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ABSTRACT

To enhance performance of polymer solar cells, a series of polymers which were
based on electron-deficient benzimidazole segments and electron-rich benzodithiophene
segments for polymer solar cells were designed and synthesized by the Stille
polycondensation. The synthesized polymers which had long alkyl side chain exhibited
good solubility in organic solvents. The optical and electrochemical properties of
polymers were measured by UV/Vis spectroscopy and cyclic voltammetry (CV). The
resulting polymers exhibited low optical bandgaps and electrochemical bandgaps.
Furthermore, HOMO and LUMO energy levels of -3.4 ~ 6.0 eV were suitable for
photovoltaic applications. These HOMO and LUMO energy levels are appropriate for
charge transport to achieve high performance of polymer solar cells. The optical and
electrochemical properties were tuned by introducing different substituents and alkyl
side chains on benzimidazole segments. The polymer solar cells with benzimidazole
based polymer achieved power conversion efficiency close to 1% due to their enhanced
light harvesting property and efficient interpenetrating network which were caused by
a hydrogen atom on benzimidazole segment and a lack of long alkyl side chain. This
work implies that the electron-deficient benzimidazole segments based polymers can

achieve high PCE through structural modification of the polymer.

Keywords: polymer solar cells, Dbenzimidazole, benzodithiophene, donor-acceptor

structure, conjugated polymers
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1. INTRODUCTION

Polymer solar cells (PSCs) have attracted a considerable attention because of their advantages
of light weight, flexibility, and low costs of materials, easy fabrication process [1]. PSCs can be
fabricated by solution technology such as printing, roll-to roll technologies which are simple and low
cost production process. The bulk heterojunction structure for PSCs is composed of a phase-separated
blend of electron-donor units such as p-type conjugated polymers and electron-acceptor units such as
n-type fullerene derivatives. Generally, poly(3-hexylthiophene) (P3HT) has been used as an electron-
donor material for PSCs because it can absorb sunlight in the range of visible wavelength. Fullerene
derivatives such as [6,6]-phenyl-C61-butyric methyl ester (PCe;BM) or [6,6]-phenyl-C71-butyric
methyl ester (PC;.BM) have been used as n-type materials due to their superior electron-accepting
and electron-transporting properties. So far, the PSCs based on P3HT and PCsBM showed power
conversion efficiency (PCE) up to 5% [2]. However, PSCs with P3HT and PCBM exhibited still
lower efficiency than conventional silicon solar cells. Since the optical bandgap of P3HT is 1.85 eV, it
absorbs only 45% of solar spectrum [3]. Therefore, it is necessary to develop new types of electron-
donor polymers to achieve high PCEs. The electron-donor polymers need to possess several
characteristics such as harvesting photons in a wide range of spectrum, efficient exciton dissociation,
suitable HOMO and LUMO energy levels, and good miscibility with the electron-acceptor materials
[4]. The electron-donor polymers should have air stability and high hole mobility for efficient charge
transport in a solar cell [5]. Furthermore, the electron-donor polymers need to be highly soluble in
common organic solvents for solution process such as spin coating, spray coating, screen printing, or
ink-jet printing [6]. To obtain these characteristics for the electron-donor polymers, various donor-
acceptor types of copolymers which contain donor and acceptor segments alternatively in polymer
backbone have been designed and synthesized [4]. Generally, the donor-acceptor polymers exhibit
low optical bandgaps due to intramolecular charge transfer reaction between donor and acceptor

segments. For example, electron-deficient benzothiadiazole has been used as an acceptor segment to
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afford copolymers with various electron-rich segments [7]. One of drawbacks of benzothiadiazole is
the synthetic difficulty in modifying chemical structures for tuning the optoelectronic properties of the
polymers. Various benzimidazole derivatives have been used as electron injecting and transporting
materials in organic light-emitting diodes (OLEDs) because of their high electron accepting and
transporting properties. In addition, the optoelectronic properties of the benzimidazole segments can
be easily tuned by introducing various functional groups [8, 9].

In this paper, a series of copolymers with benzodithiophene segments as donor units and
benzimidazole segments as acceptor units was synthesized and characterized for development of
efficient PSCs. The physical properties of the polymers were tuned by the structural variation of the
polymer with different side alkyl chains and substituents. The optical and electrochemical properties
of the polymers were characterized by UV/Vis spectroscopy and cyclic voltammetry. It was found that
the polymers exhibit low bandgaps and suitable HOMO and LUMO energy levels for PSCs. The bulk
heterojunction solar cell devices with the polymers showed power conversion efficiency (PCE) close
to 1%. This study will provide more opportunities for development of new class of materials for

polymer solar cells which can achieve high PCEs.



2. THEORETICAL BACKGROUND

2.1. Principle and Characters of Polymer Solar Cells

The operation process of converting sunlight into electric current in a polymer solar cell is

composed of four processes [10, 11].

(i) Absorption of a photon and generation of the electron-hole pair which is called as exciton
(ii) Diffusion of exciton
(iii) Exciton dissociation by charge transfer

(iv) Charge transport and collection to electrode

LUMO LUMO TQ‘:}
Light —
-0 | /1

HOMO HOMO @

Hole Electron

Imo transporting transporting Al
layer layer
(1) Absorption of a photon and exciton formation (i1) Diffusion of exciton
LUMO LUMO | --------
—®

HOMO Homo ("~

(iii) Exciton dissociation (iv) Charge transport and collection to electrode

Figure 2.1. The operation process of polymer solar cells.
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As shown in Figure 2.1, sunlight is absorbed inside the solar cell device, and then electron in
HOMO level is excited to LOMO level of donor material. The excited electron forms the exciton
which is electron-hole pair. The exciton diffuses inside of the organic semiconductor. Typically, the
exciton diffusion length is around 10 ~ 20 nm. The exciton dissociation takes place at the region
between the donor and acceptor materials [12, 13]. To generate electric power, the exciton must be
dissociated and collected at electrode. If exciton does not reach the interface between the donor and
acceptor materials, electron and hole will be recombined and dissipated without generating
photocurrent [11].

When the inorganic solar cells absorb photon, electron in the p-type semiconductor is excited to
the valance band from conduction band. The excited electron generates the electron-hole pair at the p-
type semiconductor. And then, the electron-hole pair moves to the n-type semiconductor by electric
field that exists at p-n junction. The electric field performs as a role to separate electron-hole pair.
Therefore, the electrons which exist in the n-type semiconductor move to the p-type semiconductor at
the p-n junction. The holes which are in the p-type semiconductor diffuse to the n-type semiconductor.
The empty places where electrons and holes are removed will have cations and anions. At this time,
difference voltage is generated [14, 15].

