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ABSTRACT: Time-resolved photophysical and photoelectrochemical investigations have
been carried out to compare the electron transfer dynamics of a 2-β-substituted
tetraarylporphyrinic dye (ZnB) and a 5,15-meso-disubstituted diarylporphyrinic one
(ZnM) at the electrolyte/dye/TiO2 interface in PSSCs. Although the meso push−pull
structural arrangement has shown, up to now, to have the best performing architecture for
solar cell applications, we have obtained superior energy conversion efficiencies for ZnB
(6.1%) rather than for ZnM (3.9%), by using the I−/I3

−-based electrolyte. To gain deeper
insights about these unexpected results, we have investigated whether the intrinsic
structural features of the two different porphyrinic dyes can play a key role on electron
transfer processes occurring at the dye-sensitized TiO2 interface. We have found that
charge injection yields into TiO2 are quite similar for both dyes and that the regeneration
efficiencies by I−, are also comparable and in the range of 75−85%. Moreover, besides
injection quantum yields above 80%, identical dye loading, for both ZnB and ZnM, has
been evidenced by spectrophotometric measurements on transparent thin TiO2 layers after the same adsorption period.
Conversely, major differences have emerged by DC and AC (electrochemical impedance spectroscopy) photoelectrochemical
investigations, pointing out a slower charge recombination rate when ZnB is adsorbed on TiO2. This may result from its more
sterically hindered macrocyclic core which, besides guaranteeing a decrease of π-staking aggregation of the dye, promotes a
superior shielding of the TiO2 surface against charge recombination involving oxidized species of the electrolyte.
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■ INTRODUCTION

In the last two decades, porphyrinic molecules have emerged as
promising sensitizers for dye-sensitized solar cells (DSSC). To
date, numerous metal porphyrins have been investigated for
this purpose by virtue of their intrinsic advantages such as high
chemical and photochemical stability and their strong electronic
absorption and emission bands up to the near-infrared region.
The electrochemical1,2 and light-harvesting properties3−7 of
such molecules are easily tunable acting, with specific chemical
functionalizations, either on four meso or eight β-pyrrolic
positions.
Typically 5,15 meso disubstituted push−pull metal porphyr-

ins are featured by a low HOMO−LUMO energy gap, by
significant charge separation character and, in particular, by
efficient electron transfer processes from the donor to the
acceptor group through the push−pull system.8,9 For this

reason, such a series of metal porphyrins has been largely
investigated as dyes for solar cell applications. As a
consequence, DSSC devices have been, so far, properly
optimized for these type of sensitizers. For instance, 5,15-
meso push−pull ZnII porphyrinates, well engineered with bulky
alkyl chain substituents, have reached the best power
conversion efficiencies (exceeding 12%), hitherto obtained in
a Porphyrin Sensitized Solar Cell (PSSC) device using cobalt-
based mediators.10−12

Despite their relevant photoelectrochemical advantages,3 the
asymmetric 5,15 meso disubstituted push−pull metal porphyr-
ins are very hard to obtain by an effective synthetic route and,
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in particular, the multistep synthetic procedures drastically
reduce the overall yields.4,5,13,14 Furthermore, without addi-
tional sterically hindered substituents, their quite planar
structures promote π-staking aggregation which may be
detrimental for the efficiency of DSSC devices. All these
reasons result in a dramatic reduction of the intrinsic benefits to
the replacement of traditional dyes based on rare metals (Ru,
Os) by this kind of porphyrinic sensitizers. A synthetically
attractive alternative to the meso push−pull porphyrinic dyes
could be the β-substituted metal porphyrins, due to the
symmetric tetraaryl-porphyrinic core which can be easily
obtained with excellent yield via one-pot reaction between
pyrrole and appropriate aryl-aldehydes.15,16 Moreover, the
purification processes of such bulky porphyrinic dyes are
significantly improved because of their enhanced solubility.
However, nowadays, few DSSC devices were investigated

and optimized involving β-substituted tetraaryl ZnII porphyri-
nates as dyes,15,17−24 although remarkable light-conversion
efficiencies of up to 7.1% have been reached with relatively
simple molecular architectures.7

Recently, with the aim to focus further attention on such a
promising class of green and stable porphyrinic dyes, a
microwave-assisted synthetic approach was exploited, by some
of us,17 to successfully obtain a series of β-substituted ZnII

porphyrinates in a few steps. These dyes were characterized by
relatively broad photoaction spectra in the 350−650 nm range,
with maximum monochromatic conversions exceeding 60%.
Surprisingly, both β mono- and disubstituted push−pull ZnII
porphyrins, when used as dyes in DSSCs based on iodide/
iodine electrolyte, resulted in either similar or superior
efficiencies when compared with related homologues arranged
in a meso disubstituted push−pull geometry. Moreover, density
functional theory (DFT) computational investigations sug-
gested that the increased energy conversion efficiency arising
from β substitution of the porphyrinic ring could be probably
ascribed to more facile charge injection into the TiO2 acceptor
states.17 Hence, starting from such assumption, with the aim to
gain deeper insights about injection, regeneration and
recombination, the dynamics of electron transfer processes,
which occur at the interface of electrolyte/dye/TiO2, are
thoroughly investigated here.
Previous photophysical and photoelectrochemical investiga-

tions of β-substituted porphyrins absorbed on TiO2 film have
revealed improved charge transfer when compared with meso
substituted porphyrin carboxylic acids21 and higher injection
rates with respect to Ru-based dye, N719.25 Besides, a
comparative study about electron injection and recombination
kinetics, based on time-resolved optical and electrical probes
focused on variously substituted porphyrinic dyes, pointed out
that the critical factor in determining the injection efficiency
was not the linker substitution position.22

To date, to the best of our knowledge, no comparative time-
resolved photophysical investigation has been ever carried out
between 2-β-substituted tetraarylporphyrinic dyes and their
5,15-meso disubstituted push−pull diarylporphyrinic counter-
parts. These latter dyes, being featured by a donor−π−acceptor
(D−π−A) architecture14 that introduces a strong charge
transfer character of the excited state, are usually considered
to be the best-performing dyes when compared to both β and
meso monosubstituted metal porphyrins where the porphyrinic
core itself acts as electron donor because it lacks the push−pull
arrangement.3,6,21,22

However, the charge injection kinetic is not the only critical
factor in determining the efficiency of a DSSC device. Charge
recombination processes between sensitized TiO2 nanocrystal-
line electrode and the dye cation or the oxidized electrolyte
(I3

