which has to match that of the reservoir.
The separation between the grafted surfaces can be easily adjusted by moving

the walls that are limited to the brush area closer, without confining the reservoir
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material that must always correspond to a bulk state. Temperature control is
achieved by the Langevin thermostat without extra modifications, while pressure
can be set by implementing a Berendsen barostat. Since the barostat will only
operate by changing the box boundaries in the expanded direction — let’s assume
along the x-axis — then the simulation box size in that direction, L., changes

during the simulation as:

dL, L,
=22 (P.(t)- P
=2 - )

where P, is the current pressure in the reservoir zone, which will be clearly
defined in the following paragraphs, P is the set point, e.g. the desired reservoir
pressure, and 73 is the damping parameter of the barostat. Larger 75 values will
lead to a slower approach towards the set point and vice versa. 75 = 10 has been
chosen for all subsequent simulations, allowing for reasonably responsive pressure
control without excessive fluctuations. P,, as well as all other pressures/stresses

presented in this work, is calculated using the virial theorem:

1
P = v Z My, Uk; + T, fr (1.15)
k=1

The above expression calculates the components of the pressure tensor, F;;
in a region of volume V by summing the contributions of the beads inside that
region, uy,, 1y, and fi, being the ™" component of the velocity / position / force
vector corresponding to the k*" bead. The hydrostatic pressure in a bulk region
may then be taken as the average of the normal components of the pressure
tensor, P = (Ppy + Pyy + P..) /3.

Introducing the reservoir solves the chemical potential measurement problem
but presents a new one: The existence of a brush-bulk border means that the
brush chains near it will have fewer neighboring grafted chains, leading them
to take on significantly different configurations from their counterparts in the
interior part of the brush. To ensure that only the desired states are sampled,
all presented quantities will be measured at that central part of the brush where
such "edge effects” should be negligible. To define the measurement region, the

brush area is separated into vertical bins at different distances from the brush
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centerpoint and the density profile of the grafted chains in each bin is extracted.
Figure 1.13 presents such an example, where the density profiles of the bins
overlap up to a distance of 10.4 from the brush area center. It is then assumed
that measurements can be safely made up to that point since chain configurations
are not affected, thus signifying the limits of the “Inner Brush Zone” of fig. 1.12.
In the same spirit, properties in the reservoir zone will be sampled only after a

distance away from the brush zone at which no brush chain segments are detected.
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Figure 1.12. Simulation box of opposing brushes (¢ = 0.2, N = 30) in explicit
monomeric solvent, including a solvent reservoir along the x-axis. Only the bonds
of the brush chains are visualized for clarity. The various regions of interest are
highlighted with dashed lines. Measurements of reservoir pressure for barostatting
purposes are performed in the “Reservoir Zone” region while all brush properties are
extracted from the “Inner Brush Zone” region, where the density profile of the brush
is stabilized.

The workflow up to now can be summarized as: Obtain an initial setup of
non-interacting opposing brushes, break overlaps between beads using the soft
potential, bring the brushes at the desired separation and equilibrate the system
while using the barostat, and finally perform the production run. The Berendsen
barostat however does not correctly sample from the isothermal-isobaric (NPT)
ensemble, and is thus not suitable for the production run. An additional interme-
diate step is needed after equilibration, where the average L, is tracked and then
imposed for the production run, which is subsequently performed in the NVT

ensemble.
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Figure 1.13. Number density profile of brush beads at various bins taken along the x
direction. Extracted from the system of fig. 1.12, with the separation between brushes
increased to the full box length in the z direction so that they are fully separated.
Different lines correspond to different bins, with the bin maximum distance from the
brush area center listed in the legend.

1.3 Model Validation with Good (monomeric) Sol-

vent

Opposing polymer brushes are setup from chains of N = 30 segments, with
their ends placed in a hexagonal grid and adding the monomeric solvent. The
low degree of polymerization of the brush chains will lead to significant differ-
ences from theoretical predictions but is a necessary compromise: Increasing
the number of chain segments will eventually bring the system to the entangled
regime, drastically slowing down the dynamics and thus calling for exponentially
longer simulation time. The grafting density of the brush is ¢ = 0.2, which is
high when compared to real-life scenarios but necessary to reach the strongly
stretched regime when the number of segments is this low. To get an idea of the
degree of stretching of the brush chains we determine their unperturbed radius of
gyration by performing simulations of a dilute solution of N = 30 free chains in
a monomeric solvent. This gives R, ~ 3 which results in D/2R, ~ 0.4, ensuring
that the distance between grafting points is significantly smaller than the coil

size, leading to it stretching in the vertical direction.
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To make comparisons between the normal forces extracted from simulation
runs and the scaling laws proposed in egs. (1.4) and (1.7), an estimate of unper-
turbed the brush height is needed. An examination of the density profile from
the simulation system on fig. 1.14, reveals that it has a parabolic shape near the
wall, as predicted by the SCF theory, but gradually turns into an exponential
decay near the brush end due to the finite size of the chains, dropping to zero at
a distance from the wall of about 17.5. To make a direct comparison with the
analytical profile of the SCF theory we have to estimate the w and v parame-
ters, which can be obtained from the solution osmotic pressure, II, and the chain

end-to-end distance, R, respectively [29]:

I = ~wd

R?=3N/v

Simulations of the polymer solution give w ~ 1.2 for ¢ from 0.2 to 0.5 and
v & 1.5 at the dilute regime. This value of w means that the the thermal blob size
is significantly smaller than the average distance between grafting points, placing
the studied system outside the validity of egs. (1.5) and (1.6), which is evident
when the two profiles are superimposed in fig. 1.14 and significant discrepancies
are observed between them. Still, the maximum extent of the brush seems to be
essentially the same for both cases and for that reason the unperturbed brush
height predicted by the SCF theory, hg = 17.4 will be used for the rest of this

section.

The osmotic pressure of the system of opposing brushes is measured at dif-
ferent separations starting from non interacting brushes. The target pressure at
the reservoir is set at P = 8.19, which is the bulk pressure of the Kremer-Grest
monomer contained in it. Obtaining the z-component of the normal stress within
the brush is not as simple, as the existence of the immobilized chain ends may
lead to underestimation of the pressure if eq. (1.15) is applied directly on the
overall inner brush volume. In addition, the presence of walls and the high graft-
ing density lead to an oscillating pressure profile at their vicinity due to bead

layering. Consequently, the pressure calculation must be performed in a subvol-
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Figure 1.14. Density profile of single brush with N = 30, ¢ = 0.2 in a monomeric
solvent (blue line), superimposed with the analytical prediction of the SCF theory
for that system (orange dash).

ume that does not include the immobilized beads and is also outside the range of
pressure oscillations which could lead to inconsistencies in the measurement. To
this end, the inner brush region is separated along orthogonal bins in the vertical
direction and the pressure profile is drawn by applying eq. (1.15) at each bin.
Since mechanical equilibrium dictates that P,, be constant within the bulk along
the z direction, we can estimate it by taking its average from the bins that are
placed in the “flat” zone of the profile. An example is shown in fig. 1.15, where
the pressure profile of the system of fig. 1.14 is presented. The pressure oscilla-
tions have fully decayed after z,, = 10 and taking the average for all z,, > 10
we find that P,, = 8.19, equal to the reservoir pressure. This is the expected
behavior, since the brushes are not yet interacting at this separation and as a
result no osmotic pressure develops between the brush zone and the reservoir.
Following the procedure described above, we obtain the osmotic pressure
within the brush at various separations. Due to the high grafting density of
the brush we observe that already at intermediate compressions the repulsive
force scales with an exponent of =~ —4 (fig. 1.16b), which is significantly higher
than theoretical predictions. This can be explained by looking at fig. 1.16a, where
the osmotic pressure is plotted against the concentration. Choosing the concen-
tration corresponding at each separation is not trivial as the brush system is

inhomogeneous in the z direction. It is reasonable to assume that osmotic pres-
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Figure 1.15. Profile of the zz component of the pressure tensor along the z-direction
within the “Inner Brush Zone” for the system of fig. 1.14.

sure will be determined by the minimum concentration observed at the midpoint
of the density profile between opposing brushes, corresponding to z,/h = 1 on
fig. 1.17a. Using that value, we see that starting from a concentration of ~ 0.2,
the osmotic pressure scales as ~ ¢3. Simulations of a bulk polymer solution at this
concentration range show a similar scaling, confirming that the osmotic contri-
bution to the repulsive force is dominated by three-body interactions, in contrast
to the analytical laws that only consider pair interactions. Furthermore, brush
osmotic forces seem to always be slightly higher than the osmotic pressure of the
equivalent bulk solution. Similar observations have been made in [30] and may
be related to the confinement of the polymer chains between the flat walls. It
has been shown through MD simulations that confining polymer melts between
flat repulsive surfaces leads to the onset of increasingly repulsive forces as wall
separation decreases [53]. This can be explained in terms of the loss of entropy
of the confined chains or through the onset of the so-called anti-Casimir effect,
as described in [54]. In both cases, an effective repulsion is observed starting at
ranges of the order of the coil size.

