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Due to the contradictory molecular design principles required to achieve both high mobility and strong
luminescence, the development of polymer semiconductors that simultaneously possess these character-
istics remains a significant challenge. To address this issue, the development of structurally innovative con-
jugated polymers is highly desired. Herein, two dithienocyclopentapyrene (PyDT) donor units with either
centro- or axial-symmetry were designed and synthesized, and subsequently copolymerized with a ben-
zothiadiazole (BT) acceptor to afford cs-PyDT-BT and as-PyDT-BT. The resulting polymers exhibit pro-
nounced position- and molecular-weight-dependent characteristics. Specifically, cs-PyDT-BT displays low
crystallinity and a nearly amorphous microstructure, yet achieves higher charge-carrier mobility and intense
red emission (~670 nm) relative to its counterpart as-PyDT-BT, which shows higher crystallinity, lower
mobility, and a red-shifted emission (~690 nm). Furthermore, the influence of molecular weight was sys-
tematically investigated for cs-PyDT-BT. As the molecular weight increased, the film-state photo-
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luminescence quantum yield (PLQY) gradually decreased, with the maximum value reaching 22%, while the
-1

highest mobility of 1 cm? V! s™* was obtained at a medium M,, of approximately 100 kDa. This molecular

design strategy provides new insights for developing next-generation conjugated polymers that combine
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Introduction

Conjugated polymers have emerged as crucial materials for
optoelectronic devices due to their advantages of solution pro-
cessability, low-cost fabrication, and tunable molecular struc-
tures for large-area electronic applications, including organic
light-emitting diodes (OLEDs), organic field-effect transistors
(OFETs), and so on.'® These devices typically employ multi-
layer architectures in which each layer exhibits its own specifi-
cally optimized function, such as high photoluminescence
quantum yield (PLQY) or high charge-carrier mobility (x).””°
Over the past decades, there has been significant attention to
develop conjugated polymers that simultaneously combine
high PLQY with high mobility, in order to develop novel
devices integrating OLEDs and OFETs. For example, these
could enable high-performance single-structured OLEDs and
electrically-driven polymer lasers.'®™"® However, there is an
inherent trade-off between the two desirable properties. The
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strong luminescence with high mobility, thereby advancing multifunctional integrated polymeric materials.

conjugated polymer materials demonstrating high charge-
carrier mobility usually exhibit strong n-n stacking and good
electronic coupling to ensure efficient intermolecular charge
transport."*'® At the same time, strong n-n stacking causes
fluorescence quenching due to the formation of exciplexes/
excimers, charge transfer states, and the suppression of radia-
tive recombination pathways by H-aggregate formation."®*
For instance, although classical diketopyrrolopyrrole (DPP)-
based conjugated polymers can achieve g > 1 ecm® V' s77, they
typically show low or unreported PLQY values.*>*°
commercially available fluorescent polymers such as poly(9,9-
dioctylfluorene-alt-benzothiadiazole) (F8-BT, PLQY ~ 50%)>
exhibit relatively poor charge-transport performance (u < 1072
em® V' s7Y). Therefore, designing multifunctional conjugated
polymers that simultaneously combine excellent luminescent
charge-transport properties remains a significant
challenge.

