Polymer Chemistry

2 Polymer
-~ Chemistry

Asymmetric Side-Chain Engineering in Semiconducting
Polymers: A Platform for Greener Processing and Post-
Functionalization of Organic Electronics

Journal:

Polymer Chemistry

Manuscript ID

PY-ART-09-2022-001244.R1

Article Type:

Paper

Date Submitted by the
Author:

06-Dec-2022

Complete List of Authors:

Mooney, Madison; University of Windsor, Chemistry and Biochemistry
Nyayachavadi, Audithya; University of Windsor, Chemistry and
Biochemistry

Awada, Angela; University of Windsor, Chemistry and Biochemistry
Iakovidis, Ekaterini; University of Windsor, Chemistry and Biochemistry
Wang, Yunfei; University of Southern Mississippi, School of polymer
science of engineering; Lanzhou University,

Chen, Mei-Nung; National United University, Department of Chemical
Engineering

Liu, Yuzi; Argonne national Laboratory, Center for Nanoscale Materials
Xu, Jie; Argonne National Laboratory

Chiu, Yu-Cheng; National Taiwan University of Science and Technology,
Chemical Engineering

Gu, Xiaodan; University of Southern Mississippi, School of Polymer
Science and Engineering

Rondeau-Gagné, Simon; University of Windsor, Chemistry and
Biochemistry

<

y || Moo=
I h WAL

RONE™
Manuscripts




Page 1 of 30

Polymer Chemistry

Asymmetric Side-Chain Engineering in Semiconducting Polymers: A
Platform for Greener Processing and Post-Functionalization of Organic
Electronics

Madison Mooney,'"Audithya Nyayachavadi,'" Angela Awada,’ Ekaterini lakovidis,! Yunfei

Wang,” Mei-Nung Chen,” Yuzi Liu,? Jie Xu,* Yu-Cheng Chiu,’> Xiaodan Gu,? and Simon Rondeau-
Gagné'*

! Department of Chemistry and Biochemistry, University of Windsor, Ontario, Canada N9B 3P4

2 School of Polymer Science and Engineering, The University of Southern Mississippi, Hattiesburg, MS 39406, ffUSA
3 Department of Chemical Engineering, National Taiwan University of Science and Technology, Taipei 106, Taiwan
4 Nanoscience and Technology Division, Argonne National Laboratory, Lemont, IL, USA

fThese authors contributed equally to this work

ABSTRACT

Organic semiconducting polymers are a powerful platform for the design of next-
generation technologies due to their excellent optoelectronic properties and solution
processability, allowing access to low-cost and scalable manufacturing techniques such as spin-
coating, slot-die coating and roll-to-roll printing. However, their extended m-conjugation results in
low solubility in common organic solvents, requiring the use of toxic halogenated solvents to
generate thin films and devices. Furthermore, accessible post-functionalization of semiconductors
toward the development of multifunctional devices and sensors remains a challenge due to limited
solid-state chemistry for alkyl side chains. In this work, an asymmetric side-chain engineering
approach was used to introduce terminal hydroxyl moieties alongside traditional solubilizing
branched alkyl chains into an isoindigo-based polymer. The hydroxyl moieties led to significantly
improved processability in alcohol-based solvents without sacrificing electronic performance in
thin film organic field-effect transistors. Solid state morphologies of the thin films processed from
both alcohol-based and traditional halogenated solvents were further characterized using atomic

force microscopy and grazing incidence wide angle x-ray scattering. Additionally, Cryo-EM was
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utilized in order to characterize the role of asymmetric side-chain functionality in solution state
aggregation. The versatility of this design was further probed using fluorescein isothiocyanate to
directly functionalize the asymmetric polymer in thin film. This facile solid-state post-
functionalization further demonstrates asymmetric side-chain engineering to be a viable approach

toward the development of sustainably manufactured multifunctional electronics.

