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Kinetically controlled nonequilibrium self-assembly is ubiquitous in biological systems and plays a critical
role in self-organization. Yet, achieving precise control over such nonequilibrium phase transitions
remains a fundamental challenge in materials design. Here, we demonstrate that conjugated
homopolymers can form uniform nanostructures with well-defined dimensions through a solution-
phase kinetic-to-thermodynamic transition (KTT). This process proceeds via a rationally designed liquid-
like intermediate that mediates nucleation and directional growth, affording morphologically pure
nanostructures. Remarkably, the solvent environment critically dictates nucleation within the liquid-like
intermediates, enabling the formation of either one-dimensional (1D) nanowires or two-dimensional (2D)

nanoplatelets from the same polymer. Seed-assisted KTT further reveals that the liquid-like intermediate
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Accepted 15th November 2025 imparts both morphologies with living grow ehavior, yielding nanostructures with precisely tunable
dimensions across multiple length scales. These findings provide key insights into programmable
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Introduction

The self-assembly of polymeric materials into nanostructures
with well-defined morphologies has attracted widespread
attention due to their potential in diverse applications, from
electronics to biomedicine.'” Precise control over both shape
and size is particularly critical, as these parameters strongly
influence key functional properties. For instance, nanoscale
dimensions can profoundly affect exciton transport,*” charge-
carrier mobility,**® and photocatalytic efficiency'" in optoelec-
tronic and energy-conversion systems, while also modulating
interfacial interactions and mechanical robustness in biomed-
ical and structural materials.*>*® However, achieving such
control remains a significant challenge, owing to the complex
interplay between kinetic and thermodynamic factors that
govern the assembly process.*'” This has driven increasing
efforts to devise new strategies capable of producing polymer
nanostructures with tunable dimensions and high structural
fidelity.

Living crystallization-driven self-assembly (CDSA) has
emerged as a powerful strategy for the controlled fabrication of
nanoscale polymeric materials and has been widely applied to
the construction of one-dimensional (1D) and two-dimensional
(2D) nanostructures from block copolymers.>***2° In typical
CDSA processes, polymers are fully dissolved in solution as
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strategy for fabricating structurally defined nanomaterials.

unimers®** and, in the presence of seeds, undergo seeded
growth on pre-existing crystalline surfaces. This kinetically
guided attachment, where polymer chains add to seeds faster
than self-nucleation, yields nanostructures with predictable
morphologies and dimensions that scale linearly with the
unimer-to-seed ratio.®***® Recent studies have further demon-
strated in situ crystallization-driven nanoparticlization,
producing length-tunable 1D conjugated polymer nanoparticles
during living Suzuki-Miyaura polymerization.” Nevertheless,
polymers are also known to form kinetically trapped, meta-
stable assemblies,”**** which can undergo structural reorga-
nization into more thermodynamically favored forms.**»* Such
kinetically favored metastable assembly to thermodynamically
favored form transition,® abbreviated as “kinetic-to-
thermodynamic transition” (KTT), is ubiquitous in biological
systems and has been shown to yield assembly outcomes
distinct from those generated under purely thermodynamic
control.***” For example, in supramolecular polymer systems,
morphologies or chiralities arising from KTT can differ signif-
icantly from those formed via equilibrium pathways.** Despite
their prevalence and functional significance,** these
nonequilibrium assembly pathways have been rarely explored
in the context of living polymer self-assembly. Integrating
kinetic phase transitions into CDSA, therefore, holds great
potential for expanding the structural complexity and func-
tional versatility of polymer nanomaterials beyond conventional
thermodynamic limits.
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Classical Work: Self-Assembly of Conjugated Block Copolymers

» Fully dissolved block copolymers assemble into
1D cylindrical and 2D lamellar micelles via
thermodynamically driven processes.
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Scheme 1 Schematic representation of the proposed strategy utilizing droplets derived from the phase separation of metastable kinetically

trapped assemblies for a controlled self-assembly process.

