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ABSTRACT

TITLE : THE SYNTHESIS AND CHARACTERIZATION OF RUTIIENIUM
COMPLERES FOR DYE SENSITIZCED SOLAR CTLLS APPLICATION

BY D YURANAN THA THONG

BEGRTLE : MASTER OF SCITNCE

MAJOR : CHEMISTRY

CHAIR 1 ASST.PROF. RUEKEAT JITCHALY, PR,

KEYWORDS : SOLAR CELLS ¢ DYE SENSITIZER / RUTHENIUM COMIPTEXES

In this research, we reported the synthesis of the three series muithenium(It} compiexes,
for cxample; homoleptic ruthepiumilf} comples without tetrabutylammonium salt, named
YN-N3 (syn), hctcroleptic pyridy] ruthenium(il} complexcs with totrabulylammonium  salt
(¥N-phen, YN-G6) antd homaoleptic and hetereleptic rutheninmdil) complexes with tetrabutyl
amanonium sait {¥YN-719, YN-07 and YN-08), respectively. All mthenium{IF} complexes were
characterized by muclear magnetic resonance spectroscopy (NMRL), fowier transform infrared
spectroscopy (FI-1R), mass spectroscopy (MS), cyclic voltammetry {CV) as well as absorption
spectroscopy techniques. I'he ruthenium(1l) complexes were tested the solar light to conversion
efficiency using the liquid electroiyte (0.05 M 1, 0.4 M 4-tert-butyipropyline, 0.1 M LI, 06 M -
tetrapyridylammoninuem iodide). The deviee sensitized by ¥YN-719 shows the highest photovoltaic

efficiency of 4.57% under a standard AM 1.5 ireadiation {100 rancmz],
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CHAPTER |

INTRODUCTION

1.1 Impertance In research and development

Lnergy is a primary nnportance factor to develop our world. Curently, the enctgy
requirement for seven billion people worldwide is estimated about 13 terawatts (TW) and this is
expected 10 0 up to 23 TW in a next 4 years. Hence. the scientists realize that we need to find
allernative cnergy sources. Three vishle options are being discussed: carbon-fuel-based sources,
nuclear power and renewable energy sources. The first option is carbon-fuel-based energy that
impacts to the environment. When we choose this option, it will lead to a substantial increase in
lhe CGy levels, For Lhe nuclesr power option, the production process of auclsar power cavsed
dispose of the dangerous nuclear fuel wastes. Thus, the renewable enengy source is the best choice
for several reasons, such as no worry about 0O, Jevels in the aimosphere, clean and sale. There
ara many renewable energy sources, for cxamples, wind energy, v.;ﬂter energy, biomass encrgy and
sokar energy [L].

Fhe sun becomes the good choice of renewable energy. It is a natural source of clean
encrgy, sustainable encrgy and (Merlby envirenment. Many tescarch groups have besn interested
1o use of solar energy to produce electrical power. One specific emerging technology will pernait
direct conversion of sunlight to cleetnicily, called photovoltaic selar cett |2)]. In 1954, photovoltaic
solar ¢ell and photoveltaic P-N lype scmiconductor single erystal silicon have developed ta
provide the first high performance by Chapin et al.,, Bell Labaratories, USA [3, 4]. After that,
several researchers have developed P-N type setmiconductor materials to improve efficiency until
now. However, the manufacturing process to produce P-N solar cell need advanced technology
andl bhigh purity of semiconductor matemal. For (hat reason, another type of solar cell was
developed in 1991 by Gratzel's group [5, 6], a5 we called dye sensitized solar cell {DSSCs). This
type of solar cell has smalar effcicney with PN type seiniconductor silicon solar ceil bue it is

vasier to fabricate, It has lower production cusls as wall as flexible | 7).
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1.2 Dyve sensitized solar cells {DSSCs)

Diye sensitized solar cells (1D530%) are the new class of phote clectrochemical cells.
Crver the past decades. [7%%Cs have awracted a widespread in both academic and commercial for
the conversion ol sunlight into electricity. The DSSCs device, in Figure |2, composes of five
major parks; 1} dye sensitizer, 2) nanocrystallime wiclal oxide semiconductor film (130,),
31 trunsparent sleetrode {TTOY, 4) redox electrolyte {3I-fl_j] and 5) the counter electrode, The mos)
impurtanl parl o DSSCs device is a dye sensitizer which should absach all region of the sun light,
Muany Lypos of dye sensitizers have been studied [8-12]. Until now. Lhe best sensitizer reported so

(ar is a ruthenium complex dye, namad N719, producing sn overall elficiency of 1 1%,




Lal

M

R
w1t e

.a"’-lé'ﬁ'?l ]

.
1 Dye
: : 5h counler
NEIG 2 TR, db elecirelyie
plectride

Figure £.2 Composition of dye sensitized solar cells

1.3 Component of dye sensitized solar cclls

To construct the photovoltaic solar cell, the components needed are dye sensitizer,
nanocrystatiine metal oxide semiconducter film {Ti0.), transparent clocirode (FTO), redox
electrolyte and the counler ¢legtrody s mention previously. Each component is described below,

{1) Dye sensitizer: [t must show good property for absorbed solar enerpey, rans ferred
cleetrom o metal oxide particles, having long length optical absorption spectrum in the visible e
near infrared, high extinction coefficient, high stability in the oxidation state and good adhesive on
surface of metal oxide particles. There are many types of dye sensitized solar cells, for example
organic dyes [13, 14], porphyrin dyes [15, 16] avd ruthenivm complex dyes [17-12]. Our research
group interested Lo siedy and syathesize rutheniom complex dyes due w their high voliage redox
and high stability. It alse shows good electron transfer into nana crystalling and medal oxide as
well s the structure can be casily moditfied,

(2} Metal oxide particles layer: The semiconducting oside film is one of the most
important factors determining the photovoltaic performance of DSSCs. Semiconductor oxides
used in dye sensitized solar cells include Ti0,, Zn0, S0, Ne,O, and so forth 124, which served
as the carricr for the monolayer of the sensitizer using their huge swface and the medivm of
glectron transfer to the conducting substrate. The oxide film holds the dye molecules, collected the

photogenerated cleetrnns from the TUMO level of the dye molecules, provide the path for the




transport of the electrons to the FTQ. Therefors, the oxide materials have to satisfy several
reyuisites; e.g., high surface area 1o load a large amount of dye molecules, conduction band energy
level locating between the LUMO level of dye and the redox level of the elestrolyte, more than
3 eV, high clectron mobility, and chemical stability. To date, TiQ, becomes the best choice in
semiconductor for several researchers including our group, due to its low-cost, abundance in the
markel, nontoxicity, biocompatibility, and it is also used widely in health care products as well as
In painks.

(3) Transparent electrodes: It consists of anode electrode using fluoride doped tin
oxide (FTO) and cathode electrode or counter clectrode. Transparent electrodes can compensate
electron to electrolyie syslem.

{4) Electrolyte system:. The eleotrolyle is one of the key components for dye
sensitized solar cells and its properties have much effect on the conversion efficicncy and stability
of the solar cells. It can be compensated electron for dye sensitized sclar cells or reecived the
positive charge from the cathode electrode and easily to oxidation reaction, The electrobyte used in
DSSCs iz divided into three types: liguid clectrolyte, quasi-solid state electrolyte, and sclid
glectrolyte.

The major redox couple containg I')/T couple [21, 22| and electrolyte solution,
Wang et al. used B /Br, as redox coupie in Fosin Y sensitized solar cells 23] SCN/SCN),
couple wete also shown in the literature [24]. Sapp ot al. reparted the substintted bipyridyl cobalt
(TIIAA1) couple as redox couple in 1DSSCs [25]. Ilowever, the perfurmance of these couples can
hardly match witht of [,/T couple. To date, the organic salvent based liquid electrolyte containing
Lil; as a redox couple give the best record NSSCs efficiency [26]. Tn this vlectiolyte type, the
cleetron transfer from 50, to I, governed by the weak dissociative chemisorption of the iodine is
a slow process. In conteast, the regeneration rate of 1 from 13' at the cowner clectrode is very high
and fast due Lo the effective catalytic reaction at the counter electrode and fast diffusion of YA, in
the liquid media. Therefore, only preferred reactions occur in both anode and cathode, whick

satisfics the most important requirement of the ideal redox couple,




Crganic solvent electrolytes were widely used and investigated in dye sensitized
sotar ¢ells for their low viscosily, [ast jon diffusion, high efficiency, easy 10 be designed and high
pervasion into nanocrystalline film electrode [27]. The composition of the electrolytes composed
of organic solvenl, redux couple, and additive. Organic solvent used in organic hiquid slecirolyte
including nitrile, such as acetronitrile, veleronitrile, 3-methoxyproptonitrile, and esters {athylene
carbonate (CF), propyliene carhonate (PCY, y-butyrolactone). Jn this work, we used acetronitrile
and veleronitrile as organic liquid clectrolyte.

The commonly additive used in the eclectrolytes for dye-sensilized solar cells
contain 4-tert-butylpyridine (TRP} and N-methylbenzimidazale (NMBI} |28]. The addition of
these additives could suppress the datk corrent and improve the photoelectric conversion
efficiency. The function of TBP is o reduce the recombination of electrons in the conduction band
of the semicanductor and the eleciron acceptor in the electholyte through the coordination between
N atom and the Ti fon to incomplete coordination state on the surface of TiO, iilm. Then, the
photovoltage fill factor and the conversion clliciency can be inercased dramatically.

{3} Counter elecirede

To balance the charge and regenerate the key componemts, the oxidized form of
the mediator needs to be reduced by ciectron flowing through the external circuit then passing
ihrough the counter electrode. For the iodide-I, mixture, the oxidized form corrcsponds W tri-

lodide and reduction involves 2 electrons:
I+ 2e —>» a0 (L1}

To reduce losses, the counter electrode matarizl] should show pood electrocatalytic
properties. The material of choice s platinum (Pt} As an electrode material, Pt shows excellent
chemical stability and very low over potential for the tri-iodide reduction reachion (equation 1)
In our growp, we prepared Pt metal clusters by thermal decomposition of chloroplatinic acid

(H,PtCL) from 2-metnxy cthunol on a fluoride doped tin oxide (FTCH [29, 3¢,




1.4 Principle of dye sensitized solar cells working [31]

: The mechanizm of the working DSSCs (Figure 1.3) s described as followed.
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Figure 1.3 Principle of operation and encrgy level scheme of the dye sensitized nanocrystalline

solar cells

. (1) Consider electron reaction that take place at the anede, where fhe absorption of the

Jlight by the dye (") lead to formation of its clectronically state (S )

S — by >y [phato excitation) (1
{2} The molecule in the excited state can decay back to the ground state or undergo

oxidative quenching then inject electrons into the conduction band of Ti(),.

$ =&+ hy (emission} (2}

5 —> 8 1 e-ch (Ti0, charge injection} (3}

- {3} The injected electrons travel through the mesoporous network of particle to reach
the hack-collector electrade to pass through the cxternal circnit. The oxidized dye is reduced

rapidly o the ground stale by the donor Giedide) prosenicd in the elecirolvte:




287+ 31— 28 + 1 {regencratian of 8) @)

{4) In the absence of & redox mediater to intercept and rapidly reduce the nxidized dye
{871, rccombination with the electrons of the titania layer take place, without any measurable

photocurrent:
"+ ¢ (TiD,) —> § {recombination) (5)

{5) The electrons reaching the counter-electrode through the cxternal circuit reduee in
turn the oxidized iodide (T}, so that the entire sequences of electron teansfer reactions involving

the dye and the redox mediator {]2"]-] render the cyche:
I, + 2¢ —>31 {regeneration of ) (6)

{6) If cited reactions alone take place, the averall effect of iradiation with sunlight is

ta drive the electrons through the external eircuit, i.e., direct conversion of sunlight to eleciricity.

1.5 Key efficiency parameters of the NESCs

The speetrsd response of the dye sensitized solar cells depends un the absorption
properties of the dye, Characterization of the cell depends on a number of experimentalty
aceessible parameters, mchiding the photocurrent and phulo. potemial measoured under ditferen)
conditions {open and closed circuil, under monechromatic light o sunfight iltuminarion): L Vo
{1 Vo The term ineident photon fo clectrical conversion cfficiency (IPCE) is a quantum yicld
ferm for the overall charge injection collection process measuredd using menochromatic light
{single wavelength sourge), -

The photocurrent measured under closed circuit 7_ is the integrated swin of 1PCE

measured over the entire salar spectnim:

I, = f PCE (A). Ly () 2 (1.2
]




Thus [PCE (A) can be expressed as;
PCE (1) = 1240 [ii'ij {1.3)
A

Where &, is the wavelength, 7, is the eurrent st short cireuit {mA/em’) and @ is tho
incident radiative flux (Wim)
The overall sunlight to clectric power conversion cificiency of the DSSCs is wiven by

the: following expression;

Pyax _ Isr-l’:}c*ff

= 1.4
P P {1.4)

?‘}:

Maximum power obtainable in the photovolaic devices is the product of two tenns
foeand ¥ The value of § _ gives the maximum photecurrent obtainable at some “maximum
power point”. The fill factor f is defined as the ratio of (7, ¥, /7, ¥, ). The four values [, V.,
and 77 are the key performance parameters of the solar cells.

The overall clliciency (77) of the photovoltaic cell can be calculated from the irtepral

photocurrent density {7}, the opun circuit photovoliage (¥} the fill faclor of the cell () and the

intensity of the incident light (. = 1000 Whn')

L Voo
1}- — .&}ﬂ {1_5}
3

The measured photocurrent wilt depend on the light inlensity; the efficicney of charge
injection in the excited state qoenching process; the depree of recombinativn of electrons with the
oxidized dye {S7); and the effiviency of charge transport in lhe titania films to the counter
elecirodes. Maximum photo vollage obtainable in such sensitized solar cells is the energy gap
between the chemical potential Tevel of the raediating redox electrolyte and the conduction band

level of T30,




1.6 Fype of dye sensitized solar cells (DSSCs)

1.1 Orpanic sengitizers

Organic dyc is the molceuls that was prepared by synthesis chemist, Almost all
molecule contains conjugated double bond and containing high polar functional. The organic dyes
generally consist of electron donor, cloctron acoeptor, conjugated spacer between denor and
feceptor, and surface anchoring group {32]. The anchoring proups are cathoxylate, phosphonate,
and sulfonate. The example of organic dye is C219 (77 = 10%) (Figure 1.4}, X529 (n = 6.3%),
HEKK-BTZ4 {1 =7.3%) and 583 (17 = 6.1} |33-35], comprising triphenylamine (TPA) moietics
as the clectro donor and the cyano acrylic acid moieties as the glectron acceptoranchoring groups.
Both NKX-2700 (7 = B.2%} and NKX-2586 (5 - 7.5%) [36, 37} are derivative of coumarin
{Figure 1.5). In addition, scveral groups have reporied the organic dye composed of the fluorine
moieties as clectron donor groups (Figure 1.6), JK2 (1) = 6.02%) [38] and D-D-1-A type organic

dye, UB3 (17— 5.12%} [39] which was synthesized by Promarak’s LIoup.
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Figure 1.4 Chemical structure of C219 dye
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Figure 1.5 Chemical structure of X829, HKK-BTZ4, SB3, NKX-2700 and NKX-2586 dyes
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Figure 1.6 Chemical structure of JK2 and UB3 dyes

1.6.2 Porphyrin sensitizer

Porphyrin dyes is the main structure of chlorophyll which plays an important
role in biological process of plants. This dye can also be synthesized in laboratory, and easily
modified the functional group with other metals. In 2004, Campbell synthesized meso-linkes
porphyrin dye, Zn-1a (77 = 4.2%) [15], in Figure 1.7. After that the various structure of Zn metal
was synthesized with porphyrin dye; for example Zn-TCPP (77 = 1.1%) [40], YDO (77 = 3.5%)
and YD2 (77=7.4%) [41], DTBC (77 = 5.2%) [42], Figure 1.8. However, the overall efficiency of
the all porpyrin dyes is lower than that of the ruthenium 'complex and organic dyes. However,

many research groups have been investigating in order to improve the efficiency of these dyes [16,

43].

Zn-la, X ~ CH_ Lo
Zn-1b, X =11 ~ Zn-TCPP
Zn-1¢, X = -Bu

Figure 1.7 Chemical structure of Zn-1a and Zn-TCPP dyes
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DTBC

Figure 1.8 Chemical structure of YD0, YD2 and DTBC dyes

1.6.3 Ruthenium sensitizer

Ruthenium(II) complex dye is the most popular of metal complex dyes, because
it shows the highest solar light to conversion efficiency. This type of dye has been developed and
continuously studied by Gritzel’s group. The advantages of ruthenium dyes are; 1) high stability
and voltage redox potential, so it is good for transferring electron into nano crystalline and metal
oxide and 2) this molecular structure can also be easily modified. The structure of ruthenium
complexes contains in a veriety of ligand. For example, CYC-B1 composes of pyridine carboxylic
acid, thiocyanate and pyridine which combined thiophene synthesized by Chai-Yuan Chen group.
In 1993, the ruthenium complex cis-RuL,(NCS),( L:2,2’-bipyridyl'4.4'-dicarb0xy]ic acid), called as
N3 dye, was found to dramatically increase the performance of DSSCs [44]. It is mainly due to

metal to ligand charge transfer (MLCT) transition that moves the electrons from d orbital of Ru to



13

the 7 orbital of diimine which is directly attached to TiO, [45, 46]. In a subsequently developed
N719 dye, two protons of N3 were replaced by a tetrabutylammonium cation group (TBA). The
deprotonation of N3 changes the polarity at the interface, positively shifts the conduction band
edge of TiO, and increases V,_in DSSCs employing N719 dye [47, 48]. The structure of several

ruthenium(II) complex dyes are shown in Figure. 1.9.

Figure 1.9 Chemucal structure of N3, BLACK Dye and N719 dyes.

Anchoring to TiO, has been achieved through a number of functional groups, such as
. j\ = . . )OL_ . oy dadd - : it
salicylate (CL 4), carboxylic acid ( » o), sulphonic acid ( o ), phosphonic acid ( rli-on )
OH
and acetylacetonate ( MT:U:Q derivatives. However, the most widely used and successful to date are
8]
the carboxylic acid [49, 50]. Some of the possible modes of chelation/derivatisation, ranging from

chemical bonding (chelating or bridging mode) to H-bonding. are shown in Figure 1.10,
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Figure 1.10 Possible binding modes for carboxylic group on TiO, [15]

1.7 Aims of thesis

1.7.1 To synthesize the ruthenium complexes
1.7.1.1 Homoleptic ruthenium(II) without tetrabutylammonium salt

(YN-N3 (syn))

HO}C YN-N3 (syn)

1.7.1.2 Heteroleptic pyridinyl ruthenivm(Il) with tetrabutylammonium salt

(YN-phen and YN-06)
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1.7.1.3 Homoleptic and heteroleptic nithenivm() with tetrabutylammonium sait

{¥N-719, YN-07 and YN-08)
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1.7.2 To characterize the molecular structure of the target complexes by 'Hand “C
NMR, fourier franstorm infrarcd spectroscopy (FT-IR} and mass spectroscopy (MS)

1.7.3 To study « photo physic of rathentum complexes by UV-Vis spectroscopy

1.7.4 To study of eleetrochemical property of nuthemum complexes by cvclic

voltammetry

1.7.5 To fabricsle and investigate the DS5Cs devices using our ruthenium complexes




CHAPTER 2
LITERATURE REVIEWS

2.1 Literziure reviews

Diye sensitized sobar cells (DSSCs) based on nanocrystalline semiconductor such as
Ti0, and ruthenium{Il) complexes are of great interest as an alternative to the conventional solar
cells because’ of their high performance, low-cost production. DSSCs based on metal-free organie
sensitizers possessing very high extinetion coefficients have been reported to exhibit power
conversion efflciencies surpassing 9% [51, 52). In companson, several polypyridy? ruthermium(EE}
based DS5Cs have even higher efficicneies of >11% under standard AM 1.5 sunlight. Up to now,
many research groups have been studied and developed ruthenium{(II) complexes for dye sensitized
solar calls.

The dycs absorbed on Ti0, subsirate play a key role for harvesting the solar energy. In
addition 1o Ihe light absorption ability within an approptiate range, the dye sensitizers should
- fulfill several demanding conditions. Strong anchoring of dye on surface of metal oxide (T30}
particles is onc of the most important factors to enhance overall conversion efficiency. Over the
lagt 20 years, ruthenium complexes with carboxylic acid anchoring group have been desipned.
Raotheniwn complexes such as cis—ditlﬂmyanamh{sl[cl,dll~r;licar!:-nxy—2._,2'—bipyﬁdine]mthenium{ll},
narned as N3 {Fipure 2.1), reparted in 1993, have been found to be efficient sensitizers for DSSCs.
This rutheniwm(II) complex has high solar encrgy conversion etficiency, kigh photo and chemical
stability. It is considered as a standand dye for comparison against others new sensitizers in 11550

devices | 53],
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Fipure 2.1 MMolecular structure of N3 sensitizer

The rthenium{ll} complex, JK-2 {54]) (sec Figure 2.2, left) has developed by
cxpanding the m-conjugation of bipyridine ligand using phenyi triazole moieties and endowing it
with electron donating alkexy groups. The dicclyl 2,2'-bip}rﬂdine—4,4'-dicarboxylnla maoigtics of
complex 88 [55] (Figure 2.2, right) and 4,4r-bis{l—(4—{hexy10xy]lphcnyl)—]H-1,2,3ﬂtﬁazol-4-}r1]l-
Z,ZJ—bip}rridin{: myities of JK-92 are similar purpose to enhance molar extinetion coefficient of
sensilizers, and provide directionality in the excited state by finc tuning the LUMO level of the
ligands with the electron donating alkoxy proup, RBoth complexes coneain anchoring carboxylic
acid bipyridyl groups with some modification compared to N3 dye. The JK-92 and 88 dyes have
scveral advantages over the conventional N3 dye; 1) higher binding capacity onto the TiC, surface
and 2) the hydrophobic group, such as uliphatic chain group in the complex increasing the stability

of colis towards water indueed desorption.
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HDZC HC C

Figure 2.2 Molecular stmcture of JK-92 and 88 dyes

In 2010, Wy and coworkers {56] synthesized heteroleptic rutheniom complex dye,
named CYC-BS (Figue 2.3), in which the conjugation lenpth of hoth ancillary and anchoning
ligands were extended with a conjugated moiety. The photovoltaic data of CYC-BS sensitized
(¥85Cs have demonstrated that the existence of a viny] group between the bipyridine and carbonyl
segments of the anchoring ligand enhance both light-harvesting ability of the sensitizer and
increase the amount of the sersitizer adsorbed on TiO,. Furthermore, due to the super high lght
harvesting ability, CYC-BS scnsitized cell shows eonversion efficiency higher than 7.50% at the

light irensity as high as 198 mWiem” using thin Ti0, electrodes.




i9

== CYC-RB5
CDZH

Figure 2.3 Molecular siructure of mthenium sensitizer CYC-BS

In addition to the homolephe nuhemumfIl) based on structure of N3 sensitizer have
been studied to increase the overall ¢fficiency, for example, bis(tetrabutylammonium his(4-
carb:}x}r-E,Er—bipyridinc~4’-cu:bnxylate}di{hiucyanam rutheniuawTl) ivn, named N7E9 [$7]. The
structure of N71% is shown in Figure 2.4, Unlike N3, the two carboxylic group of N719
rathenium(Il) complex was deprotonated and replaced with two tetrabutylarmmonium salt. The

N718 dye shows overall conversion efficiency at 77 = 11% which is higher than that N3 dye.

