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ABSTRACT

In this thesis, | present a new coarse-grained (CG) model used to capture
directional and specific interactions (eg. hydrogen bonding) present between
acceptor—donor sites on graft and matrix chains in polymer nanocomposites (PNCs).
This CG model represents acceptor and donor sites partially embedded in graft and
matrix monomer beads to create the effect of directionality and specificity needed to
mimic hydrogen bonding interactions. Then, this CG model is used in molecular
dynamics simulation studies to understand how these directional and specific
interactions impact PNC structure. We quantify the structure of the PNC using several
methods: the interpenetration of matrix chains into the grafted layer (known as grafted
layer wetting) found via concentration profiles, chain conformations described using
end to end distance calculations, and the free volume of polymer chains. In
collaboration with graduate student Arjita Kulshreshtha and under direction of
Professor Arthi Jayaraman, we have found that while equivalent grafted layer wetting
can be achieved with directional acceptor-donor interactions and isotropic graft —
matrix interactions, there is a distinct difference in local chain structure and free

volume in the polymer nanocomposite due to each of these interactions.
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Chapter 1

INTRODUCTION AND MODEL DEVELOPMENT

Parts of this thesis and several figures are adapted with permission from
Kulshreshtha, A.; Modica, K. J.; Jayaraman, A.; Macromolecules 2019, 52, 2725-
2735. Copyright 2019 American Chemical Society.!

1.1 Background

Polymer nanocomposites are materials that consist of a polymer matrix mixed
with some nanoscale filler (in this case nanoparticles). Macroscopic properties of
polymer nanocomposites (PNCs) are linked to the morphology and the aggregation or
dispersion of nanoparticles within the polymer matrix. This work has been inspired by
past studies demonstrating that the PNC morphology can be tuned by grafting the
nanoparticle surface with polymers. The architecture, flexibility, chemistries, and
grafting density of these polymers then impact the dispersion and assembly of the
particles present.?® Using these design parameters, one can also influence the extent of
penetration of matrix chains into the grafted layer (grafted layer wetting). Together the
wetting/dewetting and the particle dispersion/aggregation will alter the macroscopic
properties of the PNC.

The focus of this thesis was heavily inspired by my previous work.” In that
work the effect of grafted polymer architecture (linear and comb) was explored on
PNC structure. Comb and linear architectures represent different types of

connectivities between monomer units or Kuhn segments. Changing the connectivity



of the polymers allows for large changes in the structure of the grafted layer and
therefore the effective size of the particles. That work also looked at the effect of
curvature on the grafted layer structure. In that paper, we focused on studying polymer
grafted nanoparticles (PGPs) without any enthalpic attraction or repulsion (known as
the purely entropic or athermal limit). Therefore, differences in polymer chemistries
were not explored. While the athermal limit provides important information on the
entropic driving forces, the enthalpic forces which influence aggregation and
dispersion are important as well. VVarying polymer chemistries is a commonly used
method to promote particle aggregation and dispersion, so it is important to consider
those when designing experiments.

To that end, previous simulation, theory, and experimental studies have looked
at graft and matrix polymers with isotropic interactions that are commonly described
by the Flory Huggins parameter 4.2 In this work, yem represents the relative attraction
between graft (G) and matrix (M) polymer segments. A negative yom Value indicates
that there is a relative enthalpic attraction between graft and matrix polymers as
compared to graft-graft or matrix-matrix interactions and vice versa for positive y;p.
Advances in experimental synthesis and characterizations have allowed
experimentalists to consider the role of graft-matrix hydrogen bonding (h-bonds) in
creating thermally reversible materials with dispersion-aggregation transitions
mediated by h-bonds.°

Previous studies on h-bonding interactions in carbon nanotube (CNT)
nanocomposites have shown that improving the accessibility of h-bonding groups
leads to enhanced dispersion of CNTSs in a polymer matrix and improved mechanical

and electrical properties.t! Similarly, h-bonding interactions have been used to tune



miscibility in polymer blends'?# and to create supramolecular assemblies of
nanoparticles in matrix dependent on temperature®® and pH.2® These studies support
the fact that PNCs with h-bonding interactions have a promising potential for
programmable assembly and for fabrication of materials with unique properties such
as self-healing and stimuli responsiveness attributed to the dynamic properties of h-
bonds.

