Downloaded viaFUDAN UNIV on March 12, 2026 at 06:45:14 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Hacromolecules

pubs.acs.org/Macromolecules

Tunable Sizes and Aspect Ratios of Uniform Hexagonal/Rhombic
Nanosheets with a Polyethylene Core via Crystallization-Driven Self-

Assembly
Jiali Wu, Boyang Shi, Ding Shen, Hanyu Lv, and Guowei Wang*

Cite This: https://doi.org/10.1021/acs.macromol.5c03517

I: I Read Online

ACCESS |

[l Metrics & More | Article Recommendations

@ Supporting Information

ABSTRACT: Block copolymers (BCPs) are well-documented to undergo self-
assembly into diverse nanostructures. Uniquely, BCPs with crystallizable core-forming
blocks undergo crystallization-driven self-assembly (CDSA), typically yielding one-
dimensional (1D) nanowires and two-dimensional (2D) nanosheets. However, the
precise control over morphologies, sizes, and aspect ratios of 2D nanosheets remains
challenging. Herein, we present a one-pot “heating—cooling—aging” CDSA strategy for
polyethylene-block-poly(4-tert-butoxystyrene) (PE-b-PtBOS) BCPs, which is imple-
mented in a selective solvent of toluene over a broad concentration range of 0.025~5.0
wt %. This strategy enables the fabrication of uniform hexagonal/rhombic nanosheets
with precisely tunable sizes and aspect ratios by manipulating key parameters of the
annealing temperature, the degree of polymerization for PtBOS (DPpgpg), and
concentration. Specifically, at lower DPpgpos, spontaneous nucleation and growth
enable the rapid fabrication of molecularly thin, uniform, and tunable nanosheets,
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whereas at higher DPpgos, the formation kinetics of such nanosheets slows down significantly. The nanosheet size is facilely
tailorable by adjusting the annealing temperature, as this parameter directly modulates the number of crystal nuclei, while the aspect
ratios of these hexagonal/rhombic nanosheets can be readily regulated by varying the concentration or DPpgos. Uniquely, a
deliberate bidirectional morphological transition between hexagonal and rhombic nanosheets can also be achieved by modulating the
DPppos, concentration, and cooling rate. This work provides new insights into how experimental parameters influence the CDSA
process and provides an efficient, versatile route for the controlled synthesis of 2D nanosheets.

B INTRODUCTION

generally predictable via packing parameter theory.

17-21
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Nanostructures, leveraging their unique structures and
functions, have been extensively employed in numerous areas
of research and technology, spanning biomedical science,
materials science, environmental engineering, etc.'™ As the
performance of nanostructures is directly impacted by their
morphology, size, and composition, the controllable fabrication
of these nanostructures has thus become remarkably
important. Among all the morphologies, two-dimensional
(2D) lamellar micelles exhibit significantly more prominent
advantages over zero-dimensional (0D) spherical micelles or
one-dimensional (1D) fibrous micelles in extensive funda-
mental and practical fields owing to their distinct intrinsic
characteristics, including a large specific surface area, adjustable
aspect ratios (the ratio of length to width), and well-defined
morphologies (e.g., hexagons, rectangles, rhombuses).8_13
Over the past few decades, self-assembly of amphiphilic
block copolymers (BCPs) in solution has evolved into an
increasingly adaptable bottom-up strategy, enabling the
fabrication of nanostructures with distinct morphologies and
tailored functionalities.'*~** Typically, BCPs with an amor-
phous core-forming block are capable of forming micelles with
spherical, wormlike, or vesicular morphologies, which is
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contrast, BCPs containing crystalline blocks tend to form
micelles with low curvature structures such as 1D elongated
fibrous micelles and 2D platelet-like micelles through a process
known as crystallization-driven self-assembly (CDSA).'®**~*
Prior reports have documented the CDSA of different BCPs,
with crystalline moieties (poly(i-lactide) (PLLA),**™* poly(e-
caprolactone) (PCL),”" ™ poléyethylene (PE),*3~% poly(3-
hexylthiophene) (P3HT),”*° polyferrocenyldimethylsilane
(PEDMS),*”** etc.) acting as the core-forming blocks.
Generally, the regulation of micelle sizes can be achieved by
adjusting the composition, concentration, and self-assembly
conditions of BCPs. Nevertheless, the CDSA-fabricated
micelles exhibit a broad size distribution arising from the
slower self-nucleation kinetics of molecularly dissolved BCP
unimers relative to epitaxial growth. For enhancing the
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Scheme 1. Synthetic Procedure for PE;(-b-PtBOS, BCPs and the Corresponding Nanosheets
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uniformity of assemblies, Manners and Winnik pioneered the
“living” CDSA concept—a two-step strategy—for 1D and 2D
nanostructures.” In their approach, the nucleation and growth
processes of crystallites are separated, thereby reducing the
polydispersity of the resulting nanostructures. So far, “living”
CDSA, including self-seeding and seeded growth approaches,
has been demonstrated to exhibit high feasibility for the precise
control of nanostructure’ sizes and uniformity.>®”>%*>"*
Nevertheless, independent control over the length and width
of 2D nanosheets remains challenging, as these nanosheets
grow simultaneously along both biaxial directions.

