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Synthesis of Methoxy-substituted Quinoxaline-based Conjugated Polymers for

Photovoltaic Application

Ratri Puspita Wardani

Department of Industrial Chemistry, The Graduate School,

Pukyong National University

Abstract

Two series of methoxy-substituted conjugated polymers based on quinoxaline were
successfully synthesized for photovoltaic application. The first series consisted of three
polymers where IDT and IDTT were carefully connected to both non-fluorinated and
fluorinated 2,3-diphenylquinoxaline (DPQ) through the thiophene bridge to afford PIDT-
QXMT, PIDT-FQXMT, and PIDTT-FOQXMT, respectively. The best performance
fabricated in the inverted device of ITO/ZnO/active layer/MoOs/Ag was found in PIDTT-
FOXMT with 8.51% of PCE, 22.23 mA cm2 of Js¢, 0.72 V of Vo, and 52.4% of FF due to
the employment of fluorine substituent and thieno[3,2-b]thiophene units, simultaneously.
Another series consisted of two polymers was synthesized by linking IDT and IDTT directly
to a simpler DPQ unit to yield PIDT-QxM and PIDTT-QxM. The best performance was
found in PIDTT-QxM where the PCE was boosted up to 10.40% with 23.25 mA cm of
Jse, 0.73 V of Vo, and 61.3% of FF ascribed to the expanded conjugation length by the

presence of dithieno[3,2-b]thiophene.
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Chapter I. Introduction

I-1.  Polymer Solar Cells

Due to the expansion of population and modernization, the energy demand
keeps increasing where fossil fuels are expected to contribute 80% out of the total
energy supply in 2030 [1]. However, the availability of fossil fuels is limited and
the excessive use of fossil fuel attracted global concerns because of the negative
impacts given such as climate change, health, and pollution issues [2]. To overcome
this problem, people started the use of renewable energy sources as alternative
energy [3].

Renewable energy is energy generated from natural resources that emit zero
or almost zero emissions such as hydro energy, geothermal energy, biomass energy,
wind energy, and solar energy [4]. Among the others, solar energy portrays the
greatest source of renewable energy supply. Solar energy can be converted into
electricity using photovoltaic (PV) cell which is composed of semiconductor
materials.

Recently, the PV cells found in the commercial devices were dominated by
inorganic materials [5]. For instance, the crystalline silicon-based PV cells are
leading with 27.6% efficiency based on the best research-cell efficiencies by NREL
2020 [6]. However, the technology for semiconductor processing of inorganic

material-based solar cells has limitations which are the expensive cost of investment



[7]. Henceforth, there is an urge to develop the new technology which is more
economically savvy.

On the other hand, organic solar cells (OSCs) that are mostly polymer solar
cells (PSCs) offer various advantages such as plenty of synthetic pathways, tunable
molecular structure, the low economical cost in fabrication, light weight, and a wide
range of solution processing compared to that inorganic solar cells [7-9]. Moreover,
PSCs show significant growth. The PSCs reported in 2001 have 2.5% efficiency
[10], along the way, the efficiency increases into 17.4% up to now [6].

With this rapid increase, PSCs considered interesting. Thus, enormous
efforts to design and synthesize the new conjugated materials for PSCs are still in
progress with the aim to achieve the high efficiency of the organic semiconductor

device.



I-2.  Principles of Polymer Solar Cells

N 5
* LUMO ._ﬂ
[cane |

S \U

Anode Acceptor
~ HOMO
( To——0
HOMO

Figure I-1. Mechanism of D-A Type Heterojunction Polymer Solar Cells

Figure 1-1 shows the mechanism of the operational principles of polymer
solar cells device described in four processes [11-13]: (1) the absorption of a photon
in the active layer leading to the formation of excitons (the pair of electron and hole
bound); (2) the diffusion of exciton into the donor-acceptor (D-A) interface
resulting in the dissociation of exciton into the free electron and hole; (3) the
transportation of the free electron from the lowest unoccupied molecular orbital
(LUMO) of the donor to the LUMO of the acceptor; and (4) the collection of the

free electron and hole to the corresponding electrodes.



I-2.1. Light Absorption and Exciton Generation

As the light absorbed by the donor material through the transparent
conducting substrate, the exciton is produced. This occurs because the photon
energy absorbed is larger than the band-gap [14]. Unlike inorganic materials that
have a large dielectric constant, organic materials typically have a low dielectric
constant. Thus, light absorption does not generate the free charge carriers directly.
Otherwise, the exciton containing the strong bond of electron and hole pair is
generated [15]. This formed exciton requires another step to separate it into the free

electron and hole.
1-2.2. Exciton Diffusion

Once the exciton is formed, it diffuses to the donor-acceptor interface
through the donor channels. The exciton has a lifetime which is highly correlated
with the polymer exciton lengths. Longer exciton lifetime resulted in longer
diffusion lengths [16], where the longer exciton diffusion length could contribute to
produce more charge carriers [17]. However, the exciton has a short lifetime before
it decays. As a result, the exciton diffusion length is limited to the range of 10 nm
[18]. Therefore, this parameter is one of the key points affecting organic solar cell

design.



1-2.3. Exciton Dissociation

When the exciton reaches the donor-acceptor interface, the exciton
dissociates into the free electron and hole. The splitting process happens because of
the electrostatic forces at the interface caused by the existence of energy difference
between the LUMO of the donor and the LUMO of the acceptor. To maximize the
efficient separation of exciton into free electron and holes, the energy level
difference between the LUMO of donor and acceptor should be exceeding the
exciton binding energy which is in the range of 0.2-0.3 eV depending on the value
obtained from the formula below [18].

A (LUMOp-LUMOA,) > Exciton binding energy

It is important to choose the proper donor and acceptor to maximize the

generation of electric field so it can break the exciton into free charges efficiently

[13].
I-2.4. Charge Transport and Collection

After the exciton dissociates into the free electrons and holes, both charges
move to the corresponding electrodes, cathode and anode, respectively. The free
electrons are acquired by the material with the higher electron affinity, that is the
LUMO of the donor, and the free holes are acquired by the material with the lower
ionization potential, that is the HOMO of the donor [13]. Thus, the free electrons
travel to the cathode through the LUMO of the acceptor channel, while the free

holes remain in the donor then collected in the anode [14].



To generate photocurrent, the free electrons and holes must travel from the
D-A interface to the corresponding electrodes. These electrodes are connected with
the external circuit so the electricity is produced as the result. However, when the
charge travels to the electrode, it possibly to recombine or being trapped in a
disordered interpenetrating organic material that causes the efficiency drop as the
effect [13].

It is found that hole transport has a higher probability of recombination than
electron transport. It happens because generally, the hole transport has lower
mobility in conducting polymer instead of that the electron transport in the acceptor.
The recombination rate is highly correlated with the time needed for the charge
carriers to get to the electrodes. In other words, the thicker film will result in a more
recombination loss instead of an improvement in the external current [14]. Hence,
it is important to increase the hole mobility of the donor to escalate the PSCs device

performance.

I-3.  Device Structure of Polymer Solar Cells

Recently, there are two types of device structure configuration, which are
the normal or conventional type and the inverted type. The normal type consisted
of bulk heterojunction (BHJ) layer sandwiched by the transparent metal oxide as
the anode in the bottom side and the low work function metal as the cathode in the

top side [19].



Bulk heterojunction layer is a blend of donor and acceptor molecules
mixture to form a bi-continual layer [20]. The blending of electron donor and
electron acceptor would provide the large interfacial area of the active layer, that
enhances the PSCs device performance.

It has been verified that the low work function metal such as aluminum will
react at the metal-organic interface due to its isotopically labeled oxygen and water.
The characteristic of the low work function metal which is reactive affects the
degradation mechanism and instability of the device performance [21]. In other
words, the low work function metal is not stable to be used in the top electrode
because of its sensitivity to the oxygen and the moisture.

The inverted type solar cells have the contrast configuration order compared
to the normal type solar cells with metal at the top side functioned as the anode
while the cathode is located on the bottom side. In addition, the inverted type
commonly uses the high work function metal as the electrode such as Ag that is
efficient for the hole collection [19]. Based on studies, the work function of Ag is -
4.3 eV. When Ag is exposed to the oxygen, the work function shifted by 0.7 eV into
-5.0 eV [22]. To conclude, the oxidation of Ag could maximize the hole collection
of the electron donor materials to Ag which later will improve the device

performance.



