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In this study, synthesis and investigation of a novel zinc-porphyrin derivative bearing C,s-containing amide groups for

potential use in dye-sensitized solar cells (DSSCs) are presented. According to absorption spectra and electrochemical
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data, the target porphyrin has appropriate highest occupied molecular orbital (HOMO) and lowest unoccupied molecu..

orbital (LUMO) energy levels. The device studies revealed that the DSSCs based on the target porphyrin exhibited high

light harvesting efficiency in the Q-bands region and the increased photocurrent, compared to the DSSCs based on

benchmark derivative bearing no alkyl amide groups on the meso-phenyl substituents. The optimum DSSC based on t-~

target porphyrin gave a short-circuit photocurrent density (Js.), an open-circuit voltage (V,.) and a fill factor (FF) of 5.€

mA-cm ™, 0.7 V and 0.78, respectively, with the overall power conversion efficiency (PCE) of 3.1%.

Introduction

With their large molar absorption coefficients, and amenability
to structural modifications for tuning of the electrochemical
and photophysical properties, porphyrin derivatives have
attracted interest in the field of organic optoelectronics.1
Since the great success in developing porphyrin-based dye-
sensitized solar cells (DSSCs) with power conversion efficiency
(PCE) of 12.3% in 2011,2 intensive efforts have been put
towards design and development of the novel porphyrins to
enhance the cell efficiency. In the operation of the DSSCs, one
of the critically undesirable pathways is charge recombination
between photo-injected electron at TiO, and oxidized dye
and/or electrolyte. Ballester and Palomares et al. reported the
suppression of the recombination between photo-injected
electron at TiO, and the electrolyte in the DSSCs by using of a
porphyrin dye bearing Cs alkyl groups on meso-phenyl
substituents.’ Moreover, the sizable linear alkyl chains were
reported to form a hydrophobic layer covering the dye layer,
resulting in higher stability of the DSSCs* and have the self-
assembly property that can give the well-organized surface
coverage of the dyes on the TiO, films and efficient electron
inj(-:—ction.5 In this work, we aim to synthesize and investigate a
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novel zinc-porphyrin bearing three C,;-containing amide
groups, and a carboxyl group at para positions of the meso-
phenyl substituents for its potential use in the DSSCs. The Cy,4
alkyl chain was used in this study as a representative of the
long linear alkyl chains. An amide group was chosen to be a
linker between the porphyrin macrocycle and the C,; alkyl
meso-substituents because it is known as a robust functional
group that can be readily formed. Furthermore, the amide
group was demonstrated to promote the self assembly in the
dye layers of the organic solar cells by hydrogen bonding.6 Th~
photophysical and electrochemical properties of the target
molecule, and the effect of the C,4-containing amide groups on
the DSSC performance will give a useful guideline for the
introduction of the long alkyl chains in the porphyrinic
photosensitizing systems for the DSSCs.

Experimental Section

Material and Methods. All chemicals were analytical grade,
purchased from commercial suppliers and used as received
without further purification. "H-Nuclear magnetic resonance
(NMR) and BC.NMR spectra were obtained in deuterated
chloroform (CDCls) using a NMR spectrometer operated at 400
megahertz (MHz) for "4 and 100 MHz for *3*C nuclei. Chemicai
shifts (8) are reported in parts per million (ppm) relative to the
residual CHCI; peak (7.26 ppm for 'H-NMR and 77.0 ppm fer
13C-NMR). Coupling constants (J) are reported in Hz. Mass
spectra were obtained by matrix-assisted laser desorption
ionization mass spectrometry (MALDI-MS) using dithranol as .
matrix. Absorption and emission spectra of the solutions we. =
measured in toluene at room temperature and an absorptior
extinction coefficient (¢) was reported in L/mol-cm. Tle
absorption of the porphyrin film on TiO, was recorded at room
temperature by using the same TiO, film as a blank.
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Non-commercial Compound. Porphyrin 4 was prepared

. . 7
following literature procedure.