−) (Figure 1), usually occurring on a much longer time scale

(ns−ms) with respect to injection process, are indeed of
paramount importance in determining the DSSC performance.
Furthermore, such recombination events strongly depend on
the molecular architecture of the dye, because its adsorption
geometry may influence the interactions between TiO2 surface
and redox mediators, by determining the coverage and the
passivation of the TiO2 surface against the recombination
involving the approach of I3

− to the exposed photoanodic
surface.18,26 To prevent such an undesired interaction, two
approaches were previously reported. The first concerning the
insertion of long alkoxyl chains to protect the porphyrinic core
was exploited to retard both charge recombination and
effectively decrease dye aggregation.5 A further attractive
approach, which involved the use of fatty acids as coadsorbent
of an organic sensitizer, allowed to obtain efficient recombina-
tion barriers by limiting the access of I3

− to the photoanode
surface.27

In this work, we comparatively investigate various processes
of charge transfer and charge recombination of two porphyrinic
dyes, ZnB and ZnM, featured by structural arrangements based
on 2-β monosubstituted and 5,15-meso push−pull disubsti-
tuted ZnII-porphyrinates respectively (Chart 1). Furthermore,
photovoltaic characteristics of DSSCs based on such porphyr-
inic dyes are studied using I−/I3

− mediator to properly compare
the obtained data with those previously reported by some of
us.17 Time-resolved photophysical studies, photoelectrochem-
ical investigations and, in particular, Electrochemical Impedance
Spectroscopy (EIS) were combined with the aim of character-
izing the fundamentals of the interfacial charge separation and
collection processes on porphyrin-sensitized TiO2 surface. Such
an in-depth investigation was carried out with the specific
purpose of defining the fundamental aspects for disproving the
“paradigm” for which, in case of porphyrin sensitized solar cells,
the best performing architecture of dyes requires a meso
disubstituted push−pull arrangement.3 In fact, some of us, in a
comparative study between the β-substituted and meso
disubstituted push−pull ZnII-porphyrinates, used as sensitizers

Figure 1. Schematic illustration of electron transfer processes:
injection (solid arrow) from photoxcited dye into conduction band
(CB), recombination from CB to the dye cation (dot arrow) or to the
redox mediator I3

− (dash-dot arrow).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503113x | ACS Appl. Mater. Interfaces 2014, 6, 15841−1585215842



in properly engineered DSSC devices,17 have recently reported
higher energy conversion efficiencies in case of ZnB rather than
ZnM. It follows that the information reached in this work may
be helpful in guiding the development of new efficient β-
substituted porphyrinic dyes, which thanks to their relatively
straightforward and effective synthetic pathway, may be the
basis of inexpensive DSSCs with excellent performances.

■ EXPERIMENTAL SECTION
Materials. All reagents and solvents used in the synthesis were

purchased by Sigma-Aldrich and used as received, except Et3N, Et2NH
(freshly distilled over KOH) and THF (freshly distilled from Na/
benzophenone under nitrogen atmosphere). Silica gel for gravimetric
chromatography (Geduran Si 60, 63−200 μm) and for flash
chromatography (Geduran Si 60, 40−63 μm) were purchased by
Merck. Glassware was flame-dried under vacuum before use when
necessary. Microwave assisted reactions were performed using a
Milestone MicroSYNTH instrument.
Transparent semiconductor thin films on FTO substrates, intended

for optical spectroscopy, were prepared by blade casting a nano-
crystalline paste of either TiO2 (Dyesol DSL18NR-T) or ZrO2,
followed by drying and sintering at 450 °C for 45 min. The 15% w/w
ZrO2 aqueous paste was obtained by the slow acidic hydrolysis of
Zr(IV) tetra-iso-propoxide,14 followed by hydrothermal nucleation and
growth at 220 °C for 12 h and final addition of 40% w/w (with respect
to ZrO2) Carbowax 20000 as a sintering agent.
Synthesis of Porphyrinic Dyes. ZnB and ZnM were prepared as

reported elsewhere.17 The syntheses of tetraaryl ZnII-porphyrinates
substituted in the β-pyrrolic position involved an optimized synthetic
route based on a microwave-enhanced Sonogashira coupling approach.
First, the symmetric tetraaryl-porphyrinic core was effectively obtained
by one-step cyclization between 3,5-Di-tert-butylbenzaldehyde and
pyrrole followed by the metalation step with ZnII. Subsequently, the
pyrrolic functionalization with NBS, followed by Sonogashira coupling
reaction and the Knoevenagel condensation, have finally allowed to
obtain the desired dye ZnB with good yield. On the other hand, the
synthesis of ZnM with meso architecture was performed by a classical
approach requiring a multistep procedure. The starting diaryl-
porphyrinic core was prepared via dipyrromethane synthetic pathway
in a two-step process. The iodination of the meso positions was
followed by the ZnII metalation step and the thermal Sonogashira
coupling reaction allowed to link either donor- and acceptor-moiety to
the porphyrin core. The ZnM was finally obtained by a Knoevenagel
condensation. Such a standard synthetic route is featured by
significantly lower overall yield with respect to the ZnB synthetic
procedure.
Preparation of DSSCs. Fluorine-doped tin oxide (FTO, 10 Ω/Sq,

provided by Solaronix S.A.) were cleaned in a detergent solution for 15
min and in EtOH for 30 min using an ultrasonic bath, and finally
rinsed with absolute EtOH. FTO plates were then treated with a 40
mM aqueous solution of TiCl4 for 30 min at 70 °C and then rinsed

with EtOH. The photoelectrodes, obtained by doctor blading, were
composed of a double layer consisting of anatase nanoparticles of
different dimensions: Dyesol 18NR-T, which gave transparent 9.0-μm
TiO2 films, and Solaronix D/SP, which was used as active/opaque
overlayer with thickness of 7-μm, resulting in a total active layer of 16-
μm. The coated films were dried at 125 °C for 5 min, after each layer
deposition, and then thermally treated 450 °C for 30 min. The
sintered layer was treated again with 40 mM aqueous TiCl4 (70 °C for
30 min), rinsed with EtOH and heated at 450 °C for 30 min. After
cooling to 80 °C the TiO2 coated plate was immersed into a 0.2 mM
solution of the dye in EtOH/THF 9:1 containing chenodeoxycholic
acid (CDCA, 0.2 mM) for 2 h at room temperature in the dark. The
thickness of the layer was measured by means of a profilometer
(Tencor Alpha-Step 500 Surface Profiler). The counter electrode was
prepared according to the following procedure: first, a 1.8 mm hole
was made in a FTO plate using diamond drill bits, then, the electrode
was cleaned for 30 min using a solution of EtOH and HCl and finally
with acetone for 15 min, in an ultrasonic bath. After heating at 450 °C
for 30 min, 200 μL of H2PtCl6 (5 × 10−3 M solution in EtOH) were
dropped on the cooled substrates, followed by firing at 530 °C for 1h.
The dyed TiO2 photoelectrode and the counter electrode were
assembled by heating a gasket made of a thermoplastic ionomer-class
resin (Surlyn 50-μm thickness). The electrolyte Z959 (1.0 M 1,3-
dimethylimidazolium iodide, 0.03 M I2, 0.10 M guanidinium
thiocyanate, and 0.50 M 4-tert-butylpyridine in acetonitrile/valeroni-
trile, 85:15) was introduced inside the cell by vacuum backfilling.
Finally, the hole was sealed with adhesive tape and a reflective foil at
the back side of the counter electrode was applied to reflect
unabsorbed light back to the photoanode.

