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Abstract

The synthesis of donor-acceptor conjugated polymers is challenging due to the dependence on
expensive transition-metal catalysts and potentially hazardous reagents, which can have
negative environmental effects. Aldol polycondensation provides a promising, metal-free
alternative for polymerizing such materials. In this study, we report the synthesis of three
polymers, namely AIRI, AICRI and AITRI, through aldol condensation reaction between
diformylisoindigo compound and reduced bis-isatins. Photophysical, electrochemical,
thermogravimetric, atomic force microscopy (AFM), gel permeation chromatography (GPC),
powder X-ray diffraction (PXRD), density functional theory (DFT) calculations, and space
charge limited current (SCLC) hole mobility measurements studies were carried out for these
polymers. Photophysical and electrochemical studies showed high visible light absorption,
with HOMO energy levels around -5.7 eV and LUMO energy levels near -3.7 eV for all

polymers. Thermogravimetric analysis (TGA) indicated that the polymers are stable up to
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approximately 300 °C. The SCLC hole mobilities measured for polymers, AIRI, AICREAHI S 5are
AITRI were 7.13 x 102, 8.15 x 102, and 9.38 x 102 cm?V-! S*!, respectively.

Introduction

The advancement of organic electronics, including organic photovoltaics (OPVs),! organic
field-effect transistors (OFETSs),> 3 organic light-emitting devices (OLEDs)* and organic
electrochromics (OECs),> has been propelled by the continuous development in the synthesis
of conjugated molecules and polymers. Structural designs have evolved based on a deeper
comprehension of the critical parameters dictating high performance in these devices.
Parameters like ionization potentials (IPs), electron affinities (EAs), optical gaps and
absorption profiles have been specifically tailored by integrating electron-rich (donor) and
electron-deficient (acceptor) arenes within the electroactive core of conjugated materials.® This
strategic approach enables precise control over electronic properties, thereby enhancing the
overall efficiency and performance of these organic electronic devices. This progress is
attributed to advancements in photoactive materials, especially electron-donating polymers, as

well as device optimization.

Recently, donor-acceptor (D-A) polymers have attracted particular interest, due to their in-
chain donor-acceptor interactions, lower the band gap and are important light-harvesting
systems in solar cells.” This class of polymers offers advantages because their photoelectronic
properties, including absorption spectra and energy levels, can be easily adjusted by combining
different electron-rich and electron-deficient units, as well as by introducing various side
groups. Numerous electron-rich groups have been identified, such as fluorene,' silafluorene,?
carbazole,’ indolo[3,2-b]carbazole,'® cyclopenta[2,1-b:3,4-b"|dithiophene,!! dithieno[3,2-
b:2',3'-d]silole,'? indacenodithiophene,'?® thieno[3,4-b]thiophene,'* and benzo[1,2-b:4,5-
b'ldithiophene (BDT).!>16 However, the identification of successful electron-deficient units
has been less extensive, including 2,1,3-benzothiadiazole,' quinoxaline,!” diketopyrrolo[3,4-

c]-pyrrole-1,4-dione (DPP),'® and thieno[3,4-c]pyrrole-4,6-dione (TPD).!?

Isoindigo, a structural isomer of the well-known pigment indigo, is a naturally occurring
indigoid pigment found in plants like Isatis tinctoria (Woad).?*?! Although the synthesis of
isoindigo date back to 1988,2 and some isoindigo-containing polymers and small molecules
were reported in 2008, it wasn't recognized as a building block for creating conjugated p-type
materials for solar cells until Reynolds et al.?* reported two small molecules with isoindigo as

an electron-donating unit in 2010. Since then, isoindigos have garnered significant attention in
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the scientific community as an ideal electron-deficient unit for constructing donor-agceptotd D o s
A) polymers for solar cells. Isoindigo possesses strong electron-withdrawing characteristics
due to its two lactam rings, and it also adjusts the LUMO levels of resulting polymers to an
ideal range. Furthermore, there is a report where an isoindigo-containing material served as an
electron acceptor, replacing conventional fullerene derivatives in bulk heterojunction (BHJ)
solar cells.?*?> Moreover, high-performance field-effect transistors (FETs) based on isoindigo
polymers have also been achieved, demonstrating hole mobility as high as 3.62 cm? V-1 g71,26-
28 Because of their distinctive characteristics, several polymers incorporating isoindigo have
been documented in scientific literature, showcasing donor—acceptor (D—A) structures. (Figure