Synthesis of tetracosan-l1-amine (3). Following a published
method® with modified reaction time and work-up procedure,
a mixture of lignoceric acid (1, 1.002 g, 2.718 mmol) and
thionyl chloride (1.800 g, 15.13 mmol) in tetrahydrofuran (THF,
4 mL) was refluxed for 1 h. The remaining thionyl chloride was
removed under reduced pressure to obtain an orange brown
oil containing tetracosanoyl chloride, which was treated with a
cold agueous ammonia solution (25% w/w, 20 mL) at room
temperature. After 3 h, the mixture was extracted with CH,Cl,
(3 x 50 mL). The organic phase was collected and dried over
anhydrous magnesium sulfate. After the removal of solvent
under reduced pressure, the resulting yellow crude was
treated with hexanes (30 mL). The mixture was then sonicated
for 10 min and placed in a refrigerator (4 °C) overnight for
precipitation. The resulting precipitate was filtered and
washed with cold hexane and dried under vacuum to obtain
tetracosanamide (2) as a colorless solid (0.802 g, 80%). 'y-
NMR & 0.87 (t, J = 6.8 Hz, 3H), 1.03—-1.45 (m, 30H), 1.51-1.67
(m, 4H), 1.72-1.91 (m, 4H), 2.29 (t, J = 8.0 Hz, 2H), 3.53-3.60
(t,J = 6.4 Hz, 2H), 4.05-4.12 (t, J = 6.4 Hz, 2H); *C-NMR & 14.1,
22.7, 25.0, 26.1, 29.15, 29.18, 29.3, 29.4, 29.5, 29.6, 29.65,
29.69, 31.9, 34.3, 44.4, 63.3, 173.9; MALDI-TOF-MS m/z obsd
367.934 [M], caled 367.652 (M = CysHagNO).

A solution of compound 2 (0.802 g, 2.18 mmol) in diethyl ether
(20 mL) was treated with LiAlH, (0.805 g, 21.2 mmol) at 0 °C
and the reaction was continued at room temperature for 17 h.
After that, the reaction was quenched by adding water (1.00
mL), 15 % NaOH (1.00 mL) and then water (3.00 mL). The
filtered the resulting filtrate was
concentrated under reduced pressure, leading to tetracosan-1-
amine (3) as a colorless solid (0.515 g, 67%). "H-NMR & 0.82—
0.97 (m, 11H), 1.00-1.49 (m, 18H), 1.49-1.63 (m, 8H), 1.63—
1.77 (m, 2H), 1.77-1.96 (m, 2H), 2.67 (t, J = 6.8 Hz, 2H), 3.63
(m, 8H); BC.NMR & 14.1, 22.7, 25.8, 26.9, 29.35, 29.44, 29.5,
29.6, 29.7, 31.9, 32.8, 33.8, 42.2, 63.0; MALDI-TOF-MS m/z
obsd 353.835 [M"], calcd 353.668 (M = CpqHs:N).

Synthesis of Zn-5. Following a previously reported procdure9

mixture was and

with modified stoichiometry, a solution of porphyrin Y (0.149
g, 0.188 mmol) in THF (10 mL) was treated with N-
hydroxysuccinimide (NHS, 0.217 g, 1.88 mmol, 10 equiv.) and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC-HCI, 0.432 g, 2.26 mmol, 12 equiv.). The reaction mixture
was stirred at reflux temperature for 2 d and then the solvent
was removed under reduce pressure. The crude mixture was
redissolved in THF (10 mL) and the resulting solution was
treated with compound 3 (0.815 g, 2.30 mmol, 12 equiv.) and
triethylamine (TEA, 5 mL). The reaction mixture was stirred at
refluxing temperature for 1 d and then the solvent was
removed under reduce pressure. Column chromatography
[silica, CH,Cl, : EtOH : TEA (96 : 3 : 1)] afforded a crude
containing compound 5: MALDI-TOF-MS m/z obsd 1800.122

