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ABSTRACT: The motion of nanoparticles in a polymer matrix is dictated by the
intricate coupling of the nanoparticles and surrounding polymers. Various length-
and time-scale dependent features of nanoparticle—polymer coupling in a polymer
matrix have been delineated in the past decade by combining scaling theory and
molecular simulations. Representative scenarios of nanoparticle dynamics in
polymers, which embody the roles of polymer matrix topology, the polymers
grafted to nanoparticle surface, the anisotropic shape of nanoparticles, and an
external driving force, are reviewed. The systems examined demonstrate both the
richness of the physics in the nanoparticle—polymer coupling and the capability of
the scaling-level description in providing unique insights into the size- and time-
dependence of nanoparticle mobility. Following a review of recent work, more
scenarios of nanoparticles in polymer matrices, which reflect new pieces of physics
in the nanoparticle—polymer coupling, are discussed. Together with the advances
in the chemical synthesis of nanoparticles and polymers as well as in the techniques
of tracking nanoparticle motion and measuring nanoparticle diffusivity, the
microscopic picture of nanoparticle—polymer coupling revealed theoretically and
computationally is anticipated to aid in the manipulation of nanoparticles in
complex polymeric environments and thus benefit many technological applications.

Tethered- Nanopartlcles
in Unentangled Polymers

Force-Driven Nanorods
in Unentangled Polymers

1. INTRODUCTION

The dynamics of nanoparticles in a polymer melt underlie the
processing and fabrication of functional nanoparticle polymer
composites." The nanoparticle dynamics in viscoelastic
polymers also represent a fundamental process in the control
of nanoparticles during the particle-based microrheology™’ as
well as drug and gene delivery in complex polymeric
environments." ® The nanoparticle dynamics are determined
by the intricate interplay between the nanoparticles and the
polymer matrix. In particular, the small size of nanoparticles with
respect to the polymers results in the breakdown of the
approximation of the polymer matrix as a structureless
continuum. Rich features that depend on the length and time
scales emerge in the coupling between the nanoparticles and
surrounding polymers and manifest themselves in the nano-
particle dynamics.

One starting point to theoretically describe the dynamics of
spherical nanoparticles in a polymer matrix is the Stokes—
Einstein relation. The diffusion coefficient D, which is defined as
the long-time limit of (Ar*(t))/6t, where (Ar*(t)) is the mean
squared displacement (MSD) of a particle as a function of time ¢,
quantifies the nanoparticle mobility. According to the Einstein
relation D = kgT/{, where ( is the friction coefficient of the
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particle. Using the Stokes’ law, { is related to the particle
diameter d and the bulk viscosity 7 as { = fyd with the coefficient
f = 27 or 3z, depending on whether the particle—polymer
boundary is full-slip or no-slip.” As the bulk viscosity is used in
the Stokes—Einstein relation, the result is valid if the polymer
matrix may be approximated as a continuum.

The Stokes—Einstein relation was generalized to small length
scales where the continuum approximation breaks down by
Brochard-Wyart and de Gennes in their seminal 2003 paper on
nanoscale viscosity in polymer melts.”® A length-scale dependent
effective viscosity 7.4 was introduced to replace the bulk melt
viscosity . in the Stokes—Einstein relation, resulting in D &
kgT/n.qd, where = indicates the equation is on the scaling level
with the numerical prefactor dropped. The scaling theory
describes that 7.4 is comparable to the viscosity of polymer chain
segments whose sizes are comparable to the particle diameter d.
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Using the Gaussian random-walk statistics, the number of
monomers in a chain segment g & d*/b* where b is the Kuhn
monomer size. As a result, the size-dependent effective viscosity
is 7. ~ nog & No(d*/b*), where 1, is the viscosity on the
monomer scale. The linear dependence of 7.4 on g follows the
scaling in the Rouse model.” The resulting diffusion coefficient is
D = kgT/no(d*/b*)d ~ d73, differing from D ~ d™' in the
Stokes—Einstein relation. In a melt of short unentangled
pol)rmer chains, as d approaches the polymer chain size R &

*b or equivalently as g approaches the number of monomers
N in a melt chain, 7.4 & fne ~ NN and D ~ d~%, which are the
results in the continuum theory. However, in a melt of long
entangled polymer chains, 77.¢ & e and D ~ d~' as d surpasses
the entanglement mesh size of the melt a ~ N2/2b, which is the
size of an entanglement strand with N, < N monomers. The
reason for the difference between nanoparticles in unentangled
and entangled polymer melts is that the nanoparticles with d > a
in entangled polymers are trapped by the entanglement network
and have to wait until the relaxation of the entangled polymers to
diffuse. The scaling theory by Brochard-Wyart and de Gennes
delineates the length-scale dependent coupling between the
nanoparticles and polymer melt chains, laying a critical
foundation for research on the topic.

The development of nanoparticle chemistry in recent years
has enabled the synthesis of nanoparticles with well-controlled
size, shape, and surface chemistry, yielding a library of
nanoparticles available for investigating fundamental scientific
problems and exploring nanoparticle-based applications. Nano-
particles commonly used in the studies of nanoparticle dynamics
in a polymer matrix'°~*" include

(1) polyhedral oligomeric silsesquioxanes (POSS) nano-
particles with the diameter d on the order of 1 to 3
m, 274046
(2) quantum dots (QDs) with 2 nm < d < 10 nm, S68%
(3) gold nano?artlcles with § nm < d < 400
m, L 1121419,54,39,43,49,50,55,36,63,78

4) magnetlc nanoparticles with § nm < d < 20
. 1831,37,38,51,52,62,64,70,71,76,80
)

(5) silica (SiO,) nanoparticles with S nm < d < S0
oy, 2629,304448,57,60,61,74,81
)

6 1 ticl ith 20 < d < 2000
© bo YISHE?‘%‘EZ 3335, 5,6506,686072

(7) nanorods with dimensions from O(1) nm to O(100) nm

made of Au, magnetic elements and their dioxides, or
titanium dioxide (TiO,).'>2%>##547,38,79

Meanwhile, advances in polymer chemistry have prompted
the precise synthesis of polymers with well-controlled stereo-
chemistry, monomer sequences, polymer architectures, and
molecular interactions, allowing the fabrication of polymer
matrices with tunable characteristic length scales and time scales.
Apart from the progress in synthetic chemistry, the research on
nanoparticle dynamics in a polymer matrix has been propelled
by new techniques of tracking the nanoparticles and measuring
their diffusivity.’>*> Various scattering techniques, such as
dynamic light scattering (DLS), Rutherford backscattering
spectrometry (RBS), X-ray photon correlation spectroscopy
(XPCS), and time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) can be used to measure the ensemble-averaged
diffusivity of nanoparticles. QD-based nanoparticles may be
tracked over time to generate trajectories of nanoparticles in a
polymer matrix. Additionally, individual nanoparticles may be
imaged and tracked in dark field microscopy, fluorescence
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microscopy, or liquid-phase transmission electron microscopy
(TEM). The phenomena in various experiments call for
accompanying theoretical and computational studies to
promote the understanding of nanoparticle dynamics in polymer
matrices.

A scaling perspective on the nanoparticle—polymer coupling
in a polymer matrix is provided in this article based on recent
work that integrates scaling theory and molecular simulations.
The focus is the dynamics of individual nanoparticles in a
polymer matrix, which corresponds to a dilute nanoparticle
concentration with vanishing interparticle coupling. The effects
of nanoparticle interactions, as manifested in the dependence of
nanoparticle dynamics on particle concentration in more
concentrated systems, are not discussed. Also excluded are the
effects of nanoparticles on the dynamics of the polymer matrix as
well as on the dynamics and rheology of the polymer
nanocomposite as a whole. Readers interested in the excluded
topics are advised to read relevant research and review
articles." %

This article is organized as follows. Section 2 will review the
extension of the scaling theory by Brochard-Wyart and de
Gennes® to delineate the dynamics of nanoparticles at
intermediate time scales prior to the terminal diffusion and
the new theory of nanoparticle hopping diffusion in entangled
polymer matrices. The brief review is based on the work by Cai,
Paniukov, and Rubinstein in the 2010s.”*® Section 2 will end
with a brief review of the nonscaling theoretical approach
developed by Schweizer and his collaborators®””® to study
nanoparticle dynamics in polymer matrices. Section 3 will briefly
describe the models of polymer and nanoparticles in coarse-
grained molecular simulations, which are well-positioned to
examine scaling relations. Section 4 will summarize recent
progress in scaling theory and molecular simulations that
broaden the fundamental knowledge of nanoparticle dynamics
in a polymer melt. Four representative scenarios are reviewed:
(1) the dynamics of nanoparticles in a melt of nonconcatenated
ring polymers, which lie at the frontier of polymer physics
beyond the conventional linear architecture and exemplify the
effects of polymer matrix topology; (2) the dynamics of
nanoparticles grafted with polymers, as encountered in the
grafted-nanoparticle polymer composites where the grafted
layer provides a versatile platform for interfacial molecular
engineering; (3) the dynamics of nanorods, which manifests the
role of anisotropic particle shape in the coupling between the
nanoparticles and polymer melt; and (4) the force-driven
dynamics of nanorods, which demonstrates the contrast
between the passive thermal motion of particles and active
dynamics of driven particles. Each subsection includes a review
of relevant experiments and ends with a discussion of related
open questions for future research. The article will conclude
with Section S, which further discusses general open questions
for future research on nanoparticle—polymer coupling.

2. 2010S’ THEORIES OF NANOPARTICLE DYNAMICS
IN POLYMERS

2.1. Scaling Theory by Cai, Paniukoiv, and Rubinstein.
To describe the dynamics of nanoparticles on time scales shorter
than the terminal diffusion time, Cai, Paniukov, and Rubinstein
extended the effective viscosity 7. for the terminal diffusion to a
time-dependent effective viscosity ()Y On the scaling level,
a melt of unentangled polymers at a time scale ¢ shorter than the
terminal relaxation time 7,,,, of the melt is equivalent to a melt of
chain segments whose relaxation time equals £. The number of
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Mobility of Nonsticky Nanoparticles in Polymer Liquids Depends on Particle Size
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Figure 1. (a) Schematic illustration of a nanoparticle of diameter d in a polymer liquid with indicated characteristic length scales and the d-dependent
nanoparticle MSD (Ar*(t)). (b) The d-dependence of the terminal diffusion coefficient. Dotted line for d slightly above the entanglement mesh size a
indicates the prediction of the hopping diffusion theory [adapted from ref 87].
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Figure 2. (a) D/D,, where D and D, are the diffusion coefficients of fluorescent polystyrene (PS) nanoparticles of indicated diameter 2Ry in the
solutions of partially hydrolyzed polyacrylamide (HPAM) and in pure solvents, respectively, as a function of ¢/c*, where ¢ and ¢* are the solution
concentration and the overlap concentration. Inset: D is rescaled by Dgg, which is the prediction using the Stokes—Einstein relation with the bulk
solution viscosity. (b) D/D, plotted against 2Ryp/&, where £ is the correlation length of the polymer solution. The solid line indicates the prediction of
the scaling theory by Cai et al. Inset: D/Dyg, plotted against (R,o/ Ryp)*(c/c*)*53 [adapted from ref 22].

monomers in such a chain segment is g(t) < N. According to the
Rouse model, the relaxation time of the chain segment is T, N
7,g(t)?, where 7, is the monomeric time. Equating 7, and ¢ gives
g(t) ~ (t/75)"/%. Therefore, the effective viscosity for the
nanoparticle dynamics at time scale ¢ is 7.4(t) & 17,g(t) = 1,(t/
7)Y Generalizing the Stokes’ law, Cai et al. then determined
that the time-dependent friction coefficient of the particle is {(¢)
~ 11.4(t)d. Further use of the Einstein relation results in the time-
dependent diffusion coefficient D(t) = k;T/{(t) and nano-
particle MSD (Ar*(t)) ~ D(t)t ~ t"/% The result indicates that
the nanoparticle motion is subdiffusive at intermediate time
scales, originating from the coupling of the nanoparticle and
increasingly longer chain segments with time (g(t) monomers
per segment).