In past decades, significant progress has been made in
developing conjugated polymers with both high charge-carrier
mobility and high PLQY through rational molecular design
strategies.”®' Among these materials, one family of conju-
gated polymers that has attracted particular attention is donor-
alt-acceptor (D-A) polymers with a nearly amorphous micro-
structure, a low degree of energetic disorder and a special
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charge transporting mechanism, due to an exceptionally rigid
and planar backbone conformation. This unique polymer
chain aggregation behaviour may provide a promising oppor-
tunity to address aforementioned trade-off. A representative
polymer is indacenodithiophene-alt-benzothiadiazole
(IDT-BT), exhibiting high mobility exceeding 1 cm® V™" s™" and
low PLQY of 1.7% in the films.*>*> In 2019, Sirringhaus et al.
observed a notable influence of the side chain substitution on
the nonradiative recombination dynamics of IDT-BT poly-
mers.”® The polymer M; with the bulkier side chains (hexade-
cylbenzyl) gave rise to a smaller nonradiative recombination
rate than the polymer with hexadecyl chains (M,). Although
the mobility of M; has somewhat decreased to about 0.5 cm?
v™! s7! the film showed high PLQY of 18%, which was
enhanced by an order of magnitude compared to M,. During
the same period, they further revealed that introducing much
more close-crossing points into polymer aggregates, the
luminescence and charge transfer properties can be simul-
taneously improved in such nearly amorphous polymers. By
inserting benzene rings into the IDT backbone to extend con-
jugation and then increase the inter-chain interaction at close-
crossing points, polymer TIF-BT showed simultaneously
increased mobility (2.4 cm® V' s7') and enhanced orange-red
fluorescence PLQY (~15%).’® Recently, Chen et al. further
extended seven ring of TIF to nine ring of TTIF and con-
structed polymer TTIF-BT, which exhibited y of 1.1 cm* V™' s7*
and PLQY of 7.6%.%' Thus, by rational structural design, the
development of new near-amorphous conjugated polymers
exhibiting strong fluorescence emission and high charge trans-
port property has become critical for further progress in this
field of research.

Due to high fluorescence, efficient excimer emission, elec-
tron-rich character, polycyclic conjugation and synthetic versa-
tility, pyrene has been widely used to construct a variety of
organic semiconducting materials. A few of the pyrene-based
derivatives have been reported to exhibit both strong lumine-
scence and high charge transport capability, suggesting that
the unit of pyrene would be a promising building block to con-
struct multi-functional organic semiconductors.>*® Herein,
two dithienocyclopentapyrene (PyDT) donors with different
symmetries were designed and synthesized, then copolymer-
ized with the BT acceptor to yield two kinds of D-A polymers
cs-PyDT-BT and as-PyDT-BT. The designed pyrene-based poly-
mers are strongly position-dependent. The centrosymmetric
polymer cs-PyDT-BT exhibits low crystallinity and a nearly
amorphous microstructure, together with higher mobility and
strong fluorescence emission (~670 nm), compared to its
axial-symmetric counterpart as-PyDT-BT, which displays rela-
tively higher crystallinity and red-shifted emission (~690 nm).
Furthermore, the influence of molecular weight on the lumine-
scence and charge-transport properties of ¢s-PyDT-BT was
investigated. It was found that with increasing molecular
weight, the PLQY gradually decreased, with the highest value
reaching 22%, while the maximum mobility increased to
1 em® V7' s7! at a medium number-average molecular weight
(My,) of about 100 kDa. This molecular design strategy offers a
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promising pathway toward multifunctional polymer semicon-
ducting materials with potential applications in next-gene-
ration organic optoelectronic devices.

