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ABSTRACT: Porphyrin sensitizers containing meta- and
para-carboxyphenyl groups in their meso positions have
been synthesized and investigated for their performance in
dye-sensitized solar cells (DSSCs). The superior performance
of para-derivative compared to meta-derivative porphyrins was
revealed by optical spectroscopy, electrochemical property
measurements, density functional theory (DFT) calculations,
attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy, incident photon-to-current conversion
efficiency (IPCE), electrochemical impedance spectroscopy
(EIS), and stability performance. Absorption spectra of para-
carboxyphenyl-substituted porphyrins on TiO, show a broader
Soret band compared to meta-carboxyphenyl-substituted
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porphyrins. ATR-FTIR spectra of the studied porphyrins on TiO, were applied to investigate the number and mode of
carboxyl groups attached to TiO,. The Vi, Jsc, and IPCE values of para-series porphyrins were distinctly superior to those of
meta-series porphyrins. The Nyquist plots of the studied porphyrins show that charge injection in para-series porphyrins is
superior to that in meta-series porphyrins. The orthogonally positioned para derivatives have more efficient charge injection and
charge transfer over charge recombination, whereas the efficiencies of flat-oriented meta derivatives are retarded by rapid charge
recombination. Photovoltaic measurements of the studied meta- and para-carboxyphenyl-functionalized porphyrins show that the
number and position of carboxyphenyl groups play a crucial role in the performance of the DSSC. Our results indicate that para-
carboxyphenyl derivatives outperform meta-carboxyphenyl derivatives to give better device performance. This study will serve as
a guideline for the design and development of organic, porphyrin, and ruthenium dyes in DSSCs.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) are emerging as important
systems in the search for environmentally friendly and
economically viable renewable energy sources."” These systems
have offered diverse research golas, such as the design and
synthesis of highly efficient sensitizing dyes, control of the
morphology of TiO, photoanodes and platinum counter
electrodes, the development of various electrolytes, and device
fabrication techniques. Optimization in each of these areas has
great importance in improving overall device efficiency. The
design and synthesis of highly efficient sensitizers is the most
attractive but challenging task. Several ruthenium, organic, and
porphyrin dyes have been synthesized and investigated in terms
of their performance in DSSCs.>~” Ruthenium dyes offer an
average efficiency of 11%, but their application might be limited
due to the scarcity of ruthenium metal and environmental
concerns.® '® Organic dyes have attracted much attention
because of their ease of synthesis and moderate efficiency, but
ultrahigh efficiency and long-term stability have not yet been
achieved."'™'® The intrinsic rigid molecular structures, fast
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electron injection, and large absorption coefficients of
porphyrins make them the most suitable candidates for use in
DSSCs.*™** Moreover, the free internal core for metalation
and four meso and eight B-pyrrole positions can be used for
tuning their optical, electrochemical, and photophysical proper-
ties.”> % Currently, record high efficiencies of 12% and 13%
were achieved by GYS50 and SM31S porphyrin dyes,
respectively, using a cobalt electrolyte under standard one-sun
illumination.””*® Tt has been observed that the type of
anchoring group attached to the semiconducting layer plays
an important role in determining the power conversion
efficiency and stability of dyes.**** Carboxylic acid, carbox-
yphenyl groups, cyanoacrylic acid, phosphonic acid, sulfonic
acid, carboxyl esters, and carboxyl salts have been studied as
anchoring groups used in porphyrin sensitizers; however, the
carboxyphenyl group is the most commonly used anchoring
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unit in porphyrins for use in DSSCs. In the literature, very few
articles have compared the effects of meta-anchoring versus
para-anchoring units on the efficiency of DSSCs.”* > Camp-
bell and co-workers reported that meta-carboxyphenyl-sub-
stituted porphyrins do not aggregate and lie flat on the TiO,
conduction band (CB), which significantly increases the short-
circuit current (Isc) and and open-circuit voltage (Vo)
compared to those obtained using para-carboxyphenyl-
substituted porphyrins.” Rochford et al. also reported that
meta-carboxyphenyl porphyrin derivatives do not undergoes
aggregation compared to para-carboxyphenyl porphyrin de-
rivatives.*> Odobel et al. showed that porphyrins containing
meta-phenylphosphonic acids show superior cell performance
compared to those containing para-phenylphosphonic acids.”
Very recently, Si and He reported that meta- carboxyphenyl
zinc porphyrin derivatives give lower performance than para-
carboxyphenyl zinc porphyrin derivatives.>* Figure 1 shows the
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Figure 1. Efficiency comparison of meta-anchoring and para-anchoring
dye derivatives. The names of the dyes in the respective article are
included in parentheses. meta-1 (m-ZnTCPP-[S]),** para-1 (p-
ZnTCPP-[S]),* meta-2 (10),*" para-2 (9),*" meta-3 (2p),>* para-3
(2m),** meta-4 (2m-Zn),>* para-4 (2m-Zn),>> meta-5 (3m-Zn),>
para-5 (3m-Zn),** meta-6 (4),>* and para-6 (7).

