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Polymers on Nanoparticles: Structure & Dynamics

Michael J. A. Hore?

Grafting polymers to nanoparticle surfaces influences properties from the conformation of the
polymer chains to the dispersion and assembly of nanoparticles within a polymeric material. Re-
cently, a small body of work has begun to address the question of how grafting polymers to a
nanoparticle surface impacts chain dynamics, and the resulting physical properties of a material.
This Review discusses recent work that characterizes the structure and dynamics of polymers
that are grafted to nanoparticles and opportunities for future research. Starting from the case of
a single polymer chain attached to a nanoparticle core, this Review follows the structure of the
chains as grafting density increases, and how this structure slows relaxation of polymer chains

and affects macroscopic material properties.

1 Introduction

Combining polymer chains with nanoparticles has led to discov-
eries of new types of physical behaviors, new materials, and
has resulted in a rich field of active research.™ When com-
bining polymers and nanoparticles within a material, a few dis-
tinct situations arise. In the simplest case, polymers can adsorb
to a nanoparticle to coat the surface. In other situations, poly-
mers can be grafted to or from a nanoparticle surface. Graft-
ing to a surface involves using a reactive group on the poly-
mer chain, such as a thiol group, to bind to a complementary
nanoparticle surface, such as gold. Alternatively, polymers can be
grafted from a nanoparticle surface by initiating polymerization
from a small molecule attached to the particle surface, such as in
the case of surface-initiated atom transfer radical polymerization
(SI-ATRP) or surface-initiated reversible addition-fragmentation
chain-transfer polymerization (SI-RAFT).>® Each technique has
its relative advantages and disadvantages, and the choice of a
particular technique largely depends on the characteristics of the
particular system of interest as well as the desired goal, such as
obtaining particles with a high grafting density of high molecular
weight polymers.

Nanoparticles with polymers on the surface, both grafted and
adsorbed, have been the subject of a large number of studies,
and are increasingly being used in applications. Typically, the
nanoparticle core imparts a functionality or physical property to
a material or system. For example, Fe;0, nanoparticles generate
heat in response to alternating magnetic fields,® Au nanoparti-
cles scatter and absorb light at particular wavelengths and polar-
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izations, !0 and SiO, particles have been added to polymers to
enhance the elastic modulus of the material.11-12 Particles that
form from the association of polymer chains can mimic many of
the features of polymer-grafted nanoparticles. Polymer micelles
are perhaps the most common example of this, in which a hy-
drophobic end group or block of monomers associates in the core
of the micelle, leaving the hydrophilic chains to form a corona
around the core. In fact, early investigations of block copolymer
micelles laid the mathematical foundations used today to quan-
tify the structure and dynamics of polymers that are attached to
nanoparticle surfaces,!3 and may play a role in future studies
that look at broader classes of nanoparticles, such as nanorods or
nanocubes.

This Review summarizes recent progress in characterizing the
structure of polymers on nanoparticle surface and their corre-
sponding relaxation dynamics. While discussed in the context of
the influence that grafted chains can have on the physical prop-
erties of a polymeric material, the primary focus of this Review
is the physical behavior of the polymer chains themselves — in-
cluding the structures they form, reconciling theoretical predic-
tions with experimental measurements, and future opportunities
within the field. As such, this Review is not intended to be an
exhaustive discussion of polymer-grafted nanoparticle research.
For the interested reader, other related Reviews in the literature
examine the phase behavior and assembly of polymer-grafted
nanospheres in nanocomposites, >31%15 nanocomposite dynam-
cs, 16 polymer-grafted nanorods in polymers, 1718 applications of
such nanocomposites, # and other specialized topics such as single
component nanocomposites (SCNCs) ! and carbon nanotubes. 1?
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2 Structure

2.1 Mono- and Ditethered Nanoparticles

The simplest example of a polymer-grafted nanoparticle is per-
haps the case of a nanoparticle that is grafted with a single poly-
mer chain — a monotethered nanoparticle. Although they can be
challenging to synthesize, some progress has been made in re-
cent years in synthesizing such particles. One technique that has
been successful is a templated approach in which reactive groups
from polymers on a planar surface react with free nanoparticles
in solution. Westenhoff and Kotov2° took this approach to tether
CdTe quantum dots to single poly(ethylene oxide) (PEO) chains.
A similar approach from Li and Li used PEO crystals with exposed
thiol groups to asymmetrically functionalize Au nanospheres. 2!
The monotethered nanoparticles could be released afterwards by
dissolving the crystal with sonication.

Another robust approach for synthesizing monotethered
nanoparticles is to use reactive groups on polyhedral oligomeric
silsesquioxanes (POSS). Work from Cheng et al. 22 to synthesize
such particles resulted in the creation of giant surfactants, with
the POSS particle behaving as a hydrophilic head group, and a
grafted-to polystyrene chain behaving as a hydrophilic tail. The
successful attachment of a single chain to each POSS particle was
confirmed by MALDI-TOF measurements, which showed excel-
lent agreement between the predicted mass of the product and
the measured value. The particles were observed to self-assemble
into micelles, vesicles, and other well-known structures. In addi-
tion, the morphology of the assembled structures was shown to be
dependent on the degree of ionization of carboxylic acid groups
on the POSS particle. More recently, similar approaches have re-
sulted in analogs of gemini surfactants?® with either POSS or Cg,
particles behaving as the head groups with two polymer tails at-
tached. Wooley et al. %* previously demonstrated attachment of
two dendrimers to the surface of Cg. This library of mono- and
ditethered nanoparticles has been shown to form ordered phases
in the solid state with sub-10 nm domains, making them attractive
in areas such as lithography. 23:25:26 The area of giant surfactants
is a rich one, with many groups investigating a myriad of aspects
concerning their assembly, uses and synthesis. Although complete
discussion is beyond the scope of this Review, interested readers
can find a much more complete description in recent Reviews and
Perspectives on the subject. 27-28

Polymer-grafted fullerenes, like Cg, 242529731 are important in
areas that go beyond creating ordered nanostructures or under-
standing their behavior as giant surfactants. For instance, graft-
ing polymers to fullerene surfaces can enhance their solubility
in organic solvents or dispersion within nanocomposites. One
common approach to functionalization is cycloaddition of azide-
terminated polymers with Cg,. Kawauchi et al. 3 attached single
isotactic poly(methyl methacrylate) (PMMA) chains to Cg,, and
imaged the particles by atomic force microscopy (AFM). The AFM
images confirmed the presence of single chains, and the confor-
mation of the PMMA chains did not appear significantly altered
due to the presence of the fullerene core. Kumaki et al. 3% used
AFM to understand the dynamics of monotethered Cg,, and found
that the particles underwent reptation-like movements on sur-
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Fig. 1 Atomic force microscopy (AFM) imaging of monotethered Cg,
showing the structure of the grafted chains. (a) AFM height image of
particles after 72 minutes. (b) Time lapse image of six separate particles
showing distinct conformations of the grafted polymers at separate times.
The scale of the images is 300 x 400 nm?. Reproduced from Ref. 30 with
permission.

faces under high humidity conditions. Other polymers, such as
poly(caprolactone) (PCL) 33 and poly(ethylene oxide) (PEO) 34
have been successfully grafted to Cg, surfaces. In water, PEO-
grafted Cy, tends to aggregate due to its strong hydrophobicity,
forming aggregates on the scale of 100s of nm.3* Cgo grafted
with single PCL chains will similarly aggregate. As discussed in
Section 3, the tendency for monotethered Cy, to aggregate can
significantly impact the polymer chain dynamics.

