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ABSTRACT

The field of semiconducting conjugated polymers has grown tremendously over the past few
decades with innovations expanding the use of conjugated polymers into several devices such as
transistors, light emitting diodes, and biocompatible electronics. For transistor devices, charge
carrier mobility has rivaled the performance of amorphous silicon. The intrinsic properties of
organic materials make them extremely attractive for further development and application.
Organic materials are synonymous with terms such as lightweight, robust, flexible, and stretchable.
A major advantage of conjugated polymers is their ability to be rendered solution processable with
the alluring potential for large-area green manufacturing of electronic devices. However, these
properties often fall short of their potential. Often strain engineering is often employed for
favorable mechanical properties of polymer thin films.

Incorporation of acceptor-acceptor (A-A) type moieties into donor-acceptor (D-A) type conjugated
polymers becomes a new strategy to tune their electronic properties. In this work, we first
demonstrate an efficient convergent route to prepare isoindigo-based A-A type building blocks -
bis-isoindigos - via the palladium-catalyzed oxidative coupling. Bis-isoindigo-based polymers
show high planarity and delocalized frontier molecular orbitals with lowered LUMO and intact
HOMO energy levels, in comparison with their corresponding mono-isoindigo counterparts.
Moreover, fluorine substitution on donors only lowers HOMO levels of Bis-1ID polymers. This
study asserts that the D-A-A strategy is effective in selectively tuning FMO energy levels of
conjugated polymers, complementary to the D-D-A approach for the HOMO energy level tuning.
Finally, we investigated the effect ofisomer structure has on the properties of conjugation polymers
utilizing diazines to decouple the effects of spatial arrangement from heteroatom placement. These
studies highlight the significant impact of side-chain sequence regioisomerism on aggregation
behaviors, morphologies, and subsequently charge transport properties of donor-acceptor type

conjugated polymers.
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CHAPTER.1 GENERAL INTRODUCTION TO ORGANIC
SEMICONDUCTORS

The first high performing conjugated polymer was halogen doped poly acetylene studied by
Shirakawa, MacDiaramid, and Heeger.Further developments into the nascent field of conducting
polymers continued and resulted with the trio claiming the Nobel Prize in Chemistry in 2000. Since
then, conjugated polymers have attracted a wide range of attention as functional organic materials
for solar cells, light emitting diodes and field-effect transistors. Polymer materials are intrinsically
lightweight, flexible, and capable of greener large-area solution manufacturing. Developments
have led to high charge-carrier mobilities comparable with inorganic amorphous silicon.
Additionally, conjugated polymers do not have to stand alone, high performing inorganic—organic
perovskite solar cells contain organic semiconductors as hole or electron transporting layers as

hybrid devices.

1.1 Charge Transport in Organic Semiconductors

There are two charge carrier species in electronics: holes and electrons. A hole is formed after
oxidation of the polymer removes electrons leaving a positive charge or “hole”. Hole transporting
materials are known as p-type materials and are the most common mode of transport found in
organic polymers and therefore more studied. There are two charge carrier species in electronics:
holes and electrons. A hole is formed after oxidation of the polymer removes electrons leaving a
positive charge or “hole”. Hole transporting materials are known as p-type materials and are the
most common mode of transport found in organic polymers and therefore more studied. Polymeric
semiconductors however have much more complicated solid-state structure and are high
disordered in comparison. Organic semiconductors are held together by secondary forces (van der
Waals force), and the weak intermolecular interactions render these polymers to have poor charge

transport characteristics.

1.2 Conjugated Polymers for Organic Electronics

The arrival of high-performance donor—acceptor (D—A) polymers however challenged the idea

that high crystallinity was a requirement for high mobility. D—A polymers had lower crystallinity
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and outperformed previously reported highly crystalline polythiophenes. A fast intramolecular
charge transport along the polymer backbone in a quasi-one-dimensional process with infrequent
charge hopping between mstacks was proposed. In this case it only requires low energy hopping
between chains requiring highly planarized backbones to minimize torsion for efficient charge
hopping. The intrachain transport predominates and charge hopping can occur between chains

within short aggregated domains.

1.2.1 Organic Field Effect Transistors

A FET is a three terminal electronic device consisting of a semiconducting layer deposited between
two ohmic contacts (source and drain), separated by a thin dielectric layer from a third contact, the
gate. The gate can be positioned either on the top (top gate) or at the bottom (bottom gate). A FET
provides amplifying and/or switching of electronic signals passing through the semiconducting
layer as a response to a certain voltage applied to the gate contact (V) The amount of current that
is able to flow between the source and drain—through the active layer—subsequently marks the
device’s performance in terms of its ability to transport charge carriers. In a such simplistic device
architecture, OFETSs have then been used as one of the robust ways to extract and benchmark the
semiconducting properties of organic materials. These electronic devices have thus been widely
studied to the extent of improving the primitive charge carrier mobilities from ~107° to higher than
tens of cm?/Vs. Ordinarily, the transistor performance is tested by analyzing the channel layer’s
transductance as a response to an applied bias at the gate (V). By applying another voltage (Vbs)
between source and drain contacts, the performance of the channel layer can be monitored from
the current flow through the organic material. Extrapolating transfer and output curves, a few key
parameters are usually reported to characterize OFET performance. First, charge carrier mobility
(1), ON/OFF current ratio, as well as the threshold voltage (VH) are to be evaluated. Charge
carrier mobility tells how fast the charge carriers can move from one contact to the other, while
the ON/OFF ratio shows the difference between currents before the device could be turned “ON”
and when the device is switched on. The threshold voltage is an indication of the minimum voltage
Vs that must be applied before the device can be “turned on”. V1n is oftentimes reported with its
subthreshold slope (SS) which is the voltage difference required to increase the current between
source and drain by a factor of ten. The devices architectures, charge transport mechanisms, the
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intrinsic structure-to-property dependence have been widely reported and are beyond the scope of

this discussion.

1.2.2 Organic Electrochemical Transistors

An organic electrochemical transistor (OECT) is a coupled ionic-electronic device where the
active layer material undergoes doping and de-doping based upon the electrolytic components
upon application of a gate bias. Owing to the high-sensitivity sensing and sub-voltage operation
properties of OECTSs, various application advances have been achieved with respect to OECTs
including biological sensors, memory and neuromorphic devices, and electrophysiological
monitoring. Despite the high degree of initial success that many oft-studied macromolecular
systems have had in the realm of OECTSs, there are significant opportunities to develop next-
generation electrochemically-active polymers to improve device performance, switching speed,

and cycling stability.

Ag/AgCl

Electrolyte

——

PProDOT-DPP  _ =

Figure 2.1 A typical device structure of the bottom-contact OECT device.

Semiconducting polymers with solubilizing hydrophilic side chains exhibit high volumetric
capacitance, efficient charge transport, and rapid ion injection, as well as compatibility with
aqueous electrolytes. Therefore, they have generated extensive scientific interest as a class of
channel components for OECTs Among the various types of semiconducting polymers, 3,4-
alkylenedioxythiophene-based polymers have achieved remarkable success in many
electrochemical applications, such as electrochromic devices and supercapacitors. Moreover, they
are useful for OECT channel materials due to their high redox stability and charge capacity. In
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fact, a model material for many studies, poly(3,4-ethylene dioxythiophene) doped with
poly(styrene sulfonate) (PEDOT:PSS) has recently reached high figure-of-merit (i.e., the product
of charge mobility and volumetric capacitance, pC*) values of 1,500 F cm™ V-1 st in OECT

devices.

1.3 Design Strategies of Conjugated Polymers

Understanding structure—property relationships is fundamental to achieve high performance. The
typical structure of a semiconducting polymers is divided into two regimes: the flexible
solubilizing side chains, and the semi-rigid conjugated backbone. These two regimes both impact
the self-assembly of polymer chains into crystalline domains. The solid-state microstructure is
extremely important the performance of devices, and the microstructure is heavily dependent on
processing conditions. Polymer thin film structure is also host to many issues such as chemical
structure defects, polymorphism, domain orientation, grain boundaries, impurities, and phase
separation for blended systems. Below we will discuss the benefits and limitations of both

approaches.

1.3.1 Backbone Engineering

Myriad of conjugated polymers have been made by introducing the combination of electron-rich
aromatic donors (D) and electron-deficient aromatic acceptors (A). It is widely practiced that two
or more donors (D-D) are chosen to tune the optoelectronic properties such as the HOMO levels
and absorption profiles of D-A polymers. In contrast, the incorporation of a conjugated building
block containing two electron-accepting subunits (A-A) is comparatively less adopted. A limited
number of reports on A-A building blocks have only appeared in recent years, as summarized in
Scheme 1. Berrouard et al. first obtained a thieno[3,4-c]pyrrole-4,6-dione (TPD) dimer by
Ullmann reaction in 2011. Bis-TPD copolymers were subsequently reported with efficient
ambipolar charge transport properties. Polander et al. synthesized a naphthalene diimides (NDI)
dimer via Stille coupling, which showed a higher electron mobility than its monomeric parent.
Yang et al. reported a bis-diketopyrrolopyrrole (bis-DPP) moiety as an electron acceptor. It is
noted that Stille coupling with large excess of DPP dibromide was adopted in the synthetic

approach. Several bis-DPP copolymers have shown excellent ambipolar mobilities. James et al.
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reported a di-thieno-benzo-isoindigo (BdiTBI) based building block, connecting two thieno-
benzo-isoindigo moieties at two phenyl groups by Suzuki coupling. More recently, a bis-
Pyridalthiadiazole based building block was reported by Zhu et al.. A regioregular dual-acceptor
strategy rendered the polymer with an outstanding charge transport behavior.

1.3.2 Side Chain Engineering

In molecular design of D-A polymers, side chain engineering has proved to be effective in tuning
electronic and morphological properties of resulting polymer thin films. Rational combination of
different side chains is one of such strategies. There are generally two approaches to introduce a
combination of side chains. The first approach deals with the copolymerization of two monomers
bearing the targeted side chains. For an example, Zhang et. al. developed a DPP
(diketopyrrolopyrrole) monomer bearing urea-containing alkyl chains. Changing the ratio of the
urea-chain DPP monomers to the branched-alkyl-chain DPP monomers in polymerization
provided a series of DPP random copolymers with enhanced charge mobilities. The second
approach involves a single monomer bearing two different side chains, which would produce
alternating copolymers. We previously reported such an isoindigo building block with one alkyl
chain and one siloxane hybrid chain. The corresponding polymer thin films adopted bimodal

packing orientation and exhibited improved charge transport performance.

1.4 Objectives of This Dissertation

In this dissertation, we aim to further the understanding of structure-property relationships in
semiconducting polymers with extended acceptor moieties. Our first target is to incorporate
acceptor-acceptor (A-A) type moieties into donor-acceptor (D-A) type conjugated polymers.
Therefore, a new molecular platform with an extended accepting unit will be established,
potentially allowing for both further fundamental understandings, new electronic applications and
bioimaging purposes. A comprehensive study into the effects of side-chain-enabled regioisomer
acceptors in semiconducting polymers will be further investigated. This study will highlight the
significant impact of side-chain sequence regioisomerism on charge transport properties of
conjugated polymers with extended acceptors bearing multiple side chains and the new finding

could be applied in future design of building blocks for functional D-A type semiconducting
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polymers. Finally, next-generation design of polymers with extended acceptors for OECTs will be
carried out. This effort will provide a roadmap for the design of electrochemically-active
macromolecules for accumulation-mode OECTSs where extended acceptor cores are incorporated

into an all-donor polymer, and expand the application possibility for extended acceptors.
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CHAPTER 2. BIS-ISOINDIGOS: NEW ELECTRON-DEFICIENT
BUILDING BLOCKS FOR CONSTRUCTING CONJUGATED
POLYMERS WITH EXTENDED ELECTRON DELOCALIZATION

2.1 Introduction

Conjugated polymers have attracted a wide range of attention as functional organic materials for
solar cells, light emitting diodes and field-effect transistors, among others. A myriad of conjugated
polymers have been made by introducing the combination of electron-rich aromatic donors (D)
and electron-deficient aromatic acceptors (A). It is widely practiced that two or more donors (D-
D) are chosen to tune the optoelectronic properties such as the HOMO levels and absorption
profiles of D-A polymers.t= In contrast, the incorporation of a conjugated building block
containing two electron-accepting subunits (A-A) is comparatively less adopted. A limited number
of reports on A-A building blocks have only appeared in recent years, as summarized in Scheme
1. Berrouard et al. first obtained a thieno[3,4-c]pyrrole-4,6-dione (TPD) dimer by Ullmann
reaction in 2011 (Figure 2.1).* Bis-TPD copolymers were subsequently reported with efficient
ambipolar charge transport properties.>® Polander et al. synthesized a naphthalene diimides (NDI)
dimer via Stille coupling, which showed a higher electron mobility than its monomeric parent.”
Yang et al. reported a bis-diketopyrrolopyrrole (bis-DPP) moiety as an electron acceptor.® It is
noted that Stille coupling with large excess of DPP dibromide was adopted in the synthetic
approach. Several bis-DPP copolymers have shown excellent ambipolar mobilities.® James et al.
reported a di-thieno-benzo-isoindigo (BdiTBI) based building block, connecting two thieno-
benzo-isoindigo moieties at two phenyl groups by Suzuki coupling.’® More recently, a bis-
Pyridalthiadiazole based building block was reported by Zhu et al.. A regioregular dual-acceptor

strategy rendered the polymer with an outstanding charge transport behavior.!!
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Figure 2.1 Examples of acceptor-acceptor building blocks

2.2 Polymer Design

We envision the D-A-A design as an alternative strategy to adjust the optoelectronic properties
with an advantage of effective HOMO/LUMO level tuning and render desired optoelectronic
properties when A-A building blocks become readily available. Unfortunately, we noticed that the
synthesis of A-A building blocks listed above is undoubtedly challenging. For the coupling
involving homocoupling of acceptor dihalides, it usually leads to low yields due to the presence
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of undesired oligomerization. It also makes the purification difficult. For the homocoupling
involving acceptor monohalides, the mono-functionalization of an electron deficient building
block itself is very inefficient and challenging. To make the A-A strategy more appealing in
synthesis of D-A conjugated polymers, it is imperative to design new synthetic routes to readily
access functionalized A-A building blocks.

Here, we report two new isoindigo based A-A moieties (Bis-11Ds) M1 and M2 through an efficient
synthetic route. Isoindigo (I1D), first introduced by Reynolds et al., was among the most studied
building blocks.!> Owing to its electron withdrawing lactam groups, rigid backbone, and
straightforward synthesis, 11D widely serves as an electron acceptor in D-A conjugated polymers.*3
Extensive design efforts including side chain engineering,'*'® heteroatom fusion,'**® and

conjugation length extension,’® 22 have been made to tune their optoelectronic properties and

morphologies. In this report, M1 and M2 have two I1D subunits linked through o positions of the
corresponding thiophenes. We envision that such linkage would enable small thiophene-thiophene
dihedral angles, ensuring the retention of planarity throughout the moiety.2® This feature would
further render planarized D-A-A type polymers with extended effective conjugation lengths and
enhanced interchain interactions, which can be beneficial to charge transport. Moreover, we
choose two different donors to study energy levels of their corresponding polymers (P1, P1F, P2
and P2F, Figure 2.2). In particular, we expect to obtain fine-tuned FMO levels. P1 and P2 should
exhibit considerably lowered LUMO levels but only slightly altered HOMO levels compared to
their monomeric based analogues, while P1F and P2F have further tuning on FMO levels due to

fluorine substitution.?*
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Figure 2.2 Synthetic scheme to Bis-11D polymers
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2.3 Results and Discussion
2.3.1 Material and Synthesis

The synthesis for all Bis-11Ds was proposed and carried out in this work, as illustrated in Figure
2.2. We initially intended to prepare bis-thienoisatin 2 through cross-coupling of thienoisatin
halide and its boronic ester.® Unfortunately, all attempts to turn thienoisatin 1 into its halide failed.
Inspired by an oxidative coupling of thiophene derivatives, we decided to test oxidative coupling
of 1 directly. To our delight, 2 was successfully synthesized from 1 in a single step, in spite of a
low yield of 23%. After the optimization of reaction conditions, we were able to improve the yield

up to 54% with palladium acetate as the catalyst and silver fluoride as the oxidant (Table 2.1).12

Table 2.1 optimization of oxidative coupling from 1 to 2. All conductions shown in the table were
conducted with 200 mg compound 1 and 20 mL solvent, unless there is a special note.

Catalyst Catalyst loading AgF (eq.) solvent T(T) Time (h) %Yield
Pd2(dba)s 3% 2.0 DMSO 65 12 25%°
Pd2(dba)s 3% 2.0 DMSO 90 20 49%
Pd2(dba)s 3% 4.0 DMSO 110 48 21%
Pd(OAC): 5% 0.75P DMSO 90 24 40%°
Pd(OAC), 10% 2.1 DMSO 90 24 54%
Pd2(dba)s 3% 2.0 DMF¢ 90 20 36%°

aMost starting material remained unreacted. PAg.O was used in this condition instead of AgF, and
0.75 equivalent of benzoic acid was also added. “The reaction was conducted with 40 mg of
compound 1. 920 mL DMF with several drops of DMSO was applied. éIn this condition, the 2-
octyldodecyl side chain of compound 1 was replaced with an n-octyl alkyl chain. Thieno-isatins
(backbone of compound 1) with Linear alkyl chains dissolve better than those with branched alkyl
chains in DMF.

After the aldol condensation with compound 3 and 4, M1a and M2 were obtained with high yields
of 88% and 89%, respectively. Bromination of M1a gave M1 in a good yield of 87%. Finally, the
polymers P1, P2, P1F and P2F were synthesized via Stille coupling of M1/M2 with compound 5/6.
For a comparison, monomeric TIl- and TBII-based analogues, P1-ref and P2-ref, were also
synthesized following the reported procedures.’® All polymers were purified by the Soxhlet
extraction and fully characterized (see the supporting information). The molecular weights of P2

and P2F was evaluated by high-temperature gel permeation chromatography at 150 <C using 1,2,4-
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trichlorobenzene as eluent. It’s worth noting that the molecular weights for P1 and P1F cannot be
accessed from the GPC measurements. Similar observations with TII substructures were
previously reported, where thienoisoindigo polymers are believed to interact strongly with the

column material . 141°

2.3.2 Density Functional Theory Simulations

To estimate the geometries and intrinsic electronic properties of Bis-1ID polymers, density
functional theory (DFT) calculations were performed on the trimers of Bis-1ID polymers with
methyl side chains as model molecules, shown in Figure 2.3. Computation was performed with
Gaussian 09 using a hybrid B3LYP correlation functional and 6-31G(d) basis set. P1 and P1F
display almost perfectly planar backbones with negligible dihedral angles between all thiophene-
thiophene planes. By contrast, backbones of P2 and P2F are more twisted due to a 21 <dihedral
angle between thienyl and phenyl groups. Despite this, both A-A moieties (bis-11D subunits) still
retain high planarity (2.9° and 0.9° dihedral angle between thiophene-thiophene planes
respectively).
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Figure 2.3 DFT optimized geometries of a) P1, b) P2, ¢) P1F and d) P2F trimer fragments
(B3LYP/6-311g(d) level). Dihedral angles around single bonds are shown on P2 and P2F
backbones.
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The FMO electron distribution diagrams (Figure 2.4) reveal well dispersed frontier orbital
electrons of all Bis-1ID polymers, indicative of an effective delocalization along all polymer
backbones. Fluorine substitutions on bithiophene have two major influences on the Bis-IID
polymers. First, bithiophene subunits of P2F (1.2<) are much planer than those of P2 (13.49,
indicating F-S noncovalent interactions. Also, fluorine p; orbitals contribute to HOMOs of P1F or
P2F. Interestingly, fluorine p. orbitals barely participate in LUMOSs, showing that fluorine
substitutions could have larger impact on HOMOs of Bis-11D polymers. Such prediction is verified

in electrochemical estimations.
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Figure 2.4 FMO electron distribution diagrams of Bis-I1D trimers with density functional theory.
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2.3.3 UV-Vis Spectroscopy

The photophysical properties of the polymers were studied with solution and solid-state UV-Vis-
NIR spectroscopy. As shown in Figure 2.5, all polymers exhibit high energy n-n* transition bands
and low energy charge transfer bands. All Bis-1ID polymer films have most of charge transfer
bands at NIR region. They show much higher absorption onsets than P1-ref and P2-ref. This
observation agrees with our initial design of extended conjugation lengths. In addition, P1/P1F

have much smaller band gaps than P2/P2F, which is attributed to their backbones with high

planarity.
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Figure 2.5 Normalized absorption spectra of a) P1-ref (black), P1 (blue) and P1F (red) films; b)
Normalized absorption spectra of a) P2-ref (black), P2 (blue) and P2F (red) films.

The absorption profiles also reveal the different aggregation behaviors. While TII derivatives P1-
ref and the T1l monomer M1 show hypsochromic shifts in solid states, this phenomenon was not
observed in TII derivative P1 and P1F. In fact, the solution and solid-state absorption profiles of
Bis-11D polymers nearly overlap. This phenomenon strongly indicates a strong pre-aggregation in
their solutions. To further understand the aggregation behavior of Bis-1IDs in solutions,
temperature-dependent absorption spectra were taken at increasing temperature intervals of 10 C
in o-dichlorobenzene (Figure 2.6). Upon heating, P2 and P2F’s intramolecular charge transfer
peaks increase while the aggregation peaks noticeably decrease. By contrast, P1 and P1F only

show a trend of peak intensity change, indicative of strong aggregation in o-dichlorobenzene even
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at 100 <C. The stronger aggregation behavior of P1 and P1F reflects their strong interchain

interaction induced by high planarity?>*® and quinoidal character.?®?8
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Figure 2.6 Temperature-dependent absorption spectra of a) P1, b) P2, c) P1F and d) P2F in o-
dichlorobenzene.

2.3.4 Cyclic Voltammetry and Differential Pulse Voltammetry

To study the redox properties of polymer thin films, cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) were employed (Figure 2.7). Cyclic voltammograms of all Bis-11D
polymers show quasi-reversible redox behavior, suggesting their potential as ambipolar
semiconducting polymers. CV redox onsets are widely used to estimate HOMO/LUMO levels of
semiconducting materials. However, like many I1D based polymers, the optical band gaps of Bis-
1D polymers are much narrower than those estimated from CV. This observation is partially
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attributed to the sensitivity limitation of the CV measurement, resulting from its high capacitive
charging currents background. With a reduced contribution from capacitive charging currents,
differential pulse voltammetry (DPV) provides a much higher sensitivity than normal voltammetry
measurements. It allows to record a sharper and clearer redox onset.! Thus, HOMO/LUMO

energy levels of Bis-11D polymers were estimated from redox onset potentials of DPV.
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Figure 2.7 Cyclic Voltammograms (dashed lines) and differential pulse voltammograms (solid
dots) of a) P1, b) P1F, ¢) P2 and d) P2F films in acetonitrile with 0.2 M n-BusNPFs as supporting
electrolyte. (scan rate: 40 mV s?)

