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Abstract

Solar energy is one of the most important sustainable energy resources which can satisfy
increasingly growing demand of power and energy and reduce carbon footprint. In order to
utilize the solar energy, solar cells are feasible and promising technologies to convert sunlight
into electricity. Among the various types of solar cells, organic solar cells (OSCs), also known
as organic photovoltaics (OPVs), are versatile technologies, because carbon based organic
materials have relatively cheap, finely tunable physical properties and solution processibility
that enables the manufacture of OSCs through roll-to-roll printing processes. P3HT has been
one of the most intensely studied donor semiconductors for OSCs because of its easy synthesis
(low cost), good solution processability, and high hole transport property. However, its relative
high HOMO level results in a low open circuit voltage (\Voc) and thus low power conversion
efficiency (PCE) in OSCs. In this thesis, six new n-conjugated polythiophene derivatives based
on the newly designed [2,2'-bithiophene]-4,4'-dicarboxamide (BTDCA) electron-deficient
building block were synthesized and characterized. Firstly, P1 and P2 comprising BTDCA
with different lengths of side chain and bithiophene (BT) were synthesized to balance the
solubility and interchain packing. The HOMO levels of P1 and P2 were successfully lowered
from -4.9 eV for P3HT to -5.3 eV for both P1 and P2. P2 showed a higher degree of
crystallinity than P1, leading to its higher hole mobility (up to 1.4 x 102 cm?V1s?) compared
to P1 (up to 2.0 x 102 cm?V1s?). Preliminary tests of P1 and P2 in solar cells were conducted
using the blend of P1 or P2 with PCs1BM. The Voc for the blend of P3HT with PCe1BM was
0.59 V, while a significantly higher Voc of up to 0.87 V was obtained with the new materials
P1 and P2 as donors. The Jsc values of P2 based solar cells were low, possibly due to the large
grain size resulting from the higher degree of crystallinity. Then P3 was synthesized with a
smaller comonomer unit, thieno[3,2-b]thiophene (TT), to decrease the crystallinity. The hole
mobility for P3 dropped to 4.5 x 104 cm? V1 s due to the decreased crystallinity compared
with P2. Interestingly, higher solar cell performance was achieved for P3, most likely due to
the optimized crystallinity property and thin film morphology. The PCE of the solar cell with
the blend of P3 and ITIC (PCE = 3.5%) was three times that of P3HT and ITIC (PCE = 1.3%).

After that, thiophene (T) was used as comonomer and copolymerized with BTDCA to form
iii



P4. Unfortunately, the structure was over tuned, thus resulting in very disordered chain packing

and poor OTFT and OPV performances.

Hydrogen bonding was then introduced into the BTDCA building block. P5 and P6 with
different length of side chains were copolymerized with BT. Both P5 and P6 showed poor
solubility which could be dissolved in common organic solvents such as chloroform, toluene,
chlorobenzene and dichlorobenzene while P6 could be dissolved in a more polar solvent m-
cresol. The new polymer P6 showed high hole mobility (up to 2.6 x 102 cm?V1s™) which is
two times that of P2 (up to 1.4 x 102 cm? V1 s?), due to the self-assembling property of
hydrogen bonding, which improves the intermolecular interaction thus better inter-chain
connectivity and higher mobility. P6 based solar cells did not show good performance due to
its poor solubility which might not form bi-continuous and interpenetrating morphology in the

active layer of solar cells.
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Chapter 1 Introduction

1.1 Overview of Solar Cell Technology

Global warming and energy problems caused by fossil fuels have affected sustainable
development goals. Furthermore, the world’s energy crisis has become severe. Therefore we
need to find alternative energy sources which are environmentally-friendly and cost
effective.? Solar energy is one of the most important sustainable energy resources which can
satisfy increasingly growing demand of power and energy and reduce carbon emissions.®

In the last two decades, a lot of efforts have been made on solar cell research to convert light
into electricity, efficiently.* The most successful one is the use of semiconducting materials -
silicon which have been applied into automotive vehicles and space satellite.> Nowadays, the
market has been occupied by the inorganic silicon solar cell due to its stability and efficiency.
Solar cell development can be divided into three generations. First, Bell laboratories started
investigating photovoltaic devices and invented inorganic single-crystal solar cell in 1954;
PCE of the device was around 6% based on a P-N junction device.®’ Through several years of
research and development, Si solar cells have been commercialized and successfully applied
to provide power for various energy needs.

Nevertheless, single-crystal silicon based solar cells have been gradually replaced by poly-
crystalline silicon. The polycrystalline silicon is cheaper due to its simper manufacturing
process, but at the same time, PCE is lower.

Thus, scientists proceeded to research on thin-film solar cell which is the second-generation
solar cell. Instead of Silicon energy intensive wafer technology, thin-film solar cell is made by
materials such as cadmium indium selenide (CIGS), amorphous silicon and cadmium telluride
(CdTe). By changing from silicon to glass substrate increased the production speed up to 100
times and thus the production cost was reduced significantly.®® Moreover, these devices can
be processed at lower temperatures and higher automation level. In terms of performance, the
efficiency of I1I/V semiconductors like GaAs and CIGS-cells (the combinations of
Cu/In/Ga/Se) can reach to 20%.1%! Unfortunately, Cd is toxic and the sources of In and Te on

earth are limited.



Due to the scarcity of these rare earth materials, researchers started to research and develop the
third-generation solar cells, the dye-sensitized solar cells, all polymer or all organic solid-state
solar cells and hybrid solar cells containing inorganic materials with nanostructure or quantum
dOtS.12'13

Compared with the first and the second generation, the materials for the third-generation solar
cells are versatile. Carbon based organic materials are relatively cheap. And we can tune the
absorption and other physical properties very easily compared to the inorganic materials.
Moreover, these third generation solar cells are solution processable with excellent potential
for a large-scale production, via printing techniques in a roll-to-roll production process.** Also,
organic solar cells attract more and more attention because their easier fabrication, low-cost
and flexibility.1®

1.2 Structure and Function of an Organic Solar Cells

In 1986, Tang'® reported the first organic solar cell fabricated by a 3,4,9,10-
perylenetetracarboxylic bis-benzimidazole and copper phthalocyanine in a bilayer
heterojunction structure as shown in Figure 1-1. Under illumination from AM2 solar simulator,
the PCE (power conversion efficiency) was 1%.% Later, Yu'’ found the incident photon to
electron conversion efficiency increased ten times by blending the poly(2-methoxy-5-(2'-
ethyl-hexyloxy)-1,4-phenylene vinylene (donor) and fullerene Ceo (acceptor) in the active layer
compared with traditional bilayer devices without blending.!” This interpenetrating and bi-
continuous structure, called a “bulk heterojunction”, enlarges the interface between donor and
acceptor which is promising for thin film solar cell. In addition, as shown in Figure 1-2, in a
perfect mixed donor and acceptor layer, the charge generation can be efficient, but
transportation can be very poor. However, in a bilayer structure, charge generation efficiency
is low because the separation of the charges takes places at the interface between donor and
acceptor.

Through research on morphology optimization and simulations, the structure depicted in
Figure 1-2 (C) should be the ideal arrangement. In this structure, the width of each domain is
two times the diffusion length of excitons, electron and hole pairs, ensuring efficient charge

separation. At the same time, donor and acceptor domains are highly ordered facilitating charge
2



transport.!® A more realistic depiction of the bulk heterojunction structure is shown in Figure
1-2 (d), in which donor and acceptor domains are interconnected. This active layer can be
processed on a large scale by spray-coating, spin-coating, gravure-coating, inkjet-printing,
roller-casting etc.’® In a bulk heterojunction structure, a fine mixture on the nanoscale is
important which is a prerequisite for charge separation and electron dissociation.?® Later, it
was found that adding additives and annealing can optimize the morphology.?! Today,
optimization of bulk heterojunction morphology has become a critical issue for improving the

efficiency of bulk heterojunction solar cells.
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Figure 1-1 Configuration and current-voltage characteristics of an ITO/CuPc (25 nm) IPV (45 nm)/
Agcell. ¢
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Figure 1-2 (a) Fine mixture of donor and acceptor, (b) bilayer structure, (c) ideal morphology of a
bulk heterojunction solar cell and (d) typical morphology of solution processed device.

When organic semiconductors in solar cells absorb energy from light, the electrons cross the
bandgap from the valence band to the conduction band. The absorption range of polymer is
determined by the band gap. Researchers in the field have been trying to narrow the band gap
and get a broader absorption band. The reason for making polymers with a very low bandgap
is to match them with the spectral coverage of incident solar irradiation. For example, a
polymer is capable of harvesting 30% of solar energy when the band gap is 2 eV, while the
material can absorb 77% when the band gap is 1.1 eV. With a comparatively small band gap,
the short circuit current (Jsc) of solar cell will be improved but the open circuit voltage (\Voc)
will be decreased. Voc is determined by the difference between LUMO (lowest unoccupied
molecular orbital) of donor material and HOMO (highest occupied molecular orbital) of the
acceptor material.

1.3 The State-of-the-art Donors and Acceptors for OSCs

As for donor polymers, polythiophene derivatives, mainly P3HT (poly(3-hexylthiophene)) and
poly(phenylenevinylene) (PPV) derivatives such as MDMO-PPV (poly[2-methoxy-5-(3,7-
dimethyloctyloxy)]-1,4-phenylenevinylene) are the early classes of polymers. The



development of designing solar cell polymers got a breakthrough by introducing donor-
acceptor copolymers.?? Recently, unlike homopolymer P3HT, by engineering the donor and
acceptor units, energy level can be tuned, leading to higher efficiency organic solar cells.?® The
structure of the materials introduced below were shown in Figure 1-3. For instance, Yu?
fabricated solar cell with PDBT-T1: IDIC and PTB7-TH: IDIC and got PCE 9.2% and 5.2%,
respectively. Furthermore, Zhao® introduced a new donor polymer (PBDB-T-SF) with
acceptor (IT-4F) for non-fullerene OSC system, obtaining PCE over 13%. As acceptors,
traditional fullerene derivatives such as PCs1:BM used to attract attention, since they have
strong electron accepting ability and enable electron delocalization at the interface of D/A.
However, recently, this situation has changed due to insufficient absorption of fullerene
derivatives. Then non-fullerene solar cell developed rapidly, which exhibits complementary
absorbance and more flexibility in D/A system. Remarkably, in 2015, ITIC was found as an

acceptor material and showed high performance, with PCE reaching 10.68% when donor

material is PDBT-T.?® In this thesis work, the acceptors for solar cells will be PCeBM and
ITIC.

CBH17

PDBT-T1

IDIC ITIC CeHi3

Figure 1-3 Recently reported high performance donors and non-fullerene acceptors for OSCs.



1.4 Basic Working Principles of OSC

The organic solar cell (OSC) like the other conventional solar cells, such as silicon solar cell,
absorbs sunlight and generates electricity. The mechanism of generating electricity from
sunlight can be divided into five steps:
1. The incident light reaches the active layer of the solar cell.
2. The active layer absorbs the energy of light with appropriate wavelength and generates
the exciton (bounded electron and hole pair).
3. The excitons diffuse to the interface of the donor and acceptor where they separate into
electrons and holes.
4. The electrons transport through the LUMO of donor to acceptor while the holes
transport through the HOMO of acceptor to donor.
5. The holes and electrons are extracted by anode and cathode respectively.
The performance of a solar cell can be characterized by four factors, Voc, Jsc, FF and PCE,

which can be described by equation (1):
(1)

in which the P, is the incident light power, usually used as 100 mW/cm?, the standard AM1.5G

spectrum multiplied by the area of the cell. FF is calculated by equation (2):

FF — Vmax X]max (2)

VOC X ]SC

Figure 1-4 shows a J-V curve of a typical solar cell exposed to light. As depicted in the graph,
the voltage at which J equals zero is called VVoc, which also represents the maximum voltage
that can be obtained from the cell. Jsc is the current density when the output voltage is zero in
the J-V curve, which also represents the maximum current density that can be obtained from

the cell.



l/mA

0.2

0.1

oW oY KRR Sy
-0.2 -01 (O 01 02 03 04 05

-0.14

oo P =V *]

Max MFP MFP

(a) o

Figure 1-4 J-V curve for a typical solar cell. %’

For organic solar cells, Cowan proposed an equation for maximum achievable VVoc based on
both theoretical study and experimental data, the equation (3) was shown below.?

) )

Where e is the elementary charge, N, is termed the electron density in the acceptor domains

NeNp
N¢

—1 KT
Voc = - (Efumo — Eflomo —2) — ?ln(

and N, is termed the hole density in the donor domains under open circuit conditions, N.. is the
density of states (DOS) at the respective band edge of the donor and the acceptor. The energy
shift, A arises from disorder within the phase-separated donor and acceptor domains.

This equation was also verified in the simpler equation by Scharber’s work,?® for a solar cell
with an active layer blended with a polymer donor and a fullerene derivative such as PCs1:BM
and PC71BM:



1
Voc T e (EflUMo - EI?OMO) — 0.3V (4)

The constant value 0.3 V is an empirical factor, mainly influenced by the coulomb attraction
between holes and electron for efficient charge separation.

Another factor that can influence PCE is Jsc, which can be simply increased by using low band
gap and broad absorption profile semiconductor material to promote more light harvesting and
charge generation. In a device, Jscis determined by the following factors: the charge generation
and the charge recombination. Achieving a proper active layer morphology can enhance the
current during the transport. As shown in Figure 1-5, the donor and acceptor domains should
be twice the size of the exciton diffusion length, which is limited to ~10 nm,3031 in order to
allow excitons to diffuse efficiently to donor-acceptor interface and thus improve the charge
dissociation and separation.

Cathode

=100 nm

.. Anode

Figure 1-5 Ideal three-dimensional morphology with bi-continuous and interpenetration network of a

bulk heterojunction (the polymer donor and the acceptor blending) with top and back electrodes.

Charge generation process takes place in the femtosecond time scale, while the reverse reaction,
the charge recombination step, occurs in the microsecond range,® as shown in Figure 1-6.
8
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Figure 1-6 Photoinduced processes in donor-acceptor system, (a) charge separate state, (b)

photoluminescence and (c) back transfer-recombination.>®

Apart from the Voc and Jsc, the Rs (series resistance) and Rsh (shunt resistance) also can
significantly influence the J-V curve and their values can be calculated through equation (5).

q(\/+JRS))_V+JRS (5)
nKT R

J=1J, —J,exp(

sh

Where Jiis the photocurrent, Jo is the dark saturation current and n is the ideality of the
device. According to this equation, the higher Rs or the lower Rsh is, the lower VVoc and FF

will become, thus the lower PCE.

1.5 Objective and Structure of This Thesis

A lot of efforts have been made for improving the PCE of OPVs. Despite the fact that the
highest PCE of 17.3% was obtained recently®* by using tandem strategy, the donor materials
they used were costly and the tandem structure made the commercialization even more difficult.
In order to make commercialized large area solar cells by using printing through roll-to-roll
process, it is important to develop low-cost and stable materials. The polythiophene (PT)
derivatives are standard donor materials for polymer solar cell (PSC), the most prominent of

which is poly(3-hexylthiophene) (P3HT), which has been intensely studied. It can be noticed



that due to its relatively high HOMO level, the Voc value is low in the solar cell and with

stability problems.

In this work, [2,2'-bithiophene]-4,4'-dicarboxamide BTDCA electron-deficient building block
was designed and synthesized, by simply attaching alkylamide functional group onto the BT,
significantly lowering the HOMO level from -4.9 eV (P3HT) to -5.4 eV. The lower HOMO
level can improve stability.