comparative efficiency data of meta- and para-anchoring units
in porphyrins and organic dyes for use in DSSCs. Rochford et
al. reported that the flat orientation of meta-COOEt;NH-
substituted porphyrin (meta-1 in Figure 1) gives greater charge
injection into the TiO, CB, giving a higher efficiency and
incident photon-to-current conversion efficiency (IPCE) than
para-COOEt;NH-substituted porphyrin (para-1 in Figure 1).*°
Lee et al. showed that J-substituted para-carboxyphenyl
porphyrin (para-2 in Figure 1) gives a higher efficiency than
meta-carboxyphenyl-substituted porphyrin (meta-2 in Figure
1).3' Recently, a comparative DSSC performance study on
ortho-carboxyphenyl-, meta-carboxyphenyl-, and para-carboxy-
phenyl-substituted porphyrin derivatives showed that the meta
and para derivatives are distinctly superior to the ortho
derivatives, although the meta derivatives (meta-3, meta-4, and
meta-S in Figure 1) and the para derivatives (para-3, para-4,
and para-$ in Figure 1) give mixed performances.*” In the case
of azo organic dyes, para-carboxyphenyl-substituted dye (para-
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6 in Figure 1) gives a higher efficiency than meta-
carboxyphenyl-substituted dye (meta-6 in Figure 1).**

Our laboratory has been focused on the development of
novel regular porphyrins, core-modified porphyrins,*>*® and
expanded porphyrins®’ for DSSCs. To understand the effects of
meso substituents on zinc porphyrins, we have designed series
of porphyrins with various numbers and positions of para-
carboxyphenyl and thienyl groups in the meso position and
demonstrated that the performance of multianchoring
porphyrins is distinctly superior to that of their monoanchoring
porphyrin analogues.®® Based on these fruitful conclusions, we
have synthesized series of 9porphyrins with dual donor—
acceptor units (2D-7-2A)*° and porphyrins with three
carboxyphenyl units (1D-7-3A).*° The general trend observed
for DSSC efficiency of the studied porphyrins was mono-
carboxyphenyl- < trans-carboxyphenyl- < cis-carboxyphenyl- <
tricarboxyphenyl-substituted porphyrins. After extracting these
important conclusions from the above-mentioned studies, we
became interested in studying the effects of meta- versus para-
anchoring-group substitution on the efficiency of porphyrins in
DSSCs. In this work, we have synthesized two series of
porphyrins, classified as meta-carboxyphenyl-group-containing
porphyrins, namely, Zn3TPAmlA, trans-Zn2TPAm2A, cis-
Zn2TPAm2A, and ZnlTPAm3A, and para-carboxyphenyl-
group-containing porphyrins, namely, Zn3TPAlA, trans-
Zn2TPA2A, cis-Zn2TPA2A, and Zn1TPA3A. The molecular
structures of meta- and para-series porphyrins are presented in
Chart 1. In abbreviated names, Zn denotes the presence of zinc
metal in the porphyrin core, TPA stands for the triphenylamine
unit, and A stands for the carboxyphenyl unit. The numbers of
TPA and carboxyphenyl units are denoted by the numerals
preceding the corresponding abbreviations. The letter m is used
to differentiate the meta position of the carboxyl unit of meta-
series porphyrins. The prefixes cis and trans are used to indicate
the position of the carboxyphenyl or TPA units.

2. RESULTS AND DISCUSSION

Synthesis. The synthetic procedures of the meta-series
porphyrin sensitizers Zn3TPAmlA, trans-Zn2TPAm2A, cis-
Zn2TPAm2A, and ZnlTPAm3A are presented in Scheme 1.
Condensation of pyrrole, methyl 3-formylbenzoate, and 4-
(diphenylamino)benzaldehyde catalyzed by boron trifluoride—
diethyl etherate followed by subsequent oxidation by 2,3-
dichloro-S5,6-dicyano-p-benzoquinone (DDQ) afforded mixture
of six porphyrins. The required porphyrins were separated by
column chromatography, and subsequent metalation was
readily achieved by reacting free base porphyrins with zinc
acetate in high yields. The hydrolysis of metal complexes was
achieved by reacting metal complexes with excess aqueous
KOH in a mixture solution of tetrahydrofuran (THF) and
methanol. More synthetic details and characterization data of all
porphyrins are included in the Supporting Information (SI).
The para-carboxyphenyl-substituted porphyrins, Zn3TPAIA,
trans-Zn2TPA2A, cis-Zn2TPA2A, and Zn1TPA3A, were also
synthesized by the same methods; however, the synthetic
details and characterization data for Zn3TPAlA, cis-
Zn2TPA2A, and Zn1TPA3A were reported in our previous
publications.*”** Details of the synthesis and characterization of
trans-Zn2TPA2A are included in the SL

