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FIG. 3. Dependence of diffusivity (normalized to its bulk value) of weakly-entangled polymers
(N = 100) for different nanoparticle loading:(i) Maxwell prediction (black line) (ii) simulation data
N = 100 (stars), (iii) PMMA tracer diffusion: diameter dNP = 13 nm (circles), (iv) dNP = 29 nm
(squares), (v) dNP = 50 nm (triangles).

2. Weakly entangled polymers diffusion

We show in Figure 3 the diffusivity (as calculated from Eq. 2) of weakly entangled
polymers (N = 100) as a function of the nanoparticle loading. We observe that the poly-
mer diffusion decreases with the addition of nanoparticles in the matrix. We can see that
the simulation data agree with the experimental system of PMMA tracer diffusion23, at
high nanoparticle loadings. However, in the dilute noparticle regime there is discrepancy
to the data. In the experimental nanocomposite, tracer diffusion23 collapses onto a mas-
ter curve when the neat homopolymer diffusion (D/D0) is plotted versus a confinement
parameter defined as the interparticle distance relative to the polymer radius of gyration
(ID/2Rg)22,23,72 where the interparticle distance ID is given as: ID = 2R[( 2πφ)

1/3 − 1],
where, φ is the volume fraction of nanoparticles. However in our data, the mechanism of
reduction of diffusion in our simulation data, is not due to entropic barriers but due to
nanoparticle interfacial area73,74 and the act of nanoparticles as topological constraints75 in
the matrix. In a simplified model where polymer chains were modeled as spheres diffusing
down cylindrical pores76, it was shown that excluded volume effects can account for the
observed reduction in polymer diffusion for values of ID/2Rg > 5. In that region, the ex-
cluded volume model predicted a pseudomaster curve for the reduced diffusion coefficients,
in good agreement with experimental results22,72 at higher nanoparticle loading. In addi-
tion, in nanocomposites of poly(ethylene glycol) (PEG)-tethered silica (SiO2) nanoparticles
and poly(methyl methacrylate) (PMMA), polymer chain dynamics undergoes a continuous
transition from bulklike behavior at low nanoparticle loading to confinement behavior at
intermediate nanoparticle loading and ultimately to glassy behavior at high nanoparticle
loading77.
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Dynamics are important for 
polymer processing …

• Dispersion/orientation of 
nanoparticles during 
processing depends on 
dynamics of polymers and 
nanoparticles

• Dynamics characterised by the 
viscosity and the diffusion 
coefficient

By using this ability to transform NPs from hard to soft by
reducing the matrix molecular weight, we have uncovered a
universal scaling rule for polymer diffusion in nanocomposites.
We previously found that PNCs with hard NPs (d ∼ 13 and 29
nm) capped with a phenyl group showed a monotonic slowing
down of polymer dynamics with increasing confinement across
a wide range of SiO2 NP concentration (ϕsilica = 0−0.5) and
tracer molecular weight (Mn

t = 49−532 kg mol−1).23,24 In this
paper, we investigate and compare diffusion in polymer
nanocomposites containing hard and soft NPs and find that a
simple confinement parameter can capture the correlation
between dynamics and structure. Surprisingly, by defining an
effective particle diameter that accounts for tracer penetration
into the brush in soft NP systems, polymer diffusion is found to
be universal for both hard and soft NPs over a wide NP
concentration and tracer molecular weight. This universal
scaling behavior highlights the importance of interparticle
distance between hard/soft NPs relative to the size of the
diffusing chain.
To determine tracer diffusion coefficients, the volume

fraction profiles of deuterated polystyrenes (dPS) in PNCs
are measured by elastic recoil detection (ERD).25 Bilayer
samples were prepared with a top dPS (Mn

t = 23−1866 kg
mol−1) layer of 15 nm on a thick polystyrene (PS; Mn

m = 160
kg mol−1, PDI = 1.05) nanocomposite containing either hard or
soft nanoparticles (ϕsilica = 0−0.5). Bilayers were annealed in a
vacuum oven at T = 170 °C for a few minutes to hours. Hard
NPs were prepared by modifying SiO2 NPs (51 nm diameter,
0.22 dispersity) with low molecular weight initiator (2-bromo-
isobutylate derivative) and are denoted as SiO2−I. Using the
same SiO2 NPs, soft NPs are functionalized with polystyrene

brushes (Mn
b = 87 kg mol−1 and ρ = 0.52 chains/nm2) grown

by surface-initiated atom transfer radical polymerization (SI-
ATRP) and denoted as SiO2−PS87k.26−28 The inset of Figure
1 depicts the brush-grafted (red) NP with diameter d and brush
thickness h in a PS matrix (black). To understand how tracer
diffusion depends on the unoccupied volume in the PNC, the
interparticle distance (ID) was precisely controlled by tuning
the volume fraction of SiO2−PS87k or SiO2−I, while
maintaining a uniform dispersion of NPs. The cross-sectional
transmission electron micrograph in Figure 1 shows that
nanoparticles are well dispersed in a PS matrix at ϕsilica ∼ 0.06.
The surface modification of the NPs using polymer brushes and
low molecular ligands facilitates the uniform dispersion in PS
even up to extremely high loading, ϕsilica = 0.5.
For the annealed bilayer (Figure 2a, inset), a representative

dPS volume fraction profile is shown in Figure 2a, where the
solid line represents the best fit to the experimental data
(circles). Using Fick’s second law and appropriate boundary
and initial conditions, ϕdPS(x) is given by
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where erf, t, and l are the error function, annealing time, and
initial dPS thickness, respectively. Equation 1 is convoluted
with the instrumental depth resolution and chi squared fitting is
used to determine the best fit (solid line), which corresponds to
D = 1.8 × 10−14 cm2 s−1 in Figure 2a.29,30 Figure 2b shows the
tracer diffusion coefficients for five tracer molecular weights
(Mn

t = 23−1866 kg mol−1) as a function of the volume fraction
of silica (ϕsilica = 0 to ∼0.06). At fixed ϕsilica, the diffusion

Figure 1. Morphology of SiO2−PS87k:PS nanocomposites. Cross-sectional TEM micrograph depicting the distribution of silica cores (d = 51 nm)
for a nanocomposite film with ϕsilica ∼ 0.06. Inset shows the scheme of a polystyrene-grafted silica nanoparticle (Mn

b = 87 kg mol−1, red) dispersed in
a polystyrene matrix (Mn

m = 160 kg mol−1, black).

ACS Macro Letters Letter

dx.doi.org/10.1021/mz400064w | ACS Macro Lett. 2013, 2, 485−490486

78 Two phenyl-capped nanorods with similar aspect ratios (AR
79 ∼ 9) but different sizes, NR-short (TiO2; L = 43.1 nm and d =
80 4.6 nm) and NR-long (SiO2-[Ni(N2H4)3]Cl2; L = 371 nm and
81 d = 43 nm) were prepared using standard Schlenk-line
82 techniques.16,17 For NR-short and NR-long, the surfaces are
83 grafted with (chloromethyl)dimethyl phenylsilane that facilitate
84 uniform dispersion of NRs in a polystyrene (PS; Mn = 650 kg/
85 mol) matrix, as shown in the cross-sectional transmission

f1 86 electron micrographs (Figure 1a,b), respectively. These NRs
87 are athermal in a PS matrix. To age the matrix, the film was
88 preannealed at 150 °C for 3 days. No change in NR dispersion
89 was observed, consistent with stable grafting. The glass
90 transition temperatures (Tg) of the nanocomposites were 101
91 ± 1 °C, consistent with the prior results for PS mixed with
92 phenyl-capped silica.6 For diffusion studies, bilayers with a top
93 deuterated polystyrene (dPS; Mn = 168−3400 kg mol−1) with a

