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Synthesis of Quinoxaline-based Organic Semiconducting Materials for Optoelectronic

Devices

Seok Woo Lee

Department of Industrial Chemistry, The Graduate School,
Pukyong National University

Abstract

In this study, the electron-withdrawing chlorine (CI) substituents are selectively
incorporated into the quinoxaline unit of D-A-type cocnjugtaed polymers to
investigate their position effects on the photovoltaic properties of the polymers. To
construct the D-A type polymeric architecture, electron-donating benzodithiophene
(BDT) and long alkyl chain-substituted thenyl units and electron-withdrawing
chlorine units are directly linked to the horizontal and vertical directions of the
quinoxaline acceptor, respectively. After confirming the chemical structural, optical,
and electrochemical properties of the resultant Cl-substituted polymers, labeled as
PB-Q, PB-Q-4Cl and PB-Q-5Cl, respectively. Photovoltaic performances are
discovered that the maximum power conversion efficiency of PB-Q-4Cl is 12.95%,
whereas that of PB-Q-5Cl is limited to 11.82%. Therefore, the photovoltaic
performance of quinoxaline-based D—A-type polymers is significantly affected by

the position of electron-withdrawing substituents.
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Chapter I. Introduction

I-1.  Organic Semiconducting Materials

In recent several decades, the development of organic semiconducting materials has
been leading to paving the way toward the growth of high-performance organic
semiconductors [1-3]. Comparing to the inorganic semiconductor, the organic
conductors provide the advantages such as the lightweight, flexibility and low-cost.
Hence, it is important to design and synthesize new organic semiconducting
materials for acquiring the high-performance organic semiconductors. Among of
numerous candidates, the T-conjugated molecule is the most prominent and plays a
very important role. Recently, improving the properties of the energy of frontier
molecular orbitals and the distribution of the orbitals through structural modification
of molecules is an essential element of organic semiconducting materials. For
example, in each case, the energy level of the highest occupied molecular orbital
(HOMO) depends on the electron density and delocalization of the T electrons
through the molecular backbones It has a great effect on optical/electrochemical
factors such as light absorption/emission and charge extraction/injection of
molecules, and can be a key point to improve the performance of organic
semiconductor devices. Until now, organic semiconducting materials are developing

through various structural modification and further development is expected.
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Figure I-1. Representative organic semiconducting materials structures

I-2.  Classification of Organic Semiconductors

Organic semiconducting materials are being applied to organic semiconductors of
various devices by utilizing their unique properties. In general, organic
semiconductors operate by controlling the n-type and p-type characteristics of
molecules [4,5]. The following properties are expressed by the intramolecular
structure and are introduced into the structure of small molecules or the repeating
unit of a polymers to improve various organic semiconductor properties.
Representative devices include the organic field effect transistors (OFETs), organic

light-emitting diodes (OLEDs), and organic photovoltaic devices.



I-2.1. Organic field effect transistors (OFETS)

First, an organic field-effect transistor (OFET) is one of the representative organic
semiconductor devices that use organic semiconducting materials for channels.
Generally, it utilizes charge transport in organic semiconducting materials. The
charge transport in organic semiconducting materials depends on a combination of
molecule’s intrachain polaron conjugation and intermolecular charge carrier hopping
between adjacent molecule chains [6]. The performance of the OFETs is mainly
determined by the charge mobility, and studies are being conducted to improve the

performance of organic semiconducting materials as well.

I-2.2. Organic Light-emitting Diodes (OLEDs)

Second, even in the case of an organic light-emitting diodes (OLEDs), it is one of
the representative organic semiconductor devices using an organic semiconducting
materials as light emission or charge transport layer. Generally, it utilizes the
electroluminescence and carrier transport properties in organic semiconducting
materials [7]. The performance of the OLEDs is mainly determined by the turn-on

voltage, luminance, luminous efficiency, and external quantum efficiency.

1-2.3. Organic Photovoltaics (OPVs)

Third, even in the case of an organic photovoltaics (OPVs), it is one of the



representative organic semiconductor devices using an organic semiconducting
materials as light absorption. OPVs work by photon absorption and exciton
formation in the active layer. Hence, the performance of OPVs is mainly determined

by the power conversion efficiency (PCE) [8-10].

I-3.  Polymer Solar Cells (PSCs)

Since the photovoltaic effect was discovered, various organic molecules have been
utilized in the photoactive layer. Among them, polymer solar cells are being actively
studied due to their excellent properties. In particular, the p-type polymeric donor
has been actively studied for a long time, and the performance of the device has been
rapidly improved through numerous research results [11-13]. Recently, even in the
case of an n-type polymeric acceptor, research is being conducted showing high-

performance device.

The p-type polymeric donor, which has been studied for a long time, is the most
important organic semiconducting materials among the photoactive layer
components of PSCs. Similarly, in this study, electron-withdrawing groups of
different positions were incorporated into the organic semiconducting materials and
applied to polymer solar cells, and the related simple theories will be explained in

the following order of contents.



Conventional Inverted

Figure I-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.

I-4.  Working Principles of Polymer Solar Cells

PSCs driven by sunlight produce renewable energy through four major steps
[14,15]. The energy of sunlight is absorbed by the p-type donor polymer in the
photoactive layer, and excitons, which are electron and hole pairs, are formed.
Therefore, in order to fabricate a high-performance polymer solar cell, it is important
to develop the characteristics of organic semiconducting materials based on
following process. In particular, a strategy to match the energy level between the p-
type polymeric donor and the n-type acceptor is promising. This is closely related to

the operating principle of the polymer solar cell to be described in the contents.
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Figure I-3. The mechanism of the working principles of polymer solar cells

I-4.1. Absorption of photon and Exciton Formation

When a p-type polymeric donor absorbs sunlight, excitons are produced by photons
in the sunlight. Due to the low dielectric constant of organic semiconducting
materials, electrons and holes can be generated from photons by columbic force.
Unlike inorganic semiconducting materials that have a large dielectric constant,
organic semiconducting materials generally have a low dielectric constant. So, the
exciton containing the strong bond of electron and hole pair is produced. This
produced exciton needs another step to separate it into the free electron and hole. In
addition, to convert efficiently sunlight into energy, this is a step to prove that the p-

type polymeric donor must have high absorption coefficient to reduce photon



reflectance and produce a lot of energy.

1-4.2. Exciton Dissociation

After the exciton is produced, an electron is excited from the p-type polymeric
donor’s HOMO to the lowest unoccupied molecular orbital (LUMO). In general, the
generated exciton has a binding energy of 0.3-1 eV and must be overcome and
dissociated. The dissociation of excitons occurs at the interface between the p-type
polymeric donor and the n-type acceptor, which proceeds as a diffusion process. The
efficiency of excite diffusion can calculated through the following equation :

Lp = (D7)'2

Where D is the diffusion coefficient and T is the exciton lifetime.

1-4.3. Charge Separation

Once the exciton arrives the donor/acceptor interface it should undergo separation
into free charges. The charge separation step takes place at the interface of donor and
acceptor with different electron affinities and ionization potentials. Firstly, the
electron transfers from the exciton to the LUMO of the n-type acceptor. At this time,
it is in the form of D'/A" called charge transfer state (CT). Charges are completely
separated by columbic attraction due to the properties of p-type and n-type properties

of organic semiconducting materials. So, electrons and holes are produced.



