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Abstract

Ru-based sensitizers (N719, N3, black dye, etc.) have been developed continuously and reached an
efficiency of ~11.7% under AM 1.5G irradiation (1000 W/m?). However, these Ru-based sensitizers are
not adequate to commercialization because of a stability issue and a need of thick TiO; film for a high
power conversion efficiency (PCE). Therefore, we designed and synthesized total four organic
sensitizers by varying functional groups on donor moieties to understand the structure-property
relationship of the solar cell devices, ranging from the stability to the efficiency in thin TiO, film system.
First, all the sensitizers were composed of dithieno[3,2-b:2',3'-d]thiophene (DTT) as a n-conjugated
bridge for a strong stability against external environment. Second, three sensitizers (TP-1, TP-2 and TP-
3) contained the proton (control group), the methoxy group, and the carbazole group on donor moieties
respectively. TP-2 with methoxy groups achieved the highest PCE of 8.70% and exhibited stronger
thermal and light stability than TP-1 and TP-3 which can be attributed to the good electron donating
ability. However, TP-2 showed the lowest water stability. On the other hands, TP-3 with carbazole
groups showed a relatively low PCE of 7.40%. TP-3 also exhibited weak thermal and light stability
because 3,6-position of carbazole were easily oxidized by external energy but achieved the highest
water stability presumably by the strong hydrophobicity of carbazole groups. Based on the observation,
we postulated protecting role of functional groups on donors (TPA) and themselves was vital to
determine the stability. Therefore, TP-4 with a 2-ethylhexyloxy group was designed and synthesized
for protecting oxygen on alkoxy group. As a result, TP-4 achieved high stabilities in terms of thermal,
light and water stability and a PCE as high as 7.80% due to the strong electron donating ability as shown
in the methoxy group of TP-2.
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I. Introduction

1.1 Dye-sensitized Solar Cells (DSCs)
1.1.1 The advancement of DSCs
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Figure 1.1 Best cell efficiencies depending on the kinds of PV.!

As global energy depletion problem and an interest in environmental pollution have been increased,
researches on the development of eco-friendly energy generating system have become more important.
For this reason, photovoltaics (PV) which convert light into electricity using photovoltaic effect have
been developed and as a result, forms of PV (Si solar cells, polymer solar cells, perovskite cells, etc.)
have been diversified continuously (Figure 1.1).! Among the diverse PV, Dye-sensitized Solar Cells
(DSCs) was invented by M. Gritzel and B. O'Regan in 1991 using trimeric ruthenium complex and
since then, many researches on DSCs have been studied due to unique advantages of DSCs, including
high efficiency at low illumination, transparency, available as a flexible device and realization of
multiple colors. Because of these features, DSCs are suitable for building-integrated photovoltaics

(BIPV), automotive-integrated photovoltaics (AIPV) and portable indoor power generators.”



1.1.2 Structure and mechanism of DSCs
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Figure 1.2 Structure and mechanism of Dye-sensitized Solar Cell.

There are five components of Dye-sensitized Solar Cell (DSC) that are (Figure 1.2)
(1) Dye : sensitizer
(2) Semiconductor : TiO;
(3) Electrolyte : redox mediator (ex.Is/T")
(4) Mechanical supporter : FTO glass coated with TiO;
(5) Counter electrode : Pt
and the mechanism is as follows.
1. Dyes adsorbed on TiO, semiconductor are excited by light.
2. The excited electrons of dyes are injected into TiO, semiconductor and then dyes are oxidized.
3. The electrons transport to FTO and flow to counter electrode through external circuit.
4. At counter electrode, the electrons reduce the redox mediators (Is/I) in electrolyte.
5. Finally, oxidized dyes are regenerated (reduced) by the redox mediators.
However, injected electrons in the semiconductor (step 2) somewhat follow electron recombination
with oxidized dyes and redox mediator causing low power conversion efficiency (PCE). In Figure 1.3,
the kinetics for a working DSC device shows the life-times of electron on each states. Electron transport
time is 107 s and the electron recombination times, meaning electrons on TiO, semiconductor move to

oxidized dyes and redox mediator, are 10*s and 10 s respectively.*¢ Therefore, it is possible that



electrons on TiO, move to oxidized dye or redox mediator. As a result, we need to develop a strategy in

which recombination occurs less frequently.
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Figure 1.3 Overview of processes and typical time constants under working conditions (1 SUN) in a
Ru-dye-sensitized solar cell with iodide/triiodide electrolyte. Recombination processes are marked with

red arrows.

1.1.3 The characteristics of DSCs
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Figure 1.4 Schematic J-V curve and parameters of a DSC device.
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For performance evaluation of DSC devices, there are important photovoltaic parameters to be
considered. Figure 1.4 shows a J-V curve including the photovoltaic parameters (Jsc, Voc and FF). Jsc
is the short circuit current density (the current density, when cell is operated at V=0), Voc is the open
circuit voltage (the voltage, when cell is operated at J=0), and FF* (fill factor) is the ratio of obtainable
maximum power (Pmax) to the theoretical power (Pieo). Therefore, power conversion efficiency (PCE
or 1) is calculated as the ratio of obtainable maximum power (Pmax) and incident irradiance of a light

source (Piy) as shown below.*

y = fmax X 100 (%) = £5€Y0C FF X 100 (%) equation (1)
Pin Pin

Here, Jsc is determined by the following equation’®
Jsc = q Mih Minj Nee Nreg lo equation (2)

where ¢ is the elementary charge, /y is the incident photon flux, ni is the light harvesting efficiency, Nin;
is the charge injection efficiency, . is the charge collection efficiency, and 1, is the regeneration yield.

Voc is determined by the gap between Fermi level of TiO, semiconductor and a redox potential of an
electrolyte (Figure 1.2). To improve Voc, representative two kinds of strategies have been conducted.
One is use of additives like 4-tert-butylpyridine (TBP) lifting up the TiO, conduction band and the other
is use of electrolytes with low redox potential like cobalt electrolyte instead of iodine based electrolyte.®
12 Since cobalt complex redox mediators have lower redox potential than iodide ions, various researches
on cobalt complexes have been conducted (Figure 1.5) and the best performance of 13% with cobalt
based electrolyte can be achieved.!” However, Voc is affected generally by the degree of the charge

injection, charge recombination and charge collection. Therefore, Voc have close relation with Jsc.
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Figure 1.5 Redox potentials of diverse electrolytes and relative energy level of dye and TiO, conduction
band.



1.2 Types of dyes in DSCs
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Figure 1.6 Representative donor and m-conjugation derivatives and schematic diagram of

intramolecular charge transfer (ICT).

Dyes are very vital component in DSC because dyes absorb light and convert photons into electrons.
Depending on the structure of dyes, the absorption wavelength range can be controlled, and photovoltaic
parameters like Jsc and Voc are affected considerably.

From the (RuL:(p-(CN)Ru(CN)L’,),, where L is 2,2 bipyridine-4,4’-dicarboxylic acid and L’ is 2,2’-
bipyridine), most of the initial DSC dyes were designed with a Ru (ruthenium metal) such as N3, N719
and black dye.'*'® These Ru-based sensitizers showed relatively high PCEs (~9%). However, metal-
free organic dyes were developed because Ru-based dyes have poor stability and are expensive and
synthetically challenging.'®'® On the other hands, the organic dyes can be easily synthesized and
modified in order to tune the molecular properties. Generally, organic dyes have a donor - n-bridge -
acceptor structure to utilize the push-pull effect.'®?* By the push-pull effect, when dye absorb light, the
excited electrons in the donor move to the acceptor through n-bridge, and then they are injected into the
TiO,. Triphenylamin (TPA) derivatives, indoline derivatives, coumarin deriatives, and porphyrin
derivatives are commonly used as donor units, while benzothiophene (BT), cyclopentadithiophene and
fused thiophene are commonly used in z-bridge.!® 2*3! Finally, cyanoacrylic acid and carboxylic acid
are used as a anchoring group in acceptor.>? At the beginning of the organic dye development, the
organic dyes were less efficient than the Ru-based DSCs, but nowadays there are lots of organic dyes

more efficient than the Ru-based DSCs.



1.2.1 Metal dyes
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Figure 1.7 Structures of various Ru-based dye molecules.

