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1
Introduction
Nature and nature’s laws lay hid in the night;
God said ‘Let Newton be!’ and all was light.
Alexander Pope
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1. Introduction

1.1. The Field of Conjugated Polymers and Organic
Electronics Applications
Polymers that have continuous 𝜋 electron systems, which mainly rely on alternative
carbon-carbon single and double bonds in the main chain, are called conjugated
polymers. Electrons in 𝜋 orbitals are effectively delocalized along the polymers
main chain. The energy gap between the bonding orbitals and anti-bonding orbitals
is small. This determines the semiconducting properties of conjugated polymers.
These characters intrinsically endow conjugated polymers with fascinating optical
and electrical properties. Conjugated polymers can also be tailored to exhibit metallic state properties by chemical or electrochemical doping. These processes involve
removing (p-type doping) or adding (n-type doping) an electron to create mobile
charge carriers and can lead to high electrical conductivity.[1, 2]
Since the discovery of conductive polyacetylene by Heeger, MacDairmid, and
Shirakawa in 1976 and Nobel prize awarded for conducting polymers in 2000, conjugated polymers have attracted intensive attention in the last decades due to their
unique combining semiconducting/conducting properties with excellent mechanical
properties such as light weight, flexibility, and solution processability.[3]
From the view of the material resource, conjugated polymers are mainly based
on earth-abundant elements, that is, carbon, oxygen, nitrogen, and sulfur. Besides, the directly starting materials for the synthesis of conjugated polymers are
based on the well-developed petrochemical industry. Hence, there is no significant concern on the limit of the raw materials. Thanks to the rapid development
of organic synthesis technique, a lot of building blocks have been well developed
for conjugated polymers. Moreover, conjugated polymers with desired properties
can be easily tailored by precise molecular design and the vast toolbox of polymer
chemistry.[3–5]
The organic electronics applications of conjugated polymers diverge into two
main fields depending on the properties of the materials. Conjugated polymers
in their undoped, semiconducting state, are used as active materials in organic
electronic devices such as organic field-effect transistors (OFETs) and organic photovoltaics (OPVs); conjugated polymers in doped, metalic state are used as active
materials in chemical sensors and organic thermoelectric devices. [6–8]

1.2. Intrinsic Conjugated Polymers and Polymer Solar Cells
Intrinsic Properties of Conjugated Polymers
Different from inorganic semiconductors, where the atoms are held together by
strong covalent or ionic bonds, the inter-chain interactions in polymeric materials
are mainly (weaker) forces such as the van der Waals force, dipole-dipole interaction, and hydrogen bond interactions or alike, resulting in disordered films with
limited intermolecular 𝜋-orbital overlap. Hence the charge carrier mobility of conjugated polymers materials is significantly lower than that of inorganic semiconducting
materials, such as crystalline Si.[9]
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Another drawback of most existing conjugated polymers is that they have low
dielectric constant (𝜀 ≈2-4), that means, when they subjected to photoexcitation,
the generated excitons tend to have a rather high exciton binding energies due to
the lack of dielectric screening. In the research of polymer solar cells, this high
exciton binding energy in conjugated polymer requires a heterojunction interface
to facilitate the splitting of excitons into electrons and holes.[10, 11]

Figure 1.1: (a) Aromatic and quinoid resonance forms for the ground state within nondegenerate energy
of poly(p-phenylene), poly(p-phenylenevinylene), polythiophene, and polyisothianaphthene, the band
gap decreases linearly as a function of the increasing quinoid character. (b) Energy level hybridizations
in D–A conjugated polymer, where orbital interactions of donor and acceptor units leading to a smaller
band gap in a D-A conjugated polymer.

On the other hand, conjugated polymers have intrinsic advantages that make
them competitive alternatives to inorganic materials for optoelectronic applications.
Firstly, conjugated polymers can be designed to have very high absorption coefficients which enable the use of very thin active layers for efficient light harvest,
making them useful for photovoltaics and photodetectors applications.[12] Secondly, the dedicated design of conjugated polymers can also lead to a relatively
high photoluminescence quantum efficiency, which is thus beneficial for making
them promising candidates for light emitting diodes.[13, 14] Thirdly, band-gap of
conjugated polymers are relatively small and easy to tune, suitable energy levels
allow electrons to easily inject into the conduction band and/or holes into valence
band. As a result, conjugated polymer materials with p-type and n-type charge
transport property can be achieved and are the promising candidates for field ef-
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fect transistor applications.[15, 16]
The band-gap and the energy levels positions of the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) are the
essential characteristics of given conjugated polymers for determining the optical
and electrical properties. Thus, fine-tuning the energy levels and narrowing the
bandgap of the conjugated polymers are the primary tasks in the field of conjugated polymers. So far, there are two main chemistry design approaches to effectively lower the bandgap and tune the energy levels of the conjugated polymers:
(1) stabilizing the quinoid resonance structure and (2) utilizing donor-acceptor
interaction.[3, 4, 6, 17, 18]
Aromatic conjugated systems have two resonance structures (the aromatic structure and the quinoid structure) in the ground state with nondegenerated energy.
The aromatic form is energetically more stable, while the quinoid form has higher
energy and a lower band gap. As shown in Figure 1.1a, as the contribution of
quinoid form increases, the carbon-carbon single bonds between two adjacent rings
adopt a more double bond character. Overall, the HOMO-LUMO band gap decreases
as a function of the increasing quinoid character. A reduction in aromaticity of the
aromatic units in the conjugated main chain allows a greater tendency to adopt
the quinoid form through 𝜋-electron delocalization. The main chain of polyisothianaphthene (PITN) tends to favor the quinoid structure to selectively maintain the
benzene aromaticity, making PITN the first well-known conjugated polymer with a
narrow band gap as small as 1 eV.[17]
A more powerful strategy in designing low band gap conjugated polymers is
to alternate a conjugated electron-rich donor (D) unit and a conjugated electrondeficient acceptor (A) unit in the same polymer backbone. As shown in Figure 1.1b,
the push-pull driving forces facilitate electron delocalization and help the formation
of quinoid mesomeric structures (D-A→D -A ) over the conjugated main chain,
lowering the band gap. This can be elucidated in a more explicit and simpler way by
introducing the concept of hybridization of the molecular orbital between the donor
and acceptor in the D-A polymer. According to the rules of perturbation theory, the
HOMO of the donor segment will interact with the HOMO of the acceptor segment
to yield new HOMOs for the D-A polymer. Similarly, the LUMO of the donor will
interact with that of the acceptor to produce new LUMOs of the D-A polymer. After
the electrons redistribute from their original noninteracting orbitals to the newly
hybridized orbitals of the polymer, a higher-lying HOMO, and a lower-lying LUMO
form and lead to a narrow optical band gap.[3, 4, 6]
Conjugated Polymers for Solar Cells
Nowadays, the research field of 𝜋-conjugated polymers is dominated by a massive
worldwide effort to continuously update power conversion efficiencies of organic
solar cells for commercialization. Rapid progress in polymer solar cells benefits
from new materials and new devices fabrication technologies.[19]
From the view of the device, back to the 1980s, the bi-layer donor-acceptor heterojunction device was designed by Tang as shown in Figure 1.2a.[20] This design
has an interface between the donor and acceptor which provides the required energy for exciton dissociation due to two materials LUMO offset. However, a primary
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shortcoming of this design is that most of the generated excitons in photoactive
materials cannot reach the interface to dissociate due to their short lifetime and
short diffusion length.
Later, Wudl and Heeger introduced the bulk heterojunction (BHJ) concept to
the polymer solar cells to solve the problem of bi-layer design, as shown in Figure 1.2b.[21] In BHJ polymer solar cells, the donor and acceptor are intimately
blended. During the film casting, nanostructured morphology of bicontinuous interpenetrating networks is formed, providing multiple interfaces for splitting the
excitons. Therefore, the efficiencies of solar cells were improved significantly.

Figure 1.2: General device architectures of donor-accpetor solar cells with (a) bilayer structure and (b)
bulk heterijunction structure; (c) The HOMO and LUMO energy levels of the electron donor and acceptor;
(d) The typical current densities versus voltage plot of polymer solar cells.

Fundamental understandings of molecular design principles enable the effective
tailoring of the intrinsic properties of conjugated polymers to enhance the performance of devices application. Polymer solar cells performance is characterized by
the device current-voltage measurement, as illustrated in Figure 1.2d. The power
conversion efficiency (PCE) of polymer solar cells can be calculated using the following equation 1.1
𝑃𝐶𝐸 = 𝐹𝐹

𝐽 𝑉
𝑃

(1.1)

where FF is the fill factor (see equation 1.2), V is the open-circuit voltage, J
the short-circuit current, and P
is the power of incident light.
𝐹𝐹 =

𝐽

𝑉
𝐽 𝑉

is

(1.2)
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J is mainly determined by the absorption efficiency of the active layer, combined with the charge carrier dissociation and transportation to the respective electrodes. Therefore, designing semiconducting conjugated polymers with strong and
broad optical spectra to fully exploit the sun irradiation is a crucial and effective way
to approach high J , thus high PCE.[22]
V is approximately proportional to the energy offset between the acceptor
semiconductor LUMO and the donor semiconductor HOMO (E ). Hence, it is significant of importance to fine-tune the HOMO energy levels of donor semiconducting
conjugated polymers and the LUMO energy level of acceptor to maintain a large
V .[22–24]
FF is the least understood among the parameters of polymer solar cell performance. It was found that the FF are generally limited by low and unbalanced
hole/electron charge carrier mobility of conjugated polymers. In addition, other
factors such as charge carrier lifetime, active layer morphology, and interfacial and
bulk charge recombination also play essential roles. Therefore, designing conjugated polymer with high charge carrier mobility and lifetime is an important subject
for approaching high FF, thereby high PCE.[22, 25]
In summary, conjugated polymers for achieving high performance organic solar
cells need several requirements. (1) broad optical spectra of polymers to match the
solar spectrum; (2) optimizing the energy level of donor and acceptor: a) providing
enough LUMO offset for splitting the exciton, b) maximum the difference between
the HOMO of donor polymers and LUMO of acceptor to maintain a high V ; (3)
optimizing polymer backbone stacking to improve the mobility.[3, 26]

1.3. Doped Conjugated Polymers and Thermoelectric Devices
Doped Conjugated Polymers
The pioneering work where iodine-doped polyacetylene showed high electrical conductivity piqued an early interest in organic conductors. Since then, molecular doping of conjugated polymers has become a pivotal strategy to modulate the carrier
density for achieving high-performance organic thermoelectric devices.[2, 7]
There are two main strategies (electrochemical doping and chemical doping) to
increase the charge carrier density of a conjugated polymer to make it a conducting polymer. In electrochemical doping, the conjugated polymer is deposited on
a metal electrode and is contacted with an electrolyte. At a specific applied electric potential, the electron can be injected into (n-type doping) or removed (p-type
doping) from the conjugated molecule, and negative or positive charges with radicals are created. Then the opposite charge counterions penetrate into the polymer
film to maintain its charge-neutrality due to the electrostatic interactions between
the polymer and counterions. The alternative approach is chemical doping. In this
case, a charge-transfer agent (dopant) is used to react with the conjugated polymer to generate positive or negative charges in the conjugated polymer chains by
oxidation or reduction.[7, 27]
There are two primary mechanisms of (electro)chemical doping being recog-
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Figure 1.3: Schematic illustration of the principle of two doping strategies. (a) For redox doping, which
involves an electron transfer from the HOMO of the n-type dopant to the LUMO of the semiconductor in
n-doping or an electron transfer from the HOMO of the semiconductor to the p-type dopant in p-doping,
respectively. To facilitate the electron transfer, the HOMO of the N-dopant has to be higher than the
LUMO of the semiconductor for n-doping, or the LUMO of the P-dopant has to lower the HOMO of the
semiconductor for p-doping. (b) For acid-base doping, which involves the charge transfer of an anion
(e.g., H ) or cation (e.g., H ) to the semiconductor in the case of n-doping and p-doping, respectively.

nized for doped conjugated polymers, as shown in 1.3. One is based on redox reactions. In electrochemical doping, electrons transfer between polymer backbones
and metal electrodes. In chemical doping, the redox doping process is based on
donor-to-acceptor electron transfer, which involves the electrons transfer between
conjugated polymer backbones and dopant molecules, and forms a donor–acceptor
charge-transfer complex or ion pair. Electron transfer from the HOMO of the conjugated polymer to the LUMO of the acceptor leads to p-doping, while the electron
transfer from the HOMO of a donor to the LUMO of the acceptor gives rise to ndoping. Slight energy offset between the involved HOMO and LUMO levels will
significantly improve the redox doping efficiency. Namely, the HOMO of the Ndopant has to be higher than the LUMO of the semiconductor for n-doping, or the
LUMO of the P-dopant has to be lower than the HOMO of the semiconductor for
p-doping.
The other mechanism is the acid-base doping through ion transfer where proton (H ) or hydride (H ) transfer to the polymer backbones without variation in
electron numbers. For example, in acid doped polyaniline system, protons (H )
transfer to the backbone of the polymer and are bound covalently, which leads
to the positive charges that delocalize in the 𝜋 electron system and create the
unpaired-spins, resulting in high conductivity of the p-type polymer. In analogy to
acid doping, the base doping process was developed recently in the system of lowlying LUMO conjugated polymer and Benzimidazole derivatives dopant such as (4(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI).
Benzimidazole derivatives are air-stable compounds and efficiently produce hydride
(H ). These intrinsic merits allow n-doping happen through hydride (H ) transfer
to a low-lying LUMO conjugated polymer in an inert atmosphere.[28–30]
The change from the semiconductor state to the metallic state of conjugated
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polymers is always accompanied by some novel electrical, optical, and magnetic
phenomena. Most doping-induced charge carriers in conjugated polymers can be
expressed as two distinct forms: polarons and bipolarons.[2, 31–33]
Here p-doping is discussed, and the mechanism is applied to the n-doping, but
in an opposite manner. An excellent example of the formation of polarons and
bipolarons in P3HT is depicted in Figure 1.4.[2, 28] When an electron is removed
from the valence band (HOMO), some 𝜋-bonds in the polymer backbone begin to
have an anti-bonding character being accompanied by a local distortion in the polymer chain. This quasi-particle composed of a positive charge associated with the
lattice distortion is called delocalized radical cation by the chemists or a positive
polaron by the physicists. These polarons charge carrier can be detected by the
electron paramagnetic resonance spectroscopy (EPR) since they carry half-integer
spins. The unpaired electron lays on a half-filled orbital above the valence band.
The corresponding anti-bonding orbital is empty, lying below the bottom of the conduction band (LUMO). In the undoped, intrinsic state, conjugated polymers display
the optical transition from the HOMO level to the LUMO level (as seen in Figure
1.4, 𝜋 − 𝜋∗ transition). After removing one electron, the new polaronic state that
appears within the band gap of the conjugated polymer gives rise to new optical
transitions (𝜋 − 𝑃 and 𝑃 − 𝑃 ). As shown in Figure 1.4, ideally, in solution, one polaron chain shows the optical transitions (green line). In the solid state, due to the
packing and aggregation of polymer chains, more optical transitions are possible,
making the polarons absorption become broaden (cyan line).
Furthermore, for p-doping of P3HT, one more electron is removed, which leads to
the polymer with delocalized dications. This quasi-particle that carries two positive
charges and associates with the same lattice defect is called positive bipolaron. A
bipolaron is formed rather than two polarons owing to the energetic reasons which
include the Coulomb repulsion between the two charges, the electrostatic effect
of counterions, and the energy cost of lattice distortion. The lattice distortion in
a bipolaron is more pronounced than that in a polaron. Therefore, a more clear
quinoid structure is adopted in a bipolaron, leading to two empty bipolaronic levels
shifting further into the band gap. As shown in Figure 1.4, in solution, bipolarons
show the optical transitions (red line). In the solid state, due to the packing and
aggregation of polymer chains, more optical transitions are possible. With additional
shift and broadening effects, it becomes difficult to identify transitions for a polaron
and a bipolaron precisely. At high doping levels, the optical transition gets more
complicated. (Bi)polarons locate either on the same chain or on the neighboring
chains and start to overlap, which give rise to the formation of intra-chain or interchain. Therefore, the (Bi)polarons typically show a broad NIR absorption even
extending in the far IR (black line), thus resulting in the conducting polymers with
vanishingly small band gap and metallic-like electrical properties.
Thermoelectric Devices
In the past decades, remarkable progress has been achieved in organic thermoelectric devices based on conductive polymers, including materials, devices and
theoretical works. However, research in this field is still in its infancy. Thus mas-
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Figure 1.4: Schematic presentation for (a) p-doping of Poly(3-hexylthiophene)s , (b) the corresponding
band structure evolution, (c) and the corresponding optical properties. (a, top) one electron was removed from undoped polymer Poly(3-hexylthiophene)s; (a, middle) leads to the formation of a polaron;
(a, bottom) finally form a bipolaron state by continuously removing the electron. (b) Electronic band
structures of Poly(3-hexylthiophene)s at neutral or various oxidation states: (b, top) a neutral state;
(b, middle) a chain carrying a polaron and assembly of chains with a high concentration of polarons
(intrachain or interchain polaron network); (b, bottom) a chain carrying a bipolaron and assembly of
chains with a high concentration of bipolarons (intrachain or interchain bipolaron bands. (c) The optical
spectra of Poly(3-hexylthiophene)s (c, top) in neutral state, (c, middle) with polaron, (c, bottom) with
bipolaron, are illustrated.

sive efforts are needed to understand and utilized the thermoelectric properties of
conductive polymers.[29, 34–37]
Seebeck coefficient is the fundamental principle of the thermoelectric devices
which directly convert temperature gradients into electricity.[38] For a given thermoelectric material, when it is subject to a temperature gradient, it will experience
the Seebeck effect and give rise to a potential difference. This phenomenon is because that charge carriers in the material will accumulate and increase due to the
diffusion from the hot to the cold end, therefore, resulting in an internal electric
field. Thus we can write Seebeck coefficient: (see the equation 1.3).

𝑆=

Δ𝑉
Δ𝑇

(1.3)

where S (V K ) is the Seebeck coefficient, positive for p-type and negative for
n-type. Δ𝑉 and Δ𝑇 are the potential and temperature gradient at a small change in
temperature.
In general, thermoelectric properties are quantified by the unitless figure of
merit ZT (see the equation 1.4),
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Figure 1.5: Schematic illustration of thermoelectric device element and the measurement architectures
a) A thermoelectric element composed of one n- and one p-type thermoelectric leg that experience a
temperature gradient leading to charge carriers diffusion, resulting in the formation of current in the
circuit to drive the load. b) A typical set-up for measurement of Seebeck coefficient ( V/ T). (c) Fourcontact method for measurement of electrical conductivity.

𝑍𝑇 =

𝑆 𝜎
𝑇
𝜅

(1.4)

where S is the Seebeck coefficient, 𝜎 is electrical conductivity, 𝜅 is thermal conductivity, T is the absolute temperature. And because of the extremely low thermal
conductivities (𝜅) of polymer materials (𝜅 = 0.01-1 W m K ) and in addition, the
thermal conductivity can be challenging to measure, the thermoelectric properties
of conjugated polymer can also be evaluated by the power factor (see the equation
1.5).

𝑃𝐹 = 𝑆 𝜎

(1.5)

The power factor is often used as the critical parameter to be optimized for efficient thermoelectric and for comparing the thermoelectric performance of different
materials.
Therefore, enhancing the 𝜎 and S is the key to improve the thermoelectric
performance of conducting polymers. However, both 𝜎 and S are relative to the
molecular doping level but show a distinct relationship with each other. This typical
inverse relationship makes it complicate to optimize and usually requires a compromise to balance.[30]
The electrical conductivity 𝜎 is described as:(equation 1.6)

𝜎 = 𝑞𝑛𝜇
where q is the electric charge of a charge carrier, n (cm
centration, and 𝜇 is charge carrier mobility.

(1.6)
) is charge carrier con-
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𝑆=−

1
(𝐸 − 𝐸 )
𝑞𝑇
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where q is the electric charge of a charge carrier, T is absolute temperature, E
is the Fermi level, and E is the charge transport energy level. According to the
equation of equation 1.7, the Seebeck coefficient (S) is determined by the difference
between the Fermi level energy (E ) and the charge transport energy (E ).
An intrinsic semiconductor has a low conductivity due to its low charge carrier
concentration. Molecular doping can effectively improve the charge carrier concentration to enhance the conductivity, while it also simultaneously shifts E towards
E , as the molecular doping generating more charges, usually leading to the decreases of absolute S correspondingly. Therefore, to achieve the best performance
of the devices, the proper molecular doping level is required.
In order to achieve practical applications, both efficient p-type and n-type thermoelectric materials are required, as shown in Figure 1.5. Recently, p-type thermoelectric polymers have been intensively studied,[34, 35] and significant progress
has been made with high ZT = 0.42.[39, 40] However, the development of efficient
n-type thermoelectric polymer materials still lies behind.[15] Thus, it is meaningful
to put efforts into developing n-type conjugated polymers.

1.4. General Routes for Synthesis of Conjugated Polymers
Since the discovery of semiconductive polyacetylene, many synthesis methodologies have been developed for conjugated polymers with tailoring properties for various applications. Fundamentally, the construction of conjugated polymers relies on
the efficient carbon-carbon single bond coupling reaction between two unsaturated
carbons in the aromatic building blocks.[41, 42]
Polymerization Methods for Polythiopenes
The first breakthrough approach to developing the processable conjugated polymers is a simple one-step oxidation reaction of synthesis of poly(3-alkylthiophene)
in 1986-1987.[43] Furthermore, investigations on this methodology lead to the synthesis of water-processable, air-stable, semi-transparent, highly conducting poly(3,4ethylenedioxythiophene) (PEDOT:PSS, as shown in Figure 1.6).
Later, McCullough [44]and Rieke[45, 46] independently reported the preparations of well-defined regioregular poly(3-alkylthiophene)s by metal-catalyzed polymerization methods (Figure 1.6). By optimizing the reaction conditions, a more mild
approach of the Grignard metathesis method (GRIM) was achieved.[47] Nowadays,
both regioregular-P3HT and PEDOT:PSS are the most utilized conjugated polymers
and are commercially available.
Polymerization methods for donor-acceptor conjugated polymers
Motivated by the development of polymeric light emitting diodes and photovoltaic
cells in the 90’s, the community of conjugated polymers shifted the focus from

12

1. Introduction

1

Figure 1.6: Synthesis of processable poly(3-alkylthiophene)s and poly(3,4-ethylenedioxythiophene)
by oxidative polymerization and Polymerization methods for the processable regioregular poly(3hexylthiophene)s

the highly conducting polymers to the design of stable semiconducting polymers
with tunable electronic and optical properties. For this purpose, transition-metalcatalyzed cross-coupling reactions which provide a particularly powerful tool for
Csp -Csp and Csp-Csp bond formation have been employed to construct conjugated polymers.
As shown in Figure 1.7, the most commonly employed transition-metal-catalyzed
cross-coupling reactions for making conjugated polymers are palladium-catalyzed
Suzuki and Stille cross-coupling reactions[48, 49] although other cross-coupling
reactions have also been used.[50, 51]
Usually, Stille and Suzuki coupling reactions employ two distinct functional monomers, in which one is bromide monomer, the other one is stannyl (Stille) or boron
(Suzuki) functional reagents, thus providing various choices of designing functional
building blocks for the conjugated polymers. Besides the advantage of high yield
of Suzuki and Stille polymerization, these reaction conditions are generally mild
and can tolerate many functional groups. This merit is extremely important for
synthesizing advanced conjugated polymers with some special functional groups.
Through modification and combination of different building blocks (electron-rich
and electron-poor), many new polymers with push-pull architectures have been
designed and synthesized toward different applications.
So far, most of the high performance 𝜋 conjugated polymers are prepared by

1.5. Green solvent process-able conjugated polymers
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Figure 1.7: Most common polymerization reaction schemes for conjugated polymer synthesis include
palladium-catalyzed Suzuki (Top) or Stille (Middle) cross-coupling reactions, where require a bifunctionalised monomer regent (boronic ester for Suzuki, organostannyl for Stille) and direct (hetero)arylation
polymerization method (Bottom) without involving boronic ester or organostannyl.

Stille or Suzuki polymerization reaction. However, the state-of-the-art polymerization methods generally require numerous synthetic steps and organometallic
reagents that lead to an increase of metal waste and various by-products. Especially, for example, Stille reaction involves highly neurotoxic organo-stannanes,
which drive a significant obstacle in large-scale industrial production. Therefore,
greener and cheaper polymerization methods are indeed needed.
Recently, metal-catalyzed direct arylation of aromatic compounds has been developed in the synthesis of small molecules. Later, this method was applied quickly
in conjugated polymers since this method does not require organometallic intermediates and significantly reduce both synthetic steps and cost.[52, 53] From an
industrial perspective, these unbeatable advantages can be essential for the largescale development of organic electronics. This novel polymerization technique has
already demonstrated the successfulness of synthesizing highly performing polymers for organic solar cells[54] and field-effect transistors.[55]

1.5. Green solvent process-able conjugated polymers
Historically, halogenated solvents such as 1,2-dichlorobenzene, chlorobenzene, and
chloroform have been selected as the best choice for processing, owing to their
excellent solubility with conjugated polymers for achieving the excellent film morphology and relatively small-length scale domains. These are the key for favorable
charge transport in organic electronic devices.
Nowadays, although the field of polymer solar cells is developing rapidly and
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the record power conversion efficiency has been boosted up to 17.23%,[56] the
light-harvesting layers of state-of-the-art organic solar cells are still processed by
very toxic chlorinated and/or aromatic solvents.
Therefore, there is a strong demand to develop green-solvent-processable conjugated polymers which are more suitable for the mass process industrial applications. [57–60] A straightforward and general approach to increase the greensolvent processability of the conjugated polymers is via installing polar, ionic pendant group on the backbone of the polymer.[61–63] So far, most of such designed
conjugated polymers named conjugated polyelectrolytes (CPEs) remain the semiconducting properties and improve solubility in the polar solvent (such as water,
alcohols) and are widely used in the optoelectronic field.[64] For instance, in bulk
heterojunction organic solar cells, green-solvent-processable conjugated polyelectrolytes (PFN, PFN-Br) have been successfully used as the interfacial layer materials for hole/electron transporting and collecting to maximize the power conversion
efficiency.[59, 65–69]
However, only a few literature reported that this designed CPEs acted as an active material in semiconductor devices.[70, 71] Furthermore, most CPEs modified
optoelectronic devices suffer from thickness sensitive problem because the high
thickness CPEs film always give poor morphology[72] and result in low charge mobility, only a very thin interlayer (≤ 5 nm) can give efficient performance devices[64,
68, 69, 73]. Although the thicker films problem can mitigate by replacing semiconducting CPEs with doped, metallic state CPEs (CPE-K, CPE-Na),[74–77] these
conducting, metallic state polymers are not suitable for the organic solar cells.[78]
Therefore, there is indeed need to develop intrinsic semiconducting conjugated
polyelectrolytes for active materials in semiconductor devices.

Figure 1.8: Some typical conjugated polyelectrolyte structure

We are developing an alternative to CPEs in which “spinless doping” introduces formal charges into the backbones of conjugated polymers without the requisite spin to induce the transition to the metallic state.[79] These conjugated
polyions (CPIs) are intrinsic semiconductors that are completely soluble in and processible from polar, protic solvents.[80–82] However, their redox potentials and
bandgaps were not suitable for use in OSCs. In this thesis of chapter 2, we report
two CPIs, CPIZ-B and CPIZ-T, synthesized using a three components random
Suzuki-Miyaura copolymerization to control the electronic structure while retaining sufficient ionic character for processing from polar, protic solvents. Ultravioletvisible near infrared (UV-Vis-NIR) and electron paramagnetic resonance (EPR) spec-
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troscopy and proof-of-concept bi-layer OSCs confirm that spinless doping.

1.6. Thesis Outline
The scientific goal of this thesis aims to use chemistry approaches to design novel
conjugated polymers for specific purposes. 1) enhance the solubility of intrinsic
conjugated polymers in green solvent to replace the highly toxic chlorinated solvent in fabricating organic electronic devices; 2) design and synthesize n-type conjugated polymer in pursuit of high performance of organic thermoelectric devices
and for better understanding the relationship between chemical structures and device performances; 3) investigate novel polymerization strategies to make conjugated polymers. In the meantime, we are also interested in understanding the
relationship between molecular structures and charge transport in single-molecular
and molecular-ensemble monolayer tunneling junctions.
In Chapter 2, we report the synthesis and characterization of three new aromatic
polyketones with repeating units base on 2,2’-(2,5-dihexyl-1,4-phenylene) dithiophene (PTK), 2,2’-(9,9-dihexyl-9H-fluorene-2,7-diyl)dithiophene (PFTK), and 4,7bis(3-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (PBTK). These polymers were
synthesized with a one-pot Suzuki-Miyaura cross-coupling promoted homopolymerization, which offered good chemical integrity. Experimental as well as theoretical
calculation studies were applied to investigate the optical and electrical properties
of these polymers. These new aromatic polyketones possess excellent thermal stability. Especially, they exhibited tunable optoelectronic properties when exposed to
acidic conditions.
In Chapter 3, we describe the design, synthesis and optical and electronic properties of two conjugated polymers CPIZ-B and CPIZ-T that incorporate closedshell cations into the backbones, balanced by anionic pendant groups. The zwitterionic nature of the polymers renders them soluble in and processible from polar, protic solvents to form semiconducting films that are charged, but not doped.
These unique properties are confirmed by absorption and electron paramagnetic
resonance spectroscopy. The energies of the unoccupied states respond to the
tritylium moieties in the conjugated backbone, while the occupied states respond
to the electron-donating ability of the uncharged, aromatic units in the backbone.
Films cast from 80:20 HCO2 H:H2 O by volume show good electron-mobilities, enabling a photovoltaic effect in the proof-of-concept, bilayer solar cells.
In Chapter 4, molecular doping of conjugated polymers is a crucial strategy
for achieving high-performance organic thermoelectric devices. The relationship
between molecular structures of n-type conjugated polymers and thermoelectric
device performance remains vague. Most of the previous works focus on studying
the relationship of the backbone architecture with the molecular doping while the
effects of the side chains are less explored. In this chapter, we demonstrate how
the type and position of side chains impact the n-doping of donor-acceptor (D-A)
copolymers. Four different combinations of linear ethylene glycol-based polar side
chains and traditional alkyl side chains are used, and the resultant D-A copolymers
are molecularly n-doped by organic dopant with varying doping concentrations. It is
found that the polar side chains can increase the electron affinity of D-A copolymers
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and significantly improve the mixing of host D-A copolymers with polar dopant as
compared to the alkyl side chains. As a result, we achieve an optimized conductivity
of 0.08 S/cm in the doped D-A copolymer with the polar side chains on both D and
A moieties. Besides, we observe an unusual sign switching of Seebeck coefficient
by increasing the doping concentration in doped D-A copolymers with different-type
side chains on the two moieties. Our work offers an insight into the roles of side
chains play in molecular n-doping, which might be general for most conjugated
polymers
In Chapter 5, we demonstrated that the n-type thermoelectric performance of
donor-acceptor (D-A) copolymers can be enhanced by a factor of >1000 by tailoring the density of states (DOS). The DOS distribution is tailored by embedding
sp -nitrogen atoms into the donor moiety of the D-A backbone. Consequently,
an electrical conductivity of 1.8 S/cm and a power factor of 4.5 𝜇Wm K are
achieved. Interestingly, we observe an unusual sign switching (from negative to
positive) of the Seebeck coefficient of the unmodified D-A copolymer at moderately
high dopant loading. A direct measurement of the DOS shows that the DOS distributions become less broad upon modifying the backbone in both pristine and doped
states. Additionally, doping-induced charge transfer complexes (CTC) states, which
are energetically located below the neutral band, are observed in DOS of the doped
unmodified D-A copolymer. We propose that charge transport through these CTC
states is responsible for the positive Seebeck coefficients in this n-doped system.
In Chapter 6, we employ a bond topology approach to the design and synthesis
of two series of molecular wires. One series is dithiophenes-based molecular wires
with cores of thieno[3,2-b]thiophene (TT-1, linearly conjugation), bithiophene (BT,
linearly conjugation), thieno[2,3-b]thiophene (TT-2, cross-conjugation and an isomer of TT-1. Another series is benzodithiophenes based molecular wires with cores
of benzo[1,2-b:4,5-b’]dithiophene (BDT-1, linearly conjugation), benzo[1,2-b:5,4b’]dithiophene (BDT-3, cross-conjugated and an isomer of BDT-1) and benzo[1,2b:4,5-b’]dithiophene-4,8-dione (BDT-2 cross-conjugated quinone). We investigated
the charge transport of these two series molecular wires in tunneling junctions in a
variety of experimental platforms. Through a combination of density of functional
theory (DFT) and experimental results, we show that cross-conjugation produces a
quantum interference feature that leads to lower conductance. The presence of an
interference feature and its position can be controlled independently by manipulating bond topology and electronegativity. This is the first study to separate these
two parameters experimentally, demonstrating that the conductance of a tunneling
junction depends on the position and depth of a quantum interference (QI) feature,
both of which can be controlled synthetically.
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2
Synthesis, Optical and
Electrochemical Properties of
High-quality
Cross-conjugated Aromatic
Polyketones
In this chapter, we report the synthesis and characterization of three new aromatic polyketones with repeating units base on 2,2’-(2,5-dihexyl-1,4-phenylene)
dithiophene (PTK), 2,2’-(9,9-dihexyl-9H-fluorene-2,7-diyl)dithiophene (PFTK),
and 4,7-bis(3-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (PBTK). These polymers were obtained with a one-pot Suzuki-Miyaura cross-coupling promoted
homopolymerization, which offered good chemical integrity. Experimental as
well as theoretical calculation studies were applied to investigate the optical
and electrical properties of these polymers. These new aromatic polyketones
possess excellent thermal stability. Especially, they exhibited tunable optoelectronic properties when exposed to acidic conditions.

