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Polymer conformations in polymer
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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
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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
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www.rsc.org/softmatter nanoparticles of very small size.

. Introduction

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

There is controversy as to whether the addition of nano-
particles 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?
showed a polymer chain expansion (20% expansion of entan-
gled polymers at nanoparticle volume fraction ¢ = 10%) for
polymer chains with radius of gyration larger than the nano-
particle radius (Ry/R = 1.6-5.7), which is contrary to recent
studies of PS/silica (R = 6.5 nm) nanocomposite®* for Ry/R =
1.9-3.9,° and poly(ethylene-propylene) (PEP)/silica nano-
composite (R = 5-7.5 nm)® where the polymer chains were
unperturbed. Moreover in a study of a poly(dimethylsiloxane)/
polysilicate (R = 1 nm) nanocomposite,” a significant increase
of the polymer chain dimensions (reaching 60% expansion at
nanoparticle volume fraction (¢ = 40%)) was observed for Ry/R
= 6-8 (which is in agreement with the observations of Mackay?)
and a decrease in polymer dimensions for R, = R. The quality of
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flattened by the nanoparticles, even oligomers can expand under the presence of attractive

nanoparticle dispersion®* can have an important effect on the
polymer chain dimensions and this depends on the nano-
particle-polymer interaction, nanoparticle-polymer size ratio,*
size of nanoparticles and nanoparticle volume fraction. In the
recent study of PS/silica,” where the nanoparticles (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 nano-
particles, the role of monomer-nanoparticle interactions on
polymer conformations is not yet clear.’

Nevertheless, by using the self-consistent polymer reference
interaction site model (SC/PRISM),° it was observed that
spherical nanoparticles, smaller than the polymer chains and
attracted to them, perturbed the polymer chain dimensions.
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,>® 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 nano-
particles, 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 nano-
particles to a polymer melt causes polymer chains either to
expand,'™ remain unaltered”*>® or reduce their dimen-
sions®*** compared to their size in the bulk. While most of these
simulation studies were performed for low volume fraction of
filler'>**'*'7>* and for nanoparticle size similar to the polymer
size,'>'*'¢ it is well recognized®>® that in the case of polymer-
nanoparticles mixtures, the polymer dimensions can be influ-
enced by the characteristics of the nanoparticles (e.g. size, type
of nanoparticle surface, dispersion, volume fraction of nano-
particles). To the best of our knowledge there are no studies that
have addressed polymer dimensions in nanocomposites above

This journal is © The Royal Society of Chemistry 2015
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the percolation threshold (¢. = 31% **), except the work of
Vacatello* 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 methodology
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-nanoparticle
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®™® of a Kremer-Grest model.>® The classical
Newton-Langevin equations that govern the motion of the
particles is:>**°

m = v 1w (1)
where is V; is the potential acting experienced by particle i 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 i,
f;, is the gradient of the potential V; given by a sum of three
terms:

= (v ) @

J#i

The Lennard-Jones (LJ) potential V}/, acting along the line

between the centres of mass of two particles force® is given by:

12 6

LI g g
Vit =4 (r__lz - r»") €)

ij

y

where ¢ is the interaction energy between particle  and particle
J (for monomers: &y, = 0, = My, = 1, for nanoparticles: e, = 1, o

4 3
= 2R, Rloy, = 1-4, m, :0.85§7tR‘), and r; represents the

distance between particles i and j. For monomer (m)-nano-
particle (p) interactions the combination rules: emp = (emep)",
Omp = (0m + 0},)/2 were used.* The monomers (or nanoparticles)
are modeled with the repulsive only part of eqn (3), shifted and
truncated with a cut off radius at r. = 2"°¢y, (r. = 2%, for
nanoparticles). For attractive monomer-nanoparticle interac-
tion (attractive nanoparticles) the cut off radius is r. = 2.40p,
and for repulsive monomer-nanoparticle interaction (repulsive
nanoparticles) r. = 2t GG'mp. Also, the monomers were connected
using FENE potential:*

S 1 2 r
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where the sum is over all particles j to which particle i is
connected. The equilibrium bond length was set to R, = 1.5,
and k = 30.”

The stiffness of the polymer chains is controlled by a cosine
harmonic bending potential,** which acts on three consecutive
beads along the chain. By increasing the intramolecular stiff-
ness of the polymer chain the entanglement length is decreased
to a value of N, = 58.