Normal Inverted

Substrate 7 [ Substrate

Figure 1-2. The normal (left) and inverted (right) device configurations with the
light source passing through the device from the bottom side. ITO:
indium tin oxide; HTL: hole transport layer; AL: active layer; ETL.:

electron transport layer [23].

I-4.  Parameter of Polymer Solar Cells Device

Power conversion efficiency (PCE) is one of the key points to investigate
the performance of polymer solar cells. The value of PCE in percentage is calculated
from the formula below.

Voc X Jsc X FF
PCE=——F——
Pinc
Where V. is the open circuit-voltage with voltage as the unit, Js is short
circuit current with mA/cm? as the unit, FF is the fill factor with percent as the unit,

and Pirc is the incident light power density with mW/cm? as the unit.
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Figure 1-3. J-V curves in the dark and illuminated polymer solar cells device

I-4.1. Open Circuit Voltage (Voc)

Open circuit voltage (Vo) is the maximum potential produced by the device
with the condition that the device is open circuit which means there is no current
circulating the circuit [24]. The optimum V,c is approximately the energy gap
between the highest occupied molecular orbital (HOMOQO) level of the donor material
and the lowest occupied molecular orbital (LUMO) level of the acceptor material
[25]. Lowering the HOMO levels could increase Vo value. However, it is important
that the difference between the LUMO of the donor material and the LUMO of the
acceptor material should be more than 0.3 eV as the optimum value to keep the

exciton dissociation happening for the efficient free charges generation [26].



I-4.2. Short Circuit Current Density (Js)

Short circuit current density (Jsc) is the maximum photocurrent density
produced by the device with the condition that there is no applied voltage or the
open-circuit voltage (Voc) value is zero. This parameter indicates the total quantity
of the free charge carriers produced and finally collected to the corresponding
electrodes [24]. The short-circuit current densities are often not uniform in a device
caused by the low charge carrier lifetime, surface recombination, and the distance
to the metal electrode [27]. Jsc is equivalent to the spectral absorption area and the
absorption intensity toward the active layer. So, the active layer should absorb the

broad sunlight to achieve the high Jsc value [26].
1-4.3. Fill Factor (FF)

Fill factor (FF) is described as the ratio between the maximum power as the
output of organic solar cells device to the Jsc and Vo value [24].

It could be expressed in the mathematical formula below.

_ Vm X Jm
" Voc X Jsc

FF

where Jn and Vi is the current density and voltage marked at a particular

point when the device reached the maximum power, respectively. Referring to the
J-V curve in Figure 1.3, it will form the rectangle shape in the ideal case indicating

that the FF value is 100%. The high value of FF correlates with the high number of

photo generated carriers produced by the PSCs device [28].

10



As one of the important parameter in PSCs, the fill factor (FF) indicates the
charge generation and collection effectiveness, which is strongly correlated with the
properties of the active layer [29]. To improve the active layer morphology, the
addition of processing additive and the usage of thermal and solvent annealing

process could be done aiming to increase the FF value [30].

I-4.4. Incident Photon to Charge Carrier Efficiency (IPCE)

Incident photon to charge carrier efficiency (IPCE) means the ratio of the
total number of the collected carriers and the total number of the incident photons
in the active area of the device at a certain wavelength. This parameter shows how
efficient the device could convert the incident light into electrical energy [31]. The
ideal IPCE value is 100%. On the contrary, the charge recombination happens in

the process of exciton separation which will decrease the IPCE value.
I-5. Molecular Engineering Design of Conjugated Polymers

for Solar Cells

With the aim to obtain the high performance of bulk heterojunction polymer
solar cells device, designing and synthesizing the suitable conjugated polymer is an
important factor. The conjugated polymer is expected to have a broad absorption
ability and better morphology. The broad absorption ability can be achieved by
tuning the bandgap of the energy level of the polymer. While the morphology is

highly correlated with the charge carrier mobility. Henceforth, several strategies

11



have been studied to achieve the high performance of PSCs device.
I-5.1. Low Band-Gap Polymer Solar Cells

Bulk heterojunction (BHJ) active layer in which the electron donor (D)
material is blended with the acceptor (A) material is considered an attractive choice
for polymer solar cells (PSCs). The molecular design of D/A polymers could affect
the optical, electronic, and morphology properties of the material [32].

An effective way to construct the low bandgap polymer is by alternating the
electron donor (D) and electron acceptor (A) monomer. This will affect in the
induced intermolecular charge across the polymer backbone which resulting in the
redistribution of the electron donor and acceptor molecular orbits.

As illustrated in Figure 1-4, the interaction of the delocalized electrons in
each donor and acceptor creates the new molecular orbitals in the D-A interface
[33]. This will help to narrow the band-gap through the strong intramolecular
interaction between the LUMO-HOMO in the D-A interface. The LUMO is majorly
influenced by the acceptor LUMO orbital while the HOMO is highly influenced by
the donor HOMO orbital [34].

Semiconducting polymer with 2.0 eV bandgap can absorb photons up to 620
nm which is related to 25% of the total solar energy flux. However, the polymer
with approximately 1.1 eV can enlarge the absorption range into 1100 nm which is
as same as 77% of the total solar energy [33]. Hence, designing the structure of the

D-A conjugated copolymer is developed to obtain the narrow bandgap aiming to

12



increase the photo-absorption of PSCs.

N
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Donor (D) D-A polymer Acceptor (A)
Figure I-4. Hybridization of molecular orbital energy levels of D-Atype copolymer

through donor-acceptor intermolecular interactions

I-5.2. Polymer Backbone

Among various donors, indacenodithiophene (IDT) is considered promising
because of its coplanar fused ring aromatic structure. The three aromatic rings
integrated into a single fused molecular structure gives some advantages in which
the bridging atom is able to fix the rings coplanarity, maximize the = orbital overlap,
and reduce the conformational energetic disorder. Comparing to other donor
materials such as 4H-cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT), benzo[1,2-
b:4,5-b’]-dithiophene (BDT), napthodithiophene (NDTSs), the more extended m-
conjugated system in the pentacyclic IDT molecules can generate the high photo-

physical and electronic properties which are the low degree of energetic disorder

13



and high carrier mobility [35]. In addition, the integration of the benzene and

thiophene into a single fused molecule enhances both Jsc and Vo [36,37].

“ Extention

Figure I-5. IDT unit with various bridging atoms

As shown in Figure 1-5, the bridging atom position also allows the
introduction of different side chains such as alkyl or aromatic structure to increase
the solubility which later will affect the polymer film morphology [35]. Those
features confirm that IDT is a good building block for the polymer backbone. To
escalate the performance of the fused-ring polymer, the two thieno[3,2-b]thiophene
(TT) units are introduced to the IDT entity replacing the thiophene. As a result,
the IDT becomes more extended forming the seven fused-rings namely
indacenodithieno[3,2-b]thiophene [38].

Until now, a lot of different acceptors have been reported to synthesize the
D-A conjugated polymer. One of the most common acceptors is quinoxaline (Qx)
unit. Quinoxaline derivatives is a heterocycle molecule composed of two fused six-

elements rings, benzene and pyrazine, with two nitrogen atoms symmetrically
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located in one of the rings [39,40].

8 1
sa N
7 A 2
6 3
4a N/
5 4

Figure 1-6. The molecule structure of quinoxaline

The existence of nitrogen atom assures the quinoxaline as the electron-
withdrawing unit. Quinoxaline has several positions that allow the modifications.
As shown in Figure 1-6, some substituents can be incorporated into positions 2, 3,
6, and 7 to extend the vertical conjugation. It can be any chains or functional groups
with the properties of electron-withdrawing or electron-donating to occupy the side
chains to adjust the solubility and the aggregation tendency of the desired materials.

In addition, quinoxaline monomers is considered as the material with simple
synthesis and commonly producing high yield products. The characteristic of easy
modification and synthetic procedure offer the advantages to tune the
electrochemical properties which further will maximize the PSCs device

performance [40].
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I-5.3. Incorporation of Electron-Donating and Electron-

Withdrawing Groups

Specifically, the incorporation of functional groups such as the electron-
donating methyl or methoxy group or electron-withdrawing halogen atoms into the
polymer structure is a promising method to enhance the photovoltaic properties of
the device performance. The insertion of the functional group also affects the
morphology of the polymer. Up to now, there are several studies that analyze the
influence of introducing the methoxy group into the polymer structure.

