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ABSTRACT: We measure the activation energy for the local segmental dynamics of polymer chains densely grafted to nanoparticles
(NPs) using quasielastic neutron scattering. We aim to understand the underpinning physics of the experimentally measured
enhanced gas transport in polymer grafted nanoparticle-based membranes relative to the neat polymer (without NPs), especially the
permeability maximum, which occurs at intermediate chain lengths. We find that the activation energy goes through a minimum as a
function of chain length, while the elementary jump size goes through a maximum around the same chain length. These results,
likely, are the dynamic consequence of a structural transition of the grafted polymer brush from “extended” to “interpenetrated” with
increasing chain length at fixed grafting density. Evidently, the regimes of different graft chain lengths near this structural transition
are associated with lower activation energy, likely due to fluctuation effects, which also lead to enhanced gas transport.

A key molecular mechanism for transport in a condensed
polymer phase was proposed by Brandt1 and Freeman,2

who postulated that the activation energy, EA, for diffusion
depends on the penetrant’s kinetic diameter, d:

E cd fA
2= − (1)

This equation defines a parameter f, which on its own has no
physical interpretation. However, a characteristic size of the
polymer free volume3−5 can be defined as d f c/0 = (where c
is the apparent stiffness of the medium). While the free volume
is an easy metric to describe and measure (e.g., by positron
annihilation lifetime spectroscopy, PALS),6,7 it is difficult to
understand, relate to the molecular details defining the
medium, and hence to controllably vary by changing the
structure of the polymer chains. In contrast, the activation
energy provides a framework to understand how chain
architecture and packing might determine solute transport
and thus provides a molecular framework for understanding
transport in polymers.
In this work, we focus on this issue by utilizing temperature-

dependent polymer segmental dynamics toward understanding
the key factors determining transport barriers in a polymer
nanocomposite. In particular, we focus on melts of polymer

chain grafted inorganic spherical silica nanoparticles (polymer
grafted nanoparticle, GNP). It is well known that the structure
of densely grafted polymer brushes depends on several factors
such as the grafting density, polymer chain length, and core
size.8−10 The conformation of a polymer brush on a single
spherical GNP varies with distance from the NP surface as the
space available to the polymer segments increases with
increasing distance, leading to less chain crowding. For melts
of GNPs, i.e., a system comprising only GNPs with no added
solvent, we additionally have to consider how the brushes on
adjacent GNPs interact and pack.11,12 These ideas have been
built into a series of models,13,14 which all imply a transition
between a dry brush regime with highly stretched polymer
chain fragments to an interpenetrated polymer brush where the
chains assume their melt-like state (assumed by chains that are
not tethered to surfaces) as a function of increasing distance.14
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Wei et al.15 showed that these regions are distinct dynamically
as well, with the local dynamics being slower closer to the
surface, presumably due to the steric effects of the neighboring
brushes and the grafting surface. Thus, the structure and the
dynamics of the polymer are controllable by varying the
parameters defining these GNPs.
These structural changes are conjectured to be important

since one-component melts of GNP have unusual transport
properties: for example, gas permeability goes through a
maximum as a function of polymer chain length (the maximum
occurs at a molecular weight Mn ∼ 90 kDa at 308 K, with a
grafting density of ρg ∼ 0.47 chains/nm2, on silica cores with
radius Rc = 7 nm in the case of poly(methyl acrylate), PMA,
grafts), with this maximum being about an order of magnitude
larger than that of the neat polymer.16 While measured free
volume element sizes in the GNPs, as measured by PALS, are
larger than that of neat polymer, the density of the polymer
phase remains nearly the same in the GNPs compared to the
melt.16 Our previous work,17 using quasielastic neutron
scattering (QENS), showed that the data are well-described
by the anomalous jump diffusion model where both the
characteristic time scale, τ0, and jump lengths, o, depend on
graft chain length, from which we obtained an apparent
diffusion coefficient, D /0

2
0τ= . Note that this diffusion

coefficient is in a time regime where the segments execute
hop-like motionsthus, this is not a true diffusion coefficient,
which characterizes the long-time random motion of the
segments. However, past work on substituted polyacetylenes
shows that such high frequency motion correlated well with
the measured gas permeabilities18hence, while there are
caveats, these “diffusion coefficients” have value in this
exercise. This paper goes beyond previous observations of
speeded up local polymer dynamics and their empirical
relationship to gas permeability for constructing a molecular
basis of those results.
To this end, we critically examine the temperature

dependence of both 0 and τ0. We find that while 0 is
essentially temperature independent for each system (but
different for the different graft lengths), the activation energy
obtained from the temperature dependence of the relaxation
times (τ0) shows a minimum at roughly the chain length where
the chains are the most stretched. We propose that this
behavior of the activation energy and 0, in particular its
unusual behavior with increasing chain length, is a direct
reflection of the brush structural transition from one composed
of stretched chains to interpenetrated polymers. This provides
an underlying physical picture as to why the diffusivity of light
gases in GNP shows the unexpected experimental trends.

