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For my dear daughter

“Akankshya”™

“If we did all the things we are capable of doing, we would astound ourselves.”

Thomas A. Edison



Abstract

The main objective of this dissertation is to study the performance of polymer
bulk  heterojunction  solar cell involving conjugated  donor-acceptor
polymers/metallo-polymers as electron donors. In the introduction of this thesis, we
gave an explanation on the historical evolution of polymer solar cells, and

summarized the literature in the recent years.

In the second chapter, we describe the design, synthesis, and polymer solar cells
(PSC) fabrication of a series of soluble donor-acceptor conjugated polymers
comprising of phenothiazine donor and various benzodiazole acceptors (i.e.,
benzothiadiazole, benzoselenodiazole, and benzoxadiazole) sandwiched between
hexyl-thiophene. These low band-gap (LBG) polymers demonstrated broad
absorption in the region of 300-750 nm with optical band gaps of 1.80-1.93 eV. Both
highest occupied molecular orbital (HOMO) (-5.38 to -5.47 eV) and lowest
unoccupied molecular orbital (LUMO) (-3.47 to -3.60 eV) energy levels of the LBG
polymers were within the desirable range of ideal energy levels. The best performance
of the PSC device was obtained by using one of the polymers containing
benzothiadiazole acceptor at the core and [6,6]-phenyl-C7;-butyric acid methyl ester
(PC71BM) in the weight ratio of 1:4, and a PCE value of 1.20%, an open-circuit
voltage (Vo) value of 0.75 V, a short-circuit current (Js) value of 4.60 mA/cm?, and a

fill factor (FF) value of 35.0% were achieved.

In the third chapter, we describe the design, synthesis, and characterization of
[-cyano-thiophenevinylene-substituted polymers containing cyclopentadithiophene
and dithienosilole units. The effects of the bridged atoms (C and Si) and

cyano-vinylene groups on their thermal, optical, electrochemical, charge transporting,



and photovoltaic properties were investigated. Both LBG polymers had broad
absorption spectra with ideal HOMO (ca. -5.30 eV) and LUMO (ca. -3.60 eV) levels
and possessed hole mobilities as high as 9.82 x 10™* cm?Vs. The PSC device based on
one of the polymers containing dithienosilole moiety with PC1BM (1:2 wiw)

exhibited a best power conversion efficiency of 2.25% under AM 1.5, 100 mW/cm?.

In the fourth chapter, synthesis, and characterization of a series of n-conjugated
bis-terpyridyl ligands bearing various benzodiazole cores and their corresponding
main-chain Ru" metallo-polymers were described. The effects of electron donor and
acceptor interactions on their thermal, optical, electrochemical, and photovoltaic
properties were investigated. Due to the broad sensitization areas of the
metallo-polymers, their BHJ solar cell devices containing [6,6]-phenyl Cs; butyric
acid methyl ester (PCsBM) as an electron acceptor exhibited a high short-circuit
current (Jsc). An optimum PVC device based on the blended polymer with PCBM in
1:1 (w/w) achieved the maximum power conversion efficiency (PCE) value up to 0.45
%, With Voo = 0.61 V, Jic = 2.18 mA/cm?, and FF = 34.1 % (under AM 1.5 G 100
mW/cm?), which demonstrated a novel family of conjugated polyelectrolytes with the
highest PCE value comparable with BHJ solar cells fabricated from ionic

polythiophene and Cgo.
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Chapter 1.
Introduction

1.1 History of Photovoltaic Cells

The predictable exhaustion of fossil energy resources and the increasing pressure
generated by environmental concerns and climate change have triggered an
intensification of research on the most clean sustainable energy sources, in particular
on the photovoltaic conversion of solar energy. The ‘photovoltaic effect’ is the
mechanism in which a solar cell converts photons from the solar light into electricity.
While the photovoltaic effect was first observed in 1839 in an electrochemical process
by French physicist Alexander-Edmond Becquerel,® the first well-performing
solid-state solar cell was built by Charles Fritts in 1883. He coated the semiconductor
Selenium with an very thin layer of gold to form a junction that had an efficiency of
1%.? Modern generation of solar cells was born in 1953 when at Bell Laboratories
(New Jersey, USA) the first silicon solar cell was developed with a power conversion
efficiency of 6%.> After that, many different technologies and materials were
developed in order to improve the performance of the device and lower their
production cost. In order to achieve this goal, organic materials provide us with a
variety of possibilities. Especially semiconducting polymers combine the favorable
opto-electronic properties of organic materials, such as high absorption coefficients,
with the excellent solution processability onto a flexible substrate using simple and

cheaper methods such as spin coating and inkjet printing.*



Classification® Effic.” Area® Vie e FF  Test centre

(%) {em?) V) (mAfem? (%)  (and date)

Cells (silicon)

Si (MCZ crystalline) 247+05 4.0 (da) 0.704 42.0 835 Sandia (7/99)¢

Si (moderate area) 239+05 22.1 (da) 0.704 41.9 81.0 Sandia (8/96)°

Si {large crystalline) 230x+086 1004 (t) 0729 396 80.0 AIST (2/09)

Si (large crystalline) 22007 1474 t) 0677 403 80.6 FhG-ISE (3/06)¢

Si (large multicrystalline) 19.3 0.5 217.7 (t) 0.651 38.8 76.4 AIST (7/09)
Cells (other)

GalnP/Gafs/GalnAs 368+156 0.880 (ap) 3.012 1389 856.3 AIST {(%/089)

{tandem)

C1GS (thin film) 20.1x£0.6 0.503 (t) 0.720 36.3 76.8 FhG-ISE (4/10)

a Si/nc-Si/nc-Si (tandem) 125+0.7% 0.27 (da) 2.010 9.11 684 NREL (3/09)

Dye-sensitized 112+£03" 0219 (ap) 0.736 21.0 722  AIST (3/08)°

Organic 7.9+ 0.3 0.0441 {ap) 0.756 14.7 709 NREL (11/09)

A CIGS = CulnGaSes.

P Effic. = efficiency.

< {(ap)= aperture area; (t) =total area; (da) = designated illumination area.

9 Recalibrated from original measurement.

¢ Light soaked under 100 mW /cm? white light at 50°C for 1000 h.

! Stability not investigated.

8 Light soaked under simulated AMLS5 for about 140h prior to shipment to NREL.

Figure 1.1 Terrestrial cell efficiencies measured under the global AM1.5 spectrum.”

The current status of solar cells is shown Figure 1.1. In more than 20 years since
the seminal work of Tang,® organic solar cells have undergone a gradual evolution
that has led to energy conversion efficiencies of about 7.9%. Solution-processed
organic solar cells were first reported in 1995,” where, the best efficiency reported at
that time barely reached values higher than 1%, but now could be achieved easily
efficiencies beyond 5% today. To attain efficiencies approaching 10 % for the
commercialization in large area, much effort is required to understand the
fundamental electronic interactions as well as the complex interplay of device

architecture, morphology, processing, and the fundamental electronic processes.



1.2 General Principle of Polymer Solar Cells

1.2.1 Organic Solar Cells on the Basis of Mechanistic Principles

The architecture of a typical Organic Solar Cells is sketched in Figure 1.2. The
core of the cell is the photoactive layer, which is generally composed by a p-type
electron-donor compound (D) and an n-type electron-acceptor compound (A). Both A
and D are organic m-conjugated materials, and either one or the other (or both) is a
polymer. The photoactive layer, typically around 100-200 nm in thickness, is
interposed between the electrodes; additional layers of electron or hole transporting

materials can be present.

cathode . -

™

photoactive layer
(donor + acceptor) ~~«

transparent anode =---t--

-

transparent support =~

Figure 1.2 Schematic device structure for bulk heterojunction solar cells.8
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Figure 1.3 General mechanism for photoenergy conversion in excitonic solar cells.’

Figure 1.3 illustrates the mechanism by which light energy is converted into
electrical energy in the devices. The energy conversion process has four fundamental

steps in the commonly accepted mechanism:*°

1. Absorption of light and generation of excitons: Photoexcitation of the absorber
material(s) causes the promotion of electrons from the ground state,
approximated by the highest occupied molecular orbital (HOMO), to the excited
state, approximated by the lowest unoccupied molecular orbital (LUMO). These
photoexcitation depends upon the value of the optical absorption coefficient and
on the thickness of the donor material. Then the excitons are generated which,
consists of an electron and a hole paired by an energy that is smaller than the

energy gap between the limits of the permitted bands (LUMO and HOMO bands,
4



respectively). The difference between two energies is called exiton binding
energy which, is around 0.1-0.2 eV in organic materials. The occupation of these
exited states, the LUMO by the electron, and the HOMO by the hole, is termed
as a nonrecombined excitons.

2. Diffusion of the excitons: Excitons produced within a diffusion length from the
D/A interface will have the chance to reach it before decaying, radiatively or not.
Diffusion takes place as long as recombination process do not takes place.
Forster (long range) or Dexter (between the adjacent molecules) transfers can
takes place between an excited molecule.

3. Dissociation of the excitons: If the offsets of the energy levels of the D and the A
materials are higher than the exciton binding energy, excitons dissociate at the
D/A interface. Excitons photogenerated in the donor side will dissociate by
transferring the electron to the LUMO level of the acceptor and retaining the
positive charge, while those created in the other side will transfer the hole to the
HOMO of the donor while retaining the negative charge. This step leads to the
formation of free charge carriers.

4. Charge transport and charge collection: The charge carriers diffuse to the
electrodes through the respective materials (electrons in the acceptor and holes in
the donor). The charges reach the electrodes and are collected. For this to occur
most efficiently, the following conditions must be satisfied:

(EF)cathode < (ELumO)acceptor aNA (Er)anode < (ELumo)donor-

In each of the above steps several phenomena can take place that decrease the

efficiency of the global process, so that only a limited portion of the photons reaching

the cell are able to generate “useful” charge carriers. Thus, the optimization of each

step is fundamental to extract as much energy as possible from the device.



1.2.2 Characterization of Solar Cell Device

Solar cells are further characterised by measuring the current-voltage 1(V) curve
under illumination of a light source that mimics the sun spectrum. A typical
current-voltage 1(V) curve of a polymer solar cell is shown in Figure 1.4. Since
organic semiconductors show very low intrinsic carrier concentration, the
metal-insulator-metal (MIM) model seems to be best suited to explain this
characteristic. The characteristic points used to characterise a solar cell are labelled in
Figure 1.4. In addition, for each of these points, the energy diagram for a single-layer

cell with an indium tin oxide (ITO) anode and aluminium cathode is displayed.

(@) The current delivered by a solar cell under zero bias is called short circuit current
(Isc). In this case, exciton dissociation and charge transport is driven by the
so-called built-in potential. This can be determined by the product of
photoinduced charge carrier density and the charge carrier mobility within the
organic semiconductors:

Iy = neukE

Where, n is the density of charge carriers, e is the elementary charge, u is the
mobility, and E is the electrical field. Therefore, for improving the short circuit
current, high mobility/low band gap materials are essential. In the MIM picture,
this potential is equal to the difference in work function (®) of the hole- and
electron-collecting electrodes. For polymer solar cells, the transparent 1TO
electrode is often chosen (o = 4.7 eV) in combination with a low work
function material (®ca = 2.87 eV, Oyg = 3.66 eV, O = 4.24 eV) as
counter-electrode to achieve a high internal field.

The external quantum efficiency (EQE) is simply the number of electrons

collected under short circuit conditions per the number of incident photons.
6
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(b) The voltage where the current equals zero is called open circuit voltage (Vo). In
the MIM picture this situation is described by the case where the band is flat,
since the applied voltage equals the difference in the work function of the
electrodes. (Note that diffusion effects are neglected in this simplified picture)

(c) When V > V,, the diode is biased in the forward direction. Electrons are now
injected from the low work function electrode into the LUMO and holes from the
high work function electrode into the HOMO of the organic layer, respectively.

(d) When V < 0, the diode is driven under a reverse biased condition the solar cells
works as a photodiode. The field is higher than in (a) which often leads to
enhanced charge generation and/or collection efficiency.

The point where the electrical power P = | x V reaches the maximum value represents

the condition where the solar cell can deliver its maximum power to an external load.

It is called the maximum power point. The ratio of this maximum electrical power

Pmax to the product of the short circuit current and the open circuit voltage is termed

the fill factor (FF).

FF = Prax

» VoeX Isc

Ideally, the fill factor should be unity, but losses due to transport and recombination

result in values between 0.2-0.7 for organic photovoltaic devices.

The photovoltaic power conversion efficiency (i) is then calculated for an incident

light power Pjp:

Voex Isc x FF



(o

0.2

<
3
2 0 1 Voc
Voltage (V)
(a)
..................... Cathode
ITO Cathode eo—
ITO
Voc

e \ '
ITO Ahode

bt

Figure 1.4 Current (voltage) characteristics of a typical organic diode shown together

with the metal-insulator-metal (MIM) picture for the characteristic points. (a) Short

circuit condition. (b) Open circuit condition. (c) Forward bias. (d) Reverse bias.™



1.2.3 Organic Photovoltaic Device Architectures

The organic cells reported in the literature can be categorized by their device
architecture as having single layer, bilayer, disordered bulk heterojunction; or ordered

bulk heterojunction structure (Figure 1.5)
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Figure 1.5 Four device architectures of conjugated polymer-based photovoltaic cells:
(@) single-layer PV cell; (b) bilayer PV cell; (c) disordered bulk heterojunction; (d)

ordered bulk heterojunction.*?

(@) Single-layer PV cell: Although it is possible to generate a built-in field in an
inorganic semiconductor through the controlled placement of n- and p-type
dopant atoms, it is difficult to controllably dope most conjugated polymers. As a
result of this, conjugated polymers are usually made as pure as is practically
possible and can effectively be considered to be intrinsic semiconductors.
Generating built-in electric fields within a film in the dark requires sandwiching
the polymer between electrodes with varying work functions or incorporating
interfaces with a second semiconductor into the device structure.’® In
single-layer conjugated polymer PV cells, the sign and magnitude of V. could at
least be partially attributed to an electrode work-function difference. Although
single-layer PV cells tend to produce a reasonable V., their photocurrent is

9



(b)

(©)

typically very low."

Bilayer PV cell: C. W. Tang in 1985 discovered that, by making two-layer PV
cells with organic semiconductors that have offset energy bands, the external
quantum efficiency of PV cells could be improved to 15% at the wavelength of
maximum absorption.” The improved efficiency resulted from exciton
dissociation at the interface between the two semiconductors. Excitons generated
within a few nanometers of the heterojunction could diffuse to the interface and
undergo forward electron or hole transfer. This process of forward charge
transfer led to the spatial separation of the electron and hole, thereby preventing
direct recombination and allowing the transport of electrons to one electrode and
holes to the other. Because there were essentially no minority free carriers in the
undoped semiconductors, there was little chance of carrier recombination once
the charges moved away from the interface, despite the long transit times to the
electrodes. Sariciftci et al. first applied this two-layer technique to a conjugated
polymer PV cell by evaporating Ceo on top of a spin-cast MEH-PPV layer."
However, in the organic PV cell, the excitons in these materials need to be
generated near the interface for dissociation to occur before recombination. The
exciton diffusion length in several different conjugated polymers has
subsequently been measured to be 4-20 nm.'® Because the exciton diffusion
length in a conjugated polymer is typically less than the absorption length of the
material (~100 nm), the EQE of a bilayer device made with a conjugated
polymer and another semiconductor is ultimately limited by the number of
photons that can be absorbed within an exciton diffusion length of the interface.
Disordered bulk heterojunction: To address the problem of limited exciton

diffusion length in conjugated polymers, Yu et al.’ and Halls et al.'®
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independently intermixed two conjugated polymers with offset energy levels so
that all excitons would be formed near an interface. They observed that the
photoluminescence from each of the polymers was quenched. This implied that
the excitons generated on one polymer within the film reached an interface with
the other polymer and dissociated before recombining. This device structure,
called a bulk heterojunction, provided a route by which nearly all photogenerated
excitons in the film could be split into free carriers.

Ordered bulk heterojunction: In all of the bulk heterojunction devices that we
have described above, the conjugated polymer and electron acceptor have been
randomly interspersed throughout the film. The randomly distributed interface
between the two semiconductors can lead to incomplete PL quenching in the
conjugated polymer in regions of the polymer that are more than an exciton
diffusion length away from an acceptor. For these reasons, some have sought to
create well-ordered conjugated polymer—electron acceptor films. In an ideal
device structure, every exciton formed on the conjugated polymer will be within
a diffusion length of an electron acceptor, although quantitative modeling has
pointed out that some light emission will still occur in the polymer even if this is
the case.’® Polymeric bulk heterojunction devices, whose photoactive layer is
composed of a blend of bicontinuous and interpenetrating donor and acceptor,
can maximize interfacial area between the donor and the acceptor. In addition,
these devices can be processed in solution, such as spin-coating or roll-to-roll
printing, thereby contributing several attractive advantages such as low-cost,

lightweight, and flexible devices.
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1.2.4 Comparison Between Organic and Inorganic Solar Cell

The mechanism underneath the operation of a polymer (or an organic) solar cell

exhibits, of course, many similarities with that of inorganic cells, but also some

distinctions, arising from a few important different characteristics of the materials

involved:

1)

)

3)

(4)

()

While inorganic semiconductors exhibit a band structure, organic semiconductors
possess discrete energy levels (molecular orbitals). Nevertheless, the term
“bandgap” is often improperly used for organic semiconductors.

In solar cells based on inorganic semiconductors such as silicon, the absorbed
photons lead to the direct creation of free charge carriers. In contrast, in organic
semiconductors based on m-conjugated systems because of the low dielectric
constant of these materials, light absorption leads to the creation of excitons,
strongly Coulombically bound electron-hole pairs. In organic heterojunctions, the
driving force for exciton dissociation is provided by the energy offset between the
molecular orbitals of the donor and acceptor. Exciton dissociation into free
charge carriers thus represents a key process that imposes one of the major
limitations to the power conversion efficiency of organic solar cells.

When a bound hole-electron pair (exciton) is generated in an inorganic
semiconductor, its immediate dissociation is observed. Excitons in organic
semiconductors are tightly bound (binding energy of around 0.3-0.5 eV) and
dissociation must be promoted in some way avoiding radiative recombination.
Compared to inorganics, charge carrier mobilities in organic semiconductors are
very low.

Light absorption coefficients of organic materials are much higher than those of

inorganics.
12



1.3 Literature Survey of Polymer Solar Cell Materials

In a typical polymeric BHJ PVC, the photoactive blend layer, sandwiched
between an indium tin oxide (ITO) positive electrode and a metal negative electrode,
may be composed of a low band gap conjugated polymer donor and a soluble
nanosized acceptor.>*? A fullerene derivative, [6,6]- phenyl-C61-butyric acid methyl
ester (PCBM), showing better solubility than Cg in common solvents, is a widely
utilized acceptor. As a component in the active layer, a conjugated polymer donor
serves as the main absorber to solar photon flux, as well as the hole transporting
phase.>® Thus a low band gap feature to match the solar spectrum (Figure 1.6) and

fast hole mobility are basic requirements to design an ideal polymer donor.
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Figure 1.6 Absorption coefficients of films of commonly used materials in

comparison with the standard AM 1.5 terrestrial solar spectrum.?
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1.3.1 Design Considerations for Low Band Gap Polymers

In recent days, interests in the design and synthesis of conjugated polymers have
been increased for the applications of electronic and photonic devices. It remains a
key challenge to synthesize ideal low band gap (LBG) polymers with high intrinsic
conductivities to develop their potential applications in highly efficient
bulk-heterojunction (BHJ) solar cells. Concerning the band gaps of LBG polymers,
the following factors should be taken into the account: intra-chain charge transfers,
bond-length alternation, aromaticity, substituents effects, intermolecular interactions,

and z-conjugation length etc.?*?

The low band gap copolymers reported are often based on thiophene but other
electron rich aromatic units such as pyrrole are also found. Identical for these
copolymers are the alternation between electron donor (electron rich) and electron
acceptor (electron deficient) units. The high energy level for the HOMO of the donor
and the low energy level for the LUMO of the acceptor results in a lower band gap
due to an intra-chain charge transfer from donor to acceptor.?® Planarity along the
aromatic backbone results in a low band gap, due to a high degree of delocalization of
the z-electrons. The alternation between single and double bonds along the polymer
chain has a tendency to increase the band gap. A reduction of the difference in bond
length alternation is achieved by the alternation of donor and acceptor units along the
conjugated polymer chain thus lowering the band gap. As described interactions
between acceptor and donor enhance double bond character between the repeating
units, this stabilizes the quinoid form of e.g. benzo-bis(thiadiazole) (Figure 1.7)
formed within the polymer backbone, and hence a reduction in band gap is

achieved.?*
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Figure 1.7 Resonance structures in benzo-bis-thiadiazole.?