INTRODUCTION

Organic semiconducting polymers (SPs) are increasingly important materials for the
development of new technologies due to their excellent electronic properties, which have recently
demonstrated top performance comparable to amorphous silicon.!> Their mechanical properties,
including conformability and low Young’s moduli compared to other electroactive materials, are
also particularly favorable for the development of conformable, wearable and stretchable
electronics.>* Moreover, SPs are solution-processable, allowing for the use of low-cost production
and manufacturing techniques such as printing that remain inaccessible to silicon-based devices.’
Another important feature of SPs is the potential for post-functionalization through careful
selection and incorporation of chemical motifs, allowing for the development of multifunctional
organic electronics.%7 It is therefore unsurprising that these materials have been explored for
applications in many emerging technologies, including skin-like electronics, large area flexible
and plastic photovoltaics, conformable solid-state batteries, and high-precision biological and
chemical sensors.?13

While these attributes are highly sought after, the mass production and commercialization
of organic electronics is currently restrained by two major factors. First, due to their extended n-
conjugation, current high-performance semicrystalline rigid donor-acceptor polymers are largely

processed in toxic halogenated solvents that severely impede the sustainability of future
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technologies.!* These include high-boiling point aromatic (chlorobenzene, 1,2,4-trichlorobenzene,
toluene), halogenated (chloroform, dichloromethane), and other harmful or toxic solvents. Beyond
environmental concerns, the limited solubility of these materials also limits their use in
manufacturing methods such as printing that require fine-tuning of solvents and additive
optimization to formulate usable inks.!> Second, it is still challenging to include functional groups
to SPs, which are designed often only with large aliphatic side chains for solubility. The
incorporation of desirable functional groups (azides, alcohols, amines, etc.) that can be used for
chemical functionalization tends to render materials insoluble at high concentrations while also
sacrificing regioregularity, making batch-to-batch variation a significant obstacle for electronic
performance.'6

Among the various strategies for functional group incorporation to control different
properties of SPs, asymmetric side-chain engineering is an increasingly relevant approach which
has already shown promising results for the fine-tuning of solid-state morphology, mechanical
robustness, processability, and electronic performance of semiconducting materials.!’20 It is
notable that, compared to other molecular engineering strategies, asymmetric side-chain
engineering maintains high conjugation lengths in SPs while offering greater synthetic versatility
as the mismatch in design allows for functional group incorporation at larger concentrations that
would likely render symmetrical designs insoluble.'®?! Asymmetric side-chain design is also
advantageous in terms of regularity and decreased batch-to-batch variation in comparison to
recently reported statistical copolymerization designs.??> Liu et al. reported one of the first
asymmetrically alkylated semiconductors for applications in organic electronic (organic field-
effect transistors, OFETs) devices through a combination of linear and branched alkyl chains for

naphthalene diimide (NDI) based SPs.?> The asymmetric materials demonstrated electron
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mobilities over a magnitude greater than its fully symmetric branched-chain counterpart, which
was directly attributed to closer packing of the molecular backbones afforded by the asymmetric
linear alkyl chains. More recently, Gumyusenge et al. reported the synthesis of an asymmetric
diketopyrrolopyrrole (DPP) based polymer containing a siloxane-terminated alkyl chain and a
branched alkyl chain. The material was melt processed at 115 °C in a blend with 5% mass of an
amorphous nonconjugated polymer to produce OFET devices with hole mobilities as high as 1.0
cm?/Vs.?* Whiles these designs showed great promises toward the preparation of new advanced
semiconducting polymers, the asymmetric design strategy often does not include new functional
groups, nor significantly change the polarity of the side chains. Therefore, fine-tuning of the design
of asymmetric SPs can positively impact many more properties than what have been previously
reported, such as greener processability, mechanical robustness, and post-functionality of the
materials.

Herein, we report the synthesis and characterization of an asymmetric isoindigo-based SP
containing branched alkyl and linear hydroxyl side chains. This new design strategy resulted in a
polymer that is processable in green alcohol-based solvents due to the regioregular hydroxyl side
chain.?> After complete solid-state characterization by atomic force microscopy (AFM), grazing
incidence wide angle X-ray scattering (GIWAXS) and optical spectroscopies, the material was
directly used in the fabrication of OFETs with both conventional halogenated and eco-friendly
solvents, providing hole mobility values typical of established side-chain engineered isoindigo-
based SPs.?%27 Importantly, performance was not impacted by the exposure of the hydroxyl side
chains or use of greener solvents for processing. In fact, a slight increase in performance was
observed in the greener processing conditions. Compared to previously reported asymmetric side

