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The precise encapsulation of polymer chains within nanometer-scale spaces or structures has sparked a
dynamic research field with vast potential for technological applications. Through confinement, pro-
perties such as morphology, thermal stability, and mechanical strength can be finely tuned, offering
opportunities for advanced materials and biomedical devices. Various confinement methods, including
nanoparticle encapsulation, planar thin films, and cylindrical confinement, induce unique alterations in
polymer behaviour, affecting their optical, electronic, and thermal properties. The remarkable expansion
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in the applications of confined polymers across numerous research fields underscores the need for critical
discussions on future potential. Therefore, this perspective article aims to identify key challenges and
opportunities in this interdisciplinary research community, with a special focus on their practical
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1. Introduction

The precise encapsulation of polymer chains within nano-
metre-scale spaces or structures has emerged in recent
decades as a dynamic and rapidly growing research field."”
This growth is fuelled by its opportunities to tailor the pro-
perties of polymers for a wide range of technological appli-
cations, from the development of advanced materials to the
fabrication of novel biomedical devices or sensors, among
others.” Indeed, through confinement, properties such as
polymer morphology, thermal stability, surface area, and
mechanical properties can be easily tuned, especially when
compared to their bulk counterparts.>*°

These alterations primarily arise from structural effects,
such as the elongation of polymeric chains under the confine-
ment regime. These structural changes lead to reduced chain
entanglements and improved chain alignment, which in turn
restrict the mobility of the polymeric chains. As a result, pro-
perties such as stiffness, strength, and toughness of the fabri-
cated system are enhanced. Moreover, these changes also help
prevent degradation processes, such as chain scission or cross-
linking, which is essential for applications requiring high
thermal stability, including microelectronics and aerospace
industries.'*™*?
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Additionally, the confinement of polymers into nano-
structures can induce changes in their electronic structure and
optical properties, leading to the development of novel
materials for optoelectronic devices, photonics, and sensors.?
Nanoconfinement can also lead to significant improvements
in the surface area-to-volume ratio through the creation of
different nanostructures such as pillars or fibers. This increase
in surface area is beneficial for applications such as catalysis,
sensing, and energy storage, where increased surface inter-
actions can significantly improve performance by offering
more active sites for chemical reactions, enhancing sensitivity
to target analytes, or better efficiency in charge storage and
transfer.”* '°

Given these compelling reasons, it is unsurprising that sig-
nificant research efforts have been dedicated to exploring and
developing methodologies for successful and tailored polymer
confinement. Based on the dimensionality of the host
material, these methodologies are typically divided into three
main categories: one-dimensional (1D),"” two-dimensional
(2D),"® and three-dimensional (3D)."""°

In the case of 3D structures, polymer chains are adsorbed
onto nanoparticle surfaces or encapsulated within their
interior, especially in the case of porous or hollow nano-
particles, depending on the specific interaction between the
polymer and the nanoparticle surface.'” The presence of nano-
particles introduces a confining effect on the polymeric
chains, significantly retarding processes such as crystal growth
kinetics for semicrystalline polymers or enhancing the
mechanical, optical, and electrical properties of the resulting
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nanocomposite. For instance, interactions between silica
nanoparticles and polymer systems such as polystyrene (PS),
poly(methyl methacrylate) (PMMA), or poly(ethylene oxide)
(PEO) have demonstrated a significant impact on polymer
thermal properties (by increasing their glass transition temp-
erature (Ty)), crystallization dynamics (by slowing down crystal-
lization kinetics), and the elasticity of the final composite
(making it more rigid).'*2%2*

Alternatively, both experimental and simulation studies
have shown that the confinement of polymers into 1D struc-
tures results in deviations from their bulk properties.?*** A
notable example of this phenomenon is the self-assembly of
block copolymers (BCPs, a polymer system composed of two or
more incompatible blocks covalently linked together).>* Thus,
thin film confinement can induce significant deviations from
the predicted bulk phase-segregated structures.”” For instance,
Bai et al. demonstrated that by varying the film thickness of a
bulk-gyroid forming polystyrene-block-polydimethylsiloxane
(PS-b-PDMS) system, various thin film morphologies ranging
from spheres, to cylinders, perforated lamellae, or gyroids,
could be achieved.>® Similarly, Knoll et al. further demon-
strated the significance of film thickness on final morphology
in thin films.”® Thus, their investigation revealed a range of
morphologies, including perforated lamellae or different
orientations of cylindrical structures, as well as coexistence
between distinct morphologies, all influenced by the degree of
confinement.

