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Abstract

Transition metal complexes using polypyridine ligands are finding increasing use in the dye sensitized solar cells. To improve further the
efficiency of this cell, an enhanced spectral response of the sensitizer in the lower energies is required. In this paper we review our effort
in the molecular design of the ruthenium polypyridyl complexes for nanocrystalling-d@Sed solar cells. The poor cell efficiency in
Ru(4,4-dicarboxy-2,2-biquinoline(NCS)/TiO, system may be ascribed to the low excited-state oxidation potential, which plays a crucial
role in the electron-transfer process. Ru(2-(2-(4-carboxypyridyl))-4-carboxyquingN@§$),, when anchored to nanocrystalline BiO
films, achieves efficient sensitization over the whole visible range extending up to 900 nm, yielding incident photon-to-current conversion
efficiency (IPCE) of 55%. The low cell efficiency of Ru(4-dicarboxy-2,2-bypyridine}(ethyl-2-cyano-3,3-dimercaptoacrylate) may be
due to slow regeneration of the dye by electron donation from iodide following charge injection into th&iiittihg of HOMO and LUMO
energy level show that an efficient sensitizer should possess ground-state and excited-state redox potentials-9.8. %Y asdSCE, re-
spectively. Transient absorption studies of Ru phenanthroline complexes show that the efficiency of electron injection is strongly affected by
the number of carboxyl groups of the sensitizing dye. Hukketonate complex [Ru(4~dicarboxy-2,2-bypyridinep(acetylacetonato)]Cl,
when anchored to nanocrystalline Tifdms, achieves very efficient sensitization across the entire visible region, yielding 60% IPCE. A new
series of panchromatic sensitizers of Ru(tricarboxyterpyrididifetonato)(NCS) type have been developed. RU@ 4ricarboxy-2,2:
6',2"-terpyridine)(1,1,1-trifluoropentane-2,4-dionato)(NCS) achieved an efficient sensitization of nanocrystallisel@i@ells over the
whole visible range extending into near IR region and displaying a maximum around 600 nm, where IPCE approaches a high value of 70%.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction toexcitation of the dye results in the injection of an electron
into the conduction band of the oxide. The original state
An attractive and cheaper approach for the conversion of the dye is subsequently restored by electron donation
of solar light into electrical energy has been to utilize from a redox system, such as iodide/triiodide couple. Sev-
large-bandgap oxide semiconductors such as, Ti@ab- eral organic dye$3,4,6,7]and transition metal complexes
sorb solar light[1]. Dye sensitization of large-bandgap [5,8—17]have been employed in the solar cells to sensitize
oxide semiconductors has been investigated for many yearshanocrystalline TiQ semiconductors.
[2-4]. In the 1990s a major photoelectrochemical solar cell  The most efficient transition metal complexes employed
development was obtained with the introduction of fractal so far in these solar cells are Ru(ll) polypyridyl complexes
thin film dye sensitized solar cells devised by O'Regan [5,8,11,18]because of their intense charge-transfer (CT) ab-
and Gratzel5]. In this solar cell, a monolayer of dyes is sorptionin the whole visible range, moderately intense emis-
attached to the surface of nanocrystalline Fidm. Pho- sion with fairly long lifetime in fluid solutions at ambient
temperatures, high quantum yield for the formation of the
lowest CT excited state, and redox reactivity and ease of tun-
* Corresponding authors. Tek:81-29-861-4641; ability of redox propertie§19-21] The photoexcitation of
fax: +81-29-861-6771. _ the metal-to-ligand charge-transfer (MLCT) excited states of
E-mail addresses: ashraful.islam@sharp.co,jp (A. Islam), the adsorbed dye leads to an efficient injection of electrons
sugihara-hideki@aist.go.jp (H. Sugihara). . 4 . ;
1 Present address: Sharp Co., 282-1 Hajikami, Shinjo, Nara 639-2198, Into the conduction band of TiIncident photon-to-current
Japan. conversion efficiencies (IPCE) exceeding 70% have been

1010-6030/03/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1010-6030(03)00027-3
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reported in several casgs8,9,22,23] Recently, Lewis and
coworkers[13] reported that CT polypyridyl complexes of

Os(Il) extended the light absorption and spectral response of

nanocrystalline TiQ photoelectrodes to longer wavelengths
while also providing high external quantum yields for pho-
tocurrent flow similar to their analogous Ru(ll) complexes.

