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ABSTRACT: Three new zinc porphyrin dyes attached to
ethynyl benzoic acid as an electron transmission and anchoring
group have been designed, synthesized, and well-characterized.
The performances of their sensitized solar cells have been
investigated by optical, photovoltaic, and electrochemical
methods. The photoelectric conversion efficiency of the solar
cells sensitized by the dye with salicylic acid as an anchoring
group demonstrated obvious enhancement when compared
with that sensitized by the dye with carboxylic acid as an
anchoring group. The density functional theory calculations
and the electrochemical impedance spectroscopies revealed that tridentate binding modes could increase the efficiency of
electron injection from dyes to the TiO2 nanoparticles by more electron pathways.
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■ INTRODUCTION

Growing global energy consumption, which has resulted in
serious environmental issues, is impelling the requests and
investigations about clean and renewable energy resources for
development of a sustainable society. Solar energy, as a clean
and continual energy sources, compared with traditional fossil
fuel energy, provides a good choice for the development of such
a society. Converting solar energy directly into electricity is the
most feasible technology. Dye-sensitized solar cells
(DSSCs),1−5 as a new generation of sustainable photovoltaic
devices, have attracted extensive attention in view of their low
cost, easy processing, and environmental benign property. It is
well-known that photosensitizers play a key role in this type of
DSSC, in which they catch photons and inject electrons into
the conduction band of the TiO2 semiconductor. Till now, the
highest efficiencies of energy conversion have been achieved by
the devices of DSSC using Ru polypyridyl complex6−8 and Zn
porphyrin dyes9,10 as photosensitizers, respectively. Porphyrins
have been the promising chromophores in terms of their virtual
capture of solar energy in the region of visible light. Numerous
zinc porphyrin dyes have been reported based on a donor-π
spacer-acceptor (D-π-A) architecture, such as YD and LD
series,11−14 which exhibited remarkably high efficiencies up to
12.3%.15

Generally, the standard anchoring group for sensitizers is
carboxylic acid, which coordinates to the surface of TiO2
nanoparticles by three binding modes.16 The efficient interfacial
quantum yields of electron injection and collection from the
dyes to the semiconductor surface intensely depend on
anchoring groups and binding modes.17,18 Recently, we

mentioned that some groups focused on developing novel
anchoring groups that would improve the photoelectric
efficiency. For example, Yoon’s group used the hydroxyl as an
anchoring group in cat dyes;19 He’s group applied 8-
hydroxylquinoline as the anchoring group in metalloporphyrin
sensitized solar cells;20 Wang and Wu et al. introduced perylene
anhydride into porphyrin dyes for this type of device;21

pyridine was also suggested as an anchoring group.22,23 Tian’s
group reported that 2-(1,1-dicyanomethylene) rhodanine is an
alternative anchoring group for organic sensitizers.24 Sun and
his co-workers attempted the hydroxylpyridium connecting a
dye to the surface of nano-TiO2 that guarantees efficient
electron-injection and regeneration.25

In the quest for an efficient anchoring group for zinc
porphyrin dyes and a successful strategy to enhance the
photovoltaic performance and interfacial electron-transfer
efficiency, we have reported that salicylic acid used as a
tridentate anchoring group evidently augmented the interfacial
quantum yields for azo-bridge zinc porphyrin in DSSCs.26 To
verify whether the polydentate binding modes of salicylic acids
could improve the efficiency of charge injection and collection
in other systems, we designed and synthesized three new zinc
porphyin dyes derived from the phenylethylnylporphyrinato-
zinc dye (PE1)27,28 and investigated their photovoltaic
performance of DSSC to illustrate the importance of anchoring
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groups. The structures of zinc porphyrin dyes are shown in
Figure 1.

■ EXPERIMENTAL SECTION
General. All solvents were treated by standard methods. All

chemicals were of analytical grade and used as received. FTO glass was
purchased from Nippon Sheet Glass Co. Ltd. (15 ohm/cm2). The
NMR spectra were recorded on a Bruker AVANCE III 400
spectrometer using tetramethylsilane (TMS) as an internal standard.
The MALDI-TOF mass spectra were acquired by a Bruker BIFLEX III
spectrometer. The UV/vis absorption spectra were determined by an
UV-3600 spectrophotometer in tetrahydrofuran (THF) at room
temperature. The fluorescence spectra were obtained by an F-7000
fluorescence spectrophotometer.
Synthesis and Characterization of Dyes. General procedures

for zinc porphyin dyes are named as PE1, PE1m, PESp, and PESm.
The synthetic protocols are shown in Figure 2. To a solution of [5,15-
diphenyl-10-(triisopropylsilyl)ethynylporphinato] zinc(II) (0.1 mmol)
in dry THF (10 mL) was added tetra-n-butylammonium fluoride
(TBAF) (0.5 mL, 1 M in THF). The solution was stirred at 25 °C for
30 min under argon. The mixture was quenched with H2O and then
extracted with CH2Cl2. The combined organic layer was dried over
anhydrous Na2SO4 for 2 h, and the solvent was removed under
reduced pressure. The residue and iodobenzoic acid or iodosalicylic
acid (0.5 mmol) were dissolved in a mixture of dry THF (25 mL) and

