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The  addition  of nanoparticles  (NPs)  to a  polymer  matrix,  forming  a polymer  nanocomposite  (PNC),  is
known  to alter  the  microscopic  dynamic  processes  of both  species  which  leads  to unique  macroscopic
material  properties  of the  PNC.  Because  the  NPs  and  polymers  have  overlapping  characteristic  length,
time,  and  energy  scales,  the  interactions  within  these  materials  are  complex  and  the  dynamics  are  inter-
related.  In this  review,  we  present  an overview  of experimental,  simulation,  and  theoretical  results  that
probe  multi-scale  polymer  and  nanoparticle  dynamics  in polymer  nanocomposites  and  navigate  the
dense  parameter  space  presented  by  these  multicomponent  systems.  Although  a variety  of  PNC  systems
are  mentioned,  we  focus  this  discussion  on linear  thermoplastics  filled  with  hard  spherical  or  cylindri-
cal  NPs  in  the  melt  state.  We  begin  by  introducing  PNCs,  the dynamic  processes  within  them,  and  the
importance  of dynamics  for  properties  and  processing.  At  the  smallest  length  and  time  scales,  we discuss
segmental  dynamics  in  PNCs,  including  the  role  of polymer  attributes,  NP  attributes,  and  NP-polymer
interactions.  Then,  we present  measurements  of  collective  motions  and  intermediate  (Rouse)  dynamics

in  various  PNC  materials.  At longer  length  and  time  scales,  we  discuss  polymer  center-of-mass  diffusion  in
PNCs  with  either  spherical  or anisotropic  NPs.  We  then  explore  the  dynamics  of the  NPs  in  PNCs  and  poly-
mer  melts,  including  theoretical  predictions,  simulation  results,  and  experimental  observations.  Finally,
we  note  some  of the  remaining  challenges  in  probing  dynamics  in  PNC  materials  and  fundamentally
studying  PNCs  more  generally.
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uction

er nanocomposites (PNCs), or materials comprised of
d fillers embedded in a polymer matrix, have gen-
bstantial academic and industrial attention in recent
Compared to composites with micron-sized fillers, the
noparticles (NPs) drastically increases the NP-polymer
l area and decreases NP-NP separations at the same con-
n of filler [1,2]. As such, a resulting PNC can have drastically
properties as compared to the host matrix or traditional
es. In fact, these different properties can be varied, con-
nd tuned using the broad set of parameters that these
aterials offer. These parameters include those associated
NP (size, shape, and surface), polymer (molecular weight,
y, and architecture), and PNC (concentration, NP-polymer
n, and NP dispersion state). In addition, inclusion of the
dd functionality including electrical, plasmonic, barrier,
i-responsive properties to a polymer matrix otherwise

 those properties. Importantly, many PNCs still maintain
able properties of the polymer such as processability and

 density.
er  nanocomposites are exciting candidates for a variety
tions and industries, as reviewed by others [3–12]. Early

n nanoparticle-filled polymers was primarily for car tires,
s are added to rubber to increase strength, wear resis-

d traction while maintaining low cost and weight [4].
roperties make PNCs desirable for different applications,

 various parts in ground and air transportation and sports
nt. In addition, PNCs have desirable barrier, permeability,

ing  in substantial increases in both n-butane permeability and
n-butane/methane selectivity, two parameters that often compete
with each other [14]. The addition of NPs can also add functional
properties, especially optic and electronic properties, to the poly-
mer  matrices. The most common example is the augmentation of
electrical conductivity to an otherwise insulating polymer matrix
through the inclusion of a percolated network of silver nanowires,
carbon nanotubes, or other conductive fillers [15–18]. Similarly, the
addition of plasmonic or upconverting NPs to a polymer matrix has
been used to realize optoelectronic applications and or to enhance
the efficiency of solar cells [10,12,19].

Despite the appealing properties that have been observed, much
remains unknown, especially regarding PNCs more fundamentally.
In this vein, this review will broadly survey and discuss recent stud-
ies of multiscale polymer dynamics and NP dynamics in polymer
nanocomposites, as depicted in Fig. 1. As discussed in Section 2,
PNCs exhibit several different dynamic processes that are inter-
related and dictate or influence properties and performance. In
subsequent sections, we will discuss and review selected theo-
retical, simulation, and experimental approaches and studies as
they pertain to the different dynamic processes. Beginning at the
shortest length and timescales, Section 3 will explore polymer
segmental dynamics in PNCs, followed by non-diffusive polymer
chain relaxations (intermediate dynamics, Section 4), center-of-
mass polymer diffusion through PNCs (Section 5), and NP dynamics
in polymer and PNC melts (Section 6). Finally, Section 7 will
provide an outlook and will discuss outstanding scientific chal-
lenges regarding the dynamics of polymers and nanoparticles in
PNCs.
tivity properties making them ideal candidates for mem-
d separation technologies such as gas separation, water
, and food packaging [7,13]. For example, the addition

 silica NPs with poly(4-methyl-2-pentyne) (PMP) result-

This r
ear therm
although
Although
eview will generally focus on model PNCs systems of lin-

oplastics filled with hard nanoparticles in the melt state,

 in some cases, other relevant systems will be discussed.
 many different polymers and fillers will be discussed, the
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will be inorganic metallic and ceramic nanoparticles. PNCs
ates and carbon-materials (CNTs, C60, graphene, carbon
ve been reviewed elsewhere [16,20–24] and will receive
ory mention in this review. More focused reviews regard-
us classes of PNCs or aspects of dynamics may  also be of
25–34].

portance of dynamics in polymer nanocomposites

view of dynamics processes in polymer nanocomposites

er melts have a rich hierarchy of time- and length-scale
t dynamic processes [35]. At the smallest time-scales

angstrom length-scales, atoms in a solid undergo ther-
tions at finite temperature. These fast dynamics are often
co-second time scale and are characterized by particles
n cages formed by the local packing of nearby atoms.
, these fast dynamics are unaffected by the connectiv-
nomers that is characteristic to polymer chains, except

 molecular weight (Mw) affects the local packing. Unlike
gth-scale dynamics, these local relaxations may  be active

en the temperature (T) is less than the glass transition
ure (Tg). This review will not discuss these local, fast
.
ntal dynamics occur at various time-scales and at length-

or below those associated with a Kuhn segment. Broadly,
l dynamics can be defined as the non-diffusive relaxations

 of bonded atoms within a polymer chain. The �-process
mary structural relaxation that refers to the cooperative
tion and conformational fluctuations of a set of adjacent
rs along the polymer backbone. The glass transition tem-
of a polymer can be defined dynamically through the
this �-process or thermodynamically through changes
dynamic properties (such as density, thermal expansion
t, or heat capacity) [36]. At smaller length scales within
gment and generally faster timescales, secondary relax-

, 
, etc.) occur in some polymers. These relaxations are
ociated with motions of side groups as opposed to the
, especially for bulky, flexible, or complex repeat units.
ple, several secondary relaxations have been identified in
ne (PS) melts both above and below Tg [37]. In general,
w will focus on the �-process when discussing segmental
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2.2. 

T

 in PNCs.
ynamics at time- and length-scales beyond segmental

 are the those associated with the polymer chains, which
on-diffusive relaxations or translational diffusion, and are

importan
The dyna
or even d
ability of
c processes in polymer nanocomposites (PNCs).

 on the order of or less than the radius of gyration (Rg)
ain. The Rouse model is used to describe the dynamics
sections (modes) of arbitrary length in the melt, while

 model is the analogous theory for polymers in solution
sufficiently short polymers, the Rouse model extends to
the translational diffusion coefficient of the entire chain.
, as the degree of polymerization increases, chains in the
ntually interpenetrate and form topological constraints
s entanglements. For entangled polymer melts, Rouse

 describe the relaxation of Rouse modes between entan-
, but no longer apply to chain-level dynamics when the
ns are restricted by the entanglement network. For an

 chain to fully relax and diffuse, it must either diffuse
he entanglement network through a process called rep-

the entanglement network must relax to no longer impede
 motion through a process called constraint release [35].

 refers to the process by which segmental relaxations and
ithin the confining tube (following Edwards tube theory)

hain translocation along the contour length through the
ent nodes. Whether the an unentangled chain diffuses

 motion or an entangled chain diffuses via reptation, the
 are characterized by the center-of-mass diffusion coeffi-

 considering polymer nanocomposites, it is important
hat the sizes of NPs are similar to or smaller than the
istic size of polymers (Rg). As such, the relaxational and

 processes of NPs and polymers often have overlapping
ergy-, and length-scales. To be specific, NP motion is
d a competition between thermally-driven kinetic forces
ote NP diffusion and viscous drag forces from the poly-

ium that slow the NP diffusion, qualitatively similar to
nstein [38]. However, as will be discussed in Section 6,
cular origin of these forces depends on the time-, energy-
gth-scales of the NPs and polymer medium. In addition,
length scales, NPs can exhibit non-diffusive relaxation
, including rattling in the local environment, ballistic
nd in the case of anisotropic NPs, reorientation fluctua-

mer nanocomposites properties dictated by dynamics

icroscopic dynamics of polymers and NPs are critically

t to understand, design, develop, and fabricate new PNCs.
mic processes discussed in Section 2.1 often influence
ictate various macroscopic properties and the process-

 PNCs. Thus, fundamental studies of dynamics, like those



4 r Scien

discussed
generatio
tively. Th
widespre
reviews h
[2,4,9,12,
dynamics

Polym
various m
umenting
understa
propertie
known to
segmenta
ical stiffn
viscosity.
tal dynam
[39–41]. 

propertie
small mo
ogy [7,14
observed
free PNCs
(PMA) [43
volume a

Dynam
propertie
ties [47–
polymer 

for variou
tion. How
engineere
and achie
ties can b
materials

The a
batches o
can be m
tantly, th
processin
For exam
material,
cessing, t
how rapi
condition
dispersio
gate in th
and NP d
cess prot
manufact
rheology
anti-plas

Polym
multicom
large sur
of interfa
PNCs can
interface
interface
comparat
tion, PNC
system th
molecule
organic m
in PNCs 

tems.

olym

Expe

or T>
elt.

relax
vior

) = 

re  �∞
 relax
. As s
be pr
h ha

 give
bseq
latio
hen

ulate
easu
rent

sition
hic
om 

, TM
perim
reve
tion 

 defi
itely
her

laxation process [36].
or faster dynamics (� ∼ 10−7–100 s) at T>Tg, broadband dielec-
pectroscopy (BDS) offers a broad dynamic window over which
cular dynamics can be probed. As detailed elsewhere [57],

. Primary segmental relaxation times (�-process) of bulk 40 kg/mol P2VP as
ction of inverse temperature. Shaded regions depict the approximate time

 and their corresponding temperature scale for five techniques: temperature-
lated  differential scanning calorimetry (TMDSC), dynamic mechanical analysis
), broadband dielectric spectroscopy (BDS), neutron spin echo (NSE), and
-elastic neutron scattering (QENS). Black line represents a VFT fit for TMDSC
ircle), BDS (blue circles), and QENS (green circles) measurements of neat P2VP
Copyright 2019. (For interpretation of the references to color in this figure
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 herein, in these materials are essential to realize next
n technologies and to mass produce PNCs cost effec-
is is not to say dynamic properties are the only barrier to
ad PNC development and application. In fact, other recent
ave highlighted other critical aspects of PNC research

25,33], but many others have noted the importance of
 [25–29].
er  dynamics in melts and nanocomposites are critical for
acroscopic PNC properties, so understanding and doc-

 the polymer dynamics can help predict, control, and
nd the final PNC performance. For example, mechanical
s including stiffness, strength, and stress relaxation are

 be influenced by segmental dynamics. Slow secondary
l relaxations in the glassy state lead to enhanced mechan-

ess and slower dynamics in the melt can increase the melt
 In fact, the addition of NPs can controllably alter segmen-
ics and therefore control various mechanical properties

In addition, segmental mobility often dictates transport
s, including ion transport for energy applications [42] and
lecule transport for membrane and separation technol-
,43–45]. For example, enhanced permeability of CO2 was

 at an intermediate grafting molecular weight in matrix-
 comprised of silica (SiO2)-grafted poly(methylacrylate)
], and this behavior was correlated to increased local free

nd faster segmental dynamics [46].
ics in PNCs can also lead directly to unique and functional

s, including stimuli-responsive and self-healing proper-
49]. For example, multilayer films comprised of flexible
and brittle oxides are common in electronic components
s industries, but suffer from crack formation and propaga-
ever, if the polymer is replaced with a PNC, the NPs can be
d to diffuse into cracks to provide self-healing properties
ve improved durability [48]. Similar responsive proper-
e used to make advanced sensors and other responsive
.
ppealing properties that have been reported for small
f PNCs, cannot be ubiquitously deployed until the PNCs
anufactured cost-effectively in mass quantities. Impor-

e dynamic processes in PNC materials can inform or guide
g routes and parameters necessary for mass production.
ple, melt processing and molding requires flow of the PNC

 which is related to the chain-scale dynamics. After pro-
he NP morphology is often metastable, so understanding
dly a PNC evolves is necessary to maintain the metastable
, if desirable, or achieve equilibrium. When a random NP
n is desired in the glassy state and NPs tend to aggre-
e melt state, then precise knowledge of polymer chain
ynamics allows engineers to properly design the pro-
ocols. Furthermore, NPs can be added to enhance the
urability of materials by either enhancing dynamics and

