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Facile synthesis of ultralow-band-gap alkoxythiophene-flanked
diketopyrrolopyrrole homopolymers via FeCls-mediated oxidative
polymerization

Samala Venkateswarlu,® Ravinder Singh,? Songbo Cui,® Andrew Stella,? Jimmy Papazotos,® Naixin
Zhao,? Yi Yuan,? Haitao Liu, Xu Li,? Jinliang Wang,? and Yuning Li&*

Conjugated polymers with strong absorption in the near-infrared-Il (NIR-Il, 1000-1700 nm) region are highly attractive for
optoelectronic and biomedical applications. However, their availability remains limited, and their synthesis often relies on
costly transition-metal catalysts and multistep monomer functionalization. Here, we report an economical and operationally
simple FeCl;-mediated oxidative polymerization
diketopyrrolopyrrole (DPP) homopolymers, PDPPC,OT-Cs and PDPPC;,0T-Cio. Both polymers exhibit intense NIR-II
absorption, with maximum absorption wavelengths reaching ~1190 nm, and ultralow optical band gaps as low as 0.87 eV.

strategy for the synthesis of two alkoxythiophene-flanked

Side-chain engineering enables good solubility, suppressed crosslinking, and more coplanar backbone conformation, leading
to ambipolar charge transport in organic thin-film transistors. Optimized devices based on PDPPC;,0T-C;, show balanced
hole and electron mobilities of up to 1.74 x 103 and 2.24 x 103 cm? V' s, respectively. Density functional theory calculations
reveal enhanced backbone planarity arising from intramolecular S---O interactions, consistent with the experimentally
observed red-shifted absorption and reduced band gaps. This work establishes FeCls-mediated oxidative polymerization as
a viable route to high-performance ultralow-band-gap DPP homopolymers and highlights their potential for ambipolar

electronics, NIR-Il photodetection, and photothermal applications.

1. Introduction

Over the vyears, m-conjugated polymers (CPs) have attracted
significant interest in organic electronics owing to their unique
optoelectronic properties. They have been explored for a wide range
of applications, including organic thin-film transistors (OTFTs) or
organic field-effect transistors (OFETs), organic light-emitting diodes
(OLEDs), organic photo-detectors (OPDs), organic solar cells (OSCs),
transparent electrodes, thermoelectric and electrochromic
devices.'1° CPs with low band gaps that exhibit strong absorption in
the near-infrared (NIR) region are of particular interest, as they often
display ambipolar charge transport and are promising for biomedical
imaging and NIR photodetectors.’"* Among various molecular
design strategies, the donor—acceptor (D-A) approach has emerged
as the most widely adopted for achieving low-band-gap CPs.1>-18
Incorporation of strong donor and acceptor units in the CPs raises
the highest occupied molecular orbitals (HOMO) while lowering the
lowest unoccupied molecular orbitals (LUMO), thereby effectively
reducing the band gap. Band gap narrowing extends optical
absorption into the NIR region and enables ambipolar charge
transport.’®21 For biological imaging applications, the NIR-1l window
(1000-1700 nm) is preferred over the NIR-I window (700900 nm)
because it enables efficient tissue penetration and improved spatial
resolution.?224 Despite these advantages, only a limited number of
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conjugated polymers exhibit maximum absorption wavelengths
(Amax) in the NIR-Il regime.2%

Thiophene-flanked diketopyrrolopyrrole (DPPT) is one of the
most widely used electron-acceptor building blocks for constructing
D-A polymers.26-31 Coupling DPPT with strong donor comonomers,
such as alkoxythiophenes, effectively narrows the band gap and
redshifts the Amax to approximately 900 nm.?> However, this
absorption remains within the NIR-I region. An alternative and more
effective strategy is to pair DPPT with strong electron-acceptor
comonomers. Benzobisthiadiazole (BBT),3° thienoisoindigo,3? and
dioxothienopyrrolebenzodifurandione (BTPBF)3® have each been
demonstrated to significantly extend polymer absorption into the
NIR-II region. Stille and Suzuki C-C coupling polymerization methods
using Pd catalysts have been used to synthesize these polymers.

More recently, efforts have made to replace the flanking
thiophenes of DPP with the more electron-rich 4-methoxythiophene
to further reduce the optical band gap. Domokos et al.3* synthesized
a series of homo- and copolymers based on 2-hexyldecyl-substituted
DPP flanked by 4-methoxythiophene (DPPC,0T) units and observed
pronounced redshifts relative to their thiophene-flanked
counterparts. The homopolymer PDPP-2T-OMe exhibited Amax values
of 1019 nm in solution and 998 nm in thin film. Giri et al.3% reported
a structurally related homopolymer (P3) derived from DPPC,0T
bearing longer 2-octyldodecyl side chains on the DPP unit, which
displayed Amax values of ~1000 nm in both solution and thin films and
showed promise as an energy-efficient infrared electrochromic
optical attenuator. Collectively, these studies indicate that
homopolymers derived from DPPC;10T are promising semiconductor
materials for NIR-Il photodetection. However, their charge transport
properties have not yet been investigated. In addition, both studies
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relied on Yamamoto coupling of dibrominated monomers using
bis(1,5-cyclooctadiene)nickel(0) (Ni(COD);), which is costly and
suffers from limited thermal and chemical instability. Consequently,
the development of a more economical and operationally simple
polymerization strategy remains highly desirable.

