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Chapter 1
Introduction

1.1 Research Background

Materials, energy, and information technology are widely considered as the three
pillars of modern civilization. Materials science provides the basic platform for the
exploration of new energy and the development of information technology, becoming
one of the most important impetus for the development of human society. From the
functional perspective, materials can be categorized into structural and functional
materials. Structural materials are those that bear load. The key properties of materials
in relation to bearing load are mechanical properties. They are broadly applied to
construction, packaging, industrial production, etc. Functional materials display
physical and chemical properties, such as optical, electrical, and magnetic proprieties
which are of use. They are mainly used in high-tech industries, such as microelec-
tronics, biology, and medicine. Because functional materials have played a key role in
many cutting-edge technologies, they are currently becoming the core of materials
science research. All materials are categorized as either organic or inorganic. For
inorganic materials, atoms first form chemical bonds (e.g., ionic bond, covalent bond,
and metallic bond), and then form solid materials by arranging themselves orderly.
Inorganic materials are stable and have exhibited a lot of electronic properties.
Conventional inorganic materials such as silicon-based semiconductors have been
well developed and become the basis of new energy and information technology.
Reduction in size often does more than simply make things smaller. In the last
two decades, inorganic nanomaterials, including zero-dimensional quantum
dots, one-dimensional nanowires and carbon nanotubes, and two-dimensional
graphene, have experienced enormously growth. Apart from simply miniaturization,
electronic, optical, magnetic, and mechanical properties will change significantly
below certain size scale due to quantum confinement of electrons or Wannier excitons
[1]. Because of their interesting physical and chemical properties, nanomaterials have
attracted broad interdisciplinary interests in areas ranging from physical, chemical,
and biological sciences to medical and engineering fields [2]. Unlike inorganic
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T. Lei, Design, Synthesis, and Structure-Property Relationship Study of Polymer
Field-Effect Transistors, Springer Theses, DOI 10.1007/978-3-662-45667-5_1



2 1 Introduction

materials, organic materials are formed by molecules via weak van der Waals inter-
actions. This difference makes organic materials less stable than inorganic materials
and not suitable for charge carrier transport. At the present time, organic materials,
particularly polymers, are mainly used as structural materials. Compared with inor-
ganic materials, organic materials are light-weight, low-cost, flexible, and suitable for
large-area solution process. In addition, organic materials can be readily modified and
provide great opportunities for diverse functions and applications.

Organic materials are generally considered as insulating materials because they
are mainly formed through van der Waals interactions. In the 1970, Heeger et al.
discovered that under certain doping conditions the polyacetylene can be highly
conductive, comparable to some inorganic conductors [3, 4]. This breakthrough
changed the traditional view on organic materials and opened up a new research
field named organic electronics. In the late 1980s, several optoelectronic applica-
tions of organic semiconducting materials, such as organic light-emitting diodes
(OLED) [5], organic photovoltaics (OPV) [6], and organic field-effect transistors
(OFET) [7] etc. were successfully developed, demonstrating a bright vista for
diverse applications of organic materials. Currently the investigation of organic
semiconductors is a research hotspot in both academia and industry.

OLED is a light-emitting diode (LED) in which the emissive electroluminescent
layer is a film of organic compound which transforms electric energy to optical
energy under electricity. In an applied electric field, electrons and holes are injected
into organic compounds to form excitons, which will go back to ground state along
with emitting light. Compared with liquid crystal display (LCD), OLED can
significantly reduce power consumption and achieve lightweight, ultra-thin, and
flexible displays. Samsung has already applied OLED display to mobile phones,
and LG also launched 55-in. AMOLED (Active Matrix OLED) TV in 2013.

OPV or organic solar cell (OSC), is a type of electronic device that uses organic
polymers or small molecules for light absorption and charge transport to produce
electricity from sunlight by the photovoltaic effect. Under incident light, organic
materials can be excited to produce excitons which will be separated into electrons
and holes at the interface between two different materials. In a built-in electric field,
electrons and holes move toward two electrodes to generate electricity. In the 1980s,
Tang developed the first OSC based on a bilayer device structure and demonstrated a
power conversion efficiency (PCE) of 1 % [6]. In order to avoid the disadvantages in
bilayer OPVs, such as weak absorption and low exciton dissociation efficiency,
Heeger et al. mixed conjugated polymer Poly[2-methoxy-5-(2-ethylhexyloxy)-1,
4-phenylenevinylene] (MEH-PPV) with Cgq, derivative and developed bulk het-
erojunction (BHJ) solar cell structure [8, 9]. In the last few years, BHJ solar cell has
experienced a rapid development with PCE increasing rapidly from 5 % to over 10 %
[10, 11].

OFET is one of the most basic component for logic circuits, which can be used
in radio frequency identification (RFID) tags, electronic papers, and flat-panel
displays. They are also used as a tool for the characterization of charge transport
capability of organic semiconductors. Charge carrier mobility is a key parameter for
organic semiconductors, which represents the velocity of charge carrier moving
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through the channel of an OFET under an applied electrical field. In 1983, Ebisawa
et al. reported a FET device using polyacetylene as the semiconducting layer [12],
but the device only showed very weak switching features. In 1986, Tsumura et al.
reported an OFET device based on polythiophene that displayed typical output
characteristics, which is considered as the first OFET [7]. Since then, this field has
received increasing attention and thousands of papers concerning both small mol-
ecule and polymer FETs have been published. The charge carrier mobility increased
from 107 to over 30 cm® V™' 5! [13], surpassing that of amorphous silicon and
comparable to that of polycrystalline silicon.

Besides the above three main fields, organic semiconducting materials have also
been widely used as active materials in photodetectors [14], light pumped lasers
[15, 16], non-linear optics [17], bio/chemical sensor [18], etc. These applications
also utilize the optoelectronic properties of organic materials to realize certain
functions, but the chemical structures and device fabrications are different. In all
these field, structure-property relationship is always an essential issue, which
requires significant efforts on exploring the complex relationships among molecule
structure, aggregation behavior, and device performance.

1.2 Polymer Field-Effect Transistors
1.2.1 Introduction of OFET

Field-effect transistors (FETS) is one of the most important and basic components in
semiconducting devices. They have been widely used in computers, communica-
tions, and information technologies. Inorganic single-crystal FETs [e.g., metal-
oxide-semiconductor field-effect transistor (MOSFET)] are fabricated using
conventional inorganic semiconducting materials such as Si and GaAs. They have
become the mainstream technology of semiconducting industry. However, the
fabrication process of such transistors usually needs high temperature (>1,000 °C),
which cannot be used on heat-sensitive substrates such as glass and plastics [19]. In
order to use FETs on these substrates, thin film transistors (TFTs) were developed
and have been widely applied to the control circuits of flat panel display (e.g.,
LCD). The fabrication process of TFTs generally needs the deposition of several
thin layers, including electrode layer, dielectric layer, and semiconducting layer.
The most widely used TFTs in LCD is hydrogenated amorphous silicon (a-Si:H),
which can be deposited in thin films at low temperatures onto a variety of sub-
strates. However, 0-Si is not transparent with low mobility (0.1-1 cm® V™' s') and
poor flexibility. Therefore it cannot be used for high performance AMOLED
display and flexible or transparent devices.

OFET has broad applications for the next generation logic circuits, displays, and
RFIDs due to its low-cost, light-weight, mechanical flexibility, and compatibility
with heat-sensitive substrates [20]. Furthermore, one of the most important process
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Fig. 1.1 a Schematic diagram of an OFET device structure. A typical OFET b transfer and
¢ output characteristics

in OLEDs and OPVs is charge carrier transport in organic compounds [21]. Charge
carrier mobility is a key parameter to investigate the charge transport process and can
be determined by several methods, such as Hall effect (suitable for high-mobility
materials), space-charge limited current (SCLC, only for low-mobility materials),
surface-charge decay, transient current measurement, time of flight, and field-effect
method [22]. Field-effect method is realized by fabricating FET devices. Thus OFET
study is meaningful for both practical applications and deep understanding of the
carrier transport mechanism.

An OFET is a three-terminal device, which consists of three electrodes (gate,
source (S), and drain (D)), one insulating layer (or dielectric layer), and one
semiconducting layer (Fig. 1.1a). When the gate electrode does not apply voltage,
there is no induced charge carriers in the semiconducting layer, and no current
passes through the channel between source and drain electrodes. When applying a
voltage on the gate electrode, the dielectric layer can capacitively induce charges in
the semiconducting layer, and electrical current is generated under voltage bias
between drain and source electrodes. FET can be divided into three categories based
on the majority charge carriers, namely p-type (holes), n-type (electrons), and
ambipolar FETs. Ambipolar FETs can transport both holes and electrons under
different gate voltages. OFETs generally need two electrical characterizations:
(1) apply constant drain—source voltage (Vps or Vp), scan gate voltage (Vggs or Vi)
and measure the drain—source current (Ipg) to obtain transfer characteristics
(Fig. 1.1b); (2) apply constant gate voltage (Vgs), scan drain—source voltage (Vps)
and measure drain—source current (Ipg) at the same time to obtain output charac-
teristics (Fig. 1.1c). The key parameters to evaluate the performance of an OFET
device is charge carrier mobility (u), current on/off ratio (Ion/Iopg), threshold
voltage (V1), and subthreshold swing (S).

Similar to inorganic MOSFETs, the output curves of OFETs also have linear and
saturation regimes. While devices working in linear region (Vpg < Vg — Vr), charge
carrier mobility (z4;,) can be calculated by the following formula:
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w
Ins = fﬂ]inci(VG — V1)Vbs (1.1)

While device working in saturation region (Vps > Vg — Vg), charge carrier
mobility (ug,) can be calculated by the following formula:

Ips = %ﬂsatci(VG - VT>2 (12)
where W is channel width, L is channel length, C; is the capacitance of the dielectric
layer. The mobility in the saturation regime can be directly extracted from the slope
of linear fitting of Ing'/? versus V. In general, the saturation mobility is higher than
that in the linear regime, because more charge traps have been filled. In this book,
all the mobilities are characterized using the saturation region mobility, unless
otherwise mentioned.

Different deposition orders of the device layers lead to different device archi-
tectures of OFETs (Fig. 1.2). According to the gate electrode position and the
contact between drain/source electrode and semiconductor, there are four possible
device structures: bottom-gate top-contact (BGTC), bottom-gate bottom-contact
(BGBC), top-gate top-contact (TGTC), and top-gate bottom-contact (TGBC).
Although the device performance is mainly determined by semiconductors, device
structures can greatly affect the charge injection and contact resistance. For p-type
materials, BGTC and BGBC structures are often used, whereas TGBC structures
are mostly used for ambipolar and n-type OFETs to reduce the oxygen and water
influences. Because of the different device injection pathways, BGBC and TGBC
structures are generally considered to have smaller injection barriers [23]. In this
book, we use the BGTC structure to fabricate p-type OFETs and the TGBC
structure for ambipolar and n-type OFETs.
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Small molecule FET materials are well developed in the last decades, because
they usually have high purity with ordered crystal packing and their crystal
structures can be readily resolved. In 2011, Hasegawa et al. reported a solution-
processed small molecule thin film device by inkjet printing and they obtained very
high hole mobility surpassing 30 cm® V™' s™!, very promising for large-area low-
cost applications [13]. However, to achieve high-mobility in small molecule
materials, a highly crystalized semiconducting layer is usually required. It is hard to
realize flexible devices for small molecule materials. Moreover, single crystals are
often brittle and temperature sensitive, which limits the applications of OFETs.
Compared with small molecules, polymer materials are usually in amorphous or
semi-crystalline states, enabling better solution-processability, mechanical flexi-
bility, and temperature stability. The past few years have witnessed momentous
changes in the mobility of conjugated polymers and a number of polymers have
exhibited mobilities over 1 cm? V™' s! with notably improved ambient stability.
Before the discussion of different conjugated polymers, some theoretical consid-
erations of charge carrier transport in conjugated polymers are discussed for better
understanding the structure-property relationships in conjugated polymers.

1.2.2 Charge Transport Mechanism in Conjugated Polymers

Charge transport in polymer films generally contains two processes: intrachain and
interchain transport (Fig. 1.3a). Intrachain transport (Fig. 1.3a, route 1) is realized
by m-electron delocalization along polymer backbones, providing high carrier
mobility according to theoretical prediction. The intrachain transport is largely
determined by the effective conjugation length of the polymer, which is limited by
the torsional disorder along polymer backbone and the presence of chemical defects
[24]. Using pulse-radiolysis time-resolved microwave conductivity (PR-TRMC)
measurement, Prins et al. reported that the intrachain mobility of a ladder-type poly

(2)

Good -1 stacking zones

(3) Poor - stacking and
loosely contacted zones

Fig. 1.3 a Charge transport process in polymer FETs and b a typical AFM height image of
polymer films
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(p-phenylene) polymer can be as high as 600 cm® V™' s™! [25], considerably higher
than the mobilities found for small-molecule single crystals. Therefore, reducing the
torsional angles or using shape-persistent backbones might improve the effective
conjugation length and thereby increase the intrachain transport. Furthermore,
because the intrachain transport is much faster than the interchain one, polymers
with higher molecular weight usually display higher mobilities, which has been
demonstrated in many polymers [26, 27].

In polymer films, there are generally crystallized and amorphous zones, as
indicated by the atomic force microscopy (AFM) image in Fig. 1.3b. Thus inter-
chain transport is generally classified into two pathways: (i) transport at ordered
packing zones, which may adopt a hopping mechanism like orderly packed small
molecules (Fig. 1.3a, route 2); (ii) transport at loosely contacted zones, where
carrier transport is slow (Fig. 1.3a, route 3). Thus ordered molecular packing in film
will reduce the loosely contact zones, thereby improving interchain transport.

For route 2, charge transport mechanism is similar to the “hopping mechanism”
of small molecules. According to the charge transport theory developed by Brédas
et al. [22], the charge carrier transport in organic materials can be described by
Marcus electron transfer theory (Eq. 1.3). In organic crystals, the AG® is 0 because
the electron transfer happens in a same kind of molecules. Thus the Eq. 1.3 formula
can be simplified into Eq. 1.4 as follows:

27 1 2
k="-V? —(AG® + 1) /4ikgT 1.3
7 \/47rkBT/leXp[ (AG” +2)"/47ks } (1.3)
V2 T : )
_r _ 1.4
k=4 (AkBT> exP( kg ) (14)

where T designates temperature, kg is Boltzmann’s constant. So there are two key
parameters that determine charge carrier transport speed (k): reorganization energy
(1) and electronic coupling (V). From their mathematical relationship, we can see
that the smaller the reorganization energy and the larger electronic coupling, the
faster the carrier can transport.

In the process of charge carrier transport, organic molecules change between
neutral state and charged state constantly. Reorganization energy reflects the energy
that organic molecule needs to change its structure after electron transfer (Fig. 1.4):
It contains two relaxation energies: (1) one molecule changes from neutral state to
charged state (Al) and (2) the other molecule changes from charged state to neutral
state (1%). Large structure changes in charge transfer process generally result in high
reorganization energy. Thus a rigid molecule with a shape-persistent backbone
usually has lower reorganization energy. Electronic coupling (or charge transfer
integral) is determined by the relative position and frontier orbital distribution of
organic molecules. Generally, the closer the n—m distance between two molecules,
the stronger the electron coupling. Brédas et al. investigated the evolution of the
hole and electron transfer integrals in cofacial dimers when one of the tetracene
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Fig. 1.4 Sketch of the A
potential energy surfaces for
neutral state and charged
molecule state, showing the
vertical transitions. The
reorganization energy equals
the sum of all the relaxation
energies A' + A

Energy

Coordinates

molecules is translated along its long or short axis [22]. As expected, the overall
effect of such displacements is to reduce the wavefunction overlap and thus the
electronic coupling. However, the most interesting result is the appearance of
oscillations in the values of the couplings for translations along the long molecular
axis. As a consequence, even small translations can lead to significantly different
electronic coupling for both holes and electrons. In practical problems, the calcu-
lation of the intermolecular electron coupling is almost based on already known
molecular single crystal structures because of the inability to predict molecular
single crystal arrangement by computational method. Similar to small molecule, the
interchain charge carrier transport of conjugated polymers can also be evaluated
by the above theory. Recently, a few papers reported qualitative investigation on
the intrachain transport of conjugated polymers [28]. However, quantitatively
predicting the interchain transport seems impossible due to the great difficulty in
resolving the polymer packing structures in solid state.

Briefly, to increase the carrier mobility of conjugated polymers in film, several
molecular design strategies are always employed: (1) decrease the defects in
polymer chain and increase the efficient conjugation length; (2) increase molecular
weight of polymers; (3) improve m—n stacking interactions and polymer packing
order in film; (4) decrease intrachain m—m stacking distance and modulate the
interchain packing conformations to achieve large electronic coupling.
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1.2.3 Recent Development of Polymer Field-Effect
Transistors

In 1986, Tsumura et al. reported the first OFET using polythiophene (PT) as the
semiconducting layer [7]. The PT was obtained by electrochemical polymerization
with poor film quality and low mobility of ~ 107> cm? V™' s™'. Because of the low
mobility of conjugated polymers, polymer based OFETs did not attract many
attentions. Recently, the development of novel building blocks and fabrication
processes have led to significant progress of polymer semiconductors and a number
of conjugated polymers have displayed high mobilities of over 1 cm* V™' 57",

The introduction of alkyl side chains can significantly increase the solubility of
PT and improve the film quality of the semiconducting layer. The most successful
example is poly(3-hexylthiophene) (P3HT) system. P3HT was first synthesized by
random polymerization. The asymmetry of 3-substituted thiophenes results in three
possible couplings (Fig. 1.5): head-to-head (HH), tail-to-tail (TT), and head-to-tail
(HT). HH connection produces great steric hindrance and large dihedral angles in
polymer backbone, leading to weak m—m stacking interactions and less ordered
molecular packing in film. Using regioselective synthetic strategy, regioregular
P3HT (rr-P3HT) with HT connection was obtained [29, 30], and rr-P3HT with
regioselectivity of over 98 % can be readily obtained from many commercial
source. High regioselectivity is essential to achieve high mobility for P3HT
[29, 30]. Furthermore, polymer molecular packing also affects the carrier transport.
In thin film, rr-P3HT has two types of molecular packing on substrate: edge-on
packing and face-on packing. rr-P3HT with edge-on packing displayed hole
mobility of up to 0.1 cm® V™' s™', which is two orders of magnitude higher than
that of rr-P3HT with face-on packing [31].
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Fig. 1.5 Thiophene-based polymer FET materials
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To avoid regioselectivity problem in P3HT, Ong et al. developed PQT12 for
polymer FETs [32]. They chose longer dodecyl chains to ensure the good solubility
of the polymer. PQT12 was synthesized by FeCl; catalyzed oxidative polymeriza-
tion and displayed similar lamellar packing to P3HT with good crystallinity.
By using BG/TC device structure, PQT12 exhibited the highest hole mobility of
0.14 ecm? V7! 57! and good air stability. Another important method to improve
polymer mobility is introducing fused rings in polymer backbone, which may
increase the rigidity of polymer backbone and lead to ordered molecular packing.
McCulloch et al. reported PBTTT system using thienothiophene as a building block
and investigated the influence of the alkyl side chain lengths on device performance
[33]. Because of the long alkyl chains, these polymers exhibited liquid crystal phase
under certain temperature. All the PBTTT with different alkyl chain lengths showed
mobilities of 0.2-0.6 cm”® V™' s™', and PBTTT with C,4H,, side chains displayed
the highest hole mobility of 0.72 cm? V™' s™'. After introducing thienothiophene,
PBTTT showed a HOMO level of —5.1 €V, 0.3 eV lower than that of P3HT, which
provided this polymer with much better ambient stability than P3HT under low-
humidity (Rg = ~4 %) air. Besides thienothiophene unit, other large fused aromatics,
such as dithieno[3,2-b:2'3'-d]thiophene [34], tetrathienoacene [35], and pentathie-
noacene [36], were also used as building blocks for polymer FET materials. He et al.
used a tetrathienoacene derivative as building block and synthesized polymer
P2TDC13FT4. This polymer showed high hole mobilities of up to 0.33 em’ Vgt
[37]. Furthermore, they also synthesized larger fused aromatics for polymer FETs.
However, they found that a larger fused aromatics did not necessarily mean a higher
mobility; instead, the symmetry of a molecule played a significant role in device
performance and molecules with C,-symmetry usually had higher mobility.

Although many thiophene-based polymers were reported with mobilities over
0.5 cm® V™' s7! and on/off ratios over 10° [33], their stability is unsatisfactory
under ambient conditions. An effective approach to improve the stability is to
introduce electron-deficient aromatic rings into the backbone of polythiophene to
lower the HOMO level of the polymer. Osaka et al. reported conjugated polymers
based on thiazolothiazole (e.g. polymer PTzQT) [38] and benzobisthiazole [39].
Because of the non-bonding interactions between nitrogen atoms in the thiazole
rings and sulfur atoms in the thiophene rings, the introduction of thiazole efficiently
improved the rigidity and planarity of polymer backbones, which ensured good
intrachain conjugation and interchain n—r stacking. These polymers all exhibited
highly ordered lamellar packing, in which PTzQT with C4H, side chains showed
the maximum mobility of 0.3 cm®* V™! s7'. Similar polymers based on benzobis-
thiazole also showed good mobilities of up to 0.26 cm® V' s™'. Furthermore, the
electron-deficient thiazole provided the polymers with lower HOMO levels. For
example, the benzobisthiazole-based polymers displayed good stability for over
2 months under high-humidity air (Rg = 75 %) [39]. Osaka and Takemiya et al. also
reported a polymer FET material using naphthodithiophene as a building block
(PNDTBT), which showed high hole mobilities of up to 0.54 cm? V! !
The introduction of the electron-deficient naphthalene ring endowed this polymer
with good stability under medium humidity condition [40].
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Fig. 1.6 Chemical structures and HOMO/LUMO levels of several electron-deficient building
blocks used for high-performance polymer FETs [43]

Heralded as the third generation of semiconducting conjugated polymers,
donor—acceptor (D-A) polymers have significantly boosted the development of
polymer-based electronic materials [41]. D-A polymers are conjugated polymers
containing a combination of electron-rich (donor) and electron-deficient (acceptor)
units. This type of polymers are generally obtained via cross-coupling reactions
(e.g., Stille and Susuki reactions) between donor and acceptor units. Using D-A
polymers, BHJ solar cells with efficiency over 9 % [10], and polymer FETs with
mobility over 10 cm? V™' s! [42] have been reported. Because of the abundance of
donors, the development of strong electron-deficient building blocks remains
essential to advancing D-A conjugated polymers. Recently, electron-deficient fused
aromatic rings such as diketopyrrolopyrrole (DPP), benzothiadiazole (BT), naph-
thalene diimide (NDI), benzobisthiadiazole (BBT), and isoindigo (IT) have been
used as acceptors to construct donor—acceptor polymers (Fig. 1.6), leading to the
significant development of polymer FETs [43].

Figure 1.6 displays the chemical structures of several important electron-defi-
cient building blocks and the energy levels of their highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) [43]. The
HOMO levels of the building blocks range from —5.3 to —6.3 eV, and their LUMO
levels are obviously lower than traditional polymer building blocks in the range
from -3.4 to —3.8 eV. From the structure perspective, the introduction of strong
electron-deficient groups, such as ketone and thiadiazole groups, has efficiently
lowered their LUMO energy levels. Polymer FETs based on isoindigo and its
derivatives is the main content of this book and we will discuss it in detail in the
following chapters.

2,1,3-Benzothiadiazole are cheap and easy to synthesize, making them
widely used in donor-acceptor polymers [44]. Miillen et al. reported the first high-
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performance BT based polymer BTZ-CDT-C16 (Fig. 1.7), which showed hole
mobility of 0.17 cm® V™' 57! [45]. By increasing molecular weight of the polymer
and using dip-coating method to prepare polymer film, the polymer packing order
in film was improved, leading to significantly improved hole mobility of 1.4 cm?
V™! 57! [46]. Further increasing molecular weight of BTZ-CDT-C16 led to even
higher hole mobility of up to 3.3 cm®* V! s™! [26]. Nanowires based on this
polymer were also obtained through solution process and a higher hole mobility of
up to 5.5 cm? V7! s7! was obtained [47]. Selected area electron diffraction (SAED)
showed that the m—m stacking direction of the polymer is perpendicular to the
nanowire direction, indicating that the polymer backbones were aligned parallel to
the direction of nanowire, which is considered to be favorable for the charge carrier
transport. This series of research demonstrate that the molecular weight of polymer
and good polymer chain alignment are crucial to obtain high device performance.
Rigid backbone structure is good for reducing the disorder of polymer chains and
thereby increasing mobility [48]. McCulloch et al. reported polymer IDT-BT with a
ladder-shape donor unit [49]. This polymer adopted a face-on packing mode in thin
film with n—n stacking distance of 4.1 A. The maximum hole mobility of the
polymer reached 1.2 cm® V™' s™! when TG/BC device structure was used. By using
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high molecular weight IDT-BT, the mobility of the polymer was further increased
to 3.6 cm? V' 57! [50]. In this paper, the authors proposed that the charge transport
in high-mobility semiconducting polymers is predominantly occurring along the
backbone and requires only occasional intermolecular hopping. This finding is
consistent with the aforementioned charge transport mechanism in conjugated
polymers.

DPP is a dye first developed by Ciba Company. It can be easily synthesized and
has strong coloring ability. DPP based dyes are mostly accompanied with flanking
benzene rings. However, the unplanar structure of DPP-benzene derivatives make
the dyes not suitable for polymer FET materials. Recently, using thiophenenitrile
instead of benzonitrile, DPP-bithiophene monomer was synthesized and success-
fully used in organic electronics. Subsequently, other aromatic heterocycles were
used, resulting in furan [51], selenophene [52], thienothiophene [53], or thiazole
[54] substituted DPP derivatives. After coupling of DPP-bithiophene with another
alkylated bithiophene, Winnewisser et al. obtained an ambipolar conjugated
polymer [55]. The polymer displayed balanced ambipolar with hole and electron
mobility of near 0.1 cm* V™' s™" and exhibited infra-red emission property in light-
emitting transistors.

A large number of high-performance DPP polymers have been synthesized in the
last few years and many have exhibited high mobilities over 1 cm* V™' s™'. Li et al.
reported PDBT-co-TT using thienothiophene as donor, which showed hole mobility
of 0.94 cm® V™! 57! [56]. By using the same polymer, Ong et al. reported that after
significantly increasing polymer molecular weight and using BGBC device structure,
high hole mobilities of up to 10.5 cm® V™' s! can be obtained [42]. Li et al. also
reported polymer PDQT using bisthiophene as donor [57]. This polymer showed
high hole mobility of 0.89 cm” V™' s! without thermal annealing and subsequently
100 °C annealing can enhance the mobility to 0.97 cm® V™' s~ ', Low annealing
temperature is beneficial for device fabrication on heat-sensitive substrates. By using
more electron-rich biselenophene as the donor, Choi et al. synthesized P(DPP-alt-
DTBSe) and obtained a higher hole mobility of 1.5 cm? V7! s7! [58]. Liu et al.
reported polymer PDVT10 using m-extended (E)-2-(2-(thiophen-2-yl)vinyl)thio-
phene (TVT) as donor, which showed the maximum hole mobility of 8.2 cm?> V™'
s~ !, significantly higher than that of PDVT8 with shorter alkyl side chains (4.5 cm?
V' 571 [59]. They explained that the lengths of the alkyl side chains might affect
n— stacking distance and the n—n stacking distance of PDVT10 is smaller. However,
PDVT10 synthesized by Kwon et al. only showed mobility of 2.77 cm® V™' s ™" and
was then increased to 4.97 cm® V™' s~! by substituting thiophene with selenophene
[60]. Instead of using electron-rich donors, Li et al. used benzothiadiazole as the
donor to lower the LUMO level of DPP polymers and obtained polymer PDPP-TBT
[61]. This polymer exhibited ambipolar transport behaviors with hole mobility of
0.35 cm® V™' 57! and electron mobility of 0.4 cm? V™' s™'. Using DPP-thienothi-
ophene as acceptor, McCulloch et al. synthesized polymer P1, which showed hole
mobilities of up to 1.95 cm?> V™' s ™! by using a TGBC device structure. This polymer
also showed good PCE of 5.4 % when used as the donor of OSCs [53].
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BBT and benzobisthiadiazole-bithiophene were first synthesized by Yamashita
et al. [62]. These building blocks were originally used in n-type small molecule
FET materials. Yuen and Wudl et al. used BBT for donor-acceptor polymer FETs
and obtained a series of p-type and ambipolar FET materials. Polymer PBBTQT
that using bisthiophene as donor showed high hole mobilities of up to 2.5 cem® V7!
s ' [63], and polymer using thienothiophene as donor showed balanced ambipolar
transport with hole mobility of 1.0 cm? V™! s™" and electron mobility of 0.7 cm?
V~!s7! [64]. NDI and perylene diimide (PDI) are the most extensively investigated
strong electron-deficient building blocks and have been widely used in small
molecule n-type FETs [65]. Facchetti et al. reported n-type FET polymers based on
NDI and PDI [66], in which polymer P(NDIO2D-T2) based on NDI displayed
higher electron mobility and better air stability due to its regioregular polymer
structure. After using TGBC device structure, the electron mobility of P(NDIO2D-
T2) was as high as 0.85 cm? Vs [67].