[M*], caled 1797.733 (M = CjoH177N505). Following a

2 | J. Name., 2012, 00, 1-3

previously published procedure,10 a solution of compound 5 in
chloroform (3 mL) was reacted with a solution of zinc acetat
dihydrate (0.045 g, 0.206 mmol) in methanol (1 mL) at room
temperature for 3 h. After that, the resulting mixture was
extracted by CH,Cl, and H,0. The organic phase was dricd
over anhydrous magnesium sulfate and concentrated under
reduced pressure. The resulting solid was washed with hexane
and then methanol to afford compound Zn-5 as a purple solid
(0.016 g, 5% from compound 4). mp > 230°C (from methanol);
"H-NMR & 0.81-0.92 (m, 12H), 1.15-1.59 (m, 81H), 1.68-1.83
(m, 6H), 1.85-2.60 (m, 30H), 3.36-3.78 (m, 18H), 6.43—6.51 (m,
3H), 8.09-8.18 (m, 6H), 8.20-8.30 (m, 8H), 8.40-8.52 (m, 2H),
8.74-8.87 (m, 8H); BC.NMR & 8.0, 8.1, 8.6, 11.1, 12.0, 14.0,
19.1, 22.6, 23.8, 25.5, 27.1, 27.7, 28.3, 28.6, 28.8, 29.0, 29.2,
29.4, 29.6, 29.8, 31.8, 39.6, 40.3, 42.2,45.8, 52.9, 58.05, 58.09,
63.2, 65.2, 67.5, 67.9, 70.5, 119.2, 119.3, 120.2, 125.4, 127.
131.3, 134.2, 134.4, 134.5, 141.2, 144.6, 144.8, 144.9, 167.”
170.9; MALDI-TOF-MS m/z obsd 1862.492 [M'], calcd 1861.127
(M = ZnCy20H175N505); Asps (€) 426 (3.2 x 10°), 556, 597; Aem (
=426 nm) 605, 651 nm.

Electrochemical Studies. Cyclic voltammetric measurements
were with  an  Autolab  PGSTAT101
potentiostat/galvanostat (Eco Chemie, The Netherlands) usin,
a conventional three-electrode configuration. A water-
jacketed glass cell was employed to control the reaction
temperature. A glassy carbon electrode with a disk diameter
of 3.0 mm was used as a working electrode. Before use, the
electrode was polished with an aqueous suspension of alumina
powder and rinsed thoroughly with deionized water. A
platinum wire was applied as an auxiliary electrode. All
potentials are quoted with respect to a silver/silver ion
(Ag/Ag’) reference electrode in an acetonitrile solution; tk
electrode was externally calibrated with a
ferrocene/ferrocenium ion (Fc/Fc’) redox couple and has a
potential of 0.548 V vs. normal hydrogen electrode (NHE).“
Cyclic voltammograms were recorded at scan rates of 100-500
mV-s " in freshly distilled and deoxygenated CH,Cl, containing
0.10 M tetrabutylammonium perchlorate (TBAP). A
deaeration procedure was carried out with the aid of ultra-
high purity (UHP) argon.

carried out

Device Fabrication and Characterization. A mesoscopic TiO, film
composed of an 8-um thick transparent layer of 20 nm sized
TiO, anatase nanoparticles onto which a second 5 um thick
scattering layer of 400 nm sized TiO, was superimposed. The
detailed methods for TiO, film preparation, device fabricatio=
and photocurrent-voltage measurements can be found in the
earlier report.12 The double layer films were heated to 500 °C
and sintered for 30 min. After cooling down to 80 °C, the filr -
were immersed into the dye solution (300 uM) in a mixture of
THF and ethyl alcohol (v/v, 1/4) for 16 h. The stained
photoanode was fabricated with the platinized count ir
electrode using a 25 um thick Surlyn film (Dupont, USA) anu
sealed by a hot-press machine. In this study, an acetonitril -
based electrolyte containing 1.0 M 1,3-dimethylimidazoliu.

iodide (DMII), 0.1 M Lil, 30 mM 1,, 0.5 M tert-butylpyridir

This journal is © The Royal Society of Chemistry 20xx
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(tBP), and 0.1 M guanidiniumthiocyanate (GNCS) in a mixed
solvent of acetonitrile and valeronitrile (v/v, 85/15) was used
to fill the internal gap between two glasses.

To characterize the solar cells, a 450 W xenon light source
(Oriel, USA) was used. The current-voltage characteristics
were obtained by applying external potential bias to the cell
and measuring the generated photocurrent with a Keithley
model 2400 digital source meter (Keithley, USA). The devices
were masked to attain an illuminated active area of 0.159 cm”’.
Loss of light reflection from photoanode glass was reduced by
applying a self-adhesive fluorinated polymer anti-reflecting
film (ARKTOP, Asahi glass). Up to four devices were fabricated
for each experimental variable change to make the opportune
statistics. A modulated light intensity data acquisition system
was used to control the incident photon-to-current conversion
efficiency (IPCE) measurement. The modulation frequency
was about 1 Hz. Light from a 300 W Xenon lamp (ILC
Technology, USA) was focused through a computer controlled
Gemini-180 double monochromator (JobinYvon Ltd., UK) onto
the photovoltaic cell. White light bias was used to bring the
total light
conditions.

