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Polymer nanocomposites containing nanoscale fillers are an important class of materials due to their ability
to access a wide variety of properties as a function of their composition. In order to take full advantage of
these properties, it is critical to control the distribution of nanofillers within the parent polymer matrix, as
this structural organization affects how the two constituent components interact with one another. In par-
ticular, new methods for generating ordered arrays of nanofillers represent a key underexplored research
area, as emergent properties arising from nanoscale ordering can be used to introduce novel functionality
currently inaccessible in random composites. The knowledge gained from developing such methods will
provide important insight into the thermodynamics and kinetics associated with nanomaterial and polymer
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assembly. These insights will not only benefit researchers working on new composite materials, but will also
deepen our understanding of soft matter systems in general. In this review, we summarize contemporary
research efforts in manipulating nanofiller organization in polymer nanocomposites and highlight future
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1. Introduction

Composites are materials composed of two or more constitu-
ent components with different physicochemical characteristics
that exhibit hybrid properties unseen in either constituent
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challenges and opportunities for constructing ordered nanocomposite materials.

individually. The development of composite materials can be
traced back thousands of years, when people discovered that
mixing dried mud and straw resulted in a new material that
resisted both squeezing and tearing, allowing bricks of this
composite to serve as excellent construction materials.
Modern scientists have discovered that such effects also exist
at the microscopic level, where the incorporation of nanoscale
filler materials into polymer matrices can impart unique physi-
cal behaviors that arise due to the interactions between the
matrix and filler. For example, mixing glass fibers into a
polymer medium generates light weight fiberglass with out-
standing mechanical properties, and mixing carbon black and
silica with tire rubber improves wear resistance, leading to a
longer service life. Significant research effort has therefore
been put forth to study how the compositions of different
nanofillers (e.g. their sizes, shapes, chemical make-up, and
relative concentration in the matrix) affect the final properties
of the nanocomposites. While these studies have given rise to
greater fundamental knowledge as well as multiple industrially
relevant technologies, a key area of structural control remains
underinvestigated, specifically examination of how the relative
organization of nanofiller materials throughout the polymer
matrix affects material properties and behavior. The majority
of polymer nanocomposites investigated in research labora-
tories and used in commercial applications consist primarily
of nanofillers that are randomly dispersed throughout the
polymer. While our ability to manipulate nanoscale ordering
within a composite remains underdeveloped compared to
other aspects of compositional control in these materials,
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there is ample evidence exhibited in natural nanocomposite
materials that precise and hierarchical organization of the
filler material is critical for achieving new materials and
enabling new applications. For example, it is believed that
nacre (mother of pearl) is strong and resilient because its
mechanical properties are dictated by the lamellar alignment
of aragonite platelets connected by thin layers of elastic biopo-
lymers. The resulting nanocomposite possesses significantly
higher fracture toughness than both the individual parent
components by themselves and a random mixture of the two.
It is also true that organized arrays of nanoparticles (NPs) have
been observed to exhibit complex emergent and metamaterial
phenomena as a result of structural ordering, such as photonic
band gaps, controlled electrical transport, and anisotropic
mechanical behavior. Incorporating these phenomena into
composites by dictating nanoparticle organization would
further provide a means to tune the physical properties of a
composite for various applications including tissue
engineering,' sensing,*”’ energy storage,*’conductors,'® and
catalysis."' "3

The development of methods for generating nanoscale
organization of filler material is therefore critical for further
progress in the field of composite materials science.
Nevertheless, this research field is still in its infancy, and
many important fundamental research questions are yet to be
answered, such as (i) how nanofiller shape, size, and surface
chemistry affect structural ordering and material organization
at the nano, micro, and macroscopic length scales; (ii) how
the formation of ordered arrays of nanofiller affect the behav-
ior and properties of the composite, and (iii) how the pro-
perties of these arrays can be harnessed to develop materials
with novel applications. This review will therefore highlight
some of the state-of-the-art efforts that have been made for
controlling nanoscale organization of individual components
within polymer matrices, and provide a road map for elevating
the field of nanocomposite synthesis by taking advantage of
these different types of structural organization. Furthermore,
we will highlight key opportunities that this structural control
brings in terms of understanding structure-property relation-
ships, as well as developing next-generation nanocomposite
materials with novel properties in the near future. This
summary of the current field should therefore serve as inspi-
ration for other researchers in the field to explore different
possibilities for making and studying ordered nanocomposite
materials.

2. Approaches, achievements and
opportunities

The toolbox for manipulating the structures of nanofillers
within polymer matrices has been greatly enriched during the
past several decades by advances in the fields of organic,
polymer, and nanomaterial synthesis. Several methods have
been developed to control the distributions of nanomaterial
and polymers within the composite materials (Scheme 1).
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These methods can be classified into two categories based on
the nature of the composite materials: (1) The nanofillers are
addressed independently, and the polymer chains simply act
as a medium to occupy space between the nanoobjects within
the nanocomposite. In these types of methods, the alignment
of nanoobjects is typically controlled by external forces based
on their intrinsic properties (e.g., using magnetic fields to
regulate the organization of magnetically responsive NPs). (2)
The formation of the final composite materials relies on the
interplay between the polymer chains and nanofillers, and
supramolecular interactions guide the formation of complex
particle arrangements. This second category can be further
subdivided as a function of the in situ assembly mechanism:
(i) an ordered polymer superstructure (e.g. a block copolymer
array) serves as a template to dictate the distribution of the
nanofillers throughout the composite by segregating the nano-
particles to different volumes within the material; (ii) the
nanofillers and polymers are functionalized with chemical
groups that have complementary interactions, and chemical
bonding forces the particles to be heterogeneously distributed
throughout a material (e.g. layer-by-layer deposition); (iii)
polymer chains are directly tethered onto the surface of NPs,
such that each building block is inherently a nanoscale com-
posite, and the resulting composite material’s structure is dic-
tated by the assembly of these building blocks into higher
ordered structures. We will expand our discussion in the fol-
lowing sections by highlighting the progress, advantages, chal-
lenges, and opportunities for each type of strategy.