Early studies for DSCs focused on Ru-based dyes because of the successful demonstration of the first
dye, the (RuL,(u-(CN)Ru(CN)L’,),, where L is 2,2’ bipyridine-4,4’-dicarboxylic acid and L’ is 2,2’-
bipyridine), was based on Ru."

In order to improve the power conversion efficiency (PCE) from the first Ru-based dye, [2,2'-
bipyridine]-4,4'-dicarboxylic acid ligand was introduced to dye molecule (N3) instead of 2,2’
bipyridine-4,4’-dicarboxylic acid and 2,2’-bipyridine of the first dye.'® The PCE of N3 was 10% under
96.0 mW/cm? and with 10.4 um TiO; film thickness (Jsc=18.2 mA/cm?, Voc=720 mV and FF=0.73).
However, four protons on dicarboxylic acids of N3 approached TiO; surfaces and lowered TiO»
conduction band. As a result, photovoltage of N3 tend to be decreased. Therefore, di-
tetrabutylammonium cis-bis(isothiocyanato)bis(2,2 -bipyridyl-4,4 "-dicarboxylato)ruthenium(I) (N719)
was newly developed for preventing protons from lowering TiO, conduction band.!* The initial PCE of
N719 is 8.62% under AM 1.5 SUN and with 12 um TiO, film thickness (Jsc=17.4 mA/cm?, Voc=708

mV, FF=0.70). After the advent of N719, N719 has been studied abundantly and have become standard
6



dye in the DSC field until now. Black dye (trithiocyanato—ruthenium(Il) terpyridyl complex) was
designed for an efficient panchromatic sensitizer and actually showed broad incident photon to current
conversion efficiency (IPCE) up to 920 nm (Jsc=20 mA/cm?). Another dye Z907 showed relatively high
stability against thermal stress and light soaking, whereas Ru-based dyes have weak stability due to
thiocyanate (-NCS).!> The amphiphilic dye Z907 (cis-RuLL'(SCN), (L = 4,4'-dicarboxylic acid-2,2'-
bipyridine, L' = 4,4’-dinonyl-2,2'-bipyridine) achieved PCE of >6% with a quasi-solid-state polymer
gel electrolyte in AM 1.5 SUN. Surprisingly, Z907 with heating for 1,000 h at 80 °C showed sustained
94% of initial PCE.

Beside above Ru-based dyes, various Ru-based sensitizers have been studied. However, since Ru-
based dyes basically contain thiocyanate, they are chemically very unstable. In summary, although Ru-
based dyes have shown the relatively high efficiency on thick TiO, film (>10 pwm) due to low molar

extinction co-efficient, new structures of sensitizers need to be developed for solving these problems.

1.2.2 Metal-free organic dyes
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Figure 1.8 Structures of various metal-free organic dyes.

Metal based dyes have several disadvantages : declined PCE value on thin TiO» film, usage of
transition metal and low stability due to thiocyanate (-NCS). However, organic dyes can resolve these

problems due to easiness of modifying molecular structures. Organic dyes are composed of donor - 7t-



bridge - acceptor in which excited electrons on the donor move to the acceptor through the m conjugation
bridge. Therefore, we postulated new dyes in which the stronger electron donating ability is on donor
and the stronger electron withdrawing is on acceptor would facilitate intramolecular charge transfer
(ICT). In this way, in order to improve ICT on donor moiety : there are two ways

1. By using a donor with strong electron donating ability.

2. By connecting electron donating units to the donor.

Typically, there are a lot of dyes that use triphenylamine (TPA) as a donor.® In many cases,
triphenylamine (TPA) can be connected with diverse functional groups with strong electron donating
ability in order to increase donor’s electron donating ability. In addition to TPA, indole or indoline are
introduced as a donor moiety because of their good electron donating ability.? 3 In the case of indoline
containing dyes, they can be designed with a planar structure on the whole, so it is possible to design a
dye molecule that achieves high efficiency in thin TiO, film.>* Squaraine based dyes express various
colors but strong electron withdrawing ability of squaraine causes back electron transfer and self-
quenching leading to low PCE.* Besides, squaraine dyes is damaged fast. In the case of porphyrin
containing dyes, they showed overall high PCEs (>8%).?® Indeed, porphyrin based dye, SM 315,
achieved the highest PCE of 13% (Jsc=18.1 mA/cm?, Voc=0.91 V and FF=0.78) when used with a
cobalt electrolyte in a single dye condition.!® However, one problem of porphyrin containing dyes is
that it is difficult to synthesize porphyrin and the yield of porphyrin is very low. These are negative
aspects commercialization.

Therefore, in my research, we designed and synthesized dye molecules to complement the problems
presented above :

1. Low efficiency in thin film system — High efficiency in thin film system.

2. Low stability — High stability on the thermal/light/water.

3. Hard synthesis and low yield — Simple synthesis and valid yield.
with organic dyes. There are two strategies for achieving above three goals : first, dithieno[3,2-5:2',3'-
d]thiophene (DTT) unit was introduced, and second, diverse functional groups with strong donating
ability were linked on donor moiety. As a first strategy, DTT having planar and rigid structure showed
intense electronic absorption, good hole mobility and high stability.**® In particular, planar structures
increase charge injection efficiency (nij) efficiently which is key factor to determine Jsc in thin film.*
Therefore, DTT was introduced on w-bridge. As a second strategy, diverse functional groups were linked
to TPA donor because we anticipated PCE and stability are changed according to characteristics of
functional groups on donor moiety. In this way, we designed three dyes based on DTT : TP-1
(proton),TP-2 (methoxy) and TP-3 (carbazole). Later, TP-4 (2-ethylhexyloxy) was designed and
synthesized additionally for improving weakness of TP-2 and TP-3.



I1.

Result and Discussion

2.1 Synthesis of TP-series
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Figure 2.1 Synthesis of n-bridge and donor units.
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Figure 2.2 Synthesis of the four dyes (TP-1, TP-2, TP-3 and TP-4) by coupling reaction and

condensation reaction.

The DTT-based four dyes (TP-1, TP-2, TP-3 and TP-4) were synthesized following Figure 2.1 and
2.2. Figure 2.1 shows the synthetic route of n-bridge and respective donor units. w-bridge, compound 4
(5-(6-(5-bromo-3-hexylthiophen-2-yl)dithieno[3,2-b:2',3'-d]|thiophen-2-yl)-4-hexylthiophene-2-
carbaldehyde), was obtained from compound 1 (2,6-dibromodithieno[3,2-b:2',3'-d]thiophene)* via the
Suzuki-Miyaura cross coupling with 2-(3-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
followed by Vilsmeier-Haack formylation and NBS bromination. All donor units underwent Vilsmeier-
Haack formylation giving aldehyde derivatives which were easily converted into terminal alkyne
derivatives using Ohira-Bestmann reagent under mild condition.*! This Ohira-Bestmann method is very

attractive method making aldehyde into terminal alkyne under mild condition in good yield.** Figure
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2.2 shows the latter synthetic route. Corresponding donor units with terminal alkyne were coupled with
compound 4 (5-(6-(5-bromo-3-hexylthiophen-2-yl)dithieno[3,2-b:2',3'-d]thiophen-2-yl)-4-
hexylthiophene-2-carbaldehyde) under Sonogashira cross coupling reaction.**** In the final step, all
target molecules were synthesized via Knoevenagel condensation converting aldehyde on n-conjugated

bridge to cyanoacetic acid.

2.2 Photophysical and electrochemical properties
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Figure 2.3 (a) Absorption spectra of TP-series in dichloromethane (0.02mM), (b) absorption spectra of
TP-series adsorbed onto TiO; film, (c¢) cyclic voltammetry of TP series and ferrocene, and (d) Energy
levels of TP-series, TiO; conduction band and I37/T.
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Table 2.1 Photophysical and electrochemical properties of TP-series.

Dye | HOMO® | LUMO’ Abs (nm) PL Eox (V) | Eonest (V) | Eox — Eonset
(ex 10°cm M) | (Amax) | vs NHE | vs (abs) V)
TP-1 | —5.15eV | —3.09eV | 491(1.34)/388(1.06) | 634 0.98 2.06 -1.08
TP-2 | —4.84eV | —2.78 eV | 490(0.91)/395(0.84) | 644 0.67 2.06 -1.39
TP-3 | —5.03eV | —2.94¢V | 480(0.73) /389(0.79) | 629 0.86 2.09 -1.23
TP-4 | -4.90eV | —2.93 eV | 499(1.19) /405(1.05) | 727 0.73 2.05 -1.32

“HOMO = —(Eox vs Fc'/Fc) — 4.8 eV. "LUMO = HOMO + Eonset. “Solvent : dichloromethane (DCM).