Alongside experimental efforts is a large body of theory and
simulation using Monte Carlo, PRISM, and coarse-grained tech-
niques (e.g., Brownian dynamics) to understand phase behavior
and the structure of similar monotethered nanoparticle systems.
The bulk of this body of work focuses on nanoparticle assem-
bly or aggregation into structures in solution or polymer matri-
ces. The structure of the grafted polymers is largely assumed
to be unaffected by the presence of the nanoparticle core, and
indeed, as demonstrated by the AFM images in figure 1, this is
likely a reasonable assumption. Work from the Glotzer group has
used coarse-grained techniques to study monotethered nanopar-
ticles with several geometries. Brownian dynamics simulations
by Zhang et al. 3> investigated the role of nanoparticle shape
and number of tethers on nanoparticle assembly. The geome-
try of the nanoparticle core (e.g., sphere, rod, etc.) strongly in-
fluenced the morphology of the assembled nanoparticles, which
closely resembled block copolymer morphologies. Monotethered
spheres formed spherical morphologies or lamellar structures de-
pending on the relative interaction strengths of the nanoparti-
cle core, tether, and solvent. Monotethered rods formed lamel-
lar structures when the tethered polymer was located at the
end of the rod. Monotethered nanorods exhibited liquid crys-
talline phases, which have been observed experimentally in sev-
eral nanorod systems. 17-36 Laterally-tethered nanorods generally
assembled into side-by-side nanostructures, which transitioned
between four liquid crystalline phases as temperature and par-
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ticle volume fraction were varied. Interestingly, although the sim-
ulations were performed for monotethered nanorods, the result-
ing self-assembled structures were quite reminiscent of structures
formed by polymer-grafted Au nanorods in polymer thin films. 37
Other particle shapes primarily formed cylindrical or lamellar
morphologies. 38 Further investigation of monotethered, spheri-
cal nanoparticles3? found that additional morphologies, such as
perforated lamellae and hexagonally ordered cylinders, arise as
the particle concentration, system temperature, and nanoparti-
cle size are varied. In addition, Iacovella et al.3° found quanti-
tative similarities between the phase diagrams of monotethered
nanoparticles and a diblock copolymer surfactant, under similar
conditions. This has been observed experimentally as well by oth-
ers.28 Zhang et al. 4° performed systematic Brownian dynamics
simulations to mimic monotethered POSS particles as a function
of tether length and solvent conditions, and observed a variety
of ordered structures similar to those seen in surfactant systems.
Lamellar morphologies were stabilized by strong interactions be-
tween the cube-like POSS cores.

Jayaraman and Schweizer*! applied PRISM calculations,

which connect naturally with experimental scattering measure-
ments, to understand monotethered nanoparticles under a range
of conditions. PRISM calculations are advantageous in that they
allow for investigation of systems at high packing fractions (up to
60%) without significant computational expense. In the absence
of particle-particle interactions, particles did not exhibit strong
ordering, but the potential of mean force (PMF) exhibited a tran-
sition from weak repulsion at low packing fractions to one with
complex oscillations at higher packing fractions, which the au-
thors ascribed to an interplay between depletion effects and steric
repulsion. In the presence of attractions between the nanopar-
ticle cores, strong aggregation was observed for the monoteth-
ered particles. In a separate study*?, the same authors varied
the number of tethers on the nanoparticle from 1 to 4, as well as
considered the effect of the location of the tethers. In general,
the coordination number of the nanoparticles was observed to
increase with increasing particle-particle attraction strength, and
decrease as the number of tethers increased. For monotethered
nanoparticles, the real space structure of the particle aggregates
closely resembled that of a spherical, polymer-grafted nanoparti-
cle (discussed in the following sections). As tethers were added
to the particles, the morphology evolved from spherical to lamel-
lar, somewhat reminiscent of similar transitions in micellar or
block copolymer systems. Zhu et al.**> used a combination of
self-consistent field theory (SCFT) and density functional theory
(DFT) to study nanoparticles with single diblock copolymer teth-
ers. The diblock tethers underwent microphase separation, which
further directed the assembly of the nanoparticles, in some cases
into hierarchical structures.

2.2 Dilute and Semi-Dilute Grafting Conditions

Nanoparticles that are grafted with many polymer chains are
more common in the literature than mono- or ditethered par-
ticles. Under "dilute" grafting conditions, the average distance
between the graft points of neighboring chains on the nanopar-
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ticle surface is larger than their radius of gyration, i.e., D 2 R,
such that the conformation of the grafted chain is not signifi-
cantly impacted by other chains. In describing the structure of
polymers grafted under these conditions, it is convenient to com-
pare them to symmetric star polymers. In many instances, star
polymers might be considered analogous to spherical, polymer-
grafted nanoparticles, since they consist of f arms grafted to a
small molecule core. The question of whether the arms of a star
polymer adopt ideal conformations or are stretched is at least sev-
eral decades old, and a recent communication from Chremos and
Douglas#* suggests criteria to differentiate star branched poly-
mers and polymer-grafted nanoparticles on the basis of molecular
dynamics simulations. Through examination of the average seg-
mental density of polymers as a function of f, the authors noted
that star polymers with f > 6 behaved more like particles than
linear polymers, and that beyond this threshold value of f, the
arms of a star polymer will begin to be deviate from ideal chain
statistics due to other grafted chains. Recent small-angle neutron
scattering (SANS) measurements of poly(N-isopropylacrylamide)
(PNIPAM) star polymers by Lang et al. observed that up to f =6,
the stars behaved as polymers,*> and SANS measurements by
Nickels et al. 4© of phytoglycogen, a highly-branched polysaccha-
ride, showed unequivocally that those highly-branched polymers
behaved as colloidal particles. SANS measurements from Richter
and coworkers et al. 4748 demonstrated that POSS grafted with
PEO displayed behaviors similar to both star polymers and par-
ticles. As another example, the portions of chains within the
corona of polymer micelles behave as unperturbed polymers at
low aggregation numbers, and somewhat surprisingly, the metal
junctions that comprise polymer metal organic cage (polyMOC)
gels behave as though they were polymer-grafted spheres with
either 4 or 24 polymer chains attached.4%°0 At such low graft-
ing densities, where chains do not influence the conformation of
neighboring chains, the polymers are said to be in the mushroom
regime, and the thickness of the polymer layer is expected to scale
with the degree of polymerization, N, as H ~ N'/? and H ~ N3/°
in @-solvent and good solvent conditions, respectively.®1>2 In
a computational study, Binder and coworkers found that semi-
flexible chains exhibit different scaling relationships than flexible
chains. >3 Pedersen and Schurtenberger calculated form factors to
analyze such chains by scattering methods.>* In the mushroom
regime, H should be independent of the grafting density ¢, and
the structure of polymers in the mushroom regime is not drasti-
cally different from those discussed in the previous section.
Although unaffected by neighboring chains, polymers in the
mushroom regime can nevertheless adopt interesting structures,
especially in poor solvent conditions. Recent work by Kumacheva
et al. 556 has demonstrated the collapse of grafted polymers onto
the surfaces of nanoparticles under poor solvent conditions, re-
sulting in patchy nanoparticles. Shown in figure 2a is a schematic
phase map for gold nanospheres grafted with polystyrene, at
low grafting densities (¢ = 0.003 to 0.2 chains/nm?2).%¢ The
phase map demonstrates the interplay between nanoparticle di-
ameter (D), o, and the number of patches (n) that form on the
nanoparticle surface. At high grafting densities, where there are
many chains on the surface, the polymer collapses into a uni-
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Fig. 2 (a) Schematic phase map of patchy, spherical nanoparticles as a
function of grafting density, o. The top images depict an electron tomog-
raphy (left) and transmission electron microscopy (TEM) image (right)
patchy particle with » = 3 patches. (b) The effect of nanoparticle shape
on the number of patches on the particle surface. The top graph cor-
responds to polymer-grafted nanocubes (NCs), while the bottom graph
compares etched nanocubes (solid bars) to nanospheres (dashed bars).
Adapted with permission from Galati et al. 5. Copyright 2017 American
Chemical Society.
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form shell around the particles and no patchiness is observed.
However, at lower grafting densities, the phase map shows the
formation of discrete patches of polymer which increase in num-
ber as D increases at fixed o, as verified with transmission elec-
tron microscopy (TEM) and electron tomography. The shape
of the nanoparticle core also influences the structures formed
by the grafted polymers. Shown in figure 2b, polymer-grafted
nanocubes (NCs) tend to form n = 4 patches for grafing densi-
ties of ¢ ~ 0.03 chains/nm? (top graph) >, but upon etching the
edges and vertices of the NCs to form a spherical core, the num-
ber of patches decreases to n ~ 3 (bottom graph). By compar-
ing the etched nanoparticle (solid bars) to spherical nanoparti-
cles (dashed bars), the authors found similar distributions of the
number of patches, and concluded the geometry of the nanopar-
ticle core strongly influences the patchiness of sparsely-grafted
nanoparticles in poor solvents.