The last few years have witnessed a rapid development of polymer FET mate-
rials and several novel high-mobility building blocks have been developed. Com-
pared with p-type polymer materials, ambipolar and n-type materials are less
investigated. Particularly, the mobilities of n-type semiconductors always lag far
behind those of p-type ones, which limits the applications of organic semicon-
ductors in high speed and low power dissipation complementary circuits. On the
other hand, although many high mobility polymers have been developed, the
structure-property relationships in polymer FETs are seldom investigated due to
the difficulty in the structural analysis of the amorphous polymer films, which
further hinders the development of this field. Thus, more efforts are required in both
developing new building blocks and better understanding the structure-property
relationships.

1.3 Research Strategy and Overview of This Thesis

Figure 1.8 illustrates the research strategy used in this thesis: (1) design molecular
structures based on knowledge, experience and hypothesis, and predict materials’
properties by theoretical calculation; (2) study synthetic routes and characterize the
physical properties of new compounds; (3) investigate polymer thin film micro-
structures and molecular packings to understand the relationships between molec-
ular structure and intermolecular interactions; (4) fabricate devices based on the
new materials and analyze device results to understand the underlying physical
process; (5) summarize the structure-property relationships to guide the future
design of new materials.

We started our research in conjugated polymers from the analysis of week
interactions among alkyl side chains and proposed a design strategy called
“molecular docking” to avoid the steric hindrance effects of alkyl side chains.
Isoindigo, a dye discovered over a century ago, was used in polymer FETs for the
first time. On the basis of isoindigo and the concept of “molecular docking”, a
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Fig. 1.8 Schematic representation of our research strategy

series of high-mobility and high-stability polymer FET materials have been
developed (Fig. 1.9a). We found that isoindigo polymers with centrosymmetric
donors showed systematically higher hole mobilities (>0.1 cm? V™' s™') than those
with axisymmetric donors (~0.01 cm? V™' s71). On the basis of the above results,
we propose that donor symmetry and backbone curvature may affect interchain
“molecular docking” of conjugated polymers, ultimately leading to different device
performance (Fig. 1.9b). In order to further increase interchain interactions, we
investigate how moving the branching positions of alkyl side chains away from
polymer backbone influences the mobilities. The sequential changing of these
“more conventional” branched alkyl chains resulted in a remarkably high mobility
of 3.62 cm®* V™' 57!, which is the highest result in isoindigo-based conjugated
polymers (Fig. 1.9c). These works are described in Chap. 2.

In Chap. 3, our efforts on tuning the electronic properties of conjugated polymers
by introducing functional groups are described. We introduced fluorine atoms on
the isoindigo core to lower polymer LUMO level (Fig. 1.9d). After introducing
fluorine atoms, ambipolar transport behavior in isoindigo-based conjugated
polymers was observed for the first time. Fluorination on the isoindigo unit sig-
nificantly increased the electron mobility from 1072 to 0.43 cm”® V™' s~ while
maintaining high hole mobility of up to 1.85 cm® V™' s™! for devices fabricated
under ambient conditions. Furthermore, we chlorinated isoindigo-based polymers
through an efficient chlorination reaction (Fig. 1.9¢). Balanced charge carrier
transport with hole mobilities of up to 0.81 cm* V™' s™" and electron mobilities of
up to 0.66 cm® V™' 57! were obtained for devices fabricated under ambient con-
ditions. In addition, complementary-like inverters with high gain values were also
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Fig. 1.9 a First isoindigo-based polymer FETs. b Impact of polymer symmetry and backbone
curvature. ¢ Branching position effects of polymer side chains. d Ambipolar transport in
fluorinated isoindigo-based polymers. e Chlorination as a useful method to modulate charge
transport in conjugated polymers

demonstrated. This work represented the first example that using chlorination to
tune the carrier transport in conjugated polymers.

In Chap. 4, to further modulate the electronic properties of isoindigo, we designed
a novel structure BDOPV based on isoindigo by breaking the double bond
between two lactam rings and inserting a conjugated moiety (Fig. 1.10a). Through
polymerization with (E)-1,2-bis(tributylstannyl)ethene, an electron-deficient poly
(p-phenylene vinylene) (PPV) derivative (BDPPV) was obtained (Fig. 1.10b). This
new PPV derivative displayed high electron mobilities of up to 1.1 cm?* V™' s~
under ambient conditions (four orders of magnitude higher than those of other
PPVs). BDOPYV was then used to construct a D-A polymer BDOPV-2T (Fig. 1.10c),
which showed a high electron mobility of 1.74 cm® V™' s™'. Upon oxygen
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Fig. 1.10 a Molecular structure of BDOPV. b An electron-deficient PPV derivative BDPPV was
constructed. ¢ A BDOPV-based D-A polymer BDOPV-2T for n-type and oxygen-doped
ambipolar FETs. d Design strategy of fully “conformation locked” PPV-based conjugated
polymers, FBDPPV-1 and FBDPPV-2

exposure, BDOPV-2T displayed interesting ambipolar transporting behavior, which
maintained high electron mobilities of up to 1.45 cm® V™' s ! along with significantly
increased hole mobilities of up to 0.47 cm® V' s~'. Besides, the oxygen-doping
effect and possible mechanism was also investigated based on theoretical calculation.
To “lock” the double bond in BDPPV, we introduced one fluorine atom on each side
and synthesized polymer FBDPPV-1 and FBDPPV-2 (Fig. 1.10d). Compared with
BDPPV, FBDPPV-1 showed increased electron mobility of 1.70 cm® V™' s,
whereas FBDPPV-2 only showed 0.81 cm® V™' s™*. This work demonstrated that
fluorination is more than lowering the energy levels of conjugated polymers, it also
influences backbone conformations, which is critical to the device performance.
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Chapter 2
Side Chain Effects and Design
of Isoindigo-Based Polymers

2.1 Roles of Flexible Chains in Organic Semiconductors

Solution processability is one of the most attractive features of organic semicon-
ductors, enabling low-cost, low-temperature, and large-area device fabrication. In
order to realize solution processability in organic conjugated molecules, the
introduction of solubilizing side chains is indispensable. To date, a large number of
organic semiconductors have been developed to improve the device performance,
where most of the efforts focused on the design and synthesis of new n-conjugated
backbones [1]. However, much less efforts have been devoted to understanding the
role of the side chains of organic semiconductors. Alkyl chains, oligo (ethylene
glycol) chains, and fluoroalkyl chains are three commonly used side chains in
organic semiconductors. As insulating parts, these side chains generally do not
directly contribute to charge transport in organic semiconductors and are usually
used as solubilizing groups. However, more and more studies have demonstrated
the substantial impact of the flexible chains on the device performance of organic
semiconductors. Some results have also indicated that even a subtle change of the
flexible chains may result in a great influence on device performance. Several side
chain effects, such as length [2], odd-even effect [3], substitution position [4] etc.
contribute to the molecular packing of organic semiconductors in solid state, which
in turn affects device performance. Therefore besides solubilizing property, other
effects of side chains need to be considered in the design of organic semiconductors.

Boese et al. reported the single crystal structure of n-propane to n-nonane [5].
They found that the odd-even effect in these alkanes strongly correlated with their
solid-state packing. Even-numbered n-alkanes have optimal intermolecular contacts
at both ends, whereas the odd-numbered ones have these only at one end, and the
distances are longer at the other end. This leads to a less dense packing for the odd
n-alkanes and thereby lower melting points. This odd-even effect has been dem-
onstrated to exert its influence on crystal packing and charge transport after being
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Fig. 2.1 a Crystal packing of n-hexane viewed from « axis [5]. b Polymers contain alkyl chains
on both the donor and the acceptor. Steric hindrance may exist when polymers are stacked (red
circle). ¢ Proposed docking model to avoid the side-chain impediments after moving the alkyl
chains from the small cores (red cube) to the large cores (blue cube)

attached onto aromatic cores [6]. Figure 2.1a shows the single crystal packing of
n-hexane [5]. The shortest C—C distance (3.623 A) in the crystal comes from the
methyl C atoms of adjacent columns, and the shortest distance between parallel
packed alkyl chains is 4.065 A. These distances are obviously larger than the
typical m—m stacking distances (3.3-3.6 A) found in many organic semiconductors
[1]. Thus, the alkyl chain packing in organic semiconductors may sometimes
impede the m—m stacking of aromatic cores. For example, in those polymers with
each unit substituted with one alkyl chain, steric hindrance may occur as indicted by
the red circle in Fig. 2.1b. To avoid the steric hindrance caused by polymer side
chains, we proposed a “molecular docking” strategy realized by moving the alkyl
chains from the small units (red cube) to the large ones (blue cube) (Fig. 2.1c). This
strategy may reduce the steric hindrance, thereby making the small aromatic units
“dock into” the large aromatic ones. In addition, large fused aromatics can also
reduce the reorganization energy of carrier hopping, which has been demonstrated
in the design of high-mobility small molecules.

2.2 Design of Isoindigo-Based Polymers

Indigo is a very famous dye, widely used in dyeing and printing industry. Unlike its
famous isomer indigo, isoindigo is a less investigated dye and can be isolated as a
by-product from certain biological processes. It has two lactam rings and exhibits
strong electron-withdrawing character. Although discovered as a dye over a century
ago, isoindigo has joined the “acceptor club” of D-A polymers only recently.
Reynolds et al. first used isoindigo in organic solar cells in 2010 and represented the
first application of isoindigo in organic electronics [7]. Inspired by this seminal
work, our group developed the first isoindigo-based polymer FETs (Scheme 2.1).

Compared with small-molecule FETs, polymer FETs are less studied and have
lower mobility. Although several polythiophene-based polymer FETs were reported
with mobilities over 0.5 cm® V™' s and an on/off ratio over 10°, it is still challenging
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Scheme 2.1 Synthesis of the first isoindigo-based polymer FET materials

to design polymer with both high mobility and good ambient stability [8]. An
effective approach to improve the stability is to introduce electron deficient aromatic
rings into the backbone of polythiophene to lower the HOMO level [9]. Isoindigo is
an electron-deficient building block and polymers based on it have low HOMO levels
(—5.4 to —5.8 eV). Thus, isoindigo may provide polymer FETs with good ambient
stability.

The synthesis was started from two commercial available compounds, 6-bro-
moisatin (2-1) and 6-bromooxindole (2-2) (Scheme 2.1). A direct condensation of
2-1 and 2-2 in acetic acid afforded isoindigo 2-3 in 86 % yield. Subsequently, 2-3
was alkylated with 1-iodo-2-octyldodecane, giving monomer IID in 74 % yield.
A Stille-coupling polymerization between 4 and bis(trimethylstannyl)thiophene or
5,5'-bis(trimethylstannyl)-2,2'-bithiophene gave two polymers, IIDT and IIDDT,
in high yields. Because of the introduction of long alkyl chains, both polymers were
readily soluble in common solvents such as CHCls, toluene, and THF. Both
polymers were obtained as dark metallic solids after purification. The molecular
weights of both polymers were initially measured by room-temperature gel per-
meation chromatography (GPC). IIDT showed an M,, of 19.8 kg/mol, while IIDDT
showed a very high M, of up to 87.9 kg/mol. However, when using 1,2,4-
trichlorobenzene (TCB) as eluent and measured at higher temperature of 150 °C,
the M, of IIDDT decreased to 33.7 kDa and that of IIDT kept at about 19.6 kDa.
This result indicates that IIDDT has much stronger interchain interactions than
IIDT. Both polymers showed decomposition temperature over 350 °C under
nitrogen atmosphere, and no phase transition was observed before decomposition.

Figure 2.2a and b display the absorption spectra of IIDDT and IIDT in CHCI;
(1 x 10_5), in thin film, and in annealed film. The absorption peaks of IIDDT and
IIDT in films did not show obvious red-shift relative to those in the solution. After
annealing the films at 150 °C, IIDDT only showed a slightly increased absorption
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Fig. 2.2 Normalized UV-vis absorption spectra of a IIDDT and b IIDT in CHCI; (1 x 1073 M),
in thin film, and in annealed film (at 150 °C for 20 min). ¢ Cyclic voltammogram of IIDDT and
IIDT in thin film drop-casting on a glassy carbon and tested in BuyNPFs/CH3CN solution (scan
rate: 50 mV s~ ). The oxidative currents are almost an order of magnitude higher. d Calculated
molecular orbitals of the IIDDT trimer (B3LYP/6-31G (d))

intensity of the 00 vibrational peak; in contrast, the absorption feature of the IIDT
annealed film showed a large change with its 0—1 peak largely increased and the
absorption onset slightly red-shift. These results suggest that the packing confor-
mation of the IIDT were largely changed and the polymers might become planar
after annealing.

The cyclic voltammetry measurements of both polymers in thin films showed
that IIDDT owned HOMO/LUMO level of —5.7/=3.7 eV, and IIDT had HOMO/
LUMO level of —5.8/—3.8 eV. Both polymers showed much stronger oxidative
peaks than their reductive peaks, and the oxidative peak of IIDDT seems more
reversible than that of IIDT (Fig. 2.2c). This result is consistent with the device
performance that both the polymers are typical p-type semiconductors and IIDDT
exhibited a better performance. Compared with traditional thiophene or fused thi-
ophene based polymers, both polymers showed much deeper HOMO levels, which
is attributed to the strong election-withdrawing ability of the isoindigo core.
Computational results indicate that the HOMO of the polymers are well delocalized
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along the polymer chain, whereas the LUMO are mostly localized on the isoindigo
core (Fig. 2.2d). Therefore, these polymers are typical donor-acceptor conjugated
polymers, and the absorption bands from 520 to 800 nm are typical charge transfer
absorption from the thiophene unit to the isoindigo core.

Bottom-gate/top-contact (BG/TC) devices were fabricated by spin-coating the
polymer solutions (4 mg/mL in chloroform or in trichloroethylene (TCE)) onto
octadecyltrichlorosilane (OTS)-treated SiO, (300 nm)/n**-Si substrate. The OTS
self-assembled monolayer (SAM) was modified according to the method reported by
Bao et al. [10] which showed a high crystalline ultra-smooth surface and improved
device performances for vacuum deposited OFETs. Chloroform and TCE did not
show any significant difference in device performances, but TCE provided films with
higher quality because of its high boiling point. For IIDT, directly spin-coated films
did not exhibit observable field effect characteristics. However, after annealed at
150 °C, IIDT showed a hole mobility of 0.01-0.02 cm? V! s7! As discussed above,
the annealing process increased molecular packing, which resulted in higher
mobility. After spin-coating the solution of IIDDT, the pristine films exhibited a hole
mobility around 0.1-0.2 cm? V™' s™". After annealing at 150 °C for 20 min, IIDDT
exhibited a hole mobility of up to 0.79 cm® V' s™! and an average mobility of
0.42 ecm®* V™' 57!, which is one order of magnitude higher than that of IIDT
(Table 2.1). This large improvement can be attributed to better molecular packing,
Cy-symmetry and high molecular weight of IIDDT. The polymer also exhibited
good transfer curves with a small hysteresis. The output curves showed almost no
contact resistance. Therefore the low-lying HOMO level did not interfere with the
charge injection from the Au electrode. Both polymers were long-time stable at least
for 4 months under ambient conditions, and the devices of IIDDT were also stable at
high humidity (Ry = 60 %) for at least 1 month, largely attributed to its low-lying
HOMO level (Fig. 2.3).

With the above results in hand, we employed grazing incidence X-ray diffraction
(GIXD) and atomic force microscopy (AFM) to investigated molecular packings and
morphologies of the polymer films. In the 2D-GIXD, IIDDT showed a strong dif-
fraction peaks at 26 of 3.58° corresponding to a d-spacing of 19.88 A (A = 1.240 A).
Another three diffraction peeks can be attributed to 200, 300, and 400 diffractions,
indicating that IIDDT had an edge-on lamellar packing in film. In contrast, IIDT
showed only one weak diffraction at 3.25°, indicating the films are relatively

Table 2.1 Polymer molecular weights and FETT performances

Polymers M. /M, PDI Mobility (,u/cm2 vish Lon/of

DT 19,800/39,100 2.0 N/A® N/A
0.019 (0.015)° ~10°

IIDDT 87,900/185,800 2.1 0.1-0.2* ~10°
0.79 (0.42)° ~107

# Pristine film spin-coating from TCE solution
® Maximum values of the hole mobility after annealed at 150 °C for 20 min. Average mobilities
are shown in parentheses (more than 20 devices were tested)
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Fig. 2.3 a Transfer and b output characteristics of an IIDDT device at Vpg = =50 V (L = 60 pm,
W = 3.0 mm) after 150 °C annealing. ¢ Changes in transfer characteristics of an IIDDT device.
The device was stored in dark at 25 °C under humidity around 10 %

amorphous. In the AFM images, IIDDT showed crystalline fibrillar intercalating
networks. Such crystalline networks were likely the result of the strong intermolec-
ular m—m interactions, which were also observed in other high performance OFET
materials. In contrast, the films of IIDT were more amorphous without obviously
crystallized zones. Therefore, the difference of IIDDT and IIDT in crystallinity may
explain the largely different device performances.

2.3 Impact of Polymer Symmetry and Backbone Curvature

Compared with small molecule, conjugated polymer films are difficult to be ana-
lyzed due to their amorphous states. Encouraged by the aforementioned results, we
synthesized eight other isoindigo-based polymers based on “molecular docking”
strategy to investigate the structure—property relationship in polymer FETs
(Fig. 2.4) [11]. In the molecular modeling field, “docking” is a method to predict
the structure of intermolecular complex formed between two or more constituent
molecules [12]. Molecular docking has been broadly used to understand the bio-
logical processes determined by non-covalent interactions, especially for rational
design of drugs [13].

Because isoindigo homopolymer is a typical n-type semiconductor, [14] in order
to obtain p-type isoindigo-based polymers, electron-rich groups should be intro-
duced to increase the HOMO level of the desired polymers. The donor-acceptor
interactions of electron-deficient isoindigo units and electron-rich units may
enhance the interchain n—r stacking interactions. Selenophene-(2-4) and thiophene-
containing (2-5 to 2-11) units are used to construct the copolymers (Scheme 2.2).
Units 2-4-2-7 and unit 2-10 are centrosymmetric, and units 2-8, 2-9 and 2-11 are
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Scheme 2.2 Synthesis of isoindigo-based copolymers

axisymmetric. To prove our molecular docking strategy, we also synthesized 3,3'-
dimethyl-2,2'-bithiophene (10) to compare with 2,2'-bithiophene. We envision that
the methyl groups may hinder n—m stacking and interchain docking. Compounds
2-4, 2-5, 2-6, 2-7, 2-8, and 2-9 were synthesized according to literature [15-19].
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The synthesis of monomer IID needs only two steps with high yield from com-
mercially available 6-bromoisatin (2-1) and 6-bromooxindole (2-2). All monomers
can be prepared in 10-g scale. The copolymers were obtained through Stille-cou-
pling polymerization using Pd,(dba); and P(o-tol); as catalysts. After the poly-
merization, a strongly complexing agent N,N-diethylphenylazothioformamide was
added to remove any residual catalyst. All polymers were purified by Soxhlet
extraction (sequentially by methanol, hexane, and CHCl3), and afforded dark or
dark blue solids. After introducing the branched alkyl chains, all polymers (except
IID-T3) showed good solubility in common solvents, such as CHCl;, toluene, and
THF. IID-T3 only dissolved in chloro-containing solvents such as CHCl;, TCE,
and dichlorobenzene (DCB). Molecular weights of all polymers were evaluated by
GPC using 1,2,4-tricholorobenzene as eluent at 150 °C. Large PDI remained at this
high temperature, presumably due to the strong aggregation of the polymers. All
polymers showed good thermal stability with decomposition temperatures over
350 °C. No phase transition was observed by differential scanning calorimetry
(DSC) before decomposition.

The absorption spectra of all the polymers in solution, thin film and annealed
film are shown in Fig. 2.5. All the polymers showed typically dual band absorption
both in solution and in film: band I (from 500 to 800 nm) and band II (from 300 to
500 nm). Band II is attributed to the absorption of the donor part, which varied
among different polymers because of different donor electronic structures. In con-
trast, these polymers showed similar absorption features in band I region with three
obvious vibrational peaks 0-0, 0-1, 0-2, indicating the absorption band originated
from the isoindigo core, a shape-persistent molecular structure. Moreover, band I is
also a typical charge-transfer absorption from the donor part to the isoindigo core,
which is consistent with computational results that the HOMOs are well delocalized
along the polymer chains, and the LUMOs are mostly localized on the isoindigo
core. Except polymer IIDDT-Me, the absorption peaks of other polymers in film
show no obvious red-shift relative to those in solution, which suggested that the
polymers adopted similar geometry in solution and in film. Scrutiny of spectra
reveals that the 0-0 vibrational transition increased while 0—1 decreased in film,
suggesting polymers became more planar or formed some aggregates in film. After
annealing the film at 150 °C for 30 min, a further increase of the 0—0 transition was
also observed, indicating the packing and planarity of polymers became much
better. IIDDT-Me had two methyl groups that caused a great rotational angle and
broke the conjugation, which led to an obvious blue-shift in solution. When the
polymer went into solid state, the rotational angles were suppressed because of
interchain -7 stacking. This change caused a huge red-shift of the absorption
maximum of IIDDT-Me, and this polymer showed a similar optical bandgap as
other polymers in film state (Table 2.2).

The cyclic voltammetries (CV) of all the polymers in thin films were measured
to evaluate their electronic energy level (Fig. 2.6). Most of the polymers showed
much stronger oxidative peaks than their reductive ones, almost one order of
magnitude higher, which indicated that the polymers were more easily oxidized. All
the polymers showed similar reductive potentials with LUMO levels around
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Fig. 2.5 Normalized UV-vis absorption spectra of a IID-Se; b IID-NDT; ¢ IIDDT-Me; and
d IID-T3 in CHC; (1 x 107> M), in thin film (spin-coated from TCE solution, 1 mg/mL), and in
annealed film (at 150 °C for 30 min)

—3.70 eV. HOMO levels of the polymers varied according to the electron-donating
properties of the donor part. For example, IID-Se and IID-TT gave HOMO/LUMO
levels of —5.65/—3.79 and —5.70/—3.73 eV, respectively. After the introduction of
relatively electron-deficient donors, benzodithiophene (BDT) and naphtho[l,2-
b:5,6-b']dithiophene (NDT), polymer IID-BDT and IID-NDT showed lowered
HOMO levels of —5.84 and —5.90 eV. These results are consistent with the com-
putational results that the LUMO levels of all the polymers are mostly localized on
the isoindigo core and the HOMO levels are distributed along the polymer chains.
Thus the HOMO levels of the polymer are more easily affected by the electronic
structure of the donor moiety, while the LUMO stays unchanged. Interestingly,
IID-TTT showed two oxidative peaks and a HOMO level of —5.44 eV, indicating
the strong electron-donating property of dithieno[3,2-b:2',3’-d]thiophene. IID-
BDT, IID-NDT and IID-TBT showed obvious blue-shift of the absorption spectra
compared to other polymers. Using DFT calculation, we obtained the theoretical
HOMO/LUMO levels of polymers by extrapolating the calculated energy levels of
the oligomers.
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Fig. 2.6 Cyclic voltammogram of a IID-Se, b IID-NDT, ¢ IIDDT-Me, and d IID-T3 in thin film
drop-casting on a glassy carbon electrode and tested in n-BuyNPF¢/CH;CN solution (scan rate:
50 mV s )

BG/TC device structure was used for device fabrication by spin-coating the
polymer solutions (4 mg/mL) onto octadecyltrimethoxysilane (OTS) treated SiO,
(300 nm) on heavily doped Si substrate. Previously, we used TCE as the solvent to
fabricate the thin film transistors. After optimizing conditions, we found that using
TCB provided better device performance. For example, using TCE as the solvent,
IIDDT only gave an average hole-mobility of 0.42 cm”® V™' s™!, while using TCB a
higher mobility of 1.06 cm? V™' s™" and average mobility of 0.66 cm® V™' s~ ! were
obtained (Fig. 2.5a). This result is among the highest results reported to date. Using
TCB as solvent to improve FETs device performance was also reported in the
fabrication of P3HT, high boiling point TCB provided P3HT with better intrachain
packing and more condensed uniform film [20, 21]. Because the OTS treated SiO,
surface is very hydrophobic and TCB has a relatively higher contact angle than
TCE, spin-coating on the surface can only be achieved by using the TCB solution
containing polymers IIDDT, IID-Se or IID-NDT, which may be attributed to their
higher molecular weight and viscosity. For other polymers, spin-coating from their
TCB solutions did not provide continuous films. We also found that solvent-
annealing in TCE atmosphere in Petri dish could also improve the device
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performance after spin-coating from TCE solutions. Thus solvent-annealing using
TCE in Petri dish were also performed for all the polymers after spin-coating. Very
excitingly, all the polymers with centrosymmetric donors showed excellent hole-
transporting properties with mobility over 0.1 cm® V™' s™! (Fig. 2.7 and Table 2.3).
Moreover, these polymers also exhibited good transfer curves with small hysteresis.
These systematically excellent results rarely appear in literature, which suggests
that the isoindigo core is an excellent building block for high-performance polymer
FETs. Recently, selenophene-containing polymers were reported to show a better
carrier-transporting performance in FETs; however, in our system, after replacing
thiophene with selenophene, IID-Se only showed a comparable result with IIDDT
with the highest hole mobility of up to 0.66 cm* V™' s™" and average mobility of
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Fig. 2.7 Transfer and output characteristics of IIDDT (a and b), IID-Se (¢ and d), IID-BDT
(e and f), IID-NDT (g and h), IID-TT (i and j), and IIDDT-Me (k and 1) device (spin-cast from
TCB or TCE solutions, 4 mg/mL) at Vpg = =50 V (L = 60 pm, W = 3.0 mm) after thermal
annealing
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Table 2.3 FET device performance of isoindigo-based polymers measured under ambient
condition (Ryg = 50-60 %)

Polymers Tanneating (°C) Mobility x (cm® V™' s71)? Ve (V) oo/ Lost
IIDDT 150 1.06 (0.66) -18 105-107
IID-Se 160 0.66 (0.46) -10 10°-10°
IID-BDT 150 0.48 (0.37) -28 10°-107
IID-NDT 200 0.32 (0.25) -30 105-107
IID-TT 150 0.34 (0.31) -6 10°-10°
IIDDT-Me 150 0.11 (0.091) -5 10°-10°
DT 150 0.019 (0.015) -20 10°
IID-T3 150 0.061 (0.048) -4 10°
IID-TTT 200 1.03 x 1073 -4 10*
IID-TBT 150 135 x 1074 -16 10°

# Maximum values of hole mobility and average mobilities are shown in parentheses (more than
10 devices were tested for each polymer)

0.46 cm® V' s7'. We also designed polymer IIDDT-Me to understand our
molecular docking strategy. Although IIDDT and IIDDT-Me have identical con-
jugated structure and very similar photophysical and electrochemical properties,
IIDDT-Me only gave the highest hole mobility of 0.11 cm? V™' s™" and average
mobility of 0.091 cm? V™! 57!, which is the lowest among polymers containing
centrosymmetric donor and almost one order of magnitude lower than that of
IIDDT. This result pointed out that introducing methyl groups may hinder the
interchain m—r stacking and thereby reduce the mobility.