Optical Spectroscopy. The UV—visible peak positions and
molar absorption coefficients (&) of the studied porphyrins
measured in THF solution are listed in Table 1. All of the
studied porphyrins exhibit typical metalloporphyrin features
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Chart 1. Molecular Structures of Meta- and Para-Series Porphyrins Used in This Study
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showing the presence of a single strong Soret band and two
moderate Q bands (Figure S1, SI). The increasing number of
TPA units gives broadening, and the red shift in the Soret band
is attributed to the extended 7-conjugation and inductive effect
of TPA units. For example, in the meta series, the porphyrin
sensitizer Zn3TPAml1A (434 nm) with three TPA units
demonstrated a significant red shift compared to Zn1TPAm3A
(427 nm). trans-Zn2TPAm2A (430 nm) and cis-Zn2TPAm2A
(430 nm), both containing two TPA units, were red-shifted
compared to the single-TPA-unit-containing ZnlTPAm3A
(427 nm) but blue-shifted compared to the three-TPA-unit-
containing Zn3TPAml1A (434 nm). A similar trend was
observed for para-series porphyrins. The emission spectra of
both series were measured in THF, and the emission maxima of
the studied porphyrins are listed in Table 1. Similarly to the
UV—visible spectra, the emission maxima show a red shift with
increasing number of TPA units.

To understand the aggregation behavior of porphyrins on
TiO,, the thin-film spectra of the porphyrins were studied. The
adsorbed porphyrin peaks show distinct behavior compared
with that of their monomers in solvent. All of the porphyrins
show broadening in the Soret and Q bands upon adsorption on
TiO, (Figure S2, SI). In the meta series, the porphyrins cis-
Zn2TPAm2A and ZnlTPAm3A show broadening with red
shifts of 10 and 9 nm, respectively, whereas Zn3TPAm1A and
trans-Zn2TPAm2A show broadening in the Soret band at the
same wavelength. Figure 2a shows UV—visible spectra of cis-
Zn2TPAm2A in THF compared with cis-Zn2TPAm2A
adsorbed on TiO,. The 10-nm red shift on TiO, indicates J-
type aggregation.”>*' In the para series, the porphyrins trans-
Zn2TPA2A, cis-Zn2TPA2A, and Zn1TPA3A show 4-, 8-, and S-
nm red shifts, respectively, with broad shoulders in the blue-
shift region, whereas the porphyrin Zn3TPAlA shows
broadening at the Soret band only. Figure 2b shows UV—
visible spectra of cis-Zn2TPA2A as a monomer in THF
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compared with cis-Zn2TPA2A adsorbed on TiO,. The para-
series porphyrins show more broadening than the meta-series
porphyrins, implementing the optimal light harvesting that
leads to higher power conversion efficiency.

Electrochemical Properties and Energy Levels. Cyclic
voltammograms of the studied zinc porphyrins were measured
in THF using 0.1 M [TBA]PF the an electrolyte showed well-
resolved and reversible oxidation potentials for all except trans-
Zn2TPA2A (Figure S3, SI). The oxidation potentials of trans-
Zn2TPA2A were determined using square-wave voltammetry.
All of the studied porphyrins gave two successive oxidation
steps, the first corresponding to one-electron oxidation of the
TPA group and the second corresponding to one-electron
oxidation of the porphyrin core.*” The excited-state oxidation
potentials (E,,*) were calculated from the equation E,* = E,
— Ey_p, where E_ is the first oxidation potential of the
porphyrin dye and E,_, is the zero—zero excitation energy
obtained from the intersection of the absorption and emission
bands. The HOMO energy level corresponding to the first
oxidation potential and the LUMO energy level corresponding
to E,* were used to plot energy level diagrams, which are
displayed in Figure 3. It is noteworthy that, in the meta- and
para-series porphyrin dyes, the HOMO—LUMO energy gaps
remain almost invariable within a small range of 2.02—2.05 V,
despite the fact that the numbers of TPA or carboxyphenyl
units vary substantially. The energy level diagram demonstrates
that the HOMO levels of all of the studied porphyrin dyes are
more positive than that of the I7/I;™ redox couple electrolyte,
which assures effective reductive regenerations of the oxidized
porphyrin dyes in DSSC devices.