Gaining in-depth insight into the intrinsic mechanism of
aspect ratio regulation for nanosheets is crucial for realizing
precise control over nanosheet sizes and morphologies. This
will open up new avenues for the design of nanomaterials with
tailored properties, which hold potential applications in various
fields including drug delivery, optoelectronics, etc.””*'™**
Some advances have been made toward these goals. For
example, O’Reilly et al. conducted the “living” CDSA of
polycaprolactone-b-poly(N,N-dimethylacrylamide) (PCL-b-
PDMA) and PCL homopolymers.”” They found that the
chain length of PCL exerted a significant influence on the
aspect ratios of the resulting nanosheets and attributed this
phenomenon to the regulatory effect of crystallization kinetics
on the crystallization rates of (110) and (200) crystal planes.
Similarly, Manners et al. revealed that the aspect ratios of
polycaprolactone-b-poly(cobaltocenium amidoethyl methacry-
late) (PCL-b-PCoAEMA) nanosheets could be jointly
regulated by the electrostatic interactions of cationic metal
blocks and the crystallization behavior of PCL, leading to
differences in the crystallization rates of the platelet crystals
along the longitudinal and transverse directions.’” Further-
more, Choi et al. focused on crystalline polyacetylene
containing fluorenes and triisopropylsilyl side chains, success-
fully realizing independent control over the widths and lengths
of 2D nanorectangles by optimizing cosolvents and the CDSA
process, providing a new strategy for the precise fabrication of
semiconducting 2D nanomaterials.”’ They found that
cosolvents enable aspect ratio control by accelerating (010)
crystal plane growth compared to that in the (100) plane.
Overall, Manners et al. and Choi et al. have made pioneering
contributions to this topic, and great progress has been

achieved.””*"*> Nevertheless, deeper insights into CDSA
theory and synergistic control over the sizes, morphologies,
and aspect ratios of the 2D nanosheets remain highly desirable,
which is expected to facilitate the fabrication of more advanced
nanomaterials. Notably, as a general material for industrial
applications, crystalline PE is rarely involved in the CDSA
process due to the challenging synthesis of PE-based
BCPs 36394

To address the current limitations of the CDSA process,
herein, we constructed a synthetic route for polyethylene-block-
poly(4-tert-butoxystyrene) (PE-b-PtBOS) through the combi-
nation of coordination polymerization and reversible addi-
tion—fragmentation chain transfer (RAFT) polymerization,
and subsequently evaluated and optimized the CDSA process
of PE-b-PtBOS to achieve systematic control over the
geometric parameters of nanosheets in a facile and controllable
manner. In detail, the uniform hexagonal/rhombic nanosheets
with precisely controllable sizes were prepared using a one-pot
“heating—cooling—aging” procedure at concentrations of
0.025~5.0 wt % (Scheme 1). Factors that influence the sizes,
morphologies, and aspect ratios of these nanosheets, mainly
comprising the length of the amorphous PtBOS segment,
annealing temperature, and concentration, were comprehen-
sively investigated. This work represents an alternative efficient
route to the fabrication of uniform nanosheets with tunable
sizes and aspect ratios via one-pot CDSA process, while also
enabling bidirectional morphological transformation of nano-
sheets between hexagonal and rhombic phases.

B RESULTS AND DISCUSSION

Synthesis and Characterization of PE;5,-b-PtBOS, BCPs

The synthetic route of PE,,-CTA macroinitiator and PEs;-b-
PtBOS, BCPs with varying degrees of polymerization (DP) of
the PfBOS block (subscripts 150 and x represent the DP of the
PE and PtBOS blocks, respectively) are illustrated in Scheme
1. Briefly, the linear vinyl-terminated PE (PE-Vinyl) was first
synthesized via the coordination polymerization of ethylene,
using bis[ N-(3-tert-butylsalicylidene)cyclopentylaminato]-
zirconium(IV) dichloride complex (PTFI) as the catalyst and
methylaluminoxane (MAQ) as the cocatalyst, and the vinyl
termination efficiency was calculated as approximately 85% via
'"H NMR spectrum by comparing the integral area of
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Figure 1. (a—i) Representative TEM images of PE,5(-b-PtBOS, nanosheets obtained via CDSA in toluene at a concentration of 0.25 wt %. All of
the samples were annealed at 90, 92.5, and 95 °C for 2.0 h, then naturally cooled to 25 °C in the oil bath, followed by aging at 25 °C for 24.0 h, and
finally redispersed by oscillation for sample preparation. (j, k) The numerical distribution of lengths and widths of the PE,-b-PtBOS, nanosheets,
as statistically obtained from TEM images. (1) Schematic representation of the CDSA process for the PE,s,-b-PtBOS, BCPs.

resonance signals at 0.95 ppm (CH;-) and 2.10 ppm
(-CH,CH=CH,) (Figure S3). Then, the terminal vinyl
group on PE-Vinyl was converted to a hydroxyl group,
yielding hydroxyl-terminated PE (PE-OH) via the thiol-ene
click reaction with excess 2-mercaptoethanol in toluene, using
2,2'-azobis(isobutyronitrile) (AIBN) as the initiator. Sub-
sequently, the macromolecular chain transfer agent PE ;,-CTA
was prepared via an esterification reaction between PE-OH
and 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid
(DDMAT) in the presence of N,N-dicyclohexylcarbodiimide
(DCC) and 4-dimethylaminopyridine (DMAP). Notably, the
end-group conversion efficiencies for both PE-Vinyl and the
subsequent PE-OH were nearly 100%, which was confirmed by
the complete disappearance of the resonance signals at 2.10
ppm (-CH,CH=CH,) on PE-Vinyl and 3.75 ppm (-CH,OH)
on PE-OH in their '"H NMR spectra (Figure S3). Finally,
further RAFT polymerization afforded a series of PE,s;-b-
PtBOS, BCPs. The detailed preparation procedure, 'H NMR

spectra, and size exclusion chromatography (SEC) character-
izations are shown in Scheme 1 and Figures S1—S6.

