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ABSTRACT: We present a straightforward yet highly efficient approach for
controlling the orientations of poly(ethylene oxide) (PEO) lamellae by
introducing pseudopolyrotaxane nanosheets (PPRNSs), a novel class of two-
dimensional fillers featuring well-organized polymer brushes. Grazing-
incidence wide-angle X-ray scattering reveals parallel alignments of uniformly
flat-on PEO lamellae to the film surface, and the degrees of their orientations
are closely linked to the PPRNS concentration. Via control experiments and
comprehensive investigations of crystallization kinetics and morphological
evolutions of nanocomposites with different PPRNS contents, we elucidate
the mechanism driving lamellar orientation. PPRNSs provide additional -
nucleation sites for PEO crystallization, thereby influencing the crystallization -
kinetics. PPRNSs, acting as nucleating agents, accelerate crystallization rates, prRS 30 spherulites
impacting crystal morphology, crystal growth direction, and crystallinity

preservation. Control experiments emphasize the distinct roles of polymer brushes in offering nucleation sites. This study lays the
foundation for diverse applications and further explorations of PPRNS-based materials in the fields of polymer nanocomposites,
surface engineering, and functional material design.

[l Metrics & More ’ o Supporting Information

Surface

Cross-section

Oriented lamellae

2D spherulites
PPRNS loading increases

B INTRODUCTION

Crystal orientation is an important factor affecting the
properties, such as strength," modulus,” optical anisotropy,’
gas permeability,” thermal conductivity,” etc., of semicrystalline
polymers.>” Extensive approaches, including epitaxial crystal-

materials or strategies for fine-tuning polymer crystallization
is urgently required.

Pseudopolyrotaxane nanosheets (PPRNSs) are a novel type
of 2D nanofillers comprising cyclodextrin (CD) and
biocompatible poly(ethylene oxide)-block-poly(propylene
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lization,” stress-induced crystallization,” multiple layer coex-
trusion,'® nanofiller-induced crystallization,“ and related
techniques,'”'” have been used to control the degree of
crystal orientation and structures of crystallites. Among all
strategies, introduction of two-dimensional (2D) nanofillers
into semicrystalline polymers represents a simple way to
regulate the crystalline structures of semicrystalline polymers
due to the high surface areas and strong confinement effects of
these nanofillers. For example, graphene'* and nanoclays'
confine semicrystalline polymers into a quasi-2D crystal
growth. Theoretically, this strategy offers multiple advantages,
namely reduced processing limitations, tunable orientation
degree, and enhanced mechanical properties of the resulting
polymers. However, to achieve successful control of crystalline
orientation, several requirements, including excellent disper-
sion states and high volume fractions of nanofillers and
outstanding compatibility between nanofillers and polymer
matrix, need to be met.' Additionally, acknowledging that
although confinement effects enable achievable crystalline
orientation, they often cause the loss of overall crystallinity is
essential.'”'® Consequently, the exploration of advanced
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oxide)-block-poly(ethylene oxide) (PEO-b-PPO-b-PEO) tri-
block copolymers.'”~*' CD rings selectively cover the central
PPO segment, resulting in an inclusion complex that assembles
into 2D nanosheets (Figure 1). Organic compositions of
PPRNSs render them nontoxic and biocompatible. Thickness
of the CD layer is determined by the extended length of the
PPO segment, which adopts an all-trans conformation and
measures 11 nm in length.20 Notably, unlike other 2D
nanofillers, PPRNSs possess well-organized polymer brushes
grafted onto their surfaces.'” Polymer brushes exhibit
capacities to enhance nanoparticle dispersion, utilizing the
synergy between entropy-driven processes and enthalpic
interactions.””** Contrary to conventional methods of polymer
brush synthesis, which often encounter challenges such as
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Figure 1. (a) Syntheses of pseudopolyrotaxane nanosheets (PPRNSs) and end-capped PPRNSs (mPPRNSs) along with scanning electron
microscopy (SEM) and atomic force microscopy (AFM) images with scale bars of 2 and 1 ym, respectively. (b and c) Grazing-incidence wide-
angle X-ray scattering (GI-WAXS) patterns. (d) One-dimensional profiles with assigned crystal planes. (e) Schematics of the fabrications of
poly(ethylene oxide) (PEO)/nanosheet (PPRNS or mPPRNS) nanocomposite films.

