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A new meta l-free sensiti zer 2-[3-(4-di methyl amino-phenyl)-a llylideneJ-maloni c acid (2) has been sy nthesized by the 
. conde nsa tion of N,N'-dimethy lam inocinnaldehyde and malonic ac id . Thi s dye has two carboxyl groups on the same carbon 
atom, which ac t as better e lec tro n withdrawing groups in additi on to providing effec ti ve anchoring to titanium dioxide. The 
new dye has characteri zed by UV -Vis. IH NMR and C HN analys is. Dye-sensiti zed nanocrystalline-titanium diox ide­
se miconductor solar ce ll s (DSSC) have been tested in a stable and durable redox e lectrolyte. The effi c iency of dye is as high 
as 1. 38%. The dye mo lecule is thermall y stabl e up to 100ce. 

IPe Code: C09B; HOIL31 100 

In the last decade. interest in dye-sensitized 
nanocrys tall ine-titaniu Jll dioxide-semiconductor solar 
cells (DSSCs) as non-conventional solar cell s has 
increased due to their high performance and 
possibility of their low-cost production. Gratzel and 
co-workers I have first reported that DSSCs based 
on a nanocrystalline-Ti02 film and Ru-
complex photosensiti zers, e.g. RuL2CNCSh 
complex, cis-dithiocyanato bi s( 4,4' -dicarboxy-2,2'­
bipyridine)rurhenium(ll ) (the N719 dye) and 
RuL'(NCS), complex, trithiocyanato 4,4' 4/1- tricaboxy-
2,2':6',2/1-terpyridine ruthenium(lI ) (the black dye), 
produced solar-energy-to-elcctri city conversion 
efficiencies (11 ) up to II % under AM 1.5 irradi ati on l

. 

The deve lopment of effi cient Ru-complex 
photosensitizers is one factor in achiev ing hi ghly 
efficient solar-cell performance. However, Ru dyes 
are very ex pens ive owing to the rarity of the metal. As 
Ru dyes are exclusive. metal -free sensiti zers such as 
sy nthetic organic dyes and natural dyes are important 
for DSSCs app li cations. Meta l-free sensitizers, such 
as organic dyes:!, porphyrin dyes}, phthalocyanine 
dyes4 and natural dyesS have been studied and 
developed. These metal-free sensiti zers belong to 
typical D-n- A structures with both electron donor (D) 
and electron acceptor (A) linked by an-co njugation 

t llCT cOIll Illu nication No. 0509 11 

bridge, which can effecti vely produce a charge­
separation excited state upon photoinduced 
intramolecular charge transfer (lCT). The ICT process 
in D-n-A structures strongly depends on the electron­
donating ability of D, el ectron-wi thdrawing ability of 
A, as well as the electroni c characteristics of the n 
bridge. These metal-free sensiti zers are easy to 
synthesize, purify and also have hi gh molar extinct ion 
coefficients. 

The schematic representat ion of a DSSC is shown 
in Fig. I . Briefl y, the working phenomenon of DSSCs 
is the photoexcitation of a photosensi ti zer, fo llowed 
by an electron transfer from an excited photosensi ti zer 
to the conduction band of Ti02 in the ultrafast time 
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Fig . I - Cartoon of the make-up o f the dye sensitized o lar ce ll . 
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scale. The ox idi zed form of the dye is res tored by an 
electron do nati o n from the e lectrol yte, usually an 
organic solvent containing redox system, such as the 
iodide/trii odide couple. T he mos t fa voured organic 
solvents used in the redox e lec trolyte are e ither 
acetonitrilc or methoxy propio nitrile . Amo ng several 

fac tors whi ch govern the 11 of DSSCs, the durability 
of redox elec trolyte plays an important ro le. As these 
organic so lvents are highly vo latile, low viscous and 
leading to leakage of e lectrolyte and less durability, it 
is necessary to use high-bo iling and hi gh-viscous 
so lvents so as to improve the durability. It has been 
widely reported that the change of e lectro lyti c 

so lvent w ill inlluence II The dye mo lecul e 2-cyano-S­
(4-d imethy lami no-pheny l)-penta-2,4-dicnoic aci d (1 ) 
shows 11 S.S % in the e lec tro ly ti c system 0 .6 M 1,2-
di methy l-3-II -propylimi dazo lium iodide (DMPlmI ) I 
0. 1 mL Lil-O.OS M [2 so lu tion in methoxy pripi o nitrile 
(MAN) and with 0 .6 M tert-bu ty l py ridine (TBP)2d. It 
has been reported that the T BP prov ides inc reased cell 

vo ltage and effic iency 11 and at the same ti me the 
durability of the ce ll was reduced due to the reacti vity 
of TBP with dye mo lecul e2b