I would like to thank Yuru Liu for help in calculation and Mustapha Abdu-Aguye and Prof. Maria A. Loi
in PL measurement. Manuscript in preparation, G. Ye, Y. Liu, M. A. Aguye, M. A. Loi and R. C. Chiechi.
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2.1. Introduction
romatic polyketones, where the backbones are composed of arylene and ke-

A tonic carbonyl unit, are well-known as high-performance polymers with excellent

2

chemical-physical properties and remarkable thermal stability.[1] These materials
have exhibited potential applications as super-engineering plastics.[1–3] Besides
that, aromatic polyketones have shown promise as electro-active materials as ntype optoelectronic semiconductor.[4, 5] Furthermore, our previous contributions
demonstrated that cross-conjugated aromatic polyketones could be used as the
precursor to developing new linear conjugated polymers by the addition of nucleophiles. These polymers are highly charged, pristine semiconductors, that bear
charges in the backbone but do not spin. These conjugated polyions showed high
potential in green-solvent-processing organic opto-electronic devices[6, 7].
Band-gap and molecular energy levels are significant parameters for organic
semiconductors[8]. Aromatic polyketones and conjugated polyions, as new semiconducting materials, need to be studied in depth, because the band-gaps and
molecular energy levels have not been thoroughly explored. This is largely due to
polymerization challenges of aromatic polyketones, pointing to the significance of
new synthetic protocols towards these exotic polymers[9].
To the best of our knowledge, there are only a few reports about novel polymerization methods for cross-conjugated aromatic polyketones by Curtis and coworkers,[10–12] Hudson and co-workers[13], Gibson and co-workers[2, 3] and
Ito and co-workers[9]. Curtis and co-workers developed the synthesis of crossconjugated aromatic poly(3-alkylthiophene)ketones by a Pd-catalyzed copolymerization of bis(chloromercury)-thiophenes (highly toxic) with carbon oxides (high
pressure) in hot pyridine. Hudson and co-workers reported the synthesis of aromatic polyketone through an aldol condensation of cyclic ketones with aromatic
dialdehydes. However, these aromatic polyketone materials suffered from low solubility because they were partially cross-linked. Gibson and co-workers reported
the synthesis of aromatic polyketones via the nucleophilic aromatic substitution
between arylene dihalides and dicarbanions derived from bis(𝛼-amino nitrile)s, followed by hydrolysis. However, the synthesis of bis(𝛼-amino nitrile)s involved NaCN,
and the post-polymerization was hard to achieve high yields and would produce side
products. Ito and co-workers reported a palladium-catalyzed alternating copolymerization of formal aryne with carbon monoxide. Subsequent acid promoted dehydration yielded the new aromatic polyketones. This method produced aromatic
polyketones together with the corresponding polyketal isomers.
The most common strategy for the synthesis of aromatic polyketones is electrophilic Friedel-Crafts polymerization between bifunctional aromatic acyl chlorides
and electron-rich aromatic compounds to generate the ketone linkages.[14–17]
However, this method has a narrow scope of substrates. The Friedel-Crafts acylation reactivity is sensitive to the extent of electron-deficiency of the acyl-acceptant
arenes. The substrate needs to contain at least one electron-donating group.
Therefore, this approach is particularly suitable to the synthesis of aromatic polyketones with electron-rich conjugation moieties. Hence, it is highly valuable to develop a new pathways towards aromatic polyketones that allows a broader substrate
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scope.
Transition metal (palladium or nickel) catalyzed polymerization promoted by
cross-couplings such as Stille, Suzuki-Miyaura have been widely used to construct
conjugated polymers. However, only a few papers reported that a transition metal
catalyzed polymerization method was used to synthesize the aromatic polyketones[4,
18–20]. In 2005, Chiechi et al. tried to use Suzuki cross-coupled polymerization to
prepare aromatic polyketones from dibromo monomer and diboronic acid monomer,
but it yielded low molecular weight product.[4] And Suzuki cross-coupled copolymerization has the problem of a monomer scope limited to mildly electron-rich
building blocks such as carbazoles and fluorenes. In our earlier contributions, we
demonstrate that one-pot borylation/cross coupling polymerization exhibited a general superiority over the Stille copolymerization in control end group in symmetrical
molecular model systems.[21, 22] Here we further develop the scope of this polymerization method to synthesize of aromatic polyketones.
In this chapter, we report the synthesis and characterization of three new aromatic polyketones with electron-neutralizing (PTK) electron-withdrawing (PBTK),
and electron-donating groups (PFTK) in the backbone. These polymers were synthesized with a one-pot Suzuki-Miyaura cross-coupling promoted homopolymerization, which offered good chemical integrity. We systematically investigate bandgap and molecular energy level of these aromatic polyketones by absorption spectroscopy, cyclic voltammetry and theoretical calculation. As with conventional conjugated polymers, the aromatic polyketones exhibited tunable opto-electroic properties.

2.2. Results and Discussion
2.2.1. Synthesis and Characterization

Figure 2.1: Synthesis of aromatic polyketones via one-pot Suzuki-Miyaura cross-coupling promoted
homo-polymerization.

The synthetic route of the three aromatic polyketones are shown in Figure 2.1.
The synthesis of carbonyl containing monomers is shown in the experimental section. The polymers (PTK, PBTK, and PFTK) were synthesized via one-pot Suzuki
homo-coupling polymerization from the symmetric, bisbromo, ketone containing
monomers. We employed the same polymerization condition for the synthesis of
aromatic polyketones as our previous contribution[21, 22]. We chose DMF and

2
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toluene as polymerization co-solvents because DMF can accelerate standard Suzuki
polymerization and toluene is a good solvent for the resulting polymer. Polymers
were obtained by refluxing the polymerization mixture overnight. Impurities and
low-molecular-weight fractions were removed by methanol and hexane in a Soxhlet extractor. Finally, the polymers were extracted with chloroform, precipitated in
methanol, and further dried under vacuum. Some insoluble solid remained after extracting, likely due to the low solubility of the very high molecular weight fractions.
This phenomenon has also been observed in previous work.[22] The molecular
weights of these aromatic polyketones were determined by gel permeation chromatography (GPC) using polystyrene as standards. The resulting data are shown
in Table 2.1. The M values of PTK, PBTK and PFTK are 57.7, 12.7, and 7.6 kDa,
respectively, and the dispersity index (Đ) values of PTK, PBTK, and PFTK are 7.88,
2.03 and 1.83, respectively. The chemical structures of aromatic polyketone were
characterized by HNMR (see the experimental section) and Fourier transform infrared (FT-IR) spectroscopy. The inclusion of carbonyl group into the polymer was
confirmed by the appearance of the C=O stretching mode around 1600 cm in the
(FT-IR) spectroscopy which is shown in Figures 2.13.
The clear peaks in HNMR, especially in the aliphatic region, can be viewed as
an indicator of the high quality and regioregularity of these aromatic polyketones,
which are shown in Figures 2.13. The high uniformity and clean end-group of these
aromatic polyketones were analysed by MALDI-TOF-MS spectrometry. The MALDITOF-MS spectra of PTK, PBTK, and PFTK are shown in Figure 2.2a. As seen in the
figure, all spectra show cleanly repeating peaks, with a repetition interval of 630 Da
for PTK, 688 Da for PBTK and 718 Da for PFTK, respectively, which is consistent with
the mass of the monomer unit. In addition, there are no residual Br and boronic
ester end groups in all the aromatic polyketones. Some side peaks with higher m/z
values around the major peaks are observed as shown in Figure 2.2b. In PFTK,
one of extra peak at tetrameter +17 m/z, might corresponding to the addition of
hydroxyl group to a polymer chain that transferred from the 2,5-Dihydroxybenzoic
acid matrix. The origin of the other extra peaks are not clear yet.
Table 2.1: The molecular weight and thermal properties data of PTK, PBTK, and PFTK.

Polymer
PTK
PBTK
PFTK

M (kg mol )
7.3
6.3
4.2

M (kg mol )
57.7
12.7
7.6

Đ
7.88
2.03
1.83

T (∘ C)
76
100
124

T (∘ C)
380
330
400

T ( ∘ C)
230
250
225

2.2.2. Thermal Properties
The thermal properties of PTK, PBTK, and PFTK were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The TGA and
DSC results are shown in Figure 2.3, and the corresponding data are summarized
in Table 2.1. All PTK, PBTK, and PFTK showed excellent thermal stability and exhibited double thermal decomposition process. The decomposition temperature (T ),
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Figure 2.2: MALDI-TOF spectra of PTK, PBTK and PFTK.

defined where 5 % weight loss is reached, is at 380 ∘ C, 330 ∘ C and 400 ∘ C for PTK,
PBTK, and PFTK, respectively. The loss weight of first decomposition step is around
37 wt %, 23 wt %, and 41 wt % for PTK, PBTK and PFTK, respectively, which likely
correspond to the loss of hexyl pendant group. The molecular weight ratio of hexyl
pendant group is 39 %, 20 %, and 46 % for PTK, PBTK, and PFTK, respectively.
Given that the high T temperatures of these aromatic polyketones, it is rational
to anticipate that they can be thermally processed without degradation, which may
facilitate their eventual use in organic opto-electronic devices.
The DSC results reveal that these aromatic polyketones are semicrystalline materials. The glass transition temperature (T ) of PTK, PBTK and PFTK is at 76 ∘ C,
100 ∘ C, 124 ∘ C. The increasing T from PTK to PBTK to PFTK is consistent with
increasing the degree of backbone rigidity of these aromatic polyketones. Broad
melting endotherm peak was observed at 230 ∘ C for PTK and 250 ∘ C for PBTK respectively, while the small melting transition was observed for 225 ∘ C PFTK from the
full DSC curves. The decreasing melting endotherm trend of aromatic polyketones
from PTK to PBTK to PFTK indicates the decrease of crystallinity.

2.2.3. Photophysical Properties
Figure 2.4A shows the UV-Vis absorption spectra for these aromatic polyketones
in CHCl3 solution and thin films state. Their photophysical properties and the estimated optical band gap are summarized in Table 2.2. The maximum absorption
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Figure 2.3: A) Thermogravimetric analysis plots and B) DSC curves for PTK, PBTK and PFTK on second
heat, 10∘ C/min.

peak of PTK, PBTK, and PFTK is at 408 nm, 428 nm, and 445 nm in CHCl3 , respectively, which is attributable to the characteristic absorption of the 𝜋 − 𝜋∗ transition
of the polymer backbone. The maximum thin film absorption peak of PTK, PBTK,
and PFTK is at 420 nm, 445 nm, and 450 nm respectively. Compared with solution
absorption, all aromatic polyketone thin film absorptions show a red-shift, indicating
the enhanced interchain 𝜋 −𝜋 stacking in the solid state. According to the thin films
absorption onset, the estimated optical band gap of PTK, PBTK, and PFTK is 2.51 eV,
2.36 eV, and 2.30 eV, respectively, which indicates that inserting an electron donor
or acceptor group can effectively reduce the band gap in this cross-conjugated system. This tunable opto-electronic properties of aromatic polyketones are the same
as conventional linear conjugated polymer.
The steady-state fluorescence spectra of PTK, PBTK, and PFTK in CHCl3 are
shown in Figure 2.5A with steady-state emission peaks at 490 nm, 541 nm, and
520 nm respectively. Time-resolved fluorescence spectra are shown in Figure 2.5B.
PBTK and PFTK clearly showed mono-exponential photoluminescence decay; with
PBTK exhibiting the longest fluorescence lifetime of 745 ps while PBTK had a shorter
lifetime of 500 ps. On the other hand, PTK showed bimodal-exponential photoluminescence decay with lifetimes of 35 ps and 267 ps.
More Interestingly, PTK shows a Stokes shift of 82 nm, while PFTK has smallest
Stokes shift of 75 nm and PBTK have the highest Stokes shift of 113 nm. These
Stokes shifts are not consistent with the changes in absorption spectra, which indicates that the different central group may introduce significant conformational
flexibility which was also confirmed by DSC measurements.
We also acquired the absorption spectrum of protonated aromatic polyketones
by H2 SO4 , as shown in Figure 2.4B . The protonation process in aromatic polyketones was shown in Figure 2.6 Protonation of the carbonyl units breaks the crossconjugation, generating as carbocations inside the conjugated backbone, and converting the cross-conjugation to linear conjugation. Therefore, the conjugation is
extended along with the backbone, leading to a decrease in the band gap from
2.51 eV to 1.76 eV for PTK, 2.36 eV to 1.85 eV for PBTK, and 2.30 eV to 1.41 eV
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Figure 2.4: A) Normalized UV-Vis absorption spectra for PTK, PBTK and PFTK in CHCl3 solution and thin
films, B) Normalized absorption of aromatic polyketone as synthesized(red line) and when protonated
with H SO (black line).
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Figure 2.5: A) Normalized Steady-State fluorescence spectra for PTK, PBTK and PFTK in CHCl3 solution. B) Time-resolved fluorescence spectra of aromatic polyketone. PFTK and PBTK showed monoexponential photoluminescence decay; with PBTK exhibiting lifetime of 745 ps, PBTK lifetime of 500 ps.
PTK showed bimodal-exponential photoluminescence decay with lifetimes of 35 ps and 267 ps.

for PFTK. The electron-donating nature of fluorene group can increase stabilization of the carbocation and lead to the highest shift. The smallest change of PBTK
may indicate that the electron-deficient group (benzothiadiazole) is not favored for
forming positive charge.

2.2.4. Electrochemical Properties
In order to gain an insightful understanding of the electrochemical properties of
PTK, PBTK, and PFTK, the cyclic voltammetry (CV) characterization was carried
out, and the results are shown in Figure 2.7. Half-wave reduction potentials and
the estimated LUMO levels of aromatic polyketones are listed in Table 2.3. Ferrocene/ferrocenium (Fc/Fc ) was used as a standard reference, which was assigned
absolute energy of −4.8 eV vs vacuum level. As expected, all the aromatic polyke-
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Figure 2.6: The protonation process in aromatic polyketones

Table 2.2: Photophysical properties data of PTK, PBTK and PFTK.

Polymer
𝜆 . (nm)
𝜆
(nm)
.
.
𝜆
(nm)
𝜆
(nm)
.
E
(eV)
.
.
E
(eV)
Absorption shift (nm)
.
𝜆
(nm)
Stokes shift (nm)

PTK
408
420
580
494
2.51
1.76
172
490
82

PBTK
428
445
565
526
2.36
1.85
127
541
113

PFTK
445
450
665
539
2.30
1.41
220
520
75

tones exhibited two fully reversible reduction waves. The first half-wave reduction
peak of PTK, PBTK, and PFTK is −1.81 V, −1.76 V, and −1.86 V, respectively, relative to the redox potential of Fc/Fc . The LUMO energy levels of aromatic polyketones are calculated from the first half-wave reduction potentials using the equation
E
= -(4.80 + E / )eV. The estimated LUMO energy levels of PTK, PBTK, and
PFTK are −2.99 eV, −3.04 eV, and −2.94 eV, respectively. The HOMO energy level
was calculated based on the optical band gap and LUMO energy level. The estimated HOMO energy levels of PTK, PBTK, and PFTK are −5.50 eV, −5.34 eV, and
−5.30 eV, respectively. The LUMO energy level of PBTK is 0.1 eV lower than that
of PTK, and HOMO energy level is 0.16 eV higher than that of PTK. The LUMO energy level of PFTK is 0.05 eV higher than that of PTK, and HOMO energy level show
0.2 eV higher than that of PTK. Aromatic polyketones PBTK exhibited lowest LUMO
energy level, and PFTK showed highest HOMO energy level, which indicates that
the electron-deficient group (benzothiadiazole) can reduce the LUMO energy level
and electron-rich group (fluorene) increase the HOMO energy level in this crossconjugated system.
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Figure 2.7: Cyclic voltammograms of aromatic polyketones (0.001 mol L−1 ) in ODCB-CHCN3 (9 : 1)
solution containing Bu4 NPF6 (0.1 mol L−1 ) electrolyte at a scanning rate of 100 mV s−1 .

2.2.5. Density Functional Theory Calculation
To investigate the electronic structures, density functional theory (DFT) calculations were carried out at the B3LYP/6-311G* level using the Gaussian 09 program.
All polymers having two repeat units with methyl substituent were used to reduce
the calculation time. The calculated molecular FMOs are shown in the Figure 2.8
and Table 2.3. All polymers exhibit twisted geometries, which might originate from
the conformational flexibility link of ketone unit. The twisted backbone geometries
typically are unfavorable for charge delocalization and transfer. In PTK and PBTK,
the HOMO distribute across the entire backbones of polymers. While in PFTK, the
HOMO are mainly localized on the fluorene moiety, slight extended to the thiophene unit. The LUMO of PTK and PFTK are mainly dispersed over the thiophene
and ketone group. The LUMO of the PBTK is mainly localized on the benzothiadiazole unit and slightly extended to the thiophene and ketone units owing to the
electron-deficient nature of benzothiadiazole and the ketone. Therefore, aromatic
polyketones with the electron-deficient group (benzothiadiazole) show the lowest
LUMO energy level, and electron-rich group (fluorene) show the highest HOMO
energy level in this cross-conjugated system.
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Table 2.3: Electrochemical properties data and molecular energy levels of PTK, PBTK and PFTK.

2

Polymer
PTK
PBTK
PFTK

E

/ (V)
-1.81
-1.76
-1.86

Calculated from CV: E

LUMO(eV)
-2.99
-3.04
-2.94
= -(4.80 + E

Calculated from E
and E
The DFT calculation data

.

: E

HOMO(eV)
-5.50
-5.34
-5.30
/

LUMO(eV)
-3.07
-3.32
-3.09

HOMO(eV)
-6.076
-5.95
5.78

) eV.
=E

+E

.

Figure 2.8: The calculated LUMO and HOMO for aromatic polyketones.

2.2.6. Film morphology
The film morphology of aromatic polyketones semiconductors was investigated by
atomic force microscopy (AFM). The AFM height images of aromatic polyketones
semiconductors are depicted in Figure 2.9. Both PTK and PFTK exhibit smooth
morphology, while PBTk show worse morphology than PTK and PFTK. Distinctive pin
holes were obversed in PBTK film. The root-mean-square (RMS) surface roughness
of PTK and PFTK is 0.72 and 1.81 nm, respectively, PBTK show higher value of 2.93
nm.

PTK

PBTK

PFTK

Figure 2.9: AFM height images (5×5 m) of PFK, PFTK and PBTK films after annealing at the 100 ∘ C.
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2.3. Conclusion
In summary, we reported a new synthetic approach for the preparation of aromatic
polyketones. Unlike Friedel-Crafts polymerization methods, this strategy shows
higher substrate scope. Aromatic polyketones with electron rich, neutral and deficient units were developed and the band-gap and molecular energy level of these
aromatic polyketones were investigated by absorption spectroscopy and cyclic voltammetry. This intensive focus on the structure-property relationship of aromatic polyketones can lead us to a better understanding of how their photo-physics and optoelectronic properties can be effected.

2.4. Experimental
Measurement and characterization H and C NMR spectra were measured
using a Varian AMX400 (400 MHz) instrument at room temperature. NMR shifts are
reported in ppm, relative to the residual protonated solvent signals of CDCl3 (𝛿=
7.26 ppm) or at the carbon absorption in CDCl3 (𝛿 = 77.23 ppm). Multiplicities
are denoted as: singlet (s), doublet (d), triplet (t) and multiplet (m). High Resolution Mass Spectroscopy (HRMS) was performed on a JEOL JMS 600 spectrometer.
FT-IR spectra were recorded on a Nicolet Nexus FT-IR fitted with a Thermo Scientific Smart iTR sampler. GPC measurements were done on a Spectra Physics
AS 1000 series machine equipped with a Viskotek H-502 viscometer and a Shodex
RI-71 refractive index detector. The columns (PLGel 5m mixed-C) (Polymer Laboratories) were calibrated using narrow disperse polystyrene standards (Polymer
Laboratories). Samples were made in THF at a concentration of 1 mg mL−1 and
filtered through a Gelman GHP Acrodisc 0.45 µm membrane filter before injection.
Thermal properties of the polymers were determined on a TA Instruments DSC Q20
and a TGA Q50 DSC measurements were executed with two heating-cooling cycles
with a scan rate of 10 ∘ C min , and from each scan, the second heating cycle was
selected. TGA measurements were done from 20 to 700 ∘ C with a heating rate
of 20 ∘ C min . UV/vis measurements were carried out on a Shimadzu UV 3600
spectrometer. Photoluminescence measurements were carried out on solutions
contained in quartz cuvettes. The samples were excited by the second harmonic
(approximately 400 nm) of a mode-locked Mira 900 Ti:Sapphire laser delivering 150
ps pulses at a repetition rate of 76 MHz. The laser power was adjusted using neutral
density filters; and the excitation beam was spatially limited by an iris. The beam
was focused with a 150 mm focal length in reflection geometry. Steady state spectra were collected by a spectrometer with a 50lines/mm grating and recorded with
a Hamamatsu em-CCD array. For time resolved measurements, the same pulsed
excitation source was used. Spectra were in this case collected on a Hamamatsu
streak camera working in Synchroscan mode (time resolution 2 ps) with a cathode
sensitive in the visible. All plotted spectra were corrected for the spectral response
of the setup using a calibrated lamp. Cyclic voltammetry (CV) was carried out with a
Autolab PGSTAT100 potentiostat in a three-electrode configuration where the working electrode was platinum electrode, the counter electrode was a platinum wire,
and the pseudo-reference was an Ag wire that was calibrated against ferrocene

2

36

2

2. Synthesis, Optical and Electrochemical Properties of High-quality
Cross-conjugated Aromatic Polyketones

(Fc/Fc ). Cyclic voltammograms of aromatic polyketones (0.001 mol L−1 ) in ODCBCHCN3 (9 : 1) solution containing Bu4 NPF6 (0.1 mol L−1 ) electrolyte at a scanning
rate of 100 mV s−1 .
Materials All reagents and solvents were commercial and were used as received
unless otherwise indicated. The solvents were further purified by normal procedures
and distilled before used. All air and water sensitive synthetic manipulations were
performed under dry argon or nitrogen atmosphere.

Figure 2.10: Synthetic route for TK.

2-(2,5-dihexyl-4-(thiophen-2-yl)phenyl)thiophene
To a dried flask containing magnesium turnings (320 mg, 13.2 mmol) and anhydrous
tetrahydrofuran (THF; 12 mL) was added 2-bromothiophene (1956 mg, 12 mmol)
drop-wise. After complete addition, the mixture was refluxed for 3 hours. In a another dried flask, 1,4-dihexyl-2,5-diiodobenzene (2000 mg, 4 mmol) was dissolved
in dry THF (20 mL), then the catalyst Ni(dppf)2 Cl2 (80 mg) was added, and the
solution was degassed by purging with bubbling nitrogen for 30 min. The clear
gray/brown Grignard reagent was then transferred to a dropping funnel and slowly
added to the degassed solution. After complete addition, the reaction mixture was
refluxed for overnight. After cooling to the room temperature, the mixture was
quenched by pouring it over 1 N HCl/ice and extracted with CH2 Cl2 ; the combined
organic layers were washed with water and brine, and dried over Na2 SO4 . The solvents were removed by rotary evaporation. The crude product was purified by silica
gel column chromatography with hexane as the eluent afforded target compound
as light yellow solid (85 % yield). HNMR (400 MHz, CDCl3 ) 𝛿: 7.35 (d, J=4.4 Hz,
2H), 7.28 (s, 2H), 7.10 (m, 2H), 7.06 (m, 2H), 2.69 (m, 4H), 1.55 (s, 4H), 1.24 (m,
12H), 0.85 (t, J= 8 Hz, 6H). CNMR (100 MHz, CDCl3 ) 𝛿: 142.70, 138.57, 133.47,
132.22, 127.02, 126.37, 125.19, 33.10, 31.61, 31.53, 29.29, 22.59, 14.11.
((2,5-dihexyl-1,4-phenylene)bis(thiophene-5,2-diyl))bis((5-bromothiophen2-yl)methanone) Monomer TK
To a nitrogen-purged 3-neck flask fitted with a distillation apparatus was added 2bromo-5-thiophenoic acid (450 mg, 2.2 mmol), SOCl2 (10 mL) and 1 drop Dimethylformamide (DMF). The reaction was stirred at 80 ∘ C for 4 hours, and the excess SOCl2 was removed by rotary evaporation to yield pure 5-bromothiophene2-carbonyl chloride as a yellow solid (assumed quantitative yield). AlCl3 (400 mg,
2.98 mmol) was suspended in anhydrous dichloromethane (DCM, 100 mL) in a dried
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flask and 5-bromothiophene-2-carbonyl chloride was added. The slurry was cooled
to 0 ∘ C and 2-(2,5-dihexyl-4-(thiophen-2-yl)phenyl)thiophene (300 mg, 0.735 mmol)
was added slowly. The reaction mixture was kept stirring for overnight at room temperature. The mixture was quenched by pouring it over 1 N HCl/ice and extracted
with CH2 Cl2 , the combined organic layers were washed with water and brine, and
dried over Na2 SO4 . The solvents were removed by rotary evaporation. The crude
product was purified by silica gel column chromatography with hexane/CH2 Cl2 (1:1)
as the eluent afforded target compound Monomer TK as light yellow solid (64 %
yield). HNMR (400 MHz, CDCl3 ) 𝛿: 7.86 (d, J=3.9 Hz, 2H), 7.70 (d, J=4.0 Hz, 2H),
7.34 (s, 2H), 7.18 (d, J = 4.0 Hz, 2H), 7.15 (d, J = 3.9 Hz, 2H), 2.74 (m, 4H),
1.55 (s, 4H), 1.25 (m, 12H), 0.85 (t, J= 8 Hz, 6H). CNMR (100 MHz, CDCl3 ) 𝛿:
179.89, 154.04, 147.00, 144.32, 141.53, 135.95, 135.92, 135.77, 134.87, 133.75,
130.29, 124.99, 35.68, 34.18, 34.09, 31.83, 25.18, 16.69. HRMS(ESI) calcd. for
C H Br O S [M+H] : 787.00376, found: 787.00427.

Figure 2.11: Synthetic route for BTK.

Synthesis of (5-bromo-4-hexylthiophen-2-yl)(thiophen-2-yl)methanone
AlCl3 (2500 mg, 18.66 mmol) was suspended in 100 mL anhydrous dichloromethane
in a dried flask and 2-Thiophenecarbonyl chloride (1.82 mL, 17 mmol) was added.
The slurry was cooled to 0 ∘ C. Then, 2-bromothiophene (3800 mg, 15.45 mmol)
was added under a N2 atmosphere and the resulting mixture was stirred overnight
at room temperature. The reaction mixture was poured into a mixture of ice and
1M HCl, then extracted with CH2 Cl2 . The organic phase was washed with brine,
dried over anhydrous Na2 SO4 and removed solvent by rotary evaporator. The crude
product was purified by silica gel column chromatography with hexane/CH2 Cl2 (4:1)
as the eluent afforded 3000 mg (54 % yield) target compound as a viscous brown
oil. HNMR (400 MHz,CDCl3 ) 𝛿: 7.84 (d, J = 3.6 Hz, 1H), 7.69 (d, J = 4.2 Hz, 1H),
7.58 (s, 1H), 7.18 (m, 1H), 2.59 (t, J = 8 Hz, 2H), 1.60 (m, 2H), 1.40–1.22 (m, 6H)
), 0.89 (t, J = 6.2 Hz, 3H). CNMR (100 MHz, CDCl3 ) 𝛿: 177.58, 143.61, 142.26,
141.92, 133.80, 133.62, 132.96, 128.07, 119.52, 31.57, 29.62, 29.60, 28.86, 22.61,
14.13.
Synthesis of (benzo[c][1,2,5]thiadiazole-4,7-diylbis(4-hexylthiophene-5,2diyl))bis(thiophen-2-ylmethanone)
To a degassed solution of 5-bromo-4-hexylthiophen-2-yl)(thiophen-2-yl)methanone
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(920 mg, 2.58 mmol) and 2,1,3-Benzothiadiazole-4,7-bis(pinacolato)diboronic ester
(400 mg, 1.03 mmol) in toluene (20 mL) was added a degassed solution of K2 CO3
(1.38 g, 10 mmol) in water (2 mL). Then, the catalyst Pd(PPh3 )4 (20 mg) was added
under N2 atmosphere. The solution was then sparged with nitrogen for 10 min. The
resulting mixture was refluxed overnight. Upon the mixture cooled to room temperature, the reaction mixture was poured into a water, then extracted with CH2 Cl2 .
The organic phase was washed with brine, dried over anhydrous sodium sulfate and
removed solvent by rotary evaporator. The crude product was purified by silica gel
column chromatography with hexane/CH2 Cl2 (4:1) as the eluent afforded 320 mg
(45 % yield) target compound as a yellow solid. HNMR (400 MHz, CDCl3 ) 𝛿: 7.98
(dd, J = 3.8 Hz, J = 1.0 Hz, 2H), 7.90 (s, 2H), 7.77 (s, 2H), 7.73 (dd, J = 4.9 Hz, J
= 1.0 Hz, 2H), 7.22 (dd, J = 4.9 Hz, J = 3.9 Hz, 2H), 2.70 (t, J = 7.8 Hz, 4H), 1.65
(m, 4H), 1.28-1.14 (m, 12H), 0.82 (t, J = 6.8 Hz, 6H). CNMR (100 MHz, CDCl3 ) 𝛿:
178.60, 153.60, 142.96, 142.93, 142.22, 140.33, 135.02, 133.51, 133.15, 130.12,
128.01, 127.39, 31.48, 30.48, 29.52, 29.01, 22.49, 14.00.
(benzo[c][1,2,5]thiadiazole-4,7-diylbis(4-hexylthiophene-5,2-diyl))bis((5bromothiophen-2-yl)methanone) Monomer BTK
To a solution of (benzo[c][1,2,5]thiadiazole-4,7-diylbis(4-hexylthiophene-5,2-diyl))
bis(thiophen-2-ylmethanone) (320 mg, 0.465 mmol) in CHCl3 (10 mL), Br2 (0.1 mL)
was added. The mixture was stirred overnight at room temperature. An aliquot was
taken out and subject to thin-layer chromatography (TLC) analysis. If a relative
abundance of the starting materials was detected, two equimolar amount of Br2
was added and the reaction was allowed to continued for an additional 2 hours.
Upon the consuming the starting material, the reaction mixture was poured into
solution water, then extracted with CH2 Cl2 . The organic phase was washed with
brine, dried over Na2 SO4 and removed the solvent by rotary evaporator. The crude
product was purified by silica gel column chromatography with hexane/toluene (1:1)
as the eluent afforded 130 mg (33 % yield) target compound Monomer BTK as a
yellow solid. HNMR (400 MHz, CDCl3 ) 𝛿: 7.86 (s, 1H), 7.76 (s, 1H), 7.73 (d, J=4.0
Hz, 2H), 7.19 (d, J=4.0 Hz, 2H), 2.69(t, J=8.0 Hz, 4H), 1.70-1.57 (m, 4H), 1.301.15 (m, 12H), 0.82 (t, J=6.7 Hz, 6H). CNMR (100 MHz, CDCl3 ) 𝛿: 177.39, 153.67,
144.48, 143.23, 141.53, 140.72, 135.06, 133.42, 131.28, 130.23, 127.44, 122.58,
77.44, 77.12, 76.80, 31.60, 30.60, 29.63, 29.13, 22.61, 14.13. HRMS(ESI) calcd.
for C H Br O S [M+H] : 844.96633, found: 844.96744.

Figure 2.12: Synthetic route for FTK.

((9,9-dihexyl-9H-fluorene-2,7-diyl)bis(thiophene-5,2-diyl))bis((5-bromo
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thiophen-2-yl)methanone) Monomer FTK
To a nitrogen-purged 3-neck flask fitted with a distillation apparatus was added 2bromo-5-thiophenoic acid (1.97 g, 9.6 mmol), SOCl2 (10 mL) and 1 drop Dimethylformamide (DMF). The reaction was stirred at 80 ∘ C for 4 hours, and the excess SOCl2 was removed by rotary evaporation to yield pure 5-bromothiophene2-carbonyl chloride as a yellow solid (assumed quantitative yield). AlCl3 (1.88 g,
14.03 mmol) was suspended in 100 mL anhydrous dichloromethane in a dried flask
and 5-bromothiophene-2-carbonyl chloride was added. The slurry was cooled to
0 ∘ C and 2,2’-(9,9-dihexyl-9H-fluorene-2,7-diyl)dithiophene (1.4 g, 2.81 mmol) was
added slowly. The reaction mixture was kept stirring for overnight at room temperature. The mixture was quenched by pouring it over 1 N HCl/ice and extracted with
CH2 Cl2 , the combined organic layers were washed with water and brine, and dried
over Na2 SO4 . The solvents were removed by rotary evaporation. The crude product was purified by silica gel column chromatography with hexane/CH2 Cl2 (1:1) as
the eluent afforded target compound Monomer FTK as yellow solid (80 % yield).
HNMR (400 MHz, CDCl3 ) 𝛿: 7.88 (d, J=4.0 Hz, 2H), 7.76 (d, J=8.0 Hz, 2H), 7.747.67 (m, 4H), 7.64 (s, 2H), 7.46 (d, J=4.0 Hz, 2H), 7.19 (d, J=4.0 Hz, 2H), 2.11-2.00
(m, 4H), 1.55 (m, 4H), 1.06 (m, 12H), 0.75 (t, J= 8 Hz, 6H). CNMR (100 MHz,
CDCl3 ) 𝛿: 179.73, 156.18, 154.86, 146.98, 144.12, 143.19, 136.91, 135.60, 135.07,
133.74, 128.21, 126.54, 124.80, 123.34, 123.26, 58.20, 42.94, 34.07, 32.23, 26.42,
25.18, 16.62. HRMS(ESI) calcd. for C H Br O S [M+H] : 875.03507, found:
875.03592.
General aromatic polyketones synthesis procedures
All reactions were performed under anhydrous conditions under a nitrogen atmosphere. To a flame-dried flask containing a mixture of DMF:Toluene were added
equal molar quantities of monomer and bis(pinacolato)diboron (BiPi). The solution was then purged with bubbling nitrogen for 10 min before the addition of
5 mol% to 10 mol% 1,10-bis(diphenylphosphino)-ferrocenepalladium(II)dichloride
dichloromethane complex Pd(dppf)2 Cl2 and 5 eq. of crushed K3 PO4 and the solution was used a freeze-pump-thaw cycle technique to remove O2 for three times.
The reaction mixture was carried out to 110 ∘ C and stirred for overnight (about
15 hours), cooled to room temperature, and the solvent removed by rotary evaporation. The remaining residue was dissolved in a minimal amount of CHCl3 and
precipitated by pouring slowly into large excess of CH3 OH. The resulting slurry was
stirred for an hour and the precipitate collected by filtration and then further purified by Soxhlet extraction with hexane, methanol, and chloroform, successively.
The chloroform fraction polymer was collected. The purified polymer dissolved before being re-precipitated into cold CH3 OH and dried in vacuo.
Poly[(2,5-dihexyl-1,4-phenylene)bis(thiophene-5,2-diyl))bis(thiophen-2ylmethanone)] PTK
K3 PO4 (495 mg, 2.33 mmol), Monomer 1 (367 mg, 0.467 mmol), BiPi (119 mg, 0.467 mmol),
Pd(dppf)2 Cl2 (35 mg, 0.047 mmol) were reacted in 20 mL dry mixture solvents of
DMF and toluene (1:1) according to the general aromatic polyketones polymerization procedure. Pure PTK (30 mg, 11 %) was obtained as a yellow powder.
HNMR (400 MHz, CDCl3 ) 𝛿: 8.11-7.11 (m, 8H), 3.05-2.52 (m, 4H), 1.75-1.41 (m,
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4H), 1.42-0.98 (m, 12H), 0.95-0.75 (m, 6H). IR (cm ): 22924, 2853, 1606, 1507,
1427, 1299, 1265, 1118, 1056, 892, 839, 811, 787, 722
Poly[((9,9-dihexyl-9H-fluorene-2,7-diyl) bis(thiophene-5,2-diyl))bis(thiophen2-ylmethanone)] PFTK
K3 PO4 (265 mg, 1.25 mmol), Monomer 2 (219 mg, 0.25 mmol), BiPi (64 mg, 0.25 mmol),
Pd(dppf)2 Cl2 (10 mg, 0.014 mmol) were reacted in 10 mL dry mixture solvents of
DMF and toluene (1:1) according to the general aromatic polyketones polymerization procedure. Pure PFTK (40 mg, 23 %) was obtained as a red powder. HNMR
(400 MHz, CDCl3 ) 𝛿: 8.16-7.18 (m, 14H), 2.22-1.88 (m, 4H), 1.77-1.88 (m, 4H ),
1.77-1.33 (m, 12H), 0.82-0.68 (m, 6H). IR (cm ): 2924, 2852, 1601, 1506, 1413,
1337, 1274, 1118, 1054, 889, 840, 803, 786, 721.
Poly[(benzo[c][1,2,5]thiadiazole-4,7-diylbis(4-hexylthiophene-5,2-diyl))
bis(thiophen-2-ylmethanone)] PBTK
K3 PO4 (156 mg, 0.74 mmol), Monomer 3 (125 mg, 0.15 mmol), BiPi (38 mg, 0.15 mmol),
Pd(dppf)2 Cl2 (5 mg, 0.007 mmol) were reacted in 10 mL of dry mixture solvents of
DMF and toluene (1:1) according to the general aromatic polyketones polymerization procedure. Pure PBTK (24 mg, 24 %) was obtained as a red powder. HNMR
(400 MHz,CDCl3 ) 𝛿: 8.14-7.13 (m, 8H), 2.98-2.49 (m, 4H), 1.85-1.51 (m, 4H), 1.420.98 (m, 12H), 0.93-0.68 (m, 6H). IR (cm ): 2922, 2853, 1600, 1529, 1507,
1424, 1298, 1270, 1194, 1090, 1049, 875, 836, 777, 722.
HNMR and IR data

Figure 2.13: HNMR and IR spectra of aromatic polyketones..
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3
Conjugated Polyions Enable
Organic Photovoltaics
Processed from Green
Solvents
This chapter describes the design, synthesis, and optical and electronic properties of two conjugated polymers CPIZ-B and CPIZ-T that incorporate closedshell cations into their conjugated backbones, balanced by anionic pendant
groups. The zwitterionic nature of the polymers renders them soluble in and
processable from polar, protic solvents to form semiconducting films that are
not doped. These unique properties are confirmed by absorption and electron paramagnetic resonance spectroscopy. The energies of the unoccupied
states respond to the tritylium moieties in the conjugated backbone, while
the occupied states respond to the electron-donating ability of the uncharged,
aromatic units in the backbone. Films cast from 80:20 HCOOH:H2 O by volume show good electron-mobilities, enabling a photovoltaic effect in proof-ofconcept, bilayer solar cells.