Finally, under 2D confinement, polymer chains are con-
strained within narrow channels or cylindrical pores. This
form of confinement typically occurs within meso- and micro-
porous materials, such as mesoporous silica particles, KIT-6
based mesoporous materials, anodic aluminium oxide (AAO),
anodic titanium oxide templates, patterned perfluoropolyether
(PFPE) molds, or polydimethylsiloxane (PDMS) stamp
templates.”’ > In all cases, structural parameters such as pore
size and aspect ratio play a crucial role in determining the pro-
perties of the confined polymers, leading to changes like
reduced chain mobility, slower dynamics, and crystal orien-
tation due to geometric confinement during crystallite growth.
These factors also influence the transition from heterogeneous
to homogeneous or surface nucleation, while increasing the
overall crystallinity.> 7%

Another advantage of cylindrical confinement, especially
via AAO, is the possibility of removing the inorganic template,
allowing the fabrication of well-ordered arrays of 1D polymeric
nanostructures such as nanowires or nanopillars with entirely
tuneable structural characteristics—including center-to-center
distance, diameter, and height—based on the characteristics
of the template used for their fabrication.'®*" This allows not
only the tuning of physical kinetics or crystallization beha-
viours, as previously mentioned but also other important
characteristics such as the material’s surface area. Alternative
techniques such as electrospinning have also shown promising
results in the objective of fabricating such polymeric structures
with highly controllable surface-to-volume ratios. However, the
nanofiber obtained usually presents a low degree of organiz-
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ation, limiting its application in scenarios where high struc-
tural order is required.*?

Therefore, this combination of the development of novel
nanofabrication strategies, the study of associated physico-
chemical properties, and the achievement of tailored
responses has triggered an incredible expansion in the appli-
cation of confined polymers in many directions and at an un-
precedented speed. This is demonstrated not only by the
number of articles published per year focused on these
materials—from 195 in 2000 to more than 790 in 2023 (Web of
Science, “confinement” and “polymers”, May 2024)—but also
by the number of research fields involved, spanning from
material science and applied physics to optics, environmental
science, engineering, and energy, among others. At this point,
there is a clear necessity to engage in critical discussions not
only about past developments but, more importantly, about
the future potential of these materials. In response, this per-
spective article aims to identify key challenges and opportu-
nities in this increasingly diverse and cross-disciplinary
research community, focusing especially on practical
applications.

2. Fabrication strategies: towards 3D
confinement

As previously outlined, the main polymer confinement strat-
egies are divided into three main families: nanoparticle (3D),
cylindrical (2D), and thin film (1D) confinement methods. It is
important to note that this work does not aim to offer a com-
prehensive overview of all available fabrication techniques.
For in-depth exploration, readers are encouraged to refer
to excellent reviews dedicated to the various fabrication
methodologies.**™” Alternatively, we will describe here some
of the state-of-the-art fabrication methodologies, introducing
their importance in present and future research. While impor-
tant research has been conducted into 1D and 2D
confinement,'”***%7% 3D confinement remains a challenge.
Among the available fabrication methodologies, three stand
out as the most promising for addressing this challenge: evap-
oration-induced confinement assembly (EICA), 3D AAO, and
electrospinning (Fig. 1).

2.1. Evaporation-induced confinement assembly

While standard polymer emulsification has been widely used
in polymer confinement,*’ more recently, researchers have
gone one step further and studied the self-assembly of—
especially BCPs—under the 3D confinement regime, develop-
ing the so-called EICA fabrication methodology.**"** This strat-
egy relies on the formation of micro-nano-particles
(0.5-100 pm diameter) via established emulsification pro-
cesses, such as stirring, vortex mixing, or ultrasounds, prior to
their slow drying into solid microparticles. During this evapor-
ation process, microphase segregation of the incompatible
BCPs takes place, resulting in the formation of a well-defined
internal nanostructure within the microparticle (Fig. 2A(i-iii)).*>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic framework of this perspective: from the fabrication of
confined polymers to their properties and applications.