The LUMO energy levels (E,,*) of the studied porphyrins
are more negative than the CB of TiO,, thus providing the
necessary driving force for electron injection from the excited
state of the dye into the CB of TiO,. The driving force for
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Scheme 1. Synthesis of Zn3TPAmI1A, trans-Zn2TPAm2A, cis-Zn2TPAm2A, and Zn1TPAm3A
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electron injection and dye regeneration of the studied dyes is
sufficient to fulfill the requirements for effective DSSCs.
Density Functional Theory Calculations. To gain
insights into the electron distribution of the frontier molecular
orbitals of the studied porphyrins, density functional theory
(DFT) calculations were performed with the Gaussian 09
package using the B3LYP functional and the 6-31G basis set.”
The molecular orbitals were visualized using Chemofhice
software (Chem 3D Ultra 2013). Results from the quantum
chemical calculations are displayed in Figure 4. The phenyl
rings at the meso positions of the porphyrins are twisted from
the porphyrin plane by an average angle of 68°. All of the
studied porphyrins show planar porphyrin macrocycle rings,
which ensure effective electron coupling between the donor
and acceptor units in the sensitizers. As seen in Figure 4, most
of the electron density is accumulated over the electron-
donating TPA groups in the HOMO — 1 and equally
distributed over the TPA groups and the porphyrin rings in
the HOMOs for both the meta and para series. Marked
differences in the electron distributions for the meta- and para-
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series porphyrins are observed in the LUMOs. In the meta
series, the electron density is localized almost exclusively over
the porphyrin rings with only a slight portion extended over the
meta-carboxyphenyl anchoring groups, whereas in the para-
carboxyphenyl-substituted porphyrins, the majority of the
electron density is distributed over the porphyrin rings with a
significant portion extended over the carboxyphenyl groups,
indicating that the charge separation in the para-series dyes is
much better than that in the meta-series dyes. This improved
charge separation in the para-series porphyrins might benefit
intramolecular charge transfer (ICT) and consequently
facilitate higher electron injection from the oxidized dye to
the conduction band of the TiO,. The overall superior
performance of para- compared to meta-series dyes can also
be explained on the basis of the observed dipole moments (u)
estimated by DFT calculations. For the para-series porphyrins,
the values are in the order Znl1TPA3A (5.79 D) > cis-
Zn2TPA2A (4.88 D) > Zn3TPAIA (3.59 D) > trans-
Zn2TPA2A (2.59 D), and for the meta-series porphyrins,
they are in the order Zn1TPAm3A (5.25 D) = cis-Zn2TPAm2A

DOI: 10.1021/am507503d
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Table 1. Optical and Electrochemical Properties of Porphyrins in THF

Ape” (nm) (g [10° M™! em™])
434 (246)
561 (17)
604 (14)
430 (309)
559 (23)
602 (15)
430 (287)
560 (20)
602 (12)
427 (255)
559 (16)
599 (8)
435 (137)
561 (8)
605 (7)
430 (280)
560 (21)
601 (14)
430 (304)
560 (22)
602 (14)
427 (318)
558 (21)
599 (12)

dye
Zn3TPAmI1A

trans-Zn2TPAm2A

cis-Zn2TPAm2A

Zn1TPAm3A

Zn3TPAIA

trans-Zn2TPA2A

cis-Zn2 TPA2A"

Zn1TPA3A®

dew” (nm) E, (V) By (eV) E, ¢ (V)

622 0.90 2.03 —1.13
1.08

617 0.96 2.04 —1.08

662 1.14

614 0.95 2.03 —1.08

662 1.13

610 1.05 2.05 —1.00

658 1.26

621 0.99 2.02 —1.03
1.17

616 0.95 2.03 —1.08

662 1.28

616 1.05 2.04 —0.99
1.22

611 1.07 2.04 -0.97

661 1.21

“Absorption maximum of porphyrin in THF. “Emission maximum measured in THF by excitation at the Soret band. “First oxidation potentials
determined using cyclic voltammetry in THF. 9Ey_y values estimated from the intersection of the absorption and emission spectra.

°E,*approximated from E__ and E,_,. “From ref 39. $From ref 40.
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Figure 2. Comparative UV—visible spectra: (a) cis-Zn2TPAm2A
versus cis-Zn2TPAm2A/TiO, and (b) cis-Zn2TPA2A versus cis-
Zn2TPA2A/TiO,.

(5.30 D) > Zn3TPAmI1A (2.08 D) > trans-Zn2TPAm2A (1.22
D).

Attenuated Total Reflectance-Fourier Transform In-
frared Spectroscopy. We used ATR-FTIR spectroscopy to
evaluate the number of carboxyl units attached to TiO,>***~*
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Figure 3. Energy level diagrams of (a) meta- and (b) para-series
porphyrins.

The ATR-FTIR spectra of neat porphyrin dyes were compared
with those of the porphyrins adsorbed on TiO,. The
comparative spectra of the meta-series porphyrins contrasted
with the same porphyrins adsorbed on TiO, are displayed in
Figure 5. The ATR-FTIR spectra of Zn3TPAmlA, trans-
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Figure 5. ATR-FTIR spectra of (a) Zn3TPAmlA and Zn3TPAml1A/TiO, (b) trans-Zn2TPAm2A and trans-Zn2TPAm2A/TiO,, (c) cis-
Zn2TPAm2A and cis-Zn2TPAm2A/TiO,, and (d) Zn1TPAm3A and Zn1TPAm3A/TiO,.

