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ABSTRACT: Poly(3-hexylthiophene) (P3HT)-based complex topological
copolymers have attracted a great deal of attention for their unique
electrical and optical properties. In this contribution, the P3HT-based Janus
fibers with controlled lengths were innovatively prepared by sequential
crystallization-driven self-assembly (CDSA) of poly(p-tert-butylstyrene)-b-
polyisoprene-b-poly(3-hexylthiophene) (PtBS-b-PI-b-P3HT) triblock co-
polymer, cross-linking of the interlayer PI region, and dissociation of fibers
in good solvent. The comprehensive characterizations showed that the
PtBS/P3HT Janus fibers have nearly half the width of PtBS-b-PI-b-P3HT
fibers and fiber lengths close to or slightly shorter than those of PtBS-b-PI-
b-P3HT fibers, indicating that the Janus fibers with adjustable lengths could
be prepared in a large window range. Furthermore, the PtBS/P3HT Janus
fibers could re-self-assemble into average 2- or 4-aggregates in selective
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solvent. The work provided a general strategy to produce P3HT-based or analogous 7-conjugated polymer-based Janus fibers, which
is hoped to facilitate the applications of 7-conjugated polymers in advanced materials.

oly(3-hexylthiophene) (P3HT) has been widely studied

for its excellent electrical and optical properties, as well as

its solubility, environmental stability, and synthetic avail-
ability.l_6 The P3HT-based linear,® ™"’ cyclic,lz’m starlike,'*">
hyperbranched'® and bottlebrush'’~** rod—coil (co)polymers
have also been purposefully developed to improve the
properties of P3HT. Among these P3HT-based (co)polymers,
the bottlebrush (co)polymer was especially favored due to its
low chain entanglement and high elasticity.19’24 For example,
Wong et al. synthesized P3HT-based bottlebrush (co)polymer
via ring opening metathesis polymerization (ROMP) of
P3HT-based norbornene macromonomer.'” Thelakkat et al.
synthesized P3HT-based bottlebrush of polystyrene-g-poly(3-
hexylthiophene) (PS-g-P3HT) via grafting-onto approach
using a “click” reaction.”> Both works showed that the
bottlebrush (co)polymers with P3HT side chains could impart
better charge transport properties. Among the bottlebrush
(co)polymer, the Janus bottlebrush is a class of macro-
molecular brush with two different side chains on the same
repeating unit of backbone.”> The special asymmetrical
architecture endows these Janus (co)polymer with an ideal
capacity of phase separation, as well as unique properties.”> ™’
Generally, the bottlebrush (co)polymers can be prepared by

: - i ) . ACS e
grafting-from, grafting-onto, and grafting-through method- Received: August 9, 2025 e
ologies.”””>*° However, the low efficiency of grafting and Revised:  September 2, 2025 ]
the complicated synthetic procedure of macromonomers limit Accepted:  September 3, 2025 |

their application in preparing bottlebrush (co)polymers.’!
Especially, for Janus bottlebrush (co)polymer, the synthesis of
two-component macromonomers is necessary for grafting-
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through strategy, while multiple active sites and sophisticated
steps are necessary for grafting-from and/or grafting-onto
strategies.”” Alternatively, as analogues to Janus bottlebrush
(co)polymers, the Janus fibers can be fabricated via a self-
assembly process.”> >* Especially, the crystallization-driven
self-assembly (CDSA) technique has greatly facilitated the
preparation of Janus fibers due to its function on obtaining the
well-defined one-dimensional (1D) or two-dimensional (2D)
nano-objects.””** For example, Li et al. prepared pH-
responsive Janus (co)polymer nanoplates via CDSA of
poly(e-caprolactone)-b-poly(acrylic acid) (PCL-b-PAA), fol-
lowed by a cross-linking PAA block and a dissociation
process.”* Schmalz et al. prepared Janus fibers based on direct
CDSA of polystyrene-b-polyethylene-b-poly(ethylene oxide)
(PS-b-PE-b-PEO) triblock copolymer.”” However, the P3HT-
based Janus bottlebrush (co)polymers or analogous Janus
fibers were rarely reported in the literature. The realization of
such structures may maximally fulfill the excellent function of
P3HT block. Coincidentally, z-conjugated P3HT-based block
copolymers prefer to form fibers with a crystalline P3HT core
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Scheme 1. Synthetic Procedure for PtBS/P3HT Janus Fibers and the Precursors
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via the CDSA process, which provides possibilities for
preparing the Janus fibers.”>~**