2.1. Field-assisted alignment of nanocomponents

A straightforward approach for manipulating nanofiller posi-
tions within a composite is to use applied fields to direct the
assembly of particles into desired arrangements. In this type
of approach, the polymer component typically serves as simply
a space-filling medium that occupies the volume between orga-
nized nanofillers within the final material. It should be noted
that many methods exist which use external fields to organize
NPs in other media besides polymers, but this review will
focus solely on controlling nanoparticle organization in com-
posites; we direct the reader to other reviews that have covered
particle assembly for more information on non-composite
structures.>’ >’ The main advantage of using applied fields to
control nanoscale organization is that they can be controlled
remotely and independently from intrinsic nanomaterial
design parameters like particle size or shape. For example,
magnetic fields can regulate the alignment of magnetically-
nanofillers,”®?°  such as  paramagnetic
nanoparticles,>3* metal-oxide nanosheets,*® magnetically
active nanofibers,***® and carbon nanotubes,’*** resulting in
the formation of nanofiller arrays with internally organized
fillers. When incorporated into polymer matrixes, these well-
ordered nanofillers can be fixed in position upon crosslinking
of the polymer network, giving rise to the formation of a nano-
composite material with permanent ordered nanostructure.
Wang and coworkers demonstrated this concept using very
weak magnetic fields to drive the alignment of magnetite-
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(a) Polymer nanocomposites with nanoscale structural ordering have been achieved via three principal means: (i) bare nanofiller and

bulk polymer, (ii) surface-compatibilized nanofiller and bulk polymer, and (iii) nanofillers modified with complementary recognition pairs. The

materials design principles used to create these ordered nanocomposites have thus far included (b) external field application,
mission from ref. 14 (copyright 2016, American Chemical Society), ref. 15 (copyright 2019, Wiley-VCH), (c) spatial confinement of fillers,

1415 adapted with per-

1617 adapted

with permission from ref. 16 (copyright 2012, American Chemical Society), ref. 17 (copyright 2013, American Chemical Society), (d) layer-by-layer

deposition, 812

adapted with permission from ref. 18 (copyright 2011, American Chemical Society), ref. 19 (copyright 2015, The Authors), and (e)

self-assembly,?° adapted with permission from ref. 20 (copyright 2011, American Chemical Society).

carbon nanofibers in an epoxy nanocomposite.*® This process
is likely difficult to scale, as nanofiber alignment must be
achieved before gelation of the epoxy occurs, but at the scale
demonstrated in this example, the nanofiber alignment pro-
ceeded rapidly even at a field strength of 50 mT. Within the
final nanocomposites, the nanofiber fillers ran parallel to the
direction of the applied magnetic field, resulting in aniso-
tropic electrical and mechanical properties that differ signifi-
cantly from those with randomly oriented nanofibers (Fig. 1a).

In their example, electrical conductivity measured parallel
with the aligned nanofibers was consistently an order of mag-
nitude higher than that measured for randomly oriented nano-
fiber composites, while no such conductivity difference was
observed when measuring normal to the aligned fibers
(Fig. 1b). For mechanical properties, significant improvements
in fracture toughness were observed when the crack surface
was normal to the aligned fibers. In addition, when compared
to the disorganized structures present in conventional magne-
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Fig. 1 (a) Optical micrographs (top row), SEM (middle row) and TEM (bottom row) images of epoxy nanocomposites containing FesO4—C nanofibers
in random orientation (left column) and aligned by applied magnetic field during curing (right column). (b) Electrical conductivity as a function of
Fes04—C nanofiber content for randomly-oriented and field-aligned nanocomposites (measurement direction given in inset), demonstrating signifi-
cant anisotropic enhancement of electrical properties owing to the uniaxial nanofiber alignment,*® adapted with permission from ref. 38 (copyright
1969, Elsevier). (c) Preparation of magnetic field-aligned nanocomposite hydrogels with rare earth-containing carbon nanotubes,** adapted with
permission from ref. 41 (copyright 2013, Wiley-VCH).
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tically responsive polymer composites, composites containing
ordered arrays of magnetically active nanofillers exhibit more
controlled and uniform thermogenesis behavior. All these
observations demonstrate how controlling structural organiz-
ation within the composite materials can modify material pro-
perties. Furthermore, the well-ordered nanomaterial arrays can
be further utilized as a template to regulate the alignment of
other small molecules within the composite network in such a
way that the properties of the small molecules (e.g., absorption
and emission bands) can be controlled (Fig. 1c).*"

Applied electric fields'***"*> have also been used to control
the organization of nanocomponents with permanent or
induced dipole moments by means of dielectrophoretic forces
(DEP),'*%3°% where the structure of the assembled nanocom-
ponents can be manipulated by varying electrode geometry to
create non-homogenous electric fields. As with magnetic field
assembly, in situ polymerization is usually carried out after
forming ordered nanofiller structures to fix their positions
within the polymer matrix (Fig. 2). For example, Velev and co-
workers reported the directed assembly of latex microspheres
within a soft thermos-responsive hydrogel by manipulating
DEP, and these field-oriented NP assemblies acted as endoske-
letal structures within the polymer network which guide the
macroscopic bending of the hydrogel (Fig. 2b).®

Mechanical force is another simple way for fabricating
ordered structures of nanocomposite materials.®”*° Upon
applying shear force, anisotropic nanoobjects undergo rotation
and align in the direction parallel to the shear force;">”°7°
when tensile strength is applied to a polymer network, 1D and
2D nanofillers such as nanorods and nanoplatelets can be
forced to align with the direction of deformation (Fig. 3a and
b).””8% A secondary step (i.e. crosslinking or in situ polymeriz-
ation) can then be employed to fix the nanofillers in their
“strain-induced” orientation,*"** leading to anisotropic nano-
composite materials with physical properties that diverge sig-
nificantly from their unaligned precursors. For example,
Shigehara and coworkers demonstrated this concept with an
imigolite-filled nanocomposite hydrogel, in which inorganic
imigolite nanotubes were brought into alignment with the
tensile axis under strain and then fixed in position via second-
ary in situ polymerization (Fig. 3c).®' The resulting material
exhibited significant mechanical and optical anisotropy; the
maximum tensile stress and strain were both significantly
higher when measured perpendicular to the aligned imigolite
nanotubes than when measured in the parallel direction.
These materials also exhibited a degree of anisotropic birefrin-
gence that was only possible with fixed uniaxial nanotube
alignment and that could only otherwise be achieved by
placing uncrosslinked hydrogels under active tensile load. In
another example, Yan and coworkers prepared a strain-aligned
polyvinyl alcohol/silicon carbide nanowire composite without
the use of a secondary crosslinking step; instead, the strain-
induced uniaxial alignment of SiC nanowires was preserved in
a kinetically-trapped state via film drying under tension.®?
Compared to their unaligned counterparts, the strain-aligned
SiC nanocomposites exhibited marked improvements in