Recent theory and simulation from Asai et al. >” has shown that
polymer patchiness can occur in cases where the grafted polymer
is not immersed in a poor solvent. Using an equivalent sphere
(ES) model, and comparing results to coarse-grained simulations,
the authors found that for a fixed nanoparticle size, a signifi-
cant amount of the nanoparticle surface may be exposed, which
is essentially independent of the degree of polymerization up to
N = 200, when a single polymer chain is grafted to the surface
(f =1). In addition, up to 20% of the surface may be exposed
for up when f < 20, which can be achieved at moderate graft-
ing densities for small nanoparticle cores. Thus, patchiness may
be present and may need to be accounted for in many systems,
especially for those in which nanoparticles self-assemble. Jiao
and Akcora°8°? investigated the assembly of polystyrene-grafted
Fe;0, nanoparticles in a matrix of free polystyrene chains, using
a combination of TEM, small-angle X-ray scattering (SAXS), and
small-angle neutron scattering (SANS). The authors observed the
formation of strings of particles over a range of low grafting den-
sities from ¢ = 0.02 to 0.16 chains/nm?2.%8 String formation was
attributed to dipolar interactions between the nanoparticle cores,
and entanglement between the grafted polymer chains. SAXS and
SANS measurements®? found that the grafted chains were Gaus-
sian with a size that scaled as R ~ N'/2, indicating that the assem-
bly of sparsely-grafted nanoparticles did not alter the structure of
the grafted polymers.

Above a cutoff grafting density, the brush height becomes sen-
sitive to the grafting density.->2 Early measurements by Savin et
al.” showed that for D = 10 nm SiO, nanoparticles, the thick-
ness of a grafted polystyrene layer, synthesized via atom-transfer
radical polymerization (ATRP), scaled linearly with the polymer
molecular weight. The Daoud-Cotton (DC) model for star poly-
mers provides a starting point for describing the structure of
polymer-grafted spheres as a function of the grafting density o
and the degree of polymerization N.®0 In the DC model, a uni-
form star polymer with f branches is placed into a solvent whose
interactions with the star polymer are captured through the Flory-
Huggins parameter y. Ohno et al. °! extended the DC model, and
calculated that for a nanoparticle with radius ryp, the grafted
polymer chains will form a semi-dilute polymer brush if the re-
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duced grafting density

o' =ao < (M)’ )

where ¢* is a reduced grafting density, o is the "real" grafting den-
sity, v* is an excluded volume parameter defined from the Daoud-
Cotton (DC) star polymer model, 60 and ¢ is the Kuhn length. In
this regime, the thickness of the polymer layer is expected to scale
as N3/3 in a good solvent, implying that the particles prepared by
Savin et al. were very densely grafted.

Field theoretic calculations describe the structure of grafted
polymers in more detail than the DC model. Using a self-
consistent field approach, Wijmans and Zhulina®? extended cal-
culations by Milner, Witten, and Cates to show that under good
solvent conditions, polymers grafted to surfaces with low curva-
ture (i.e., a relatively large radius) form a brush layer with a thick-
ness H which scales as

3 2
H 3H 1 H
J— 1 - — =1 2
(Ho) { +460H<)+5(60H0) } @
where o = ryp/H is a relative radius of curvature, and ryp is the

nanoparticle radius. Hy describes the height of a parabolic brush
profile on a flat surface as

8\'? 1/3 —%1/3
Hy = (—2) aNv'/'° o 3
T

where N is the polymer degree of polymerization, «a is the Kuhn
length, 6* = a®c is a dimensionless grafting density, and v is the
second virial coefficient. Equation 3 implies that the brush height
on a planar surface scales linearly with the molecular weight of
the polymers, i.e., H ~ N'. As the curvature of the nanoparticle
surface increases, the height of the grafted polymer layer can be
expressed as a scaling relationship

H~ (N3 r,%,Pcv) s 4

which clearly shows the N3/5 scaling of the brush height expected
for polymer chains in a good solvent, in accordance with the ex-
tended DC model. This scaling relationship is expected to emerge
at distances far away from the nanoparticle surface, where the
curvature is much lower, and there are no influences from neigh-
boring chains due to the lower concentration (e.g., in high molec-
ular weight samples).

The use of equation 2 (i.e., the MWC-WZ model) for the thick-
ness of the polymer layer has been validated experimentally. Most
recently, work from the Vaia group©3 used dynamic light scatter-
ing (DLS) to determine the brush height as a function of molecu-
lar weight, demonstrating excellent agreement between the thick-
ness estimated from the hydrodynamic radius and estimates using
equation 2, as shown in figure 3a. An important feature observed
in this data is the N%-9 scaling of the brush height with molecular
weight (i.e., N), indicating that the brush is slightly extended as
compared to free chains in solution. This scaling relationship is
very close to that predicted by Hore et al. ®* using SCFT for sim-
ilar particles, shown in figure 3b, which found that for grafted
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Fig. 3 (a) Dynamic light scattering (DLS) measurements (solid points)
of the hydrodynamic thickness of the brush, k, as a function of molec-
ular weight. Shown as open symbols are estimates of the brush thick-
ness according to equation 2. Reproduced with permission from Jiao
et al.53. Copyright 2018 American Chemical Society. (b) Estimates from
self-consistent field theory (SCFT) calculations of the scaling exponents
for the brush height of polymer-grafted as a function of the number of
Kuhn segments. Ry, is the height of the brush from the surface of the
nanoparticle. R,y is the scaling of the outer portion of the brush. Re-
produced with permission from Hore et al.%4. Copyright 2013 American
Chemical Society. (c) Visualization of the effect of polydispersity (PDI) on
polymer conformation from Monte Carlo simulations. Dodd and Jayara-
man 8%, Copyright 2012 Wiley Periodicals, Inc.
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polymers with less than approximately 40 Kuhn segments, the
height of the brush scaled as N03, although at slightly different
grafting densities. For the polystyrene-grafted nanoparticles stud-
ied by Jiao et al. 63, this corresponds to molecular weights of less
than approximately 28 kg/mol®!. Monte Carlo simulations by
Dodd and Jayaraman©® also found scaling exponents of v = 0.65
for 0.1 < 0* < 0.65. For monodisperse chains at ¢* = 0.65, the
authors found H ~ N%% in good agreement with measurements
and theory. As the polydispersity increased from P = 1.0 to 2.5,
the scaling exponent decreased slightly to v = 0.63. The effect of
the dispersity can be observed using snapshots from Monte Carlo
simulations, shown in figure 3c, in which the polydisperse system
shows long chains protruding from the grafted layer, where they
do no appear strongly influenced by the presence of other chains.
For comparison to experimental studies, most grafted polymers
synthesized by surface-initiated controlled radical polymerization
schemes have P < 1.3.7:61,63,64,