Following pioneering computational and simulation
studies,"”*®*” Lu and co-workers presented the first experi-
mental example of microparticles with controllable internal
nanostructure created following this methodology.*® Since
then, extensive research has been focused on the study of the
different parameters governing BCP microphase segregation
within the microparticle such as BCP molecular weight,*® sur-
factant nature,’® or organic solvent employed during the emul-
sification process.’® While the internal structure of the micro-
particles can be tuned by adjusting the weight fraction of each
block in the BCP (Fig. 2A(vii-ix)), researchers have also demon-
strated that the overall shape of the nanoparticles can be con-
trolled by varying the surfactant to BCP ratio used during the
emulsification process, or by the addition of NPs to the
system, such as CuPt nanorods,’® polymeric NPs,** Fe,0,
NPs,** or quantum dots.”® These modifications enable the for-
mation of microparticles with controlable external shapes
such as ellipsoids or rods (Fig. 2A(v and vi)).

However, despite intensive research, there are still some
challenges that need to be addressed. The first is related to the
size distributions of the microparticles obtained; thus, the
introduction of microfluidic-based fabrication technologies
should increase the homogeneity of the particles. The second
challenge is focused on the possibility of obtaining ordered
monolayers using these confined objects as building blocks.
Typical colloidal deposition techniques, such as dip-coating
or Langmuir-Blodgett, should be explored in this research
endeavour.

2.2. Three-dimensional anodic aluminium templates

As already introduced, AAO is a well-known inorganic porous
oxide produced through the electrochemical oxidation of alu-
minium. This material is distinguished by its highly ordered,
uniform nanoporous structure, which can be precisely con-
trolled in terms of pore size, interpore distance, and overall
thickness through variations in anodization parameters. This
well-known chemistry and structural versatility make AAO one

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the most important methodologies for polymer 2D confine-
ment. Through approaches such as melt infiltration, solution
infiltration, and electrophoretic deposition, a wide variety of
polymers have been confined within the AAO template, and
the impact on their physicochemical properties has been pre-
cisely determined.®®®”

However, more recently, novel methodologies in AAO fabri-
cation have led to the development of more advanced nano-
pore arrays, enabling the fabrication of fully 3D architectures
by generating interconnections between the vertical pores.
These methodologies often include a two-step anodization pro-
cedure (normally defined as mild and hard anodization,
respectively) to create the transversal nanochannels perpen-
dicular to the vertical nanopores (Fig. 2B).°® On the contrary,
more recent approaches are based on the application of alter-
nating current density profiles.”” This methodology enables
the fabrication of 3D AAO templates in a single step without
any additional post-processing requirements, which reduces
fabrication time and minimizes waste generation. These
advantages enhance the applicability of these structures
for polymer confinement, as will be further discussed in
Section 3.

2.3. Electrospinning

Electrospinning is a versatile and straightforward technique
enabling the fabrication of fibers with high surface area-to-
volume ratios, ranging in diameter from a few micrometres to
tens of nanometres. This technique has facilitated research
into the mechanical and crystallization kinetics of polymers
under confinement.®*”! During electrospinning, a high
voltage is applied to a polymer solution or melt, generating a
charged jet that is attracted towards a grounded collector. As
the jet moves towards the collector, solvent evaporation and
stretching processes take place, resulting in the formation of
ultrafine polymer fibers.”> Through continuous research and
refinement of these fundamental principles, and by manipu-
lating conventional electrospinning apparatus, researchers
have successfully achieved unique morphologies and struc-
tures (Fig. 2C(ii-vi)),>*”* with techniques such as multi-axial
electrospinning (Fig. 2C(i)),”*” centrifugal electrospinning
(Fig. 2C(vii)),**”*”” or 3D electrospinning.”®”® This increase in
structural complexity also allows for the introduction of
various functionalities or compositions into the fibers,
enabling the development of materials with tailored pro-
perties.®® Additionally, the confinement of polymers during
fiber spinning is a complex process that enhances molecular
orientation and crystallinity, thereby improving the mechani-
cal and thermal properties of the resulting fibers.
Understanding these effects is crucial for tailoring fiber pro-
perties for specific applications. Another significant inno-
vation in electrospinning-based confined polymer fabrication
is the development of needleless approaches. Advanced setups
such as roller,®" bubble,®* and corona electrospinning have
been successfully employed to scale up the production of con-
fined polymeric fibres (Fig. 2(viii)).®® These advancements
have significantly expanded the applications of confined poly-
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Fig. 2 (A) General concept of microparticle formation from emulsions (i—iii). Confinement morphologies of PS-b-PB BCPs. Lamellar morphology in