-+
HO.C, CO_ i
, NECH )

N -~-Ru/——~}~1 =(=§
HO Gy g Fo
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':CAIIIJ}#I\"I' - NTI!}

Figure 2.4 Molceular shucture of N719 sensitizer
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To tfurther improve the photovoltaic performance and stability of the several
heteroleptic rutheniom sensilizers, extensive efforts have been focused on the synthesis of new
highty efficient sensitizers comtained tetrabutyl ammonium cation group {NfEC4Hg]4J, For example,
K77. T18 and CYC-BI2, Figure 2.5-2.7, have been developed by expanding the m-conjugation of
the ancillary ligand and endowing it with electron donating alkyl group. In the rutheninm complex
K77 [58] (Figure 2.5), the purpose of 4,4:biﬁ{2-[4-rerr-hu’ryloxyphenylfletheny]}—z,Ei—bip}fridinc
ligand containing extended m-conjugation with substinted buthoxy group are introduced n prder
to improve the hydrophobic properties and enhance the molar extinction cocfficlent. In a
subsequently developed DSSCs dye, one proton of carboxylic group was replaced by ammonium
cation group. The deprowmation of carboxyl group changes the polarity at the interface; positively
shift the conduction hand edge of 110, and increases ¥_. K77 dye pave highly power efficieney of
the comresponding dye scnsitized solar cells, 77 = 8.12% ander AM 1.5 (10D mW.-’cmz) irradiation.
This device exhibits ¢xeellent stability at 80 °C in the dark or under visible light seaking at 60 °C

during 1000 h of accelerated tests.

Fizure 1.5 Molecular structure of K77 dye
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For T18 [59], the complex was synthesized by extended the conjugation with ketene
thioacetal modified bipyridyl as an ancillary ligand electron zich.gmups fsee Figure 2.6). To
developed 1X38Cs dye, onc proton of carboxylic group was replaced by ammoniom cation ETOup.
The eificient performance of T18 as a scnsitizing dye is attributed to its high absorption extinction
cocllicient and extended absorption i the visible region of the sular spectum when compared to

N7I9 dye.

Figure 2.6 Molecular structure of T18 dye

The complex. CYC-B12 [60), structure shown in Figure 2.7, contains a bramch of
heteroleptic  rutheniom(II)  sensitizers endowed  with  the ancillary lipand comsisting a
thienothiophene conjupated bridge and carbazole hole-transport moicty as the molecular terminal,
This dye has been developed toward enriching the light capluring ability to match the solar
radiation and retarding the charge recombination between the dye sensitized semiconductar and

clectrolyte,
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Figure 2.7 Molecular structure of CYC-B12 dye

In addition, many groups have reporied a family of heteroleptic pyridyl ruthenium
withoul leirabotylammeniom  salt, Ru(bpy}{L'}I:NCS}I with various ancillary Iigzuld. L. The
carboxyl groups on bpy in the complexes are responsible for dye adsorption onlo the
semiconductor surface. The ancillary ligand L is not directly attached douto the semiconductor but
¢an be used for tuning the overall properties of the complexes. The Ru{Hpip) and Ru(Hipdpa)
[8), see Figure 2.8, are one of the heteroleptic pyodyl ruthenium complexes, whers Lr is
immidazole phenanthroline ligand grafted with benzene and triphenylamine group, Hpip and
Hipudpa, respectively. When the T-conjugation was exended from Ru{Mpip) t¢ Ru(Hipdpa}, the
epen circuit voltage, short civeoit photocurrent density and overall light to electric power

conversion efficiency are significantly enhangeel,
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&  RuMpip) RufHipdpa)

Figure 2.8 Molecular structure of Ru{Hpip) and Ru(Hipdpa) dyes

Reynal and coworker [61] designed heteroleptic mathenium(IT} polypyridyl complexes
containing phenanthroline ligands without tetrabutyl ammonium salt. They demonstrated that the
opail clrcuit valtage of the coll was attected when the ruthenium complex bearing an clectron
donating (-NH,} or eleciron withdrawing (-NO.). They found that the ruthenivm({Il} complexes
comprising an electron donating (-NH,} shown better conversion efficiency than elsctron
withdrawing (-NO_} group. The stracture of the ruthenivm(il) complexes reported by Besymal et al.

are shown in Figure 2.9,
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Fipure 2.9 A serics of heteroleptic rthenium(TT (Ar 20, Ar 24, Ar 25 and Ar 27}
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In recently year, Sun’s greup have applied another new branch ol heteroleptic pyridy}
ritheninm(Il} semsitizers endowed with the ancillary ligand consisting a phenyl graft on
phenanthroling as the molecular terminal, represented as ¥85 shown in Fipure 2.10 [62]. The
complex Y85 is the singly deprotonated surface anchoring derivative of 4,4'—dica:huxy~2,2'—
bipyridine {dcbpyH,). 'The photovoltaic porformance of Y85 complex produced a power

conversion elliciency of 6.08%.

Figure 2.10 Molecular structuie of Y55 dye

To date, several dyes have been reported. In this thests, we reported the rutheniumdll)
cotnplex dyes based on phenanthreling and bipyridine ligand part and carboxylic acid as anchotring
group are reported. The mtheniumn{lE} dye siructures were modificd by introducing tetraburyl
ammonium salt substitutions, extending the T-conjugation and investigate their infloence on the

extinction coefficient as well as solar light to conversion elficiency of the DSSCs devices.




3.1 Chemicals

CHAPTER 3

EXPERIMENTAL

All the chemicals used in this thesis are shown in Table 2.1 and Table 3.2

Table 3.1 Chemicals for the synthesis

Chetnicals Formnla Grade Mawuofacturer
:J;minu-di—mcthylpyridinu CH.N, 995, Ao
Ammonism thiccyanate MH,BCN ACS reagent, 37.5% Acros
Bromine Br, 9a9% PS Panreae
ZBromo-4-methylpyridine | ¢ 1y pey 98% Acros urganics
_;,EJ-Biquinune-rIA'—
Col 1N, 0, 97% (TLC) Fluca
dicarboxylic acid .
Caleiom hydride C aH; 93% Acrog
Dimethyl fonmm.idu C.HNO Drgﬂﬁi:: synihesis Acros
Diethyl &the;' (C;Hﬁ} L0 | PA-ACS-ISO Parnrcac
Ethanol CHO ACS-for unalysis CARLO ERBEA, N
ITydrochloric aci;l ITCH | 37, for analysis CARLO LRBA
_ifydmbrolnic E.l-CiI:j I-Iﬁr 4-3%, ACS reagent ASI0S OTganics )
lsopmpan.ol CHO ACS-Tor analysis CARLOTRBA
_Magncsimn s.ulfmc MgS0, indusirial Grade Panrcac ]




Table 3.1 Chemicals for the synthesis (continued)
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bydroxide

Chemicals Formula Grade Manufaciorer
Methanol CH,OH ACS-for analysis CARLO ERBA
Nitric acid HNO, 67%, for analysis CARLO ERBA
Paltadium acetate Pd{DAc), LA ACIOS Organics
s-Phenanthroline C,HN, ACS-for analysis CARLOERBA
L,10-Phenanthroline-5,6-dione CHNO, 7% Aldrich
u-Fhellandrene Oty - SAFC
o-Phenyldiamine CHN, S8% Acros
Podassium carbonate K.CO, ALS-for analysis CARLDO ERBA
RuthenimmiIII) trichloride

RuCl, 3H,0 Hygroscopic Pressure Chem. Co.
irihydrate
Sulfuric acid .50, 6% AR Grade CARLCLERBA
Sodium dichromate Na,Cr(), 90.5% Aldrich

I5C-ACS-for
Sodinm hydroxide NaOIl CARLO ERBA
analysis
Sodivm nitrite NaN(, Analytical reagent Mjax Finechem
Sodium sulfate N, 50, ACS-for analysis CARLO ERBA
Sodium thipsulphate Na, 5,0, ACK-for analysis CARLO ERBA
Tetrabutylamimoniuim
(C,H )sN{PF,] Ohrganics Acros

hexaflnophosphale
Tetrabuthylammonium 1 M zolution in MLros

(C,T1),NOH

metharrol




Table 3.2 Chemicals for DSSCs deviees

Chemicals Formula Grade Manufactorer
Acctonitrile CH,CN ACS-for analysis CARIO ERBA
Bis(4,4 -dicarboxy-2 2 -
bipyridine)dithiocyanato C;H, N, O, Rus, 95% NMR Aldrich
ruthenivinfIl (N3}

Chloroplatinic acid H,MCl, 40%% i;'t ) Acros
Erhanol C,H.O ACS-for analysis CARLOERBA
Isopropanal CHO ACS-Tor analysis CARIL.OERBA
Todine I ACS-for enalysis CARLC ERBA
Lithium indide Lil 9%, Plll;éli.i-l;;i}'sis Acros
3-Methoxy ethanol CH,0, 99.8% Anhydrous | CARLO ERBA
Tetra prapyl atmmonivm
C,H, NI 98 Acros
indine
o Titanium nanoxide
Tilanmym{[¥) oxide Tif), Solaronix
20T/8R, DYSP

Titaninm tetrachloride i, 0.08 M in 20% IIC1 | Sigma-Aldrich
4-Tertbutyl pyridine {TBP) C.H.N G5 Acros

CH(CH,),CN Acros

Yalettutrile

8%

27
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3.2 Instruments and general chemical characterization techniques

3.2.1 General instrements

Table 3.3 Instruments

Instruments Maodel Caunpany
Fourier Transform Infrared Spectrometer
Spectum RX 1 Ferkin Elmer
(Fr-iR)
Y-650
UV-Visible Spectrometer (UV) Jaseo
spectrophotometer
Bruker ADVANCE,
Nuglear Magnetic Resonance (NMR) Perkin Elmer
300 MH=
' Autolab Metrohm
Cyelic YVoltammetry (£V) Metrohm
PGl
Mass Spectroscopy (MS) JIMSE-TO0 JEOL
Melting point (op.J B30 Buchi
Fhotocurrent voltage {7-#) and
incident photon (o electron conversion Kiethley 2400 Oriel instruments
cificiency (IPCE)

1.2.2 General chemical characterization technigues
The siructural of ghenanthraline, bipyridine ligands and ruthenium{il) compenes
were characterized by 'H NMR, "C NMR, melting point and FT-1K lechniques. The optical and
clectrochemical properties of the rulhemium(1l) complexes were characterized try U'V-visible
spectioscopy and evelic voltammmetry, respectively. The DSS8Cs fabrication methods with
rutheniam(IT) eomplex dyes were presented it section 3.4.4, The mtheninm complex dyes were
purified by eolum chromatography technigue wsing a LH-20 Sephaduxm as stationary phase

using methanol ws eluent,
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3.2.2.] Fourier Transform Infrared Spectroscopy (FT-1R)
Infrared {(FT-IR) spectra were recorded on NaCl pellets technique
(100 mg of dried NaCl and 2 mg of samples} with a Perkin-Elroer Spectrum B3I one fourier
transform infrared spectiopholometer over the 4000 - 400 cm” range, at the raie of 16 nmvs. Data
for FT-IR spectra arc repurted as follows: frequency (om .
3.2.2.2 UV -visible spectroscopy
U¥-visible spectra were measured in a 1 e path lenyth quartz cell nsing
4 ¥-650 speetro high resolution UV-Vis for ruthenium(@I) complex dyes. The samples were
dissolved in DMF and diluted to a concentration of 1107 M.
31.2.2.3 Muclear magnctic resonancs (NMR}
"H NMR and ¢ NMR spectra were performed in CDCL, DMSC-d, or
CI,0D recorded on Bruker AVANCE 300 MHz speotrumeter, using TMS {0.00 ppm) as the
internal reference. Data for NMR spectra are reported as followed: chemical shift (5 pptm),
multiplicity, coupling constant (5, and integration {Hz).
3.2.2.4 Cyclic voltammetry (CV)
Cyclic voltammetry was conducted on a Autolab Metrohm PG The
1x10” M solutions of Itha corresponding complexes were prepared in DMF containing 0.1 M
tetmbutyimnmunimn nexafluorophosphate ([BuN1PF ) as supporting electiolyte and purged with
nitrogen gas for 60 min prior to use at a scan rate of 100 mV/s at roocm temperalure. The working
elecirode was a glassy carbon electrode. The auxiliary electrode wus a Pt disk electrode, and :
ApfApCl (3 M KCl) clectrode was nsed as reference elechrode.
3.2.2.5 Mass speciroseopy
Molecular weight of motheniem{ID) cotmplex dyes was measured on JEQ].,
IME-T00 by fast atomic bombardment mass specirometry techniques.
3.2.2.6 Melting point {m.p.)
Melting points was measuved oa Buchi 530 seientific meiting point

apparatus in open capillary method and are uncoreeted and reporled in degree Celsins.




3.3 Experimental seciion
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This cxperimental scction gives a detailed description of the synthesis of the

mithenium(JI} complexes for dye sensitived solar cells {DSSCs). It is divided in five main steps,

where slep 1 is the ligand and rutheninm{If} precursor synthesis. Step 2 is the rutheninm(Ti}

complex dyes syathesis. Steps 3 to 5 are the characterization, clectrochemical stndied and

photovoltaic performance of DSSCs devices, respectively, The overall expetimental flow chart is

shown in Figore 3.1,

Ligand synihexiy

Rutheniomi 1) precursor synthesis

l

|

!

}

'

Horaodemic rathenium(ii)

comaplex

Heleraleptic pyridyl

rusheninml ) complexes

Homoleptic and Hloteroleptic

rutheniwmi 1L} conyplexes

}

}

Charactertzed by NMREFT-LR, FAB mass

|

Cptical and clectrochermient studied

[
v

Phetovaltake perfomance of DSSCs devices

Figure 3.1 Experimental chart of this work
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3.3.1 Lipand and ruthenium precursor synthesis
All reagents were oblained from the commercial sources, whereas dimethy!
formammide (DMF) was dried over Call, before used.

3.2.3.1 The synthesis ::Fdipyr‘idﬂ[l?.—n:2',3'—c]phcnazinc {¥YN-H7|63]

O O
N NH

\ - 2 2
7N (T ‘
=N N retlux, EtOH

The mixture of o-phenyldiamine (6.26 g, 2.41 mmol), 10 mi ethanol and

YN, B4%

1,18-phenanthroling-5,6-dione (0.25 g, 1.19 mmel) in 50 ml round botiomn flask was heated to
reflax for 1 h Then the reaction mixture- was allowed o cool in room temperature and filtored
under vécuum. The collected brown solid was obtained after washing with 10 ml ethanol (0.28 g,
84%3% m.p. 225 - 230 'C; MS (FAB', mz) C,.H,,N, 282 (M+1); 'H NMR (300 MIfz, CDCI} &
9.64 (dd, S = 5.1, 1.6 Tz, 2H), 9.27 (dd, 7 - 44, 186 He, ZH), 8.36 (dd, J = 6.5, 3.4 11z, 2H),
BOL - 7.92 {m, 2T}, 792 - 773 (m, 2, e WMH (75 MHz, CDCL) H152.4, 1484, 142.5,
1337, 13006, 1295, 127.6, 124.1, 1203, 116.7, TR {(NaCi} 3044, 1631, 1488, 1360, 1134 :.lm-l

3.3.3.2 The synlhesis of 2-bramo-4-methylpyridine (Y N-027 [64]

t_ 1. NaNO , 48% HBr, < 5°C b
.> “NH - 4—Br
RS 2, Y

Br, N yn-oz, 53%

2-Amino-dmethylpyridine {2.70 . 20 mmol) and 48% hydrobromic acid
(3 ml, 90 mmol} were placed in an ice-5alt bath with stinring, Then, 4 ml bromine (70 mmol) was
added dropwisc while the temperature was kept at © °C followed by agueous solution of sodium
nitrilc (4 g in & mi). The controlling temperature of the reaction did not rise above 5 "C. After
sitring tor an additenal 30 minuotes to complete the mucliun,_yialding the dark brown solution,
sockiurn hydroside (2 ml, 10 M) was added dropwise o the reaction mixture, The vellow ruaclion

was exatructed by ethyl acetate [ollowed by removal of the solvent. Then, the crude veaction waus

passed through silica column chramuoyraphy using 10% (viv} ethyl avetate - haxane a3 clucnt.
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The product was obtained as the yellow liguid (2.29 g, 53%); "H NMR (300 MHz, CDCL) #8.20

{d, J=3Hz, tH), 7.30 {s, 1H}, 7.07 {d, /= 6 He, 1H}, 2.32 (5, 3H); HC NMR (75 MHz, CD'CIJ}: &

149.6, 142.1, 128.7, 124.9, 123.8, 20.7; [R (NaCl) 2921, 2857, 1451, 1363, 1262, 1009, 736 om
3.3.3.3 The synthesis of 4,4I—dhnerh}rl—2,2r—bipyridine (YN-03)[17, 65]

—= Pd{OAC) , 150 °C, 2 days m
2 E - —
g B ! AR
\ N K CO,, DMF, TCH % N N /

2-Bromo-4-methylpyridine (3.76 g, 20 mmel), K,CO, (304 g, 20 mmol)

YMN-03, 44%

and Pd{OAc}), (0.49 g, 1.80 mmel} was introduced in 30 ml anhydrous DMF in a two necked
round bottosn flask, Then, | ml portion of anhydrous isopropasto]l was syringed at once o the
reaction flask. The reaction mixture was then heated to reflux vnder nitrogen atmosphere at 150 °C
for 2 days. After that it was cooled to room temperature and extracted imo dichloromethane
{10 ml=3). The crude reaction was evaporated to dryness and then passed through silica column
chromatopraphy using 5% (v/v) methanol - DCM to get the target product as a white solid (0.89 g,
44%Y, m.p. 174 - 176 °C; MS (FAB', miz) C ;H,,N, 184 (M}; 'H NMR (300 MHz, CBCL) §8.53
(d,J = 6 Hz, 21), 8.22 (s, 2H), 7.13 {d, J = 6 Hz, 2H), 2.43 (5, 6H); "C NMR (75 MHz, CDCL}: &
158.6, 1489, 1482, 1247, 1224 21 2 TR (NaCT) 3040, 1931, 1594, 1454, 1365, 1247, B20 cm
3.3.3.4 The synthesis of 4,4 -dicarboxy-2,2 -bipyridin (¥N-04} [66]
HDZC CU:!H
R — NHECrsz_lr.-" H2504 R —

N - . N
N N N N7 yN-04, 95%

N2,Cr,0, {135 g, 869 mmal) was added to 25 ml of cone. HS0, in
1H} ml round baftomn tlask. During the vigorous stiming, slowly asdded 4.4 '-dimcth}rl-z,zl-
bipyridine (0.40 g, 2.17 mmaol} for 30 min {color changed from red to green) and then poured the
mixture solution inte 200 ml ice water and kept at 5 °C for 1 h. The yellow precipitate was filered,
then washed with ice water (10 mi=3} and dissobved with 10% NaOFL The initial pTT was adjusted
to 2 by 10% HCT and fleered again, The compound was obtained as while solid in quantitatively

yield (0.50 g, 93%): m.p.> 250 °C; "H NMR {(DMS0-d,, 300 MHz): §8.90 (¢, S~ 6 117, 2H), £.80
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{s, 2H), 7.8 (d, J = 6 Hz, 2} 'C NMR (75 MHz, DMSO-d,): 5166.4, 155.9, 1511, 140.0,
120.0, 119.8; IR {NaCl} 3413, 3108, 2448, 1717, 1456, 1368, 1292, 1063, 1011 cm”"

3.3.53.5 The synthesis of di—,u—chinm-bis[(:-'f—hcnzcne]lchlom ruthenivm(II}]
(¥YN-05) {67]

EtCUH, reflax, 768 °C Bu
C { - c{ Y
v

+ Ru
RuCl 311 O Cl|f =
LR YN-05, 45%

The u-phellandrenc (6 ml, 34.56 mrmol) and rutheniumi{HI) trichloride
tribydrated (1.13 g, 4.32 mmol) were dissolved by 10 ml ethanol in a two necked round bottom
flask. The reaction mixture was refluxed overnight under N, atmosphere. After the solvent was
removed by rotary evaporator, it was filtered and washoed the precipitale crude  producl with
hexane. The product was obtained as the red solid (1.15 g, 48%); m.p. 190 "C {decomposed): MS
(FAR', miz) Con HyyCELR, 577 (M) '"H NMR (CDCL, 300 MHz): §5.49 (d, J = 6 Hz, 2H), 5.35
(d, J = 6 Hz, 2H) 2.93 (q, J = 6 Hz, 111), 2.71 (5, 3H) 1.29 (d, J = 6 Fz, 6H}; “C NMR (CICL,, 75
Mz} & 101.2, 36.7, 81.3, 80.5, 30.6, 22.1, 189 IR (NaCi} 3053, 2957, 2873, 2364, 1472, 1387,
378 em”

3.3.2 Homolepiic ruthenium(IT) complex synthesis
3.3.2.1 The synthesis of bis(4 4 -dicarboxy-2,2 -bipyridinc)dithiocyanate
rutheniwm(II} (YN-N3) [44]

}Q - Hez?i >_{:§:'02u

/A ;
/RQ\ 134 (YN-04), 160 €, % I o /N_,f
CL /f_‘! ZYNH SCN, 130", 5 h --’\NFF_R“ . NEe=S
R 4 HO Oy 4 F
- !

G]@ . x"’ rjl? KL‘I‘QS
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Di-g2-chlorn-bisf{ r}'ﬁ—beuzena}chlnrﬂ ruthenivm{I}} {0.10 g, 0.15 mmol}
and 4,4'—dicnrboxy—2,il-bipyridine {015 iz, 0.63 mmol} were dissolved in 25 ml dry DMFE under
reduced light condition. 'The reaction mixiure was heated at 160 "C for 8 h in N, atmosphere and
ther NH,SCN {0.12 g) was added to the solution with continue heated at 130 "C for 5 h. The
solvent was removed using a rotary evaporator and the resulting solid was redissolved with water
and filtered on a sintered glass crucible. The precipitate was then washed well with water,
followed by 1 : 4 acetone - ether. The dark resulting solid was dissolved by basic MeCH (1 M
NaOH) and forther purificd on a sephadex LH-20 column wsing MeOII as an cluent. The main
traction was concentrated and redissolved with water. The initial pH was adjusted to 3 by adding
0.2 M HNU, to obtain a solid target complex then filtered on a sinter glass. The YN-N3 {syn)
complex was achieved as a dark purple sotid (0.05 g, 48%); MS (FAR, mvz) C,;H,N,0,RuS, 706
{M); "H NMR {CD,0D, 300 MHz): 49.62 (d, J= 5.9 Hz, 2H), 9.09 {s, 2H), £.93 (s, 2H), 8.35 {d,
J =538 He, 2H), 7.84 (d, /= 5.7 Hz, 2H), 7.68 (d, J = 5.1 Hz, 2H); "C NMR (75 MHz, CD,0D):
§ 165.8, 165.4, 159.0, 157.5, 1534, 153.0, 140.6, 140.0, 134.8, 126.6, 125.7, 123.3, 122.9; IR
(NaCI) 3450, 2866, 2118, 1698, 1609, 1401, 1317, 1258, 1228, 1015, 793 cm

3.3.3 Hetersieptic pyridyl ruthenium(11) complexes synthesis
3.3.3.1 The syuthesis of tetrabutylammoninm(1,1 (-phenanthroling J{(4-carhoxy -

2,EJ—bipyridine-fi'—carhnxylztte}dithjm:yanamnnheniumﬂl} ton (¥ N-phen)

>_Q' T a b} T (phen), B0 Y, 4 b (Q:J}
N N

Ril 23 (¥ N-M), 160°C, 4 h . \
PN TN R ——NRC=g
€l on FIRH BCN, 130YC,5h HO.C—% & / .