laborious preparations and difficulty in regulating grafting
length and density, the utilization of self-assembly enables
facile and large-scale production of PPRNSs. Furthermore,
precisely defined structures of PPRNSs facilitate accurate
control over the grafting densities and lengths of polymer
brushes, offering promising solutions to current challenges in
nanoparticle dispersion. Although previous studies have
suggested the roles of polymer brushes in providing nucleation
sites, thus potentially enhancing crystallization,””** this
phenomenon has not been clearly established for 2D materials.
Consequently, our objective is to investigate the capacities of
PPRNSs to influence crystallization behaviors, particularly
crystal orientation, of semicrystalline polymers.

Herein, we introduce a novel strategy utilizing the unique
characteristics of PPRNSs to achieve precise regulation of the
crystallization structures of semicrystalline polymers. This
approach combines the confinement effects typical of conven-
tional methods with epitaxial crystallization induced by the
well-organized grafted polymer brushes. PEO was chosen as
the polymer matrix owing to its chemical compatibility with
the polymer brushes on PPRNSs, ensuring efficient dispersions
and compatibilities of PPRNSs. Previous research indicates
that PEO brushes on PPRNSs preferentially form flat-on
crystals.”® We anticipate that the growths of PEO crystals can
be directed using the above-mentioned characteristic along
with the organized polymer brushes, thereby enhancing control
over crystalline orientation.

To highlight the significance of polymer brushes, control
experiments are conducted to disrupt the polymer brushes by
capping their ends with triple epoxide groups.”” This leads to a
structure lacking free extended polymer brushes, similar to
those of conventional 2D materials. Detailed characterization
of crystallization orientation via X-ray studies and examination
of crystallization kinetics are performed to elucidate the
crystallization mechanism. Distinct features of PPRNSs as
novel 2D fillers are also discussed. We believe that new
biorelated materials with considerably high performances can
be developed by manipulating crystal orientation and
modifying the physical properties of PEO nanocomposites
films (NCFs) using PPRNSs. Because of their unique
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properties, PPRNSs are promising candidates for advancing
high-performance polymer nanocomposites, specifically in the
fields of biotechnology and energy storage electronics.

B MATERIALS AND METHODS

Materials. Beta-cyclodextrin (f-CD) and tetrahydrofuran were
purchased from Fujifilm Wako Pure Chemical Corporation. HO-
PEOQ4-b-PPO4y-b-PEO,—OH (Pluronic F68), carbonyldiimidazole
(CDI), ethylenediamine and trimethylolpropane triglycidyl ether
(TMPTG) were procured from Sigma-Aldrich. PEO with a weight-
average molecular weight of 330 000 g/mol and polydispersity of 1.18
was purchased from Polymer Source. All chemicals were used as
received.

Synthesis of H,N-PEO;5-b-PPO3y-b-PEO;5-NH,. Pluronic F68
(10.0 g, 1.2 mmol) was dissolved in tetrahydrofuran (80 mL) to
prepare solution A. Then, CDI (1.96 g, 12 mmol) was dissolved in
tetrahydrofuran (10 mL) to prepare solution B. Solution A was
dropwise added to solution B, which turned milky, at room
temperature. After the mixed solution was stirred for 4 h,
ethylenediamine (7.9 mL) was introduced into the resulting solution.
Reaction was performed at room temperature for 17 h. Entire reaction
was conducted under the protection of N, gas. The reaction was
terminated by adding water (2.5 mL) to the reaction mixture. Product
was concentrated by rotary evaporator and purified by dialysis in
water. Finally, after drying the product using a freeze-dryer for 24 h, a
white powder was obtained.