Photoelectrochemical Measurements. Photovoltaic J−V curves
were obtained using a Newport AM 1.5 Solar Simulator (Model
91160A equipped with a 300W xenon arc lamp) as a light source and a
Keithley unit (model 2400 Source Meter). The light intensity was
calibrated to 100 mW cm−2 using a Si solar cell as a reference. The
measurements were carried out using a black metal mask of 0.16 cm2.

The incident photon-to-current conversion efficiency (IPCE)
measurements were carried out by a DC method with a computerized
setup consisting of a xenon arc lamp (140 W, Newport, 67005)
coupled to a monochromator (Cornerstone 260 Oriel 74125). Light
intensity was measured by a calibrated UV silicon photodetector
(Oriel 71675) and the short circuit currents of the DSSCs were
measured by using a dual channel optical power/energy meter
(Newport 2936-C).

Electrochemical impedance spectroscopy (EIS) was performed with
an AUTOLAB PGSTAT 302N (Eco Chemie B.V.) in a frequency
range between 300 kHz and 30 mHz. The impedance measurements
were carried out at different voltage biases in dark condition and under
1 sun illumination. The resulting impedance spectra were fitted with
ZView software (Scribner Associates).

Photophysical Measurements. Stationary UV−Vis spectroscopy
was performed with an Agilent Cary 300 Spectrophotometer.

Chart 1. Structures of the Two ZnII-Porphyrinates Investigated in This Work
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Stationary emission spectroscopy was carried out with an Edinburgh
Instruments FLS 920 Spectrofluorimeter equipped with a double
emission monochromator. Spectral bandwidths of 2 nm were usually
employed and the S/N ratio was optimized by summing 10
subsequent scans with 1 nm wavelength step. Spectra were corrected
for the photomultiplier (R928P-Hamamatsu) response by using a
factory built in calibration file. Excitation was into the Soret Band of
the respective porphyrin sensitized solid thin films in the presence of
0.1 M Li+ in order to reproduce the local ionic environment of the
operational DSSC. Before each emission measurement, sensitized
TiO2 and ZrO2 thin films were soaked in CH3CN/LiClO4 for 10 min,
covered with a glass slide, and placed in a dedicated film holder
equipped with a micrometric mechanical regulation stage. To attain a
good reproducibility, before collecting the whole spectrum, we
optimized the maximum emission intensity by manually acting on
the micrometric stage in order to fine-tune the angle between the thin
film, the excitation beam and the emitted light reaching the detector.
Background subtracted spectra, corrected for the light harvesting
efficiency at the excitation wavelength λex (LHE(λex) = (1−10−A(λex))
were integrated and averaged over a batch of four formally identical
films of each substrate type (TiO2 and ZrO2).
Emission lifetimes of the dyes in either diluted THF/EtOH solution

or loaded onto the solid thin films were recorded with a PicoQuant
Picoharp 300 Time-Correlated Single Photon Counting (TCSPC)
apparatus, by exciting at 460 nm (essentially the excitation was into the
respective Soret Band of the two dyes) with a nanoled driven by a
PDL 800 B pulsing unit (10 MHz, FWHM < 700ps). The films
supported on FTO glass were immersed in a 0.1 M LiClO4 solution
oriented at 45° with respect to the excitation pulse and a 550 nm cut
off filter prevented scattered excitation light from reaching the
phototube. The collected emission wavelength corresponded to the
first emission maximum of the sensitizer, observed in steady state
emission spectroscopy.
Emission decays were either deconvolved from the excitation profile

or tail-fitted according to a monoexponential function, with χ2 < 1.5,
by using the dedicated program Fluofit.
Transient absorption spectroscopy (TAS) was performed with a

previously described apparatus,28 by using the 532 nm harmonic of a
nanosecond Nd:YAG laser (Continuum Surelite II). When performing
TAS on transparent thin films, the excitation energy was reduced to
few mJ/cm2/pulse by defocusing with a plano concave lens. A 532 nm
notch filter prevented laser light from reaching the photomultiplier,
whereas a 420 nm cut off filter, placed in front of the white light probe
beam prevented direct TiO2 excitation. From 10 to 30 laser shots, at a
frequency of 0.2 Hz were averaged to reach a good S/N ratio.
TAS experiment on semitransparent ZrO2 films were performed

according to the previously described procedure except that two notch
filters were serially placed in front of the entrance slit of the
monochromator and a neutral filter (50% T) was used to attenuate the
probe beam before passing through the sample. This was necessary to
increase the S/N ratio and to reduce as much as possible scattering
interferences from the thin films. Because of the comparatively low
optical transmission of the ZrO2 substrates with respect to TiO2 ones,
single wavelength oscillographic traces were generally averaged over 30
laser shots and fitted with monoexponential functions. To further
improve the S/N ratio the ΔA values for building the TAS were
obtained from the clean fitting curves.
TAS measurements in the presence of iodide-based electron donor

(0.6 M Allyl-Methyl Imidaziolium iodide (AMII) + 0.1 M LiI in
CH3CN) were performed by drawing the electrolyte by capillarity
inside the chamber (ca. 6−8 μm) constituted by a glass slide pressed
against the TiO2 photoanode. Thus, the negligible optical path allowed
to avoid interferences originated by excitation of I3

− created and
accumulated at the interface during repeated measurements.
Computational Studies. Ground-state equilibrium geometries of

ZnM and ZnB, preoptimized at the semiempirical PM6 level, were
computed at the DFT B3LYP level by using a LANL2DZ basis set.
The resulting structures were grafted to a TiO2 surface slab (Ti64O128)
oriented along the (101) plane previously optimized at the Molecular
Mechanics (MM)-Universal Force Field (UFF) level. In order to

preserve the equilibrium geometry of the porphyrins, computed at a
reasonably high level of accuracy, all the internal coordinates of the
assembly (porphyrin + TiO2 slab) were frozen, with the exception of
the C−COO−Ti linkage between the chromophore and the surface
which was further optimized at the MM-UFF level to obtain
reasonable bond distances and angles.