If the HOMO level of the donor and the LUMO level of the acceptor are close in
energy it results in a low band gap as shown in (Figure 1.8). Therefore, to achieve a
lower band gap the strength of the donor and the acceptor must be increased. This is
efficiently achieved by using electron withdrawing groups such as CN, NO.,

quinoxalines, pyrazines or thiadiazole on the acceptor and electron donating groups

such as thiophene or pyrrole on the donor.?*
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Figure 1.8 Alternating donor—acceptor units lower the effective band gap by orbital

mixing. %
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In order to increase the power conversion efficiency (PCE) in BHJ solar cells,
some important characteristics of LBG polymers need to be dealt, such as: (i) a more
favorable overlap of the absorption spectrum of the active layer with the solar
emission?®® — Many classes of LBG polymers with the absorption edges extended
into the near-infrared regions have been synthesized and investigated.?” (ii) a better
charge carrier mobility”® — This can be improved by optimization of intra-chain
ordering (co-planarity and conjugation length) and inter-chain stacking, which often
can be increased upon annealing the BHJ solar cell devices. (iii) an optimized
relative positions of the energy levels of the electron donors and acceptors® — The
maximization of the open circuit voltage (Vo) Is correlated to have more efficient
charge separation between electron-donor polymers and electron-acceptor PCBM. For
this purpose, the donor polymer should exhibit a band gap between 1.2 and 1.9 eV,
which corresponds to a HOMO energy level between -5.8 and -5.2 eV and LUMO
energy level between -4.0 and -3.8 eV.*! In order to achieve higher efficiencies of
BHJ solar cell devices, the difference of the LUMO levels between donor polymer
and acceptor PCBM needs to be at least 0.3 eV.* Otherwise, the driving force for
charge separation will be decreased, and also V.. will be reduced by raising the
HOMO level of the donor polymer. Therefore, in order to synthesize LBG polymers,
the design rules described above suggest that the optimization of HOMO and LUMO
levels of LBG polymers is the most promising strategy to develop BHJ solar cells
with high efficiencies. However, it is difficult to synthesize the LBG polymers with
all three properties like broad absorption spectra, high carrier mobilities, and

appropriate molecular energy levels.

16



1.3.2 Polymer Solar Cell Materials

Generally, organic materials having delocalized & electrons, absorbing sunlight,
creating photo generated charge carriers and transporting these charge carriers can be
used for fabrication of polymer solar cells. These materials are classified to the

electron donors and the electron acceptors.
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Figure1.9 Example of organic semiconductors used in polymer solar cells.*®

Most of semiconducting polymers are hole-conductors. This kind of
semiconducting polymers was named as the electron donor polymers. Figure 1.9
shows some representative semiconducting polymers. Four important representatives

of electron donor polymers are MEH-PPV, P3HT, PFO-DBT and PCDTBT. The
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electron acceptor polymers like CN-MEH-PPV, F8TB, and small molecules, Cgp and
soluble derivatives of Cgy and C;o, namely PCgBM and PC7,BM, are also shown in
Figure 1.8. Fullerenes are considered to be the best electron acceptors so far. This is
because: (i) ultrafast (50 fs) photo induced charge transfer was happened between the
donor polymers and fullerenes; (ii) fullerenes exhibited high mobility, for example,

-1

PCgBM shown electron mobility up to 1 cm?V?ts® measured by field effect

transistors; (iii) fullerenes shown a better phase segregation in the blend film.*

Dialkoxy-substituted poly(para-phenylene vinylene)s (PPVs), for example,
poly[2-methoxy-5-(2-ethyl-hexyloxy)- 1,4-phenylene vinylene] (MEH-PPV) and

poly[2-methoxy-5- (3°,7’-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMOPPV)

show strong absorption in the visible light band. Notable PCE values of 2-3% have

been reproducibly achieved.*>*

1.3.3 P3HT Containing Polymer Solar Cells

During the last five years, research efforts have focused on
poly(alkyl-thiophenes), and in particular on P3HT. In 2002, the first encouraging
results for P3HT:PCBM solar cells with a weight ratio of 1:3 were published.>” At
that time, the short-circuit current density was the largest ever observed in an organic
solar cell (8.7 mA cm™), and resulted from an EQE that showed a maximum of 76%
at 550 nm. Many optimization methods, such as using different solvents to fabricate
the active layer, thermally annealing the active layer or the device, film forming
speed, additives to the active layer, optical spacer, anode or cathode interfacial layer,
and tandem structure, have been extensively carried out with P3HT as donors and
have demonstrated significant improvements in the photovoltaic performance of BHJ

PVCs.*™ (Figure 1.10)
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Year PIHT M, [gmel™'| Ratio to PCBM Layer Solvent Annealing  Annealing Max Ve FF Joe Eff Light intensity
Provider (weight) thickness [nm] time [min] Temp. [[C] EQE[%] [V] [mAcm™) [%6] [mWcom Y]

2002 - - 1:3 350 - - - 76 0.58 055 8.7 2.8 100
2003 - - - 110 DCB 4 75 70 055 06 85 35 80
2004 Rieke - 1:2 350 B 4 75 65 0.54 037 15.2 3.1 100
2005 Rieke 100 000 11 70 DCB 60 120 58 0.615 061 7.2 2.7 100
2005  Merck 11 600 11 - B 15 140 58 061 053 9.4 3.0 100
2005 - - 11 63 DCB 10 110 - 0.61 062 0.6 4.0 100
2005 Rieke - 11 220 DCB 10 110 63 0.61 067 10.6 4.4 100
2005 Aldrich &7 000 1:0.8 - CB 5 155 - 0.65 054 111 49 80
2005 Rieke - 1:0.8 - CB 30 150 - 0.63 068 9.5 5.0 80
2006 Merck 21100 11 175 CB 120 140 70 0.6 0.52 12 4.4 85
2006 - - 1:0.8 - CB 10 150 88 0.61 066 111 5.0 90
2006 Rieke - 11 320 DCB 10 110 82 0.56 048 1.2 3.0 100
2008 Rieke - 11 220 DCB 10 120 87 0.64 069 1.3 5.0 100

Figure 1.10 Nonexhaustive survey of reports focusing on photovoltaic devices based

on P3HT:PCBM blends.**

Despite the promising efficiencies obtained for the P3HT:PCBM devices, this
system has several drawbacks: P3HT:PCBM based solar cells generate a low open
circuit voltage of only 0.65—0.70 V. This low open circuit voltage is one of the major
loss mechanisms in this system, taking into account that only photons with energies
exceeding the optical band gap of P3HT of 1.9 eV are absorbed. The absorbance
coefficient of PCBM in the visible region is relatively low, such that the
photoresponse of the P3HT:PCBM devices is mainly due to the P3HT absorption
alone. As these devices are limited by their photocurrent generation and intrinsic
absorption properties, further increase of PCE is rather difficult. Therefore, an
alternative approach to get a higher efficiency is to use LBG donor-acceptor
polymeric materials, as their electronic and optoelectronic properties can be tuned

through intra-molecular charge transfers.

1.3.4 Other Low Band-Gap Containing Polymer Solar Cells

Despite the advances of PVC performance with the classic MEH-PPV,
MDMO-PPV, and P3HT as the BHJ donor phase reaching PCE up to 5%, further

significant enhancement of PCE is necessary in order to meet the requirements for

19



large scale commercialization as a renewable energy source. One of the routes for
such improvements is the design of new polymer donors that have extended
absorption edge to match solar terrestrial radiation, higher carrier mobility, and better
energy alignment with acceptors to reach high open circuit voltage. These studies
have paved the pathway toward better understanding of the nature of BHJ solar cells,

and some of them might be promising candidates for future commercial applications.

One of the most widely used strategies to make narrow band gap donor polymers
is the synthesis of an alternating copolymer from electron-rich (donor) and
electron-deficient (acceptor) units in their backbone. One of the such acceptor
heterocycle, 2,1,3-benzothiadiazole has been utilized to construct some n-type
semiconducting polymers in cooperation with varieties of electron-donating (D) units
to show outstanding photovoltaic performances.?” (Figure 1.11)
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Figure 1.11 Chemical Structures of Benzothiadiazole-Containing Polymers
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Copolymers of a dialkylated fluorene unit with a donor-acceptor-donor (DAD)
group have been researched quite extensively in the past years. The fluorene unit
provides a group which has a broad energy gap, which is stable and exhibits a high
hole mobility, resulting in high values for Voc and moderate to good fill factors. The
performance of solar cells fabricated with these materials is, depending on the
material and conditions used, moderate to excellent with some cell achieving

efficiencies of 2.8%.%*! (figure 1.12)

Q A

With R, and R; being branched or unbranched alkyl chains

Where "X" is one of the following acceptors:

Figure 1.12 General structure of the fluorene copolymers with a variety of

acceptors.General structure of the fluorene copolymers with a variety of acceptors.

The phenothiazine moiety with its electron-rich sulfur and a nitrogen heteroatom
incorporated into the donor-acceptor conjugated polymer can potentially serve as the
52-55

donor segment in BHJ solar cells and improve their hole-transporting abilities.

(figure 1.13)
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Figure 1.13 General structure of the phenothiazine containing copolymers.

One of the important developments in the solar cell materials are the conjugated
polymers containing an alkylated carbazole. These polymers can be regarded as a
relative of the family of diaklylated polyfluorene polymers containing a
donor-acceptor-donor group (Figure 1.14). The main reasons for using a carbazole
unit over a fluorene unit is that they are reported to have better hole transporting
properties with respect to the fluorene unit, while maintaining the stability.
Efficiencies up to 5.6% have been reported matching the performance of P3HT based

solar cells leading to Voc values of 0.97 V.
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Figure 1.14 Structure of the carbazole copolymers with a variety of acceptors.
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Low bandgap diketopyrrolopyrrole based copolymers have been recently
synthesized by alternating electron-rich and electron-deficient units. These polymers
(Figure 1.15) have proved to exhibits excellent ambipolar charge transport properties
(hole and electron mobilities up to 0.1 cm? V! s?) and the power conversion

efficiency (PCE) goes up to 4.09%.%"
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Figure 1.15 Structure of the diketopyrrolopyrrole containing copolymers with a

variety of donors.

LBG polymers containing electron donating moieties from the 2,2’-bithiophene
unit covalently bridged with an atom, such as C, N, S, and Si at 3,3’-position, have
attracted considerable research attentions. The bridging atoms at 3,3’-position of
donor moieties play an important role for LBG polymers in terms of solubility,
planarity, band gap, and interchain packing, as well as for the performance of the BHJ
solar cells.®® As compared with polythiophene and polyfluorene derivatives, LBG
polymers based on these donor moieties showed relatively high conductivities due to
more extensive m-conjugation lengths, narrow band gaps, high planarities, and strong

intermolecular mt-w interactions of donor units.*
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Figure 1.16 Structure of the polymers containing donating moieties from the

2,2’-bithiophene unit covalently bridged with an atom at 3,3’-position.

Following the development of the bulk heterojunction structure, recent years
have seen a dramatic improvement in the efficiency of polymer solar cells.
Maximizing the open-circuit voltage in a low-bandgap polymer is one of the critical
factors towards enabling high-efficiency solar cells. Study of the relation between
open-circuit voltage and the energy levels of the donor/acceptor in bulk
heterojunction polymer solar cells has stimulated interest in modifying the
open-circuit voltage by tuning the energy levels of polymers. Recently, by tuning the
open-circuit voltage of polymer solar cells based on the structure of a low-bandgap
polymer, PBDTTT (Figure 1.17), yielded power conversion efficiency as high as

7.7%, as certified by the National Renewable Energy Laboratory.*
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Figurel.17 Chemical structure of PBDTTT-E, PBDTTT—C and PBDTTT-CF.
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1.3.5 Conjugated Polyelectrolytes for Solar Cells

Motivations for examining the potential incorporation of conjugated
polyelectrolytes into solar cell development include their easy processability, their
ability to be used in layer by layer (LBL) processing, and the fact that their
applications in a variety of chemical and sensory schemes have shown that they are
efficiently quenched by electron acceptors. Due to the success in solar cells by
increasing the donor/ acceptor interfacial area, it is not surprising that the LBL
approach, and its multilayer heterostructure, has been of great interest. Some of such
conjugated polyelectrolytes utilized in the polymer solar cells are depicted in figure
1.18

HOOCH;C,

concm  ue
B "
T N TQM
n 8 3

Figure 1.18 Structure of the conjugated polyelectrolytes used in solar cells.®?®’
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1.3.6 Characterization of Active Materials for Polymer Solar Cells.

The molecular design of D/A pairs for high efficiency PSC has to meet a lot of
optoelectronic requirements, other than an excellent processability from solution, very
high chemical purity, etc. To this end, an extensive characterization of the newly
synthesized materials is required, involving multidisciplinary expertise (Figure 1.19),
to assess their potentials as promising donors or acceptors for polymer solar cells.
Chemists are making a great effort in the direction of energy level engineering and a

variety of fullerene derivatives and p-type conjugated polymers (vide infra) have been

proposed as functional materials toward high efficiency PSC.

NEW MATERIAL

:- Investigation techniques Information
NMR, IR, GPC, elemental analysis, MALDI-TOF Chemical properties
Physico-chemical
analysis Cyclic Voltammetry, Ultraviolet Photoelectron HOMO/LUMO levels
Spectroscopy (UPS)
Steady-state and time-resolved absorption and - Optical bandgap
emission spectroscopy - Lignt harvesting properties
Photophysical - Exciton formation & dissociation
study Near steady-state Photo-Induced Absorption Exciton dissociation & charge-
Spectroscopy carrier generation
Light-induced Electron Spin Resonance (LESR) | Charge-camer generation
Morphological Electron microscopy (SEM, TEM), scanning - Phases morphology
study probe microscopy (AFM, KPM), X-ray diffraction | - Crystal situcture
Time Of Flight (TOF), Space Charge Limited Charge-carrier mobility
Transport properties Current-voltage (SCLC), Carrier Extraction by
investigation Linearly Increasing Voltage (CELIV), Admittance
Spectroscopy
j.n
. EQE measurements Spectral response
Device
characterization Current-voltage characterization Photovoltaic parameters
Al ng
and
SOLAR CELL

Figure 1.19 Nonexhaustive list of investigation techniques required for an extended

characterization of active materials for polymer solar cells.®®
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1.4 Motivation

The main objective of this dissertation is to construct the donor-acceptor polymer
or metallo-polymer architectures by incorporating various donors and acceptors and to
study their performance in polymer bulk heterojunction solar cells as electron donors
with fullerene derivatives as electron acceptors. Addition of electron-withdrawing
imine nitrogen to a conjugated polymer backbone generally enhances its
electron-accepting properties and makes it susceptible to n-doping. Benzodiazole units
are, in that sense, typical examples of such units containing imine nitrogen,> which
have been widely used electron acceptors for the synthesis of D-A polymers. For
example, copolymers of benzodiazole with variety of donors such as, fluorene,*
silafluorene,®®  carbazole,®® dithienosilole,’”  dithienocyclopentadiene,®®  and
dithieno[3,2-b:2°,3’-d]pyrroles®® were synthesized and applied to PSCs, yielding PCE
values in the range of 0.18-5.4%. Recently, many LBG copolymers have been
synthesized by sandwiching acceptors in the midst of two thiophene units to alleviate
the severe steric hindrance between the electron donors and acceptors, resulting in
more planar structures to facilitate inter-chain associations and improve the hole
mobilities of the LBG polymers. Among all heterocyclic donors, phenothiazine
contains both electron-rich sulfur and nitrogen heteroatoms. The electron-rich nature
of phenothiazine contributes for the efficient electron donor and hole transporting
materials in polymers. In order to have better photophysical, electrochemical, and
photovoltaic properties in the polymers, we incorporated of phenothiazine donor units
with various benzodiazole acceptors (such as benzothiadiazole, benzoselenodiazole,
and benzoxadiazole units) sandwiched between two hexyl thiophene units to form
alternating conjugated donor-acceptor polymers. These polymers were synthesized by

palladium(0)-catalysed Suzuki coupling reactions. The effects of donor-acceptor
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strengths on the electronic and optoelectronic properties of the LBG polymers were
also investigated. In addition, the PSC devices fabricated by polymer/PCs:BM or
polymer/PC7;BM blends sandwiched between a transparent anode (ITO/PEDOT:PSS)

and a cathode (Ca) were explored.

LBG polymers containing electron donating moieties from 2,2’-bithiophene unit
covalently bridged with an atom, such as C, N, S, and Si, at 3,3’-position have
attracted considerable research attentions. The bridging atoms at 3,3’-position of
donor moieties play an important role for LBG polymers in terms of solubility,
planarity, band gap, and interchain packing, as well as for the performance of the bulk
heterojunction (BHJ) solar cells.>® As compared with polythiophene and polyfluorene
derivatives, LBG polymers based on these donor moieties showed relatively high
conductivities due to more extensive m-conjugation lengths, narrow band gaps, high
planarities, and strong intermolecular 7-m interactions of donor units.’®*% Again, To
obtain the broad absorption bands with high absorptivities, electron-donating groups
and/or electron-withdrawing groups are substituted on the main-chains of the
conjugated polymers to raise the HOMO levels and/or to reduce the LUMO levels of
the polymers.’®”*% Hence, introduction of electron-withdrawing cyano-vinylene
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groups to polymer backbones to lower the LUMO levels,™ tune their electro-optical

% and enhance the electrochemical stabilities of the polymers*** are

properties,*!
desirable for optoelectronic device applications. Moreover, LBG polymers containing
electron-accepting cyano-vinylene groups were proven to possess higher hole
mobilities,**> and were applied as photovoltaic materials in BHJ solar cells.****!
However, the PCE values of these photovoltaic cells are still low at present. All these
research results inspire further development in exploring cyclopentadithiophene- and

dithienosilole- derivatives with cyano-vinylene cgroups for the better photophysical,
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electrochemical, and photovoltaic properties. Based on this concept, soluble
cyclopentadithiophene- and dithienosilole-based LBG D-A polymers (CPDT-CN,
DTS-CN) containing [B-cyano-thiophenevinylene groups are designed and
synthesized. The effects of the bridged atoms on the optical, electrochemical, charge
transporting and photovoltaic properties of the polymers are compared and reported
also in this study.

Nowadays, some terpyridyl Ru(ll) complexes have attracted researchers to
use in the applications of photovoltaic cells (PVC).%>%71%0 The insertion of
ruthenium metals into conjugated backbones has several advantages, such as to
facilitate the charge generation by extending its absorption range due to its
characteristic long-lived metal to ligand charge transfer (MLCT) transition'*® and

to exhibit a reversible Ru'""

redox process along with some ligand-centered redox
processes. Motivations for examining the potential incorporation of such
conjugated polyelectrolytes into solar cell development include the easy
processability, layer-by-layer (LBL) processing capability, and also due to
efficiently quenched by electron acceptors. But PCE values of these devices were
limited either by the low open-circuit voltage (Vo) or low short circuit current (Jsc).
Due to relatively high HOMO levels and less sensitization ranges in all reported
polymers, there were inefficient photocurrents generated which probably affected
their PCE values. One of the feasible solutions to conquer these problems, i.e. to
get a higher V. value and a more favorable overlap of the absorption spectra from
both active layer and solar emission, is to introduce electron donor-acceptor
structures to the cores of bis-terpyridyl ligands. The incorporation of the thiophene

donor units with benzodiazole acceptor units at the cores of bis-terpyridyl ligands

in Ru'-containing metallo-polymers to have better photophysical, electrochemical,
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and photovoltaic properties are very intriguing us. So, we design, synthesis,
properties, and device applications of Ru'-containg metallo-polymers containing
donor-acceptor (D-A) bis-terpyridyl ligands bearing different benzodiazole
acceptors, including benzothiadiazole, benzoselenodiazole, and benzoxadiazole
cores sandwiched between symmetrical thiophene and terpyridyl units. The effects
of their donor-acceptor strengths on the electronic and optoelectronic properties
were also investigated. In addition, the PVC devices fabricated by these
bis-terpyridyl ligands and metallo-polymers with [6,6]-phenyl-Cg:1-butyric acid
methyl ester (PCBM) inserted between a transparent anode (ITO/PEDOT:PSS) and

a cathode (Ca) were explored.
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Chapter 2.
Synthesis and Applications of Low-Bandgap Conjugated Polymers
Containing Phenothiazine Donor and Various Benzodiazole
Acceptors for Polymer Solar Cells
2.1 Introduction

In spite of poor long-term stability, polymer solar cell (PSC) devices based on
conjugated polymers as electron donors and fullerene derivatives as electron acceptors
are of broad interests because of the advantages of low cost, light-weight flexible
devices, tunable electronic properties, and ease of processing for the conversion of
solar energy to electricity.”%*%° Although poly(3-hexylthiophene) (P3HT) is proven
to be one of the most efficient donor materials ever tested in PSCs for giving the
power conversion efficiency (PCE) up to 5%,*"*' further enhanced PCE values are
limited due to both lower photocurrent generation and intrinsic absorption properties.
In order to conquer these problems, low-bandgap (LBG) polymers composed of
electron-rich (donor) and electron-deficient (acceptor) units have been utilized
recently in PSCs with fullerene derivatives, such as [6,6]-phenyl-Cgi-butyric acid
methyl ester (PCs:BM) or [6, 6]-phenyl-C;1-butyric acid methyl ester (PC;1BM),
yielding a power conversion efficiency (PCE) value up to 7.7%.5""* polymer solar
cells consisting of such donor-acceptor (D-A) LBG polymers have attracted more
attention owing to their tunable optical, electrochemical, electronic, and photovoltaic
properties.?*** Incorporation of wide ranges of donors and acceptors into LBG
polymers can manipulate the electronic structures, i.e., the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels through the
partial intramolecular charge transfer (ICT) in the D-A systems.”>"® By optimizing

materials and device structures, photovoltaic parameters, such as the short-circuit
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current (Js¢) and open-circuit voltage (Voc), can be further improved to obtain higher
PCE values in the PSCs. In solar cell devices, Js is determined by the creation and
subsequent dissociation of excitons at the polymer/acceptor interface followed by
transport of free charge carriers towards the collecting electrodes,”” Vo is primarily
determined by the effective band gap of the bulk hetero-junction (BHJ) film.”® For
this purpose, the electron donor polymer should exhibit a band gap between 1.2 and
1.9 eV, which corresponds to a HOMO energy level between -5.8 and -5.2 eV and a
LUMO energy level between -4.0 and -3.8 eV.* Again, if the energy difference
between the LUMO levels of polymer and acceptor is less than 0.3 eV, the driving
force for charge separation will be reduced, and Vo can be reduced by raising the
HOMO level. Consequently, it is of great importance to match the energy levels of the

polymer and acceptor carefully to develop BHJ solar cells with high efficiencies.

