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9 ABSTRACT: Nanorod diffusion and polymer dynamics in nano-
10 composites were investigated by means of molecular dynamics simulations.
11 We show that thin nanorods (spherocylinders) can diffuse much faster
12 than that predicted by a Stokes−Einstein continuum model, similar to
13 experiments, in the dilute nanorod regime. In entangled polymer matrices,
14 nanorod diffusion reaches a plateau region. Increase of the nanorod
15 diameter or aspect ratio (AR) slows its diffusion. The nanorod diffusion
16 regime, at long time scales, displays a non-Gaussian behavior as is depicted
17 by the several Gaussian peaks present in the self-part of the van Hove
18 function. We also show that the unentangled polymer dynamics decreases
19 in the nanocomposite due to the nanorod’s interfacial area.

I. INTRODUCTION

20 The dispersion of spherical nanoparticles or anisotropic
21 nanorods (NRs) into a dense polymer matrix can enhance
22 the mechanical,1,2 electrical, optical,3 and plasmonic4 proper-
23 ties of the materials. There are different diffusion regimes of
24 the nanoparticles into a polymer matrix which can be
25 distinguished by calculating the mean-square displacement
26 (MSD) of the nanoparticles as a function of time.5 On very
27 short time scales, there is a ballistic motion of the nanoparticles
28 where MSD ∼ t2.6 Beyond that regime, there is subdiffusion
29 motion of the nanoparticles where MSD ∼ t0.5, while at longer
30 times the nanoparticles follow a Fickian diffusive motion where
31 MSD ∼ t1. The theory of Stokes−Einstein predicts the
32 Brownian diffusive motion of (nano)particles7 in a viscous
33 medium (either polymer matrix or solvent). In the case of NRs
34 in a medium, the Stokes−Einstein equation can be modified8

35 to predict their Brownian diffusive motion in a dilute nanorod
36 regime. Such a continuum model predicts a decrease of the
37 nanorod diffusion with molecular weight of the matrix (M).
38 However, if the nanorod’s diameter D is smaller than the tube
39 diameter of the polymer matrix, dT, diffusion does not follow
40 the Stokes−Einstein modified formula according to experi-
41 ments.9,10 This is also the case for spherical nanoparticles into
42 a polymer matrix.11−22 In particular, by use of Rutherford
43 backscattering spectrometry, the diffusion of titanium dioxide
44 (TiO2) nanorods (of length L = 43 nm, diameter D = 5 nm,
45 and aspect ratio AR ≈ 9) was measured in a polystyrene matrix
46 (the molecular weights (M) of the matrix range from 9 to 2000
47 kDa, D/dT = 0.51−0.575).10 In the entangled polymer matrix,

48the diffusion coefficients (D) of TiO2 nanorods
10 decreases as

49M−1.4, whereas the Stokes−Einstein continuum model (CM)
50predicts a M−3 dependence due to the molecular weight
51dependence of matrix viscosity. Thus, TiO2 nanorod diffusion
52in PS melts is faster than that predicted by the Stokes−Einstein
53continuum model. In contrast, the theory of de Gennes and
54Wyart23,24 predicted that nanorod’s motion does not depend
55on polymer molecular weight.
56In a recent study, the mobility of gold nanorods within
57entangled wormlike micelle solution25 was investigated by X-
58ray photon correlation (XPCS) spectroscopy. It was found that
59on short time scales, which cannot be captured by XPCS
60measurements, the nanorod motion is restricted to a
61localization length, which is controlled by the elasticity of
62the entangled micelles following the Stokes−Einstein relation
63when the nanorod length is larger than the entanglement mesh.
64On long time scales the nanorods diffuse with a diffusivity that
65exceeds the Stokes−Einstein prediction following a “hopping”
66nanoparticle mechanism similar to the one observed in
67entangled polymer solutions.5,26−29 In addition, the transla-
68tional and the rotational dynamics of a single thin gold
69nanorod in solution have been studied recently by experi-
70ments30 and by coarse-grained simulations.31,32 These two
71types of dynamics are decoupled in unentangled polymer
72matrices.31 In another experimental study, multiple nanorods
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73 of certain diameter and concentration have been studied in
74 solutions.33 By use of birefringence,34 it was shown that the
75 orientational nanocelluloses dynamics depends on the
76 polydispersity of the nanorods. A non-Gaussian dynamics
77 (hopping) has also been observed in experimental systems of
78 polystyrene (PS) NPs in poly(ethylene oxide) (PEO)
79 solutions,35 gold NPS in entangled poly(vinyl alcohol)
80 solutions,29 and quantum dot NPs in polyacrylamide gels36