In this study, we first attempted to synthesize the homopolymer
PDPPC;10T-Cy (Scheme 1), which corresponds to P3 reported by Giri
et al.,3 via FeCls-mediated oxidative polymerization of the non-
brominated monomer M2. However, the resulting polymer was
completely insoluble in common organic solvents, which is primarily
attributed to the crosslinking side reactions and/or the substantially
higher molecular weight of the resulting polymer compared with P3.
To improve solubility, the long, branched 2-octyldodecyl side chains
were relocated from the DPP core to the flanking thiophenes to
replace the methyl substituents, while the DPP unit was substituted
with 1-octyl side chains to afford a redesigned monomer, M3. The
corresponding polymer, PDPPC,00T-Cg, prepared by FeCls oxidative
polymerization, exhibited good solubility in chloroform,
chlorobenzene, and 1,2-dichlorobenzene. In addition, a second
redesigned monomer, M4, a 4-dodecyloxythiophene-flanked DPP
bearing 2-butyloctyl side chains, was synthesized. Polymerization of
M4 under identical conditions yielded another soluble
homopolymer, PDPPC;,0T-C1s.

PDPPC,00T-Cs exhibits Amax values of 1035 nm in solution and
1190 nm in thin films, whereas PDPPC1,0T-C;, shows Amax Values of
1176 nm in solution and 1186 nm in thin films. All of these absorption
maxima fall within the NIR-Il regime. Notably, these Amax values are
substantially redshifted relative to previously reported DPPC;0T
homopolymers,?#35 indicating more extended m-conjugation. This
enhancement is likely associated with improved backbone planarity
induced by long alkoxy side chains on the thiophene units, which
reduce backbone rotational freedom. When used as the
semiconducting channel layers in OTFTs, both polymers display
ambipolar charge transport with well-balanced hole and electron
mobilities reaching approximately 103 cm? V-1 s,

2. Experimental

2.1 Synthesis of poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-
2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) (PDPPT-Cyo)

Anhydrous FeCl; (65 mg, 0.40 mmol) and chlorobenzene (3 mL) were
placed in a 25 mL oven-dried two-necked round-bottom flask and
stirred for 5 min under a nitrogen atmosphere. A solution of M1 (86.2
mg, 0.1 mmol) in chlorobenzene (1 mL) was added dropwise via
syringe at room temperature, after which the reaction mixture was
heated to 50°C and stirred for 24 h. The reaction temperature was
then increased to 100 °C and the mixture was stirred for an additional
24 h. Upon completion, the solvent was removed under reduced
pressure using a rotary evaporator, and the crude product was
precipitated by the addition of methanol. The precipitate was
collected by filtration and washed several times with methanol.
Further purification was performed by Soxhlet extraction using
acetone followed by hexane. Most of the material was extracted with
acetone, and the remaining solid was completely dissolved in
hexane. Evaporation of the hexane fraction afforded a bluish solid in
3% yield (2.6 mg).

2.2 Synthesis of poly(3,6-bis(4-methoxythiophen-2-yl)-2,5-bis(2-
octyldodecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione)
(PDPPC;0T-Cy)

2| J. Name., 2012, 00, 1-3

Anhydrous FeCl3 (65 mg, 0.40 mmol) and dry chlorobgnzene (3,mlL)
were placed in a 25 mL oven-dried two-necked rounsh-hotvomoflask
and stirred for 5 min under a nitrogen atmosphere at 0 °C. A solution
of monomer M2 (92.2 mg, 0.1 mmol) in chloroform (1 mL) was added
via syringe. The reaction mixture was allowed to warm to room
temperature and stirred for 1 h. The mixture was poured into
methanol, and the resulting precipitate was collected by filtration
and washed thoroughly with methanol. The crude polymer was
dedoped by stirring in methanol (50 mL) containing triethylamine
(3.5 mL) for 24 h at room temperature. After filtration, washing with
methanol, and drying, PDPPC;0T-C;o was obtained as a dark bluish-
green solid, insoluble in common organic solvents, in 95% yield (85.7
mg).