NEt3 (4 mL) and then it was degassed. After Pd2(dba)3 (0.03 mmol)
and AsPh3 (0.2 mmol) were added to the mixture, the resulting
solution was then refluxed for 12 h under argon. After the solution
cooled down, the solvent was evaporated under reduced pressure. The
crude product was purified by column chromatography (silica gel)
using CH2Cl2/CH3OH = 10/1 as eluent and recrystallized from
CH3OH/CH2Cl2 to yield pure zinc porphyrin dyes (40%−60%) as a
green solid.

PE1. 1H NMR (400 MHz; DMSO-d6): δ 11.50 (1H, br, COOH),
10.33 (1H, s, meso−H), 9.84 (2H, d, J = 4.6 Hz, β-pyrrole), 9.44 (2H,
d, J = 4.4 Hz, β-pyrrole), 8.92 (2H, d, J = 4.6 Hz, β-pyrrole), 8.84 (2H,
d, J = 4.4 Hz, β-pyrrole), 8.22 (4H, m, Ar−H), 8.18 (4H, d, J = 2.5 Hz,
Ar−H), 7.86 (6 H, m, Ar−H). 13C NMR (101 MHz; DMSO-d6): δ
168.5, 151.5, 150.4, 149.7, 149.4, 142.6, 134.8, 133.1, 133.0, 132.3,
131.56, 131.0, 130.2, 128.2, 127.3, 126.9, 121.5, 108.8, 98.4, 95.8, 72.7,
60.7. MS (MALDI-TOF) calcd. for C41H24N4O2Zn: m/z 668.1.
Found: 668.2 [M]+.

PE1m. 1H NMR (400 MHz; DMSO-d6): δ 11.95(1H, br, COOH),
10.33(1H, s, meso−H), 9.81 (2H, d, J = 4.5 Hz, β-pyrrole), 9.45 (2H,
d, J = 4.5 Hz, β-pyrrole), 8.91 (2H, d, J = 4.5 Hz, β-pyrrole), 8.83 (2H,
d, J = 4.5 Hz, β-pyrrole), 8.67 (1H, s, Ar−H), 8.21 (4H, m, Ar−H),
8.15 (1H, d, J = 7.5 Hz, Ar−H), 7.97 (1H, t, J = 7.5 Hz, Ar−H), 7.85
(6H, m, Ar−H) , 7.78 (1H, d, J = 7.5 Hz, Ar−H). 13C NMR (101
MHz; DMSO-d6): δ 170.8, 151.4, 150.3, 149.8, 149.4, 142.6, 134.8,
133.1, 132.9, 132.3, 131.0, 130.9, 129.4, 129.0, 128.9, 128.2, 128.1,
127.3, 121.3, 108.6, 98.8, 95.9, 94.7, 93.5. MS (MALDI-TOF) calcd.
for C41H24N4O2Zn: m/z 668.1. Found: 668.2 [M]+.

PESp. 1H NMR (400 MHz; DMSO-d6): δ 14.15 (1H, br, OH),
11.58 (1H, br, COOH), 10.35 (1H, s, meso−H), 9.83 (2H, d, J = 4.6
Hz, β-pyrrole), 9.45 (2H, d, J = 4.5 Hz, β-pyrrole), 8.91 (2H, d, J = 4.6
Hz, β-pyrrole), 8.83 (2H, d, J = 4.5 Hz, β-pyrrole), 8.22 (4H, m, Ar−
H), 8.03 (1H, d, J = 8.1 Hz, Ar−H), 7.86 (6H, m, Ar−H), 7.72 (1H, d,
J =1.5 Hz, Ar−H), 7.68 (1H, dd, J = 8.1, 1.5 Hz, Ar−H). 13C NMR
(101 MHz; DMSO-d6): δ 172.0, 161.7, 151.6, 150.5, 149.7, 149.4,
142.6, 134.8, 133.2, 133.1, 132.3, 131.4, 131.0, 130.7, 128.2, 127.3,
122.6, 121.6, 119.7, 113.6, 109.2, 97.7, 96.8, 95.2. MS (MALDI-TOF)
calcd. for C41H24N4O3Zn: m/z 684.1. Found: 684.2 [M]+.