As references, P1-ref and P2-ref films were also characterized (Figure 2.8). The corresponding
data were summarized in Table 2.2. Compared with D-A type P1-ref, D-A-A type P1 shows a drop
of 0.12 eV in LUMO level, while the HOMO level is almost unchanged. In further comparison
between P1 and P1F, P1F has a lowered HOMO level without changing the LUMO level. The
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trends are similar for the P2-ref, P2 and P2F group. A 0.09 eV drop in LUMO and only a
marginally deepened HOMO were observed from P2-ref to P2. Introduction of fluorine in P2F
rendered a selective deepened HOMO level by 0.15 eV. The energy levels estimated by CV
measurements also agree with DPV trends. The comparison between D-A polymers and D-A-A
polymers clearly shows the potential of D-A-A strategy in selective tuning of the LUMO/HOMO
energy lying, which makes it an attractive method to render ambipolar semiconducting materials

and functional optoelectronic materials.
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Figure 2.8 Cyclic Voltammograms (dashed lines) and differential pulse voltammograms (solid
dots) of a) P1-ref film and b) P2-ref film in acetonitrile with 0.2 M n-BusNPFs as supporting
electrolyte (scan rate: 40 mV s™3).

2.3.5 OFET Performance

Charge carrier transport properties of Bis-1ID polymers were characterized by field-effect
transistor measurements. Details of the device fabrication are described in the Experimental
Section. Devices with bottom-gate bottom-contact (BGBC) architecture and Au as contacts under
ambient conditions only shows p- type performance. Devices based on P2 and P2F films showed
a typical p- type performance with highest pn of 0.024 cm? V! s and 0.030 cm? V1! s,
respectively (Figure 2.9).
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Figure 2.9 Typical transfer and output characteristics of FETs based on P1, P2, P1F and P2F with
BGBC architecture and Au electrodes in ambient air.

Distinguished from P2 and P2F, both P1 and P1F devices exhibited an abnormally high “threshold”
voltage and a small on-off ratio of 101. The high Vth and high off current imply a doping process
by oxygen, given that materials with HOMO energy level above 5.0 eV are likely to make OFET

devices unstable in air (Figure 2.10).3233
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Figure 2.10 Transfer characteristics of the FET based on P1 with BGBC architecture and Au
electrodes in ambient air. A very high positive gate voltage was applied to turn off the device.
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Therefore, P2 and P2F were devices were tested under vacuum. These devices show normal p-
type output and transfer characteristics, with highest u, of 0.017 cm? V- st and 0.013 cm? V-1 s~
! respectively, and a moderate on-off ratio of 102 (Figure 2.11). Such result is also a corroboration
of the doping behavior in its all-acceptor analogue, T1I homo polymer, which has an even higher
HOMO lying of 4.83 eV.%
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Figure 2.11 Transfer characteristics of the FET based on P2 and P2F with BGBC architecture and
Au electrodes under vacuum.

All Bis-11D devices with bottom-gate top-contact (BGTC) architecture and Al as contacts exhibit
ambipolar characters with pe around 10 to 102 cm? V- st and s around 10 to 102 cm? V' s

! (Figure 2.12 and 2.13), showing n- type potential properties of A-A type Bis-11D building blocks.

These results are summarized in Table 2.3.
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Figure 2.12 Typical n- type transfer and output characteristics of FETs based on P1, P2, P1F and
P2F with BGTC architecture and Al contacts under vacuum.
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Figure 2.13 Typical p- type transfer and output characteristics of FETs based on P1, P2, P1F and
P2F with BGTC architecture and Al contacts under vacuum.
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Table 2.2 [a] The HOMO and LUMO energy levels are estimated from HOMO = — (5.10 + Eox —
Erc/re+) and LUMO = — (5.10 + Ered — Erc/re+), Where Eox and Ereq are onset potentials. [b] Data
adopted from ref 24. All mobilities shown in table 2.2 are highest values. [c] Results obtained from
BGTC architecture, Al contacts. [d] Results obtained from BGBC architecture, Au contacts.

Polymer Differential Pulse Voltammetry!?l Cyclic Voltammetry OFET performance
LUMO/eV HOMO/eV EgpleV LUMO/EV HOMO/EV EgypleV yelcrsrﬁ vl @j{:rsqf

P1-ref -3.83 -4.99 1.16 -3.80 -5.16 1.36 N/A 0.430]
P1 -3.95 -4.96 1.01 -3.89 -5.13 1.24 0.00046[c1  0.017M

P1F -3.98 -5.05 1.07 -3.90 -5.28 1.38 0.00022[1  0.013(d

P2-ref -3.88 -5.29 141 -3.85 -5.46 1.61 N/A 0.088"!
P2 -3.97 -5.30 1.33 -3.90 -5.45 1.55 0.0022[1 0.024

P2F -3.98 -5.45 1.47 -3.91 -5.54 1.63 0.0017[ 0.030M

Table 2.3 Summary of Bis-IID OFET devices with BGTC architecture and Al contacts under
vacuum.

Polymers He, average He, max Tonott HUh, average Hh, max Lonsoft
(cm?V-1s ) (cm?V-ls (cm?V-lsh) (cm?V-lsh)
P1 3.82x10* 4.63x10* ~50 0.018 0.023 ~50
P1F 1.73x10* 2.15x10* ~10 0.0011 0.0013 ~10
P2 1.67x10°3 2.16x103 ~15 0.003 0.005 10
P2F 1.27x10°3 1.71x10°3 ~6 2.25x10* 2.8x10* ~5

2.4 Conclusions

In summary, we developed a new synthetic approach to obtain two isoinidgo-based acceptor-
acceptor type building blocks M1 and M2. With thiophene-thiophene connection along the
building block, the corresponding D-A-A polymers P1, P2, P1F and P2F show high planarity and
extended conjugation length, which thus lead to strong interchain interaction. Compared with their
D-A analogues, D-A-A polymers have noticeably lowered LUMO, but relatively unchanged
HOMO. Further introduction of fluorine atoms into Bis-1ID polymers only lowers their HOMO
levels. This discovery asserts that our D-A-A design can tune FMO energy levels selectively. All
Bis-11D polymers exhibit ambipolar charge transport properties. We expect the D-A-A approach

will play a significant role in developing ambipolar materials. We also anticipate that our key
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intermediate bis-thienoisatin 2 could serve as a moiety to build up novel functional conjugated

polymers for organic electronics.

2.5 Experimental Section

All reagents purchased from suppliers were used without further purification. 1H- and 13C-NMR
spectra were recorded using Varian Inova 300 in deuterated chloroform at 293 K. GPC was
performed by high-temperature gel permeation chromatography at 150 <C using 1,2,4-
trichlorobenzene (TCB) as eluent. Differential scanning calorimetry (DSC) measurements were
acquired using a TA Q1000 calorimeter at a heating rate of 10 <T min™! with nitrogen as purge
gas. UV-vis-NIR spectra were measured with an Agilent Technologies Cary 6000i UV-Vis-NIR
spectrophotometer (350-1800 nm). All the electrochemistry related experiments (CV, DPV) were
performed using BioLogic SP-150. platinum electrode was used as a working electrode and a
platinum wire as a counter electrode, and all potentials were recorded versus Ag/AgCI (saturated)
as a reference electrode (scan rate: 40 mV s1). FET device characterization was carried out using
Keithley 4200.

2.5.1 Device Fabrication and Characterization

Top-contact/Bottom-gate OTFT devices: The SiO2/Si substrates were cleaned by piranha solution
(H2S04 98%: H202 30% = 2:1) at 85 T for 20 mins. They were then washed with DI water,
Ethanol and acetone for 6 mins each. After drying inside oven, the substrates were put in a clean
petri dish with a small drop of OTS. The dish was annealed in a vacuum oven at 120 <C for at least
3h resulting in the formation of an OTS self-assembled monolayer on the surface. The OTS
modified substrates were rinsed with hexane, ethanol and chloroform to remove physically-
adsorbed OTS molecules before used. All polymers were dissolved in Chloroform and spin coated
on the substrate at 2000 RPM inside a glove box. All the films were annealed inside the glovebox
at 120 <C. To deposit Al electrode, A 40 nm layer of Al was thermally evaporated on top of the
semiconductor film through a shadow mask. The channel length was 80 pm and the channel width
was 4800 pm. All the devices were characterized by using Keithley 2400 in vacuum of 10-4 mbar.
Bottom-contact/Bottom-gate OTFT devices: The substrates have SiO; as dielectric layer and gold

electrode were pre-patterned by photolithography. They were cleaned by piranha solution and OTS
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modified as the procedure above. All polymers were dissolved in Chloroform and spin coated on
the substrate at 2000 RPM in air. All the films were annealed inside the glovebox at 120 <C. The
channel width was 1000 pm and the channel length was ranging from 10 pm to 100 pm.

2.5.2 Synthetic Procedures

Compound 2: 4-(2-octyldodecyl)-4H-thieno[3,2-b]pyrrole-5,6-dione (1.17 g, 2.70 mmol) (1),
Silver Fluoride (0.719 g, 5.67 mmol) and Palladium(ll) acetate (60.6 mg, 0.270 mmol) were added
to 30 mL of DMSO. The mixture was stirred under N2 at 90 <C for 24 h before being allowed to
cool to room temperature. The reaction was poured into water, extracted with dichloromethane
and dried over Na>SO4. After removal of the solvent under reduced pressure, the residue was
purified by silica chromatography (hexanes:CH>Cl,=1:3) to give the product (2) as a dark purple
solid (627 mg, 54%). About 15% of the starting material was also recovered. 1H NMR (300 MHz,
CDCls, ppm) 8: 6.93 (s, 2H), 3.57 (d, J = 7.3 Hz, 4H), 1.80 (m, 2H), 1.32-1.25 (m, 64H), 0.87 (t,
J = 6.6 Hz, 12H). 13C NMR (75 MHz, CDCls, ppm) &: 172.17, 164.69, 160.57, 151.59, 111.49,
110.88, 46.69, 37.08, 31.96, 31.37, 30.04, 29.72, 29.64, 29.43, 29.39, 26.37, 22.78, 14.24. HRMS
(APCI) calcd. for Cs2HgsN204S; ([M+H]"): 865.5945; found 865.5939.

Compound 4: 6-bromo-1-(2-octyldodecyl)indoline-2,3-dione (4a) (2.0 g, 3.9 mmol) and hydrazine
monohydrate (10 mL) were added to 10 mL of DMSO. The mixture was stirred under N2 at 130 <C
for 24 h before being allowed to cool to room temperature. The reaction was poured into water,
extracted with dichloromethane and dried over Na>SOs. After removal of the solvent under
reduced pressure, the residue was purified by silica chromatography (hexanes:CH2Cl>=3:2) to give
the product (4) as a light-yellow oil (1.28 g, 66%). 1H NMR (300 MHz, CDCI3, ppm) &: 7.16 —
7.06 (m, 2H), 6.91 (d, J = 1.6 Hz, 1H), 3.54 (d, J = 7.5 Hz, 2H), 3.45 (s, 2H), 1.92 — 1.73 (m, 1H),
1.29—1.24 (m, 32H), 0.87 (t, J = 6.6 Hz, 6H). 13C NMR (75 MHz, CDCI3, ppm) &: 174.83, 146.30,
125.46, 124.69, 123.28, 121.19, 111.88, 44.66, 35.94, 35.40, 32.00, 31.55, 30.09, 29.74, 29.69,
29.64, 29.45, 29.40, 26.46, 22.80, 14.27. HRMS (ESI) calcd. for C1sHssBrNONa ([M+Na]"):
514.2661; found 514.2657.

Compound M1la: p-Toluenesulfonic acid monohydrate (9.0 mg 0.052 mmol) was added to a
solution of bis-tisatin 2 (150 mg, 0.173 mmol) and 4-(2-octyldodecyl)-4,6-dihydro-5H-thieno[3,2-
b]pyrrol-5-one (3) (291 mg, 0.693 mmol) in Toluene (15 mL). The mixture was stirred under N
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at 110 <C for 12 h before being allowed to cool to room temperature. After removal of the solvent
under reduced pressure, the residue was purified by silica chromatography (hexanes:CH,Cl,=3:2)
to give the product (M1a) as a dark green solid (256 mg, 88%). 1H NMR (300 MHz, CDCI3, ppm)
§: 7.37 (d, J = 5.1 Hz, 2H), 6.94 (s, 2H), 6.65 (d, J = 5.2 Hz, 2H), 3.67 (t, J = 6.8 Hz, 8H), 1.96-
1.85 (m, 4H), 1.31-1.22 (m, 128H), 0.84 (t, J = 3.2 Hz, 24H). 13C NMR (75 MHz, CDCI3, ppm)
3:170.93, 170.50, 151.88, 151.05, 145.31, 134.08, 119.74, 119.57, 115.49, 114.81, 111.12, 107.36,
46.60, 46.32, 37.25, 37.03, 31.99, 31.61, 31.31, 30.26, 30.10, 29.74, 29.45, 26.65, 26.38, 22.79,
14.23. HRMS (MALDI) calcd. for C104H170N4O4S4 ([(M+H]"): 1668.5439; found 1668.5463.
Compound M1: To a solution of Mla (232 mg, 0.139 mmol) in Chloroform (10 mL) at 0 <C, a
solution of N-Bromosuccinimide (54.4 mg 0.305 mmol) in Chloroform (10 mL) was added
dropwise in 5 min. The mixture was stirred at 0 <C for another 30 min. The reaction was quenched
by addition of saturated aqueous solution of Na,S;Oz. The organic phase was extracted with
dichloromethane and dried over Na;SQO4. After removal of the solvent under reduced pressure, the
residue was purified by silica chromatography (hexanes:CH.Cl,=1:1) to give the product (M1) as
a dark green solid (221 mg, 87%). 1H NMR (300 MHz, CDCI3, ppm) &: 6.88 (s, 2H), 6.67 (s, 2H),
3.68 (m, 8H), 1.98 (s, 2H), 1.81 (s, 2H), 1.40 — 1.21 (m, 128H), 0.87 — 0.81 (m, 24H). 13C NMR
(75 MHz, CDCI3, ppm) &: 170.48, 169.74, 152.16, 149.50, 145.64, 122.66, 119.02, 118.24, 116.03,
115.13, 114.69, 107.20, 46.96, 46.45, 37.29, 37.15, 32.01, 31.63, 31.35, 30.34, 30.14, 29.84, 29.76,
29.69, 29.48, 26.71, 26.51, 22.80, 14.24. HRMS (MALDI) calcd. for C104H168Br2N404Ss ([M+H]):
1827.2345; found 1827.2419.

Compound M2: p-Toluenesulfonic acid monohydrate (16.5 mg, 0.087 mmol) was added to a
solution of bis-tisatin 2 (150 mg, 0.173 mmol) and 6-bromo-1-(2-octyldodecyl)indolin-2-one (4)
(172 mg, 0.350mmol) in Toluene (15 mL). The mixture was stirred under N2 at 110 <C for 12 h
before being allowed to cool to room temperature. After removal of the solvent under reduced
pressure, the residue was purified by silica chromatography (hexanes:CH.Cl,=1:1) to give the
product (M2) as a dark green solid (279 mg, 89%). 1H NMR (300 MHz, CDCI3, ppm) 3: 8.84 (d,
J=8.5Hz, 2H), 7.03 (d, J = 8.6 Hz, 2H), 6.93 (s, 2H), 6.86 (s, 2H), 3.65 (d, J = 7.5 Hz, 8H), 1.96
—1.90 (m, 4H), 1.34 — 1.22 (m, 128H), 0.87 — 0.83 (m, 24H). 13C NMR (75 MHz, CDCI3, ppm)
3:169.80, 168.84, 153.51, 147.05, 144.60, 129.47, 128.40, 124.96, 124.76, 120.45, 119.86, 116.37,
111.37, 107.34, 46.77, 44.88, 37.00, 36.19, 32.01, 31.70, 31.37, 30.29, 30.14, 29.77, 29.67, 29.47,
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26.70, 26.44, 22.80, 14.24. HRMS (MALDI) calcd. for C10sH172Br2N4O4 ([M+H]"): 1815.4630;
found 1815.4193.

General procedure for polymerization: To a Schlenk tube charged with a stir bar, M1 or M2 (1.0
equiv.), ditin Compound 5 or 6 (1.0 equiv.), Pdz(dba)z (2.5 mol%), P(o-tol)3 (4 mol%) and 15 mL
of toluene were added. The resulting solution was bubbled with argon for 20 min, and the mixture
was stirred for 16 h at 110 <C. After the polymerization was complete, the mixture was taken up
and precipitated into methanol. The solids were collected by a soxhlet thimble, which was purified
by Soxhlet extraction successively with acetone, hexane, and chloroform. To remove residual
catalyst, N,N-diethyl-2-phenyldiazenecarbothioamide was added to the chloroform fraction, and
the mixture was stirred for 30 min at 60 <C before being precipitated into methanol. The collected
polymer was dried at 60 <C under vacuum.

P1:60.0 mg (0.033 mmol) of M1 and 16.2 mg of (0.033 mmol) 5 were used. Precipitation provided
57.0 mg (95% yield) of a dark solid. As mentioned in the main text, the exact molecular weight of
P1 can’t be determined.

P2: 103.8 mg (0.057 mmol) of M2 and 28.1 mg (0.057 mmol) of 5 were used. Precipitation
provided 95.8 mg (92% vyield) of a dark solid. Mn =121 KDa, PDI = 1.70.

P1F: 81.0 mg (0.044 mmol) of M1 and 23.4 mg of (0.044 mmol) 6 were used. Precipitation
provided 50.8 mg (63% vyield) of a dark solid. As mentioned in the main text, the exact molecular
weight of P1F can’t be determined.

P2F: 80.1 mg (0.044 mmol) of M2 and 23.3 mg (0.044 mmol) of 6 were used. Precipitation
provided 68.6 mg (85% vyield) of a dark solid. Mn = 28 KDa, PDI = 3.0.
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2.5.3 1H NMR and 13C NMR Spectra of New Compounds
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CHAPTER 3. SIDE-CHAIN SEQUENCE ENABLED REGIOISOMERIC
ACCEPTORS FOR CONJUGATED POLYMERS

3.1 Introduction

Donor-acceptor (D-A) type conjugated polymers have attracted a great deal of attention as organic
semiconductors in printed and flexible electronics because of the versatile chemistry available to
tune their optical and electronic properties.>*3" This potential has spurred the development of
numerous rt-conjugated polymer systems.®42 In molecular design of D-A polymers, side chain
engineering has proved to be effective in tuning electronic and morphological properties of
resulting polymer thin films.**-*% Rational combination of different side chains is one of such
strategies.>®>* There are generally two approaches to introduce a combination of side chains. The
first approach deals with the copolymerization of two monomers bearing the targeted side chains
(Scheme 1a). For an example, Zhang et. al. developed a DPP (diketopyrrolopyrrole) monomer
bearing urea-containing alkyl chains.*® Changing the ratio of the urea-chain DPP monomers to the
branched-alkyl-chain DPP monomers in polymerization provided a series of DPP random
copolymers with enhanced charge mobilities. The second approach involves a single monomer
bearing two different side chains, which would produce alternating copolymers (Figure 3.1a). We
previously reported such an isoindigo building block with one alkyl chain and one siloxane hybrid
chain.® The corresponding polymer thin films adopted bimodal packing orientation and exhibited

improved charge transport performance.

3.2 Molecular Design

The presence of different types of side chains brings up the issue of side-chain sequence along the
polymer backbones. It has been repeatedly shown in the case of polyalkylthiophenes that the side-
chain sequence affects both physical and electronic properties.>® (Figure 3.1b) However, little has
been known about side-chain regioisomerism in D-A polymers.>”*® Herein, we demonstrate for
the first time side-chain sequence enabled regioisomeric acceptors for D-A copolymers based on
the bis-thieno-benzo-isoindigo (bis-TBI) acceptor-acceptor type building block. (Figure 3.1c)
Owing to its convergent synthetic approach, two pairs of side chains can be efficiently mounted

onto bis-TBI compound.®® In the current study, bulky branched alkyl chains (B) and linear alky!
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chains (L) are placed in two different sequences along the backbones, providing side-chain
regioisomeric monomers bis-TBI-1 with a branched-linear-linear-branched (BLLB) side chain
sequence and bis-TBI-2 with a linear-branched-branched-linear (LBBL) side chain sequence. It is
worth noting that the two monomers share an identical conjugated core but with different side
chain sequences away from the charge transport pathway, hence they are a different category of
isomers than P3AT-like regioisomers. The corresponding D-A copolymers PTBI-1, PTBI-2, and
a regiorandom copolymer PTBI-3 with mixed bis-TBI moieties are subsequently prepared to
investigate the impact of side-chain-sequence regioisomerism on aggregation behaviors and
charge transport properties of the polymers.

: head-to-head tail-to-tail
R H H
) — \ /R
WS\ S
\S/"""' BN \S/%"
H/ \ 7N\
DPP polymers synthesized from mixed monomers R R H
31 head-to-tail
Oy N R\ /H
| s
9IS as >IN B &

' /

N“~o ! R \H

Ra |

Isoindigo polymers synthesized from a single monomer 3 "P3AT-like" side-chain regioisomerism
c) This Work
0 . o ‘ N\ Q ‘ o o N Br
Br N s N *
Rz o R
Side moiety Core Side moiety

Sidechain Sequence Enabled Reg|0|somer|sm L = linear chain

B= branchedcham
Ox N
j/ N

bis-TBI-1 (BLLB sequence) bis-TBI-2 (LBBL sequence)

o> (o>} Regioregular PTBI-1 (BLLB)

oD o>}~ Regioregular PTBI-2 (LBBL)
PO D D1, Regiorandom PTBI-3 (random)

Figure 3.1 Previous work, and illustration of the design rationale for bis-TBI regioisomeric
acceptors
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3.3 Synthesis and Characterization
3.3.1 Synthesis of Polymers

The synthesis of PTBI polymers follows a similar convergent synthetic route we previously
developed for bis-TBI moieties,* as illustrated in Figure 3.2. The core bis-thieno-isatin 3 bearing
one type of side chain and the side moiety oxindole 5 bearing the other type were synthesized in
good yields. After an aldol condensation reaction of compounds 3 and 5, regioisomers bis-TBI-1
(with BLLB sequence) and bis-TBI-2 (with LBBL sequence) were obtained in 76% and 86% yield
respectively. Subsequently, Stille polymerization of bis-TBI monomers with bithiophene ditin
compound 6 provided two regioregular PTBI polymers PTBI-1, PTBI-2 in 85% and 83% yields.
The regiorandom PTBI-3 were also synthesized from the 1:1 bis-TBIs mixture and compound 6,
giving a 79% vyield. Due to solubility issue, all polymerizations were carried out for 1 h. The
synthesis detail is described in the Supporting Information. All polymers were purified by the
Soxhlet extraction and fully characterized. Molecular weights of PTBI polymers were evaluated
by high-temperature gel permeation chromatography (Figure 3.3). All of PTBI polymers were
estimated to have number-average molecular weights around 9 KDa and polydispersity indices
(PDI) around 1.5. Similar molecular weight and polydispersity exclude the potential molecular

weight effect when comparing PTBI polymers.®
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Figure 3.2 The synthetic route to bis-TBI monomers and PTBI polymers
a) potassium phthalimide, DMF, 80 <C, overnight, 90%; b) Hydrazine hydrate, MeOH, reflux, 12
h, 95%); c) alkylamine, Cul, KsPOs, DMEA, 80 <C, 48 h; d) Oxalyl chloride, NEt3, DCM, 0 <T to
RT, overnight, 26% (2a) / 17% (2b) over two steps; e) AgF, Pd(OAc),, DMSO/dioxane, 90 <C, 24
h, 47% (3a) / 60% (3b); f) K2COs, alkyl halide, DMF, 100 <C, overnight, 69% (4a) / 83% (4b); g)
Hydrazine hydrate, DMSO, 130 <C, 24 h, 61% (5a) / 71% (5b); h) PTSA, Toluene, 110 <C, 12 h,
76% (bis-TBI-1) / 86% (bis-TBI-2); i) Pd2(dba)s, P(0-tol)s, Toluene, 110 <TC, 1 h, 79%-85%.
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Figure 3.3 Gel permeation chromatograms of three PTBI polymers by gel permeation
chromatography at 150 <C using 1,2,4-trichlorobenzene (TCB) as eluent.