. In orde r to make 
durable DSSCs, it is necessary to avo id TBP 
and al so use as high boiling organi c so lvents. The 
present DSSC based o n a new o rgani c dye 2, 
has two carboxy l groups on samc carbo n ato ms 
prov iding better anchori ng gro up th an dye 1. Both 
dyes I a nc! 2 were studied in a stab le redox electro lyte 
0. 1 M [2. 0 .6 M 1,2-dimethyl-3-Il -propy li midazo lium 
iodide (DMPlml) and O.S M 11-

methylbenzimi dazo li um iodi de (NM B[ ) in y-
bu tyro lacto ne (AHI ), wh ich has hi gh bo iling po int 
and mo re durabl e. 

eN e OOH 

eOOH eOOH 

I 2 

Materia[s and Methods 
Optically transparent co nducting g lass (CTO g lass , 

fluorine-doped Sn02 overlayer, transmi ss ion > 8S % in 

the visible , shee t res istance 10 Q/cm2
) was obta ined 

from ASAHI, Japan. Titanium tetraisopropox ide, 4-
dimethylaminocinnamaldehyde, malon ic acid and 
cyanoacetic ac id were procured from Acros Chemi­
cals . Ti02 nano parti c les and an organic Ti02 paste 
were supplied by AISIN SEIKI, Japan , All o ther sol­
vents and chemi cals used in thi s work were of reagent 
grade (S. D. Fine Chemicals, Indi a) and used witho ut 
further purificati on. 

U V -vi s spectra were measured with Shi madzu 
mode l 1700 spectrophoto meter. T he concentra ti on of 
the co mpounds was maintained at 0 .1 >~ lO·j M. IH 
NMR spectra were recorded on a Bruker NR-300 AF­
Ff NMR. 

Preparation of DSSC test cells 

Preparalion of Ilallocryslalline Ti01 1hill fill1l ,~ 

Ti02 photoelectrode (area: ca. O.S cm x 0 .9 c m) 
was prepared by screen-printing. Ti02 nanoparti c les 
and an organic Ti02 pas te fo r screen-printing were 
prepared by methods reporterl by Gratze l and co­
workers6

. The Ti02 pas te consisted of the T i02 nano­
parti c les, la rge T i02 parti c les (average diameter 19 
11 m). The T i02 p as te was printed on a g lass substrate 
coated with transparent conducting ox ide (F-doped 

Sn02) and subsequentl y sintered at 4S0°C iil a ir for 30 
min . Thi ckness of the T i02 thin fil ms, measured by 

Scanning Electro n Microscopy was ca . 6 ~lIn . The dye 

was d issolved in ethano l at a concentrati on of 0. 1 x 
10-3 M. The Ti02 thin film s were soaked in the dye 
soluti on and then kept at room te mperature fo r 13 h so 
that the dye was adsorbed o nto T i02 f ilms. T he dye 
coating was done immed iate ly afte r the hi gh te m­
perature annealing in o rder to avo id rehydration of the 
Ti02 surface o r capill a ry condensation of water va­
pors fro m ambient air in side the nanopores of the 
film . The presence of wate r in the pores decreases the 
injectio n effic iency of the dye. The e lec trode was 
dipped into the dye solutio n while it was still hot, i.e. 

its temperature was ca. 80°e. After completion of the 
dye adsorpti on, the photo e lectrode was withdrawn 
fro m the soluti on and washed thoroughly with e thanol 
to remove non-adso rbed dye under a stream of d ry a ir 
o r argon. 