The subdiffusive motion eventually ends as the terminal
diffusion begins. For d larger than the average polymer chain size
R, the crossover to the terminal diffusive regime is at 7, as the
particles are large enough for the coupling with entire polymer
chains. For d < R, the crossover is instead at 7, ~ 7,(d/b)*, as the
particles can at most be coupled with the chain segments of sizes
comparable to the particle size d. This d-dependence for the
terminal diffusion was already captured in the scaling theory by
Brochard-Wyart and de Gennes. Figure la shows (Ar*(t)) for
the nanoparticles of different d with respect to the characteristic
length scales of a polymer matrix. The corresponding d-
dependence of the terminal diffusion coeflicient is shown in
Figure 1b. Note that the scaling theory of Cai et al. is for polymer
liquids in general. The diffusive motion of nanoparticles of d
smaller than the correlation length £ in a polymer solution is

controlled by the solvent viscosity #,. The results for
nanoparticles of d > £ may be transformed to describe the
nanoparticles in polymer melts by replacing & with b and 7, with
Mo-

The size-dependent dynamics of nanoparticles in unentangled
polymers have been confirmed by Poling-Skutvi et al. using
polystyrene (PS) nanoparticles with diameter d ranging from
300 to 2000 nm in dilute and semidilute solutions of partially
hydrolyzed polyacrylamide (PAM) with the solution concen-
tration ¢ below the entanglement threshold. PS particles were
tracked using an inverted microscope and diffusion coefficients
D were computed from the one-dimensional ensemble-averaged
mean-squared displacement. The particle diffusion coefficients
are above the predictions by the Stokes—Einstein relation for the
ranges of d and ¢ covered (Figure 2a), though the data points
collapse to a universal curve D ~ (2Ryp/&) 7, in agreement with
the scaling theory that derives D from the coupling between the
particle and the polymer chain segments comparable to the
particle in size (Figure 2b).

Cai et al. also described theoretically the crossover from the
ballistic motion at a very short time scale to the subdiffusive
motion at intermediate time scales. The time scale for the
crossover is determined by equating (Ar*(t)) for the
subdiffusion and <Ar2(t)>bal = <(Vthermalt)2> ~ <Vt2hermal>t2 for
the ballistic motion of a nanoparticle with mass m. According to
the equipartition theorem, (Vi,ema) & (ksT)/m. The time scale
at which the ballistic motion ends was found to be 7, ~ 7, (mb®/
75k Td)*3. The importance of 7y, is that it sets the lower bound
in the time domain for the nanoparticle—polymer coupling.

3811 https://doi.org/10.1021/acs.macromol.3c00260
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Figure 3. (a) X-ray photon correlation spectroscopy (XPCS) intensity autocorrelation function for polystyrene (PS) solution with molecular weight
M,, = 1 x 10° g/mol and polymer volume fraction ¢ = 0.3 containing a dilute concentration of Au nanoparticles at temperature T = —20°C and wave
vector Q = 0.09 nm™". The line indicates the best fit to a stretched exponential function with exponent a = 0.45 characterizing the subdiffusive
nanoparticle motion. Inset: & for Au nanoparticles in different PS solutions as a function of N, which is the number of entanglements per PS chain. (b)

Average time t; for Au nanoparticles to move the entanglement spacing L as a function of ¢,

rep/ N, Where £, is the reptation time from the rheology

experiments of PS solutions. Different symbols correspond to different combinations of M,, and ¢. Solid line indicates the relation #; = 0.3t,,/N. Inset:

rep:

mean XPCS relation time 7 at T=25°C and Q = 0.09 nm™" for ¢ = 0.3 (squares) and 0.2 (circles) and tepat T=50°C for ¢ = 0.3 (crosses). Power-law

and ¢,

. 24+ 0.1
fits give 7 ~ M rep

~ M3?* %2 a5 indicated by the solid and dashed lines, respectively [adapted from ref 11].

Nanoparticle motion is ballistic and not affected by the
surrounding polymers for ¢ < 7y,

A major conceptual breakthrough in the theoretical work by
Cai et al. is the development of the model of hopping diffusion
for a nanoparticle with d moderately larger than the
entanglement mesh size a in an entangled polymer melt.*®
Brochard-Wyart and de Gennes argued that a nanoparticle with
d > a is trapped by the entanglement network in a polymer melt
and must wait until the relaxation of the entangled chains to
diffuse. The diffusion time for the nanoparticle diffusion is
therefore comparable with the reptation time 7., of the
entangled polymers. Accordingly, MSD 1is almost constant
between the entanglement time 7,, when entanglements set in,
and the reptation time 7,,. Cai et al. instead proposed that the
fluctuation of entangled polymer network results in local
opening-up of the confinement on nanoparticles, allowing the
particles of moderate sizes to diffuse at a time scale shorter than
T,ep They predicted D ~ exp(—d/a), as indicated by the dotted
line in Figure 1b.

The hopping mechanism was employed by Guo et al.'' to
understand the entanglement-controlled subdiffusion of nano-
particles within concentrated polymer solutions. They used X-
ray photon correlation spectroscopy (XPCS) to track the
motion of Au nanoparticles dispersed at dilute concentrations
within the solutions of high-molecular-weight polystyrene (PS).
As shown in Figure 3a, the XPCS intensity autocorrelation
function fits well to a stretched-exponential function with the
stretching exponent « < 1 indicating the subdiffusive motion of
Au nanoparticles. Further analysis of XPCS and rheology
experiment data revealed the average time #; for nanoparticles to
move the entanglement spacing L scales linearly with t,.,/N,
where .., and N are the reptation time in the PS solution and the
number of entanglements per PS chain, respectively. The
relation #; ~ t,,/N holds for the systems with different PS
molecular weights and volume fractions, as shown by the
collapse of data points in Figure 3b. Moreover, the mean XPCS
relaxation time 7 also scales linearly with t,.,/N (see inset of
Figure 3b). Both t; ~ t,,/N and 7 ~ t,,/N demonstrated that
the mobility of Au nanoparticles is enhanced over polymer
diffusion, the rate of which is set by t,, in macroscopic rheology.
Guo et al. hypothesized that the subdiffusive motion of
nanoparticles in entangled polymer solutions and the enhance-
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ment of nanoparticle mobility with respect to the prediction of
the macroscopic rheology may be theoretically described with
incorporation of the fluctuation-induced hopping mechanism
proposed by Cai et al.

2.2. Schweizer’'s Microscopic Theories. Microscopic
theories, which qualitatively differ from scaling theory, have
been developed by Schweizer and his collaborators in the 2010s
to study the transport of a single nanoparticle in unentangled
and entangled polymer melts. Yamamoto and Schweizer”
identified two competing channels of force relaxation in their
microscopic, force-level, self-consistent, generalized Langevin
equation approach: the self-motion of the nanoparticle and the
length-scale-dependent relaxation of the polymer melt. Accord-
ing to the Yamamoto-Schweizer theory, nanoparticles with
diameter d smaller than the entanglement mesh size a exhibit
non-Stokes—Einstein long-time diffusivity that is controlled by
the fast diffusion and length-scale-dependent collective
relaxation of the unentangled chain segments. The long-time
diftusivity of nanoparticles with d > a, however, is controlled by
the reptation of entangled matrix chains. The Yamamoto-
Schweizer theory predicted that the two d-dependent regimes
are connected by a relatively sharp but continuous crossover and
the recovery of the Stokes—Einstein diffusivity requires d & 5—
10a. The predictive power of the Yamamoto-Schweizer theory
was demonstrated by the comparisons of the theory with
simulations and experiments in the original theory paper™ as
well as by subsequent experiments.’”> While the Yamamoto-
Schweizer theory did not include the activated hopping
mechanism, in a separate theory developed earlier by Dell and
Schweizer®’ using the same microscopic approach, the
mechanism of localization and activated hopping of nano-
particles with d > a in entangled polymer melts was formulated.
The Dell-Schweizer theory predicted that the hopping diffusivity
is much slower with respect to the nanoparticle transport via
reptation-driven entanglement network dissolution, except for a
narrow window of d/a &~ 1.5—2 and sufficiently long melt chains.

3. METHODOLOGY IN NANOPARTICLE—-POLYMER
SIMULATIONS

Molecular simulations offer a unique tool to investigate the
length- and time-scale dependent features of nanoparticle
dynamics in a polymer matrix. The spatial and temporal features

https://doi.org/10.1021/acs.macromol.3c00260
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Figure 4. Molecular simulation results: (a) (rip) Gyp of nanoparticles with indicated particle diameter cyp as a function of time t. {r3p) is the MSD of
the nanoparticles in the polymer melt with chain length N = 400. (b) Diyonp as a function of /6%, where D) is the diffusion coefficient. The red line
corresponds to the scaling D ~ oxp in the Stokes—Einstein relation, while the blue dotted line indicates the D, ~ oxp when the Stokes—Einstein
relation breaks down. Blue open diamonds indicate results from the simulations that allowed polymer chains to cross each other [adapted from ref
100].
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Figure S. (a) Schematic illustration of the self-similar conformation of a ring polymer in the fractal loopy globule (FLG) model. a is the size of the
elementary loop [adapted from ref 123]. (b) Small Angle Neutron Scattering (SANS) result: radius of gyration R, of polyethylene-oxide (PEO) ring
polymers in the melt state as a function of the ring polymer length N rescaled by the elementary loop length N, ;. Solid black line indicates the best fit to
the power-law function with R, ~ (N, /N,0)*%. Solid red line indicates the result of the decorated loop model by Obukhov et al. Dash dotted line
indicates the scaling R, ~ (N/ Ne,O)l/ * in the FLG model [adapted from ref 124]. (c) Neutron Spin Echo (NSE) result: single chain dynamic structure
factor S(g, t) for PEO rings with N/N, ;= 22 and 44 (upper and lower panels, respectively) at a series of g values from 0.042 A™t00.13 A7". Solid lines
are the best fit to analytical functions which correspond to 7, ~ (g/N,)** for the relaxation of a g-monomer section [adapted from ref 125].

of the coupling between nanoparticles and polymer chains are spring polymers interact via the Lennard-Jones (L]) potential
explicitly constructed in a molecular simulation with direct with unit strength €, a classical force field that captures the hard-
access to detailed microscopic information, including the core repulsion and the weak intermolecular attraction of the van
positions and momenta of each monomer and nanoparticle. der Waals type. Neighboring beads in a polymer chain are
Well-developed open-source simulation packages, such as the connected via the finitely extensible nonlinear elastic (FENE)

bonding potential, which models the strong covalent backbone
of a polymer. Additional bond-bending potential may be added
to increase the chain stiffness. A rough mapping of the
simulation units to real units is 1 unit length ¢ to ~0.5 nm, 1

Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS),”" are available with active online users’ commun-
ities providing technical assistance.

The bead—spring polymer model, as in the pioneering work

by Kremer and Grest,” is a standard model in the molecular unit energy € to ~3 kJ/mol, and 1 unit time 7 = \/mo*/€ to ~5
simulations of polymers. All beads of size 6 and mass m in bead— ps. Although the bead—spring model is a coarse-grained
3813 https://doi.org/10.1021/acs.macromol.3c00260
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representation of polymer, it may be mapped to various
commodity polymers by varying the bending stiffness to
match the experimental values of the Kuhn monomer length,
as demonstrated recently by Everaers et al.”>

A nanoparticle may be simulated directly as a rigid body
composed of LJ atoms arranged in a prescribed particle
shape.”®”*="7 Alternatively, for spherical and ellipsoidal nano-
particles, the discretized interatomic LJ-potentials may be
integrated to yield smooth force fields for both the nano-
particle—nanoparticle and nanoparticle—polymer interactions.
A commonly used set of smooth force fields with the Hamaker
constant as an explicit model parameter were derived by
Everaers and Ejtehadi”® With access to a standard high-
performance computing cluster nowadays, one can simulate a

system containing O(10°) beads/LJ atoms and O(10 — 107)
embedded nanoparticles with the particle diameter up to 156
and generate nanoparticle dynamics trajectories over a period of

up to O( 10%)7. Furthermore, algorithms”” have been developed
to overcome the imbalance of the computing load resulting from
the contrasting sizes and cutoff distances of large nanoparticles
versus small beads/L]J atoms.

Molecular simulations have been extensively used to study
diverse nanoparticle—polymer systems.*®**?%?7100=122 Kalathi
et al.'” have systematically performed large-scale molecular
simulations of nanoparticle diffusion in linear polymer melts.
They obtained the MSDs of nanoparticles and computed the
diffusion coeflicients D. Their results showed the subdiffusive
regime prior to the terminal diffusive regime in MSD (Figure 4a)
and confirmed the scaling relation D ~ d > for the breakdown of
the Stokes—Einstein relation in the diffusion of small nano-
particles in polymer melts (Figure 4b). The retarded nano-
particle motion of large nanoparticles in entangled polymers was
demonstrated in the MSD and D data. Moreover, by allowing
polymer chains to cross each other in the simulations, they
observed the absence of the entanglement-induced slowdown in
nanoparticle diffusivity, further corroborating the role of
polymer entanglements in confining large nanoparticles.