I-4.4. Charge Extraction

After free electrons and holes are created, they move to each electrode according to
the work function, respectively. The free electrons separated from the exciton move
from the donor’s LUMO to the acceptor’s LUMO to the cathode through high
electron affinity. In the case of holes, they remain in the donor with a low ionization
potential and are collected into the anode. In order to proceed with this step
efficiently, it is applied to improve the device performance by controlling the
properties of the organic semiconducting material to suppress the recombination of

the generated charge.

I-5. Molecular Engineering Design of D-A Type Conjugated

Polymers for Polymer Solar Cells

With the aim to obtain the high-performance polymer solar cells, designing
and synthesizing the suitable conjugated polymer is an essential factor. The p-type
conjugated polymer is expected to have a high extinction coefficient, an appropriate
energy level with an acceptor and a well-formed morphology. In addition, the broad
absorption region from conjugated polymer can be achieved by controlling the
optical bandgap of the energy level. While an appropriate energy level with an
acceptor is highly correlated with the energy loss. Also, morphology is related with

the charge carrier mobility. Like this, several strategies have been studied to achieve



the high-performance PSCs.

I-5.1. D-A Type Conjugated Polymers

For fabricating high-performance PSCs, p-type polymeric donors have been
intensively investigated with alternating electron-donating and accepting units along
their main backbones. As shown in Figure I-3, it is widely known that the
introduction of an alternating D-A structure into a p-type polymer donor improves
optical and electrochemical properties, and that the acceptor and photoactive layer
can be formed more efficiently by utilizing the difference in electron affinity.
Therefore, using the following p-type polymeric donor, a polymer solar cell

performance of about 18% has been recently reached [16—19].

Acceptor.

E Donor 3

& &
5 Acceptor 5 Acceptor

Figure I-4. Advantage of D-A type conjugated polymers



I-5.2. Narrow Band-Gap Polymers

The conjugated polymer’s HOMO/LUMO energy levels strongly depend on the
degree of electron delocalization with effective conjugation length (ECL). So, the
hybridization of molecular orbitals in energy levels are not easily predictable.
Therefore, in order to realize a high-performance PSCs, a polymer repeating unit

with a narrow bandgap has been continuously studied.

Donor Acceptor

—| — ]

1, C % Ly

LUIMO S | — wumo

[
Nous _H_
g [ o

\_ Donor Q‘ﬁl Acceptor/

Figure I-5. Hybridization of molecular orbital energy levels of D-A type polymer
via D-A intermolecular interactions
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I-5.3. Target of Quinoxaline-based Structural Modifications

(g! (5'e— o

\%’ \E’ — —— ———
-~ ~ " F \”’ Cl \‘(f CN \'
(7\ \

Figure I-6. The molecule designing strategy of quinoxaline

In order to improve the advantages of the aforementioned D-A type conjugated
polymers, recently, there are often studies that introduce a quinoxaline acceptor unit
to form a repeating unit. The biggest advantage of quinoxaline (Qx) is that it can
achieve suitable properties through molecular structure modification. Quinoxaline is
an accepting main backbone with many positions available. Thus, intensive studies
have been conducted to control the properties of quinoxaline by introducing aromatic
ring side chains or functional groups in the horizontal and vertical direction. The
following strategy can design infinite chemical structures in the repeating unit
composition of D-A type conjugated polymer and systematically improve the

efficiency of PSCs.
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I-6. Bulk Heterojunction Polymer Solar Cells

Active Layer

— o a
Anode Anode

Figure I-7. The device structure of bilayer-formed active layer (left) and
BHJ formed active layer (right) devices.

In the early days of research on PSCs, donor and acceptor layers were constructed in
the form of a bilayer. However, to construct a high-performance PSCs, a layer was
formed by blending a donor and an acceptor. Therefore, a bulk heterojunction (BHJ)
type PSCs are emerged. The BHJ network can effectively reduce the interfacial
distance between donor and acceptor. This suggests that energy loss can be
minimized and the potential for energy generation can be maximized. Therefore, it
is important to smooth the blending morphology of donor and acceptor, and it can

have a great influence on the performance of PSCs [20].
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I-7.  Performance characteristics of Polymer Solar Cells

Vmax /
—+—PB-Q:Y6 "\

Maximum power

N
[ Maximum
power point

K 1 1 1

Current density (mA/cn?)

J\sc Voltage (V)

Figure I-8. J-V curves in the dark and illuminated PSC devices

Power conversion efficiency (PCE) is the most crucial metric used to evaluate
polymer solar cells performance [21,22].
It is defined as below formula :

Voc X Jsc X FF
PCE = ————
Pin

As in the above equation, the efficiency parameters of the polymer solar cell
include V. related to open-circuit voltage, J;. related to short-circuit current and FF.
First, V,. is defined as the maximum potential produced by the device with the

condition that the device is open circuit which means the J;. value is zero. there is no

13



current circulating the circuit. Second, J,. is defined asthe maximum photocurrent
density produced by the device with the condition that means the V. value is zero.
Finally, FF' is defined as the ratio between the maximum power as the output of
device to the J,. and V. value.

It could be expressed in the mathematical equation below.

_ Vm Xx]Jm

FF = ——
Voc X Jsc

I-8. The Aim of Thesis

The aim of this thesis is to obtain the insight of the chemical structure design
and synthesis of the new D-A type conjugated polymers and the correlation between
the chemical engineering design with its photovoltaic properties applied in the
photovoltaic device. In this study, three different polymers were synthesized. The
polymer was constructed from the BDT derivatives and chlorine-substituted 2,3-
dithenylquinoxaline (DTQ) with the different position effect. This enhanced
photovoltaic performance of the photovoltaic device with the polymer with a C-4
position chlorine atom can be attributed to the increase in the charge mobility,
charge generation and dissociation, molecular ordering, and suppression of
unfavorable recombination kinetics. Therefore, we investigate the incorporation of
a chlorine atom on quinoxaline unit as horizontal direction in photovoltaic

properties.
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Chapter I1. Position effect of Electron-
Withdrawing Chlorine substiutents on D-A Type
Conjugated Polymers for Polymer Solar Cells

I11-1. Experimental Section

11-1.1. Materials and Instruments

lIodine, 3-bromothiophene, Pd(PPh3),Cl, oxalyl chloride, tri(o-tolyl)phosphine, and
aluminium chloride were purchased from TCI chemicals. All other reagent and
solvents were purchased from Sigma Aldrich Chemical Co., Inc. 5-
(bromomethyl)undecane [23] and 5-chloro-4,7-di(thiophen-2-
yl)benzo[c][1,2,5]thiadiazole (14) were produced according to previously similar
reported method [24]. 'H and "*C nuclear magnetic resonance (NMR) spectra were
measured with a JEOL JNM ECP-400 spectrometer. UV-visible spectra were
recorded on a Lamda 365 spectrophotometer. Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) spectroscopy was conducted by
using a Bruker Ultraflex spectrometer. Gel Permeation Chromatography was
analyzed in tetrahydrofuran (THF) by using an Agilent 1200S/mini DAWN TREOS.
Cyclic voltammetry (CV) measurements were carried out by using a VersaSTAT3
potentiostat  (Princeton  Applied Research) with tetrabutylammonium
hexafluorophosphate (0.1M, BusNPFs) as the electrolyte in acetonitrile. For CV

measurements, a glassy carbon electrode coated with the polymer and a platinum

15



wire were used as the working and counter electrode, respectively. A silver wire was
used as a pseudo-reference electrode with a ferrocene(Fc)/ferrocenium(Fc*) external

standard.