Results and discussion
Polymer synthesis

The synthetic routes to the PyDT-BT polymers are outlined in
Scheme 1. At present, brominated monomer 6a or 6b can be
obtained by 4-step reactions. Compound 3 was prepared via a
Suzuki cross-coupling reaction between commercial com-
pounds 1 and 2 in a yield of 70%. Then, treatment of com-
pound 3 with an excess amount of hexadecyl magnesium
bromide afforded an alcohol intermediate 4 in a yield of 36%.
The synthesis can be scaled up to 10-gram quantities. Since
the 1-, 3-, 6- and 8-postion of pyrene have similar reactivity, the
ring-closure reaction of 4 in the presence of Amberlyst 15 (H)
affords two ladder-type cores 5a and 5b, which can be separ-
ated by column chromatography in yields of 45% and 39%,
respectively.®” Compared to trifluoroacetic acid or p-toluene-
sulfonic acid, Amberlyst 15 (H) was found to be a more
effective reagent to provide the desired products in high yields.
To avoid the reaction of NBS with H atoms on the pyrene core,
5a and 5b underwent modified bromination reaction with mul-
tiple additions in dilute solution at —20 °C. Pure yellow solids
6a and 6b were obtained through recrystallization, respectively.
The structures of the above compounds were verified by NMR
spectroscopy and matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS).
Buchwald-G3-XPhos was chosen as the polymerization pre-
catalyst since it enables rapid reaction to avoid deboronation
of the boronate ester over time, and can produce high mole-
cular weight polymers.*® By controlling the feed ratio of the
donor (6a) to acceptor (4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)benzo[c][1,2,5]thiadiazole) (BT-Bpin), three cs-
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Scheme 1 Synthetic routes of the polymer cs-PyDT-BT and as-
PyDT-BT. Regents and conditions: (i) Pd(PPhs)s, K>COs3, toluene/water,
110 °C; (i) Ci6H33MgBr, THF, reflux; (iii) Amberlyst 15 (H), toluene,
110 °C; (iv) NBS, CHCls, —20 °C; (v) Buchwald-G3-XPhos, K,COs,
toluene/water, 90 °C.
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PyDT-BT polymers were prepared with number-average mole-
cular weights (M,) and polydispersity indices (PDI) of 28 kDa
and 1.73 (cs-PyDT-BT-L), 98 kDa and 2.51 (cs-PyDT-BT-M) and
171 kDa and 3.58 (cs-PyDT-BT-H), respectively (Fig. S1).
Additionally, polymer as-PyDT-BT with M,, of 73.2 kDa and PDI
of 2.46 was also synthesized. The polymerization details and
the results of gel permeation chromatography (GPC) measure-
ments are provided in SI. As shown in Fig. S2a, thermo-
gravimetric analysis (TGA) results indicate that all polymers
exhibit excellent thermal stability, with 5% decomposition
temperatures exceeding 350 °C. Differential scanning calori-
metry (DSC) measurements (Fig. S2b) reveal no significant
endothermic or exothermic peaks for any of the polymers.

Photophysical and electrochemical properties

The intrinsic optical properties of these polymers were investi-
gated through the UV-Vis absorption and photoluminescence
spectra (PL) measured in solution and thin-film states. The
corresponding data were summarized in Table 1. Firstly, the
effects of molecular weight of es-PyDT-BT on spectral beha-
viours were studied. As shown in Fig. S3, no significant differ-
ences can be observed. Similar behaviours with respect to
molecular weight in a large range of M, was also found in
polymer IDT-BT.** Therefore, cs-PyDT-BT-M and as-PyDT-BT
with comparable M,, were selected for comparison. As shown
in Fig. 1a, both c¢s-PyDT-BT-M and as-PyDT-BT exhibited
characteristic D-A polymer absorption features. The absorp-
tion band in the 450-700 nm can be attributed to intra-
molecular charge transfer (ICT) transitions between PyDT and
BT units with distinct 0-0 and 0-1 absorption bands. The
absorption band in the 300-450 nm range corresponds to n-m*
transitions, in which notable strong absorption peaks from the
PyDT subunits were observed in the range of 300-380 nm, as
shown in Fig. S4. In solution, the ¢s-PyDT-BT-M showed a 0-0
absorption peak at 607 nm, while the absorption peak of as-
PyDT-BT red-shifted by 35 nm to 642 nm. Upon going from
solution to the film state, both polymers demonstrated similar
absorption profiles with varying degrees of red-shift, i.e. 13 nm
for c¢s-PyDT-BT-M (620 nm) and 6 nm for as-PyDT-BT (648 nm),
respectively. These results indicate the as-PyDT-BT has better
conjugation than cs-PyDT-BT-M since it has isomerized back-
bone. Moreover, cs-PyDT-BT-M exhibited a significantly lower
1°°1°" ratio and broader absorption spectra, indicating

Table 1 Summary of the properties of these polymers
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es-PyDT-BT-M-sol (b)

normalized Intensity (a.u.)

