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High-performance unipolar n-type semiconductors are essential for advancing organic electronics. This
study explores the impact of fluorination on thiazole-flanked naphthalenediimide (NDI) and perylenedi-
imide (PDI) copolymers with benzothiadiazole (BT) acceptors. A novel one-pot bromination strategy
enabled efficient synthesis of these electron-deficient monomers, which were subsequently copoly-
merized with fluorinated and non-fluorinated BT units. Optical and electrochemical analyses revealed
that fluorination systematically lowers the LUMO energy levels, enhancing charge injection and n-type
behavior. Fluorine substitution also influences molecular packing, as evidenced by UV-Vis absorption
shifts, cyclic voltammetry, and grazing-incidence wide-angle X-ray scattering (GIWAXS). While moderate
fluorination improves electron mobility by promoting backbone planarity and n—=n stacking, excessive
substitution disrupts molecular ordering, reducing charge transport efficiency. The optimized fluorinated
copolymers exhibit electron mobilities up to 1.3 x 1073 cm? vt s7 demonstrating the potential of
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Introduction

Electron-transporting (n-type) conjugated polymers are essen-
tial for advancing organic electronic devices, like organic field-
effect transistors (OFETS), electrochemical transistors (OECTS),
solar cells, thermoelectric materials and sensors.'”” However,
achieving high-performance n-type materials remains challen-
ging due to the need of high electron affinity, efficient inter-
molecular electronic orbital overlap for enhanced mobility, and
air stability.* > One promising strategy to enhance mobility in
n-type materials is the incorporation of diverse acceptor units,
particularly A-A-type (double acceptor) copolymers.”* These
copolymers exhibit strong electron-withdrawing characteristics,
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fluorination in tuning electronic properties for next-generation hybrid organic semiconductors.

making them highly promising, by combining different
acceptor units, researchers have been able to develop new
n-type materials with enhanced electronic properties. Notably,
A-A-type polymer-based OFETs have achieved exceptional
electron mobility (u.), with recent values reaching up to
7.16 cm® V! s7', positioning them at the forefront of n-type
materials for OFETs.'"* While the continued development of
new n-type monomers remains important, significant progress
can also be made by reorganizing and modifying existing
materials to better leverage their inherent electronic properties
for more effective and scalable applications, such as batteries
or displays.">'® To enable the development of practical, large-
scale electronics, it is crucial to use materials that are readily
available from affordable commercial sources, which can be
easily modified using established protocols, all while maintain-
ing excellent stability. Naphthalene diimide (NDI), perylenedii-
mide (PDI), and benzothiadiazole (BT) cores have emerged as
highly promising candidates for wide range of organic electro-
nics applications.'”™® These cores offer several advantages,
including their wide availability from inexpensive commercial
sources and their potential for derivatization and expansion. In
studying the practical aspects of the double acceptor polymer
concept for OFETS, carefully selecting electron-accepting moi-
eties that meet these criteria are important. This approach
ensures that the materials chosen are not only compatible with
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cost-effective production, and easy modification but also sup-
port scalability for large-scale applications. Both NDI and PDI
cores exhibit remarkable stability, high electron affinities, and
feature planar conjugated bicyclic structures.?°> These struc-
tural characteristics enhance n-n stacking interactions, result-
ing in improved performance.”>** Notably, PDI-based thin
films and single crystals have demonstrated impressive elec-
tron mobilities ranging from 1 to 6 cm* V' s~ under vacuum
and ambient conditions.>® On the other hand, NDI-based
polymers have gained recognition as high-performance n-type
materials, exemplified by commercially available options such
as N2200 and its analogues,”® which have become benchmark
standards in the field.*”2° The performances of NDI-based
materials in n-type OFETs have paved for the way for their
application in emerging fields like electrochemical transistors
and thermoelectrics.’®?' In addition, BT is commonly used
as a strong acceptor moiety core in modern photovoltaic
applications and is widely incorporated into high performance
OFET materials, including dual and triple acceptor
designs.’*™> Its success is attributed to its high electron
affinity, stability, planar structure and ease of synthesis, along
versatile modifications such as core expansion and convenient
fluorination."®**7*® Fluorination, is recognized as an important
strategy for enhancing the performance of n-type conjugated
polymers.*® Incorporating fluorine atoms into the polymer
backbone can lower both the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels, thereby increasing electron affinity and
improving charge injection efficiency.’® This modification
also promotes molecular coplanarity and n-n stacking interac-
tions, which are essential for efficient charge transport.*"*>
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Therefore, systematically varying the number of fluorine atoms
(0, 1, or 2) on the BT core allows for precise tuning of electronic
properties and molecular organization, ensuring optimal semi-
conductor performance.*® Additionally, incorporating of thia-
zole (Tz) units into polymer backbones, particularly as a
thiophene replacement, further enhances n-type materials by
promoting a more coplanar geometry, stronger n-n stacking,
and improved electronic performance.””*> As an electron-
deficient heterocycle, thiazole strengthens electron-accepting
properties, enabling better charge transport and unipolar
n-type behaviour in OFETs.>>**™*® However, its high electron
deficiency and asymmetric structure complicates C2 bromina-
tion, a key step for further developent.*’