4. RECENT WORK ON NANOPARTICLE-POLYMER
COUPLING IN VARIOUS SCENARIOS

4.1. Nanoparticle Dynamics in Ring Polymers—Effects
of Polymer Topology. One way to significantly change the
structure and dynamics of a polymer matrix is to replace linear
polymers with nonconcatenated ring polymers.*'*” Making
the ends of open linear polymer chains meet results in ring
polymers with distinctively different conformations and
dynamics. The topological constraints of nonconcatenation
give rise to the more compact conformations of ring polymers
with respect to the Gaussian random-walk coils of linear
polymers. The conformation of a ring polymer is captured on the
scaling level by the fractal loopy globule (FLG) model.'** An
overview of the FLG ring polymer conformation is given below.
The ring conformation is described as a hierarchy of loops in the
FLG model, as illustrated in Figure Sa. The smallest loop,
termed the elementary loop, consists of N, monomers. The
loops at different length scales overlap with each other at the
same overlap parameter O, a quantity defined as the number of
overlapping loops that share the same pervaded volume. The
overlap parameter in the FLG model is equal to the Kavassalis-
Noolandi number Ogy & 20, which is conjectured as the
condition for the onset of entanglements in linear polymers.'**
According to the FLG model, the size of a section in a
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nonconcatenated ring polymer with g > N, monomers is r--¢ ~
(g/N,)"3(NY?b), which is smaller than ™V ~ g"b of the
Gaussian random-walk coil by a factor of 756/ r?w ~ (N/g)"e.
The overlap parameter OF-¢ ~ (r§LG)3/ (gb®) ~ NY?is constant
for g > N,. Beyond the scaling description, Obukhov et al."*’
developed a decorated loop model from assembling poly-
disperse Gaussian loops in random trees and derived an
expression for the deviation from the power-law scaling of the
ring polymer radius of gyration, R, ~ N3 due to the finite
polymer length N.

The topological constraints in nonconcatenated ring
polymers do not create a long-lived entanglement network
that confines polymers, as the overlap of ring polymers is limited
at 06 ~ N!? for g > N, Rather the dynamics of
nonconcatenated ring polymers with mutual topological
constraints are self-similar. In experiments, the self-similar
dynamics result in the absence of the rubbery plateau in the
stress relaxation modulus G(t), which is a signature of entangled
linear polymer rheology.” Below, the microscopic picture of the
self-similar ring polymer dynamics in the FLG model is briefly
described. The topological constraints associated with rear-
ranged smaller loops are effectively released for the dynamics of
larger loops in the FLG model. The only effect of the released
topological constraints on the larger loops is the increase of the
effective friction coeflicients of the larger loops. The dynamic
release of topological constraints is self-consistent such that at
any intermediate time scale, the average spacing between
topological constraints is comparable to the characteristic loop
that has just been rearranged. On the basis of this microscopic
picture, the relaxation time of a g-monomer section in the FLG
modelis TELC‘ ~1,(g/N,)"”3 It is longer than Tgwse ~Tg ~ g/
N,)* of a g-monomer section in the Rouse model for
unentangled linear polymer dynamics, but shorter than T?eri"“
~ 7,(g/N,)* of a g-monomer section in the reptation model for
entangled linear polymer dynamics. The N-dependence of the
melt viscosity 758 ~ 1N, (N/N,)*? in the FLG model is
stronger than the linear dependence in 7hol® ~ 7N for
unentangled linear polymer melts, but weaker than the
superlinear dependence in 7ah™ ~ 5,N.(N/N,)* for
entangled linear polymers in the reptation model. The new
scaling relations TgFLG and 7fu; of nonconcatenated ring
polymers distinguish the ring polymers from conventional linear
polymers.

The self-similar ring polymer conformations based on
elementary loops in the FLG model have been observed in
small angle neutron scattering (SANS) experiments on large
polg(ethylene oxide) (PEO) rings in the melt by Kruteva et
al."** The radius of gyration of the PEO rings follows R, ~ (N/
N,)"¥, which may be fit by the expression of the decorated
loop model by Obukhov et al.,'** and yet is comparable to Ry~
(N/Ne,o)l/3 in the FLG model (Figure Sb). The self-similar
relaxation dynamics of the same PEO ring polymers have been
confirmed in the neutron spin echo study by Kruteva et al. as
well.'** The FLG model with TELG ~ 7,(g/N.)"”? best describes
the relaxation of the PEO ring polymers at different length
scales, for which the best fit corresponds to 7, ~ (g/N,)**
(Figure Sc).

Nonconcatenated ring polymers cannot trap embedded
nanoparticles with d larger than the average spacing a between
the topological constraints, because a long-lived entanglement
network is absent in the ring polymer melt. A scaling theory for
the coupling between nanoparticles and ring polymers is
developed'®" within the theoretical framework constructed by
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Effects of Polymer Topology (Linear vs. Ring) on Nanoparticle Dynamics
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Figure 6. (a) Schematic illustration of a large nanoparticle in nonconcatenated ring polymers (upper) and entangled linear polymers (lower).
Molecular simulation results: (b) d-dependent nanoparticle MSD (Ar*(t)) and the minimum log—log slope @, and (c) diffusion coefficient D as a
function of d for the nanoparticles in the ring and linear polymer melts of indicated length N [adapted from ref 101].
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Figure 7. Stress relaxation functions Ggk(t) from the Green—Kubo relation for the bulk and Gggg(t) from the generalized Stokes—Einstein relation for
the nanoparticle-based rheology in the molecular simulations of nanoparticles in (a) ring polymer and (b) linear polymer melts [adapted from ref 102].

Cai et al.””® Specifically, the effective viscosity 7.5 (t) for
nanoparticle dynamics at time scale t is approximated as the bulk
viscosity of a melt consisting of g-monomer sections with their
relaxation time 7, & 7.(g/N,)"® ~ t. As a result, g(t) ~ N, (t/
7.)¥" and 4 () = 1o N, [g(t) /N 1*° ~ 1y N, (t/7.)*'". Purther
application of the Stokes—Einstein relation results in D(t) ~
ks T/ne(t) d ~ 47 and (AA(t)) ~ D(t)t ~ £/7. As in the
nanoparticle dynamics in unentangled linear polymer melts,
there is a subdiffusive motion prior to the terminal diffusion, but
the scaling exponent for the time dependence is slightly reduced
from 1/2 to 3/7. Likewise, for the terminal nanoparticle
diftusion, there is a dependence on the particle size d. If d is
smaller than the ring polymer size R, the subdiffusive regime
ends as the ring sections whose sizes are comparable to d are
relaxed. If d > R, then the subdiffusive regime ends at the
terminal relaxation time 7,,, of the entire rings.

Molecular dynamics simulations of nanoparticles in linear and
ring polymer melts demonstrate the contrastin$ behaviors of
nanoparticle diffusion in the two systems.'”’ Subdiffusive
motion at intermediate time scales was observed for the
nanoparticles in both linear and ring polymer melts, as shown in
Figure 6b. The minimum log—log slope of MSD a;;, decreases
with increasing d. For nanoparticles in entangled linear
polymers, @, = 0.14 for the largest nanoparticles of d = 150,
which is about 3 times the entanglement mesh size a = 5o. This
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indicates the trapping of large nanoparticles by the entanglement
network. For nanoparticles in the ring polymers, o, = 0.6 for d
= 150, indicating the absence of an entanglement network that
confines nanoparticles. The deviation from the predicted time
dependence (AF(t)) ~ £/7 ~ t**3 based on the FLG model was
attributed to the finite-size effects in the simulations. The effects
of polymer topology on nanoparticle dynamics were also
observed in the d-dependence of the diffusion coefficient D. As
shown in Figure 6¢, with increasing d, D is strongly suppressed in
the entangled polymer melt, while it is less suppressed in the ring
polymer melt. Crossover functions guided by the scaling
theories for nanoparticles in polymer melts were used to fit
the simulation data.

The time-dependent MSDs in the simulations also enabled
the investigation of the extension of microrheology to
nanorheology.'”> While microrheology relies on colloidal
particles with sizes larger than the molecules to explore the
bulk viscoelasticity of a medium,”” nanorheology employs
nanoparticles with varying sizes to investigate the breakdown of
the bulk rheology at the nanoscale. In nanorheology, the
conversion of a nanoparticle’s MSD to the stress relaxation
modulus G(t), which characterizes the rheology of the polymers
surrounding the particle, follows the generalized Stokes—
Einstein (GSE) relation in microrheology. In the domain of
Laplace frequency s, the GSE relation is expressed as G(s) =

https://doi.org/10.1021/acs.macromol.3c00260
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the blends of entangled ring (blue) and linear (red) DNA of the same contour length at indicated mass fraction ¢, of linear DNA and the pulling of a
probe particle by an optical tweezer at a constant strain rate ¥ in the microrheology experiments. (d) Nonmonotonic dependence of the elastic plateau
modulus G°, the initial relaxation modulus Gy, and shear thinning exponent a on ¢, from the linear frequency-dependent microrheology of the ring-

linear DNA blends [adapted from ref 132].

6k T/frds (A7 (s)), where G(s) and A7(s) are the unilateral
Laplace transforms of G(t) and (Ar*(t)), respectively, and f = 3
or 2 depending on whether the particle—polymer boundaries are
stick or full slip. The full-slip boundary condition with f = 2 was
used in the analysis of simulation data, as the particle size was
shown to be smaller than the estimated slip length L, G(s) was
then transformed to Gggg(t) in the time domain and compared
with Ggi(t), which is the bulk stress relaxation modulus
computed using the Green—Kubo formula. A d-dependent
deviation of Gggp(t) from Ggi(t) was observed, as shown in
Figure 7. For nanoparticles in both linear and ring polymers,
Ggse(t) approaches G (t) with increasing d, but Gggg(t) for the
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largest d does not completely agree with G (t), suggesting that
larger d is necessary for the recovery of microrheology.

Karim et al.”*” have used molecular simulations to study the
effects of inertia on the conversion of nanoparticle MSD to
viscoelastic moduli. They simulated nanoparticles in both short
unentangled polymers (Figure 8a) and weakly entangled
polymers (Figure 8b). The nanoparticle size was sufficiently
large to allow the approximation of the polymer melt as a
continuum. Both the nanoparticle and medium inertia were
shown to affect the applicability of the generalized Stokes—
Einstein relation to the simulated systems. The effect of
nanoparticle inertia corresponds to the ballistic motion of the
nanoparticle on very small time scales or at very high
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frequencies. The effect of medium inertia arises from the shear
elastic wave. It is significant at high frequencies when the elastic
wavelength is smaller than the nanoparticle size as well as at very
small frequencies when the penetration length of the elastic wave
is larger than the spacing between the nanoparticle and its
periodic image. Corrections for the inertia effects were proposed
to bring the particle-based rheology data to be in a good
agreement with the bulk rheology data.

Open Questions. I. One focus in the research field of ring
polymers has been the blend of nonconcatenated ring polymers
and linear polymers. Starting with resolving the issue of linear
polymers as impurities in ring polymers, the study of ring-linear
polymer blends has evolved into exploring the volume fraction
¢, of linear polymers as an independent control parameter. In a
ring-linear polymer blend, the threading of a ring by linear chains
emerges as a new topological structure. Rheology experiments
and molecular simulations have revealed nonmonotonic
dependence of the ring-linear polymer blend viscosity on the
blend composition in terms of ¢b;. Kapnistos et al."* studied the
effects of linear polymers as the minor component on the stress
relaxation and zero shear rate viscosity of ring polymers (Figure
9a). They used polystyrene (PS) melts to demonstrate that
linear polymers at a concentration of almost two decades
between their overlap cause an enhanced viscosity. Parisi etal.'*'
studied stress relaxation and zero shear rate viscosity of
symmetric ring-linear PS blends with 30% or less ring
component (Figure 9b). Their results demonstrated that both
the terminal relaxation time and the viscosity of linear polymers
are significantly enhanced by a small fraction of ring polymers.
The microscopic mechanisms for composition-dependent
rheology are rooted in the events of rings threaded by linear
chains. One would expect the dynamics of large nanoparticles in
a ring-linear polymer blend to be controlled by the topology of
the ring-linear polymer blend, which differs qualitatively from
that of a pure polymer melt. As such, an intriguing question for
future research is the composition-dependent nanoparticle—
polymer coupling in the ring-linear polymer blend. The ring-
linear polymer blend also exhibits compositional heterogeneity
and thus would serve as a good system to study the effects of
heterogeneity on nanoparticle—polymer coupling. Additionally,
the threading of rings by linear chains has been recently invoked
by Shrestha et al.”” as a mechanism for the retarded diffusion of
soft permeable nanoparticles in entangled polymer melts. A soft
nanoparticle consisting of cross-linked polymer chains possesses
a fuzzy and loopy surface that may be interpenetrated by the
surrounding matrix chains. The state-of-art synthetic schemes
have enabled the control of both the soft nanoparticle size and
morphology.'**~"** The topological interactions at soft-nano-
particle—polymer interface makes the composite of soft
nanoparticles and polymers an emerging system critically
controlled bz polymer topology. Systems consisting of inorganic
nanorings'>*"*” in linear polymer chains may be potentially
designed as well to further study the role of ring-linear threading
in nanoparticle—polymer coupling.