Systematically comparing the transfer characteristics, a good correlation between
the oxidative potential of the polymers and the threshold voltage of their devices
exists in this system. IID-Se and IID-TT had higher HOMO levels than IIDDT,
and they gave a more positive threshold voltage of —10 and —6 V, respectively.
Similarly, IID-BDT and IID-NDT had relatively lower HOMO levels and they all
provided a more negative threshold voltage of —28 and —30 V, respectively. This
correlation is related to the hole-injection barrier from the gold electrode to the
organic semiconducting layer. Because gold electrode has a work function of
—5.1 eV, further lowering the HOMO level of the polymers increased the barrier,
and hence the threshold voltage became more negative. However, even though IID-
BDT and IID-NDT exhibited threshold voltage up to =30 V, high mobility of
0.48 cm® V™' 57! for IID-BDT and 0.32 cm” V™' s for IID-NDT were achieved.
Interestingly, IID-BDT and ITD-NDT showed very small hysteresis in the transfer
characteristics, indicating less traps in the polymer films [9]. Moreover, the output
curves of all the devices showed almost no contact resistance in this system. In
sharp contrast, all the polymers with non-centrosymmetric donors showed much
lower hole mobilities. IIDT and IID-T3 only displayed the highest hole-mobilities
of 0.019 and 0.061 cm? V™' 57!, respectively. IID-TTT and IID-TBT showed

hole-mobility in the range of 10°~10~* cm* V' s,
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It is worth noting that IIDDT exhibited good stability for at least 6 months under
ambient condition. After the storage, only a slight increase of the off-current was
observed for the device. Other centrosymmetric polymers, such as IID-Se, IID-TT,
and IIDDT-Me were also tested under this condition, and they all showed good
long-time stability for at least 2 months. This systematically good stability of the
devices further supported the low-HOMO design strategy for ambient-stable
polymer FETs [9].

Tapping-mode AFM was employed to investigate the surface morphology of the
polymer films. Figure 2.8 displays the height images of the polymer films prepared
under the same condition as their device fabrications. The root-mean-square (RMS)
analyses of the height images were employed to reflect the roughness of the films.
Film morphologies did not show obvious difference before and after thermal
annealing at 150 °C for 30 min. However, all the polymers with centrosymmetric
units, even IIDDT-Me, showed obviously crystallized zones or fibrillar interca-
lating networks in the films. Such crystalline networks were likely the result of
good intermolecular packing, which were also observed in other high performance
polymer FET materials. In contrast, the polymers without centrosymmetric units
showed almost smooth and totally amorphous films. Because of the formation of
the fibrillar networks, polymers with centrosymmetric donor showed higher surface

RMS =1.93 nm

RMS =2.83 nm RMS =1.63 nm RMS = 1.07 nm RMS = 0.54 nm

Fig. 2.8 Tapping-mode AFM height images of a IIDDT, b IID-Se, ¢ IID-BDT, d IID-NDT,
e IID-TT, f IIDDT-Me, g IIDT, and h IID-TTT films spin-cast on OTS treated SiO,/Si substrate
and annealed at 150 °C for 30 min
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roughness than polymers without centrosymmetric donor. For instance, IIDDT and
IID-TT presented higher surface roughness of 3.46 and 2.83 nm, respectively,
while IIDT and IID-TTT only exhibited surface roughness of 1.07 and 0.54 nm.

To understand the device performances from a molecular level, we employed
GIXD to investigate the polymer packing in thin film. Figure 2.9 shows the two-
dimensional GIXD (2D-GIXD) patterns of the polymer films prepared by spin-
casting the TCE solution of the polymers onto OTS-treated SiO,/Si substrate.
IIDDT and IID-Se films showed four out-of-plane diffraction peaks as spin-casted
from TCE solution. The peaks are assigned to 100, 200, 300, and 400 diffractions.
After thermal annealing the films at 150 °C for 30 min, the intensity of the dif-
fraction peaks further increased, and the diffraction points became more centered.
IID-BDT and IID-NDT only showed three diffraction peaks before annealing, but
after annealing the fourth order diffraction peaks appeared. These results indicate
that although these polymers are relatively amorphous compared with P3HT films,
they also had ordered lamellar packing perpendicular to the substrate. According to
the out-of-plane GIXD, the first strong diffraction peaks of IIDDT, IID-Se, IID-
BDT and IID-NDT were at 20 of 3.58° 3.60°, 3.59°, and 3.65°, corresponding to a
d-spacing of 19.85, 19.74, 19.79, 19.46 A respectively. These results are in
agreement with molecular models that the polymer films had an edge-on lamellar
packing in film. However, for IIDDT-Me, only three diffraction peaks were
observed after thermal annealing and the 100 diffraction became much broader
compared to IIDDT, indicating a relatively disordered lamellar packing in the film.
We speculate that the methyl groups in IIDDT-Me hindered the interpolymer n—mn
stacking, which might deteriorate out-of-plane lamellar packing. In sharp contrast,
all the polymers containing non-centrosymmetric donor did not show good lamellar
packing. IID-T3 only displayed one diffraction peak, and the peak of IIDT became
much weaker (Fig. 2.9k, 1). Polymers IID-TTT and IID-TBT showed no obvious
diffraction peak in film. Interestingly, the first diffraction peak of IIDT was at 26 of
3.25°, corresponding to a d-spacing of 21.86 A, significantly larger than those of the
centrosymmetric polymers.

To further demonstrate our proposed packing model of the polymers, we per-
formed ab initio calculations using DFT to understand the polymer packings.
Specifically, ®B97X-D functional, which includes empirical dispersion, was used
in order to correctly describe the weak intermolecular interaction [22]. The long
alkyl chains were replaced by isobutyl groups for simplicity. We used oligomers
(n = 2) of IIDDT to explore the n—m stacking of two polymer chains and several
local minimum structures were found from different starting structures. Direct
overlap of the isoindigo cores exhibited much higher energy because of the strong
repulsion caused by the alkyl chains. The most stable intermolecular stacking is
shown in Fig. 2.10a and the association energy of the dimer is 55.1 kcal/mol. The
bithiophene units partially overlapped with the isoindigo cores with n—m stacking
distances in the range of 3.4-3.5 A. This result agreed with the absorption spectra
that the polymer formed some J-aggregates in film. Figure 2.10b shows the elec-
trostatic potential of the dimer. The HOMO of the dimers was delocalized on both
oligomers which indicated a strong interaction of their frontier orbitals. However,
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Fig. 2.9 2D-GIXD patterns of a, e IIDDT, b, f IID-Se, ¢, g IID-BDT, d, h IID-NDT, i IIDDT-
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Fig. 2.10 a Calculated dimer structures of the IIDDT oligomers (n = 2). b Side view of the
electrostatic potential of the dimer. ¢ Calculated structure of the IIDDT-Me oligomers (n = 2). The
bithiophene rotational angle in IIDDT-Me is 29°. d Calculated dimer structure of the [IDDT-Me
oligomers (n = 2). The bithiophene rotational angle decreased to 7.8°. Structural optimization and
energy calculation were all performed at ®B97X-D /6-31G(d) level

after incorporating methyl groups, oligomers of IIDDT-Me showed larger n—n
stacking distance, and the association energy was 49.9 kcal/mol, which is smaller
than that of IIDDT. Interestingly, the n—mn stacking also suppressed the rotational
angles of IIDDT-Me from 29° to 7.8°, which is also consistent with the absorption
spectra (Fig. 2.10c, d). Polymers without centrosymmetric donor, such as IIDT,
cannot form good m—r stacking and the association energy of the IIDT dimer was
only 43.5 kcal/mol. It could be predicted that the difference of the association
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energy among these three polymers will be much larger. Therefore, these compu-
tational results prove our molecular packing models and support the “molecular
docking” strategy that the small donor moieties may dock into the large isoindigo
cores to form a better interchain n—m stacking.

In a typical polymer film, three possible carrier transporting pathways are
marked with arrows in Fig. 2.11a: (1) intrachain carrier transport, which is very fast
and efficient; (2) interchain carrier transport at well-ordered sites, which may adopt
a hopping mechanism like ordered small molecules; (3) interchain carrier transport
at loosely contacted sites, which is very slow. Therefore, the carrier transport is
obviously limited by the loosely contact sites, and improve the carrier mobility at
pathway (3) is crucial for high—performance polymeric FETs. One effective way to
reduce the zones of pathway (3) is to increase the interpolymer chain interactions
and thereby to increase the polymer packing orders.

Traditional polymers designed for polymer FETs, such as P3HT, always contain
one or two alkyl chains on each unit (Fig. 2.11b). Because typical alkanes (C,,H»,,,2)
(n = 6-9) have inter alkyl chain distances of 3.6-3.8 A in single crystal, larger than a
typical n—r distance of 3.4 A, we assumed that steric hindrance may exist in the
system when polymer stacked with each other. Using the aforementioned “molecular
docking” strategy, this kind of steric hindrance can be avoided (Fig. 2.11c). The
strategy contains two critical points of view: (1) reducing the steric hindrance of alkyl
chains by making the small units “dock into” the large aromatic cores, similar to the
“bricklayer” packing of TIPS-pentacene [23]; (2) large aromatic core can also reduce
reorganization energy when charge transporting [24].
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Fig. 2.11 a Cartoon representation of conjugated polymer film, and its three possible charge
transport pathways; b Traditional polymers contain one or two alkyl chains on each unit. Steric
hindrance may exist when polymers stacked with each other (black circle); ¢ Molecular docking
strategy to avoid steric hindrance and improve the inter-polymer m—m interaction. Cartoon
representation of the copolymers with different symmetries and their film packings; d polymers
with centrosymmetric donors and e polymers axisymmetric donors

Centrosymmetric donor
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As described above, the device performances of the polymers apparently cor-
related with their film morphologies and polymer packings. Polymers with cen-
trosymmetric units exhibited better crystallinity and lamellar packing in thin films.
To understand this correlation, we illustrated a cartoon representation of molecular
packing in film (Fig. 2.11d, e). Those polymers with centrosymmetric units
exhibited good interchain n—r stacking. The “small core” can readily dock into the
cavity formed by the “large core” and the branched alkyl chains. The donor-
acceptor interaction of the isoindigo core and the donor part can also help such
docking. More importantly, because of the centrosymmetric units, the polymer
backbones are almost linear and parallel to the substrate. The decent n—m stacking
and the linear backbone of polymers led to good lamellar phase in the polymer
films, as demonstrated by GIXD experiment (Fig. 2.11d). However, when the donor
units lost centrosymmetry, the polymer backbones become like waves, docking an
asymmetric “small core” into centrosymmetric “large core” becomes inappropriate,
and the wave-like backbones also disturb good lamellar packing in polymer film, as
shown in Fig. 2.11e. Moreover, for IIDDT-Me, after introducing methyl groups,
the backbone of the polymer is still linear. Thus the polymer still exhibited good
lamellar packing and the highest mobility of 0.11 cm? V™' s™'. Thus, we assume
that the poor n—m stacking caused by methyl groups led to the relatively low
mobility in [IDDT-Me. IID-T3, which contains a more linear backbone, exhibited
hole-mobility up to 0.061 cm® V™' s™!, much better than other polymers with non-
centrosymmetric donor. This result further demonstrates that backbone curvature is
also an important factor. Accordingly, centrosymmetry and linear backbone cur-
vature are critical for polymer docking and the formation of lamellar phase. Several
groups also noticed the important effect of symmetry [25] and backbone curvature
[26] on polymer FETSs, which thereby supports our discussions.

It is meaningful to raise the question whether this design strategy is applicable to
other systems except for isoindigo. Diketopyrrolopyrrole (DPP) and naphthalen-
edicarboximide (NDI) are also good examples for understanding the “molecular
docking” strategy. Scheme 2.3 presents several recently developed polymers. Most
of the polymers exhibited mobilities approaching or surpassing 1 cm”> V™' s7!,
which were systematically higher than traditional polymers. In these polymers,
polymers with centrosymmetric units, such as PDBP-co-TT, [27] PDQT, [28]
P(DPP-alt-DTBSe) [29] and n-type P(NDI20OD-T2), [30] showed excellent
mobilities. In contrast, PDP3T [31] and PDPP-TBT [32] exhibited relatively low
mobilities because of their non-centrosymmetric building blocks and wave-like
polymer backbones. Although P1 [33] contains non-centrosymmetric thiophene
units, it has an almost linear backbone and still exhibits good mobility, which is
similar to IID-T3. Winnewisser et al. synthesized BBTDPP1 [34], which has an
identical backbone to PDQT. However, after introducing dodecyl chains, the
highest hole mobility was only 0.1 cm? V™' s™', almost one order of magnitude
lower than PDQT. This example is comparable with IIDDT-Me, which supported
our “molecular docking” strategy that the alkyl chains on “small core” will hinder
the polymer n—r stacking and lead to reduced device performance.
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Scheme 2.3 Diketopyrrolopyrrole and naphthalenedicarboximide-based conjugated polymers and
their FET performances

2.4 Influence of Side Chain Branching Positions

Compared with linear alkyl chains, branched alkyl chains, such as 2-ethylhexyl,
2-octyldodecyl, and 2-decyltetradecyl groups, generally provide better solubility.
Interestingly, the distance of the branching point of these branched chains to the
conjugated backbone is only one methylene group, presumably because they are
readily available. As discussed above, alkyl chains may impede interchain m—m
interactions. Similarly, when the branching points are close to polymer backbones,
steric hindrance may also occur due to the large van der Waals radii in the
branching position. To increase the structural diversity of solubilizing groups, Bao
designed an unconventional siloxane-terminated hexyl chain, which exhibited
closer backbone packing and increased hole mobility up to 2.48 cm”® V™' s™* [35].
However, the trimethylsilyl group can’t survive under certain reaction conditions,
hence limiting the application of this group. Thus, we designed three novel bran-
ched alkyl chains (3-decyltridecyl, 4-decyltetradecyl, and 5-decylpentadecyl) to
modify the polymer (Scheme 2.4). We investigated how moving the branching
point of these “more conventional” alkyl chains farther from the backbone influence
the mobilities [36]. The sequential changing of these “more conventional” branched
alkyl chains result in a remarkably high mobility of 3.62 cm”® V™' s~'. Thus we
demonstrate that a subtle change of conventional alkyl chains can lead to a sig-
nificant improvement of device performance.

Scheme 2.4 illustrates the synthetic route of these polymers. The alkyl side chains
with various branching positions can be readily synthesized and introduced to iso-
indigo core with high yield. Interestingly, the R; values of IID-C3 and IID-C4 on
TLC (0.52 for IID-C3 and 0.53 for IID-C4) are significantly smaller than those of
IID and IID-C2 (0.61 for both) (Fig. 2.12). It is likely that the polar carbonyl groups
in the isoindigo core are somewhat shielded by the alkyl side chains, and moving the
branched point away exposes these polar groups, thus leading to stronger interactions
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Fig. 2.12 a Thin layer chromatography (TLC) experiment of four monomers IID, IID-C2, IID-
C3, and IID-C4 (eluent: PE:DCM = 1:1). Although they have identical backbone and similar alkyl
chains, IID-C3 and IID-C4 showed stronger interaction with silica gel. b Normalized UV-vis
absorption spectra of monomers in chloroform (1 x 107> M). All monomers showed almost
identical absorption spectra. Normalized absorption spectra of ¢ four polymers in CHCl; (1 x 107>
M) and b IIDDT-C3 in CHCls, in thin film, and in annealed film (at 150 °C for 30 min)
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of the monomer with the silica gel. Similar to the preparation of polymer IIDDT,
Stille-coupling polymerization between dibromide ITD-C2, IID-C3, or IID-C4 and
5,5"-bis(trimethylstannyl)-2,2'-bithiophene was used to afford IIDDT-C2, IIDDT-
C3, and IIDDT-C4 in high yields. All polymers were obtained as dark metallic solids
after standard purification including precipitation into methanol and subsequent
Soxhlet extraction with acetone, hexane, and chloroform. Molecular weights of all
polymers were evaluated by GPC with 1,2,4-tricholorobenzene (TCB) as eluent at
150 °C (Table 2.4). IIDDT-C3 and IIDDT-C4 appeared to have larger molecular
weight (M,) and polydispersity index (PDI) because of shoulder peaks in the large
molecular weight region. These shoulder peaks are presumably attributed to inter-
polymer aggregations. All the polymers showed good thermal stability with
decomposition temperatures over 370 °C. No phase transition was observed for all
polymers by DSC in the range of —10 to 300 °C.

Absorption spectra of all polymers and monomers were measured both in
solution and in thin film. All monomers showed almost identical absorption spectra
(Fig. 2.12b), suggesting that the alkyl chains do not affect the photophysical
properties of the aromatic core. All polymers showed typically dual band absorption
(Fig. 2.12c). Compared with IIDDT and IIDDT-C2, IIDDT-C3 and IIDDT-C4
showed obviously red-shifted absorption in solution. The red-shift may be attrib-
uted to interpolymer n—n stacking, which makes the polymer backbone of IIDDT-
C3 and IIDDT-C4 more planar. This result is in agreement with the GPC result that
IIDDT-C3 and IIDDT-C4 exhibited some aggregation even at 150 °C. Absorption
peaks of all the polymers in thin film showed interesting blue-shift (especially 0—1
vibrational peaks) in comparison with those in solution, which may correlate with
their solid state packing. Scrutiny of spectra revealed that the 0-0 vibrational
transition increases whereas 0-1 decreases in film, suggesting that polymers
become more planar in film with enhanced n—r stacking. Annealing the films led to
a further slightly increase of the 0-0 vibrational absorption, indicating that the
packing and planarity of polymers are improved.

Table 2.4 Molecular weight, optical and electrochemical properties of polymers

Polymers | M, To  |Mx | Mmx B |Enomo |Eiumo | Ee' | Etiomo
Da)y |[(°C) |(m)* |(@m) |@EV)® | (V) (eV)° eV)? | (V)
PDI
IIDDT | 20.4/2.0 |390 |706, |701, |1.60 |[-570 |[-3.70 |2.00 |-5.54
647 637

IIDDT- |18.4/2.0 |384 |711, 707, |1.60 |—5.60 -3.70 1.90 |-5.57
C2 647 641
IIDDT- [39.2/3.2 [392 |718, 719, |1.58 |-5.52 -3.74 1.78 -5.33
C3 673 653
IIDDT- |37.3/2.3 |374 |719, 716, |1.58 |-=5.50 -3.74 1.76 | -=5.26
C4 675 647
2107 M in chloroform

° Estimated from the onset of thin-film absorption

¢ Cyclic voltammetry determined with Fc/Fc* (Egomo = —4.80 €V) as external reference
d E«gcv = ELUMO - EHOMO
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Cyclic voltammetry was used to evaluate electronic energy levels of the poly-
mers. All the polymers showed much stronger oxidative peaks than their reductive
ones, almost one order of magnitude higher, indicating that these polymers are
easier to be oxidized than to be reduced (Fig. 2.13). Moving the branching point
away from the polymer backbones led to noticeable increase of the HOMO levels
from —5.70 eV (IIDDT) to —5.50 eV (IIDDT-C4). However, the LUMO levels
showed only slight decrease from —3.70 eV (IIDDT) to —3.74 ¢V (IIDDT-C4).
This result may be again due to more planar backbone and better n—m stacking in
IIDDT-C3 and IIDDT-C4. The computational study also displayed that LUMO of
the polymers are localized on isoindigo core whereas HOMO are distributed along
the polymer chain. Thus, HOMO levels of the polymers are more easily affected by
their conformational change. Photoelectron spectroscopy (PES) was also used to
measure the HOMO energy levels of the polymers. A similar variation trends was
found, thus further confirming the CV results.

It is known that charge carrier mobility in OFETs strongly depends on the frontier
orbital overlap integrals. The overlap integrals are sensitive to n—r stacking distance
and molecular packing conformation [37]. To probe how moving alkyl chain bran-
ched point away influences the charge transport of the polymers, we fabricated
bottom-gate/top-contact field-effect devices. A thin layer of polymers was deposited
on OTS-treated SiO, (300 nm)/n**-Si substrate by spin-coating a polymer solution
(4 mg/mL in 1,1,2,2-tetrachloroethane) at 1,000 rpm for 40 s. In our previous report,
IIDDT films showed an average hole mobility of 0.66 cm? V™' s and a maximum
mobility of 1.06 cm® V™" s™" [14]. In contrast, IDDT-C3 films exhibited a mobility
upto3.62cm? V™' s7! and an average mobility of 2.98 cm® V™' s ™! after annealing at
175 °C for 30 min (Fig. 2.14a). IIDDT-C4 films also displayed increased mobility:
the highest mobility was up to 1.76 cm”> V™' s™' and the average mobility was
1.44 cm? V7! s7'. Unexpectedly, IIDDT-C2 films showed decreased device per-
formance compared with IIDDT films. The highest mobility of IIDDT-C2 films was
only 0.40 cm” V' 57! (Table 2.5). Recently, Miillen et al. reported that molecular
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Fig. 2.14 a Transfer and b output characteristics of an IIDDT-C3 device (spin-casted from TCE
solutions, 4 mg/mL) after thermal annealing. Vsp = —100 V (L = 60 pm, W = 3.0 mm). The hole
mobility in the saturation regime was calculated from the slopes obtained by linear fitting of (Usp)"
2 versus Vg in the Vg range from —21 to —30 V. ¢ Changes in transfer characteristics of a [IDDT-
C3 device under 50-60 % humidity

weight played an important role in improving hole mobilities [38]. We were aware of
the relatively low M, of IIDDT and IIDDT-C2. Hence we synthesized polymer
IIDDT-C3 with a M), of 20 kDa, comparable to those of IIDDT and IIDDT-C2. The
low molecular weight IIDDT-C3 also showed the highest hole mobility of over
3 cm? V! 57!, thus further confirming the significant effect of moving branching
point away. Nonetheless, increased M, of IIDDT-C3 and IIDDT-C4 may still
contribute to their high hole mobilities. In addition, IIDDT-C3 and IIDDT-C4 also
displayed good stability under ambient conditions (Ry = 50-60 %) for at least
2 months (Fig. 2.14c¢).

The high hole mobilities of IIDDT-C3 and IIDDT-C4 are likely due to the more
exposed isoindigo core and stronger n— interactions of the polymer backbones. To
gain further understanding, GIXD and AFM were used to investigate polymer
packings and film morphologies. As shown in Fig. 2.15, IIDDT-C3 displays a
strong out-of-plane diffraction at 26 of 2.88° corresponding to a d-spacing of

Table 2.5 FET device performances and GIXD results of polymers

Polymers Taneating °C) | (em® V7' s™ Ve (V) | lollog | d (A

L T
IIDDT 150 1.06 (0.66) —18 >10° 20.3 3.75
IIDDT-C2 200 0.40 (0.28) -10 >10° 23.7 3.61
IIDDT-C3 175 3.62 (2.98) -2 >10° 24.7 3.57
IIDDT-C4 175 1.76 (1.44) -5 >10° 26.1 3.57

@ Measured under ambient condition (Ry = 50-60 %). Maximum values of hole mobilities, and
average mobilities are shown in parentheses (more than 10 devices were tested)
® Lamellar (L) and n— stacking (r) distances determined by GIXD experiments
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Fig. 2.15 2D-GIXD patterns of a IIDDT, b IIDDT-C2, ¢ IIDDT-C3 and d IIDDT-C4 film after
thermal annealing (at 150 °C for 30 min). All polymers display lamellar packings

247 A (A = 1.2398 A). Other four diffractions are attributed to 200, 300, 400, and
500 diffractions, indicating that IIDDT-C3 has a long-range ordered edge-on
lamellar packing. IIDDT-C2 and IIDDT-C4 also show similar out-of-plane
lamellar packing with a d-spacing of 23.7 and 26.1 A, respectively. Their d-spac-
ings correlate well with their alkyl chain lengths, suggesting the alkyl side chains all
adopt a similar extended conformation in films. Compared with IIDDT-C3, IIDDT
shows obviously broader diffractions and only four lamellar diffraction peaks. Thus
polymer packings in IIDDT-C3 film are more ordered. In the in-plane diffractions,
the m—m stacking diffractions of polymers (010) are observed. After moving the
branching point away from backbones, the polymers show gradually decreased n—n
stacking distances (3.75 A for IIDDT, 3.61 A for IIDDT-C2, and 3.57 A for both
IIDDT-C3 and IIDDT-C4). IIDDT-C3 also displays more intense 010 diffrac-
tions, suggesting stronger m—n stacking interactions. Besides, diffraction halos of
alkyl chains are also observed in the range of 4-5 A, larger than m—m stacking
distances. Therefore, largely improved mobilities are likely due to decreased n—m
stacking distances. AFM images of the polymer films show crystalline fibrillar
intercalating networks. The crystalline networks are likely the result of strong
intermolecular n—m interactions, similar to other high performance OFET materials.

In Bao’s work, the polymer with a hole mobility of 2.48 cm* V™' s™' has a n—n
stacking distance of 3.58 A, and the reference polymer has a mobility of
0.57 ecm® V! s7! and a distance of 3.76 A [35]. In Liu’s work, the DPP-based
polymer with 2-decyltetradecyl group gives a record-breaking high mobility of
8.2 cm? V! s7! with a n— stacking distance of 3.66 A, and the reference polymer
with 2-octyldodecyl group has a mobility of 4.5 cm® V™! 57! and a distance of
3.72 A [39]. Our results further confirmed this hypothesis that IIDDT-C3 shows
the highest mobility (3.62 em? V1 s7!) and the shortest distance (3.57 A). On the
other hand, although n—n stacking distances of IIDDT and IIDDT-C4 decreased
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with the moving branching positions, their mobilities did not always increase
correspondingly. For instance, m—m stacking distance of IIDDT-C2 (3.61 A) is
considerably shorter than that of IIDDT (3.75 A), but the mobility of IIDDT-C2 is
lower than (0.40 cm® V™' s7") that of IIDDT (1.06 cm® V' s7"). IIDDT-C3 and
IIDDT-C4 both have the shortest distance (3.57 A), but their mobilities differ
(3.62 cm® V™! 57! for high M,, IIDDT-C3, 3.00 cm® V' s™! for low M,, IIDDT-
C3,and 1.76 cm* V' s~ for IIDDT-C4). Besides, we have also been aware that in
Liu’s work, it is the length of alkyl chains rather than the branching position plays a
dramatic role. Thus we prepared IIDDT with 2-decyltetradecyl group and found a
mobility of 0.96 cm® V™' s7' and a m—n stacking distance of 3.75 A, almost
identical to those of IIDDT (1.06 cm® V™' s™! and 3.75 A). Recently, Beljonne and
coworkers demonstrated that charge transport correlates with the supramolecular
organization of polymers; in addition, the m—r stacking distance and the packing
conformation greatly affect the interpolymer chain carrier transport [40]. We pro-
pose that the polymer packing conformation of the polymers, such as degrees of
translation and rotation, also plays a critical role in carrier mobility, which resulted
in the inconsistency between device performances and n—r stacking distances.

2.5 Conclusions

In this chapter, we have analyzed the single crystal structure of alkanes and found
that the alkyl chains may hinder the n—r stacking in conjugated polymers. In order
to reduce the steric hindrance, we have proposed “molecular docking” strategy to
design high-performance polymer FET materials. According to this concept, we
have developed the first isoindigo-based polymer FETs for the first time and
demonstrated that isoindigo can endow polymers with both high mobility and
excellent ambient stability. The devices of IIDDT showed excellent stability for
6 months under ambient conditions, largely due to its low-lying HOMO level.