To address this challenge, we employed electron-deficient
Tz-TIPS building blocks and developed a one-pot TIPS removal-
bromination strategy. This approach simplifies the synthetic
step, improving scalability and facilitates access to n-type
Tz-based conjugated polymers, advancing next-generation
electron-transporting materials.*>:¢>%>1

Results and discussion
Monomer synthesis

The general synthetic route for monomer synthesis is depicted
in Scheme 1. Stille coupling of 2-(triisopropylsilyl)-5-(trimethyl-
stannyl)thiazole (1) with commercially available NDI-Br, (2)
and PDI-Br, (3) using Pd(PPh;), as a catalyst afforded thiazole
flanked compounds 4 and 5 as a yellow solid in 75% yield and a
maroon red solid in 91%, respectively. Attempts to brominate
the 2-position of thiazole in compounds 6 and 7 after
TIPS deprotection were unsuccessful. Conventional methods,

Scheme 1 Synthetic route to thiazole flanked NDI/PDI monomers.
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including TBAF-mediated deprotection followed by bromina-
tion using N-bromosuccinimide (NBS) or bromine (Br,) under
various conditions, failed to produce the desired dibrominated
products (Table S1). This challenge likely stems from the highly
electron-deficient nature of compounds 6 and 7. Alternative
bromination strategies, such as generating an anion and sub-
sequently reacting with CBr, also led to undesired ring-opened
imides. Trimethylsilyl (TMS) protected thiophenes and seleno-
phenes are known to undergo direct bromination at the 2-
position using NBS in acetic acid.’>* However, direct bromi-
nation of TIPS-protected thiazoles has not been previously
reported. Thus, efforts were undertaken to investigate the direct
one-pot bromination of compounds 4 and 5. After optimization
studies, we found that the bromination using NBS 6 equiv. in
DMEF at 90 °C proceeded smoothly affording >90% yield in just
30 minutes.

To further explore this approach, was applied the optimized
protocol to a range of electron deficient TIPS-protected pre-
cursors, systemically varying the electronic properties of the
thiazole substrate (Schemes S1-S6). As depicted in Fig. 1, the
precursors underwent efficient dibromination using this one
pot strategy (NBS/DMF). The resulting products either precipi-
tated upon cooling or were re-crystallized, affording the pure
products M1-M6 in good to excellent yields. All the precursors
and monomers were characterized by NMR spectroscopy (Fig.
S1-S38), while single crystal XRD analysis of M1 is reported in
Fig. S39 and Tables S2-S7. Silicon hypervalency and its strong
coordination ability with Lewis basic solvents such as DMF,
NMP, and HMPA are well documented.>*>” Over the years, this
phenomenon has evolved into a powerful synthetic tool in
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Fig. 1 Structures of heteroaromatic monomers obtained via one-pot
deprotection and bromination of thiazole C-2 position.
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organic and material chemistry, enabling new strategies for
bond activation and selective transformations.”®

This observation led us to rationalize the process as a
silicon-assisted halogenation pathway facilitated by DMF coor-
dination. At elevated temperatures, DMF interacts with the
TIPS protecting group via hypervalency, promoting concerted
deprotection and in situ bromination at the C2-thiazole site, as
depicted in Scheme 2. Initially, anhydrous DMF coordinates
with the TIPS group, forming a hypervalent silicon species 3b.
This coordination weakens the C2-Si bond, leading to bond
elongation and destabilization. At elevated temperatures (90-
100 °C), this bond becomes sufficiently destabilized, enabling
the formation of a highly nucleophilic thiazolyl anion or a
transient polarized intermediate 3b. This activated species then
undergoes selective electrophilic bromination at C2 via reaction
with NBS. Finally, eliminating the silyl group yielding the C2-
dibrominated thiazole product 3d.

