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ABSTRACT: This study focuses on the design concepts that
contribute to the C−H activation in bithiophene-flanked
monomers incorporating naphthalene diimide (NDI), perylene
diimide (PDI), and fluorene (FLU) and their polymerization by
direct heteroarylation. Density functional theory (DFT) calcu-
lations reveal distinct energy requirements for C−H bond
abstraction, which is dictated by the electron-withdrawing strength
of the central aromatic core flanked by bithiophene. These provide
insights into the reactivity of each monomer for C−H bond
activation. Proton NMR spectroscopic experimental results
confirm the favorable energetic profiles predicted by DFT, with
NDI- and PDI-flanked monomers exhibiting lower energy
requirements than fluorene-flanked monomers. Successful polymer
synthesis is demonstrated for NDI and PDI, while the fluorene-flanked monomer shows challenges due to its higher energy
demands.
KEYWORDS: direct heteroarylation, bithiophene-flanked monomers, naphthalene diimide, perylene diimide, fluorene, C−H activation

■ INTRODUCTION
Organic conjugated polymers have attracted substantial
interest of both academics and industry due to their superior
electrical and optical properties.1 Their excellent solubility
enables large-scale techniques like roll-to-roll printing,
facilitating the economical production of printed electronic
devices.2,3 Conjugated polymers have found applications in
polymer solar cells, supercapacitors, batteries, and organic
field-effect transistors.4−8 The development of conjugated
polymers relies on different coupling methods like Ziegler−
Natta, Migita−Stille, Kumada, Heck, Miyaura−Suzuki, Ne-
gishi, and olefin-metathesis.9,10 However, the synthesis of these
polymers is rife with challenges, including production costs,
impurities, batch variations, and scalability issues.11 Notably,
Stille cross-coupling polymerization involves organostannane
monomers, and it necessitates multistep synthesis with
challenging purification, generating toxic byproducts such as
Me3SnBr in stoichiometric quantities.12,13

Environment-friendly and atom-efficient methodologies are
highly desirable for synthesizing and scaling up conjugated
polymers. One promising technique that offers a convenient
and feasible route for synthesizing these materials is DHAP or
direct heteroarylation polymerization. The aromatic carbon−
hydrogen (C−H) bonds are activated by the catalyst
palladium, which facilitates the coupling, resulting in

homopolymers and copolymers.14,15 Over the last couple of
years, DHAP has significantly improved, leading to highly
efficient organic electronic materials with minimum environ-
mental impact.16,17 Despite these advancements, there are still
several challenges associated with the versatility of DHAP in
adapting various monomer designs.12,18,19 New monomer
design for DHAP has to mostly rely on bithiophene-flanked
derivatives for producing polymers with reasonable molecular
weights due to the high C−H activation energies associated
with most of the arene moieties.15,20 The different reactivities
of C−H bonds have some limitations like β-defects and poor
regioselectivity.21−23 Use of such defective polymers can
hamper the performance of the device.10,24−28 Many
researchers are working on improving the reactivity of α C−
H bonds, specifically designing new monomers, phosphine
ligands, and additives for polymerization.12,23,24 In previous
work, we synthesized a P(NDI2OD-T2) polymer in a defect-
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free manner by the DHAP method by designing a new BT-
NDI-BT monomer.29,30

In our continued efforts to address the challenges of DHAP
and to explore the factors that contribute to or interfere with
C−H activation, we have proposed schemes for DHAP with a
series of bithiophene-flanked donor and acceptor moieties in
this current work. The C−H reactivity of these monomers was
investigated using density functional theory (DFT) and 1H
NMR spectroscopy. Differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and UV−visible absorption
spectroscopy were made use of to characterize the polymers.

