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Fluorene-based Polymer and Oligomer Electrolytes for Polymer
Solar Cells

Mutia Anissa Marsya

Departement of Polymer Engineering, The Graduate School

Pukyong National University

Abstract

A series fluorene-based conjugated polymer, poly[6,6'-(2-(thiophen-2-
y1)-9H-fluorene-9,9-diyl)bis(N,N,N-trimethylhexan-1-aminium)
bromide] (PFT Salt), poly[6,6'-(2-phenyl-9H-fluorene-9,9-
diyl)bis(N,N,N-trimethylhexan-1-aminium) bromide] (PFB ' Salt),
poly[9,9-bis(6-(3,5-bis(bromomethyl)phenoxy)  hexyl)-2,7-dibromo-
9H-fluorene-thiophene] (P[IsoPh-OH-T)), poly[1,1,1",1"-(((2-
(thiophen-2-yl)-9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis
(benzene-5,3,1-triyl)) ~ tetrakis = (N,N,N-trimethylmethanaminium)
bromide] (P[IsoPh-Br-T] Salt), and oligomer, 6,6',6",6"-(phenyl-2,5-
diylbis(9H-fluorene-9,9,2-triyl))tetrakis(N,N,N-trimethyl-hexan-1-
aminium) bromide (FBF Salt), 6,6',6",6"-(thiophene-2,5-diylbis(9H-
fluorene-9,9,2-triyl))tetrakis(N,N,N-trimethylhexan-1-aminium)
bromide (FTF  Salt),  6,6'-(2,7-diphenyl-9H-fluorene-9,9-diyl)
bis(N,N,N-trimethylhexan-1-aminium) bromide (BFB Salt), 6,6'-(2,7-
di(thiophen-2-yl)-9H-fluorene-9,9-diyl)  bis(N,N,N-trimethylhexan-1-
aminium) bromide (TFT Salt), 6,6'-(2,7-bis(2,4-difluorophenyl)-9H-
fluorene-9,9-diyl)bis(N,N,N-trimethylhexan-1-aminium) bromide (Bf-
F-Bf Salt) has been synthesized and utilized as cathode interfacial layer
in inverted polymer solar cell. Cathode interfacial layer (CIL) or usually
known as electron transfer layer (ETL) is interpretative to improving the
power conversion efficiency (PCE) and long-term stability of an organic
photovoltaic cell that utilizes a high work function cathode. The KPM
result that the polymers: PFt salt, PFB salt, P-IsoPh-Br-T salt, P-IsoPh-
OH-T, and the oligomers, demonstrates a strong impact on the interfacial

Xvil



interaction to the electrode by reducing the work function of ITO. To
investigate the effect of CIL on the photovoltaic properties, inverted type
PSCs with a device configuration of ITO/ZnO/CIL/PTB7-
PC7;1BM/Mo0O3/Ag were fabricated. Maximum power conversion
efficiency (PCE) of the PSCs based on polyfluorene is showed up to 7.91%
from the device based PFB salt and for the oligomer is showed up to 8.26%
from the device based BfFBf salt. Nevertheless all the result indicate that
fluorene-based conjugated electrolytes are excellent CIL materials for
polymer solar cells.
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Chapter 1. Introduction

I-1. Introduction to organic solar cells

The globalization era was totally consuming high energy
than before. The demand for energy is accelerating at the high rate
due to the fast growth of developing nations and the emergence of
new economies. Oil still remained the world’s leading fuel,
accounting for 32.9% of global energy consumption !, The
continuous burning of fossil fuels not only give a serious problem
to the climate but also is an unsustainable method of energy
production. In contrast, the photovoltaic/ solar cells could convert
the sunlight into electricity and have the potential to cleanly and
sustainably meet future energy demands.

The first practical solar cell was developed in April 1954 at
Bell Laboratory!?). It was inorganic solar cell based on silicon (Si).
In the past 20 years, the demand for solar energy has grown
consistently with growth rates of 20-25% per year, reaching 427
MW in 20028). Commercial solar cells are typically fabricated
using inorganic materials. These days, the organic materials were
successfully invented and give interesting performance solar cell

due to they're easy fabrication. Organic solar cell (OSCs) devices



are based on organic semiconductors carbon-based materials. The
main backbones are comprised of alternating C—C and C=C bonds.
OSCs approach commercial efficiencies of around 3 % whereas
commercial inorganic solar cells (ISCs) are over 15%, thus the
efficiency of OSCs must be improved in order to compete with
ISCs ™.

The development organic solar cells to improve the
performance could be done by material design and morphology
optimization of the photoactive layer. The power conversion
efficiency (PCE) for bulk-heterojunction (blended OSC) have
achieved over 11%P'?. Despite recent improvements in
performance, device stability still remains a challenge for

commercialization of this technology.

I-2. The operating principle of an organic solar cell

The organic solar cells device can convert the light become
a charge electricity by following the exciton dissociation

process!*l. The majority of the organic solar cells device have a



planar layered structure, where the organic active layer that can
absorb the light sandwiched between the two electrodes. One of
them must be transparent and usually indium tin oxide (ITO) used
as transparent conductive oxide (TCO), because it allows
producing better results. The other electrode is very often
aluminum for conventional device and silver or gold are often used
in the inverted solar cells device.

The organic semiconductors such as molecule polymers,
oligomers, dendrimers, etc. all are based on conjugated & electron
system. A conjugated systemis asystemof connected mt-
orbitals with delocalized electrons. The crucial property related to
this conjugation are that the © electrons are easier to move freely
than o electrons. Therefore by absorption of energy the m bonds
system breaks creating excitons or free charges. Molecular n-*
orbitals correspond to the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO)!,

The generation of electricity from the sunlight using solar
cells consists of different successive event. Further, the mechanism

is explained in detail.



I-2-1 Absorption of light and exciton generation

Organic compounds show interesting optical and electrical
properties due to the presence of conjugated m electron system.
Organic materials with large absorption coefficients in the order of
10°/cm are quite common!'®). The bandgap or bond energy in
organic semiconductors is tuned with the energy of solar spectrum.
When light absorbed, the m-bonds system breaks forming an
exciton. The band gaps of OSCs range from 1.7 to 3.0 eV and must

be chosen wisely to ensure adequate exciton generation!!6-18],

1-2-2. Exciton diffusion

The photogenerated excitons are characterized by a very
small lifetime of few picoseconds limiting the mobility of excitons
to a few polymer units or molecules. Excitons must be formed and
disassociated to generate a current. The structure of the organic
cells includes a component that corresponds to an electron donor
and a component that corresponds to an electron acceptor. There is
an interface between those two components where the excitons
must reach in order to disassociate. The critical condition for an

efficient organic solar cell is the fact that the exciton can diffuse a



pretty large distance within its lifetime. If the interface on average
is 10 nanometers from where the exciton is generated, but during
its lifetime the exciton only diffuses 5 nanometers, no current will
be produced. In other words, during its lifetime, the exciton must
be able to diffuse and reach the interface between the donor and
acceptor components. If a system is designed with large diffusion
lengths and the migration of the exciton takes too long, then the
average distance between where the exciton is generated and the
interface can be reduced.

1-2-3. Exciton dissociation

Exciton dissociation refers to the process of splitting the
electrostatically coupled electron-hole pair into free charges. The
dissociation of excitons happens at the donor-acceptor interfaces.
The electron acceptor (A) is the material with larger HOMO and
LUMO and the one with smaller HOMO and LUMO level will act
as the electron donor (D). When the gap in HOMO and in LUMO
is not acceptable, the exciton may hop without charge separation.
To reach the efficient charge separation we need:

A(LUMOp-LUMOA4) > Exciton energy.



I-2-4. Charge transport and charge collection

Once the excitons have disassociated into two separated
species, the electron and the hole, they must move efficiently
toward the electrodes. The charges can recombine during the way
to the electrode, mainly if the same material serves as the transport
medium for both carriers’ type. The efficiency of separation
depends on how fast the electrons and the holes can move away

from each other.

Energy hy
A <

ITO Al

Figure I-1. Energy levels and light harvesting. Under the light
radiation from the sun, an electron is promoted to the LUMO
leaving a hole behind in the HOMO. The Al electrode will collect
the electron and the holes will be transferred to the ITO electrode.

F: work function, Eg: optical bandgap.



I-3. Interfacial layer

Conventional OSC device architecture consists of a bulk
heterojunction (BHJ) active layer sandwiched between a
transparent conducting electrode, such as indium tin oxide (ITO)
glass, and a low-work-function metal electrode (which usually
uses the Al material). The BHJ active layer is achieved by a blend
of the p-type polymer donor and n-type fullerene acceptor
materials dissolved in common solvent, and subsequent phase
segregation results in the formation of two interpenetrated
percolated networks during the annealing process after spin-
coating!"l. In such active layers, only excitons formed within a
distance of ~20 nm from the p-type polymer donor/n-type fullerene
derivative acceptor interface can reach the interface and then

20221 In order to achieve good

dissociate into free charge carriers!
performances, however, it is mandatory that a BHJ comprises an
interfacial layer between the active layer and both electrode to
facilitating transport of the electron and the hole to strike the
electrode.

The electrode interfacial layer divided by anode interface

layer and cathode interface layer. The holes flow to the anode



electrode via anode interface layer so it usually called hole transfer
layer (HTL), while the electrons flow to the cathode via cathode

interface layer then the name is electron transfer layer (ETL).

Figure I-2. a) Standard geometry for bulk heterojunction (BHJ)

device; and b) an inverted BHJ device [*°!

I-3-1. Anode interface layer/ HTL

The major function of anode interface layer or hole
transporting layer are the following:

a) The HTL have much higher charge transporting properties
compared with the active materials, the charges that reach
the interfaces with the HTL/ETL can quickly move away
from the active layer. This is an efficient way to avoid

charge recombination.



b) The HTL can efficiently blocked electrons and it can avoid
leak currents.

c) The HTL can protect the anode electrode from traditional
corrosive. This guarantees an improved stability and longer

lifetime of the devices!?*.

I-3-1-1.  Poly (3,4-ethylenedioxythiophene) polystyrene

sulfonate (PEDOT:PSS)

PEDOT:PSS is polymer mixture of two ionomers. One
component is made up of sodium polystyrene sulfonate which is a
sulfonated polystyrene. The sulfonyl groups are deprotonated and
carry a negative charge. The other component poly(3,4-
ethylenedioxythiophene) or PEDOT is a conjugated polymer and
carries positive charges and is based on polythiophene. Together
the charged macromolecules form a macromolecular salt!>],
PEDOT:PSS is the most widely used HTL in standard geometry
BHIJ solar cells, due to its high work function (matching the
HOMO level of commonly used donor polymers well), high

transparency in the visible range (higher than 80%), good electrical



conductivity and the ability to reduce the ITO surface roughness!?¢,
while increasing its work function.

The influence of HTL physical properties and thermal
annealing process on device performance using four distinct
formulations of PEDOT:PSS have been studied by P. G.
Karagiannidis and team. They demonstrated that vertical
distribution of active layer was correlated with HTL surface free
energy. Hydrophilic surface of PSS leads to separation of surface
and significant recombination losses were observed after pre-
annealing. The decrease in surface free energy of HTL together
with the reduction of series resistance could improve the device

performance!®”).

I-3-1-2. Metal Oxide (Mox)

Metal oxides (MOs) are the most abundant materials in the
Earth’s crust and are ingredients in traditional ceramics. MO
semiconductors are strikingly dillkrent from conventional
inorganic semiconductors such as silicon and III-V compounds
with respect to materials design concepts, electronic structure,

charge transport mechanisms, defect states, thin-film processing
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and optoelectronic properties, thereby enabling both conventional
and completely new functions®®). However, in OSCs, despite the
progress towards a better adhesion of PEDOT:PSS on top of
organic layers, the acidic/hygroscopic nature of the compound is
still detrimental for the top-side metal electrode. Its hygroscopic
nature can easily absorb the water and it becomes corrosive due to
the acidic nature (pH ranging from 1.5 to 2.5) of PEDOT:PSS!®],
To substitute PEDOT:PSS, few transition metal oxide have been
synthesized and characterized. The most typical ones are MoOs3,
WO3, V205, and NiOP%34, These metal oxides reveal good hole
transportation ability. In addition, the large band gap of the metal

oxides achieves good electron blocking properties.