Hou and co-workers studied the impact of the methoxy group position in the
structure. It is concluded that the position affects the molecular packing properties,
molecular planarity, and intermolecular interactions. The result also showed that
certain positions could enhance the exciton dissociation and more balanced charge
transport, hence increasing the Jsc and FF value in the device [41].

Another study from Zhan’ao Tan and co-workers reported the impact of
methoxy group quantity on the structure. The result showed that the visible n- 7*
absorption and the photovoltaic properties of the conjugated polymer increase with
the increase of the methoxy end group quantity [42].

Fluorine have also attracted a huge interest because of its beneficial features
such as the ability to lower both HOMO and LUMO levels, strong aggregation, and
high crystallinity [43]. As an example, Putri et. al. introduced the fluorine atoms

into the main backbone and the side chain of the quinoxaline. It is reported that the
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device performance was improved along with the addition of fluorine units [44].

I-6. The Aim of Thesis

The objective of this thesis is to attain the broad insight of the design and
synthesis of the new conjugated polymers and the correlation between the polymer
design with its photovoltaic properties applied in the Polymer Solar Cells (PSCs)
device. In this study, two series of polymers were synthesized. The first series
consisted of three D-ri-A type polymers. The polymer was constructed from the IDT
derivatives (IDT and IDTT) and methoxy-substituted 2,3-diphenylquinoxaline
(DPQ) through a thiophene bridge. The quinoxaline part was modified with fluorine
atom in the 6-position for the two, out of the three, polymers. The second series
consisted of two polymers with a simpler D-A type. Electron-donating IDT
derivatives were carefully linked to the electron-accepting DPQ (QxM). The

methoxy group was attached to the phenyl pendants of the DPQ unit.
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Chapter II. Effect of Electron-withdrawing
Fluorine on D-n-A Type Conjugated Polymers
for Photovoltaic Application

1-1. Experimental Section

11-1.1. Materials and Instruments

4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (1) and 5-fluoro-4,7-di(thiophen-2-
yl)benzo[c][1,2,5]thiadiazole (2) were synthesized referring to the previously
reported literature  [45,46].  (4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-
indaceno[1,2-b:5,6-b"]dithiophene-2,7-diyl)bis(trimethylstannane) (IDT, 7) and 1,1-
[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-d:2,3-d]-s-

indaceno[1,2-h:5,6-b]dithiophene-2,8-diyl]bis[1,1,1-trimethylstannane] (IDTT, 8)
were purchased from Derthon Optoelectronic Materials Science Technology Co., Ltd.
All the other chemicals and solvents, unless otherwise specified, were purchased
from Sigma-Aldrich and Tokyo Chemical Industry and were used as received. The
H, BC, and °F nuclear magnetic resonance (NMR) spectra of all the samples were
collected using JEOL JNM ECP-400 spectrometer. The ultraviolet-visible (UV-Vis)
spectra of all the samples were recorded on Perkin Elmer UV-Vis Lambda 365
Spectrometer. Gel permeation chromatography (GPC) was performed using an
Agilent 1200 series instrument with tetrahydrofuran (THF) as an eluent. Cyclic

voltammetry (CV) measurements were conducted using a VersaSTAT3 potentiostat
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(Princeton Applied Research) with a typical three-electrode system, in which a
glassy carbon electrode coated with the samples, a platina wire, and silver wire were
used as the working, counter, and reference electrodes, respectively. 0.1 M of
tetrabutylammonium hexafluorophosphate solution (BusNPFg) in acetonitrile was
used as the electrolyte solution. Meanwhile, ferrocene/ferrocenium was used as the

external standard.

11-1.2. Synthesis of Monomers
11-1.2.1. 2,3-bis(4-methoxyphenyl)-5,8-di(thiophen-2-
yl)quinoxaline (3)
4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (1, 1 mmol) was dissolved in
acetic acid and subsequently zinc (20 mmol) was added. The mixture was reacted at
80°C for 5 hr. Then, the mixture was filtered and directly reacted with anisile (1.2
mmol). The solution was reacted overnight. The solution was extracted with ethyl
acetate, dried over with MgSO., and filtered, afterwards. The solvent was evaporated
in a vacuum condition. The desired product was purified using column
chromatography with ethyl acetate/hexane (1/20, v/v) as the eluent. Yield = 81.5%
(orange). *H NMR (400 MHz, CDCls): & (ppm) = 8.09 (s, 2H), 7.85-7.83 (dd, 2H,
J1=3.8Hz, Jo, = 1.2 Hz), 7.73-7.71 (m, 4H), 7.51-7.49 (dd, 2H, J; =5.0 Hz, J, = 1.2
Hz), 7.18-7.16 (m, 2H), 6.92-6.9 (m, 4H), 3.85 (s, 6H). 1*C NMR (400 MHz, CDCl5):

d (ppm) = 160.44, 151.3, 138.96, 137.05, 131.98, 131.43, 131.11, 128.86, 126.73,
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126.64, 126.3, 113.81, 55.4.
11-1.2.2. 6-fluoro-2,3-bis(4-methoxyphenyl)-5,8-di(thiophen-
2-yl)quinoxaline (4)

This material was synthesized using same technique with that is used for
monomer 3. However, 5-fluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (2,
1 mmol) was as the starting material. Yield = 92.8%. 'H NMR (400 MHz, CDCls): &
(ppm) = 7.98-7.97 (m, 1H), 7.96-7.93 (d, 1H, J = 7 Hz), 7.85-7.83 (dd, 1H, J; = 4.0
Hz, J; = 0.8 Hz), 7.72-7.69 (m, 4H), 7.58-7.57 (dd, 1H, J; = 5.2 Hz, J, = 1.2 Hz),
7.55-7.54 (dd, 1H, J1 = 5.0 Hz, J = 1.2 Hz), 7.22-7.2 (m, 1H), 7.19-17 (m, 1H), 6.93-
6.89 (M, 4H), 3.87 (s, 6H). *C NMR (400 MHz, CDCls): & (ppm) = 160.55, 160.43,
160.06, 157.54, 151.75, 150.42, 138.48, 138.39, 137.59, 134.23, 132.07, 131.97,
131.91, 131.16, 131.05, 130.27, 130.13, 129.93, 129.11, 129.08, 126.9, 126.69,
126.47, 116.75, 116.6, 116.45, 113.85, 113.82, 55.4. 1°F NMR (400 MHz, CDCls): &

(ppm) = -106.66.
11-1.2.3. 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(4-
methoxyphenyl)quinoxaline (5)

2,3-bis(4-methoxyphenyl)-5,8-di(thiophen-2-yl)quinoxaline (3, 0.48 mmol)
was dissolved in 20 mL of THF. N-bromosuccinimide (1.06 mmol) was added,
afterwards. The mixture was reacted with light protection at room temperature

overnight. Then, the solvent was removed using vacuum evaporation. The product
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was purified using column chromatography with ethyl acetate/hexane (1/20, v/v) as
the eluent. Yield = 87.5%. *H NMR (400 MHz, CDCls): § (ppm) = 8.03 (s, 2H),
7.69-7.65 (m, 4H), 7.54-7.53 (d, 2H, J = 4.4 Hz), 7.11-7.1 (d, 2H, 3.6 Hz), 6.95-
6.91 (m, 4H), 3.86 (s, 6H). *C NMR (400 MHz, CDCls): & (ppm) = 160.48, 151.69,
139.67, 136.36, 131.92, 130.82, 130.3, 129.03, 125.34, 125.25, 116.97, 113.77,

55.33. MALDI-TOF MS: m/z calcd, 663.93; found, 664.58 [M*]
11-1.2.4. 5,8-bis(5-bromothiophen-2-yl)-6-fluoro-2,3-bis(4-
methoxyphenyl)quinoxaline (6)