To further prove this strategy, we designed and synthesized 10 polymers to
compare their physical properties and device performances. The key concept of
molecular docking is that the small conjugated units can dock into the cavity
formed by large aromatic cores and alkyl chains. This docking leads to increased
interchain n—m stacking of the polymer. According to the strategy, six polymers
with centrosymmetric units show hole mobilities of over 0.1 cm® V™' s™!, in which
five polymers show hole mobilities of over 0.3 cm® V™! s™'. We also found that
polymer symmetry and backbone curvature also affect interchain “molecular
docking” of isoindigo-based polymers in film, ultimately leading to different device
performances (Fig. 2.16).

We further assumed that the branching positions of alkyl side chains may close
to the polymer backbones, so that the large van der Waals radii of the branching
point may also hinder the n—r stacking in the conjugated polymers. Therefore, we
synthesised novel alkyl side chains with different branching positions and intro-
duced them to polymer FETs for the first time. We investigated how the branching
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yop

Modulating n-stacking

Fig. 2.16 Design strategy of this chapter

positions influenced polymer’s mobility and further increased the hole mobility of
isoindigo-based polymers to 3.62 cm® V' s™!. We also found the inconsistency
between device performances and n—r stacking distances, which is probably caused
by the different polymer packing conformations. This work reveals that side chain
engineering is a powerful strategy to modulate the device performance of conju-
gated polymers.

2.6 Experimental Details and Characterization

2.6.1 Device Fabrication and Characterization

Bottom-gate top-contact (BGTC) OTFT devices were fabricated using n**-Si/SiO,
(300 nm) substrates where n**-Si and SiO, were used as the gate electrode and gate
dielectric, respectively. The substrates were subjected to cleaning using ultrasoni-
cation in acetone, cleaning agent, deionized water (twice), and iso-propanol. The
cleaned substrates were dried under vacuum at 80 °C. The substrates were then
treated with plasma for 15 min and transfer into a glove box. The substrates were
modified with OTS to form a SAM monolayer. Thin films of the polymer were
deposited on the treated substrates by spin coating using a polymer solution (4 mg/
mL), optionally followed by thermal annealing at different temperatures under
nitrogen. After polymer thin film deposition, 30 nm thick gold electrodes were



2.6 Experimental Details and Characterization 49

deposited as source and drain using a shadow mask. The OTFT devices had a
channel length (L) of 60 pm and a channel width (W) of 3 mm or L of 60 um and
W of 0.44 mm.

The evaluations of the OTFTs were carried out using a Keithley 4200 SCS
parameter analyzer on a probe stage under ambient conditions. The carrier mobility,
i, was calculated from the data in the saturated regime according to the equation
Ips = (WR_L)Cy(Vg — V), where Ipg is the drain current in the saturated regime.
W and L are, the semiconductor channel width and length, respectively. C;
(C; = 11 nF) is the capacitance per unit area of the gate dielectric layer. Vg and V¢
are the gate voltage and threshold voltage. Vg — Vr was determined from its
relationship with the square root of Ipg at the saturated regime.

2.6.2 Synthetic Procedures and Characterization

6,6'-dibromoisoindigo [7], 1-iodo-2-octyldodecane, [41] and monomer 3-4 [29], 3-5
[15], 3-6 [16], 3-7 [17], 3-8 [18], and 3-9 [19] were synthesized according to the
literature. The alkyl iodide compounds with farther branching positions were pur-
chased from Lyn (Beijing) Science & Technology Co., Ltd. (http://www.lyntech.cn/).

H
0 N
Br
O
Br
N O
H

6,6'-dibromoisoindigo: To a suspension of 6-bromooxindole (2.13 g,
0.942 mmol) and 6-bromoisatin (2.00 g, 0.942 mmol) in AcOH (60 mL) was added
conc. HCI (37 %) solution (0.5 mL). The mixture was refluxed for 24 h. The
mixture was allowed to cool and filtered. The solid material was washed with water,
ethanol, and ether. After drying under vacuum, brown 6,6'-dibromoisoindigo (3.4 g,
86 %) was obtained.

Me Me

: S
n-BulLi CuCl
&t =~ [
Br THF S

S
Me
2-12
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3,3'-dimethyl-2,2'-bithiophene (2-12) [42]: 2-Bromo-3-methylthiophene (2.5 g,
12.70 mmol) was dissolved in anhydrous THF (20 mL). The solution was cooled to
—78 °C and n-BuLi (5.59 mL, 2.5 M solution) was added dropwise. The mixture
was stirred at —78 °C for 10 min, and then CuCl, (1.88 g, 14.00 mmol) was added
in portions carefully. The mixture was then allowed to stir at =78 °C for 1 h and
then at room temperature for 5 h. The mixture was quenched with 20 mL of water.
The aqueous layer was extracted with CH,Cl,, the combined extracts were washed
with distilled water, dried over anhydrous Na,SO,. After removal of the solvents
under reduced pressure, the residue was purified via chromatography with silica
(petroleum ether as eluent) to afford colorless oil (680 mg, yield: 55 %). '"H NMR
(CDCl3, 300 MHz, ppm): 8 7.26-7.28 (d, J = 5.4 Hz, 2H), 6.92-6.94 (d, J = 5.4 Hz,
2H), 2.17 (s, 6H).

Me Me

I\ s. NBS T\ S Br
Me' Me'
2-13

5,5'-Dibromo-3,3'-dimethyl-2,2'-bithiophene (2-13) [42]: To a solution of 3,3'-
dimethyl-2,2'-bithiophene (680 mg, 3.51 mmol) in THF (30 mL) was added
N-bromosuccinimide (1.25 g, 7.01 mmol). After stirred overnight, the reaction was
quenched with water. The aqueous layer was extracted with CH,Cl,, the combined
extracts were washed with distilled water, dried over anhydrous Na,SO,. After
removal of the solvents under reduced pressure, the residue was purified via
chromatography with silica (petroleum ether as eluent) to give yellow oil 12
(800 mg, yield: 58 %). 'H NMR (CDCl;, 300 MHz, ppm): o 6.88 (s, 2H), 2.12
(s, 6H).

Me Me
7\ S._ B i) nBuli THF I\ S.__SnMe;
™ MesSn S
Br™>8" N\ /i) MesSnel ® \
Me Me
2-14

5,5'-Bis(trimethylsilyl)-3,3'-dimethyl-2,2'-bithiophene (2-14) [43]: To a solu-
tion of 5,5'-dibromo-3,3'-dimethyl-2,2'-bithiophene (500 mg) in anhydrous THF
(30 mL) was added dropwies n-BuLi (1.23 mL, 2.5 M solution) at —78 °C. After the
addition, the mixture was stirred at —78 °C for 1 h. A solution of trimethyltin
chloride (712 mg, 3.57 mmol) in 5 mL of anhydrous THF was added dropwise.
After stirred overnight at room temperature, the mixture was quenched with water.
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The aqueous layers were extracted with ether, the combined extracts were washed
with distilled water, dried over anhydrous Na,SO,. After removal of the solvents at
reduced pressure, the residue was evaporated in vacuum to obtain a green solid.
(620 mg, yield: 93 %). '"H NMR (CDCls, 300 MHz, ppm): & 7.00 (s, 2H), 2.21
(s, 6H), 0.37 (s, 18H).

i) n-BuLi, THF s
g Sl V\__s_ g Mogsn—Ss AL SnMes

\ /S \ 7 ii) Me 5SnCl \ /S \/
2-15 2-16

2,5"-Bis(trimethylsilyl)-5,2',5',2"-terthiophene (2-15) [44]: To a solution of
2,5"-Dibromo-5,2’,5',2"-terthiophene (1 g, 2.46 mmol) was dissolved in anhydrous
THF (50 mL). The mixture was cooled to =78 °C and n-BuLi (2.27 mL, 2.5 M
solution) was added dropwise. After the addition, the mixture was stirred at same
temperature for 1 h. A solution of trimethyltin chloride (1.18 g, 5.91 mmol) in THF
(5 mL) was added dropwise. After stirred overnight, the mixture was quenched with
water. The aqueous layers were extracted with ether, the combined extracts were
washed with distilled water, dried over anhydrous Na,SO,. After removal of the
solvents at reduced pressure, the residue was evaporated in vacuum. Recrystalli-
zation of the crude product in ethanol afforded a yellow solid. (875 mg, yield 62 %).
"H NMR (CDCls, 300 MHz, ppm) &: 7.27-7.28 (d, J = 3.6 Hz, 2H), 7.09-7.10 (d,
J = 3.6 Hz, 2H), 7.07 (s, 2H), 0.39 (s, 18H).

General procedures for alkylation of 6,6'-dibromoisoindigo:

CgHy7
C10H21/H
e} N
Br
Vi
Br
N O
CgHyz

CyoHz

IID: To a solution of 6,6-dibromoisoindigo (510 mg, 1.21 mmol), potassium
carbonate (500 mg, 3.63 mmol) in dimethylformamide (DMF) (40 mL), 1-iodo-2-
octyldodecane (1.19 g, 2.91 mmol) was added under nitrogen. The mixture was
stirred for 24 h at 100 °C and then the solvent was removed under reduced pressure.
The residues were purified by silica gel chromatography with eluting (PE:
DCM = 5:1) to give 6,6'-dibromo-N,N'-(2-octyldodecanyl)-isoindigo as a deep-red
solid. (882 mg, 74 %). '"H NMR (CDCls, 300 MHz, ppm): 6 9.05-9.02 (d,
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J=8.7Hz, 2H), 7.16-7.13 (dd, J, = 8.7 Hz, J, = 1.5 Hz, 2H), 6.86 (d, J = 1.5 Hz,
2H), 3.59-3.57 (m, 4H), 1.85 (m, 2H), 1.30-1.20 (m, 48H), 0.93-0.84 (m, 12H).
3C NMR (CDCl;, 100 MHz, ppm): 6 168.09, 146.20, 132.55, 131.03, 126.65,
125.09, 120.38, 111.52, 44.69, 36.09, 31.92, 31.87, 31.50, 29.98, 29.62, 29.60,
29.35, 29.29, 26.36, 22.69, 14.12. ESI-HRMS: Calcd. for [M + HJ]*: 981.5270.
Found: 981.5277. Elemental Anal.: Calcd. for CsgHggBroN,O,: C, 68.55; H, 9.04;
N, 2.86. Found: C, 68.48; H, 9.01; N, 2.88.

<C10H21
CyoH
10" '21 o N
I C1oHa4
Q<O
K,CO3, DMF, 100 °C
N0

1ID-C2
CioHa1 CioHa1

IID-C2: The synthetic procedure is similar as described for IID. Yield: 88 %. 'H
NMR (CDCl;, 400 MHz, ppm) ¢ 9.09-9.07 (d, J = 8.6 Hz, 2H), 7.17-7.15 (dd,
Jy = 8.6 Hz, J, = 1.6 Hz, 2H), 6.89-6.88 (d, J = 1.6 Hz, 2H), 3.74-3.70 (t,
J =17.4 Hz 4H), 1.71-1.56 (q, J = 6.3 Hz, 4H), 1.42-1.26 (m, 74H), 0.90-0.86 (t,
J = 6.8 Hz, 4H). >*C NMR (CDCls, 100 MHz, ppm): § 167.49, 145.68, 132.55,
131.22, 126.66, 125.05, 120.44, 111.18,55 38.39, 35.61, 33.44, 31.93, 30.96,
30.04, 29.70, 29.69, 29.66, 29.36, 26.62, 22.70, 14.12. Elemental Anal.: Calcd. for
Cs2H100BroN,0,: C, 69.90; H, 9.46; N, 2.63. Found: C, 69.78; H, 9.46; N, 2.62.
ESI-HRMS: Caled. for [M + H]™: 1063.62243. Found: 1063.6248.

10H21

K//k Crofte
H CioH
N 10" 21

o I
Br \/\)\Cme
{ O ( Q )
Br O K,CO3, DMF, 100 °C
N O
H
CyoHay ID-C3

C10H21

IID-C3: The synthetic procedure is similar as described for IID. Yield: 71 %. 'H
NMR (CDCl3, 400 MHz, ppm): ¢ 9.10-9.08 (d, J = 8.6 Hz, 2H), 7.18-7.16 (dd,
= 8.6 Hz, J, = 1.6 Hz, 2H), 6.93-6.92 (d, J = 1.6 Hz, 2H), 3.73-3.69
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(t, J = 7.4 Hz, 4H), 1.68-1.64 (m, 4H), 1.34-1.22 (m, 78H), 0.89-0.86 (t,
J = 6.6 Hz, 12H). '*C NMR (CDCl;, 100 MHz, ppm): & 167.68, 145.76, 132.60,
131.21, 126.72, 125.10, 120.41, 111.28, 40.61, 37.10, 33.52, 31.93, 30.81, 30.09,
29.69, 29.65, 29.36, 26.67, 24.47, 22.69, 14.12. Elemental Anal.: Calcd. for
CesH 04BroN,O5: C, 70.31; H, 9.59; N, 2.56. Found: C, 70.50; H, 9.62; N, 2.53.
ESI-HRMS: Calcd. for [M + H]™: 1091.65373. Found: 1093.6549.

CroHar CioHa
H CioHay K/)/

% N /\/\)\
O Br | CroHay

/ / o :
Br O K,COjz, DMF, 100 °C

O

N
H
/(/J lID-C4
CioHa

C1OH21

IID-C4: The synthetic procedure is similar as described for IID. Yield: 83 %. 'H
NMR (CDCl;, 400 MHz, ppm) ¢ 9.10-9.07 (d, J = 8.6 Hz, 2H), 7.17-7.14 (dd,
Jy = 8.6 Hz, J, = 1.6 Hz, 2H), 6.92-691 (d, J = 1.6 Hz, 2H), 3.74-3.70 (t,
J =174 Hz, 4H), 1.67-1.62 (m, 4H), 1.36-1.22 (m, 82H), 0.89-0.86 (t, / = 6.8 Hz,
12H). '*C NMR (CDCl;, 100 MHz, ppm): § 167.67, 145.76, 132.59, 131.23,
126.71, 125.10, 120.41, 111.26, 40.27, 37.39, 33.61, 33.36, 31.93, 30.13, 29.72,
29.66, 29.37, 27.78, 26.71, 24.22, 22.70, 14.12. Elemental Anal.: Calcd. for
CgsH10sB1raN70,: C, 70.69; H, 9.71; N, 2.50. Found: C, 70.79; H, 9.55; N, 2.49.
ESI-HRMS: Calcd. for [M + Na]*: 1141.66670. Found: 1141.6684.

General procedures for Stille polymerization and polymer purification:

IIDT: 6,6'-Dibromo-N,N'-(2-octyldodecanyl)-isoindigo (329 mg, 0.335 mmol),
2,5-bis(trimethylstannyl)thiophene (137.5 mg, 0.335 mmol), Pd,(dba); (3.0 mg,
1 mol%.), P(o-tol); (8.2 mg, 8 mol%) and 20 mL of toluene were added to a
Schlenk tube. The tube was charged with nitrogen through a freeze-pump-thaw
cycle for three times. The mixture was stirred for 48 h at 110 °C. A strongly
complexing ligand N,N-diethylphenylazothioformamide (20 mg) was then added
and stirred with the polymer for 3 h to remove any residual catalyst before being
precipitated into methanol (100 mL). The precipitate was filtered through a nylon
filter and purified via Soxhlet extraction for 8 h with methanol, 12 h with hexanes
and finally was collected with chloroform. The chloroform solution was then
concentrated by evaporation and precipitated into methanol (200 mL) and filtered
off as a dark solid (290 mg, yield 96 %). Elemental Anal. Calcd: for
(CeoHooN20,S),,: C, 79.77; H, 10.04; N, 3.10. Found: C, 75.49; H, 9.48; N, 2.83.



54 2 Side Chain Effects and Design of Isoindigo-Based Polymers

IIDDT: The synthetic procedure is similar as described for IIDT. Yield: 95 %.
Elemental Anal. Calcd. for (Cg4HgaN,0,S5),: C, 77.84; H, 9.59; N, 2.84. Found: C,
76.99; H, 9.13; N, 2.78.

IID-Se: The synthetic procedure is similar as described for IIDT. Yield: 89 %.
Elemental Anal.: Calcd. for (Ce4Ho9,N,0,Se5),: C, 71.22; H, 8.59; N, 2.60; Found:
C, 68.16; H, 8.10; N, 2.35.

IID-BDT: The synthetic procedure is similar as described for IIDT. Yield:
90 %. Elemental Anal.: Calcd. for (C¢¢HooN»0O5S,),: C, 75.82; H, 9.19; N, 2.77;
Found: C, 77.18; H, 9.02; N, 2.69.

IID-NDT: The synthetic procedure is similar as described for IIDT. Yield:
75 %. Elemental Anal.: Calcd. for (C;gHo4N,0,S5),.: C, 79.34; H, 8.94; N, 2.64;
Found: C, 78.07; H, 8.87; N, 2.57.

IID-TT: The synthetic procedure is similar as described for IIDT. Yield: 93 %.
Elemental Anal.: Calcd. for (Cg,HooN»05S,),.: C, 74.22; H, 9.00; N, 2.75; Found:
C, 76.28; H, 9.30; N, 2.79.

IID-Me: The synthetic procedure is similar as described for IIDT. Yield: 79 %.
Elemental Anal.: Calcd. for (CgcHogN»O5S,5),: C, 78.21; H, 9.55; N, 2.76; Found:
C, 76.78; H, 9.43; N, 2.68.

IID-T3: The synthetic procedure is similar as described for IIDT. Yield: 80 %.
Elemental Anal.: Calcd. for (CggHouN,0,S3),: C, 76.50; H, 8.87; N, 2.62; Found:
C, 75.64; H, 8.86; N, 2.55.

IID-TTT: The synthetic procedure is similar as described for IIDT. Yield:
72 %. Elemental Anal.: Calcd. for (C4HogN,0,S5),: C, 75.69; H, 8.93; N, 2.76;
Found: C, 74.52; H, 8.88; N, 2.72.

IIDDT-C2: The synthetic procedure is similar as described for IIDT. Yield:
94 %. Elemental Anal. Calcd: for (C;oH;04N>O0,S,),: C, 78.52; H, 9.88; N, 2.62.
Found: C, 77.78; H, 9.47; N, 2.55.

IIDDT-C3: The synthetic procedure is similar as described for IIDT. Yield:
94 %. Elemental Anal. Calcd. for (C;,H;0gN-O,S5),: C, 77.78; H, 9.92; N, 2.55.
Found: C, 77.85; H, 9.75; N, 2.48.

IIDDT-C4: The synthetic procedure is similar as described for IIDT. Yield:
87 %. Elemental Anal. Calcd. for (C74H;2N>0,S,),: C, 78.95; H, 10.03; N, 2.49.
Found: C, 78.25; H, 9.91; N, 2.46.
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Chapter 3

Ambipolar Polymer Field-Effect
Transistors Based on Functionalized
Isoindigo

3.1 Recent Development on Ambipolar FETSs

Ambipolar polymer field-effect transistors (FETSs), capable of both hole and electron
transport, exhibit simpler processing requirements in complementary-like circuits
and potential application in organic light-emitting transistors [1]. With the fast
development of the third generation polymer—donor—acceptor (D-A) polymer, a
series of electron-deficient building block, such as benzothiadiazole (BT), naph-
thalene diimide (NDI), benzobisthiadiazole (BBT), diketopyrrolopyrrole (DPP),
and isoindigo (II), have been developed for polymer FETs. Polymers based on these
building blocks have shown hole mobilities surpassing 1 cm® V™' s7! [2], and some
polymers based on DPP exhibited both hole and electron mobilities of over
1 em? V7! s7!' [3, 4]. However, high electron mobilities based on these polymers
were achieved under nitrogen. Further investigation on ambipolar polymers which
operate in ambient is very important for their practical applications, as well as
fundamental understanding of the carrier transport in conjugated polymers.

On the other hand, an ideal ambipolar FET needs balanced carrier transport and
similar performance under both p- and n-channel operation modes [5, 6]. None-
theless, only a few of these polymers can be operated in ambient conditions [7], and
fewer showed balanced carrier transport [5, 8]. To our knowledge, none offer both
balanced carrier transport and transport under ambient conditions—criteria for an
ideal ambipolar material that can significantly simplify circuit design and minimize
patterning and fabrication process.

3.2 Fluorinated Isoindigo-Based Polymer FETs

In Chap. 2, we have successfully applied isoindigo unit to polymer FETS for the first
time [9], and obtained a high hole mobility of 3.62 cm® V™' s™! after engineering
the side chain branching positions [10]. Isoindigo molecule have also been used as
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the donor material in polymer solar cells, and high power conversion efficiency of
over 8 % was achieved [11, 12]. The highly electron-deficient isoindigo unit endows
these copolymers with intriguing properties, such as broad absorption and high open
circuit voltage in OPVs, as well as high hole mobility and good ambient stability in
FETs. Nevertheless, isoindigo-based polymers have extremely low electron mobility
(the highest one is only 3.7 x 1077 em? V™! s71) [13), albeit their low-lying LUMO
levels (=3.6 to —3.8 eV) [14]. Thus limiting their application in n-type FETs [15] or
as acceptors in OPVs [16, 17].

Several studies indicated that fluorination of the backbone of polymers can
effectively improve the performance of OPVs, because fluorine is electron-with-
drawing and small, hence capable of modulating the electronic properties of
polymers without deleterious steric effects [18, 19]. Thus, we introduced fluorine
atoms onto the isoindigo units of the polymer to further lower its LUMO level.
To our delight, the electron mobility of the fluorinated isoindigo-based polymer was
significantly increased to 0.43 cm® V™' s™!, while maintaining high hole mobility of
up to 1.85 cm? V™! 57!, This represents the first ambipolar transport behavior for
isoindigo-based polymers, and these mobilities are among the highest for an
ambipolar FET fabricated under ambient conditions [20].

In Chap. 2, we have demonstrated that modulating branched alkyl chains in
isoindigo-based polymers significantly increased the hole mobility [10]. The 4-
tetradecyloctadecyl group was chosen as the side chain of the fluorinated polymer
to guarantee both good solubility and close n—m stacking. Scheme 3.1 shows the
synthetic route to polymers PFII2T and PII2T. Commercially available 3-bromo-
2-fluoroaniline was condensed with chloral hydrate and hydroxylamine hydro-
chloride to afford compound 3-1, catalyzed by sulfuric acid. In presence of conc.
sulfuric acid, crude compound 3-1 underwent cyclization to provide 6-bromo-7-
fluoroisatin (3-2) in 61 % yield. A two-step Wolff-Kishner-Huang reduction was
used to reduce the carbonyl group to methylene, giving compound 3-3. Direct
condensation of 3-2 and 3-3 in acetic acid afforded 6,6'-dibromo-7,7’-difluoroiso-
indigo (3-4) in 72 % yield. Initial attempts to alkylate 3-4 with 15-(3-iodopropyl)
nonacosane using K,COj failed, presumably due to the steric hindrance caused by
fluorines. A stronger base KOH was then used, and the reaction proceeded
smoothly at room temperature to give compound 3-5 in 88 % yield. A Stille
coupling polymerization between 3-5 and 5,5'-bis-(trimethylstannyl)-2,2'-bithi-
ophene gave polymer PFII2T in high yield. PII2T was prepared as a reference
polymer to study the effect of fluorination. Both polymers were purified by adding a
coordinating ligand to remove residual palladium catalyst, then Soxhlet extraction
was used to remove oligomers and other impurities. Molecular weights of both
polymers were evaluated by high temperature gel permeation chromatography
(GPC) with 1,2,4-tricholorobenzene (TCB) as eluent at 140 °C. Both polymers
showed comparable M, (PFII2T, 75.7 kDa; PII2T, 72.8 kDa). Nonetheless, the
PDI of PFII2T (2.58) is larger than that of PII2T (1.95). Both polymers showed
excellent thermal stability with decomposition temperature over 410 °C. No phase
transition was observed for both polymers by differential scanning calorimetry in
the range of room temperature to 330 °C.
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Scheme 3.1 Synthesis of fluorinated isoindigo-based polymer PFII2T and the reference polymer
PII2T

Figure 3.1a illustrates the absorption spectra of both polymers in dilute solution
and in thin film. Both polymers show typically dual absorption bands. After
introducing fluorine atoms, the charge transfer absorption band (Band I) of PFII2T
red-shifts obviously, whereas the Band II blue-shifts slightly and the absorption
intensity is decreased. Compared with those in solution, absorption spectra of both
polymers in thin film shows a slight red-shift and increased 0-0 vibrational
absorption, indicating that the polymer backbones become more planar in the solid
state. The bandgap of PFII2T in thin film estimated from the absorption onset is
1.50, 0.07 eV smaller than that of PII2T. Interestingly, computational analysis of
the fragment structure reveals that the introduction of fluorine atoms does not
increase the dihedral angle of polymer backbones (Fig. 3.1c). Instead, because of
fluorine/hydrogen interaction, the phenyl-thienyl rotational angle of the fluorinated
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Fig. 3.1 a Normalized UV-vis absorption spectra of both polymers in CHCl; (1 x 107> M) and in
thin film. b Cyclic voltammograms of both polymers in thin film drop-casted on a glassy carbon
electrode. ¢ Molecular models of PFII2T fragment (above) and PII2T fragment (bottom). Alkyl
chains were replaced by methyl groups for simplicity (optimized at B3LYP/6-31G(d) level).
PFII2T displays smaller dihedral angle (17.1°) and shorter F-H distance (2.27 A). d Calculated
molecular orbitals of the trimer of PFII2T (B3LYP/6-31G(d))

monomer is decreased from 22.2° to 17.1°, and the calculated F—H distance
(2.27 A) is significantly shorter than the sum of the fluorine and hydrogen van der
Waals radii (2.56 A) [21]. This result indicates that the introduction of fluorine
atoms provides the polymer with a planar backbone, which is consistent with the
absorption features.

Electrochemical properties of both polymers are explored by cyclic voltammetry
(CV) measurement. Both polymers show much stronger oxidative peaks than their
reductive ones (Fig. 3.1b). After introducing fluorine atoms, the reduction current of
PFII2T increased and the doping processes appeared to be more reversible than
those of PII2T. Compared with those of PII2T, both HOMO and LUMO Ilevels of
PFII2T are obviously decreased. The LUMO level of PFII2T measured by CV
reaches —3.88, 0.18 eV lower than that of PII2T. In our previous report, changing
the donor part of isoindigo-based polymers hardly affects the LUMO levels of
polymers [14], because their LUMO levels are mostly localized on isoindigo cores.
Herein, fluorination of isoindigo core effectively lowers the LUMO level. The
HOMO level is also lowered after the fluorination, because the HOMOs of poly-
mers are well delocalized along the backbone. The CV results are consistent with
the photoelectron spectroscopy (PES) measurement. The optical bandgaps and PES
results give HOMO/LUMO levels of —5.46/—3.96 eV for PFII2T and —5.31/
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Table 3.1 Thermal, optical, and electrochemical properties of both polymers

Polymers | Ty i;(ﬂx /1211:;1( Ezpt EIC-IXMO EEI\J/MO EEI%SMO EEIIEJ?\/IO
©C) |(mm)* | (nm) eV | (V) (eV)° V)’ eV)*

PFII2T (411 728, 682 | 734, 667 | 1.50 =5.60 —-3.88 —5.46 -3.96

PII2T 416 |714, 667 | 718, 652 | 1.57 —5.42 -3.70 —=5.31 —-3.74

2107 M in chloroform
® Estimated from the onset of thin-film absorption
¢ Cyclic voltammetry determined with Fc/Fc* (Egomo = —4.80 €V) as external reference
4 Determined by UV-PES
e r-PES _ EPES _ Eopt
LUMO = LHOMO o

—3.74 eV for PII2T. Photophysical and electrochemical properties of both poly-
mers are in Table 3.1. Notice that the low-lying LUMO level of PFII2T is lower
than that of several ambient-stable ambipolar polymers and comparable to some air-
stable n-type polymers based on perylenedicarboximide (PDI) and naphthalenedi-
carboximide (NDI) [7, 22]. Hence, ambient stable charge transport in PFII2T is
expected.