In our previous studies, we have demonstrated that CT com-

plexes of square planar platinum(ll) diimine dithiolate can
also efficiently sensitize nanocrystalline Ti{14,24] Alter-
native MLCT sensitizers based on Fe(llp], Re(1)[16], and

Cu(l)[17] have also been employed in solar cells to sensitize

nanocrystalline TiQ semiconductors, but the solar light to
electricity conversion efficiency is significantly lower than

that observed with the Ru(ll)- and Os(ll)-based sensitizers.

Molecular design of ruthenium polypyridyl photosensitiz-
ers for nanocrystalline Ti@solar cells that can absorb vis-

ible light of all colors presents a challenging task. The dye
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Fig. 2. Photocurrent action spectra of nanocrystalline;Tiftns sensitized

by complexes Ru(dcbpy(NCS) (—), Ru(dcpg}(NCS) (———), and
Ru(dcbigy(NCS), (—--). The IPCE is plotted as a function of wavelength.
A sandwich type cell configuration was used to measure these spectra.

should have suitable ground- and excited-state redox proper-
ties so that the two key electron-transfer steps (charge injec-chored to nanocrystalline TgOfilms, achieves very effi-

tion and regeneration of the dye) occur efficiently. It is very
difficult to fulfill both requirements simultaneously during

cient sensitization over the whole visible range, yielding
IPCE about 80% Kig. 2). To further improve the effi-

designing a CT sensitizer. Systematic tuning of the LUMO ciency of this system, an enhanced spectral response of the

and HOMO energy levels of the ruthenium polypyridyl com-

sensitizer in the lower energies is required while maintain-

plexes are necessary to estimate the optimal threshold waveing sufficient thermodynamic driving forces for the both

length for maximum power conversion of a single-junction

electron-transfer and dye regeneration processes. In the

converter. Here we have discussed our effort in the molecu-ruthenium polypyridyl complexes, absorption properties

lar engineering of the composition of ruthenium complex to
develop efficient photosensitizers for Tidased solar cells.

2. Tuning of LUMO energy level: quinoline-based
Ru(ll) polypyridyl sensitizers

cis-Dithiocyanato-bis(4-4dicarboxy-2,2-bypyridine)ru-
thenium(ll) (Ru(dcbpy)(NCS)) is one of the efficient
ruthenium polypyridyl sensitizer reported by Gratzel and
coworkers[8]. However, the main drawback of this sen-
sitizer is the lack of absorption in the red region of the
visible spectrum Kig. 1). Ru(dcbpy)}(NCS), when an-
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Fig. 1. Absorption spectra of Ru(dcbp¢NCS) (—), Ru(dcpg)}(NCS)y
(———), and Ru(dcbigy(NCS), (---) in ethanol-methanol (4:1) solu-
tion at 298 K.

can be tuned to lower energy region by introducing a ligand
with a low-lying w* molecular orbital[21,25-30] or by
destabilization of the metapd orbital with a strong donor
ligand [23,24,31,32] We have tuned the lowest MLCT
absorption band up to 700 nnfri§. 1) by systematic tun-
ing of the LUMO energy level of ruthenium polypyridyl
complexes ofcis-RuLp(NCS) type where L is one of
the two diimine ligands with low-lyingm* molecular or-
bital: 2-(2-(4-carboxypyridyl))-4-carboxyquinoline (dcpq)
and 4,4-dicarboxy-2,2-biquinoline (dcbiq) Bcheme 1}
[28—-30] The photophysical and photoelectrochemical data
of these complexes are summarizedable 1 Fig. 2shows
the photocurrent action spectra for Ru(dch{&)CS),
Ru(dcpg)(NCSy and Ru(dcbpy(NCS), adsorbed on
TiOo.