To confirm that the PE,5o-b-PtBOS, BCPs possess
crystallizability to provide the driving force for the subsequent
CDSA process, wide-angle X-ray scattering (WAXS) and
differential scanning calorimetry (DSC) were employed to
examine the crystalline structure and thermal behavior of the
PE;5y-b-PtBOS, BCPs. The WAXS analysis revealed that the
PE5;-CTA precursor and all of the PEs,-b-PtBOS, BCPs
exhibit two distinct crystalline peaks, located at 26 = 21.6° and
24.0°, corresponding to the (110) and (200) crystalline planes
of the PE block, respectively (Figure S7). The intensity of the
crystalline peak (110) regularly decreases as the DPppog
increases. Meanwhile, PE,,-b-PtBOS,4 and PE,;-b-PtBOS,,
exhibit a broad scattering peak at 26 = 18.1°, which
corresponds to the amorphous halo of PtBOS blocks, with
the peak intensity intensifying as DPpqg increases. Addition-
ally, the crystallization and melting peaks obtained from DSC
analysis further demonstrate that the PE,;,-CTA homopolymer
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Figure 2. (a—c) WAXS and (d—f) DSC first heating curves of PE,;,-b-PfBOS, (before CDSA) and the corresponding nanosheets obtained via the
CDSA process (0.25 wt % in toluene). The PE,,-b-PfBOS, nanosheets were prepared via annealing at 90 or 130 °C for 2.0 h, then naturally cooled
to 25 °C in the oil bath, followed by aging at 25 °C for 24.0 h, and finally subjected to solvent evaporation at room temperature.
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Figure 3. Representative TEM images of PE,5,-b-PtBOS, nanosheets obtained via the CDSA process in toluene at concentrations of (a—c) 0.025
wt %, (d—f) 0.25 wt %, and (g—i) 2.5 wt %. All the samples were annealed at 90 °C for 2.0 h, then naturally cooled to 25 °C in the oil bath,
followed by aging at 25 °C for 24.0 h, and finally redispersed by oscillation for sample preparation. (j—1) Corresponding DLS results for PE;5,-b-
PtBOS, nanosheets.

and PE ,-b-PtBOS, BCPs are crystallizable (Figure S8).
Specifically, the melting temperature (T,,) of PE,,-CTA
homopolymer and all the PE5,-b-PtBOS, BCPs was detected

approximately 120 °C in the second heating run, which was

consistent with the values reported in the literature.

50,51

Differently, the crystallization temperatures (T.) of PE;5-CTA
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Figure 4. (a—c) 2D AFM images, (d—f) 3D AFM images, and (g—i) AFM height profiles of the PE,5-b-PtBOS, nanosheets obtained via CDSA in
toluene at a concentration of 0.025 wt %. All of the samples were annealed at 90 °C for 2.0 h, then naturally cooled to 25 °C in the oil bath,
followed by aging at 25 °C for 24.0 h, and finally redispersed by oscillation for sample preparation. (j) Schematic diagram of the structure of PE -

b-PtBOS, nanosheets obtained via CDSA.

homopolymer and PE s,-b-PtBOS, BCPs were varied and
detected between 1152 and 72.5 °C in the cooling run.
Specifically, the T, of PE5,-b-PtBOS,, was lower than those of
PE,5)-b-PtBOS,4 (105.8 °C), PE,,-b-PBOS, (114.1 °C), and
the PE;5-CTA precursor (115.2 °C). As DPpgpg increased,
the gradual decrease in T could be attributed to the enhanced
interruption and confinement of the relatively longer PtBOS
blocks on the crystallization behavior of PE blocks in the
BCPs. Overall, these WAXS and DSC results indicate that,
although interrupted by PtBOS blocks, the PE blocks in PE -
b-PtBOS, BCPs maintain crystallizability, and the BCPs can be
used for the subsequent CDSA investigation.