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Optical micrograph (OM, left) and SEM (right) images of DEP-
patterned nanocomposite hydrogels, demonstrating the ability of non-
homogenous electric fields to drive the assembly of organized nano-
particle array,®® adapted with permission from ref. 63 (copyright 2007,
American Chemical Society). (b) Schematic illustrations, OM images, and
fluorescence micrographs demonstrating the effect of NP structural
arrangement on hydrogel equilibrium bending. DEP-organized NPs act
as an endoskeleton which guides hydrogel bending along a preferred
axis perpendicular to that of the NP chain alignment,®® adapted with
permission from ref. 66 (copyright 2016, Wiley-VCH).

tensile strength, elastic modulus, and thermal conductivity,
demonstrating the importance of nanomaterial alignment for
the dissipation of both strain energy and heat.

The use of applied fields presents a unique strategy for pre-
paring ordered nanofiller arrays (especially in the case of an-
isotropic structures) due to the directional, noncontact nature
of the applied field as well as the independence of this
method from nanofiller geometry. However, it should be noted
that this strategy can only be applied to nanofillers that are
responsive to the applied field, and the methods outlined
above each face their own challenges. Strong magnetic fields
require bulky equipment to be in close proximity to the com-
posite material, which increases the difficulty of material pro-
cessing. Electric fields have difficulty in fabricating large-scale

Nanoscale, 2021,13, 426-443 | 429
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Fig. 3 (a and b) Fabrication of uniaxially-aligned polymer nanowires in a nanocomposite thin film by solution shear coating, in which nanowire
fillers align parallel to the shear axis.®® As the number density of nanowire fillers increases, the alignment of the nanowires along the shearing direc-
tion improves. Adapted with permission from ref. 69 (copyright 2016, American Chemical Society). (c-i) Preparation of strain-oriented imigolite
nanocomposite hydrogels. As-synthesized hydrogels were placed under tension to bring imigolite fillers into parallel alignment, and the strain-
induced alignment was then fixed with a secondary in situ polymerization. (c-ii) Polarized OM images of strain-oriented imigolite gels at different
angles with respect to the polarizer, demonstrating strong anisotropic birefringence. (c-iii) Tensile stress—strain curves for strain-oriented imigolite
gels measured both parallel and perpendicular to filler orientation, demonstrating clear mechanical anisotropy.®* Adapted with permission from ref.

81 (copyright 2014, Wiley).

nanocomposites, as the applied voltage is limited by the
electrochemical stability of the nanocomponents. Mechanical
force has limited ability to control the alignment of nano-
objects with low aspect ratio and thus is typically used to align
rod- or plate-like particles. In addition, while the alignment of
the nanofillers in one direction (parallel or perpendicular to
the applied field) can be well controlled, the distribution of
these filler materials in the plane perpendicular to the applied
field is generally either random (i.e., the composite has a
nematic phase) or possesses only transient ordering which
requires a continuous input of external stimuli. In other
words, applied fields can be used to control the alignment of
individual nanofillers but not their positions and distances
relative to one-another. These intrinsic drawbacks have pro-
vided
approaches for controlling nanofiller distribution in a more

inspiration for researchers to develop additional

precise fashion, where it is crucial to take the interactions
between NPs, polymers and environment into account.

430 | Nanoscale, 2021,13, 426-443

2.2. Strategies involving interplay between nanofillers and
polymers

2.2.1. Spatial confinement. Spatial confinement is a self-
assembly based strategy to control filler material organiz-
ation, taking advantage of specific chemical interactions
between polymers and molecules grafted to the filler
materials’ surfaces to sequester the nanomaterials to specific
target sites such as pockets within a polymer matrix or at the
air-liquid interface of a droplet.*> For polymer-mediated
approaches, homopolymers have been employed in creating
nanoconfinement, assisted by nanopatterning techniques
such as nanoimprint lithography to create periodic structures.
For example, Karim and coworkers demonstrated that poly-
styrene (PS) grafted NPs could selectively disperse in pat-
terned PS thin films due to the more favorable matrix/filler
interactions provided by the grafted PS shell; this surface
compatibilization effectively screens otherwise unlike surface

This journal is © The Royal Society of Chemistry 2021
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chemistries, and so the degree of NP segregation is governed
solely by entropic differences in confinement between grafted
and free matrix PS chains (Fig. 4a).®* Interestingly, they found
that changing the chemistry of the inorganic core can affect
the clustering behavior of the NPs within the polymer matrix
by changing the conformational fluctuation of the grafted
polymer layer. The compatibilization of surface chemistries
with functional groups or polymers has become a staple
technique in recent times for preparing functional nano-
composites, as computational work has shown definitive
links between surface compatibilization, quality of nanofiller
dispersion, and mechanical reinforcement of the final
nanocomposite.®* "’

A more advanced level of structural organization can be
achieved by using block-copolymers (BCPs) that can self-
assemble into various types of periodic nanostructures, includ-
ing spheres, lamella, and cylinders due to the microphase sep-
aration of their constituent polymer blocks (Fig. 4b).**°° BCP-
based methods for confining NPs within a matrix have
attracted significant attention as templates to dictate the
spatial distribution of NPs due to their ability to generate
complex hierarchical architectures. Enthalpy-driven control
over particle organization can be achieved by functionalizing
NPs with molecules that have programmed interactions with