3.3.2 Electrochemical and Optical Properties

The redox properties of PTBI polymers were evaluated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV). Cyclic voltammograms of all polymer thin films show
similar redox profiles and quasi-reversible redox behavior (Figure 3.4). HOMO/LUMO energy
levels of PTBI polymers were estimated from the respective redox onset potentials of both CV and
DPV. As summarized in Table 1, all three polymers show similar HOMO/LUMO levels within a
range of 0.03 eV. The side-chain sequence has little impact on electrochemical properties of PTBI
polymers. It is worth noting that for polymers having alkyl chain substitution positions directly on
aromatic rings (i.e. P3AT-like side-chain regioisomers), their regioisomers typically present a
noticeable HOMO/LUMO energy level difference.>"-%61
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Figure 3.4 a) Cyclic Voltammograms of PTBI-1 (black), PTBI-2 (blue) and PTBI-3 (red); b)
Differential pulse voltammograms of PTBI-1 (black), PTBI-2 (blue) and PTBI-3 (red). All
polymer thin films were tested in propylene carbonate with 0.2 M n-BusNPFs as supporting
electrolyte (scan rate: 20 mV s™3).

Photophysical properties of bis-TBI monomers and their polymers were characterized by solution
and solid-state UV-Vis-NIR spectroscopy. As shown in figure 3.5a, two bis-TBI monomers bis-
TBI-1 and bis-TBI-2 exhibit identical absorption profiles in diluted chloroform solutions,

suggesting that their absorption properties are not influenced by the sequence of side chains in

solutions.
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Figure 3.5 a) Solution and film Absorption spectra of bis-TBI-1 (blue) and bis-TBI-2 (red) in
chloroform (1.0 x<10~° M) (dashed line) and as film (solid line); b) Absorption spectra of PTBI-1
(black), PTBI-2 (blue), PTBI-3 (red) in 0-DCB (1.0 107> M); c) Absorption spectra of PTBI-1
(black), PTBI-2 (blue), PTBI-3 (red) thin films spun from 0-DCB solution.

This observation is in a good agreement with their LH-NMR spectra collected in CDCI3 solutions,

where the two isomers have identical chemical shifts in the aromatic region (Figure 3.6). bis-TBI-
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2 only showed slightly broader peaks than bis-TBI-1 in the aromatic region, and their
corresponding aromatic hydrogens basically share the same chemical shifts. The small discrepancy
could be a shimming issue, or subtle change on the backbone chemical environment. The peaks of
bis-TBI-2 and bis-TBI-1 in the aliphatic region are more distinguishable. It is worth noting that
even the terminal methyl hydrogens (Hf) of branched CsCi10Cio alkyl chains have different
chemical shifts, showing the two substitution positions (namely R1 and R2) have distinct chemical

environments.

bis-TBI-2 Hn. H.
H

a

bis-TBI-1 " L ° W
H

a

bis-TBI-2

H,+Hq Hy*+H,
.I
Branched chain N I 1 He

bis-TBI-1 Hy |" - H+H,

linear chain N

Ha""l\"d Hb+He nl

T

Figure 3.6 *H NMR spectra comparison of bis-TBI-1 and bis-TBI-2 in the aromatic region (top)
and aliphatic region (bottom). NMR spectra were collected with 20 mg/mL CDCls solution at room
temperature.
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Unexpectedly, the two isomers exhibit distinctly different absorption profiles in the solid states.
bis-TBI-1 film presents a large blue shift of maximum absorbance (Amax) from 726 nm to 652 nm
from solution to thin film, while bis-TBI-2 film shows a strongly red-shifted absorption with Amax
at 815 nm in thin films. The blue and red shifts are attributed to two different packing motifs with
predominant H- and J- aggregates respectively,%2®3 highlighting the crucial rule of the side-chain
sequence in the highly aggregated bis-TBI molecules. Side-chain sequence also impacts
photophysical properties of PTBI polymers, as shown by the solution and thin-film absorption
profiles (Figure 3.5b and 3.5c). All polymers exhibit typical charge transfer peaks from 600 nm to
1100 nm. Peaks at around 950 nm and shoulders at around 870 nm are attributed to origin 0-0 and
sideband 0-1 vibronic transitions respectively. Different from solutions of their monomers, the
absorption spectra of PTBI polymers in dichlorobenzene (0-DCB) have a noticeable difference.
Although PTBI polymers show nearly overlapped solution absorption profiles and Amax, the
relative intensities of 0-0 and 0-1 vibrational peaks of these polymers are different. It suggests that
PTBI polymers form different pre-aggregates in solution. Thin-film absorption spectra of PTBI
spun from ODCB solutions also have clear 0-0 and 0-1 vibrational peaks, indicative of their
different solid-state packing. According to the HJ-aggregate model developed by Spano et. al. that
describes semiconducting polymer assemblies, 0-0 and 0-1 vibrational peaks are attributed to a
combination of intrachain (promotes J-like behavior) and interchain (promotes H-like behavior)
coupling.®+%¢ Their hybrid spectroscopic entities are referred to as HJ-aggregates. Therefore, the
difference of 0-0/0-1 intensity ratios in PTBI polymers may indicate the relative strength of the H-
and J-aggregates induced by side-chain sequence effect.%” In this regard, PTBI-2 film has the
highest 0-0/0-1 intensity ratio while PTBI-1 has the lowest, suggesting that J-coupling is most
preferred in PTBI-2 film and least preferred in PTBI-1 film. Identical film absorption onsets at
1047 nm suggest all polymers have the same optical bandgap of 1.18 eV, consistent with the

electrochemical estimations.

3.4 Electronic Devices Measurements
3.4.1 Film Morphology and Microstructural Analysis

Polymer thin film morphologies were analyzed by tapping-mode atomic force microscopy (AFM).

All PTBI polymer films were spin coated from 0-DCB solution on OTS-modified Si/SiO>
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substrates. As depicted in Figure 3.7, surface topography images of the PTBI-2 film show a smooth
surface with crystalline fibrillar intercalating networks, while PTBI-1 and PTBI-3 films show less
ordered structures and mesh-like morphologies. PTBI-1 and PTBI-2 have similar root-mean-

square (RMS) roughness of 0.69 and 0.64 nm respectively, while PTBI-3 has a slightly rougher
surface with RMS roughness of 1.1 nm.

rms = 1.07 nm
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Figure 3.7 AFM height images of PTBI polymer thin films and the corresponding film roughness
along white line profiles in the graphs for each film.

Varying the annealing temperature didn’t change film morphology features (Figure 3.8). The

comparison of PTBI polymer films provides clear evidence that the microstructure is affected by
side-chain sequence regioisomerism.
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Figure 3.8 AFM height images of PTBI polymer thin films at different temperature. No change of
morphology feature was observed from room temperature to 120 <C (device annealing temperature)
0-DCB solutions.

Grazing Incident X-ray Diffraction (GIXRD) measurements of thermally annealed PTBI polymer

films were also carried out to obtain further insights into molecular packing in thin films. All three

polymers show bimodal packing with both edge-on (% = 90°) and face-on (y = 0°) orientations of

n-1t stacking. Such bimodal orientation is considered to be beneficial for charge transport in the

previous reports (Figure 3.9).43°°64
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Figure 3.9 GIXRD images of PTBI polymer thin films annealed at 120 <C from 0-DCB solutions.

Long range ordered lamellar packings up to (400) peak along face-on direction were also observed
for all three polymers. As summarized in Table 3.1, the observed shortest =-rt stacking distance
among the three polymers is 3.51 A of PTBI-2, only slightly shorter than PTBI-1 (3.52 A) and
PTBI-3 (3.53 A). The small difference of GIXRD patterns is distinctly different from P3AT-like
regioisomerism.>"°861 PTBI-2 in-plane n-n stacking was estimated to have a significantly lower
full-width half-maximum (FWHM) of 0.098 than PTBI-1 of 0.129 and PTBI-3 of 0.140, as shown
in Figure 3.10.

In-plane * PTBI-1

Intensity (a.u)
Intensity (a.u.)

172 176 180 184 188 045 050 055 060 065
q (A" q (A

Figure 3.10 In-plane (010) and out-of-plane (200) plots of PTBI-1 (black), PTBI-2 (blue), PTBI-3
(red) and their fitted curves.
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The same trend was also observed for out-of-plane (200) lamellar packing peaks. Although the
three polymer films were estimated to have similar lamellar packing distances, PTBI-2 has a much
smaller lamellar packing FWHM than other two polymers. According to Scherrer’s equation,
FWHM is inversely proportional to the crystal coherence length.%® Thus, a lower FWHM value
usually implies larger crystalline domains. These observations are in a good agreement with AFM

images, where PTBI-2 film appears to have a morphology with larger ordered domains.

3.4.2 Charge Transport Measurements

To what extent side-chain sequence would impact charge transport properties is our primary
interest of this study. Therefore, both field effect transistor measurements and space-charge-
limited current (SCLC) method were employed to characterize charge mobilities of PTBI polymers.
Details of the device fabrication are described in the Experimental Section. FET Devices of all
PTBI polymer thin films with bottom-gate bottom-contact (BGBC) architecture and Au contacts

under ambient conditions displayed p- type characteristics. (Figure 3.11)

PTBI-1 PTBI-2 PTBI-3

lps (HA)

120 1 -350 ¢ Pl
V. =0to-60V Vo =0to-60V 790[ V. =0to-60V
-140 L] -400 \—A—A; -100

-60 -40 -20 0 -60 -40 -20 0 -60 -40 -20 0
Vpg (V) Vps (V) Vpg (V)

Figure 3.11 Representative transfer and output curves of PTBI-1, PTBI-2 and PTBI-3 thin film
transistor devices.
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Charge mobilities of all polymers were calculated based on more than 15 devices. The average
mobilities of PTBI-2, PTBI-3 and PTBI-3 were estimated to be 0.40, 1.37 and 0.27 cm?Vv-is?!
respectively, and their corresponding highest mobilities were 0.53, 2.22 and 0.43 cm?V-1s?. The
current on/off ratios for all FETs are around 10*. The SCLC mobilities measured from hole-only
diodes showed consistent trend with FET mobilities, where the mobilities of PTBI-2 (2.04 <107
cm?V1st) were highest, PTBI-1 (1.85 %102 cm?V-1s?) being the second highest and PTBI-3 (4.67
x 107 cm?V-1s?) being the lowest. (Figure 3.12)

E | e il
10 RS

T
(%]
=
E
8
= 2| |
-
= -

.I-
= L[
x 107 gk 3
z i ——PTBI-1 |
3 o<l ——PTBI-2 |
= —+ PTBI-3 |
E L . . . . . J
2 0 50 100 150 200 250

Electric field (kV/em)

Figure 3.12 J-V characteristics of hole-only diodes of three PTBI polymers. Device structure:
ITO/MoOy/polymer/MoOy/Ag.

Table 3.1 Summary of 2D-GIXRD data and FET device performance of PTBI polymers
FWHM

-TC FWHM lamellar

Polymer 4 tance in-plane  distance oult-of- Have (clm v (cnlllzm\;)f' s Lowofr \<;h
L BRIt NS E o R ) )
PTBI-1 3.52 0.129 24.6 0.109 0.40 + 0.065 0.53 104 -8+4
PTBI-2 3.51 0.098 24.6 0.095 1.37+0.36 2.22 104 -5+£3
PTBI-3 3.53 0.140 24.8 0.114 0.27+0.070 0.43 104 -8+3

55



3.5 Structure-Property Relationship

The highest performance of PTBI-2 can be attributed to its fibrillar morphology and largest
crystalline domain, as observed from AFM and 2D-GIXRD measurements. Similarly, poor
performance of PTBI-3 film may result from the smallest crystalline domain, reconfirming
negative effects of regiorandom structures on polymer optoelectronic properties.>®%¢7 Intriguingly,
although PTBI-1 is also a regioregular polymer like PTBI-2, noticeable differences were observed
in solid state aggregation, morphology, crystalline domain size, and consequently device
performance of the two polymers. A possible reason for such differences is the steric effect of side
chains between repeating units, as supported by many reports.>*®"* Density functional theory
calculations predicted a good planarity within the bis-TBI accepting moiety and twisted
conformation between the donors and acceptors.* It is likely that the steric repulsion of side chains
between bis-TBI and bithiophene (rather than inside the bis-TBI moiety) has a larger impact on
the polymer chains. If the steric repulsion of side chains plays a role, the example of PTBI-1 and
PTBI-2 pairs provides a scenario implying that moving bulky solubilizing side chains inside the
planar or rigid moiety could help improve charge transport properties. Considering most long
rigid/fused conjugated building blocks have bulkier branched side chains at sides of moieties, >
this side-chain regioisomerism strategy may serve as versatile tool to optimize the structure for

enhanced charge transport purposes.

3.6 Conclusions

In summary, side-chain sequence enabled regioreisomeric acceptors for D-A type copolymers are
first demonstrated. Starting with these bis-TBI monomers, three polymers PTBI-1, PTBI-2 and
PTBI-3 were synthesized and fully characterized. The three polymers are similar in their frontier
orbital energy levels but have distinct aggregation states in thin films. AFM and 2D-GIXRD
measurements indicate that the PTBI-2 thin film shows smooth fibrillar morphology and the largest
ordered domains. As a result, PTBI-2 FET devices achieved the highest hole mobility of 2.22
cm?V-1st, much higher than other two polymers with different side-chain sequences. We anticipate
that the strategy of side-chain sequence regioisomerism could be applied in future design of

building blocks for functional D-A type semiconducting polymers
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3.7 Experimental Section

All reagents purchased from suppliers were used without further purification. *H- and 3C-NMR
spectra were recorded using Varian Inova 300, Bruker ARX 400 or Bruker Avance-I11-800 in
deuterated chloroform at 298 K. GPC was performed by high-temperature gel permeation
chromatography at 150 <C using 1,2,4-trichlorobenzene (TCB) as eluent based on polystyrene
standards. Differential scanning calorimetry (DSC) measurements were acquired using a TA
Q1000 calorimeter at a heating rate of 10 < min~* with nitrogen as purge gas. UV-vis-NIR spectra
were measured with an Agilent Technologies Cary 6000i UV-Vis-NIR spectrophotometer (400 —
1200 nm). All the electrochemistry related experiments (CV, DPV) were performed by BioLogic
SP-150, using a three-electrode system in propylene carbonate with 0.2 M n-BusNPFe as
supporting electrolyte (scan rate: 20 mV s™1). The working electrode is a platinum bottom coated
by the polymer thin film; the pseudoreference electrode is an Ag wire coated by AgCl; the counter
electrode is a platinum wire. The oxidation potential of ferrocene/ferrocenium (Fc/Fc*) was
measured under the same conditions to calibrate the reference, which was 0.38 V versus Ag/AgCl.
2D-GIXRD measurement was carried out in Argonne National Laboratory. AFM measurement
was carried out using Asylum Cypher ES AFM. FET device characterization was carried out using
Keithley 4200 in ambient air.

3.7.1 Synthetic Procedures

C1oH21

@[f;ﬁ

Compound b-pht: 11-(3-iodopropyl)henicosane (10.0 g, 21.5 mmol) and potassium phthalimide
(4.78 g, 25.8 mmol) were added to DMF (60 mL). The mixture was stirred under N, at 80 <C

overnight before being allowed to cool to room temperature. The reaction mixture was poured into

CioH21

water, extracted with haxanes and dried over Na>SO4. After removal of solvent under reduced
pressure, the residue was purified by silica chromatography (hexanes:EtOAc = 30:1) to give the
product (b-pht) as a colorless oil (9.4 g, 90%). *H NMR (400 MHz, CDCls, ppm) &: 7.84 (dd, J =
5.4,3.0 Hz, 2H), 7.70 (dd, J = 5.4, 3.0 Hz, 2H), 3.65 (t, J = 7.4 Hz, 2H), 1.70 — 1.59 (m, 2H), 1.39
—1.14 (m, 39H), 0.86 (t, J = 6.6 Hz, 6H). 1*C NMR (100 MHz, CDCls, ppm) &: 168.34, 133.69,
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132.09, 123.02, 38.39, 37.02, 33.38, 31.82, 30.66, 29.98, 29.58, 29.54, 29.25, 26.54, 25.73, 22.58,
14.01.

C1oH21

4/_)*(310"'21
HoN

2

Compound b-NH2: b-pht (9.4 g, 19.4 mmol) and hydrazine hydrate (2.92 g, 58.3 mmol) were added
to CH3OH (100 mL). The mixture was heated under N at reflux for 12 h. After removal of MeOH
under reduced pressure, the residue was diluted with hexanes and washed with 10% KOH twice.
The combined aqueous layer was extracted with hexanes. The combined hexanes solutions were
washed with brine and dried over Na>SOs. Removal of solvent under reduced pressure gives b-
NH: as a colorless oil. The product was used without further purification (6.5 g, 95%). *H NMR
(400 MHz, CDCl3, ppm) 8: 2.67 (m, 2H), 1.76 (br, 2H), 1.42 (m, 2H), 1.42 — 1.18 (m, 39H), 0.87
(t, J=6.7 Hz, 6H). *.C NMR (100 MHz, CDCls, ppm) 3: 42.59, 37.18, 33.52, 31.82, 30.71, 30.03,
29.61, 29.56, 29.25, 26.58, 22.58, 14.01.

>
QN/CQHZS

N
Compound 1a: 3-bromothiophene (5.03 g, 30.8 mmol), dodecan-1-amine (6.86 g, 37.0 mmol),
tribasic potassium phosphate (13.1 g, 61.7 mmol) and copper (1) iodide (0.588 g, 3.08 mmol) were
added to N,N-dimethylaminoethanol (60 mL). The mixture was stirred under N2 at 80 <C for 48 h
before being allowed to cool to room temperature. The reaction mixture was poured into saturated
NH4Cl aqueous solution, extracted three times with hexanes. The combined hexane solutions were
washed with brine and dried over Na>SOa. After removal of solvent under reduced pressure, the
residue was purified by flash silica chromatography (CH2Cl>) to give an air-sensitive crude product
1a (4.00 g, crude yield) as a brown oil. The crude product was used without further purification.
S
CyoH2q

Compound 1b: Synthesized with the same procedure that was used for la except that 3-
bromothiophene (2.73 g, 16.7 mmol), b-NH2 (7.10 g, 20.1 mmol), tribasic potassium phosphate
(7.10 g, 33.5 mmol) and copper (I) iodide (0.319 g, 1.67 mmol) were used. An air-sensitive crude
product 1b (2.51 g, crude yield) was obtained as a brown oil. The crude product was used without
further purification.
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Compound 2a: A solution of oxalyl chloride (2.47 g, 19.4 mmol) in dichloromethane (20 mL) was
cooled to 0 <C. 1a (4.00 g, 15.0 mmol) in 20 mL dichloromethane was added dropwise via an
addition funnel. The solution was stirred at 0 <C for 30 min before dropwise addition of
triethylamine (10 mL) in dichloromethane (10 mL). The mixture was stirred at room temperature
overnight, after which it was poured into water, extracted with dichloromethane and dried over
Na>SO4. After removal of solvent under reduced pressure, the residue was purified by silica
chromatography (CH2Cl) to give the product 2a as a red crystalline solid. (2.57 g, 26% over two
steps) *H NMR (300 MHz, CDCls, ppm) &: 8.01 (d, J = 4.9 Hz, 1H), 6.79 (d, J = 4.9 Hz, 1H), 3.60
(t, J=7.0 Hz, 2H), 1.65-1.59 (m, 2H), 1.43-1.05 (m, 18H), 0.80 (t, J = 6.4 Hz, 3H). *C NMR (75
MHz, CDCls, ppm) 6: 172.82, 165.04, 161.33, 144.68, 113.04, 110.81, 42.16, 31.96, 29.65, 29.39,
28.25, 26.83, 22.77, 14.32.

CioHa1
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Compound 2b: Synthesized with the same procedure that was used for 2a except that 1b (2.50 g,
5.74 mmol), oxalyl chloride (0.947 g, 7.46 mmol) and triethylamine (4 mL) were used. Purification
by silica chromatography (Hexanes:EtOAc = 20:1) provided the product 2b as an orange oil. (1.37
g, 17% over two steps) *H NMR (300 MHz, CDCls, ppm) &: 7.99 (d, J = 4.9 Hz, 1H), 6.78 (d, J =
5.0 Hz, 1H), 3.63 (t, J = 7.3 Hz, 2H), 1.70 — 1.59 (m, 2H), 1.37 — 1.13 (m, 39H), 0.87 (t, J = 7.1
Hz, 6H). 3C NMR (75 MHz, CDCls, ppm) &: 172.80, 165.01, 161.31, 143.94, 113.00, 110.90,
42.56, 37.09, 33.50, 32.00, 30.65, 30.15, 29.76, 29.44, 26.69, 25.40, 22.79, 14.25.

CizHas o

N S
o > | o
s N
o Ci2Has

Compound 3a: 2a (950 mg, 2.96 mmol), Silver Fluoride (825 mg, 6.50 mmol) and Palladium(Il)
acetate (66.3 mg, 0.296 mmol) were added to 30 mL of DMSO. The mixture was stirred under N>

at 90 <C for 24 h before being allowed to cool to room temperature. The reaction mixture was
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poured into water, extracted with dichloromethane and dried over Na SOa. After removal of
solvent under reduced pressure, the residue was purified by silica chromatography (CH2Cl>) to
give the product (3a) as a dark purple solid (446 mg, 47%). *H NMR (400 MHz, CDCls, ppm) &:
6.99 (s, 2H), 3.69 (t, J = 7.2 Hz, 4H), 1.71 (m, 4H), 1.40-1.24 (m, 36H), 0.88 (t, J = 6.7 Hz, 6H).
13C NMR (100 MHz, CDCls, ppm) &: 172.20, 164.24, 160.28, 151.50, 111.58, 110.58, 42.26, 31.73,
29.42, 29.35, 29.29, 29.13, 28.97, 28.06, 26.64, 22.47, 13.84.

CioH21
C1oH21
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Compound 3b: Synthesized with the same procedure that was used for 3a except that 2b (729 mg,
1.49 mmol), Silver Fluoride (415 mg, 3.27 mmol) and Palladium(ll) acetate (33.4 mg, 0.149 mmol)
were added to a mixture of 15 mL DMSO and 15 mL dioxane (dioxane improves the solubility of
2b). Purification by silica chromatography (CHCIs) provided the product (3b) as a dark purple
solid (440 mg, 60%). *H NMR (300 MHz, CDCls, ppm) &: 7.00 (s, 2H), 3.68 (t, J = 7.2 Hz, 4H),
1.68 (m, 4H), 1.43 — 1.11 (m, 78H), 0.87 (t, J = 6.8 Hz, 12H). **C NMR (75 MHz, CDCls, ppm)
0:172.24,164.28,160.31, 151.71, 111.51, 110.74, 42.78, 37.12, 33.50, 32.01, 30.73, 30.19, 29.80,
29.75, 29.45, 26.71, 25.50, 22.80, 14.25.

