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Polymer conformations in polymer nanocomposites containing spherical nanoparticles!
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We investigate the effect of various spherical nanoparticles on chain dimensions in polymer melts for high
nanoparticle loading which is larger than the percolation threshold, using molecular dynamics simulations. We
show that polymer chains are unperturbed by the presence of repulsive nanoparticles. In contrast polymer chains
can be perturbed by the presence of attractive nanoparticles when the polymer radius of gyration is larger than
the nanoparticle radius. At high nanoparticle loading, chains can be stretched and flattened by the nanoparticles,
even oligomers can expand under the presence of attractive nanoparticles of very small size.

I. INTRODUCTION

The radius of gyration is fundamental to both structure and
dynamics in polymeric systems. The addition of nanoparti-
cles to a polymer matrix can result in materials with improved
electrical, rheological and tribological properties [1] relative
to a polymer melt. In this paper, we explore how spherical
nanoparticles affect polymer dimensions in nanocomposites in
the cases when the polymer radius of gyration ([2,) is larger
or of the order of the nanoparticle radius (R).

There is controversy as to whether the addition of nanopar-
ticles to a polymer melt alters the polymer conformation. In
particular, neutron scattering of a polystyrene (PS) chains/
crosslinked PS nanoparticle (R = 2-4 nm) nanocomposite [2]
showed a polymer chain expansion (20 % expansion of en-
tangled polymers at nanoparticle volume fraction ¢ = 10%)
for polymer chains with radius of gyration larger than the
nanoparticle radius (Ry/R = 1.6 — 5.7), which is contrary to
recent studies of PS/silica (R = 6.5 nm) nanocomposite [3—
5] for Ry/R = 1.9 — 3.9 [5], and poly(ethylene-propylene)
(PEP)/silica nanocomposite(R = 5-7.5 nm) [6] where the
polymer chains were unperturbed. Moreover in a study of
a poly(dimethylsiloxane)/polysilicate (R = 1 nm) nanocom-
posite [7], a significant increase of the polymer chain dimen-
sions (reaching 60 % expansion at nanoparticle volume frac-
tion (¢ = 40%)) was observed for R;/R = 6 — 8 (which
is in agreement with the observations of Mackay [2]) and a
decrease in polymer dimensions for 2, ~ R. The quality
of nanoparticle dispersion [3, 4] can have an important ef-
fect on the polymer chain dimensions and this depends on the
nanoparticle-polymer interaction, nanoparticle-polymer size
ratio [8], size of nanoparticles and nanoparticle volume frac-
tion. In the recent study of PS/silica [5], where the nanoparti-
cles (R = 6.5 nm) were well dispersed, no changes in polymer
dimensions were observed. However we need to note that in
the experimental area of polymer nanocomposites containing
spherical nanoparticles, the role of monomer-nanoparticle in-
teractions on polymer conformations is not yet clear [9].

Nevertheless, by using the self-consistent polymer refer-
ence interaction site model (SC/PRISM) [9], it was observed
that spherical nanoparticles, smaller than the polymer chains
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and attracted to them, perturbed the polymer chain dimen-
sions. The nanoparticles cause an increase in the radius of
gyration with an increase in the nanoparticle volume fractions
in accordance to the (PS) nanoparticle system [2, 8], although
there are significant differences between the theoretical model
system and the experimental one. Some of the expansion
is due to the effects of the excluded volume created by the
nanoparticles, the nanoparticles act as good solvents to swell
the polymers. From a simulation point of view, there is also
controversy as to whether the addition of attractive nanoparti-
cles to a polymer melt causes polymer chains either to expand
[10-14], remain unaltered [15-20] or reduce their dimensions
[21-23] compared to their size in the bulk. While most of
these simulation studies were performed for low volume frac-
tion of filler [12—-14, 16, 17, 23] and for nanoparticle size sim-
ilar to the polymer size [12, 14, 16], it is well recognized
[3, 5-8] that in the case of polymer-nanoparticles mixtures, the
polymer dimensions can be influenced by the characteristics of
the nanoparticles (e.g. size, type of nanoparticle surface, dis-
persion,volume fraction of nanoparticles). To the best of our
knowledge there are no studies that have addressed polymer
dimensions in nanocomposites above the percolation thresh-
old (¢p. = 31% [24]), except the work of Vacatello [22] that
was implemented at constant density and for spatially frozen
nanoparticles of size R = 4-8 nm.