1(a)).2428
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Figure 1 (a) Structures of reported isoindigo-based conjugated polymers (b) Some repitedssosm:s
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donor-acceptor aldol polycondensation polymers

Conjugated polymers have traditionally relied on expensive transition metal catalysts for
synthesis, posing environmental and economic challenges.??* The demand for
environmentally sustainable synthetic methods is growing due to the use of hazardous
monomers and the generation of harmful byproducts in traditional polymerization techniques
like Stille coupling.3!-33 To address these issues, researchers are exploring alternative methods
such as direct heteroarylation polymerization (DHAP) and other metal-free polymerization,
such as aldol condensation. DHAP offers atom efficiency, however, it may suffer from
regiospecificity limitations.3* In contrast, the aldol condensation reaction presents advantages
including water as a byproduct, the use of non-halogenated solvents, and catalysis by simple
acids or bases.®>% The aldol condensation reaction generates o,f-unsaturated carbonyl
structures, facilitating the synthesis of novel ladder-type conjugated polymers challenging to
achieve through traditional cross-coupling techniques. For instance, Zhang et al. utilized aldol
condensation to synthesize donor-acceptor copolymers with bithiophene donors for organic
thin-film transistor (OTFT) applications.’” Several other examples of donor-acceptor
conjugated polymers synthesized via aldol condensation are also known (Figure 1(b)).28- 38-40
In summary, there is a pressing need for environmentally friendly synthetic approaches for the
synthesis of conjugated polymers. The aldol condensation reaction emerges as a promising
alternative, offering distinct advantages and enabling the creation of innovative polymers with

desirable properties.

In this article, we describe the synthesis of donor-acceptor copolymers by integrating non-fused
bis(indolinone)-based monomers with monomers containing diformyl dialkylated isoindigo
moieties. The synthesized monomers were thoroughly characterized using IR, ('"H & '3C)
NMR, and HRMS techniques. The synthesized polymers underwent a comprehensive
characterization process employing various analytical methods. Structural analysis of the
polymers was carried out using '"H NMR spectroscopy, while gel permeation chromatography
(GPC) determined their molecular weights. UV-visible spectroscopy was utilized to examine
electronic transitions, and thermogravimetric analysis (TGA) provided insights into thermal
stability. Furthermore, atomic force measurements (AFM) and powder X-ray diffraction
(PXRD) studies were conducted to analyze morphology and crystallinity. Density functional
theory (DFT) calculations were performed to understand the molecular properties better.

Moreover, the hole mobility of polymers, AIRI, AITRI, and AICRI was investigated through
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space charge limited current (SCLC) measurements, offering insights into their, chdrg€sc i s

transport properties.

Results and discussion

Synthesis of monomers and polymers
Compound 2 was synthesized from compound 1. The precursor compound 1 was synthesized

following literature procedure.>-*® The reduction of compound 1 was achieved using hydrazine

hydrate, resulting in the desired compound 2.

NH,NH,.H,0

o R
DMSO, Reflux O i O N
—_— N \ )
48 h R 0
|
1,3&5 \ S~ 2,4&6R CszY
Ar = without Ar /I AR | ,_-~ - C4Ho
’ N
R
2 4 6
72% 75% 73%

Scheme 1 Synthesis of compounds 2, 4 and 6

The precursor compound 3 was synthesized following literature procedure.*! The reduction of
compound 3 was achieved using hydrazine hydrate, resulting in the desired compound 4. The
precursor compound 5 was synthesized following literature procedure.*? The reduction of

compound 5 was achieved using hydrazine hydrate, resulting in the desired compound 6.

The synthesis of compound 7 was conducted using a modified literature procedure.*3
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Scheme 2 Synthesis of compound 11.