94thickness of 15 nm are deposited on a thick PNC (ϕNR = 0−
950.1). Bilayers are annealed in a vacuum oven at T = 170 °C
96from a few hours to days. Tracer diffusion coefficients are
97determined by fitting the dPS volume fraction profiles
98determined by elastic recoil detection (ERD).7,18 A representa-
99tive dPS volume fraction (ϕdPS) profile is shown in Figure 1d,
100along with the best fit (solid line).
101The tracer diffusion coefficients of entangled polymers (Mn =
102168−3400 kg mol−1) in PNCs containing NR-short and NR-
103long are shown in Supporting Information, Figures S1 and S2
104 f2as a function of NR volume fraction, ϕNR. Figure 2 shows dPS
105tracer diffusion coefficients in PNCs with NR-long normalized
106by that in pure polymer melts versus ϕNR. For the smallest
107tracers (168 and 532 kg mol−1), normalized diffusion
108monotonically decreases as ϕNR increases, resulting in a nearly
10950% reduction in D/D0 for 10% NR-long or ϕNR = 0.1 (Figure

Figure 1. Transmission electron micrographs depicting morphology of (a) phenyl-capped TiO2/PS nanocomposites (ϕNR‑short = 0.06) and (b)
phenyl-capped SiO2-[Ni(N2H4)3]Cl2/PS nanocomposites (ϕNR‑long = 0.06). Histograms show the distribution of diameter (d) and length (L) of
nanorods, indicating a similar aspect ratio. (c) Elastic recoil detection (ERD) geometry with 3 MeV He+ impinging on the bilayer and recoiling
deuterium from dPS (red). (d) Representative volume fraction profile of dPS(532k) in TiO2/PS (ϕNR‑short = 0.06). Solid line is a fit of the depth
profile using Fick’s second law with D = 1.40 × 10−14 cm2 s−1.

ACS Macro Letters Letter
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Morphology evolution of PS-C60 composites along the barrel 
of a twin screw extruder
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Does sample preparation impact on the morphology?

Formulation: 
1.0% C60 / 99.0% PS

Solvent-
processed 
composite

Mechanically 
mixed 
powders 



Solvent processed mixture evolves toward that from mixed 
powder



Morphology of PS-C60 composites is determined by coupling 
between thermodynamics of mixing and rheology

Bernando et al, Macromolecules 2017, 50, 
3301−3312 

Dynamics 
characterised by 
diffusion coefficient

Dynamics characterised
by viscosity



Viscosity and diffusion strongly correlated in polymer melts

• Diffusion represents chain 
motion but is difficult to 
measure

• Viscosity is easy to measure

• “Entangled” polymers

– effect of surrounding 
polymers modelled by 
motion in a tube

– Viscosity ~ M 3

– Diffusion ~ M -2

tubet = 0
Polymer 

viscosity scales 
with molecular 

weight

From Colby and Rubinstein: 
Polymer Physics



Viscosity/diffusion in CNT nanocomposites

• Nanoparticle dispersion and 
orientation dependent on 
dynamics not stress relaxation

• Diffusion becomes a more 
important characteristic

• Impacts upon polymer –
polymer welding

• Can processing be used to 
manipulate 
dispersion/orientation? 

Tracer:
75k

140k

viscoelasticity

diffusion



SWCNTs slow polymer diffusion at low volume fractions

• Maxwell model

• decrease in diffusion due 

to presence of obstacles

• Polymer diffusion decreases 

more significantly than 

Maxwell model prediction

75k

140k

680k

SWCNT volume fraction

Mu et al, Macromolecules 2011,191, 44, 191



Tracer diffusion recovers above critical volume fraction

• Dmin at critical volume fraction of 
SWCNT 0.4 vol%

• independent of polymer 
molecular weight

• correlates with SWCNT 
percolation 

• SWCNTs have a more dramatic 
influence on D of shorter tracers

SWCNT volume fraction



Diffusion is decoupled from viscoelasticity in nanocomposites

SWCNT/480k PS, 200 ºC

G’~ω2

G’~ω0

Plateau modulus
Me = constant

Relaxation time 
~ 8 sec 
independent of 
SWCNT 
concentration

Low frequency modulus scales with 
square of nanotube concentration



The glass transition temperature

• No significant change in Tg as 
measured by DSC

• Width of transition, 6 - 7�, 
also independent of CNT 
concentration



A phenomenological trapping model for diffusion

• SWCNT (blue) creates a trap 
region 

• Inside and outside traps

• probability of hopping 
between sites constant, po

• Jump probability smaller for hop 
into or out of trap, p1

• Consistent with both 
viscoelasticity and diffusion 
observationsJump probability: po > p1
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A phenomenological trapping model for diffusion

Jump probability: po > p1
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Is there a molecular basis?

experiment

which is the MWCNT/PS nanocomposite in our case, gives the
concentration profile for the tracer as
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where Φ(x) denotes the dPS volume fraction, h is the original
thickness of the thin film (∼20 nm), x is depth from the sample
surface, t is the diffusion time, and D is the tracer diffusion coefficient
of dPS. The parameters h, x, and t are known, so D is the only fitting
parameter to the experimental concentration profile. The boundary
condition we used is a finite ultrathin tracer film diffusing into a semi-
infinite matrix. The total amount of tracers are constant, and the
concentrations of tracers in the matrix is zero at interface at t = 0. A
Gaussian function describes the depth resolution, 70 nm, of ERD,
which was determined by measuring the front edge of a dPS thin film
for an unannealed bilayer sample. An example fitting is shown in
Figure 1, where two samples with the same matrix and tracer films
were annealed at 160 °C for different times. The diffusion coefficients
are independent of annealing time and are consistent with our
previous work.22,23 The uncertainty of the diffusion coefficients is
∼10% (see Supporting Information). The time-independent diffusion
coefficient also indicates that our nanocomposites do not substantially
change during the diffusion experiment.
2.4. Modulated Differential Scanning Calorimetry (MDSC).

Glass transition temperatures (Tg) of MWCNT/PS nanocomposites
were measured by modulated-temperature differential scanning
calorimetry (MDSC), using a TA Instruments Q2000, to separate
the recoverable and irrecoverable processes. A modulation amplitude
of ±1 °C and a period of 60 s were used with a ramping rate of 2 °C/
min to heat the samples to 150 °C, and Tg was determined from the
transition in the second heating curve. The start and end of the
transition were determined by the intersections of three lines fit to the
heat flow curve before, during and after the transition. Figure 2 shows
the Tg and the breadth of the transition as a function of MWCNT
loading and demonstrates no significant influence of nanotube
concentration on Tg from 0 to 6 wt % MWCNT.

3. RESULTS AND DISCUSSION
3.1. Temperature Dependence of Diffusion Minimum.

Bilayer samples of 680k dPS (20 nm thick) on MWCNT/PS
nanocomposites (>100 μm thick) were annealed at seven
temperatures ranging from 152 to 214 °C (425 to 487 K).
Annealing times were selected to ensure that dPS diffused
sufficiently into the nanocomposites (∼400 nm); this distance
is many times larger than Rg of the tracer (22.6 nm). The depth

profiles of dPS were measured by ERD and fit by the
convolution of Fick’s second law and the instrument resolution
to obtain the tracer diffusion coefficient of dPS, D. The tracer
diffusion coefficients for dPS in MWCNT/PS as a function of
MWCNT loading and at different temperatures are shown in
Figure 3a. By increasing the temperature by ∼60 °C, D

increases by 2.5−3 orders of magnitude. As previously reported,
D measured at 170 °C (444 K) exhibits a minimum at ∼2 wt %
MWCNT, although on a log scale the minimum appears subtle.
Overall, the effect of MWCNT concentration on polymer
diffusion is less pronounced than the effect of temperature.
In Figure 3b, we plot the normalized diffusion coefficients,

the tracer diffusion coefficients in nanocomposites divided by
the tracer diffusion coefficients in the homopolymer at the same
temperature (D/D0), as a function of MWCNT loading at four
temperatures. Here it is evident that the diffusion minimum
(D/D0)min occurs at ∼2 wt % MWCNT loading independent of
the annealing temperature. The minimum becomes shallower at
higher temperatures: (D/D0)min at 425 and 487 K are 0.6 and
0.92, respectively. At low temperatures the decrease in tracer

Figure 2. Glass transition temperature and the breadth of the
transition for MWCNT/PS nanocomposites as a function of MWCNT
loading.