I-3-2. Cathode interface layer/ ETL

The electron transport layer (ETL) is a layer which has a
high electron affinity and high electron mobility. These
characteristics allow electrons to flow across the layer, while holes
are “blocked” and cannot go through. The insertion of cathode
interface layers can form ohmic contacts at both electrodes, which

minimizes the energy barrier and benefits efficient charge carrier

11



transport and extraction*>3”), The ETL also could help prevent
damage to the active layer during thermal evaporation of the metal
cathode. That’s benefit can increase the intrinsic stability of the

device by minimizing degradation which affects the active layer.

I-3-2-1. Zine Oxide (ZnO)

ZnO is a wide bandgap semiconductor of the II-VI
semiconductor group. The native doping of the semiconductor due
to oxygen vacancies or zinc interstitials is n-typel®®l. There is
several materials which have been investigated as optimum ETL
like titanium sub-oxide (TiOx)B%), several polymers, such as
hydrophilic conjugated 2,7-carba-zole- 1,4-phenylene alternating
copolymers PCP-NOH or PCP-EP, poly(ethyleneimine) (PEI)*"!
and conjugated  polyelectrolyte poly- [(9,9-bis(30-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-ioctylfluorene)]
(PFN)* and PFPA*?, Among the materials mentioned above,
ZnO is the most extensively investigated one for ETLs in the
inverted OSCs, mainly due to its suitable energy levels, high
electron mobility, good transparency, environmental stability and

low cost.
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The energy levels of ZnO (conduction band bottom and
valence band top) are at around 4.4 eV and 7.8 eV, respectively.
Such band positions allow ZnO to function well for electron
collection and hole blocking. The relatively high electron mobility
of ZnO makes it a suitable material for cathode interface layers to
reduce the charge recombination. The good transparency in the
whole visible spectrum benefits in lowering the optical loss and the
band edge cut-off of ZnO at around 375 nm can block UV light
and accordingly protect the organic materials from

photodegradation under UV light irradiation. [**!

I-3-2-3. Water/alcohol soluble conjugated polymers (WSCPs)

The water/alcohol soluble conjugated polymer (WSCPs)
materials have been studied as alternatives the metal oxide, ZnO,
as ETLs in OSCs. These materials have been successfully used as
the interlayer materials in optoelectronic devices due to their many
unique advantages. They are wusually processed from
environmentally friendly solvents (such as alcohol), which is

important for future industrial applications and can offer
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orthogonal solvent processability to prevent the solvent erosion
problem during multilayer device fabrication. 14!

Generally, WSCPs are a kind of polymers that contain -
conjugated/ non- conjugated main chains and the side chains are
modified with highly polar pendant groups (such as ammonium
groups, sulfonate groups, phosphonate groups etc.) which can
increase their solubility in water and polar organic solvents such as
methanol. Many groups have demonstrated that the use of alcohol-
/water-soluble  polymers as cathode interfacial layers can
effectively enhance the efficiency of organic solar cells, such as
poly(ethylene oxide) (PEO),*-%! polyethyleneimine ethoxylated
(PEIE) and polyethyleneimine (PEI),*”) (WPF-oxy-F) and (WPF-

6-oxy-F).[48-4]

1-3-2-4. Fluorene Derivatives

Interest in fluorene-based organic semiconductors has
increased to their ability to display high levels of the (polarized)
photo- and electroluminescence as well as useful electronic

50-52

charge-transport properties.’>2] Both, oligo- and polyfluorene

derivatives have been studied extensively and they properties have
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been found to display superior characteristics, such as significantly
improved optoelectronic behavior (e.g., field-effect mobility,
photoluminescence, circular dichroism, and photovoltaic

53-56]

performance),! as well as, for instance, the ability to form

oriented fibers.>7%

Luo and his team (2009) was the first invented fluorene
derivatives as an interlayer to the solar cell. They apply
alcohol/water soluble conjugated polymers based on fluorene
inspired by the success of applying that material in the PLEDs!*"),
Poly[(9,9-bis {3'-[(N,N-dimethyl)-N—ethylammonium]|propyl}-
2,7-fluorine)-,7- (9,9-dioctylfluorene)-co-(4,7,-dithien-2-yl)-
2,1,3-benzotiadiazole] dibromide (PFNBr-DBT15) and poly[(9,9-
bis(3'-(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-1,4-
phenylene] dibromide (PFPNBr) were synthesized and
characterized with enhanced open-circuit voltage which lead to
better of PCE of polymer solar cells. He ef al. (2012) has recently
reported that an inverted solar cell with poly [(9,9-bis (3'- (N, N-
dimethylamino) propyl) -2,7-fluorene) -alt-2,7-(9,9—dioctyl-
fluorene)] (PFN) as the cathode interfacial layer achieved high

power conversion efficiency about 9.2%, with a simple

15



device structure. The devices based on PFN show superior

performance over the ZnO-based devices (9.15% versus 8.35%).14!]
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Chapter II. Polyfluorene-based electrolytes as an

interfacial layer of inverted polymer solar cells.

1I-1. Introduction

Polymer solar cells (PSCs) with a blend of polymer and fullerene
derivation as an active layer have caught much attention because
of their potential application to convert the solar radiation by
fabricating large-scale printing, flexible device and low-cost
solution processing!’?!. There is two main types device structure
of PSCs, the conventional structure (ITO/HTL/active
layer/ETL/metal electrode) and the inverted structure
(ITO/ETL/active layer/HTL/metal electrode). In the conventional
structure, the instability comes from the HTL material
PEDOT:PSS which is corrosive to the ITO and the presence of
oxygen and moisture because the device usually sandwiched
between ITO and the low work function metal (normally Ca/Al),
which are very easily oxidized in the airl®®!. The inverted structure
becomes superior because their increase the stability by using air-

stable metal as the anode (such as Ag and Au). The problem was
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the ITO have high work function caused the collecting of the
electron from the fullerene acceptor not efficient. Therefore, in
order to improve the power conversion efficiency (PCE) of the
inverted structure, the solution processed organic interlayer
between ITO and active layer become an important issue.

As we know the amazing performance of simple inverted polymer
solar cells have been invented by introducing PFN as cathode
interfacial layer (see Chapter I). The research on the cathode
interface material still attracted the researcher by modifying the
backbone, pendant group, different counter ion, and self-
assembled conjugated polyelectrolytes. In this chapter, we
synthesized polymer electrolytes based on fluorene. We used
quaternarization reaction to produce quarter ammonium salt of the

polymer!®®,

I1-2. Experimental
I1-2-1. Material and Synthesis
I1-2-1-1. Materials

Methylene chloride (MC) was distilled over CaH,. Toluene was

bubbling with nitrogen. All other chemicals were purchased from
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Sigma-Aldrich co, Alfa Aesar (A Johnson Matthey Company) or
Toyo Chemical Industry (TCI) and were used as received unless

otherwise described.

I1-2-1-2. Synthesis

II-2-1-2-1. General procedure of Suzuki coupling

polymerization reaction

A mixture of aryl bromide, aryl boronic ester, 5.0 mol % of
tetrakis(triphenylphosphine) palladium [Pd(PPh3)s] and several
drops of aliquat336 in degassed 1:1 (by volume) mixed solvent of
toluene and 2M K>COs3 aqueous was stirred for 12 hours at 80 °C
under the N;atmosphere. The mixture allowed to cool to room

temperature and precipitated by dropping on methanol (150 ml).

I1-2-1-2-2. General procedure of Stille coupling polymerization

reaction

A mixture of aryl bromide, tin compound, tri (O-tolyl)phosphine,
and 5.0 mol % of bis(dibenzylideneacetone)palladium(0)

[Pd(dba);] in toluene/DMF was stirred for 10-15 minutes at
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110 °C under N2 atmosphere. The mixture allowed to cool to room

temperature and precipitated by dropping on methanol (150 ml).

I1-2-1-2-3. Synthesis of 2,7-dibromo-9,9-bis-(6-bromo-hexyl)-

9H-fluorene (2)

A mixture of compound 2,7-dibromo-9H-fluorene (16.20 g, 50.00
mmol), 1,6-dibromo-hexane (152.23 ml, 1 mol), 30 mL of 2M
KOH solution in water and 5.0 mol % of PTC (0.693 g, 0.250
mmol) was stirred for 18 hours at 80 °C under N> atmosphere. A
portion of 100 mL of water has added the mixture and allowed to
cool to room temperature. The mixture was extracted with
methylene chloride (MC) and the extracted organic layer was dried
over anhydrous MgSOs. The organic solvent was removed by
using a rotary evaporator. The excess of 1,6-dibromo-hexane was
recovered by vacuum distillation. The crude product was purified
by column chromatography on silica gel using MC/n-hexane and
recrystallization using methanol to get very pure of the product.
The yield of white solid was 25.35 g (78.3%). 'H-NMR (400 MHz,
CDCl, ppm): 6 7.52 (s, 1H), 7.48~7.47 (d, J=1.8 Hz, 1H),

7.44~7.43 (d, J=1.5 Hz, 1H), 3.32~3.28 (t, J=6.8, 2H) 1.95~1.90
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(m, 2H), 1.71~1.64 (m, 2H), 1.24~1.16 (m, 2H), 1.12~1.05 (m, 2H),
0.62~0.53 (m, 4H). '3C NMR (151 MHz, CDCls, ppm) & 152.24,
139.15, 130.42, 126.16, 122.03, 121.34, 55.64, 40.15, 34.03, 32.83,

29.04, 27.86, 23.54.

I1-2-1-2-4. Synthesis of poly[2-[9,9-Bis-(6-bromo-hexyl)-9H-

fluoren-2-yl]-thiophene] (PFT)

This polymer PFT was synthesized by Stille coupling
polymerization reaction. The 2,5-Bis-tributylstannanyl-thiophene
(0.4 mmol), the 2,7-Dibromo-9,9-bis-(6-bromo-hexyl)-9H-
fluorene (2) (0.4 mmol) and Tri(O-tolyl)phosphine (50% mol, 76
mg, 0.2 mmol) were mixed in degassed Toluene.
Bis(dibenzylideneacetone) palladium(0) [Pd(dba):] (11,5 mg)
were added to the mixture as catalyst. The reaction mixture was
stirred and heated to reflux for 20 minutes under N> atmosphere.
Then the reaction mixture was cooled to room temperature, and the
polymer was precipitated by addition of methanol (150 mL),
filtered through a Soxhlet thimble. The precipitate was then
subjected to Soxhlet extraction with methanol, hexanes, and

chloroform. The polymer was recovered as solid from the
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chloroform fraction by precipitation from methanol. "H-NMR (400
MHz, CDCls, ppm): 6 7.74~7.68 (m, 3H), 7.61~7.57 (m, 2H),
7.52~7.30 (m, 3H), 3.31~3.27 (m, 4H), 2.08~1.98 (m, 4H),
1.69~1.62 (m, 4H), 1.26~1.22 (m, 4H), 1.13~1.11 (m, 4H),

0.95~0.73 (m, 4H).