1
V?k = Ekg (cos B — cos 00)2 (5)

where 0 is the bending angle between three consecutive
bonds. The equilibrium value 6, = 109.5, and the bending
constant k, = 25.%*

The simulations of the polymer melt were performed at a
monomer density p* = N/V = 0.85 in a simulation cell of total
N =60 000 monomers in the simulation box (48 000 monomers
were used for N = 80, 160 polymers), using the NVT ensemble.
For equilibration of polymer melts the fast push off method was
applied.®” The pressure calculated for the N = 200 polymer melt
was P* = Pop,*/ey, = 4.864. That pressure was used to perform
all the nanocomposite systems simulations in the NPT
ensemble. The length of the simulation cell was always larger
than the end-to-end distance of the polymer chains. To set the

kgT
temperature at T° = —— =1 and pressure at P* = 4.864 the
€

Langevin thermostat with a friction constant I' = 0.5t ' and the
Berendsen barostat were used with time constant 7, = 27,
respectively. The equations of motion were integrated using the
Leap frog algorithm® with a time step equal to 0.005t for
polymer melts (a time step of 0.004t was used for nano-
composite simulations), where © = (mo,*/(ksT))"* is the L] 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 N = 200 and
nanoparticles inserted at random positions within a large
simulation 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 equili-
bration criterion.*®** Specifically, for polymer matrices N = 200,
the equilibrium time was 6 x 10°t = 31 (wWhere 1 = 2 x 10’7 is
the Rouse time for N = 350 semiflexible polymers*®) which is
sufficient time to evolve the entanglement density.*® 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°t depending on the length of
molecules and nanoparticles. In the nanocomposite systems
studied, a total number of N, = 23 600 monomers were used in a
cubic cell for systems with nanoparticles radius of R/, = 1
and R/o,, = 2, and Ny = 9440 monomers for nanoparticle
radius of R/o,, = 4. The nanoparticle volume fraction,*

. op’Np
%= 0p3Np + (03N /0.85)

is set by varying the number of
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Table 1 Nanoparticle volume fraction (%), number of nanoparticles
N,, average radius of nanoparticles R for nanocomposite systems

Np N, A
volume fraction % R=1 R=2 R=4
10.3 400 — —
18.7 800 100 5
25.7 1200 — —
31.6 1600 200 10
40.9 2400 300 15

particles, Nj,. Details of the nanocomposite systems studied
(nanoparticle volume fraction: ¢(%), number of nanoparticles:
N,, of radius R) are summarized in Table 1.

lll.  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 gn,(r) for different nanoparticle
loading with attractive or repulsive small nanoparticles (R = 1)
respectively. As can be seen from Fig. 1, gp(r) exhibits a three-
layer structure. The high monomer density of the layers estab-
lish a well defined interface between nanoparticles and polymer
melt whose structure differs from that of the amorphous poly-
mer melt. By dispersing attractive nanoparticle in the polymer
matrix the polymer density around the nanoparticles increases
as can be seen by the enhanced first peak of gp,,,(r), comparing
with gnp(7) of repulsive nanoparticles (inset in Fig. 1). Also, the
nanoparticle loading increases the monomer density of poly-
mers in contact with the nanoparticle surface. Similar

5 — . .
— 0=103%
r e 0=25.7 % 7
A - 0=316% ]
S 0=409%| [Ty T '
o~ 3_
\-/E-‘ L
o0
2+
1+
0 |

Fig. 1 Monomer—nanoparticle radial distribution functions in the
nanocomposites at different volume fractions for attractive nano-
particles (R = 1) for N = 100: (i) 10.3% (black line), (ii) 25.7% (red line), (iii)
31.6% (green line), (iv) 40.9% (blue line). Inset: monomer—nanoparticle
radial distribution functions in the nanocomposites for repulsive
nanoparticles (R = 1) for N = 100.
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Fig. 2 Nanoparticle—nanoparticle radial distribution functions in the
nanocomposites at different volume fractions for attractive nano-
particles (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: nanoparticle—nano-
particle radial distribution functions in the nanocomposites with
repulsive nanoparticles (R = 1) for N = 100.

behaviour appears in nanocomposites containing larger nano-
particles (R = 2-4) (results not shown).