Ru(dcbig»(NCS), shows a broad MLCT absorption band
in the whole visible region with a peak at 627 nffid. 1).
Ru(dcbig»(NCS), presents a low light harvesting efficiency
(LHE) due to inefficient driving force for electron injection
into the conduction band of TiOfrom its lowest excited
MLCT state.Fig. 3 shows the photocurrent action spectra
for Ru(dcbigy(NCS) adsorbed on Ti@ and SnQ films
where the IPCE and absorbed photon-to-current conversion
efficiencies (APCE) values are plotted as a function of wave-
length and along with the absorption spectra of the adsorbed
dye. On TiQ film (Fig. 3), the lower energy MLCT band
(700 nm) has higher absorbance value than the higher en-
ergy MLCT band (530 nm) but their relative contributions
to the action spectra are opposite to their absorbance values.
The injection quantum yield (APCE) for the higher energy
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Table 1
Photophysical and photoelectrochemical properties of ruthenium polypyridyl senSitizers
Sensitizer Aabs max (NM) hem mad E(Ru3t/2H)C E*(RBH/2H)d  IPCE (%) Jsc (MA) Reference
(nm) (77K) (vs. SCE) (vs. SCE)
Ru(dcbpy}(NCS) 532 718 +0.85 -1.0 80 15.1 [8]
Ru(dcpg}(NCS), 586 780 +0.86 -0.9 55 13.1 [30]
Ru(dcbigp(NCS) 627 873 +0.92 —0.6 5 0.8 [28]
Ru(dcbpy}(qdt) 517 735 +0.84 -0.9 45 11.1 [32]
Ru(dcbpy}(ecda) 582 770 +0.46 -1.14 30 5.4 [32]
Ru(dcbpy}(bdt) 662 - +0.30 —-1.16 7 2.1 [32]
Ru(dcbpy}(tdt) 670 - +0.28 —-1.18 - 1.1 [32]
Ru(dcphem)(NCS) 522 800 +0.84 -1.0 75 125 [35]
Ru(dcphen)(phen)(NC$) 485 750 +0.89 -11 30 8.8 [35]
Ru(mcphem(NCS), 500 770 +0.76 -1.2 42 6.1 [35]
Ru(mcphen)(phen)(NCg) 493 770 +0.70 -13 7 4.5 [35]
Ru(dcbpy}(acac) 525 733 +0.65 -1.12 52 13.2 [23]
Ru(dcbpy}(Meac) 532 757 +0.63 -1.14 - 8.6 [23]
Ru(dcbpy}(dbmo) 517 722 +0.74 -1.03 - 8.7 [23]
Ru(tctpy)(NCS) 610 950 +0.66 —0.95 75 17.9 [22]
Ru(tctpy) (tfac)(NCS) 606 940 +0.70 —0.95 70 18.0 [39]
Ru(tctpy) (tfed)(NCS) 610 950 +0.70 —0.95 - 17.0 -

adcbpy: 4-4-dicarboxy-2,2-bypyridine; dcpq: 2-(2-(4-carboxypyridyl))-4-carboxyquinoline; dcbiq:’ 4litarboxy-2,2-biquinoline; qdt: quinoxaline-
2,3-dithiolate; ecda: ethyl-2-cyano-3,3-dimercaptoacrylate; bdt: 1,2-benzenedithiolate; tdt: 3,4-toluenedithiolate; phen: 1,10gbnenattphen: 4,7-
dicarboxy-1,10-phenanthroline; mcphen: 4-monocarboxy-1,10-phenanthroline; acac: acetylacetonate; Meac: 3-methyl-2,4-pentanedmnat8: db
diphenyl-1,3-propanedionate; tctpy: 4#-tricarboxy-2,2:6',2"-terpyridine; tfac: 1,1,1-trifluoropentane-2,4-dionato; tfed: 1,1,1-trifluoroeicosane-2,4-
dionato.

bIn ethanol-methanol (4:1) solution at room temperature.