81 in coarse-grained models of polymer melt with spherical
82 nanoparticles18,37−39 and hard sphere fluid.40

83 To the best of our knowledge there is not any simulation
84 work that mimics a nanocomposite41 (or suspension)
85 containing nanorods at a finite nanorod loading and
86 investigates the nanorod diffusion in a polymer matrix in
87 comparison to theory and experiments. In this article we
88 explore how thin nanorods (the nanorod diameter, D, is
89 smaller the polymer radius of gyration, Rg

42−44) diffuse in
90 dense polymer melts in comparison to experiments.10 The rest
91 of this paper is organized as follows. In section II the
92 simulation methodology and details are described. In section A
93 the structure of the nanorods inside unentangled and
94 entangled polymer matrices is investigated. In section B,
95 nanorod diffusion (and its mechanism) in both unentangled
96 and entangled polymer matrices is calculated, at dilute nanorod
97 loading, and compared to the Stokes−Einstein continuum
98 model and experiments. Subsequently, in section C the
99 unentangled polymer dynamics is investigated. Finally, in
100 section IV conclusions are presented.

II. SIMULATION METHODOLOGY
101 Stochastic molecular dynamics simulations were implemented
102 by using the GROMACS 4.5.3 package.19,45−48 In particular,
103 the Newton−Langevin equations were solved:45,49
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108 A particle i has mass mi; Γ is the friction coefficient, andWi is a
109 random force. The total force fi on particle i is the gradient of
110 the Vi. The monomers of the polymer chain were connected
111 using the FENE potential:49
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113 The equilibrium bond length was set to R0 = 1.5 and k = 30.49

114 We incorporated an intrinsic stiffness into the Kremer−Grest
115 model49 through a harmonic potential50 of the following form:
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116 (4)

117 An equilibrium bending angle between three consecutive
118 monomers, θ0 = 109.5°, with a bending force constant kθ =
119 2550 was used. This polymer model results in an entanglement
120 length Ne ≈ 48 (from the S-coil estimator39,51) and polymer
121 tube diameter dT ≈ 9.7σm using the geometrical analysis
122 method (Z1 code).52 The nanocomposite systems contain

f1 123 nanorods (spherocylinders as depicted in Figure 1) which are
124 dispersed in a dense polymer matrix. For the nanorod

125(spherocylinder), the relation θ θ= −θV k ( )ijk ijk
B 1

2 0
2 is used

126along three spheres of the nanorod where θ0 = 180° and kθ =
12750. The spheres of the nanorod are connected by the potential

128of the form = −V k r D( )ij ij
S 1

2 0
2, where k0 = 1111.2.

129The Lennard-Jones (LJ) potential Vij
LJ which acts between

130the centers of mass of two particles53 is
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132where rij is the distance between particles i and j, ϵij is the
133interaction between particles i and j (specifically, for
134monomers: ϵm = σm = mm = 1; for nanorods: ϵp = 1, D =

1352R, 2R/σm = 1−4, π=m R0.85p
4
3

3). For monomer (m)−
136nanorod (p) interactions the combination rules ϵmp = (ϵmϵp)

1/2

137and σmp = (σm + D)/253 were used. The monomers (or
138nanorods) are modeled with the repulsive-only part of eq 5,
139shifted, and truncated at cutoff radius at rc = 21/6σm (rc = 21/6σp
140for nanorods). However, for the monomer−nanorod inter-
141action, the cutoff radius of the LJ potential (eq 5) is rc =
1422.4σmp. The nonbonded intramolecular interaction between
143the spheres of the nanorods is excluded. The total number of
144monomers in the cubic simulation cell was either Nt = 23600
145or 47200 containing nanorods of diameter D = 1, 2, 3, or 4.
146The simulated nanorod volume fraction ϕ is defined as