■ EXPERIMENTAL SECTION

Materials
1,4,5,8-Naphthalenetetracarboxylic dianhydride (NTCDA), 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA), 2-octyl dodecanol,
triphenylphosphine, potassium phthalimide, molecular bromine (Br2),
hydrazine hydrate, oleum, and iodine (I2) were purchased from TCI
and used without further purification. Bithiophene, pivalic acid,
palladium acetate (Pd(OAc)2), tris(4-methoxyphenyl)phosphine,
CS2CO3, trimethyltin chloride, t-butyl toluene, toluene, 1,1,2,2-
tetrachloroethane-d2 (TCE-d2), and chloroform-d (CDCl3) were
purchased from Sigma-Aldrich and used without further purification.
tert-Butyl toluene, 1,2,4-trichlorobenzene (TCB), toluene, and
chlorobenzene were also purchased from Sigma-Aldrich and used
after drying. Sodium thiosulfate (Na2SO4), ammonium chloride
(NH4Cl), and magnesium sulfate (MgSO4) were purchased from
Loba Chemie Pvt Ltd. Acetone, hexane, methanol (MeOH),
chloroform (CHCl3), dichloromethane (DCM), tetrahydrofuran
(THF), and ethyl acetate were purchased from Merck.

Measurements and Methods
The structural characterization of small molecules and monomers was
conducted by recording 1H and 13C NMR spectra at 25 °C on Bruker-
AVENS 200 and 400 MHz NMR instruments. Deuterated chloroform
(CDCl3) was used as the solvent, with a trace amount of TMS serving
as an internal reference. The chemical shifts of the NMR peaks are
reported in ppm. The mass of the monomer was determined using an
Applied Biosystem 4800 PLUS matrix-assisted laser desorption/
ionization (MALDI) TOF/TOF analyzer. For the polymer structural
characterization, 1H NMR spectroscopy was performed at 25 °C
using deuterated 1,1,2,2-tetrachloroethane (TCE-d2) as the solvent on
a Bruker-AVENS 400 MHz NMR instrument. The number-average
(Mn) and weight-average (Mw) molecular weights were determined
through size exclusion chromatography (SEC) using a high-temper-
ature Agilent PL-GPC 220 system equipped with an RI detector. The
column consisted of Agilent PLgel 10 μm MIXED-B, 300 × 7.5 mm
(part no. PL1110-6100), columns. The flow rate was fixed at 1 mL/
min using TCB as the eluent, and the temperature was set at 140 °C.
To prepare the samples, 2 mg of the polymer was dissolved in 2 mL of

TCB in a chromatography vial and heated at 100 °C for 1 h to ensure
complete dissolution. Subsequently, the samples were filtered by using
a 0.45 μm PVDF filter. Polystyrene narrow standards Easi-Vials PS-M
from Varian Polymer Laboratories dissolved in TCB was employed
for calibration purposes. TGA was carried out using a PerkinElmer
STA (Simultaneous Thermal Analyzer) 6000 thermogravimetric
analyzer. The heating rate was set at 10 °C/min, and the samples
were heated from 40 to 900 °C under a nitrogen atmosphere. DSC
was performed using a TA Discover 250 s-generation instrument. The
samples were subjected to a heating rate of 10 °C/min from −10 to
330 °C under a nitrogen atmosphere. The absorption spectra were
recorded using a double-beam PerkinElmer lambda-35 UV/vis
spectrometer with deuterium and tungsten lamps as the source.