The rest of this paper is organized as follows. In Section II,
we present the general features of the simulation methodol-
ogy and the simulation details that were used to investigate
the polymers in melts and nanocomposites. Subsequently, in
Section III, we investigate first the polymer and nanoparticle
structure and secondly we calculate the radius of gyration for
both unentangled and entangled polymers in nanocomposites
as a function of nanoparticle loading, monomer - nanoparti-
cle interaction and nanoparticle size. Finally in Section IV,
conclusions are presented.

II. SIMULATIONS METHODOLOGY

To address this fundamental question we use the molecular
dynamics method [25-28] of a Kremer-Grest model [29]. The
classical Newton-Langevin equations that govern the motion
of the particles is [25, 29]:

dVZ‘ - dri
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where is V; is the potential acting experienced by particle ¢ and
m; is its mass. I is the friction coefficient and W describes
the random force which essentially is a Gaussian white noise
with zero mean acting on each particle. The total force on
particle 2, f;, is the gradient of the potential V; given by a sum
of three terms:

Vi=Y (Vi +Vi§ +Vif) 6
JFi

The Lennard-Jones (LJ) potential ViJL-J , acting along the line
between the centres of mass of two particles force [30] is given
by:

12 06

g
Vi = 4€z'j(ri]ﬁ - W) (€)
where ¢;; is the interaction energy between particle ¢ and par-
ticle j (for monomers: €, = o, = m,, = 1, for nanoparti-
cles: ¢, = 1,0, = 2R, R/0yy, = 1 — 4, m,, = 0.8557R?),
and r;; represents the distance between particles 4 and j. For
monomer (m)- nanoparticle (p) interactions the combination
rules: €, = (€m€p) /2, Omp = (0m + ) /2 [30] were used.
The monomers (or nanoparticles) are modelled with the re-
pulsive only part of Eq.(3), shifted and truncated with a cut
off radius at r. = 2'/5¢,, (r. = 2'/54, for nanoparticles).
For attractive monomer - nanoparticle interaction (attractive
nanoparticles) the cut off radius is r, = 2.40,,), and for re-
pulsive monomer-nanoparticle interaction (repulsive nanopar-
ticles) r. = 2'/64,,,. Also, the monomers were connected
using FENE potential [29]:

S 1 2 r?
Vi = —ik‘Ro In(1 - ?f) 4)

where the sum is over all particles j to which particle ¢ is con-
nected. The equilibrium bond length was set to Ry = 1.5, and
k = 30 [29].

The stiffness of the polymer chains is controlled by a cosine
harmonic bending potential [31], which acts on three consec-
utive beads along the chain. By increasing the intramolecular
stiffness of the polymer chain the entanglement length is de-
creased to a value of N,~58.

1
Vifk = 5/69(0059”-;c — cosby)? 5)

where 0;;;, is the bending angle between three consecutive
bonds. The equilibrium value #; = 109.5%, and the bending
constant kg = 25 [31].

The simulations of the polymer melt were performed at a
monomer density p* = N;/V = 0.85 in a simulation cell
of total N;=60000 monomers in the simulation box (48000
monomers were used for N = 80, 160 nanocomposites), us-
ing the NVT ensemble. For equilibration of polymer melts the
fast push off method was applied [32]. The pressure calculated
for the N = 200 polymer melt was P* = Po,,/e,,=4.864.
That pressure was used to perform all the nanocomposite sys-
tems simulations in the NPT ensemble. The length of the sim-
ulation cell was always larger than the end-to-end distance of
the polymer chains. To set the temperature at T* = "BTT =1
and pressure at P* = 4.864 the Langevin thermostat with a
friction constant I' = 0.57 ! and the Berendsen barostat were

used with time constant 7, = 27, respectively. The equa-
tions of motion were integrated using the Leap frog algorithm
[33] with a time step equal to 0.0057 for polymer melts (a
time step of 0.0047 was used for nanocomposite simulations),
where 7 = (mo2kgT)"/? is the LJ time unit.