 (i.e. a plasticizer or diluent) or slowing dynamics (i.e. an
ticizer).
er nanocomposites are also model systems to understand
ponent systems with related physics. For example, the

face area to volume ratio of NPs increases the amount
cial polymer. Thus, systematic studies of well-defined

 probe the structure and dynamics of polymers near
s [31,50]. Similar effects can be studied at solid and flat
s, but these thin films suffer from weak signal, because
ively fewer polymer chains are at the interface. In addi-
s (especially those with entangled polymers) are a model
at can be used for understanding diffusion of NPs and

s in complex media, such as biological tissue and other
atter [26,51–53]. As such, understanding the dynamics
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er segmental dynamics

rimental and simulation methods

Tg, polymer segments cooperatively relax and reorient in
 For the primary structural relaxation process (�-process),
ation time (��) follows Vogel-Fulcher-Tammann (VFT)
:

�∞ exp
(

B

T − T0

)
(1)

, B, and T0 are fitting parameters related to high tempera-
ation time, fragility, and Vogel temperature, respectively

hown in Fig. 2, the segmental relaxation time (�-process)
obed with a variety of experimental techniques, each of
s a unique temporal range and corresponding temperature
n polymer [36,54,55]. Furthermore, as will be discussed
uent sections, each technique samples the material and
n of dynamics differently.

 the relaxation time is slow (� > ∼1 s) at T∼Tg, temperature
d differential scanning calorimetry (TMDSC) can be used
re segmental dynamics, as described elsewhere [54,56].
ial scanning calorimetry (DSC) characterizes the glass

 temperature by monitoring the change in heat capac-
h reflects changes in polymer configurational degrees of
upon heating or cooling a polymer sample [36]. Simi-
DSC monitors heat capacity upon heating or cooling with
posed sinusoidal function to separate the reversible and

rsible heat flows to improve sensitivity, resolution, and
of overlapping transitions [56]. Although Tg is dynami-
ned as the temperature at which the �-process becomes

 slow, it is often used as a proxy for segmental dynam-
eby an increase in Tg is attributed to slowing of the
 reader is referred to the web version of this article.)

 with permission from the American Chemical Society.
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ies a sinusoidal electric field to the sample and precisely
 the complex impedance, which is converted to dielec-
ittivity, as a function of frequency of the oscillating field.
in the BDS spectra are the timescales associated with reori-

 of unpolarized dipole moments along or pendent to the
well as the movement of free ions in the sample [57].
ns of BDS include an insensitivity to length-scales, the
ent for a permanent dipole on the polymer, and somewhat
ted fitting [58]. Conversely, the benefits to BDS include a
quency range, high accuracy and precision, and a mea-

 of the fraction of relaxing dipoles through the integrated
e.
t segmental dynamics (� ∼ 10−11–10−6 s) at T�Tg, inelas-
on scattering such as neutron spin echo spectroscopy

 quasi-elastic neutron scattering (QENS) can characterize
segmental relaxations and, importantly, simultaneously
ength-scale information. In both measurements, the dis-

 of neutron energies is measured after scattering from
le as a function of the wave vector, q. Since neutrons
cular motions are on the �eV range, scattered neutrons
se energy during a scattering event with mobile species
ically scatter with atoms immobile on the experimental

 [59,60]. NSE is commonly used for intermediate dynam-
e) so it will be more thoroughly discussed in Section 4.1.
, time-of-flight and backscattering approaches precisely
the broadening of the elastic scattering peak. This dynamic

 factor, S(q,�), is often dominated by hydrogen atoms in
le due to their large neutron scattering cross-section and

 to reveal the molecular relaxation times as a function of q.
 instrument access and data analysis can be challenging,
nique in that it simultaneously probes the length- and

es to thoroughly study motions and allows H/D labelling
te inter- or intrachain dynamics.

onal experimental techniques exist for characterizing
ental dynamics in PNCs. Dynamic mechanical analysis
d rheology are mechanical measurements that can probe

ics of segments, and like NSE, can address intermediate
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dynamics (see Section 4.1). Nuclear magnetic resonance
not pictured in Fig. 2 but can measure segmental dynamics
ous timescales with various techniques [54,61,62]. Most
to PNC segmental dynamics are measurements of proton

near NP s
there are
Fig. 3. Th
average r

matic showing polymer segmental dynamics as a function of distance from a single N
 the polymer matrix. The core-shell model (center) spatially separates the polymer relaxa
away from the NP surface. The interfacial layer model (right) assumes a distribution of 
ce 105 (2020) 101242 5

 relaxation times (T2) from spin echoes pulse sequences.
n relaxation curves are usually fit to a function comprised

l contributions for different phases of segmental mobility.
monly, fits are comprised of three phases: an apparently

 glassy phase attributed to segments adjacent to the NP, a
reduced mobility attributed to relaxations in proximity to
nd a bulk-like phase attributed to free polymer segments.
uter simulations, namely molecular dynamics (MD)  sim-
are often used to probe segmental dynamics as well. In
es, the dynamics of segments can be observed in fully

 MD simulations. Due to computational expense, atom-
simulations are often restricted to low Mw, small NPs,
t (fast) dynamics. Coarse-graining atoms into segments
) and accordingly altering atomic potentials is often done

 simulation time and access slower dynamics and longer
ales. A common model used to study fundamental poly-
ics is the Kremer-Grest model wherein non-bonded beads
hrough a pairwise Leonard Jones (LJ) potential and bonded
eract via a harmonic spring [63]. The NP-polymer interac-
Cs is also often modelled with an LJ potential. Generally,

 in these simulations represents at least a few monomers
than a Kuhn segment when compared to experiments.
cord of atom or bead coordinates as a function of time,

ifferent analysis routes (including bond correlations, inter-
cattering function (ISF), and mean-squared-displacement
ad to insights regarding the time-scales and mechanisms
ntal motion in atomistic and coarse-grained polymer

rogenous segmental dynamics in attractive PNCs

ntal dynamics occur over small length scales (within a
meters), are sensitive to the local polymeric environment,
ffected by cooperativity and local free volume. Thus, poly-
ts exhibit a distribution of relaxation times in the melt
s exhibit an even broader distribution of segmental relax-
es, because spatial heterogeneities exist and dynamics

urfaces differ from those far from NPs. With this in mind,

 three general models used to describe dynamics in PNCs,
e simplest model is the homogeneous model, where the
elaxation time measured is assumed to be the relaxation

P. The homogeneous model (left) assumes an average relaxation time
tions into a slower population adjacent to the NP and another bulk-like
relaxation times that decreases smoothly from the NP surface into the
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Fig. 4. Mean molecular relaxation time (�Max) as a function of inverse temperature
for  neat poly(2-vinylpyridine) (black squares) and P2VP segments in P2VP/SiO2 PNCs
(�NP = ∼26 vol%, blue). Relaxation times in the PNC are separated and plotted as
interfacial  relaxations (blue open diamonds) and bulk-like relaxations (blue filled
diamonds) 
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 with permission from the American Chemical Society.

all segments in a PNC. The core-shell model simply has
lations of relaxations, namely those near and far from NP
the latter of which normally relax at timescales similar to
lly, the interfacial layer model is similar to the core shell
t the transition from interfacial relaxations to bulk-like

ns is smooth rather than stepwise, and therefore assumes
ctional form. Naturally, details of the PNCs system, such
-polymer interactions, NP size (RNP), and NP volume frac-
), influence which model is most appropriate to describe
lation of segmental dynamics. Similarly, some measure-
thods permit the use of different models whereas other
restrict the analysis to a single model. For example, it
e to use any model in Fig. 3 to interpret BDS measure-

 well-dispersed NPs because the broad frequency range
he full distribution of relaxation times. Conversely, for

ents with less precision and a smaller temporal window,
geneous model may  be the only option due to the dif-
ssociated with separating multiple relaxations. We  also

 heterogeneities displayed in Fig. 3 can be observed in
 of a distribution of relaxation times through stretch-
ape parameters, most commonly in BDS and QENS using
–Negami (HN) and Kohlrausch–Williams–Watts (KWW)

 to describe experimental data.
ell-established that the addition of well-dispersed attrac-
o a polymer melt (for Rg ∼ RNP) slows segmental dynamics
tion of NP loading (i.e. NP-polymer interfacial area). To
ate and understand this effect, several authors have stud-
odel system of poly(2-vinylpyridine) (P2VP) mixed with
silica (SiO2) and measured segmental relaxations with
4,65], BDS [65–67], and QENS [55]. In this system, hydro-
ing between pyridine in P2VP and hydroxyls on the

f SiO2 NPs leads to a strong NP-polymer interaction (esti-
 be on the order of ∼10 kBT) [64,68,69].

 the core-shell model and combining TMDSC, BDS,
l-angle X-ray scattering (SAXS), Sokolov and coworkers
a shell of slow P2VP segmental dynamics at the P2VP/SiO2

 [65]. A single Havriliak–Negami (HN) function [57] was
 capture the broad distribution of �-relaxations in the PNC,
N functions were used and attributed to bulk-like relax-
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terface are approximately bulk-like, (ii) �2 relaxations
NP interface are ∼100 times slower than bulk, and (iii)
erature dependence of �1, �2, and neat P2VP are compa-
ough �2 relaxations have a slightly weaker temperature
ce [65]. Using the dielectric strength of each process as a
ent of the amount of relaxing polymer, the authors esti-

ell thickness on the order of ∼4 nm, which is between the
e and Rg of P2VP and matches structural measurements
S. In addition the authors observe that all segments are
lbeit many are slow, which is in contrast to other reports
ss and immobile polymer layer [68,70,71]. It is worth not-

simpler and more sophisticated models have been used
e BDS data from various PNC systems [58,66,72,73], and
sult in observations of slow interfacial relaxations within
ometers of the NPs. Fitting the same BDS data with a core
el (two HN functions) results in a thinner apparent bound

 apparently slower interfacial relaxations as compared to
th the interfacial layer model, but both qualitatively show
rfacial dynamics [73].
rly slow dynamics have been measured in P2VP/SiO2
posites using TMDSC [64,65,74] and QENS [55]. The sim-
lysis of TMDSC assumes a single glass transition like the
eous model [64], but more detailed analysis reveals high
ure broadening (i.e. slower dynamics) [65] and even can
xtraction of an interfacial layer thickness that is com-
te with BDS [73,74]. QENS measurements on neat P2VP
diffusive motions (� ∼ q−2) for length- and time- scales

 and ∼1 ns, which agreed with extrapolations of the �-
om TMDSC and BDS in neat P2VP (Fig. 2) [55]. In P2VP/SiO2
se relaxations occurred with a similar q-dependence
wer timescales than bulk and timescales monotonically

d with NP loading (i.e. NP-polymer interfacial area) [55].
lt implies, at least preliminarily, that segments are per-
mporally more than spatially.
ase study of segmental dynamics in P2VP/SiO2 PNCs

rates the sensitivity of experimental observations to the
ent technique, data interpretation, and measurement

s, although this is not specific to the P2VP system. Each
ntal technique has different sensitivities, dynamic ranges,
es the population of relaxation times differently, all of
ay  lead to distinct experimental observations. For exam-
SC fundamentally measures the freezing out of modes of
ear Tg, and samples all segments evenly [29,56,75]. In

 QENS is measured at T�Tg, fundamentally measures the
nt dynamic structure factor, and it’s sampling is nontrivial
]. As discussed in Section 7, extreme care should be used

mparing different PNC systems and measurement tech-
evertheless, Sections 3.3–3.5 aim to compare the effect
nt PNC parameters using a combination of experimental
, material systems, and simulations.
, it is worth noting that several reports have suggested

 between polymer nanocomposites and thin film confine-
,68,78–80], polymer confined to nanopores [26,31,81–83],
rcalated systems [23,24,84]. In thin polymer films for