II. The role of polymer chain stiffness in nanoparticle—
polymer coupling also needs more systematic studies. Semi-
flexible polymers, whose dimensions are not significantly larger
than the persistence length, exhibit distinctive dynamics modes
and rheological features that originate from the bending
elasticity.*® The coupling between nanoparticles and bend-
ing-elasticity-dominated dynamics has not been explored much
using theory. Elucidation of this piece of new coupling physics
has strong motivations from experiments, many of which involve
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biomacromolecules. Semiflexible actin filaments and rigid
microtubules comprise the cytoskeleton, which is a key player
in many processes such as vesicle transport, gene delivery, and
viral infection. Anderson et al."*” coupled single-particle
tracking with differential dynamic microscopy to characterize
the dynamics of microspheres in vitro networks with varying
compositions of actin and microtubules. The experiments
revealed anomalous subdiffusion of the tracer spheres and its
correlation with the competition between network mesh size
and filament rigidity. Sonn-Segev et al.'* used microrheology to
study the viscoelastic response of a network of actin filaments at
intermediate distances. They found that the length scale above
which bulk viscoelasticity sets in the network may appear at a
surprisingly large distance and accordingly the local viscoelastic
properties of the network persist over length scales much larger
than the correlation length and the probe particle size. DNA
molecules with intrinsic bending stiffness, another type of
biomacromolecules, have been used in both bulk rheology and
particle-based microrheology experiments to demonstrate the
contrasting effects of linear and cyclic topology. Peddireddy et
al."*” have used optical tweezer microrheology to measure the
viscoelastic response of solution blends of entangled ring and
linear DNA at varying fractions of linear DNA ¢; (Figure 9c).
Their results revealed a nonmonotonic dependence of
viscoelastic properties, such as the elastic plateau modulus and
initial relaxation modulus in linear viscoelasticity and the shear
thinning exponent in nonlinear viscoelasticity, on ¢, (Figure
9d). Moreover, recent experiments and accompanying simu-
lations have revealed the effects of polymer chain stiffness on the
rheological response of nonconcatenated ring polymers.'*’
Motivated by these emerging observations in the literature, one
future research topic would be adding chain stiffness as another
variable to the topology-dependent nanoparticle—polymer
coupling. On the simulation side, Chen et al.>* performed
multiparticle collision dynamics simulations of solutions of
semiflexible polymers. As chain stiffness increases, the long-time
nanoparticle diffusivity in the simulations deviates more from
the Stokes—Einstein result Dgg and starts to differ from the
theoretical prediction of Cai et al,*” which was developed for
fully flexible polymer chains.

III. Apart from ring polymers, advances in polymer chemistry
have enabled the synthesis of polymers with other nonlinear
architectures. One prominent system of intensive studies in
recent years has been bottlebrush polymer with side chains
grafted to a linear polymer backbone.'*””'** Bottlebrush
polymers in a melt of chemically identical linear polymers can
be directly visualized using super-resolution optical microscopy,
as demonstrated by Chan et al.'** The conformations and
dynamics of bottlebrush polymers depend on the side chain
length and the grafting density of side chains. In particular,
densely grafted side chains make it hard for neighboring
bottlebrush polymers to overlap and therefore prevent the
formation of an entanglement network. Cai et al."** have created
Poly(dimethylsiloxane) (PDMS) elastomers from cross-linking
the entanglement-free bottlebrushs made of PDMS. The novel
PDMS elastomers possess a much reduced shear modulus
compared to the conventional PDMS elastomers. The coupling
between nanoparticles and bottlebrush polymers would be
another new research topic for the role of polymer matrix
topology in nanoparticle—polymer coupling. System parameters
such as the side chain length and grafting density of side chains
are anticipated to endow the nanoparticle—polymer coupling
with more topology-related tunability.
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Dynamics of Single-Tail Nanoparticles in Unentangled Polymer Melts
— Competition between Tethered Polymer and Bare Nanoparticle
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Figure 10. (a) Schematic illustration of a single-tail nanoparticle in an unentangled polymer melt. (b) Diagram indicating the particle-dominated and
tail-dominated regimes in the parameter space (d, R.y). (c) MSD (Ar*(t)) of single-tail nanoparticles for Regimes I and I in (b) [adapted from ref

147].

Structure of Tethered Polymer Layer and
Dynamics of Multi-Tail Nanoparticles in Unentangled Polymer Melts
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Figure 11. (Schematic illustration of (a) a multitail nanoparticle in an unentangled polymer melt (upper) and the mapping to a multiarm star polymer
(lower) and (b) the structure of the multiarm star polymer as a function of the radial distance r from the branching point. (c) Diagram indicating the
particle-dominated and tail-dominated regimes of loosely grafted multitail nanoparticles in the parameter space (d, R,;) [adapted from ref 147].

4.2. Dynamics of Polymer-Tethered Nanoparticles—
Effects of Tethered Polymer Layer. Polymers are often
tethered to nanoparticle surfaces to prevent the aggregation of
bare nanoparticles and promote the dispersion of the nano-
particles in a polymer matrix. The grafted polymer layer also
provides a platform for the interfacial engineering of nano-
particle polymer composites.'*'*® The tools in synthetic
chemistry have enabled precise control of the grafting density,
the grafted polymer chain length, and the composition of the
grafted layer. Understanding the effects of tethered polymer
chains on the diffusion of nanoparticles in a polymer matrix is
important to the control of nanoparticles in the nanocomposites.
A model system of polymer-tethered nanoparticles in a polymer
matrix has been studied using scaling theory.'*” In the model
system, the grafted polymers and matrix polymers are chemically
identical, and the matrix is a melt of short polymer chains with
no entanglements. The scaling analysis demonstrated that the
role of tethered polymers in the diffusion of tethered
nanoparticles depends on the grafting density and the grafted
chain length.

The scaling analysis of the model system started with the ideal
scenario where only one polymer chain or tail is grafted to the
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nanoparticle. The single-tail nanoparticle with the number of
tails per particle Z = 1 is experimentally challenging but is
theoretically simplest and embodies the essential physics. The
competition between the friction coeflicient {; of the tail and
Cpare Of the bare nanoparticle determines whether the terminal
diffusion is dominated by the tail with {; > (p.. or the
nanoparticle with {y < {p.e- If the tail size R, is smaller than
Nb, the melt chains of length N screen the hydrodynamic
coupling between distant sections of the tail. Therefore, {4 =
N & {o (Ry/b)? following the Rouse model with the draining
of “solvent” molecules. If R, is larger than Nb, distant sections
of size Nb in the tail are hydrodynamically coupled, and {,; = &
N? (R,3/Nb) with no draining of “solvent” molecules as in the
Zimm dynamics model. The d-dependent ;. of the bare
nanoparticle in an unentangled polymer melt is used to describe
the friction coefficient of the particle part of the single-tail
nanoparticle. As shown in Figure 10b, a detailed comparison of
$wil and $,. determines the boundary between the particle-
dominated and the tail-dominated regime in the parameter
space (d, R.y), where d and R control the corresponding
friction coeflicients (.. and (., respectively.
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Figure 12. Molecular simulations demonstrating (a) the effect of tethered chain length N, on the MSD (AP (t)) of a nanoparticle tethered with z = 2
tails and (b) the effects of N, and z on the nanoparticle friction coefficient {. (c) Diagram indicating different regimes of simulated multitail

g
nanoparticles in the parameter space (N,, z) [adapted from ref 103].

The analysis was further extended to describe the dynamics of
tethered nanoparticles prior to the terminal diffusive regime. At
times scale t, (.. (t) is compared with (. (¢) to determine
whether the dynamics are dominated by the particle or the tail.
This comparison is equivalent to the comparison of the bare
nanoparticle MSD (Ar*(t) )p,e and the MSD of monomers in a
free tail (Ar*(t))y;. On the basis of the result from the
comparison, the tail-dominated regime is further divided into
different subregimes as indicated by the Roman numerals in
Figure 10b. What differs between various tail-dominated
regimes is the scaling relation for the crossover time 7* that
separates the tail-dominated motion at time scales ¢ > 7* from
the particle-dominated motion at time scales ¢ < 7*. In all tail-
dominated subregimes, one prominent feature is the emergence
of two subdiffusive regimes in the time-dependent MSD of
tethered nanoparticles (Ar*(t)). (Ar*(t)) of the single-tail
nanoparticles in Regimes I and III are sketched in Figure 10c.
The first subdiffusive regime lies in the time range of t < 7%,
where (A (t)) & (Ar*(t) )y, It is identical to the subdiffusive
motion of bare nanoparticles and arises from the progressive
coupling of the particle and polymer chain dynamics. The
second subdiffusive regime emerges as (Ar*(t)) ~ (Ar*(£) )y in
the time range of t > 7%, It is due to the participation of the
nanoparticle in the dynamics of the tail, representing a unique
dynamic mode of the particle dragged by the slower-moving tail.

For multitail nanoparticles in an unentangled polymer melt,
the scaling theories for multiarm star polymers in a polymer
melt'**~">" were employed to describe the structure of the
tethered polymers. The structural features of the tethered layer
depend on the radial distance r from the particle center. Two
distinctive cases were identified.

(1) Loosely branched stars with the number of arms in the
range 1 <z, < N2, Consider sufficiently long arms, for
which all r-dependent regions of a star polymer exist. As
schematically shown in Figure 11b, the region closest to
the branching point is a dense core, where geometric
constraints result in densely packed monomers of the star
arms, excluding the monomers of the melt chains. Outside
the dense core lies the Gaussian brush layer, where chain
sections are in the unperturbed Gaussian random-walk
conformations with excluded volume interactions
screened. With increasing r, excluded volume interactions
between different arms emerge and extend the arms with

respect to the Gaussian random-walk conformations. A
further analysis distinguished the swollen brush layer and
the Daoud-Cotton brush.'**

(2) Densely branched stars with z,,,>N"2 For a densely
branched star polymer, the Gaussian brush layer is absent,
reflecting stronger excluded volume interactions at the
same 7.

Using the same criterion that determines whether a star
polymer is loosely or densely branched in a polymer melt, a
multitail nanoparticle in a polymer melt is identified as being
either loosely or densely grafted.

(1) Loosely grafted nanoparticles with 1 < z < N*/%. A diagram
showing different scaling regimes in the (d, Ryy)
parameter space was constructed for loosely grafted
nanoparticles, as shown in Figure 1lc. Regimes I-V
correspond to their counterparts in Figure 10b for single-
tail nanoparticles. For Regimes I and III, their boundaries
with the particle dominated regime are determined by
comparing (.. and z{, as the corresponding multitail
nanoparticles may be mapped to the star with a Gaussian
brush, where the friction coefficients of individual
Gaussian chains are additive with no hydrodynamic
coupling among them. For regimes II, IV, and V, the
multitail nanoparticles may be mapped to the star with
additional non-Gaussian brush layers, where stretched
polymer chains are hydrodynamically coupled with each
other. The hydrodynamic radius of the multitail NPs may
be approximated as the sum of Ry and d/2, which is
dominated by R, as Ry > d. Apart from Regimes I-V,
new Regimes VI-VIII emerge in Figure llc. These
regimes involve a dry layer outside the bare nanoparticle,
corresponding to the dry core of a star polymer.

(2) For densely grafted nanoparticles with z > N'% no
Gaussian brush can exist. As a result, a densely grafted
nanoparticle is either mapped to a dry star when the
grafted tails are short or a dry core plus hydrodynamically
coupled hairy tails when the tails are long enough. In the
latter case, the effective hydrodynamic radius is
approximated as R +d/2.