CDSA Behavior of PE,;,-b-PtBOS, BCPs under Different
Annealing Temperatures

According to the principle of CDSA, toluene was employed as
a selective solvent for PE,s-b-PtBOS, BCPs as it is a good
solvent for the PtBOS block and a poor solvent for the PE
block at room temperature (25 °C). Thus, the BCPs tended to
self-assemble into nanostructures with PtBOS as the shell and
PE as the core. Since the morphologies of the nanostructures
self-assembled from the BCPs largely depended on the core-to-
corona ratios, the BCPs with fixed DPpy but varied DPpgog
were employed for the CDSA process. In this section, the
effect of annealing temperature on the CDSA process was
investigated, with the BCP concentration fixed at 0.25 wt %. In
a typical procedure, the solid PE5-b-PtBOS, BCPs and
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toluene were sequentially placed in a 10 mL vial, initially
forming a dispersion with stirring. Subsequently, the vial was
sealed, and the dispersion was immersed in an oil bath (at 90,
92.5, 95, 100, or 130 °C) and annealed for 2.0 h, after which
the heating and stirring were stopped. The dispersion was
naturally cooled to 25 °C by leaving the vial in the oil bath,
followed by aging at 25 °C for 24.0 h. Prior to sample
preparation for characterization, the vial was subjected to a
simple oscillation to ensure the uniformity of the dispersion.
After the CDSA process, the morphologies of the PE,y-b-
PtBOS, nanosheets were first monitored by transmission
electron microscopy (TEM) measurement, as depicted in
Figure 1la—i. Specifically, at a relatively low annealing
temperature of 90 °C and a concentration of 0.25 wt %, the
morphologies of the PE ,-b-PtBOS, self-assemblies underwent
a transformation from hexagonal to rhombic as DPppos
increased, accompanied by a slight decrease in size.
Furthermore, as the annealing temperature was increased to
92.5 and 95 °C, the sizes of the hexagonal and rhombic
nanosheets increased significantly, which was clearly confirmed
by the 2D plots depicting the statistical distribution of lengths
and widths for these nanosheets (Figure 1j,k). However, as the
annealing temperature was further increased to 100 and 130
°C, only fragmented nanosheets and an amorphous phase were
observed in the corresponding TEM images (Figure S9).
Based on the results under different annealing temperatures,
the CDSA process can be hypothesized to proceed as
illustrated in Figure 1l First, thermal annealing induces self-
nucleation of the BCPs, with the majority of polymer chains
dissolved as unimers, while the PE homopolymer and a
minority of BCPs with relatively low DPpgog tend to form
crystal nuclei. With subsequent cooling, the unimers migrate
rapidly toward crystal nuclei, growing uniformly from each
crystal nucleus and eventually forming larger nanosheets via
the aging process. Specifically, when the thermal annealing
temperature is relatively low, more crystal nuclei are formed,
resulting in smaller nanosheets. Simultaneously, an increase in

annealing temperature reduces the number of formed nuclei,
ultimately leading to an increase in nanosheet size. However,
negligible nuclei remain upon further temperature elevation,
theoretically enabling the formation of significantly larger
nanosheets, which may be unstable and tend to fragment
during growth. Moreover, given that few crystal nuclei are
ultimately generated, not all of the dissolved BCPs can
participate in the growth process, leading to the observation of
an amorphous phase in the corresponding TEM images. Thus,
just by modulating the annealing temperature, we achieved the
fabrication of nanosheets with tunable sizes via a simple one-
pot CDSA process. This process is analogous to the self-
seeding method in the “living” CDSA process,45 which,
however, requires the preliminary preparation of seed crystals.

To prove the above deduction, we attempted to capture the
crystal nuclei by preparing the TEM samples just after
annealing and prior to cooling. However, due to the rapid
cooling during the TEM sampling process by immersing the
copper grid into the hot dispersions and subsequent taking out
thereof, it was unavoidable to induce the fast and uncontrolled
growth of BCP unimers on the crystal nuclei (Figure S10).
What was actually observed might be the derived crystal
structure after the growth of unimers from crystal nuclei but
different from those after the full CDSA process in Figure la—
i, and thus the intrinsic morphologies of the original crystal
nuclei could not be directly captured. For example, after
annealing at 90 °C for 2.0 h, the TEM images of hot
dispersions prior to cooling indicated that the rhombic lamellar
crystals with nonuniform sizes were generated for PE,sy-b-
PtBOS, and PE,;,-b-PfBOS,4 (Figure S10a,b). After annealing
at 95 °C for 2.0 h, the TEM images showed more irregular
morphologies than those after annealing at 90 °C (Figure
$10d,e). Furthermore, after annealing at 130 °C for 2.0 b,
almost no regular morphologies could be discriminated
(Figure S10gh). Especially, for PE;5-b-PtBOS,,, irregular
aggregates were consistently observed (Figure S10cfi).
Nevertheless, after annealing from 90 to 130 °C, the evolution
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Figure 6. Representative TEM images of PE5,-b-PtBOS, nanosheets obtained via the CDSA process in toluene at a concentration of 0.25 wt %. All
of the samples were annealed at 90 °C for 2.0 h, then naturally cooled to (a—c) 25 °C, (d—f) 35 °C, and (g—i) S0 °C in the oil bath, followed by
aging at the corresponding temperatures for 24.0 h, and finally redispersed by oscillation for sample preparation.
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Figure 7. Representative TEM images of PE 5,-b-PtBOS, nanosheets
obtained via the CDSA process in toluene at a concentration of 0.25
wt %. The samples were annealed at 90 °C for 2.0 h, then naturally
cooled to 25 °C in an oil bath, subsequently aged at 25 °C for
different times, and finally redispersed by oscillation for sample
preparation.

of TEM images qualitatively illustrated that the number of
crystal nuclei gradually decreased, leading to the uneven
growth of unimers and the formation of more irregular
morphologies. Alternatively, to verify the existence of crystal
nuclei, the dynamic light scattering (DLS) measurement was
performed at 90 °C and the sizes of the original crystal nuclei
at 90 °C were detected from 70 to 40 nm with increasing

DPpgos (Figure S11). However, the typical DLS equipment
was limited by its maximum measurable temperature of 90 °C.
Nevertheless, the DLS results at 90 °C confirm the presence of
crystal nuclei, which exhibit a dependence on DPpgqs.
Additionally, it should be noted that DPpgog and T, exhibit
a correlation, as shown by the DSC results in Figure S8. Thus,
the sizes of crystal nuclei also exhibit dependence on T.. That
is, the lower the T, of the BCPs, the smaller the crystal nuclei,
the more irregular morphologies at elevated temperatures are
generated, and finally incomplete crystallization and relatively
more irregular and smaller nanosheets after the CDSA process
are observed. For example, the PE ;,-b-PtBOS,, has a T, of
72.5 °C, shows the most irregular morphologies at elevated
temperatures, and yields nanosheets with the most irregular
morphologies and smallest sizes after CDSA. Thus, the TEM
images and DLS results captured at elevated temperatures
(Figures S10 and S11), the TEM images after the CDSA
process (Figure la—i), as well as the DSC results (Figure S8),
comprehensively support the core inference that an increase in
the annealing temperature leads to a decrease in the number of
crystal nuclei and an increase in their size.