Regarding the nanoparticle structure an entire different
behaviour 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 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,,(r) in Fig. 2. By increasing the nanoparticle radius to
R = 2 or R = 4, poor dispersion is observed for repulsive
nanoparticles, especially in lowest nanoparticle loading (¢ =
18.7%) the nanoparticles aggregate to one big cluster as can be
seen by the high intensity first peak of gy(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®* and possibly for the repulsive nano-
particle nanocomposite such as PEP-silica® in which the TEM
data were not reported. However, when the monomer-nano-
particle attraction is present there are no nanoparticle contacts
for all the nanoparticles loading as can be seen from g,,(7) in
Fig. 3. The nanoparticles are well dispersed in the polymer melt
(the same behaviour is observed for nanoparticles of radius R =
4 - results not shown) in agreement with experimental obser-
vations for miscible systems such as PS chains-crosslinked PS
nanoparticles.?

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 diffusivity is D = 4.4 x

This journal is © The Royal Society of Chemistry 2015
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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 nano-
particles (R = 2) for N = 100.

10~ *(om /7). Thus, we can consider them as mobile. The diffu-
sivity of large attractive nanoparticles (R = 2, 4) is small though
due to their high mass, for example at ¢ = 40.9% (polymer
matrics: N = 200 and N = 160 respectively), their diffusivity is D
=2.7 x 107> (for R = 2) and D = 4.39 x 10 %(¢s,,,*/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
ESIT 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

(o)) = ;< >t m>> ©)

i=

1 . . "
where 1oy, = N Z 1; is the center of mass of the chain. The radii
i—1
of gyration of the polymer melt simulated systems are given in
Table 2.
Let's first focus on polymer dimensions of nanocomposites
with nanoparticles (R = 2) dispersed in polymer matrix (N =

Table 2 N, number of monomers per polymer chain, Ryo(or,) average
radius of polymer gyration for polymer melt systems studied in the
present simulations

N 10 20 40 50 80 100 160 200

R 1.577 2.367 3.479 3.915 5.019 5.626 7.211 8.05

20

This journal is © The Royal Society of Chemistry 2015
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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), (i) nanocomposite:
attractive monomer—nanoparticle (R = 2) interactions (red filled
circles), (i) nanocomposite: repulsive monomer—nanoparticle (R = 2)
interactions (black filled diamonds), (iv)] nanocomposite: attractive
monomer—nanoparticle (R = 1) interactions (red open circles), (v)
nanocomposite: repulsive monomer—nanoparticle (R = 1) interactions
(black oupzen diamonds). The black dashed line shows Ry/Rgo =
(1—¢) .

100, 200). The trend is different between the two types of
nanocomposites as can be seen in Fig. 4. In nanocomposites
containing repulsive nanoparticles (black symbols), the poly-
mers dimensions are not altered by the nanoparticle loading.
The polymers are phase separated from the repulsive nano-
particles (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 (inset of Fig. 2)
than in the nanocomposites with large nanoparticles, there is
no polymer swelling. When attractive monomer-nanoparticle
interactions are present the overall polymer dimensions
increase dramatically at high nanoparticle loading. In partic-
ular, the magnitude of expansion of polymer dimensions is
larger for polymers with N = 200 following qualitatively the
experimental data.”® In Fig. 4 we depict the relation Ry/Ryo = (1
— ¢)" ' (ref. 9) which predicts the polymer expansion due to the
excluded volume introduced by the nanoparticles, assuming no
change in density on mixing. The end-to-end distance data
follow the same trend. All the polymers have a Gaussian
conformation up to percolation threshold for all the nano-
composites. In nanocomposites (N = 160-200) above the
percolation threshold the ratio (Ree)’/(Rg)* = 6.1-6.22, s0, we
consider that the polymers still keep their Gaussian confor-
mation. We also report the mean square internal distances for
nanocomposite systems containing small nanoparticles (R = 1)
in the ESIT section (data for larger nanoparticles have similar
trends).

Soft Matter, 2015, 11, 382-388 | 385
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Hence polymer expansion appears in nanocomposites with
attractive interactions and increases with the nanoparticle
loading, the very small nanoparticles such as of radius R =1 act
as a good solvent and cause the polymer to expand. To further
characterize the polymer structure, we calculated the principal
moments (eigen values) of the gyration tensor, A*;;_;_3) (Where
R = A” + A, + 23°), for different nanoparticles volume frac-
tions 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, ;% : 4,% : ;% = 12.1: 2.7 : 1.** At high
nanoparticle loading, ¢ = 18.7%, the polymer chains are
stretched and flattened by the nanoparticles, as can be seen
from the 4, A, values in comparison to the bulk values. Even
oligomers (N = 20-50) are stretched and flattened at the highest
nanoparticle loading (results not shown).

