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Although  ruthenium-based  dyes  have  been  extensively  used  in  dye-sensitized  solar  cells  (DSSCs)  as  pho-
tosensitizers,  they  have  several  shortcomings  such  as  high  costs  and potential  environmental  toxicities.
This has  stimulated  the development  of  highly  efficient  organic  dyes  as  photosensitizers.  We report  the
synthesis  and  photophysical,  electrochemical  and  theoretical  properties  of  novel  pyran-based  organic
dyes  (D1,  D2,  and  D3)  as  well  as  their  applications  in  DSSCs  for  the  first  time.  The  designed  dyes  possess  a
cyanoacrylic  acid  group  as an  acceptor  and  arylamine  group  as  a donor  group  in  a D-�-A  configuration.  The
yran
ye-sensitized solar cells (DSSCs)
hotosensitizer

introduction  of  varying  donor  groups  resulted  in correspondingly  different  photophysical  and  electro-
chemical  properties.  The  DSSCs  fabricated  using  dye  D1  showed  the  highest  photovoltaic  performance:  a
maximum  incident  photon-to-current  conversion  efficiency  (IPCE)  of  42%,  a  short-circuit  current  density
(Jsc) of  4.76  mA  cm−2, an  open  circuit  voltage  (Voc)  of  0.68  V, and  a fill factor  (FF)  of  0.67,  corresponding
to  an  overall  conversion  efficiency  of 2.17%  under  100  mW  cm−2 irradiation.  The synthesized  dyes  with
a  pyran  chromophore  and  arylamine  donor  groups  showed  potentials  for  applications  in DSSCs.
. Introduction

The quest for alternative energy to supplant fossil resources
as attracted a lot of attention in recent years. Proposed renew-
ble sources include biofuels, wind, geothermal and solar energy.
mong these, solar energy stands out as most promising taking

nto account the economic prospects. It could be estimated that
bout 3 × 1024 J per year of energy is transported to the earth from
he sun; this could account for about 10,000 times more than the
otal worldwide demand for energy [1–3]. The estimate may  justify
ratzel’s claim that covering 0.1% of the earth’s surface with solar
ells with an efficiency of 10% would satisfy our present needs [4,5].

Dye-sensitized solar cells (DSSCs) have showed great potential
s a low cost alternative to silicon-based inorganic cells. Significant
evelopment in design and efficiency has been made in this area [6].
SSCs combine optical absorption and charge separation processes
sing photosensitizers and TiO2 nanocrystalline semiconductor
lm [7].  DSSCs with ruthenium-dyes, such as cis-di-(thiocyanato)-
is-(2,2-bipyridyl-4,4-dicarboxylate) ruthenium (II) (N3), showed
igh efficiencies up to ∼11% [8,9]. However, they have long term
tability issues and are expensive to manufacture due to the use

f rare metals. These limitations have paved a way for the use of
etal-free organic dyes as photosensitizers for DSSCs due to their

igh molar extinction coefficients, tunable band gap and optical

∗ Corresponding author. Tel.: +1 405 271 6593x47473.
E-mail address: youngjae-you@ouhsc.edu (Y. You).
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© 2011 Elsevier B.V. All rights reserved.

properties, low cost of manufacturing and relative friendliness to
the environment [10]. A number of classes of metal-free organic
photosensitizers have been explored for DSSCs [11] such as por-
phyrins [12], phthalocyanines, coumarines [13], cyanines [14],
merocyanines [15], hemicyanines [16], rhodamines [17], and bod-
ipy [18].

Pyran-containing fluorescent (PCF) dyes has been used for
organic light emitting diode (OLED) applications [19,20], red
dopants for OLED [21–23],  dye lasers [24,25],  sensors [26] and
bulk-heterojunction solar cells [27]. PCF dyes have numerous
advantages which include higher molar extinction coefficients,
tunable absorption properties, relatively accurate simulation of
theoretical photoelectrochemical properties, and flexible synthe-
sis for structural modification. In this study, we report the use of
pyran based dyes and their applications in DSSCs for the first time.
The dyes were designed to have D (donor)-�-A (acceptor) (or 2D-
�-A) configuration to enhance conjugation length and absorption
coefficient [2];  with pyran as the base chromophore, arylamines
were used as donor moieties and cyanoacrylic acid as the acceptor
and anchoring group.