Molecular simulations have been applied to reveal the features
of tethered-nanoparticle motion in an unentangled polymer
melt and evaluate the scaling theory.103 In one set of simulations,
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Figure 13. Rutherford backscattering spectrometry results for the diffusion of poly(methyl methacrylate) (PMMA)-grafted iron oxide nanoparticles
into a PMMA matrix: (a) the extracted diffusion coefficient D as a function of the matrix molecular weight P for three sample labeleded in the format
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predictions of the Stokes—Einstein relation Dgj using the bare nanoparticle radius Ryp and matrix viscosity #7ppa. (b) Effective nanoparticle diameter
as determined by the diffusion experiments (solid symbols), the predictions of the modified Daoud-Cotton brush model (solid lines), and the results
from dynamic mean field simulations (open symbols) versus P [adapted from ref 38].
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Figure 14. Storage modulus G’ () and loss modulus G” (@) of the matrix-free melts of poly(methyl acrylate)-grafted silica (PMA-SiO,) nanoparticles
with indicated molecular weight per tethered arm M, .. Symbols are the results of linear rheology experiments. Lines are the best fits to the Milner—
McLeish model, in which the fraction of monomers participate in the arm retraction is S [adapted from ref 152].

a nanoparticle has z = 2 grafted tails, corresponding to a
nanoparticle attached to the center of a twice longer chain. As
shown in Figure 12a, with increasing grafted chain length N, the
terminal diffusion coefficient D = lim,_,, (Ar*(t))/6t decreases,
exhibiting the predicted crossover from the particle-dominated
to the tail-dominated diffusion. For the longest N, = 64, the
MSD of the grafted nanoparticle is comparable to the MSD of
monomers in the free chain divided by z = 2. However, the two
are not identical, reflecting effects not captured by the scaling
description. The two subdiffusive regimes predicted for the tail-
dominated regime were also observed in the simulations.
(Ar*(t)) in the two subdiffusive regimes are comparable to the
bare NP MSD (Ar*(t))pue and (Ar*(t))ua/2, respectively,
indicating the respective origins of the two subdiffusive regimes.

In other sets of simulations,'® the tethered chain length N,
was fixed at the melt chain length N, while the number of
tethered chains per particle z was systematically increased. {, ~ {
— Cpare Is plotted as a function of z in Figure 12b. The initial
linear increase of {, means that the friction coefficients of z
individual tails are additive and thus {, ~ z. The deviation from
the linear z-dependence with increasing z demonstrates the
reduction in { due to the hydrodynamic coupling between the
tethered polymers. Figure 12¢ is a diagram in the (z, N,)
parameter space that illustrates three qualitative different
regimes in the simulations, which differ in whether the diffusion
is dominated by the particle or the tails and whether there is
hydrodynamic coupling between the multiple tails. The region
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with two subdiffusive regimes in the MSD plot is indicated in the
parameter space as well.

Experiments on tethered nanoparticles in polymers have
focused on the densely grafted case. Lin et al.*® used Rutherford
backscattering spectrometry to measure the diffusion coefficient
D of PMMA-grafted iron-oxide nanoparticles in unentangled to
slightly entangled PMMA melts and found that D is smaller than
the prediction of the Stokes—Einstein relation by up to 2 orders
of magnitude (Figure 13a). The effective nanoparticle size
determined by the Stokes—Einstein relation with the bulk melt
viscosity 2R.¢ is approximately the bare nanoparticle size plus
the size of the grafted chains, as in the Daoud-Cotton brush
model (Figure 13b). Lin et al. also performed dynamic mean
field simulations and showed that R is larger than the radial
distance at which the volume fractions of grafted and matrix
polymers are comparable. These results agree with the
prediction of the scaling theory'*” that the effective hydro-
dynamic radius of densely grafted nanoparticles in polymer
melts are comparable with R, + d/2.

Open Questions. I. The research on tethered-nano-
particle—polymer coupling may be extended to study nano-
particles tethered with long tails that can get entangled with the
entanglement network in a melt of long polymer chains. One
motivation for designing such a composite system is the
mechanical interlocking of the nanoparticles and polymer matrix
promoted by the entanglements between the tethered chains
and matrix chains. The simplest scenario of a nanoparticle with d
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Figure 15. (a) Diffusion coefficients D of silica (SiO,) nanoparticles, octaamino-phenylsilsesquioxane (OAPS) nanoparticles, and polypropylene
glycol (PPG) chains in PPG melts as functions of the molecular weight M,, of PPG melt chains. D of the nanoparticles were obtained using Dynamic
Light Scattering (DLS). Dashed line indicates the entanglement molecular weight M. (b) Molecular simulation result: D of small sticky nanoparticles,
which were modeled as icosahedrons composed of 12 L] beads of diameter 6, and polymer chains in the polymer melts of chain length N as functions of
N/N,. N, = 45 is the entanglement length. € is the strength of the interaction between a L] bead in a nanoparticle and a monomer. (c) D/Dgg vs M,, for
the SiO, and POSS nanoparticles in the PPG melts. Dgg, is the prediction of the Stokes—Einstein relation. For SiO,, the blue solid line indicates the
prediction of the core—shell model. For POSS, the blue solid line indicates the predicted crossover from the core—shell to the vehicular diffusion

mechanism [adapted from ref 48].

< aand z = 1 or 2 tails may be described by considering the
competition between the bare particle dynamics and the
reptation dynamics of a long polymer chain in the entanglement
network. The more complicated scenarios of nanoparticles with
z > 3 tails may be mapped to star polymers in an entanglement
network, where arm retraction emerges as a new mode of
dynamics. Existing microscopic theories for the dynamics of
entangled star polymer melts may be employed to develop the
theoretical description of the dynamics of nanoparticles with
multiple entangled tails. Recently, Parisi et al.">” have studied
the linear viscoelasticity of the matrix-free melt of polymer-
tethered nanoparticles and observed the arm retraction in the
dynamics of sufficiently long tethered chains, which can be
described using the Milner—McLeish model of entangled star
polymers (Figure 14a). As the length of tethered chains is
reduced, there is a crossover to the jammed colloidal system
(Figure 14b). For tethered nanoparticles dispersed in an
entangled polymer melt, one topic for future research is the
emergence of arm retraction with increasing grafted chain length
N, and its effects on the particle dynamics.

II. Intermediate between a bare nanoparticle with only weak
nanoparticle—polymer interactions and a tethered nanoparticle
with a permanently grafted polymer layer is a sticky nanoparticle
to which matrix polymer chains can adsorb. Research on the
dynamics of sticky nanoparticles in a polymer matrix will guide
the use of surface chemistry tools to tune the attractive strength
or stickiness between the nanoparticles and polymers and thus
enable better control of nanoparticles in the composites. A
recent theory by Yamamoto and Schweizer'™ predicted a
transition from “core-shell” diffusion, where the nanoparticle
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core and the shell of adsorbed polymers diffuse as a combined
hydrodynamic object, to “vehicular” diffusion, where the
nanoparticle uses the adsorption layer as a “vehicle” to diffuse
over a characteristic desorption time scale. They also predicted
that the transition occurs as the matrix chain size exceeds the
nanoparticle size. Molecular simulations and experiments of
sticky nanoparticle diffusion have been performed and
interpreted using the “core-shell”-to-“vehicular” diffusion
mechanism.”®'>*">* One example of integrated theory-simu-
lation-experiment work™ is shown in Figure 1S, where the
diffusion of OAPS nanoparticles in PPG melts was measured
using Dynamic Light Scattering. In another experiment by
Bailey et al,">* Rutherford backscattering spectrometry was
used to measure the diffusion of OAPS nanoparticles in poly(2-
vinylpridine) (P2VP) melts. The OAPS diffusion coefficients
were found to scale very weakly with the molecular weight of
P2VP chains, and the OAPS diffusion rate was determined to be
at time scales intermediate between the Rouse times of a Kuhn
monomer and an entanglement strand. The experiment results
were also interpreted using the “vehicle” diffusion mechanism.
Additional molecular simulations and experiments with an
expanded scan of the parameter space may further evaluate the
proposed diffusion mechanisms for sticky nanoparticles. An
alternative theoretical description of sticky nanoparticle
dynamics may be developed based on the approximation of
the adsorption layer as an effective tethered polymer layer whose
lifetime is controlled by the adsorption strength and the matrix
chain length."** Indeed, there are experiments consistent with
this approximation. Park et al.’” used quantum dots (QDs) to
perform single-particle tracking of nanoparticles in unentangled
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Figure 16. ((a) Trajectory of a single nanoparticle made of a quantum dot (QD) in an unentangled polymer melt. (b) Diffusion coefficient Dgp, from
the single-particle tracking of nonsticky CHj-capped and sticky COOH-capped QDs in unentangled melts of poly(propylene glycol) (PPG) vs PPG
molecular weight M,,. (c) Apparent QD size Rgpr, which is calculated using the Stokes—Einstein relation, vs M,,. Inset shows the enlargement of Rgpr
with respect to the bare nanoparticle size Ryp for the sticky QDs [adapted from ref 67].
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Figure 17. X-ray photon correlation spectroscopy results: (a) D/Dg, where D and D, are the diffusion coefficients of polystyrene grafted silica (PS-
Si0,) nanoparticles dispersed in the solution of protonated solvent and PS and in pure solvent, respectively, as a function of ¢/c*, where c and c* are the
solution concentration and the overlap concentration. Inset: D is rescaled by Dgg, which is the prediction of the Stokes—Einstein relation with the bulk
solution viscosity and the hydrodynamic radius Ry determined by Dynamic Light Scattering. D/D, plotted against (b) ¢/c* (M, / Mwlg)’l/ 8 (c) Ry/é,
and (d) Ry/ f(Mwlf/Mw‘g)y 8 where & is the correlation length in the solution, and M, sand M, are the molecular weights of the free and grafted
polymers, respectively. Lines indicate scaling exponent —2 in the scaling theory by Cai et al. [adapted from ref 57].

polymer melts (Figure 16a). They have compared the diffusion the slip length L,. Navier determined L, = 77/{, where 17 and { are

coeflicients of nonsticky and sticky nanoparticles and found the the viscosity and friction coefficient of the fluid, respectively.
diffusion coefficients of sticky nanoparticles are smaller within The derivation by Navier was based on the balance of the
the explored range of melt chain molecular weight M,, (Figure interfacial friction per unit surface area and the shear stress of the
16b). Their further analysis showed that a long-lived adsorption fluid on the surface. Using the same principle of interfacial
layer of thickness proportional to MY/? enlarges the effective friction balancing shear stress, de Gennes described theoretically
radius of the sticky nanoparticles with respect to the bare particle the slippa§e of a polymer liquid over a nonadsorbing smooth
size and thus slows down the particle diffusion (Figure 16¢c). A surface.'>® The predicted dependence of L, on polymer
bound polymer layer has also been observed for nanoparticles molecular weight has been observed in experiments.'>” The
that interact favorably with an entangled polymer melt. Griffin et Navier-de Gennes’ model for a nonadsorbing surface was later
al.’ measured the diffusion of silica nanoparticles in P2VP melts generalized to describe the slippage of a polymer fluid over a
using Rutherford backscattering spectrometry. The diffusion surface with permanent chemically grafted polymers.">*'*” Both
coeflicient of the particles with diameter 2Ryp ~ 3a is well the conformations and dynamics of the grafted chains alter the
described by the Stokes—Einstein relation, but with the effective fluid—solid interface and thereby the polymer slippage behavior,
particle radius R g exceeding Ryp by an amount comparable to leading to the dependence of L on the grafting density, the
the thickness of a bound polymer layer, which is shown to scale degree of entanglements between grafted and bulk polymers,
with the melt chain molecular weight as MY/ and the rate of the polymer flow. In the context of polymer
III. Tethered and adsorbed polymers both target the slippage over a nanoparticle surface, the curvature effect needs to
nanoparticle polymer interface. A related open question be addressed. For simple fluids, a curvature correction has been
concerns the slippage of a polymer matrix over a nanoparticle introduced based on expressing Navier's model in tensorial form
surface. The slippage of a fluid at a solid surface is quantified by and then applying a coordinate invariant generalization of it to
3822 https://doi.org/10.1021/acs.macromol.3c00260
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Figure 18. (a) Schematical illustration of a thin nanorod in an unentangled polymer melt. The I-dependence of (b) the overall translational diffusion
coefficient D, (c) the parallel diffusion coefficient Dy, (d) the normal diffusion coefficient D, (e) the ratio k = D/D, and (f) the rotational diffusion

coefficient Dy, in molecular simulations [adapted from ref 96].

curved surfaces.'”'®" For the slip of a polymer liquid,

systematic studies are needed to revise the slip models of
polymers on both nonadsorbing and polymer-grafted surfaces to
account for the curvature effect. The role of the interface
between tethered polymers and matrix polymers has been
demonstrated in the experiments by Poling-Skutvik et al.”’
Using X-ray photon correlation spectroscopy, Poling-Skutvik et
al. showed that the diffusion coefficient of PS-grafted silica
nanoparticles in PS solution is larger than the prediction of the
Stokes—Einstein relation with the hydrodynamic radius Ry
determined by the Dynamic Light Scattering (Figure 17a and
17b). They further showed that their experimental data may be
collapsed to universal master curves by incorporating the ratio of
the free to grafted polymer molecular weights (Figure 17c and
17d), suggesting a soft interaction at the grafted and free
polymer interface.