1y # 2 - Me

Ru - Ea:-s
c.l/f E:_—_ < ™
. _Q < . + . . JI"-:

(CHLN UL YN-phen, 73%

Dir,uhch]uro—his[(:}ﬁ—hcnrzne}lchluro mthenmmd1E3] (.10 g, 0.15 mmaol}
andl 1,10-phenanthredine (0.06 g 0.31 mmol) were dissolved in 25 n? dry DMF under M,
armosphere. The mixture was heated in the dack for 4 b oar 20 °C and then 4,4r—div:ﬂ1'boxy-2,2’-
bipyridine {0.08 g, 0,31 mmol} was added with heating at 160 "C for 4 h. After that the NH,SCN

0.12 g {exeess) was added imo the reaction mixture with further heuted for 5 & at 130 °C to
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complete the reaction. The resulting compiex was purified using a similar procedure as described
for the YIN-N3 (syn) synthesis. However, the basic MeOH {1 M TBAOH) was uscd instead of 1 M
NaOH. The YN-phen complex was achieved as a dark puple solid (0.10 g, 73%); MS (FAR®,
m/z} C oH; N;O,RuS, 884 (M+1), C,JL N 242 (M), 'H NMEK (3MSO-d,, 300 MHz): & 9.76 (d, J
= 4.8 Hz, 1H}, .58 (d, S = 5.7 Hg, 1H), $.03 (s, 1H), 8.84 (s, 11}, .72 {d, 7 =179 Hz, 1H), 8.36
(d,JF= 8.0 Hz, 1H), 8.28 - .02 {tmm, 4H), 7.93 (d, s = 4.0 Hz, I1I1), 7.57 - 7.43 (m, 2H), 7.40 (d, J =
4.6 Hz, LI}, 3.26 (1, J = 16.7 Hz, 8H}, 1.75 - 1.60 (m, §H). 1.43 (dd, f+= 14.5, 7.1 Hz, 8H), 1.04 (t,
J = 7.3 Hz, 12H); "C NMR (75 MHz, DMSO-d.): §168.8, 168.5, 158.1, 158.1, 153.3, 153.0,
152.2, 151.6, 149.3, 148.2, 145.5, 144.9,135.3, 134.6, 133.1, 132.9, 130.4, 130.3, 127.4, 127.3,
125.5,125.3, 124.8, 1246, 122.2 1220, 58.1, 23.4, 193, 12.5; IR (NaC]) 3418, 2960, 2862, 2102,
1722, 1602, 1406, 1228, 1024, 826 cm’’
3.3.3.2 The synthesis of tf:trabuty]armnoﬂimndipyrid0[3,E—a:EJ,Er’-c]phenazIne {(4-

ca:buxy-l,2r—bipyridine-4J—::n1'hc+x_',r1ate)dithjoc}ranatumthenjumﬂl] fon (YN-06}

§ 2
Ol LFZOYNOL B0 4k
-

/R‘i‘ 22 (¥N-04), 160%C, d 4 5 f}
y =N N
(o o \ -
\R/ 3)NH SCN, 130°C, 51 ;:\N-—P}{{I/_N:C:‘.S
x’" U HOC—%y 4 / XN
= 7
o ¥ N-06, G5

. o
[C 45—59)4]‘4 2

Di—,u—chlnm-his[{f;ﬁ—bmuzene}chlom ruthenium{IN] (0,11 g 6,17 memaol} and
dip}-ridu[3,2—a12r,3r~cjphenazinc (¥N-01) {009 ¢, 0.34 mmol) were dissolved in 25 mi drv DMF
under reduced light, Fo this solution was heated for 4 b at 80 °C under M, atmosphere and then
4,4J—dic<11'boxy-2,El—bipyridine {YN-04) (0,08 g, 0.34 mmol) with conlinuc heated for 4 h at 160
°C. The NH,SCN 0.12 g (excess} was added into the reaction mixture and heated for 5 hat 130 °C.
After the reuction completed, the same procedure was used as described for Lhe synthesis of
YN-phen. The designcd YN-06 complex was achieved as a dark purple zohid (R11 g, 65%) MS

(FAB', miz} C,I1, NO,RuS, 744 (M+1}, € H, N 242 (M), 'H NMR (DMSO-d,. 300 MHz): &
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965 (d, J= 3.1 He, 2H), 9.51 {d, J = 5.5 Hz, I1HY, 9.27 (5, 1H), 9.11 (d, J - 10.4 Hz, 1H), 8.94
(d,J=15.6 Hz, IH}, 8.45 {d, J = 5.8 Hz, ZH), 834 (d, /= 5.7 Iz, 2H), 8.10 (s, 2H), 8.01 (5, 1H),
713 (s, 2H), 7.45 (5, 1H), 3.15 (s, 8H), 1.54 (s, 8H), 1.28 (d, /= 6.5 Hz, 8H), 0.91 (1, J = 6.9 Hz,
12H); °C NMR (75 MHz, DMSO-d,): & 166.0, 165.5, 159.1, 158.1, 154.5, 153.6, 153.2, 151.9,
150.6, 142.2, 1422, 140.3, 140.1, 134.8, 1345, 132.6, 129.8. 129.5, 127.7, 126.8, 126.6, 125.6,
123.2, 58.0, 23.5, 19.6, [3.8; TR (NaCi) 3423, 2955, 2093, 1717, 1606, 1415, 1228, 1019, 797 cm’'
3.3.4 Hompleptic and keteroleptic ruthenium{ll) complex with tetrabutyl

ammoninm salt synthesis

3.3.4.1 The synthesis of hiR{letrabm}flanununium}{hia(dlﬂcarboxy—z,Er-bipyridine-

’

4 -carboxylate Mithiocyanatorutheniumd(IT} fon (¥ N-71%) [47]

5 HOC CO. N{C H)
£l 2 f,- \' I i W4q

/7 3

=N N

hi 13 4 (YN-04}, 160 °C, # h

, ———-=
- Pl
/,Ck 2)NH,SCN, 130°C, 5h

"~

+ - ‘N-T19, 580
N od YN-T19, 68%

The ¥N-T1% complex was synthesizcd by the same procedure as was
cmployed to synthesize YN-N3, but using YN-04 (0.15 g, 0.63 mmol). The basic MeOH
(TBAOH) was used instead of 1 M NaOH in the reaction workup procedure, The YN-719
vomplex was achieved as a dark purple sclid (0.1 g, 68440, MS (FAB, m/z) CH NORuS, 706
(M), T, HyN 242 (M) 'H NMR (DMSO-d,, 300 MHz): 59.58 (d, / = 5.8 Hz, 21T}, 9.06 (s, 2H),
8.90 (s, 2H), 8.3 (d, J = 5.8 Hz, 2I0), 7.77 (d, /- 5.8 Hz, ZH), 7.64 (d, J = 5.8 Hx, 2H), 3.18{t, J
=21.5 Hz, 16H), 1.6 (dt, f= 159, 7.8 [Tz, 16H), 1.49 - 1.26 fn, 16H), 1.01 {1, 7~ 7.3 H:, 24H).;
"¢ NMR (75 MHz, DMSO-d.): & 165.9, 1654, 159.0, 157.5, 153.4, 153,0, 140.6, 140.0, 134.8,
Fan6, 1257, 1233, 1229, 58.0, 23.5, 197, 13.6: IR (NaCl) 3456, 2954, 2864, 2007, 1716, 1608,
1413, 1360, 1226, 1065, &1 cm "
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3.3.4.2 The synthesis of tetr&buty]ammonjum(4,4'-dicalrhuxy—2,2r-biquinuline)

{4—carhﬂxy~2,21bip}rridine-4'-cabnx:,fIata}dithim:j,fanalurull1m1imn{ﬂ} ign (Y N-07)

-

>—Q 172 (¥N-04), 80.°C. 4 b
cl

2) 2 {debig}, 160°C, 4 b

Ei
VAR .
LI I | TN SO, 1307, 5 )
14 ’
u

+ _
o C
(CRIN O

13- g-cidoro-bis[{ 77'-benzene)chioro rutheninm(IL)] (6,08 g 0.13 mmol),
4,4 -dicarboxy-2,2 binyridine (YN-04) (0.06 g, 0.26 mmol) was dissolved in 25 ml dry DMF
under N, atmosphere. The inixture was heated in the dark for 4 h at 80 °C and then 4,4r-dicam::x}r~
2,2 -biquinotine (debig) (0.05 g, 0.16 mmol) was added with continue heated at 160 °C for 4 h.
After the NH,SCN 0.12 g (excess} was added into the reaction mixture and heated at 130 °C for 5
h. The reaction workup inethods are similar 1o that the synthesis of ¥N-71%. The ¥YN-07 complex
was achieved as a green solid {(0.09 g, 69%) MS (FAB', m/z) C HN.ORuS 749 (M+1],
C, N 242 (M); 'H NMR (DMSO-d,, 300 MHz): §9.29 (s, YH), 9.19 (d, f = 8.9 Hz, 111), .12
(d, f=6.3 M, 1H), 9.07 (s, 1H), 8.80 id, J=5.8 Hz, 2H}, 834 {d, /=87 11z, 1H), 8,32 (d, S - E.1
Hz, 11}, 8.26 (d, 7= 5.8 Hz, 111}, £.14 (d, /= 5917z, 1H), 7.96 (s, 111), 7.88{d, J= 8.0 Iz 1H},
.79 (s, 1H), 7.60 (s, 1H), 7.28 (4, /= 8.2 Hz, 111}, 6.52 (d, S = 8.7 1z, 1H), 3.23 - 2.94 (m, gH},
154 {s, BH), 128 {dd, J = 144, 7.3 Iz, 8H), 0.91 {t, / 7.3 Ha, 12H); "C NMR (75 MHz,
DMS0-d ) & 168.1, 167.5, §67.3, 165.6, 1653, 162.1, 160.3, 159.8, 158.4, 1553, 154.7, 154.3,
1521, 1514, 148.5, 139.7. 1382, 1380, 138.8, 137.7, 1358, 131.6, 1314, 1310, 130.6, 130.3,
1208, 1294, 1270, 126.1, 1253, 124.7, 1239, Li97, 7.9, 235, 193, 13.9; IR {NaCl) 3423,
2960, 2107, 1711, 1549, 1458, 1379, 1231, 1153, 812 em '
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3.3.4.3 The synthesis nfbis{letmburylarnmnnium}his{dwarboxy~2,2'=biquinn]ine—

4J-car|:roxylate]Idithioc}ranumruthen{um(II_‘J ion {YN-08)

The synthesis of YN-08 is similar to that wus described in the YN-719
synthesis procedure, but the ligand 4,4'-dicarhnx}--2,2'—biquiﬁoiine {deblg) (0.21 g, 0.60 mmal)
was used instcad of YN~ ligand, The YN-08 complex was achicved (0.09 g, 42%) as » dark
green solid; MS (FAB', m/2) C,oH,)N,0,Ru, CH,OH 824 (M), 242 (M); ‘H NMR {DMSO-d,, 300
MHw): 59.17 (5, 4I1), .78 (d, J = 2.4 Iz, 4H), 8.32 (d, 5 =_8.4 Hz, 4H), 792 {1, J =6 Hz, S = D
Hz, 4H), 779 (1, =6 Hz, 7= 9 Hz, 4H), 3.15 (s, I16H), 1.53 (s, 168, 1 27 {d, .7~ 5.9 Hz, 1611},
0.91 {5, 2411, “C NMR (75 MHz, IIMSO-d,): § 168.0, 154.8, 148.6, 138.4, 130.9, 130.5, 1292,
126.2, 1253, 119.7, 58,0, 58.0, 23.5, 18.7, 13.6; IR (NaCl) 3439, 2965 2007, 1973, 1602, 1550,

1306, 1277, 1242, 1156, 778 om’”
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3.4 DESCs Device {abrication

3.4.1 Main chemical reagents: The chemicat used for device fabrication in this thests
are histed [£3]:
34.1.1 7 mM H,PtCi, in 3-methoxyethano! schution
3.4.1.2 TiCl,
3.4.1.3 The homoleptic ruthenivm{ll} without tetrabatylammonium salt, N3 (std)
and YN-N3 (syn)
3.4.1.4 The heteroleptic pyridiny] ratheniumiII} with tetrabuty lammoninm salt;
YiN-phen and YN-06
3.4.1.5 The homoleptic and heteroleptic ruthenium{11) with tetrabutylammonium
salt; ¥YN-T12, ¥ N-07 and ¥ N-08
3.4.1.6 Ti0, nancparticles; fransparent {Ti-Nanoxide 20T/SP, tramsparent)
3.4.1.7 TiQ, nanoparticles, scattering (11-Nanoxide D/SP, scaltering)
3.4.2 Ingredient of clectrolyte solution |68]
3.4.2.1 0.05 M iodine (1)
3.4.22 0.4 M 4-1ertbotylpropyline {TRP)
342301 M fithium wide (LiD)
3.4.2.4 0.6 M tetra pyridylammonium iedide
3.4.2.5 851 13 (v/v) mixtures of acetronitrile and veleronitrile
3.4.3 Preparation ol FTO glass
A pair of FT( glasses was cut into 2.0x1.3 em size. These will be used as the
working electrode (WY snd counter electrnde {(’E} Then, the ©F electrode part was drilled by
PROXEON, TBM 220 (hole size 0.3 ), Goth were cleaned in a detergent solution using an
nltrasonic bath for 15 min/step with the tollowing solvents; distilled water, dishwashing liquid,
distilled water, ethanol and acctone, respectively. The finishing FTO glasses were shown in Figure

33
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WL CE

Figure 3.2 The finishing FTO glasses (working elecitode {WE) and counter electrode (€143

3.4.4 Fahrication of Dye-Sensitized Solar Cells {69]

After the FTO glasses were prepared discussed in previously scetion, the
fabrication lor DSSCs devices as followed;

3.4.4.1 The T30, films {active area: ca. 0.25 ij}l were treated with g sotution of
titanium telrachloride solution {15¢7] S and heated to 70 °C tor 30 min before being allowed by cool
and dited in room temperature.

3.4.4.2 The 2% nm transparent Ti0, particle layer film was [irst printed on the
working electrade (WE) followed by heated to 200 "C for 15 min, 500 "C 15 min allowed to coul
down o 80 ‘C. This slep was repeated |wice and then the last layer was coated with 100 nm of
Titd, lighl seattering partick:. The active | i), film was activated by treated with a zolulion of
titanium tetrachloride and heated to 70 °C for 30 min.

3.4.4.3 The dye solution (3x10" M) was adsorbed with activated 10}, ut room
temperalure for 24 hin the dark.

3.4.4.4 The excess amount of dye was removed by rinsing ofT with ethanal.

3445 The 36 Pl of 7 mM HLPICI in 3-methoxyethanol selution was drap on a
counter electrode (CE) then healed 1o 385 °C for 30 min attowed to cool down e 110 ¢,

3446 The dyc adsorbed Ti), clectrode and Pt counter electrode were
assembled into a sealed sund-wich type ecll by heating a hot melt ionomer film (Surlyn 1702, 25
ke fhickness, Solaromix} as a spacer belween the electrodes.

3447 An electrolyle solution was imjected by vacuum backfilling method.
Finally. the hole was sculed by using jonomer tilm and a glass cover stide (0.1 mm thickness), The

tmishing devices ready for the photophysic measurcmenl are shown in Figure 3.3,
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Couwler electrode: Pt [onomet film

Active arca: ca. .25 em”

Working electrade: Ti),

Figure 3.3 A completed dye sensitized solar cells device

3.4.5 Measuring instrument technigues
To investizate the efficiency of rathenium{IT} complexes, a standardization ol Lhe
measuremen! 15 needed. The photocurrent voltage characteristics (-} and incident phoon o
clecicon conversivm cfieicney (IPCE) were performed with a Kiethley 2400, Criel Instrament.
3.4.5.] Photocurrent valtage characteristics (f- 1)

The current-voltage (5-F) measurements were catticd out with an active
area of .16 om’ by a Kiethley 2400 source meter, Kicthley 617 propgrambahle cloetrmmeier
measured unit under AM 1.5 global stmulated sunlight (106 mWipm ) which was produced by
5061 W Oriel Solar Simulator (new port BB-L, USA). Tha incident light intensity was calibrated to
1 sun by a photovoltaic reference cell systemn (0640 maA, Oriel instruments, USA) The
comversion cllficieney (77) ol the selar cell is caleulated (see equation 1) from the short-circuit
photocurrent density (). the open-cireuit phetovollage (F ), the 1 factor (). and the intensity

of the incident light (7 ),

7= ——-mflm ]
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3.4.5.2 The incident photon to cleetron conversion efficiency (IPCE)

The meident photon to electron conversion etticiency (IPCE} of a DSSCs
was measured at the short-cireuit condition with a computerized apparatus consisting of a Oriel
solar simulator (new port BB-L, USA), coupled to a 1/8 m monochromator {Oriel, USA), a
Kcithley 2400 digital source meter. The wavelength scanning range was from 350 mm to 300 nm
with the interval of 5 nm. At each wavelength, three seconds were needed to stabilize the incidem

momachromatic light.




CHAFTER 4
RESULTS AND DISCUSSIONS

4.1 The synthesis homoleptic rutheninm(1) complex without tetrabuty] ammonium salt

315{4,4'-dicarhuxy-z,2'—bip}frid{ne}riithincyanalarulhenium[H}._, called N3 dye, was
synthesized by Grittzel’s groups in 1993 [44]. This dye exhibits 10% of power to conversion
elficiency, and widely uses as rutheniom complex standard dye, In this work, we reported the
synthesis and study the optical and electrochemical properties as well as the overall conversion
efficiency of hi5[4,4r—dicarbﬂxy-2,2'-hipyrit1ine}dithjocyanatumthanfum{lI}, see Figure 4.1, coded
YN-N3 (syn) dye, compared with a cell fabricated using the N3 (siad) (95% NME, Aldrich).

>_Q HO, ¢ Co H
Cl =
S ¥ %

= ]

R 13YN-04, 160°C, 8 h N
q % - = A/
v/ 2INELSCN, 130°C, 5h T N——Ru——N=C=§
B 4 oy, / XN
o= N g
S 4 Y §
HE'JjL' YN-NF {zyn}

Figure 4.1 The synthesis of rutheniumeII) complex dye (YN-N3 {syn))

The molecular stueture of homoleptic ruthenivm(iD complex, YN-N3 {syn), is
comprised of dithiovyanate, bis(bipyridine) lipgand grafted with carboxylic acid anchoring yroup
and rutheniumm enctal center which was prepared fram the ¥YN-05 precarsor mtheniumit) in Figure
4.2, The synthesis of YN-G4 ligand, YN-05 precursar ruthenium(II} and ¥N-N3 (syn) are

describod sy followed:
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4.1.1 The synthesis ul’rIi—y—ch]nrn-l::Is[{rf—hcnzene]ch]umruthcnium{l’l}l {YN-05)
The YN-OS was synihesized by addition reaction of the RuCL.31,0 with
u-phellandrenc ligand to get the resulting complex product as red solid, 48% yield. The cotiplex

was characterized by FT-IR (Figure A 5, uppendix A) and NMR techniques, shown i Figure 4.3,

E1COH, refTux, cvernight R'}\
C

{
RutCl 311 O \ A
v 4

Figure 4.2 Synthetic method of Y N-03 rothenium(1) precursor
YN-05 is a symumetric molecute. The ‘11 NMR specitum of YIN-05 shows the
signal at & 3.4% {4H) and 5.33 (4H) assigned as proton of phellandrene ring, Where the chemicat
shift at 2.91 {2H). 2.16 (6113 and 1.28 (12H) were assigned as the protons ol the lkyl group.
Srene v nds
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Figure 4.3 'H NMR in CDC|, of the precursor ruthenium camplex (YN-03)
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4.1.2 The synthesis of 4,4 -dicarboxy-2,2 -bipyridine (YN-04)

To begin the synthesis of the homoleptic YN-N3 {syn) ruthenium complex, the
4,4'—djcarbnxy-2,2'~bipyridine (YN-04} ligand was synthesized in 3 steps as shown in Figore 4.4,
YN-02 was prepared according to the previousty reparted {experimental section) via Sanmeyer
reaction [64|. Then the homocoupling reaction of YN-02, using stable pattadium{IT) catalyst for
carbon-carbon bond formation lead to YN-03 product. In the last step of the ligand synthesis, the

dimethyl of ¥YN-03 was oxidized by H,SO/NaCr.(), to get the target product YN-04 in

quantitatively vield.
£, NaNG
2; > NH 48 % HTir, = 59 = I"di()A-..] LSGMC, 2 days  — —
\ s Br \ y, 5 !,
2 Br, N fc;::cr3 DMF, ‘PrOH N
YIN-02, 539, YiN-03, 4455
Ma Cr O /H S0
17T e e
HO (‘ (_ZUZH
% 3 S
=N
YN, 95%

Fignre 4.4 The synthetic route to 4,4r-dicarhuxy-z,zl—bip}rridinc (YN-04)

4.1.2.1 The synthesis of 2-bromu-4-methyl pyridine {YN-82)

¥N-02 was synthesized by the Sanmeyer reaction. Figure 4.5 shows the
proposed mechamism of the reaction of 2-amine -4-methylpyridine with sodivm nitnte in 48% I1Br
acidic condition at the temperature not over than 5 °C (o get the yellow hauid product. The
reaction mechanism mvolved two-reaction steps. Step 1: in the acidic conditian, nitrite ion
chanyes to nitronium jon by losing one hydrate molecule, then the lone pair of -NH, reacts with
fhe: mitronium ion fo form the electrophile character N-N. Step 20 the ILGO climination of the
ntermediate cation to form 4-methylpyridine-2-diavonium, following the bromide o leophillie

attacks provided the larger compounid a5 a yellow liquid, 53% yield.
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0F oS om0 e T e g {N N7 J
2
t_ NI ik - =\ /0
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¥e-12

Figure 4.5 The proposc mechanism of Sammeyer reaction to form YN-02

The 'H NMR spectra of YN-82 shows a signal at chemical shift 8.20 ppm
(2H}, 7.31 (2H) and 7.07 (2H) assigned as protons of aromatic ring, whereas the singlet signal at
chermical shuft 2.32 ppm (6H) assigned as proton of the methyl group. The " NMR resonance of
YN-02 displayed 12 spectra (Figure A2, appendix A),
4.1.2.2 'I'he synthesis of 4,4 -dimethyl-2,2 -bipyridine {YN-03)
The synthesis pathway for ¥N-03 is shown in Figure 4.6, The
homoeoupling reaction of two equivatence of 2-bromo-4-rethylpyridine (YN-02) was used to

synthesize YN-03 using K,CO; and PA{OAc), as base and catalysi, respectively,

e PdiOAc) , 150 UC,, 2 days 2_ -
2
2 }-.. B'I' },_{
w WA x;

K,CO_. DM, 'proyH
El
YN-02 YN-U3

Figure 4.6 'The syathetic method of 4,4r-dirm:!hyl-z,zl—hip}fridinc {(¥YN-03)
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The mechanism of the palladium catalyzed reaction is shown in Figure
4.7. The palladium(D} active catalyst species undergoes oxidative addilion with bromo pyridine,
followed by trans-mernilation reaction and then redwetive elimingtion to form the pyridine-

pyridine carbon band.