Preparation of Water-Dispersed Samples of PPRNSs and
mPPRNSs. Nanosheets were fabricated using a previously reported
procedure.”® H,N-PEOQ,-b-PPO3-b-PEO,s—NH, (1.08 g) was added
to a f-CD aqueous solution (100 mL, 18 g/L). The mixed solution
was stirred for 2 weeks at room temperature and gradually became
turbid during PPRNS formation. Surface-modified PPRNSs were
synthesized following a revised procedure.”” TMPTG (100 equiv vs
NH,) was introduced into an aqueous PPRNS dispersion and allowed
to undergo ring-opening reaction with terminal NH, groups at room
temperature for 1 week.

Fabrication of PEO and PEO/PPRNS NCFs. PEO and f-CD
mixed solution was prepared by dissolving PEO (50 mg/mL) and f3-
CD (18 mg/mL) in water. PPRNSs were acquired by centrifugation
and then mixed with the PEO and f-CD solution in a predetermined
weight ratio followed by mechanical stirring for 1 h. The blend
solution was cast in a polytetrafluoroethylene Petri dish (¢ 15 cm) or
on a Si wafer (25 X 25 cm?). Films were achieved after drying in room
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temperature for 1 week. This procedure resulted in a 100—200-xm-
thick composite film.

Characterization. Scanning electron microscopy (SEM) images
were obtained using a JEOL JSM-7800F field-emission scanning
electron microscope. Grazing incidence wide-angle X-ray scattering
(GI-WAXS) experiments were conducted using Rigaku SmartLab
with a Hypix-3000 detector. X-ray wavelength of 0.154 nm was
employed, and the sample-to-detector distance was 67.15 mm.
Measurements were performed at an incident angle of 0.2°, which is
slightly above the critical angle of the samples. GI-WAXS data
processing, including the conversion of 2D diffraction patterns to 1D
intensity profiles as a function of the scattering vector g, where q =
(47 sin 6)/4, was performed using Rigaku 2DP software. Differential
scanning calorimetry (DSC) was performed using Thermo plus EVO2
DSCvesta (Rigaku, Tokyo, Japan) at a heating/cooling rate 10 °C/
min. For isothermal crystallization, specimens were melted at 100 °C.
Specimens were maintained at 100 °C for S min followed by rapid
cooling at S0 °C/min to crystallization temperature (T.). A new
specimen was used for each isothermal test. The crystallinity (X.) was
calculated from X, = AH/AH,° where AH is the measured melting
enthalpies, AH,° is the extrapolated value of the enthalpy
corresponding to the meltin§ of a perfect infinite crystalline sample,
which was taken as 197 J/g. 8

B RESULTS

Figure la shows the schematic of the synthesis of PPRNSs.
This process involves covering the PPO domain of PEO;-b-
PPO,y-b-PEO;5 with beta (3)-CD rings, forming columns due
to higher inclusion force between -CD and PPO. Subsequent
hydrogen bonding drives the assembly of these columns,
leading to the formation of 2D nanosheets. Analysis of
scanning electron microscopy (SEM) images reveals that the
nanosheets demonstrate rhombus shapes with side lengths of
approximately one micrometer. End-capped PPRNSs were also
prepared using surface-modified variants, referred to as
mPPRNSs, based on previous literature.”” The terminal NH,
groups of polymer brushes on PPRNS undergo a ring-opening
reaction with epoxide groups in TMPTG, leading to end-
capped polymer brushes to form mPPRNSs. This surface
modification eliminates the free polymer brush ends, allowing
us to study the effect of polymer brush on crystallization.
Atomic force microscopy (AFM) image (Supporting Informa-
tion Figure S1) indicates that the morphologies of mPPRNSs
are similar to those of PPRNSs. Grazing-incidence wide-angle
X-ray scattering (GI-WAXS) was conducted to label the
characteristic peaks of CD and compare the GIWAXS patterns
of the two kinds of nanosheets (Figure 1b—d). GI-WAXS
patterns of mPPRNSs are identical to those of pristine
PPRNSs. Integrated one-dimensional (1D) profiles also
suggest that all the reflections (based on a monoclinic unit
cell with a = 1.910 nm, b = 2.426 nm, ¢ = 1.568 nm, and f§ =
111°) are retained after end-capping modification by
epoxide.”® Hence, the structures of PPRNSs remain intact
during modification.”” Delicate modification allows us to
elucidate how the polymer brushes on the nanosheet surfaces
affect PEO crystallization.