Furthermore, to probe the internal molecular packing, the
hexagonal/rhombic nanosheets with varying sizes, obtained via
the CDSA process at different annealing temperatures, were
collected via solvent evaporation at room temperature and
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Figure 8. (a—f) Representative TEM images of PE,(-b-PtBOS, nanosheets obtained via the CDSA process in toluene at a concentration of 0.25 wt
%. All samples were annealed at 90 °C for 2.0 h, then cooled to 25 °C either by natural cooling in the oil bath or in air (corresponding to cooling
rates of about 0.5 and 5.0 °C/min, respectively), followed by aging at 25 °C for 24.0 h, and finally redispersed by oscillation for sample preparation.
(g—i) Numerical distribution plots of length, width, and area versus DPpgos for PE;54-b-PfBOS, nanosheets, as statistically obtained from TEM

images.

further characterized via a WAXS measurement. As shown in
Figure 2a—c, all PE 5,-b-PtBOS, BCPs before the CDSA
process exhibit two distinct crystalline peaks corresponding to
the PE blocks, peaking at 26 = 21.6° and 20 = 24.0°
respectively. After the CDSA process at an annealing
temperature of 90 °C and a concentration of 0.25 wt %, the
corresponding nanosheets display a marked intensity enhance-
ment of the crystalline peak at 20 = 21.6°, with the crystalline
peak at 26 = 24.0° exhibiting a sharper profile. Meanwhile, the
broad scattering peak at 20 = 18.1° attributed to the
amorphous PtBOS segments nearly vanishes for both PE ;-
b-PtBOS,¢ and PE ;-b-PtBOS,,. These results indicate that
the PE,5-b-PtBOS, BCPs were arranged into highly ordered
nanostructures after the CDSA process at an annealing
temperature of 90 °C. By comparison, the nanostructures
obtained via the CDSA process at an annealing temperature of
130 °C retain a broad scattering peak corresponding to the
amorphous PtBOS blocks, and the crystalline peaks for the PE
blocks are significantly attenuated. These findings are
consistent with the corresponding TEM results (Figure S9d—
f), collectively indicating that the internal structures of the self-
assemblies fail to achieve high order. In addition, the first
heating DSC curves of the aforementioned samples provide
further confirmation (Figure 2d—f). That is, the PEs-b-
PtBOS, BCPs after the CDSA process at 90 °C annealing
exhibit the largest melting peak areas and melting enthalpies
compared with both the samples before the CDSA process and
those subjected to the CDSA process at 130 °C annealing,
further indicating that the nanosheets possess nanostructures
with the highest degree of order under this condition.

CDSA Behavior of PE;5,-b-PtBOS, BCPs at Different
Concentrations

Following the clarification of the effects of annealing
temperature and DPpgpos on the morphologies of the self-
assemblies, we further investigated the variation patterns of the
self-assemblies under different BCP concentrations to achieve
a higher level of control and enhance practical application
potential.

Similarly, the morphologies of the resulting nanostructures
were first monitored by TEM measurement. As shown in
Figure 3a, the PE,5-b-PtBOS, self-assemblies obtained via the
CDSA process at a relatively low concentration of 0.025 wt %
exhibit uniform rhombic nanosheets, with a length of 1.90 +
0.10 ym and a width of 1.40 + 0.10 ym. In comparison, PE, 5
b-PtBOS,s and PE-b-PtBOS,, exhibit smaller rhombic
nanosheets, with lengths of 1.63 + 0.02 ym and 1.69 + 0.01
pum, and widths of 1.20 + 0.05 ym and 1.15 + 0.05 um,
respectively (Figure 3b,c). As the concentration was further
increased to 0.25 wt %, the PE,5-b-PtBOS, self-assemblies
evolved into a hexagonal morphology, while the PE,y-b-
PtBOS,4 and PE,(-b-PtBOS,, self-assemblies maintained the
thombic ones (Figure 3d—f). When the concentration was
further increased to 2.5 wt %, all the nanosheets evolved into a
hexagonal morphology (Figure 3g—i). Generally, the sizes of
the nanosheets significantly decrease with the increase in
DPppos at all three concentrations. The sizes of nanostructures
at various concentrations were also characterized by DLS,
which was aimed at further revealing the effects of DPpos and
the concentration on self-assembly behavior, and the
corresponding results are presented in Figure 3j—IL Similarly,
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it is observed that the sizes of the nanosheets significantly
decrease as DPpjpog increases under varying concentrations,
which is generally consistent with that from the TEM images.
However, both the TEM and DLS results show that the
concentration has a less significant effect on the sizes of
nanosheets of the same BCP. This is most probably due to the
shorter solvophilic segments lacking the capacity to maintain
the stability of the core, thereby driving the BCPs to assemble
into larger structures to reduce their overall free energy. This
tendency was further verified by a precipitation experiment,
i.e, the CDSA system (0.25 wt %) was first annealed at 90 °C
for 2.0 h in an oil bath, then the vials were taken out, and the
dispersions were statically cooled in air to facilitate the
observation of precipitation. The photos in Figure S12 show
that, as DPp increases, the time for obvious precipitation to
occur extended from 8.0 min (for PE,,-CTA) to 24.0 h (for
PE,5,-b-PtBOS,,). As noted in the previous section, before the
sampling for TEM observation, the dispersions had been
redispersed by simple oscillation. Thus, although the
precipitates were formed after long-time standing, the TEM
images still showed uniform sizes and regular morphologies,
especially in low-magnification TEM observations over a large
field of view (Figure S13), meaning that the self-assemblies
were weakly aggregated and could be redispersed (Figure 3),
rather than irreversible precipitated aggregates. Similarly, large-
area uniform and regular nanosheets can also be observed in
Figure 8a—c with low magnification, which are presented and
further discussed in detail in a subsequent section. In contrast,
the precipitates generated from the PE;5,-CTA homopolymer
were irreversible and could not be redispersed due to the
absence of the PtBOS block as a stabilizer (Figure S14).
Additionally, another phenomenon is observed in these
nanosheets. That is, the morphological evolution from uniform
hexagonal nanosheets to rhombic nanosheets can be induced
by either decreasing the concentration or increasing the
DPppos. To the best of our knowledge, the realization of
fabricating nanosheets that exhibit both size controllability and
the ability to undergo bidirectional morphological trans-
formation between hexagonal and rhombic morphologies has
rarely been reported.