This material was synthesized using the same technique with that is used for
monomer 5. However, 6-fluoro-2,3-bis(4-methoxyphenyl)-5,8-di(thiophen-2-
yl)quinoxaline (4, 0.48 mmol) was used as the starting material. Yield = 87.4%. 'H
NMR (400 MHz, CDCls): 5 (ppm) = 7.88-7.85 (d, 1H, J = 13.6 Hz), 7.76-7.75 (dd,
1H,J:=4.2Hz, J,=1.2 Hz), 7.68-7.63 (m, 4H), 7.54-7.53 (d, 1H, J=4.0 Hz), 7.14-
7.11 (m, 2H), 6.95-6.92 (m, 4H), 3.87 (s, 6H). *C NMR (400 MHz, CDCl3): § (ppm)
= 160.68, 160.53, 159.87, 157.34, 152.03, 150.71, 138.16, 137.62, 137.54, 133.7,
133.44, 132.16, 131.99, 130.92, 130.8, 130.59, 130.47, 130.26, 130.07, 129.07,
125.93, 118.33, 117.76, 116.01, 115.9, 115.2, 114.9, 113.84, 55.43. °F NMR (400
MHz, CDCls): 6 (ppm) = -105.99. MALDI-TOF MS: m/z calcd, 681.92; found,

682.69 [M*]
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11-1.3. General Procedure of Polymerization using Stille-

Coupling Method with Palladium Catalyst

In a schlenk flask, IDT or IDTT monomer (0.20 mmol), dibrominated-
quinoxaline monomer (2, 0.20 mmol), and Pd(PPhs)4 (3% mol) were dissolved in 10
mL dry toluene. The oxygen was removed by bubbling the solution with nitrogen for
15 minutes. The solution then was stirred at 90°C for 48 hours under nitrogen
protection. 2-trimethylstannylthiophene and 2-bromothiophene were used as the
end-capping agents aiming to stop the reaction. Both end-capping agents were added
to the solution in sequence with 2 hours’ interval. After that, the mixture was
precipitated in methanol. The solid was collected and purified using Soxhlet
extraction with methanol, acetone, hexane, and chloroform, in order. The polymer
collected in the chloroform was evaporated until the solution becomes more viscous.
The polymer was precipitated in methanol. After that, the purified polymer in the
solid form was collected by filtration and dried under vacuum pressure at 70°C

overnight.

11-1.3.1. Polymer PIDT-QxMT
(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-

b'ldithiophene-2,7-diyl)bis(trimethylstannane) (7) and 5,8-bis(5-bromothiophen-2-

yl)-2,3-bis(4-methoxyphenyl)quinoxaline (5) were used as the monomers. Yield =

92.3% (dark purple solid). *H NMR (400 MHz, CDCls): & (ppm) = 8.06 (br, 1H),
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7.8-7.76 (br, 6H), 7.43 (br, 1H), 7.4-7.29 (br, 2H), 7.22-7.19 (br, 9H), 7.13-7.11 (br,
7H), 7.08-7.06 (br, 3H), 6.92-6.9 (br, 5H), 3.81 (s, 6H), 2.58-2.56 (br, 8H), 1.6-1.59
(br, 9H), 1.32-1.28 (br, 22H), 0.86-0.84 (br, 13H). Molecular weight (GPC): M, =

20.32 KDa and polydispersity index (PDI) = 2.63.
11-1.3.2. Polymer PIDT-FQXMT

(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-
bldithiophene-2,7-diyl)bis(trimethylstannane) (7) and 5,8-bis(5-bromothiophen-2-
yl)-6-fluoro-2,3-bis(4-methoxyphenyl)quinoxaline (6) were used as the monomers.
Yield = 91.18% (dark purple solid). *H NMR (400 MHz, CDCls): § (ppm) = 7.94-
7.88 (br, 1H), 7.76-7.75 (br, 5H), 7.43-7.29 (br, 3H), 7.22 (br, 8H), 7.16-7.12 (br,
7H), 7.09-6.98 (br, 5H), 6.9 (br, 4H), 3.81-3.76 (m, 6H), 2.58-2.56 (br, 8H), 1.6-1.59
(br, 9H), 1.29-1.28 (br, 22H), 0.85 (br, 13H). Molecular weight (GPC): M, = 13.07

KDa and polydispersity index (PDI) = 2.04.
11-1.3.3. Polymer PIDTT-FQXMT

1,1-[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-d:2,3-d]-s-

indaceno[1,2-h:5,6-b]dithiophene-2,8-diyl]bis[1,1,1-trimethylstannane] (8) and 5,8-
bis(5-bromothiophen-2-yl)-6-fluoro-2,3-bis(4-methoxyphenyl)quinoxaline (6) were
used as the monomers. Yield = 82.76% (dark purple solid). *H NMR (400 MHz,
CDCls): 5 (ppm) = 7.94-7.88 (br, 1H), 7.77-7.75 (br, 5H), 7.52-7.45 (br, 4H), 7.33-
7.32 (br, 1H), 7.22-7.07 (br, 18H), 6.94 (br, 4H), 3.85-3.83 (m, 6H), 2.56 (br, 8H),

1.68-1.58 (br, 9H), 1.28-1.24 (br, 22H), 0.85 (br, 13H). Molecular weight (GPC): M,
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= 13.99 KDa and polydispersity index (PDI) = 2.3.
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Figure 11-1. Chemical structure of (a) PIDT-QxMT, (b) PIDT-FQxMT, and (c)
PIDTT-FQXMT.
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Scheme 1. Synthesis of PIDT-QxMT, PIDT-FQxMT, and PIDTT-FQXMT. (i) Zinc,
acetic acid, 80°C, semi-open system; then p-anisil, acetic acid, 110°C, reflux,
overnight; (ii) NBs, THF, RT, overnight; (iii) Pd(PPhs)4, toluene, 90°C, 48 h
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11-1.4. Fabrication and Analysis of Photovoltaic Devices

The polymer was fabricated on the inverted-type of organic solar cells device.
The device structure consisted of 1TO/ZnO/active layer/MoOs/Ag in which the
active layer containing of donor polymer and Y6BO acceptor blend. Y6BO was
purchased from nano-C, Inc. The fabrication was firstly started by the sol-gel process.
Zinc acetate dehydrate (0.164 g) was mixed with ethanolamine (0.05 mL) in 1 mL
of methoxyethanol at 60°C for 30 minutes. This step produced ZnO film with 25 nm
thickness in which deposited on ITO glass, accordingly. To partially crystallize the
ZnO film, the glass was going through thermal curing process at 200°C for 10
minutes. Secondly, the active layer was made by blending the donor polymer with
Y6BO acceptor according to each blend ratio. 6 mg of polymer and 12 mg of Y6BO
were dissolved in 1 mL of chloroform to give 3:6 blend ratio. While, 6 mg of polymer
and 14 mg of Y6BO were dissolved in 1 mL of chloroform to give 3:7 blend ratio.
Both blend ratios were added with 0.5% v/v 1,8-diiodooctane (DIO). It was
continued by filtration through 0.2 um polytetrafluoroethylene membrane filter. The
blend solution was deposited through spin-coating varying between 1500 to 3000
rpm for 60 seconds to give the uniform active layer thin films with in the range of
105 to 115 nm thickness. The film thickness was measured by Alpha-Step 1Q surface
profiler (KLA-Tencor Co.). Lastly, MoO3; and Ag were sequentially deposited on the
top of the active layer with 3 nm and 100 nm thickness, respectively, by thermal

evaporation through shadow mask with 0.13 cm? device area at 2x10® Torr. The J-V
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characteristics of the device was investigated by using KEITHLEY Model 400
source-measure unit under the 1.0 sun (100 mW/cm?) condition from 150 W Xe lamp
with AM 1.5G filter. The calibration was done by using a Si reference cell with KG5
filter certified by National Institute of Advance Industrial Science and Technology

prior to the simulation.

I1-2. Result and Discussion

11-2.1. Synthesis and Physical Properties of Polymers

The synthetic route to produce all the monomers and polymers is depicted in
Scheme 1. The starting material 1 and 2 were reduced by zinc under acetic acid. This
reaction was done in semi-open system for 5 hours and directly filtered to remove
the zinc after that. The reaction was continued by a condensation reaction with the
a-diketone of 1,2-bis(4-methoxyphenyl)ethane-1,2-dione to produce DPQ monomer
3 and 4. The monomer 3 and 4 were further reacted through a bromination reaction
with N-bromosuccinimide under THF solvent in the room temperature overnight to
yield the final monomer 5 and 6. Eventually, the Stille coupling of IDT derivatives
(7 and 8) and the DPQ monomer (5 and 6) was carefully done to produce the PIDT-
QXMT, PIDT-FQxMT, and PIDTT-FQxMT, respectively, as shown in Figure II-
1. To validate the chemical structure of all materials, some analytical techniques were

conducted to the polymers. The three polymers show the good solubility in typical
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organic solvents including toluene, THF, and chloroform because of the alkyl and
alkoxy chains presence in IDT derivatives and DPQ monomer.