While experimental studies have demonstrated that h-bonds can enhance
properties of polymer blends and nanocomposites,®!” theory and simulation studies
are needed to efficiently and economically explore the large design parameter space of
PNCs with hydrogen bonding polymers. Therefore, | aim to use this CG model to
study how the polymer morphology in PNCs can be tuned using h-bonding
interactions, which would therefore alter macroscopic properties of the PNC.

Coarse-grained models are needed to capture the large length and time scales
involved in h-bonding without the prohibitive computational cost of using atomistic
models. It is especially important to capture the directionality and specificity of h-
bonds in the CG model, as opposed to modelling is as isotropic attraction. CG models
that capture these features have been created for biological systems. For example, a
CG model for DNA has been developed by the Sciortino group®!° which
incorporates a “sticky-bead” to create a hydrogen bonding site. This model has been
expanded by the Jayaraman group to mimic the specificity of h-bonding and match the
melting trends of DNA oligomers and collagen-like-peptides (CLPs).20-2

In this thesis, a CG model based is used to capture h-bonding interactions
between graft and matrix polymer chains in a polymer grafted nanoparticle PNC. This

is also used to computationally predict how different enthalpic interactions (isotropic



interactions vs h-bonding attractions) influence the grafted layer wetting and local

structure, which in turn affect nanoparticle aggregation or dispersion within the PNC.

The chapter is organized as follows. In Section 1.1, | have discussed the
background and motivation for this thesis. In Section 1.2, | will go over the details of

the model, simulation method, and methods of analyses.

1.2 Computational Approach
This section will discuss the computational approach used to simulate
nanocomposites containing polymer grafted particles including the incorporation of

the donor and acceptor sites used to capture the directional and specific interactions.

a) No Hydrogen Bonding Sites b) With Hydrogen Bonding Acceptor (A) and Donor (D) Sites

Graft polymer (G)

0.37d
Acceptor Site (A)

Particle core
0.3d
>

0.37d

Donor Site (D)

O
Matrix polymer (M)(X)CD
Figure 1: Schematic of the CG model of the polymer grafted nanoparticle and matrix

polymer in the absence of h-bonding sites (a) and with h-bonding sites
(b) (not drawn to scale).



121 Model

Figure 1 shows the CG model where the polymer grafted particle has a
spherical nanoparticle core of diameter Dp, grafted with bead-spring®® polymer chains
with each CG bead of diameter d representing a monomer. The graft chains are
attached to the nanoparticle core through harmonic bond potentials. Matrix chains are
also modeled like the graft polymer chains. The bonded interactions include a
harmonic spring between bonded CG monomers in the graft and matrix chains, as well
as a harmonic angle potential between three bonded CG monomers whose force
constant allows us to vary the graft and matrix chain flexibility in a manner similar to
Lin et al.?* The non-bonded interactions between pairs of graft (G) and matrix (M)
monomers are modeled using Lennard Jones (LJ)% potential with o;; = 1.0d and 7y, =
2.0d, and €;;= eyp = 0.5KT and &, varying from 0.2kT (to get yom = +0.3) to
1.0KT (to get xom = -0.5). For PNCs with h-bonding graft and matrix monomer
chemistries, an acceptor bead (A) is placed on the graft bead and a donor bead (D) is
placed on the matrix bead, as shown in Figure 1b, to act as intermolecular h-bonding
sites between graft and matrix monomers. These A and D beads of size 0.3d are
maintained at specific positions with respect to the G and M beads’ centers via bonded
harmonic interactions of force constant kj,,,,; = 1000 kT/d? and an equilibrium bond
distance r, = 0.37d. There are no A-G-G-A or D-M-M-D bonded dihedral potentials in
this work, however, this can easily be introduced in our model to mimic torsional
constraints imposed on the h-bonding donor and acceptor atoms in some graft and
matrix chemistries.?® The non-bonded A-D interaction is defined using LJ potential
with a4, = 0.3d, 7.,;=2%0yp, and g4 = 13KT to mimic the maximum strength of
OH:N h-bond pair. I choose this specific pair of interactions to mimic polymer

chemistries like the ones in the experimental studies by Hayward and coworkers



where they used poly(styrene-r-2-vinylpyridine) grafts in a poly(stryrene-r-4-vinyl
phenol) matrix and found improved particle dispersion mediated by h-bonds between
graft and matrix polymers.2® All other pair-wise non-bonded interactions involving the
nanoparticle, P, (i.e., A-P, D-P, G-P, and M-P), and involving graft, matrix, acceptors
and donors (i.e., G-A, M-A, G-D, and M-D) are modeled as purely repulsive using
Weeks Chandler Andersen?’ (WCA) potential.