Among all heterocyclic compounds, phenothiazine contains both electron-rich
sulfur and nitrogen heteroatoms. The electron-rich nature of phenothiazine contributes
for the efficient electron donor and hole transporting materials in polymers and
organic molecules for photo-induced charge separation and it has been also proven as
a superior electron donor for reductive quenching.”” Due to their unique

electro-optical properties, these materials are potential candidates for diverse

80-81 82-83

applications for light-emitting diodes,” " solar cells, chemiluminescence devices,
and organic field effect transistors.* Phenothiazine ring hampers stacking aggregation
and intermolecular excimer formation in the main chain of the polymer due to its
non-planar  structure.®*® However, till now only a limited number of

phenothiazine-based polymers for photovoltaic devices have been explored.??°

Addition of electron-withdrawing imine nitrogen to a conjugated polymer

backbone generally enhances its electron-accepting properties and makes it susceptible
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to n-doping (reduction). Benzodiazole units are, in that sense, typical examples of such
units containing imine nitrogen.>® 2,1,3-Benzothiadiazole is a widely used electron
acceptor for the synthesis of D-A polymers. For example, copolymers of
benzothiadiazole with fluorene,*® silafluorene,®® carbazole,®® dithienosilole,®
dithienocyclopentadiene,? and dithieno[3,2-b:2°,3’-d]pyrroles®® were synthesized and
applied to PSCs, yielding PCE values in the range of 0.18-5.4%. Recently, many
photovoltaic papers have reported LBG copolymers made of electron donors and
acceptors sandwiched between two thiophene units.?*#**®8"88 |ncorporation of
acceptor units in the midst of two thiophene units, alleviate the severe steric hindrance
between the electron donors and acceptors, resulting in more planar structures to
facilitate inter-chain associations and improve the hole mobilities of the LBG
polymers. Despite of these advantages, addition of thiophene units could induce
solubility problems and yield low molecular weights in polymers.?® To utilize the
aforementioned merits of thiophene units, structural modifications, such as
incorporation of alkyl or alkoxy chains on the 3- and/or 4-position of thienyl units® or
addition of supplementary alkylated thiophene units,® have been outfitted to acquire
higher molecular weights and better solubilities than the original polymers without

any soluble side-chains.

In order to have better photophysical, electrochemical, and photovoltaic
properties in the resulting LBG polymers, the incorporation of phenothiazine donor
units with various acceptor units are very intriguing and thus to motivate this study.
Herein, we report the design, synthesis, properties, and device applications of
phenothiazine-based alternating conjugated donor-acceptor polymers, in which the
acceptor benzodiazole units include benzothiadiazole, benzoselenodiazole, and

benzoxadiazole sandwiched between two hexyl thiophene units. These polymers were
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synthesized by palladium(0)-catalysed Suzuki coupling reactions. The effects of
donor-acceptor strengths on the electronic and optoelectronic properties of the LBG
polymers were also investigated. In addition, the PSC devices fabricated by
polymer/PCs;BM or polymer/PC;;BM blends sandwiched between a transparent

anode (ITO/PEDOT:PSS) and a cathode (Ca) were explored.

2.2 Experimental Section

2.2.1 Materials

All chemicals and solvents were reagent grades and purchased from Aldrich,
ACROS, Fluka, TCI, TEDIA, and Lancaster Chemical Co. Toluene, tetrahydrofuran,
and diethyl ether were distilled over sodium/benzophenone to keep anhydrous before
use. Chloroform (CHCI3) was purified by refluxing with calcium hydride and then
distilled. If not otherwise specified, the other solvents were degassed by nitrogen 1 h

prior to use.
2.2.2 Measurements and Characterization

'H NMR and *C NMR spectra were recorded on a Varian Unity 300 MHz
spectrometer using CDCI; solvent. Elemental analyses were performed on a
HERAEUS CHN-OS RAPID elemental analyzer. Thermogravimetric Analyses
(TGA) were conducted with a TA Instruments Q500 at a heating rate of 10°C/min
under nitrogen. The molecular weights of polymers were measured by gel permeation
chromatography (GPC) using Waters 1515 separation module (concentration = 1
mg/mL in THF; flow rate = 1 mL/min), and polystyrene was used as a standard with
THF as an eluant. UV-visible absorption spectra were recorded in dilute
chlorobenzene solutions (10° M) as well as on solid films (spin-coated with a spin

rate ca. 1000 rpm for 60 s on glass substrates from chlorobenzene solutions with a
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concentration of 10 mg/mL) on a HP G1103A. Cyclic voltammetry (CV)
measurements were performed using a BAS 100 electrochemical analyzer with a
standard three-electrode electrochemical cell in a 01 M solution of
tetrabutylammonium hexafluorophosphate ((TBA)PFg) in acetonitrile at room
temperature with a scanning rate of 100 mV/s. During the CV measurements, the
solutions were purged with nitrogen for 30 s. In each case, a carbon working electrode
coated with a thin layer of polymers, a platinum wire as the counter electrode, and a
silver wire as the quasi-reference electrode were used, and Ag/AgCl (3 M KCI)
electrode was served as a reference electrode for all potentials quoted herein. The
redox couple of ferrocene/ferrocenium ion (Fc/Fc*) was used as an external standard.
The onset potentials were determined from the intersections of two tangents drawn at
the rising currents and background currents of the cyclic voltammetry (CV)
measurements. Surface morphology images of thin films (on glass substrates) were
obtained using atomic force microscopy (AFM, Digital instrument NS 3a controller

with D3100 stage).
2.2.3 Device Fabrication of Polymer Solar Cells.

The polymer solar cells in this study were composed of an active layer of
blended polymers (Polymer: PCBM) in solid films, which was sandwiched between a
transparent indium tin oxide (ITO) anode and a metal cathode (Ca). Prior to the
device fabrication, 1TO-coated glass substrates (1.5x1.5 cm?) were ultrasonically
cleaned in detergent, deionized water, acetone, and isopropyl alcohol. After routine
solvent cleaning, the substrates were treated with UV ozone for 15 min. Then a
modified ITO surface was obtained by spin-coating a layer of poly(ethylene
dioxythiophene): polystyrenesulfonate (PEDOT:PSS) (~30 nm). After baking at

130°C for one hour, the substrates were transferred to a nitrogen-filled glovebox.
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Then, on the top of PEDOT:PSS layer, an active layer was prepared by spin coating
from blended solutions of polymers:PCe:BM (with  1:1  w/w) and
PP6DHTBT:PC#BM (with 1:1, 1:3, and 1:4 w/w) subsequently with a spin rate ca.
1500 rpm for 60 s, and the thickness of the active layer was typically ca. 80 nm.
Initially, the blended solutions were prepared by dissolving both polymers and PCBM
in 1,2-dichlorobenzene (20 mg/mL), followed by continuous stirring for 12 h at 50°C.
In the slow-growth approach, blended polymers in solid films were kept in the liquid
phase after spin-coating by using the solvent with a high boiling point. Finally, a
calcium layer (30 nm) and a subsequent aluminum layer (100 nm) were thermally
evaporated through a shadow mask at a pressure below 6 x 10 Torr. The active area
of the device was 0.12 cm? All PSC devices were prepared and measured under
ambient conditions. The solar cell testing was done inside a glove box under
simulated AM 1.5G irradiation (100 mW/cm?) using a Xenon lamp based solar
simulator (Thermal Oriel 1000W). The light intensity was calibrated by a
mono-silicon photodiode with KG-5 color filter (Hamamatsu, Inc.). The external
quantum efficiency (EQE) action spectrum was obtained at short-circuit condition.
The light source was a 450 W Xe lamp (Oriel Instrument, model 6266) equipped with
a water-based IR filter (Oriel Instrument, model 6123NS). The light output from the
monochromator (Oriel Instrument, model 74100) was focused onto the photovoltaic

cell under test.
2.2.4 Synthesis of Monomers and Polymers
General Synthetic Procedures for 4a-4c

In a 100 mL flame-dried two-neck flask fitted with a condenser, 1.00 eq of

dibromoarene (3a-3c), 2.2 eq of 2-(4-hexylthiophen-2-yl)-4,4,55-tetramethyl-
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1,3,2-dioxaborolane (2), and 0.03 eq. of tetrakis(triphenylphosphine)palladium was
added. The mixture was degassed and purged nitrogen. Afterward, 40 mL of
anhydrous toluene and 2 M aqueous potassium carbonate solution (8 mL) was added.
The reaction mixture was heated to 90 'C with vigorous stirring until reaction
completion by TLC analyses (~ 24 h). The mixture was poured into water (100 mL)
and extracted with methylene chloride. The organic layer was washed thrice with
water, once with brine and dried over magnesium sulfate. The solvent was evaporated
and the residue was purified by column chromatography on silica gel with
hexane/ethyl acetate = 20/1 to give the products. Their chemical characterization

analyses are shown as follows:

4,7-bis(4-hexylthiophen-2-yl)-2,1,3-benzothiadiazole (4a) Orange needles
(yield: 88%); mp 75-77°C. *H NMR (ppm, CDCl5): & 7.97 (dd, 2H), 7.82 (d, J=1.8 Hz
2H), 7.04 (dd, 2H), 2.66 (t, J=7.5 Hz, 4H), 1.70 (m, 4H), 1.25-1.53 (m, 12H), 0.90 (t,
J=6.7 Hz, 6H). *C NMR (ppm, CDCls): & 153.02, 139.75, 128.42, 127.90, 127.21,

126.38,126.15,. 31.68, 29.70, 29.65, 29.03, 22.67, 14.14.

4,7-bis(4-hexylthiophen-2-yl)-2,1,3-benzoselenadiazole (4b) Purple solid
(yield: 87%); mp 82-83°C. *H NMR (ppm, CDCls): § 7.87 (d, J= 1.2 Hz, 2H), 7.71 (s,
2H), 7.04 (d, J=1.5 Hz, 2H), 2.68 (t, J=7.8 Hz, 4H), 1.68 (m, 4H), 1.20-1.43 (m,
12H), 0.90 (t, J=6.9 Hz, 6H). **C NMR (ppm, CDCls): & 158.19, 143.98, 139.29,

128.87, 127.42, 125.75,121.83,. 31.68, 30.56, 30.45, 29.04, 22.62, 14.10.

4,7-bis(4-hexylthiophen-2-yl)-2,1,3-benzoxadiazole (4c) Yellow solid (yield:
92%): mp 78-79°C. *H NMR (ppm, CDCls): §7.95 (d, J= 1.2 Hz, 2H), 7.57 (s, 2H),

7.02 (d, J=1.2 Hz, 2H), 2.67 (t, J=7.6 Hz, 4H), 1.70 (m, 4H), 1.20-1.43 (m, 12H), 0.89
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(t, J=7.2 Hz, 6H). *C NMR (ppm, CDCl5): & 148.081, 145.28, 137.77, 30.40, 126.32,

122.31,121.88, 31.90, 30.83, 30.65, 29.24, 22.85, 14.34.
General Bromination Procedures for 5a-5¢

In a 100 mL flask, 1.00 eq of 4,7-di(4-hexyl-2-thienyl)-arene (4a-4c) was added
into THF under nitrogen flow. After solids were dissolved completely, 2.10 eq
N-bromosuccinimide (NBS) was added in portion wise. The reaction mixtures were
stirred at a room temperature for 5 h. Subsequently, hexane was added into the
mixture, and the white precipitate formed was filtered off. In addition, the filtrate was
extracted with ethyl acetate, and the organic layer was washed with brine followed by
being dried over anhydrous sodium sulfate. After that, the residue was purified by
column chromatography on silica gel with hexane/methylene chloride = 1/2 to give

the products. Their chemical characterization analyses are shown as follows:

4,7-Bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (5a) Red solid
(yield: 94%); mp 101-103 "C. *H NMR (ppm, CDCls): § 7.75 (s, 2H), 7.71 (s, 2H),
2.63 (t, J=7.2 Hz, 4H), 1.67 (m, 4H), 1.33-1.40 (m, 12H), 0.89 (t, J=7.1 Hz, 6H). **C
NMR (ppm, CDCls): & 152.19, 143.01, 138.46, 128.03, 125.25, 124.80, 111.59,
31.62, 29.74, 29.67, 28.96, 22.64, 14.11. Element Anal. Calcd for CysH30BroN,Ss: C,
49.84%:; H, 4.83%; N, 4.47%; Found: C, 49.62%; H, 5.02%; N, 4.62%. EIMS (m/z):

calcd for C,gH30 BroN,S3, 626.53; found, 626.

4,7-Bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzoselenadiazole (5b) Purple solid
(yield: 96%); mp 92-94 °C. *H NMR (ppm, CDCl5): 8 7.65 (s, 2H), 7.64 (s, 2H), 2.62
(t, J=7.2 Hz, 4H), 1.67 (m, 4H), 1.33-1.42 (m, 12H), 0.90 (t, J=6.9 Hz, 6H). (ppm,
CDCI3): 6 157.71, 142.62, 138.73, 127.63, 126.75, 124.93, 112.19, 31.62, 29.74,

29.67, 28.96, 22.64, 14.11. Element Anal. Calcd for CyH30BroN,S,Se: C, 46.37%; H,
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4.49%; N, 4.16. Found: C, 46.78%; H, 5.14%; N, 4.33%. EIMS (m/z): calcd for

CysH3p BroN»S3, 673.43; fOUﬂd, 674.

4,7-Bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzoxadiazole (5¢) Orange solid
(yield: 93%); mp 108-110 C. *H NMR (ppm, CDCls): § 7.77 (s, 2H), 7.38 (s, 2H),
2.60 (t, J=7.2 Hz, 4H), 1.62 (m, 4H), 1.33-1.42 (m, 12H), 0.90 (t, J=6.9 Hz, 6H). °C
NMR (ppm, CDCls): & 147.42, 143.88, 137.08, 129.71, 125.68, 121.35, 111.56,
31.59, 29.66, 29.64, 28.94, 22.60, 14.10. Element Anal. Calcd for CzsH30Br.N,OS;:
C, 51.15%; H, 4.95%; N, 4.59%. Found: C, 51.30%; H, 5.52%; N, 4.27%. EIMS

(m/z): calcd for CysHs BroN,S3, 610.47; found, 610.

10-hexyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-phenothia
zine (7) A solution of 3,7-dibromo-10-hexyl-10H-phenothiazine (4.41 g, 10 mmol) in
anhydrous tetrahydrofuran (100 mL) was cooled to -78 "C under nitrogen and stirred
at this temperature for 5 min in the flame-dried two-neck round-bottom flask. n-Butyl
lithium (8.4 mL of 2.5 M solution in hexane, 21 mmol) was added dropwise, using a
syringe, and the mixture was stirred at -78 "C, warmed to 0 'C for 15 min, and cooled
again at -78'C for 15 min. 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(6.13 mL, 30 mmol) was added rapidly to the solution, and the resulting mixture was
warmed to room temperature and stirred overnight. The mixture was poured into
water and extracted with ether. The organic extracts were washed with brine and dried
over magnesium sulfate. The solvent was removed by rotary evaporation, and the
residue was recrystalized from acetone to obtain 3.96 g (74%) of the title product as a
slight yellow solid ; mp 212-214 "C. *H NMR (ppm, CDCls): & 7.54 (m, 4H), 6.80 (d,
J = 7.8 Hz, 2H), 3.84 (t, J = 6.9 Hz, 2H), 1.78 (m, 2H), 1.4 (m, 2H), 1.32 (s, 24H),
1.25 (m, 4H), 0.86 (t, J = 7.2 Hz, 3H). *C NMR (ppm, CDCls): 8  147.47, 134.23,

133.97, 124.15, 114.90, 83.91, 47.71, 31.62, 26.89, 26.72, 25.06, 22.78, 14.21.
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Element Anal. Calcd for C3oH43B2NO,4S: C, 67.31%; H, 8.10%, N, 2.62%. Found: C,
66.47%; H, 7.73% N, 2.93%. EIMS (m/z): calcd for C3yH43B2NO,S, 535.35; found,

536.
General Polymerization Procedure

All polymerization steps were carried out through the palladium(0)-catalyzed
Suzuki coupling reactions. In a 50 mL flame dried two-neck flask, 1 eq of
10-hexyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-phenothiazine (7),
1 eq of bis(bromo-4-hexyl-2-thienyl) arene (5a-5c), and Pd(PPhs), (1.5 mol %) were
dissolved in a mixture of toluene ([monomer] = 0.5 M) and aqueous 2 M Na,COs
(2:3). The solution was first put under a nitrogen atmosphere and vigorously stirred at
90-95 ‘C for 4-5 days. After reaction completion, an excess of bromobenzene was
added to the reaction then one hour later, excess of phenylboronic acid was added and
the reaction refluxed overnight to complete the end-capping reaction. The polymer
was purified by precipitation in methanol/water (10:1), filtered through 0.45 pum nylon
filter and washed on Soxhlet apparatus using hexane, acetone and chloroform. The
chloroform fraction was reduced to 40-50 mL under reduced pressure, precipitated in
methanol/water (10:1, 500 mL), filtered through 0.45 pm nylon filter and finally

air-dried overnight.

Poly[(10-hexyl-10H-phenothiazine-3,7-ylene)-alt-(4,7-bis(4-hexylthien-2-yl)-
2,1,3-benzothiadiazole)2’,2’’-diyl] (PP6DHTBT) Dark orange solid (yield: 71%).
'H NMR (ppm, CDCl3): & 8.02 (br, 2H), 7.84 (br, 2H), 7.32 (br, 4H), 6.93 (br, 2H),
3.92 (br, 2H), 2.74 (br, 4H), 1.88 (br, 2H), 1.72 (br, 4H), 1.50 (br, 4H), 1.18-1.40 (br,
14H), 0.81-0.90 (br, 9H). Anal. Calcd C, 70.45%; H, 6.85%, N, 5.60%. Found: C,

69.78%; H, 6.97% N, 5.42%.
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Poly[(10-hexyl-10H-phenothiazine-3,7-ylene)-alt-(4,7-bis(4-hexylthien-2-yl)-
2,1,3- benzoselenadiazole)2’,2’-diyl] (PP6DHTBSe) Dark black solid (yield: 76%).
'H NMR (ppm, CDCl3): & 7.92 (br, 2H), 7.77 (br, 2H), 7.32 (br, 4H), 6.94 (br, 2H),
3.92 (br, 2H), 2.74 (br, 4H), 1.88 (br, 2H), 1.71 (br, 4H), 1.50 (br, 4H), 1.18-1.40 (br,
14H), 0.81-0.90 (br, 9H). Anal. Calcd C, 66.30%; H, 6.45%, N, 5.27%. Found: C,

64.49%; H, 6.38% N, 4.94%.

Poly[(10-hexyl-10H-phenothiazine-3,7-ylene)-alt-(4,7-bis(4-hexylthien-2-yl)-
2,1,3- benzoxadiazole)2’,2>’-diyl] (PP6DHTBX) Dark solid (yield: 69%). *H NMR
(ppm, CDCIs): & 8.00 (br, 2H), 7.53 (br, 2H), 7.30 (br, 4H), 6.91 (br, 2H), 3.89 (br,
2H), 2.69 (br, 4H), 1.88 (br, 2H), 1.69 (br, 4H), 1.48 (br, 4H), 1.18-1.40 (br, 14H),
0.81-0.90 (br, 9H). Anal. Calcd C, 71.99%; H, 7.00%, N, 5.72%. Found: C, 72.00%;

H, 6.84% N, 5.75%.
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Figure 2.1 Synthetic Routes of Monomers (5a-5c and 7).
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Figure 2.2 Synthetic Routes of Polymers (PP6DHTBT, PP6DHTBSe, and

PP6DHTBX).