L
Br N

C4oHos

Compound 4a: 6-Bromoisatin (1.13 g, 5.02 mmol), potassium carbonate (1.04 g, 7.52 mmol) and
1-bromododecane (1.50 g, 6.02 mmol) were added into 50 mL DMF. The mixture was stirred
under N2 at 100 <T overnight before being allowed to cool to room temperature. The reaction
mixture was extracted with dichloromethane and dried over NaSO4. After removal of solvent
under reduced pressure, the residue was purified by silica chromatography (hexanes:CH2Cl, = 1:3)
to give the product (5a) as a yellow solid (1.37 g, 69%). *H NMR (400 MHz, CDCls, ppm) §: 7.44
(d, J=7.9 Hz, 1H), 7.26 (dd, J = 7.9, 1.5 Hz, 1H), 7.05 (d, J = 1.5 Hz, 1H), 3.68 (t, J = 7.3 Hz,
2H), 1.66 (m, 2H), 1.50 — 1.12 (m, 18H), 0.86 (t, J = 6.8 Hz, 3H).
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CqoH2q
Compound 4b: Synthesized with the same procedure that was used for 4a except that 11-(3-
iodopropyl)henicosane (2.47 g, 5.31 mmol), 6-Bromoisatin (1.00 g, 4.42 mmol), potassium
carbonate (0.917 g, 6.64 mmol) were added to a mixture of 25 mL DMF and 25 mL THF.
Purification by silica chromatography (hexanes:CH2Cl, = 1:1) provided the product (4b) as an
orange solid (2.07 g, 83%). 'H NMR (400 MHz, CDCls, ppm) &: 7.46 (d, J = 7.9 Hz, 1H), 7.27
(dd, J = 7.9, 1.2 Hz, 1H), 7.06 (d, J = 1.2 Hz, 1H), 3.68 (t, J = 7.3 Hz, 2H), 1.66 (m, 2H), 1.40 —

1.13 (m, 39H), 0.87 (t, J = 6.7 Hz, 6H).
mo
Br N

CyoHos

Compound 5a: 4a (1.37 g, 3.9 mmol) and hydrazine monohydrate (10 mL) were added to 10 mL
of DMSO. The mixture was stirred under N2 at 130 <C for 24 h before being allowed to cool to
room temperature. The reaction was poured into water, extracted with dichloromethane and dried
over Na;SO4. After removal of the solvent under reduced pressure, the residue was purified by
silica chromatography (hexanes:CH2Cl, = 2:3) to give the product (5a) as a yellow oil (811 mg,
61%). *H NMR (400 MHz, CDCls, ppm) &: 7.14 (d, J = 7.9 Hz, 1H), 7.08 (d, J = 7.8 Hz, 1H), 6.94
(s, 1H), 3.65 (t, J = 7.5 Hz, 2H), 3.44 (s, 2H), 1.64 (m, 2H), 1.43 — 1.15 (m, 18H), 0.87 (t, J = 6.6
Hz, 3H). 1°C NMR (100 MHz, CDCls, ppm) &: 174.56, 145.95, 125.52, 124.70, 123.35, 121.21,
111.58, 40.09, 35.26, 31.80, 29.51, 29.46, 29.40, 29.23, 29.16, 27.22, 26.82, 22.58, 14.02.

L
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CioH21
C1oH24

Compound 5b: Synthesized with the same procedure that was used for 5a except that 4b (2.07 g,
3.68 mmol) was used. Purification by silica chromatography (hexanes:CH>Cl> = 1:1) provided the
product (5b) as a yellow oil (1.43 mg, 71%). *H NMR (400 MHz, CDCls, ppm) &: 7.15 (d, J = 8.0
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Hz, 1H), 7.08 (d, J = 7.8 Hz, 1H), 6.94 (s, 1H), 3.63 (t, J = 7.5 Hz, 2H), 3.45 (s, 2H), 1.62 (t, J =
7.5 Hz, 2H), 1.23 (m, 39H), 0.87 (t, J = 6.4 Hz, 6H).

C1oHa21

C10H21\\\\

\\\\<C10H21

CyoHoq

Compound bis-TBI-1: p-Toluenesulfonic acid monohydrate (16.2 mg, 0.0854 mmol) was added
to a solution of 3a (137 mg, 0.213 mmol) and 5b (246 mg, 0.448 mmol) in Toluene (15 mL). The
mixture was stirred under N2 at 110 <C for 12 h before being allowed to cool to room temperature.
After removal of the solvent under reduced pressure, the residue was purified by silica
chromatography (hexanes:chloroform = 2:1) to give the product (bis-TBI-1) as a dark green solid
(275 mg, 76%). *H NMR (800 MHz, CDCls, ppm) &: 8.83 (d, J = 8.3 Hz, 2H), 7.04 (d, J = 8.3 Hz,
2H), 6.98 (s, 2H), 6.86 (s, 2H), 3.77 (t, J = 7.5 Hz, 4H), 3.72 (t, J = 7.9 Hz, 4H), 1.73 (m, 4H),
1.66 (m, 4H), 1.49 — 1.09 (m, 114H), 0.86 (m, 18H). 13C NMR (200 MHz, CDCls, ppm) §: 169.76,
168.64, 153.15, 147.15, 144.34, 129.58, 128.64, 125.10, 125.03, 120.68, 119.95, 116.46, 111.22,
107.13, 42.00, 40.61, 37.29, 33.58, 31.94, 30.91, 30.15, 29.73, 29.67, 29.65, 29.62, 29.46, 29.38,
28.60, 27.07, 26.72, 24.79, 22.70, 14.13. HRMS (APCI) calcd. for C100H157Br2N104S,* ([M+H]"):
1700.0008; found 1700.0000.

\C12H25 CroHas

Compound bis-TBI-2: Synthesized with the same procedure that was used for bis-TBI-1 except
that p-Toluenesulfonic acid monohydrate (11.67 mg, 0.0614 mmol) was added to a solution of 3b
(150 mg, 0.154 mmol) and 5a (128 mg, 0.338 mmol) in Toluene. Purification by silica
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chromatography (hexanes:chloroform = 2:1) provided the product (bis-TBI-2) as a dark green solid
(225 mg, 86%). *H NMR (800 MHz, CDCls, ppm) &: 8.82 (d, J = 8.5 Hz, 2H), 7.04 (d, J = 8.5 Hz,
2H), 6.98 (s, 2H), 6.87 (s, 2H), 3.81 — 3.66 (m, 8H), 1.80 — 1.65 (m, 8H), 1.45 — 1.09 (m, 114H),
0.87 (t, J = 7.2 Hz, 6H), 0.84 (t, J = 7.3 Hz, 12H). 1*C NMR (200 MHz, CDCls, ppm) &: 169.80,
168.67, 153.17, 147.18, 144.36, 129.63, 128.64, 125.12, 124.99, 120.68, 119.99, 116.43, 111.17,
107.15, 42.34, 40.33, 37.36, 33.59, 31.93, 30.96, 30.16, 29.74, 29.67, 29.65, 29.63, 29.60, 29.44,
29.38, 27.73, 27.12, 26.73, 25.78, 22.69, 14.13, 14.12. HRMS (APCI) calcd. for
C100H157Br2N404S2* ([M+H]™): 1700.0008; found 1699.9986.

| R4=R,, Ry=Ry, PTBI-1
Rz R4=R;, R,=R,, PTBI-2
R1=Ra R2=Rb or R1=Rb R2=Ra, PTBI-3

To a Schlenk tube charged with a stir bar, bis-TBI-1 or bis-TBI-2 (1.0 equiv.), ditin Compound 6
(1.0 equiv.), Pd2(dba)s (2.5 mol%), P(o-tol)s (4 mol%) and 15 mL of toluene were added. The
resulting solution was bubbled with argon for 20 min, and the mixture was stirred for 1 hat 110 <C.
After the polymerization was complete, the mixture was taken up and precipitated into methanol.
The solids were collected by a soxhlet thimble, which was purified by Soxhlet extraction
successively with acetone, hexane, dichloromethane and chloroform. To remove residual catalyst,
N,N-diethyl-2-phenyldiazenecarbothioamide was added to the chloroform fraction, and the
mixture was stirred for 30 min at 60 <C before being precipitated into methanol. The collected
polymer was dried at 60 <C under vacuum.

PTBI-1: 69.91 mg (0.04107 mmol) of bis-TBI-1 and 20.20 mg of (0.04107 mmol) 6 were used.
Precipitation provided 63.8 mg (85% yield) of a dark solid. M, = 9.8 KDa, PDI = 1.5.

PTBI-2: 75.79 mg (0.04452 mmol) of bis-TBI-2 and 21.90 mg (0.04452 mmol) of 6 were used.
Precipitation provided 67.4 mg (83% yield) of a dark solid. M, = 8.6 KDa, PDI = 1.4.

PTBI-3: 36.34 mg (0.02134 mmol) of bis-TBI-1, 36.34 mg bis-TBI-2 (0.02134 mmol) and 21.00
mg (0.04269 mmol) of 6 were used. Precipitation provided 61.0 mg (79% yield) of a dark solid.
Mn = 8.9 KDa, PDI = 1.5.
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3.7.2 Device Fabrication and Characterization

A heavily n-doped Si wafer with a 300-nm SiO; surface layer (capacitance of 11 nF/cm?) was
employed as the substrate with Si wafer serving as the gate electrode and SiO: as the dielectric.
The gold S/D electrodes were sputtered and patterned by photolithography technique. For the
octadecyltrichlorosilane (OTS) modification, the silicon wafer (with Au bottom contact) was first
cleaned with hot piranha solution (98%H2S04:30%H20,=2:1). It was then further subjected to
sonication sequentially in water, ethanol, acetone for 6 min each. After drying at an oven, the
silicon wafer was then put in a petri dish with a small drop of OTS. The dish was then covered and
heated in a vacuum oven at 120 <C for 3 hours resulting in the formation of an OTS self-assembled
monolayer on the surface. The OTS modified substrates were rinsed successively with hexane,
ethanol, and chloroform, and dried by nitrogen before used. All polymers were dissolved in o-
DCB at 5mg/mL at 50 <C for 1h. The polymers were then spin coated in ambient air on the
substrate at 1500 rpm for 60 s, followed by 4000 rpm for 60s to wipe out residual solvent on the
surface. All polymer films were annealed at 120 <C for 15 min inside the glovebox. The device
channel length was 30 um, and the channel width was 1000 um. FET device characterization was

carried out using Keithley 4200 in ambient air.
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3.7.3 1H NMR and 13C NMR Spectra of New Compounds
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CHAPTER 4. DESIGNING DONOR-ACCEPTOR COPOLYMERS FOR
STABLE AND HIGH-PERFORMANCE ORGANIC
ELECTROCHEMICAL TRANSISTORS

4.1 Introduction

An organic electrochemical transistor (OECT) is a coupled ionic-electronic device where the
active layer material undergoes doping and de-doping based upon the electrolytic components
upon application of a gate bias.”””® Owing to the high-sensitivity sensing and sub-voltage
operation properties of OECTS, various application advances have been achieved with respect to
OECTs including biological sensors, memory and neuromorphic devices, and electrophysiological
monitoring.”®®3 Despite the high degree of initial success that many oft-studied macromolecular
systems have had in the realm of OECTSs, there are significant opportunities to develop next-

generation electrochemically-active polymers to improve device performance, switching speed,
and cycling stability.”78+-8

Semiconducting polymers with solubilizing hydrophilic side chains exhibit high volumetric
capacitance, efficient charge transport, and rapid ion injection, as well as compatibility with
aqueous electrolytes.®” Therefore, they have generated extensive scientific interest as a class of
channel components for OECTs.88% Among the various types of semiconducting polymers, 3,4-
alkylenedioxythiophene-based polymers have achieved remarkable success in many
electrochemical applications, such as electrochromic devices and supercapacitors.®**° Moreover,
they are useful for OECT channel materials due to their high redox stability and charge
capacity.8%-% |n fact, a model material for many studies, poly(3,4-ethylene dioxythiophene)
doped with poly(styrene sulfonate) (PEDOT:PSS) has recently reached high figure-of-merit (i.e.,
the product of charge mobility and volumetric capacitance, pC*) values of 1,500 F cm™ V1 s in
OECT devices.®*1% 3 4-propylenedioxythiophene (ProDOT), an analogue of EDOT, is another
example of this type of building block. ProDOT has two side chain substitution positions bringing
about tunable solubility and versatility of synthetic design.!® Because ProDOT is a weaker
electron donor than EDOT, all-donor ProDOT-based polymers are more stable in their neutral state
under ambient conditions.’® However, ProDOT has not been implemented as extensively as

EDOT in OECT studies with only a single report being provided to date.*®® Despite the fact that
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OECT devices based on this design exhibited excellent electrochemical response and high charge-
storage capacity, this ProDOT-based all-donor type polymer only achieved a uC* value of 7.0 F
cm? V1 s which is relatively low when compared with traditional thiophene-based polymer
competitors. The performance of this material seems to be limited, in large part, by the completely
amorphous nature of the polymer thin film, which resulted in a low charge carrier mobility.382°

While most reported OECT polymers, including the polythiophene-based polymer p(g2T2-g4T2)
with the currently highest-reported pC* materials performance value, are all-donor type
conjugated polymers,®® donor-acceptor (D-A) conjugated polymers containing electron acceptors
such as isoindigo (1ID), naphthalenediimide (NDI), and diketopyrrolopyrrole (DPP) have been
developed as other promising types of OECT materials. Particularly, p-type D-A conjugated
polymers were recently shown to minimize electrochemical side reactions during OECT
operation.%1941%5 For instance, a recently-reported pyridine-flanked diketopyrrolopyrrole-
containing (DPP-containing) polymer suggests that a D-A type polymer system prevents the
OECT device from reacting with molecular oxygen.!® A variety of thiophene-flanked
diketopyrrolopyrrole (DPP-2T) derivatives were subsequently reported for OECT
applications.®4198197 Moreover, the nC* values of these DPP polymers have exceeded 100 F cm™
V1 st with particularly high charge mobilities being reported, highlighting the potential of DPP

moieties to significantly improve the charge transport properties in OECT polymers.

4.2  Molecular Design

Here, a DPP-containing ProDOT monomer was designed, and this allowed for the eventual
creation of a D-A conjugated polymer PProDOT-DPP. Then, using a straightforward
polymerization method, the DPP motif, which affords strong interchain interactions, was
incorporated into the PProDOT polymer backbone. Two ProDOT moieties were present in one
repeat unit to maintain electrochemical performance and cycling stability while a single DPP-2T
moiety was used as a planar core to enhance chain rigidity. In turn, this increased the ultimate thin
film crystalline fraction and improved the charge transport properties relative to polymers that
lacked the DPP functionality. The six triethylene glycol (TEG) side chains that are present in each
repeat unit ensure solution processability and allow for enhanced ion infiltration during OECT
device operation. Because of these principles the synthesized polymer, PProDOT-DPP, achieved

a high pC* value of 310 F cm™ V! s during OECT device operation, which places it as one of
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the top performing accumulation mode OECT macromolecules reported to date.®+1% Moreover,
the performance of PProDOT-DPP was maintained for 100 cycles over 2,000 s of cycling between
the ON and OFF states. Thus, the proposed polymer design strategy may inspire next-generation
polymers with both high performance and enhanced operational stability for mixed conduction
applications.

4.3 Synthesis and Characterization

To take advantage of the exposed a positions and blocked B positions during the synthesis, we
determined that the ProDOT moiety is particularly suitable as a C-H activation reaction substrate.

In this way, we applied a direct arylation polymerization strategy (Figure 4.1).

R
I\ N o Pd,dbag, K,CO3,
Br g o PivOH, TMEDA,
\ P(oanlsyl)3
o Vs
N Z/ g
R s
1 2 R

Pd(OAG),, PivOH,
K,CO3, DMAC, 89%
| “Te TR TR
o}

R= rf':\/\o/\/O\/\o/

PProDOT-DPP

Figure 4.1 Synthetic Route for the Generation of PProDOT-DPP

First, Compound 1 was synthesized with triethylene glycol side chains functionalized on the DPP-
2T core, and this species was then brominated. In a similar manner, substitution of triethylene
glycol side chains on bis(bromomethyl) 3,4-propylenedioxythiophene afforded Compound 2.
Compound 1 was then subjected to an optimized direct arylation reaction using
tris(dibenzylideneacetone)dipalladium(0) and tetramethylethylenediamine (TMEDA) as co-
catalysts with an excess of Compound 2, yielding Monomer 3 with a moderate yield of 26%.1%
Further bromination of Monomer 3 provided Monomer 4 in a yield of 71%. Finally, PProDOT-
DPP was synthesized via direct arylation polymerization between Monomer 3 and Monomer 4

with a high yield of 89% (see Supporting Information for synthetic details). The molecular weights
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of the polymers were initially evaluated by high temperature size exclusion chromatography (SEC)

using trichlorobenzene as the eluent at 150 T (Figure 4.2).
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Figure 4.2 Attempts to estimate the molecular weight of PProDOT-DPP. (a) Size exclusion
chromatogram of the PProDOT-DPP polymer collected at 150 <C using 1,2,4-trichlorobenzene
(TCB) as the mobile phase. (b) Size exclusion chromatogram of the PProDOT-DPP polymer at
40 <T using tetrahydrofuran (THF) as the mobile phase. Note that PProDOT-DPP polymer
solubility in THF at 40 <C is limited. (c) and (d) MALDI-TOF mass spectra of PProDOT-DPP
from a m/z range of 1000 to 30000. No peak was detected greater than the molecular weight of the
monomer.

However, the chromatogram only shows a weak signal associated with a low molecular weight
species, which prevented us from providing a reasonable estimation of the true molecular weight
of the polymer. Further attempts using size exclusion chromatography with tetrahydrofuran at
40 <T as the mobile phase and MALDI-TOF mass spectroscopy analyses were also unsuccessful

(Figure 4.2c). This is an unfortunate, but not unreported, issue as abnormal SEC results of DPP-
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based polymers with triethylene glycol side chains have been described previously.®* Despite this

inability to extract a quantitative molecular weight estimate, the 1H-NMR (Figure 4.3) and UV-

Vis-NIR (Figure 4.4) spectra of the resulting material clearly show that the product is

macromolecular in nature.

Figure 4.3 'H NMR of PProDOT-DPP in CDCl; at 323 K. The two protons remaining on the DPP

moiety are integrated.
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Figure 4.4 Normalized UV-Vis-NIR absorption spectra of PProDOT-DPP in chloroform solution
and as a thin film. The PProDOT-DPP exhibited dual-band absorption features both in solution

and as a thin film.
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4.4 Electrochemical and Optical Properties

4.4.1 Cyclic Voltammetry

Cyclic voltammetry was employed to interrogate the electrochemical redox reactions and stability
of PProDOT-DPP polymers as a function of the electrolyte chemistry (Figure 4.5). Due to the large
difference in anion sizes of PFe” and CI°, LiPFs and LiCl aqueous solutions were selected as the
electrolytes to establish the impact that anion size had on the electrochemical properties of the

PProDOT-DPP when it was used in electrochemical environments.%
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Figure 4.5 Electrochemical characterization of PProDOT-DPP thin films. (a) The cyclic
voltammetry cycling test with a 0.2 M LiPFs (red) or 0.2 M LiCl (blue) aqueous solution as the
supporting electrolyte. (b) UV-Vis-NIR spectra of PProDOT-DPP film from a
spectroelectrochemical measurement with the 0.2 M LiPFe aqueous electrolyte. The tick around
800 nm is instrument response associated with the detector and grating change. (c) Absorbance of
PProDOT-DPP recorded as a function of applied potential in the spectro-electrochemical

measurement.
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PProDOT-DPP exhibits excellent redox stability during 20 charge-discharge cycles between -

0.4V < V < +0.6 V versus Ag/AgCl in both electrolytes. Importantly, PProDOT-DPP exhibits
a lower oxidation onset potential (i.e., - 0.2 V) and a higher oxidation capacitance in the LiPFe
electrolyte relative to the LiCl electrolyte. The more efficient ion exchange and improved
electrochemical activity is attributed to the influence of the anion polarizability and anion solvation.
As evidenced by many other reports, larger and more polarizable anions with a lower surface
charge density require a smaller driving force for injection into the semiconducting
polymer.®2108109 Notably, the electrochemical conditioning process for PProDOT-DPP in both
supporting electrolytes was completed in the just the first cycle. Such efficient electrochemical
conditioning processes are likely ascribed to the highly hydrophilic triethylene glycol side chain

density present in one repeating unit, which allows for easier ion injection.

04

0.2

0.0

Oxidative current (mA)

02 00 02 04 0.6 08
Potential (V) vs Ag/AgCI

Figure 4.6 The cyclic voltammograms for the first 10 cycles of a PProDOT-DPP thin film in 0.2
M TBAPFs acetonitrile solution electrolyte at a scan rate of 200 mV sX. The ionization potential
(IP) was estimated from the equation: IP (eV)=4.8 + (Eonset— Erc/re+), Where Eonset refers to polymer
oxidation onset potential vs Ag/AgCI, and Ercrc+ refers to ferrocene oxidation potential (0.37 V,
determined experimentally) vs Ag/AgCl.

Similar high cycling stability, high capacitance, and fast electrochemical conditioning of
PProDOT-DPP are observed in an organic electrolyte, acetonitrile (Figure 4.6). An ionization
potential of —4.57 eV (relative to vacuum) was also estimated from the oxidation onset of

PProDOT-DPP in acetonitrile electrolyte.!!? These cyclic voltammetry results confirm PProDOT-
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DPP as a potential p-type OECT channel material with a low operating voltage and indicate the

versatility of the polymer for different electrochemical conditions.

4.4.2 The Spectroelectrochemical Measurements

The spectroelectrochemical measurements of PProDOT-DPP films in LiPFs aqueous electrolyte
provide potential-dependent absorption changes, giving insights into polaron and/or bipolaron
formation, which helps to describe charge and ionic transport at different doping states during the
electrochemical process. As shown in Figure 4.5b and Figure 4.5c, the neutral peak absorption
maximum of PProDOT-DPP is at ~855 nm, while the emerging peak at 1,160 nm during the
oxidation process is the polaron absorption maximum.

Until an oxidation potential of +0.5 V versus Ag/AgCI is reached, an isosbestic point at 967 nm
indicates pure polaron formation.!!! Further increases in potential lead to bipolaron formation as
the intersections of adjacent curves deviate from the previous isosbestic point.''? The presence of
bipolaron formation also is evidenced by a decline in absorption at 1,150 nm and increase in
absorption at 1,350 nm when the oxidation potential exceeds +0.5 V versus Ag/AgCl. However,
due to strong the O-H stretching overtone of water that starts at 1,400 nm, the bipolaron absorption
maximum cannot be detected.''® These results suggest that the PProDOT-DPP film has a strong,
reversible redox response and low threshold oxidation potential, which are characteristics of a

good p-type OECT material that is compatible with water and aqueous electrolytes.

4.5 Microstructure Characterizations

To investigate the impact of the DPP moieties on the crystallinity and molecular packing in
PProDOT-DPP thin films, grazing incidence wide-angle x-ray scattering measurements were
performed on PProDOT-DPP polymer thin films spin-coated from 10 mg mL-1 chloroform

solutions, as shown in Figure 4.7.
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Figure 4.7 The 2D GIWAXS image, in-plane line cut at (200), and out-of-plane line cut at (010)
of PProDOT-DPP. The PProDOT-DPP thin film was prepared by spin-coating the PProDOT-DPP
solution (10 mg mL™ in CHCIs) onto SiO; substrates at a rotational rate of 1,500 rpm.