The absorption data of TP-series were measured in diluted dichloromethane solution and Figure 2.3a
shows the solution absorption data. All of data are summarized in Table 2.1. The four dyes exhibit two
absorption band in range of 350 to 450 nm and 450 to 600 nm respectively. The former band is assigned
to m-* transition and the latter band is assigned to charge transfer (CT) transition. The maximum molar
extinction coefficient (g) for the CT transition of TP-series indicates that erpi=13,400 cm™ M at 491
nm, £rp2=9,100 cm™ M at 490 nm, €1p3=7,300 cm™' M™' at 480 nm and €1p4=11,900 cm™ M at 499 nm.
In the case of onset point of the absorption spectra, all of the TP-series have similar Aonset Values because
It seems Aonset 1S related to band gap or the energy gap between HOMO and LUMO. Figure 2.3b shows
film UV spectroscopy data of TP-series adsorbed onto TiO, films. All of TP-series exhibit about 40nm
blue-shifts against solution UV absorbance. This result was due to H-aggregation of TP-series
molecules onto TiO; film. In addition, the degrees of dye aggregation were estimated to be similar by
the no change in the degrees of blue-shift.

Figure 2.3d shows the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the TP-series. HOMO was determined by first oxidation potential (Eox
vs normal hydrogen electrode (NHE)) measured in cyclic voltammetry (CV) shown in Figure 2.3c and
LUMO was obtained by the energy band gap derived from the onset point of UV absorbance. TP-2 and
TP-4 have the more negative HOMO than TP-1 and TP-3, ensuring a good donating ability of alkoxy
groups. On the other hand, TP-3 exhibits the slight negative shift against TP-2 and TP-4 indicating that
carbazole hardly contributes to raising HOMO. This result is because of twisted connection between
carbazole groups and TPA donor and the result can be explained by Density functional theory. Finally,
HOMOs of TP-series are more positive shift than redox shuttle potential value (0.4 V), assuring that
enough driving force lead to regeneration between oxidized dyes and redox shuttle efficiently. Likewise,
LUMOs of TP-series are more negative than TiO> conduction band, so efficient electron injection

processes occur from the excited dyes to TiO, conduction.
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2.3 Density functional theory (DFT) calculations

Figure 2.4 HOMO and LUMO of TP-series calculated by DFT calculation.

In Figure 2.4, overall HOMOs of TP-series are delocalized on triphenylamine, dithieno[3,2-5:2',3'-
d]thiophene and 3-hexylthiophene on the donor side while LUMOs are delocalized on dithieno[3,2-
b:2',3'-d]thiophene, 3-hexylthiophene on the acceptor side and cyanoacetic acid. Hence, we can expect
efficient intra-molecular charge transfer (ICT) by proper overlap between HOMO and LUMO on
dithieno[3,2-b:2',3'-d]thiophen. Surprisingly, HOMO of TP-3 is not delocalized to carbazole which is
in accordance with the low HOMO of TP-3 in Figure 2.3d. Therefore, we concluded carbazole hardly
contribute to raise HOMO energy level and this result is because of twisted connection between TP-

series and TPA donor shown in HOMO of TP-3.
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2.4 Device performance
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Figure 2.5 (a) J-V curve of TP-series with liquid electrolyte and (b) J-V curve of TP-series with ionic
liquid electrolyte under AM 1.5G illumination (1000 W/m?).

Table 2.2 Photovoltaic parameters of TP-series with liquid and ionic liquid electrolyte

electrolyte | Film thickness (um) | Jsc (mA cm?) Voc (V) FF (%) n (%)
TP-1 13.08 0.73 72.4 7.31
TP-2 16.50 0.74 71.6 8.70
Liquid 3.5(trans)+2.5 (scat)
TP-3 15.40 0.73 66.3 7.40
TP-4 12.30 0.82 76.9 7.80
TP-1 12.2 0.724 72.7 6.40
TP-2 13.6 0.733 72.9 7.38
Ionic 3.5(trans)+2.5(scat)
TP-3 11.6 0.695 71.3 5.73
TP-4 12.2 0.759 75.0 7.00

Devices were fabricated with liquid electrolyte and ionic liquid electrolyte (ILE) respectively for
achieving high PCE and high stability. The both types of DSC devices were measured under AM 1.5G
condition (1000 W/m?). Table 2.2 shows detailed photovoltaic parameters and Figure 2.5 shows the
current density-voltage (J-V) curve data of TP-series depending on two kinds of electrolytes. Fore

conventional devices, they were fabricated with thin TiO; film (3.5 um transparent and 2.5 pm scattering
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layer) and dye solution contained 10 mM chenodeoxycholic acid (CDCA) as the co-adsorbate. In
conventional devices, TP-2 exhibits especially the highest PCE of 8.70% (Jsc=16.50 mA cm™, Voc=0.74
V and FF=71.6) which is the best performance of DTT based dyes. On the other hands, TP-3 exhibits
relatively a low PCE of 7.40% (Jsc=15.40 mA cm™?, Voc=0.73 V and FF=66.3) than PCE of TP-2. TP-
1 shows the lowest PCE among the TP-series (N1=7.31%, Jsc=13.08 mA cm?, Voc=0.73 V and FF=72.4).
The PCE of TP-4 (n=7.80%, Jsc=12.30 mA ¢cm?, Voc=0.82 V and FF=0.77) is higher than PCE of TP-
1 and TP-3 but lower than the PCE of TP-2 achieving high photo voltage. Through these data, alkoxy
groups (TP-2 and TP-4) shows good donating ability increasing Jsc and Voc.

In case of ILE electrolyte based devices, the device characteristics with ILE electrolyte shows similar
performance as conventional devices. In ILE devices, TP-2 device shows the best efficiency of 7.38%
(Jsc=13.6 mA cm?, Voc=0.73 V and FF=72.9) among the TP-series devices. TP-1 (n=6.40%, Jsc=12.2
mA cm?, Voc=0.724 V and FF=72.7) shows higher PCE than TP-3 (n=5.73%, Jsc=11.6 mA cm?,
Voc=0.695 V and FF=71.3) based on ILE electrolyte devices. The PCE of TP-4 is still lower than TP-2
but shows high photo-voltage. It means that 2-ethylhexyloxy group of TP-4 lowered recombination
from redox mediators than other TP-series and increase photo-voltage. In summary, the PCE of TP-
series increased in the order TP-1 < TP-3 < TP-4 < TP-2 at conventional but in ILE devices cases, the
PCE of TP-series increased in the order TP-3 < TP-1 < TP-4 < TP-2. From these results, functional
groups in donor moiety affect PCE and alkoxy functional groups is more effective to increase PCE.
Especially, methoxy group increased Jsc and 2-ethylhexyloxy group increased Voc. Therefore, for deep
study about effects of functional groups on donor moiety, the detailed analysis will be described in 2.4

section.

15



2.4.1 Light harvesting efficiency
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Figure 2.6 LHE of TP-series on thin photoelectrodes.

Light harvesting efficiency (nm, LHE) plays a critical role to determine PCE on thin TiO; films.
Therefore, LHE is directly related PCE because all TP-series devices were fabricated with thin TiO,
film. The LHE equation is described by*

LHE=1-10% equation (3)

A is the absorbance of the dyes adsorbed on thin TiO; film (Figure 2.3b). When the LHE were measured,
the result is in the order of TP-2, TP-1,TP-4 and TP-3. Although the tendency of PCE isnotin a good
agreement with LHE exactly because of low charge injection efficiency and charge regeneration yield
of TP-1, overall tendency of LHE corresponds with the tendency of PCE. Namely, functional groups
affect LHE and methoxy group is the most favorable to LHE.