¢ Half-wave potentials assigned to the R(?+ couple for the sensitizers.

d Calculated frome* (RU3+/2t) = E (RuBt/2+) — E90: E90 values were estimated from the crossing point of the emission and absorption spectra,
when the most intense MLCT absorption band and the emission peak were adjusted the same height.

(480 nm) transition is nearly 25%, whereas it is only about qualitatively trace the dye’s absorbance feature. Between
4% from the lower energy (700 nm) transition. The IPCE 450 and 800 nm, APCE spectrum is nearly flat, indicating an
spectrum for Ru(dcbig{NCS) on SnQ film, which has a efficient injection occurred in this area at all energies. The
conduction band edge0.5V [33] more positive than TiQ) lowest excited MLCT state of Ru(dcbigfNCS), is ener-
getically allowed to transfer an electron into the conduction

HOOG ~ COOH  Hooq COOH band of Sn@ but not into TiG. Although the lowest excited
O—O CQ? MLCT state is not thermodynamically favorable for elec-
N N N N tron injection in the Ru(dcbig{NCS)/TiO> film, the small
dcbpy dcphen
HOOC
7\
\ ,\j W—7 \ \N—” < _
5 s
Q0 s
= o
5 =
: E
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= Z
5 -
COOH 0 T T T T T T T B
N 400 500 600 700 800
HOOC._A\ |N/ A COOH Wavelength / nm
=N AN Fig. 3. Incident photon-to-current efficiency (———), absorbed
tctpy photon-to-current efficiency (—) and absorption spectra (—) of

Ru(dcbigy(NCS) anchored to transparent films of TiQa) and Sn@ (b).

Scheme 1. Structures of polypyridine ligands that are being used in solar Absorption spectra are corrected for absorbance of corresponding undyed
cell studies. films. The IPCE and APCE are plotted as a function of wavelength.
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APCE value £3%) observed between 550 and 800 nm is
due to the hot electron injection. Here both electron injec-
tion and vibrational relaxation processes are competing with
each other.

Ru(dcpg)(NCS) complex has MLCT absorption band
at 586 nm which is blue shifted to 41 nm compared to the
same of Ru(dcbig(NCS),. This is because of higher en-
ergy w* level of dcpq than dcbiqg. The excited-state oxida-
tion potential of Ru(dcpg(NCSY is estimated to be-0.8V
vs. SCE which is little higher than the conduction band of
TiO2. Ru(dcpg)(NCS), when anchored to nanocrystalline
TiO» films, achieves efficient sensitization over the whole
visible and near IR range extending up to 900 nm, yield-
ing IPCE 55% Fig. 2). A short-circuit photocurrent density
obtained was 13.1 mA/cftn The low IPCE value compare
to Ru(dcbpy)}(NCS) sensitizer at MLCT absorption peak
may be due to unfavorable driving force for electron injec-
tion step in the solar cell mechanism. Work on the optimiza-
tion of the cell efficiency and injection quantum yield is in
progress.

3. Tuning of HOMO energy level: dithiolate-based
Ru(l1) polypyridyl sensitizers

In Section 2ve have discussed about the tuning of LUMO
energy level to find out the minimum driving force between
the conduction band of the TiGand the excited-state oxida-
tion potential of the sensitizer while keeping efficient charge
injection into the TiQ. Near-infrared response can also be
gained by upward shifting of the rutheniumy t(HOMO)
energy leveld§23,24,31,32] Furthermore, the HOMO posi-
tion cannot be varied freely as the redox potential of the
dye must be maintained sufficiently positive to ascertain
rapid regeneration of the dye by electron donation from io-
dide following charge injection into the Ti®DWe have re-
ported a series of ruthenium polypyridine complexes of the
type Ru(dcbpyL where L is one of the four dithiolate lig-
ands shown irScheme 2quinoxaline-2,3-dithiolate (qdt),

ethyl-2-cyano-3,3-dimercaptoacrylate (ecda), 1,2-benzene-

dithiolate (bdt) and 3,4-toluenedithiolate (td82]. Here,
we have tuned the metalgtorbital (HOMO) energy about
600 mV using the above four dithiolate ligands while the
acceptor orbital (LUMO) energy remains nearly constant
(Table 9. The decrease in MLCT transition energy arises
mainly from the increase in the energy of the mejgldr-
bital (HOMO).