I would like to thank Nutifafa Y. Doumon and Sylvia Rousseva for help in devices measurement, Yuru Liu
for help in calculation and Mustapha Abdu-Aguye in PL measurement. This chapter have been published
in ACS Applied Energy Material, 2019, DOI:10.1021/acsaem.8b02226.
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3. Conjugated Polyions Enable Organic Photovoltaics Processed from
Green Solvents

3.1. Introduction
onjugated polymers are solution-processible semiconductors, enabling the fab-

C rication of thin-film devices such as field-effect transistors and organic solar cells

3

(OSCs).[1–6] Although there is typically trade-off in performance compared to rigid,
inorganic analogs, it is offset by the potential for inexpensive, large-scale device production, parituclarly from non-toxic, renewable or otherwise green solvents.[7–10]
However, these solvents tend to be polar and protic e.g., water/ethanol mixtures
and conjugated polymers tend to comprise rigid, non-polar aromatic rings. Although installing polar, ionic pendant groups can increases processibility in these
solvents,[11–13] the combination of non-polar backbones with polar/ionic pendant
groups to form so-called conjugated polyelectroyltes (CPEs) drives aggregation and
self-assembly in solution (akin to the folding of polypeptides in water) that negatively impacts their semiconducting properties; the polymer chains are not directly
solubilized as, for example, a polysaccharide is in water. Thus, CPEs are generally
more useful as ultra-thin[14–19] interlayer materials to facilitate hole/electron extraction at the electrodes,[9, 14, 15, 17, 20–22] rather than in the active layer of
OSCs.[23, 24] Thicker films tend to translate solution-phase aggregation into poor
morphology, leading to low charge-carrier mobility.[25] Using doped CPEs, mitigates some of these problems,[26–31] but puts the polymers in the metallic state,
precluding their use in OSCs.[32]
We are developing an alternative to CPEs in which “spinless doping” introduces
formal charges into the backbones of conjugated polymers without the requisite
spin to induce the transition to the metallic state.[33] These conjugated polyions
(CPIs) are intrinsic semiconductors that are completely soluble in and processible
from polar, protic solvents.[34–36] However, their redox potentials and bandgaps
were not suitable for use in OSCs. In this work, we report two CPIs, CPIZ-B and
CPIZ-T, synthesized using a three components random Suzuki-Miyaura copolymerization to control the electronic structure while retaining sufficient ionic character
for processing from polar, protic solvents.BothCPIZ-B and CPIZ-T contain triarylmethane dyes in the leuco and the salt forms as components in the backbone, as
has been reported previously.[37] The inclusion of these types of chromophores in
the backbones of polymers leads to broad absorption in the visible spectrum and
large extinction coefficients, which is beneficial for solar cells applications.[38] We
verified the spinless doping process of our CPIs using ultraviolet-visible near infrared
(UV-Vis-NIR) and electron paramagnetic resonance (EPR) spectroscopy. We prepared the OSCs by casting films of CPIZ-B and CPIZ-T from mixtures of water and
formic acid (HCOOH), acidic solutions being necessary to prevent the cations from
being quenched by water. Formic acid is naturally occurring and is widely used for
industrial and agricultural applications and as a food additive. Although pure formic
acid is corrosive and flammable, it is miscible with water and is non-flammable below 85 % weight-percent (wt%), making 80:20 v% HCOOH:H2 O solutions a viable
green solvent for processing organic semiconductors. We prove the utility of CPIs
cast from these solvents by preparing bilayer OSCs.

3.2. Results and Discussion
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3.2. Results and Discussion
3.2.1. Synthesis and Characterization
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Figure 3.1: Synthesis of conjugated polyions via three-component random Suzuki-Miyaura copolymerization. The zwitterionic form is favored in the solid-state by the loss of H2 O.

In our previous work, we synthesized CPIs from aromatic polyketones by FriedelCrafts (F-C) polymerization followed by nucleophilic addition to for a polyol. Subsequent treatment with a strong (Lewis) acid or dehydrating agent effected spinless doping, however, F-C conditions limited the choice of polar/ionic pendant
groups.[34, 36] Instead, we used a three-component palladium-catalyzed SuzukiMiyaura polymerization in wet DMF to avoid the F-C polymerization and intermediate
polyketone entirely. Using this approach, we can also control the relative amounts
of cationic units and electron donating/withdrawing groups by separating them into
different monoers; Monomer 1 provides the ionic pendant groups, Monomer 2 is
a carbocation precursor and Monomer 3 is a diboronic acid decorated with aromatic units. The general synthetic route and corresponding chemical structures of
CPIZ-B and CPIZ-T are shown in Figure 3.1.
As synthesized, both polymers are insoluble in non-polar solvents and only sparingly soluble in polar solvents, however, impurities and low-molecular-weight fraction are can be removed by dialysis in water. After dialysis CPIZ-B spontenously
–
undergoes spinless doping via loss of OH , which is apparent from the red colour
that forms, while CPIZ-T remains yellow. Both polymers are stable in pure HCO2 H
and stronger acids in which they both become deeply colored. The solubility of
CPIZ-B in pure HCO2 H is 10 mg mL−1 and 5 mg mL−1 in 80:20 v% HCO2 H:H2 O
and 20 mg mL−1 and 14 mg mL−1 , respectively, for CPIZ-T. Their low solubility in
common solvents made it difficult to determine their molecular weights accurately
by gel permeation chromatography (GPC), but we verified the structures by NMR in
CF3 COOD and followed the spinless doping process by FT-IR. See the experimental
section for full characterization.

3.2.2. Photophysical Properties
The formation of cations in the backbone of a CPI converts 𝑠𝑝3 carbons to 𝑠𝑝2,
increasing the degree of conjugation and decreasing the bandgap,[34] which can
be seen in the UV-Vis absorption spectra of CPIZ-B and CPIZ-T in acidic and
basic solutions shown Figure 3.2a. Basic solutions colorless and yellow, respecitvely,
becoming deeply colored in pure HCO2 H. The mono-cation formed from Monomer 2
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is significantly blue-shifted compared to the polymers (Figure 3.2b), demonstrating
the effect of conjugation. The 𝜋 − 𝜋∗ transition at 300 nm to 400 nm is present in
Monomer 2 and the polymers, but the band at 468 nm in the monomer is replaced by
an intraband transition at 500 nm to 700 nm that can be ascribed to charge-transfer
between the electron-rich aromatic units and the electron-withdrawing tritylium
unit (i.e., they function as donor/acceptor units). The shift in 𝜆
from 515 nm to
568 nm from CPIZ-B to CPIZ-T stronger donor character of thiophene compared
to benzene.

3

Figure 3.2: a) Absorption spectra of conjugated polyzwitterions in base and acid conditions. In base
condition, CPIZ-B and CPIZ-T only absorbed high energy light, when CPIZ-B and CPIZ-T dissolved in
pure HCOOH, the tritylium are formed inside the conjugated polymers backbones, and the conjugation
is extended, resulting huge absorption red shift and leading to decrease in the band gap. b) Absorption
spectra of CPIZ-B, CPIZ-T and Monocation (monomer 2) in pure HCOOH, in this acid all they present
the ionic state. The red-shift in the maximum absorption of the low-energy bands in the CPIZ-B, CPIZT compared that of mono-cation, implies that the closed-shell cations are delocalized over the backbone
of the polymer of CPIZ-B, CPIZ-T and are not isolated chromaphores.

Figure 3.3 shows the UV-Vis-NIR spectra of CPIZ-B and CPIZ-T in HCO2 H
and in thin-films. The spectra are featureless above ∼800 nm, indicating the absence of polarons or bipolarons, which is further confirmed by EPR and the lack of
fluorescence-quenching (See experimental section). In thin-films, 𝜆
to 532 nm
and 612 nm, which is typical for conjugated polymers. The larger shift for CPIZT (44 nm compared to 17 nm) is likely do to better packing from the increased
planarity of thiophene rings compared to benzene. The onsets in absorption correspond to bandgaps of 1.82 eV and 1.57 eV for CPIZ-B and CPIZ-T, respectively.

3.2.3. Electrochemical Properties
For further insight into the electrochemical properties of CPIZ-B and CPIZ-T, we
performed cyclic voltammetry (CV) under an inert atmosphere with a glassy carbon working electrode, a platinum wire counter electrode and an Ag/AgCl pseudoreference electrode calibrated with ferrocene in 0.1 mol L−1 tetra-n-butylammoniumhexafluorophosphate (n-Bu4 NPF6 ) in CH3 CN as the supporting electrolyte. Spectra
of films of CPIZ-B and CPIZ-T drop-cast from pure HCOOH onto the working
electrode are shown in Figure 3.4. Both polymers exhibit fully reversible reduction
waves corresponding to n-doping (reduction), which counterintuitively produces
formally p-doped polymers due to their cationic nature in the pristine state. The
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3
Figure 3.3: Absorption spectra of conjugated polyzwitterions CPIZ-B a) and CPIZ-T b) in HCOOH
solution and thin film state as cast from HCOOH. No polaron and bipolaron absorption were observed
in NIR region. The higher red shift of CPIZ-T than that of CPIZ-B indicate that CPIZ-T have better
packing state.

half-wave reduction potentials (𝐸 / ) and the estimated valence and conduction
band energies of CPIZ-B and CPIZ-T are listed in Table 3.1. We assigned an absolute energy of −4.8 eV to the ferrocene oxidation wave to reference 𝐸 / to vacuum.
The respective half-wave reduction peaks of CPIZ-B and CPIZ-T of −0.69 V and
−0.65 V correspond to conduction band energies of −4.11 eV and −4.15 eV. These
low-lying bands are the result of the positive charges introduced into the band
structure by the tritylium residues. We calculated the valence bands by subtracting
𝐸 from the absorption spectra from the valence band energies, giving −5.93 eV
and −5.72 eV for CPIZ-B and CPIZ-T, respectively. The larger difference in the
valence band energies compared to the conduction bands is due to the electrondonating ability of thiophene. The absolute energies of the conduction bands of
both polymers are close to the LUMO of the well-known fullerene acceptor PCBM,
indicating that CPIZ-B and CPIZ-T are acceptor materials.

Figure 3.4: Cyclic voltammograms of a thin film of CPIZ-B a) and CPIZ-T b) versus Fc/Fc on a
glassy carbon working electrode immersed in 0.1 mol L−1 n-Bu4 NPF6 acetonitrile solution at 100 mV s−1 .
The fully reversible reduction waves are indicative of traditional redox doping/de-doping of the band
structure of a semiconducting state conjugated polymer. In this case, CPIZ-B and CPIZ-T is being
n-doped (reduced) and produce the p-doped (radical cationic) state due to semiconducting state of
CPIZ-B and CPIZ-T have closed-shell cationic charges.
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3.2.4. Density Functional Theory Calculation

3

To gain insight into the donor/acceptor character of CPIZ-B and CPIZ-T, we carried out density functional theory (DFT) calculations at the B3LYP/6-31G(d,p) level
using Gaussian 09.[39] To simplify the calculations and because we determined the
band energies experimentally, we considered only one repeat-unit comprising two
cations. As can be seen in Figure 3.5, the HOMOs (which form the valence bands)
are localized on the neutral fluorene moieties, while the LUMOs (which form the
conduction bands) are localized on the cationic tritylium moieties. The structures
without isoplots are shown in Figure 3.16. While neither structure is completely
planar, the energy-minimized dihedral angles between the plane of the benzene
bridge unit with neighboring plane of arene units are 39° for the fluorene block and
32° for tritylium block in CPIZ-B. In CPIZ-T, the dihedral angles between thiophene bridge unit with neighboring plane of arene units are 24° for the fluorene
block and 8° for tritylium block. The smaller dihedral angles for the latter support
the hypothesis that the smaller 𝐸 of CPIZ-T in solution and in thin films is due
both to the electron-donating ability of thiophene pushing the conduction band up
and the increased planarity. The latter should lead to better packing in the solid
state and explains the higher electron mobility of CPIZ-T (Table 3.1).

Figure 3.5: DFT-optimized molecular orbitals of CPIZ-B and CPIZ-T.

3.2.5. Device Characteristic
Film Morphology
One of the major impediments to fabricating OSCs with CPEs as the active layer is
that the mismatch between the non-polar main-chain and the ionic pendant groups
in CPEs tends to result in poor morphologies when cast from solution. The inverse
situation—CPIs with non-polar pendant groups—creates the same problem.[36] The
zwitterionic nature of CPIZ-B and CPIZ-T eliminates this problem by matching
ionic backbones to ionic pendant groups. Figure 3.6 shows atomic force microscopy
(AFM) images of CPIZ-B and CPIZ-T on bare glass substrates. Both polymers form
smooth films when spin-coated from 5 mg mL−1 in HCOOH for CPIZ-B (RMS roughness 1.82 nm) and 10 mg mL−1 in HCOOH for CPIZ-T (RMS roughness 0.69 nm).
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When spun from more concentrated solutions, films of CPIZ-B became rough (RMS
roughness 4.68 nm, Figure 3.17).

3
Figure 3.6: Surface topographic AFM image of a) CPIZ-B and b) CPIZ-T on bare glass surface (25
m ). The RMS value are 1.82 nm and 0.69 nm for CPIZ-B and CPIZ-T.

Table 3.1: Summary of the photophysical properties, electrochemical properties and electron mobilities
of CPIZ-B and CPIZ-T.

Physical Property
solution (nm)
film (nm)
film (nm)
optical (eV)
/ (V)
Conduction Band from CV (eV)
Valence Band from CV/UV-Vis (eV)
Electron mobility (cm2 V−1 s)
Electron mobility (cm2 V−1 s)
Calculated from thin film absorption onset:
Cast from pure HCOOH
Cast from 80:20 v% HCOOH:H2 O

/

CPIZ-B

CPIZ-T

.

.

.
.
.
3.7 × 10−7
2.3 × 10−7

.
.
.
2.0 × 10−4
2.5 × 10−4

.

Electron mobility
We used the space-charge-limited-current (SCLC) method to extract the electron
mobilities of single carrier electron-only devices made from the thin films of CPIZB and CPIZ-T cast from pure HCOOH and HCOOH with 20 v% of water. Electron
mobilities were derived by fitting the measured room temperature current densityvoltage characteristics of the fabricated electron-only devices to the modified MottGurney equation:

𝐽=

9
𝜀 𝜀 𝜇
8

𝑉 𝑉
exp (0.89𝛾(𝑇)√ )
𝐿 𝐿

(3.1)
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where J is the electron current density, 𝜀 and 𝜀 are the permittivity of free space
and relative dielectric constant of the active layer respectively, 𝜇 is the zero-field
charge carrier mobility, 𝐿 is the thickness of the device, 𝛾(𝑇) is the temperature
dependent electric field-activation factor, and 𝑉 is the (applied) internal voltage
corrected for 𝑉 , the built-in voltage and 𝑉 , the voltage drop due to the series
resistance of the contacts.
The 𝐽/𝑉 curves of CPIZ-B and CPIZ-T, corrected for the built-in voltage of
𝑉 , are shown in Figure 3.7. All of the 𝐽/𝑉 curves of CPIZ-B and CPIZ-T show a
quadratic dependence of 𝐽 on 𝑉, which is a characteristic of SCLC measurements.
The mobility values are summarized in the table 3.1. Both polymers exhibited similar
electron mobilities in films cast from pure HCOOH and from 80:20 v% HCOOH:H2 O
which, as discussed above, is non-toxic and non-flammable. However, the mobility
of CPIZ-T is three orders of magnitude higher than CPIZ-B, which we ascribe to
the influence of the thiophene.

Figure 3.7: Current-voltage characteristics of electron-only devices for thin films of a) CPIZ-B cast from
pure HCOOH (70 nm-thick; red circles) and from 80:20 v% HCOOH:H2 O (50 nm-thick; blue circles) and
b) CPIZ-T cast from pure HCOOH (90 nm-thick; red circles) and from 80:20 v% HCOOH:H2 O (70 nmthick; blue circles). Experimental data (circles) are fitted with SCLC current using Eq. ?? (solid lines).

As is depicted in Figure 3.1, treatment of the as-prepared CPIs with acid leads to
the stoichiometric loss of H2 O, resulting in a zwitterionic polymer, however, in solu–
tion there will be an equillibrium concentration of HCOO and protonated pendant
RCOOH groups. Both H2 O and HCOOH are sufficiently volatile that they should be
driven from the film in the solid-state, leaving the polymer in the purely zwitterionic
form. To verify that significant amounts of mobile ions do not indeed remain in the
films, we verified the lack of hysteresis in the trace-retrace 𝐽/𝑉 plots (Figure 3.19)
and measured the impedance of CPIZ-T (Figure 3.20). Impedance spectroscopy
provides a comprehensive insight into the basic mechanism of charge-transport.
Any significant contributions from ion-conduction to the total conductivity of the
film would manifest as a change in the phase shift in the low frequency range
of the Bode plot and additional semicircles in the Nyquist impedance plot and/or
give rise to a capacitive tail at low frequencies.[23, 40] We observed no evidence of
ionic conductivity in the Bode plot and Nyquist plot in the complex impedance plane
of ITO/CPIZ-T/Al devices (Figure 3.21). The latter results in only one semicircle,
which can be attributed to an equivalent circuit with a resistor parallel to a capacitor
and is typical of ordinary semiconducting materials.
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Bi-layer solar cells

3
Figure 3.8: a) Energy levels of P3HT and CPIZ-T, b) Illustration of the device structure, and c) J/V
curves.

The properties of CPIZ-B and CPIZ-T elucidated thus far suggest that they
should function as acceptors in OSCs with poly(3-hexylthiophene) [P3HT] as a
donor (Figure 3.8a). Ideally, we would test the performance of CPIZ-T in bulkheterojunction OSCs, but that would require a donor material that could be cast from
HCOOH. Thus, we fabricated inverted bi-layer ITO/ZnO/CPIZ-T/P3HT/MoO3 /Al
OSCs in the configuration shown in Figure 3.8b, in which ZnO and MoO3 act as electron and hole transporting layers, respectively. Figure 3.8c shows the 𝐽/𝑉 curves
for the devices under dark and AM 1.5G illumination at 100 mW/cm2 and Table 3.2
summarizes the device characteristics. Control devices with only a layer of CPIZ-T
produced no measureable open-circuit voltage (𝑉 ), fill-factor (FF) or power conversion efficiency (PCE). Bilayer solar cells devices in which CPIZ-T was cast from
HCOOH or 80:20 v% HCOOH:H2 O yielded PCEs of 0.02 % and 0.01 %, respectively.
The low 𝑉 is likely due to the non-ideal match between the conduction bands
of P3HT and CPIZ-T. The low FF is as a consequence of the bi-layer architecture.
As a proof-of-concept, however, the results unambiguously demonstrate that CPIs
cast from green solvents are viable active-layer materials for OSCs. To contextualize
these results, the first bi-layer OSCs that used conjugated polymers as donors gave
PCEs of 0.04 %,[41] which increased to 2.9 % by blending the materials in a bulkheterojunction.[42]
Table 3.2: Photovoltaic parameters of the bilayers devices based on CPIZ-T and P3HT.

Active Layer
P3HT
CPIZ-T
CPIZ-T/P3HT
CPIZ-T/P3HT

Solvent
C6 H5 Cl
HCOOH
HCOOH
80:20 v% HCOOH:H2 O

[mA/cm2 ]
.
.
.
.

[V]

FF [%]

PCE [%]
.

.
.

.
.

.
.
.

To demonstrate that CPIZ-T actively contributes to a photovoltaic effect at the
interface between the donor and acceptor films, we additionally prepared ITO/ZnO/
P3HT/MoO3 /Al devices. These P3HT-only devices give a comparable PCE of the
bilayer (0.03 %), which is primarily the result of the higher mobility of ZnO compared
to CPIZ-T leading to a higher 𝐽 . The 𝑉 of the P3HT-only device is only 0.197 V
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compared to 0.548 V for the P3HT/CPIZ-T bilayer device. This significant difference
in 𝑉 is unambiguous evidence that the PCE in the bilayer devices is driven by a
photovoltaic effect at the P3HT/CPIZ-T interface.

3.3. Conclusion

3

Processing OSCs from non-renewable organic solvents does not preclude their technological or commercial viability. However processing from non-toxic, non-flammable
renewable solvents will, in principle, bring down the costs and carbon payback of
future OSC technology. We present CPIs as a viable pathway towards that end via
proof-of-concept bi-layer OSCs in which the CPI acceptor layer is cast from 80:20
v% HCOOH:H2 O. The zwitterionic nature of the CPIs, in which opposing charges
exist in the backbone and pendant groups, impart not just processability, but also
solubility in polar, protic solvents. Although they bear charges in the band structure,
CPIs are intrinsic semiconductors, as evidenced by the dependence of the bandgap
on the degree of charge in the backbone and the lack of unpaired spins determined
by ESR spectroscopy. Although the absolute efficiencies of the bi-layer OSC devices is low by modern standards, they are similar to those of bi-layer OSCs that
use conventional conjugated polymers processed from standard organic solvents.
We are working to develop CPIs that function as donors, which would allow the
processing of bulk heterojunction blends from green solvents that will, in principle,
produce technologically relevant efficiencies from active layers processed entirely
from green solvents.

3.4. Experimental
Synthesis and Characterization
Measurement and characterization
All reagents and solvents were commercial and were used without further purification unless otherwise indicated. HNMR and CNMR were performed on a Varian
Unity Plus (400 MHz) instrument at 25 ∘ C, using tetramethylsilane (TMS) as an internal standard. NMR shifts are reported in ppm, relative to the residual protonated
solvent signals of CDCl3 (𝛿 = 7.26 ppm) or at the carbon absorption in CDCl3 (𝛿
= 77.23 ppm). Multiplicities are denoted as: singlet (s), doublet (d), triplet (t)
and multiplet (m). High Resolution Mass Spectroscopy (HRMS) was performed on
a JEOL JMS 600 spectrometer. FT-IR spectra were recorded on a Nicolet Nexus
FT-IR fitted with a Thermo Scientific Smart iTR sampler. Thermal properties of the
polymers were determined on a TA Instruments DSC Q20 and a TGA Q50. DSC
measurements were executed with two heating-cooling cycles with a scan rate of
10 ∘ C min , and from each scan, the second heating cycle was selected. TGA measurements were done from 20 to 800 ∘ C with a heating rate of 20 ∘ C min under N2
flow. EPR spectra were recorded on a Magnettech MiniScope MS400 using a quartz
capillary at a concentration of 5-10 mg mL in HCOOH. UV-vis-NIR measurements
were carried out on a Shimadzu UV 3600 spectrometer in 1 cm fused quartz cuvettes
with concentrations of 0.01 mg mL . Photoluminescence measurements were carried out on solutions contained in quartz cuvettes. The samples were excited by the
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second harmonic (approximately 400 nm) of a mode-locked Mira 900 Ti:Sapphire
laser delivering 150 ps pulses at a repetition rate of 76 MHz. The laser power was
adjusted using neutral density filters; and the excitation beam was spatially limited
by an iris. The beam was focused with a 150 mm focal length in reflection geometry.
Steady state spectra were collected by a spectrometer with a 50lines/mm grating
and recorded with a Hamamatsu em-CCD array. For time resolved measurements,
the same pulsed excitation source was used. Spectra were in this case collected
on a Hamamatsu streak camera working in Synchroscan mode (time resolution 2
ps) with a cathode sensitive in the visible. All plotted spectra were corrected for
the spectral response of the setup using a calibrated lamp. Cyclic voltammetry (CV)
was carried out with a Autolab PGSTAT100 potentiostat in a three-electrode configuration where the working electrode was platinum electrode, the counter electrode
was a platinum wire, and the pseudo-reference was an Ag wire that was calibrated
against ferrocene (Fc/Fc ).
Device Fabrication
Electron-only devices The electron only devices were made similar to our previous work[43]. Glass substrates were cleaned in warm soap solution and rinsed
successively in water, acetone and isopropanol and then spin dried and baked at
140 ∘ C for about 10 min. The clean glass substrates were transferred into the evaporator kept at high vacuum (around 10 mbar) where a 20 nm thick aluminum (Al)
film was deposited atop the glass substrates after which they were exposed to air
for about 10 min. The prepatterned Al glass were then transferred into a nitrogen
filled glovebox. The active layer films were spin coated from 10 mg mL−1 solutions
of CPIZs in HCOOH and HCOOH with 20 v% of water, yielding 70 nm and 90 nm
respectively for CPIZ-B and CPIZ-T in HCOOH with about 20 nm reduction in
thickness for the films spin coated from solutions with 20 v% of water. Finally, the
devices were completed by thermal evaporation of a 1 nm thick LiF and a 100 nm
thick Al top electrodes under vacuum (around 10 mbar) in a glovebox. The final
device structure is Al/CPIZ-B or CPIZ-T/LiF/Al. The 𝐽/𝑉 characteristics of the devices were measured in dark mode at room temperature in nitrogen filled glovebox
with O2 and H2 O levels kept below 0.1 ppm. A Keithley 2400 source meter was
used to acquire the current-voltage data by applying a bias in the range of -3 to 3
V while recording the corresponding currents.
Solar cells The cleaning steps for the solar cells are as described above except that
the substrates are pre-patterned ITO glasses. A 30 nm layer of ZnO was spin coated
from sol gel solution and annealed at 170 ∘ C for 30 min. The zinc oxide solution
was prepared by dissolving 109.67 mg of zinc acetate in 1 mL of 2-methoxyethanol
and 0.0302 mL of ethanolamine. Then the solution was stirred at room temperature
for few hours. Then a layer of CPIZ-T was spin coated atop the ZnO layer from
10 mg mL−1 solution of CPIZ-T in HCOOH and HCOOH with 20 v% of water. The
CPIZ-T layer processed from HCOOH with 20 v% of water was annealed at 100
∘
C for 10 mins. Atop the CPIZ-T layer, a second layer from 20 mg mL−1 solution of
P3HT in chlorobenzene was spin coated. To complete the device the samples were
transferred into an evaporator kept under vacuum (around 10 mbar) overnight
and finished with thermal evaporation of a 10 nm thick MoOx and a 100 nm thick Al.
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The final structure is ITO/ZnO/CPIZ-T/P3HT/MoOx/Al. The cells were annealed at
150 ∘ C for 30 mins. The J/V characteristics were similarly taken as described above
under 1 sun illumination.
Synthesis of Monomers

3

Figure 3.9: Synthetic route for monomers.

2,7-Dibromo-9H-fluorene
Bromine (63 g, 392 mmol, 20.2 mL) in 40 mL of chloroform was added dropwise into a suspension solution containing fluorene (30.0 g, 180 mmol), iron powder (160 mg, 2.86 mmol) in a catalytic amount and 200 mL of chloroform. The flask
was cooled in ice water, and the temperature was controlled under 5°. This is
anexothermic reaction, and any rapid addition of the bromine should be avoided.
After completion adding bromine, The reaction was allowed to warm to room temperature and stirred overnight at room temperature in darkness. After quenched
with saturated aqueous Na2 S2 O3 , the product was filtered and recrystallized with
chloroform, to afford white solid (52.5 g, 91 % yield). HNMR (400 MHz, CDCl3 ): 𝛿:
7.66 (s, 2H), 7.60 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H), 3.86 (s, 2H).
Monomer (1), 2,2’-(2,7-dibromo-9H-fluorene-9,9-diyl)diacetic acid[44]
Ethyl bromoacetate (10.2 g, 60 mmol) was diluted with DMSO (25 mL) and added
dropwise to a solution of 2,7-dibromofluorene (6.44 g, 20 mmol) and sodium hydroxide (50 % w/w) aqueous solution (15 mL) in DMSO (150 mL) under nitrogen
at 0°. After completion addition, the resulting solution was allowed to warm to
room temperature and stirred for overnight at room temperature. Then 10N HCl
(34 mmol) was added drop-wise to the reaction mixture in ice-water bath. The resulting mixture was kept stirring for 30 min to form precipitate. then precipitate
was collected by filtration, followed by washing with water for three times, then
the crude product was dissolved into 1N NaOH. the aqueous solution was acidified
by addition 1N HCl. A precipitate was collected by filtration and dried in vacuum
at 50° overnight and was recrystallized from ethanol and CH2 Cl2 mixture to give
white solid product (4.3 g, 49 %). HNMR (400 MHz, DMSO – d6 ): 𝛿 : 11.89 (s, 2H,
COOH), 7.85(d, 2H, J = 1.8 Hz, Ar-H), 7.78 (d, 2H, J = 8.1 Hz, Ar-H), 7.52 (dd,
2H, J = 8.1 Hz, 1.7 Hz, Ar-H), 3.08 (s, 4H, CH2). CNMR (100 MHz, DMSO – d6 ) 𝛿:
170.93, 151.36, 138.64, 130.32, 126.71, 122.02, 120.46, 56.03, 41.73.
bis(4-bromophenyl)methanone[45]
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To a nitrogen-purged 3-neck flask containing a solution of 4-bromobenzoyl chloride (4.4 g, 20 mmol) in 20 mL bromobenzene, AlCl3 (5.48 g, 40 mmol) was added
at 0°. The resulting mixture was allowed to warm to room temperature and stirred
overnight, then heated at 90° for 3 h, cooled to room temperature. The mixture
was quenched by pouring it over 1 N HCl/ice and extracted with CH2 Cl2 , the combined organic layers were washed with water and brine, and dried over Na2 SO4 .
The solvents were removed by rotary evaporation. Finally the crude product was
recrystallized from MeOH to give a colorless crystal product (3.67 g, 54 %). HNMR
(400 MHz, CDCl3 ): 𝛿: 7.64 (s, Ar-H, 8H).
Monomer (2), bis(4-bromophenyl)(4-(dimethylamino)phenyl)methanol[37]
To a solution of bis(4-bromophenyl)methanone (182 mg, 1 mmol) in 10 mL anhydrous THF under an atmosphere of N2 , Gringard reagent (4-(dimethylamino)phenyl)
magnesium bromide (0.45 M, 2 mL, 0.9 mmol) was added drop-wise at −78°. The
solution was stirred for 3 h in the cold bath. Saturated ammonium chloride aqueous solution was added to quench the reaction, andand extracted with CH2 Cl2 . The
organic phase was dried over Na2 SO4 and the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give product
(190 mg, 42 %). HNMR (400 MHz, CDCl3 ): 𝛿: 7.46 (d, J = 8.6 Hz, 4H), 7.21 (d,
J = 8.6 Hz, 4H), 7.03 (d, J = 8.9 Hz, 2H), 6.67 (d, J = 8.9 Hz, 2H), 3.01 (s, OH,
1H), 2.95 (s, N – CH3 , 6H). HNMR (100 MHz, CDCl3 ): 𝛿: 149.98, 146.23, 133.59,
130.87, 129.64, 128.67, 121.10, 111.77, 81.06, 40.25.
Synthesis of Polymer and Characterization
General synthetic procedures for polymer
To a dry three-neck flask, Monomer 1 (1 eq), Monomer 2 (2 eq) and Diboronic acid
derivatives (3 eq) were added under N2 followed by Tetrakis(triphenylphosphine)palladium(0) Pd(PPh3 )4 (30 mg). The flask and its contents were subjected to 3
pump/purge cycles with N2 followed by addition of oxygen-free aqueous solution
of 2M Na2 CO3 (5 mL) and anhydrous, oxygen-free DMF (10 mL) via syringe. The
reaction mixture was vigorously stirred at 95° for three days. After cooling to room
temperature, the reaction mixture was poured into 200 mL vigorously stirred acetone. The precipitated solid was collected by filtration. The solid polymers were
suspended in milipore water, and transferred into a dialysis tube (MWCO:3500).
The dialysis tube was placed in a large beaker with water (2 L) stirring for 3 days,
and the water was changed every 12 hours. After the dialysis, the solid was collected and dried under vacuum overnight.
CPIZ-B: Synthesis according to the general polymerization procedure: monomer 1
(110 mg, 0.25 mmol), monomer 2 (230 mg, 0.5 mmol) and 1,4-phenylenediboronic
acid (125 mg, 0.75 mmol). The polymer was obtained as a red solid (240 mg, 88 %).
HNMR (400 MHz, TFA – d): 𝛿: 8.6−6.7 (m, Ar-H, 42H), 4.4−2.5 (m, N – CH3 +
CH2 , 16H). HNMR (400 MHz, D2 SO4 +DMSO – d6 ): 𝛿: 8.25−7.05 (m, Ar-H, 42H),
3.56−2.40 (br, CH2 , 4H), 3.26−2.98 (m, N – CH3 , 12H). IR (cm ): 695, 745, 810,
907, 947, 1003, 1153, 1188, 1351, 1396, 1463, 1487, 1518, 1608, 3027.
CPIZ-T: Synthesis according to the general polymerization procedure: monomer 1
(110 mg, 0.25 mmol ), monomer 2 (230 mg, 0.5 mmol) and thiophene-2,5-diyldiboronic
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acid (130 mg, 0.75 mmol). The polymer was obtained as a yellow solid (50 mg,
17 %). HNMR (400 MHz, TFA – d): 𝛿: 8.4−6.7 (m, Ar-H, 36H), 4.5−2.7 (m, N – CH3
+ CH2 , 16H). IR (cm ): 695, 741, 759, 798, 905, 946, 973, 1016, 1153, 1187,
1350, 1405, 1443, 1495, 1518, 1563, 1607, 3356.
The polymers were synthesized by palladium-catalysted Suzuki coupling polymerization of dibromo-monomers with diboronic acid-monomers in a DMF/H2 O solvent
mixture. Polymers were obtained under refluxing the polymerization mixture three
days. Impurities and low-molecular-weight fraction were removed by dialysis in
water. The molecular weight cut off of the dialysis membrane is 3500. After the
dialysis, CPIZ-B become the red colour due to a little bit carbocation formed during
the ionic exchange, while CPIZ-T remain yellow colour. After drying under vacuum, our target polymers product was obtained in precursor state. Their chemical
structures were characterized by nuclear magnetic resonance (NMR) and fouriertransform infrared (FT-IR). For the NMR measurement, the data were collected in
CF3 COOD due to both polymers show good solubility in organic acids. The proton ratio of aromatic region and aliphatic region is 42:16 for CPIZ-B and 36:16 for
CPIZ-T, respectively. In the acid condition, both CPIZ-B and CPIZ-T showed ionic
state. However, it is hard to check HNMR of the polymers as prepared state due to
poor solubility in common deuterated solvent such as CDCl3 and DMSO – d6 . FT-IR
spectra were carried out to check the chemical structure of the polymers changing from as prepared state to the protonation state. As shown in the Figrue 3.11,
both polymers have no typical carboxylic acid C=O stretching mode around 1700
cm in as prepared state, indicate the carboxylic acid were coordinated with the
sodium salt.[44] This also was confirmed in our model conjugated polyelectrolyte
P1. After protonation, the peak around 1700 cm enhanced, which indicates that
carboxylic acid was dissociated with sodium by the protonation and peak around
1185 cm which belongs to the C-O-C stretching mode enhanced,[46] indicating
that there exist the Coulomb interaction between the anion in the side and cation
in the backbone. Thus, both appeared and enhanced peaks in IR spectra after
treating with acid, suggested both polymers exhibited polyzwitterions in solid state
after protonation.
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Figure 3.10: a) HNMR spectrum of CPIZ-B in D2 SO4 and DMSO – d6 . b) HNMR spectrum of CPIZ-B in
TFA – d. c) HNMR spectrum of CPIZ-T in TFA – d.
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Figure 3.11: FT-IR spectra of showing a) CPIZ-B, b) CPIZ-T and c) model polymers P1 before and after
treating with HCOOH. d) IR spectra for CPIZ-B, CPIZ-T and P1 after treating with acid. Both appeared
peaks in 1700 cm and enhanced peaks in 1185 cm spectra after treating with acid, suggested both
polymers exhibited polyzwitterions in solid state after protonation.
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Thermal properties

3
Figure 3.12: Thermogravimetric analysis plots for CPIZ-B a) and CPIZ-T b) before and after treating
with acid.

a)

c)

b)

d)

Figure 3.13: Differential scanning calorimetry curves for CPIZ-B a) and CPIZ-T b). The measurements
were executed with two heating-cooling cycles with a scan rate of 10 ∘ C min , and the second heating
cycle was selected.