To test the ambipolar transport capability of the isoindigo polymers, a top-gate/
bottom-contact (TG/BC) device structure was used to fabricate polymer FETs. This
device configuration is preferred for ambient-stable ambipolar or n-type organic
materials, because of its better injection characteristics and the encapsulation effect
of the top dielectric layer [15]. The semiconducting layer was deposited by spin-
coating polymer solutions (6 mg/mL in DCB) on untreated Au (source-drain)/SiO,/
Si substrate. After thermal annealing the film at optimized temperature (180 °C) for
10 min, a CYTOP solution was spin-coated on top of the polymer film as the
dielectric layer, and an aluminum layer was thermally evaporated as the gate
electrode. We fabricated the devices both in glovebox and in ambient conditions
(Ry = 50-60 %) to compare their device performance. All the devices were tested
under ambient conditions on a probe station. FET devices based on PFII2T fab-
ricated in glovebox and in ambient clearly showed ambipolar transport character-
istics. For devices fabricated in glovebox, hole mobilities of up to 1.25 cm* V™' s7*
and electron mobilities of up to 0.51 em® V™! s7! were obtained (Table 3.2), which
is comparable to several high performance DPP-based polymer FETs [8, 23].

In addition, all devices fabricated in ambient also exhibited ambipolar behaviors.
The highest hole mobility was further improved to 1.85 cm® V™' s™! with a little
decrease in electron mobility. The highest electron mobility is 0.43 cm? V™! s7!,
and the average mobility is 0.38 cm? V™' s™! (Fig. 3.2a). These mobilities are the
highest reported to date for an ambipolar FETs fabricated under ambient conditions
[7]. The reference non-fluorinated polymer PII2T showed comparable hole
mobilities but much lower electron mobilities. Electron mobilities of up to
0.07 cm? V™' 57! are observed for devices fabricated in glovebox but decreased
sharply to 107°=10"2 cm® V™' s™! for devices fabricated under ambient conditions.
Hence, fluorination can substantially increase the ambient stability of the devices.
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Table 3.2 Summary of molecular wight, OFET device performance, and GIXD results of both
polymers

Polymers | ptnote (cm™ | Ve |log | fetecwron cm™/ |V |log  |d A
Vs)? V) | U/ | VS)® V) Ul L -
L) Log)®

PFII2T 125 (113> | —40 |5-6 0.51 (0.49)° +32  |5-6 29.0 |3.55
1.85 (1.41)° -38 | 6-7 0.43 (0.38)° +30 [5-6
PII2T 0.76 (0.66)°> | =35 |6-7 0.07 (0.06)° +25 |5-6 28.8 |3.56
1.27 (1.04)° -14 |5-6 0.01 (0.004)° |[+36 |34
& Measured under ambient conditions (Ry = 50-60 %). Maximum values of hole or electron
mobilities and the average values are in parentheses (over 50 devices)

® Devices fabricated in glove box

¢ Device fabricated in ambient conditions

9 Evaluated at Vp = =20 V

¢ Evaluated at Vp = +20V

f Lamellar (L) and n—n stacking (m) distances determined by GIXD experiments

The thin film microstructures and morphologies of both polymers were inves-
tigated by GIXD and AFM. In the 2D-GIXD, both polymers appear to have dual
textures in thin films (Fig. 3.2c, d). Films of both polymers display strong lamellar
textures with five out-of-plane (Q,) peaks as denoted by (h0O) Bragg diffraction.
The (010) diffraction corresponding to the m—m stacking distances is observed in
both out-of-plane (Q,) and in-plane (Qy,) diffractions. These results indicate that the
polymers have both edge-on and face-on packings in thin films [24]. The measured
lamellar and n—stacking distances are almost the same for both polymers because of
their similar backbones and identical alkyl chains. However, the ratios of the
observed edge-on to face-on packing in film are significantly different for the two
polymers. Fluorinated polymer PFII2T displays much stronger (h0O) diffraction
and weaker out-of-plane (010) diffraction. In addition, the in-plane (200) diffraction
is only observed for PII2T. These results suggest that PFII2T tends to form the
edge-on packing, whereas PII2T tends to form the face-on packing. Scherrer
analysis of the (010) diffraction shows that the crystalline coherence length of
PFII2T is 62.8 A, considerably larger than that of PII2T (43.4 A). The AFM
images of both polymer films show fibrillar intercalating networks. Crystalline
zones similar to other high-performance polymer FET materials are formed, pre-
sumably due to strong intermolecular n-w interactions. In particular, compared with
the PII2T film, the PFII2T film has stronger crystalline tendency with larger root-
mean-square (RMS) deviation in the AFM height images, which agrees with the
Scherrer analysis. These findings indicate that the introduction of fluorine atoms
affects not only energy levels, but also interchain interactions of polymers, creating
different polymer packing in films. Since dense molecular packing can result in a
barrier to oxygen and water, thereby stabilizing electron transport [25], we assume
that the strong crystallinity and ordered packing in PFII2T may also contribute to
its improved ambient stability.
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Fig. 3.2 a Transfer and b output characteristics of a PFII2T device fabricated under ambient
conditions. OFET devices (L = 50 um, W = 1,000 um) were fabricated with CYTOP around
500 nm thick (capacitance C; = 3.7 nF cm 2). 2D-GIXD patterns and AFM height images of
¢ PFII2T and d PII2T films. Films were spin-coated from the DCB solutions of the polymers
(6 mg/mL) and annealed at 180 °C

3.3 Chlorinated Isoindigo for Balanced
and Ambient-Stable Ambipolar Polymer FETs

Fluorine is strongly electron-withdrawing and small in size. As a popular approach for
material modification, fluorination of organic small molecules or polymers can lower
their LUMO levels without harmful steric hindrance effects, thus improving device
stability or performance [26]. By contrast, although the chlorinated precursors are
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more readily available and chlorinated molecules have shown comparable or better
performances than their fluorinated counterparts [27], chlorination of small molecules
are investigated less [27, 28]. Moreover, chlorination of conjugated polymers has
never been reported, presumably due to the larger atom size of chlorine and thereby
steric hindrance effects.

In this section, we chlorinate isoindigo-based polymers through an efficient
chlorination reaction (Scheme 3.2) [29]. Balanced charge carrier transport with hole
mobilities of up to 0.81 ecm®> V™' s7' and electron mobilities of up to
0.66 cm® V™! 57! were obtained for devices fabricated under ambient conditions
using these polymers. In addition, we also used these polymers to construct
inverters, which showed very high gains. This work represents the first chlorination
of semiconducting polymers, and the chlorinated isoindigo polymers are the first
ambipolar polymers that can offer both balanced and ambient-stable carrier
transport.

We chose the same alkyl side chains (4-tetradecyloctadecyl groups) as the
fluorinated isoindigo polymer to guarantee both good solubility and better n—n
stacking interactions. Besides 2,2'-bithiophene, 2,2'-biselenophene was also chosen
as the donor unit because recent studies showed that replacing thiophene with
selenophene increases mobility in polymer FETs [30, 31]. As illustrated in
Scheme 3.2, the synthesis of chlorinated isoindigo polymers started from the
alkylation of commercially available 6,6-dibromoisoindigo with K,COj3, giving
compound 3-6 in 95 % yield. Direct chlorination of the isoindigo core with
N-chlorosuccinimide (NCS) provided 5,5'-dichloro-6,6'-dibromoisoindigo (3-7) in

N CuH i
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Br |\/\)\C H
y 14H29 y O Br NCS
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Br KoCOjg, DMF, 110 °C DMF: CHCI3 = 1:1
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Scheme 3.2 Synthesis of chlorinated isoindigo polymers PCII2T and PCII2Se, and the chemical
structure of reference polymer PII2T
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high yield (94 %) with high regioselectivity. 3-7 was then subjected to a Stille
coupling polymerization with 5,5'-bis(trimethylstannyl)-2,2'-bithiophene to give
chlorinated polymer PCII2T in 97 % yield, and with 5,5'-bis(trimethylstannyl)-
2,2'-biselenophene to give chlorinated polymer PCII2Se in 98 % yield. All poly-
mers were purified by adding a coordinating ligand to remove residual palladium
catalyst [32], and Soxhlet extraction was then performed to remove oligomers and
other impurities. Molecular weights of all polymers were evaluated by high tem-
perature gel permeation chromatography (GPC) using 1,2,4-trichlorobenzene
(TCB) as eluent at 140 °C. Both chlorinated polymers showed similarly high
molecular weight with M, around 60 kDa and PDI around 2.1 (PCII2T: M,/
PDI = 60.3/2.11; PCII2Se: M,/PDI = 58.6/2.13). Notice that the fluorinated iso-
indigo polymer needs 6 steps with only 21 % total yield, whereas the chlorinated
polymer PCII2T needs only 3 steps with 87 % total yield. All polymers displayed
high thermal stability with decomposition temperatures over 390 °C, and no phase
transition was observed for any polymers in the range of 25-330 °C.

Figure 3.3a shows a comparison of the absorption spectra of chlorinated polymer
PCII2T and the reference PII2T in solution and in thin film. Both polymers show
similar dual band absorption spectra. PCII2T displays a smaller bandgap (1.53 eV)
than PII2T (1.57 eV) but broadened Band I and blue-shifted Band II absorptions.
PCII2T only reveals the 0-1 vibrational absorption peak in solution, and the 0-0
vibrational absorption rises as a shoulder peak in film. In contrast, PII2T exhibits a
stronger 0—0 vibrational peak both in solution and in film. The increase of the 0-0
peak indicates that the polymer backbones may become more planar in film.
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Fig. 3.3 a Normalized absorption spectra of PCII2T and PII2T in CHCl; (1 x 10> M, dotted
line) and in film (solid line). b Normalized absorption spectra of PCII2T and PCII2Se in film.
¢ Cyclic voltammograms of polymers in thin film drop-casted on a glassy carbon electrode.
d Comparison of the phenyl-thienyl dihedral angles of PCII2T and PII2T. PCII2T displays larger
dihedral angle (34.2°) than PII2T (22.2°) after introducing the chlorine atoms. e Calculated
molecular orbitals of the trimer of PCII2T (B3LYP/6-31G(d))
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Computational analysis of the polymer fragment reveals that the introduction of
chlorine atoms increases the dihedral angle of the phenyl-thienyl connection from
22.2° to 34.2°, significantly larger than those of fluorinated polymers (17.1°) [20].
The Cl-H distance (2.74 A) is shorter than the sum of their van der Waals radii
(2.95 A), indicating the existence of CI-H interactions. Thus the decreased 00
peak in PCII2T may be attributed to the larger dihedral angle caused by the steric
hindrance of chlorine atoms. Changing the donors to biselenophene units further
lowers the polymer bandgap to 1.51 eV, due to the stronger electron-donating
properties of 2,2'-biselenophene (Fig. 3.3b).

The electrochemical behaviors of the polymers were evaluated by CV. All
polymers show one order of magnitude stronger oxidative peaks than their reduc-
tive ones (Fig. 3.3c). The HOMO/LUMO levels of PCII2T (—5.64/—3.86 eV) are
lower than those of PII2T (—5.42/—3.70 eV), and close to those of the fluorinated
isoindigo polymers (—5.60/—3.88 eV), indicating that chlorination has similar
electronic effect to fluorination. When electron-rich biselenophene is used as donor,
the HOMO/LUMO levels of PCII2Se increase to —5.57/—3.84 eV. This result is in
agreement with our findings in Chap. 2 that changing the donor units can hardly
affect the LUMO levels of isoindigo polymers, because their LUMOs are mostly
localized on isoindigo cores (Fig. 3.3e). However, the HOMOs are well delocalized
along the polymer backbone, thus direct modification of the isoindigo cores with
electron-deficient chlorine atoms can lower both LUMO and HOMO levels. The
CV results are supported by the energy levels calculated from PES and the optical
bandgap, as summarized in Table 3.3.

Polymer FETs with TG/BC configuration were fabricated by spin-coating the
polymer solution in 1,2-dichlorobenzene (DCB) (6 mg/mL) onto solvent-cleaned
gold electrode (source-drain)/SiO,/Si substrate. After thermal annealing the poly-
mer film at optimized temperature (180 °C) for 10 min, a fluoropolymer (Cytop ™)
solution was spin-coated on top of the polymer film as the dielectric layer, and an
aluminum layer was thermally evaporated as the gate electrode. Devices were
fabricated both in glovebox and in ambient (Ry; = 50-60 %) to compare their device
performances. The reference polymer PII2T showed high hole mobility up to
0.76 cm® V™' s7! and low electron mobility of 0.07 cm? V' s™" in glovebox. Upon

Table 3.3 Thermal, optical, and electrochemical properties of PII2T and the chlorinated
polymers

Polymers | Ty A::}ax }v&l;& Ezvpt EIC-I\(/)MO EEI\J/MO EE%SMO E]I),IIEJ?\/IO
°O) |(m)*  |(mm) | (V) | (V) €V) V) €V)°©
PII2T 416 | 714, 667 | 718, 652 | 1.57 —5.42 -3.70 —=5.31 -3.74
PCII2T |405 |682 745, 682 | 1.53 —5.64 -3.86 —-5.36 -3.83
PCII2Se | 397 |710 758, 703 | 1.51 -5.57 —-3.84 —5.35 —3.84

2107 M in chloroform

" Estimated from the onset of thin-film absorption

¢ Cyclic voltammetry determined with Fc/Fc* (Exomo = —4.80 eV) as external reference
4 Determined by PES

* o = Bowo — B2
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Table 3.4 Summary of OFET device performances, and GIXD results of all the polymers

Polymers | zthore Vr log(lon/ | Melectron Vr log(lon/ | d (A)‘r
em® V7' s™H (V) | L) em* V7' s (V) | L) L |

PII2T 0.76 (0.66)b -35 |4-5 0.07 (0.06)b +25 |2-3 28.8 | 3.56
1.27 (1.04)° -14 |5-6 0.01 (0.004)° +36 |12

PCII2T | 0.50 (0.38)° —70 |4-5 0.62 (0.47)° +29 |4-5 28.8(3.57
0.54(0.51)° 26 |4-5 0.48 (0.42)° +36 |4-5

PCII2Se | 1.05 (0.85)b —-68 |5-6 0.72 (0.62)b +27 | 5-6 29.0 | 3.56
0.81 (0.74)° -38 |5-6 0.66 (0.58)° +47 |5-6

# Measured under ambient condition (Ry = 50-60 %). Maximum mobilities and average are in
parentheses (over 20 devices)

° Devices fabricated in glovebox

¢ Device fabricated in ambient conditions

9 Evaluated at Vb=—-20V

¢ Evaluated at Vp = +20V

f Lamellar (L) and m—m stacking (m) distances determined by GIXD experiments

exposure to air, the hole mobility further increased to 1.27 cm® V™' s™', but the
electron mobility decreased drastically to 10°~107% cm? V™' s~! (Table 3.4). In
contrast, the chlorinated polymer PCII2T showed balanced hole and electron trans-
port. For devices fabricated in glovebox, hole mobility up to 0.50 cm® V™! 5! and
electron mobility up to 0.62 cm® V™' s were observed; for those fabricated under
ambient conditions, the hole mobility slightly increased to 0.54 cm? V™' s™! and the
electron mobility slightly decreased to 0.48 cm”® V™' s'. Hence, the introduction of
the chlorine atoms obviously improved the electron transport and ambient stability of
the isoindigo polymers. In contrast, although fluorinated isoindigo-based polymers
showed remarkably high hole mobility (1.85 cm? V™' s™1), the carrier transport was
not balanced because the electron mobility (0.43 cm? V™' s7!) was relatively low.

With PCII2Se, devices fabricated in glovebox and in ambient showed increased
hole and electron mobilities while maintaining balanced transport upon substituting
sulfur atoms to selenium atoms in the polymer. High hole and electron mobilities up
to 1.05 and 0.72 cm? V™! s7! were obtained for devices fabricated in glovebox, and
in ambient the hole mobility (0.81 cm® V™' s7') and electron mobility
(0.66 cm”> V™' s7') only decreased slightly (Fig. 3.4). Our chlorinated isoindigo
polymers are the first ambipolar polymers that can be operated in ambient and
transport carriers in balance, and their mobilities are among the highest ones in
ambipolar polymer FETs.

Inverter is the most fundamental logic gate [33], thus ambient fabrication of
inverter is significant for large-area and low-cost applications of polymers in digital
circuits. Hence, we used chlorinated isoindigo polymers to fabricate complemen-
tary-like inverters on a common substrate without patterning the organic semi-
conductor (Fig. 3.4c). The inverter consisted of two connected TG/BC ambipolar
transistors with a common gate as input (Vyy) and a common drain as output (Voyr)
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Fig. 3.4 a Transfer and b output characteristics of PCII2Se devices fabricated and tested in
ambient (L = 50 pm, W =1 mm, C = 3.7 nF cm ). ¢ Schematic diagram of an inverter device
consisted of two connected TG/BC ambipolar transistors. d The VTC characteristic and gain of a
complementary-like inverter fabricated with PCII2Se under ambient condition (Vpp = 100 V,
L =50 um, W =4 mm). e Time-dependent decay of device performance of PCII2Se under ambient
condition

were fabricated both in glovebox and in ambient. Obvious inverting functionality
was observed for both chlorinated polymers when the input voltage and the supply
voltage (Vpp) were both positively or negatively biased. The static voltage transfer
characteristic (VTC) and gain of the inverter fabricated with PCII2Se in ambient
are shown in Fig. 3.4d. Both chlorinated polymers showed high gain values in the
range of 40-50. For inverters fabricated in ambient, PCII2T showed high gains up
to 46, and PCII2Se showed higher gain up to 48. Notice that the hysteresis of the
ambient-fabricated devices become obviously smaller than those of devices fabri-
cated in nitrogen, presumably due to the more balanced threshold voltages in both
p- and n-channel modes after exposing to air (Fig. 3.5).

Time-dependent decay of both polymer devices was also performed by storing
the devices under ambient condition. For both polymers, we have observed very
good stability of hole transport and a slow roll-off of electron mobility over 30 days
(Fig. 3.4e). The decay of the electron mobility may be caused by the further
diffusion of the oxygen and water into the semiconductors. Although devices are
not long-time stable in ambient, the polymers can be fabricated and tested under
ambient conditions, and the stability is also outstanding in ambipolar polymers
because very few ambipolar polymers can be fabricated and tested under ambient
and fewer are reported with stability data.
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Fig. 3.5 The VTC and gains of PCII2Se inverter devices fabricated a in glovebox and b under
ambient conditions. The threshold voltage differences of forward and reverse scans are smaller for
devices fabricated under ambient conditions, presumably due to the more balanced threshold
voltages in the p- and n-channel modes

In GIXD, all the polymers displayed strong out-of-plane (kh00) diffractions,
indicating that typical lamellar packing was formed in polymer film. (010) Peaks
that are attributed to the m—m stacking distances were observed for all polymers.
PII2T showed much stronger out-of-plane (010) peak and weaker (h00) peak,
whereas PCII2T showed stronger in-plane (010) peak. For PCII2Se, only in-plane
(010) peak was observed. These observations suggest that the thin film packings for
three polymers are distinct. PII2T preferred to form a face-on packing in film.
However, after introducing chlorine atoms, both edge-on and face-on packings
were found in PCII2T, and no face-on packing was observed in PCII2Se when
further changing the donor unit to biselenophene (Fig. 3.6g—1). Although the pac-
kings in thin film are different, all polymers exhibited almost the same lamellar
packing and m—m stacking distances, due to their similar polymer backbones and
identical side chains. AFM height images of the polymers displayed fiber-like
intercalating networks with obviously crystallized zones, similar to other high-
performance polymer FET materials. Root-mean-square (RMS) analysis of the
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RMS =1.58 nm (e) RMS =3.73 nm (f) RMS =5.63nm

Fig. 3.6 2D-GIXD patterns, AFM height images and cartoon illustration of the proposed packing
models of a, d, and g PII2T, b, e, and h PCII2T and ¢, f, and i PCII2Se films. Films were prepared
by spin-coating from the DCB solutions of the polymers (6 mg/mL) and annealed at 180 °C

height images showed that PCII2Se displayed the largest roughness, presumably
due to its stronger crystallinity. Therefore, the introduction of chlorine atoms and
the replacement of thiophene by selenophene not only modulate the polymer energy
levels, but also affect the interchain interactions, thereby leading to different
polymer packings in the solid state.

3.4 Conclusions

Isoindigo-based polymers usually exhibited low electron mobilities. An effective
approach to increase and stabilize electron transport is to lower polymer LUMO
levels. In Chap. 2, we have shown that changing the donor part can hardly affect the
LUMO levels of isoindigo-based polymers, because their LUMOs are mostly
localized on isoindigo. Thus, we focused on engineering the isoindigo core, and
both fluorine and chlorine were introduced.


http://dx.doi.org/10.1007/978-3-662-45667-5_2

3.4 Conclusions 73

Computational analyses showed that the introduction of fluorine atoms did not
increase the dihedral angle of polymer backbones. Instead, because of F-H inter-
action, the dihedral angles decreased. For chlorine, the CI-H interaction also exists
but the dihedral angles increase due to the large size of chlorine atoms. Although
two modification approaches give different results, both core engineering of iso-
indigo by introducing electron-withdrawing groups effectively lowers the LUMO
levels of the polymers. Ambipolar FETs based on fluorinated polymer PFII2T can
be fabricated and tested in ambient by solution process, and the electron mobilities
increased from 1072 to 0.43 cm® V™' s™' with high hole mobilities of up to
1.85 cm® V™! s™'. With chlorinated isoindigo polymers, FETs fabricated in ambient
showed hole mobilities up to 0.81 cm® V™' s™" and dramatically increased electron
mobilities from 107 to 0.66 cm? V™! s~!'. Complementary-like inverters based on
chlorinated polymers were also demonstrated, exhibiting a sharp signal switching
with high gain values due to balanced carrier transport. For the first time, both
ambient-stable and balanced carrier transport are fulfilled in polymer ambipolar
FETs and inverters with high performance.

Furthermore, GIXD investigation showed that the introduction of fluorine and
chlorine atoms and selenophene not only modulated the polymer energy levels, but
also affected the interchain interactions and led to different polymer packing in the
solid state. Recently, fluorinated isoindigo polymers were also used for solar cells to
enhance the open circuit voltage and power conversion efficiency [12, 34], thus
demonstrating the broad applications of core functionalized isoindigo derivatives.

3.5 Experimental Details and Characterization

3.5.1 Device Fabrication and Characterization

Top-gate/bottom-contact FET devices and complementary inverters were fabricated
using n™"-Si/Si0, (300 nm) substrates. The gold source and drain bottom electrodes
(with Ti as the adhesion layer) were patterned by photolithography on the SiO,
surface. The substrates were subjected to cleaning using ultrasonication in acetone,
cleaning agent, deionized water (twice), and iso-propanol. The cleaned substrates
were dried under vacuum at 80 °C. The substrates were used directly under ambient
conditions or transferred into a glovebox. A thin film of the polymer was deposited
on the treated substrates by spin-coating at 1,500 rpm for 60 s using a polymer
solution (6 mg/mL), optionally followed by thermal annealing at 140, 160, 180 or
200 °C under ambient conditions or in a glovebox. After polymer thin film
deposition, a CYTOP solution (CYTOP CTL809 M:CT-solv180 = 3:1) was spin-
coated onto the semiconducting layer at 2,000 rpm for 60 s resulting in a dielectric
layer of 500 nm thick. The CYTOP layer was then baked at 100 °C for 1 h under
ambient conditions or in a glovebox. Gate electrodes comprising a layer of Al
(50 nm) were then evaporated through a shadow mask onto the dielectric layer by
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thermal evaporation. The OTFT devices had a channel length (L) of 50 pm and a
channel width (W) of 1,000 pum.

The evaluations of the FETs and inverters were carried out in atmosphere
(humidity 50-60 %) on a probe stage using a Keithley 4200 SCS as parameter
analyzer. The carrier mobility, p, was calculated from the data in the saturated
regime according to the equation Isp = (W/2L) Cu(Vg — VT)Z, where Igp is the
drain current in the saturated regime. W and L are, respectively, the semiconductor
channel width and length, C; (C; = 3.7 nF cm_z) is the capacitance per unit area of
the gate dielectric layer, and Vg and Vr are the gate voltage and threshold voltage.

3.5.2 Synthetic Procedures and Characterization

o

o
QNHZ CClyCH(OH), QNH_5_0=NOH cone. H,50, /@E&O
— G St
NH,OH<HC 700 N
o Ok X o 5070°C B N

F
31 Two steps: 61% F 32

6-Bromo-7-fluoroisatin (3-2). To a solution of chloral hydrate (9.55 g,
57.89 mmol) in deionized water (150 mL), Na,SO, (100 g, 684.19 mmol),
3-bromo-2-fluoroaniline (10 g, 52.63 mmol), H,SO4 (40 mL, 1 M) and hydrox-
ylamine hydrochloride (10.97 g, 157.89 mmol) was added. The mixture was heated
to 130 °C and refluxed for 30 min. The mixture was then cooled to 80 °C and
filtered to collect the product. The product was washed with deionized water and
dried under reduced pressure to afford 3-1 as a yellowish solid, which was directly
used for the next step without further purification.

To a concentrated H,SO,4 (100 mL) in 250 mL round-bottom flask kept at 50 °C,
compound 1 was added portionwise with stirring. The mixture was heated to 70 °C
for 1 h before pouring into ice water. The precipitate was collected by filtration and
the filtrate was extract with ethyl acetate (EA). The precipitate and the extraction
were combined and subject to column chromatography (silica gel; eluent: PE:
EA = 8:1) to afforded 3-2 as an orange solid (7.80 g, 61 %). 'H NMR (DMSO-dg,
400 MHz, ppm): 6 11.74 (s, 1H), 7.40-7.37 (dd, Jy_u = 8.0 Hz, Jy_r = 5.6 Hz, 1H),
7.32-7.30 (d, Jyuy = 8.0 Hz, 1H). >*C NMR (DMSO-ds, 100 MHz, ppm): &
182.3-1822 (d, Jic = 3.9 Hz), 159.2, 1452-142.8 (d, Jfc = 246 Hz),
138.2-138.1 (d, J2 ¢ = 14.0 Hz), 126.5-126.4 (d, J} c = 1.7 Hz), 121.4-121.3 (d,
J3 c=3.8Hz), 119.9-119.8 (d, Ji ¢ = 3.7 Hz), 118.4-118.3 (d, J% ¢ = 17.3 Hz).
EI-MS caled. for [M + H]": 243. Found: 243. Elemental Anal. calcd. for
CgH3;BrFNO,: C, 39.38; H, 1.24; N, 5.74. Found: C, 39.39; H, 1.40; N, 5.74.

o 1-NaHgH,0 (85%) EtOH o
Y N
Br N 2. EtOH, +BuOK Br N
3

F 56%
3-2 3-3
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6-Bromo-7-fluoroindolin-2-one (3-3). To a solution of 3-2 (2.80 g, 11.48 mmol)
in ethanol (50 mL), hydrazine hydrate (85 %, 0.5 mL) was added under nitrogen.
After the mixture was refluxed for 30 min, a yellow participate was formed and
collected by filtration. The yellow precipitate was then dissolved in anhydrous eth-
anol (50 mL), and #~-BuOK (4.03 g, 35.90 mmol) was added. The mixture was
refluxed under nitrogen for 2 h before pouring into water. The mixture was acidified
with dilute HCI to pH = 2 and extracted with EA. The combined organic phase was
washed with water, brine, dried with Na,SO,, and concentrated under reduced
pressure. The residue was purified by column chromatography (silica gel; eluent: PE:
EA =5:1) to provide 3-3 as a light-yellow solid (1.49 g, 56 %). "H NMR (DMSO-d,
400 MHz, ppm): 6 11.04 (s, 1H), 7.26-7.15 (dd, Jy_u = 7.9 Hz, Jg_y = 6.2 Hz, 1H),
7.06-6.95 (d, J = 7.9 Hz, 1H), 3.54 (s, 1H)."*C NMR (DMSO-dg, 100 MHz, ppm): 0
175.9,143.8-141.4 (d, Jt_c =242 Hz), 132.0-131.9 (d, J£_c = 12.6 Hz), 128.6-128.5
d, Jic = 4.1 Hz), 1247, 121.7-121.6 (d, Jic = 3.6 Hz), 106.70-106.5
(d, J3_c = 17.0 Hz), 35.9-35.8 (d, J{_c = 2.4 Hz). EI-MS: calcd. for [M + H]": 229.
Found: 229. Elemental Anal. calcd. for CgHsBrFNO: C, 41.77; H, 2.19; N, 6.09.
Found: C, 41.52; H, 2.27; N, 6.22.