300 400 500 600 700 800 550 600 750

cs-PyDT-BT-L  ¢s-PyDT-BT-M  ¢s-PyDT-BT-H as-PyDT-BT

Fig.1 (a)

Normalized UV-vis absorption and (b)
luminescence spectra of cs-PyDT-BT-M (balck) and as-PyDT-BT (red) in
dilute solution (10~ M, solid lines) and thin film (dashed lines). (c)
Photographs of the emission characteristics of dilute solutions (10> M)
and spin-coated films from PyDT-BTs and IDT-BT as reference under
365 nm UV irradiation. The numbers are the PLQY values.

steady photo-

weaker aggregation characteristics.’® The optical bandgaps (E,)
also calculated from the onset of thin-film absorption spectra
are about 2.1 eV and 2.0 eV for ¢s-PyDT-BT-M and as-PyDT-BT.

As illustrated in Fig. 1b, both kinds of polymers exhibit red-
light emission in their steady-state photoluminescence
spectra. The cs-PyDT-BT-M showed a maximum emission at
667 nm in solution and 670 nm in the thin-film state, while
the peaks of as-PyDT-BT are located at 678 and 688 nm,
respectively. The PLQY of all polymers was measured using an
integrating sphere method and the data are summarized in
Table 1. With increasing molecular weight of ¢s-PyDT-BTs, the
PLQY both in solution and film state gradually decreased.
Among them, ¢s-PyDT-BT-L showed the highest values of 58%
in solution and 22% in the solid state. cs-PyDT-BT-M and cs-
PyDT-BT-H exhibited PLQYs of 57% and 50% in solution and
17% and 9% in the film state, respectively. In contrast, as-
PyDT-BT exhibited relatively lower PLQY of 49% in solution
and 13% in the solid state than cs-PyDT-BT-M.

As shown in Fig. S5, the behavior of aggregation-caused
quenching (ACQ) can be clearly observed for these polymers.
Moreover, as M,, of the cs-PyDT-BTs increases, the PL intensity

M,,/PDI ' Afilmd HOMO/  LUMO®*  PLQY"  PLQY'
Polymer [kDa/—] 25914 [nm] fimb [1m) 4801 [nm) [nm] Eg ¢ [eV] [eV] [eV] [9] [%]
cs-PyDT-BT-L 27.8/1.73 605 622 667 671 2.16 -5.55 -3.29 58% 22
¢s-PyDT-BT-M 97.6/2.51 607 620 667 670 2.13 -5.53 -3.32 57% 17
cs-PyDT-BT-H 170.8/3.58 607 618 667 670 2.14 -5.55 -3.32 50% 9
as-PyDT-BT 73.2/2.46 642 648 678 688 2.01 -5.35 -3.31 49% 13

“ Absorption maximum in o-dichlorobenzene (0-DCB) solution (10~* M). ? Absorption maximum in the spin-coated film. ¢ Emission maximum in
0-DCB (10~° M). ¢ Emission maximum in the spin-coated film. ¢ E, determined from the onset of thin-film absorption spectra./ Calculated from
oxidation onset of cyclic voltammetry (CV) curves, respectively. ¢ Calculated from reduction onset of cyclic voltammetry (CV) curves, respectively.

"PLQY in the o-xylene solution (107° M). ' PLQY in the film state.

This journal is © The Royal Society of Chemistry 2025
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weakens more rapidly. Additionally, transient photo-
luminescence spectra of cs-PyDT-BTs (Fig. S6) all showed two
stages of exponential decay in the thin films, the former poss-
ibly originating from aggregated luminescence. With increas-
ing M, of the cs-PyDT-BTs, the lifetimes were 0.99, 0.66 and
0.49 ns, indicating enhanced ACQ tendency. Therefore, we
thought these polymers could form some extent of aggregation
in both solution and film. A similar situation was also
observed in the red-emissive polymer meso-TBTF."" The decay
times on the nanosecond scale indicate these polymers are
fluorescent emitters.