11-1.2. Synthesis of Monomers

11-1.2.1. 2-(2-butyloctyl)thiophene (3)

In a two-neck round bottom flask under N, protection, thiophene (1, 2 equiv., 9.98
mmol) was dissolved in anhydrous tetrahydrofuran (THF) and cooled down to -78°C.
After that, n-Butyllithium (2.5 M in Hexane, 2 equiv., 9.98 mmol) was added drop-
wisely and stirred for 1 h. And then, 5-(bromomethyl)undecane (1 equiv, 4.99 mmol)
was added. The mixture was then stirred overnight at room temperature (RT) and
extracted with dichloromethane. The organic layer was collected and dried over
magnesium sulfate. The solvents were removed using rotary evaporator and the
crude product was purified by column chromatography using hexane as eluent. Yield
= 71% (colourless liquid). '"H-NMR (400 MHz, CDCI5) § 7.09 (dd, J = 5.0, 1.4 Hz,
1H), 6.90 (dd, ] =5.0, 3.7 Hz, 1H), 6.73 (q,J = 1.4 Hz, 1H), 2.74 (d, ] = 6.9 Hz, 2H),
1.60 (s, 1H), 1.26-1.24 (m, 16H), 0.88-0.84 (m, 6H). *C-NMR (100 MHz, CDCls)
0 144.4,126.6,125.1,123.0,40.1, 34.3, 33.2,32.9, 32.0, 29.7, 28.9, 26.6, 23.1, 22.8,

14.3, 14.2.
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11-1.2.2. 2-(2-butyloctyl)-3-chlorothiophene (4)

In a two-neck round bottom flask under N, protection, 3-chlorothiophene (2, 1
equiv., 25.3 mmol) was dissolved in anhydrous THF and cooled down to -78°C. After
that, lithium diisopropylamide solution (2.0 M in THF/Heptane/ethylbenzene, 1.2
equiv., 30.36 mmol) was added drop-wisely and stirred for 1 h. And then, 5-
(bromomethyl)undecane (1 equiv, 25.3 mmol) was added. The mixture was then
stirred overnight at room temperature and extracted with dichloromethane. The
organic layer was collected and dried over magnesium sulfate. The solvents were
removed using rotary evaporator and the crude product was purified by column
chromatography using hexane as eluent. Yield = 66% (colourless liquid). 'H-NMR
(400 MHz, CDCl;) 6 7.08 (d, J = 5.0 Hz, 1H), 6.83 (d, J = 5.5 Hz, 1H), 2.70 (d, ] =
6.9 Hz, 2H), 1.65 (s, 1H), 1.27-1.24 (m, 17H), 0.88-0.84 (m, 6H). *C-NMR (100
MHz, CDCls) 6 137.0, 127.4, 122.7, 122.1, 39.5, 33.3, 33.0, 32.2, 32.0, 29.7, 28.8,

26.5,23.1,22.8, 14.2.

11-1.2.3. 3-(2-butyloctyl)thiophene (6)

In an oven-dried two-neck round bottom flask with a condenser under N, protection,
the flask was charged with magnesium-turnings (2.75 equiv., 87.72 mmol) and a tip
of lodine. The flask was heated with a heat-gun. And then, 5-
(bromomethyl)undecane (1.5 equiv., 47.85 mmol) was dissolved in anhydrous

diethyl ether and added dropwise into the flask. After that, the mixture was refluxed
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for 3h. After previous reaction, one more oven-dried two-neck round bottom flask
was prepared and charged with Dichloro[1,3-
bis(diphenylphosphino)propane]nickel(II) (0.003 equiv., 0.0957 mmol) and 3-
bromothiophene (1, 1 equiv., 31.9 mmol) was charged with anhydrous diethyl ether.
The flask was put into an ice bath. The Grignard-reagent was carefully injected, and
the flask left to stand overnight in room temperature. After all reaction, a diluted HCI
solution was slowly added and stirred for 30 min. The mixture was extracted with
diethyl ether. The organic layer was collected and dried over magnesium sulfate. The
solvents were removed using rotary evaporator and the crude product was purified
by column chromatography using hexane as eluent. Yield = 51% (colourless liquid).
"H-NMR (400 MHz, CDCls) 8 7.21 (q, J = 2.6 Hz, 1H), 6.89-6.86 (m, 2H), 2.54 (d,
J=6.9Hz, 2H), 1.58 (t, ] =5.7 Hz, 1H), 1.26-1.23 (m, 16H), 0.87 (t, ] = 3.2 Hz, 6H).
BC-NMR (100 MHz, CDCls) & 142.0, 128.9, 124.8, 120.7, 39.0, 34.8, 33.4, 33.1,

32.0,29.8,29.0, 26.7, 23.1, 22.8, 14.2.

11-1.2.4. 3-(2-butyloctyl)-2-chlorothiophene (7)

In a round bottom flask under N> protection, 3-(2-butyloctyl)thiophene (4, 1 equiv.,
11 mmol) was dissolved in anhydrous THF at RT. After that, N-chlorosuccinimide
(1.05 equiv., 11.55 mmol) was added and stirred overnight at RT. And then, the
mixture was extracted with dichloromethane. The organic layer was collected and

dried over magnesium sulfate. The solvents were removed using rotary evaporator
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and the crude product was purified by column chromatography using hexane as
eluent. Yield = 62% (colourless liquid). '"H-NMR (400 MHz, CDCl;) 6 6.99 (d, ] =
5.5 Hz, 1H), 6.74 (d, ] = 5.5 Hz, 1H), 2.48 (d, ] = 6.9 Hz, 2H), 1.61 (s, 1H), 1.23 (s,
16H), 0.86 (t, J = 6.6 Hz, 7H). *C-NMR (100 MHz, CDCls) & 138.5, 128.6, 125.0,

121.9, 38.6, 33.4, 33.1, 32.6, 32.0, 29.7, 28.8, 26.6, 23.1, 22.8, 14.2.

