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Topological entanglement length in polymer melts and
nanocomposites by a DPD polymer model

Argyrios Karatrantos,? Nigel Clarke,*® Russell J. Composto® and Karen I. Winey®

We investigate the topological constraints (entanglements) in polymer-nanorod nanocomposites in
comparison to polymer melts using dissipative particle dynamics (DPD) polymer model simulations. The
nanorods have a radius smaller than the polymer radius of gyration and an aspect ratio of 7.5. We
observe an increase in the number of entanglements (50% decrease of N, with 11% volume fraction of
nanorods dispersed in the polymer matrix) in the nanocomposites as evidenced by larger contour
lengths of the primitive paths. The end-to-end distance is essentially unchanged with the nanorod
volume fraction (0-11%). Interaction between polymers and nanorods affects the dispersion of
nanorods in the nanocomposites.

| Introduction

The dynamics of long polymers is limited by entanglements,
which are topological constraints imposed by the other chains.
These can dramatically change the polymer viscosity, mechan-
ical and tribological properties. The addition of nanoparticles to
a polymer matrix can result in materials with improved elec-
trical, thermal, mechanical and tribological properties. In this
paper we explore how nanoparticles affect rheology by studying
the entanglements in polymer-nanoparticle nanocomposites in
the case when the polymer radius of gyration (Rg polymer) is larger
than the nanorod radius (7gyer)-*

Dissipative particle dynamics (DPD) is a mesoscopic simu-
lation method which has become a robust tool for the study of
soft matter, including polymer solutions, melts, blends,
composites, and surfactants. It was first developed by Hooger-
brugge and Koelman® and reformulated by Groot and Warren.”
Later Espanol and Warren® showed that DPD basically consists
of particles interacting with a “soft” potential, coupled to a
thermostat. The thermostat is not dependent on the “soft”
potential.® In many DPD simulations, polymer chains behave as
phantom chains,’” due to the naturally soft interactions
between particles (monomeric units), so that they can pass
freely through each other and obey Rouse dynamics, over the
full range of polymer lengths.

In polymer nanocomposites, the DPD method has been
applied to various problems, such as: investigating the role of
particle—particle interactions on the viscoelastic behaviour of
the nanocomposites,**** computing the morphology (dispersed
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or aggregated nanoparticles) of polymer carbon nanotubes
nanocomposites™®” and polymer clay nanocomposites,'®
modelling the self assembly of nanoparticles' in a polymer
matrix or nanorods in binary blends,**** and searching the
origins of reinforcement.* To the best of our knowledge, in all
of the nanocomposite studies by DPD simulation, the polymer
chains behave as phantom chains, thus, quantitative predic-
tions regarding the dynamics, rheological, and mechanical
properties in dense entangled melts cannot be extracted.

In recent DPD polymer melt simulation studies different
polymer models have been developed to prevent polymer chain
crossing, by introducing an additional repulsive interaction
which is based on the distance of closest approach between two
bonds*™* based on the ideas of Kumar and Larson® and Pan
and Manke,* or alternatively by introducing an efficient but
also computationally demanding algorithm (called the “Twen-
tanglement” algorithm) that detects and prevents unphysical
bond crossings®*-** by adding a rigid core around monomers,*
or finally using adaptive timestepping.** It is still an open
question whether the above DPD polymer models can predict,
in addition to reptational dynamics® (D, = N 2, where Dy, is the
polymer diffusivity, and N is the number of monomers per
chain), the explicit number of monomers between entangle-
ments N, (the topological entanglement length®) in polymer
melts. In this article we use the entangled polymer model for
dissipative particle dynamics of Nikunen et al,*” which has
already predicted polymer reptational dynamics,* to investigate
the topological entanglement length (which provides a micro-
scopic measure of entanglements®), entanglements per chain
and primitive path (the shortest path connecting the two ends
of the polymer chain subject to the topological constraints) in
both polymer melts and nanocomposites by using topological
algorithms®*** and applying different entanglements
estimators.*
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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
primitive path of polymers in melts and nanocomposites.
Subsequently, in Section III, the theoretical background is given
for the entanglement analysis that is implemented in polymer
melts and polymer nanocomposites. In Section IV, we discuss
the primitive path and entanglements of the DPD polymer melt
in comparison to the calculations from molecular dynamics
simulations (fully flexible Kremer-Grest model*?). In polymer
nanocomposites, we investigate the entanglements as a func-
tion of polymer molecular weight, volume fraction of filler
(nanorods), interaction strength of polymers with fillers
(nanorods), and nanorod radius in comparison to theoretical
relations. Finally, in Section V, conclusions are presented.