I1-2-1-2-5. Synthesis of poly[2-[9,9-bis-(6-bromo-hexyl)-9H-

fluoren-2-yl]-benzene] (PFB)

This polymer PFB was synthesized by Suzuki coupling reaction.
The benzene boronic ester (4) (0.132 gr, 0.4 mmol), the 2,7-
Dibromo-9,9-bis-(6-bromo-hexyl)-9H-fluorene (2) (0.26 gr, 0.4
mmol), 7% mol of tetrakis(triphenylphosphine) palladium
[Pd(PPh3)4] (0.032 g, 0.028 mmol), and several drops of aliquat.
336 in 6 mL of degassed 1:1 (by volume) mixed solvent of Toluene
and 2M K>COs aqueous was stirred for 72 hours at 110 °C under
the N>. Then the reaction mixture was cooled to room temperature,
and the polymer was precipitated by addition of methanol (150
mL). To remove the catalyst the precipitate was then dissolved in
chloroform and add 50 ml of ammonia water for overnight. To the

mixture was added water (50 mL) and chloroform (50 mL). The

22



chloroform layer was separated, washed with water (50 mL X 2),
dried over magnesium sulfate, and concentrated. The polymer was
recovered as solid by adding 1 ml of THF to the concentrated
polymer and make precipitate in methanol. 'H-NMR (400 MHz,
CDCl, ppm): 6 7.74~7.68 (m, 3H), 7.62~7.57 (m, 2H), 7.52~7.30
(m, 3H), 3.31~3.27 (m, 4H), 2.08~1.99 (m, 4H), 1.69~1.62 (m, 4H),

1.26~1.22 (m, 4H), 1.13~1.12 (m, 4H), 0.95~0.73 (m, 4H).

II-2-1-2-6. Synthesis of poly[6,6'-(2-(thiophen-2-yl)-9H-
fluorene-9,9-diyl)bis(N,N,N-trimethylhexan-1-aminium)

bromide] (PFT Salt)

Poly fluorene — thiophene polyelectrolyte was synthesized by
combining 30 mg of Poly[2-[9,9-Bis-(6-bromo-hexyl)-9H-
fluoren-2-yl]-thiophene] (PFT) with 6 mg trimethylamine in THF
at reflux temperature for 48 h, then the solvent was removed. The
polyelectrolytes were dried in vacuum overnight and obtained as

an orange solid.
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I1-2-1-2-7. Synthesis of poly[6,6'-(2-phenyl-9H-fluorene-9,9-
diyl)bis(N,N,N-trimethylhexan-1-aminium) bromide] (PFB

Salt)

Polyfluorene — Benzene polyelectrolyte was synthesized by
combining 30 mg of Poly[2-[9,9-Bis-(6-bromo-hexyl)-9H-
fluoren-2-yl]-benzene] (PFB) with 6 mg trimethylamine in THF
for 6 days, then the solvent was removed. The polyelectrolytes

were dried in vacuum overnight and obtained as a gray solid.
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Scheme II-1. Synthesis of Conjugated Polymer Electrolytes
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1I-2-2. Fabrication of PSCs

In order to fabricate the inverted type organic photovoltaic (OPV)
with the device structure: [ITO/ZnO (40 nm)/ ETL (~ 5 nm)/active
layer (PTB7:PC71BM, 100 nm)/MoO3 (10 nm)/Ag (100 nm)], a
ZnO layer was deposited on an ITO substrate by the sol-gel process.
A thin film of ZnO sol-gel precursor was cured at 200 °C for 10
min. A thin layer of interlayer material was prepared by spin
coating with a MeOH solution of oligomer compound (1 mg/mL)
at 4000~5000 rpm for 60 seconds onto the ITO or ZnO. The typical
thickness of a cathode buffer layer was less than 5 nm at room
temperature. The active layer was spin-cast from a mixture of
PTB7 and PC71BM (obtained by dissolving 10 mg of PTB7 and 15
mg of PC71BM in 1 mL of chlorobenzene with 3% (w/v) 1,8-
diiodooctane (DIO)) and stirring at 2000 rpm for 120 s. The active
solution was then filtered through a 0.2 m membrane filter 5 before
spin coating. Successive layers of MoO; and Ag were thermally

evaporated through a shadow mask, with a device area 13 mm? at

2 x 10 Torr.
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11-2-3. Measurement

Synthesized compounds were characterized by 'H and '*C NMR
spectra, and it was recorded on a JEOL JNM ECP-400
spectrometer. The elemental MASS analysis of synthesized
compounds was carried out on an Elementar Vario macro/micro
elemental analyzer, Shimadzu GC-MS QP-5050A spectrometer
and Perkin-Elmer Voyager- DE PRO. UV-Visible spectra were
recorded using UV-Vis spectrophotometer (JASCO V-530).
Cyclic voltammetry (CV) was performed by an Ivium B14406
with a three-electrode cell in a solution of 0.10 M
tetrabutylammonium  hexafluorophosphate = (BusNPFs)  in
acetonitrile anhydrous at a scan rate of 100 mV/s. Pt coil and wire
were used as the counter and working electrode, respectively. An
Ag/Ag" electrode was used as the reference electrode. Prior to each
measurement, the cell was deoxygenated with nitrogen. Elemental
analysis was performed using X-ray photoelectron spectroscopy
(XPS) (Thermo VG Scientific (UK), MultiLab2000) and recorded
using Al Ka X-ray line (15 kV, 300 W). Kelvin probe microscopy
(KPM) measurements (KP Technology Ltd. Model KP020) were

performed on the ZnO layers, with and without ETL, and the work
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function of the samples were estimated by measuring the contact
potential difference between the sample and the KPM tip. The
KPM tip was calibrated against a standard reference gold surface,
with a work function of 5.1 eV. A thin film of ETL was prepared
by spin coating it on ITO/ZnO surface, using a methanol (MeOH)
solution (1 mg/mL) of the electron transport materials at the
ambient condition to measure the contact potential difference using
KPM and investigate the effective work function of the interlayer
coated substrate. The current density—voltage measurements were
performed under simulated light (AM 1.5G, 1.0 sun condition/100
mW/cm?) froma 150 W Xe lamp, using a KEITHLEY Model 2400
source measure unit. A calibrated Si reference cell with a KG5
filter certified by National Institute of Advanced Industrial Science

and Technology was used to confirm 1.0 sun condition.
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I1-3. Result and discussion
I1-3-1. XPS elemental analysis

The quarter ammonium salt of the polymer was confirmed by XPS
elemental analysis (Figure II-1). We confirmed that the
quaternization reaction was succeeded, prove by the N 1s peak
appeared (at ~400 eV) in the polymers salt. For the polymers

before quaternization reaction, N 1s peaks cannot be observed.
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Figure II-1. Survey X-ray photoelectron spectra of PFT and PFB

before and after quaternization reaction.
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I1-3-2. Optical and electrochemical properties

Figure II-2 (a) show of the UV-visible spectra of the polymer
before quaternization reaction in chloroform solution and in thin
film, while (b) show the UV-visible spectra of the polymer after
quaternization reaction in methanol solution and in a thin film.
Both PFT and PFB exhibit the similar features at before and after
quaternization reaction, the absorption spectra of PFT, PFB, PFT
salt and PFB salt peak 440, 369, 446, and 358 nm in the film; 434,
358, 441, 345 nm in solution, respectively. The films exhibit red-
shift absorption bands because in the solid state, the n-conjugated
backbone length was enlarged that can induce intense

intramolecular packingl®'!,
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Figure II-2. UV-Visible spectra of PFT and PFB in chloroform
solution and thin film (a); and their quaternary ammonium salt,

PFT salt and PFB salt in methanol solution and thin film (b).
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Figure II-3 corresponding to PL emission of the polymer before (a)
and after (b) quaternization reaction. The PL emission peak of PFT,
PFB, PFT salt and PFB salt are 502, 419, 550, and 424 nm in the
film; 474, 411, 506, and 405 in nm solution. All thin films spectra
exhibit broadened and red-shifted PL bands peak due to molecular

aggregation in the film state.
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‘Figure I1-3. Photoluminescence (PL) spectra of PFT and PFB in
chloroform solution and thin film (a); and their quaternary
ammonium salt, PFT salt and PFB salt in methanol solution and

thin film (b).
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The electrochemical properties of the polymer were investigated
by cyclic voltammetry (CV) using tetra-n-
butylammoniumhexafluorophosphate (n-BusNPFs, 0.1 M in
acetonitrile) as the supporting electrolyte with a glass carbon
working electrode, a platinum wire counter electrode, and an
Ag/AgCl electrode as the reference electrode. The onset voltage of
oxidation process for PFT and PFB were determined at 0.73 V and
0.93 V, respectively (Figure 1I-4). The reference electrode was
calibrated by the ferrocene/ferrocenium (Fc/Fc) and the onset
potential was 0.35 V (absolute energy of Fc/Fc* was 4.8 eV below
the vacuum level)!®? to obtain accurate energy levels. The HOMO
and LUMO levels could be calculated as Erumo =-¢(Er.+ 4.45) (eV)
and Enomo = -e(Exxt4.45) (eV).!] Table II-1 presented the

summary of optical and electrochemical properties data.
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Figure II-4. Cyclic voltammogram of PFT and PFB as films

measured in 0.1 M BusNPFs in acetonitrile.
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Table II-1. Summary of optical and electrochemical properties data of polymer.

UV-vis Photoluminescence Cyclic
absorption spectra Spectra Voltammetry

Polymer
solution film solution film HOMO LUMO E; a
Amax/Nm Amax/Nm Amax/Nm Amax/Nm (eV) (eV) (eV)
PFT 434 440 474 502 -5.18 -3.27 2.82
PFB 358 369 411 419 -5.38 -3.25 3.36
PFT Salt 441 446 506 550 - - 2.78
PFB Salt 345 358 405 424 - - 3.46
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I1-3-3. Interfacial properties

In order to evaluate the interface interaction between polymer salt
and ITO or ZnO, Kelvin Probe Microscopy (KPM) was used to
calculate the effective work function (WF). The WF of bare ITO is
5 eV, whereas the ITO/PFT Salt and ITO/PFB Salt reduce the work
function of ITO by 0.87 eV and 1.05 eV, respectively. We also
measure with pristine ZnO (the WF bare ZnO is 4.4 eV) and both
of the ZnO/PFT Salt, ZnO/PFT Salt can reduce the WF of ZnO by
0.25 eV (Figure II-5). However, the WF decreased after being
modified by polymer salts indicates the formation of a favorable
interface dipole which can lower the Schottky barrier and facilitate

charge injection.!*%
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Figure II-5. Work function data from a matrix of the ITO

electrodes coated with PF-X salt and ZnO/PF-X salt film.

I1-3-4. Photovoltaic properties

OSC was fabricated using polymer salt as cathode interfacial layer
(CIL). It was demonstrated that methanol treatment can improve
the surface properties of ZnO films due to possible hydrogen

bonding interactions.[®!

Therefore, devices with methanol
treatment were also fabricated as a reference. The current density

(J) — voltage (V) curves of OSCs under AM 1.5G simulated
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illumination with intensity of 100 mW/cm? are shown in Figure II-
6 and the corresponding short-circuit currents (Js), open-circuit
voltages (Vo), fill factors (FF) and power conversion efficiencies
(PCE) are summarized in Table II-2.

The device with PFT salt showed an open circuit voltage (Voc) of
0.74 V, a short circuit current (Jsc) of 15.30 mA/cm?, a fill factor
(FF) 0of 69.2 % and a PCE of 7.83 %. The device with PFB salt
gave a Voc of 0.74 V, a Jsc of 15.28 mA/cm?, a FF of 69.9 and a
PCE of 7.91%. As shown in Table II-2, all device with CIL have
better performance compared to the device treated with methanol
(MeOH). The slight improvement of PCE occurred due to the
better contact between the active layer and the metal cathode. The
enhanced Ji. contributed by the reduced work function for better
energy alignment.!%! PFB salt exhibit higher PCE (7.91% vs
7.83%) than PFT salt. That result is related with KPM result that
PFB salt performs better to decrease the WF of the metal electrode

than PFT salt.
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Figure II-6. Current density—voltage curves of polymer salts
under AM 1.5G simulated illumination with an intensity of 100

mW/cm? (a) and under the dark condition (b).
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Table I1-2. Photovoltaic performance of PTB7:PC71BM-based PSCs with interlayer and methanol treatment.