Compared with inorganic semiconductor, organic semiconductors have higher absorption
coefficient which affects to enhance light absorption in even 100nm thin film devices [10]. Another
difference between the organic and inorganic semiconductors is dielectric constant. The electrostatic
attractive force between the hole and the electron which is coulomb attraction is proportional to 1/¢
(e=3, dielectric constant). In the organic semiconductors, charge separation is more difficult because
of their low dielectric constant. In the inorganic semiconductors, photon generates free electron and
hole, whereas the exciton is formed in the organic semiconductor [16, 17]. For dissociation of exciton,
strong electric fields are required. Under the electric fields, the exciton is dissociated into free charge
carriers which are hole and electron. In the inorganic semiconductors, the coulomb attraction can be
neglected due to the larger dielectric constant. However, the organic semiconductors need exceeding

energy, which is higher than binding energy between electron and hole of 0.4 eV, to separate the
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exciton. The organic semiconductors have higher extinction constant than that of the inorganic
semiconductor. Therefore, the organic semiconductors can absorb enough light with about 300 nm
film thick. Because hole mobility of organic semiconductor is low, polymer solar cell must have the

optimized thickness of less than 100 nm [10, 13].

Voltage

.? Vmax
c

(5]

0

—

c

L

5

(@) J max

N

Figure 2.2. Typical current-voltage curve of polymer solar cells.

_ VocXJscXFF
L — D)

The photovoltaic power conversion efficiency (1) is defined by above equation (1). V. is the
open circuit voltage, and Jg is the short circuit current. FF means fill factor, and P;, indicates incident
light power. P;, is standardized at 100 mW/cm? and under AM 1.5G condition. I and V. are
maximum power point of current and voltage in the fourth quadrant [19].

V. indicates applied voltage, and the maximum voltage difference attainable between the two
electrodes. V, corresponds to the voltage when the current under illumination is zero. V.. of organic
semiconductor is typically 0.5 ~ 1.5 V that is higher value than V.. of inorganic semiconductor [16].
The bandgap of active layer gives the thermodynamic limit that reduces V. [19]. At the organic solar

cells, V. is limited by energy difference between HOMO of the donor and the LUMO of the acceptor
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[20]. Also, V. is dependants on LUMO position of acceptor, such as fullerene derivative, and weakly
dependant on the metal workfunction which is used as the negative electrode [21, 22].

When the voltage in the cell is zero, the maximum current is called Js.. J is determined by the
amount of absorption light and the internal conversion efficiency. Therefore, the low bandgap donor
polymer is necessary to enhance Ji. because the low bandgap polymer enhances light absorption. In
AM 1.5G condition, the maximum irradiance energy is at ~500 nm and the maximum photon flux is
at ~670 nm. Hence, the organic semiconductors have to absorb the photons at the maximum
irradiation. Furthermore, it must have a broad absorption spectrum and high absorption coefficient to

enhance Js.. J indicates the charge separation and transport efficiency in the solar cell [23].

FF = JmaxXVmax (2)

JseXVoc

FF is described by above equation (2). FF implies quality of the device, and it is around 0.4 ~
0.6. FF influences shunt and series resistance. To get higher FF, the shunt resistance should be
considerably large to prevent current leakage. In addition, series resistant should be low to get a sharp

rise in the forward current [10].



2.2. Structures of Polymer Solar Cells

The first attempted structure of organic solar cell was single organic layers which are
sandwiched between two metal electrodes that have difference work function [25]. In this structure,
the photovoltaic properties of organic solar cells are dependent on the character of the electrodes. The
characters of single layer device are caused by the asymmetry in the electron and hole injection into
the molecular = and * orbital. The power conversion efficiency of single layer organic solar cell was
reported as the poor efficiency of 0.7%.

In 1986, the bilayer structure was introduced to organic semiconductor. In the bilayer structure,
two organic layers which have specific electron or hole transporting characters are sandwiched
between a transparent conducting oxide (ITO) electrode for collecting of the positive charge and a
semitransparent metal (Ag) electrode for collecting the negative charges [26]. Copper phthalocyanine
was used as electron donor, and perylene tetracarboxylic derivatives were used as electron acceptor.
The bilayer heterojunction structure achieved the power conversion efficiency of 1%. The exciton
dissociation occurs at the interface between the electron donor and acceptor layer. The exciton
diffusion length is 10 nm. Therefore, sunlight should be absorbed within a thin layer around interface.
It means that the thickness of active layer limits efficiency of the bilayer structure.

Most organic solar cells have the active layer below 100 nm to absorb the most of sunlight
despite short exciton diffusion length of 10 nm. The thicker active layer can absorb more light, but
only a small amount of exciton will reach the interface and dissociate [16]. The bulk heterojunction
structure, which is blended structure of donor and acceptor materials, can absorb more light, and help
the dissociation of many excitons. The bulk heterojunction structure is similar with the bilayer
structure. However, the donor and acceptor materials well dispersed throughout the bulk and lead to a
three dimensional bulk heterojunction. Therefore, it develops the large interface area where exciton
dissociates and charges can separate to electron and hole within lifetime of excitons. Furthermore,

charge recombination is reduced and the current will follow the light intensity [26, 27]. In the case of
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the bilayer structure, the donor and acceptor layers contact with the anode and cathode separately. On
the other hand, the blend of donor and acceptor in the bulk heterojunction contact with electrode for
pathway which transports hole and electron.

An important issue for blending of donor and acceptor materials is miscibility. Increasing the
miscibility of the acceptor and donor can decrease the ratio of donor and acceptor, and enhance the
optical density.

To achieve high performance of polymer solar cells, the blended donor and acceptor materials
have to form a bicontinuous and interpenetrating network [10]. It means that the bulk heterojunction
IS more sensitive to nanoscale morphology in the blend [28]. The separating phase of component
materials and the interfacial energy which makes high surface area are necessary for forming
interpenetrating networks.

The bulk heterojunction was proposed in 1995 by Yu et al. The first bulk heterojunction device
achieved power conversion efficiency of about 1% [29]. Although the bulk heterojunction device
reported low efficiency, it achieved over 3% of efficiency by engineering and improvement of device

[30, 31].



(@) Al
Semiconducting polymer

ITO

(b) Al

Electron acceptore

Electron donor

ITO

© A

Bulk heterojunction

PEDOT:PSS
ITO

ITO Al

Figure 2.3. Structures and working schemes of (a) single layer, (b) bilayer, and (c) bulk heterojunction.



2.3. Donor-Acceptor Polymers for Polymer Solar Cells

The conjugated polymers have a backbone of alternating single and double carbon bonds. The
conjugated polymers which are applied to polymer solar cell have special interest due to its some
advantage. The conjugated polymers can apply to all polymer devices. Furthermore, it is possible to
use solution process such as spin coating, doctor blade, and screen printing for thin film fabrication.

Besides, solution process is an easy way to form a blend of materials.

=si- — O

\
O
CN
I~ +«O~y
{O
Figure 2.4. Conjugated polymers for polymer solar cells.

Generally, the optical bandgap of the conjugated polymers is around 2 eV. It is higher than the
optical bandgap of silicon. Considerably higher bandgap limits light harvesting and power conversion
efficiency of polymer solar cells. For example, P3HT based polymer solar cell device exhibited lower
efficiency of 7.2% than that of silicon solar cell due to larger bandgap. To enhance efficiency of
polymer solar cells up to 10%, it is necessary to controlling of HOMO and LUMO energy levels and
the bandgap of polymers.