2.4.2 Charge injection efficiency
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Figure 2.7 Time-correlated single photon counting (TCSPC) of TP-series (a) on TiO; 1.8 pm layer and
(b) on ZrO; films : 448.4 nm excitation and 689.4 nm detection.
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Charge injection efficiency (1iyj) is calculated by the equation (3)

Ninj = 1 = Tinj/Tinent equation (4)

Tin; 1S the injection life-time which is exciton life-time of dyes on TiO> film and Tinert is the inert life-time
of excited electrons of dyes measured on ZrO» film. When dyes are excited on TiO, film, the excited
electrons of dyes are transferred to TiO, conduction band. Therefore, shorter life-time indicate the better
injection ability of dyes. On the other hands, life-times measured on ZrO, film indicate self-quenching
of dyes because excited electrons can’t be injected to conduction band of ZrO, which is higher than
LUMO of dyes. Both Ti,j and Tinen Were measured by time-correlated single-photon counting (TCSPC)
and are shown in Figure 2.7 and the values are shown in Table 2.3. In the case of the inert life-time
measurement on the ZrO, film, the TP-series have similar Tinerr values, whereas the ti,j values of TP-
series measured on TiO- films shows significant difference. TP-2 and TP-4 with alkoxy groups exhibit
shorter iy values of 14.9 ps and 17.3 ps than TP-1 and TP-3 values of 42.0 ps and 36.1 ps. To use this
equation (4), Minj of TP-series are calculated to be 0.892, 0.960, 0.912 and 0.957 respectively. In
conclusion of this result, TP-2 and TP-4 have better injection efficiency than TP-1 and TP-3. This is
because the alkoxy group of TP-2 and TP-4 showed a strong electron donating effect, which
significantly increased the injection efficiency. However, TP-3 showed relatively low mi,; because
carbazole did not act as a good donating group as shown in electrophysical properties. From the above
results, the injection efficiency (1) is influenced by the presence or absence of the functional group

on the donor and depends on electron donating contribution of functional groups on a donor.

Dye Tinj (PS) Tinert (PS) Minj

TP-1 42.0 387.8 0.892
TP-2 14.9 375.2 0.960
TP-3 36.1 411.7 0912
TP-4 17.3 404.1 0.957

Table 2.3 1, on TiO; and Ti,; on ZrO, by Time-Correlated Single Photon Counting (TCSPC) of TP-

series
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2.4.3 Charge regeneration efficiency
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Figure 2.8 Time-correlated single photon counting (TCSPC) of TP-series with iodine electrolyte and

without electrolyte.

Charge regeneration efficiency (1) exhibits how well oxidized dyes are regenerated from the redox
shuttles in electrolyte. The charge regeneration efficiency could be measured by time-correlated single
photon counting (TCSPC). For measuring 1, two types of dummy cells were fabricated with I37/T
electrolyte and without I37/I" electrolyte (inert electrolyte) and both types were composed of ZnO,
semiconductor not TiO, semiconductor for preventing injection of excited electrons to semiconductor
by light source. In case of dummy cells with I37/I electrolyte, excited dyes are regenerated from the I3
/T" redox shuttles. Therefore, short exciton life-time with I3’ electrolyte means dye have fast
regeneration from the I3/I". On the other hands, in the inert cases, excited dyes was quenched naturally

without regeneration. Considering the two things, 1, is calculated by
Nreg = 1 — Treg/Tinert, equation (5)

Treg 15 the exciton lifetime with iodine electrolyte and Tinen 1 the exciton lifetime with inert electrolyte.

TP-series were excited by 448.4 nm laser and the PL signal was detected at 689.4 nm wavelength. The
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rates of PL quenching on TP-series were shown in Figure 2.8, and summarized at Table 2.4. 1., of TP-
series were 114.0 ps, 57.4 ps, 163.9 ps and 96.3 ps respectively. Therefore, the order in which the
regeneration efficiency (1) increases is as follows : TP-2 (0.850) <TP-4 (0.761) <TP-1 (0.708) < TP-
3 (0.602). This result corresponds with Jsc tendency of TP-series because nonbonding electrons on
methoxy groups of TP-2 attract iodine strongly. Therefore, by the same principle, the location of the
attracted iodine by alkoxy group is good at regenerating oxidized TP-2 and TP-4 efficiently. On the
other hands, carbazole groups of TP-3 not only have no effect to attract iodide ions (redox mediators)
but also shield the HOMO of TP-3, triphenylamine part, from the iodide ions. As we mentioned above,
carbazole groups were not part of the HOMO so TP3 showed the lowest Tws. As a result, TP-2 has the
best regeneration efficiency due to methoxy groups and TP-3 has the worst regeneration efficiency due
to HOMO screening of carbazole groups. However, this attracting effect of TP-2 is applied to charge

recombination. This recombination problem will be treated at Voc section.

Dye Treg (PS) Tinert (PS) Nreg

TP-1 114.0 387.8 0.708
TP-2 57.4 375.2 0.850
TP-3 163.9 411.7 0.602
TP-4 96.4 404.1 0.761

Table 2.4 Time-Correlated Single Photon Counting (TCSPC) of TP-series on ZrO. with iodine

electrolyte and without iodine electrolyte.
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2.4.4 Charge collection efficiency
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Figure 2.9 (a) Transport times of TP series and (b) electron life-time according to light intensity by

IMPS and IMVS. (c¢) Charge collection efficiency calculated by transport time and electron life-time.

Charge collection efficiency (1coliect) i calculated by
Ncollect = 1 — Ta/Trec equation (6)

where 14 is the charge transport time and Tr. is the charge recombination time. Theses 14 and Tr.c could
be obtained by performing intensity modulated photocurrent spectroscopy (IMPS) and intensity
modulated photovoltage spectroscopy (IMVS). Figure 2.9 shows IMPS, IMVS and the charge
collection efficiency (Meoieet) Of TP series by these two parameters. In Figure 2.9a, there are no
significant differences between tq of TP-series but in figure 2.9b, 1. of TP-series show small differences
in the order of TP-3 > TP-4 > TP-1 > TP-2. However, these differences are no meaningful because when
equation 6 was applied to calculate Neoliect, all of Neoteer Were over 99% in all intensity. In other words,
all of the TP-series have no problems with charge collection efficiency and the reason is due to the
planar structures of TP series not functional groups on donor moieties.
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2.4.5 Electrochemical impedance spectroscopy (EIS) analysis

-150 =
——TP1
—e— TP2
—— TP3
-100 - TP4
c
—
N
0 . ; . ; . \
0 100 200 300

Z'1Q

Figure 2.10 Nyquist plot of TP-series measured by electrochemical impedance spectroscopy (EIS)

under the dark condition.

EIS have been measured to investigate internal impedance in DSCs and Nyquist plot typically shows
three semicircles. At the high-frequency, charge transfer resistance (R.) at the counter electrode
interface indicates. Intermediate semicircle indicates dark reaction impedance (Rg4) between
TiOy/dye/electrolyte interfaces and at the low-frequency, diffusion impedance (Rq) indicates in the
electrolyte.* However, Nyquist plot of TP-series shows intermediate semicircle definitely, so charge
transfer at counter electrode and diffusion can be ignored. By the intermediate semicircle,
recombination order is TP-3 < TP-4 <TP-1 < TP-2. The recombination tendency is because carbazole
groups of TP-3 interrupt I37/I" not to approach TiO- surface, while oxygen on methoxy groups of TP-2
attract I3/I" close to TiO2 surface due to non-pair electron of oxygen. However, recombination was
improved by replacing methyl group of methoxy with 2-ehtylhexyl group and TP-4 showed decreased

charge recombination. In this reason, TP-4 can achieve high Voc.
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2.5 Stability test

As DSCs is a study showing the possibility of commercialization like BIPV, it is important to
overcome the stress to external environment and to have long life of devices. In this paper, stability tests

were conducted on all three natural factors (thermal/light/water).

2.5.1 Thermal stability
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Figure 2.11 The photovoltaic parameters of TP-series with ionic liquid electrolyte at 70 C under dark

condition.

