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ABSTRACT: Three highly efficient porphyrin sensitizers—YD2, YD2-0C8, and
YD30, either sensitized on TiO, films or embedded in PMMA films—were
investigated using electrophotoluminescence (E-PL) spectra. Under both thin-film
conditions, on application of an external electric field we observed the quenching of
fluorescence of push—pull porphyrins (YD2 and YD2-0C8) and a slightly enhanced
fluorescence of the reference porphyrin without an electron donor group (YD30). A
nonfluorescent state with charge separation (CS) is proposed to be involved in both
YD2 and YD2-0C8 systems so that the electron injection becomes accelerated in the
presence of a strong electric field. In contrast, the retardation of the nonradiative
process not involving a CS state was the reason for the field-induced enhancement of
fluorescence of YD30. The extent of fluorescence quenching of YD2-0C8 was greater
than that of YD2 on TiO, films, indicating that the ortho-substituted long alkoxyl
chains play a key role to accelerate the consecutive electron injection involving the CS
state. Our E-PL results indicate that a field-induced variation of fluorescent intensity is
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related to the efficiency of conversion of solar energy and that further improvement of the performance of devices containing

push—pull porphyrin dyes is achievable under an applied electric field.

1. INTRODUCTION

Dye-sensitized solar cells (DSSC) have attracted much
attention because of their potential as next-generation photo-
voltaic devices.' "¢ A promising example was shown by a device
made of a porphyrin dye (YD2-0C8) in a cobalt electrolyte that
attained efficiency 12.3% of power conversion (PCE),” which is
superior to devices developed based on Ru complexes®® or
metal-free organic dyes.'”'' In general, the aggregation of
porphyrins with a large planar 7-conjugation is feasible.'>'?
Our previous work on push—pull porphyrin sensitizers showed
that a promising zinc porphyrin (YD2) can effectively diminish
dye aggregation and enhance device performance."*™'® To
suppress further the extent of dye aggregation, YD2-0C8 was
designed with long alkoxyl chains attached at the ortho-
positions of the meso-phenyls of the porphyrin. These ortho-
substituted devices outperformed their para- and meta-
substituted counterparts because a substitution of the long
alkoxyl groups at the ortho-position protects the porphyrin
cores from dye aggregation and from forming a blocking layer
on the TiO, surface.”'”'®

Electroabsorption (E-A) and electrophotoluminescence (E-
PL) spectra, i.e., plots of the change of an absorption spectrum
and photoluminescence spectrum, respectively, induced with an
electric field have been extensively used to examine electronic
properties, such as electric-dipole moment and molecular
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polarizability, for organic and polymeric thin-film systems.'*~>*

Several authors reported the effects of local electric fields on the
optical properties of DSSC.>*7>® Meyer and co-workers
assigned the spectral shift of the peak bleach of the metal-to-
ligand charge-transfer (MLCT) band to be due to the Stark
effect induced by an electric field on the oxidized sensitizers.”*
Pastore and Angelis interpreted the observed spectral shift of
the peak bleach in photoinduced absorption (PIA) spectra,
which show absorption spectra of a sample to differ with and
without photoexcitation, to be caused by the Stark effect, based
on computational results.”> Boschloo and co-workers reported
that the spectral shape of the E-A signals is similar to that of the
PIA signals of an organic dye adsorbed on a TiO, thin film,
which is given by the first derivative of the absorption spectra of
the dye.”® The effect of an electric field on absorption and
emission spectra has hence some impact on the further
understanding of molecular interactions and electron-transfer
properties at the dye/TiO, interface.

In the present work, we present E-PL spectra of the three
porphyrin dyes YD2, YD2-0C8, and YD30 (Scheme 1)
embedded in PMMA films or sensitized on TiO, films. The
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Scheme 1. Molecular Structures of YD2, YD2-0C8, and YD30
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synthetic details of YD2 and YD2-0C8 are reported else-
where;”'*7'¢ those of YD30 are given in the Supporting
Information. We found that the fluorescence of YD2 and YD2-
0C8 was quenched on application of an electric field and that
the fluorescence of YD30 was slightly enhanced with an electric
field. To account for the observed quenching of fluorescence
under an applied electric field, we propose that the electron
injection in the push—pull porphyrin system involves a state
with charge separation (CS).