concentric (iv), intermediate (v), and axial arrangement (vi), depending on surfactant mixture. Cylindrical morphology (vii and viii). Closed packed
spheres (ix). Adapted with permission.** Copyright 2020, Elsevier. Adapted with permission.>® Copyright 2008, John Wiley & Sons Inc. (B) Schematic
of a single-step fabrication approach for 3D AAO based on direct pulse application (i). FE-SEM images of 3D AAOs fabricated using a left square wave
and centre sinusoidal wave (ii). P(VDF-TrFE) fibres obtained after polymer infiltration into single-step 3D AAO templates (iii). Adapted with per-
mission.>” Copyright 2024, Elsevier. Adapted with permission.>® Copyright 2022, The Royal Society of Chemistry. (C) Schematic (i) and SEM images
illustrating the diversity of electrospun fibre morphologies obtained following different casting methods (ii—vi). Adapted with permission.>®
Copyright 2004, American Chemical Society. Adapted with permission.®® Copyright 2007, American Chemical Society. Adapted with permission.5!
Copyright 2012, American Chemical Society. Adapted with permission.%? Copyright 2017, American Chemical Society. Adapted with permission.®*
Copyright 2020, Springer Nature. Schematic of a centrifugal electrospinning (CES) setup (vii). Adapted with permission.®* Copyright 2018, Springer
Nature. High-speed camera depicting jet formation (viii). Adapted with permission.®®> Copyright 2012 American Chemical Society.

meric fibers and facilitated the study of their mechanical, elec-
tronic, and optical properties. However, challenges remain,
such as the incompatibility of the methods presented here
with very low molecular weight polymers. This limitation

3. Applications: bringing the lab to
the fab

arises from the low number of chain entanglements in such
polymers, which restricts stable fiber formation.

1016 | RSC Appl. Polym., 2024, 2,1013-1025

As previously mentioned, confined polymers play a crucial role
in the development of advanced nanomaterials, enabling

© 2024 The Author(s). Published by the Royal Society of Chemistry
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numerous applications in materials science, engineering, bio-
medicine, electronics, optics, and more. In this section, we
will highlight some of the latest applications of these
materials, with a focus on those with significant potential for
industrial translation.

3.1. Optical applications

3.1.1. Optical metamaterials. Optical metamaterials, dis-
tinguished by their engineered subwavelength structures,
provide unprecedented control over light propagation and
interaction. When combined with confined polymers, they
form an appealing platform for exploring novel optical
phenomena and developing advanced optical devices. For
instance, BCPs under 1D confinement have shown promising
applications in fabricating high and tuneable refractive index
surfaces,***> antireflective coatings,®*®® or negative refractive

View Article Online
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index materials (Fig. 3A).%° In this context, the precise control
over the self-assembly process of BCPs enabled by 1D confine-
ment in thin films allows for the creation of a comprehensive
library of various morphologies. Thus, the 1D spatial confine-
ment, combined with the strong segregation behaviour of
incompatible BCPs, forces the polymer chains into highly
ordered structures. This alternation of domains with different
refractive index materials allows for fine-tune of optical pro-
perties, including refractive indices and reflectivity.’°" In this
context, recent advancements such as the synthesis of more
complex polymer chain architectures and sophisticated fabri-
cation methods like iterative self-assembly, coupled with their
confinement in 1D thin films, have unlocked new possibilities
for achieving intricate structures such as hexagonally ordered
nanorings,’” hexagonal 2D Archimedeantiling patterns,’® and
ordered multicomponent nanoclusters,®” difficult to obtain by
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(A) Examples of high refractive index surfaces (i and ii) and 3D optical metamaterial (iii) created by BCP self-assembly. Adapted with per-
Copyright 2018, The Royal Society of Chemistry. Adapted with permission.®® Copyright 2011, John Wiley & Sons Inc. (B) Touchless

sensing display produced via 1D BCP confinement (i) and STEM micrographs of the PE networks produced after the removal of the AAO template
(left), alongside an optical image (right) demonstrating the structural coloration of the polymeric structures, which varies depending on the period of
the AAO template employed (ii). Adapted with permission.’® Copyright 2020 the Authors. Adapted with permission.>* Copyright 2020 Elsevier Ltd.