In chapter 2, the design and synthesis of four polymers based on BTDCA electron-deficient
building block will be discussed. P1 and P2 were synthesized with different lengths of
alkylamide chain on the BTDCA and copolymerized with the same comonomer unit, BT. P3
and P4 were focused on the same length of alkylamide side chain based on the performance of
P1 and P2, and copolymerized with TT and T, respectively. Then the polymers characterized
using several techniques such as AFM, XRD, UV-Vis absorption spectroscopy and CV, to
study the optical and electrochemistry properties. After that the polymer were used for BGBC
OTFTs to investigate their charge transport properties, especially hole mobility. Furthermore,
the polymers will be used as donor in OSCs with PCe:BM and ITIC as the acceptor, using
conventional structure ITO/PEDOT: PSS/Active layer/LiF/Al.

In chapter 3, two polymers based on BTDCA(H) with hydrogen bonding are discussed. The
thermal stability, crystallinity, optical and electrochemistry properties were studied
systematically using TGA, DSC, XRD, UV-Vis, CV and FTIR. Then the polymer was applied
into BGBC OTFTs to study the charge transport property. OSCs results were shown, using

these polymers as the donor and PCs1BM as the acceptor in conventional structure.

In chapter 4, the conclusions of this thesis work are summarized, and future work is proposed

for further study of this work.
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Chapter 2 Synthesis and Characterization of BTDCA-based
Polymers

2.1 Introduction

Among the polymers which were applied as donor materials for polymer solar cell (PSC),
polythiophene (PT) derivatives, especially P3HT has been one of the most intensely studied.
The P3HT polymer with uncontrolled coupling can form several different degrees of
regioregular isomers, including head-to-tail (HT), head-to-head (HH) and tail-to-tail (TT)
shown in Figure 2-1 (a). As a result, four regioisomeric triads in the polymer chain can be
formed (HT-HT, TT-HT, HT-HH and TT-HH) shown in Figure 2-1 (b).%5-3%

Among the three types of regioregular isomers, the head-to-tail is the most preferred
orientation in the polymer as the repeating thiophene unit, forming a more coplanar polymer.
Much of the work has been devoted to the synthesis of highly regioregular HT-P3HT, and in
1992, Rieke made the first advance to synthesize this polymer. The device performance is
significantly dependent on the degree of regioregularity of P3HT. HT-P3HT exhibits a more
planar conformation, high crystallinity, strong intramolecular and intermolecular overlap,
resulting in high hole mobility in the single polymer only device (un = 0.1-0.3 cm?/V s).3%#
Compared with regiorandom polymers, the regioregular polymers also show an extended range

of absorption up to 650 nm, giving a band gap of about 1.9-2.0 eV.
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Figure 2-1 (a) Three substituted bithiophenes and (b) isomeric triads.*®

P3HT has played an important role in promoting developments in the polymer solar cell field.
The P3HT based polymer solar cell, combined with the well-known acceptor [6, 6]-phenyl C71
butyricacid methyl ester (PC;:BM) achieved 4% power conversion efficiency under an
optimized device fabrication process.*® However, P3HT has some drawbacks, for example, it
has a relative high HOMO level and stability issue. In the polymer solar cell, Voc value is
dependent on the difference between the HOMO level of the polymer donor and the LUMO
level of the acceptor.*’” The relative high HOMO level results in relative lower Voc and final
PCE. A lot of effort has been made to modify the PT derivatives, in order to achieve higher

PCE in polymer solar cells, by lowering the band gap to increase the short-circuit current and

lowering the HOMO level to increase the open-circuit voltages.*®4°
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It is worth noticing that various n-conjugated molecules containing amide or imide functional
groups have caught great attention and been reported in OTFTs and OSCs. For n-conjugated
molecules with imide motif, perylenediimide (PDI) and naphthalenediimide (NDI) are among
the most popular ones and have been widely studied as building blocks in polymers for OSCs
as charge-transporting semiconductors for OTFTs.5° Besides, the molecules with amide
motif, isoindigo and diketopyrrolopyrrole (DPP) have been receiving considerable attention as
organic semiconductors for a variety of applications, particularly for OTFTs and OSCs.%256-58
While introducing the amide side chain, the different lengths of the chain affect the polymer
properties. In conjugated polymers, the side chains help to adjust the solubility and determine
the intermolecular interaction between different polymer chains and the intramolecular
interaction between polymers and small molecules acceptors. In general, long or branched side
chains can improve the solubility of polymers more than the shorter chains in the same organic
solvent. However, the n-r interchain interaction will be reduced at the same time because of
steric hinderance.®® The grazing incidence X-ray scattering (GIXS) study conducted by
Szarko® revealed that the reduced m-m interchain interaction will lengthen the n-m stacking
distance (d-value) resulting in low charge transport character and poor power conversion
efficiency of solar cells performances.

In this chapter, a newly designed BTDCA with amide functional group was designed and
synthesized. Attaching the amide functional group with its electron withdrawing effect can
lower the HOMO level of the D-A polymer which is beneficial for PT derivatives. These
polymers usually exhibit planar structures and show excellent chemical, thermal and
photochemical stability which is favorable to the fabrication of devices.®*

The brominated BTDCA will be synthesized with different length of side chains for balancing
the solubility and m—= interchain interaction. And this new building block, then was used as an

acceptor and BT, TT and T as a donor to form several D-A polymers.
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2.2 [2,2'-Bithiophene]-4,4'-dicarboxamide (BTDCA) Monomer

2.2.1[2,2'-Bithiophene]-4,4'-dicarboxamide (BTDCA) Molecular Design

The work commenced by conducting a computer simulation with density function theory (DFT)
on two models, BTDCA-Me and bithiophene-Me whose structures are shown in Figure 2-2.
The side chain attached on the amide was substituted by methyl groups for simplifying the
calculation. During this calculation, the coplanarity, electron distribution, and energy levels of
the following molecules was studied. From the simulation results, [2,2'-bithiophene]-4,4'-
dicarboxamide (BTDCA) shows small dihedral angle (~22°) between the two thiophenes,
which is comparable to that of bithiophene (~20°). The results also show that the electrons in
HOMO level and LUMO level are quite evenly delocalized around the two thiophenes,
indicating a good =-n stacking along the backbone. What’s more important, by attaching amide
electron withdrawing groups, the HOMO and LUMO level of [2,2'-bithiophene]-4,4'-
dicarboxamide (BTDCA-Me) are -5.8 eV and -1.6 eV, which are lower than the HOMO and
LUMO levels of bithiophene-Me, which are -5.4 eV and -1.1 eV, respectively, as shown in
Figure 2-3 (a) and (b).
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Figure 2-2 The chemical structure of Bithiophene-Me and [2,2'-bithiophene]-4,4'-dicarboxamide
(BTDCA-Me) (a) and (c). The calculated geometry of Bithiophene-Me and [2,2'-bithiophene]-4,4'-
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dicarboxamide (BTDCA-Me) and their dihedral angle values obtained by computer simulation (b)
and (d).

(@)

LUMO =-1.1eV

HOMO =-5.4¢eV

(b)

LUMO =-1.6 eV

HOMO =-5.8 eV
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Figure 2-3 HOMO/LUMO orbitals of (a) BT-Me and (b) BTDCA-Me and the calculated
HOMO/LUMO levels with respect to vacuum (0 eV).

2.2.2 Synthesis of [2,2'-Bithiophene]-4,4'-dicarboxamide (BTDCA) Monomer

As shown in Scheme 1, the brominated BTDCA monomer can be synthesized by several
simple reaction and purification steps. The details for materials synthesis are shown in

section 2.7.4 and the following NMR spectra are shown in Appendix A.
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Scheme 1: Synthetic route towards the brominated BTDCA monomer. Reaction conditions: i): acetic

acid/ Br, /rt. 49% ii): anhydrous chloroform/ Oxalyl chloride/0 °C to r.t. iii) anhydrous
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chloroform/HNR,/0 °C to r.t. 96% for two steps iv): DMAc/zinc powder/triphenylphosphine/2,2’-
bipyridyl/anhydrous nickel (1) chloride/80 °C 57% v): anhydrous chloroform /trifluoracetic
acid/NBS/r.t. 95%.

2.3 Synthesis and Characterizations of PBTDCA-BT

2.3.1 Structure Simulation by Density Functional Theory (DFT)

We design the D-A polymer PBTDCA-BT, using BTDCA as an acceptor and BT as a donor.
The geometry optimization was conducted on each repeating unit of the PBTDCA-BT by
computer simulation based on density functional theory. The side chain attached on the amide
was substituted by methyl groups for simplifying the calculation. The orbital surfaces of
HOMO/LUMOs of PBTDCA-Me-BT were generated to visualize the electron distribution on
the molecular orbitals and the calculated HOMO/LUMO levels with respect to vacuum (0 eV)
are shown in Figure 2-4.

It is clear from Figure 2-4 that the electrons are evenly distributed over the whole molecule in
both the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the PBTDCA-Me-BT. This indicates that the PBTDCA-Me-BT has high

degree of conjugation.
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(b)

LUMO =-1.9eV

(©)

HOMO =-5.2 eV

Figure 2-4 (a) Optimized geometry of PBTDCA-Me-BT. (b) HOMO/(c) LUMO, orbitals of
PBTDCA-Me-BT and the calculated HOMO/LUMO levels with respect to vacuum (0 eV).

2.3.2 Synthesis of PBTDCA-BT with Different Length of Side Chains

As shown in Scheme 2, PBTDCA-BT based two polymers were prepared via Stille coupling
polymerization of BTDCA with 5, 5'-bis(trimethylstannyl)-2,2'-bithiophene, and purified
using Soxhlet extraction. Both polymers showed quite good solubility in several solvents
such as chloroform, chlorobenzene and 1,2-dichlorobenzene. The synthesis procedures are

shown in section 2.7.4 and the following NMR spectra are shown in Appendix A
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Scheme 2: Reaction condition vi): 5, 5'-bis(trimethylstannyl)-2,2'-bithiophene/anhydrous
chlorobenzene/ Pd(PPhs)4 (5%). Yield: 80% for P1 and 78% for P2 in chloroform.

2.3.3 Characterization of P1 and P2 by TGA, DSC, UV-Vis, CV, AFM and XRD

The molecular weight of P1 was measured by gel-permeation chromatography (GPC) at
140 °C with 1,2,4-trichlorobenzene as eluent and polystyrene standards. The number average
molecular weight (Mn) and the polydispersity index (PDI) were determined to be 20.3 kDa
and 1.7 for P1 (Figure 2-5), indicating narrow molecular weight distribution. Since P2 has
shorter polar side chain, we could not obtain the molecular through HT-GPC equipment.
MALDI-TOF was used as an alternative way to measure the molecular weight of P2 and the
rest polymers in this work, using a Bruker AutoFlex Speed MALDI-TOF mass spectrometer
from a matrix of DCTB (2500:1 matrix-to-polymer ratio) casted from chloroform. The number
average molecular weight (Mn) and the polydispersity index (PDI) were determined to be 6.5
kDa and 1.1 (Figure 2-6). The thermal stability is important for the applications of polymers,
as the devices might be annealed up to 200 °C for the performance optimization. The thermal
stability of the polymers was characterized by thermal gravimetric analysis (TGA). A 2%
weight loss was observed at 430 °C for P1 and 441 °C for P2 (Figure 2-7), indicating good
thermal stability of both polymers and sufficient for the application for OPVs and OTFTSs.
Neither exothermic nor endothermic transitions were observed in the range of -20 °C to 300 °C
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in the differential scanning calorimetry (DSC) measurement of the polymer thin film, suggesting

the absence of crystalline domains (Figure 2-8).
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Figure 2-5 The molecular weight distribution of P1 obtained by HT-GPC at 140 °C with 1,2 4-

trichlorobenzene as eluent and polystyrene standards.
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Figure 2-6 The molecular weight distribution of P2 obtained by MALDI-TOF-MS from a matrix of
DCTB (2500:1 matrix-to-polymer ratio) casted from chloroform.
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(b) P2
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Figure 2-7 The TGA curves of (a) P1 and (b) P2 with increasing rate of 10 °C min‘! obtained in

nitrogen.
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Figure 2-8 DSC profiles of (a) P1 and (b) P2 obtained at a scanning rate of 10 °C min* under

nitrogen.

The UV-Vis absorption spectra of both P1 and P2 in chloroform solution and in thin films are
shown in Figure 2-9. Both polymers exhibited single absorption peaks, typical for PT
materials.®? In solution, the maximum absorption wavelengths (,,,4,) are 487 nm for P1 and
486 nm for P2. The A4, Of the P1 thin film and the P2 thin film are red shifted to 503 nm and
495 nm, respectively, indicating more extended w-conjugation along the polymer backbone
due to planarization of adjacent heterocycles in the solid state. Thus, the optical band gaps in
the solid state are slightly decreased compared to those in solution. The optical band gaps of
the polymer thin film are calculated to be ~2.06 eV for P1 and ~2.08 eV for P2, respectively,

using the thin film absorption onsets. This type of change in the absorption profile upon
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solution to thin film transition is common for semiconducting polymers and is often seen in
high performance systems.%
As mentioned before, the process of charge generation and extraction is said to happen in 5
steps as mentioned in section 1.3.
For efficient charge separation, the LUMO level and the HOMO level of the donor must be
higher than that of the acceptor. This is the main reason why cyclic voltammetry method is
important for designing a high efficiency solar cell. The LUMO and HOMO level should be
carefully chosen for effective charge separation.
For organic semiconductors, HOMO level represents the energy required to extract an electron
from a molecule, which is an oxidation process, and LUMO level is the energy necessary to
inject an electron to a molecule, implying a reduction process.®*
In this work, the tetrabutylammonium hexafluorophosphate solution was prepared in HPLC
acetone (0.1 mol/L) and used an Ag electrode for reference. During the process, both oxidation
and reduction redox were measured to get the E,,°™¢t and E,,/™¢" value. Ferrocene, a well-
known reference, was also used to calculate the HOMO and LUMO levels by using the
equations (6) and (7).

Enomo(8V) = -€ [E,, "¢t - Epcipc+] -4.8eV (6)

Erymo(€V) = -€ [E o™ - Epc/pc+] - 4.8 eV (7)

Cyclic voltammetry (CV) was used to reveal the electrochemical property aspects of the
polymers (Figure 2-10). By using the oxidative onset potentials, the HOMO levels were
estimated from the oxidation onset potentials to be -5.4 eV for both P1 and P2. The HOMO
levels of P3HT is estimated to be -4.9 eV.%

From the CV results, by attaching electron-withdrawing amide substituent to the side led to
the decrease in the HOMO levels of P1 and P2. The HOMO levels decreased by 0.5 eV in
comparison with P3HT. This is beneficial for achieving higher Voc and is in line with

theoretical predictions.
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Figure 2-9 Normalized UV-vis absorption spectra of P1 and P2 in solution and in thin film.
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Figure 2-10 The CV diagrams of (a) P1 and (b) P2 at a scan rate of 0.1 V/s. The electrolyte was 0.1

M tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile.

The surface morphology of P1 (Figure 2-11) and P2 (Figure 2-12) spin-coated on
dodecyltrichlorosilane (DDTS)-modified SiO2/Si substrates was examined by AFM. The
samples were annealed at different temperatures for 20 min under nitrogen. From the depth
profiling images, both P1 and P2 seem to have similar surface roughness. The surface
roughness for both P1 and P2 thin films were dropped when the films were annealed at 100 °C,
evident from the scale for the height which dropped from 30 nm at RT to ~15 nm at 100 °C.
This might have been caused by the rearrangement of packing of the polymer chains. No
significant increase in the grain size was observed as the annealing temperature increased from
RT to 150 °C. For the P1 thin film annealed at 200 °C, the spherical spots on the surface for

P1 may have been caused by the melting of the amide side chains. P2 shows similar
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morphology at 100 °C and 150 °C. Overall, the grain size is ~500 nm, which is too large for
the efficient carrier transport in OPVs.