Table 11-1. Molecular weight of the polymers

Polymer M (kDa) My (kDa) PDI
PIDT-QxMT 20.32 45.99 2.26
PIDT-FQxMT 13.07 26.68 2.04
PIDTT-FOXMT 13.99 32.12 2.3

Gel permeation chromatography (GPC) was employed to attain the number-
average molecular weights (Mn), weight-average molecular weights (Mw), and
polydispersity index (PDI), as presented in Table I1-1. The Mn and PDI values of
polymers are 20.32 kDa and 2.26 for PIDT-QxMT, 13.07 kDa and 2.04 for PIDT-

FOXMT, and 13.99 kDa and 2.3 for PIDTT-FOQXMT.
11-2.2. Optical and Electrochemical Properties of Polymers

The optical properties of polymers were analyzed through the UV-Visible
measurement in the 1,2-chlorobenzene solution and a thin-film. Figure I11-2a,b
showed the two main absorption peaks in the range of 350 to 580 nm correspond to
the delocalized n-m* transition and 600 to 800 nm refer to the intramolecular charge

transfer (ICT) along the polymer chain.
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According to Figure 11-2a, the maximum absorption in both n-n* and ICT
region of PIDT-FOQXMT was similar with the reference polymer PIDT-QXMT (572
nm). Interestingly, the PIDTT-FQXMT exhibited the red-shifted n-n* absorption
region owing to the expanded conjugation length in IDTT-based polymer. The
replacement of IDT into IDTT in PIDTT-FOQXMT increased the distance between
polymer chains. The increased distance between donor and acceptor unit resulting in
a blue-shifted high wavelength absorption. This result is supported by previous
literatures [47,48]. The absorption edge of the fluorinated polymers (PIDT-FQXMT
and PIDTT-FQxMT) was red-shifted than the reference polymer (PIDT-QxMT).
Accordingly, the calculated optical band-gaps were systematically decrease along
with the addition of F-substituent and thieno[3,2-b]thiophene units. In addition, the
highest absorption coefficient value was found in PIDTT-FQxMT owing to the
stronger ICT connection between IDTT and DPQ monomer which was reinforced

by F-substituent, as well [44].

To investigate the electrochemical properties of the polymers, cyclic
voltammetry (CV) measurement was used. The oxidation onset was attained and the
HOMO energy level can be calculated, thereafter. As shown in Figure 11-3, the
HOMO energy level of PIDT-QxMT, PIDT-FQXMT, and PIDTT-FQXMT are -
5.06, -5.11, and -5.09 eV, respectively, by using ferrocene as the energy level
reference below the vacuum level. The lower HOMO value of fluorinated polymers

was due to the influence of electron-withdrawing fluorine unit [44,49-51].
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Table 11-2. Optical and electrochemical properties of polymers

Aedge Af&l&tion
(nm), (hm),  HOMO  LUMO
Polymer _
Egap @i v (evr
(eVv)° (nm))
430, 582
PIDT-QxMT 686, 1.81 -5.06 -3.06
(435, 572)
428, 577
PIDT-FQxMT 688, 1.80 -5.11 -3.13
(432, 572)
461, 556
PIDTT-FQxMT 695, 1.78 -5.09 -3.17
(466, 557)

Absorption edge of film, "Estimated optical band-gap from 2A.44., “Maximum
wavelength of polymer in chloroform solution, “Maximum wavelength of polymer
in solid-state, ®Estimated from the oxidation onset potential.

Nonetheless, PIDTT-QxMT possessed a slightly increased HOMO level
owing to the utilization of thieno[3,2-b]thiophene as the electron-donating in the
polymer structure [52]. As listed in Table 11-2, the LUMO energy levels were -3.06,

-3.13, and -3.17 eV for PIDT-QXMT, PIDT-FQXMT, and PIDTT-FQXMT. This
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result indicated that the LUMO levels of the fluorine-modified polymers were lower

than the reference polymer .
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Figure 11-4. Cyclic voltammograms of polymers
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Figure 11-3. Energy level diagram of all materials in the
inverted-type
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11-2.3. Photovoltaic Properties of Polymers

The photovoltaic properties of the polymers were evaluated by constructing
an inverted-type PSCs device with ITO (15Q)/ZnO (25 nm)/active layer
(polymer:Y6BO) (105/115 nm)/MoQs (3 nm)/Ag (100 nm) configuration.

Table 11-3. The best photovoltaic parameters of the PSCs. The averages for the
photovoltaic parameters of each device are given in parentheses

Jse Voc FF PCE Rs
Polymer
(mAcm?) (V) (%) (%)  (Qem?)?

1718 073 518 650
PIDT-QxMT 2.86
(17.05)  (0.73) (515) (6.41)

1992 077 510 782
PIDT-FQXMT 2.31
(19.73)  (0.77) (50.4)  (7.66)

2223 073 524 851
PIDTT-FQXMT 2.32
(22.08)  (0.73) (51.8)  (8.37)

®The series resistance estimated from the corresponding best device.

The blend ratio of polymer donor and Y6BO acceptor was varied to obtain
the maximum device performance. The blend ratio from 3:4 to 3:8 w/w in chloroform
solution was made. The best bland ratio was 3:6 for PIDT-QxMT and PIDT-
FOXMT, whereas 3:7 for PIDTT-FQxXMT with 0.5% v/v of processing additive 1,8-

diiodooctane (DIO).
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Figure 11-5. (a) J-V curve of PSCs under 1.0 sun condition (inset:
under the dark condition) and (b) IPCE spectra of PSCs based on
PIDT-QxMT, PIDT-FQXMT, and PIDTT-FQXMT.
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Figure 11-5a expresses the current density vs. voltage (J-V) curves of the
PSCs device at its optimized condition under AM 1.5G illumination and the whole
photovoltaic properties are listed in Table 11-3. The PCE of the devices based on the
reference polymers PIDT-QxMT was limited to 6.50%, while the devices based on
the PIDT-FOQXMT and PIDTT-FQXMT were enhanced to 7.82% and 8.51%,
consecutively. The apparent increase in PCE of the device based on the fluorinated
polymers was corresponding to the gradual improvement of the current circuit
density (Jsc) with the value of 17.18, 19.92, 22.23 mA cm? following the order of
PIDT-QXMT, PIDT-FOXMT, and PIDTT-FQXMT. This result is coherent with the
trend in molar extinction coefficient. Furthermore, the open-circuit voltage (voc) of
PIDT-FQxXMT (0.77 V) was higher than the reference polymer PIDT-QXMT (0.73
V), as the result of the electron-withdrawing contribution of fluorine. In contrast, the
device based on PIDTT-FQxMT (0.73 V) exhibited the lower Vo compared to that
PIDT-FQxMT, (0.77 V) in which perfectly matched with the trend in HOMO levels.
Additionally, all polymers showed the similar value of fill factor (FF) ranging around

51.0-52.4%.

Figure 11-5b pointed that all polymers possessed the broad light absorption
in the wavelength range of 350 to 900 nm with the maximum incident photon-to-
current efficiency (IPCE) value around 70%. This result validates the trend in Js
value. The inset in Figure 11-5a shows the J-V curves under the darkness to gain the

series resistance (Rs) values. The Rs values were 2.86, 2.37, and 2.32 Q cm?
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decreasing in the order of PIDT-QxMT, PIDT-FQxMT, and PIDTT-

FQXMT  which is consistent with the overall photovoltaic properties of the devices.