2.3 High Grafting Conditions

The structure of grafted polymers becomes most complex at high
grafting densities. At high grafting densities, the extended DC
model predicts two regions of polymer concentration: a concen-
trated polymer brush (CPB) near the nanoparticle core and a
semi-dilute polymer brush (SDPB) farther away. The cutoff dis-
tance between these two regions can be estimated from the ex-
tended DC model, and is given as:
Vo*

Te =TINP—o (5)

where o* = &%

o is a dimensionless grafting density, ryp is
the nanoparticle core radius, and the excluded volume v* =
(47)~Y/2(1/2— x). y is the Flory-Huggins parameter between the
grafted chains and their matrix. At high grafting densities and

large molecular weights, the chains may be fully stretched. %©

Several groups have measured the thickness of the grafted poly-
mer layer using a variety of techniques, including DLS, 61,63,66,67
electron microscopy,®® and small-angle neutron scattering
(SANS).6469-73 The general structure of the brush at high graft-
ing densities is shown in figure 4. DLS measurements by Ohno
et al.®! and Dukes et al.%7 as a function of molecular weight
showed two distinct scaling relationships as molecular weight in-
creased. Ohno et al. found the thickness of the CPB region scaled
as H ~ N%83 for poly(methyl methacrylate) (PMMA) in acetone
whereas Dukes et al. found H ~ N°7 for polystyrene in benzene.
When plotted together, Dukes and coworkers found remarkable
agreement between the scaling exponent observed in their mea-
surements, as well as those by Ohno et al. 1 and Savin et al.”. It is
worth noting the limitations of both the DC and MWC-WZ models
to describe grafted polymers, as pointed out in the work of Dukes
et al. %7 Although the MWC-WZ model predicts that the height of
the CPB region should scale linearly with N, as in the case of a pla-
nar brush, measurements have consistently found H ~ N3/4, Sim-
ilarly, the extended DC model predicts that the thickness of the
CPB region scales as H ~ N. Monte Carlo simulations by Laradji
for planar, flexible, polymer-grafted membranes are able to re-

6| Soft Matter, [year], [vol.], 1-15

0.8
heps ~N 4 7

-~
-

Fig. 4 Structure of grafted polymer chains at high grafting densities in
the CPB and SDPB regions. The scaling of the brush heights # are noted
in each region. Reprinted from Lenart and Hore *, copyright 2017, with
permission from Elsevier.

cover the N3/4 scaling, indicating that this value likely arises due
to curvature effects.’* As shown in figure 3, the MWC-WZ model
correctly describes the brush height for large molecular weights
where the effect of the CPB region may be relatively small. An-
other limitation of the DC model is that it treats the change in con-
formation between the CPB and SDPB regions as a step function,
when in reality, the transition is likely gradual.”® As noted by the
authors of several studies1%67 of the CPB region, because both
the extended DC and MWC-WZ models consider only pairwise in-
teractions, their ability to correctly describe confinement in the
CPB region or more complex systems are limited. Nevertheless,
both models are extremely useful in providing a general picture
of polymer conformation. The extended DC model is noteworthy
in its simple prediction of the size of the CPB region (¢f equation
5), which has been recently verified by SANS measurements. 6469

Goel et al. 76 combined several techniques — SAXS, SANS, TEM,
rheometry — to examine both structure and dynamics in poly(n-
butyl acrylate) (PBA) or poly(syrene-co-acrylonitrile) (PSAN)-
grafted SiO, nanoparticles. While the interparticle spacing be-
tween nanoparticles scaled as N'/2, when the spacing was com-
pared to the dimensions of ungrafted chains with similar molec-
ular weights, the authors observed that the chains must be
stretched by at least a factor of two. Thus, the combination of
scattering and microscopy can reveal structural information that
may be difficult to obtain using either technique alone.

The availability of suitable scattering models is neces-
sary for fully characterizing the structure of grafted poly-
mers. 13:47:48,54,64.69.77 Within the past five years, advances in
scattering models have led to the ability to directly access scal-
ing exponents of the CPB and SDPB regions without the need
for preparing a series of molecular weights. This is important
as it allows researchers to fully characterize the brush of a single
grafted-nanoparticle system, and understand how its structure in-
fluences other physical properties. Central to these developments
is the use of the form factor P,(g) and form factor amplitude F,(g)
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for a polymer with excluded volume:

1 1 1 1
Pp(Q):W?’(EaU)*WY(;,U) (6)
1 1
Fp(Q)ZWY E’U @

where y(x,y) is the lower incomplete gamma function, ¢ =
(4r/A)sin(0/2) is the scattering vector, and U = ¢*a’N?¥ /6.
Whereas the Debye function only describes scattering from poly-
mer chains with v = 1/2, these functions are able to capture scat-
tering for v = 1/3 (globule) to v &~ 1 (extended chain). SANS
measurements by Hore et al. ®* incorporated these functions into
a core-shell-chain (CSC) form factor to characterize the structure
of PMMA-grafted Fe;O, nanoparticles (ryp = 2.5 nm). The CSC
model describes polymer-grafted nanoparticles as a spherically
symmetric core, surrounded by a shell of polymer with uniform
density, which is grafted with N, chains a distance r. away with
an excluded volume parameter v. Using this model, the authors
were able to confirm the accuracy of the extended DC model in
predicting r., as well as in confirming that the SDPB size should
scale as H ~ N'/2 when y = 0. This model has been used to char-
acterize the junctions in polyMOC gels %, and can be extended to
estimate the number of primary loops at those junctions.>° In the
limit that the shell thickness # — 0, the model can describe scatter-
ing from spheres with low grafting densities (i.e., particles with
mushrooms or a SDPB region only). Of course, other scattering
models can be successfully applied as well. Mark et al. 78 studied
polyisoprene (PI)-grafted SiO, nanoparticles with SANS. Using a
spherical core-shell model with terms to describe the conforma-
tion of the grafted polymers, the authors were able to capture
both the structure of the particles, as well as the decay in the
density of the corona, finding a profile that scales with distance

as 71, in agreement with predictions from the DC model. 6078

The combination of X-ray and neutron scattering 7%-7%76.79 has
helped to simultaneously elucidate the behavior of nanoparticles
and polymers grafted to their surface, respectively, inside of poly-
mer nanocomposites. Neutron scattering, in particular, is use-
ful for characterizing grafted polymers because of its isotopic
sensitivity, especially between hydrogen and deuterium. Recent
work by Wei et al. % extended the CSC model to explicitly ac-
count for the conformation of the CPB region. The authors mea-
sured poly(methyl acrylate) (PMA)-grafted SiO, nanoparticles
with SANS, and fit the results to a core-chain-chain (CCC) model.
Regions of interest, such as the CPB region, were composed of
fully hydrogenated PMA. To suppress scattering from other re-
gions of the sample, Wei et al. took advtange of natural contrast
match conditions between SiO,, partially deuterated poly(methyl
acrylate-d3), and the solvent (1,1,2,2-tetrachloroethane-ds). The
result was that measurements were performed on poly(methyl
acrylate)-b-poly(methyl acrylate-ds)-grafted SiO, to characterize
the CPB region, and on poly(methyl acrylate-ds)-b-poly(methyl
acrylate)-grafted SiO, to characterize the SDPB region. The au-
thors found the thickness of the CPB region scaled as H ~ N8,
and that the SDPB region thickness scaled as H ~ N3/, as ex-
pected for polymers in a good solvent. However, the scaling
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relationships represented the average scaling exponents across
the respective regions, and the measurements were not sensitive
enough to observe a gradual transition in conformation as the
distance from the nanoparticle core increased. Regardless, the
measurements further confirmed the estimate for . given by the
extended DC model and showed directly that the CPB region is
highly stretched for high grafting density, high molecular weight
samples.