Fabrication of test cell 

The e lectrochemical ce ll (two-e lectrode type) used 
fo r photovoltaic measurements consisted of a dye-
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Fig. 3 - Spec tra o f monochromatic inc idcnt-phOlon-to-current 
conversion effi c ienc ies (IPCEs) fo r DSSCs hased o n the 
conj ugated dyes: (---) I . (---- -) 2 . T he e lec tro lyte was a so luti on 

of 0 . 1 M 1, , 0.9 M DMPlml and 0.5 M NMB I in y-bu tyro lac tone. 

sensitized semiconducto r e lectrode. a counte r e lec­

trode, a polyethylene film spacer ( 100 /.Am thick), and 
an orga nic electro lyte. T he counter e lectrode was a Pt 
fil m on a TCO-coated g lass plate by mear. s of spin 
coating technique. T he acti ve sur face area o f the T i02 

film e lectrode was ca. 0.45 cm:' (0 .5 c m x 0 .9 em). 
The electrol yte was a 0 .1 M 1:" 0 .6 M 1,2-di melh y l-3-
II -propy limidazo lium iod ide (OMPlml) and 0.5 M 11 -

methy lbenzimi dazolium iod ide (NMB O in y­
butyrolactone (AH1). The e lectro lyte was introduced 
into the ce ll by pre-d ri lled who le of the counte r elec­
trode and later c losed by cover g lass . Thc photovol­
taic pe rforma nce of the so lar ce ll s was measured with 
a source meter (Keithley 2000). We employed an A M 
1.5 solar simul ator (ho me built ) as the li ght source. 
The incident li ght intensity was ca li brated by using a 
standard test ce ll of polyc rysta lline silicon so lar cell 

obtai ned from So larinox. Actio n spectra of the mo no­
chromatic (PCE for the solar cell were measured with 
the solar simul ato r (ho me built). 

Synthesis of 2-cyano-5-(4-d imethlyamino-pheny l)­
penta-2,4-dieno ic acid (1) was done acco rding to the 

1d 
reported procedure- . 

Synthesis of 2-f3-( 4-dilllethylalll ino-phenyl)-allylidene j-lIIalonic 
acid (2) 

An aceto ni tril e so lu ti on of 4-dimethy lamino­
c innamaldehyde (2.5 g) and malonic ac id (l .8 g) was 
retluxed in the presence of pipe ridine (0.5 mL) fo r 
4 h. The so lvent was evaporated under reduced pres­
sure. The obtained so lid mate ri a l was subj ected to 
silica ge l column and was e luted with chloroform . 
The front running orange co lour band was co ll ected 
and so lvent was evaporated (Yie ld : 80%). Melting 

po int (m .pt. ) 230-233. IH NMR (C OCl]): 83.40 (6 H, 
s) , 6 .75 (2 H, d), 7 . 15 ( I H. dd), 7.55 ( IH, d), 8.05 ( I H, 
d). Anal. Caled for C I4HI SN04: C , 64 .36; H, 5.79; N, 
5.36; 0 , 24 .49 . Found : C , 64 .27; H, 5 .85 ; N, 5 .39: 0 , 

24.52. UV - Vis spectrum in ethano l P'-Ill"X, nm (10-] E, 
1110 1'1 L cm· I

) ] : -1. 16 (4 . 11 ). 

Results and Discussion 
Co mpound 1 was sy nthes ized as reported2d

. Com­
pound 2 was synthes ized by condensation of 4-
dimethylaminocinn amaldehyde and malonic acid in 
aceto nitril e solvent. The co mpo und was puri f ied by 
s il ica gel colum n chro matography with ch loroform as 
eluent and characte rized by UV -Vis, IH NMR and 
C HN analysis. The dye 2 has two carboxyl groups 
that are bette r anchoring gro up than in the previous 
dye 1. The two-carboxyl groups in dye 2 are better 
e lec tron withdrawin g gro ups than the cyano and car­
boxy l groups i'n dye 1 and expec ting enhanced per­
fo nnance of dye 2 in OSSc. T he abso rpti o n spec tra o f 
dyes 1 and 2 were measured in ethano l so lvent and 

lem", of dyes 1 and 2 were found at 420 and 422 nm , 
respective ly . The transmittance spectrum of UV- Vis 
regio n of dyes 1 and 2 is sho wn in Fig . 2 . Both dyes 
have 70% transmittance, whi ch antic ipates a broader 
spec tra l response and fine pe rfo rmance o f these dycs 
in OSSCs. 