AcO— P —3Ac

i-Prialis,

N
P

N "B
PUD L, ‘

oxidative addition

reductive climination
|
Moo @—Pdﬂl}—m
=N ]
L

- - i=ali trans mekdllation =

Cls-lrany esoemeTiEalien - b\ + KOO

= X Ei
Ill_. ¥ Er
e I M= "
/II K —-rd \' f.-"
= | KBr
L

Figore 4,7 The propose mechanism of homocoupling reaction

The characlerzation of YN-03 was investipated by ¥ 1-IR, melting point,
FAB mass and NMR teclmiques. This compound has a C, symmetrical molecular struclure, ay
only half of fhe proton in the struclure was obssrved in the '"H NMR spectia. The chemical shift at
5.53 ppm (2IT), 822 (2H) end 712 {ZH) was assigned as protons of the pyridine aromatic ring,
and the sinplet signal at & 2.43 ppm (6H) assigned as the proton of CH, (Figure A3, appendix A).
The 'C NMR speetra of ¥YN-U3 show only 6 carbon signals which suppeorted that it is & svimmetrie

molecule.
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4.1.2.3 The synthesis uf4,4J'dicm'bﬂx}rtic-i,ilubip}rﬁdine (YN-04}
The oxidation of YN-03 with oxidizing reagent, sodium dichromate

(N, Cr,00,), in acidic condition was used to synthesize the YN-04 ligand, shown in Figure 4.8,

TeRe COH
O S

™
YN-03 YN-04

Figure 4.8 Synthetic method of 4,4’-:.11'cﬂrboxyiic—z,Er—bipyridine {(YN-04)

The mechanism of the oxidation reaction of 4,4'-c1imat11}r1—2,2'—bip}fridinc
(¥N-03) shows in Figure 4.9. The dimethyl on bipyridine derivative, ¥N-03, was converted into
aldehyde fonctional group, then it was oxidised to 4,4'-dicarboxy]ic—z,f—hip}rridine {(YN-04) as

white s0lid in quantitative yields by Na,Cr,0..

50,
;)) LOH 0.0
O H
— — KL S0 MNa Cr O 0 OH
A 5 —— " ;’ _
A N N / _t: v

H {}
HO € CO 0= "H
2 ﬁ © o] yN T
N
i___> \ g o N\

N N—
Figure 4.9 The propose mechanism of oxidation reaction
The characterization of YN-D4 was investipated by the sume technigues

as fiw ¥ N-003. The YN-04 is a C, svmmetrical structure becanse the 'H NMR spectra was obscrved

oty 3 proton resonances (GH). The chemical shitt at 3.90 ppo (2H), 8,80 (21T}, and 7.89 [2H) are
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. ' e - - . - a2 . .-
assigned as protons of aromatic pyriding ring shown in Figure 410, The C NME spectra of
YN-04 show 3 carbon resonances fur aromatic pyridine carhon and one signal for carboxylic

growy [see Figure A4, appendix A)
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Figurce 4.10 'TINMR in DMSO-d, of 4,4 -dicarbuxylic-2,2 -bipyridine [ YN-04)

4.1.3 The synthesis ol homoleptic ruthenium{11} {¥N-N3 (s¥n))

Y N-N3 (s¥n) was synthesized by tigand substitution reaction {cquation 4,1).

ML, +xP =——= ML, -xP, +xL (4.1}

The ¥N-N3 (3yn) was synthesized in a moderate yicld by a one pat reaction.
First. the reaction ol [RuC1 {p-cymene)], with ¥N-04 sceording ta 1:4 stoichiometry ratio in 13MF
at 160 " give the 1'?{11;1(3.‘134.'4,-4}—::1ilfzaau-l-nmc_vIic;—lz'—bi[:ry'ridinc}2 complex. Then the excessive NITSUN

was added o allord the final product, shown in Figure 4.11.




HO ¢ COH
- H L CO i -
Y P B S ¢ P
Rﬁ/ WA N
7N N _NT L w—Ri—a
C{\ X(,l 160 °C, & I HOC™N o \“{:J
fﬂu f 'N\
S iy
HOC

z L}NH SCN, 130°C, 5 h

2} NaCrH

Z:“N._-—Ru/——mc:s
HOC—N g [ ™

(359
—N e
g 5

==

Hor o YNNG

Figare 4.11 The synthetic route of ligand substitution reaction to YN-N3 (syn) {70].

The molecubar structue of YN-N3 (s¥n) was confinned by NMR spectral data,
The 'H NMR specinnn of YN-N3 {syn) suggested that the maleeule is symmetrical. The signals at
39,62 ppm (2H}, 9.09 (2H), 8.93 (2H}, 8.35 (2H), 7.84 (2H), and 7.63 (25} were assigned as the
proton of bipyridine moisties, shown in Figure 4.12. These spectra are the same as that reported
for the cotmercial standard complex characterizalion. Whereas, the "¢ NMR, signal of
¥N-N3 {syn) shows 13 signaly, 10 signals of the aromatic pyridine earbon, two signals of the

carboxylic group and one signal of the thiccyanate moicty,
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Tigure 4.12 'H NMR of ¥ N-N3 (syn} in CD,0D

4.1.4 Characterizalion homoleptic rotheniunmdITh complex dye without tetrabutyl

ammonium salt

The homoleplic ruthenium(II} complex withow the wirshuty! ammoninm salt in
this study was tully characterized and then was fabricated as deseribed inthe experimental section
3.4.4 The photo and electrochemical propertics were investigated as followed;

2.1.4.1 Optical propertics

UV-¥is absorption speetra of YIN-N3 (syn) and N3 (3td) complexes are

shown m Figure 4,13, measured under the same experimental condition 13107 M in DMF. The
spectra of YN-N3 (syn) and N3 (std) comploxes [ealure intense absarption bands in the 1
region, The absorption band of both dyes shows nearty site, between 300 and 400 nm altributed to
T lransitions of the bipyridine ligand moicties. Both rutl}fujumill} complex dyves show Troad
absorption band at longer wavelength around 4350-650 nm region corresponding to the well known
spin allowed melal (o ligand charge transfer (MT.CT) irmsition [71). Notably, the molar extinetion
coefticient of the N3 {std) of the visible absorption bands al 400 and 350 nm are 20,072 and
19386 M om respectively, which are significantly higher than those of YK-N3 {syn) sensitiver,
which posses about 13,247 and 12,016 M"em’, The N3 (std) give higher intensity compared with
YN-N3 (syn}. 11 should be noted that our YN-N3 {s¥n) is less soluble than that N3 (std) becavse

the residue of HL.O and CH,OH in the complex is responsible for (his explanation {Falodthaisong,
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C. et at. unpublished resull). They Mound that the more residue of HO und CH OH in the comgplex,
ihe higher power conversion efficiency. The absorption speetral properties of ¥YN-N3 (syn) and

N3 (std) are listed in Table 4.1,
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Figure 4.13 LIV-Vis absorption spectra of 1= 107 M ¥YN-N23 (syn} and N3 (std) solution in

DMFE at rowsm wemperature

Tahle 4.1 The absorption of YN-N3 {svn) and N3 (std) solution in dry DMT

Dyes AT Sam {EXII}SIM_I l.'m_'}
YN-N3 (syn) 314 {0,597, 302 (0,13}, 545 ((L12)
N3 (std) 3140078 399 {0,210 551 {0,19)

4.1.4.2 Tleetrochemical praperties
The redox property of the similar structuee ¥N-MN3 (synd and N3 (std)
dyus wore investigated using cyclic vollammetry {CVE The cyelic voltammograrime is shown in
Figure 4.14 and summarized in Table 4.2, The measurement was performed with Auwtalab
Metrohm PGl on 0.1 mM solutivn of the comples in DME with the presence of []?,udiI]l:'F,:j as
suppuorting clectrodyte, The cvelic voltammetry of YN-N3 (syn} und N3 (std) complexes salution

in adry 13MF shows the onset oxidation wave (F™  yal 0076 amd 0,04 W s, MHE, respectively.

1

These values are more positive than the redox potential of iodide/triiodide pair (ca. 035 V ws

MHEY [BI] (see Figure 4.15), providing the thermaodynamic driving foree for efficient dye
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repencrslion. The oxidation potentials are duc to the oxidation from Bu(ll) to RotIITy. When
stanning toward negative potential, the reversible waves of both dyes were observed, E ) at -0.75
and -0.72 WV, respectively. These are assigned to the reduction of Z,ZI—bipyridine—4._4’—d[-::ﬂ1'box1»'lic
acid ligand. The reduciion potentials of complexes are sufficiently more negative than the
conduction band edge level of the Tifd, (anatasc) al approximately ¢a, -0.57 % vs NHE and
guarantee more efficient eleetron injectiom inly Ti0), conduction band. The relationship of the
redex potentials of YMN-N3 (syn} is alse similar o that of N3 (std). The ground state oxidation
potential of complexes was caleulated from the reduction potential and E, (listed in Table 4.2).
The E 0 and B levels of the YN-N3 {syn) and N3 (st} are 1.08, -0.75 V and 1.07, 0.72 V,
tespectively. These o oand E | indicated that these complexes are expected to be cxeellent

dycs [or the application in dye sensitized solar cells.
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Figure 4.14 Cycelic voltammogram for ¥N-N3 (syn) and N3 {sud) in 1% 107 M solution

IMF at scan rate 100 mV/s with 0.1 M [BuNTPF, suppurting cleciolyte




Tabhle d.2 Cyeliv valtsmmetric for YIN-N3 (sys) and N3 (std) [72]

H.'hs - I:IK: T
' E E Enoua

D35EL red oiuiel El]'l}
.“}'ES a L] L C [l
{nm) (¥) (¥) (V) (V)
YN-N3 (syn) 043 <075 .70 1.08 1.53
N3 (std} N 0,72 i1.94 1.07

U

“Measured in diluted DME solution

1 . - '
Measure using a plass carbon as a working electrode, a Pt disk as a counter clestrode, and

Ap/ApCl as areference electrode in DMF containiug 0.1 M |Bu N]PT, as a suppotting clecteolyle

“Caleulaled using the empirical equation: | IS S

a0 . , -
Lislimuded from the onset of absorption (K., = 124074, )
F (%) vz, NHE
-1.0
- 075 i
— 11_*?2_ (RUEE 4]
A T T T T T 1 ) 1 mf"l'i(fl2
an —f Eg- L83V Eg=179 v
as | = | | 1,
" '\lvr
1.08 1.07
1100 HOIRALY
VMN-M3 (v M3 (sod)
n.s

Figure 4.15 Energy diagram for the YN-N3 {syn) and N3 {std) sensitized Ti0), solar cells

with iodine redosx clecirolyte
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4.1.4.3 Photovoltaic performanee of DEST;

The ~F characteristic and incident photon to current conversion
efficiency (IPCE) of the two DS3Cs, YN-N3 (syn) and N3 [:std], were measurcd under identical
experimental conditions. Figure 4.16A shows the FF curve, and the resultant photovoltaic
parzmeters under standard global AM 1.5 solar irradiation semmarnized in Table 4.3, YN-N3 (syn)
DSSCs shows a lower short-citcuit current density () than that of the N3 (std). It is believed thal
lower amount of ¥YN-N3 (syn) dye adsorbed on TiQ, layer, causing from the lower absorption
intensity and less salubifity of YN-N3 (syn) in ethancl. The differsnce in solubility of both dyes
was observed in D3SCs fubncalion siep. I was found from Talodthaisong, O et al. (unpublished
result). The open-circait voltage (V) of YN-N3 (syn) was decreased from 0.67 to 0.52 'V and filt
factor {} increased from 0.67 te 0.7] V. Thus lzading to 2 higher energy conversion efficiency of
N3 {s4d) {77= 5.63) compared to YN-N3 (sya) (77 = 3.03).

The incident photon to current conversion efficiency (IPCE) spectra
would offer detailed information on the light harvesting ability of the DSECs shown in Figure
4.168. The [PCE spectra of the N3 {std} DSSCs shows a considernble incresse over the entire
tange of light comparad to that of ¥N-N3 (syn} In the longer wavelength region of 500 - 700 nm,
the intense [PCE values of N3 (std) DSSCs is much higher than that of the YN-N3 {syn). The
narrow TPCE spectra of YN-N3 (syn) dye is explained by the less amount of the dye adsorbod on

Ti(h, due to their slightly less scluble than YN-N3 {syn).
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(100 mWiem®) and B incident photo to current conversion efficiency speclra Tor dye

sinsitized solar cells based on N3 (sid) and YN-N3 (syn)

Table 4.3 Solar light to electricity conversion efficicney of the YIN=-N3 (syn) and N3 {std}

rutheniymit[[) compexes

IHNI.'\' I/:hd.l. V:I(' J_u‘ ﬂ
Dryes s , (%)
(mAicm '} {v) (V) (mAfem') "
YN-33 (3yn) 7.31 D41 (.52 %09 LR 3.03
563

N3 {std) 1237 .45 0.67 1378 .67
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4.2 The syrthesis of hetereleptic pyridyl rutheniam{Il) complexes with tetrabuoiyl

ammagntum, sale

The molecular structure of both heteroleptic rutheniwm{Il) complexes, YMN-phen and
YN-06, are similar to fhe homoleptic ruthenium{Il} complex (¥N-N3 (syn}), composcd of
dithiocyanate, bipyridine ligand and carboxylic acid anchoring group. However, one of the
pytidineg carboxylic acid was replaced by phenantbiroline ligand, whereas another carboxyl group
was deprotonated by tetrabuty] anumonium salt. The structures of the nuthenium(IT} complexes in
this serics are shown it Fipure 4.17. For the synthesis of YN-#6, the N N-phenazine (YN-01}

tigand was prepared and deseribed in the next section,

FoN

— Y,
HOC ’Q)\ N R{—{-N=C=S C
N HO O
z - NII; N\\C Fl %
B
s

+ +
N O phe :
(L41 .;}4N 2(, YN-phen (s 4| l9}4N 02{:

Figore 4.17 Molecular structure of heternleptic pyridy] ratheniomiIT) complexes

4.2.1 The synthesis of dip}'ridu[3,2—:1:2J,3J—c]phtnuzine CYN-0H )
The dipj.rridn[ll—a:i',EJ—c]phcn&zinc ligand was used tor the synthesis of YN-06
complex, The YMN-0F was synthesized as shown in Figure 4,18, whereas the ruthenium{ll}

precursor (¥ N-05) adopted from part 4.1 experimentad resuie
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Iy ™
HHN MNH
: 2 __
- 7%
reflux, EIOH =N ‘;q 4 YN

Figure 4.18 Synthesis of dip}fridcr[B,2—9:2',3’—c]phcnazinc (¥YIN-01) [73]

Cyclization reaction was used to synthesize ¥N-0F higand. The mechanism of the
eychization reaction between 5.6-diketone-1.10-phenantheoline and o-phenyldiamine is shown in
Figure 4.19. The cyclization reaction bepins with the attack of the amine electron pair to the
carbonyl group of 5.6-diketone~1,10-phenantheoline. Two ILO moleccules were then removed,
followexl by the delocalization provided dip}ﬂ‘id:}[3,2=u:2l,3’~u]phen,azi11e {YN-01} as a brown solid

in moderate yield.

VY,
i _ LN Ny
<:N N 7 '

-~H 1]
2
gf'"\?
S
M B
e
— N4
YN-J1

Figure 4.19 The propose mechanism al eyclization reaction.
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The chemical structure of YN-8 was confirmed by F1-IR, NMR and FAB mass
analyscs. The ¥ N-01 is a symmetric molecule. The 'H NMR, spectra show a signal at & 9.64 npm
(2H), 9.27 (2H), 8.36 {210}, 801 - 7.93 (ZH}, and 7.82 - 7.78 (2T1) assigned as aromalic [rotons

(Figure 4.200,
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Figire 4.20 'H NMR of YN-01 ligand in CDCI,

4.2.2 The synthesis of heteroleptic rutheniom{IT) (¥ N-phen)
The ¥N-phen routheniom(il) complex was prepared according 1o the modified
literature procedures [61]. Like the synthesis of ¥YN-N3 {syn) procedurc, the YN-phen dye was
synthesizerd hy a one pot reaction in a moderate yicld. The synthetic route for this reaction is

shown in Figure 4.21.
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C\N’:ﬁ‘(_’”:c:s 2) TBAUH 1 _CT\
HOC™N ¢ [ HO,C%
M TG
4 ? 8

+ -
{'[341'19}4[‘1 02(:' ¥YN-phen
Figure 4.21 The propose synthetic route of ligand substitution reaction of YN-phen

The 'H NMR spectrum ol ¥YN-phen shows 50-H sipnals as expecled for an
unsymmetrical struclure {see Fipure 4.22). The chemical shift at 9.76 ppm (1H), 9.03 (1H), 8.36
{1H), 7.93 (111), 7.50 {1H) and 7.40 {1} were assigned as the protons of the bipyridine ligand.
The signal at §9.58 ppm (1H), 8.84 (LH), 8.72 (1K), §.22 (3H) and 8.15 - 8.07 (21) arc auributed
o Lhe proton of the phenanthrodine ligand. The proton of armmonivm cation group exhiibits a
resonance at igh feld, &3.26 (8113, 1.75 - 160 (¥H), 1.43 (8H) and 1.04 (12H}, The integration
ratio of 'TI NMR in aromatic region (7 - 9 ppm) und aliphatic region {1.0 - 3.5 ppm} was found to

be: 11 8. This ratio sepported that only one atmmenium group in YN-phen complex ways observed.
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Fignre 4.23 The structure of ruthenium{iT) complex dye (Y N-lho}

The complex ¥N-06 was propared by using a similar procedure as deseribed for
YN-phen synthesis. Tlewvewver, in Lhe first step, we used ¥N-01 as a ligand instcad of
phenanthreline. The sttucture wiss conlimmed by FT-IR, NME and FADR mass technigues. The 52
pretons of YN-ihb 'H NMR spectra were observed. & protons of the bipyndine ligand and 10
proton slgnals of the phenavine figand. Like ¥YN-phen, the 'H NMR of BuN cation group
appeared at 1.0 - 3.5 ppm. The ratio of '"H NMR chemical shift between aromatic and aliphatic
regrion 15 simitar to that of YN-phen. So this complex conlains one fetrabutyl ammenium salt on

the rutheniumi) complex structure.




4.2.3 Characterizatios ol heteroleptic pyridinyl rutheniumill} complex dyes
4.2.3.1 Uptical propeitics

The absorption speclra of the new futhenium complexcs, ¥N-phen and
YN-06. are comprised of difference N-N ligand mwicty. The absorption bands of both
mtheniumg T} commplexes are deminated by m-10 charge transter (Figure 4.24), located al 370 nm,
The peak position of the T-1 bund of YN-06 sensitizer cleariy showy {ﬁlmxluj = 03.43 M'lcm']]l
highur intensity than that of ¥N-phen (£, x10° — 0.23 M 'em ), where as YN-phen shows broad
absorption peak in this region. YN-86 is expected 1o be more efficient salar light harvesting than
YN-phien, because we abserved high molar absorptivity althaugh the slightly blue shifted about 6
om of the MLCT broad band al 309 nm when extending T-conjugation with (dipyridu[E,E-u:EJJr-

¢]phenazine} ligand in ¥N-06, The UV-Vis absorption data of two new ruthenium(Il) complexes

are listed in Table 4.4.
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Molar absorptivity 107 M 'em™ )

Figure 4.24 UV-Vis ahsorplion speelra of 1= 10° M YN-phen and YN-06 solution in BME al

Tooan femperature

Tahle 4.4 The absorption of ¥ N-phen and ¥ N-06 in DMT solution

Dyoes A" nm{Ex107M " cm™y

(LI BN

YMN-phen 271 {0.57), 300 (0,23}, 309 {0.15)

Y N-06 280 (1.00), 379 (043, 503 ((1.28)
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4.2.3.2 Electrochermcal properties
The redox property and HOMO-LUMO energy levels of the YN-phen
and ¥N-06 were investigated using eyclic vollammetry (CV) tsee Fipure 425 fir the
vollammogramme). The measurement wys performed using 0.1 mM solution of YN-plien and
YN-06 in dry 1IMFE with the prescnee of [Bu N|PF_ as supporting electrolyte. Far YN-plhien and
YN-06 complexes, when seanning toward positive potentials, 1he anodic currents was observed,

n

E tl,_mm al 078 und .75 ¥V, due to the oxidation {rom Ruill) to RufIfl). The irreversible oXidation
waves of YN-plen closed 1o that YN-06 iave been ascribed to the prosence of ihiocvanate groups
whose oxidation potential 15 very ¢lose to those for Ra(ID) to BudlII} of hoth dyes |74). When

scanning loward negative potential, the same reduction potenéial (E ) at -0.76 'V of both dyes

were observed.