Compound 9 was synthesized using the modified reported literature process.** 5-
Bromoindolin-2-one (7) was obtained by the reduction of 5-bromoisatin in the presence of
NH,;NH,;.H,0. Compound 8 was obtained by condensation of 5-bromoisatin and 5- bromo
oxindole. The N-alkylation of compound 8 was carried out by wusing 7-
(bromomethyl)pentadecane to get alkylated compound 9. Stille coupling reaction was carried
out between compound 9 and 2-(tributylstannyl)thiophene to get compound 10, which on

further formylated under Vilsmeier-Heck reaction condition to get desired compound 11.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00341e

Page 7 of 24

Open Access Article. Published on 30 December 2025. Downloaded on 1/20/2026 10:39:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Polymers

View Article Online

(o) R fo) DOI: 10.1039/D5LP00341E
- [
N
R/ O /N 4

2,486

pTSA, Toluene
reflux

AIRI, AICRI & AITRI

S
Ar = without Ar - T | N \ |
N 278
R

AIRI AICRI AITRI

Scheme 3 Synthesis of polymers, AIRI, AICRI and AITRI

The synthesized compound 11 was subjected to polymerization under aldol polycondensation
condition with compounds 2, 4 and 6 in the presence of pTSA under a nitrogen atmosphere.
The synthesized polymers were further purified by Soxhlet extraction using methanol, hexanes,

toluene, and CHCls. The chloroform fraction is used for further studies.

Thermal and molecular weight properties of polymers

The thermal characteristics of all the synthesized conjugated polymers are investigated by
thermogravimetric analysis (TGA) in a nitrogen atmosphere at a heating rate of 10 °C/min
(Figure 2). The polymer's breakdown temperature (Td) is the temperature at which it loses 5%
of its weight. Polymers, AIRI, AICRI and AITRI showed decomposition temperatures at 373
°C, 390 °C and 340 °C, respectively. The synthesized polymers exhibit decomposition
temperature above 340 °C, which demonstrates that the thermal stability of the polymer is good

for optoelectronic applications.
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Figure 2 Thermogravimetric analysis of polymers.
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Weight average molecular weight (M,,), poly-dispersity index (D) and decomposition

temperatures (T;) of polymers are summarized in Table 1. The molecular weight of the

polymers was determined by GPC in tetrahydrofuran (THF) solution relative to polystyrene
standards. The molecular weight of the polymers, AIRI, AICRI and AITRI was found to be
18.73 kDa, 39.12 kDa and 30.01 kDa, with poly-dispersity index, 2.04, 2.25 and 1.75,

respectively (Table 1).

Table 1 Photophysical properties, Decomposition temperature Td (obtained from TGA),

Molecular weight M, and Poly-dispersity index (D) (obtained from GPC analysis) of polymers.

Polymer Amax Onset Egpt M,
(abs) nm (nm) (eV)? (kDa)

AIRI 438 579 2.14 9.15
AICRI 434 581 2.13 17.36

AITRI 412 550 2.25 17.10

M,
(kDa)
18.73
39.12
30.01

PDI
D)
2.04
2.25
1.75

Tq
0
373
390
340
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Photophysical properties of polymers.
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Figure 3 Absorption spectra of polymers in chloroform solution, AIRI (black line), AICRI
(red line) and AITRI (blue line).

Photophysical study of aldol polymers, AIRI, AICRI and AITRI, was carried out by UV-
visible spectroscopy in 1 x 10-° M chloroform solutions (Figure 3). Polymer AIRI, AICRI and
AITRI show broad charge transfer (CT) band ranging from 350 nm and extending up to 550

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

nm, having absorption maxima (4,,4,) at 438 nm, 434 nm and 412 nm, respectively. The

optical band gaps (E Zpt) of polymers, AIRI, AICRI and AITRI, are found to be 2.14 eV, 2.13

Open Access Article. Published on 30 December 2025. Downloaded on 1/20/2026 10:39:32 AM.

eV and 2.25 eV, respectively. The photophysical properties of the polymers AIRI, AICRI and
AITRI are summarized in Table 1.

(cc)

Electrochemical properties of polymers

The frontier orbital energy levels of aldol polymers are measured using cyclic voltammetry
(CV). CV experiments are carried out in the dry acetonitrile using tetra-n-butylammonium
hexafluorophosphate (TBAPFg) as a supporting electrolyte using a three-electrode system: a
Pt disc electrode as the working electrode, a Pt wire electrode as the counter electrode and

Ag/Ag" as a reference electrode.
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Figure 4 Oxidation-reduction curves of polymers, (a) AIRI (black line) (b) AICRI (red line)
and (c) AITRI (blue line), obtained by cyclic voltammetry at 50 mV/s in dry acetonitrile-

onset

chloroform (7:3) using TBAPF; as a supporting electrolyte; E%./p.+ = 0.38V.