Zn2TPAm2A, cis-Zn2TPAm2A, and Zn1TPAm3A neat pow-
ders show very strong v(C=0) stretching peaks at 1697, 1691,

1698, and 1693 cm™, respectively. In the comparative spectra
of Zn3TPAmI1A/TiO,, trans-Zn2TPAm2A/TiO,, cis-Zn2TPA-
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m2A/TiO,, and Zn1TPAm3A/TiO,, the v(C=O0) peaks
disappear completely, and the l/sym(COO_) and l/asym(COO_)
stretching peaks increase significantly, indicating the attach-
ment of all carboxyl units onto the TiO,. Figure 6 shows
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Figure 6. ATR-FTIR spectra of (a) Zn3TPA1A and Zn3TPA1A/TiO,, (b) trans-Zn2TPA2A and trans-Zn2TPA2A/TiO,, (c) cis-Zn2TPA2A and cis-

Zn2TPA2A/TiO,, and (d) Znl1TPA3A and Zn1TPA3A/TiO,.

comparison spectra of neat para-series porphyrins with the
same porphyrins adsorbed on TiO,. The ATR-FTIR spectra of
Zn3TPAIA, trans-Zn2TPA2A, cis-Zn2TPA2A, and Zn1TPA3A
neat powders show very strong (C=O0) stretching peaks at
1694, 1693, 1692, and 1686 cm™, respectively. In the
comparative spectra of Zn3TPA1A/TiO, and cis-Zn2TPA2A/
TiO,, the ¥(C=O0) stretching peaks disappear completely, and
the 1/,,(COO7) and v,,,(COO") stretching peaks increase
noticeably, indicating that the available single carboxyl unit in
Zn3TPA1A and two carboxyl units in cis-Zn2TPA2A are
involved in attachment to TiO,. On the contrary, the ATR-
FTIR spectra of trans-Zn2TPA2A/TiO, and ZnlTPA3A//
TiO, show marked increases in the v,,(COO”) and
asym(COO) peaks, but the v(C=O0) stretching peaks at
1693 and 1686 cm™' are still present with significant
absorbance, suggesting the presence of a free unchelated
para-carboxyphenyl unit. Based on these observations, the
potential modes of attachment of meta-carboxyphenyl- and
para-carboxyphenyl-series porphyrins on TiO, are shown in
Figure 7. The meta derivatives Zn3TPAmlA and cis-
Zn2TPAm2A, which can attach to the TiO, surface by one
and two carboxyl anchors, respectively, might orient with large
tilt angles rather than perpendicularly to the semiconductor
surface, whereas trans-Zn2TPAm2A and Zn1TPAm3A, which
attach to the TiO, surface by two and three carboxyl anchors,
respectively, could lie flat on the TiO, surface because of
structural geometries with loosely packed layers.*® The tilted
and flat orientations of meta derivatives bring the central zinc
metal into close proximity with the TiO, surface, giving the
electrons in the TiO, conduction band a chance to recombine
faster with the oxidized dye.***" It has been documented in the
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Figure 7. Possible modes of attachments of (a) meta- and (b) para-
series porphyrins on TiO,.

literature that organic and ruthenium dyes with a “push—pull”
design and a small angle between the molecular plane and the
TiO, surface would exhibit faster charge recombination, which
would eventually reduce the overall conversion efficiency.’”""
The superior performance of cis-Zn2TPA2A compared to trans-
Zn2TPA2A can also be explained with the help of the ATR-
FTIR measurements data. In the case of cis-Zn2TPA2A, both
carboxyl groups participate in the binding with TiO,, whereas
in the case of trans-Zn2TPA2A, only one carboxyl group takes
part in the binding with TiO,.
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Photovoltaic Measurements. Photovoltaic measurements
of both series were performed under identical conditions and
are summarized in Table 2. It was observed that the para-series

Table 2. Photovoltaic Properties of Meta- and Para-Series
Porphyrins®

Jsc Voc ff dye loading
dye (mAcm™2) (V) (%) 5 (%) (nmol cm™2)
Zn3TPAm1A 5.07 0.55 66 1.83 54
trans-Zn2TPAm2A 4.72 0.55 69 1.81 28
cis-Zn2TPAm2A 8.35 0.60 67 3.37 32
Zn1TPAm3A 9.00 0.60 69 3.72 38
Zn3TPA1A 7.86 0.56 65 2.88 81
trans-Zn2TPA2A 7.43 0.57 67 2.84 36
cis-Zn2TPA2A 10.48 0.59 65 4.02 81
Zn1TPA3A® 11.7§ 0.66 69 5.36 62
N719 16.57 0.74 67 8.23