For nanocomposites, we consider systems of spherical
nanoparticles in a dense polymer melt. The starting structures
were created by an ensemble of polymers with NV = 200 and
nanoparticles inserted at random positions within a large simu-
lation box. Subsequently, the NPT ensemble was used at melt
pressure of P* = 4.864 to gradually squeeze the simulation
box to a dense polymer melt. The equilibration time is long
enough for the polymer to move more than twice the radius of
gyration of the bulk polymer, R, which is the standard equi-
libration criterion [16, 34]. Specifically, for polymer matrices
N = 200, the equilibrium time was 6 x 10°7~37g (where
Tr = 2 x 10°7 is the Rouse time for N = 350 semiflexible
polymers [35]) which is sufficient time to evolve the entangle-
ment density [36]. All the types of nanoparticles have reached
their diffusive regime (where the mean square displacement
of nanoparticles scales linearly with time). The duration of
the simulation production runs were between 0.5 — 3.5 x 10°7
depending on the length of molecules and nanoparticles. In
the nanocomposite systems studied, a total number of N; =
23600 monomers were used in a cubic cell for systems with
nanoparticles radius of R/o,, = 1 and R/o,, = 2, and
N; = 9440 monomers for nanoparticle radius of R/o,, = 4.

o N
U;Np+(¢fm3PN,,/o.85)
[37], is set by varying the number of particles, IV,,. Details
of the nanocomposite systems studied (nanoparticle volume
fraction:, number of nanoparticles : IV, of radius R) are sum-
marized in Table L.

The nanoparticle volume fraction, ¢, =

TABLE I: Nanoparticle volume fraction (%), number of nanoparti-
cles N, average radius of nanoparticles R for nanocomposite sys-
tems.

volume % N, N, N,
R=1 R=2 R=4

10.3 1000 - -
18.7 2000 100 5
25.7 3000 - -

31.6 4000 200 10
40.9 6000 300 15

III. RESULTS AND DISCUSSION
A. Polymer and nanoparticle structure

We first focus on the analysis of local polymer structure in
nanocomposites. In Fig. 1 we show the monomer-nanoparticle
radial distribution function g¢,,,(r) for different nanoparti-
cle loading with attractive or repulsive small nanoparticles
(R = 1) respectively. As can be seen from Fig.1, g, (r)
exhibits a three-layer structure. The high monomer density of
the layers establish a well defined interface between nanoparti-
cles and polymer melt whose structure differs from that of the
amorphous polymer melt. By dispersing attractive nanopar-
ticle in the polymer matrix the polymer density around the
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FIG. 1: Monomer-nanoparticle radial distribution functions in the
nanocomposites at different volume fractions for attractive nanopar-
ticles (R = 1) for N = 100: (i) 10.3 % (black line), (i) 25.7 %
(red line),(iii) 31.6 % (green line), (iv) 40.9 % (blue line). Inset:
Monomer-nanoparticle radial distribution functions in the nanocom-
posites for repulsive nanoparticles (R = 1) for N = 100.
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FIG. 2: Nanoparicle-nanoparticle radial distribution functions in the
nanocomposites at different volume fractions for attractive nanopar-
ticles (R = 1) for N = 100: (i) 10.3 % (black line), (i) 25.7
% (red line),(iii) 31.6 % (green line), (iv) 40.9 % (blue line). In-
set: Nanoparticle-nanoparticle radial distribution functions in the
nanocomposites with repulsive nanoparticles (R = 1) for N = 100.

nanoparticles increases as can be seen by the enhanced first
peak of g, (), comparing with g,,,,() of repulsive nanopar-
ticles (inset in Fig. 1). Also, the nanoparticle loading in-
creases the monomer density of polymers in contact with the
nanoparticle surface. Similar behaviour appears in nanocom-
posites containing larger nanoparticles (R = 2 — 4) (results
not shown).