 Tg can change drastically as a function of film thickness
00 nm)  depending on the substrate-polymer interaction
resence of a free surface [85–87]. The most realistic com-
ere is between PNCs with strong confinement, i.e. where

particle distance (ID) is smaller than the chain size (2Rg),
films capped on both ends by a rigid substrate [31,36].
, the role of NP curvature and the subsequent heteroge-
ls of confinement between spherical NPs in PNCs cannot
d [80]. Nevertheless, several concepts demonstrated and
n thin films, as well as infiltrated nanopores and PNC

with silicates, can be extended this discussion and vice
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Fig. 5. Schematic representation of the MW effect in PNCs with attractive NP-
polymer  interactions. (a) and (c) Nanoparticles in polymer solutions with free
(green)  and adsorbed (red) chains. (b) and (d) Polymer nanocomposites formed by
solvent evaporation with free (green) and adsorbed (blue and red) polymers. For
PNCs with low Mw, the bound chains are compact resulting in a similar BLL (bound
loop  layer) and DIL (dynamic interfacial layer) and overall slower segmental dynam-
ics than PNCs with higher Mw with larger BLL than DIL [73]. Copyright 2016. (For
interpretation  of the references to color in this figure legend, the reader is referred
to  the web 
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t of polymer attributes

l  inherent parameters to the polymer can affect the
 in PNCs and the perturbation imposed by the NPs, includ-
ot limited to molecular weight, polymer stiffness, and
architecture. This section reviews how changes to these
s affect the segmental dynamics in PNCs.
gh segmental dynamics in neat polymer are nearly inde-

of Mw for Mw�M0, the substantial presence of interfaces
nd the relative size of the NPs lead to different perturba-
ed on matrix molecular weight. Detailed BDS and TMDSC

ents on poly(vinyl acetate) (PVAc)/SiO2 and P2VP/SiO2
nd the magnitude that segmental dynamics were slowed

 neat polymer and the length-scale over which they were
 increased with decreasing Mw [73]. In other words, the
ion imposed by the NPs was stronger with low Mw poly-
mpared to large Mw. The authors describe this behavior
of interfacial packing and bound layer density, as sup-

y SAXS, spectroscopy, and mass density measurements
ig. 5. Specifically, low molecular weight polymers are pro-

 adsorb more densely (forming more trains than loops
s compared to higher molecular weight. This difference
er conformations leads to more adsorbed segments and
pressed dynamics in PNCs with lower molecular weight.
n, the dynamic interfacial layer (DIL) defined by slow
l dynamics and bound loop layer (BLL) as defined by
l measurements are similar for low Mw, while the BLL

 than the DIL for high Mw. A similar molecular weight
s observed in other experiments as well [39,55,88]. In
NMR  studies on segmental dynamics in polyethylene gly-
iO2 PNCs observed a weak Mw-dependence where the
f slow segments increased with Mw [89] or remained

 [70]. These differences could be attributed to weaker
NP interactions or other experimental system-specific
rs.

fore 
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ains unclear if the structure and polymer conformations
 in Fig. 5 are at equilibrium or kinetically trapped and

 depend on PNC processing (as further discussed in Section
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t, the bound layer thickness and fraction of immobilized
 were recently measured via NMR  in PEO/SiO2 PNCs fab-
om different solvents [70]. PNCs fabricated from a poor
thanol) produced more adsorbed segments and a thicker

yer than those fabricated from a good solvent (water)
ffect was observed at two molecular weights [70]. These
ents show that the bound layer structure and dynamics

n the processing conditions, indicating the polymer chains
 in general are not at a global equilibrium state in the
restingly, the Mw-effect captured in Fig. 5 persisted after

 for ∼1014 ��, meaning the effect (if not at equilibrium)
sting and thermally stable [73]. However, in a different
2VP/SiO2 PNCs, a similar Mw-dependence was observed

 (T∼Tg), while only a modest Mw-dependence was  found
T�Tg) [55]. More measurements are needed to determine
ifferences are the result of relaxations toward equilibrium
ntly high temperatures, differences in the bound layer as

n of temperature, or simply differences in precision and
ty in the different techniques.

we consider matrix-free PNCs comprised of only polymer
Ps and specifically consider the molecular weight depen-
6,88,90–92]. One may  expect grafted polymer chains to
ced mobility compared to neat polymer because one end
ain is covalently bonded to the NP surface and there-
obile. Grafted PS [90] and P2VP [88] chains have higher
r dynamics) than neat polymer of the same Mw. Shorter
ibit larger differences relative to neat PS in the breadth of

 transition, the step in heat capacity (�Cp), and fragility
a larger fraction of the chain is near the surface [90].
, the NP concentration in matrix-free PNCs (and NP-NP
n distance) depends on the Mw of the grafted polymer, the
rafting density (�graft), and the NP size, thus complicating
ons. As such, it is important to consider the conformations
afted chains that lead to non-monotonic behavior with
,88]. For example in P2VP/SiO2 matrix-free PNCs mea-

 BDS, P2VP segments in low Mw grafts are slower than
use each segment resides near a NP and chain stretch-

des relaxations but segments in high Mw grafts exhibit
 relaxations because most segments are far from the NP
nd interfacial effects are less significant [88]. In PMA/SiO2
e PNCs measured by QENS and assuming a jump diffusion
gmental diffusion is faster than bulk for all Mw, consistent
eased free volume [46]. Interestingly, the fastest relax-
e measured at intermediate Mw, which are long enough
s to begin to interdigitate with neighboring NPs and short
o that the majority of segments are still near NP cores
atrix-free PNCs of grafted NPs more generally, it is impor-
onsider the brush conformations as a function of Mw,
d RNP because different dynamics are expected for dif-
nditions. Systematic studies showing these complicated
e necessary but remain synthetically and experimentally
ng.
er polymer characteristic that has a profound effect on
l dynamics in PNCs is the chain stiffness, likely because
y affects interfacial packing. In coarse-grained MD  sim-
the polymer chain stiffness was  controlled by adjusting
otential (without changing other polymer or PNC param-
d the dynamics were measured near a flat attractive

 which simulates an infinitely large NP [93]. The seg-
ynamics of chains near the interface were slower than
rdless of stiffness but the degree of slowing and length
r which chains were perturbed both increased for stiffer
ecause changing the polymer chemistry also changes the
er interaction, a variable discussed in Section 3.5. Never-

okolov and coworkers surveyed the DIL  in SiO2 PNCs with
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ylene glycol (PPG), PVAc, P2VP, and in literature to reveal
ely similar dependencies as simulations [74]. This result
that the structure and dynamics of the interfacial poly-

 are impacted by the persistence length and cooperativity
lymer. More simulations and experiments could further
he understanding of this relationship.

t of filler attributes

mon parameter to study in PNCs is the relative amount
er and filler, which effectively increases the NP-polymer
l area. In addition, in certain PNC systems especially at
ly high NP concentrations, NP-NP aggregation and poly-
ing between adjacent NPs produce non-trivial effects on
l dynamics. The case of NP aggregation can often be con-

 terms of NP-polymer interfacial area because aggregated
 considerably less accessible surface area to the matrix (per
me NP) than individually dispersed NPs. As a result, seg-
ynamics are generally less perturbed in aggregated PNCs

 to those with the same volume fraction of individually
 NPs [71,94,95].
s with spherical NPs that are individually and randomly

 in a polymer melt, the interparticle separation distance
can be expressed as:

(
2⁄(��NP)

)1/3 − 1
]

(2)

 approaches the chain size (∼2Rg) polymer bridging
adjacent NPs is observed in simulations and experi-

ainly through mechanical measurements [39,40,97–101].
 isolating the segmental dynamics in bridging chains is dif-

 segmental dynamics are expected to be more perturbed
-bridging chains [39,99]. When ID is further reduced
e Kuhn length of the polymer segments (b), all of the poly-

he PNC are effectively interfacial. For NPs on the order of
than 10 nm,  this level of confinement (ID∼2Rg) is difficult
e except through unique processing routes [18,102–105],
nd matrix-free PNCs [106], underfilling [72], layered NP
or solvent washing [88,107]. Large changes in Tg measured
ometry [104,105] and segmental dynamics measured via
8] have been reported in highly loaded PNCs, but these
ents are challenging due to low signal-noise-ratios.

er critical parameter of the filler that affects segmen-
ics is the NP size. Note that decreasing the NP size at

P concentration and random dispersion state increases
olymer interfacial area and decreases ID. Since segmen-

ics are often perturbed at the NP-polymer interface,
ies that smaller NPs will affect more segments in the
ound differences in segmental dynamics were observed
aring P2VP filled with SiO2 NPs (2RNP ∼ 2Rg) to P2VP
h octa-aminophenyl polyhedral oligomeric silsesquiox-
S, 2RNP ∼ b), both of which exhibit favorable NP-polymer
ns, Fig. 6 [108]. In PNCs with small NPs, increasing
ased Tg considerably (reaching ∼35 K higher than bulk),
p remained unchanged and the fragility of �� increased

]. In contrast, PNCs with larger NPs exhibited only weak
 in Tg and fragility and exhibited a linear drop in heat

ith increased �NP [108]. These results, supported by cor-
g simulation and theory, suggest that small NPs slow
l relaxations more uniformly, participate in the relax-

cess, and perturb segmental dynamics more strongly than

Fig. 6
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 in future sections (including Section 7), the OAPS NPs
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dynamics
 (c) fragility [108]. Copyright 2017.

th permission from the American Chemical Society.

 P2VP/SiO2 and P2VP/OAPS likely reflects the mobility of
ather than the effect of only NP size and curvature [109].
tudies have isolated the role of NP curvature on seg-
ynamics, i.e. systematically changing NP size within the
f 2RNP > b. In a study of P2VP/SiO2 PNCs with NP diame-
ing from 7 to 50 nm,  the bound layer thickness extracted

 measurements only slightly increased from 1 to 4 nm
ortunately, relaxation dynamics were not reported. Starr
rkers performed coarse-grained MD simulations of a sin-

ted icosahedron NP in a melt of low molecular weight
to also probe the role of NP size. Here, the segmental
ns at the interface of a larger NP are slower than near a

 [80,99]. These authors argue that the relevant parameter
e changes in Tg is ID relative to Rg, because this captures

oluted influence of �NP and RNP and defines the amount
cial polymer in the PNC [99]. The infinite limit of NP
at substrate and these comparisons have been discussed

0]. Still, a universal understanding of how NP size and NP
 impacts the glass transition and segmental dynamics in
ains elusive, especially experimentally. A combined study
matically varies NP size (RNP), chain size (Rg), and NP con-
n (�NP) may  help characterize the roles NP size relative to

ard to the shape of the nanoparticle filler, experimen-
s are scarce with the notable exception of carbon-based
clays. Complications include limited availability of non-
 NPs and changes in NP-polymer interaction with changes
 However, we anticipate NP shape to impact segmental

 primarily through changes in the local interfacial pack-
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 radius of curvature, and amount of polymer-accessible
 Isolating and deconvoluting these effects remains exper-

 challenging.

of NP-polymer interaction on interfacial dynamics

 a polymer is adjacent to a solid interface, such as a NP,
ental dynamics are affected by several interrelated factors

 the differences in density [69,73,80], perturbed poly-
ormations [79,110], and the energetics at the interface.
g the energetics of a polymer at a NP surface, there is
pic component that characterizes the NP-polymer affin-
n entropic one which characterizes the conformation
ains near the NP surface. Modulating the NP-polymer
n enthalpy (through chemical modifications or material

) or entropy (through interfacial softness or grafting poly-
s to the NP) typically changes other important parameters
fore complicates experimental comparisons. For example,

n that the NP-polymer dispersion state depends inti-
n the NP-polymer interaction [9,12,97] so it is difficult
volute changes in segmental dynamics from changes in

er interfacial area. In addition, changing the NP-polymer
n through materials selection is often accompanied by
n other important parameters including solvent quality
eparation, chain stiffness, and NP dispersion state.

 many experiments have tried to explore the role of the
er interaction through altering the NP [84,111–116] or
er [64,117], the resulting PNCs frequently have different

rsion states and consequently different accessible inter-
a at fixed �NP. In a thorough study of NP dispersion and
sition using an array of surface-modified silica and dif-

lymers, Schadler and coworkers argued that NP-polymer
s and work of adhesion can predict dispersion state of NPs
lt, as well as the direction and magnitude of Tg changes
sonable NP dispersion is achieved when the polymer-NP
n exceeds the NP-NP interaction and the relative work of

 is minimized. In systems with similar dispersion states
rized by TEM), stronger NP-polymer interactions result in
ncrease in Tg [118]. Measurements of segmental dynam-
r than the vitrification process) or other characteristics of
d layer are mostly unreported and present a worthwhile
rection, as discussed in Section 7.1. One way  to access
l dynamics at repulsive interfaces while circumventing
on in PNCs is using infiltrated polymer in nanopores
l-characterized surfaces. For hydrophobic poly(ethylene-
lene) (PEP) infiltrated into hydrophilic anodic aluminum
O) nanopores, bulk-like segmental dynamics were mea-
ng neutron scattering [83]. In comparison, hydrophilic
thylsiloxane (PDMS) in hydrophilic AAO nanopores (an

 interaction) displays segmental dynamics slower than
.
mulations of an isolated NP in a polymer melt offer the
bility to tune NP-polymer interaction without changing
ameters or causing NP-NP aggregation. For example, by
g the segmental relaxation time as a function of distance
NP surface for a variety of NP-polymer interactions, Starr
rkers (Fig. 7) showed slower interfacial relaxations for