Thermally annealed
. under a soft
elastomeric pattern

View Article Online

Review

complementary functional groups on one block of the BCP
structures, causing them to be preferentially sequestered in
one of the blocks at equilibrium.’*®” Alternatively, periodic
BCP superstructures can also control the distribution of NPs
in an entropic fashion, where the introduction of NPs leads to
deformation of polymer chains and introduces an entropic
penalty that affect polymer organization.”® "> This entropic
penalty is dictated by the size of NPs relative to the BCP
domains, drastically increasing concomitantly with nano-
particle size. As a result, larger particles the particles typically
fill “softer” regions in the BCP superstructures (i.e. at the
center each BCP domain) to minimize the entropy loss of the
polymer chains, whereas smaller NPs tend to occupy the inter-
face of the BCP domains to gain translational entropy.”>®’
BCPs are particularly useful for the preparation of anisotropic
polymer-NP composite materials, which can be achieved by
either (i) assembling anisotropic NPs in controlled orientation
and positions,"*"'* or (ii) assembling isotropic NPs in an an-
isotropic manner by tuning the alignment of BCP periodic
structures and NP surface functionalization."” Loading of NPs
usually occurs when the polymer is in a swollen state, in which
polymer occupies a fairly low volume percentage relative to
solvent guest molecules. It is noteworthy that NPs can be intro-
duced into the polymer network by the addition of either pre-
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(a) Nanoimprint patterning of PS-grafted TiO, nanoparticles in a PS thin film in which entropic localization effects confine the PS-TiO, NPs

to the mesa regions of the patterned film.®* Adapted with permission from ref. 84 (copyright 2019, American Chemical Society). (b) Phase diagram
of self-assembled Au NP/BCP hybrid structures, demonstrating that nanofiller content and BCP composition can be tuned to produce a wide range
of nanocomposite morphologies.®* Adapted with permission from ref. 91 (copyright 2013, Royal Society of Chemistry).
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The wide variety of available methods for controlling the
conformation of BCPs, such as changes in graft length,”"'*®
selection of solvent,’® and addition of stimuli-responsive
small molecules that bind to polymer chains,>''*''" have
made BCPs a versatile tool for spatial confinement of NPs. In
particular, the use of small molecule additives to bridge BCPs
and NPs can help mitigate differences in BCP and NP surface
chemistry, which expands the range of NP chemical compo-
sitions that can be solubilized in a given polymer. For
example, Xu and coworkers developed a general strategy to
prepare stimuli-responsive nanocomposites with controlled
spatial distribution of NPs without requiring chemical modifi-
cation of either NPs or BCPs; various nanoparticle compo-
sitions, including PbS, CdSe, Au, and CoFe,0,, of varying geo-
metries were selectively incorporated into BCP microdomains
in the presence of small molecule bridging moieties (Fig. 5a-
e).""> BCP nanocomposites with ordered NP arrays have been
successfully prepared not only as 3D materials in bulk solu-
tion, but also as 2D materials formed at a solution interface
(Fig. 5f)."°*'% In these composite materials, the mechanical
properties of the BCP network were reinforced by NP infiltra-
tion, and the controllable swelling and deswelling of the
ordered BCP superstructure allowed for reversible changes in
interparticle distances.'®*'"*™'"® This feature makes the BCP
mediated strategy a unique one for the preparation of ordered

Fig. 5
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polymer composite materials with dynamic, NP-interaction
dependent (e.g. photonic) properties.'®*

Nanoscale confinement has also been achieved by using
liquid droplets, in which surface-functionalized nanofillers are
driven to the air-liquid interface to form a monolayer.'®'*¢*”
For example, water droplets have been utilized to encapsulate
patchy nanofillers, where the steric hinderance resulting from
the bulkiness of nanofillers and the enhanced hydrophilic
forces induced by the water droplet can drive the clustering
and assembling of the nanofillers with specific morphology.®
Yu and coworkers made use of these phenomena to assemble
montmorillonite (MTM) clay nanoplatelets with chitosan into
a 2D lamellar biomimetic material: polymer-associated nano-
platelets aqueous suspension were first prepared, and as water
molecules were removed by evaporation or vacuum filtration,
molecular crowding forced these nanoplatelets to assemble
into a well-aligned lamellar structure reminiscent of nacre,
bone, and other similar biomaterials.'*® These lamellar nano-
composite materials exhibited improved mechanical pro-
perties compared to randomly dispersed nanocomposites pre-
pared by simple mixing, as evidenced by the significantly
increased Young’s modulus and ultimate tensile strength as
well as decreased ultimate strain. The ability to collect single
monolayers of nanofillers for incorporation into a growing
nanocomposite by simple tuning of surface chemistries have
made this interfacial confinement-based strategy a convenient
one for assembling 2D nanocomposite materials.

PS layer PEG-DA/Ag precursor

spin-
coating

gelation &
reduction

transfer

(a—e) TEM images of various BCP/inorganic NP hybrid structures prepared by small-molecule-directed assembly where the BCP microdo-

main morphologies dictate the regions in which the NPs are spatially confined. NPs in lamellar BCP structures were confined to certain phase
domains to maximize favorable interactions.*? Adapted with permission from ref. 112 (copyright 2009, Springer Nature). (f) Preparation (i—iv, top),
SEM image (bottom left) and TEM image (bottom right) of conductive Ag NP/PEG gel elastomer nanocomposites, in which Ag NPs were generated
in situ during gel formation by the simultaneous reduction of silver trifluoroacetate.'> Adapted with permission from ref. 105 (copyright 2011,