The most efficient sensitizer in this series is Ru(dcbpy)
(qdt), showing the IPCE value of 45% at 500 nm and a short-
circuit photocurrent of 11.1mAcnf (Fig. 4). How-
ever, its light harvesting at longer wavelengths (>650 nm)
is very poor. Though Ru(dcbpyecda) complex has
superior panchromatic light harvesting properties to
the Ru(dcbpyy(qdt) sensitizer but it shows poor over-
all photovoltaic performance (IPGEx = 30%, Jsc =
5.4mAcm2). Ru(dcbpy)(bdt) and Ru(dcbpy)tdt) com-
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Scheme 2. Structures of non-chromophoric chelating ligands that are being
used in solar cell studies.

plexes show a drastically reduced IPCE value<af% at
the lowest energy absorption band maxirfalfe J.

IPCE is directly related to the LHE, the quantum yield of
the charge injectiong(n;), and the efficiency of collecting
the injected charge at back contagg)( and is expressed by

1)

The excited-state oxidation potential of the Ru(dcbpy)(dithi-
olate) sensitizers are sufficiently negative{0.93 vs. SCE)
that it is expected to inject electrons efficiently into the FiO
The excited-state lifetime of all dyes is in the nanosecond
time scale, which is about three orders of magnitude longer
than the reported electron injection r§@d]. Therefore pin;

IPCE = LHE (\)hinj c

-
\]

2

-

o
P

Photocurrent/ mA cm”

200 400
Voltage / mV

0

Fig. 4. Photocurrent—voltage characteristics of representative &i€x-
trodes sensitized with dye: Ru(dcbpgqdt) (—), Ru(dcbpyj(ecda)
(———) and Ru(dcbpy(tdt) (—--).
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will be high and similar for all the sensitized-Ti@lectrodes 14 — .1
studied. ]
The recombination rates of injected electrons with the
oxidized dye is an important factor affecting electron col-
lection efficiency ). The recombination rates will in-
crease with changing the oxidation values to more negative
potential. After electron injection, a competition is set up

2

Current density / mA cm™

10 1
1 Jie=125mA em”
84 V.. =074V, ff=0.71
6 effi.=6.6%

between charge recombination and iodide oxidation by ox- -
idized dye. Considering the relative driving forces of these 5] L
complexes, the charge recombination rates will increase 1

in the order Ryudcbpy2(qdt) < Ru(dcbpyz(ecdg < 0 T 02 04 06 08
Ru(dcbpy)2(bdt) < Ru(dcbpy2(tdt). The low injection effi- Voltage / V

ciency(IPCEnax = 30%) of the Ru(dcbpy)(ecda) complex
compared to the Ru(dcbpidt) complex can be explained Fig. 5. Photocurrent-voltage characteristics of representative &lex-
by the fact that this complex has Ru2+ ground-state Frodes sen_sitized_ With d)_/e: Ru(dcphgm)CS)z. Solar er21ergy to electric-
oxidation potential about 0.4V more negative compared to Zﬁg?fngfrg'?; efficiency is 6.6% withs. of 12.5mAenT™, Voc of 0.74V,
those of the Ru(dcbpyjqdt) complex and the back reaction o
of injected electrons with Ru(lll) comes to compete with

the regeneration of Ru(ll) through reaction with iodide.

This effect will become more predominant in the bdt and

tdt complexes, where the Rt/2+ potentials are very close

to the B~ /I~ redox couple. The ground-state potential of HOOC 2
Ru(dcbpy)(ecda) ¢0.46V vs. SCE) offers a lower limit X
for the ground-state redox potential of the dye in the current

configuration of the electrochemical cell and redox couple. HOOC

4. Ru(ll) phenanthroline sensitizers with different

number of anchoring groups Ru(dcbpy)(acac) Ru(tctpy)(tfac)(NCS)
We have reported an efficient phenanthroline-based sensi—zz?tirtg;(?féj&‘gganc molecular structures of Ru(dekgac) and

tizer, cis-bis(4,7-dicarboxy-1,10-phenanthroline)dithiocya-

nato ruthenium(ll) (Ru(dcphes{NCS)), when anchored

to nanocrystalline Ti@films, achieves very efficient sensi- four complexes have favorable ground- and excited-state

tization over the whole visible range, yielding 78% IPCE. redox properties for electron injection and regeneration