chain designs, the use of terminal alcohol side chains in combination with traditionally solubilizing
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branched alkyl chains also confers unique opportunities for organic electronic design. Unlike
polyethylene glycol or siloxane asymmetric sidechains, terminal alcohol chains are commercially
available and bio-sourced, resulting in greener and sustainable sourcing of materials as well as
fewer synthetic steps to achieve target materials of interest. Additionally, a myriad of readily
cleavable and solubilizing protecting groups exist for terminal hydroxyl motifs, allowing for good
solubility of monomers in organic solvents and the ability to polymerize into high molecular
weight polymers, sometimes a problem seen with the use of polar side chains.!??32° Importantly,
the presence of terminal alcohols offers an accessible route for post-functionalization in thin films,
providing a versatile platform for the development of multifunctional OFETSs in a greener manner
that are tailored to specific applications through rational selection of motifs.

To demonstrate the potential of this system as a platform for multifunctional organic
electronics, the asymmetric SP (in thin film) was functionalized with fluorescein isothiocyanate
(FITC), a contemporary fluorescent probe that is used for detection of various analytes including
phosphates, antibodies, and apoptotic cells.3%32 Polymer thin films were exposed to a solution of
FITC probe to form covalent thiocarbamate linkages upon solid-state reaction with terminal
alcohols, confirmed through excitation-emission spectroscopy. Thus, the utilization of terminal
alcohol side chains in combination with solubilizing branched chains provides a novel and facile
route toward greener processed multifunctional organic electronics. This approach also opens new
avenues for the design and synthesis of advanced conjugated polymers with various functional
groups, particularly sought after to access novel soft electronics and electrochemical sensors.

RESULTS AND DISCUSSION
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Scheme 1. Synthetic pathway to asymmetric polymer a-P(IT)-OH

Synthesis and Solid-State Properties

The synthetic pathway to the poly(isoindigo)-based random copolymers a-P({IT)-TBS and
a-P(IT)-OH is shown in Scheme 1. Compound 1 was synthesized via a one-pot alkylation with
both the tert-butyldimethylsilyl (TBS) protected polar side chain and branched alkyl side chain
added simultaneously to produce the symmetrically alkylated derivatives of both side chains as
well as the target asymmetric product. The resulting mixture of products was separated using
column chromatography to afford compound 1 in moderate yields (30%). The asymmetric
monomer was then polymerized with commercially available 2,5-bis(trimethylstannyl)thiophene
through Stille polycondensation to produce a-P(iIT)-TBS. The polymer was purified through
successive Soxhlet extractions. Upon purification of a-P@IT)-TBS, bearing a tert-
butyldimethylsilyl-protected hydroxyl side chain, the polymer was deprotected under mild acidic

conditions to access a-P@iIT)-OH with asymmetric polar and nonpolar side chains. A detailed
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experimental procedure for the synthesis of a-P({IT)-TBS and a-P@ilT)-OH can be found in the

Supporting Information.

Table 1. Molecular weight, polydispersity, optical properties, and energy levels of TBS protected

and deprotected isoindigo-based polymers.

M, M, pv mmam  E  HOMO  LUMO Ty
(kDa)*  (kDa)* (nm)* (ev)? (eV)e (eV) (0
a-PGIT)-TBS 719 1.45 283
369 1072 28 -5.42 -3.97
a-P(IT)-OH 724 1.44 358

“ Number-average molecular weight and weight-average molecular weight estimated by high-temperature gel
permeation chromatography in 1,2,4-trichlorobenzene at 180 °C using polystyrene as standard. * Molecular weight
data was collected for the TBS-protected polymer only since the deprotection constitutes a side-chain post-
modification. ? Dispersity defined as M, /M, . ¢ Absorption maxima in thin film. ¢ Calculated by the following equation:
gap = 1240/A, . of polymer film. ¢ Calculated from cyclic voltammetry (Potentials vs. Ag/AgCl) using 0.1 M TBAPF,
in CH,CN as electrolyte where Epopmo=-4.38 €V- (OXonser)” Estimated from calculated E, and HOMO. ¢ Estimated
from thermogravimetry analysis (TGA) at 5% mass loss.
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Figure 1. Fourier-Transform infrared (FTIR) spectra of a) a-P(ilT)-TBS and a-P(IT)-OH in the