The thermal properties of CPIZ-B and CPIZ-T in precursor state and in ionic
state were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The TGA results are shown in Figure 3.12. The temperature
of 5% weight-loss was selected as the onset point of thermal degradation temperatures (T ). Both polymers in precursor and ionic state exhibit similar T . CPIZ-T
even have similar trace, but CPIZ-B backbone structure seem became more stable
after treating with acid. The good stability with (T ) at 200 ∘ C for CPIZ-B and
182 ∘ C for CPIZ-T, respectively, indicating that they are sufficient thermally stable
for devices applications. As shown in Figure 3.13, the DSC curves of CPIZ-B and
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CPIZ-T in both precursor and ionic state show that there are no distinct exothermal
transition in the second heating cycle and cooling cycle, revealing that no crystalline
behavior or phase transition occurred during this temperature section.
Photoluminescence spectra

3

Figure 3.14: Emission and excitation spectra for CPIZ-B a) and CPIZ-T b) in HCCOH solution.

Figure 3.15: The time-resolved photoluminescence spectra for CPIZ-B a) and CPIZ-T b) in HCCOH
solution. CPIZ-B showed longer life time which decay lifetime exceeding 2 ns, while CPIZ-T showed
bimodal-exponential photoluminescence decay with lifetimes of 146 ps and 969 ps.

Figure 3.14 show the steady-state fluorescence spectra of CPIZ-B and CPIZ-T,
and their excitation spectra in HCOOH. When polymers CPIZ-B and CPIZ-T were
excited at 360 nm in pure HCOOH, the maximum steady-state emission peaks of
CPIZ-B and CPIZ-T are local at 405 nm and 428 nm, respectively. The emission peaks are red-shifted when the conjugated length is extended. While we did
not detect the emission when CPIZ-B and CPIZ-T were excited at their maximum absorption peaks, indicating that this intramolecular charge transfer state is
a non-radiative relaxation path. The excitation spectra of CPIZ-B and CPIZ-T
confirm that the photoluminescence originates from the high energy region. This
means both CPIZ-B and CPIZ-T retain the localized emission peaks observed in
the fluorene moiety[18]. These emissions could be attributed to the twisted structures of the CPIZ-B and CPIZ-T, leading to twisted intramolecular charge transfer
(TICT)[47], resulting in the fluorescence from the high energy band through relaxation of the locally excited state and non-radiative relaxation channels in the
low energy band. Time-resolved photoluminescence was carried out (exciting the
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samples at ∼263 nm) to understand the dynamics of the emission, streak images
are shown in the Figure 3.15. CPIZ-B showed a longer lifetime, with emission decay exceeding 2000 ps which was the maximum measurable lifetime of the streak
camera unit, while CPIZ-T showed bimodal-exponential emission decay with lifetimes of 146 ps and 969 ps. The longer life time of CPIZ-B is because of higher
twisted structures of the CPIZ-B than that of CPIZ-T which lead to less effective intramolecular charge transfer in CPIZ-B. CPIZ-T has a better planar structure compared to the CPIZ-B due to having smaller torsional angles between the
thiphene moiety and tritylium resulting in higher effective charge transfer in CPIZ-T
and reduced lifetime.
It is well-known that for doped conjugated polymers, polarons are extremely
efficient exciton quenchers and even in low concentration, photoluminescene is effectively quenched.[18, 19, 48] Thus, the presence of photoluminescence in CPIZB and CPIZ-T proves that our CPIs-polymers are intrinsic polymers rather than
doped polymers.
DFT calculation

Figure 3.16: DFT-optimized geometries of the repeating units of CPIZ-B and CPIZ-T, the dihedral
angles between the planes of -system bridge and fluorene moiety or trityllium moiety and the regions
of steric repulsion torsion are indicated by the circles.
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Film Morphology

3

Figure 3.17: Surface topographic AFM image of CPIZ-B bare glass surface (25
from 10 mL in HCOOH. The RMS value are 4.68 nm.

m ) when spun cast

EQE data of bilayer solar cells

Figure 3.18: EQE spectra of the all polymer bi-layer solar cells devices based on CPIZ-T and P3HT, and
CPIZ-T was spun-cast from pure (HCO2H).

SCLC measurement
Figure 3.19 shows trace-retrace J-V curves of the two CPIs; CPIZ-B shows no hysteresis when cast from HCOOH with or without H2 O, while CPIZ-T shows only a
very slight hysteresis between voltages of 0 to 1.5 V. These plots clearly show that
the influence of any residual free ions on the total conductivity is negligible
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Figure 3.19: Current-voltage characteristics with sweep up/down of electron-only devices for thin films
of a) CPIZ-B cast from pure HCOOH and from 80:20 v% HCOOH:H2 O; and b) CPIZ-T cast from pure
HCOOH and from 80:20 v% HCOOH:H2 O.

Impedance device

Figure 3.20: a) Device architecture for the impedance measurement for thin films of CPIZ-T cast from
pure HCOOH. b) Equivalent circuit used for fitting impedance data.
represents the series resistance
due to contact resistance and probe effects. The parallel resistance
is needed to account for the
finite resistance of real materials, and
represents an ideal capacitor.

Impedance data

Figure 3.21: a) Bode plots and b) Nyquist impedance plot for CPIZ-T. The measured data of the
magnitude (∣Z∣, black triangles) and the phase (blue triangles) are plotted against the frequency, the
Nyquist diagram of the device is plotted showing the behavior of a real capacitor.

3

64

References

References
[1] Y. J. Cheng, S. H. Yang, and C. S. Hsu, Synthesis of Conjugated Polymers for
Organic Solar Cell Applications, Chem. Rev. 109, 5868 (2009).
[2] A. J. Heeger, Semiconducting polymers: the Third Generation, Chemical Society Reviews 39, 2354 (2010).

3

[3] A. J. Heeger, 25th anniversary article: Bulk heterojunction solar cells: Understanding the mechanism of operation, Advanced Materials 26, 10 (2014).
[4] X. Guo, A. Facchetti, and T. J. Marks, Imide- and amide-functionalized polymer
semiconductors, Chemical Reviews 114, 8943 (2014).
[5] L. Dou, Y. Liu, Z. Hong, G. Li, and Y. Yang, Low-Bandgap Near-IR Conjugated
Polymers/Molecules for Organic Electronics, Chemical Reviews 115, 12633
(2015).
[6] C. Liu, K. Wang, X. Gong, and A. J. Heeger, Low bandgap semiconducting polymers for polymeric photovoltaics, Chemical Society Reviews 45, 4825
(2016).
[7] Y. Duan, Chunhui Zhang, Kai Zhong, Chengmei Huang, Fei Cao, Recent advances in water/alcohol-soluble p-conjugated materials: new materials and
growing applications in solar cells, Chem. Soc. Rev. 42, 9071 (2013).
[8] C. C. Chueh, C. Z. Li, and A. K. Jen, Recent progress and perspective in
solution-processed Interfacial materials for efficient and stable polymer and
organometal perovskite solar cells, Energy and Environmental Science 8, 1160
(2015).
[9] B. Xu and J. Hou, Solution-Processable Conjugated Polymers as Anode Interfacial Layer Materials for Organic Solar Cells, Adv. Energy Mater , 1800022
(2018).
[10] L. Ye, Y. Xiong, Q. Zhang, S. Li, C. Wang, Z. Jiang, J. Hou, W. You, and
H. Ade, Surpassing 10 % Efficiency Benchmark for Nonfullerene Organic Solar
Cells by Scalable Coating in Air from Single Nonhalogenated Solvent, Advanced
Materials 30, 1705485 (2018).
[11] H. Jiang, P. Taranekar, J. R. Reynolds, and K. S. Schanze, Conjugated polyelectrolytes: Synthesis, photophysics, and applications, Angewandte ChemieInternational Edition 48, 4300 (2009).
[12] A. Duarte, K. Y. Pu, B. Liu, and G. C. Bazan, Recent advances in conjugated
polyelectrolytes for emerging optoelectronic applications, Chemistry of Materials 23, 501 (2011).
[13] C. L. Zhu, L. B. Liu, Q. Yang, F. T. Lv, and S. Wang, Water-Soluble Conjugated
Polymers for Imaging, Diagnosis, and Therapy, Chemical Reviews 112, 4687
(2012).

References

65

[14] Y. Liu, Z. A. Page, T. P. Russell, and T. Emrick, Finely Tuned Polymer Interlayers
Enhance Solar Cell Efficiency Angewandte, Angewandte Chemie - International
Edition 54, 11485 (2015).
[15] Z. He, B. Xiao, F. Liu, H. Wu, Y. Yang, S. Xiao, C. Wang, T. P. Russell, and Y. Cao,
Single-junction polymer solar cells with high ef fi ciency and photovoltage,
Nature Photonics 9, 174 (2015).
[16] J. H. Seo, A. Gutacker, B. Walker, S. Cho, A. Garcia, R. Yang, T.-q. Nguyen, A. J.
Heeger, and G. C. Bazan, Improved Injection in n-Type Organic Transistors
with Conjugated Polyelectrolytes, J. Am. Chem. Soc. 131, 18220 (2009).
[17] J. H. Seo, A. Gutacker, Y. Sun, H. Wu, F. Huang, Y. Cao, U. Scherf, A. J.
Heeger, and G. C. Bazan, Improved High-Efficiency Organic Solar Cells via
Incorporation of a Conjugated Polyelectrolyte Interlayer, J. Am. Chem. Soc.
133, 8416 (2011).
[18] B. H. Lee, J.-h. Lee, S. Y. Jeong, S. B. Park, S. H. Lee, and K. Lee, Broad
Work-Function Tunability of p-Type Conjugated Polyelectrolytes for Effi cient
Organic Solar Cells, Adv. Energy Mater 5, 1401653 (2015).
[19] J.-h. Lee, B. H. Lee, S. Y. Jeong, S. B. Park, G. Kim, S. H. Lee, and K. Lee,
Radical Cation – Anion Coupling-Induced Work Function Tunability in Anionic
Conjugated Polyelectrolytes, Adv. Energy Mater 5, 1501292 (2015).
[20] Z. He, C. Zhong, X. Huang, W. Y. Wong, H. Wu, L. Chen, S. Su, and Y. Cao,
Simultaneous enhancement of open-circuit voltage, short-circuit current density, and fill factor in polymer solar cells, Advanced Materials 23, 4636 (2011).
[21] C. Duan, K. Zhang, X. Guan, C. Zhong, H. Xie, F. Huang, J. Chen, J. Peng,
and Y. Cao, Conjugated zwitterionic polyelectrolyte-based interface modification materials for high performance polymer optoelectronic devices, Chemical
Science 4, 1298 (2013).
[22] Z. He, H. Wu, and Y. Cao, Recent advances in polymer solar cells: Realization
of high device performance by incorporating water/alcohol-soluble conjugated
polymers as electrode buffer layer, Advanced Materials 26, 1006 (2014).
[23] J. C. Brendel, M. M. Schmidt, G. Hagen, R. Moos, and M. Thelakkat, Controlled synthesis of water-soluble conjugated polyelectrolytes leading to excellent hole transport mobility, Chemistry of Materials 26, 1992 (2014).
[24] Z. B. Henson, Y. Zhang, T.-q. Nguyen, J. H. Seo, and G. C. Bazan, Synthesis
and Properties of Two Cationic Narrow Band Gap Conjugated Polyelectrolytes,
J. Am. Chem. Soc. 135, 4163 (2013).
[25] S. Wang and G. C. Bazan, Solvent-dependent aggregation of a water-soluble
poly ( fluorene ) controls energy transfer to chromophore-labeled DNA, Chem.
Commun. , 2508 (2004).

3

66

References

[26] C.-k. Mai, T. Arai, X. Liu, S. L. Fronk, G. M. Su, R. A. Segalman, L. Chabinyc,
and G. C. Bazan, Electrical properties of doped conjugated polyelectrolytes
with modulated density of the ionic functionalities , Chemical Communications , 1 (2015).

3

[27] H. Zhou, Y. Zhang, C.-K. Mai, S. D. Collins, T.-Q. Nguyen, G. C. Bazan, and A. J.
Heeger, Conductive Conjugated Polyelectrolyte as Hole-Transporting Layer for
Organic Bulk Heterojunction Solar Cells, Advanced Materials 26, 780 (2014),
arXiv:arXiv:1011.1669v3 .
[28] H. Zhou, Y. Zhang, C.-k. Mai, J. Seifter, T.-q. Nguyen, G. C. Bazan, and A. J.
Heeger, Conjugated Polyelectrolyte Improves Interfacial Contact in Organic
Solar Cells, Acs nano , 371 (2015).
[29] Z. Wu, C. Sun, S. Dong, X.-f. Jiang, S. Wu, H. Wu, H.-l. Yip, F. Huang, and
Y. Cao, n-Type Water/Alcohol-Soluble Naphthalene Diimide-Based Conjugated
Polymers for High-Performance Polymer Solar Cells, J. Am. Chem. Soc. 138,
2004 (2016).
[30] C. Sun, Z. Wu, Z. Hu, J. Xiao, W. Zhao, H. W. Li, Q. Y. Li, S. W. Tsang, Y. X.
Xu, K. Zhang, H. L. Yip, J. Hou, F. Huang, and Y. Cao, Interface design for
high-efficiency non-fullerene polymer solar cells, Energy and Environmental
Science 10, 1784 (2017).
[31] J. Jia, B. Fan, M. Xiao, T. Jia, Y. Jin, Y. Li, F. Huang, and Y. Cao, N-Type
Self-Doped Water/Alcohol-Soluble Conjugated Polymers with Tailored Energy
Levels for High-Performance Polymer Solar Cells, Macromolecules 51, 2195
(2018).
[32] C. Duan, W. H. Cai, B. B. Y., C. Zhong, K. Zhang, Z. Liu, Chunchen Hu,
F. Huang, G. C. Bazan, A. J. Heeger, and Y. Cao, Toward green solvent processable photovoltaic materials for polymer solar cells: the role of highly polar
pendant groups in charge carrier transport and photovoltaic behavior, Energy
& Environmental Science 6, 3022 (2013).
[33] R. C. Chiechi, G. Sonmez, and F. Wudl, A robust electroactive n-dopable
aromatic polyketone, Advanced Functional Materials 15, 427 (2005).
[34] T. P. Voortman, H. D. De Gier, R. W. Havenith, and R. C. Chiechi, Stabilizing cations in the backbones of conjugated polymers, Journal of Materials
Chemistry C 2, 3407 (2014).
[35] T. P. Voortman, D. Bartesaghi, L. J. A. Koster,
and R. C. Chiechi,
Cross-Conjugated n-Dopable Aromatic Polyketone, Macromolecules 48, 7007
(2015).
[36] T. P. Voortman and R. C. Chiechi, Thin Films Formed from Conjugated Polymers
with Ionic, Water-Soluble Backbones, ACS Applied Materials and Interfaces 7,
28006 (2015).

References

67

[37] D. Bartholome and E. Klemm, Novel polyarylene-triarylmethane dye copolymers, Macromolecules 39, 5646 (2006).
[38] I. Dumsch, C. J. Kudla, and U. Scherf, Polytriarylamines With On-Chain Crystal
Violet Moieties, Macromol. Rapid Commun. 30, 840 (2009).
[39] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji,
X. Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng,
A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega,
G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N.
Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi,
J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin,
K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian 09 Revision
B.01, (2009), gaussian Inc. Wallingford CT.
[40] S. N. Patel, A. E. Javier, G. M. Stone, S. A. Mullin, and N. P. Balsara, Simultaneous Conduction of Electronic Charge and Lithium Ions in Block Copolymers,
ACS Nano 6, 1589 (2012).
[41] N. S. Sariciftci, D. Braun, C. Zhang, V. I. Srdanov, A. J. Heeger, G. Stucky,
and F. Wudl, Semiconducting polymer-buckminsterfullerene heterojunctions:
Diodes, photodiodes, and photovoltaic cells, Applied Physics Letters 62, 585
(1998).
[42] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger, Polymer Photovoltaic Cells - Enhanced Efficiencies via a Network of Internal Donor-Acceptor
Heterojunctions, Science 270, 1789 (1995).
[43] N. Y. Doumon, G. Wang, R. C. Chiechi, and L. J. A. Koster, Relating polymer
chemical structure to the stability of polymer:fullerene solar cells, Journal of
Materials Chemistry C 5, 6611 (2017).
[44] C. Qin, X. Wu, H. Tong, and L. Wang, High solubility and photoluminescence
quantum yield water-soluble polyfluorenes with dendronized amino acid side
chains: synthesis, photophysical, and metal ion sensing properties, Journal of
Materials Chemistry 20, 7957 (2010).
[45] X. Chen and G. Chang, Synthesis and Photosensitive Properties of Poly ( aryl
imino ) Containing Azobenzene Group ( PAI-A ), Chinese Journal of Chemistry
27, 2093 (2009).
[46] C.-k. Mai, T. Arai, X. Liu, S. L. Fronk, G. M. Su, R. A. Segalman, L. Chabinyc,
and G. C. Bazan, Electrical properties of doped conjugated polyelectrolytes

3

68

References

with modulated density of the ionic functionalities , Chemical Communications , 1 (2015).
[47] S. Sasaki, G. P. Drummen, and G. I. Konishi, Recent advances in twisted
intramolecular charge transfer (TICT) fluorescence and related phenomena in
materials chemistry, Journal of Materials Chemistry C 4, 2731 (2016).

3

[48] I. E. Jacobs, F. Wang, N. Hafezi, C. Medina-Plaza, T. F. Harrelson, J. Li, M. P.
Augustine, M. Mascal, and A. J. Moulé, Quantitative Dedoping of Conductive
Polymers, Chemistry of Materials 29, 832 (2017).

4
The Effects of Ethylene Glycol
Side Chains on Molecular
n-doping of Low Bandgap
Donor-Acceptor Copolymers
Molecular doping of conjugated polymers is a key strategy for achieving highperformance organic thermoelectric devices. The relationship between molecular structures of n-type conjugated polymers and thermoelectric device performance remains vague. Most previous work focused on studying the relationship of the backbone architecture with molecular doping while the effects
of the side chains are less explored. In this chapter, we demonstrate how the
type and position of side chains impact the n-doping of donor-acceptor (D-A)
copolymers. Four different combinations of linear ethylene glycol-based polar
side chains and traditional alkyl side chains are used, and the resultant D-A
copolymers are molecularly n-doped by organic dopants with varying doping
concentrations. It is found that polar side chains can increase the electron
affinity of D-A copolymers and greatly improve the mixing of host D-A copolymers with polar dopant as compared to the alkyl side chains. As a result,
we achieve an optimized conductivity of 0.08 S/cm in the doped D-A copolymer with the polar side chains on both D and A moieties. We also observed
an unusual sign switching of the Seebeck coefficient by increasing the doping
concentration in doped D-A copolymers with different-type side chains on the
two moieties. Our work offers an insight into the roles of side chains play in
molecular n-doping, which might be general for most conjugated polymers.
I would like to thank Jian Liu and Prof. Jan Anton Koster for help in device measurements and Xinkai
Qiu for help in AFM. The manuscript is in preparation.
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4. The Effects of Ethylene Glycol Side Chains on Molecular n-doping of
Low Bandgap Donor-Acceptor Copolymers

4.1. Introduction
-conjugated polymers have attracted extensive attention in organic electronic

𝜋 devices due to their superior advantages such as light weight, mechanically

4

flexibility and large-scale.[1–5] In the category of organic thermoelectric, conjugated polymers have unique advantages over their inorganic counterparts in realizing the low-cost, environmentally benign, high-throughput, and flexible thermoelectric generrators[6–9]. In general, thermoelectric properties are quantified
by the unitless figure of merit, ZT=S 𝜎T/𝜅, where S is the Seebeck coefficient,
𝜎 is the electrical conductivity, T is the absolute temperature, and 𝜅 is the thermal conductivity, and because of the extremely low thermal conductivities (𝜅) of
polymer materials (𝜅 = 0.01-1 W m K ), thermoelectric properties can also be
evaluated by the power factor (PF=S 𝜎) as the key parameter to be optimized for
efficient thermoelectric. In order to achieve practical applications, both efficient
p-type and n-type thermoelectric materials are required. Recently, thermoelectric materials based on p-type polymers have been intensively studied[9–16] and
significant progress has been made with high ZT = 0.42.[12, 17] However, the development of efficient n-type thermoelectric polymer materials still lags behind due
to the lack of efficient n-type doped materials.[6] Generally, high performance ntype polymer thermoelectric materials require high electron mobility and the deeper
low-lying lowest unoccupied molecular orbital (LUMO) energy level for efficient ntype doped. Although conjugated polymers with high electron mobility have been
developed,[18, 19] few polymers that can be efficiently n-type doped and that
exhibit high electrical conductivities have been reported.[16, 20] Therefore, the
relationship between molecular structures of n-type conjugated polymers and thermoelectric device performance remains less understood.
The pioneering work of n-doping solution-processed conjugated polymers was
made by Chabinyc and coworkers. The highest electrical conductivity of 10
S/cm was achieved in doped a napthalenediimide-thiophene copolymer (N2200))
by 4-(1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazol-2-yl)-N,N-dimethylaniline (nDMBI).[21] The low performance is limited by a very low doping efficiency owing
to the insolubility of n-DMBI in the host polymers leading to phase segregation in
the doped films. Recently, most previous works focused on increasing the conductivity of doped conjugated polymers by tailoring the backbone structure of n-type
conjugated polymers. Bao and coworkers systematically tuned the nature of donoracceptor (D-A) backbone and achieved an optimized conductivity of 0.45 S/cm.[22]
And they proposed that higher conductivity of n-dopable conjugated polymers might
be achievable when the D-A character of the backbone was minimized.[22] Pei
and coworkers demonstrated that the rational modification of n-type polymer backbones can simultaneously increase the charge mobility and doping level, leading
to a highest conductivity of 14 S/cm.[20] Very recently, one emerging approach
to solve the host/dopant miscibility is to tailor the polarity of conjugated polymer
by replacing nonpolar alkyl side chains with more polar oligoethylene glycol side
chains, which enhances the compatibility of host/dopant pairs. Recently, we reported an NDI-based copolymer that carries oligoethylene glycol side chains without changing its D–A backbone feature that showed enhanced compatibility with
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n-DMBI and achieved a high electrical conductivity of 0.17 S/cm.[23] This side chain
engineering has been successfully applied in many doped organic semiconductor
system.[24, 25] So far, how the side chains impact the interaction between host
and dopant is still not fully understood.
The only conjugated polymers that can be dissolved in organic solvents include
side chains, which leads to low-cost solution processing. As is well known, side
chains can facilitate the packing of conjugated polymers and influence charge transport. Additionally, the engineering of side chains usually causes minor changes in
the optoelectronic properties of conjugated polymers, which are mainly determined
by their backbones. Therefore, the roles of side chains in n-doping might be potentially universal for most conjugated polymers.
In this chapter, we utilize the backbone of N2200 as the platform and work
on synthetically tuning the type and position of side chains on D and A moieties,
respectively. Herein, different combinations of linear ethylene glycol-based polar
side chains and traditional alkyl side chains are used, and the resultant four D-A
copolymers are molecularly n-doped by n-DMBI with varying doping concentrations.
It is found that the polar side chains located on D or A or both moieties can almost
equally improve the miscibility in blended host/dopant system as compared to the
case of alkyl side chains on both moieties, which significantly increases the doping
efficiency. However, the conductivities of doped D-A copolymers with the polar
side chains and alkyl side chains, respectively, on D and A moieties are limited by
their low mobilities, which might be due to their unfavorable molecular packing.
Therefore, the highest electrical conductivity of 0.08 S/cm is achieved in the doped
D-A copolymers with both D and A moieties functionalized by the polar side chains.
Additionally, we observe an unusual switching of the sign of Seebeck coefficient
roughly at the peak of electrical conductivity in doped D-A copolymers with polar
side chains and alkyl side chains on two moieties, respectively.

4.2. Results and Discussion
Figure 4.1 are the synthetic route and corresponding chemical structures of four DA copolymers which were used to systematically study side chains. The synthesis of
NDI based monomers were synthesized and purified according to the published procedures. The thiophene based monomers were synthesized according to the literature with a little modification (see details in the Experimental Section).[26–28] The
polymers were synthesized by palladium-catalysted Stille coupling polymerization
of dibromo-monomers with distannyl-monomers. Polymers were obtained by refluxing the polymerization mixture overnight. Impurities and low-molecular-weight
fraction were removed by methanol in a Soxhlet extractor. The polymers were extracted with hexane or chloroform, precipitated in methanol, and further dried under
vacuum. Their chemical structures were characterized by HNMR and FT-IR. Incorporation of ethylene glycol side chains can be confirmed by the appearance and enhanced of the C–O–C stretching mode around 1109-1057 cm in the FT-IR spectra
of the polymers. Furthermore, the intensity of these peaks increases consistently
as the the ratio of the ethylene glycol side chains increase. The molecular weights
of these copolymers were determined by high temperature gel permeation chro-
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Figure 4.1: Synthetic route to the polymers and molecular structure of n-NMBI.

matography (GPC) with trichlorobenzene as eluent by using polystyrene as standards. The resulting data are shown in Table 4.1. PNDI2OD-T2DO is obtained with
moderate molecular weight M (7.4 kDa). Replacing one alkyl chain on D or A moiety for ethylene glycol chains give a little bit higher molecular weight, M (8.6 kDa)
for PNDI2TEG-T2DO, M (13.1 kDa) for PNDI2OD-T2DEG. However, replacing both
alkyl chains on the D and A moiety by ethylene glycol chains gave significantly lower
molecular weight M (1.6 kDa) for PNDI2TEG-T2DEG. This can be attributed to its
amphiphilic sturture of PNDI2TEG-T2DEG, in which napthalenediimide-thiophene
backbone is hydrophobic, while ethylene glycol side chains are hydrophilic, leading
to easily form micelle structure during polymerization, resulting in quite low molecular weight of soluble fraction and a substantial insoluble fraction. These results
indicate that manipulating the traditional alkyl chains and polar ethylene glycol side
chains have significant effect on conjugated polymers solubility and molecular selfassembly. All polymers obtained in this chapter have good solubility in chloroform,
which is beneficial for making devices.
The thermal behavior of these copolymers were evaluated by thermogravimetric
analysis (TGA) and differential scanning chromatography (DSC). The temperature
of 5 % weight-loss was selected as the onset point of decomposition (T ). As shown
in Figure 4.9, all the polymers show excellent stability with a decomposition temperature of 334 ∘ C, 321 ∘ C, 335 ∘ C and 307 ∘ C for PNDI2OD-T2DO, PNDI2TEG-T2DO,
PNDI2OD-T2DEG, and PNDI2TEG-T2DEG, respectively, indicating that they are sufficient thermally stable for devices applications. As shown in Figure 4.2, the DSC
curves of PNDI2TEG-T2DO and PNDI2OD-T2DEG show that there are no distinct
exothermal transitions in the second heating cycle, revealing that no crystalline behavior or phase transition occurred during this temperature section. However, for
the PNDI2OD-T2DO, DSC curves show a weak exothermal melting transition at 248
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Table 4.1: Summary of molecular weight, thermal properties, photophysical properties and electrochemical properties and electron mobility of NDI-based conjugated polymers.

Polymer
M (g/mol)
M (g/mol)
Đ
T (∘ C)
T (∘ C)
(nm)
(nm)
.
E
(eV)
E
(eV)
E . (V)
E .
(V)
LUMO (eV)
HOMO (eV)
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.

,
.
.

.
.

.
.
.

.

.
.
.

.
.
.

.

.
.

Calculated from thin film absorption onset: E
= 1240 ÷
Calculated from CV: E
= -(5.1 + E
) eV.
Calculated from CV: E
= -(5.1 + E
) eV.

.
.
eV.

∘

C in the second heating cycle. While DSC plots of PNDI2TEG-T2DEG show three
exothermal transition at 108 ∘ C, 209 ∘ C and 274 ∘ C in the second heating cycle,
and endothermal transition at 94 ∘ C, 191 ∘ C and 253 ∘ C in the first cooling cycle,
in which the former two peaks are attributed to melting/crystallization of ethylene
glycol side chains, the latter is melting/crystallization of backbone. These results indicate that: 1) conjugated polymer have the hybrid side chains, one alkyl side chain
with one ethylene glycol side chains made the molecular packing become worse;
2) conjugated polymers with the pure alkyl side chains or pure ethylene glycol side
chains are beneficial for molecular self-assembly, leading to a better packing in solid
state; 3) as compared to alykl side chains, ethylene glycol side chains conjugated
polymers have tighter packing, which is beneficial for charger transfer.
In order to elucidate the effects of how the type and position of side chains on
the electrochemical properties of these copolymers, cyclic voltammetry (CV) characterization was carried out, as shown in Figure 4.3 and the corresponding data
are shown in Table 4.1. Ferrocene/ferrocenium (Fc/Fc ) was used as an standard
reference, which was assigned an absolute energy of -4.8 eV vs vacuum level.
All the polymers show reversible reduction waves, while the oxidation process is
irreversible. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels of these polymers are calculated
from the onset of oxidation and reduction potentials using the equation E
= -(5.10 + E . )eV and E
= -(5.10 + E . )eV, respectively. The onset
oxidation potentials of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and
PNDI2TEG-T2DEG is 0.30 V, 0.29 V, 0.35 V and −0.05 V, respectively, which are

.
.
.
.
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Figure 4.2: DSC curves of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG.

relative to the redox potential of Fc/Fc . The estimated HOMO energy levels of
PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG are
−5.40 eV, −5.39 eV, −5.45 eV and −5.05 eV, respectively. The onset reduction potentials of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEGT2DEG is −1.06 V, −0.92 V, −0.91 V and −0.80 V, respectively, which are relative
to the redox potential of Fc/Fc . The estimated LUMO energy levels of PNDI2ODT2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG are −4.04 eV,
−4.18 eV, −4.19 eV and −4.30 eV, respectively. The deeper LUMO levels confirm
the strong electron affinity of NDI moiety, indicating that they have sufficient force
for charge transfer for the host and n-type dopant. The trend of the LUMO level
for these polymers is PNDI2TEG-T2DEG < PNDI2TEG-T2DO = PNDI2OD-T2DEG
< PNDI2OD-T2DO, which might mean PNDI2TEG-T2DEG can achieve the highest
doping level, PNDI2TEG-T2DO and PNDI2OD-T2DEG can achieve a medium doping
level, while the PNDI2OD-T2DO may show the lowest doping level. The CV results
clearly showed that replacing the alkyl chains of polar side chains can increase the
electron affinity and decrease the ionization potential of D-A copolymers, which is
consistent with literature, indicating manipulating the transitional alkyl chains and
polar ethylene glycol side chains have significant effect on conjugated polymers
electronic structure[29].
Figure 4.4 shows the UV-Vis-NIR absorption spectra for pristine and differently
doped D-A copolymers thin films. The pristine PNDI2OD-T2DO, PNDI2TEG-T2DO,
PNDI2OD-T2DEG, and PNDI2TEG-T2DEG show two characteristic neutral absorptions, which are assigned to the 𝜋 − 𝜋∗ transition (at around 400 nm) and the broad
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Figure 4.3: Cyclic voltammograms of the polymer thin films deposited on glass carbon working electrode.

intramolecular charge-transfer transition (P0 peaking from 850 nm to 1000 nm),
respectively.[30] Generally, we observed a relative red-shift of absorption band with
the polar side chains on D and A moieties as compared to the alkyl side chains.[29]
The optical band-gap of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and
PNDI2TEG-T2DEG determined from absorption onsets are 1.14 eV, 1.04 eV, 0.95 eV
and 0.80 eV, respectively. This trend that optical bandgap decrease gradually with
the increase of polar ethylene glycol side chains proportion is consistent with our
CV measurement.
The molecular doping of PNDI2OD-T2DO, PNDI2TEG-T2DO and PNDI2OD-T2DEG
cause significant bleaching of neutral peaks and generates new polaron (P2’) peaks
at around 560 nm. The extent of bleaching of neutral peaks could be affected by
several factors such as doping level, the extended length of polaron and the molecular packing of conjugated polymers.[22] Thus, it is difficult to evaluate the doping
levels of different D-A copolymers just from the bleaching of neutral peaks. The
doping of PNDI2TEG-T2DO gives rise to a red-shift of absorption onset, which is
considered as the spectroscopic overlap of neutral charge-transfer absorption and
polaron transition (P2). However, we did not see the polaron absorption peak
(P1) in doping of PNDI2TEG-T2DO, which might be due to the merge of newly
formed polaron band with the LUMO level. Low energy P1 sub-gap absorption
at wavelength>1500 nm is observed in the doping PNDI2OD-T2DEG. P1 peaks at
around 3300 nm with an energy of 0.37 eV grows with doping concentration, in-
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Figure 4.4: The UV-Vis-NIR absorption spectra of pristine and differently doped PNDI2OD-T2DO,
PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG.

dicating increased doping level. Molecular doping of PNDI2TEG-T2DEG causes a
bleaching of neutral absorption peaks, and the P1 and P2 features are not apparently seen. However, normalizing the absorption spectra of pristine PNDI2TEGT2DEG films, we observe a red-shift of P0 peak, which is considered as a fingeprint
of the existence of P2. In general, polaron band formed by molecular doping has an
energy level lower than the LUMO level or higher than the HOMO level because of
the relaxation of backbones responding to charging.[31] Thereby, polaron features
P2 and P1 are visible in the absorption spectra. For PNDI2TEG-T2DEG with the
polar side chains on two moieties, the backbone might be already relaxed because
of the polarization of the side chains, which might be proved by the broadened
absorption between 600 nm and 1550 nm. Therefore, the polaron bands upon doping have similar energy levels as the neutral bands, which makes themselves less
visible in absorption spectra.
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Figure 4.5: (a) Electrical conductivities (b) Seebeck coefficients (c) power factor of differently doped
PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG and PNDI2TEG-T2DEG thin films. (d) plots of the
Seebeck coefficient versus the electrical conductivity of differently doped thin films and the empirical
. ).
relation (S ∝

