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Novel porphyrin dyes YD14–YD17 with a push-pull framework were synthesized for dye-sensitized

solar cells (DSSC); their spectral, electrochemical and photovoltaic properties were investigated. The

absorption bands of these porphyrin dyes are broadened and red-shifted upon introduction of electron-

donating groups (EDG) to the meso-positions via extension of p-conjugation. Electrochemical tests

show that the first oxidation for these porphyrins occurs at a potential greater than that of the I�/I3
�

redox couple, and attachment of EDGs to the periphery of the porphyrin facilitates electron

abstraction. The photovoltaic measurements show that YD14 and YD17 have a power conversion

efficiency of �7%. Introduction of EDGs to various meso-positions is demonstrated to be achievable,

and porphyrin dyes with appropriate EDGs are promising candidates for highly efficient DSSCs.
Introduction

The increasing demand for energy and global warming due to

greenhouse gases from fossil fuels have encouraged scientists to

seek environmentally benign alternative energy resources, which

are vital to maintain a stable rate of growth of the global

economy. Among various renewable energy resources, solar

energy is the most viable to meet our energy requirement.1

Traditional solar cells based on silicon have attained an efficiency

(h) of �15% of power conversion,2 but the cost of solar panels

made from semiconductive silicon has limited their application.

Dye-sensitized solar cells (DSSC) appear to be a promising

alternative to conventional inorganic solar cells.3 Since 1990

much effort has been devoted to the synthesis and character-

ization of various sensitizers for DSSCs after Gr€atzel et al.
aDepartment of Chemistry, National Chung Hsing University, Taichung,
402, Taiwan. E-mail: cyyeh@dragon.nchu.edu.tw; Fax: (+886) 4-2286-
2547
bDepartment of Applied Chemistry and Institute of Molecular Science,
National Chiao Tung University, Hsinchu, 300, Taiwan. E-mail: diau@
mail.nctu.edu.tw; Fax: (+886) 3-572-3764

† Electronic supplementary information (ESI) available: Experimental
details. See DOI: 10.1039/c003872p

Broader context

Because the sun is the most important inexhaustible and clean energ

power using photovoltaic technology beyond silicon systems has u

sensitized solar cell (DSSC) has proved to be a highly efficient and

ruthenium complexes such as the N719 dye have been used as effici

�12%) under one sun irradiation. Organic dyes with conversion effic

with strong absorption in the visible region as well as tunable wave

previous study indicates that a push-pull zinc porphyrin (YD2) can b

of N719. Inspired by the molecular design of YD2, a new series of

study to show great light harvesting ability as well as promising ce

This journal is ª The Royal Society of Chemistry 2010
reported the excellent performance of DSSCs based on ruthe-

nium complexes.4 The most efficient dyes for DSSCs are based on

ruthenium polypyridyl complexes which show an efficiency of

�11% of power conversion under standard air-mass (AM) 1.5

illumination.5 In addition to ruthenium complexes, many organic

dyes have been synthesized and their photovoltaic properties

investigated.6 Their advantages include a small cost of produc-

tion, tunable electrochemical and photophysical properties, the

feasible modification of their molecular structures, and a lack of

pollution and resource limitation.

Porphyrins and related compounds are commonly studied

heterocycles because they are ubiquitous in diverse biological

systems such as hemoglobin, cytochrome P-450 and the photo-

synthetic reaction center.7 Numerous model compounds have

been designed and synthesized to mimic their reactivity and

functions in biological processes.8 For instance, molecules that

can undergo intramolecular energy transfer and electron transfer

are promising candidates for use in artificial photosynthesis.9

Knowledge acquired from these artificial photosynthetic models

not only improves our understanding of the influence of these

structures on the photoinduced electron transfer but also

contributes to the development of photovoltaic devices. Stimu-

lated by the efficient energy and electron transfer in this
y source, efficiently harvesting solar energy to generate electric

ndergone rapid development over the past few years. The dye-

low-cost option for conversion of solar energy. For example,

ent photosensitizers to achieve the record for a DSSC device (h

iencies in a range of 5–10% have been reported. Porphyrin dyes

lengths are also potential candidates for DSSC applications. A

e used for DSSCs to have a cell performance comparable to that

porphyrin sensitizers (YD14–YD17) are reported in the present

ll performance comparable to that of YD2.