Homopolymers are among the most common macromolecular
materials. Compared with block copolymers, they have been more
extensively studied and applied. However, their lack of solvophilic
segments often leads to poor colloidal stability, rapid aggregation,
and the formation of metastable structures that are difficult to
control. These intrinsic limitations have long hindered the precise
fabrication of homopolymer-based nanostructures. Previous work
addressed this challenge through a seed-guided living CDSA
process, where conjugated polyenyne homopolymers with
enhanced solubility from cascade metathesis and metallotropy
polymerization assembled into size-tunable 2D nanorectangles
(0.1-3.0 um?®) via biaxial growth.* Herein, we present a novel
nonequilibrium strategy to program the solution self-assembly of
conjugated homopolymers (Scheme 1), a class of 7-conjugated
materials widely used in optoelectronic devices. We demonstrate
that introducing stable, liquid-like intermediate states during the
KTT of conjugated homopolymers enables the formation of
nanostructures with well-defined morphologies. We systematically
investigated the conditions governing the emergence of these
intermediates and examined their impact on the final assembly.
Notably, the solvent environment was found to direct polymer
nucleation within these liquid-like intermediates, allowing the
same polymer system to yield either one-dimensional (1D) nano-
wires or two-dimensional (2D) nanoplatelets. Furthermore, the
presence of liquid-like intermediates facilitates seed-assisted KTT,
affording precise control over both morphology and size. This
strategy expands the toolkit for conjugated polymer assembly and
provides a versatile, accessible approach to tailoring nanoscale
architectures via nonequilibrium pathways.

Results and discussion

Non-equilibrium assembly and solvent-directed
morphological transformation

We initially checked the kinetically controlled nonequilibrium
self-assembly of conjugated homopolymers, poly[3-(2-(2-(2-

1272 | Chem. Sci,, 2026, 17, 1271-1281

methoxyethoxy)ethoxy)ethoxy)methylthiophene] (P(T-PEG3;),s,
M, = 6.53 kg mol ", By, = 1.60) in solution. Polythiophene (PT)
was selected as a model polymer due to its extensive prior study
and well-characterized properties. Polyethylene glycol (PEG) was
introduced as a polar side chain to enhance the hydrophilicity
of the hydrophobic conjugated backbone, promoting the
formation of liquid-like intermediates during the phase tran-
sition process (detailed characterizations are provided in
Fig. S1-S3 and Table S1).*»** Kinetically trapped assemblies
(KTAs) of P(T-PEG3;),5 homopolymers were fabricated via a rapid
one-pot solvent-precipitation method. Polar solvents such as
water or ethanol were chosen as poor solvents to induce self-
assembly. Due to the hydrophobic nature of the poly-
thiophene backbone, rapid aggregation occurred upon expo-
sure to these polar media. Meanwhile, the PEG; side chains,
which are soluble in both water and ethanol, imparted excellent
colloidal stability to the resulting aggregates. Specifically, a THF
solution of P(T-PEG;),s (20 puL, 10 mg mL™ ') was added drop-
wise into either 400 pL of water or 1 mL of ethanol at room
temperature (RT). After aging for 12 h, both THF/EtOH and
THF/H,O mixtures displayed a noticeable color change from
light yellow to orange, accompanied by red-shifted absorption
(Fig. 1b and c), indicating the formation of polymer aggregates.
The resulting polymer aggregates were characterized by trans-
mission electron microscopy (TEM) and dynamic light scat-
tering (DLS). TEM images confirmed the formation of KTAs,
with average diameters of ca. 46 nm in the THF/EtOH mixture
(1:50, v/v, 0.2 mg mL™") and ca. 52 nm in the THF/H,O mixture
(1:20, v/v, 0.5 mg mL ") (Fig. 1d, e, and Table S2).