intensity on the device closer to operating

Photovoltage transients were detected by using a pump pulse
generated by four red light emitting diodes controlled by a fast
solid-state switch with the white light bias. The pulse of the
red light with the width of 50 ms was incident on the
photoanode side of the cell, and its intensity was controlled to
keep a suitably low level to generate the exponential voltage
decay where the charge recombination rate constants were
obtained directly from the exponential decay rate.”® The white
bias light, also incident on the same side of the devices, was
supplied by white diodes. The photo-induced charge density
as function of the white light bias intensity was obtained by
charge extraction measurement where the stored charges
under open circuit conditions were extracted by placing the
cell under short circuit conditions.

Results and Discussion

Synthesis.

The synthesis started with the reaction between lignoceric acid
(1) and thionyl chloride to obtain the corresponding acid
chloride, which was reacted further with a 25% NH,;OH
solution, leading to compound 2 in 80% vyield (Scheme 1).
After that, compound 2 was reduced by LiAIH, to afford
compound 3 in 67% yield.

j\ (i) SOCI, THF o LiAIH,
CH, _reflux, 1h CHs 0°C, 17 h cH
HO™ NCHaZ Gy 0o, 3 M (CHIE o RN e
L0°c, 6
] 80% 2 3

Scheme 1. Synthesis of amine precursor 3

The preparation of the target compound relies on a three-step
procedure recently published by our group.9 Compound 4
was subjected to a reaction of with NHS and EDC-HCI, followed

This journal is © The Royal Society of Chemistry 20xx
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by a condensation of the resulting air-sensitive succinimidyl
ester with an excess amount of amine 3 to give freebas

porphyrin 5 (Scheme 2). The yields from these two steps were
low mainly due to the incompletion of the reaction at three
reaction sites as desired, although the large excess of Nk,
EDC-HCI and amine 3, and the long reaction time were used.
Moreover, attempts to separate compound 5 from other
possible condensed by-products and impurities failed give
pure compound 5. Therefore, the resulting crude containing 5
was directly metallated by Zn(OAc)-2H,0. After the lengthy
chromatographic separation, Zn-5 was obtained in 5% overall
yield. In a mass spectrum, a molecular ion peak of Zn-5 was
observed at m/z 1862.492, confirming the formation of Zn-5.
The solubility of Zn-5 in common organic solvents, e.g. CH,Cl,,
CHCl;, and THF, was found to be approximately 10 mg~mL'1,
which is sufficient for a routine wet process in the DSSC
fabrication.

(i) NHS, EDC-HCI, THF
reflux, 2 d

(i) CHy(CHy)z5NH; (3)
TEA, THF, reflux, 1d

(iii) Zn(OAc),: 2H,0
MeOH/CHClg, rt, 3 h

5%

CONH(CH,)23CHs

HyC(H,C)sNHOC

COHN(CH,),3CH3

Zn-5

Scheme 2. Synthesis of the target compound

Photophysical and Electrochemical Properties.

As shown in Figure 1, an absorption spectrum of a Zn -
solution in toluene exhibited a characteristic pattern of Zn-
porphyrin having an intense B-band at 426 nm, and Q-bands at.
556 and 597 nm (black solid line). The absorption pattern of a
Zn-5 film on TiO, was very similar with slightly broader bands
than those of the Zn-5 solution, most likely due to tle
aggregation of the porphyrin macrocycle (red dashed line).

This observation indicated that the C,;-containing amic 2

J. Name., 2013, 00, 1-3 | 3
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groups on the meso-phenyl substituents of the porphyrin ring
did not significantly affect the photophysical properties of Zn-5
in terms of absorption as a function of the wavelength of an
incident light.