The proposed mechanism is supported by three key experi-
mental observations and NMR spectroscopic comparison of
TIPS-protected and deprotected intermediates. First, the reac-
tion proceeds cleanly only in anhydrous DMF, indicating the
involvement of an ionic intermediate that is highly sensitive to
moisture. Second, the highest yields are obtained for highly
electron-deficient systems, which stabilize the thiazolyl anionic
species, enhancing its reactivity toward bromination. Finally,
the reaction requires elevated temperatures (90-100 °C), which
are necessary to destabilize the C2-Si bond, allowing its elon-
gation and eventual cleavage to generate the reactive nucleo-
philic intermediate. Notably, conventional methods for TIPS
deprotection and bromination fail to achieve selective functio-
nalization under similar conditions, highlighting the unique-
ness of this solvent-mediated, thermally activated pathway.
These observations collectively support an ionic mechanism
in which solvent coordination, thermal activation, and electro-
nic effects govern the selective bromination of the thiazole ring.
Further insight is gained from '*C NMR analysis of the
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Scheme 2 Postulated mechanism for bromination at the C2 position in
Silyl protected thiazole.
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Scheme 3 Synthesis of copolymers P1-P6.

2-position carbon of the thiazole ring. In the TIPS-protected
compound 4 (TIPS-Tz-NDI-Tz-TIPS), the thiazole 2-carbon reso-
nates downfield at 6 ~ 172 ppm, while in the deprotected 6 (Tz-
NDI-Tz), it shifts up field to 0 ~ 162 ppm. This chemical shift
trend suggests reduced electron density in the silylated species,
inconsistent with electron-donating hyperconjugation from the
silicon group. We propose that this behaviour arises from a
combination of inductive electron withdrawal and steric inter-
actions involving the thiazole nitrogen lone pair and the bulky
TIPS group. The lone pair on the thiazole nitrogen can repulse
the adjacent TIPS group, potentially distorting the geometry
and weakening conjugation at the 2-position. This steric and
electronic interplay may reduce the activation of the carbon
centre toward electrophilic substitution, supporting the case
for an alternative, silicon-centered reaction pathway.
Additionally, a solid indication of a hypervalent silicon-
based mechanistic pathway is provided by the observation
that heating NDI-Tz,-TIPS, in dry DMF gradually leads to
TIPS deprotection, resulting in the formation of NDI-Tz,.
This transformation occurs in the absence of external electro-
philes, supporting the involvement of a thermally induced
desilylation process possibly proceeding through a hypervalent
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silicon intermediate, rather than a classical ipso-substitution
mechanism.

Polymer synthesis

Copolymers P1-P6 were readily synthesised by microwave-
assisted palladium Stille coupling between NDI-Tz,-Br, (8),
and PDI-Tz,-Br, (9) and the corresponding non-fluorinated,
mono- and di-fluorinated 4,7-bis(5-(trimethylstannyl)thiophen-
2-yl)benzo[c][1,2,5] thiadiazole BT unit (Scheme 3). To ensure
high purity, all copolymers underwent sequential Soxhlet extrac-
tion with methanol, acetone and hexane to remove low mole-
cular weight oligomers and catalyst residues. Finally, the
chloroform soluble fraction was collected concentrated, and
precipitated in methanol to afford the copolymers in moderate
yields 40-50%. The number-average molecular weights (M)
were measured by gel permeation chromatography (GPC) in
chlorobenzene at 85 °C using polystyrene standards. All six
copolymers P1-P6 were readily soluble in chloroform, with M,
values ranging from 9-14 KDa and narrow polydispersity index
(P) values between 1.4-1.8. The low molecular weights observed
are likely a result of the limited solubility of the growing
polymer chains, which leads to early precipitation and termina-
tion of polymerization.*> This effect is further intensified by
the rigid and planar structures of the NDI and BT units, which
tend to aggregate and precipitate from the reaction medium.
Additionally, the reduced reactivity of the 2-brominated thiazole
unit in cross-coupling polymerization may contribute to restricted
chain growth.*®"

Polymer optical and electrochemical properties

The optical and electrochemical properties of the copolymers
are summarized in Table 1, with Fig. 2 presenting the UV-vis
absorption spectra of P1-P6 in dilute chloroform solutions
(~107° M) and as thin films. The spectra exhibit two distinct
absorption bands: a higher-energy band (4ma,) attributed to
localized electronic transitions of the conjugated units and a
lower-energy intramolecular charge transfer (ICT) band, which
reflects electron transfer from the donor moieties to the
electron-deficient NDI/PDI cores. The optical bandgap (Eg™)
for NDI-Tz-based polymers (P1-P3) ranges from 1.55 to 1.61 eV,
while PDI-Tz-based polymers (P4-P6) exhibit slightly broader
bandgaps (1.59-1.73 eV), which are closely aligned with the
electrochemical bandgap values (E;°) obtained from cyclic