2.3 Results and Discussions

2.3.1 Synthesis and Structural Characterization

The general synthetic routes of monomers 5a-5c and 7 are shown in Figure 2.1.
Synthesis of 2-(4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2),
4,7-dibromo-2,1,3-benzothiadiazole (3a), 4,7-dibromo-2,1,3-benzoselenadiazole (3b),
and 4,7-dibromo-2,1,3-benzoxadiazole (3c) were prepared by following the literature
procedures.’®% Hexyl-thiophene units were added to both sides of each acceptor units
through the Suzuki coupling reaction between
2-(4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2) and dibromo
arenes (3a-3c) in presence of a catalyst Pd(PPh3),. Next, these compounds were
brominated with NBS to produce monomers 5a-5c¢. The diboronic ester monomer (7)
was prepared according to the literature method,® i.e., alkylation of phenothiazine
with 1-bromohexane, followed by bromination with molecular bromine, then
lithiation of dibromo compound with n-Buli and quenching with

2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane ~ produced  monomer 7.
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Monomers (5a-5¢ and 7) were satisfactorily characterized by *H NMR, *C NMR, MS
spectroscopy, and elemental analyses. As shown in Figure 2.2, three alternating
polymers PP6DHTBT, PP6DHTBSe, and PP6DHTBX were prepared with the
well-known Suzuki polymerization between the diboronic ester of phenothiazine (7)
and the dibromide monomers (5a-5c¢). The obtained polymers were further purified by
washing on Soxhlet apparatus using hexane, acetone, and chloroform. The chloroform
fraction was reduced to 40-50 mL under reduced pressure, precipitated in methanol,
filtered through 0.45 pum nylon filters and finally dried under reduced pressure at
room temperature. After purification and drying, all polymers were obtained as
fibrous solids in overall good yields (69-76%). The chemical structures of the
polymers were confirmed with *H NMR and elemental analysis. The *H NMR spectra
of polymers are demonstrated in Figure 2.3, where the broadening signals of *H NMR
spectra in both aromatic and aliphatic regions were observed as a result of
polymerization. The polymers exhibited good solubilities in common organic

solvents, such as THF, chloroform, toluene, and chlorobenzene at room temperature.
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Figure 2.3 *H NMR spectra of polymers in CDCls. Labels of x and y are CDCl5 and

H,0, respectively.
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Figure 2.4 TGA thermograms of polymers.

Table 2.1 Molecular Weights and Thermal Properties of Polymers

Yield M, 2 M, PDI T

Polymer
(%)  (x10)  (x10%) (Mw/My)  (C)
PP6DHTBT 71 4.07 7.54 1.85 434
PP6DHTBSe 76 5.13 10.17 1.98 401
PP6DHTBX 79 3.85 6.45 1.67 417

#Molecular weights and polydispersity index (PDI) values were measured by GPC,
using THF as an eluent, polystyrene as a standard. M,, number average molecular
weight. My, weight average molecular weight. "Temperature ('C) at 5% weight loss
measured by TGA at a heating rate of 10 "C/min under nitrogen.
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The molecular weights of the polymers were determined by gel permeation
chromatography (GPC) against monodisperse polystyrene standards in THF are
summarized in Table 2.1. These results show that reasonable molecular weights were
obtained in these polymers, which had number-average molecular weights (M)
ranging 38,500-51,300 and weight-average molecular weights (M,) ranging
64,500-101,700, respectively, with polydispersity indices (PDI = M,/M;) ranging
1.67-1.98. The thermal properties of the polymers determined by thermogravimetric
analysis (TGA) are shown in Figure 2.4 and summarized in Table 2.1. The TGA
thermograms of the polymers revealed (5% weight loss) decomposition temperatures

(Td) in the range of 401-434°C, indicative of excellent thermal stabilities.

Table 2.2 Optical Properties of Polymers

Solution® Solid FilmP
Afmax,abs A«edge Egopt xmax,abs }\fedge Egopt
Polymer
(nm) (nm) (eV)° (nm) (nm) eVv)°©
PP6DHTBT 337,515 607 2.04 347,552 642 1.93
PP6DHTBSe 349,552 656 1.89 358,582 689 1.80
PP6DHTBX 330,522 610 2.03 341,553 652 1.90

®In chlorobenzene dilute solution; bSpin coated from chlorobenzene solution; “The
optical bandgap was obtained from the equation Eq= 1240/ eqge
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Figure 2.5 Normalised UV-vis spectra of polymers in (a) dilute chlorobenzene

solutions and (b) solid films, respectively.
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2.3.2 Optical Properties

The normalized UV-vis absorption of the synthesized polymers in dilute
chlorobenzene solutions (concentration 10> M) and solid films are shown in Figure
2.5, and the main optical properties are listed in Table 2.2. The absorption spectra of
polymers, i.e., PP6DHTBT, PP6DHTBSe, and PP6DHTBX, exhibited two distinct
broad absorption peaks. The short-wavelength absorption peaks have been attributed
to a delocalized n-n* transition in the polymer chains and long-wavelength absorption
peaks attributed to a localized transition between the donor-acceptor (D-A) charge
transfer states in polymer segments. The high energy transition bands situated at
300-400 nm are consistent with the reported phenothiazine homopolymers® or
phenothiazine containing copolymers.?’ The low energy peaks appeared at 500-600
nm, with tailing the absorption around 700 nm are due to the intramolecular charge
transfer (ICT) happening inside these phenothiazine based D-A conjugated polymers.
The maximum absorption wavelengths (Amax.aps) for PP6DHTBT, PP6DHTBSe, and
PP6DHTBX in solutions were located at 515, 552, and 522 nm, respectively, while
those in solid films at 552, 582, and 553 nm, respectively. As illustrated in Table 2.2,
the optical band gaps (Es>") of PP6DHTBT, PP6DHTBSe, and PP6DHTBX in solid
films, which were estimated from the absorption edges of UV-vis spectra, were 1.93,
1.80 and 1.90 eV, respectively. Compared with UV-vis absorption spectra in
solutions, all polymers in solid films had a red shift (30-37 nm), this could be
attributed to the interchain associations and aggregations in solids. The maximum
absorption wavelength (Amaxans = 552 nm) of PP6DHTBT in solid film was
red-shifted compared with that (540 nm) of its analogue F8TBT (phenothiazine units
replaced with fluorene units).** Though PP6DHTBSe bearing alkyl chains at

4-position of thiophene units revealed Amaxaps = 582 nm in solid film, which also red

47



shifted to its fluorene-based polymer analogue bearing alkyl-chain free thiophenes,
PFO-DBTSe (ca. 570 nm).*® Since the side-chain functionalization usually cause
steric hindrance to affect the coplanarity of the conjugated backbone, side-chain
functionalized polymer has a blue shift in the absorption spectra compared with its
side-chain free polymer analogue. It suggests that the phenothiazine unit possesses
stronger electron-donating capability (stronger degree of delocalization and the
stronger ICT) than the fluorene unit, thus to improve the effective conjugation length
along the phenothiazine-based polymer backbone.>* Due to the presence of Selenium
(Se) atom, which has larger size and is more electron rich than both S and O atoms,
PP6DHTBSe had a more red-shifted absorption wavelength (Amaxabs) Compared with
the other two polymers (PP6DHTBT and PP6DHTBX). Similar results were
reported for the polymers containing benzoselenadiazole units,” where the presence of
imine nitrogens in benzodiazole units can stabilize the quinoid resonance structures by

the most electron rich Se atom.
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Figure 2.6 Cyclic voltammograms of polymers

Table 2.3 Electrochemical Properties of Polymers?

Oxidation potential Reduction Potential Energy Level® Band Gap
(V vs. Ag/Ag") (V vs. Ag/Ag") (eV) (eV)

POIymer on/onsetb on/oc Ered/onsetb Ered/oC HOMO LUMO Egec EgOpt

PP6DHTBT 1.07 1.36 -0.88 -0.97 -5.42 -3.47 1.95 1.93
PP6DHTBSe 1.03 131 -0.80 -1.01 -5.38 -3.55 1.83 1.80
PP6DHTBX 1.12 1.40 -0.75 -0.99 -5.47 -3.60 1.87 1.90

®Reduction and oxidation potentials measured by cyclic voltammetry in solid films;
®Onset oxidation and reduction potentials; “Formal oxidation and reduction potentials;
dEHOMo/ELUMo = [-(Eonset - 0.45) - 4.8] eV, where 0.45 V is the value for ferrocene vs.
Ag/Ag” and 4.8 eV is the energy level of ferrocene below the vacuum.
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2.3.3 Electrochemical Properties

The energy band structures, i.e., highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels, of the polymers were
investigated by cyclic voltammetry (CV) measurements to understand the charge
injection processes of these polymers in their PSC devices. The cyclic
voltammograms of the polymers in solid films are displayed in Figure 2.6 and the
related CV data (formal potentials, onset potentials, HOMO and LUMO levels, and
band gaps) are summarized in Table 2.3. Ag/AgCl was served as a reference electrode
and it was calibrated by ferrocene (Eix (rc/ rc+) = 0.45 eV versus Ag/AQCI). The
HOMO and LUMO energy levels were estimated by the oxidation and reduction
potentials from the reference energy level of ferrocene (4.8 eV below the vacuum
level) according to the following equation:*” Epomo/ELumo = [-(Eonset —Eonset(re/rct vs.
agiagh)) - 4.8] eV where 4.8 eV is the energy level of ferrocene below the vacuum
level and Egnset(rcirct vs. agagt) = 0.45 eV. All polymers exhibited one quasi-reversible
p-doping/dedoping (oxidation/rereduction) process at positive potentials and one
quasi-reversible or reversible n-doping/dedoping (reduction/reoxidation) process at
negative potentials, which are good signs of high structural stability in the charged

state.

The HOMO levels were in the range of -5.38 to -5.47 eV, which were estimated
from the onset oxidation potentials (Eox/onset) Of polymers (1.03 - 1.12 V). The LUMO
levels were in the range of -3.47 to -3.60 eV, which were estimated from the onset
reduction potentials (Eregronset) Of polymers (-0.75 to -0.88 V). As all HOMO levels
were below the air oxidation threshold (ca. -5.27 eV or 0.57 V vs. SCE),*® the
polymers should show good air stabilities. More importantly, the introduction of

phenothiazine unit in the PP6DHTBT polymer backbone decreases the energy band
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gap in contrast to its fluorene analogue F8TBT,* which may be due to the presence of
electron-rich sulfur and nitrogen heteroatoms of the phenothiazine unit that renders
the resulting conjugated backbone more electron-rich.>* On the other hand, the
LUMO energy levels are clearly affected by the electron-deficient centers of the
benzodiazole comonomers, stronger electron-deficient units resulting in lower LUMO
energy levels. It has been found that the band gaps of these polymers were affected
due to stronger ICT interactions between the donor phenothiazine unit and acceptor
benzodiazole units. It is worth also noting that the band-gap values directly measured
by CV (Es* between 1.83 and 1.95 eV) and the optical band-gap values estimated

from UV-vis spectra (E,™

between 1.80 and 1.93 eV) are relatively in good
agreement. All these electrochemical characteristics are within the desirable range for

the ideal polymers to be utilized in the organic photovoltaic applications.
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Figure 2.7 Current-voltage curves of polymer solar cells using polymer:PCBM

blends under the illumination of AM 1.5G, 100 mW/cm?.

Table 2.4 Photovoltaic Properties of Polymer Solar Cell Devices with the

Configuration of ITO/PEDOT:PSS/Polymer:PCBM/Ca/Al?

Polymer Polymer/PCBM Voc Jet 2 FF PCE
(wiw) (V)  (mAlem’) (%) (%)

PP6DHTBT 1:1(C61) 0.67 1.92 32.1 0.41
PP6DHTBSe 1:1 (C61) 0.65 1.43 30.5 0.28
PP6DHTBX 1:1 (C61) 0.69 1.24 29.1 0.25
PP6DHTBT 1:1(C71) 0.73 2.95 34.0 0.74
PP6DHTBT 1:3 (C71) 0.73 3.80 33.1 0.88
PP6DHTBT 1:4 (C71) 0.75 4.60 35.0 1.20

& Measured under AM 1.5 irradiation, 100 mW/cm?.
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2.3.4 Photovoltaic Properties

To investigate the potential use of polymers PP6DHTBT, PP6DHTBSe, and
PP6DHTBX in PSCs, the bulk hetero-junction (BHJ) solar cell devices comprising of
these polymers as electron donors and fullerene derivatives (PCs1BM or PC7:BM) as
an electron acceptor in their active layer were fabricated with a structure of
ITO/PEDOT:PSS (30 nm) /polymer:PCBM blend (~80 nm)/Ca(30 nm)/AI(100 nm).
The blended solutions were prepared with polymers and PCg;BM in a weight ratio of
1:1 (w/w) initially, and later the active layer compositions were modified with various
weight ratios for the previous optimum polymer with PC;;BM. The current density (J)
versus voltage (V) curves of the PSCs are shown in Figure 2.7; the open circuit
voltage (Vqc), short circuit current density (Jsc), fill factor (FF), and the PCE values of
the devices are summarized in Table 2.4. In BHJ solar cell devices, Vo is determined
by the difference between HOMO level of the electron donor polymer and LUMO
level of the electron acceptor material (PCBM).” Due to negligible differences in
HOMO levels of all polymers ((-5.38)-(-5.47) eV), there were minor variations in Vo
values (0.69-0.65 V). With the similar V. values and fill factor (29.1-32.1 %) in the
devices containing the polymers blended with PCs;BM in a weight ratio of 1:1 (w/w),
it was evident that due to the major variations of the Js values (1.92, 1.43, and 1.24
mA/cm?) in polymers PP6DHTBT, PP6DHTBSe, and PP6DHTBX, they are
crucially affected to have the power conversion efficiency (PCE) values of 0.41, 0.28,
and 0.25, respectively. Among these PSC devices containing polymers, the best
performance was the PSC device containing PP6DHTBT:PCs:BM (1:1 w/w) with a
highest PCE value of 0.41%, Vo = 0.67 V, Jic=1.92 mA/cm?, and FF = 32.1%.

Since the best performance of PSC device was observed in the previous optimum

polymer blend PP6DHTBT:PC¢BM (1:1 wt%) as an active layer, the PSC devices as
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a function of polymer blends PP6DHTBT:PC;BM in various weight compositions
(1:1, 1:3, and 1:4 w/w) were fabricated owing to a broader absorption and a higher
absorption coefficient of PC;BM than PC61BM.9 The absorption spectra of the
polymer blends PP6DHTBT:PC;BM (1:1, 1:3, and 1:4 w/w) prepared under the
same conditions as the process of device fabrication are demonstrated in Figure 2.8(a).
The current-voltage characteristics of these devices are also shown in Figure 2.7 and
their related photovoltaic properties are illustrated in Table 2.4. The optimum
photovoltaic performance with the maximum PCE value of 1.20 % (V,. = 0.75 V, J,.
= 4.60 mA/cm2, and FF = 35.0 %) was obtained in the PSC device having a weight
ratio of PP6DHTBT:PC;,BM=1:4. Using lower weight ratios of PCBM in blended
polymer PP6DHTBT: PC;;BM (1:1 and 1:3 w/w) led to reductions in the J;. values
due to the inefficient charge separation and electron transporting properties, resulting

in the lower PCE results.”®
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Figure 2.8 (a) Absorbance spectra of PP6DHTBT:PC7;BM thin films measured from
the solar cell devices by using an ITO/PEDOT substrate as a reference. (b) External

quantum efficiency (EQE) of PP6DHTBT:PC7;BM solar cells.
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The Vo values observed in PP6DHTBT:PC7,BM solar cells were fairly stable
(0.73-0.75 V) in all polymer blend compositions (1:1 to 1:4 w/w) with PC7,BM (see
Table 2.4), which are comparable to that of some of donor acceptor polymer:fullerene
BHJ solar cells. The EQE curves of the PSC devices are also plotted in Figure 2.8(b)
to compare with the absorption spectra of the polymer blends PP6DHTBT:PC;;BM
shown in Figure 2.8(a). It is apparent that the PSC devices exhibited a very broad
response range covering from 400 to 700 nm, where the external quantum efficiencies
(EQE) were within 30%. The main reason for the low EQE values of the PSC devices
are due to the limited absorbances of the active layer as shown in Figure 2.8(a). In
BHJ solar cell devices, the absorptions of the long wavelength region are contributed
by the polymers, and the absorptions in the short wavelength region are mainly from
PC71BM. However, the peak values of the absorbances in the long wavelength region
are only 0.17-0.30, so it means that only some portions of light were absorbed in the

PSC devices, which might be due to the small thickness of the active layer (~80 nm).
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Figure 2.9 AFM images of PP6DHTBT: PC;:BM blend films. (a) 1:1 (w/w), (b) 1:3

(w/w), and (c) 1:4 (w/w) ratios.

Carrier transport properties, including hole and electron mobilities of
PP6DHTBT:PC1:BM (1:4 wt%) were evaluated by fabricating the hole- and

electron-only devices. The devices were prepared following the same procedure as the
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fabrication of BHJ devices, except that Ca was replaced with MoO3; (® = 5.3 eV) in
the hole-only devices, and the PEDOT:PSS layer was replaced with Cs,CO3 (® = 2.9
eV) for the electron-only devices. The electron and hole mobilities were determined
precisely by fitting the plots of the dark current versus voltage (J-V ) curves for single
carrier devices to the space charge limited current (SCLC) model. The dark current is
given by J = 9egerV 2 18L3, where ege, is the permittivity of the polymer, u is the
carrier mobility, and L is the device thickness. The hole and electron mobilities of
PP6DHTBT:PC1BM (1:4 wt%) are 3.68x10° cm%Vs and 1.76x10®° cm?/Vs,
respectively. The electron mobility was much higher (i.e., ca. 1 order of magnitude)
than the hole mobility, resulting in an imbalance in the hole and electron transport in
the blended polymer film. Due to the poor hole mobility and the imbalance of the hole
and electron transport in the blended polymer film, the device was limited to have a
low FF value, which could be another reason for the lower PCE value.” From the
AFM images of PP6DHTBT:PC7:BM with various weight ratios (Figure 2.9), we
observed that the roughness is increased from 0.67 nm (with PCE = 0.74 %) to 1.48
nm (with PCE = 0.88 %) and 2.60 nm (with PCE = 1.20 %) as the weight ratio of
PP6DHTBT:PC71BM changed from 1:1 to 1:3 and 1:4 w/w ratio, respectively.
Therefore, we can summarize that the increased PCE value caused by a higher content
of PC7:BM in the polymer blend of PP6DHTBT:PC;;BM = 1:4 w/w was induced by
the larger roughness in the polymer blend. Additionally, the optimum PSC device
(without annealing, PCE = 120 %) containing polymer blend of
PP6DHTBT:PC7;BM = 1:4 (w/w) was further investigated for the thermal annealing
effects. As shown in Table 2.5, the PCE values of 1.14, 1.05, and 0.86% were

obtained at the thermal annealing (20 min.) of 50, 100, and 150 C, respectively.
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Finally, the thermal annealing effects were proven to have no substantial increase on
the solar cell device performance.
Table 2.5 Annealing Effects on Polymer Solar Cell Device Containing

PP6DHTBT:PC71BM (1:4 wt%)

Annealing Temperature Voc Jsc FF PCE
(©) V) (A (%) (%)
50 0.73 4.99 31.3 114
100 0.74 4.37 326 1.05
150 0.67 4.09 31.2 0.86

2.4 Conclusion

A series of new low-bandgap polymers containing the phenothiazine unit as an
electron donor conjugated with various benzodiazole acceptors via hexyl-thiophene
linkers were synthesized and characterized. These polymers show strong absorptions
in the range of 300-700 nm and have ideal ranges of HOMO and LUMO levels (with
optical bandgaps of 1.80-1.93 eV). Bulk heterojunction polymer solar cells were
fabricated from the polymer blends consisting of these low-bandgap polymers
(PP6DHTBT, PP6DHTBSe, and PP6DHTBX) as an electron donor and
PCs1:BM/PC7:BM as an electron acceptor. With the similar Vo values and fill factor in
the PSC devices containing the polymers blended with PC¢BM in a weight ratio of
1:1 (w/w), it was found that due to the major variations of the J values (1.92, 1.43,
and 1.24 mA/cm?) in polymers PP6DHTBT, PP6DHTBSe, and PP6DHTBX, they
are crucially affected to have the power conversion efficiency (PCE) values of 0.41,
0.28, and 0.25, respectively. The PSC device containing a polymer blend of
PP6DHTBT:PC71BM (1:4 wt%) exhibited the best device performance with a PCE
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value of 1.20%, an open-circuit voltage (Vo) of 0.75 V, a short-circuit current (Jsc) of
460 mA/cm? and a fill factor (FF) of 0.35. The optimization of photovoltaic
properties in the PSC devices containing polymer blends PP6DHTBT:PC;1BM can
be adjusted by the morphology variations with different weight ratios of PC;;BM,
which were observed to have higher roughnesses with larger PC;1BM contents, and
thus to substantially increase the PCE values of the PSC devices. Finally, the present
study revealed that these new phenothiazine-based low-bandgap polymers will have

potential applications for the flexible electronic devices.
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Chapter 3.