Another interesting observation has to do with the inconsistency between
fig. 1.16a and b. Since concentration typically scales as ~ h ™1, a scaling exponent
close to —3 should be expected at high compressions. However, by plotting the

effective brush concentration c¢,,;4 (as defined in the previous paragraph) against
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Figure 1.16. Osmotic pressure as a function of concentration (a) and separation
distance normalized by the unperturbed brush height (b). The concentration of
the brush monomers in (a) is determined by the value of the density profile at the
midpoint and the osmotic pressure of a polymer solution at similar concentrations is
provided for comparison (blue squares). Black lines are drawn as guides to estimate
the pressure scaling at high compressions.

ho/h (fig. 1.17b) we notice that the two quantities do not scale linearly, with a
minimum exponent of ~ 1.5 at high compressions, a direct consequence of the
inhomogeneous brush density profile. It is therefore expected that the force will

increase faster when considered a function of separation instead of concentration.
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Figure 1.17. (a): Opposing brush density profiles at different separations. Distance
from the wall is normalized by half the overall separation, h. (b): Brush concentra-
tion at midpoint (zw/h = 1) plotted against ho/h. Black line is drawn as a guide
to estimate the scaling between these quantities at high compressions. System of
N =30, 0 = 0.2 in a monomeric solvent

1.4 Brush in Polymeric Matrix: Results & Dis-

cussion

The same procedure can be followed to measure the interactions between
brushes immersed in a polymeric solvent with a number of segments equal to
that of the brush chains P = N = 30, the only other difference being that the set
point of the barostat is now set to the bulk pressure of a Kremer-Grest 30-mer,
P =4.99. For the given grafting density, ¢ = 0.2, the system is just within the
“Stretched Dry Brush” regime of fig. 1.9. Since the transition between the various
regimes is not abrupt and the degree of polymerization is relatively low, we do
not actually expect a fully collapsed brush. This is evident in fig. 1.18 where
the density profile of the noninteracting brush is presented. While the brush is
now more concentrated towards the wall and its height is significantly reduced
with respect to its counterpart immersed in a monomeric solvent, there is still

clear interpenetration between the brush and solvent chains while no clustering
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is observed thanks to the high grafting density. In lack of a theoretical expression
that can be used to estimate the brush height, like for the case of a good solvent,
we take as maximum brush extent the distance from the wall at which the brush

concentration drops below 1% of the bulk density, which occurs at z, = 12.2
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Figure 1.18. Density profile of brush with N = 30, ¢ = 0.2 in monomeric (dashed
line) and polymeric solvent with degree of polymerization P = 30 (continuous line).

The net normal pressure between the opposing brushes at different separa-
tions is presented in fig. 1.19b. The situation is qualitatively different compared
to the good solvent case: At high separations the interaction is slightly repulsive
but right after after the initial brush contact — at h/hg between 0.8 and 0.9 —
a weak attraction is observed in the form of negative osmotic pressure. This ob-
servation is in agreement with the theoretical treatments of systems of collapsed
brushes that predict the onset of weak attraction due to the significant restric-
tions on the matrix chain conformations that lead to their expulsion from the
brush. Further compression leads once again to repulsion as osmosis overcomes
the entropically motivated attractive interaction between the brushes. Further-
more, from comparing the data of figs. 1.16 and 1.19 at high compressions, the
presence of the polymeric matrix leads to significantly lower disjoining force for
similar monomer concentrations, which is not surprising given that osmotic pres-
sure is a colligative property.

One cannot help but notice the absence of results for other (lower or higher)

values of the grafting density as well as longer chains. Considering the signifi-
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Figure 1.19. Osmotic pressure as a function of concentration (a) and separation
distance normalized by the unperturbed brush height (b) for a system of N = 30,
o = 0.2 and P = 30. The concentration of the brush monomers in (a) is determined
by the value of the density profile at the midpoint. Errorbars denote 95% confidence
intervals.

cantly increased size of the system with the inclusion of the reservoir, the large
relaxation times characteristic of polymers and the fact that each data point pre-
sented in fig. 1.19 corresponds to 3 distinct stages (equilibration, barostatting,
production run), we have unfortunately not been able able to fully explore this
topic due to time and computational power limits. These issues are only amplified
by the inherently weak nature of the interactions that we are trying to observe,
requiring even longer runs to obtain a satisfactory statistical accuracy, as evi-
denced by the relatively large errorbars on fig. 1.19. In any case, the developed
methodology, initially validated on a good solvent system, has been invaluable in
reinforcing the theoretically established connection between the dewetting of the

brush and the appearance of weak attractive forces upon brush contact.
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Chapter

Effect of Grafting on
Nanofiller Structure

On the previous chapter we zoomed in on the interface between NPs and ex-
amined how the presence of polymer brushes can alter the interaction between
opposing grafted surfaces. We focused on the case of flat brushes, for which there
is a rich literature and should provide useful insights even for curved brushes.
It is now time to move up on the size scale and try to elicit how the changes
due to the chain grafting correspond to different dispersion states, always with
respect to non-grafted, “nude”, NPs. This topic has already been mentioned on
the fly when discussing the work of Hasegawa et al. [50], who tested the effect of
varying the grafting density. Recapping, they made the interesting observation
that starting from nude NPs and increasing the grafting density initially improves
dispersion. The dispersion gets progressively better until a critical value of the
grafting density is reached, after which NPs begin to flocculate, forming increas-
ingly bigger structures. Even more interestingly, the critical grafting density did
not seem to be affected by the NP size and volume fraction. This however is not
conclusive as both tested sizes of NPs (170 and 350nm) are much larger than the
unperturbed size of the grafted chains, whose end-to-end distance is estimated
to be around 25nm, meaning that in both cases the curvature is low enough for

the brushes to be considered practically flat. In any case, the experimental re-



2.1. NP DISPERSION STATE & BRUSH WETTING

sults have been accompanied by numerical SCF calculations which show a strong
correlation between the dispersion state of the NPs and the wetting state of the
brush. It has already been shown that when opposing brushes transition from
the wet to the dry regime, attractive forces develop between them, which can be
responsible for the NP aggregation. It is therefore intuitive to assume that the
best dispersion is achieved when the brushes on the NP surface are well wetted
by the matrix, whereas flocculation is promoted when the matrix material is fully
expelled from the brush.

2.1 NP Dispersion State & Brush Wetting

Other evidence connecting brush wetting with the nanofiller structure come
from Green & Mewis [55]. As a basis of comparison they used the phase diagram
of Maas et al. [56], which has been constructed from tracking the wetting be-
havior of a drop of polymer on a surface grafted with chemically identical chains.
Molecular weight of the polymer drop and grafting density of the plate are var-
ied, producing the phase diagram of fig. 2.1. The phase diagram reveals three
distinct wetting zones: At low grafting densities we encounter the allophobic
regime. The plate is not wetted by the droplet because of the interfacial tension
between the plate and the polymer, which is not diminished significantly by the
few tethered chains. As grafting density increases the surface gets compatibilized
and eventually fully wetted by the droplet. This transition is characterized by
a discontinuous change of the contact angle from finite values to zero, marking
it as a first-order transition. The critical grafting density required to achieve
complete wetting (o*) increases with the droplet polymer size, as longer matrix
chains interact even more unfavorably with the flat surface. Adding even more
grafted chains eventually leads to a gradual second-order phase transition to-
wards autophobic dewetting. At this stage the droplet is only in contact with
the brush chains, from which it has been fully expelled, forming two separate
layers. Looking back at the flat brush theory, we remember that increasing the
matrix chain length leads to quicker brush collapse, it is therefore of no surprise
that the critical grafting density required to reach the autophobic regime (o**)

decreases with the matrix polymerization degree. At P = N the first and second
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order curves intersect and there is a direct transition from the allophobic to the

autophobic regime.
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Figure 2.1. Wetting phase diagram in terms of the grafting density, o, and the
length of the chains of the polymer melt, P, for N = 200. The curve marked as
o™ passing through the open symbols represents the first order wetting transition at
low grafting densities, whereas o** (filled symbols) corresponds to the second order
transition at high grafting densities. Adapted from [56].

Green & Mewis [55] attempted to relate this phase diagram to the dispersion
states of PDMS-grafted silica NPs in a PDMS matrix. For increasing matrix
chain lengths they observed a transition from an agglomerated to a well dispersed
state for increasing grafting densities (fig. 2.2). The parameter values at these
transition points correspond to the first-order transition, while a second-order
transition is never observed, probably because the grafting density required is not
achieved in the experimental conditions, combined with the fact that P/N < 1
for all studied setups. A further confirmation of these observations comes from
the experiments of Hart et al. [57], who also used scaling theory to identify that
this first order transition closely coincides with the transition from the mushroom
to stretched brush scaling regimes of the grafted chains. Such transition from a
phase separated to well dispersed state with increasing grafting density has also
been observed by coarse grained MD simulations of grafted particles [58], without
any comment on the brush configuration. Interestingly, there is also the mention

of an intermediate state of string-like aggregates, implying that this so-called
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first-order phase transition may not be as abrupt as previously thought.
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Figure 2.2. Wetting phase diagram of PDMS grafted silica spheres in PDMS melts.
Silica volume fraction is 3% and grafted PDMS molecular weight is 36kg/mol. Taken
from [55].

Further experimental studies have managed to capture the supposed wet to
autophobic transition by increasing P/N to values significantly larger than 1
[59, 60, 61, 62, 63, 64, 65], leading to the formation of aggregates. Across the
literature the critical values of P/N reported range from 2.5 [63] to 5 [64, 65],
much higher than the theoretically predicted maximum of P/N = 1 for flat
brushes. This departure from flat brush theory is linked to the much smaller NPs
(diameter in the range of 10 — 20nm) used in these experiments, which introduce
the effect of curvature, with the general trend being that smaller grafted NP
suspensions remain stable at higher matrix molecular weight. The mean-field

theoretical study of Harton & Kumar [66] attempts to combine this observation
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with the brush wetting, justifying the increased stability of smaller NPs with the
fact that brushes on highly curved surfaces experience much less crowding with
respect to their flat counterparts when moving towards the brush edge. This
effect is illustrated in fig. 2.3 and can be thought of as an effective decrease of
the grafting density at high curvature, which promotes brush wetting and thus
NP dispersion. This interpretation however is somewhat lacking: Decrease of
grafting density of a flat brush corresponds to a vertical downwards movement
on the phase diagram of fig. 2.1, which for P/N > 1 can only lead to a transition
from the autophobic to the allophobic regime, both of which are related to NP
flocculation. It is therefore still unclear if the curvature has a more complex
impact on the wetting behavior than just an apparent decrease of the grafting
density or if, on a more fundamental level, the brush wetting behavior and NP

dispersion state do not coincide.
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Figure 2.3. Sketch of polymer brush chain structure on (a) planar and (b) spherical
surfaces. The arrow in (a) indicates the stretching normal to the surface due to
steric repulsion with the neighboring (not visualized) brush chains, while the arrow
in (b) shows the tangential spreading of the chains as the distance from the surface
increases. Taken from [66].