solid-state, and b) UV-vis spectra of a-P(iIT)-TBS and a-P({IT)-OH thin films casted on SiO,.
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To confirm the successful deprotection of the hydroxyl moiety to afford a-P(iIT)-OH,
Fourier-transform infrared (FTIR) spectroscopy was utilized in the solid state to characterize the
polymer before and after acid treatment with the results depicted in Figures 1 and S1. As shown
in Figure la, the appearance of a clear peak, indicated by an arrow at 3400 cm™!, associated with
intermolecular hydrogen-bonding of the alcohol moieties confirms the removal of TBS. To further
confirm the structure of the polymer, 'H NMR spectroscopy at 100°C in deuterated 1,1,2,2-
tetrachloroethane-d, (TCE) was performed. As shown in Figure S2, variable-temperature NMR
spectroscopy confirmed that the acid-catalyzed removal of TBS was successful. Upon
confirmation of their chemical structures, the synthesized polymers were characterized through
various methods, with the results summarized in Table 1. a-P({IT)-TBS was found to have a
molecular weight of 36.9 kDa as measured by high-temperature gel-permeation chromatography
(GPC). This observation of good molecular weights for a linear side chain design indicates that
this strategy can lead to high molecular weight species without sacrificing solubility during the
polymerization process directly afforded by side-chain asymmetry.3? As shown in Figure S3 and
S4, the HOMO/LUMO energy levels and bandgap were evaluated by UV-vis spectroscopy and
cyclic voltammetry. Additionally, thermogravimetric analysis (TGA) (Figure S5) was utilized to
determine the thermal decomposition temperatures (measured at 5% weight loss). Notably, upon
deprotection of the alcohol moieties, the degradation temperature increased from 283 to 358°C.
This difference in decomposition temperature can be directly attributed to the decomposition of
the TBS side chains. As previously reported, the network of hydrogen bonds that is afforded by
the terminal hydroxyl moieties can also play a role in the enhanced thermal stability.3#3>

To further probe for the influence of the hydroxyl moieties on the optoelectronic properties

of the conjugated polymer, UV-vis spectroscopy was performed on thin films (Figure 1b) before
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and after material deprotection. A broad absorption band centered at A = 680 nm was observed for
both a-P@(IT)-TBS and a-P(IT)-OH, which can be attributed to the donor-acceptor charge
transfer in the n-conjugated backbone. This confirms that the deprotection of the hydroxyl moieties
does not negatively affect the m-conjugation of the polymers. Notably, a slight bathochromic shift
is observed upon deprotection, which can be directly attributed to the presence of hydrogen bond
promoted aggregation in a-P(iIT)-OH.

Solid-state characterization of the two polymers were further investigated using Grazing-
incidence wide-angle X-ray scattering (GIWAXS) and atomic force microscopy (AFM) to observe
the molecular packing, crystallite characteristics and thin film morphologies of a-P(iIT)-TBS and
a-P(iIT)-OH in both toxic halogenated and greener solvents. Since the hydroxyl groups exposed
in a-P(iIT)-OH significantly impact the solubility of the polymer, thin films of both polymers
processed in several different solvents were characterized. A typical, high boiling point chlorinated
solvent (chlorobenzene), and two greener solvent systems (o-anisole and a 20% v/v blend of o-
anisole in n-butanol) were used to generate thin films.’¢ These solvents were selected for several
reasons. Chlorobenzene was chosen as a standard halogenated solvent for comparison to the
greener processing conditions because it is commonly used in OFET fabrication (which these films
would later be used for). o-Anisole was chosen because, like chlorobenzene, it is a high-boiling
aromatic solvent, but it is significantly less toxic and environmentally harmful, making it a greener
alternative with similar solubilizing properties. Finally, the 20% v/v o-anisole/n-butanol blend was
chosen due to previous reports of this combination for use in the fabrication of OFETs with polar
hydroxyl-containing carbohydrate side chains.3” While the hydroxyl side chains of a-P@(IT)-OH
was observed to be fairly soluble in n-butanol alone, the resulting film quality was suboptimal due

to the presence of large aggregates. With the addition of 20% o-anisole by volume, the resulting
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thin films were more uniform, owing to o-anisole that helped to break up the n-m interactions in

solution while n-butanol alone only interacted with the hydroxyl side chains.
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Figure 2. Grazing-incidence wide-angle X-ray scattering (GIWAXS) scattering profile slices of

a-P(iIT)-TBS a) in-plane and b) out-of-plane, and a-P({IT)-OH c) in-plane and d) out-of-plane.