“Identical conditions were applied for the photovoltaic measurements
of both series, TiO, films were immersed in THF solution containing
2 X 107* M porphyrin and 2 X 107 M chenodeoxycholic acid
(CDCA) at 50 °C for 30 min. bEfﬁciency data were taken from ref 40.

porphyrins are more efficient than the meta-series porphyrin
analogues. The efficiency trend observed for meta-series
porphyrins is Zn3TPAmlA = trans-Zn2TPAm2A < cis-
Zn2TPAm2A < ZnlTPAm3A. A similar trend of Zn3TPA1A
trans-Zn2TPA2A < cis-Zn2TPA2A < ZnlTPA3A was
observed for the para series as well. In the meta series, the
highest efficiency of 3.72% was observed for Znl1TPAm3A
followed by 3.37% for cis-Zn2TPAm2A, whereas trans-
Zn2TPAm2A and Zn3TPAmlA gave similar efliciencies of
1.81% and 1.83%, respectively. In the para series, the highest
efficiency of 5.36% was observed for Zn3TPAIA followed by
cis-Zn2TPA2A at 4.02%, whereas the porphyrins trans-
Zn2TPA2A and Zn3TPAI1A gave similar efficiencies of 2.84%
and 2.88%, respectively. The interrelation of efficiencies
between the meta- and para-series porphyrin dyes can be
described by the equation

~
~

Zn3TPAm1A = trans-Zn2TPAm2A < cis-Zn2TPAm2A < Zn1TPAm3A
A A A A
Zn3TPA1A = trans-Zn2TPA2A < cis-Zn2TPA2A < Zn1TPA3A

In general, the meta-series analogous porphyrins are less
efficient than the para-series porphyrins despite the fact that
they contain the same number of TPA and carboxyphenyl
units; the only considered structural difference is the position of
the meta- or para-carboxyl units. The meta-positioned
carboxyphenyl units along with the bulky TPA units bring
the porphyrin dye closer to the TiO, CB, through which a
higher degree of charge recombination takes place, whereas the
para-positioned carboxyphenyl units of the para-series
porphyrins will likely achieve near-orthogonal orientations
between the porphyrin planes and the TiO, surface, which
allows for effective ICT and a higher efficiency. From the
observed efficiency trends, it can be predicted that the para-
series porphyrins with, presumably, orthogonal orientations
have dominant charge injection and charge-transfer effects over
charge recombination whereas the meta-series porphyrins with
relative flat orientations have dominant charge recombination
effects over charge injection and charge transfer.

The photocurrent—voltage (I-V) and IPCE curves of both
series are shown in Figures 8 and 9, respectively. The relative
order of IPCE values for the meta-series porphyrins is trans-
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Figure 9. IPCE curves of (a) meta- and (b) para-series porphyrins.

Zn2TPAm2A < Zn3TPAmIA < cis-Zn2TPAm2A < Znl1TPA-
m3A, and that for the para-series porphyrins is trans-
Zn2TPA2A < Zn3TPAIA < cis-Zn2TPA2A < ZnlTPA3A.
The IPCE trends observed here are exactly identical to the
observed efliciency trends of both series. The IPCEs of the
para-series porphyrins are comparatively higher than those of
the meta-series porphyrins, which give higher electron injection
yields, leading to higher efficiencies for the para-series
porphyrins. In both series, the highest IPCE of 74% was
achieved by Zn1TPA3A having the highest efficiency of 5.36%,
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followed by cis-Zn2TP2A with an IPCE of 60% and an
efficiency of 4.02%, whereas the lowest IPCE of 33% was
obtained by trans-Zn2TPAm2A having the lowest efficiency of
1.81%.

Electrochemical Impedance Spectroscopy. Electro-
chemical impedance spectroscopy (EIS) has been used as an
important tool for understanding electron- and ion-transport
processes in porphyrin-sensitized solar cells.******7>* To gain
more insight into the electron-transport process in the studied
dyes, the EIS spectra of the studied porphyrin dyes were
measured under one-sun illumination with an open-circuit
voltage. The Nyquist plots of the studied porphyrins, shown in
Figure 10, give one semicircle for each porphyrin.

35
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Figure 10. Nyquist plots of (a) meta- and (b) para-series porphyrins
under one-sun illumination.

The observed semicircles correspond to the charge-transfer
processes at the TiO,—dye—electrolyte interface, that is, the
electron-transport resistance.”> A smaller radius of the semi-
circle in the Nyquist plot of one-sun illumination corresponds
to a lower electron-transport resistance. The radii of the
semicircles shown in Figure 10 and the observed efficiencies are
inversely proportional to each other, indicating that the
electron-transport resistance for the para-series porphyrins is
lower than that for the meta-series porphyrins. The radii of the
semicircles for the meta-series dyes are larger than those for the
para-series dyes. In the meta-series derivatives, the radii of the
porphyrins was observed to be in the order trans-Zn2TPAm2A
> Zn3TPAm1A > cis-Zn2TPAm2A > Zn1TPAm3A, which is
opposite to the order for efficiency. Porphyrin Zn1TPAm3A
with the highest efficiency gives the smallest semicircle, and
porphyrin Zn3TPAmI1A with the lowest efficiency gives the
largest semicircle, whereas in the para series, porphyrin
Zn1TPA3A with the highest efficiency gives the smallest
semicircle, and porphyrin Zn3TPA1A with a lower efliciency of
2.80% gives the largest semicircle. Overall, the obtained
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Nyquist plot data are in good agreement with the observed
efficiency trends in both series.