Figure le depicts the schematic of the preparation of PEO/
PPRNS NCFs. Their synthesis involves mixing PPRNSs and
PEO in water, followed by the fabrication of NCFs via drop
casting. PPRNS content in NCFs ranges from 1 to 12 wt %.
Thicknesses of the resulting NCFs range from 150 to 200 pm.
Control experiments were performed using mPPRNSs at
equivalent concentrations. Corresponding specimens are
labeled as PEO, PEO/PPRNS-x%, and PEO/mPPRNS-x%; x
% in PEO/PPRNS-x% and PEO/mPPRNS-x% represents the
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weight percentages of PPRNS and mPPRNS, respectively. Free
CD was added to all samples to stabilize PPRNSs and ensure
experimental consistency.

To analyze crystal morphology, we employed SEM to
observe the surface and cross-section of both PEO films and
NCFs containing PPRNSs and mPPRNSs (Figure 2). PEO

- PPRNS%

Figure 2. Cross-sectional SEM images of PEO/PPRNS (a—c) and
PEO/mPPRNS (d—f) NCFs.

films (Supporting Information Figures S2 and S3) exhibited
large spherulites with an average diameter of 100 um,
indicating three-dimensional (3D) growth of crystallites.
When 1 wt % PPRNSs are introduced into PEO, PEO
spherulites tend to generate random polygons from the film
surface, implying that the addition of PPRNSs in small
amounts alters the crystal growth manner of PEO from 3D to
2D style. In the cross-sectional SEM images shown in Figure
2a—f, the fiber-like structures may represent PEO lamellae.
Notably, spherulites are detected in the SEM image of PEO
(Supporting Information Figure S3), whereas lamellae are well-
aligned parallel to the film surface and stacked along the
thickness direction in the SEM images of PEO/PPRNS NCFs.
This alignment and condensation of PEO lamellae become
more significant with an increase in the PPRNS concentration.
Nevertheless, orientations in PEO/mPPRNS NCFs are only
observed at a concentration as high as 12 wt %. This difference
highlights the crucial role of free polymer brush ends in
controlling PEO crystallization behavior.

To explore PPRNS distribution and its impact on PEO
chain packing, X-ray analysis was performed. GI-WAXS was
used to assess the crystal orientations of PEO lamellae in the
presence of PPRNS and mPPRNS in various amounts (Figure
3a—g). 1D profiles integrated along in-plane (q,,) and out-of-
plane (g,) directions are shown in Figure 3h—k. For PEO, no
preferred orientations of crystals are noticed as it demonstrates
identical profiles in both directions (dashed line). Reflection
peaks at g = 13.71 and 16.53 nm™' are mainly ascribed to
(120) and (032) planes, respectively, based on a monoclinic
unit cell with a = 8.05S A, b = 13.04 A, c = 1948 A, and 8 =
125.4°, where ¢ is the chain axis.”’ For PEO/PPRNS, the
Debye ring exhibited an arc shape, which appeared only in
certain ranges of azimuth angle. Moreover, the 1D profiles
along q,, and g, directions are quite different. In the g,
direction (Figure 3i), the intense reflection peaks at g = 4.37
and 8.74 nm™' are attributed to the (001) and (002)
reflections of CD crystals in PPRNSs, respectively. This is in
agreement with our previous results’’ and suggests that CD
crystals are vertically stacked in head-to-head patterns similar
to the cases of pristine PPRNSs. Reflections derived from the
(120) and (032) planes of PEO crystals become more
anisotropic when the PPRNS loading is higher than 1 wt %
due to the evolution of preferred orientations of these crystals.
Azimuthal integration profile reveals that the (032) and (120)
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Figure 3. GI-WAXS patterns of (a) PEO, (b—d) PEO/PPRNSs, and (e—g) PEO/mPPRNSs. In-plane (h) and out-of-plane (i) profiles of PEO/

