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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 polymer 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 master 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[( π2 φ)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 excluded volume model predicted a pseudomaster curve for the reduced diﬀusion coeﬃcients,
in good agreement with experimental results22,72 at higher nanoparticle loading. In addition, 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 …
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• Dispersion/orientation of
nanoparticles during
processing depends on
dynamics of polymers and
nanoparticles
• Dynamics characterised by the
viscosity and the diffusion
coefficient

Figure 1. Morphology of SiO2−PS87k:PS nanocomposites. Cross-sectional TEM micrograph depicting the distribution of silic
for a nanocomposite ﬁlm with ϕsilica ∼ 0.06. Inset shows the scheme of a polystyrene-grafted silica nanoparticle (Mnb = 87 kg mo
a polystyrene matrix (Mnm = 160 kg mol−1, black).

brushes (Mnb = 87 kg mol−1 and ρ = 0.52 c
by surface-initiated atom transfer radical p
ATRP) and denoted as SiO2−PS87k.26−28 T
1 depicts the brush-grafted (red) NP with di
thickness h in a PS matrix (black). To und
diﬀusion depends on the unoccupied volum
interparticle distance (ID) was precisely co
the volume fraction of SiO2−PS87k o
maintaining a uniform dispersion of NPs. T
transmission electron micrograph in Figu
nanoparticles are well dispersed in a PS mat
The surface modiﬁcation of the NPs using po
low molecular ligands facilitates the uniform
even up to extremely high loading, ϕsilica =
For the annealed bilayer (Figure 2a, inse
dPS volume fraction proﬁle is shown in Fi
solid line represents the best ﬁt to the
(circles). Using Fick’s second law and app
and initial conditions, ϕdPS(x) is given by

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 (Mnt = 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 (Mnt = 23−1866 kg
mol−1) layer of 15 nm on a thick polystyrene (PS; Mnm = 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-bromoisobutylate derivative) and are denoted as SiO2−I. Using the
same SiO2 NPs, soft NPs are functionalized with polystyrene

ϕdPS(x) =

⎛l+x⎞
1⎡ ⎛l − x ⎞
⎟ + erf⎜
⎟
⎢erf⎜
⎝ 4 Dt ⎠
2 ⎣ ⎝ 4 Dt ⎠

where erf, t, and l are the error function, a
initial dPS thickness, respectively. Equatio
with the instrumental depth resolution and c
used to determine the best ﬁt (solid line), wh
D = 1.8 × 10−14 cm2 s−1 in Figure 2a.29,30 F
tracer diﬀusion coeﬃcients for ﬁve tracer
(Mnt = 23−1866 kg mol−1) as a function of t
of silica (ϕsilica = 0 to ∼0.06). At ﬁxed ϕ
486
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Does sample preparation impact on the morphology?

Solventprocessed
composite
Formulation:
1.0% C60 / 99.0% PS
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

Dynamics
characterised by
diffusion coefficient

Dynamics characterised
by viscosity

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

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
t=0

tube

Polymer
viscosity scales
with molecular
weight

– Viscosity ~ M 3
– Diffusion ~ M -2
From Colby and Rubinstein:
Polymer Physics

Viscosity/diffusion in CNT nanocomposites
viscoelasticity

• 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
diffusion

140k

SWCNTs slow polymer diffusion at low volume fractions
• Maxwell model
• decrease in diffusion due
to presence of obstacles

75k

140k

• Polymer diffusion decreases
more significantly than
Maxwell model prediction

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
SWCNT volume fraction

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

Diffusion is decoupled from viscoelasticity in nanocomposites
SWCNT/480k PS, 200 ºC
Plateau modulus
Me = constant

G’~ω0

G’~ω2

Low frequency modulus scales with
square of nanotube concentration

Relaxation time
~ 8 sec
independent of
SWCNT
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
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• probability of hopping
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Jump probability: po > p1

• Jump probability smaller for hop
into or out of trap, p1
• Consistent with both
viscoelasticity and diffusion
observations

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

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
0
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.

A phenomenological trapping model for diffusion
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experiment

r

p1
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Figure 2. Glass transition temperature and the breadth of the
transition for MWCNT/PS nanocomposites as a function of MWCNT
loading.

Jump probability: po > p1

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

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.
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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
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by molecular dynamics simulations. The SWCNT has a large aspect ratio and radius
smaller than the polymer radius of gyration. We ﬁnd that although the local chain
structure is signiﬁcantly aﬀected, the overall conﬁguration, as characterized by the
radius of gyration, is not perturbed either by the interaction strength between the
polymer and the SWCNT or by variations in the SWCNT radius.
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Affect of SWCNT on chain dimensions
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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
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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 (heq532K = 15.6 nm and heq1866K =
28.9 nm), the dPS chains in the tracer ﬁlm (∼13 nm) are