Furthermore, the nanosheets were also characterized by an
atomic force microscopy (AFM) measurement (Figures 4 and
S15). The AFM height profiles revealed that the sheet-like
structures have a uniform thickness (%20 nm), irrespective of
variations in DPpgog or concentration. Given that the
nanosheets were primarily derived from the effective stacking
of crystallizable PE block, this consistency in thickness values
suggests that the molecular stacking mode remains nearly
unchanged. Additionally, the AFM height profiles revealed that
the nanosheet surfaces are not flat but instead exhibit a slight
concavity between the center and edge regions. For instance, in
Figure 4g, the central region of the nanosheet shows a height
of approximately 28.8 nm and the edge region is around 22.0
nm, while the thinnest point between these two regions has a
thickness of only 19.2 nm. Similarly, the slightly concave
morphology observed between their central and edge regions
has also been reported for other BCPs in the literature.”*~>*
Herein, this phenomenon can be attributed to the heteroge-
neous distribution of the PE;;, homopolymer and PE;-b-
PtBOS, BCPs within the nanosheets. As already noted,
although the end-group conversion efficiencies of both PE-
Vinyl and subsequent PE-OH were nearly 100%, the PE
initially prepared via coordination polymerization contained

approximately 85% PE-Vinyl. Thus, the subsequent BCPs
should contain a small amount of PE,5, homopolymer. Due to
the hindrance of the amorphous PtBOS segments in PEs,-b-
PtBOS,, its crystallization ability is weaker than that of PE,y,
homopolymer, a conclusion supported by the above WAXS
and DSC data (Figures S7 and S8). Therefore, the PE,,
homopolymer, with its stronger crystallization ability, prefer-
entially crystallized to form crystal nuclei during the CDSA
process. As the PE;5, homopolymer was consumed, the
proportion of PE;5-b-PtBOS, in the dissolved PE;gy-b-
PtBOS,/PE 5, mixture gradually increased. This led to more
PE5,-b-PtBOS, being incorporated into nanosheets during the
later growth stage, resulting in their distribution at the
nanosheet edges. That is to say, in combination with the
TEM images (Figure 3a—i), the variations in DPpgog or
concentration dominantly affect the lateral growth of the
nanosheets. As for the central height of 28.8 nm, it can be
attributed to the facile aggregation of additional PEs,
homopolymer or PE,5-b-PtBOS, BCPs with relatively low
DPpgos on the surface of primary crystal nuclei, due to the
absence of PtBOS segments in this region. Consistent with
these deductions, distinct protrusions are detected at the
center of each nanosheet in the three-dimensional (3D) AFM
images (Figure 4d—f), and the height of these protrusions can
be quantified from the corresponding AFM height profiles
(Figures 4g—i and S1Sc,d). Notably, the darkened crystal
nuclei are also consistently observed in the corresponding
TEM images of the nanosheets (Figure 3a—i).

In fact, the aforementioned thickness of the nanosheets can
be further analyzed as follows. Previous works reported that
the PE always formed single crystals with a thickness of around
10 nm in dilute solution, regardless of the molecular

weight.ss_57 According to the formula L = nl sing (I =

0.154 nm, the single bond length; 8 = 109.5°, the bond angle),
it can be derived that 10 nm only corresponds to the contour
length of PE. Thus, it can be deduced that the PE chains are
arranged into crystalline lattices via single-fold or multiple-fold
conformations. Following this rule, Xu et al. measured the
thickness of PE,qy-b-poly(tert-butyl acrylate),s/PEs, nano-
sheets as 25 nm in N,N-dimethylformamide (DMF) and
proposed a bilayer crystal structure model.*® Similarly, for our
PE,5,-b-PtBOS, BCP system, a thickness around 20 nm can
also be regarded as a bilayer crystal structure of PE, stabilized
by a single outer PtBOS layer (Figure 4j). According to the
GPC results (Figure S6), the molecular weight distribution of
PE blocks is relatively broad, with DPpg values ranging from 10
to 1700. Nevertheless, PE chains of varying block lengths do
not affect the uniformity of the nanosheets, as relatively shorter
PE chains tend to adopt a single-fold conformation, while
relatively longer PE chains favor a multiple-fold conformation.