1D sector-averaged profiles (both out-of-plane and in-plane directions) obtained from
GIWAXS are shown in Figure 2. Both polymers show relatively low crystallinity in the solid-state
as demonstrated by the lack of higher order lamellar spacing reflections in the q, direction. These
observations are consistent with other SP designs that possess asymmetric side-chain engineering
motifs that disrupt solid-state packing due to their lack of symmetry parallel to the polymer
backbone direction.?® The deprotected a-P(AIT)-OH showed no higher order reflections peak in
all 3 solvent systems tested. This indicates that despite the lack of the bulky TBS protecting group

combined to the presence of hydrogen bonding that can increase thin film crystallinity, the
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isotropic nature of hydroxyl-based hydrogen bonding in combination with the asymmetric side
chain chemical structure promotes an amorphous morphology independent of solvent processing

conditions.
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Figure 3. Atomic force microscopy (AFM) height images with root-mean-square (RMS) surface
roughness for a-P>iIT)-OH thin films casted from a) chlorobenzene, b) o-anisole and c) 20% v/v
o-anisole/n-BuOH; a-P(iIT)-TBS thin films casted from d) chlorobenzene, ) o-anisole and f) 20%

v/v o-anisole/n-BuOH. Scale bar is 200 nm.

Atomic force microscopy (AFM) was used to investigate the surface microstructures of a-
P@IT)-TBS and a-P@IT)-OH and probe for the influence of the asymmetric hydroxyl motif on
the solid-state morphology (Figures 3 and S6). Thin films of the polymers were cast in
chlorobenzene, anisole and anisole/n-BuOH solvent systems. Both the protected and deprotected
polymers showed relatively smooth surfaces, with a-P(iIT)-OH showing increased surface

roughness in comparison to the a-P(il'T)-TBS, which can be attributed to the presence of hydrogen
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bonding driven aggregation domains.!> Notably, the addition of 0-anisole as an additive in n-BuOH
during spin-coating for a-P(ilT)-TBS and a-P(iIT)-OH resulted in opposing influences on thin
film roughness (Figure 3c and f), with a-P(IT)-TBS showing an increase in surface roughness
and a-P@IT)-OH showing reduced surface roughness when processed from this solvent mixture.
This trend is opposite to the results obtained when both polymers were in o-anisole, which suggests
that the addition of n-BuOH assists in disrupting the solution-state aggregation and improves the

effective solubility of the hydrogen bond containing polymer.

Greener Fabrication of OFETSs

After assessing the physical and solid-state properties of the new asymmetric isoindigo-
based polymers, thin films of a-P(iIT)-TBS and a-P(IT)-OH were used as active layers in OFETs
to evaluate their electronic properties. Bottom-gate top-contact devices were fabricated using
chlorobenzene, o-anisole and 20% v/v o-anisole/n-butanol. The experimental procedure for the
fabrication of these devices can be found in the Supporting Information. Briefly, a-P({IT)-TBS
and a-P(IT)-OH were each dissolved in the desired solvents (4 mg/mL) before being spin-coated
at 1000 rpm onto an octyltrimethoxysilane (OTS) functionalized Si/SiO, wafer.3 Physical vapor
deposition was then used to deposit gold electrodes onto the substrate. Figures S7 and S8 show the
measured transfer and output curves of the two polymers processed in various solvents with the
results summarized in Table 2. While some output curves exhibit non-ideal saturation behaviour
at lower Vpg, potentially attributed to charge injection resulting in minor contact resistance,
extracted mobilities are reliable since the transfer curve measurements were made using a -60Vpg
bias, within the saturation region of the output curves (Figure S7).4° The charge carrier mobility