Il DPD simulations methodology

The first unique feature of DPD concerns the nature of the
conservative force Fj, which is acting along the line between the
centres of mass of two particles, and is not a Lennard Jones
force**** (as in molecular dynamics) but decreases linearly with
increasing pair distance:

FyC:ar/(l—%)"z/ M

where q; is the maximum repulsion between particle i and
particle j (for monomer-monomer repulsion a = 100%), ry;
represents the distance between particles 7 and j, and r; is the
unit vector pointing from particle j to particle i. This simple
analytic form results in fast computation per time step, and also
can allow a time step orders of magnitude larger than the typical
time steps employed in molecular dynamics simulations.
During a molecular dynamics simulation, the most time-
consuming part is the calculation of the forces due to non-
bonded interactions.** Since a “soft” harmonic potential is used
(linear conservative force - eqn (1)), the forces cannot be arbi-
trarily large, thus we can reduce computing times. This soft
linear conservative force between particles is deployed in
combination with Andersen thermostat** following the idea by
Lowe.* The time evolution of the interacting particles is
governed by Newton's equation of motion:

dr;
E =V @)
dv;
= 3

The total force on particle i, f;, is given by the sum of two
terms, each due to the pairwise additive interactions with other
particles in the system.

£i=Y (F5+F) )

i#j

All these forces are taken to be zero beyond a certain cut off
radius . = 1. Also, the monomers were connected using
harmonic springs:
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Table 1 Results for the computational efficiency of the potential used in a
polymer melt simulation (N = 200, N, = 300). The WCA potential®® was used in
the MD simulation (fully flexible Kremer-Grest (bead-spring) model,* r. = 2%,
g = 1). (Single core CPU type used: AMD 2218HE, MD simulations performed
using GROMACS®7-¢°)

Model-potential Density (p)  Steps d¢ (r)  CPU time (sec)

DPD: soft -eqn (1) 1 10° 0.01  0.02375
DPD: soft -eqn (1) 1 2 x10°  0.005  0.024375
Bead-spring: WCA  0.85 10° 0.01  0.04714
Bead-spring: WCA  0.85 2 x10°  0.005  0.047265

FP = k(ro—ry) )
J

where the sum is over all particles j to which particle i is con-
nected. The equilibrium bond length was set to r, = 0.95, and
k = 200.%

Simulations details

The simulations were performed at a monomer density p =
(Nm/V) = 1 (where Ny, is the total number of monomeric units in
the system and V is the volume of the system). The length of the
simulation cell was always larger than the end-to-end distance
of the polymer chains. To set the temperature at T* = kgT/e = 1,
the Andersen thermostat*® was used. The equations of motion
were integrated using the velocity Verlet algorithm with a time
step equal to 0.027, where t = (mr.2/ksT)"* is the time unit, and
m = 1. In MD simulations the Lennard Jones potential used
enforces a smaller time step. In all the previous studies of
polymer melts with MD simulations and a DPD**~* or Lange-
vin®>* thermostat, the time step used (d¢ = 0.005-0.0127) used
was smaller than that in our work. All the systems were started
from random flight initial configurations, and equilibrated for
107,5 x 10°, 1.5 x 10’ time steps for N = 200, N = 75, 100 and
N = 10, 20, 25, 40 respectively. The same methodology of
equilibration has been reported previously.*” The duration of
the simulation runs were between 2.5 and 20 x 10° steps
depending on the length of molecules. The simulations run
long enough such that the polymer chains (for N = 200, at ¢ =
11%) moved approximately 2R, distance. Details (number of
polymers Ny, number of monomers N in a polymer chain,
length of the cubic simulation cell L, end-to-end vector distance,
primitive path dimensions as calculated from the Z1 topological
algorithm®**) of the polymer melt simulated systems are given
in Table 2. Also in order to have an idea of the computational
efficiency of the “soft” harmonic potential used in our work we
calculated the CPU time needed for a single time step dt. We
present the CPU time in Table 1.