PESm. 1H NMR (400 MHz; DMSO-d6): δ 12.81 (1H, br, OH),
11.73 (1H, br, COOH), 10.25 (1H, s, meso−H), 9.78 (2H, d, J = 4.5
Hz, β-pyrrole), 9.41 (2H, d, J = 4.4 Hz, β-pyrrole), 8.89 (2H, d, J = 4.5
Hz, β-pyrrole), 8.82 (2H, d, J = 4.4 Hz, β-pyrrole), 8.37 (1H, d, J =2.0

Figure 1. Structure of zinc porphyrin dyes.

Figure 2. Synthetic protocol for zinc porphyrin dyes. (a) CF3COOH; (b) NBS; (c) Zn(OAc)2; (d) triisopropylacetylene, Pd(PPh3)2Cl2, CuI, NEt3;
(e) TBAF; (f) Pd2(dba)3, AsPh3, NEt3.
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Hz, Ar−H), 8.21 (4H, m, Ar−H), 7.94 (1H, dd, J = 8.3, 2.0 Hz, Ar−
H), 7.85 (6H, m, Ar−H), 6.92 (1H, d, J = 8.3 Hz, Ar−H). 13C NMR
(101 MHz; DMSO-d6): δ 171.2, 165.2, 151.2, 150.1, 149.9, 149.2,
142.8, 135.7, 134.8, 133.9, 132.8, 132.6, 132.3, 131.0, 128.1, 127.2,
121.1, 120.6, 117.8, 110.8, 107.8, 100.8, 97.6, 90.8. MS (MALDI-TOF)
calcd. for C41H24N4O3Zn: m/z 684.1. Found: 684.2 [M]+.
Photovoltaic Device Fabrication. The TiO2 paste containing

poly(ethylene glycol) and triton X-100 in a proportion of 33% weight
was coated onto a commercial fluorine−tin-oxide (FTO) by vacuum
spin-coater. The resulting TiO2 film (thickness 15 μm and active area
0.16 cm2) was then sintered at 450 °C for 1 h. When the system was
cooled to 100 °C, the photoanode was immerged immediately into the
dye solution (0.5 mM, EtOH/toluene = 1/1, 2 h). The electrode was
then taken out, washed with CH3CN, and dried under argon. The
solar cell was made by agglutinating the platinum counter electrode
and the TiO2 electrode. After the electrolyte containing 0.6 M DMPII,
0.05 M I2, and 0.5 M TBP in acetonitrile and valeronitrile (85:15, v/v)
was primed to the TiO2 film in vacuo, it was finally sealed by hot glue.
Photoelectrochemistry and Electrochemistry. The J−V curves

were measured on a Keithley 2601A source meter with an AM-1.5
solar simulator (San-Ei XES-301S). The incident light intensity was
100 mW/cm2 calibrated with an IEC 60904-3 standard Si solar cell
(Fraunhofer ISE). The incident photon-to-current conversion
efficiency (IPCE) of the cells was recorded by a Crown instrument,
in which the tungsten halogen lamp (OSRAM HLX 64640 24 V
150W) was used as a light source using itself standard Si solar cell as a
reference. The IPCE spectra can be calculated from the expression:
IPCE (λ) = (sample current × reference IPCE (λ))/reference current.
Cyclic voltammetry trials were conducted using a CHI 660D
instrument, with a traditional three-electrode system was assembled
by glassy carbon electrode, a Ag/AgCl and Pt electrode. The
electrochemical impedance spectroscopy (EIS) was achieved on a
Zahner impedance analyzer (IM6ex) with Thales software. The
amplitude of the AC signal was 10 mV and its frequency ranged
between 0.1 and 1000,000 Hz. The data were plotted with Z-view
software.