Sample Name Jsc (mA/cm?) Voc (V) FF (%) PCE (%)

ZnO/MeOH 14.65 (14.55) 0.74 (0.74) 71.6 (71.1) 7.66 (7.66)
ZnO/PFT Salt 15.30 (15.25) 0.74 (0.74) 69.2 (68.55) 7.83 (7.73)
ZnO/PFB Salt 15.28 (15.23) 0.74 (0.74) 69.9 (69.4) 7.91 (7.81)

The averages for the photovoltaic parameters of each device are given in parentheses.
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1I-4. Conclusion

The polyfluorene-based electrolytes, PFB salt and PFT salt were
synthesized and developed as cathode interfacial materials. XPS
studies showed that the quaternization reaction of all polymer was
succeeded. The work function of the metal electrode was decreased
by all polymer salt which leads to better energy alignment for
electron transport. All polymer salt deposited as cathode interface
layer in inverted polymer solar cells and exhibit a good
performance by enhancing the PCE of the device. PFB salt has
higher PCE than PFT salt, correlate with the performance of PFB

salt that can lower the WF of metal electrode better than PFT salt.
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Chapter III. Alcohol-soluble conjugated polymer as

interfacial layer of inverted polymer solar cells

III-1. Introduction

In the previous chapter, we successfully introduced the polymer
salt based on fluorene. To further research for enhancing the
performance of solar cells, in this chapter we present the new
materials for ETL by increasing the amount of pendant, quaternary
ammonium salt (N" Br’). However, these electrolytes usually have
movable positive and negative ions, which can travel easily into
the active layer, thus possible reason to determine the effect of a
number of pendants group to the performance of the PSCs.
Isophthalate was attached to the fluorene monomer and the final

conversion polymer produced four pendants in each fluorene.
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I1I-2. Experimental
I1I-2-1. Material and synthesis
I11-2-1-1. Materials

Methylene chloride (MC) was distilled over CaH,. Toluene was
bubbling with nitrogen. All other chemicals were purchased from
Sigma-Aldrich co, Alfa Aesar (A Johnson Matthey Company) or
Toyo Chemical Industry (TCI) and were used as received unless

otherwise described.

I11-2-1-2. Synthesis

I1I-2-1-2-1.  General Procedure of Stille coupling

polymerization reaction

The stille coupling polymerization in this chapter is followed by

the method of polymerization reaction (II-2-1-2-1) in chapter I1.

I11-2-1-2-2. Synthesis of 2,7-dibromo-9,9-bis-(6-bromo-hexyl)-

9H-fluorene (1)

A mixture of compound 2,7-dibromo-9H-fluorene (16.20 g, 50.00

mmol), 1,6-Dibromo-hexane (152.23 ml, 1 mol), 30 mL of 2M
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KOH solution in water and 5.0 mol % of PTC (0.693 g, 0.250
mmol) was stirred for 18 hours at 80 °C under N> atmosphere. A
portion of 100 mL of water has added the mixture and allowed to
cool to room temperature. The mixture was extracted with
methylene chloride (MC) and the extracted organic layer was dried
over anhydrous MgSOs. The organic solvent was removed by
using a rotary evaporator. The excess of 1,6-Dibromo-hexane was
recovered by vacuum distillation. The crude product was purified
by column chromatography on silica gel using MC/n-hexane and
recrystallization using methanol to get very pure of the product.
The yield of white solid was 25.35 g (78.3%). 'H-NMR (400 MHz,
CDCl, ppm): 67.5200 (s, 1H), 7.4779~7.4733 (d, J/=1.8 Hz, 1H),
7.44~7.43 (d, J=1.5 Hz, 1H), 3.32~3.28 (t, J=6.8, 2H) 1.94~1.90
(m, 2H), 1.71~1.64 (m, 2H), 1.24~1.16 (m, 2H), 1.128~1.05 (m,
2H), 0.62~0.53 (m, 4H). 3*C NMR (151 MHz, CDCl;, ppm)
152.24, 139.15, 130.42, 126.16, 122.03, 121.34, 55.64, 40.15,

34.03, 32.83, 29.04, 27.86, 23.54.
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I11-2-1-2-3. Synthesis of tetramethyl 5,5'-(((2,7-dibromo-9H-
fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(oxy))diisophthalate
(2)

A mixture of compound 1 (9.75 g, 15.00 mmol), Dimethyl 5-
hydroxyisophthalate (7.25 g, 34.5 mmol), KoCOs3 (11.74 g, 85
mmol) and 20.0 mol % of 18-crown-6 (0.792 g, 3 mmol) in 30 ml
acetonitrile was stirred for 24 hours at 80 °C under N> atmosphere.
A portion of 100 mL of water was added the mixture and allowed
to cool to room temperature. The mixture was extracted with ethyl
acetate (EA) and the extracted organic layer was dried over
anhydrous MgSQ4. The organic solvent was removed by using a
rotary evaporator. The crude product was purified by column
chromatography on silica gel using EA/n-hexane. The yield of
white sticky liquid was 8.23 g (60.4%). 'H-NMR (400 MHz,
CDCls, ppm): 8.24~8.24 (t, J= 3.65 Hz, 1H), 7.74~7.73 (d, J= 3.6
Hz, 1H), 7.51 (s, 1H), 7.47~7.46 (d, J= 3.7, 1H), 7.45~7.45 (d, J=
4.5, 2H), 3.94 (s, 2H), 3.49 (s, 6H), 1.97~1.93 (m, 2H), 1.66~1.59
(m, 2H), 1.29~1.20 (m, 2H), 1.18~1.10 (m, 2H), 0.66~0.58 (m, 2H).

3C NMR (151 MHz, CDCl, ppm) & 165.88, 157.22, 150.00,
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140.09, 133, 51, 130.59, 129.63, 122.53, 121.44, 118.40, 68.71,

51.49, 43.87, 30.22, 29.60, 25.86, 24.39.

I11-2-1-2-4. Synthesis of ((((2,7-dibromo-9H-fluorene-9,9-
diyl)bis(hexane-6,1-diyl))bis(oxy))bis(benzene-5,3,1-

triyl))tetramethanol (3)

Lithium Aluminum Hydrate (LiAlH4) (0.57 g, 15 mmol) was under
vacuum to remove the moisture in the reaction flask for 15 minutes.
Anhydrous THF (30 ml) was added to dissolve LiAIH4. Compound
2 (2.72 g, 3 mmol) was dissolved in anhydrous THF before injected
to the reaction flask. And the reaction was stirred for 24 hours at
room temperature under N> atmosphere. A portion of 100 mL of
water has added the mixture and allowed to cool to room
temperature. Dilute HCI was added to neutralize the mixture. The
mixture was extracted with ethyl acetate (EA) and the extracted
organic layer was dried over anhydrous MgSQO4. The organic
solvent was removed by using a rotary evaporator. The crude
product was purified by column chromatography on silica gel
using EA/n-hexane and recrystallization using methylene chloride

to get very pure of the product. The yield of white powder was 1.91
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g (80%). 'H-NMR (400 MHz, CDCL, ppm): 7.6503~7.6301 (d, J=
20.2 Hz, 1H), 7.56~7.56(d, J= 3.6 Hz, 1H), 7.49~7.47 (dd, J,=
20.15 Hz, J= 4.5 Hz, 1H), 6.89~6.87 (d, J= 16.5, 1H), 6.76 (s, 2H),
3.86~3.82 (1, J= 16 Hz, 2H), 2.05~2.01 (t, J= 20.15 Hz, 2H),
1.56~1.51 (m, 2H), 1.29 (s, 2H), 1.26~1.19 (m, 2H), 1.15~1.08 (m,
2H), 0.61~0.53 (m, 2H). 3C NMR (151 MHz, CDCL, ppm) &
146.71, 134.16, 125.15, 121.25, 119.63, 115.79, 92.21, 81.46,

68.21, 52.74, 33.45, 29.55, 27.53, 26.01, 17.78.

II1-2-1-2-5. Synthesis of 9,9-bis(6-(3,5-

bis(bromomethyl)phenoxy)hexyl)-2,7-dibromo-9H-fluorene (4)

The compound 4 (1.03 g, 1.3 mmol) was dissolved in 10 ml of
distillate MC in the two neck RB flask. To the flask, phosphorus
tribromide (PBr3) (0.3 ml, 2.6 mmol) was added slowly using
dropping funnel. Wash the dropping funnel with distillate MC to
make sure the PBr3 was added completely to the flask. The reaction
was stirred for 24 hours at room temperature. A portion of 100 mL
of water has added the mixture and allowed to cool to room
temperature. Potassium carbonate (K2CO3) solution 2M was added

to neutralize the mixture. The mixture was extracted with
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methylene chloride (MC) and the extracted organic layer was dried
over anhydrous MgSO4. The organic solvent was removed by
using a rotary evaporator. The crude product was purified by
column chromatography on silica gel using MC/n-hexane. The
yield of white sticky powder was 0.83 g (80%). 'H-NMR (600
MHz, CDCl;, ppm): 6 7.55~7.51 (m, 2H), 7.48~7.44 (m, 4H), 6.97
(s, 2H), 6.81 (s, 2H), 4.41 (s, 4H), 3.86~3.81 (t, J = 6.4 Hz, 2H),
1.99~1.91 (m, 2H), 1.63~1.56 (m, 2H), 1.25~1.18 (dd, J = 14.9,
7.7 Hz, 2H), 1.17~1.08 (m, 2H), 0.66~0.56 (m, 2H). *C NMR (151
MHz, CDCls, ppm) ¢ 159.57, 152.38, 139.56, 130.32, 126.31,
121.72, 121.37, 115.29, 68.05, 55.72, 40.22, 32.99, 29.64, 29.17,

25.85, 23.56.
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Scheme III-1. Synthesis of conjugated monomer based on IsoPhthalate
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I11-2-1-2-6. Synthesis of poly((((2,7-dibromo-9H-fluorene-9,9-
diyl)bis(hexane-6,1-diyl))bis(oxy))bis(benzene-5,3,1-

triyl))tetramethanol-thiophene (P[IsoPh-OH-T])

This polymer P[IsoPh-OH-T] was synthesized by stille coupling
reaction. The reaction following the same method with general
procedure of stille coupling polymerization reaction above. The
2,5-bis-trimeythylstannyl-thiophene  (0.081 gr, 0.2 mmol),
compound 3 (0.159 gr, 0.2 mmol) and tri(O-tolyl)phosphine (50%
mol, 0.03 gr, 0.1 mmol) were mixed in degassed DMF.
Bis(dibenzylideneacetone)palladium(0) [Pd(dba)2] (5% mol, 6 mg,
0.01 mmol) were added to the mixture as catalyst. The polymer
was precipitated by addition of deionized water (150 mL). 'H-
NMR (400 MHz, CDCl, ppm): 7.54~7.43 (d, J= 20.2 Hz, 1H),
7.40~7.40 (d, J= 10.6 Hz, 1H), 7.35~7.29 (t, J= 14.5 Hz, 1H),
6.89~6.87 (d, J=16.5, 1H), 6.76 (s, 2H), 4.61 (s, 8H) 3.88~3.84 (t,
J= 15 Hz, 2H), 3.65 (s, 4H) 2.05~2.01 (t, J= 20.15 Hz, 2H),
1.57~1.53 (m, 2H), 1.25~1.19 (m, 2H), 1.15~1.09 (m, 2H),

0.61~0.53 (m, 2H).
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I1-2-1-2-7. Synthesis of poly[9,9-bis(6-(3,5-
bis(bromomethyl)phenoxy) hexyl)-2,7-dibromo-9H-fluorene-

thiophene] (P[IsoPh-Br-T])