Thermal tests were conducted at 70°C under dark condition for 6 weeks. Hence, ionic liquid

electrolyte was selected as an electrolyte to avoid volatilization of an electrolyte. The normalized PCE,

Jsc and Voc of TP-series under thermal stress are shown in Figure 2.11. The initial efficiencies of the
22



TP-series cells were 6.0%, 6.6%, 5.9%, and 5.9%, respectively, which decreased to 3.5%, 5.4%, 3.9%,
and 4.8% after 1080 hours. The efficiency was decreased by 41.2% for, TP-1, 18.2% for TP2, 33.9%
for TP3, and 19.3% for TP-4. Critical declines of PCE indicate within about 168 hours which is due to
the reduction of the voltage not the current. However after initial 168 hours, there were not big change
of PCE showing stable efficiency. As a result, the reduction of the efficiency due to thermal stress is not
caused by the damage of the dye because there were no change of PCE since initial decease of Voc. If
dyes were degraded, the PCE must be continuously decreased and reach to 0% of PCE. We concluded
interface between electrolyte and the TiO» caused decline of PCE so EIS analysis will be conducted in
order to analyze relation between Voc and electrolyte from thermal stress.

In particular, TP-3 showed low thermal stability because 3,6-position of carbazole can be easily
damaged by thermal stress.**” Therefore, 3,6-position of carbazole need to be protected by connecting

alkyl chain at these position to increase the thermal stability.

2.5.2 Light stability
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Figure 2.12 Normalized UV absorbance of (a) TP-1, (b) TP-2, (¢) TP-3, (d) TP-4 and (e) N719 on TiO»

film according to light soaking time.
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Figure 2.13 FT-IR spectra of ID1 and RK-2 after 2 hours 1 SUN light soaking.

Light stability of TP-series was investigated by UV spectroscopy according to the light soaking time
and the data were shown in Figure 2.13. TP-3 showed relatively low light stability while, TP-2 showed
strong light stability because 3,6-position of carbazole can be also damaged easily by light. However,
there is no position where TP-2 was attacked by light. Therefore, TP-4 also showed relatively high light
stability.

In these results, all of the TP-series exhibit strong light stability without big change of the UV
absorbance contrary to the N719 data (e). In order to know the reason TP-series have good light stability,
we hypothesized that n-bridge like a dithieno[3,2-b:2',3'-d]thiophene (DTT) is critical factor making
TP-series light stable because frameworks of TP-series are the same except functional groups on donor
moiety. To demonstrate the effect of dithieno[3,2-5:2',3"-d]thiophene (DTT) directly, I synthesized DTT
based ID1 dye and cyclopentadithiophene based RK-2 dye and they were measured by FT-IR after 1
SUN light ageing. In Figure 2.13, ID1 dye and RK-2 dye showed FT-IR spectra after the 2 hours 1 SUN
light ageing. In case of ID1 dye, there were no change of absorbance shape but RK-2 showed absorbance
shape get shapeless. It is the demonstration that dithieno[3,2-h:2',3'-d|thiophene (DTT) have strong
light stability and cyclopentadithiophene was damaged by light because two dyes have same structure
except m-bridge units. In this way, we demonstrated that n-conjugated framework is vital to determine
light stability. In summary, functional groups affect the light stability slightly but rigidity of framework

is critical to determine the light stability.
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2.5.3 Water stability

(b)

_—
=
-

-]
o 10} 210} —=TP2_0h
o © —a&—TP2_bh
£ o —&—TP2_10h
-E 08 S 0.8 TP2_24h
@ o i?
4 11
; 05k 0.6} i
= - s
204k ED.-’I- (0 wh
= M

©
E 0z g0.2
= S

[H:I Z D‘.D i A L i alle, L i
400 500 600 700 200

Wavelength (nm) Wavelength {(nm)

—=—TP4 _Oh
(C) g10f :ﬁi—g: (d) g1or —s— TP4_5h
g " E T —&— TP4_10h
| —& TP3 10h 20sl _
Tos} ﬁ & TP3_24h s TP4_24h
- ! ' 2 | ~
LANE T ML &
z |& Lo {)\“—Znnjf‘f Toal % %ﬁ ,
g 0.4 -_f' ?Q&ﬁ by .l 1 ﬁ { h N /(j\ & %
Eozl h‘ Eo2 f T '
2 | Lia 3 N
00— s N 0.0— . i,
T 400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength {nm})

Figure 2.14 Normalized UV absorbance of (a) TP-1, (b) TP-2, (c) TP-3 and (d) TP-4 on TiO; film

according to submersion time.

To evaluate the stability of TP-series in water, UV spectroscopy of the dye adsorbed TiO- films were
measured according to immersion time in a solution of acetonitrile and water in a ratio of 9:1. The dye
adsorbed TiO; film was also checked by UV absorption at 1 hour, 5 hours, 10 hours and 24 hours
intervals. Since the solution contained 10% water, it is possible to expect a change in the long time of
general humidity condition even with a short time measurements. Figure 2.14 shows the normalized
film UV data of TP-series according to immersion time. These data exhibit that the intensities of
absorbance are lowered depending on the immersion time in the solution. Among them, TP-3 shows the
most stable absorption state on TiO- film without the change of intensity. On the other hands, TP-2 was
severely desorbed from TiO; film depending on the immersion time, and all of TP-2 dyes were almost
desorbed after 24 hours. Considering these results and the previous water stability research that water
molecules react with anchoring groups between dye and TiO», characteristics of the functional groups
on donor moiety is critical to water stability.* In case of carbazole in TP-3, water molecules did not

approach the anchoring groups by very strong hydrophobic properties of carbazoles. On the contrary,
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methoxy groups attract water molecules due to the hydrogen bonds between water and methoxy group
allowing water molecules to reach the anchoring group. In order to solve the problem of low water
stability of TP-2, we introduced 2-ethylhexyloxy group in place of methoxy group to interfere with
hydrogen bonding between oxygen in functional group and water molecules. The newly designed dye,
TP-4, actually exhibits the improved water stability. As a result, these water stability tests demonstrate

correlation between the properties of functional groups on donor and water stability.
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III. Experimental method

3.1 Synthesis : TP-series dyes and Bestmann-reagent

All chemicals and reagents were purchased from Aldrich, Alfa Aesar, Matrix Scientific and TCI
without further purification. All reactions were performed with anhydrous solvent prepared by
molecular sieves prior to use and nitrogen atmosphere unless otherwise noted.

The synthesis of the intermediates 1-4, 5-6, 8 and 10 were carried out as previously reported.

SRS

4-ethynyl-N,N-diphenylaniline (D-1)

To a mixture of compound 5 (3 g, 10.97 mmol) and K,COs (3 g, 22.00 mmol) in anhydrous
THF/MeOH (1:1 =25 ml : 25 ml), Bestmann-Ohira reagent (2.5 mg, 13.17 mmol) was added at room
temperature. The solution was stirred at room temperature for overnight. The crude mixture was filtered
through a celite (dichloromethane was used for solvent). The residue was extracted with
dichloromethane and 5% NaHCOs(aq). The organic solvent was removed reduced pressure and purified
by column chromatography with Hex/EA (7:1) as a white solid (1.91 g, 64.7%). '"H NMR (400 MHz,
CDCl3) & (ppm): 6 3.04 (s, 1H), 6.99 (m, 2H), 7.09 (d, J/=1.1 Hz, 1H), 7.10-7.14 (m, 5H), 7.28-7.27 (m,
1H), 7.30 (d, J=1.1 Hz, 2H), 7.31-7.32 (m, 1H), 7.34-7.32 (m, 2H); *C NMR (100 MHz, CDCI5) : &
76.14,83.90, 114.73, 122.03, 123.61, 125.02, 129.38, 133.03, 147.10, 148.33; HRMS (EI) : Exact mass
Calcd. for Cy0HisN [M]*: 269.1204, found 269.1204.