■ RESULTS AND DISCUSSION

Optical and Electrochemical Properties. The UV/vis
spectra of the zinc porphyrin dyes are depicted in Figure 3. The
maxima values and their molar absorption coefficients are
shown in Table 1. The emission spectra of these dyes are
illustrated in Figure 4 and their fluorescence data are also listed
in Table 1. Owing to the similar structures, all the zinc
porphyrin dyes exhibit the intense absorbing Soret bands
(400−450 nm) and moderate absorbing Q bands (550−650
nm), which are attributed to the π−π* electron transition. It
was found that the dyes with salicylic acid group (PESp and
PESm) showed little red shift in the maximum absorption
wavelength (λmax) and the maximum fluorescence emission
wavelength (λem) than those of PE1 and PE1m with the
carboxyl group. When these zinc porphyrin dyes were adsorbed
onto the TiO2 nanoparticle films, the adsorption spectra
became broader and shifted toward longer wavelengths, which
may be ascribed to the electronic coupling between porphyrin
dyes and the TiO2 semiconductor.29 These phenomena
indicated that the light-harvesting efficiency for these four
zinc porphyrin dyes were very similar. The electrochemical
properties of these porphyrins were investigated by cyclic
voltammetry and presented in Table 1. Both porphyrin dyes
showed the same Eox values, which are more positive than the
redox potential of I−/I3

− (0.4 V vs NHE) to ensure efficient
regeneration.
Density Functional Theory (DFT) Calculations and

Energy Levels. To understand the electronic structure of the
dyes, their geometries and energies were fully optimized by

hybrid DFT using the standardized method of B3LYP/6-
31G(d)/LANL2DZ.30,31 The molecular orbital diagrams of
HOMO and LUMO are exhibited in Figure 5. The theoretical
computed results elucidated that when the carboxyl group was
located in the meta position of the ethyne bridge in PE1m as
well as in PESm, the electrons in the frontier molecular orbital
delocalized weakly from the zinc porphyrin core and ethyne
bridge to the carboxyl group, which was unfavorable for
electronic interaction between dye and the TiO2 semi-
conductor; when the carboxyl group was located in the para
position of ethyne bridge in the dyes of PE1 and PESp, the
electrons in the frontier molecular orbital (LUMO) demon-
strated higher efficient conjugation and strong electronic
interaction between the extended π-conjugation and the
anchoring group. The hydroxyl group also showed the electron
density distribution at some level in PESp and PESm. It is clear
that the electron density in the LUMO of PESp is more
delocalized from metalloporphyrin center than that of PESm.
Figure 6 shows the energy levels of zinc porphyrin dyes that
were acquired by DFT calculations. The conducting band of
TiO2 is located between the LUMO and the HOMO of zinc
porphyrin dyes. These results confirm that the propulsion of
electron injection from LUMO to the conducting band is quite
sufficient.

Photovoltaic Performance of DSSCs. The current
density−voltage (J−V) curves of the devices with the zinc
porphyrin dyes are shown in Figure 7 and the photovoltaic
parameters were collected and are displayed in Table 2. The
efficiencies of photoelectronic conversion of these cells
demonstrated 2.26% (PE1), 0.64% (PE1m), 4.55% (PESp),
and 1.22% (PESm), versus the reported efficiency 2.0% of

Figure 3. (a) UV/vis absorption spectra of zinc porphyrin dyes in
THF. (b) UV/vis absorption spectra of zinc porphyrin dyes on TiO2
film.
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PE1.28 In a comparison of PE1m with PE1, when the carboxyl
group was moved to the meta position of the ethyne bridge, the
short-circuit photocurrent density (Jsc) decreased from 5.95 to
1.83 mA/cm2, and the open-circuit photovoltage (Voc) also
decreased from 0.60 to 0.55 V. These results revealed that the
meta-carboxyl group was not conductive to charge injection. A
similar phenomenon was observed in the cell performance

sensitized by PESm. Whereas, when the salicylic acid was used
as the anchoring group in which the carboxyl group and
hydroxyl group was located in the para and meta position of the
ethyne bridge in PESp, the Jsc was promoted from 5.95 to 11.14
mA/cm2 with the assistance of a hydroxyl group. Thus, the total
photoelectronic conversion efficiency was enhanced up to
4.55%. The performance of these dyes with the salicylic acid as
a tridentate anchoring group is superior than that with a
carboxylic acid as the anchoring group.26 On the other hand,
the orientation of the carboxylic group and hydroxyl group also
affects the photoelectric conversion efficiency due to the
different transportation mode of electrons that can be clearly
seen from the DFT calculation results.
The incident monochromatic photon-to-electron conversion

efficiency (IPCE) spectra of the new dyes-sensitized devices
can be seen in Figure 8. The order of IPCE values of new dyes
is as follows: PESp > PE1 > PESm > PE1m. The IPCE(λ) can
be defined as IPCE (λ) = ηLHEηinjηcol (where ηLHE is the light
harvesting efficiency, ηinj is the electron injection yield from the
excited sensitizer into TiO2, and ηcol is the electron collection
efficiency).2,15,32 The different IPCE values of four curves
demonstrate that the salicylic acid, as an tridentate anchoring
group, provides an efficient interfacial quantum yields of
electron injection and collection from the metalloporphyrins to
the semiconductor; also, the orientation of the carboxylic group
is another important factor for this type of dye’s designs. It is