(C) Examples of photonic pigments based on BCP microparticles created
structure of the microparticle. Adapted with permission.®® Copyright 202

© 2024 The Author(s). Published by the Royal Society of Chemistry

via 3D EISA confinement. Shift in colour is related to changes in the internal
2 John Wiley & Sons Inc.
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other techniques. Finally, from an industrial perspective, new
developments in the fabrication of confined thin films such as
zone annealing, gradient thermal annealing, or the use of
greener solvents have promoted their adoption for large-scale
applications.*®°

3.1.2. Bragg reflectors. The concept of 1D polymer confine-
ment, introduced earlier for its potential to control BCP self-
assembly and create highly ordered materials, has been widely
employed in fabricating Bragg reflectors (1D photonic
crystals)."">'% These structures typically involve alternating
layers of materials to achieve the desired periodic variation in
refractive index. This periodicity, with high and low refractive
index domains, influences light propagation through the
material, allowing or blocking specific wavelengths and
thereby imparting a distinct structural colour. The 1D confine-
ment of various polymer chain topologies, such as bottle
brushes or BCPs, has facilitated the creation of surfaces with
adjustable structural colours.'®*™*°” These characteristics have
promoted their application in high-end technologies such as
chemical,'®®'°° mechanical,"****"* or bio-sensors,'** and also
in the development of printable or touchless displays (Fig. 3B
(i)).93,113

Beyond BCPs, the confinement of conventional polymers
into more sophisticated structures, such as the 3D AAO struc-
tures discussed in Section 2.2, has also been explored in the
fabrication of 1D photonic crystals. For instance, Martin and
colleagues presented a straightforward, low-cost, and indust-
rially scalable method to fabricate 3D polystyrene (PS) nano-
wires by replicating a 3D AAO template.®® Interestingly, these
nanostructures exhibit an intense green colour, contrasting
with the colourless nature of standard PS films, underscoring
the significant influence of confinement on the optical pro-
perties of the final material. Another notable example is the
work of Resende et al., where 3D AAO structures infiltrated
with polyethylene (PE) materials of varying densities were uti-
lized to create polymeric Bragg reflectors with tunable photo-
nic responses (Fig. 3B(ii)).”*

3.1.3. Photonic pigments. Advanced confinement strat-
egies, such as the EICA method discussed in Section 2.1, have
played a pivotal role in broadening the scope of polymeric
systems for the production of photonic pigments. These
pigments are based in the formation of microparticles with
ordered internal structure, using normally amphiphilic
BCPs and the previous introduces EICA fabrication
methodology.’>**®!” The 3D confinement effect within
the microparticles, combined with BCP micro-segregation,
leads to the formation of internal structures such as
periodic concentric lamellar or onion-like nanostructures
with alternating refractive indices. This allows the for-
mation of structures with characteristics structural colours,
based on the interspace of the created ordered structures.
These materials have been proven essential for advancing
paints, cosmetics, and displays, providing vibrant and pure
colours that resist chemical and photo-bleaching—unlike
many conventional pigments
(Fig. 3C).114’115

currently in  use
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3.2. Electronic applications

3.2.1. Ferroelectricity. Polar crystalline polymers can be
categorized into four types: (i) normal ferroelectric polymers,
which exhibit large hysteresis loops due to the switching of
high spontaneous polarization. (ii) Paraelectric polymers,
which can be polarized under an electric field but return to
zero polarization once the field is removed. These polymers
contain polar groups but maintain a non-polar crystalline
phase. (iii) Relaxor ferroelectric polymers, which belong to a
class of disordered crystals with compositional nanodomains.
(iv) Antiferroelectric polymers, which belong to a class of
ordered structures composed of two sublattices polarized
spontaneously in antiparallel directions. These polymers can
be polarized into a ferroelectric phase upon applying an elec-
tric field. The last two groups represent a novel category and
are desirable for applications requiring high energy density
and low-loss dielectrics.''® Notable examples of ferroelectric
crystalline polymers found in the literature include poly(vinyli-
dene fluoride) (PVDF) and its copolymers, odd numbered
nylons, cyanopolymers, polyurea/polythiourea, and biopoly-
mers such as keratin and silk fibroin."*°

Despite inhibited crystallization, different structural and
performance properties can be enhanced under confinement
conditions: (i) although crystallinity may be reduced, nanocon-
finement typically induces preferential orientation of polymer
chains in one direction. (ii) nanoconfinement often promotes
the ferroelectric crystalline phase in both homopolymers and
copolymers. (iii) the piezoelectric and ferroelectric responses,
leading to improved active layer performance, are usually
enhanced due to the increased polymorphic polar phases and
crystal orientation.'*® For instance, Oh et al. successfully fabri-
cated vertically well-aligned poly(vinylidene fluoride-trifluoro-
ethylene) [P(VDF-TrFE)] nanorod arrays to enhance their ferro-
electric properties, as illustrated in Fig. 4A."%°