Figure 3. (a) Tracer diffusion coefficients of 680k dPS in MWCNT/
PS nanocomposites as a function of MWCNT loadings at various
temperatures. (b) Normalized tracer diffusion coefficients (D/D0) for
680k dPS in MWCNT/PS nanocomposites. A diffusion minimum (D/
D0)min is present at every temperature at ∼2 wt % and becomes less
pronounced at higher temperature. Some data points represent
duplicate samples, and the standard deviation is shown, except when it
is smaller than the size of the symbol.

Macromolecules Article

dx.doi.org/10.1021/ma302517x | Macromolecules 2013, 46, 2317−23222319

experiment



What can we learn from molecular 
dynamics simulations?

Unconnected beads interact 
through Lennard-Jones 
potential

connected beads interact 
through harmonic potential

• Bead-Spring model

• Atomistic model  for SWCNT

• SWCNT diameter ~ Kuhn length
• Fixed SWCNT spans simulation 

box
• Volume fraction of SWCNT ~ 0.4%

1 Structure and Conformations of Polymer/SWCNT Nanocomposites
2 Argyrios Karatrantos,† Russel J. Composto,‡ Karen I. Winey,‡ and Nigel Clarke*,†

3
†Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom

4
‡Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 19104, United States

14

15

16 I. INTRODUCTION

17 Polymer nanocomposites, that is, nanoparticles (spheres,
18 cylinders, plates) dispersed in an entangledmatrix, have attracted
19 substantial academic and industrial interest since the early
20 1990s.1!7 It is well recognized that the addition of nanoparticles
21 to a polymer can result inmaterials that have significantly improved
22 properties, such as flame retardation, electrical conductivity, thermal
23 conductivity, impact strength, and viscosity. The interest in
24 polymer!carbon composites3,4,7!16 has rapidly increased since
25 carbon nanotubes became widely available in the late 1990s.
26 There have been many studies in the area of polymer/SWCNT
27 nanocomposites that have investigated dynamic, electrical, ther-
28 mal, and rheological properties;3,4,6!14,17 however, to the best of
29 our knowledge, no study has addressed static properties in a
30 polymer/SWCNT nanocomposite system. In this study we focus
31 on in a dilute SWCNT nanocomposite system, where recently it
32 was found that the polymer diffusion is suppresed when the poly-
33 mer radius of gyration is larger than the radius of the nanotube.11,12

34 Because of the large aspect ratio of the SWCNT, the percolation
35 threshold appears at volume fraction10!12 of 0.4%. We explore
36 the polymer/SWCNT interface and focus on simple but unresolved
37 questions in the area of polymer/SWCNT nanocomposites: (i)
38 What is the effect of SWCNT on polymer chain conformation?
39 (ii) How is interchain packing perturbed by monomer!SWCNT
40 interactions and SWCNT radius? In this paper, we provide a sys-
41 tematic simulation study which sheds light on how the interaction
42 between polymer chains and SWCNT and polymer confinement
43 between SWCNTs affect the structure and conformation of dif-
44 ferent molecular weight polymer chains in the vicinity of the
45 SWCNT, for nanocomposite systems where polymer radius of
46 gyration is larger than the radius of the SWCNT.11,12

47 Few experimental studies have been undertaken on the
48 structure and conformation of polymers loaded with spherical

49nanoparticles.5,18!24 There is controversy as to whether the
50addition of nanoparticles to a polymer melt causes perturbed
51behavior of polymers near the spherical nanoparticles. In particular,
52neutron scattering of a polystyrene (PS) chains/(PS) nanopar-
53ticles nanocomposite19,22 showed a polymer chain expansion for
54polymer chains with radius of gyration larger than the nanoparticle
55radius, which is contrary to other recent studies of PS/silica21,23

56and poly(ethylene!propylene)/silica24 nanocomposites that
57showed the polymer chains to be unperturbed. Moreover, in
58a former study of a poly(dimethylsiloxane)/polysilicate nano-
59composite,18 an increase of polymer chain dimensions is obser-
60ved: in agreement with the observations of Mackay.19,22

61Over the past two decades, many efforts have been made to
62predict and investigate through theoretical,25!31 coarse-grained,32!59

63and atomistic simulation60 the structure and conformation of poly-
64mer nanoparticle solutions. Almost all of these studies investigate
65the effect of spherical nanoparticles on the polymer radius of
66gyration and structure of polymer chains. From a theoretical
67point of view, mean-field25!27,30 and self-consistent-field28,29

68theories predict that monomers are depleted around the spheri-
69cal nanoparticles, where the density of polymers is reduced com-
70paratively to its bulk value. Recently, by using the self-consistent
71polymer reference interaction site model (SC/PRISM),31 it was
72observed that spherical nanoparticles, smaller than the polymer
73chains and attracted to them, perturb the polymer chain dimen-
74sions. The nanoparticles cause an increase in the radius of gyra-
75tion with an increase in the nanoparticle volume fractions in
76accordance to the (PS) nanoparticle system,19,22 although there
77are significant differences between the theoretical model system

Received: June 16, 2011
Revised: November 1, 2011

6 ABSTRACT:We investigate the static properties of monodisperse polymer/single
7 wall carbon nanotube (SWCNT) nanocomposites in comparison to polymer melts
8 by molecular dynamics simulations. The SWCNThas a large aspect ratio and radius
9 smaller than the polymer radius of gyration. We find that although the local chain
10 structure is significantly affected, the overall configuration, as characterized by the
11 radius of gyration, is not perturbed either by the interaction strength between the
12 polymer and the SWCNT or by variations in the SWCNT radius.
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Local structure: radial distribution function g(r)

Attractive 
interactions

Fixed N

zero attractive energy 

increasing radius 
of SWCNT

~ 2 bead
diameters



369 It is worth mentioning that the presence of a maximum and
370 subsequent oscillation in F*(d) for attractive interactions
371 are also observed in the density profile of monomers near a
372 smooth wall.49,91!93

373 Decreasing the radius of the SWCNT at a constant SWCNT
374 volume fraction increases the surface area of the SWCNT per
375 composite volume. As can been seen from Figure 8F8 , the height of
376 the first peak increases with decreasing radius of the SWCNT,
377 showing that there aremoremonomer contacts with the SWCNT
378 surface. Closely related to this observation, we also find that a
379 decrease of the SWCNT radius also causes an increase in the peak
380 height of gmc(r) in the second and third layers as the SWCNT
381 radius decreases. The larger peakswith decreasing nanotube radius
382 denote that there is greater molecular ordering in the interface
383 region and lead to a more pronounced layering of monomers. In
384 the inset to Figure 8, we quantify the volume of the interfacial
385 region, relative to the volume of the nanotube using

Z rc

0
gmcðrÞr dr

πrSWCNT
2 ð8Þ

386 This quantity decreases as the radius of the nanotube increases,
387 indicating that the interfacial volume, the volume within which
388 the polymer structure is affected by the presence of the nanotubes,
389 relative to the volume of the SWCNT, increases as the radius of
390 the SWCNT decreases. Note that since gmc(r) gradually decays
391 to unity as the radial distance from the nanotube increases, we
392 assume that the cutoff radius for the interfacial region, rc, and
393 hence the upper limit for the integration to calculate the first
394 moment of gmc(r), is given by the third minimun of gmc(r).
395 However, the same qualitative trend arises if we had chosen, for
396 example, the position of the third maximum for the cutoff.
397 In Figure 9F9 , we show the total monomer!monomer radial
398 distribution function gmm(r) of polymer chains (N = 60) for both
399 the polymer melt and the polymer/SWCNTnanocomposite sys-
400 tems in the cases of no interaction with the SWCNT and attrac-
401 tion with the SWCNTof the order of kT. There is no alteration of
402 the gmm(r) for all of the cases in the nanocomposite system.
403 Moreover, the gmm(r) for the SWCNT system is indistinguish-
404 able from that of the polymer melt system, showing exactly the
405 same structure. Attractive interactions of the order of kT between

406polymer chains and SWCNT do not influence the monomer
407structure in the case that the polymer radius of gyration exceeds
408the radius of the SWCNT. Also, gmm(r) is independent of the
409SWCNT radius and consequently of the surface area of the
410SWCNT (see inset of Figure 9).
4112. Dimensions of Polymer Chains in Contact with the
412SWCNT. In Figure 10 F10, we compare ÆRe(N)æ and ÆRg(N)æ of the
413polymer chains that remain in contact (so polymers in the
414polymer/SWCNT simulations that do not always contact with
415SWCNT are ommitted from the value) with the SWCNT with
416those in the polymermelt. As can be clearly seen, the Re and Rg of
417contact polymer chains almost overlap with those in the polymer
418melt for all the polymer molecular weight when interacting with
419the SWCNT with kT energy.