The packing characteristics of thin films of both polymers were characterized by XRD
measurements, shown in Figure 2-13. P1 showed intense diffraction peaks at 26 = 4.47° and
4.66° for 100 °C and 150 °C annealed samples. These correspond to the interlayer lamellar d-
spacing of 1.97 nm and 1.90 nm, respectively. At 200 °C, P1 showed broad diffraction peak,
probably due to the melted side chains which corresponds to the AFM image. P2 exhibited
more intense diffraction peaks at 20 =5.41° and 5.33° at 150 °C and 200 °C, which respectively
corresponds to the interlayer lamellar d-spacing of 1.63 nm and 1.66 nm. The results indicate
that the packing and planarity of the P2 films were improved by the annealing process. The
more intense diffraction peaks of P2 as compared to P1 indicates that P2 has higher degree of
crystallinity than P1, which is beneficial for OTFT performance. The presence of longer side
chain in P2 might hinder the stacking property of the polymers. The shorter interlayer lamellar
d-spacing in P2 obtained from XRD results might substantiate this side chain interference.

18.0 nm
16.0
14.0
12.0
10,0
8.0
6.0
4.0

200

15.0

10,0

0.0

29



30.0 nm 30.0 nm
250 250
200 20.0
150 15.0
100 100
50 5.0
04 0.0

Figure 2-11 AFM height images (4 um x 4 um) of P1 thin films spin-coated on DDTS-modified

Si0O,/Si substrates and annealed at different temperatures for 20 min under nitrogen.
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Figure 2-12 AFM height images (4 umx 4 um) of P2 thin films spin-coated on DDTS-modified
SiO,/Si substrates and annealed at different temperatures for 20 min under nitrogen.
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Figure 2-13 The XRD diagrams obtained from the spin-coated (a) P1 and (b) P2 thin film on DDTS-
modified SiO,/Si substrates.

2.3.4 OTFT Performances of P1 and P2

The properties of P1 and P2 were evaluated as channel semiconductors in BGBC OTFT
devices fabricated on DDTS modified SiO2/Si wafer substrates. The OTFT fabrications and
characterizations are shown in section 2.7.2. Both polymers showed p-type charge transport
behavior (Table 2-1). For devices based on P1, the best overall performance with hole mobility
of 0.002 cm? Vst was obtained for the 150 °C-annealed films which is ten times the mobility
obtained before annealing. The output curve and transport curve were shown in Figure 2-14.
But after annealing at a higher temperature of 200 °C, the hole mobility dropped to 0.0004 cm?
V1t These results match the results obtained by XRD and AFM. P1 with the intense

diffraction peak at 150 °C, due to ordered packing at the edge-on orientation, is favorable for
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the OTFT device performance, leading to the highest hole mobility for P1 among the samples
annealed at four temperatures. The decrease of hole mobility at 200 °C might have resulted
due to melting of the side chain, also confirmed by the broad peak in XRD and the droplet in
the AFM image.

For devices based on P2, the best overall performance with hole mobility of 0.014 cm? V-ts?!
was achieved for the 200 °C-annealed polymer films (Figure 2-14) which is 40 times the
mobility obtained before annealing. Annealing at a higher temperature of 250 °C did not further
improve the device performance. P2 showed sharp diffraction peak in XRD results when the
polymer thin films were annealed at 150 °C and 200 °C, indicating highly ordered packing
which leads to higher hole mobility than those annealed at RT and 100 °C.

Table 2-1 OTFT device performance of P1 and P2 annealed at different annealing temperature.

Polymer Annealing® Hole mobility? Vth® lon/orr
temperature (10% cm2Vv-1sY) V)
(°C)
RT 0.19 +0.01 (0.21) -53 103
- 100 1.0£0.08 (1.1) -56 103
150 1.7+£0.23 (2.0) -37 103
200 0.3+0.5(0.4) .56 10*
RT 0.29 + 0.03 (0.33) 37 10°
- 100 5.8+0.87 (6.7) -38 10
150 11+£1.7(13) -38 104
200 14 + 1.0 (14) -41 10

2The devices were annealed in a glove box on a hotplate at the selected temperature for 20 min under argon.
Hole mobilities were obtained in the saturated regions in hole enhancement modes. Each set of data were
obtained from 3-5 OTFT devices.

bThe average mobility + standard deviation (maximum mobility) calculated from the saturation regions of
the devices.

¢ The Vth calculated from the device with maximum mobility.
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Figure 2-14 The transfer curves for OTFTs based on (a) P1 and (b) P2, and output curves for OTFTs
based on (c) P1 and (d) P2. Device dimensions: channel length (L) = 30 um; channel width (W) =
1000 pum. Vg valued from 0 to -100 V in the step of -20 V in output curves.

2.3.5 OPV Performances of P1 and P2

With reference to the UV-Vis absorbance and HOMO/LUMO of P1 and P2, due to their well-

tuned energy level, commercial PCs:BM and 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
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indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[ 1,2-b:5,6-

b’]dithiophene (ITIC) were chosen as the acceptor material for the fabrication of solar cells.
The OPV fabrications and characterizations are shown in section 2.7.3. The structures for
PCe1BM and ITIC are shown in Figure 2-15. The HOMO/LUMO offset between each donor
polymer and acceptor is around 0.3 eV (Figure 2-16), which is sufficient for exciton
dissociation. The conventional structure ITO/PEDOT: PSS/Active layer/LiF/Al shown in

Figure 2-17 was chosen for the solar cell fabrication.

(a) PCs1BM (b) ITIC

Figure 2-15 The molecular structure of (a) PCs:BM and (b) ITIC.
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Figure 2-16 The comparison of the HOMO/LUMOs of PCs:BM, ITIC, P1 and P2.

LiF

PEDOT:PSS

ITO
Glass

Figure 2-17 Conventional structure for solar cells.

First, we used PCs1BM as the acceptor material and changed different solvents, chlorobenzene
(CB) and dichlorobenzene (DCB) to test the solar cell performance. The photovoltaic results
are summarized in Table 2-2 and Table 2-3 and corresponding J-V curves are shown in Figure
2-18 and Figure 2-19. From Table 2-2 and Table 2-3, ~ 0.86 V of VVoc was obtained at room
temperature for both P1 and P2 combined with PCs1:BM in chlorobenzene or dichlorobenzene.
This was 0.36 V (72%) higher than P3HT:PCs:BM solar cell (0.5 V)® which means by

attaching amide electron withdrawing group successfully decreased the HOMO level and
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finally gave higher Voc. In Table 2-2, the solar cell based on P2: PCs1BM in CB (PCE =
0.80%) and DCB (PCE = 1.31%) both exhibited higher PCE than P1: PC¢:BM in CB (PCE =
0.72%) and DCB (PCE = 0.7%). For optimizing the solar cells performance, the devices were
annealed at 120 °C for 10 min, since both P1 and P2 showed higher hole mobility after thermal
treatment. After thermal treatment, the Jsc, Voc and FF all dropped, thus, lowering PCE. This
is probably due to the fact that polymer intrinsically has a high degree of crystallinity. This
prompted to form large donor domains during thermal treatment which is harmful for charge
separation and transportation. Due to the better performance of P2 based solar cells, we further
optimized P2 polymer and tuned the weight ratio between P2 and PCs:BM. As shown in Table
2-4 and Figure 2-20, a weight ratio of D/A 1.5: 1 and D/A 1: 1.5 were used and the best D/A
weight ratio was 1:1, which achieved the highest PCE (1.31%).

2 /]

P1-PC,BM-CB-RT
—— P1-PC,,BM-CB-120 °C
—— P2-PC,,BM-CB-RT
—— P2-PC,,BM-CB-120 °C

o

Current density(mA/cm®)

-4 T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Voltage(V)

Figure 2-18 J-V curves based on P1: PCsBM and P2: PCs:BM dissolved in chlorobenzene under
AM 1.5G illumination.
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Table 2-2 Summary of the OPV performance of P1 and P2 with PCs:BM in CB.

Annealing Jsc Voc FF PCE Rs Rsh
Active layer Ratio Solvent temperature (mA/cm?) V) % (ohm/ (ohm/
(°C) cm?) cm?)
P1:PCeiBM  1:1 CB RT 2.7 0.87 0.31 0.72 319 399
P1:PCeiBM  1:1 CB 120 °C 1.6 0.74 0.25 0.31 430 262
P2: PCeiBM  1:1 CB RT 2.8 0.85 0.34 0.80 149 529
P2: PCaaBM  1:1 CB 120 °C 2.4 0.72 0.29 0.50 187 424
2 —— P1-PC,BM-DCB-RT
—— P1-PC, BM-DCB-120 °C
t—— P2-PC_BM-DCB-RT
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=
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Figure 2-19 J-V curves based on P1: PC¢BM and P2: PCes:BM dissolved in DCB under AM 1.5G

illumination.
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Table 2-3 Summary of the OPV performance of P1 and P2 with PCs:.BM in DCB.

Annealing Jsc Voc FF PCE Rs Rsh
Active layer Ratio Solvent temperature (mA/cm?) (V) % (ohm/ (ohm/
(°C) cm?) cm?)
Pl1:PCaaBM  1:1 DCB RT 2.7 0.86 0.31 0.70 360 457
Pl1:PCaaBM  1:1 DCB 120 °C 2.5 0.75 0.30 0.55 260 481
P2: PCaaBM  1:1 DCB RT 4.2 0.87 0.36 1.31 87 353
P2: PCaaBM  1:1 DCB 120 °C 1.6 0.71 0.29 0.33 186 452

—— P2(1.5)-PC,,BM(1)-DCB
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Figure 2-20 J-V curves based on P2: PCs:BM with different ratio under AM 1.5G illumination.
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Table 2-4 Summary of the OPV performance of P2 with different weight ratios of PCs:BM in CB.

Annealing Jsc Voc FF PCE Rs Rsh
Active layer Ratio Solvent temperature (mA/cm?) (V) % (ohm/ (ohm/
(°C) cm?) cm?)
P2: PCe1BM 1.5:1 DCB RT 2.8 0.87 0.30 0.73 340 532
P2: PCa:BM 1:1 DCB RT 4.2 0.87 0.36 1.31 87 353
P2: PCe1BM 1:1.5 DCB RT 2.8 0.78 0.34 0.73 268 583

Then, ITIC was used as the acceptor material instead of PCs1:BM, and gave PCE 0.85%, with
Jsc = 3.50 mA/cm?, Voc = 0.81 V and FF = 0.30, as shown in Figure 2-21 and Table 2-5. The
morphology was studied by the AFM shown in Figure 2-22, the large grains were observed,
and the surface roughness was high. This might due to the high degree of crystallinity of P2.

Thus, the optimal performance was obtained by employing DCB as solvent with the ratio

between P2: PCs:BM as 1:1.
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Figure 2-21 The J-V curve based on P2: ITIC dissolved in DCB under AM 1.5G illumination.
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Figure 2-22 The AFM image of surface morphology with surface roughness P2: ITIC in DCB (RMS:
4.9 nm).
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Table 2-5 Summary of the OPV performance of P2 with ITIC in CB.

Act Annealing Jsc Voc FF PCE Rs Rsh
ctive
| Ratio  Solvent temperature (mA/cm?) (V) % (ohm/ (ohm
ayer
Y (°C) cm?) lcm?)
P2:ITIC 1:1 DCB RT 35 0.81 0.30 0.85 269 349

2.4 Synthesis and Characterizations of PBTDCA(BB)-TT

2.4.1 Structure Simulation by Density Functional Theory (DFT)

As the results have shown in section 2.3, PBTDCA(BB)-BT has too strong intermolecular
interactions and high degree of crystallinity due to its symmetric backbone structure. By
introducing smaller size comonomer building block TT into the polymer backbone might
disturb the intermolecular packing, thus lowering the degree of crystallinity. The strategy was
shown in Figure 2-23. In this chapter, we discuss the design of the D-A polymer PBTDCA-
TT (P3), using BTDCA as an acceptor and TT as a donor. As TT has similar electron property
as BT, the electron property of P3 might be similar as P2.

QI p DAL ®HAHDHA HDI-
| I Repulsion
JAHoHAHDF oA UpH 2

Figure 2-23 (a) Donor and acceptor with similar size. (b) Donor and acceptor with different size.

The geometry optimization was conducted on each repeating unit of the PBTDCA-TT by
computer simulation based on density functional theory. The carbon chain on the amide of the
polymer was substituted by methyl groups for simplifying the calculation as shown in Figure
2-24 (a). The orbital surfaces of HOMO level and LUMO level of PBTDCA-Me-TT were
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generated to visualize the electron distribution on the molecular orbitals and the calculated
HOMO/LUMO levels with respect to vacuum (0 eV) are shown in Figure 2-24 (b) and (c).

Itis clear from Figure 2-24 (b) and (c) that the electrons are evenly distributed over the whole
molecule in both HOMO and LUMO of the PBTDCA-Me-TT. This indicates that the

PBTDCA-Me-TT has sufficient n-n conjugation which facilitates electron transport.
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Figure 2-24 (a) Optimized geometry of PBTDCA-Me-TT. (b)HOMO/(c)LUMO orbitals of
PBTDCA-Me-TT and the calculated HOMO/LUMO levels with respect to vacuum (0 eV).

2.4.2 Synthesis of PBTDCA(BB)-TT

As shown in Scheme 3, PBTDCA-TT was prepared via Stille coupling polymerization of
BTDCA with 2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene, and purified using Soxhlet
extraction. PBTDCA-TT showed poorer solubility than P1 and P2 which can be dissolved in
tetrachloroethane, chlorobenzene and 1,2-dichlorobenzene and cannot be dissolved in

chloroform.

C4Hg
C,Hg—
© C4H9 \ S / 40
N\/ —sn | / Sh—
N C4Hg / S \
Br. S \
r Br
\ S —_—
C4Hg
D) C,Hg
C,H N
4M9 O

cHy ©
e P3
Scheme 3: Synthesis route towards the BTDCA based polymer. Reaction condition: i): Stille coupling
2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene/anhydrous chlorobenzene/Pd(PPhs)s (5%). Yield: 78%
in chlorobenzene for P3.
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2.4.3 Characterization of PBTDCA(BB)-TT by DSC, TGA, UV-Vis, CV, and XRD

The molecular weight of P3 was measured by MALDI-TOF-MS, using a Bruker AutoFlex
Speed MALDI-TOF mass spectrometer from a matrix of DCTB (2500:1 matrix-to-polymer
ratio) casted from chloroform. The Mn and the PDI were determined to be 7.7 kDa and 1.1
(Figure 2-25). TGA and DSC were used to characterize the crystallization and the thermal
stability properties of P3. A 5% weight loss was observed at 422 °C (Figure 2-26) which is
similar to the results obtained for P1 and P2, indicating good thermal stability of this P3
polymer. From the DSC curve, no noticeable exothermic or endothermic transitions were
observed during the range of -20 °C to 350 °C (Figure 2-27).