11-1.2.5. 1,2-bis(5-(2-butyloctyl)thiophen-2-yl)ethane-1,2-dione

()

A solution of oxalyl chloride (1 equiv., 1.7 mmol) in dichloromethane was added in
succession to a solution of aluminium chloride (4 equiv.,, 6.8 mmol) in
dichloromethane cooled down to 0 °C. And then, 2-(2-butyloctyl)thiophene (5, 2.1
equiv., 3.57 mmol) was added dropwise. The mixture was heated to RT and stirred
overnight. And then, the mixture was extracted with dichloromethane. The organic
layer was collected and dried over magnesium sulfate. The solvents were removed
using rotary evaporator and the crude product was purified by column
chromatography using MC/hexane (1/75, v/v) as eluent. Yield : 42% (yellow oil).
"H-NMR (400 MHz, CDCI3) § 7.85 (d, J = 4.1 Hz, 2H), 6.84 (d, ] = 4.1 Hz, 2H),
2.80 (d,J = 6.4 Hz, 4H), 1.67 (s, 2H), 1.26-1.23 (m, 32H), 0.87-0.84 (m, 12H). '*C-
NMR (100 MHz, CDCls) 8 182.7, 159.0, 137.8, 136.9, 127.5, 40.2, 35.3, 33.3, 32.9,

31.9,29.7,28.9, 26.6, 23.0, 22.8, 14.2.
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11-1.2.6. 1,2-bis(5-(2-butyloctyl)-4-chlorothiophen-2-yl)ethane-
1,2-dione (9)

The method to produce 1,2-bis(5-(2-butyloctyl)-4-chlorothiophen-2-yl)ethane-1,2-
dione (9) was similar to the method used to produce compound 8. Instead of 2-(2-
butyloctyl)thiophene (5), 2-(2-butyloctyl)-3-chlorothiophene (6, 3.56 mmol) was
used as the starting material. The crude product was purified by column
chromatography using MC/hexane (1/80, v/v) as eluent. Yield : 43% (yellow oil).
'H-NMR (400 MHz, CDCls) 8 7.86 (s, 2H), 2.78 (d, J = 7.3 Hz, 4H), 1.74 (s, 2H),
1.28-1.24 (m, 32H), 0.87-0.84 (m, 13H). *C-NMR (100 MHz, CDCls) 5 180.4, 151.9,

137.3,133.9, 125.5, 39.6, 33.4, 33.0, 31.9, 29.6, 28.8, 26.5, 23.0, 22.7, 14.2.

11-1.2.7. 1,2-bis(4-(2-butyloctyl)-5-chlorothiophen-2-yl)ethane-
1,2-dione (10)

The method to produce 1,2-bis(4-(2-butyloctyl)-5-chlorothiophen-2-yl)ethane-1,2-
dione (10) was similar to the method used to produce compound 8. Instead of 2-(2-
butyloctyl)thiophene (5), 3-(2-butyloctyl)-2-chlorothiophene (7, 4 mmol) was used
as the starting material. The crude product was purified by column chromatography
using MC/hexane (1/80, v/v) as eluent. Yield : 48% (yellow oil). '"H-NMR (400 MHz,
CDCl;) & 7.80 (s, 2H), 2.51 (d, J = 7.3 Hz, 4H), 1.63 (s, 2H), 1.25-1.22 (m, 32H),

0.87-0.83 (m, 13H). *C-NMR (100 MHz, CDCI;) 6 180.0, 141.0, 140.3, 138.6, 133.2,
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38.5,33.3,33.0, 32.6,31.9, 29.7, 28.8, 26.5, 23.1, 22.7, 14.2.

11-1.2.8. 5-chlorobenzo/c][1,2,5]thiadiazole (12)

S-chlorobenzo[c][1,2,5]thiadiazole (12) was produced according to previously reported
method. "H-NMR (400 MHz, CDCl;) 6 8.01 (t, J = 1.4 Hz, 1H), 7.93 (d, ] = 8.7 Hz,

1H), 7.54 (dd, = 9.4, 2.1 Hz, 1H).

11-1.2.9. 4,7-dibromo-5-chlorobenzofc|[1,2,5]thiadiazole (13)

4,7-dibromo-5-chlorobenzo[c][1,2,5]thiadiazole (13) was produced according to

previously reported method . "H-NMR (400 MHz, CDCls)  7.93 (d, J =0.9 Hz, 1H).

11-1.2.10. 5-chloro-4,7-di(thiophen-2-

ylhbenzo[c][1,2,5]thiadiazole (14)

5-chloro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (14) was produced
according to previously reported method. 'H-NMR (400 MHz, CDCl;) § 8.11 (d,J =
3.7 Hz, 1H), 7.95 (s, 1H), 7.75 (dd, J = 3.5, 1.0 Hz, 1H), 7.58 (dd, J = 5.0, 0.9 Hz,

1H), 7.50 (dd, J = 5.0, 0.9 Hz, 1H), 7.23-7.20 (m, 2H).
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11-1.2.11. 2,3-bis(5-(2-butyloctyl)thiophen-2-yl)-6-chloro-5,8-
di(thiophen-2-yl)quinoxaline (15)

In a round bottom flask, 5-chloro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole
(14, 1 equiv., 0.83 mmol) and Zinc powder (20 eq., 12.42 mmol) were mixed together
with acetic acid (20 mL) at 80°C and stirred for 4h. After that, the Zinc powder was
filtered off. 1,2-bis(5-(2-butyloctyl)thiophen-2-yl)ethane-1,2-dione (8, 1 equiv., 0.83
mmol) was then added into the filtrate and the mixture was stirred overnight at 110°C.
It was cooled down to room temperature. And then, the mixture was extracted with
dichloromethane. The organic layer was collected and dried over magnesium sulfate.
The solvents were removed using rotary evaporator and the crude product was
purified by column chromatography using MC/hexane (1/60, v/v) as eluent. Yield :
42% (yellow-orange oil). 'H-NMR (400 MHz, CDCl;) 6 8.08 (s, 1H), 7.87 (dd, J =
3.9, 1.1 Hz, 1H), 7.60 (dd, J = 5.0, 1.4 Hz, 1H), 7.55-7.52 (m, 2H), 7.40 (d, J = 3.7
Hz, 1H), 7.35 (d, J = 3.7 Hz, 1H), 7.20 (ddd, ] = 11.9, 5.0, 3.7 Hz, 2H), 6.68 (d, ] =
3.7 Hz, 1H), 6.61 (d, J = 3.9 Hz, 1H), 2.78 (dd, ] = 29.5, 6.6 Hz, 4H), 1.67 (d, ] =
26.1 Hz, 2H), 1.32-1.26 (m, 32H), 0.91-0.85 (m, 12H). *C-NMR (100 MHz, CDCls)
6 150.2, 149.8, 145.8, 144.6, 139.5, 139.4, 139.0, 137.4, 135.0, 134.5, 134.1, 132.2,
130.9, 130.1, 130.0, 129.5, 129.2, 128.4, 128.0, 127.5, 126.9, 126.1, 125.9, 125.8,
40.0, 39.9, 34.8, 34.8, 33.4, 33.4, 33.0, 33.0, 32.0, 29.8, 29.0, 26.7, 23.1, 23.1, 22.8,

14.3, 14.3.
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11-1.2.12. 2,3-bis(5-(2-butyloctyl)-4-chlorothiophen-2-yl)-6-
chloro-5,8-di(thiophen-2-yl)quinoxaline (16)

