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ABSTRACT

TLE . SYNTHESIS AND CHARACTERIZATION OF CARBAZOLE-BASED

DONOR ORGANIC DYES FOR DYE SENSITIZED SOLAR CELLS

BY » NITTAY A NANTASEN
DEGREE s MASTER OF SCIENCE
MAJOR » CHEMISTRY

CHAIR » TINNAGOMN KAEWIN, FhD.

KEYWORDS | D-TT-A/ D-D-T-AY CARBAZGLE / DYE SOLAR CELLS

This thesis deals with synthesis and characterization of carbazole-based donor arganic
dyes. The designed D-N-A organic dyes containing ditferent linker and aceeptor wnits and
designed D-D-TE-A organic dycs containing ditferent linker units for using as dyc molecules in
dyc-sensitized solar cell. The target molecules were characterized by TI-NMR “C-NMR and FT-IR.
The target molecules exhibit a adsorption band cover UV and visible region. AN compounds show
good thermal properties. The photovoltaic performunce of DSCs using these materials as dves is

under investigation and will be reported in the future.
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CHAFTER 1
INTRODUCTION _

1.1 Dye Sepsitized Solar cells

1.1.1 Infreduction

The quality of human life is to a large cxtent dependent on the availability of
encryy sources. The present anmual worldwide energy consumption has already reached a level of
over 4 x 10 J and is predicted to increase rapidly with the increasing world population and the
tising demand of energy in the developing countries. By meeting this cnergy demand with further
epletion of fossi] Tuel reserves, the environmental damages followed by the enhanced green housc
effect, caused by the enmbustion of fossil [uels, could get out of hand. IT, on other hand, this BHEIEY
demand could be met by the use of renewable energy sources the environmental cost could be
decroased. The sun could annually supply the carth with 3 x 10 T, which is about 750000 times
tore than the glebal population currently consumes [1]. The dream to capture the sunlight and torn
it into electric power or to gencrate chemical fuels, such as hydrogen, has in the last couple of
decades becomne reality.

Solar cells arc the devices that arc able W convert solar encrgy inio
electrical cnergy. The aim of solar cell research is o incresse the solar energy conversion
efficiency at low cost to provide a cost- effective sustainable energy source. There are varinus
types of solar cells and some of them will be mentioned here, Crystalline silicon solar eells are the
mwost widely used solar cells and dominale the marker at present. Stable devices and the possibility
to use knowledye and technologies [rom the microelectronics industry have given crystalling solar
cells a leading role amony other types of solar cells. To meet Tilﬂ demand ol reducing material and
purifivation costs thin film solar cells have been developed. Thin film solar cells are based on thin
lavers of vardous semiconduclor materials such as amorphous silicon, cadmium telluride (CdTe),
copper indium galliom disclenide {CIGS). Even though the thin film solar cell requires less
material, the complex production processes of the diffcrent combinations of rare materials are

expensive and may limit a future large-scale production,




An alternative solar ezll technology is the dye-sensitized sofar cell {DSCs). DSCs
comgist of a dye-sensitized semiconductor material, often (itanium dioxide (TiO,), where dyes
molecules attached onte the semiconductor act as light absorbers. This is in contrast to the solar
cells mentioned above where the light is absorbed by the semiconductor material itself.

Dye solar cells (DSCs) have been actively studied since Griitzel and co-watkers
reported high solar encrgy W electricity conversion efficiencivs of up to 12% with a DSCs based on
ruthetivm complex photosensitizer. However, the use of ruthenium dyes will limit the large-scale
application of such complexes in the fuwre due to the problem of high and unfriendly
environmental issucs, In the meantime, metal free organic dyes are being inereasingly studies in
[35Cs due to good performance, simple preparation and low cost. Recently, a metal-free sensitizer,
an indoline dye, gave an impressive high cfficiency of 9% for DSCs [2]. Howover, organic dyes
have often presented the low conversion etficiency and low operation stability compared to metal
eomplexes. The major tactors for low conversion efficiency for the DSCs based on organic dyes are
the formation of dye aggregation on the semiconductor smface and recornbination of conduction
band eleetrony with triiodide in the cleclrolyte,

Organic dye containing an electron donor, T-cotjugaliom and T-electron
acceptor, which i called the D-T-A structure, The A-conjugated unit as an electron spacer o
comnect the donor and aceepter.

1.1.2 Principle of Dye Scnsitized Solar Cells

The DSCs, or the Griitzel ccll, is a complex system where three different

components, the semiconductor, the chromophore and the electrolyic arc brought together to

generate electric power from light without suffering any permancnt chemical transformation

{(Figure 1.13 {3].
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Figure 1.1 Schematic picture of the dye sensitized solar cell

The nanocrystalline semiconductor is usually the anatase Til’.'}z, althowgh

alternative wide band gap oxides such as Znf) can be used. A monalayer of the ehromophare, L.
the sensilixer, is_ attachcd to the surface of the semiconductor. Photocxcitation of the chromophore
results in the injection of an clectron inw the conduction band of the semiconductor (Figure 1,2),
The chromophor: is regeneratcd by the electrolyte, usually an oTganic solvent conlaining a redox
eopuple, such as iodide/tritodide. The clectron donation to the chtomophore by iodide is
campensated by the reduction of triodide at the counter electrode and the cireuil is completed by
lodide is compensated by the reduction of triiodide at the counter electrode and the circuit is
comploted by electron migration through the ¢xternal load. The overall voltage yenerated
corresponds 1o the difference between the Fermi level of the semiconductur and the redox

potential of the electrolyte [41,
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Figure 1.2 Schematic picture of the eleetron flow in the DSCs




The performance of the zolar cell can be quantificd with parameters such as
meident photon te current efficicncy (IPCE), open circuit photovoltage (¥,) and the owerall
cfficiency of the photovoltaic cell (¥ ). The efficiency of the DSC is related 1o a large number
of parameters. This thesis will enly focus on the development of clficient sensitizers and their
synthesis, even so, it is important to have the general concepts in mind.

1.1.3 Overall Efficicncy of the Photovoltaie Cell (77)
The zolar energy to electricity conversion efficiency under white-hight frradiation

{&.2., AML.5 (§) can be obtained from the following cquation:

I VR
I

i+

n =

Where T, (mWiem ) is the photon flox (e.g., ca. 100 mW/em” for AM 1.5 G), A
I[mW.-’cmz} is the short-cirewil curment density under irradiation, ¥V, {(V} is the open-cireuil voltage, {f
represents the cell fill factor, The fill factor is defined by the ratio of the current and the valtage ar
the maximumnt power point to the short circuit current and the open cirenit voltage, The fill factur

measures the square ness of the I-V eurve (Figure 1.3) [5].

F=

Figure L3 [-V curve

1.1.4 Sensitizcrs
The efficiencies of the sensitizers are related to some basic criteria. The TIOMO
potential of the dye should be sulficiently positive compared to the electrolyte redox potential for
cllicient dye regeneration.10 The TUMO potential of the dye should be sufticiently negative to
match the potential of the conduction band edge of the Ti(}, and the light absorption in the visible

region should be efficient. However, by broadening the absorption spectra the difference in the




potentials of the HOMO and the LUMO energy levels is decreased, 1f the IIOMO and LUMO
energy levels are too close in poteniial, the driving foree for electron injection into the
semiconductor or regeneration of the dye from the electrolyte could be hindered. The sensiliver
should also exhibit small reorganization enerpy for excited-state and ground-stale redox processes,
in order to minimize free energy losses in primary and secondary eleetron transter steps [6, 7).
1.1.4.1 Ruthenium sensitizers

Sensitizers of ruthenium complexes such as the N3, N719 and black dyes

have bect intensively imvestigatcd and show record salar energy-to-glectrcity  conversion

efficiencics (#7) of 10, 11.2 and 10.8%, respectively (Figore 1.4) [8].

DA

Black Dy

Figure 1.4 Chemical structurcs of N3, N719 and black dycs

A large number of different ruthenium based sensitizcrs have been
investigated in order to improve the photovoltuic performance and stalality of the DSCs. Amongst
them especially four (K19, K73, K77 and Ru-1) [6]. have shown interesting propertics in that they
are competing in efficiency and have higher molar extinction coefficicnts than the three former. The

enhanced absorption observed is expected from the extended comjugated sysiem 9],
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Figore 1.5 Chemical structures of K19, K73, K77 and Ru-1 dyes




1.1.4.2 Organic sensitizers

Recently, performances of DSCs based on metal-free organic dyes have
been remarkably improved by several groups, The first transient studics on a coumarin dye in DSCs
was performed in 1996, when Gratzel et al. found injoction rates of 200 5 from C343 inte the
conduction band of Ti0,. Since C343 has a narrow absorplion spectrum, the conversion efficicncy
of this specitic compound was low. By imroduction of a methine unit, the T-system could be
expanded and in 2001 a respectable efficiency of 5.6% was obtained with NKX-2311 [7]. Adding
more methine wnits {up to three) and intraducing bulky substituents 1o prevent dye-aggrepation
could push the cfficiency to 6.7% in 2005 (NKX-2753). Currenlly other building blocks like
thiophene are iested, which are belicved to give a higher stability, First results of 7.4% for NKX-

2677 are encolraging | 14

L OO

N 2w COOH

C343 MK X-2311

MKX-2T53 NKX-2577

Figore 1.6 Chemical structures of €343, NKX-2311, NKX-2753 and NKX-2677 dyos

In 2003, an indoline dye D102 and D149 discavered by Ite et al. These
indoling dyes pave solar-to-clectrical energy conversion efficiency of 6.1 and 9%, respectively, in

tull sunlight. A highest efficiency for organic dycs has been achieved by an indoline dye D149 [11],
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Figure 1.7 Chemical structures of D102 and D149 dyes

In 2007, Yoaneuo Li et al. [12]. reported that the highly cfficient and
stable organic dyes JK-1 and JK-=2 composed of bis-dimethyltluorencaniline moiety as the ¢lection

donar and cyannacrylic acid moicty as the electron acceptor with an overall conversion efficiency of

B.01%.
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Figure 1.8 Chemical structures of JK-1 and JK-2 dves

T 2007, Duckhyun Kim et al. [13]. investigated that the organic dyes
JK-24  and JK-25 containing N-(9.9-dimethyifluoren-2-ylicarbazole as clectron donor and
oyanoacrylic acid as clectron aceeptor bridged by thiophene units, gave an overall conversion
efficiency {7} of 5.15%. Although many structure frameworks such s coumarin, anihing, and
indoline have been employed as wood electron donor unit, the smatt molecular organic dyps

containing the: N-substituted carbazole structural motif have been little explored for DSCs.

Salheb

JE-24 JHK-F5

Figure 1.9 Chemical structures of JK-24 and JK-25 dyes




In 2009, Ping Shen ¢t al. [14]. investigated that the organic dyes 8D
and 8D2 conlaining triphenylamine, both with and withoul an n-hexyl-sabstitued oligothiophene as
T-conjugated linker. These triphenylamone dyes gave solar-to-electrical chorgy  conversion
cfficiency of 3.06 and 4.02%, respectively, under simulaied AM 1.5 G solar irradiation
(100 mW/em’),

8 a3l

S L2

Figure 1.10 Chemical structures of 8131 and SD2 dyes

1.1.4.3 Anchoring groups

Mest of the dyes employed in DSCs have carboxylic acid groups to
ancher on the Ti0,-surface. The binding is reversible with high binding equilibrium constants
(K=10"M"). At a pH > 9 the equilibrium is typically shifted to the reactant side and the dyc
medecules desorb. This semewhat fragile linkage triggered the development of dyes with different
anchormy groups. In general the binding strength to a metal oxide surface decreases in the order
phasphenic acid > carboxylic acid = ester = acid chloride > carboxylate sabls > amides [15]. duc o
its strong ¢lectronic withdrawing properties, the most widely used and sucecssful to date being the
carboxylic acid and phosphonic acid functionalities. The carboxylic acid groups, while ensuring
efficient adsarption of the dye on the surface also promote electronic coupling between the donor
levels of the excited chromophores and the aceeptor levels of the TiO, semiconductor, Some of the
possible modes of ehclalivn/derivatization, ranging from chemical bonding {cheiating or bridging

mode} to H-bonding, are shown in Figure 110 [16],
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Tigure 1.11 Possible binding modes for carboxylic acid groups on Ti0,




CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF TRIFBENYLAMINE-BASED

DONOR DYES WITH DIFFERENT ACCEPTORS

2.1 Introduction

Urganic sensitizers were divided intg three parts; donaor, hinker and acceptor, This is a
conveniont method to systematise the sensitizers. There are several basio eriteria that an ¢fficient
sensitizer should fulfill, and these criteria can be used when designing a new chromophore, First of
all, light excitation should be associated with vectloral slectron flow from the kght harvesting
motety of the dye, Le. the donor and the linker, towards the proximity of the semiconductor, ie.
the acceptor! anchoring group of the dye, This can be seen as the HOMO is located over the donor
and the linker, while the LUMG is located over the acceptor, i.6. a pronouwnced push-pull effect.
Second, the HOMO potential of the dve should be sufficiently positive compared to the electrolyte
redox polential for efficient dye regeneration. Third, the LUMO potential of the dye should be
sufficiently negative to match the potential of the conduction band edge of the TiO,. Fowth, a
stromye conjugation and electronic coupling across the donor and the acceptor to ensure high
glectrom {ransfir rates, Finally, to obtain a dye with efficient photocurmment yeneration, T-stacked
aggrewation on the semiconductor should be aveided [17]. Aggregation may lead to intermodecular
quenching or molecules residing in the system not functionally attached to the semiconductor
surface and thus acting as [illers.

2.1.1 Triphenylaming donor

In photovoltaic cells the interest of wsing triphenylamine based sensitizers has
increased in recent years. Triphenylamine have some very investigating electronic and optical
properties and been lately investigated as advanced molecular oploelectronic matetials due to their
thermmal stability and tunability of physical properties through chemical modification.

Organic dyes derived from triphenylamine {TPA) with TPA as the clectron donor,

which showed that expansion of T-electron systems conjugated with phenyl ring of TPA had
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obvious effect on the performance of DSCs and gave high power conversion efficiency [17].
Among the donor groups, triphenylamine (TPA) and its derivatives have displayed promising
properties in the development of DSCs, because the TPA unit suppresses the aggregation of the dye
due to its nonplanar structure [18]. Cause the overall conversion efficiency of DSCs based on DS

was 5.94% (J,_=12.00 mA/em’, V,_ = 688 mV,, ff=0.72).

Q S\ ~COOH
|
d@_/_@/\gv

D5

Figure 2.1 Examples of dye D3

2.1.2 Oligothiophenes as Tl-conjugated linker
Expansion of the Tl-conjugated C=C backbone to extend the absorption spectrum
and broaden it to the red region, is one way to decrease the HOMO/LUMO energy level differences
and thereby increase the solar cell performance. This would, however, complicate the synthetic
procedure and affect the stability of the dye due to photoinduced trans to cis isomerisation.
The introduction of different T-conjugated ring moieties, such as thiophene, benzene or pyrrole is
an elegant way of extending the TC-conjugated system without affecting the stability of the dye. In

2003 Hara et al. reported a series of coumarine dyes with different linker units (Figure 2.2) [19].

cool A
=y OH
< N

MEX-2311 NKX-2593
7=60% 7= T.2%

B 5 -
- i coon
N

NKX-2677
7=7-T%

Figure 2.2 Tt-conjugated extension by thiophene introduction in the linker

Broadened toward the red region when the dyes are adsorbed on the surface of

TiO,, leading to an increase of the photocurrent. NKX-2593 and NKX-2677 both show efficiencies
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over 7% and have almost identical absorption spectra. From a synthetic point of view, NKX-
2593 requires a slightly shorter synthetic route than NKX-2677 to obtain approximately the
same efficiency.
2.1.3 Cyanoacrylic acid and Cyanoacrylamide as Acceptor and Anchoring Groups
The dyes are bonded to the TiO, surface through an anchoring group.
The anchoring group should provide close contact between the dye acceptor unit and the TiO,
surface for efficient electron injection and in general a strong bond is desired to avoid dye
desorption over time. The former requisite is achieved by designing dyes with anchoring groups
also acting acceptor group upon dye excitation.
Anchoring to TiO, has been achieved through a number of functional groups.
In general the binding strength to a metal oxide surface decreases in the order phosphonic acid >
carboxylic acid > ester > acid chloride > carboxylate salts > amides [15] due to its strong electronic

withdrawing properties.

2.2 Aim of the Study

We designed a novel donor TT-conjugate acceptor (D-TT-A) organic materials based on
triphenylamine as the donor group, with a thiophene linker and a cyanoacrylamide or cyanoacrylic
acid moiety as acceptor/anchoring group (TpSSA3 and TpSSA4). The synthetic strategy included
well-known methodology, such as Ullmann coupling, Suzuki cross coupling and the last step where
cyanoacrylamide or cyanoacrylic acid was coupled to the chromophore according to the

Knoevenagel condensation reaction.

I\
d
QLo g
N NN —
‘cooH
@ TpSSA3, X = OH
TpSSA4, X = HN1

Figure 2.3 Organic dye structures of TpSSA3 and TpSSAd4 organic dyes
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2.3 Besolts and Discussion

2.3.1 Synthesis

For the synthesis of trphenylamine based dyes, (E)-2-cvano-3-(5-(5-{4
(diphcnylamine)phenylthiophen-2-yl¥thiophen-2-ylacrylic  acid  (TpS8A3),  fisst  4-{3-
bromothiophen-2-yl}-#, M-diphenylbenzenamine {TpS1) was prepared from triphenylamine boronic
acid precursor and commercially available 2, S-dibromothiophene under Suzuki cross coupling
reaction in the presence ol PA(PPIL), as catalyst and 2M Na,CO, as a base in THF as a solvent for
24 h o dircetly yield 4-(5-bromothiophen-2-y[3-¥, W-diphenylbenzenamine (TpS1}. The residue was
purified by column chromatography on silica gel eluting with hexane to afford a white selid in 26%

as shown in Figwre 2.4,

iy
Q Lo
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TUF
TpsL, 2675

Figure 2.4 Suruki eross coupling reaction to form 4-{5-bromolhiophen-2-yl)-N, W-diphenyl

benzenamine (TpS1).

The mechanistm of Suzuki cross coupling as shown in Figure 2.5
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Figare 2.5 The proposcd mechanism of Suzuki coupling reaction.
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Suzuki cross coupling reaction of 4-(5-bromothiophen-2-yl)-N,N-diphenyl
benzenamine (TpS1) with 5-Formyl-2-thiophene boronic acid in the presence of Pd(PPh,), as
catalyst and 2M Na,CO, as a base in THF as a solvent for 24 h to directly yield 5-(5-(4-(diphenyl
amino)phenyl)thiophen-2-yl)thiophene-2-carbaldehyde (TpS2). The residue was purified by column
chromatography on silica gel eluting with hexane increasing gradually to Hexane:CH,CI, (6:1) to

afford a yellow solid in 82% as shown in Figure 2.6.

ot 2L Go ol

Pd{PPh ) 2M Na CO

THF
TpS2, 82 %

Figure 2.6 Suzuki cross coupling reaction to form 5-(5-(4-(diphenylamino)phenyl)thiophen—2-yl)

thiophene-2-carbaldehyde (TpS2).