The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy levels of
the polymers were estimated from the onsets of oxidation and
reduction potentials measured by cyclic voltammetry (CV), as
summarized in Table 1 and Fig. S7. ¢s-PyDT-BTs and as-
PyDT-BT have similar LUMO energy levels of about —3.3 eV,
while the former shows 0.2 eV lower-lying HOMO level than
the latter (5.5 vs. —=5.3 eV).

Thin film morphology

To further explore the difference in microstructure, two-
dimensional grazing-incidence wide-angle X-ray scattering
(2D-GIWAXS) was utilized to characterize polymer chain
packing behavior. The films were formed through drop-casting
using 0-DCB as the solvent, followed by thermal annealing at
150 °C for 30 minutes. Because of the same film preparation
conditions and similar film thickness (~600 nm), the diffrac-
tion patterns of these polymer films were comparable. The
corresponding 2D-GIWAXS patterns are presented in Fig. 2,
along with analyses of in-plane and out-of-plane diffraction
peaks shown in Fig. S8.

As shown in Fig. 2a, ¢ and e, the e¢s-PyDT-BTs exhibit nearly
amorphous packing characteristics like the classic IDT-BT
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polymer.>®>** The presence of (100) and (010) diffractions in
the ¢, (out-of-plane) direction, along with (100) and (010)
signals in the g, (in-plane) direction, indicate the crystallites
adopt a bimodal distribution of edge-on and face-on orien-
tations. The n-r stacking distances of ~4.1 A for cs-PyDT-BTs
could be obtained from the (010) diffraction at g, ~ 1.53 A™",
overlapping with the diffuse diffraction rings from alkyl chain
packing. Among the three polymers with different M,, cs-
PyDT-BT-M exhibited the strongest out-of-plane (010) diffrac-
tion, indicating a higher extent of n-aggregation and implying
this polymer could exhibit a better charge-carrier-transport
capability than the other two. The diffraction signals at g, =
0.48 A" can probably be assigned to the (002) diffraction
along the conjugation backbone, corresponding to a d-spacing
of 13.09 A. In contrast, the as-PyDT-BT demonstrates signifi-
cantly higher crystallinity. Along the g, direction, (£00) diffrac-
tion peaks up to (300), corresponding to lamellar packing,
were observed with a d-spacing of 20.26 A. The relative degree
of crystallinity (~-DoC) values of 1 and 0.72 for as-PyDT-BT and
¢s-PyDT-BT-M can be obtained, according to the relative inten-
sity of (100) diffractions. Notably, no distinct (010) diffraction
could be observed in the g,, direction. Meanwhile, in the g,
direction, the diffraction arc with a d-spacing of 4.08 A can be
identified as (010). This pattern indicates the polymer chains
adopt a mixed orientation in a predominantly edge-on motif.
The in-plane diffraction signals at g,, = 0.53, 1.06 and 1.59 A~
are assigned to (002), (004) and (006) diffractions, corres-
ponding to d-spacings of 11.86, 5.93 and 3.95 A, implying that
as-PyDT-BT has a more regular backbone. As listed in Table 2,
their coherence lengths (CLs) were also calculated. It is found
that as-PyDT-BT exhibits more ordered lamellar packing and
less ordered n-m stacking than cs-PyDT-BTs. Moreover, in the
series of cs-PyDT-BTs with varied molecular weights, cs-
PyDT-BT-M showed the largest CLs of (100) and (010) diffrac-

alkly chai
Ve alkly chains

1))
ﬁ)

x @2 (004)  (006)
.0

Fig. 2 2D-GIWAXS patterns and AFM height images (2 pm x 2 um) of (a) and (b) cs-PyDT-BT-L, (c) and (d) cs-PyDT-BT-M, (e) and (f) cs-PyDT-BT-H,
(g) and (h) as-PyDT-BT. The root-mean-square (RMS) surface roughness is also provided. The films of 2D-GIWAXS patterns were deposited by drop-

casted and annealed at 150 °C for 30 min.
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Table 2 Characteristics of the 2D-GIWAXS results of drop-casted polymer films
d-spacing [A] CLs [A]

Polymers (100) (200) (300) (010) (002) (004) (006) (100) (010)
cs-PyDT-BT-L 20.26 — — 4.09 13.09 — — 90 20
¢s-PyDT-BT-M 20.26 — — 4.10 13.09 — — 93 22
¢s-PyDT-BT-H 20.23 — — 4.08 13.09 — — 89 18
as-PyDT-BT 20.26 9.82 6.93 4.08 11.86 5.93 3.95 119 14

tion peaks in the g, direction, which further indicates that this
polymer can exhibit good transporting capability. Their signifi-
cantly different packing behaviors will inevitably influence
their transporting and optical properties.