From a practical standpoint, the grafting density strongly in-
fluences the physical properties of materials made from polymer-
grafted nanoparticles due to the effect it has on the structure of
the grafted chains. For example, Gao et al. ! systematically varied
the grafting density of poly(hexyl methacrylate)-b-poly(glycidyl
methacrylate) on SiO, nanoparticles and investigated the effect
that this had on the mechanical properties of epoxy nanocom-
posites, including elastic moduli and fracture properties. Lower
values of o improved the fracture toughness. Work from Bock-
staller’s group 1280 studied densely grafted particles (discussed
in the next section) as a function of molecular weight. Their
measurements provide insight into the origin of the mechani-
cal enhancements observed in grafted particle systems, as they
show the largest enhancement at high molecular weights. Craz-
ing was observed at these conditions, whereas at lower molecu-
lar weights or high o, the nanocomposites were fragile. At high
molecular weights, the conformation of the chains is more ideal,
as implied by equation 4, and the chains have greater opportu-
nities for entanglement, leading to this behavior. Interestingly,
fragile composites were observed in instances where the molecu-
lar weight of the grafted polymers was above the entanglement
molecular weight, highlighting the importance of the structure of
the grafted polymer layer. Highly stretched polymer chains result
in a lower amount of entanglement, and more fragile compos-
ites. Jiao et al. %3 found a similar behavior for polystyrene-grafted
Fe;0, nanoparticles, finding that crazing occurred only when a
semi-dilute polymer brush was present on grafted nanoparticles.
Recent calculations from Asai et al. 8! observe similar behavior.
Koerner et al. 82 investigated how grafted chain conformation af-
fects the assembly of particles in single component nanocompos-
ites (SCNCs) using X-ray scattering, finding that the brush char-
acteristics can lead to anisotropic assembly of the nanoparticles.
Specifically, whereas SCNCs composed of nanoparticles with a
grafting density of ¢ = 0.05 chains/nm? formed grains of aligned
strings, the morphology was completely isotropic when the graft-
ing density increased to ¢ = 0.1 chains/nm?2. Upon deformation,
the grains of strings for the lower grafting density sample aligned
in the direction of applied stress, but the high grafting density
sample was characterized by the formation of chevron structures
rather than aligned strings. The authors attributed this difference
in morphology to a difference in the initial strain distribution in
the material, highlighting the fact that while the mechanical prop-
erties of both materials may be similar, the internal morphology
and strain distribution can be distinct as a result of brush confor-
mation.
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Fig. 5 Cryo-EM reconstruction of a Qf virus-like particle (blue) grafted
with poly(norbornene-oligo(ethylene glycol) ester) (PNB) (red). Shown
in the cross-sectional image on the right, the PNB polymer forms a thin
shell on the Q surface, decorated with small globules. Adapted from
Lee et al. 8. Copyright 2017 American Chemical Society.

2.4 Influence of Chemistry and Polymer Architecture

An underlying assumption in both the extended DC model and
the MWC-WZ model is that the grafted polymers are linear, and
that only pairwise interactions occur. Of course, in many poly-
mer systems, neither of these assumptions may be true, and may
result in drastically different structures than would be inferred
from either of these models. Monte Carlo simulations, for ex-
ample, have shown that for grafted copolymers, the monomer
sequence and monomer-monomer interaction strengths can alter
the scaling of the radius of gyration of the chains.8* The authors
observed patchy structures, globular structures (v = 0.3), swollen
chains (v ~ 0.6), and even highly stretched chains (v = 0.8) in the
case of athermal systems at high grafting densities.

One example of the effect of chain interactions can be seen in
the recent work of Lee et al. ,83 who grafted a poly(norbornene)-
like polymer (PNB) to the surface of Qf virus-like particles
(VLPs). The authors of this study used cryogenic electron mi-
croscopy (cryo-EM), shown in figure 5, and SANS to determine
the structures of the grafted polymers. As shown in the fig-
ure, PNB forms a complex structure consisting of a thick shell of
polymer on the Qf surface, with protruding PNB globules (red
region). SANS from the free homopolymers in D,O indicated
that the free polymer formed globules in solution, despite being
highly soluble, and that this structure persisted when the chains
were grafted to the VLP surfaces. Measurements from Kim and
Archer8> have shown that PEO chains can form helical structures
when grafted to SiO, nanoparticles at high grafting densities.
Neither the extended DC or MWC-WZ models predict or capture
this behavior, although analysis of scattering within a framework
such as the CSC or CCC model may yield valuable information
in both cases. Martin et al. 8 combined coarse-grained molecular
modeling with SANS to investigate the wetting-dewetting transi-
tion of polymer-grafted nanoparticles in a chemically dissimilar
matrix with LCST behavior. The Brownian dynamics simulations
captured many of the trends observed in SANS measurements,
highlighting the power of combining scattering with complemen-
tary techniques to understand complex systems.

In some instances, polymers may collapse despite favorable in-
teractions between the monomers and solvent molecules, such as
when the Flory-Huggins parameter y is concentration dependent.

8| Soft Matter, [year], [vol.], 1-15

N-clustering is an n-body interaction, 8’ which is not captured by
the extended DC or MWC-WZ models. This is the case for PNI-
PAM, and "n-clustering" can lead to departures from the structures
that would expected in the context of a framework like the ex-
tended DC model. N-clustering is also observed for poly(ethylene
oxide). 8889 Shan et al. attached thiol-terminated PNIPAM to Au
nanospheres, and observed the presence of two conformational
transitions: one at its aqueous lower critical solution tempera-
ture (LCST) of Tc = 32 °C, and another near 20 °C. The authors
attributed the transition at 7 = 20 °C, which is not observed for
free chains in solution, to collapse of the grafted chains due to
strong interactions between one another. Thus, the structure of
grafted PNIPAM at T > 20 °C consists of a collapsed shell of poly-
mer near the polymer core, with a dilute collection of chain ends
protruding from the surface farther away. This is not unlike what
was observed by Seifpour et al. 8 in Monte Carlo simulations, al-
though the PNIPAM homopolymer is considerably more simple
than a copolymer. Lang et al.°® observed a similar structure in
micelles formed from a set of related poly(N-alkyl acrylamide)
polymers that were terminated with a dodecyl group. The scal-
ing exponent of the portion of the chain within the corona of the
micelle was lower than that of a free chain, implying that the
presence of neighboring chains within the micelle lead to a more
collapsed conformation due to n-clustering.