Herein, we developed a versatile strategy for preparing
P3HT-based Janus fibers. Generally, the poly(p-tert-butylstyr-
ene)-b-polyisoprene-b-poly(3-hexylthiophene) (PtBS-b-PI-b-
P3HT) triblock copolymer was synthesized and self-assembled
as nanofibers with P3HT as the core region, PI as the
interlayer, and PtBS as the outer stabilizer via a typical CDSA
process. After a sonication process and a subsequent self-
seeding CDSA process, a series of nanofibers with controllable
lengths were generated. Following a cross-linking reaction of
the PI interlayer via hydrosilylation reaction and dissociation of
the assemblies, the PtBS/P3HT Janus fibers were finally
obtained (Scheme 1).

As an example, the PtBSg-b-Plgs-b-P3HT;s triblock
copolymer was first prepared according to the literature™*°
and was characterized by size exclusion chromatography
(SEC), proton nuclear magnetic resonance ("H NMR), and
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) measurements (Figures S1—
SS), respectively. Subsequently, the PtBSgy-b-Plgg-b-P3HT;4
nano-objects were generated by a typical CDSA process in n-
heptane/toluene (Hep/Tol, 9/1, v/v). The original PtBSgy-b-
Pl-b-P3HT;s fibers with a width of 21 nm and a number-
average length (L,) of around 500 nm were formed (Figure
S6). Furthermore, the original PtBSgy-b-Ples-b-P3HT;; fibers
were fragmented with sonication, and seed fibers with a width
of 21 nm and a L, of 100 nm were obtained (Figure 1a). To
prepare the PtBSgy-b-Plgs-b-P3HT; fibers with controlled
lengths, the self-seeding of the seed fibers was conducted by
thermal annealing the aliquots at different temperatures (from
50 to 90 °C). The TEM images showed that (Figures 1b—g
and S7) the L,s of the corresponding regenerated fibers
regularly ranged from 134 to 563 nm with an increase in the
annealing temperatures, and the distributions of the length
(L,/L,) for those fibers were all under 1.20. These results
followed the typical feature of self-seeding CDSA as the
fraction of surviving seed fibers decreased with the increase of
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annealing temperatures, and thus, more unimers could grow
onto the seed fibers.*>*”** Meanwhile, the DLS curves showed
a tendency consistent with those from the TEM measurement
(Figure 1h), further confirming the successful preparation of
the PtBSgy-b-Plsg-b-P3HT;¢ fibers with controlled L.s, as
illustrated in Figure 1i.