Il Estimators for topological entanglement
length N,

In polymer melts of sufficiently long flexible chain molecules,
neighbouring chains strongly interpenetrate and entangle with
each other.*® The motion of the polymers is dominated by the
restriction that chains may slide past but not through each
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other. Thus, the motion of polymers whose degree of polymer-
ization becomes larger than the “entanglement length” N, is
confined to a tubelike region.

Let us now discuss N, as determined by the estimator of
Everaers et al.** (which we denote as classical S-coil), evaluated
using the geometrical Z1 algorithm.*®*** This N, estimator is
determined by statistical properties of the primitive path as a
whole coil and evaluated for a given N as follows:

(Re’)
(L)

where R is the end-to-end vector distance of a polymer chain
and Ly, is the contour length of its primitive path, the averages
are taken over the ensemble of chains.

Another estimator for the entanglement length can be used
by measuring the number of interior “kinks”**** which is
considered to be proportional to the number of entanglements.
The estimator on the number of kinks, (Z) is denoted here as
classical S-kink is given by:*

He(N) = (N = 1)

(6)

He(N) = zN (V=1) (7

(N=1)+N

Differences between the Z1 algorithm and the primitive path
analysis®>®* and the difference between N, estimated from kinks
and coils has been discussed previously.*>* It is known that
using the classical S-coil and S-kink estimators eqn (6)
following® one underestimates N.. However, it is known that
N, = limy_, «-#e(N) (N-independent quantity).

In addition, there are modified estimators that provide an
upper bound for N, such as the modified S-coil,* but they tend
to overestimate N, for weakly entangled chains:

AHe(N) = (N —1) <<<;"”2>> - 1) ®)

However, in all these single chain estimators for the N, the
non-Gaussian statistics of chains and primitive paths produce
systematic errors.*” In order to eliminate the systematic errors
that appear in the previous estimators and to obtain an accurate
N-independent value, we use an ideal N, estimator (M-coil),*
which requires simulation of multiple chain lengths, using coil

properties:
C) _d (L)
<T> ey AN (RRWZ(N ) ©

where C(x) = (R..”)/Rpw’(x) is the characteristic ratio® for a
chain with x monomers, and Rpw’(x) = (x — 1)r,” is the refer-
ence mean squared end-to-end distance of a random walk. The
derivative of eqn (9) means that the (L,,) needs to be measured
as function of N.

The averages in our analysis are taken over the ensemble of
all chains at each time step. Then the time average is taken for
250 saved configurations (at a time larger than the disentan-
glement time, (¢ > 7..), in which the polymer chains have diffused
at least an end-to-end distance). In order to obtain an error bar
for the N, values in eqn (9), we solve the M-coil estimator again
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Table2 Number of polymers in the simulation cell (Np), monomers in a polymer
chain (N), length of the simulation cell (L), square end-to-end vector distance
(Ree?), Lop: {Lpp?), number of kinks (Z) for polymer melt systems studied in the
present simulations

N, N L Ree’ Lpp Lpp’ z

576 10 17.926 11.587 3.257 11.975  0.018
4000 15 39.148 18.914 4.201 20.041  0.049
3000 20 39.148 26.329 5.056 29.178  0.126
2400 25 39.148 33.757 5.851 39152 0.224
2000 30 39.148 41.311 6.624 50.167  0.338
1024 50  37.133 75.971 9.543  105.16 0.837
1000 60  39.148 87.1 10.96 135.494  1.068
800 75 26777 111.207  13.084  191.991  1.444
288 80 28455  116.905  13.614  207.798  1.531
665 90 28455  133.377  15.058  252.838  1.773
512 100  37.133  148.421 16406  298.608  1.994
512 128 40.317  192.47 20.052 441958  2.554
384 150  38.619  222.929  23.061  578.9 3.033
300 200 39.148  299.523  29.845  957.981  4.086

for the lower and upper limits of R.. (end-to-end vector
distance) and Ly, (contour length of primitive path) as these are
extracted from the Z1 algorithm.****