Regarding the nanoparticle structure an entire different be-
haviour for the two nanocomposite systems is observed as can
be seen in Fig. 2. On one hand, when there is a repulsive
monomer - nanoparticle interaction, there is a higher proba-
bility for the nanoparticles to be in contact with each other
than in contact with monomers (inset of Fig.2), while on the
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FIG. 3: Nanoparticle-nanoparticle radial distribution functions in the
nanocomposite systems at different volume fractions for attractive
nanoparticles(R = 2) for N = 100: (i) 18.7 % (red line), (ii)
31.6 % (green line), (iii) 40.9 % (blue line). Inset: Nanoparticle-
nanoparticle radial distribution functions in the nanocomposites with
repulsive nanoparticles (R = 2) for N = 100.

other hand attractive monomer - nanoparticle interaction leads
the nanoparticles to be well dispersed in the polymer matrix.
If the nanoparticle volume fraction is increased, there are more
nanoparticle nanoparticle contacts as can be seen from the first
peak of g, () in Fig. 2. By increasing the nanoparticle radius
to R = 2 or R = 4, poor dispersion is observed for repul-
sive nanoparticles, especially in lowest nanoparticle loading
(¢ = 18.7%) the nanoparticles aggregate to one big clus-
ter as can be seen by the high intensity first peak of g, (r)
in the inset of Fig. 3. Thus, in nanocomposites containing
nanoparticles of radius to R = 2 or R = 4 the nanoparticles
form aggregated clusters for repulsive monomer-nanoparticle
interaction. Aggregation has been observed experimentally
for polymer nanocomposites with weak interactions such as
polystyrene - silica nanocomposite [3, 4] and possibly for the
repulsive nanoparticle nanocomposite such as PEP - silica [6]
in which the TEM data were not reported. However, when
the monomer-nanoparticle attraction is present there are no
nanoparticle contacts for all the nanoparticles loading as can
be seen from g,,(r) in Fig. 3. The nanoparticles are well dis-
persed in the polymer melt (the same behaviour is observed
for nanoparticles of radius R = 4 - results not shown) in
agreement with experimental observations for miscible sys-
tems such as PS chains- crosslinked PS nanoparticles [2].

Attractive nanoparticles of radius R = 1 have diffused in
the polymer matrix (N = 200) several times of R, distance
at high nanoparticle loading (¢ = 40.9%) and its diffusiv-
ity is D = 4.4x107%(02,/7). Thus, we can consider them
as mobile. The diffusivity of large attractive nanoparticles
(R = 2,4) is small though due to their high mass, for exam-
ple at ¢ = 40.9% (polymer matrics: N = 200 and N = 160
respectively), their diffusivity is D = 2.7x107° (for R = 2)
and D = 4.39x1075(02,/7) (for R = 4). Since the large
nanoparticles of R = 2,4 have not diffused a distance further
than twice their diameter at high nanoparticle loading, in an
entangled matrix, we consider them as immobile (see mean
square displacement of nanoparticles R = 2 in the supple-
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mentary information section).

B. Polymer dimensions

We now focus on the polymer dimensions analysis on melts
and nanocomposites. The radius of gyration of a molecule,
which is defined as the average squared distance between
monomers in given conformation and the molecule’s center
of mass is given by [38, 39]:

N
< RZ(N) >= % < Z(ri —Tem)? > (6)
i=1

where r.,,, = %Ziﬂ r; is the center of mass of the chain.
The radii of gyration of the polymer melt simulated systems
are given in Table II.

TABLE II: N, number of monomers per polymer chain, Rgo(cm )
average radius of polymer gyration for polymer melt systems studied
in the present simulations.

N 10 20 40 50 80 100 160 200

Rgo 1577 2367 3479 3915 5.019 5.626 7.211 8.05

Let’s first focus on polymer dimensions of nanocompos-
ites with nanoparticles (R = 2) dispersed in polymer matrix
(N = 100, 200). The trend is different between the two types
of nanocomposites as can be seen in Fig.4. In nanocompos-
ites containing repulsive nanoparticles (black symbols), the
polymers dimensions are not altered by the nanoparticle load-
ing. The polymers are phase separated from the repulsive
nanoparticles (of R=2) in the nanocomposites, thus there is
no change on radius of gyration values. On the other hand,
in the nanocomposites containing attractive nanoparticles, the
R, increases, with increased nanoparticle loading, compared
to its bulk value.