■ MATERIALS AND METHODS
We utilize spherical SiO2 NPs (14 ± 4 nm diameter, Nissan) with
PMA grafts19 (see the SI), where both the molecular weight (Mn = 29
to 136 kDa, DI ∼ 1.05−1.25) and grafting density (ρg∼0.11, 0.47, and
0.66 chains/nm2) were systematically varied. To understand the
origin of the scattering intensity, we list the scattering cross sections,
which are a measure of the scattering probability of the different
components. The large incoherent scattering cross section of
hydrogenated PMA [σinc, PMA∼4.439 cm−1] compared to the coherent
scattering cross section of hydrogenated PMA [σcoh, PMA∼0.022 cm−1]
and the total scattering cross section of SiO2 [σtot = σinc + σcoh;
σtot, SiO2

∼0.224 cm−1] ensures that >92% of the quasielastic neutron
scattering observed from the composites is related to the self-motion
of the hydrogen atoms on the graft polymer chainsthis is

augmented by the fact that the silica content is always less than 15
vol %. As both the main chain and the ester side groups are
hydrogenated, the measured dynamics are a combination of the
relaxations from both moieties.

QENS measurements were carried out on three different
spectrometersthe high flux backscattering spectrometer (HFBS, q
∼ 2−15 nm−1)20 at the NIST Center for Neutron Research (NCNR),
SPHERES21 (q ∼ 3−17 nm−1) operated by JCNS at the Heinz Maier-
Leibnitz Zentrum (MLZ), and on IRIS22 (q ∼ 5−18 nm−1) at the
ISIS Neutron and Muon Source. The wavevector q is dependent on
the incoming wavelength of the neutron beam and the scattering

angle θ (q = ( )sin ).4
2

π
λ

θ For inelastic and quasielastic scattering

experiments, this expression is a valid approximation as the change in
energy of the neutrons (∼μeV) is much smaller than the energy of the
incoming neutrons (∼meV), and thus, λ remains relatively the same.
The wavevector is also inversely related to a corresponding real space
length scale as q ∼ 2π/d, where d is the corresponding length scale for
a particular q value. The accessible temporal range for the instruments
is different (HFBS, t < 2500 ps; SPHERES, t < 3000 ps; IRIS, t < 150
ps), and due to this, the ranges of temperatures studied are different.
On HFBS and SPHERES, we employed 358−420 K, while on IRIS it
was 400−445 K. As the nominal calorimetric glass transition
temperature (Tg) of PMA is ∼290 K, we are always well above
1.2Tg; thus, these systems are above the temperature where dynamic
heterogeneities seen in glass-forming liquids manifest themselves. For
calculating intermediate scattering functions, the instrumental
resolution function was measured at 4 K on HFBS and SPHERES
and 10 K on IRIS, the temperature where most dynamic processes are
expected to be frozen, for one sample, and subsequently used to
normalize all samples measured on the same instrument. To account
for the differences in neutron transmission across different GNP films,
the maximum value of S(q,ω) in the high temperature data and the
resolution function were scaled to 1 (see the SI, eqs S1 and S2). To
ensure data consistency, data at similar nominal temperatures were
compared across different spectrometers with similar resolution
(HFBS and SPHERES) as well as different resolutions (HFBS and
IRIS). The choice of experimental temperatures was dictated by the
ability of the spectrometer to probe dynamics associated with the α
relaxation as well as display appreciable decay in the intermediate
scattering function, I(q,t). Informed decisions were made by
measuring the amount of quasielastically scattered intensity with
temperature through elastic scans. The elastic scans suggested that the
effective Tg (beyond which dynamics associated with the α relaxation
are accessed by QENS) was around ∼310 K on HFBS and SPHERES.
As IRIS accesses time scales smaller than what can be accessed on
HFBS and SPHERES, only spectra at higher temperatures were
collected on IRIS. All data were subject to background subtraction to
remove the contributions from a sample holder as well as corrected
for detector efficiencies using a reference vanadium sample. Since all
samples had a neutron transmission of 90% or greater, there was no
need for multiple scattering corrections. Data were reduced and
analyzed using combinations of DAVE,23 SLAW,24 and MANTID.25