23 Synthesis of poly(2,5-dioctyl-3,6-bis(4-((2-
octyldodecyl)oxy)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione) (PDPPC;,0T-Cs)

Anhydrous FeCl; (65 mg, 0.4 mmol) and dry chlorobenzene (3 mL)
were added to a 25 mL oven-dried two-necked round-bottom flask
and stirred for 5 min under a nitrogen atmosphere at 0 °C. A solution
of monomer M3 (112 mg, 0.10 mmol) in dry chlorobenzene (1 mL)
was added via syringe at 0 °C. The reaction mixture was then heated
to 50 °C and stirred for 48 h. After completion, the reaction mixture
was poured into methanol (100 mL) and stirred for 30 min. The
precipitate was collected by filtration and dedoped by stirring in
methanol (50 mL) containing triethylamine (3.5 mL) for 24 h at room
temperature. After filtration and washing with methanol, the
material was dissolved in chloroform and passed through a Celite pad
to remove residual catalyst, followed by solvent removal under
reduced pressure. The resulting polymer was further purified by
Soxhlet extraction using acetone, hexane, and chloroform as eluents
to afford PDPPC;00T-Cg as a dark bluish-green solid in 70% yield (76.9
mg). *H NMR (CDCls, 300 MHz) 6: 9.23-9.18 (br, thienyl proton), 4.45-
4.22 (m, -N-CHa-, -O-CHy-), 2.02-1.91 (m, -CH<, -CH,-), 1.25 (br, alkyl
protons), 0.88 (br, -CHs).

2.4 Synthesis of poly(2,5-bis(2-butyloctyl)-3,6-bis(4-
(dodecyloxy)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione) (PDPPC;,0T-C12)

Anhydrous FeCls (65 mg, 0.40 mmol) and dry chlorobenzene (3 mL)
were placed in a 25 mL oven-dried two-necked round-bottom flask
under nitrogen atmosphere and cooled to 0 °C. A solution of
monomer M4 (100.6 mg, 0.1 mmol) in dry chlorobenzene (1 mL) was
added via syringe at 0 °C. The reaction mixture was heated to 50 °C
and stirred for 48 h. After completion, reaction mixture was poured
into methanol and stirred for 30 min, followed by filtration. The
resulting solid was dedoped by stirring in methanol (50 mL)
containing triethylamine (3.5 mL) for 24 h at room temperature.
After filtration and washing with methanol, the material was
dissolved in chloroform and passed through a Celite pad to remove
residual catalyst, and the solvent was removed under reduced
pressure to afford the crude product. Further purification by Soxhlet
extraction using acetone, hexane, and chloroform as eluents yielded
PDPPC1,0T-Cy a dark bluish-green solid in 71% yield (71.4 mg). *H
NMR (CDCls, 300 MHz) &: 9.31-9.06 (m, thienyl proton), 4.50-4.21
(m, -N-CH3-, -O-CH5-), 2.02-1.87 (m, -CH<, -CH2-), 1.31-1.25 (br, alkyl
protons), 0.88 (br, -CHs).

This journal is © The Royal Society of Chemistry 20xx
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M1: R= H; Ry=CgH7; Ra=C1gHz
M2: R= OCHg; R1=CgH17; R2=CyoH2¢

M3: R= & ~-Crota1 Ri=H; Ro=CaHr7

CgHy7
M4: R= OC;3H35; Ra=C4Hg; R3=CgHy3

2
| FeCls/chlorobenzene/N,

50°C/24 h - .
l 100 °C/24 h lRTﬁ h 150 'C/48 h
CioH24 CioHz1

CgHyr

0=™y 0N
CBH”\H CsHﬁ\I)
C1oHa CyoHz
PDPPT-C4 PDPPC,0T-Cy

x No polymn. x Insoluble.

150 °C/48 h

PDPPC,0T-Cy
\ Soluble

PDPPC;,0T-Cy;
v Soluble

Scheme 1 Synthesis of DPP homopolymers via FeCls-mediated oxidative polymerization.

3. Results and Discussion

3.1 Synthesis of DPP homopolymers via FeCl;-mediated oxidative
polymerization

DPP monomers M2, M3, and M4, in which the DPP core is flanked by
4-alkoxythiophene units, were synthesized, as detailed in the ESI.
Compared with the reference monomer M1, in which the DPP unit is
flanked by unsubstituted thiophenes, the introduction of alkoxy
substituents would significantly increase the electron richness of the
thiophene rings and thereby enhances the susceptibility of the 5-
position toward oxidative coupling. FeCls has been widely employed
as an oxidant for the synthesis of polythiophenes via oxidative
polymerization of electron-rich thiophene monomers.36-38 When
FeCls was applied to M1, no successful polymerization was observed.
After stirring at 50 °C, followed by an additional 24 h at 100 °C, only
a sticky bluish solid was obtained in a low yield of 3% (Fig. S4), which
is highly soluble in hexane indicating the formation of low-molecular-
weight oligomers rather than polymers. A similar observation was
reported by Charyton et al.3? for FeCls-mediated oxidative chemical
vapor deposition polymerization of N-unsubstituted DPP flanked by
unsubstituted thiophene units. The poor reactivity of M1 can be
attributed to the strong electron-withdrawing nature of the DPP unit,
which deactivates the thiophene rings by increasing their oxidation
potential 4041

In  contrast, introduction of electron-donating alkoxy
substituents on the thiophene units in M2-M4 lowers the oxidation
potential and stabilizes the cation radical during oxidative
polymerization.??#3 Indeed, M2 underwent rapid polymerization
with FeCl; at room temperature, yielding a dark bluish-green solid in
95% vyield after purification (Fig. S4). However, the resulting
PDPPC;0T-Cy is completely insoluble in common organic solvents.