Energy Environ. Sci., 2010, 3, 949–955 | 949
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View Article Online
photosystem, several porphyrin sensitizers10 and related macro-

cyles11 have been designed and investigated with an aim to be

applied in DSSCs. Officer and co-workers analyzed the structural

dependence of diverse porphyrin dyes on their cell perfor-

mance,12 and found that conjugated links between the carboxyl

anchoring group and the porphyrin ring are responsible for the

superior light-harvesting ability to increase the efficiencies of

power conversion of the devices; the conjugated bridges exhibit

a strong interaction with the porphyrin ring, resulting in

broadening and red shifting of the absorption bands. The most

efficient porphyrin dye reported, which attains a conversion

efficiency of 7.1%, is a zinc tetraarylporphyrin malonic acid, in

which the porphyrin ring and anchoring group are linked with

a butadienylene bridge via the b-position.13

In general, porphyrins show a sharp and intense Soret

absorption band at about 400–450 nm and a few moderately

intense Q absorption bands at about 500–650 nm. One drawback

of porphyrin dyes used for DSSCs is the absorption trough

between the Soret and Q bands that decreases the light-har-

vesting efficiency. Imahori and co-workers reported the synthesis

and photovoltaic properties of a naphthalene-fused, p-extended

porphyrin;14 elongation of the p-system caused the porphyrin

dye to collect visible light efficiently, improving the cell perfor-

mance by �50% relative to the unfused counterpart.

Organic dyes with a push-pull framework are proven to be

efficient sensitizers in dye-sensitized solar cells.15 Durrant and co-

workers showed that introduction of electron-donating groups

(EDG) at the meso-positions resulted in a decreased rate of

charge recombination between injected electrons in the TiO2 and

the oxidized dye anchored to it.16 We reported that porphyrin

dyes substituted with a strongly electron-donating diarylamino

group exhibit a cell performance of h ¼ 5–7%.17 As an extension

of our preceding work, we have designed and synthesized

porphyrin dyes, YD14–YD17, containing diarylamino and/or
Chart 1 Molecular structure

950 | Energy Environ. Sci., 2010, 3, 949–955
triphenylamino moieties in various meso-positions (Chart 1). We

report here their optical, electrochemical and photovoltaic

properties.
Results and discussion

Our previous experiments on porphyrin dyes for DSSCs show

that introduction of a diarylamine to the porphyrin improves the

cell performance.17 For instance, the YD2-based solar cell

exhibits an efficiency of power conversion greater than 6.5%. As

mentioned, organic dyes with EDGs can improve the perfor-

mance of a DSSC. We thus designed porphyrins YD14–YD17 to

elucidate the influences of the EDG in various positions of the

porphyrin ring on their optical, electrochemical and photovoltaic

properties. The synthesis of YD14–YD17 relies on amination and

Suzuki coupling reactions to introduce diarylamine and benzoic

acid moieties at the meso-positions, respectively. The detailed

synthetic procedures are described in ESI.†

The steady-state absorption spectra of porphyrins YD14–

YD17 and reference porphyrins YD0 and YD2 in solution are

shown in Fig. 1; the absorption and emission data of these

porphyrin dyes are given in Table 1. In sharp contrast to typical

tetraphenylporphyrins, porphyrin YD14 shows split Soret bands,

and broadened and red-shifted Q bands, indicating a strong

electronic interaction between the porphyrin and diphenylamino

units. Such an absorption property has also been observed in

5,15-bis(di-p-anisylamino)-10,20-diphenylporphyrin by Saka-

moto et al.18 The absorption band of YD14 at �490 nm fills the

blue part of the absorption gap between the Soret and Q bands

for a typical tetraphenylporphyrin. The light-harvesting effi-

ciency is thus expected to improve in this region for the DSSC

made with YD14. To further enhance the absorption in the

visible region and even in the near IR region, we expanded

the p-conjugation system by introducing a triphenylamine at the
s of porphyrin sensitizers.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Absorption spectra of YD0 and YD2 in EtOH, and YD14–YD17

in THF.

Fig. 2 Cyclic voltammograms of YD0, YD2, and YD14–YD17 in THF

containing 0.1 M TBAPF6 at 25 �C.
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View Article Online
meso-position via an ethynylene bridge (YD15). This condition

causes an even more pronounced red shift and broadening of

both Soret and Q bands relative to YD14. In compound YD16,

two strongly electron-donating triphenylamino units are directly

attached at the 5,15-meso positions together with one diary-

lamino unit attached at the 10-meso position. The absorption

spectrum of YD16 shows that both Soret and Q bands are

slightly broadened and red-shifted relative to those of YD2,

indicating that only mild electronic communication is involved

between the triphenylamino moieties and the porphyrin ring

because of the steric interactions that cause the triphenylamino

units to rotate from the porphyrin plane.19 Porphyrin YD17 has

additional methoxyl groups on the phenyl ring that would

increase the electron-donating ability relative to YD2. The

spectral features of YD17 resemble those of YD2 except that the

Soret and Q bands exhibit a slightly bathochromic shift.