The method to produce 2,3-bis(5-(2-butyloctyl)-4-chlorothiophen-2-yl)-6-chloro-
5,8-di(thiophen-2-yl)quinoxaline (16) was similar to the method used to produce 15.
Instead of 1,2-bis(5-(2-butyloctyl)thiophen-2-yl)ethane-1,2-dione (8), 1,2-bis(5-(2-
butyloctyl)-4-chlorothiophen-2-yl)ethane-1,2-dione (9, 0.72 mmol) was used as the
dione. The crude product was purified by column chromatography using MC/hexane
(1/70, v/v) as eluent. Yield : 40% (yellow-orange oil). 'TH-NMR (400 MHz, CDCl5)
08.12 (s, 1H), 7.84 (dd, J = 3.9, 1.1 Hz, 1H), 7.60 (dd, J = 5.0, 0.9 Hz, 1H), 7.55 (dd,
J =53, 1.1 Hz, 1H), 7.50 (q, J = 1.5 Hz, 1H), 7.34 (s, 1H), 7.28 (s, 1H), 7.22-7.18
(m, 2H), 2.81 (d, J = 7.3 Hz, 2H), 2.73 (d, ] = 6.9 Hz, 2H), 1.78 (t, ] = 5.3 Hz, 1H),
1.70 (t, J = 2.6 Hz, 1H), 1.35-1.27 (m, 32H), 0.90-0.86 (m, 12H). *C-NMR (100
MHz, CDCls) 6 144.4, 143.2, 142.9, 142.5, 139.6, 137.5, 137.1, 137.0, 135.2, 135.0,
134.2, 132.4, 131.0, 129.9, 129.8, 129.5, 129.1, 128.1, 127.7, 127.0, 126.2, 123.1,
123.0,39.4,39.3, 33.5,33.4, 33.1, 33.0,32.7,32.7,32.0, 29.8, 29.7, 28.8, 28.8, 26.7,

23.1,23.1,22.8, 14.3, 14.2.

11-1.2.13. 2,3-bis(4-(2-butyloctyl)-5-chlorothiophen-2-yl)-6-

chloro-5,8-di(thiophen-2-yl)quinoxaline (17)

The method to produce 2,3-bis(4-(2-butyloctyl)-5-chlorothiophen-2-yl)-6-chloro-
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5,8-di(thiophen-2-yl)quinoxaline (17) was similar to the method used to produce 15.
Instead of 1,2-bis(5-(2-butyloctyl)thiophen-2-yl)ethane-1,2-dione (8), 1,2-bis(4-(2-
butyloctyl)-5-chlorothiophen-2-yl)ethane-1,2-dione (10, 0.87 mmol) was used as the
dione. The crude product was purified by column chromatography using MC/hexane
(1/70, v/v) as eluent. Yield : 41% ( yellow-orange oil). 'H-NMR (400 MHz, CDCl5)
08.10 (s, 1H), 7.81 (dd, J =3.9, 1.1 Hz, 1H), 7.64 (dd, J=5.3, 1.1 Hz, 1H), 7.58 (dd,
J=5.0,0.9 Hz, 1H), 7.50 (q, J = 1.7 Hz, 1H), 7.31 (s, 1H), 7.26-7.24 (m, 2H), 7.19
(dd,J=4.9,3.8 Hz, 1H), 2.46 (dd, J =19.2, 7.3 Hz, 4H), 1.57 (dd, ] = 12.1, 5.3 Hz,
2H), 1.24 (s, 32H), 0.88-0.85 (m, 12H). >*C-NMR (100 MHz, CDCl;) § 144.3, 143.1,
139.5, 139.3, 139.3, 138.0, 137.5, 137.0, 135.1, 134.9, 134.2, 132.3, 131.2, 131.1,
130.9,130.9, 130.4, 129.9, 129.4, 129.0, 128.2, 127.6, 127.0, 126.2, 38.6, 38.6, 33.3,

33.0,32.7,32.0, 29.8, 28.8, 26.5, 23.1, 22.8, 14.3, 14.2.

11-1.2.14. 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(5-(2-
butyloctyl)thiophen-2-yl)-6-chloroquinoxaline (18)

In a round bottom flask under N, protection, 2,3-bis(5-(2-butyloctyl)thiophen-2-
yl)-6-chloro-5,8-di(thiophen-2-yl)quinoxaline (15, 1 equiv.,, 0.33 mmol) was
dissolved in anhydrous THF at RT. After that, N-bromosuccinimide (2.1 equiv.,
0.693 mmol) was added and stirred overnight at RT. And then, the mixture was

extracted with dichloromethane. The organic layer was collected and dried over

magnesium sulfate. The solvents were removed using rotary evaporator and the
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crude product was purified by column chromatography using MC/hexane (1/50, v/v)
as eluent. Yield : 70% (orange oil). 'H-NMR (400 MHz, CDCl3) 6 7.99 (t, ] = 1.4
Hz, 1H), 7.52 (td, J = 2.6, 1.1 Hz, 1H), 7.40 (d, J = 3.7 Hz, 1H), 7.36 (dd, J = 5.0,
3.7 Hz, 2H), 7.14 (d,J = 4.1 Hz, 1H), 7.11 (d, J = 4.1 Hz, 1H), 6.70 (d, J = 4.1 Hz,
1H), 6.64 (d, J = 3.7 Hz, 1H), 2.80 (dd, J = 24.9, 6.6 Hz, 4H), 1.70 (d, J = 21.0 Hz,
2H), 1.30 (t, J = 14.6 Hz, 33H), 0.90-0.84 (m, 12H). *C-NMR (100 MHz, CDCl5) &
150.8, 150.4, 146.1, 144.8, 139.2, 138.9, 138.5, 138.2, 135.9, 134.4, 133.7, 1314,
130.3, 130.3,129.4, 128.9, 128.3, 127.3, 126.7, 126.0, 118.0, 115.6, 40.1, 40.0, 34.9,
34.9,33.4,33.4,33.1, 33.0, 32.0, 29.8, 29.0, 29.0, 26.8, 26.7, 23.1, 22.8, 14.3, 14.3.

MALDI-TOF MS: m/z calcd, 987.52; found, 987.337 [M*].

11-1.2.15. 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(5-(2-
butyloctyl)-4-chlorothiophen-2-yl)-6-
chloroquinoxaline (19)

The method to produce 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(5-(2-butyloctyl)-4-
chlorothiophen-2-yl)-6-chloroquinoxaline (19) was similar to the method used to
produce 18. 2,3-bis(5-(2-butyloctyl)-4-chlorothiophen-2-yl)-6-chloro-5,8-
di(thiophen-2-yl)quinoxaline (16, 0.32 mmol) was used as the starting material. The
crude product was purified by column chromatography using MC/hexane (1/50, v/v)

as eluent. Yield : 61% (orange oil). '"H-NMR (400 MHz, CDCI;) § 8.01 (g, J = 1.9
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Hz, 1H), 7.49 (dd, ] = 4.1, 0.9 Hz, 1H), 7.34-7.29 (m, 3H), 7.15-7.10 (m, 2H), 2.80
(dd, ] = 24.7, 6.9 Hz, 4H), 1.81-1.76 (m, 2H), 1.37-1.24 (m, 32H), 0.91-0.84 (m,
12H). 3C-NMR (100 MHz, CDCls) § 144.7, 143.5, 143.4, 143.1, 139.1, 137.8, 137.2,
136.5, 135.5, 134.6, 131.7, 131.5, 130.0, 129.9, 129.5, 129.0, 128.5, 128.0, 126.9,
123.2,123.1, 118.3, 115.7, 39.5, 39.4, 33.5, 33.1, 33.1, 32.8, 32.0, 29.7, 28.9, 28.8,

26.7,23.1,22.8, 14.3. MALDI-TOF MS: m/z calcd, 1056.41; found, 1057.409 [M"].