This polymer P[IsoPh-Br-T] was synthesized by Stille coupling
reaction. The reaction following the same method with general
procedure of stille coupling polymerization reaction above. The
2,5-bis-trimeythylstannyl-thiophene  (0.164 gr, 0.4 mmol),
compound 4 (0.419 gr, 0.2 mmol) and tri(O-tolyl)phosphine (50%
mol, 0.06 gr, 0.2 mmol) were mixed in degassed Toluene.
Bis(dibenzylideneacetone)palladium(0) [Pd(dba)z] (5% mol, 12
mg, 0.02 mmol) were added to the mixture as catalyst. The
polymer was precipitated by addition of methanol (150 mL). 'H-
NMR (400 MHz, CDCls, ppm): 7.52~7.52 (d, J= 17.8 Hz, 1H),
7.49~7.45 (d, J=15.5 Hz, 2H), 6.95 (s, 1H) 6.85~6.79 (m, 2H),
4.40 (s, 8H), 3.84~3.82 (t,J= 10.05 Hz, 2H), 1.95~1.93 (t, /= 18.15
Hz 2H), 1.61~1.56 (m, 2H), 1.26~1.19 (m, 2H), 1.15~1.10 (m, 2H),

0.64~0.58 (m, 2H).
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I11-2-1-2-8. Synthesis of poly[1,1',1"",1'"-(((2-(thiophen-2-yl)-
9H-fluorene-9,9-diyl)bis(hexane-6,1-diyl))bis(benzene-5,3,1-
triyl))tetrakis(N,N,N-trimethylmethanaminium) bromide]

(P[IsoPh-Br-T] Salt)

The poly[IsoPh-Br-T] electrolytes was synthesized by combining
30 mg of Poly[9,9-bis(6-(3,5-bis (bromomethyl) phenoxy) hexyl)-
2,7- dibromo- 9H-fluorene-thiophene] (P[IsoPh-Br-T]) with 6 mg
trimethylamine in anhydrous THF at reflux temperature for 6 days,
followed by extraction with hexane using centrifuge. The hexane
was then removed under reduced pressure. The polymer was dried

in vacuum overnight and was obtained as an orange solid.
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II1-2-2. Fabrication of PSCs

In order to fabricate the inverted type organic photovoltaic (OPV)
with the device structure: [ITO/ZnO (40 nm)/ ETL (~ 5 nm)/active
layer (PTB7:PC71BM, 100 nm)/MoO3 (10 nm)/Ag (100 nm)], a
ZnO layer was deposited on an ITO substrate by the sol-gel process.
A thin film of ZnO sol-gel precursor was cured at 200 °C for 10
min. A thin layer of interlayer material was prepared by spin
coating with a MeOH solution of oligomer compound (1 mg/mL)
at 4000~5000 rpm for 60 seconds onto the ITO or ZnO. The typical
thickness of a cathode buffer layer was less than 5 nm at room
temperature. The active layer was spin-cast from a mixture of
PTB7 and PC71BM (obtained by dissolving 10 mg of PTB7 and 15
mg of PC71BM in 1 mL of chlorobenzene with 3% (w/v) 1,8-
diiodooctane (DIO)) and stirring at 2000 rpm for 120 s. The active
solution was then filtered through a 0.2 m membrane filter 5 before
spin coating. Successive layers of MoO; and Ag were thermally

evaporated through a shadow mask, with a device area 13 mm? at

2 x 10 Torr.
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1I1-2-3. Measurement

Synthesized compounds were characterized by 'H and '*C NMR
spectra, and it was recorded on a JEOL JNM ECP-400
spectrometer. The elemental MASS analysis of synthesized
compounds was carried out on an Elementar Vario macro/micro
elemental analyzer, Shimadzu GC-MS QP-5050A spectrometer
and Perkin-Elmer Voyager- DE PRO. UV-Visible spectra were
recorded using UV-Vis spectrophotometer (JASCO V-530).
Cyclic voltammetry (CV) was performed by a Ivium B14406 with
a three-electrode cell in a solution of 0.10 M tetrabutylammonium
hexafluorophosphate (BusNPFy) in acetonitrile anhydrous at a scan
rate of 100 mV/s. Pt coil and wire were used as the counter and
working electrode, respectively. An Ag/Ag" electrode was used as
the reference electrode. Prior to each measurement, the cell was
deoxygenated with nitrogen. Elemental analysis was performed
using X-ray photoelectron spectroscopy (XPS) (Thermo VG
Scientific (UK), MultiLab2000) and recorded using Al Ka X-ray
line (15 kV, 300 W). Kelvin probe microscopy (KPM)
measurements (KP Technology Ltd. Model KP020) were

performed on the ZnO layers, with and without ETL, and the work
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function of the samples were estimated by measuring the contact
potential difference between the sample and the KPM tip. The
KPM tip was calibrated against a standard reference gold surface,
with a work function of 5.1 eV. The current density—voltage
measurements were performed under simulated light (AM 1.5G,
1.0 sun condition/100 mW/cm?) from a 150 W Xe lamp, using a
KEITHLEY Model 2400 source measure unit. A calibrated Si
reference cell with a KGS5 filter certified by National Institute of
Advanced Industrial Science and Technology was used to confirm

1.0 sun condition.
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IT1-3. Result and Discussion
ITI-3-1. XPS elemental analysis

To support our assumption of the quaternization reaction is
succeed, the X-ray photoelectron spectra (XPS) was carried out to
analyze the chemical structure of P-IsoPh-Br-T salt and P-IsoPh-
Br-T. Figure III-1 shows the N 1s peak appeared in the P-IsoPh-
Br-T salt spectra. The binding energy of N 1Is peak is 401.63 eV
which only obtained in the quaterammonium salt that means the

conversion reaction was succeeded.

—a— P-lsoPh-Br-T
—i— P-lsoPh-Br-T Salt

cps (a.u)
4
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Binding Energy(eV)
Figure III-1. Survey X-ray photoelectron spectra of P-IsoPh-Br-

T and P-IsoPh-Br-T salt
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I11-3-2. Optical and electrochemical properties

Figure III-2 shows the normalized UV-Vis absorption and
photoluminescence (PL) spectra for dilute methanol solutions and
spin-coated thin films of P-IsoPh-Br-T (before and after
quaternarization) and P-IsoPh-OH-T. The wavelength of the
polymer solution absorptions bands peak at 280 nm for P-IsoPh-
Br-T salt which is almost same with neutral compound (279 nm).
Interestingly, the absorption peak of P-IsoPh-OH-T appeared at a
longer wavelength, 471 nm in a solution state. In the thin film, P-
IsoPh-Br-T salt peaks show red-shifted absorption to 298 nm and
P-IsoPh-OH-T peaks show much broader at 473 nm. The
corresponding solution PL bands peak at 500 nm for P-IsoPh-Br-
T salt and 543 nm for P-IsoPh-OH-T. In the film state, the emission
of P-IsoPh-Br-T salt shifted to a longer wavelength of 564 nm then

P-IsoPh-OH-T peak of 545 nm.
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Figure III-2. UV-Visible spectra of P-IsoPh-Br-T in chloroform
solution and thin film; P-IsoPh-Br-T salt (a) and P-IsoPh-OH-T

in methanol solution and thin film (b).
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Figure III-3. Photoluminescence spectra of P-IsoPh-Br-T salt (a)

and P-IsoPh-OH-T (b) in methanol solution and thin film.
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The energy levels of the resulting polymer were determined by
cyclic voltammetry (CV) using tetra-n-
butylammoniumhexafluorophosphate (n-BusNPFs, 0.1 M in
acetonitrile) as the supporting electrolyte with a glass carbon
working electrode, a platinum wire counter electrode, and an
Ag/AgCl electrode as the reference electrode. The CV curve is
presented in Figure III-3. The onset voltages of oxidation process
for P-IsoPh-Br-T and P-IsoPh-OH-T were observed to be 1.43 eV
and 0.75 eV, respectively. The HOMO energy levels of both
polymers were thus calculated to be 6.23 eV for P-IsoPh-Br-T and
5.55 eV for P-IsoPh-OH-T, using the ferrocene value of 4.8 eV
below the vacuum as the internal standard.[®*) The two molecules
have deep HOMO level which beneficial to hole blocking ability
with respect to various donor materials.l®”) Table III-1 presented

the summary of optical and electrochemical properties data.
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Table ITI-1. Summary of optical and electrochemical properties data of P-IsoPh-Br-T Salt and P-IsoPh-OH-T.

UV-vis absorption spectra Photoluminescence Spectra  Cyclic voltammetry

opt
E,"
Polymer
solution film solution film HOMO LUMO
Amax/nm Amax/nm Amax/nm Amax/nm (eV) (eV) (eV)
P-IsoPh-Br-T 279 317 - - 6.23 3.46 2.45
P-IsoPh-Br-T Salt 280 292 500 564 - - 2.55
P-IsoPh-OH-T 471 473 543 545 5.55 3.53 2.28
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I1-3-3. Interfacial Properties

In order to evaluate the interface interaction between P-IsoPh-Br-
T salt and P-IsoPh-OH-T to the ITO or ZnO, Kelvin Probe
Microscopy (KPM) was used to calculate the effective work
function (WF). It has been reported that presence of ZnO could
reduce the ITO WEF.!*I The WFs of bare ITO, ITO/P-IsoPh-Br-T
salt and ITO/P-IsoPh-OH-T were -4.8, -4.44, and -4.46 ¢V,
respectively. It was also observed that the WF of ITO/ZnO,
ITO/ZnO/ P-IsoPh-Br-T salt and ITO/ZnO/ P-IsoPh-OH-T were -
4.45, -4.2, -3.87 eV respectively (Figure III-5). Thus, the WF
decreased after being modified by P-IsoPh-Br-T salt and P-IsoPh-
OH-T indicates the formation of a favorable interface dipole which

can lower the Schottky barrier and facilitate charge injection./**!
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-3.87 eV
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WF to the ITO/ZnO/P-IsoPh-OH-T
vacuum level -4.2 eV

ITO/P-IsoPh-Br-T salt

-4.45 eV ITO/ZnO -4.44 eV

ITO/P-IsoPh-OH-T ~+46¢V

4.8 eV ITO

Figure III-5. Work function data from a matrix of the ITO

electrodes coated with P-IsoPh-Br-T salt, P-IsoPh-OH-T and

ZnO/P-1soPh-Br-T salt, ZnO/P-IsoPh-OH-T salt film.
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I11-3-4. Photovoltaic properties

To investigate the cathode modification properties of P-IsoPh-Br-
T salt in OSC, BHJ PSCs with device structure ITO / ZnO / CIL /
PTB7:PC71BM / MoOs / Ag were fabricated. The alcohol soluble
polymer with four terminal hydroxyl group, P-IsoPh-OH-T, also
being invented and fabricated to IPSCs. The ZnO/MeOH device
was a role as a reference. The current density-voltage (J-V) curves
of the PSCs were measured under AM 1.5G irradiation (100 mW
cm?) and are shown in Figure III-4. The corresponding
photovoltaic parameters including Vo, Jie, FF, and PCE estimated
from J-V curves are summarized in Table I11-2.

The device achieved the best PCE of 7.52% for P-IsoPh-Br-T salt
(with Jse= 14.63 mA cm™, Vo= 0.73 V, and FF=70.5%), and 7.22 %
for P-IsoPh-OH-T (with Jsc= 13.91 mA ecm?, Vo= 0.74 V, and
FF= 70.2%), respectively. The polymer without electrolytes, P-
IsoPh-OH-T, exhibit similar performance with the reference. The
polymer with four quaterammonium salts in each monomer, P-
IsoPh-Br-T salt, succeeded surpassing the PCE of the MeOH-
treated ZnO by enhancing 0.3%. The main reason of the higher

PCEs of P-IsoPh-Br-T salt, possibly due to the formation of a net
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dipolar at the electrode interface of electrolytes modified P-IsoPh-
Br-T, which is beneficial for the charge extraction and the

suppression of recombination at the interface.[®”!
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Table ITI-2. Photovoltaic properties of inverted devices using P-IsoPh based CILs

under AM 1.5G irradiation (100 mW cm™).