IV Results and discussion
A Polymer melt

The chain and primitive path dimensions as calculated from
the Z1 algorithm®*** for the polymer melts studied are pre-
sented in Table 2. We depict the behaviour of modified S-coil,
classical S-coil, and classical S-kink (eqn (6), (8), and (7),
respectively) for the DPD entangled polymer model*” in Fig. 1 in
comparison with the molecular dynamics simulations*’ of the
fully flexible Kremer-Grest model.*> Very good agreement is
found between the DPD polymer melt data and the molecular
dynamics data. The upper and lower bounds of N, for the

C T T T T T . ]
L @ DPD polymer model i
140 | ‘ 00 MD simulations |
120 -
L 0. T J
Ul - o modified S-coil
100}~ : ’+9$ - I ]
L 7 > D g ]
v 80 T
= L - S-coil ]
60 I e -
L ,.-l:i.'/. 1
40 ’j‘. @ -Er @ Skink —
[ g et -
20 i -
b @ ]
0 | L | L | L | L
0 50 100 150 200

Fig. 1 DPD polymer model simulations yield Ne estimated from .#¢(N) using eqn
(6) (blue), egqn (8) (green), and eqgn (7) (red) for polymer melts. Dashed lines
interpolating between filled data points have been added to guide the eye. For
comparison, MD simulations*® of fully flexible Kremer—Grest model*? (squares) are
included.
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Fig. 2 DPD polymer model simulations yield N, estimated from .4(N) using the
M-coil estimator (eqn (9)) for polymer melts. Dashed lines interpolating between
data points have been added to guide the eye. Inset: contour length of the
primitive path L, for different number of monomers per chain, N. For compar-
ison, MD simulations* of fully flexible Kremer-Grest model*? (squares) are
included.

polymer melt are 91 and 66, respectively, as shown by the black
lines in Fig. 1.

In Fig. 2, we depict the M-coil estimator eqn (2) for the DPD
polymer model. Again there is very good agreement (also, for
the contour length of the primitive path Ly: inset of Fig. 2) with
the calculations from molecular dynamics simulations*® for the
fully flexible Kremer-Grest model.*” From Fig. 2, it can be
extracted that N. = 90.52 (with a lower limit: 87.6 and upper
limit 92), which coincides with that of Kremer-Grest model.
Also, N, € [66, 91] from the S-coils, which is comparable with
previous studies that found N. = 85 (for the fully flexible

Fig. 3 Snapshot of hexagonal nanorods. Polymer chains are not shown. Inset:
cross-section of the nanorod used in this work.
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Table3 Nanorod volume fraction (%), number of nanorods N,g, bond length of
nanorod atoms rg (force constant is set to k = 400), average diameter of nanorods
Dyod, fOr nanocomposite systems studied in the present simulations. Aspect ratio
of nanorods: L/D = 7.5. Nonbonded interactions, according to egn (1), are
considered between all atom pairs

Nrod Nrod
Volume% ro = 0.7, Drog = 1.52 ro = 0.8, D;oqg = 1.68
0.6875 24 18
2.75 96 72
5.5 192 144
11 384 288

Kremer-Grest model*?). The error bar is of the order of 3%, thus
our simulations performed in this study can predict a reliable
N, value. The excellent agreement between our DPD and the MD
simulations may be coincidental given the difference in
monomer density.

B Nanocomposites

For nanocomposites, we consider systems of hexagonal nano-
rods (see Fig. 3 and its inset: cross-section of nanorods has an
hce structure) in a dense polymer melt of entangled polymers.
In all of the systems studied, a total number of Ny = 60 000
monomers were used in a cubic box, increasing the length of
the simulation cell L according to the volume fraction of the
nanorods in order to have a monomer density p = 1; this
maintains a constant free volume in the polymer melt. The
polymer-nanorod interaction is set to a; = 25. Details of the
nanocomposite systems studied (volume fraction, number,
nanorod bond distance, and diameter of nanorods) are
summarized in Table 3. In such systems we consider the case of
the primitive path analysis for both the frozen particle limit,