4.3. Dynamics of Thin Nanorods in Polymer Melts—
Effects of Anisotropic Particle Shape. Going beyond the
spherical shape, nanoparticles with high aspect ratios,
particularly nanorods, have been used both as components of
functional polymer nanocomposites'® and in rod-based
microrheology experiments on polymers.”> The highly aniso-
tropic shape of a nanorod enriches features of the diffusion
behavior of nanoparticles in a polymer matrix. In addition to the
diffusion coefficient Dy for the overall center-of-mass transla-
tional diffusion, there are 3 additional diffusion coefficients for
the nanorod diffusion, D and D, for the translational diffusion
parallel and normal to the rod axis, respectively, as well as Dy, for
the rotation of the rod. In the continuum limit where both the
length land diameter d of a rod are larger than solvent molecules,
the theoretical results for the diffusion coefficients are D = kzT
In(l/d)/27nd, D, = kgT In(1/d)/47n, and Dy = kg T[In(l/d) —
y1/7n?), where 7, is the solvent viscosity, and y is a numerical
correction.” The logarithmic terms reflect the speed-up in
mobility due to the hydrodynamic coupling between distant
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portions of a nanorod. As in the diffusion of spherical
nanoparticles, when the dimensions of a nanorod become
comparable or smaller than the structural length scales in the
polymer matrix, such as polymer chain size R in an unentangled
polymer melt and entanglement mesh size a in an entangled
polymer melt, the continuum theory is anticipated to break
down.

A simple model system has been studied in molecular
simulations to reveal the effects of anisotropic shape on the
diffusion of nanoparticles.”® In the simulations, the rod diameter
is comparable to the polymer bead size o, while a rod of length
is composed of [/ beads along a straight line. This simple model
of monomerically thin nanorods indeed demonstrates the
breakdown of the continuum theory.

(1) The diffusion parallel to the rod axis corresponds to the
easy direction of nanorod motion. Simulations show that
for sufficiently long melt chains, the parallel diffusion
coefficient D decreases linearly with increasing [ in an
unentangled polymer melt (Figure 18c). The linear
relation arises from screening the hydrodynamic coupling
between different portions of the rod. With no hydro-
dynamic coupling, the friction coefficient of the rod is the
sum of the individual monomeric friction coefficients, ¢

~ ¢y (1/0).

The diffusion normal to the rod axis corresponds to the
hard direction of nanorod motion. The decrease of D
with increasing [ exhibits a crossover from D, ~[">to D,
~ I"!, as shown in Figure 18d. This l-dependence results
from the progressive coupling of the rod to the melt,
which gives rise to a crossover from ¢, ~ P to {, ~ . The
effective viscosity #, . for the normal diffusion is only a
fraction of the bulk melt viscosity 7, if the rod is not
sufficiently long with respect to the bulk melt chain size R.
The simulation results suggest that the effective viscosity

()
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Figure 19. (a). Schematic illustration of PVM, M13, and pfl viruses. (b) Fluorescence micrographs of the virus nanoparticles labeled with AlexaSS5.
(c) D,/Dy, where D,and D are the translational diffusion coefficients of fluorescently labeled virus nanoparticles in the solutions of partially hydrolyzed
polyacrylamide (HPAM) and in the pure solvent 1X PBS, respectively, as functions of various normalized length scales. L and R are the length and
radius of the virus particle, respectively. £ is the correlation length of the polymer solution. R, = (3R’L/4) 13 and Ry = (RL/2)"? [adapted from ref 73].

Dynamics of Thin Nanorods in Entangled Polymer Melts — Rod Reptation

d.
D\I
reptation
entangled
.--dd o

Figure 20. (a) Schematical illustration of the reptation of a thin nanorod in an entangled polymer melt. The I-dependence of (b) the parallel diffusion
coefficient Dy, (c) the normal diffusion coefficient D, (d) the ratio x = D/D, and (e) the rotational diffusion coefficient Dy in molecular simulations
[adapted from ref 96].

3)

115~ | before leveling off such that {; &1y gl ~ .7, o
is eventually constant and | & 77 ¢ [ ~ [ if the rod is
sufficiently long with respect to R. Note that the scaling
D, ~I"" is identical to the I-dependence of the diffusion
coeficient in the continuum theory’ but with the
logarithmic term for the hydrodynamic interactions
excluded.

The ratio x = D;/D, increases linearly with [ before
leveling off, as shown in Figure 18e. The anisotropy
between the diffusion coefficients in the parallel and
normal directions originates from the different values of
effective viscosity for the two directions and is a feature
distinctively different from the isotropic diffusion of
spherical nanoparticles.
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The mean squared angular displacement (MSAD) of a
nanorod is ([i(t) — %(0)I?), where u(t) is the time-dependent
unit vector along the rod axis. The rotational diffusion
coefficient Dy of the nanorods in the simulation is extracted
from the long-time limit of MSAD, which is 2[1—exp(—2Dgt)].
The rotational diffusion time 7, = 1/(2Dy) is essentially the time
scale for the decorrelation of the nanorod orientation. The I-
dependence of Dy exhibits a crossover from Dy ~ I™*to Dy ~ 173,
as shown in Figure 18f. This is consistent with the relation Dy ~
D, I"% as in the continuum theories.” The microscopic origin of
the relation is that the same effective viscosity determines the
translational diffusion in the normal direction and the rotational
diffusion. The rotational diffusion affects the transformation of
Dy and D, in the body frame of the rod to the overall
translational diffusion coefficient Dy in the lab frame. The
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Figure 21. (a) Diffusion coefficient D of TiO, nanorods in a polystyrene (PS) melt. The rod diameter d and the rod length L are smaller and larger than
the tube diameter d; of the PS melt, respectively. Solid symbols and open symbols are experiment data from the Rutherford back scattering and the
theoretical predictions of the continuum model, respectively [adapted from ref 167]. (b) X-ray photon correlation spectroscopy (XPCS) and rheology
studies of the translational dynamics of gold nanorods in the semidilute solutions of entangled wormlike micelles. Entanglement mesh size decreases
from larger than the rod length L to approximately equal to the rod diameter d, as the micelle volume fraction ¢ increases. Symbols show 7/(11,,) — 1,
where 7, and (7,,) are the macroscopic viscosity and the viscosity obtained from the nanorod diffusivity in the micelle solution, versus ¢°%. The red
line shows the fit of the experiment data to the hopping diffusion model by Cai et al. [adapted from ref 39].

equation Dy = (D + 2D,)/3, which assumes the parallel
diffusion mode and two normal diffusion modes are
independent in the lab frame, is valid if the rotational diffusion
is sufficiently slow such that the rotational diffusion lags the
translational diffusion. Otherwise, Dy overestimates the trans-
lational diffusion coefhicient, as the rotational diffusion couples
the parallel and normal diffusion coeflicients in the body frame.
This coupling of translational and rotational diffusions was
observed in the simulations.”®

The simulation results from decomposing the overall
translational diffusion to the diffusion parallel and normal to
the rod axis motivated a scaling ansatz that the effective viscosity
N for the overall diffusion coeflicient D is a geometric mean of
the monomeric viscosity 7, and the maximum viscosity 7.,
which corresponds to the viscosity for the parallel and normal
diffusion, respectively. Similar to 7.4 ~ 1, (d*/b*) for the
spherical nanoparticles in an unentangled linear polymer melt,
Nmax ~ 1 for | smaller than the polymer chain size R. This
geometric-mean conjecture reflects the effect of anisotropic
shape and was proposed first by Aponte-Rivera and Rubinstein
to describe the rheology of oppositely charged polyelectro-
Iytes.'*

One experimental realization of thin nanorods in polymers
was based on filamentous viral nanoparticles. Smith et al.”” used
fluorescence microscopy to examine the translational dynamics
of three different flexible filamentous vial nanoparticles in the
semidilute solutions of partially hydrolyzed polyacrylamide
(Figure 19a and 19b). They observed that the translational
diffusion coefficients for different viral nanoparticles at different
solution concentrations do not collapse onto the universal curve
predicted by the continuum theory for rodlike nanoparticles.
Instead, an apparent collapse of the diffusivity data was observed
when plotted against the ratio of the solution correlation length
£ and a length scale intermediate between the virus radius R and
length L. Specifically, two length scales Ry = (3R*L/4)"/> and
Rgs = (RL/2)"? which correspond to the radius of a sphere with
the same volume and the same surface area as the filamentous
particle, respectively, were used. The results by Smith et al.
demonstrated the effects of anisotropic particle shape on the
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nanoparticle—polymer coupling, which cause a breakdown of
the continuum theory.

Simulations for thin nanorods in entangled polymer melts
have also been performed.” The parallel diffusion coefficient Dy
decreases with increasing ! in entangled polymers (Figure 20b),
also because of the screening of hydrodynamic interactions. The
normal diffusion coefficient exhibits a crossover from D| ~ I to
D, ~ I (Figure 20c), different from the counterpart in
unentangled polymer melts. The anisotropy ratio increases first
as k ~ [ and then as k ~ I* (Figure 20d), indicating the highly
anisotropic motion of the long nanorods in entangled polymers.
The I-dependence of the rotational diffusion coefficient also
exhibits a different behavior going from Dy ~ I™* to Dy ~ I
(Figure 20e), but it still agrees with Dy ~ D, I7% These
simulation results demonstrate the effects of the constraints on
nanorod motion due to the entanglement network. They agree
with de Gennes’ rod reptation model.'** As shown in Figure 20a,
as the rod reptates over a distance of its length [ with diffusivity
Dy & Dy, the displacement due to normal diffusion ~ a. From I*/
Dy = a’/D,, one obtains D, = Dy a*/ B ~ I3 for slender
nanorods in entangled chains.

The anisotropic motion of a stiff filament reptating in a
polymer matrix with topological constraints has been studied by
Fakhri et al.'® Using near-infrared video microscopy, they
followed the reptating path of individual single-walled carbon
nanotubes (SWNTs) in agarose gels. The trajectory of the
SWNT is highly anisotropic with the diffusion parallel to the
reptating path dominating over the diffusion normal to the path,
and the diffusion is isotropic finally at time scales longer than the
rotational diffusion time. Fakhri et al.also found that even small
bending flexibility of the SWNT enhances the diffusion, and the
rotational diffusion follows the prediction of Odijk’s theory'®®
for semiflexible rods rather than Doi’s theory for rigid rods.”

Experiments of nanorods in an entangled polymer matrix have
been performed by Choi et al.'”’ They used Rutherford
backscattering spectrometry to measure the concentration
profiles of titanium dioxide (TiO,) nanorods in polystyrene
(PS) melts with varying molecular weights M. The diffusion
coefficient D of the nanorods decreases as M~**, which is a

~
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Figure 23. (a) Image segmentation for the liquid-phase transmission electron microscopy (TEM) based on U-Net convolutional neural network, a
machine learning algorithm. (b) Representative data flow in the U-Net models for the imaging of nanorods, triangular nanoprisms, concave nanocubes,
and bipyramids [adapted from ref 170]. (c) TEM images of noble metal nanoparticles (dark cores) of various shapes with additional polymer patches

(light shells) [adapted from ref 171].

weaker dependence compared to the prediction M~> using the
continuum theory (Figure 21a). Since the nanorod length L is
larger than the entanglement mesh size d;- of the PS melt but the
nanorod thickness d is smaller than d, Choi et al. attributed the
enhanced diffusivity to the anisotropic nanorod shape that
results in the decoupling of the nanorod from the bulk viscosity.
This argument agrees with the picture of rod reptation. Lee et

al.’” studied the mobility of Au nanorods within entangled
wormlike micelle solutions using X-ray photon correlation
spectroscopy (XPCS). An effective viscosity (7,,) was computed
from the terminal diffusion coefficient. (#,,) is smaller than the
bulk viscosity 7, at low micelle volume fraction ¢, but it
increases toward 7], as ¢ increases and entanglements set in. The
¢-dependence of o/ (n,,) — 11i is well fit to the hopping diffusion
model developed by Cai et al.** (Figure 21b).