]

—

Current (A

Fl -llj -II.I] —Cll_i l'l.ll'b l'l.l! ll.i'l 15 i
Torential V) vs ApraplCl
Figure 4.25 Cyclic voltammaogram [or YN-phen and YN-06 in 1 10™ M DME solution at SeHM

rale 100 mVy/s with 0.1 M [Bu NIPF_ supporting electrolyte

The resuiting E |, levels are caleulated from T, and i, determined

from the onsct of the alsarption spectrum listed in Table 4.5, The correspanding E and L

[ICkACE L1k

energy levels were thus estimated 10 be 1.06 and -0.76 V for YN-phen and 1.00 and -0.76 V [or
YN-06 vs NHE. As depicted in Figure 4.26, these results clearly shoow thal 1he energy fevels of the

ground und cxcited state of complexes match well for the energetic requirements of a dye for

[S5Cs application.
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Tahle 4.5 Cyelic voltammetric result for ¥ N-phen and YN-06

(L]

Abs f
l sl End E ansct I"H.umu EI]-I}
I}FES ] T :,. T " i
(nm} (v} (¥} (V) (V)
Y N-phen 67u 0,76 (78 .06 1.82

YN-04 T3 -0.7a (.75 11K 1,76

"Mewsure in diluted DMF solution

"Measure using a glass carbon as a working cleetrode, a Pt disk as a counter electrode, and
Ag/AgCl ag & relorence electrode in DM containing 0.1 M [Bu N|PF, as a supporting electrolyte
‘Caleulated using the empirical equation: E, . ~ T, + 15

" Kstimated from the onset of absorption (B | = 124074}

(Ea gl

EAVY vs MM

F
B
-U.Eﬁ -0.76 LM
S S [ | Lk ol Tif,
i Ep=La2¥ Eg-L7eY
os |77 rr,
L.k L0 kil M
Yi=phen WG
1.5

Figure 4.26 lnergy diagram for the YN-phen und ¥ N-lI6 sensitized Ti0, sotar cells

with ioding redox electralyic

4.2.3.3 Thotovoltaic perlomuance of [D55Cs
The comparizon -} spectra of ¥N-phen and YN-06 arc shown in Figure

4.26A. The J , ¥

it

fill factors {ff} and overall cell efficicncics (#) for cach dye- 1160, clectrode are
summarized in lable 4.6. Compared between YN-phen and YN-06, it was found that the J_and
¥, are slightly increased. from 498 to 508 mAjem” and 0.55 w0 056 V. respegtively,

[y

corresponding to an overall conversion officiency (7 = 1.86% and 1.90% for ¥YN-phen and
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YN-B6, respeetively). These results shows that the Tonger the T-conjugation of YN-01 ancillary
ligand moiety of the ¥N-86 the higher the power conversion efficieney compared to that of
YN-phen. This is supporled with the higher intensity that observed in ils absorption spectrum
previously discussed. Figure 4.27B shows the TPCE spectra for the cells fabrieated with ¥ N-phen
and Y N-06 sensitizers. The IPCE values are plotied as & unction of wavelength. Both dves exhibit
similar efficiency in the visible regiom and extending to the near TR region {¢a, 750 nm). The
YN-phea IPCT value shows of about 40% with the plateau region, where the [PCE value of

YN-06 dye was shightly higher than YN-phen (60% in the region 480-450 nm.
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Figore 4,27 A: IV characterislic of YN-phen and ¥YN-6 under AM 1.5 G 1adiation
{100 mW/cm ) and B: incident photo to current conversion ¢ificiency spectra for

dye sensilized solar cells based on YN-phen and YN-U6
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Table 4.6 Solar light to eleetricity conversion efficiency with the ¥N-phen and ¥YN-04

nthentum(ll} complexes

I - V. ks | 17
pes (mA/em’) V) V) {maem) o (%)
YN-phen 4.27 0.43 055 496 0.68 1.86
YN-D6 4.26 0.44 0.56 5.08 0.67 199

4.3 Synthesis homeleptic and heteroleptic ruthenium{II} complexes with tetrabutyl

ammoninm salt

‘To improve the eonversion efficicney, we reported the synthesis and characterization
of three ruthenium(il} sensitizers. The complexes short m-conjugation homoleptic YN-719, the

heteroleptic YN-07 and the extending m-conjugation homoleptic YN-U8 were synthosized and

their structures are shown in Figure 4.25.

+
. LEAS CO, N H )
HO C o, NiC Hy), o BOg CD:H at ( oA
{I } _< S & - 'N ‘»1
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_ f
{ - —R_u-\'N [ _:\N__\R —MN=C=5 R“P NEeEs
ho, ¢ ¥ Ty OOy g0 f N
— \"r - B HD C
EC M “
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o] . v
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194 2 ¥M-T19 SRR : YNOT (CH ;N UL Y08

Figure 4.28 Moleculsr stracture of heteroleptic and hereroleptic retheninm(11) complesss

The synthetic roule of homoleptic rutheniumdll) complexes (YN-T19, ¥YN-08) is
similar te that of ¥N-N3 (syo} and the heteroleptic matheninm(Tl) complex (YN-07) is Lhe same as

that of ¥N-phen. The synthesiz methods of 4]t complexes were Teported in experimental section,

sec chupler 3.
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[qu]gde UEL YN-T14
Figurce 4.29 The ¥N-719 ruthenium(IT) complex structure

After we successtully synihesized the ¥YN-719 rutheniumill} complex, the maolecular
structure was investiguled snd characterized by F1-IR, FAB mass and NMR technigues, The 'H
NMR spectra of YN-719 present 40 proton signals. We observed a similar NMR siymal in the
aromatic region as reported for YN-N2 (syn). & resonances of the pyridine ligand, Unlike YN-N3
{syn). 36 signals in aliphatic region assigned as Bu N cation group (see Figure 4.30) was
observed, supporting the symmetrical siructure of YN-719. The integralion ralic of IH NMR
chemicel shift for the aromatie and the aliphatic region is | @ %, confirming the presence of two

tetratiutyt ammonivm salt in the complex structures,
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Figure 4.34 III NME in DMSU—dﬁ of homoleptic ruthemum{H) (Y N-7119)
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Figure 4.31 Molceular structure of heteroleptic natheninm{(I1) complex {YN-07)

The ¥YN-O7 molecular structure was confirmed by NME, FP-IR and FADR mass
analyses. YN-D7 is an asymmetrical structure as il shows 52-H. The 'H NMR speetn of YN-O7
shows 6 signals and 10 signals assigned as protons of the bipyridine and the bigumoline ligand,
respectively, The proton sipnals of Bu,rN*caticm group present 36 rescnances al aliphatic region.
The YN-0F complex structure contained one tetrabutylammonium salt consistent with 1 : B the

integralion ratio of ‘11 NMR chemical shift as described in previonsly resull

-+
1 ) YN
2 i b{Lqu}a@

Figure 4.32 Stroctural of homaoleptic rutherrium([1) somplex (Y N-08)

The YN-08 ruthenivm{lI} complex way prepared according to the modified literature
procedures [20]. The ¥N-08 dye was synthesized by a one pot reaction bike the synthesis of

¥N-712 provedure as previously wentioned.
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The 'H NMR spectra of YN-O8 show 5 characteristic profons of the biguinoline lgand
{ddebig). The inegration ratio of the chemical shift of the aromatic region and Bu N cation group
was found o be 1 1 4 supporled that YN-08 contains two lelrabutyl ammonium salt in the cunplex
structure. The characterization of this complex, FT-IR, 'H und “C NMR was shown in Figure
A1, in the appendix A,
4.3.1 Characterization of homoleptic and heleroleptic Ru{TT) complex dyes
4.3.1 1 Optical properlivs
The UV-Vis absorption spectra of YN-71%, YN-07 und ¥N-08 mcasurod
in 1%107 M cthanol are shown in Figure 4.31. The intense absomtion bands in the UV region
(300-450 nm), generated from the -7 ligand transitions were observed, furlhermore a blue
shifled is cbserved rom YN-08 to YN-07 and YN-71%, This result might be associated with the
influent of the strong electron withdrawing group from debig moictics for YN-07 and ¥ N-08
dyes. Compared between YN-719 (homoleptic rutheniumi[1) complex) and ¥YN-07 thetereleptic
rutheniumdll] complex), the red shifted in the MLCT transition around 500 - 600 nm region with
increasing st-conjugation ligand were clearly distinguished. The M1 transition of ¥N-6# is not
clearly observed, This probable from the YN-08 15 less solubility in DMF. The TV-Vis absorptian

of YN-719. YN-07 and ¥N-08 are summarized in Table 4.7
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Figure 4.33 UV-Vis absorption speetra of 1210 M YN-719, ¥N-07 and YN-08 solution

in DMTF at roem temperature
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Table 4.7 The absorption of YN-719, YN-07, YN-08 in DMF solutian

Dyes A% o I (Ex10°M em™)
C yN1s 310 (0.67), 389 (0.20}, 542 (0.18)

YN-07 320 (0.45), 363 (0.43), 626 (0.12)

YN-08 353 (0.56), 637 (0.63)

4.3.1 2 Electrochemical propertics

To evaluate the feasibility of clectron transfer from the excited state of
the sensitizers to the conduction band of the Ti0, electrade, the cyclic voltammetry cxperiments
was carricd oot using 0.1 M [BuNIPF, as supporting electrolyte and NHE reference electrode was
carried out. The YN-719, YN-07 and YN-08 mutheniumIl) complexes showed the onset oxidation
peak and reversible reduction peak, shown in Figure 4,24, The gxidation onset potential (E™_ _Jof
YN-719, ¥YN-07 and YN-08 are observed at 0.72, 0,76 and 0.74 V vs WHE, respectively, which
are assigned to Ru(IIVRu(IT} couple. The irreversible oxidation waves of all complexcs were
described that the oxidation potentia? of thiocyanate groups is very close to those For Ru(Il} to
Rutlil} couple as previous mentioned, The reversible redection potential (E ) peaks of lhe
complexes are -0.79, -0.76 and -0.74 V, respectively, attributed to each of the reduction of the
bipyridine ligands (¥N-04 and debiq). The redox potential are summarized in Table 4.8, The
oxidation and reduction potentials of YN-07 and ¥N-08 are slightly shifted to the ancdic area
rresented more acceptor dobig comparcd to YN-719 175], consistent with the UV visible
absorption data. The K. levels of ¥N-71%, YN-67 and YN-B8 wore calenlated from E.. and
Hyptobe 0.95, 0.88, 0.00 V vs NHE, respeclively. The B, - and E_, clearly show that the ENErEY
levels of the ground and excited state of complexes are matched with the encreetic requirements of

the dye for etticient charge generation in 1388Cs (see Figure 4.35),




7l

-] Y
— AT

e ', Y

Current {pA}

—

25 20 15 -lh 05 00 IS 15 24
Potealial {¥) vs AgiAgCl

Fignre 4.34 Cyclic voltammogram of 1107 M YN-719, YN-07 and ¥N-08 in DMF at

scan rate 1080 mV/s with 0.1 M |Bu N]PE, supporting electrolyte

Table 4.8 Cyclic voltammetric resubl, fur YN-719, YN-07 and YN-DR

Dves ?"'*I”wut Eoo E'“unml l';rrummn E,.

’ fom)" vy (V" (v vy
YMN-719 710 -0 74 0,72 95 1.74
YMN-4§7 Ta5 -11.74 0.76 (.85 1.654

YMN-08 755 -0.74 074 .90 L4

"Measure in diluted DME solution
"Measure using a glass carbon as a working cleetrode, a Dt disk as a counter electrade, and
Ag/ApCl as a reference electrode in DM containing 0.1 M [Bu,NIPT, as 4 supporting electrolyic

Fyo + E

v ' - -
Calculated using the empirical equation: Lome = Fou T Eus

¢ Estimated from the onsel of absorption {K,,= 1240033

ansek
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Figure 4.35 Lnergy diagram fur the YN-719, ¥N-07 and ¥YN-08 sensitized Ti(d, solar cefls

with iodine redox electroiyie

4.3.1 3 Photovoltaic perfonmance of DSSCy

To further understand the effect of the extending ®-comjugation of the
ligand to the photo voltaic performance of tuthenium dyes Tor the DSSCs application. The
YN-7T19, ¥YN-07 and ¥YNAE ruthenium(ID complex dves were fabricatcd and investigated their
power conversion efticiency. The YN-07 sensitized cell gave a J_ ol 0.46 mAfem’, V.ol {146 ¥,
and a till factor of (L6, corresponding to an overall conversion ciliciency of 0.14%. Lnder the
sarme conditions, the YN-U8 and ¥YN-719 sensitized cell pave a J_ of 0.35 and 10.12 mivan’, V.
ol 0.44 and 0.61 V, and a t1l] factor () of (.54 and 0.74, comesponding to an overall conversion
clticiency of 1.08% and 4.57% (listed in Table 4.9), respeetively, From all three complexes, it was
found that ¥YN-G# which has the longest T-conjugation than those ottiee lwo dyes (YN-07 and
YN-71%), bul the overall conversion efficicney ol the ¥N-08 DSSC is not 2-fold higher as
expected The YN-TI® shows the highest photocurrent due to; 1) the ¥N-719 dye shows the
highest intensity of MLCT [rom UV-Vis absorption data at, 2) the YN-719 dye show the best
electron injection efficiency as described from the highest 7 values, 31 the molecular struciures
of YN-G und YN-OT7 arc targer size than ¥N-719 sensjt-jzcr, responsttle for preventing the

penctration of the dy: into the nanoporous film and 4) the ¥ values of YN-07 and YN-I§ are




i3

very low consistent with the increase of the dark current resulting [romy teverse clectron translor
from TiCh to 1 .

Figure 4361 shaws the TPCHE action specira tor dye sensitized solar cells
based on YN-719 dye alonc. The IPCE of YN-719 presents a plalcau of over T0%, trom 400 to
550 o, reaching the maximum of 859 al 520 nm. The photo-respense of the cell cxiends up Lo
00 nm. The decline of the IPCT above 550 nm toward the red region is caused by the decrease in
the extingtion coulficient of ¥YN=719. The IPCE of ¥N-07 and YK-(8 rutheninmill} complexes

cannol be measured supporting the low power conversion citiciency (#7).
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Figure 4.36 A: [V characteristic of YN-719, YN-07 and ¥YN-B8 under AM 1.5 G radiation
(100 mW/em ) and B: incident photo to cutrent conversion efficiency spectra for dve

sensilizel solar cells based on YNOT. ¥ N-08 and ¥YN-T19
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Table 4,9 Solar light to electricity conversion efficiency with the YN-719, YN-7 and YN-08

rutheniumi !} complexcs

I - b J, 7

Pyes {mAa’cmz} (V) (V) I[mA.I’cmz} a4 - (%)
YMN-719 .40 ﬂ_ﬁl;.'» 0.6l l r12 0.74 ) 4,37
YN-OT 0.39 0.37 0.46 0.46 0.68 .14

YN-08 0.26 0,32 0.44 0.35 .54 .03




CHAPTER 5

CONCLIISIONS

Movel rutheniom complex contained phenanthroline and bipyridine lipands with
warboxylic anchoring group unit for using as dye sensitizers in DSSCs deviees were successfully
synthesizid from ligand substitute reaction. The target molecules were characterized by NMR,
IT-TR, UV-Vis speetroscopy, cyclic voltammetry, and mass spectroscopy. First, we stodicd the
hemoleptic ruthenivm(il) complex dyve without wetratutylammonium salt YN-N3 (syn} and
N3 {std) DSSCs The NJ¥ (std) shows a higher conversion efficiency () than that YN-N3 (syn}
cauzitg from the difference amount of 1,0 and CH JOH i both complexess, Second, we stodied
heteroleptic pyridyl ruthenium{IT) complex dyes with the tetrabutylammonium salt, YN-phen and
¥N-06. The extended n-conjupation ancillary ligand of YN-06 gives rise to molar absotpiivity as
well #5 velatively higher overall conversion efficiency with respect to ¥N-phen. Third, we
reported the overall conversion cfficiency of ¥N-719, YN-07, ¥N-08 sensitized DSSCs and
examined the influence of the bulky anciltary ligand and extend m-conjugation. We can also sec
that wilh Ihe longer T-conjugation from YN-B8 > YN-07 = YN-719, the 1 of the ¥N-719 DSSCs
shows the highest vfficiency in this serics, [t is described to its high extinction coefficient and the
fighest ¥ due to the Blocking effect of the charge recombination, which plays a crucial role in the
electron-transfer process.

The photovoltaic perfotmance of nanocrystalline oxide semiconductor solar cells

sensitiized for all ruthenivmfIT} complexes in this stdy are surnmanzcd in Table 5.1,




Table 5.1 Solar light to electricity conversion efficiency with ruthenium(IT) complexes

Fi]

Dyes - z Vs Ve Jie P :J'
(rLA/em (v) V) (mA/em’) (%)
YN-N3 (syn} 7.31 0.41 0.52 §.00 0.7 3.03
N3 (std) 12.37 0.45 0.67 13.78 067 563
¥N-phen 427 0.43 0.55 4.96 0.68 186
YN-06 426 0.44 0.56 5.08 0.67 1.90
YN-71% 9.40 .48 0.61 10.12 074 457
YN-117 0.39 0,37 0.46 046 0.68 0.14
YN-08 0.26 0.32 0.44 0.35 054 0.8
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Fivure A7 'H MR, P NMR in IIMS0-d, at room temperatere and FT-IR spectra of

tetrabutylammonium (1, F0-phenanthroline ) 4-carbox y'-E,EI-hipyr[dine-iP -

carboxylatedithiocyanatorutheniumilly jon (¥ N-phen)
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Figurc A8 '"H NMR. “C NMR in DIMS03-d, at room temperature and FT1-1R spectra of

tetrabutylammonium dipy rido[3,2-:1:2',3r—c]phcmirim:[4-czirbux}r—z,zl-bjpy tidine-d -

carboxylale kbithioe yanatomtheniumdTEY ion (Y N-0G)
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Figure 4.9 'I1 NME, “C NMR in DMS0) -1, at reom temperalure and FT-IR spoctra of
his{tclmhu1ylammu:miL1m]lhis{4-carb0x}'—2._Er-hipyridjne-i—carhmylulc}

dithineyanatorutheniundTThon (¥ N-719)
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tetrabuey lammoninm E2._Er—hiquinuiine-4,4'-dicarhuxylic acid J{4-::arhux}'—2_.2'-

bipy ridine—ﬂ-r—cabur{;.flﬂteldjth iceyunato rutheniom( ) ion (YN-D77

g7




ul
ui
-
e
ima
a
L
Zth
R
Tl
3

% 3 5

e
-

W g P 0 mE o d

A
]
E
&
B
i
L]
t g i

EEEEREY

. s 1 e v LS e v s n 125 [t u r 5
[ Eeae
.
-t R
Fe—ee PRI
T i (s - r.
- — I|I b .'I ‘ '1-{' (i '||I II'I
a v I ! [ 1
s \:._ ] et I .-".I L
! : N R T
. e | Fisst: R
| =
E
- A
e
e
B -
=l Fah ) = = SRld LEXTS i e 1 I u
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APPENDIX B

Mass spectra of ligand and rutheniu m(l1} complexes

99




T Tt

ity @ Sian-FREES Ll - A;=Jul 2103 e
b H

Mt MaTe e Er

dkul : Diegct es Kode @ FAN

Tan Sgac ez : harmal tun (M -Lipedcrl
1L Rungr = =z il Le Jm

3?'1.’35&91

Cutack FYoRaage o 9.B5 1o W88 man

—| ———— e —— T e —_———
Vs —_— .
] -
o
Ed | ///
4 F B.i Q.3 B.a a.5 a0 B e.4
Live (min 1
[ 359 Spectiepm ]
Bl 1 BAZ iR Scenk :oa
lon Mede  FHE+ ot by nm
1414380
1 ]
23
. ]
A
1]
| .
252 i !
2R - F I | f F .
ol 0 — i1 I S [ S I
zra e -] 2al 2 A3 2 e} ZEE 2 25E 29 a3 231 ] [ F) el
L
D Mamw Spesirem
RT : A28 min ek ;]
Izn Mowz @ PR e, Lay o
4:780a 152
= |.
105 J
5 !
1
! he
| I
o ‘ |
i "
ily i Al _
i : BT JHE
@ . | . i . : ———- —— .
T T T T T " T . g r O . r 1 T H T r . I i
e 1E 1303 1]
nsr

Fipure B.1 Mass specirum of dipyridu[.'%,?‘.—ﬂ:EJ,3J-L:]]JhenElxine (YN-01)

100




TTIF )
_ Jela  : %ede FAZIET dasic R R | I L]
’ Surp Im:

kote : Hacrix:
- Talmt © Dire=t fom Fode @ EE-

loa Sgec wae : dopazl Ten THC- e arl
TIC Ranfe = m-3 |R 1 SHPA
- + | 4EH B
133

] AT —

Dulcat AT Reege . BUFE b6 B4 w1

a4 . )f

101

[ Macg Spaetrus J
RV : .2 min Seank ot
lam Mt ; FAD4 Ini, : 1522.7)

UL B3

3B

.
H

|

|

i

j

v 1H4
I 1353
2l

a.7 B.z
Timm Inef, )

My Coszian ]

AT : B mia Seank ;0

|l #dw : FAD Tnl, ¢+ 4353 1B
bl xR

Im__l 185

i
H
|

ak

| 1= | f
1
[ e B LY - e ) LT g | *

: i o o 156

Lt | T—r-
s ]
neE

P t k-
155 182 1L 1r2 i igd 12 PR Ier:

Figure B.2 Mass spectrum of 4,4'-djmcth}rl—z,_ilr—bipyridine (¥ N-03)




=3

L TIC

Deta @ Same bwgad
Himpin:

Bl o Mageta:
Tl = Mirngt

Jate - V-Ju'-FRT 645

lew Mude @ Sa-

102

T Buntaes : Mormnl Zap THE T inmsrd
0 Arnge | oarx L@ ro f0ER Gainne K1 Haeeze @ AAG] o AL wan
Teatigpe
I%T“
\-\."-\-\.\_\
9F
h‘x‘\ .
e
e
—_
-\-\--'—_
Bm T -
#h 1.3
Tixe (Min. D
[ Hiza Jprctrun
RT : H.42 min Szank : §
lon Mhga @ FREE Tni. @ RIE. T4
ArFEE 154
Jekl— &
1ig,
R 4 ]
o
% I
46A
j i ki3 Hil ax
o 'Y 1 Y - i r .
T T hd T B 1 T T °r T r T T . T T " T b T
SEa flas ] 1568 2009
oAy
[ #az: Spazerom 1
K1 : 3,92 min Goand ;oA
fen Moda | FRGY a1 AIE.2a
EEFIIF-Y 154
LA )
H
136
b
327 -
5 |
192 : L
I7E
‘L h / “d i VR e F1E ] L l A W B auy gy 05 agy P69
B - A=, 8 "y T 1= <} gt T Ii"l—"—"r':"' vy A ! T
¥k aigh 1L &g Jin EZ sl 2E2 Ja@ ek 3 a2 3ER Jo 12d LR ELr SEE
e
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Bz rzesm deedes, pabladin-catalvzed couplng 12acton: have prosan o be amagg the spost pnsoerdinl aol
versatile matal-mediared Trwsfnsiions oo oveanie viless chemisry, B to ihe oxceliant performance of
these reswctions. ey have hoen wad exrensively | for sdoagele. @) Tolol sroibests wad i the syitesis nf
cowgesgite] wirlsnals awl widespread ased iy wany ar2as of organic ¢lemiany. pacdiculady o ke ynrlesis of
phortraceuticals nod componnds Far maregials chenuswey applicarions[ 1.2, 3} Tdeally. an efficient salalys:
showld ove teoad sobebate activity wder mild conditions at very low catalwst molae ratio. Initally, the
tubsbintes wlich were nsed i cross-coupling reastions were only reactive mtl Luoanides and lodides.
Hongewer. a1yl chborides sre wore widely avadable and zenemlly lesy expensive o ihe dromides and iodides,
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Receutly, Whdwaty and co-warkers oeponed i e shnsptioe shluc Igand namely, KITPHOS shows
good peopedics as a co-unlalyst in Sweki-Mivaurm cruss-onupling reaction of rhe bufky and wnreactivis
chlorabenzyne with plesy] boronic acidl using o valalyw ratre o ool Vs i} Honever, 1he symbetiv
route to ke phosphine anthmeene adduct derivarrve ligaad is Giffcuie Froay e applications point of view,
phosphine lignnds are affecied by one prublem: they ave subjuet fo oxidation. Thercefore, reaciions need to be
camied wul N oan inest wbhpoesphere. Ta overcome s psuliim, severat stable phosphines hawe been
eeportedf 11,1213, 14]. Hercin, we report the Pd-catabysed Suzuki-Miyaum cross-goupling reaciion of aryl
larenic actd and Ayt halide with hath reactive catalvat PE03 amel stable Pd{i1) complexes UsIng variows types
of wir stahle lipand. The rffecs of cross- ad koma wulpling products whee different ligand oapes. faclieding
our 4 stable amhracens phesphine axide sdducl. o= also ineluded,

Z. Materisls and Methods

All reacrione were perfbrmed tnder a mivrogen baBow:. Chomica reafents and solvepls were purehascd
froun coucenercind suppliees and  wsed  without  Terfher pusilicalion, uoless nated  Meihyl-2 3-89, 10
ditwdroamilrace vyd) propanoase {1} [15], nesitvk Bocomic agid, 9, 9-dilexyi-9H-luarca-2-ylboroaie wwid{146],
PPy e, PACEPh ) FL7Y, 3-bromo-phenanibngdine and }E-dibrmna-phenonthroline | 18] wers synthesized
s reparted. Colinn chromatogiaphy wes ton on silica wed (100250 nesh). "H and "0 NMR spucton were
recorded on a Bruker Avence WHF spectromierce. Chomical shitls e guobedt dowertield frorm intemal standiod
THE, IR specis were moasied on g Perkin . Floer FT-TR SPCCiOEcopy specitum X1 spectraeier s Wal
ur KEr disc. Melling points were siewsured its open-cod eagillaries nsing a Buchi 53 relting point sppambes,
Tl wmperarires al e melting points werg ramped at 2.3 "Cin and were uneoerecterf.