PPRNSs and in-plane (j) and out-of-plane (k) profiles of PEO/mPPRNSs.

reflections reach their maxima at ¢ = 23° and 0°, respectively.
This indicates that the PEO (032) plane is inclined at 67° with
respect to the substrate, whereas the (120) plane is
perpendicular to the substrate. Hence, the lamellar PEO
crystals are oriented parallel to the film surface, implying the
occurrence of flat-on crystallizations of PEO chains in PEO/
PPRNS NCFs.

To quantitatively evaluate the impacts of PPRNSs on the
degrees of crystalline orientation in PEO lamellae, we analyzed
the azimuthal profile of PEO (032) reflection for each sample
(Supporting Information Figure S4a). Degrees of crystalline
orientation of PEO crystals were determined by the full width
at half-maximum (fwhm) (Supporting Information Table S1).
Results clearly demonstrate that with an increase in the
PPRNS concentration from 1 to 12 wt %, fwhm of PEO (032)
decreases from 31.1 to 15.4° indicating a higher degree of
crystalline orientation. Additionally, we examined the azimu-
thal profile of CD (002) reflection for each sample
(Supporting Information Figure S4b). PEO/mPPRNS-12%
exhibits a significantly broader (002) peak than that in the case
of PEO/PPRNS-12% and a fwhm (24.5°) comparable to that
of PEO/PPRNS-1% (23.3°). This result reveals that the
alignments of mPPRNSs in the PEO matrix are less ordered
than those of PPRNSs. With an increase in the PPRNS
loading, PEO/PPRNSs demonstrate smaller fwhm values,
which indicates enhanced alignments of PPRNSs. The
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observed trend can be ascribed to the high probability of
contact between PPRNSs with an increase in the PPRNS
concentration, leading to low mobility and entropy of PPRNS.
To prevent the decreases in mobility and entropy, the system
may exhibit a preference for orientation to maximize packing
efficiency.””*" Considering the confinement of PEO crystals
between PPRNSs, the alignments of PPRNSs become crucial
for the degree of PEO crystal orientation. Specifically, the
alignments of PPRNSs along the film surfaces strongly
suppress the growths of PEO crystals in the out-of-plane
direction owing to the existence of 2D nanosheets, which is
consistent with the SEM observation.

Onset of crystalline orientation in PEO with the addition of
just 1 wt % PPRNSs was an interesting finding, a phenomenon
rarely noticed with conventional 2D fillers that typically require
higher loadings to stimulate crystalline orientation. However,
mPPRNSs, engineered to mimic common 2D fillers, failed to
induce effective orientations of PEO crystals at lower loadings
(~1 wt %). Notably, no evident preference in PEO crystalline
orientation was detected until the mPPRNS concentration
reached 12 wt %. This suggests that mPPRNSs predominantly
influence the orientations of PEO crystals via a confinement
effect, similar to the cases of other traditional 2D
materials.”> "> This result implies that the ends of the tethered
chain on PPRNS play important roles in determining the
orientations of PEO crystals. Combination of all the above-
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Figure 4. Differential scanning calorimetry curves of PEO and PEO/PPRNS NCFs during (a) second heating and first cooling. (b) Relative
crystallinity (X,) vs time for isothermal crystallization at the crystallization temperature T, = 53 °C.

mentioned morphological and crystallographic characteriza-
tions indicates that PPRNS demonstrates superior orientation
control capability as compared to those of conventional 2D
materials.

To understand the crystallization mechanism, we inves-
tigated crystallization kinetics using nonisothermal differential
scanning calorimetry (DSC) curves (Figure 4a and Table 1).