Direct measurements of the brush height on the NP surface can aid in clear-
ing up this issue. Neutron scattering experiments have demonstrated that the
NP aggregation is closely associated with a significant collapse of the brushes
[63]. On the same work, the individual spherical NPs are replaced with linear
aggregates. This effectively decreases the curvature and results in the phase

transition threshold shifting towards P/N = 1, highlighting the importance of
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curvature as the main control parameter of the phase transition point while at
the same time supporting the connection between wetting and NP dispersion. A
similar relationship between wetting and dispersion is observed by implicit mea-
surements of brush size from scattering spectra of grafted PNCs [62]. As for the
big discrepancy between their observed transition point and P/N = 1, apart from
curvature the authors propose as possible explanations the brush polydispersity
and processing effects, e.g. the “entrapment” of the grafted NPs in a metastable
dispersed state due to the dramatic decrease in their diffusivity induced by the
interaction between grafted and free chains. They also highlight the gradual na-
ture of the wet to dry brush transition, meaning that for P/N slightly larger than
1 the brushes are only partially collapsed and maintain a small degree of matrix
interpenetration that could promote NP dispersion. This reinforces the idea that
the wet to dry brush transition is closely related to the dispersion-aggregation
one, with just a “delay” separating them given that the brush collapse precedes
NP aggregation. Simulation studies of grafted spherical particles whose diameter
is just 5 times that of the brush monomer unit [58] do not show any sign of of
phase separation due to autophobic dewetting for values of P/N as high as 10,
clearly demonstrating the crucial effect of curvature. The above points are nicely
summarized by Sunday et al. [65], who managed to recreate the phase diagram
of fig. 2.1 by checking the dispersion states of polystyrene grafted silica NPs.
Dispersion regimes on fig. 2.4 qualitatively match those of fig. 2.1, with the main
difference being that the maximum P/N value required to exit the wetting/well
dispersed zone is around 5, essentially corresponding to a horizontal shift of the

flat brush phase diagram towards the right.
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Figure 2.4. NP stability phase diagram with fits of the scaling lines for the (sup-
posedly) autophobic (solid line) and allophobic (dashed line) phase transitions. The
power law slope for the autophobic and allophobic transitions are —0.71 4+ 0.04 and
0.54 + 0.08 respectively. Adapted from [65].

2.2 Interactions between Grafted NPs

The relationship between brush properties and PNC phase behavior may
also be examined indirectly by probing the interactions between individual NPs,
pretty much following the example of the interactions between opposing brushes
in the previous chapter. Due to technical limitations, studies of this type are lim-
ited either to simulations [67, 68, 69, 70] or other numerical approaches based on
theory [71, 72]. In both cases, the main objective is to correctly predict the forces
developing between grafted entities as a function of their separation, or equiva-
lently, extract the potential of the mean force. Starting from the structure of the
brush on a small spherical NP surface, coarse-grained MD simulations of NP pairs
grafted with relatively short chains [68, 69] lead to the surprising finding that for
P/N beyond 1 there are no significant changes in the brush density profile, with
only a very slight extra expulsion of matrix material being observed for P/N tak-
ing values as high as 14. Even though the brush structure seems unaltered, the

same cannot be said for the interactions between the grafted particles. Results
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show categorically that at intermediate grafting densities increasing the length
of matrix chains reduces the efficacy of grafting by reducing the range of the
repulsive forces that are due to the brush interaction. At higher grafting density
the effect is even more pronounced, eventually giving its place to the appearance
of an attractive well. There seems to be a “critical” grafting density at which
the onset of attractive interactions is achievable for reasonable P/N values, and
that critical value seems to coincide with the point at which the grafted chains
create a sort of “impenetrable” layer around the NP core, preventing it from
interacting directly with the matrix (fig. 2.5). This paradoxical situation of the
interactions changing without any apparent effect on the isolated brush structure
is tackled by the numerical work of Trombly & Ganesan [72], who demonstrated
that increasing P/N leads to slight decrease in the average penetration length of
matrix within the brush, termed the “wetting length”. By testing various values
of P/N and particle sizes, wetting length comes up as the parameter dominating
interbrush interactions. Starting from high wetting lengths, that is at low P/N
and high curvatures, the interaction is purely repulsive. Increasing P/N and/or
decreasing the curvature results in smaller wetting lengths which lead to the ap-

pearance of an attractive well, whose depth increases as wetting length drops.

Figure 2.5. Snapshots of single particles at low (left) and high (right) grafting
densities. The grafted particle diameter is 5 times the polymer bead diameter and
chain lengths are N = 10 & P = 70. Matrix chains are not shown for clarity. Taken
from [68].

Based on what has been mentioned up to now, high grafting densities should
be avoided as they can lead to attraction between the brushes belonging to nearby

NPs. At the sime time however, numerical results dictate that the coverage of
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the grafted particle with a thick brush layer is fundamental in screening out the
short range attractive interactions between NPs [71]. This inevitably creates a
dilemma: Good coverage of the particle can lead to attraction due to Asakura-
Oosawa depletion-like interactions between the dense brushes of the approaching
particles, but on the other hand a lower grafting density may not be enough
to prevent particle adhesion due to van der Waals or electrostatic forces. The
solution to this conundrum becomes obvious by pointing out that all the afore-
mentioned studies were performed for short grafted chains. By increasing grafting
chain length while keeping the grafting density high it is possible to obtain both a
very good coverage near the core while further away from the particle surface the
particle curvature leads to a less dense brush that will interact more favorably
with the matrix. Other ideas that can create a similar setup, such as using a mix
of short and long chains for the brush, could prove beneficial but are beyond the

scope of this study.

The results presented so far in this section are obtained through generic bead-
spring type polymer models. A different approach is presented in the more re-
cent computational work of Munaé et al. [70], where silica NPs, nude or grafted
with polystyrene chains, are placed in a polystyrene matrix. Using a coarse-
grained but realistic model that accounts for the chemical detail of the various
species, they extracted the mean force potentials for various degrees of grafting
and graft/free polymer lengths. Nude particles demonstrate strong attraction
which is attributed not only on the dispersion and Coulomb interactions of the
silica, but also on the depletion effect induced by the heavily deformed matrix
chains that are found between the approaching particle surfaces, as illustrated
in fig. 2.6a. The introduction of tethered chains of increasing length and at in-
creasing grafting density dampens the attraction and eventually leads to effective
repulsion between the particles. The interpretation of this result is based once
again on the conformation of the polymer chains on the interface. With the addi-
tion of more and longer grafted chains, less free chains penetrate the interparticle
zone, leading to weaker depletion forces (fig. 2.6b). This explanation is not in
line with the state of the art presented in the previous paragraphs and does not
provide a clear mechanism for the repulsive forces developing at high grafting

densities and brush chain length. Comparison with previous works is made even
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more difficult by the lack of (in silico) experiments on the effect of matrix length.
As such, no conclusions can be drawn for that case and no instances of attraction

due to autophobic dewetting are mentioned.

Figure 2.6. Snapshots showing confinement of free polymer chains between two
nude (a) or grafted (b) NPs. Grafted and a subset of the free chains are illustrated
in grey and blue, respectively. Taken from [70].

Apart from isolated pairs, the same researchers extracted the interaction po-
tentials between particles in the vicinity of a third neighboring particle. For
nude particles this leads to stronger attraction with respect to the 2-body case
as the presence of the nearby third particle forces the matrix chains into even
more entropically unfavorable conformations, as is seen on fig. 2.7. The situation
is reversed when all three particles are grafted, as now the presence of grafted

chains of the neighboring third particle displaces even more matrix chains from
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the interface. Of special interest are the cases where the isolated pair exhibits
attraction, but the introduction of the third particle leads to repulsion at all in-
terparticle distances. It is thus clear that that the 3-body interactions can have
a crucial effect on the overall dispersion state of a PNC and should be taken
into account. This extra consideration steeply increases the complexity of the
studied system, as the functional form of the 3-body potential will change un-
predictably depending on the relative positions of the particles. This means that
some approach directions may favor particle adhesion more than others, poten-
tially giving rise to preferential aggregate geometries. The emergence of diverse

filler structures owing to such phenomena will be discussed in the next section.
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Figure 2.7. Snapshots showing confinement of free polymer chains between two
(a) and three (b) NPs. Only a subset of the free chains is illustrated in blue. Taken
from [70].

2.3 Anisotropic Assembly of Grafted NPs

As anticipated in the previous section, grafted PNCs carefully produced in a
in a lab environment will result a multitude of organization states of the filler
NPs, depending on the brush parameters of the composite. Most of these experi-
mentally observed morphologies are also achievable by simulation and numerical
studies and follow a similar distribution on the parameter space [73, 74, 75]. The
general trend brought forward by these works is that as grafting density and/or
grafted chain length increase, the filler transitions from forming spherical aggre-

gates, to tetrahedral or hexagonal sheets, to strings, and finally to well-dispersed

47



2.3. ANISOTROPIC ASSEMBLY OF GRAFTED NPs

individual NPs [73]. The role of curvature, even though not usually mentioned
as a morphology defining parameter, is crucial. For successful reproduction of
these complex structures NP size has to be comparable to the radius of gyra-
tion of the polymer brush chains. A rule of thumb is that smaller particles will
produce uniform particle dispersions while larger particles will form amorphous

agglomerates [74].

As is usually the case, real life is not as simple. The phase diagram of filler
morphologies constructed by Kumar et al. [8] using available experimental data
from third sources (fig. 2.8) shows that the various anisotropic filler structure
regimes are not following a clear succession with respect to the mentioned pa-
rameters. In addition, an extra state of “small clusters” is observed. It must
however be mentioned that the distinction between the different regimes is not
always very clear, especially on the border between the “well dispersed” and
“phase separated” zones, with many data points corresponding to different dis-
persion states sharing the same graph area. This is most likely due to the different
materials and NP sizes used between collected data, highlighting once again the
important role of curvature and polymer-NP interactions on the final filler dis-
persion state. The various methods used to measure grafting density between
different studies introduce another source of uncertainty. On the other hand, it
should be noted that in all but one cases silica NPs have been used, which means
that the resulting phase diagram may be specific to the enthalpic interactions of

silica. Comparison with numerical approaches should thus be done with caution.