The mechanism of Suzuki cross coupling of 5-(5-(4-(diphenylamino)phenyl)

thiophen-2-yl)thiophene-2-carbaldehyde (TpS2) is shown in Figure 2.7

“SH Q,@’[)‘
/0 N

Pd (0) oxidative
coupling
reductive elimination
Q-

(II) s Pd—Br
pd—4y | N
N
Na CO
B(OH)ZCOJ

transmetallation

(u NaBr
S Pd—=Br

Figure 2.7 The proposed mechanism of Suzuki coupling reaction.
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Knoevenagel condensaliun reaction of 5-(5-(4-(diphenylamine)phenyDthiophen -
2-ylMhiophene-2-carbaldehyde (Tp$2) with 2-cyanoacetic acid in the presence of scctic acid as
catalyst and ammonium acetate as eo-catalyst gave {E}-2-cyana-3-(5-{5-(4-(diphenylamino) phenyl)

thiophen-2-ylthiophen-2-ylacrylic acid (Tp$8A3) in goud vield.
NC C0oH
( :a KO _-CPHIH [ 2 Y 4
@»Q\m e NM
plpcr]d[ne ehlarnfirm @

Tps: TRksad, 71

Figure 2.8 Knoevenagel condensation reaction to form (£}-2-cyano-3-(5-(5-(4-(diphenylaming)

phenylithiophen-2-ylthiophen-2-yDacryhic acid (TpSSA3),

The mechanism of (&}-2-cyano-3-{5-(5-(4-(diphenylaminu)phenylthiophen-2-
ylthiophen-2-y Bacrylic acid (Tp%8A4} is shown in Figure 2.9
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Fignre 2.9 The proposed mechanism of Knocvenagel condensation reaction of (E)-2-cyano-3-(5-

{3-(4-(diphenylaminuiphenyl jthiophen-2-y1thiophen-2-yDacrylic acid (TpSSA4).
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Knocvenagel condensation reaction of 5-(5-(4-{diphenylamino}phenylithio phen-
2-yDhiophene-2-carbaldehyde {TpS2) with 2-pyancacctamide in the presence of acetic acid as
catalyst and ammonium acelale ss co-catalyst gave (E}-Z-cyano-3-{53-(5-(4-(diphenyl amino)

phenylithiophen-2-ylithiophen-2-ylacrylamide (TpSSA3) in good yield.

M
@ 5 NC._-CONH, Q ™ s CONH
- 5 i/

N[l ArlAcOH, 301°C, 2h

Tps2 TpH5AS, 17 %

Figure 2.10 Knoevenapel condensation reaction to form {£)-2-cyano-3-(5-{5-(4-{diphenylamina}

phenyhiophen-2-yl)thiophen-2-ylacrylamide (TpS5A3).

The reuction mechanism involves acid-catalyzed tautomerization of the carbonyl

compound 1o the gnol is shown in Figure 2,11,

QorP-ars

l-uza
NC. CONA
. A

Figure 211 The proposed mechanism of Knoevenagel condensation reaction of (£-2-cyano-3-

(5-{5-(4-(diphenylamino)phenythiophen- 2-yIihiophen-2-ylhacrylamide
(TpSSA4).
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2.3.2 Optical propertics

UV-vis and fluorescence spectra of TpSSA3 and TpSSA4 dye in dry CH,CL, are
slown in Figure 2.12 and listed in Table 2.1, together with the UV—vis spectrum of the
corresponding dye absorbed on TiQ, nanoparticle. The absorption specirum of TpS8AZ displayed
three major absorption bands with absorption maxima at 295, 350 and 479 2?95 and TpSSA4
displayed three major absorption bands with absorption maxima at, 352 and 482 nm. The former
corresponds to the A—T transition of the later corresponds 1o the M- tramsition of the 7t-
wonjugated system of dye through the phenyl dng to aceeptor group. The bathochromic shifted (red
shifted) absorption specim were abserved in Tp58A4 has dye which can asenbe as the stronger
electron withdrawing ability of cyanoacrylic acid moiety in TpS5A3 than cyancacrylamide moiety
in Tp$5A4 [20]. The absorption spectrum of TpS8A3 on Ti0, nancparticle shown in Figure 2.13.
1t is breadened when compared to that in solution due to the interaction of the anchoring group with
the surface titanium ioms,

The fluorescence emission spectra of the TpSSA4 and TpSSA3 dyes in CH.CL
(Figure 2,12 (tight}} showed a red-shift from 595 to 622 nm, indicating that the cyanoacrylic acid

moicty are stronger ¢leetron acceptors compared with the cyanoacrylamide maoisty,
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Figure 2.12 Absorption (le/i} and emission (right) spectra of T PSSA3 and TpSSA4

dyes in dichloromethane,
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Figure 2.13 Absorption specira of 110, films sensitized by TpSSA3.

Table 2.1 The absorption and fluprescence data of TpSSA3 and TpSSA4 dyes.

Compound }um“ {nm} and ?erl on TIO,
S0 M em™) (nm)
TpS5A) 482 (2.00)
TpsS5Ad 479 (1,92} 414

?um of emlssion

in CH,CL, (nm)

G422
595

2.3.3 Thermal preperties

17

For eptoclectronic applications, the thenmal stability of organic matedal is

crucial fir device stability and lifetime [21]. The degradation of arganic optoelectronic devices

depends on tnorphotegical changges tesulting from the thennal stability of the amorphous organic

materials [22]. Tipure 2.14 and Table 2.2 show TGA thermograms and temperature at 5% weight

loss (1,,) of TpSSA3 and TpSSAd dyes investigated by TGA analysis under nitrogen ammospheric

condition. Those results suggested that the dyes were thermally siable materials with T, wel! over

200°C which 15 good for long stability of DSCs devices.
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Figure 2,14 TGA thermograms ol TpS8AJ3 and TpSSA4 dyes.

Table 2.2 Thermal properties of TpSSAS and TpSSA4 dyes

Compound T, {"C)

TpSSA3 2491

TpssAd 355

2.3.4 Celt performunce

Typical DSSCs devices with ¢ffective area of (.25 em’ were fabricated using
TpS8AJ as sensitizer. Nanoccrystalling anutase TiQ), coated on FTO substrate were use as working
electrode whercus Pt layer coated on ITO subsitate were employed as counter electrode.
The mixture of 1, (0.1 M), LIl (0.1 k1) and t-butyl-pyndine (0.5 M) in acetonitrile sclution was used
as an electrolyte systemn, £V curves of dves are shown in Figure 215 {nght} whereas plots of
Incident Photon-ta-current conversion efticiency (IPCE} al various wuvelengths are given in Figure
2,15 (left). The action spectra of monochromatic incident photon-to-current comversion cificiencics
(IPCE) for DS8Cs based on TpS8SA3 and N3, The IPCE spectra of TpSSA3 show maxima at
429 nm, ¢fficiencies about 81%. The IPCE valuc of T'pSSA3 is higher but shaper than that of N3 as
cottmersial dye.

Under cuntinuous  visible-light cadiaion (AM  1.5G, 100 chmQ}, the
TpSSA3-sensitized DE3Cs showed the highest 77 among three dyes and gave a short-circuit

photocurrent densiry (7} of 10.92 Inﬁxum-z, an open circuit voltage (V) of 0.68 V, a fill factor (FF)
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of 0.63 and & power conversion efflcicney (PCE) of 4.76%. Device made of a commercial dye N3

under the same condition was compared a3 a reference.

IPCE (%}

Figure 2.15 [PCE speetra (left) and /¥ characteristic {right} of TpSSA3

Wavekengih fnrn)

2.4 Conelusion

Curreni donaity [macm’y

124

—a— TUESA3
’ MY dya

a4

The designed dye compounds TpSSA3 and TpSSA4 were synthesized usitig a combination

of brotmnation, Suzuki cross-coupling and Knoevenage] condensation reactions, The optical znd thermat

properties of these compounds can be mned by varying the acceptor group. The number of thiophene

increased the conjugration length of compounds resulting a red-shift and broad in absomtion solution spoctra,

Under standard global AM 1.5 solar condition, lhe TpSSA3 based ecll give o short eireudl

phatecurrent density of 10,92 mA cmq, all open cirewit vollage of 0.68 V, a fill factor of 0.63,

commesponding to a power conversion efficiency (PCE)} of 4.76%, and the maximum incident

monuchromatic photon-to-current conversion efficiency (IPCE) of $1% at 429 nm. The performance

of DSCs using these materials as dyes is under investigation and will be reported in the future.




CIIAPTER 3

SYNTHESIS AND CHARECTERIZATION OF CARBAZOQLE-BASED ONOR

3.1 Inlroduction

The molecules with D-7I—A structores have atiracted ingreasing attention since they can
serve as electroactive and photoactive materials in molecular clectronics, such as biochemical
fluorescent technology, cficient nonlinear opiical (NLO) materials, ganic light-emitting diodes
{OLEDs] or slectrogencrated chemiluminescence, and solar cells [23].

Cligoi{p-phenylencs) have some very investigating electronic and optical properties and
been lately investigated as advanced molecular optoelectronic materials duc to their high
photoluminescence efficiency, pood charge transportation, thermal stability and tunability of
physical properties through chemical modification [24].

One way o ingrease the efficiency of the DECs is to prevent recombination of cleotrons
from the setniconductor to the electrolyte. This can be achieved by niroducing alkyl chains in the
linker part of the dye, [onming an insulating layer yielding an increased cleetron lifetime in the
[D8Cs (Figure 3.1, MK-1) [25, 26]- The alkyl chains are also believed tv prevent aggregaic
formation on the surface of the Ti0),. However, in 2007 Kim et al. reported & negative influence of
the efficiency when introducing alky| chains in the linker part of the dye [27].

A.1.1 Carbazole as donor

Due 1o the cleetron-donating nature of carbazaoles, they have been widely used as
hole-transporting materials for a number of applications, such as xerography, organic field-clTect
transistors, photorafractive systems, light emitting diodes, etc. Long-lived charge separate stafes
and multiphoton absorbing abilities have been repotted for some of these carbazole based materials,
In photovoltaie cells the interest of using carbazole based senzitizers has inercased in recent years.
Studies of the rathenfum complexes with carbazole as electron donor moicty showed cspecially
improved photophysical propertics and interesting electrochemical properties, included in some
cases relatively long synthetic procedures which would have yielded high production costs and their

efficiencies in the DSC was relatively low (77 = 5.15-8.30%) compared to for instance some indoline
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sensitizers [28, 29.30].
3.1.2 Thiophenes-phenylene as W-Conjugnated Linker

The lunction of a bridpe proup is twofold, 1.¢. aeting both as a part of the light
ibsorbing chromophore and also as a channel for ansporting charges. A good bridge group should
promote the absorption of liglt over a wide wavelength region, vet retards the mte of internal
charge recombination. Linearly connected arylenes serve both  purposes quite  well
The flexible dihedral angles between adjacent aryl groups are twisied o a greater extend upon
excilalion to the CT state, while the electronic resonance is reduced and the rate of charge
recombination slows down. In 2009 Tahsin J.Chow et al. reported a series of naphthyl phenylamine

dyes with different linker units {Figure 3.1} [31].

Y oo
Sa

IN-PPP
n=4.6%

I%-P55%
= 6.1%

Figure 3.1 T-conjugated extension by thiophene-phenylene infroduction in the linker

The triarylenc bridges consist of phenyl and.-’ch thiophenyl proups linked together
in a linear fashion. These ¢ompounds exhibited a high absorptiviey in the bluefgreen region of solar
light. IN-PSP and EN-PS8 both show effiviencies over 6% and have almost identical absorption
spectra. Irom a synthetic point of view, 1N-FS8 quires a stightly shorler synthetic route than
1N- PSP to obtain approximately the same efficiency.

3.1.3 Cyunoacrylic actd and Cyaneacrylamide as Acceptor and Anchoring Greups
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The carboxylic acid group is by far the st employed group for attachument
of the sensitizers to the semiconductor surface. The binding modes have been investigated by
Galoppim and co-workers [32].

When it comes to the slightly wider term acceptor groups, eyancacrylic acid is
by far most commonly used due to its stromg clectronic withdrawing properties. There is a
nwmber of different acceptor groups reported and some show promising resulls, Tn some cases,
the ¢nding of the linker and the beginning of acceptor lie in the eve of the beholdor, sinee the
meriased conjugation that some acceplor groups provided will broaden the absorption speetra.
However, m this thesis a synthetic point of view will be used to differentiate the linker and the

acceptor depending om the reactants nsed [28, 33, 34].

3.2 Aim of stody

We designed an organic chromophore based on carbazale as the danor group, with a
cligothiophene and uoligothiophene-phenylene linker and 2 c¢yancacrylic acid or
cyancacrylamide moiety as acceptor/anchor proup that would be an interesting starting
point for ferther modifications (Figure 3.2). The D-MT-A lype organic dyes were symthesized using
1 combination of alkylation, bromination, Ulmarn  coupling, Suzuki cross-coupling  and

Knoevenage] condensation reactions.

Wz ~cox L0 M
Jropm {‘Q]:@jm

CEZAD n=—2 X —NH2 CEPALEL =1
CESAIL -2, X - 00 {S5PALIYL n=1
ChsEALL n=1, XK -0

Figure 3.2 organic dye strietres of T=T-A type organmic dyes
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3.3 Results and Discussion

3.3.1 Synthesis
The synthesis of CSSA9, CSSA10, CSSA11, CSPA12 and CSSPA13, first,
Friedel-Craft reaction of carbazole with rerz-butylchloride in the presence of zinc chloride as a

catalyst in nitromethane as a solvent gave 3,6-di-tert-butylcarbazole (G1) as white powder in 86%

as shown in Figure 3.3.

s =

ZnCIz, Nitromethane

-4

G1,92%
Figure 3.3 Synthesis of 3,6-di-tert-butylcarbazole (G1)

The reaction mechanism via stable carbocation is shown in Figure 3.4,

ZnCl

2 =
-9—0 ——>->+ + ZnCl

-—"—:.-

Figure 3.4 The propose mechanism of Friedel-Craft reaction

Ullmann coupling reaction of 3,6-di-tert-butylcarbazole (G1) with 2,5-dibromo
thiophene in the presence of copper iodide as a catalyst, (+)-trans-1,2-diaminocyclohexane as a co-
catalyst, and potassium phosphate as a base in toluene as a solvent at reflux for 24 h led to 3,6-di-
tert-butyl-9-(5-bromothiophen-2-yl)-9H-carbazole (C82) as white solid in 50% yield as outlined in

Figure 3.5.
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@.@ - Bi1 O.w‘ - @ N@m
i K PO, Cul, Toluene Q

Gl €53, 53%,
Flgure 3.5 Synthesis of 3,6-di-terr-butyl-9-(S-bromoethiophen-2-v1)-9H-carbazale (C'52)

Ullmzann coupling mechanism is shown in Figure 3.6. The active species is a
copper {1} iedide which undergees oxidative addition with the second equivalent of halide, followed

by reductive elimination and the formation of the thiophene-carbazole carbon bond,

@m VeV

It +KP'D

HI+ K]P‘U‘J
reductive
¢ellminution

Cu‘h

p R

oxidative
addition “’Q“’
Figure 3.6 The proposed mechanism of Ullmam coupling rection

Suzuki cross coupling resction of 3,6-di-ters-butyl--5)-bromathinphen-2-y1)-95-
carbazule {(CS2) with 3-Formyl-2-thiophene boronic acid in the presence of PA(PPh,), as catalyst
and 2M Na,CO, as a basc in THF as a solvent for 24 h to dircetly yictd 5-(5-(3,6-di-tert-buryl-95-
carbazal-9-yl)thiophen-2-yljthiophene-2-carbaldehyde {C885) as vellow solid in 60% yicld as

shown in Figure 3.7,
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Figore 3.7 Suzuki cross coupling reaction to form 5-{5-(3 6-di-tert-buty-9H-carbazol-9-y1)

thiophen-2-ylthiophene-2-carbaldehyde (CS55)

The proposed mechanism of Suzuki sross coupling reaction is show in Figure 3.8.
‘The Suzoki reaction ie the coupling of an aryl or vinyl boronic acid with an ary! or vinyl or vinyl
halide using » palladiom eatalyst 1o form C-C bond. Thus, base activation ol erganuboron reagents
as boronate intermediates facilitated the transfer of the organic yroup from boron to paliadiom
{fransmetallation). The reaction has later been extended to also include couplings with alkyl groups

[35].

EM + RYX —== R-R° + MX
R, K" = aryl, vinvl, allyl

X = halide
M = BOH),
\ L (G
- n
R-R oxidative
addition
reductive
elimination
R R
L pﬁ/ LPd/
m [ T
R X
MX BV

transmcLallution

Figore 3.8 The proposed mechamsm of Suzuki coupling rection
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Tor dyes having extended TC-conjugation was synthesized by Svzukl coupling
reaction of brome intermediate compound €82 with 2-thiophenchuromic acid o give 3,6-di-rert-
butyl-9-(5-{thiophen-2-yl)thicphen-2-y1}-94-carbazole (C553) as white solid in 58% yield as

shown in Figuore 3.9,

@ .|" ]]-fﬂll]'
O PU(PFh )  2M Na €O,

C5&2 (553, BR%

Figure 3.9 Suzuki cross coupling reaction to form 3, 6-di-tere-butyl-9-(5-{thiophen-2-¥1)

thiophen-2-y1)-9H-carbazole ({553}

The Suzuki cross coupling reaction follows a threc-sicp mechanism eycle,
uxidative addition, ransmetallation and reductive elimination as desenbed o Figure 3,12,

3 f-dli-teri-butyl-9-(S-{ thiophen-2-vlithiophen-2 -¥l)-9H-carbaole  {C583) was
brominated with NBS in tctrahydrofuran  gave 3 ,6-di-tere-butyl-9-(5-(5-bromathiophen-2-31)

thiophen-2-y1)-9H-carbazole (CS84} as white solid in 100% yield (Figure 3.10).

CE33 CES4, 100%0

Figure 3,10 Bromination reaction to form 3,6-di-ters-butyl-9-(5-(5-bromathiophen-2-yI)

thiophen-2-y1)-9H-carbazole (C554)

The reaction mechaniam invalved bromination resction as described in Figure

LA
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,)-Br f,"\ Hr-Br

NBr o+ gty ——a N“lr N+ Her
g
/\ o
ks
ﬁ\-‘m + nh "Q']]r A
[

H@ﬂr‘ﬂr — ,@E" R_,Q,

thivphene
or aromatic amlne

R = Substituent groug

Figure 3.11 The proposed mechanism of Bromination reaction

The Suzuki coupling reaction was performed with the bromo intermediate and
5-formyl thiopheneboronic acid was camied out using Pd(PPh,), as a catalyst and Na,CO, as & bas:
in THF as a solvent for 24 h o directly yicld 5-(5-(5-(3,6-di-ters-buryl-9H-carbazol-9-y Mhiophen-
2-yDthiophen-2-yDthiophene-2-carbaldelyde (CS856) as yellow solid in 72% yield as shown in
Figure 3.12.

Iy llrlll \S‘f Br W

@ F‘d{PPh} am \a{ﬂ,

U554 CEES, 720

Figure 3.12 Suzuki cross coupling reaction to form 5-(5-(5-{3,6-di-tert-butyl-0H-carbazol-9-

yljthiophen-2-yl)thiophen-2-y1jthiophene-2-carbaldehyde {CSS56)

For dy¢ with Lhiophene-phenyl as linker and cyanoacrylic acid as an acceptor was
synthesized. Suzuki cross coupling reaction of 3,6-di-fers-butyl-9-(5-bromothivphen-2-y13-24-

carbazole (C82} with 4-formylphenylboromic acid W the PA(PPL), as a catalyst and Na,C(h as a
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basc in THF as a solvent for 24 h to directly yield 4-(5-(3,6-di-fert-butyl-97f-carbazol-9-yi)

thiophen-2-ylibenzaldehyde (CSPR) as yellow solid in 99% yield as shown in Figure 3.13.