By reducing the nanoparticle radius of the nanocomposite
to R = 1, similar trends can be observed as can be seen in
Fig.4. In this case, even though there are smaller clusters (in-
set of Fig.2) than in the nanocomposites with large nanoparti-
cles, there is no polymer swelling. When attractive monomer-
nanoparticle interactions are present the overall polymer di-
mensions increase dramatically at high nanoparticle loading.
In particular, the magnitude of expansion of polymer dimen-
sions is larger for polymers with N = 200 following qual-
itatively the experimental data [7, 8]. In Fig. 4 we depict
the relation R,/R,0 = (1 — ¢)~1/3 [9] which predicts the
polymer expansion due to the excluded volume introduced
by the nanoparticles, assuming no change in density on mix-
ing. The end-to-end distance data follow the same trend. All
the polymers have a Gaussian conformation up to percola-
tion threshold for all the nanocomposites. In nanocomposites
(N = 160 — 200) above the percolation threshold the ratio
< Ree >2 /) < R, >? ~6.1 — 6.22, so, we consider that
the polymers still keep their Gaussian conformation. We also
report the mean square internal distances for nanocomposite
systems containing small nanoparticles (R = 1) in the sup-
plementary information section (data for larger nanoparticles
have similar trends).

Hence polymer expansion appears in nanocomposites with
attractive interactions and increases with the nanoparticle
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FIG. 4: Radius of gyration of polymers in melt with nanoparticles of
radius R = 1, 2 normalized with its value in the bulk, for N = 200
and N = 100 (inset): (i) polymer melt (blue filled circles), (ii)
nanocomposite: attractive monomer-nanoparticle (R = 2) interac-
tions (red filled circles), (iii) nanocomposite: repulsive monomer-
nanoparticle (R = 2) interactions (black filled diamonds), (iv)
nanocomposite: attractive monomer-nanoparticle (R = 1) inter-
actions (red open circles), (v) nanocomposite: repulsive monomer-
nanoparticle (R = 1) interactions (black open diamonds). The black
dashed line shows Ry/Rgo = (1 — ¢)~1/%.
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FIG. 5: Principal moments (eigenvalues) of the gyration tensor, A,
in nanocomposites with attractive nanoparticles of radius R = 1,
for polymers N = 100 — 200, at different volume fractions: (i)
polymer melt: N = 200 (blue filled symbols), (ii) polymer melt:
N = 100 (black filled symbols), (iii) nanocomposite: N = 200 (red
open symbols), (iv) nanocomposite: N = 100 (green open symbols).
The dashed lines are guide to the eye. The error bars are smaller than
the symbol size.

loading, the very small nanoparticles such as of radius R = 1
act as a good solvent and cause the polymer to expand. To fur-
ther characterize the polymer structure, we calculated the prin-
cipal moments (eigenvalues) of the gyration tensor, )‘?(i:1— 3)

(Where Rg = A2+ A3+ )\2), for different nanoparticles volume
fractions and depict these in Fig. 5. In our simulations for a
polymer melt with chains of N = 200, the principal moments
of the gyration tensor approach, A7 : A3 : \2 = 12.1:2.7: 1
[40]. At high nanoparticle loading, ¢ >= 18.7%, the polymer
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FIG. 6: Radius of gyration of short polymers in melt and nanocom-
posite (R = 1,2) normalized with its value in the bulk, for dif-
ferent number of monomers per chain (N = 10,20,50): (i)
polymer melt (blue filled circles), (ii) nanocomposite: attractive
monomer-nanoparticle (R = 2) interactions (red filled diamonds),
(iii) nanocomposite: repulsive monomer-nanoparticle (R = 2) in-
teractions (black filled diamonds), (iv) nanocomposite: attractive
monomer-nanoparticle (R = 1) interactions (red open circles), (v)
nanocomposite: repulsive monomer-nanoparticle (R = 1) interac-
tions (black open circles).
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FIG. 7: Radius of gyration of polymers in melt and nanocomposites
(R = 4) normalized with its value in the bulk, for different number
of monomers per chain (N = 160 and N = 80(inset)): (i) polymer
melt (blue filled circles), (ii) nanocomposite: attractive monomer-
nanoparticle interactions (red diamonds), (ii) nanocomposite: repul-
sive monomer-nanoparticle interactions (black diamonds).

chains are stretched and flattened by the nanoparticles, as can
be seen from the )\2,)\3 values in comparison to the bulk val-
ues. Even oligomers (N = 20 — 50) are streched and flattened
at the highest nanoparticle loading (results not shown).