Figure 4.5a shows the electrical conductivities (𝜎) of four doped D-A copolymers
at different doping concentrations. Among the four doped D-A copolymers, the
doped PNDI2OD-T2DO with both alkyl side chains on D and A moieties show the
lowest electrical conductivity with an optimized value of 9.1±4.7×10 S/cm at a
doping concentration of 28 %. Replacing any one of the alkyl side chains with
the polar side chains leads to an increase in electrical conductivity. As a result,
optimized electrical conductivities of 7.0±1.2×10 S/cm and 1.9±0.1×10 S/cm
are obtained in doped PNDI2TEG-T2DO and PNDI2OD-T2DEG at 42 %, respectively.
The doped PNDI2TEG-T2DEG with both polar side chains on D and A moieties shows
the highest electrical conductivity of 5.0±2.7×10 S/cm at a doping concentration
of 14 %. These results indicate that the side chains play important roles in n-doping
of D-A copolymers probably by modifying the packing of D-A copolymers and the
interaction between host and dopant molecules.
The Seebeck coefficient (S) is determined by the difference between the Fermi
level energy (E ) and the charge transport energy (E ).[8] As more charges are
generated by the molecular doping, and with E shifting towards E , the absolute S usually decreases correspondingly. Therefore, the Seebeck coefficient is
usually considered as indicative of the doping level. Figure 4.5b shows the Seebeck coefficient values of differently doped D-A copolymers. As the resistance of
doped PNDI2OD-T2DO films are too large to accurately record the thermal voltages, only the Seebeck coefficient of 28 %-doped PNDI2OD-T2DO can be measured to be -490±44 𝜇V/K. The doped PNDI2TEG-T2DEG with the polar side chains
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on both D and A moieties shows a Seebeck coefficient of -289.8±0.6 𝜇V/K at a
doping concentration of 7 %. The negative sign of Seebeck coefficient indicates
the electrons as the transport-dominated charge carriers. As the doping concentration increases to 42 %, the Seebeck coefficient decreases in absolute value to
-119.1±0.4 𝜇V/K, indicating increased doping levels. At a doping concentration of
7 %, doped PNDI2TEG-T2DO and PNDI2OD-T2DEG show similar Seebeck coefficients of -254.5±2.5 𝜇V/K and -247±8.6 𝜇V/K, respectively, which are comparable
to that of doped PNDI2TEG-T2DEG. This results might imply similar doping levels
for doped PNDI2TEG-T2DO, PNDI2OD-T2DEG and PNDI2TEG-T2DEG at 7 %. As
doping concentration increases from 7 % to 28 %, the absolute values of Seebeck
coefficient of doped PNDI2OD-T2DO and PNDI2OD-T2DEG decrease. By further
increasing doping concentration from 28 % to 56 %, we observed an unusual sign
switching of Seebeck coefficient from negative to positive with a value of nearly
zero at 35 %. Interestingly, such zero-Seebeck coefficients appear at the peak of
the electrical conductivity (see Figure 4.5a).
Based on above electrical conductivities and Seebeck coefficients, we calculated the power factors of differently doped films, which are displayed in Figure
4.5c. The doped PNDI2OD-T2DO at a doping concentration of 28 mol% showed
a very small power factor of 8.6×10 𝜇Wm K which was caused by its low
conductivity. The doped PNDI2TEG-T2DO and PNDI2OD-T2DEG exhibited slightly
high power factor on order of magnitude of 10 𝜇Wm K before polarity switching. On the contrary, doped PNDI2TEG-T2DEG gave the best power factor of 0.14
𝜇Wm K . Our results unambiguously indicated that the more ethylene glycol side
chains, the better thermoelectric performance after molecular doping. Recently, an
empirical relation of S ∝ 𝛿 . has been frequently observed in doped conjugated
polymers.[25, 30] The S-𝛿 plots of differently doped films are displayed in Figure
4.5d. None of the doped systems follow the empirical relation. Additionally, the
S-𝛿 relationships of the four doped systems are not follow one single trend, which
implies that the variations of their thermoelectric performances are not only determined by the doping level but influenced by other factors. This point will be
discussed later.
Previous works indicate the significance of the miscibility between host and
dopant molecules on the molecular doping of conjugated polymers.[23–25] In order to gain insight into the miscibility in differently doped D-A copolymers systems,
the morphologies of pristine and doped thin films were analyzed by atomic force
microscopy (AFM) The corresponding results are shown in Figure 4.6. The pristine
PNDI2OD-T2DO and PNDI2TEG-T2DEG films with the same type side chains on both
moieties show relatively smooth surfaces with root mean square (RMS)roughness
of 5.7 nm and 4.8 nm, respectively. While for pristine D-A coplymers with different
types of side chains on two moieties PNDI2OD-T2DEG show a rough morphologies
with RMS of 10.1 nm, while PNDI2TEG-T2DO show a very smooth morphologies
with RMS of 2.0 nm. The morphology of PNDI2OD-T2DO film is largely changed
upon doping while those of PNDI2OD-T2DEG, PNDI2TEG-2TDO and PNDI2TEGT2DEG are not apparently affected. Additionally, increased amounts of small spherical aggregates are observed on the surface of doped PNDI2OD-T2DO as more
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Figure 4.6: The AFM images of pristine and differently doped PNDI2OD-T2DO, PNDI2OD-T2DEG,
PNDI2TEG-T2DO and PNDI2TEG-T2DEG thin films.

dopant are added. These aggregates are considered to be caused by the poor solubility of the polar dopant in the matrix of D-A copolymers with hydrophobic side
chains. Replacing the alkyl side chains with the polar side chains can greatly reduce
the amount of those aggeregates. In doped PNDI2OD-T2DEG with the polar side
chains on D moiety and in doped PNDI2TEG-2TDO with the polar side chains on
the A moiety, those spherical aggeregates become smaller in size and less populated in the surface density than those of doped PNDI2OD-T2DO films. In doped
PNDI2TEG-T2DEG with the polar side chains on both moieties, those spherical aggeregates vanish even at a high doping concentration of 42 %, and instead few
large aggregates appear. We think these large aggregates are different from those
small spherical ones in nature and might be the doping products such as the chargetransfer complex or hybride compounds. It is proposed that the polar side chains
can promote the mixing of polar dopant in the matrix of D-A copolymers, which
causes the improved molecular n-doping and high electrical conductivities.
In our previous work, we successfully managed to directly measure the carrier
density in doped organic semiconducting films by using admittance spectroscopy to
metal-insulator-semiconductor (MIS) device with an ion gel insulating layer (PVDFHFP:[EMIM][TFSI] blend).[23] The composition of the ion gel was carefully optimized to achieve a high capacitance of around 3𝜇F/cm and mechanically robustness for withstanding the sequential spin-coating of active layer. The capacitance
vs DC voltage plots of the four doped D-A copolymers (28 %) is shown in Figure
4.8 in the experimental section. Based on the Mott-Schottky analysis, the carrier
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Figure 4.7: The carrier density (the top panel), the doping efficiency (the middle panel) and the mobility
(the bottom panel) of 28 %-doped PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG and PNDI2TEGT2DEG thin films.

densities in the four 28 %-doped D-A copolymers are extracted as shown in Figure
4.7 (the top panel). The doped PNDI2OD-T2DO shows the lowest carrier density
of 7.9×10 cm by considering the total density (N)= 8×10 cm ; while the
doped PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG with the polar
side chains on at least one moiety exhibit much high carrier desnisties of 3.2×10
cm , 6.9×10 cm and 3.3×10 cm , respectively. As a result, the doped
PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG achieve doping efficiencies (the middle panel in Figure 4.7) of 10 %, 22 % and 10 %, respectively,
which represent more than 40 times enhancement compared to that (0.25 %) in
doped PNDI2OD-T2DO. These results further confirm the effectiveness of the polar
side chains in the n-doping of D-A copolymers. Additionally, the mobilities of differently doped D-A copolymers can be calculated by using the measured conductivity
and carrier density to be 7.2×10 , 3.8×10 , 1.5×10 and 3.5×10 cm (Vs) ,
respectively. (the bottom panel in Figure 4.7).
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Previous modeling works indicate the carrier density can only greatly influence
the mobility when the carrier density is above 0.1×N (8.0×10 cm )[32]. Therefore, in this work, the extracted mobilities of different doped D-A copolymers can, to
a large extent, reflect their molecular packing and percolation of ordered domains
in thin films. The doped PNDI2TEG-T2DEG with the polar side chains on both moieties shows the highest mobility, indicating better molecular packing than other
combinations of side chains, which is consistent with previous studies. Therefore,
the high conductivity observed in doped PNDI2TEG-T2DEG as compared to other
systems is attributed to the increased doping efficiency and improved molecular
packing.

4.3. Conclusions
In summary, we demonstrated how the type and position of side chains impact
the n-doping of D-A copolymers. Four different combinations of linear ethylene
glycol-based polar side chains and traditional alkyl side chains are used, and the
resultant D-A copolymers are molecularly n-doped by n-DMBI with varying doping
concentrations. It is found that the polar side chains can greatly improve the mixing
of host D-A copolymers with polar dopant as compared to the alkyl side chains,
which can increase doping efficiencies up to 10 % to 20 % from 0.25 % in the case
of only alkyl side chains used. Additionally, the polar side chains also facilitate the
molecular packing of D-A copolymers and increase the mobility by more than order
of magnitude. Because of those advantages of the polar side chains, we achieve
an optimized conductivity of 0.08 S/cm in the doped PNDI2TEG-T2DEG with the
polar side chains on both D and A moieties. Besides, we observe an unusual sign
switching of Seebeck coefficient by increasing the doping concentration in doped
PNDI2OD-T2DEG and PNDI2TEG-T2DO systems. Our work offers an insight into
the roles of side chains play in molecular n-doping, which might be transferable to
other conjugated polymers with various backbones.

4.4. Experimental
Characterization: HNMR and CNMR were performed on a Varian Unity Plus
(400 MHz) instrument at 25 ∘ C, using tetramethylsilane (TMS) as an internal standard. NMR shifts are reported in ppm, relative to the residual protonated solvent
signals of CDCl3 (𝛿= 7.26 ppm) or at the carbon absorption in CDCl3 (𝛿 = 77.23
ppm). Multiplicities are denoted as: singlet (s), doublet (d), triplet (t) and multiplet (m). High Resolution Mass Spectroscopy (HRMS) was performed on a JEOL
JMS 600 spectrometer. IR measurements were performed on a Nicolet iS50 FT-IR
spectrometer. FT-IR spectra were recorded on a Nicolet Nexus FT-IR fitted with
a Thermo Scientific Smart iTR sampler. GPC measurements were done on a GPCPL220 high temperature GPC/SEC system at 150 ∘ C vs polystyrene standards using
trichlorobenzene as eluent. Thermal properties of the polymers were determined
on a TA Instruments DSC Q20 and a TGA Q50. DSC measurements were executed with two heating-cooling cycles with a scan rate of 10 ∘ C min , and from
each scan, the second heating cycle was selected. TGA measurements were done
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from 20 to 800 ∘ C with a heating rate of 20 ∘ C min . Cyclic voltammetry (CV)
was carried out with a Autolab PGSTAT100 potentiostat in a three-electrode configuration where the working electrode was glass carbon electrode, the counter
electrode was a platinum wire, and the pseudo-reference was an Ag wire that
was calibrated against ferrocene (Fc/Fc ). Cyclic voltammograms for NDI-Based
polymers film deposited on the glass carbon working electrode in CH3 CN solution
containing Bu4 NPF6 (0.1 mol L−1 ) electrolyte at a scanning rate of 100 mV s−1 .

4.4.1. Device fabrication and Characterization

4

Clean borosilicate glass substrates were treated with UV-ozone for 20 minutes. The
doped films were prepared by spin-coating conjugated polymers solution (10 mg mL−1
in chloroform) mixed with different amounts of dopant solution (20 mg mL−1 in chloroform) in a glovebox with nitrogen atmosphere. The resultant films were annealed
at 120 ∘ C for 2 hours.
The measurement of electrical conductivity
For the electrical conductivity measurements of the doped NDI-based D-A copolymers, parallel line-shape Au electrodes with a width (w) of 13 mm and a channel
length (L) of 100 µm to 300 µm were deposited as the bottom contact before spincoating. Voltage-sourced two-point conductivity measurements were conducted
with a probe station in a N2 glovebox. The electrical conductivity (𝜎) was calculated according to the formula: 𝜎 =(J/V)×L/(w×d). The conductivity reported in
this work were obtained by averaging 6 devices. The conductivity measurements
were performed in an N2 controlled environment. The conductivity was calculated
with L (1 mm); w(4.5 mm); d(100 nm), the length, width and height of the channel
respectively. The conductivities of the separate points were averaged to obtain the
conductivity of one device.
Seebeck coefficient measurement
The Seebeck coefficient of doped NDI-based D-A copolymers thin-film samples were
measured in a home-build setup reported previously.[23, 25] The two pairs of Au
line electrodes (width: 1 mm and length: 7 mm; width: 1 mm and length: 4 mm)
were deposited on glass substrate with a distance of 7 mm. The thin-film sample
was spin-coated on one of the Au line electrodes (width: 1 mm and length: 7 mm)
(other area was covered by tape before coating). The standard Constantan wire
(127 127 µm from Omega) was attached on the other of the Au line electrodes
(width: 1 mm and length: 4 mm) with silver paster (ELECTRODAG 1415). The
temperature difference across the sample was posted by a thin film heater (KFR5-120-C1-16, KYOWA), which was attached on the side of glass substrate with
connection part of small copper block for uniform heat transfer. The heater was
controlled by Keithley 2635. The generated thermal voltages from Constantan wire
(reference, V ) and thin-film sample (V
) were probed by four probes at the
same time and corresponding data were recorded by Keithley 2000 with a scanning
card. A step-by-step increased temperature method was used and a home-made
filter (cut-off frequency = 1 Hz) was used for reducing the noise. The substrate
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temperature was obtained by a T-type thermocouple (Omega, the cold junction was
connected on the chamber, whose temperature was detected by Pt100 sensor). The
system is controlled by Labview software. The Seebeck coefficient (S) of sample
was obtained by the formula:

𝑆=

𝑉
𝑉

𝑆

+(

𝑉
𝑉

− 1)𝑆

(4.1)

where S
and S are the Seebeck coefficient of Constantan wire and Au layer.
At room temperature, S
= -39 𝜇V/K and S = 1.49 𝜇V/K, respectively.
Metal-insulator-semiconductor (MIS) devices
The MIS devices have a architecture of (ITO/insulator/doped D-A copolymer films/Al).
For ion gel solution preparation, 251 mg PVDF-HFP was dissolved in 3.17 mL cyclohexanone stirred at 70 ∘ C at 1000 rpm overnight add 91 mg [EMIM][TFSI] into the
solution and stirred 55 ∘ C until 1 hour before spin-coating. Ion gel solution was
spin-coating on clean ITO substrates to form 150 nm to 300 nm insulator layer followed by annealing at 120 ∘ C for 30 minutes. Differently doped NDI-based D-A
copolymers films were prepared by spin-coating with a thickness of around 200 nm
on top of insulators. The capacitance-voltage (C -V ) measurement was conducted
at a frequency of 10 Hz for ion gel based devices for AC bias. The carrier density
(n) was extracted by Mott-Schottky analysis:[33]
2

𝑛=
𝑒𝜀 𝜀

(4.2)

Where e, 𝜀 , and 𝜀 are elementary charge, dielectric constant of vacuum and
relative dielectric constant of active layer, respectively. 𝜀 =3 was used for both
doped layers.
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4
Figure 4.8: The plot of C versus V of metal-insulator-semiconductor devices using 28 % doped of
PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG as the active layers and
ion gel layer as the insulator.

Thermal properties

Figure 4.9: TGA curves of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG.
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4.4.2. Synthesis and Characterization
Reagents: All reagents and solvents were commercial and were used as received
without further purification unless otherwise indicated. Poly(vinylidene fluoride-cohexafluoropropylene) (PVDF-HFP), 1-ethyl-3-methylimidazolium bis(trifuoromthylsulfony)imide [EMIM][TFSI] and molecular dopant n-DMBI were purchased from Sigma
Aldrich. 4,9-dibromo-2,7-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (NDI-TEG) and 4,9-dibromo-2,7-bis(2-octyldodecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (NDI-OD) were synthesized according to literature procedures.[26–28]

4

Figure 4.10: Synthetic route for Monomer T2DEG.

3-(2-methoxyethoxy)thiophene 2
In a dry three-neck flask, 60 % NaH (1200 mg, 30 mmol) was mixed with anhydrous
DMF (20 mL) under a nitrogen atmosphere. Triethylene glycol monomethyl ether
(12 g, 11.68 mL, 100 mmol) was added drop-wise over a period of 30 minutes at 0
∘
C. The solution was allowed to stir for additional one hour. To this reaction mixture, 3-bromothiophene (3.2 g, 1.84 mL, 20 mmol) and CuBr(280 mg, 2 mmol) were
added. The ice bath was replaced with an oil bath and the solution was heated up
to 110 ∘ C for another one hour. After cooling to the room temperature, the mixture was then poured into NH4 Cl aqueous solution and stirred for 10 minutes. The
organic phase was extracted with n-hexane, dried over anhydrous Na2 SO4 . Then,
the solvent was evaporated by rotary evaporation. The crude solid was purified
by column chromatography to give pure target product 2 (3.6 g, 90 %). HNMR
(400 MHz, CDCl3 ): 𝛿: 7.14 (dd, J = 5.2, 3.2 Hz, 1H), 6.76 (dd, J = 5.2, 1.3 Hz,
1H), 6.28 – 6.21 (m, 1H), 4.11 (t, J = 4.8, 2H), 3.83(t, J = 4.8, 2H), 3.69 (t, J =
4.8, 2H), 3.56 (t, J = 4.8, 2H), 3.37 (s, 3H). CNMR (101 MHz, CDCl3 ): 𝛿: 157.43,
124.52, 119.43, 97.31, 71.77, 70.51, 69.53, 69.37, 58.87.
3,3’-bis(2-methoxyethoxy)-2,2’-bithiophene 3
To a solution of 3-(2-methoxyethoxy)thiophene 2 (1.8 g, 8.91 mmol) in the anhydrous THF (20 mL) at ice bath, the n-BuLi (8.91 mmol, 5.57 mL, 1.6M in Hexane)
were added drop-wise over 10 min at 0 ∘ C under N2 condition. The mixture was
kept stirring at this temperature for 2 hours before the solution was transferred to
another dry flask with Fe(acac)3 (3.15 g, 9.8 mmol) in THF (70 mL), the reaction
mixture was heated to reflux for 3 hours. After cooling to the room temperature,
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the precipitate was filtered off through short silica plug and washed with Et2 O. The
filtrate was washed with saturated NH4 Cl solution and the aqueous phases were
combined and extracted with Et2 O. The combined organic phases were dried over
Na2 SO4 and the solvent was evaporated by rotary evaporation. The crude solid
was purified by column chromatography to give target product 3 with a little red
color impurities, then crude product was purified by recrystallized using Et2 O to give
pure product 3 (900 mg, 50 %). HNMR (400 MHz, CDCl3 ): 𝛿: 7.05 (d, 2H), 6.83
(d, 2H), 4.24 (s, 4H), 3.89 (t, 4H), 3.72 (t, 4H), 3.55 (t, 4H), 3.37 (t, 6H). CNMR
(101 MHz, CDCl3 ): 𝛿: 143.99, 121.89, 116.54, 114.72, 71.99, 71.36, 70.80, 70.01,
59.05.
Monomer T2DEG
(3,3’-bis(2-methoxyethoxy)-[2,2’-bithiophene]-5,5’-diyl)bis(trimethylstannane)
Compound 3,3’-bis(2-methoxyethoxy)-2,2’-bithiophene 3 (402 mg, 1 mmol) was dissolved in anhydrous THF (10 mL) under an atmosphere of N2 , cooled to -78 ∘ C and
n-butyllithium (2.15 mmol, 1.35 mL, 1.6 M in hexane) was added drop-wise. The
solution was stirred for 2 hours in the cold bath at -78 ∘ C before being warmed
to room temperature and stirred for an additional 15 minutes. The mixture was
cooled to -78 ∘ C again. Then, Trimethyltin Chloride (3 mL, 3 mmol, 1.0 M in THF)
was added. After that, the solution was stirred at room temperature overnight.
Water was added to quench the reaction, and the solution was extracted with nhexane. The organic phase was dried over Na2 SO4 and the solvent was removed
by rotary evaporation provide crude compound as yellow oil which was purified by
recrystallized using isopropanol to give pure product monomer T2DEG (518 mg,
71 %). HNMR (400 MHz, CDCl3 ): 𝛿: 6.90 (s, 1H), 4.28 (t, J = 5.1 Hz, 2H), 3.92
(t, J = 5.1 Hz, 2H), 3.76 (t, J = 5.1 Hz, 2H), 3.57 (t, J = 5.1 Hz, 2H), 3.39 (s,
3H), 0.36 (S, 9H). CNMR (100 MHz, CDCl3 ): 𝛿: 153.77, 134.09, 124.40, 120.84,
72.29, 71.72, 71.12, 70.38, 59.31, -8.08.

Figure 4.11: Synthetic route for Monomer T2DO.

Monomer T2DO was synthesized according to the literature with a little modification.
3-(dodecyloxy)thiophene 5
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Compound 5 was prepared and purified as a colorless solid using the same procedure as literature. HNMR (400 MHz, CDCl3 ): 𝛿:7.18 (dd, J = 5.2, 3.2 Hz, 1H), 6.77
(dd, J = 5.2, 1.3 Hz, 1H), 6.28 – 6.18 (m, 1H), 3.95 (t, J = 6.6 Hz, 2H), 1.87 –
1.73 (m, 2H), 1.52 – 1.41 (m, 2H), 1.40 – 1.20 (m, 16H), 0.91 (t, J = 6.7 Hz, 3H).
CNMR (101 MHz, CDCl3 ): 𝛿:158.27, 124.68, 119.74, 97.14, 70.48, 32.15, 29.89,
29.86, 29.82, 29.80, 29.62, 29.58, 29.50, 26.28, 22.92, 14.34.
2-bromo-3-(dodecyloxy)thiophene 6
Compound 6 was prepared and purified as a colorless solid using the same procedure as literature. HNMR (400 MHz, CDCl3 ): 𝛿: 7.17 (d, J = 5.9 Hz, 1H), 6.74 (d,
J = 5.9 Hz, 1H), 4.03 (t, J = 6.6 Hz, 2H), 1.82 – 1.69 (m, 2H), 1.52 – 1.41 (m,
2H), 1.40 – 1.20 (m, 16H), 0.91 (t, J = 6.8 Hz, 3H). CNMR (101 MHz, CDCl3 ):
𝛿: 154.40, 123.90, 117.30, 91.37, 72.04, 31.81, 29.56, 29.54, 29.48, 29.45, 29.37,
29.25, 29.23, 25.71, 22.58, 14.00.
3,3’-bis(dodecyloxy)-2,2’-bithiophene 7
2-bromo-3-(dodecyloxy)thiophene 6 (1000 mg, 3.13 mmol, 1eq), BiPi (800 mg, 3.13 mmol,
1eq) and K3 PO4 (2.6 g, 12.26 mmol, 4eq) were dissolved in anhydrous DMF (20 mL).
After degassing with dry N2 , the catalysts Pd(dppf)2 Cl2 (20 mg, 0.027 mmol) was
added. The reaction mixture was heating at 110 ∘ C overnight under N2 . The reaction mixture was poured into water, then the product was extracted with CH2 Cl2 ,
washing with saturated NaHCO3 , water and then brine. The organic phase was
then collected and dried over Na2 SO4 and the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give product 7
(540 mg, 70 %). HNMR (400 MHz, CDCl3 ): 𝛿:7.07 (d, J = 5.5 Hz, 2H), 6.83 (d,
J = 5.6 Hz, 2H), 4.09 (t, J = 6.5 Hz, 4H), 1.91 – 1.78 (m, 4H), 1.57 – 1.45 (m,
4H), 1.40 – 1.19 (m, 32H), 0.88 (t, J = 6.8 Hz, 6H). CNMR (101 MHz, CDCl3 ): 𝛿:
152.17, 121.82, 116.28, 114.35, 77.55, 77.23, 76.91, 72.22, 32.15, 29.94, 29.90,
29.88, 29.84, 29.79, 29.60, 29.58, 26.28, 22.92, 14.35.
Monomer T2DO
(3,3’-bis(dodecyloxy)-[2,2’-bithiophene]-5,5’-diyl)bis(trimethylstannane)
Compound 3,3’-bis(dodecyloxy)-2,2’-bithiophene 7 (540 mg, 1 mmol) were dissolved
in anhydrous THF (10 mL) under an atmosphere of N2 , cooled to -78 ∘ C and nbutyllithium (2.5 mmol, 1 mL, 2.5 M in hexane) was added drop-wise. The solution
was stirred for 2 hours in the cold bath at -78 ∘ C before being warmed to room
temperature and stirred for an additional 1 hour. The mixture was cooled to -78 ∘ C
again. Then, Trimethyltin Chloride (2.6 mL, 2.6 mmol, 1.0 M in THF) was added. After that, the solution was stirred at room temperature overnight. Water was added
to quench the reaction, and the solution was extracted with n-hexane. The organic
phase was dried over Na2 SO4 and the solvent was removed by rotary evaporation
provide crude compound which was purified by recrystallized using ethanol to give
pure product monomer T2DO (490 mg, 57 %). HNMR (400 MHz, CDCl3 ): 𝛿:6.87
(s, 2H), 4.11 (t, J = 6.5 Hz, 4H), 1.84(t, J = 6.5 Hz, 4H), 1.45 – 1.14 (m, 36H),
0.88 (t, J = 6.8 Hz, 6H), 0.36 (s 18H). CNMR (101 MHz, CDCl3 ): 𝛿: 152.17,
121.82, 116.28, 114.35, 77.55, 77.23, 76.91, 72.22, 32.15, 29.94, 29.90, 29.88,
29.84, 29.79, 29.60, 29.58, 26.28, 22.92, 14.35.
General synthetic procedures for the NDI based polymer
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To a dry three-neck flask, NDI based monomer (0.1 mmol) and thiophene based
monomer (0.1 mmol) were added under argon followed by tris(dibenzylideneacetone)
dipalladium Pd2 (dba)3 ( 8 mg)and tri(o-tolyl)phosphine P(o-tolyl)3 (12 mg). The
flask and its contents were subjected to 3 pump/purge cycles with N2 followed
by addition of anhydrous, degassed toluene or chlorobenzene (5 mL) via syringe.
The reaction mixture was stirred at 110 ∘ C for overnight. After cooling to room
temperature, the deeply green colored reaction mixture was dropped into 100 mL
vigorously stirred methanol (containing 5 mL 12 M hydrochloride acid). After stirring
for 4 hours, the precipitated solid was collected by filtration. The solid polymers
were redissolved in chloroform and reprecipitated into methanol. After filtration,
the polymers were subjected to sequential Soxhlet extraction. The sequential solvents were methanol, hexane and chloroform. Impurities and low-molecular-weight
fraction were removed by methanol. Finally, the polymer solution in hexane or chloroform was concentrated to give the polymer as a blue dark solid.
PNDI2OD-T2DO Synthesis according to the general polymerization procedure:
monomer NDI-OD ( 98.5 mg, 0.1 mmol), monomer T2DO ( 86 mg, 0.1 mmol), dry
chlorobenzene (5 mL). The polymer was obtained as a green solid (103 mg, 74 %).
HNMR (400 MHz, CDCl3 ): 𝛿: 9.08-7.34 (m, 2H), 7.26 – 6.79 (m, 2H), 4.61-3.03
(m, 8H), 2.18-1.69 (m, 6H), 1.67-0.99 (m, 104H), 0.92-0.73 (m, 18H). IR (cm ):
717, 792, 1060, 1180, 1245, 1309, 1376, 1439, 1565, 1660, 1702, 2851, 2920.
PNDI2OD-T2DEG Synthesis according to the general polymerization procedure:
monomer NDI-OD (98.5 mg, 0.1 mmol), monomer T2DEG (73 mg, 0.1 mmol), dry
toluene (5 mL). The polymer was obtained as a green solid (110 mg, 87 %). HNMR
(400 MHz, CDCl3 ): 𝛿: 9.15-7.30 (m, 2H), 7.25-6.67 (m, 2H), 5.05-2.69 (m, 20H),
2.25-1.74 (m, 2H), 1.70-1.05 (m, 70H), 0.99-0.62 (m, 12H). IR (cm ): 716, 792,
823, 853, 927, 1072, 1108, 1140, 1177, 1242, 1310, 1409, 1436, 1523, 1563, 1661,
1701, 2851, 2920.
PNDI2TEG-T2DO Synthesis according to the general polymerization procedure:
monomer NDI-TEG (74 mg, 0.1 mmol), monomer T2DO (86 mg, 0.1 mmol), dry
chlorobenzene (5 mL). The polymer was obtained as a green solid (40 mg, 35 %).
HNMR (400 MHz, CDCl3 ): 𝛿: 9.30-7.33 (m, 2H), 7.25-6.57 (m, 2H), 4.85-2.69 (m,
28H), 2.05-1.76 (m, 4H), 1.61-1.03 (m, 44H), 0.99-0.68 (m, 6H). IR (cm ): 656,
720, 764, 791, 928, 1057, 1109, 1176, 1206, 1249, 1314, 1376, 1439, 1567, 1663,
1702, 2852, 2920.
PNDI2TEG-T2DEG Synthesis according to the general polymerization procedure:
monomer NDI-TEG ( 74 mg, 0.1 mmol), monomer T2DEG (73 mg, 0.1 mmol), dry
toluene (5 mL). The polymer was obtained as a green solid (43 mg, 42 %). HNMR
(400 MHz, CDCl3 ): 𝛿: 9.18-7.33 (m, 2H), 7.25-6.59 (m, 2H), 4.47-2.82 (m, 44H),
1.47-0.79 (m, 12H). IR (cm ): 660, 713, 734, 765, 790, 858, 929, 945, 1012,
1069, 1174, 1205, 1247, 1311, 1329, 1407, 1436, 1520, 1564, 1664, 1700, 2866.
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5
N-Type Organic
Thermoelectrics of
Donor–Acceptor Copolymers:
Improved Power Factor by
Molecular Tailoring of the
Density of States
In this chapter, we demonstrated that the n-type thermoelectric performance
of donor-acceptor (D-A) copolymers can be enhanced by a factor of >1000
by tailoring the density of states (DOS). The DOS distribution is tailored by
embedding sp -nitrogen atoms into the donor moiety of the D-A backbone.
Consequently, an electrical conductivity of 1.8 S/cm and a power factor of
4.5 𝜇Wm K are achieved. Interestingly, we observe an unusual sign
switching (from negative to positive) of the Seebeck coefficient of the unmodified D-A copolymer at moderately high dopant loading. A direct measurement
of the DOS shows that the DOS distributions become less broad upon modifying the backbone in both pristine and doped states. Additionally, dopinginduced charge transfer complexes (CTC) states, which are energetically located below the neutral band, are observed in DOS of the doped unmodified
D-A copolymer. We propose that charge transport through these CTC states
is responsible for the positive Seebeck coefficients in this n-doped system.
I would like to thank Jian Liu, B. van der Zee and J. A. Koster for help in device measurements and
numerical simulation; J. Dong, G. Portale for help in GIWAXS; Xinkai Qiu for help in AFM and Yuru Liu
for help in calculation. Parts of this chapter have been published in Adv. Mater., 2018, 1804290.
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5.1. Introduction
olecular doping of organic semiconductors (OSCs) has proven a powerful strat-

M egy to modulate the electronic properties for advancing the development of or-

5

ganic electronics, such as light-emitting diodes, organic/hybrid solar cells, organic
thermoelectrics (OTE) and field-effect transistor etc.[1–14] Although this strategy
is widely utilized in academic and industrial fields, the doping process is still little understood. So far, two different models have been proposed to describe the
molecular doping of OSCs: the integer charge transfer (ICT) model and the molecular orbital hybridization (MOH) model.[1, 2, 15, 16] Both of them consider the
molecular doping as a two-step process: charge transfer followed by charge carrier
release. In the ICT model, an integer charge transfer between donor and acceptor
is assumed. In the MOH model, frontier orbital hybridization yields a new state
from which charge carriers can be released. These charge transfer processes give
rise to charge transfer complexes (CTC).[16, 17] In the ICT model, these CTCs are
regarded to be energetically located below/above the center of the lowest unoccupied molecular orbital (LUMO)/highest occupied molecular orbital (HOMO) levels
by an energy difference (ΔE) of several 100 meV due to a large Coulomb force
from the ionized dopant molecules.[16, 18] As a next step, free charge carriers are
released from those CTC states by thermal ionization. Such a two-step process
explains the typically low doping efficiency and freeze-out of free charge carriers in
a doped OSC.[1, 16] Regardless the model, the molecular doping process can be
regarded as a modification of the density of states (DOS) of the OSC upon dopant
admixture. As the DOS is closely related to the electronic properties of OSCs, a better understanding of the molecular doping and its relation to the DOS is urgently
required.
In the category of OTE, the molecular doping is usually employed to control
the carrier density in OSCs to achieve high power factors (S 𝜎, where S and 𝜎
are Seebeck coefficient and electrical conductivity, respectively).[19, 20] For the
practical TE applications, both efficient p-type and n-type TE materials are required; however, the development of the latter lags much behind that of the
former.[19, 21–23] For this reason, growing research efforts are being directed towards developing better n-type TE materials.[24–27] So far, advanced conjugatedbackbone designs targeting favorable energetics, high mobility, planar structure and
good host/dopant miscibility have been reported.[8, 23, 28–33] Moreover, donoracceptor (D-A) copolymers can show very high charge carrier mobilities.[34, 35]
The first trial based on D-A copolymer is doping poly[N,N’-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl] (NDI)-alt-5,5’-(2,2’-bithiophene) (2T)
(N2200) with (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine
(n-DMBI).[36] As a result, electrical conductivities in the range of 1×10 -5×10
S/cm were achieved.[36, 37] Recent works demonstrated that the doping of D-A
copolymers can be enhanced by increasing the host/dopant miscibility through the
use of polar side chains.[28, 38] This can achieve an optimized electrical conductivity of up to 0.3 S/cm.[28] However, the electrical conductivity of the n-doped
D-A copolymers is still at a low level, which causes a relatively low power factor
of ≈0.4 𝜇Wm K . As is well known, increasing the carrier density by molecu-
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lar doping enables an increase in electrical conductivity, but usually at the cost of
the reducing Seebeck coefficient. Therefore, an alternative strategy is desired for
simultaneous increase in the two TE parameters. Fundamentally, it is clear that
both the electrical conductivity and the Seebeck coefficient are closely related to
the DOS distribution.[39] Recently, Kemerink et al., broadened the DOS distribution by mixing two donor polymers in order to obtain very high Seebeck coefficients
(of over 1 mV/K) at the expense of electrical conductivity.[40] To the best of our
knowledge, none of the previous works focused on improving the n-type OTE from
a perspective of DOS.
In this chapter, we demonstrated that the n-type thermoelectric properties of
donor-acceptor copolymers can be greatly improved by tailoring the DOS. The tailoring of the DOS is realized by introducing sp -nitrogen atom into the donor moiety
of an NDI-2T backbone, which improves not only the molecular planarity but also
the structural order. Consequently, a very high electrical conductivity of 1.8 S/cm
for doped D-A copolymers is achieved. Interestingly, we observed an unusual sign
switching of the Seebeck coefficient from negative to positive with increasing the
dopant loading in the D-A copolymer without sp -nitrogen atoms into the donor
moiety. A direct DOS profile measurement indicates that the DOS distributions become narrower after backbone modification in both the pristine and doped state.
Additionally, doping-induced charge transfer complexes (CTC), which are energetically located below the neutral band, were observed for the doped unmodified D-A
copolymer. We propose that charge transport through these CTC states is responsible for the positive Seebeck coefficient in this n-doped system. We argue that
tailoring the DOS of a doped film towards reducing those CTC states within the
bandgap can increase the absolute Seebeck coefficient. Therefore, a very good
power factor of 4.5±0.2 𝜇Wm K for n-doped D-A copolymers is achieved in the
doped modified copolymers.