The directionality of A-D interactions is brought about by the relative size and
placement of A and D beads with respect to their attached G and M beads’ center, as
shown in Figure 2a. The specificity of the h-bonding interaction (i.e., preference for
A-D over A-A and D-D and preventing possibility of A-D-A or A-D-D interactions) is
brought about by A-A and D-D repulsive interactions modeled using WCA potential
with gy 4=0pp=2.3*0_AD and r,,;=1.1225*0,, and &44 = €pp = 0.5KT. This
repulsive potential ensures that a D or A site sees no energetically favorable patch as it
approaches another pair of A and D sites that are close to each other and interacting

via A-D attraction.



a) Bonded Interactions BE!CkbOFIe2 backbone:
Upona = k(r —1,)? k=80kT/d?, r,=1d

Backbone A-D=1000kT/d?,
1,=0.37d

b) Angle Interactions
Uangle = k(0 — Bo)z

k=0 kT/rad? k=50 kT/rad?
(flexible), 6,=90 degrees
8,=180 degrees

Figure 2: Schematic showing a) bonded potential parameters between backbone-
backbone beads and backbone A-D beads b) angle potential parameters
between consecutive backbone beads and A-D sites and backbone chains.

1.2.2 Simulation Method

The above CG model is used in a molecular dynamics (MD) simulation within
LAMMPS package?® using a protocol similar to previous work done by Jayaraman
and coworkers.® In this thesis, simulations are conducted for PNCs with a single
polymer grafted nanoparticle with diameter Dp =5d, graft chain length Ng = 20,
grafting density £ = 0.32 chains/d? placed within a matrix with chain lengths of Nm =
20. The grafting density = = 0.32 chains/d? mimic the intermediate grafting density
and is selected to show the effects of h-bonding in this density of grafted chain
conformations. The matrix chain length of 20 was chosen to study the case where the
graft and matrix chain lengths are equal; a condition that is shown to be favorable for
grafted layer wetting in the entropically driven limit. The total volume packing
fraction, n, quantifies the fraction of the simulation box volume that is occupied by
particle, graft and matrix beads and is maintained in this thesis at n=0.367; this value

was chosen to achieve melt like conditions in a PNC. Since | simulate a single



polymer grafted particle within the polymer matrix, the grafted filler fraction defined
as g = —grafttVparticle o yant at 0.01 where Vyrare: Vmatrin: Vparticie

VgrafttVparticletVmatrix
represent the total volume occupied by graft, particle and matrix beads, respectively. A
minimum box size is chosen to be 44d to eliminate any finite size effects.

To obtain an initial configuration for the simulations, | first create a polymer
grafted particle of size Dp=5d whose surface is tessellated by grafting site beads of
size 1d. For Dp=5d, 25 grafting site beads were used for a grafting density of 0.32
chains/d?. Graft polymer chains are attached to the grafting site beads through
harmonic bonds. To ensure relaxation of graft chains from the chosen initial
configuration, a single polymer grafted particle (without any matrix chains) keeping
all interactions (graft-graft, acceptor-acceptor, acceptor-graft, acceptor-particle and
graft-particle) as purely repulsive, specified by WCA potential, over 1 million time
steps where each time step=0.001* a(m/e )®® . Then, the equilibrated polymer grafted
particle is placed at the center of the simulation box and the matrix chains of length
Nwm are added into the simulation box volume that is 50 times larger than the actual
simulation box used for the production run. A larger box size helps accommodate
matrix chains around the polymer grafted particle without significant overlaps.
Temperature is controlled using a Langevin thermostat with a damping parameter of
10 t for PNCs with time integration performed using the velocity Verlet algorithm.
After the initial configuration relaxation of graft and matrix chains, the simulation box
is gradually compressed over 2 million time steps to the desired box size to achieve n
= 0.376. This final system size is equilibrated in NVT ensemble at T*=1 for at least

another 5 million time steps.



Figure 3: A simulation snapshot of a representative equilibrated structure showing a
grafted particle with graft polymer chains in blue and one matrix chain in
green. Other matrix chains are set to be partially transparent for ease of
view of the polymer grafted nanoparticle in the center. The red and
yellow sites are the acceptor and donor beads. This image is rendered
using OVITO software.?®

The equilibrated system (as shown in Figure 3) is then used as a starting point
to generate production run configurations which are saved every 0.1 million time steps
and used for calculating ensemble averaged concentration profiles and performing

other structural analysis.