Table 1. Crystallinity (X_), Melting Temperature (T,,),
Crystallization Temperature (T.), and Crystallization Half-
Time (t,/,) Values of PEO, PEO/PPRNS NCFs, and PEO/
mPPRNS NCFs

time t, ,), which is an intriguing observation. In addition to the
confinement effect, the nucleation effect might contribute to
the high crystallization rate. Presence of a nucleating agent
enhances the nucleation rate, leading to a higher number of
active nuclei and faster crystal growth. When the confinement
effect exists to some degree, nucleation strongly influences the
crystallization rate.*' In the case of PEO/mPPRNS-12%,
where confinement dominates, the crystallization rate is
substantially low. Although the confinement effects in the
cases of PEO/PPRNSs are stronger owing to the higher
orientations of PPRNSs, the crystallization rates are consid-
erably higher than that of PEO/mPPRNS-12% due to the
assistance of the nucleating effect. In the PEO/PPRNS system,

X T (C) T.(C) iy, (mmin) both the confinement and nucleating effects coexist, aiding in
PEO 0.78 66.2 48.9 1.52 controlling crystalline orientation.
PEO/PPRNS-1% 0.82 654 467 347 To further support the nucleating effect of PPRNS,
PEO/PPRNS-6% 0.86 65.3 46.1 341 morphology evolution with respect to different PPRNS
PEO/PPRNS-12% 0.77 64.3 464 3.03 loadings was analyzed to investigate the crystallization
PEO/mPPRNS-12% 0.59 63.8 43.8 5.35

Melting temperature (Ty,), crystallization temperature (T.),
and crystallinity (X_) of pristine PEO are 66.2 °C, 48.9 °C, and
0.78, respectively. PEO/PPRNS NCFs exhibit slightly lower
T,, (654 °C) and T, (46.7 °C) than those of pristine PEO
because of the confinement effect.>® Nevertheless, note that
T,y T, and X, of PEO/PPRNS NCFs demonstrate negligible
variations with changes in the PPRNS content even up to 12
wt %, deviating from expectations exclusively based on
confinement effects. In contrast, for PEQ/mPPRNS-12%,
where confinement dominates, T, and T, and particularly X,
are low. This phenomenon is commonly observed in polymer
nanocomposites containing 2D fillers,”’ " in which significant
confinement effects inhibit crystallization and interfere with the
integrities of polymer crystals, resulting in low X, and T..

To gain comprehensive insights into the kinetic aspects of
PEO crystallization, we also conducted isothermal DSC at T, =
53 °C. As shown in Figure 4b, relative crystallinity (X,),
defined as the ratio of X at time ¢ to X, when time approaches
infinity, was plotted as a function of time, exhibiting a
sigmoidal shape characteristic of isothermal polymer crystal-
lization. Introduction of PPRNS, even at a low loading of 1 wt
%, increased the crystallization time of PEO, implying
significant suppression of crystallization. Inhibition of crystal-
lization in PEO/PPRNS systems can be ascribed to low chain
mobility due to the confinement effect.”” However, with an
increase in the PPRNS loading, the crystallization rate
gradually and slightly increases (reduced crystallization half-

455

mechanism (Supporting Information Figure S2). With an
increase in the PPRNS loading to 6 wt %, the sizes of PEO
crystals become smaller as compared to those in the cases of
PEO and PEO/PPRNS-1%, suggesting the production of more
nucleation sites in the same area. This demonstrates that
PPRNSs act as nucleating agents, promoting the formation of
additional nucleation sites and thus altering the crystallization
behavior of PEO. Moreover, the potentials of grafted polymer
brushes to direct the growths of polymer crystals are supported
by simulation studies.*” This characteristic is notable because
of not only its ability to accelerate the crystallization rate, but
also its impact on the structures of PEO crystals and
preservation of these crystalline structures. This observation
is significant considering that conventional methods relying on
confinement effects often compromise the integrity of the
crystalline structure. Retention of X_. holds importance in
maintaining the physical and mechanical properties of
semicrystalline polymers.