Figure 2.5 indicates contour plot of the bandgap and the LUMO energy level of donor polymer,
and the contour lines are constant power conversion efficiency. The straight lines define the constant
HOMO energy level of -0.57 and -4.8 eV. The range of LUMO energy level is -3 ~ -4 eV. The energy

difference of 0.3 eV between LUMO of the donor polymer and LUMO of acceptor is enough for
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charge separation [32]. Figure 2.5 implies that efficiency is more sensitive to changes of LUMO
energy level than bandgap of donor polymer. To achieve 10% of energy conversion efficiency of
polymer solar cells, the donor polymer should have a bandgap < 1.74 eV, and the LUMO energy level

<-3.92eV.

Power Conversion Efficiency [ % ]

°
.
[s]
c
[e]
9 10.00
[} 11.00
3
-
Q LUMO
= _LuMO_
2 AEI LUMO -4.3 eV
- E

2

THOMO

y HOMO -6.0 eV
3.0 2.7 2.4 2.1 1.8 1.5 1.2 Doner  PCBM

Band Gap Donor [ eV ]
Figure 2.5. Contour plot showing the calculated energy-conversion efficiency versus the bandgap and

the LUMO energy level of the donor polymer according, and a schematic energy diagram
of a donor and PCBM [20].
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Recent used polymers which are used as donor materials of polymer solar cells have weak
donor-strong acceptor alternating architecture. The new types of conjugated polymers with donor-
acceptor alternating architecture are necessary to reduce bandgap of polymer, and enhance the optical
and electrochemical properties because the built-in intramolecular charge transfer facilitates control of
the electronic structure [29, 33, 34]. Generally, electron rich units are used as electron donor such as
fluorene, dibenzosilole, and benzodithiophene, while electron deficient units are used as electron

acceptor such as benzothiadiazole, diketopyrrolopyrrole.

fluorene carbazole dibenzosilone

N Si y s

cyclopentadithiphene dithiemo[3,2-b;2’,3"-d]pyrrol  dithienosilole benzodithiophene

(b

)
s_ N N s N~—S
O < <L

bithiazole benzobisthiazole ~ Thiazolo[5,4-d]pyrrole
R SN
N S 7N\
0 o NN N/ \N \ /
% f 3\ /f E E
!\
N_ _N
S
phthalimide benzothiadiazole quinoxaline  Naphtho[1,2-c;5,6-C]

bis[1,2,5]thiadiazole

Figure 2.6. Typical donor units (a) and acceptor units (b) for donor-acceptor conjugated polymers.
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The weak donor maintains a low HOMO energy level. On the other hand, the strong acceptor

can reduce the gap via internal charge transfer [35].

HOMO

Weak donor Ideal Polymer

Strong acceptor

Weak Strong
acceptor _)-

Figure 2.7. Weak donor and strong acceptor concept and energy levels.

PCBM

The bandgap of conjugated polymers is ascribed to four contributions related to the conjugated

polymer backbone [19].

ESUB
E,
I
R \
RE

Figure 2.8. Influences of the chemical structure and conformation on the bandgap of the conjugated
polymer, poly-para-phenylene.
(i) Bond length alternation (E;)
Potential energy is function of bond length alternation. In the polymers with non-degenerate
ground state, polymers show the difference energy which indicates an aromatic and a quinoid form.

Control of the bond length can control the bandgap.
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(if) Aromaticity (RE)

Most conjugated polymers have aromatic units. Therefore, the aromaticity is one of important
factor in the polymer structure. The aromaticity means the energy difference between the aromatic
structure and a hypothetical reference which is consisted isolated double bonds. Aromaticity leads to a
confinement of the n-electron on the ring and competes with the delocalized electrons.

(iii) Conjugation length (Erot)

The longer conjugation polymer backbone shows the smaller bandgap of polymer. Torsion
between adjacent aromatic rings can hinder the conjugation of polymer and lead to increase of the
bandgap.

(iv) Substituent effects (Esug)

Substituents give mesomeric and inductive effects. Therefore, It can change the energetic
position of the HOMO or LUMO energy level. The HOMO energy level can be increased by
introduction of electron-donating group to the conjugated polymer backbone. On the other hand,

electron-withdrawing substituents reduce the LUMO energy of polymer.

Furthermore, intermolecular interactions can influence the bandgap in the solid state. The
bandgap of conjugated polymer in the solid state is lower than that of conjugated polymer in the
solution due to an increased interaction between the polymer chains. Moreover, mesoscopically
ordered phases of polymer occurs in the solid state, lead to decrease of the bandgap. Bulky side chain

interrupts intermolecular interaction between the polymer backbones.
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2.4. Improvement of Performance of Polymer Solar Cells

2.4.1. Improvement of Light Absorption

A poor light absorption is one of the factors which limit performance of polymer solar cells.
The bandgap of 1.85 eV absorbs only 46% of photon. In the case of silicon solar cells, the bandgap of
1.1 eV can absorb more than 90% of photon. The matched bandgap of polymer with the solar
spectrum prevents the optical loss.

To achieve the efficiency of over 10%, the donor polymer materials should have the bandgap of
below 1.7 eV. If PCBM is electron acceptor materials, LUMO energy level should be below of -3.9
eV [23]. It means that the lower bandgap polymer which alternatively uses electron donor and
electron acceptor units is effective strategies to enhance absorption [36]. An attempt for synthesizing
low bandgap polymer is selecting donor unit with high ionization potential and acceptor unit with
high electron affinity. The commonly used donor and acceptor units are summarized in Figure 2.6.

On the other hand, the low bandgap polymers have problem. V. is determined by the
difference between the LUMO energy level of the electron acceptor such as PCBM and the HOMO

energy level of the electron donor as followed equation [20].

_ (pdonor acceptor
eVoe = (EOM6 — Erumo ) — 0.3

In the low bandgap polymer, V.. is lower than high bandgap polymer due to LUMO energy
level of the low bandgap polymer. Therefore, reducing the LUMO energy level is suitable to maintain
low bandgap and enough large V... When deceasing bandgap, the LUMO energy and HOMO energy
levels of polymer are shift from the vacuum level. Therefore, it is necessary to maintain suitable

LUMO energy level for enough charge driving force for electron transfer to the electron acceptor.
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2.4.2. New Device Structures

The polymer solar cells are requested a stability for commercialization. Generally, the organic
materials can be easily oxidized by water or oxygen. Furthermore, acidic PEDOT:PSS is damaging to
organic active layer. The low workfunction metal cathode can be easily oxidized by air. It causes short
lifetime, and reduced efficiency. Therefore, an encapsulation is necessary to increase stability of
polymer solar cells [37]. But the metal cathode can be oxidized even with the encapsulation. An

inverted structure of polymer solar cells can overcome above limitation of stability.

(a) (b)
Al
: h*
Al e PEDOT:PSS :
Active layer > Active layer :
PEDOT:PSS =h+ ZnO e
ITO ITO

Figure 2.9. (a) Normal structure, and (b) inverted structure of polymer solar cell.

Another requested device structure is tandem structure to improve performance of polymer
solar cells. The electron donor polymers have the specific bandgap and absorb limited light spectrum.
The tandem structure supplements limited sunlight absorption and enhances sunlight harvesting. The
stacking of double layer can absorb broad range of light spectrum because each polymer harvests
different range of spectrum. Figure 2.10 shows incident photon conversion efficiency of tandem cell
and structure. However, there are interfacial layer problems. The interfacial layer must collect
electrons from the front cell and holes from the back cell. If there are no balance between the
electrons and holes at the interfacial layer, charges accumulate and it causes reduced performance of

tandem solar cells.
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Figure 2.10. (a) Structure, and (b) incident photon conversion efficiency of tandem cell [38].
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3. EXPERIMENTAL

3.1. Synthesis of Materials

3.1.1. Synthesis of Monomers
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Scheme 3.1. Synthesis of benzodithiophene segment and benzimidazole segments.
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3-Thiophenecarbonyl chloride (1).