A solar energy to electricity conversion efficiency of 6.6% processesTable 1. We found that Ru(dcphes(NCS),

was obtained under the standard AM 1.5 irradiation with Ru(dcphen)(phen)(NC%)and Ru(mcphenNCS) with

a short-circuit photocurrent density of 12.5 mAcfn an two or more anchoring groups show better cell performance

open-circuit photovoltage of 0.74V, and a fill factor of than Ru(mcphen)(phen)(NCSwith only one anchoring

0.71 Fig. 5 [35]. Ru(dcphem)(NCS), contain four car- group. Transient absorption study show that the low cell

boxyl groups attached to the phenanthroline ligand to en- efficiency of Ru(mcphen)(phen)(NCG8JiO, solar cell is

sure efficient adsorption of the dye on the surface of the due to the presence of inactive dyes on the ;T#Drface,

amphoteric oxide Ti@ and promote electronic coupling which are not effective for electron injection.

between the donor levels of the excited dye and the ac-

ceptor levels of the semiconductor for efficient electron

injection. For further design of efficient Ru(ll) polypyridyl 5. Ru(ll) dicarboxybipyridine sensitizers

sensitizers, especially to suppress dye aggregation, we havavith chelating oxygen donor ligands

investigated the minimum number of carboxyl groups in

phenanthroline-based Ru complexes that are necessary for cis-Ru(dcbpy)(NCS),, which has two monodentate thio-

efficient electron injectiofi35—-37] Four Ru phenanthroline  cyanate donor ligands exhibits high solar light-to-electrical

complexes Ru(dcphes(NCS),, Ru(dcphen)(phen)(NCg) energy conversion efficienc{8]. The presence of mon-

Ru(mcphen)(NCS), and Ru(mcphen)(phen)(NCSyvhere odentate donor ligands (NC$ can undergo ligand pho-

mcphen is 4-monocarboxy-1,10-phenanthroline and phentosubstitution or photodegradation reaction via population

is 1,10-phenanthroline having carboxyl groups between 4 (populating) of an upper lying ligand field excited state

and 1 have been anchored to 3i@or cell performance  and these processes can be reduced by multidentate ligands

studies §cheme R Photochemical properties show that all [38]. Bignozzi et al. and our group have utilized different
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Fig. 6. Photocurrent action spectra of nanocrystalline;Tiltns sensitized

by complexes Ru(dcbpy)NCS), (—) and Ru(dcbpy(acac) (———).
The IPCE is plotted as a function of wavelength.

dithiocarbamates and dithiolates donor ligands as non-

A. Islam et al./Journal of Photochemistry and Photobiology A: Chemistry 158 (2003) 131-138

successful CT sensitizer Ru(tctpy)(NGSictpy = 4, 4',4"-
tricarboxy-2,2:6',2"-terpyridine) which achieves 10% solar
light to electricity conversion efficiency. The role of the
monodentate thiocyanato ligands is to tune the spectral
and redox properties of the sensitizers by destabilization of
the metal #y orbital. We have reported an efficient ruthe-
nium(ll) 4,4-dicarboxy-2,2-bipyridine sensitizer contain-
ing one bidentatg3-diketonato ligand[23]. Recently we
have reported the synthesis and characterization of a new
class of3-diketonato ruthenium(ll) polypyridyl sensitizer of
Ru(tctpy)(L)(NCS) type where L is 1,1,1-trifluoropentane-
2,4-dionato (tfac) or 1,1,1-trifluoroeicosane-2,4-dionato
(tfed) (Schemes 2 and)339]. To suppress dye aggregation
on TiO, films we have used long hydrocarbon substituted
B-diketonate ligand 1,1,1-trifluoroeicosane-2,4-dione.