2. Experimental details

2.1. General procedures in synthesis and photophysical

determinations

All chemicals and materials were purchased from Sigma–
Aldrich and Fisher, and were used without further purification.

dx.doi.org/10.1016/j.jphotochem.2011.09.014
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:youngjae-you@ouhsc.edu
dx.doi.org/10.1016/j.jphotochem.2011.09.014
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he UV–vis absorption spectra were measured in dilute solutions
f chloroform recorded on an Ocean Optics (CHEMUSB4-UV-Fiber)
pectrophotometer. The 1H NMR  spectra were measured in CDCl3
nd DMSO-d6 using a Bruker AVANCE 400 (400 MHz) spectrometer.
yclic voltammetry measurements of dyes in THF solution using
etrabutylammonium perchlorate (TBAP) as supporting electrolyte
ere recorded on a Gamry Instruments reference 600 potentio-

tat. The DSSC devices were tested using a solar simulator (a xenon
amp from Newport, Model 67005 with a AM 1.5 filter) with a light
ntensity of 100 mW/cm2 measured using an NREL calibrated Si cell
nd an Agilent 4155C Source Generator. Incident photon-to-current
fficiency (IPCE) measurements were carried out by illuminating
onochromatic light on the cells from an Oriel Monochromator

74001).

.2. Synthesis

.2.1.
ethyl-2-cyano-2-(2,6-dimethyl-4H-pyran-ylidene)acetate (1a)

2,6-Dimethyl-gamma-pyrone (6.2 g, 50 mmol), methyl
yanoacetate (5.4 g, 50 mmol), and acetic anhydride (25 ml)
ere mixed together and refluxed under nitrogen with stirring

or 6 h. This resulted in a brown sludge that was allowed to cool
o room temperature to induce precipitation. The precipitate was
ollected by vacuum filtration and washed well with methanol
ntil all brown color was removed. The remaining residue was
ollected and recrystallized in methanol twice to obtain a pale
hite solid 1a (2.3 g, 44.8%). 1H NMR  (400 MHz, CDCl3) ı 2.32 (s,

H), 3.79 (s, 3H), 6.62 (s, 1H) 7.92 (s, 1H).

.2.2. Methyl 2-(2,6-bis(4-(dimethylamino)styryl)-4H-pyran-4-
lidene)-2-cyanoacetate (2a)

1a (1 g, 4.93 mmol) was dissolved in a solution of piperidine
0.73 ml,  7.39 mmol) and anhydrous acetonitrile (25 ml) under
ry nitrogen atmosphere. 4-Dimethylaminobenzaldehyde (1.62 g,
0.85 mmol) was first dissolved in anhydrous acetonitrile (20 ml)
nd then added dropwise to the reaction with stirring. Then, the
eaction solution was refluxed with stirring for 24 h. The crude was
urified by column chromatography with a composed mobile phase
f 20% ethyl acetate and 80% hexane with 1% acetic acid to give a
ure compound 2a (0.43 g 42.6%). 1H NMR  (400 MHz, CDCl3) ı 2.99
s, 12H), 3.72 (s, 3H), 6.50–6.70 (m,  7H), 7.32–7.40 (m,  6H), 7.93
s, 1H). MS  (ESI); Calcd for [C29H29N3O3]+ m/z: 467.22 Found: m/z
68.3 [M+H]+.