(¢}

H
o N [
o . o  Hal ) O Br
" .
Br N Br N AcOH  Br O
N-S0
Foon

F F 72%
3-2 33 3-4

6,6'-Dibromo-7,7'-difluoroisoindigo (3-4). To a suspension of 3-2 (1.58 g,
6.48 mmol) and 3-3 (1.49 g, 6.48 mmol) in AcOH (75 mL) was added conc. HCI
(37 %) solution (0.4 mL). The mixture was refluxed for 24 h. The mixture was
allowed to cool and filtered. The solid material was washed with water, ethanol, and
ether. After drying under vacuum, deep red 6,6'-Dibromo-7,7'-difluoroisoindigo
(2.13 g, 72 %) was obtained. '"H NMR (DMSO-dg, 400 MHz, ppm): 6 11.68 (s,
2H), 8.83-8.81 (d, Jy_g = 8.7 Hz, 2H), 7.31-7.27 (dd, J = 8.7 Hz, Jr_g = 6.7 Hz,
2H). *C NMR (DMSO-ds, 100 MHz, ppm): 6 168.5, 151.7, 144.0-141.6 (d,
Jt ¢ =242 Hz), 133.1-133.0 (d, J3 ¢ = 3.9 Hz), 132.6-132.5 (d, J3 ¢ = 13.6 Hz),
126.3, 124.5, 123.4-123.3 (d, J¢_c =4.6 Hz), 112.47-112.3 (d, J2_ = 16.8 Hz). EI-
MS: caled. for [M + HJ]": 456. Found: 456. Elemental Anal. calcd. for
C6HeBrFoN>O»: C, 42.14; H, 1.33; N, 6.14. Found: C, 42.13; H, 1.40; N, 6.15.
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Compound 3-5. To a solution of 6,6'-dibromo-7,7'-difluoroisoindigo (3-4)
(150 mg, 0.33 mmol) and freshly powered KOH (1.68 g, 12.1 mmol) in dimethyl
sulfoxide (DMSO) (20 mL), 15-(3-iodopropyl)nonacosane (478 mg, 0.83 mmol) in
THF (20 mL) was added under nitrogen. The mixture was stirred for 24 h at 25 °C
before pouring into water. The residues were dissolved in CHCl; (100 mL) and
washed with water (3 x 50 mL). The combined organic phase was washed with
brine and dried (Na,SO,4) and concentrated under reduced pressure. The residue
was purified by silica gel chromatography with eluting (PE:CH,Cl, = 5:1) to give
3-5 as a deep-red solid. (390 mg, 88 %). H NMR (CDCl;, 400 MHz, ppm): ¢
8.90-8.88 (d, J = 8.7 Hz, 2H), 7.26-7.17 (dd, Jy_u = 8.7 Hz, Jg_x = 6.3 Hz, 2H),
3.91-3.88 (t, J = 7.4 Hz 4H), 1.68-1.65 (m, 4H), 1.33-1.21 (m, 110H), 0.89-0.86
(t, T = 6.8 Hz, 12H). >C NMR (CDCls, 100 MHz, ppm): 6 167.1, 144.9-142.5 (d,
JE ¢ = 243 Hz), 133.2-133.1 (d, J3 ¢ = 3.3 Hz), 132.4-132.3 (d, J2 c = 9.5 Hz),
126.5-126.4 (d, J3c = 3.4 Hz), 125.8, 123.2-123.1 (d, J3_c = 3.3 Hz), 114.9-114.7
(d, Ji_c = 19.4 Hz), 42.8, 42.7, 37.1, 33.5, 31.9, 30.5, 30.1, 29.7, 29.7, 29.4, 26.6,
26.1, 22.7, 14.1. Elemental Anal. calcd. for CgoH;34Br,FoN>O,: C, 70.98; H, 9.98;
N, 2.07. Found: C, 70.90; H, 9.61; N, 2.06. ESI-HRMS: calcd. for [M + HJ*:
1351.88529. Found: 1351.88157.

Ci4Hzg
CigHog
H
oN Ci4Hag o N
Br |
O NN Br
Vi /
Br o K,COs, DMF, 110°C Br O
(o]
N 95% N
3-6
Ci4Hzg
C|4H29

Compound 3-6. To a solution of 6,6'-dibromoisoindigo (2.00 g, 4.76 mmol) and
potassium carbonate (1.97 g, 14.3 mmol) in N,N'-dimethylformamide (DMF)
(100 mL), 15-(3-iodopropyl)nonacosane (6.0 g, 10.4 mmol) was added under
nitrogen. The mixture was stirred for 15 h at 100 °C and then the solvent was
removed under reduced pressure. The residue was dissolved in CHCI; (100 mL)
and washed with water. The combined organic phase was washed with brine and
dried over with Na,SOy, and then concentrated under reduced pressure. The residue
was purified by silica gel chromatography with eluent (PE:CH,Cl, = 5:1) to give
3-6 as a deep-red solid. (6.0 g, 95 %). '"H NMR (CDCl;, 400 MHz, ppm) J
9.09-9.07 (d, J = 8.6 Hz, 2H), 7.16-7.14 (dd, J, = 8.6 Hz, J, = 1.8 Hz, 2H),
6.90-6.89 (d, J = 1.8 Hz, 2H), 3.71-3.67 (t, J = 7.5 Hz, 4H), 1.67-1.57 (m, 4H),
1.42-1.26 (m, 110H), 0.89-0.86 (t, J = 6.6 Hz, 12H). '*C NMR (CDCl;, 100 MHz,
ppm): 0 167.6, 145.7, 132. 6, 131.2, 126.7, 125.1, 120.4, 111.3, 40.6, 37.1, 33.5,
31.9, 30.8, 30.1, 29.7, 29.7, 29.4, 26.7, 24.5, 22.7, 14.1. Elemental Anal. calcd. for
CgoH36BroN>O,: C, 72.92; H, 10.40; N, 2.13; Found: C, 72.75; H, 10.27; N, 2.06.
ESI-HRMS calcd. for [M + H]*: 1315.9041; Found: 1315.9067.
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Compound 3-7. To a solution of 3-6 (2.00 g, 1.52 mmol) in the mixed solvent
of CHCl; (70 mL) and N,N'-dimethylformamide (DMF) (70 mL), N-Chlorosuc-
cinimide (1.00 g, 7.59 mmol) was added at 70 °C under nitrogen. The mixture was
stirred at 70 °C for 3 h and then the solvent was removed under reduced pressure.
The residue was dissolved in CHCI; (100 mL) and washed with water. The com-
bined organic phase was washed with brine and dried over with Na,SO,, and then
concentrated under reduced pressure. The residue was purified by silica gel chro-
matography with eluent (PE:CH,Cl, = 5:1) to give 3 as a dark-red solid. (1.82 g,
87 %). "H NMR (CDCl3, 400 MHz, ppm) 6 9.43 (s, 2H), 7.02 (s, 2H), 3.73-3.69 (t,
J=17.4Hz, 4H), 1.69-1.55 (m, 4H), 1.30-1.22 (m, 110H), 0.89-0.86 (t, J = 6.6 Hz,
12H). '3C NMR (CDCl;, 100 MHz, ppm): J 167.2, 144.0, 132.6, 131.4, 127.8,
126.7, 121.5, 112.7, 40.8, 37.1, 33.5, 31.9, 30.7, 30.1, 29.7, 29.7, 29.4, 26.7, 24 .4,
22.7, 14.1. Elemental Anal. calcd. for CggH;34Br,CILN,0,: C, 69.29; H, 9.74; N,
2.02; Found: C, 69.34; H, 9.42; N, 1.96. ESI-HRMS calcd. for [M + H]":
1383.8262; Found: 1383.8282.

General Procedures for Stille Polymerization and Polymer Purification:

PFII2T 3-5. (100 mg, 0.0739 mmol), 5,5"-bis(trimethylstannyl)-2,2'-bithiophene
(36.3 mg, 0.0739 mmol), Pd,(dba); (1.4 mg, 2 mol%.), P(o-tol); (1.8 mg, 8 mol%),
and 10 mL of toluene were added to a Schlenk tube. The tube was charged with
nitrogen through a freeze-pump-thaw cycle for three times. The mixture was stirred
for 48 h at 120 °C. N,N'-Diethylphenylazothioformamide (10 mg) was then added
and then the mixture was stirred for 1 h to remove any residual catalyst before being
precipitated into methanol (200 mL). The precipitate was filtered through a nylon
filter and purified via Soxhlet extraction for 8 h with acetone, 12 h with hexane, and
finally was collected with chloroform. The chloroform solution was then concen-
trated by evaporation and precipitated into methanol (200 mL) and filtered off to
afford a dark brown solid (99.1 mg, yield 99 %). Elemental Anal. calcd: for
(CggH138F2N>O5S5),: C, 77.82; H, 10.24; N, 2.06. Found: C, 76.92; H, 9.79; N,
2.02.

PII2T: The synthetic procedure is similar as described for PFII2T (yield 94 %).
Elemental Anal. calcd. for (CggH49N205S,5),.: C, 79.94; H, 10.67; N, 2.12. Found:
C, 78.88; H, 10.12; N, 2.07.

PCII2T: The synthetic procedure is similar as described for PFII2T (yield
97 %). Elemental Anal. calcd for (CggH133CI,N»0,S,),: C, 75.98; H, 10.00; N,
2.01. Found: C, 75.22; H, 9.91; N, 1.93.
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PCII2Se: The synthetic procedure is similar as described for PFII2T (yield

98 %). Elemental Anal. calcd. for (CggH 33Cl,N>O,Se,),: C, 71.13; H, 9.43; N,
1.89. found: C, 70.09; H, 9.14; N, 1.81.
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Chapter 4

BDOPV—A Strong Electron-Deficient
Building Block for Polymer Field-Effect
Transistors

4.1 Core Extension to Buildup New Systems

To further modulate the electronic properties of isoindigo, we designed three novel
structures based on isoindigo by breaking the double bond between two lactam
rings and inserting different n-conjugated skeletons (Fig. 4.1a). The third structure,
benzodifurandione-based oligo(p-phenylene vinylene) (BDOPV), was successfully
obtained, probably due to its four intramolecular hydrogen bonds that provide extra
stability. Thus, BDOPYV is a derivative of isoindigo. On the other hand, BDOPYV is
also a derivative of oligo(p-phenylene vinylene) (OPV). On the basis of BDOPV, a
poly(p-phenylene vinylene) (PPV) derivative BDPPV was developed for n-type
conjugated polymer FETs (Fig. 4.1b). In this chapter, our works on development of
BDOPV-based conjugated polymers will be described.

4.2 BDPPV—The First High-Performance n-type PPV
Derivative

In the organic electronics field, poly(p-phenylene vinylene) derivatives (PPVs) are
among the earliest and the most widely investigated polymers [1]. PPVs have been
used to fabricate the first polymer light-emitting diode (PLED) [2], the first bulk
heterojunction (BHJ) solar cell [3], and the first optically pumped solid-state laser
[4, 5]. In PLED field, considerable efforts have been devoted to improving the
emission color, efficiency, and life time of PPVs [6, 7]. In solar cell field, PPVs
have been widely researched to improve the power conversion efficiency [8, 9].
Nonetheless, PPVs were seldom applied in field-effect transistors (FETs) due to
their low hole mobilities (107> to 107> cm® V™! s71) [10, 11]. As typical p-type
polymers [12, 13], the electron mobilities of PPVs are lower (102 t0 10 *cm? V!
s 1), even when low-work-function metal (Ca) and hydroxyl-free gate dielectric
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Fig. 4.1 a Proposed core extension strategy for isoindigo. b Electron-deficient BDPPV was
constructed based on BDOPV

were used to fabricate the device and all operations were performed under inert
atmosphere [14]. Hence, one may ask, can high carrier mobility be achieved in
PPV-based polymers?

Recent development of several electron-deficient dyes, such as diketopyrrolo-
pyrrole (DPP) [15-17], isoindigo (II) [18, 19], naphthalene diimide (NDI) [20], and
benzobisthiadiazole (BBT) [21, 22] in polymer FETs afforded high hole mobilities
under ambient conditions and high electron mobilities in nitrogen. Nevertheless,
high electron mobilities over 1 cm* V™' s™! under ambient conditions has not yet
been reported, although polymers with high electron mobilities under ambient
conditions are important for both fundamental understanding of carrier transport
and advancing practical applications. The current scenario of new polymer design
mainly focuses on thiophene-based donor—acceptor copolymers (third-generation
polymer named by Heeger), and PPVs (second-generation polymer named by
Heeger) are almost neglected [23, 24].

We have discussed the transport mechanism of carrier in conjugated polymer in
Chap. 1. Carrier mobility in a conjugated polymer is determined by intrachain and
interchain transport [25]. Increasing the effective conjugation length and reducing
torsional disorder along the polymer backbone improve the intrachain transport
[26]. Good n—r stacking and ordered polymer packing, on the other hand, increase
the interchain transport. Previously, we proved that the backbone curvature of
polymers has a significant influence on their carrier mobility, and polymers with
linear backbones have mobilities several orders of magnitude higher than those with
wave-like backbones [27, 28]. Thus, the low mobility of PPVs is presumably
caused by the following issues:
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(1) The double bonds in PPVs readily undergo trans to cis conformational trans-
formation under UV light both in solution and in solid state (Fig. 4.2a) [29, 30].

(2) Even for all-trans backbones, the single bonds in PPVs rotate freely at room
temperature, creating many conformational isomers (Fig. 4.2b).

(3) PPVs generally have weak interchain interactions and are amorphous in the
solid state [31], thus resulting in slow interchain carrier transport.

(4) The LUMO levels of PPVs (—2.7 to —3.2 eV) [14] are too high to achieve
stable electron transport under ambient conditions.

The first two issues not only limit the intrachain carrier mobilities in PPVs but
also weaken the interchain m—r interactions, thus further prohibiting the interchain
carrier transport. Currently, the most effective approach to obtain high electron
mobility in polymers, especially under ambient conditions, is introducing electron-
withdrawing groups to lower their LUMO levels [32, 33].

In this section, we try to tackle these problems in traditional PPVs by synthesizing
anovel PPV derivative, a benzodifurandione-based PPV (BDPPV) (Fig. 4.2¢). First,
strong electron-withdrawing carbonyl groups was introduced on the double bonds of
PPV to lower its LUMO level. Second, the carbonyl groups can form intramolecular
hydrogen bonds to prevent the conformational transformation of the double bonds,
affording a giant “locked” aromatic plane. The enlarged aromatic backbone of
BDPPV may help the overlaps of intermolecular frontier orbitals, thus facilitating
interchain transport. Third, 4-octadecyldocosyl groups were used as side chains
because we have demonstrated that a more distant branching position of side chains
can enhance interchain n—n stacking and thereby improve carrier mobilities [34].
Using BDPPYV as an active layer, FETs with electron mobilitiesup to 1.1 cm* V™'s™!
were obtained under ambient conditions, 4 orders of magnitude higher than those of
other PPVs. To our knowledge, this result is among the highest in n-type polymer
FETs, and BDPPV represents the first polymer that can transport electrons over
1 em? V! s7! under ambient conditions [35].

(b) . -
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(c) Electron wl‘;drawmggrtps :
05 0 O3 N
OO~ = ffCt P
- " ) oo H n
PPV Side chai/,.; R BDPPV H-bonds

Fig. 4.2 a Double bond isomerization of the PPV segment under UV irradiation. b Conforma-
tional isomers in PPV after single bond rotation. ¢ Design strategy for the electron-deficient PPV
derivative—BDPPV
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Scheme 4.1 illustrates the synthetic route to polymer BDPPV. The synthesis
started from the alkylation of commercially available 6-bromoisatin (4-1), giving
compound 4-3 in 80 % yield. 2,2'-(2,5-Dihydroxy-1,4-phenylene)diacetic acid
(compound 4-4) was synthesized from 1,4-benzoquinone in over 10-g scale [36].
4-4 was subjected to dehydration reaction using acetic anhydride to afford dilactone
4-5. Lithium 2,2,6,6-tetramethylpiperidine (LTMP) was used to generate interme-
diate 4-6 and react with 4-3, providing the desired benzodifurandione-based oligo
(p-phenylene vinylene) (BDOPYV) in moderate yield (67 %). A Stille coupling
polymerization between BDOPV and (E)-1,2-bis(tributylstannyl)ethene gave
polymer BDPPV in 83 % yield. The molecular weight of BDPPV was evaluated by
high temperature gel permeation chromatography at 140 °C using 1,2,4-trichol-
orobenzene as eluent. The polymer displayed high molecular weight with M, of
37.6 kDa and PDI of 2.38. The large PDI of BDPPV may be caused by its strong
aggregation tendency. The polymer showed excellent thermal stability with
decomposition temperature over 390 °C.

Figure 4.3 compares the '"H NMR spectra of compounds 4-3, 4-5, and BDOPYV.
After the basic condensation reaction, the signal of H, of compound 4-3 obviously
shifted from 7.46 to 8.92 ppm (H;, in BDOPYV). The signal of methylene (Hy) in
reactant 4-5 disappeared, and another signal of H. on benzene ring significantly
shifted from 7.07 to 9.09 ppm (H, in BDOPV). The 'H NMR spectrum of BDOPV
displayed clearly four signals in aromatic region, agreeing well with its chemical
structure and chemical environment. The optimized structure of BDOPYV displayed
almost planar backbone with small dihedral angles about 7.6° (Fig. 4.3d). The
C-H,-O and C-H,-O angles are approximately linear and the C—O bond distances
(ca. 2.8 A) are shorter than the combined van der Waals radii (3.3 A) [37]. These
results indicate that four intramolecular hydrogen bonds are formed [38], which
may contribute to the planarity and shape-persistency of BDOPV.
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Scheme 4.1 Synthetic approach to polymer BDPPV
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(a) P

Fig. 4.3 "H NMR spectra of a 4-3, b 4-5, and ¢ BDOPV in CDCl; (*: solvent peak). d The
optimized molecular structure of BDOPV (B3LYP/6-311+G(d,p))

Under UV light irradiation (365 nm), the double bonds in PPVs usually undergo
trans to cis conformational change [29, 30]. Figure 4.4a displays the spectra change
of a commercially available model compound 1,4-bis((E)-2-methylstyryl)benzene
under UV irradiation. Clearly, the compound showed decreased long-wavelength
and increased short-wavelength absorption, indicating a conformational change
from trans to cis happened under UV irradiation. In contrast, BDOPV showed no
spectra change under UV or visible light irradiation (Fig. 4.4b), which may largely
due to its “locked skeleton”. More importantly, both the solution and the film of
polymer BDPPV showed excellent stability under UV or visible light exposure.
Although one third of the double bonds in BDPPV are not locked by intramolecular
hydrogen bonds, conformational change in BDPPV was not observed. This phe-
nomenon might be attributed to largely conjugated BDOPYV core, which has strong
tendency to undergo intermolecular stacking, thus creating large steric hindrance to
prevent the double bond adopting cis-conformation in BDPPV.

Absorption spectra of BDOPYV in solution and polymer BDPPYV in solution, thin
film and annealed film are shown in Fig. 4.5a. BDOPYV displayed two absorption
peaks with an onset at 700 nm and a bandgap of 1.80 eV. After polymerization, the
new double bond in BDPPV further extended the conjugation length, leading to
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Fig. 4.4 Absorption spectra changes of a an OPV model compound, b BDOPYV in solution,
¢ BDPPYV in solution, and d BDPPV in film under different UV irradiation times. Samples are all
irradiated with an Xe lamp (365 nm, 1.0 mW cm™?) in quartz cells

strong near-infrared absorption with a bandgap of 1.42 eV. The main absorption
peak of BDPPYV in film only showed a little red-shift compared to those in solution,
and an obvious increase of the intensity of 0-0 vibrational peak was observed.
Annealing the film led to a further increase of the intensity of 0-0 peak. These
results indicate that the polymer backbone became more planar in film and
annealing was helpful for further adjustment. For conjugated polymers, intermo-
lecular stacking and conformational change may significantly shift the absorption
spectra [39] which is common for most PPVs [31, 40]. However, no significant
change was observed for BDPPV from solution to film. The absence of batho-
chromic effects indicates that the polymers probably formed some pre-aggregates in
solution due to strong intermolecular interactions [41].

In cyclic voltammetry (CV) measurement, BDOPV displayed low HOMO/
LUMO level of —6.21/-4.24 eV. Compared with the HOMO/LUMO level of PPV
(-5.2/-2.7 eV) [14], BDPPYV exhibited significantly lowered HOMO/LUMO level
(-6.12/-4.10 eV), which is also consistent with the HOMO/LUMO level (-5.83/
—4.41 eV) estimated from the photoelectron spectroscopy (PES) and optical band-
gap. Note that this LUMO level is also lower than those of several ambient-stable
n-type polymers, including NDI and PDI-based polymers [42]. Computational
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Fig. 4.5 a Normalized absorption spectra of BDOPV in CHCl; (1 x 107> M, dashed line) and
BDPPV in CHCI; (1 x 107> M), in film and in annealed film (solid line). b Cyclic voltammograms
of BDOPYV in DCB solution (5 mg/mL) and BDPPYV in drop-casted film. ¢ Calculated molecular
orbitals of the trimers of BDPPV and PPV (B3LYP/6-311G(d,p)). Both trimers display similar
frontier orbital distributions as indicated by the color boxes

analysis of the oligomer of BDPPV showed that the HOMO and LUMO are well
delocalized along the polymer backbone, and the HOMO and LUMO distributions of
BDPPYV are similar to those of PPV, due to their identical alternative phenylene
vinylene skeletons (Fig. 4.5¢).

PPVs generally form amorphous films with weak X-ray scattering, due to their
weak interchain interactions and disordered packing [31]. To investigate the
molecular packing of BDPPV in thin film, GIXD and tapping-mode AFM were
used (Fig. 4.6). The polymer film of BDPPV showed a strong out-of-plane dif-
fraction peak (100) at 20 of 2.20°, corresponding to a d-spacing of 32.3 A
(L = 1.24 A). Another three diffraction peaks corresponding to (h00) were also
observed, suggesting that a good lamellar edge-on packing was formed in the film.
An in-plane (010) peak attributed to the interchain n—r stacking was also observed
with a distance of 3.45 A, comparable to those of other semiconducting polymers.
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Fig. 4.6 a 2D-GIXD pattern and b AFM height images of polymer BDPPV film fabricated by
spin-coating its DCB solution (3 mg/mL). ¢ Proposed polymer packing model in thin film. d Top-
gate/bottom-contact device configuration used to fabricate BDPPV FETs. e Transfer and f output
characteristics of a BDPPV device in ambient (L = 10 um, W = 200 um, C; = 3.7 nF cmfz),
measured V1 =5 V. g Time-dependent decay of electron mobility under ambient conditions

The AFM height image of BDPPV showed crystalline fiber-like intercalating
networks with a root-mean-square (RMS) deviation of 1.30 nm. Such crystalline
networks are presumably caused by strong interchain interactions. Unlike other
PPVs, BDPPV showed clearly much stronger aggregation tendency and more
ordered packing. Thus, better interchain carrier transport is expected.

The low-lying LUMO of BDPPYV indicates that it could be suitable for ambient-
stable electron transport. TG/BC device configuration was used to fabricate poly-
mer FETs. The semiconducting layer was deposited by spin-coating a polymer
solution (3 mg/mL in 1,2-dichlorobenzene (DCB)) on patterned Au/SiO,/Si sub-
strate. After thermal annealing the film for 10 min, a CYTOP solution was spin-
coated as the dielectric layer, and an aluminum layer was thermally evaporated as
the gate electrode. FET devices of BDPPV showed clearly n-type transport char-
acteristics under ambient conditions (Fig. 4.6e, f). Several annealing temperatures
were tried, and annealing at 200 °C gave the best device performance. The polymer
showed the highest electron mobilities up to 1.1 cm® V™' s™' with an average
mobility of 0.84 cm® V™' s™!. This result represents the first polymer FET that can
transport electrons over 1 cm?* V™' s™' under ambient conditions. Note that the
transfer and output characteristics showed negligible hysteresis at high gate volt-
ages, indicating that there are only a few traps for electrons, presumably due to the
significantly lowered LUMO level. No contact resistance is observed in output
curves, indicating the ohmic contact between the polymer and gold electrode.
Furthermore, time-dependent decay of the BDPPV device was also performed by
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storing the devices under room light and ambient conditions. The device could
function effectively after being stored for 30 days, affording an electron mobility of
0.31 cm® V™' 57! (Fig. 4.6g), comparable to those of other high-performance n-type
polymer FETs [35].

4.3 BDOPV-Based Donor-Acceptor Polymer
and Oxygen-Doping Effect

A powerful strategy to achieve high carrier mobilities in semiconducting polymers
is the development of an alternating conjugated polymer containing electron-rich
(donor) and electron-deficient (acceptor) units. Because of their successful appli-
cation in high-performance organic field-effect transistors (OFETSs) and organic
photovoltaics (OPVs), these donor—acceptor polymers were named as the third-
generation polymers by Heeger. In the last section, we have developed a new
electron-deficient building block BDOPV, regarded as a derivative of oligo(p-
phenylene vinylene). In BDOPYV, four carbonyl groups were introduced to give a
low LUMO level of —4.24 eV, much lower than current best electron-deficient
building blocks (Fig. 1.6 in Chap. 1). Furthermore, these carbonyl groups formed
four intramolecular hydrogen bonds with the neighboring phenyl protons, main-
taining good planarity and shape-persistency of BDOPV, which may facilitate the
overlaps of intermolecular frontier orbitals of the BDOPV segments in polymers.

Previously, we significantly increased hole mobilities of isoindigo-based poly-
mers by using farther branched alkyl chains or centrosymmetric donors (versus
axisymmetric donors) [15]. Here we incorporate all the strategies by using the
BDOPY unit as the acceptor, farther branched 4-octadecyldocosyl group as the side
chain and a centrosymmetric 2,2'-bithiophene unit as the donor to synthesize
donor—acceptor polymer BDOPV-2T, a typical third-generation polymer (Fig. 4.7a).
To our delight, BDOPV-2T exhibited n-type transport behavior with high electron
mobilities up to 1.74 cm® V™' s~! under ambient conditions. Upon oxygen exposure,
this polymer displays interesting ambipolar transporting behavior, which maintains
high electron mobilities up to 1.45 cm® V™' s~ along with significantly increased
hole mobilities up to 0.47 cm®> V' s 1.