The polymer film shows an out-of-plane (010) peak, indicative of a face-on n—n stacking
orientation. Two orders of in-plane packing patterns, (100) and (200), are attributed to lamellar
scattering, and they are also observed. The n-n stacking distance is 3.61 A and the lamellar spacing
is 25.4 A. The full-width-at-half-maximum (fwhm) of the out-of-plane [i.e., the (010)] peak is
0.195, which corresponds to a coherence length (Lc) of 32 A. Relative to other DPP polymers, this
polymer shows similar n-m stacking distances and slightly smaller crystalline domains.!*4115
Notably, the lamellar distance of PProDOT-DPP is significantly longer than those of other DPP
polymers with triethylene glycol side chains (typically 10-20 A), but it is almost identical to the
lamellar distance of a doped poly(ProDOT) with ethylene glycol side chains (25.8 A).8+116 This
comparison reveals that interchain triethylene glycol-triethylene glycol interactions on the
ProDOT moieties are predominant, while triethylene glycol chains on the DPP moieties have less

interactions than those in typical DPP polymers. Also, it should be noted that the poly(ProDOT)
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polymer itself is amorphous in the neutral state.!°® Therefore, these observations reflect the
influence of DPP moieties on the increase in the crystalline nature of a ProDOT-based polymer,

in agreement with good charge transport properties estimated from OECT devices (vide infra).

4.6 Electronic Properties
46.1 OECT Performance

The electrical measurements of PProDOT-DPP-based OECTs were performed in two types of
aqueous electrolytes: in (a) 0.1 M of LiCl and in (b) 0.1 M LiPFs. An Ag/AgCl gate electrode was

submerged in the electrolyte during the measurements (Figure 4.8).
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Figure 4.8 Device of the bottom-contact PProDOT-DPP-based OECTSs. (a ) Output characteristics
of the PProDOT-DPP OECTs using (b) 0.1 M LiCl and (c) 0.1 M LiPFs as the salts for the aqueous
electrolytes. Transfer characteristics of the PProDOT-DPP OECTSs using (d) 0.1 M LiCl and (e)
0.1 M LiPFe salts for the aqueous electrolytes. (f) Transconductance values of PProDOT-DPP
OECTs using LiCl and LiPFs electrolytes.

It is worth noting that typical output characteristics with clear linear and saturation regimes are
observed in both LiCl and LiPF6 electrolytes (Figures 4.8b and 4.8c). The OECT transfer curves
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are shown in Figures 4.8d and 4.8e, where a —0.8 V constant Vps was applied. The OECTs
predominantly operate in a hole-transporting accumulation mode where an ON/OFF ratio of ~103
is obtained for both LiCl and LiPFes electrolytes. The OECTs work mostly in the saturation regime;
as a result, the slopes of the linear fit of the Ves-los? reveal threshold voltages (V1) of —0.28 V
and +0.1 V for the LiCl and LiPF electrolytes, respectively. The more positive threshold voltage
associated with the LiPFs electrolyte can be attributed to the lower oxidation potential required to
electrochemically dope the PProDOT-DPP films, which is consistent with the CV results shown
above. Moreover, the higher ON current is obtained for OECT devices with a LiPFe electrolyte,
which suggests that the PFes anion provides for better electrochemical doping in these high
performance OECTSs that have low operating voltages. We highlight that the PProDOT-DPP
OECTs demonstrated good device-to-device uniformity from the characterization of eight
individual OECTSs (Figure 4.9).
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Figure 4.9 Device-to-device uniformity of PProDOT-DPP OECTSs. Transfer curves of 8 individual
OECTs using the (a) LiCl and (b) LiPFs electrolytes.

The transconductance (gm) is considered as an important figure-of-merit of OECTSs, and it is
defined as gm=Alps/AVes.'*” As is shown in Figure 4.8f, a maximum transconductance (gm) of
~5.6 mS was achieved when the PProDOT-DPP thin films (with thickness of ~30 nm) were
evaluated in LiPFs aqueous electrolyte, while a slightly lower peak transconductance value of ~3.3
mS is obtained in the LiCl electrolyte. These results indicate that PFe with relative larger radius
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and higher polarizability are advantageous to improve the doping efficiency in these DPP polymers,

thus enabling a superior gm in aqueous electrolytes.%

4.6.2 lon Impact on OECT Devices

The realization of robust operational stability is a fundamental requirement for OECT devices, and
this remains a challenge for most conjugated polymer when they are used as the device active layer.
To this end, bias stability measurements of PProDOT-DPP OECTSs were first performed here under
a constant Vps of —0.1 V with various Vs biases (Figure 4.10a and Figure 4.11).
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Figure 4.10 (a) Bias stabilities of PProDOT-DPP OECTSs at different Vgs values using the 0.1 M
LiPFe electrolyte. (b) Volumetric capacitance as a function of bias applied to the PProDOT-DPP
working electrode via differential capacitance measurements using the 0.1 M LiPFs electrolyte. (¢)
uC* values of PProDOT-DPP OECTs as a function of Vs using the 0.1 M LiPFs electrolyte. (d)
Cyclic stability of PProDOT-DPP OECTs using the 0.1 M LiPFg electrolyte. A constant Vps at —
0.1 V and a square wave function of Vgs (Ves, on = —0.4 V and Vas, off = 0 V) were applied. (e)
Switching on and (f) switching off responses of PProDOT-DPP OECTS (Vas,on=-0.4 V and Vs,
oft= 0 V) using the 0.1 M LiPFs electrolyte.
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Figure 4.11(a) Bias stabilities of PProDOT-DPP OECTs at different Vgs values in 0.1 M LiCl. (b)
Volumetric capacitance as a function of bias applied to the PProDOT-DPP working electrode via
differential capacitance measurements in 0.1 M LiCl. (c) uC* values of PProDOT-DPP OECTSs as
a function of Vs in 0.1 M LiCl.

For OECTs with the LiPFg electrolyte, the Ips was maintained over 300 s when biasing the Vs
lower than —0.6 V; however, we do note the slight increase in Ips for Ves = —0.2 V. This might be
attributed to the influence of the trapping of injected anions. For OECTs with the LiCl electrolyte,
however, a stable Ips was realized under higher gating potential when the Vgs was lower than —
0.8 V. At high Vs bias (i.e., —0.6 V for LiPFg and —0.8 V for LiCl), the Ips decreased slightly with
time. Importantly, this Ips decrease at high Vgs biases is correlated with the same oxidation
potential where bipolarons start to form, as evidenced by spectro-electrochemical measurements.
Hence, the decreased operational stability at higher gating potentials is attributed to the instability
of the bipolaron species when formed on PProDOT-DPP.

To better understand the stability maintenance and degradation mechanisms, we performed
differential capacitance measurements of the PProDOT-DPP films (Figure 4.12).

The PProDOT-DPP film deposited on ITO served as the working electrode, and potential steps
from +0.1 to +0.8 V vs. Ag/AgCl were applied. The measured capacitive current (Ic) upon the
application of different voltage biases is therefore given by Equation 1.118

I(t)=E/Rse RO (Equation 1)

Here, E is the potential step, Rs is the out-of-plane resistance of the PProDOT-DPP films, and C

is the film capacitance. The potential-dependent volumetric capacitance (C*) is the following.

C*=C/Ad (Equation 2)

86



4]
(=}

— 3 o 3
£ 25 LiCl £ 25- 01y LiPF,
o < 0.2V
T 2 = 24
151 2151
.a -a
s 14 § 1-
g 0.5 2 059
S o4 E o
=
S 3
0 1 2 3 4 5 0 1 2 3 4 5
Time (sec) Time (sec)

Figure 4.12 Differential capacitance measurements performed on a PProDOT-DPP on a patterned
ITO electrode (0.5 cm?) in 0.1 M (a) LiCl and (b) LiPFsaqueous solutions.

In this equation, A and d are the area and thickness of the PProDOT-DPP films, respectively. From
the calculated volumetric capacitance results for the LiPF6 system (Figure 4.11b), the PProDOT-
DPP exhibited a sharp increase of C* from +0.1 to +0.2 V vs Ag/AgCI, and the films then
maintained a value of ~330 F cm™ when the applied potential ranged from +0.2 V to +0.8 V vs
Ag/AgCl. We also calculated the pC* values of PProDOT-DPP OECTS, which reflects the ionic
and electronic merits of the polymer independent of the device geometry using the following the
equation. We then calculated the uC* values of PProDOT-DPP OECTS, which reflects the intrinsic

ionic and electronic merits of the polymer using the following equation.
MC*=(gmL)/(Wd(VTH-Ves)) (Equation 3)

Here, W, L, and d are the channel width (2500 um), length (200 um), and active layer thickness
(~30 nm), respectively. Note that a relatively long channel (~200 um) was applied for the OECT
geometry to minimize any contact resistance effects and to provide an accurate evaluation of the
intrinsic merits of PProDOT-DPP.1!® (Figure 4.13)
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Figure 4.13 Total resistance of the PProDOT-DPP OECT channel as a function of channel length,

the applied Ves was -0.6 V for LiCl and -0.4 V for LiPFg, respectively, both under a constant Vps
of -0.1 V.

As shown in Figure 4.11c, the uC* increased slightly as the applied voltage was altered from —0.1
V to -0.25 V; this is consistent with the trend of C* within the same potential window. Therefore,
the initial increase of pC* can be attributed to the C* increase together with an almost constant
carrier mobility. A peak nC* of 310 F cm™ V! s is obtained at —0.25 V, which is approaching
the highest performance reported for accumulation-mode OECT materials. A good charge mobility
~0.94 cm? V1 s was also derived based on the uC* and C* values, allowing for robust hole
transport at moderate Vgs bias. However, the uC* declined significantly when Vg more negative
than —0.4 V was applied, and this is consistent with the trends in bias stability degradation. Given
that C* was constant from +0.2 V to +0.8 V, the pC* decrease at high doping levels should be
attributed to a decline in hole mobility accompanied with the bipolaron formation. When the
unstable bipolaron species formed in PProDOT-DPP upon excessive incorporation of dopants, a
loss in film crystallinity together with increased Coulomb scattering occurs, resulting in a lower

charge mobility and non-ideality of transfer curve at VGS at magnitudes greater than —0.5 V120121
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4.6.3 Stability Measurements in LiPFs Electrolyte

Based on the above discussions, cyclic stability measurements were performed for the PProDOT-
DPP thin films using the LiPFe electrolyte where the turn-on Ves was always kept more positive
than —0.6 V to prevent performance degradation (Figure 4.10d). As expected, the initial current is
retained for 100 cycles over 2,000 s of cycling and ON-OFF switching. Moderate switching
timescales are obtained for PProDOT-DPP with the LiPFg electrolyte with a rise time of 0.26 s and
a fall time of 0.28 s (i.e., these are calculated as the time it takes to reach 90% of the steady-state
current switching value in either direction), respectively (Figure 4.10e-f). These data indicate good
reversible and repeatable electrochemical switching capacities in the PProDOT-DPP based OECTSs.
Therefore, the combination of high operational stability and moderate switching speed will allow
the rational design of PProDOT-DPP OECTs for both electrical signal conversion and
amplification applications. VVolumetric capacitance and switching timescales for PProDOT-DPP

with the LiCl electrolyte were also measured. (Figure 4.11b-c and Figure 4.14)
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Figure 4.14 (a) Switching ON and (b) switching OFF responses of PProDOT-DPP OECTSs (Vas,
on=-0.4 V and Vgs, ot =0 V) in LiCl electrolytes.

The OECT performance metrics of the PProDOT-DPP-based OECTs in different electrolytes
(including mobility, capacitance, pC*, threshold voltage, on-off ratio, switching speed and
operating stability) are summarized in Table 4.1.
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Table 4.1 Performance Metrics of the PProDOT-DPP OECTSs in different electrolytes.

Electrolyte (0.1 M) LiPFe LiCl
nC*max (Fecmt V1s? 310 269
Mmax (Cm2 vi S-l) 0.94 0.88
C* (Fecm?®) 330 305
Vi (V) +0.10 -0.28
ON-OFF ratio 10%- 103 102-10°
Switching time (s) 0.26 0.15
Stability (90% Ips decrease, ) >2000 1000

4.7 Conclusions

In summary, PProDOT-DPP was synthesized from a DPP-containing ProDOT monomer. As
expected, the DPP moiety provides the ProDOT polymer with higher crystallinity while the
polymer also maintains good electrochemical activity and a low oxidation potential. As a result,
PProDOT-DPP thin films exhibit high charge transport properties, high volumetric capacitance,
and high redox stability. A peak pC* value of 310 F cm™ V! s was obtained at for PProDOT-
DPP-based OECTSs, which is comparable with the best performing accumulation mode OECT
polymers reported to date. PProDOT-DPP also demonstrated solid operational stability across 100
cycles over 2,000 s of cycling. The strategy of incorporating crystalline DPP cores into all-donor
OECT polymers provides a useful foothold to design future generations of polymers for mixed

conduction applications that should have both high performance and enhanced operational stability.

4.8 Experimental Section

All reagents were purchased from the suppliers noted, and they were used without further
purification. *H and *C NMR spectra were recorded using Bruker ARX 400 or Bruker Avance-
[11-800 in deuterated chloroform at 298 K unless specified. Size exclusion chromatography (SEC)
was performed on a high-temperature size exclusion chromatography system at 150 <C using 1,2,4-
trichlorobenzene (TCB) as the mobile phase with molecular weight values being based on
polystyrene standards. Ultraviolet-visible-near infrared (UV-Vis-NIR) spectra were measured
with an Agilent Technologies Cary 6000i UV-Vis-NIR spectrophotometer (350 nm < A4 < 2000
nm). Cyclic voltammetry (CV) was performed using a BioLogic SP-150 electrochemistry setup.
2D-grazing-incidence wide-angle X-ray scattering (GI-WAXS) measurements were carried out at
Argonne National Laboratory. The PProDOT-DPP thin film for 2D GIWAXS was prepared by
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spin-coating the PProDOT-DPP solution (10 mg mL™ in CHCIs) onto SiO, substrates at a

rotational rate of 1,500 rpm.

4.8.1 Synthetic Procedures
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Compound 1la. 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1.00 g, 3.33
mmol), 2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (2.21 g, 7.32 mmol), and
potassium carbonate (1.38 g, 9.99 mmol) were added to dimethylformamide (DMF, 50 mL). The
mixture was heated under N2 at 100 <C for 24 h. The reaction mixture was poured into water,
extracted with dichloromethane (DCM), and dried over Na;SOa4. After removal of solvent under
reduced pressure, the residue was purified by silica chromatography (CH2Cl2:Ethyl Acetate = 10:1)
to give the product 1a as a purple solid. (753mg, 38%) *H NMR (400 MHz, CDCls, ppm) &: 8.74
(dd, J=3.9, 1.2 Hz, 2H), 7.63 (dd, J = 5.0, 1.2 Hz, 2H), 7.24 (dd, J = 5.0, 3.9 Hz, 2H), 4.27 (t, J
= 6.3 Hz, 4H), 3.79 (t, J = 6.3 Hz, 4H), 3.70 — 3.44 (m, 16H), 3.34 (s, 6H).
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Compound 1. Compound 1a (700 mg, 1.18 mmol) and N-bromosuccinimide (431 mg, 2.42 mmol)
were added to 20 mL chloroform. The mixture was stirred under N2 at 60 <C for 1.5 h. After
removal of solvent under reduced pressure, the residue was purified by silica chromatography
(CHCl,:Ethyl Acetate = 20:1) to give the product 1 as a dark purple solid. (712 mg, 80%) H
NMR (400 MHz, CDCls, ppm) 8: 8.49 (d, J = 4.2 Hz, 2H), 7.21 (d, J = 4.1 Hz, 2H), 4.17 (t,J =
6.0 Hz, 4H), 3.89 — 3.41 (m, 20H), 3.35 (s, 6H).

E

Compound 2. 3,3-bis(bromomethyl)-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine (5.00 g, 14.6
mmol), triethylene glycol monomethy! ether (7.20 g, 43.8 mmol), and sodium hydride (3.51 g, 60%

S
2

dispersion in mineral oil) were added to 100 mL dimethylformamide (DMF). The mixture was
stirred under N> at room temperature for 30 min and at 100 <C for 12 h. The reaction mixture was
extracted with DCM and dried over Na,SO4. After removal of solvent under reduced pressure, the
residue was purified by silica chromatography (CH2Cl2:Ethyl Acetate = 10:1) to give the product
2 as a near colorless oil. *H NMR (400 MHz, CDCls, ppm) &: 6.44 (s, 2H), 4.01 (s, 4H), 3.66 —
3.51 (s, 28H), 3.37 (s, 6H).
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Compound 3. Compound 1 (489 mg, 0.652 mmol), Compound 2 (2.65 g, 5.21 mmol), Pd2(dba)s
(21.9 mg, 0.0130 mmol), tris(2-methoxyphenyl)phosphine (18.4 mg, 0.0521 mmol), cesium
carbonate (637 mg, 1.95 mmol), pivalic acid (66.6 mg, 0.652 mmol), and
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tetramethylethylenediamine (TMEDA) (37.9 mg, 0.326 mmol) were added to toluene (10 mL).
The resulting solution was bubbled with N2 for 20 min and stirred at 110 <C for 12 h. After removal
of solvent under reduced pressure, the residue was purified by flash silica chromatography
(CH:Cl2:Methanol = 20:1) to give the product 3 as a dark blue solid. (268 mg, 27%) *H NMR (800
MHz, CDCls, ppm) &: 8.77 (d, J = 3.7 Hz, 2H), 7.28 (d, J = 3.4 Hz, 2H), 6.42 (s, 2H), 4.28 (t, J =
6.3 Hz, 4H), 4.16 (s, 4H), 4.04 (s, 4H), 3.76 (t, J = 6.3 Hz, 4H), 3.63 — 3.39 (m, 72H), 3.31 (s,
12H), 3.27 (s, 6H). 3C NMR (200 MHz, CDCls, ppm) &: 161.29, 149.86, 146.52, 140.65, 139.35,
135.46, 127.67, 123.87, 116.13, 108.01, 104.23, 73.88, 73.67, 71.81, 71.78, 71.01, 70.61, 70.55,
70.50, 70.46, 70.42, 70.26, 70.06, 68.96, 58.89, 58.83, 47.75, 41.76. HRMS (APCI) calculated for
C74H113N2028S4™ ([M+H]"): 1605.6357; found 1605.6412.
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Compound 4. Compound 3 (104.7 mg, 0.06520 mmol) and N-bromosuccinimide (23.79 mg,
0.1336 mmol) were added to 20 mL chloroform. The mixture was stirred under Nz at 25 <C
overnight. After removal of solvent under reduced pressure, the residue was purified by flash silica
chromatography (CH2Cl>:Methanol = 20:1) to give the product 4 as a dark blue solid. (85.1 mg,
74%) 'H NMR (400 MHz, CDCls, ppm) &: 8.78 (d, J = 4.1 Hz, 2H), 7.27 (d, J = 4.2 Hz, 2H), 4.31
(t, J = 6.3 Hz, 4H), 4.22 (s, 4H), 4.17 (s, 4H), 3.80 (t, J = 6.3 Hz, 4H), 3.68 — 3.45 (m, 72H), 3.37
(s, 12H), 3.33 (s, 6H). *C NMR (100 MHz, CDCls, ppm) &: 161.37, 147.96, 145.48, 139.56,
139.40, 135.43, 128.02, 124.12, 115.80, 108.26, 93.37, 74.22, 74.03, 71.86, 71.82, 71.04, 70.65,
70.59, 70.54, 70.49, 70.47, 70.29, 70.02, 68.98, 58.95, 58.91, 47.85, 41.85. HRMS (APCI)
calculated for C74H111BraN202sS4™ ([M+H]"): 1761.4567; found 1761.4588.
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PProDOT-DPP. To a Schlenk tube charged with a stir bar, Compound 3 (37.97 mg, 0.02364 mmol),
Compound 4, (41.70 mg, 0.02364 mmol), Pd(OAc). (0.16 mg, 0.00071 mmol), pivalic acid (1.45
mg, 0.00142 mmol), potassium carbonate (8.50 mg, 0.0615 mmol), and 5 mL of
dimethylacetamide (DMAc) were added. The resulting solution was bubbled with N2 for 20 min,
and the mixture was stirred at 130 < under N2 for 24 h. After the polymerization was complete,
N,N-diethyl-2-phenyldiazenecarbothioamide was added, and the mixture was stirred for 30 min at
60 <C before being precipitated into hexanes. The solid was collected by a Soxhlet thimble, which
was purified by Soxhlet extraction under N2 successively with hexanes, methanol, acetone and
chloroform. The collected polymer solution (chloroform fraction) was reprecipitated into hexanes
and dried at 60 <C under vacuum, providing 69.8 mg (92% yield) of a black solid.

4.8.2 Device Fabrication and Characterization

OECTSs based on PProDOT-DPP were fabricated using glass substrates (Dow Corning, 2>2 cm?
in size). The glass substrates were cleaned with deionized (DI) water, ethanol, and acetone, in a
sequential manner, and then dried in an oven for 30 min at ~110 <C. Patterned Ti (5 nm)/Au (20
nm) source and drain electrodes were then thermally deposited onto the substrates using shadow
masks, achieving channel length and width of 200 and 2,500 pm, respectively. The polymer,
PProDOT-DPP, was dissolved in chloroform at a concentration of 10 mg mL™? and stirred
overnight, and was then spin-coated onto the substrates at 1,500 rpm for 20 s. After the spin-
coating process, the devices were placed in vacuum for 1 h to remove the residual solvents.
Afterwards, the OECT channels were covered by patterned Polydimethylsiloxane (PDMS) masks
to protect the channel areas, while unwanted PProDOT-DPP was etched by oxygen plasma (PE-
25, Plasma Etch, Inc.) for 1 h, resulting in well-patterned PProDOT-DPP that was left only in the
OECT channels.
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During the electrical characterization of the OECTSs, the OECT channels were surrounded by
PDMS micro-wells to confine the liquid electrolytes. Lithium salts (LiCl or LiPFg, Sigma-Aldrich)
were dissolved in DI water at 0.1 M serving as the electrolytes. The electrolytes were then dropped
in the PDMS wells using a pipette. The OECT electrical measurements were performed using a
Keysight B2902, and an Ag/AgCI pellet was immersed into the electrolytes serving as the gate

electrode.
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4.8.3 1H NMR and 13C NMR Spectra of New Compounds
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CHAPTER 5. CONCLUSIONS AND OUTLOOK

Organic semiconductors, especially polymer thin films have witnessed tremendous advancements
for the past three decades owing their promising solution processability, flexibility, stretchability,
and in some cases bio-compatibility. Our research identified that one of the fields that has yet to
capitalize on these advantages is the synthetic advances in organic electronics. With these studies,
more high-performance polymer semiconductors will be available for applications and
comprehensive understanding will guide new molecular designs.

In the first study, incorporation of acceptor-acceptor (A-A) type moieties into donor-acceptor (D-
A) type conjugated polymers becomes a new strategy to tune their electronic properties. In this
work, we first demonstrate an efficient convergent route to prepare isoindigo-based A-A type
building blocks - bis-isoindigos - via the palladium-catalyzed oxidative coupling. Bis-isoindigo-
based polymers show high planarity and delocalized frontier molecular orbitals with lowered
LUMO and intact HOMO energy levels, in comparison with their corresponding mono-isoindigo
counterparts. Moreover, fluorine substitution on donors only lowers HOMO levels of Bis-11D
polymers. This study asserts that the D-A-A strategy is effective in selectively tuning FMO energy
levels of conjugated polymers, complementary to the D-D-A approach for the HOMO energy level
tuning.