In the case of nanocomposites containing short polymers
(N = 10,20, 50) as matrix and repulsive nanoparticles, poly-
mers remain unaltered compared with their melt values as
can be seen in Fig.6. Instead when attractive interactions are
present the polymer dimensions increase compared with its
melt value for small nanoparticles and loading ¢>=18.7%
even for the smallest polymers studied (N = 10) (where
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R4 > R). This polymer expansion with nanoparticle loading
becomes more abrupt for larger polymers (N = 50).

Then, we focus on the analysis of a nanocomposite sys-
tem with larger nanoparticles of & = 4, in which the R,
of polymers chains with N = 160 (IN/N, & 3) monomers

is of the order of nanoparticle diameter (%zl.?), which is
made equivalent to the experimental repulsive nanocomposite
by mixing PEP and hydrophobic modified silica [6]. By such
an increase of the nanoparticle radius at a constant nanopar-
ticle volume fraction, we decrease the interfacial area. For
the case of polymers (N = 80, 160) and repulsive nanoparti-
cles the R, remains unperturbed for all the nanoparticle load-
ings. Even for high nanoparticle loading we can not see any
polymer contraction as was observed for entangled PEP poly-
mers filled with silica nanoparticles [6] (where there is a poly-
mer contraction of 12% above percolation (¢ = 50%)). This
may arise either from the fact that in the large nanoparti-

cles (R = 4) nanocomposites studied % ~ 1.225 - 1.85,

whereas in Nusser’s work % ~ 1 [6] or that the volume
fraction studied is not high enough since above the perco-
lation threshold (¢.~31%) with increasing ¢ the geometri-
cal confinement strongly gains importance [6]. However, the
monomer nanoparticle attraction does alter distinctively the
polymer dimensions especially for high nanoparticle volume
fraction as can be seen in Fig. 7. At nanoparticle loading
¢ = 18.7% the polymer chains remain unperturbed in agree-
ment with the weakly interacting PS/silica nanocomposite [5]
which was investigated up to ¢ = 32% nanoparticle load-
ing. Additionally, we have observed that the average radius
of gyration of the short polymer chains (N = 10, 20, 40),
in nanocomposites containing large nanoparticles of R = 4,
does not change compared to its melt value for both repulsive
and attractive nanoparticles at all volume fractions studied (re-
sults not shown). Thus we can conclude that short polymers in
nanocomposites with R, =< R, remain unperturbed as this
result has also been observed experimentally in the PEP/silica
nanocomposites [6, 41].

IV. CONCLUSIONS

To summarize, we investigated the conformations of poly-
mers, for the first time in nanocomposites containing small
spherical nanoparticles at high volume fraction, as depicted on
the polymer radius of gyration in a broad size range 1.225<
R,/R <7.85 (for N = 80 — 200) for a range of nanoparti-
cle loadings using molecular dynamics simulations. We find
that in nanocomposites with repulsive monomer - nanoparti-
cle interaction the polymers do not contract when taking into
account the error margin. On the other hand, in nanocom-
posites with attractive monomer - nanoparticle interactions the
polymers increase their size with the nanoparticle loading in
qualitative agreement with the experimental data [2, 7]. We
showed that in such nanocomposites with well dispersed small
nanoparticles, the condition R, > R is essential for polymer
swelling in agreement with the observations of Nakatani [7]
and Tuteja-Mackay [2]. In particular, this behaviour becomes
more dramatic for the systems with the smallest nanoparticles
(R = 1) dispersed in the polymer matrix where even short
polymers can increase their dimensions slightly with nanopar-
ticle loading when R, > R, due to the high intefacial area
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following the observations of Nakatani [7] and Tuteja-Mackay
[2]. Also, the fact that small nanoparticles of R = 1 are very
mobile can also contribute on the chain expansion as reported
in [42]. In addition, the short polymer chains remain unper-
turbed from the nanoparticles when R, =< R, in agreement
with the experimental data [6].

In experiments only the nanocomposites systems by
Nakatani [7] and Tuteja [2] contain very small nanoparticles
of R = 1 and R = 2 nm, whereas in the work of Kumar [3, 5]
in which no polymer expansion was observed, the nanoparticle
size was R = 6.5 nm although the polymer radius of gyration
was larger than R. Thus, we can conclude that the polymer-
nanoparticle interaction, nanoparticle size and nanoparticle

loading can play a major role in the polymer radius of gy-
ration for nanocomposites in the size range of %21 and for
very small nanoparticles which are well dispersed in the poly-

mer matrix.
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