3-Thiophenecarboxylic acid (5 g, 0.039 mol) was added to a round bottom flask equipped with
a reflux condenser. Thionyl chloride (25 mL) was added, and the mixture was allowed to reflux for
4 hours under a blanket of nitrogen. The excess thionyl chloride was distilled, and the solution was

dried on a vacuum line to yield colorless crystals.

N,N-Diethylthiophene-3-carboxamide (2).

Compound 1 was dissolved in methylene chloride (20 mL) and added dropwise at 0 °C to a
diethylamine (8.1 mL, 0.078 mol). Solution was stirred at RT for several hours. And then, solution
poured into water and extracted with methlylene chloride. The solution was dried over anhydrous
sodium sulfate and evaporated to give a brown oil (6.37g, 89%). ‘H NMR (CDCl;, 400 MHz), §

(ppm): 7.48 (s, 1H), 7.32 (d, 1H), 7.20 (d, 1H), 3.41 (m, 4H), 1.19 (t, 6H).

Benzo[1,2-b;4,5-b]dithiophene-4,8-dione (3).

Compound 2 (6.37 g, 0.035 mol) was added to a 2-neck round bottom flask that was charged
with dry THF (22 mL). n-Butyllithium (23.9 mL, 0.038 mmol, 1.6M in hexanes) was added dropwise
over 30 minutes at 0 °C. The mixture was allowed to stirring at 0 °C for 30 minutes and then at RT
for 2 hours. The mixture was poured over ice and allowed to sit for 4 hours. The precipitate was
filtered, washed with water and methanol, and the olive green product was allowed to dry in air

overnight (3.14 g, 81.5%). *H NMR (CDCl;, 400 MHz), 5 (ppm): 7.68 (s, 2H), 7.66 (s, 2H)

4,8-Didodecyloxybenzo[1,2-b;3,4-b’]dithiophene (4).

Compound 3 (1 g, 4.54 mmol) and then pour into a 18 mL of water, and zinc powder (0.68 g,
10.45 mmol) was added. The mixture was stirred for 30 minutes, and then 2.72 g, 0.068 mol of NaOH
was added to the mixture. The mixture was well stirred and heated to reflux for another 1 hour.
During the reaction, the color of the mixture changed from yellow to red and then to orange. Then, 1-

bromododecane (3.36 g, 13.5 mmol) and a catalytic amount of tetrabutylammonium bromide were
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added into the flask. After being refluxed for 2 hours, the color of the reactant should be yellow or
orange. The reactant was poured into cold water and extracted by ethyl acetate. The ethyl acetate layer
was dried over anhydrous sodium sulfate. After removing solvent, the crude product was purified by
column chromatography using methylene chloride/ hexane (1:5) as the eluent. 3.4 g amount of
compound 4 (68%) was obtained as a straw yellow crystal. '"H NMR (CDCl;, 400 MHz), 6 (ppm):

7.47 (d, 2H), 7.35 (d, 2H), 4.27 (t, 4H), 1.87 (m, 4H), 1.55 (m, 4H), 1.26 (m, 32H), 0.88(t, 6H)

2,6-Bis(trimethyltin)-4,8-didodecyloxybenzo-[1,2-b;3,4-b]dithiophene (5).

Compound 4 (1 g, 1.8 mmol) and 25 mL of THF were added into a flask under an inert
atmosphere. The solution was cooled to -78 °C, and n-butyllithium (3.6mL, 5.76 mmol, 1.6 M in n-
hexane) was added dropwise. After being stirred at -78 °C for 15 minutes, the mixture was kept at RT
for another 4 hours. Then, trimethyltin chloride (5.76 mL, 5.76 mmol, 1 M in THF) was added in one
portion at -78 °Cand stirred at -78 °C for 15 minutes. The cooling bath was removed, and the
reactant was stirred at RT for 4 hours. Then, it was poured into cool water and extracted by diethyl
ether. The organic layer was washed by water two times and then dried by anhydrous sodium sulfate.
After removing solvent under vacuum, the residue was recrystallized by ethyl alcohol. 1.33 g amount
of compound 5 (83%) was obtained as a needle crystal. '"H NMR (CDCl,, 400 MHz), § (ppm): 7.51 (s,

2H), 4.29 (t, 4H), 1.88 (m, 4H), 1.58 (m, 4H), 1.27 (m, 32H), 0.88 (t, 6H), 0.4 (s, 18H).

3,6-Dibromobenzene-1,2-diamine (6).

To a suspension of 4,7-dibromo-2,1,3-benzothiadiazole (2 g, 6.80 mmol) in ethanol (100 mL)
was added sodium borohydride (4.75 g, 0.126 mol) at 0 °C, and the mixture was stirred for 24 hours
at RT. After evaporation of the solvent, water was added, and the mixture was extracted with ethyl
acetate. The extract was washed with brine and dried over anhydrous sodium sulfate. After removing
solvent, the crude product was purified by column chromatography using methylene chloride/ hexane
(2:1) as the eluent. 1.49 g amount of compound 6 (82%) was obtained. *H NMR (CDCls, 400 MHz), §

(ppm): 6.85 (s, 2H), 3.90 (s, 4H).
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4,7-Dibromo-2-(4-hexyloxy-phenyl)-1H-benzoimidazole (7).

Compound 6 (0.5 g, 1.88 mmol) and 4-hexyloxy benzaldehyde (0.43 g, 2.07 mmol) in 10 mL of
ethanol were added into a flask, and then p-toluenesulfonic acid monohydrate (0.036 g, 1.19 mmol).
The mixture was refluxed for 24 hours under a nitrogen atmosphere. The solvent was removed, and
water added into the mixture. The mixture was extracted with ethyl acetate. The organic phase was
dried by anhydrous sodium sulfate. After removing solvent, the crude product was purified by column
chromatography using ethyl acetate/ hexane (1:5). 0.48 g amount of compound 7 (56%) was obtained.
'H NMR (CDCls, 400 MHz), & (ppm): 9.42 (s, 1H), 8.04 (d, 2H), 7.35 (d, 1H), 7.22 (d, 1H), 7.20 (d,

2H), 4.03 (t, 2H), 1.82 (m, 2H), 1.47 (m, 2H), 1.37 (m, 4H), 0.92 (m, 3H)

4,7-Dibromo-2-(4-hexyloxy-phenyl)-1-methyl-1H-benzoimidazole (8).