As shown in Fig. 4.7a, a Stille coupling polymerization between BDOPV and
5,5"-bis(trimethylstannyl)-2,2'-bithiophene gave polymer BDOPV-2T in 94 % yield
after standard purification. Molecular weight of BDOPV-2T was evaluated by
high-temperature gel permeation chromatography at 140 °C using 1,2,4-trichol-
orobenzene as the eluent. The polymer displayed high molecular weight with an M,
of 77.2 kDa and a PDI of 3.00, and excellent thermal stability with decomposition
temperature over 390 °C. We observed a phase transition of the polymer at 29 °C in
DSC scan. Similar phase transition was also observed in isoindigo-based polymers
with longer alkyl chains and in BDPPV. We observed that the transition temper-
ature was mainly determined by the type of the alkyl side chains regardless of the
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Fig. 4.7 a Design and synthesis of D-A polymer BDOPV-2T. b Normalized absorption spectra of
BDOPV-2T in CHCI; (1 x 107> M), thin film, and annealed film (200 °C for 5 min). ¢ Calculated
molecular orbitals of the trimer of BDOPV-2T (B3LYP/6-311G(d,p))

polymer backbone, and longer alkyl chains lead to higher transition temperature.
Thus, the phase transition was largely caused by the crystallization of the long alkyl
chains.

The absorption spectra of polymer BDOPV-2T in dilute solution, thin film and
annealed film are shown in Fig. 4.7b. BDOPV-2T showed typical dual-band
absorption, where Band I is a typical charge transfer absorption from the thiophene
unit to the BDOPYV core, because computational results showed that the polymer’s
HOMO was well delocalized along the polymer chain, whereas its LUMO was
mostly localized on the BDOPV cores (Fig. 4.7¢c). The absorption maximum of
BDOPV-2T in film only showed a minimal red shift in comparison to that in the
solution, and a slightly increase of 0—0 vibrational peak was observed. Annealing
the film led to a further increase of the 0-0 peak. These results indicate that the
polymer backbone in film become more planar and annealing is helpful for a further
adjustment of the polymer backbone. The bandgap of BDOPV-2T is calculated to
be 1.31 eV using the onset of its thin-film absorption spectrum. The cyclic vol-
tammetry (CV) measurement of BDOPV-2T gave HOMO/LUMO levels of —5.72/
—4.15 eV, in consistent with the HOMO/LUMO levels (-5.66/—4.35 eV) estimated
from the photoelectron spectroscopy and the optical bandgap. Note that this LUMO
level is significantly lower than those of many previously reported donor—acceptor
polymers [15, 24], due to the strong electron-withdrawing ability of BDOPV
moiety.
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The low-lying LUMO level of polymer BDOPV-2T indicates that it is perhaps
suitable for ambient-stable electron transport. To achieve this goal, a top-gate/
bottom-contact (TG/BC) device configuration was used to fabricate polymer FETs,
because this device configuration has better injection characteristics and encapsu-
lation effects [43]. The semiconducting layer was deposited by spin-coating the
polymer solution (3 mg/mL in DCB) on patterned n**-Si/SiO,/Au (source-drain)
substrate. After thermal annealing the film for 5 min, a CYTOP solution was spin-
coated as the dielectric layer, and an aluminum layer was thermally evaporated as
the gate electrode. Except that the aluminum layer was deposited in high vacuum,
we fabricated the devices either in glovebox or under ambient conditions. Several
annealing temperatures were tried, and annealing at 200 °C gave the best device
performance. All devices were tested under ambient conditions (Ry = 40-50 %).
For devices fabricated in a glovebox, BDOPV-2T displayed clearly n-type trans-
port characteristics (Fig. 4.8a, b), with high electron mobilities up to 1.74 cm?
V™! s7! and an average mobility of 1.42 cm? V™' s™!, which is the highest electron
mobility for polymer FETs tested under ambient conditions.

For the devices fabricated under ambient conditions, the hole mobilities of
BDOPV-2T significantly increased The highest hole mobility of 0.47 cm®* V™' s
and an average mobility of 0.20 cm” V™' s™! were obtained. In contrast, the highest
electron mobility of BDOPV-2T only shghtly decreased to 1.45 cm®> V7' s
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Fig. 4.8 a Transfer and b output characteristics of a BDOPV-2T device fabricated in a glovebox
and tested under ambient conditions. ¢ Transfer and d output characteristics of a BDOPV-2T
device both fabricated and tested under ambient conditions. Device configuration TG/BC,
L=5pum, W= 100 pm, C; = 3.7 nF cm 2. e The voltage transfer characteristic and gain of a
complementary-like inverter fabricated with BDOPV-2T under ambient conditions
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(average: 1.20 em® Vs (Fig. 4.8c, d). The transfer characteristics of electron
transport showed negligible hysteresis even at a low drain voltage (Vp = +20 V),
presumably due to the much lowered LUMO level of BDOPV-2T. Moreover,
devices fabricated under ambient conditions displayed larger threshold voltage in
n-channel operation, suggesting some kind of shallow traps were formed in film. To
further explore the application of this ambipolar FET, we also fabricated comple-
mentary-like inverters based on polymer BDOPV-2T under ambient conditions.
The inverter consisted of two connected TG/BC ambipolar transistors with a
common gate as input (Viy) and a common drain as output (Voyt). Obviously
inverting functionality was observed for the inverter based on BDOPV-2T, and the
highest gain value up to 49 was obtained (Fig. 4.8e). This gain value is also among
the highest in ambipolar field-effect transistors [44, 45].

Time-dependent decay of the polymer devices was performed by exposing the
devices to air in a desiccator or under ambient conditions (RH = 40-50 %). Devices
under both conditions did not show obvious difference, suggesting that water has
negligible effects on the device performance. For devices fabricated in glovebox,
we observed a gradual decay of electron mobilities and an increase of hole
mobilities (Fig. 4.9a). After one day exposure, the electron mobilities dropped to
around 1 cm? V™! 57! and the hole mobilities increased from 1072 to around
0.1 cm®* V! s7'. The device performance is comparable to those of the devices
fabricated under ambient conditions. Prolonged storage in air led to a further
decrease of electron mobilities. After 15 days, an electron mobility of 0.35 cm® V™!
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Fig. 4.9 Time-dependent decay of the device performance of BDOPV-2T for devices stored in
dry air: a devices fabricated in glove box; b devices fabricated under ambient conditions. The
devices are stored under ambient conditions (Ryg = 40-50 %) did not show obvious difference from
those stored in dry air
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s ! and a hole mobility of 0.15 cm® V™! 57! were obtained (Fig. 4.9b). Hence, we
propose that the significantly increased hole mobilities for BDOPV-2T devices
fabricated under ambient conditions were largely attributed to the oxygen doping in
the polymer film.

Oxygen doping has been widely investigated in inorganic materials, which has a
strong influence on their electrical characteristics [46, 47]. Recently, a p-type small
molecule, picene, was reported to have much higher hole mobility in air than in
vacuum [48]. In this system, the energy levels of the three highest occupied
molecular orbitals apparently increased after exposing to oxygen, leading to the
inactivation of hole traps and the reduction of the hole injection barrier [49]. To
understand the oxygen doping from molecular level, we performed density func-
tional theory (DFT) calculations to model the interaction between oxygen and
BDOPV-2T (Fig. 4.10a). We found that the oxygen and BDOPV-2T formed stable
complex through van der Waals interactions. Oxygen decreased the LUMO level and
the LUMO clearly delocalized onto the oxygen. These results are in agreement with
the device performance that some shallow traps were formed in the polymer film.
Furthermore, oxygen also caused the increase of the HOMO level, which would
reduce the hole injection barrier from the Au electrode, and therefore increase the
hole mobility. Very recently, Sirringhaus et al. found that the HOMO level of
polymers slightly increased upon interacting with molecular oxygen, which resulted
in hole accumulation in the electrical characteristics [50]. Their results are consistent
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Fig. 4.10 a Calculated energy levels and frontier orbitals for the monomer and for the
monomer—oxygen complex. Calculations were performed at the M06-2X/6-311G(d,p) level. b 2D-
GIXD pattern and ¢ AFM height image of polymer BDOPV-2T film fabricated under the same
condition as the FET device (200 °C annealing)
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with our findings and support our hypothesis that the significantly increased hole
mobilities were caused by oxygen doping of the polymer in solid state.

To investigate the film microstructure and morphology, GIXD and AFM were
used (Fig. 4.10b and c). The film of BDOPV-2T showed a strong out-of-plane
diffraction peak (100) at 20 of 2.48°, corresponding to a d-spacing of 28.6 A.
Another four orders of diffraction peaks attributed to (200) diffractions were also
observed, suggesting that a good lamellar edge-on packing was formed in film.
Interestingly, the lamellar distance of 28.6 A is smaller than those of the molecular
modeling of the alkyl chains, suggesting that the long alkyl chains were not fully
extended in film. In-plane (010) peak was also observed, which was attributed to
the m-7 stacking distance. The measured m—m stacking distance was 3.55 A, slightly
smaller than those of polymers with similar branched alkyl chains [34]. The AFM
height image of BDOPV-2T film showed a crystalline fiber-like intercalating
network with relatively high root-mean-square (RMS) deviation of 6.19 nm, pre-
sumably due to the strong interchain interactions.

4.4 Conformation-Locked BDPPV-Based Polymers
and Effect of Fluorine Substitution Positions

Compared to many high-mobility p-type polymers, high-mobility n-type polymers
are rare, and few can be operated under ambient conditions [35, 51-54]. Developing
ambient-stable n-type semiconductors becomes a critical issue in organic electronics,
because both n-type and p-type semiconductors are necessary to achieve low power
complementary circuits [55]. To date, the development of strong electron-deficient
building blocks remains essential to advancing n-type polymer semiconductors [51,
56]. Introducing electron-withdrawing groups can effectively lower the LUMO levels
of a known building block [33, 57]. For example, fluorination of polymer backbones
can improve the performance of organic photovoltaics [58, 59] and increase the
electron mobility of ambipolar polymer FETs [32, 60]. Obviously, fluorination can
modulate the energy-level of conjugated polymers, nonetheless, it must have other
influences on polymer properties, which are important yet seldom investigated.

As discussed in Chap. 1, charge transport in conjugated polymer films generally
contains intrachain transport and interchain transport. Using shape-persistent back-
bones increase intrachain transport through increasing effective conjugation length
[26]. Shape-persistent polymer backbones and well-ordered backbone conformation
increase interchain transport through enhancing n—n interactions and ordered poly-
mer packing [61]. BDPPYV has been prepared for n-type conjugated polymers, which
exhibited high electron mobilities of up to 1.1 cm? V7! sfl, because it overcomes
common defects in poly(p-phenylene vinylene) derivatives (PPVs), such as con-
formational disorder (freely rotating double-bonds), weak interchain interaction, and
high LUMO level. Nonetheless, only two thirds of the double bonds in this polymer
are “locked” by intramolecular hydrogen bonds, thus the polymer backbone still
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undergoes conformational disorder in solid state. Moreover, although this polymer
exhibited outstanding stability in n-type polymer FETs, its device performance still
deteriorates under ambient conditions.

Here we attempt to “lock” the rest one of the double bonds in the BDPPV
polymer by introducing fluorine atoms to form intramolecular hydrogen bonds.
Two new building blocks, FBDOPV-1 and FBDOPV-2, with fluorine atoms at
different positions of BDOPV are prepared. These two building blocks have per-
haps the lowest LUMO levels (down to —4.38 eV). These two building blocks are
used to prepare two new PPV derivatives, FBDPPV-1 and FBDPPV-2
(Scheme 4.2). Fluorine atoms can lower the LUMO level and “lock” the confor-
mation of polymer backbones through intramolecular hydrogen bonds. FBDPPV-1
exhibits an electron mobility up to 1.70 cm?* V' s~! under ambient conditions.
In addition, when the fluorine atoms are substituted in different positions of the
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polymer backbone, different conformations are created, which eventually leads to
different device performance.

Although donor—acceptor polymers can achieve high carrier mobilities [23, 24],
we did not use this strategy in the design of the backbone of a “pure” n-type
transporting system, because this strategy usually increases the HOMO levels of
conjugated polymers and results in hole injection, low on/off ratio, or ambipolar
transport [62, 63]. Moreover, electron-rich donors also increase the LUMO levels of
conjugated polymers, thus making electron transport more susceptible to oxygen
and moisture [64]. Alternatively, a double bond was used to link the BDOPV units
due to its weak electron-donating property. Furthermore, we and other groups have
demonstrated that carrier mobilities of conjugated polymers could be significantly
increased by using farther branched alkyl chains [19, 34, 65, 66]. Thus, long and
farther branched 4-octadecyldocosyl groups were used as polymer side chains to
guarantee both better interchain interactions and good solubility. To understand
how fluorination influences the conjugated polymers, we prepared two similar
polymers with different fluorinated positions (Scheme 4.2).

Scheme 4.2 illustrates the synthetic route to FBDOPV-1 and FBDOPV-2. The
synthesis of fluorinated BDOPV started from the construction of fluorinated
6-bromoisatin. 6-bromo-7-fluoroisatin (3-2) was synthesized in Chap. 3 for fluo-
rinated isoindigo polymers. 6-Bromo-5-fluoroisatin (4-10) was synthesized from
commercially available 3-bromo-4-fluoroaniline by the condensation reaction with
chloral hydrate and hydroxylamine hydrochloride, followed by catalyzed cycliza-
tion using sulfuric acid. Both fluorinated isatins (3-2 and 4-10) were then alkylated
with 19-(3-iodopropyl)heptatriacontane (4-2) in the presence of K,COs;, affording
compounds 4-7 and 4-11 in good yields. FBDOPV-1 or FBDOPYV-2 can be readily
obtained with 67 or 78 % yield by using an acidic condensation condition between
4-7 or 4-11 and 2,2'-(2,5-dihydroxy-1,4-phenylene)diacetic acid (4-4), respectively
[62]. Microwave-assisted Stille coupling polymerizations between FBDOPV-1 or
FBDOPV-2 and (E)-1,2-bis(tributylstannyl)ethene gave polymer FBDPPV-1 and
FBDPPV-2 in 96 and 83 % yield, respectively. The molecular weights of both
polymers were evaluated by high-temperature gel permeation chromatography
(GPC) at 140 °C using 1,2,4-tricholorobenzene (TCB) as eluent. Both polymers
displayed comparable molecular weights (FBDOPV-1: M,, = 128.9 kDa, M,, = 66.
3 kDa, PDI = 1.94; FBDPPV-2: M,, = 164.7 kDa, M,, = 53.8 kDa, PDI = 3.06) and
showed excellent thermal stability with decomposition temperature over 370 °C.

The absorption spectra of FBDOPV-1 and FBDOPV-2 are similar to that of
BDOPYV (with bromine on the same position as FBDOPV) due to their identical
conjugated backbones. After introducing fluorine atoms, both HOMO and LUMO
levels of FBDOPV-1 and FBDOPV-2 are lowered. LUMO levels are lowered by
0.14 and 0.12 eV for FBDOPV-1 and FBDOPV-2, respectively (Table 4.1). The
LUMO level of FBDOPV-1 reaches —4.38 eV, suggesting that FBDOPYV-1 is one
of the most electron-deficient building blocks for conjugated polymers [24, 67].
Note that all three monomers display two reversible reductive peaks in solution
(Fig. 4.11a), indicating their good stability in the anionic state.
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Table 4.1 Optical and electrochemical properties of BDOPV, FBDOPV-1 and FBDOPV-2

Compounds )\’lsl'?i}lx Eg P EIC-IXMO ECLI\J,MO H%TVIO ECL?Jllf/lo E(g: ate
(nm)* €V)" | (V) (eV) (eV)* (V)" (eV)*
BDOPV 448, 584 1.80 -6.21 —4.24 -6.25 -3.98 2.27
FBDOPV-1 460, 569 1.81 -6.31 —4.38 -6.40 —4.13 2.27
FBDOPV-2 448, 585 1.75 -6.30 -4.36 -6.38 —4.14 2.24

210" M in chloroform

° Estimated from the onset of the absorption spectra of solution

¢ Cyclic voltammetry determined with Fc/Fc™ (Egomo = —4.80 eV) as external reference
4" Calculated at B3LYP/6-311G+(d,p) level

Three polymers show similar absorption spectra, and all of them have two
absorption bands (Band I: 600-900 nm; Band II: 400—600 nm) and low bandgaps
around 1.4 eV (Fig. 4.11b and Table 4.2). All polymers have structured vibrational
absorption peaks in the Band I region, which agrees well with their shape-persistent
conjugated backbones. Compared with BDPPV, FBDPPV-1 exhibits a blue-shifted
absorption spectrum, whereas FBDPPV-2 exhibits obviously red-shifted spectrum.
In addition, three polymers show different oscillator strength of the vibrational
absorption peaks. The main absorption peak of FBDPPV-1 in film only shows very
little red-shift compared to those in solution, and an obvious increase of the relative
intensity of their 0-0 vibrational peaks is observed (Fig. 4.11c). Annealing the film
results in a further increase of the relative intensity of 0-0 peak, indicating that the
polymer backbone becomes more planar in film and annealing is helpful for further
adjustment. For conjugated polymers, intermolecular stacking and conformational
change may significantly shift the absorption spectra [39]. However, no significant
change is observed from solution to thin film, suggesting that the polymer probably
formed some pre-aggregates in solution due to strong interchain interactions [41,
68]. Compared with FBDPPV-1, FBDPPV-2 shows more obviously red-shifted
absorption from solution to film, suggesting that both polymers might take different
molecular conformations and supramolecular organizations in solid state, though
they have very similar conjugated backbones [39] (Table 4.3).

Electrochemical properties of three polymers were explored by cyclic voltam-
metry measurement (Fig. 4.11d). After introducing fluorine atoms, the reductive
currents of both fluorinated polymers increase obviously and the reductive doping
processes appear to be more reversible than those of BDPPV. Both HOMO and
LUMO levels of FBDOPV-1 and FBDOPYV-2 are lowered, but clearly the LUMO
levels are more easily affected (Table 4.2). The LUMO levels of FBDOPV-1 and
FBDOPV-2 reach —4.26 and —4.30, 0.16 and 0.20 eV lower than that of BDPPV.
Computational results reveal that both fluorinated polymers exhibit almost planar
conjugated backbones and their HOMOs and LUMOs are well delocalized along
polymer backbones (Fig. 4.11e). This contrasts with many donor—acceptor poly-
mers, in which the LUMOs are mostly localized on the electron-deficient units of
polymer backbones [27, 63].
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Fig. 4.11 a Cyclic voltammograms of BDOPV, FBDOPV-1 and FBDOPV-2 in DCB solution
(5 mg/mL). b Normalized absorption spectra of three polymers in CHCl; (10> M). ¢ Normalized
absorption spectra of FBDOPV-1 in CHCl; (1075 M), thin film and annealed film (180 °C for
30 min). d Cyclic voltammograms of three polymers in drop-casted film prepared using their
chloroform solutions (5 mg/mL). e Molecular frontier orbitals of the FBDOPV-1 trimer (B3LYP/
6-311G(d,p))

The molecular packing and surface morphologies of three polymer films were
investigated by GIXD and tapping-mode AFM (Fig. 4.12). Three polymers display
strong out-of-plane diffractions (%00), indicating that good edge-on lamellar
packing is formed in film. Fluorinated polymers show five out-of-plane diffraction
peaks, whereas BDPPV only shows four out-of-plane peaks. However, three
polymers exhibit similar lamellar distances around 32 A due to their similar
backbones and identical side chains. (010) Peaks attributed to n—m stacking were
also observed. Clearly, both fluorinated polymers exhibit a stronger (010) peak with
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Table 4.2 Optical and electrochemical properties of BDPPV, FBDPPV-1 and FBDPPV-2

Polymers | Ayux Ao E® | Endwmo |Etomo | Etiomo | Eitmo | Eg©
(nm)* | (nm) V)P |@EeV) ev)© ev)! ev)? eV)
BDPPV | 799, 728|803, 724|142 |-6.12 |-4.10 |-561 |-4.07 1.54

FBDPPV-1 | 786, 710 | 784, 710 | 1.46 -6.19 -4.26 -5.76 -4.21 1.55
FBDPPV-2 | 800, 740 | 808, 743 | 1.39 -6.22 -4.30 -5.74 —4.25 1.49
2 107 M in chloroform

" Estimated from the onset of the absorption spectra of thin film

¢ Cyclic voltammetry determined with Fc/Fc*™ (Egomo = —4.80 eV) as external reference

4 HOMO and LUMO energy levels were calculated by extrapolating from the values computed
for their oligomers (n = 1, 2, and 3) (B3LYP/6-311G(d,p) level)

Table 4.3 OFET device performance and GIXD results of three polymers

Polymers u em? Vg Ve (V) log(Ton/Io) d (AP

L T
BDPPV 1.10 (0.84) +5 5-6 32.3 3.45
FBDPPV-1 1.70 (1.39) +18 5-6 32.9 3.42
FBDPPV-2 0.81 (0.62) +1 4-5 32.7 3.42

# Electron mobility measured under ambient conditions (Ryg = 50-60 %). Maximum values of
electron mobilities and the average values are in parentheses
> Lamellar (L) and n—n stacking (r) distances determined by GIXD experiments

Q.mh)

Fig. 4.12 2D-GIXD patterns and AFM height images of a, d BDPPV, b, e FBDPPV-1, and c,
f FBDPPV-2 films. Films were prepared by spin-coating their DCB solutions (3 mg/mL) and
annealed at 180 °C for 30 min
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a shorter n—m stacking distance of 3.42 A, slightly shorter than that of BDPPV
(3.45 A). These results suggest that after introducing fluorine atoms, FBDPPV-1
and FBDPPV-2 exhibit more ordered lamellar packing and stronger interchain
interactions in solid state. This is also supported by the AFM observation that both
fluorinated polymers display fiber-like intercalating networks with obviously
crystallized zones. Root-mean-square (RMS) analysis of the height data shows that
the films of fluorinated polymers display larger roughness, presumably due to their
stronger crystallinity. Therefore, the introduction of fluorine atoms not only mod-
ulates the energy levels of polymers, but also influences the interchain interactions
and polymer packing in solid state.

TG/BC device configuration was used to evaluate the carrier transport of both
fluorinated polymers. The semiconducting layer was deposited by spin-coating a
polymer solution (3 mg/mL in DCB) on Au (source-drain)/SiO,/Si substrate. After
thermal annealing the film (180 °C for 30 min), a CYTOP solution was spin-coated
on the top of the semiconducting layer and cross-linked under 100 °C for 1 h,
providing the dielectric layer (500 nm thick). Then, an aluminum layer was ther-
mally evaporated as the gate electrode. All devices were fabricated in glovebox and
tested under ambient conditions (Ry = 50-60 %). Both fluorinated polymers show
typical n-type transport characteristics under ambient conditions (Fig. 4.13a, b). The
maximum mobility of the FBDPPV-1 devices was determined to be as high as
1.70 cm®* V' s7'. FBDPPV-1 showed typical transfer and output characteristics
with negligible hysteresis, which is seldom observed for n-type organic materials,
largely due to its significantly lowered LUMO level. Besides, no contact resistance
was observed in output curves, suggesting a good contact between the polymer and
gold electrode. However, FBDPPV-2 only gave the highest electron mobility of
0.81 cm? V™! s7! and an average mobility of 0.62 cm® V™' s ™', unexpectedly lower
than that of non-fluorinated BDPPV (highest: 1.1 cm® V' s™! and average:
0.84 cm?> V' 1gh).

Time-dependent decays of three polymer devices were tested by storing the
devices under ambient conditions (Ry = 50-60 %). All the polymers showed good
stability with a slow decay of electron mobility (Fig. 4.13c). Fluorinated polymers
showed obviously better stability than non-fluorinated BDPPV. After 30 days, the
mobility of FBDPPV-1 device decreased from 1.61 to 1.13 cm? V! sfl, whereas
that of BDPPV decreased from 1.10 to 0.31 cm® V™' s™!. The decay of the electron
mobility may be caused by the further diffusion of the oxygen or moisture into the
semiconducting layer [64]. Although these devices are not long-term stable under
ambient conditions, these results are outstanding among n-type conjugated poly-
mers, because few reported n-type polymers can be operated under ambient con-
ditions [35, 51-54].

Both fluorinated polymers have considerably different device performance
despite their similar physical and electrochemical properties, including molecular
weight, thin-film packing, and morphology. We propose that this difference origi-
nates from their different polymer backbone conformations in solid state. To give a
better understanding, a model compound (E)-1,2-bis(2-fluorophenyl)ethane was
used to investigate the double bond conformations of the fluorinated polymers.
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Fig. 4.13 a Transfer and b output characteristics of a FBDPPV-1 device measured under ambient
conditions. ¢ Time-dependent decay of the device performance under ambient conditions. FET
devices (L =5 pm, W = 100 pum,) were fabricated with CYTOP around 500 nm thick (capacitance
C; = 3.7 nF cm™?). d Energy diagram of different planar conformations of model compound (E)-
1,2-bis(2-fluorophenyl)ethane. Optimized and calculated at B3LYP/6-311+G(d,p) level. e Single
crystal structures of two fluorinated OPV derivatives. Both of them have five-membered-ring
intramolecular hydrogen bonds. f Proposed intramolecular hydrogen bonds and backbone
conformations of FBDPPV-1 and FBDPPV-2

Figure 4.13d displays three possible conformations of the model compound. After
introducing fluorine atoms, intramolecular hydrogen bonds are formed between
fluorine and hydrogen atoms, thus locking the molecular conformation. The five-
membered-ring hydrogen bonding is preferred, providing obviously lower energy
than the six-membered-ring hydrogen bonding. This computational analysis is
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supported by single crystal structures of several fluorinated OPV derivatives [69], in
which all the fluorine atoms formed five-membered-ring hydrogen bonds with
neighboring phenyl protons (Fig. 4.13e). These results indicate that both FBDPPV-
1 and FBDPPV-2 may have “locked” conformations and intramolecular five-
membered-ring hydrogen bonds in solid state. Because of the different substitution
position of fluorine, the backbone conformations of both polymers are different.
Calculations on the oligomers of FBDPPV-1 also showed that the five-membered-
ring hydrogen-bonding conformation is more stable than other conformations.

Using computational method, Beljonne et al. demonstrated that interchain charge
transport correlates with the supramolecular organization of conjugated polymers
[70]. For example, even under the same n—n stacking distance, different polymer
packing conformations can lead to greatly different interchain carrier transport. This
is mainly caused by the different charge transfer integrals between polymer chains
[25]. Furthermore, increasing experimental results suggest that polymer backbone
conformations indeed exert their influences on carrier transport through adopting
various interchain molecular packings [28, 71]. Figure 4.13f shows the proposed
intramolecular hydrogen bonds in FBDPPV-1 and FBDPPV-2 and their polymer
backbone conformations in film. The purple arrows indicate the included angles
between the alkyl chain extending directions and the polymer backbone extending
directions. Clearly, the double bond orientations are different for both polymers,
and the included angle of FBDPPV-1 is close to 90°, obviously larger than that of
FBDPPV-2. This analysis agrees with the absorption spectra result that both
polymers might have different molecular conformations and supramolecular orga-
nization in solid state. Because intermolecular packing and carrier mobility are
sensitive to molecular conformations and the orientation of side chains [25, 72, 73],
the different backbone conformations of FBDPPV-1 and FBDPPV-2 might lead to
different interchain organization and thereby influence interchain carrier transport.
Similarly, because of the ineffective interchain charge transport, FBDPPV-2
exhibits lower electron mobility than BDPPV even though it has locked confor-
mations, lower LUMO level and stronger crystallinity. However, further investi-
gations are needed to better understand the myriad factors influencing the electron
transport of these polymers.

4.5 Conclusions

In this chapter, we have developed a new electron-deficient building block BDOPV
based on the concept of m-extended isoindigo. BDOPYV has four carbonyl groups
and exhibits a low LUMO level of —4.24 eV. The carbonyl groups form four
intramolecular hydrogen bonds with the neighboring phenyl protons, maintaining
good planarity and shape-persistency of BDOPV, which may facilitate the overlaps
of intermolecular frontier orbitals of conjugated polymers.