Figure 8. Monomer!carbon radial distribution functions of polymer
chains (N = 60) in a polymer/SWCNT nanocomposite system at kT
attractive strength for different radius of SWCNT from molecular
dynamics simulations: (i) rSWCNT = 0.46 (red line), (ii) rSWCNT =
0.66 (green line), and (iii) rSWCNT = 0.85 (blue line). Inset: the
dependence of the volume of the interfacial region relative to the
SWCNT volume, quantified by eq 8, on SWCNT radius.

Figure 9. Monomer!monomer radial distribution functions of poly-
mer chains (N = 60) in the polymer/SWCNT (rSWCNT = 0.66)
nanocomposite system from molecular dynamics simulations for differ-
ent interaction strength between monomers and SWCNT surface: (i)
εmc = 0 (red line), (ii) εmc = kT (green line), and (iii) εmc = 2.5kT (blue
line). Inset: monomer!monomer radial distribution functions of poly-
mer chains (N = 60) in the polymer/SWCNT nanocomposite system
from molecular dynamics simulations for εmc = kT interaction strength
betweenmonomers and SWCNT surface for different SWCNT radii: (i)
rSWCNT = 0.46 (red line), (ii) rSWCNT = 0.66 (green line), and (iii)
rSWCNT = 0.85 (blue line).

Figure 10. End-to-end distance and radius of gyration of polymer
chains of different molecular weight of a polymer/SWCNT (rSWCNT
= 0.66) nanocomposite system from molecular dynamics simulations:
(i) end-to-end distance of a polymer melt (blue open diamonds), (ii)
fitting of the scaling law Re ≈ N1/2 on the simulation data (blue line),
(iii) end-to-end distance of polymer chains in contact with the SWCNT,
interacting with kT energy with the SWCNT (blue filled diamonds), (iv)
radius of gyration of a polymer melt (red open circles), (v) fitting of the
scaling lawRg≈N1/2 on the simulation data (red line), and (vi) radius of
gyration of polymer chains in contact with the SWCNT, interacting with
kT energy with the SWCNT (red filled circles).

Macromolecules ARTICLE

F dx.doi.org/10.1021/ma201359s |Macromolecules XXXX, XXX, 000–000

Impact of curvature

• For a fixed degree of 
polymerisation 
– Interfacial volume 

per SWCNT 
decreases with 
increasing radius 
of SWCNT



Affect of SWCNT on chain dimensions

• Both radius of gyration and 

r.m.s. end-to-end distance 

unaffected by a single SWCNT

– Equivalent to 

nanocomposite with 0.4% 

volume fraction SWCNTs

– overall chain configuration 

well described by Gaussian 

statistics

Modelling: Karatrantos et al. Macromolecules, 44, 9830, 2011

Experiments: Tung et al. Macromolecules, 46, 5345, 2013



Chain confirmation is anisotropic

• If CNTs randomly aligned
– Experiments average over 

all orientations
– Cannot distinguish 

behaviour parallel and 
perpendicular to individual 
CNTs

• Use an aligned mesh of CNTs

Tung et al. ACS Macro Letters, 4, 916, 2015



The impact of interactions on polymer dynamics in 
the presence of a SWCNT 
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FIG. 1: Self-diffusion coefficient of different molecular weights of polymers in a monodisperse polymer

melt with a SWCNT (rSWCNT = 0.66) normalized with its melt value. (i) Polymer diffusion in melt with

a SWCNT with no attractive interaction between polymers and SWCNT (filled diamonds), (ii) Polymer

diffusion in melt with a SWCNT with attractive (kBT ) polymer / SWCNT interactions (filled squares).

Inset: Mean square displacement of 60mer polymer chains, interacting with kBT energy with the SWCNT

surface. (i) polymer melts(red line), (iii) polymer chains not in contact to SWCNT (green line), (iii) polymer

chains in contact to SWCNT (blue line).

appear in the polymer melt under the presence of the SWCNT, let us now focus on the dynamic

behavior of the 60mer polymer chains that are in cylindrical shells of the order of the (square root

of the mean square) polymer radius of gyration (Rg = 3.886 [12]) around the SWCNT, according

to the position of the polymer chain center of mass at the time of origin. In Fig. 3 we show the

self-diffusion coefficient of 60mer polymer chains normalized with its melt value as a function of

the radial distance r from the SWCNT surface, at different interaction strengths. The interaction

strength between the polymer chains and the nanotube surface affects the polymer chain diffusivity

8

• Reduction in D for 
higher molecular weight 
chains when kBT
attractive interaction 
between polymer and 
SWCNT
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15

16 I. INTRODUCTION

17 Polymer nanocomposites, that is, nanoparticles (spheres,
18 cylinders, plates) dispersed in an entangledmatrix, have attracted
19 substantial academic and industrial interest since the early
20 1990s.1!7 It is well recognized that the addition of nanoparticles
21 to a polymer can result inmaterials that have significantly improved
22 properties, such as flame retardation, electrical conductivity, thermal
23 conductivity, impact strength, and viscosity. The interest in
24 polymer!carbon composites3,4,7!16 has rapidly increased since
25 carbon nanotubes became widely available in the late 1990s.
26 There have been many studies in the area of polymer/SWCNT
27 nanocomposites that have investigated dynamic, electrical, ther-
28 mal, and rheological properties;3,4,6!14,17 however, to the best of
29 our knowledge, no study has addressed static properties in a
30 polymer/SWCNT nanocomposite system. In this study we focus
31 on in a dilute SWCNT nanocomposite system, where recently it
32 was found that the polymer diffusion is suppresed when the poly-
33 mer radius of gyration is larger than the radius of the nanotube.11,12

34 Because of the large aspect ratio of the SWCNT, the percolation
35 threshold appears at volume fraction10!12 of 0.4%. We explore
36 the polymer/SWCNT interface and focus on simple but unresolved
37 questions in the area of polymer/SWCNT nanocomposites: (i)
38 What is the effect of SWCNT on polymer chain conformation?
39 (ii) How is interchain packing perturbed by monomer!SWCNT
40 interactions and SWCNT radius? In this paper, we provide a sys-
41 tematic simulation study which sheds light on how the interaction
42 between polymer chains and SWCNT and polymer confinement
43 between SWCNTs affect the structure and conformation of dif-
44 ferent molecular weight polymer chains in the vicinity of the
45 SWCNT, for nanocomposite systems where polymer radius of
46 gyration is larger than the radius of the SWCNT.11,12

47 Few experimental studies have been undertaken on the
48 structure and conformation of polymers loaded with spherical

49nanoparticles.5,18!24 There is controversy as to whether the
50addition of nanoparticles to a polymer melt causes perturbed
51behavior of polymers near the spherical nanoparticles. In particular,
52neutron scattering of a polystyrene (PS) chains/(PS) nanopar-
53ticles nanocomposite19,22 showed a polymer chain expansion for
54polymer chains with radius of gyration larger than the nanoparticle
55radius, which is contrary to other recent studies of PS/silica21,23