11-1.2.16. 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(4-(2-
butyloctyl)-5-chlorothiophen-2-yl)-6-
chloroquinoxaline (20)

The method to produce 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(4-(2-butyloctyl)-5-
chlorothiophen-2-yl)-6-chloroquinoxaline (20) was similar to the method used to
produce 18. 2,3-bis(4-(2-butyloctyl)-5-chlorothiophen-2-yl)-6-chloro-5,8-
di(thiophen-2-yl)quinoxaline (17, 0.44 mmol) was used as the starting material. The
crude product was purified by column chromatography using MC/hexane (1/50, v/v)
as eluent. Yield : 68% (orange oil). 'H-NMR (400 MHz, CDCl;) & 7.94 (s, 1H), 7.45
(d,J=4.1Hz, 1H), 7.31-7.26 (m, 3H), 7.16-7.08 (m, 2H), 2.47 (dd, J = 18.5, 7.1 Hz,
4H), 1.59 (q, J = 5.8 Hz, 2H), 1.26-1.23 (m, 32H), 0.86-0.83 (m, 12H). *C-NMR
(100 MHz, CDCls) & 144.8, 143.4, 139.5, 139.4, 139.0, 137.8, 137.4, 136.7, 135.5,

134.5, 134.5, 131.7, 131.6, 131.5, 131.2, 130.7, 129.6, 129.1, 128.4, 127.9, 127.0,
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118.2,115.7,38.7,38.6, 33.3, 33.0,33.0,32.7, 32.0, 29.8, 28.8, 26.6, 23.2, 22.8, 14.3,

14.2. MALDI-TOF MS: m/z calcd, 1056.41; found, 1057.385 [M].

11-1.3. General Procedure of Polymerization using Stille-

Coupling Method with Palladium Catalyst

In a schlenk flask, BDT (0.20 mmol), dibrominated-quinoxaline monomer (0.20
mmol), tri(o-tolyl)phosphine (40% mol), and Pd,(dba)s (5% mol) were dissolved in
10 mL dry chlorobenzene, DMF. The oxygen was removed by bubbling the solution
with nitrogen for 15 minutes. The solution then was stirred at 110°C for 2 days under
N> protection. 2-tribuhylstannylthiophene 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 h’ interval. After that, the polymer solution was
precipitated in methanol and the solid was collected by filtration. The solid residue
was further purified by Soxhlet extraction with methanol, acetone, hexane, and
chloroform. The polymer in chloroform faction was recovered by precipitation into

methanol again, Finally, the polymer was dried in a vacuum oven at 55 °C.

11-1.3.1. PB-Q

In a Schlenk flask, compound 18 (0.14 mmol, 1 equiv.), (4,8-bis(4-chloro-5-(2-

ethylhexyl)thiophen-2-yl)benzo[ 1,2-b:4,5-b'|dithiophene-2,6-
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diyl)bis(trimethylstannane) (0.14 mmol, 1 equiv.), tri(o-tolyl)phosphine (0.056
mmol, 40 mol%) and tris(dibenzylideneacetone)dipalladium (Pd»(dba)s, 0.007 mmol,
5 mol%) were mixed together in anhydrous mixed solvent of chlorobenzene (4 mL)
and DMF (1 mL). After N, bubbling for 15 min, the solution was stirred at 110 °C
for 48 h under N, protection. The polymerization was finished by adding two end-
capping agents of 2-tributylstannylthiophene and 2-bromothiophene at 2h interval.
The polymer solution was precipitated in methanol and the solid was collected by
filtration. The solid residue was further purified by Soxhlet extraction with methanol,
acetone, hexane, and chloroform. The polymer in chloroform faction was recovered
by precipitation into methanol again, Finally, the polymer was dried in a vacuum
oven at 55 °C. Yield = 95% (dark red solid). '"H-NMR (400 MHz, CDCl;) & 7.26-
8.79 (9H), 6.50-7.22 (4H), 2.43-3.25 (8H), 1.62-1.92 (4H), 1.10-1.52 (48H), 0.74-
1.03 (24H). Molecular weight by GPC: number-average molecular weight (Mn) =

64.37 KDa, polydispersity index (PDI) = 2.63.

11-1.3.2. PB-Q-4Cl

The same procedure used to prepare PB-Q was used to produce PB-Q-4Cl.
Instead of compound 18, compound 19 was used as the alternative dibrominated
quinoxaline monomer. Yield = 92% (dark red solid). 'H-NMR (400 MHz, CDCIs) §
7.27-8.13 (9H), 6.91-7.19 (2H), 2.30-3.61 (8H), 1.64-1.90 (4H), 1.14-1.40 (48H),

0.73-0.94 (24H). Molecular weight by GPC: number-average molecular weight (Mn)
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= 37.48 KDa, polydispersity index (PDI) = 3.15.

11-1.3.3. PB-Q-5CI

The same procedure used to prepare PB-Q was used to produce PB-Q-5Cl. Instead
of compound 18, compound 20 was used as the alternative dibrominated quinoxaline
monomer. Yield = 89% (dark red solid). '"H-NMR (400 MHz, CDCls) & 7.26-7.90
(9H), 6.74-7.19 (2H), 2.26-3.25 (8H), 1.68-1.91 (4H), 1.19-1.39 (49H), 0.82-0.95

(24H). Molecular weight by GPC: number-average molecular weight (Mn) = 32.25

KDa, polydispersity index (PDI) = 3.52.

Figure II-1. Chemical structure of PB-Q-Cl Series.
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I1-1.4. Fabrication and Analysis of Photovoltaic Devices

The polymer was fabricated on the conventional-type of polymer solar cells device.
The device structure consisted of ITO/PEDOT:PSS/PB-Q-Cl Series: Y6 /PDINO/AL
The ITO glass substrate was cleaned via sequential sonication with deionized water,
acetone, and 2-propanol each for 10 minutes. After drying the substrates were
subjected to UV-oxone treatment for 15 min. Subsequently, the SnO, diluted solution
was spin-coated at 3000 rpm for 30 s and then thermal annealed at 150 °C for 15
minutes. Prior to the active film coatings the substrates were subjected to the UV
treatment for 10 minutes. A solution of the polymers with Y6 was made by dissolving
in CHCI; with 0.5% DIO. The blended solution was spin-coated at 2000-3000 rpm
for 30 s to achieve an active layer thickness of 100 nm. Post process of spin-coating,
the substrates were taken under a pressure of <10-6 Torr, with 8 nm and 100 nm

thickness of MoOx and Ag metal electrode, respectively using thermal evaporator.