Table 1 Molecular weights, optical and electrochemical properties of P1-P6

Polymer  M,,” kg mol ™ D’ Jmax solution® (nm) Jmax’ film (nm) LUMO? [eV] HOMO? [ev]  EP*“[ev]  E§[ev]
P1 14 1.42 502 540 —3.88 —5.67 1.55 1.79
P2 12 1.63 580 599 —4.02 —5.76 1.57 1.74
P3 10 1.38 608 622 —3.98 —5.84 1.61 1.86
P4 13 1.55 500 505 —3.82 —5.77 1.59 1.95
P5 11 1.81 511 515 —3.87 —5.83 1.63 1.96
P6 9 1.73 520 519 —-3.91 —5.85 1.73 1.94

“ Determined by GPC using polystyrene standards. * D = My/M,,. © /max in a chloroform solution and as a thin film spin coated from chloroform

solution on quartz. 4 Electrochemical Eyomo/ELumo = Eonset(Fe/Fe' vs. Agiag) — Fonset —

4.8, where 4.8 eV is the ferrocene energy level below the

vacuum level and Eonset(Fc/Fc*v& Ag/Ag) T 0.46 V. © Electrochemical band gap Egc = Enomo — Erumo- 4 Optical Eﬁ%tl\do = Exomo + E;'Pt ﬁlm-

8026 | Mater. Adv, 2025, 6, 8023-8033

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00573f

Open Access Article. Published on 06 October 2025. Downloaded on 3/5/2026 2:32:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

N P1 P1
(@ , N P2| 3 (b) e P2
\ P3 X P3

Normalized Absorbance (a.u.)
Normalized Absorbance (a.u)

N\

560 GI'JO 760 860
Wavelength (nm)

5(')0 660 760 8(‘)0
Wavelength (nm)

IS
=
3
a
3
S

(c) N\ - (d) e P4
1\ e P6

Normalized Absorbance (a.u.)
Normalized Absorbance (a.u)

560 GIIJO 700 860
Wavelength (nm)

660 760 860
Wavelength (nm)

2
3
3
2
3
2
3
S

Fig. 2 Normalized UV-vis absorption spectra of copolymers in dilute
(~107° M) chloroform solution and thin-film state. (a), (b) NDI-based
copolymers (P1-P3) in solution and film, respectively. (c), (d) PDI-based
copolymers (P4—P6) in solution and film, respectively.

voltammetry (Fig. 3). The introduction of fluorine atoms at the
benzothiadiazole (BT) core does not significantly alter the
HOMO-LUMO energy levels, indicating that all copolymers
are inherently electron-deficient enough that fluorine substitu-
tion does not drastically shift their frontier molecular orbitals
(Fig. 3). However, cyclic voltammetry data confirm that all
copolymers (P1-P6) exhibit distinct reduction waves, consistent
with their unipolar n-type characteristics. Fluorination leads to
more pronounced reduction peaks with weaker oxidation
waves, suggesting an enhancement in n-type behavior. The
presence of fluorinated substituents influences multiple
aspects of m-conjugated polymers, including electronic struc-
ture, molecular packing, optical properties, and charge
transport,383%:42:62