was extracted from the transfer curves using linear fitting of the Ips!? vs Vgs curves in the
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saturation regime using the following equation: Ipgay = (WC/2L) par (V6—Vin)*. It is important to
note that while average mobilities may be lower than some recently reported isoindigo-based
polymers, the field-effect mobilities found are comparable to previously reported values for similar

materials designed with various functional side chains.374142

Table 2. Average and maximum hole mobility (u,',u,™*), threshold voltages (Vy,), and Ion/Iosr
current ratios for OFETs fabricated from semiconducting polymers a-P(iIT)-TBS and a-P(IT)-
OH processed in chlorobenzene, o-anisole and n-butanol with a 20% o-anisole additive. Results

are averaged from 10 devices, and acquired after thermal annealing at 150°C.

Thickness p " rp " ave e

Polymer Solvent a h h I /I th

(nm) [10—4 cmZV-ls—I] ON OFF [V]

Chlorobenzene 40-50 1.88+0.15/2.04 103 -31

a-P(IT)-TBS o-anisole 40-50 1.07+0.13/1.22 10° -25
20% v/v o-anisole/n-BuOH 40-50 - - -

Chlorobenzene 40-50 1.75+0.21/2.06 10° -32

a-P(IT)-OH o-anisole 40-50 2.01 +£0.08/2.12 103 =27

20% v/v o-anisole/n-BuOH 40-50 2.49+0.43/2.90 10° -34

2 Thickness confirmed by AFM

Devices prepared with a-P(HIT)-TBS achieved an average mobility of 1.88 x 104 cm?/Vs
when processed in chlorobenzene. In agreement with the results obtained from GIWAXS and
AFM analysis, the performance of a-P(iIT)-TBS decreased when processed in greener solvents,
with an average mobility of 1.07 x 10 cm?/Vs when processed in o-anisole and a thin film of too
poor quality to measure any electronic performance when processed in a 20% v/v o-anisole/n-
BuOH mixture. Importantly, device performance did not decrease upon removal of the protecting

TBS groups to access the polar alcohol side chains. a-P(iIT)-OH demonstrated the highest average
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mobility of all devices tested (2.49 x 10-* cm?/Vs) when processed in 20% v/v o-anisole/n-BuOH.
When processed in o-anisole, the average mobility decreased slightly to 2.01 x 104 cm?/Vs, though
it remained greater than the highest average mobility of a-P(iIT)-TBS. The average performance
of a-P(IT)-OH only dropped slightly below that of a-PGIT)-TBS when processed in
chlorobenzene (1.75 x 10 cm?/Vs). Notably, the transfer curves of these devices (Figure S8)
appear to show some ambipolarity, indicating potential electron transport, which has been
previously demonstrated in other isoindigo-based polymers.*>* Unfortunately, no measurable
charge mobility was observed. Charge mobilities for all devices remained in the range of 104
cm?/Vs, independently of the solvent used, which confirm that the asymmetric design of =-
conjugated semiconducting polymers can be a tool to achieve enhanced solubility in greener

solvent without sacrificing device performance.

Investigation of Solution-State Aggregation

Figure 4. Cryo-electron microscopy images of a) a-P(iIT)-TBS and b) a-P(iIT)-OH in 20% v/v