Based on the different solubilities of PtBS, PI and P3HT
blocks in Hep/Tol (9/1, v/v) cosolvent and the defined
topology of the PtBSgy-b-Pl-b-P3HTS triblock copolymer, it
could be deduced that the P3HT formed the core region, the
PI served as the interlayer, and the PtBS acted as the stabilizer
in the PtBSgy-b-Plsg-b-P3HT;; fibers. Thus, the PtBSgy-b-Plgs-
b-P3HT ; fibers could be stabilized by cross-linking the double
bonds in the PI interlayer. For this aim, the hydrosilylation
reaction was selected to achieve the intramicellar cross-linking
reaction in PtBSgy-b-Plg-b-P3HT ;s fibers, employing 1,1,3,3-
tetramethyl disiloxane as the cross-linker and Karstedt’s
catalyst as the promoter at 40 °C for 4 days. Correspondingly,
the stabilized PtBSgy-b-Plgg-b-P3HT;; fibers were dissociated
in good solvent and the PtBSg/P3HT;; Janus fibers were
obtained. As the '"H NMR spectrum shows in Figure S8, in a
good solvent, such as CDCI;, the resonance signals between
4.5 and 6.0 ppm are attributed to the protons (—CH=CH,,
-CH (CH;)=CH-, -CH (CH;)=CH,) on the double bonds
of the PI block, which were obviously attenuated for the
PtBSgy/P3HT;s Janus fibers compared with that for the
precursor of PtBSgy-b-Plgg-b-P3HT;;, and ca. 24% of the
double bonds were consumed. As shown in Figure 2a—e, in a
good solvent, such as toluene, all these PtBSgy/P3HT; Janus
fibers maintained an independent fibrous morphology. Differ-
ently, the unstabilized PtBSgy-b-Plgs-b-P3HT;; fibers showed
weak aggregates in toluene, and no regular morphologies could
be discriminated (Figure 2f). On the one hand, compared with
the PtBSgq-b-Plgg-b-P3HT;; fibers annealed from 50, 60, and
70 °C in Hep/Tol (9/1, v/v) cosolvent (Figure S7), the
corresponding PtBSgy/P3HT;s Janus fibers in toluene had
similar but slightly increased L;s from 134 to 161, 159 to 190,
and 209 to 212 nm, respectively (Figures 2g and S9), which
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Figure 1. TEM images of nano-objects (diluted into 0.04 mg/mL
dispersions in Hep/Tol (9/1, v/v) cosolvent) (a) formed by the
CDSA of PtBSgy-b-Plgg-b-P3HT}, annealed at 90 °C and fragmented
with sonication at 25 °C, and those via self-seeding CDSA with
annealing temperatures at (b) 90, (c) 80, (d) 70, (e) 60, and (f) SO
°C, respectively. (g) L, of fibers vs annealing temperatures. (h) DLS
results of the corresponding nano-objects. (i) Schematic illustration of
the formation of PtBSgy-b-Plgs-b-P3HT; fibers via CDSA and self-
seeding CDSA process.

indicated that the PtBSgy-b-Pls-b-P3HT, fibers with Ls
under 200 nm could be sufficiently stabilized. However, when
the L,s of PtBSgy-b-Plg-b-P3HT;, fibers were over 200 nm
after annealing at 80 and 90 °C in Hep/Tol (9/1, v/v)
cosolvent, the cross-linking reaction became discontinuous,
causing the fractured PtBSg/P3HT;, Janus fibers in toluene
with a relatively constant L, of around 240 nm (Figures 2g and
S9). Nevertheless, the L,/L,s for the stabilized fibers were
maintained below 1.25 in all cases. On the other hand, the
width of the PtBSgy/P3HT;; Janus fibers was approximately 12
nm, nearly half that of the PtBSgy-b-Pls-b-P3HT;s fibers.
According to refs 49 and 50, the P3HT chains with a molecular
weight (MW) below 10 kDa did not have chain-fold, instead
forming lamellar crystals via the stacking of fully extended
chains in the CDSA system. This meant that the 1D fibers
made by P3HT-based block copolymers were actually ribbon-
like rather than cylindrical. Thus, for PtBSgy-b-Plsg-b-P3HT
fibers, the PtBSgy-b-Plgg shell is distributed on both sides of the
crystalline P3HT core as illustrated in Figures 1i and 2i. The PI
block on both sides of the stabilized PtBSgy-b-Plgg-b-P3HT
fibers was cross-linked independently during the hydro-
silylation reaction. When the cross-linked fibers were
dissociated, the PtBSgy/P3HT ;5 Janus fibers were thus formed
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Figure 2. TEM images of the PtBS/P3HT Janus fibers (diluted into
0.04 mg/mL dispersions in toluene) by annealing the PtBSgq-b-Plgg-b-
P3HT;; fibers at (a) 90, (b) 80, (c) 70, (d) 60, and (e) SO °C,
respectively, and (f) the weak aggregates formed by the self-assembly
of PtBSgy-b-Pleg-b-P3HT;; in toluene. (g) L, of PtBS/P3HT Janus
fibers and PtBSgy-b-Plgs-b-P3HT;s fibers vs annealing temperatures.
(h) DLS results of the corresponding copolymers and fibers. (i)
Schematic illustration of the formation of PtBS/P3HT Janus fibers via
cross-linking and dissociation processes.