By all accounts, the physical aspect responsible for the emergence of the
aforementioned morphologies is the deformation of the brushes when two NPs
are in close vicinity of each other. This effect is evident on fig. 2.9b, that shows
an example of the brush density in the space surrounding two grafted NPs in
contact. By taking one of the two NPs as a frame of reference, it is clear that
the density profile is not homogeneous in the azimuthal direction. This is ex-
pected, as NP approach will lead to expulsion of the grafted chains from the zone
near the contact area and towards the sides. The local increase in grafted chain
monomer density will lead to further stretching of the brush in the surrounding
area, with the effect being more pronounced near the point of contact. Instead,

on the diametrically opposite point the effect will be minimal, as evidenced by
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Figure 2.8. PNC morphology diagram with data coming from various experimental
studies: Red points correspond to well dispersed (WD) particles; black to phase
separated (PS) samples; blue to strings (S); green to connected sheets (CS) and
purple to small clusters (SC). The color-coded lines are an attempt at classifying the
data into regions in the plot where different morphologies occur. Square symbols are
for 18nm PS-g-SiO2 NPs [65], saltires for 10nm PEO-g-SiO2 [64], rhombi for 17nm
PS-g-SiO2 [59], circles for 14nm PS-g-SiO2 [73], triangles for 28nm PS-g-SiO» [62],
dash for 12nm PBA-g-SiO; [76], and greek crosses for 8nm PS-g-y-Fe;O3 [63]. Taken
from [8].

the complete overlap of the red and blue curves in fig. 2.9e. We can now easily
imagine that a third approaching NP will be more likely to adhere to or around
that point where the “shielding” is thinner and less dense. The same is true for
more approaching particles, thus promoting the formation of a string-like aggre-
gate. If the grafting is not particularly dense, adhesion may be possible at angles
closer to the contact point. Then, addition of a third particle defines a plane
where brush density is lower, promoting the emergence of sheet-like structures.
At even weaker coverage, there is not a particularly preferred direction anymore,
leading to aggregates without a specific form. To put it simply, increasing the

grafting efficacy leads to a decrease in the fractal dimension of the aggregates,
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up until good dispersion is achieved, an interpretation that is fully supported by

the computational and theoretical studies mentioned earlier.
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Figure 2.9. 2D contour maps of dimensionless monomer number density of the
material surrounding two fused NPs. Cylindrical coordinates are used, with the
r = 0 axis passing through both NP centers. Results are from coarse-grained MD
simulations with N = 20, P = 40, o = 0.4 and NP diameter 6 times larger than that
of the chain monomer. (a) shows the overall density pg+m, (b) the monomer density
of the grafted chains pg, and (c) the matrix chain monomer density p.. The plots
(d), (e) & (f) below each contour map show the corresponding 1D density profile
along the traces drawn on (a). Taken from [77].

2.4 Structure Control of Industrial PNCs

The rich phase behavior of grafted PNCs that was presented in the previous
section is characteristic of materials developed under strictly controlled labora-
tory conditions. Large scale industrial processes are generally more crude and
such degree of fine-tuning is not usually achievable. A typical example is the
reinforced rubber used in car tire manufacturing which results from mechanical
mixing of the pre-vulcanized polymer with silica NPs that come in the form of
pellets. These industrially used NPs may be added at volume fractions that can
be as high as 30% and tend to exhibit significantly higher degrees of shape inho-

mogeneity and size polydispersity with respect to their lab-grown counterparts.
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The filler structure of such materials has been explored in depth by Baeza et al.
[78], who used a combination of scattering and imaging techniques on samples
of simplified industrial PNCs consisting only of silica NPs and styrene-butadiene
linear polymer chains. The possibility of grafting was introduced by using a 50-50
mix of unmodified and end-functionalized polymer that can attach to the silica
through a silanol condensation reaction. Samples at silica volume fractions rang-
ing from 8 — 21% reveal a fractal filler network made up of highly polydisperse
aggregates consisting on average of 40 —50 NPs each. The fact that the aggregate
size remains pretty much the same for all silica volume fractions sparks curiosity,
as higher filler content results in more available NP surface and less total func-
tionalized chains. Assuming that all modified polymers do indeed attach to a NP,
an increase in filler volume fraction should then be accompanied by a decrease in

grafting density which can alter filler structure.

Figure 2.10. Schematic representation of the multiscale structure of an industrial
PNC. The small blue spheres correspond to individual NPs while the black circles
roughly represent the aggregates, which in turn organize into a fractal network.
Adapted from [78].

To better understand the effect of grafting on the filler structure, further ex-
periments were performed for different unmodified /functionalized chain ratios at
constant filler volume fractions of 8.5 and 16.7% respectively [79]. Transmis-
sion electron microscopy (TEM) imaging of the sample slices reveal a gradual

decomposition of the large-scale fractal structure into isolated aggregates as the
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functionalized chain fraction increases from 0 to 100% (fig. 2.11). In addition,
reduction of the aggregate size is confirmed through small angle X-ray scatter-
ing (SAXS). High (16.7%) volume fraction samples show a steady decrease of
aggregate size with increasing functionalized chain fraction, whereas saturation
is observed on the low volume fraction samples, with the aggregate size remain-
ing practically the same for functionalized chain fractions above 25%. Our first
instinct would be to relate the saturation of the aggregate size to the saturation
of the number of grafted chains, but such an explanation is not acceptable. The
increase of grafting density has been confirmed by measurement of the bound
rubber and its effect is evident from the changes in the large-scale structure. An-
other seemingly paradoxical result also calls for an alternative mechanism: The
high volume fraction samples consistently result in smaller aggregates [80], even
though logic would dictate that the NPs in low volume fraction samples are more
densely grafted. Once again, the breakup of the percolated fractal structure ex-
cludes the case of clustering due to brush autophobicity, that would instead lead
to worse dispersion across all length scales. Instead, the answer more likely lies
in the mechanics of nanocomposite mixing, as will be discussed in the next para-

graph.

In the beginning of this section it was briefly mentioned that the industrially
used NPs are usually added to the polymer matrix in the form of dust or pellets
and then broken up during mixing. At this stage, the NP aggregates will assume
their minimum size, which for a given mixing velocity will be determined by the
viscosity of the material. Higher filler content does indeed increase the PNC
viscosity and leads to improved aggregate breakup. After mixing stops these ag-
gregates may or may not reagglomerate into larger structures and whether or not
and up to what point that occurs can depend on various factors, including graft-
ing. Indeed, for the simplified PNC described in this section, nominal grafting
density has been identified as the sole deciding parameter of the final aggregate
size [81]. Without getting into the details of its calculation in the experimental

setup, it is defined as:

# of functionalized chains per unit volume

Pb3 = total NP surface area per unit volume
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Figure 2.11. TEM pictures of silica/styrene-butadiene nanocomposites at 8.5%
filler volume fraction. The D3 percentage listed on each panel corresponds to the
ratio of functionalized chains in the polymeric matrix. Taken from [79].

This definition is equivalent to the actual grafting density if all functionalized
chains homogeneously graft on the surface of the silica NPs. In the aforemen-
tioned studies they get into great pains to determine that the percentage of func-
tionalized chains that actually graft is very high, ranging from practically 100%
for low functionalization rations and approaching 80% even when all chains are
functionalized! The culprit that actually makes real grafting density deviate from
the above definition, that not all of the NP surface is available for grafting due
to aggregate formation. Still, since the aggregates are generally small, typically

consisting of 40-50 particles, it means that almost 80% of NPs will be on the
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outer layer of the aggregate and thus most of their surface grafting sites will be
available. As a result, if the condition that (almost) all active chains attach on the
silica surface holds, the above definition should provide a fairly accurate estimate
of the actual grafting density. Modifications that take into account the effect of
aggregate properties on the reduction of available surface have been developed
in later works, resulting in the “aggregate” grafting density, p75. There exists
then a critical p755 above which reagglomeration is suppressed [80]. This opens

the way to two possible scenarios:

1. The critical grafting density is achieved during the mixing stage. Reag-
glomeration is suppressed and aggregates retain the size achieved during

mixing, which is considered independent from grafting.

2. Aggregate size during mixing is too small to reach critical grafting density.
As soon as mixing stops aggregates will start agglomerating. Agglomeration
further reduces available surface, effectively increasing p7y5. As soon as the

critical value is achieved agglomeration will stop.

This proposed mechanism explains the results of [79], where aggregate size
saturation is observed at low filler volume fractions, indicating that critical graft-
ing density is already achieved at a functionalized chain fraction in the range of
25-50%. This is nicely illustrated in fig. 2.12, where aggregate size at two different
volume fractions is plotted with respect to pps. Initially, aggregate size drops
with increasing pps but it finally stabilizes at higher values. This means that
critical grafting density is achieved for the minimum aggregate size and increas-
ing it any further is pointless. This minimum size only depends on filler volume
fraction, which is why smaller aggregates are recorded for higher filler content in
that plateau region. A nice detail is that for both volume fractions the plateau
is reached at similar pps, providing further support for this mechanism.

Although providing a very enlightening perspective on the factors affecting
filler structure in industrial PNCs, the presented results also leave an open is-
sue that could be the subject of future studies. An unexpected conclusion of
the work performed on industrial NPs is that of p7j5 seemingly being the sole
parameter affecting filler dispersion. This goes against experimental and theo-

retical evidence from sections 2.2 and 2.3 that show a strong dependence of the
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Figure 2.12. Average aggregate radius, Ragg, as a function of the nominal grafting
density, pps, at two different volume fractions. Taken from [80].

interparticle interactions, and by extension their dispersion state, on the length
of the grafted chains even when P/N remains fixed at 1, as is the case for all
experiments discussed here. It could be that when the functionalized chains are
longer, a decreasing fraction of them manages to bond with the silica surface due
to steric obstruction provided by already grafted chains. That would lead to an
overestimation of the actual p7jy and might give the false impression that NP

dispersion is independent of chain length.