This journal is © The Royal Society of Chemistry 20xx

Even after heating in 1,2,4-trichlorobenzene (TCB) under stirring at
temperatures up to 200 °C for 8 h, the polymer remained largely
undissolved (Fig. S5). Since the same polymer prepared by
Yamamoto coupling was reported to be readily soluble in chloroform
at room temperature and TCB at 120 °C, the poor solubility of
PDPPC;0T-Cyo is likely due to the formation of crosslinked structures
via coupling at the 3-position of the thiophene units.** This
interpretation is further supported by the highly disordered
structure of this polymer observed by powder X-ray diffraction (Fig.
S6).

To improve solubility and suppress potential crosslinking,
monomer M3 was designed with bulky branched 2-octyldodecyl side
chains on the thiophene units and linear octyl side chains on the DPP
core. These sterically demanding substituents were expected to
enhance solubility and reduce undesired side reactions. Compared
with M2, M3 exhibited reduced reactivity, yielding only oligomeric
products after 24 h at room temperature. Therefore, the
polymerization temperature was increased to 50 °C and the reaction
time was extended to 48 h. Under these conditions, the target
polymer PDPPC,,0T-Cs was obtained as a dark bluish-green solid (Fig.
S4) in a yield of 70% after purification. This polymer is readily soluble
in chloroform, chlorobenzene, and 1,2-dichlorobenzene. High-
temperature gel permeation chromatography (HT-GPC) revealed a
weight-average molecular weight (M) of 54.3 kDa and a dispersity
(P) of 3.17 (Fig. S34, Table 1). The good solubility and relatively
narrow molecular weight distribution suggest minimal crosslinking
during polymerization.

Monomer M4, bearing less bulky linear dodecyl side chains on
the thiophene units and 2-butyloctyl substituents on the DPP core,
was also polymerized under identical conditions at 50 °C for 48 h. The
corresponding polymer, PDPPC;;,0T-Ci;, was obtained in a
comparable yield of 71% after purification. This polymer exhibits a

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 (a) Normalized UV—Vis—NIR absorption spectra of PDPPC;00T-Cs and PDPPC;,0T-C;; measured in chloroform solution and as-cast thin
films. (b) Cyclic voltammograms of PDPPC;00T-Cg and PDPPC1,0T-C;3 thin films recorded in 0.1M BusNPFg in dry acetonitrile at a scan rate of

50 mVs™.

Table 1 Summary of molecular weights, optical and electrochemical properties of PDPPC,00T-Cg and PDPPC;,0T-Cy;.

Homo polymer M, My, ] Tq [°C]? Amax[nm] Aonset EgoPt Enomo ELumo
[kDa]? [kDa]? [nm] [eV]d [ev]? [ev]?

Solution Film Film Film Film Film

PDPPC;0,0T-Cs 17.1 54.3 3.17 333 1035 1190 1375 0.90 -5.06 -4.16
PDPPC;,0T-C12 8.7 25.3 291 350 1176 1186 1425 0.87 -5.02 -4.15

a) Measured from HT-GPC using 1,2,4-trichlorobenzene as eluent at 150°C; ) Thermal decomposition temperatures (Tq) at 5% weight loss;
Optical band gaps (E¢°Pt*) calculated from the onset absorption wavelengths of the thin films; 9 Eyomo of polymers were calculated using their
onset oxidation potentials, with ferrocene as a reference (Evomo = —4.8 eV), while Eiumo’s of polymers were calculated using the equation:

Erumo = Eg°Pt + Exomo.

lower M,, of 25.3 kDa with a dispersity of 2.91 and shows good
solubility in chloroform, chlorobenzene, and 1,2-dichlorobenzene.
These results indicate that long alkoxy-substituted thiophene units
are effective in promoting oxidative polymerization while
simultaneously suppressing crosslinking side reactions.
Thermo-gravimetric analysis (TGA) revealed decomposition
temperatures of 333 °C for PDPPC,,0T-Cs and 350 °C for PDPPC;,0T-
C1, (Fig. S1), confirming their good thermal stability.

3.2 Optical and electrochemical properties

The optical properties of PDPPCy00T-Cg and PDPPC;,0T-Cy; were
investigated by UV-vis-NIR spectroscopy in chloroform solution and
as-cast thin films on quartz substrate (Fig. 1a), and the corresponding
data summarized in Table 1. PDPPC,00T-Cs shows a pronounced
spectral change upon film formation, with the apparent absorption
maximum (Amax) shifting from 1035 nm in solution to 1190 nm in the
thin film. More specifically, the solution spectrum exhibits a main
band at 1035 nm with a pronounced shoulder at 1190 nm, whereas
in the film the relative intensities of these two features are reversed,
giving a dominant peak at 1190 nm and a shoulder at 1035 nm. These
two low-energy bands, both located in the NIR-Il region, can be

4| J. Name., 2012, 00, 1-3

assigned to the 0-0 transition at longer wavelength and the 0-1
vibronic transition at shorter wavelength, associated with the
intramolecular charge-transfer transition from the donor
bithiophene units to the DPP acceptor units.