Table 2 Electrochemical properties of aldol polymers

Polymers  Eoxi Egpset Enomo Erea(V)*  Eppi®* (V)*  Epymo (eV)©
(eV)® (eV)® (eV)®
AIRI +1.54 +1.36 -5.78 -1.04 -0.68 -3.64
AICRI +1.52 +1.29 -5.71 -1.08 -0.70 -3.58
AITRI  +1.56 +1.34 -5.76 -1.10 -0.71 -3.51
aPotential v/s Ag/Ag+, PCalculated from equation Epono = — (ES™€t + 4.8 — El"p'clfl‘i}r),

¢Calculated from equation E;ymo = Enomo + E%

All three aldol polymers shows irreversible oxidation and reduction in the CV (Figure 4). The

oxidation potentials of polymers, AIRI, AICRI and AITRI were found at +1.54 V, +1.52 V
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and +1.56 V, respectively. The corresponding onset oxidation potentials for AIRL, AICREAHI S 5are
AITRI were found to be +1.36 V, +1.29 V and +1.34 V, respectively. The HOMO energy
levels were calculated from the onset oxidation potentials and found to be -5.78 eV, -5.71 eV
and -5.76 eV, for polymers, AIRI, AICRI and AITRI, respectively. The reduction potentials
of polymers, AIRI, AICRI and AITRI were found to be at -1.04 V, -1.08 V and -1.10 V with
onset reduction potentials of -0.68 eV, -0.70 eV and -0.71 eV, respectively (Figure 4). The
equation, Erumo = Enomo + E¢° was used to calculate the LUMO energy levels. The calculated
LUMO energy levels were found to be at -3.64 eV, -3.58 eV and -3.51 eV for polymers AIRI,
AICRI and AITRI respectively. The electrochemical properties of the synthesized aldol

polymers are summarized in Table 2.

X-ray diffraction studies of polymers

Figure 5 shows the results of the powder X-ray diffraction (PXRD) analysis for the polymer
films, AIRI, AICRI and AITRI. Each film exhibits a significant broad peak at approximately
20 = 22.15°, which is indicative of their amorphous structures. Additionally, these polymers

exhibit a uniform d spacing of 4.011 A, highlighting a consistent structural feature among them.

—— AITRI
—— AICRI
—— AIRI

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Figure 5 Thin film X-ray diffraction pattern spectra of aldol polymers, AIRI, AICRI and
AITRL

Intensity (a.u.)
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Atomic Force Microscopy (AFM) analysis DOl 10.1039/D5LPO0341E

Tapping mode atomic force microscopy (AFM) was employed to examine a
Polymer/NiOx/FTO film, focusing on the morphological characteristics of the polymer films.
As shown in Figure 6, the polymer AITRI has the lowest root mean square (RMS) roughness
value of 6.99 nm, setting it apart from the other polymers. In contrast, polymers AIRI, AICRI
have RMS roughness values of 21.23 nm and 17.84 nm, respectively.

The higher surface smoothness is thought to enhance the efficiency of charge transfer pathways
at the interfaces, thereby improving charge transfer dynamics across the different layers. This
observation highlights the crucial role of surface morphology in determining charge transport
properties within device architectures, providing important insights into the mechanisms

underlying the enhancement of charge carrier mobility in polymer-based electronic systems.

0.13 ym

0.00 pm

49.3 nm

40.0
350
300
250
200
15.0
10.0

0.0

Figure 6 AFM images of aldol polymers (a) AIRI, (b) AICRI and (c) AITRI.
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Space Charge Limited Current (SCLC) hole mobility measurement of aldol:.:::

polymers

The assessment of hole mobilities in polymers was achieved using the Mott-Gurney
equation,®3#* which correlates current density (J) with applied voltage (V) and film thickness

(L) based on the material's dielectric properties.

J= gsr £ u'L/—i

In this formula, &g represents the vacuum permittivity (8.85 x 10-12 Fm!), while &, signifies the
dielectric constant, typically assumed to be 3 for organic semiconductors. By calculating the
hole mobility () we gain a quantitative understanding of the charge carrier transport properties
within the material. This method, rooted in fundamental electrostatic principles, highlights the
thorough scientific methodology used to study charge carrier dynamics in polymer-based

electronic systems.