■ RESULTS AND DISCUSSION

Monomer Design
According to the findings of Mario Leclerc and co-workers,
achieving selectivity in C−H bond activation at the α-position
is influenced by many factors.14,15,18,19 Their research
demonstrated that the selective polymerization of unprotected
thiophene units could be effectively achieved by DHAP when
paired with the correct catalyst, additive, and ligand. It is worth
noting that the utilization of P(o-NMe2Ph)3 with a
Herrmann−Beller catalyst and a bulky acidic additive in
dioxane solvent resulted in well-defined thiophene−thiophene
couplings.31 Additionally, Mario Leclerc and his research team
conducted a comprehensive study involving DFT calculations
on a range of halogenated and nonhalogenated thiophene-
based comonomers with both electron-rich and electron-
deficient properties. The calculations revealed that bromine
atoms reduce the energy required for activating adjacent C−H
bonds, which can lead to undesired β-defects in certain
brominated aromatic units.32,33 The inclusion of thiophene-
flanked monomers is crucial for the production of organic
conjugated polymers. This is attributed to the enhanced
reactivity of thiophene in C−C coupling reactions, which
facilitates the integration of various donor and acceptor
molecules within the conjugated system.29 In this study, we
have designed bithiophene-flanked monomers containing
naphthalene diimide (NDI), perylene diimide (PDI), and
fluorene. The details of the synthetic procedures and structural
characterizations for NDIODBr2, PDIODBr2, BT-NDI-BT,
BT-PDI-BT, and BT-FLU-BT are provided in the Supporting
Information section (S1−S11) and Figures S1−S20. Figure 1
shows the chemical structures of the three different
bithiophene-flanked monomers. Distinct energy requirements
are predicted for the abstraction of C−H bonds from BT-NDI-
BT, BT-PDI-BT, and BT-FLU-BT for facilitating DHAP

Figure 1. Chemical structure of bithiophene-flanked monomers.
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polymerization. The calculated energy values determined
through DFT studies provide insights into the reactivity and
stability of each monomer during C−H bond abstraction.

Quantum chemical calculations were carried out employing
DFT, which utilized hybrid functionals, particularly B3LYP, to
guarantee the precision of the analyses. Detailed methodology
information can be found in the Supporting Information.
Examination of the structure of the monomers such as BT-
NDI-BT, BT-FLU-BT, and BT-PDI-BT involves the abstrac-
tion of α-protons from the bithiophene unit in each monomer.
The initial exploration focused on measuring the energy
required to abstract the α-protons from the bithiophene
moiety of each monomer. To allow for a direct comparison of
the energies required for α-proton abstraction among different
monomers, pristine bithiophene was defined as the reference.
Specifically, the energy needed for α-proton abstraction from
bithiophene was established at 0.0 kcal/mol, and the energy for
β-proton abstraction was 10.0 kcal/mol. This reference
framework facilitated the calculation of relative abstraction
energies for all monomers compared to bithiophene.

The DFT calculations revealed significant differences in
energy when abstracting α-protons from various bithiophene-
flanked monomers. In the case of the BT-NDI-BT monomer,
the energy required for α-proton abstraction was notably
lower, measuring 8.1 kcal/mol less than that of the pristine
bithiophene. Table 1 provides the details of the free energy

required for α- and β-proton abstraction from their respective
monomers. On the other hand, for BT-FLU-BT, α-proton
abstraction necessitated a slightly higher energy, registering 0.4
kcal/mol above that of the reference bithiophene. These
computational results strongly support the notion that α-
proton abstraction from the BT-NDI-BT monomer is more
favored energetically compared to that from the BT-FLU-BT
monomer, presenting an advantage of 8.5 kcal/mol using the
BT-NDI-BT monomer.

The observed differences in energy levels can be attributed
to charge delocalization, which helps to stabilize the generated
conjugate base after the removal of a proton. It is worth noting
that the analysis of natural charges, carried out using natural
bond orbital (NBO) calculations, indicated a more significant

delocalization of negative charge on the α-carbon (Cα) of the
conjugated base in the bithiophene unit of BT-NDI-BT. This
is supported by the lower charge observed in comparison to
BT-FLU-BT and the reference bithiophene. The specific NBO
charge values for the α and β carbons of all monomers can be
found in Table 2. The findings are supported by the analysis of
frontier molecular orbitals (FMOs), which confirms the
relative softness (reactivity) of monomer BT-NDI-BT when
compared to those of BT-FLU-BT and bithiophene. Figure 2
displays the HOMO−LUMO energy profiles for bithiophene,
BT-PDI-BT, BT-FLU-BT, and BT-NDI-BT monomers. BT-
NDI-BT exhibited a narrower HOMO−LUMO energy gap
(ΔEH−L) of 2.0 eV, in contrast to 2.9 eV for BT-FLU-BT and
4.0 eV for the reference bithiophene. These results collectively
offer valuable insights into the reactivity profiles of the
designed monomers.