with one side of PfBS and another side of P3HT (Figure 2i).
Correspondingly, the PtBSg/P3HT;s Janus fibers were
discriminated with nearly half the width of that for the
PtBSg-b-Plgg-b-P3HT,, fibers. The sizes of PtBSgy-b-Plgg-b-
P3HT;; fibers and PtBSg/P3HT;s Janus fibers were also
monitored by DLS measurement. As an example, after
annealing at 90 °C, the DLS curve showed that the size of
the PtBSgy/P3HT ;4 Janus fibers in toluene was 120 nm, which
was slightly smaller than that of the PtBSgy-b-Plg-b-P3HT
fibers (200 nm) formed in Hep/Tol (9/1, v/v) cosolvent.
Conversely, the size of the PtBSg/P3HT;s Janus fibers in
toluene was obviously larger than that of the dissolved PtBSgy-
b-Plgs-b-P3HT; triblock copolymer in toluene (S nm, Figure
2h). These results confirmed the successful preparation of the
stabilized PtBSgy/P3HT5 Janus fibers.

Meanwhile, after annealing at 90 °C, the morphologies and
sizes of PtBSgy-b-Plge-b-P3HT; fibers and PtBSg/P3HT;
Janus fibers in solution were monitored by AFM and SEM
measurements, respectively. The AFM measurement showed
that the width of the PtBSgy-b-Plgg-b-P3HT;; fibers was
measured to be about 61 nm, while that of the PtBSgy/P3HT;;
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Figure 3. AFM images of (a) PtBSg,-b-Pl¢g-b-P3HT;; fibers in Hep/Tol (9/1, v/v) cosolvent, (b) PtBS/P3HT Janus fibers in toluene, and the (c)
high profile of the corresponding fibers. SEM images of (d) PtBSgy-b-Pl¢g-b-P3HT5; fibers in Hep/Tol (9/1, v/v) cosolvent, and (e) PtBS/P3HT
Janus fibers in toluene. (f) UV—vis spectra for the corresponding copolymers and fibers.

Janus fibers was about 42 nm. The PtBSgy-b-Plgg-b-P3HT;;
fibers had a height of 5—6 nm, while the PtBSg,/P3HT 5, Janus
fibers had a height of 2 nm (Figure 3a—c). Similar results were
also obtained by SEM measurement, which showed that the
PtBSgq-b-Plgs-b-P3HT ;5 fibers had an average width of 39 nm,
while the PtBSgo/P3HT ;5 Janus fibers had an average width of
22 nm (Figure 3d,e). The fiber widths measured by TEM,
SEM, and AFM measurements were different, which could be
attributed to the different sampling methods and test
principles. Nevertheless, all of the results indicated that the
width of PtBSg/P3HT; Janus fibers was almost half that of
PtBSgo-b-Plgs-b-P3HT,; fibers, which was consistent with the
theoretical assumption. The UV-—vis analysis was also
performed on PtBSg/P3HT;; Janus fibers. As shown in
Figure 3f, the PtBSg/P3HT;s Janus fibers had the same
maximum absorption wavelength (A,.,) at 450 nm as the
PtBSgo-b-Plgs-b-P3HT ;5 had in toluene, while PtBSgy-b-Plgg-b-
P3HT;; fibers had a red-shifted 4,,,, at 515 nm in Hep/Tol (9/
1, v/v) cosolvent. Although restricted in a Janus structure, the
P3HT in PtBSgy/P3HT;; Janus fibers had similar solubility and
chain mobility in toluene as the triblock copolymers had,
rather than a crystallized state like those in Hep/Tol (9/1, v/v)
cosolvent.