The emission properties of these porphyrin dyes exhibit a trend

similar to their absorption. The fluorescence data are listed in

Table 1. A shift in the wavelength of maximum fluorescence

toward greater wavelengths was observed as the effective

conjugation in the molecules increased. Relative to YD2, the

fluorescence of YD14 is red-shifted from 676 to 697 nm because

compound YD14 has an additional diarylamino moiety that
Table 1 Absorption, fluorescence and electrochemical data for porphyrins Y

Porphyrin
Absorption lmax/nm (3/103

M�1cm�1) Emissio

YD0 442 (498), 579 (16.8), 627 (39.8) 634
YD2 444 (217), 589 (10.8), 648 (33.7) 676
YD14 436 (131), 476 (94.0), 615 (10.4),

660 (26.7)
697

YD15 440 (82.7), 488 (101), 707 (32.5) 750
YD16 451 (112), 600 (8.8), 666 (23.6) 687
YD17 448 (218), 606 (9.7), 662 (36.1) 679

a Absorption data were measured for samples in ethanol for YD0 and YD2,
ethanol for YD0 and YD2, and in THF for YD14–17 at 298 K. Electroc
containing TBAPF6 (0.1 M) as a supporting electrolyte. Potentials measured
the normal hydrogen electrode (NHE) by addition of +0.63 V. b The excit
YD1, and YD14–YD17, respectively. c Irreversible process Epa or Epc.

This journal is ª The Royal Society of Chemistry 2010
enhances p-conjugation. An additional shift of emission to

750 nm was observed for YD15 that has a greater length of

conjugation. The shifts of the emission bands for YD16 and

YD17 are only moderate as their major structural features are

similar to those of YD2.

The electrochemical properties of porphyrins YD14–YD17

were investigated with cyclic voltammetry in THF containing 0.1

M TBAPF6 at 25 �C. The electrochemical data (Fig. 2) are

summarized in Table 1. All these porphyrin dyes exhibit revers-

ible reduction and oxidation for the first oxidation, corre-

sponding to the HOMO energy of the dye, at a potential greater

than that of the I�/I3
� redox couple, indicating effective regen-

eration of the oxidized state.20 In these porphyrins, compound

YD17 exhibits an electrochemical behavior similar to that of

YD2 that reflects their structural similarity; one reversible

oxidation occurs at +0.91 V and an irreversible oxidation at Epc

¼ +1.27 V. Analysis of the first oxidations of all these porphyrins

shows that attachment of an EDG to the periphery of the

porphyrin facilitates electron abstraction. For instance, the first

oxidation occurs at +0.89 V for the reference YD2, which

cathodically shifts to +0.86 V for YD14, and shifts further to

+0.81 V for YD15. Additional EDGs help to stabilize the
D0, YD2, and YD14–YD17 a

nb lmax/nm Oxidation E1/2/V Reduction E1/2/V

+1.04, +1.48c �1.36c

+0.89, +1.29c �1.09
+0.86, +1.04 �1.06

+0.81, +0.98, +1.15 �0.96
+0.85, +1.11 �1.08
+0.91, +1.27c �1.08

and in THF for YD14–17. Emission data were measured for samples in
hemical measurements were performed at 25 �C for samples in THF
vs. a ferrocene/ferrocenium (Fc/Fc+) couple were converted to those for
ation wavelengths were 550, 600, 600, 630, 580 and 600 nm for YD0,

Energy Environ. Sci., 2010, 3, 949–955 | 951
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Fig. 4 Energy levels and the corresponding molecular orbitals of porphy

Fig. 3 Schematic energy levels of porphyrins YD0, YD2 and YD14–

YD17. HOMO ¼ Eox1 and LUMO ¼ E0–0*.

952 | Energy Environ. Sci., 2010, 3, 949–955
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oxidized species as the second oxidation for YD14–YD16 is

reversible whereas that for YD2 is irreversible under similar

conditions. For the reduction, YD14, YD16 and YD17 exhibit

a reversible wave at E1/2 ¼ �1.10 V whereas YD15 shows an

anodically shifted redox couple at �0.96 V because of the

extension of p-conjugation that stabilizes the extra charge. Both

incorporation of additional diarylamino or triphenylamino

groups onto the porphyrin ring and increased length of

p-conjugation decrease the electrochemical HOMO–LUMO

energy gap, consistent with red shifts of both absorption and

emission spectra. The potential separations between the first

oxidation and reduction, DE ¼ E1/2(ox1) � E1/2(red1), were

calculated to be 1.98, 1.92, 1.77 and 1.93 V for YD2, YD14, YD15

and YD16, respectively. In our previous work we showed that

both porphyrin and diarylamino units were responsible for the
rins YD14–YD17 calculated at the B3LYP/6-31G(d) level of theory.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 (a) Current–voltage characteristics of YD0, YD2 and YD14–

YD17; (b) the corresponding IPCE action spectra.