2.5 PNC Filler Structure Emerges Solely from

Interactions (?)

The results of the previous section point to an interesting implication: If NP
aggregates are successfully broken up during mixing, the final filler morphology
will be obtained solely as a result of post-mixing flocculation, which in turn is
governed by the grafted brush properties. In sections 2.2 and 2.3 the connection

between grafted NP dispersion state and brush-induced interactions has been
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discussed in depth and significant proof have been presented in support of this
relationship, reinforced by the fact that in all cases the grafting density of the
industrial PNCs was much lower than the theoretically achievable maximum,
excluding any saturation effects. We wish to explore this hypothesis for the
particular case of industrial PNCs so as to provide useful guidelines that can aid

in optimizing the fabrication process of these materials.

2.5.1 Simulation Methodology

In simulations studying the assembly of polymer-grafted NPs that have been
performed so far, grafted and matrix chains were represented in a coarse-grained
form, but always explicitly present [73]. Such an approach makes sense when
just a small population of NPs is needed to obtain the simple structures ob-
served in research-based model PNCs. For the case of industrial PNCs however,
the filler structure is characterized by significant inhomogeneity which expands
up to the micrometric scale. The amount of material that has to be simulated
in order to capture these large-scale structures makes a fully explicit approach
computationally prohibitive. Our only option is an implicit description of the
matrix and grafted polymer, whose effect will be accounted for through the in-
terparticle interactions. Since we already have a very good idea of the brush
structure-interaction relationship, we only need the interaction-filler morphology
connection in order to complete that conceptual series and make the jump from
the microscopic scale of the brush to the mesoscopic scale of NP agglomerates.
Considering the silica NPs as Brownian particles, their equation of motion may
be obtained by ignoring the inertial term of eq. (1.14), giving:

dr;

¢ 7 —VU + Wi(t) (2.1)

All variables are equivalent to those described in section 1.2, with r; now

corresponding to the position vector of the NPs. It should also be noted that while
¢ here has the same effect as in eq. (1.14), its role is conceptually different. While
in the Langevin equation it acts as a damping parameter regulating the action
of the thermostat, in Brownian dynamics it quantifies the friction the particle

experiences when moving through the implicit solvent, the matrix polymer in
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our case. In fact it is closely related to the viscosity of a Newtonian solvent
through the fluctuation-dissipation theorem. The fluctuation-dissipation theorem
can be modified to account for non-Newtonian viscoelastic solvents, such as the
matrix polymer, whose relaxation can be described by the Maxwell model, e.g.
a sum of exponential decay terms [82]. While important when studying the
rheological properties of the composite, in the present work we are interested in
the quiescent assembly of NPs, which happens at time scales large enough to
render the viscoelastic character of the matrix irrelevant.

The interactions between NPs are modeled with the Hamaker potential, which
is suitable for spherical particles made up of smaller Lennard-Jones particles [83].
A particle of radius a will interact with its neighbors with a potential Uy, defined

as the sum of an attractive (U4) and a repulsive (Ug) part:

Ace 2a? 2a? r?2 — 4g?
UA(T):— |:+T2+1n (7,2>:|

6 |72 —4a?

Ur(r)

Aee 09, [7"2 — 1dar + 54a® 1% + ldar + 54a? r? — 30a2}

_ 9Ly P
37800 r (r —2a)7 * (r +2a)7 + r2

Un(r) =Ua(r) + Ug(r), 2a<r<r,

where similar to eq. (1.13), r is the euclidean distance between particle centers
and & oy is the size of smaller the Lennard-Jones particles that the NP is
supposedly made up of, meaning that oy must always be smaller than 2a. A,
known as the Hamaker constant can also be defined through the Lennard-Jones
parameters as A.. = 4m2er s, with €15 being the attractive well depth of the
Lennard-Jones potential. Our simulations are performed in reduced units where
we set 2a = kgT = m = 1, kp being the Boltzmann constant. The mass of
a single colloidal particle, m, does not appear in eq. (2.1) and therefore does
not affect particle dynamics but is given a value anyway in order to allow for
the definition of a characteristic time scale. The cutoff distance of the Hamaker
interaction, 7., is taken equal to 6a, the constituting Lennard-Jones particle

diameter o7,; = a/5, and the friction constant { is set to 1.
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We can now study the effects of brush induced interactions by simulating sys-
tems of particles for different values of £, or by directly changing A.., which
is the more relevant energy scale for this system. Lower A.. values correspond
to better screening of the interparticle attractions due to grafting, whereas in-
creasing A.. is equivalent to decreased grafting efficacy in preventing NP adhe-
sion. If we were to go ahead and perform simulations in a system of individual
monodisperse particles with fully symmetric interactions we would be certainly
disappointed, as it would only be possible to obtain neat small-scale aggregate
geometries akin to those mentioned in section 2.3. As seen in the previous sec-
tion however, industrial PNCs are instead characterized by the presence of highly
polydisperse and unevenly shaped aggregates even after intense mixing, which are
responsible for the formation of the inhomogeneous large-scale fractals during the
post-mixing flocculation stage. It is therefore imperative to find a way to intro-

duce these pre-aggregated entities into our computational model.

2.5.2 Aggregate Construction & Initial Configuration

Realistic aggregate geometries can be produced in an automated way by using
simplified models coming from physics. The most commonly used one is the so-
called random aggregation, which describes the formation of particle clusters by
the addition of one particle at a time. The general strategy, known as a growth

model, consists of the following steps [84]:
1. The new “aggregate” starts as a single particle

2. A new particle is released at a random point in the aggregate vicinity and

starts executing a random walk

3. When it comes in contact with a particle already making part of the ag-
gregate, there is a chance that it will “stick”, joining it and increasing its

aggregation number by 1

4. If it doesn’t stick, it will continue its random walk in a legal (i.e. avoiding
further overlap with the encountered particle) direction, bringing it back
to step 3. If it sticks, the process restarts from step 2 unless the desired

aggregation number is achieved, marking the end of the process.
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Of course there are many modifications that can be made to accelerate this
process. For example, if the roaming particle travels too far from the aggregate it
can be “teleported” back in a closer location without changing the overall aggre-
gation statistics. The main factor affecting the final aggregate characteristics is
the probability of sticking during an encounter. In the extreme case of that prob-
ability being equal to 1, the particle will stick on the first encounter. This favors
the growth of the outer parts of the aggregate that are more likely to be encoun-
tered first by the diffusing particle, which is why this scenario is named “diffusion
limited cluster aggregation (DLCA)”. The resulting aggregates are rather sparse
and characterized by fractal branch-like structures, the “Brownian trees”. On the
other extreme, when the sticking probability approaches 0, the particle gets the
chance to explore the interior zones of the aggregate, having essentially the same
probability of adhering to any particle on the aggregate surface. This situation is

¢

referred to as “reaction limited cluster aggregation (RLCA)” and leads to more

compact aggregates [85], as shown in fig. 2.13.

Figure 2.13. Typical examples of aggregates resulting from DLCA (left) and RLCA
(right) processes.

For the small aggregates needed for our purposes, both DLCA and RLCA
will produce similar shapes so we choose the computationally lighter RLCA [86].
This may look like a mistake at first, since the very low sticking probability means
that each new particle addition will take much more time compared to DLCA.
It is however the fact that in RLCA the particle has an equal chance to stick to
any exposed point on the aggregate that we can take advantage of. Instead of

simulating the whole random walk, a particle on the aggregate is chosen randomly
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and a new “candidate” particle is placed adjacent to it at a random angle. If the
candidate has a legal position, it unites itself to the rest of the aggregate and the
process is repeated until the desired aggregation number. Figure 2.14 lays out

this process in a clear manner.

No collisions with other cluster

particles: Add particle to cluster
Pick a random particle from the cluster

& Attach a new particle on a random : A :1 h
position adjacent to it ’ -

Collision detected: Reject the new particle

and go back to choosing a random particle
from the cluster

Figure 2.14. Schematic representation of the RLCA growth algorithm in 2D

The only input required for the construction of the aggregates is the aggre-
gation number and of course how many of them we want in total. Since the
aggregates discussed in section 2.4 are highly polydisperse, the aggregation num-
ber must also change on a per aggregate basis. Available data show that the
aggregate radius of a reference system, R4, follows a log-normal distribution
with parameters Ry = 38.4nm and o = 0.3 [78]. Before assembling each ag-

gregate we sample a radius from the distribution and calculate the aggregation
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number from the ratio of the overall aggregate volume to the individual silica NP

Rago\®
Nag!] = H( R;g)

where for the silica NP radius we use the measured average Rg; = 8.9nm

volume:

and for the compacity (fraction of aggregate volume occupied by silica) a typical
value of k = 0.35 [78]. The resulting Ny, is then rounded to the immediately
larger integer and the aggregate is constructed. It should be noted that this
aggregate construction approach does not account for the the so-called lacunarity,
i.e. a degree of overlap between the silica beads due to them fusing together on
prolonged contact, which is typically present in these types of systems [87].

The growth model provides us with the aggregate shape, but we also have
to come up with a way to retain it during the simulation run. To guarantee
the rigidity of a 3D shape of this type from a topological point of view, each
spherical NP acting as a building block has to be connected with a rigid beam to
at least 3 other beads of the same aggregate [88]. Instead of rigid beams which
are hard to implement in a Brownian dynamics setting, we use harmonic bonds.