■ RESULTS AND DISCUSSION

Figure 1A shows the temperature dependence of the raw
QENS spectra at a single wavevector, q = 11.1 nm−1 for a
representative GNP with Mn = 88 kDa (ρg∼ 0.47 chains/nm2).
With increasing temperature, the QENS spectra broaden,
indicating that more of the system dynamics occurs within the
instrumental time window. The data were Fourier transformed
into the time domain and divided by the instrumental
resolution function to obtain intermediate scattering functions,
I(q,t), Figure 1B (points). Each curve is first fit to a stretched
e x p o n e n t i a l f u n c t i o n :

( )I q t A q T C( , ) ( , ) exp t
q T

T

( , )

( )

KWW

i
k
jjjjj

y
{
zzzzz= × − +

τ

β
, where β is
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a temperature-dependent stretching parameter and A(q,T) and
τKWW(q, T) are dependent on both the wavevector and
temperature (lines in Figure 1B), and due to data normal-
ization, A(q,T) ∼ 1 for all the spectra considered in this work.
C represents a contribution from atoms that are immobile
within the instrument’s timescale and was estimated based on
the decay of the correlation curves at large q values (small
length scales) previously.17 The curves at different temper-
atures were shifted horizontally, Figure 1C,D, to produce
master curves for each sample. This validates the applicability
of the empirical time−temperature superposition principle,
which is based on the assumption of a single process
controlling dynamics across these length and time scales.
We use this fact, along with the anomalous jump diffusion

model,26,27 to extract jump time scales (τ0) and a characteristic
jump length ( 0):

q
q

( ) 1
1

KWW 0 2
0
2

1/i

k
jjjjj

y

{
zzzzzτ τ= +

β

(2)

To a first approximation, the superposition of the curves in
Figure 2A (αT is the ad hoc vertical shift factor, which collapses
the data at different temperatures) implies that the character-
istic dynamic length scale associated with the system ( 0) is
essentially temperature independent and only the τ is
temperature dependent. This assumption is validated by fitting
the dispersion with the jump diffusion model; the effective
jump length remains constant for all the temperatures studied

[Figure 2B] as has also been found for a variety of other
polymer melts.27,28 For the GNPs, only specimens with chain
molecular weights between 80 and 100 kDa have 0 different
from the neat homopolymer, and the length scale for Mn = 88
kDa (which corresponds to the most permeable material) is
about 40% higher. Similar trends are found for each of the
composites studied (see the SI for high ρg data; Figures S1 and
S2). From a free volume element perspective, there is
equivalence between the trends observed from PALS experi-
ments on these materials16 and the trends in the jump length,
suggesting a possible correlation between the two quantities.
From a physical standpoint, this makes sense due to the fact
that larger fluctuations could lead to temporally larger “free
volume” elements even though the overall density would
remain constant at all times, consistent with the previous
experimental results.16 The temporal nature arises from the
fact that the relaxation of the chains would lead to changes in
local density, observations of which will be dependent on the
time scale of the fluctuations. If the motion of the chains is
much slower than the observation timescale, the density
fluctuations are “frozen” in place and information related to
these fluctuations will not be probed in the measurement. On
the other hand, if the time scale of the fluctuations is similar to
the probe used, the effect of these fluctuations must be explicit
in the measurement. The effects of the fluctuations are
extremely localized, and their effect on the density is minimal
as the density averages over many different events occurring in
the polymer phase. Analogous simulations have also shown
that the transverse fluctuations of polymer brushes are
dependent on the chain length and distance of the segments
from the surface of the NP.12

The observed temperature dependence of the τ is much
stronger than that obtained from Williams−Landel−Ferry
(WLF) fits to rheological data (these parameters remain
constant for all different GNPs and PMA homopolymers
irrespective of changes in chain molecular weight or grafting
density) at lower temperatures (293−358 K) for the same
GNPs as used in this study,16 and an Arrhenius-like behavior is
observed [Figure 3A]. We fit each of the curves to the