The primary application of ferroelectric polymers is in the
fabrication of piezoelectric sensors.’>* For instance, Lan and
colleagues recently introduced an acoustic piezoelectric
sensor.'?®> By using electrospinning to nanoconfine PVDF into
1D fibers, they achieved a 300% increase in the device’s piezo-
electric performance compared to its bulk counterpart.
Another example involves ultrathin piezoelectric layers used to
detect arterial pulse waves.'*® In this case, the 1D confinement
into thin layers of the active material increased performance
by a factor of 50. Other applications of nanoconfined ferroelec-
tric polymers includes for example flexible self-charging bat-
teries,"*” or even solar-steam generators, by the integration of
ferroelectric fibers into highly hydratable light-absorbing
poly(vinyl alcohol) (PVA) hydrogels.'?®

3.2.2. Organic semiconductors. The molecular design and
chemical structure engineering of conjugated polymers, along
with fabrication processes such as solution shearing, nanocon-
finement, and electrospinning, significantly affect the final
properties of these systems. In recent years, it has been
observed that processing approaches, thickness, and nanocon-
finement induce changes in physical properties due to inter-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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permission.*2° Copyright 2012, Wiley—-VCH GmbH. (B) Schematic illustration of the structural morphologies of semiconducting and insulating
polymer blends films (i) and Arrhenius plot of the temperature-dependent linear hole mobility of a pure semiconducting polymer and blend OFET
(ii). Adapted with permission.'?* Copyright 2021, Wiley—VCH GmbH. (C) Schematic of the nanowire fabrication process (i), photographs of the fabri-
cated nanowire-filled AAO template (ii), with an inset showing a size comparison to a British one-pence coin, and SEM images of nanowires after
template removal and a single Nylon nanowire strand (iii and iv), respectively. Adapted with permission.???> Copyright 2017, The Royal Society of

Chemistry.

facial and finite-size effects. Specifically, nanoconfinement
plays a critical role in charge transport within conjugated
polymer films. Park et al. have directly observed the effects of
confinement on semiconducting polymers, especially within
polymer blends, as demonstrated in Fig. 4B."*" They systemati-
cally investigated the confinement effect based on the type of
intermolecular interactions of semiconducting polymers
within PS insulating matrices. Through this, they developed
synergistic polymer blend systems that demonstrated a 3-4-
fold improvement in field-effect hole mobilities, along with
excellent optical transmittance exceeding 95% in the visible
range. Polymer blending and BCP systems, influenced by
nanoconfinement effects, can reduce the tensile modulus,
increase stretchability, and raise the T, without affecting
carrier mobility. These parameters can enhance crystalline
ordering, which is highly desirable for organic electronics
applications."**'*® Due to the unpredictable morphologies of
conjugated thin films, 1D electrospun nanofibers or nanowires
of conjugated polymers have proven to be a favourable tool for
enhancing charge transport and crystallinity while reducing
the bandgap compared to their bulk counterparts. This

© 2024 The Author(s). Published by the Royal Society of Chemistry

approach offers the opportunity to reduce the size of devices
while maintaining or even increasing their performance, stabi-
lity, and mechanical properties.'*! Shin et al. demonstrate that
semiconducting polymers, such as poly(3-hexylthiophene)
(P3HT), can be confined into fibers through electrospinning
techniques, offering high mechanical stability to transistors."*?
These advancements have significant implications for energy
applications. For example, several research groups have
recently investigated confining semiconducting polymers
within AAO to form nanostructures in the active layers of
organic solar cells, aiming to enhance their efficiency.">**°
3.2.3. Triboelectric nanogenerators. The ease of fabrica-
tion, innovative device design, diverse material availability,
and exceptional power conversion efficiencies make triboelec-
tric nanogenerators (TENGs) highly attractive for addressing
the escalating challenges in the energy sector. TENGs have
emerged as a powerful technology for harvesting mechanical
energy through the coupling of triboelectrification and electro-
static induction. They offer unique advantages such as high
power density, high efficiency, low weight, and low fabrication
cost. One advantage of using nanoconfinement systems as
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TENG active layers is the self-polarization of the nanowires.
For example, when a polymer is confined within AAO templates,
the nanoconfinement effect induces a preferential crystal orien-
tation, increasing the average crystallinity of the material. This
enhancement in crystallinity leads to highly efficient piezoelec-
tric nanogenerators. Thus, Choi and co-workers demonstrated a
6-fold increase in the output power of triboelectric devices by
confining Nylon-11 within AAO micropores, which led to a sub-
sequent increase in crystallinity by up to 40% (Fig. 4C)."** In
addition, the formation of an electroactive-based electrospun
system facilitates the development of the polar crystalline
phase, enhancing dielectric properties. This results in superior
performance and greater efficiency for the TENG."*®