56and poly(ethylene!propylene)/silica24 nanocomposites that
57showed the polymer chains to be unperturbed. Moreover, in
58a former study of a poly(dimethylsiloxane)/polysilicate nano-
59composite,18 an increase of polymer chain dimensions is obser-
60ved: in agreement with the observations of Mackay.19,22

61Over the past two decades, many efforts have been made to
62predict and investigate through theoretical,25!31 coarse-grained,32!59

63and atomistic simulation60 the structure and conformation of poly-
64mer nanoparticle solutions. Almost all of these studies investigate
65the effect of spherical nanoparticles on the polymer radius of
66gyration and structure of polymer chains. From a theoretical
67point of view, mean-field25!27,30 and self-consistent-field28,29

68theories predict that monomers are depleted around the spheri-
69cal nanoparticles, where the density of polymers is reduced com-
70paratively to its bulk value. Recently, by using the self-consistent
71polymer reference interaction site model (SC/PRISM),31 it was
72observed that spherical nanoparticles, smaller than the polymer
73chains and attracted to them, perturb the polymer chain dimen-
74sions. The nanoparticles cause an increase in the radius of gyra-
75tion with an increase in the nanoparticle volume fractions in
76accordance to the (PS) nanoparticle system,19,22 although there
77are significant differences between the theoretical model system
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6 ABSTRACT:We investigate the static properties of monodisperse polymer/single
7 wall carbon nanotube (SWCNT) nanocomposites in comparison to polymer melts
8 by molecular dynamics simulations. The SWCNThas a large aspect ratio and radius
9 smaller than the polymer radius of gyration. We find that although the local chain
10 structure is significantly affected, the overall configuration, as characterized by the
11 radius of gyration, is not perturbed either by the interaction strength between the
12 polymer and the SWCNT or by variations in the SWCNT radius.
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Dynamic anisotropy

dynamics parallel 
to SWCNT

Dynamics 
perpendicular 

to SWCNT
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FIG. 2: Mean square displacement of polymer chains, with attractive (kBT ) interaction (green) parallel

(solid lines) and perpendicular (dashed lines) to SWCNT (rSWCNT = 0.66) for three different chain lengths.

For comparison we show the MSD in the case of 60mers with no attractive interaction with the SWCNT

surface (black).

at the different shells. In particular, in the case of no attractive interaction between the polymer and

the nanotube surface, the polymer chain diffusivity is equal to its bulk value, D0 for all the shells.

In the case of weak interaction (kBT/2) between the polymers and nanotube surface, the polymer

chain regains its bulk value at a distance of (Rg + σm) from the nanotube surface. Interestingly,

at a greater distance, the polymer chain diffusivity is slightly enhanced. A further increase in the

interaction strength causes the dynamics of the first layer (bound layer) to slow down drastically.

In particular, a polymer – nanotube attraction of the order of kBT induces a near immobilization

of the in contact polymer chains in agreement with results from spherical nanoparticle composites

[29, 35, 66–69] and polymer melt at attractive surfaces [70]. Thus, as can be seen from Fig.3, the

9

parallel to SWCNT
perpendicular to SWCNT



Proximity to surface impacts diffusion

Reduced diffusion coefficient 
dependence on distance of chain 

from SWCNT surface 
Karatrantos et al, Macromol 2012

thickness increases as M1/2.11 By investigating tracer films of various
molecular weights and a fixed initial dPS film thicknesses, which varies
from thinner than to thicker than heq, we systematically control the
ratio of adsorbed to free chains within the tracer dPS film. To prepare
OH-terminated substrates, silicon (Si) wafers were exposed to UV-
ozone for 20 min to create silanol groups (Figure 1b). Phenyl-capped
Si substrates (Figure 1c) were prepared by spin-coating chloro-
(dimethyl)phenylsilane (Sigma-Aldrich, 98%) on OH-terminated
substrates. PS brushes with a grafting density (ρ) of 0.152 chains/
nm2 and molecular weight (M) of 37 kDa were grafted from silicon
using surface-initiated atom transfer radical polymerization (SI-ATRP)
(Figure 1d). These surfaces were characterized by contact angle
measurements. The hPS films were spin-coated on silicon substrates,
floated off on water, and then picked up by a dPS film on a silicon
substrate. The thickness of each polymer layer was measured by
ellipsometry (Auto EL II, Rudolph Technologies).

■ RESULTS AND DISCUSSION
Bilayers were annealed to allow the tracer (dPS) to diffuse up
into the matrix (hPS) layer in a vacuum oven for times ranging
from a few minutes to hours. Tracer diffusion coefficients (D)
of deuterated polystyrene (dPS) near the substrates were
determined by fitting the volume fraction profiles measured by
elastic recoil detection (ERD) following standard procedures
(Figure 1e).17,18 To investigate the temperature dependence of
polymer diffusion, five annealing temperatures (150, 160, 170,
180, and 190 °C) were studied. For comparison, dPS tracer
diffusion in the bulk was also measured using the same
molecular weights, and the conventional geometry where a thin
film of dPS was deposited on top of a thick matrix of hPS (i.e.,

dPS/hPS/substrate). Figure 1e compares the dPS depth
profiles from an OH-terminated substrate and free surface.
Under the same annealing condition, dPS (1866 kDa) diffused
much further in the bulk (black) than from the OH-terminated
substrate. This pronounced slowing down of dPS diffusion
from the OH-terminated substrate is consistent with the
observation by Zheng et al. in 1995,15 although it is important
to note that their PS (M = ∼700 kDa) tracer film is only ∼5
nm, which is ∼4 times thinner than the unperturbed Rg (22.4
nm) and thereby consists solely of adsorbed chains. Next we
explore a range of dPS molecular weights at a fixed dPS
thickness, which systematically varies the fraction of adsorbed
dPS.
Attractive monomer−substrate contacts introduce additional

friction and slow dPS segments adjacent to the substrate
relative to the bulk. Figure 2a shows the tracer diffusion
coefficients for M values from 23 to 1866 kDa. For the two
highest molecular weights (heq

532K = 15.6 nm and heq
1866K =

28.9 nm), the dPS chains in the tracer film (∼13 nm) are

Figure 1. Schematic drawings of the (a) bilayer (thick hPS layer of M
= 650 kDa, over a thin dPS layer with M = 23, 49, 168, 532, and 1866
kDa) deposited on silicon substrates with hydroxyl groups, phenyl
groups, or PS brushes, as shown in (b−d), respectively. (e) Depth
profile of dPS (M = 1866 kDa) from an OH-terminated substrate
(red) and bulk (black) after annealing at 170 °C for 48 h. Inset shows
the ERD geometry from (a) with incident 3 MeV He+ impinging on
the bilayer and the subsequent recoiling deuterium coming from
different depths below the surface. Bulk tracer diffusion profiles
employed the conventional sample geometry with a thin layer of dPS
on top of hPS. Solid lines are fit to the experimental profiles using
Fick’s second law to determine the tracer diffusion coefficients of dPS.

Figure 2. (a) Tracer diffusion coefficients of dPS with an initial
thickness (ddPS) of 13 nm for M = 23, 49, 168, 532, and 1866 kDa at
170 °C into a hPS matrix (700 nm). Open and closed circles denote
bulk diffusion and diffusion from an attractive OH-terminated
substrate, respectively. Inset shows how the relative amounts of
bound (bold) and free chains depend on the dPS molecular weight at a
fixed tracer film thickness, ddPS; matrix PS is not shown in schematics.
(b) Depth profile of dPS (M = 168 kDa) in hPS fit with two diffusion
coefficients: D = 1.1 × 10−14 cm s−2 corresponds to bound chains
(bold line); D = 1.3 × 10−13 cm s−2, which is comparable to the bulk
diffusion coefficient, corresponds to dPS chains further from the
attractive substrate (thinner black line). The error bars are smaller than
the symbol size in all cases.