The large red shift in Amax and the reversal in the relative
intensities of the 0-0 and 0—1 bands indicate a substantial change in
chain conformation and intermolecular organization from solution to
the solid state. In solution, the relatively strong 0-1 transition
suggests that the polymer chains are more conformationally relaxed
and less planar due to good solvation by chloroform and the steric
effect of the long branched C20 side chains. Upon film formation,
solvent removal promotes closer interchain packing and enhanced
n-Tt interactions, while also restricting torsional motion and
increasing backbone planarization. As a result, the effective
conjugation length increases, leading to the marked bathochromic
shift. In addition, the dominance of the 0-0 transition in the film and
the 0-1/0-0 intensity ratio below unity are consistent with J-
aggregate-like character,*>4¢ further supporting stronger interchain
donor—acceptor interactions and a more ordered solid-state packing
structure.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 DFT-optimized geometries and frontier molecular orbitals of model compounds: (a) monomer of PDPPT-Cy (DPPT); (b) monomer of
PDPPC00T-Cs/PDPPC1,0T-Cy2 (DPPC10T); (c) dimer of PDPPT-Cyo ([DPPT]2); and (d) dimer of PDPPC2o0T-Cs/PDPPC1,0T-Cis ([DPPCLOT],).
Long alkyl side chains were replaced with methyl groups in the model structures to reduce computation time.

In contrast, PDPPC1,0T-C1, exhibits Amax values of 1176 nm in
solution and 1186 nm in the solid state, both of which are attributed
to the 0-0 transition, with only a small redshift of 10 nm upon film
formation. Unlike PDPPCyO0T-Cg, the solution spectrum of
PDPPC;,0T-C;; is dominated by the 0-0 transition, indicating that
significant aggregation is already present in solution. This behavior is
consistent with the stronger aggregation tendency of PDPPC1,0T-Cy3,
likely arising from its more coplanar backbone and the reduced steric
hindrance provided by the linear dodecyloxy side chains on the
thiophene units together with the shorter branched side chains on
the DPP core. These structural features are less effective at
preventing interchain association than the longer branched side
chains in PDPPC,00T-Cs. As a result, PDPPC;,0T-C;; likely exists as
pre-aggregated species in solution, as commonly reported for DPP-
based polymers with strong intermolecular interactions.?” Therefore,
its solution absorption spectrum already resembles that of the solid
film, and only a minimal additional red shift is observed upon film
formation.

The optical band gaps of PDPPC,00T-Cg and PDPPC;,0T-C12 were
estimated to be 0.90 eV and 0.87 eV, respectively, based on the onset
absorption of their thin films. Compared with previously reported
homopolymers of 4-methoxythiophene-flanked DPP (DPPC;0T),343%
both polymers exhibit substantially redshifted absorption maxima
and narrower optical band gaps. The relatively shorter Amax (998 nm)
reported by Domokos et al.34 may be attributed to the low molecular
weight of the polymer (M,, = 2.9 kDa). However, even the higher-
molecular-weight polymer (M, = 87.7 kDa) reported by Giri et al.3%
displayed a Amax of only ~1000 nm. These observations suggest that
replacing the methyl substituents on the methoxythiophene units
with longer linear or branched alkyl chains significantly extends the
effective conjugation length in DPP homopolymers. Such long alkyl
side chains can pack more tightly in the solid state, restricting the
rotational freedom of thiophene units along the polymer backbone
and promoting a more coplanar conformation, whereas smaller

This journal is © The Royal Society of Chemistry 20xx

methyl substituents are more mobile and contribute less effectively
to backbone planarity.4®

Most CPs exhibited Amax either in visible (400-780 nm) or NIR |
(780-1000 nm) regions, whereas polymers with Amax in NIR-Il region
remain rare.?> Notably, in this work, both newly prepared polymers
display absorption maxima in the NIR-Il window. Even more
importantly, these polymers exhibit very weak m-rt* absorption in the
visible region compared with their strong absorption in the NIR-l and
NIR-1I regions, resulting in high optical transparency in the visible
range. Such selective infrared absorption combined with high visible
transparency is highly desirable for a range of applications, including
NIR photodetectors, infrared camouflage, transparent laser welding,
thermal-shielding coatings on glass, and transparent electronic
devices.2543-52
Cyclic voltammetry (CV) measurements were conducted on thin films
of PDPPC,00T-Cg and PDPPC;;0T-C12 deposited on platinum
electrodes (Fig. 1b). The HOMO energy levels of PDPPC00T-Cs and
PDPPC;,0T-C12; were calculated to be -5.06 eV and -5.02 eV,
respectively, based on their onset oxidation potentials. Despite the
different side chain lengths, the two polymers exhibit very similar
HOMO energy levels because these are governed mainly by the
electronic structure and effective conjugation length of the same
conjugated backbone rather than by the alkyl side chains. The slightly
deeper HOMO level of PDPPC,00T-Cg may arise from side-chain-
induced steric effects that increase backbone twisting and less
ordered chain packing, consistent with its slightly larger optical
bandgap (0.90 eV vs 0.87 eV).
Owing to the absence of discernible reduction peaks, their LUMO
energy levels were derived by subtracting the optical band gaps
(Eg°Pt) from the HOMO energy levels, yielding values of -4.03 and
-4.05 eV, respectively. It should be noted that the LUMO energy
levels estimated in this way may be significantly lower than the
actual values because organic semiconductors typically exhibit large
exciton binding energies, often around 0.3 eV or higher.53:54
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3.3 Density functional theory (DFT) simulations