Wiley).
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While spatial confinement-based strategies have already
made considerable achievement in controlling the spatial dis-
tribution of nanofillers, further improvements are still possible
in a number of difference aspects. First, BCP assembly for
many contemporary systems is not only limited by the time-
scale of the process itself (assembly times ranging from a few
hours to several days are common),”®'***'* but is also sensi-
tive to the very presence of nanofiller materials; the excluded
volume occupied by NPs can impede the movement of BCP
chains, which can seriously disrupt or even prevent entirely
the formation of an ordered phase.”™''® Some examples have
been developed that have significantly decreased the time
needed for BCP ordering and NP segregation to be achieved,"*’
but more effort is needed to make such approaches both gen-
erally applicable and readily adoptable. Secondly, the types of
ordered BCP structures that can be prepared are restricted to
those that are thermodynamically favorable (e.g. lamellae,
gyroids, etc.), and the phase space of possible structures can
be complicated when using large amounts of nanoparticle
fillers. Thus, BCP confinement methods would greatly benefit
from the development of new materials and techniques for
both rapid formatting periodic superstructures and robust
expansion of the types of superstructures that can be achieved
with these methods, enabling both a wider array of materials
for further investigation and more facile scale-up for industrial
applications.'®>"?° Thirdly, fundamental questions on how NP
morphology, concentration, and surface chemistry affect the
BCP mesophase structure must be answered;''®'*'™'** these
NP parameters are not simply “passive scalars” existing in iso-
lation from the surrounding BCP matrix, and can potentially
alter the resulting BCP structure by modulating polymer-
polymer forces of interaction or altering preferred polymer
chain conformations.'”®'*® Finally, while NP distribution
within the nanocomposite can be governed by the confined
nanoscale environment, controlling the spatial organization of
each NP within a polymer block remains a significant chal-
lenge. Methods of generating ordered arrays of NPs within
these confined spaces are limited, and most composites have
disordered clusters or amorphous arrangements of particles
(as opposed to, for example, crystalline superlattices)."*® This
could potentially be achieved with further NP surface
functionalization with moieties that could engage in a second-

ary self-assembly process independent of BCP phase
segregation.
2.2.2. Layered polymer composites with ordered structures.

Layered polymer composites, such as nanocomposite thin
films,'>” have traditionally been fabricated by top-down
surface deposition methods,*""** %% such as dip-coating,"*"
spin-coating,"**'** drop casting,'® and vacuum filtration."*®***
A combination of top-down methods and surface-dictated
bottom-up assembly provides a promising to modify these pro-
tocols to further increase their control over structural organiz-
ation of the materials. In particular, layer by layer (LBL) assem-
bly has become a powerful method for preparing polymer
nanocomposites with nanoparticle arrays on a variety of sur-
faces, allowing for effective control over the composition,
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thickness
composite.

LBL assembly is commonly driven by electrostatic inter-
actions, where a substrate is coated via sequential rounds of
deposition with nanofiller and polymers functionalized with
oppositely-charged moieties.*""?%13113357192 Other types of
interactions besides electrostatic attraction can also be
employed, such as hydrophobic forces, hydrogen-bonding and
host-guest interactions, where the overall process for generat-
ing the composites remains similar (complementary binding
interactions allow sequential, alternating rounds of particle
and polymer deposition).'****>'*3 For example, Gauckler and
coworkers reported a method of preparing multilayer 2D bio-
mimetic materials where hydrophobic surface groups and
sonication were used to direct the formation of a well-oriented
aluminum platelet monolayer at the air-water interface. The
monolayers were then transferred to a flat substrate by dip-
coating and subsequently spin-coated with a layer of chitosan
polymer, and a lamellar nanocomposite was readily fabricated
simply by repeating this procedure through multiple cycles
(Fig. 6a)."** Notably, this method avoids the undesirable aggre-
gation and poor orientation control that has frustrated pre-
vious attempts to produce such materials by dip-coating.'*>"*¢
It should also be noted that materials selection was deter-
mined only by design principles of the intended final material
and was not limited by the LBL strategy itself. By selecting
organic and inorganic phases with certain inherent tensile
strengths, mutual binding affinities, and (in the case of plate-
lets) aspect ratios, several ordered lamellar nanocomposites
with different chemical compositions were prepared which
possessed tensile strengths and ductilities far superior to that
of any naturally occurring substance (Fig. 6b and c). The com-
bination of ab initio materials selection with precise nanofiller
orientation therefore demonstrates that LBL assembly is a very
advantageous approach for composite thin films fabrication
from a materials design standpoint.

Another advantage of LBL assembly is that it can be applied
to a wide array of filler material compositions and mor-
phologies such as nanorods, nanotubes, nanosheets and
nanoplates."*”'*® Surface modification required for LBL incor-
poration is typically facile and dictated by the chemistry of the
selected filler materials. For example, SWNTs can be readily
functionalized with carboxylic acid groups,'*® while clay
nanosheets can be functionalized with ammonium groups,*****°
and these functionalized fillers can then be assembled with
oppositely-charged polymers via electrostatically-driven LBL.
The simplicity and versatility of LBL assembly has garnered
much research attention, and numerous studies have focused
on further improving the methods’ ability to dictate structural
organization.'®'*! For example, spray-coating protocols have
been developed to shorten deposition time for each layer,'*?
and nanofabrication techniques such as lithography and print-
ing, which can pre-modify the substrate surface into arbitrary
patterns, have been used in conjunction with LBL assembly to
enable the formation of composite materials with more com-
plicated nanostructures.’'>*71°¢

layered polymer

Nanoscale, 2021,13, 426-443 | 433


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr07547g

Open Access Article. Published on 14 December 2020. Downloaded on 3/14/2026 5:55:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Nanoscale
5 m« o4 N b
a é é é é 300 | o a-e V=015
% % % % 1 Dispersion
\_¢8% 8% oy A ) in ethanol 250
\ .’ & 010
& dropwise Sonication ﬁ . :
addition for 15 min 5 / -
o 4 .
1200 nm onto z 100 |
water S ¢ 0
P BO | [} ormmrmimm i
b
Wl | T R R
0 5 10 15 20 25 30 35
c Strain (%)
e -+ 5ok |
e 2023 Atificial
N T
. . < 20} 3;
v 7 2 1§83 =
S 150 | 5 vol% J
-4 /
] ~ Dentin
Z 100 . 1
2 [ 50 vol% Calcified tendon, 15 vol%
8 ]
: ) sof | !
Spin coating ] ol sk
chitosan (L L . P e .
0 5 10 15 20 25
Strain (%)

Fig. 6

(a) Layer-by-layer fabrication of nacre-like films where hydrophobically-modified Al,Oz nanoplatelets form a well-oriented monolayer at the

air—water interface and transferred to a substrate by dip coating to await subsequent spin-coating of a desired polymer. Repetition of this process
over multiple cycles leads to the formation of nacre-like nanocomposite thin films. (b) Tensile stress/strain curves for chitosan films with different
platelet volume fractions (V). Mechanical strength rapidly increases with V,,, demonstrating the benefit of these layered structures for property

enhancement. (c) Tensile stress—strain curves of naturally occurring layered biomaterials compared to the artificial Al,Oz—chitosan hybrid films.