180 i
160 4
40 i
120
=100

T
A 0.6875% a
u 275% a8
* 55%

» ®

il B I S BRI G AR B S U S S
0 20 40 60 80 ]00N120 140 160 180 200 220

Fig.4 N, estimated from .4¢(N) using eqn (6) (filled symbols) and eqn (8) (open
symbols) for polymer-nanorod nanocomposites. (i) 0.6875% (black triangles), (ii)
2.75% (blue squares), (iii) 5.5% (green diamonds). Dashed lines interpolating
between data points have been added to guide the eye. The same trends are
followed for 11% volume fraction (results not shown for clarity). Inset: N, esti-
mation, where prior to the primitive path analysis the nanorods are removed
(replaced with vacancies).
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Fig. 5 Dependence of Ng(#)/Ne ratio with filler volume fraction in nano-
composites for different fillers: (i) DPD simulations with nanorod (D = 1.52) fillers
(green symbols), (i) DPD simulations with nanorod (D = 1.68) fillers (blue
symbols), (i) MD simulations with spherical fillers (open symbols).”* Inset: N,
estimated from .4¢(N) using the M-coil estimator (egn (9)) for polymer nano-
composites (D = 1.52) from DPD simulations: (i) 0.6875% (black triangles), (i)
5.5% (green diamonds), (iii) 11% (red circles). Dashed lines interpolating between
data points have been added to guide the eye. The same trend is followed for
2.75% volume fraction (results not shown for clarity).

where nanoparticles with fixed coordinates are explicitly in the
entanglement analysis, and phantom particle limit where
nanoparticles are replaced with vacancies prior to the entan-
glement analysis.

1 Effect of volume fraction. Similar to the polymer melt,
the S-coil estimators are used for each nanocomposite system
studied and their predictions are depicted in Fig. 4. It clearly
shows the effect of the volume fraction on the behaviour of the
N,: the addition of nanorods decreases the N, from the modified
S-coil and increases N, from the classical S-coil. Moreover, in
the phantom particle limit, the volume fraction of nanorods

40 : : :
304 ® ¢ 7
s
- 20+ -
R | ] = -
I o L .D=152 40 [ ]
10 < Lpp’ D=1.68 . N2 S *] -
m R D-152| 70 af .
I 5 R_,D=168 O'ﬂﬁ.....m.h..m- 1
0 ‘ 5? 100 N 150 200
0 5 10 15

nanorod volume fraction %

Fig.6 Contour length of primitive path L, (diamonds) and end-to-end distance
Ree (squares) (N = 200) in nanocomposites for different nanorod volume fractions.
Inset: contour length of the primitive path Ly, (D = 1.52) for different number of
monomers per chain, N: (i) 0.6875% (black triangles), (ii) 5.5% (green diamonds),
(i) 11% (red circles).
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does not really alter N, for the volume fractions studied, as can
be seen in the inset of Fig. 4. In addition, the M-coil estimator of
N, is used for each nanocomposite system in order to have an N-
independent estimation of N, and is depicted in the inset of
Fig. 5. Clearly, increasing volume fraction of nanorods reduces
N. and also Ly, increases, as can be seen in the Fig. 6.

The concept of entanglement length is useful because it
relates changes in structure to rheological properties.****** For
polymer melts, a temperature and concentration dependent
material constant, the plateau shear modulus G%, which is of
the order of 10° Pa, or five orders of magnitude smaller than the
shear modulus of the ordinary solids, is related to N, by eqn
(10).52,61,65,66

(10)

where, p is the monomer density, N\"° is the rheological
entanglement length.*® GY is also inversely proportional to p*,
where p is the packing length, a characteristic length scale at
which polymers start to interpenetrate.

In polymer nanocomposites the validity of eqn (10) is
unclear, however, a dependence of the plateau modulus
G{(®) = GX(® = 0) x f(®) on the filler degree ® has been
observed for repulsive systems with Rg poiymer > Tfinier (Such as
PEP-POSS, PI-POSS).**°

A@) =1+ [n]B® + ax(BD)* + az(BP)’ + ... (11)

where, n = 2.5,7%"* a, = 14.1,”* and § is an effectiveness factor.”
The ratio of N(¢)/Nc(¢ = 0), in our simulations, decreases with
the nanorod volume fraction, specifically at 11% volume frac-
tion the ratio decreases 50%.