In the second study, Side-chain sequence enabled regioisomeric acceptors, bearing different side-
chain sequences on the same conjugated backbone, are reported. Two regioregular polymers PTBI-
1 and PTBI-2 and one regiorandom polymer PTBI-3 were synthesized from these two
regioisomeric acceptors for a comparative study. UV—vis—NIR absorption spectroscopy and
electrochemical study confirmed similar frontier molecular orbital levels of the three polymers in
their solid state. More intriguingly, absorption profiles suggest that the sequence of side chains
greatly governs the aggregation behaviors. Furthermore, the PTBI-2 film shows larger ordered
domains than PTBI-1 and PTBI-3 films, as supported by AFM and GIWAXS measurements. As
a result, PTBI-2-based FET devices achieved an average hole mobility of 1.37 cm? V1 s, much
higher than the two polymers with other side-chain sequences. The regiorandom PTBI-3 exhibited
the lowest average hole mobility of 0.27 cm? V1 s7%, This study highlights the significant impact
of side-chain sequence regioisomerism on aggregation behaviors, morphologies, and subsequently

charge transport properties of donor—acceptor type conjugated polymers.
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In the third study, we implemented a next-generation design of polymers for OECTSs. Specifically,
diketopyrrolopyrrole (DPP) building blocks were copolymerized with propylene dioxythiophene-
based (Pro-based) monomers to create a donor—acceptor-type conjugated polymer (PProDOT-
DPP). These PProDOT-DPP macromolecules were synthesized using a straightforward direct
arylation polymerization synthetic route. The PProDOT-DPP polymer thin film exhibited
excellent electrochemical response, low oxidation potential, and high crystallinity, as evidenced
by spectroelectrochemical measurements and grazing incidence wide-angle X-ray scattering
measurements. Thus, the resultant polymer thin films had high charge mobility and volumetric
capacitance values (i.e., pnC* as high as 310 F cm™ V! s71) when they were used as the active
layer materials in OECT devices, which places PProDOT-DPP among the highest performing
accumulation-mode OECT polymers reported to date. The performance of the PProDOT-DPP thin
films was also retained for 100 cycles and over 2000 s of ON—OFF cycling, indicating the robust
stability of the materials. Therefore, this effort provides a clear roadmap for the design of
electrochemically active macromolecules for accumulation-mode OECTSs, where crystalline
acceptor cores are incorporated into an all-donor polymer. We anticipate that this will ultimately
inspire future polymer designs to enable OECTs with both high electrical performance and
operational stability.

With these demonstrations of semiconductor molecular design, we hope to spark new research
directions especially on deeper investigation of charge transport dependence on chemical
structures, and more acceptor moieties with extended conjugation for semiconducting polymers

will be developed for targeted applications.
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ABSTRACT: Side-chain sequence enabled regioisomeric acceptors, bearing ‘o°
different side-chain sequences on the same conjugated backbone, are herein .

reported. Two regioregular polymers PTBI-1 and PTBI-2 and one

@ = branched iy chain, &
BLLB sequence  bis-TBI-1
€ = 0
LBBL sequence bis-TBI-2

W |
regiorandom polymer PTBI-3 were synthesized from these two regioiso- ® ® * % eeee -

meric acceptors for a comparative study. UV—vis—NIR absorption
spectroscopy and electrochemical study confirmed similar frontier molecular
orbital levels of the three polymers in their solid state. More intriguingly,

Q0Q QY0P PQINY 4.,
Regioreguiar PTBI-1 (BLLB)

ERS R R R EER D RS b Sl
Regioregular PTBI-2 (LBBL)

absorption profiles suggest that the sequence of side chains greatly governs 5.5 500000000000000 ™'

the aggregation behaviors. Furthermore, the PTBI-2 film shows larger

[

Regiorandom PTBI-3 (random) . e e

ordered domains than PTBI-1 and PTBI-3 films, as supported by AFM and

GIWAXS measurements. As a result, PTBI-2-based FET devices achieved an average hole mobility of 1.37 em? V™' 57!, much
higher than the two polymers with other side-chain sequences. The regiorandom PTBI-3 exhibited the lowest average hole
mobility of 0.27 cm® V™! s, This study highlights the significant impact of side-chain sequence regioisomerism on aggregation
behaviors, morphologies, and subsequently charge transport properties of donor—acceptor type conjugated polymers.

B INTRODUCTION

Donor—acceptor (D—A) type conjugated polymers have
attracted a great deal of attention as organic semiconductors
in printed and flexible electronics because of the versatile
chemistry available to tune their optical and electronic
properties.'* This potential has spurred the development of
numerous 7-conjugated polymer systems.”™” In the molecular
design of D—A polymers, side-chain engineering has proved to
be effective in tuning electronic and morphological properties
of resulting polymer thin films."*~"® A rational combination of
different side chains is one of such strategies.”” ' There are
generally two approaches to introduce a combination of side
chains. The first approach deals with the copolymerization of
two monomers bearing the targeted side chains (Scheme la).
For an example, Zhang et al. developed a DPP (diketopyrro-
lopyrrole) monomer bearing urea-containing alkyl chains.”
Changing the ratio of the urea-chain DPP monomers to the
branched-alkyl-chain DPP monomers in polymerization
provided a series of DPP random copolymers with enhanced
charge mobilities. The second approach involves a single
monomer bearing two different side chains, which would
produce alternating copolymers (Scheme la). We previously
reported such an isoindigo building block with one alkyl chain
and one siloxane hybrid chain.”* The corresponding polymer
thin films adopted bimodal packing orientation and exhibited
improved charge transport performance.

The presence of different types of side chains brings up the
issue of side-chain sequence along the polymer backbones. It
has been repeatedly shown in the case of polyalkylthiophenes

A4 ACS Publications — © 2018 American Chemical Society
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that the side-chain sequence affects both physical and
electronic properties.” (Scheme 1b) However, little has
been known about side-chain regioisomerism in D-A
polymers.”"** Herein, we demonstrate for the first time side-
chain sequence enabled regioisomeric acceptors for D—A
copolymers based on the bis-thieno-benzo-isoindigo (bis-TBI)
acceptor—acceptor type building block (Scheme 1c). Owing to
its convergent synthetic approach, two pairs of side chains can
be efficiently mounted onto the bis-TBI compound.” In this
study, bulky branched alkyl chains (B) and linear alkyl chains
(L) are placed in two different sequences along the backbones,
providing side-chain regioisomeric monomers bis-TBI-1 with a
branched—linear—linear—branched (BLLB) side-chain se-
quence and bis-TBI-2 with a linear—branched—branched—
linear (LBBL) side-chain sequence. It is worth noting that the
two monomers share an identical conjugated core but with
different side-chain sequences away from the charge transport
pathway; hence, they are a different category of isomers than
P3AT-like regioisomers. The corresponding D—A copolymers
PTBI-1 and PTBI-2 and a regiorandom copolymer PTBI-3
with mixed bis-TBI moieties are subsequently prepared to
investigate the impact of side-chain-sequence regioisomerism
on aggregation behaviors and charge transport properties of
the polymers.
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Scheme 1. Previous Work and Illustration of the Design
Rationale for bis-TBI Regioisomeric Acceptors
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B RESULTS AND DISCUSSION

Synthesis and Characterization. The synthesis of PTBI
polymers follows a similar convergent synthetic route we
previously developed for bis-TBI moieties,”® as illustrated in
Scheme 2. The core bis-thieno-isatin 3 bearing one type of side
chain and the side moiety oxindole § bearing the other type
were synthesized in good yields. After an aldol condensation
reaction of compounds 3 and §, regioisomers bis-TBI-1 (with
BLLB sequence) and bis-TBI-2 (with LBBL sequence) were
obtained in 76% and 86% yield, respectively. Subsequently,
Stille polymerization of bis-TBI monomers with bithiophene
ditin compound 6 provided two regioregular PTBI polymers
PTBI-1 and PTBI-2 in 85% and 83% yields. The regiorandom
PTBI-3 was also synthesized from the 1:1 bis-TBIs mixture and
compound 6, giving a 79% yield. Because of solubility issue, all
polymerizations were performed for 1 h. The synthesis details
are described in the Supporting Information. All polymers were
purified by the Soxhlet extraction and fully characterized.
Molecular weights of PTBI polymers were evaluated by high-
temperature gel permeation chromatography (Figure S1). All
of PTBI polymers were estimated to have number-average
molecular weights around 9 kDa and polydispersity indices
(PDI) around 1.5. Similar molecular weight and polydispersity
exclude the potential molecular weight effect when comparing
PTBI polymers.””

Electrochemical and Optical Properties. The redox
properties of PTBI polymers were evaluated by cyclic
voltammetry (CV) and differential pulse voltammetry
(DPV). Cyclic voltammograms of all polymer thin films
show similar redox profiles and quasi-reversible redox behavior
(Figure 1). HOMO/LUMO energy levels of PTBI polymers
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were estimated from the respective redox onset potentials of
both CV and DPV. As summarized in Table 1, all three
polymers show similar HOMO/LUMO levels within a range of
0.03 eV. The side-chain sequence has little impact on
electrochemical properties of PTBI polymers. It is worth
noting that for polymers having alkyl chain substitution
positions directly on aromatic rings (ie, P3AT-like side-
chain regioisomers), their regioisomers typically ?rgsent a
noticeable HOMO/LUMO energy level difference.”**%%*

Photophysical properties of bis-TBI monomers and their
polymers were characterized by solution and solid-state UV—
vis—NIR spectroscopy. As shown in Figure 2a, two bis-TBI
monomers bis-TBI-1 and bis-TBI-2 exhibit identical absorp-
tion profiles in diluted chloroform solutions, suggesting that
their absorption properties are not influenced by the sequence
of side chains in solutions. This observation is in a good
agreement with their '"H NMR spectra collected in CDCl,
solutions, where the two isomers have identical chemical shifts
in the aromatic region (Figure S2). Unexpectedly, the two
isomers exhibit distinctly different absorption profiles in the
solid states. bis-TBI-1 film presents a large blue-shift of
maximum absorbance (4. from 726 to 652 nm from
solution to thin film, while bis-TBI-2 film shows a strongly red-
shifted absorption with 4,,,, at 815 nm in thin films. The blue-
and red-shifts are attributed to two different packing motifs
with predominant H- and J-aggregates, respectively,””*"
highlighting the crucial rule of the side-chain sequence in the
highly aggregated bis-TBI molecules. Side-chain sequence also
impacts photophysical properties of PTBI polymers, as shown
by the solution and thin-film absorption profiles (Figures 2b
and 2c). All polymers exhibit typical charge transfer peaks from
600 to 1100 nm. Peaks at around 950 nm and shoulders at
around 870 nm are attributed to origin 0—0 and sideband 0—1
vibronic transitions, respectively. Different from solutions of
their monomers, the absorption spectra of PTBI polymers in
dichlorobenzene (0-DCB) have a noticeable difference.
Although PTBI polymers show nearly overlapped solution
absorption profiles and 4,,,, the relative intensities of 0—0 and
0—1 vibrational peaks of these polymers are different. It
suggests that PTBI polymers form different preaggregates in
solution. Thin-film absorption spectra of PTBI spun from
ODCB solutions also have clear 0—0 and 0—1 vibrational
peaks, indicative of their different solid-state packing. Identical
film absorption onsets at 1047 nm suggest all polymers have
the same optical bandgap of 1.18 eV, consistent with the
electrochemical estimations.

Film Morphology and Microstructural Analysis.
Polymer thin film morphologies were analyzed by tapping-
mode atomic force microscopy (AFM). All PTBI polymer
films were spin-coated from 0-DCB solution on OTS-modified
Si/SiO, substrates. As depicted in Figure 3, surface topography
images of the PTBI-2 film show a smooth surface with
crystalline fibrillar intercalating networks, while PTBI-1 and
PTBI-3 films show less ordered structures and mesh-like
morphologies. PTBI-1 and PTBI-2 have similar root-mean-
square (rms) roughness of 0.69 and 0.64 nm, respectively,
while PTBI-3 has a slightly rougher surface with rms roughness
of 1.1 nm. Varying the annealing temperature did not change
film morphology features (Figure SS5). The comparison of
PTBI polymer films provides clear evidence that the micro-
structure is affected by side-chain sequence regioisomerism.

Grazing Incident X-ray diffraction (GIXRD) measurements
of thermally annealed PTBI polymer films were also performed
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Scheme 2. Synthetic Route to bis-TBI Monomers and PTBI Polymers”
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Figure 1. (a) Cyclic voltammograms of PTBI-1 (black), PTBI-2 (blue), and PTBI-3 (red). (b) Differential pulse voltammograms of PTBI-1
(black), PTBI-2 (blue), and PTBI-3 (red). All polymer thin films were tested in propylene carbonate with 0.2 M n-Bu,NPF as supporting

electrolyte (scan rate: 20 mV s™').

Table 1. Optical and Electrochemical Properties of PTBI Polymers

film absorption spectroscopy

cyclic voltammetry”

differential pulse voltammetry”

polymer onset (nm) E" (eV) LUMO (eV) HOMO (eV) E; (eV) LUMO (eV) HOMO (eV) E; (eV)
PTBI-1 1047 1.18 4.01 542 1.41 4.06 5.28 122
PTBI-2 1047 1.18 4.01 543 142 4.07 5.25 118
PTBI-3 1048 1.18 4.01 542 1.41 4.08 5.26 118

“Optical band gaps are estimated from E; = 1240 nm/4 e “The HOMO and LUMO energy levels are estimated from HOMO = —(5.10 + E,, —
Egepe’) and LUMO = —(5.10 + E, 4 — Eg.g'), where E,, and E, 4 are onset potentials.
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Figure 2. (a) Solution and film absorption spectra of bis-TBI-1 (blue) and bis-TBI-2 (red) in chloroform (1.0 X 10~° M) (dashed line) and as film
(solid line). (b) Absorption spectra of PTBI-1 (black), PTBI-2 (blue), and PTBI-3 (red) in o-DCB (1.0 X 10> M). (c) Absorption spectra of
PTBI-1 (black), PTBI-2 (blue), and PTBI-3 (red) thin films spun from 0-DCB solution.
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Table 2. Summary of 2D-GIXRD Data and FET Device Performance of PTBI Polymers

a—n distance fwhm in-plane lamellar distance fwhm out-of-plane H
polymer — (A) (010 @) (200) e (e V) (@ V) L Ve (V)
PTBI-1 3.52 0.129 246 0.109 040 + 0.065 053 100 -8+4
PTBI-2 3.51 0.098 246 0.095 1.37 £ 0.36 222 100 -5£3
PTBI-3 3.53 0.140 248 0.114 027 + 0.070 043 100 -8x3
to obtain further insights into molecular packing in thin films. inplane ..+ Pe-T]  [Outofplane ; pret

All three polymers show bimodal packing with both edge-on (¥
=90°) and face-on (y = 0°) orientations of 7—x stacking. Such
bimodal orientation is considered to be beneficial for charge
transport in the previous reports (Figure $6).'”**' Long-
range ordered lamellar packings up to (400) peak along face-
on direction were also observed for all three polymers. As
summarized in Table 2, the observed shortest 7—7 stacking
distance among the three polymers is 3.51 A of PTBI-2, only
slightly shorter than PTBI-1 (3.52 A) and PTBI-3 (3.53 A).
The small difference of GIXRD patterns is distinctly different
from P3AT-like regioisomerism.”***** PTBI-2 in-plane 7—7
stacking was estimated to have a significantly lower full width
at half-maximum (fwhm) of 0.098 than PTBI-1 of 0.129 and
PTBI-3 of 0.140, as shown in Figure 4. The same trend was
also observed for out-of-plane (200) lamellar packing peaks.
Although the three polymer films were estimated to have
similar lamellar packing distances, PTBI-2 has a much smaller
lamellar packing fwhm than other two polymers. According to
Scherrer’'s equation, fwhm is inversely proportional to the
crystal coherence length.”” Thus, a lower fwhm value usually
implies larger crystalline domains. These observations are in a
good agreement with AFM images, where PTBI-2 film appears
to have a morphology with larger ordered domains.

3 3
e s
2z z |4
2. g
= £
172 176 180 184 188 045 050 055 060 065
q(A") q (A"
Figure 4. In-plane (010) and out-of-plane (200) peak line cuts of 2D

diffraction patterns of PTBI-1 (black), PTBI-2 (blue), and PTBI-3
(red) and their fitted curves.

Charge Transport Measurements. To what extent side-
chain sequence would impact charge transport properties is
our primary interest of this study. Therefore, both field effect
transistor measurements and space-charge-limited current
(SCLC) method were employed to characterize charge
mobilities of PTBI polymers. Details of the device fabrication
are described in the Supporting Information. FET devices of all
PTBI polymer thin films with bottom-gate bottom-contact
(BGBC) architecture and Au contacts under ambient
conditions displayed p-type characteristics. (Figure 5) Charge
mobilities of all polymers were calculated based on more than
15 devices. The average mobilities of PTBI-2, PTBI-3, and

DOI: 10.1021/acs.macromol 8b01946
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Figure 5. Representative transfer and output curves of PTBI-1, PTBI-2, and PTBI-3 thin film transistor devices.

PTBI-3 were estimated to be 0.40, 1.37, and 0.27 cm® V™' s,
respectively, and their corresponding highest mobilities were
0.53,2.22, and 0.43 cm® V™! 571, The current on/off ratios for
all FETs are around 10*. The SCLC mobilities measured from
hole-only diodes showed consistent trend with FET mobilities,
where the mobilities of PTBI-2 (2.04 X 1072 cm® V7! s7!)
were highest, PTBI-1 (1.85 X 1072 ecm® V™' s7') being the
second highest, and PTBI-3 (4.67 X 107 cm® V™' s7') being
the lowest (Figure S7).

The highest performance of PTBI-2 can be attributed to its
fibrillar morphology and largest crystalline domain, as observed
from AFM and 2D-GIXRD measurements. Similarly, poor
performance of PTBI-3 film may result from the smallest
crystalline domain, reconfirming negative effects of regioran-
dom structures on polymer optoelectronic properties.””***
Intriguingly, although PTBI-1 is also a regioregular polymer
like PTBI-2, noticeable differences were observed in solid state
aggregation, morphology, crystalline domain size, and con-
sequently device performance of the two polymers. A possible
reason for such differences is the steric effect of side chains
between repeating units, as supported by many reports.”"**™**
Density functional theory calculations predicted a good
planarity within the bis-TBI accepting moiety and twisted
conformation between the donors and acceptors.”® It is likely
that the steric repulsion of side chains between bis-TBI and
bithiophene (rather than inside the bis-TBI moiety) has a
larger impact on the polymer chains. If the steric repulsion of
side chains plays a role, the example of PTBI1- and PTBI-2
pairs provides a scenario implying that moving bulky
solubilizing side chains inside the planar or rigid moiety
could help improve charge transport properties. Considering
most long rigid/fused conjugated building blocks have bulkier
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branched side chains at sides of moieties,*”™** this side-chain

regioisomerism strategy may serve as versatile tool to optimize
the structure for enhanced charge transport purposes.

B CONCLUSION

In summary, side-chain sequence enabled regioreisomeric
acceptors for D—A type copolymers are first demonstrated.
Starting with these bis-TBI monomers, three polymers PTBI-1,
PTBI-2, and PTBI-3 were synthesized and fully characterized.
The three polymers are similar in their frontier orbital energy
levels but have distinct aggregation states in thin films. AFM
and 2D-GIXRD measurements indicate that the PTBI-2 thin
film shows smooth fibrillar morphology and the largest ordered
domains. As a result, PTBI-2 FET devices achieved the highest
hole mobility of 2.22 cm® V™' s™!, much higher than other two
polymers with different side-chain sequences. We anticipate
that the strategy of side-chain sequence regioisomerism could
be applied in future design of building blocks for functional
D—A type semiconducting polymers.
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Abstract: Incorporation of acceptor-acceptor (A-A) type moieties into
donor-acceptor (D-A) type conjugated polymers becomes a new
strategy to tune their electronic properties. In this work, we first
demonstrate an efficient convergent route to prepare isoindigo-based
A-A type building blocks - bis-isoindigos - via the palladium-catalyzed
oxidative coupling. Bis-isoindigo-based polymers show high planarity
and delocalized frontier molecular orbitals with lowered LUMO and
intact HOMO energy levels, in comparison with their corresponding
mono-isoindigo counterparts. Moreover, fluorine substitution on
donors only lowers HOMO levels of Bis-IID polymers. This study
asserts that the D-A-A strategy is effective in selectively tuning FMO
energy levels of conjugated polymers, complementary to the D-D-A
approach for the HOMO energy level tuning.

Introduction

Conjugated polymers have attracted a wide range of attention as
functional organic materials for solar cells, light emitting diodes
and field-effect transistors, among others. A myriad of conjugated
polymers have been made by introducing the combination of
electron-rich aromatic donors (D) and electron-deficient aromatic
acceptors (A). It is widely practiced that two or more donors (D-D)
are chosen to tune the optoelectronic properties such as the
HOMO levels and absorption profiles of D-A polymers.l'=3 In
contrast, the incorporation of a conjugated building block
containing two electron-accepting subunits (A-A) is comparatively
less adopted. A limited number of reports on A-A building blocks
have only appeared in recent years, as summarized in Scheme 1.
Berrouard et al. first obtained a thieno[3,4-c]pyrrole-4,6-dione
(TPD) dimer by Ullmann reaction in 2011.4! Bis-TPD copolymers
were subsequently reported with efficient ambipolar charge
transport properties.% Polander et al. synthesized a naphthalene
diimides (NDI) dimer via Stille coupling, which showed a higher
electron mobility than its monomeric parent.[”? Yang et al. reported
a bis-diketopyrrolopyrrole (bis-DPP) moiety as an electron
acceptor.® It is noted that Stille coupling with large excess of DPP

dibromide was adopted in the synthetic approach. Several bis-
DPP copolymers have shown excellent ambipolar mobilities.
James et al. reported a di-thieno-benzo-isoindigo (BdiTBI) based
building block, connecting two thieno-benzo-isoindigo moieties at
two phenyl groups by Suzuki coupling.l' More recently, a bis-
Pyridalthiadiazole based building block was reported by Zhu et al..
A regioregular dual-acceptor strategy rendered the polymer with
an outstanding charge transport behavior.['!!

Scheme 1. Examples of acceptor-acceptor building blocks
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We envision the D-A-A design as an alternative strategy to
adjust the optoelectronic properties with an advantage of effective
HOMO/LUMO level tuning and render desired optoelectronic
properties, when A-A building blocks become readily available.

1
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Unfortunately, we noticed that the synthesis of A-A building blocks
listed above is undoubtedly challenging. For the coupling
involving homocoupling of acceptor dihalides, it usually leads to
low yields due to the presence of undesired oligomerization. It
also makes the purification difficult. For the homocoupling
involving acceptor monohalides, the mono-functionalization of an
electron deficient building block itself is very inefficient and
challenging (Scheme S1). To make the A-A strategy more
appealing in synthesis of D-A conjugated polymers, it is
imperative to design new synthetic routes to readily access
functionalized A-A building blocks.