Adapted with permission from ref. 144 (copyright 2008, AAAS).

In addition, LBL techniques allow for a number of input
parameters beyond simple materials selection when designing
protocols. A number of physicochemical parameters (i.e.
pH,"” ionic strength,"”® temperature,"”® and solvent selec-
tion;'® the exact parameters vary depending on the type of
intermolecular forces governing interactions between material
components) have been varied to tune properties such as
growth rate for each deposition step, thermodynamic stability
of the final nanocomposite, and many others."*®'°!
Modulation of these structures and thus the material pro-
perties can even be modified post-fabrication via the introduc-
tion of stimuli-responsive moieties.">'**™'®® Hammond and
coworkers, for example, reported the electrostatic LBL assem-
bly of cationic linear poly(ethyleneimine) (LPEI) and anionic
prussian blue (PB) NPs into lamellar films with the ability to
undergo redox-driven film swelling (Fig. 7).'*® Film swelling
was driven by electrochemical reduction of the redox-active PB
NPs, resulting in migration of water and counterions into the
film (Fig. 7b). Apart from changes in interlayer spacings
caused by swelling, the electrochemically reduced swollen
films were found to have significantly diminished load-depth
response and elastic modulus compared to the oxidized, de-
swelled state.

While the control of ordering along the layer stacking direc-
tion has been achieved by tuning many types of complemen-
tary interactions between adjacent layers, methods for control
the intra-layer organization of nanofillers remain rare and
warrant further research efforts in the future. Furthermore,
LBL-produced nanocomposite films typically experience defect
formation and loss of ordering as the number of layers

434 | Nanoscale, 2021,13, 426-443
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increases,"””® making the development of post-synthetic
annealing or reorganization techniques as well as higher-fide-
lity NP-NP interactions highly desirable. In addition, the
majority of nanocomposite thin films developed so far are
binary. The use of multiple orthogonal recognition pairs (e.g.,
hydrogen bonding and coordination interactions) would
enable the fabrication of thin films containing multiple types
of nanoparticles or polymers into a single structure, signifi-
cantly increasing the compositional versatility and this pro-
grammability of material properties. More complex synthetic
protocols would also allow for the exploration of how NPs of
unlike composition interact in an ordered nanoscale array to
impart emergent phenomena as a result of interparticle or par-
ticle-polymer interactions."”* "

2.2.3. Ordered nanoparticle arrays via direct assembly.
Self-assembly methods employing non-covalent interactions
are a powerful approach for controlling nanofiller organization
within a composite, as the nanoscale building blocks can be
intentionally designed to spontaneously form ordered struc-
tures with precise positional control.>*>"*'”>  Multiple
methods to assemble nanoscale fillers in composites have
been developed,"”’®"7® and can be broadly grouped into two
categories. The first strategy relies on the co-assembly of fillers
and polymers that have been functionalized with complemen-
tary supramolecular groups that interact synergistically to
direct the formation of the ordered structures. It should be
noted that a distinct difference between this strategy and the
BCP guided assembly discussed above (where nanofillers were
doped into the pre-formed periodic BCP nanostructures) is
that the polymers in the methods discussed here do not form

This journal is © The Royal Society of Chemistry 2021
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(a) Schematic depiction of the reversible electrochemically-induced swelling of LBL-produced LPEI-PB NP composite films. Reduction of PB

NPs causes cation-bearing electrolyte solution to migrate into the film to maintain charge balance, resulting in significant film swelling. The opposite
process happens upon PB NP oxidation. (b) Time-dependent passive swelling of LPEI-PB films in electrolyte solution as measured by ellipsometry.
Film thickness sees a 17% increase from the dry state after 1 h and a 30% increase from the dry state after 2 days. (c) Electrochemically-induced
active swelling of LPEI-PB films across multiple redox cycles as measured by ellipsometry. Films that were passively swollen for two days beforehand
exhibited highly reversible swelling behavior, whereas those that were passively swollen for only 1 h exhibited somewhat irreversible swelling initially,
eventually achieving reversibility once their thickness values converged with those of the 2-day preswollen films after repeated cycling.*®® Adapted

with permission from ref. 169 (copyright 2009, American Chemical Society).

periodic structures on their own.'”® In other words, the

examples covered in section 2.2.1 possess features that are
formed in a stepwise manner, where BCPs first form periodic
nanostructures due to phase segregation and subsequently
template the distribution of nanofillers added in a second
step. In comparison, the co-assembly strategies in this section
rely on synergistic interactions between all the recognition
groups present in the system and therefore involve a more
intricate set of filler-polymer interactions, giving rise to more
precise position control (Fig. 8a and b)."8%'%?

A more viable strategy to form ordered polymer and nano-
particle composite arrays is to directly tether polymer chains to
the nanofiller surface, thereby making each nanomaterial
building block inherently a composite structure.'®'8*
Compared with systems that employ small molecules as
surface ligands, grafting a brush of polymer chains to the sur-
faces of particles allows the hydrodynamic diameter of each
building block to be much more widely tuned by changing

length, polymer composition, and choice of
1857187 When these polymer-grafted particles are then

polymer
solvent.,
assembled, this diversity in material design parameters leads
to much greater control over interparticle spacings and particle
organization. As an additional benefit, tethering polymer

This journal is © The Royal Society of Chemistry 2021

chains to nanofillers can help avoid phase segregation
between the two in the final composite. Because the steric
bulk of the polymer brush prevents particle aggregation, a
much larger range of nanofiller weight percentages in the final
material can be achieved compared with other methods of
incorporating nanoparticles in a polymer matrix.