1.3  Analyses

To quantify wetting and interpenetration between graft chains (G) and matrix
chains (M) the monomer concentration profiles of graft (Cg ) and matrix (Cm) chains®*
were plotted as a function of distance from the particle surface. C,, (x = G or M) is

given by:



_ (nx() )

X 7 4mr2Ar
where (n,(r)) is the ensemble average number of monomers of type x within a
shell of thickness Ar=1d at a distance r from the particle surface. Error bars in all
calculated quantities are from the standard deviation in average values from three
independent simulation runs.
The effective thickness of grafted layer is represented by brush height which is

calculated as the root mean square of the distance of the grafted beads from the

£6r?
i @

where H,, is the brush height, r; is the distance of grafted bead i from the

particle surface.

particle surface and n;, is the total number of graft beads in the polymer grafted
nanoparticle.

| calculate the number of matrix chains that interact with each graft chain by
tracking the matrix chains whose beads lie in the interaction region (defined by
potential cutoffs) for both isotropic G-M interaction and directional A-D interaction. |
also calculate the average number of matrix beads within the grafted layer thickness as
an additional method to quantify the extent of grafted layer wetting.

The conformations of the graft and matrix chains are described by plotting the
probability distribution P(Ree) of end-end distance Ree. For each chain the Ree is
calculated as follows:
|2

©)

Ree = |ri,l —Ti1

where ri1 and ri are the position vectors of the first and last beads of the ith

graft or matrix chain.
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| also calculate the free volume to quantify the unoccupied space surrounding
each graft bead. I quantify the free volume of graft chains by using the method of
Voronoi tessellation of space,®® whereby the vectors joining each graft bead to all the
other beads are perpendicularly bisected to obtain polyhedrons around each graft bead.
Since the acceptor and donor beads in our model lie within parent graft and matrix
beads and act merely as sites to facilitate hydrogen bonding between graft and matrix
chains, they are excluded from the calculation of free volume. I note that this
interpretation of free volume refers to the unoccupied volume around each graft bead
and is measured by subtracting the occupied volume of the graft bead (i.e., the volume
47-;_1«3 of a spherical bead of size 1d) from the volume of the smallest polyhedron
surrounding it. This calculation is performed by utilizing the open source library
VORO++.3! The sum of free volumes of Ng graft beads that constitute a graft chain
gives the effective free volume of a graft chain. I plot the probability distribution of
free volume per graft chain from the ensemble of graft chains in all configurations in

all three trials.
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Chapter 2
SIMULATION RESULTS AND DISCUSSION

2.1  Results for Low Grafting Density Simulations

Repulsive A-D interaction
H Xom =0
H Xem = —0.1
H Xom = —0.4

Matrix |

Attractive A-D interaction

H Xem =0

C(r), monomer
concentration

r [d], distance from
particle surface

Figure 4 Graft (decreasing with distance from particle surface) and matrix (increasing
with distance from particle surface) monomer concentration profiles for
PNCs with isotropic graft-matrix interaction and repulsive A-D
interaction and for PNCs with attractive A-D interaction. The dashed
lines represent the brush height of the grafted layer. These results are for
Dp=5d, Ng=20, = =0.32 chains/d? and Nm=20. Error bars (calculated as
standard deviation from three independent simulation runs) when not
visible are smaller than marker size.

In Figure 4, I show the concentration of graft and matrix monomers as a
function of distances from the nanoparticle surface. As distance from the particle

surface increases, the concentration of graft monomers decreases. This is intuitive

12



because as one moves further from the particle surface, one would expect the
likelihood of finding a graft monomer site to decrease. The matrix concentration
profile lines indicate that there is some grafted layer wetting — where matrix
monomers penetrate the layer of grafted monomers. Figure 4 shows that in the absence
of attractive A-D interaction as yem becomes progressively more negative, the grafted
layer wetting increases due to the stronger enthalpic attraction. This figure also shows
that a PNC with attractive A-D interaction of eap = 13kT and yem = 0 has similar graft
and matrix monomer concentration profiles as PNCs with isotropic yem = —0.4 in the
absence of attractive A-D interaction. Table 1 is used to quantify more information
about the wetting of the matrix into the grafted layer in these two systems to

demonstrate the similarity between them.