To gain insight into the molecular geometries and frontier molecular
orbitals of PDPPC,0,0T-Cg and PDPPC;,0T-C;,, DFT calculations were
performed using the Gaussian 09 package at the B3LYP/6-31+G(d)
level. Monomer and dimer model compounds, DPPC;OT and
[DPPC;,0T],, were employed, in which the long alkyl side chains on
the alkoxythiophene units and on the nitrogen atoms of the DPP core
were replaced with methyl groups to accelerate computation (Fig. 2).
For comparison, analogous monomer and dimer models of PDPPT-
Cy0, denoted as DPPT and [DPPT],, were also calculated, in which the
2-octyldodecyl substituents were similarly replaced by methyl
groups.

The dihedral angle between the thiophene and DPP units
(C-C-C-S), defined as 61, and the dihedral angle between adjacent
thiophene units in the bithiophene, defined as 6,, were used to
evaluate the backbone conformation. The monomer models, DPPT
and DPPC;0T, exhibit 6; values of 0.14° and 0.88°, respectively,
indicating that both structures are highly coplanar, with DPPT being
slightly more planar. Compared with DPPT, DPPC,0T shows elevated
frontier energy levels due to the strong electron-donating effect of
the methoxy substituent. In particular, the HOMO level increases by

This journal is © The Royal Society of Chemistry 20xx

0.14 eV, which facilitates the significantly enhanced oxidative
polymerization of M2—M4 relative to M1. In addition, the HOMO—
LUMO gap of DPPC,0T decreases by 0.10 eV compared to DPPT
primarily due to the significantly elevated HOMO energy level.

The dimer [DPPT], exhibits 61 and 0, values of 7.2° and 6.5°,

respectively, which are substantially larger than those of [DPPC;0T],
(61 = 1.3° and 6; = 0.17°). The markedly reduced 6, in [DPPC;,0T]; is
attributed to conformational locking of the bithiophene segment
induced by intramolecular $---O interactionsS> at a distance of 2.81 A.
In contrast, such interactions are absent in [DPPT],, resulting in a
more twisted backbone. Notably, 8; in [DPPC;0T]; increases only
slightly relative to the monomer, whereas [DPPT]; shows a
pronounced increase in 6 relative to monomer, indicating a strong
disruption of backbone coplanarity upon chain extension. The
enhanced coplanarity of [DPPC10T], promotes more effective -
conjugation and contributes to band-gap narrowing in the alkoxy-
substituted polymers.
The calculated HOMO and LUMO energy levels are -4.83 and -2.87
eV for [DPPT]; and -4.49 and -2.73 eV for [DPPC;0T],, respectively,
corresponding to band gaps of 1.96 and 1.76 eV. These results
indicate that the incorporation of alkoxy substituents significantly
raises the HOMO energy level and narrows the band gap. The
computational trends are consistent with the experimentally
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Table 2 OTFT device data of homo polymers PDPPC,,0T-Cs and PDPPC;,0T-Cy; thin films, before and afterbennealing/atnifferert

temperatures.
Homo Annealing Max. Avg. up £ Std Max. e Avg. He t Std lon/lof®) Vin [V]Y
polymer Temperature [cm2v-1s-1]a) [cm2V-1s71]b) [em2v-1s-1]a) [cm2Vv-1s71]0) hole/ hole/
[°C] electron AT
1.69x107%+ 2.63x107%+
As-cast 1.93x107 2.4x107° 3.32x10* 7.9x107° 102/10 | 24.0/72.1
1.71x107%+ 3.19x104+
100 1.82x104 9.3x107° 3.56x104 3.2x10°° 10%/10? 9.7/69.7
PDPPC;00T-Cs 2.61x104+ 3.35x107%+
150 2.95x10* 3.0x10°° 3.82x10* 4.1x107° 10%/10t | -1.8/64.9
6.05x1074+ 5.11x107%+
200 6.83x1074 1.1x104 5.74x1074 9.8x10°° 102/10' | -5.2/62.8
5.74x107%+ 3.39x107%+ 102/10 | -4.2/61.1
250 5.86x107* 1.7x10°% 3.44x107* 5.4x107°
0.85x1073+
As-cast 1.27x1073 3.8x10™ - - 10%/- 51.4/-
0.82x1073+
100 0.86x1073 4.5x1074 - - 102/~ 23.7/-
PDPPC;,0T-C;2 1.17x1073+
150 1.23x1073 7.4x107° - - 10%/- 16.9/-
1.43x1073+ 1.31x1073+
200 1.57x1073 1.6x104 1.57x1073 3.0x10™4 10t/10° 3.2/65.6
1.66x1073+ 2.14x1073+ 101/10' | -4.9/59.9
250 1.74x1073 1.3x10™* 2.24x1073 1.3x10™*