—— Zn-5 solution
= =Zn-5 film
o
o
<
©
2
=
o
"
a
<
N A
T T "
500 600 700 800

Wavelength /nm

Figure 1. Absorption spectra of the Zn-5 solution in toluene (black solid line) and the
Zn-5 film on TiO, (red dashed line)

Shown in Figure 2 are cyclic voltammograms obtained with a
glassy carbon electrode at the scan rate of 100 mV-s™ in the
potential range of —2.20 to 1.40 V for CH,Cl, containing 0.10 M
TBAP in the presence and absence of 1.00 mM Zn-5. Curves B
and D, recorded as background cyclic voltammograms, exhibit
no significant peaks of the TBAP-CH,Cl, electrolyte solution. In
the positive potential region, a cyclic voltammogram for the
oxidation of Zn-5 (curve A) reveals some electrochemical
features of Zn-5. As fairly seen in the inset of Figure 2
presenting the magnified voltammograms from 0.30 to 1.30 V,
three successive quasireversible redox couples exist. The
anodic peak potentials are approximately at 0.54, 0.79 and
1.01 V, while the corresponding cathodic peak potentials are
at 0.46, 0.71 and 0.92 V, respectively. When the potential was
negatively scanned from 0 V to —2.20 V (curve C), the electro-
reduction of Zn-5 gave relatively small and poorly-defined
irreversible cathodic peaks approximately at -0.81, —1.13,
—1.33, —1.61, —1.91 and -2.08 V, implying multi-step ligand-
centered reduction of porphyrinic units and the conjugated
system of the compound.14

Current/ yA

T

25 20 A5 40 05 00 05 10 15
Potential / V vs. Ag/Ag*
Figure 2. Cyclic voltammograms recorded with the glassy carbon electrode (area =
0.071 cm’) at 100 mV-s " in CH,Cl, containing 0.10 M TBAP in the presence of 1.00 mM
Zn-5 (curves A and C) and CH,Cl, containing only 0.10 M TBAP (curves B and D). Curves
A and B were initially scanned in the positive direction; while curves C and D were
initially scanned in the negative direction. Inset is an expansion of the region between
0.30and 1.30 V.

4| J. Name., 2012, 00, 1-3

To enhance the current size and thoroughly observe the
electrochemical behavior of Zn-5, its cyclic voltammogran

were further collected at the scan rates of 250 and 500 mV-s .
Figures 3a and 3b display cyclic voltammograms of 1.00 mM
Zn-5 initially scanned
directions, respectively, at 100, 250 and 500 mv-s. All peaks
appearing in the cyclic voltammograms recorded at 100 mv-s

solution in anodic and cathoaic

also exist in those collected at the higher scan rates with larger
magnitudes and slight shifts in position. Table 1 summarizes
peak potential (E,) for the oxidation and reduction of Zn-5 at
these three scan rates. Due to the inexplicitness of some
peaks especially those of reduction processes, each cyclic
voltammetric peak was treated as a parabolic curve of which
vertex represents the peak potential. Using scientific graphing
and data analysis software, two tangent lines from both sides
were drawn to achieve the intercept which is connected wi -
the vertex via a straight line perpendicular to the parabc'.
base.”
three measurements were made at all positions and tk-
relative standard deviations of the obtained potentials are less
than 0.35%.

To achieve accurate peak potential values, at least

Current/ A

0.0 0.4 08 12 16
Potential / V vs. Ag/Ag*

Current / pA

250117/ 2 “Ri
2 v 3 .
[ .- 'R2
500, R6 4l h
16 44 12 10 08 06
T T R S R S AR
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

Potential / V vs. Ag/Ag*

Figure 3. Cyclic voltammograms recorded with the glassy carbon electrode (area =
0.071 cm’) from (a) 0 to +1.40 to 0 V and (b) 0 to —2.20 to 0 V in CH,Cl, containing 0.
M TBAP and 1.00 mM Zn-5 at 100 (solid line), 250 (dotted line), and 500 (dashed line)
mV-s. Insetis an expansion of the region between —-0.60 and —1.50 V.

For the oxidation of Zn-5, the differences between the anodic
and cathodic peak potentials (AE,) of the three redox couples
are approximately 80-110 mV. Since an electron transfer
high-resistance organic media always gives AE, larger than th.
theoretical value of 59/n mVv*® and AE, for the one-electro,
reversible Fc/Fc' couple in the 0.10 M TBAP-CH,Cl, solutic -

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Peak potential (E,) values for the cyclic voltammograms of Zn-5
Oxidation (from 0 to 1.40to 0 V) Reduction (from 0 to —2.20 to 0 V)
Scan rate / E,. in the forward scan / V E,c in the backward scan / V E, in the forward scan / V
mv-s™ 01 02 03 01 02 03 R1 R2 R3 R4 R5 R6

100 0.54 0.79 1.01 0.46 0.71 0.92 -0.81 -1.13 -1.33 -1.61 -1.91 -2.08

250 0.55 0.84 1.07 0.46 0.74 0.97 -0.82 -1.17 -1.36 -1.67 -1.92 -2.09

500 0.55 0.84 1.07 0.46 0.74 0.97 -0.84 -1.17 -1.37 -1.67 -1.92 -2.12

Epa= anodic peak potential; and £, = cathodic peak potential.