Arrhenius model, ( )exp E
RT

Aτ τ= ∞ , and extract the activation

energies, EA, for different graft molecular weights and grafting
densities. We also compute EA at different wavevectors using

Figure 1. (A) Representative QENS spectra at a single wavevector, q
= 11.1 nm−1, for a composite system with Mn = 88 kDa and ρg ∼ 0.47
chains/nm2 at different temperatures. The spectra are shifted for
clarity. The corresponding instrumental resolution (black line) is
shown for reference. (B) Intermediate scattering functions derived
from the curves in subpart (A) for the four different temperatures.
Red lines are fits using a stretched exponential function. (C)
Superposed intermediate scattering functions at different temper-
atures and the same q values shifted using an ad hoc shift factor (0.47
chains/nm2−88 kDa, q = 11.1 nm−1). The reference temperature is
Tref = 400 K. (D) Comparison between the shifted curves of the neat
homopolymer (black box) and the data in part C (red box) at Tref =
400 K. The lines are fits with a stretched exponential function with β
= 0.44 for nPMA and 0.47 for the GNP (0.47 chains/nm2−88 kDa).

Figure 2. (A) Superposed master relaxation time dispersion for a
composite system with graft Mn = 88 kDa for different wavevectors.
The reference temperature for the shifted data is 400 K. Data were
collected on HFBS. The red line is a fit to the anomalous jump
diffusion model using the parameters calculated for T = 400 K. (B)
Calculated jump lengths from best fits to the dispersion of relaxation
times for different graft molecular weights (ρg≈ 0.47 chains/nm2) at
different temperatures. The gray band represents the jump length
values for the neat homopolymer with no NPs. Error bars represent
one standard deviation.
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the definition of the mean relaxation time for a stretched

exponential function
( )KWW

1

τ< > =
τ

β

Γ
β
. As seen in Figure 3B,

EA values derived in this manner are essentially q independent
for the different graft molecular weights at ρg∼ 0.47 chains/
nm2 (see the SI for higher ρg, Figure S2) and closely match the
trends and absolute values of activation energies obtained from
the jump diffusion model, Figure 3C. The observed Arrhenius
dependence of the relaxation time might be due to the
narrower temperature range probed by the experiments, and
thus, the measured activation energies are apparent activation
energies.
The most striking takeaway from these results is that the

graft molecular weight-dependent EA has an apparent
minimum in the 50−75 kDa range of graft chain molecular
weights (for ρg∼ 0.47 chains/nm2). Generally, for polymeric
materials, the temperature response is a function of its
chemical structure and packing, but essentially independent
of chain length especially in this range. For confined systems,
which represent one extreme of packing, such as highly loaded
polyethylene-alt-propylene composites,29 and poly(ethylene
oxide) in nanoporous media,30 no change in EA was found. For
GNP melts, the WLF parameters have also been reported to be
independent of grafting density and molecular weights,16,31

thus making such a minimum more surprising. The lowering of
the EA is also observed at a higher grafting density (ρg∼ 0.66
chains/nm2).
To explain these observations, we first consider recent

theoretical work by Midya et al.,12 which suggests that the
height of the grafted polymer brush, h, in a GNP melt can be
obtained following space filling arguments, namely,

R h R R( ) 4 N4
3 c

3 4
3 c

3
c
2

gπ π π ρ+ = +
ρ , where N, b, and ρ are the

number of Kuhn monomers per grafted chain, the Kuhn
length, and the Kuhn monomer density of the chains,
respectively.32 A key assumption here is that there is no
variation of the polymer density for all graft chain lengths, and
thus, the total “unoccupied” volume is likely not very different
from the reference melt state; this assumption has previously
been verified by density measurements from an analogous
sample set.16

From this expression, we can estimate the mean chain
stretching free energy in the GNP layers33 as

( )F k T h
b NB

3
2

2
Δ ∼ . This quantity varies non-monotonically

as a function of N at fixed ρg (Figure 4A), and for ρg ∼0.47

chains/nm2, it is predicted to be maximum for Mn ≈ 70 kDa,
while for ρg ∼ 0.66 chains/nm2, it occurs at ≈50 kDa. Our
previous work has shown that there are changes in the
characteristic correlation length scale as a function of graft
chain length, highlighted by changes in the crossover of the
relaxation times between two asymptotic scaling laws of q−2/β

and q−2, as has been observed previously for several different
glass forming polymers (see the SI, Figure S4).17,34,35 Given
that this might reflect a length scale at which chain
connectivity related motion becomes important, the increasing
crossover length scale for the grafted chains (lower qc values)
also lends credence to the fact that extension changes with
graft chain length. We observe that the prediction of maximum
stretching for the lower ρg closely corresponds to the location
of the minimum in EA; our limited data for the higher ρg
preclude a definitive conclusion.