Methyl 3349, -lituyetroas thra cenyli-2-(diph eaylpphosphar vl nyide)prapanoasic KH
Briisopropyloniae 135905 ml, 2760 mnwlsr wne traosteroed by syringe 10 RN md reomd hottain Aosk in
nitregen systan, fotlowed by THE (40 ). Subsoquently, n-bugeltithivm (19,2 mt, 13.0 reteley was slowly
wlded at 78 °*C pnd wmived w0 for 1 hour, Melliyl-2.3-4%, 10 -dikyurosnsbraceny ] Jpropandate (3.0 2, 19.1
ol i THE 20 ml} was added so LA sobation at -78 “C. Alter the resction was stimed at 0 "€ for 2 hours,
chloemdiphenyt phospling {40 ml, 2045 aunpbe) was added a0 -78 °C. ‘The reacnon s miscd UP I3 robre
temperatiens arsd kept for & hiners, Then, the selulion mixmune was extracicd with dichlaronndbmne (3 x 50 mi),
Fhe orgenic conmant was deicd it Mas50y, then the crode teaction was evapotiteld 1 dryness amd passed
theowgrle stlica colunm chromaograply {10% EIOAC a5 the cluenth o obisin e e product; white solid
(30%0 pickly o 206-200 50 'H MMR CCDHCE, 300 Midz) F247 ldd, F=21, 15,3 11z, 15, 294 idedd, 4 =
L5 %5 Hz 1H), 3BHs, 3 330 s THE 3.36 0l J = 6 W, TH) 703728 {re, FIHY, 7.85-7.56 (m, 3H)
TEET.8L gm, 2HY VO ONMR ODC]. 75 Miley: 5338, 4.0, 49.6, 523, 551, S8, 1210, 173,64, 1241,
1287, 12580265 1067, 1260, 1207, k279 (281, E2E2, LR, IMT B3EE, L300 0324, 1345 14046,
THLT. 3439, 1447, 1707 IR{K Hr) 336, 604, T06, s, 1217 1434, 732, 2944, 2960 cm'™: M5 (ESH
5500 {MFET, 10004),

Cieneral mathod for Snzuki-Miyaurs cross coupling reaclion; eyl barowic actd |27 5, .02 mod), aryl
hatide (2.7 p, 003 mol} end solvens {20 @) were placed i 2 owe necked round botta Tlask, followed by
T mned palladiam cabedyst, sespecsively. Finalby, the reaction was dessssed several things with g NigREC
hatlaan. The resction mixmre wis then Resesd w0 roley nniid the reedlion was copnpleted. Fhe miatonm: sy
caaled and eslrzeied e dichlarmmethane 0001 The arganie pag was deied witl MNozS0h then the crude
enelicm was cvaporated W dryness amd peed ol gilica column chrammoezaply w abiain the puare
prugiiaes.

2-Phenyt paridine 16): colonelass fqued; T1MNMR 00 MHz, O30 S 870 08, THE S.00 460 7 = 7.0 Hr,
RN, T (s, 2 TS—7 38 {411, T24UE 0= 6 Iy, JEDL T NMR 4TS ML, CINCL) A 1570, 14005,
1394, bRAH, PR 1287 12609, 1221, 1205 IR B9, 40, H00, OXE U3 (020, {76, 1152, 1292,
BA2S, 1440 VAR5, 1587, LU0 2358, 2RIT, 2900, 3064 corl

I-Thisayt pyridine (8} white solid; mp. 39-61 C; "H MMER (500 MEk, CDChY 4 857 (4, F = 3.5 H7,
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ik TI8-F.03 {on. 3HE 759 (. J = 35 Mo TH), 740 ¢d, = 5.7 He THY, 720707 frmn, Iy C MMR {75
MHz CDCLa #1526, 1405, {304, 1304 130 (287 L0 1275 1745, 1219, I8 TH: MRNaCTy 70,
TILGR2ELRE L4358, B4, DSRD0 3030 o

1 A-DiAuorephenyt pyriding o#; colowdes ligmd: HONMR (300 8102 CDUE) 6 5,70 44w 13 Ha,
tHG, 7.99 (dd, F= 157, %6 Hz, 1), 779 4d, /= 3.6 1ie. 3H3 7.24 fdd, = B4 e PHY, 700569 {m,
TH} 691 (1, J = (0.0 Ha, FHY "C NMR (75 MHz, CDCL) A tha.7 (d, #=2550, F20 Bz} 160, (dd, )=

TR0 12.0 Mz, 1526 (d, /= 3.0 182, 1498 (5}, [36.4 (s) F32.1 (dd. F= 106, 4.0 Hazp, 1242 (. S= 100 H=).

1239201206 fmm), 1224 §s), LLLE (dd, F= 211, 3.7 Hah, 104,55 (ad, /= 270254 Hzy; iIR(MaCl) 456, 514,
363, 580, 749, TRL, WIS FT0. 10T, 1144, 1264, 1302, 1688, 2924, JOT0 ot

s Triflunrometinl)-2-phenyipyeldine (383 white solid; wp. 60-63 "C; 'H RMR (300 81T OOl &
B (s, VT 804 idd, /= 7.6, 1.7 He, 7H), 7,00 (44, J = B4 14 Hz, THYL TH31d. = 83 He, YHY, 7.56-7.47
fen, HY U NMR {75 Mz COC) S 1403 03 165 fdd. S = 03T, 02 Hro 157.9 (s), 34 —1V58 gy,
I30B-1295 g, 1289 fx), 179.3-125.3 () 1272 4ah, 12407 1204 find. FERD eak, IRENAC]) B35 741, 790,
B30, RG1, B2, 3085, 1123, 11535 1603, 2929, 300 am'

Trimethiylphenyibenzene (11} coloncess Lgeid; "1 KME (300 MHz, CDCL) 4 7.70 (1, F = 7.3 Hz, 2H),
O (L S =73 Hz, LY, 746 (d, = 7.0 L1z, 3H, 7.26 {s. 213, 2,066 (s, 318, 2.55 {5, 6H); °C NMR (75 MHx,
CRCRE S 1412, 1392, p36.6, 13640, 1204, 1285, 1282, 1266, 1.1, XK,

34{9.9-Dibexy-9H-fluoren-Tyl-1, 10-pheramBrokne (12); viscous liguid: "TF MMR {300 MHz CDOL)
1T qd, 2 =49 Ha, 2H, 7.5% [ 2= 146, 7% Hz, 2H), 742 T4 (o, 98, 6890007 (o, 2100, 2041 87
fon, 4H} 1.21-097 {m. b2 078 (0, S = 6.7 Hz, 60, 0.71-082 fm. 4HE “C NMR {75 MHz, CDCL) 6
P35.3, L3300, E3RT, 50, 1410, B0, 1943, 120008, 1266, 1259, 1228, [23.0, 1205, 1196, | LR.T 415y,
TULL, 5500 55,0, G050 404, 3105 M4, 297 296, 23 7, 250, 220 225 P390 TR(NaC Tal. 895, FI03,
1370, 1420 L4841, 236Y, 2929 36036 o',

3,8-bia( 9. O-ctiliex ¥ 1T H-Huorea-2-y1 -1, 14 phenanthraline Fle W ONME (OO, 300 MEZ: § 875
OB {me, 2OHG, 1002127 {a3, 24H), 2006209 fin, SHY, E36-7.42 (o, 54 TT-TE (o SH), 720 A =0,
611z, 2H). 797 (1 /= 6 The, 2H), £.45-8.50 {sn. I}, 923 {d, =3 Haz, 115}, 952 (d, 7= 3 Hz, 111}, 9.54 (4, J
= .5 [f=, V) HE MR (COCE, 75 MHek: F14.0, 225, 734, 29,7, 31.5, 403, 3535, NOT, LMW 1204,
E2LE, 1230, §259.0, E26.5, |09, 1270, 1376, P28.3, 1285, 1796, AR5 D300 1308, 1375, 84000, 1404,
1415, 1417, 144.5, |49.7, 3000, 151,40, 1533, 1520 IR(ER 341, 1. 1120, 1171, 1335, 1414, 1609, 2E56,
doxy, ancd, 3G un

X Results and Discussian

Tae syothesis of an antheaceecghosphine oxide widust (33 shows in Fig 1. The known merhyt acrylate-
anbaeene adduct [15} was phuospheemated by LDA and chlomodiphonyt phozpline. The shle anthracene-
phosphine oxide was affurdel after sepanited by cubmam chromatograply . The pure provoct was charactirised
and eonfirmed the wmwleeutar struciure by '8l 0 and IR spectroscopy as well az melecalar mass.
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To determine the optimal reaction conditions, we began with the reaction of phenyl boromc acid (4) and 2-
chloropyridine (5) under the following conditions: 1% maol stable PA(II) catalvsi. 1 M Na;CO: (aq.). without
ligand in refluxing THF (Table |. entrv 1). However. the reaction gave both cross- and homo-coupling
products with very low starting material conversion. After that the different tvpe of ligands were added to the
reaction utilizing the same protocol as in entrv | wath 10% mol ligands including 3. PPh;. OPPh;, Phen. dppt,
and dppe. We found that with the addition of the ligand. the efficiency ol the Pdill) catalysed reaction was
improved (Table 1. entry 4-9). These results emphasize that the higand s involved in the cross-coupling Pdill)
catalysed mechanism. It should be noted that the synthesized phosphine oxide adduct ligand 3 gave the best
result in our Pd(11) series (Table 3. entry 4). We also studied an unstable Pd(0) complex. As we expected. the
conversion proceeded faster than the PA(I1) catalysed reaction. After we added 0.1 eq. of 3 in Pd(0) catalysed
process, the reaction gave poor conversion (Table 1. entry 3) unlike the Pd(11) catalysed protocol. With the
positive result when using NaOH as base in Pd(11) catalysed reaction reported by Amatore and co-worker|[ 19],
we also tried this condition with our reactivn (Table 3, entry 8). Unfortunately, a very low conversion has
been found. Furthermore, when NasC0, solid base was used to reduce the reaction step, the low conversion
was observed (Table 3. entry 9). This result is less efficient than that in the conventional protocol (entry 4).
The 100% conversion ol 2-chloropyridine 1s successfully achieved atier the reaction was employed in
refluxing 1 A-dioxane. Therefore. we concluded that the optimized condition tor cross-coupling reaction is
PACL(PPhs )y (I mol%). aryl boronic acid (1 eqg.), aryl halide (1 eq.), an aqueous | M Na,CQOy (2.5 ¢q.) in

<0 9o
2+ O Qzﬁ@@ il

m,-\-_m_} openy ) () onpe

Fig. 2 The molecular struciure of ligands using i Pd-catalysed Swzuki-Mivaura cross-coupling reactions

Table 1. Optimization of the Pd-cutulysed reaction of phenyl boronwe oeid and 2-chlorpyridine!

Creom o) —Bmme 005 (50
3 . N5 base (2.5eq.) " $
solvent /A

Entry Pd source Base Solvent Temp (°C) Ligand 6/5" 6/7"
I PACL(PPhs),; | | M Na,CO, THF 63 - 0.1 .2
= Pd(PPhy): | | MNa,CO, |  THF 65 : 69 | 366
3 Pd(PPh; ), I M Na ({) THF 65 109 3 0.3 12.3
4| PdCI(PPh), | IMNa.CO, | THF 63 T 10%3 1.7 236
5 PACL(PPhs)s | | M Na.C(), THF 03 IU" PPh 1.0 19.7
6| PACL(PPh,). | | M Na.CO; THF 63 10% OPPh; | 0.04 0.5
T PACL5(PPh:)s | | M Na-CO, THF 65 107 phen 0.04 0.3
8 PdCL(PPh:), | 1 M NasUt); THF 65 10% dppt 0.71 1759

9 PACI(PPhs)s | 1| M Na.COy THF 65 10% dppe 0.03 0.15
10 PACL(PPhy), | | M NaOH THI [35] 0% 3 0.002 0.4
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The sgope of id reacluon wus et exploted. Houd clocrron-rich (thienl} and clecron poor [24-
dilfnorsbenzene) bovonit avids wers transformed inlo i desined oross-coupling preducts Inomodente yields,
This i n good cesult b the erosscoupling for Bols srstahle bomoic acids CTable 2. caries 2-3). [mierestimgly,
the cross-coupling product was oliined in 5 very good yield from an clcetron-poor aovi halide (Table 2,
enteies 41 This could he cxplvined from the acidative siop in P calalysed mochanism, Furthemiere, o vory
bulky mesitytboranic acid prived o he an inetficivat cougling pariner i tis reaciion (Tuhle 2, sy 5},
However, the desited product was syothesimd from indotrimetiy] benzene and phenyl boowic acid i
moderite yield. I is mosih mentionieg that the crost-coupling reaction works well with o bulky kalohonzene
taaiety (labde 2, entries 6). Tie loss reactive, moono- amd Sihroma phonanthradine, also proceed in the cross-
coapling Sumki-Miydurs reaciion with fluarena borouic acid.

Taile 3. Belidl-catafsed vooes conpling k- hmms reacoon, ol ard boromie acid am wvl kalide!
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A Cheap Synthetic Route to Commercial
Ruthenium N3 Dye for Sensitizing Solar Cell Applications
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Abstract. Byesensitized solac eefls {D%Cs; have ceveived widsspraad attearian Gl b HRedr low
cost, easy [lilcation. amb retatively high solar-so-clechicity conveision efficicncy. Bazed on fhe
110, electrade, mshenivin complex dye, ligwid cleonobyte, and Proeounter clecmode, DSCs v
alveady cxlibited an eMFeicney above |19 amd offer ax appealing alicmstive to conventionad sodar
eells. Bowever, nadil now the comunercinl and well krawn stindard dhve is the oarkenig conplex.
namely. cis-ia(isothioe yanata-Tist2, 2-bipyridyl-4 A'dicwosdarcimibeninmn (T (N3} whick has
brean wadety nsed avonnd she wond. T this ackicle, W3 standard dve was sinthesized and characresizedl
by oo syithetio routes. Gritzel's pretose] and 1 ons-pot reaction frain theap and easily repared
ghartme aaterials.

Introduition

Sinee the distant past, mankind bas used eucrgy frow fosstl fuel, wleress, the resource roserves i
the @arth witl nag one il fowove. The inereasing energy demuatds and slorlage of fossil fuels have
duiven people 1o develop new Lypes of clean and sustiinabbe cooroy. So. the lapest vliallenge foo onr
glubal seciery is 1o fnd ways o replace fossile faels by renea able resomrees and, ot e sawe tine,
avold negative effects fron the cunenl encrgy systen oo climale, environment, aod health, N, the
clean and resuswable energy soinues s wind. water s suz, Howsver, the area of Frealest PronLsSE is
that ot salir eoaverters genceally refeered 1o pliotevoltaic cells' (V) [1]. Hwarevar a drivwlack ix
hal, most of B3y ted today are inoogade thin-fitm photovolaic devices, re., CdTe [2} and
OnIn(AsiSe 13 which contain highlv texic anid expeusive materials, Fow thar reason, the second
gencration of solar comverfers called “dyesensitized sobar cells (D50 lzs been cleveloped [4,9]
arsel vk to be real PV plerials in the Fatne [5)

Adazge number of dyes have been developed: for examgte, 1nihering complex dyes [7.5], orEnie
dyes [B]. perphyrio dyes [10.11} sod sarwral pignient dyes {12}, Amog ese the most efficient dye
materials ace the nuhenium camplaxes which Love been devaloped by Cigditzel™s gronp [4]. Tie
eificieney of nvbeninm dyes s Been improved since 1991, N3 duve showed 7= 7.1-79% aod e
afferded valnes w40 4= 10% w1 1993 {5] 4 D2 same group ezporred the synilietic o o N3 dlye
froan isolated expensive stanmy amketal ebe-Clie bl et - B 2.2 hipsridy]- LA -dican byl
acitli-renbiening 173 diliyalie (3.2H 0.
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Ftg 1. The known stenefizre of 3 aind N719
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The N3 derivative called NT19 has adso been debvetoped 2nd has shewn more promizing efficicacy
of about 11% {£3], Until now, these two matetials have been used as the sandard complexes to
tenchmark other now synthetic dycs in the dye-scnsibized selar cell sysrem [7,14],

Herein. we report two synthetic towtes: Gratzel's model and one-pot reaction of N3 [tom cheap
malevials and ensily reproducible methads |

Materials nod methods

4-Methylpyridin-2-amine, 48%% hydrobramic acid, bromine, mnmonim thiceyanate and PdM¥Act:

were purchased fiosn Acros organiv and used wilkiost further purification. Anbydrons ditnethyt
formumide {DMF) was distilled using calemum hydride, RuCl; 3H, O were pechased fiom Precious
Metals Online PMO Py Lid. "1} and "*C NMR specira were recorded on a Braker Avance 300
specttometer. Chenical shifts are quoled downfield from intemal stondard TMS. IR SPECTa wre
measiwed on a Peckin-Eimer FT-IR spectroscopy spectrom RXI specirometer as K Br disc. Mehing
points were measared i open-end capilfartes using a Bilchi 530 melting point apparatus. The
temperaturea at the melling points wete romped at 2.5 "Climin znd were pooorrected.

2-Bromo-d-methyipyeidine (1) was symhesized zs follows, 4-Methylpyridie-2-amine {2.7 g,
0.02 mol} and 48% hydrobromic acid {5 mL, 0.09 mol) were placed in an fee-salt bath with stirring,
Then, 4 mL of bromine (0.07 mol) was added dropwise while the temperature was kapt at 0 °C
followed by aquenus solution of sodium aitrite ¢4 g in 6 wl}. The comtrolling temperativee of the
reactivn did not rise above 5°C. Afler stirring for 2p additicnal 30 minates to complete the reaclion,
vieling the dark brown solation, 2 mL sodium bwdraxide 10 MY was added dropwise to the reretion
nuixture, The light yellow reaction was eximaseicd by ethyd acelae uliowed by removal of the solven,
Then, the crude reaction was passed through silica colwnn chrmnaiography using 14% {v'v) ethyl
auetale-hexane 24 the eluent. The product was vhisined a5 the colourless liquid 32,29 g, 53%(; 'H
NMR JCDCY, 300 MH2: §2.32)s, 2H(, 7.07 3, 4 =0 Hz, 1 7.3 (s, TH}Y, 8.20 W, F=3Hz, 1H{:
P NMR JCDCh. 75 MHz(: 520.7, 1238, 1249, 128.7, 1428, 14,6

dA'-Dimetkyl-2 2 -bigyridine 12{; The mixiwe of 376 g of 2-broma-4-methylpyridine {36
mumed), 3.04 g KoC04 {20 mmol} and PAIOAC( (042 2, 1.8 mumol) was introduced in 30 mL of
anhydeons DMF in a two pecked mound bottom fask. Then, | mL portion af anhydrous isopropanol
was sytitged at ance to the roaction flask, The reaction mixture was then heated to reflux wneder
nitrogen atmosphere at 150 °C for 2 days. The reaction mixlure wes cooled o room Menperatute nd
cxtracted inte dichtoromethane (0M), The crude reaceion wus cvaporated 1o dryness and then
Fassed throkgh silica column cliramatography using 3% (viv) methanol-100M to gut the terget
product a5 the white solid W89 g, 44%(, mp. 174-176°C; "H NMR JCDH1, 300 MRz 5243 (5,
3tk 713 d, A B Hz, THD, 822 (s, MUY, B33 (d, /> 6 T, LHD) G NMRYCDCTs, 75 MHZ(F 2.2,
'Ifmfii, TR0, 77.4,122.0,124.7, 148.2, 1489, 156.0; IR (KBr) 2024, 2851, 1591, 1457, 1365, %22, 514
CETE .
2.2 Bipyridine-4,4"-dlearboxylic acid 151 was synthasized hy the tolloweing stepe, Sodinm
dichromate (135 g, 4,02 mmeld was added inlo a mixeure of 25 b concentrated sulfiric avid and
44 -dimeihyl-2, 2 -bipyridine {40 g, 2.06 mmol) with stiming. Atler 3G miniees, the reaction
mbture was powred inle 200 mb. of conled water to form 4 light yellow precipiste. After filteation
agud drying, the otsained clear yellow solid was dissotved by 109 sodinm hydroxide aqueons selulion
foltawed by slow acidification Jpil = 2 fwith W% aqueous hydrociduric reid. Afrer g second
lilbtratinn, ehe crude product wis dricd under vaguum 1o afford o white solid )36 &, 93%d; T N
JDARO-d, 300 MIbE- & TH03 0 B N, LHE 8500 1L 850 08 F =6 117, 11,

The syuthesis methed of N1

Tie  fiest swthod  (Grirzel's modell;  RuClo31L00 63 mg, 024 mmol]  oand
2, X bipyridioe-4. 4-disacboxylic acid {LE3 {120 mg, 048 mnol} were dissobved i 20 mi antiydoous
DML, The reaction mixtur was then healod to reflux wider nitrogen pas a4 150 °C far § hoes wneer
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reduced kght. The reaction mbnure was cooked to rooun emperature. The subid was filtered o atford
a red-black solid washed with mixtare savent (2 4 acetone—sther). Aflor that, the residuai solid was
further refluxed with 0.1 M agueons sodivm hydroxide (7.50 mb) and ammonium thiocyanate (120
mg, 1.56 mmol} in 20 mL of DMF for 6 bongs, The sabvent of the cooled reaction mixlure was
memoved by rednced pressure distillation, Then, the residual solid was disollved with water and some
of the impurity was filered off. The filtrmic was slowly added by 0.1 M ayuesus nitric acid t pH =2
b give the red-dark solid. The solid wus fitered again o obram & red=lark solid (N3] 25 the pure
product (24 g, 2545 'H NME (C1;08, 300 MHz)y: & 7.68 (dd, ./ = 5.9, 1.7 He, 1H), 7.84 (d.J=
32 Hz, UT), 7.98¢s, tH), 835 (dd, /=358, 1.7 Hz, THL 894 (d, /= 1.2 He, 1H), 310 d, S = 1.2 TL,
|HY, %62 {d, J = 5.8 Hz, 1. This '"H NMR spectrum 5 identicad with the conmmerci stasdand
comiplex,

The second method jone-por reactieny, RuCl3HW (109 mg 038 swnal) and
2.1 bipyridine,4'-dicarborylic acid (L1) { 194 mg, ¢.77 mmol) were dissolved in 20 mE, arhydrous
EiME. Fle reaction mixeure was then heated 1o reflux under nifrogen gas al 1 50°C ender rodueed light
fior 8 hours. The reaction was cooled to mom temperturs, The 0,10 M agueous sadium hydroxide
(8.3 mL, .52 mmol) and wrmanium thiscyanate (683 g, 173 nunoel) were added direcily to ke
chade reaction mixiure, which was then hented 1o reflux again for & hours a8 previowsly described.
Ther, [MF was removed hy reduced prossure distiflation to affond a red-dark residue solation, from
which the red solid was disolved with water and acidificd by 0.1 M aquaous nitric acid 10 pH= 2. The
precipitate was filiercd again 1o abtain a red-derk solid (N3) (0,14 g, 58%). The 'H NMR speetra is
identical with the product obtzined by Griitzct's method.