Here, we report two new isocindigo based A-A moieties (Bis-
1IDs) M1 and M2 through an efficient synthetic route. Isoindigo
(IID), first introduced by Reynolds et al., was among the most
studied building blocks.[? Owing to its electron withdrawing
lactam groups, rigid backbone, and straightforward synthesis, [ID
widely serves as an electron acceptor in D-A conjugated
polymers.['8l Extensive design efforts including side chain
engineering,[* 1% heteroatom fusion,'®'8 and conjugation length
extension,[®?2l have been made to tune their optoelectronic
properties and morphologies. In this report, M1 and M2 have two
IID subunits linked through o positions of the corresponding
thiophenes. We envision that such linkage would enable small
thiophene-thiophene dihedral angles, ensuring the retention of
planarity throughout the moiety.[*®! This feature would further
render planarized D-A-A type polymers with extended effective
conjugation lengths and enhanced interchain interactions, which
can be beneficial to charge transport. Moreover, we choose two
different donors to study energy levels of their corresponding
polymers (P1, P1F, P2 and P2F, Scheme 2). In particular, we
expect to obtain fine-tuned FMO levels. P1 and P2 should exhibit
considerably lowered LUMO levels but only slightly altered
HOMO levels compared to their monomeric based analogues,
while P1F and P2F have further tuning on FMO levels due to
fluorine substitution.?4

Results and Discussion

The synthesis for all Bis-1IDs was proposed and carried out
in this work, as illustrated in Scheme 2. We initially intended to
prepare bis-thienoisatin 2 through cross-coupling of thienoisatin
halide and its boronic ester.® Unfortunately, all attempts to turn
thienoisatin 1 into its halide failed. Inspired by an oxidative
coupling of thiophene derivatives, we decided to test oxidative
coupling of 1 directly. To our delight, 2 was successfully
synthesized from 1 in a single step, in spite of a low yield of 23%.
After the optimization of reaction conditions, we were able to
improve the yield up to 54% with palladium acetate as the catalyst
and silver fluoride as the oxidant (Table S1).2% After the aldol
condensation with compound 3 and 4, M1a and M2 were obtained
with high yields of 88% and 89%, respectively. Bromination of
M1ia gave M1 in a good yield of 87%. Finally, the polymers P1,
P2, P1F and P2F were synthesized via Stille coupling of M1/M2
with compound 5/6. For a comparison, monomeric Tll- and TBII-
based analogues, P1-ref and P2-ref, were also synthesized
following the reported procedures (Scheme S2).1%81 All polymers
were purified by the Soxhlet extraction and fully characterized
(see the supporting information). The molecular weights of P2 and
P2F was evaluated by high-temperature gel permeation

chromatography at 150 °C using 1,2,4-trichlorocbenzene as eluent.
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It's worth noting that the molecular weights for P1 and P1F cannot
be accessed from the GPC measurements. Similar observations
with TIl substructures were previously reported, where
thienoisoindigo polymers are believed to interact strongly with the
column material 2327

Scheme 2. Synthetic scheme to Bis-IID polymers
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To estimate the geometries and intrinsic electronic
properties of Bis-1ID polymers, density functional theory (DFT)
calculations were performed on the trimers of Bis-IID polymers
with methyl side chains as model molecules, shown in Figure 1.
Computation was performed with Gaussian 09 using a hybrid
B3LYP correlation functional and 6-31G(d) basis set. P1 and P1F
display almost perfectly planar backbones with negligible dihedral
angles between all thiophene-thiophene planes. By contrast,
backbones of P2 and P2F are more twisted due to a 21° dihedral
angle between thienyl and phenyl groups. Despite this, both A-A
moieties (bis-11D subunits) still retain high planarity (2.9° and 0.9°
dihedral angle between thiophene-thiophene planes respectively).
The FMO electron distribution diagrams (Figure S1) reveal well
dispersed frontier orbital electrons of all Bis-IID polymers,
indicative of an effective delocalization along all polymer
backbones. Fluorine substitutions on bithiophene have two major
influences on the Bis-IID polymers. First, bithiophene subunits of
P2F (1.2°) are much planer than those of P2 (13.4°), indicating F-
S noncovalent interactions. Also, fluorine p; orbitals contribute to
HOMOs of P1F or P2F. Interestingly, fluorine p, orbitals barely
participate in LUMOs, showing that fluorine substitutions could
have larger impact on HOMOs of Bis-lID polymers. Such
prediction is verified in electrochemical estimations.
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Figure 1. DFT optimized geometries of a) P1, b) P2, ¢) P1F and d) P2F trimer
fragments (B3LYP/6-311g(d) level). Dihedral angles around single bonds are
shown on P2 and P2F backbones.

The photophysical properties of the polymers were studied
with solution and solid-state UV-Vis-NIR spectroscopy. As shown
in Figure 2 and S2, all polymers exhibit high energy n-n* transition
bands and low energy charge transfer bands. All Bis-lID polymer
films have most of charge transfer bands at NIR region. They
show much higher absorption onsets than P1-ref and P2-ref. This
observation agrees with our initial design of extended conjugation
lengths. In addition, P1/P1F have much smaller band gaps than
P2/P2F, which is attributed to their backbones with high planarity
and quinoidal character.[23:28]
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Figure 2. Normalized absorption spectra of a) P1-ref (black), P1 (blue) and P1F
(red) films; b) Normalized absorption spectra of a) P2-ref (black), P2 (blue) and
P2F (red) films.

The absorption profiles also reveal the different aggregation
behaviors. While TII derivatives P1-ref and the Tll monomer M1
show hypsochromic shifts in solid states, this phenomenon was
not observed in Tll derivative P1 .and P1F. In fact, the solution and
solid-state absorption profiles of Bis-lID polymers nearly overlap.
This phenomenon strongly indicates a strong pre-aggregation in
their solutions. To further understand the aggregation behavior of
Bis-1IDs in solutions, temperature-dependent absorption spectra
were taken at increasing temperature intervals of 10 °C in o-
dichlorobenzene (Figure S3). Upon heating, P2 and P2F's
intramolecular charge transfer peaks increase while the
aggregation peaks noticeably decrease. By contrast, P1 and P1F
only show a trend of peak intensity change, indicative of strong
aggregation in o-dichlorobenzene even at 100 °C. The stronger
aggregation behavior of P1 and P1F reflects their strong
interchain interaction induced by high planarity. 293

To study the redox properties of polymer thin films, cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) were
employed. Cyclic voltammograms of all Bis-1ID polymers show
quasi-reversible redox behavior, suggesting their potential as
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ambipolar semiconducting polymers (Figure 3). CV redox onsets
are widely used to estimate HOMO/LUMO levels of
semiconducting materials. However, like many 1ID based
polymers, the optical band gaps of Bis-lID polymers are much
narrower than those estimated from CV. This observation is
partially attributed to the sensitivity limitation of the CV
measurement, resulting from its high capacitive charging currents
background. With a reduced contribution from capacitive charging
currents, differential pulse voltammetry (DPV) provides a much
higher sensitivity than normal voltammetry measurements. It
allows to record a sharper and clearer redox onset.®' Thus,
HOMO/LUMO energy levels of Bis-1ID polymers were estimated
from redox onset potentials of DPV (Figure 3). As references, P1-
ref and P2-ref films were also characterized (Figure S4). The
corresponding data were summarized in Table 1. Compared with
D-A type P1-ref, D-A-Atype P1 shows a drop of 0.12 eV in LUMO
level, while the HOMO level is almost unchanged. In further
comparison between P1 and P1F, P1F has a lowered HOMO
level without changing the LUMO level. The trends are similar for
the P2-ref, P2 and P2F group. A 0.09 eV drop in LUMO and only
a marginally deepened HOMO were observed from P2-ref to P2.
Introduction of fluorine in P2F rendered a selective deepened
HOMO level by 0.15 eV. The energy levels estimated by CV
measurements also agree with DPV trends. The comparison
between D-A polymers and D-A-A polymers clearly shows the
potential of D-A-A strategy in selective tuning of the LUMO/HOMO
energy lying, which makes it an attractive method to render
ambipolar semiconducting materials and functional optoelectronic
materials.
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Figure 3. Cyclic Voltammograms (dashed lines) and differential pulse
voltammograms (solid dots) of a) P1, b) P1F, ¢) P2 and d) P2F films in
acetonitrile with 0.2 M n-BusNPFg as supporting electrolyte. (scan rate: 40 mV
s7)

Charge carrier transport properties of Bis-1ID polymers were
characterized by field-effect transistor measurements. Details of
the device fabrication are described in the Experimental Section.
Devices with bottom-gate bottom-contact (BGBC) architecture
and Au as contacts under ambient conditions only shows p- type
performance. Devices based on P2 and P2F fiims showed a
typical p- type performance with highest s of 0.024 cm? V-' s7!
and 0.030 cm? V' s, respectively (Figure S7). Distinguished
from P2 and P2F, both P1 and P1F devices exhibited an
abnormally high “threshold” voltage and a small on-off ratio of 10'.
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The high Vi and high off current imply a doping process by
oxygen, given that materials with HOMO energy level above 5.0
eV are likely to make OFET devices unstable in air (Figure S7 and
$8).1%2.33 Therefore, P2 and P2F were devices were tested under
vacuum. These devices show normal p- type output and transfer
characteristics, with highest 4, of 0.017 cm? V- s~" and 0.013 cm?
V-' 57" respectively, and a moderate on-off ratio of 102 (Figure S9).

Table 1. Energy levels of polymer thin films and their highest OFET performance
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Such result is also a corroboration of the doping behavior in its all-
acceptor analogue, Tl homo polymer, which has an even higher
HOMO lying of 4.83 eV.123 All Bis-IID devices with bottom-gate
top-contact (BGTC) architecture and Al as contacts exhibit
ambipolar characters with g around 10 to 10 cm? V-' s" and
4 around 10 to 102 cm? V' s~ (Figure S10 and S11), showing
n- type potential properties of A-A type Bis-1ID building blocks.

Differential Pulse Voltammetryl@ Cyclic Voltammetry'el OFET performance
Polymer
LUMO/eV  HOMO/eV  Ega/eV  LUMO/eY  HOMO/eV  EgapleV  pelem?V's™  ywlem? V-1
P1-ref -3.83 -4.99 1.16 -3.80 -5.16 1.36 N/A 0.430!
P1 -3.95 -4.96 1.01 -3.89 -5.13 1.24 0.00046! 0.0171¢
P1F -3.98 -5.05 1.07 -3.90 -5.28 1.38 0.00022(! 0.0131
P2-ref -3.88 -5.29 1.41 -3.85 -5.46 1.61 N/A 0.088!
P2 -3.97 -5.30 1.33 -3.90 -5.45 1.55 0.0022! 0.02414
P2F -3.98 -5.45 1.47 -3.91 -5.54 1.63 0.00171 0.030

[a] The HOMO and LUMO energy levels are estimated from HOMO = - (5.10 + Eox — Ercire+) and LUMO = - (5.10 + Eres — Ercres), where Eox and Eres are onset
potentials. [b] Data adopted from ref 24. All mobilities shown in table 1 are highest values. [c] Results obtained from BGTC architecture, Al contacts. [d] Results

obtained from BGBC architecture, Au contacts.

Conclusions

In summary, we developed a new synthetic approach to
obtain two isoinidgo-based acceptor-acceptor type building
blocks M1 and M2. With thiophene-thiophene connection along
the building block, the corresponding D-A-A polymers P1, P2, P1F
and P2F show high planarity and extended conjugation length,
which thus lead to strong interchain interaction. Compared with
their D-A analogues, D-A-A polymers have noticeably lowered
LUMO, but relatively unchanged HOMO. Further introduction of
fluorine atoms into Bis-IID polymers only lowers their HOMO
levels. This discovery asserts that our D-A-A design can tune
FMO energy levels selectively. All Bis-IID polymers exhibit
ambipolar charge transport properties. We expect the D-A-A
approach will play a significant role in developing ambipolar
materials. We also anticipate that our key intermediate bis-
thienoisatin 2 could serve as a moiety to build up novel functional
conjugated polymers for organic electronics.

Experimental Section

All reagents purchased from suppliers were used without further
purification. 'H- and 1*C-NMR spectra were recorded using Varian Inova
300 in deuterated chloroform at 293 K. GPC was performed by high-
temperature gel permeation chromatography at 150 °C using 1,2,4-
trichlorobenzene (TCB) as eluent. Differential scanning calorimetry (DSC)
measurements were acquired using a TA Q1000 calorimeter at a heating
rate of 10 °C min~" with nitrogen as purge gas. UV-vis-NIR spectra were
measured with an Agilent Technologies Cary 6000i UV-Vis-NIR
spectrophotometer (350-1800 nm). All the electrochemistry related
experiments (CV, DPV) were performed using BioLogic SP-150. platinum
electrode was used as a working electrode and a platinum wire as a

counter electrode, and all potentials were recorded versus Ag/AgCl
(saturated) as a reference electrode (scan rate: 40 mV s™). FET device
characterization was carried out using Keithley 4200.

Device fabrication and characterization

Top-contact/Bottom-gate OTFT devices: The SiO2/Si substrates were
cleaned by piranha solution (H2SO4 98%: H202 30% = 2:1) at 85 °C for 20
mins. They were then washed with DI water, Ethanol and acetone for 6
mins each. After drying inside oven, the substrates were put in a clean
petri dish with a small drop of OTS. The dish was annealed in a vacuum
oven at 120 °C for at least 3h resulting in the formation of an OTS self-
assembled monolayer on the surface. The OTS modified substrates were
rinsed with hexane, ethanol and chloroform to remove physically-adsorbed
OTS molecules before used. All polymers were dissolved in Chloroform
and spin coated on the substrate at 2000 RPM inside a glove box. All the
films were annealed inside the glovebox at 120 °C. To deposit Al electrode,
A 40 nm layer of Al was thermally evaporated on top of the semiconductor
film through a shadow mask. The channel length was 80 pm and the
channel width was 4800 um. All the devices were characterized by using
Keithley 2400 in vacuum of 10 mbar.

Bottom-contact/Bottom-gate OTFT devices: The substrates have SiO:z as
dielectric layer and gold electrode were pre-patterned by photolithography.
They were cleaned by piranha solution and OTS modified as the procedure
above. All polymers were dissolved in Chloroform and spin coated on the
substrate at 2000 RPM in air. All the films were annealed inside the
glovebox at 120 °C. The channel width was 1000 pm and the channel
length was ranging from 10 pym to 100 pm.

Synthetic procedures

Compound 2: 4-(2-octyldodecyl)-4H-thieno[3,2-b]pyrrole-5,6-dione (1.17
g, 2.70 mmol) (1), Silver Flueride (0.719 g, 5.67 mmol) and Palladium(ll)
acetate (60.6 mg, 0.270 mmol) were added to 30 mL of DMSO. The
mixture was stirred under N2 at 90 °C for 24 h before being allowed to cool
to room temperature. The reaction was poured into water, extracted with
dichloromethane and dried over Na2SO.. After removal of the solvent
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under reduced pressure, the residue was purified by silica chromatography
(hexanes:CHzClz=1:3) to give the product (2) as a dark purple solid (627
mg, 54%). About 15% of the starting material was also recovered. '"H NMR
(300 MHz, CDCls, ppm) &: 6.93 (s, 2H), 3.57 (d, J = 7.3 Hz, 4H), 1.80 (m,
2H), 1.32-1.25 (m, 64H), 0.87 (t, J = 6.6 Hz, 12H). 13C NMR (75 MHz,
CDCls, ppm) 8: 172.17, 164.69, 160.57, 151.59, 111.49, 110.88, 46.69,
37.08,31.96, 31.37,30.04, 29.72, 29.64, 29.43, 29.39, 26.37, 22.78, 14.24.
HRMS (APCI) calcd. for CsoHgsN20sS2 ([M+H]*): 865.5945; found
865.5939.

Compound 4: 6-bromo-1-(2-octyldodecyl)indoline-2,3-dione (4a) (2.0 g.
3.9 mmol) and hydrazine monohydrate (10 mL) were added to 10 mL of
DMSO. The mixture was stirred under Nz at 130 °C for 24 h before being
allowed to cool to room temperature. The reaction was poured into water,
extracted with dichloromethane and dried over Na.SQO.. After removal of
the solvent under reduced pressure, the residue was purified by silica
chromatography (hexanes:CHzCl2=3:2) to give the product (4) as a light-
yellow oil (1.28 g, 66%). 'H NMR (300 MHz, CDCls, ppm) &: 7.16 — 7.06
(m, 2H), 6.91 (d, J = 1.6 Hz, 1H), 3.54 (d, J = 7.5 Hz, 2H), 3.45 (s, 2H),
1.92 - 1.73 (m, 1H), 1.29 — 1.24 (m, 32H), 0.87 (t, J = 6.6 Hz, 6H). °C
NMR (75 MHz, CDCls, ppm) 8: 174.83, 146.30, 125.46, 124.69, 123.28,
121.19, 111.88, 44.66, 35.94, 35.40, 32.00, 31.55, 30.09, 29.74, 29.69,
29.64, 29.45, 29.40, 26.46, 22.80, 14.27. HRMS (ESI) caled. for
CisHasBrNONa ([M+Na]*): 514.2661; found 514.2657.

Compound M1a: p-Toluenesulfonic acid monohydrate (9.0 mg 0.052
mmol) was added to a solution of bis-tisatin 2 (150 mg, 0.173 mmol) and
4-(2-octyldodecyl)-4,6-dihydro-5H-thieno[3,2-b]pyrrol-5-one (3) (291 mg,
0.693 mmol) in Toluene (15 mL). The mixture was stirred under N2 at
110 °C for 12 h before being allowed to cool to room temperature. After
removal of the solvent under reduced pressure, the residue was purified
by silica chromatography (hexanes:CHzClz=3:2) to give the product (M1a)
as a dark green solid (256 mg, 88%). 'H NMR (300 MHz, CDCls, ppm) &:
7.37 (d, J=5.1 Hz, 2H), 6.94 (s, 2H), 6.65 (d, J= 5.2 Hz, 2H), 3.67 (t, J =
6.8 Hz, 8H), 1.96-1.85 (m, 4H), 1.31-1.22 (m, 128H), 0.84 (1, J = 3.2 Hz,
24H). 13C NMR (75 MHz, CDCls, ppm) 5: 170.93, 170.50, 151.88, 151.05,
145.31, 134.08, 119.74, 119.57, 115.49, 114.81, 111.12, 107.36, 46.60,
46.32, 37.25, 37.03, 31.99, 31.61, 31.31, 30.26, 30.10, 29.74, 29.45, 26.65,
26.38, 22.79, 14.23. HRMS (MALDI) calcd. for C1oaH170N4OaS4 ([M+H]*):
1668.5439; found 1668.5463.

Compound M1: To a solution of M1a (232 mg, 0.139 mmol) in Chloroform
(10 mL) at 0 °C, a solution of N-Bromosuccinimide (54.4 mg 0.305 mmol)
in Chloroform (10 mL) was added dropwise in 5 min. The mixture was
stirred at 0 °C for another 30 min. The reaction was quenched by addition
of saturated aqueous solution of Na2S20s. The organic phase was
extracted with dichloromethane and dried over Na-SQOa. After removal of
the solvent under reduced pressure, the residue was purified by silica
chromatography (hexanes:CH2Cl2=1:1) to give the product (M1) as a dark
green solid (221 mg, 87%). 'H NMR (300 MHz, CDCls, ppm) &: 6.88 (s,
2H), 6.67 (s, 2H), 3.68 (m, 8H), 1.98 (s, 2H), 1.81 (s, 2H), 1.40 — 1.21 (m,
128H), 0.87 — 0.81 (m, 24H). '*C NMR (75 MHz, CDCls, ppm) &: 170.48,
169.74, 152.16, 149.50, 145.64, 122.66, 119.02, 118.24, 116.03, 115.13,
114.69, 107.20, 46.96, 46.45, 37.29, 37.15, 32.01, 31.63, 31.35, 30.34,
30.14, 29.84, 29.76, 29.69, 29.48, 26.71, 26.51, 22.80, 14.24. HRMS
(MALDI) calcd. for CiosH16sBraNaOsSa ([M+H]*): 1827.2345; found
1827.2419.

Compound M2: p-Toluenesulfonic acid monohydrate (16.5 mg, 0.087
mmol) was added to a solution of bis-tisatin 2 (150 mg, 0.173 mmol) and
6-bromo-1-(2-octyldodecyl)indolin-2-one (4) (172 mg, 0.350mmol) in
Toluene (15 mL). The mixture was stirred under Nz at 110 °C for 12 h
before being allowed to cool to room temperature. After removal of the
solvent under reduced pressure, the residue was purified by silica
chromatography (hexanes:CHzCl2=1:1) to give the product (M2) as a dark
green solid (279 mg, 89%). '"H NMR (300 MHz, CDCls, ppm) &: 8.84 (d, J
=8.5 Hz, 2H), 7.03 (d, J = 8.6 Hz, 2H), 6.93 (s, 2H), 6.86 (s, 2H), 3.65 (d,
J=7.5Hz, 8H), 1.96 — 1.90 (m, 4H), 1.34 — 1.22 (m, 128H), 0.87 — 0.83
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(m, 24H). 3C NMR (75 MHz, CDCls, ppm) &: 169.80, 168.84, 153.51,
147.05, 144.60, 129.47, 128.40, 124.96, 124.76, 120.45, 119.86, 116.37,
111.37, 107.34, 46.77, 44.88, 37.00, 36.19, 32.01, 31.70, 31.37, 30.29,
30.14, 29.77, 29.67, 29.47, 26.70, 26.44, 22.80, 14.24. HRMS (MALDI)
calcd. for C1osH172Br2N4O4 ([M+H]*): 1815.4630; found 1815.4193.

General procedure for polymerization: To a Schlenk tube charged with
a stir bar, M1 or M2 (1.0 equiv.), ditin Compound 5 or 6 (1.0 equiv.),
Pdz(dba)s (2.5 mol%), P(o-tol)s (4 mol%) and 15 mL of toluene were added.
The resulting solution was bubbled with argon for 20 min, and the mixture
was stirred for 16 h at 110 °C. After the polymerization was complete, the
mixture was taken up and precipitated into methanol. The solids were
collected by a soxhlet thimble, which was purified by Soxhlet extraction
successively with acetone, hexane, and chloroform. To remove residual
catalyst, N,N-diethyl-2-phenyldiazenecarbothioamide was added to the
chloroform fraction, and the mixture was stirred for 30 min at 60 °C before
being precipitated into methanol. The collected polymer was dried at 60 °C
under vacuum.

P1:60.0 mg (0.033 mmol) of M1 and 16.2 mg of (0.033 mmol) 5 were used.
Precipitation provided 57.0 mg (95% vield) of a dark solid. As mentioned
in the main text, the exact molecular weight of P1 can't be determined.

P2: 103.8 mg (0.057 mmol) of M2 and 28.1 mg (0.057 mmol) of 5 were
used. Precipitation provided 95.8 mg (92% yield) of a dark solid. Mn = 121
KDa, PDI = 1.70.

P1F: 81.0 mg (0.044 mmol) of M1 and 23.4 mg of (0.044 mmol) 6 were
used. Precipitation provided 50.8 mg (63% yield) of a dark solid. As
mentioned in the main text, the exact molecular weight of P1F can't be
determined.

P2F: 80.1 mg (0.044 mmol) of M2 and 23.3 mg (0.044 mmol) of 6 were
used. Precipitation provided 68.6 mg (85% yield) of a dark solid. Mn = 28
KDa, PDI = 3.0.
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Insert text for Table of Contents here. Isoindigo-based A-A type building blocks - bis-isoindigos - were synthesized via the palladium-
catalyzed oxidative coupling. Bis-isoindigo-based polymers show high planarity and delocalized frontier molecular orbitals with
selective tuning ability of LUMO/HOMO levels, complementary to the D-D-A approach for the HOMO energy level tuning.
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the majority of these materials are still limited by long-term
performance and stability challenges. To resolve these issues, we
v [uC*)=310Fcm1Vis!
¥ 100% performance over 100 cycles

ProDOT

implemented a next-generation design of polymers for OECTs.