Compound 7 (0.5 g, 1.106 mmol) was added into 15 mL of THF, and then sodium hydride
(0.040 g, 1.66 mmol) and methyl iodide ( 0.23 g, 1.66 mmol) were added. The mixture was stirred at
40 °C for 4 hours. Excess solvent was removed by distillation and the mixture was washed with
water, extracted with ethyl acetate. After removing solvent, the crude product was purified by column
chromatography using ethyl acetate/ hexane (1:5). 0.48 g amount of compound 8 (92%) was obtained
as sticky oil.'"H NMR (CDCls, 400 MHz), § (ppm): 7.65 (d, 2H), 7.35 (d, 1H), 7.22 (d, 1H), 7.03 (d,

2H), 4.11 (s, 3H), 4.03 (t, 2H), 1.82 (m, 2H), 1.47 (m, 2H), 1.37 (m, 4H), 0.92 (m, 3H)

2-(4-Hexyloxy-phenyl)-1-methyl-4,7-di-thiophen-2-yl-1H-benzoimidazole (9).

Compound 8 (0.79 g, 1.07 mmol) and (tributylstannyl) thiophene (1.20 g, 3.22 mmol) were
added into toluene (20 mL). The mixture was flushed by nitrogen for 10 minutes, then 4 mol% of
Pd(PPh3), was added into the flask. The mixture was flushed by nitrogen for 20 minutes. The mixture
was heated to 110 °C, and the reactant was stirred for 24 hours at 110 °C under nitrogen atmosphere.
Then, the reactant was cooled down to RT and solvent was removed. The crude product was purified
by column chromatography using ethyl acetate/ hexane (1:10). 0.91 g amount of compound 9 (110%)

was obtained. *H NMR (CDCls, 400 MHz), § (ppm): 8.19 (d, 1H), 7.75 (d, 2H), 7.56 (d, 1H), 7.41 (d,
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1H), 7.40 (d, 1H), 7.25 (d, 1H), 7.15 (m, 3H), 7.02 (d, 2H), 4.03 (t, 2H), 3.57 (s, 3H), 1.82 (m, 2H),

1.47 (m, 2H), 1.37 (m, 4H), 0.92 (m, 3H)

4,7-Bis-(5-bromo-thiophen-2-yl)-2-(4-hexyloxy-phenyl)-1-methyl-1H-benzoimidazole (10).

To a solution of compound 9 (0.55 g, 1.12 mol) in chloroform (50 mL) was added N-
bromosuccimide (NBS) (0.43 g, 2.45 mmol) in portion. The mixture was stirred for 12 hours in the
absence of light at RT. After removal of solvent, the mixture was extracted with ethyl acetate and
brine. The organic layer was dried by anhydrous sodium sulfate. After removing solvent, the crude
product was purified by column chromatography using ethyl acetate/ hexane (1:7).0.54 g amount of
compound 10 (76%) was obtained. '"H NMR (CDCls, 400 MHz), § (ppm): 7.73 (d, 1H), 7.71 (d, 2H),
7.47 (d, 1H), 7.26 (d, 1H), 7.09 (m, 2H), 7.02 (d, 2H), 6.91 (d, 1H) 4.03 (t, 2H), 3.57 (s, 3H), 1.82 (m,

2H), 1.47 (m, 2H), 1.37 (m, 4H), 0.92 (m, 3H)

4,7-Dibromo-2-phenyl-1H-benzoimidazole (11).

Compound 6 (0.5 g, 1.88 mmol) and 4-benzaldehyde (0.22 g, 2.07 mmol) in 10 mL of ethanol
were added into a flask, and then p-toluenesulfonic acid monohydrate (0.036 g, 1.19 mmol). The
mixture was refluxed for 24 hours under a nitrogen atmosphere. The solvent was removed, and water
added into the mixture. The mixture was extracted with ethyl acetate. The organic phase was dried by
anhydrous sodium sulfate. After removing solvent, the crude product was purified by column
chromatography using ethyl acetate/ hexane (1:5). 0.24 g amount of compound 15 (36%) was
obtained. 'H NMR (DMSO, 400 MHz), & (ppm): 13.30 (s, 1H), 8.33 (m, 2H), 7.57 (m, 3H), 7.38 (s,

2H)

4,7-Dibromo-1-methyl-2-phenyl-1H-benzoimidazole (12).
Compound 11 (0.5 g, 1.42 mmol) was added into 15mL of THF, and then sodium hydride
(0.051 g, 2.13 mmol) and methyl iodide ( 0.30 g, 2.13 mmol) were added. The mixture was stirred at

40 °C for 4 hours. Excess solvent was removed by distillation and the mixture was washed with
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water, extracted with ethyl acetate. After removing solvent, the crude product was purified by column
chromatography using ethyl acetate/ hexane (1:5). 0.48 g amount of compound 16 (92%) was
obtained as white solid. '"H NMR (CDCls, 400 MHz),  (ppm): 7.71 (m, 2H), 7.53 (m, 3H), 7.33 (m,

2H), 4.11 (s, 3H)

1-Methyl-2-phenyl-4,7-di-thiophen-2-yl-1H-benzoimidazole (13).

Compound 12 (0.48 g, 1.31 mmol) and (tributylstannyl) thiophene (1.47 g, 3.93 mmol) were
added into toluene (20 mL). The mixture was flushed by nitrogen for 10 minutes, then 4 mol% of
Pd(PPhg), was added into the flask. The mixture was flushed by nitrogen for 20 minutes. The
mixture was heated to 110 °C, and the reactant was stirred for 24 hours at 110 °C under nitrogen
atmosphere. Then, the reactant was cooled down to RT and solvent was removed. The crude product
was purified by column chromatography using ethyl acetate/ hexane (1:7). 0.8 g amount of compound
17 (160%) was obtained. *H NMR (CDCls, 400 MHz), 5 (ppm): 8.21 (d, 1H), 7.81 (d, 2H), 7.53 (d,

1H), 7.51 (d, 3H), 7.43 (d, 1H), 7.42 (d, 1H), 7.28 (d, 1H), 7.15 (m, 3H), 3.53 (s, 3H)

4,7-Bis-(5-bromo-thiophen-2-yl)-1-methyl-2-phenyl-1H-benzoimidazole (14).

To a solution of compound 13 (0.8 g, 2.15 mmol) in chloroform (100 mL) was added N-
bromosuccimide (NBS) (0.76 g, 4.69 mmol) in portion. The mixture was stirred for 12 hours in the
absence of light at RT. After removal of solvent, the mixture was extracted with ethyl acetate and
brine. The organic layer was dried by anhydrous sodium sulfate. After removing solvent, the crude
product was purified by column chromatography using ethyl acetate/ hexane (1:7).0.62 g amount of
compound 18 (57%) was obtained. '"H NMR (CDCls, 400 MHz), § (ppm): 7.76 (d, 2H), 7.71 (d, 1H),

7.51 (m, 3H), 7.30 (d, 1H), 7.11 (d, 1H), 7.08 (s, 1H), 6.93 (d, 1H), 3.59 (s, 3H)

2-Phenyl-4,7-di-thiophen-2-yl-1H-benzoimidazole (15).
Compound 11 (0.3 g, 0.85 mmol) and (tributylstannyl) thiophene (0.95 g, 2.55 mmol) were

added into toluene (20 mL). The mixture was flushed by nitrogen for 10 minutes, then 4 mol% of
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Pd(PPhg), was added into the flask. The mixture was flushed by nitrogen for 20 minutes. The
mixture was heated to 110 °C, and the reactant was stirred for 24 hours at 110 °C under nitrogen
atmosphere. Then, the reactant was cooled down to RT and solvent was removed. The crude product
was purified by column chromatography using ethyl acetate/ hexane (1:7). 0.1 g amount of compound
15 (33%) was obtained. *H NMR (CDCl;, 400 MHz), 6 (ppm): 9.65 (s, 1H), 8.09 (m, 3H), 7.20 ~ 7.47

(m, 10H)

4,7-Bis-(5-bromo-thiophen-2-yl)-2-phenyl-1H-benzoimidazole (16).