Cyclopentadithiophene- and  Dithienosilole-Based  Polymers
Containing Cyano-Vinylene Groups for Photovoltaic Applications

3.1 Introduction

Till now, polymer solar cells (PSC), composed of bicontinuous intermixing of
electron donors and acceptors, have played a leading role in obtaining higher
efficiencies as these devices allow the photogenerated electron-hole pairs to be
efficiently separated throughout the bulk films and transported to the
electrodes.”?*??® Though the conventional blends of poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl-Cg;-butyric acid methyl ester (PC¢BM) have reached power
conversion efficiency up to 5%,**" further increase is rather difficult due to their
limited photocurrent generation and intrinsic absorption properties. Therefore, an
alternative approach to have better performance is to use low band gap (LBG)
donor-acceptor (D-A) polymeric materials, and higher efficiencies up to 6.0-7.7%
were obtained by such polymers.®>">™ Recently, it remains a key challenge to design
new ideal LBG polymers with broad absorption ranges, high carrier mobilities, and
appropriate molecular energy levels for better solar photon harvesting and improved

photovoltaic properties, and thus to have higher efficiencies in PSC applications.

To meet the requirements of good PSC materials, LBG polymers containing
electron donating moieties from 2,2’-bithiophene unit covalently bridged with an
atom, such as C, N, S, and Si, at 3,3’-position have attracted considerable research
attentions. The bridging atoms at 3,3’-position of donor moieties play an important
role for LBG polymers in terms of solubility, planarity, band gap, and interchain
59

packing, as well as for the performance of the bulk heterojunction (BHJ) solar cells.

Among these four donor moieties, both dithienopyrrole and dithienothiophene units
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(containing N and S atoms, respectively at 3,3’-position) had lower efficiencies in
BHJ solar cells due to the lower V. values arising from their high HOMO levels."™'”
Thus, the LBG polymers containing the other two electron donor moieties, i.e.,
cyclopentadithiophene and dithienosilole units (containing C and Si atoms,
respectively at 3,3’-position), have emerged as potential materials for field-effect
transistors (FETs)'"™ and photovoltaic cells””'™'* due to their similar ranges of
HOMO and LUMO levels as ideal polymers.

To obtain the broad absorption bands with high absorptivities, electron-donating
groups and/or electron-withdrawing groups are substituted on the main-chains of the
conjugated polymers to raise the HOMO levels and/or to reduce the LUMO levels of
the polymers."”'™ Hence, introduction of electron-withdrawing cyano-vinylene groups
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to polymer backbones to lower the LUMO levels,™ tune their electro-optical

 and enhance the electrochemical stabilities of the polymers'' are

properties,"
desirable for optoelectronic device applications. Moreover, LBG polymers containing

electron-accepting cyano-vinylene groups were proven to possess higher hole

2 113-116

mobilities,”” and were applied as photovoltaic materials in BHJ solar cells.
However, the PCE values of these photovoltaic cells are still low at present. All these
research results inspire further development in exploring cyclopentadithiophene- and
dithienosilole- derivatives with cyano-vinylene cgroups for the better photophysical,
electrochemical, and photovoltaic properties. Based on this concept, soluble
cyclopentadithiophene- and dithienosilole-based LBG D-A polymers (CPDT-CN,
DTS-CN) containing [B-cyano-thiophenevinylene groups are designed and
synthesized. The effects of the bridged atoms on the optical, electrochemical, charge

transporting and photovoltaic properties of the polymers are compared and reported in

this study. A maximum PCE of 2.25% could be reached by a PSC device containing
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an active layer of DTS-CN:PC7;BM. The preliminary study reveals that these LBG

polymers may have potential applications in flexible electronic devices in the future.

3.2 Experimental Section

3.2.1 Materials

4,4-Bis(2-ethylhexyl)-cyclopenta[2,1-b:3,4-b’]dithiophene 1),
3,3°-di-n-hexylsilylene-2.2’-bithiophene (4),'® 5-bromo-2-thiopheneacetonitrile (3)**4,
4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannanyl)-4H-cyclopenta- [2,1-b:3,4-b°]
dithiophene (6),'*" 5,5°-bis(trimethylstannyl)-3,3’-di-n-hexylsilylene-2,2’-
bithiophene (7)!°* were prepared according to the published methods. All other
chemicals were purchased from Aldrich, ACROS, Fluka, or TCI. Toluene,
tetrahydrofuran (THF), and diethyl ether were distilled over sodium/benzophenone.

Chloroform (CHCI3) was purified by refluxing with calcium hydride and then

distilled.
3.2.2 Measurements and Characterization

'H and *C NMR spectra were measured using Varian Unity 300 MHz
spectrometer. Elemental analyses were performed on a HERAEUS CHN-OS
RAPID elemental analyzer. Thermogravimetric Analyses (TGA) were conducted
with a TA Instruments Q500 at a heating rate of 10°C/min under nitrogen. The
molecular weights of polymers were measured by gel permeation chromatography
(GPC) using Waters 1515 separation module (concentration: 1 mg/1 mL in THF;
flow rate: 1 mL/1min), and polystyrene was used as a standard with THF as an
eluant. UV-visible absorptions were recorded in dilute chloroform solutions (10
M) on a HP G1103A. Solid films of UV-vis measurements were spin-coated on a

glass substrate from chlorobenzene solutions with a concentration of 10 mg/mL.
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Cyclic voltammetry (CV) measurements were performed using a BAS 100
electrochemical analyzer with a standard three-electrode electrochemical cell in a
0.1 M Tetrabutylammonium Hexafluorophosphate ((TBA)PFg) solution (in
acetonitrile) at room temperature with a scanning rate of 100 mV/s. During the CV
measurements, the solutions were purged with nitrogen for 30 s. In each case, a
carbon working electrode coated with a thin layer of polymers, a platinum wire as
the counter electrode, and a silver wire as the quasi-reference electrode were used,
and Ag/ AgCl (3 M KCI) electrode was served as a reference electrode for all
potentials quoted herein. The redox couple of ferrocene/ ferrocenium ion (Fc/Fc+)
was used as an external standard. The corresponding highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels were
calculated using Eoyonset @aNd Eregronset fOr experiments in solid films of polymers,
which were performed by drop-casting films with the similar thickness from THF
solutions (ca. 5 mg/mL). The onset potentials were determined from the
intersections of two tangents drawn at the rising currents and background currents

of the cyclic voltammetry (CV) measurements.
3.2.3 Fabrication of Polymer Solar Cells

The polymer solar cells in this study were composed of an active layer of
blended polymers (CPDT-CN or DTS-CN:PCBM) in solid films, which was
sandwiched between a transparent indium tin oxide (ITO) anode and a metal
cathode. Prior to the device fabrication, ITO-coated glass substrates (1.5 x 1.5 cm?)
were ultrasonically cleaned in detergent, deionized water, acetone, and isopropyl
alcohol. After routine solvent cleaning, the substrates were treated with UV ozone
for 15 min. Then a modified ITO surface was obtained by spin-coating a layer of

poly(ethylene dioxythiophene): polystyrenesulfonate (PEDOT:PSS) (~30 nm).
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After baking at 130 C for one hour, the substrates were transferred to a
nitrogen-filled glove-box. Then, on the top of PEDOT:PSS layer, the active layer
was prepared by spin coating from blended solutions of polymers CPDT-CN or
DTS-CN:PCs:BM (with 1:1 w/w) and DTS-CN:PC7;:BM (with 1:1, 1:2, 1:3, w/w)
subsequently with a spin rate ca. 1000 rpm for 60 s, and the thickness of the active
layer was typically ca. 80 nm. Initially, the blended solutions were prepared by
dissolving both polymers and PCBM in 1,2 dichlorobenzene (20 mg/1 mL),
followed by continuous stirring for 12 h at 50 C. In the slow-growth approach,
blended polymers in solid films were kept in the liquid phase after spin-coating by
using the solvent with a high boiling point. Finally, a calcium layer (30 nm) and a
subsequent aluminum layer (100 nm) were thermally evaporated through a shadow
mask at a pressure below 6 x 10°® Torr. The active area of the device was 0.12 cm?.
All PSC devices were prepared and measured under ambient conditions. The solar
cell measurements were done inside a glove box under simulated AM 1.5G
irradiation (100 mW/cm?) using a Xenon lamp based solar simulator (Thermal
Oriel 1000W). The light intensity was calibrated by a mono-silicon photodiode
with KG-5 color filter (Hamamatsu, Inc.). The external quantum efficiency (EQE)
spectra were obtained at short-circuit conditions. The light source was a 450 W Xe
lamp (Oriel Instrument, model 6266) equipped with a water-based IR filter (Oriel
Instrument, model 6123NS). The light output from the monochromator (Oriel

Instrument, model 74100) was focused on the photovoltaic cell under test.
3.2.4 Fabrication of Hole- and Electron-only Devices

The hole- and electron-only devices in this study contain polymers CPDT-CN
or DTS-CN:PC¢BM (1:1 w/w) blend films sandwiched between transparent ITO

anode and cathode. The devices have been prepared following the same procedure
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as the fabrication of BHJ devices, except that in the hole-only devices, Ca was
replaced with MoO3; (® = 5.3 eV) and for the electron-only devices, the
PEDOT:PSS layer was replaced with Cs,CO3 (® = 2.9 eV). In hole-only devices,
MoO3 was thermally evaporated with a thickness of 20 nm and then capped with
50 nm of Al on the top of the active layer. On the other hand, Cs,CO3; was
thermally evaporated in the electron-only devices with a thickness of
approximately 2 nm on the top of transparent ITO. For both devices, annealing of
the active layer was performed at 130 'C for 20 minutes. The space charge limited
current (SCLC) method was used to evaluate the hole and electron mobilities of
polymer blend films CPDT-CN or DTS-CN:PCs;:BM (1:1 w/w) by fabricating the
hole- and electron-only devices. The electron and hole mobilities were determined
precisely by fitting the plots of the dark current versus voltage (J-V) curves for
single carrier devices to the SCLC model. The dark current is given by J = 9goeuV
2/8L3, where g, is the permittivity of the polymer, u is the carrier mobility, L is

the device thickness.
3.2.5 Synthesis of Monomers and Polymers

4,4-Bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b]dithiophene-2,6-dicarbalde
hyde (2). A three-neck round-bottom flask containing 3.8 mL (50 mmol) of
anhydrous DMF was cooled in an ice bath. To the solution, 4.7 mL (50 mmol) of
phosphoryl chloride was added dropwise over a period of 20 min.
4,4-Bis(2-ethylhexyl)-cyclopenta[2,1-b:3,4-b’]dithiophene (1),"*” (4.03g, 10 mmol) in
30 mL of 1,2-dichloroethane was added to the above solution dropwise and heated to
ca. 90 C for 2 days. The solution was cooled to room temperature, poured into ice
cold saturated aqueous solution of sodium acetate (200 mL). Then, the mixture was

extracted with CH,Cl,/water. The organic layer was concentrated under reduced
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pressure. Finally, the crude product was purified by column chromatography using
mixture of ethyl acetate and hexane (1:4) to get a yellow solid (3.90g, 85%). *H NMR
(300 MHz, CDCI3): & (ppm) 9.88 (s, 2H), 7.61 (s, 2H), 1.94 (m, 4H), 0.96-0.86 (m,

18H), 0.71 (m, 6H), 0.55 (t, J = 7.2 Hz, 6H).

3,3’-di-n-hexylsilylene-2,2’-bithiophene-5,5’-dicarbaldehyde (5). Compound
5 was synthesized in a similar synthetic procedure as described for compound 2 by
taking 3,3’-di-n-hexylsilylene-2,2’-bithiophene (4),)%® (3.63g, 10 mmol) to get the
desired product as a yellow solid (3.53g, 83%). *H NMR (300 MHz, CDCI3): & (ppm)
0.88-0.98 (m, 10H), 1.28-1.36 (m, 16H), 7.75 (s, 2H), 9.92 (s, 2H). *C NMR (75
MHz, CDCI3): & (ppm) 11.69, 14.25, 22.69, 24.23, 31.53, 32.96, 139.07, 146.45,

147.30, 156.53, 183.12

M1l. To a mixture of compound 2 (1.15 g, 2.5 mmol) and
5-bromo-2-thiopheneacetonitrile (3) (2.02 g, 10 mmol) in methanol (100 mL), a
catalytic amount of potassium tert-butoxide was added. The mixture was stirred at
room temperature for 24 h. Then, the crude product was filtered and dried.
Chromatography on silica gel eluted with CH,Cl,/hexane 1:4 afforded M1 as a
dark orange solid (1.71 g). Yield: 82%. 'H NMR (300 MHz, CDCI3): & (ppm) 7.57
(d, J=5.1 Hz, 2H), 7.29 (d, J = 11.1 Hz, 2H), 7.09 (d, J = 3.6 Hz, 2H), 7.03 (d, J =
3.9 Hz, 2H), 1.96 (m, 4H), 0.97-0.90 (m, 16H), 0.79-0.73 (m, 6H), 0.72-0.61 (m,
8H). *C NMR (75 MHz, CDCI3): & (ppm) 160.56, 142.20, 140.52, 133.27, 132.50,
127.18, 126.96, 123.14, 118.49, 105.59, 54.47, 43.32, 35.57, 34.35, 28.70, 27.56,
22.99, 14.28, 10.89. MS (FAB): m/z [M+] 827; calcd m/z [M+] 826.83. Anal.
Calcd for C39H42BroN,S4: C, 56.65; H, 5.12; N, 3.39. Found: C, 56.91; H, 5.44; N,

3.65.
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M2. M2 was synthesized in a similar synthetic procedure as described for M1
by taking compound 5 (1.05 g, 2.5 mmol) to get a purple solid (1.45 g). Yield:
73%. *H NMR (300 MHz, CDCI3): & (ppm) 7.57 (d, J =4.8 Hz, 2H), 7.31 (d, J =9
Hz, 2H), 7.1 (d, J = 3.6 Hz, 2H), 7.03 (d, J = 3.9 Hz, 2H), 1.10-1.62 (m, 16H),
0.92-0.73 (m, 10H). 3C NMR (75 MHz, CDCI3): § (ppm) 147.25, 142.01, 138.85,
133.12, 131.41, 129.28, 127.42, 116.48, 113.38, 103.07, 59.17, 33.21, 31.59, 23.18,
22.75, 18.57, 14.28. MS (FAB): m/z [M+] 786; calcd m/z [M+] 786.80. Anal.
Calcd for C34H34BroN,S4Si: C, 51.90; H, 4.36; N, 3.56. Found: C, 50.97; H, 4.85;

N, 3.46.

4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannanyl)-4H-cyclopenta-[2,1-b:3,4-b
’]-dithiophene (6). 4,4-Bis(2-ethylhexyl)-cyclopenta[2,1-b:3,4-b’]dithiophene (1.5 g,
3.72 mmol) was dissolved in dry THF (30 mL). The solution was cooled to -78'C, and
n-butyllithium (2.5 M solution in hexane, 5.96 mL, 14.9 mmol) was added dropwise.
The reaction mixture was stirred at this temperature for 1 h and allowed to warm to
room temperature over 3 h, at that point it was stirred for an additional hour. The
reaction was again cooled to -78 C, and trimethyltin chloride (1 M in hexanes, 18 mL,
18 mmol) was added dropwise. The reaction was allowed to warm up to room
temperature and stirred overnight (ca. 20 h). Water was added, and the reaction was
extracted with ethyl ether. The organic layer was washed with water and dried over
sodium sulfate. Solvent was removed under vacuum, and the residue was dissolved in
toluene and quickly passed through a plug of Celite pretreated with triethylamine.
Solvent was removed, and the residue was dried under vacuum at 80 "C overnight.
The distannyl compound was dissolved in hexanes and filtered through a plug of
densely packed Celite. Solvent was removed, and the residue was dried under vacuum

overnight. The bis(trimethyltin) monomer was obtained as a light brownish viscous

67



oil (2.52 g, 93%). *H NMR (300 MHz, CDCI3): & (ppm) 6.93 (m, 2H), 1.86 (m, 4H),
1.29 (m, 2H), 0.94 (m, 16H), 0.78 (t, J = 6.8 Hz, 6H), 0.62 (t, J = 7.3 Hz, 6H), 0.37
(m, 18H). ¥C NMR (75 MHz, CDCI3): & (ppm) 160.12, 143.04, 136.60, 130.52,
52.78, 43.57, 35.56, 34.91, 29.18, 28.07, 23.28, 14.63, 11.26, -7.79. MS (FAB) m/z
[M*] 728.0 calcd m/z [M*"] 728.2. Anal. Calcd for CaiHssS,Sn,: C, 51.12; H, 7.47.

Found: C, 51.47; H, 7.30.

Synthesis of 5,5’-bis(trimethylstannyl)-3,3’-di-n-hexylsilylene-2,2’-
bithiophene (7). In a flame-dried 100 mL two-neck round-bottom flask,
5,5’-dibromo-3,3’-di-n-hexylsilylene-2,2’-bithiophene (1.041 g, 2 mmol) was placed
in anhydrous THF (20 mL), to which n-butyllithium in hexane (2.5 M, 1.84 mL, 4.6
mmol) was added at -78°C under stirring for 1 h. Thereafter, the mixture was warmed
up slowly to room temperature in an ambient environment with stirring. After the
reaction mixture was again cooled down to -78°C, trimethyltin chloride in hexane (1
M, 4.6 mL, 4.6 mmol) was added slowly. The mixed solution was then stirred at
ambient temperature for 18 h, followed by the addition of ice-water. Finally, the
aqueous layer was extracted with ether (3 x 50 mL) while the combined organic layer
was dried with anhydrous sodium sulfate and concentrated under a reduced pressure
to give product 7. *H NMR (300 MHz, CDCI3): & (ppm) 0.36 (s, 18H), 0.83-0.88 (m,
10H), 1.23-1.28 (m, 16H), 7.08 (s, 2H). *C NMR (75 MHz, CDCI3): & (ppm) -7.87,
12.22, 14.33, 22.83, 24.47, 31.65, 33.11, 125.03, 137.89, 143.32, 155.22. Anal. Calcd

for Ca6H46S2SiSn, (%): C, 45.37; H, 6.74. Found (%): C, 46.69; H, 6.82.
General Polymerization Procedure

In a 25 mL flame dried flask, 1.0 mmol of dibromo monomers M1 or M2 and
1.0 mmol of distannyl compound 6 or 7 were added in 15 mL of anhydrous toluene

and degassed with argon for 30 min. The Pd(0) complex, i.e.,
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tetrakis(triphenylphosphine)palladium (1 mol %), was transferred into the mixture
in a dry environment. After another flushing with argon for 20 min, the reaction
mixture was heated to reflux for 18 h. Then, an excess amount of
2-bromothiophene was added to end-cap the trimethylstannyl groups and reacted
for 2 h. The reaction mixture was cooled to 40°C and added slowly into a
vigorously stirred mixture of methanol/acetone (3:1). The polymers were filtered
through a Soxhelt thimble and then subjected to Soxhelt extraction with methanol,
hexane, acetone, and chloroform. The polymers were recovered as solids from
chloroform fraction by rotary evaporation and reprecipitation into methanol
solutions. The solids were dried under vacuum for 1 day. The yields, *H NMR data,
and molecular weights of the polymers are listed as follows:

CPDT-CN. Yield: 66%. *H NMR (300 MHz, CDCI3): & (ppm) 7.65-7.29 (br,
m, 6H), 7.20-6.89 (br, m, 4H), 2.01 (br, m, 8H), 1.02-0.67 (br, m, 60H). Anal.
Calcd: C, 71.86; H, 7.54; N, 2.62. Anal. Found: C, 71.46; H, 7.35; N, 2.50. Mn =
16.4 K; Polydispersity Index (PDI) = 1.34.

DTS-CN. Yield: 59%. *H NMR (300 MHz, CDCI3): § (ppm) 7.75-7.34 (br, m,
6H), 7.10-6.79 (br, m, 4H), 1.26 (br, m, 32H), 0.87 (br, m, 20H). Anal. Calcd: C,
65.54; H, 6.52; N, 2.83. Anal. Found: C, 64.68; H, 6.91; N, 2.39. Mn = 15.6 K;

Polydispersity Index (PDI) = 1.86.
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Figure 3.1 Synthetic route for monomers and polymers.

3.3 Results and Discussion

3.3.1 Synthesis and Structural Characterization

The general synthetic procedures for monomers and polymers are outlined in

Figure 3.1. Compound 1 or 4 were treated with Vilsmeier reagent to produce the

corresponding dicarbaldehyde compounds. Then those compounds (2 or 5) were

carried out condensation reaction with 5-bromo-2-thiopheneacetonitrile (3) in

presence of catalytic amounts of potassium-tert-butoxide to form monomers M1

and M2, respectively. Further Stille coupling reaction of corresponding distannyl

compounds with M1 and M2 in toluene using Pd(PPhs), as a catalyst at 110°C for

18 h, polymers CPDT-CN and DTS-CN were acquired with yields of 66 and 59%,

respectively. After purification in the Soxhlet extraction by leaving insoluble
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materials with high molecular weights, all polymers are soluble in organic solvents
like CHCI3, THF, chlorobenzene, and 1,2-dichlorobenznene at room temperature.
The molecular weights of polymers were determined by gel permeation
chromatography (GPC) against polystyrene standards in THF eluent. Both the
polymers have a similar number-average molecular weight (Mn) of 1.6 x 10*with
polydispersity index (PDI) ranging 1.34-1.86 (Table 3.1). The thermal stabilities of
the polymers were investigated by thermogravimetric analysis (TGA) under
nitrogen (Figure 3.2). Compared with CPDT-CN (414 °C), DTS-CN (430 °C)
shows a higher decomposition temperature. Nevertheless, both the polymers have
good thermal stabilities, which are important in BHJ solar cell device fabrications

and other applications.