Synthetic methods of Compound D-2, D-3 and D-4 are the same as that of D-1.
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4-ethynyl-N,N-bis(4-methoxyphenyl)aniline (D-2)

Compound 7 (0.62 g, 1.86 mmol), K,CO3 (0.514 g, 3.72 mmol) and Bestmann-Ohira reagent (0.71
g, 3.72 mmol) were used in anhydrous THF/MeOH (1:1 = 10 ml : 10 ml). A sticky yellow liquid was
obtained (0.218 g, 35.6%). '"H NMR (400 MHz, CDCls) & (ppm): & 2.99 (s, 1H), 3.80 (s, 6H), 6.81 (d,
J=8.8 Hz, 2H), 6.84 (d, J=8.8 Hz, 4H), 7.06 (d, J=8.8 Hz, 4H), 7.27 (d, J=8.8 Hz, 2H); *C NMR (100
MHz, CDCls) : 6 55.50, 75.63, 76.76, 114.85, 118.93, 127.18, 132.95, 140.12, 156.39

N

@f(?
T
N,N-bis(4-(9H-carbazol-9-yl)phenyl)-4-ethynylaniline (D-3)
Compound 9 (370 mg, 1.35 mmol), K,CO; (373 mg, 2.70 mmol) and Best-mann reagent (312 mg,
1.624 mmol) were used in anhydrous THF/MeOH (1:1 = 10 ml : 10 ml). A sticky white liquid was

obtained (202 mg, 25%). '"H NMR (400 MHz, CDCls) & (ppm): & 3.12 (s, 1H), 7.34 (m, 4H), 7.49 (m,
20H), 8.19 (d, /=7.1 Hz, 4H).

O

v

4-((2-ethylhexyl)oxy)-N-(4-((2-ethylhexyl)oxy)phenyl)-N-(4-ethynylphenyl)aniline (D-4)
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Compound 11 (1.04 g, 1.96 mmol), K»COs (540 mg, 3.92 mmol) and Best-mann reagent (450 mg,
2.35 mmol) were used in anhydrous THF/MeOH (1:1 = 15 ml : 15 ml). A sticky white liquid was
obtained (202 mg, 20%). '"H NMR (400 MHz, CDCl;) & (ppm): 8 0.91 (m, 12H), 1.32 (m, 8H), 1.46 (m,
8H), 1.71 (m, 2H), 6.80 (d, J/=8.9 Hz, 2H), 6.83 (d, /=9.0 Hz, 4H), 7.05 (d, /=9.0 Hz, 4H), 7.25 (d,
J=8.0 Hz, 2H); *C NMR (100 MHz, CDCl;) : 3 11.60, 14.12, 23.08, 23.88, 29.12, 30.56, 39.46, 70.71,
75.47, 84.33, 112.30, 115.37, 118.73, 127.17, 132.89, 139.89, 139.81, 149.32, 156.24.

2

N

S.
©/ SN AY AW
\ // S S \ / o)
CeH1s CgH1z

5-(6-(5-((4-(diphenylamino)phenyl)ethynyl)-3-hexylthiophen-2-yl)dithieno[3,2-b:2',3'-
d]thiophen-2-yl)-4-hexylthiophene-2-carbaldehyde (EF-1)

Pd(PPh3)Cl, (10 mg, 0.0149 mmol), Cul (3 mg, 0.0149 mmol), compound D-1 (86.4 mg, 0.164 mmol)
and compound 4 (95 mg, 0.149 mmol) were suspended under argon to a completely dried and degassed
two neck round flask. Degassed solvent (TEA : THF =3 ml : 9 ml) was injected into the flask and then

the mixture was stirred and heated under reflux (65C) overnight. After cooling down by room

temperature, water (20 ml) was poured slowly and extracted with chloroform. The organic phase was
evaporated under reduced pressure and purified by column chromatography with Hex/DCM/EA
(3:1:0.1) as a red solid (73 mg, 55%). 'H NMR (400 MHz, CDCls) § (ppm): § 0.91 (br t, 6H), 1.32-1.37
(m, 8H), 1.41 (dt, J=7.0, 5.4 Hz, 4H), 1.69 (dt, J=15.5, 7.8 Hz, 4H), 2.77 (t, J=7.6 ,2H), 2.84 (t, J=8.0,
2H), 7.01 (d, J=8.7 Hz, 2H), 7.08 (m, 3H), 7.13 (d, J=7.6 Hz, 4H), 7.27-7.30 (m, 4H), 7.31 (d, J=1.8
Hz, 1H), 7.35 (d, J=8.7 Hz, 2H), 7.43 (s, 1H), 7.59 (s, 1H), 9.82 (s, 1H); '*C NMR (100 MHz, CDCl;-
d6):0614.1,22.6,29.2,29.4,29.5,30.3,30.4,31.7, 14.1, 81.8, 95.0, 115.3, 119.1, 120.6, 122.0, 122.4,
123.7,125.1, 129.4, 131.6, 131.9, 132.4, 134.5, 135.4, 137.3, 138.9, 140.2, 140.6, 140.7, 141.0, 142.3,
147.1,148.1, 182.37; HRMS (EI) : Exact mass calcd. for C49H4sNOSs [M]*: 823.2105, found 823.2105.

Synthetic methods of Compound EF-2, EF-3 and EF-4 are the same as that of Compound EF-1.
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5-(6-(5-((4-(bis(4-methoxyphenyl)amino)phenyl)ethynyl)-3-hexylthiophen-2-yl)dithieno|3,2-
b:2',3'-d]thiophen-2-yl)-4-hexylthiophene-2-carbaldehyde (EF-2)

Pd(PPh3)Cl, (20 mg, 0.028 mmol), Cul (7 mg, 0.037 mmol), Compound D-2 (94.2 mg, 0.286 mmol)
and compound 4 (200 mg, 0.314 mmol) were suspended under argon to a completely dried and
degassed two neck round flask. Degassed solvent (TEA : THF = 6 ml : 18 ml) was injected into the
flask. The orange solid was obtained (209 mg, 83%). 'H NMR (400 MHz, CDCls) & (ppm): & 0.90 (br
m, 6H), 1.32 (m, 8H), 1.41 (br m, 4H), 1.68 (br m, 4H), 2.78 (t, J=7.6 ,2H), 2.86 (t, J=8.0, 2H), 3.81 (s,
6H), 6.86 (m, SH), 7.08 (m, 5H), 7.26 (d, /=8.4 Hz, 1H), 7.28 (d, J/=8.4 Hz, 2H), 7.31 (s, 1H), 7.47 (s,
1H), 7.62 (s, 1H), 9.85 (s, 1H); *C NMR (100 MHz, DMSO-ds/CDCl; (v/v=1/1)) : & 13.68, 21.94,
28.48, 28.63, 29.47, 29.73, 30.96, 54.91, 80.66, 95.07, 111.75, 114.54, 117.63, 119.13, 120.51, 121.57,
126.97,129.40, 130.78, 131.69, 133.47, 133.92, 134.78, 136.18, 138.95, 139.72, 140.01, 141.54, 142.07,
148.65, 156.07; HRMS (FAB") : Exact mass calcd for Cs;H4NO3Ss [M]": 883.2316, found 883.2318.
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5-(6-(5-((4-(bis(4-(9H-carbazol-9-yl)phenyl)amino)phenyl)ethynyl)-3-hexylthiophen-2-
yldithieno[3,2-b:2',3'-d]|thiophen-2-yl)-4-hexylthiophene-2-carbaldehyde (EF-3)

Pd(PPh3)Cl; (5 mg, 0.007 mmol), Cul (3 mg, 0.016 mmol), Compound D-3 (46.2 mg, 0.077 mmol)
and compound 4 (48.9 mg, 0.077 mmol) were suspended under argon to a completely dried and
degassed two neck round flask. Degassed solvent (TEA : THF =3 ml : 9 ml) was injected into the flask.
The orange solid was obtained (30 mg, 34%). '"H NMR (400 MHz, CDCls) & (ppm): 6 0.90 (br m, 6H),
1.33 (m, 8H), 1.42 (br m, 4H), 1.69 (br m, 4H), 2.80 (t, /=8.0 , 2H), 2.86 (t, /=7.6, 2H), 7.15 (s, 1H),
7.29 (d, J=3.2 Hz, 2H), 7.31 (s, 2H), 7.33 (s, 1H), 7.34 (s, 1H), 7.43-7.56 (m, 20H), 7.63 (s, 1H), 8.16
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(d, J=7.6 Hz, 4H), 9.85 (s, 1H); HRMS (FAB™) : Exact mass calcd for C73HsoN3OSs [M]*: 1153.3262,
found 1154.3350.