Upon in situ thermal treatment, these KTAs underwent
a kinetic-to-thermodynamic morphological transition (Fig. 1a).
In the absence of heating, KTAs in THF/EtOH (1:50, v/v) or
THF/H,0 (1 : 20, v/v) solutions retained their initial morphology
for at least one week (Fig. S4a and b). However, as shown in
Fig. 1f, heating the THF/EtOH solution at 60 °C for 12 hours,
followed by aging at RT for 2 days, led to the complete

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterization of thiophene-based nanoparticles of different morphologies. (a) Schematic illustration of different morphologies in the
self-assembly of P(T-PEGs),5 homopolymers. Normalized absorption of P(T-PEG3z),s in the (b) THF/EtOH solution and (c) THF/H,O solution.
Representative TEM micrographs of (d) P(T-PEGs),5 KTAs in the THF/EtOH solution, (e) P(T-PEGs),5 KTAs in the THF/H,O solution, (f) P(T-PEGs),s
nanowires, and (g) P(T-PEG3),s nanoplatelets. Scale bar = 500 nm for (a—e).

disappearance of the initial nanoparticles and the formation of
1D wire-like structures. Interestingly, the same thermal treat-
ment in the THF/H,O system yielded 2D plate-like structures
with well-defined rectangular geometries, as confirmed by TEM
(Fig. 1g). UV-vis absorption spectra revealed broad, featureless
profiles (A = 1.96-4.09 eV) for the 1D nanowires, whereas the 2D
platelets exhibited well-resolved vibronic structures (A = 1.89-
2.54 eV), suggesting a higher degree of molecular ordering.
These findings collectively underscore the critical role of solvent
environment in directing both the morphology and internal
ordering of P(T-PEG;),5 during the KTT process.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Role of liquid-like intermediates in droplet-mediated kinetic-
to-thermodynamic transition

Phase transitions of conjugated polymers into solid states
typically require elevated temperatures.**** However, in this
study, we observed that the phase transition of P(T-PEG;),s in
THF/EtOH (Fig. 2a) or THF/H,O (Fig. 2e) solutions occurs under
mild conditions. To elucidate the role of the liquid-like inter-
mediate in the kinetically controlled nonequilibrium self-
assembly, we investigated the droplet-mediated KTT process
in detail. Fig. 1c clearly shows the formation of an intermediate
state that bridges the initially KTAs and the final thermody-
namically favored structures, where, during thermal treatment

Chem. Sci., 2026, 17, 1271-1281 | 1273
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Fig. 2 Phase transformation of P(T-PEGsz),5 nanoparticles from KTAs to different morphologies. (a) Schematic illustration of phase trans-
formation forming wire-like nanoparticles. CLSM and TEM micrographs of (b) liquid-like droplets, (c) the coexistence of both liquid and solid
phases, and (d) wire-like nanoparticles in the THF/EtOH solution. (e) Schematic illustration of phase transformation forming plate-like nano-
particles. CLSM and TEM micrographs of (f) liquid-like droplets, (g) the coexistence of both liquid and solid phases, and (h) plate-like nanoparticles
in the THF/H,O solution. (i) Condition matrices of nanoparticles through different self-assembly pathways in the THF/EtOH solution. FRAP (j)
images of temporal recovery and corresponding (k) recovery profile of thiophene-based liquid-like droplets in the THF/H,O solution. FRAP (1)
images of temporal recovery and corresponding (m) recovery profile of thiophene-based liquid-like droplets in the THF/EtOH solution. Scale bar

=10 um for (b, f, j, and 1), 1 um for (c, d, and h), 500 nm for (g).

of P(T-PEG;),5; KTAs in THF/H,O within 12 h, a new broad
Gaussian-shaped absorption band appeared, centered at
503 nM (Aax = 2.46 €V). This band was markedly different from
the vibronically resolved spectra of both the initial KTAs and the
final 2D nanoplatelet assemblies. Concomitant with the emer-
gence of the 503 nm absorption, a cloudy red suspension
formed upon heating the initially clear orange KTA solution,
which reverted to a transparent orange state upon cooling. A
similar intermediate phase was also observed in the THF/EtOH
system. However, in contrast to THF/H,O, the absorption
spectra of the intermediate in THF/EtOH remained Gaussian-
like and closely resembled those of both the KTAs and the
final 1D nanowires (Fig. 1b), indicating minimal changes in
molecular ordering.