Figure I1-2. Device structure of PSCs
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11-2. Result and Discussion

11-2.1. Synthesis and Physical Properties of Polymers

The preparation routes for the monomers and polymers are shown in Scheme 1, and
their synthetic routes and analytical results are described in the previous
experimental section. First, the reaction of starting materials afforded thiophene
derivatives was performed. Second, a-diketone was prepared via the Friedel-Crafts
reaction of first step intermediates in the presence of oxalyl chloride. Third, the zinc-
mediated reduction and  condensation were performed on @ 4,7-
dibromo[c][1,2,5]thiadiazole derivatives to synthesize dibrominated quinoxaline
monomers with strong = electron-withdrawing Cl substituents. Finally, the
polymerization of a chlorinated BDT donor with dibrominated quinoxaline under the
Stille coupling condition yielded the target D—A-type quinoxaline-based polymers,
i.e., PB-Q, PB-Q-4Cl and PB-Q-5Cl, respectively. In this synthetic strategy, a
unique polymeric architecture, in which the electron-donating BDT and different
position chlorine substituents are located in the horizontal and vertical directions of
the electron-accepting quinoxaline unit, respectively, was achieved. The formation
of the D-A structure not only strengthened the structural uniqueness of the target
polymers, but also induced broad light absorption and reduced the bandgap through
the facile electron transfer process in both directions. The molecular weights of the
polymers were analyzed via gel permeation chromatography using tetrahydrofuran

(THF) as the eluent. The number-average molecular weight and polydispersity index
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of PB-Q, PB-Q-4Cl1 and PB-Q-5Cl were 64.37 kDa and 2.63, 37.48 kDa and 3.15,
and 32.25 kDa and 3.52, respectively. These polymers exhibited good solubility in
various organic solvents such as chloroform, toluene, and chlorobenzene, owing to
the existence of 2-ethylhexyl and 2-butyloctyl side chains on BDT and quinoxaline
units, respectively.

Table II-1. Molecular weight of the polymers

Polymer M, (kDa) My, (kDa) PDI
PB-Q 64.37 169.29 2.63
PB-Q-4Cl1 37.48 118.06 3.15
PB-Q-5C1 32.25 113.52 3.52

11-2.2. Optical and Electrochemical Properties of Polymers

The optical properties of the polymers were analyzed using ultraviolet—visible
(UV—Vis) spectroscopy. As shown in Figures II-2, all polymers exhibited three
broad absorption peaks in both the chloroform solution and film on the glass
substrate. The peak in the shorter wavelength region of 300—470 nm was associated
with the m—m* transitions of the conjugated backbones, whereas that at longer
wavelength regions of 470-700 nm originated from the formation of an ICT state
between the donor and acceptor units in the polymer chains. The molar extinction
coefficients (¢) in the ICT region of PB-Q, PB-Q-4Cl and PB-Q-5Cl in chloroform

solution were 5.80 x 10% 5.40 x 10* M cm™ and 5.30 x 10* M™! em™, respectively.
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The maximum absorption peak of PB-Q-5CI was red shifted by approximately 8§ nm
compared with that of other polymers. Interestingly, the ¢ value of PB-Q at longer
wavelengths compared with that of other polymers shows highest value caused by
the drawbacks of more electron-withdrawing Cl units. The three polymers exhibited
good complementary light absorption spectra with an n-type Y6 acceptor in the film
state, which is beneficial for improving the photovoltaic properties of the devices. In
addition, the optical bandgaps of PB-Q, PB-Q-4Cl and PB-Q-5Cl calculated from

the absorption edge in film state were 1.77, 1.76 and 1.72 eV, respectively
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Figure I1-3. UV-Visible spectra of polymer in (a) chloroform solution
and (b) film-state on glass substrate (spectra are offset for clarity)
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The electrochemical properties of the polymers were analyzed using cyclic
voltammetry (CV) measurements with a ferrocene (Fc)/ferrocenium (Fc™) external
standard. The HOMO and LUMO energy levels were determined from the onset
oxidation and reduction potentials, respectively, in the cyclic voltammograms. The
calculated HOMO/LUMO energy levels of PB-Q, PB-Q-4Cl and PB-Q-5Cl were
-5.47/-3.16, -5.58/-3.25 and -5.54/-3.40 eV, respectively. The different position of Cl
unit can induce a significant reduction in both the HOMO and LUMO energy levels
of PB-Q-4Cl and PB-Q-5Cl compared with those of PB-Q. In addition, the
electrochemical bandgaps of PB-Q, PB-Q-4Cl and PB-Q-5Cl estimated from the
difference between their HOMO and LUMO energy levels were 2.33, 2.33 and 2.14
eV, respectively. The electrochemical bandgap of the polymers exhibited the same
trend as the optical bandgaps. The optical and electrochemical properties of the
polymers are listed in Table II-2. Based on the results, it was discovered that the
different position of Cl moiety in the quinoxaline acceptor unit slightly affected the

optical and electrochemical properties of the corresponding D—A-type polymers.
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Table II-2. Optical and electrochemical properties of the PB-Q-CI Series

. (M'l Eopta Asolution HOMO LUMO E 5éepc

gap max

Polymers o) @V) (nm)? (eV)" (eV)! V)
PB-Q 5'?84 X 77 362, 540 -5.47 -3.16 2.33

PB-Q4Cl 5'1(())4 X 176 366, 541 -5.58 -3.25 2.33

PB-Q5Cl 5'3;(())4 W 367,554 -5.54 -3.40 2.14

“Estimated from the absorption edge in the film state. "Maximum absorption
wavelengths of polymers in chloroform solution. °Estimated from the oxidation onset
potential. ‘Estimated from the reduction onset potential. ¢Calculated from the

oxidation and reduction onset potentials in the CV curves.

>

—o—PB-Q
—c—PB-Q-4C1
——PB-Q-5C1

2.0 -15 -1.0 -0.5 0.0 0.5 1.0
E vs Fe/FeT (V)
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Figure I1-4. Cyclic voltammograms of PB-Q-Cl polymers

37



-3.63
-3.70

ITO PEDOT o
[ -PSS w
-4.7 I g
-5.1 o

PB-Q-4CI

-5.47
-5.58 ~3-34

-5.68

-6.21

Figure II-5. Energy level diagram of all materials in the
Conventional-type devices: HOMO was obtained from CV
results and LUMO was obtained from optical band gap.

11-2.3. Theoretical calculation

Density functional simulations using the Gaussian 09 program at the B3LYP/6-
31G** level were performed to estimate the optimized geometries and frontier
molecular orbitals of the polymers[25]. To reduce complicated computational
calculations, 2-ethylhexyl chains on BDT donors and long alkyl chains on polymer
backbones were simplified to the shortest methyl group and small dimer unit,
respectively. In the optimized geometries, the dihedral angles between the thiophene

unit and quinoxaline acceptor in the polymer backbone changed significantly from
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54.6° in chlorine atom adjacent position and 23.5° in chlorine atom far position site.
From the viewpoint of frontier molecular orbitals, similar characteristic features
were observed in the three polymers. The HOMO wave functions of all the polymers
were localized on the BDT units, whereas their LUMO wave functions were
delocalized along the quinoxaline units. However, the HOMO and LUMO energy
levels of the polymers were changed significantly by the position of electron-
withdrawing substituent on the quinoxaline acceptor. The simulated HOMO/LUMO
energy levels of PB-Q, PB-Q-4Cl and PB-Q-5Cl1 were -5.01/-2.65 eV, -5.14/-2.76
eV and -5.13/-2.77 €V, respectively. Therefore, both the HOMO and LUMO energy
levels of PB-Q, PB-Q-4Cl and PB-Q-5Cl were exhibited relatively different values
for introducing Cl moiety and each position. As experimentally observed based on
the HOMO/LUMO energy levels of the polymers using CV measurements, the
theoretical HOMO/LUMO energy levels of the polymers reduced owing to the

substitution of Cl atom and different position.
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Figure I1-6. Frontier molecular orbitals of two-repeating unit models with
energy levels calculated at the B3LYP/6-31G** level for PB-Q-CIl Polymers