Y @—éj 7
) I
Ly

el R L
T4 I ¥

THF CEPS, 894

Fizure 3.13 Suzuki coupling reaction of 4-(5-(3,6-di-tert-butyl-%H-carbazol-9-yI Hhiophen-2-

ylibenzaldehyde (CSP8)

Suzuki cross coupling reactton of C884 with 4-lurmylphenylborenic acid in the
Pd{PPh,), as a catalyst and Na,C0,as a base in THF as a sulvent for 24 b to directly yield 4-(5-(5-
(3,6-di-terr-butyl-9H-carbazol-2-yl jthiophen-2-y)thivphen-2-y benzaldehyde (CSSPT) as yellow

solid in B9% yield as shown in Tigors 3. 14,

30 0 G000

FJ{FT'L }I M Ma C'D

RS54 TIF CHEPT, 8084,

Figure 3.14 Suzuki cross coupling reaction (o form 4-(5-{5-(3,6-di-fert-butyi-911-carbazol-9-y1)

thiophen-2-ylithiophen-2-yitberaldehyde (CSSPT)

The dye with cyanoacetamide as an acceptor was synthesized Knocvenapel
condensation reaction of U885 with 2-cyanoacetamide in the presenee of acetic acid as catalyst and
ammonium acetate #s co-catalyst gave the target (Ei-3-{5-(5-(3 6-di-rer-butyl-9H-carbazol-9-y1}
thiophen-2-y1}thiophen-2-yl)-2-cyanouacrylamide (CS8A9) as red solid in 78% yicld as shown in
Figura 3.15.
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Figure 3.15 Synthesis of target (E)-3-(5-(5-(3,6-di-tere-butyl-94-carbazol-9-yDthiophen-2-y/)

thiophen-2-y1}-2-cvanoacrylamide (CHSAY)

Knocvenagel condensation mechanism invelves acid-catalyzed twulomerization

of the carbonyl compound to the enol is shown in Figure 3.16.

%ﬂl
] b g } N H /0
$ & /
£
Iyde H* OH i ™
P[ catalyfe _ a\,ﬁ]\ N o Nl[I
= NC NH, == —

NCwrCog
)

-H 0
K

\ W CONR,
»

Figure 3.16 The proposed mechanisin of Knoevenagel condensation reaction

The dye with cyanoacrylic acid as an acceptor was synthesized. Knoevenagel
condensation reaction of CSS5 with eyanoacetic acid in the presence of piperidine as base and
chlorcform as solvent gave (E}-3-4(5-(5-(3,6-di-tert-butyl-9H-carbazol-9-ylthiophen-2-ylJthio phen-

2-y1)-2-cyanoacrylic acid (CSSA10) in good yield as shown in Figure 3.17.
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Figure 3.17 Synthesis of (Ep-3-(5-(5-(3,6-di-tere-buty -3 H-carbazol-%-ythiophen-2-yl)

thiophen-2-y1)-2-cyaneacrylic acid (CSSA10)

Knoevenagel condensation is addition reaction of the methylene components,
activated with two electronwithdrawing groups, to aldehyde can be performed with sceondary
amines. A reasonable varation of the meehanism, in which piperiding acts as orpanccatalyst,

involves the corresponding iminium intermediate as the acceptor is shown in Figure 3,18,

K
HE+I:|/KO
R
H

'S

V]
H
)/‘ N HO+B

o

=

g K O R' = CN, COGII

Figure 3.18 The proposed mechanism of Knoevenagel condensation reaction.

The dye with cyancacrylic acid as an acceptor was synthesized. Knocvenagel
condensation reaction of 10 with cyanoacetic acid in the presence of piperidime as a base and and
chloroform as solvent to directly vield (£)-3-(5-(5-(5-(3,0-di-fert-buty|-9H-carbazol-9-ylthio phen-
2-ylithiophen-2-y1}thiophen-2-¥1}-2-cyancacrylic acid (CESSA11} as yellow solid i 82% yield as

shown in Figure 3.19.
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piperiding, chleroform

NC. COOH NC
@ Yy s f O - . @ W@DH
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CH550 CSE5A11, ¥2%%
Figure 3.19 Knoevenagel condensation reaction to form CS5SAl11
Knoevenagel condensation reaction of CSP8 with cyanoacetic acid in the
presence ol piperidine as base and chloroform as solvent gave (E)-3-(3-(5-(3,6-di-tert-butyl-97F

carbazol-9-yiHhiophen-2-y1) thiophen-2-y1}-2-cyanoucrylic acid (CSPA12) in 52% yield s show in
Figure 3.20. -

@ ‘B NC.-CONR, O B NC
8 - & £ 0000
Q . NH A0AOT, 80°C, Ih @

Figure 3.20 Knoevenagel condensation reaction to form (Ef-3-(4-(5-(3,6-di-fert-butyl-94-

carbazol-9-v1)thiophen-2-ylIphenyl)-2-cyanoacrylic acid (CSPA12)

Knoevenapel condensation reaction of 4-(5-(5-(3,6-di-terr-butyl-SH-carbazol-4-
yDithiophen-2-v1)thiophen-2-ylthenzaldehyde (CSSPT) with cyanoacetic acid in the presence of
piperidine as basc and chloroform as solvent gave (E}-3-(4-(5-(5-(3,6-di-Lert-butyl-2H-carbazol-9-
ylithiophen-2-vi)thiophen-2-yljphenyl}-2-cyanoacrylic acid (CSSPA13} in 39% yicld as show in
Figure 3.21

_ NC, _exanH
@ NC-ACONH, @ ;
s H - g P
S NH Ac/AcOH, 30°C, 2h - ' L

Figure 3.21 Knoevenagel condensation reaction to form (Ep-3-(4-(5-(5-(3,6-di~tert-butyl-9H-

carbazol-9-vi)thiophen-2-ythiophen-2-yl)phenyl)-2-cyanoacrylic acid {CSSFAL3)
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3,31 Optical propertles )

UV—vis and fluorescence spectra of CSSAY, CSSALD, CSSSAIL, CSPAI2 and
CSSPAL3 dyes in dry CH,CL, are shown in Figure 2,12 and listed in Table 2.1, topether with the
UV-vis spectrum of the corresponding dye absorbod om TiO, nanoparticle. UV—vis and
tlnorescence spectrz of CSSAD, C85A10, CS58A11, CSPAIZ and CSSPAl3dyes in dry CHCL
are shown in Fipure 2.12 and listed in Table 2.1, together with the UV—vis spectrum of the
corresponding dye absorbed on Ti0), nanoparticle. In solution, all five compounds exhibits a three
major absorption bands. Which show absorption bands around 290-350 mn corresponds to T
transition and broad absorption bands around 400-600 nm corresponds to Intramolecular Charge
transfer Transition (10T} of donor-accepter compound [36]. Comparition between the CS5A9 and
C58A10 dyes, which has the same zleclron donor and T-conjugate, but different aceeptor moiety.
[t can be seen that the maximum absorption of the visible regiofi bathoclhromi shifted {red shifted)
from 441 ta 428 nm. Compantion botween the CSSA10, CS58A11, CSPAI12 and CSSPA13, which
has the same electron donor and acceptor moiety, but different T-conjugating systems. It cun be
seen that the maximum absorption of the visible region Ted-shifts from 397, 412, 428 to 449 nm for
CSPALZ, CSSPALY, CSSALD and C588411, respectively. The dyes have linker containing more
thiophene moiety displayed a greater bathochromic shilt and the T erbital in thiophene is localed at
a higher potential level than in phenyl ring, there for is delocalized more extensively than the later.
A better conjugation in the fonmer is also supported by a merce planar comformation (371

The tluorescence cmission spectra of the dyes in CH,Cl, (Fig. 3.22 {right))
showed a red-shift upon inereased number of thiophene units in the molccule, which is roughly
parallel ta the wrend of the absorptivn

When the CSSA10, CSS5A11, CSPAL2 and CSSPA13 dyes are attached to TiO,
surface, the absotption spectra ol these dyes are broadened are blue-shified as compared to that in
solution (Figure 3.23), indicating strong interactions between the dyes and the semiconductor

surface,
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Figure 3.22 Absorption (left) and emission (right) spectra of CSSA9, CSSA10, CSSSALlL,

CSPA12 and CSSPA13dyes in dichloromethane
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Figure 3.23 Absorption spectra of TiO, films sensitized by CSSA9, CSSA10, CSSS5A11,

CSPA12 and CSSPA13



Table 3.1 The absorption and flucrescence data of CSSAD, CS8A10, CS88A11, CSPA12 and

CSSPAI3 dyes
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Compound A, (nm) and Ao, o0 TiO, A, of emission
£ (10°M" em™) {um) in CH,CL, (nm)

CSSAD 295 (3.32), 345 (4.24), - 587
441 (3.18)

CSSA10 296 (3.34), 348 (4.11), 413 590
428 (3.51)

C558A11 295 (3.74), 341 (4.25}, 421 593
449 (3.57)

CTPALL 296 (2.94), 341 (3.50), 395 505
397 {3.71)

CSSPAL3 296 (2.90), 3.50 (3.34), 400 527
412 (2,73}

3.3.3 Thermal properties

For optoclectronic applications, the thermal stability of crganic material is crucial

for device stability and lifetime |21}, The degradation of erganic optoclectronic devices depends on

morphological changes resulting from the thermal stability of the amorphous organic materials [22].

Figure 3.24 and Table 3.2 show TGA thermograms and temperature at 5% welght loss (T} of

CS8A9, C85A10, CS558A11, CSPA12 and C8SPAl3dyes imvestigated by TGA analysis under

pitrogen atmospheric condition. Those results suggested Lhat the dyes were thermally stable

materials with T, well over 290°C which is good for long stability of DSCs devices.
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Figure 3,24 TGA thermograms ot CSSA9, CESA10, C8585A11, CSPA12 and CSSPALS dyes

Table 3.2 Thermal properties of CS5A9%, CS5A10, C5585A11, CSPA12 and CSSPA1S dyes

Compound T, {"C)
CE5A9 324
CR5A10 295
CH55A11 383
CSPAlL2 238
CRSPAlL3 252

3.4 Cooclusivn

The designed dye compounds CSSA9, CS5410, CS85A11, CSPAIL and CSSPALS
were synthesized using a combination of Bromination, Ullmanu coupling, Suzuki cross-coupling
and Knoevenagel condensation reactions. The target molecules exhibit 2 absorption hand cover UV
and visible region, The optical and thertnal properties of these compounds can be tuned by varying
the linker and acceptor group. The mumber of thivphenc inercased the conjugation length of
compounds resulting a red-shift and broad im absorption solution spectra.  The dyes have
oligothiophene and oligothiophene-phenylene linker. These compounds as oligothiophene
linker exhibited a high absecrptivity more aligothiophene-phenylene linker. The performance of

DSCs using these materials as dyes is under investigation and will be reported in the future,




CHATPTER 4
SYNTUESIS AND CHARECTERIZATION OF D-D-TI-A TYFE
ORGANIC DYES HAVING CARBAZOLE-N-YL-DODECYLOXYPHENYL

CARBAZQOLE AS A DONOR

4.1 Introduastion

Organic dipolar compounds containing sn clectron donor (D), eleciron acceptor {A) and
an T-conjugated linker have found wide applications on the new generation of optoclectronic
device. Electron teanster from [3 to A happens rapidly upon photoexeitation to generate a charge-
seperated spicies [28]. Subsequent charge recombination may proceed within the meolecule to
generate a charge-transfer {CT) emission in certain cases, or it may beguided to proceed though an
external circuit such as the design in dye-sensitized solar cells {DSCs). Because the efficiency of the
solar cell competes with the internal charge recombination, the life time of the CT state become the
major concern the design the dyes.

The advantage of organic dyes is the casc of tuning their photophysical properties
through the structural modification, D-D-T-A organic molecules are among the most important
conjugated organic materials {29]. Organic dyes with T-D-A-A structure over the simple D-TE-A
contiguration, introducing a sceondary electron donor into the dye molecule cun increase electron-
density of donor and ¢nhange molar extinction coeflicient, which resulted in high overall conversion
efficiancy [30].

In 2008 Daniel . o al reported DI l-sensitized solar cells yield overall coaversion
efficiency of 7.20% under standard AM 1.5 sun light. In 2009 Zeng, W and others reported a C219
as the sensitizer exhibited an impressive efficicney of 8.9% under a low light intensity of 14.39 mW

em [38].
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Figure 4.1 D-D-T-A organic dyes

Furthermore, the bulky alkylphenyl groups could suppress the aggregation due to the
ihsturbance of the 7i-T stacking, which should always be aveided for efficient photocursent
generation because aggregation may lead to intermaolecular quenching or affect the light absorption

by the filtering effect [39).

4.2 Aim of study

We desipned D-D-T-A type orgamic dycs based on carbazole (G1)as the primary
donor group, carbazole cormected with dodecyloxyphenyl group as the secondary doner, with &
oligothiophene linker and a eyanoacrylic acid moiety as acceptorfanchor group that would
be an interesting starting point for (urther modifications (Figure 4.2}, The D-D-T-A type
onganic dycs were synthesized using a combination of alkylation, bromination, Ullmamm coupling,

Suxuki cross-coupling and Knoevenagel condensution reactions.

GICEae
GIO¥EALZ N =1

GICESsAI4, =1

Figure 4.2 orpanic dye structures of D-D-J0-A type organic dyes
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4,5 Resalts and Discussion

4.3.1 Synthesis
The synthesis of D-D-T-A (ype organic dycs based on carbazole (Gl)as the
primary donor group, carbazole connected with dodecyloxyphenyl group as the secondary denor,
with a oligothiophene linker and a cyanoacrylic acid moisty as aceeptor/anchor group, first,
Alkylation teaction of phenol with bromododecang in the presence of patassium hydroxyde as a
base in DMSO as a solvent stirred for 24 b led to 1-{dedecyloxylbunzene (PO) as oil in 75% yield a

pullined m Figure 4.3,

Eroamisdiadeeirni:

———— -
@‘0[] < >-OC11H15

KOH, M50
PO, 7555

Figure 4.3 Alkylation reaction to form 1-(dodeeyloxylbenzene (PO)

o e o AT O

[ H
13

Figure 4.4 The proposed mechanism of nuecleophilic snbstitution reaction

1-{dodecyloxy)benzene {PO) was brominated with NBS in ammoenium acelate
and acetonenitrile as solvent gave 3.6-di-tert-butyl-9-(5-(5-bromothiophen-2-yl) thiophun-2-y1)-9H-

carbazole (PO2) as oil in 100% yicid (Figure 4.5}

NES, NH A,

@—ﬂc H — m—@—uc ST
1T 25 17 I3

acetnnenitrile

-~ PO, LO0

Figure 4.5 Bromination reaction to form 1-brome-d-{dodecyloxybenzene (PO)
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Ullmanin  coupling reaction of 1-bromo-4-{dodecyloxyibenzene (PO)  with
carbazole m the presence of copper iodide as a catalyst, ()}-trans-1,2-dismipovyclohexane as
a co-catalyst, and potassium phosphate as a base in toluene as a solvent a1 reflux for 24 h led 9-(4-

{dodecyloxy) phenyl}-9H-carbazole {CPO2) as white suhid in 95% yield a outlined in Figure 4.7.

B B G H,
TR

PN i : IZZIII‘_'!u]Im CPOL, 5%
K3P'},’ Cul, Toluene

Yigure 4.6 Ullmann coupling reaction to form 9-(4-{dodecyloxy) phenyl)-9H-carbazole (CPOT)
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Tigure 4.7 The proposed mechanism of Ullmann coupling reaction

Ullmann coupling 111ec:ha11i,sﬁl is shown in Tigore 4.8, The active species is a
copper {1} iodide which undergoes cxidative addition with the sccond eguivalent of halide, followed
by reductive ¢limination and the tormation of the thiophene-carbusole carbon bond.

9-{4-{dodecyloxy) phenyl}-9H-carhazale {CFO2) was brominated with NBS in
tetrahydrofuran as solvent gave 3 6-dibromo-9-(4-{dadecyloxy)phenyl)-9/F-carbazole (CPOJ) as

white solid in 71% yield yield a outlined in Figure 4.8,
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Figure 4.8 Bromination reaction o form 3,6-dibromo-9-{4-{dodecyloxy)pheny ()-8 H-carbazols
{CPO3}

The reaction mechanism involved bromination reaction as described in Figure

311,
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Ullmans  coupling  resction  of  3.6-dibromo-2-{4-(dodecyloxypheny -9/

carbazole (CPO3} with 3,6-di-tert-butyl-97-carbazole (G1) in the presence of copper indide as 2

catalyst, {£)-#rams-1,2-diaminocyclohexane as a co-catalyst, and potassium phosphate as a base in

toluene as a sobvent at reflux for 24 h led to 3,6-di-fere-butyl-9-(3-bromo-9-{4-{dodecyloxy)

phenyl)-9&-catbazol-6-y ) -94-carbazole {G1C4) in 36% yield yield a vutlined in Tigure 4.9 and the

mechanizm of Ullmann coupling resetion as deseribed in Figore 4.7,

N [
HN
-'u"H_ KJPI]‘, Cul, Taluene UCnst
LP3 CL1Cd, 36%

Figure 4.9 Ullmann coupling reaction to form 3,6-di-fer-buty!-9-(3-bromo-9-{4-{dodecyloxy)

phenyl}-9H-carbazal-6-y1 -9 H-carbarole {GG1C4)
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The Suzuki coupling reaction was performed with the bromo intermediate and
5-formyl thiophensboronic acid was carried ont using PH{PPh, ), as a catalyst and Na,C(O, as a base
in THF as a solvent for 24 b 1o directly 5-(3-(3,6-di-tert-butyl-9H~carbazol-9-y1}-9-(4-(dodecyl
oxy )phenyl}-0H-carbazol-6-yl)thiophene-2-carbaldehvde as vellow (G1CSH) solid in 73% yield as

shown in Fipure 4.10.

@ | ﬂ[ﬂ}iu’@“fnﬁ
Q N =

P{ITh_j , 2M Na_CO ,
¥4 P |

T

DCLZHH EHHH

CiC4 GOS8, TRy
Figure 4.1% Suzuki coupling reaction to form 5-(3-(3,6-di-tert-butyl-9H-carbasol-9-y1}-9-(4-

(dodecyl oxylpheny)-9H-carbuzol-6-y ) ihiophene-2-carbaldehyde (G1CS6)

The mechanism of Suzuki coupling resction Tollovs a theee-step mechanism
cyele, oxidative addition, ransmetallation and reductive ¢limination as described in Figure 3.12

The Buzuki coupling reaction was performed with the bromo intermediate and
2-thiopheneboronic acid was carried out using PA{PPh.), as a catalyst and Na,C0, as a base in THF
as 4 solvent for 24 I to directly yield 3,6-di-fert-butyl-9-(9-(4-(dodecyloxy)phenyl }-3-(thiophen-
2-y1}-2H-carbazol-6-y1}-9H-carbazole {G1CSS) as yellow sohid in 73% yield as shown in Figure
4.11.
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Figure 4.11 Suzuki coupling reaction to form 3,6-tli-tert-butyl-3-(9-(4-(dodecyloxy Jphenyl)-3-
(thiophen-2-y1)-2H-carbazol-6-y] 94 -carbazole (GLCSS)

The mechanism of Svzuki coupling reaction follows a threc-step mechanism
cyele. oxidative addition, transmetallation and reduective elimination as described m Figure 3,12,

Brominalion reaction of  3,6-di-tert-butyl-9-{9-(d4-(dodecyloxyjphenyl)-3-(thio
phen-2-y11-9H-carbazol-6-y1-9H-carhazole in the presence(G1CS5) of NBS with tetrahydrofuran
as & solveml gave  36-di-tert-butyl-9-(3-(5-bromothiophen-2-y1)-9-{4-{dodecylony Iphenyl - 9H-

carbazol -6-y1)-94-carbazale (G1C87) as white solid in 98% yield as shown in Figure 4.14.
¥

@ “y=Br

I 3
ML, THL @ N
N
H
| A} CIIHIE
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Flgure 4,12 Bromination reaction to form 3,6-dibromo-9-{d-{dodecyloxy)phenyt)-9H-carbazole

(GICS8T)
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The reaction mechanisin invelved bromination reaction as deseribed in Figure
311,

The Suruki ¢oupling reaction was performed with the bromo intermediate and
S-formyl thiophenchoronic acid was carried out vsing PA{PPh,), as a catalyst and Na,C(}, as a base
in THF as a solvent for 24 h to directly 5-(5-(3-(3,6-k-fers-buly-9H-carbazol-9-y1}-9-{4-
{dodecyloxy)phenyl)-94H-carbazol-6-yljthiophen-2-ylthiophene-2-carbaldehyde  as  (GLCSS10}

yellow solid in 75% yield as shown in Figure 4.15

FIPFh_} | 2M Na OO,
14 13
THF

le{z:- Lqu:s-

L1CsY G1RS10, T5

Figure 4.13 Suzuki coupling reaction to form 5-(5-(3-(3,6-di-tert-butyl-97 -carbazol-9-y13-9-(4-
{dodecyloxy)phenyl)-2H-carbazol-6-y1 Hhiophen-2-yJthiophene-2-carbaldehyde
{(GICSS10)

The mechanism of Suzuki coupling resction follows a three-step mechamism
cvele, oxidative addition, transmetallation and reductive elimimation as described in Figure 3.12.