Analysis of UV-vis spectra in both solution and thin-film states
reveal how fluorination in tandem with backbone structure
modulate the optoelectronic behavior of the polymers. UV-vis
spectra in both solution and thin-film states reveal how backbone
identity and fluorination pattern shape optoelectronic properties
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across the NDI and PDI series. In the NDI-based polymers (P1-P3),
increasing fluorine content leads to a progressive red shift from
502 to 608 nm in solution and 540 to 622 nm in films, indicating
enhanced intramolecular ICT and extended conjugation. These
effects are amplified in the solid state, suggesting additional
aggregation-induced ordering, especially in P3. However, the
intermediate mono-fluorinated P2 shows less crystallinity by
GIWAXS and lower mobility than P3, suggesting that asymmetric
fluorination introduces torsional strain and disrupts molecular
planarity. In contrast, the di-fluorinated P3, with symmetric
substitution, exhibits sharp GIWAXS features, the most red-
shifted absorption, and the highest electron mobility in the series.
This underscores the importance of symmetry in promoting
coplanarity and effective m-m stacking, consistent with prior
reports that asymmetrically fluorinated NDI polymers suffer from
conformational disorder, while symmetric fluorination enhances
ordering and charge transport.>*®® In the PDI-based series (P4-
P6), fluorination induces weaker and more irregular spectral
shifts: in solution increasing slightly from 500 nm (P4) to
511 nm (P5), but blue-shifting to 506 nm in P6. This non-
monotonic trend is even more pronounced in the film spectra:
505 nm (P4) — 515 nm (P5) — down to 519 nm (P6). This reversal
upon di-fluorination suggests that fluorination and the bulky PDI
core act in conflict: while fluorine attempts to induce planarity
and ICT, PDI’s steric demands resist these adjustments, leading
to torsional distortion and conjugation breakdown. GIWAXS
supports this: P4 and P5 show comparable, modest crystallinity,
while P6 exhibits weaker and broader diffraction peaks, reflecting
structural disruption. Notably, P6 also shows the lowest
electron mobility across all polymers. These trends confirm that
fluorination alone does not enhance ordering in PDI-based poly-
mers, and may in fact be detrimental at higher levels due to
incompatibility between fluorine-induced interactions and PDI's
rigid geometry.**®* These results underscore the importance of
aligning fluorination patterns with backbone geometry to fine-
tune electronic structure, molecular organization, and charge
transport in n-type semiconductors.

Thermal properties

The thermal properties of copolymers P1-P6 were evaluated
using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC), as shown in Fig. S40 and S41. The TGA
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Fig. 3 Cyclic voltammograms and corresponding HOMO-LUMO energy levels of the polymers (a) NDI polymers (b) PDI polymers.
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curves indicate that all copolymers exhibit high thermal stabi-
lity under a nitrogen atmosphere, with high degradation tem-
peratures (T4) of 200-300 °C as determined by a 5% weight loss
when heated at a rate of 10 °C min™ "

DFT-computation

To examine the electronic and optical properties of PDI-Tz-BT
and NDI-Tz-BT-based conjugated copolymers, numerical calcu-
lations were carried out on P1 and P4, employing density
functional theory (DFT) and the time-dependent DFT (TD-
DFT), utilizing the Gaussian 09 suit of programs.®* The
ground-state (S0) geometry optimizations of the polymeric
structures were performed, within the periodic boundary con-
ditions (PBC), by using the B3LYP functional,®®® in combi-
nation with the valence double-{ polarized 6-31G (d,p) basis
set.®” In order to reduce the computational burden, the alkyl
side chains from the diimide units were replaced with the
methyl groups, for all copolymers. It has been shown that such
strategy of reducing the long-chain alkyl groups to methyl
groups does not affect the electron distributions and thereby
the energy of HOMO/LUMO orbitals, but it could affect the
planarity of the system, to some extent.”® The optimized
geometries for two copolymers P1 and P4 with the assigned
torsion angles between adjacent units are presented in Fig. 4.
The structures of the two copolymers are not planar but rather
convoluted, because of the steric hindrance between the H-
atoms of adjacent Tz units with the oxygen and hydrogen atoms
of NDI and PDI cores, respectively. This is consistent with the
reported data for the torsion angles between building blocks of
polymers containing a thiophene-NDI-thiophene (Th-NDI-Th)

,7 )'.; 3 Oa“é‘!'i fa,_« B3 " e

LUMO: -3.57 eV

¢ us
)J ).

Poogngy

HOMO: -5.39 eV
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sequence,®® > whereas a higher degree of planarity is achieved
by the coordination of thiazole units via the C2-carbon atoms to
the NDI core (Tz-NDI-Tz).”* The spatial electron distribution of
the HOMO and LUMO orbitals, placed over the single repeating
units of two copolymers, are presented in the lower part of
Fig. 4. The analysis shows that the HOMO orbitals of both
polymers are fully delocalized over the n-conjugated system of
Tz-T-BT-T-Tz sequence, while the LUMO orbitals are placed
onto the NDI and PDI aromatic cores. Neither orbital exhibit
contributions from the methyl groups, which justifies the
strategy of reducing the respective long alkyl chains, in favour
of decreasing the computational load. Theoretically predicted
band gaps of both copolymers are in excellent agreement with
the experimentally determined values by the CV measurements.
The calculated bandgap of polymer P4 is 1.95 eV, which
coincides with the experimentally determined value, whereas
the HOMO (-5.54 eV) and LUMO (—3.59 eV) levels are
both shifted to the less negative potentials by 0.23 eV with
respect to the CV results (Table 1). On the other hand, the
calculated bandgap of polymer P1 is 1.82 eV, which is only
0.03 eV overestimated, as compared to the experimental
value (1.82 vs. 1.79 eV). Theoretically predicted HOMO/LUMO
(—5.39/—3.57 eV) levels are located at the more positive poten-
tials relative to the CV data for about 0.3 eV (Table 1).