Space filling visualization was achieved by scaling the Van Der
Waals radii to either 150 or 200%, as customary with the Gaussview 5
program. All calculations were carried out with Gaussian 09 C2 by
using a multiple core (2× Intel quad core I7 processors) 64 bit PC
running under Linux.

■ RESULTS AND DISCUSSION
Quenching of the Excited State on TiO2 and ZrO2 Thin

Films and Injection Quantum Yield Evaluation. Quench-
ing of the emission is a relatively straightforward qualitative
method to evaluate the dye ability to inject charge into the
acceptor states of TiO2, by comparison with a semiconductor
where charge injection is forbidden for energetic reasons.
Herein ZrO2 was chosen as an inert substrate since its lower
conduction band edge (ca. −2 V vs SCE) is energetically out of
reach by the excited state of most dyes. Moreover, ZrO2 can be
obtained in reasonably transparent films, which reduce
scattering interferences during emission measurements and its
surface chemistry is similar to that of TiO2, resulting in a
comparable dye loading when working in the same adsorption
conditions.
Because photoinduced charge injection is thermodynamically

forbidden, the only deactivation pathways of the excited state of
porphyrinic dyes adsorbed on ZrO2 surface are the radiative
and non radiative mechanisms analogous to those occurring in
solution. Furthermore, bimolecular quenching mechanisms, for
example, exciton annihilation and/or excimer formation, can be
reduced by working with relatively optically diluted films
(Figure 2).
In Figure 2 are summarized the spectral properties of the two

investigated porphyrinic dyes: both are characterized by the
typical absorption spectrum of the porphyrinic structure, an
intense Soret B-bands centered around 450 nm and weaker Q
bands in the near-infrared region. The ZnM dye exploits a
strong dipole moment, thanks to its push−pull architecture,
resulting in a rather intense Q-band featured by a low energy
maximum at 670 nm, whereas the ZnB dye shows
comparatively weaker Q bands in the 530−630 nm region,
reminiscent of more conventional symmetric ZnII-porphyri-
nates. The absorption spectra of both dyes, anchored to TiO2
and ZrO2 semiconductors, retain the number of the Soret and
Q bands. Although the absorption bands of the dyes grafted to
ZrO2 and TiO2 are slightly broader than the corresponding
bands in solution, no significant wavelength shifts are displayed.
The band broadening of a dye loaded on a semiconductor thin
layer may be due to the scattering effect of the films and is more
prominent on ZrO2 films, which are considerably more opaque
than the equivalent TiO2 substrates, as shown by their higher
background at λ ≥ 800 nm where no significant dye absorption
is present (Figure 2).
The emission spectra of the dyes in solution (Figure 2) are

generally in good agreement with the emission spectra recorded
on ZrO2 films (see Figure S1 in the Supporting Information).
ZnB retains on both solid thin films and solution the well-
defined vibronic structure with two main bands at 628 and 676
nm which compare very well with the maxima observed in fluid
solution, at 624 and 677 nm, respectively. In the case of ZnM,
the emission maximum on ZrO2 is slightly blue-shifted (0.018
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eV) at 686 nm with respect to 693 nm found in solution. The
emission of ZnM on solid thin film spans the same wavelength
interval, from about 630 to 800 nm, but it is broader and the
small vibronic shoulders at 642 and 757 nm are not observed.
The broader spectrum is probably due to both scattering effects
of ZrO2 and to a partial aggregation of the meso architecture.
The appearance of such a broad emission convolved with the
532 nm laser excitation was confirmed also during transient
spectroscopy (see Figure S4B, D in the Supporting
Information) experiments on ZrO2, at very short delays (1−4
ns) after the laser pulse.
In case of the dyes loaded onto the TiO2 surface, a strong

quenching of the emission was revealed for both ZnM and ZnB,
confirming that efficient photoinduced electron transfer occur
from the dyes to the semiconductor surface (see Figure S2 in
the Supporting Information).
In general the emission lifetime of dyes adsorbed on a

semiconductor surface and in the presence of injection
processes having a rate constant kinj is given by

τ =
+ +k k k

1

r nr inj (1)

where kr is the radiative rate constant, knr is the nonradiative
rate constant and kinj is the charge injection rate constant.
Herein, knr includes both the rate constants for the Singlet to
Triplet intersystem crossing (ISC) and for the Internal
conversion (IC) vibrational relaxation to the ground state.
Given the similar surface chemistry and polarity of both TiO2

and ZrO2 surfaces, it is reasonable to assume that knr and kr are
identical for both dye-sensitized surfaces. As a result, neglecting
bimolecular quenching mechanisms (or assuming that they are
essentially the same on both TiO2 and ZrO2) kinj can be
obtained by determining the excited state lifetime on the two
different semiconductors, through the straightforward relation

τ τ
= −k

1 1
inj

TiO ZrO2 2 (2)

where τTiO2
and τZrO2

are the emission lifetimes of dyes
adsorbed on TiO2 and ZrO2 respectively. Emission lifetimes
determined by time-correlated single photon counting
(TCSPC) are reported in Table 1 and the relative emission
decays are represented in Figure S2 in the Supporting
Information. Monoexponential functions were used for both
deconvolution and tailfitting with acceptable results (χ2 < 1.5).
In solution, both dyes showed similar lifetimes, in the 1−2 ns
time scale, consistent with singlet emissions. Once the dyes
were adsorbed on both ZrO2 and TiO2 surfaces, the emission
lifetimes were slightly shorter than those measured in solution,
in the order of 0.9−1.2 ns. The lifetimes on TiO2 are
comparable or just marginally lower than those on ZrO2 (1−
0.95 ns), clearly contradicting the significant quenching
observed in static emission experiments (see Figure S2 in the
Supporting Information), suggesting that, on TiO2 surface,
most of the emission falls well within the excitation profile
(τTiO2

< 300 ps) of the TCSPC source. Reasonably, the
observed relatively long-lived residual emission tail mostly
comes from poorly surface coupled molecules, unable to
perform electron transfer to the surface.
An evaluation of the excited state lifetime of the two

porphyrinic dyes adsorbed on TiO2, can be attempted by
combining the stationary quenching results with the lifetimes
on nanocrystalline ZrO2 electrodes, where the excited state
lifetime could be evaluated with a good degree of accuracy. The
integrated emission spectra (see Figure S2 in the Supporting
Information) once corrected for the LHE at the excitation
wavelength (460 nm) are proportional to the respective
emission quantum yields Φem, which refer on the radiative
constant and on the lifetime according to the relation

τΦ = kem r (3)

Therefore, in the reasonable assumption that kr is the same on
both TiO2 and ZrO2 surfaces, it follows that

Figure 2. Overlayed absorption spectra of porphyrinic dyes (A) ZnM
and (B) ZnB in EtOH/THF solution (solid line), loaded onto TiO2
(dash) and ZrO2 (dot) thin films. Normalized emission spectra in
EtOH/THF solution (dash-dot).