Open Questions. I. Increasing the nanorod thickness to be
above the Kuhn monomer size may be one extension of the
theoretical and computational research on the dynamics of
nanorods in polymer melts. This extension is meaningful in
terms of making a closer connection to experiments where thick
nanorods are often used. One would expect as the thickness
increases the effective viscosity for the diffusion in the easy
direction parallel to the rod axis increases with respect to the
monomeric viscosity and exhibits a dependence on the rod
thickness. This change would affect both the anisotropy in the
overall translational diffusion and the rotational diffusion. For
sufficiently thick nanorods, the continuum theory for rod
diffusion is anticipated to be applicable. In the experiments by
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Molaei et al,** the nanoscale rheology probed by following the
rotation of gold nanorods in a polymer solution agrees with the
microrheology probed using spherical colloidal particles, as
shown in Figure 22. The generalized Stokes—Einstein relation
was extended to covert MSAD of the probe nanorod to the stress
relaxation modulus G(t). Other than the rod thickness, the
diffusion of a nanorod is anticipated to depend on the surface
roughness of the nanorod. Molecular simulations have
demonstrated the effects of surface rou§hness on the phase
behavior of thin nanorods in polymers'®® and may reveal the
effects of surface roughness on the dynamics of thin nanorods as
well. Further extension of the research on nanorods in polymer
melts may include the flexibility of the nanorod. This extension
is relevant to the experiments that use carbon nanotubes'®® and
filamentous viral nanoparticles’> with intrinsic flexibility to
explore the nanorod-polymer coupling. The dynamics of rigid
nanorods are anticipated to be modified by the elastic bending
modes of the rod itself. Adding the studies of rod thickness,
surface roughness, and rod flexibility will broaden the
fundamental understanding of nanorod-polymer coupling. For
future experiments, recent advances in the design principles of
colloidal nanorod heterostructures'® may be utilized for the
precise control of nanorod geometry as well as the tracking of
nanorods based on the optical properties of semiconductor
nanocyrstals.

II. Nanoparticles with other nonspherical geometries may be
studied to further understand the role of anisotropic shapes in
nanoparticle—polymer coupling. As shown in Figures 23a and
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Figure 24. (a) TEM image of a Ni nanorod with a rough surface due to irregular oxide (upper panel) and schematic illustration of a Ni nanorod in a

solution of polymers with the radius of gyration R, for the oscillating-field optical transmission (OFOT) measurements of the apparent viscosity 775

OFOT

L, is the hydrodynamic length of the nanorod. (b) 75™°T /53 vs R,/L; from the OFOT measurements of the Ni nanorods with indicated L, in the

solutions of poly(ethylene oxide) (PEO) with indicated molecular weights. 77

macro

0" is the zero rate viscosity of the solution. The solid line is the best fit to

an exponential function [adapted from ref 58] (c) Schematic illustration of the magnetic heating experiments based on the rotation of magnetic
nanoparticles in a polymer matrix. (d) Local viscosity around the nanoparticles in a PMA melt. Results were obtained from the magnetic heating
experiments using the bare Fe;O, nanoparticles and Fe;O, nanoparticles with adsorption layers of indicated polymers and molecular weights [adapted

from ref 70].

22b, nanoparticles of various shapes, such as nanorods,
triangular nanoprisms, convave nanocubes, and bipyramids,
can be synthesized, and their dynamics and self-assembly
behavior can be visualized using the liquid-phase transmission
electron microscopy with the aid of a machine learning
algorithm for image analysis.'”’ Furthermore, the shape of
inorganic nanoparticles may be fine-tuned by the surface
patterning with polymer patches, as demonstrated by Choueiri
et al'”! One particular system for future study may be
nanoplates in polymer melts. Krook et al."’> have combined
experiments and simulations to probe the aligned assemblies of
nanoplates within ordered block copolymer lamellae. The small
and monodisperse nanoplates in the self-assembly experiments
may be used in future experiments on nanoplate dynamics
within a polymer matrix. Unlike nanorods, nanoplates possess
two easy directions for diffusion: the two orthogonal directions
within the plane of a nanoplate, and one hard direction for
diffusion, which is the direction normal to the nanoplate plane.
In unentangled polymer melts, future research may examine the
decomposition of the overall translational diffusion to the three
orthogonal components in the body frame as well as the
rotational diffusion of the nanoplates. In entangled polymer
melts, a thin plate with a side length larger than the
entanglement mesh size a would be trapped but may be able
to diffuse via a hopping diffusion mechanism if the side length is
slightly above a. In general, the hopping diffusion model®® may
be extended from spherical nanoparticles to those with various
nonspherical geometries.

III. In contrast to the clear visibility of the rotation of a
nanorod, the rotation of a spherical nanoparticle is obscured by
the more recognizable translational motion. As a result, the
rotational diffusion of spherical nanoparticles in polymer melts
has been less explored. Similar to the Stokes—Einstein relation
for the translational diffusion of a spherical particle in a viscous
continuum, there is Stokes—Einstein-Debye relation D, = ks T/
and® for the rotational diffusion of the particle in a viscous
continuum. The breakdown of the Stokes—Einstein-Debye
relation is anticipated for a nanoparticle with sizes smaller or
comparable to the structural length scales of a polymer melt.
Future theoretical and computational research may be designed
to specifically explore this breakdown and further clarify the

length-scale and time-scale dependent coupling between
nanoparticle rotation and surrounding polymers. On the
experiment side, the rotation of a magnetic nanoparticle under
a magnetic field has been recently used to measure the local
viscosity surrounding the nanoparticles. Gratz and Tschdpe™
studied the rotational motion of Ni nanorods in poly(ethylene
oxide) solutions by oscillating magnetic field-dependent optical
transmission (OFOT) measurements (Figure 24a). The local

viscosity 75F°T extracted from the nanorod rotation exhibits a

size-dependent deviation from the bulk viscosity 7y
determined by the macroscopic rheology experiment (Figure
24b). The reduction of entanglements with decreasing polymer
solution concentration was attributed as the origin of the
observed size effect on 7SFOT/pe°, Wu et al.”® measured the
local viscosity of interfacial layers in polymer nanocomposites
based on magnetic heating due to the rotation of a nanoparticle
under a high-frequency alternating magnetic field (Figure 24c).
The experiments revealed a dependence of the local viscosity on
the rigidity of polymers in the interfacial layer (Figure 24d).
Opportunities are present in the research on rotational diffusion
of nanoparticles in a polymer matrix. For the state-of-the-art
experimental techniques of tracking the rotational diffusion of
anisotropic nanoparticles, readers are advised to read the review
by Rose et al.”>

4.4. Active Dynamics of Force-Driven Thin Nanorods
in Polymer Melts—Non-Equilibrium Effects. Activeness
may be introduced to the motion of nanoparticles in a polymer
matrix by applying an external field such as a magnetic
field,"”>'"* an electric field,"”® near-infrared light176 and ultra
sound'””'”® or by a chemistry-based mechanism of self-
propulsion.'”*~"** Activeness allows the motion of nano-
particles to overcome the passive dynamics that are coupled
with the viscoelasticity of the polymer matrix. Instead of the
randomness of the passive dynamics, activeness results in
definite and directed motion, which is essential for the control of
nanoparticles in functional nanocomposites and the manipu-
lation of particle-based nanomotors in bioimaging and drug
delivery.

A combination of molecular simulations and scaling theory
has been used to study the effects of activeness on the interplay
of thin nanorods and an unentangled polymer melt. In the
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Force-Driven Dynamics of Thin Nanorods in Unentangled Polymer Melts
— Ballistic Motion with Reduced Friction

tlr]

Figure 25. (a) Molecular dynamics trajectories and (b) MSDs of force-driven thin nanorods in unentangled polymer melts at indicated active force per
monomer length scale f{. (c) The speed of force-driven ballistic motion v and the friction coefficient per monomer & as functions of f§ [adapted from

ref 97].

Effects of Driving Force on Thin Nanorod Dynamics in Unentangled
Polymers — Active Blobs in Time Domain
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Figure 26. (a) The friction coefficient per monomer {{ as a function of the active force per monomer f§ in the molecular simulations with indicated [ —
N, where | and N are the thin rod length and melt chain length, respectively. (b) A master curve is constructed by rescaling {§ and f§ with ¢, and 72,
respectively. Power-law exponents from the scaling theory are indicated. Inset: The threshold f3 for friction reduction as a function of . Dashed lines
indicate the power laws in the scaling theory. (c) Schematic illustration of the active blobs in the time domain. Colors of increasing wavelength indicate

the temporal sequence of the blobs [adapted from ref 97].

simulations, nanorods are monomerically thin and made of
connected LJ beads as a rigid body, and unentangled polymer
chains are modeled using the bead—spring model. Activeness is
introduced by applying a constant force uniformly along the
initial rod axis, which facilitates the arrival of the steady state in
the simulations. The strength of activeness is quantified by the
active force per monomer length scale f§. The trajectory of a thin
rod over the same time is transformed from a random-walk coil
to a more directed conformation with increasing f, as illustrated
in Figure 25a. The motion of a thin rod is quantified by the MSD
(Ar*(t)). Compared with the passive motion (f§ = 0) that
reaches a diffusive regime at long time scales, the active motion
(f& > 0) is characterized by the ballistic motion with (Ar*(t)) ~
#* at long time scales, as shown in Figure 25b. Furthermore, the
ballistic motion starts at shorter time scales with increasing f§.

The ballistic speed v* defined as y/(Ar*(t))/t in the terminal
ballistic regime increases with f§ (blue symbols in Figure 25c).

However, the friction coefficient per monomer, {5 = f;/v"
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decreases as f§ increases (red symbols in Figure 25¢), indicating
that the activeness makes it easier for the nanorod to pierce
through the polymer matrix. Additional analysis shows that the
force-driven ballistic motion suppresses the rotational diffusion
of the rod and cuts off the decorrelation of the rod axis with time.

A scaling theory was developed to understand the simulation
results for the active motion of force-driven nanorods in a
polymer melt. The time scale at which the motion becomes
ballistic is determined by equating the MSD for a nanorod in the
active ballistic motion (v°t)* ~ (f§/£48)*t* and the MSD for a thin
nanorod in thermal diffusion (Ar*(t)) = [k T/{3(1/06)]t, where
the friction coefficient is §(I/o) for the rod consisting of I/c
monomers. The time scale 7 ;i at which the two MSDs are
comparable separates the ballistic motion for ¢ > 7y, ;¢ from the
passive motion for t < Ty .- With increasing f§, Ty, becomes
smaller than the terminal diffusion time 7,,,, of the melt chains,
meaning the active force renews the local environment of the
nanorod at a rate that only allows the completion of local chain
segments rather than the entire melt chains. Using the Rouse
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Figure 27. (a) Precise control of the ballistic motion and orientation of Au nanowires and multiwalled Carbon Nanotubes (CNTs) in water by using
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[adapted from ref 185]. (c) The alignment of the rods made of cellulose nanocrystals during the shear thinning of poly(ethylene oxide) (PEO)

solutions depends on the Weissenberg number W; [adapted from ref 79].

model, the number of monomers g* in a relaxed chain segment is
derived from 73 & 7, (g°)* ® Tpaigic- The result shows g* decreases
as (f8)™>. The friction coefficient {* & 17,4l ~ (f§)™*>. The
effective viscosity #gy is the geometric mean of 7, and the
ViSCOSItY M & 108" ~ (f&)™*3 of the local chain segments,
which is a consequence of the anisotropic nanoparticle shape, as
discussed in Section 4.3. Simulation results of {§ vs fg for
different combinations of rod length ! and melt chain length N
are collapsed to a master curve that supports the scaling relation
for the power-law reduction of {* above a threshold 7%, as shown
in Figure 26a and 26b. The threshold f3 decreases with
increasing | and exhibits different /-dependencies for I smaller
and larger than the polymer size R (see inset to Figure 26b).
Additional scaling analysis showed that by the time scale
Thalistic ~ Tgy the work performed by the applied active force w* ~
SV Thatigc 1S comparable to the thermal energy kyT. Recall that
the thermal diffusion arises from thermal energy kzT, as shown
in the Einstein relation D = k3 T/{. The condition w” > kg T is the
reason why the long-time ballistic motion of the nanorod is not
affected by the thermal fluctuation. The center-of-mass
trajectory in the time domain for the force-driven active
nanorod may be described as a stretched array of “active blobs”,
as illustrated in Figure 26¢. The stretched conformation replaces
the random-walk coil conformation of the trajectory for the
passive dynamics of the nanorod. Each blob corresponds to a
time scale 7y, ~ 7, and a length scale comparable to the

3829

ballistic MSD ("2 i.)>- The effects of active force on the
trajectory in the time domain are analogous to the effects of a
pulling force on the conformation of a single polymer chain in
real space, which are described by the famous tension blobs in
polymer scaling theory.'**

Open Questions. 1. The research on force-driven thin
nanorods in unentangled polymer melts may be extended to
explore whether the force-driven ballistic motion occurs for
spherical nanoparticles, for which there are no preferential
directions for easier diffusion, as well as for nanorods in
entangled polymers where topological constraints on the
nanorods present a barrier for the force-driven motion. If
force-driven ballistic motion could take place, then one may
further study the length- and time-scale dependent features of
the coupling between force-driven nanoparticles and surround-
ing polymers. Even if the external force is not sufficiently large to
take over and make the nanoparticle motion ballistic, the force
may still affect the thermal diffusion of the nanoparticles. One
example is active microrheology'**™"* in which a colloidal
particle experiences a driving force and explores the
viscoelasticity of a medium in a force-driven manner. The
viscoelasticity explored may be in the linear response regime or
nonlinear regime depending on the strength of the driving force.
It is anticipated that studying the length- and time-scale
dependent features of the force-driven nanoparticle motion in
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a polymer melt would aid in the extension of passive
nanorheology'’” to active nanorheology.