2. EXPERIMENTAL SECTION

The TiO, nanoparticles (NP) were prepared according to a
conventional synthetic procedure and then prepared as a paste
for screen printing according to a procedure reported
elsewhere.”” For the working electrode, the TiO, NP as a
transparent active layer was coated on a TiCl,-treated FTO
glass substrate (TEC 7, Hartford) to obtain a film of thickness
~3 um and active size 0.4 X 0.4 cm”. The TiO, films were then
immersed in a solution containing the target porphyrins (YD2,
YD2-0C8, or YD30, 1.5 X 10™* M) and chenodeoxycholic acid
(CDCA, 7.5 X 107* M) in ethanol for 30 min. Then the
porphyrin-sensitized TiO, films were rinsed by ethanol for
several times in order to remove the unadsorbed or weakly
bonded dye molecules on the surface of TiO,. The counter
electrode was made on spin-coating the H,PtCly/isopropanol
solution onto a FTO glass substrate (FTO, 8€2/ cm?, typical size
1.0 X 1.5 cm?) through thermal decomposition at 380 °C for 30
min. The electrolyte solution containing I, (0.05 M), Lil (0.1
M), PMII (1 M), and 4-tert-butylpyridine (0.5 M) in a mixture
of acetonitrile and valeronitrile (volume ratio = 85:15) was
introduced into the space between the two electrodes,
completing the fabrication of these DSSC devices.

For the porphyrin:PMMA thin films, the porphyrin
embedded in PMMA was deposited on an ITO-coated quartz
substrate on spin coating from a toluene solution in which a
mixture of porphyrin and PMMA (mass ratio = 1:40) was
dissolved. The thickness of the sample was ~0.5 ym, measured
with an interferometric microscope (Nano Spec/AFT-010-
0180, Nanometric). A semitransparent Al film was further
deposited on the sample film with vacuum vapor deposition.
For the porphyrin/TiO, thin films, the porphyrin adsorbed on
transparent TiO, layer on FTO glass substrate ~3 ym, and
then a PMMA thin film of thickness ~1 ym was deposited on
the TiO, film as an insulator. There was a further Al film
deposited on the PMMA thin film. ITO/FTO and Al films
served as electrodes for both samples.
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Electric-field-induced changes in fluorescence spectra were
measured using electric field modulation spectroscopy
described elsewhere.”® Briefly, the electrofluorescence spectra
and fluorescence spectra were investigated with a spectro-
fluorometer (FP777, JASCE) equipped with a modulation
apparatus. Electromodulation of fluorescence intensity was
induced by a sinusoidal ac voltage with a frequency 40 Hz. A
function generator (SG-4311, Iwatsu) combined with a
homemade amplifier was used to generate an ac voltage up
to 100 V. The external-field-induced fluorescence change was
detected with a lock-in amplifier (SR830, SRS) at the second
harmonic of the modulation frequency.

The total fluorescence (PL) intensities of the porphyrin dyes
would be significantly quenched when they were adsorbed on
TiO, as compared to that of free dye in PMMA because the
interfacial electron transfer is a very eflicient nonradiative
process to compete with the emission process.”” Therefore, the
PL and the corresponding E-PL spectra of the TiO, films were
recorded under a greater light-collection condition than those
of the PMMA films.