Table 1. Emission Lifetime Determined By TCSPC Upon 460 nm Excitationa

dye τ (solution)b (ns) τ (ZrO2)
b (ns) τ (ZrO2)

c (ns) τ (TiO2)
b (ns) τ (TiO2)

c (ns)

ZnM 1.202 ± 0.001 0.922 ± 0.012 0.991 ± 0.018 0.965 ± 0.011 1.040 ± 0.011
ZnB 1.792 ± 0.006 1.116 ± 0.022 1.173 ± 0.026 0.954 ± 0.030

aLifetimes are reported with their confidence intervals extracted from the fitting. bDeconvolution. cTailfit.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503113x | ACS Appl. Mater. Interfaces 2014, 6, 15841−1585215845



τ
τ

=
Φ
Φ

=
I

I
TiO

ZrO

TiO

ZrO

TiO

ZrO

2

2

2

2

2

2 (4)

and

τ τ=
I

ITiO
TiO

ZrO
ZrO2

2

2
2

(5)

Equation 5 yields the excited state lifetimes on TiO2 surface,
equal to 95 ps for ZnM and to 220 ps for ZnB. Therefore,
according to eq 2, the respective injection rate constants are 9.4
× 109 s−1 (ZnM) and 3.7 × 109 s−1 (ZnB). Correspondingly,
injection quantum yields (Φinj = kinjτTiO2

) of the order of 89%
(ZnM) and of 81% (ZnB) were obtained. Thus, both meso
disubstituted push−pull and β-monosubstituted porphyrinic
dyes exhibit similarly high injection quantum yields, more than
80%, with a relative variation of only 8% in favor of the push−
pull architecture. These high quantum yields are consistent with
the observation of a largely dominant population of oxidized
dye generated within the nanosecond laser pulse (see next
section).
It is clear that the injection rate constant, evaluated by

considering static quenching experiments, represents just an
average value, incorporating all the various rate constants
originated by the inherent inhomogeneity of the sensitized
mesoporous surface. In fact, different dye populations,
occupying different adsorption sites, can interact in slightly
different ways with the semiconductor and can feel slightly
different chemical environments which impact, for example, on
the local reorganization energy of the dye and on the electronic
coupling with the acceptor states of TiO2. All these factors have
a known influence on the electron transfer kinetics. Previous
ultrafast studies of porphyrin-sensitized photoanodes, pointed
out that, indeed, although a fraction of dyes injected on ultrafast
time scales, an inhomogeneous electron injection behavior was
displayed, resulting in the deactivation of a fraction of dye
population also in the subnanosecond time scale.25 This
evidence was invoked as a possible photocurrent limiting source
in DSSC based on porphyrinic dyes.
It is also evident, as pointed out by TCSPC results, that the

residual emission observed on TiO2 electrode bears also the
contribution by dye molecules which are substantially
decoupled from the semiconductor surface, following deactiva-
tion pathways analogous to those observed on inert ZrO2 and
for which kinj is essentially 0. As a result, it is clear that the
average injection rate constants, herein reported, represent a
lower limit to the true charge injection rate on TiO2. However,
when kinj is multiplied by τTiO2 to yield Φinj, the under-
estimation on the injection rate constant is compensated by an
overestimation of the excited state lifetime on TiO2 surfaces,
leading to some cancellation of errors. Thus, the Φinj values
should represent quantitatively useful parameters for evaluating
the average performance of the sensitizers, in chemical
conditions similar to those experienced in the working solar
devices. Hence, in combination with other efficiency figures, the
injection quantum yield can be reasonably exploited to predict
the maximum IPCE which can be generated by these dyes, as
will be later discussed in detail.
Nanosecond Spectroscopy and Dye Regeneration

Kinetics. Upon 532 nm excitation of examined porphyrinic
dyes in solution, the lowest triplet state (T1) is populated
within the laser pulse (FWHM ≈ 7 ns), setting a kISC ≥ 1.4 ×
108 s−1. The triplet lifetimes, obtained by monoexponential

fitting, are, in aerated conditions, 270 and 560 ns for ZnM and
ZnB respectively. In both cases, the differential transient
absorption (TA) spectra (Figure 3) are dominated by the

intense bleaching of the B band, which results in negative ΔA in
correspondence of the S0 → S2 absorption of the ground state.
In the case of ZnM, at longer wavelength the T1 → Tn
absorption dominates, resulting in a broad feature in the
500−610 nm region, followed by the bleaching of the Q bands,
spanning the 630−710 nm interval. In the case of ZnB, the
bleaching of the B band is followed by an intense triplet−triplet
absorption, in the 490−580 nm region, followed by the
bleaching of the Q-band, mirroring the ground state absorption,
which interrupts an otherwise flat, featureless and relatively
weak absorption extending up to 850 nm.
The transient difference spectra obtained by 532 nm laser

excitation of ZnB and ZnM supported on ZrO2 thin films are
consistent with the formation of their triplet state exhibiting in
both cases a lifetime of ca. 350 ns. The triplet state signature of
ZnB (see Figure S4A in the Supporting Information) is
dominated by the intense absorption band having a relatively
sharp maximum in the 500−520 nm interval, as previously