The DFT calculations also show that the energy needed for
α-proton abstraction from the bithiophene unit of monomer
BT-PDI-BT is 7.2 kcal/mol lower than that of the reference
bithiophene and 6.08 kcal/mol lower than that of the BT-FLU-
BT monomer. Moreover, the reduced HOMO−LUMO gap of
the BT-PDI-BT monomer, which is measured at 1.8 eV,
indicates its increased reactivity compared to that of the BT-
FLU-BT monomer. Comprehensive computational analyses
have provided insights into the lower energy requirements for
α-proton abstraction from BT-NDI-BT and BT-PDI-BT
monomers in comparison to those from the BT-FLU-BT and
reference bithiophene monomers. The conjugate base of BT-
NDI-BT and BT-PDI-BT monomers exhibited improved
stability when compared to the BT-FLU-BT monomer.29

This can be attributed to the strong electron-withdrawing
properties of NDI and PDI relative to the fluorene unit.

Experimental support for the observations from the DFT
studies could be obtained from 1H NMR experiments
conducted in TCE-d2 (deuterated 1,1,2,2-tetrachloroethane).
A deshielded (downfield) proton shift in the NMR spectra
indicates a higher electron-withdrawing nature. Figure 3
depicts the expanded region in the proton NMR spectra of
the three bithiophene-flanked monomers. The 1H NMR
spectra confirmed that NDI and PDI moieties exhibited a
higher electron-withdrawing nature, as evidenced by more
pronounced downfield chemical shifts compared with the
bithiophene-flanked fluorene moieties.

Analysis of the proton shift involved in the C−H activation
on the bithiophene ring is crucial as protons play a key role in
the direct heteroarylation process. Through detailed NMR
spectroscopic investigations, the chemical shift of various
protons on the bithiophene unit was determined and
confirmed. 2D heteronuclear multibond correlation (HMBC)
spectroscopy was utilized to investigate the connectivity and
sequence of protons and carbons on the bithiophene unit. The

Table 1. Free Energy (ΔGsol) Required for α- and β-Proton
Abstraction from Their Respective Monomersa

sr. no monomers ΔGα‑proton ΔGβ‑proton ΔΔG(β‑proton‑α‑proton)

1 bithiophene 0.0 10.0 10.0
2 BT-FLU-BT 0.4 10.1 9.7
3 BT-NDI-BT −8.1 2.4 10.5
4 BT-PDI-BT −7.2 3.8 12.0

aThe energy values are expressed in kcal/mol. Level of theory:
B3LYP-D3/def2-TZVP.

Table 2. NBO Charge on α and β Carbons of All Monomersa

monomer neutral case α-H abstraction (conjugated base) β-H abstraction

Cα Cβ Cα Cβ Cα Cβ

bithiophene −0.417 −0.251 −0.548 −0.397 −0.464 −0.426
BT-Flu-BT −0.411 −0.252 −0.521 −0.384 −0.454 −0.418
BT-NDI-BT −0.40 −0.250 −0.474 −0.354 −0.449 −0.317
BT-PDI-BT −0.183 −0.150 −0.473 −0.353 −0.457 −0.290

aLevel of theory: B3LYP-D3/def2-TZVP.
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Figure 2. HOMO−LUMO energy profiles for bithiophene (reference), BT-FLU-BT, BT-NDI-BT, and BT-PDI-BT. All the hydrogen atoms are
omitted for the purpose of clarity. The isosurface value is 0.03. Level of theory: B3LYP-D3/def2-TZVP.

Figure 3. Aromatic region (zoomed) in the 1H NMR spectra for BT-FLU-BT, BT-NDI-BT, and BT-PDI-BT monomers, recorded in 1,1,2,2-
tetrachloroethane-d2 (TCE-d2) at 25 °C.
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2D HMBC spectrum for the BT-NDI-BT monomer as shown
in Figure 4 highlights the contour correlations observed.