Table 2 Photovoltaic parameters and dye loading of DSSC with TiO2

films sensitized with YD0, YD2 and YD14–YD17 under simulated AM-
1.5 illumination (power 100 mW cm�2) and an active area of 0.16 cm2

Dye
Dye-loading/
nmol cm�2 JSC/mA cm�2 VOC/mV FF h (%)

YD0 140 10.42 697 0.69 5.0
YD2 148 14.80 714 0.67 7.1
YD14 131 14.27 712 0.67 6.8
YD15 128 9.42 623 0.71 4.2
YD16 111 12.21 704 0.64 5.5
YD17 142 13.99 722 0.69 7.0
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first and second oxidations of YD2 because the electron densities

of HOMO and HOMO-1 were distributed onto these two

units.17d Similarly, the first and second oxidations of YD14,

YD16 and YD17 involve charge delocalization through the

porphyrin and diarylamino moieties. In the case of YD15, the

charge density was delocalized over the porphyrin ring, diary-

lamino and triphenylamino groups upon oxidation. These results

agree with those predicted from quantum-chemical calculations

discussed in the following paragraph.

With the absorption data and oxidation potentials we evalu-

ated the relative potentials of HOMO and LUMO energy levels.

The excited-state oxidation potentials (E0–0*) were obtained

from the relation E0–0* ¼ Eox1 � E0–0, in which Eox1 is the first

oxidation potential of a porphyrin dye and E0–0 is the zero-zero

excitation energy obtained from the onset of absorption.20,21 As

shown in Fig. 3, the derived E0–0* values are all more negative

than the conduction edge (–0.50 V vs. NHE) of TiO2, indicating

that the driving force is appropriate for electron injection from

the excited state of the dye to the conduction band (CB) of TiO2.

As the HOMO levels are more positive than the oxidation

potential for the I�/I3
� redox couple (+0.40 V vs. NHE), the

energy levels of YD14–YD17 are all thermodynamically favor-

able for effective regeneration of the dye in a DSSC system.

To gain insight into the electron distribution at the frontier

and nearby molecular orbitals, we performed quantum-chemical

calculations on porphyrins YD14–YD17 using density-functional

theory (DFT) at the B3LYP/6-31G(d) level (Spartan 08

package). To simplify the computations, some alkyl groups on

phenyl rings were replaced with hydrogen atoms or methyl

groups. Fig. 4 shows the energy levels and the corresponding

molecular orbitals for these porphyrin dyes. A discrepancy for

the HOMO–LUMO gaps shown occurs between Fig. 3 and 4

because the electron correlation and the solvent effect were not

taken into account. A comparison of YD14–YD17 with YD2

shows that the HOMO–LUMO gap is decreased upon incorpo-

ration of additional electron-donating groups on the porphyrin

ring because there is considerable electronic coupling between

the electron-donating groups and the porphyrin core. This

phenomenon is more pronounced for YD15 because of the

extended p-system. These results are consistent with the red shift

and broadening in the absorption bands, the electrochemical

data and the tendency for variation of the HOMO–LUMO gap

shown in Fig. 3.

In our previous work we showed that the electronic density of

YD2 is mainly located on the p-system of the porphyrin and the

diarylamine at the HOMO and HOMO-1.17d The electronic

distribution of the frontier orbitals for compound YD17 resem-

bles that for YD2 because of the structural similarity. The elec-

tron densities of the HOMOs of YD14 and YD16 are also greatly

delocalized over the porphyrin and diphenylamine moieties

despite the structural diversity of these two porphyrins. For

YD15 the electron density of the HOMO is delocalized across not

only the porphyrin and diphenylamine units, but also the tri-

phenylamine via the conjugated ethynylene link. Similar to the

LUMO of YD2, the p-conjugation is extended to only the

porphyrin, ethynylphenylene link and carboxyl anchoring group

at the LUMO of YD14–YD17.