Sample Name Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
ZnO/MeOH -14.65(-14.25) 0.76(0.75) 66.6(66.2) 7.41(7.08)
ZnO/ P-IsoPh-Br-T salt 14.63 (14.49) 0.73 (0.73) 70.5 (70.20) 7.52 (7.47)
ZnO/ P-IsoPh-OH-T 13.91 (13.69) 0.74 (0.74) 70.2 (70.45) 7.22 (7.09)

The averages for the photovoltaic parameters of each device are given in parentheses.
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111-4. Conclusion

We have synthesized and characterized the alcohol soluble
conjugated polymer P-IsoPh-Br-T salt and P-IsoPh-OH-T
containing pendant amino groups and a carboxyl group,
respectively as cathode interfacial materials for polymer solar cells.
The XPS result clearly reports that P-IsoPh-Br-T succeeded
convert to P-IsoPh-Br-T salt. The two polymers are promising as
a hole blocking layer with deep HOMO levels. The P-IsoPh-Br-T
salt and P-IsoPh-OH-T demonstrates a strong impact on the
interfacial interaction to the electrode by reducing the work
function of ITO. As a result, this polymer work efficiently and
achieved a PCE of 7.52% for P-IsoPh-Br-T salt based device. The
result indicated that formation of a net dipolar at the electrode
interface by P-IsoPh-Br-T salt, leading to better enhanced the

device performance of the solar cell.
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Chapter IV. Conjugated oligo-electrolytes as cathode

interfacial layer for IPSCs

IV-1. Introduction

The charge injecting/collecting properties are related to the
interfacial properties between the semiconducting layer and the
cathode or the anode. Conjugated oligomers electrolytes, alcohol-
soluble conjugated polymers have been mainly applied to the
solution processable cathode interface layer of organic electronic
devices. In this chapter, new small molecule type of interfacial
layer material based on fluorene derivative for the applications in

organic solar cells will be introduced.

IV-2. Experimental
IV-2-1. Material and synthesis
IV-2-1-1. Materials

Toluene was bubbling with nitrogen. All other chemicals were

purchased from Sigma-Aldrich co, Alfa Aesar (A Johnson Matthey
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Company) or Toyo Chemical Industry (TCI) and were used as

received unless otherwise described.

IV-2-1-2. Synthesis
IV-2-1-2-1. General procedure of Suzuki coupling reaction

A mixture of aryl bromide, aryl boronic ester, 5.0 mol % of
tetrakis(triphenylphosphine) palladium [Pd(PPhs)s] and several
drops of aliquat336 in degassed 1:1 (by volume) mixed solvent of
Toluene and 2M K>COs aqueous was stirred for 12-18 hours at
80 °C under the N> atmosphere. A portion of 100 mL of water has
added the mixture and allowed to cool to room temperature. The
mixture was extracted with MC and the extracted organic layer was
dried over anhydrous MgSO4. The organic solvent was removed

by using a rotary evaporator.

IV-2-1-2-2. General procedure of stille coupling reaction

A mixture of aryl bromide, tin compound, and 5.0 mol % of
bis(diphenyl-phosphino)ferrocene] palladium (II) dichloride
[Pd(dppf)Cl] intoluene was stirred for 6-18 hours at

110 °C under N> atmosphere. A portion of 100 mL of water has
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added the mixture and allowed to cool to room temperature. The
mixture was extracted with MC and the extracted organic layer was
dried over anhydrous MgSO4. The organic solvent was removed

by using a rotary evaporator.

IV-2-1-2-3. Synthesis of 2-bromo-9,9-bis-(6-bromo-hexyl)-9H-

fluorene (2)

A mixture of compound (1) 2-Bromo-9H-fluorene (4.9 g, 20.00
mmol), 1,6-Dibromo-hexane (97.6 ml, 400.00 mmol), 30 mL of
2M KOH solution in water and 5.0 mol % of PTC (0.693 g, 0.100
mmol) was stirred for 18 hours at 80 °C under N> atmosphere. A
portion of 100 mL of water has added the mixture and allowed to
cool to room temperature. The mixture was extracted with
Methylene chloride (MC) and the extracted organic layer was dried
over anhydrous MgSO4. The organic solvent was removed by
using a rotary evaporator. The excess of 1,6-Dibromo-hexane was
recovered by vacuum distillation. The crude product was purified
by column chromatography on silica gel using MC/n-hexane. The
yield of light yellow liquid was 3.220 g (56.3%). 'H-NMR (400

MHz, CDCl;, ppm): 8 7.69~7.66 (m, 1H), 7.57~7.55 (dd, J;=1.5
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Hz, J=1.5 Hz, 1H), 7.47~7.45 (dd, J=1.9 Hz, J,=1.4 Hz, 2H),
7.36~7.30 (m, 3H), 3.30~3.27 (t, J=6.95, 4H), 2.01~1.88 (m, 4H),
1.69~1.62 (m, 4H), 1.23~1.03 (m, 4H), 1.11~1.03 (m, 4H),
0.65~0.54 (m, 4H). '*C-NMR (400 MH z, CDCl;, ppm): 5 150.05,
147.83, 141.03, 133.55, 130.62, 129.66, 126.67, 122.55, 123.22,

121.61, 52.16, 43.91, 34.04, 32.57, 29.39, 28.10, 24.37.

IV-2-1-2-4. Synthesis of 4,4,5,5,4',4',5',5'-Octamethyl-

[2,2']bi[[1,3,2]dioxa-borolanyl]-Benzene (4)

To a round bottom (RB) flask two-neck was charged a mixture of
compound (3) 1,4-dibromo-benzene (5 g, 21.19 mmol),
bis(pinacolato)diboron (32.29 gr, 127.08 mmol), potassium acetate
(8.31 gr, 84.77 mmol) and [Pd(dppf)CL:] as a catalyst. The RB
flask was pumped under vacuum and refilled with nitrogen. To the
mixture was charged N, N-dimethylformamide (10 mL, charged via
syringe). The resulting mixture was heated to 100 °C and stirred at
this temperature under nitrogen for 18 h, and then cooled to room
temperature. To the mixture was added water (50 mL) and ethyl
acetate (50 mL). The ethyl acetate layer was separated, washed

with water (50 mL x 2) and brine, dried over magnesium sulfate,
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concentrated, and purified by flash column chromatography
(hexanes and ethyl acetate as eluents) to provide the desired
benzene boronic ester. 'H-NMR (400 MHz, CDCl3, ppm): & 7.80
(s, 1H), 1.35 (s, 6H). *C-NMR (400 MHz, CDCls, ppm): & 133.40,

131.52, 88.13, 24.77.

IV-2-1-2-5. Synthesis of 2,5-bis-[9,9-bis-(6-bromo-hexyl)-9H-

fluoren-2-yl]-Benzene (FBF)

This trimmer FBF was synthesized by Suzuki coupling reaction.
The benzene boronic ester (4) (0.33 gr, 1 mmol), the 2-bromo-9,9-
bis-(6-bromo-hexyl)-9H-fluorene(2) (1.43 gr, 2.5 mmol), 5% mol
of tetrakis(triphenylphosphine) palladium [Pd(PPh3)4] (0.058 g,
0.050 mmol), and several drops of aliquat. 336 in 20 mL of
degassed 1:1 (by volume) mixed solvent of toluene and 2M K>COs
aqueous was stirred for 72 hours at 110 °C under the Na. A portion
of 100 mL of water has added the mixture and allowed to cool to
room temperature. The mixture was extracted with methylene
chloride (MC) and the extracted organic layer was dried over
anhydrous MgSQ4. The organic solvent was removed by using a

rotary evaporator. The crude product was purified by column
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chromatography on silica gel using MC/n-hexane. The yield of
yellow sticky liquid was 0.72 g (68%). 'H-NMR (400 MHz, CDCls,
ppm): 6 7.80~7.79 (d, /=5 Hz, 3H), 7.76~7.74 (d, J=7.3 Hz, 1H),
7.67~7.65 (d, J=7.7 Hz, 1H), 7.60 (s, 1H), 7.41~7.33 (m, 3H),
3.30~3.27 (t, J=6.8, 4H), 2.0542~2.0130 (m, 4H), 1.6998~1.6284
(m, 4H), 1.2327~1.1750 (m, 4H), 1.13~1.06 (m,4H), 0.71~0.66
(m,4H). "C-NMR (400 MHz, CDCls, ppm): & 151.85, 151.38,
141.47, 140.36, 128.32, 127.94, 123.57, 122.04, 120.84, 120.60,

55.80,41.03, 34.73, 33.39, 29.82, 28.51, 24.33.

IV-2-1-2-6. Synthesis of 2,5-bis-[9,9-bis-(6-bromo-hexyl)-9H-

fluoren-2-yl]-thiophene (FTF)

This trimmer FTF was synthesized by stille coupling reaction. The
2,5-bis-tributylstannanyl-thiophene (0.4 mmol) and the 2-bromo-
9,9-bis-(6-bromo-hexyl)-9H-fluorene(2) (1 mmol) were mixed in
degassed toluene. [Pd(dppf)Clz] (22 mg) were added to the mixture
as a catalyst. The reaction mixture was stirred and heated to reflux
for 48 h under N> atmosphere. A portion of 100 mL of water has
added the mixture and allowed to cool to room temperature. The

mixture was extracted with methylene chloride (MC) and the
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extracted organic layer was dried over anhydrous MgSO4. The
organic solvent was removed by using a rotary evaporator. The
crude product was purified by recrystallization using methanol.
The yield of red powder was 0.37 g (85%). 'H-NMR (400 MHz,
CDCls, ppm): 67.72~7.70 (t, J=3.8 Hz, 2H), 7.63~7. 60 (m, 1H),
7.55 (s, 1H), 7.38~7.32 (m, 4H), 3.30~3.27 (t, J=6.75 Hz, 4H),
2.05~1.99 (m, 4H), 1.70~1.62 (m, 4H), 1.22~1.17 (m, 4H),
1.13~1.06 (m,4H), 0.66~0.63 (m,4H). '*C-NMR (151 MHz,
CDCl3, ppm): 6 151.25, 149.82, 141.47, 139.87, 133.98, 128.01,
127.84, 125.39, 121.10, 120.41, 55.82, 51.66, 41.01, 34.74, 33.37,

29.79, 28.50, 24.27.

IV-2-1-2-7. Synthesis of 6,6',6",6'"'-(phenyl-2,5-diylbis(9H-
fluorene-9,9,2-triyl))tetrakis(N,N,N-trimethylhexan-1-

aminium) bromide (FBF Salt)

The Trimer FBF was synthesized by Suzuki coupling reaction as
mentioned before. Then, the ionic FBF salt was obtained by
treating 2,5-bis-[9,9-bis-(6-bromo-hexyl)-9H-fluoren-2-yl]-
Benzene with trimethylamine in THF for 6 days, followed by

extraction with water. The water was then removed under reduced
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pressure. The trimer was dried in vacuum overnight and was
obtained as a yellow solid. "H NMR (600 MHz, METHANOL-D3)
0 7.88~7.84 (m, 2H), 7.81~7.78 (d, J = 7.6 Hz, 1H), 7.79~7.75 (m,
2H), 7.72~7.66 (m, 2H), 7.48~7.40 (m, 1H), 3.24~3.16 (m, 4H),
3.02 (s, 18H), 2.23~2.03 (m, 4H), 1.61~1.46 (m, 4H), 1.19~1.08

(m, 8H), 0.72~0.56 (m, 4H).