Hole mobility evaluation in the synthesized polymers was carried out using the SCLC
technique in a hole-only device configuration described as FTO/NiOx/Polymer/MoO;/Al, with
an active area of 0.12 cm? (Figure 7). The FTO glass slides were meticulously cleaned through
sonication in a soap solution, followed by sequential rinsing with deionized water, acetone, and

isopropyl alcohol, each for 15 minutes. Post-cleaning, the slides were treated with UV-ozone.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The NiOx precursor solution was then spin-coated onto the FTO glass surface at 3500 rpm for

45 seconds and subsequently annealed at 300 °C for 1 hour to form a hole transport layer (HTL)

Open Access Article. Published on 30 December 2025. Downloaded on 1/20/2026 10:39:32 AM.

approximately 120 nm thick. The polymer solution, dissolved in chloroform, was spin-coated

(cc)

onto the substrate at 1000 rpm for 60 seconds and then thermally annealed at 80 °C for 10
minutes to ensure proper film formation. A molybdenum trioxide (MoO3) layer, 20 nm thick,
was thermally deposited as a buffer layer. Finally, aluminium (Al) metal electrodes, 100 nm
thick, were deposited using a shadow mask. Current density-voltage characteristics were
recorded using a CHI660E instrument at a scan rate of 100 mVs!, enabling a thorough

characterization of device performance.

The hole mobilities were determined by analyzing data from the linear region of the Log J
versus Log V curve, as shown in Figure 8. The measured hole mobilities for the polymers,
AIRI, AICRI and AITRI were observed to be 7.13 x 102, 8.15 x 102 and 9.38 x 102 cm?V"!

S-1, respectively. This precise analytical method allowed for accurate quantification of charge
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carrier mobility within the fabricated devices, providing valuable insights into the glectGhic s sur

transport properties of the respective polymer materials.
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Computational studies DOI: 10.1039/D5LPO0341E

To gain insights into the structural characteristics, frontier molecular orbitals, and band gaps
of the polymers, DFT calculations were performed on polymer models (with N-alkyl chains
simplified to N-ethyl groups) using Gaussian09 at the PBC/B3LYP/6-31G(d) level* (Figure
9). The polymer unit cells were constructed by taking the comonomer unit as the repeating unit.
The calculated band gap values were 2.05 eV, 2.05 eV and 1.82 eV, for AIRI, AICRI and
AITRI, respectively. These results are consistent with the experimental band gaps (Table 1),
except for AITRI, where the calculated value was underestimated. The isoindigo unit is nearly
planar, with a torsion of about 10° between the two indolinone units, while the dihedral angles
between the indolinone units and the carbazole and bithiophene spacers are approximately 40°
and 28°, respectively. The HOMOs of all polymers are delocalized over the thienomethylene-
capped di(indolinone) with the spacer, whereas the LUMOs are delocalized on the isoindigo
units. Since the HOMO and LUMO coefficients are spatially disjoint, none of the polymers
exhibited a significant charge-transfer band. Instead, all polymers displayed n—n* transition

bands with only minimal contributions from charge-transfer transitions in their absorption

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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In summary, acid-catalyzed aldol polycondensation provides a practical and safe alternative to
cross-coupling reactions for the synthesis of conjugated polymers. This method was used to
synthesized three polymers, namely AIRI, AICRI and AITRI, which were subsequently
purified and characterized using NMR analysis. These polymers demonstrated moderate to
excellent solubility in common organic solvents and exhibited significant thermal stability. In
UV-visible absorption spectra, AIRI, AICRI and AITRI showed broad absorption peaks with
maxima at 438 nm, 434 nm, and 412 nm, respectively. Each polymer displayed reversible
oxidation with onset potentials ESx*¢“of +1.36 V, +1.29 V and +1.34 V, respectively. The band
gap values were determined to be 2.14 eV for AIRI, 2.13 for AICRI and 2.25 eV for AITRI.
Powder X-ray diffraction studies revealed a consistent d-spacing of 4.011 A across all
polymers, indicating similar structural characteristics. The measured values of SCLC hole
mobilities were 7.13 x 102, 8.15 x 102 and 9.38 x 10-2cm?V-! S!, for polymers, AIRI, AICRI
and AITRI, respectively. The high hole mobilities suggest that these polymers could be

effective p-type semiconductors for use in organic photovoltaic devices.