The charge-transport properties of all polymers were analyzed by
constructing two devices with different order, ITO/ZnO/active layer/LiF/Al for the
electron-only device and ITO/PEDOT:PSS/active layer/Au for the hole-only device.
As depicted in Figure 11-6, the three polymers show the characteristic of space-
charge-limited-current (SCLC) which is expressed in the famous Mott-Gurney
equation [53,54]. The hole mabilities were calculated to be 5.45 x 10, 6.04 x 10,
and 9.44 x 10 cm? V1 s, whereas the electron mobilities were 1.07 x 1072, 1.13 x
103, and 1.88 x 102 cm? V! s? for PIDT-QXMT, PIDT-FQXMT, and PIDTT-
FQXMT, respectively. It can be deduced that the incorporation of F-substituent could
enhance the charge mobilities, then, the device performance was significantly

improved.
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Figure 11-6. Current density vs. voltage curves of (a) the electron-
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(V)-built-in voltage (Vi) curves with the fitted line)
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Figure 11-7. TEM images of (a) PIDT-QxMT, (b) PIDT-FQXMT, and (c)
PIDTT-FQXMT blend film with Y6BO. From left to right, the scale bars are
0.5,0.2, 0.1 um, respectively.
Figure 11-7 explained the morphology of polymer/Y6BO blend film
which was measured by transmission electron microscopy (TEM). PIDTT-FQXMT

owned the best microscale phase separation, while the worst one was found in PIDT-

FQXMT. The morphological result was coherent with the trend in FF values.
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11-3. Conclusion

Three new D-n-A type conjugated polymers were synthesized via Stille
coupling reaction. The electron-donating IDT was connected to a methoxy-
substituted quinoxaline to produce the reference polymer PIDT-QXMT. Then, the
electron-withdrawing fluorine unit was introduced into the quinoxaline. IDTT and
IDTT were selectively connected to the F-modified DPQ to afford PIDT-FQxMT
and PIDTT-FQxMT, respectively. These polymers were blended with the Y6BO
acceptor in the active layer of the inverted-type PSCs. The PCE based on the
fabricated device was 6.50%, 7.82%, and 8.51% for PIDT-QxMT, PIDT-FQXMT,
and PIDTT-FQXMT, respectively. The best device performance was found in
PIDTT-FQxXMT owing to the electron-withdrawing effect of F atom and the more
planar structure caused by the thieno[3,2-b]Jthiophene units. The introduction of
fluorine decreased the HOMO level which further affect the Vo value. The similar
value of FF was observed. Interestingly, the Jsc value was improved in the order of
PIDT-QXMT, PIDT-FQXMT, and PIDTT-FQXMT indicating the excellent charge
generation of the devices. The best morphology was seen in PIDTT-FQxXMT blend
film showing the good charge separation, thus confirming the improvement in Js
value. Overall, this study provides the significant effect of the fluorine-modified
conjugated polymers. A deeper study is needed to improve the photovoltaic

parameters for the better device performance.
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Chapter Ill.  Synthesis of D-A  Type
Conjugated Polymers for Enhanced
Photovoltaic Performance

I11-1. Experimental Section

I11-1.1. Materials and Instruments

(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-
b'ldithiophene-2,7-diyl)bis(trimethylstannane) (IDT, 3) and 1,1-[6,6,12,12-
tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-d:2,3-d]-s-indaceno[1,2-b:5,6-
b]dithiophene-2,8-diyl]bis[1,1,1-trimethylstannane] (IDTT, 4) were purchased from
Derthon Optoelectronic Materials Science Technology Co., Ltd. All the other
chemicals and solvents, unless otherwise specified, were purchased from Sigma-
Aldrich and Tokyo Chemical Industry and were used as received. The *H and **C
nuclear magnetic resonance (NMR) spectra of all the samples were collected using
JEOL JNM ECP-600 spectrometer and JEOL JNM ECP-400 spectrometer. The
ultraviolet—visible (UV-Vis) spectra of all the samples were recorded on Perkin
Elmer UV-Vis Lambda 365 Spectrometer. Gel permeation chromatography (GPC)
was performed using an Agilent 1200 series instrument with tetrahydrofuran (THF)
as an eluent. Cyclic voltammetry (CV) measurements were conducted using a
VersaSTAT 3 potentiostat (Princeton Applied Research) with a typical three-electrode

system, in which a glassy carbon electrode coated with the samples, a platina wire,
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and silver wire were used as the working, counter, and reference electrodes,
respectively. 0.1 M of tetrabutylammonium hexafluorophosphate solution (BusNPFe)
in acetonitrile was used as the electrolyte solution. Meanwhile,

ferrocene/ferrocenium was used as the external standard.

[11-1.2. Synthesis of Monomers
5,8-dibromo-2,3-bis(4-methoxyphenyl)quinoxaline (2)

In a round-bottom flask, 4,7-dibromobenzo[c][1,2,5]thiadiazole (1 mmol)
was dissolved in ethanol. NaBH, (18.88 mmol) and COCl,.6H,O (0.1 mmol) were
added and the mixture was reacted at 70°C for 3 hr. After that, the mixture was
filtered to remove COCI2.6H.O and then poured into water. The solution was
extracted with ether, dried over with MgSO., and filtered. The solvent was
evaporated and the crude product was directly reacted with anisile (1.2 mmol). The
solution was refluxed for overnight. In the next day, the solution was extracted with
ethyl acetate, dried over with MgSQO., and filtered. The solvent was evaporated in
vacuum condition. The product was purified using column chromatography with
ethyl acetate/hexane (1/20, v/v) as the eluent. Yield = 74% (white). 'H NMR (400
MHz, CDCls): 6 (ppm) = 7.86 (s, 2H), 7.68-7.65 (m, 4H), 6.92-6.88 (m, 4H), 3.85
(s, 6H). C NMR (400 MHz, CDCls): & (ppm) = 160.82, 153.46, 138.99, 132.52,
131.67, 130.53, 123.42, 113.83, 55.31. GC-MS: m/z calcd, 499.96; found, 500.05

[M*].
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I11-1.3. General Procedure of Polymerization using Stille-

Coupling Method with Palladium Catalyst

In a schlenk flask, IDT or IDTT monomer (0.20 mmol), dibrominated-
quinoxaline monomer (2, 0.20 mmol), and Pd(PPhs)4 (3% mol) were dissolved in 10
mL dry toluene. The oxygen was removed by bubbling the solution with nitrogen for
15 minutes. The solution then was stirred at 90°C for 48 hours under nitrogen
protection. 2-trimethylstannylthiophene and 2-bromothiophene were used as the
end-capping agents aiming to stop the reaction. Both end-capping agents were added
to the solution in sequence with 2 hours’ interval. After that, the mixture was
precipitated in methanol. The solid was collected and purified using Soxhlet
extraction with methanol, acetone, hexane, and chloroform, in order. The polymer
collected in the chloroform was evaporated until the solution becomes more viscous.
The polymer was precipitated in methanol. After that, the purified polymer in the
solid form was collected by filtration and dried under vacuum pressure at 70°C

overnight.

111-1.3.1. Polymer PIDT-QxM

(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-
b'ldithiophene-2,7-diyl)bis(trimethylstannane) (3) and 5,8-dibromo-2,3-bis(4-
methoxyphenyl)quinoxaline (2) were used as the monomers. Yield = 81.66% (dark

blue solid). *H NMR (600 MHz, CDCls): § (ppm) = 7.96-7.87 (br, 3H), 7.72-7.7 (d,
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5H), 7.52 (s, 2H), 7.31-7.29 (br, 7H), 7.12-7.1 (br, 8H), 6.92-6.89 (d, 5H), 3.89 (s,
6H), 2.58 (s, 8H), 1.6-1.59 (br, 8H), 1.34-1.28 (br, 21H), 0.87-0.84 (br, 15H).