Table 1: Quantification of grafted layer wetting for select systems, these results are for
Dp=5d, Ng=20, X =0.32 chains/d* and Nm=20.

Interactions Average Number of
matrix beads within
grafted layer thickness
(dashed lines in
concentration profiles).

Xem=-0.4, Repulsive A-D | 1526.30 + 2.78
interactions.
Xem = 0, Attractive A-D | 1614.30 + 1.25
interactions.

| calculate the number of matrix beads within the grafted layer thickness to

prove that the PNC with isotropic yem = —0.4 in the absence of attractive A-D

13



interaction has similar grafted layer wetting as the PNC with attractive A-D interaction
of eap = 13kT and yem = 0 (Table 1). This means that isotropic and anisotropic PNC
interactions can achieve nearly equivalent wetting, but with an order of magnitude
difference in strength of attraction; isotropic graft-matrix attraction egm = 0.9KT that
leads to yem = —0.4 achieves nearly equivalent wetting as directional A-D interaction
of strength eap = 13KT. | hypothesize that equivalent wetting is achieved because the
effective G-M interactions in both cases are equivalent. One could prove this
hypothesis of equivalent effective G-M interactions by conducting computationally
intensive potential of mean force calculations® to quantify the Wem(r) for both
systems. However, given the extensive simulation work that goes toward calculating
these potentials of mean force, other members of the Jayaraman group have ongoing
work to calculate the potential of mean forces through a theoretical approach.

One should note that the effective graft-matrix interaction will be influenced
by the chosen graft-matrix attraction/repulsion, A-D interactions and entropic
contributions from the PNC design (i.e., grafting density, particle size, graft and
matrix chain lengths, and polymer grafted particle packing fraction in the matrix).

Now, after quantifying how the type of graft-matrix interaction (isotropic vs
directional) impacts the structure of the grafted layer (the wetting/dewetting), we now
will now investigate the effect of specific and directional attraction on the individual

chain conformations.
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0 . 2 5 L} || L] || L || L Repulsive A-D interaction

- - & xem =0
H Xem = —0.1
0'20 Hx(m:—ﬂ"%
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0.05
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Figure 5: Probability distribution of the end-end distances, P(Ree) VS. Ree for graft
chains. These results are for Dp=5d, Ng=20, = =0.32 chains/d? and
Nm=20. Error bars (calculated as standard deviation from three
independent simulation runs) when not visible are smaller than marker
size.

In Figure 5, I show the end-end distance of the graft chains under various
strengths and mechanisms of attraction. As yem decreases or directional attraction
forces are introduced, the graft chains adopt more extended conformations
corresponding to the increasing grafted layer wetting shown in Figure 4. Interestingly,
the PNCs with equivalent wetting also have identical graft chain conformations,
irrespective of whether the wetting was driven by isotropic G-M interactions or
directional A-D interaction. This is likely true only for fully flexible graft chains
considered here and may change as flexibility decreases. I do not show the matrix
chain conformations in Figure 5 because at this low filler fraction the matrix chains in

the grafted layer do not impact the matrix conformations in the bulk. One should note
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that for each interaction case, the PNC with lower grafting density always exhibits
significantly higher grafted layer wetting than its counterpart at the high grafting
density discussed in the paper this thesis is adapted from.! This behavior is well
known based on past literature cited in the introduction that decreasing grafting
density should increase matrix penetration into the grafted layer. To quantify the
extent to which A-D attractive interactions improve grafted layer wetting, | calculate
the crossover point in the concentration profiles. This crossover point is defined as the
value of r where C(r)gratt = C(Nmatrix. In Figure 4, the crossover point goes from r =
1.45d to no crossover as one compares a PNC at the purely entropic limit to a PNC
with directional A-D attraction (i.e., going from the black line to navy blue line). The
shift in crossover point shows an increase in grafted layer wetting due to A-D
attraction, but the shift is small for the PNCs at this low grafting density because the
grafted layer is significantly wet even at the purely entropic limit.

Thus far, we have observed that it is possible to get equivalent wetting and
chain conformations with hydrogen bonding or isotropic attractions. Therefore, this
raises the question, what makes the specific and directional interactions present in
these systems unique? One may expect that the nature of these interactions may lead
to fewer and tighter contacts between graft and matrix (hydrogen bonding is usually
short ranged). Therefore, in Table 2, the number of matrix chains experiencing
attractive enthalpic forces with each graft chain is shown. In Figure 6, the free volume

per graft chain is shown.
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Table 2: Number of matrix chains interacting with each graft chain for the two cases
of equivalent wetting. These results are for Dp=5d, Nc=20, £ =0.32
chains/d2 and Nm=20.