The Suzuki coupling reaction was performed with the brome intermediate and
2-thiopheneboronic acid was carmicd out using Pd(PPh,}, as a catalyst and Na,CO, as a base in TIIF
as a solvent for 24 h to directly yield 3,6-di-rere-buty!-9-(9-{4-{dodecyloxyIphenyl}-3-(5-(thiophen-
2-yljthiophen-2-y1)-8H-carbazol-6-y1)-2H-carbazole (G1CSS8) as yellow solid in 86% yield as

shown in Figure 4.16.
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Figure 4.14 Suzukicoupling reaction to form 3,6-di-ters-butyl-9-{9-(4-{dodecyloxypheny!)-3-

{5-(thiophen-2-y1 #hiophen-2-y1)-9H-carbazol-6-y1)}-9H-carbazole (G1US58)

3,6-di-ferf-huLy1-9-{9.-(4-{;1{1:11:::}-Inxy]phcn:,r1}—3—{5—(thiuphan—Z—yl}thiﬂphend~
yI}-94-carbazol-6-v1)-9H-carbazole (GLCSSS) was brommated with WBS in tetrahydroturan as
sulvent  gave  3,6-di-fert-bulyl-9-(3-(5-(5-bromathiophen-2-ylthiophen-2-y13-9-(4-{dodecyioxy)
plhenyl -2 -carbazol-6-v1)-2H-carbazole (G1C859) as white solid in 77% yicld a cutlined in Figure

4.15.

3 O

\\
@ N i D S NES, TiIF
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17 M 11 1%
G1CSSS GICSS9, T7%

Tigure 4.15 Suzuki coupling reaction ta form 3,6-di-fert-butyl-9-(3-(5-(5-bromothiophen-2-
yIthiophen-2-y13-9-{4-(dodecyioxy )phenyl)-9HF-carbazol-6-y1)-9H-carbazale

(G1CS859)
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The Suzuki coupling reaction was performed with the brome intcrmediate and 5-
formyl thiophensboronic acid was carried out using PA(PFh,}, as a catalyst and Na,CO, a5 a base in
TIIF as a sclvent for 24 h to directly 5-(5-(5-(3-(3,6-di-terr-butyl-9 H-carbazol-9-y1-9-{4-
(dodecyioxy)phenyl}-9H-carbazol-t-vijthiophen-2-yl)thiophen-2-y hiophene-2-carbaldehy de

(G1CSS811} as yellow solid in 79% yield as shown in Figure 4,19,

PA{PER ) | 2N Na 00,

THF
I H H
12 s 12728

G1CESS GICSSE11, 1%

Figure 4,16 Suzuki coupling reaction to form 5-(5-(5-(3-(3 6-di-fert-butyl-9f Feartbazol-9-yl)-9-
(A-{dudeeyloxy pphenyl-2H-carbazol-6-y[thiophen-2-ylthiophen-2-yBthiophene-2-
carbaldchyde (G1CSSS11)

The dye with cyanoacrvlic acid as an acceptor was synlhesized, Knoevenagel
condensation reaction of aldehyde componnd with cyancacetic acid in the presence of piperidite as
8 basc and and ¢hloveform as sobvent to dirgetly yield f8-3-(5-[3-(3 6-di-fert-butyl-2H-carbazol-3-
yI}-9-{4-(dodecyloxy)phenyl }-9H-carbazol-6-y1 thiophen-2-y1)-2-cyancacrylic acid (GICSAI12) as

red solid in 62% yicld as shown in Figure 4,17,
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Figure 4.17 Knoevenagel condensation reaclion o form (E)-3-(5-(3-(3.6-di-fer-butyl-94-
carbazol-9-y1}-9-(4-{dodecyoxy phenyl -9 H-carbazal-6-y )thiophen-2-y1}-2-

cyanoacrylic acid (GICSAL2)

Knoevenage! condensation reaction of aldehyde compound with cyanoacetic acid
in the presence of piperidine as a base and and chloroform as solvent to directly yield (5)-3-(5-(5-(3-
{3,G—di—.reri‘"buty1-Q'H-carhaml—g—yl]—ﬁ‘-(4—(dudec}rlox}r}phcnyI]-ﬂff—cmbazol—ﬁ—yl] thiophen-2-y1)

thiophen-2-y1)-2-cyancacrylic acid (G1CSSAT13) as red solid in 61% yicld as shown in Figure 4,15

(D A

|

O N £ N OO0
Qa¥ -
N piperiding, chlorolirm
C H L H
Ir 25 1t 15
L L CLUNSATN, 619

Figure 4.18 Knocvenagel condensation reaction to form (E}-3-(5-(5-(3-(3,6-di-tere-butyl-34-
carbazol-G-y13-9-(4-(dodecyloxy }pheny| -9 H-carbazol-6-y1thiophen-2-yl thiophen-

2-y1}-2-cyanoacrylic acid (G1CS5A13)
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Knoevenagel condensation reaction of aldehyde compound with cyanoacetic acid
in the presence of piperidine as a base and and chloroform as solvent to directly yield (E)-3-(5-(5-(5-
(3-(3,6-di-tert-butyl-9H-carbazol-9-yl)-9-(4-(dodecyloxy)phenyl)-9H-carbazol-6-yl) ~  thiophen-2-
yl)thiophen-2-yl)thiophen-2-yl)-2-cyanoacrylic acid (G1CSSSA14) as red solid in 65% yield as

shown in Figure 4.19.

Q NC

B\ I )z
. ¥ NC._COOH @ N CHoR
Crsy ™ . I $s ™
N N
piperidine, chloroform
C H OC H
1225 1225
G1CSSS811 GI1CSSSA14, 65%

Figure 4.19 Knoevenagel condensation reaction to form (E)-3-(5-(5-(5-(3-(3,6-di-tert-butyl-9H-
carbazol-9-y1)-9-(4-(dodecyloxy)phenyl)-9H-carbazol-6-yl)thiophen-2-yl)thiophen-

2-yl)thiophen-2-yl)-2-cyanoacrylic acid (G1CSSSA14)

Knoevenagel condensation is addition reaction of the methylene components,
activated with two electronwithdrawing groups, to aldehyde can be performed with secondary
amines. A reasonable variation of the mechanism, in which piperidine acts as organocatalyst,
involves the corresponding iminium intermediate as the acceptor is shown in Figure 3.18.

4.3.2 Optical properties

UV-vis and fluorescence spectra of G1ICSA12, G1CSSA13 and G1CSSSA14
dyes in dry CH,Cl, are shown in Figure 4.20 and listed in Table 4.1, together with the UV-vis
spectrum of the corresponding dye absorbed on TiO, nanoparticle. In solution, all three dyes show
similar characteristic of donor-accepter. Dyes G1ICSA12, G1CSSA13 and G1CSSSA14 exhibited
broad absorption spectra ranging from 250 to 600 nm. The spectra exhibit three major absorption
bands. The absorption band at around 298 nm can be attributed to the T-T transition of the carbazole

moieties and the absorption bands at longer wavelength around 450 nm corresponding to the
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intramolecular charge transfer {ICT) trausition hetween the donor and the acceptor. This indicares that
the molecules huve & [-D-T-A character, As the number of thiophene units in the molecules increase,
the spectra bathochromic shifted (red shifted) and the molar extinction coefiicients (£} increase.
The broad absorption speeira and high € value are the key requirments for best sentisizer for efficient
SC.

Az expected, GLHCSSSA14 with the dodecyloxyphenyl cxchibits more red shift
absorplion {?'uw_m 450 nm, 1CT band) comparing to the CCT3A dyes {?‘um 443 om, ICT band) [44].
The ted shified in the absorption can be atributed to the dedecyloxyphenyl moiety as electron
withdrawing group and long conjugated system. Turthermore, the bulky alkylphenyl groups could
suppress the aggregation due to the disturbance of the 7T-TC stacking [31].

The UY-vis absorption spectra of the GLCHAL2, GICS5A13 and GICS55A14
dyes adsorped on TiO, film show a hypsochromic shified or blue shifted and broader spectra when
compare Lo their cotresponding absorption spectra in solution (Figure 4.21). The breadending of the
dves absorption on the surface of the TiQ, films and blue shifted of the peak imaxima is belived to
result from the formation of partial H-aggregate [41].

The flucrescence emission spuctra of the dyes in CH,CI, (Fig. 4.20 (right)) & red-
shifl upon inereased mumber of thiophene units in the moleculs, which is roughly parallel to the

trend of the absorption speetra.
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Figure 4.20 Absorption (left) and emisgion (right) specira of G1CSA1Z, G1CSSALS and

G1CSSS ALY dyes in dichloromethane,
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Figure 4.21 Absorption spectra of 110, films sensitized by G1CBA12, G1CSSA13 and

GIC585A14 dyes.

Tahle 4.1 The absorption and fluorescenee data of GLCSALL, GICSSA13 and G1CSS8A14

Compound :‘I."m {nm) and }um“ on TiO, " }n.m“ of emission

E |[1\|li~1 M cm"] {nm) in CH,CI, (nm)
GICEALD 297 {2.3{}],_255.1 ftlﬂﬂ), -43[3 (3.06} 407 " A6
GICSSAL3 298 (1.10), 348 (2.22), 448 (3.86) 444 451
GICE88A14 208 [3.74), 353 (4.39), 450 (3.98) - 445 461

4.3.3 Thermal properties
For optoelectronic applications, the thermal stability of organic material is crucial
for device stability and lifetime [21]. 'Ile degradation of organic optoelecitonic devices depends on
morphological changes resulting from the thermal stability of the amorphous orgamic materials [22].
Figure 3.23 and Table 3.2 show TGA thermograms and temperaturs at 5% weight loss (T,) of
GICSA12, GICSSAI3 and GI1CSSSA14 dyes imvestigaled by TGA analysis under nitrogen
atmospheric condition. Those results suggested that the dyes were thermally stable materials with

T, well over 170 "C which is good for long stahility of DSCs devices.
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Figure 4.22 TGA themmograms of G1C8A12, G1CSSA13 and G1USSSA14 dyes.

Table 4.2 Thenual properties of G1CSA12, GICSSA13 and GLUSSS AL dyes

Compound Ty (O
G1C5A12 170
GI1C8S A1 187
GICSS5A14 233

4.4 Cenclusion

The desigmed dye compounds GICSA1Z, GICSSALY and GICS5SAI4 were
synthesized using a combination of Alkylation, Bromination, Ullmann coupling, Suzuki cross-
coupling and Knoevenagel condensation reactions. The target molecules cxhibit a absorprion hand
cover UV and visible region. The number of iwophene increased the conjugation length of
compounds resulting a red-shift and broad in absorption solution spectra. Furthermore, the bolky
alkylphenyl groups could suppress the aggregation due to the distorbance of the 70-TU stacking,
which should always be avoided for efficient photocurrent generation because aggregation may
lead to intermolecular quenching or aftect the light absorption by the filtering etfect. The
performance of DSCs using these materials as dyes 1s under investigation and will be reported in the

Tuture.




CHAPTER 5
SYNTHESIS AND CHARECTERTZATION OF D-D-T-A TYPEORGANIC DYES

HAVING CARBAZOLE DENDRON-CARBAZOLE AS DONOR

5.1 Intraduction

Orpanic  dyes with D-D-T-A  sirupturg over the simple T-T-A configuration,
introducing a secondary electron donor into the dye molecule can increase electron-density of donor
and enhance malar extingtion coefficient, which resulted In high overall convemsion cigicncy [42].
Cabazole has strong absorption v the wmear-UV region and a low redox potential. The
electroctunical and spectroscopic properties of carbazole and its derivative have been extensively
Investigated. Chemically, carbazole can he casily [unctionallized at s 3-, 6- or 9-positions and
covalently liked to other molecolar moietics [43, 44]. Due to its unique optical, electrical, and
chemical properties, carbazole has been used widely as a funtional building Hock or substitugnt in
the ¢onstruction of organic molecules for wse as active componants in sulur cells, Morever, the
thermal stability and glassy state durability of the organic moleculss were found to be signification
improved upon incorporation of a carbazole moiety in to the structure: [45].

T-Conjugated oligothiophene molecsles have attracted much atlentiom in the area of
organic chemistry and matenal seiences. They pussess very interesting electronic and optical
propertics and have been investigated as advanced molecular electronic materials,

The carboxyhlic acid group is by far he most employed group for attachment of the
sensitlvers 10 the semiconductor surface, The binding modes for dye sensitizers with carboxylic acid
anchoring groups have been imvestigated by Galoppini [46]. Phosphonic acid also strongly to metal
oxide but are not frequently used, derivative of carboxylic acids has also been employed, such as

esters and carboxylic salts [47].
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5.1 Alm of the Study

We designed a novel 1) 1) B--A organic materials based on G1 and G2 as primary
donot, carbueole with phenyloxyalkylation as the secondary donor group, thiophene linker and
eyanvacrylic acid moiety as acceptor/anchoring group {GICS5A13 and G2CS5AS). The synthetic
strategy included well-known methodology, such as Ullmann coupling, Suzuki cross coupling and

the last step where cyanoacrylamide or eyancacrylic acid was coupled to the chromophore

+

a ®

according te the Knocvenage] condensation reaction,

GICESA13, X = G
CICRSA 5, X=0G2 ...1...

G2

Figure 5.1 Crganic dye structures of G1CSSA13 and G2CSSAS organic dyes

5.3 Results and Discussion

5.3.1 Synthesis
For the synthesis of {E)-3-(5-(5-(3-(3 6-di-tert-buty - 9H-carbaroi-9-y1)-0-(4-
(dodecyloxy) phenyl)-9H-varbazol-6-y thiophen-2-yI)hiophen-2-y[)-2-cyancacrylic acid
(G1CS8A13) as shown in chapter 4.
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Figure 5.2 (#£)-3-(5-(5-(3-(3,6-di-tert-butyl-9H-carbazol-9-y1)-3-(4-(dodecyloxy)phenyl)-9.5-

carbazol-6-ylthiophen-2-yl)thiophen-2-yl}-2-¢yancacrylic acicl (GICSSA13)

The syithesis of  3.6-bis(3,6-di-fert-tutyl-9H-carbazol-9-y1)-9-(3-bromo-9-4-
{dodecyloxy) phenyl)-97F-carbazol-0-y1}-94 -cartbuzole  was prepared  from 3,6-dibromo-9-(4-
{dodecyloxyiphenyb-98-carbazole (CP3) with 3,6-di-fert-buty-9-(3-(3 6-di-fert-buty =941~
carbazal-9-y])-9H-carbazol-6-y1)- V- carbazole (G2) under Ullmann coupling reaction in the
presence of copper iodide as a catalyst, (£}-#rans-1,2-diaminocyclohexane as a co-vatalyst, and
potassium phosphite as a base in toluene as a solvent at reflux for 24 1 as white solid in 55% yield

as outlined in Figurg 5.3,
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Figure 5.3 Ullmann coupling reaction o fomm 3,6-bis(3, 6-di-tert-buty -9 -carbazol-9-y1-9-(3-

bromao-9-(4-{dodeeyloxy )pheny }-9 H-carbazol-0-y1)-3H-carbazole {G21)
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Ullmann coupling mechanism is shown in Figure 4.8, The active speeics s a
copper (I} iodide which undergoes oxidative addition with the second eguivalent of halide, followed
by reduetive elimination and the formation of the thiophene-carbazole carbon bond.

Suzuld cross coupling reaction of 3,6-bis{3,6-di-ters-butyl- 98 -carbazod-9- y13-9-
{3-bromo-9-(4-{dodecyloxy)phenyl)-9H-carbazol-6-v1)-9Hcarbazole (CP3} with 2-thiophene
boronic acid in the presence of Pd(PPh3}4 w5 catalyst and 2M Na OO, a8 base in THF ag a solvent
for 24 h to directly yicld 53,6-bs(3,6-di-tert-butyl-9H-carbazol-9-31}-9-(9-(4-{daodecyloxy) phenyl}-
I-{thophen-2-y1 -9 -carbazal-6-y1 -9 H-carhazole (G2C52) as a white solid in 60% as shown in
Tigure 5.4.

B{()H]l

@Q

PA{PPh ) , 281 Na L0,

> H
i n 17 1%

GIC] G2CRE, 93%0

Figure 5.4 Ullmann coupling reaction to fort 3 6-bis(3 f-di-tert-bulyl-98-carbazol-O-y[)-9-{%-
(4-{dodecyloxy)phenyl)-3-(thiophen-2-y1)-9F-carbazol-6-y1)-97 F-carbazole
(GICS2)

The praposed mechanism of Suzuki cross coupling reaction is show in Figure 3.8,
The Suzuki reaction ic the coupling of an aryl or vinyl beronic acid with an aryl or viny? or vinyl
halidy wsing g palladium catalyst to form C-C bond. Thus, base activation of organoboron reagents
as boronate itertnediates facilitated the transfer of the organic group from boron to palladium

{transmetallation}. The reaction has later been extended to also include couplings with alkyl groups.
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Bromination  reaction  of  3,6-bis(3,6-di-fert-butyl-9H-carbazol-%-y1)-3-{2-{4-
{dodecyloxy yphenyl)-3-{thiophiet-2-y1)-0H-carbazol-6-y1)-95-carbazole  (G2CS2) with NBS in
THE s solvent to directly yield 3,6-bis(3,6-di-tert-buty1-9F-carbazol-9-y 1}-9-( 3-(5-hroma thiophen-
2-y13-9-(4-(dodecyloxy)phenyl}-9 H-carbazol-6-y1)-97/-carbazole (G2CS3) as white solid in 88%

yield as cutlined in Fipure 5.5,
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Figure 5.5 Bromination rcaction 1o [orm 3,6-bis(3,6-di-tert-butyl-9Hcarbazol-9-y13-9-(3-(5-
brimmaothiophen-2-v1)}-2-{4-{dodecyloxv)pheny -2 H-carbazol-6-y1)-2H-carbazole
(G20C83)

The reaction tnechanism invalved bromination reaction as desenbod i Figere
3.1L

Suzuki eross coupling reaction of 3,6-bis(3,6-diteri-butyl-9H-carbazol-9-y1}-5-
(3-(5-bromaothiophen-2-y1)-9-{4-(dodecyloxy)phenyl)-0H-carbazol-6-yl)-9H-carbazole (G2C83)
with S-formyl thiophene boronic acid in the presence of PA(PPh,), as catalyst and 2M Nu,CO, as a
basec in THF us a solvemt for 24 h to 5-(5-(3-(3,6-bis(3 6-di-rers-butyl-0fH-carbazol-2-y] -2 H-
carbazol-9-y1)-9-(4-(dadecyloxy )phenyl}-9H-carbazol-6-yljthiophen-2-yi}thiophene-2-carbal

dehyde (G2CE84} as a yellow solid in 72% as shown in Figure 5.6.
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Figure 5.6 Suzuki cross coupling reaction to form 5-(5-(3-(3,6-bis(3,6-di-fert-butyl-9H-carbazol-
S-yIH3H carbazol-9-y11-9-(4-{dmdecyloxylphenyl -9 H-carbazol-6-yl)thiophen-2-v1}

thiophene-2-carbaldehyde (G2CS54)

Knoevenagel condensation reaction of aldehyde compound with cyanoaceiic acid
in the presence of piperidine as a base and and chiorolform as solvent to directly vield GHCSSAS as

red solid in 65% yield as shown in Tigure 5.7.
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Figure 5.7 Knoevenagel condensation reaction 1 fomm GACSSAS