aThe maximum hole/electron mobility in the saturated region (Max. un/ He); P'The average hole mobility in the saturated region and standard
deviation (std) from more than 5 devices; 9The on-current (lon) to off-current (lof) ratio; 9The average threshold voltage (Vin).

observed electrochemical and optical properties of PDPPC;00T-Cs,
PDPPC;,0T-C1,, and PDPPT-Cyo, as well as related analogues bearing
different alkyl side chains on the DPP units.34:3556

3.4 Film microstructure analyses

To investigate the thin-film microstructure of PDPPC,,0T-Cg and
PDPPC;,0T-Cy,, X-ray diffraction (XRD) and atomic force microscopy
(AFM) measurements were carried out on thin films deposited on
Si/SiO; substrates. Two-dimensional X-ray diffraction (2D-XRD) was
employed to evaluate the crystallinity and molecular packing of thin
films annealed at different temperatures (Fig. 3, Fig. S2, and Fig. S3).

For PDPPC,,0T-Cs, both the out-of-plane and in-plane patterns
show no discernible diffraction peaks in the as-cast state or after
annealing up to 200 °C, indicating a predominantly amorphous
microstructure. Upon annealing at 250 °C, a weak lamellar (100)
reflection appears in the out-of-plane direction at 26 = 6.73°,
corresponding to a d-spacing of 13.1 A, along with a broad n—n
stacking (010) peak at 26 = 23.8° (d = 3.7 A). These features suggest
the onset of limited molecular ordering only at elevated
temperatures.

In contrast, PDPPC;,0T-Cy; exhibits a distinct lamellar (100) peak
at 20 = 8.0°, corresponding to a d-spacing of 11.1 A, together with a
broad (010) peak at 28 = 23.8° (d = 3.7 A) in the out-of-plane pattern
of the as-cast film. After annealing at 100 °C, the lamellar peak shifts
slightly to 26 = 7.6° (d = 11.6 A) and increases in intensity, indicating
enhanced crystallinity. Further annealing at 150, 200, and 250 °C
induces no significant additional changes in the diffraction patterns,
suggesting that the film microstructure is largely stabilized after mild
thermal treatment.

8| J. Name., 2012, 00, 1-3

Compared with  DPPT-based homopolymers  bearing
unsubstituted thiophene units, which typically exhibit high
crystallinity,>® the present results indicate that alkoxy substitution on
the thiophene units hinders efficient chain packing. In particular, the
long branched 2-octyldodecyloxy side chains in PDPPC,,0T-Cs
substantially suppress long-range order, whereas the linear octyloxy
side chains in PDPPC;,0T-Cy; partially preserve lamellar ordering.
To evaluate the surface morphology of the polymer thin films,
tapping-mode atomic force microscopy (AFM) measurements were
performed, and height images were collected for both polymers in
the as-cast state and after thermal annealing (Fig. 4). PDPPC;00T-Cg
exhibits root mean-square (RMS) values of 1.01 nm for the as-cast
film and 0.91 nm for the film after annealing at 200°C. In comparison,
PDPPC;,0T-C12 shows RMS roughness values of 0.65 nm in the as-
cast state and 0.71 nm after annealing at 250 °C. The lower RMS
roughness of PDPPC;,0T-C;; indicates that it forms a smoother film
surface than PDPPC;00T-Cs. Nonetheless, both homopolymers
exhibit RMS roughness values of 1 nm or less, indicating the
formation of uniform and smooth films, which is favorable for
improving interfacial contact between the dielectric and
semiconducting layers in organic thin-film transistor devices.

3.5 OTFT Performance

To evaluate the charge transport properties of the newly synthesized
PDPPC,00T-Cs and PDPPC;;,0T-Cy;;, bottom-gate/bottom-contact
(BG/BC) OTFT devices were fabricated on heavily doped silicon
substrates with a 300 nm thermally grown SiO, dielectric layer. The
Si/Si0; substrates were first cleaned using deionized water, acetone,
and isopropanol, and then modified with a self-assembled
monolayer of dodecyltrichlorosilane. This treatment helps reduce

This journal is © The Royal Society of Chemistry 20xx
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interfacial trap density and adjusts the surface energy, which in turn
supports a favorable edge-on molecular orientation and improved n—
Tt stacking at the dielectric interface.’” The polymer was dissolved in
chloroform (10 mg/mL) and spin-coated at 2000 rpm for 80 s to
obtain smooth and uniform thin films with controlled aggregation,
typically around 50-60 nm thick. These films were then thermally
annealed at temperatures ranging from 100 to 250 °C to further
improve molecular ordering and m—m stacking before electrical
measurements.