IV-2-1-2-8. Synthesis of 6,6',6'",6'""'-(thiophene-2,5-diylbis(9H-
fluorene-9,9,2-triyl))tetrakis(N,N,N-trimethylhexan-1-

aminium) bromide (FTF Salt)

The Trimer FTF was synthesized by stille coupling reaction as
mentioned before. Then, the ionic FTF salt was obtained by
treating 2,5-bis-[9,9-bis-(6-bromo-hexyl)-9H-fluoren-2-yl]-
thiophene with trimethylamine in THF for 6 days, then the solvent
was removed. The trimer was dried in vacuum overnight and was
obtained as a red solid. '"H NMR (600 MHz, METHANOL-D3) §
7.78~7.71 (m, 2H), 7.69~7.67 (m, 1H), 7.44~7.27 (m, 4H),
3.19~3.08 (m, 4H), 2.99 (s, 18H), 2.16~1.98 (m, 4H), 1.47~1.42

(m, 4H), 1.18~1.02 (m, 8H), 0.59~0.52 (m, 4H).
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IV-2-1-2-9. Synthesis of 2,2'-(9,9-bis(6-bromohexyl)-9H-

fluorene-2,7-diyl) dithiophene (TFT)

This trimmer TFT was synthesized by Suzuki coupling reaction.
The 4,4,5,5-tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane (6
mmol) and the 2-bromo-9,9-bis-(6-bromo-hexyl)-9H-fluorene (2)
(2 mmol) were mixed in degassed Toluene. [Pd(pph)s]s (10%mol.
0.2 mmol, 0.23 gr) were added to the mixture as catalyst. The
reaction mixture was stirred and heated to 110C. A few drops of
tetracthylammonium (TEA) was added to the mixture after the
reflux temperature reached. The reaction time was 72 h under N
atmosphere. A portion of 100 mL of water was added the mixture
and allowed to cool to room temperature. The mixture was
extracted with methylene chloride (MC) and the extracted organic
layer was dried over anhydrous MgSOa. The organic solvent was
removed by using a rotary evaporator. The crude product was
purified by column chromatography on silica gel using MC/n-
hexane. The yield of red powder was 0.42 g (54%). MS: [M"], m/z
656. 'H-NMR (400 MHz, CDCls, ppm): § 7.69~7.67 (d, J=10.1
Hz, 2H), 7.62~7.60 (dd, J=7.9 Hz, 2H), 7.55~7.54 (d, J=1.5 Hz,

2H), 7.39~7.38 (dd, J=3.6 Hz, 2H), 7.32~7.29 (m, 2H), 7.12~7.10
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(m, 2H), 3.27~3.24 (t, J=11.5 Hz, 4H), 2.04~1.99 (m, 4H),
1.67~1.60 (m, 4H), 1.21~1.15 (m, 4H), 1.12~1.05 (m, 4H),
0.71~0.63 (m, 4H). 3C-NMR (151 MHz, CDCls, ppm): & 152.07,
145.74, 140.95, 134.14, 128.87, 125.86, 125.39, 123.74, 120.94,

120.78, 55.92, 51.66, 41.02, 34.70, 33.36, 29.76, 28.49, 24.28.

1V-2-1-2-10. Synthesis of 9,9-bis (6-bromohexyl)- 2,7-diphenyl-

9H-fluorene (BFB)

This trimer BFB was synthesized by Suzuki coupling reaction. The
phenylboronic acid (0.366 gr, 3 mmol), the 2-Bromo-9,9-bis-(6-
bromo-hexyl)-9H-fluorene(2) (0.65 gr, 1 mmol), 10% mol of
tetrakis(triphenylphospine) palladium [Pd(PPhs)4] (0.1 mmol,
0.115 gr), and several drops of aliquat. 336 in 20 mL of degassed
1:1 (by volume) mixed solvent of toluene and 2M K>COs; aqueous
was stirred for 72 hours at 110 °C under the N». A portion of 100
mL of water was added the mixture and allowed to cool to room
temperature. The mixture was extracted with methylene chloride
(MC) and the extracted organic layer was dried over anhydrous
MgSO4. The organic solvent was removed by using a rotary

evaporator. The crude product was purified by column
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chromatography on silica gel using MC/n-hexane. The yield of red
powder was 0.44 g (68%). MS: [M '], m/z 644. '"H NMR (600 MHz,
CDCls, ppm) 0 7.82~7.77 (t, J = 8.2 Hz, 1H), 7.74~7.68 (dd, J =
11.4,4.0 Hz, 2H), 7.65~7.61 (t, J = 7.5 Hz, 1H), 7.60~7.57 (d, J =
7.3 Hz, 1H), 7.54~7.47 (m, 2H), 7.42~7.36 (dd, J = 14.8, 7.4 Hz,
1H), 3.33~3.23 (m, 2H), 2.12~1.99 (d, J = 7.6 Hz, 2H), 1.72~1.60
(m, 2H), 1.25~1.19 (dd, J = 14.1, 6.5 Hz, 2H), 1.15~1.04 (m, 2H),
0.79~0.67 (m, 2H). *C NMR (151 MHz, CDCL;, ppm) 6 151.37,
141.63, 140.33, 128.91, 127.45, 126.30, 121.51, 120.21, 55.25,

40.43,34.08, 32.74, 29.82, 29.18, 27.87, 23.70.

IV-2-1-2-11. Synthesis of 9,9-bis(6-bromohexyl)-2,7-bis(2,4-

difluoro-phenyl)- 9H-fluorene (BfFBf)

This trimmer BfFBf was synthesized by Suzuki coupling reaction.
The (2,4-difluorophenyl)boronic acid (6 mmol) and the 2-bromo-
9,9-bis-(6-bromo-hexyl)-9H-fluorene (2) (1.3 gr, 2 mmol) were
mixed in degassed toluene. [Pd(pph)s]s+ (10%mol. 0.2 mmol, 0.23
gr) were added to the mixture as a catalyst. The reaction mixture
was stired and heated to 110C. A few drops of

tetraethylammonium (TEA) was added to the mixture after the
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reflux temperature reached. The reaction time was 72 h under N
atmosphere. A portion of 100 mL of water has added the mixture
and allowed to cool to room temperature. The mixture was
extracted with methylene chloride (MC) and the extracted organic
layer was dried over anhydrous MgSOa. The organic solvent was
removed by using a rotary evaporator. The crude product was
purified by column chromatography on silica gel using MC/n-
hexane. The yield of red powder was 0.98 g (67%). MS: [M'], m/z
716. "H-NMR (400 MHz, CDCls, ppm): §7.80~7.78 (d, J=7.7 Hz,
2H), 7.52~7.46 (m, 6H), 7.0172~6.9183 (m, 4H), 3.2870~3.2522
(t, J=6.95 Hz, 4H), 2.0414~2.002 (m, 4H), 1.69~1.62 (m, 4H),
1.26~1.18 (m, 4H), 1.13~1.06 (m, 4H), 0.77~0.69 (m, 4H). "*C-
NMR (151 MHz, CDCL, ppm): 6 161.87, 159.38, 151.70, 140.98,
134.70, 132.28, 128.65, 124.19, 112.43, 105.21, 55.94, 40.90,

33.52,32.71, 29.75, 28.45, 24.33.
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1V-2-1-2-12. Synthesis of 6,6'-(2,7-di(thiophen-2-yl)-9H-
fluorene-9,9-diyl) bis(N,N,N-trimethylhexan-1-aminium)

bromide (TFT Salt)

The Trimer TFT was synthesized by Suzuki coupling reaction as
mentioned before. Then, the ionic TFT salt was obtained by
treating 2,2'-(9,9-bis(6-bromohexyl)-9H-fluorene-2,7-diyl)
dithiophene with trimethylamine in THF for 6 days, then the
solvent was removed. The trimer was dried in vacuum overnight
and was obtained as a light yellow powder. IH NMR (600 MHz,
METHANOL-D3) ¢ 7.74 — 7.72 (m, 1H), 7.69 — 7.67 (d,J=1.2
Hz, 1H), 7.65 -7.61 (dd, J= 7.9, 1.5 Hz, 1H), 7.51 — 7.48 (dd, J =
3.4, 0.6 Hz, 1H), 7.39 — 7.37 (m, 1H), 7.12 - 7.10 (t, /= 5.1, 2.5
Hz, 1H), 3.14 — 3.09 (m, 2H), 2.93 (s, 9H), 2.14 — 2.09 (m, 2H),

1.49 - 1.42 (m, 2H), 1.11 — 1.05 (m, 4H), 0.66 — 0.59 (m, 2H).

IV-2-1-2-13. Synthesis of 6,6'-(2,7-diphenyl-9H-fluorene-9,9-
diyl) bis(N,N,N-trimethylhexan-1-aminium) bromide (BFB

Salt)

The Trimer BFB was synthesized by Suzuki coupling reaction as

mentioned before. Then, the ionic BFB salt was obtained by
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treating 9,9-bis (6-bromohexyl)- 2,7-diphenyl-9H-fluorene with
trimethylamine in THF for 6 days, then the solvent was removed.
The trimer was dried in vacuum overnight and was obtained as a
white powder. 1H NMR (600 MHz, METHANOL-D3) ¢ 7.83 —
7.79 (m, 1H), 7.71 — 7.69 (m, 3H), 7.64 —7.61 (m, 1H), 7.48 — 7.44
(m, 2H), 7.36 — 7.32 (m, 1H), 3.15 — 3.11 (m, 2H), 2.93 (s, 9H),
2.18-2.13 (m, 2H), 1.51 - 1.43 (m, 2H), 1.17 - 1.06 (m, 4H), 0.71

~0.62 (m, 2H).

1V-2-1-2-14. Synthesis of 6,6'-(2,7-bis(2,4-difluorophenyl)-9H-
fluorene-9,9-diyl)bis(N,N,N-trimethylhexan-1-aminium)

bromide (BfFBf Salt)

The Trimer BfFBf was synthesized by Suzuki coupling reaction as
mentioned before. Then, the ionic BfFBf salt was obtained by
treating 9,9-bis(6-bromohexyl)-2,7-bis(2,4-difluoro-phenyl)- 9H-
fluorene with trimethylamine in THF for 6 days, then the solvent
was removed. The trimer was dried in vacuum overnight and was
obtained as a white powder. |H NMR (600 MHz, METHANOL-
D3)6 7.87~7.83 (d,J=7.9 Hz, 1H), 7.61~7.56 (m, 2H), 7.52~7.49

(d, J=7.8 Hz, 1H), 7.11~7.06 (m, 2H), 3.20~3.15 (dd, J = 10.1,
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7.0 Hz, 2H), 3.01 (s, 9H), 2.14~2.08 (m, 2H), 1.56~1.51 (m, 2H),

1.17~1.11 (m, 4H), 0.71~0.64 (m, 2H).
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1V-2-2. Fabrication of PSCs

In order to fabricate the inverted type organic photovoltaic (OPV)
with the device structure: [ITO/ZnO (40 nm)/ ETL (~ 5 nm)/active
layer (PTB7:PC71BM, 100 nm)/MoO3 (10 nm)/Ag (100 nm)], a
ZnO layer was deposited on an ITO substrate by the sol-gel process.
A thin film of ZnO sol-gel precursor was cured at 200 °C for 10
min. A thin layer of interlayer material was prepared by spin
coating with a MeOH solution of oligomer compound (1 mg/mL)
at 4000~5000 rpm for 60 seconds onto the ITO or ZnO. The typical
thickness of a cathode buffer layer was less than 5 nm at room
temperature. The active layer was spin-cast from a mixture of
PTB7 and PC71BM (obtained by dissolving 10 mg of PTB7 and 15
mg of PC71BM in 1 mL of chlorobenzene with 3% (w/v) 1,8-
diiodooctane (DIO)) and stirring at 2000 rpm for 120 s. The active
solution was then filtered through a 0.2 m membrane filter 5 before
spin coating. Successive layers of MoO; and Ag were thermally
evaporated through a shadow mask, with a device area 13 mm? at

2 x 10 Torr.
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1V-2-3. Measurement