The potential between bonded particles is given by:

Up(r) = g (r—ro)?

where r( is the original distance between the bonded particles and k the
harmonic spring stiffness. The rule of thumb is that springs have to be stiff
enough to prevent significant deformation of the aggregates but not to the point
that the forces grow very fast even at small spring deformations, necessitating
very small timesteps or risking the premature termination of the simulation due
to floating point errors. We have found that k& = 100 works well with a reasonable
timestep choice of At = 0.01 and use these values for our simulations. Finally,
the choice of the bonded neighbors also presents us with a dilemma: Choosing to
bond together the nearest neighbors can significantly reduce computational costs,
especially when running the simulations in parallel subdomains, but the resulting
bond network is heavily localized and can lead to significant deformations of

the overall aggregate. Increasing k within reasonable values results in at best
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Figure 2.15. Schematic of aggregate connectivity. The springs between nearest
neighbors are drawn in black solid lines. The springs placed on randomly chosen
neighbors are shown in red dashed lines for just one particle. Taken from [82].

questionable improvement of the overall aggregate rigidity. Instead, we opt for a
hybrid approach, where each bead is connected to its nearest neighbor to preserve
the original aggregate connectivity and the other two bonded beads are chosen
at random, as shown on fig. 2.15.

With stable aggregates available we can finally go on to perform our sim-
ulations. To prevent any overlaps before the beginning of the simulation, the
aggregates are initially placed in a large cubic and fully periodic simulation box
at distances that guarantee no interaction between them. A preliminary run is
then performed, during which the box size in each dimension is reduced at a
constant strain rate. If the box dimension initial size is Ly and a final size of Ly
has to be achieved within a preliminary run of total duration ¢,,. (in simulation

time units), the size of the box side at each time instant is given by:

L(t) (Ly e
Lo \Lo

Finally, Ly is chosen based on the desired NP volume fraction, ¢,,. For a
system containing NV, NPs in total and once again ignoring lacunarity, the two

quantities are related through:

" 747ra3an
3L

After the preliminary run the box size is kept constant and the system is
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allowed to equilibrate, at which point the particle structure can be sampled. To
obtain the results of the following section we constructed 8000 aggregates, totaling
around 10° particles, and performed simulations at a final volume fraction ¢,, =
0.167.

2.5.3 Results & Discussion

Simulations have been performed for different values of £y, 7, corresponding to
increasing attractive strength between the NPs. To perform a visual inspection we
have taken slices of the simulation box and present them in fig. 2.16. Comparing
them with the TEM images of fig. 2.11 we notice an inverse relationship between
ers and D3 percentage. Images at high %D3 show a well dispersed filler forming
small aggregates, similar to what is observed at low €, 7 in the simulations. On the
other hand, at low %D3 the filler agglomerates into larger branches, which is also
the case for the simulations performed at 7, ; = 2. These comparisons reinforce
the idea that increasing grafting density is effectively promoting dispersion by

screening the attractive van der Waals and electrostatic forces between the NPs.

S R
t"’ y O . .
. n.n

v

Figure 2.16. Snapshots from simulations performed at two different values of €.,
listed on the top right of each panel. Left panel corresponds to less and right to more
efficient grafting scenarios. Each panel is obtained by taking a slice of thickness 5a
vertical to the viewing direction.
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Despite providing useful insight, simulation snapshots do not constitute a
quantitative measure of relative particle dispersion. Uniform systems, like the
ones under scrutiny, are typically characterized by their radial distribution func-
tion (RDF), commonly symbolized as ¢g(r). The RDF of a simulated system is
typically obtained numerically by separating the area around each particle into
spherical bins and calculating the number density in each one, with a neighboring
particle belonging at a given bin only if its center is found in it. The calculated
per bin density is then averaged out over all particles and normalized with respect

to the overall number density of the system, such that:

lim g(r) =1 (2.3)

r—00

Of course in a periodic simulation box the RDF can be determined for r no
larger than half the system size, {;/2. After that point no new information is
added as the periodic image of the system is being sampled. While the RDF is
informative of the small scale system structure and can be calculated with relative
ease in simulations, it usually isn’t an experimentally accessible quantity and is
not really usable when trying to distinguish larger scale structure characteristics.
It does however contain all the structural information of the system for r < ;/2,
information which can be rendered more accessible when viewed in the frequency
domain by taking its Fourier transform. The resulting function is the static
structure factor, S(q) [89]:

S(q) =1+ 4mp /000 r?(g(r) — 1)sinq(;]r) dr (2.4)

where p is the overall system number density and the wavevector g is related
to the real-space variable r through ¢ = 27/r. The minimum ¢ is therefore
achieved for the maximum value of r, giving ¢ > 4n/L;. The integration to
infinity that is present in eq. (2.4) should not cause any worries as the second
term in the integral drops towards zero relatively quickly, as implied by eq. (2.3).
The numerical integration may therefore be truncated at the maximum value of
r without any significant harm to the obtained result.

Still, the structure factor is not always directly accessible. SAXS experiments

provide us with the scattering intensity, I(q), which is “polluted” by the form
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factor, P(gq), that describes the contribution of the particle shape and size on the
scattering intensity [90]:

I(q) = IoP(q)S(q)

where I is a constant prefactor. The form factor depends on the shape and
size of the individual particles of the dispersed phase and as such may be difficult
to determine for a real material characterized by size polydispersity and shape
inhomogeneity. On the other hand, for the monodisperse spherical particles of

our simulation we can use the theoretically predicted form factor [90]:

Plg) = (3 sin(qa) (:];])(Z;COS((]CL))

By multiplying this with the structure factor we finally get a function propor-
tional to the scattering intensity. Scattering intensities are calculated by aver-
aging out the RDF over many simulation snapshots and performing the Fourier
transform to obtain the structure factor. Our results are juxtaposed to experi-
mentally obtained scattering intensities of silica/styrene-butadiene PNCs at the
same volume fraction in fig. 2.17. There is qualitative agreement in the common
region of the two graphs, with higher ez ; (lower %D3) corresponding to less ag-
gregates of sizes ranging from approximately 80 to 200nm, as evidenced by the
decreasing scattering intensity. Simulation data does not manage to capture the
low-g upturn due to the large scale fractal structure of the filler, even though
it should technically be detectable in the probed simulation length scales. This
failure could be attributed to wrong conversion from the simulation to real units,
meaning that the dotted lines should be shifted towards the left of the bottom
panel of fig. 2.17. Other possibilities include degradation of the data near the
lowest attainable g, as can be seen from the disordered oscillations of the curves
on the top panel of fig. 2.17 or even the fact the low-q upturn in SAXS may be
due to unbroken silica pellets in the experiments which are not reliably detected
by TEM imaging [91].

Despite the aforementioned shortcomings, our results strongly support the
proposed connection between chain grafting and NP interactions. We have been

able to capture the complex filler structure of industrial PNCs with just a simple
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Figure 2.17. Scattering intensity as obtained from simulations (top) and SAXS
measurements on a simplified industrial PNC [79] (bottom). Each curve corresponds
to a different er; (top) or %D3 (bottom). Vertical dotted lines match the limits
between the horizontal axes. The conversion from simulation to real length units
was made by assuming that the simulation particles have a radius of 8.55nm. The
cartoons drawn on the top panel show the typical structures probed at the corre-
sponding length scales.
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tunable pairwise potential acting between the particles without having to rely
on complex many-body potentials that have been developed for the modeling of
grafted NP assembly into organized structures [92]. We believe that it is the
presence of the the highly disorganized aggregates that overshadows the more
“sophisticated” interactions that develop between individual grafted NPs. As a
result, instead of the well defined defined structures encountered in section 2.3
we observe highly heterogeneous agglomerates that can organize in large scale
fractal geometries. Finally, and perhaps most importantly, we should note that
the evolution in filler structure has been obtained with just a very simple change of
the NP interaction strength. This goes along with the hypothesis that under good
mixing conditions, i.e. optimized breakup of the initially aggregated NPs, the

filler structure in the final product will only depend on the grafting parameters.
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Chapter

Sheared Polymer Brushes

In the previous chapters we mainly dealt with the behavior of brushes and
grafted NPs in static or quasistatic conditions. Only in section 2.5 there have been
mentions of the interplay between the dynamic mixing conditions and the post-
mixing quiescent stage when it comes to industrially relevant PNCs. To recap,
it is during the mixing stage that the NP pellets/grains are broken up and the
minimum aggregate sizes are obtained. As soon as mixing stops, reagglomeration
may be observed. Whether or not and at what degree that happens depends
on the efficacy of grafting. In that same section we studied that behavior by
assuming that mixing is optimized and results in the smallest possible aggregates,
effectively taking it out of the equation. We will now move to the other extreme
scenario, where grafting is efficient enough to prevent any reagglomeration. This
means that mixing is now the defining step during which the final filler structure
emerges.

Mixing of industrial PNCs is characterized by temperature constraints. Irre-
gardless of the sample formulation, the same final temperature has to be reached
to promote grafting-to reactions during mixing, typically achieved by a com-
bination of controlling the speed of the mixer rotor and preheating the mixer
at a desired temperature. On the other hand, the determining factor of aggre-
gate breakup is the mixture viscosity. A higher viscosity at the same mixing
temperature will lead to bigger shear stresses that can fragment the aggregates

into progressively smaller clusters. Linear viscoelastic data of PNCs obtained



at various grafting densities [79] provide an overview of the effect of the degree
of functionalization on rheological properties. At low frequencies the exponents
of both viscoelastic moduli decrease with %D3 as grafted chains cannot rep-
tate. Viscosity increases and the sample becomes more gel-like. One should not
however forget that these samples have gone through the post-mixing reagglom-
eration stage and the differences in their rheological response are also due to the
differences in filler structure caused by altering the proportion of functionalized
chains. In the linear regime this change is visible at higher frequencies, allowing
for the isolation of the two effects [91].

Nonetheless, it is still not clear how grafted chain presence will exactly affect
the material behavior during the strongly nonlinear flow conditions encountered
during nanocomposite mixing that heavily alter filler structure with respect to
the linear regime. The only indication we have so far comes from the thermome-
chanical characterization of the process. Tracking of the mixing process reveals
that grafted PNCs are thicker and more torque is required for their mixing with
respect to their ungrafted counterparts [79, 93]. This behavior can be explained
intuitively by imagining the brush and matrix chains interpenetrating and pro-
moting the transmission of stresses across the bulk of the material. The simplest
model to test this and other hypotheses is to place a flat brush under a sheared
matrix, mimicking the surface of an individual grafted aggregate in a bulk ma-
terial that undergoes shear mixing. Another option is that of two flat brushes
sliding past each other, a situation that can be encountered at the interface of
two nearby NPs or aggregates constrained to relative movement due to mixing,

as shown in fig. 3.1.
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Figure 3.1. Schematic of two grafted NPs moving past each other at with velocities
Utop and upor (left). The interface between them may be approximated by two
grafted flat plates sliding past each other in opposite directions at the prescribed
speed (right). Chains grafted on the top surface are painted green, while those on
the bottom are red.