Experimental Section

General procedures

All chemicals used were of reagent grade and employed without additional purification.
Reactions sensitive to moisture were conducted under an anhydrous nitrogen atmosphere using
dry solvents. Reaction progress was monitored via thin-layer chromatography (TLC) on Merck
60 F254 aluminium-coated plates, with spots visualized under UV light. Silica gel column
chromatography was used for purification. Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance-III 400 spectrometer, using CDCl; as a solvent. High-resolution
mass spectrometry (HRMS) analysis was carried out on a Xevo G2-XS QTOF Mass
Spectrometer. UV-visible absorption spectra were obtained using a Jasco V-630

spectrophotometer with quartz cuvettes.

The molecular weights of polymer samples were determined using an Agilent 1260 Infinity gel
permeation chromatography (GPC) system, equipped with a refractive index (RI) detector and
calibrated with polystyrene standards. Approximately 5 mg of each polymer sample was

dissolved in 5 mL of tetrahydrofuran (THF), filtered through a 0.2 um filter and analyzed with
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THF as the eluent at a flow rate of 1-2 mL/min. Thermogravimetric analysis (TGA):HaSc5omis
performed on an Exstar SII TG/DTA 6300 instrument under a nitrogen atmosphere.
Electrochemical measurements were conducted using a BioLogic SP-200 electrochemical
analyzer. Current-voltage (I-V) characteristics of the devices were measured using a Keithley

2450 source meter.

Synthesis of monomers

Detailed synthetic procedures for intermediate compounds 1, 3, 5 and 7-9 are given in the
supporting information file.

General procedure for the synthesis of compounds 2, 4 and 6

In a clean dry round bottom flask, compound 1 or 3 or 5 and hydrazine monohydrate [for
compound 2, compound 1 (0.500g (0.96 mmol), hydrazine monohydrate (12 mL, 246 mmol)
and DMSO (12 mL), for compound 4, compound 3 (0.400g (0.586 mmol), hydrazine
monohydrate (8§ mL, 150 mmol) and DMSO (8 mL), for compound 6, compound 5 (0.400g
(0.504 mmol), hydrazine monohydrate (7 mL, 128 mmol) and DMSO (7 mL)], were dissolved
in DMSO under nitrogen atmosphere. The reaction mixture was refluxed for 30 hours at 140
°C. After the completion of the reaction, the reaction mixture was poured into the brine
solution and extracted with ethyl acetate three times. The combined organic fractions were
dried on anhydrous sodium sulfate and purified by column chromatography using 50% ethyl

acetate in petroleum ether as the eluent to get the desired product.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1,1'-Bis(2-ethylhexyl)-[5,5'-biindoline]-2,2'-dione (2): Brown liquid. (0.340 g, 72%). '"H NMR
(400 MHz, CDCl;): 6 7.46 — 7.46 (d, J = 7.6 Hz, 4H), 6.88-6.90 (d, J= 8.8 Hz, 2H), 3.62-3.66
(t,4H,J =), 3.61 (s, 4H), 1.85-1.88 (m, 2H), 1.27-1.44 (m, 16H), 0.89-0.97 (m, 12H). 3C NMR
(100 MHz, CDCls): & 175.35, 144.18, 135.30, 126.25, 125.34, 124.07, 108.05, 60.47, 44.27,
43.48, 37.43, 35.89, 30.65, 29.73, 28.72, 24.85, 23.99, 23.10, 21.10, 14.21, 14.12, 10.67.
HRMS (ES*): C3,H45N,0, requires 489.3481, found 489.3485.
5,5'-([2,2'-Bithiophene]-5,5'-diyl)bis(1-(2-ethylhexyl)indolin-2-one) (4): Orange red solid
(0.29 g, 75%). '"HNMR (400 MHz, CDCl;): 6 7.51-7.54 (d, J;= 7.6 Hz, 4H), 7.16 (s, 4H), 6.84-
6.86 (d, J;= 8 Hz, 2H), 3.61-3.65 (m, 8H), 1.84-1.86 (m, 2H), 1.27-1.43 (m, 16H), 0.90-0.97
(m, 12H). 3C NMR (100 MHz, CDCls): & 175.08, 144.73, 143.01, 136.01, 128.47, 125.45,
125.35, 124.38, 122.95, 121.95, 108.85, 44.32, 37.49, 35.73, 30.71, 28.74, 24.06, 23.06, 14.06,
10.67. HRMS (ES*): C4oH49N,0,S, requires 653.3235, found 653.3231. IR (KBr, cm™!): 3434,
2958, 2928, 2865, 1706, 1618, 1488, 1371, 1340, 1266, 1189, 1107, 791.