5.3.2 Oplical propertics

UV—vis and fluorescence spectra of G1ICTTA1Y and G2CTTAS dyes in dry
CH,Cl; are shown in Figure 5.8 and histed in Table 5.1, together with the UV-vis spectrum of the
cortesponding dye abserbed on TiO, nanoparticle. The G2CTTAS dye showed the maximum
absorption wavelength {?um 1456 nm (molar absorption cocfficient (E) = 28,800 M_]cm_]} with the
longest symmetric conjugated syslem cxhibits more red shift absorption companng to the shortest
symmetric GICTTALS dves (Chapter 4). The absorption maxima of G2CTTAS dyes adsorbed on
Ti0, film are illustraled in Figere 5.9, Comparing to their absorption spectra in solution, the dyes
adsorbed onto surface of TiQ, film cxhibit broader and hypsoclromic shift or blue shift in
absorption spectra, which indicate strong interagtions between dyes and semmiconduetor sorface.
The blue shift in absorplion were also observed in three dyes reported in chapter 4 and a blue shifh

absotption of Lhe dyes bonded to TiO, film can be observed in peneral type of acrylic anchoring

group [48 49 30].
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Figure 5.8 Absorption (left} and emission (right) spectra of GLCTTAL3 and GZCTTAS

dycs in dichloromethane,
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Figure 5.9 Absorption spectra of Ti(), films sensitized by GICTTALS and GICTTAS dyes

Table 5.1 The absorption and fluorescence data of G1CTTAL3 and GRCTTAS dycs

Compouns ;‘um“ {nm) and ;'Lm“ an Ti0, }Lmu of emission
£(10'M" cm’) (um) in CH,CL, (nm)
GI1CTTALS 298 {1.10), 348 (3.22), 444 451
448 (3.86) |
G2CTTA 5 298 (0.06), 349 (3.27), 449 441
456 (2.88)

5.3.3 Thermaul properties
For optoclectromic applications, the thermal stability of organic material is crucial
for deviee stability and lifetime (211, The degrsdation of organic optoelectranic devices depends on
morphological changes resulting (rom the thermal stability of the amotphious organic matevials [22].
Figore 510 and Table 5.2 show TGA thermograms and lcmp.‘cmlurc at 5% weight loss (T,,) of
GICS5A13 and G2CSSAS dyes investigaied by TGA analysis under nitrogen atmospheric

condition. These results sugeesied Lhat the dyes were thermally stable materials with T, well over

180 °C which is good for long stability of DSCs devices,
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Figure 510 TGA themmograms of GICSSA13 and G2CS5AS dyes

Table 5.2 Thermal properties of GICS55A13 and G2C35A5 dyes

Compaund Ty, )
GICS5A13 187
GICSSA 5 233

5.4 Conchusion

The designed dye compounds GLCSSA13 and G2ZOSSAS were synthesived wsing a
combination  of Alkyladon, Bromnatiom, Ullmann  coupling, Sozuki  cross-coupling  and
Kioevenage]l condensation reactions. The target molecules exhibit 2 absorption band cover UV and
visible regiom, The nunber of thiophene mcreased the conjugation length of compounds tesulting a
ted-shift and broad in absomlion solution spectra. Furthermore, the bulky alkviphenyl groups could
suppress the aggregation. The performance of 1SC: wing these materials as dyes is under

imvestigation and will be reposted in the Tature.
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CHAPTER 6
SUMMARY

The designed D-F-A  type organic dyes TpS8%A3 and TpSSA4 based on
triphenylatnine as the donot group, with a thiophene linker and a cyanoacrylamide or cysnosacrylic
acid moiety as aceeptor/anchoring group, The dyes CSSA9, CS5A10, CS8A11, C5PAL2 and
CSSPA13 with carbazole as the donor group, oligothiophen: and oligothiophene-phenylens
linker and a cyanoacrylic acid or cyancacrylamide moisty as accoptor/anchor group.

The designed D-D-TT-A type organic dyes G1CSA12, G1CS8A13, G1CS55A14 and
GIOSSAS composed of three parts: (1) cabarzole donating groups (D) (2) an
oligothiophene {70); and (3} an cyancacrylic acid anchoring groups (A) They were synthesized using
a combination of alkylation, bromination, Ullmann coupling, Suzuki cross-coupling and Knoevenagel
condensation reactions, The electronic and therma!l properties of these compounds can be mned by
varyitg the number of thiophene rings and anchoning group. Thess compounds cxhibited a high melar
ghsorptivity in the blug/green region of solar light, The mumber of thiophene incteased the conjugation

length af eompounds resulting a red-shift aud broad in absorption selution spectra.




CHAPTER 7
EXPERIMENT

7.1 General procedures and instruments

'H-NMR spectra were recorded on Brilker AVANCE (200 MHz) spectrometer. ‘e
NMR spectra were recorded on Brikker AVANCE (75 MHz) spectrometer and were fully
decoupled. Chemical shifts (d) are reported relative to the residual solvent peak in part per million
(ppm). Coupling constants (J) are given in Hertz (Hz). Multiplicities are quoted as singlet (s), broad
(br), doublet (d), triplet (t), quartet (q), AA'BB’ quartet system (AA’BB’), AB quartet (ABq) and
multiplet (m).

The UV-visible spectra were measured in spectrometric grade dichloromethane on a
Perkin-Elmer UV Lambda 25 spectrometer. The absorption peaks are reported as in wavelength
(nm) (log € /dm'mol 'em ) and sh refers to shoulder. Fluorescence spectra were recorded as a dilute
solution in spectroscopic grade dichloromethane on a Perkin-Elmer LS 50B Luminescence
Spectrometer.

Dichloromethane was washed with conc. H,SO, and distilled twice from calcium
hydride. Tetrahydrofuran (THF) was heated at reflux under nitrogen over sodium wire and
benzophenone until the solution became blue and freshly distilled before use. All reagents and
solvents were purchased from Aldrich, Acros, Fluka or Thai Supplies and received unless otherwise
stated.

Analytical thin-layer chromatography (TLC) was performed with Merck aluminium
plates coated with silica gel 60 F,,,. Column chromatography was carried out using gravity feed
chromatography with Merck silica gel mesh, 60 A. Where solvent mixtures are used, the portions
are given by volume.

Thermogravimetric measurements were carried out using a thermoanalysis apparatus
TGA/SDTASS]1 from Mettler Toledo. Samples for the measurements were prepared by filling alox
crucibles. Measurements were performed at a heating rate of 10 "C /min under a nitrogen flow rate

of 75 em /min in the temperature range from 25 to 800 °C.
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Meltinng points was measured by BIBBY Stuart Scientific tnelting point apparatus SMP3

in open capillary method and are wneorreeted and reported in degree colsius,

7.2 Synthesis and characterization

4-(5-bremothiophen-2-y1)-N,N-diphcnylbenzenamine (TpS1)
oo %
Br

The a stirred solution of bromo compound (0.01 g, .36 mmol) and PA(PPh,), (0.0003 g,
0.0003 mmol) in tetralydrofuran (15 ml} were added 2,5-thiophensboronic acid (0.10 g, 0.36
mmol}, and an aqueous N CO, solution (0.38 g, 3.66 mmol), The mixture was refluxed for 48 h.
After an cooling the solution, ILO (50 ml) was added to the solution and extracted by
dichloromethanc {30 m1 x 3). The organic layer was separated and doed in Na,50,. The solvent was
removed in vaeno. Purification by column chromatography] over silica gel eluting with a mixture of
methylene chloride and n-hexane (1:6} followed by reerystallization with 3 mixture of methylens
chloride and methanel afforded orange sotids (yickl 26 %) C,,H, BINOS; mp. 123 °Cs ‘1 NMR
(330 MHz, CDCl) . d 737 (2H, d, f = 8.62 Hz), 7.28 (4H, t, J = 7.57 Iz}, 7.13 (411, 4, 7 = 7.67
Hz), 7.08-7.05 (4H, m}, 7.00 {1H, d, /= 3.38 Hz), 6.96 (111, d, F = 3.83 Hz) ppm.

5-(5~(4-(diphenyiamino)phenylthiophen-2-yl)ihiophene-2-carbaldehyde (TpS2)

The a stirred solution of brome compound (0.01 g, 0.36 mmol) and PA(PPh,), (0.0003 g,
0.0003 mmel} in tetruhydrofuran (15 ml) were added S-formyl-2-ihicphenchoronic acid {0010 g,
.36 mmol), and an agueous Na,CO, sobution (.38 g, 3.66 mmol), The mixture was refluxed for 48
h.  After an cooling the solotion, ILO (50 ml} was added 1o the solulion and exiracted by

dichloromethane (50 ml x 3}. The orgamic layer was separated and dried in Na S0O,. The solvent was
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removed in vacuo. Purification by column chromatographyl over silica gel eluting with a mixture of
methylene chloride and n-hexane (1:6) followed by recrystallization with a mixture of methylene
chloride and methanol afforded orange solids (yield 82 %). C,,H, ,NOS,; m.p. 138 . '"H NMR
(300 MHz, CDCI) : O 9.85 (1H, s), 7.67 (1H, s), 7.47 (2H, d, J = 7.5 Hz), 7.28 (6H, m), 7.12
(9H, m) ppm; 'C NMR, (300 MHz, CDCI) : 182.37, 148.07, 147.44, 147.27, 146.29, 141.30,
137.41, 134.08, 129.41, 127.24, 127.10, 126.63, 124.83, 123.74, 123.48, 123.19, 123.14, 77.45,
77.03,76.61 and 29.71.

(E)-2-cyano-3-(5-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)thiophen-2-yl) acrylic

N
QB
N s\

acid (TpSSA3)

A mixture of 5-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)thiophene-2-carbaldehyde
(0.2 g, 0.45 mmol) and cyanoacetic acid (0.05 g, 0.68 mmol) was vacuum-dried and chloroform (25 ml)
and piperidine (0.11 ml, 1.37 mmol) were added. The solutionwas refluxed for overnight. After cooling
the solution, the organic layer was removed in vacuo. Purification by column chromatographyl over
silica gel eluting with a mixture of methylene chloride and methanol (3:1) followed by recrystallization
with a mixture of methylene chloride and methanol afforded a red solids (yield 79 %). C,H,N,0,8,;
m.p. 240 °C; 'H NMR (300 MHz, DMSO-d,) : O 8.02 (1H, s), 7.63-7.57 (3H, m), 7.44-7.40 (3H,
m), 7.32 (4H, t, J = 7.5 Hz), 7.10-7.03 (6H, m), 7.08 (2H, d, J = 7.8 Hz), 7.04 (2H, d, J = 7.5 Hz),
6.94 (2H, d, J = 8.4 Hz) ppm; ''C NMR, (300 MHz, DMSO-d,) : 147.72, 147.19, 144.32, 141.53,
136.56, 136.18, 134.32, 130.15, 127.29, 127.19, 126.97, 124.96, 124.62, 124.55, 124.10, 123.13,
40.78,40.50, 40.23, 39.95, 39.67, 39.39 and 39.11.
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(Ej)-2-cyang-3-(5-(5-{4-{diphenylamino)phenyl)thiophen-2-yI)thiophen-2-y1)
acrylamide {TpS5Ad)

N .,
M s ] CONE,
; I/

A mixmure of aldehyde compound {0.30 g, 0.69 mmol) and ¢ysnoacrylamide (.06 g,
0.82 mmeol) in ammonium sectate (0.26 g, 3.42 mmol) and acetic acid (30 ml). The solurtion was
refluxed for overmight, After cooling the selution, water {100 ml) was added and the mixture was
extracted with dichlorarncthane (50 ml x 2), The cumbined organic phases were washed water
{30 ml % 2}, and brine solwtion (100 ml}, dried over anhydrous Na 80, filtered and the solvenls
wele removed to dryness. Purification by column chromatographyl over silica gel chuing with of
methylene chloride followed by reerystallization with a mixture of methylene chloride and
methanol afforded a red solids (77 % yield). C, I, N,0%,; mp. 218 C; 'H NMR (300 Mllz,
DS0-d ) 0 8.36 {11, s), 7.64 (1H, d, = 4.2 11z}, 748 (2H,d , J = 1.8 Hz), 7.36 (LH, d, /= 3.9
Hz}, 7.33-7.28 (4H,t,J= 1.8 Hz), 7.24 (111, d, =39 H»), 7.22 {1H, d, ) = 3.9 Hz), 7.16-7.13 (41,
m}, 7.10-7.08 (411, m} ppm; e NMR, (300 MHz, DMSO-d.) ; 162,46, 148.13, 147.27, 147.23,
146.64, 14531, 139.11, 134.06, 133,79, 12941, 127.54, 126.58, 126.62, 12486, 12395, 123.52,
123.33, 123,07, 117.51,97.47, 77.45, 7722, 77,02, 76.60 and 29,70,

3 0-di-tert-butyl-9H-carbazole {G1)

VeV

Carbazole {10 g, 59.80 mmel) and ZnCl, (24.45 g, 179.41 mmol} were dissolved in
nitromethianc (130 ml), then +butyl chloride was slowly added to the mixture, The reaction mixure
was stirred at room temperature under N, for § k. The reaction mixture was pourcd into water and
extracted with CH,CL (100 ml x 3). The combined organic phase was washed with water {100 ml},

brine solution {100 ml), dried over sodium sulfate anhydrous, filtercd and the solvent was remove in
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vacuum, The residue was purified by recrystablization with hexane, o give 3,6-di-ters
butylcarbazole (15.37 g, 92%) as white powder. C, H, N; m.p. 223-224 QC; jH—NMR {300 MHz,
CDCl) & 8.09(2H,s), 7.85 (1H, s), 748 (211, dd, F = 8.5 1z, F= 1.6 Hz), 7.34 (?H, 4, J = 8.5 Hz ),
and 1.47 (18H, s} ppm; FT-IR {KBr) 3411, 3059, 2959, 2903, 284, 1628, 1577, 1492, 1446, 880,
and 815 cm .

Lo-di-fere-batyl-9+5-bromothiephen-2-y1)-9 H-carhazole {C52)

A 0.,
as

To a mixture of Cul (0.01 g, 3.08 mmel}, K,PO, (0.08 g, 0.4] mmel), and 1 {0.04 g,
(.16 mal) in loluecne (10 ml) were added 2,5-dibromathiophene (0.1 g, 0.4]1 mmol) and {1/}
trats-12-datmninocyclohexane (0009 g, 0.08 mmol). The reaction mixture was stirred at 110 °C
under nitrogen. Afler 24 h, water {100 ml} was added nntil the two phases mixed. The solution was
cxiracted with CH,CL (100 ml x 3), washed with water (100 ml), brinc solution {100 ml) and dricd
with ™a,530,, filtered, and the solvenls emoved to dryness. After the solvent was cvaporated.
The crude product was purified by column chromatography on silica gel with hexane as ¢luent 1o
yield CTZ (53 % yield). C,,;H, BINS; m.p. 146 °C; 'H NMR (300 MHz, CDCT) : 8 8,10 (2H, 8),
T50(2H, dd. J = L.79 Hz, =717 Hey, 734 (ZH, d, J = §.61 Hz), 7.15 (1H, d, S = 3.91 Hx), 6.95
(1H, d, F = 3.93 Hz) ppm; e NMR, (300 MITz, CDCI} : 143,94, 140,13, [28.80, [25.08, 124.03,
12359, 116,29, 109.49, 77.45, 7702, 76,60, 34,79 and 31,99,

3, 6-di-tert-butyl-9-(5-(thiophen-2-yl) thiophen-2-¥1)-9 H-carbazale (C5583)

To a stimed solution of CTT2 (1.86 g, 4.23 tmol) and Pd(Phh,}, (0.08 g, 0.08 mmol} in

tetrahydrotiran {30 mi} were added 2-thiopheneboronic astd (.59 g, 4.65 mmal), and an aqueous
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Na,C0), solution (8.97 g, 84.65 mmol}. The mixture was refluxed for 48 h Afier cooling
the solution, H,O {50 ml) was added o the solution and extracted by dichloromrthane (30 ml x 3).
The organic layer was separsted and dried in Na,SO, The solvent was removed in vacuo.
Purification by colunm chromatography over silicagel eluting with n-hexane followed by
recrystallization with a mixture of methyilene chloride and methanol affored white solids (88 %
yield). C,.H, NS ; m.p. 156 'C; 'H NMR (306 MHz, CDCL) : § 8.21 (211, 5), 7.59 (4H, m}), 7.30-7.25
(3H, m), 7.13-7.07 {2H, m) ppm; “c NME, (300 MHz, CDCL) @ 143.74, 143,19, 137.95, 13522,
127,91, 12478, 12471, 12396, 123,88, 123.59, 12231, 116.24, 109.69, 77445, 77.03, 76.60,
3479, 3201 and 29.72.
3b-di-fert-butyl-3-(5-(5-bromothiophen-2-yDithiophen-2-y1)-9H-carbazole
(CS84)

In a flask, coverad with aluminum foil, stited selution C8%4 (1.56 g, 3.53 omel)
in THF (15 ml} was added NBS (065 g, 3.70 mmol), was added in small portions. Water
(50 ml} was added and the mixture was extracted with methylene chloride (30 ml x 3). The organic
layer was separated and dried in Na,50,. The solvent was removed m vacuum. Purification by
column chromatopraphyl over silica gel eluting with a n-hexarte afforded white solid {yicld 100%4).
CyH,BINS,; m.p. 164 °C; 'H NMR (300 MHz, CDCY} : 8 8.11 (2IL, s}, 7.51 (21L dd, 7 - 1.2 1Iz),
14202011 d, F=8.7 Hx), 7.15(1H, d, S — 3.9 11z), 7.08 1211, d, J = 3.6 112}, 7.01 {1H, d,.F= 3.6 Hz),
695 (1H, d, J = 3.6 Hz) ppm; "C NMR, (300 MHz, CDCI) ; 143,86, 140.07, 138,68, 134.04,
130073, 12472, 12399, 123,95, 123.64, 122.64, 116.28, 111.31, 109.64, 77.44, T7.02, 76.60, 34.78,
31.99 and 29.57.

5-(5-(3,6-di-tert-butyl-2H-carbazel-9-yljthiophen-2-ylythiophene-2-carbaldehyde
{C555)
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To a stirred solution of bromo compound (0.8 g, 1.8] mmel) and PA(PPh3)y (0002 g,
0,002 mmel} in tetrabvydroluran {15 ml) were added 5-formyl-2-thiopheneboronic acid (0.28 g, 1 81

mmoel}, and an agueous Na,CO, solution (1.92 g, 18.16 mmol}. The mixture was refluxed for 48 h,
After cooling the solution, HO (50 ml) was added to the solution and exiracted by
dichloromethane (3¢ ml x 3). The organic Tayer was scparaled and dried in Na,80,. The solvent
was removed in vacuum. Purification by column chromatographyl over silica gel cluting with a
tixlure of methylens chloride and n-hexane {1:4) followed by recrystallization with a mixture of
methylene chloride and methanol afforded orange solids (yield 60 %). CH,,NOS,; m.p. 186 C; 'H
NMR {300 MHz, CDCL) : 6 2.90 (1H, ), .10 (2H, 8), 7.71 (1H, d, /= 3.9 Hz), 7.51 {2H, m), 7.48
M, d, J=87 Hz), 742 (1H, 4,5 - 3.9 Hz), 727 {1H, d, J= 6.0 Hz}, 7.15 (1H, 4, /= 3.9 Hz} ppm;
“C NMR, (300 MHz, CDCI) : 146.86, 144.18, 141.87, 140.93, 139.78, 137.31, 133.17, 125.04,
124.66, 124 18, 124,11, 123,82, 11638, 109.65, 7745 77.03, 76,60, 334 81 and 31.97.