ϕ = ≈π
⟨ ⟩ 5%D LN

V6

2
n (dilute nanorod loading that jamming does

147not occur10), where ⟨V⟩ is the average volume of the
148nanocomposite simulation box in the NPT ensemble. In
149nanocomposites, the starting structures were created by an
150ensemble of polymers with N = 200 (or N = 400) and
151nanorods inserted at random positions within a large
152simulation box. For equilibration, the fast push-off method
153was applied.54 The pressure calculated for the N = 200
154polymer melt was P* = Pσm

3/ϵm = 4.864 and was used to
155perform the simulations of the nanocomposites in the NPT
156ensemble. The Rg had reached a constant value with time. All
157the polymers have a Gaussian conformation;55 the ratio ⟨Ree⟩

2/
158⟨Ree⟩

2 ≈ 6.0−6.1 (the mean-square internal distances are
159shown in the Supporting Information). Details of the
160 t1nanocomposites modeled are given in Table 1. A snapshot of
161 f2a nanocomposite sample is depicted in Figure 2.

Figure 1. Picture of a spherocylinder nanorod with aspect ratio AR =
8 that is used in our study.

Table 1. Nanorod Volume Fraction ϕ (%), Number of
Nanorods Nn, and Diameter of Nanorods D (Measured in
Units of the Monomer Size σm)

ϕ
(%)

Nn D = 1
(AR = 16)

Nn D = 2
(AR = 8)

Nn D = 4
(AR = 5)

Nn D = 3
(AR = 8)

Nn D = 4
(AR = 8)

5 400 100 23 15 15
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162 The length of the simulation cell was larger than the end-to-
163 end distance of the polymers, and it was confirmed that the
164 polymers do not interact with its periodic image. The Langevin
165 thermostat46 was used to set the temperature at T = kBT/ϵ = 1,
166 with a friction constant Γ = 0.5τ−1.19,56 As a reference, the glass
167 transition (Tg) of a polymer model that contains a bending
168 potential (but not a torsional potential) is Tg = 0.4.50 The
169 Berendsen barostat was used, with time constant τp = 2τ, to set
170 pressure at P* = 4.864. The equations of motion were
171 integrated using the leapfrog algorithm57 with a time step dt =
172 0.004τ, where τ is the Lennard-Jones time.
173 In the next sections we investigate the effect of nanorod
174 diameter, aspect ratio, and polymer matrix on nanorod
175 diffusion and polymer dynamics.

III. RESULTS AND DISCUSSION
176 A. Nanorod Structure. In this section we investigate the
177 dispersion of the nanorods58−63 into unentangled and
178 entangled polymer matrices in the dilute nanorod regime (ϕ
179 = 5%). The nanorod dispersion64−66 in a polymer matrix
180 depends on the polymer−nanorod interaction, and the best
181 dispersion state can be achieved at an intermediate interphasial

f3 182 interaction.67,68 First we show in Figure 3 the intermolecular

183 nanorod−nanorod radial distribution function (RDF) (be-
184 tween the spheres of the nanorod) of nanorods with diameter
185 D = 3 and AR = 8. (Similar behavior appears for nanorods of
186 the other nanocomposites studied, as is depicted in the inset of
187 Figure 3 for D = 4 and AR = 8.) It can been seen that there is
188 no peak with a value higher than the bulk value which appears
189 at a distance of r ≈ 8. The monomer−nanorod RDF gmp(r)

f4 190 exhibits a layering structure as is depicted in Figure 4. There is
191 a high monomer density around the nanorod which establish a
192 well-defined interface between nanorods and polymers. The
193 first peak of RDF in Figure 4 appears at contact distance

194between monomers and polymers which is = σ+r D
2

m . The

195matrix length does not show any effect on the monomer
196density around the nanorod. It has been seen that there is no
197change in the polymer primitive path by the addition of ≈10%
198nanorod loading.69