Figure 3. TA spectra of (A) ZnM and (B) ZnB in EtOH/THF
solution. Spectra recorded at various time delays after the 532 nm laser
excitation are represented. Single wavelength (450 and 500 nm)
decays fitted with a monoexponential function are depicted as insets.
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observed in solution, followed by the bleaching of the Q bands.
The bleaching of the Soret band could only be partly explored
(λ > 440 nm), and its weak intensity relative to the 500 nm
absorption is motivated by the excessive optical density (OD
>2.5) in this spectral interval. Such strong absorption was
determined by the need of reaching a sufficient light harvesting
for the 532 nm excitation, a wavelength where the extinction
coefficient of the porphyrin is poor. On the other hand, ZnM
(see Figure S4C in the Supporting Information), whose
absorption spectrum is generally red-shifted with respect to
ZnB, is characterized by the intense Soret bleaching centered at
450 nm and by a relatively broad and intense absorption
peaking at 550 nm, followed by the weaker but clear Q-band
bleaching. The agreement with the TA recorded in fluid
solution is excellent. For both dyes, due to the strong light
scattering of ZrO2 films, an intense emission was observed in
the red region of the visible spectrum, at very short delays (few
ns) after the peak of the laser pulse, consistent with the
deactivation of their lowest singlet excited state. The transient
emission spectra (see Figure S4B, D in the Supporting
Information) agree very well with those observed in both
solution and on similar solid substrates by steady-state
techniques.
In the case of dyes adsorbed on TiO2 film (Figure 4), it is at

first glance evident that the TA spectra do not show significant
resemblance nor contributions from the triplet state, indicating
that the charge separated state, consisting of dye cation and
electron injected in the conduction band of the semiconductor
(dye+/e−(CB)), is formed in prevailing proportions (at least
>80%) within the laser pulse. Hence, the charge injection is
dominating over other photophysical deactivation pathways of
the excited state. This is consistent with the large charge
injection quantum yields estimated in the previous section,
although in that case the S2 excited state was directly populated
upon excitation of the B band at 460 nm. Herein, since at 532
nm a quite undefined absorption manifold of the dye, between
the B and Q-band is intercepted, the laser excitation should
prevailingly populate the S1 state from which charge injection
also occurs with large yields. Thus, it is not clear whether
charge injection occurs from S2, S1, or both. IPCE spectra
previously recorded for similar porphyrinic dyes, when the light
harvesting efficiency was unitary for both B and Q bands,
suggested that at least a fraction of injection could occur
directly from the S2 excited states.14,17

The TA spectra of the two dyes adsorbed onto TiO2 film
(Figure 4) show common features that are ascribed to the
spectral characteristics of the radical cation formed by charge
injection. The bleaching of the B band (shown from 450 nm) is
followed by a weak absorption, which anticipates the deep
bleaching of the Q bands (respectively at 630−700 nm for
ZnM, and at 530−630 nm for ZnB) and by an intense,
triangular shaped absorption band at longer wavelengths. In the
absence of electrolyte as electron donor, the recovery of the
charge separated state occurs by electron recapture from
conduction band by the dye cation ((e−)CB + dye+ → dye).
Taking into account that electron recombination occurs from a
distribution of energetically different states on the sensitized
surface, the kinetics is preferably described by multiexponential
functions. In our case a biexponential function afforded good
results, with an average lifetime calculated according to eq 629

∑τ
τ
τ

⟨ ⟩ =
A
Ai

i i

i i

2

(6)

where A1 and A2 and τ1 and τ2 are the amplitudes and the
lifetimes of the fitting function

τ τ= − + − +y A t A t yexp( / ) exp( / )1 1 2 2 0 (7)

In both cases, the dye cations did not recover completely on a
time scale of 2 μs and ⟨τ⟩ values equal to 800 ns and 680 ns
were obtained for ZnM and ZnB cations, respectively. The
longer lifetime of the ZnM cation may be a consequence of
hole localization on the amino group farthest from the TiO2
surface.
The recovery of both dye cations, monitored at 680 nm,

employing various laser excitation energies in the presence of
electron donating electrolyte (0.6 M AMII + 0.1 M LiI) is
reported in Figure 5A, C. It is noteworthy that in all cases, the
recovery is considerably accelerated due to electron transfer by
I− and was 90% complete within about 1 μs. The regeneration
efficiency term η, which would correspond to the electron
collection efficiency, if losses due to recombination with the
oxidized electron mediator (I3

−) were negligible, can be
expressed by means of pseudo-first order rate constants.
Thus, η is obtained by the reciprocal of either the average

Figure 4. Time evolution of TA spectra of (A) ZnM and (B) ZnB
loaded onto TiO2 thin films in contact with 0.1 M LiClO4 in CH3CN.
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lifetime or the half-life τ1/2 (the time at which 50% of the initial
amplitude is decayed) according to the eqs 7 and 8

η =
+
τ

τ τ

⟨ ⟩

⟨ ⟩ ⟨ ⟩

1

1 1
reg

reg rec (7)

or

η =
+

τ

τ τ

⟨ ⟩

⟨ ⟩ ⟨ ⟩

1

1 1
1/2reg

1/2reg 1/2rec (8)

where ⟨τreg⟩ is the average regeneration lifetime calculated
according to eq 6 in the presence of electron donating species
(I−) and ⟨τrec⟩ is the average recombination lifetime measured
by working in the presence of inert LiClO4 solution.
Typical experiments were conducted with an excitation

energy of 7.9 mJ/cm2/pulse corresponding to a laser pumping
at 1.3 kV. Under these conditions, the regeneration efficiency
(η) calculated for ZnB working at 680 nm was 75 ± 1% by
using either τ1/2 or ⟨τ⟩. For ZnM the regeneration efficiency,
calculated at 680 nm (bleaching), resulted in 85 or 78% by
using τ1/2 and ⟨τ⟩, respectively. Furthermore, in the case of
ZnM, the dye cation recovery was also followed at 800 nm

(absorption) with an excitation energy of 7.9 mJ cm−2 pulse−1

(Figure 5B). At this latter wavelength η = 77% calculated by
τ1/2 or 73% by ⟨τ⟩, showing a good agreement with the kinetics
followed at 680 nm, confirming that in ZnM both the bleaching
and the intense long wavelength absorption were spectral
signatures of ZnM+, following the same kinetic regime with a
very good approximation. However, the kinetics monitored at
800 nm resulted in a slightly lower regeneration term and a
longer average lifetime (960 ns) with respect to those
calculated at 680 nm. These results are probably ascribed to
the positive optical contribution of photoinjected electrons
trapped in long-lived surface states which are obviously
insensitive to the presence of electron donating species, leading
to the incomplete TA recovery at 800 nm (Figure 5B, red line),
despite of the presence of I−.
It must be pointed out that in order to extract signals with a

good signal-to-noise ratio, we used excitation energies higher
than 6.2 mJ/cm2/pulse in these experiments. Under these
conditions, more than 100 electrons per particle are injected by
each laser pulse, significantly accelerating recombination with
respect to common solar illumination conditions, where few
electrons/particle are produced. Indeed the increase in
excitation pulse energy, generally causes an acceleration of
the dye recovery, because of accelerated recombination