O NO\QMQ/E
—e R
5-(6-(5-((4-(bis(4-((2-ethylhexyl)oxy)phenyl)amino)phenyl)ethynyl)-3-hexylthiophen-2-

yl)dithieno[3,2-b:2',3'-d|thiophen-2-yl)-4-hexylthiophene-2-carbaldehyde (EF-4)

Pd(PPh3)Cl, (10 mg, 0.015 mmol), Cul (3 mg, 0.015 mmol), Compound D-4 (86.4 mg, 0.164 mmol)
and compound 4 (95 mg, 0.149 mmol) were suspended under argon to a completely dried and degassed

two neck round flask. Degassed solvent (TEA : THF = 3 ml : 9 ml) was injected into the flask. The
orange solid was obtained (50 mg, 31%).
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(E)-2-cyano-3-(5-(6-(5-((4-(diphenylamino)phenyl)ethynyl)-3-hexylthiophen-2-yl)dithieno|[3,2-
b:2',3'-d]thiophen-2-yl)-4-hexylthiophen-2-yl)acrylic acid (TP-1)

Compound EF-1 (55 mg, 0.046 mmol) and cyanoacetic acid (15 mg, 0.185 mmol) were suspended
into a 150 ml flask. Solvent (chloroform : Acetonitrile = 12 ml : 4 ml) was injected into the flask and

piperidine (15 mg, 0.185 mmol) was added slowly. The mixture was heated at reflux (60~707C)

overnight. When the reaction was completed, water was poured at room temperature to quench the
reaction. The mixture product was extracted with chloroform and washed with brine. The organic layer
was evaporated under reduced pressure and purified with column chromatography with MC first and
MC:MeOH:AcOH mixture solvent (v/v/v=10:1:0.1) finally as a reddish black solid (60 mg, 99%). 'H
NMR (400 MHz, DMSO-d¢/CDCl; (v/v=1:1) & (ppm): 6 0.83 (br m, 6H), 1.31 (br m, 12H), 1.63 (br m,
4H), 2.74 (t, J=7.6 Hz, 2H), 2.81 (t, J=7.6, 2H), 6.90 (d, /=8.4, 2H), 7.04 (m, SH), 7.09 (s, 1H), 7.27
(m, 6H), 7.42 (s, 1H), 7.62 (s, 1H), 7.67 (s, 1H), 7.69 (s, 1H), 8.24 (s, IH); *C NMR (100 MHz, DMSO-
de/CDCl; (v/v=1/1)) : & 14.2, 22.5, 29.0, 29.1, 29.2, 30.1, 30.3, 31.5, 81.8, 95.1, 114.8, 117.5, 119.8,
121.0, 121.6, 121.9, 124.1, 125.2, 129.7, 130.1, 131.3, 131.6, 132.4, 134.3, 134.8, 135.5, 136.6, 139.9,

31



140.6, 142.1, 142.5,143.8, 146.8, 148.2, 164.5; HRMS (ESI) : Exact mass calcd for Cs;Hs6N2O,Ss [M]*:
890.2163, found 890.2158.

Synthetic methods of TP-2, TP-3 and TP-4 are the same as that of TP-1.

5
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(E)-3-(5-(6-(5-((4-(bis(4-methoxyphenyl)amino)phenyl)ethynyl)-3-hexylthiophen-2-
yldithieno[3,2-b:2',3'-d|thiophen-2-yl)-4-hexylthiophen-2-yl)-2-cyanoacrylic acid (TP-2)

Compound EF-2 (209 mg, 0.236 mmol) and cyanoacetic acid (80 mg, 0.945 mmol) were suspended
into a 150 ml flask. Solvent (chloroform : Acetonitrile =21 ml : 7 ml) was injected into the flask and
piperidine (80 mg, 0.945 mmol) was added slowly. The mixture was heated at reflux (60~707C)
overnight. A reddish black solid was gained (100 mg, 44 %). 'H NMR (400 MHz, DMSO-ds/CDCl;
(v/v=1/1)) 6 (ppm) : 6 0.82 (br m, 6H), 1.25 (br m, 10H), 1.60 (d, 5H), 2.75 (m, 5H), 3.73 (s, 6H),
6.64 (d, J/=8.7 Hz , 2H), 6.95-6.91 (m, 4H), 7.11-7.06 (m, 4H), 7.22 (s, 1H), 7.28 (d, J/=8.6 Hz, 2 H),
7.82 (d, 7.8 Hz, 1H); *C NMR (100 MHz, DMSO-dy) :  14.2, 22.5,29.0, 29.1, 29.2, 30.1, 30.3, 31.5,
55.5,78.9,81.2,95.6,112.4,115.0, 118.3,119.6, 121.0, 122.2, 127.5, 130.0, 131.3, 131.4, 132.2, 134 .4,
135.3, 136.8, 139.5, 140.3, 140.6, 142.0, 142.6, 149.2, 156.6; HRMS (ESI) : Exact mass calcd for
CssHsoN204Ss [M]": 950.2374, found 950.2375.

N
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(E)-3-(5-(6-(5-((4-(bis(4-(9H-carbazol-9-yl)phenyl)amino)phenyl)ethynyl)-3-hexylthiophen-2-
yldithieno[3,2-b:2',3'-d|thiophen-2-yl)-4-hexylthiophen-2-yl)-2-cyanoacrylic acid (TP-3)
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Compound EF-3 (69 mg, 0.060 mmol) and cyanoacetic acid (50 mg, 0.597 mmol) were suspended
into a 150 ml flask. Solvent (chloroform : Acetonitrile = 15 ml : 5 ml) was injected into the flask and
piperidine (50 mg, 0.597 mmol) was added slowly. The mixture was heated at reflux (60~707C)
overnight. A reddish black solid was gained (58 mg, 79%). 'H NMR (400 MHz, DMSO-ds/CDCl;3
(v/v=1/1)) 6 (ppm): & 0.82 (brm, 6H), 1.27 (br m, 10H), 1.63 (m, 5H), 2.78 (dt, /=16.7, 7.7 Hz, SH),
7.17 (s, 1H), 7.21 (d, J/=1.1 Hz, 1H), 7.23 (m, 2H), 7.24 (m, 2H), 7.36 (d, J/=1.3 Hz, 1H), 7.46—7.38 (m,
14H), 7.49 (m, 2H), 7.54 (m, 4H), 7.61 (s, 1H), 7.64 (s, 1H), 8.11 (dt, /=7.7, 0.9 Hz, 4H), 8.17 (s, 1H);
BC NMR (100 MHz, DMSO-de) : 8 14.3,22.5,22.6, 24.1,24.2,25.4, 26.1,29.0, 29.2, 30.1, 30.3, 31.5,
82.3,94.9, 110.0, 116.3, 117.5, 120.0, 120.2, 120.5, 121.1, 121.7, 123.1, 123.2, 126.0, 126.2, 128.2,
130.1, 131.3,(131.8), 131.9, 132.8, 132.9, 134.4, 135.1, 135.5, 136.5, 140.4, 140.6, 140.7, 142.2, 142.6,
145.8, 147.7, 164.3; HRMS (FAB") : Exact mass calcd for C7sHsoN4O,Ss [M]": 1220.3320, found
1121.3379.
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(E)-3-(5-(6-(5-((4-(bis(4-((2-ethylhexyl)oxy)phenyl)amino)phenyl)ethynyl)-3-hexylthiophen-2-
yldithieno[3,2-b:2',3'-d|thiophen-2-yl)-4-hexylthiophen-2-yl)-2-cyanoacrylic acid (TP-4)

Compound EF-4 (50 mg, 0.046 mmol) and cyanoacetic acid (15 mg, 0.185 mmol) were suspended
into a 150 ml flask. Solvent (chloroform : Acetonitrile = 7 ml : 7 ml) was injected into the flask and
piperidine (15 mg, 0.185 mmol) was added slowly. The mixture was heated at reflux (60~707C)
overnight. A reddish black solid was gained (30 mg, 56%). 'H NMR (400 MHz, DMSO-d¢/CDCl;3
(v/v=1/1)) 6 (ppm) : 8 0.93 (br m, 18H), 1.34 (br m, 16H), 1.46 (br m, 12H), 1.70 (br m, 6H), 2.80 (t,
J=8.0 Hz, 2H), 2.86 (t, J/=7.7 Hz, 2H), 3.85 (d, J=5.7 Hz, 4H), 6.78 (d, J=8.8 Hz, 2H), 6.90 (d, J=8.9
Hz, 4H), 7.08 (d, J=8.9 Hz, 4H), 7.14 (s, 1H), 7.27 (d, J=8.7 Hz, 2H), 7.49 (s, 1H), 7.57 (s, 1H), 7.62
(s, 1H), 8.16 (s, 1H); HRMS (FAB") : Exact mass calcd for CesH7sN204Ss [M]": 1146.4565, found
1146.4563.
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dimethyl (2-oxopropyl)phosphonate®