Besides the controlled preparation of uniform hexagonal/
rhombic nanosheets with precise sizes, it is also observed that
the aspect ratio of these nanosheets can be tuned by varying
the concentration and DPp;0s (Figure 3). Based on these
TEM images, we selected several groups of nanosheets and
compared their corresponding aspect ratios. For example, in
Figure Sa, the calculated aspect ratio of PE;s,-b-PtBOS,
nanosheets increases from 1.1 to 1.8 and then to 2.8 as the
concentration increases from 0.25 to 2.5 wt % and further to §
wt % (Figures 3d,g and S16), indicating that the concentration
exerts a significant influence on the aspect ratio of 2D CDSA
nanosheets. This variation in the nanosheet aspect ratio may
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arise from differing crystallization rates of different crystalline
facets (Figure Sb). Previous studies have demonstrated that PE
single crystals grown from extremely dilute solutions are
bounded by four (110) faces.’®” As the concentration
increases, two truncated (100) faces appear. Furthermore,
the axial ratio of PE single crystals increases at higher
concentrations and crystallization temperatures with the
crystals growing more elongated along the b-axis. The
curvature of the (100) faces becomes more pronounced as
the axial ratio continues to increase. Analogously, the
crystallization behavior of PE s, was investigated under similar
CDSA conditions, i.e., annealing in toluene at 90 °C for 2.0 h,
followed by natural cooling in the oil bath and subsequent
aging at 25 °C for 24.0 h. As shown in Figure S14a,c, the PE5
single crystals transform from rhombic to hexagonal shapes
with increasing the concentration, which is consistent with the
reports in the literature.”®”” However, most PEs, single
crystals exhibit stacked and dense nanosheets (Figure S14b,d),
which cannot be redispersed due to the high crystallization
ability of the PE,s, homopolymer. Once the PtBOS blocks
were introduced, the crystallization behavior of PE blocks
could be modulated and the PE,-b-PtBOS, nanosheets could
be readily redispersed even after precipitation. Additionally, as
an example, the selected area electron diffraction (SAED)
analysis of the PE s,-b-PtBOS, nanosheets was also performed
(Figure S17). From the diffraction characteristics, it is possible
to clearly distinguish that the diffraction pattern presents
several discrete diffraction spots with a regular arrangement
and distinct boundaries. The characteristic diffraction spots
with higher intensity were calibrated using crystal plane
indices, corresponding to the (110) and (200) planes of the PE
orthorhombic crystal system, respectively. The SAED result
effectively confirmed that the lamellae formed by PE,y-b-
PtBOS,y are single-crystalline structures, rather than poly-
crystalline aggregates with random orientations. These
observations on PE single crystals, which include their
concentration-dependent morphological evolution, variations
in axial ratio, and the stacking phenomenon caused by rapid
crystallization, lay the foundation for interpreting the more
complex aspect ratio regulation mechanism of PE,5,-b-PtBOS,
nanosheets—one of the key points investigated in this study.
Correspondingly, Figure Sa reveals that the curvature of the
(100) faces of hexagonal nanosheets increases as the
concentration rises, accompanied by the promotion of the
growth for nanosheets along the b-axis and a corresponding
increase in the aspect ratio. Furthermore, Figure Sc,d present
the plots of the nanosheet aspect ratio against DPpgpog at
concentrations of 0.025 and 2.5 wt %, respectively. As DPpgos
increases, both the increase in the aspect ratio of rhombic
nanosheets and the reduction in that of hexagonal nanosheets
can be attributed to the suppressed growth of nanosheets along
the b-axis—a phenomenon that may arise from the influence of
the amorphous PtBOS blocks on the crystallization behavior of
PE segments.

CDSA Behavior of PE;5,-b-PtBOS, BCPs under Additional
Factors

Beyond the well-established key variables governing nanosheet
formation, specifically, concentration, annealing temperature,
and DPppog, a comprehensive understanding of the structural
diversity of such nanosheets necessitates an assessment of
additional factors.

First, the effect of crystallization temperature on morpho-
logical evolution was investigated. Specifically, with a
concentration of 0.25 wt %, an annealing temperature of 90
°C, a cooling mode of natural cooling in the oil bath, and the
aging time of 24.0 h fixed, a series of nanosheets were prepared
via the CDSA process with crystallization temperatures set at
25, 35, and SO °C, respectively (Figure 6). At a relatively low
crystallization temperature of 25 °C, TEM results show that
the obtained nanosheets exhibit distinct morphological
boundaries with almost no residual amorphous phase
observed. As the crystallization temperature increases to 35
°C, the morphological boundaries of the PEs,-b-PtBOS,
nanosheets become blurred, and interfacial adhesion occurs
between adjacent nanosheets. When the crystallization temper-
ature is further increased to 50 °C, the aforementioned
boundary blurring and adhesion phenomena are significantly
exacerbated. Obviously, it is found that nanosheets with well-
defined morphological contours and no interfacial adhesion
can be produced only at a crystallization temperature of 25 °C.
This regulatory mechanism can be analyzed from both
thermodynamic and kinetic perspectives. Regarding the effect
of crystallization temperature, a relatively low temperature (25
°C) can effectively suppress the disordered diffusion of
segments, promote the oriented arrangement of polymer
crystal segments along specific crystal planes of nuclei, and
thereby form ordered crystalline structures with clear
boundaries. However, when the crystallization temperature is
increased to 35—50 °C, the thermal motion of molecular
chains intensifies, accelerating the disordered diffusion of
segments. This readily results in random adsorption on the
surface of the nuclei and interfacial fusion between adjacent
nanosheets.