The UV-Vis absorption spectra of P3 in solution and in thin film are shown in Figure 2-28.
P3 also exhibited typical single absorption peak, which is similar to P1 and P2. In solution,
the A4 Was 483 nm. The solid thin film of P3 showed the maximum absorption wavelength
at 504 nm, red shifted by 21 nm compared to the A,,,, in solution. This red-shifting is
attributed to the stronger intramolecular and intermolecular D-A interactions in solid state that
make the backbone more coplanar and reduce the bandgap. The optical bandgap of the polymer
thin film is calculated to be ~2.05 eV, using the thin film absorption onsets.

CV was used to reveal electrochemical property of the polymers (Figure 2-29). By using the
oxidative onset potentials, the HOMO levels were estimated from the oxidation onset
potentials to be -5.4 eV for P3.
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Figure 2-25 The molecular weight distribution of P3 obtained by MALDI-TOF-MS from a matrix of
DCTB (2500:1 matrix-to-polymer ratio) casted from chloroform.
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Figure 2-26 The TGA curve of P3 obtained with temperature increasing rate of 10 °C min? in

nitrogen.
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Figure 2-27 DSC profile of P3 obtained at a scanning rate of 10 °C min under nitrogen.
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Figure 2-28 Normalized UV-vis absorption spectra of P3 in solution and in thin film.
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Figure 2-29 The CV diagram of P3 at a scan rate of 0.1 V/s. The electrolyte was 0.1 M

tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile.

The packing of polymer thin films of P3 was characterized by XRD. From Figure 2-30, P3
showed broad hump at RT and 100 °C and intense diffraction peaks at 20 = 4.62° and 4.47° at
150 °C and 200 °C annealed samples. These correspond to the interlayer lamellar d-spacing of
1.91 nm and 1.98 nm, respectively.

Compared the XRD results with P2, P3 showed a less intense peak and smaller 260, indicating
less strength of intermolecular reacting and packing. By using the TT building block instead

of BT building block successfully decreases the degree of crystallinity as designed.
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Figure 2-30 The XRD diagram obtained from the spin-coated P3 thin film on DDTS-modified
SiO2/Si substrates.

2.4.4 OTFT Performances of PBTDCA(BB)-TT

The OTFT performance of P3 was evaluated as channel semiconductors in BGBC OTFT
devices fabricated on DDTS modified SiO2/Si wafer substrates. The polymers showed p-type
charge transport behavior (Table 2-6 and Figure 2-31). The devices annealed at RT, 100 °C
and 150 °C showed similar hole mobilities, 7.5 x 10, 9.4 x 10°and 1.0 x 10 cm? V1 s,
respectively. After annealing at 200 °C, the best overall performance with hole mobility of 4.5
x 10 cm? Vs was obtained. The output curves and transport curves were shown in Figure
2-31. These results match the results obtained by XRD, since higher degree of crystallinity

gives higher mobility. Broad humps were observed for RT and 100 °C annealed films in XRD
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results shown in Figure 2-30. After thermal treatment, more intense peaks were observed in

the XRD spectrum, indicating a long range of ordered packing, thus higher hole mobility.

Table 2-6 Summary of BGBC OTFT performance of P3.

Polymer Annealing® Hole mobility? Vthe lon/orr
temperature (10 cm2v-1s?) V)
(°C)
RT 0.71 £ 0.042 (0.75) -27 10°
p3 100 0.93 £ 0.020 (0.94) -33 10°
150 0.98 + 0.010 (1.0) -38 103
200 4.2 +0.26 (4.5) -44 10°

2The devices were annealed in a glove box on a hotplate at the selected temperature for 20 min under argon.
Hole mobilities were obtained in the saturated regions in hole enhancement modes. Each set of data were
obtained from 3-5 OTFT devices.

bThe average mobility + standard deviation (maximum mobility) calculated from the saturation regions of
the devices.

¢ The Vth calculated from the device with maximum mobility.
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Figure 2-31 The transfer curves (a), (b), (c) and (d) and output curves (e), (f), (g) and (h) for OTFTs
based on P3 annealed at RT, 100 °C, 150 °C and 200 °C, respectively. Device dimensions: channel
length (L) = 30 um; channel width (W) = 1000 um. Vg valued from 0 to -100 V in the step of -20 V

in output curves.

2.4.5 OPV Performances of P3

Table 2-7 and Figure 2-32 show the results and J-V curves of solar cells with P3: PC¢1:BM as
active layer dissolved in different solvent. The Voc is 0.82 V which is similar to P2: PC¢:BM
with Voc = 0.87 V, due to their similar HOMO levels. As with the previous results, by

replacing BT with TT decreased the degree of crystallinity of P3. The grain size decreased
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compared with P2, as shown in Figure 2-33, thus increasing the Jsc and PCE. From Figure 2-
33, the roughness of active layer in CB is lower (RMS: 3.5 nm) compared with that in DCB
(RMS: 3.8 nm), indicating that changing the solvents can influence the film morphology. Thus
P3: PCs1:BM in CB exhibits better performance with maximum PCE = 1.59% while PCE =
1.08% when solvent is DCB.

——TT-PC,_,BM-CB
——TT-PC,BM-DCB

Current density(mA/cm’)
N
|

. . — . .
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage(V)

Figure 2-32 J-V curves based on P3: PC¢BM dissolved in CB under AM 1.5G illumination.
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Figure 2-33 AFM images of surface morphology with surface roughness (a) P3: PCs:BM in CB
(RMS: 3.5 nm) (b) P3: PC&:BM in DCB (RMS: 3.8 nm).

Table 2-7 Summary of the OPV performance of P3 with PCs:BM in CB.

Annealing Jsc Voc FF PCE Rs Rsh

Active layer Ratio Solvent temperature (mA/cm?) (V) (%) (ohm/ (ohm/
(°C) cm?) cm?)

P3:PCesBM  1:1 CB RT 4.8 0.82 0.41 1.59 87 420
P3:PCe:BM 1.1 DCB RT 35 0.82 0.38 1.08 363 590

Then the acceptor was changed to ITIC. As observed from AFM image of P3: ITIC films
shown in Figure 2-35, the grain size and RMS are smaller than those in P2: ITIC film shown
in Figure 2-22, revealing lower crystallization degree, which facilitate phase separation and
charge separation and transportation. Table 2-8 and Figure 2-34 show the effect of different
solvents when the acceptor is ITIC. Changing the solvent from CB to DCB, there is an obvious

enhancement in Jsc from 7.3 mA/cm? to 9.9 mA/cm?, corresponding with the PCE increase

from 2.04% to 3.48%.
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Figure 2-34 J-V curves based on P3: ITIC dissolved in CB and DCB under AM 1.5G illumination.
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Figure 2-35 AFM images of surface morphology with surface roughness (a) P3: ITIC in CB (RMS:
3.6 nm) (b) P3: ITIC in DCB (RMS: 4.3 nm).
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Table 2-8 Summary of the OPV performance of P3 with ITIC in CB and DCB.

Acti Annealing Jsc Voc FF PCE Rs Rsh
ctive
| Ratio  Solvent temperature (mA/cm?) V) % (ohm/  (ohm/
ayer
(°C) cm?) cm?)
P3:ITIC 1:1 CB RT 7.3 0.89 0.32 2.04 48 166
P3:ITIC 1:1 DCB RT 9.9 0.91 0.38 3.48 90 226

Later, 1,8-diiodooctane (DIO) (0.5% volume %) was added into the mixture as additive in
order the optimize the phase separation, but we obtained lower PCE (2.04%) which enhance
the polymer domain size. By further studying the Figure 2-36, it can be observed that there is
still some grain scattered in active layer, then lower concentration was used for blend solution
to 8 mg/mL (previous concentration: 10 mg/mL) in order to get smaller grain size and more
uniform film.

From the results shown in Table 2-9, the fill factor improved from 0.39 to 0.43. However, as
the concentration decreased, this resulted in a thinner active layer film. The active layer
absorbed less light and Jsc dropped, leading to a decrease in PCE (3.29%). For the purpose of
more uniform and thicker active layer film, the active layer was spin coated with hot solution
on the post-annealing substrate at 100 °C with PEDOT: PSS coated. As solvent evaporated
more quickly, the film got thicker resulting in an increase on Jsc (from 8.3 mA/cm? to 9.3
mA/cm?), thus a higher PCE of 3.5% was obtained.

In addition, compared with the device based on P3HT: ITIC reported by Qin.5” with optimized
procedure, P3: ITIC showed higher values for Jsc, Voc and FF. The PCE of P3: ITIC was
almost three times the PCE of P3HT: ITIC.

In conclusion, the newly designed P3 based on P3HT not only successfully increased the VVoc
but also improved the charge generation, separation and transportation, thus almost triple the
PCE than the one obtained by P3HT: ITIC shown in Table 2-9.
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Figure 2-36 J-V curves based on P3: ITIC dissolved in DCB with different conditions under AM

1.5G illumination.
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Table 2-9 Summary of the OPV performance of P3 with ITIC in DCB with different conditions.

Act Annealing Jsc Voc FF PCE Rs Rsh
ctive
| Ratio Solvent temperature (mA/cm?) (V) (%) (ohm/ (ohm/
ayer
y (°C) cm2) sz)
DCB +
P3:ITIC 11 RT 8.2 092 035 2.68 67 253
DIO
DCB (8
P3:ITIC 11 RT 8.3 091 043 329 134 392
mg/mL)
DCB (8
P3:ITIC 11 Hot substrate 9.3 090 042 350 85 309
mg/mL)
P3HT:
160 °C 4.2 052 057 125
ITIC®

2.5 Synthesis and Characterization of PBTDCA(BB)-T

2.5.1 Structure Simulation by Density Functional Theory (DFT)

As evident from section 2.4, we changed the comonomer building block form BT to TT, the

crystallinity of the polymer was decreased we desired to be. At the same time, by decreasing

the degree of crystallinity, the hole mobility of P3 with TT also decreased, compared with P2

with BT as the comonomer building block. The higher solar cell performance for P3 might be

an indication that the hole mobility was already sufficient for the application for OPVs. Beside

TT, (T) is also a common building block for polymers, and by introducing T into the polymer

can also decrease the crystallinity of the polymer. Furthermore, T shows less electron donating

property from TT, which can lower the HOMO level compared with the HOMO level of P3.

In this chapter, we design another D-A polymer PBTDCA-T (P4) shown in Figure 2-37, using

BTDCA as an acceptor and T as the comonomer building block.
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Figure 2-37 Polymer structures for P3 and P4.

The geometry optimization was conducted on each repeating unit of the PBTDCA-T by
computer simulation based on density functional theory. The carbon chain on the amide was
substituted by methyl groups for simplifying the calculation as shown in Figure 2-38 (a). The
orbital surfaces of HOMO and LUMO of PBTDCA-Me-T were generated to visualize the
electron distribution on the molecular orbitals and the calculated HOMO level and LUMO
level with respect to vacuum (0 eV) are shown in Figure 2-38 (b) and (c). The calculated
HOMO level for P4 was -5.4 eV, which was lower than -5.3 eV for P3.

It is clear from Figure 2-38 that the electrons are evenly distributed over the whole molecule
in both HOMO level and LUMO level of the PBTDCA-Me-T. This indicates that the
PBTDCA-Me-T has high degree of conjugation.
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Figure 2-38 (a) Optimized geometry of PBTDCA-Me-T. (b) HOMO and (¢) LUMO orbitals of

PBTDCA-Me-T and the calculated HOMO/LUMO levels with respect to vacuum (0 eV).
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2.5.2 Synthesis of PBTDCA(BB)-T

PBTDCA-T was prepared via Stille coupling of BTDCA with 2,5-2,5-
bis(trimethylstannyl)thiophene, and purified using Soxhlet extraction shown in Scheme 4.
PBTDCA-T showed good solubility and can be dissolved in common organic solvents:
chloroform, chlorobenzene and 1,2-dichlorobenzene.

C4Hg
C4Hg—N
O C4Hy \ /
N y ~sn S._sn—
c AWAR
. S_ I\ G \J ;
\ /) S _—
C,Hg ) C4Hg
I N
CqHg 0] C4H9 O

P4

Scheme 4: Synthesis route towards the BTDCA based polymer. Reaction condition: i): Stille coupling
2,5-bis(trimethylstannyl)thiophene/anhydrous chlorobenzene/Pd(PPhs)s (5%). Yield: 86% in

chloroform for P4.

2.5.3 Characterization of PBTDCA(BB)-T by UV-Vis, CV, and XRD

The molecular weight of P4 was measured by MALDI-TOF-MS, using a Bruker AutoFlex
Speed MALDI-TOF mass spectrometer from a matrix of DCTB (2500:1 matrix-to-polymer
ratio) casted from chloroform. The Mn and the PDI were determined to be 4.8 kDa and 1.2
(Figure 2-39). The UV-Vis absorption spectra of P4 in solution and in thin film are shown in
Figure 2-40. P4 exhibited similar single absorption peak as P3. In solution, the A,,,,, was 480
nm. In solid state, P4 showed the maximum absorption wavelength at 489 nm, only red shifted
by 9 nm compared to the A,,,, in solution, while the absorption wavelength of P3 red shifted
by 21 nm. The larger absorption wavelength red shift means stronger intramolecular and
intermolecular D-A interactions in solid state compared with the solution. From this trend, it
can be concluded that P4 showed less conjugation strength between the polymer chains
compared with P3. The optical bandgap was calculated for the P4 thin film, using the thin film

absorption onsets and found to be ~2.09 eV.
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CV was used to reveal the electrochemical properties of the polymers (Figure 2-41). The
HOMO level calculated from the oxidation onset potentials was -5.3 eV for P4. Comparing
the HOMO levels of P3 and P4 (-5.3 eV vs -5.4 eV), it can be inferred that changing the
comonomer building block from TT to T (from P3 to P4) caused a minor change in the HOMO

level of only 2%.

70000 -~ 2266.67 2823.99
AN

60000 3382.31
il —— P4
3941.82

50000
40000

30000

intensity (a.u.)

20000

10000

T I
0 10000
m/z

Figure 2-39 The molecular weight distribution of P4 obtained by MALDI-TOF-MS from a matrix of
DCTB (2500:1 matrix-to-polymer ratio) casted from chloroform.
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Figure 2-40 Normalized UV-vis absorption spectra of P4 in the solution and in the thin film.
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Figure 2-41 The CV diagram of P4 at a scan rate of 0.1 V/s. The electrolyte was 0.1 M

tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile.

The packing of polymer thin films of P4 was then characterized by XRD. As shown in Figure
2-42, no significant peaks were observed for the thin films annealed at RT, 100 °C and 150 °C.
P4 showed almost completely amorphous morphology. Only when the annealing temperature
reached 200 °C, a weak diffraction peak at 20 = 5.53° with the corresponding interlayer
lamellar d-spacing of 1.60 nm was observed.

Comparing the XRD results with P3, P4 showed less ordered packing as well as weak
interaction between polymer chains in the solid state. Using the T building block instead of BT
building block successfully decrease the degree of crystallinity which is the desired material
property.
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Figure 2-42 The XRD diagram obtained from the spin-coated P4 thin film on DDTS-modified
SiO/Si substrates.

2.5.4 OTFT Performances of PBTDCA(BB)-T

In agreement with the XRD results, showing poor crystallinity, P4 exhibited relatively low
hole mobility (shown in Table 2-10) compared to P1, P2 and P3. The devices based on P4 did
not even turn on until the devices were annealed at 150 °C (shown in Figure 2-43). The slashes
(/) in Table 2-10 mean the devices were not turned on. The amorphous morphology would
create more boundaries between grains which might trap holes and result in large Vth. The
hole mobility was slightly increased to 3.0 x 10 cm? V1 s after the devices were annealed
at higher temperature (200 °C).
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Table 2-10 Summary of BGBC OTFT performance of P4.