Specifically, diketopyrrolopyrrole (DPP) building blocks were S a ‘
copolymerized with propylene dioxythiophene-based (Pro-based) o

monomers to create a donor—acceptor-type conjugated polymer
(PProDOT-DPP). These PProDOT-DPP macromolecules were
synthesized using a straightforward direct arylation polymerization
synthetic route. The PProDOT-DPP polymer thin film exhibited excellent electrochemical response, low oxidation potential, and
high crystallinity, as evidenced by spectroelectrochemical measurements and grazing incidence wide-angle X-ray scattering
measurements. Thus, the resultant polymer thin films had high charge mobility and volumetric capacitance values (i.e.,, #C* as high
as 310 F cm™ V7! s7!) when they were used as the active layer materials in OECT devices, which places PProDOT-DPP among the
highest performing accumulation-mode OECT polymers reported to date. The performance of the PProDOT-DPP thin films was
also retained for 100 cycles and over 2000 s of ON—OFF cycling, indicating the robust stability of the materials. Therefore, this
effort provides a clear roadmap for the design of electrochemically active macromolecules for accumulation-mode OECTs, where
crystalline acceptor cores are incorporated into an all-donor polymer. We anticipate that this will ultimately inspire future polymer

a
W

DPP
¥ Strong Interchain Interactions

designs to enable OECTSs with both high electrical performance and operational stability.

An organic electrochemical transistor (OECT) is a coupled
ionic-electronic device, where the active layer material
undergoes doping and dedoping based on the electrolytic
components upon application of a gate bias.”> Owing to the
high-sensitivity sensing and subvoltage operation properties of
OECTs, various application advances have been achieved with
respect to OECTs, including biological sensors, memory and
neuromorphic devices, and electrophysiological monitoring,*~’
Despite the high degree of initial success that many oft-studied
macromolecular systems have had in the realm of OECTs,
there are significant opportunities to develop next-generation
electrochemically active polymers to improve device perform-
ance, switching speed, and cycling stability."*~"°
Semiconducting polymers with solubilizing hydrophilic side
chains exhibit high volumetric capacitance, efficient charge
transport, and rapid ion injection, as well as compatibility with
aqueous electrolytes.'' Therefore, they have generated
extensive scientific interest as a class of channel components
for OECTs."*™"” Among the various types of semiconducting
polymers, 3,4-alkylenedioxythiophene-based polymers have
achieved remarkable success in many electrochemical
applications, such as electrochromic devices and super-
capacitors.'®'” Moreover, they are useful for OECT channel
materials due to their high redox stability and charge
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capacity.””°™** In fact, a model material for many studies,

poly(3,4-ethylene dioxythiophene) doped with poly-
(styrenesulfonate) (PEDOT:PSS), has recently reached a
high figure-of-merit (i.e.,, the product of charge mobility and
volumetric capacitance, #C*) value of 1500 F cm™ V™' s in
OECT devices.”>** 3,4-Propylenedioxythiophene (ProDOT),
an analogue of EDOT, is another example of this type of
building block. ProDOT has two side chain substitution
positions bringing about tunable solubility and versatility of
synthetic design.z‘S Because ProDOT is a weaker electron
donor than EDOT, all-donor ProDOT-based polymers are
more stable in their neutral state under ambient conditions.*®
However, ProDOT has not been implemented as extensively as
EDOT in OECT studies, with only a single report being
provided to date.”” Despite the fact that OECT devices based
on this design exhibited an excellent electrochemical response

Received: May 12, 2021
Accepted:  July 26, 2021

https://doi.org/10.1021/acsmacrolett.1c00328
ACS Macro Lett. 2021, 10, 1061-1067

122



ACS Macro Letters

pubs.acs.org/macroletters

Scheme 1. Synthetic Route for the Generation of PProDOT-DPP
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and high charge-storage capacity, this ProDOT-based all-
donor-type polymer only achieved a uC* value of 7.0 F cm™
V157!, which is relatively low when compared with traditional
thiophene-based polymer competitors. The performance of
this material seems to be limited, in large part, by the
completely amorphous nature of the polymer thin film, which
resulted in a low charge carrier mobility.'>"*

While most reported OECT polymers, including the
polythiophene-based polymer p(g2T2-g4T2) with the cur-
rently highest-reported y#C* materials performance value, are
all-donor-type conjugated polymers,l4 donor—acceptor (D-A)
conjugated polymers containing electron acceptors such as
isoindigo (IID), naphthalenediimide (NDI), and diketopyrro-
lopyrrole (DPP) have been developed as other promising types
of OECT materials. Particularly, p-type D-A conjugated
polymers were recently shown to minimize electrochemical
side reactions during OECT operation.'****" For instance, a
recently reported pyridine-flanked diketopyrrolopyrrole-con-
taining (DPP-containing) polymer suggests that a D-A-type
polymer system prevents the OECT device from reacting with
molecular oxygen.”” A variety of thiophene-flanked diketo-
pyrrolopyrrole (DPP-2T) derivatives were subsequently
reported for OECT applications.”*”*" Moreover, the pC*
values of these DPP polymers have exceeded 100 F cm™ V™!
s™' with particularly high charge mobilities being reported,
highlighting the potential of DPP moieties to significantly
improve the charge transport properties in OECT polymers.

Here, a DPP-containing ProDOT monomer was designed,
and this allowed for the eventual creation of a D-A-conjugated
polymer PProDOT-DPP. Then, using a straightforward
polymerization method, the DPP motif, which affords strong
interchain interactions, was incorporated into the PProDOT
polymer backbone. Two ProDOT moieties were present in
one repeat unit to maintain electrochemical performance and
cycling stability, while a single DPP-2T moiety was used as a
planar core to enhance chain rigid.ity. In turn, this increased the
ultimate thin film crystalline fraction and improved the charge
transport properties relative to polymers that lacked the DPP
functionality. The six triethylene glycol (TEG) side chains that
are present in each repeat unit ensure solution processability
and allow for enhanced ion infiltration during OECT device
operation. Because of these principles, the synthesized
polymer, PProDOT-DPP, achieved a high yC* value of 310
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Fem™ V7' s7! during OECT device operation, which places it
as one of the top performing accumulation-mode OECT
macromolecules reported to date.”'**° Moreover, the
performance of PProDOT-DPP was maintained for 100 cycles
over 2000 s of cycling between the ON and OFF states. Thus,
the proposed polymer design strategy may inspire next-
generation polymers with both high performance and
enhanced operational stability for mixed conduction applica-
tions.

To take advantage of the exposed @ positions and blocked
positions during the synthesis, we determined that the
ProDOT moiety is particularly suitable as a C—H activation
reaction substrate. In this way, we applied a direct arylation
polymerization strategy (Scheme 1). First, compound 1 was
synthesized with triethylene glycol side chains functionalized
on the DPP-2T core, and this species was then brominated. In
a similar manner, substitution of triethylene glycol side chains
on bis(bromomethyl) 3,4-propylenedioxythiophene afforded
compound 2. Compound 1 was then subjected to an optimized
direct arylation reaction using tris(dibenzylideneacetone)-
dipalladium(0) and tetramethylethylenediamine (TMEDA)
as cocatalysts with an excess of compound 2, yielding
monomer 3 with a moderate yield of 26%.** Further
bromination of monomer 3 provided monomer 4 in a yield
of 71%. Finally, PProDOT-DPP was synthesized via direct
arylation polymerization between monomer 3 and monomer 4
with a high yield of 89% (see Supporting Information for
synthetic details). The molecular weights of the polymers were
initially evaluated by high temperature size exclusion
chromatography (SEC) using trichlorobenzene as the eluent
at 150 °C (Figure S1). However, the chromatogram only
shows a weak signal associated with a low molecular weight
species, which prevented us from providing a reasonable
estimation of the true molecular weight of the polymer.
Further attempts using size exclusion chromatography with
tetrahydrofuran at 40 °C as the mobile phase and MALDI-
TOF mass spectroscopy analyses were also unsuccessful
(Figure S1). This is an unfortunate, but not unreported,
issue, as abnormal SEC results of DPP-based polymers with
triethylene glycol side chains have been described previously.”
Despite this inability to extract a quantitative molecular weight
estimate, the '"H NMR (Figure S2) and UV—vis-NIR (Figure

https://doi.org/10.1021/acsmacrolett.1c00328
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S3) spectra of the resulting material clearly show that the
product is macromolecular in nature.

Cyclic voltammetry was employed to interrogate the
electrochemical redox reactions and stability of PProDOT-
DPP polymers as a function of the electrolyte chemistry
(Figure 1a). Due to the large difference in anion sizes of PFy~
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Figure 1. Electrochemical characterization of PProDOT-DPP thin
films. (a) The cyclic voltammetry cycling test with a 0.2 M LiPF
(red) or 02 M LiCl (blue) aqueous solution as the supporting
electrolyte. (b) UV—vis-NIR spectra of PProDOT-DPP film from a
spectroelectrochemical measurement with the 0.2 M LiPF4 aqueous
electrolyte. The tick around 800 nm is an instrument response
associated with the detector and grating change. (c) Absorbance of
PProDOT-DPP recorded as a function of applied potential in the
spectro-electrochemical measurement.

and CI7, LiPF, and LiCl aqueous solutions were selected as the
electrolytes to establish the impact that anion size had on the
electrochemical properties of the PProDOT-DPP when it was
used in electrochemical environments.' PProDOT-DPP
exhibits excellent redox stability during 20 charge—discharge
cycles between —0.4 V < V < +0.6 V versus Ag/AgCl in both
electrolytes. Importantly, PProDOT-DPP exhibits a lower
oxidation onset potential (i.e., —0.2 V) and a higher oxidation
capacitance in the LiPFg electrolyte relative to the LiCl
electrolyte. The more efficient ion exchange and improved
electrochemical activity is attributed to the influence of the
anion polarizability and anion solvation. As evidenced by many
other reports, larger and more polarizable anions with a lower
surface charge density require a smaller driving force for
injection into the semiconducting polymer.'®**** Notably, the
electrochemical conditioning process for PProDOT-DPP in
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both supporting electrolytes was completed in just the first
cycle. Such efficient electrochemical conditioning processes are
likely ascribed to the highly hydrophilic triethylene glycol side
chain density present in one repeating unit, which allows for
easier ion injection. Similar high cycling stability, high
capacitance, and fast electrochemical conditioning of PPro-
DOT-DPP are observed in an organic electrolyte, acetonitrile
(Figure S4). An ionization potential of —4.57 eV (relative to
vacuum) was also estimated from the oxidation onset of
PProDOT-DPP in the acetonitrile electrolyte.”* These cyclic
voltammetry results confirm PProDOT-DPP as a potential p-
type OECT channel material with a low operating voltage and
indicate the versatility of the polymer for different electro-
chemical conditions.

The spectroelectrochemical measurements of PProDOT-
DPP films in LiPF4 aqueous electrolyte provide potential-
dependent absorption changes, giving insights into polaron and
bipolaron formation, which helps to describe charge and ionic
transport at different doping states during the electrochemical
process. As shown in Figure 1b,c, the neutral peak absorption
maximum of PProDOT-DPP is at ~855 nm, while the
emerging peak at 1160 nm during the oxidation process is the
polaron absorption maximum. Until an oxidation potential of
+0.5 V versus Ag/AgCl is reached, an i_sosbestic point at 967
nm indicates pure polaron formation.’® Further increases in
potential lead to bipolaron formation as the intersections of
adjacent curves deviate from the previous isosbestic point.*®
The presence of bipolaron formation also is evidenced by a
decline in absorption at 1150 nm and an increase in absorption
at 1350 nm when the oxidation potential exceeds +0.5 V versus
Ag/AgCl. However, due to the strong O—H stretching
overtone of water that starts at 1400 nm, the bipolaron
absorption maximum cannot be detected.”’ These results
suggest that the PProDOT-DPP film has a strong, reversible
redox response and a low threshold oxidation potential, which
are characteristics of a good p-type OECT material that is
compatible with water and aqueous electrolytes.

To investigate the impact of the DPP moieties on the
crystallinity and molecular packing in PProDOT-DPP thin
films, grazing incidence wide-angle X-ray scattering measure-
ments were petformed on PProDOT-DPP polymer thin films
spin-coated from 10 mg mL™" chloroform solutions, as shown
in Figure SS. The polymer film shows an out-of-plane (010)
peak, indicative of a face-on #—x stacking orientation. Two
orders of in-plane packing patterns, (100) and (200), are
attributed to lamellar scattering, and they are also observed.
The 7— stacking distance is 3.61 A and the lamellar spacing is
25.4 A. The full-width-at-half-maximum (fwhm) of the out-of-
plane [ie, the (010)] peak is 0.195, which corresponds to a
coherence length (L.) of 32 A. Relative to other DPP
polymers, this polymer shows similar 7—7 stacking distances
and slightly smaller crystalline domains.***” Notably, the
lamellar distance of PProDOT-DPP is significantly longer than
those of other DPP polymers with triethylene glycol side
chains (typically 10—20 A), but it is almost identical to the
lamellar distance of a doped poly(ProDOT) with ethylene
glycol side chains (25.8 A).**® This comparison reveals that
interchain triethylene glycol—triethylene glycol interactions on
the ProDOT moieties are predominant, while triethylene
glycol chains on the DPP moieties have less interactions than
those in typical DPP polymers. Also, it should be noted that
the poly(ProDOT) polymer itself is amorphous in the neutral
state.’> Therefore, these observations reflect the influence of

https://doi.org/10.1021/acsmacrolett.1c00328
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Figure 2. (a) Device structure of the bottom-contact PProDOT-DPP-based OECTs. Output characteristics of the PProDOT-DPP OECTs using
(b) 0.1 M LiCl and (c) 0.1 M LiPFj as the salts for the aqueous electrolytes. Transfer characteristics of the PProDOT-DPP OECTs using (d) 0.1
M LiCl and (e) 0.1 M LiPF; salts for the aqueous electrolytes. (f) Transconductance values of PProDOT-DPP OECTs using LiCl and LiPFg
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Figure 3. (a) Bias stabilities of PProDOT-DPP OECTs at different Vg values using the 0.1 M LiPFj electrolyte. (b) Volumetric capacitance as a
function of bias applied to the PProDOT-DPP working electrode via differential capacitance measurements using the 0.1 M LiPFq electrolyte. (c)
HC* values of PProDOT-DPP OECT: as a function of Vgg using the 0.1 M LiPF; electrolyte. (d) Cyclic stability of PProDOT-DPP OECTs using
the 0.1 M LiPF; electrolyte. A constant Vg at —=0.1 V and a square wave function of Vgg (VGS/qﬂ = —0.4V and Vg4 = 0 V) were applied. (e)
Switching on and (f) switching off responses of PProDOT-DPP OECTs (Vg o, = —0.4 V and Vg o = 0 V) using the 0.1 M LiPFq electrolyte.

DPP moieties on the increase in the crystalline nature of a
ProDOT-based polymer, in agreement with good charge
transport properties estimated from OECT devices (vide
infra).

The electrical measurements of PProDOT-DPP-based
OECTSs were performed in two types of aqueous electrolytes:
in (a) 0.1 M of LiCl and in (b) 0.1 M LiPF. An Ag/AgCl gate
electrode was submerged in the electrolyte during the
measurements (Figure 2a). Typical output characteristics
with clear linear and saturation regimes are observed in both
LiCl and LiPFy electrolytes (Figure 2b,c). The OECT transfer
curves are shown in Figure 2d,e, where a —0.8 V constant Vpg
was applied. The OECTSs predominantly operate in a hole-
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transporting accumulation mode where an ON/OFF ratio of
~10° is obtained for both LiCl and LiPFg electrolytes. The
OECTs work mostly in the saturation regime; as a result, the
slopes of the linear fit of the Vgg—Ips? reveal threshold
voltages (V) of —0.28 V and +0.1 V for the LiCl and LiPF,
electrolytes, respectively. The more positive threshold voltage
associated with the LiPFg electrolyte can be attributed to the
lower oxidation potential required to electrochemically dope
the PProDOT-DPP films, which is consistent with the CV
results shown above. Moreover, the higher ON current is
obtained for OECT devices with a LiPF; electrolyte, which
suggests that the PF,~ anion provides for better electro-
chemical doping in these high performance OECTs that have

https://doi.org/10.1021/acsmacrolett.1c00328
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low operating voltages. We highlight that the PProDOT-DPP
OECTs demonstrated good device-to-device uniformity from
the characterization of eight individual OECTs (Figure S6).

The transconductance (g,) is considered as an important
figure-of-merit of OECTs, and it is defined as g, = Alpg/
AVge*' As is shown in Figure 2f, a maximum trans-
conductance (g,) of ~5.6 mS was achieved when the
PProDOT-DPP thin films (with thickness of ~30 nm) were
evaluated in a LiPFg aqueous electrolyte, while a slightly lower
peak transconductance value of ~3.3 mS is obtained in the
LiCl electrolyte. These results indicate that PF,~ with a
relatively larger radius and higher polarizability is advantageous
in improving the doping efficiency in these DPP golymers,
thus, enabling a superior g, in aqueous electrolytes. 0

The realization of robust operational stability is a
fundamental requirement for OECT devices, and this remains
a challenge for most conjugated polymers when they are used
as the device active layer. To this end, bias stability
measurements of PProDOT-DPP OECTs were first performed
here under a constant Vpg of —0.1 V with various Vg biases
(Figures 3a and S7a). For OECTs with the LiPFq electrolyte,
the Ing was maintained over 300 s when biasing the Vs lower
than —0.6 V; however, we do note the slight increase in I for
Vgs = —0.2 V. This might be attributed to the influence of the
trapping of injected anions. For OECTs with the LiCl
electrolyte, however, a stable Ipg was realized under higher
gating potential when the V5 was lower than —0.8 V. At high
Vs bias (i.e, — 0.6 V for LiPFg and —0.8 V for LiCl), the Ipg
decreased slightly with time. Importantly, this Ipg decrease at
high Vs biases is correlated with the same oxidation potential
where bipolarons start to form, as evidenced by spectro-
electrochemical measurements. Hence, the decreased opera-
tional stability at higher gating potentials is attributed to the
instability of the bipolaron species when formed on PProDOT-
DPP.

To better understand the stability maintenance and
degradation mechanisms, we performed differential capaci-
tance measurements of the PProDOT-DPP films (Figure S8).
The PProDOT-DPP film deposited on ITO served as the
working electrode, and potential steps from +0.1 to +0.8 V
versus Ag/AgCl were applied. The measured capacitive current
(I.) upon the a‘gplication of different voltage biases is therefore
given by eq 1.

—t

E
1(f) = = exp| —
® R, XP[RSC

(1

Here, E is the potential step, R; is the out-of-plane resistance of
the PProDOT-DPP films, and C is the film capacitance. The
potential-dependent volumetric capacitance (C*) is the
following.

Y @
In this equation, A and d are the area and thickness of the
PProDOT-DPP films, respectively. From the calculated
volumetric capacitance results for the LiPF4 system (Figure
3b), the PProDOT-DPP exhibited a sharp increase of C* from
+0.1 to +0.2 V versus Ag/AgCl, and the polymers then
maintained a value of ~330 F cm™ when the applied potential
ranged from +0.2 V to +0.8 V versus Ag/AgCl. We then
calculated the uC* values of PProDOT-DPP OECTs, which
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reflects the intrinsic ionic and electronic merits of the polymer
using the following equation.

8k

HCH = e
Wd(Vy, — Vgs)

®3)

Here, W, L, and d are the channel width (2500 ym), length
(200 um), and active layer thickness (~30 nm), respectively.
Note that a relatively long channel (~200 ym) was applied for
the OECT geometry to minimize any contact resistance effects
and to provide an accurate evaluation of the intrinsic merits of
PProDOT-DPP* (Figure S9). As shown in Figure 3¢, the uC*
increased slightly as the applied voltage was altered from —0.1
V to —0.25 V; this is consistent with the trend of C* within the
same potential window. Therefore, the initial increase of pC*
can be attributed to the C* increase together with an almost
constant carrier mobility. A peak #C* of 310 F cm™ V™' 57" is
obtained at —0.25 V, which is approaching the highest
petformance reported for accumulation-mode OECT materi-
als. A good charge mobility ~0.94 cm® V™" s™" was also derived
based on the pC* and C* values, allowing for robust hole
transport at moderate Vg bias. However, the pC* declined
significantly when V; that was more negative than —0.4 V was
applied, and this is consistent with the trends in bias stability
degradation. Given that C* was constant from +0.2 to +0.8 V,
the #C* decrease at high doping levels should be attributed to
a decline in hole mobility accompanied with the bipolaron
formation. When the unstable bipolaron species formed in
PProDOT-DPP upon excessive incorporation of dopants, a
loss in film crystallinity together with increased Coulomb
scattering occurs, resulting in a lower charge mobility and
nonideality of transfer curve at V5 at magnitudes greater than
—0.5 V.1

Based on the above discussions, cyclic stability measure-
ments were performed for the PProDOT-DPP thin films using
the LiPFq electrolyte where the turn-on Vg was always kept
more positive than —0.6 V to prevent performance degradation
(Figure 3d). As expected, the initial current is retained for 100
cycles over 2000 s of cycling and ON—OFF switching.
Moderate switching time scales are obtained for PProDOT-
DPP with the LiPF electrolyte with a rise time of 0.26 s and a
fall time of 0.28 s (i.e., these are calculated as the time it takes
to reach 90% of the steady-state current switching value in
either direction), respectively (Figure 3ef). These data
indicate good reversible and repeatable electrochemical
switching capacities in the PProDOT-DPP-based OECTs.
Therefore, the combination of high operational stability and
moderate switching speed will allow for the rational design of
PProDOT-DPP OECTs for both electrical signal conversion
and amplification applications. Volumetric capacitance and
switching time scales for PProDOT-DPP with the LiCl
electrolyte were also measured (Figures $7b,c and $10). The
OECT performance metrics of the PProDOT-DPP-based
OECTs in different electrolytes (including mobility, capaci-
tance, 4C*, threshold voltage, on—off ratio, switching speed,
and operating stability) are summarized in Table 1.

In summary, PProDOT-DPP was synthesized from a DPP-
containing ProDOT monomer. As expected, the DPP moiety
provides the ProDOT polymer with higher crystallinity, while
the polymer also maintains good electrochemical activity and a
low oxidation potential. As a result, PProDOT-DPP thin films
exhibit high charge transport properties, high volumetric
capacitance, and high redox stability. A peak pC* value of

https://doi.org/10.1021/acsmacrolett.1c00328
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Table 1. Performance Metrics of the PProDOT-DPP
OECTs in Different Electrolytes

electrolyte (0.1 M) LiPF4 LiCl
HC* o (Fem™ Vs 310 269
Himax (€m? V7! s71) 0.94 0.88
C* (F am™) 330 305
Ve (V) +0.10 —0.28
ON=OFF ratio 10*-10° 10°-10°
switching time (s) 0.26 0.15
stability (90% Ipg decrease, s) >2000 1000

310 F em™ V™' s7' was obtained for the PProDOT-DPP-
based OECTs, which is comparable with the best performing
accumulation mode OECT polymers reported to date.
PProDOT-DPP also demonstrated solid operational stability
across 100 cycles over 2000 s of cycling. The strategy of
incorporating crystalline DPP cores into all-donor OECT
polymers provides a useful foothold to design future
generations of polymers for mixed conduction applications
that should have both high performance and enhanced
operational stability.
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