A major area of study in this type of composite synthesis
has been the use of hydrophobic interactions as a means to
direct nanofiller self-assembly.'***°° By functionalizing nano-
fillers with both hydrophobic (such as polystyrene, PMMA)
and hydrophilic polymers (such as PEO), NP surface an-
isotropy can be readily induced due to the lateral phase-separ-
ation of immiscible polymers.'®'°* As a result, these NPs can
aggregate into nanowires,'®® bundles,'®® lamellae,"”"®” and
vesicles®”'®® upon varying the solvent conditions to change
the interactions between polymer domains. As the hydrophobi-
city of polymer chains can be tuned by temperature, the for-
mation of these hierarchical structures exhibits reversibility
upon the treatment of external stimuli, such as heat or light,
by taking advantage of the photothermal effect.'*®'*° In
addition, by coupling composite formation with other pro-
cesses that disturb the system’s hydrophobicity, other types of
stimuli-responsiveness can be achieved. For example, by incor-
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(a) Schematic representation of the assembly of ligand-capped Pt NPs into organized structures with BCPs. The hydrophilic surface ligands

drive assembly of NPs with similarly hydrophilic BCP domains, creating an inverse hexagonal morphology. (b) Pyrolysis of the as-assembled NP-BCP
hybrids, followed by plasma or acid etch treatment, yields well-ordered mesoporous Pt structures.'®° Adapted with permission from ref. 180 (copy-
right 2008, AAAS). (c) Schematic representation of alternating assembly of polymer-grafted NPs into linear polymeric chains. Here, NPs functiona-
lized with either poly(acrylic acid-r-styrene) or poly(N,N-dimethylaminoethyl methacrylate-r-styrene) assemble in alternating sequence by electro-
static attraction in a manner mimicking Nylon 66 polymerization.?°® Adapted with permission from ref. 200 (copyright 2019, American Chemical

Society).

porating 4-vinylpyridine groups as comonomers in the PMMA
chains grafted on NPs, the hydrophobicity of the resulting
polymer grafts and consequently the assembled structure can
respond to changes in pH via protonation/deprotonation of
the pyridine moieties.”® Electrostatic interactions can also be
employed to direct the assembly of nanocomposite architec-
tures by grafting binary sets of nanoparticles with oppositely
charged polymers. Inspired by the synthesis of Nylon-66, Nie
and coworkers reported an interesting approach for synthesiz-
ing 1D nanowires with copolymer grafted NPs in which NP
assembly was driven by electrostatic attraction between poly
(acrylic acid-r-styrene)- and poly(N,N-dimethylaminoethyl
methacrylate-r-styrene) blocks functionalized on complemen-
tary NPs, where the final structure produced linear chains of
particles resembling the namesake copolymer system
(Fig. 8¢).”° 1t should be noted, however, that because neither
hydrophobic forces nor electrostatic interactions are stoichio-
metrically accurate, structures prepared from these strategies
have limited control over the interactions between each indi-
vidual component. Thus, the prepared structures usually lack
long-rang ordering. More importantly, since these two types of
interactions are determined primarily by the polymer compo-

436 | Nanoscale, 2021,13, 426-443

sition, any alteration of the polymer component may require a
redesign of the entire assembly system and conditions,
meaning that expansion of these strategies to different types of
composites may require significant additional design and
investigation.

To circumvent the abovementioned drawbacks, polymer
grafts containing end-tethered supramolecular recognition
groups with precise binding behavior have been employed in
regulating the superstructures of NP assemblies.'®”?°'2%*
When compared with hydrophobic forces, supramolecular
interactions with chemically accurate stoichiometry have
several key advantages: (1) the binding strength between comp-
lementary recognition group pairs can be determined using
small molecules as model systems; (2) the supramolecular
recognition motifs can be designed independently from the
polymer component, thereby significantly increasing the mod-
ularity of the nanocomposite building blocks; (3) the versatile
nature of supramolecular binding groups can introduce multi-
stimuli responsiveness into the assembly.

A new class of nanoscale building block has been developed
based on these design parameters, termed “nanocomposite
tectons” (NCTs), which consist of an inorganic NP core grafted

This journal is © The Royal Society of Chemistry 2021
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with a dense monolayer of polymer chains whose termini are
functionalized with supramolecular recognition groups
(Fig. 92).>%> Upon mixing solutions of NCTs that possess comp-
lementary recognition groups, these particles rapidly assemble
into larger structures, which subsequently form ordered 3D
superlattices upon annealing (Fig. 9c and d).>°* These NCT
structures possess a number of different design variables that
can be used to tune the assembly behavior and final structures
of the superlattices, such as particle size and shape, particle
composition, polymer length, polymer composition, brush
grafting density, and supramolecular binding group
identity,'90:201,202:204206 Aq 3 regult, different types of ordered
arrays can be achieved with unique particle organizations, and
significant insight has been gained on how NCT architecture
affects the supramolecular chemistry-driven assembly process.

For instance, the entropic penalty arising from the
restricted conformation of the NCT-tethered polymer chains
allows for significant tuning of the characteristic dissociation
temperature of the composite arrays (Fig. 9b), and changes to
supramolecular recognition group (Fig. 9e), polymer length,

" H
"
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and density of binding groups can all be used independently
to manipulate this process in a rational manner.”®> An
additional benefit of the conformational flexibility of the
polymer brush is that NCT superlattice formation is highly tol-
erant to dispersity in both NP radius and polymer molecular
weight, which is a significant advantage when compared to
other top-down nanocomposite ordering systems that require
highly uniform building blocks.?*® In comparison to the other
strategies introduced so far, employing non-covalent inter-
actions between the polymer grafted nanocomponents allows
one to control the interactions between the nanoscale building
blocks in a more precise manner and facilitate the formation
of highly ordered nanocomposite structures. Preliminary evi-
dence even suggests that such structures may possess unique
and tunable optical, magnetic, or mechanical properties as a
function of their structural organization.>**>%*