II. The behavior of active matter generally depends on the
rules of imposing activeness. The constant force in the
simulations discussed in Figures 25 and 26 may be realized
using charged nanorods in electric fields. Fan et al.'”> have
demonstrated the precision transport of Au nanowires and
multiwalled carbon nanotubes (MWNCTs) using a combina-
tion of dielectrophoretic force and electrophoretic force, which
control the orientation and the ballistic translation of the nano-
objects, respectively (Figure 27a). Other than being externally
driven by a force, self-propulsion is a common mechanism of
activeness. For example, living worms with natural activeness
were used in rheology to study the effects of activeness on
entangled polymers by Deblais et al.'"®* The experiments showed
that with an increasing level of activeness, the zero-rate shear
viscosity decreases, while the shear thinning behavior becomes
weaker (Figure 27b). It was argued that the bead—spring
polymer model with a tangential self-driving force is suitable to
describe the polymer-like worms. Self-propelled thin nanorods
are good models of active filaments in biological systems. Recent
computational and theoretical work by Mandal et al."”® has
demonstrated that a concentrated system of self-propelled active
filaments exhibits crowding-enhanced diffusion. In the context
of nanoparticle—polymer coupling, one would expect that a self-
propelled nanorod possesses a higher flexibility in exploring an
entangled polymer melt with topological constraints, compared
to a nanorod with a driving force in a fixed direction.

III. The reduction in effective viscosity due to a fast renewal of
the local polymeric environment, that is, the force-driven
ballistic motion starts at a time scale 7y, shorter than the
terminal relaxation time of the polymer 7., can also be
achieved for nanoparticle—polymer composites under out-of-
equilibrium flow conditions. Polymers under a shear flow with a
large Weissenberg number W, which is the product of the shear
rate 7 and 7,,, of the polymers, exhibit shear thinning, which
refers to the decrease of the bulk viscosity with increasing y
(Figure 27¢). A nanoparticle embedded in such a strong shear
flow is anticipated to experience a reduced local viscosity
depending on the particle size with respect to the length scale
where polymer chain dynamics is perturbed by the external flow.
For nanorods, Calabrese et al.”’ have demonstrated the
alignment of cellulose nanocrystalline rods under the shear
flow of polymers at large W, Figure 27d. The onset of polymer
shear thinning (reduction in the shear viscosity #7) coincides with
the onset of the alignment of the rod (reduction in the average
angle (6) with the shear direction). Investigating the nano-
particle—polymer coupling under out-of-equilibrium flow
conditions will help design particle-based experiments to
investigate nonlinear polymer rheology'”""'?* as well as control
the processing of nanoparticle—polymer composites under
strong nonequilibrium flows such as encountered in 3D additive
manufacturing,

5. CONCLUDING REMARKS

The research on the dynamics of nanoparticles in a polymer
matrix may be extended to cover more types of polymer
matrices.

L. Cross-linking polymer melt chains yields a rubbery network.
The hopping diffusion of nanoparticles larger than the cross-
linked network mesh size was described in the scaling theory by
Cai, Paniukov, Rubinstein,*® as well as in the microscopic theory
by Dell and Schweizer.” The Cai-Paniukov-Rubinstein theory
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focused exclusively on the hopping of nonsticky hard nano-
particles. The Dell-Schweizer theory additionally included the
hopping of soft nanoparticles and touched the role of
nanoparticle—polymer attraction. For the hopping of nonsticky
hard nanoparticles in solvent-free dry polymer networks, the two
theories are qualitative different.

(1) The Cai-Paniukov-Rubinstein theory predicted that the
step size in the hopping diffusion is on the order of Kuhn
monomer size and thus independent of the particle size.
The Dell-Schweizer theory predicted that the jump
distance in the particle hopping process grows as the
confinement (quantified as the ratio of particle size and
network mesh size) increases and exhibits a dependence
on the particle size.

(2) The Cai-Paniukov-Rubinstein theory predicted that the
confinement of a nanoparticle by the entanglements
trapped in the polymer network is softer than that by
permanent cross-links and the hopping energy barrier
depends linearly on the particle size when entanglements
dominate, which is weaker than the quadratic dependence
when cross-links dominate. The Dell-Schweizer theory
did not distinguish entanglements from cross-links and
predicted that the hopping energy barrier asymptotically
depends on the particle volume or is proportional to a
cubic term of the particle size.

The two qualitatively different theoretical formulations of
nanoparticle hopping in cross-linked polymer network have
been recently evaluated against the systematic simulations by
Sorichetti et al.'*> The detailed evaluation demonstrated that
both theories described well the long-time diffusivity of hopping
nanoparticles but did not capture well the heterogeneous
nanoparticle dynamics at intermediate time scales.

The research on nanoparticle hopping diffusion in cross-
linked polymer networks may be extended to glass forming
polymer network, an cutting-edge research topic with
applications such as separation membranes, barrier materials,
and nanofiltration as the technological background. A recent
joint theory-experiment-simulation study'”” on the diffusion of
large aromatic molecules (“penetrants”) in dense cross-linked
polymer networks demonstrated that the motion of the
penetrants is primarily determined by the coupling of local
penetrant hopping to polymer structural relaxation, with the
entropic mesh confinement effects being of secondary
importance. More aspects of nanoparticle hopping in cross-
linked networks have been revealed by molecular simulations.
Recent simulations by Dai et al.'"”* demonstrated the effects of
network topology on hopping diffusion, a timely research
direction commensurate with the advances in chemical synthesis
that can precisely control the topology of a cross-linked
network.'”* Additionally, using molecular simulations and
theoretical analysis, Xu et al."”> have shown more evident
nanoparticle hopping diffusion in semiflexible polymer net-
works. For moderate rigidity, the hopping energy barrier
approximately depends linearly on the confinement parameter,
which is the ratio of the particle diameter and the network mesh
size, in contrast to the quadratic-dependence when network
strands are softer and harder. Other than network topology and
network strand stiffness, the new physics regarding nanoparticle
hopping in a cross-linked polymer network may be further
enriched with the use of reversible cross-links, which would
introduce a dependence of nanoparticle—polymer coupling on
the lifetime of reversible cross-links.
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II. Many experiments of nanoparticle dynamics are performed
in a polymer solution rather than a solvent-free melt. At length
scales below the correlation length in a concentrated polymer
solution, a nanoparticle is coupled to the solvent viscosity.
Above the correlation length, a scaling theory may be developed
by renormalizing the corresponding theory for nanoparticles in a
polymer melt, as in the pioneering work by Cai et al.”” The same
scaling approach has been used by Cai et al.** to describe
nanoparticle dynamics in an unentangled polymer gel, which is a
mixture of cross-linked unentangled polymer chains and solvent
molecules. Similar to nanoparticles in entangled polymer melts
and solvent-free cross-linked polymer networks, the ratio of
nanoparticle size and the network mesh size has been identified
as a key player in the diffusion of nanoparticles in gels.*>'?°~"*
In addition to the effects of network confinement, various
aspects of the interplay between nanoparticles and gel networks,
including the effects of network heterogeneity,” the nanoscale
structural evolution during gelation,196 controlled defects as in
degradable gels, as well as the shape anisotropy of nano-
particles,'”” have been studied in recent experiments.
Motivations of studying nanoparticle transport in gels also
arise from biological systems. One example is nanoscale
transport in biological gel that serves as a barrier against
invading pathogens and foreign materials.””’ Another example is
vesicle transport in extracellular matrix for the cell—cell
communication over long distances.”"

III. A polymer matrix may be composed of polyelectrolytes
and thus bring in electrostatic interactions into the coupling
between nanoparticles and polymers. The viscoelasticity of a
polyelectrolyte matrix depends on the charge patterns of the
polyelectrolyte chains as well as the pH and salt concen-
trations.'*>*** As a result, the dependencies may be inherited in
the coupling between nanoparticles and polyelectrolytes and
present themselves as pieces of new physics. In addition,
nanoparticles may be charged as well and interact with the
polyelectrolytes directly. Rumyantsev et al.>** recently devel-
oped a scaling theory for the structure and dynamics of complex
coacervates formed from linear polyelectrolyte chains and
oppositely charged spherical colloids, which may represent
globular proteins, solid nanoparticles, or spherical micelles of
ionic surfactants. The diffusion coeflicients of the colloids were
predicted to be strongly decreasing functions of the particle size
and the charge carried by the particle. The predictions of the
scaling theory were compared with the experiments of the
coacervation between supercationic globular green fluorescent
proteins (GFPs) and anionic RNA, which showed that GFP
charge is a key determinant of the protein diffusion in the
condensed phase. One more example is the transport of charged
particles in biological gels with charged polymers. Charged
particles with sizes markedly smaller than the gel network mesh
size are often immobilized due to the electrostatic traps, in stark
contrast to the high mobility of charge neutral particles of the
same size.”"’

Historically, the random motion of particles suspended in a
medium was first described in 1827 by Brown, who looked
through a microscope at pollens in water. Einstein’s 1905 paper
and Smoluchowski’s 1906 paper with different derivations
demonstrated that the Brownian motion of particles of
observable dimensions in a fluid reflects the random motion
of surrounding fluid atoms, making critical contributions to the
establishment of modern atomism. Langevin's 1908 paper
constructed a theoretical framework to describe the Brownian
motion as being subjected to a deterministic force arising from
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the fluid viscosity and a fluctuating random force. The
theoretical language invented by the pioneers in the early 20
century persists in the 21* century’s research on the dynamics of
nanoparticles in polymer matrices. The new theoretical
approach based on the scaling concepts in polymer physics
was initiated in the 2003 paper by Brochard-Wyart and de
Gennes® and extensively used by Rubinstein and his
collaborators.””**'?"'*” The scaling theory is particularly well-
positioned to identify the important length and time scales in an
insightful way. Meanwhile, microscopic theories for nano-
particle dynamics in polymer matrices that combine statistical
mechanics and polymer physics were developed by Schweizer
and his collaborators.*”””'?%**%2%> The microscopic theories
have mainly focused on spherical nanoparticles in various
polymer matrices but may be potentially expanded to capture
the diversity in the nanoparticle—polymer coupling physics as
reviewed in this article. Molecular simulation, which was
invented in the second half of the 20 century but has already
been established as an unparalleled tool complementing
experiments and traditional theoretical approaches, has
contributed significantly to the research on the dynamics of
nanoparticles in polymer matrices. Standard models in coarse-
grained nanoparticle—polymer simulations have been developed
and calibrated. Looking forward, the development of scale-
bridging simulation methods that combine the strengths of fully
atomistic and coarse-grained models may help elucidate more
pieces of the rich physics in the nanoparticle—polymer coupling.
In the age when artificial intelligence permeates to every corner
of the world, the rich parameter space for controlling
nanoparticle dynamics in polymers would also motivate data
scientists to employ machine learning techniques to make data-
driven research progress.

Diftusion is the macroscopic manifestation of the microscopic
Brownian motion. As the diffusion of nanoparticles in a
macromolecular environment is present in many technological
applications, such as nanoparticle self-assembly in functional
polymer nanocomposites, nanoparticle-based targeted drug and
gene delivery, the research on the nanoparticle dynamics
dictated by the length- and time-scale dependent coupling
between nanoparticles and polymers is anticipated to impact
many nanotechnologies, with the potential transformation of the
spatial and temporal manipulation of nanoparticles. Further-
more, the research on nanoparticle—polymer coupling may shed
light on the transport of bionanoparticles, such as viral
nanoparticles, in a complex biological setting’”® and thus
broaden its impact in the postpandemic era. It is hoped that the
scaling perspective offered in this article based on theoretical and
computational research may spur the integration of experiments,
simulations, and theory and make impactful progress in the field.
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