Polymer Annealing? Hole mobility? Vth® lon/orr
temperature (10°cm?Vv1ts?) V)

(°C)

RT / / /
100 / / /

P4

150 1.50 + 0.45 (2.0) -75 103
200 2.7 +0.25 (3.0) -68 102

2The devices were annealed in a glove box on a hotplate at the selected temperature for 20 min under argon.
Hole mobilities were obtained in the saturated regions in hole enhancement modes. Each set of data were
obtained from 3-5 OTFT devices.

bThe average mobility + standard deviation (maximum mobility) calculated from the saturation regions of
the devices. The slashes (/) mean the devices were not turned on.

¢ The Vth calculated from the device with maximum mobility.
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Figure 2-43 The best output curve for OTFTs based on P4 (a) and transfer curve for OTFTs based on
P4 (b). Device dimensions: channel length (L) = 30 pm; channel width (W) = 1000 pm. V¢ valued

from 0 to -100 V in the step of -20 V in output curves.
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2.5.5 OPV Performances of P4

The solar cell results based on P4 are shown in Figure 2-44 and Table 2-11. The efficiency of
the P4 solar cells decreased at higher temperature (150 °C, PCE: 0.18%) as compared to the
RT unannealed (PCE: 0.43%). This is consistent with the previous results where high
temperature has resulted in lower efficiency.

Also, the lower Jsc and low fill factor for these devices means the charge collection efficiency
is low. Moreover, the PCE is quite low for this polymer compared to other polymers studied,

although the solubility in chloroform (CF) is quite high.

0.5
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0o —— P4-ITIC-CF-150°C

-0.5 -

-1.0 —/’“ -

Current Density (mA/cm?)

1.5+ -
-2.0 —/ _
p
25 T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure 2-44 J-V curves based on P4: ITIC under AM 1.5G illumination.
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Table 2-11 Summary of the OPV performance of P4 with ITIC in CF.

Acti Annealing Jsc Voc FF PCE Rs Rsh
ctive
| Ratio Solvent temperature (mA/cm?) (V) % (ohm/  (ohm/
ayer
(°C) cm?) cm?)
P4 ITIC 1.1 CF RT 1.9 0.96 0.24 0.43 609 481
P4 ITIC 1.1 CF 150 °C 0.8 0.96 0.23 0.18 1563 1042

2.6 Summary and Future Directions

In this chapter, four polymers based on BTDCA electron-deficient building block were
synthesized and characterized. All the polymers in this work have been reported for the first
time. Firstly, DFT was conducted to study the molecule geometry, electron distribution, and
energy levels of the BTDCA. By comparing the energy levels with BT, the HOMO level was
decreased as desired.

As proof of concept, P1 and P2 were synthesized with different lengths of side chains, using
BT as comonomer unit. Both polymers showed good thermal stability, similar single
absorption peak in UV-vis absorption spectra (typical for PT materials) and deeper HOMO
level -5.3 eV as compared to P3HT (-4.9 eV). XRD of P2 showed higher degree of crystallinity
and closer interlamellar packing distance than P1, due to the shorter side chain, resulting in
higher hole mobility (up to 1.4 x 10 cm? V1 s) which is almost ten times that of P1 (up to 2
x 102 cm? V1), From preliminary OPV results, both polymers exhibited higher Voc (up to
0.87 V) than P3HT (0.59 V) using same acceptor PCe1:BM. But the PCE for P1 and P2 based
solar cells were low, probably due to the high crystallinity of the polymers which can form
large grains in the thin film as observed from AFM images, which reduced the charge

separation and transportation efficiency.
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Based on the previous results, P3 was synthesized with smaller comonomer unit TT instead of
BT in polymer to decrease the crystallinity. The decrease in crystallinity was confirmed via
XRD. By decreasing the crystallinity, the hole mobility also decreased to 4.5 x 104cm? Vs
! for P3. Interestingly, even with the lower hole mobility, higher PCE was achieved for P3:
ITIC blend. The PCE was as high as 3.5%, which is four times that of P2: ITIC blend (0.85%).
This might be due to the optimized thin film morphology. It was noticed that, the solubility of

P3 was not that good after structure optimization.

P4 was synthesized by using T as comonomer unit, which is even smaller than TT to decrease
the crystallinity. From the P4 XRD, only a weak peak was observed after the thin film of P4
was annealed at 200 °C. As a result, low hole mobility 3.0 x 10° cm? V' s for P4 was
obtained. As for the performance of the solar cells, due to its too good solubility and very
disordered chain packing, the ideal bi-continuous morphology could not be obtained. This
resulted in lower Jsc and low fill factor for P4 based devices, which means the charge

collection efficiency was low.

For the future direction, the BTDCA electron-efficient building block can be polymerized with
different comonomer building block® to broaden the light absorption as well as to balance
the crystallinity and solubility to form good morphology of the solar cells active layer. Besides,
different ITIC based acceptor materials’®’? can be used to match with the donor polymers
made in this chapter to achieve better solar cells performance. In a nutshell, the preliminary
results demonstrated that the BTDCA is a promising electron acceptor building block for

constructing, which can bring higher Voc than classic PT materials in OSC applications.

2.7 Experimental Section

2.7.1 Materials and Characterization

MALDI-TOF mass spectra were performed using a Bruker AutoFlex Speed MALDI-TOF
mass spectrometer from a matrix of DCTB (2500:1 matrix-to-polymer ratio) casted from

chloroform. TGA measurements were carried out on TA Instruments SDT 2960 at a scan rate
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of 10 °C min'! under nitrogen. The UV-Vis absorption spectra of polymers were recorded on
a Thermo Scientific model GENESYS™ 10S VIS spectrophotometer. CV data were obtained
on a CHIG00E electrochemical analyser using an Ag/AgCl reference electrode and two Pt disk
electrodes as the working and counter electrodes in a 0.1 M tetrabutylammonium 64
hexafluorophosphate solution in acetonitrile at a scan rate of 100 mV s*. Ferrocene was used
as the reference, which has a HOMO level value of -4.8 eV.”® NMR data was recorded with a
Bruker DPX 300 MHz spectrometer with chemical shifts relative to tetramethylsilane (TMS,
0 ppm). XRD measurement are carried out with a Bruker D8 Advance powder diffractometer
with Cu Ka radiation (A= 0.15406 nm) using standard Bragg-Brentano geometry. AFM images
were taken on polymer thin films spin-coated on the SiO>/Si substrates with a Dimension 3100

scanning probe microscope.

2.7.2 Fabrication and Characterization of OTFT Devices

The hole mobility of the polymer was measured by the BGBC configuration for all OTFT
devices. The OTFT devices fabrication was carried out as follows:

First, the gold source and drain pairs were patterned on a heavily n-doped SiO/Si wafer with
300 nm thickness of SiO2 by conventional photolithography and thermal deposition. Then, the
small square wafers that contain a set of transistors were cut from the large wafer and were
placed into an aluminum dish (or glass petri dish, in either case) with acetone and sonicated in
an ultra-sonic bath for 20 min at room temperature. Subsequently, acetone was removed and
2-propanol (IPA) was added followed by ultrasonication for an additional 20 min. After
sonication, the wafers were dried by using nitrogen gas and treated with oxygen plasma for 2
min with low air flow. Wafers were immersed into pure ethanol, chloroform, 20 mL of a 10
mM solution of octadecanethiol in ethanol for 1 hour and pure ethanol in a covered petri dish
successively. After that, wafers were immersed in 100 mL DI Water in covered petri dish, and
four drops of 1: 10: 10 (HNOs: HCI: H20) were added. The wafers were kept for one min.
Wafers were removed and rinsed with deionized water. Wafers were dried with nitrogen gas
and subsequently on hot plate at 120 °C for 10 min. In the next step, wafers were put in a

solution of DDTS in toluene (3% DDTS in toluene) at room temperature for 20 min. The
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substrates were then rinsed with toluene to remove multilayers of DDTS and dried under a
nitrogen flow. Then a polymer solution in dichloromethane (5 mg/mL) was spin-coated onto
the substrate at 1000 rpm for 60 s to obtain a polymer film, which was further subjected to
thermal annealing at different temperatures for 20 min in an argon filled glove box. All the
OTFT devices have a channel length (L) of 30 um and a channel width (W) of 1000 um and
were characterized in the same glove box using an Agilent B2912A Semiconductor Analyzer.
The hole and electron mobilities are calculated in the saturation regime according to the
following equation:

uc;w
Ips = T (VG - VT)Z

where Iy is the drain-source current,  is charge carrier mobility, C; is the gate dielectric layer

capacitance per unit area (~ 11.6 nF cm™2), V;; is the gate voltage, V7 is the threshold voltage,
L is the channel length (30 um), and W is the channel width (1000 um).

2.7.3 Fabrication and Characterization of Conventional Type Polymer Solar
Cells

All the conventional polymer solar cells were fabricated in the following configuration
ITO/PEDOT: PSS/Active layer/LiF/Al shown in Figure 2-17. The ITO substrates were placed
in ultra-sonic bath immersed in deionized water and acetone for 20 min each at 40 °C. Then
the substrates were taken out and placed on aluminum foil. The substrates were cleaned by Q-
tips with acetone. Substrates were then sonicated for 20 min at 40 °C in IPA, followed by the
cleaning using Q-tips again. The substrates were dried in the vacuum and placed into the air
plasma cleaner for 10 min. A ~40 nm thin layer of PEDOT: PSS (Al 4083) was deposited
through spin-coating at 4000 rpm and dried subsequently at 150 °C for 20 min in air. Then the
substrates were transferred to a nitrogen filled glove box, where the polymer donor and the
acceptor blend layer was spin-coated onto the PEDOT: PSS layer via different spin speed. The
substrates were then placed onto the hotplate, annealed at different temperatures for 10 min for
thermal treatment in nitrogen.

Finally, a thin layer of LiF (1 nm) and a layer of Al (100 nm) electrode were deposited in
vacuum onto the substrate at P = 5.0 x 10 Pa. The active area was 0.0574 cm?. The current
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density—voltage (J-V) characteristics of the polymer solar cells were measured on an Agilent
B2912A Semiconductor Analyser with a ScienceTech SLB300-A Solar Simulator. A 450 W
xenon lamp and an air mass (AM) 1.5 filter were used as the light source.

2.7.4 Synthesis Procedures

Synthesis of 5-Bromothiophene-3-carboxylic acid (1)

(@] (@]
OH  promine OH
/ \ acetic acid ! \
S Br—g
1

To a solution of thiophene-3-carboxylic acid (6.00 g, 46.8 mmol) in 60 mL of acetic acid,
bromine (7.47 g, 46.8 mmol) was added dropwise. The mixture was stirred at room temperature
overnight, and then water was added. Some white solid was formed, then the precipitate was
filtered and recrystallized with hot water: methanol (4:1) to give Compound 1 as white solid.
Yield: 4.68 g, (49%).

'H NMR (300 MHz, chloroform-d) & 8.11 (d, J = 1.5 Hz, 1H), 7.51 (d, J = 1.5 Hz, 1H).

Synthesis of N, N-dihexyl-3-thiophenecarbamide (2)

. o 5 M_/I
OH oxalyl chloride /A_E\CI dihexylamine \_/_/7
Br / \ chloroform Br /) chloroform [\

S S Br S

1

N

The solution of (1) 5-bromothiophene-3-carboxylic acid (1.86 g, 9 mmol) in 12 mL of
anhydrous chloroform was put in a 50 mL heat gun-dried two-neck round bottom flask. The
solution was cooled to 0 °C in an ice bath. Oxalyl chloride (2.29 g, 18 mmol) was added
dropwise followed with one drop of dimethylformamide (DMF) as a catalyst. The solution was

allowed to warm to room temperature for 4h. Unreacted oxalyl chloride was removed under
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reduced pressure. The intermediate product was used immediately for the next step, due to its
very poor stability in air.

To a 50 mL heat gun-dried two-neck round bottom flask, dihexylamine (3.34 g, 15 mmol) in
10 mL of anhydrous chloroform was added. The solution was cooled to 0 °C in an ice bath.
Crude 5-bromothiophene-3-carbonyl chloride was dissolved in 5 mL of anhydrous chloroform
and added dropwise carefully. Then the solution was allowed to warm to room temperature
and stirred overnight. The reaction was quenched by addition of water. The organic phase was
further washed with brine twice and dried over anhydrous Na>SOs. Upon removal of solvent
in vacuo, the crude product was further purified by silica gel column chromatography with
hexane: ethyl acetate (5:1) to give Compound 2. Yield: 3.23 g, (96%).

H NMR (300 MHz, chloroform-d) § 7.32 (s, 1H), 7.10 (s, 1H), 3.34 (d, J = 31.0 Hz, 4H),
1.42 (dd, J=99.2, 21.6 Hz, 18H), 0.89 (d, J = 5.8 Hz, 6H).

Synthesis N*, N4, N*, N*-tetrahexyl-[2,2'-bithiophene]-4,4'-dicarboxamide (3)

zinc, triphenylphosphine,

0 CeHiz  2,2-bipyridyl, anhydrous O
N nickel (1) chloride CGHB\N S CeHis
CeHis = ' | b N\ \ N
B I\ DMAC CeHiz g CeHis
r s 8
2 3

To a 50 mL round bottom flask, N, N-dihexyl-3-thiophenecarbamide (2.6 g, 7 mmol), zinc
powder (1.83 g, 28 mmol), triphenylphosphine (0.92 g, 3.5 mmol), 2,2’-bipyridyl (0.077 g,
0.49 mmol), anhydrous nickel (11) chloride (0.063 g, 0.49 mmol) were added. The mixture was
vacuumed and filled with argon three times and then dimethylacetamide (DMACc) (20 mL) was
added. The mixture was heated to 80 °C and maintained overnight (the thin layer
chromatography (TLC) showing no starting material). The reaction mixture was cooled down
to room temperature and poured into a cold HCI. After extraction with ethyl acetate, the organic
phase was dried with anhydrous Na>SOa. The solvent was removed under reduced pressure.
Purification via silica gel column chromatography with hexane: ethyl acetate (3:1) to give
Compound 3. Yield: 1.20 g, (57%).
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IH NMR (300 MHz, chloroform-d) § 7.31 (s, 2H), 7.22 (s, 2H), 3.38 (d, J = 27.5 Hz, 8H), 1.54
(m, 8H), 1.32 (m, 24H), 0.88 (s, 12H).