Resubts and discusions
The synthesis of 4,4-dicachax ¥he-2 Y- FFipyridine

4.4'-Dic.nrhm-cylic—2.2’—bipyr'rdine whicl is the Tigawd in N3 rutheniem complex was synthesized
[rom eommercial cheaply svailable asueriad. namely, d-methybpyoidin-2-amine witle o rmethad
adopted from Adwms and Miyano [15) For lhis step, we found thar the Sandimeyer reaction was
successfully applied for the synthesis of 1 with the moderate (o goad yicld in an undergraduate
organie synthesis leborstory. From the student™s product, the cetalyzed homao-coupling reattion was
applied wsing stable palladiveIT) acetate w give 4 4'-dimethyl-2. 2 bipyridine (2) [16]. The bast siep
of the lignd synihesis 1s to oxidize the dimethyl group on the bipyridine ring by cheap sodium
divhromate oxidizing agent 10 alfond the 4.4 -dicarboxylc-2.2*-hipyridine {L1) in quantitative yield,
as shown in Figure 2 [17].
e, 1. Mahily, 48% HiEr,

:-5... . e Puln AT GOudg
STt R o SPL e  LL -  S
M 2Bz o oF o g e £% 4
4 W00, CAF.PCH N 2 bt Lih-
1427 2 g

Fig. 2. The synthetic rowte of 4,4 -dicarhberylic-2,2'- bipyridine (L1)
The syntbesis of N3 retheninm complex

The N3 rathenium dye was syithesized from she sheap ruthenium source (rusheniomi 1y chinride
trihydrate; RuCli3Ha0) under refluging OME conditivas, followed by Haand exchange frum
muFuTHWnR thiscyanate o give the N3 dye as ihe target pradict, a3 stiown i Figure 3.

For comparison, twa approaches wers desipned; speeifically isolated ineomediate (37 a5 sfudied by
Griizel and a one-pod syndfwsis. Ow resubt dlearly sugpesied thal X3 complex can be obiamed as 1l
largel product Brony botl methods. Howewer, we found that the show and casily method [ore-pat
reaclion} shows the better vicld with 53%, whereas the separated inmermediate (Geiitzel™s tediod)
gave anly I5% vickl, respoctively. T8 inteworthy thal by using Cicizel's protacol. we shsorved not
el 3 bk alsa fownd NON-tris{ 2,0 -bipyridyl-4 4 -dicorbesylic acidd-rothenima{ 1) (4 [18] ¢see Fig,
3} as the imlermediate after a1, 3H,0 and B were refluxed in DML
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Fig. 3. The synthietic oute of N3 rothenium complex

"H NMR 30 MHz in CEROD of synthesized N3 from both methods is shown in Figere 4 and the
spectra are identical. These specia arg the same as the reporied commercial srandard complex
speaitrz. The NMR result reveals thar the largel product is 3 symmetric moleculs as we see only six
protons from the bipyridine ring. Morcover, the "H NMR shows a single proton ol cathuxylic seid

{-COOH} at the chemienl shift 7,98 ppm

o e ow W T

oy

RO R R TR ERR ;“li-t‘ll.lhll;il'ldt1l.1l.lu-rl1l

Fig, 4. "H NMR 300 MHz of syniliesized N3

Table L. Comparative vost ol the two synthetic routes

" Chemical names : Griitzel’s model cost o Orpe-put cost
d4-bfethylpyridin-Z-amine :j 0.4 o 0.0
27 i
i ".Rca-gents ; B -y
. Ealverss i ~7 -5
“Caalyst ' TS TE TG
Ruthentaen snuree ER T —.— 285
Tomleast @ish) T wse T gy
N3 goverall yieldy 6.9 0 (LI7%) | 2500 mg (L6§%) |

Al ];ril::.:s were checked from hltp:ihﬁiw'.siét_ﬁaalririch.{:nin-._(-ﬁ.gcptuéﬁi;-;r )
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To gain insight intw the price of the synthesis, the overall practical vosts of 2.7 ¢ of slading
matenal; d-methylpyridin-2-amine ur both methods are shown in Talle 1. We spent 25.2 und 23.2
LD fur synihesiced N3 dye which gave the overall vields of 26.9 my ¢0.1 735 and 2500 mg  L.68%}
for Gritzet's and one-pot repctions, respentively. H is clearly secn thet for a simikar cost our one-pot
protocol gave nearly ton times higher vield than using Gritzel’s protocol. it iz worth menlioning that
N3 can be bought from Shpma-Addrich witly the price of 203 50 USD for 250 ma (not included tax andg
serviced charpe), whereas by using our one-por praceduce okly 3.3 FISEY was spent,

Coerclusion

We have successfully symthesized and churacierized the expensive M3 dys from cheap commercial
avaitable starting materials with 1ot2] cost only 23 U0 by using two steaightforvard synthede roulys.
Mevertheless, the one-pot reaction routs may be mare prectical due to the higher overall percent yicld.
Moreover, one reaction of the infermediate componnd (2} was synthesized in the undergaduate's
Fabsoriory,
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Three Synthetic Routes to a Commercial N3 Dye

R_Jitchari. Y. Thathong. and K. Wongkhan

Abstract—\We present the synthesis and characterizarion of
commercial standard ruthegiom dye namely, N3, by cheap ae
eastly prepared starting marerials from three syntheric roties:
the Griirzel's protocol and the other o new meibods designed
in our Wnboratory. Le. the one-por venction and vie the renction
of cymeme comples.

Index Terms—Dye-sensivized  solar  cells (DSCs), N3,
rithenium complexes dve.

I. INTRODUCTION

I the next few vear. we will run our the fossil fuel enegy
50 the sciencentists have ried 10 find the replace of energy
source. Solar eneigy 15 oue of the most piontismg fare
energy wlich referred as “photovolimic cells™ (PV) [1]
However_ the first generation of PV is an inorganic thn-filn
plotoveltaic devices. fe. CdTe [2] and Culn{As)Se [3].
whicl contin highly toxic and expensive warerials. For thar
reason. the second generation of solar converters called
“dye-sensinzed solar cells (DSCs)” Las been developed [4].
[5]. Thus solar cell architecnure has emerged as 4 promising
candidate for practical photovoltme applications by virtue of
their low nwnutactune costs and good conversion
efficiencies [1]. [2]. Nuwmnerous sensitzers have lieen
prepared and their perfonuance has been 1esred. DSSCs with
power conversion efficiencies over 10% wnder AM |3
imadiation were minally demonsuared usmg protorype ofy
~dithocvanaro)-bis[ 2.2 -bipyridvl-4 4 -dicarboxylic  ncid]
nithenium(l) (N3}, its bis-termburylanmnonmm (TBA) salt
counterparr (NT19). o the black dye
[tn(thiocyanato)-(4.4'4"-[2,2:6".2"-terpyridine]
micarboxylic  acidjmuhemun(Il; a8s A sensinzers in
combination with icker ritama films (+12-15 ) and
volatile electrolytes [2], In DSSCe, the sensitizer is oge of the
crineal components because 1t absarbs sunlight nud mduces
mtramolecular charge 1manster from the aucillary 1o e
anchiormng ligand with subsequent electron mjection fo the
Ti0; via the carboxylic acid gronps. Then, the electron is
transported 10 and collecied at an clecirode Subsequent hole
transfer from the oxichzed dye to 171, mkes place, where ilie

Manmsenpt received Frimmy 20 3012 revised March 30. 2012 They
work was supperted i pont by ihe NASDA. Thaland under Grait
P-10-11346,

R. Jitchati iv watl the Center for Orzamiw Electromc and Alfermanye
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Thailapd (e-tnml akkeat @ hotmal com)
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Provinee, 34190 Thadand  {aoniad i dkhobia@ hotmasl com  and
KI_w_2000/@ yahoo te psspectively s

hole 1s mansporred to and collecred ar the connter electrode
1

Grarzel's zronp reported the svathetic route 10 N3 dye
from psolared éxpensive starting maferial;
o=t =N N b 2 2% bipyndyl-4 4 -dicarboxylic
acyc=mthenmnni 1T dilvveire (3 2H-0n

Fig | The N3 synthetw route by Gritzel's group.

The N3 denvaive called N719 hias also been delveloped
and has shown more promismg efficiency of about 11% [6].
Unail now. these nvo materials have been nsed as the standard
comuplexes to benchmark other new syntheric dyes in the
dye-sensitized solar cell svstem [7]. [8]

Herein, we report three synthetic rowtes of N3: the
Gratzel's protocol and rwo new methods designed from our
laboratory. i e, the one-pot reaction and via the reaction of
cvienie complex whete N3 can be syurhesized fiom chieap
starting watenal and 2asily producible metliods.

II. MaTERIALS AND METHODS

2-Chlorotsowcenmie acid. a-phellandrene and PArOAc),.
were purchased frem Acros organic and used withont finther
punification Anhydrovs dimethyl formanude (DMF) was
distilled usmg calemuy hydride. RuCly. 3H,0 were purchased
from Precions Metals Omline PMO Pry Lid. 'Hand "¢ NMR
spectia were recorded on g Bruker Avance 300 specirometer,
Chencal shifts are quoted downfield from wirernal standard
TMS IR spectia were measured on a Perkan-Eluer FT-IR
spectioscopy spectnun RXT spectrometer as KBr disc.
Melring powts were measured m open-end capillacies using a
Blchn 530 melnng pounr apparams. The tempetanues ar the
melting pomts werz ramped at 2.5 "C/min ond were
nncamedied

A Merhi-2-Cliovorsargeoninane £2)

2-Clotasomeomme acid 125 2002 wol). methano] (50
ol and HySOy (25 wl) were placed 1t 100 L round
botrom flask. The vencrion jixnive wis refhed tor 24 hows,
The cooled renction was exmacred with dichloromerhiage 13-4
Tunes), tollowed by the removed of organie solvent 10 atford
he target product (21632 2 81%). "H NMR (CDCl;. 200
NMHzb 03961 3H). 7 38l J=6Hz, [H), 7.77(d../J =6 Hz.
IHL 7874, IHL 8 520 J= 6 Hz, 1HE: YC NMR (CDCLL.
TENHZY ASTO 216 1241 1402 150 5163 3
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B Methyl 2-t4-(Methoxy Carbonvl)Pyridine-2-y1)

Isonicatinate (3)

The mixture of methyl-2-chloroisonicotinate (2) (0.5076
. 3 minol). KoC05 (3.04 g, 20 mmol) and PA(OAC): (0,07 g
0.3 mmol) was introduced in 15 mL of anhydrous DMF in &
two necked round bottom flask. Then. (.47 mL portion of
anhydrous isopropanol was syringed at onee to the reaction
flask. The reaction mixture was then heated 10 reflux under
nitrogen atmosphere ai 150°C for 2 days. Afier the reaction
mixture was cooled to room temperature, the content was
extracted into dichloromethane (DCM), The crude reaction
was evaporated 10 dryness and finally passed through silica
column chromatography using 3% (v/v) methunol/DCM 1o
get the target product as a white solid (0.037 g, 9%), m.p.
130-135°C: 'H NMR (CDCly, 300 MHz): &4.00 (s, 31) 7.91
(dd. J=5.0, 1.6 Hz, 1H), 8.87 (dd, J= 5.0, 0.9 Hz 1H). 8.97
(dd, J= 1.6, 0.9 Hz, 1H); "C NMR (CDCl,, 75 MHz): & 68.2,
120.6, 128.8, 130.8, 138.7, 150.1. 165.6

C  2,2"-Bipvridine-4.4'-Dicarbaxviie Acid (4)

The 0.3 M sodium hydroxide (10 mL, 2.55 mmol) was
added into methyl 2-(4-(methoxy  carbonyl)
pyndine-2-yl)isonicotnate (3) (0.28 ¢ 1.02 mmol) and
methanol 25 mL wath stirring, Afler the reaction was refluxed
for 3 hours, the reaction mixture was poured into 50 mL of
cooled water and slowly acidified 1o pH 2 with 10% aqueous
hydrochlorie acid. After filtration, the crude product was
dried under vacuum to afford a white solid (0.25 g, 100%).'11
NMR (DMS0-d,, 300 MITz): §7.89 (d, J =6 Hz, 11), £.80
(s, 1H). 8,90 (d. /=6 Hz, IH)

D, The Symthesis of Ruthenium Cymene Complex (6)

RuCl.3H:0 (0,12 g, 0.45 mmol) was added 10 50 mL 1w
necked round bottom fask with stirring in ethunol (10 ml.)
under nitrogen bulloon. Afier a-phellandeene (0. 70 mL, 4.30
mmol) was introduced., the reacnion nuxture was retluxed lor
4 hours. The red precipitute in red solution wus observed. The
solvent was then removed under vacuum followed by
filiration to obtain the red product (0.07 g, 25%). mp: 190 °C
(decomposed); 'H NMR (CDClL. 300 MHz): 61,29 (d,./=6
Hiz, 6H), 2.71 (s, 3H), 293 (g, /=6 Hz, 1), 535,/ =6 Uz,
2H), 549 (d, /= 6 He, 2H) "C NMR (CDCL. 78 Milz): &
189, 221, 3006, 80,5, 81.3.96.7, 101.2; IR (KBr) 874, 1387.
1471, 2364, 2873, 2957, 3053 cm’'

£ The Synthesis Method of X3
I The Firse Method (Grétzel s Model)

RulCl:3H,0 (63 my. 0.24 mmuol)
2. 2-bipynidine-4 4 dicarboxyvlic acid (4) (120 myg, 04K
mmol) were dissolved in 20 mL anhydrous DME, The
reaction mixture was then heated o reilux under nitrogen pas
ar 150 °C for & hours under reduced hplt The reaction
mixture was cooled 1o oom temperature. The solid was
fihered w alford a red-black solid and then washed with the
mixture solvent (1:4 acetoneether). Atter thal. the residual
solid was further refluxed with 0.10 M agueous sodium
hiydroxide (7.50 mL) and ammonium thigeyanate (120 my.
150 mmol ) in 20 mL of DMF for 6 hours, The solvent of the

arul

(1

cooled reaction mixture was removed by reduced pressure
distillaon. Then. the residual solid was disollved with water
and sume of the impurity was filtered off. The filirate was
slowly added by 0.10 M aqueous nitric acid to pH 2 1o give
the red-dark solid. The solid was filtered again W obtam a
red-dark solid (N3) as the pure product (24 myg, 25%), 'H
NMR (CDyOD, 300 MHz): 47.68 (dd, J = 5.9, 1.7 Hz, 1H).
TR (d. S =359 He, 1H), 7.98 (s, 1H), 835 (dd, /=58, 1.7
He 1H), 8.94 (d,.J = |.2 Hz, 1H), 9.10 (d, /= 1.2 Hz, IH),
9,62 (d.J= 5.8 Hz. 1H). This 'H NMR spectrum is identical
with the commercial standard complex.

20 The Second Method (the One-Pat Reaction)

RuCl. 30 (100 g, 038 mmol)  and
2.2%bipyndine-d 4'-dicarboxvlic acid (4) (190 mg, 0.77
mmol) were dissolved i 20 ml anhydrous DMF The
reaction mixture was then heated w reflux under nitrogen
atmosphere at |50 "C under reduced light for 8 hours, The
reaction was cooled 1o room temperature. The 0.10 M
aqueous sodium hydroxide (8.3 mL, 0.82 mmol) and
ammoniwm thiocyanate (0.13 g. 1.73 mmol) were added
directly to the crude reaction mixture, which was then heated
to reflux again for 6 hours as previously described. Then,
DMF was removed by reduced pressure distillation to afford
a red-dark residue solution, from which the red solid was

disolved with water and acidified by 0.10 M agueous nitnc:

acid (o pH 2. The precipitate was filtered again 1o obtain a
red-dark solid product (N3) (0.14 g, 58%). The 'H NMR
spectra is adentical with the product obtained by Graitzel's
method,
3) The Third Method fvia the Cymene Complex
Reaction)

Dirutheniumf1Il)  (6) (200 mg, 034  mmol).
2.2%Bipyndine-d 4'-dicarboxylic acid (4) (165 mg, 0.68
mmol} was dissolved by 30 mL to 100 mL of DMF in two
necked round bottom Nask. The reaction mixture was stirred
tor 4 hours i the dark and heated 10 160 “C under nitrogen
balloon. Finally, an excess of NILSCN (206 mg) was added
at L307C for 3 hour The solvent wus evaporated ina vacoum
then water was added to get the insoluble dark 1ed solid
which was collected on the sintered glass crucible by suction
filration. The dark red solid product was obtuined after
purified by column chromalography (sephadex, MeOH) (40
me, 17%), The 'H NMR spectra is identical with the product
obtained by Gritzel's method.

11, RESULTS AND INSCUSIONS

A The Sonthesis of 4.4 “2Dicarboxylic-2.2 “Ripvridine (4)

4.4 -Dicarboxylic-2,2%bipyridine (4) cun be synthesized
from  commercially  available  compound 1. With
estenfication reaction of compound 1, the compound 2 was
obtained in Jugh yield. Then the Pd-catalyzed homno-coupling
reuction of compound 2 was spplied to yield compound 3.
Finaliy, compound 3 was (hen hydrolyzed in base 1o the
target ligand 4 i quantitative yield. as shown in Fig 1,

B The Svnthests vf N3 Ruthenivm Complex
N3 dve cin be symhesized Irom the cheap ruthenium
sooree, L. tuthemiumd) - chlonde  tribvdrste  and 2
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vijuivafents of 4.4.-(!il:mi:u.-c}'!il:-E.E'-b:pg.'mlint (41 The
synthesiz af B3 dyw van b extablisted vic 3 pathways. The
first melhod culled Grilecls modkl; the sooond, one-pot
reaction and the Geab sewiion wae colled “by oymene
romplex”.

212 o, HpT =TT
STy g T - T :.‘ SR
ey Crgn | o ~
L -, T R DKNELFIDH
T T
| o
s oyt
FRRT—
PR
Trl Eped
.

Fez. 3 The sywidesic eonnes of 4.0 -dicorbumydic. T 27 Bipamilive: (41,

The synlbesis of NF wie the Glezel™ mosdet oms the
reuclion between  vutheniumi 6 htonede  tribwdnaee  zr
celnpound 4 in the reffoxing TIMF For 8 howrs. By using fhis
methoed, the infermedinie Conden! was Bnsbabed msl fuflowef
By the figand MH,SCH srchange as showan i Fig 2. Akter the
reaction wits fiuishad, 25 % 0f %3 finad prodw wos obtined.
The produwet was [ully characterized by NP speateoscopy. .

et

Fig k. Thespnehens anee ol 83 v Gidored's peghed.

Tt sedond protocot, the g ones-pot resetion desigaed by
e pralp wars dppleed 1o e seerhesis of N3, Tloe prsoc
tgrded with the reacaion Letween mthendne] Bk loride
Lrifuedeale and compound 4 vade DM reflaann sk in
Fige 3. TIies messceicn ste) was shie s as Biae i e O et
mieudel, Hiwvever. atter the conteny was ceflesed, the reacthg
miLtire wirs fiibwed By the additivns of MELSCN tor figand
wichatge withoat any deolelival, Then the inbcoreliale
seactsodt wics Cuntina by retfuxed i DBAF for 6 houms, AR
the orction was compicied, the finol pure prshoen N3
confirmed by "1 und PO MR was isalaved m 584 il e
the sinmle filnution. As deserhol, dis ouepel reactioe
o eduiee ot anly slawl gl eastiy for W3 e prsieon b
iho rive 3 lEeder ginled g 5u,

The Lzt 83 syalleije roule was cresled vio sothenaume
CHRRE R O osynthestzzd By aciheang motheni
clievide and re-phetbusdcoe (31 The syatheisofs voese 615

shown i Fur A ABer the imeowalioe cyntre 6 wis
sepandied, 1 eguivalents of dicarbexylic pyridine ligand 4
wirs added and refluxed in OMF for 4 bows, Then. sithoot
any isalation, the excess of WELNCS was adcbed for [gamd
eachange. The reaction wak candinnlly refluasf Gor 5 boors.
The linal prodect X3 dye wes ohiafned in 17 % vield foom
column cheomateyenhiy,

[t T S —
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IV, CONCLUSHN
The B3 dye was sucecssfibly spenfhesized o thres
differsnt patherays, deo, e Geileels protecod, the one-pot
redction wnd vra the spsttjon of symemoe complax. Boh
one-pod reacion and e seaclion wa the cymame compies
wene developed o ony bomiory, The highes yaeld N3 Sl
prowducs ws whtained [ean the nas-pon reaction .
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Adstract, We repord e syielbeic smue ol fwe nddiziiwen dye-sensilieers; panely.  Ru
(4.4 ~dicarbosylic-2 2 Bupyndine) o b l-plensitlineiloe) (OS] (4} atad Fa
b -ehicarbog vlic-2 2% Tipyridinee ) (1, F0-plciswileoline- S-caTosyTic aeidy G505 (7 wlhcl botl
conylexes were characterized by “H WMR, 0 NME and TIVA¥5 spectrascopic teclneques.

Introduction

Drye-sensitzed aodar colls (DE0SY aoe adivacting widespread intezest {or 1l conversion of stuitigh
oito electicity becanse of their low cost and Thph etficiency [1]. In these cells, the sensitizer is one of
the kew commponents s esting e solur cadiation ad converting it w elegivic coment [2,.3]. Over the
last LT years, nuibetinum complexes endow e with Miacyaonte lizands hove wainmined a clear lead in
perfornmice Ao iese. e wovt efficient dye materials are e nubesine cowplexes which have
bean developed by Guéitzel™s graup. The efficiency of vithesnu dyves has been inproved sinee 1991,
The NF dye shewwvedd o7 = T.1-7.9% ad then affocded valess up to v = 10% i 1993 [4], The M3
derivative called NT1% has alse been debreloped and has shown more promsing efficlency of abow
L 1% 15]. TTlik nowe. tleese oo materals have been used as the seandard complexes o benchuml:
ather pew syimihetic dyes in 1he dye-sensitized solar cofl sypsiem [6.7].