4-(5-(3,6-di-fere-butyl- $H-tarbazol-9-yljthiophen-2-yl)benzaldehyde (CSP8)

000

@ I
Ta & stirred solution of €82 (0,50 g, 1.13 mmoel) and Bd(PPh,}, (0.01 g, .01 nmol) in
tetrafuran {30 ml) were added 4-formylphemylboronic acid (0,11 g, 0.76 mmol), and an aqueous
Na,CO, solution (1.53 g, 1447 mmol). The mixture was rﬂ.ﬂuxed for 48 h. After cooling the
solution, H,O (50 mi) was ackled to the solntion and extracted by dichloromethane {50 ml x 3).
The organic layer was separated and dried in Na,S0,. The solvent was removed in vacun.
Purification by column chromatographyl over silica we! cluting with a n-hexane followed by
recrystallization with a mixtur: of methylene chloride and methanol afforded yellow solids (vicld
89%). €, H,,NOS; m.p. 214 "C; 'H NMR (300 MHz, CDCI} : § 8.13 (211, s}, 7.95 211, d, J = 8.1
Mz), 7.81 (2H, d, /= 8.1 Hz), 7.55-7.53 {(4H, m), 7.28 (1K, d, /= 0.9 Hz}, 722 (1H, d, / — 3.9 Hz)
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5-(5-(5+3,6-di-tert-bniy -9 H-carbazol-2-yljthiophen-2-yl)thiophen-2-y1} thiephene-

@ RN
oo

Te a stirred solution of bromo compound (0.20 g, 0.36 mmol} and PA(PPhy)y (0.004

2-carhaldehvde (CS856)

g, 0.004 temel) in tetrahydrofuran (10 ml) were added 5-fuﬁyl-?-thiuphenebumnic acid (0.06 g,
0.43 mmel}, and an aqueous Na,COy solution {077 ¢, 7.32 nunol). The mixture was refluxed for 48
h. After cooling the sclution, HO (50 ml}) was added to the solution and cxtracted by
diehloromethane (50 ml x 3). The crganic layer was separated and diied in Na,S0,. The solvent
was removed i vacuern. Pyrification by column chromatography] over silica gel eluting with a
mixure of methylene chloride and n-hexane (1:5) followed by recrystallization with a mixture of

methylene chloride and methanol alforded orange solids (yield 729%). C,.H

35 NOS; mp. 192 C.

+ 'TLNMR (300 MHz, CDCI) < & 8.97 (111,8), 8,12 (2H, ), 7.68 (2H, d,  =0.013 Hz), 7.53-7.46 (4H,
m}, 7.31-7.26 (3H, m) and 7.18-7.11 {2H, m). "C NMR, (300 MHz, CDCL}: L82.41, 146.65, 143.97,
139.98, 139.11, 13R8.8%, 137.33, 134.80, 133.91, 126.96, 12598, 124.71, 124.19, 124.04, 123.77,
123.70, 123.16, 116,32, 109.66, 77.45, 77.23, 77.02, 76.60, 34.80 and 31.99,

4-(5-(5-(3,6-di~tert-butyl-21F-carbazal-9-yithiophen-2-y{jthiophen-2-y1)

v

Ta a stured solution of C884 (0.40 g, (.72 mmol) and PA(PPh,}, (0008 g, 0.00%

benzaldehyde (C58P7}

mumol} in tetrafuran {15 ml)} were added 4-formylphemylboronic acid (0.11 £, 0.76 mmol}, and an
agueous Na, CC, solution (1.53 g, 14.48 mmol), The mixture was refluxed for 48 h. After cooling
the solution, ILO {30 ml) was added to the solution and extracted by dichloromethane {50 ml x

3) 'I'he organic layer was separated and dried in Na,S0,. The solvent was removed in vaguo,
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FPurificalion by column chromatographyl over silica gel eluting with a n-hexane followed by
recrystallization with a mixture of methylene chloride and methanol afforded yellow solids (yield
89 %). C,,H, NOS; mp. 218 °C; "H NMR (300 MHz, €DCI) - 8 10.03 (1H, 5), 8.13 (28], s}, 7.93
(ZH, d,.J= 84 Hx), 7.79 (2H, d, J = 8.4 Hz), 7.52-7.51 (4H, m), 7.44 (1H, d, J= 3.9 Hz), 7.30 (111,
d,J=8.4Hz), 7.24 (14, d, /= 3.9 Hz), 7.14 (1H, d, /= 3.9 Hz) ppm; " 'C NMR, (300 MHz, CDCI)
D 14392, 141,45, 140,04, 132,63, 138.77, 135.17, 134,45, 130.54, 12590, 125,71, 124.94, 124.76,
124.02, 123,57, 122.86, 116.31, 109.67, 77.45, 77.23, 77.02, 76.60, 34.80 and 31.99,
(Er3-(5-(5-(3,6-di-tert-butyl-#H-carbazol-9-ylithiophen-2-ylithisphen-2-y1)-2-

cynnoucrylamide (CSSAS)

>0 o
50
v

A mixture CS85 (0.20 g, 0.42 mmol} and cyanoacrylamide {0.04 g, 0.51 mmol) in
ammonium acetate {016 g, 2,14 miol) and acctic acid (10 mi). The solution was refluxed [or
overnight, After cooling the solation, water (100 ml) was added and the mixture was extracted with
dichloromefhane {50 ml x 2}. The combined orpanic phases were washed water (50 ml x 2), and
brine solution (100 ml), dried over anhydrous Na,S0,, filtered and the solvents were removed to
dryness. Purification by column cleomatographyl over silica gel eluting with a mixture of
methylene chloride and n-hexane (1:2) followed by recrystallization with a mixture of methylene
cliloride and methanol afforded red solids {yield 78%). CH, N,OS,; mp. 212 ok 'H NMR (300
MHz, CDCE 8 840 (1H, s), 8.13 (2H, 5, 7.67 (1H, d, /= 3.9 He), 7.39-7.53 (411, 1, J - 1.2 Hz},
7.43 (14, d, J = 39 Ha), 7.2 (IH, d, J = 3.9 Hz), 7.18 (1K, d, = 3.9 Hz) ppm; € NMR, (300
MHz, CIHCH © 162,43, 145,28, 144.25, 141.22, 139,67, 138.88, 134,60, 132.72, 12530, 12451,
12437, 123,87, 117,36, 116,39, 109,70, 98.28, 77.47,V7.05, 76,62, 34.82, 31.57 and 29.71.

(E)-3H5-(5-(3,6-di-tert-butyl-?H-carbazol-?-yl}thiophen-2-ylikiophen-2-y1)-2-

ML

COOH
@ PN st
N &

§.2

cyanoacrylic acid {CS5AL0)
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A mixiure of €885 (0,25 g, 0.53 mmol) and cyancacetic acid (.06 g, 0.79 mmal) was
vacuumi-dried and chloroform {25 ml) and ppenidine (0.13 mi, 1.59 mmel) were added. The solution was
refluxed for overnight. After cooling the solution, the organic layer was removed in vacuo. Punfication
by column chromatographyl over silica gel ehuting with a midwre of methanol and methylene chiloride
{1:10} followed by recrystallization with a mixture of methylene chlonde and methano] afforded a red
sofids {yield 97%). C,,H,N,0,S,; m.p. 220 “C; 'H NMR (300 MHz, DMSO-d,) : & 5.18-8.06 (411,
m), 7.61 (I, d, 7 = 0.01 Hz}, 7.79-7.38 (5H, m}, 7.26 (1M, d, 7= 0.01 [Iz) ppm; "C NMR, (300
MHz, DMSU-&E} 14345, 13921, 13700, 135,68, 13281, 123,73, 12349, 118.73, 115.53, 109.37,
105,22, 77.83, 77,40, 76.97, 40,13, 39,85, 30,58, 39.29, 34,46, 31.71, 31.66, 29.27 and 13.35.

(E)-3-(4-(5-(5-{3di-tert-huty -9 H-carbazol-9-yl)thiophen-2-yl)thiophen-2-yl)

phenyl}-2-cyanvacrylic acid {CS5PA13)

“f; COoll
@ .
) N/

(7

A mixture of C58P7 (0135 g, (.65 mmol} and cyanoacetic acid (3,11 g, 1.30 mmol} was
vacuum-chried and cliloroform {15 ml) and piperiding (0,16 ml, 1.95 mmol} were added, The sobotion was
refluxed for overnight. Afler cooling the solution, the organic layer was removed in vacuo, Purification
by colwnn chromnatagraphyl over silica gel eluting with a mixture of methanol and methylene chloride
(1:20) tollowed by reerystllization with 2 mixture of methylene chlonde and methanol affurded a red
solids (yield 39%). C I, N,0,5,; m.p. 238 °C; 'H NMR (300 MHz, DMSO-d.): 68,13 (1H, ¢), 7.95
{2H, s}, 7.78 (1IL 4, J = 6.9 Hz), 7.45-7.34 (5H, m}, 7.29 (3H, m), 7.21 (1H, 5), 7.07 CH, 4, F =
13,80 H=z), 6.92 {1H, s) ppm; “c NMR, (300 MIIz, DM50-d) : i51.35, 143.67, 141.77.139.74,
138.23, E36.55, 134.29, 131.51, 13085, 128,68, 125,25, 12515, 124.6%9, 124,39, 123.86, 12346,
12248, 118.27, 116,06, 109.54, 77.63, 77.41, 77.21, 76,78, a- 03, 40,85, 40,57, 40.29, 40.01, 39.74,
32.46.39.18, 38.64, 34,59, 31,82, 30.26, 28,81, 23.06, 22.84, 13.94 and 1047,

{E)-3-(4+5-(3,6-di-ter-hutyl-2H-carbazal-9-yl) thiophea-2-yl)phenyl)-2-cyano

@ f A h|

acrylic acid (CSPA12}
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A mixtare of CSPR {0.30 g, 0.77 mmol) and ¢yamoacetic acid {013 £, 1.54 mmol) was
vacuum-dried and ehlomform (15 mil) and piperidine (0,19 ml, 2.31- rumel} were added. The solution was
refluxed for ovemnight, Afler cooling the sohution, the organic layer was removed in vacud, Purification
by colwmn chromatographyl over silica gel cluting with 2 mixture of methylens chioride snd hexane
(1:10) followed by mecrystallization with a mixture of methylene chlonde and methanol afforded o orang
solid (yield 52%). C,,H, N,O.8; m.p. 250 °C; 'H NMR (300 MHz, DMSO-d,): 8 8.12 (1H, s), 7.86
(21, 53, 7.71 (20, ), 7.34 (2H, d, J = 7.5 Hz), 7.16-7.10 (SH, m), 6.77 (1H, s) pprm; "C NMR, (300
MHz, DMS0-d.): 168.27, 150,94, 143.64, 139,71, 139,60, 139,54, 136.65, 131.65, 131.10, 125.26,
12451, 123,82, 123471, 12317, 1819, 116.01, 109,51, 106,58, 770.77, 77.54, 77.34, 70.91, 40.74,
40,47, 40.1%, 39,91, 32,63, 39.35, 30.07, 34,53 and 31 78,

(E}3-5-(5-(5+43 6-di-fert-bucyl-3-carbazol-2-yl)thiophen-2-y¥lithiophen-2-vl)
thiophen-2-y1)-2-cyanoacrylic acid (CS55A11)

A mixim: of CS856 (030 g (054 mmel) and cyanoacetic acid {0.09 g 1.08 mmol) was
vaguum-dricd and chlormoform (15 ml) and pipenidine (0.13 ml, 1.62 mmol) wer added, The solution was
mfhuxcd for overnight,. After cooling the solution, the orgamic laver was removed i vacuo, Purilication
by columm chromatographyl over sitica gel eluting with a mixture of methanol and methylene chloride
(L1 tollowed by recrystallization with a mixtre of methylens chloride and methanol afforded o ned
solids {yield 829%). C,.H,,N,0.8,; m.p. 249 “C; ‘Il NMR (300 MHz, DMSO-d.): & 8.33 (1H, s), 7.84
(2H, s), 7.72-7.46 (2H, m), 7.01 (4T, m), 7.60-7.49 (SH, m) ppm.

7.

1z 2

To a solution of phenol (1,00 g, 10.62 mmol) in DMFE 10 ml) was added followed by

1-(dodecyloxy)benzene (PO

KOH (5.10 ). 1-Bromododecane {10,030 g, 41.86 nunel} was added. Fhe reaction mixtare was

stired at room temperatare for 48 L. Water (100 ml} was added and the mixture was cxtracied with
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methylene chloride (5¢ ml x 3), The combined organic phases were washed with a dilute HCl
solution (50 m! x 2, water (100 ml), and brine solution {50 ml}, dried over anhydrous Na S0,
filtered and the selvents were removed to drvness. Purification by column chromatography over
silica get cluting with hexane gave a pale white viscons cil (75%) CH,,0; 'H NMR {300 MHz,
CDC: 6 7.31-7.26 {2H, m), 6.96-6.89 (3T1, m}, 3.98-3.94 (2H, m), 1.83-1.28 {2H, m), 1.56-1.2%
{18IL, m), 0.91-L.57 (3H, m) ppim. e NME, (300 MHz, CDC1): 7.309, 7.284, 7.2592, 6.038, 6,933,
6.920, 6,893, 30481, 3959, 3.937, 3.437, 3.415, 3.392, 1.210, 1.888, 1.864, 1.839, 1.815, 1.792,
L7767, 1,745, 1,372, 1.456, 1.436, 1.384, 1.279, 0.217, 0.897, 0.B75 and 0.016.

I-bromo-d4-(dodccyloxy)benzene (PO L)

OoC 11
13715

I o Flask, covered with alumimun foil, stirted solution of PO (3.00 g, 11.43 mmaol),
amonium acetare (09 g, 1.18 mmel) in acctonenitrile (50 ml) was added WBS {222 g, 11.43
mmol}, was added in sinall portions, The reaction mixture was poured into ice-cold water. The
mixture was allowed to wam to room temperatire overnight. Water (15 ml} was added and the
tixtuee was extracted with methylene chlovide (20 ml x 3). The organic layer was scparated and
dried in Na5C,. The solvent was removed in vacuurn. The pﬁre product was obtained by calumn
chromatography over silica gel eluting with hexate as an cluent a white pearl solid (vicld 100 84).
CHy Br); mp, 37 C; '"H NMR {300 MIlz, CDCL): & 7.35 (201, d, F - 0.03 iz}, 6.67 (211, d, S -:
(L03 Hz), 3.93-3.89 (2H, m), 1.85-1.72 (21T, m}, 1.44-1 27 {18, m), 0.90-0.86 (311, m} ppmy; s
NME, {300 MIlz, CDCI): 158.27, 132,18, 116.31, 112.54, '??.4_-3, 7701, 76.59, 68.28, 31.92, 29.65,
29,63, 2858, 20,56, 2936, 20,35, 2917, 25,99, 22.6% and 14.11.

9-(d-(dodecyloxyiphenyl}-9H-carbazole (CPO2)

i

UCI ]
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Te a mixture of Cul (0.27 g, 1.46 mumol), K, PO, (1.55 g, 7.32 mumol), and carbazole
{1.00 g, 2.52 mmol) in wlene (70 mL) were added PO1 (0,58 ¢, 3.51 mmol) and (+~krans-1,2-
diaminocyclohexane {16 2, 1.46 mmol). The reaction mixture was stirred at 110 °C under
nitrogen. After 24 h, water (100 ml} was added untl the two phases mixed. The solution was
extracted with CH,CL, (100 ml x 3}, washed with water (100 ml), brine sclution {100 ml) and dred
with MNa, 50, filtered, and the solvents removed to dryness. Purification by colurnn chromatoprapliyl
over silica gel eluting with a hexane followed by reorystallization with a mixture of methylene chioride
and methanol afforded 2 white solids (yield 95 %), C, H,,NO; m.p. 40 C; 'H NMR {300 MHz, CDCL)
8815 (2H,d, S = 7.8 Hz}, 7.46-7.26 (8H, m), 7.11 {2H, 4, S — 5.7 Hz), 3.98-3.94 (2H, m}, 1.83-1.2%
(2H, m}, 1.56-1.28 {18H, m), ¢.91-0.87 (3H, m) ppm.

3.,6-dibromo-*(d-(dodecytoxy)phenyl)-9H-carbazele (CP3)

H.Br

[

In a flask, covered with aluminum foil, stimed solution of CPO2 (0,05 g, 011 mmaol) in
THE (10 ml) was added NBS (0.04 g, 0.24 nunol), was added in small portions, Waler (15 ml) was
added and the mixture was extracted with methylene chloride (20 ml x 3). The arganic layer was
sgparated and dried in Na S50, The solvemt was remowved in vacuum, The pure product was
obtained by column chromatography over silica gel eluting with hexane a3 an cluent a white solid
{yield 71 %). C,,H,,Br,NO; m.p. 4¢ "C; 'TI NMR (300 MHz, CDCI): 8 8.18 (2H, d, J = 1.5 Hz),
749 (2H, dd, J = 1.8 =), 7.36 (211, d, S = 8.7 10z}, 7.17 (A1, d, F- 8.7 112}, 709 {2H, d, F= 8.7
Hz), 3,98-3.94 (2H, m}, 1.83-1.28 {2H, m), 1.56-1.28 (18&H, m), 0.91-0.87 (3H, m) ppm; "¢ NME,
{300 MHz, CDCI): 158.53, 158.70, 141.73, 14038, 140.06, 129.53, i29.28, 129.02, 128.49, 128.33,
126,56, 124.82, 123,68, 123,14, 122.96, 122.03, 120,41, 120,03, 11578, 112,78, 11237, 11148,
111,22, 10997, 7744, 77.22, T7.02, 76,59, 68.44, 311.93, 29.69, 20.66, 29,63, 29,42, 2037, 2025,
26,09, 2270 and 14.13.
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3, 6-di-rer-butyl-9-{3-bromo-9-{4-{dodecyloxy)phenyl)- 2H-carbazol-6-y[)- L ;-
carbazole (G1C4)

0’ H
1 %

To a mixture of Cul (0,02 g, 0.08 mmol}, K.PO, (0,09 g, 0.42 mumol}, and CP3 (0,10 g,
0.17 mmol} in toluene (15 ml) were added GLU (004 g, 017 and  (+/-jtrams-1,2-
disminocyelohexans (0,01 g, 0,08 mmel). The reaction mixtare was stieed at 110 °C under
nitroget. Afler 24 b, water {100 ml) was added until the two phases mixed. The solution was
extracted with CH,CL {100 ml x 3}, washed with water {100 ml}, brine solution (100 ml) and dricd
with Na, 50, fhered, and the solvents removed to dryness. After the solvent was evaporated.
The puore product was obtained by column chromatography over silica gl eluting with with a
mixture of methyilene chloride and n-hexane (1:30) a5 an cluctt a white sohid (vicld 36 %)
C,H,BN0; mp. 160 °C; 'H NMR (300 Miliz, CDCL): § 8.24-8.07 (28, m), 7.57-7.38 (6H, m),
7.34-7T.08 (BIL, m), 3.98-3.94 {2H, m), 1.83-1.28 (2H, m}, 1.56-1.28 {18H, m), 0.91-0.87 (3H, m)
ppm; - C NMR, (300 MHz, CDCI): 158.95, 142,57, 140,74, 140.58, 140.16, 130,62, 129.29, 129 14,
128,47, 12596, 12446, 123,55, 12321, 12313, 12290, 119.12, 116,22, 115.84, 112,75, 111,55,
110,99, 10998, 109,11, 77.44, 77.01, 76.59, 68.50, 34.75, 32,70, 31.94, 20,60, 28.66, 29.43, 29.43,
2937, 2029, 26,10, 2270 and 1412,

Jb~di-tert-buiyl-9-(9-{d-{dodecylexy)phenyl-3-{thiephen-2-y[)-YH-curbuzol-6-v1)-

SH-carbazole (G1CS5)

@@@

ac II
(PR




75

To a stirred solution of G104 (1.50 g, 1.91 mmol) and Pd(Phh,}, (0.04g, 0.04 mmaol) in
ietrshydrofuran {20 ml) were added 2-thiopheneboronic acid (0.26 ¢, 2.1 mmol), and an aqueous

Na,CO, solution {4.05 g, 38.26 mmol}, The mixture was refluxcd for 48 h, After coeoling the
solution, ILG {30 mi} was added to the sclotion and extracted by dichloromethans (S0 ml x 3.
The organic layer was separated and dried in Na,8O, The solvent was removed in vacuo.
Purification by colunm chromatopraphy over silicage] cluting with 8 mixture of methyilens chluride
and n-hexane (1:30) by recrystallization with a mixture of methylene chloride and methanol affored
white solids (yield 73 %), CIL,N,08; mp. 104 "C; 'H NMR (300 MHz, CDCL): & 8.31 (2H, dd, J
=1.5 Hz,/~ 1.8 Iz}, 820 (2H, d, ./ = 1.5 Hz), 7.72 (1H, dd, J — 1.5 Hz), 7.58-7.47 (6H, m), 7.40-
734 (4H, m), 7.26 (1H, 4, J - 3.0 Hz}, 7.18-7.09 {3H, m), 4.11-4.07 (2H, m), 1.90-1.%5 (2H, m),
1.56-1.26 (18H, m), 0.92-0.87 (3H, m) ppin; "G NMR, (300 MHz, CDCL): 158.83, 145,37, 142.50,
141,55, 140.77, 140.25, 13045, 120,60, 12846, 128,03, 12694, 125.58, 125.10, 123.96, 123.52,
12324, 123,11, 122,32, 11920, 11791, 116,22, 115,79, 110,90, 110.43, 10%.1%, 77.44, 77.02,
T6.60, 68,49, 34,76, 3209, 31.94, 20.70, 29.67, 29.64, 20.44, 20.38, 2032, 26.12, 22.71 and 14.13.