We have demonstrated that molecular engineering of PPV skeleton can over-
come factors that limit the electron mobility in PPVs, such as conformational
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disorder, weak interchain interactions, and high LUMO levels. The novel designed
electron-deficient BDPPV “lock™ the polymer backbone by intramolecular hydro-
gen bonds, endowing itself with excellent UV and visible light stability, stronger
aggregation tendency, better crystallinity, lower LUMO level, and above all higher
electron mobilities up to 1.1 cm® V™' s~! under ambient conditions. Our molecular
engineering strategy effectively avoids the defects of other PPVs and increases the
electron mobility of PPVs from 107 cm? V™' s™' to over 1 cm? V™' 571,

BDOPYV was then used to construct a D-A polymer BDOPV-2T, which showed
a high electron mobility of 1.74 cm® V™' s~'. Upon oxygen exposure, BDOPV-2T
displayed interesting ambipolar transporting behavior, which maintained high
electron mobilities up to 1.45 cm? V™' ™', along with significantly increased hole
mobilities up to 0.47 cm? V' s7'. Furthermore, inverters based on the oxygen-
doped devices with high gain values up to 49 are also demonstrated, suggesting the
potential application of the polymer in complex logic circuits. Li et al. indepen-
dently synthesized two structurally similar BDOPV-based polymers. Nonetheless,
one polymer was insoluble, and another showed hole and electron mobilities around
0.01 cm?® V' s7! [62]. The low mobility is probably caused by the axisymmetric
donor and the close branching position of the side chains, thereby further dem-
onstrating that the synergy of polymer backbone and side chain engineering is
essential to achieve high performance in conjugated polymers.

In the third part, we attempt to “lock™ the rest one third of the double bonds in
BDPPV by introducing fluorine atoms to form more intramolecular hydrogen
bonds. We have developed two novel strong electron-deficient building blocks,
FBDOPV-1 and FBDOPV-2. These two building blocks have extremely low
LUMO levels down to —4.38 eV. Using the building blocks, two PPV derivatives,
FBDPPV-1 and FBDPPV-2, are developed for ambient-stable n-type polymer
FETs. Both polymers exhibit improved device stability under ambient conditions
due to their low-lying LUMO levels. FBDPPV-1 has increased electron mobility
up to 1.70 cm® V™' 57! under ambient conditions, whereas FBDPPV-2 has
decreased electron mobility. This work demonstrated that fluorination is more than
lowering the energy level of the polymers, it can also influence backbone confor-
mations (hence interchain interactions and film microstructures), which is critical to
the device performance.

4.6 Experimental Details and Characterization

4.6.1 Device Fabrication and Characterization

Top-gate/bottom-contact FET devices and complementary inverters were fabricated
using n**-Si/Si0, (300 nm) substrates. The gold source and drain bottom electrodes
(with Ti as the adhesion layer) were patterned by photolithography on the SiO,
surface. The substrates were subjected to cleaning using ultrasonication in acetone,
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cleaning agent, deionized water (twice), and isopropanol. The cleaned substrates
were dried under vacuum at 80 °C. The substrates were transferred into a glovebox.
A thin film of the polymer was deposited on the treated substrates by spin-coating at
1,500 rpm for 60 s using a polymer solution (6 mg/mL), optionally followed by
thermal annealing at 160, 180, 200 or 220 °C for 5 min. After polymer thin film
deposition, a CYTOP solution (CTL809 M:CT-solvl80 = 3:1) was spin-coated
onto the semiconducting layer at 2,000 rpm for 60 s resulting in a dielectric layer of
500 nm thick. The CYTOP layer was then baked at 100 °C for 1 h. Gate electrodes
comprising a layer of Al (50 nm) were then evaporated through a shadow mask
onto the dielectric layer by thermal evaporation.

The evaluations of the FETs and inverters were carried out in atmosphere
(humidity 50-60 %) on a probe stage using a Keithley 4200 SCS as parameter
analyzer. The carrier mobility, p, was calculated from the data in the saturated
regime according to the equation Isp = (W/2L)C;i(Vg — V)2, where Igp is the drain
current in the saturated regime. W and L are, respectively, the semiconductor
channel width and length, C; (C; = 3.7 nF cm ™) is the capacitance per unit area of
the gate dielectric layer, and Vg and V1 are the gate voltage and threshold voltage.

4.6.2 Synthetic Procedures and Characterization

Alkyl chain 4-2 is commercial available from Lyn (Beijing) Science & Technology
Co., Ltd. Compound 4-4 was synthesized according to literature [36].

DMF/THF, 40 °C

O
T
Br =0 I\/\)\CteHw N7 O
H

)
R
4-1 4-2 80% 4-3

Compound 4-3. To a solution of 2 (2.13 g, 3.1 mmol) in a mixure of THF
(30 mL) and N,N'-dimethylformamide (DMF) (30 mL), 6-bromoisatin (1, 700 mg,
3.1 mmol) and K,CO;5 (856 mg, 6.2 mmol) was added. The mixture was stirred at
50 °C for 8 h and then the solvent was removed under reduced pressure. The
residues were dissolved in CHCl; (100 mL) and then washed with water and brine,
and dried over with Na,SO,. After removal of the solvents under reduced pressure,
the residue was purified by silica gel chromatography with eluent (PE:
CH,Cl, = 1:1) to give 4-3 as an orange solid (1.94 g, 80 %). 'H NMR (CDCl;,
400 MHz, ppm): 6 7.47-7.45 (d, J = 7.9 Hz, 2H), 7.29-7.26 (dd, J; = 7.9 Hz,
J>, = 1.2 Hz, 2H), 7.07-7.05 (d, J = 1.2 Hz 2H), 3.69-3.66 (t, J = 7.4 Hz 2H),
1.69-1.62 (m, 2H), 1.40-1.22 (m, 71H), 0.90-0.86 (t, J = 6.8 Hz, 6H). '*C NMR
(CDCl3, 100 MHz, ppm): J 182.3, 157.9, 151.8, 133.5, 126.8, 126.3, 116.2, 113.7,
40.8, 37.0, 33.4, 31.9, 30.6, 30.1, 30.0, 29.7, 29.7, 29.8, 29.4, 26.6, 24.3, 22.7,
14.1. Elemental Anal. calcd. for C4gHg,BrNO,: C, 73.25; H, 10.76; N, 1.78; Found:
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C, 73.21; H, 10.71; N, 1.80. ESI-HRMS calcd. for [M + H]*: 786.5758; Found:
786.5754.

HO COOH  Ac0 o
OH PhMe, 100 °C o

4-4 94% 4-5

Compound 4-5. To a suspension of 4-4 (1.0 g, 4.4 mmol) in anhydrous toluene
(50 mL), Ac,0 (10 mL) was added. The mixture was stirred at 100 °C for 5 h and
then the solvent was removed under reduced pressure. The residue was purified by
silica gel chromatography with eluent (CHCl;), and recrystallized from toluene to
give 4-5 as a white crystal (0.79 g, 94 %). "H NMR (CDCl;, 400 MHz, ppm): 6
7.07 (s, 2H), 3.78 (s, 4H). '*C NMR (CDCl;, 100 MHz, ppm): § 173.3, 150.9,
123.3, 107.7, 33.5. Elemental Anal. calcd. for C43Hg4sBrNO,: C, 63.16; H, 3.18;
Found: C, 62.91; H, 3.35. EI-MS: 190 (M™).

’
N
0 Li 4-3 Y Q Br
S O
0} THF, -78 °C THF,0°C o

Two steps: 67%

4-5 BDOPV

BDOPYV: To a solution of 2,2,6,6-tetramethylpiperidine (446 mg, 3.16 mmol) in
anhydrous THF (10 mL), n-BuLi (2.4 M in pentane, 1.05 mL, 2.53 mmol) was add
at 0 °C. The mixture was cooled to =78 °C, and 4-5 (200 mg, 1.05 mmol) in
anhydrous THF (20 mL) was added. After stirring at —78 °C for 30 min, the
mixture was directly transferred to a solution of 3 (1.99 g, 2.53 mmol) in anhydrous
THF (20 mL) at 0 °C. After stirring at room temperature for 5 h, the mixture was
quenched with water and extracted with CHCl;. The combined organic phase was
washed with brine and then dried over with Na,SO,. After removal of the solvents
under reduced pressure, the residue was purified by silica gel chromatography with
eluent (PE:CH,Cl, = 1:1) to give BDOPYV as a dark solid (1.21 g, 67 %). "H NMR
(CDCl5, 400 MHz, ppm): ¢ 9.09 (s, 2H), 8.93-8.91 (d, J = 8.6 Hz, 2H), 7.20-7.18
(dd, J, = 8.6, J, = 1.6 Hz, 2H), 6.93-6.92 (d, J = 1.6 Hz, 2H), 3.74-3.70 (t,
J=7.3Hz, 4H), 1.71-1.68 (m, 4H), 1.34-1.24 (m, 142H), 0.89-0.86 (t, J = 6.8 Hz,
12H). '*C NMR (CDCls, 100 MHz, ppm): § 167.0, 166.8, 151.7, 146.8, 135.6,
131.6, 129.0, 126.8, 126.4, 125.6, 119.7, 111.7, 111.0, 40.7, 37.1, 33.5, 31.9, 30.8,
30.1, 29.7, 29.4, 26.7, 24.4, 22.7, 14.1. Elemental Anal. Calcd. for C43Hg4sBrNO,:
C, 73.66; H, 9.91; N, 1.62; Found: C, 73.66; H, 10.01; N, 1.57. MALDI-TOF MS:
1729.2 [M + HJ*, 1751.2; [M + Na]*.
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F 0
Br NH, " GCIiCHIOH), /Q\ “ o0 B N 0

two steps: 41%
4-8 4-10

6-Bromo-5-fluoroisatin (4-9). To a solution of chloral hydrate (12.9 g,
78 mmol) in deionized water (180 mL), Na,SO,4 (142 g, 923 mmol), 3-bromo-4-
fluoroaniline (13.5 g, 71 mmol), H,SO4 (45 mL, 1 M) and hydroxylamine
hydrochloride (14.8 g, 213 mmol) were added. The mixture was heated to 130 °C
and refluxed for 30 min. The mixture was then cooled to 80 °C and filtered to
collect the product. The product was washed with deionized water and dried in
vacuum to afford 4-8 as a yellowish solid, which was directly used for the next step
without further purification.

To a concentrated H,SO,4 (150 mL) in 250 mL round-bottom flask kept at 50 °C,
compound 6 was added portionwise with stirring. The mixture was heated to 70 °C
for 1 h before pouring into ice water. The precipitate was collected by filtration and
the filtrate was extract with ethyl acetate (EA). The precipitate and the extraction
were combined and subject to column chromatography (silica gel; eluent: petroleum
ester PE:EA = 8:1) to afforded 4-9 as an orange solid (7.10 g, 41 %). '"H NMR
(DMSO-dg, 400 MHz, ppm): d 11.13 (s, 1H), 7.60-7.58 (d, Ji_y = 7.59 Hz, 1H),
7.19-7.18 (d, Ji_y = 7.18 Hz, 1H). *C NMR (DMSO-ds, 100 MHz, ppm): &
182.95-182.93 (d, Jic = 2.0 Hz), 159.34-159.32 (d, Jic = 1.6 Hz),
155.70-153.31 (d, Jfc = 2412 Hz), 147.21-147.18 (d, Jic = 2.2 Hz),
118.15-118.04 (d, J_c = 10.2 Hz), 117.98-117.92 (d, J}_c = 6.6 Hz), 116.28 (s),
112.44-112.19 (d, J& ¢ = 25.1 Hz). EI-MS calcd. for M*: 243; found: 243. Ele-
mental Anal. calcd. for CgH3;BrFNO,: C, 39.38; H, 1.24; N, 5.74; found: C, 39.33;
H, 1.48; N, 5.73.

O

o
CrgHar K,CO3, DMF, 40 °C /Q—i
+ Br
Br | — > lo]
=0 Mcme 75% N

|
F H F R
3-2 4-2 47

Compound 4-7: To a solution of 4-2 (2.20 g, 3.22 mmol) in a mixture of THF
(30 mL) and N,N'-dimethylformamide (DMF) (30 mL), 6-bromo-7-fluoroisatin
(3-2, 750 mg, 3.07 mmol) and K,CO;5; (635 mg, 4.61 mmol) were added. The
mixture was stirred at 50 °C for 8 h and then the solvents were removed under
reduced pressure. The residue was dissolved in CHCl; (100 mL) and then washed
with water and brine, and dried over with Na,SO,. After removal of the solvents
under reduced pressure, the residue was purified by silica gel chromatography with
eluent (PE:CH,Cl, = 1:1) to give 4-7 as an orange solid (1.84 g, 75 %). 'H NMR
(CDCl3, 400 MHz, ppm): 6 7.34-7.29 (m, 2H), 3.86-3.82 (t, J = 7.4 Hz, 2H),
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1.69-1.62 (m, 2H), 1.30-1.22 (m, 71H), 0.90-0.86 (t, J = 6.8 Hz, 6H). >*C NMR
(CDCl;, 100 MHz, ppm): & 181.7 (s), 157.6 (s), 146.09-143.62 (d, Jr_
¢! =248.5 Hz), 137.88-137.78 (d, J*.c = 9.7 Hz), 128.19 (s), 122.02-121.83 (d,
Ji e = 19.6 Hz), 121.60-121.56 (d, Ji c = 3.9 Hz), 119.28-119.25 (d, Jg_
< =2.5Hz), 43.1, 43.1, 42.8, 42.8, 37.3, 37.0, 33.6, 33.5, 33.3, 31.9, 30.4, 30.1,
30.1,29.7,29.7,29.4,29.2,29.2, 26.7, 26.6, 25.9, 25.9, 23.9, 22.7, 14.1. Elemental
Anal. calcd. for C4gHg3;BrFNO,: C, 71.61; H, 10.39; N, 1.74; Found: C, 71.48; H,
10.36; N, 1.82. ESI-HRMS calcd. for [C,3Hg:BrENO, + H]*: 804.5664; Found:
804.5693.

CigHa7

F o) [e)
B — > Br
§ N7=C  K,COj DMF, 40 °C N o
H 82% R
4-10 4-1

Compound 4-11: The synthetic procedure is similar to that of compound 4-7.
Yield: 82 %, orange solid. '"H NMR (CDCl;, 400 MHz, ppm): ¢ 7.36-7.35 (d,
Ji_n = 6.3 Hz, 1H), 7.10-7.09 (d, J}_yy = 4.8 Hz, 1H), 3.69-3.66 (t, J = 7.4 Hz, 2H),
1.69-1.62 (m, 2H), 1.32-1.22 (m, 71H), 0.90-0.86 (t, J = 6.8 Hz, 6H). '*C NMR
(CDCl;, 100 MHz, ppm): & 182.0 (s), 157.64-157.62 (d, Ji_c = 1.6 Hz),
157.14-154.68(d, Jic = 247.0 Hz), 147.27-14725 (d, Jt.c = 2.5 Hz),
120.22-119.99 (d, J2_¢ = 23.4 Hz), 117.20-117.14 (d, Ji_c = 6.1 Hz), 115.07 (s),
112.96-112.71 (d, J&_¢ = 25.2 Hz), 40.9, 37.0, 33.5, 31.9, 30.7, 30.1, 29.7, 29.6,
29.3, 26.9, 26.6, 26.5, 26.3, 24.3, 22.7, 14.1. Anal. calcd. for C4gHg3BrFNO,:
C,71.61; H, 10.39; N, 1.74; Found: C, 71.29; H, 10.30; N, 1.49. ESI-HRMS calcd.
for [C4gHg3BrFNO, + H]*: 804.5660; Found: 804.5700.

General Procedure for the Synthesis of Fluorinated BDOPV:

i
0.0 SN
o 4-7 Y Br
e O RS
115°C F NS0 oo
44 67% R FBDOPV-1

FBDOPV-1: To a solution of 4-7 (508 mg, 0.631 mmol) in acetic acid (15 mL),
4-4 (50 mg, 0.263 mmol) and p-toluenesulfonic acid monohydrate (12.6 mg,
0.073 mmol) were add under nitrogen atmosphere. The mixture was stirred at
115 °C under nitrogen for 17 h. The mixture was then cooled to room temperature
and filtered. The solid was washed with acetic acid and then methanol. The residue
was purified by silica gel chromatography with eluent (PE:CH,Cl, = 1:1) to give
FBDOPV-1 as a black solid (312 mg, 67 %). '"H NMR (CDCls, 400 MHz, ppm): &
9.09 (s, 2H), 8.79-8.77 (d, Jiru = 8.7 Hz, 2H), 7.26-7.21 (dd, Ji u = 8.7 Hz,
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Jt 4 = 6.4 Hz, 2H), 3.94-3.90 (t, J = 7.1 Hz, 4H), 1.70-1.68 (m, 2H), 1.34-1.24
(m, 152H), 0.89-0.86 (t, J = 6.8 Hz, 12H). '*C NMR (126 MHz, C,D,Cl,, 100 °C,
ppm) 0 166.41, 166.37, 151.9, 144.7, 142.8, 135.3, 135.3, 133.5, 133.4, 127.3,
127.03, 126.51, 126.48, 126.2, 122.7, 122.7, 116.6, 116.4, 111.0, 42.9, 42.8, 37.1,
33.7, 31.7, 30.7, 29.9, 29.43, 29.38, 29.0, 26.6, 26.0, 22.4, 13.8. Elemental Anal.
Calcd. for CipeH163BroF2N5Og: C, 72.16; H, 9.60; N, 1.59; Found: C, 71.83; H,
959, N, 1.52. MALDI-TOF MS: calcd. for CloﬁHlﬁgBr2F2N206+: 17641, Found:
1764 4.

. 0. o o_ N
o} 4N Y Q Br
o o————=Br O 7
o TsOH, AcOH
0 X0 F
115 °C NS0
5 R
4-4 78% FBDOPV-2

FBDOPV-2: The synthetic procedure is similar to that of FBDOPV-1. Yield:
78 %, black solid. '"H NMR (CDCls, 400 MHz, ppm): 6 9.05 (s, 2H), 8.87-8.84 (d,
Ji_n=10.3 Hz, 2H), 6.87-6.85 (d, J _yy = 5.6 Hz, 2H), 3.72-3.68 (t, J = 7.2 Hz, 4H),
1.69-1.65 (m, 4H), 1.46-1.12 (m, 152H), 0.89-0.86 (t, J = 6.8 Hz, 12H). *C NMR
(126 MHz, C,D,Cly, 100 °C, ppm) ¢ 166.5, 166.4, 155.7, 153.8, 152.0, 142.8,
135.43,135.40, 127.1, 126.8, 120.7, 120.6, 118.0, 117.8, 115.4, 115.2, 112.3, 111.2,
40.9, 37.2,33.7,31.7,31.0, 29.9, 29.4, 29.4, 29.0, 26.6, 24.3, 22.4, 13.8. Elemental
Anal. Calcd. for CggH;6sBroFoN>Og: C, 72.16; H, 9.60; N, 1.59; Found: C, 71.79;
H, 9.56; N, 1.54. MALDI-TOF MS: calcd. for C,gsH6sB12FoN2O¢": 1764.1; found:
1764.4.

General Procedure for Microwave-Assisted Stille Polymerization:

BDPPV: To a microwave vessel, BDOPV (50 mg, 0.0289 mmol), (E)-1,2-bis
(tributylstannyl)ethene (17.5 mg, 0.0289 mmol), Pd,(dba); (1 mg, 4 mol%.), P(o-
tol); (1.4 mg, 16 mol%), and 4 mL of chlorobenzene were added under nitrogen
atmosphere. The vessel was then sealed with a snap cap under nitrogen atmosphere,
and subjected to the following reaction conditions in a microwave reactor (120 °C,
5 min; 140 °C, 5 min; 160 °C, 5 min; 180 °C, 30 min). After completion, diet-
hylphenylazothioformamide (5 mg) was added and then the mixture was stirred for
1 h to remove any residual catalyst before being precipitated into methanol
(200 mL). The precipitate was filtered through a nylon filter and purified via
Soxhlet extraction for 8 h with acetone, 12 h with hexane, and finally was collected
with chloroform. The chloroform solution was then concentrated by evaporation
and precipitated into methanol (200 mL) and filtered off to afford a dark solid
(38 mg, yield 83 %). Elemental Anal. Calcd: for (Ci9gH174N20¢),: C, 81.35; H,
10.87; N, 1.76; Found: C, 79.65; H, 10.42; N, 1.75.

FBDPPV-1: The synthetic procedure is similar to that of BDPPV, Yield: 96 %.
Elemental Anal. Calcd: for (C;9sH;70F2N2Og),: C, 79.56; H, 10.51; N, 1.72;
Found: C, 78.36; H, 10.42; N, 1.75.
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FBDPPV-2: The synthetic procedure is similar to that of BDPPV, Yield: 83 %.
Elemental Anal. Calcd: for (C;9sH;70F2N>Og),: C, 79.56; H, 10.51; N, 1.72;
Found: C, 78.94; H, 10.40; N, 1.68.

BDOPV-2T: BDOPV (50 mg, 0.0289 mmol), 5,5-bis(trimethylstannyl)-2,2'-
bithiophene (14.2 mg, 0.0289 mmol), Pd,(dba); (0.5 mg, 2 mol%.), P(o-tol);
(0.7 mg, 8 mol%), and 10 mL of toluene were added to a Schlenk tube. The tube
was charged with nitrogen through a freeze-pump-thaw cycle for three times. The
mixture was stirred for 24 h at 120 °C. N,N'-Diethylphenylazothioformamide
(10 mg) was then added and then the mixture was stirred for 1 h to remove any
residual catalyst before being precipitated into methanol (200 mL). The precipitate
was filtered through a nylon filter and purified via Soxhlet extraction for 8 h with
acetone, 12 h with hexane, and finally collected with chloroform. The chloroform
solution was then concentrated by evaporation and precipitated into methanol
(200 mL) and filtered off to afford a dark solid (47 mg, yield 94 %). Elemental Anal.
caled: for (C;14H{74N>06S5),: C, 79.02; H, 10.12; N, 1.62; found: C, 76.62; H,
10.02; N, 1.54.
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Chapter 5
Summary and Outlook

Flexible and stretchable electronics may become future mainstream technologies.
The performance of polymer field-effect transistors (FETs) is surpassing that of
amorphous silicon and vacuum-deposited organic FETs, comparable to organic
single-crystal and polycrystalline silicon FETs. Among them, conjugated polymers
provide many unique advantages, such as low-cost, solution-processable, mechani-
cally flexible, and compatible with heat-sensitive substrates. Conjugated polymer is
becoming one of the most active research areas in chemistry, material science, and
electronic engineering. The research works in this thesis focus on the design, syn-
thesis, and structure-property relationship study of isoindigo-based polymer FETs.

In Chap. 2, we initialized our investigation on polymer FETs through careful
analysis the influence of the alkyl chain on the interchain interaction of conjugated
polymers. For the first time, isoindigo-based conjugated polymers were used as the
active layer in polymer FETs, exhibiting high performance and high stability for
6 months under ambient conditions. In order to investigate the structure-property
relationship in isoindigo-based polymers, we have developed ten isoindigo-based
polymers and analyzed their device performances and polymer packings in thin
film. Our study reveals that the symmetry and backbone curvature of conjugated
polymers affected the polymer packings and interchain interactions, thus leading to
significant influences on the hole mobilities in these polymers. After introducing
methyl groups on donor units, the hole mobility of the polymer obviously
decreased, further demonstrating our hypothesis that the improper introduction of
alkyl chains could reduce interchain interactions in conjugated polymers. To further
enhance the device performance of isoindigo polymers, we investigated how
moving branching point away from the polymer backbone influenced the carrier
mobilities. The sequential changing of the conventional branched alkyl chains
resulted in a remarkably high hole mobility of 3.62 cm® V™! s™! in the isoindigo-
based polymer. Therefore, we demonstrated that a subtle change of conventional
alkyl chains can lead to significant influence on device performance.
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In Chap. 3, in order to improve the electron mobility and device stability in
isoindigo-based polymers, we have introduced fluorine atoms on the isoindigo core
and lowered the LUMO level of an isoindigo polymer. After introducing fluorine
atoms, ambipolar transport behaviors in isoindigo-based conjugated polymers were
observed for the first time. Fluorination on the isoindigo unit significantly increased
the electron mobility from 1072 to 0.43 cm® V™' s™' while maintaining high hole
mobility of up to 1.85 cm® V™! s™! for devices fabricated under ambient conditions.
Furthermore, we chlorinated isoindigo-based polymers through an efficient chlo-
rination reaction. Balanced charge carrier transport with hole mobilities of up to 0.
81 cm? V™' s7! and electron mobilities of up to 0.66 cm* V™' s were obtained for
devices fabricated under ambient conditions. This work represents the first chlo-
rination on semiconducting polymers, and the chlorinated isoindigo polymers are
the first ambipolar polymers that can transport carriers both in balance and in
ambient.

In Chap. 4, encouraged by the research in isoindigo-based polymers, we have
developed a new electron-deficient building block BDOPYV for high electron mobility
conjugated polymers. We have analyzed the factors that limited the carrier transport in
poly(p-phenylene vinylene) and its derivatives (PPVs) and designed a novel PPV-
based polymer BDPPV by using BDOPV. This polymer displayed high electron
mobilities of up to 1.1 cm® V™' s™! under ambient conditions. The mobility is 4 orders
of magnitude higher than other PPV, because BDPPV overcame common defects in
PPVs, such as conformational disorder, weak interchain interaction, and high LUMO
level. By using the BDOPYV unit as the acceptor, donor—acceptor polymer BDOPV-
2T, a typical third-generation polymer have been developed. BDOPV-2T exhibited
n-type transport behavior with high electron mobilities of up to 1.74 cm* V™' s~
under ambient conditions. Upon oxygen exposure, this polymer displayed interesting
ambipolar transporting behavior and maintains high electron mobility of 1.
45 cm® V™' 57!, along with significantly increased hole mobility of 0.47 cm®* V™' s,
Based on these results, the oxygen-doping effect and possible mechanism in BDOPV-
2T was also investigated. The “conformation locking” strategy was used to further
improve the device performance of BDPPV. To “lock” the rest one of the double
bonds in the BDPPV polymer, we have introduced fluorine atoms to form intramo-
lecular hydrogen bonds. We synthesized two new building blocks, FBDOPV-1 and
FBDOPV-2, with fluorine atoms at different positions of BDOPV. These two
building blocks showed very deep LUMO levels of —4.38 eV, significantly lower than
the acceptors reported in literature. The two building blocks are used to prepare two
new PPV derivatives, FBDPPV-1 and FBDPPV-2. Fluorine atoms can lower the
LUMO level and “lock” the conformation of polymer backbones through intramo-
lecular hydrogen bonds. FBDPPV-1 exhibited an electron mobilities of up to 1.
70 cm® V™' 57! under ambient conditions, which is among the highest in n-type
conjugated polymers. The two fluorinated polymers had considerably different device
performance despite their similar physical and electrochemical properties, including
molecular weight, thin-film packing, and morphology. This work demonstrates that
fluorination can do more than lower the energy level of the polymers, it can also
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influence backbone conformations, interchain interactions, molecular packings, and
thereby device performance.

From the consideration of the impediment of alkyl chains to the variation of the
side-chain branching positions, from the design of high-stability p-type FETS to the
realization of ambient-stable ambipolar and n-type FETs, from the engineering of
donor symmetry to the extension of the isoindigo core, and from the introduction of
shape-persistent backbones to the locking of polymer conformations, this book
describes my PhD works on developing isoindigo-based conjugated polymers and
investigating the structure-property relationship of polymer FETs. These works
demonstrate that a synergy of the molecular engineering strategies toward isoindigo
core, donor units and side chains not only improves the device performance and
broadens the application of isoindigo polymers, but also enables a better funda-
mental understanding of the structure-property relationship in conjugated polymers.
Many results demonstrate that these developments and design strategies are also
significant for other polymer systems and even small molecules. However, to
advance the practical application of polymer FETs, challenges persist, especially in
further enhancing both hole and electron mobilities, better controlling the molecular
packing, and substantially improving the device reproducibility and stability, which
call for the integrated consideration of both molecular design and process engi-
neering and the collective efforts of scientists in multiple disciplines.
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