3. RESULTS AND DISCUSSION

When an external electric field (F) is applied to a molecule, the
molecular energy levels become shifted through the interaction
of the permanent electric-dipole moment and the molecular
polarizability with F.*° The field-induced spectral shift in energy
(AE) is expressed by the equation

1
AE = —AuF — —FAaF
=y (1)

in which Ay and Aa represent the differences in electric dipole
moment and molecular polarizability, respectively, between two
states between which an optical transition occurs. Assuming
that the isotropic distribution of absorbers and emitters is
maintained at the second harmonic of the modulation
frequency of F, the E-PL spectrum in wavenumber, Al (D), is
expressed as a linear combination of the zeroth, first, and
second derivatives of the emission spectrum>®>"

AL(D) = UPIZ{AIF(E) e [IF@]

+ C173d—2[ IF(V)]
2| ot @)
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in which coefficients A, B, and C correspond to the field-
induced change of fluorescent intensity, the spectral shift
mainly resulting from Aa, and the spectral broadening mainly
resulting from Ay, respectively; fis the internal field factor. The
magnitude of AIL(D) is proportional to the square of the
strength of the applied field; this relation is clearly shown in
Supporting Information Figure S1 for YD2 embedded in
PMMA and sensitized on TiO,. We hence fit the E-PL spectra
with a linear combination of the PL spectrum and its first- and
second-derivative spectra, as indicated in eq 2. Assuming a
random distribution of fluorophores in an immobilized solid
film, we express coefficients B and C roughly as

AQ AP

2he’ 6h*c* ©)
in which A@ denotes the average of the trace of Aa, h is
Planck’s constant, and c¢ is the speed of light.

For the E-PL spectra reported herein, we employed a thin-
film system with TiO, films of thickness ~3 pm (one single
transparent layer of TiO, nanoparticles without an added
scattering layer) for improved collection of optical signals from

the thin-film samples. We tested the performance of devices
with these thin TiO, films. Figures la and 1b show the
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Figure 1. (a) Current—voltage characteristics and (b) corresponding
IPCE spectra of solar cells sensitized with YD2 (black traces), YD2-
0C8 (red traces), and YD30 (blue traces). The devices were fabricated
with working electrodes containing only one single layer of TiO,
nanoparticles of thickness ~3 ym.

current—voltage curves and the corresponding spectra of
efficiency of conversion of incident photons to current
(IPCE) of the devices sensitized with YD2, YD2-0C8, or
YD30 in an iodine-based electrolyte; the corresponding
photovoltaic parameters are summarized in Table 1. The
performances of these devices show a systematic trend on Jg¢
with order YD2-0C8 > YD2 > YD30, which is consistent with
the trend shown in the IPCE spectra. The inferior performance
of YD30 is due to the limited ability of light harvesting through
a lack of a diarylamino group in the meso position of the
porphyrin ring. The values of V¢ of YD2-0C8 and YD30 were
significantly greater than of V5 of YD2 because of the effect of

Table 1. Photovoltaic Properties of Devices with YD2, YD2-
0C8, and YD30 as Sensitizers on TiO, Thin Films
(Thickness ~3 gm) under 1 sun Irradiation

porphyrins Jsc (mA em™) Voc (mV) FF 1 (%)
YD2 9.02 746 0.72 4.8
YD2-0C8 9.98 781 0.66 S.1
YD30 6.81 775 0.68 3.6

the long alkoxyl chains attached at the ortho positions of the
meso-phenyls.”” The overall photovoltaic performances of the
thin-film samples are consistent with those of the optimized
devices;’ the observed E-PL results measured for TiO, films of
thickness ~3 um are utilized to rationalize the photovoltaic
performances of porphyrin dyes in this series.

To test the effect of an electric field on emission spectra of
porphyrins isolated in thin-film samples, YD2, YD2-0C8, or
YD30 was embedded in PMMA films of thickness ~0.5 pum,
and PL and E-PL were obtained with spectra on modulation of
an electric field. Figure 2 shows the results at field strength 0.1
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Figure 2. PL (Ix(7), green traces) and E-PL (Al (T), black traces)
spectra with field strength 0.1 MV cm™ for (a) YD2, (b) YD2-0C8,
and (c) YD30 embedded in PMMA thin films. Red traces are
simulated curves according to eq 2. Excitation wavelengths are (a) 441,

(b) 464, and (c) 404 nm.