The photocurrent ac ti on specP'um of DSSCs com­
posed of nanocrsysta llin e Ti 0 2, a dye photosensitize r, 
and redox e lectro lyte (AH1) is shown in Fig. 3, where 
the photo n- to-current conversio n effic iency (I PCE) is 
plo tted as a fun ction o f wavelength. T he photo re­
sponse of thin film s extends up to 600 nm . The IPeE 
is represe nt ed by the fo ll o wing equati on: 
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Table I - Photovoltaic performance of DSSCs based on d ifferent 
dyes" 

Dye Jsc Voc Fill factor 11 
[mA cm-2

] IV] (jf) l%j 

1 2.84 0.64 0.73 1.33 

2 2 .90 0.64 0.74 1.38 

N719 6.50 078 0.72 3.66 

"Conditions: irradiated light AM 1.5 ( 1000 W m-2); photoelec­
trode: Ti02 (6 ~m thick ness and 0.5 cm x 0.9 cm); e lec trolyte: 
0.1 M 12/0.9 M I ,2-dimethyl-3-Il-propylimidazo lium iodide/0.5 M 
methylbenzimidazolium iodide in y-butyrolactone. 
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Fig. 4 - Photocurrcnt-voltage curves (a) dye 1 (- ) AM 1.5, 
(----) dark, and (b) dye 2 (- ) AM 1.5. (----) da rk. Conditio ns as 
in Table I. 
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Fig. 5 - Mode of adsorpti on o f dyes 1 and 2 o n nanocrystall ine 
TiO~ . 

1240[ e VIlIII] X J~dmAcm -~ J 00 
IPCE[%]= · -xl . . . (1) 

A[llm] x <1>[WM -2] 

where l sc is the short-circuit photoculTent density for 

monochromatic irradiation and A and $ are the wave­
length and the intensity, respecti vely , of the mono­
chromatic light. Both the organic dyes 1 and 2 have 
maximum fPCEs values of 38% at arollnd 420 nm_ 

The photovo ltaic performance of DSSCs based o n 
1 and 2 under AM 1.5 irradiation (lOOO W m-2) are 
shown in Table 1. The solar energy-to-electrici ty con­

version efficiency , 11 , under white-light ilTadiation 
(e.g. AM 1.5) can be obtained from the following 
equation . 

[%] = J d mAc/II -2]xVoc [V] xff x l OO 
11 I () [WM -2] 

... (2) 

where 10 is the photon flux (e.g., 1000 W m-2 for AM 
] .5 ). l sc is the short-circuit photocurrent density un ­
der irradiation, Voc is the open-circuit vo ltage, and ff 
represents the fill fac tor. The fill factor is defined by: 

11= l pH (max) xVpH (lllax) 

l sc x Voc 
.... (3) 

where l PH(max ) and VPH(max) are the photocurrent and 
photovoltage for maximum power o utput and l sc and 
Voc are the short-circuit photocurrent density and 
open-circuit photovoltage. The photo vo ltaic perform­
ance data of dyes 1, 2 along with the standard N719 
dye are given in Table I. Fig. 4 shows the photocur­
rent-vo ltage characteri stics obtained wi th a DSSC 
under illumination of simul ated AM 1.5 so lar light. 
The 1-V curves in Fig. 4 refer to the two respecti ve 
dye-coated Ti02 films, and re lated parameters are 

li sted in Table I . The max imum 11 , 1.38%, was 
achieved under AM 1.5 irrad iation wi th a DSSC 
based on dye 2 (lsc = 2.9 mA cm-2, Voc = 0.64 V,Jf= 
0.74) . Under similar conditio ns, N719 has shown the 
11 of 3.5 - 3.7%7. These results strong ly indicate that 
the application of these metal free sensitizers in 
DSSCs is promising. 

It is clear that dye 2 has bette r performance than 
dye 1. This is because the two carboxyl groups in dye 
2 not on ly act as electron withdrawi ng groups, but 
a lso provide be tter anchoring groups to nanocrystal­
line Ti02

s. The binding mode o f dyes 1 and 2 has 
show n in Fig. 5. Hence, the dye 2 has more sites to 
bind Ti02 and more e l ec~:ron withdrawing nature and 
can inject the excited e lectron into the conduct ion 
band o f Ti02 effici ently . 