Meanwhile, the effect of aging time was also investigated.
Specifically, with a concentration of 0.25 wt %, an annealing
temperature of 90 °C, natural cooling in the oil bath, and a
crystallization temperature of 25 °C fixed, a series of
nanosheets were prepared via the CDSA process with an
aging time of 0~24.0 h. As shown in Figure 7, as DPpgos
increases, the critical aging time to achieve stable nanosheet
morphologies exhibits a significant upward trend. Specifically,
the sample PE,(-b-PtBOS, with the lowest DPpog requires 0
h of aging time to form well-defined nanosheets, whereas for
the samples with a moderate (PE;y-b-PtBOS,;) and the
highest DPpog (PE 50-b-PtBOS,,), the critical aging times are
extended to 12.0 and 24.0 h, respectively. In addition, for
PE 5o-b-PtBOS,s and PE5,-b-PtBOS,,, prolonged aging
gradually eliminates the residual amorphous phase in the
corresponding TEM images. Clearly, the aging time needs to
match the DPpgog value. An appropriate aging time can
provide a sufficient kinetic window, ensuring that amorphous
parts fully diffuse to the surface of nuclei and participate in
ordered crystallization, thus ensuring the regularity of nano-
sheet” outlines. That is, the aging process appears to remain
essential, especially for the BCPs with relatively high DPpgos
values due to the relatively slow crystallization process.

Additionally, the effect of the cooling rate on morphological
evolution was investigated. To this aim, two cooling protocols
were adopted: natural cooling by maintaining the system in the
oil bath (~0.5 °C/min, Figure 8a—c) and in air (~5.0 °C/min,
Figure 8d—f). Key findings reveal that increasing the cooling
rate from 0.5 to 5.0 °C/min not only leads to a significant
reduction in both nanosheet size and uniformity but also
induces a shape transition from hexagonal to rhombic
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nanosheets. Statistical distribution plots of length, width, and
area further demonstrate that, as the cooling rate increases, the
overall size of the nanosheets decreases, and their hetero-
geneity becomes pronounced (Figure 8g—i). Additionally,
small regions of the amorphous phase are observed in the
corresponding TEM images. Given that the segmental
diffusion rate exhibits an exponential dependence on temper-
ature, the thermal mobility of unimers is significantly
diminished by rapid cooling, impairing the ability of crystalline
segments to quickly diffuse to the surface of growing nuclei
and align in an ordered manner. Consequently, although
crystal nuclei form successfully, their growth is incomplete.
Some nuclei develop into small nanosheets due to insufficient
growth, while others evolve into slightly larger particles driven
by localized high concentrations of polymer chains, ultimately
yielding poor overall uniformity, with a small fraction of
polymer chains failing to diffuse in time and thus remaining in
an amorphous phase. Based on the above results, we conclude
that the key parameter affecting the uniformity of nanoparticles
might be the cooling rate (kinetics process) rather than the
uniformity of BCPs (thermodynamics process). Again, due to
the slowed crystallization process, the BCPs with different
lengths of PE blocks can all be rearranged into crystals either
by single-fold or multiple-fold configurations. Thus, the
negative effect of the broad molecular weight distribution of
PE blocks is negated, enabling the formation of uniform
nanosheets. As for the morphological transition from
hexagonal to rhombic, it can be proposed that, analogous to
the transformation observed from Figure 3d to Figure 3a,
increasing the cooling rate has an effect similar to that of
reducing the concentration: both reduce the number of
thermally mobile umimers, ultimately leading to the dis-
appearance of the (100) faces.

B CONCLUSIONS

To address the technical challenges of CDSA for 2D nanosheet
preparation, including the low concentration, cumbersome
processes, and difficulty in regulating morphology, size, and
aspect ratio, we employed a one-pot CDSA strategy with a
“heating—cooling-aging” protocol, using PE-b-PtBOS as the
research model, to enable controlled synthesis of uniform
hexagonal/rhombic nanosheets across a wide concentration
range from 0.025 to 5.0 wt %. The effects of critical
parameters, such as DPpgpos, concentration, annealing temper-
ature, crystallization temperature, aging time, and cooling rate,
on the morphologies, sizes, and aspect ratios of the nanosheets
were systematically investigated, yielding several key findings.
First, the synergistic regulation of DPpgos and annealing
temperature significantly modulates the overall sizes of the
nanosheets. Second, the precise tuning of the aspect ratios of
hexagonal/rhombic nanosheets can be readily achieved
through the regulation of the concentration or DPpgog.
Third, bidirectional morphological transition between hex-
agonal and rhombic nanosheets can be achieved by regulating
the concentration, DPpgqs, and cooling rate. Collectively, this
one-pot protocol enabled “size tunability, aspect ratio
controllability, and bidirectional morphological transition
between hexagonal and rhombic structures”. This work not
only deepens the fundamental understanding of the CDSA
process but also enriches the routes to anisotropic nanostruc-
tures and the concerned applications.
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