Open Access Article. Published on 30 December 2025. Downloaded on 1/20/2026 10:39:32 AM.
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5,5'-(9-(2-Ethylhexyl)-9H-carbazole-2,7-diyl)bis(1-(2-ethylhexyl)indoline-2,3-diong) , s 06 oo ossis

Brown liquid (0.280 g, 73%). '"H NMR (400 MHz, CDCl;): 6 8.14-8.16 (d, J= 8.4 Hz, 2H),
7.64-7.66 (m, 4H), 7.55 (s, 2H), 7.46-7.48 (d, J = 8 Hz, 2H), 6.96-6.98 (d, J = 8.0 Hz, 2H),
4.25-4.29 (m, 2H), 3.63-3.73 (m, 8H), 2.17-2.20 (m, 1H), 1.90 — 1.93 (m, 2H), 1.29-1.48 (m,
30H), 0.80-1.02 (m, 20H). 3C NMR (100 MHz, CDCl;): 6 175.35, 144.37, 142.05, 138.79,
136.61, 127.02, 125.33, 123.74, 121.68, 120.55, 118.48, 108.85, 107.09, 47.44, 44.34, 39.43,
37.52, 35.95, 31.01, 30.75, 30.71, 28.86, 28.77, 24.56, 23.10, 14.09, 11.04, 10.69. HRMS
(ES"): CsoHgoN30; requires 767.5390, found 767.5356. IR (KBr, cm™): 3412, 2958, 2927,
2864, 1716, 1618, 1601, 1497, 1457, 1340, 1196, 1108, 804, 674, 528.

(E)-1,1'-Bis(2-hexyldecyl)-5,5'-di(thiophen-2-yl)-[3,3'-biindolinylidene]-2,2'-dione (10)

The mixture of compound 9 (1.0g, 1.10 mmol), 2-tributylstannylthiophene (2.54 mmol, 0.80g)
and Pd(PPh;), (0.11 mmol, 133mg) were taken in anhydrous toluene (20 mL). The reaction
mixture was refluxed for 48 hours under a nitrogen atmosphere. After the completion of the
reaction, the reaction mixture was poured into water and extracted in ethyl acetate. The organic
fraction was dried with anhydrous Na,SO4 The crude product obtained after solvent
evaporation was further purified over silica gel column chromatography by using 10% ethyl

acetate in petroleum ether as an eluent.

(E)-1,1'-Bis(2-hexyldecyl)-5,5'-di(thiophen-2-yl)-[3,3'-biindolinylidene]-2,2'-dione (10):
Black solid (0.65g, 65 %). 'H NMR (400 MHz, CDCl;): 6 9.60-9.61 (d, J = 2.0 Hz, 2H), 7.60-
7.62 (dd, J, =2 Hz, J, = 8.4 Hz, 2H), 7.34-7.36 (m, 2H), 7.25-7.26 (m, 2H), 7.09-7.11 (m, 2H),
6.78-6.80 (d, J = 8 Hz, 2H), 3.70-3.72 (m, 4H), 1.94 (m, 2H), 1.27-1.37 (m, 58H), 0.85-0.90
(m, 12H). 13C NMR (100 MHz, CDCl;): 6 167.64, 144.53, 144.06, 133.78, 129.94, 128.76,
127.76, 126.03, 123.96, 122.61, 122.05, 108.09, 40.12, 31.83, 29.73, 29.33, 29.23, 27.49,
27.01, 22.66, 14.13.

(E)-5,5'-(1,1'-Bis(2-hexyldecyl)-2,2'-dioxo-[ 3,3'-biindolinylidene]-5,5'-diyl)bis(thiophene-2-
carbaldehyde) (11)

In a clean, dry two-neck round bottom flask, DMF (1.33 mL, 17.13 mmol) was taken. To this
(1.33 mL, 14.28 mmol) of POCl; was added and the reaction mixture was stirred for an hour
at 0 °C. Compound 10 (0.5 g, 0.57 mmol) in dichloroethane (DCE) (20 mL) was added
dropwise with the help of a syringe through a rubber septum. The reaction mixture was stirred
for an hour at room temperature and heated up to 100 °C for 24 hours. After the completion of

the reaction, DCE was evaporated and the remaining crude product was washed with water and

Page 18 of 24
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extracted with dichloro methane (DCM). The organic layer was then dried over, anhydiusss s

Na,SO4 DCM was then evaporated to achieve pure compound 11 as a solid.