B DISCUSSION

Our investigation highlights the considerable capacities of
PPRNSs to govern the orientations of crystallites in semi-
crystalline polymers. Even in a small amount of 1 wt %,
PPRNSs induced anisotropic crystal orientations in PEO, with
flat-on PEO lamellae aligning parallel to the film surfaces.
Degree of PEO crystal orientation directly correlated with the
concentrations of PPRNSs added, revealing the influential
roles of PPRNSs in shaping crystalline structures. Additionally,
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Figure S. Schematics of crystallization: (a) Modified PPRNS-induced crystallization exclusively exhibiting the confinement effect along with a
confined spherulite; (b) PPRNS-induced crystallization demonstrating polymer brush-initiated crystallization, featuring oriented and continuous

PEO lamellar growth.

PPRNSs not only affected crystal morphologies including
crystal growth direction, but also preserved X, which is a rare
phenomenon in semicrystalline polymer nanocomposites
comprising 2D fillers. Our control experiments, involving
end-capping of the extended polymer brushes, further
elucidated crystallization. As illustrated in Figure S, two
different crystallization mechanisms are observed and dis-
cussed as follows.

High abilities of PPRNSs to orient the crystal structure of
the PEO matrix are attributed to several characteristics: (1)
excellent dispersibility in the matrix, which is a major
advantage; (2) the 2D nanosheet structure, which provides
effective confinement and naturally aligns parallel to the film
surface; and (3) presence of PEO brushes on the surface,
which act as nucleation sites. These properties collectively
enable PPRNSs to confine the crystal growth of the matrix in
the in-plane direction, resulting in high orientation in the
matrix crystal direction. In PEO/PPRNSs, both confinement
and nucleation effects coexist and compete, leading to a
balanced scenario where crystallization orientation and X, are
well-maintained.

In contrast, mPPRNSs exhibit lower abilities to serve as
nucleation sites and orient the PEO matrix crystals owing to
their bulky axis ends. Consequently, their behaviors are similar
to those of traditional 2D fillers. In PEO nanocomposites
containing mPPRNSs, nucleation primarily occurs in the
matrix away from mPPRNSs. During crystallization, the PEO
crystals are confined by mPPRNSs, causing them to push
mPPRNS:s aside, resulting in the accumulation of mPPRNSs at
the boundary or their entrapment in the spherulite as shown in
Figure Sa. This confinement disrupts the orientations of
mPPRNSs during crystallization.

These insights demonstrate the unique advantages of
PPRNSs over traditional 2D fillers, such as graphene and
clay. The key distinction lies in PPRNSs’ ability to combine
physical confinement with interaction through their polymer
brushes. While traditional 2D fillers like graphene or clay
platelets rely solely on physical confinement, PPRNSs provide
both spatial constraint and nucleation sites through their
extended polymer brushes. This dual functionality enables
precise control over crystal orientation while maintaining high
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crystallinity, a combination rarely achieved with conventional
fillers.

Furthermore, our study not only contributes to fundamental
understanding, but also opens avenues for the design and
development of innovative materials with tailored properties
for diverse applications. Because of their unique characteristics,
PPRNSs are promising candidates for the advancement of
high-performance polymer nanocomposites, offering significant
potential for transformative impact across various industries.
Particularly, our findings pave the way for the development of
biorelated materials with customized attributes and applica-
tions in numerous fields, for example, biomedicine, electronics,
and environmental engineering.43 For instance, in biomedicine,
regulated orientations of crystallites can considerably impact
the release kinetics of drugs confined in the polymer matrix,
enabling precise control over therapeutic delivery mechanisms.
Similarly, in electronic devices such as sensors and actuators,
the incorporation of aligned crystalline structures can impart
superior mechanical properties to these devices, leading to high
performances and reliabilities of electronic systems.

B CONCLUSION

In conclusion, our study demonstrates the multifaceted
potentials of PPRNSs in determining the properties and
functionalities of polymer nanocomposites. Utilizing the
exceptional properties of PPRNSs, we can create tailor-made
materials with high performances and versatilities, addressing
challenges and driving innovation across a wide range of
industries. As research in this field is continuously advancing,
we anticipate further breakthroughs that will reveal new
opportunities for the application of PPRNS-based materials in
various sectors, eventually contributing to the advancement of
science and technology for the benefit of society.
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