Porphyrins YD0, YD2 and YD14–YD17 were sensitized onto

TiO2 films (with an active layer of thickness 10 mm and scattering
This journal is ª The Royal Society of Chemistry 2010
layer of 4 mm) to serve as working electrodes of a DSSC; the

details of device fabrication of porphyrin-based DSSC appear

elsewhere.17 With the TiO2 films soaked in dye solutions

(concentration of�2� 10�4 M) for 6 h for each dye, the amounts

of dye loading on TiO2 films (Table 2), in the order YD2 > YD17

> YD0 > YD14 > YD15 > YD16, are sufficient for photovoltaic

measurements. Fig. 5a and b show the current–voltage charac-

teristic curves and the corresponding IPCE action spectra of the

devices, respectively; the derived photovoltaic parameters are

summarized in Table 2. The device performance shows an order

of YD2 > YD17 > YD14 > YD16 > YD0 > YD15. The top three

dyes perform similarly with h �7%, whereas the performances of

YD15 and YD16 are comparable to only that of YD0 (h �5%).

For YD16, the poor cell performance is consistent with the

smaller amount of dye loading, which gives a JSC value
Energy Environ. Sci., 2010, 3, 949–955 | 953

http://dx.doi.org/10.1039/c003872p


Pu
bl

is
he

d 
on

 1
4 

Ju
ne

 2
01

0.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 o

n 
25

/0
4/

20
14

 0
6:

50
:3

8.
 

View Article Online
substantially lower than for the top three dyes. However, the

absorption spectra of all porphyrins adsorbed on TiO2 films

(Figure S1, ESI†) indicate that the light-harvesting efficiencies of

all porphyrins are close to one for both major absorption bands.

Therefore, electron injection and/or charge collection efficiencies

might play a role in the observed cell performance. Apparently

the two bulky triphenylamino units on the 5,15-meso-position

hinder the dye adsorption on the TiO2 surface. The poor

performance of YD15 reflects its smaller JSC and VOC values,

which are understood to be due to the effect of aggregation

described elsewhere.17c,22 We encountered difficulty in dissolving

YD15 in ethanol; the cell performance reported for YD15 was

obtained from immersion of the TiO2 films in a CH2Cl2 solution.

The IPCE action spectra (Fig. 5b) reflect the efficiency of

photoelectric conversion at each wavelength. Although there is

a large gap between the Soret and the Q bands of the absorption

spectra of porphyrins (Fig. 1), this feature is not evident in the

IPCE spectra because the effect of light scattering by TiO2

nanoparticles increases the photocurrents for the weak absorp-

tion in that region. There still exists a small gap near 500 nm for

YD0, but such a feature becomes obscure for other push-pull

porphyrins. The reported push-pull porphyrins all exhibit a flat

IPCE spectral feature covering the entire visible region. For

YD16 and YD17, the IPCE spectral features are similar to that of

YD2 but the corresponding efficiencies are YD2 > YD17 > YD16,

consistent with the variation of JSC, which shows the same order

(JSC/mA cm�2 ¼ 14.80, 13.99 and 12.21 for YD2, YD17 and

YD16, respectively) because integrating the IPCE over the AM

1.5G solar spectrum would give a calculated JSC similar to the

collected value. In contrast YD14 and YD15 exhibit a broader

IPCE spectral feature than that of YD2. For YD14, even though

the IPCE values are smaller than those of YD2 by 5–10%, the

extended IPCE spectrum makes its JSC value less than that of

YD2 by only 3.6%. For YD15, the IPCE spectrum extends

beyond 800 nm. The problem of aggregation for this porphyrin

makes the average IPCE value significantly lower than those of

the other porphyrins under investigation, which results in a much

smaller JSC (9.42 mA cm�2).
Conclusion

For four new porphyrin sensitizers, YD14–YD17, for use in

DSSC, the influences of the nature and positions of substitution

of various EDGs on the spectral, electrochemical, and photo-

voltaic properties of the porphyrin sensitizers were examined. In

general, increasing the number of diarylamino and/or

triarylamino groups at the meso-positions increases the light-

harvesting efficiency of the porphyrin through the extension of

p-conjugation. The electrochemical measurements show that the

involvement of an EDG increases the stability of the oxidized

porphyrin, which is an essential requirement for their application

in a DSSC. The DSSC devices based on the YD14 and YD17

sensitizers have achieved efficiencies of 6.8% (JSC ¼ 14.27 mA

cm�2, VOC ¼ 0.712 V, FF ¼ 0.67) and 7.0% (JSC ¼ 13.99 mA

cm�2, VOC ¼ 0.722 V, FF ¼ 0.69) of power conversion, respec-

tively, under AM 1.5 illumination (100 mW cm�2). In view of the

prospective light-harvesting ability of YD15, from the approach

of molecular design it is desirable to eliminate the effect of dye
954 | Energy Environ. Sci., 2010, 3, 949–955
aggregation on the TiO2 surface so as to enhance its cell

performance significantly. Work along this line is in progress.
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