Synthesis of 5,5'-Dibromo-N*, N4, N*, N*-tetrahexyl-[2,2'-bithiophene]-4,4'-
dicarboxamide (4)
@] @)

Br
C.H S NBS CgHyso S CgH
sH13< N \ CeHia N N | J6hs
| \ N N - ! | \ N_
C6H13 S \CGH13 CGHl S C6H13
) chloroform Br o)
3 4

To a 25 mL two-neck round bottom flask, N*, N4, N#, N*-tetrahexyl-[2,2'"-bithiophene]-4,4'-
dicarboxamide (3) (0.59 g, 1 mmol) and N-bromosuccinimide (NBS) (0.375 g, 2.1 mmol)
were added. The mixture was degassed and filled with argon three times and then mixture of
chloroform (5 mL) and trifluoracetic acid (1 mL) were added. The mixture was stirred in the
dark covered with aluminum foil for 2 h (TLC showing no starting materials). The mixture
was extracted with chloroform several times and the organic phases were combined washed
by sodium sulfite agueous solution. The organic phase was concentrated through reduced
pressure and dried with anhydrous Na>SOs. Purification via silica gel column
chromatography, flushed by ethyl acetate/hexane (1:4) to give Compound 4. Yield: 0.75 g,
(95%).
'H NMR (300 MHz, chloroform-d) & 6.89 (s, 2H), 3.47 (t, J = 7.6 Hz, 4H), 3.22 (t, J = 7.5 Hz,
4H), 1.65—1.49 (m, 8H), 1.34 — 1.15 (m, 24H), 0.87 (d, J = 21.4 Hz, 12H). 3C NMR (75 MHz,
chloroform-d) 6 164.61, 139.04, 137.02, 123.63, 109.49, 48.45, 44.65, 31.56, 31.18, 28.56,
27.35, 26.66, 26.16, 22.58, 22.41, 14.02, 13.94.
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Synthesis of 5-Bromo-N, N-dibutylthiophene-3-carboxamide (5)

(e} O o
oH oxalyl chlorode Cl | dibutylamine
I\ / \ ” /
Br chloroform Br chloroform |\

S
S Br S

1 5

To a solution of (1) 5-bromothiophene-3-carboxylic acid (1.64 g, 7.9 mmol) in 12 mL of
anhydrous chloroform was put in a 50 mL heat gun-dried two-neck round bottom flask. The
solution was cooled to 0 °C in an ice bath. Oxalyl chloride (2 g, 15.8 mmol) was added
dropwise followed with one drop of DMF as a catalyst. The solution was allowed to warm to
room temperature for 4 h. Unreacted oxalyl chloride was removed under reduced pressure. The
intermediate product was used immediately for the next step, due to its very poor stability in
air.

To a 50 mL heat gun-dried two-neck round bottom flask, dibutylamine (2.05 g, 15.8 mmol) in
10 mL of anhydrous chloroform was added. The solution was cooled to 0 °C in an ice bath.
Crude 5-bromothiophene-3-carbonyl chloride was dissolved in 5 mL of anhydrous chloroform
and added dropwise carefully. Then the solution was allowed to warm to room temperature
and stirred overnight. The reaction was quenched by addition of water. The organic phase was
further washed with brine twice and dried over anhydrous Na>SOs. Upon removal of solvent
in vacuum, the crude product was further purified by silica gel column chromatography with
hexane: ethyl acetate (5:1) to give Compound 5. Yield: 2.33 g, (95%).

'H NMR (300 MHz, chloroform-d) & 7.31 (s, 1H), 7.10 (s, 1H), 3.34 (d, J = 26.8 Hz, 4H), 1.64
—1.13 (m, 8H), 0.90 (m, 6H).
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Synthesis N*, N4, N%, N*-tetrabutyl-[2,2'-bithiophene]-4,4'-dicarboxamide (6)

zinc, triphenylphosphine,

o) /C4H9 2,2'-bipyridyl, anhydrous 9]

nickel chloride
N (1 CaHo .y, N S \ C4Hq
C,H I N\ N
B [\ 4o DMAC CsHg \ S ~CyHg
S o}
5 6

To a 50 mL round bottom flask, 5-bromo-N, N-dibutylthiophene-3-carboxamide (2.23 g, 7
mmol), zinc powder (1.83 g, 28 mmol), triphenylphosphine (0.92 g, 3.5 mmol), 2,2’-bipyridyl
(0.077 g, 0.49 mmol), anhydrous nickel (1) chloride (0.063 g, 0.49 mmol) were added. The
mixture was degassed and filled with argon three times and then DMAc (15 mL) was added.
The mixture was heated to 80 °C and maintained overnight (the TLC showing no starting
material). The reaction mixture was cooled down to room temperature and poured into cold
HCI. After extraction with ethyl acetate, the organic phase was dried with anhydrous Na>SOa.
The solvent was removed under reduced pressure. Purification via silica gel column
chromatography with hexane: ethyl acetate (3:1) to give Compound 6. Yield: 1.05 g, (63%).
H NMR (300 MHz, chloroform-d) § 7.31 (d, J = 1.3 Hz, 2H), 7.22 (d, J = 1.3 Hz, 2H), 3.39
(d, J=28.5Hz, 8H), 1.62 (s, 24H), 0.92 (d, J = 21.4 Hz, 12H). 13C NMR (75 MHz, chloroform-
d) 6 164.67, 139.04, 137.05, 123.64, 109.52, 48.21, 44.42, 30.77, 29.51, 20.25, 19.71, 13.88,
13.57.

Synthesis 5,5'-Dibromo-N*, N4, N, N*-tetrabutyl-[2,2'-bithiophene]-4,4'-dicarboxamide
(7

O  CyHg O CyHy
N
C4Hg C4Hqg
s. A\ NBS S /S\ B
Y - \
C4Hg C4H9
chloroform N
C4Hg (@] C4H9 O
6 7
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To a 25 mL two-neck round bottom flask, N*, N*, N*, N*-tetrahexyl-[2,2"-bithiophene]-4,4'-
dicarboxamide (6) (0.7378 g, 1.5 mmol) and NBS (0.5784 g, 3.15 mmol) were added. The
mixture was degassed and filled with argon three times and then mixture of chloroform (7.5
mL) and trifluoracetic acid (1.5 mL) were added. The mixture was stirred in the dark covered
with aluminum foil for 5 h (TLC showing no starting materials). The mixture was extracted
with chloroform several times and the organic phases were combined washed by sodium sulfite
aqueous solution. The organic phase was concentrated through reduced pressure and dried with
anhydrous Na»SOs. Purification via silica gel column chromatography, flushed by ethyl
acetate/hexane (1:3) to give Compound 7. Yield: 0.90 g, (94%).

'H NMR (300 MHz, chloroform-d) & 6.89 (s, 2H), 3.54 — 3.42 (t, J = 7.5 Hz, 4H), 3.22 (t, J =
7.5 Hz, 4H), 1.72 - 1.33 (m, 16H), 0.97 (t, J = 7.3 Hz, 6H), 0.82 (t, J = 7.3 Hz, 6H).

Synthesis of P1
O CgHis
N
CeHus X5 I\
S [ Br /Sn S Sn/\
Br S \_/ \
\
CeH1s
N
CeHyz O chlorobenzene

To a 25 mL double-neck round-bottom flask, 5,5'-dibromo-N4, N4, N4', N4'-tetrahexyl-[2,2'-
bithiophene]-4,4'-dicarboxamide (152.8 mg, 0.205 mmol) and 5, 5'-bis(trimethylstannyl)-2,2'-
bithiophene (100.2 mg, 0.205 mmol) were added. After degassing and refilling argon three
times, toluene (4 mL) was added to dissolve the mixture, followed by addition of Pd(PPh3)a.
The mixture was heated to reflux for 24 h. The reaction mixture was cooled down to room
temperature and poured into MeOH (150 mL). The precipitate was collected by filtration and
subjected to Soxhlet extraction with acetone and hexane successively. The residual was
dissolved in chloroform. The polymer was recovered as solid from the chloroform fraction by
precipitation from methanol. The solid was dried under vacuum. Yield: 0.128g, (80%) in

chloroform fraction.
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Synthesis of P2

C4Hg
O C4Hg CyHg—
A\ C4Hq \S\n S ]\ o
n\
Br \S/ S Br g \ S \ N
C4HT£\al C4Hg
i chlorobenzene ,
CsHy ©O C/Hy ©O

P2

To a 25 mL double-neck round-bottom flask, 5,5'-dibromo-N4, N4, N4', N4'-tetrabutyl-[2,2'-
bithiophene]-4,4'-dicarboxamide (190 mg, 0.3 mmol) and 5, 5-bis(trimethylstannyl)-2,2'-
bithiophene (147.6 mg, 0.3 mmol) were added. After degassing and refilling argon three times,
toluene (5 mL) was added to dissolve the mixture, followed by addition of Pd(PPhs)s. The
mixture was heated to reflux for 24 h. The reaction mixture was cooled down to room
temperature and poured into MeOH (150 mL). The precipitate was collected by filtration and
subjected to Soxhlet extraction with acetone and hexane successively. The residual was
dissolved in chloroform. The polymer was recovered as solid from the chloroform fraction by
precipitation from methanol. The solid was dried under vacuum. Yield: 0.155g, (78%) in

chlorobenzene fraction.

Synthesis of P3
C4Hg
o) C4H (
4Mg C4H9/N o
\ S
C4Hyg —\Sn@Sﬁ_
S / \ Br / \
Br S n
\
C4Hg >
N CaHg
CsHy O chlorobenzene N

Cg O P3

To a 25 mL double-neck round-bottom flask, 5,5'-dibromo-N*, N* N#, N*-tetrabutyl-[2,2'-
bithiophene]-4,4'-dicarboxamide (158.6 mg, 0.25 mmol) and 2,5-bis(trimethylstannyl)-
thieno[3,2-b]thiophene (116.5 mg, 0.25 mmol) were added. After degassing and refilling argon
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three times, chlorobenzene (4 mL) was added to dissolve the mixture, followed by addition of
Pd(PPh3)s. The mixture was heated to 120 °C for 40 h. The reaction mixture was cooled down
to room temperature and poured into MeOH (100 mL). The precipitate was collected by
filtration and subjected to Soxhlet extraction with acetone and hexane and chloroform
successively. The residual was dissolved in chlorobenzene. The polymer was recovered as
solid from the chlorobenzene fraction by precipitation from methanol. The solid was dried

under vacuum. Yield = 0.109g, (78%) in chlorobenzene fraction.

Synthesis of P4
C4Hg
C4Hg—N
O C4Ho \ /
N y ~sn S._sh—
c W
Br S / \ o \_/ n
\ s Br e
C4Hg C4Hg
) chlorobenzene )
CiHy O CHy O P4

To a 25 mL double-neck round-bottom flask 5,5'-dibromo-N*, N* N*, N*-tetrabutyl-[2,2'-
bithiophene]-4,4'-dicarboxamide (126.9 mg, 0.2 mmol) and 2,5-
bis(trimethylstannyl)thiophene (82 mg, 0.2 mmol). After degassing and refilling argon three
times, chlorobenzene (4 mL) was added to dissolve the mixture, followed by addition of
Pd(PPh3)s4 (11.6 mg, 0.01 mmol). The mixture was heated to 120 °C for 40 h. The reaction
mixture was cooled down to room temperature and poured into hexane (100 mL). The solid
was collected and subjected to Soxhlet extraction with hexane and chloroform. The polymer
was recovered as solid from the chloroform fraction by precipitation from hexane. The solid

was dried under vacuum. Yield: 0.120g, (86%) in chloroform fraction.
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Chapter 3 Synthesis and Characterization of BTDCA(H)-based
Polymers with Hydrogen Bonding

3.1 Polymer with Hydrogen Bonding

Bulk heterojunction (BHJ) solar cells have aroused great interest in the research field for their
potential application as highly efficient and low-cost solar cells, to deal with energy
conservation. The morphology of the active layer in the BHJ solar cells is the key factor for
the total performance of the devices. It is suggested that achieving a bi-continuous nanoscale
of the donor and acceptor domain size would prompt a more efficient charge separation and
transport. Much of the efforts such as further thermal treatment like thermal annealing or
solvent annealing and the use of solvent additives have been made to optimize the morphology
of the active layer.1”1%747° Beside the processing treatments, we also can achieve the desired
morphology by applying self-assembly or self-organization during molecular design.8-8°

To construct the self-assembling architectures, hydrogen bonding is an ideal choice since it is
highly selective, directional and creates strong interaction between molecules.?48% Many
delicate examples are present in nature of the existence of hydrogen bonding like in DNA and
proteins. In the hydrogen bond, a hydrogen atom can be shared between an H-bond donor and
an H-bond acceptor carrying electron lone pairs.

Hydrogen bonded organic dyes have been used into semiconductors in many applications.
Dhar® applied N-H bonded into diketopyrrolopyrrole (DPP) based n-conjugated systems in
OTFT, which significantly increased the charge transport mobility. Yanagisawa® and
Glowacki® also used free NH groups in DPP forming hydro bonding for OTFT. Besides,
several researchers demonstrated the employment of hydrogen bonding in BHJ solar cells

improve the overall device performance.®-%
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Table 3-1 Strength of several noncovalent forces.®

Type of interaction or bonding Strength (kJ mol™)
covalent bond 100-400
Coulomb 250
hydrogen bond 10-65
ion-dipole 50-200
dipole-dipole 5-50
cation-nt 5-80
-1 0-50
van der Waals forces <5

From Table 3-1, the hydrogen bond typically shows the force strength range 10-65 kJ mol*
which is much smaller than the covalent bond which has a homolytic bond dissociation energy
that ranges between 100 and 400 kJ mol. However, hydrogen bonding can play an important
role in determining the molecular packing in the solid state which is crucial for the formation
of donor-acceptor domains and light absorption.%

Compared to van der Waals force (less than 5 kJ mol™) and n-r interaction forces (0-50 kJ mol-
1),99-102 which are inevitably present in the donor and acceptor domains, hydrogen bonding can
be selectively incorporated and designed.

In this chapter, we introduce hydrogen bonding into molecular structure by the interaction
between amine proton donor (-NRH) and carbonyl group (=O) acceptors. The amide group
with carbonyl group provide hydrogen-bonding ability which has stronger driving force for
self-assembly beyond n—n stacking. The purpose was to achieve the active layer film with
better connectivity, higher hole mobility, and ultimately better OPV performance by self-

assembling introduced by hydrogen bonding between the donor materials.
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3.2 Structure Simulation by Density Functional Theory (DFT)

In order to introduce hydrogen bonding into the molecule, 2-butyloctan-1-amine or 2-
hexyldecan-1-amine was simply attached onto our starting material (5-bromothiophene-3-
carboxylic acid).

D-A polymer PBTDCA(H)-BT was designed using BTDCA with two different lengths of
carbon chains as an acceptor and copolymerized with BT as a comonomer unit. First, we
studied the geometry optimization of each repeating unit of the PBTDCA(H)-BT by computer
simulation based on density functional theory. During the computer simulation, the carbon
chain on the amide was substituted by methyl groups for simplifying the calculation as shown
in Figure 3-1 (a). The orbital surfaces of HOMO/LUMOs of PBTDCA(H)-Me-BT were
generated to visualize the electron distribution on the molecular orbitals and the calculated
HOMO/LUMO energy levels with respect to vacuum (0 eV) are shown in Figure 3-1 (b) and
(©).

Itis clear from Figure 3-1 that the electrons are evenly distributed over the whole molecule in
both the HOMO and LUMO of the PBTDCA(H)-Me-BT. This indicates that the PBTDCA(H)-
Me-BT has high degree of conjugation.

(a)
o
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Figure 3-1 (a) optimized geometry of PBTDCA(H)-Me-BT. (b) HOMO /(c)LUMO orbitals of
PBTDCA(H)-Me-BT and the calculated HOMO/LUMO levels with respect to vacuum (0 eV).

3.3 Synthesis of PBTDCA(H)-BT

After introducing hydrogen bonding into the polymer, the side chain length was optimized
again to obtain appropriate properties of the polymers such as solubility. Different lengths of
branched chains were used for P5 (C12) and P6 (C16). Both P5 and P6 were prepared via
Stille coupling polymerization of BTDCA(H) with 5,5"-bis(trimethylstannyl)-2,2"-bithiophene,
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and purified using Soxhlet extraction shown in Scheme 5. During the Soxhlet extraction, P5
and P6 showed very poor solubility, and could not be dissolved in common organic solvents
such as chloroform, chlorobenzene and dichlorobenzene. Later, the more polar solvent m-
cresol was used to test the dissolution of the two polymers. P5 still could not be dissolved in
m-cresol. The synthesis procedures are shown in section 3.8 and the following NMR spectra are

shown in Appendix A.