199B. Nanorod Diffusion. The diffusion of nanorods in a
200medium can be predicted by a Stokes−Einstein (SE)
201continuum model.8 The diffusion coefficient DCT of the
202nanorod of diameter D in a fluid of viscosity η is given by7,8,68

πη
=

*
* *

* *D
T

L
L D

3
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203(6)

204
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m

3

B
is the viscosity of the polymer matrix, D* =

205D/σm, and L* = L/σm. The simulated viscosities of the polymer
206melts are given by ref 70 and for long polymers (N = 200, 400)
207by ref 71. The nanorod diffusivity can be calculated from the
208mean-square displacement (MSD) measurements of the beads
209of the spherocylinder72 and is given by
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211where ⟨|ri(t) − ri(0)|
2⟩ is the time-dependent displacement of

212the beads of spherocylinder averaged over time and particles of
213the ensemble (ri is the position of a particle i).
214The diffusion of thin nanorods reaches a plateau for N ≥
215 f5100 (entangled polymer matrices), as depicted in Figure 5, in
216agreement with the GLE theory12,15 and by de Gennes,24,73

217who claimed that bulk viscosity does not capture the behavior
218of the medium near nanoparticles, and thus the nanoparticles
219diffusion is decoupled from the SE formula (eq 6). Because the
220nanorod diameter is smaller than the entanglement mesh, the
221nanorods can diffuse faster in comparison to the SE theoretical
222predictions due to local viscosity.15,74,75 A qualitative similar
223plateau regime in entangled matrices appears for spherical
224nanoparticles, where nanoparticle diffusivity approaches the
225Stokes−Einstein predictions when the diameter of the
226nanoparticle is approximately 2−3 times the matrix tube
227diameter, as was evidenced in poly(n-butyl methacrylate)/gold
228composites,76,77 fullerene/polystyrene composites,78 and the-
229oretical studies.74,79,80 However, in entangled poly(2-vinyl-
230pyridine) (P2VP)/nanosilica composites (where attractive
231polymer−nanoparticle interactions are present), nanosilica
232diffusion in P2VP is well-described by the Stokes−Einstein
233formula, since 2R/dT = 3. In addition, the diffusivity of the

Figure 2. Polymer matrix with chains shown in gray and dispersed
nanorods shown in blue.

Figure 3. Radial distribution function between the spheres of different
nanorods in the polymer matrix.

Figure 4. Radial distribution function between the monomers of the
polymers and spheres of the nanorods.
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234 nanorods decreases with AR as is depicted in Figure 5 for 2R/
235 dT = 0.1.

f6 236 We show in Figure 6 the nanorod diffusivity in different
237 polymer matrices, scaled with the theoretical predictions (eq

238 6). In the dilute nanorod regime (ϕ = 5%) thin nanorods (D =
239 2) diffuse faster than the SE prediction15 for matrices N ≥ 50
240 (N/Ne > 1). In nanocomposites containing an unentangled
241 polymer matrix simulation data agree with experiments.10 It
242 can be seen that such nanorods, thinner than the tube diameter
243 dT (dT ≈ 9.7σm for our polymer model), deviate more from the
244 SE predictions with increasing M. The discrepancy is larger for
245 entangled polymer matrices due to the viscosity scaling with
246 molecular weight η ∝ N3.4 in the entangled regime.
247 Nanorod diffusivity decreases, as can be seen in the Figure 5,
248 if D increases and the scaled diffusivity value approaches more
249 the experimental data as is depicted in Figure 6. The
250 discrepancy between the simulation and experimental data in
251 the entangled polymer matrices might come from the thinner
252 nanorods that were used in the simulations. It has been shown
253 by simulations22 that nanoparticles of diameter D ≥ dT do not
254 follow the plateau diffusivity regime in entangled polymer

255matrices, but its diffusivity rather decreases with polymer
256molecular weight.
257Furthermore, we calculated the displacement distribution of
258the nanorods at different times by obtaining the self-part of the
259van Hove function (VHF)

δΔ = ⟨ [ − | + Δ − |]⟩G r t r t t tr r( , ) ( ) ( )i i ts 0 0 0 260(8)