Macromolecules Article

DOI: 10.1021/acs.macromol.7b00086
Macromolecules 2017, 50, 3038−3042

3039

Experimental diffusion coefficient 
near flat substrate surface 
Choi et al, Macromol 2017



Concentrated well-entangled SWCNT nanocomposites: 
dissipative particle dynamics 
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Dynamics in polymer/silica nanocomposites

• Observed ‘Master Curve’ of 
polymer dynamics in 
presence of spherical 
nanoparticles
– Well dispersed up to 

50% nanoparticle

– Reduced diffusion 
coefficient vs
interparticle distance 
scaled with radius 
gyration

Macromolecules, 2011, Soft Matter, 2012, 
Macromolecules, 2013, ACS Macro Letters, 
2013, Macromolecules, 2014

3496 dx.doi.org/10.1021/ma102463q |Macromolecules 2011, 44, 3494–3501

Macromolecules ARTICLE

Elastic Recoil Detection (ERD).The dPS concentration profile in
the matrix was measured by elastic recoil detection (ERD) and tracer
diffusion coefficients obtained by fitting the profile to a one-dimensional
(1-D) solution to Fick’s second law equation for a finite source in a semi-
infinite medium.12,38 Diffusion coefficients were obtained from multiple
measurements taken for each sample including those annealed at
different times, and only the profiles having a sufficient diffusion length
were considered. In ERD, the He2þ ion beam was accelerated to 3MeV,
and a 10 μm Mylar film was placed in front of the ERD detector to
prevent the signal from the forward scattered He from masking the H
andD signal. The incident beam intersects the plane of the sample at 15!
and the recoiled H and D are collected by a solid-state detector. The
ERD spectra of counts versus channel are converted to a dPS volume
fraction profile using in-house software. The instrumental resolution is
captured by the Gaussian function, y = [1/σ(2π)1/2] exp("x2/2σ2),
where σ = 39 nm. The depth resolution and accessible depth are 78 nm
and ∼800 nm, respectively. In the least-squares fitting to determine D,
χ2 ranges from ∼10"3 to ∼10"4. Details of ERD have been reviewed
elsewhere.39

’RESULTS

Distribution of Nanoparticles in Polymer Nanocompo-
sites. The fabrication of polymer nanocomposites with well-
dispersed nanoparticles (NPs) is particularly challenging at high

loadings. In our polymer nanocomposites, good dispersion is
achieved by modifying the surface of silica NPs with phenyl
groups that are similar to the pendant phenyl group found on
the PS molecules in the matrix. Figure 1a shows the chemical
structure of PS and a schematic of the phenyl-capped silica NPs,
which have a diameter of 28 nm. The cross-sectional TEM image
in Figure 1b shows that NPs are well dispersed at low concentra-
tion, φNP = 0.02. Figure 1c shows that these NPs remain well
dispersed even up to extremely high loading, φNP = 0.5. We have
also performed selected TEM studies on PNC’s that were
annealed for conditions corresponding to the diffusion experi-
ments and observe no change in NP dispersion. As described later,
the interparticle spacing for this crowded system is about 2 nm,
which is a factor of ∼0.2 and 0.05 smaller than the smallest and
largest tracer molecules, respectively. The insets show that the
sample surfaces have a similar distribution as the bulk.
To complement the lateral structure observed by TEM, depth

profiles of the NPs were determined by RBS. Figure 1d shows the
RBS spectra from a nanocomposite with φNP = 0.5. The energy
(channel) and normalized yield correspond to depth and ele-
mental concentration, respectively. The silicon and oxygen
atoms located at the surface of the film are denoted with arrows.
For both elements, the normalized yield is consistent with a
uniform distribution of NPs. Using XRUMP, the spectrum was

Figure 1. Characterization of PS:silicaNP nanocomposites. (a) The chemical structure of PS (left) and a cartoon of the phenyl-capped silica NP (right).
(b, c) Cross-sectional TEM images showing NP distribution for PS: φNP = 0.02 and PS: φNP = 0.5 nanocomposite films, respectively. Insets: cross-sectional
TEM images of the near surface. Particles are uniformly dispersed in all nanocomposite films. (d) Silicon and oxygen concentration profile measured via RBS
for PS (φNP = 0.5) nanocomposite film. Closed square symbols represent the silicon and oxygen yield from the surface (arrows) and near surface (<2 μm)
regions. The solid line is a simulation assuming a uniform distribution of NPs corresponding to a PS: φNP = 0.5 nanocomposite film.

3499 dx.doi.org/10.1021/ma102463q |Macromolecules 2011, 44, 3494–3501
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peak (closed symbols). This strong slowing down may be
attributed to the loss of chain conformations as tracer molecules
squeeze between closely spaced NPs.
Applying the Entropic Barrier Model.While the collapse of

the data onto a master curve provides a valuable empirical
representation of the dynamics of polymers in confined systems,
we turn our attention to the entropic barrier model (EBM) to
gain insight into the underlying physical mechanisms. Prior to
this work, the EBM has not been applied to polymer melts with
well-defined and tunable barriers because of the difficulty in
fabricating uniformly distributed barriers at high loadings. In our
nanocomposites, the spaces between NPs define cages or cavities
that enclose dPS chains either in whole or in part, depending on
the NP concentration and the corresponding cage size. In the
framework of the EBM, the cavities are separated by bottlenecks
(i.e., entropic barriers) as illustrated in Figure 5a, and macro-
molecular diffusion through random media such as porous
glasses, concentrated polymer solutions, gels, and semicrystalline
polymers deviates from reptation behavior because the media

contains entropic traps that perturb chain dynamics. As noted
earlier, the NPs are capped with phenyl groups, and therefore
enthalpic interactions with tracer chains should be small. Thus,
the free energy barrier ΔF in Figure 5a should be dominated by
the loss of chain conformations as chains pass through bottle-
necks formed by neighboring NPs. For an activated process
D = D0 exp(!ΔF/kBT), where D0 represents diffusion without
barriers (i.e., φNP = 0). Because chain motion occurs between
cavities of size C, separated by bottlenecks of size B, the diffusion
coefficient decreases exponentially with ΔF (= F2 ! F1), where
F1 and F2 are the confinement free energy for a chain in a cavity
and bottleneck, respectively. According to scaling arguments, F1
and F2 are proportional to NC !1/v and NB!1/v, where N is the
degree of polymerization and v is 0.5 for a Gaussian chain.42 The
scaling form for D/D0 is given by13!15

lnðD=D0Þ=N ¼ A! s=N ð3Þ

where s is proportional to B!1(1 ! z!1(B/C)1/v) and z is the
average number of cavities containing unconfined segments per
bottleneck. For 20 e N e 80, Monte Carlo simulations13!15 to
determineD agree with the scaling predictions of eq 3 and exhibit
a slope that increases as the bottleneck size, B, decreases.
To test if the EBM captures dPS diffusion in nanocomposite

matrices, ln(D/D0)/N is plotted against 1/N for φNP = 0.1, 0.2,

Figure 5. Entropic barrier model. (a) Free energies and chain con-
formations as a probe chain diffuses from one cavity to another cavity
through a bottleneck of size B. In the bottlenecks, the number of chain
conformations is reduced resulting in the formation of an energy barrier
with a height ΔF that depends on the size of the bottleneck. (b) ln(D/
D0)/N is plotted against 1/N at φNP = 0.1, 0.2, 0.3, and 0.5, where N is
the degree of polymerization of the tracer. Inset: slope s vs φNP

1/3

(∼ID!1). This scaling behavior is in agreement with the entropic
barrier model.