100 + —=— CPDT-CN
—a— DTS-CN
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Figure 3.2 TGA measurements of polymers at a heating rate of 10°C/min.
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Table 3.1. Molecular Weights and Thermal Properties of Polymers

My? M, L)
i a
Polymers  Yield (%) ; ; PDI
(xlO ) (xlO ) (oC)
CPDT-CN 66 16.4 22.0 1.34 414
DTS-CN 59 15.6 29.1 1.86 430

®Molecular weights (M, and M,) and polydispersity index (PDI) values were
measured by GPC, using THF as an eluent, polystyrene as a standard. M,, number
average molecular weight. M,,, weight average molecular weight; "Temperature ('C)
at 5% weight loss measured by TGA at a heating rate of 10'C/min under nitrogen.
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Figure 3.3 Normalized absorption spectra of polymers in dilute chloroform solutions

(10® M) and solid films.
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3.3.2 Optical properties

The photophysical characteristics of the polymers were investigated by
UV-vis absorption spectroscopy in dilute chloroform solutions (10 M) and solid
films are shown in Figure 3.3, and their optical data are summarized in Table 3.2.
All absorption spectra appeared as broad absorption bands from 350 to 800 nm.
Reflecting much longer effective conjugation lengths of the extended coplanar
CPDT- and DTS-based polymer backbones, the maximum absorption wavelengths
(Amax.ans) Were 604 and 612 nm in solutions and at 621 and 628 nm in solid films
for CPDT-CN and DTS-CN, respectively, which were more red shifted from the
corresponding absorption wavelengths of monomers. It is noted that both polymers
exhibited maximum absorption wavelengths, longer than those of corresponding
homopolymers (565 and 502 nm for polycyclopentadithiophene PCPDT and
polydithienosilole PDTS, respectively),*****° which could be attributed to the
strong ICT interactions between donor and acceptor moieties along with the
formation of more rigid polymers in the presence of cyano-vinylene groups. Due to
the inter-chain associations and n-n stackings of these polymers in solid state, the
n-m transitions were red shifted (ca. 17 nm) in solid films than those in the

°PY of the polymers determined

corresponding solutions. The optical band gaps (Eq
by the absorption edges of UV-vis spectra in solid films were 1.65 and 1.56 eV for
CPDT-CN and DTS-CN, respectively, which have the similar trends as the
maximum absorption wavelengths. In brief, DTS-CN possessed the smallest band
gap due to the electron-rich dithienosilole donor groups in combination with the
cyano-vinylene acceptor groups linked via thiophene units, which promoted an

efficient intra-molecular charge transfer and led to an extensive delocalization

within the polymer backbones.*?°
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Table 3.2 Optical and electrochemical properties of Polymers.

Polymers Absorption Spectra Cyclic Voltammetry (vs Ag/Ag™)
Solution? Solid film® p-doping n-doping
xmax xmax A‘edge Egopt ¢

on/onset HOMOd Ered/onset LUMOd Egec
m  m) (m) @) (V) EV) ) @) (V)

CPDT-CN 604 621 751 165 0.88 -5.28 -0.78 -3.62 1.66

DTS-CN 612 628 791 1.56 0.90 -5.30 -0.70 -3.70 1.60

3In dilute chloroform solution; Spin-coated from chlorobenzene solution; Optical
band gap obtained from Eg = 1240/7\edge; dEHOMO/ELUMO = [-(Eonset —Eonset (Fcr FCct vs.

agiagh) - 4.8] eV where 4.8 eV is the energy level of ferrocene below the vacuum
level and Eonset (Fcr rct vs. Agiagty = 0.4 eV,

CPDT-CN
El
&
)
c
o
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=] -
o DTS-CN
T I T I T 'I T 'I T 'I T I T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Potential (V vs Ag/AgCl)

Figure 3.4 Cyclic voltammograms of polymers in solid films at a scan rate of 100

mV/s.
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3.3.3 Electrochemical properties

Cyclic voltograms of polymers are illustrated in Figure 3.4 and the related
data are summarized in Table 3.2. The HOMO and LUMO energy levels were
estimated by the oxidation and reduction potentials from the reference energy level
of ferrocene (4.8 eV below the vaccum level) according to the following
equation:*” Exomo/ELumo = [-(Eonset —EonsetFeirct vs. agiagty) - 4.8] eV where 4.8 eV
is the energy level of ferrocene below the vacuum level. It can be seen from Figure
3.4 that both polymers exhibited similar two quasi-reversible or reversible
p-doping/dedoping processes at positive potentials (ca. 1.1 and 1.7 V) and one
reversible n-doping/dedoping (reduction/reoxidation) process at negative
potentials (ca. -0.8 V), which are good signs of high structural stability in the
charged state. The onset oxidation potentials (Eox/onset) OF polymers CPDT-CN and
DTS-CN were 0.88 and 0.90 V, and the onset reduction potentials (Ereg/onset) Were
-0.78 and -0.70 V, respectively. Polymers CPDT-CN and DTS-CN have the
estimated HOMO levels of -5.28 and -5.30 eV and LUMO levels of -3.62 and
-3.60 eV, correspondingly. As all HOMO levels were below the air oxidation
threshold, the polymers should show good air stabilities.?* It is also worthy noting
that the electrochemical band gaps (E4*, 1.66 and 1.60 eV for CPDT-CN and
DTS-CN, respectively) calculated from Ey*= (Eoxionset - Eredronset) are in good
agreements with the optical band gap values observed from UV-vis spectra (E,*,
1.65 and 1.56 eV). All these electrochemical characteristics are within the

desirable range for the ideal polymers to be utilized in the organic photovoltaic

applications.
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Figure 3.5 (a) Current-voltage curves of polymer solar cells using polymer:PCBM
blends under the illumination of AM 1.5G, 100 mW/cm?. (b) EQE curves of the PSC

devices based on polymers/PCs;BM (1:1, wiw).
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3.3.4 Photovoltaic properties

To investigate the potential use of these polymers in polymer solar cell (PSC),
the bulk heterojunction PSC devices with a configuration of
ITO/PEDOT:PSS/CPDT-CN or DTS-CN:PCBM/Ca/Al were fabricated from an
active layer where polymers were blended with PC¢BM in a weight ratio of 1:1
w/w initially. Later on, the active layer compositions were modified with various
weight ratios for the optimum polymer DTS-CN with PC7;BM. Figure 3.5 (a) and
3.5 (b) illustrate the J-V curves (current density J versus voltage V) and external
quantum efficiency (EQE) curves as a function of wavelengths, respectively. The
photovoltaic properties, i.e., the values of open circuit voltage (Vqc), short circuit
current density (Jsc), fill factor (FF), and power conversion efficiency (PCE) of
BHJ solar cell devices are listed in Table 3.3. Due to negligible differences in
HOMO levels of both polymers, they exhibited similar V,. values (0.74-0.75 V) in
the BHJ solar cell devices containing CPDT-CN or DTS-CN:PCgBM in 1:1
weight ratio. With the similar V. values and fill factors (33.9-35.7 %), the PCE
values of polymers CPDT-CN and DTS-CN were dependent on their Js; values of
5.46 and 6.05 mA/cm?, respectively. The PSC device based on the polymer blend
of DTS-CN:PCgBM (1:1 wt%) reached a higher PCE value of 1.60% with V. =
0.74 V, Jic = 6.05 mA/cm?, and FF = 35.7%. As reported, the more balanced hole
and electron transportig properties in the films and the higher hole mobilities are
favorable factors for LBG polymers utilized in the BHJ solar cell devices,*? so the
PCE and Js values in the PSC device based on DTS-CN were higher than that
based on CPDT-CN. This may be due to the higher hole mobility (9.82 x 10
cm?/V s) and more balanced charge transport (1e/pn = 1.6) in the polymer blend of

DTS-CN compared with those proerties (5.99 x 10 cm?V and 3.4, respectively)
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of the polymer blend of CPDT-CN. Furthermore, from the absoption spectra and
EQE curves (Figure 3.5 (b)), it is evident that DTS-CN exhibited broader
absorption bands and higher EQE values between 350 to 800 nm than those of
CPDT-CN, which may be another reason for the higher Js value.

Table 3.3 Photovoltaic properties of PSC devices with the configuration of

ITO/PEDOT:PSS/Polymer:PCBM/Ca/Al.

Active layer Hole Electron Vi, Jsc FF PCE
mobility  mobility (V) (MAlcm?) (%) (%)
(cm?Vs)  (cm%/Vs)

CPDT-CN: PC,,BM=1:1 5:99x 10  2.01x 107 0.75 5.46 339 1.39
DTS-CN: PC;BM=1:1  9.82x10* 1.65x10° 0.74 6.05 35.7 1.60
DTS-CN: PC,;BM=1:1 0.74 7.07 359 1.89
DTS-CN: PC,;BM=1:2 0.74 8.39 36.1 225
DTS-CN: PC,;BM=1:3 0.75 6.55 365 1.79

Since the best performance of PSC device was observed in the previous optimum
polymer blend of DTS-CN:PCg BM (1:1 wi%) as an active layer, the PSC devices as
a function of polymer blends DTS-CN:PC7BM in various weight compositions were
fabricated. Another electron acceptor PC;1BM was used to optimize the device
properties due to its stronger light absorption in the visible region than that of
PCes1:BM.? The V. values observed in DTS-CN:PC7:BM solar cells were fairly stable
in all polymer blend compositions (1:1 to 1:3 w/w) with PC7;BM, but the Js, FF, and
PCE values are strongly dependent on the donor-to-acceptor weight ratios in the
active layers. The PSC device based on DTS-CN:PC#1BM (1:2,w/w) exhibited the
highest PCE= 2.25% with V,.= 0.74 V, J=8.39 mA cm, and FF=36.1%. Though

these polymers exhibited a higher Js. compared with the other CPDT and DTS- based
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polymers, their efficiencies were limited by their low FF and EQE values. Therefore,
if the EQE values of the PSC devices can be enhanced by increasing the thickness of
the active layer without hampering charge separation and transporting properties, the
PSC device performance can be improved significantly. Low EQE values were also
observed in some other LBG polymer systems, but this problem can be solved by

developing new electron acceptor materials to replace PCBM.'?

Figure 3.6 AFM images of (a) CPDT-CN: PCs;:BM 1:1 (w/w) and (b) DTS-CN:

PCBM 1:1 (wiw).
3.4 Conclusion

The concept of incorporation of electron deficient B-cyano-vinylene groups
with donor-acceptor polymer architectures was utilized to improve the efficiencies
of polymer solar cells. Cyano-vinylene groups were introduced via
palladium(0)-catalyzed Stille coupling reactions into electron-rich building blocks,
such as cyclopentadithiophene and dithienosilole to yield LBG polymers
(CPDT-CN and DTS-CN). These polymers showed excellent charge-transporting
properties with high hole mobilities in the range of (5.99-9.82) x 10 cm*V's*

and good processabilities for PSC applications. Due to the lowest band gap and the
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highest hole mobility with more balanced charge transport of DTS-CN (with Si
atom), an optimum PSC device based on the blended polymer DTS-CN:PC7;BM =
1:2 (w/w) achieved the maximum power conversion efficiency (PCE) value up to
2.25 %, with Vo = 0.74 V, Jsc = 8.39 mA/cm?, and FF = 36% (under AM 1.5 G 100
mW/cm?). Regardless of the high open-circuit voltages and the large short-circuit
currents of all PSC devices, the low fill factor values indicated the possibility of
further device performance improvements by the optimization of film morphology

of the polymer/PCBM blends and/or device architectures.
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Chapter 4.

Synthesis and Applications of Main-Chain Rull Metallo-Polymers
Containing Bis-terpyridyl Ligands with Various Benzodiazole Cores
for Solar Cells

4.1 Introduction

In the extensive search of new materials for optoelectronics applications,
supramolecular metallo-polymers have gained much interest in last decades.'?**?
The self-recognition and self-assembly of functional structures into
supramolecular metallo-architectures through the interactions of transition metal
ions and appropriate chelating ligands has afforded many intriguing architectures
that attains highly attention in modern supramolecular chemistry.'?®12°
Polypyridyl ligands, especially 2,2°:6°,2°’-terpyridine (terpy) derivatives, which
have high binding affinities towards transition-metal ions due to dm-pzn*
back-bonding of metal ions to pyridine rings have been utilized recently for

multinuclear  supramolecular interactions.™**"*

Terpy derivatives bearing
n-conjugated substituents at the 4’-position possess fascinating photophysical,
electrochemical, catalytic, and magnetic properties with promising applications in
the field of self-assembled molecular devices and photoactive molecular wires,**?
and their properties can be tuned by varying substituents at 4’-position of terpy

moieties. 1341%

Furthermore, chemically and thermally stable ditopic
bis-terpyridine derivatives, where two terpy units are linked back-to-back with a
covalent bond through a spacer, are able to form stable complexes with a large
variety of transition-metal ions for the design of functional materials.**® Three

chelating pyridyl units in terpy ligands offer a higher binding constants and the

formation of distorted octahedral 2:1 ligand-metal complexes. In particular, by
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proper selections of metal-ligand combinations, it is possible to realize the
formation of ligand-metal complexes from Kkinetically labile to inert but
nevertheless thermodynamically stable bonds.

Constable et al. have developed the concept concerning the utilization of
ditopic bis-terpyridyl ligands as building blocks for coordination oligomers and
polymers.”*” By coordinating to suitable metal ions, the electronic properties of
these materials can be tuned and that highlights their potential in the applications
of new functional materials.**®**? In the past years, a large number of terpy
complexes containing heavy transition metal ions, such as ruthenium(ll),
iridium(ll), or osmium(ll), as photoactive species, as well as coordination
polymers built up from terpy ligands have been introduced by several research
groups.® Zinc(11) ions have also recently attracted much interest as novel
templates for the fabrication of structurally well-defined photoluminescent and

electroluminescent supramolecular metallo-cycles and metallo-polymers.*#*24° |n

our previous reports,#414

a series of terpyridyl Zn(ll) metallo-polymers
containing polyfluorene backbones as emitters were fabricated into PLED devices
with multilayer structures.

Nowadays, some terpyridyl Ru(ll) complexes have attracted researchers to
use in the applications of photovoltaic cells (PVC).%2%471%0 The insertion of
ruthenium metals into conjugated backbones has several advantages, such as to
facilitate the charge generation by extending its absorption range due to its
characteristic long-lived metal to ligand charge transfer (MLCT) transition'*® and

to exhibit a reversible Ru"""

redox process along with some ligand-centered redox
processes. Motivations for examining the potential incorporation of such

conjugated polyelectrolytes into solar cell development include the easy
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processability, layer-by-layer (LBL) processing capability, and also due to
efficiently quenched by electron acceptors. Recently, terpyridyl Ru(ll) complexes
have been utilized in bulk heterojunction (BHJ) PVC devices by using LBL
self-assembled techniques. Chan et. al. reported that the use of a terpyridyl Ru(ll)
complex containing conjugated polymer (Ru-PPV) and sulfonated polyaniline
(SPAN) for the fabrication of different multilayer PVCs by LBL deposition
method. The short-circuit currents in the PVC devices were measured ca. 7.5-32.9
nA/cm? and the PCE values were in the range of 0.95-4.4x10 %.°° They also
synthesized conjugated polymers with pendant Ru' terpyridine trithiocyanato
complexes and applied in bulk heterojunction photovoltaic cells with high PCE
values ca. 0.12%.%% Similarly, Mikroyannidis et al used metallo-polymers in bulk
heterojunction photovoltaic cells as a buffer layer along with an active layer of
polymer blend P3HT:PCBM (1:1 w/w) and found the maximum power conversion
efficiency value of 0.71% among four metallo-polymers.® In all cases, the PCE
values were limited either by the low open-circuit voltage (Vo) or low short circuit
current (Jsc). Due to relatively high HOMO levels and less sensitization ranges in
all reported polymers, there were inefficient photocurrents generated which
probably affected their PCE values.

One of the feasible solutions to conquer these problems, i.e. to get a higher
Voc value and a more favorable overlap of the absorption spectra from both active
layer and solar emission, is to introduce electron donor-acceptor structures to the
cores of bis-terpyridyl ligands. By choosing different electron donors and
acceptors, their absorption edges can be extended due to the intramolecular charge
transfer (ICT) between them and also the energy band structures, i.e., highest

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
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(LUMO) levels, of these materials can be tuned. The incorporation of the
thiophene donor units with benzodiazole acceptor units at the cores of
bis-terpyridyl ligands in Ru'-containing metallo-polymers to have better
photophysical, electrochemical, and photovoltaic properties are very intriguing and
thus to motivate this study. Here, we report the design, synthesis, properties, and
device applications of Ru'-containg metallo-polymers (P1-P3) containing
donor-acceptor (D-A) bis-terpyridyl ligands bearing different benzodiazole
acceptors, including benzothiadiazole, benzoselenodiazole, and benzoxadiazole
cores sandwiched between symmetrical thiophene and terpyridyl units. By
introducing such D-A structures, broad absorption ranges ca. 300-750 nm and
ideal HOMO/LUMO levels of the metallo-polymers were obtained. The effects of
their donor-acceptor strengths on the electronic and optoelectronic properties were
also investigated. In addition, the PVVC devices fabricated by these bis-terpyridyl
ligands (M1-M3) and metallo-polymers (P1-P3) with [6,6]-phenyl-Cs;-butyric
acid methyl ester (PCBM) inserted between a transparent anode (ITO/PEDOT:PSS)
and a cathode (Ca) were explored, and all photovoltaic parameters obtained are
also comparable with the BHJ solar cells fabricated from ionic polythiophene and

CGO 66-67
4.2 Experimental Section

4.2.1 Materials

All chemicals and solvents were reagent grades and purchased from Aldrich,
ACROS, Fluka, TCI, TEDIA, and Lancaster Chemical Co. Toluene,
tetrahydrofuran, and diethyl ether were distilled over sodium/benzophenone to

keep anhydrous before use. Chloroform (CHCI3) was purified by refluxing with
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calcium hydride and then distilled. If not otherwise specified, the other solvents

were degassed by nitrogen 1 h prior to use.
4.2.2 Measurements and Characterization

'H NMR spectra were recorded on a Varian Unity 300 MHz spectrometer
using CDCIl; and DMSO-dg solvents. Elemental analyses were performed on a
HERAEUS CHN-OS RAPID elemental analyzer. Thermogravimetric analyses
(TGA) were conducted with a TA Instruments Q500 at a heating rate of 10°C/min
under nitrogen. Viscosity measurements were proceeded by 10% weight of
metallo-polymer solutions (in NMP) in contrast to that proceeded by bis-terpyridyl
ligand solutions under the same condition (with viscosity m = 6 cp) on a
BROOKFILEL DV-Ill+ RHEOMETER system at 25°C (100 RPM, Spindle
number 4). UV-visible absorption were recorded in dilute chloroform (for M1-M3)
and DMF (for P1-P3) solutions (10° M) on a HP G1103A spectrophotometer.
Solid films of UV-vis measurements were spin-coated on quartz substrates from
chloroform and DMF solutions with a concentration of 10 mg/mL for
bis-terpyridyl ligands (M1-M3) and polymers (P1-P3), respectively. UV-vis
titrations were performed by taking 10° M of bis-terpyridyl ligands (M1-M3) in
the co-solvent of chlorofom: acetonitrile (8:2 v/v), and titrated with 50 ul aliquots
of 3.9x10™ M solutions containing metal salts Zn(OAc); in the EtOH. Cyclic
voltammetry (CV) measurements were performed using a BAS 100
electrochemical analyzer with a standard three-electrode electrochemical cell in a
0.1 M tetrabutylammonium hexafluorophosphate (BusNPFg) solution (in
acetonitrile) at room temperature with a scanning rate of 100 mV/s. During the CV
measurements, the solutions were purged with nitrogen for 30 s. In each case, a

carbon working electrode coated with a thin layer of monomers or polymers, a
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platinum wire as the counter electrode, and a silver wire as the quasi-reference
electrode were used, and Ag/AgCl (3 M KCI) electrode was served as a reference
electrode for all potentials quoted herein. The redox couple of
ferrocene/ferrocenium ion (Fc/Fc*) was used as an external standard. The
corresponding HOMO and LUMO levels were calculated using Eoxjonset and
Eredronset fOr experiments in solid films, which were performed by drop-casting

films with the similar thicknesses from THF or DMF solutions (ca. 5 mg/mL).
4.2.3 Device fabrication of polymer solar cells