261which gives the probability distribution to find a nanoparticle
262at a distance r from the initial position (at time t0) after a time
263interval Δt. The probability is normalized as ∫Gs(r,Δt) d3r = 1.
264 f7As can be seen from Figure 7, at small time intervals 3000τ and
26515000τ, the data can be fitted to a single Gaussian function (eq
2669) with a peak value corresponding to the most probable
267traveled distance during that time interval Δt. However, at long
268time scales (diffusive regime) a bimodal function is necessary
269to model the displacement of the nanoparticles in the polymer
270matrix. Moreover, for thinner rods of D = 1 (or D = 2), even at
271short time scales of 3000τ, a non-Gaussian dynamics is
272presented as can be seen in Figure 7d−f (see also Figure S9).
273This denotes a hopping fashion of motion of the nanorods
274(similar behavior of the van Hove functions in other
275nanocomposite systems is shown in the Supporting Informa-
276tion).

πΔ = Δ − − ΔG r t D t( , ) (4 ) e r D t
s

3/2 /42

277(9)

278In previous simulation studies (both atomistic6,81 and coarse
279grained37−39) it was shown that even small nanoparticles (such
280as fullerene) smaller than the entanglement mesh can follow a
281hopping type of motion in a polymer matrix.
282C. Polymer Dynamics. In polymer−nanorod compo-
283sites,82 the nanorods act as extra entanglements83 that can alter
284the polymer primitive path83−85 and thus the polymer
285dynamics.9 It has been observed that in nanocomposites that
286contain attractive polymer/nanoparticle interaction, such as
287nanosilica/poly(ethylene glycol) (PEO) or poly(butylene
288oxide) (PBO) mixtures,86 polymer dynamics is affected by
289the nanoparticles,87 especially in nanoparticle loading larger
290than the dilute regime (ϕ = 5%). By increasing the nanorods
291loading in the matrix, the interphase around the nanorods
292would increase since more monomers exist into the
293 f8interphasial area.88 Figure 8 shows the mean-square displace-
294ment (MSD) of unentangled polymers in melts and nano-
295composites containing different nanorods. It can be seen that
296on long time scales the polymer dynamics (diffusion) is lower
297in nanocomposites. The discrepancy in the polymer MSD
298between melts and nanocomposites is higher for the oligomers
299(N = 10, 20) due to more monomers that are in contact with
300nanorod surface. Recently, it was shown in experiments that
301tracer (polymer) diffusion can be enhanced by the mobility of
302nanorods relative to the case of immobile nanorods.89 In
303addition, in nanocomposites containing nanosilicas (tethered
304with poly(ethylene glycol) chains) in a poly(methyl meth-
305acrylate) (PMMA) matrix, PMMA dynamics undergoes a
306continuous transition from a bulklike behavior at low loading
307to a confinement behavior at intermediate loading and
308eventually to glassy behavior at high loading.90 The mechanism
309of polymer diffusion reduction in those experimental and our
310simulation data is due to nanoparticle interfacial area88,91,92

311and not due to entropic barriers.

Figure 5. Dependence of nanorods diffusivity in unentangled and
entangled polymer matrices of different diameter: spherical nano-
particles of diameter D = 2 (circles),19 nanorods of D = 1, AR = 16
(diamonds), nanorods of D = 2, AR = 8 (squares), nanorods D = 3,
AR = 8 (down triangles), nanorods of D = 4, AR = 8 (stars). Tube
diameter of polymer model: dT = 9.7σm. Tube diameter of PS: dT = 8
nm.