Stability Study. The photostabilities of the meta- and para-
series dyes were compared in terms of the UV-—visible
absorption spectra of the porphyrins on TiO,. TiO, photo-
anode films of two dyes from the meta series, Zn3TPAmIA and
Zn1TPAm3A, and two dyes from the para series, Zn3TPAIA
and ZnlTPA3A, were irradiated under standard one-sun
illumination for specific intervals of time. The UV—visible
spectra of the studied dyes after irradiation for 0, 5, and 30 min
were measured and are shown in Figure 11.

Upon irradiation, the meta-series dyes showed dramatic
changes compared to the para-series dyes. Porphyrin
Zn3TPAmI1A exhibited a sharp decrease in absorption after
irradiation for 30 min. Dyes with three carboxyphenyl groups,
Zn1TPAm3A and ZnlTPA3A, showed higher stability than
those with single carboxyphenyl groups, Zn3TPAmIlA and
ZnlTPA3A. Among the studied dyes, Zn3TPAm1A with a
single meta-carboxyphenyl unit was observed to be the most
unstable dye, whereas Zn1TPA3A with three para-carbox-
yphenyl units was found to be the most stable dye.

3. CONCLUSIONS

In conclusion, we have confirmed that the number and position
of meta-carboxyphenyl and para-carboxyphenyl groups on the
meso positons of porphyrin-based sensitizing dyes dramatically
influence the performance of DSSCs in which these dyes are
used. The performance of para-carboxyphenyl porphyrins is
superior in all respects to that of meta-carboxyphenyl
porphyrins. The compiled data from ATR-FTIR and EIS
measurements reveal that, for meta-series porphyrins with large
tilt angles or completely flat on TiO,, charge recombination is
dominant over charge injection, which leads to poor perform-
ance in comparison with the para series of porphyrins. In both
the para and meta push—pull series, the cis-2A and 3A
porphyrins, which are capable of injecting electrons through
dual anchoring groups, give higher efficiencies. The photo-
voltaic parameters such as V¢, Jsc, and IPCE of para-series
porphyrins are distinctly superior to those of meta-series
pophyrins and follow the same order of efficiency. Additionally,
the photostability of the para-series porphyrins is higher than
that of the meta-series porphyrins. In general, all of the para-
carboxyphenyl derivatives outperform their meta-carboxyphenyl
counterparts to achieve higher efficiencies and better device
performance in DSSCs. The study reported herein will be
useful for the design and development of efficient and stable
sensitizers in DSSCs.

4. EXPERIMENTAL SECTION

Synthesis. The zinc porphyrins used in this study were
synthesized in three steps, namely, mixed condensation, zinc
metalation, and hydrolysis, by literature-reported methods.
Detailed synthetic procedures for the target compounds with
their characterization data are described in the SI. All of the
porphyrins were characterized by optical spectroscopy, ATR-
FTIR spectroscopy, nuclear magnetic resonance (NMR)
spectroscopy, and high-resolution mass spectrometry. All
chemicals were purchased from Acros Organics or Sigma-
Aldrich and used without further purification. '"H NMR spectra
were recorded on a Bruker 400 MHz spectrometer in CDCl; (6
= 7.26 ppm), deuterated dimethyl sulfoxide (DMSO-dg; 6 =
2.50 ppm), or deuterated methanol (CDy & = 3.31 ppm)
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Figure 11. Absorption spectra of (a) Zn3TPAm1A, (b) Zn3TPAIA, (c) Zn1lTPAm3A, and (d) Zn1TPA3A adsorbed onto TiO, films after

irradiation for 0, 5, and 30 min.

solutions. Chemical shifts are reported in parts per million.
Coupling constants ] are reported in hertz. The signals are
described as singlet, s; doublet, d; or doublet of doublets, dd.
High-resolution mass spectrometry with fast atom bombard-
ment (HRMS-FAB) or electrospray ionization (HRMS-ESI)
was conducted on a JMS-700 double focusing mass
spectrometer (JEOL, Tokyo, Japan). Flash chromatography
was carried out using silica gel (40—63 pm, Merck). Analytical
thin-layer chromatography (TLC) was performed on Merck
silica gel plates. Melting points were recorded using an
Electrothermal capillary melting point apparatus.