3.1 Sheared Polymer Brushes in Good Solvent

Imposing a shear flow on the solvent surrounding a polymer brush will alter
its structure, given that the flow is strong enough. The vast majority of the early
theoretical works on single polymer brushes in a good solvent at the semi-dilute
regime and under shear flow utilize the scaling theory and predict a significant
increase of the brush height [94, 95, 96] with increasing shear rate, the only
exception being the work of Rabin & Alexander, where no dependence of brush
height on shear rate is found [97]. The SFA experiments of Klein et al. [98] also
hinted at the onset of brush swelling, with a sudden increase in normal forces
detected above a critical shear rate between initially uncompressed brushes. This
effect has been tested computationally with simulations using implicit [99, 100,
101, 102, 103, 104] and explicit [105, 106] solvent and no brush swelling has
been observed. Instead, the brush chains are indeed being stretched above a
critical shear rate but they also tilt in the flow direction, leading to the brush
height remaining essentially constant or even decreasing significantly at high shear
rates, as illustrated in fig. 3.2. The same picture is provided by the experiments
of Webber et al. [107], who found that the hydrodynamic thickness — and by

extension the height — of the brush does not depend on shear. Even direct
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measurements through neutron reflectometry [108, 109] show no alterations of
the brush density profile with changing shear, although these studies should not
be considered definitive as the explored range of shear rates falls significantly

below the supposed critical value required for swelling.

Figure 3.2. Snapshots from simulations of noninteracting brushes in implicit sol-
vent. At low shear rates (a) the brush is still in the linear regime and no deviation
from the equilibrium structure is observed. At shear rates deep within the nonlin-
ear regime (b) there is significant stretching accompanied with tilting of the chains.
Taken from [106]

Apart from the structure of isolated brushes, the tribological properties of
compressed brushes are of special interest due to their possible applications as
lubricants between sliding surfaces, particularly in biological systems such as the
mammalian joints [110]. SFA experiments confirm the excellent lubrication prop-
erties of brushes in a good solvent [111], with the shear forces between them being
undetectable up to high compressions. The measured normal forces are always
higher by at least an order of magnitude, even though a direct comparison is
not possible since the measurements have been normalized using the Derjaguin
approximation, which has no clear physical interpretation for the shear forces.
In any case, one can safely infer that the friction coefficient, defined as the ratio
of shear to normal force, will steadily increase as the brushes get progressively
compressed. Further experiments by Schorr et al. [112] reinforce this idea and
also record a sublinear increase of shear stress at high apparent shear rates,

effectively separating the brush response in a linear “Newtonian” and a shear-
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thinning “non-Newtonian” regime. Simulation studies on the friction between
sheared flat grafted surfaces [106, 103, 112, 113] have shown a qualitatively sim-
ilar evolution of normal and shear stresses with separation and wall velocity, the
main difference being that experiments mainly capture the linear regime whereas
simulations are much easier to perform in the non-Newtonian regime since the
very low shear rates required to probe linear behavior do not permit the accurate
measurement of the shear force. The shear-thinning behavior is explained on the
basis of the decreasing interpenetration as the relative velocity between the two
brushes increases, and the chains tilt and orient in the flow direction [114]. The
reduction of the friction between the opposing brushes is also mediated by the
solvent which acts as a lubricating fluid layer. As for the lubricating properties
of such systems, that is the relationship between normal and shear stresses de-
veloped during shear, one has to rely on simulations performed with explicitly
present solvent molecules [106, 113] for accurate results. These studies affirm the
increase of the friction coefficient as the gap size decreases, with an interesting
observation being that normal stresses depend weakly on shear rate, remaining
essentially just a function of separation with no substantial difference from the
case of static brushes. The only qualitative difference between experiment and
simulation is the nonmonotonic behavior of the friction coefficient for the sim-
ulated system, which slightly decreases as the compression overcomes a critical
value. From a physical point of view such nonmonotonic behavior makes sense
since the normal stress has been shown to diverge as the volume fraction of the
brush within the pore approaches unity. On the other hand, the brush chains in
the experimental system will eventually reach a glassy state as their concentration
increases, leading to a solid-like behavior that will dramatically increase friction
[111]. Such transition to the glassy state is not achievable in the computational
description of the brush setup which is typically based around purely repulsive
coarse-grained chains. That could be the reason behind the discrepancy in the
functional dependence of the experimental and computational friction coefficients

at high compressions.

A first attempt at modeling the linear response of sheared compressed brush
bilayers in a good solvent was made by Klein [115], who provided explicit expres-

sions for the shear stress and friction coefficient for sheared brushes at intermedi-
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4 as a function of the brush and solvent properties, separation,

ate compressions
and sliding velocity. A scaling relation for the viscosity of highly compressed
molten brushes as a function of sliding speed at constant gap width was devel-

—0-5 in the nonlinear regime, u being the

oped by Semenov [116], giving n ~ u
relative sliding speed. This exponent is very close to those presented in later
works [117, 118], in which relevant scaling laws for the chain stretch and shear
rate in the semidilute and melt states were extracted. In their approach, the lin-
ear to nonlinear transition is dictated by the brush Weissenberg number, defined
as the product of the apparent shear rate with a characteristic relaxation time,
Wi = 47,. MD simulations were performed in the same works and 75 was set
as the inverse of the shear rate at which brush chain elongation in the form of
a significant increase of their end to end distance is first observed, such that 7
conceptionally corresponds to the terminal relaxation time of the brush chains.
When chain stretching and shear stress data from different brush setups were
normalized using their value at Wi = 1 they collapsed on a single curve as a
function of Wi, revealing a universal scaling behavior. A similar procedure was
followed by Desai et al. [119] for the case of weakly compressed brushes, with
both approaches having the drawback of not being able to provide an accurate
estimate of 75 a priori, having to rely on the monitoring of chain stretching to set
Wi = 1. Nevertheless, a wrong value of 7, will not change the scaling relations
deep inside the linear or nonlinear regimes, which for the case of compressed

brushes are nicely summarized in Table 1 of the review by Kreer [114].

3.1.1 Changing Solvent Quality/Molecular weight

Changing the quality of the solvent from good to (near) theta or even poor
has also been addressed by various studies [120, 112, 121, 122]. The common
conclusion is that the lubrication properties of the brush bilayer worsen signif-
icantly as solvent quality drops. The main reason for the increased friction is
the collapse of the brush towards the wall for bad solvents, which means that for

the same applied normal stress the brush concentration will be higher and the

4For clarity, the intermediate to high compression transition is achieved when the density
profile of the brushes becomes almost uniform. For semidilute brushes this is considered to
occur at compressions ~ h/hg = 0.5
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gap length smaller, leading to more collisions between the opposite grafted chains
and a higher apparent shear rate. This situation is further amplified by the now
effectively attractive interactions between the opposing brush monomers, which
obviously cause the shear stresses to rise.

Similar to changing the solvent quality, increasing its molecular weight should
lead to lubricity-reducing effects, at least at shear rates low enough that its non-
Newtonian character is not demonstrated. To our knowledge, the only works in-
cluding a polymeric solvent are those of Pastorino et al. [123, 124], who deal with
isolated brushes under shear at a large range of grafting densities. Through MD
simulations of unentangled coarse-grained polymers they track down the charac-
teristics of the brush—free polymer interface and the slip properties of the grafted
coating, not providing any insight on potential interactions between opposing
brushes. The main observation is that at although at high grafting densities the
brush—melt interface becomes increasingly smooth it still acts as a sticky bound-
ary for the melt even at high shear rates. It would be also interesting to see if
there are any changes in the shear response of the brush as free and/or grafted
chains exceed the critical entanglement length, a case that to the best of our

knowledge still remains unexplored.

3.2 Non-Steady Shear

Non-steady shear flows also present themselves as interesting case studies due
to their prevalence in typically brush-lubricated systems such as the aforemen-
tioned case of mammalian joints. Spirin et al. [125] extended the scaling approach
to the case of flow inversion assuming that the brush is initially tilted in a steady
shear regime. Shortly after the inversion, the brush will temporarily assume an
“upright” position before eventually tilting in the opposite direction, leading in
a short-term increase of the brush height/interpenetration. This process, illus-
trated in fig. 3.3, could be accompanied by an increase in the friction and normal
forces that will be easier to observe at inversion frequencies comparable to the
characteristic time of the brush angle inversion, offering an alternative expla-
nation to the early experiments of Klein et al. [98]. The hypothesized increase

in interpenetration has been confirmed by MD simulations [126], while Doyle et

75



3.3. SIMULATING OPPOSING SHEARED BRUSHES

al. [103] also suggest a significant swelling of the brush. Grest [127] attributes
this finding to the fact that the shear amplitude used is comparable to the dis-
tance between grafted points, which is irrelevant to experimental conditions and
it most likely is monomeric resonance that leads to swelling. On the other hand,
Ji & Ding [128] demonstrated that an increase in normal forces can be observed
at a critical frequency without any increase in brush height, while the overshoot
of the friction forces during the inversion has been confirmed by simulations [125],

under the condition that an explicit description of the solvent is adopted.

inverted
stationary shear inversion stationary shear

Figure 3.3. Schematic representation of the evolution of brush structure during
shear flow inversion at Wi >> 1. The top surface initially slides to the right (left) as
evident from the chain tilt. Shortly after inversion (middle) the brush chains start
changing orientation, passing through the vertical and increasing interpenetration,
which is signified by the pink zone. After some time, steady shear in the opposite
direction is established (right). Taken from [114].