For instance, the correlation of carbon C9−C8−C7 for the
terminal thiophene ring was confirmed through the contour of
H-9 (7.38 ppm) [labeled as carbon-9 (green proton) in
structure and also peak marked as 9 on 2D projections] with
C7 (124.7 ppm) (carbon labeled 7) and C8 (128.3 ppm).
Correlation could also be established for H-8 (7.14 ppm) with
C9 (125.7 ppm) and C7 (124.7 ppm). Similarly, a contour for
H-7 (7.33 ppm) established a correlation with C8 (128.3 ppm)
and C9 (125.7 ppm). Hence, these contours confirm the
correlation of carbon C9−C8−C7 for the terminal thiophene
ring. Moreover, correlations between H-4 and H-5 with their
respective carbons further support the peak assignment to the
thiophene ring adjacent to the NDI moiety in the structure.34

Further evidence was collected through the execution of a
nuclear Overhauser effect (1D-NOE) NMR experiment. The
1D-NOE spectrum for BT-NDI-BT is displayed in Figure S21,
with the NDI ring proton at 8.81 ppm being irradiated,
resulting in a NOE effect at 7.35 ppm (H-5 proton). This
definitely confirmed that the H-5 proton was part of the ring
adjacent to the NDI moiety of structure.35 The identification
of the protons of the inner and outer thiophene rings of the
bithiophene was facilitated by through-bond proton−proton
correlation (2D correlation spectroscopy; COSY) and
heteronuclear single quantum coherence spectroscopy
(HSQC) experiments, which correlated the chemical shift of
protons to the 13C chemical shift of their directly attached
carbons. The specific thiophene proton values (δ ppm) of the
BT-NDI-BT monomer are listed in Table 3, and the NMR
spectra are included in the Supporting Information (2D
COSY, HSQC) Figures S22−S24. The detailed NMR analysis
confirmed that the inner thiophene ring containing H-5,4 was
adjacent to the NDI moiety, while the outer thiophene ring
containing H-9,8,7 was located at the terminal position. These
investigations also revealed that H-9 at 7.38 ppm was the most

deshielded proton of the thiophene in the BT-NDI-BT
monomer.

Similar NMR experiments were conducted on BT-PDI-BT
and BT-FLU-BT monomers. The 2D HMBC spectra for BT-
PDI-BT and BT-FLU-BT are given in Figures 5 and 6,
respectively. In the case of BT-PDI-BT, a correlation was
observed for H-9 at 7.36 ppm, which exhibited contours with
C7 (124.7 ppm) and C8 (128.3 ppm), confirming their
identification as part of the terminal thiophene ring. Addition-
ally, H-4 at 7.30 ppm and C5 (128.6 ppm) displayed contours
with C5 and C4 (125.3 ppm), respectively, confirming their
association with the thiophene ring adjacent to the PDI
moiety. Furthermore, the most deshielded proton for the BT-
PDI-BT monomer was H9 at 7.36 ppm. The spectra (2D
COSY, HSQC) are provided in Figures S25−S27 of the
Supporting Information, and the values are tabulated in Table
3.

The 2D HMBC spectrum (Figure 6) displayed contour
correlation for H-5 (7.38 ppm) with C4 (124.9 ppm) and H-4
(7.25 ppm) with C5 (123.8 ppm), confirming the assignment
to the thiophene ring adjacent to the FLU moiety in the
structure of the BT-FLU-BT monomer. Similarly, there was
contour correlation among H-9 (7.32 ppm) with C7 (123.9
ppm) and C8 (128.2 ppm), H-8 (7.12 ppm) with C7 (123.9
ppm) and C9 (124.7 ppm), and H-7 (7.30 ppm) with C9
(124.7 ppm) and C8 (128.22 ppm). The cross contours

Figure 4. HMBC spectrum for the BT-NDI-BT monomer, and the dotted line shows contour correlations.