5.2. Results and Discussions
Figure5.1a shows the chemical structures of two D-A copolymers, which are denoted as PNDI2TEG-2T and PNDI2TEG-2Tz, respectively. The synthetic routines
are demonstrated in the experimental section. Both of them use NDI as the acceptor moiety, which carries the polar triethylene glycol side chains to enable
good host/dopant miscibility. PNDI2TEG-2T was synthesized by copolymerizing
NDI monomers with electron-rich bithiophene (2T) monomers. With sp -nitrogen
atoms embedded in the 2T units, PNDI2TEG-2Tz was obtained with bithiazole (2Tz)
as the donor moiety. Density functional theory (DFT) calculations were carried
out for the monomers of the two D-A copolymers as shown in Figure5.1b. The
computed S···O distance is only 2.85 Å and 2.95 Å for the PNDI2TEG-2T monomer
and the PNDI2TEG-2Tz monomer, respectively. These distances are significantly
smaller than the sum of S and O van der Waals radii (3.32 Å), strongly suggesting
that the backbones are planar in the solid state. However, the energy-minimized
dihedral angle between the plane of the NDI block with neighboring arene units
are distinctly different. The dihedral angle between the NDI block and bithiophene
blocks is 40° in PNDI2TEG-2T while The PNDI2TEG-2Tz exhibits a dihedral angle of
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Figure 5.1: (a) The chemical structures of PNDI2TEG-2T, PNDI2TEG-2Tz and n-DMBI; (b) DFT-optimized
geometries for PNDI2TEG-2T repeat unit and PNDI2TEG-2Tz repeat unit. Alkyl and N-ethylene glycol
substituents are replaced by methyl groups to simplify the calculations. Calculations were carried out at
the B3LYP/6-31G** level. The dihedral angles and the regions of steric repulsion torsion are indicated
by the circles; (c) 2D GIWAXS patterns of the pristine PNDI2TEG-2T and PNDI2TEG-2Tz thin films; and
(d) AFM images of pristine PNDI2TEG-2T and PNDI2TEG-2Tz films.

only 1°. These results indicate an improved molecular planarity after introducing
sp -N atoms, which is consistent with previous reports.[41, 42]
Figure5.1c displays the two-dimentional (2D) grazing incidence wide angle x-ray
scattering (GIWAXS) patterns of the pristine PNDI2TEG-2T and PNDI2TEG-2Tz thin
films. Clearly, PNDI2TEG-2T chain preferentially packs in a ‘face-on’ orientation,
in agreement with the literature,[43] as evidenced by the orientation of the (100)
reflection along the horizontal q direction. On the contrary, PNDI2TEG-2Tz chain
stacks edge-on relative to substrate, (100) reflection along the vertical q direction.
Both copolymers exhibit q (010) reflection at 1.4 Å−1 , associated with a 𝜋 − 𝜋
stacking distance of ≈ 4.0 Å. It is very important to note that, PNDI2TEG-2Tz shows
an extra peak at around 1.75 Å−1 (3.6 Å) likely belonging to the 𝜋 − 𝜋 stacking of
thiazole moiety.[44] The doping process appears not to significantly change the
molecular orientations of the two polymers, having an influence only on the extent
of developed crystallinity (Figure5.14).
The cyclic voltammetry characterization of PNDI2TEG-2T and PNDI2TEG-2Tz
was carried out to investigate the effects of backbone modification on the energetics (see Figure5.8). We also confirm that the effect of the polar side chains
(as compared to alkyl ones) on energetics is small, in accordance with our pre-
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vious findings.[38] The introduction of the electron-deficient sp -nitrogen atoms
causes a shift of LUMO/HOMO level from -4.18 eV/-5.39 eV for PNDI2TEG-2T to
-4.26 eV/-5.56 eV for PNDI2TEG-2Tz, which is consistent with the DFT calculation
(Figure5.9).
Previous works showed n-DMBI is a good n-type dopant for NDI-based copolymers.[28,
36, 38] Therefore, n-DMBI was also employed to dope the two D-A copolymers in
the present study. Figure5.1d shows surface morphologies of pristine D-A copolymers characterized by atomic force microscopy (AFM). PNDI2TEG-2Tz exhibits a
fibril-textured morphology, which is not apparently seen for PNDI2TEG-2T. This
indicates an improved molecular self-assembling after backbone modification and
agrees well with the molecular conformation and GIWAXS data. The effects of doping on the surface morphology were also investigated (see Figure 5.15). Both doped
D-A copolymers show good surface morphology with few aggregates. These results
indicate good host/dopant miscibilities for both doped D-A copolymers, which are
likely enabled by their polar side chains and may guarantee efficient n-doping for
both D-A copolymers.

5

Figure 5.2: The electrical conductivities (a) and Seebeck coefficient and power factor (b) of prisitne and
doped PNDI2TEG-2T and PNDI2TEG-2Tz thin films.

Figure5.2a displays the electrical conductivity (𝛿) of the doped PNDI2TEG-2T
and PNDI2TEG-2Tz thin films at different doping concentrations (see Figure 5.11
for the current-voltage data). Upon molecular doping with n-DMBI, the PNDI2TEG2T based film exhibits an optimized conductivity of 7.0×10 S/cm at a doping
concentration of 42 mol%. An optimized 𝛿 of 1.8 S/cm is obtained for the doped
PNDI2TEG-2Tz at a doping concentration of 21 mol%, which represents an enhancement of more than a factor of 2000 relative to that of the doped PNDI2TEG-2T
film and a new record for n-doped D-A copolymers. Our results indicate that the
backbone modification by embedding sp -nitrogen atoms in the donor moiety is a
way to tune the charging behavior of D-A copolymers.
Figure5.2b displays the Seebeck coefficients of differently doped D-A copolymers (see Figure 5.11 and 5.12). At a doping concentration of 7 mol%, the doped
PNDI2TEG-2T and doped PNDI2TEG-2Tz films exhibit very similar Seebeck coefficients of -254.5±2.5 𝜇V/K and -263.1±8.7 𝜇V/K, respectively. The negative sign of
Seebeck coefficient indicates n-type doping with electrons as the dominating charge
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carriers. By increasing the doping concentration up to 28 mol%, the Seebeck coefficients of the doped PNDI2TEG-2T and PNDI2TEG-2Tz films are gradually changed to
-48.4±0.3 𝜇V/K and -105.7±1.1 𝜇V/K, respectively. The doped PNDI2TEG-2T films
show negligible power factors on an order of magnitude of ≈10 𝜇Wm K ; while
n-doping of PNDI2TEG-2Tz gives a maximum power factor of 4.5±0.2 𝜇Wm K
at a doping concentration of 21 mol%, which is the best result reported by far for
n-doped D-A copolymers. These results confirm the effectiveness of tailoring the
donor moiety for promoting thermoelectric performance of n-type D-A copolymers.
Interestingly, by further increasing the doping concentration, we observed an unusual sign switching for the Seebeck coefficient in the doped PNDI2TEG-2T system,
which displays positive Seebeck coefficients of 57.2±3.1 𝜇V/K and 66.8±2.7 𝜇V/K
at doping concentrations of 42 mol% and 56 mol%, respectively. It is noted that
the possibility of the positive Seebeck coefficient originating from the movement
of the ionized dopant can be excluded here as we used a steady-state method for
the Seebeck coefficient measurement.[45] The Seebeck coefficient is determined
by the difference between the Fermi level energy (E ) and the charge transport
energy (E ).[39] Hwang et al. reported a change of sign of the Seebeck coefficient
upon doping by chemically n-doping poly(pyridinium phenylene) (P(PymPh)) with a
very strong reductant.[20] As a result of intense doping, the EF continuously passes
over the original LUMO level of P(PymPh), which is sufficiently filled up by the extrinsic electrons and acts as the new HOMO with the former LUMO+1 effectively
becoming the new LUMO.[20] They considered this transition in electronic states
by extremely strong doping with a doping level of >1 as the main cause of the
sign switching of Seebeck coefficient.[20] However, we wish to point out that the
change of sign in our system occurs at a much lower doping level.
To gain insight in the doping processes of the D-A copolymers, we measured the
UV-vis-NIR absorption spectra of pristine and doped PNDI2TEG-2T and PNDI2TEG2Tz thin films (see Figure 5.3a and Figure 5.3b). The pristine PNDI2TEG-2T film
shows two characteristic neutral features centered at 403 nm and 843 nm, which
we assign to the 𝜋 − 𝜋* transition and a intramolecular charge-transfer band,
respectively.[8, 37] Similarly, two neutral peaks at 465 nm and 907 nm were observed in the pristine PNDI2TEG-2Tz film. As the D-A copolymers are doped with
more n-DMBI, the transitions in the neutral spectra peaks gradually decrease in
intensity in the two doped systems. This is accompanied by the appearance of additional absorption bands at 570 nm and 975 nm for the doped PNDI2TEG-2T and
at 1000 nm for the doped PNDI2TEG-2Tz, respectively. Another low-energy broad
absorption in the range of 1800 nm to 2500 nm grows with the loading of n-DMBI
in the doped PNDI2TEG-2Tz film. These new spectral features are attributed to
polaron-induced transitions,[37] and can be considered as proof that the two D-A
copolymers are doped.
Generally, the loss of the transitions in the neutral spectra is caused by the integer charge transfer or orbital hybridization between the host and dopant molecules,
which generates charge transfer complexes (CTC). Figure 5.3c shows the relative
neutral peak intensities of differently doped D-A copolymers, which are normalized
to those of their pristine films. Interestingly, the normalized neutral peak inten-
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Figure 5.3: The UV-vis-NIR absorption spectra of pristine and doped (a) PNDI2TEG-2T and (b)
PNDI2TEG-2Tz; (c) the absorption intensity at the neutral peak (843 nm for PNDI2TEG-2T and 907
nm for PNDI2TEG-2Tz) normalized to that of the pristine samples; (d) the carrier densities extracted
from MIS devices based on ion-gel dielectric layers and corresponding doping efficiencies as a function
of the doping concentration in doped PNDI2TEG-2T and PNDI2TEG-2Tz films. A total density of states
of 8×10 cm is used for both D-A copolymers.

sity scales linearly with the doping concentration for both D-A copolymers. This is
consistent with their good host/dopant miscibilities as any phase-separation would
render this sub-linear. The formation efficiency (𝜂 ) of the CTC during molecular
doping can be estimated from the slopes in Figure 5.3c, which yields 𝜂
of 38 %
and 47 % for PNDI2TEG-2T and PNDI2TEG-2Tz, respectively. It is to be noted that
the sign switching of Seebeck coefficient occurs at approximately 35 mol% for the
doped PNDI2TEG-2T, corresponding to ∼13 % loss of the neutral band. This is very
different from the work by Hwang et al. on chemically doped P(PymPh) where the
neutral band is completely lost at the doping density that corresponds to a change
in sign of the Seebeck coefficient.[20]
As explained in the introduction, the formation of CTC states is only the first step
towards free charge carriers. To determine the doping levels of both doped D-A
copolymers, we directly measured the carrier density by using admittance spectroscopy on ion-gel-based metal-insulator-semiconductor (MIS) devices (see Figure 5.16). The effectiveness of this strategy for the measurement of carrier den-
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sity in moderately doped OSCs has been demonstrated previously.[38] Figure 5.3d
displays the carrier densities and doping efficiencies of doped PNDI2TEG-2T and
PNDI2TEG-2Tz films. The two doped D-A copolymers show similar carrier densities
falling between 4×10 cm to 4×10 cm at doping concentrations ranging
from 7 mol% to 42 mol%, which gives a similar doping efficiency (𝜂) of ~10 % for
both systems. These results indicate that the two D-A copolymers are similarly
doped, i.e. the density of free carriers is similar. The sign of the Seebeck coefficient for PNDI2TEG-2T switches at a doping level of only 0.04, which is much lower
than the required doping level of >1 according to the previous work.[20] Given
such a moderate doping level, it is unlikely the E will pass over the level of the
pristine conduction band to cause the sign switching of the Seebeck coefficient for
doped PNDI2TEG-2T.

5

Figure 5.4: The measured DOS functions of PNDI2TEG-2T and PNDI2TEG-2Tz in the pristine (open
symbols) and 28 28 mol%-doped state (closed symbols). The dashed lines are Gaussian fits.

The similar and moderate doping levels of the two doped D-A copolymers could
not explain their huge difference in electrical conductivity and the unusual signswitching of the Seebeck coefficient in the doped PNDI2TEG-2T. To explore the
underlying reasons, we directly measured the DOS functions for both D-A copolymers using an electrochemical method (see Figure 5.17). Different from previous reports,[46, 47] we use an ion liquid as the electrolyte instead of organic solvent/inorganic salts for the purpose of keeping the organic films from being partially
dissolved. Figure 5.4 displays the measured DOS energy distributions versus the Ag
reference for the pristine PNDI2TEG-2T (open black symbols) and PNDI2TEG-2Tz
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(open red symbols). Clearly, the PNDI2TEG-2Tz film exhibits a DOS distribution not
only with higher site density than that of PNDI2TEG-2T but also with narrower distribution. We attribute the changes of DOS distribution to the improved backbone
planarity and structural order in the in-plane direction after tailoring the donor moiety. The mobility measurement of pristine D-A copolymers by field-effect transistor
with a bottom gate/bottom contact geometry shows three orders of magnitude
enhancement of mobility after backbone modification (from 9.3×10 cm /Vs to
1.2×10 cm /Vs, see Figure5.10). This agrees with the difference between the
DOS distributions of two D-A copolymers. The first half of DOS distribution in the
two D-A copolymers, which is mostly relevant to the charge transport, can be well
approximated by the Gaussian function (the dash lines).

𝑔(𝐸) =

𝑁
√2𝜋𝜎

𝑒𝑥𝑝[−(

𝐸−𝐸
√2𝜎

)]

(5.1)

The total density N of 6.4×10 cm and 8.8×10 cm- , E of -0.31 eV and
-0.21 eV, and the width 𝜎 of 130 meV and 78 meV are obtained for the PNDI2TEG2T and PNDI2TEG-2Tz, respectively. Upon molecular doping with 28 mol% n-DMBI,
the original neutral DOS are reduced and shifted upwards for both D-A copolymers.
Interestingly, another newly-formed energy band sitting below the neutral band
was observed in the doped PNDI2TEG-2T. We assigned these new states to charge
transfer complexes (CTCs). However, such a CTC band was not seen in the doped
PNDI2TEG-2Tz. It should be pointed out that does not mean that there are no CTC
states in the doped PNDI2TEG-2Tz. We believe that the CTC states exist in the
doped PNDI2TEG-2Tz, as its neutral band is actually lost upon doping, but the ΔE is
too small to make a CTC band resolvable. The underlying reason is not clear at this
stage. We speculate it might be related to the carrier delocalization, which is highly
impacted by molecular planarity and structural order. These results indicate that
the modification of donor moiety by introducing sp -N atoms changes not only the
DOS distribution in the pristine state but also that in the doped state. The narrower
and denser DOS distribution of PNDI2TEG-2Tz as compared with that of PNDI2TEG2T largely contributed to the huge enhancement of electrical conductivity.[48, 49]
Besides the introduction of sp -N atoms, PNDI2TEG-2Tz and PNDI2TEG-2T also
differ in molecular weight (M = 30 kg/mol for the former versus M = 14 kg/mol
for the latter). In general, the molecular weight can affect the microstructure of
the doped polymer and the mobility of charge carriers. However, the effects of
the molecular weight on the properties of the doped films are not easily intuited.
In the pristine state, a sufficiently low molecular weight reduces the mobility because higher molecular weights tend to lead to higher degrees of crystallinity (i.e.,
𝜋-stacking). However, highly crystalline polymers can also drive phase-segregation
when doped, leading to poor morphologies and low doping efficiencies. Recent
studies by Müller and coworkers show that the molecular weight has little influences on the electrical conductivity of an n-doped and p-doped polymer.[28, 50]
We have measured the conductivity and Seebeck coefficient of the hexane-fraction
(i.e. low molecular weight) of PNDI2TEG-2T in the doped state (see Figure 5.13).
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The performance of this low-molecular-weight fraction is very similar to that shown
in Figure 5.2, suggesting that the molecular weight does not significantly influence
the results. We therefore tentatively conclude that the difference in power factor
and conductivity between PNDI2TEG-2T and PNDI2TEG-2Tz is not caused by the
difference in molecular weight.

5.3. Conclusions

5

In summary, we demonstrated that the n-type thermoelectric performance of donoracceptor copolymers can be greatly improved by tailoring the DOS distribution
through molecular design. Here, the molecular design is embedding sp -N atoms
into the donor moiety of an NDI-2T based D-A copolymer (PNDI2TEG-2T). By doing so, a new copolymer named PNDI2TEG-2Tz with improved molecular planarity
and the 𝜋 − 𝜋 overlap was obtained. Furthermore, the molecular stacking in the
thin film is changed into a preferential edge-on pattern from the original face-ondominated microstructure. Due to the molecular and microstructural motif, the
PNDI2TEG-2Tz exhibits much narrower and denser DOS energy distribution than
PNDI2TEG-2T. For this reason, the doped PNDI2TEG-2Tz copolymer exhibits a high
electrical conductivity of 1.8 S/cm, which represents over three orders of magnitude
enhancement as compared to that of unmodified D-A copolymer. Additionally, the
tailoring of DOS distribution reduces the loss of the Seebeck coefficient, leading to
an improved power factor of 4.5 𝜇Wm K , which is a very good result for n-type
organic thermoelectrics. Our work provides insights into the fundamental understanding of the molecular doping and sheds light on designing efficient n-type OTE
materials from a new perspective of tailoring the DOS.

5.4. Experimental
5.4.1. Synthesis and characterization of materials
All reagents and solvents were commercial and were used as received. 4,4’-bis(octyloxy)2,2’-bis(trimethylstannyl)-5,5’-bithiazole (2Tz) was purchased from SunaTech. 4,9dibromo-2,7-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)benzo[lmn][3,8]phenanthroline1,3,6,8(2H,7H)-tetraone (NDI-TEG) and (3,3’-bis(dodecyloxy)-[2,2’-bithiophene]5,5’-diyl)bis(trimethylstannane) (2T) and were synthesized according to literature
procedures.[51–53]
HNMR and CNMR were performed on a Varian Unity Plus (400 MHz) instrument at 25 ∘ C, using tetramethylsilane (TMS) as an internal standard. NMR shifts
are reported in ppm, relative to the residual protonated solvent signals of CDCl3 (𝜎=
7.26 ppm) or at the carbon absorption in CDCl3 (𝜎 = 77.23 ppm). Multiplicities are
denoted as: singlet (s), doublet (d), triplet (t) and multiplet (m). High Resolution
Mass Spectroscopy (HRMS) was performed on a JEOL JMS 600 spectrometer. FTIR spectra were recorded on a Nicolet Nexus FT-IR fitted with a Thermo Scientific
Smart iTR sampler. GPC measurements were done on a GPC-PL220 high temperature GPC/SEC system at 150 ∘ C vs polystyrene standards using trichlorobenzene as
eluent. Thermal properties of the polymers were determined on a TA Instruments
DSC Q20 and a TGA Q50. DSC measurements were executed with two heating-
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cooling cycles with a scan rate of 10 ∘ C min , and from each scan, the second
heating cycle was selected. TGA measurements were done from 20 to 800 ∘ C with
a heating rate of 20 ∘ C min . Cyclic voltammetry (CV) was carried out with a Autolab PGSTAT100 potentiostat in a three-electrode configuration where the working
electrode was glassy carbon electrode, the counter electrode was a platinum wire,
and the pseudo-reference was an Ag wire that was calibrated against ferrocene
(Fc/Fc ). Cyclic voltammograms for the D-A copolymer films deposited on the
glassy carbon working electrode in CHCN3 solution containing Bu4 NPF6 (0.1 mol
L ) electrolyte at a scanning rate of 100 mV s . Density functional theory (DFT)
calculations were performed using Orca 4.0.1[54]. Structures of PNDI2TEG-2T and
PNDI2TEG-2Tz were optimized via DFT calculations using the B3LYP functional and
the 6-31G** basis set.

5.4.2. General synthetic procedures for the NDI based D-A
copolymers

5

Figure 5.5: Synthetic route to PNDI2TEG-2T and PNDI2TEG-2Tz.

To a dry three-neck flask, NDI based monomer (0.1 mmol) and dialkoxybithiophene monomer (0.1 mmol) or dialkoxybithiazole based monomer (0.1 mmol) were
added under N2 followed by tris(dibenzylideneacetone) dipalladium [Pd2 (dba)3 ]
(8 mg)and tri(o-tolyl)phosphine [P(o-tolyl)3 ](12 mg). The flask and its contents
were subjected to 3 pump/purge cycles with N2 followed by addition of anhydrous,
degassed chlorobenzene (5 mL) via syringe. The reaction mixture was stirred at 110
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C for three days. After cooling to room temperature, the deeply colored reaction
mixture was dropped into 100 mL vigorously stirred methanol (containing 5 mL 12
M hydrochloride acid). After stirring for 4 hours, the precipitated solid was collected
by filtration. The solid polymers were redissolved in chloroform and reprecipitated
into methanol. After filtration, the polymers were subjected to sequential Soxhlet
extraction. The sequential solvents were methanol, hexane and chloroform. Impurities and low-molecular-weight fraction were removed by methanol and hexane.
Finally, the polymer solution in chloroform was concentrated to give the polymer
as solid.
PNDI2TEG-2T Synthesis according to the general polymerization procedure (Figure 5.5): monomer NDI-TEG (74 mg, 0.1 mmol), dialkoxybithiophene monomer 2T
(86 mg, 0.1 mmol), dry chlorobenzene (5 mL). The polymer was obtained as a green
solid (85 mg, 90 %). HNMR (400 MHz, CDCl3 ) 𝛿: 9.30-7.33 (m, 2H), 7.25-6.57 (m,
2H), 4.85-2.69 (m, 28H), 2.05-1.76 (m, 4H), 1.61-1.03 (m, 44H), 0.99-0.68 (m,
6H). IR (cm ): 656, 720, 764, 791, 928, 1057, 1109, 1176, 1206, 1249, 1314,
1376, 1439, 1567, 1663, 1702, 2852, 2920.
PNDI2TEG-2Tz Synthesis according to the general polymerization procedure (Figure 5.5): monomer NDI-TEG (74.4 mg, 0.1 mmol), dialkoxybithiazole monomer 2Tz
(75 mg, 0.1 mmol), dry chlorobenzene (5 mL). The polymer was obtained as a
brown solid (80 mg, 96 %). HNMR (400 MHz, CDCl3 ) 𝛿: 10.63-8.60 (m, 2H), 5.372.95 (m, 28H), 2.71-0.57 (m, 40H). IR (cm ): 691, 719, 763, 790, 896, 949, 982,
1072, 1106, 1176, 1209, 1245, 1297, 1314, 1329, 1366, 1441, 1458, 1487, 1565,
1647, 1698, 2854, 2920.
Table 5.1: Summary of molecular weight, thermal properties, photophysical properties and electrochemical properties and electron mobility of NDI-based conjugated polymers.

Polymer
M (g/mol)
M (g/mol)
PDI
T (∘ C)
.
(nm)
(nm)
.
E
(eV)
(V)
E
(V)
E
LUMO (eV)
HOMO (eV)

PNDI2TEG-2T

PNDI2TEG-2Tz

.

.

.

N2200

.
.

.
.

.

.

.
.

.

.

.

.
.
.

= 1240 ÷
Calculated from thin film absorption onset: E
Calculated from CV: E
= -(5.1 + E
) eV.
Calculated from CV: E
= -(5.1 + E
) eV.
.
.
Calculated from E
and E
: E
=E
-E

eV.
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5.4.3. Characterization of NDI based D-A copolymers
Thermal properties
The thermal behavior of these copolymers were evaluated by thermogravimetric
analysis (TGA) and differential scanning chromatography (DSC). The temperature
of 5 % weight-loss was selected as the onset point of decomposition (T ). As
shown in Figure 5.6a, both polymers show excellent stability with a decomposition
temperature of 321 ∘ C and 338 ∘ C for PNDI2TEG-2T and PNDI2TEG-2Tz, respectively, indicating that they are sufficient thermally stable for devices applications.
As shown in Figure 5.6b and Figure 5.6c, The DSC curves of PNDI2TEG-2T and
PNDI2TEG-2Tz show that there are no distinct exothermal transition in the second heating cycle and cooling cycle, revealing that no crystalline behavior or phase
transition occurred during this temperature section.

5

Figure 5.6: a) TGA curves of PNDI2TEG-2T and PNDI2TEG-2Tz; DSC curves of PNDI2TEG-2T (b) and
PNDI2TEG-2Tz (c).

Photophysical properties
Optical absorption spectra of the dialkoxybithiazole based polymer PNDI2TEG-2Tz
and dialkoxybithiophene based polymer PNDI2TEG-2T in chloroform solutions and
thin films are shown in Figure 5.7. Compared to PNDI2TEG-2T, the low energy
absorption charge transfer band of PNDI2TEG-2Tz are red-shifted, and the intensity
ratio between the charge transfer band and the high-energy band is much higher
for PNDI2TEG-2Tz than PNDI2TEG-2T. The optical band gaps were calculated to
be 1.07 eV for PNDI2TEG-2T and 1.02 eV for PNDI2TEG-2Tz. The difference of
PNDI2TEG-2T and PNDI2TEG-2Tz in optical properties results from higher backbone

5. N-Type Organic Thermoelectrics of Donor–Acceptor Copolymers:
106 Improved Power Factor by Molecular Tailoring of the Density of States
coplanarity and enhanced 𝜋 − 𝜋 overlap of dialkoxybithiazole based polymers than
dialkoxybithiophene based polymers. The lower optical band gaps of PNDI2TEG2Tz can be attributed to enhanced push-pull interactions in the alkoxybithiazole unit
due to thiazole is an electron-poor heterocycle.

5
Figure 5.7: The UV-Vis-NIR absorption spectra of pristine in CHCl3 solution and solid thin film.

Cyclic voltammetry characterization
The cyclic voltammetry (CV) characterization was carried out, as shown in Figure
5.8 and the corresponding data are shown in Table 5.1. The ferrocene/ferrocenium
(Fc/Fc ) was used as an standard reference, which was assigned an absolute energy
of −4.8 eV vs vacuum level. All the polymer show reversible reduction waves while
the oxidation process is irreversible. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) energy levels of these polymers are calculated from the onset of oxidation and reduction potentials using the
equation E
= -(5.10 +E
)eV and E
= -(5.10 +E
)eV, respectively.
The onset reduction potentials of PNDI2TEG-2T and PNDI2TEG-2Tz is −0.92 V and
−0.84 V, respectively, which are relative to the redox potential of Fc/Fc . The estimated LUMO energy levels of PNDI2TEG-2T and PNDI2TEG-2Tz, respectively are
−4.18 eV and −4.26 eV, respectively. The deeper low LUMO levels of both polymers
confirm the strong electron affinity of NDI moiety, indicating that they have sufficent
force for charge transfer for the host and n-tpye dopant. Compare to PNDI2TEG2T, PNDI2TEG-2Tz have 0.08 eV lower LUMO energy level because of thiazole is
an electron-deficient hetero-cycle. The onset oxidation potentials PNDI2TEG-2T
and PNDI2TEG-2Tz is 0.29 V and 0.46 V, respectively, which are relative to the redox potential of Fc/Fc . The estimated HOMO energy levels of PNDI2TEG-2T and
PNDI2TEG-2Tz, are −5.39 eV and −5.56 eV, respectively, indicating that changing
dialkoxybithiophene to dialkoxybithiazole moiety led to a significant effect on HOMO
energy level than the LUMO of polymer, which is good agree with our calculation
results (Figure 5.9).
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Figure 5.8: Cyclic voltammograms of the PNDI2TEG-2T and PNDI2TEG-2Tz thin films deposited on glass
carbon working electrode.

5

Figure 5.9: The calculated LUMO and HOMO for PNDI2TEG-2Tz repeat unit and PNDI2TEG-2T repeat
unit.

5.4.4. Device fabrication and characterization
Mobility measurement
The pristine D-A copolymer base field effect transistors (FET) were fabricated with
a bottom contact and top gate geometry. The heavily doped silicon substrates
with 230 nm thermal oxide insulator were purchased from Fraunhofer Institute for
photonic microsystems (IPMS). The channel length and width are defined by interdigitated Au electrodes as 20 µm and 10 mm, respectively. After cleaning the substrates by sequential ultrasonication in acetone and isopropanol for 20 minutes, the
active layers were prepared by spin-coating directly on substrates from chloroform
solution, followed by thermal annealing at 120∘ C for 1.5 h. The transistor devices
were tested on a probe station sitting in N2 -filed glovebox with data recorded by
Keithley 4200scs semicondctor analyzer.
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Figure 5.10: The transfer characteristics of pristine PNDI2TEG-2T (a) and PNDI2TEG-2Tz (b) The red
solid lines represent the linear fits. The V = 40 V.

5

Device fabrication
Clean borosilicate glass substrates were treated with UV-ozone for 20 minutes. The
doped films were prepared by spin-coating conjugated polymer solution (10 mg mL−1
in chloroform) mixed with different amounts of dopant solution (20 mg mL−1 in chloroform) in a glovebox with nitrogen atmosphere. The resultant films were annealed
at 120 ∘ C for 2 hours. For the electrical conductivity measurements of the doped
PNDI2TEG-2T, parallel line-shape Au electrodes with a width (w) of 13 mm and
a channel length (L) of 100 µm to 300 µm were deposited as the bottom contact
before spin-coating. Voltage-sourced two-point conductivity measurements were
conducted with a probe station in a N2 glovebox. The electrical conductivity (𝜎) was
calculated according to the formula: 𝜎 =(J/V)×L/(w×d). The conductivity reported
in this work were obtained by averaging 6 devices. A four-point probe method
was used to measure the conductivity of the doped PNDI2TEG-2Tz thin films. The
conductivity measurements were performed in an N2 controlled environment.
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The measurement of electrical conductivity
For the electrical conductivity measurements of the doped PNDI2TEG-2T, parallel line-shape Au electrodes with a width (w) of 13 mm and a channel length (L)
of 100 µm to 300 µm were deposited as the bottom contact before spin-coating.
Voltage-sourced two-point conductivity measurements were conducted with a probe
station in a N2 glovebox. The electrical conductivity (𝜎) was calculated according
to the formula: 𝜎=(J/V)×L/(w×d). The conductivity reported in this work were
obtained by averaging 6 devices. For the electrical conductivity of PNDI2TEG2Tz, 4-point-probe measurements were performed in an N2 -controlled environment.
The conductivity was calculated with 𝜎=(J/V)×L/(w×d), with L (1mm); w(4.5mm);
d(100nm), the length, width and height of the channel respectively. The conductivities of the separate points were averaged to obtain the conductivity of one device.

5

Figure 5.11: (a) The measured I/V curves for the doped PNDI2TEG-2Tz at different doping concentrations (7-42 mol7 mol% to 42 mol%); (b) the measured V/ T curves for the corresponding doped
PNDI2TEG-2Tz. The Seebeck coefficients are calculated with the formula S = V/ T , which corresponds
to the slope of a linear fit of the V/ T data.
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5

Seebeck coefficient measurement
The Seebeck coefficient of doped PNDI2TEG-2Tz thin-film samples were measured
in a home-build setup reported previously.[27] The Seebeck coefficients of the
doped PNDI2TEG-2T thin-film samples were measured in another home-build probe
station in vacuum.[38] The two pairs of Au line electrodes (width: 1 mm and length:
7 mm; width: 1 mm and length: 4 mm) were deposited on glass substrate with
a distance of 7 mm. The thin-film sample was spin-coated on one of the Au line
electrodes (width: 1 mm and length: 7 mm) (other area was covered by tape before coating). The standard Constantan wire (127 µm from Omega) was attached
on the other of the Au line electrodes (width: 1 mm and length: 4 mm) with silver
paster (ELECTRODAG 1415). The temperature difference across the sample was
posted by a thin film heater (KFR-5-120-C1-16, KYOWA), which was attached on the
side of glass substrate with connection part of small copper block for uniform heat
transfer. The heater was controlled by Keithley 2635. The generated thermal voltages from Constantan wire (reference, V ) and thin-film sample (V
) were
probed by four probes at the same time and corresponding data were recorded by
Keithley 2000 with a scanning card. A step-by-step increased temperature method
was used and a home-made filter (cut-off frequency=1 HZ) was used for reducing the noise. The substrate temperature was obtained by a T-type thermocouple
(Omega, the cold junction was connected on the chamber, whose temperature was
detected by Pt100 sensor). The system is controlled by Labview software. The
Seebeck coefficient (S) of sample was obtained by the formula:

𝑆=

𝑉
𝑉

𝑆

+(

𝑉
𝑉

− 1)𝑆

(5.2)

where S
and S are the Seebeck coefficient of Constantan wire and Au layer.
At room temperature, S
=-39 𝜇V/K and S =1.49 𝜇V/K, respectively.
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Figure 5.12: The the thermal voltage evolves with time for reference Constantan wire (the black symbols)
and differently doped PNDI2TEG-2T (the red symbols) thin films (7 mol%, 21 mol%, 28 mol%, 35 mol%,
42 mol% and 56 mol%. The insets display the corresponding plots of thermal Vsample versus thermal
Vref with the linear fits.

Figure 5.13: The electrical conductivity (a) Seebeck coefficient and power factor (b) of doped PNDI2TEG2T (Hexane fraction).

2D GIWAXS
Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements were performed using a MINA X-ray scattering instrument built on a Cu rotating anode source
(𝜆=1.5413 Å). 2D patterns were collected using a Vantec500 detector (1024x1024
pixel array with pixel size 136x136 microns) located 93 mm away from the sample.
The polymer films were placed in reflection geometry at certain incident angles 𝛼
with respect to the direct beam using a Huber goniometer. GIWAXS patterns were
acquired using incident angles from 0.25° to 2° in order to probe the thin film structure at different X-ray penetration depths. The direct beam center position on the
detector and the sample-to-detector distance were calibrated using the diffraction
rings from standard silver behenate and Al2 O3 powders. All the necessary corrections for the GIWAXS geometry were applied to the raw patterns using the GIXGUI

5
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Matlab toolbox. The reshaped GIWAXS patterns, taking into account the inaccessible part in reciprocal space (wedge-shaped corrected patterns), are presented as
a function of the vertical and parallel scattering vectors q and q . The scattering
vector coordinates for the GIWAXS geometry are given by:

𝑞 =

2𝜋
(cos 2𝜃 cos 𝛼 − cos 𝛼 )
𝜆
2𝜋
𝑞 =
(sin 2𝜃 cos 𝛼 )
𝜆
2𝜋
𝑞 =
(sin 𝛼 + sin 𝛼 )
𝜆

(5.3)

where 2𝜃 is the scattering angle in the horizontal direction and 𝛼 is the exit angle
in the vertical direction. The parallel component of the scattering vector is thus
calculated as 𝑞 = √𝑞 + 𝑞 .

5

Figure 5.14: 2D GIWAXS patterns for the doped PNDI2TEG-2T (a) and PNDI2TEG-2Tz (b) thin films with
a doping concentration of 28 mol%; The horizontal (c and d) and vertical (e and f) cuts for the pristine
and doped PNDI2TEG-2T and PNDI2TEG-2Tz, respectively.

5.4. Experimental

113

AFM
a

b

Figure 5.15: a)Topographic AFM morphology images of differently doped PNDI2TEG-2T films (0 mol%,
14 mol%, 28 mol%, and 42 mol%). b) Topographic AFM morphology images of differently doped
PNDI2TEG-2Tz films (0 mol%, 14 mol%, 28 mol%, and 42 mol%).
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Metal-insulator-semiconductor (MIS) devices
The MIS devices have a architecture of (ITO/insulator/doped D-A copolymer films/Al).
For ion gel solution preparation, 251 mg PVDF-HFP was dissolved in 3.17 mL cyclohexanone stirred at 70 ∘ C at 1000 rpm overnight add 91 mg [EMIM][TFSI] into the
solution and stirred 55 ∘ C until 1 hour before spin-coating. Ion gel solution was
spin-coating on clean ITO substrates to form 150-300 nm insulator layer followed
by annealing at 120 ∘ C for 30 minutes. Differently doped NDI-based D-A copolymers films were prepared by spin-coating with a thickness of around 200 nm on
top of insulators. The capacitance-voltage (C -V ) measurement was conducted at
a frequency of 10 Hz for ion gel based devices for AC bias. The carrier density (n)
was extracted by Mott-Schottky analysis:[55]
2

𝑛=
𝑒𝜀 𝜀

5

(5.4)

where e, 𝜀 , and 𝜀 are elementary charge, dielectric constant of vacuum and relative dielectric constant of active layer, respectively. 𝜀 =3 was used for both doped
layers.