Optical Spectroscopy. UV—visible absorption spectra of
the porphyrins in THF and adsorbed on TiO, electrodes were
recorded using a JASCO V-670 UV—vis/NIR spectropho-
tometer. For the thin-film TiO, absorption spectra, 1 X 1 cm
area TiO, films were prepared having a 3—4-um thickness to
obtain comparable shapes and positions of peaks. The films
were immersed in 2 X 10™* M porphyrin solutions in THF for
12 h; the films were then rinsed with THF and dried; and their
absorbance was measured. Steady-state fluorescence spectra
were acquired using a Varian Cary Eclipse fluorescence
spectrophotometer.

Cyclic Voltammetry. Cyclic voltammetry measurements of
all porphyrins were carried out on CHI 600D electrochemical
analyzer (CH Instruments, Austin, TX) in degassed THF
containing 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF;) as the supporting electrolyte. The cell assembly
consisted of a glassy carbon as the working electrode, Ag wire
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as the reference electrode, and a platinum wire as the auxiliary
electrode. The ferrocene/ferrocenium redox couple was used as
an internal potential reference.

DFT Calculations. Density functional theory (DFT)
calculations were performed with the Gaussian 09 package to
study the electron distributions of the frontier molecular
orbitals. All ground-state geometries of porphyrins were
optimized in the gas phase using the hybrid B3LYP functional
and the 6-31G basis set. The molecular orbitals were visualized
using Chemoffice software (Chem 3D Ultra 2013).

ATR-FTIR Measurements. ATR-FTIR spectra of the zinc
porphyrins were recorded on a VERTEX 70 spectrometer using
a Golden Gate Diamond ATR accessory on solid powder
porphyrin samples. For the preparation of samples with zinc
porphyrins adsorbed on TiO,, THF solution containing 5 X
10~* M porphyrin was mixed with S mg of TiO, powder and
held for 12 h, after which the excess solvent was dripped out by
pipet. The TiO, powder was washed twice with THF and dried
in a vacuum, and the obtained powder sample was used for
measurement. ATR-FTIR spectra of zinc porphyrins adsorbed
on TiO, were recorded at a resolution of 4 cm™" and 320 scans.

Photovoltaic Measurements. The TiO, photoanode
(product OPV-TiO,-SP) and Pt counter electrode (product
OPV-Pt-P) films were purchased from Yingkou Opvtech New
Energy Co. Ltd. (Liaoning, China). The TiO, films, which were
prepared by a screen-printing method, were composed of a
transparent layer (thickness &~ 12 ym) and a scattering layer
(thickness ~ 4 ym) and had a working area of 0.4 X 0.4 cm?,

~
~
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and they were used directly upon receipt. The films were
pretreated by the following activation procedures before use:
heating at 100 °C for 22 min, at 110 °C for 60 min, at 450 °C
for 68 min, at 500 °C 60 min, and at 250 °C for 60 min;
cooling to 80 °C and holding at 80 °C before immersion. The
TiO, films were immersed in THF solution containing 2 X
107* M porphyrin and 2 X 10™* M chenodeoxycholic acid
(CDCA) at 50 °C for 30 min. The dye-sensitized TiO, films
were washed with THF, dried with hot air, and used as working
electrodes. The Pt counter electrodes were used directly as
received. To fabricate the DSSC devices, the two electrodes
were tightly clipped together into a sandwich-type cell, spaced
by a 40-um film spacer. A thin layer of electrolyte containing
0.0S M I, 0.1 M lithium iodide (Lil), 0.6 M 1,2-dimethyl-3-
propylimidazolium iodide (DMPII), and 0.6 M 4-tert-
butylpyridine (TBP) in dry CH;CN was introduced into the
space between the two electrodes. The photoelectrochemical
characterizations on the solar cells were carried out using an
Oriel Class A solar simulator (Oriel 91195A, Newport Corp.).
Photocurrent—voltage characteristics of the DSSCs were
recorded with a potentiostat/galvanostat (CHI6S0B, CH
Instruments, Inc.) at a light intensity of 100 mW cm™
calibrated with an Oriel reference solar cell (Oriel 91150,
Newport Corp.). The monochromatic quantum efficiency was
recorded through a monochromator (Oriel 74100, Newport
Corp.) under short-circuit conditions. The intensity of each
wavelength was in the range of 1-3 mW cm ™2 The porphyrins
on TiO, films were desorbed using 0.2 M aqueous KOH in
THEF, and the absorbance was measured to determine the dye
loading density.

Stability Study. For the stability study, TiO, thin films
having a 1 X 1 cm” area and a 3—4-um thickness were used.
The films were immersed in 2 X 10™* M porphyrin in THF for
0.5 h and dried, and the absorbance was measured. The same
films were irradiated under standard one-sun illumination for 5
and 30 min, and the absorbance was measured again.
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