Figure 6. Dependence of scaled nanorods diffusivity in unentangled
and entangled polymer matrices for different nanorod diameters:
spherical nanoparticles of diameter, D = 2 (circles),19 nanorods of D =
1, AR = 16 (diamonds), nanorods of D = 2, AR = 8 (squares),
nanorods D = 3, AR = 8 (down triangles), nanorods of D = 4, AR = 8
(stars), experiments (stars).10
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IV. CONCLUSIONS
312 Nanorod diffusion and polymer dynamics in nanocomposites
313 were investigated by means of coarse-grained molecular
314 dynamics simulations. We showed that thin nanorods can
315 diffuse faster than the prediction of the Stokes−Einstein
316 continuum model in entangled matrices. The simulated data
317 predict the nanorod diffusion in agreement with experiments in
318 unentangled matrices but overpredict the nanorod diffusion in
319 entangled polymer matrices. The nanorods follow a hopping
320 type of motion in the polymer matrix. In addition, we have
321 found that nanorods hinder polymer chains motion, even at a
322 dilute nanorod loading.
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(56)508 Li, Y.; Kröger, M.; Liu, W. K. Dynamic structure of unentangled
509 polymer chains in the vicinity of non-attractive nanoparticles. Soft
510 Matter 2014, 10, 1723−1737.

(57)511 Hockney, R. W.; Goel, S. P.; Eastwood, J. Quiet high resolution
512 computer models of a plasma. J. Comput. Phys. 1974, 14, 148−158.

(58)513 Shen, J.; Li, X.; Zhang, L.; Lin, X.; Li, H.; Shen, X.; Ganesan,
514 V.; Liu, J. Mechanical and viscoelastic properties of polymer-grafted
515 nanorod composites from molecular dynamics simulation. Macro-
516 molecules 2018, 51, 2641−2652.

(59)517 Chen, Y.; Xu, Q.; Jin, Y.; Qian, X.; Liu, L.; Liu, J.; Ganesan, V.
518 Design of end-to-end assembly of side-grafted nanorods in a
519 homopolymer matrix. Macromolecules 2018, 51, 4143−4157.

(60)520 Hore, M. J. A.; Composto, R. J. Strategies for dispersing,
521 assembling, and orienting nanorods in polymers. Curr. Opin. Chem.
522 Eng. 2013, 2, 95−102.

(61)523 Sankar, U. K.; Tripathy, M. Dispersion, depletion, and bridging
524 of athermal and attractive nanorods in polymer melt. Macromolecules
525 2015, 48, 432−442.

(62)526 Zhou, Y.; Huang, M.; Lu, T.; Guo, H. Nanorods with different
527 surface properties in directing the compatibilization behavior and the
528 morphological transition of immiscible polymer blends in both shear
529 and shear-free conditions. Macromolecules 2018, 51, 3135−3148.

(63)530 Gooneie, A.; Hufenus, r. Hybrid carbon nanoparticles in
531 polymer matrix for efficient connected networks: Self-assembly and
532 continuous pathways. Macromolecules 2018, 51, 3547−3562.

(64)533 Golosova, A. A.; Adelsberger, J.; Sepe, A.; Niedermeier, M. A.;
534 Lindner, P.; Funari, S. S.; Jordan, R.; Papadakis, C. M. Dispersions of
535 polymer-modified carbon nanotubes: A small-angle scattering
536 investigation. J. Phys. Chem. C 2012, 116, 15765−15774.

(65)537 Gao, Y.; Liu, J.; Shen, J.; Zhang, L.; Cao, D. Molecular
538 dynamics simulation of dispersion and aggregation kinetics of
539 nanorods in polymer nanocomposites. Polymer 2014, 55, 1273−1281.

(66)540 Wescott, J. T.; Kung, P.; Maiti, A. Conductivity of carbon
541 nanotube polymer composites. Appl. Phys. Lett. 2007, 90, 033116.

(67)542 Gao, Y.; Liu, J.; Shen, J.; Wu, Y.; Zhang, L. Influence of various
543 nanoparticle shapes on the interfacial chain mobility:a molecular
544 dynamics simulation. Phys. Chem. Chem. Phys. 2014, 16, 21372.

(68)545 Liu, J.; Wu, Y.; Shen, J.; Gao, Y.; Zhang, L.; Cao, D. Polymer-
546 nanoparticle interfacial behavior revisited: A molecular dynamics
547 study. Phys. Chem. Chem. Phys. 2011, 13, 13058−13069.

(69)548 Toepperwein, G. N.; Karayiannis, N. Ch.; Riggleman, R. A.;
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