(o] R
NH /
N \ /
\ _5n S _
o Fye e gk
HN . >
R © I)

R \j\“Hg CeH1s
CeHas \/\CSHN
P5 P6

Scheme 5: Synthesis route towards the BTDCA(H) based polymer. Reaction condition: i): Stille
coupling 5,5"-bis(trimethylstannyl)-2,2"-bithiophene/anhydrous chlorobenzene/ Pd(PPh3)4 (5%). Yield:

85% in m-cresol for P6.

3.4 Characterization of PBTDCA(H)-BT by DSC, TGA, UV-Vis, CV, FTIR and
XRD

As P5 could be dissolved in common solvents with the unoptimized side chain, the following
characterizations were focused on P6. First, DSC and TGA were used to characterize the
crystallization and the thermal stability properties of P6. A 5% weight loss was observed at
422 °C (Figure 3-2), indicating good thermal stability of this P6 polymer. From the DSC curve,
no noticeable exothermic or endothermic transitions were observed during the range of -20 °C
to 340 °C (Figure 3-3). From the TGA and DSC results, by introducing hydrogen bonding into

the polymer did not decrease the thermal stability of the polymer.
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The UV-Vis absorption spectra of P6 in thin film as compared with P1 and P2 are shown in
Figure 3-4, as all these three polymers used BT as an acceptor. P3 exhibited typical single
absorption peak which is similar to those of P1 and P2. The A,,,, for P1 and P2 thin films
were 503 nm and 495 nm while P6 exhibited more red-shift adsorption wavelength at 547 nm.
Moreover, a weak shoulder appeared at 581 nm, indicating the more extended conjugation of
the polymer chains in the solid state compared with P1 and P2. The optical bandgap of the
polymer thin film was calculated to be ~1.87 eV, using the thin film absorption onsets. This is
much lower than P1 and P2 with ~2.04 eV. Interestingly, according to the UV-Vis absorption

spectra, introducing hydrogen bonding into the P6, resulted in a more ordered inter chains
stacking, thus lowering the bandgap.
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Figure 3-2 The TGA curve of P6 obtained with temperature increasing rate of 10 °C mint in

nitrogen.
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Figure 3-3 DSC profile of P6 obtained at a scanning rate of 10 °C min* under nitrogen.
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Figure 3-4 Normalized UV-vis absorption spectra of P1, P2 and P6 in thin film.

CV was used to reveal the electrochemical behavior of the polymers (Figure 3-5). By using
the oxidative onset potentials, the HOMO levels were estimated from the oxidation onset
potentials to be -5.4 eV for P6. Similar result was found for P1 and P2. This shows that
changing the side chain might not change the HOMO level significantly.
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Figure 3-5 The CV diagram of P6 at a scan rate of 0.1 V/s. The electrolyte was 0.1 M

tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile.

The packing of polymer thin films of P6 was characterized by XRD. As shown in Figure 3-6,
at RT and 100 °C, small peaks can be seen while other polymers in this work did not show a
distinct peak until annealed at 100 °C. After the thin film was annealed at 150 °C and 200 °C,
P6 showed more intense peaks at 20 = 4.08° and 4.12°, which correspond to the interlayer

lamellar d-spacing of 2.17 nm and 2.15 nm, respectively.
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Figure 3-6 The XRD diagram obtained from the spin-coated P6 thin film on DDTS-modified SiO,/Si

substrates.

In addition, FTIR was used to characterize the hydrogen bonding in P6. The sample was
prepared by dropping P6 solution onto sodium chloride optical crystals and removing the
solvent by vacuum which was then annealed at 100 °C, 150 °C and 200 °C for 20 min
successively. The FTIR spectra for the sample annealed at different temperature (Figure 3-7)

showed an N-H stretching frequency at 3292 cm™ which was characteristic for hydrogen

bonded amide groups.®6:1%

91



T T
200°C
3292 nm

150°C

3292 nm

100°C

3292 nm

RT !

3292 nm

| T | T | T | T
4000 3000 2000 1000 0
Wavelength cm™

Figure 3-7 The FTIR spectra of P6 in solid state.

3.5 OTFT Performances of PBTDCA(H)-BT

The OTFT performance of P6 was evaluated as channel semiconductors in bottom-gate,
bottom-contact OTFT devices fabricated on DDTS modified SiO2/Si wafer substrates. The
OTFT fabrications and characterizations are shown in section 2.7.2. The polymers showed p-
type charge transport behavior (Table 3-2). The transfer curves and output curves are shown
in Figure 3-8. At RT, the hole mobility was measured to be 6.4 x 10 cm?V1s?, which is the
highest among all the polymers in this work and ten times that of P2 3.3 x 10 cm?V1s?,
After annealing at higher temperature (150 °C and 200 °C), the hole mobility quickly increased
by one order of magnitude to 102 cm? V= s? and reached the highest hole mobility of 2.6 x

102 cm? Vst From the previous results and OTFT results, the hydrogen bonding improved
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the interaction between the polymer chains for long range ordered packing, resulting in better

connectivity and higher hole mobility in the polymer thin film.

Table 3-2 Summary of BGBC OTFT performance of P6.

Polymer Annealing? Hole mobility? Vth® lon/orr
temperature (102 cm2V-is?) V)
(°C)
RT 0.63 £ 0.012 (0.64) -68 104
PG 100 1.4+0.12(1.5) -50 10°
150 2.2 £0.025 (2.2) -49 104
200 2.5%0.092 (2.6) -54 10°

2The devices were annealed in a glove box on a hotplate at the selected temperature for 20 min under argon.
Hole mobilities were obtained in the saturated regions in hole enhancement modes. Each set of data were
obtained from 3-5 OTFT devices.

bThe average mobility + standard deviation (maximum mobility) calculated from the saturation regions of
the devices.

¢ The Vth calculated from the device with maximum mobility.
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Figure 3-8 The transfer curves (2), (b), (c) and (d) and output curves (e), (f), (g) and (h) for OTFTs
based on P6 annealed at RT, 100 °C, 150 °C and 200 °C, respectively. Device dimensions: channel
length (L) = 30 um; channel width (W) = 1000 um. Vg valued from 0 to -100 V in the step of -20 V

in output curves.

3.6 OPV Performances of P6

The results for P6 based solar cells are shown in Figure 3-9 and Table 3-3. The OPV
fabrications and characterizations are shown in section 2.7.3. As for the poor solubility of P6,
the film showed uneven and rough grainy morphology visible with the naked eye, which
prevent the formation of bi-continuous and interpenetrating morphology. Therefore, although

95



the HOMO level of P6 is similar to P3 and P2, the VVoc is much lower (0.45 V). Consequently,
the device based on P6: PCe1BM showed poor performance (PCE = 0.14%)).

0.4 lf’

—°—P6—PC6lBM—DCB+m-CresoI

o
o

-0.4

Current density(mA/cm?)

-0.8

-1.2

0.0 0.2 0.4 0.6
Voltage(V)

Figure 3-9 The J-V curve based on P6: PCs:BM under AM 1.5G illumination.

Table 3-3 Summary of OPV performance of P6: PCs:BM

Active Annealing Jsc Voc FF PCE Rs Rsh
layer Ratio  Solvent temperature (mA/cm?) (V) % (ohm/ (ohm/
(°C) cm?) cm?)
_ DCB (10%)
PCF:I.BM 1:1  + m-cresol RT 0.9 045 035 014 278 018

(90%)
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3.7 Summary and Future Directions

Hydrogen bonding was introduced into BTDCA to form BTDCA(H) for its self-assembling
architectures which can strengthen interactions between polymer chains. P5 and P6 were
synthesized with different lengths of side chains and using BT as comonomer unit. Both P5
and P6 showed very poor solubility in common organic solvents. P6 could be dissolved in a
more polar solvent (m-cresol), while P5 could not be dissolved due to its shorter side chain,
which prompted interactions between molecules. P6 showed good thermal stability from TGA
data. From UV-vis absorption spectra, P6 showed more extended conjugation of the polymer
chains in the solid state compared with P1 and P2, probably due to the strengthened
intermolecular interaction by hydrogen bonding. As the result, P6 showed high hole mobility
(upto 2.6 X102 cm?V1s?), which is 18 times that of P2. For solar cells performance, although
the HOMO level of P6 was similar to P3, P6 based solar cells showed even low Voc. And the
film showed uneven and rough grainy morphology visible with the naked eye due to poor
solubility. Due to the high mobility and hydrogen bonding, future work can apply P6 into
organic semiconductor sensors such as pH sensor. Another approach can focus on improving

the solubility of P6 for solar cell application.

3.8 Experimental Section

3.8.1 Synthesis Procedures
Synthesis of 5-Bromo-N-(2-butyloctyl)-thiophene-3-carboxamide (8)

0 (0]
oH Oxalylchloride cl 2-butyloctan-1-amine O
- 5 H
1\ - /\
Br S chloroform Br S chloroform / \
L _ Br S
1 8
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5-Bromothiophene-3-carboxylic acid was dissolved in 20 mL of anhydrous chloroform in a
heat gun-dried round bottom flask. The solution was cooled to 0 °C in an ice bath. Oxalyl
chloride was added dropwise followed with one drop of DMF as a catalyst. The solution was
allowed to warm to room temperature overnight. Unreacted oxalyl chloride was removed under
reduced pressure.

To a heat gun-dried round bottom flask, 2-butyloctan-1-amine in 5 mL of anhydrous
chloroform was added. The solution was cooled to 0 °C in an ice bath. Crude 5-
Bromothiophene-3-carbonyl chloride dissolved in 10 mL of anhydrous chloroform was added
dropwise. The solution was stirred at room temperature overnight. The reaction was quenched
by addition of water. The organic layer was separated and rinsed with brine and dried over
Na>SO4. Upon removal of solvent in vacuo, the crude product was further purified by silica
gel column chromatography with hexane: ethyl acetate (5:1) to give Compound 8. Yield 2.80
g, (86%).

'H NMR (300 MHz, chloroform-d) & 7.73 (d, J = 2.0 Hz, 1H), 7.30 (d, J = 1.8 Hz, 1H), 5.88
(s, 1H), 3.33 (td, J = 6.1, 2.1 Hz, 2H), 1.57 (s, 1H), 1.40 — 1.26 (m, 16H), 0.97 — 0.85 (m, 6H).

Synthesis of N4, N*-bis(2-butyloctyl)-[2,2'-bithiophene]-4,4'-dicarboxamide (9)

@)
zinc, triphenylphosphine, H
2,2'-bipyridyl, anhydrous
HIN nickel (|1) chloride IS [\
> S
(@)
BV%E/& DMAC \
S HN
@)
8 9

To a 50 mL of flask were added N, N-dihexyl-3-thiophenecarbamide, zinc powder,
triphenylphosphine, 2,2’-bipyridyl, anhydrous nickel (I1) chloride. The mixture was degassed
and filled with argon three times and then DMAc (18 mL) was added. The mixture was heated
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to 80 °C and maintained overnight (the TLC showing no starting material). The reaction
mixture was cooled down to room temperature and poured into a cold HCI. After extraction
with ethyl acetate, the organic layer was dried with NaxSO4. The solvent was removed under
reduced pressure. The crude product was dissolved in chloroform and precipitated in diethyl
ether. Compound 9 was collected by filtration and dried in the vacuum. Yield: 0.65 g, (31%).
H NMR (300 MHz, chloroform-d) § 7.70 (s, 2H), 7.43 (s, 2H), 5.91 (t, J = 5.8 Hz, 2H), 3.37
(t, J = 6.0 Hz, 4H), 1.37 - 1.26 (m, 32H), 0.89 (g, J = 7.0 Hz, 12H).

Synthesis of 5,5'-Dibromo-N*, N*-bis(2-butyloctyl)-[2,2'-bithiophene]-4,4'-

dicarboxamide (10)

o o)
H H
s I\ NBS s. I\ g
chloroform \ /
HN HN
S 0
9 10

N* N*-bis(2-butyloctyl)-[2,2'-bithiophene]-4,4'-dicarboxamide (0.5 g, 0.85 mmol) was
dissolved in a mixture of chloroform (5 mL) and trifluoracetic acid (1 mL). NBS (0.3173 g,
1.78 mmol) was then added to the solution and stirred overnight in the dark covered with
aluminum foil. The mixture was extracted with chloroform several times and the organic phase
was combined and washed by sodium sulfite aqueous solution. The organic phase was dried
with Na>SO4 and the solvent was removed under reduced pressure. The crude product was
washed by diethyl ether and collected by filtration. Compound 10 was dried in vacuum. Yield:
0.58 g, (92%).

'H NMR (300 MHz, chloroform-d) & 7.37 (s, 2H), 6.43 (t, J = 5.7 Hz, 2H), 3.40 (t, J = 5.8 Hz,
4H), 1.62 (s, 2H), 1.31 (dd, J = 13.3, 5.8 Hz, 32H), 0.96 — 0.83 (m, 12H). *C NMR (75 MHz,
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chloroform-d) & 161.55, 137.40, 135.65, 126.23, 110.83, 43.06, 37.75, 32.00, 31.83, 31.66,
29.66, 28.88, 26.65, 23.02, 22.65, 14.09.

Synthesis of P5

Jj:>_b'N Y chlorobenzene

To a 25 mL double-neck round-bottom flask, N*, N*-bis(2-butyloctyl)-[2,2"-bithiophene]-4,4'-
dicarboxamide (149.4 mg, 0.2 mmol) and 5, 5'-bis(trimethylstannyl)-2,2'-bithiophene (98.4 mg,
0.2 mmol) were added. After degassing and refilling argon three times, chlorobenzene (7 mL)
was added to dissolve the mixture, followed by addition of Pd(PPhs)s (11.6 mg, 0.01 mmol).
The mixture was heated to 120 °C for 40 h. The reaction mixture was cooled down to room
temperature and poured into MeOH (100 mL). The precipitate was collected by filtration and
subjected to Soxhlet extraction with acetone, hexane, chloroform and chlorobenzene. The
polymer showed very poor solubility which cannot be dissolved in common organic solvents.

Synthesis of 2-Hexyldecan-1-amine (11)

O O
- CgHy7
N K* Y\BI’ . N
CeHis DME WCGHB

o} O CgHy7

O

©:§ch y hydrazine monohydride CgH17
6113 H,>N
O CgH \/\C6H13
8’17 MeOH

11

7-(Bromomethyl)pentadecane and potassium phthalimide were dissolved in DMF in a 100 mL
2-neck round-bottom. The mixture was stirred on hot plate at 90 °C overnight. The solution
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was extracted with DCM and DI water for three times to remove DMF and other trace amounts
of impurity. The organic phases were collected and concentrated through vacuum. Column
was firstly flushed by hexane, to remove alkyl chains, and any other impurities. Once TLC
showed removal of impurities, solvent was switched to pure DCM. The intermediate product
(2-(2-hexyldecyl)-isoindoline-1,3-dione) was obtained.

To asolution of in MeOH (90 mL), hydrazine monohydride was added and refluxed overnight.
After the solution was cooled to room temperature, the mixture was evaporated under vacuum.
The residue was dissolved in DCM and washed with 10 wt % KOH ag. (100 mL x 2) and
saturated NaCl ag. (100 mL x 2). The organic phases were dried with Na,SO4 and concentrated
through vacuum. The compound was used for the subsequent reaction without further
purification, as colorless oil. Yield: 6.67 g, (93%).