 NPs (�>1) and faster interfacial relaxations for repulsive
5) [119]. The surface relaxation (inset of Fig. 7) reveals sur-
mics between 102 times faster and 104 times slower than
nding on the NP-polymer interaction, with the crossover

like being slightly more repulsive than athermal. This
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bulk-like segmental relaxations are recovered after ∼3�,
 in experimental units, from the NP surface regardless of
er interaction parameter [119]. Other simulations have

milar effects [29,79,121].
stems that exhibit hydrogen bonding, such as PNCs com-

 hydrophilic polymers and SiO2 NPs, temperature may
e NP-polymer interaction. Specifically, the relaxation time
ed segments is likely related to the activation energy of the

 bond (relative to kT) and the attempt frequency (related
lk relaxation time), both of which are temperature depen-
R  measurements as a function of temperature showed
ured bound layer thickness in various PNCs decreased

reasing temperatures; unfortunately, measurements of
ation time in that bound (glassy) layer were inaccessible
]. Thinner dynamic bound layers were also observed with
mperature increased in a variety of materials [74,123]. As

 in regards to Figs. 4 and 6, BDS measurements observe
eak change in fragility upon the addition of NPs with
[65,108]. This result may  indicate that the NP-polymer
n is not significantly changed over this temperature

r 2RNP ∼ b, differences in fragility as T approaches Tg may
e frustrated packing during the vitrification process rather
mental relaxation at higher temperatures [108], mean-
ependence on NP-polymer interaction remains unclear.

 a broader range of temperatures, multiple experimen-
ds with overlapping temperature ranges is optimal, Fig. 2
,77].
, the role of NP-polymer interaction has also been stud-

mparing the segmental dynamics of physically adsorbed
 those that are covalently grafted to the surface, as men-

 Section 3.3 [62,88,91,92,125,127]. For example, Sokolov
pared P2VP/SiO2 PNCs of the same �NP and molecular
herein all of the P2VP was grafted to the NP (a matrix-

) or physically adsorbed to the NPs (a traditional PNC)
g BDS along with other techniques, they measured the
ion [88] and 	-relaxation [127] as a function of Mw. One
ain conclusions is that the degree of chain stretching in the
l layer critically affected the segmental dynamics. For low
r weight systems, P2VP matrix-free and traditional PNCs
imilar interfacial dynamics while for intermediate Mw,
afting induces chain stretching, the �-relaxation dynamics
-free PNCs are slower than in traditional PNCs [88]. Other
sing BDS and NMR  have also revealed slower �-relaxation
 for covalently bonded polymers to NPs as compared to
y adsorbed chains [91,125]. Note that secondary segmen-
tions (	-process) in the glassy state sometimes behave
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y. For example, in the aforementioned P2VP/SiO2 matrix-
, secondary relaxations are faster relative to bulk while

 chains in traditional PNCs are more bulk-like [127]. This
on and others [92,128] highlight the decoupling between
rocesses and the many parameters, such as chain stretch-
ocal free volume, that affect the two differently. The use
er-grafted NPs adds variables to the already expansive
r space for PNCs and more research investigating different
f RNP, �graft, and graft Mw will help develop a thorough

nding of relaxations within the polymer brush in PNCs.

ediate polymer dynamics

rimental and simulations methods

ediate polymer dynamics, also called Rouse dynamics in
[35], involve relaxations associated with chains of seg-
d are therefore slower than segmental dynamics (Section
ster than the center-of-mass polymer diffusion (Section
act delineation between segmental dynamics and inter-

dynamics can sometimes be unclear, but we consider
iate dynamics to be the collective motion of several seg-
perimentally, these intermediate dynamics are primarily

 using neutron scattering and rheology. MD simulations
tful as well. Due to the limited experimental techniques

use these cooperative motions are often complicated to
rogress on understanding intermediate dynamics is com-

y slow, especially with respect to the dense parameter
sented by PNCs.
ntangled polymer melts, the Rouse model describes the

n dynamics of chains with p-sized chains and can be
 to the full chain (p ≤ N) [35]. When the degree of poly-
n (N) exceeds the degree of polymerization between
ents (Ne), the Rouse model describes relaxations within
ent strands. However, larger scale dynamics (p > Ne) are

d confined to a tube formed by entanglement nodes,
 to the Edwards tube model [35]. Clearly, intermedi-
ics are intimately tied to the entanglement network. In

 polymer entanglements are perturbed by the presence of
easurements of these intermediate dynamics can provide
to entanglements in addition to the actual dynamics of
f the chain.

ogy  is a dynamic mechanical measurement that measures
lex modulus (often shear, G’ and G”) as a function of

y, usually with a polymer melt placed between parallel
r a neat polymer melt at shearing frequencies longer than
st characteristic relaxation of the material, the terminal

me is reached where G’∼� and G”∼�2. At faster shear-
encies, the frequency-dependent moduli changes with
mics in the sample, thus giving insight into intermedi-

ics. The addition of NPs often stiffens the polymer melt
lly introduces additional dynamic processes, such that
g polymeric relaxation times from linear viscoelastic mea-
s of PNCs is difficult, especially at high NP concentrations
for poorly dispersed systems [129]. In many cases, the
al spectra can reflect NP-polymer interactions, dynam-

 NPs, and heterogenous dynamics of free and interfacial
. Deconvoluting these contributions can be arduous [130].
tic neutron scattering methods, QENS and NSE, can access
iate polymer dynamics more directly. For sufficiently flex-

ers with small Kuhn segments measured at T�Tg, QENS
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and 

scatt
the 

by m
thro
of ∼
rang
NSE
in PN
I(q,t
spec
NSE
user
sam
poly

D
men
dyna
extr
(Rou
nism
with
prov
tube
eter
enta
vide
the e

4.2. 

M
ally 

a Ro
enta
time
also
simi
whil
disc
logic
mos
[67,1
ple, 

PNC
�0, �
with
scale

R
teriz
and 

filled
affec
mer
decr
indic
able
[146

�PNC

T

3.1) can measure Rouse dynamics. For example, QENS of
lene oxide (PEO, b = 0.6 nm)  shows <r2> ∼ t1/2, character-
use dynamics [131]. However, QENS experiments on PS

P2VP [55] (both with b ∼ 2 nm)  reveal various geometries

strong N
relative t
mers fille
coworker
ce 105 (2020) 101242

, but are generally incapable of accessing Rouse length-
-scales. In NSE, the change in velocity of incident and

 neutrons, which is related to the transfer of energy of
ering event, can be precisely measured for a variety of q
oring neutron spin before and after the scattering event
Larmor precession [60]. NSE offers a wave vector range
– nearly 1 Å−1 (length scales of ∼0.6–600 nm) and energy
10−1–10−6 meV  (timescales of ∼10−11–10−6 s) and, thus,
owerful tool for probing intermediate polymer dynamics
The normalized intermediate scattering functions, ISF or

 directly obtained in NSE, and can be readily fit to system-
unctions including the Rouse model and reptation model.
ires specialized instrumental access available at global

ities, necessitates collection times on the order of days per
nd samples are often comprised of majority deuterated

o the complexity of dynamics of chains and chain seg-
D simulations are also useful to probe intermediate
. In simulations, Rouse analysis can comprehensively
e timescales associated with various sections of the chain
ode analysis) to further understand the relaxation mecha-
ddition, simulations access various parameters associated
ntanglement network via primitive path calculations that
ntanglement densities and visualizations of the Edwards
elts and PNCs [132–134]. Although the average tube diam-
be measured in NSE and the molecular weight between
ments can be estimated from rheology, simulations pro-
ue insights about spatial heterogeneities and locations of
glements in PNCs.

mediate dynamics in PNCs

rements of the full rheological spectrum in PNCs usu-
ore up to three key relaxations: the relaxation time of
monomer (�0, on the order of b), the relaxation of the
ment strand (�e for N/Ne > 1), and the terminal relaxation

 on the order of Rg). The Rouse monomer relaxations,
d the elementary relaxations, measured by rheology are
o measurements from BDS (as discussed in Section 3),
and �t relaxations are usually inaccessible to techniques

 in Section 3.1. Several authors have made thorough rheo-
easurements to probe microscopic dynamic processes, but
er from gel-like PNC responses at high NP concentration
31,135–138], with some exceptions [108,139]. For exam-
rming rheological master curves referenced to the Tg of
prised of PEG-grafted SiO2 and PMMA, measurements of

 �t revealed a monotonic increase in each relaxation time
addition of NPs, indicating slowing across these length-
9]. More examples exist in a variety of PNC systems.

ogy also provides measurements of viscosity that charac-
w PNCs flow and provide insight related to intermediate

 dynamics. The literature about viscosity in nanoparticle-
lymers is expansive. Several parameters are known to

 viscosity of PNCs, including NP-polymer interaction, poly-
 �NP, and NP size. Both increases [67,138,140–144] and
s [139,140,145] in viscosity have been observed in PNCs,
g complex and often competing effects of different vari-

 large NPs in short polymers, the Einstein-Batchelor law
cribes the increase in viscosity as a function of �NP:

k = 1 + 2.5ϕNP + 6.2ϕ2
NP (3)

iscosity increases above the prediction in Eq. (3) with

P-polymer attractions [142–144]. Decreased viscosity
o bulk has been observed particularly in high Mw poly-
d with athermal or small NPs [139,140,145]. Kumar and
s proposed a “universal” behavior for viscosity in ather-
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Fig. 8. Incoherent dynamic structure factor (top) and mean square displacement
(bottom)  of PEO in neat PEO (teal diamonds) and PEO-based PNCs composed of
PMMA-coated SiO2 (red triangles) and bare SiO2 (black squares) at T = 423 K and
bare SiO2 in PEO at T = 443 K (green squares). All PNCs were filled with �NP = 17.6%
(core  only) [141]. Copyright 2016. (For interpretation of the references to color in
this figure legend, the reader is referred to the web  version of this article.)
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attractive PNCs by considering only polymer Mw and NP
. While this treatment captures many experimental stud-
rves as a zeroth-order description of viscosity deviations
, it fails to capture some experimental results and remains

 tested with a more expansive set of materials and param-
se results (as well as other rheological measurements)
t mechanical measurements and viscosity are complex

 of several variables and dynamic processes that syner-
 affect stress relaxation behavior.
xt discuss more direct measurements of intermediate

 through neutron scattering. For example, PEO-based
h different NP-polymer interactions were probed using

 NSE. The PNCs contained either bare SiO2 NPs or SiO2 NPs
ith polymethyl methacrylate (PMMA) and dispersed in
]. Interestingly, the QENS broadening for PEO-SiO2/PMMA
ulk PEO, while the QENS broadening is narrower for PEO-

 systems, indicating slower PEO intermediate dynamics
41]. In both sets of PNCs, after the Fourier transforma-[ ]

with
depe
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T
scale
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and 
q,�) and using the relation S (q, t) = exp −q2⁄6
〈
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〉

,

ling is observed where
〈
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〉

∼ t1/2 [141]. The authors
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 the decreased
〈

r2 (t)
〉

and reduced Rouse parameter (Wl4)
sorption to SiO2, because this analysis inherently assumes
neous model (Fig. 3). Complimentary NSE measurements
PNCs revealed similar dynamics at short times. At long
entanglement was  observed in the PEO-based PNCs with
MA-coated SiO2, while the entanglement network was

nperturbed in the other PNCs studied [141]. These neu-
surements provided a microscopic view of segmental
mediate dynamics in PNCs with different interactions,

 the PMMA-mediated NPs introduce additional interfacial
ties that remain largely unknown.
ther set of measurements on low Mw PEO/SiO2 PNCs,
acial interactions were altered by the polymer end group
ough Rouse dynamics were slowed in these PNCs rel-

neat polymer, OH-terminated chains exhibited a larger
ion than CH3-terminated chains, showing that attractive
ns even at the chain ends slow Rouse dynamics in PNCs

 largely non-attractive set of PNCs, Richter and coworkers
ynamics of PEP segments and chains in PNCs with SiO2 NPs
]. In these PNCs, the Rouse dynamics were unperturbed
o bulk, even at high �NP (∼60 vol%) and the population of

 within the PNCs remained bulk like (unlike the hetero-
dynamics discussed in Section 3.2). Using these cases as
, the NP-polymer interactions certainly affect intermedi-
ics and in many cases, insights from segmental dynamics

tended to Rouse dynamics for p < Ne.
termediate dynamics of polymers grafted to NPs has also
sured in a few contributions but much remains unknown
50]. In general, confined dynamics are observed as the
hains restrict Rouse motion of adjacent chains and the
s and magnitude of this effect depends strongly on grafted
d RNP [27,33]. In matrix-free PNCs, polyisoprene segmen-
ics were found to be relatively unperturbed until large

ouse length-scales where grafted chains interacted with
grafts and were slowed relative to bulk [92]. Upon the
of matrix chains forming a traditional PNC, the topological
t was reduced [92]. In solutions of SiO2 NPs with selec-
pically labelled polymer grafts studied by NSE, slow Zimm

 (akin to Rouse dynamics in the melt) were observed near
er interface but faster dynamics were observed far from
rface [150]. Understanding the heterogenous dynamics

e polymer brush on NPs in the melt and documenting the
ce on various PNC and NP variables is critical to under-