Both Ru(tctpy)(tfac)(NCS) and Ru(tctpy)(tfed)(NCS)
exhibit an intense MLCT band at 610 nm with a distinct
shoulder at 720nmHKg. 7). The enhanced red absorp-

chromophoric chelating ligands to tune sensitizer absorptiontion of these complexes renders them attractive candidates

properties and efficiently sensitize TiCbeyond 700 nm
[9,32]. We have reported a new series of novel bipyridine-
ruthenium sensitizers of the type [Ru(dcbgy)]Cl where

L is one of the threepB-diketonate ligands: acetylacet-

onate (acac), 3-methyl-2,4-pentanedionate (Meac), 1,3-

diphenyl-1,3-propanedionate (dbmo) in place of two thio-
cyanates as an ancillary ligan&dhemes 2 and)323].
The strongp-donating nature of negatively charged oxy-

as a panchromatic CT sensitizer for BiGolar cells.
Ru(tctpy)(tfac)(NCS) achieved efficient sensitization of
nanocrystalline Ti@ solar cells over the whole visible range
extending into the near IR region and displaying a maxi-
mum around 600 nm, where IPCE approaches a high value
of 70% in the presence of deoxycholic acid as coadsorbant
(Fig. 8. The overlap integral of this curve with the stan-
dard global AM 1.5 solar emission spectrum yields a pho-

gen donor destabilizes the ground-state energy level oftocurrent density of 18 mAcn? (Table 7). Under similar

the dye, leading to lower energy shift of MLCT transi-

conditions, Ru(tctpy)(tfac)(NCS) shows higher IPCE values

tions. This energy level can be further tuned by changing between 720 and 900 nm region than the Ru(tctpy)(NCS)
electron donor ability of three substituents on the ligand, sensitizer. This result is consistent with the absorption
therefore a desired electronic environment on the metal spectra of these complexes. In the absence of additive both
center is available. Moreover, chelating structure of this complexes produce about 3 mAc/lower photocurrents
ligand makes the complex resistant towards ligand loss due to the formation of hydrogen-bonded aggregates on

processes. The MLCT absorption maximapstliketonate

the TiO, surface. In contrast to Ru(tctpy)(tfac)(NCS) and

complexes are red-shifted from that of thiocyanate complex Ru(tctpy)(NCS}, complex Ru(tctpy)(tfed)(NCS) shows

cis-Ru(dcbpy}(NCS), indicating high electron donating
abilities of diketonate ligandsTéble 1. The acetylace-

higher value of photocurrent in the absence of deoxy-
cholic acid. Presence of long hydrocarbon substituents in

tonate complex [Ru(dcbpy)(acac)]Cl, when anchored to g-diketonato ligand helps to prevent surface aggregation
nanocrystalline Ti@ films, achieves very efficient sensiti-
zation across the entire visible region, yielding 60% IPCE.

The quantum yields exhibited by this sensitizer are well '
comparable to that obtained from the most efficient dithio- 159 i
cyanate sensitizetis-Ru(dcbpy}(NCS), at every part of ~
the spectraKig. 6). The diketonate complexes show quite 5 Vo
. . . _‘-’ 10_.’\'\‘ ! H L
high performance in photoelectrochemical cell. The overall 5 AW
solar light-to-electrical energy conversion efficiencies are > ‘\“ j
in the range of 6.0-3.9%. « \ NS
w 5 \ /,/ ‘\\ I~
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\\ \‘\
6. Recent development of Ru(ll) tricarboxyter pyridyl o TS
sensitizers with chelating oxygen donor ligands 400 500 600 700 800 900
Wavelength / nm
Molecular design of ruthenium(ll) polypyridyl photosen- Fig. 7. Absorption spectra of Ru(dcbpfCSh (———). Ru(tctpy)

sitizers that can absorb visible light of all colors presents a (N(';s)3 (=) and Ru(tctpy)(tfac)(NCS) (—) in ethanol-methanol (4:1)
challenging task. Gratzel and coworkers reported the mostsojution at 298 K.
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