(E)-5,5'-(1,1'-Bis(2-hexyldecyl)-2,2'-dioxo-[3,3'-biindolinylidene]-5,5'-diyl)bis(thiophene-2-
carbaldehyde) (11): Black solid (0.43g, 86%). 'H NMR (400 MHz, CDCI;): 6 9.90 (s, 2H),
9.74-9.74 (d, J = 1.6 Hz, 2H), 7.76-7.77 (d, J = 4 Hz, 2H), 7.69-7.72 (dd, J, = 1.6 Hz, J, = 8.4
Hz 2H), 7.46-7.47 (d, J = 4.0 Hz, 2H), 6.84-6.86 (d, J = 8 Hz, 2H), 3.71-3.73 (d, ] = 7.6 Hz,
2H), 1.99 (m, 2H), 1.26—-1.35 (m, 28H), 0.83-0.87 (m, 28H). 13C NMR (100 MHz, CDCl;): &
182.68, 168.00, 154.71, 146.01, 141.62, 137.73, 133.52, 130.52, 130.56, 128.18, 127.27,
123.50, 122.05, 108.67, 44.67, 36.21, 31.81, 31.54, 29.99, 29.66, 29.55, 29.30, 26.47, 26.41,
22.66,22.63, 14.11, 14.07.

General procedure for the synthesis of aldol polymers: In a clean dry round bottom flask,
equimolar amount of both monomers (1 equivalent, 0.0001 mmol) and p-TSA (0.6 eq., 0.00006
mmol) [for polymer AIRI, compound 2 (0.150g), compound 11 (0.188g) and p-TSA (0.031g),
for polymer AICRI, compound 4 (0.125g), compound 11 (0.099g) and p-TSA (0.0184g) and
for polymer AITRI, compound 6 (0.1g), compound 11 (0.090 g) and p-TSA (0.016g)], were
taken in a 20 mL toluene under nitrogen atmosphere. The reaction mixture was refluxed for 48
hours. After the completion of the reaction, the solvent was evaporated and the crude product
was poured in methanol and the solid polymer was separated by filtration. The polymer was

further purified by Soxhlet extraction using acetone, hexane and chloroform. The chloroform

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

fraction was separated, dried and used for further characterization.
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Polymer AIRI: Yield 0.140g (42%). '"H NMR (400 MHz, CDCL): & 8.08-8.18 (br, 2H), 7.68-
7.76 (br, 6H), 7.39-7.52 (br, 6H), 6.84-6.99 (br, 4H), 3.69-3.81 (br, 8H), 1.67-1.85 (br, 14H),
1.02-1.39 (br, 133H), 0.73-0.90 (br, 29H). IR (KBr, cm™'): 3397, 2955, 2924, 2853, 1697, 1602,
1476, 1426, 1338, 1186, 1111, 906, 803, 729, 687, 657, 532, 496, 456.

(cc)

Polymer AICRI: Yield 0.115g (51%). '"H NMR (400 MHz, CDCl;): & 8.05-8.17 (br, 4H), 7.50-
7.76 (br, 14H), 6.84-7.03 (br, 6H), 3.61-3.75 (br, 8H), 1.74 (br, 6H), 1.18-1.27 (br, 132H),
0.85-0.94 (br, 35H). IR (KBr, cm!): 3432, 2955, 2925, 2853, 1697, 1603, 1457, 1338, 1186,
1111, 906, 803, 628, 529, 428.

Polymer AITRI: Yield 0.100 g (53%). 'H NMR (400 MHz, CDCls): § 8.09 (br, 6H), 7.47-7.82
(br, 12H), 7.02 (br, 2H), 6.88 (br, 2H), 3.65-3.79 (br, 8H), 1.73 (br, 11H), 1.16-1.37 (br, 128H),
0.75-0.92(br, 38H). IR (KBr, cm): 3396, 2922, 2852, 1698, 1605, 1486, 1457, 1427, 1371,
1339, 1185, 1109, 794, 726, 634, 530, 480.
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