The thermal properties of the PtBSgy-b-Plgs-b-P3HT;,
triblock copolymer and the PtBSg/P3HT;s Janus fibers in
the bulk state were studied and compared by differential
scanning calorimetry (DSC) analysis. For PtBSgy-b-Plgg-b-
P3HT};, the glass transition temperature (T,) of the PBS and
PI blocks could not be discerned due to the low MWs. Clearly,
in the first cooling run (Figure 4a), the PtBSgy-b-Plgs-b-
P3HT;; showed a single crystallization temperature (T.) at
165.2 °C, while PtBSg/P3HT;s Janus fibers had multiple
crystalline peaks with relatively lower T s between 140.3 and
165.0 °C. The Ts of PtBSg,/P3HT;s Janus fibers were
regularly increased with the increase of the annealing
temperatures for PtBSgy-b-Plgg-b-P3HT;s fibers. A similar
tendency could also be observed in the second heating run
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Figure 4. DSC traces for the PtBSgy-b-Plg-b-P3HT;; triblock
copolymer and PtBS/P3HT Janus fibers formed from different
annealing temperatures: (a) the first cooling run; (b) the second
heating run. (c) SAXS profiles for the corresponding copolymers and
fibers.

(Figure 4b). The melting temperature (T,) of P3HT in
PtBSgy-b-Plgs-b-P3HT ;5 was detected at 214.0 °C, while T,;s of
PtBSgo/P3HT 5 Janus fibers were lower and observed between
210.5 and 204.0 °C. The melting enthalpies were also
decreased from S.5 J/g for PtBSg-b-Plsg-b-P3HT ;5 to below
3.8 J/g for PtBSgy/P3HT;; Janus fibers. The decreased T, Ty,
and melting enthalpies indicated that the crystallinity of P3HT
in PtBSgy/P3HT; Janus fibers was relatively decreased due to
the weakened mobility of the P3HT side chain in the bulk
state.”’ Regularly, the longer PtBSg/P3HT;s Janus fibers
contributed to higher Ts or T;s. It could be presumed that the
longer Janus fiber provided a relatively larger ordered space for
the crystallization of the P3HT block.

The PtBSgy-b-Plsg-b-P3HT;¢ triblock copolymer and
PtBSgy/P3HT;s Janus fibers in the bulk state were also
characterized by wide-angle X-ray scattering (WAXS) and
small-angle X-ray scattering (SAXS) analyses, respectively. As
shown in Figure S10, the WAXS diffraction pattern showed the
(100) reflection peak at 20 = 5.4° and the (010) reflection
peak at 26 = 23.2° for P3HT 4 in PtBSge-b-Plgg-b-P3HT5s. The
broad peak from 12° to 20° belonged to the amorphous PtBS
and PI blocks.”> Compared with PtBSgy-b-Plgs-b-P3HT5;, the
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Figure S. TEM images of nano-objects (diluted into 0.04 mg/mL dispersions) formed by the re-self-assembly of PtBS/P3HT Janus fibers and
CDSA of PtBSg-b-Plgg-b-P3HT; triblock copolymer in Hep/Tol (8/2, v/v) cosolvent after annealing at S0 (a, e) and 90 °C (d, f), respectively.
The histograms of the contour length distribution of the corresponding fibers at 50 (c, g) and (d, h) 90 °C, respectively. (i) UV—vis spectra for the
corresponding fibers. (j) Schematic illustration of the re-self-assembly of PtBS/P3HT Janus fibers.

PtBSgy/P3HT;5 Janus fibers revealed the attenuation of both
reflection peaks at 20 = 5.4° and 20 = 23.2°. The SAXS profiles
showed a broad peak around g = 0.15 nm™" for PtBSgy-b-Plg,-
b-P3HT;s and 0.27 nm™' for PtBSg/P3HT;s Janus fibers
(Figure 4c). The larger q indicated that the smaller disordered
regions as PtBSgy/P3HT ;s Janus fibers could hardly pile into a
large disordered phase due to the relatively poorer mobility of
the P3HT block. The WAXS and SAXS results were consistent
with those from the DSC measurement, indicating the
decreased crystallinity and mobility of the P3HT block in
PtBSgy/P3HT;; Janus fibers in the bulk state.