As in the case of polymer micelles, other self assembled
structures may exhibit many of the characteristics of grafted
polymer chains, such as in the case of particles formed from
polymerization-induced self-assembly (PISA) or the polyMOC
gels discussed above. ?1:92 PISA particles can be formed by chain
extending a hydrophilic macro-chain transfer agent (macro-CTA)
with a hydrophobic block using RAFT. The copolymer concen-
tration and degree of polymerization of the blocks control the
self-assembly into spherical, worm-like, or vesicle morphologies.
SAXS measurements of spherical and worm-like particles pro-
duced from PISA distinctly showed a decay in the scattering in-
tensity at high ¢ that is consistent with a polymer corona similar
to that found on grafted nanoparticles. Separate SAXS measure-
ments *3 of PISA vesicles yielded the radius of gyration (Rg) of the
corona of the vesicles as well as the aggregation number. How-
ever, no attempt was made to extract the conformation of the
corona from the SAXS spectra, for example, with more detailed
form factors®4%9. To the best of the author’s knowledge, while
there has not yet been observation of CPB and SDPB-type regions
for particles formed by PISA, the DC model predicts that the re-
gions can emerge given sufficient concentrations of chains in the
corona. 6%-61 One difference between PISA particles and inorganic
nanoparticles is that the core size for a given morphology (e.g.,
vesicles) may not be as tunable. For instance, DLS measurements
of PISA particles?* show that the size of spherical PISA particles
can be varied between 40 and 100 nm by increasing the degree of
polymerization of the hydrophobic core from 250 to 1000. Vesi-
cles had much larger diameters on the order of 200 nm. Thus,
for a given morphology, it may be difficult to tune the conforma-
tion of the corona due to a strong interplay between aggregation
number and particle size, with larger particles leading to more
stretched coronas (c¢f equation 5).
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SANS measurements of polystyrene-grafted SiO, nanoparticles
have shown that grafting a chain to a nanoparticle surface can
alter interactions between it and its environment. Mongcopa et
al.?> found the @-temperature of the polystyrene/cyclohexane-
dqo system was depressed from Ty = 38 °C for free chains to
Ty = 34 °C for grafted polystyrene. The authors suggested a
change between the balance of entropic and enthalpic forces for
grafted chains resulted in the shift, further suggesting additional
measurements to definitively determine the origin. Because the
polymer chain conformation is directly related to the enthalpic
and entropic forces a grafted chain experiences, future theoreti-
cal treatments of grafted chain structure may need to take these
differences into account. SANS measurements by Buenning et
al.73 suggest that for SCNCs, swollen with ethyl acetate, made
from PMA-grafted SiO, nanoparticles, the Daoud-Cotton model
may no apply, motivating the need for additional investigations
into such systems.

Recently, the effect of polymer molecular weight dispersity on
brush structure has been receiving increasing attention, especially
in the case of bimodal molecular weight distributions. %698 Bi-
modal brushes can be synthesized via two successive RAFT poly-
merizations?® or by SI-ATRP??, and have been shown to broaden
the range over which nanoparticles can be dispersed within a
polymer matrix 9697,
chanical properties of polymer nanocomposites.®’ In the case
of SCNCs, bimodal brushes can be used to simultaneously rein-
force a material mechanically while maintaining excellent disper-
sion of the nanoparticles. One area in which this is important
is in high refractive index SCNCs.?8 As demonstrated in a re-
cent experimentally-validated, computational study, polydisper-

sity in the brush is central to the morphology of nanoparticle self-
100

Bimodal brushes also enhanced the me-

assemblies.

Limited studies have begun to consider the effect of non-linear
architectures on the structure of grafted polymers. Modica et
al. 191 used Langevin dynamics simulations and PRISM theory
to investigate the effect of side chains on the conformation of
grafted comb polymers. With increasing numbers of side chains
and increasing grafting density, the backbone became increas-
ingly stretched, with R ~ N8 for the shortest side chain length at
the highest grafting density (6* = 0.65). As the side chain length
increased, and grafting density decreased, v — 0.7. Future mea-
surements of grafted bottlebrushes or poly(norbornene)-derived
polymers may be interesting complementary studies to these sim-
ulations.

3 Dynamics

Compared to what is known of the conformation/structure of
grafted chains on particles, a relatively small amount is known
of their relaxation dynamics. Work from several groups within
the last decade is shedding light on the effect that grafting
has on polymer relaxation and resulting macroscopic material
properties, 85102-105,105-110 Eor instance, grafting polymers to a
nanoparticle surface can affect the timescales over which the
chains relax. Changes in the relaxation of polymer chains can
impact mechanical properties, such as the loss and storage mod-
ulus, and affect stress relaxation. Dielectric spectroscopy mea-
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surements of polyisoprene (PI)/clay nanocomposites by Mijovi¢
et al.'® found that for high molecular weight PI, increasing
clay content within a nanocomposite led to suppression of long-
time relaxation modes and an increase in the relaxation time of
the normal mode, which they attributed to confinement effects.
Macroscopically, this was correlated to an increase in the stor-
age modulus of the composites as the clay content increased.
However, measurements of chain relaxation in Cg,-containing
nanocomposites found the addition of Cg had an insignificant
effect on the normal mode relaxation times, and that segmental
relaxation modes were affected most, highlighting how different
nanoparticles may affect systems differently at different length
scales. As discussed in the previous section, the process of graft-
ing a polymer chain to a nanoparticle surface can result in con-
finement, whether by restricting the diffusion of the chain by an-
choring it to a nanoparticle, or by spatially confining it because of
the presence of neighboring chains. Because of this, it is reason-
able to expect that grafted chains may exhibit different dynamics
than free chains, and perhaps at different length scales.

For monotethered, PMMA-grafted C,, time-lapse AFM imag-
ing was able to capture the dynamics of the chains on mica sur-
faces (cf. figure 1).32 The authors of the study observed a unique
reptation-like movement of the chains in which they moved for-
ward and backward from the Cg particle along the same path.
The authors inferred that the combination of the mica substrate
and adsorbed water may have been the primary factors that influ-
enced the motions of the chains. In composites synthesized from
PCL-grafted Cg, aggregation of the Cg, was associated with a
decrease in the PCL mobility which affected both the glass tran-
sition temperature and the crystallinity of the PCL.The behavior
of PCL-grafted Cq, upon aggregation is somewhat similar to the
relaxation dynamics observed in other nanocomposites.

Neutron spin echo (NSE) spectroscopy is currently able to
access the largest window of time and length scales for poly-
mer systems. 111 Schneider et al. 112 used NSE to measure the
dynamics of the polymer matrix in nanocomposites containing
polyisoprene-coated SiO, nanoparticles within a poly(ethylene-
propylene) (PEP) matrix. Although the decay in the intermediate
structure factor (ISF), I(q,t)/1(q,0), was decreased by increasing
the particle concentration, the authors found that the PEP chains
retained Gaussian conformations. Furthermore, while the over-
all ISF varied with nanoparticle concentration, the initial decay
of the ISF was described well by the Rouse model for unconfined
polymers. The authors concluded that the local dynamics of the
polymers were unchanged, and increasing the particle concen-
tration resulted in tube diameters that decreased with increas-
ing particle concentration. Thus, the difference between the dy-
namics in filled and unfilled materials was due to differences in
entanglement. 112 X-ray photon correlation spectroscopy (XPCS)
measurements of PMMA-grafted Au nanoparticles dispersed in
PMMA homopolymer!13 showed that changes in polymer dy-
namics at small length scales influence nanoparticle dynamics,
as well. Freilinghaus et al. 114 combined SANS and neutron spin
echo (NSE) to measure the structure and collective dynamics, re-
spectively, of Laponite/PEO nanocomposites. The NSE spectra
that were collected for the Laponite/PEO system were described
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by a fast decay over 10 to 20 ns, followed by a plateau that did not
decay to zero. The authors ascribed this behavior to the presence
of regions of PEO that were immobilized on the Laponite sur-
faces, significantly restricting their relaxations. More recent NSE
measurements of carbon black (CB)/polybutadiene nanocompos-
ites have measured the collective dynamics of polymer chains in
the presence of particles, and clarified the role of nanoparticles
in slowing chain dynamics. In their work, Jiang et al. 11°> found
many similarities with the measurements from Freilinghaus et al.
, including the presence of a fraction of immobilized polymer on
the nanoparticle surface. However, their detailed analysis of the
NSE spectra discovered evidence of "breathing modes" in the por-
tions of the polybutadiene that was not immobilized by the car-
bon black. Breathing modes are characterized by a quick decay
of the normalized ISF, followed by a long-time plateau. 116 Physi-
cally, breathing modes correspond to collective, longitudinal mo-
tions along the direction of the polymer contour. }17