As shown in Fig. 2 and Fig. S9, the thin film surface mor-
phology of cs-PyDT-BTs and as-PyDT-BT was investigated by
atomic force microscopy (AFM). cs-PyDT-BTs exhibit a uniform
height image. With increasing the M, the root mean square
(RMS) roughness exhibited downward trends with the values
of 0.52 nm for ¢s-PyDT-BT-L, 0.35 nm for ¢s-PyDT-BT-M and
0.39 nm for cs-PyDT-BT-H, respectively. In contrast, as-
PyDT-BT exhibits a quasi-fibrillar morphology with an RMS
roughness of 1.50 nm, consistent with higher crystallinity.

Theoretical investigation of polymer properties

To better understand the aggregation behavior of these poly-
mers, theoretical calculations based on density functional
theory (DFT) were performed. As shown in Fig. 3a, the tor-
sional potential energy surface (PES) scanning calculations
between PyDT and adjacent BT units were employed to under-
stand the relative conformations of the two units and to infer
backbone torsional disorder, in comparison with IDT-BT. The
calculations were conducted at the B3LYP/6-31G(d,p) level,
with long alkyl side chains replaced by methyl groups to sim-
plify the computations. The three polymers exhibited the
similar results to the overall PES plots because they have analo-
gous pentadiene-thiophene substructures and non-covalent

—— IDT-BT

a )

@ —o— as-PyDT-BT ®) .
—— ¢s-PyDT-BT LUMO:

273 eV

HOMO:
-4.83 eV

.93° 9.21°

3.65° 7.32° 211°
oy Dro Qi s Do
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E, (Keal/mol)

()
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274V
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474 eV

, —
NgN

Conformation B
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Dihedral angle (degrees)

Fig. 3 (a) Calculated torsional PES of cs-PyDT-BT, as-PyDT-BT and
IDT-BT based on DFT calculations at B3LYP/6-31G (d,p) level, the alkyl
chains were replaced by methyl groups for simplicity. The optimized
molecular structure and frontier molecular orbitals of (b) cs-PyDT-BT
and (c) as-PyDT-BT (top, LUMO; central, HOMO; bottom, side view).

This journal is © The Royal Society of Chemistry 2025

interactions. The energy minima appear at dihedral angles of
0° and 180°, corresponding to conformations A and B,
suggesting the polymers have the tendency to form planar and
rigid backbone structures with low torsional disorder. The
large rotational energy barriers of ~6 kcal mol™" indicate that
both conformations are relatively stable and may coexist
within the polymer chains.

For polymer cs-PyDT-BT, the energy difference between the
two conformations is so minimal (~ 0.3 kcal mol™"), yet the
energy barrier is substantially high, suggesting that confor-
mations A and B likely coexist. This phenomenon may arise
from the lack of conformational selectivity during the polymer-
ization of es-PyDT monomer. In contrast, the axially symmetric
as-PyDT monomer, with all alkyl chains oriented toward the
same side, experiences greater steric hindrance effects
between adjacent connecting units. This leads as-PyDT-BT to
preferentially form alternating pattern of conformations A and
B to minimize energy.

Consequently, we selected alternating conformations that
better represent the behavior of actual polymers to investigate
the potential impact of backbone geometries on polymer inter-
chain packing. As shown in Fig. 3b, geometry optimization
was performed on tetramers using the B3LYP/6-31G(d,p) basis
set. The as-PyDT-BT polymer exhibited an extremely small di-
hedral angle of approximately 0°, demonstrating high planarity
and a rigid backbone. In contrast, cs-PyDT-BT showed larger
dihedral angles, indicating inferior planarity compared to as-
PyDT-BT.