Representative output and transfer curves are shown in Fig. 5,
and the extracted charge carrier mobilities in the saturation regime
are summarized in Table 2. Both PDPPC;,0T-Cg and PDPPC1,0T-C13
exhibit typical p-type and n-type transistor behavior at their
respective optimal annealing temperatures, indicating ambipolar
charge transport.

For PDPPC,00T-Cs, the device annealed at 200 °C shows the best
overall performance, with a highest hole mobility of 6.83x10*
cm?V-1s7! (average: 6.05x107%t 1.1x107%) and a highest electron
mobility of 5.74x107% cm?V-1s~1 (average: 5.11x107%+ 9.8x107°) (Table
2). In comparison, PDPPC;,0T-C;y; achieves highest hole and electron
mobilities of 1.74x1073 cm?V-1s7! (average: 1.66x1073+ 1.3x107%) and
2.24x1073 cm?V-1s7! (average: 2.14x1073+ 1.3x107%), respectively, at
annealing temperature of 250°C. No measurable electron transport
is observed for PDPPC;,0T-C;; in the as-cast state or after annealing
at temperatures up to 150 °C, which may be attributed to the
presence of a high density of electron traps in the thin films (Table
2).

Overall, PDPPC1,0T-C12 exhibits higher charge carrier mobilities
compared to PDPPC,0T-Cg, which is is likely associated with its
improved chain packing and smoother film morphology, as
evidenced by XRD and AFM analyses (Fig. 3 and 4).

Gold contacts were used in this study. Their work function of

approximately -5.0 eV is well aligned with the HOMO energy levels
of PDPPC;00T-Cs and PDPPC;,0T-Cy;, but poorly aligned with their
LUMO energy levels, resulting in large barriers for electron injection.
This may account for the large threshold voltages (Vi) observed for
n-channel operation (Table 2). Using an electrode material with a
higher Fermi energy level or modifying the surface of the Au
electrodes®®%! may facilitate electron injection and thereby reduce
the threshold voltage.
To assess device operational stability in ambient air, OTFTs based on
PDPPC0T-Cg and PDPPC;;0T-Ci2 annealed at their optimal
temperatures 200 °C and 250 °C, respectively, in the glove box were
characterized under ambient conditions (22 °C, 50% relative
humidity) (Fig. S7 and Table S1). While their hole-transport
performance remained largely stable (u = 1.27x1073 cm?V-1s7! for
PDPPC;00T-Cg and 1.58x1073 cm?V-1s! for PDPPC1,0T-Cy;), their
electron transport performance vanished when characterized in
ambient air. As noted earlier, their electron-transport performance
disappeared upon exposure to ambient air. As noted earlier, the
actual LUMO energy levels of these polymers may be significantly
higher than the values estimated by combining the HOMO energy
level measured by CV with the optical bandgap, owing to their large
exciton binding energies. Consequently, their actual LUMO energy
levels may exceed the threshold required for air-stable electron
transport, which is typically around -4.0 eV.6263

4. Conclusions

In summary, we have demonstrated a cost-effective and
scalable approach to ultralow-band-gap DPP homopolymers

This journal is © The Royal Society of Chemistry 20xx
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using FeCls-mediated oxidative polymerizatign,, ,Threugh
rational side-chain engineering of alkoxythiogRERELRIMED DPP
monomers, two soluble homopolymers, PDPPC;00T-Cg and
PDPPC;,0T-Ci2, were successfully synthesized without the need
for expensive transition-metal catalysts. Both polymers exhibit
strong NIR-Il absorption beyond 1000 nm with optical band
gaps as low as 0.87 eV and HOMO energy levels below -5.0 eV,
indicating favorable ambient stability. Structural, spectroscopic,
and computational analyses reveal that intramolecular S---O
interactions enhance backbone planarity and effective mn-
conjugation, while side-chain architecture governs solid-state
packing. As a result, both polymers display ambipolar charge
transport in organic thin-film transistors, with PDPPC1,0T-C1>
achieving balanced hole and electron mobilities on the order of
103 cm? V1 s'1. These results validate oxidative polymerization
as a powerful strategy for accessing NIR-llI-active conjugated
polymers and provide design guidelines for future low-band-
gap materials targeting ambipolar electronics, NIR-II
bioimaging, and photothermal conversion.
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Data availability

All data supporting the findings of this study are available within the article and its
Supplementary Information (SI). The SI includes detailed monomer synthesis procedures, OTFT
device fabrication and characterization, general experimental methods, thermogravimetric
analysis (TGA) curves, GIXRD patterns, GPC traces, 'H and '>*C NMR spectra, and mass
spectrometry data.
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