To a solution of compound 15 (0.89 g, 2.48 mmol) in chloroform (100 mL) was added N-
bromosuccimide (NBS) (0.96 g, 5.41 mmol) in portion. The mixture was stirred for 12 hours in the
absence of light at RT. After removal of solvent, the mixture was extracted with ethyl acetate and
brine. The organic layer was dried by anhydrous sodium sulfate. After removing solvent, the crude
product was purified by column chromatography using ethyl acetate/ hexane (1:7).0.35 g amount of
compound 16 (27%) was obtained. '"H NMR (CDCls, 400 MHz), 6 (ppm): 9.45 (s, 1H), 8.12 (d, 2H),

7.89 (s, 1H), 7.52 (m, 5H), 7.48 (m, 1H), 7.14 (s, 2H)
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3.1.2. Synthesis of Polymers

OCH,(CH,)4CH3 OCH,(CH3)4CH3
OC12Hos
/ S
N7 N-CHs + MesSn ) —SnMez ——> N7 N-CHz  OCizHos
S S
Br Br OCy2Has O 4 O Y/
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16 5 PBIBT4

Scheme 3.2. Synthesis of polymers based on benzimidazole segments by the Stille polycondensation.
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PBIBTL.

Compound 8, 4,7-Dibromo-2-(4-hexyloxy-phenyl)-1-methyl-1H-benzoimidazole (0.13 g, 0.28
mmol) and compound 5, 2,6-Bis(trimethyltin)-4,8-didodecyloxybenzo-[1,2-b;3,4-b]dithiophene (0.25
g, 0.28 mmol) were added into toluene (15 mL). The mixture was flushed by nitrogen for 10 minutes,
then 4 mol% of Pd(PPh3); was added into the flask. The mixture was flushed by nitrogen for 20
minutes. The mixture was heated to 110 °C, and the reactant was stirred for 24 hours at 110 °C under
nitrogen atmosphere. Then, the mixture poured into methanol, and filtered solid. The crude product

was purified by soxhlet extractor.

PBIBT2.

Compound 10, 4,7-Bis-(5-bromo-thiophen-2-yl)-2-(4-hexyloxy-phenyl)-1-methyl-1H-benzo-
imidazole (0.17 g, 0.27 mmol) and compound 5, 2,6-Bis(trimethyltin)-4,8-didodecyloxybenzo-[1,2-
b;3,4-b]dithiophene (0.24 g, 0.27 mmol) were added into toluene (15 mL). The mixture was flushed
by nitrogen for 10 minutes, then 4 mol% of Pd(PPhs), was added into the flask. The mixture was
flushed by nitrogen for 20 minutes. The mixture was heated to 110 °C, and the reactant was stirred for
24 hours at 110 °C under nitrogen atmosphere. Then, the mixture poured into methanol, and filtered

solid. The crude product was purified by soxhlet extractor.

PBIBTS.

Compound 14, 4,7-Bis-(5-bromo-thiophen-2-yl)-1-methyl-2-phenyl-1H-benzoimidazole (0.2 g,
0.38 mmol) and compound 5, 2,6-Bis(trimethyltin)-4,8-didodecyloxybenzo-[1,2-b;3,4-b]dithiophene
(0.33 g, 0.38 mmol) were added into toluene (15 mL) and DMF (4 mL). The mixture was flushed by
nitrogen for 10 minutes, then 4 mol% of Pd(PPhs), was added into the flask. The mixture was flushed
by nitrogen for 20 minutes. The mixture was heated to 110 °C, and the reactant was stirred for 24
hours at 110 °C under nitrogen atmosphere. Then, the mixture poured into methanol, and filtered

solid. The crude product was purified by soxhlet extractor.
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PBIBTA.

Compound 16, 4,7-Bis-(5-bromo-thiophen-2-yl)-2-phenyl-1H-benzoimidazole (0.2 g, 0.38
mmol) and compound 5, 2,6-Bis(trimethyltin)-4,8-didodecyloxybenzo-[1,2-b;3,4-b]dithiophene (0.34
g, 0.38 mmol) were added into toluene (15 mL) and DMF (4 mL). The mixture was flushed by
nitrogen for 10 minutes, then 4 mol% of Pd(PPhs), was added into the flask. The mixture was flushed
by nitrogen for 20 minutes. The mixture was heated to 110 °C, and the reactant was stirred for 24
hours at 110 °C under nitrogen atmosphere. Then, the mixture poured into methanol, and filtered solid.

The crude product was purified by soxhlet extractor.
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3.2. Fabrication of Devices

Figure 3.1. Device structure of PSCs.

Polymer solar cells were fabricated on an indium tin oxide (ITO) coated glass substrate (12
Q/sq) with the following structure: ITO coated glass/ poly(3,4-ethylenedioxythiophene)
(PEDOT:PSS)/ PBIBT:PC,BM/ LIF/ Al. The Substrates were cleaned stepwise in acetone, di water,
and isopropyl alcohol under ultrasonication for 10 minutes each. The substrates were dried in an oven.
The dried substrates were treated in UV-ozone cleaner for 20min. The thin layer (30 ~50 nm) of
PEDOT:PSS which was aqueous solution was spin coated onto the ITO surface. The coated substrate
was baked for 20 minutes at 150 °C. The solutions containing a mixture of PBIBT: PC;,BM (weight
ratio of 1:1, 1:2, 1:4) of 25 mg in dichlorobenzene solvent of 1mL were spin-coated on top of the
PEDOT:PSS layer. The active layer film of 100 nm was dried for 1 hour at 50 °C, then annealed for
10 min at 100 °C. Then, LiF (1 nm) hole blocking layer and Al (100 nm) electrode were deposited by

thermal evaporation in a vacuum.
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3.3. Measurement and Characterization

'"H NMR spectra was acquired from AVANCE III 400, Bruker, 400MHz spectrometer. CDCl; and
DMSO-ds were used as solvents for NMR analysis. Tetramethylsilane was used as an internal
reference. Molecular weights of the polymers were measured by gel permeation chromatography
(GPC) method on Waters €2695 with tetrahydrofuran (THF) as an eluent. The concentration of
samples was 0.5 mg/mL, which were filtered prior to the analysis. The molecular weights were
calculated according to relative calibration with polystyrene as reference. UV/Vis absorption spectra
were recorded on Agilent spectrometer model CARY5000. Absorption spectra measurements of the
polymer solution were carried out in chloroform at 25 °C in quartz cuvettes. Absorption spectra
measurements of the polymer films were carried out on the glass substrates with the spin-coated
polymer films from the polymer solutions in dichlorobenzene. The coated substrates were annealing at
100 °C for 10 minutes. The electrochemical cyclic voltammetry was conducted Biologic VSP
Potentiostat with a glassy carbon, Pt wire, and Ag/AgCI electrode as the working electrode, counter
electrode, and reference electrode with scan rate of 100 mV/s at room temperature.
Tetrabutylammonium hexafluorophosphate (BusNPFg) in acetonitrile solution 0.1 mol/L was used as
electrolyte. Polymer thin films were formed by drop-casting of polymer solution in chloroform on the
working electrode and dried under N, gas. The energy level of the Ag/AgCI reference electrode was
calibrated by the Fc/Fc™ redox system. Current-voltage characteristics were measured using
Mcscience Inc. K-3300 in air without encapsulation of the cell under 1 sun (AM 1.5G) condition at