Finally, the re-self-assembly behavior of PtBSg/P3HT;
Janus fibers (L, of 242 nm, width of 12 nm, formed from
the PtBSgy-b-Plgg-b-P3HT;; fiber after self-seeding CDSA at 90
°C) was further performed in Hep/Tol (9/1, v/v) cosolvent.
Surprisingly, the PtBSg/P3HT;s Janus fibers precipitated,
although the original solvent for the self-assembly and
stabilization of PtBSgy-b-Plgs-b-P3HT;; fibers was employed.
The reason might be attributed to the inadequate stabilization
ability of the PtBS block and the poor chain mobility of P3HT
in PtBSg/P3HTss Janus fibers in Hep/Tol (9/1, v/v)
cosolvent. Alternatively, the toluene content was increased,
and the Hep/Tol (8/2, v/v) cosolvent was employed. As
shown in Figure Sa, after annealing at 50 °C, the fibers re-self-
assembled by PtBSgy/P3HT;; Janus fibers had an L, of 267 nm
and a width of 20 nm. In this case, the width was doubled to

that of the PtBSg/P3HT;; Janus fibers while maintaining a
similar fiber length. In Figure Sc, the length—frequency
distribution had one peak at 200—250 nm. This result
indicated that the re-self-assembled fiber was mainly self-
assembled by two PtBSgy/P3HT ;5 Janus fibers. After annealing
at 90 °C, the re-self-assembled fibers were lengthened to 301
nm and maintained a width of 20 nm (Figure 5b). Differently,
in Figure 5d, the length—frequency distribution showed two
peaks at 200—250 and 350—400 nm, respectively. The size of
the latter peak (350—400 nm) was just double that of the
former (200—250 nm), indicating that the re-self-assembled
fibers formed at 90 °C statistically existed in the form of 2 or 4
aggregates. Comparatively, the PtBSgy-b-Plgs-b-P3HT ;5 fibers
annealed at 50 and 90 °C in Hep/Tol (8/2, v/v) cosolvent had
longer L,s of 1070 and 1460 nm, respectively (Figure Se—h).
The intrinsic reason for the shorter length of the re-self-
assembled PtBSgy/P3HT;5 Janus fibers might be attributed to
the larger sizes of PtBSgo/P3HT 5 Janus fibers to the PtBSgy-b-
Plgs-b-P3HT35 triblock copolymer. In the former case, the
mobility and crystallinity of P3HT side chains were mostly
restricted. Additionally, the UV—vis spectrum for the re-self-
assembled PtBSg,/P3HT;; Janus fibers in Hep/Tol (8/2, v/v)
cosolvent was different from that for PtBSg/P3HT;s Janus
fibers in toluene (Figure Sg). In the former case, the peak
shifted to a higher wavelength, indicating the enhanced
stiffness and aggregation for the P3HT side chains in Hep/
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Tol (8/2, v/v) cosolvent. Meanwhile, the re-self-assembled
PtBSgy/P3HT Janus fibers showed a much weaker absorption
at 560 and 605 nm compared to PtBSgy-b-Plgg-b-P3HT;; fibers
in the same Hep/Tol (8/2, v/v) cosolvent, indicating the
incomplete crystallization of the P3HT side chain. Thus, unlike
the CDSA of PtBSgy-b-Plse-b-P3HT ;5 triblock copolymer, the
PtBSgy/P3HT ;5 Janus fibers re-self-assembled by average 2- or
4-aggregates with relatively weak crystallinity. Generally, the
higher annealing temperature of 90 °C tended to induce more
4-aggregates, as Figure Sh illustrated.

In summary, we reported a general approach to prepare
P3HT-based Janus fibers via the CDSA process. The PtBS/
P3HT Janus fibers were generated with lengths ranging from
160 to 240 nm, which were close to or slightly shorter than the
length of PtBS-b-PI-b-P3HT fibers. As expected, the width of
the PtBS/P3HT Janus fibers was almost half of that for the
PtBS-b-P1-b-P3HT fibers. The PtBS/P3HT Janus fibers could
further re-self-assemble into 2- or 4-aggregates in selective
solvents. Comprehensively, the PtBS/P3HT Janus fibers were
featured with relatively low chain mobility and crystallinity,
potentially facilitating the modulation on properties and
functions of P3HT-based copolymers. The approach presented
in this work is also expected to facilitate the fabrication of
uniform Janus fibers containing 7-conjugated polymers and
their applications in advanced materials.
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