Proximity to surface impacts diffusion

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

Reduced diffusion coefficient

ness increases as M1/2.11 By investigating tracer ﬁlms of various
cular weights
and a ﬁxed initialon
dPSdistance
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dependence
ofwhich
chain
thinner than to thicker than heq, we systematically control the
SWCNT
surface
of adsorbed to freefrom
chains within
the tracer
dPS ﬁlm. To prepare
erminated
substrates, siliconet
(Si)
were exposed
to UVKaratrantos
al,wafers
Macromol
2012
e for 20 min to create silanol groups (Figure 1b). Phenyl-capped
bstrates (Figure 1c) were prepared by spin-coating chloroethyl)phenylsilane (Sigma-Aldrich, 98%) on OH-terminated
rates. PS brushes with a grafting density (ρ) of 0.152 chains/
and molecular weight (M) of 37 kDa were grafted from silicon
surface-initiated atom transfer radical polymerization (SI-ATRP)
re 1d). These surfaces were characterized by contact angle
urements. The hPS ﬁlms were spin-coated on silicon substrates,
d oﬀ on water, and then picked up by a dPS ﬁlm on a silicon
rate. The thickness of each polymer layer was measured by

Experimental diffusion coefficient
near flat substrate surface
Choi et al, Macromol 2017
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Dynamics in polymer/silica nanocomposites
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polymer dynamics in
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presence of spherical
nanoparticles
– Well dispersed up to
50% nanoparticle
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– Reduced diffusion
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scaled with radius
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ARTICLE

Figure 1. Characterization of PS:silica NP 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.

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 semiinfinite 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 3 MeV,
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
and D 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

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 concentration, 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 experiments 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 elemental concentration, respectively. The silicon and oxygen

Macromolecules, 2011, Soft Matter, 2012,
Macromolecules, 2013, ACS Macro Letters,
2013, Macromolecules, 2014
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Physical mechanism?
MD results

•

•

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

Molecular Dynamics of spherical nanoparticle/
polymer mixtures: diffusion
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For unentangled polymers:
– At 5% diffusion obeys Maxwell
geometric model for diffusion
– Above 5% diffusion is more
strongly affected than
geometric model predicts
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FIG.
1.62. 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),
Maxwell
N = 50 (diamonds).
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where
0.8⟨|ri (t) − ri (0)| ⟩ 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
0.6 In a polymer nanocomposite containing non-attractive large nanoparticles58 (where
model.
diameter 2R is larger than Rg ), unentangled polymers diﬀusion decreases with nanoparticle 0.4
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
0.2
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
0
nanoparticles
in5the matrix.
is due to,20
by adding
the matrix,
0
10 This15
30 in35
40 the in25nanoparticles
creased interfacial area around the nanoparticles and more monomers exist into the interfaφ%
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 obFIG. 3. Dependence of diﬀusivity (normalized to its bulk value) of weakly-entangled polymers
served in the case of very strong attractive polymer-filler interaction (ϵ = 4ϵm )67–69 . The
(N = 100) for diﬀerent nanoparticle loading:(i) Maxwell prediction (black line) (ii)mp
simulation data
chain
of the
nanocomposites
attractive polymer / nanopartiN =polymer
100 (stars),
(iii)dynamics
PMMA tracer
diﬀusion:
diameter dcontaining
NP = 13 nm (circles), (iv) dNP = 29 nm
cle interaction
largely
aﬀected by the nanoparticles70 , in nanoparticle loading larger than
(squares),
(v) dNP =is50
nm (triangles).
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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Weakly entangled polymers diﬀusion
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A very coarse – grained model of polymer
dynamics
MD results
•

•

Develop a simple simulation in
which obstacles are regularly
spaced walls with holes
Inspired by Muthukumar work on
single chain translocation through
pores

J. Chem. Phys. 131, 214903 !2009"

a)

b)

c)

R
s
x

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 chamber radius "R#, bead diameter "$#, and chamber axis "x# marked.

In this study, we probe the intermediate and small-chamber
regimes and the corresponding barrier-controlled and reptation 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

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

From Liu et al, Soft Matter 2014

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 EvansEdwards MC model

The Evans – Edwards Monte Carlo model for
reptation
• Highly coarse-grained
– Each segment represents
an entanglement segment1378

✓
Baumgartner at al.

• Motion occurs by
– End segments
– Hairpins

✗
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.

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

used. We measured in each run correlations over time intervals t1(MC) —
t(0MC) < 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-

A Master Curve?

modelling
experiment

Collapse onto a single curve
almost observed
Difference due to regular vs
dispersed structures?

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
f 1− f
=
+
;
D Dt
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

z
p(win) =
a

– average duration given win

(

)

1 2 2
duration = a − z τ 0
2
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:

Rg2

⎛ 1 ⎞
Dt =
≈ ⎜ (MC) ⎟
duration!of!escape ⎝ N ⎠
!
Scaling observed from
MC simulations

3

Diffusion in cylindrical confinement
Figure S1 shows the SEM images of the top view and the cross section view
of the AAO membranes used in ERD experiments.

MD simulations
Evans –
Edwards
model

experiment

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).

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