Each entry represents the average peak potential value achieved from at least three measurements.
The potential is quoted with respect to the Ag/Ag’ reference electrode and externally calibrated with the Fc/Fc* redox couple having a potential of 0.548 V vs. NHE."

has a value of nearly 120 mV (data not shown), each oxidation
of Zn-5 in CH,CIl, is possibly involved with one electron. In
addition, it is worthwhile to consider the effect of the scan rate
on peak current even though not all of the peak currents could
be determined due to size limitation. For the third oxidation
(03), the anodic peak currents at 100, 250 and 500 mV-s " are
1.41, 2.05 and 3.01 uA, respectively. A plot of these anodic
peak currents vs. square root of scan rates demonstrates linear
behavior (not shown), elucidating the diffusion-controlled
oxidation process of Zn-5.

Using the data in Table 1, half-peak potential (E£;/,) for the
oxidation of Zn-15 in CH,Cl, containing 0.10 M TBAP can be
calculated. Table 2 displays Ej/; values of all three oxidation.
Following the previous studies,17 the data from cyclic
voltammetry and absorption spectroscopy can be used to
estimate a highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy level of
the dyes. The Ejj, value of the first oxidation (E;/>(ox1)) can
represent the HOMO energy level of a dye, while the LUMO
one can be calculated from an excited state oxidation potential
(Eo_o*) by a following equation:

Eoo = E1jp(0x1) = Egoq,

when Eq is the absorption onset of the dye that represents its
energy gap. The results indicated that the HOMO energy level
and the energy gap of Zn-5 were +0.50 V and 2.03 V,
respectively. Therefore, its LUMO energy level was calculated
to be —1.53 V. With the LUMO energy level being more
negative than the conduction band of TiO, (—0.50 V vs. NHEU),
the electron injection of the excited dye to TiO, surface should
be thermodynamically possible in the Zn-5-based DSSCs. At
the same time, the more positive energy level of its HOMO
compared with the oxidation potential of an iodide
ion/triiodide ion (I'/l3) redox couple (+0.40 V wvs. NHE17)
suggested that the dye regeneration by the I/l3 electrolyte
should be also favorable in the devices.

This journal is © The Royal Society of Chemistry 20xx

Table 2. Half-peak potential (Ey,) values for the oxidation of Zn-5

Half-peak potential (Ey,) / V

Scan rate / mV-s™

o1 02 03
100 0.50 0.75 0.97
250 0.51 0.79 1.02
500 0.51 0.79 1.02

Ei2 = (Epa + Epc)/2, when Ep, = anodic peak potential and E,. = cathodic peak
potential.'®

The potential is quoted with respect to the Ag/Ag” reference electrode and
externally calibrated with the Fc/Fc” redox couple having a potential of
0.548 V vs. NHE."

Photovoltaic Characteristics.

The photovoltaic performance of Zn-5-based DSSCs, i.e. the
(J-V) curve and IPCE was
investigated in test devices using a standard double layer TiO;

photocurrent density-voltage

film (8+5 um) and a volatile acetonitrile-based electrolyte. The
detailed composition is described in the device fabrication
section. The IPCE of Zn-5-based device in Figure 4 shows the
peak values of 49.1%, 35.2% and 30.7% at 440, 560 nm and
610 nm, respectively. These IPCE peaks are in accordance with
the respective B-band and Q-bands in the absorption spectrum
of Zn-5 in the solution shown in Figure 1. It can be implied
from the IPCE spectrum that the ratio of the peaks of the low-
energy photon absorption to the peak of the high-energy
photon absorption appeared to be 0.72 and 0.63 at tl
respective wavelength of 570 and 610 nm. These values are
almost two times higher than those obtained from IPCE data of
ZnTPP-COOH (approximately 0.3 and 0.2).18 This suggested «
substantial enhancement in the light harvesting efficiency in
the visible region of Zn-5 absorbed on the TiO, surface as
result of the Cy,-containing amide groups on the meso-pher. 'l
substituents of the porphyrin macrocycle.