o-anisole/n-BuOH. Scale bar is 200 nm.
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Asymmetric side-chain engineering of SPs allows for the regioregular incorporation of new
functional groups into conjugated materials. This can have profound effects on aggregation and
bulk physical properties.** To further probe for the influence of the hydroxyl moieties on polymer
aggregation in solution, cryo-electron microscopy (cryo-EM) was utilized, and the results are
depicted in Figures 4 and S9. Samples were prepared with 4 mg/mL solutions of the polymers in
20% v/v o-anisole/n-BuOH that were flash frozen at -170°C, upon which images were taken of the
polymer solution aggregates. Interestingly, as shown in Figure 4b, a-P@iIT)-OH demonstrated
long-range ordered aggregation. In comparison, a-P(ilT)-TBS was observed to form short-cluster
aggregations in 20% v/v o-anisole/n-BuOH. These observations indicate that minor changes in
chemical structure such as side chain polarity and the introduction of hydrogen bonding can
drastically alter the aggregation properties of asymmetric SPs, thus potentially influencing solid
state material properties. Aggregation was also probed by UV-Vis spectroscopy in solution (Figure
S10). In contrast to what was observed by cryo-EM, the UV-vis spectrum for a-P(iIT)-TBS was
found to have a more intense 0-0 vibration peak, centered at A = 700 nm, which can be correlated
to increased aggregation in solution resulting from poor solubility of a-P(iIT)-TBS in the solvent
blend, thus resulting in the formation of short cluster aggregates in comparison to the elongated
longer range aggregate morphology a-P(iIT)-OH. These results indicate that a careful design of
SP through side chain engineering (polarity, functional groups, structures, etc.) combined with a
meticulous selection of the solvent systems used in processing have important impacts on
aggregation in solution. The asymmetric design introduced in this work is, therefore, a potential
platform for controlling solution state aggregation, and ultimately, performance in solution-

processed organic electronics.®
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Post-Functionalization of Asymmetric SPs
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Figure 5. Schematic of the functionalization of a-P(iIT)-OH (thin film) with fluorescein

isothiocyanate (FITC) to afford a-P(IT)-O-C(S)-NH-Fluo.

Functionalization of conjugated polymers to incorporate new functional groups or
recognition moieties is a particularly important process for the development of emerging
electronics, including biosensors and organic electrochemical transistors (OECTs).4647 Ideally, a
post-functionalization reaction would be highly efficient (high yield/high degree of
functionalization), would not require the addition of catalyst or additives, and could be performed
directly on thin films (solid-state) to avoid detrimental effects on solid-state morphology and
device architecture. In recent years, various important post-functionalization strategies for high-
performance semiconducting polymers have been developed.*® Particularly, post-functionalization
through Huigsen 1,3-dipolar cycloaddition (click chemistry) has been shown to be notably efficient

and versatile.*>° The presence of a regioregular free hydroxyl moiety on a-P(iIT)-OH opens new
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avenues for post-functionalization not previously explored. Among others, the addition of cyanate,
isocyanate, thiocyanate or thioisocyanate to an alcohol is particularly intriguing, as this reaction is
highly efficient and spontaneous. Moreover, a-P({IT)-OH, due to its asymmetric design, can
maintain a good solubility in common organic solvent without sacrificing regioregularity, which
is not always possible in more traditional symmetric designs. This novel post-functionalization

technique has a lot of potential for designing sensing materials and devices specific analytes and/or

receptor-ligand interactions, particularly for biosensing applications,’!=3* including but not limited

to the detection and determination of DNA concentrations, and printable immunosensors for point-

of-care biosensor applications.>>¢

a-P(ilT)-0-C(S)-NH-Fluo
a-P(ilT)-OH + FITC
a-P(ilT)-OH
£l
8
P
‘B
c
2
=
T T T T T T '\I
500 550 600 650 700

Wavelength (nm)
Figure 6. Fluorescence emission studies for a-P>ilT)-OH (control, black line), a-P(IT)-OH
dipped in fluorescein solution (control, red line) and fluorescein-functionalized a-P({IT)-O-C(S)-
NH-Fluo (green line) thin films on SiO; in the solid state. All samples were excited at 495 nm and