3.3. Thermal applications

3.3.1. Phase change materials. In recent years, the pro-
perties relevant to thermal energy storage, particularly those
influenced by nanoconfinement, have gained significant atten-
tion due to the growing demand for efficient energy storage
solutions in energy production. Phase change materials
(PCMs) are especially important because they can store
thermal energy as latent heat through phase transitions.

Thus, 2D confinement within polynorbornene-based bottle-
brush polymer scaffolds has significantly enhanced the ability
of paraffin to efficiently convert solar energy into latent heat
storage.”®” Recently, Lu and co-workers have advanced the
field by fabricating flexible and processable shape-stable
polymer-based PCM films. They achieved this through a
combination of electrospinning and hot-pressing technologies to
induce confined crystallization, resulting in flexible PCMs that
maintain their properties even at room temperature (Fig. 5A)."*®

AAO templates and porous silica matrices have also played
an important role in the fabrication of polymer-based PCMs.
Thus, Fang and co-workers have shown the important
advances in heat storage properties of a series of thermoset-
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ting polyurethanes (TPUs) by their confinement into AAO
porous matrix."*® Thus parameters such as fiber length and
diameter (both determined by the AAO template) allowed for
the tunability of heat energy storage properties of the material
(Fig. 5B). Similar strategies using silica porous materials have
also allowed for the obtention of polymer-based PCMs with
controllable thermal properties.'*'**>

3.3.2. Thermoelectric materials. Energy recovery can be
effectively achieved using thermoelectric materials, which
facilitate the direct conversion between thermal and electrical
energy. This process encompasses three distinct physical
phenomena: the Seebeck effect, the Peltier effect, and the
Thomson effect,"*>'** offering a viable solution for various
technological applications. In the search for new thermoelectric
materials, polymers have emerged as alternatives due to their
lightweight nature, flexibility, and ease of processing compared
to more conventional materials. However, improvements in
their Seebeck coefficient and electrical conductivity are necess-
ary before they can be utilized in large-scale devices.'*’

To address this, confining polymeric materials into 1D, 2D,
and 3D structures has become a critical research area. This
approach enhances the thermoelectric properties of polymers
and advances their potential applications. Specifically, 1D ther-
moelectric materials have been recognized for their superior
performance due to quantum confinement, which increases
the density of states near the Fermi level and thus enhances
the Seebeck coefficient.'*®"**® This parameter is crucial for the
performance of thermoelectric devices, often measured by the
dimensionless figure of merit, ZT. Moreover, 1D materials
exhibit effective phonon scattering due to a high density of
interfaces, resulting in lower lattice thermal conductivity and
higher ZT values."****° Following the 1D confinement method-
ology, Wu and co-workers have recently developed highly
efficient thermoelectric wearables (Fig. 5C)."*° This device is
capable of harvesting energy from body heat and continuously
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Fig. 5 (A) Schematic of the fabrication of polyether-based flexible PCMs. Adapted with permission.**® Copyright 2024, American Chemical Society.
(B) SEM illustrating the TPU nanoarrays obtained using different AAO nano-template diameters (i), and TPU melt points and enhanced coefficient of
heat enthalpy as a function of nanoarray diameter (ii). Adapted with permission.**®> Copyright 2019, American Chemical Society (C) Schematic ther-
moelectric generator device (i) and its ability to activate an LED bulb (ii). Adapted with permission.*® Copyright 2020, Elsevier.
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self-powering, demonstrating the importance of advancing
confinement technologies to enhance thermoelectric perform-
ance. In overall, confinement can enhance charge carrier
mobility, reduce thermal conductivity, and leverage quantum
effects to optimize thermoelectric properties. Success will be
measured through improvements in the ZT, as well as practical
performance metrics like durability and scalability.