MV cm™". The E-PL spectra were reproduced with the zeroth,
first, and second derivatives of the PL spectra in a linear
combination, and those of each fit component are shown in
Supporting Information Figure S2. The coefficients A, B, and C
were evaluated according to eq 2, and the results are
summarized in Table 2. The magnitudes of A& and Ay
between an emitting state and the ground state were derived
from B and C, based on eq 3; these results are also shown in
Table 2. All E-PL spectra exhibited a bathochromic shift with
respect to their PL spectra, i.e., a positive value of B, because
species in an excited state have larger polarizabilities than
species in a ground state. We observed a quenching of the field-
induced fluorescence of both YD2 and YD2-0CS8, i.e., a negative
value of A, which is attributed to a relaxation to a CS state that
is nonfluorescent in nature.** This model is consistent with our
observation that for push—pull porphyrins such as YD2 and
YD2-0C8 the nonfluorescent CS state was involved. We
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Table 2. Fitted Coefficients A, B, and C of E-PL Spectra of Both Porphyrin/PMMA and Porphyrin/TiO, Systems Obtained

According to Eq 2 and A@ and Ay Obtained with Eq 3%

films porphyrins A (MV~2 cm?) B (MV ™% cm) Cc (MV™?) Aa® (A) Aub (D)
PMMA YD2 —0.000 20 0.07 35 2499 8.6
YD2-0C8 —0.00013 0.05 23 178.5 7.0
YD30 0.000 002 0.02 2 71.4 2.1
TiO, YD2 —0.007 4 800 14280 41.3
YD2-0C8 —-0.012 9 2800 32130 77.3
YD30 0.003 3 300 10710 25.3

“Errors are regarded as +15% in all values. bf is assumed to be unity.

noticed also that the fluorescence of YD2 (A = —0.00020
MV~ cm?) was quenched more than that of YD2-0C8 (A =
—0.000 13 MV™% cm?) in PMMA. The values of Ay in Table 2
imply that the electric-dipole moment in the excited state is
larger for YD2 than that for YD2-0-CS8, resulting in a separation
of charge for YD2 more facilitated than for YD2-0-C8 from the
emitting state in PMMA.

In contrast with YD2 and YD2-0-C8, the fluorescence of
YD30 in PMMA was slightly enhanced with F (A ~2 X 107¢
MV~2 cm?). Electric field effects on nonradiative processes have
been examined in many cases such as pyrene,”” anthracene,>
tetraphenylporphirin,®* and polymers.***> The observed
enhancement of E-PL of YD30 in PMMA implies that the
fluorescence quantum yield was larger under external field than
that at zero field. Because the radiative rate coefficient is
generally field independent,®® the observed enhanced fluo-
rescence quantum yield in YD30 must be related to the
decreased rate coefficients of one or more nonradiative
processes. We therefore infer that the external electric field
might retard the intersystem crossing (ISC) S; — T, of YD30.
All E-PL spectra were recorded with excitation wavelengths at
which the field-induced change in absorbance was negligible.

PL and E-PL spectra were recorded also for YD2, YD2-0C8,
and YD30 sensitized on TiO, films. Figure 3 shows the results.
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Figure 3. PL (Ix(7), green traces) and E-PL (Al (T), black traces)
spectra recorded with field strength 0.1 MV cm™ of (a) YD2, (b)
YD2-0C8, and (c) YD30 adsorbed on TiO, thin films. Red traces are
simulated curves according to eq 2. The excitation wavelengths are (a)
488, (b) 487, and (c) 400 nm.
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The observed E-PL spectra were simulated satisfactorily with
the zeroth, first, and second derivatives of the corresponding PL
spectra in a linear combination (Supporting Information Figure
S3); coefficients A, B, and C as well as A@ and Au were
evaluated, as in the case of the compounds in PMMA. The
results are summarized in Table 2. Fluorescence spectra of
these porphyrin/TiO, films are much red-shifted in the
presence of F; the value of B is much larger than that of
porphyrin/PMMA counterparts. Both the large bathochromic
spectral shift, i.e,, larger polarizability in the excited state, and
the large value of Ay might be due to the porphyrins becoming
anchored on the surface of TiO, in a deprotonated form.>”