Optical microscopy and TEM revealed that these transient
intermediates in both solvent systems adopt spherical
morphologies (Fig. S5a-d), which are different from those of the
initial KTAs and the final anisotropic assemblies. Taking
advantage of the intrinsic fluorescence of P(T-PEG;),5, confocal
laser scanning microscopy (CLSM) confirmed the morphologies
of these intermediates (Fig. 2b and f). Fluorescence recovery
after photobleaching (FRAP) experiments further substantiated
their liquid-like nature. As shown in Fig. 2k and m,

1274 | Chem. Sci., 2026, 17, 1271-1281

photobleaching a selected region within a droplet led to rapid
fluorescence recovery within approximately 40 seconds. Inter-
estingly, although the liquid-like intermediates in both solvent
systems exhibited fast recovery dynamics, the recovery effi-
ciency in the THF/H,O system (~60%) was markedly higher
than that in THF/EtOH (~35%), suggesting a more fluidic and
dynamic nature of the P(T-PEG;),5 intermediates in the more
polar, water-containing environment.

The hydrophilicity of conjugated homopolymers plays
a critical role in the formation of liquid-like intermediates. To
elucidate the role of polar side chains, we examined the self-
assembly behavior of polythiophenes with PEG side chains of
varying lengths. The polymer P(T-PEG,),3, which contains short
PEG, side chains, exhibited rapid macroscopic phase separa-
tion in a THF/H,O (1 : 20 v/v) mixture at RT. When heated to 60 °
C, the phase-separated polymers rapidly precipitated from the
solution without the formation of liquid-like intermediates
(Fig. S6a and b). This behavior can be attributed to the weaker
hydrogen bonding interactions of the shorter PEG, side chains
with water, in contrast to the more extended PEG; chains
present in P(T-PEG;),s. It indicated that strong hydrogen-
bonding networks between the side chains and the solvent are

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06844d

Open Access Article. Published on 17 November 2025. Downloaded on 3/16/2026 1:07:36 PM.

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

(cc)

Edge Article
Sonication % KTAs
30°C

Polydisperse nanowires Monodisperse seeds

Monodisperse nanowires

View Article Online

Chemical Science

o

= Nanowire length
— Linear analysis
400/ v=98.1025% + 37.0802

Nanowire length (nm)

o

S
>
]

>
]

M Mange = 171
L, =99 nm|

L, =105nm

Dy, =1.06

Seeds| i

s =
N
8

N
3

«
8
@

N
8
3

Frequency Counts “==+

Frequency Countt
Frequency Counts
I

s
@

0 0

Micras/Msceas = 4:1
L,=473nm
L, =494 nm
Dy =1.04

Myras Mgaags = 221
L, =246 nm

L,, =260 nm|

Dy =1.06]

MiradMsgegs = 301
L, =390 nm
L,, =402 nm|
Dy, =1.03

N
3

@
&

Iy
3
3 @

Frequency Counts X
2 5

Frequency Counts wm

o

0

40 0 10 20 30 40 50 60 70 80 90 0 40 80 120 160 200
Length (nm) Length (nm)

50 100 150 200 250 300 350 400 450
Length (nm)

0
100 200 300 400 500 600 700 800 900
Length (nm)

100 200 300 400 500 600
Length (nm)

Fig. 3 Seeded growth of furan-based nanowires. (a) Schematic illustration of the seeded growth of P(F-PEGs),, homopolymers for forming
nanowires. (b) Linear seeded growth of nanowires with narrow length dispersity. TEM micrographs of (c) low-dispersity seed micelles and
nanowires with different unimer-to-seed ratios (d) 1:1, (e) 2:1, (f) 3:1, (g) 4: 1. Corresponding distribution profiles of (h) seeds and nanowires
with different unimer-to-seed ratios (i) 1:1, () 2:1, (k) 3:1, () 4: 1. Scale bar = 1 um for (c), 500 nm for (d-g).

essential for stabilizing intermediate liquid-like states during
the assembly process.