5-(3-(3,0-di-fert-bulyl-$H-carbazol-9-yI-?-(d-{dodccyloxyiphenyl)- #H-carbazol-6-
¥I) thisphene-2-carbaldehyde (GECS1) |

To a stirred solution of hromo compound (0.50 g, 0.63 mmal) and Pd(PPhy}y (0.007
g, 0007 munel) in tetrahydeofuran {20 ml) were wdded S-formyl-2-thivphenchoronic acid (010 g,
0.66 mmaol), and an aqueous MNa, (0, solution {1.35 g, 12.75 mmul). The mixture wus refluxed for
48 h. After cooling the solution, H,O (50 mi) was added to the solution snd extmeted by
dichloromethane (50 ml x 3). The organic layer was scparated and dried in Na,SO,. The solvent

was removed in vacuun. Purification by column chromalographyl over silica gel cluting with a
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mixture of methylene chloride and n-hexane {1:30) followed by recrystallization with a mixture of
methylens chleride and methanol afforded orange solids (yield 758%).
3,6-di-fert-butyl-9-(3-(5-bremothiophen-2-y[F-94<{4-(dodecyloxy)phenyl)- 2H-

carbazol-6-¥1)-2-carbazole (G1CS7)

N

Lt
En a [ask, covered with aluminum foil, stirred solution G1OS5 (.15 4, 0.19
mmol) in TIIF (10 ml} was added NBS (.03 g, 0.20 mmol}, was added in small porbons.
Water {30 ml) was added and the mixture was extracted with methylene chlovide (50 ml x 3). The
orgenic layer was separated and dried in Na,50,. The sobvent was removed in vacuum. Purification
by column clwomatography) over silica gel eluting with with a mixture of methyilene chlonde and
n-hexane (1:30) followed by recrystallization with a mixture of methylene chlumde and methanol
afforded while sobid (yield 98%). C, H,BrN,0; mp. 118 °C; 'H NMR (300 MHz, CDCI): O 8.28
(1H, d. 7= 1.5 Hay, 821 {3H, dd, S = 1.2 Hz, /= 1.5 Hz), 7.01 (1H, dd, /= 1.5 Hz, /= 1.8 H=),
7.56-7.48 (6H, m), 7.36 (3H, dd, Sf=3.3 Hz), 716 (2H, d. ] = 8.7 Hz), 7.06 (2H, dd, J= 39 He, J =
A6 Hed, 411-4.07 (2H, m), 1.90-1.85 (201, m), L56-1.29 (1811, m), 9.92-0.87 (3H, m} ppoz, e
WME, (300 MM, CICL: 15889, 146,37, 142.55, 141.72, 140,80, 140.22, 130,85, 129.45, 128.45,
126,14, E253.72, 124,70, 123,83, 123,54, 12328, 12313, 12241, 11917, 117.68, 116.24, 11582,
L1099, TTOURF, 11022, 10935, T7.45, 11.03, 16,60, 68.50, 34.76, 32.09, 31.95, 29.70, 29.67, 29.64,
2945, 2538, 2938, 29,31, 26,12, 22 T2 and 14,14,
J0-di-ter-bulyl-9-(9-(4-(dvdecyloay)pheny)-3-(5-(thisphen-2-yl) thiophen-2-¥1)-

YH-carhazol-6-yIF9I-carbazole (G1LC558)

0N H
'[l! -
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To a stimed solution of G1C4 (0.93 g, 1.08 mmal) and Pd(Phh,), (0.02 £, 0.02 mmal) in

tetrahydrotiran {10 ml) were added 2-thiopheneboronic acid (0,17 ¥, 1.13 mmol), and an aqueous

Na,CO, solution (2.2% g, 21.66 mmol), The mixture was refluxed for 48 h. After cooling the
solution, H,O (50 ml) was added to the sohuion and extracted by dichloromrthang (30 ml x 3),
The crganic layer was scparated and died in Na 80, Jhe solvenr was removed in vacuo,
Furification by colunum cluomatography over sthicagel ¢luting with a mixture of methyilene chloride
and n-hexane (1:30) followed by recrystallization with a mixture of methyilene chloside and
methanol affored white solids (yield 86 %), €, H N,08,; m.p. 122 ¢ 'H NMR (300 MHzx, CDOL;
5 2.30 (2, s ), 819 (2H, 8), 7.71 (1H, 4, / = 8.4 Hz), 7.34-7.47 (6H, m}, 7.39-7.34 (4H, m}, 7.24
(IH, d, J = 5.7 g}, 7.21-7.15 (4H, 5), 7.02 (1H, 1, F = 4.2 Hz), 4.11-4.07 (2H, m}, 1.90-1.45
(2H, m), 1.56-1.29 {18H, mJ, 0.92-0.87 (311, m} ppn.
CEN-3-(5-03+3 f-di-ters-butyl-#H-carbazol-9-y1)-9-(4-{dvdecyloxy }pheny])- #H-

carbazel-6-ylithiophen-2-y1)-2-cyanvacrylic acid {G1C5A12)

@ NC j-coon

A mixture of G1CSE (100 g, 1.22 mumwl) and cyancaccte acid {0.21 g, 245 mmaol) was
vacuum-dried and ehiorofirm (20 mi) and piperidine {0.31 ml, 1.68 nunol) were added. The solution was
refhuced for ovemight, Afler cooling the selution, the organic layer was removed in vacuo. Purification
by column chromatography] over silica gel clating with & mixtre of methane] and methylene chloride
(1:10) followed by recrystallization with a mixnre of methylene chlotids and methangl afforded a red
solicks {yictd 62%). C H,_N,08,; m.p. 122 °C; 'TT NMR {300 MHz, DMSO-d.): § 8.23 (211, s}, 8.05
(4H, d, F - .03 Hr), 7.45-7.28 {6H, m), 7.17-7.10 (4H, m}, 6.87 (3H, m), 3.36 (ZH, s}, 1.69 (ZH, 3),
L.34-1.17 (18H, m), 0.79-0.75 (3H, m} ppm; “c NMR, (300 MIIz, DMSO-d ): [58.51, 152,45,
144,45, 142,28, 141.62, 140,69, 130,66, 137.45, 13477, 13032, 12866, 12783, 12516, 124.74,

12343, 122777, 118.66, 11842, 117.86, 11587, L1081, 11010, 10898, 103.22, 77.92, 77.69,
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T7.49, 7706, 4814, 40.69, 4041, 40.13, 39,85, 30 58, 39.30, 39.02, 34.48, 31.86, 3184, 2034,
20015, 26,07, 2900, 2579, 22.41 and 13.95,
3, 6-di-frert-buly -9-(3~(5-(5-bromothlophen-2-yithiophen-2-y1)-9-(4-{dodecy

loxy)phenyl)-#H-carbazol-6-y1)- 28 -carhazole (GLCSSY)

H
13 715

In a [Mask, covered with aluminum Foil, stimed solution G1CSSE (065 g, 0.73
mmel} in (30 ml) was added NBS {013 g, 0.77 mmol), was added in small portions. The
mixture was allowed Lo warm o room temperature for 3 b Water (50 mil) was added and the
mixture was extracted with methylene chloride (30 ml x 3). The organic layer was separated and
dricd in Na S0, The solvent was removed in vacuum. Purification by column chromatographyl
over silica pel eluting with a mixmre of methylene chlovide and n-hexane (130} followed by
reeryatallization with a mixture of methylene chloride and methanol afforded green solid (yield
77 %). CuHBAN,08,; m.p. 130 °C; 'H NMR (300 MHz, DMSO-d,): 8 8.30 (211, s), 8.19 (211, d,
J=0.04 H2), 7.67 {1H, d,J = 0.02 Hz), 7.59-7.48 (6H, m}, 7.38 (3H, d, ] = 0.02 Hz), 7.22-7.08 (411,
m), 6.66 (2H, d, F= 0.04 Hz), 4.08 (2H, 53, 1.88 (2H, s), 1.56-1.31 (18 H, m), 0.91 (311, 5) ppm. ' C
NMR, {300 MHz, CDOY 15887, 144,73, 142,54, 141.6%, 140,78, 140.20, 134.66, 130.63, 130.56,
12946, 12629, 12568, 12496, 12471, 123,87, 123.54, 12329, 12312, 12287, 119.17, 11765,
11624, 115.80, 110098, 110.55, 1.0.16, 77.45, 77.03, Ta.60, 65.49, 34 76, 3209, 32.03, 31.95, 29.71,
20068, 29,65, 29,45, 29,39, 29.31, 26.12, 22.7]1 and 14.15.

5-(5-(3-(3,6~di-ferv-butyl-FH-carbazol-9-y [-9-(4-(dmd ey loxyphenyl)-$T-carbazol-

f-yDthiaphen-2-yithiophene-2-carhaldehyde (G1C5510)




T
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To a stimed solution of GICS7 (0,54 g, 0.63 mmel) and Pd(PPh.), (2.10 g, 0.66
mmel) in tetrahydroforan (10 ml) were added 5-formyl-2-thiophene boronie acid (0,10 g, 0.60
mmol), and an aqueons Na,CO, solution (1.34 g, 12.69 mmel). The mixture was relloxed for 48 h.
After coaling the solution, H,Q (30 ml) was added te the solution and cxiraeled by
dichloromethane (50 ml x 3). The organic layer was separated and dried in Na,SO,. The solvent
was removed in vacunm. Porification by column chromatographyl over silica gel eluting with a
mixture of methylens chlonde methanol and (1:10) followed by recrystallization with a mixture of
methylene chloride and methancl afforded orange solids (yield 75%) C 1L BN 0S8, m.p. 130 C:
'H NMR (300 MI1z, DMSO-d,): 8 8.31 (2H, 5}, 819 (2H, ¢, J = 1.2 Hz), 7.72-7.67 (2H, m), 7.60-
7.46 (6H, m), 7.41-7.34 (dH, m), 7,30 (2H, d, /= 3.9 Hz), 7.17 (2H, d, /= 8.7 Hz), 4.11-1.07 {2H,
m), 1.90-1.85 (211, m), 1.48-1.37 (18 H, m), 0.91-0.86 (3H, m) ppm. . "C NMR, (300 MHz, CDCl):
158.76, 144.68, 142,50, 141.54, 141.42, 140.48, 139.86, 137.68, 136.28, 136.03, 134.45, 130.31,
129,15, 128.44, 126.69, 126.04, 12591, 124.79, 124.50, 123,97, 123,91, 12335, 122846, 119.58,
118.25, 116,57, 116.13, 111.28, 110.73, 10049, 79.64, 7940, 78.76, 7432, 64.32, 54.8%, 40.89,
40,62, 40,34, 40,06, 3978, 39.50, 3923, 3486, 32,28, 3180, 29.55, 29.50, 2931, 2923, 2920,
26.03 and 22,88,

(Er3-(5-(5-(3-(3,6-di-rerr-hutyl-§ H-carbazol-9-y11-9-{4-(dodecyloxy)phenyl)- ¢ £F-

carbazol-G-yl)thiophen-2-yBithiophen-2-y[»2-cyunoacrylic acid (GICS8A13)

C

H
1y s
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A mixture of G1CS7 (125 g, 0.28 mmol) and cyancacstic acid (004 1, 0.57 mmal) was
vaguum-dried and chlorofonn (20 mil) and piperidine {0.07 ml, 0.8% mmol) were added. The solution was
refluxed for ovemight. After cooling the soluton, the oreanic layer was removed in vacuo. Pudfication
by column chiromatographyl over silica gel eluting with a mixtae of methanoel and methylene chlonde
(1:5) followsd by recrystallization with a mixture of methylens chloride and methanol afforded a red
solids (yield 61%). C H N,0,8, m.p. 194 °C; 'H NMR (300 MHz, DMSC-d ) 8 8.78 {1H, 5), 8.64
(1H, s}, 8.29 (2H, =), 8.05 (1IL, 53, 7.81-7.78 (2H, m), 7.64-7.32 {12H, m), 7.21(2H, d, J = 0.02 Hz},
407 (2H, m}, 1.76 (2H, m), 1.41-1.23 (1% H, m}, 0.98-0.83 (3H, m} ppm.

5-(5-(5-(3-(3,6-di-tert-buly -9 H-carhazet-9-y)-9-(d-(dedecyloxy)phenyl)-9H-

carbazol-6-yl)thiophen-2-yDithiophen-2-ylithiophene-2-carbaldchyde (G1C85511)

To a stirred solution of GICSS10 (048 g, 0.51 mmeol} and PAPPL,), (0.005 2, 0.005
mmel) in tetrahydrofuran (20 ml) were added 5-formyi-2-thiophencoronic acid (0,08 g, 0.54 mumol),
and an aqueous Na,CO, solution (1.09 g, 10.2¢ mmol). The mixture was retluxed for 48 h. After
cooling the solution, H,O (50 ml}) was added to the solution and extracted by dichloromethans
{50 ml x 3}. The organic layer was separated and dried in Na,80,. The solvent was removed in
vacuu. Purification by column chromatographyl over silica get eluting with a mixture of methanel
and methylene chloride {1:3) followed by recrystallization with a mixiure of methylene chlovide and
methanel afforded orange solids (yield 79%). C H N8 mp. 140 °Cs 'H NMR (300 MHz,
DMSO0-d,): & 9.85 (LH, s), 8.30 (211, s}, 8.19 {211, s}, 7.72-7.66 (211, m}, 7.55-7.46 {GH, m), 7.40-
7.34 (3H, m), 7.28-7.23 (3H, m}, 7.17-7.15 (211, m}, 4.}1-1.07 {ZH, m), 1.90-1.85 {2H, m}, 1.58-
1.43 (18 H, m), 0.89-0.86 (3H, m} ppm. s NMR, (300 MHz, CDCL): 132,39, 15889, 146.97,
14543, 142,55, 141,75, 140,79, 140,18, 139.52, 137.39, 13467, 13407, 13059, 125,42, 128.45,

127.04, 126,37, 125,71, 123.52, 124,69, 124.19, 123,93, 123,84, 12353, 123,31, 12313, 123.07,
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112.05, 11770, 11624, 11581, 111,01, 110,58, 10914, 744, 7722 7701, 76,59, 68.50, 3474,
3208, 31.94, 20,70, 29.66, 29,03, 2944, 29,37, 2930, 26.11, 22.71 and 14.13.
(F)-345-(5-(5-{3-(36-di-ztert-butyl- 2H-carbazol-4-y1)-9-(4-{dedecyloxy}phenyb)-Y H-

carbazol-6-yDthiophen-2-yDihiophen-2-ythiophen-2-y)-2-cyanvucrylic acid (GHCSE8A14)

A mixhure of GLCSSS11 (0,30 g, 031 mmol} and cyatoacetc acid 005 g, 0.62 nunol) was
vacuum-dned and chloroform {20 mil} and piperiding (0007 ml, 093 monol) wers added, The solution was
refluxed for ovemight. After cooling the solutiom, the organic layer was mwmoved it vacuo. Porification
by column chromatographyl over silica gel eluting with a mixtard of methanol and methylene chloride
(1:4) followed by recrystallization with a mixtre of methylene chloride and methancl afforded a red
solids (vield 63%). C,H,.N,0,8,; m.p. 210 °C,

3.6-bis(3,6-di-teri-hutyl-2H-carbazol-9-y ) -9-(3-bromo-9-{4-{dodecylox y }pheny -

SH-carkmzol-6-yD)-#H-carbazole (G2C1)

Ly
EE

To a mixture of Cul (0.05 g, .28 mmel), K,PO, (0.30 g, 1.42 mmol), and CP3 (1.96 g,

7.00 mmol) in toluene (60 ml} were added G2 (041 g, 0.5 mmal) and (+~)-trans-1,2-
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diaminoeyclohexane (0.03 g, (.28 mmol). The reaction mixlure was stimed a1 110 °C under
nitropen. Atter 24 h, water (100 ml) was added until the two phases mixed, The solution was
extracted with CH,CL, {100 ml] x 3), washcd with water {100 ml}, brine soluticn (100 ml) and dried
with Na 50, filtered, and the solvents removed (o drymess, Afier the solvent was evaporated.
The pure procduct was obtained by column chromatography over silica gel eluting with a mixture of
methylene chloride and hexane (1:10) as an shient a white solid (yield 65%). CH BrN O, m.p.
140 UC; lH NMR (300 MHz, CDCI): & 840 (211, d, 7 = 1.2 Hz), 8.32 (2H, d, f = 1.5 Hz), 827
(211, &), 8.17 (411, &), 7.72 (1H, d, J = 1.5 Hz}, 7.61 {5H, ), 7.54-7.46 (6H, m}, 7.38-7.31 (411, m),
727 {2H, d, J = 5.7 Hz), 7.18 (2H, d, J - 2 11z}, 4.12-4.07 (211, m}, L.B8 (2H, m), 1.55-1.26
(18H, m}, 0.21-0.87 (3H, m) ppm; "C NMR, (300 MHz, CDCI): 159.12, 142.52, 141.39, 141.15,
140.93, 14025, 130,69, 12952, 129,10, 128.53, 12600, 124.32, 123.74, 123.56, 17336, 123.1%,
12312, 119,66, 119,35, 11620, 11593, 113.03, 111.77, 111.45, 111.14, 109,16, 7745, 7702,
To.60, 34,74, 32,07, 31.94, 2070, 29.67, 29.64, 29,44, 29,38, 29,30, 26.11, 22.71 and 14..
3.6-bis{3,6-di-tert-butyl-2H-carbazol-2-y1)-9-(9-(d-(dodecyloxypheny )-3-{Lhlophen-

2yl -carhazol-6-y1)-$H-carbazole (G2C52)

1

To a stiered solution of G281 (.58 g, 0.47 mmol) and Pd{Phh,}, (0.005 g, 0.005 mmol}
in tetrahydrofuran (20 ml) were added Z-thiopheneboronic acid {0.07 g, 0.36 mmol}, and an
aqueous Na,CO, solution (1.00 g, 9.46 mmol}, The mixture was refluxed for 48 h, After cooling the
solution, H,O (50 ml} was added to the solution and extracted by dichloromrthane (50 ml x 3).
The organic layer was separated and dried in NaSO, The solvent was removed in vacun.