As mentioned previously, we used alternating confor-
mations to compare the two polymers. For the cs-PyDT-BT
polymer, fragments with either entirely conformation A or
entirely conformation B might also exist. Theoretical simu-
lations for both cases were also conducted, as shown in
Fig. S10. Both conformations exhibited a wave-like backbone
yet rigid backbone. The polymer adopting conformation A dis-
played excellent planarity, while the polymer adopting confor-
mation B showed larger dihedral angles. This pattern is con-
sistent with the angular differences observed in the alternating
conformations.

Both polymers showed well-delocalized HOMO orbitals,
with corresponding calculated energy levels of —4.83 eV for cs-
PyDT-BT and —4.74 eV for as-PyDT-BT. The results were con-
sistent with electrochemical CV characterization, which reveals
the reliability of the DFT results. The LUMO was primarily dis-
tributed on the acceptor units, with similar calculated values
of —2.73 eV for cs-PyDT-BT and —2.74 eV for as-PyDT-BT.

Polym. Chem.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5py00990a

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

Open Access Article. Published on 19 November 2025. Downloaded on 12/4/2025 3:05:51 AM.

(cc)

Paper

OFET and OLED devices

Top-gate/bottom-contact (TG/BC) OFET devices were fabricated
to evaluate charge transport properties of these polymers.
Fig. 4 displays typical transfer in saturation region and output
curves of these devices and Fig. S11 displays typical transfer
curves in linear region. The hole mobility (uy), threshold
voltage (Vi,), and on/off current ratio (Ion/lo) were extracted
from the transfer curves in the saturation regime and summar-
ized in Table 3. For cs-PyDT-BTs, the average mobilities
increased from 0.59 (cs-PyDT-BT-L) to 0.80 cm® V' s™" (cs-
PyDT-BT-M). However, due to decreased solubility and proces-
sability of high molecular weight polymer c¢s-PyDT-BT-H, the
devices exhibited a somewhat decline in transport capability
with average mobility of 0.50 em> V™" s7%. It is clear that the
mobility trend followed that of the CLs for (010) diffractions,
as revealed by the 2D-GIWAXS results (Fig. S8 and Table 2).
Additionally, the es-PyDT-BT-M devices exhibited a maximum
up of 1.03 cm® V™' s, In contrast, as-PyDT-BT devices showed
significantly lower transport performance, with an average up,
of 0.002 cm® V™' s7'. Fig. 12 illustrates the typical relation-
ship between py, and gate voltage (V) in OFET devices, and
shows no significant dependence of effective mobility on gate
voltage. Since the polymer as-PyDT-BT has a higher-lying
HOMO energy level than cs-PyDT-BTs, the devices exhibited
relatively lower Vi, values.

Based on structural characterization and transport perform-
ance, distinct packing and transport models for the two poly-
mers were proposed. As illustrated in Fig. 5, like the classic
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Fig. 4 The representative transfer characteristics and output character-
istics of cs-PyDT-BT-L (a and e), cs-PyDT-BT-M (b and f), cs-
PyDT-BT-H(c and g), as-PyDT-BT (d and h) in the TG/BC OFET devices.
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Fig. 5 Schematic illustration of the microstructure of cs-PyDT-BT and
as-PyDT-BT. In ¢s-PyDT-BT with nearly amorphous microstructure, the
elongated polymer chains (highlighted in red) can form continuous
charge transport pathways. In this case, short-range ordering driven by
n—mx interactions (as illustrated in the zoomed-in region) facilitates hole
hopping between chains. In contrast, the semi-crystalline polymer as-
PyDT-BT exhibits long-range ordered domains dominated by lamellar
packing, yet the lack of effective n—x stacking results in significantly
degraded device performance.