PNCs with grafted NPs.
fect of NP size has also been measured on Rouse-like time
ing NSE to study PEO-based PNCs with PEG-functionalized
d 20-nm gold NPs (an athermal system), Faraone and
s showed Rouse dynamics were comparable to neat PEO
ly unaffected by NP size [131]. Whether this NP size-
ent observation holds for attractive interactions or higher
ntrations remains to be explored. In a combined QENS and
y, poly(vinyl methyl ether) (PVME) was filled with glassy
ne-based NPs of different Mw [151]. The Rouse dynam-
E in these PNCs were slower than bulk and the slowing

pendent of PS architecture (linear or star) or Mw according
[151]. NSE measurements also showed slower collective
namics in the PNCs and, interestingly, revealed a differ-
een the PS NPs from linear and star polymers. The authors

 this effect to geometric confinement that was only appar-
 longer length-scales accessible to NSE [151].
ntioned before, experimental progress on understand-

mics in this intermediate regime is comparatively slow
urements are significantly scarcer as compared to other

processes, especially with regard to the dense param-
e inherent to PNCs. Using MD simulations, the effect
ncentration [152], NP size [153–155], and NP-polymer
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n [153,156] on Rouse dynamics was probed. At low �NP,
ained MD  simulations show the local Rouse dynamics
ly unperturbed although the disentanglement time gets
2]. At high �NP (at least 31 vol%), NPs become confining
use motion and disentanglement time and local relax-
gin to slow down [152]. In a thorough study of Rouse

n in athermal PNCs, Rouse relaxations were faster in PNCs
ll NPs (RNP < dtube) and largely unaffected in PNCs with
s [155]. In general, it is reported that Rouse dynamics over
length-scales are more perturbed in PNCs with favorable
er interactions [153,156]. For entangled chains (N>Ne),

mediate dynamics follow expectations from changes in
glement network, as discussed in Section 4.3.

nglement network in PNCs

gled polymers at intermediate timescales are confined
tanglement network in the polymer melt. As a result,
ales beyond Rouse relaxations, a long-time plateau is

 in S(q,t) from NSE and an entanglement plateau is
 in rheology as segments cannot relax beyond topologi-
glements. This entanglement network is described by a

 tube in the Edwards model. Given enough time, poly-
ns will escape their confining tube or the entanglement
will relax, leading to chain diffusion discussed in Section
er, measurements of intermediate dynamics in polymer
es insights into the entanglement network.
derstand how spherical NPs perturb the entanglement

 Richter and coworkers measured NSE on poly(ethylene-
lene) (PEP) based PNCs as a function of hydrophobic-SiO2
ntration and fit S(q,t) at long times to extract the tube
, Fig. 9. [149,157]. As �NP increases from bulk (black)
urple), polymer chains become more confined and the

 tube diameter, dapp, decreases [149]. Importantly, this
m exhibits reasonable NP dispersion, unperturbed local
l dynamics and Gaussian polymer conformations as mea-

 TEM, NSE, and small angle neutron scattering (SANS),
ely [149,157]. To understand the decrease in the dapp,
rs define “particle entanglements” to describe the impact
tric confinement imposed by the NPs (dgeo) by estimat-
oid distribution function. With knowledge of dapp and
tube diameter associated with only the polymer matrix
n be evaluated by assuming Gaussian statistics and is
increase significantly with �NP, Fig. 9 [149]. This result,
addition of NPs effectively decreases the tube diameter
ffective entanglements) through geometric constraints

ase the tube diameter (removing polymer entanglements)
lymer network, is also observed in MD  simulations [152]
principles theory [158]. In MD  simulations, below a criti-
e fraction (�c = 31 v%) the chain dynamics are controlled
er entanglements, while above �c the geometric confine-
NP entanglements dominate the intermediate polymer

 [152]. A reduction in dapp was reproduced theoretically
tures of rods and spheres and the magnitude of the reduc-
found to depend on only the volume fraction of NPs and
nsions of the rods and spheres [158]. The convergence of
ry, simulations, and experiments establishes how spheri-
erturb the entanglement network in model PNCs.
ell known that small molecular additives (such as a sol-
a low-Mw polymer act to disentangle high Mw polymer
ase dtube, so it is reasonable to expect small NPs may  have
fects. Faraone and coworkers show exactly this: the addi-
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-nm diameter athermal Au NPs to PEO at �NP = 20 vol%
measurably perturb the apparent tube diameter (as mea-

 NSE), but 3-nm diameter athermal Au NPs increase the
eter by ∼25% at the same �NP [131]. This concept of tube

As des
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ces to color in this figure legend, the reader is referred to the web version
le.)
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as been observed and discussed in other PNC systems as
,145,159].
mulations also provide valuable information about the
ment network in PNCs [152,153,160–165]. For example,
th athermal NPs and Rg�RNP exhibit disentanglement
Ne,bulk) and more specifically, a depletion of entangle-
ar the NP [165]. Moreover, the NPs often contribute to the

 path indicating that NPs can act as topological constraints
tanglements [165]. These observations agree with afore-
d NSE results. In another simulation, the entanglement
eter increased as a function of NP concentration, demon-
isentanglement, and this increase was  larger for smaller
tronger NP-polymer attractions [162,166]. It is important

hat in simulations, the entanglement network is defined
imitive network but in experiments, it is usually defined
er dynamics or stress relaxation, so NPs may  contribute

ly.

er chain diffusion

rimental and simulation methods
cribed in Section 4.1, rheology and NSE provide insights
-scale diffusion in certain systems and experimental
s. For example, without NP percolation or significant
al stiffening, the terminal relaxation behavior in rheolog-
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ra provides a measurement of the largest relaxation time
iated with the chain, which can be used to estimate the
diffusion coefficient. In addition, the diffusion of unen-
hains can be measured by NSE and BDS at T�Tg. While
surements of ISF often plateau at long times due to the
relaxations in the entanglement mesh, full decorrelation
served in unentangled polymer chains [148]. In addition,
ers with a permanent dipole along the backbone (such as

 can measure the so-called normal mode relaxation time,
resents full chain relaxation [167]. Specialized NMR  tech-

n also be used to measure the diffusion coefficient in PNCs,
easurement is generally less common [168].

ost common way to measure chain-scale center-of-mass
 in PNCs is through depth profiling, Fig. 10. Typically, a
m of deuterated and protonated polymer is assembled and

 at T>Tg. While the interface is initially sharp, as chains dif-
 interpenetrate and the interface broadens. By measuring

 profile of the deuterated chains in the protonated matrix
ing the annealing time, the interdiffusion rate or diffusion
t can be determined. Deuterium depth profiles are most
y measured by elastic recoil detection (ERD), secondary
spectroscopy (SIMS) or neutron reflectivity (NR).

 recoil detection (ERD) offers a relatively large penetration
d can characterize the depth profile up to nearly 800 nm

 than or approximately 80 nm resolution. [169] In ERD,
of known energy are accelerated towards the sample at a
angle and light elements such as 1H and 2D are forward
oward the detector where their energy is measured. With
e of the beam parameters and atomic composition of the
he difference in measured and incident energy can be

 the depth of the collision event. These samples typically
 a thin deuterated polymer film (<50 nm) on a protonated
film (>10 �m),  namely a tracer configuration. Following
ut where the green tracer polymer is much thinner than

atrix) these diffusion couples are annealed at T>Tg for a
f annealing times, then cooled below Tg. The depth pro-

 deuterated species is measured ex situ and a diffusion
t is extracted by fitting the deuterated depth profile with

 to Fick’s second law assuming a finite source in a semi-
edium [169,170].
S, an incident ion beam rasters over the sample surface to
ns and atoms from the sample. To measure the concen-

 different elements, the charged species are detected by a
ctrometer tuned to the appropriate elemental mass [171].
mples are nearly symmetric bilayer films as depicted in

ith total thicknesses on the order of 300 nm. The pene-
pth in SIMS is defined by the raster duration, intensities,
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l hundred nanometers. The depth resolution of dynam-
nd time-of-flight SIMS is typically on the order of 10 nm

osity, as p
in line w
master c
relative t
ual diffusion sample configuration.

on reflectivity (NR) is a depth profiling technique for thin
ere highly collimated neutrons are incident on the sam-
e and the reflected intensity is measured as a function of

angle [173]. Since neutrons are sensitive to differences in
uclei, especially isotopes 1H and 2D, the reflectivity pro-
e fit to reveal the concentration depth profile. NR offers
esolution and depth penetration on the order of ∼1 nm

 nm,  respectively [173]. Samples for NR are usually com-
a bilayer of deuterated and protonated films, each usually

 or less. Unlike ERD or SIMS that rely on ex situ anneal-
xperiments can be either ex situ or in situ. To fit NR data
iffusion, the diffusion profile is often assumed to follow
unction between pure 1H and 2D phases and the interfa-

 is extracted as a function of time. An observed increase
cial width with t1/2 is indicative of polymer diffusion,

 sometimes NR length scales are too small to reach this

ive dynamics can also be studied through molecular
, Monte Carlo, and various other methods, as recently

zed for melts and PNCs [32]. Molecular dynamics simula-
most common using coarse-graining methods to alleviate
utational expense of long simulation times. The Kremer-
del introduced in Section 3.1 is often used, but imposes a
limit of lightly entangled chains (N/Ne < 10). Monte Carlo
ns are commonly used to model diffusion of entangled
36,154,174–176]. Other models including dissipative par-
amics and slip-spring simulations [32] and force-based
al predictions [177] are less common but have been

mer diffusion in the presence of spherical nanoparticles

nclusion of NPs in a polymer matrix often impedes
le polymer center-of-mass diffusion. This effect can
pated because polymer chains need to diffuse around
able NPs, thus causing a longer diffusion trajectory. One
ect this to be confounded by other influences including
olymer conformations, unique interactions, and changes
r-scale dynamics or the entanglement network, all of

ay  have non-trivial influences on polymer diffusion.
art this discussion with the simple case of entangled
diffusion in the presence of athermal NPs. Com-

d coworkers used ERD to measure dPS tracer diffusion
–530 kg/mol) into PS-based PNCs [178] with well-

 phenyl-functionalized 28-nm SiO2 NPs at �NP = 0–50
]. Polymer tracer diffusion was slowed as a function of �NP

ee larger than expected from excluded volume and tortu-

redicted by the Maxwell model [179]. These results were

ith the entropic barrier model [174,175]. Furthermore, a
urve was developed by plotting the diffusion coefficient
o the diffusion coefficient of neat polymer (D/D0) as a func-
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Fig. 11. Master curve developed for a variety of PS-based PNC systems showing
collapse of the tracer diffusion coefficient normalized to bulk as a function of the
effective interparticle distance relative to the tracer polymer chain size. Filled and
open symbo

Reproduced

tion of ID
the size o

In  late
measurem
influence
cial inter
[182,183
account f
the trace
[181,182
tude in st
tracer dif
fusion is 

experime
polymers
through 

PNC) [184
ID/2Rg > 5
model do
penalties

Measu
[185–187
3.2) imp
dynamics
mal inte
observed
dent of i
tracer po
PMMA/Si
is either s

The co
a fixed T
Although
over a ra
more per
This diffe
entropic 

ments sca
imposed 

successfu

Fig. 12. Temperature dependence of polymer diffusion showing more perturbed
diffusion  at higher temperatures. Measurements are for 532 kg/mol dPS diffusion
into  PS/SiO2 PNCs (�NP = 0–50 vol%, 2RNP = 28.5 nm,  Tg

PS ∼ 375 K) [188]. Copyright
2016.

Adapted wi

hysi
11 a
he ti
ctive

e dep
e tem
g NP

he P2
ter cu

 imm
 add

niqu
NCs. 

ntan
-like
ize [1
ispe

 refle
s com
,191
s lead
petin
d to

ll PS N
ased

in lo
e pr

ts w
,191
slatio
O2 N
n be
nsist

 con
s rec
dly 

exten
,153
r fac
ed p
ls refer to grafted and bare NPs, respectively [182]. Copyright 2013.

 with permission from the American Chemical Society.