Figure 5.16: The plot of C versus V of metal-insulator-semiconductor devices using differently doped
PNDI2TEG-2T (a) and differently doped PNDI2TEG-2Tz (b) as the active layers and ion gel layer as the
insulator.
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The measurement of density of states (DOS)
Figure 5.17a shows the device architecture of the electrochemical cell. As shown,
the electrochemical cell is made of three electrodes, working electrode, counter
electrode (Cr/Au,1nm/ 40 nm) and the reference electrode (Cr/Ag, 1nm/100 nm).
The working electrode is pristine and doped D-A copolymers thin film (thickness,
L=100 nm) coated on Au electrode. The area of the active layer is defined by the
beneath patterned Au electrode (A=2×4 mm ), and the part out of the Au layer is
scratched. The three electrodes are confined by PDMS in a way demonstrated in Figure 5.17a. A type of ion liquid, 1-ethyl-3-methylimidazolium bis(trifuoromthylsulfony)imide
[EMIM][TFSI] (Sigma Aldrich), is injected in the pool defined by the PDMS as the
electrolyte. The electrochemical potential was controlled with a SP-200 Bio-Logic
potentiostat and all experiments were carried out under N2 atmosphere. A very
slow scan speed of 0.05 mV s−1 was used to achieve an quasi-equilibrium state for
extracting the density of states. Figure 5.17b shows the current (I) between the
working electrode and counter electrode as a function of the potential (V) of the
working electrode vs the Ag reference. The density of the sates (g(E)) is calculated
by:[46]

𝑔(𝐸) =

𝐼
𝐴𝑠𝐿𝑞

(5.5)

a
b

Figure 5.17: a) The device architecture of the electrochemical cell for measuring density of states (DOS)
and the ion liquid is used as electrolyte. b) The cyclic voltammetry of pristine and doped PNDI2TEG2T and PNDI2TEG-2Tz thin films with 1-ethyl-3-methylimidazolium bis(trifuoromthylsulfony)imide
[EMIM][TFSI] as the electrolyte. Scan rate is 0.05 mV s−1 .
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Molecular Wires
Conductance: Linear
Conjugation versus Cross
Conjugation
In this chapter, we employ a bond topology approach to the design and synthesis of two series of molecular wires. One series is dithiophenes-based
molecular wires with cores of thieno[3,2-b]thiophene (TT-1, linearly conjugation), bithiophene (BT, linearly conjugation), thieno[2,3-b]thiophene (TT-2,
cross-conjugation and an isomer of TT-1.) Another series is benzodithiophenes based molecular wires with cores of benzo[1,2-b:4,5-b’]dithiophene
(BDT-1, linearly conjugation), benzo[1,2-b:5,4-b’]dithiophene (BDT-3, crossconjugated and an isomer of BDT-1) and benzo[1,2-b:4,5-b’]dithiophene-4,8dione (BDT-2 cross-conjugated quinone). We investigated the charge transport of these two series molecular wires in tunneling junctions in a variety
of experimental platforms. Through a combination of density of functional
theory (DFT) and experimental results, we show that cross-conjugation produces a quantum interference feature that leads to lower conductance. The
presence of an interference feature and its position can be controlled independently by manipulating bond topology and electronegativity. This is the first
study to separate these two parameters experimentally, demonstrating that
the conductance of a tunneling junction depends on the position and depth
of a QI feature, both of which can be controlled synthetically.
I would like to thank Yanxi Zhang for help in EGain measurements, Xinkai Qiu for help in CP-AFM
measurements and Saurabh Soni for help in calculation. Parts of this chapter have been published in
Chem. Sci., 2018, 9, 4414–4423.
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6.1. Introduction
nderstanding the principles of charge transport through 𝜋-molecules spanning

U two electrodes is of fundamental importance in the field of molecular electron-

6

ics. In general, molecular conductance G varies exponentially with the tunneling
barrier-width d such that G = G exp(−𝛽 d), where G is the theoretical value of G
when d = 0, and 𝛽 is the tunneling decay coefficient. This tunneling currents length
dependent effect had been widely investigated in variety molecular system. However, 𝜋-conjugated molecules influence transport more than a simple, rectangular
tunneling barrier; when a tunneling electron traverses the region of space occupied
by orbitals localized on these molecules, its wave function can undergo constructive or destructive interference, enhancing or suppressing conductance. When the
presence of different pathways in molecular system affects conductance, it is typically described as quantum interference (QI),[1] which was originally adapted from
the Aharonov-Bohm effect[2] to substituted benzenes.[3, 4] Solomon et al. further
refined the concept in the context of Molecular Electronics where it is now well established that destructive QI leads to lower conductance in tunneling junctions.[5–
10] We previously demonstrated QI in SAM-based junctions using a series of compounds based on an anthracene core; AC, which is linearly-conjugated; AQ, which
is cross-conjugated via a quinone moiety; and AH, in which the conjugation is interrupted by saturated methylene bridges.[11] Subsequent studies verified these findings in a variety of experimental platforms and a consensus emerged that, provided
the destructive QI feature (anti-resonances in transmission) is sufficiently close to
the Fermi level, 𝐸 , cross-conjugation leads to QI.[12–19] However, experimental studies on conjugation patterns other than AC/AQ are currently limited to ring
substitutions such as meta-substituted phenyl rings,[20–27] or varied connectivities
in azulene,[28–30] which differ fundamentally[1, 6, 31–33] from cross-conjugated
pattern[18, 34, 35] because they change tunneling pathways, molecular-lengths
and conjugated pattern simultaneously. Isolating these variables is however important because the only primary observable is conductance, which varies exponentially with molecular length. More recent work has focused on “gating” QI effects
by controlling the alignment of 𝜋-systems through-space[32, 36, 37] and affecting
the orbital symmetry of aromatic rings with heteratoms.[38–40] These studies exclusively study the effects of the presence and absence of QI features; to date—and
despite recent efforts[41]—the specific effects of bond topology and electronegativity on the depth and position of QI features have not been isolated experimentally.
Controlling the QI effects is a key challenge. A fundamental understanding on
the topological structures for the appearance of QI effects and the relationship between the structures and QI features line shape and position in transmission spectra
is needed.[18] Clearly, for well-defined studies of cross-conjugation versus linear
conjugation, a minimal change in molecular length (conformation) is desirable. This
can be achieved by bond topology approach. Bond topology approach is useful and
powerful methodology that can provide seemingly minor changes in the chemical
structure of a molecule result in significant changes in a physical property of the
system.
The goal of this chapter is two-fold. The first is to present a study on the un-
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derstanding of the relationships among conjugation pattern, molecular length, and
conductance. For this purpose, we employed bond topology methodology to design
and synthesize a series of molecular wires; thieno[3,2-b]thiophene (TT-1, linearly
conjugation), bithiophene (BT, linearly conjugation), thieno[2,3-b]thiophene (TT2, cross-conjugation and an isomer of TT-1. We investigated the charge transport
of these three molecular wires in tunneling junctions by combining a variety experimental platforms including large area self-assembled monolayers (SAMs) with
EGain top contacts and conductive-probe atomic force microscopy (CP-AFM) for
SAMs. Through a combination of density of functional theory (DFT) and experimental results, we show that cross-conjugation produces QI features that lead to
the lowest conductance and dominate the charge transport. Compare with TT-1,
BT exhibited low conductance because of longer molecular length and higher tunneling barrier. The results indicate that bond topology plays a very important role
in tunneling charge transport process.
The second goal is to isolate the specific effects of bond topology and electronegativity on the depth and position of QI features, which have not been isolated experimentally. To address this issue, we designed and synthesized the second series molecules of benzodithiophene derivatives (BDT-𝑛); benzo[1,2-b:4,5b’]dithiophene (BDT-1, linearly conjugated), benzo[1,2-b:4,5-b’]dithiophene-4,8dione (BDT-2, cross-conjugated with quinone), and benzo[1,2-b:5,4-b’]dithiophene
(BDT-3, cross-conjugated and an isomer of BDT-1). These compounds separate the influence of cross-conjugation (bond topology) from that of the electronwithdrawing effects of the quinone functionality while controlling for molecular
formula and length. We investigated the charge transport properties of these
molecules in tunneling junctions comprising self-assembled monolayers (SAMs),
which are relevant for solid-state molecular-electronic devices.[42–44] Through a
combination of theoretical calculations, we show that cross-conjugation produces
QI features near occupied molecular states and that the position and depth of the
QI feature is strongly influenced by the strongly electron-withdrawing quinone functionality, which places these features near unoccupied states while simultaneously
bringing those states close to 𝐸 . Thus, by controlling bond topology and electronegativity separately, the conductance can be tuned independently of length
and connectivity via the relative positions of the QI features and molecular states
and not just the presence or absence of such features.

6.2. Results and Discussion
6.2.1. Design and Synthesis of Molecular Wires
Figure 6.1a shows the structures of TT-n series and BT molecular wires; Figure
6.1b shows the structures of the BDT-𝑛 series and AQ molecular wires; the “arms”
are linearly-conjugated phenylacetylenes and the cores (Ar) are substituted by the
structures indicated. The TT-n series and BT molecular wires were designed and
synthesized to elucidate the effect of molecular length and 𝜋-conjugation pattern
on the charge transport properties through molecules spanning two electrodes. We
designed linear conjugation molecular wire TT-1 based on thieno[3,2-b]thiophene
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Figure 6.1: (a) Structures of BT, TT-1 and TT-2 with linearly and cross-conjugated pathways of the
cores drawn in red and blue, respectively. The phenylacetylene arms are linearly conjugated. BT and
TT-1 are linearly-conjugated, TT-2 is cross-conjugated, arises from the positions of the sulfur atoms
(there are no exocyclic bonds). (b) Structures of BDT- , BDT- and BDT- with linearly and crossconjugated pathways of the cores drawn in red and blue, respectively. The phenylacetylene arms are
linearly conjugated. BDT- is linearly-conjugated, BDT- contains a cross-conjugation imposed by the
central quinone ring analogous to AQ and BDT- is similarly cross-conjugated, but the cross-conjugation
separating the two linearly-conjugated pathways arises from the positions of the sulfur atoms relative
to the central phenyl ring (there are no exocyclic bonds).

moiety core as benchmark compound. To investigate the charge transport in crossconjugation versus linear conjugation system, the cross-conjugation molecular wire
TT-2 based on thieno[2,3-b]thiophene moiety core was designed to minimize the
change in molecular length (tunneling barrier) and conjugation. Cross-conjugated
TT-2 is one isomer of the linear conjugated molecular wire TT-1 that alter the
relative position of the sulfur atoms; they have the same molecular length. In
addition, the molecular wire BT, based on a bithiophene moiety, was designed to
study molecular length dependent effects. Compared to thieno[3,2-b]thiophene,
bithiophene has one more exocyclic carbon-carbon single bond, resulting in longer
molecular length of BT. Hence, these three molecular wires are perfect models to
study destructive QI effects and molecular length dependent effects in tunneling
junction.
The BDT-𝑛 series and AQ molecular wires were designed and synthesized to
isolate molecular conjugation pattern and electronegativity (orbital energies) effects on charge transport through molecules spanning two electrodes. The linearly
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conjugation molecular wire BDT-1 based on a benzo[1,2-b:4,5-b’]dithiophene moiety serves as benchmark compound. To isolate the effect on charge transport in
cross-conjugation versus linear conjugation systems, the cross-conjugated molecular wire BDT-3 based on benzo[1,2-b:5,4-b’]dithiophene, was designed to minimize the change in molecular length (tunneling barrier) and conjugation. Crossconjugated BDT-3, is one isomer of the linearly conjugated molecular wire BDT-1,
differing by the relative position of the sulfur atoms, they have the same molecular
formula. Cross-conjugation BDT-2 based on benzo[1,2-b:4,5-b’]dithiophene-4,8dione is to designed to isolate redox potential (orbital energies) effects, and has
nearly identical molecular length with BDT-1 and BDT-3.The variation in the endto-end lengths of these compounds is within 1 Å. Note that we include AQ in the
series as a benchmark for destructive QI effects.
All molecular wires are designed with acetyl protected thiol anchors which ensures these compounds are stable and can be stored in air. The acetyl protected
group can be removed in situ during the formation of SAMs. The synthesis, thorough characterization and a detailed discussion of their properties are provided in
the Experimental Section.
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6.2.2. UV-Vis Absorption Spectroscopy

Figure 6.2: (a) Normalized UV-Vis absorption spectra for TT-1, BT, and TT-2. (b) Normalized UV-Vis
absorption spectra for BDT-1, BDT-2, andBDT-3.

6

The UV-Vis absorption measurements were carried out for three molecular wires
in toluene solvent to gain information regarding their optoelectronic structure (Figure 6.2). The optical band gaps are summarized in Table 6.1 and Table 6.2. The
absorption of molecular wires TT-1, TT-2 and BT ends abruptly at 416 nm, 380 nm
and 450 nm, respectively, resulting in an optical HOMO-LUMO gap trend of TT-2
> TT-1 > BT. This indicates that electronic communication in cross-conjugation
molecular wire TT-2 is lower than in linearly conjugation molecular wires TT-1 and
BT. Compared to TT-1, BT showed a red-shift absorption, indicating that BT has
longer conjugation length and lower band gap.
For the BDT series, the absorption of molecular wire BDT-1, BDT-2 and BDT-3
ends abruptly at 420 nm, 493 nm and 393 nm, respectively, resulting in an optical
HOMO-LUMO gap trend of BDT-3 > BDT-1 > BDT-2. This suggests that electronic
communication in cross-conjugation molecular wire BDT-3 is lower than in linearly
conjugation molecular wires BDT-1, resulting in a higher optical band gap. While
cross-conjugated BDT-2 has the lowest optical band gap, it has both strong electron donating (thiophene unit) and accepting groups (quinone unit); this push–pull
configuration leads to the small optical band gap. More specifically, the quinone
unit in BDT-2 is a strong electron accepting group, which decreases its LUMO level
significantly, whereas the thiophene ring can act as a donor, explaining the small
optoelectronic HOMO–LUMO gap of wire.
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6.2.3. Conductance Measurements
We first measured tunneling charge transport through metal-molecule-metal junctions comprising these two molecular series using conformal eutectic Ga-In (EGaIn)
contacts as top electrodes.[45] We utilized an established procedure of the in situ
deprotection of thioacetates[36, 46] to form well-defined SAMs on Au substrates;
these substrates served then as bottom electrodes. We refer to the assembled junctions as Au/SAM//EGaIn where “/” and “//” denote a covalent and van der Waals
interfaces, respectively. To verify that the structural similarities of the compounds
carry over into the self-assembly process, we characterized the SAMs of two series
molecules by several complementary techniques, including (high-resolution) X-ray
photoelectron spectroscopy (HRXPS/XPS) and angle-resolved near-edge X-ray absorption fine structure spectroscopy (NEXAFS). These data are summarized in Table
6.1 and Table 6.2, and discussed in detail in the published paper’s Supplementary
Information[47]. The characterization of SAMs of AQ is reported elsewhere.[11, 36]
The XPS and NEXAFS data suggest that two series molecules in the SAMs are assembled upright with the tilt angle of approximately 35°. The molecules are packed
densely on the order of 10 molecules per cm2 as are similar conjugated molecularwire compounds.[36]
Table 6.1: Summary of the physical properties of BT, TT-1 and TT-2.

Compound
[eV]
[eV], gas-phase
HRXPS thickness (Å)
Density (
molecules per cm2 )
Area per molecules Å2
log| (Acm 2 )| @0.5 V
Yield of working junctions (%)
Num. working EGaIn junctions
Total / traces

BT
.
.
. ± .
.
. ±
. ± .
.

TT-1
.
.
. ± .
.
. ±
. ± .
.

TT-2
.
.
. ± .
.
. ±
. ± .
.

= 1240/optical absorption onset

Figure 6.3a shows the current-density versus voltage (𝐽/𝑉) curves for TT-1, TT2, and BT using EGaIn top contacts. The linearly conjugated TT-1 is the most conductive across the entire range of applied bias. As expected, the cross-conjugated
TT-2 are less conductive than the TT-1 in one order magnitude across the entire
range of applied bias. The linearly conjugated BT exhibits the less conductance
than that of TT-1, however, show higher conductance than the across-conjugation
TT-2. Compared to the TT-1, the lower conductance of BT is attributed to a
lager tunneling barrier than that of TT-1. BT has a longer molecular length and
higher tunneling barrier than TT-1. The lower conductance of TT-2 results from
cross-conjugation, which produces destructive QI effects and leads to reduced conductance.
Figure 6.3b shows the current-density versus voltage (𝐽/𝑉) curves for the BDT𝑛 series and AQ using EGaIn top contacts. BDT-1 is the most conductive across
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Table 6.2: Summary of the properties of SAMs of BDT- and Au/BDT- //EGaIn junctions.

Compound
XPS thickness (Å)
HRXPS thickness (Å)
Averaged XPS thickness (Å)
Water contact angle (∘ )
Density (
molecules per cm2 )
Area molecules per Å2 )
| | @0.5 V (Acm−2 )
Yield of working junctions (%)
Num. working EGaIn junctions
Total / traces

6

BDT-1
±
. ± .
.
. ± .
.
. ±
. ± .
.

BDT-2
±
. ± .
.
. ± .
.
. ±
. ± .
.

BDT-3
±
. ± .
.
. ± .
.
. ±
. ± .
.

the entire bias window. As expected, the cross-conjugated BDT-2, BDT-3 and
AQ are all less conductive than BDT-1. The low-bias conductivity (from the Ohmic
region, −0.1 V to 0.1 V) of the quinones (BDT-2 and AQ), however, is even more
suppressed than the cross-conjugated BDT-3, while the magnitudes of 𝐽 for BDT2, BDT-3 and AQ are similar beyond −0.5 V. We observed similar behavior in QI
mediated by through-space conjugation in which the compound with an interference feature very close to 𝐸 exhibited a sharp rise in 𝐽, eventually crossing the
𝐽/𝑉 curve of the compound with a feature further from 𝐸 .[36] This observation
suggests that, as the junction is biased, the transmission probability “climbs” the
interference feature rapidly, bringing highly transmissive conduction channels into
the bias window at sufficiently low values of 𝑉 to meet and exceed the total transmission of the compound for which the interference feature is far from 𝐸 at zero
bias.

Figure 6.3: (a) Plots of
| (Acm 2 )| versus of Au/SAM//EGaIn junctions comprising SAMs of TT-1
(red up-triangles), BT (black diamonds) and TT-2 (blue down-triangles). (b) Plots of
| (Acm 2 )|
versus of Au/SAM//EGaIn junctions comprising SAMs of BDT- (salmon up-triangles), BDT- (purple
down-triangles), BDT- (pink diamonds) and AQ (grey circles). Each datum is the peak position of a
Gaussian fit of
| | for that voltage. The error bars are 95 % confidence intervals taking each junction
as a degree of freedom.
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Figure 6.4: (a) The Normalized low bias conductance of linearly conjugated TT-1 (red ball) features
the highest values, the TT-2 (blue ball) the lowest and BT (black ball) is in between. (b) Normalized
low bias conductance, linearly conjugated BDT- (salmon ball) features the highest values, the quinone
BDT- (purple ball) and AQ (grey ball) the lowest and cross conjugated BDT- (pink ball) is in between.

To better compare the conductance of the molecules, we calculated two series
molecules conductivities at the low-bias and normalized them to TT-1 and BDT-1,
respectively. These values are plotted in Figure 6.4. For the TT-1, TT-2, and BT
molecules wires, they show that cross-conjugation lowers the conductance of TT2 by an order of magnitude compared to TT-1, and the longer molecule BT show
lower the conductance by an order of magnitude compared to TT-1, but higher
conductance than that of TT-2. For BDT-𝑛 series molecules, they show that crossconjugation lowers the conductance of BDT-3 by an order of magnitude compared
to BDT-1 and the quinone functionality of BDT-2 and AQ lowers it by two orders
of magnitude, in agreement with the analogous behavior of AC and AQ. [15]
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To control for large-area effects (e.g., if there are defects in the SAM) and comparison, we have measured SAM of two series molecular wires by conducting-probe
atomic force microscopy (CP-AFM) with Au electrodes, as shown in the Figure6.5.
We found that the conductance of these two series molecular wires show the same
trend as EGaIn measurements: TT-1> BT> TT-2; BDT-1>BDT-3>BDT-2, respectively.
Figure 6.5a shows the current versus voltage plots for TT-1, TT-2 and BT by
CP-AFM. TT-1 exhibit the highest the conductivity across the entire bias window
in the CP-AFM measurements. The current of BT and TT-2 were 10 lower than
below that of TT-1 in the low-bias regime at ±1 V, and the difference in conductivity
between BT and TT-2 is nearly identical for both at ±1 V and ±1.5 V in CP-AFM
measurements.
Figure 6.5b shows the current versus voltage plots for BDT-𝑛 series by CPAFM. The difference in conductivity between BDT-1 and BDT-3 is nearly identical
for both EGaIn and CP-AFM measurements across the entire bias window. The
current of BDT-2 was below the detection limit of our CP-AFM setup in the lowbias regime, however, at ±1 V, the difference between BDT-1 and BDT-2 is 10
larger for CP-AFM than for EGaIn.
Thus, we conclude that cross-conjugation produce QI and lower the conductance and quinones suppress conductance more than cross-conjugation alone, irrespective of the measurement/device platform.

Figure 6.5: (a) Plots of
| (nA)| versus of Au-on-mica/SAM//AuAFM junctions comprising SAMs of
TT-1 (red), BT (black) and TT-2 (blue) without error bars. Each datumn is the peak of a Gaussian
| | for that voltage. (b) Plots of
fit of
| (nA)| versus of Au-on-mica/SAM//
junctions
comprising SAMs of BDT- (black), BDT- (blue) and BDT- (red) without error bars. Each datum is
the peak of a Gaussian fit of
| | for that voltage. The inset shows the Gaussian fitted / trace for
BDT- on linear scale to ±1.8 V.
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6.2.4. Transport Calculation
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Figure 6.6: (a)Transmission spectra for isolated molecules of TT-1, BT and TT-2. The spectrum of TT-1
(red) and BT (black) are featureless between the resonances ( ( ) → ) near the frontier orbitals. The
sharp dip in the spectra of TT-2 (blue) is destructive QI features which is about 1.8 eV away from the
and it is outside the resonances ( ( ) → .) The energies on the bottom axis are with respect to the
value of −4.3 eV. (b) Transmission spectra for isolated molecules of BDT- and AQ. The spectrum
of BDT- (salmon) is featureless between the resonances ( ( ) → ) near the frontier orbitals. The
sharp dips in the spectra of BDT- (purple), BDT- (pink) and AQ (grey) indicated with arrows are
destructive QI features. The energies on the bottom axis are with respect to the
value of −4.3 eV.

For insight into the shapes of the 𝐽/𝑉 curves and the conductance, we simulated
the transmission spectra, 𝑇(𝐸) vs. 𝐸−𝐸 (𝐸 value of −4.3 eV) of the two series
molecules using density functional theory (DFT). These calculations simulate the
transmission spectra through isolated molecules in vacuum at zero bias and are
useful for predicting trends in conductance. From the transmission spectra 6.6a,
we can capture three important features in the TT-1, BT and TT-2 series; 1) The
trend of transmission probability follows the order that TT-1>BT>TT-2, agreeing with our conductance measurement (Figure 6.3a and Figure 6.5a); 2) there
are no antiresonance features for linear conjugation molecule TT-1 and BT; 3)
only cross-conjugated molecular wire TT-2 produce the antiresonance dip at about
1.8 eV away from the 𝐸 level, (the sharp dips in the spectra are the destructive QI
features)[8, 13]. This can explain why the conductance of TT-2 is lowest among
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the conjugated molecules in this work.
For the BDT-𝑛 series the molecular transmission spectra is shown in Figure
6.6b; there are three important features of these curves: 1) Only the compounds
with cross-conjugation (including quinones) show sharp dips (anti-resonances or
QI features)[8, 13] in the frontier orbital gap; 2) the dips occur near 𝐸 only for
the two quinones; and 3) the QI features are more pronounced for the molecules
in which the cross-conjugation is caused by a quinone moiety as opposed to the
carbon-carbon bond topology. When bias is applied to a junction, the x-axis of
the transmission plot shifts and 𝐸 broadens such that an integral starting at 𝐸 −
𝐸 = 0 eV and widening to larger ranges of 𝐸 − 𝐸 is a rough approximation of
how 𝑇(𝐸) translates into current, 𝐼(𝑉). This relationship is apparent in the slightly
lower conductance of AQ compared to BDT-2 (Figure 6.3b) and the slightly lower
values of 𝑇(𝐸) for AQ compared to BDT-2 across the entire range of 𝐸 − 𝐸 . The
proximities of the QI features to 𝐸 is also apparent in the 𝐽/𝑉 curves (Figure 6.3b).
As the junction is biased, the minimum of the QI feature shifts such that, by 0.5 V,
the transmission probabilities are roughly equal for BDT-𝑛 and AQ.
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6
Figure 6.7: (a) Differential conductance heatmap plots of Au/SAM//EGaIn junctions comprising TT-1
(left), BT (middle) and TT-2 (left) showing histograms binned to
| | (differential conductance, Yaxis) versus potential ( , X-axis). The colors correspond to the frequencies of the histograms and lighter
(more red) colors indicate higher frequencies. The bright spots near ±1 V are due to the doubling of
data that occurs in the forward/return / traces. The plots of TT-1, BT and TT-2 are U-shaped.
(b) Differential conductance heatmap plots of Au/SAM//EGaIn junctions comprising BDT- (top-left),
BDT- (top-right), BDT- (bottom-left) and AQ (bottom-left) showing histograms binned to
| |
(differential conductance, Y-axis) versus potential ( , X-axis). The colors correspond to the frequencies
of the histograms and lighter (more yellow) colors indicate higher frequencies. The bright spots near
±1 V are due to the doubling of data that occurs in the forward/return / traces. The plots for both
BDT- and AQ, which contain quinones, are V-shaped at low bias and exhibit negative curvature,
suggesting a destructive QI feature near , while the plots of BDT- and BDT- are mostly U-shaped.

It is known that the QI features near 𝐸 can be resolved experimentally by tracing differential conductance plots of log | | vs. 𝑉[13, 36, 48]. Figure 6.7 shows
heatmap plots of the normalized differential conductance (NDC) of Au/SAM//EGaIn
constructed from histograms binned to log | | for each value of 𝑉. Here we normalized the differential conductance to reduce the diffraction of lines in heatmap.
This won’t change the lineshape of differential conductance plots, but it makes them
more visible. (Note that these are histograms of 𝐽/𝑉 curves with no data-selection,
thus, brighter colors correspond to mean values of 𝐽 and are not related to conductance histograms of single-molecule break-junctions.) Figure 6.7a shows TT-1, BT,
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and TT-2 molecular wires heatmap plots. Unlike the quinone structural AQ exhibit
V-shaped plots with negative curvature,[36] all BT, TT-1, and TT-2 show ordinary
U-shaped plots characteristic of non-resonant tunneling like alkanes based SAMs
reported by Jiang et al[49]. It is not surprising that the linearly conjuagted TT-1
and BT exhibit U-shaped plots, which has been observed in other linearly conjugated systems like anthracene (AC), and 1,4-bis(((4-acetylthio)phenyl)ethynyl)
benzene (OPE3).[36] However, it is interesting to resolve the lineshape of TT-2 in
differential conductance, which is U-shaped. These results are in agreement with
theoretical calculation results in the Figure 6.6a, which simulated that TT-2 produce
the antiresonance dip at about 1.8 eV away from the 𝐸 of the electrode. This QI
features explains why TT-2 exhibit U-shaped feature in NDC plots. These results
indicate that cross-conjugation system produce destructive QI effects and lead to
significantly reduced conductance.
Figure 6.7b shows BDT-𝑛 series and AQ molecular wire heatmap plots of differential conductance of Au/SAM//EGaIn constructed from histograms binned to
log | | for each value of 𝑉. Both BDT-1 and BDT-3 exhibit ordinary, U-shaped
plots characteristic of non-resonant tunneling. By contrast, both AQ and BDT-2—
the two compounds bearing quinone functionality—show V-shaped plots with negative curvature. These results are in agreement with Figure 6.6b, which places the QI
features for the quinone moieties, AQ and BDT-2, much closer to 𝐸 than for BDT3. The positions of these features are related to the positions of highest-occupied
and lowest-unoccupied 𝜋-states (HOPS and LUPS), which is a in good agreement
between DFT and experiment. Thus, the differential conductance heatmaps (experiment) and DFT (simulation) both indicate that cross-conjugation suppresses
conductance because it creates a dip in 𝑇(𝐸) in the frontier orbital gap, but that
the electron-withdrawing nature of the quinone functionality simultaneously pulls
the LUPS and the interference features close to 𝐸 such that the 𝐽/𝑉 characteristics
and transmission plots of AQ and BDT-2 are nearly indistinguishable despite the
presence of two thienyl groups in BDT-2. These results also suggest that tunneling
transport is mediated by the HOPS (hole-assisted tunneling) for BDT-1 and BDT-3
and by the LUPS (electron-assisted tunneling) for BDT-2 and AQ because tunneling
current is dominated by the resonance(s) closest to 𝐸 .
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6.3. Conclusions
In summary, we investigated the charge transport of two series molecular wires in
tunneling junctions by combining a variety experimental platforms including large
area self-assembled monolayers (SAMs) with EGain top contacts and conductiveprobe atomic force microscopy (CP-AFM) for SAMs. Through a combination of
density of functional theory (DFT) and experimental results, we show that crossconjugation produces QI features which lead to lower conductance and dominate
the charge transport. The results indicate that the bond topology plays a very
important role in tunneling charge transport process. The second key question of
this chapter demonstrate how cross-conjugation and electronegativity affect QI features. Based on our experimental observations and calculations, we assert that destructive QI induced by cross-conjugation is highly sensitive to the functional groups
that induce the cross-conjugation and that quinones are, therefore, a poor testbed
for tuning QI effects because their strong electron-withdrawing nature places a
deep, destructive feature near 𝐸 irrespective of other functional groups. In contrast, TT-1 and TT-2, BDT-1 and BDT-3 are heterocyclic isomers with no functional groups, identical molecular formulas, nearly-identical HOPS, identical lengths
that translate into SAMs of identical thicknesses. They isolate the single variable
of conjugation patterns, allowing us to separate bond topology (cross-conjugation)
from electronic properties (functional groups), giving experimental and theoretical
insight into the relationship between bond topology and QI. Our results suggest
that there is a lot of room to tune the conductance of moieties derived from BDT3 by including pendant groups (e.g., halogens, CF3 groups or acidic/basic sites)
that shift the QI feature gradually towards 𝐸 synthetically and/or in response to
chemical signals.
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6.4. Experimental
Synthesis and Characterization
Reagents. All reagents and solvents were commercial and were used as received.
NMR and Mass Spectra. HNMR and CNMR were performed on a Varian Unity
Plus (400 MHz) instrument at 25 ∘ C, using tetramethylsilane (TMS) as an internal
standard. NMR shifts are reported in ppm, relative to the residual protonated solvent signals of CDCl3 (𝛿= 7.26 ppm) or at the carbon absorption in CDCl3 (𝛿 = 77.23
ppm). Multiplicities are denoted as: singlet (s), doublet (d), triplet (t) and multiplet
(m). High Resolution Mass Spectroscopy (HRMS) was performed on a JEOL JMS
600 spectrometer. UV-vis spectra were recorded on Shimadzu UV 3600.
Synthesis of molecular wire TT-1

6
Figure 6.8: Synthetic route for TT-1.

2,5-Bis[2-(trimethylsilyl)ethynyl]thieno[3,2-b]thiophene (2) 2,5-dibromothieno[3,2b]thiophene 1 (1000 mg, 3.36 8.5 mmol) and (trimethylsilyl)acetylene (1.32 g, 13.5 mmol,
4.0 equiv.) were dissolved in mixture of fresh distilled Et3 N (5 mL) and anhydrous THF (20 mL). After degassing with dry N2 , the catalysts Pd(PPh3 )4 (60 mg,
0.06 mmol) and CuI (20 mg, 0.1 mmol) were added. The reaction mixture was refluxed overnight under N2 . The reaction mixture was poured into water, then the
product was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and
then brine. The organic phase was then collected and dried over Na2 SO4 and
the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give target product 2 (900 mg, 80 %). HNMR (400 MHz,
CDCl3 ): 𝛿: 7.28 (s, 2H), 0.26 (s, 18H). CNMR (100 MHz, CDCl3 ): 𝛿: 138.95,
126.89, 124.81, 101.90, 97.84, 0.01.
2,5-diethynylthieno[3,2-b]thiophene To a solution of trimethylsilyl derivative
2,5-bis[2-(trimethylsilyl)ethynyl]thieno[3,2-b]thiophene 2 (694 mg, 2 mmol) in THFmethanol (20 mL, 5 mL), aqueous KOH (155 mg, 0.4 mL H2 O) was added to deprotect the trimethylsilyl group. The reaction solution was stirred at room temperature
under N2 for 1 h. The reaction was quench by adding water (5 mL), then the product
was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and then brine.
The organic phase was then collected and dried over Na2 SO4 and the solvents removed by rotary evaporation to provide 2,5-diethynylthieno[3,2-b]thiophene 3 as
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a yellow solid in quantitative yield. The crude was used in next step without further purification. HNMR (400 MHz, CDCl3 ): 𝛿:7.34 (s, 2H), 3.49 (s, 6H). CNMR
(100 MHz, CDCl3 ): 𝛿: 138.97, 125.95, 125.27, 83.88, 77.30.
S,S’-((thieno[3,2-b]thiophene-2,5-diylbis(ethyne-2,1-diyl))bis(4,1-phenylene))
diethanethioate (TT-1) 2,5-diethynylthieno[3,2-b]thiophene 3 (188 mg, 1 mmol)
and 4-iodophenylthioacetate (610 mg, 2.2 mmol) were dissolved in mixture of fresh
distilled Et3 N (5 mL) and anhydrous THF (20 mL). After degassing with dry N2 , the
catalysts Pd(PPh3 )4 (40 mg, 0.04 mmol) and CuI (20 mg, 0.1 mmol) were added.
The reaction mixture was refluxed overnight under N2 . The precipitate was collected by filtration to provide the crude solid. The crude solid was purified by
recrystallization from toluene to give product (260 mg, 53 %). HNMR (400 MHz,
CDCl3 ): 𝛿: 7.56 (d, J = 8.2 Hz, 4H), 7.41 (d, J = 8.3 Hz, 4H), 7.40 (s, 2H), 2.44
(s, 6H). CNMR (100 MHz, CDCl3 ): 𝛿: 193.49, 139.68, 134.48, 132.16, 128.88,
126.55, 124.52, 123.94, 95.09, 84.90, 30.54. HRMS(ESI) calcd. for C26 H17 O2 S4
[M+H] = 489.01059, found: 489.01050.
Synthesis of molecular wire TT-2

6

Figure 6.9: Synthetic route for TT-2.

2,5-bis((trimethylsilyl)ethynyl)thieno[2,3-b]thiophene (5) 2,5-dibromothieno[2,3b]thiophene 4 (435 mg, 1.46 mmol)and (trimethylsilyl)acetylene (580 mg, 5.84 mmol,
4.0 equiv.) were dissolved in mixture of fresh distilled Et3 N (5 mL) and anhydrous THF ( 20 mL). After degassing with dry N2 , the catalysts Pd(PPh3 )4 (70 mg,
0.06 mmol) and CuI (20 mg, 0.1 mmol) were added. The reaction mixture was refluxed overnight under N2 . The reaction mixture was poured in water and the product was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and then
brine. The combined organic phase was then collected and dried over Na2 SO4 and
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the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give target product 5 (120 mg, 28 %). HNMR (400 MHz,
CDCl3 ): 𝛿: 7.28 (s, 2H), 0.26 (s, 18H). CNMR (100 MHz,CDCl3 ): 𝛿: 144.27,
139.07, 126.60, 125.32, 100.58, 97.58, 0.02.
2,5-diethynylthieno[2,3-b]thiophene (6) To a solution of trimethylsilyl derivative 2,5-bis((trimethylsilyl)ethynyl)thieno[2,3-b]thiophene 5 (100 mg, 0.31 mmol)
in THF-methanol (20 mL:5 mL), aqueous KOH (49 mg, 0.2 mL H2 O) was added to
deprotect the trimethylsilyl group. The reaction solution was stirred at room temperature under N2 for 1 h. The reaction was quench by adding water, then the product
was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and then brine.
The organic phase was then collected and dried over Na2 SO4 and the solvents removed by rotary evaporation to provide 2,5-diethynylthieno[2,3-b]thiophene 6 as
a yellow solid in quantitative yield. The crude was used in next step without further
purification. HNMR (400 MHz, CDCl3 ): 𝛿: 7.35 (s, 2H), 3.47 (s, 2H).
2,5-bis((trimethylstannyl)ethynyl)thieno[2,3-b]thiophene (7) The crude
2,5-diethynylthieno[2,3-b]thiophene 6 (56 mg, 0.30 mmol) were dissolved in anhydrous THF (10 mL) under an atmosphere of N2 , cooled to −78 ∘C and n-butyllithium
(0.74 mmol, 0.47 mL, 1.6 M in hexane) was added drop-wise. The solution was
stirred for 30 min in the cold bath. Then, Trimethyltin Chloride (0.74 mL, 0.74 mmol,
1.0 M in THF) was added. After that, the solution was stirred at room temperature
overnight. Water was added to quench the reaction, and the solution was extracted
with n-hexane. The organic phase was dried over Na2 SO4 and the solvents removed
by rotary evaporation provide crude compound 7 as yellow oil which was used in
the next step without further purification. HNMR (400 MHz, CDCl3 ): 𝛿: 7.23 (s,
2H), 0.37 (s, 18H).
S,S’-((thieno[2,3-b]thiophene-2,5-diylbis(ethyne-2,1-diyl))bis(4,1-phenylene))
diethanethioate (TT-2) 2,5-bis((trimethylstannyl)ethynyl)thieno[2,3-b]thiophene
(150 mg, 0.30 mmol) and 4-iodophenylthioacetate (220 mg, 0.8 mmol) were dissolved in fresh distilled toluene (10 mL). After degassing with dry N2 , the catalysts Pd(PPh3 )4 (20 mg, 0.02 mmol) was added. The reaction mixture was refluxed
overnight under N2 . The reaction mixture was poured into water, then the product was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and then
brine. The organic phase was then collected and dried over Na2 SO4 and the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give product (30 mg, 20 %). HNMR (400 MHz, CDCl3 ): 𝛿: 7.55 (d,
J = 8.2 Hz, 4H), 7.41 (d, J = 8.3 Hz, 4H), 7.39 (s, 2H), 2.44 (s, 6H). C NMR
(100 MHz, CDCl3 ): 𝛿: 193.50, 144.92, 139.82, 134.47, 132.17, 128.83, 126.29,
124.99, 123.94, 93.84, 84.54, 30.54. HRMS(ESI) calcd. for C26 H17 O2 S4 [M+H] =
489.01059, found:489.01050.
Synthesis of BDT series molecular wire.
General. Unless stated otherwise, all crude compounds were isolated by bringing
the reaction to room temperature, extracting with CH2 Cl2 , washing with saturated
NaHCO3 , water and then brine. The organic phase was then collected and dried
over Na2 SO4 and the solvents removed by rotary evaporation. Synthetic schemes
and NMR spectra are provided in the Supplementary Information.
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Synthesis of molecular wire BDT-1
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Figure 6.10: Synthetic route for BDT- .