100 mW/cm?.
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4. RESULT AND DISCUSSION

4.1. Physical Properties of Polymers

Electron-deficient benzimidazole segments were synthesized by acid catalyzed cyclization
reaction of 3,4-Dibromo-benzene-1,2-diamine. The benzimidazole monomers were copolymerized
with trialkylstannyl substituted benzodithiophene monomers using the Stille polycondensation
reaction [39, 40]. The general synthetic routes toward the polymer are outlined in Scheme 3.2. Four
polymers (PBIBT1 ~ PBIBT4) with the structural variation were synthesized. A benzimidazole
segment was directly coupled with benzodithiophene segment to afford PBIBT1 which has methyl
substituted amine and 2-hexyloxyphenyl substituents on the benzimidazole segment. A thiophene
bridge between the benzimidazole and benzodithiophene segments was introduced for PBIBT2,
PBITB3, and PBIBT4. In order to adjust electronic properties of the polymers, PBIBT2, PBIBT3, and
PBIBT4 were synthesized with different substituents. PBIBT3 possesses a methyl substituted amine
with 2-phenyl substituent whereas PBIBT4 has an unsubstituted amine on the benzimidazole segment.

Table 1 summarizes gel permeation chromatography (GPC) results of the polymers including
number-average molecular weight (M,), weight-average molecular weight (M,,), and polydispersity
index (PDI) of polymers. The polymers have M, of 6,012 ~ 10,148, M,, of 9,313 ~ 15,865 with PDI of
1.43 ~1.84. PBIBT1 and PBIBT?2 are readily soluble at room temperature in organic solvents such as
chloroform, tetrahydrofuran, and dichlorobenzene because they possess a hexyloxy side chain on
benzimidazole segment. However, PBIBT3 and PBIBT4 exhibit limited solubility in dichlorobenzene
due to the lack of alkyl side chain on the benzimidazole segment. The different solubility of each

polymer can affect to fabrication process of solar cell device and performance of PSCs.
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Figure 4.1. Gel permeation chromatography of polymers for molecular weights;
(a) PBIBT1, (b) PBIBT2, (c) PBIBT3, (d) PBIBTA4.
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Table 4.1. Gel permeation chromatography (GPC) results of PBIBT polymers

Polymer weight-average molecular weight number-average molecular weight polydispersity index
(My) (M) (PDI)
PBIBT1 14562 10148 143
PBIBT2 10529 7113 1.48
PBIBT3 9313 6012 15
PBIBT4 15865 8599 1.84
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4.2. Optical Properties of Polymers

The UV/Vis absorption spectra of PBIBT1 ~ PBIBT4 in solution and films are shown in Figure
4.2. The polymer solution was prepared in chloroform and the thin film was prepared by spin-coating
dichlorobenzene solution of polymers on a glass substrate. In the absorption spectra of solution, the
polymers exhibited strong absorption peak around 400 nm presumably due to a delocalized excitonic
n-m* transition in the polymer backbones [41]. The maximum absorption bands of the polymers are
observed around 500 nm which is assigned to the intramolecular charge transfer (ICT) between the
benzimidazole and benzodithiophene segments. PBIBT1 exhibits a maximum absorption wavelength
at 429 nm and an onset absorption wavelength at 497 nm, corresponding to the optical bandgap of
2.49 eV. Compared to PBIBTL, it was found that UV/Vis absorption spectra of PBIBT2 and PBIBT3
polymers are red-shifted by 10 nm because a thiophene bridge between benzodithiophene and
benzimidazole segments extends a conjugation length. In addition, PBIBT4 exhibits red-shifted
maximum absorption wavelength and onset absorption wavelength by 30 nm, resulting in the optical
bandgap of 2.32 eV. This result clearly indicates that the intramolecular charge transfer in PBIBT4
with a hydrogen atom on the benzimidazole segment is stronger than other polymers with a methyl
substituent because the hydrogen atom on the benzimidazole segment in PBIBT4 can enhance
electron-accepting property of the benzimidazole segment.

The absorption spectra in film states were similar to their corresponding absorption spectra in
solution. The absorption spectra in film exhibited longer maximum absorption peak and onset
wavelength. The red-shift absorption wavelength in film states was ascribed to intermolecular

interaction in solid state of polymers [42].
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Figure 4.2 . UV/Vis absorption spectra of the polymers in solution (a) and solid films (b) on a glass.
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Table 4.2. Optical properties of polymers in chloroform and films on a glass

A__in CHCI A ___in CHCI e®™ | A infilms | A _infims | g™

Polymer abs 3 onset 3 g abs onset i
(nm) (nm) (eV) (nm) (nm) (eV)
PBIBT1 429 497 2.49 447 526 2.36
PBIBT2 432 510 2.43 440 540 2.29
PBIBT3 429 508 2.44 435 533 2.32
PBIBT4 460 534 2.32 464 552 2.24
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4.3. Electrochemical Properties of Polymers

Cyclic voltammetry (CV) measurement was used to investigate electrochemical properties of
the polymers such as the energy levels of HOMO and LUMO as well as electrochemical bandgaps.
Electrochemical properties of the polymers are summarized in Table 4.3. The HOMO and LUMO
energy levels of the polymers were calculated from the onset oxidation and reduction potentials

according to the following equation [43].

HOMO (LUMO) (eV) = —4.8 - (Egpset — E1(Ferrocene))
2

The oxidation onsets of PBIBT1 ~ PBIBT4 are 1.72, 1.40, 1.65, and 1.60 V, corresponding to
HOMO energy levels of -6.05, -5.75, -6.0, and -5.95 eV, respectively. It is well known that an open
circuit voltage (Vo) in a polymer solar cell is determined by the energy gap between HOMO level of
electron-donor polymer and LUMO level of electron-acceptor PCBM. Therefore, it is expected that
open circuit voltage (V) values for solar cell devices based on these polymers may be enhanced due
to the low-lying HOMO energy values compared to conventional P3HT polymer (-5.1 eV of HOMO
energy value). The LUMO energy levels of PBIBT1 ~ PBIBT4 are estimated to be around -3.60 eV.
The reduction onsets of the polymers are -0.75, -0.90, -0.73, and -0.73 V, resulting in LUMO energy
levels of -3.60, -3.45, -3.62, and -3.62 eV, respectively. The electrochemical bandgap values of the
polymers calculated from CV are 2.45, 2.30, 2.38, 2.33 eV, indicating that these values are in good
agreement with the optical energy bandgap values. These results clearly demonstrate that the
electrochemical properties of the polymers can be tuned by changing the molecular structure of the
polymers. PBIBT2 exhibits slightly lower electrochemical bandgap than PBIPT4, which is caused by
lower ICT effect contributed by low molecular weight of PBIBT2 than that of PBIBT4 [41].
Furthermore, the lower bandgaps of optical and electrochemical of PBIBT4 are caused by the good

stacking ability of non substituted hydrogen atom with a hexyloxy long side chain.
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Figure 4.3. Electrochemical cyclic voltammetry curves of polymers.
Table 4.3. Electrochemical potentials and energy levels of PBIBT polymers
t t
Polymer v E, oo EV) ) ELuvo V) E,(eV)
PBIBT1 1.72 -6.05 -0.75 -.3.60 2.45
PBIBT2 14 -5.75 -0.90 -3.45 2.30
PBIBT3 1.65 -6.0 -0.73 -3.62 2.38
PBIBT4 1.60 -5.95 -0.73 -3.62 2.33