To round bottom flask, magnetic bar was put and creating a vacuum on the inside of the flask.
Dimethyl methane phosphonate (10 g, 80 mmol) and THF (80 ml) were injected in the flask and making
-78°C condition. After 5 min, 2.5 M n-BuLi (32 ml, 80 mmol) was added drop-wisely and stirring the
solution for 30 min. Methyl acetate (13.5 g, 184 mmol) with 10 ml THF was added slowly to the mixture
at -78°C continuously. After 1 hour, the temperature of the mixture was raised up to 0°C and then, 1 M
HCI solution was added slowly for 5 min. The mixture was extracted with DCM three times, dried with
MgSO4 and filtered. The organic solution was concentrated under reduced pressure below 30°C. The
bright yellow and stick liquid was gained (7.8 g, 58.6 %). '"H NMR (400 MHz, CDCIl;) & (ppm) : 5 2.25
(s, 1H), (d, J/=22.7 Hz, 3H), 3.72 (d, J=11.2 Hz, 6H).

acetone \©\ O
O + NaNg ———» &

4 4 Ng

$e ¢ MNong

4-methylbenzenesulfonyl azide>

To a round bottom flask, tosyl chloride (10 g, 52 mmol) was added in acetone 100 ml reducing
temperature by 0 °C. A sodium azide (5 g, 77 mmol) in water was injected in the flask at 0°C
continuously. The solution was be warm up to room temperature and the solution was stirred overnight.
The acetone in the mixture was removed under reduced pressure. The mixture was extracted with ether
3 times and the organic layer was dried with MgSOs. Finally, the ether solvent was removed under
reduced pressure. Yellow sticky liquid was gained (9 g, 88 %). '"H NMR (400 MHz, CDCls)  (ppm) :
0 2.45 (s, 3H), 7.38 (d, J=8.0 Hz, 2H), 7.80 (d, J/=8.4 Hz, 2H).

+ =N
N
|O| o l\‘l o NaH (benzene:THF) Q (P. oM
_P + o0=%% > ~OMe
MeO (')D)J\ 0% > RT. )Hr “OMe
e N2

dimethyl (1-diazo-2-oxopropyl)phosphonate*
NaH (1.5 g, 62 mmol) in anhydrous benzene (80 mL) and anhydrous THF (15mL) was prepared at
0°C. Dimethyl-2-oxopropyl phosphonate (10g, 62mmol) in benzene (25mL) was added to the NaH

solution slowly and the mixture was stirred for 1 h at 0°C. 4-methylbenzenesulfonyl azide (12.3 g, 62
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mmol) dissolved in benzene (15mL) was injected additionally. The mixture was stirred at room
temperature for 2 h and then filtered on celite. The filtered solution was concentrated under reduced
pressure. The mixture was purified by short chromatography on silica gel with ethyl acetate and hexane
(1:1). The yellow and sticky liquid was gained (6.8 g, 56.6 %). '"H NMR (400 MHz, CDCl5) & (ppm) :
3.85 (d, J/~=12.0 Hz, 6H), 2.26 (s, 3H).
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3.2 Device Fabrication

3.2.1 DSC device fabrication

The photoanode and counter electrode were prepared on Fluorine-doped Tin Oxide glass (FTO,
Nippon Sheet Glass Co., Ltd). In case of the photoanode, the substrates were cleaned with Acetone,
Ethanol and Isopropanol for 10 min with a ultrasonic cleaner, and it also were treated by an UV ozone
cleaning system for more hydrophilic substrate’s surface and removing any contamination. After the
cleaning process, a compact TiO, later was deposited on the FTO surface by soaking in the solution of
0.04 M aqueous TiCls solution for 30 min at 70°C. After washed with DI water and Ethanol, the TiO,
transparent layer was deposited on the substrate by a screen-printing method with a mask (MESH
S/T250, Emulsion 12 pm). For conventional type cells with organic solvent electrolyte, 1.8 pm
thickness transparent layer of 18 nm TiO2 nanoparticles (Dongjin Semichem Co., Ltd) was
prepared. For the celss with ionic liquid electrolyte, 3.5 um thickness transparent layer of 8-10
nm TiO2 nanoparticles (Ti-Nanoxide MC/SP, Solaronix). The all transparent layers coated 2.5
um thickness second layer of scattering particles (Ti-Nanoxide R/SP, Solaronix) by the screen-
printing method. The substrates with the printed TiO> layer was gradually sintered at 150°C for
10 min, 325°C for 5min, 327°C for 5 min, 450°C for 15 min, and 500°C for 30 min. After the
sintering process and cooling to 80°C, the photoanode was immersed in the 0.04 M aqueous
TiCl4 solution for 30 min at 70°C. After washed with DI water and Ethanol, the photoanode
was sintered again 500°C for 30 min. These photoanodes were immersed for 3 hours into a
solution of 0.2 mM dye dissolved in a binary solvent of chloroform and ethanol (volume ratio,
7L3) with 10 mM chenodeoxycholic acid (CDCA) as co-adsorbate under dark condition. In
case of TP-2 and TP-4, a binary solvent of chloroform, tert-butanol and acetonitrile (volume
ratio, 2:9:9) was additionally used with 1 mM CDCA. For the counter electrodes, a FTO glasses
were washed as same as the photoanode, and drilled by a hand drill for injecting of an
electrolyte. The substrate was brushed with 10mM H2PtCls - 6H.O ethanol solution, and
sintered at 400°C for 15 min. These photoelectrode and counter electrode were assembled into
a sandwich type cells by a 25 um thick Surlyn films and sealed up by pressing at 110°C. The
internal space of cells was perfused with an electrolyte by means of vacuum back filling, and

the hole of injecting was sealed using the Surlyn films and a cover glass.

45



3.2.2 Electrolyte fabrication

The iodine electrolyte was consisted of 0.055 M L, 0.025 M Lil, 0.05 M guanidine thiocyanate
(GuSCN), 0.6 M 1,2-dimethyl-3-propylimidazolium iodide and 0.5 M 4-tert-butylpridine(TBP) in the
acetonitrile and valeronitrile mixed solvent (volume ratio, 85:15). For ionic liquid electrolyte, a
mixtures of 1-ethyl-3-methylimidazolium iodide (EMII), 1,3-dimethylimidazolium iodide (DMII) and
1-ethyl-3-methylimidazoliumtetracyanoborate(EMITCB) was used for enhance the properties of
eutectic-based electrolyte. The composition of the ionic liquid electrolyte was as follow:
DMIVEMII/EMITCB/I2/TBP/GuSCN (molar ratio, 12:12:16:1.67:3.33:0.67). In addition, the

commercial eutectic electrolyte (TDE-250, Solaronix) was used.
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IV. Conclusion

We designed and synthesized total four organic sensitizers changing functional groups (proton,
methoxy, carbazole and 2-ethylhexyloxy) on donor moieties. By varying the functional groups, we
studied the suitability of functional group characteristics to three environmental factors (thermal, light
and water) and enhanced the stability and PCE at thin TiO, film condition. In comparison with TP-1
without functional group, TP-2 with methoxy groups achieved high PCE and strong thermal stability
but TP-2 was the most vulnerable to humidity because methoxy groups act as good donating group but
hydrogen bonding between water and methoxy respectively. On the other hands, TP-3 showed the
lowest PCE and thermal stability out of TP-series but TP-3 achieved the highest water stability due to
twisted linkage to donor moiety and bulky form blocking water molecules respectively. In consideration
of the characteristics of these functions, TP-4 with 2-ethylhexyloxy group was designed and synthesized
to supplement water stability of TP-2 maintaining the high PCE of TP-2. As a result, relatively long
alkyl chain of 2-ehthylhexyloxy group improved water stability protecting oxygen of alkoxy group and
keep the high PCE. Namely, molecular engineering for finding suitable functional groups affect both of
PCE and stability so, it is necessary to recognize the importance of molecular engineering about diverse

functional groups.
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