The addition of nanorods in the polymer melt decreases the
N. value, thus the “predicted” plateau shear modulus G%
increases since it is inverse proportional to N-'®° (N:h¢° = 2N,
for loosely entangled polymer chains).*® For low volume fraction
of nanorods the zero shear viscosity ratio is analogous to that of
the plateau shear modulus (14(¢)/nm0(¢ = 0) = GX(¢)/G{(¢ = 0)),
thus it will be increased by the addition of nanoparticles.
Moreover, the polymer chain dynamics is also affected by the
filler volume fraction. Since by increasing the number of
nanorods and retaining the same free volume in the nano-
composite systems there are more topological constraints
created, the polymer chain dynamics is hindered.

Instead, in nanocomposites systems with repulsive spherical
nanoparticles™ in which Ry polymer = Tiler, the N increases with
the volume fraction of the nanoparticles due to the decrease of
the Lpp. As a result, the entangled polymer chains gradually
disentangle upon the addition of the spherical nanoparticles.”
However in nanocomposites systems with attractive spherical
nanoparticles”™ of same size to” the N, does not change from
the bulk value, at least in the case of ¢ = 11%.

2 Effect of nanorod radius. Increasing the radius of the
nanorods at a constant nanorod length and volume fraction
decreases the surface area to volume ratio of the nanorods,
and there is a larger depletion layer formed around the
nanorods’ surface.>* The effect of the nanorod radius on the
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Ne(¢)/Ne(¢p = 0) ratio from the DPD simulations is depicted in
Fig. 5. As can be seen, for the larger radius, the ratio is slightly
higher. Also we calculated the entanglements in the phantom
particle limit and found that the polymer-polymer path
network is not altered (N, is independent on the nanorod radius
and nanorod volume fraction according to the inset of Fig. 4),
which is in agreement with molecular dynamics data.” The
dimensions of R.. and Ly, for polymers of N = 200, as a func-
tion of the volume fraction of the nanorods are shown in Fig. 6.
It can be seen that R, is essentially unchanged, in comparison
to its melt value and independent on nanotube radius, with the
volume fraction of nanorods in this system with non-attractive

Fig. 7 Nanorod morphology for different polymers—nanorod interaction
strength at 2.75% volume fraction (from top to bottom a; = 25, 50, 75). Polymer
chains are not shown.
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nanorods. This contrasts with previous studies for attractive
spherical nanoparticles””® where there is an increase up to 15%
in polymer dimensions. However, L, increases with the addi-
tion of nanorods due to more topological constraints being
created.

Furthermore, a disentanglement effect does not appear in
the vicinity of nanorod, as was recently reported, for thin poly-
mer films,” on a bare flat surface®® and on large spherical
nanoparticles.” The disentanglement effect in such systems is
due to the fact that polymers in the vicinity of the surface only
have neighbouring chains on one side and no chains to
entangle with on the other side, thus they have a smaller total
number of entanglements.

3 Effect of polymer-nanorod interaction strength. By
tuning the polymer-nanorod interaction a; of eqn (1), the
dispersion and aggregation behaviour (which takes place in
polymer-SWCNT nanocomposites®) and mechanisms of the
nanorods in nanocomposites can be explored. While these
mechanisms have been studied in nanocomposites with
spherical nanoparticles, by molecular dynamics simulation,*?
its effect on the entanglements has not been investigated. In
addition, the investigation of such mechanisms by molecular
dynamics presents limitations such as finite size effects, simu-
lations of only weakly entangled polymers, equilibration time,
which can be overcome by the implementation of DPD
simulations.

By increasing the a; parameter we were able to produce
systems with an increased degree of nanorod-nanorod aggre-
gation. Thus a; can alter the morphology of the nanorods in the
polymer melt as can be seen in Fig. 7.

V Conclusions

The topological constraints of polymers in melts and nano-
composites with nanorods were investigated using a DPD
polymer model. We applied different estimators .4(N) and
extracted the N-independent topological entanglement length
N.. We found that the DPD polymer model used can describe N,
accurately in comparison to molecular dynamics simulations of
the fully flexible Kremer-Grest model. We investigated polymer
nanocomposites for the first time using an entangled DPD
polymer model. We observe that the entanglement length
decreases significantly with volume fraction of hexagonal
nanorods. This decrease of N, in the polymer melt with nano-
rods originates from the polymer/nanorod entanglements,
because the contour length of the primitive path, Ly, increases
with the addition of nanorods, while the R.. is essentially
unchanged in comparison to its value in polymer melts. Finally,
the polymer-nanorod interaction alters the morphology of the
nanocomposites.
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