.2.3. Methyl 2-(2,6-bis(4-(diphenylamino)styryl)-4H-pyran-4-
lidene)-2-cyanoacetate (2b)

1a (0.25 g, 1.23 mmol) was dissolved in a solution of piperi-
ine (0.18 ml,  1.85 mmol) and anhydrous acetonitrile (6 ml)  under
ry nitrogen atmosphere. 4-Diphenylaminobenzaldehyde (0.74 g,
.71 mmol) was dissolved in anhydrous acetonitrile (7.75 ml)  and
dded dropwise to the reaction with stirring. Then, the reaction
ixture was heated to reflux. After 24 h the reaction was cooled in

n ice bath and the precipitate was collected by vacuum filtration.
esidue was washed with methanol and collected as 2b (0.18 g,
0%). 1H NMR  (400 MHz, CDCl3) ı 3.79 (s, 3H), 6.61 (J = 8 Hz, d, 1H),
.65 (J = 8 Hz, d, 1H), 7.03–7.05 (J = 8 Hz, d, 2H), 7.08–7.15 (m,  14H),
.26–7.32 (m,  8H), 7.38–7.42 (m,  6H), 8.03 (s, 1H). MS  (ESI); Calcd
or [(C49H37N3O3)]+: m/z  715.283. Found: m/z  716.2914 [M+H]+.

.2.4. 2-tert-Butyl-6-methyl-4H-pyrone [28]
Sodium hydride (0.5 g, 12.3 mmol) was dissolved in
imethoxyethane (8.3 ml)  under nitrogen. After mixture was
t reflux temperature, acetylacetone (0.48 g, 4.1 mmol) in
imethoxyethane (4.2 ml)  was added dropwise. After 45 min,
ethyl pivalate (0.42 g, 4.1 mmol) in dimethoxyethane (4.2 ml)
otobiology A: Chemistry 224 (2011) 116– 122 117

was  added dropwise. The reaction was  left for 6 h and then cooled
in an ice bath. Diethyl ether (12.5 ml)  and cold water (8.3 ml)  were
added. Ether layer was extracted with cold water and then with
a 1% sodium hydroxide solution. Ice (8.3 g) was  added to aqueous
layer and 12 N aqueous HCl (1.3 ml)  was  added. The aqueous layer
was  then extracted with 3 portions of diethyl ether. Ether was
removed and then dried over sodium sulfate. Yellow oil (0.56 g)
was  obtained, which was then slowly dissolved in cold concen-
trated sulfuric acid and stirred for 10 min. The reaction was  poured
into ice water and neutralized with sodium bicarbonate. The
resulting slurry was extracted with 4 portions of ether. Removal
of the ether left a brownish oil. The crude was  recrystallized from
ethanol to obtain pure 2-tert-butyl-6-methyl-4H-pyrone (0.26 g
55%). 1H NMR  (400 MHz, CDCl3) ı 1.24 (s, 9H), 2.24 (s, 3H), 6.05 (s,
1H), 6.14 (s, 1H).

2.2.5. (2E)-Methyl 2-(2-tert-butyl-6-methyl-4H-pyran-4-
ylidene)-2-cyanoacetate (1b)

2-tert-Butyl-6-methyl-4H-pyrone (1.6 g, 9.6 mmol) and methyl
cyanoacetate (0.95 g, 9.6 mmol), acetic anhydride (4.5 ml)  were
mixed together and refluxed under nitrogen with stirring for 6 h.
This resulted in a brown sludge that was allowed to cool to room
temperature to induce precipitation. The precipitate was collected
by vacuum filtration and washed with methanol until all brown
color was removed. The remaining residue was collected and
recrystallized in methanol to obtain 1b (0.43 g, 26.7%). 1H NMR
(400 MHz, CDCl3) ı 1.29 (s, 9H), 2.34 (s, 3H), 3.79 (s, 3H), 6.62 (s,
1H), 8.06 (s, 1H). MS  (ESI); Calcd for [C14H17NO3]+: m/z  247.1208.
Found: m/z 248.1280 [M+H]+.

2.2.6. (2Z)-Methyl 2-(2-(4-(dimethylamino)styryl)-6-tert-butyl-
4H-pyran-4-ylidene)-2-cyanoacetate (2c)