Purification by colunm chromatography over silicagel eluting with & mixmre of methyilene chloride
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and n-hexane (1:10) followed by recrystallization with a mixture of methyilene chloride and
methanol affored white solids (yield 93%). Cy.H,,N,0S; m.p. 140 °C; 'H NMR (300 MHz, CDCL): 8
8.46 (2H, d, J = 0.07 Hz), 8.23 (6H, d, J = 0.10 Hz), 7.75 (2H, t, J = 0.03 Hz), 7.63-7.55 (7H, m),
7.50-7.37 (10H, m), 7.29-7.12 (4H, m), 4.13-4.09 (2H, m), 1.92-1.87 (2H, m), 1.30-1.27 (18H, m),
0.90 (3H, m) ppm; "C NMR, (300 MHz, CDCI): 158.99, 145.25, 142,50, 141.73, 141.51, 140.27,
130.62, 129.42, 149.34. 128.53, 128.09, 127.22, 125.998, 125.68, 125.44, 124.26, 124.09, 123.70,
123.56, 123.12, 122,47, 119.74, 119.34, 118.04, 116,20, 115.88, 111.34, 111.23, 110.62, 109.18,
77.45, 77.03, 76.61, 68.53, 34.75, 32.08, 31.95, 29.71, 29.68, 29,65, 29.46, 29.39, 29.33, 26.13,
22,72 and 14.15.
3,6-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-9-(3-(5-bromothiophen-2-yl1)-9-(4-

(dodecyloxy)phenyl)-9H-carbazol-6-yl)-9H-carbazole (G2CS3)

@@
~“
o

H
1225

In a flask, covered with aluminum foil, stirred solution G2CS2 (0.44 g, 0.36
mmol) in THF (15 mi) was added NBS (0.06 g, 0.37 mmol). was added in small portions.
The mixture was allowed to warm to room temperature for 3 h. Water (50 ml) was added and the
mixture was extracted with methylene chloride (50 ml x 3). The organic layer was separated and
dried in Na,SO,. The solvent was removed in vacuum. Purification by column chromatographyl
over silica gel eluting with a mixture of methylene chloride and n-hexane (2:10) followed by
recrystallization with a mixture of methylene chloride and methanol afforded green solid (yield

88%). CyH,,BrN,0,S; m.p. 210 °C.
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5-(5-(3-(3,6-bis(3,6-di-tert-buiyl- #H-carbazol-9-y1)- $-¢c arhazol-9-¥1)-9-(4-

{dodecyloxy)phenyl)-2H-carbazol-6-y[ithlophen-2-yhiophene-2-carbaldehyde (G2C554)

To a stirred solution of G2C83 {0.41 g, 0.31 mmol} and Pd(PPh,}, (0.003 g, 0.003

mmol} in tetrahydrofuran (20 ml) were added 5-formyl-2-thiophensoronic acid {0.05 g, 0.33
nunol), and an aqueaus Na,CO, solution (.67 ¢, 6.39 mmol). The mixture was refluxed for 48 h.
After cooling the solution, ILO (50 ml) was added to the solution and extracted by
dichloromethane (50 ml x 3). The organic layer was separated and dried in Na, 50, The solvene
was rernoved i vacuum, Punfication by eolurmn chromatogeaphyl over silica gel eluting with a
mixture of methylene chloride and n-hexane (3:10) followed by recrystallization with a mixture of
methylene chloride and methanel afforded orange solids {yield 72%). C,H,N,Q,8,; mup. 210 °C;
'"H NMR (300 MHz, CDCIL): & 9.86 {1H, s), 5.50 (1H, s}, .43 {1H, =}, £.28 (2H, s}, 8.18-8.17 (4IL,
m), 7.77-7.73 (2H, m), 7.68-7.53 (6H, m}, 7.59-7.54 (2H, ), 7.49-7.45 (5H, m}), 7.42-7.33 (7H. m},
7.15 (211, 4, T = 8.7 Hz), 4.13-4.09 (?H, m), 1.92-1.87 {211, m}, 1.56-1.29 (1&H, m}, $.90-0.86 {3H,
o} ppm; “c NME, (300 ¥z, CDCL:182.30, 150,11, 147.44, 147,22, 14254, 14212, 141.44445,
14132 14026, 13745, 13428, 13069, 12950 12019 12851, 12732, 126,15, |25.99, 125.10,
124,11, 123.57, 12348, 12322, 12313, 119.75, 118.02, 116.02, 11593, 11150, 111.18, 110.84,
10916, 77.45, 77.23, 77.03, 76.61, 6855, 34.75, 32.07, 31.95, 20,71, 25.67, 29.65, 29.45, 19,34,
29.32,26,13, 22,72 and 14.14.

(F)-3-(5-{5-(3-(3,6-bis(}, 0-di-tert-buty -9 H-carbazol-9-yl)-§ H-carbazol-9-y1)-9-(4-
(dedecyloxyiphenyD)-#H-carhazol-6-yDthiophen-2-yDthiophen-2-y[}-2-eyancactylic acid
(G2C58A5)
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A mixture of G2C854 (0.23 g, (.17 mmel) and cyanoacetic acid (002 g, (.34 mmol} was
vacuum-dried and chloroform (20 mi) and piperidine {(0.04 ml, 0.51 mmol} were added. The solution was
refluxed for ovemight. After cooling the solution, the organic layer was removed in vacuo. Purification
by column chromatographyl over silica ge! eluting with a mixture of methylene chloride and hexane
(3:10) followed by recrystallization with a mixture of methylens chlonde and methanol aftorded a red
solids {yield 69%). CJL.N.O.8,; m.p. 194 °C; "Il NMR (300 MHz, DMSO-d.): 8 8.21-8.01 (911, m),
7.44-7.18 (1711, m), 7.03-6.82 (8H, m), 3.76 (2H, s}, 1.62 {2H, s}, 1.30-1.14 (1% II, m}, 0.753-0.74
(3H, m} ppm; "C M B, (300 MHz, DMS(-d.): 16882, 158.70, 145.80, 144.34, 142,43, 141 34,
141.16, 140.87, 139.99, 134.99, 134.43, [30.40, 12519, 128.8(, 12649, 126040, 125,71, 12472,
12393 12294 11942 11908, 118.67, 117.33, 116606, 11663, L111.14, 11025, 109,14, 104.39,
103.37, 78.14, 72.92, 77.29, 32.00, 31.82, 20,57, 29.54, 29,52, 2649, 29.31, 29.25, 29.15, 29.95,
2595 22 59 and 1413,
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Abstract

Dye silar cells (DSCs) have attracted imuch attenton, due to their prospects of simple
preparation and low cost. in this work, we developed D-7-A type organic dye, namely NJO1-6 havirw
the bithiophene as their F-conjugated bridge, mphenylamine as donor and cyanoacrylic acid as
acceptor. The omanic dye was synthesized using Suzuki cross-coupling, bromination  and
Knoevenagel condensation reactions. Under standard global AM 15 solar condition, the NJO1-6-
basud cell ewe a short circuit photocurrent density () of 1118 mA an | an open arcut voltage
(V) of 069V, a fill factor (FF) of 0.66, comrespanding to a power conversion efficency (PCE) of
5.07%, and the masinun madent imonochromatic photon-to-current corversion effiaency (IPCE) of
B1% at 429 nm.
Keywords : Dy solar cells (DSCs), Oreanic dye, D-7-A, Tnphenylamine

Introduction

Dye solar cells (DSCs) have been actively studied since Gratzel and co-workers reported high
solar energy to electricity conversion effidencies of up to 12% with a DSCe hased on nithenium
complex photosensitizer, However, the Lse of nuthenium dyes will limit the large-scale application of

such cormplexes i the future due to the prablen of hich and onfrendly environmental issues, (i
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the meantime, metal free organic dyes are bemg increasingly studies in DSCs due to good
performance, simple preparation and low cost [1]. Recently, a imetal-free sensitizer, an indoline dye,
gave an impressive high efficiency of 9% for DSCs [2). However, organic dyes have often presented
the low conversion efficency and low operation stability cornpared to metal complexes, The najor
factors for low conversion efficiency for the DSCs based on organic tyes are the fomation of fdye
asgregation: on the semiconductor surface and recombination of conduction band electrons wath
triiothde in the electrolyte.

Organic dye containing an electron donor, Tconjugation and electron acceptor, which is
called the D74 stricture. The mconjugated unit as an electron spacer to connect the donor arnd
accepter. Oligothiophenes are usually used as the mconjugated system because of their chermical
and environimenital stability as well as their electronic tenability [3]. The triphenylamine can improve
the hole-transporting ability of the matenals, and the non polar structure of tnphenylamine can also
prevent the formation of dye ageregate (8] In this work, we investicated on the synthesis and
charactenzations of D-4 type oreanic dye with the oligothiophene as their moonjugated systerm,
tiphenylamine as donor and cyancacrylic acid as acceptor, and applied them successfully to

sensitize nanocrystalling TiO, based on solar cells,

Objective

1. To synthesize novel donor acceptor Fconjugated (D-7-A) organic imatenal
2. To study their optical and electrocherical properties

3. Toinvestizate the performances of dye based device

Methodology
1. General methods

"H NMR spectra were recorded on Broker AVANCE (300 MHz) spectrometer, | C NMR spectra
were recorcher! on Broker AVANCE (T5MHz) spectrometer and were fully decoupled. Chernical shifts
(8) are reported relative to the nesidual solvent peak part per million (ppm). Coupling constants U)
are given in Hertz (Hz), UV-Visible spectra were imeasured in CH,CL on a Perkin-Elmer UV Lambida 25
spectrometer. Fluorescence spectra were ineasured in CH.Cl, on a Perkin-Elmer L 5 508
Luminescence spectrometer. Analytical thin-layer chiromato- graphy (TLC) was perfornied with Merck
alurmmnivim plates coated with sllica gel 60 Fu.,. Column chromato- graphy was camed out using
gravity feed chramatography Merck silica gel nwsh, 60 A, where solvent mixture were used and the
portons are given by volume,
Preparation DSC electrodes

T prepare the DSC working electrades, the FTO glass used as current collector (FTO 3 i
thickness, 15 @/an’, Solaronix, Switzerland) was first cleaned in a detergent solition using an
ultrasonic bath for 15 min, and then nnsed with water and ethanol. The FTO slass plates were
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inmersed ito a 40 min agueous TICk, agueous solution at 709C for 30 min and washed with water
and ethanol,

The commercial available TiO, paste (207/5P and R/SP, Solaronix) and inodified paste was
deposited on SnO,F glass for fabnicated photo anode electrodes by screen-printing method. This
screen-prnting procedure (with coating, storng and drying) was repeated 1o chande the thickness of
the nanocrystalline-TiO, working electrode. The electrudes coated with the Ti0; pastes were
gradually heated under an aiflow at 325 oC for 5 min, at 375 °C for 5 nin, at 450 °C for 5 1nin and
500°C for 30 min. After sintering, the surface arsa of the Ti0, electrodes was measured precisely with
camera and followed integration of the resilting image by linage ) software.

After the size measurenent, the Ti0L filin was e - treatrment with TICL, and <intered again,
as. described above. At 80 °C in the cooling, the Ti0), electrode was iminersed into a 3 x 10° M N-3
dye solution n Ethanolic solution and kept at room temperature for 20-24 h to complete the
sensitizer uptake.

To prepare the counter electrode, a hole was drilled in the FTO elass by 1 mm diamonds
driller. The pedorated sheet was washed with H,0 as well as with a 0.1 M HCL solution m ethanol
and cleaned by ultrasound in an acetone hath for 10 pw After removing residual organic
contaminants by heating in air for 15 min at 450 °C, the Pt catalyst was deposited on the FTO glass
by coating with a drop of H,PCL, solution (7 M i Isopropanal) and repeating the heat treatment at
385 °C for 20 mn,

DSC assembling

The dye-covered T, electrode and Pt-counter electrode were assembled into a sandwich
type cell arnd sealed with a hot-melt gasket of 30 pm thickness made of the wnomer Surlyn 1702
(Dupornt). The aperture of the Surlyn frame was Tmm squane larger than that of the Ti0; area and its
width was 1 .

A drop of the electrolyte, a solution 0.60M Lil, 0.03M 1, 0.10M euanidinium thiocyanate and
0.50M 8-tert-butylpyndine in the mixture of acetonitrile and benzonitrile (volume ratio: 85:15)) was
put tn the hole m the back of the counter electrode. The electrolyte was introduced into the cell
vid vacuui backfiling. The cell was placed in a small vacuurm chamber to remove inside air
Exprosing it agam to ambient pressure causes the electrolyte to be driven intn the cell. Finally, the
hole was sealed using a hot-simelt jonomer filim (Surdyn 1702, 30 pm thickness, Du-Pont) and hot
cover glass (1imin thickness).

Photuvoltaic measurements employed an AM 1.5 solar simulator, The power of the
simulated light was calibrated to be 100 mWern . by using a reference Si photudiode equipperd with
an IR-cutoff filter (KG-3, Schatt), FV curves were obitained by applying an external bias to the cell and
measuring the generated photocurrent with a Keithley jnodel 2400 digtal source meter. The voltage
step and delay time of photocurrent were 0.2 V and 80 s, respectively. Lisht reflection losses were

eliminated using a solid mask.
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2. Synthetic procedures
Synthesis of 2

To a mixture of 1 (0.10 & 0.38 mmol), 2, S-dibromothiophene (0.21 ¢, 0.86 mimol) and
PA(PPh,), (0.0039 g, 0.0034 runol) in THF (20 10l) were added 2M Na,CO, (0,36 g, 0.38 mimol), The
reaction mixture was heated at reflux inder N, atimosphere for 28 b, After being cool o roon
temperature, the mistire was extracted with CH.CL (50 L) The combined orgaric layer was
washed successively with water (20 mix3), brine salution (20 mba@), dried over anhydrous Na S0, and
evaporated to dryness. The residue was purified by column chromatosraphy on silica gel eluting with
Hexane to afford a white solid (0.03 ¢, 26%), 'H NMR (CDCLy): 6 7.37 (o, 2H, J = 8.62 Hz), 7.28 (t, 4H, J
= 8.02,7.57 Hz), 7.13 (d, aH, J = 7.67 Hz), 7.08 (in, aH), 7.00 (d, 1H, ./ = 3:83 Hz), 6.96 (d, 1H, J = 3.83
Hz),
Synthesis of 3

To a nisture of 2 (0.21 ¢, 051 o), S-Fornvl-Z-thiophene boranic acid (0,08 ¢, 0.51
immol) antd PPPhL), (0.05 g 0.051 minol) in THF (20 1l) was added 2M Na,CO, (1.08 ¢, 0.1020
imol), The reaction imixture was heated at reflis under N, annosphere for 24 h. After beilg cool to
roon terperature, the imikture was extracted with CH,CL (50 11lx2). The combined organic layer was
washed successively with water (20 milx3), brine solution (20 mli@), dried over anbydrous Na,S0, and
evaporated o dryness. The residue was purified by colurmn chromatography on silica gel eluting with
hexane increasing eradually to Hesane:CHCL (6:1) to afford a yellow solid (0.71 ¢, B2%). 'H NMR
(COCL): 8 7.76 (d, 1M, J = 3.9 Mz), 7.86 (d, 2H,J = B.7 Hz), 732 (d, 1M, J = 3.9 Mz), 7.28 (t, 4H, / = B4,
T.2Hz), 7.20 (d, 1M, =39 Hz), T.1B (d, 1H, J = 3.6 Hz), 7.13 (d, 4H, J = 7.5 Hz), 7.08-7.04 (in, aH).
Synthesis of NJ01-6

To a nncure of 3 (0,20 g, 0.45 mimol) and cyancacetic acid (0.03 ¢, 0.68 mimol) was added
piperidine (0.12¢, 137 mmol) in chloroform. The reaction miture was heated at reflux under N,
atmosphere for & h. After beng cool o room temperature, the miture was extracted with CH,CL,
(50 mlx2). The combined organic layer was washed successively with water (20 nlx3), brine solution
(20 mle2), dried over anhydrous Nag30; and evaporated 1o dryness. The residiue was purified by
column chramatography on silica gel eluting with CH,CL increasing gradually to CHLCLCHOH (3:1) o
Afford a red <olid (0,71 g, 82%). iy NMR (DMSO-A,): 38.02 (5, 4H), 7.63-7.54 (m, 3H), 7.44-7.40 (im,
3H), 732 (t, 4N, J = 75 Hz), 7.10-T7.03 (im, 6H), 7.08 (d, 2H, J = 7.8 Hz), 704 (d, 211, J = 7.5 Hz), 6.94 (d,
2H, J = 3.9 Hz)
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Results and Discussion

Wad o
[

HIOY-6; T9%

Scheme 1. The sbuciures and preparation of NJO1-6

The target NJO1-6 was successfully prepared as outhine in Schenwe 1. Intennediate 2 was
first synthesized by Suzuki cross coupling of 1 with 2, S-dibromothiophene with PA(PPhy), as catalyst
and 2M Na.CO, as base m THRHLO as solvent at reflux for 88 h, The aldehyde intermeciate 3 were
then formied by cross coupling of the obtaned anyl bromide 2 with 5-fonvl-2-thiophene buronic
acd under the same Suzuki cross coupling reactions. Knoevenagel condensation of the resultant
aldehyrle 3 with cyanoacetic aad in chloroform as solvent and piperidine as base gave the omganic
riye NJ01-6 as red solid in eood yeled.

The absurption and emission spectra of the ureanic dye NJO1-6 in dilute solution are shuwn
ui Figre 1. The oye exhibit two distinet absorption bands at around 288 i comesponding to the
== electron transition of the conjugated molecule and at amund 805 mm comesponding to an

mtramolecular charge transfer transition (ICT) between the taphenylamine donatine unit and the
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Figure 1. Ahsomtion spoctes of NJI0T-6 in CHC Flgure 2. Crmission dpectra of NJO1-6 in CH.CL,
olution (107 M) a1 25 °C solubion (107 MYal 25 €
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cyanoacrylic acid anchoring maiety. The molar extinction coefficient (£ of the NJO1-6 is 20,000 M

‘e’ The dye shows the masimum emission at 595 wn as show in Figure 2.
; 2%
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Figure 3. CV curve of NI01-6 in CHLCL, solulion with Flgure 4 Schemalic energy diagram for DSCs based
R-HNPT,, as supparling electiolyles, scan rate of on NJO1-6, 2 nannarystalline T, electrode, and 1/,
50 mvs” redox counle.

CV curve of NJ01-6 show the oxidation process of triphenylamine and conjugated thiophene
mioieties, while the imeversible reduction can be assigned to the reduction process of cyancacrylic
acceptorn. The HOMO and LUMO energy levels of this dye were determined using the onset position
of the uxidation and enengy gab (E)), The determinated LUMO level is -3.07 &V, which matches well
the conduction band of Ti0), favoring electron juimping from dye to TiO,. The detenninated HOMO

level s -5.26 eV, which matches well with redox potential of the 141, redox electrolytes favoning
electron jumping frorm electrolyte to dye.
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Figure 5 Current fensity-vollage (V) characlenslic for DSCs from Lhe NJD1-6 and N3 dye

Figure 5 shows cument density-voltage (V) characteristic of device based on the NJO1-6
giving a short circurt photocurrent density U of 1118 mAain *, an open circuit voltage (V) of 0.69

V. a fill factor (FF) of 0.66 and a power conversion efficiency (PCE) of 5.07%. Device made of a

comimercial dye N3 under the same condition was used as a reference.
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Wavelength (nm)

Figure 5 IPCE action specua for [5Cs hased on NJO1-6 and N3 oye-sensitized transparent TIO, fitms

Fieure 6, show action spectra of imonachromatic incident photon-to-current conversion
efficiencies (IPCE) for DSCs based on NJO1-6 and N3, The IPCE spectnum of NI01-6 shows imaxinia
efficiency about 81% at 629 nm. The IPCE value of NJO1-6 1s higher but shaper than that of N3 dye,

Conclusion

In surminary, we have synthesized and characterized of NJ01-6 dye with tiphenylamine as
donor, thiuphene lnker and cyanoacrylic acid accepter. The oreanic tye was synthesized using
Suzuki cross coupling, bromination and Knoevenagel condensation reactions. Under standard global
AM 1.5 solar condition, the NJO1-6 based cell give a short circuit photocurrent dersity of 11,18 mA
n, an open oot voltage of 0,69 V, a fill factor of 0,66, coresponding to A power conversion
efficiency (PCE) of 5.07%, and the masinum inadent monochromatic photor-to-current conversicn
efficiency (IPCE) of 81% at 429 rim.
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