Table 3. 1H NMR Chemical Shift Values (δppm) for the
Thiophene Proton of BT-NDI-BT, BT-PDI-BT, and BT-
FLU-BT Monomers

monomers bithiophene protons in δ ppm

9 (α) 8 (β) 7 (γ) 5 (ε) 4 (δ)

BT-NDI-BT 7.38 7.14 7.33 7.35 7.33
BT-PDI-BT 7.36 7.12 7.27 7.30 7.30
BT-FLU-BT 7.32 7.12 7.3 7.38 7.25
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between H9−H8−H7 indicate the terminal thiophene ring.
Notably, in the BT-FLU-BT monomer, H-5 (7.38 ppm) was
the most deshielded proton of the bithiophene ring. This is in
contrast to the observation for the other two monomers, where
H-9 was the most deshielded proton. The detailed thiophene
proton value (δ ppm) of the BT-FLU-BT monomer is
tabulated in Table 3, and detailed spectra are provided in
Supporting Information (2D COSY, HSQC) Figures S28−
S30. This observation aligns with the DFT study, which
showed that lower energy was required for the C−H bond
abstraction in the case of BT-NDI-BT and BT-PDI-BT
compared to that for BT-FLU-BT.

■ POLYMER SYNTHESIS AND CHARACTERIZATIONS
Scheme 1 shows the synthetic protocol adopted to develop
copolymers of bithiophene-flanked naphthalene and perylene
with fluorene as the comonomer. The importance of choosing
the appropriate monomer to bear the halogen (bromine) atom
in a DHAP process has been very well established in the
literature.29 Almost of equal importance is the nature of the
aromatic comonomer that should be chosen as the thiophene-
flanked unit. Scheme 1 illustrates that the identical polymer
repeat unit can be achieved through the utilization of either
Route A or Route B. Both bis bromo fluorene and bis bromo-
NDI have already been demonstrated for direct heteroarylation
polymerization.24,36 Route A involved the reaction of 1 equiv
of bis bromo fluorene monomer with 1 equiv of bithiophene-
flanked naphthalene (BT-NDI-BT) or perylene bisimide (BT-

Figure 5. HMBC spectrum for the BT-PDI-BT monomer, and the dotted line shows contour correlations.

Figure 6. BT-FLU-BT part of the HMBC spectrum, and the dotted line shows contour correlations.
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PDI-BT) as comonomer in the presence of the catalyst, ligand,
additive, and solvent for 5 h at 120 °C to yield copolymers
named P1 and P2, respectively. Route B was designed to arrive
at the same polymer structure (P1/P2) by the reaction of bis
bromo rylene bisimide with bithiophene-flanked fluorene
comonomer under identical conditions. Following route A,
polymer P1 could be synthesized having molecular weight Mn/
Mw = 36.6/64.4 kDa and yield of 96%. The perylene-
substituted copolymer P2 was also synthesized by route A,
resulting in a Mn/Mw of 10.5/26.9 kDa molar mass of the
polymer. The details of synthesis of P1 and P2 polymers are
provided in S12 and S13. However, route B did not result in
polymerization with both bisbrominated NDI or PDI
monomer, highlighting the importance of choice of electron-
rich or electron-poor aromatic core as the thiophene-flanked
comonomer unit in a DHAP synthetic scheme. The reaction
conditions and results are summarized in Table 4. As detailed

in the DFT section, higher energy was required for activating
the C−H bond extraction for monomer BT-FLU-BT
compared to monomers BT-PDI-BT and BT-NDI-BT. This
disparity in the energy demands was reflected in the polymer
molecular weight and yields.