A new development for dyes applied e a athenimt solar cell contes tron the poepacation of an
auynphilic Leteroleptic X3-squivaleut. coded Z907 w which the lssdregphwabic long cleakns mteraet
Ialerally to Foren an aliphatic sensork i pede frisslicde woos reachorg the Ty swface te give e
povver conversiod vicieney wore than 11% [8]. Becenrdy. Nonamaua asd co-wockers synehesized
the rotbennue comples, corded ¥X3600 which i fneoporaie o thicnyhvinylbipyridyl Heand in the
melecuds give e extended moonjnmanion woiz ar e muhenuun congdex Comrespondingly. e
meidenl philon-io-cimren canversion efficiency ([PCL) specirn of selar cells show relatively gl
vitines il the pliteme region and a wider absampaan specerom [7].
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Fig 1. The strnermce of e eghly eliviasn mthenium sensstizer N719, 7007 and YX380 Lyes

Harei, we tepunl the swthesds of phenanthiolioe and Bepyndine ligaed where all sswrting
mizterily and Lol costipeexes were charesenzed by 'Hond -0 WAER.
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Matcrials and methods
4.4 -Dicnrboxylic-2 2 - bipyiidine {8} and ruthenivm cynene complex (3) were synthesized as
repoited (30,1 1), Anlydroos dimethyl fennumide {DME) was distilled using caleinm hydride betors
wsed. "1 and 10 NMR spectra were recorded on a Bruket Avance 300 speetronseter. Chermical shifts
are quoted downfield from intermal siandzrd TMS. [R specira were measured on & Perkin-Elrer
FI-1R speclroscopy spectoomn X1 speomomeier as KB disc. Melting poinls wers measured in
open-cind capillarics using a Bichi 530 mehing pobor apparanes. The tempomres ot the melting
points were ramped al 2.5 *Chnin aod were onvorrected.

1,10-Phenanthrotine-5.6-cpoxide {2): Rleaching solution (Clorox) (148t mL, Hill mmol) and
distilled waler (70 mb} were soded it 250 il Erlenmeyer flask. Hydrochlonie acid {cone) was added
until the pH of 39 was achieved, fllowed by BuMISO. (241 g 1.28 mmol), 1,10-phenanthroling
£1.0% g, 550 punol) and CHOH; (60 mly, respectively, The roaction mixmre was stivred ai room
temperatare for 17 hours and  momitored the Teastion by TLO (1R vy MeOH:BOM;
1.1 G-phenanfbraline-5 G-eposide (2} B 03537 The completed teaction was eximacted wath THOY
(10 b3}, deied with Nas30, and then removed solvent under vacuwm o afford 2 white solid
1.1{-phenantiraline-3 6-epoxide {2} (1.04 g, 93%), mp: 150.°C; 'H NMR {CDCL, 300 M1z} 8463
(s, 117), 7.42 (4.0~ 6 Mz, ./ =9 Hz, 1H), 8.02 {d. /=6 Hz, |H}, 8.92 (d,/=6 Hz, 1H}; VC NMR
[Cl',':ﬂlp,. 75 M) F55.0, 1237, 12001, 13582 1308, 151 6; IR (KBr) 753, 10486, 1429, 1563, 3054
CiTh

2 Cyono-1,10-phenanthroline (3} 1.10-Phenanibrotine-5,6-cpoide (2} (0,50 g, 2.57 mmaol},
3 MECN {32 mL 1550 mmol) and distilled water (S0 mL) were mixed in 230 ml rounad botiem
flask. Fhe reaction mixtwene was stimred at room emperature e 4 hours to afford a white precipitate,
followed by filiration and  waskod  with  large  amownt  of  chetilled  water o get
5.cyana-1,10-phenanthrofine |3} (055 g 29%), mp: 160 "C {decorpased); 11 NMR {CRCL, 300
MHz): #7.74-7.84 {m, 2H), 834 (d,./= 6 [l 210, 863 {d, f= 6 VEe, 1H), 930 {eb, £ =6 Hz, ZHY};
PO NMR {CDE, 75 ME2): S109.5, FIA3, 1241, 1243, 1263, 126.8, 133.8, 134.9, 1368, 145.7,
1474, 1518, £53.2: IR (KBr) 741, 1504, 1586, 2218, 3053 em™

Lig-Phenanthroline-3-carbesylle acid (41 5-Cyana-LT0-phenanthroling (3} {63 g 3.07
ol ) was added o 50 ol round bakfom lask with stiring in 6 M N2OH (1.5 mL, 921 mmol). The
reaction mixtuee way refluxed overnighl. After that (he reactton puixiure was cooed B moom
tempeiure and exdmeled with DONM (10mL=3) The 6 M T was adeed o she collected aqueois
gkl p o 5 aned wacer was eetoved by eotary eiapoeatge to oive brown solid. After rocrystallization,
tiltration and washed with hot water afforded a white sold {0,355, 50%); 'H NME {300 MHz,
DME0—ds): & 06T (5, EHY. 941 (8, 7=37Hz, 2H)}, 915 (d, J=i.4 He, IH), 857 (3. .= 104 Tz,
LLIY, .56 {ddel, = $.6. 3.3 Ha, 2HY £.30-8.12 (m, 35}, 7.93-7.79 {tn, ZHY; IR {K W} 800, 963, 14176,
1633, 2935, 3422 e

Rui4,4"-livarbesylie-2,2-bipyridine} L10-phenanthrodine)(NCSh (8 mlhenivm  cymene
complex (5) (200 mg, 0.32 wmmed), phenambreobine (150 mp, (A5 mmof) were dissolvad by DMF
{30 1oL in two necked round boteom flask. The reaction mixtuce was stireed for <4 hoar in the dark at
B0 °C wieder nitrogen batloon, follawed by 4.4 -thearboylic=2 2 -hipyridine {150 ma, 0.63 mmnl) at
160 Jor 4 hour and cxecss of NHLSCN 1190 mg) at 130 “C for 3 bour, respectively. The solvent
was evapernbed iooa vacimnt then swater was added v gt the dnsoluble dack nad sulid witich was
cotleciset an the sitered glass crucible by suction fiftvation. The dark red solid product was obtaticed
aler purificd by column chromaopraphy (Sephadex 1H-20, sMeCdd) (46.mg, 21%) TTNMR (300
MITz, DMBO-d): S9.558 (8, /=53 He 1H), 905 (s, FH), 806 (s, LHY, 890 (d, F=".7 Hz, 1H) 553
fd. =53 He tH) 833 {d,0= 3.0 He THY, 827 (e, - 213, 906 He, 2H), TH (el 0~ 5.3 M, BLY),
TES(A, e B0 Pl TEY, 7627 55 (i, LHY, F.461d.J = 5.9 Hz. EH). C NMR (75 MMz, DAMSO-d,)
S 1823 1771 1698, bos.3, I50A, 1SR, 1334, [48.8, 1476, 1384, 1375, 164, 1359, 1348
P33 1505, 1302 1280, 1265, 1254, 1230
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Ru(4.4" -dlcarhoxyiic-2,2"-bipyridine) 1. 1G-phenanthreline-5-carboxylic  acid)(NCE); (7%
This complex was prepared by using 2 similor procedure as described for complex 6.
Dirgtheninm{ £ (5) 200 e, .32 maood), phenanthrobine  carboxylic acid (1403 mp, .65 mmeol),
d A dicarborylic-2.2" -bipyeiding {130 g, $.65 mmel) and NASCN {190 meg) o give the dark red
sotid product £30 mg, 13%)% "H NMR (300 MHz, DMS3O-do): §9.35{d../= 5.3 Hz, tH}, %1515, 18},
B.06 (s, 1H}, 800 ¢f, f= 77 Hz, TH), 853 0d, F= 83 Hz, 1H), 8.33{d, f=5.0Hz 1H), B2T7(dd. 7=
203, %6 Ha, ZH), T (b, F - 3.2 Hz, 17), 7690, /- 5.9 He, 1HY, T.62-7.55 (o, EHY, 74643, /=
59 Hz IH)

Resulis and 2isiussions

The synthesis of 1,19-phenanihroline-S-carboxylic acid (4)

1 A0-phenantheoling (1) was used as & clieap starting treatetiad which was oxidized to give the epoxids
product (2} in quantitatively yield, The fivllowing steps are the cyanation and hase-hydrolysis reaction
to provide the farget ligand 4, shown in Fig, 2.

0 Cht
A v DAMKCN - L s
& o e
N 1 M7 pH 88 NEuHEC, =M 2 N e ah SN 5 N

KOH | oo

e

RN
4 M

.,

£, .

Fig 2. The synthetic vune af 1 10-pheramiinoline-3-carboxylic acid {4)
The synthesis of rutheniam camplexes
Pwo theniwg coroplexes wete synchesized Iy one-pot reacuon with phesanthroline and
ruthemium cyimene comples, followed by bigyridine ligand (8} cxcharge to pive our tagget product &
and ¥ in 21% and 13% vield, respeciively, as shown th Fipare 3. Both complexes wee Bylly
chursterized by 'H MMR and *C MR in DMSO—d;.
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A NHNCS 130 e T
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Fig. 3. The syothetic route of mathenivim phepanthroline 6 end ¥

T sty the electronis transizion of the ruthenium complexes, ihe absorptine specira ef the Jdves in
DMF salumion wre displayed in Figore 4, Three absorplion bunds arc observed o the 300300 nm
region: ke fiesl band below 350 am s atiibwled 1o lhe intraligand  sea* transition of
A" -dicarboxylic actd-2,2°-hipyridine. The second band appeaed frone I60-300 nm. is atributed Lo
dhe 7 ranzition of the aneillary phenanchesing ligand. The ftrab bamd aeound 300330 i shows

128




126

118 Engineering Materials and Application

lower-energy MUCT band, that is the mitheaium  orbital to ¥ orbital fransition. As we expected,
1, Ld-phenanthroling-3-carboxylic acid ligand in complexc 7 gives the high molar absorbrivity and red
shift compared with the parent complex. This result suggests that the high IPCE would b found ir
DESC device,

| L]

15 -

0.5

MNomudized inensity (3.0}

;
5
3
;
|
|

0

T

360 400 500 608 700 o
THig. 4. Normalized absorplion spectrs of 6 and 7 in DME {1 6 x 107 M)

Conclosien

in conclusion, we have successfully synthesized and characterized the ruthenium dyves. Both
complexes were characterized by "H NMR. PO NMR wud Y- Vis speciroscopic technigues.
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Abstract. Two tthenin complexes (5 aud &) with bipyyidine—tipyridophetazive aucillary ipands
have beew syothesized in an atlewept 1o merease the n-conjupated systend as well a5 10 inerense ihe
oplical extinelion coelficien). Smwlural cluractarization wis deternuined by protone AR spectra,
The photoplivsical and elecivo chemrical weere stnisd by TV-YVie and eyelic volivammetsy.
respectively. Tle THSCs thhrcations of both e dyes were sawlied under 1.5 AM standand
nradiation 1400 m"lr"lr-‘cm'zjl amd reported i the factor of solar-light-to-elactriciiy couversion
effictency, a short-cloewt current density, s open-arcrt photovoltage. and a fill factor (rompared
with N3 dved.

Introduction

Th dervclopumenst of o new mthenitun complex have long been attractive shich s considerad as a
wwleriad Lor solav ccli as callod dye-yensisized sofar cells (DAS0s) [1.2]. The muthevimn dyes was
studied w0 P99 which nensed N3 [3] The 53 dovivaries called M71% bas alse been delveloped sl
has showi more proovsmg etfictiency o ahour 1% [4] Thuil now, these lwa marerals have been
used as the skudard complexes fo bencluuark ather new syothetic dyes in the dye-zensitized solar eell
syetem [3.6F

fl} H H e,
e‘-‘x ;392 D?'E-. _J_., F)
N\ W —N ju— -
Tp- Rm M -, T
[0 x{ P ose HOLC J N ; Ncs N
M 2 M
& ER 2
\}__,_.., Ny et
OO 3,0
E T

Fig. |. Tha molecular stuenaras of 33 and X719 dves

Herein. v repeet the synthesis of nwo euthenium complexes witl rljpg-'ri(10[3.Z—a;Eljl-c]phr:.n;;ziuc
and hipgridine lgand which bolb ceurgbencs wors characrerized and smdied for DSSC application.

Adaterials and meiboidy

4.4 -DHearboxylic-Z I bapyaichne {1} aud rutlenivn evinene mmp]ﬂ\ (21 were sintlesized ay
peport=d [7, R] Aqthydrous dimeetiyl tormamide {TIME) was distilled wsing voleimn hydiide before
sl H and “'C NMR spectra were recorded on & Dimker Avance 300 spectiouteter. Tluanivs] shifts
ate foled doventield from mternal standazd ThES. IR speciia were meamired on a Perdin-Elner
FU-TR spectroseopy spectnne KX spectromerer as EBr or NaCl dise. Melting points were measiired
in open-and capiifaies wsing & Bichi 330 melting point appacsms The Teupeaiuze: al ile weling
Teddtes were raeped at 203 MU sk were wi il

Al righls pessesricd T DA AT CURENIS U NS e aray b e ineE oo IRGETICE & A0y K 01 S D IS WRm e W e of T
wrerdt MU RGL R0 S0 25408, 170 Lilen Bakcrengn Unwersly, Yetck s, Thaitand2 2081721 25 15)
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1 10-Phepanihriline-5,6-ione (3} [ phenanmbrobine [ 1.0 g, 5 mmol) and potassinm bromide
{545 g, 30 mmol) wore added b0 3 mixture of sulfurte acid {20 ml) and pitric acid (10 mi} and
refluxed for 4 hes. After the reaction mixiure was cocled Lo roon: lempéeratune, Lhe content was powred
into 404} mi of ice water with added ag. NaOH. The pH was adjusted to 7 by adding sodium carbonare,
The resulting product was cxtracted with dicldoromethane, After removed solvend by rotury
eviipurator, the crange solid was then allowed to recrystallize fram acetone. The target compoand 3
was obiained (.25 g, 24%), m.p. 24(-249 °C; 'H NMR (CDCly, 300 MHz): 7.59 {dd, .= 79 Hz, J=
4.7z 1H), 851 (dd. /= 7.9 Hz, /= L& Hz, 1K), 9.12 (dd, /= 4.7 Hz, J = L8 Pz 1H: O NMR
{CDC, 73 MHz)R & 1250, 137.3, 1564, 1787 1R (KBr) 736, 1423, 1366, 1646, 1690, 1703, 3048,
3436, 3563 em”,

Dipyridnfj,z-a:z',,f-c;phenuzillc (45 1, 13-pheoanthrofine-3,6-dione (3 (0,25 g, 119 nomwol) and
o-phenyldiamine (026 g, 2.41 mmalh were dissolved in 10 ml ethanol, The reaction mixture was then
reflaxed for | he The termet product was separsted as a brown pewder by vacuam Gliration and
washed by ethanol {28 g, $4%): mp 225-230°C; 'H NMR (300 MHz CDCI) 6964 (dd, J=8.1, 1.6
Hez, 2H), 9.27 (dd, /=4.4, [.6 He, 2HY, £36(3E, J=6.5 3.4 Hz, 2H), 8.01 - 7.92 (i, 2H)L 7.2 773
{rm, 2HY; IR {NaCl) 521, 1075, 1363, 1493, 1639, 2335, 3365 cm”!

Dl{hnﬂlinq.rnl:ntﬂ}[M'—dicnrhuly]in—l,E'-hlpyrllline}[liip:-'ridul3,1-3:1',3r-|:|phena:inn)ruthe
niem(E) {Sk compound 1 (.09 g, 034 mmaol) ane rstheniumn ¢ymene comples §23 (0.1 g, 0.17
menel) were dissolved in UMF (25 ol ) The reaction mixlure was heated W 80 *C and stimed lor dhrs
in the dark under nilrogen baltoon, Then, 4 (L08 g, 0.34 mmol} was added to the reaction at 163"
bor 4 s, Finally, an excess of NELSCN (190 mg) was added at 1307 for 5 brs. After the rezction was
codited 0 rooat temperatre, the DMF solvent volume waa removed by a rotary evaperator, The spiid
residue was dissobved with water and filrered with a sintered glass crcible, The resuliing dark solid
was dissolved by 1M NaOH n MeOH and further purified on a sephadex LH-20 colmnn
chromatography using MeOH as an eluent. The inajor band was concentrated and the reridue was
tedissolved with water. The initial pH was adjested to 3 by 0.02 M HNO; then filtered on 2 sinter
glass to collect the target complex us a rod-brown solid (.03 5, 2584) 'H NME (300 Mz, COL000
89RG{d, == 7.7 He, EH), 977 {5, LHY %63 (s, [H), 952 {d. S = 12,7 U2, 2H, 901 4, = 8.0 He,
22U 854 (s, FH), 849 (d, J= 137 He, 213), 836 (s, 2HY, 8.09 (s, 2H), 794 (s, {HY, 783 {d, f = 5.6
e, 1Hy, l?.?B —~ .63 {m, 2H}, 230 {s, 101 1R (NaCly L1232, 1357, 1600, 17101, 2105, 2922, 3073,
3413 e,

Tetrabuiylammonisin di(isothiocyanatn)  {d'-carboxy-2,2-bipyridine-4-carboxylate)
[dipj,rrlﬂn[ﬂg—ﬂ:.'Z’,J:-(:]phenuzinu}mﬁmnium{l’l} (6 thiz complex was proparad by using a similar
procedure as described fir comples 6. However. in the final siep. the resulting solid was dissolved
with 1M TERACHT irstemd of 1M NaOH and purified by o sephudes, LH-20 10 give the dark red salid as
a farget procuct B {1, L6 & 620, YHNMR (300 ML, MeQD) & 9083 (dd, S= tL.0, T He, 257, 0%
(. /5600, THY 246 48, /= &1z, [, 9.10{d, f= L47 Hz, 1) A450 5, Bl 858 — 839 {m,
ML B3 (dd, J= 120, 3.2 He, 2013, 8.07 {dd, = 9.0, 3.2 Hz. 210, 795 ¢, 141y, 781 id, /= 5.8 He,
1H}, 778 = 2.70.(m, {10), 7.66 (dd, /= 11.6.6.2 Hg, NI}, 758 €, S =55 Hz, 1H), 3.23 {d, F=0.] He,
8H), 1.65 (d, /=71 Hz, 8H), 1.50-1.31 (m, &HY, 1.02 ¢t, = 7.2 Hz, 1701); LR (MaCl) 1030, L1135,
1357, 1628, 2105, 2927, 3440 cm™.

Fabsicatlon of DSSC: The trunsparent (1i-Nanoxide 20T/SP, Solaronix) and a SCAltering
{Ti-Nanoxide RSP, Solavonix) TiOs bayer wore propared by a serecn-printing method on 8
transparem FTO plass {8 (0'sq, Selaronix} and then sintered ar 450 *C lor 30 minute and eonled te &0
“C. The nanocerystatline Ti0Y, films were coated with dyes by dipping the Fln in 3%307° M dye
sofutions in cthanot overnight, The dye-coatcd Titk electrode was invorpumied into o thintayer
saadwich-type el with o Prcoaled FTO as counter cloorode, 2 spover fihn, and sm OFSRIC
slectralyte sobufion t messure the solar celt perlormance. The It canmter wlevtiode was poopared by
spin-coating a 7 md H-PCls in S-methox yvetbeaciselution on F10) glass folowued by sistering at 385
*C for 30 minute. The electrolyse contained 0.005M iz, 0,18 Lil, 8.4 M cbuytpyriding (tBEy) and 0.6
A otrepropy smmeniam edide JUPAD i 85115 aceloniribervaleroniivite selvent was osed,
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Light-to-eleciricity conversion efficiency values were measured using Newport sun simulator 96000
equipped with an AM 1.5 G filter. The current density-voltage of DSSCs was measured by Keithley
2400 source meter unit in a terminal sense configuration.

Results and discussions

All ligands were synthesized in our laboratory as described in the experiment section. Two
ruthenium complexes were synthesized by a similar method from 4 A4 -dicarboxylic-2,2'-bipyridine
(1) and dipyrido[3,2-a:2 .3 -c]phenazine (4) to give our 1arge1 products 5 and 6 in 25% and 62% yield,
respectively. Both complexes were ful}y characterized by ' H NMR and IR spectra.
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Fig, 3. a) 1.6 x 10™ M solution absorption spectra b) 1 x 10~ M eyelic voltammograms of §, 6 and N3

(in DMF)

Both complexes were studied the UV-Vis absorption spectra in DMF solution as the spectra shown
in Fig. 3. The two major absorption bands are observed around 400 and 500 nm. The first band is
atiributed 1o the 7~7* of ligand bipyridine. The second band appeared the 77* transition of the
phenazine ligand and MLCT transition of the ruthenium o 1o 7* orbital. We should note that the
UV-Vis absorption of our ruthenium complexes are red-shifted to 500 nm compared with the parent
N3 dye. The cyclic voltammograms of' § and 6 in a DMF solution containing 0.1 M TBAPF; as
supporting electrolyte, scan rates at 100 mVs™, when the potential is scanned between —1.25 and 1.25
V. Both 5 and 6 complexes show chemically reversible oxidation waves at 1.08, which can be
attributed to the one electron oxidation of ruthenium center in both dyes. Compared to the standard
N3 dye, the metal center oxidation of 5 and 6 is cathodically shifted by 30 mV indicating the
electron-rich character of the pyrazine units. We then fabricated DSSCs using 5. 6 and N3 complexes
with composed of (.25 em? dye-adsorbed Ti0; film, 0.03 M L, 0.1 M Lll 0.4 M IBPy. and 0.6 M
TPALI as the clectrolyse undcr AM 1.5 G illumination (100 mWem™ ). The preliminary results
au;,gcstcd that the maximum efficiency fo: the 6-sensitized Ti0- solar cell was calculated 1o be 1.84

%. with a short-circuit current {J..) of 4.52 mAcm™, an open-circuit photovoltage (V) of 0.51 V.
and a fill factor(FF) of 0.71. To be able to make a fair comparison. the DSSC performance of N3 was
also optimized in the current study. As a result, the efficiency for the N3 was 5.97%. with a /.. of
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13.78 mAem™, a ¥, of 0.67 V. and a FF of 0.64. In another approach, the conversion efficiency of
the 5-sensitized solar cell was apparently lower. with a /.. of 1.18 mAcm ™, a Vo, of 0.50 V, a FF of
0.63, and consequently an energy-conversion efficiency of only 0.38% was deduced. It should be
noted that the very low conversion efficiency of both ruthenium 5 and 6 dyes could be explained by
the low solubility in ethanol solvent in the dipping step. However, we can further optimize our DSSCs
in the future.

Conclusion

In conclusion, we have successfully synthesized and characterized the ruthenivm dyes. Both
ruthenium 5 and 6 complex structures were characterized by 'H NMR and IR spectra. We found that
both complexes show simailar cyclic chromatogram and UV-Vis spectra. The prelimary data of the
conversion efficiency show 1.84% and 0.38% for 5 and 6. respectively.
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