Figure 4. Effect of relative size of probe and interparticle distance on
diffusion. (a) Interparticle distance (ID) is plotted as a function of the
volume fraction of NP (φNP) under the assumption that NPs are
randomly distributed in a polymermatrix according to eq 2. (b) Reduced
diffusion coefficients (D/D0) of dPS (M = 49k, 168k, and 532k) plotted
against ID/2Rg fall on a master curve. Closed and open symbols
represent diffusion with and without surface peaks, respectively. The
error bars represent the standard deviation determined from measure-
ments taken on samples annealed for different times.



Physical mechanism?

• MD simulations by Liu et al of 
unentangled polymers does not 
reproduce collapse

• Is explanation related to entangled 
polymer dynamics?

From Liu et al, Soft Matter 2014

MD results



Molecular Dynamics of spherical nanoparticle/ 
polymer mixtures: diffusion
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FIG. 2. Dependence of diffusivity (normalized to its bulk value) of unentangled polymers for
different nanoparticle loading: Maxwell prediction (black line), N = 10 (circles), N = 20 (squares),
N = 50 (diamonds).

the mean square displacement increases linearly with time:

D0 =
1

6
lim
t→∞

d

dt

〈

|ri(t)− ri(0)|
2
〉

(2)

where ⟨|ri(t) − ri(0)|2⟩ is the time dependent displacement of the monomer averaged over
time and monomers of the ensemble (ri is the position of a monomer i).
The diffusion of unentangled tracer polymers in an entangled matrix66 follows the Rouse

model. In a polymer nanocomposite containing non-attractive large nanoparticles58 (where
diameter 2R is larger than Rg), unentangled polymers diffusion decreases with nanoparti-
cle loading. However in our study, we investigate spherical nanoparticles with attractive
interactions with the polymers and that are well dispersed61 in the polymer matrix. We
show in Figure 2 the polymer diffusivity, normalized to its bulk value, as a function of the
nanoparticle loading for Rg > 2R (2R = 2). We can see that at nanoparticle loading higher
than the dilute regime (φ > 5.5%) the polymer diffusivity is lower than that predicted from
the Maxwell model. We observe that the polymer diffusion decreases with the addition of
nanoparticles in the matrix. This is due to, by adding nanoparticles in the matrix, the in-
creased interfacial area around the nanoparticles and more monomers exist into the interfa-
cial area61. The same trend appears for unentangled matrices of N = 10, 20, 50. Similarly, a
reduction of unentangled polymers diffusion with the nanoparticle loading has also been ob-
served in the case of very strong attractive polymer-filler interaction (ϵmp = 4ϵm)67–69. The
polymer chain dynamics of the nanocomposites containing attractive polymer / nanoparti-
cle interaction is largely affected by the nanoparticles70, in nanoparticle loading larger than
the dilute regime (φ = 5.5%) as in the experimental systems of poly(ethylene glycol) (PEO)
and poly(butylene oxide) (PBO) chains71 or (P2VP) chains8 with silica nanoparticles. Since
the PEG polymers interact attractively with neat silica nanoparticles, a fraction of PEG
chains was attached to the nanoparticle surface29.
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FIG. 3. Dependence of diffusivity (normalized to its bulk value) of weakly-entangled polymers
(N = 100) for different nanoparticle loading:(i) Maxwell prediction (black line) (ii) simulation data
N = 100 (stars), (iii) PMMA tracer diffusion: diameter dNP = 13 nm (circles), (iv) dNP = 29 nm
(squares), (v) dNP = 50 nm (triangles).

2. Weakly entangled polymers diffusion

We show in Figure 3 the diffusivity (as calculated from Eq. 2) of weakly entangled
polymers (N = 100) as a function of the nanoparticle loading. We observe that the poly-
mer diffusion decreases with the addition of nanoparticles in the matrix. We can see that
the simulation data agree with the experimental system of PMMA tracer diffusion23, at
high nanoparticle loadings. However, in the dilute noparticle regime there is discrepancy
to the data. In the experimental nanocomposite, tracer diffusion23 collapses onto a mas-
ter curve when the neat homopolymer diffusion (D/D0) is plotted versus a confinement
parameter defined as the interparticle distance relative to the polymer radius of gyration
(ID/2Rg)22,23,72 where the interparticle distance ID is given as: ID = 2R[( 2πφ)

1/3 − 1],
where, φ is the volume fraction of nanoparticles. However in our data, the mechanism of
reduction of diffusion in our simulation data, is not due to entropic barriers but due to
nanoparticle interfacial area73,74 and the act of nanoparticles as topological constraints75 in
the matrix. In a simplified model where polymer chains were modeled as spheres diffusing
down cylindrical pores76, it was shown that excluded volume effects can account for the
observed reduction in polymer diffusion for values of ID/2Rg > 5. In that region, the ex-
cluded volume model predicted a pseudomaster curve for the reduced diffusion coefficients,
in good agreement with experimental results22,72 at higher nanoparticle loading. In addi-
tion, in nanocomposites of poly(ethylene glycol) (PEG)-tethered silica (SiO2) nanoparticles
and poly(methyl methacrylate) (PMMA), polymer chain dynamics undergoes a continuous
transition from bulklike behavior at low nanoparticle loading to confinement behavior at
intermediate nanoparticle loading and ultimately to glassy behavior at high nanoparticle
loading77.

• For unentangled polymers:
– At 5% diffusion obeys Maxwell 

geometric model for diffusion 
– Above 5% diffusion is more 

strongly affected than 
geometric model predicts

• For weakly entangled ( < 2 
entanglements) polymers 
– Similar behaviour at 5%
– Above 5% trend similar to the 

experimental data for more 
entangled chains



A very coarse – grained model of polymer 
dynamics

• Develop a simple simulation in 
which obstacles are regularly 
spaced walls with holes

• Inspired by Muthukumar work on 
single chain translocation through 
pores

porous media are not well understood. In particular, the
boundaries of the dynamical regimes, i.e., where the motion
changes form and how it does so, are not established,33 in-
formation that is essential to a fundamental understanding
and control of these systems. The crossover between the en-
tropic trapping and reptative regimes is thought to occur
when the chain threads many obstacles or when the system
becomes topologically correlated,17 but a better understand-
ing is needed. Additionally, the nature of the entropic barriers
is not yet established; some simulations of chains in random
porous media17 and experimental studies of DNA in colloi-
dally templated media33 observe barriers that increase with
chain length, while experimental studies of DNA in variable-
width channels20 observe barriers that do not depend on
chain length. The distinction between these two behaviors is
important since the former situation, barriers scaling with
chain length, suggests the entropic barrier is connected to the
conformational peculiarities of polymers, while the latter
chain-length-independent barrier behavior indicates the bar-
rier is a property of the confining geometry.

Although both the translocation and porous medium mo-
tion of polymers are complex and highly system specific, on
the most basic conceptual level they are similar. Both forms
of dynamics consist of chain motion among regions of vary-
ing confinement. The goal of this study is to explore the
conformational and dynamical consequences of spatially het-
erogeneous confinement on polymer chains via a simulation
that mimics the most generic qualitative features of such sys-
tems. Our model, stripped of parameters invoking specific
biological and materials applications, addresses translocation
and porous medium phenomenology on the basic level at
which they intersect. The underlying dynamics has charac-
teristics of both reptation and entropic barrier hopping, with
anomalous dynamics and apparent entropic barriers dominat-
ing for short chains and large chambers, and a more rapid
form of dynamics suggestive of reptation dominating for
long chains and small chambers.

B. Model system and simulation methodology

In this study, we simulate a single polymer chain under
confinement in a continuous linear series of chambers and
pores, as illustrated by the diagrams in Fig. 1. Such a system
has many possible realizations. We consider models in which
the pores separating chambers are narrow enough to prohibit
hairpins, i.e., doublings over of the chain within a pore.
There are two extremes of this geometry: chambers small
relative to the unconstrained chain size, R!Rg , such that the
chain occupies many chambers simultaneously and experi-
ences many fluctuations of transverse diameter over its con-
tour length !Fig. 1"a#$; and chambers large relative to the
unconfined chain size, R"Rg , such that the entire chain oc-
cupies only one chamber and rarely encounters its walls.
An intermediate case may also be considered !Fig. 1"b#$
in which the chain and chamber are of comparable size,
R%Rg , and the chain occupies one or a small number of
chambers, frequently sampling the intervening pores. These
three regimes correspond, respectively, to the reptation, siev-
ing, and entropic barrier regimes observed in porous media.