Molecular weight (GPC): M, = 30.02 KDa and polydispersity index (PDI) = 2.29.
111-1.3.2. Polymer PIDTT-QxM

1,1-[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-d:2,3-d]-
s-indaceno[1,2-b:5,6-b]dithiophene-2,8-diyl]bis[1,1,1-trimethylstannane] (4) and
5,8-dibromo-2,3-bis(4-methoxyphenyl)quinoxaline (2) were utilized as the
monomers. Yield = 76.29% (dark blue solid). *H NMR (400 MHz, CDCls): & (ppm)
= 8.1-8.04 (br, 2H), 7.74-7.72 (br, 6H), 7.63-7.5 (br, 4H), 7.29-7.28 (br, 6H), 7.09-
7.04 (br, 7H), 6.77-6.75 (br, 5H), 3.84 (s, 6H), 2.55 (br, 8H), 1.57 (br, 9H), 1.25-
1.24 (br, 22H), 0.83 (13H). Molecular weight (GPC): M, = 34.85 KDa and

polydispersity index (PDI) = 3.1.
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Figure 111-1. Chemical structure of (a) PIDT-QxM and (b) PIDTT-QxM

43



N 10) N NH (ii) o
L I o

,S:n [, 'O‘ 5 S:"— R (il

N B i

PIDTT QXM

Scheme 2. Synthesis of PIDT-QxM and PIDTT-QxM. (i) NaBH4, COCI,.6H-0,
ethanol, 70°C, reflux, 3 h; (ii) p-anisil, acetic acid, 110°C, reflux, overnight; (iii)
Pd(PPhs)a4, Toluene, 90°C, 48 h.
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I11-1.4. Fabrication and Analysis of Photovoltaic Devices

The polymer was fabricated on the inverted-type of organic solar cells device.
The device structure consisted of 1TO/ZnO/active layer/MoOs/Ag in which the
active layer containing of donor polymer and Y6BO acceptor blend. Y6BO was
purchased from nano-C, Inc. The fabrication was firstly started by the sol-gel process.
Zinc acetate dehydrate (0.164 g) was mixed with ethanolamine (0.05 mL) in 1 mL
of methoxyethanol at 60°C for 30 minutes. This step produced ZnO film with 25 nm
thickness in which deposited on ITO glass, accordingly. To partially crystallize the
ZnO film, the glass was going through thermal curing process at 200°C for 10
minutes. Secondly, the active layer was made by blending the donor polymer with
Y6BO acceptor according to each blend ratio. 6 mg of polymer and 12 mg of Y6BO
were dissolved in 1 mL of chloroform to give 3:6 blend ratio. While, 6 mg of polymer
and 14 mg of Y6BO were dissolved in 1 mL of chloroform to give 3:7 blend ratio.
Both blend ratios were added with 0.5% v/v 1,8-diiodooctane (DIO). It was
continued by filtration through 0.2 um polytetrafluoroethylene membrane filter. The
blend solution was deposited through spin-coating varying between 1500 to 3000
rpm for 60 seconds to give the uniform active layer thin films with in the range of
105 to 115 nm thickness. The film thickness was measured by Alpha-Step 1Q surface
profiler (KLA-Tencor Co.). Lastly, MoO3 and Ag were sequentially deposited on the
top of the active layer with 3 nm and 100 nm thickness, respectively, by thermal

evaporation through shadow mask with 0.13 cm? device area at 2x10°® Torr. The J-V
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characteristics of the device was investigated by using KEITHLEY Model 400
source-measure unit under the 1.0 sun (100 mW/cm?) condition from 150 W Xe lamp
with AM 1.5G filter. The calibration was done by using a Si reference cell with KG5
filter certified by National Institute of Advance Industrial Science and Technology

prior to the simulation.

I11-2. Result and Discussion

I11-2.1. Synthesis and Thermal Properties of Polymers

The synthetic route to produce the monomer and polymers is shown in
Scheme 2. The starting material 1 was reduced by NaBH, with the help of
CoCl,.6H,0 catalyst under ethanol as the solvent. This reaction was done in reflux
condition for 3 hours to yield the intermediate structure. After the extraction process,
the intermediate then was condensed with the o-diketone of 1,2-bis(4-
methoxyphenyl)ethane-1,2-dione to produce quinoxaline-based monomer 2. The
monomer 2 is the final monomer which will be continued to polymerization using
Stille coupling reaction, afterwards. The indacenodithiophene (IDT, 3) and
indacenodithienothiophene (IDTT, 4) were used as the electron-donating material
reacted using the Stille coupling reaction with monomer 2 to construct D-A type
conjugated polymers yielding PIDT-QxM and PIDTT-QxM, respectively, as

displayed in Figure IlI-1. To confirm the chemical structure of the synthesized

46



materials, several analytical techniques were employed to the materials. The two
polymers show the good solubility in common organic solvents including toluene,
THF, and chloroform because of the alkyl and alkoxy chains existence in IDT

derivatives and DPQ monomer.

Table 111-1. Molecular weight of the polymers

Polymer M (kDa) My (kDa) PDI
PIDT-QxM 30.02 68.65 2.29
PIDTT-QxM 34.85 108.06 3.1

To obtain the number-average molecular weights (Mn), weight-average
molecular weights (Mw), and polydispersity index (PDI), the gel permeation
chromatography (GPC) was employed. The Mn and PDI values of polymers are

30.02 kDa and 2.29 for PIDT-QxM and 34.85 kDa and 3.1 for PIDTT-QxM.
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Figure 111-2. TGA curves of PIDT-QxM and PIDTT-QxM at a
heating rate of 10°C/min under nitrogen
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To evaluate the thermal properties of polymers, the thermogravimetric
analysis (TGA) was employed with the condition of 10°C/min heating rate under
nitrogen atmosphere. All polymers show the good thermal stability indicated by the
high decomposition temperature onset with 5% weight loss (Tgse) at 436°C for both

PIDT-QxM and PIDTT-QxM. The TGA curves are shown in Figure 111-2.

I11-2.2. Optical and Electrochemical Properties of Polymers

The optical properties of polymers were measured by conducting the UV-
Visible measurement in both chloroform solution and film-state of the polymers. As
presented in Figure 111-2a,b, the polymers show two main absorption peaks which
is a typical characteristic of D-Atype polymer. The high absorption band in the range
of 300 to 500 nm is refer to the z-m* transition of the conjugated polymer backbone,
while the other high-lying absorption band in the range of 500 to 800 nm refers to
the intramolecular charge transfer (ICT) from the donor (IDT derivatives) to the
acceptor (quinoxaline) unit [55].

According to Figure 111-3, PIDTT-QxM is more bathochromic-shifted than
PIDT-QxM. This is attributed to the more planar and extended conjugation length
which increases the number of delocalized electrons of PIDTT-QxM rather than that
PIDT-QxM. This result agrees with the previous report [38,56,57]. Moreover, the
polymer with IDTT donor exhibited the higher absorption coefficient value than the

one with IDT donor owing to the intense ICT connection between IDTT and DPQ
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monomer.
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Figure 111-3. UV-Visible spectra of polymer in (a) film-state on glass
substrate (spectra are offset for clarity) and (b) monochlorobenzene solution
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As stated in Table I11-2, the maximum wavelength absorptions in ICT
region with chloroform solution of PIDT-QxM and PIDTT-QxM are 601 and 625
nm, while the maximum absorptions in solid-state are 589 and 611 nm, respectively.
The wavelength onset in solid-state for PIDT-QxM and PIDTT-QxM are 684 and
690 nm. From this value, the optical band-gap can be calculated resulting in a slightly

lower band-gap of PIDTT-QxM which is 1.80 eV than PIDT-QxM which is 1.81

eV.
Table 111-2. Optical and electrochemical properties of polymers
Aedge Asolution
(nm)?, (hm), ~ HOMO  LUMO EShy
Polymer
Eb (L QY (eV)' V)
(eV)° (nm)°)
PIDT-QxM 684,1.81 601 (589) -5.18 -3.15 2.03
PIDTT-QxM 690, 1.80 625 (611) -5.09 -3.15 1.95

aAbsorption edge of film, PEstimated optical band-gap from Aedge, “Maximum
wavelength of polymer in chloroform solution, “Maximum wavelength of polymer
in solid-state, ®Estimated from the oxidation onset potential, ‘Estimated from the
reduction onset potential.

Cyclic voltammetry (CV) was conducted to investigate the electrochemical
properties of the polymers. From the CV measurement, the oxidation onset was

obtained and the HOMO energy level was calculated afterwards with the condition
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of ferrocene as the energy level reference below the vacuum level. As shown in
Figure 111-4, the HOMO energy level of PIDT-QxM and PIDTT-QxM are -5.18
and -5.09 eV, respectively. PIDTT-QxM indicates the upshifted HOMO level
compared to PIDT-QxM because of the replacement of two thieno[3,2-b]-thiophene
units in IDTT donor [38,58]. While, The LUMO energy level shows the same value
of -3.15 eV for both PIDT-QxM and PIDTT-QxM.