1b (0.25 g, 1.01 mmol) was dissolved in a solution of piperi-
dine (0.1 ml,  1.01 mmol) and anhydrous acetonitrile (6 ml) under
dry nitrogen atmosphere. 4-Dimethylaminobenzaldehyde (0.18 g,
1.22 mmol) was dissolved in anhydrous acetonitrile (5 ml) and
added dropwise to the reaction with stirring. After addition of 4-
dimethylaminobenzaldehyde heated to reflux and left with stirring
for 24 h. The reaction was  then cooled to room temperature. Pre-
cipitate was collected by vacuum filtration and washed well with
methanol. The residue was then recrystallized from methanol to
obtain 2c (0.17 g, 57.6%). 1H NMR  (400 MHz, CDCl3) ı 1.31 (s, 9H),
2.98 (s, 6H), 3.72 (s, 3H), 6.46 (J = 16 Hz, 1H), 6.62 (s, 2H), 6.64 (s, 1H),
7.24 (J = 16 Hz, 1H), 7.35 (J = 8.4, d, 2H), 7.95 (s, 1H). MS  (ESI); Calcd
for [C23H26N2O3]+: m/z 378.194. Found: m/z 379.2025 [M+H]+.

2.2.7. (2E)-2-(2-(4-(Dimethylamino)styryl)-6-tert-butyl-4H-
pyran-4-ylidene)-2-cyanoacetic acid (D1)[29]

2c (0.15 g, 0.4 mmol) was  dissolved in a mixture of tetrahydro-
furan (15 ml)  and 0.37 M LiOH in equal portions of water:ethanol
(8 ml)  then heated to 50 ◦C for 5 h. After evaporating the organic sol-
vents the aqueous medium was  acidified with ammonium chloride
and extracted with ethyl acetate. The solid residue after evapo-
ration was then recrystallized from ethanol to leave a red solid
D1 (0.10 g, 69.3%). 1H NMR  (400 MHz, DMSO-d6) ı 1.32 (s, 9H),
2.99 (s, 6H), 6.55 (s, 1H), 6.62 (J = 8 Hz, d, 2H), 6.92 (J = 16 Hz, d,
1H), 7.34–7.24 (J = 16 Hz, d, 1H), 7.46 (J = 8 Hz, d, 2H), 7.80 (s, 1H),
12.18 (s, 1H). 13C NMR  (DMSO): 171.1, 166.6, 160.4, 154.3, 151.9,
137.2, 130.0, 122.9, 119.6, 114.3, 112.3, 107.1, 101.8, 79.2, 36.7, 28.1.
HRMS (ESI); Calcd for [C22H24N2O3]+: m/z 364.1787. Found: m/z
365.1866 [M+H]+.
2.2.8. 2-(2,6-Bis(4-(dimethylamino)styryl)-4H-pyran-4-
ylidene)-2-cyanoacetic acid (D2)

Following the method in D1 and purification by silica gel col-
umn chromatography using 10% ethanol–methylene chloride, 2b
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absorption maxima (�max, 459 → 460 nm)  and higher extinction
coefficient (�max, 79 → 92 × 103 M−1 cm−1). Among the three dyes
D3 showed the most preferable absorption properties as a sensi-
tizer for DSSCs: wider absorption with higher extinction coefficient.
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0.15 g, 0.32 mmol) was used to give D2 (0.08 g, 52.1%). 1H NMR
400 MHz, DMSO-d6) ı 2.63 (s, 12H), 6.77 (s, 1H), 6.88 (s, 4H), 7.07
J = 15.9 Hz, d, 1H), 7.17 (J = 15.9 Hz, d, 1H), 7.69–7.81 (m,  6H), 8.03
s, 1H), 12.39 (s, 1H). 13C NMR  (DMSO): 166.8, 159.6, 159.0, 153.5,
51.8, 137.7, 130.2, 123.2, 119.9, 114.6, 112.3, 107.4, 106.2, 78.4.
RMS (ESI); Calcd. for [C28H27N3O3]+: m/z  453.2052. Found: m/z
54.2123 [M+H]+.