It is well established that the morphological reorganization
of certain small molecules can proceed via metastable liquid-
liquid phase separation (LLPS).** In order to investigate the
transformation behavior of P(T-PEG;),5; polymers from the
intermediate droplet state to the thermodynamically favored
morphology, we monitored the structural evolution of the
droplets under continuous heating. TEM analysis revealed that
nucleation could occur within the liquid-like intermediates.
Specifically, when 0.5 mg mL™' THF/H,O (1:20, v/v) KTAs
solution and 0.2 mg mL~" THF/EtOH (1 : 50, v/v) KTAs solution
were heated at 60 °C for 12 h and then slowly cooled to room
temperature over 6 h and 12 h, respectively, small nanosheets
and nanowire nucleation sites began to emerge within the fused
droplets. As shown in Fig. 2c and g, TEM images with caution of
the drying effect demonstrated the existence of both the small
nanosheets and nanowire nucleation sites. Subsequent aging at
RT facilitated the gradual growth of these nuclei. After aging for
2 days, this process eventually drove a complete phase transi-
tion from a mixed liquid-solid state to well-defined 1D wire-like
structures in the THF/EtOH system (Fig. 2d) and 2D plate-like
structures in the THF/H,O system (Fig. 2h). Notably, slow
cooling was found to be crucial for the formation of well-
ordered nanostructures. To further elucidate this effect,
a control experiment was conducted: a 0.5 mg mL ™' THF/H,O
(1:20, v/v) KTAs solution was heated at 60 °C for 12 h and then
rapidly cooled in an ice-water bath to 0 °C within 3 min. In this
case, no well-defined nanoplatelets were observed; instead,
irregularly shaped aggregates were obtained (Fig. S7a and b).
We attribute this result to the rapid loss of fluidity in the

© 2026 The Author(s). Published by the Royal Society of Chemistry

intermediates during fast cooling, which prevents the system
from reorganizing into ordered nanostructures.

To highlight the role of the intermediate droplet state in
directing the formation of 1D and 2D assemblies, we also
examined how different assembly pathways influence the
resulting morphology. We found that solution concentration
exerted a negligible influence on droplet formation, as KTAs at
various concentrations produced similar nanowire and nano-
sheet morphologies under identical solvent compositions
(Fig. S8a-d). In contrast, varying the solvent composition had
a pronounced effect on droplet formation. As shown in Fig. 2i
and S9-S13, increasing the solvent polarity raised the temper-
ature required to induce droplet formation, while decreasing
the polarity resulted in KTA dissolution upon heating. We chose
THF/EtOH (1:1 v/v) and THF/H,O (1.3:1 v/v) mixtures as
representative systems, where P(T-PEG;),5 KTAs readily formed
at RT. Upon heating to 60 °C, these aggregates completely di-
ssolved. = Temperature-dependent  UV-vis  spectroscopy
confirmed this process and showed that slow cooling triggered
partial reassembly of the polymers (Fig. S14). However, after 2
days of aging, well-defined nanowires or nanoplatelets were not
formed through this route. These results indicate that the
dissolution-reassembly process follows a distinct assembly
pathway, leading to structural outcomes significantly different
from those observed in the droplet-mediated KTT.

Seed-assisted kinetic-to-thermodynamic transition for
nanowires and nanoplatelets

While living CDSA has been highly effective for m-conjugated
block copolymers,**-* its extension to conjugated homopoly-
mers has been hindered by poor colloidal stability and rapid,

Chem. Sci., 2026, 17, 1271-1281 | 1275
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Fig. 4 Seeded growth of furan-based nanoplatelets. (a) Schematic illustration of the seeded growth of P(F-PEGsz),, homopolymers for forming
nanoplatelets. (b) Linear seeded growth of nanoplatelets with narrow volume dispersity. TEM micrographs of plate-like micelles with different
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uncontrolled aggregation under kinetic control.*"** On the basis
of the above studies, we aim to explore whether seed-assisted
KTT can be harnessed as a viable pathway to enable living
CDSA of conjugated homopolymers.