Interactions Average number of
matrix chains
interacting with each
graft chain.

Xem= -0.4, Repulsive A-D | 25.52 + 0.16
interactions.
Xom = 0, Attractive A-D | 11.39 + 0.16
interactions.

In the case of attraction created via directional A-D interactions, each graft
chain interacts with 11.39 + 0.16 matrix chains. In contrast, when the attraction is
created via isotropic G-M interactions (yem = —0.4) each graft interacts with 25.52 +
0.16 matrix chains. This indicates, that while the strength of the acceptor donor
attraction is much stronger (13kT vs 0.9 KT), the specificity and short ranged nature

lead to fewer matrix chains able to experience this potential energy well.
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Figure 6: Probability distribution of free volume per graft chain for the two cases that
show equivalent wetting in Figure 4 and equivalent end-end distances in
Figure 5. These results are for Dp=5d, Ng=20, £ =0.32 chains/d? and
Nm=20. Error bars (calculated as standard deviation from three
independent simulation runs) when not visible are smaller than marker
size.

Interestingly, despite the graft chains interacting with fewer matrix chains in
the case of attractive A-D interactions, the free volume for each graft chain (Figure 6)
is lower for PNCs with directional A-D interaction as compared to the PNC with
isotropic G-M attraction. This means that even though structurally the wetting (i.e., net
interpenetration of the graft and matrix chains) is the same, and the graft and matrix
conformations are also similar, the graft and matrix contact is “tighter” in the case of
PNCs with H-bonding interaction as compared to PNCs with isotropic G-M attraction

or xem < 0.
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2.2 CONCLUSIONS AND FUTURE WORK

In this thesis | present a new coarse-grained (CG) polymer model that captures
specific and directional hydrogen bonding interactions between the graft and matrix
polymers for PNCs comprised of polymer grafted nanoparticle placed in a polymer
matrix. Using this CG model, | show the impact of introducing hydrogen bonding
chemistries in the graft and matrix polymers on the grafted layer wetting, grafted chain
conformations, and the free volume in the grafted layer. Our results show that
directionally attractive interactions between graft and matrix chains improve the
grafted layer wetting over purely entropically driven PNCs similar to isotropic
attractions. The grafted chains extend towards the matrix chains to make acceptor-
donor contacts thereby increasing the grafted layer thickness and increasing the
interpenetration of matrix chains into the grafted layer. Comparison of PNCs with
isotropic graft-matrix interactions and PNCs with directional hydrogen bonding type
interactions between graft and matrix chains shows that one can achieve equivalent
wetting (as seen by overlapping monomer concentration profiles, graft conformations
and number of matrix beads within grafted layer) with the directional hydrogen
bonding interaction strength that is an order of magnitude larger than the isotropic
graft-matrix attraction strength. Interestingly, despite equivalent wetting and grafted
chain conformations, | find that PNCs with directional hydrogen bonding type
interactions between graft and matrix chains have a lower free volume per graft chain
than PNCs with isotropic graft-matrix interaction. This suggests that directional
acceptor-donor interactions induce a tighter graft-matrix contact in PNCs. The paper
this thesis references also finds the above trends to hold both at the high and low
grafting density regimes as well as matrix chain length/graft chain length ratio of 3

and 1. These results suggest that incorporating hydrogen bonding between graft and

19



matrix monomers can be an effective means for improving grafted layer wetting and
as a result, increasing particle dispersion in PNCs. At the same time, the
thermomechanical properties of PNCs with hydrogen interactions between graft and
matrix monomers may be different from another PNC that has isotropic graft-matrix
interactions and an identical grafted layer wetting.

In terms of future directions, one can use this CG model for other hydrogen
bonding polymeric systems beyond PNCs, like polymer blends, block copolymer
mixtures, etc. Even though the focus of this thesis is on structural features like grafted
layer wetting, graft and matrix chain conformations and free volume, there are
ongoing efforts in our group to evaluate how well this CG model captures dynamic
information both at the small timescale of h-bonding (e.g., hydrogen bond lifetimes)

and long timescale of polymer relaxation.
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