- 38 -




4.4. Photovoltaic Properties of Polymers

In order to investigate photovoltaic performance of the polymers as electron donors, the bulk
heterojunction polymer solar cell devices were fabricated with a structure of glass/ ITO/ PEDOT:PSS/
polymer:PC;,BM/ LiF:Al. Figure 4.4 shows the current density-voltage (J-V) characteristics of bulk
heterojunction polymer solar cells with the polymers under AM 1.5G illumination (100 mWcm™).
Representative characteristics of the polymer solar cells such as open circuit voltage (Vqc), short
circuit current (Js), fill factor (FF), and power conversion efficiency (PCE) are summarized in
Table 4.4. It was observed that increasing w/w ratios of PC;,,BM from 1:1 to 1:4 in the solar cell
devices with all the polymers enhance the J,. and FF, resulting in the improved PCE values. Using a
low fullerene ratio in the blend leads to a reduction in J. due to the inefficient charge separation and
transport property, resulting in relatively low PCE [44]. For instance, PCE values of solar cell devices
with PBIBT3 increases from 0.05% to 0.74% when w/w ratios of PC,BM from 1:1 to 1:4. It was also
found that PBIBT4 exhibits best solar cell with V.. of 0.74 V, J.. of 4.03 mAcm?, and FF of 30.2,
resulting in PCE of 0.90%. Introduction of thiophene segments can increase PCEs of polymers
because of the presence of more rigid thiophene segments in their polymer backbone with improve
photocurrent. PBIBT1 and PBIBT2 exhibited PCEs of 0.21 and 0.18%, respectively, presumably due
to low J, values. The lower PCE values of PBIBT1 and PBIBT2 might be caused by larger steric
hindrance of long alkyl side chain of the polymers. The long hexyloxy side chain on benzimidazole
segments can hinder n-r interaction between the polymer backbones, resulting in decrease of charge
carrier mobility in the polymers [45]. Moreover, the long side chain of the acceptor unit can interrupt
intramolecular charge transfer between the donor unit and the acceptor unit of polymer by the
distortion of the conjugation of the backbone [46]. In addition, the long side chain is disadvantage in
the construction of solar cells caused by reducing the strong interaction between donor and acceptor
units leading to strong phase separation [47]. The solar cell devices based on PBIBT4 achieved a
higher Js by 0.85 mAcm™than corresponding PBIBT3 based solar cell device. Accordingly, the solar

cell efficiency was improved from 0.74% of PBIBT3 to 0.9% of PBIBT4. These results clearly
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indicate that the hydrogen and phenyl substituents in PBIBT4 play a key role in enhancing light

harvesting property and efficient interpenetrating network for achieving high PCE values.
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Figure 4.4. Current density-voltage (J-V) characteristics of polymer:PC,,BM (1:4) solar cell under
AM 1.5 condition.

Table 4.4. Photovoltaic properties of the PSCs with PBIBT polymers

Polymer po'ym(‘f,\r/isv():mBM Ve (V) Je (MA C?) FF (%) PCE (%)
11 0.46 0.17 27.62 0.02
PBIBT1 12 0.49 125 24.48 0.15
1.4 0.48 151 29.48 021
11 0.65 0.24 22.56 0.04
PBIBT2 12 0.61 053 22.01 0.07
1.4 0.68 1.06 24.68 0.18
11 0.68 0.36 20.59 0.05
PBIBT3 12 0.82 202 23.8 0.4
1.4 0.78 3.18 29.53 0.74
11 0.79 191 25.32 0.38
PBIBT4 12 0.74 3.12 28.45 0.6
1.4 0.74 4.03 30.25 0.9
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5. CONCLUSION

The low bandgap of polymers is necessary to achieve high performance of polymer solar cell.
To reduce bandgap of donor polymer, weak donor- strong acceptor alternating polymers are
investigated. Donor-acceptor alternating polymers exhibit push-pull structure which can enhance
charge carrier mobility due to the reduced interchain n-n stacking distance.

In this research, a series of copolymers with benzodithiophene segments as donor units and
benzimidazole segments as acceptor units were synthesized by using the Stille polycondensation
reaction. PBIBT1 and PBIBT2 have good solubility in organic solvents such as chloroform,
tetrahydrofuran, and dichlorobenzene because of a hexyloxy side chain on benzimidazole segment.
However, PBIBT3 and PBIBT4 exhibit limited solubility in dichlorobenzene due to the lack of alkyl
side chain on the benzimidazole segment. Molecular weights of the resulting polymers were M, of
6,012 ~ 10,148, M,, of 9,313 ~ 15,865 with PDI of 1.43 ~ 1.84 which were measured by GPC.

The optical and electrochemical properties of the resulting polymers were characterized by
UV/Vis spectroscopy and cyclic voltammetry (CV). Absorption spectra of the polymer in chloroform
solution exhibited two absorption bands. The absorption band at short wavelength was attributed to
delocalized excitonic m-n* transition in the polymer backbones, while long wavelength was caused he
intramolecular charge transfer (ICT) between the benzimidazole and benzodithiophene segments.
PBIBT4 showed red-shift absorption spectrum. It caused a hydrogen atom on the benzimidazole
segment which did not substitute for methyl group because the hydrogen atom in PBIBT4 can
enhance electron-accepting property of the resulting polymer. Furthermore, PBIBT4 has the low
optical bandgaps. The resulting polymers exhibited suitable HOMO and LUMO energy levels for
photovoltaic applications. Electrochemical bandgap of PBIBT4 was lower than that of other polymers.
The electrochemical bandgap values of the polymers show good matching with the optical bandgap
values. These results imply that the electrochemical properties of the polymers can be tuned by
changing the molecular structure of the polymers.

The efficiencies of bulk heterojunction solar cell devices increase following increasing weight
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ratios of polymers and PC;BM from 1:1 to 1:4 due to enhanced V., Js, FF. PBIBT1 and PBIBT2
achieved low efficiency of 0.21 and 0.18%. It might be caused by larger steric hindrance of long alkyl
side chain of the polymers. PBIBT4 achieved efficiency of about 1%. Phenyl group with non long
alkyl chain on benzimidazole segments of PBIBT4 affected to increase PCE. The increase efficiency
indicates that the hydrogen and phenyl substituents in PBIBT4 play a key role in enhancing the
optical and electrochemical properties for achieving high PCE values. This study implies that
polymers containing electron-deficient benzimidazole segments can achieve high PCE through

structural modification of the polymers.
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