In order to further develop the potential of NCTs for
forming ordered nanocomposites, it is necessary to expand
their viability to a wider array of both NCT chemical compo-
sitions (i.e., different polymers, NP cores, and supramolecular
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(a) Schematic illustration of bonding interactions between complementary NCTs. Au NPs are grafted with PS chains capped with supramole-

cular binding moieties to direct their assembly.?°> Adapted with permission from ref. 205 (copyright 2019, American Chemical Society). (b) The
thermodynamics of the NCT—-NCT bonds driven by complementary binding groups is dictated by the multivalent interactions of many binding moi-
eties acting together.2°® Adapted with permission from ref. 206 (copyright 2019, American Chemical Society). (c) Small-angle X-ray scattering (SAXS)
data of assembled NCTs exhibiting body-centered cubic (bcc) lattice structures. Shifts in peak positions are a consequence of different Au NP core
sizes and PS graft lengths.2°* Adapted with permission from ref. 201 (copyright 2016, American Chemical Society). (d) SAXS data of NCT assemblies
with both Au and iron oxide (IO) cores. Assembled lattices of just IO or Au NCTs exhibited bcc symmetry, while combinations of 10 and Au NCTs
yielded cesium chloride-type structures. The preservation interparticle spacings between patterns demonstrates that NCT superlattice symmetry
can be controlled independently from core NP composition.2* Adapted with permission from ref. 204 (copyright 2020, American Chemical
Society). (e) Chemical structures of the alternative binding moieties that have been used to drive NCT assembly, demonstrating the flexibility of the
NCT concept across multiple types of bonding interactions (hydrogen bonding, metal ion complexation, and dynamic covalent bond formation).2°2
Adapted with permission from ref. 202 (copyright 2019, American Chemical Society).

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021,13, 426-443 | 437


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr07547g

Open Access Article. Published on 14 December 2020. Downloaded on 3/14/2026 5:55:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

recognition groups) and assembly conditions. This will allow
the preparation of different model systems for ordered nano-
composites, enabling the further study of structure-property
relationships and the establishment of design rules for
ordered nanocomposite materials with programmable pro-
perties. Moreover, combining NCTs functionalized with
different types of supramolecular groups of different binding
strength will enable the construction of hierarchical NCT
superlattices in a more complex manner.

3. Conclusions and perspectives

In general, controlling both chemical composition and nano-
scale organization in polymer composite materials allows for
two different means to tune the physical properties of the com-
posites. First, composite materials can be synthesized take
advantage of the emergent properties that arise from ordered
arrays of nanoparticles, such as electromagnetic coupling, con-
trolled transport, or metamaterial
behaviors, 1 116:144:155,1717173,207-215 11y thege materials, the
polymers primarily serve as fillers, spacers, and crosslinking
agents to occupy the void space between NPs and hold the par-
ticle arrays in place.'*>'*”'% However, more advanced
materials can also be developed where the polymers serves to
regulate the connectivity or coupling between particles as a
means of modulating their collective behavior (e.g. altering the
refractive index, or thermal/electrical conductivity of the
material); with appropriate polymer selection, the medium
surrounding the particles can even be modulated in a dynamic
manner to serve as an actuating component of the composite
material.”>*”*'* With the advent of increasingly sophisticated
particle arrays within these composites, another important
view point is beginning to emerge, specifically an understand-
ing of how ordered arrays of NPs can potentially affect the pro-
perties of polymer matrix. Depending on the type of NP align-
ment within the polymer, the distribution and conformation
of matrix polymer chains should theoretically be regulated by
the periodic structures of the NPs.2:!'8216:217 Congequently,
one would expect that a nanocomposite material will exhibit
different mechanical, transport, or other chain-dynamics-
driven properties upon varying the organization of particles
within the polymer network. Further research effort to deter-
mine what types of structures may be beneficial and to develop
a comprehensive understanding of these phenomena is
required, but significant potential exists for examining this
unique strategy to control composite properties.

In this review, we have covered different types of assembly
strategies for the preparation of nanocomposite materials with
structural control at the nanoscale, and presented a number of
current challenges and future opportunities facing each type
of composite synthetic strategy. In addition to the challenges
discussed above, several additional potential barriers are
common to multiple strategies; identifying potential solutions
for these challenges would greatly advance the development of
ordered nanocomposite materials.
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(1) While bottom-up approaches have achieved great
success in preparing superlattices of nanofillers inside a
polymer matrix, the grain sizes of these arrays typically
remains small. Given that grain boundaries in such materials
are likely to impede beneficial properties like uniform optical
response or transport, manipulating the polycrystalline nature
of such structures needs to be a key focus for future efforts.
Novel strategies that control not only nanoscale organization
but also material microstructure are necessary to develop com-
posites with more complicated structural hierarchy that may
be beneficial in future device architectures.’®>'87221

(2) Development of modular chemistries for both particle
functionalization, self-assembly, and particle-polymer inter-
actions would significantly broaden the types of composites
that could be fabricated without the need to develop many
different particle functionalization or assembly strategies. In
addition, developing versatile techniques for dynamically mod-
ifying particle-polymer interactions (e.g. via photo-, redox-,
temperature, or pH-sensitive motif) would allow for stimuli
responsive materials that alter both nanoscale organization
and material properties on demand.?®2%112,162164,165,167,168,202

(3) It is generally accepted that hybrid nanocomposite
materials can exhibit novel properties unseen in individual
components, but exactly how the arrangement of the com-
ponent phases translates into bulk-scale properties is not as
thoroughly understood for all types of composite architectures;
fundamental structure property investigations on composites
with controlled organization of particles are significantly less
numerous than their disordered counterparts. Moreover, some
functions of nanocomposite materials rely simply on “cluster-
ing” of the of the nanofillers rather than true ordering (e.g.,
magnetothermal effects for therapeutic applications®?). In order
to fully exploit the benefit of structural ordering, a quantitative
correlation between physicochemical (especially mechanical)
properties and the degree of structural ordering must be
established.”****® It is therefore imperative to first understand
the interplay between polymers, nanomaterials and solvents in
the system.***

(4) The future development of ordered nanocomposite
materials will also be aided by future breakthroughs in instru-
mentation. For example, while SERS has proven useful in investi-
gating the interactions between small molecules tethered to the
NP surface, and NMR and ITC techniques can be used to deter-
mine the interactions between polymers in solution, there is cur-
rently not an effective way to directly probe the interactions
between polymers anchored on the NP surface quantitatively.

Development of novel strategies for making ordered
polymer composites not only will grant us access to polymer
composite materials with different types of ordering nano-
structures to explore their unprecedented properties, but will
also afford a better understanding of structure-property
relationships for the design of next-generation composite
materials. We hope this review can inspire other researchers in
the related field to explore different possibilities for making
and studying ordered nanocomposite materials in a wide
variety of different composite systems.
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