The photovoltaic (PV) cells in this study were composed of an active layer of
blended bis-terpyridyl ligands (M1-M3) or metallo-polymers (P1-P3) with
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) in solid films, which was
sandwiched between a transparent indium tin oxide (ITO) anode and a metal
cathode. Prior to the device fabrication, ITO-coated glass substrates (1.5x1.5 cm?)
were ultrasonically cleaned in detergent, deionized water, acetone, and isopropyl
alcohol sequentially. After routine solvent cleaning, the substrates were treated
with UV ozone for 15 min. Then, a modified ITO surface was obtained by
spin-coating a layer of poly(ethylene dioxythiophene): polystyrenesulfonate
(PEDOT:PSS) (~30 nm). After baking at 130°C for one hour, the substrates were
transferred to a nitrogen-filled glove box. The PVC devices were fabricated by
spin-coating solutions of blended bis-terpyridyl ligands (M1-M3) or
metallo-polymers (P1-P3):PCBM (1:1 w/w) onto the PEDOT:PSS modified
substrates at 1500 rpm for 60 s (ca. 100 nm), and placed in a covered glass Petri
dish. Initially, the blended solutions were prepared by dissolving both
bis-terpyridyl ligands (M1-M3) and PCBM (1:1 w/w) in chloroform (20 mg/1 mL)

and both metallo-polymers (P1-P3) and PCBM (1:1 w/w) in DMF (20 mg/1 mL),
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and followed by continuous stirring for 12 h at 50°C. Finally, a calcium layer (30
nm) and a subsequent aluminum layer (100 nm) were thermally evaporated
through a shadow mask at a pressure below 6x10°® Torr, where the active area of
the device was 0.12 cm? All PVC devices were prepared and measured under
ambient conditions. The solar cell testing was done inside a glove box under
simulated AM 1.5G irradiation (100 mW/cm?) using a Xenon lamp based solar
simulator (Thermal Oriel 1000W). The light source was a 450 W Xe lamp (Oriel
Instrument, model 6266) equipped with a water-based IR filter (Oriel Instrument,
model 6123NS). The light output from the monochromator (Oriel Instrument,

model 74100) was focused onto the photovoltaic cell under test.
4.2.4 Synthesis of Monomers and Polymers

4'-(2-Bromo-5-thienyl)-2,2',6',2"-terpyridine ~ (1). Aqueous potassium
hydroxide (8.4 g, 150 mmol in 40 mL water) was added to a solution of
2-Acetylpyridine in 400 mL of methanol. The reaction mixture was stirred for 30 min
and then 9.55 g (50 mmol) of 2-bromothiophene carboxaldehyde in 50 mL of
methanol was added dropwise. The solution was stirred overnight at room
temperature. The solvent was then evaporated off under vacuum and extracted with
dichloromethane. Then the crude was taken for the next step without further
purifications. To the above crude an excess amount (50 gm) ammonium acetate in 200
mL of ethanol/acetic acid (2/1) was added. The mixture was heated to reflux for 6 h.
The reaction mixture was cooled to room temperature, poured onto ice and water (1
liter) to give a pale yellow precipitate that was recrystallized with ethanol to yield the
title compound as a white solid. (9.25 g, 47%). *H NMR (CDCls, 300 MHz, 5): 8.72
(d, J = 3.2 Hz, 2H), 8.61 (d, J = 7.8 Hz, 2H), 8.58 (s, 2H), 7.88 (ddd, J = 1.8 Hz, J =

75Hz,J=75Hz 2H), 751 (d, J = 4.2 Hz, 1H), 7.35 (ddd, J =1 Hz, J = 4.8 Hz, J
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=7.8 Hz, 2H), 7.11 (d, J = 3.9 Hz, 1H). *C NMR (CDCls, 75 MHz, §): 156.5, 156.1,

149.5, 143.6, 142.8, 137.3, 131.6, 126.3, 124.4, 121.7, 116.6, 114.6.

4'-(5-Tributylstannanyl-thiophen-2-yl)-[2,2";6',2" terpyridine (2). To a
solution of 4'-(2-Bromo-5-thienyl)-2,2",6',2"-terpyridine (4.00 g, 10.15 mmol) in
toluene (20 mL), bis(tributyltin) (13 mL, 25 mmol, 2.5 equiv) was added in one
portion, and the mixture was degassed with argon. (PPh3),Pd(0) (400 mg, 0.34 mmol)
was added, and the mixture was refluxed overnight. The reaction mixture was cooled
to room temperature, filtered and solvents were removed by reduced pressure. The
residue was purified by column chromatography on alumina with 3:1 hexane/ ethyl
acetate to give product as slightly yellowish oil, (3.2 g, 52%). ‘H NMR (CDCls, 300
MHz, 8): 8.74 (d, J = 3.2 Hz, 2H), 8.69 (s, 2H), 8.63 (d, J = 7.8 Hz, 2H), 7.88 (ddd, J
=1.8Hz, J=7.5Hz, J =75 Hz, 2H), 7.81 (d, J = 4.2 Hz, 1H), 7.36 (ddd, J = 1 Hz, J
= 4.8 Hz, J = 7.8 Hz, 2H), 7.21 (d, J = 3.9 Hz, 1H), 1.55-1.63 (m, 6H), 1.30—1.44 (m,
6H), 1.09-1.15 (m, 6H).. 0.92 (t, J = 7.3 Hz, 9H). **C NMR (CDCls;, 75 MHz, 3):
157.5, 155.1, 149.5, 147.6, 141.8, 137.3, 131.6, 127.3, 124.4, 121.7, 117.6, 114.6,

29.8, 28.0, 14.4,10.4.

General Synthetic Procedure for Bis-terpyridyl Ligands (M1-M3)

M1-M3  were prepared via Stille  coupling reaction using
tetrakis(triphenylphosphine)palladium as a catalyst. In a flame dried two-neck
flask, 1.00 eq of dibromo compounds (5a-5c¢) and 2.50 eq of compound 2 in
toluene were degassed with Argon. Then, 0.03 eq Pd(PPhs),; were added and
refluxed for 2 days. The reaction mixtures were cooled to room temperature, and
solvents were removed by reduced pressure. After removal of the solvents, the

product was precipitated from methanol. Further purification was achieved by
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column chromatography on alumina with chloroform as an eluant to give the
products.

M1. According to the above-mentioned general procedure, M1 was obtained
as a purple solid (yield: 68%). *H NMR (CDCls, 300 MHz, §): 8.77 (d, J=4.2 Hz,
4H), 8.63 (m, 8H), 7.91 (s, 2H), 7.85 (dd, J=7.8 Hz, J=1.8Hz, 4H), 7.72 (S, 2H),
7.69 (d, J= 3.9 Hz, 2H), 7.35 (dd, J=7.8 Hz, J=1.8Hz, 4H), 7.22 (d, J=3.9 Hz, 2H),
2.87(t, J=6.9 Hz, 4H), 1.75 (m, 4H), 1.40-1.29 (m, 12H), 0.93(t, J=5.4 Hz, 6H).
3¢ NMR (CDCl3, 75 MHz, 5): 156.29, 149.43, 149.35, 143.29, 141.28, 138.26,
137.10, 132.95, 132.09, 130.91, 129.51, 128.83, 126.60, 125.47, 124.16, 121.54,
117.84, 116.94, 31.96, 30.69, 29.98, 29.55, 22.90, 14.36. MS (FAB): m/z [M+]
1096; calcd m/z [M+] 1095.49. Element Anal. Calcd for CgsHs4NgSs: C, 70.17; H,
4.97; N, 10.23; Found: C, 69.51; H, 5.26; N, 10.15.

M2. According to the above-mentioned general procedure, M2 was obtained
as a black solid (yield: 63%). *H NMR (CDCls, 300 MHz, 3): 8.74 (d, J = 4.2 Hz,
4H), 8.61 (m, 8H), 7.85 (dd, J = 7.8 Hz, J =1.8Hz, 4H), 7.78 (s, 2H), 7.67 (d, J =
3.9 Hz, 2H), 7.62 (S, 2H), 7.35 (dd, J = 7.8 Hz, J =1.8Hz, 4H), 7.19 (d, J =3.6 Hz,
2H), 2.84 (t, J =6.9 Hz, 4H), 1.74 (m, 4H), 1.40-1.29 (m, 12H), 0.93(t, J = 5.4 Hz,
6H). 3C NMR (CDCl3, 75 MHz, §): 158.41, 156.22, 149.31, 143.22, 141.15,
140.79, 138.44, 137.83, 137.05, 132.93, 130.51, 127.98, 126.54, 125.44, 124.11,
121.67, 117.84, 116.88, 31.99, 30.63, 29.98, 29.61, 22.93, 14.39. MS (FAB): m/z
[M+] 1143; calcd m/z [M+] 1142.39. Element Anal. Calcd for Cg4Hs4NgS4Se: C,
67.29; H, 4.76; N, 9.81. Found: C, 66.77; H, 5.30; N, 9.63.

M3. According to the above-mentioned general procedure, M3 was obtained
as a dark purple solid (yield: 76%). *H NMR (CDCls, 300 MHz, §): 8.75 (d, J =4.2

Hz, 4H), 8.69 (m, 8H), 7.96 (s, 2H), 7.87 (dd, J = 7.2 Hz, J = 1.8Hz, 4H), 7.73 (d,
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J = 3.6 Hz, 2H), 7.50 (S, 2H), 7.37 (dd, J = 6.9 Hz, J = 1.2 Hz, 4H), 7.25 (d, J =3.9
Hz, 2H), 2.88(t, J =7.2 Hz, 4H), 1.78 (m, 4H), 1.40-1.29 (m, 12H), 0.93 (t, J =6.9
Hz, 6H), *C NMR (CDCls, 75 MHz, §): 155.72, 148.96, 148.35, 143.10, 141.16,
138.10, 137.36, 133.05, 132.09, 130.68, 129.41, 128.63, 126.85, 125.28, 122.94,
121.61, 117.69, 116.97, 31.98, 30.60, 30.03, 29.60, 22.94, 14.38. MS (FAB): m/z
[M+] 1078; calcd m/z [M+] 1078.33. Element Anal. Calcd for CgsHs4NgS40: C,

71.21; H, 5.04; N, 10.38. Found: C, 70.75; H, 5.21; N, 10.11.
General Procedure for Metallo-Polymers (P1-P3)

In a flame dried flask, a mixture of RuCl3-3H,0O (0.11 mmol) and AgBF,
(0.38 mmol) was refluxed for 2 h in acetone (15 mL). After cooling to room
temperature, the precipitated AgCl was filtered off, and the obtained solution is
evaporated to dryness. The remaining solid was redissolved in n-butanol (15 mL),
and to this solution, bis-terpyridyl ligand M1, M2, or M3 (0.1 mmol) was added,
and the resulting solution is refluxed for 5 days. As soon as the precipitation of the
formed polymer was observed, a small portion of DMA was added to the mixture
(£ = 20 mL) to redissolve the product. Finally, an excess of NH4PFs (50 mg in 20
mL DMA) was added to the hot solution and stirring was continued for 1 h. The
resulting solution is dropwise poured into methanol (200 mL). The precipitated
metallo-polymer product was filtered off, washed with methanol (200 mL). Further
purification was achieved by repetitively dissolving the metallo-polymer in NMP
(2 mL) and precipitating from diethyl ether. Finally, the products were dried under
vacuum at 40 'C for 24 h.

P1. According to the above-mentioned procedure, metallo-polymer P1 was
obtained as a dark solid (yield: 66%). *H NMR (DMSO-dg, 300 MHz, 8): 9.36 (br,

4H), 9.12 (br, 4H), 8.52 (br, 2H), 8.24 (br, 8H), 7.67 (br, 6H), 7.31 (br, 4H), 3.05
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(br, 4H), 1.86 (br, 4H), 1.25-1.40 (br, 12H), 0.92 (br, 6H).

P2. According to the above-mentioned procedure, metallo-polymer P2 was
obtained as a dark solid (yield: 58%). *H NMR (DMSO-dg, 300 MHz, 8): 9.36 (br,
4H), 9.12 (br, 4H), 8.48 (br, 2H), 8.14 (br, 8H), 7.68 (br, 6H), 7.30 (br, 4H), 3.08
(br, 4H), 1.83 (br, 4H), 1.20-1.53 (br, 12H), 0.91 (br, 6H).

P3. According to the above-mentioned procedure, metallo-polymer P3 was
obtained as a dark solid (yield: 77%). *H NMR (DMSO-dg, 300 MHz, 8): 9.39 (br,
4H), 9.13 (br, 4H), 8.54 (br, 2H), 8.10 (br, 8H), 7.65 (br, 6H), 7.33 (br, 4H), 2.94

(br, 4H), 1.83 (br, 4H), 1.20-1.53 (br, 12H), 0.89 (br, 6H).
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Figure 4.1 Synthetic Route for Bis-terpyridyl Ligands (M1-M3) and Ru"-containing

Metallo-Polymers (P1-P3)
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4.3 Results and Discussion

4.3.1 Synthesis and Structural Characterization

The general synthetic routes of ditopic bis-terpyridyl ligands (M1-M3) and
metallo-polymers (P1-P3) are shown in Figure 4.1. The ditopic bis-terpyridyl
monomers in which, acceptor spacer units sandwiched in between two hexyl
thiophene units were synthesized in multistep procedures.
4'-(2-Bromo-5-thienyl)-2,2',6',2"-terpyridine (1) was prepared by the modified

method described in the literature,**

then tributyltin group was introduced by a
palladium(0) catalyzed reaction of compound 1 with excess bis-(tributyltin).
Synthesis of 5a-5¢ were described in Chapter 2. The aromatic dibromides 5a-5¢
were reacted with two equivalents of
4'-(5-Tributylstannanyl-thiophen-2-yl)-[2,2";6",2"]terpyridine (2) under
Pd°-catalyzed Stille cross-coupling conditions to form ditopic bis-terpyridyl
ligands (M1-M3). After precipitation from methanol and column chromatographic
purification, the bis-terpyridyl ligands (M1-M3) were obtained in moderate to
good yields and fully characterized by *H NMR, *C NMR, MS spectroscopy, and
elemental analysis.

The synthesis of Ru'-based metallo-polymers (P1-P3) is also depicted in
Figure 4.1. The metallo-polymerization by self-assembly was carried out
according to the methods described in the literature.®® In a typical polymerization
process, an appropriate quantity of ruthenium trichloride was activated by

de-chlorinating with AgBF, in acetone. The resulting hexa-acetone Ru""

complex
was reacted with exactly 1 equiv of bis-terpyridyl ligands M1-M3 in
n-butanol/DMA for 5 days, which involved a reduction of Ru"' to Ru" with the

chain growth process using n-butanol solvent itself as a reducing agent. The
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resulting metallo-polymers (P1-P3) were purified by repetitive precipitation from
NMP in diethyl ether and dried in vacuum, leading to homopolymers P1—P3 (yield:
58-78%). The resulting highly linear-rigid polymer containing charged metal ions
exhibited less solubility in common organic solvents as compared with terpyridyl
ligands M1-M3, but were soluble in highly polar aprotic solvents, e.g., DMSO,

DMF, NMP, or DMA.
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Figure 4.2 'H NMR spectra (aromatic region) of bis-terpyridyl ligands M1-M3 (in

CDCI3) and metallo-polymers P1-P3 (in DMSO-dg).

Figure 4.2 shows 'H NMR spectra in aromatic regions of ligands and
metallo-polymers. As a result of metallo-polymerization, broadened signals of
bis-terpyridyl ligands, as well as the absence of the signals from the uncomplexed
terpyridyl units were observed. Furthermore, clear and dramatic downfield shifts
of (5,57)-, (4,4”)-, (3,3”)-, and (3°,5”)-terpyridyl signals and upfield shifts of the
(6,6”)- signals were observed upon polymerization, which are consistent with the
reported literature.™®* The assignments of terpyridyl signals are shown in Figure

4.2 based on those reported for Ru" model complexes. Due to the lack of end
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group-signals in *H NMR spectra and also considering the limit of NMR
spectroscopy, the formation of cyclic oligomers can be discarded and the
synthesized metallo-polymers should consist of more than 30 repeating units.™?
Hence, the molar masses of P1-P3 were estimated to be higher than 30000 g/mol.
To further confirm the formation of supramolecular metallo-polymers, the relative
viscosity measurements of polymers to bis-terpyridyl ligands were evaluated. For
this purpose, solutions of bis-terpyridyl ligands M1-M3 (10 wt%) in NMP with
viscosities 1 = 6-7 cp at 25 C were taken as references to dertermine the viscosities
of metallo-polymers (P1-P3). As shown in Table 2.1, P1-P3 (with n = 9-11 cp)
exhibited viscosity 1.50-1.66 times larger than their corresponding bis-terpyridyl
ligands M1-M3, which are in good agreements with similar reports known from

literature, 144146155
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Figure 4.3 TGA thermograms of bis-terpyridyl ligands (M1-M3) and
metallo-polymers (P1-P3) at a heating rate of 10°C/min under nitrogen.
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The thermal properties of bis-terpyridyl ligands M1-M3 and
metallo-polymers P1-P3 were determined by thermogravimetric analysis (TGA) at
a heating rate of 10°C/min under nitrogen and are shown in Figure 4.3 and
summarized in Table 2.1. The TGA thermograms revealed decomposition
temperatures (Td) (5% weight loss) of the bis-terpyridyl ligands and polymers
were in the range of 369-404 and 431-438 °C, respectively. All bis-terpyridyl
ligands and polymers demonstrated the same appearance of two degradation
temperatures. In contrast to bis-terpyridyl ligands, polymers exhibited slightly
enhanced thermal stability due to the increased rigidity of main-chain structures in

metallo-polymers.
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Figure 4.4 UV-vis absorption spectra acquired upon the titration of (a) M1, (b) M2,
and (c) M3 (in 2:8 v/iv CH3CN:CHCI3) with Zn(OAc), (in EtOH). The insets show

the normalized absorption at 325 nm as a function of Zn?*:M1-M3, respectively.
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4.3.2 UV-Visible Titration

UV-vis titration experiments were carried out to verify the formation of
metallo-polymers from bis-terpyridyl ligands (M1-M3). As the Kinetic studies by
titration are too slow to detect Ru'-containing metallo-polymers, which require
heat and relatively long reaction time, these techniques could notbe applied to the
development of P1-P3. In our previous reports, *H-NMR and UV-vis absorption
titration  experiments  were proceeded to  characterize  Zn"-based

metallo-polymers, 144146

where the formation of linear metallo-polymers were
controlled by the exact stoichiometric ratios of the metal ions (zn?*) and
bis-terpyridyl ligands. Therefore, the same technique is chosen to gain a further
insight into the self-assembly mechanism of M1-M3 towards metallo-polymers,
and the related titration data are depicted in Figure 4.4. Upon stepwise addition of
Zn** to a solution of bis-terpyridyl ligand M1 (Figure 4.4 (a)), the absorption
spectra revealed the gradual emergence of an absorption band at 325 nm along
with the disappearance of an absorption band at 380 nm. Furthermore, a
red-shifted absorption band ca. 280 nm along with two isosbestic points (ca. 351
and 416 nm) were observed, which suggests that equilibrium occurred among a
finite number of spectrorscopically distinct species. The titration curve (Figure 4.4,
inset) showed a linear increase and a sharp end point reaching a ratio of 1:1
(Zn**:M1), indicating the formation of Zn'-based metallo-polymers. New
absorption peak observed at 325 nm could be attributed to the intra-ligand charge
transfer (ILCT) in Zn"-based metallo-polymers.’****" The same trends were
observed in bis-terpyridyl ligands M2 and M3 (Figure 4.4 (b)and (c)). Thus, the
results of all titration experiments performed for bis-terpyridyl ligands (M1-M3)

with Zn?* ions are consistent with the fact that, at 1:1 ratio of Zn?* ions and the
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ditopic ligands, supramolecular assemblies of metallo-polymers have formed,
where each Zn?* ion is complexed with two bis-terpyridyl ligands, and the
resulting repeating unit of bis-terpyridyl-Zn** in metallo-polymers can be
considered as the origin of the observed electronic transitions.

Table 4.1 Optical, Thermal, and Viscosity Properties of Bis-terpyridyl Ligands

(M1-M3) and Metallo-Polymers (P1-P3)

Compound Ty Aabs sol Aabs film Mot Eg™
p)?* (°C) (nm)° (nm)° (nm)  (eV)*

M1 7 369 280, 381, 514 285, 415, 566 698 1.77

M2 6 404 281, 396, 553 286, 428, 602 744 1.66

M3 6 401 280, 378, 520 287,422,572 702 1.76

P1 11 431 278, 318, 335,550, 576 282, 320, 335, 554, 605 710 1.74

P2 9 438 278, 318, 335, 551, 596 280, 321, 335, 554, 638 761 1.63

P3 10 432 278, 318, 335, 549, 572 282, 321, 335, 554, 606 713 1.73

& The viscosities of polymers (10% in weight) in NMP solutions at 25°C (100 rpm,
Spindle number 4) were determined by rheometer system. Solutions of bis-terpyridyl
ligands M1-M3 (10% in weight) in NMP were used as references to determine the
viscosities of corresponding metallo-polymers. ® The decomposition temperatures (Tg)
(5% weight loss) were determined by TGA with a heating rate of 10°C/min under N,
atmosphere. “Concentration of 10° M in chloroform for M1-M3 and 10° M in DMF
for P1-P3. %Spin coated from solutions on quartz substrates. *Optical band gaps were
estimated from the absorption spectra in films by using the equation of Ey =
1240/ Xedge.