2,6-dibromobenzo[1,2-b:4,5-b’]dithiophene (8). Benzo[1,2-b;4,5-b’]dithiophene
(540 mg, 2.84 mmol) were dissolved in 70 mL anhydrous THF under an atmosphere
of N2 , cooled to −78 ∘C and 𝑛-butyllithium (8.5 mmol, 5.3 mL, 1.6 M in hexane) was
added drop-wise. The solution was stirred for 30 min in the cold bath before being
warmed to room temperature and stirred for and additional 20 min. The mixture
was cooled to −78 ∘C again and a solution of CBr4 (2.8 g, 8.5 mmol) in 5 mL anhydrous THF was added. The solution was stirred for 30 min in the cold bath before
being quenched with concentrated sodium bicarbonate solution (10 mL) at −78 ∘C.
The crude solid was purified by recrystallization from CHCl3 to give 1 (890 SI890mg,
90 %) as colorless platelets. HNMR (400 MHz, CDCl3 ) 𝛿: 8.03 (s, 2H); 7.33 (s, 2H).
CNMR (100 MHz, CDCl3 ) 𝛿: 138.36, 136.88, 125.63, 116.00, 115.10.
2,6-Bis[(4-acetylthiophenyl)ethynyl]benzo[1,2-b:4,5-b’]dithiophene (BDT1). 2,6-dibromobenzo[1,2-b:4,5-b’]dithiophene (8; 125 mg, 0.36 mmol) and 4ethynyl-1-thioacetylbenzene (9; 176 mg, 1 mmol) were dissolved in mixture of fresh
distilled Et3 N (5 mL) and anhydrous THF (10 mL). After degassing with dry N2 , the
catalysts Pd(PPh3 )4 (58 mg, 0.05 mmol) and CuI (10 mg, 0.05 mmol) were added.
The reaction mixture was refluxed overnight under N2 . The crude solid was purified by column chromatography to give BDT-1 (78 mg, 40 %). HNMR (400 MHz,
CDCl3 ) 𝛿: 8.17 (s, 2H), 7.59 (d, J=8.2, 4H), 7.55 (s, 2H), 7.43 (d, J=8.2, 4H), 2.45
(s, 6H). CNMR (100 MHz, CDCl3 ) 𝛿: 195.88, 140.66, 140.46, 136.90, 134.76,
131.51, 130.89, 126.53, 126.25, 119.27, 97.57, 87.31, 32.97. HRMS(ESI) calcd. for
C30 H18 O2 S4 [M+H] : 539,02624, found: 539.02457.
Synthesis of molecular wire BDT-2
2,6-Bis[(4-tert-butylthiophenyl)ethynyl]benzo[1,2-b:4,5-b’]dithiophene4,8-dione (12). 2,6-dibromobenzo[1,2-b:4,5-b’]dithiophene-4,8-dione (10; 200 mg,
0.53 mmol) and 1-tert-butylthio-4-ethynylbenzene (11; 230 mg, 1.21 mmol) were
dissolved in mixture of fresh distilled Et3 N (5 mL) and anhydrous THF (10 mL). After
degassing, the catalysts Pd(PPh3 )4 (30 mg, 0.03 mmol) and CuI (5 mg, 0.03 mmol)
were added. The reaction mixture was refluxed for overnight under N2 . The crude
solid was purified by column chromatography to give 12 (100 mg, 32 %). HNMR
(400 MHz, CDCl3 ) 𝛿: 7.71 (s, 2H), 7.55 (d, J=8.2, 4H), 7.50 (d, J=8.2, 4H), 1.31
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Figure 6.11: Synthetic route for BDT- .

6

(s, 18H). CNMR (100 MHz, CDCl3 ) 𝛿: 173.33, 143.91, 142.55, 137.24, 135.17,
131.73, 131.56, 130.31, 121.70, 98.14, 82.55, 46.81, 31.02.
2,6-Bis[(4-acetylthiophenyl)ethynyl]benzo[1,2-b:4,5-b’]dithiophene-4,8dione (BDT-2).[50] TiCl4 (0.04 mL, 0.364 mmol) was added drop-wise to a solution
of compound 12 (100 mg, 0.167 mmol) and CH3 C(O)Cl (0.03 mL, 0.377 mmol) in
CH2 Cl2 at 0 ∘C. The resulting mixture was stirred at room temperature for 1 h and
the conversion was monitored by TLC (hexanes/CH2 Cl2 , 2:1). Upon completion,
the reaction was quenched with water (10 mL). The crude solid was purified by
column chromatography to give BDT-2 (50 mg, 53 %). HNMR (400 MHz, CDCl3 )
𝛿: 7.73 (s, 2H), 7.59 (d, J=8.2, 4H), 7.45 (d, J=8.2, 4H), 2.46 (s, 6H). CNMR
(100 MHz, CDCl3 ) 𝛿: 195.59, 175.96, 145.20, 136.95, 134.87, 134.20, 133.15,
132.57, 132.50, 125.24, 100.42, 85.49, 33.01. HRMS(ESI) calcd. for C30 H17 O4 S4
[M+H] : 569,00042, found: 568.99887.
Synthesis of molecular wire BDT-3
2,6-Bis[(4-tert-butylthiophenyl)ethynyl]benzo[1,2-b:5,4-b’]dithiophene (14).
2,6-dibromobenzo[1,2-b:5,4-b’]dithiophene (13; 50 mg, 0.143 mmol) and 1-tertbutylthio-4-ethynylbenzene (11; 68 mg, 0.358 mmol) were dissolved in mixture of
fresh distilled Et3 N (5 mL) and anhydrous THF (10 mL). After degassing, the catalysts Pd(PPh3 )4 (16 mg, 0.014 mmol) and CuI (2.7 mg, 0.014 mmol) were added.
The reaction mixture was refluxed overnight under N2 . The crude solid was purified
by column chromatography to give 14 (40 mg, 49 %). HNMR (400 MHz, CDCl3 ) 𝛿:
8.16 (s, 1H), 8.14 (s, 1H), 7.56 (s, 2H), 7.54 (d, J=4, 4H), 7.51 (d, J=4, 4H), 1.31
(s, 18H). CNMR (100 MHz, CDCl3 ) 𝛿: 141.35, 140.05, 139.89, 136.77, 134.10,
131.29, 125.64, 125.38, 120.85, 117.39, 97.51, 86.99, 49.30, 33.67.
2,6-Bis[(4-acetylthiophenyl)ethynyl]benzo[1,2-b:5,4-b’] dithiophene (BDT3).[50] TiCl4 (0.042 mL, 0.388 mmol) was added drop-wise to a solution of compound (14) (100 mg, 0.176 mmol) and CH3 C(O)Cl (0.03 mL, 0.397 mmol) in CH2 Cl2
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Figure 6.12: Synthetic route for BDT- .

at 0 ∘C. The resulting mixture was stirred at room temperature for 10 min and the
conversion was monitored by TLC (hexanes/CH2 Cl2 2:1). Upon completion the reaction was quenched with water (10 mL). The crude solid was purified by column
chromatography to give BDT-3 (25 mg, 26 %). HNMR (400 MHz, CDCl3 ) 𝛿: 8.17
(s, 1H), 8.15 (s, 1H), 7.59 (d, J=7.2, 4H), 7.58 (s, 2H), 7.43 (d, J=8.2, 4H), 2.45 (s,
3H). CNMR (100 MHz, CDCl3 ) 𝛿: 195.88, 141.43, 140.03, 136.90, 134.76, 131.51,
131.48, 126.27, 126.50, 120.94, 117.42, 97.22, 87.15, 32.97. HRMS(ESI) calcd. for
C30 H18 O2 S4 [M+H] : 539,02624, found: 539.02476.
Self-assembled Monolayers
The SAMs of were formed via in situ deprotection[36, 46] on template-stripped
Au substrates[51]. Freshly template-stripped substrates were immersed into 3 mL
of 50 μ solutions of the thioacetate precursors in freshly distilled toluene inside
a nitrogen-filled glovebox and sealed under a nitrogen atmosphere. The sealed
vessels were kept inside a nitrogen flow box[52] (O2 below 3 %, RH below 15 %)
overnight; all subsequent handling and EGaIn measurements were performed inside
the flowbox. 1.5 h prior to measurement, 0.05 mL of 17 m diazabicycloundec-7ene(DBU) in toluene was added to the precursor/substrate solution. The substrates
were then rinsed with toluene and allowed to dry for 30 min before performing the
measurements.
Electrical Measurements
EGaIn
The details of the EGaIn setup are described elsewhere.[11, 36] Briefly, EGaIn
measurements were carried in the nitrogen flowbox. For each SAM, at least 10
junctions were measured on each of three different substrates by applying a bias
from 0.00 V → 1.00 V → −1.00 V → 0.00 V with steps of 0.05 V. At least 20 trace/retrace cycles were measured for each junction; only junctions that did not short over
all 20 cycles were counted as ”working junction” for computing yields. A new EGaIn
tip was prepared every 4 junctions.
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J-V Data Processing: Data was acquired as described above and then parsed in a
”hands-off” manner using Scientific Python to produce histograms of 𝐽 for each value
of 𝑉 and the associated Gaussian fits (using a least-squares fitting routine). The
confidence intervals for 𝜇
(Gaussian mean) depicted as error bars in the 𝐽/𝑉 plots
were calculated using 𝛼 = 0.95 from 𝜎
(standard deviation) taken from Gaussian
fits. The standard deviation of a fit (𝜎) was then recalculated into 95% confidence
interval using following equation CI = 𝑡 , where 𝑡 is the coefficient in 𝑡-distribution
√
and 𝑁 is the number of degrees of freedom for our system (𝑁
−1). The value
of t chosen for BDT-1 and BDT-3 is 2.04 (degree of freedom is 31) and BDT-2 is
2.05 (degree of freedom is 29). The value of t chosen for TT-1 is 2.045 (degree of
freedom is 29), BT is 2.052 (degree of freedom is 27), and TT-2 is 2.020 (degree
of freedom is 37).
Differential Conductance Heatmap: The 𝐽 − 𝑉 plots were smoothed by the polynomial model and the derivative of the current density (J) relative to the voltage
(dJ/dV) were computed individually from each J-V plot. Then we constructed a
2D histogram of these dJ/dV values by logarithmically binning them for each bias
voltage and plotting them, resulting in a heatmap with on the x-axis the bias voltage, on the y-axis the log (dJ/dV) and on the z-axis (in colour scale) the number of
counts.
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Conductive Atomic Force Microscopy(CP-AFM)
𝐼-𝑉 measurements were performed on a Bruker AFM Multimode MMAFM-2 equipped
with a Peak Force TUNA Application Module (Bruker.) For TT-1 TT-2 and BT series,
the SAMs were contacted with a Au coated silicon nitride tip with a nominal radius
of 130 nm (NPG-10, Bruker, tip A: resonant frequency: 65 kHz, spring constant:
0.35 N/m; tip B: resonant frequency: 23 kHz, spring constant: 0.12 N/m; tip C:
resonant frequency: 56 kHz, spring constant: 0.24 N/m; tip D: resonant frequency:
18 kHz, spring constant: 0.06 N/m. Tip A was chosen in this work) in TUNA mode.
The AFM tip was grounded and the TT-1 sample were biased from −1.0 V to +1.0
V and from +1.0 V to −1.0 V on Au to record the 𝐼-𝑉 curves. The samples of TT-2
and BT were bias from −1.5 V to +1.5 V , since the current of TT-2 and BT is on the
magnitude of pA from −1.0 V to +1.0 V. We plotted TT-2 and BT from the region
of −1.5 V to +1.5 V for easy comparison with TT-1. A max of 10 trace/re-trace
cycles per junction were performed and the top electrode was removed from SAMs
between junctions. New tips were replaced between samples. For BDT-𝑛 series,
the SAMs were contacted with a Au-coated silicon nitride tip with a nominal radius
of 30 nm (NPG-10, Bruker, tip A: resonant frequency: 65 kHz, spring constant:
0.35 N/m; tip B: resonant frequency: 23 kHz, spring constant: 0.12 N/m; tip C:
resonant frequency: 56 kHz, spring constant: 0.24 N/m; tip D: resonant frequency:
18 kHz, spring constant: 0.06 N/m. Tip A was chosen in this work) in TUNA mode.
The AFM tip was grounded and the samples were biased from −1.0 V to +1.0 V
and from +1.0 V to −1.0 V on Au to record the 𝐼-𝑉 curves. The samples of BDT-2
were bias from −1.8 V to +1.8 V, since the current of BDT-2 is on the magnitude
of pA from −1.0 V to +1.0 V. We plotted BDT-2 from the region of −1.0 V to +1.0 V
for easy comparison with BDT-1 and BDT-3. 11 trace/re-trace cycles per junction
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were performed and the top electrode was removed from SAMs between junctions.
New tips were replaced between samples. The total number of 𝐼-𝑉 traces recorded
by CP-AFM is summarized in Table 6.3.
Processing. All raw data were processed algorithmically using Scientific Python
to generate histograms, Gaussian fits, extract transition voltages and construct differential conductance heatmap plots.
Table 6.3: Summary of - traces recorded by CP-AFM

SAMs
TT-1
BT
TT-2
BDT-1
BDT-2
BDT-3

Number of junctions
20
40
20
10
10
12

Number of traces
427
643
451
110
110
136

Computational Methodology
We performed the calculations using the Orca 4.0.0.1 software package[53, 54] and
the Artaios-030417 software package.[55, 56] The procedure is described below
step-by-step.
Molecular Geometry Optimization
We optimized all the four molecules terminating with dithiols. We used ORCA DFT
package and utilized the default Ahlrichs 𝑑𝑒𝑓2 − 𝑆𝑉𝑃 basis sets (ORCA option AccOpt, that calls the BP functional).[57] This optimized gas-phase geometry was then
used for all the following steps.
Single Point Energy Calculations
Gas-Phase energies
We used the ORCA DFT package also for calculating the gas-phase energies for all
the four molecules. We used the minimized geometries terminating with thiols to
calculate the single-point gas-phase energies using 𝐵3𝐿𝑌𝑃/𝐺 𝐿𝐴𝑁𝐿2𝐷𝑍.
Transport Properties
For computing the electron transmission probability plots as function of energy of
electron, we first ran single point energy calculations on structures terminating with
only sulfur atoms, i.e., by manually deleting the hydrogen atoms from the dithiols.
Same basis sets were used as described above for the single point energy calculation. The hamiltonian and overlap matrices were generated from the output of
these energy calculations, which served as the input for the Artaios-030417 software tool for generating the transmission curves.[55, 56] Thus, we used the input
geometry of these four molecules without the terminal hydrogen atoms, computing the transmission of only the gas-phase molecule without the electrode clusters.
The reason for using the molecular system without electrode clusters is that we
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are only interested in the transmission of the molecule. These calculations are not
simulations of an assembled junction; their purpose is to give insight into how the
electronic structure affects transmission, not to predict level-alignment. The use
of electrode clusters in these junctions is to identify the position of Fermi level of
EGaIn junctions is physically realistic. Thus, we use the 𝐸 of −4.3 eV for scaling the energy axis of the transmission curve in the Figure 3 of the main text. It
is known that the literature value for workfunction of clean gold is about −5.2 eV
to −5.3 eV but the assembly of alkanethiolates atop the gold surface reduces this
value by 0.85 eV (−4.32 eV to −4.4 eV) [58]; further, the assembly of conjugated
molecules result in a shift of 0.98 eV[59, 60]. Finally, the 𝐸 of EGaIn has been
reported as −4.3 eV in the literature[61] Thus, we use the value of −4.3 eV for 𝐸
which is close to the cumulative 𝐸 value for the junctions comprising SAMs with
EGaIn as top electrode and Au as bottom electrode.
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Summary
The rapid development of conjugated polymeric materials has enable the organic
electronic and optoelectronic devices technology (organic field effect transistors, organic solar cells, organic light-emitting diodes, and organic thermoelectric devices)
to develop at a rapid pace in the last decades. In order to make these devices
suitable for practical applications, stable and efficient devices are required. This
also demands new materials with super properties such as an outstanding charge
transport, and a high chemical and mechanical stability. Thus, fundamentally understanding the structure-properties relationship is the key to design new materials
for these devices.
The scientific goal of this thesis aims to use chemistry approaches to design
novel conjugated polymers for specific purposes: 1) enhancing the solubility of
intrinsic conjugated polymers in green solvents to replace the highly toxic chlorinated solvent in fabricating organic electronic devices; 2) design and synthesis of
n-type conjugated polymers in pursuit of high performance organic thermoelectric
devices and for better understanding of the relationship between chemical structures and device performances; 3) investigating novel polymerization strategies to
make conjugated polymers. In the meantime, we are also interested in understanding the relationship between the molecular structures and charge transport in
single-molecular and molecular-ensemble monolayer tunneling junctions.
In Chapter 2, we report the synthesis and characterization of three new aromatic
polyketones with repeating units based on 2,2’-(2,5-dihexyl-1,4-phenylene) dithiophene (PTK), 2,2’-(9,9-dihexyl-9H-fluorene-2,7-diyl)dithiophene (PFTK), and 4,7bis(3-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (PBTK). These polymers were
synthesized with a one-pot Suzuki-Miyaura cross-coupling promoted homopolymerization, which offered good chemical integrity. We systematically investigate bandgap and molecular energy levels of these aromatic polyketones by absorption spectroscopy, cyclic voltammetry and theoretical calculations. As with conventional conjugated polymers, the aromatic polyketones exhibited tunable opto-electroic properties. These new aromatic polyketones possess excellent thermal stability. Especially, they exhibited tunable opto-electronic properties when exposed to acidic
conditions.
In Chapter 3, we are developing an alternative to conjugated polyelectrolytes
in which “spinless doping” introduces formal charges into the backbones of conjugated polymers without the requisite spin to induce the transition to the metallic state. These conjugated polyions (CPIs) are intrinsic semiconductors that are
completely soluble in and processible from polar, protic solvents. In this work,
we describes the design, synthesis and optical and electronic properties of two
conjugated polymers CPIZ-B and CPIZ-T that incorporate closed-shell cations
into the backbones, balanced by anionic pendant groups by using a three compo151
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nents random Suzuki-Miyaura copolymerization to control the electronic structure
while retaining sufficient ionic character for processing from polar, protic solvents.
Ultraviolet-visible near infrared (UV-Vis-NIR) and electron paramagnetic resonance
(EPR) spectroscopy and proof-of-concept bi-layer organic solar cell (OSCs) confirm
that spinless doping. We prepared the OSCs by casting films of CPIZ-T from mixtures of water and formic acid (HCOOH), acidic solutions being necessary to prevent
the cations from being quenched by water. Formic acid is produced on the ton-scale
and is widely used for industrial and agricultural applications and as a food additive.
It is only flammable at >85 % weight-percent (wt%), making 80:20 v% HCO2 H:H2 O
solutions a viable green solvent for processing organic semiconductors.
Molecular doping of conjugated polymers is a key strategy for achieving highperformance organic thermoelectric devices. The relationship between molecular
structures of n-type conjugated polymers and thermoelectrics device performance
remains vague. In Chapter 4 and Chapter 5, we designed and synthesized a serials
of NDI-based n-type conjugated polymers, and systematically investigate the relationship between the chemical architecture and the molecular doping to enhance
the performance of the thermoelectric devices.
In Chapter 4, we demonstrate how the type and position of side chains impact
the n-doping of donor-acceptor (D-A) copolymers. Four different combinations of
linear ethylene glycol-based polar side chains and traditional alkyl side chains are
used, and the resultant D-A copolymers are molecularly n-doped by organic dopant
with varying doping concentrations. It is found that the polar side chains can greatly
improve the mixing of host D-A copolymers with polar dopants as compared to the
alkyl side chains, which can increase doping efficiencies up to 10 % to 20 % from
0.25 % in the case of only alkyl side chains used. Additionally, the polar side chains
also facilitate the molecular packing of D-A copolymers and increase the mobility by
more than an order of magnitude. Because of those advantages of the polar side
chains, we achieve an optimized conductivity of 0.08 S/cm in the doped PNDI2TEGT2DEG with the polar side chains on both D and A moieties. Our work offers an
insight into the roles of side chains play in molecular n-doping, which might be
general for most conjugated polymers.
In Chapter 5, we demonstrated that the n-type thermoelectric performance of
donor-acceptor (D-A) copolymers can be enhanced by a factor of >1000 by tailoring the density of states (DOS) via structure backbone modification. The molecular
design is embedding sp -N atoms into the donor moiety of an NDI-2T based D-A
copolymer (PNDI2TEG-2T). By doing so, a new copolymer named PNDI2TEG-2Tz
with improved molecular planarity and the 𝜋 − 𝜋 overlap was obtained. Furthermore, the molecular stacking in the thin film is changed into a preferential edge-on
pattern from the original face-on-dominated microstructure. Due to the molecular
and microstructural motif, the PNDI2TEG-2Tz exhibits much narrower and denser
DOS energy distribution than PNDI2TEG-2T. For this reason, the doped PNDI2TEG2Tz copolymer exhibits a high electrical conductivity of 1.8 S/cm, which represents
over three orders of magnitude enhancement as compared to that of the unmodified D-A copolymer. Additionally, the tailoring of DOS distribution reduces the loss
of the Seebeck coefficient, leading to an improved power factor of 4.5 𝜇Wm K ,
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which is a very good result for n-type organic thermoelectric. Our work provides
insights into the fundamental understanding of molecular doping and sheds light
on designing efficient n-type OTE materials from a new perspective of tailoring the
DOS.
Understanding the principles of charge transport through 𝜋-molecules spanning
two electrodes is of fundamental importance in the field of molecular electronics.
The goal of this chapter is two-fold. The first is to present a study on the understanding of the relationships among conjugation pattern, molecular length, and conductance. For this purpose, we employed an bond topology methodology to design
and synthesize a series of molecular wires; thieno[3,2-b]thiophene (TT-1, linearly
conjugation), bithiophene (BT, linearly conjugation), thieno[2,3-b]thiophene (TT2, cross-conjugation and an isomer of TT-1. We investigated the charge transport
of these three molecular wires in tunneling junctions by combining a variety experimental platforms including large area self-assembled monolayers (SAMs) with
EGain top contacts and conductive-probe atomic force microscopy (CP-AFM) for
SAMs. Through a combination of density functional theory (DFT) and experimental results, we show that cross-conjugation produces quantum interference (QI)
features that lead to the lowest conductance and dominate the charge transport.
The second goal is to isolate the specific effects of bond topology and electronegativity on the depth and position of QI features. To address this issue, we designed
and synthesized a second series molecules of benzodithiophene derivatives (BDT𝑛); benzo[1,2-b:4,5-b’]dithiophene (BDT-1, linearly conjugated), benzo[1,2-b:4,5b’]dithiophene-4,8-dione (BDT-2, cross-conjugated with quinone), and benzo[1,2b:5,4-b’]dithiophene (BDT-3, cross-conjugated and an isomer of BDT-1). We investigated the charge transport of this series of molecular wires in tunneling junctions in a variety of experimental platforms. Through a combination of density of
functional theory (DFT) and experimental results, we show that cross-conjugation
produces a quantum interference feature that leads to lower conductance. The
presence of an interference feature and its position can be controlled independently by manipulating bond topology and electronegativity. This is the first study
to separate these two parameters experimentally, demonstrating that the conductance of a tunneling junction depends on the position and depth of a QI feature,
both of which can be controlled synthetically.

Samenvatting
De snelle ontwikkeling van geconjugeerde polymeren maakt het mogelijk dat de
organische (opto)elektronische apparatuurstechnologie (organische veldeffecttransistoren, organische zonnecellen, organische lichtemitterende diodes en organische
thermo-elektrische apparaten) zich in de laatste decennia in een snel tempo ontwikkelt. Om deze apparaten geschikt te maken voor de praktische toepassingen,
zijn stabiele en efficiënte apparaten benodigd. Dit vereist nieuwe materialen met
super-eigenschappen zoals een uitstekend ladingstransport en een hoge chemische
en mechanische stabiliteit. Daarom is het fundamenteel begrip van de relatie tussen
structuur en eigenschappen de sleutel tot het ontwerpen van nieuwe materialen die
geschikt zijn voor deze apparaten.
Het wetenschappelijke doel van dit proefschrift is om chemische benaderingen
te gebruiken voor het ontwerpen van nieuwe geconjugeerde polymeren met specifieke doeleinden: 1) het verbeteren van de oplosbaarheid van geconjugeerde polymeren in groene oplosmiddelen ter vervanging van zeer toxische gechloreerde oplosmiddelen die gebruikt worden tijdens de productie van organische elektronische
apparaten; 2) het ontwerpen en synthetiseren van n-type geconjugeerd polymeren
voor goed presterende organische thermo-elektrische apparaten en voor een beter begrip van de relatie tussen chemische structuur en prestatie en; 3) onderzoek
naar nieuwe polymerisatiestrategieën om geconjugeerde polymeren te maken. In
de tussentijd zijn we ook geïnteresseerd in het begrijpen van de relatie tussen de
moleculaire structuur en ladingstransport in tunneljuncties van enkele moleculen
en in monolaag moleculaire ensembles.
In Hoofdstuk 2, we rapporteren de synthese en karakterisatie van drie nieuwe
aromatische polyketonen met repeterende eenheden gebaseerd op 2,2’-(2,5-dihexyl1,4-fenyleen) dithiofeen (PTK), 2,2’-(9,9-dihexyl-9H-fluoreen-2,7-diyl)dithiofeen
(PFTK) en 4,7-bis(3-hexylthiofeen-2-yl)benzo[c][1,2,5] thiadiazool (PBTK). Deze polymeren werden gesynthetiseerd door een éénpots Suzuki-Miyaura cross-coupling
gepromoteerde homopolymerisatie, die een goede chemische integriteit bood. We
onderzoeken systematisch de band-gap en de moleculaire energieniveaus van deze
aromatische polyketonen door absorptie-spectroscopie, cyclovoltammetrie en middels theoretische berekeningen. Net als conventionele geconjugeerde polymeren
vertoonden de aromatische polyketonen afstelbare opto-elektronische eigenschappen. Deze nieuwe aromatische polyketonen bezitten uitstekende thermische stabiliteit. Als bijzonderheid, vertoonden zij afstembare opto-elektronische eigenschappen onder zure omstandigheden.
In Hoofdstuk 3 ontwikkelen we een alternatief voor geconjugeerde polyelektrolyten waarin“spinloze dotering”formele ladingen in de hoofdstructuur van geconjugeerde polymeren introduceert, zonder de spin die vereist is om de overgang naar
de metallische toestand te veroorzaken. Deze geconjugeerde polyionen (CPIs) zijn
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intrinsieke halfgeleiders die volledig oplosbaar in en verwerkbaar zijn uit polaire,
protische oplosmiddelen. In dit werk beschrijven we het ontwerp, de synthese
en optische en elektronische eigenschappen van twee geconjugeerde polymeren
CPIZ-B en CPIZ-T die gesloten-schil kationen in de hoofdstructuur bevatten, gebalanceerd door anionische staartgroepen. De synthese werdt bereikt door een
statistische Suzuki-Miyaura-copolymerisatie met drie componenten waardoor het
mogelijk was om de elektronische structuur te regelen maar ook om voldoende ionisch karakter voor verwerking van polaire, protische oplosmiddelen te behouden.
Lichtabsorptiemetingen (UV-Vis-NIR), elektron paramagnetische resonantie (EPR)
spectroscopie en “proof-of-concept”twee lagige organische zonnecellen bevestigen dat spinloze dotering optreedt. We hebben de zonnecellen gemaakt door films
van CPIZ-T te gieten uit mengsels van water en mierenzuur (HCOOH), aangezien
zure oplossingen noodzakelijk zijn om te voorkomen dat de kationen verdwijnen
door reactie met water. Mierenzuur wordt geproduceerd op tonschaal en wordt
veel gebruikt voor industriële en landbouwtoepassingen en als een voedingsadditief. Het is alleen brandbaar boven 85% gewichtsprocent (wt%), waardoor 80:20
v% HCOOH: H2O oplossingen een haalbaar groen oplosmiddel zijn voor verwerking
van organische halfgeleiders.
Moleculaire dotering van geconjugeerde polymeren is een belangerijke strategie voor het bereiken van efficiënte organische thermo-elektrische apparaten. De
relatie tussen de moleculaire structuur van n-type geconjugeerde polymeren en de
prestaties van de thermo-elektrische apparaten blijft onduidelijk. In Hoofdstuk 4
en Hoofdstuk 5 hebben we een serie van NDI-gebaseerde n-type geconjugeerde
polymeren ontworpen, gesynthetiseerd en systematisch de relatie van de chemische architectuur met de moleculaire dotering onderzocht om de prestatie van de
thermo-elektrische apparaten te verbeteren.
In Hoofdstuk 4 laten we zien hoe het type en de positie van zijkstaarten de
n-dotering van donor-acceptor (D-A) copolymeren beïnvloedt. Vier verschillende
combinaties van lineaire ethyleenglycol-gebaseerde polaire zijketens en traditionele alkylzijketens worden gebruikt, en de n-dotering door organische doteerstoffen in verschillende doteringconcentraties van de resulterende D-A-copolymeren is
onderzocht. Het is gevonden dat polaire zijstaarten de vermenging van gastheerDA-copolymeren met polaire doteringsstof in grote mate kunnen verbeteren in vergelijking met de alkylzijketens, waardoor het doteringsrendement van 0.25% in
het geval van alleen alkylzijstaarten, tot 10-20% kan worden verhoogt. Bovendien vergemakkelijken de polaire zijketens ook de moleculaire pakking van de DA-copolymeren en vergroten ze de mobiliteit met meer dan factor tien. Vanwege
de voordelen van de polaire zijstaarten bereiken we een geoptimaliseerde geleidingsvermogen van 0.08 S/cm in het gedoteerde PNDI2TEG-T2DEG met de polaire
zijstaarten op zowel D-als A-delen. Ons werk geeft inzicht in de rol die de zijketens
spelen in moleculaire n-dotering, wat algemeen kan zijn voor de meerderheid van
geconjugeerde polymeren.
In Hoofdstuk 5 hebben we aangetoond dat de thermo-elektrische prestatie van
n-type donor-acceptor (D-A) copolymeren kan worden verbeterd met een factor>
1000 door de toestandsdichtheid (DOS) aan te passen via modificatie van de hoofd-
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structuur. Het moleculaire ontwerp integreert sp -N-atomen in de donor-eenheid
van een van de NDI-2T gebaseerd D-A copolymeren (PNDI2TEG-2T). Door deze
toepassing, werd een nieuw copolymeer genaamd PNDI2TEG-2Tz met verbeterde
moleculaire vlakheid en 𝜋 − 𝜋 overlapping verkregen. Bovendien is de moleculaire
stapeling in de dunne film veranderd van een kop-aan-kop gedomineerde microstructuur naar een preferentiële zij-aan-zij wisselwerkingspatroon. Vanwege het
moleculaire en microstructurele motief vertoont de PNDI2TEG-2Tz een veel smallere en dichtere DOS-energiedistributie dan PNDI2TEG-2T. Als gevolg vertoont, het
gedoteerde PNDI2TEG-2Tz-copolymeer een hoog elektrisch geleidingssvermogen
van 1.8 S/cm, wat meer dan drie ordes van grootte verbetering is in vergelijking
met het ongemodificeerde D-A copolymeer. Bovendien vermindert de versmalling
van de DOS distributie het verlies van de Seebeck-coëfficiënt, en leidt het tot een
verbeterde arbeidsfactor van 4.5 𝜇Wm K , wat een zeer goed resultaat betreft
voor n-type organische thermo-elektrische componenten. Ons werk biedt inzicht in
het fundamentele begrip van moleculaire dotering en het biedt een nieuw perspectief voor het ontwerpen van efficiënte n-type OTE materialen door het afstemmen
van de elektronische toestanddichtheid (DOS).
Begrip van de principes die het ladingstransport via 𝜋 moleculen die tussen twee
elektroden geplaatst zijn regeren is van fundamenteel belang op het gebied van
moleculaire elektronica. Het doel van dit hoofdstuk is tweedelig. Het eerste is een
beter begrip van de relaties tussen conjugatiepatroon, moleculaire lengte en geleiding te krijgen. Om dit doel te bereiken, hebben we de bindingstopologie methode
gebruikt om een serie van moleculaire draden te ontwerpen en te synthetiseren;
thieno [3,2-b] thiofeen (TT-1, lineaire conjugatie), bithiopheen (BT, lineaire conjugatie), thieno [2,3-b] thiofeen (TT-2, kruis-conjugatie en een isomeer van TT-1).
We hebben het ladingstransport van deze drie moleculaire draden in tunneljuncties
onderzocht door een verscheidenheid van experimentele platforms te combineren
zoals zelf-geassembleerde monolagen met grote oppervlakte (SAMs) gemeten met
EGain-topcontacten en atoomkrachtmicroscopie met geleidende tip (CP-AFM). Door
middel van een combinatie van dichtheidsfunctioneeltheorie (DFT) berekeningen en
experimentele resultaten, laten we zien dat kruisconjugatie quantum interferentie
(QI) kenmerken produceert die het ladingstransport domineren en een laage geleiding veroorzaken.
Het tweede doel is om de specifieke effecten van bindingstopologie en elektronegativiteit op de diepte en positie van QI-kenmerken te isoleren. Om dit probleem aan te pakken hebben we een tweede serie moleculen van benzodithiofeenderivaten (BDT-𝑛) ontworpen en gesynthetiseerd; benzo [1,2-b:4,5-b’] dithiofeen
BDT-1, lineair geconjugeerd), benzo [1,2-b: 4,5-b’] dithiofeen-4,8-dion (BDT-2,
kruis-geconjugeerd met chinon) en benzo [1,2-b: 5,4-b’] dithiofeen (BDT-3, kruisgeconjugeerd en een isomeer van BDT-1).We onderzochten het ladingstransport
van de serie moleculaire draden in tunneljunctiesmet verschillende experimentele
platforms. Door een combinatie van dichtheidsfunctioneeltheorie (DFT) berekeningen en experimentele resultaten, laten we zien dat kruisconjugatie een kwantuminterferentiekenmerk produceert dat leidt tot een lagere geleiding. De aanwezigheid van een interferentiekenmerk en de positie ervan kan onafhankelijk worden
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geregeld door manipulatie van de bindingstopologie en elektronegativiteit. Dit is
de eerste studie waarin deze twee parameters experimenteel gescheiden Worden.
Het wordt aangetoond dat de geleiding van een tunneljunctie afhankelijk is van de
positie en diepte van een QI-functie, die beide synthetisch kunnen worden gecontroleerd.
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