monitored for fluorescence emission between 500 — 700 nm.
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To evaluate the new asymmetric design for facile solid-state post-functionalization, a-
P@IT)-OH was reacted with fluorescein isocyanate (FITC) to afford the functionalized a-P(IT)-
O-C(S)-NH-Fluo (Figure 5). FITC is a widely used fluorescent probe for a variety applications,
particularly for the labelling and detection of biological molecules.>’ This water-soluble probe has
an absorption of 495 nm and upon excitation, emits a yellow green color at an emission maximum
of 525 nm, clearly distinct from the non-functionalized semiconducting polymer, thus facilitating
its detection through fluorescence emission spectroscopy.”® A detailed procedure for the
functionalization can be found in the Supporting Information and is depicted in Figure 5. Briefly,
P@IT)-OH was deposited on a silicon wafer through spin-coating and submerged in a solution of
fluorescein isocyanate (FITC) and dibutyltin dilaurate in DMSO for 24 hours. The thin films were
then rinsed extensively with DMSO to remove any non-covalently bonded FITC before
characterization by fluorescence emission spectroscopy. It is important to note that, while the
formation of thiocarbamates is spontaneous, dibutyltin dilaurate was used to improve the reaction
kinetics to minimize reaction time. Results of the FITC-functionalization are depicted in Figure 6.
As expected, a-P(IIT)-O-C(S)-NH-Fluo showed an increase intensity in fluorescence emission at
Aem = 525 nm, which can be directly attributed to the FITC attached to the conjugated polymer. A
500-700 nm emission window was selected to prevent overlap of the fluorescence emission of
Isoindigo based polymers, which have been reported to have emission at approximately 500 nm.?¢
In contrast, control spectra recorded of a-P(iIT)-OH and a-P@IT)-OH + FITC (without the use
of dibutyltin dilaurate as catalyst) did not show any significant fluorescence in this region, thus
confirming the successful post-functionalization of the asymmetric conjugated polymer in thin

film.#” While not being quantitative, this result demonstrates that the terminal alcohol in a-P@IT)-
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OH can serve as an effective anchoring group for post-functionalization with various optically
active materials for potential applications in sensing and bio-imaging.

To further investigate the efficiency of the FITC functionalization, X-ray photoelectron
spectroscopy (XPS) was used to characterize the thin films of both a-P(IT)-OH and a-P({IT)-O-
C(S)-NH-Fluo. The general surveys and high-resolution carbon spectra are depicted in Figure
S11. In the deconvoluted high-resolution spectrum of a-P(il'T)-O-C(S)-NH-Fluo, the appearance
of a binding energy corresponding to O-C=0 at E;,q = 289.1 eV was observed, attributed to FITC
(Figure S11b). This peak, attributed to the carboxylic acid functional group on FITC does not
appear in the a-P@GIT)-OH spectrum (Figure Sl1la). Quantification of the degree of
functionalization was conducted by comparing the nitrogen atom percentages in the general
surveys of the pristine and functionalized films (Figure S11c-d). Since these measurements were
done on thin films deposited onto OTS-modified Si/SiO, substrates, nitrogen was chosen because
this atom is only present in the polymer and FITC. With the addition of FITC, the number of
nitrogen atoms per repeat unit increases from two to three, indicating that a complete
functionalization should result in a theoretical ratio of 1.5. Upon evaluation of the films by XPS,
an experimental ratio of nitrogen composition of 1.53 was measured. It is important to mention
that this method of quantification does not account for non-covalently bonded FITC that may
remain on the surface of the functionalized thin film, accounting for the slight discrepancy in the
theoretical versus calculated nitrogen percentages. Nonetheless, these results indicate a good
degree of functionalization and further confirm that this novel design approach is promising for

post-functionalization of semiconducting polymers in thin films.

CONCLUSIONS
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In summary, a novel n-conjugated polymer based on isoindigo that utilizes a terminal
hydroxyl based asymmetric side-chain engineering design was synthesized and used as a platform
to demonstrate several new advantages of this approach, including greener processing and post-
functionalization. Prepared through one-pot asymmetric alkylation and Stille polycondensation, a-
P@IT)-TBS and a-P(IT)-OH were evaluated for their solid-state morphology and optoelectronic
properties using various characterizations such as UV—Vis spectroscopy, AFM, and GIWAXS.
The presence of the terminal hydroxyl group was shown to have a profound effect on the solubility
of a-P(IT)-OH in the non-halogenated 20% v/v o-anisole/n-butanol solvent blend while
maintaining good electronic performance, which was not possible for a-P@{IT)-TBS. These
observations were further investigated using Cryo-EM, which showed that minor changes in the
side chain polarity of the asymmetric design are capable of showing significantly different
aggregation morphologies when viewed in solution. Furthermore, thin film coupling with an FITC
probe using dibutyltin dilaurate demonstrated that the terminal hydroxyl groups are capable of
solid-state post-functionalization towards the development of multifunctional organic electronics.
Overall, these findings show that asymmetric side-chain engineering is a facile approach toward

sustainable organic electronics.
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