In the case of nanocomposites containing short polymers
(¥ =10, 20, 50) as matrix and repulsive nanoparticles, polymers
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 R, > R). This polymer
expansion with nanoparticle loading becomes more abrupt for
larger polymers (N = 50).

Then, we focus on the analysis of a nanocomposite system
with larger nanoparticles of R = 4, in which the R, of poly-
mers chains with N = 160 (N/N. = 3) monomers is of the

R
order of nanoparticle diameter ((f = 1.7>), which is made

equivalent to the experimental repulsive nanocomposite by
mixing PEP and hydrophobic modified silica.® By such an
increase of the nanoparticle radius at a constant nanoparticle
volume fraction, we decrease the interfacial area. For the case
of polymers (N = 80, 160) and repulsive nanoparticles the R,
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Fig. 5 Principal moments (eigenvalues) of the gyration tensor, A2, 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.
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Fig. 6 Radius of gyration of short polymers in melt and nano-
composite (R = 1, 2) normalized with its value in the bulk, for different
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) interactions (black filled diamonds), (iv)
nanocomposite: attractive monomer—nanoparticle (R = 1) interactions
(red open circles), (v) nanocomposite: repulsive monomer—nano-
particle (R = 1) interactions (black open circles).

remains unperturbed for all the nanoparticle loadings. Even
for high nanoparticle loading we can not see any polymer
contraction as was observed for entangled PEP polymers fil-
led with silica nanoparticles® (where there is a polymer
contraction of 12% above percolation (¢ = 50%)). This may
arise either from the fact that in the large nanoparticles

R
(R =4) nanocomposites studied fg =~ 1.225 — 1.85, whereas in

R .
Nusser's work Eg~ 1 (ref. 6) or that the volume fraction

studied is not high enough since above the percolation
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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), (i) nanocomposite: attractive monomer—nano-
particle interactions (red diamonds), (i) nanocomposite: repulsive

monomer—nanoparticle interactions (black diamonds).
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threshold (¢. = 31%) with increasing ¢ the geometrical
confinement strongly gains importance.® 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 agreement
with the weakly interacting PS/silica nanocomposite® which
was investigated up to ¢ = 32% nanoparticle loading. Addi-
tionally, we have observed that the average radius of gyration
of the short polymer chains (N = 10, 20, 40), in nano-
composites 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
(results not shown). Thus we can conclude that short poly-
mers in nanocomposites with R, = R, remain unperturbed as
this result has also been observed experimentally in the PEP/
silica nanocomposites.*>**

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
= Ry/R = 7.85 (for N = 80-200) for a range of nanoparticle
loadings using molecular dynamics simulations. We find
that in nanocomposites with repulsive monomer-nano-
particle interaction the polymers do not contract when taking
into account the error margin. On the other hand, in nano-
composites with attractive monomer-nanoparticle interac-
tions the polymers increase their size with the nanoparticle
loading in qualitative agreement with the experimental
data.>” We showed that in such nanocomposites with well
dispersed small nanoparticles, the condition R, > R is
essential for polymer swelling in agreement with the obser-
vations of Nakatani” and Tuteja-Mackay.” 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 nanoparticle loading when R, > R,
due to the high interfacial area following the observations of
Nakatani’ and Tuteja-Mackay.” Also, the fact that small
nanoparticles of R = 1 are very mobile can also contribute on
the chain expansion as reported in.*” In addition, the short
polymer chains remain unperturbed from the nanoparticles
when R, = R, in agreement with the experimental data.®

In experiments only the nanocomposites systems by Naka-
tani” and Tuteja® contain very small nanoparticles of R = 1 nm
and R = 2 nm, whereas in the work of Kumar®® 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 inter-
action, nanoparticle size and nanoparticle loading can play a
major role in the polymer radius of gyration for nano-

R
composites in the size range of Eng and for very small

nanoparticles which are well dispersed in the polymer matrix.

This journal is © The Royal Society of Chemistry 2015
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