Figure 3. (A) Natural logarithm of the characteristic times related to jumps calculated using the anomalous jump diffusion model at different
temperatures. The red line is the fit to the Arrhenius equation, and the dashed black line corresponds to the WLF-like relaxation for PMA-based
GNPs. (B) Calculated activation energies at different wavevectors for composites with different graft molecular weights. The activation energies are
essentially independent of the wavevector. (C) Activation energies calculated using the jump diffusion model at different graft molecular weights
and grafting densities (blue triangle − 0.11, black box − 0.47, red circle − 0.66 chains/nm2). A clear minimum is observed at an intermediate
molecular weight. The gray band represents the activation energy of the neat homopolymer with no NPs.

Figure 4. (A) Degree of stretching based on the space filling model of
Midya et al.12 for ρg ∼ 0.47 ch/nm2 (black line) and 0.66 ch/nm2 (red
line). The lines reflect numbers based on theoretical derivations rather
than experimental results. (B) Normalized friction coefficients based
on the calculated diffusion coefficients (D /6poly 0

2
0τ= ; ζ = kBT/D)

for ρg∼ 0.47 ch/nm2 at different temperatures.
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We now seek to understand the minimum in EA as a
function of chain molecular weight. The (local) segmental
dynamics of a polymer chain are well described by an
overdamped Langevin equation so that the time constant for
local motion follows: τ∼ζ/kpoly, with a characteristic spring
constant, kpoly, and local friction coefficient, ζ. Even though the
grafted chains are extended relative to their ungrafted
counterparts [Figure 4A], the chain extension is typically
small, such that they are still Gaussian-like and can be
described by the same spring constant (kpoly ∼ kBT/b

2; changes
in the Kuhn length, b, are likely small) as a polymer melt.
Thus, we conclude that changes in spring constant are not the
primary source of the observed minimum in EA. The primary
factor that leads to the reduction in relaxation times is thus the
segmental friction experienced by the chains. Although the
calculations use the average degree of extension to match the
ensemble averaged dynamics measured through QENS,
simulations have shown that the degree of extension is
dependent on the radial distance from the surface.12 The
segmental friction can be readily estimated from the effective
segmental diffusion coefficient, ζ = kBT/Dpoly (Dpoly = < >2/6τ)
[Figure 4B; see the SI for trends from elastic scans on the same
materials, Figure S5]. These results assert the primary role of
the reduced friction coefficient [which is 5× lower at the
minimum, Figure 4B].
Experiments36 and simulations37 have shown that extended

chains have decreased effective monomeric friction coefficients
relative to their bulk, Gaussian counterparts, though the
decrease depends on the chain architecture and the tension.
Bobbili and Milner37 noted that even small values of tension ( f
∼ kBT/b), which are approximately equivalent to the amount
of tension in these graft chains, lead to an ∼2× drop in the
friction coefficient. Since we see an ∼5× drop in the most
extreme case, this chain extension argument only provides a
partial explanation. While the measurement of the chain
stretching and how it affects local friction is thus critical, an
open question that is outside the purview of the current paper,
it nevertheless is clear that the bigger effect it has is on friction
and not on the local elasticity.
Rheologically, we know that the systems with short chains,

with Mn< 80 kDa, behave akin to soft, jammed solids.16 In
these jammed solids, the brush chains on adjacent NPs hardly
interpenetrate, but beyond Mn = 80 kDa, the brushes on
adjacent NPs can interpenetrate much more readily. For
molecular weights below this crossover, the brush chains,
which are required to fill space, are extended as well as
frustrated, leading to inefficient “packing”. The packing we
refer to is akin to the packing of hard spheres at different
volume fractionsanalogous to the ECNLE theory proposed
by Mirigian and Schweizer.38,39 A larger jump length of the
graft segments coupled with the reduced friction coefficient
implies that the compressibility of the graft polymer phase is
higher when compared to the homopolymer melt (δV/V2 ∼
kBTκT; δVgraft > δVpoly). This results in (from an equivalence
viewpoint) a lower hard sphere volume fraction of the polymer
phase near the maximum in the gas permeability (Mn = 88
kDa; jump length was 60% higher [Figure 2B]) observed in
these constructs.
These conclusions are also consistent with the lowering of