Grazing incidence wide-angle X-ray scattering (GIWAXS)

The molecular packing and crystallinity of the polymer films
were investigated using grazing incidence wide-angle X-ray
scattering (GIWAXS), with the two-dimensional scattering pat-
terns and corresponding intensity profiles presented in Fig. 5.

(b)

(. e (o
; - - “-“"43,;‘. oa “a
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3
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Y

Fig. 4 Representative examples of optimized ground-state structures of copolymers P1 and P4 as calculated at the B3LYP/6-31G(d,p) level of theory,
with the periodic boundary conditions (PBC). For clarity the HOMO and LUMO orbitals are graphically presented over the single repeat unit.
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P3

(b)

(b)

P6

Fig. 5 GIWAXS patterns of P1-P6 films deposited on silicon wafer substrates (a) as cast (b) annealed films.

Polymer films were spin-coated from 5 mg mL ' chloroform
solutions onto Si wafers and annealed at 160 °C for 2 hours in a
nitrogen-filled glovebox to enhance molecular ordering.
GIWAXS measurements were conducted under vacuum at the
Advanced Photon Source, Beamline 8-ID-E (11 keV, incident
angle 0.15°).

As-cast films exhibited broad scattering halos and weak
out-of-plane lamellar stacking peaks, consistent with a predo-
minantly amorphous morphology, corroborated by DSC
measurements showing no discernible thermal transitions.
Upon annealing, however, a distinct trend emerged: the NDI-
based polymers (P1-P3) demonstrated progressively enhanced
molecular ordering with increased fluorination. P2 (mono-
fluorinated) and P3 (di-fluorinated) exhibited sharper out-of-
plane lamellar diffraction and more defined in-plane n-n stack-
ing, indicating improved backbone alignment and interchain
packing. This enhancement is attributed to the incorporation of
fluorine atoms, which promote planarization of the polymer
backbone and introduce favorable non-covalent interactions, such
as F---H and F- - -S contacts, facilitating tighter packing.*®

In contrast, the PDI-based polymers (P4-P6) displayed a
more nuanced response to fluorination. While P5 (mono-
fluorinated) showed a modest improvement in packing order
over P4 (non-fluorinated), further fluorination in P6 resulted in
broader, less defined diffraction features. This reduced order-
ing can be rationalized by the intrinsic structural characteris-
tics of the PDI core. Unlike the smaller and more flexible NDI
unit, the PDI moiety is larger, more rigid, and sterically con-
gested, which limits its ability to accommodate backbone
adjustments induced by fluorination. Excessive fluorination
in such fused-ring systems can introduce local distortions or
steric clashes that counteract the expected packing benefits, as
supported by previous reports that highlight how rigid PDI
systems may suffer from reduced crystallinity and film unifor-
mity upon over-fluorination.”® In NDI-based systems, annealing
significantly enhances crystallinity, as seen in Fig. 5. P2 and P3
display sharper out-of-plane lamellar and in-plane n-r stacking

© 2025 The Author(s). Published by the Royal Society of Chemistry

features, indicating improved molecular order and edge-on
orientation. Their scattering profiles show distinct lamellar
peaks in the out-of-plane direction and n-n stacking features
in-plane, suggesting a predominantly edge-on orientation of
the polymer backbones relative to the substrate. This packing
geometry is known to support effective charge transport in
OFETs and is consistent with the enhanced mobilities observed
in these two polymers. Among the NDI based polymers, P3
shows the sharpest features and the highest electron mobility,
which we attribute to fluorination-induced backbone planarity
and denser packing. Such effects of fluorination on molecular
ordering have been reported in similar donor-acceptor copoly-
mer systems.”* In contrast, PDI-based analogues (P4-P6) exhi-
bit broader and more diffuse GIWAXS features, indicating
lower crystallinity or mixed molecular orientation. This beha-
viour likely results from steric congestion at the PDI core,
particularly upon fluorination, as observed in other rigid
acceptor-containing polymers.”> These structural trends corre-
late well with the observed charge transport properties.