/2Rg, or interparticle separation distance (ID) relative to
f the deuterated polymer (2Rg) [170].
r publications, a similar collapse was observed for ERD
ents of tracer diffusion in various PNCs to probe the

 of NP size [180,181], NP polydispersity [181], interfa-
actions [180], and interface softness using grafted NPs
]. The effective interparticle distance (IDeff) is used to
or the polydispersity of NPs and the volume accessible to
r molecule in the presence of densely grafted NPs, Fig. 11
]. At the limits, D is reduced nearly an order of magni-
rongly confined PNCs (IDeff/2Rg < 1) and the reduction in
fusion extends to weakly confining PNCs, where bulk dif-
only recovered at IDeff/2Rg∼20. To compare with these
nts, Meth et al. developed an analytical method that treats

 diffusing through nanocomposites as spheres diffusing
cylinders (mimicking the network of free space in the
]. This model quantitatively agrees with data in Fig. 11 at

 and underestimates D/D0 at ID/2Rg < 5, likely because the
es not account for perturbed conformations or entropic
.
rements of chain diffusion from an attractive interface
] and segmental dynamics near attractive NPs (Section

ly that attractive interactions may  impact chain-scale
. Composto and coworkers compared PS/SiO2-Ph (ather-

ractions) and PMMA/SiO2 (attractive interactions) and
 that tracer diffusion through these PNCs are indepen-
nterfacial interactions [180]. This result suggests that
lymer molecules can diffuse within the bound layer in
O2 and the increased friction at the NP-polymer interface
imilar to PS/SiO2-Ph or insignificant.
llapse presented in Fig. 11, as measured by ERD, is at

-Tg with large Mw polymer for the protonated matrix.
 a qualitatively similar dependence on ID/2Rg exists
nge of temperatures, the normalized tracer diffusion is
turbed from bulk at higher temperatures (Fig. 12) [188].
rence was reconciled by entropic arguments, where the
barrier extracted from temperature-dependent measure-
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by the NPs. This result highlights that the convenient and
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repulsive
�NP < 8 v
th permission from the American Chemical Society.

cs governing tracer diffusion through PNCs. Also note that
pplies to PNCs wherein the spherical NPs are immobile
mescale of polymer diffusion. ERD studies of very small,

 NPs (∼2 nm OAPS) in P2VP found polymer diffusion to be
endent on �NP than measurements in PS/SiO2 PNCs at the
perature [109]. By comparing D/D0 with ��/��,0 and mea-

 diffusion, a friction-dominated mechanism was proposed
VP/OAPS system with mobile NPs [109]. In summary, the
rve in Fig. 11 is appropriate for tracer diffusion in PNCs
obile spherical NPs under isothermal conditions.
ition to the ERD measurements of tracer diffusion, other

es have been applied to the problem of polymer diffusion
Early measurements of pulsed-gradient spin-echo NMR
gled PE diffusion in PE/ZnO PNCs (non-attractive) showed

 diffusion in PNCs of varying Mw, NP concentration, and
89]. This observation may  result from low �NP and poor

rsion, among other factors. In a study using in-situ neu-
ctivity, entangled PS diffusion in all-polymer athermal
prised of PS and soft crosslinked-PS NPs were measured

]. In these measurements, the relative size of NPs and poly-
 to enhanced or suppressed diffusion resulting from the
g effects of constraint release or disentanglement and
pological barriers, respectively [191]. To be specific, for
Ps in large Mw PS, D/D0 > 1 was  observed and attributed to

 constraint release akin to a diluent. Conversely, for large
w Mw polymer, polymer diffusion was  slowed apparently
esence of barriers, qualitatively similar to ERD measure-
ith immobile NPs, although NP softness may  contribute
]. In another contribution, the segmental dynamics and
nal diffusion of unentangled PEP chains in the presence
Ps was measured via NSE which showed slow chain dif-
yond expected solely from geometric confinement, which
ent with increased friction or entropic effects associated
fined diffusion [148].
ently reviewed [32], computer simulations have been
applied to polymer diffusion in PNCs to investigate
sive parameter space such as NP-polymer interactions

,163,192], NP size [136,193,194], polymer Mw [195], and
tors [176,194]. Early MD  simulations by Kumar et al.
olymer diffusion in the presence of attractive NPs slowed

ically with increasing �NP [192]. In contrast, PNCs with

 NPs exhibited diffusion faster than bulk (D/D0 > 1) at
ol% and slower at higher �NP, implying that diffusion at
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Fig. 13. Diagram representing the effect of NP diameter and length relative to poly-
mer Rg on observations of monotonic (open symbols) or non-monotonic (closed
symbols)  dependence of normalized tracer diffusion coefficient as a function of NP
concentration, as schematically shown in the inset. Data is compiled from PNCs con-
taining spherical SiO (star symbols), CNTs (triangle symbols), and nanorods (square
and circle s
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results from interfacial perturbations [192]. Other sim-
have observed D/D0 < 1 in repulsive and attractive PNC
and observed behavior that deviated from experimental
esented in Fig. 11 [194,195]. For example, while a qual-

similar trend with ID/2Rg was recently observed using a
Monte Carlo technique, larger NPs perturb diffusion more
han smaller NPs, even at the same ID [194].

er diffusion in the presence of non-spherical
cles

standing the impact of anisotropic NPs on polymer
nal diffusion requires consideration of the multiple
ales associated with the non-spherical NPs. For exam-
reas spherical NPs have one characteristic size (RNP),
lly-shaped NPs have two relevant length scales (RNP and

 shows that geometric considerations of the NP length
iameter (d = 2RNP) relative to Rg distinguish monotonic
bols) and nonmonotonic (closed symbols) dependencies

er normalized tracer diffusion coefficient as a function
r highly anisotropic NPs with 2RNP < 2Rg < L (red region
), polymer diffusion slows relative to bulk at small �NP
ly recovers at �NP larger than the critical concentration
96–201]. For PNCs with spherical NPs in Section 5.2 or
tropic NPs, the polymer diffusion coefficient decreases

ically with �NP [170,180,182,197,200,201]. These differ-
ndencies of D/D0 vs �NP are shown schematically in the
ig. 13. This comparison highlights that the perturbation to

ynamics changes considerably when only one dimension
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a minimum value at �NP,c, which correlates with the
al percolation threshold as determined by DMA. Further-
P,c was  found to depend on the PS matrix Mw and not
r Mw [196] or temperature [198], but both Mw and T

the minimum value of D/D0. A trap model was  simulta-
eveloped to test the hypothesis that diffusion along CNTs
than diffusion perpendicular to CNTs [196]. This model
ely captures the decrease in �NP,c with increasing matrix
ecrease in the minimum value of D/D0 with decreasing
, suggesting that anisotropic diffusion could be the origin
um in D/D0 as a function of �NP [196]. Other simulations

eveloped these results [161,163,202]. Using a variety of
with multi-walled CNTs [197,198], long and short TiO2

,201], and spherical NPs in chain-like aggregates [199],
termined that when DNP « Dpolymer, the general criteria
vation of a minimum D/D0 (i.e. anisotropic diffusion) is
g < L, Fig. 13.

 NPs are small relative to the entanglement network
tube), NP diffusion can be fast compared to the polymer

 and therefore can be considered mobile during poly-
ations [203]. By using �NP and matrix Mw to control the

mobility, the dPS tracer diffusion coefficient into PS/TiO2
< 2Rg) nanorod-based PNCs with mobile (DNP > Dchain) and

 (DNP < Dchain) NPs was measured [200]. While polymer
 in the PNC was consistently slower than bulk diffu-

0 < 1), faster polymer diffusion was  observed in PNCs
ile NPs than immobile NPs at the same �NP [200]. This

 polymer diffusion in the presence of mobile anisotropic
aptured by a numerical slip-spring model which provides
istic understanding. The model includes fixed topological
ts (representing those from the PS matrix and immo-

 and additional constraints that have a finite release time
ting those from mobile NRs) [200]. The inclusion of con-
ith a finite release time leads to faster polymer diffusion

red to when all constraints are fixed. These results, along
se with mobile spherical NPs [109], clearly demonstrate
rtance of NP mobility in understanding the polymer dif-
namics.
iments probing polymer diffusion through PNCs with NPs
eometries, including plates/platelets, non-linear NRs, and

bled structures, are quite limited. In one study, poly-
sion was measured using SIMS in dPMMA  and dPS into
taining 5 vol% montmorillonite clay platelets [22]. The

 of dPMMA  in these clay PNCs was  3x slower than bulk
 diffusion of dPS was  unperturbed from bulk, a differ-

 was  attributed to preferential adsorption of PMMA  chains
 results may  be confounded by poor dispersion and sur-
egation. Future studies of polymer diffusion in PNCs with
ersed planar NPs would further develop Fig. 13.

ange dynamics from the NP interface

gous to the separation of segmental dynamics in the
yer from those of free chains (Section 3.2 and Fig. 3),
experimental direction that has emerged is measuring
rption, or exchange dynamics of bound chains in the
e. Exchange dynamics from a flat substrate have been
y depth profiling techniques such as SIMS, ERD, and
187,204,205]. Generally, these studies reveal polymer

 slows near a solid interface [204,205], depends on the
substrate interaction [187,205], and the effect is spatially

ing (in that slow polymer diffusion is observed at distances
nd Rg from the interface) [186]. However, exploring poly-
ange dynamics in PNCs is considerably more challenging
experimentally distinguishing bound polymer and free
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is difficult. Unfortunately, MD  simulations are typically
to study polymer desorption.
tly, polymer exchange has been probed in P2VP/SiO2 PNCs
o different experimental approaches: SANS [206] and
]. For SANS, dP2VP/SiO2 PNCs were successively solvent
o remove free polymer and the dP2VP-coated SiO2 NPs
ispersed in protonated P2VP. These PNCs with deuterated
ers were then annealed at two temperatures for various
asured using SANS, and analyzed by assuming a core-shell
ere the shell is the dP2VP bound layer [206]. The dP2VP

kness decreased from ∼3 nm to ∼0.6 nm when anneal-
+75 ◦C, but remained largely unchanged after annealing
◦C, indicating a strong temperature-dependent process
ing ERD measurements on P2VP/SiO2 PNCs, the fraction

 chains was measured in the melt state after conventional
ication procedures by spatially separating free polymer
nd polymer as a function of annealing time, anneal-

erature, and Mw. First, measurements at relatively short
 conditions isolate NP-bound polymer from free poly-

 a bound layer of ∼Rg was observed, as expected from
asurements [208–210]. Upon further annealing, poly-
rption was observed as the fraction of chains originally

 the NPs decreased, and some polymer remained adsorbed
nnealing conditions studied [206]. In fact, the kinetics of
n were slower for lower temperatures and higher Mw,
ffect correlates with the polymer chain relaxation time,

er a relatively narrow window of Mw and temperature
dy. Despite differences in sample preparation and mea-
s, these two studies are in qualitative agreement in that
desorption is much slower than bulk polymer dynamics,
ins remain bound for experimentally inaccessible time-
06 �t), and the desorption kinetics depend strongly on

ure.
 remains unknown about the desorption and exchange
f bound polymers in PNCs. First and foremost, the dense
r space in PNCs remains largely untested, particularly
nd NP-polymer interactions. In addition, ERD and SANS
f P2VP/SiO2 showed that some chains remained adsorbed
imentally accessible time-scales [206,207]. It remains
ow this observation and others depends on the material

r if PNCs with weaker interactions will also show “perma-
ound polymer. In addition, the interfacial conformations
tion of conformations during annealing are unexplored

equire the development of techniques beyond those men-
re. Finally, a mechanistic description of the desorption and

 of different populations of chains (tightly bound vs lightly
mains elusive and may  require considerable experimen-

imulation efforts. This is a fruitful direction of research,
ugh the desorption process is expected to be very com-
and depend strongly on various experimental and PNC
rs.

article diffusion in polymer melts

retical background

okes-Einstein (SE) relationship describes the diffusion of
 particles (DSE) through a continuous medium as a compe-
ween driving forces from thermal fluctuations and viscous
es of the medium:

T
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is the viscosity of the medium, Rp is the particle radius, kT
rmal energy term, and f is either 4 or 6 for slip or non-slip
s at the interface, respectively [38]. Eq. (4) assumes the

ferences 

measured
(�NP < ∼1
length- a
ce 105 (2020) 101242

istic  particle size exceeds the largest characteristic length
he medium, i.e. Rg in a polymer melt. To apply The SE

 nanoparticle diffusion in polymer melts, the zero-shear
 (�0) and core NP size (RNP) are often used for � and Rp,
ely.
ymer melts (i.e. in PNCs), deviations from SE behavior are

 [38]. Several theories have been developed to describe the
 of dilute nanoparticles in polymer melts, including by De
38], Rubinstein [211,212], Schweizer [213–217], and oth-
19]. Early work by De Gennes an coworkers qualitatively

 that small NPs diffuse faster than DSE(�0, RNP), because
ple a length-scale dependent friction dictated by Rouse
ns when 2RNP∼dtube or by monomeric relaxations when
both of which decrease the drag forces [38]. This concept
er developed quantitatively for repulsive NPs of various
ntangled and unentangled polymer melts, as discussed

 Section 6.3 [211–213,215,216,218]. More recently, the-
eveloped that begins to tackle the case of attractive NPs

 6.4 [214].