IDT-BT polymer, cs-PyDT-BT forms nearly amorphous films
with mixed face-on and edge-on orientation. Despite its low
crystallinity and lack of long-range order, the transport per-
formance of cs-PyDT-BT is primarily attributed to charge trans-
port predominantly occurring along the conjugated polymer
chains, with occasional hopping between inter-chain
m-interactions.* In contrast, as-PyDT-BT forms semi-crystalline
films. The lack of efficient n-n interactions hinders effective
charge hopping, thus impacting its transport capabilities.
Given the excellent optical performance of cs-PyDT-BT-L,
polymer light-emitting diodes (PLEDs) were fabricated to
further demonstrate its electroluminescent properties. The
device structure is shown in Fig. 6: ITO (150 nm)/PEDOT:PSS/
Emitting layer (EML)/SPPO13 (55 nm)/LiF (1 nm)/Al (150 nm),
where PEDOT:PSS acts as the hole transport layer and SPPO13
serves as the electron transporting and hole blocking layer.
CBP was used as the host material in the EML, and the electro-
luminescent properties of the polymer were optimized at
different doping concentrations (Fig. S13 and Table S1). The
devices with a doped ratio of 6% exhibited a high brightness
of 226 cd cm™2, a low turn-on voltage of 4.9 V, and a maximum
external quantum efficiency of 0.72%. The electrolumines-
cence spectra overlapped with the corresponding PL spectra,
with no host emission observed. In PLED devices with
different doping concentrations, the EL spectral emission
peaks remained nearly unchanged, further demonstrating the
weak aggregation characteristics of ¢s-PyDT-BT. These results
suggest that ¢s-PyDT-BTs, featuringhigh mobility (4max up to

Table 3 Summary of the electrical performance of cs-PyDT-BTs and as-PyDT-BT

Polymer Have [em? V1571 Hmax [em? V7 577 Vin [V] Ton/Tote plinear [em? v g7
cs-PyDT-BT-L 0.59 + 0.06 0.64 -10to —17 10° to 10° 0.48 + 0.04
¢s-PyDT-BT-M 0.80 +0.12 1.03 —12 to —24 10" to 10° 0.53 + 0.08
¢s-PyDT-BT-H 0.50 * 0.09 0.64 —11 to —22 10* to 10° 0.49 + 0.1
as-PyDT-BT 0.002 + 0.0003 0.0025 -10to —14 10° to 10* 0.0016 + 0.0005

All average values in OTFT are extracted from over ten devices.
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Fig. 6 The energy level diagram (a), current density—voltage—lumi-
nance (J-V-L) characteristics (b), EQE as a function of luminance (c)
and EL spectra at 100 cd m~2 (d) of the of cs-PyDT-BT-L PLEDs devices
with 6% doping in CBP.

1.03 em” V™' s7Y), high PLQY (up to 22%), and red emission,
exhibit performance metrics that rank among the best
reported for red light-emitting polymer semiconductors
(Table S2), highlighting their strong potential for further appli-
cation in optoelectronic devices.

Conclusions

The novel electron-rich units-dithienocyclopentapyrene (PyDT)
based on a promising multi-functional building block pyrene,
were designed and synthesized, then two D-A PyDT-BT polymers
(cs-PyDT-BT and as-PyDT-BT) were obtained. Notably, these two
polymers are strongly position- and molecular weight-depen-
dent. Although cs-PyDT-BT shows lower crystallinity with nearly
amorphous aggregation characteristics, cs-PyDT-BT demon-
strated higher charge carrier transport capability and stronger
solid-state red emission compared with as-PyDT-BT.
Remarkably, cs-PyDT-BT-M exhibited a hole mobility up to
1 cm® V' 57" with a film-state PLQY of 17%—metrics that rep-
resent some of the best reported values for red light-emitting
polymer semiconductors. We believe that Py-BT class structure
and their derivative fully rigid coplanar conjugated polymer
semiconductors can provide a useful platform for the fabrication
of multi-functional organic opto-electronic device in the future.
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