Synthesized compounds were characterized by 'H and '*C NMR
spectra, and it was recorded on a JEOL JNM ECP-400
spectrometer. The elemental MASS analysis of synthesized
compounds was carried out on an Elementar Vario macro/micro
elemental analyzer, Shimadzu GC-MS QP-5050A spectrometer
and Perkin-Elmer Voyager- DE PRO. UV-Visible spectra were
recorded using UV-Vis spectrophotometer (JASCO V-530).
Cyclic voltammetry (CV) was performed by an Ivium B14406
with a three-electrode cell in a solution of 0.10 M
tetrabutylammonium  hexafluorophosphate = (BusNPFs)  in
acetonitrile anhydrous at a scan rate of 100 mV/s. Pt coil and wire
were used as the counter and working electrode, respectively. An
Ag/Ag" electrode was used as the reference electrode. Prior to each
measurement, the cell was deoxygenated with nitrogen. Elemental
analysis was performed using X-ray photoelectron spectroscopy
(XPS) (Thermo VG Scientific (UK), MultiLab2000) and recorded
using Al Ka X-ray line (15 kV, 300 W). Kelvin probe microscopy
(KPM) measurements (KP Technology Ltd. Model KP020) were

performed on the ZnO layers, with and without ETL, and the work
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function of the samples were estimated by measuring the contact
potential difference between the sample and the KPM tip. The
KPM tip was calibrated against a standard reference gold surface,
with a work function of 5.1 eV. The current density—voltage
measurements were performed under simulated light (AM 1.5G,
1.0 sun condition/100 mW/cm?) from a 150 W Xe lamp, using a
KEITHLEY Model 2400 source measure unit. A calibrated Si
reference cell with a KGS5 filter certified by National Institute of
Advanced Industrial Science and Technology was used to confirm

1.0 sun condition.
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IV-3. Result and Discussion
IV-3-1. XPS elemental analysis

The chemical structure of all oligomer salt was confirmed by X-
ray photoelectron spectroscopy (XPS) in figure IV-1. All oligo-
electrolytes exhibits new N 1s peak around ~400 eV and all
oligomers before quaternization reaction did not have N 1s peaks.
We conclude that the reaction to convert all oligomer become

oligo-electrolytes was succeeded.
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Figure IV-1. Survey X-ray photoelectron spectra (a) FTF, FBF,

(b) TFT, BfFBf, and BFB with their quaternary ammonium salt.
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IV-3-2. Optical and electrochemical properties

All of the oligomer electrolytes are alcohol soluble and it has poor
solubility in chlorobenzene and dichlorobenzene which is very
important for inverted fabrication device. The absorption spectra
and cyclic voltammogram (CV) of all oligomers are provided in
Figure IV-2 and figure IV-3. The UV-Vis ofall oligomers obtained
in chloroform solution and all oligo-electrolytes obtained in
methanol solution. From the CV we can calculate the HOMO and
LUMO of the materials using the onset point in oxidation process
and reduction process, respectively. The optical bandgap could be
obtained from absorption edge of the oligomers. The
corresponding absorption peaks, energy level data and optical
bandgap are summarized in Table IV-1.

FTF salt and FBF salt showed an absorption maximum (Asws) at
381 and 330 nm in solution state while TFT salt, BFB salt and
BfFBf salt showed an absorption band peaks at 351, 327, and 317
nm, respectively. In the case of all oligomers thin film, Asbs
appeared red shifted and much broader at 392, 340, 360, 332, and
322 nm for FTF salt, FBF salt, TFT salt, BFB salt and BfFBf

salt, respectively. The optical bandgaps (E) of FTF salt and FBF
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salt were slightly lower than that of TFT salt and BFB salt due to
their longer conjugation length. All oligo-electrolytes were similar
in optical bandgap to analogous oligomers before quaternarization,
indicating that ionic side chains did not influence their optical

properties.[%71]
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Figure IV-2. UV-Visible spectra of FTF and FBF in chloroform
solution and thin film (a); and their quaternary ammonium salt,

FTF salt and FBF salt in methanol solution and thin film (b).

96



—v— BfFBf Film
—— BfFBf Solution
—e— BFB Film
—e— BFB Solution
—=— TFT Film

—s— TFT Solution

1]
-

. .

\\:?"“*—i-#gﬁ—i
300 400 500 600 700
Wavelength (nm)

Absorbance (a.u)

BN T Dt T R T I
—v— BfFBf Salt Film
—— BfFBf Salt Solution
—e— BFB Salt Film
—e— BFB Salt Solution
—=— TFT Salt Film
—=— TFT Salt Solution

=
~

e

300 400 500 600 700
Wavelength (nm)

Absorbance (a.u.)

Figure IV-3. UV-Visible spectra of BfFBf, BFB and TFT in
chloroform solution and thin film (a); and their quaternary
ammonium salt, BfFBf salt, BFB salt and TFT salt in methanol

solution and thin film (b).

97



The HOMO levels of for the oligomers were obtained from the
onsets of the oxidation potential (Eox) when cyclic voltammetry
was performed in 0.1 mol/L of BusNCIO4 in an acetonitrile
solution (Figure IV-3). The HOMO values of FTF, FBF, TFT,
BFB and BfFBf were thus calculated to be 5.54, 5.77, 5.27, 5.28
and 5.56 eV, respectively, using the ferrocene value of 4.8 eV
below the vacuum as the internal standard.’l The lowest
unoccupied molecular orbital (LUMO) energy levels of the
oligomers were estimated to be 3.29, 3.19, 3.27, 3.30 and 3.57 eV
for FTF, FBF, TFT, BFB and BfFBf, respectively. In principle,
the low-lying HOMO energy level of the conjugated main chains
would be beneficial for hole blocking ability with respect to

various donor materials in the photovoltaic devices.!®”!
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Table I'V-1. Summary of optical and electrochemical properties data.

UV-vis absorption spectra UV-vis absorption spectra Cyclic voltammetry
Eopt opt

Interlayer Solution Film # Interlgyer Solution Film 9 HOMO LUMO
Amax/nm Amax/nm (eV) Amax/nm Amax/nm  (eV) (eV) (eV)
FTF Salt 381 392 2.35 FTF 386 392 2.25 5.54 3.29
FBF Salt 330 340 3.22 FBF 331 335 3.22 5.77 2.59
TFT Salt 351 360 3.18 TFT 351 355 3.20 5.27 3.27
BFB Salt 327 332 3.47 BFB 328 330 3.48 5.28 3.30
BfFBf Salt 317 322 3.49 BfFBf 318 320 3.50 5.56 3.57
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IV-3-3. Interfacial properties

In order to evaluate the interface interaction between oligomers salts and ITO
or ZnO, Kelvin Probe Microscopy (KPM) was used to calculate the effective
work function (WF). As shown in the Figure IV-5, the WF ofbare ITO down-
shifted toward vacuum level to -4.16 eV for FTF salt, -4.02 for FBF salt, -
4.53 for TFT salt, -4.47 for BFB salt and -4.55 for BfFBf salt, respectively.
It has been reported that ZnO could decrease the WF of ITO.1®] Interestingly,
FTF salt and FBF salt have a better result to reducing the work function of
ITO than ZnO (the WF ITO/ZnO=-4.4 eV) indicating that FTF salt and FBF
salt can provide a stronger interfacial interaction than ZnO does. In the other
case, the FTF salt, FBF salt, TFT salt, BFB salt, and BfFBf salt could also
lower the WF of ITO/ZnO by -4.14, -4.15, -3.94, -4.02, -4.15 eV,
respectively. However, the WF decreased after being modified by oligomer
salts indicates the formation of a favorable interface dipole which can lower

the Schottky barrier and facilitate charge injection.®*
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Figure IV-5. (a) Energy level diagram of PTB7:PC7:BM and the
improvement of ITO electrode by ZnO, FTF salt and FBF salt; (b) Work
function data from a matrix of the ITO electrodes coated with TFT salt,

BFB salt, BffBf salt and the ZnO film.
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IV-3-4. Photovoltaic properties

Inverted polymer solar cells (I-PSCs) were fabricated with the configuration
of ITO/ZnO/CIL/active layer/MoOs/Ag to study the interfacial function of
all oligomer salts. In this inverted device structure, ITO was used as the
cathode, Ag was used as the anode, and PTB7: PC71BM were used as active
layer. For comparison, a control device with methanol treatment was also
fabricated as a reference. The typical current density versus voltage (J-V)
characteristics was shown in Figure IV-4 and I'V-5. The device performances

are summarized in Table [V-2.

The I-PSCs with a methanol treated ZnO performed with a PCE of 7.66 %,
a Vo.0f0.74 V, a Jsc of 14.65 mA/cm?, and a FF of 71.6 %. From Table IV-
2 we can see that five interlayers almost delivered the same V,. for the
devices. After inserting a thin layer of oligomer electrolytes, the resulting
PSCs exhibited enhanced performances, benefiting from the improvements
of Jse. The performance FTF salt as CIL exhibit more superior than FBF
salt with a PCE of 7.95 % (Vo= 0.74 V, Js= 15.12 mA/cm?, and FF=
71.1 %). In another sequence of trimer, fluorinated benzene-fluorene based
device, BfFBf salt, showed the highest PCE among the oligo-electrolytes
which reached 8.26 % with a Vo. 0f0.74 V, a Jic of 15.72 mA/cm?, and a FF
of 71.0 %. The possible reason for BfFBf salt have reached the high PCE

was the electron withdrawing groups, fluorine, could create the noncovalent
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attractive interactions between neighboring moieties and enhancing the self-
assembly of the molecules and dipole-dipole interactions.”>”#! TFT salt and
BFB salt gives the good performance too by increasing the PCE more than
MeOH-treated ZnO with a PCE 8.17 % (Voe= 0.73 V, Js= 15.81 mA/cm?,
and FF=70.8 %) for TFT salt and 7.98% (Voc= 0.74 V, J«= 15.17 mA/cm?,

and FF=71.1 %) for BFB salt.
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acted as a reference (ref.).
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Table IV-2. Summary of the photovoltaic performance of inverted PTB7:PC71BM solar cells with the various interlayer.

Sample Name Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
ZnO/MeOH 14.65 (14.55) 0.74 (0.74) 71.6 (71.1) 7.66 (7.66)
ZnO/ FTF Salt 15.12 (15.11) 0.74 (0.74) 71.1 (71.10) 7.95 (7.94)
ZnO/ FBF Salt 14.99(14.97) 0.74 (0.74) 71.1 (70.95) 7.88 (7.85)
ZnO/ BfFBf Salt 15.72( 15.22) 0.74 (0.74) 71.0 (71.45) 8.26 (7.99)
7nO/ BFB Salt 15.17 (14.49) 0.74 (0.74) 71.1 (71.20) 7.98 (7.79)
7nO/ TFT Salt 15.81 (15.56) 0.73 (0.73) 70.8 (66.3) 8.17 (7.49)

The averages for the photovoltaic parameters of each device are given in parentheses.
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IV-4. Conclusion

A series of oligomer electrolytes comprising identical N'Br-
groups on the side chains but different sequence conjugated main
chains fluorene-based small-molecule has synthesized and
characterized as cathode interfacial layer. The XPS data was
confirmed that the quaternization reaction of all oligomer was
succeeded. All oligomer show the absorption in the range of 300-
400 nm and have deep HUMO levels which beneficial for blocking
the hole from the active layer. The FTF salt, FBF salt, TFT salt,
BFB salt, and BfFBf salt demonstrates a strong impact on the
interfacial interaction to the electrode by reducing the work
function of ITO. The photovoltaic performances approximately
8.26 % is achieved for OSCs based on a bulk-hetero-junction
system consisting of fluorinated benzene-fluorene based device,
BfFBf salt, as the CIL. FTF salt, FBF salt, TFT salt and BFB
salt also exhibit a superior performance than MeOH-treated ZnO

benefiting from the improvements of Jic.
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