rimental and simulation methods

rford Backscattering spectrometry (RBS) is an ion beam
analogous to ERD, which was introduced in Section 5.1
e used to measure NP diffusion. RBS is used to measure

 profile of elements heavier than H or D. In RBS, He ions
ent to the sample, typically in normal geometry, and are
ered to a detector to measure the particle energy. The loss

 is related to the incident energy, the kinematic factor of
ion (which depends on colliding particles), and the energy
ugh the sample, and can provide a direct measure of the
ion as a function of depth. RBS offers a depth resolution
m and a depth penetration of ∼1 �m [169]. To measure
ion using RBS bilayer samples typically comprise a ∼150

 of PNCs with low NP concentration on a bulk matrix of
 polymer. As samples are annealed at T>Tg, the NP depth

 monitored by tracking the relevant elements (e.g. Si for
. Similar to ERD, the measured depth profiles are fit with a
o Fick’s second law and a diffusion coefficient is extracted.
ires access to an ion beam facility and data reduction and
ation can be difficult, but it can survey a wide array of RNP,
nealing conditions, and can be applied to many different

systems.
ic scattering measurements can also be used to measure

ion of NPs in a polymer melt, including X-ray photon cor-
pectroscopy (XPCS) and dynamics light scattering (DLS).
ntally, both techniques are similar in that they measure
oral fluctuations of the speckle patterns produced by

 light scattering from dilute NPs in a polymer medium.
er, however, in the specifics of the measurement, details
strumentation, and the length and time scales that they
CS uses a high-brilliance coherent X-ray source to mea-
ecorrelation in the spatial distribution of electron density

mple as a function of q. Generally, XPCS offers a q range
−1 < q < 0.07 Å−1 (spanning length scales of ∼5–250 nm)
amic range of ∼500 �s to ∼103 s. Analysis of the intensity

ocorrelation functions, which are related to the ISF, uses a
 exponential to reveal the relaxation time of the system.
he extracted relaxation time vs q reveals the geometry
tion where �∼q−2 is purely diffusive motion. In contrast,

 a longer wavelength light, the scattering comes from dif-

in index of refraction, and typically only one q value is
. Both methods can probe NP motion in PNCs with dilute

 vol%) or concentrated PNCs and provide access to unique
nd timescales. As with RBS, these provide an ensemble
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f the NP dynamics and may  be difficult to interpret or
different dynamic processes in PNC systems.
specialized measurements of NP dynamics exist as well.
ple, a modified fluctuation correlation spectroscopy (FCS)
as been applied to melts and solutions [220,221]. Here, a
stered over the polymer melt with a dilute NP concentra-

 an increase in the photon count is observed as indication
sence of a NP. After the NP is placed in the focal volume of
beam, the photon counts are continuously recorded until

 reaches the background count, indicating that the NP dif-
 of the focal volume. The diffusion coefficient is obtained
cay time of the photon counts (extracted with a stretched
ial) and the size of the focused laser beam. Single parti-
ng (SPT) has been applied to polymer solutions and gels
] and, more recently, to polymer melts with NPs [225]. SPT
er florescent or photon-emitting NPs (such as quantum
recisely measure the center-of-mass position of individ-
s a function of time [224]. From this measurement, van
ributions and mean-squared displacement (MSD) curves
ructed to analyze the distribution of dynamics, isolate dif-
pulations, and calculate the ensemble average. Although
rements on the PNC system are somewhat stringent in that

ust emit light and the polymeric matrix must have a low
it is difficult to heat the sample), SPT can uniquely sample
n of each individual NP and provide unique insight into

lation of dynamics.
,  coarse-grained MD  simulations can also probe NP

 polymer melts. The NPs can either be constructed as a
ad with larger size and mass or a collection of smaller
e latter option reduces artificial crystallization and dense
t the NP-polymer interface but produces a non-uniform

 at the NP-surface that may  be unrealistic. Unlike many of
lations discussed in previous sections to isolate polymer
, the NPs in these simulations are free to diffuse and their
be directly measured. The NPs in these simulations tend
ate if there are more than one in the simulation and weak
er interactions, and single NP simulation suffer from poor

for NP dynamics, especially at long times. So, to access the
regime, the NPs are typically smaller than the chain size

 or the Mw is small.

sion in athermal and weakly interacting PNCs

ithout NP-polymer enthalpic attractions and with dilute
ntrations are the simplest PNCs for theoretical predic-
1–213,215,216,218]. At short length scales (∼2RNP) and

 scales, scaling descriptions [212] and force-level statis-
mical theory [213] propose NP caging in the correlation

the order of b or dtube in entangled melts [211,216]. In this
elaxations of the surrounding polymer environment lead

 Brownian NP diffusion at longer length-scales (>2RNP).
 of motion has been observed in NP-polymer solutions
non-Gaussian dynamics [226] and in the melt through
ion at short length and times scales [227]. Specifically in

 polymer melts when RNP ∼ dtube, NPs are predicted to
een the entanglement network [212,213]. For larger NPs
, NPs are unable to escape the entanglement network until
laxes, which decreases the likelihood of this mechanism

 to slower SE diffusion.
all NPs (RNP < Rg) regardless of the chain length, NP dif-
es not require full chain relaxation, so diffusion is fast
o DSE(�0,RNP). To further understand NP diffusion in
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portantly, this theory does not consider hopping but pre-
 particle motion is coupled to the entanglement network
, even if the RNP exceeds the entanglement mesh size. As

 Fig. 14, for 2RNP ≥ ∼10dtube, DSE from Eq. (4) approxi-
ptures the diffusion of repulsive NPs in a polymer melt.
er NPs, especially 2RNP < dtube, NPs diffuse faster than the
tion, particularly for smaller NPs in more entangled poly-
ause they are influenced by smaller length scale polymer

ns.
CGLE theoretical predictions [216] in Fig. 14 are in
le quantitative agreement with coarse-grained MD  sim-
[228] in unentangled and lightly entangled polymers for
/dtube < 2. In this comparison, the authors establish that

 NP motion is controlled by polymer constraint release
NPs are trapped until the polymer environment on the
2RNP relaxes. Although the hopping mechanism was

rved in these simulations [228], it is expected in highly
 systems with small NPs (2RNP∼dtube and N�Ne). MD
ns have also been used to systematically study repulsive

 interacting NP diffusion in the dilute limit as a function
 [124,166,195,228–232], polymer Mw [195,228–230,232],
ntration [124,195,229], surface structure [231], and NP

33]. In general, the MD results are consistent with the-
alculations, in that the diffusion of small NPs or NPs in
ngled polymers exhibit faster diffusion than the SE pre-
s NP concentration increases, NPs begin to interact and

sity of the melt increases, leading to a diffusion coefficient
duced relative to the dilute limit [195,229].
-Einstein enhancements (as predicted in Fig. 14) have
erimentally realized in a variety of weakly interacting
ems, especially for small NPs in well-entangled poly-
r example, early XPCS measurements of quantum dots
be ∼ 0.7) in PS (N/Ne ∼ 12) revealed SE enhancements of
h only a subtle dependence on temperature; this is ∼100
wer than predicted in Fig. 14 [234]. In a systematic study
e using a modified fluctuation correlation spectroscopy
e, SE enhancements of ∼10–2000 were measured for

 with 2RNP/dtube ∼ 0.8–3.3 in well-entangled poly(butyl
late) (PBMA) [221,235]. While these results qualitatively

ith SCGLE predictions, they did not quantitatively cap-
transition around 2RNP ∼ dtube. More recently, using SPT
tractive quantum dots in PPG (2RNP/dtube ∼ 2.6), Gaussian
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 were observed at all time-scales studied and SE diffusion
rved (D∼DSE) in unentangled and lightly entangled melts
Ne ∼ 2.8) [225]. To date, the theoretical curves in Fig. 14
rgely unverified experimentally, in part due to the diffi-
ispersing athermal or repulsive NPs in a polymer melts
hallenge of systematically accessing a broad range and
alues of 2RNP/dtube and N/Ne.

ay to improve the dispersion of athermal NPs in a polymer
 use grafted NPs, which also alters the NP diffusion coef-
r example, using athermal grafted NPs with 2RNP<dtube,
ion coefficient measured by RBS was found to be slower
icted by Eq. (4) and in stark contrast to Fig. 14 [236]. By
g to field theory calculations, this slowing was attributed
ger hydrodynamic radius caused by interpenetration of
ains and grafted polymer. Interestingly, SE behavior was

 by using an effective radius, Reff > RNP, to account for the
 of grafted chains [236]. This effect was also observed in
lations [231].
namics of non-spherical NPs in entangled and unentan-

mer melts has received less attention [203,233,237,238].
r of mass diffusion coefficient (DCM) of a nanorod with

ns L and RNP is often described as a combination of dif-
efficients perpendicular (D⊥) and parallel (D‖) to the long

 of which follow the form of Eq. (4) [239]:

+ 2D⊥
3

=
(

kT

6��L
ln

[
L

2RNP

])
+

(
kT

6��L
ln

[
L

2RNP

])

ln
[

L

2RNP

]
(5)

quation is known to describe the diffusion of nanorods in
liquid with L and RNP larger than the characteristic length
he liquid [240], and much like Eq. (4) for spherical NPs, it
ed to breakdown for small NRs in an entangled polymer
ng RBS measurements to study TiO2 NR diffusion in well-

 PS (2RNP<dtube), the measured NR diffusion coefficient
r than expected from Eq. (5), reaching enhancements of

 M/Me ∼ 100 [203]. The observed scaling of DCM ∼ Mw
−1.4

hat NR diffusion is decoupled from the chain-scale vis-
ely because the NR diameter facilitates NR relaxations
e entanglement network. In MD  simulations designed to
is experimental system, a hop-like mechanism was iden-
ng-times when 2RNP<dtube, although the MD  simulations
ict the NR diffusion coefficient in well-entangled polymer
3].
so note that NP diffusion in dilute and concentrated solu-

 also been studied and these three-component systems
gous to melts, although with additional complex interac-

 different confining length scales [211,215,216,219]. NP
 has been measured in several polymer solutions with a

 techniques including XPCS, SPT, and FCS [222,241–245].
ant viscosity in NP-polymer solutions depends on the NP

er concentrations and the interactions between the NP,
nd polymer. Generally, insights regarding NP diffusion
polymer solutions can be used to inform NP diffusion in
melts (and visa versa) and may  be relevant to understand
cation from solution.

sion in attractive PNCs

gh athermal and spherical NPs in a polymer melt can
ered the simplest PNC system, PNC systems with strong

Fig. 1
for O

Adap

mor
“cor
diffu
fuse
(Reff
In v
with
and 

NP d
T

sion
(Fig.
func
sma
in sh
long
resp
expe
latio
desc

C
also
attra
(2RN
pred
Mw

acco
to sc
also
OAP
the t
to th
[109
wea
ation
foun
expe
whe
in si

T

er attraction have a number of practical advantages so

nding the role of NP-polymer interaction on NP diffu-
itical. Early theories considered the effect of NP-polymer

 in terms of interfacial polymer packing [215], while

been pr
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fullerene
observed
ffusion in PPG as a function of molecular weight [246]. Copyright 2018.

th permission from the American Chemical Society.

ent descriptions introduce two competing mechanisms:
ll” diffusion and “vehicular” diffusion [214]. In core-shell

, which dominates for RNP > Rg, adsorbed polymers dif-
g with the NP, thereby increasing the hydrodynamic size
P + Rg) and slowing diffusion relative to SE behavior [214].
lar diffusion, which dominates for RNP < Rg, NPs diffuse

 local polymer environment until successive desorption
sorption events (“hops”) lead to decoupled polymer and

ics, thereby enhancing NP diffusion relative to SE [214].
ansition between core-shell diffusion and vehicular diffu-
been observed as a function of molecular weight [246]
and NP size [109,208]. As shown in Fig. 15 for amine-
lized OAPS diffusion in PPG as measured via DLS, the
s (2RNP ∼ 2 nm)  diffuse via core-shell diffusion (D < DSE)
unentangled melts and via vehicle diffusion (D > DSE) in
ghtly entangled melts [246]. The observed crossover cor-

 to where RNP ∼ Rg, N ∼ Ne, and when DNP ∼ Dpoly. These
ntal  results are consistent with observations via MD  simu-
signed to mimic  the OAPS/PPG system and the previously

 theory [214,246].
hell  diffusion [208] and vehicular diffusion [109] have

 observed in well-entangled P2VP melts using RBS and
 NPs of different size. For 26-nm diameter SiO2 in P2VP

tube), the measured diffusion coefficient was  slower than
 by Eq. (4) and the difference was found to increase with

]. The difference between DNP and DSE was  quantitatively
d for by an increased hydrodynamic radius that was found
ith Mw

1/2 [208], as predicted in core-shell diffusion and
rved in PPG-based attractive PNCs [225,246]. For attractive
2VP (2RNP < dtube), vehicle diffusion was observed when
cale and Mw-dependence of NP diffusion was compared
se of polymer segmental relaxations and chain diffusion

 shown in Fig. 16, OAPS relaxations were found to scale
ith Mw

0.7, fall between segmental relaxations and relax-
 entanglement strands, and D/DSE enhancements were
each ∼104 at N/Ne ∼ 20 (not shown) [109]. Together, these
ntal observations are consistent with vehicle diffusion,
imilar Mw scaling is predicted theoretically and observed
tions [214].
iffusion of attractive NPs in a polymer melt has also
obed with atomistic [247–249] and coarse-grained

,192,214,229,250,251] MD simulations. For small
s, NP diffusion in various polymers [247,248] can be

 at microsecond timescales with atomistic detail where
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Fig. 16. Comparison of relaxation times for poly(2-vinylpyridine) (P2VP) at various
length-scales and attractive OAPS NPs as a function of P2VP molecular weight. The
Rouse times of a Kuhn monomer (�0, BDS) and P2VP reptation time (�rep, ERD) were
measured  o
RBS  measur
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 fullerene is included to prevent fullerene aggregation
allization. Hopping diffusion was observed in attractive
-polymer melts, such as polyimide [248] or polystyrene
], and absent in a non-interacting polypropylene (PP)
lt. The comparison of fullerene dynamics in PS and PP

 hopping occurs when small NPs adsorb to and desorb
ymer segments, as predicted in vehicle diffusion [247].
iffusion occurs in both cases at long times, and NP

 is slower in more attractive melts [247]. For larger NPs
rse-grained MD  simulations, NP diffusion is observed to
atically slower for polymer melts with increased NP-

interaction, although the degree to which NP diffusion
 depends on system-specific parameters such as NP size
action strength, among other parameters [124,229,250].