Given that nanoparticles appear to slow or stop the relaxation
of polymers that adsorb to their surface, a natural question to ask
is how the actual dynamics of grafted chains differ from those
that are untethered or adsorbed. Holt et al. 19> explicitly investi-
gated the difference between grafted and adsorbed chains using
broadband dielectric spectroscopy (BDS), finding that the chain
stretching that occurs near the nanoparticle surface results in
slowing of segmental dynamics. Recent work from Archer and
coworkers has used also employed BDS to extensively investigate
the relaxation dynamics of PI-grafted nanoparticles to help ad-
dress this question. 102-104118 BpS measurements found that the
normal mode relaxation time (7) increased as ¢ increased due to
increasing confinement by neighboring chains. %2 As molecular
weight increased, untethered chains showed a larger variation in
their relaxation times than grafted chains. In another study, 104
rheological measurements showed that the grafting density in-
fluences the storage and loss moduli of nanocomposites contain-
ing PI-grafted SiO, particles. Composites containing moderately-
grafted nanoparticles (¢ = 1.21 chains/nm?) had higher elastic
moduli, over a wider frequency range, than composites contain-
ing densely-grafted particles (¢ = 1.68 chains/nm?) due to in-
creased entanglement/interpenetration between the brush layers
at lower grafting densities.Recent simulations from Ethier and
Hall11? support this finding. BDS measurements as a function of
grafted chain molecular weight found that grafted chains, in gen-
eral, showed increased relaxation times relative to free chains.
The difference between the relaxation times of grafted and free
chains decreased as the molecular weight of the polymer in-
creased, as shown in figure 6a. This finding can be rationalized
by considering the structure of a grafted chain. At low molec-
ular weights and high grafting density, a polymer chain is ex-
pected to be highly stretched relative to a free chain. This differ-
ence decreases as the molecular weight of the polymer increases,
and a larger amount of the chain resides in the SDPB region of
the brush. When the effect of grafting density was considered,
low molecular weight PI chains relaxed more slowly at moder-
ate grafting densities (0 = 0.64 and 1.21 chains/nm?) than at
the highest grafting density (¢ = 1.68 chains/nm?), as shown in
figure 6b. This behavior might be attributed to increased entan-
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Fig. 6 Dynamics of grafted polymers. (a) Relaxation times for grafted
(solid symbols) and ungrafted (open symbols) polyisoprene (Pl) at sev-
eral molecular weights. (b) Relaxation times for 7.2 kg/mol Pl as a func-
tion of temperature for several grafting densities. (c) Neutron spin echo
measurements of the CPB (dashed lines) and SDPB (solid lines) regions
of a grafted poly(methyl acrylate) brush. (d) Relaxation times for the CPB
(black) and SDPB (blue) regions. The inset shows a double logarithmic
plot confirming Zimm-like behavior. (a-b) Reproduced with permission
from Kim et al.%. Copyright 2015 American Chemical Society. (c-d)
Reproduced with permission from Wei et al.%°. Copyright 2018 Ameri-
can Chemical Society.

glement of the grafted polymers with the matrix at lower graft-
ing densities. Holt and coworkers 120
namics in traditional polymer nanocomposites consisting of SiO,
nanoparticles dispersed in poly(2-vinyl pyridine) homopolymer
(P2VP) to P2VP grafted SiO, nanoparticles. Their results showed
that local dynamics are affected primarily by chain density, but
the mechanical properties of the materials were affected by poly-
mer conformation and density. Thus, grafting a polymer to a sur-
face may slow local dynamics because of the high concentration
of chains on the nanoparticle surface. The high density of grafted
chains leads to chain stretching, however, which in turn affects
properties such as the modulus of the material.

NSE measurements are able to probe the relaxation dynam-
ics at different length scales, and can take advantage of isotopic
sensitivity to explicitly probe the structure and dynamics of lo-
cal regions of a grafted polymer chain. For this reason, they are
an incredibly powerful means of assessing polymer dynamics in
grafted systems. NSE measurements by Poling-Skutvik et al. 121
investigated how relaxation dynamics of grafted polymers are af-
fected by the presence of untethered chains. The authors ana-
lyzed their results in terms of a modified Kohlrausch-Williams-
Watts (KWW) function:

, B
11((;1,(?) —(1—f)exp [—(%) }-i-f (8)

where f is the fraction of chains that are immobile, 7 is a char-

compared segmental dy-
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acteristic relaxation time at scattering vector ¢, and f is a pa-
rameter which yields information on the relaxation. For unentan-
gled dynamics in the absence of hydrodynamic effects, § = 0.50
(Rouse dynamics). When hydrodynamic effects play a major role,
B ~ 0.85 (Zimm dynamics). Richter et al. 111 provide a detailed
discussion of the origin of these expressions, noting that f§ ~ 0.85
is an approximation common to NSE. Analysis according to equa-
tion 8 found that Zimm dynamics were dominant at short time
scales, but over long times, little relaxation occurred. Breathing
modes were not observed.

For the PMA-grafted SiO,, particles studied by Weiet al. , 69 par-
tially deuterating the SDPB region of the brush, and leaving the
CPB fully hydrogenated, allowed the authors to directly measure
the relaxation dynamics of the CPB region due to contrast match-
ing. The dynamics of the SDPB region could be directly measured
by reversing the deuteration scheme. The authors analyzed NSE
results in terms of equation 8, with f = 0. The dynamics of both
the CPB and SDPB regions were described well by Zimm dynamics
(B =0.85) at all length scales, as confirmed in figure 6¢. However,
the relaxation times of the CPB region were approximately three
times longer than that of the SDPB (figure 6d). It is not clear
why Zimm dynamics were observed in both regions of the brush
since the polymer concentration is assumed to be much higher
near the nanoparticle surface. SANS measurements by Buenning
et al. 73 observed that solvent readily penetrates both regions at
high concentrations, providing a possible explanation. As in the
work from Poling-Skutvik, no breathing modes were observed in
this system.