The summary of the energy levels is explained in the Figure I11-5.
Encouraged by this result, it can be concluded that the incorporation of two
thieno[3,2-b]thiophene units into the indacenodithiophene moiety and the
introduction of electron-donating methoxy into the quinoxaline moiety give the

slightly upshifted of HOMO energy level.
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Figure 111-5. Energy levels of all polymers in an inverted-type PSCs
device
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111-2.3. Theoretical Calculations of Polymers

The frontier molecular orbitals and the electronic structures of all polymers
were observed using density functional theory (DFT) simulation at the B3LYP/6-
311G** level of the Gaussian 09 program. This study was used to understand the
theoretical electrochemical properties with the aim to validate the experimental
result. For the computational calculation, the hexyl chains on the IDT and IDTT
donors were simplified into methyl. While the long polymer chains were represented
in only two repeating units of donor-acceptor. As depicted in Figure 111-6, the
distribution of HOMO wave functions of all polymers is localized along the
conjugated polymer backbone, while the distribution of LUMO wave function is
localized on the electron-withdrawing DPQ unit of the polymer structure. The
theoretical HOMO/LUMO energy level of PIDT-QxM and PIDTT-QxM was -
4.46/-2.13 and -4.49/-2.20 eV, resulting in the theoretical bandgap of 2.33 and 2.29
eV, respectively. In addition, Figure 111-7 shows the simulation of molar absorptivity
and the electronic transition of polymers. PIDTT-QxM exhibited higher molar
absorptivity and oscillator strength compared to that PIDT-QxM owing to the
increased local excitation which is caused by the elongation of conjugation length.
These bandgap and molar absorptivity values obtained from the theoretical were in

the same trend as the experimental result.
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LUMO and HOMO energy levels calculated at the B3LYP/6-31G** level for
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111-2.4. Photovoltaic Properties of Polymers

The photovoltaic properties of the polymers were evaluated by fabricating an
inverted-type PSCs device with the configuration of ITO (15€)/Zn0O (25 nm)/active
layer (polymer:Y6BO) (105/115 nm)/MoQs (3 nm)/Ag (100 nm).

Table 111-3. The best photovoltaic parameters of the PSCs. The averages for the
photovoltaic parameters of each device are given in parentheses.

Jsc Voc FF PCE Rs
Polymer
(mMAcm?) (V) (%) (%)  (Qem?)?

2033 0.74 621 034
PIDT-QxM 2.19
(20.31)  (0.74) (61.2) (9.18)

2335 073 613 1040
PIDTT-QxM 2.16
(23.10) (0.73) (60.7) (10.22)

The series resistance estimated from the corresponding best device.

To optimize the device performance, the blend ratio of donor polymer and
acceptor Y6BO in the active layer plays an important role. The proper amount of
blend ratio between the donor polymer and acceptor Y6BO is observed by varying
the ratio from 3:4 to 3:8 w/w in chloroform solution. The best blend ratios were 3:5
and 3:7 for PIDT-QxM and PIDTT-QxM with 0.5% v/v of processing additive 1,8-

diiodooctane (DI10O).
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Figure 111-8a shows the current density vs. voltage (J-V) curves of the PSCs
device at its optimum condition under AM 1.5G illumination and the detail of the
photovoltaic parameters are listed in Table 111-3. The PCE of PSC device based on
PIDT-QxM was restricted to 9.34%, while the device based on PIDTT-QXM was
increased to 10.40%. This obvious improvement in PCE of the device based on
PIDTT-QxM is corresponding to the higher short circuit current (Jsc) of 23.25 mA
cm? than that PIDT-QxM with 20.33 mA cm of Js value. This outcome is in a
good agreement with the molar extinction coefficient value. Meanwhile, a decrease
of open-circuit voltage (Vo) was noticed in PIDTT-QxM (0.73 V) compared to
PIDT-QxM (0.74 V). This result is in a good accordance with the trend in HOMO
energy level. Furthermore, all polymers show the similar value of fill factor (FF)
differing around 61-62%.

As illustrated in Figure 111-8b, all polymers possessed the broad light
absorption in the wavelength range of 350 to 900 nm with the maximum incident
photon-to-current efficiency (IPCE) value around 70%. This result confirms the UV-
Visible absorption spectra and supports the Jsc value well. Besides, the inset in
Figure 111-8a explains the J-V curves under the darkness to get the series resistance
(Rs) data. PIDTT-QxM demonstrated the lower Rs value of 2.16 Q c¢cm? than that
PIDT-QxM with the value of 2.19 Q cm? which is consistent with the overall

photovoltaic properties of the devices.
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To investigate the charge transporting properties of the polymers, the
electron-only and hole-only devices were constructed with the configuration of
ITO/ZnO/active layer/LiF/Al and ITO/PEDOT:PSS/active layer/Au, accordingly.
Figure 111-9 portrayed that the charge mobility in both polymers show the space
charge limited current (SCLC) characteristic corresponding to the popular Mott-
Gurney law [59]. The hole and electron mobilities of PIDT-QxM and PIDTT-QxM
were 2.40 x 10 and 4.35 x 103 cm? V1 s, and 4.44 x 10 and 7.62 x 10 cm? V!
s, consecutively. It can be seen that the incorporation of thieno[3,2-b]thiophene in
the polymer backbone gives a large impact on enhancing the charge mobilities, thus,

optimizing the device performance.
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(@)

(b)

Figure 111-9. Current density vs. voltage curves of (a) the electron-only
and (b) hole-only devices (inset: current density vs. voltage (V)-built-in
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Figure 111-10. TEM images of (a) PIDT-QxM and (b)
PIDTT-QxM blend film with Y6BO. From top to bottom, the
scale bars are 0.5, 0.2, 0.1 um, respectively.

Figure 111-10 presented the transmission electron microscopy (TEM) to know
the morphology of all polymer blend films with Y6BO. The more uniform
morphology was discovered in PIDT-QxM deducing the more complementary blend
between polymer and Y6BO rather than that PIDTT-QxM. The better microscale
phase separation was seen in PIDTT-QxM than in PIDT-QxM. However, the FF

value of PIDT-QxM is higher than PIDTT-QxM. This result shows that FF value
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is not mainly affected by the morphology, but also the charge-transport properties of

the polymers.
[11-3. Conclusion

Two D-A type conjugated polymers based on quinoxaline were synthesized
via Stille coupling reaction. Methoxy group was introduced to the para position of
the phenyl pendants in the side chain of the quinoxaline unit. Then, the electron-
donating IDT derivatives (IDT and IDTT) were linked to the same electron-accepting
methoxy-substituted quinoxaline moiety to yield PIDT-QxM and PIDTT-QxM,
respectively. These polymers were blended with the Y6BO acceptor in the active
layer which further fabricated in the device. The photovoltaic properties exhibited
an increase in PCE from 9.34% (PIDT-QxM) to 10.40% (PIDTT-QxM). This
remarkable improvement was attributed to the more planar and extended conjugation
length in the polymer backbone by the incorporation of two thieno[3,2-b]thiophene
units. The similar value of V.. and FF were observed in both polymers. However,
the Jsc value was boosted up in PIDTT-QxM as the result of the good charge
generation. The better morphology was also seen in PIDTT-QxM, thus explaining
the good charge separation and transport phenomena that support the enhancement
in Jsc value. After all, this study can offer a comprehensive insight into the utilization
of the methoxy group and IDT derivatives in PSCs. A more thorough study is
required to maximize other photovoltaic parameters such as Voc and FF with the aim

to upgrade the device performance.
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Chapter IVV.  Conclusion

Two series of conjugated polymers were successfully synthesized through
Stille coupling reaction. The first series consisted of three polymers whereas IDT
derivatives were connected to non-fluorinated and fluorinated DPQ through the
thiophene bridge to yield PIDT-QxMT, PIDT-FQXMT, and PIDTT-FQXMT,
respectively. An-inverted type device with the structure of ITO/ZnO/active
layer/MoQs/Ag shows that the best performance was obtained by PIDTT-QxM with
8.51% of PCE, 22.23 mA cm of Js, 0.72 V of Vo, and 52.4% of FF owing to the
employment of fluorine substituent and thieno[3,2-b]thiophene units, simultaneously.
The second series consisted of two polymers whereas the electron-donating IDT
derivatives were directly connected to the simpler electron-accepting methoxy-
substituted DPQ to afford PIDT-QOxM and PIDTT-QxM. With the same device
configuration, the best performance was found in PIDTT-QxM where the PCE was
boosted up to 10.40% with 23.25 mA cm? of Ji, 0.73 V of V,, and 61.3% of FF
ascribed to the expanded conjugation length by the presence of dithieno[3,2-

b]thiophene.
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