.2.9. 2-(2,6-Bis(4-(diphenylamino)styryl)-4H-pyran-4-ylidene)-
-cyanoacetic acid (D3)

Following the method in D1, 2c (0.2 g, 0.28 mmol) was used
o give D3 (0.14 g, 72%). 1H NMR  (400 MHz, DMSO-d6) ı 6.58
s, 1H), 6.76–6.79 (m,  1H), 6.94–7.06 (m,  15H), 7.19–7.23 (m,
H), 7.44–7.58 (m,  7H), 7.83 (s, 1H) 13C NMR  (DMSO): 166.5,
58.8, 158.2, 153.0, 149.2, 146.9, 136.5, 136.2, 130.2, 128.9, 125.5,
24.6, 121.6, 119.4, 118.0, 117.8, 108.6, 107.3, 80.4. HRMS (ESI);
alcd for [C48H35N3O3]+: m/z  701.2678. Found: m/z  702.3989
M+H]+.

.3. General procedures for preparation and evaluation of solar
ells

DSSCs were prepared using D1, D2, and D3 (Fig. 1) as sensi-
izers and nanocrystalline anatase TiO2 as photoanode following
ur previous fabrication method with some modifications [12].
he fluorine-doped tin dioxide (FTO) glasses were used as sub-
trates (Hartford Glass Co. TEC-8, sheet resistance of ∼8 �/sq, FTO
hickness of ∼400 nm and entire glass thickness of 2.3 mm).  The
ubstrates were cleaned using detergent, de-ionized (DI) water,
cetone and IPA in an ultrasonic bath for 10 min  each, followed
y oxygen plasma for 10 min. The photoanodes were prepared
y doctor blading the nanoparticle TiO2 paste (Ti-Nanoxide HT-
olaronix) onto the FTO-glass substrate, which was  precoated with

 thin layer of compact TiO2. The photoanode was  then sintered
t 450 ◦C for 45 min  followed by being treated with TiCl4 and sin-
ered again as above. The area of the photoanode was 0.16 cm2.
fterwards, the photoanode was soaked in a 0.5 mM dye solution

n THF (D1, D2, and D3) or in a mixed solvent of 1:1 volume ratio
cetonitrile and tert-butyl alcohol (N719) at room temperature for
2 h. The counter electrode was prepared by sputtering Pt onto
he FTO glass substrates. The complete cell was then sealed using

arafilm and the electrolyte was a redox couple of I−/I3− compris-

ng 0.60 M BMII, 0.03 M I2, 0.10 M GuSCN, 0.5 M tert-butyl pyridine
n a mixed solvent of acetonitrile and valeronitrile (85:15 volume
atio).

O

NC COOH

NN

O

NC COOH

NN

O

COOHNC

N

D1 D2

D3

Fig. 1. Molecular structure of the pyran dyes.
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3. Results and discussion

3.1. Design and synthesis of new photosensitizers

Three novel pyran-based dyes were designed to have
“push–pull” configuration (D-�-A) for efficient electron injection
to TiO2 [30]. D2 and D3 were designed to see the effects of the
numbers of D group and aromatic group at the D moiety. All of them
were prepared following the flexible and straight forward synthetic
route in only four steps (Scheme 1). Readily available respective
arylamine aldehydes (donor groups) were adjoined to the pyran
chromophore via the Knoevanegel condensation to give the highly
conjugated pyrans 2a–c  in yields of 43–70%. These esters then were
hydrolyzed under basic conditions to obtain the final products in
good yields (52–72%).

3.2. Photophysical properties

The absorption spectra of all the compounds in dilute solutions
of CHCl3 were recorded at serial dilutions and the extinction coef-
ficients were determined (Table 1). Normalized UV spectra were
shown in Fig. 2. All the compounds exhibited good absorption
properties: high extinction coefficient (48–92 × 103 M−1 cm−1) and
wide absorption FWHM (full-width at half maximum) 104–113 nm.
Since their absorption bands could be attributed to an intense
delocalized aromatic �–�* transitions, the effects of the modifi-
cations in conjugated system on UV–vis spectra in solution were
apparent. Increased number of D groups (D1 → D2) resulted in
red-shift (�max, 446 → 459 nm)  and higher extinction coefficient
(�max, 48 → 79 × 103 M−1 cm−1). On the other hand, the impact of
the number of aromatic groups at the D was minor (D2 → D3):
LiOH, 50oC

THF, EtOH, H2O

1a R2 = H, 
1b R2 = tert-butyl

2a R1 = methyl, Y = dimethylaminostyryl
2b R1 = phenyl, Y = diphenylaminostyryl
2c R1 = methyl, Y = tert-butyl

N

R1

R1

H

O

piperidine

reflux

OY

NC COOCH3

N

R1

R1

1a, 1b

2a, 2b, 2c

D1, D2, D3

CH3CN

Scheme 1. Synthesis of the photosensitizers.