To this end, we first prepared morphologically pure 1D
nanowires or 2D nanoplatelets of a conjugated homopolymer,
followed by sonication to generate seeds. These seeds were then
introduced into solutions containing KTAs to evaluate their
influence on the seed-assisted KTT strategy. Notably, in addi-
tion to polythiophene, we found other conjugated homopoly-
mers, such as polyfuran (PF), also exhibited similar droplet-
mediated KTT behavior (Fig. S15-S17), highlighting the versa-
tility of this approach and expanding the toolkit for living self-
assembly studies. Comparative analysis revealed that poly[3-
(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)methylfuran] [(P(F-
PEG;),,], M,, = 5.25 kg mol ™, By = 1.50) formed wire-like seeds
with significantly enhanced crystallinity in THF/EtOH mixtures
compared to P(T-PEG;),s. As shown in Fig. 3c and h, the
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resulting seeds of P(F-PEG;),, exhibited an average length of ca.
41 nm and a dispersity (Py) of 1.06. These preformed KTAs
(0.2 mg mL™" in THF/EtOH, 1:50 v/v, Fig. S16a) were subse-
quently mixed with the 1D seeds (0.01 mg mL™") in the same
THF/EtOH solvent at RT in specified mass ratios (mgras : Mseeds
=1, 2, 3, and 4) by gentle shaking for 30 s. The resulting solu-
tions were then aged for 48 h at 30 °C. To verify 1D seed stability,
a control sample containing only the seed solution was sub-
jected to the same thermal conditions. After 2 days, TEM
analysis confirmed negligible morphological changes in the
control group. In contrast, the samples undergoing seeded
growth yielded low-dispersity wire-like structures with well-
controlled lengths linearly ranging from 99 + 24 to 474 £
98 nm (Fig. 3b, d-g, i-1, and Table S3). These results demon-
strate that seed-assisted KTT enables living 1D assembly of
conjugated homopolymers in solution.

In the case of 2D living self-assembly, monodisperse 2D
seeds were generated by sonicating polydisperse P(F-PEGg;)y,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Seeded growth pathways with different monomers for forming block co-micelles. (a) Schematic illustration of the seeded growth of P(F-
PEG3),2 homopolymers for forming block co-micelles. Corresponding TEM and AFM micrographs of (b) the mixture of nanoplatelets and KTAs,
(c) nanoplatelets with amorphous layers, (d and e) block co-micelles, (f) the height profile of the block co-micelle. Scale bar = 2 um for (b-d), 1

um for (e).

naoplatelets in a THF/H,O mixture (1:20 v/v), affording
a number-average area (4,) of 0.18 um? and a dispersity (Py,) of
2.07 (Fig. S18a and b). These 2D seeds (0.01 mg mL ™~ ") were then
mixed with preformed KTAs of P(F-PEG;),, (0.5 mg mL™" in
THF/H,0, 1: 20 v/v, Fig. S16f) in the same THF/H,O solvent at
RT in specified mass ratios (Mgras : Mseeds = 1, 2, 3, and 4) by
gentle shaking for 30 s, followed by aging at 60 °C. To confirm
the stability of the 2D seeds, a control experiment was per-
formed by subjecting the seed solution alone to identical aging
conditions at 60 °C for 48 h. TEM imaging revealed no appre-
ciable morphological alterations in the control sample. In
contrast, samples containing a mixture of 2D seeds and KTAs
yielded uniform hexagonal nanoplatelets. As shown in Fig. 4cf,
increasing the KTA-to-seed ratio led to a progressive enlarge-
ment of the nanoplatelets, with average areas of 2.16, 5.60, 9.59,
and 16.32 pm?, respectively, and narrow dispersity (A,/A,,) from
1.14 to 1.08 (Fig. 4g-j and Table S4). Interestingly, in contrast to
conventional 2D self-assembly of block copolymers—where the
height of the nanoplatelets typically remains constant during
seeded growth>**—AFM measurements revealed a substantial
increase in nanoplatelet height from approximately 50 nm to
150 nm as the assembly proceeded (Fig. 4k-n). Motivated by the
observed three-dimensional (3D) growth mode, we further
examined the living character of the seeded growth and found
that the volume of the resulting platelets exhibited a linear
correlation with the KTA-to-seed mass ratio (Fig. 4b), clearly
demonstrating 3D living growth behavior.