Figure 5. Dye cation recovery in the presence of I−. (A) ZnM at 680 nm; (B) ZnM at 800 nm in the presence (red) and in the absence (black) of I−.
Excitation energy 7.9 mJ/pulse/cm2. (C) ZnB at 680 nm. In A−C, various laser excitation energies (mJ/pulse/cm2) were employed in order to
investigate the dependence of the dye recovery from the excitation energy in the presence of electrolyte containing electron donating I−.
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resulting from the increasingly larger number of electrons that
populate each nanoparticle. Nevertheless, a triplication in pulse
energy (Figure 5A, C) had an overall minor impact in the
acceleration of the dye recovery (particularly in the case of
ZnB) indicating that even under relatively high pulse energies,
regeneration dominates over recombination, allowing to extract
reasonable η terms, in spite of the fact that the two competing
processes were not completely decoupled.
The above-reported measurements confirm that both dyes

are effectively regenerated by the electron mediator I−, resulting
in regeneration efficiencies of the order of 74% for ZnB and
close to 80% for ZnM. In principle the regeneration term can
be used as a first estimate of the electron collection efficiency
(η) when electron losses by recombination with I3

− are
neglected. This is a reasonable assumption under short circuit
conditions and low intensity monochromatic illumination, the
condition under which IPCE is usually measured, resulting in a
lower stationary electron density on the TiO2 photoanode.
Because IPCE = Φinj η LHE, by considering spectral regions
where the light harvesting efficiency (LHE) is unitary, and
using the previously evaluated Φinj and η terms, an extrapolated
maximum IPCE = (85 ± 4)% × (75 ± 2)% = (64 ± 4)% was
obtained for both dyes, even by making the most conservative
hypothesis about the η values. We can thus conclude that the
calculated values are in good agreement with recently published
experimental results,17 where the maximum IPCEs for a series
of β substituted and meso substituted dyes ranged from 60 to
70%. This is remarkable if we consider that the former were
based on the estimation of the efficiencies of the elementary
interfacial processes in half cells (photoanodes) under open
circuit and in illumination conditions different than those
experienced by a DSSC device under either natural or
simulated sunlight.
Photoelectrochemical Investigation. In the DSSC, the

solar energy conversion efficiency is influenced both by the
intrinsic structural and electronic properties of the dye and by a
variety of extrinsic factors, including primarily the quality, the
thickness and the particle size of TiO2, the adsorption
conditions and the composition of the electrolyte.
In the attempt to optimize the solar cell fabrication

parameters, acting on the extrinsic factors, some differences
were obtained in photovoltaic performances with respect to
those previously reported for the same dyes,17 although the
general trend remained unaffected.
The significant efficiency figures, obtained in DSSCs

sensitized with ZnM and ZnB measured under AM 1.5 G
illumination are listed in Table 2.

The PCE of devices based on ZnB and ZnM dyes were 6.1%,
and 3.9%, respectively. The greater efficiency of ZnB is
evidently due to a general improvement of all photovoltaic
parameters with respect to those of ZnM: Jsc is increased from
8.6 mA cm−2 (ZnM) to 11.7 mA cm−2 (ZnB) and Voc is

increased by ca. 10% and also the Fill Factor undergoes a 2.6%
enhancement.
Because the quantum yield of charge injection and the

regeneration efficiency of the two dyes were found to be quite
similar, it is likely that the observed differences in the solar
energy conversion efficiencies may be ascribed to significant
differences in electronic recapture kinetics by the oxidized
electrolyte, a process which is usually not easily evaluated by
photophysical investigations.
The JV curves of DSSC devices based on ZnM and ZnB are

reported in Figure 6 both under illumination and in dark

conditions. It is noteworthy that the dark current of ZnM
exhibits an anticipated (by ca. 100 mV) onset with respect to
that of ZnB (Figure 6 black symbols), providing a strong
indication of a more facile I3

− reduction kinetics at the surface
of the TiO2 photoanode sensitized by the meso push−pull ZnII-
porphyrinate. Interestingly, these findings may rationally
explain the trend of performances of analogous dyes, previously
reported17 using a different electrolyte, featuring better
photovoltaic characteristics by a β pyrrolic substituted
tetraarylporphyrinic architecture compared to a meso disub-
stituted push−pull diarylporphyrinic geometry.
Electrochemical impedance spectroscopy (EIS) investigation

has allowed us to corroborate the indications obtained by the
J−V curves. The impedance of a DSSC device is modeled with
an equivalent electric circuit, in which the electrical elements
represent the different cell processes and their interfaces.30 The
charge transfer resistance at the TiO2/dye/electrolyte interface,
Rct (Figure 7A), and the measured capacitance, Cmeas (Figure
7B), provide quantitative information about the dynamics of
electron recapture by I3

− at the interface of TiO2 sensitized with
either ZnM or ZnB.
Cmeas and Rct values are plotted as a function of the potential

corrected by the IR drop. At intermediate and high potentials,
the dominating capacitance is the chemical capacitance Cμ of
TiO2, which shows a characteristic exponential variation with
the potential. It is clear that the recombination process
significantly affects the apparent electron lifetime on the TiO2
photoanode, which can be calculated by the equation

τ = μR Cct (9)

ZnB exhibits a higher value of capacitance and in particular
higher charge transfer resistance resulting in a longer apparent

Table 2. Photovoltaic Characteristics of DSSCs Based on
ZnB and ZnM Dyes: Short Circuit Photocurrent (Jsc), Open
Circuit Photovoltage (Voc), Fill Factor (FF), and Power
Conversion Efficiency (PCE)

dye Jsc (mA cm−2) Voc (mV) FF PCE (%)

ZnB 11.7 675 0.77 6.1
ZnM 8.6 612 0.75 3.9

Figure 6. Current−voltage characteristics of DSSCs using dyes ZnB
and ZnM under illumination and in dark conditions.
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electron lifetime (Figure 8) with respect to ZnM. Such results
appear to confirm that the recombination process between
electrons injected into the TiO2 film and the oxidized species in
the electrolyte (I3

−) is less critical for the 2-β-substituted
porphyrinic dye, ZnB, leading to the enhanced photovoltaic
efficiencies, as reported in Table 2.