Atomic force microscopy (AFM)

AFM was carried out on spin-coated, annealed thin films of P1-
P6, and the height, phase, and 3D topography images are
shown in Fig. 6. The tapping-mode AFM images (1 x 1 pm?)
reveal clear differences in the surface morphology of the NDI
and PDI based polymer films. The NDI based polymers P1-P3
shows topographically uniform, feature-poor surfaces with sub-
nanometre roughness, trending slightly downward with fluor-
ination (P1: Ry = 0.535 nm; P2: 0.511 nm; P3: 0.479 nm).
Together with GIWAXS, where the NDI series gains crystallinity
upon annealing and P3 exhibits the sharpest features,
this supports that fluorination tightens packing without
introducing surface texturing, consistent with the observed
mobility increase P1 < P2 < P3. Fluorinating the BT unit in
NDI copolymers has been reported to lower AFM roughness
(~3.0 » ~1.5 nm after annealing) and boost . (NDI-FBT vs.
NDI-BT),”* consistent with broad trends reviewed for
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Fig. 6 Atomic Force Microscopy (AFM) tapping mode images recorded over a scan area of 1 x 1 um? of thin films of P1—P6 showing topography (height
sensor, top row), phase (middle row), and corresponding 3D height profiles (bottom row).

fluorinated conjugated polymers.>® On the contrary for the PDI
polymers (P4-P6) AFM roughness remains relatively high for
the non-fluorinated polymer (P4: Ry ~ 2.1 nm) and shows only
a modest decrease upon introducing one or two F atoms on the
BT unit (P5-P6: R ~ 1.5-1.6 nm). This aligns with broadened
GIWAXS features and a monotonic decline in u., indicating that
added fluorine exacerbates steric congestion and packing mis-
match around the bay-crowded PDI core.”® Comparable R, ~
1-2 nm values are widely reported for PDI-based films, and
GIWAXS/AFM studies that deliberately tune bay-site sterics
show that film morphology and crystalline order are governed
primarily by the bulky PDI bay crowding.

Charge transport and OFET performance of polymers P1-P6

The charge transport properties of thiazole-flanked NDI/PDI-
based polymers were analyzed in bottom-gate/bottom-contact
(BG/BC) organic thin-film transistors (OTFTs) (Fig. 6). The
devices were fabricated on SiO, (300 nm)/p*’-Si substrates,
where gold (Au) and chrome (Cr) contacts were thermally
evaporated using a shadow mask, followed by octadecyltri-
methoxysilane (OTS) treatment. (Fig. S42) Polymer films were
spin-coated from 5 mg mL~" chloroform solutions, annealed at
200 °C for 10 min in an N,-filled glovebox, and characterized
under vacuum. Further details on the fabrication process are
provided in the SI. To optimize OTFT performance, we inves-
tigated the effects of annealing temperature, electrode materi-
als, and device configuration. It was found that gold (Au)
contacts exhibited higher electron mobility (1) than aluminum
(Al) contacts, which is attributed to a redox reaction between Al
and the n-type semiconductor, leading to a higher injection
barrier.®’” Despite the relatively large energy barrier (~1 eV)
between Au and the n-type semiconductor, the redox-induced
injection barrier with Al further hinders electron transport,
ultimately lowering p.. Additionally, higher annealing tempera-
tures and shorter annealing times promoted better charge