GIRIBAI3U e / (II. CONJUGATED ORG AN IC DYES FO R DYE-SENSlTIZED SOLAR CELLS 633 

Potential 
[vs. NHEJ 

-2.0 

-1 .0 

0.0 

1.0 

2.0 

Conduction band I 
HOO~I'-':: N-

::::-... /./ 
-....::: 

HOOC 

-y---,-- LUMO -1.0 V 

-0 .5 Emission 

,/ 
-'----'-- HOMO 1.1 V 

Dye 1 

Fig. 6 - Schematic energy diagram for a DSSC based on dye 2 a 
Ilanocryslallille TiO" eleclrode. 

Fig. 6 shows a typica l energy diagram for a DSSC 
based on a nanocrystalline-TiO" e lectrode, dye 2 as 
the photosensiti zer, and the 1'/1 ' - redox electrolyte. 
The HOMO and LUMO levels of the dye correspo nd 
to the Eox ( 1.0 V versus N H E) and Eox-Eo-o (- I.I V 
versus NHE) levels o f the dye. However, the energy 
levels of the free dye mig ht differ from the leve ls for 
the adsorbed dye. 

The adsorbed dye first absorbs the incident photon 
tlux and is then excited fro m the ground state to the 

excited state ow ing to the intramo lecular 11:-11:* tran si­
tion. The exc ited e lectron in femitosecon lifetime can 
inj ect into the conduct ion band of TiO" and dye gets 
ox idi zed9

. The ox idized dye must accept electrons 
from the I' redox mediator, regenerating the ground 
state of the dye. The reduct io n of the N3 dye cations 
by I' is reported to occur within 100 ns, which is e lec­
trons and the N3 dye cat ions") In addition , when the 
energetic driving force for re- reduction o r the dye, 
which is estimated from the diffe rence in the ox ida­
tio n potential s o r the dye and r ions, is sufficiently 
large and the reaction y ield is ncar 100% ". Taking 
into considera ti o n these po ints, re-reduct io n of the 
dye cati ons by I Illu st occ ur effect ive ly, just as in the 
N3 dye system. 

The dyes N719 and 1 have achi eved 11 or II and 
S.S % respective ly, with iodide/trii odide redox couple 
in aceton itrile so lvent. The DSSC w ith photosensiti zer 
L TBP and co-adsorbate chenodeoxycholi c acid was 

used in o rder to ge t 11 of 5.5 %. I t was reported that 
with indo linc and coumarin dyes, the additi o n o r TBP 

wi II degrade the dye and Icad to decreascs in 11 as we ll 
as durabilit / h

. But for outdoor uses, DSSCs with io-

dide/triiodide redox couple in ace tonitril e so lven t are 
not suitable because the boiling po int of aceto nitril e is 
low and be ing hi ghly volatile, it will not stand at high 
te mperature for long time. In the present system, we 

have replaced acetonitril e so lvent w ith y­
butyrolactone which has hi gh boiling point as we ll as 
hi gh viscous and can wi thstand at hi gh te mperatures. 

Hence, these DSSCs with redox systems in y­
butyrolactone solven t may be better for outdoor appli­
cati ons for long durability than the previous DSSCs 
syste ms and can be used for lo ng time. They are also 
possibl e alternative cells to normal fuel ce IJ s l2

. 13. 

The thermal stability of dye a lso plays an important 

ro le in 11 and durability of DSSe. For thi s reason, we 
have carried out the thermal stability studi es of dyes 1 
and 2. These dyes were heated at 100°C under aerial 
conditions for 10 h. The aerial heated samples were 
analyzed by UV-Vi s, IH NMR and CHN analys is. 
The data were found exactly matched with roo m tem­
pe rature samp le data. Co nsequently , these meta-free 

sensiti zers 1 and 2 were s table up to !OO°e. 

Conclusions 
The newly sy nthesized dye 2 has two carboxy l 

groups, which are improved e lec tron withdrawing 
groups as we ll as better anchoring groups than the 
previous dye 1. These metal-free sensiti ze rs are easy 
to synthesise and purify than metal-based sensiti zers. 
Both dyes 1 and 2 are used in DSSCs stud ies with 
stabl e redox electrolytic system AHI. It has been 

fo und that 11 for dyes 1 and 2 is 1.33 and 1. 38%, re­

spec tively . The dye is thermall y s table up to !OO°e. 
These DSSCs are better useful fo r o utdoor purposes 

and can w ith stand up to !OO°e. 
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