40



11-2.4. Photovoltaic Characteristics

The photovoltaic chracteristics of the PB-Q-Cl series were investigated by
fabricating conventional-type PSCs with the ITO/PEDOT: PSS/Active
layer:Y 6/PDINO/ALl structure. After measuring the devices under various fabrication
parameters, the optimum fabrication conditions were determined. Especially, the
devices based on PB-Q-Cl series polymers, and the polymer:Y6 blend ratios of 1:1
as the same condition. During the casting of the active layer, 1.0 vol% of 1,8-
diiodooctane was used as a processing additive. The current density-voltage (J—V)
curves of the PSCs under optimum conditions and the irradiation of 1.0 sun are
shown in Figure II-6a, and the photovoltaic parameters are listed in Table II-3. The
PCE of the device based on PB-Q was limited to 12.44%, while that of the devices
based on the C-4 position chlorinated polymer, PB-Q-4Cl, increased to 12.95%. The
introduction of C-4 position chlorine atom not only extended absorption region but
also reduced the HOMO energy level of the polymer. This enhanced the short-circuit
current density (Jsc) and Voc of the device, thus increasing its PCE. Interestingly,
although the PCE value of the device based on PB-Q-Cl was lower than that of the
device based on PB-Q, it was significantly lower than that of the device based on
PB-Q-4Cl. Because of the HOMO energy levels of PB-Q-5Cl, the corresponding
device showed the highest Voc value of 0.82 V. However, the Jsc and fill factor (FF)
of the device based on PB-Q-5CI were lower than those of the device based on PB-

Q. Therefore, it can be stated that the position of chlorine units in quinoxaline-based
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polymers dramaticcaly affects their photovoltaic chracteristics. Figure II-6b shows

the external quantum efficiency (EQE) curves of all the devices under optimum

conditions. As can be observed from the Figure II-6b, the devices exhibited good

photon responses over the absorption range of 300-950 nm.

Table II-3. Best photovoltaic parameters of the PSCs. Values in parentheses
represent average value of photovoltaic parameters for each device

Jsc ‘]EQE Voc FF
Polymer PCE (%)
(MAcm?)  (mAcm?) (V) (%)
PB-Q 26.32 26.10 0.76 62.16 12.44
PB-Q4CI 24.90 24.04 0.82 63.63 12.95
PB-Q5CI 24.47 23.66 0.79 61.29 11.82

®The series resistance estimated from the corresponding best device.
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Figure I1-7. (a) J-V curve of PSCs under 1.0 sun condition and (b)
EQE spectra of PSCs based on PB-Q-Cl Series.
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Table II-4. SCLC characterization of the PSCs.

G P n "
Polymer e (ET)sc " ¢
4 2 -4 2 By /lle
(1028 m S-l) (%) (10 "cm (10 "cm
V_l S—l) V_l s-1)
PB-Q 1.67 98.23 5.80 2.80 2.07
PB-Q4CI 1.58 98.96 6.00 3.60 1.67
PB-Q5CI 1.66 92.94 7.00 2.40 2.92

To further evaluate the charge carrier transfer properteis of the active blends in
single-carrier devices, J-V characteristics of the electron- and hole-only devices
were analyzed with a well-known space-charge-limited-current (SLCL) model. The
structures of the devices employed were ITO/PEDOT:PSS/active layer/Au and
ITO/PDINO/active layer/LiF/Al for the hole- and electron-only devices, respectively.
The characteristic J—V curves of the single-carrier devices are shown in Figure I1-7
and Table I1-4. The electron (u.) and hole (ux) mobilities of the PB-Q:Y6 device
and PB-Q-4Cl1:Y6 device were measured to be 2.8 x 10%/ 5.8 x 10* and 3.6 x 10/
6.0 x 10* cm? V''s”!, whereas those of the PB-Q5CI1:Y6 device were 2.4 x 10/ 7.0
x 10 cm? V! s71, respectively. The introduction of Cl atom in polymer donors with
the different position can induce the detrimental effects on the charge-carrier
mobilities of the devices such as the increase in undesirable charge recombination
process. The decreased charge transfer ability of the PB-QSCI:Y 6 device might have
contributed to the lower Jsc values. Owing to the high u. and u; values of PB-Q-

4Cl:Y6, high values of Jsc and F'F were observed.
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Figure II-9. AFM images of PB-QCI Seires polymer blend film with Y6.

To investigate the surface morphology of the active layer, atomic force
microscopy (AFM) measurements were measured in the tapping mode, and the
resultant images are shown in Figure II-8. The PB-Q-CI polymers:Y6 blend films
based on different polymers showed distinct morphological differences. A
homogeneous spherical morphology and clear domain boundary was observed for
the blend film comprising PB-Q-4Cl, whereas the film comprising PB-Q exhibited
the obscuring domain size morphology. Consequently, the blend film comprising
PB-Q-4Cl exhibited a relatively clear film and contained bicontinuous

interpenetrating networks, as compared with the film comprising PB-Q. The
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obscuring domain size of the film comprising PB-Q yielded a low root-mean-square
(RMS) surface roughness of 1.1 nm, compared with that of the film comprising PB-
Q-4Cl1 (RMS value of 3.8 nm). In addition, the introduction of C-5 position chlorine
atoms in the polymer chain resulted in the formation of larger D/A domains, which
hindered efficient exciton dissociation and charge transport. So, PB-Q-5Cl film

yielded a highest RMS value of 2.3 nm.
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Chapter I1l.  Conclusion.

Three quinoxaline-based D—A type conjugated polymers of PB-Q, PB-Q-4Cl and
PB-Q-5CI, in which the different position of ClI unit was selectively introduced,
respectively, were synthesized via the Stille coupling reaction to investigate their
effects on the photovoltaic performances of the polymers. Owing to the electron-
withdrawing drawbacks of the Cl units, PB-Q-4Cl and PB-Q-5Cl exhibited a lower
¢ value in the ICT region. Conversely, the advantage of the Cl units, a lower HOMO
energy level compared with PB-Q. Under these conditions, the accompanying
enhancement in the Jsc, Voc, and PCE of the PB-Q-4Cl-based device can be
expected. Therefore, the highest PCE of 12.95% was achieved from the PB-Q-4Cl-
based device, which exhibited a Jsc of 24.90 mA/cm?, Voc of 0.82 V, and FF of 0.63.
The PCE of the PB-Q-based device was limited to 12.44%, with a Jsc of 26.32
mA/cm?, Voc of 0.76 V, and FF of 0.62. In case of PB-Q-5CI, it was clear that the
Jsc, FF, and PCE of the PB-Q-5CI -based device were inferior to those of the PB-
Q -based device. The significant reduction in the Jsc and FF of the PB-Q-5ClI -based
device was attributable to the unfavorable large domain-induced charge
recombination and charge carrier transport kinetics. Therefore, the different position
incorporating of electron-withdrawing substituents on the quinoxaline-based
polymers must be controlled well because their photovoltaic properties are affected
dramatically. This study provides valuable information regarding the position effect

of withdrawing groups on the D—A-type quinoxaline-based polymers.
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