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements (Fig. S19a) revealed the crystalline nature of the
assembled 2D nanoplatelets. As shown in Fig. S19b, distinct
(100) and (200) reflections were observed along the out-of-plane
direction, indicating an edge-on arrangement of polymer
backbones, reminiscent of crystalline polythiophene thin
films.” An in-plane (010) reflection at Q = 1.5120 A™* corre-
sponds to a -7 stacking distance of 0.41 nm, confirming that
the - stacking direction is aligned parallel to the substrate.
The out-of-plane d-spacing of the layered structure was

© 2026 The Author(s). Published by the Royal Society of Chemistry

determined to be 1.88 nm (Fig. S19c). The short interlayer
distance suggests strong van der Waals interactions between
the polyethylene glycol side chains, which may facilitate the
vertical growth of the nanoplatelets. High-resolution AFM
imaging further confirmed the presence of a layered architec-
ture, with each layer measuring approximately 3.5 nm in
thickness (Fig. S19d). This value aligns with the simulated
molecular width of P(F-PEG;),, (3.16 nm), supporting the
notion that out-of-plane growth arises from interchain inter-
actions among the PEG side chains.

It is well established that polymer solubility plays a key role
in the crystallization rate of living CDSA.*** However, in this
system, P(F-PEG;3;),, remained insoluble in THF/H,O (1: 20 v/v),
even during assembly. To investigate the mechanism of the
seed-assisted KTT, we monitored the seeded growth process
(Fig. 5a). KTAs of P(F-PEGj;),, were mixed with uniform 2D
seeds, and both species could be clearly identified at the early
stage (Fig. 5b). After 2 h of heating, the surfaces of the 2D
crystalline seeds were coated with amorphous polymer (Fig. 5¢),
suggesting that liquid-like intermediates may surround and
adhere to the 2D crystalline seeds due to the heating process.
This coating appears to play a key role in enabling uniform
crystal growth across the nanoplatelet surface. Upon prolonged
heating, the amorphous coating gradually vanished, yielding
large, fully crystalline 2D nanoplatelets (Fig. 5d). Interestingly,
the thickness of the outer nanoplatelet domains could be tuned
by lowering the growth temperature. This approach produced
block co-crystals with distinct inner and outer thicknesses
(Fig. 5e and f), indicating that the seed-assisted KTT offers
a stepwise and controllable assembly strategy.

Conclusions

In summary, we have developed a versatile strategy for
preparing well-defined nanostructures of r-conjugated homo-
polymers through kinetically controlled nonequilibrium self-
assembly. The central concept is to introduce stable, liquid-
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like intermediates during the kinetic-to-thermodynamic tran-
sition (KTT) from kinetically favored metastable assemblies,
such as kinetically trapped assemblies (KTAs), to thermody-
namically favored form transition, such as nanowires or nano-
platelets. This process involves (i) converting rigid, solid KTAs
into dynamic, liquid-like intermediates, and (ii) directing
nucleation and seeded growth within these liquid-like inter-
mediates toward thermodynamically favored morphologies.
Using this droplet-mediated KTT approach, we obtained a series
of highly uniform 1D wire-like structures and 2D plate-like
structures from conjugated homopolymers. The liquid-like
intermediates generated during the transition proved essen-
tial for achieving precise morphological control. A key advan-
tage of this method is that the solvent environment can be
tuned to regulate nucleation within the liquid-like intermedi-
ates, thereby enabling fine control over the final thermody-
namically favored morphology of a given polymer. Furthermore,
the fluidity of the intermediates allows seeded growth, leading
to size-controlled nanostructures. By introducing either 1D or
2D seeds, we produced dimensionally uniform nanowires and
nanoplatelets spanning sizes from tens of nanometers to
several micrometers. This strategy provides critical insights into
the programmable kinetically controlled nonequilibrium self-
assembly of m-conjugated polymers and offers a powerful
approach for tailoring their structure, morphology, and
dimensions through controlled phase transitions.
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