Significant differences in the dye adsorption of ZnB and ZnM
onto TiO2 can influence recombination kinetics, because TiO2
sites left uncovered by the dye and exposed to the electrolyte
may become preferential recombination centers. However, the
spectrophotometric evaluation (see Figure S5 in the Supporting
Information) of the dye coverage on transparent thin TiO2
layers, after 2 h of adsorption in conditions identical to those
adopted for the DSSCs fabrication, led to essentially identical
surface concentration of the two dyes (Γ = 1.6 × 10−8 mol/
cm2). If this result is extended to DSSCs, we can rule out any
significant contribution arising from the different surface
concentration to the slower recombination kinetics observed
for ZnB compared to ZnM. Hence, intrinsic differences in the
molecular structure of the two dyes, could play a key role in the
passivation of the TiO2 surface by interaction with I3

−. In
agreement with the latter hypothesis, the higher steric
hindrance of ZnB, based on a tridimensional tetraarylporphyr-
inic core, with respect to ZnM, consisting of a pseudoplanar
diaryl porphyrinic core, should play a relevant role. The bulky
architecture of the β-substituted porphyrinic dye, as ZnB,
should be able to better screen the surface against the
approaching oxidized species of the electrolyte compared to a
diaryl-porphyrinic dye arranged in a meso push−pull system, as
ZnM, thus reducing the recombination rate between the
electron accepting I3

− and the electrons injected on TiO2.
Space filling models of free ZnB and ZnM (see Figure S6 in the
Supporting Information) confirm a more bulky structure of 2-β
substituted tetraarylporphyrin ZnB with respect to the 5,15-
meso disubstituted diarylporphyrin ZnM. Moreover the
improved shielding effect of ZnB, which consequently results
in a better passivation of the photoanode, can be visualized with
relative ease from the top and side views (under the same
perspective) of an idealized (101) titania surface (projected
area 11 × 18 Å2) (see Figure S6 in the Supporting
Information), bearing two molecules of either ZnM or ZnB
arbitrarily bound to titanium centers on the surface.
Furthermore, one of the major aspects that may reduce

photovoltaic performances of metal porphyrins when used as
dye in DSSC is the formation of aggregates on the
semiconductor surface. These are critical aspects in the case
of meso disubstituted ZnII porphyrinates, as previously
confirmed by the evidence that the introduction of long alkoxy
chains on the aryl rings, instead of the more common tert-butyl
groups, can sterically protect the porphyrinic core retarding the
charge recombination process and, in parallel, effectively reduce
the dye aggregation, thus allowing for a more efficient electron
injection.3,5

A second hypothetic mechanism, which may favor
recombination processes in the case of meso push−pull
architectures, is a local increase of I3

− concentration due to
the formation of charge transfer adducts with the push-amino
group. This can favor the approach between I3

− and the TiO2
or, in addition, it can result in the oxidative quenching of the
dye excited state by charge transfer to the electrolyte. This
latter possibility for increased recombination rates and excited
state deactivation has been reported for some coordination
compounds bearing π-delocalized ligands31,32 and for macro-
cyclic aromatic compound such as phtalocyanines33 and it is
currently under investigation in our laboratories. Hence the lack
of the amino-group could also contribute to make the ZnB dye
less sensitive to the oxidative quenching and should further
prevent recombination by reducing the local surface concen-
tration of electron accepting species (I3

− and I2).

Figure 7. (A) Charge transfer resistance Rct and (B) measured
capacitance Cmeas as functions of the corrected potential for ZnB and
ZnM sensitized solar cells under illumination.

Figure 8. Apparent electron lifetimes as a function of the corrected
potential for the ZnB- and ZnM-based DSSCs under illumination.
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■ CONCLUSIONS

In this work, we have comparatively investigated, by combining
time-resolved spectroscopy, photophysical and photoelectro-
chemical techniques, two structurally different dyes which
exhibit β monosubstituted ZnII-tetraarylporfirinic (ZnB) and
meso disubstituted push−pull ZnII-diarylporphyrinic (ZnM)
architecture. The purpose was to clarify the origin of different
efficiencies registered in DSSCs based on the two porphyrinic
dyes by characterizing and comparing the fundamentals of the
interfacial charge separation and collection processes occurring
at the dye-sensitized TiO2 photoanode.
Both dyes showed injection quantum yields ≥80% and

displayed a favorable kinetic competition between electron
recombination and regeneration, yielding regeneration efficien-
cies in the 75−85% range. These findings were consistent with
previous experimental IPCE data, corresponding to maximum
monochromatic conversion efficiency ranging between 60 and
70%, measured in iodide/iodine (I−/I3

−) mediated DSSCs.
We have also confirmed the rather unexpected evidence that

the β-substituted ZnII-tetraaryl-porphyrinate ZnB display, in
DSSC, superior solar-energy conversion efficiency (6.1%) than
the meso disubstituted push−pull diaryl-porphyrinate ZnM
(3.9%) under simulated solar illumination, thanks to a
combination of superior Jsc, photovoltage, and fill factor. The
photophysical investigation, combining steady state quenching
experiments and time-resolved techniques, has evidenced quite
similar charge injection and regeneration efficiencies for both
dyes. Furthermore, identical dye concentrations were measured
on transparent thin TiO2 layers, thus ruling out any possible
influence of different loading degrees on the recombination
kinetics. The origin of the higher efficiency of DSSCs based on
ZnB appears to be ascribed, on the basis of EIS investigation, to
an intrinsic superior passivation of the TiO2 surface against
charge recombination involving electron accepting species of
the electrolyte. A superior screening effect, as well as reduced π-
staking aggregation, are related, as shown by computational
modeling, to the higher steric hindrance of the tetraarylpor-
phyrinic architecture of the β-substituted dye, arising from the
presence of four bulky tert-butyl-substituted aryl rings
surrounding the porphyrinic core. Conversely, the meso
disubstituted push−pull diarylporphyrinic dye ZnM features a
lower sterical crowding and the presence of push-amino group
which may promote the formation of adducts with I3

−, favoring
either oxidative quenching of the excited state of the dye or
recombination processes with the electrons of the photoanode,
because of an increased local surface excess of I3

−. Hence, we
can conclude that the better performance of DSSCs based on
ZnB with respect to ZnM, reasonably depends on a significant
reduction of the recombination rate with the oxidized redox
mediator rather than on differences in regeneration efficiency or
charge injection yield.
The information extracted from this study will be helpful in

guiding the development of new β-substituted porphyrinic dyes
being characterized by a relatively straightforward synthesis
with good yields and by a significant steric hindrance. Such a
class of dyes appears to be a remarkable, viable, and efficient
alternative to more synthetically demanding diarylporphyrinic
dyes exhibiting the push−pull meso geometry. Finally, our
findings appear to disprove the “paradigm”, whereby, up to
now, the meso disubstituted push−pull diarylporphyrinic dyes
were considered to have the best performing architecture, at
least in the case of iodide-iodine mediated DSSCs.
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Graẗzel, M. Porphyrin-Sensitized Solar Cells with Cobalt (II/III)−
Based Redox Electrolyte Exceed 12% Efficiency. Science 2011, 334,
629−634.
(11) Yi, C.; Giordano, F.; Cevey-Ha, N.-L.; Tsao, H. N.;
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