Table 1
Optical characteristics of sensitizers in solutions.

Dye �max
a(nm)

[ε(×103 M−1 cm−1)]
�max

b(nm) �em
c(nm)

[Stokes shift (nm)]

D1 446 [48] 411 570 [124]
D2 459 [79] 422 623 [164]
D3 460 [92] 382, 453 615 [155]

a Maximum absorbance in CHCl3.
b Maximum absorbance on TiO2.
c Emission maxima of the dyes in CHCl3.
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Fig. 3. Absorption spectra of pyran dyes on TiO2 film.

ll three dyes emitted bright fluorescence with relatively large
tokes shift (Table 1). The Stokes shift of D2 (164 nm)  was larger
han those of D1 (124 nm)  possibly oweing to the two electronic
onating groups. It was also slightly larger than that of D3 (155 nm).

The absorption spectra of all compounds on TiO2 film were also
ade (Fig. 3 and Table 1). There were slight peak broadening and

lue-shifting, presumably due to aggregation of the dyes on TiO2
Fig. 2 vs Fig. 3). The smaller absorbance of D2 on TiO2 cells might
e partially due to the lower dye attachment on TiO2 than D1 and
3 (Fig. 3). However, there should be other factors for the lower
bsorbance of D2 film since the attached amount on TiO2 of D2 was
8% of that of D3 while absorbance maximum of D2 was ∼43% of
hat of D3 on TiO2 film (Fig. 3 and Table 4). A noticeable observation
as that the shape of absorbance spectrum of TiO2 film with D3 was

ignificantly different from that with D1. It showed two maxima at
83 and 453 nm and a broader spectrum, presumably due to higher
nd unique form of aggregation on TiO2.
.3. Electrochemical properties

Appropriate energy levels of highest occupied molecular obital
HOMO) and lowest unoccupied molecular obital (LUMO) of

able 2
OMO and LUMO energy levels for D1, D2, and D3.

Dye HOMOa (eV) LUMOa (eV) HOMOb (eV) 

D1 −5.49 −3.69 −5.40 

D2  −5.53 −3.64 −5.24 

D3 −5.56  −3.66 −5.35 

a HOMO and LUMO were obtained by comparison with the ionization potential of ferro
b Calculated at the B3LYP/ 6-311G* in vacuo.
c Calculated at the B3LYP/6-311G* level in THF.
solution contained 0.1 M tetrabutylammonium perchlorate (TBAP) as a supporting
electrolyte and Ag/Ag+ as reference electrode and ferrocene as an internal standard.

sensitizers are important for effective electron injection to the con-
duction band of TiO2 and electron acceptance from electrolytes
(I−/I3−)[31,32]. Thus, these energy levels of the dyes were deter-
mined using cyclic voltammogram measurements (Fig. 4), which
was  recorded in a dry THF solution using tetrabutylammonium per-
chlorate (TBAP) as a supporting electrolyte and Ag/Ag+ as reference
electrode and ferrocene as the internal standard. Energy levels were
calculated based on the standard method [33–35] (Table 2) using
equation: EHOMO/LUMO = (−4.8 + Eref vs. Ag/Ag+ − EOX/RED vs. Ag/Ag+ )eV,
where Eref is the potential of the ferrocene reference vs Ag/Ag+

and EOX/RED is the onset potential for the oxidation or reduction vs
Ag/Ag+ of the pyran dyes. The estimated HOMO/LUMO energies is
founded on the well known energy level of the ferrocene reference,
4.8 eV (below the vacuum level). For efficient dye regeneration the
HOMO energy level should be sufficiently lower compared to the
electrolyte redox potential. All the dyes D1, D2, and D3 displayed a
reversible redox wave at a slightly high oxidation potential (HOMO:
−5.49 eV to −5.56 eV), demonstrating possibility for electron trans-
fer from the electrolyte. Furthermore, for efficient electron injection
into the conduction band of TiO2 the LUMO energy levels should
be sufficiently higher compared to the TiO2 conduction band edge
[36]. In accessing the viability of the electron injection process from
the excited dye molecule to TiO2 conduction band we  observed the
LUMO energy levels of D1, D2, D3 (−3.64 to −3.69 eV) to be higher
than the conduction band edge of TiO2 (−4.24 eV).