activation energies observed in these systems, as the
importance of chain packing in determining activation barriers
was also put forth much earlier by Bershtein et al.,40 based on
empirical observations. This, thus, provides the second piece

that can explain the larger than expected decrease in the
friction coefficients in the vicinity of the maximum chain
stretching. On increasing the molecular weight, as the graft
chains interpenetrate, following the arguments of Bockstaller
and co-workers,9,41 the polymer phase behaves more akin to a
melt and the apparent activation energy and friction
coefficients increase. This is supported by the corresponding
decrease in the effective segment jump length, Figure 2B.
While these qualitative ideas are in agreement with other
experiments and previous work,41,42 there is no fully
quantitative model that captures this physics. There is a
significant correlation between the three quantitiesthe
accelerated segmental dynamics, the stretching of the brush,
and the lowering of the apparent activation energy, and while it
is difficult to pinpoint the key driving force, they are
intrinsically linked to each other and the structure of the
polymer brush. Based on the expected changes in chain
extension with molecular weight due to the additional steric
crowding at higher grafting densities, as shown in Figure 4A,
we would expect the minimum in apparent activation energy to
be grafting density dependent. From the limited data that we
have at the higher grafting density, we do observe lower
apparent EA for Mn ∼ 64 and 82 kDa, but whether they portray
a true minimum in the apparent activation energy remains an
open question.
A second important point is the effect of the different

mobilities of the dry inner brush vs the interpenetrated outer
brush layer. This effect of the brush microstructure would
likely lead to different mobilities at different points along the
chain moving away from the surface, which might influence the
stretching factors and the intrinsic non-exponentiality of the
dynamics in a way that is unknown. Our work probes the
average dynamics from the entire chain, without any
distinction between the inner extended layer and outer
interpenetrated layer. Previous work for dilute solutions of
GNPs has shown that both layers follow Zimm dynamics with
different relaxation times, and this suggests that stearic
hinderance induced changes might have the same non-
exponential dynamics with different relaxation times.15 More
detailed studies in GNPs with appropriately labeled chains are
required to systematically study the differences in mobility
between the two layers.
Lastly, we focus on the relevance of these results on the

transport of penetrants in polymers and GNP-based
membranes. The importance of thermal motion has been
shown through coarse-grained molecular dynamics simula-
tions, where Debye−Waller vibrations are important drivers for
diffusion for penetrants larger than a critical size.3 Similarly,
theoretical approaches have illustrated the intimate relation-
ship between α relaxation and penetrant hopping.43 As we
noted previously, the transport of penetrants through polymer
membranes, the diffusion constant is an activated process
dependent on the penetrant diameter, eq 1. In our language,
penetrants with sizes smaller than 0 would face no penalty,
while the prefactor c in the Brandt/Freeman expression has a
frictional origin. Thus, for GNPs, the change in chain extension
and packing, and how this affects local friction, would manifest
itself in a change in these apparent metrics (c and f) and
explain how the macroscopic transport activation energies will
likely vary.
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■ CONCLUSIONS
Grafting polymers to the curved surface of a NP has been
shown to enhance penetrant diffusivity, a phenomenon that is
strongly dependent on the graft chain length at a fixed NP size
and grafting density. The key dynamic driving force for faster
diffusivity is shown here to be related to the fact that the
characteristic time constant, relaxation length scale (ref 15 and
this work), and the apparent activation energy display unusual
dependences on graft length and grafting density. Based on
these results, we propose that the mechanism that controls
behavior is a transition in the brush structure evolving from
“dry” to “interpenetrated” with increasing chain length. For low
graft molecular weights, the degree of extension of the chains
increases with increasing molecular weight up to a certain
molecular weight. This results in disrupted chain packing and
reduced barriers to motion. Beyond a certain critical molecular
weight (= 88 kDa for this set of GNPs, ρg ∼ 0.47 ch/nm2), the
chains become more melt-like, and the apparent activation
energy recovers to the level of the reference melt. Our results
therefore highlight the critical importance of this structural
transition in determining gas transport and presumably other
dynamic properties in these novel constructs.
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