3.3.3. Thermal insulators. The field of thermal insulation
is gaining significant attention due to the increasing need to
reduce energy waste in both industrial and domestic environ-
ments, the growing demand for home comfort, and the need
for more efficient industrial processes.

Polymer nanocomposites represent highly effective
materials for efficient energy use as thermal insulators. In
general, amorphous polymeric materials diffuse heat slowly,
making them ideal matrices for thermally insulating compo-
sites. Among various polymer systems, elastomers are particu-
larly advantageous due to their additional functionality in pro-
viding vibroacoustic insulation. The final properties of these
nanocomposites are largely determined by the fillers used.
Interactions in the interfacial region (nanoconfinement
effects) between the filler and the surrounding matrix play a
crucial role in determining these properties.’>® Thus, Ma and
co-workers have shown how polymer topology, allow for a com-
plete tuning of PS thermal transport properties.'>> By adjust-
ing the topology from linear to bottle-brush configurations,
tailored thermal conductivities can be achieved, which is
directly related to the distinct polymer chain motions in each
system. Similarly, other researchers have highlighted confine-
ment methods, such as 1D electrospun fibers or nanoparticle
confinement, as crucial for fabricating low thermal conduc-
tivity polymers. These methods find applications in fire retard-
ant materials and all-polymer insulating composites.'>****

4. Summary and perspective

The precise encapsulation of polymer chains within nano-
meter-scale spaces offers significant potential for tailoring
polymer properties for a wide range of applications. The devel-
opment of advanced nanofabrication strategies and the study
of associated physicochemical properties have led to rapid
advancements in the field.

One of the primary areas of research is the development of
more advanced nanofabrication techniques. Current methods,
while effective, often face challenges related to scalability, pre-
cision, and cost. Future advancements, like the ones presented
here, are likely to focus on scalable fabrication techniques that
allow for industrial production without sacrificing nanoscale
precision. To this end, hybrid approaches combining existing
nanofabrication methods such as 3D printing, nanoimprint
lithography, or BCP self-assembly are expected to increase the
complexity of the structures obtained through confinement.

Focusing on the applications, current environmental and
energy challenges offer significant opportunities for polymer
nanoconfinement. Consequently, there is growing interest in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymer nanoconfinement for enhancing the efficiency of bat-
teries, supercapacitors, and thermoelectric materials, contri-
buting to the development of more efficient and sustainable
energy systems. Furthermore, the development of flexible and
lightweight confined polymer structures opens new avenues
for wearable and portable energy devices.

Another important research field that is expected to gain
importance in the coming years is the fabrication of multi-
functional confined nanostructures. The confinement of smart
polymeric materials that can respond to external stimuli, such
as temperature, light, or pH, will enable the development of
advanced materials with dynamic and adaptive properties.
These responsive materials could lead to innovations in areas
such as targeted drug delivery, self-healing materials, and
adaptive coatings, while the confinement effect will allow for
tuning their electronic, thermal, and mechanical properties.

Despite significant progress, fundamental research remains
crucial for advancing the field of polymer nanoconfinement.
Consequently, detailed studies on the molecular dynamics of
polymer chains within confined spaces, particularly through
theoretical simulations, have proven essential for developing
predictive models that help reduce experimental efforts by
identifying optimal conditions and structures needed to
achieve desirable polymer properties."”>'*® This research
endeavor is expected to continue and evolve. Thus, advance-
ments in artificial intelligence (AI) and machine learning (ML)
are expected to accelerate the design of new materials and con-
finement structures. Thus, by leveraging AI and ML it is poss-
ible to predict polymer microstructures based on processing
conditions,"” or even to design tailored polymer systems with
optimal physical properties (e.g., thermal, conductivity,
mechanical).’®® These advancements have the potential to
revolutionized the nanoconfinement research field, much like
they are transforming another experimental area such as col-
loidal chemistry and nanoparticle synthesis."*®

In conclusion, the future of polymer nanoconfinement is
promising. Continued research and development will not only
enhance the properties and functionalities of polymers but
also pave the way for new technologies that address current
challenges in fields such as nanomedicine, energy, and optics.
Through these advancements, polymer nanoconfinement will
continue to push the boundaries of material science, offering
solutions to some of the most significant technological and
societal challenges of our time.
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