 most PNC simulations apply NP-polymer interaction
a LJ potential, which can be considered comparable to
bonding in PNCs, the case of ionic interactions was  also
sing MD  simulations [251].

diffusive NP dynamics

iffusive  NP dynamics, characterized by MSD ∼ t� where
 predicted at length- and time-scales before the diffu-
e, such as ballistic motions [38,211–213]. As previously

d, subdiffusion (� < 1) is predicted for 2RNP > b due to the
 NPs within the correlation network of polymer melts
rder of b) or the entanglement mesh (on the order of
2,213]. Experimentally, a crossover from subdiffusion

 diffusion was observed at length scales of ∼RNP using
urements and PEG-functionalized polyhedral oligomeric
xane dispersed in PEG [227]. This is consistent with the
tioned theory by Rubinstein and coworkers [211]. In gen-

 regime is largely unexplored, especially for larger NPs,
bservations of motion on the order of or less than RNP in
ecessitates excellent spatial and temporal resolution and

ngth- and time-scales.
iffusive NP dynamics have been widely reported
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 of Mw revealed a temperature dependence to the stretch-
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mpressing) exponent, 
, on the intermediate scattering
(ISF) and the scaling of n, where �NP ∼ q−n [259]. For exam-
diffusion (n > 2, 
 < 1) is observed at high temperatures,
fusion (n < 2, 
 > 1) is observed at lower temperatures, and
over is at 1.25Tg where Brownian diffusion is observed
∼ 1) [259]. In another XPCS study of attractive 11 nm-

 PEG-grafted SiO2 NPs dispersed in PMMA  of varying
r weight, Brownian diffusion is observed in unentangled
t superdiffusion (n = 1, �NP ∼ q−1) is observed above the

ent molecular weight and the NP velocity is reasonably
ent of Mw (Fig. 17) [159]. Observations of nondiffusive
ics have also been reported in PNCs containing dilute

d concentrated [262,263] NP volume fractions, grafted
] and bare [261] NPs, athermal [259,260] and attractive
,261] interactions, and under various measurement con-
52]. Interestingly however, Brownian diffusion has also
erved in XPCS of various PNC systems and conditions
,267].
rigins of anomalous NP dynamics in XPCS remain some-
lear. Superdiffusion, akin to a velocity, may occur when
experiences kinetic forces without drag forces (ballistic
r when a probe interacts with a gradient or field, among
narios. Fundamentally, XPCS measures the ensemble-

 characteristic decorrelation time of the sample electron
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istribution as a function of wave-vector, q [268]. Structural
tion on the order of 2�/q does not require NP diffusion on

 of 2�/q, so the diffusion length can be somewhat unclear
However, since XPCS samples length-scales of beyond
t is unlikely that the observed super-diffusion rises from
hort-length scale ballistic motions, which are likely «RNP.
hors surmise that superdiffusive dynamics show the NPs
ing to internal stress fields, either caused by nonequilib-

 kinetically trapped chain conformations and stress fields
s or deformation caused by particle motion, both of which

de elastic energy leading to superdiffusion [159,262,264].
 remains debated. Other authors surmise that observed

sive motion results from NP-NP correlations, even in the
 limit when no clear structure factor peak is observed.
, an apparent molecular weight effect in PNCs with similar

 (Fig. 17) and diffusive measurements in lightly aggregated
icate that NP-NP correlations are not the predominant
anomalous dynamics [159,234,261–263]. As a final note,
uires high-brilliance X-ray radiation for prolonged peri-
e, and although beamlines monitor sample degradation

 reduce exposure time and flux, the potential impact of
age (albeit largely unknown) has been noted [269–271].

udies should aim to further understand the origin of this
sive behavior and develop new and complimentary meth-
stematically probe NP motion on similar timescales and
directly to XPCS.

e outlook

of NP-polymer enthalpic interactions

ulations (such as those presented in Fig. 7) have demon-
at the NP-polymer interaction is a critical parameter that
te segmental dynamics from faster than bulk to much
an bulk. A thorough and detailed experimental realiza-

is concept and the understanding of other NP and polymer
processes remains to be developed. To isolate the role
lymer interactions, a set of PNCs must be developed to

 differences in NP-polymer interaction while minimiz-
ences in other parameters including NP surface chemistry
re, various polymer properties, and NP dispersion. This
ntal goal presents a paradox in that exploring the role of
er interactions on interfacial behavior necessitates large
er surface area, while systems devoid of favorable inter-

nd to aggregate, even at low �NP, which decreases the
er surface area. Although changes in dispersion state may

, the NP-polymer interaction can be tuned by NP sur-
tionalization, matrix chemistry, or brush polymer. Future
eed to deconvolute the effects of NP-polymer interaction,
accessible NP surface area, and other properties in a set of
ic PNCs, so to provide a unified view of polymer dynamics
ous NP surfaces. In another potential approach, system-
es of polymer infiltrated into nanopores with well-defined
hemistry present a way to study multi-scale dynamics at
s with different interactions. This approach may  provide
insights into PNC dynamics while circumventing concerns
ispersion state.
ticular interest with respect to NP-polymer interaction

ucture and dynamics within the bound polymer layer, as
 in Section 3.2. For systems with strong NP-polymer inter-
ch as P2VP/SiO2, a bound layer with reduced dynamics at
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length-scales is well-established [65,208,210,272]. PNCs
lsive interactions typically exhibit NP aggregation, indi-
le adsorbed bound layer experimentally, and according to
lations exhibit faster dynamics [119,192]. Demonstrating

in literat
ing prepa
between
ogy, struc
ce 105 (2020) 101242

er dynamics remains an experimental challenge and may
w properties and performance attainable. Furthermore,
desorption has recently been measured in P2VP/SiO2 PNCs
] showing polymers remain adsorbed to highly attrac-
for longer than experimentally accessible time-scales. In

ith modest NP-polymer attraction, it remains unknown
adsorbed chains remain adsorbed to NPs indefinitely as

 on flat substrates [185,273], or if full desorption and
 are possible.
er  important aspect of understanding interactions in PNCs
NPs with grafted polymer chains, which are widely used
e and control NP dispersion in PNCs [11,12,33]. The use of
Ps expands the already expansive parameter space inher-
Cs. More work is needed to understand the effects of
formation on the multiscale dynamics in all-matrix PNCs

tional PNCs with grafted NPs by systematically studying
 as a function of �graft, grafted Mw, and RNP, as well as
ple enthalpic interactions (e.g. NP-graft, NP-polymer, and
ymer).

rstanding the hierarchy of dynamics in PNCs

ajority of research papers have focused on a single
process in a specific PNC system. To fully describe the hier-
olymer and nanoparticle dynamics, a more encompassing
i-faceted approach is required, in general. The experi-

eports which have studied multiple polymer processes
er and nanoparticle dynamics together, have particularly

 the understanding of coupled dynamics in PNC sys-
8,109,139,142,151]. In contrast, measurements of a single
process in a unique PNC system or after unique processing
s are unable to develop broadly-applicable mechanistic

ndings of PNCs.
ny PNC systems, especially those with small NPs and high

ers or strong NP-polymer interactions, NP and polymer
 overlap and separating these dynamic processes is often
ng. Recent reports highlight the unique dynamic behav-
n NPs are highly mobile relative to the polymer: drastic
to the glass transition temperature, homogeneously slow
l dynamics in the melt state, and a commensurate slowing
ynamics [108,109]. It remains an open question if these

e simply a result of large polymer-NP interface resulting
ll NPs [99] or if the vehiclar mechanism of NP diffusion

ntally and uniquely alters other dynamic processes [214].
l, our understanding of NP motion and how NPs affect

dynamics at various length-scales is critical to design PNC
 and anticipate their performance in various properties.
ore, it is critical to consider each dynamic process in PNCs
ically and to consider how one may  influence another.

 of processing parameters for kinetically trapping PNCs

te  the decades of research, it remains unclear if PNCs in
each their equilibrium morphology or if they are often in
lly trapped state. This delineation is of critical importance.
Cs cannot access their equilibrium state, comparison with
quilibrium-based theory and simulation require caution

 theory and simulation efforts are needed to incorporate
ibrium effects. Second, if PNCs are in kinetically trapped
gineers should be able to use processing methods and
rs to further tune and control PNC macroscopic proper-
, because the diversity of processing conditions reported
ure, such as solvent quality, species concentrations dur-
ration, and annealing protocols, is extensive, comparisons

 different experiments is suspect when the PNC morphol-
ture, or polymer conformations are likely different.
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, there is evidence of nonequilibrium effects in common
arch. For example, theoretically predicted and simulated
grams for PNCs differ from those experimentally observed
ven more, it has been shown that the final NP dispersion
4,275] depend on the solvent quality used during fabrica-

 more recently, the bound layer structure and properties
lyzed in PNCs made from good and poor solvent [70]. In
/SiO2 PNCs, a thicker bound layer and more perturbed

 were observed in PNCs fabricated from poor solvent
 relative to a good solvent (water) [70]. These results

 that these complex materials often fail to sample their
m morphologies or access the global minimum on their

 landscape. Instead, the dynamics and properties depend
ay the samples are fabricated. This gives researchers an
ity to control properties and study PNCs with new micro-
ucture, while fundamental and systematic studies are also
to understand the effective potential landscape and states

 The significant role of PNC processing also hinders the
chine learning to extract insights by combining datasets
omplete processing methods. For this new approach to be
l, more fundamental work is required to fully understand
tial landscape, influence of processing, and role of various
rs on polymer dynamics.

oach to PNC research

road parameter space presented by PNCs is among the
undamental nanocomposites research is important and
lications are plentiful. This broad parameter space is

onsible for one of the main challenges to the field. It is
s inappropriate to compare experimental observations
rements from either different PNC systems or different

es because there are often confounding variables that
te the comparison. For example, as discussed in Section
ame PNC systems can exhibit different NP morphologies,
fore microscopic dynamics and macroscopic properties,
t of the processing parameters [274,275]. In addition, as
ve discussed [29,36,54,55,76,77], different measurements
sample properties differently, and consideration of this
cessary to develop accurate descriptions of physical phe-
Thus, it is important to note that not every observation
ous in the PNC community and caution should be used
paring across different PNC systems and experiments.

, comparisons are essential to develop and validate the-
 mechanistic descriptions, so, it is important for future

 facilitate such comparisons. First and foremost, authors
ude specific details regarding preparation and measure-

 future publications and report raw data when relevant.
he robustness of conclusions and effects can be improved
ing the observation across different PNC materials sys-
asurement techniques, or experimental conditions. These
entary measurements, while potentially difficult experi-
, will help identify confounding variables and facilitate a
ppreciation in the PNC community.
er important aspect of PNC research that remains a chal-
arrowing the gap between simulations and experiments,

 coarse-grained molecular dynamics simulations. MD
ns present the unique opportunity to mechanistically
titatively understand PNC dynamic processes, rapidly

he dense parameter space, and isolate, control, and mea-
vidual variables and properties. For maximum impact,
hould be to directly verify simulations with experiments

ple,  

but 

matc
ture
dens
scap
a lim
futu
tigat
mea
proc

M
natu
fabri
dedi
prop
effec
prop
of N
to w
for m
impa
prop
relat
prop

Decl

T
cial i
influ

Ackn

T
Rese
SC00

Refe

[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]
ll help make simulations more predictive and their results
e experimentally. Although the relation of Kremer-Grest
rs to experimental parameters in polymer melts has been
[63], several PNC parameters remain unclear. For exam-

[14]  Merk
Ultra
2002

[15] Muti
cont
ce 105 (2020) 101242 21

P-polymer interaction is often modelled by a LJ potential,
ains unclear the range of interaction strengths (�) that

perimental systems. Furthermore, the appropriate struc-
he NP that eliminates artificial packing and enhanced
t the interface and properly simulates the energetic land-
the NP-polymer interface remains unclear, partly due to

 understanding of NP interfaces experimentally. In the
ecific parameters and measurements need to be inves-
d developed to verify and directly compare experimental
ents with simulated PNC systems, including the role of

g.
 of the work discussed in this review is fundamental in
hich is important to inform the design, development, and
n of new PNC materials. Now, more effort needs to be

 to developing predictive models and proxies for real
 measurements. It is important to understand to what

 dynamic changes measured in PNCs affect macroscopic
s, as discussed in Section 2.2. For example, if the addition
ows the segmental relaxation rate near the NPs by 50%,
xtent are the permeabilities of small molecules reduced
rane applications? While this is a difficult challenge, the
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he dynamic properties discussed in this review to tangible
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