3.4. Quantum chemistry and theoretical approach [37]

To gain insight into the electronic properties of these dyes, elec-
tron density maps of their frontier orbitals (HOMO and LUMO) were
calculated using density functional theory (DFT), calculations in
tandem with the Becke’s three-parameter hybrid functional [38]

and the Lee–Yang–Parr correlation [39] (B3LYP). Using Gaussian
09 [40] we  applied a basis set of 6-311G* for our calculations. All
the dyes showed similar electron density maps: in their ground
state the electrons at HOMO are held in the donor moieties and

LUMOb (eV) HOMOc (eV) LUMOc (eV)

−2.31 −5.20 −2.63
−2.20 −5.20 −2.63
−2.47 −5.31 −2.83

cene and calculation from the oxidation potential respectively, scan rate, 100 mV/s.
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ig. 5. Frontier orbitals of the sensitizers optimized with DFT at the B3LYP/6-311G
-PCM  model in THF solution.

nce excited (LUMO), the electrons move to the cyanoacrylic acid
nchoring unit (Fig. 5). Such electron flows are expected to accel-
rate the electron injection from these pyran dyes to TiO2.

To gain insight into the excited states as a result of the strong
bsorption bands in the visible region, we performed a TDDFT
xcited states calculations at the B3LYP/6-311G* level in vacuo and
n solution (THF) using the C-PCM model, giving rise to a slight
ariation of ∼50–60 nm between the two calculations. Consider-
ng the energy range, 2–3 transitions of sizable intensity (f > 0.07)

ere calculated and their respective excitation energies, oscillator
trengths (f) and composition in terms of molecular orbital con-
ributions are reported in Table 3. The lowest transition which is
alculated at 2.89 eV, 2.70 eV and 2.50 eV of all the sensitizers (D1,
2 and D3 respectively) corresponds to a charge transfer (CT) exci-

ation from the arylamine HOMO to the LUMO localized on the
yran-cyano acrylate moieties. In comparison with the experimen-

al absorption maxima found at 2.78 eV, 2.70 eV, and 2.69 eV for D1,
2 and D3 respectively, the calculated transitions compared closely
ith the D1 calculated transition with a red-shifting (0.11 eV), D2

btaining similar absorption maxima and D3 with a blue-shifting

able 3
alculated TD-DFT and experimental excitation energies of low-lying transition for the se

Dye State Excitationa E (eV, nm)  fa

D1
S1 H → L (100%) 2.89 (430) 1.10 

S2 H1 → L (80%) 3.29 (377) 0.08 

S3 H → L1 (82%) 3.82 (324) 0.13 

D2
S1 H → L (83%) 2.70 (458) 0.96 

S2 H1 → L (91%) 2.81 (441) 0.30 

D3
S1 H → L (96%) 2.50 (496) 1.23 

S2 H1 → L (94%) 2.64 (469) 0.34 

 = HOMO, L = LUMO, H1 = next highest occupied molecular orbital (HOMO-1), H2 = HOM
ontributions and f is the oscillator strength calculated.

a Exctied state calculation at B3LYP/6-311G* in vacuo.
b Excited state calculation at B3LYP/6-311G* in THF.
c Experimental absorption maxima and excitation energies.
l. TDDFT calculations were performed using B3LYP/6-311G* level in vacuo and the

(0.19 eV). The good agreement between the experimental and the
calculated transitions is indicative of the proper capturing of the
charge-transfer character transition by the TDDFT calculation used.
The transition calculated at 3.29 eV, 2.81 eV, 2.64 eV for D1, D2
and D3, is a �–�* excitation from HOMO-1 to the LUMO, tak-
ing place within the pyran-cyano acrylate moiety; while the less
intense transition calculated at 3.82 eV for D1 is a �–�* excita-
tion from HOMO to LUMO+1, corresponding to excitation within
the arylamine moiety [41]. The red-shift of the calculated data by
increased donor group (D1 → D2) was  consistent with experimen-
tal data although the impact of the number of aromatic groups
(D2 → D3) was not well predicted.