8030 | Mater. Adv, 2025, 6, 8023-8033

transport, as confirmed by GIWAXS analysis, which showed
improved molecular ordering upon annealing (Fig. 5). Degree
of fluorination plays a critical role in tuning the electronic
structure, molecular packing, and charge transport properties
of the reported polymers. All polymers displayed unipolar
n-type transport behavior with negligible hole current under
negative gate bias (V, = —60 V), consistent with their deep
LUMO levels estimated from cyclic voltammetry (Fig. 3). Among
the NDI-based polymers, fluorine substitution systematically
increased p., as P1, the non-fluorinated polymer, exhibited an
average y. of 1.0 x 10~* em® V™' s7', while P2 and P3, featuring
mono- and di-fluorination, showed improved . values of 2.2 x
107 *em?®V 's " and 2.7 x 10°* em® V' s, respectively. This
enhancement is attributed to fluorine’s strong electron-
withdrawing nature, which lowers the LUMO energy level,
improving electron injection and transport efficiency. This
correlation is further supported by cyclic voltammetry results,
where P2 and P3 exhibit lower LUMO levels, in agreement with
previous studies. Additionally, GIWAXS data confirm that
fluorinated polymers exhibit increased crystallinity after
annealing (Fig. 5), further contributing to enhanced charge
transport by reducing energetic disorder and improving n-n
stacking. In contrast to the NDI-based polymers, PDI-based
analogs exhibited a different trend in response to fluorination
and charge transport. While non-fluorinated P4 demonstrated
the highest mobility (9.8 x 10 * em® V™" s7') among PDI-based
polymers, exceeding that of most NDI-based counterparts,
fluorination unexpectedly led to a decrease in electron mobility.
The u. values of monofluorinated P5 and difluorinated P6
declined to 4.8 x 107* em?> V' s™'and 2.4 x 107* em?> v ! s,
respectively. Although fluorine substitution effectively lowers
the LUMO level, GIWAXS analysis revealed that crystallinity did
not significantly improve in PDI polymers upon fluorination
(Fig. 6). Instead, fluorine may disrupt molecular arrangement,
leading to rougher film morphology and weaker interchain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the OFET electron mobilities for copolymers P1-P6

Polymer p (em? vits™ Ve (V) Ion/Tog

P1 1.0 x 107 (1.6 x 107 20 10>-10°
P2 2.2 x 107* (3.0 x 107 28 10%-10°
P3 2.7 x 107* (3.9 x 107 22 10*-10*
P4 9.8 x 107 (1.3 x 107%) 9.3 10°-10*
P5 4.8 x 107* (7.6 x 1079 3.2 10%-10*
P6 2.4 x 107* (3.1 x 107%) 12 10>-10°

¢ Average mobility values from at least 10 devices with maximum
mobilities are shown in parentheses, and the mobility values are
extracted based on the average slope from 40 to 50 V in the ' vs. V
plots. ? Average threshold values are shown.

interactions, thereby reducing transport efficiency. The thresh-
old voltage (Vi1,) of the NDI-based polymers ranged from 9.3 V to
28 V (Table 2). The use of OTS-based Self-assembled mono-
layers (SAMs) generally increased Vi, and lowered the on/off
ratio, while employing amine-based SAMs may further optimize
OTFT performance (Fig. 7).

The output curves suggest that contact resistance still exists,
even with noble Au electrodes, indicating that further inter-
facial engineering is necessary to reduce parasitic resistance
and enhance charge injection efficiency. These findings high-
light the importance of balancing electronic structure, mole-
cular packing, and processing conditions to optimize charge
transport in n-type semiconducting polymers.

The moderate electron mobilities of P1-P6, compared to
benchmark NDI- and PDI-based polymers, stem from multiple
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factors. Low M, (9-14 kDa) due to early chain precipitation
limits interchain coupling. The 2-brominated thiazole units
show reduced reactivity, possibly introducing defects. While
fluorination improves planarity in NDI-based systems, GIWAXS
shows poor crystallinity in PDI analogs, especially P6. DFT
results indicate torsional strain and nonplanar backbones.
Contact resistance in the BG/BC device setup may also suppress
mobility. These factors collectively explain the performance gap
and highlight areas for further optimization.

Conclusions

2-Bromo-thiazole-flanked NDI and PDI monomers were synthe-
sized using an unconventional direct bromination method,
employing TIPS-protected thiazoles as starting materials. This
synthetic strategy, which avoids the need for traditional bromi-
nation techniques, was successfully demonstrated through a
series of examples, confirming its efficacy and reliability. The
electronic properties of the thiazole-flanked NDI and PDI-based
copolymers were thoroughly investigated using both cyclic
voltammetry and DFT calculations. The DFT results reveal that
the NDI/PDI-Tz core architecture allows for an effective exten-
sion of conjugation within the NDI-bridge-NDI system, if
steric hindrance does not disrupt the planarity of the polymer
backbone. This extension of conjugation is critical for enhan-
cing charge transport properties in electronic devices. Further-
more, the electron mobilities of the solution-processed
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Fig. 7 Transfer (a) & (c) and output (b) & (d) characteristics of OTFTs of polymers P1-P6 and comparative electron mobility chart of NDI based

copolymers (e) and PDI based copolymers (f).
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NDI/PDI-based polymers, ranging from 1.3 x 107> to 4.8 x
107* em® V7' 57", were found to be comparable to those of
other semiconductors with similar structural characteristics.
These values highlight the potential of thiazole-flanked NDI
and PDI copolymers as effective candidates for use in organic
electronic applications, such as field-effect transistors.
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