3.3 Simulating Opposing Sheared Brushes

The methodology for simulating opposing flat brushes in relative motion is
practically identical to the one described in section 1.2 before the introduction of
the reservoir, which is not necessary since we are interested in the measurement of
shear and not normal stresses this time. There are only two simple modifications
that have to be made on the no-reservoir model to render it suitable for brushes

undergoing shearing motion:

1. The walls used in our simulations are smooth and cannot transfer mo-

mentum in the shear direction. Instead, shearing motion is introduced by
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imposing a steady velocity on the x-direction on the previously immobile
beads representing the grafted ends. The beads will then drag the rest of
the grafted chain with them, which will interact with and transfer momen-
tum to the matrix chains, mimicking the effect of a no-slip condition on
the wall surface. For a desired apparent shear rate %, the relative velocity
between the opposing walls is u,..; = ¥L,, L, being the box size in the z
direction. There are many ways to achieve that relative velocity and we
choose to do it by setting u;op = Ure;/2 on the top and uper = —urer/2 on
the bottom grafted ends.

. Changes such as introducing shear that impose a velocity profile in the
system can be problematic in conjunction with the use of the Langevin
thermostat, as the dissipation term will act both on the thermal and the
bulk constituents of the velocity vector components of the particles, result-
ing in an unphysical extra friction force. If the velocity field is known a
priori it can be subtracted from the velocity appearing in the friction term
of eq. (1.14) and remedy this issue. When this is not the case, like in our
simulations, one can opt for the usage of a different thermostat. A typical
choice is the dissipative particle dynamics (DPD) thermostat that works
by applying the random and friction forces in a pairwise fashion, only ac-
counting for the relative velocities of the particles. A simpler solution that
has been shown to work just as well in cases of not too strong flows is to
simply turn off the thermostat in the flow direction [129]. We opt for the
second which means that only the y and z components of the white noise

and the friction force terms will remain active.

. Similarly to the previous point, the existence of a macroscopic velocity field
will alter the results of stresses calculated using eq. (1.15). For fast flows the
first term that corresponds to thermal motion will be artificially increased
by if particle velocity due to macroscopic flow is included. Since stress
calculation is a post-processing step, it is possible to first determine the
steady-state velocity profile and then subtract the bulk velocity from the
velocity vector of each bead depending on its position. A simpler way is to

ensure that our system is well thermostatted, i.e. temperature is constant
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in z-direction, in which case:

Ny NkpT ¢ .
ka%iukj _ e = (3.1)
k=1 0, ifi#j

which means that the thermal contribution can be completely ignored

during the calculation of shear stresses! This allows for the correct cal-

culation of the apparent shear viscosity of the system, defined as 1 =

(Pes + Poz) /27

The choice of simulation setup is one that permits isolating the effect of graft-
ing on rheological characteristics while all other system properties remain unal-
tered. For all subsequent runs we pick short chains (N = P = 20) that are well
within the unentangled regime and use a cubic box with side size L = 22.7. The
last choice represents a PNC being mixed at constant volume fraction with the
consequence that the average distance between aggregates does not change. The
effect of different degrees of matrix chain functionalization is explored by per-
forming simulations at grafting densities in the range [0.04,0.38] and for shear
rates in the range [0.002,0.1]. These parameters were chosen so as to prevent
overlap of the opposing brushes even at the highest grafting density, as shown
in fig. 3.4. The equally — if not more — interesting case of overlapping brushes
under shear will hopefully be tackled in the future. The rest of the relevant sim-

ulation parameters are set according to the values presented in section 1.2.

3.3.1 Results & Discussion

Figure 3.5 shows the velocity profiles for various grafting densities at the same
apparent shear rate. The brush essentially acts as an extension of the wall upon
which it is grafted, dragging the matrix material with it at the wall velocity and
creating a plug flow regime near it. Predictably, the plug flow zone is thicker for
higher grafting densities, immediately followed by a linear velocity profile in the
interbrush zone that is populated almost exclusively by free chains. It is in this
zone that shearing effectively takes place, resulting in shear rates much higher

than the apparent one, signified by the black dashed line. This increase in the
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X

Figure 3.4. Opposing brush simulation setups used in this section. Snapshots
of equilibrium configurations are presented for the minimum (left) and maximum
(right) grafting densities used. Grafted chains appear in green and matrix chains in
red.

shear rate within the matrix film means that systems of higher grafting density
will develop higher shear stresses for the same apparent shear rate, leading to an
increase in their apparent viscosity. The only exception is presented by the points
corresponding to the lowest grafting density, that exhibit a small plug flow zone
near the wall but then drop slightly below the no-slip prediction. Clearly, at such
low grafting densities the brush is not dense enough to fully entrain the matrix
chains and force them to match its speed. It should be noted that while this
effect provides a nice insight on the flow state within the brush, it is “artificial”
and can only be observed because of the perfectly smooth walls adopted in our
simulations.

The expected increase in apparent viscosity is illustrated in fig. 3.6 where
it can be seen that higher grafting density brushes will result in higher shear
stresses at all examined apparent shear rates. At low grafting densities it is also
possible to observe the transition from the Newtonian to the non-Newtonian shear
thinning regime at 4 ~ 1073, To check the validity of this value we performed
simulations of equilibrium chains of length 20 in the melt state and obtained
their characteristic relaxation time, 7, = 2 x 103, which corresponds to a critical

shear rate 4., ~ 5 x 10~* signifying the border between the Newtonian and shear
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Figure 3.5. Velocity profiles of brush and matrix monomers at different grafting
densities and at the prescribed shear rate. The dashed black line represents the
velocity profile expected by imposing a no-slip boundary condition on the wall in
the absence of grafting. The right edge of the graph where u, = 0 for all grafting
densities corresponds to the z coordinate midpoint.

thinning zones. The critical shear rate values predicted with the two methods
are quite close, at least for the low grafting densities. At the highest grafting
density the Newtonian plateau is not as easy to discern, probably due to the
significant increase in the effective shear rate experienced by the matrix film in
the interbrush area.

To sum up, it looks like chain grafting can also affect NPC dispersion by
promoting aggregate breakup during the mixing by enhancing the transmission
of shear stresses between the matrix polymer and the aggregates. Improved
rupture/erosion of NP aggregates due to increased viscosity is supported by the
available theoretical models and experimental data [130] but we are not yet in a
position to compare our computational approach to a real life scenario. In the
simulation environment going from low-medium to intermediate-high grafting

densities results in just marginal increase in the mixture viscosity which may be
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Figure 3.6. Apparent viscosity of the opposing brushes at various grafting densities
as a function of the apparent shear rate.

too weak of a change to induce aggregate breakup. It is only when going to very
high grafting densities that significant differences become evident. It is however
at high grafting density where NP aggregation may occur due to autophobic
dewetting of the surface brushes, possibly leading to an interesting optimization

problem.
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Conclusions

Filler phase behavior in grafted PNCs depends on the critical stage of its fab-
rication process, in particular the balance between mixing intensity and grafting
efficiency. If optimal mixing conditions are guaranteed, the initial NP pellets will
break up into small aggregates, which will form larger agglomerates after mixing
stops. If all other material properties are kept the same the final agglomerate
size will be determined by the grafting details, i.e. the properties of the polymer
brush that forms onto the NP aggregate surface. In these conditions of quiescent
assembly, interNP interactions are going to be the determining factor of the final
filler morphology. We thus first focused our attention on the interactions devel-
oping between flat polymer brushes immersed in a polymeric matrix. For the
most basic case, which is that of chemically identical grafted and free polymer
chains of equal length, we developed a MD computational model and observed
the existence of two regimes. At low grafting densities the brush is well wetted
by the matrix polymer and repulsive interactions develop between overlapping
brushes due to osmosis. Around a critical value (o ~ N~1/2) the matrix chains
are gradually expelled from the brush as grafting density increases, marking the
start of the autophobic dewetting regime. At that point the free chains will be
forced to take on entropically unfavorable conformations as the two collapsed
brushes are brought into contact, giving rise to depletion-like attractive forces.
These brush-induced forces act cumulatively to the pre-existing NP dispersion
and electrostatic interactions and it is from their sum that the final structure of

the filler NPs emerges. The same methodology can be used to study in depth



3.3. SIMULATING OPPOSING SHEARED BRUSHES

alternative scenarios involving other important parameters such as the free to
grafted chain length ratio. Of high interest is also the effect of curvature on the
interbrush interactions, the reason being that many PNCs are fabricated with
NPs whose size is comparable to that of the grafted coil, leading to a drastically
different layout when compared to a flat brush of equal grafting density.

The initial hypothesis that filler structure is the sole result of the modified
interparticle interactions due to the presence of grafted chains was tested through
simulations of “Lennard-Jones-like” particles in an implicit solvent. By altering
the attraction parameter of the interaction potential we obtained the various filler
morphologies that have also been observed through TEM and SAXS experiments
on industrial PNCs. This would not have been possible to achieve if the “simula-
tion” NPs were not first organized into realistic small rigid aggregates, mimicking
their state right after rigorous mixing with the matrix polymer. It is this inho-
mogeneous state of the post-mixing aggregates that allowed us to capture the
filler structure with just a simple pairwise interparticle potential, unlike cases of
lab-grown PNCs where NPs are dispersed at the individual level. In this state
the growing clusters are very sensitive to the changes in the brush shape during
particle adhesion, emphasizing the effects of asymmetric multi-body interactions
and leading to orderly aggregate geometries.

In the opposite scenario where grafting is optimized, any post-mixing floccu-
lation is suppressed and mixing becomes the determining stage. Stress measure-
ments on the interface between grafted surfaces through means of MD simulations
revealed an increased apparent interface viscosity at higher grafting densities.
This serves as an indication that polymer grafting may also contribute in NP dis-
persion by facilitating the transmission of stresses and thus promote the breakup
of aggregates during mixing, but the magnitude of the effect does not allow for
any clear conclusions on the matter. Further work on this topic could include the
study of sheared opposing brushes in significantly higher compressions or even
the role of grafting in preventing surface contact during the approach of NPs in
dynamic conditions, acting similar to the block copolymers used for the compati-
bilization of polymer blends that suppress the coalescence of the dispersed phase
[131].
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