3.5. Current density–voltage characteristics

The IPCE and current density–voltage curves of the cells were

determined (Figs. 6 and 7). DSSCs of D1 and D3 showed similar IPCE
curves with a higher efficiency (42% for D1 cells) while DSSC of D2
seemed much less effective. The low IPCE efficiency and smaller
Jsc of D2 cells were in agreement with the much smaller UV–vis

nsitizers.

Excitationb Eb (eV, nm) fb Exp.c(eV, nm)

H → L (99%) 2.51 (493) 1.39 2.78 (446)
H1 → L (88%) 3.36 (369) 0.18
H → L1(93%) 3.56 (348) 0.15
H → L (97%) 2.29 (541) 1.47 2.70 (459)
H1 → L(98%) 2.54 (487) 0.72
H → L (95%) 2.26 (549) 1.48 2.69 (460)
H1 → L (97%) 2.44 (508) 0.67

O-2, L1 = LUMO+1. In parenthesis is the composition in terms of molecular orbital
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Fig. 6. IPCE curves of the pyran-based dye sensitized solar cells.
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Fig. 7. Photocurrent density–voltage curves of dyes sensitized solar cells D1, D2, D3
under 100 mW/cm2 simulated solar irradiation at AM 1.5.

Table 4
Device performance parameters of dye-sensitized solar cells.a

Dye Jsc (mA/cm2) Voc (V) FF � (%) Amount (×10−5 mol/g)b

D1 4.76 0.68 0.67 2.17 1.3
D2  2.61 0.61 0.61 1.00 0.7
D3  4.21 0.64 0.73 1.92 0.9
N719 13.16 0.85 0.63 7.05

a 2

i

a
J
a
t
a
h
o

f
t
e

4

f
D
fi

[

[
[

[

[

(2001) 9960–9965.
Experiments were performed using TiO2 photoelectrodes with 0.16 cm work-
ng  area on the FTO (8 �/sq) substrates.

b Amount of the dyes adsorbed per gram of TiO2 film.

bsorption spectrum for D2 sensitized TiO2 film (Fig. 3). The smaller
sc of D2 based cells might also be caused by both the lower dye
ttachment onto TiO2 surface (Table 4) and other unknown fac-
ors. While the UV–vis spectrum of D3 on TiO2 showed broader
bsorption than that of D1, DSSC of D3 did not show any better light
arvesting efficiency than DSSC of D1. D3 might form aggregates
n TiO2 surface unfavorable for electron transfer.

The electron injection in these new designed dyes could occur
rom the arylamine donor moiety through the pyran chromophore
o the conduction band of TiO2. D1 based cells showed the highest
fficiency due to its highest current density.

. Conclusion

We synthesized three novel metal-free organic photosensitizers

rom the pyran family and, for the first time, fabricated TiO2-based
SSCs using these pyran dyes. By using D-�-A (or 2D-�-A) con-
guration in the organic dye design, the DSSC device with D1

[

otobiology A: Chemistry 224 (2011) 116– 122 121

yielded a moderately high IPCE of 42% and a power conversion
efficiency of ∼2.17%. The donor moieties such as dimethylamin-
styryl and diphenylaminestyryl enhanced the conjugation systems
and thereby induced red-shifting (D1 < D2, D3) and increase of
extinction coefficient (D1 < D2 < D3) of the pyran dyes in solution.
Unfortunately, such favorable properties were not translated into
the better light harvesting efficiency of DSSCs (D2 < D3 < D1), pre-
sumably due to the low dye attachement and other unknown
factors on TiO2 in cell fabrication process. However, this work
clearly demonstrated great potential of using pyran-based dyes
in DSSCs, which could be further optimized for improved energy
conversion efficiency.
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