J. Name., 2013, 00, 1-3 | 5
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Figure 4. IPCE spectrum of the Zn-5-based DSSCs

The J-V curves of the devices with the volatile electrolyte
under standard light illumination (AM 1.5 G 100 mW-cmfz) are
The best Zn-5-based DSSC exhibited
parameters; i.e.

shown in Figure 5.
photovoltaic short-circuit photocurrent
density (Jsc), an open-circuit voltage (V,.) and a fill factor (FF) of
5.6 mA-cmfz, 0.7 V and 0.78, respectively, which yielded a
photoconversion efficiency (PCE) of 3.1%. To our surprise, the
Jsc of the device has been increased up to 180% of the original
value by simply exposing the device under the simulated full
sunlight for 40 minutes before the J-V measurement, leading
to the increment of the PCE value from 1.6% to 3.1%. We
assume that the steric effect of porphyrin bearing the Cy-
containing amide groups can be subdued by the light exposure,
allowing more photoelectrons to be generated and raising a
passage of electrons throughout the redox mediator. On the
other hand, by comparing with the results observed from
ZnTPP-COOH that was reported earlier,18 it was found that the
presence of the Cy,-containing amide groups at para positions of
the meso-phenyl substituents of Zn-5 caused remarkable
This
phenomenon can be attributed to the long alkyl moieties

increase in the photocurrent (4.2 vs. 5.6 mA-cmfz).

enfolding in the circumference of the porphyrin macrocycles
which decelerate the rate of charge recombination between
the photo-injected electron and I3 ions in the electrolyte at
the TiO,/electrolyte interface, corresponding to the previous
studies.? Nevertheless, the measured PCEs of the Zn-5 based
devices are relatively low. This might be resulted from the low
amount of surface coverage of the dye molecules on TiO, film
due to the bulkiness of the long alkyl groups and the porphyrin
aggregation on the TiO, surface that was also found in the

. 3,518
preceding reports.
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Figure 5. Photocurrent density-voltage curves of the Zn-5-based DSSCs

In order to elucidate the rate of electron recombination
between Zn-5, TiO, nanoparticles and the oxidized electrolyte,
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the transient photovoltage decay measurement
performed. Figure 6a shows the electron recombinatic

lifetime, which is the inverse of the recombination rate of the

was

injected electrons, as a function of V,. in the device. This data
represents the difference between the redox level of tl.=
It appears
in this plot that the electron lifetime decays exponentially with

electrolyte and the quasi-Fermi level in the TiOz.19

the stronger light intensity, suggesting that the recombination
processes of the photoelectrons occur faster via the I3 ions in
the electrolyte, compared with the recombination processes
via the TiO, phase, when the photoelectrons are filled in the
higher energy states of TiO,. In addition, Figure 6b shows the
chemical capacitance-voltage characteristics of the device.
The chemical capacitance is a representation of the electron
density of state that increases with bias potential at open
circuit condition as the density of state occupancy progresses.
It is implied from Figure 6b that the chemical capacitancc
dependence on V,. exhibits an approximate exponential form

1
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Figure 6. (a) Electron recombination lifetime and (b) chemical capacitance plotted as a
function of open circuit voltage in the Zn-5-based DSSCs, derived from photovoltage
transients at the various white light bias intensities

Conclusions

This study has shown that synthesis of the target porphyrin
bearing three C,;-containing amide groups and a carboxyl
group on meso-phenyl substituents was achieved. The
presence of the Cys-containing amide groups did not
significantly affect the photophysical properties of the
porphyrin dye. Cyclic voltammetry measurement gave goc~’
understanding on the electrochemical behaviour of the dye
and also indicated that the HOMO-LUMO energy levels were
suitable of the dye for DSSC application.
indicated that the presence of the C,;-containing amide grouy. -

The device studir

led to significant improvement of the DSSCs in terms of mor~
efficient light harvesting in the Q-bands region and high r
photocurrent, compared to the previously reported ZnTPP-
COOH-based DSSCs.

This journal is © The Royal Society of Chemistry 20xx
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