In this study, we probe the intermediate and small-chamber
regimes and the corresponding barrier-controlled and repta-
tion dynamics and the crossover between them.

We model the polymer as a Kuhn chain of N segments
connected by harmonic springs. Segments interact via a
Lennard-Jones potential, V"r#=4#!"$ /r#12− "$ /r#6$, with
their diameter $ taken as the simulation unit of length and
the strength of the segment-segment attraction # taken as the
simulation unit of energy. The chamber-pore system is com-
posed of an infinite linear series of spherical chambers with
radius R connected along the x-axis by cylindrical pores of
diameter 1.8$ and length $. Interactions between segments
and the chamber walls are repulsive Lennard-Jones. The
spherical/cylindrical geometry, a three-dimensional system
with one-dimensional connectivity, was selected as the tech-
nically simplest choice. The pores were designed to be nar-
row enough to avoid doubling over of the chain within the
pore "hairpins#, and not so long as to add a large component
of in-pore friction to the already slow dynamics. Study of the
consequences of the pore size and shape is reserved for fu-
ture work.

Our system variables are polymer chain length, N, and
chamber radius, R; all other parameters are taken as con-
stants. We study the effects of N-variation in systems of size
R=2$ "N=10–150# and R=3$ "N=30–150# and the effects
of R-variation for chain lengths N=40, N=75
"R=1.75$–3$#, and N=150 "R=1$–3$#. The degree of
confinement is quantified by the ratio of the dilute solution
"unconfined# chain radius of gyration to the chamber radius,
Rg /R, which for the systems of our study ranges from 0.8 to
3.3. In this regime of modest confinement we are able to see
multiple manifestations of two distinct dynamical behaviors.

To simulate the dynamics of the freely jointed chain, we
numerically integrate the Langevin equation for each seg-
ment:

m
d2

dt2r!i = − %
d

dt
r!i + F! "r!i;&r! j'# + &f!i. "1#

Here r!i is the position of the ith segment, F"r!i ;&r! j'# is the
total force on the ith segment due to interactions with the

x

R

s

c)

a)

b)

FIG. 1. "a# Schematic of small-chamber system with chain threading many
chambers. "b# Schematic of intermediate-chamber system with chain fully
occupying one chamber. "c# Schematic of chamber-pore system, with cham-
ber radius "R#, bead diameter "$#, and chamber axis "x# marked.

214903-2 E. J. Saltzman and M. Muthukumar J. Chem. Phys. 131, 214903 !2009"

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
143.167.166.65 On: Wed, 05 Mar 2014 18:13:48

from Saltzmann and 
Muthukumar, 
J Chem Phys, 2009, 
131, 214903 

From Liu et al, Soft Matter 2014

MD results



Are dynamics controlled by the presence a very few small 
”pores”? Monte Carlo modelling of chain diffusion in a 
constrained environment

  a = Ne = 1

• Dynamics in nanocomposites 
complicated by complex 
structure
– Wide range of lengthscales 

associated with distances 
between particles

• Consider motion through 
uniformly sized chambers with 
holes
– Geometry of constraints 

well defined
• Reptation from the Evans-

Edwards MC model



1378 Baumgartner at al.

Fig. 1. An allowed hairpin-move and a forbidden kink-jump, illustrated for a chain
embedded in a square lattice with obstacles in the centers of the cells. Our simulation uses the
3-dimensional version of this model.

used. We measured in each run correlations over time intervals t1
(MC) —

t(
0
MC) < 107, averaging over t ( M C ) ("moving average"). In addition the data

were averaged over up to 40 independent runs. This is important in par-
ticular for the longer chains, where the equilibration time T(

2
MC) of the

hairpins comes close to the total time of the run (see Section 3.2).
For the longest chains (N =320, 640) and largest times (t(MC)«107)

the standard deviation of our data reaches 6%. Due to the moving time
average it rapidly decreases with decreasing chain length and time, being
less than 3% for t(MC) < 105, for all chain lengths.

B, Analytical Model

We use a version of De Gennes' reptation model.(1,5) discrete in time
and space. The tube is taken as a chain of N segments, connecting beads
numbered 0, 1,..., N. Particles, each representing a spared length fs, are
sitting on the beads of that chain. The average density of these particles
is p0. The particles randomly and independently hop among neighbouring
beads, with hopping probability p. They do not interact, so that a given
particle does not feel the presence of the others. If a particle moves over a
bead, it drags it along and displaces it by a distance fs along the tube. (For

The Evans – Edwards Monte Carlo model for 
reptation
• Highly coarse-grained

– Each segment represents 
an entanglement segment

• Motion occurs by
– End segments
– Hairpins

✗

✓

Taken from Baumgärtner et al, J Stat 
Phys, 1998, 90, 1375



A Master Curve?

Collapse onto a single curve 
almost observed

Difference due to regular vs
dispersed structures?

experiment
modelling



The constraint diffusion coefficient

• The constraint has an effective width 
equal to Rg

– once the chain has escaped 
through hole it has diffused ~ Rg

• Assume that we can treat as a 1D 
problem 

  

1
D

= f
Dt

+ 1− f
D0

; f =
Rg

ID



The constraint diffusion coefficient

• Overall diffusion due to two 
processes
– Diffusion within chambers, D0

– Diffusion between chambers, 
through holes, Dt

• Dt scales with chain size as N -3

– Suggests physical mechanism

• D0 scales with chain size as N -2



The Classic ruin problem: an explanation for scaling?

• Each turn player wins or loses 
one dollar with equal 
probability

• Given an initial stake z dollars, 
and a goal a dollars
– probability of win

– average duration given win
  
p(win) = z

a

  
duration = 1

2
a2 − z2( )τ 0

time for each turn



Gambler’s ruin and reptation

• Reptation is a series of random walks 
along the tube 
– equal probability of walking one 

entanglement in either direction along 
tube

• Combine physics with statistics of 
gambler’s ruin:

!  
Dt =

Rg
2

duration!of!escape
≈ 1

N (MC)

⎛
⎝⎜

⎞
⎠⎟

3

Scaling observed from 
MC simulations



Diffusion in cylindrical confinement

MD simulations

experiment

 

 

Figure S1 shows the SEM images of the top view and the cross section view 

of the AAO membranes used in ERD experiments. 

 

Figure S1. SEM images of the top view and the cross section view of the AAO 

membranes with four different diameters (18nm, 35nm, 55nm, 80nm). 

Evans –
Edwards 
model



Towards a universal picture for both spherical and rod-like 
nanoparticles

• A minimum is observed when 
two geometric characteristics 
are met:

d < 2Rg and L > 2Rg

Choi et al, ACS Macro Lett. 2014



Successes and open questions

• Mesoscale models demonstrate 
how decoupling between diffusion 
and viscosity can be rationalised

• Structure predictions can help 
elucidate nature of surface 
interacrtions

• What is the molecular mechanism 
for a minimum in the diffusion 
coefficient in SWCNT/polymer 
mixtures?

• How should entanglements be 
defined in polymer/nanoparticle 
matrices?



The role of nanoparticle aspect ratio

• SWCNT have very large 
aspect ratio: L/D >> 1

• Silica nanoparticle have aspect 
ratio: L/D = 1

• Is behavior difference due to 
aspect ratio?
– Test by synthesizing 

‘intermediate’ aspect ratio 
nanoparticles Phenyl capped 

TiO2 rod-like 
nanoparticles in 

polystyrene

Phenyl capped 
SiO2 rod-like 
nanoparticles 
in polystyrene