4.3.3 Optical Properties

The photophysical characteristics of the bis-terpyridyl ligands (M1-M3) and
metallo-polymers (P1-P3) were investigated by ultraviolet-visible (UV-vis)
absorption spectroscopy in dilute solutions (10° M) and spin-coated films on
quartz substrates. Figure 4.5 shows the absorption spectra of M1-M3 and P1-P3 in
solutions as well as in solid films, and their optical data, including the absorption

wavelengths (Aans) and optical band gaps (E*
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The absorption spectra of ditopic ligands M1-M3 showed three intense band
regions, where the band ca. 280 nm was associated with the characteristic n-n*
transitions of the terpyridine moieties'® and the low energy peaks ca. 380 nm and
514-553 nm (with tailing around 700 nm) were due to the m-n* transitions and
intramolecular charge transfer (ICT) occurred inside the overall m -conjugated
systems. Compared with solutions, these two longer bands in solid films were
red-shifted (ca. 34 nm and 52 nm, respectively), which could be attributed to the
strong interchain associations and aggregations in solids. Due to the larger size and
less electronegativity of Selenium (Se) atom than those of both S and O atoms in
benzodiazole acceptors, bis-terpyridyl ligand M2 showed the most pronounced
bathochromic shift of the absorption maximum and, thereby, the smallest optical
energy bandgap (1.66 eV) than the other bis-terpyridyl ligands (1.77 and 1.76 eV
for MI and M3, respectively). In all bis-terpyridyl ligands, as the acceptor
moieties are sandwiched between thiophene units, resulting in more planar
structures to facilitate inter-chain associations and strong ICT interactions between
thiophene donors and benzodiazole acceptors,>® so their absorption spectra covered
a broad range. In contrast to the recently published bis-terpyridyl monomers
containing acceptor moieties,*** our terpyridyl ligands (M1-M3) showed stronger
red shifts in the absorption spectra with smaller optical band gaps due to the
stronger ICT interactions, which are highly essential for the PVC devices to

increase the photo-current generations.
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Figure 4.5 Normalized UV-vis spectra of bis-terpyridyl ligands (M1-M3) and

metallo-polymers (P1-P3). In (a) dilute (10° M) solutions and (b) solid films,

respectively.
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Metal-ligand coordination, i.e., formation of metallo-polymers (P1-P3), can
also be easily confirmed through UV-vis absorption spectroscopy. In
ruthenium-containing metallo-polymers, self-assembly induced by metal ions is
readily observed by the occurrence of an additional absorption band
(metal-to-ligand charge-transfer, i.e., MLCT) at 490-560 nm,*****%1% hich were
derived from the promotion of an electron from the metal (Ru")-centered d-orbital
to unfilled ligand-centered =~ orbitals. For all metallo-polymers P1-P3, they
showed the ligand-centered m-m" transitions between terpy moieties and central
chromophores situated ca. Aaps < 350 nm. The metal-to-ligand charge transfer
(MLCT) bands were in the range of 550-554 nm in these coordination polymers
(P1-P3), and a strong bathochromic effect in MLCT was observed due to the
presence of benzodiazole acceptors inserted between thiophene units as the central
cores.'*® The absorption peaks beyond 550 nm were attributed to the stronger ICT
interactions inside the bis-terpyridyl ligands. It is worth noting that compared with

the other Ru'-containing metallo-polymers,**®

our metallo-polymers showed
extended absorption beyond MLCT. Due to the long absorption range of these
metallo-polymers, they possessed small optical band gaps in the range of 1.63-1.74
eV. Similar to bis-terpyridyl ligands, low energy absorption wavelengths (Laps) in
solid films (ca. 605-638 nm) of metallo-polymers P1-P3 were red shifted (29-42
nm) in comparison with those in solutions (572-596 nm), which could be also
attributed to the strong interchain associations and aggregations in solids.
Compared with bis-terpyridyl ligands (M1-M3) in both solutions and solid films,
the maximum absorption wavelengths (Aaps) of metallo-polymers (P1-P3) exhibited

stronger bathochromic shifts due to the formation of linear and rigid

metallo-polymers.
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Figure 4.6 Cyclic voltammograms of bis-terpyridyl

ligands (M1-M3) and

metallo-polymers (P1-P3) at a scan rate of 100 mV/s.

Table 4.2 Electrochemical Properties of Bis-terpyridyl Ligands (M1-M3) and

Metallo-Polymers (P1-P3)?

Oxidation potential Reduction Potential Energy Level® Band Gap
(V vs. Ag/Ag") (V vs. Ag/Ag") (eV) (eV)
Compound Eo></0nsetb on/oc Ered/onsetb Ered/oC HOMO LUMO Egec Egopt
M1 0.89 1.15,1.28 -0.93 -1.12 -5.24 -3.42 1.82 1.77
M2 0.88 1.05,1.34 -0.85 -1.03 -5.23 -3.50 1.73 1.66
M3 0.89 113,131 -0.92 -1.15 -5.24 -3.43 181 1.76
P1 0.77 1.01,1.57 -0.79 -1.08 -5.12 -3.56 1.56 1.74
P2 0.76 1.00,1.51 -0.73 -1.06 -5.11 -3.62 1.49 1.63
P3 0.77 1.02,1.57 -0.77 -1.12 -5.12 -3.58 1.54 1.73

# Reduction and oxidation potentials measured by cyclic voltammetry in solid films.

b

Onset oxidation and reduction potentials.  Formal oxidation and reduction potentials.
¢ Eriomo/ELumo = [-(Eonset - 0.45) - 4.8] eV, where 0.45 V is the value for ferrocene vs.

Ag/Ag” and 4.8 eV is the energy level of ferrocene below the vacuum.
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4.3.4 Electrochemical Properties

The redox behavior and electronic states, i.e., HOMO and LUMO levels, of
the bis-terpyridyl ligands (M1-M3) and their corresponding Ru'-containing
metallo-polymers (P1-P3) were investigated by cyclic voltammetry (CV)
measurements to understand the energy band structures of associated materials
used in the PVC devices. The cyclic voltammograms of bis-terpyridyl ligands
M1-M3 and metallo-polymers P1-P3 in solid films are displayed in Figure 4.6 and
the related CV data (formal potentials, onset potentials, HOMO and LUMO levels,
and band gaps) are summarized in Table 2.2. Ag/AgCl was served as a reference
electrode and it was calibrated by ferrocene (El/z(FC/FC+) = 0.45 eV versus
Ag/AgCl). The HOMO and LUMO levels were estimated by the oxidation and
reduction potentials from the reference energy level of ferrocene (4.8 eV below the
vacuum level) according to the following equation:®’ Enomo/ELumo =
[-(Eonset —Eonset(Fcirc” vs. agiag)) - 4.8] eV where 4.8 eV is the energy level of
ferrocene below the vacuum level and EonsetFcirc’ vs. Agiag') = 0.45 eV. All
bis-terpyridyl ligands  (M1-M3)  exhibited two  p-doping/dedoping
(oxidation/rereduction) process at positive potentials and one n-doping/dedoping
(reduction/reoxidation) process at negative potentials. The onset oxidation
potentials (Eoxonset) Were the same for M1-M3 ca. 0.88 V, and two of their formal
oxidation potentials were in the range of 1.05-1.15 V and 1.28-1.34 V, respectively.
In addition, the onset reduction potentials (Eregionset) 0f M1-M3 were in the range
of (-0.85)-(-0.93) V and their formal oxidation potentials were in the range of
(-1.03)-(-1.15) V. From the onset oxidation potentials (Eoxonset) and onset
reduction potentials (Eredqronset) Of bis-terpyridyl ligands M1-M3, the estimated

HOMO levels were at ca. -5.24 eV and LUMO levels were in the range of
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(-3.42)-(-3.50) eV. The similar values in the HOMO levels of these ligands suggest
that different electron-deficient center units have almost no effect on their
oxidation potentials, but the reduction potentials of these ligands behave quite
differently. The LUMO levels are clearly affected by the electron-deficient centers
of the ligand cores, a stronger electron-deficient unit resulting in a lower LUMO
energy level.>®

All Ru"-containing metallo-polymers (P1-P3) exhibited two reversible or
quasi-reversible oxidation peaks in the range of 1.00-1.02 V and 1.51-1.57 V,
respectively. In agreement with the literature, these waves were attributed to the metal
localized oxidation (corresponding to the I1/111 redox transition) and redox transitions
across the bridging ligands, respectively.’***®" These polymers also showed one
reduction process at ca. 1.08 V, which was assigned to the ligand-based
reduction.*****® From the onset oxidation potentials (Eoxonset, Ca. 0.77 V) and onset
reduction potentials (Ereqionset, Detween 0.73 and 0.79 V) of metallo-polymers, the
estimated HOMO levels were at ca. -5.11 eV and LUMO levels were between -3.56
and -3.62 eV. Apparently, the HOMO levels in these metallo-polymers stayed
relatively constant while the LUMO levels were tuned by varying the electron
withdrawing aromatic substituents on the bis-terpyridyl ligands.'®®> Again, compared
with the bis-terpyridyl ligands, the HOMO levels of metallo-polymers were enhanced
by ca. 0.12 eV. As a result, their band gaps decreased to give narrow-band-gap
metallo-polymers. The electrochemical band gaps (E, ) calculated from Eg* =
e(Eoxonset- Eredionset) Were 1.56, 1.49, and 1.54 eV for P1-P3, respectively. All these
electrochemical characteristics are within the desirable range of ideal materials to be

utilized in the organic photovoltaic applications.
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Figure 4.7 Current-voltage curves of BHJ solar cells using blended films of M1-M3

or P1-P3:PCBM (1:1 w/w) under the illumination of AM 1.5G, 100 m\W/cm>.

Table 4.3 Photovoltaic Properties of BHJ Solar Cell Device with a Configuration

of ITO/PEDOT:PSS/Compound:PCBM/Ca/Al*

Active Layer®

Vo Jsc FF
PCE (%)
(Compound:PCBM) (V) (mA/cm?) (%)
M1 0.43 0.97 31.8 0.13
M2 0.36 0.55 28.8 0.06
M3 0.40 0.34 32.0 0.04
P1 0.61 2.18 34.1 0.45
P2 0.42 1.14 30.2 0.14
P3 0.58 1.14 33.3 0.22

@ Measured under AM 1.5 irradiation, 100 mW/cm?; ® Active layer with the weight
ratio of Compound:PCBM=1:1.
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4.3.5 Photovoltaic Properties

To investigate the potential use of bis-terpyridyl ligands M1-M3 and their
Ru'"-containing metallo-polymers P1-P3 in PVCs, the bulk hetero-junction (BHJ)
solar cell devices comprising blends of these compounds as electron donors and
[6,6]-phenyl-Ce;-butyric acid methyl ester (PCBM) as an electron acceptor in their
active layer were fabricated with a configuration of ITO/PEDOT:PSS(30 nm)/M1-M3
or P1-P3:PCBM blend (~80 nm)/Ca(30 nm)/Al(100 nm) and measured under AM 1.5
stimulated solar light. The blended solutions were prepared from compounds and
PCBM in a weight ratio of 1:1 (w/w) from chloroform solutions of M1-M3 and from
DMF solutions of P1-P3. The current density (J) versus voltage (V) curves of the
PVCs are shown in Figure 4.7, where the open circuit voltage (Vqc), short circuit
current density (Js), fill factor (FF), and the PCE values are summarized in Table 4.3.
In all PVC devices, the thickness of the active layer was kept at ca. 80 nm, which has
the optimum performance due to the balance in optical absorption and serial

resistance of the blended film.

Among bis-terpyridyl ligands M1-M3, the highest PCE value of 0.13% was
obtained from the device containing an active layer of M1:PCBM (1:1 w/w) with V¢
= 0.43 V, Js. = 0.97 mA/cm?, and FF = 31.8 %. It can be seen from Figure 4.7 and
Table 4.3 that the devices made from ligands M1-M3 were limited by low Js. values,
which may be due to less creation and dissociation of excitons at the BHJ interfaces
followed by transport of free charge carriers towards the collecting electrodes.”’
However, higher Js: values were obtained when the active layers were fabricated from
metallo-polymers P1-P3. With the similar values of V, (0.42-0.61 V) and FF
(30.2-34.1 %) in the devices containing metallo-polymers P1-P3:PCBM (1:1 w/w), it

is evident that their variations of PCE values (0.45, 0.14, and 0.22, respectively) were
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mainly dependent on the Js values (2.18, 1.14, and 1.14 mA/cm? respectively).
Among PVC devices containing metallo-polymers P1-P3, the device containing P1
exhibited the highest PCE value of 0.45% with Js. (2.18 mA/cm?), Vo (0.61 V), and
FF (34.1%).
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Figure 4.8 EQE curves of the PSC devices based on polymers P1-P3: PCBM (1:1

wit%).

Among the PVC devices containing metallo-polymers P1-P3:PCBM (1:1 w/w),
P1 demonstrated a higher Js; values compared to P2 and P3, this could be explained
by their EQE curves (Figure 4.8). It is evident from the EQE curves that, though all
devices exhibited similar EQE values in the short wavelength (ca. 400 nm) region but
P1 exhibited higher EQE value at the long wavelength (ca. 600 nm) region, this could
be the main reason for the higher Js. value of the PVC cell containing P1. In BHJ
solar cell devices, the absorptions of the long wavelength region are contributed from
polymers, and the absorptions in the short wavelength region are mainly from PCBM.
The low EQE values in the low-energy absorption bands as well as the high-energy

absorption bands in these polymer blends may be due to their poor dissociations of
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excitons. Therefore, if the EQE values of the devices can be enhanced by increasing
the thickness of the active layer without hampering charge separation and transport
properties, then the device performances can be improved significantly. Low EQE
values can also be observed in some other LBG polymer systems and this problem

can be solved by developing new electron acceptor materials.

To the best of our knowledge, compared with all reported heterojunction PVC
devices fabricated from terpyridine-containing Ru'-metallo-polymers as the active

|ayer 62-65,147-150

our device containing metallo-polymer P1 demonstrated the highest
PCE value (0.45%), which probably due to the presence of electron donor and
acceptor moieties at the core of bis-terpyridyl units in P1 with the stronger ICT and
the broadening of the sensitization range. The reported devices with lower PCE values
were because their low V. values arose from the relatively high HOMO levels, which
caused losses due to the limited numbers of photo-generated charges induced by
incomplete quasi-Fermi level splittings.'®® To conquer these problems, layer-by-layer
(LBL) deposition techniques of Ru'-containing polymers with sulfonated polyaniline
(SPAN) were utilized, but these techniques were limited by photocurrents.®>**° With
polymers as solid polyelectrolytes, Maura et al. also fabricated LBL devices by
incorporating 50 bilayers of poly(phenylene ethynylene)-based polyanions with
cationic Cg-NHs3" with a total thickness of 50 nm to obtain a maximum PCE value

164

only up to 0.04%. In our case, all metallo-polymers were in the ideal ranges of

HOMO and LUMO to be utilized for BHJ solar cells, so BHJs with P1-P3 were used

165

to obtain high photocurrents. Compared with the BHJ solar cells fabricated from

ionic polythiophene and Cgo, %%’

our PVC device made from P1 exhibited a higher J
value (2.18 vs. 0.97 mA/cm?) with a similar Vo value (0.61 vs. 0.67 V), but a
similar or little higher PCE value (0.45 vs. 0.43) was obtained due to the limited FF
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value (34.1 vs. 53%). No significant improvements of PCE values in the device
performance were observed by changing the PCBM ratio (due to the less solubility of
metallo-polymers P1-P3 in PCBM by DMF). Finally, the device efficiencies of these
metallo-polymers are lower than those of neutral polymer-based solar cells, such as
P3HT-PCBM, but the highest PCE value of our PVC device containing P1 is reported

among all ionic conjugated polymer-based solar cells so far.
4.4 Conclusions

A series of n-conjugated bis-terpyridyl ligands bearing donor-acceptor units and
their corresponding Ru"-containing main-chain metallo-polymers were developed and
synthesized. The formation of the metallo-polymers were confirmed from the
broadened *H NMR signals, relative viscocity measurements, and UV-vis titration
experiments. Apparently, the electro-optical properties of the bis-terpyridyl ligands as
well as the metallo-polymers were strongly influenced by the nature of the attached
n-conjugated donor-acceptor units and some distinct differences in electro-optical
properties were observed between ligands and their analogous metallo-polymers.
Because of the broader sensitization of donor-acceptor design in M1-M3 and P1-P3,
they exhibited higher Js. values. In addition, owing to the strong intramolecular
charge transfers inside the bis-terpyridyl units of M1-M3 and P1-P3, their HOMO
levels were tuned to get higher Vi values. An optimum PVC device based on the
blended polymer P1:PCBM = 1:1 (w/w) achieved the PCE value up to 0.45 %, with
Voe = 0.61 V, Jsc = 2.18 mA/cm?, and FF = 34.1 % (under AM 1.5 G 100 mW/cm?),
and those values are comparable with BHJ solar cells fabricated from ionic
polythiophene and Cgo. These metallo-polymers demonstrate a novel family of
conjugated polyelectrolytes with the highest PCE value towards potential PVC

applications.
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Chapter 5.
Conclusion

A series of new low-bandgap polymers containing the phenothiazine unit as an
electron donor conjugated with various benzodiazole acceptors via hexyl-thiophene
linkers were synthesized and characterized. These polymers show strong absorptions
in the range of 300-700 nm and have ideal ranges of HOMO and LUMO levels. Bulk
heterojunction polymer solar cells were fabricated from the polymer blends consisting
of these low-bandgap polymers as an electron donor and PCgBM/PC71BM as an
electron acceptor. With the similar Vo, values and fill factor in the PSC devices
containing the polymers blended with PC¢BM in a weight ratio of 1:1 (w/w), it was
found that due to the major variations of the Js; values in polymers they are crucially
affected to have the major difference in power conversion efficiency. The PSC device
containing a polymer blend of PP6DHTBT:PC7,:BM (1:4 wt%) exhibited the best
device performance with a PCE of 1.20%, an Vo of 0.75 V, a Js. of 4.60 mA/cm?, and
a FF of 0.35. The optimization of photovoltaic properties in the PSC devices
containing polymer blends PP6DHTBT:PC7,BM can be adjusted by the morphology
variations with different weight ratios of PC7;;.BM, which were observed to have
higher roughnesses with larger PC71BM contents, and thus to substantially increase
the PCE values of the PSC devices.

The concept of incorporation of electron deficient B-cyano-vinylene groups
with donor-acceptor polymer architectures was utilized to improve the efficiencies
of polymer solar cells. Cyano-vinylene groups were introduced into electron-rich
building blocks, such as cyclopentadithiophene and dithienosilole to yield LBG
polymers (CPDT-CN and DTS-CN). These polymers showed excellent

charge-transporting properties with high hole mobilities in the range of (5.99-9.82)
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x 10 em?V's™ and good processabilities for PSC applications. Due to the lowest
band gap and the highest hole mobility with more balanced charge transport of
DTS-CN, an optimum PSC device based on the blended polymer
DTS-CN:PC1BM = 1:2 (w/w) achieved the maximum power conversion
efficiency (PCE) value up to 2.25 %, with V,. = 0.74 V, Jsc = 8.39 mA/cm?, and FF
= 36%. Regardless of the high open-circuit voltages and the large short-circuit
currents of all PSC devices, the low fill factor indicated the possibility of further
device performance improvements by the optimization of film morphology of the
polymer blends and/or device architectures.

A series of m-conjugated bis-terpyridyl ligands bearing donor-acceptor units
and their corresponding Ru'-containing main-chain metallo-polymers were
developed and synthesized. The formation of the metallo-polymers were
confirmed from the broadened *H NMR signals, relative viscocity measurements,
and UV—vis titration experiments. Apparently, the electro-optical properties of the
bis-terpyridyl ligands as well as the metallo-polymers were strongly influenced by
the nature of the attached m-conjugated donor-acceptor units and some distinct
differences in electro-optical properties were observed between ligands and their
analogous metallo-polymers. Owing to the strong intramolecular charge transfers
inside the bis-terpyridyl units of M1-M3 and P1-P3, their HOMO levels were
tuned to get higher Vo values. An optimum PVC device based on the blended
polymer P1:PCBM = 1:1 (w/w) achieved the PCE value up to 0.45 %, with Vo =
0.61V, J,.=2.18 mA/cm?, and FF = 34.1 %, and those values are comparable with
BHJ solar cells fabricated from ionic polythiophene and Cg. These
metallo-polymers demonstrate a novel family of conjugated polyelectrolytes with

the highest PCE value towards potential PVC applications.
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