H NMR (300 MHz, chloroform-d) & 2.59 (d, J = 3.9 Hz, 2H), 1.26 (s, 27H), 0.93 — 0.83 (m,
6H).

Synthesis of 5-Bromo-N-(2-hexyldecyl)-thiophene-3-carboxamide (12)

o) (@]

oH oxalyl chloride Cl | 2 hexyldecan 1-amine
/\ — /\
Br—>g chloroform Br—Xg chloroform
1 12

5-Bromothiophene-3-carboxylic acid (2.28 g, 11 mmol) was dissolved in 20 mL of anhydrous
chloroform in a heat gun-dried round bottom flask. The solution was cooled to 0 °C in an ice
bath. Oxalyl chloride (2.80 g, 22 mmol) was added dropwise followed with one drop of DMF
as a catalyst. The solution was allowed to warm to room temperature overnight. Unreacted
oxalyl chloride was removed under reduced pressure.

To a heat gun-dried round bottom flask, 2-hexyldecan-1-amine (5.31 g, 22 mmol) in 5 mL of
anhydrous chloroform was added. The solution was cooled to 0 °C in an ice bath. Crude 5-

bromothiophene-3-carbonyl chloride dissolved in 10 mL of anhydrous chloroform was added
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dropwise. The solution was stirred at room temperature overnight. The reaction was quenched
by addition of water. The organic layer was separated and rinsed with brine and dried with
Na>SO4. Upon removal of solvent in vacuo, the crude product was further purified by silica
gel column chromatography with hexane: ethyl acetate (5:1) to give Compound 12. Yield: 4.2
g, (95%).

'H NMR (300 MHz, chloroform-d) & 7.73 (d, J = 1.6 Hz, 1H), 7.30 (d, J = 1.6 Hz, 1H), 5.87
(t, J = 5.7 Hz, 1H), 3.33 (t, J = 6.0 Hz, 2H), 1.60 — 1.53 (m, 1H), 1.33 — 1.24 (m, 24H), 0.90 —
0.85 (m, 6H).

Synthesis of N4, N*-bis(2-hexyldecyl)-[2,2'-bithiophene]-4,4'-dicarboxamide (13)

CgH17
(@]
CoHiz_CsHiz  zinc, triphenylphosphine, H  CgHis
j/ 2,2'-bipyridyl, anhydrous
HN nickel (11) chloride s I\
\J®
Br—¢ ] o DMAc
S CgHys HN
VA
12 CgH17 13

To a 50 mL of flask were added 5-bromo-N-(2-hexyldecyl)-thiophene-3-carboxamide, zinc
powder, triphenylphosphine, 2,2’-bipyridyl, anhydrous nickel (I1) chloride. The mixture was
degassed and filled with argon three times and then DMAc (18 mL) was added. The mixture
was heated to 80 °C and maintained overnight (the TLC showing no starting material). The
reaction mixture was cooled down to room temperature and poured into a cold HCI. After
extraction with ethyl acetate, the organic layer was dried with Na;SOas. The solvent was
removed under reduced pressure. The crude product was dissolved in chloroform and
precipitated in diethyl ether. Compound 13 was collected by filtration and dried in the vacuum.
Yield: 0.65 g, (31%).

'H NMR (300 MHz, chloroform-d) & 7.70 (d, J = 1.5 Hz, 2H), 7.43 (d, J = 1.6 Hz, 2H), 5.90
(t, J = 5.8 Hz, 2H), 3.36 (t, J = 6.0 Hz, 4H), 1.35 — 1.24 (m, 50H), 0.87 (dt, J = 7.0, 3.5 Hz,
6H).
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Synthesis of 5,5'-Dibromo-N*, N*-bis(2-hexyldecyl)-[2,2'-bithiophene]-4,4'-
dicarboxamide (14)

CeHrr CgHi7
o o)
H CeHus H  CgHis
s. M NBS s [\
S Br
\ / —_— Br \ / S
chloroform
CeHia HN CgHys HN
O 0
CgH17 13 CgHi7 14

N4 N*'-bis(2-hexyldecyl)-[2,2'-bithiophene]-4,4'-dicarboxamide (0.6 g, 0.85 mmol) was
dissolved in a mixture of chloroform (5 mL) and trifluoracetic acid (1 mL). NBS (0.32 g, 1.78
mmol) was then added to the solution and stirred overnight in the dark covered with aluminum
foil. The mixture was extracted with chloroform several times and the organic phases were
combined and washed by sodium sulfite aqueous solution. The organic phase was dried with
Na>SO4 and the solvent was removed under reduced pressure. The crude product was purified
via column chromatography using chloroform as elute solvent, then washed by diethyl ether
and collected by filtration. Compound 14 was dried in vacuum. Yield: 0.58 g, (78%).

'H NMR (300 MHz, chloroform-d) & 7.37 (s, 2H), 6.42 (t, J = 5.6 Hz, 2H), 3.40 (t, J = 5.8 Hz,
4H), 1.62 (s, 2H), 1.37 — 1.25 (m, 48H), 0.91 — 0.84 (m, 12H). 13C NMR (75 MHz, chloroform-
d) 6 161.55, 137.40, 135.64, 126.16, 110.85, 43.08, 37.77, 31.99, 31.90, 31.83, 30.00, 29.66,
29.58, 29.31, 26.68, 26.65, 22.66, 14.10.

Synthesis of P6
CgH3
0
H  CgHyiy /
N \
Sn S _
s / \ Br // (S Sn
Br \ / N
\ I ®
>
Caftyz HN 5 chlorobenzene CgHa7 HN

CeM1s CeHis
To a 25 mL double-neck round-bottom flask of 5,5'-dibromo-N*#, N*-bis(2-hexyldecyl)-[2,2'-
bithiophene]-4,4'-dicarboxamide (171.8 mg, 0.2 mmol) and 5, 5'-bis(trimethylstannyl)-2,2'-

bithiophene (98.4 mg, 0.2 mmol). After degassing and refilling argon three times,
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chlorobenzene (7 mL) was added to dissolve the mixture, followed by addition of Pd(PPh3)4
(11.56 mg, 0.01 mmol). The mixture was heated to 120 °C for 40 h. The reactant was cooled
down to room temperature and poured into MeOH (100 mL). The precipitate was collected by
filtration and subjected to Soxhlet extraction with acetone, hexane, chloroform and
chlorobenzene and m-cresol. The polymer was finally recovered in m-cresol. Yield: 0.137 g,
(85%).
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Chapter 4 Summary and Future Directions

The novel electron-deficient building blocks BTDCA and BTDCA(H) (with hydrogen bonding)
were prepared and incorporated into D-A copolymers. The polymer design with the PT
backbone was based on P3HT, a well-studied donor material for OPVs, which has planar
conformation, high crystallinity and strong inter- and intramolecular interactions. However,
the relative high HOMO level leads to inevitable drawbacks, resulting in low VVoc in solar cells.
The new design employs an amide electron-deficient functional group in order to fix this
problem. Different side chain lengths of the polymers were tuned and three electron rich
building blocks, BT, TT and T, were used to form copolymers. All of the polymers in this work
have been reported for the first time.

In chapter 2, DFT was used to study the coplanarity, electron distribution, and energy levels
of the BTDCA. By comparing the energy levels with BT, the HOMO level was decreased as
desired.

As a proof of concept, P1 and P2 were synthesized with different lengths of side chains, using
BT as comonomer unit. Both polymers showed high thermal stability, similar single absorption
peak in UV-vis absorption spectra (typical for PT materials) and deeper HOMO level -5.3 eV
as compared to P3HT (-4.9 eV). XRD of P2 showed higher degree of crystallinity than P1, due
to shorter side chain, resulting in higher hole mobility (up to 1.4 x 102 cm?V1s?), which is
almost ten times that of P1 (up to 2 x 10 cm? V-1 s™1). From preliminary OPVs results, both
polymers exhibited higher Voc (up to 0.87 V) than P3HT (0.59 V) using same acceptor
PCe1BM. Thus, the Voc was improved in these solar cells by attaching amide functional group
onto the PT.

Though Voc for P1 and P2 based solar cells were increased compared with P3HT based solar
cells, the PCE values were low. This low PCE might be due to the high crystallinity which can
form large grains in the thin film as observed from AFM images, which reduced the charge

separation and transportation efficiency.
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Based on section 2.4, P3 was synthesized with smaller comonomer unit TT instead of BT to
decrease the crystallinity. As TT has similar electron property as BT, and the HOMO level for
P3 stayed similar as P1 and P2. From the XRD results, the decrease in crystallinity was
confirmed. By decreasing the crystallinity, the hole mobility also decreased to 4.5 x 10* cm?
V1s? for P3. Interestingly, even with the lower hole mobility, higher PCE was achieved for
P3: ITIC blend. The PCE was as high as 3.5%, which is four times that of P2: ITIC blend
(0.85%). The might be due to the optimized thin film morphology. It can be noted that, the
solubility of P3 was not that good after structure optimization. Future work based on P3 can

be focused on the following options:

> Increase the solubility by using the longer side chain, but at the same time, longer chain

might decrease the crystallinity which can reduce the charge transportation efficiency.

> Co-solvent'® and different additives®1% can be used to optimize the morphology of

the active layer.

» PCeBM and ITIC might not be the perfect acceptor materials which match P3, hence

finding new acceptors’®"2 may improve the morphology in the blend thin films.

Higher PCE was obtained by using small comonomer units TT in P3 to decrease the high
crystallinity from P2. P4 was synthesized by using T as comonomer unit, which is even smaller
than TT. From the XRD, P4 showed amorphous orientation from RT to 150 °C annealing
temperature. Only a weak peak was observed after the thin film of P4 was annealed at 200 °C.
As a result, the OTFTs based on P4 did not turn on until the devices were annealed at 150 °C
and low hole mobility 3.0 x 10° cm? Vst was obtained. As for the performance of the solar
cells, due to its good solubility and very disordered chain packing, the ideal bi-continuous
morphology could not be obtained, thus resulting in less Jsc and lower FF for P4 based devices,

which means the charge collection efficiency was low.

In chapter 3, hydrogen bonding was introduced into BTDCA to form BTDCA(H), for its self-
assembling architectures which can strengthen interaction between polymer chains. P5 and P6
were synthesized with different lengths of side chain and using BT as comonomer unit. Both

P5 and P6 showed very poor solubility which could not be dissolved in common organic
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solvents. P6 could be dissolved in a more polar solvent (m-cresol), while P5 still could not be
dissolved due to its shorter side chain which caused interactions between molecules. Future
work can focus on making random copolymer using BTDCA and BTDCA(H) as acceptor
building blocks in order to increase the solubility of the polymer.1°” From UV-vis absorption
spectra, P6 showed more extended conjugation of the polymer chains in the solid state
compared with P1 and P2. Thus, P6 showed high hole mobility (up to 2.6 x 102 cm?V1s?)
which is two times that of P2. For solar cells performance, although the HOMO level of P6 is
similar to P3, P6 based solar cells showed even low Voc. And the film showed uneven and
rough grainy morphology visible with the naked eye due to the poor solubility. Later work
might focus on increasing the solubility of P6 since this polymer has ordered molecular

packing and highest hole mobility among the polymers in this work.
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Appendix A- 1 300 MHz *H NMR spectrum for 5-bromothiophene-3-carboxylic acid in chloroform-
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Appendix A- 2 300 MHz *H NMR spectrum for N, N-dihexyl-3-thiophenecarbamide in chloroform-
d.
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Appendix A- 3 300 MHz 'H NMR spectrum for N*, N, N*, N*-tetrahexyl-[2,2'-bithiophene]-4,4'-

dicarboxamide in chloroform-d.
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Appendix A- 4 300 MHz *H NMR spectrum for 5,5'-dibromo-N*, N*, N*, N*-tetrahexyl-[2,2'-

bithiophene]-4,4'-dicarboxamide in chloroform-d.
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Appendix A- 5 300 MHz 'H NMR spectrum for 5-bromo-N, N-dibutylthiophene-3-carboxamide in

chloroform-d.

123



o O NN < 0 I R ) 320
MmN NN < ™ © mn N o © =
NN OSSO~ m o - - <o o
| N/ NS 300
1280
1260
/ / L240
/i p 220
|-200
L 180
L 160
140
L120
L 100
80
L60
40
Il
jv\ -
LG Lo
I = s
© pau] —-20
o< o ~ ™
S o — %) [}
T T T o= T T T T T T 2 T T T L - T
2.0 8. 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 1.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
£1 (ppm)

Appendix A- 6 300 MHz 'H NMR spectrum for N*, N4, N*, N*-tetrabutyl-[2,2"-bithiophene]-4,4'-

dicarboxamide in chloroform-d.
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Appendix A- 7 300 MHz *H NMR spectrum for 5,5'-dibromo-N*, N* N*, N*-tetrabutyl-[2,2'-

bithiophene]-4,4'-dicarboxamide in chloroform-d.
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Appendix A- 8 300 MHz 'H NMR spectrum for 5-bromo-N-(2-butyloctyl)-thiophene-3-carboxamide

in chloroform-d.
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Appendix A- 9 300 MHz *H NMR spectrum for N*, N*-bis(2-butyloctyl)-[2,2"-bithiophene]-4,4'-
dicarboxamide in chloroform-d.
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Appendix A- 10 300 MHz *H NMR spectrum for 5,5'-dibromo-N*, N*-bis(2-butyloctyl)-[2,2'-

bithiophene]-4,4'-dicarboxamide in chloroform-d.
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Appendix A- 11 300 MHz *H NMR spectrum for 2-hexyldecan-1-amine in chloroform-d.
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Appendix A- 12 300 MHz *H NMR spectrum for 5-bromo-N-(2-hexyldecyl)-thiophene-3-

carboxamide in chloroform-d.
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Appendix A- 13 300 MHz *H NMR spectrum for N*, N*-bis(2-hexyldecyl)-[2,2'-bithiophene]-4,4'-

dicarboxamide in chloroform-d.
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Appendix A- 14 300 MHz *H NMR spectrum for 5,5'-dibromo-N*, N*-bis(2-hexyldecyl)-[2,2'-

bithiophene]-4,4'-dicarboxamide in chloroform-d.
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Appendix A- 15 75 MHz *C NMR spectrum for 5,5'-dibromo-N*, N*, N*, N*-tetrahexyl-[2,2'-

bithiophene]-4,4'-dicarboxamide in chloroform-d.
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Appendix A- 16 75 MHz 3C NMR spectrum for 5,5'-dibromo-N*#, N*, N*, N*-tetrabutyl-[2,2'-

bithiophene]-4,4'-dicarboxamide in chloroform-d.

134



ITI5XCCIZ=H-C/T o S oo ™
Instrument 3008 0 <3 © © OO MOO©OOLWN LD 00
ID_CI3 25Mins. CDCI3 /opt/nmrdata 1i$s > % g o S ,': z 2 “_'o g g g (Cv g <Or r
- oo — S OMOOONNNNNA
| 1= \ B LB R ) S
L5000
L4500
L4000
L3500
L3000
L2500
L2000
L1500
L1000
L-500
030 0 o MWWW Aol
L-500

T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

£1 (ppm)

Appendix A- 17 75 MHz 3C NMR spectrum for 5,5'-dibromo-N*, N*-bis(2-butyloctyl)-[2,2'-

bithiophene]-4,4'-dicarboxamide in chloroform-d.
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Appendix A- 18 75 MHz 3C NMR spectrum for 5,5'-dibromo-N*, N*-bis(2-hexyldecyl)-[2,2'-

bithiophene]-4,4'-dicarboxamide in chloroform-d
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