Although experimental studies of the dynamics in polymer-
grafted nanoparticle systems are just emerging within the last
several years, there is a relative wealth of theoretical and com-
putational work available that can guide future research. Molec-
ular dynamics (MD) from Binder and coworkers have examined
dynamics in polymer brushes under a range of conditions. In
one study, Reith et al. 122 determined the relaxation times for
planar grafted polymers as a function of position along the con-
tour, finding a maximum in 7 at positions deep within the brush.
When simulations were extended to spherical surfaces, the gen-
eral trend of increased relaxation times at intermediate positions
along the polymer contour was still observed.123 An interesting
aspect of simulations of spherical nanoparticles was that the in-
crease in 7 at intermediate contour positions was amplified as
the nanoparticle radius was increased (i.e.
creased). Chremos et al. 124 examined the dynamics of nanoparti-
cles, polymer-grafted nanoparticles in a polymer matrix, and SC-
NCs using MD. In the absence of solvent, the authors found that
the grafted polymers play the largest role in the dynamics. Short
grafted chains do not significantly alter the nanoparticle dynam-
ics compared to hard nanoparticles, whereas long grafted chains
lead to melt-like dynamics of particles that behave as hyper-
branched polymers. For long polymer chains, a natural question
that arises is what role grafting plays on entanglements, which
can significantly affect relaxation dynamics. Simulations by Hoy
and Grest12% investigated entanglements of planar grafted poly-
mers in polymer melts and solvents by primitive path analysis. In
solvents, the number of entanglements in the brush increased as

the curvature de-
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the solvent quality decreased. In polymer melts, entanglements
in the brush increased as grafting density increased. Work from
Kalb et al. 126 is in agreement, implying that in the case of spher-
ical, polymer-grafted nanoparticles, one might expect a greater
degree of entanglement in the CPB region than in the SDPB re-
gion, where the monomer concentration is much lower. An exper-
imental measurement of such an effect would be a great oppor-
tunity to increase our knowledge of such systems. Entanglements
between polymers grafted on nanoparticles and free chains in a
polymer matrix have been shown to lead to subdiffusive motions
of nanoparticles. 47

Interestingly, interactions between nanoparticles can also affect
relaxation dynamics. In another study, Agrawal et al. 118 blended
PMMA-grafted SiO, with PEO-grafted SiO,. PEO and PMMA in-
teract favorably with each other.!27 As the volume fraction of
PMMA-grafted particles (¢pypa) increased, SAXS measurements
of the interparticle structure factor showed the interparticle sepa-
ration decreased monotonically until ¢pys4 = 0.5, after which it
increased to its initial value at ¢py4 = 1.0. The decreased par-
ticle separation was attributed to favorable interactions between
PMMA-grafted particles and particles grafted with PEO - result-
ing in increasing interpenetration between the brushes of the two
components. Associated with the decrease in particle separation
was an increase in the relaxation time of the grafted polymers.
When compared to free chains, grafted chains showed the largest
increase in relaxation time for the value of ¢py4 Which showed
the smallest interparticle separation. Better space filling of the
polymer brushes at this value of ¢py4 led to increased con-
finement of the polymers, and slower relaxation of the chains.
As in previous studies, 194 grafted polymers were found to have
longer relaxation times than free chains. Others have investi-
gated the effect of chemistry on relaxation dynamics.
simulations from Trazkovich et al. 197 considered the effect that
monomer sequence can have on the dynamics of grafted poly-
mer chains, finding that for A-B copolymers, the dynamics can
be tuned to fall within the limiting cases of A or B grafted ho-
mopolymers. This tunability could be exploited to tailor the me-
chanical properties of nanocomposites. Molecular dynamics sim-
ulations from Ethier and Hall 128 have shown that strong polymer-
nanoparticle interaction strengths can collapse the grafted layer,
which may further slow relaxation dynamics. Simulations from
Xu and coworkers '8 demonstrated that for grafted nanoparti-
cles, strong polymer-nanoparticle interations resulted in enhance-
ments in the storage and loss moduli of a nanocomposite.

Polymer dynamics are inherently tied to the glass transition
temperature. Savin et al. 7 compared the glass transition temper-
ature (7,) of polystyrene when grafted to a nanoparticle surface
to cleaved chains and free chains synthesized via anionic poly-
merization as a function of molecular weight. While the cleaved
chains had values of 7, that were essentially the same as the
free polymer, grafted polystyrene showed an increased T,. For
all chains, 7, decreased as molecular weight decreased. The in-
crease in T, for grafted chains implied more limited mobility of
the chains when grafted to the SiO, surface, while the decrease
in T, with molecular weight highlights the role that chain ends
play. 1% Dang et al. observed similar increases in the 7, of grafted

Recent

Soft Matter, [year], [vol.], 1-15 | 11



polystyrene. 129 Recent measurements from Torkelson et al. 100
are also in excellent agreement with these studies. In addition
to DSC measurements, florescence spectroscopy found that 7, de-
creases as the distance from the nanoparticle surface increased.
Finally, a detailed study comparing traditional polymer nanocom-
posites to SCNCs 139 found SCNCs display little physical aging —
implying materials formed solely of polymer-grafted nanoparti-
cles may more reliably retain their physical characteristics over
time.

4 Conclusions and Future Outlook

Grafting polymers to nanoparticle surfaces can significantly affect
their structure and dynamics. In the case of their structure, as the
grafting density increases, chains become increasingly stretched
due to spatial confinement by neighboring chains. For spherical
nanoparticles at high grafting densities, this eventually results in
a polymer brush with two regions: a concentrated polymer brush
(CPB) with highly stretched chains, and a semi-dilute polymer
brush (SDPB) with more ideal conformations. Both the extended
DC and MWC-WZ models describe the structure well, with each
theory containing relative advantages and disadvantages. In most
studies, the effect of monomer chemistry, sequence, and n-body
interactions are neglected. The inclusion of such parameters may
be necessary in future studies to fully describe the structure of
grafted polymer systems.

From the point of view of polymer dynamics, grafting chains
to nanoparticle surfaces generally results in a slowing down of
relaxation processes. However, the specific nature of how the
dynamics are altered depend on factors such as the presence of
a polymer matrix, relative molecular weights, grafting densities,
and whether the polymers interact strongly with the nanoparticle
core. Neutron spin echo (NSE) measurements of grafted polymers
have resulted in a wealth of knowledge regarding the effect of
interactions and spatial confinement on relaxation dynamics.

Both experimentally and theoretically, a variety of techniques
have been used to probe the underlying structure and dynam-
ics of polymers that are grafted to nanoparticles. Experimen-
tally, these techniques range from indirect methods, such as elec-
tron microscopy ©® or dynamic light scattering, ©1:67 to more direct
measures such as atomic force microscopy3® and neutron scatter-
ing.%%%9 Mean field theories reproduce the essential features of
experimental observations, such as brush height®2 or approxima-
tions of single chain conformations,® but are not yet complete
descriptions for many systems of interest. In many cases, it is
a combination of these techniques that have been most success-
ful . Nevertheless, taken together, a common picture emerges of
concentrated monomers near the nanoparticle surface (i.e. the
CPB region) that decrease in concentration as the distance from
the nanoparticle surface increases. The result of this monomer
concentration profile is confined chains closer to the core that
are able to adopt more ideal conformations farther away. Corre-
spondingly, the polymer dynamics are slower in the concentrated
regions, and approach bulk behavior farther away from the sur-
face.

Looking to the future, the role of factors such as interactions,
monomer structure, and nanoparticle shape may need to be in-
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cluded in extensions of the currently available models. Within
the past 5 to 10 years, neutron scattering has become an invalu-
able tool for probing grafted polymers — especially small-angle
neutron scattering (SANS) and quasi-elastic neutron scattering
(QENS). A powerful concept unique to neutron scattering is the
ability to contrast match different portions of the system to the
surroundings through selective deuteration. With such an ap-
proach, scattering from regions of interest can be emphasized
over other regions. 48:69.78,79.131 Ap exciting possibility for fur-
ther exploring these systems may lie in using copolymer architec-
tures’® and contrast variation to examine polymer chains over a
variety of length scales and positions along their countour. As ex-
perimental techniques and models are developed and improved
upon, our insight into grafted-polymer nanoparticles is almost
guaranteed to improve. With a greater understanding of these
systems will come the ability to finely tune mechanical, transport,
and morphological characteristics of materials based upon them,
ultimately resulting in improved materials for widespread use.
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