Scheme 1. Synthesis of P1 and P2 Polymers Using Different Monomers by the DHAP Method

Table 4. Optimized Table for the Synthesis of P1 and P2
Polymersc

polymers routea Mn (kg mol−1) Mw (kg mol−1) D̵ yieldb

P1 route A 36.6 64.4 1.8 96
route B no polymer formed

P2 route A 10.5 26.9 2.6 76
route B no polymer formed

aSynthesis of P1 and P2 by different routes. bYield of polymer
calculated after Soxhlet purification. cThe temperature was maintained
at 120 °C and polymerization time was kept at 5 h. The catalyst
(Pd(OAc)2) concentration was maintained at 4 mol %.
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1H NMR spectroscopy confirmed the chemical structure of
the polymers. Figure 7 shows the aromatic region in the 1H
NMR spectra of the polymers along with their labeled
structures. The complete spectra are available in Figure S31.
For polymer P1, the two aromatic protons of NDI (labeled a)
appeared at a chemical shift (δ) of 8.83. The chemical shift
values in the range of 7.76 to 7.64 (labeled b) corresponded to
the fluorene aromatic protons. The aromatic protons in the
bithiophene region (labeled c) were observed between 7.42
and 7.33 ppm. In polymer P2, the peaks at 8.72 ppm (labeled
a) and peaks in the range from 8.38 to 8.35 ppm indicated the
incorporation of PDI. The 1H NMR spectra for both polymers
showed proton ratios consistent with their expected chemical
structure.

Table 5 summarizes the photophysical properties of the
copolymers P1 and P2, and their UV−vis absorption spectra

are given in Figure 8. The polymers exhibited two absorption
bands. The first absorption peak assigned to the π−π*
transitions of the polymer backbone was observed at 409
and 415 nm for P1 and P2, respectively. A second low-energy
absorbance peak corresponding to intramolecular charge
transfer (ICT) band, which is an indication of the electronic
interaction between the electron-poor and electron-rich units,
was observed at 634 and 636 nm for P1 and P2, respectively.
The higher intensity for the ICT band in P1 pointed to

enhanced interaction between the NDI and fluorine units.37,38

The decreased intensity of the charge transfer band in P2 can
be attributed to reduced planarity of the polymer backbone
arising from the heightened steric hindrance caused by the
larger PDI unit.39

The polymers were found to be highly thermally stable with
Td(10%) of 441 and 426 °C for P1 and P2, respectively, as
determined by TGA (Figure 9). DSC analysis did not show
any clear glass transition temperature, indicating the
amorphous nature of the polymers. The copolymer of NDI
and bithiophene (N2200) is a semicrystalline polymer.5 The
inclusion of the fluorene unit disrupts the π−π stacking of the
naphthalene aromatic core, resulting in an amorphous random
copolymer.40

■ CONCLUSIONS
We have successfully designed and synthesized bithiophene-
flanked monomers incorporating NDI, PDI, and fluorene and
demonstrated the feasibility of their copolymerization by the
direct heteroarylation route. DFT calculations provided

Figure 7. Aromatic region (zoomed) in the 1H NMR spectra for the two polymers recorded in 1,1,2,2-tetrachloroethane (TCE-d2) at 25 °C.

Table 5. Photophysical and Thermal Characterization Data
for the Polymers

polymers UV−visible absorptiona
Td(10%)
(°C)b

Tm
(°C)c

ΔHm
(J/g)d

π−π*
(nm)

ICT
(nm)

P1 409 634 441
P2 415 636 426

aUV−visible absorption spectra recorded in CHCl3. bDetermined by
thermal gravimetric analysis. cDetermined by DSC. dDetermined by
DSC.

Figure 8. Absorption spectra of polymers recorded in chloroform.
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valuable insight into the distinct energy requirement for C−H
bond abstraction in polymerization, revealing the reactivity and
stability of each monomer. Proton NMR experimental analysis
confirmed the favorable energetic profiles predicated by DFT,
with NDI- and PDI-flanked monomers. The DFT calculations,
1H NMR spectroscopy, and various characterizations provided
comprehensive insights into the structural, optical, and thermal
properties of the synthesized polymers. Integrating computa-
tional prediction with experimental validations has contributed
to the development of a new monomer for DHAP and the
synthesis of copolymers with tailored properties. This work
advances the understanding of conjugated polymer design,
offering a promising approach to the development of efficient
and cost-effective materials for different applications.
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