Table 1. Absorption/Emission and Electrochemical Properties of Zinc Porphyrin Dyes

dye absorptiona λmax (nm)(ε[10
3 M−1cm−1]) emissiona λem (nm) E0−0

b eV Eox
c (V vs NHE) Es+/s*

d (V vs NHE)

PE1 438(319), 566(12.3), 615(19.2) 627, 677 2.10 1.01 −1.09
PE1m 435(284), 565(12.1), 612(14.4) 619, 671 2.11 1.02 −1.09
PESp 439(362), 567(14.2), 616(23.9) 628, 677 2.08 1.04 −1.04
PESm 437(286), 566(15.1), 614(19.7) 625, 677 2.08 1.00 −1.08

aAbsorption and emission spectra were measured in THF solution at room temperature. bE0−0 was determined from the intersection of normalized
absorption and emission spectra. cThe oxidation potentials of dyes were measured in THF with 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6) with a scan rate of 50 mVs−1 (vs NHE). dES+/S* was calculated by Eox − E0−0.

Figure 4. Normalized PL spectra of the porphyrin dyes in THF.

Figure 5. Molecular orbitals of zinc porphyrin dyes.

Figure 6. Energy-level diagram of zinc porphyrin dyes.

Figure 7. J−V characteristics of DSSCs sensitized by zinc porphyrin
dyes.

Table 2. Photovoltaic Performance of Dye Sensitized Solar
Cells Based on Zinc Porphyrin Dyes

dye Voc (V) Jsc (mA/cm2) FF (%) η (%)

PE1 0.60 5.95 63.2 2.26
PE1m 0.55 1.83 63.7 0.64
PESp 0.63 11.14 64.9 4.55
PESm 0.56 3.55 61.9 1.22
N719 0.78 13.65 67.6 7.20
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clearly seen from absorption spectra that the dyes have similar
light-harvesting efficiencies (ηLHE), and the improvement of
photoelectronic conversion efficiency and IPCE was attributed
to the electron injection (ηinj) and collection (ηcol).
Electrochemical Impedance Spectroscopy. To further

explain the enhancement of photovoltaic performance and
IPCE of new dyes with salicylic acid as an efficient anchoring
group, the interfacial charge transportation in the DSSC devices
was investigated by electrochemical impedance spectroscopy,
which was carried out at different applied potentials under dark
conditions.33−36 The chemical capacitance (Cμ), the interfacial
charge recombination resistance (Rct), and the electron lifetime
(τn) for PE1 and PESp are depicted in Figure 9, respectively. Cμ

reflects quantitative information about the position of the
conduction band.37 The plots of Cμ value show that the
positions of the conduction band edge of sensitized TiO2 were
similar. The electron recombination occurs at the interface
between the semiconductor and the electrolyte, and this
process always competes with the collection of electrons in the
conduction band. In a comparison of the recombination
resistance (Rct) between two devices of PE1 and PESp, it can be
seen that the value of Rct for PESp is higher than that of PE1,
indicating more difficult electron recombination. The larger the
Rct value, the more efficient the electron collection (ηcol). The
electron lifetime (τn) is plotted in Figure 9c as a function of bias
potentials for PE1 and PESp, which is vitally important to the
devices.38,39 The PESp device exhibited a relatively long
electron lifetime compared with the PE1 device, because the
salicylic acid binds to the interface, causing a delay of
interaction between electrons and I3

− ions, which benefit for
the photovoltaic performance. Our results indicate that salicylic
acids located in the para position of ethynyl as an anchoring
group could facilitate the electron transportation from the dye
to TiO2 due to its intimate contact with the semiconductor
surface via a tridentate binding mode by the carboxyl group and
hydroxyl group, which furnishes more electron pathways.

■ CONCLUSION
In conclusion, the salicylic acid, as an anchoring group, has
been introduced into the phenylethylnyl porphyrinatozinc dyes.
When the salicylic acids is located in the para position of
ethynyl, a significant enhancement in photoelectric conversion
efficiency of the zinc porphyrin dyes sensitized solar cells can be
observed, which is double of that with only benzoic acid as the
anchoring group by reason for a tridentate binding modes and a
good orientation of functional groups between salicylic acid and
TiO2 nanoparticles, which should augment the interfacial

quantum yields of electron injection and collection. This
strategy should be increased in this field.
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