As shown in Table 2, the coefficients (A, B, and C) are
remarkably larger on TiO, films than the ones in PMMA films.
These results indicate that the fluorescence of YD2 and YD2-
0C8 adsorbed on TiO, films was quenched to a much greater
extent than those in the PMMA films, likely because the
character of charge separation of these push—pull porphyrins is
much larger on TiO, films than in PMMA films. When the
push—pull porphyrins adsorbed on TiO,, the interfacial charge
transfer character should also be considered. In this case, the
distance of donor—acceptor (D—A) is longer than the
molecular size, and the enhanced CS character may be
attributed to the interfacial charge transfer from the dye to
the TiO, surface. The absorption may correspond to the
transition to the system’s combined state with strong coupling
between dye and TiO,. That is the electron injection occurs
following optical transition from the ground state of the dye to
an excited state largely delocalized within the semiconductor
(through the CS state), which was found to give rise to almost
exactly the same absorption spectrum as for the dye in
solution.”®

The photoinduced electrons of porphyrins in the excited
state are considered to become rapidly injected into the
conduction band (CB) of TiO, through the CS state of the
porphyrins; this rapid injection led to efficient fluorescence
quenching.'>** The extents of fluorescence quenching and the
changes of polarizability and electric dipole moments, both
induced with an electric field, are greater for YD2-0C8 than for
YD2 on TiO, films, indicating a stronger driving force to form
the CS state in the former than in the latter. The ortho-
substituted long alkoxyl chains must play a key role to provide
such a driving force for rapid formation of a CS state in YD2-
0C8. In contrast with YD2 or YD2-0-C8, the fluorescence of
YD30 sensitized on TiO, films was enhanced, indicating that
electric fields retarded the ISC of YD30 both in PMMA films
and on TiO, films. Nonradiative decay, including ISC, is
considered to be suppressed by F to compete with electron
injection at the emitting state of YD30. The extent of the
enhancement on TiO, films was greater than that in PMMA

dx.doi.org/10.1021/jp409874c | J. Phys. Chem. C 2013, 117, 24761—24766
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films, which might imply that the local field factor of the TiO,
films is much larger than that of PMMA films.

We summarize in Figure 4 the fundamental photophysical
and electron-transfer processes of the thin-film systems without
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Figure 4. Schematic representation of fluorescence (double-solid-line
arrows), electron transfer (solid-line arrows), and intersystem crossing
(I1SC) (multicurve arrows) of porphyrins of two types under
conditions without (red) or with (blue) an applied external electric
field.

(red) and with (blue) an applied electric field for porphyrins of
two types. Three processes are indicated: multicurve arrows
represent ISC, solid-line arrows the electron transfer, and
double-solid-line arrows the radiative process. When we applied
an electric field on porphyrins in PMMA films, we observed
fluorescence quenching for porphyrins with an electron-donor
substitute (YD2 or YD2-0C8) but fluorescence enhancement
for a porphyrin without such a donor group (YD30). A
nonfluorescent CS state is proposed to become involved in
these two push—pull porphyrins so that the field-induced
quenching of fluorescence was observed for both YD2 and
YD2-0C8. In contrast, field-induced enhancement of fluo-
rescence was observed for YD30 likely because the rate of ISC
S, = T, became diminished under a strong electric field. When
those porphyrins were sensitized on TiO, films, an electron
transfer from the S, state of porphyrin to the CB of TiO,
became feasible. A further enhanced fluorescence of YD30 on
TiO, indicates that nonradiative ISC and electron transfer in
the YD30/TiO, system were significantly diminished under a
large field. The involvement of the CS state in both YD2/TiO,
and YD2-0C8/TiO, systems plays a key role to accelerate the
rate of electron transfer through a consecutive process S; = CS
— CB, so that the fluorescence became more quenched on the
TiO, films than in the PMMA films. The extent of this field-
induced quenching was more effective for YD2-0C8 than for
YD2, indicating that the consecutive rate of electron transfer on
the TiO, films was greater for the former than for the latter.

4. CONCLUSION

A field-induced quenching of fluorescence was observed for
both push—pull porphyrins, YD2 and YD2-0C8, embedded in
PMMA films or sensitized on TiO, films. For another
porphyrin without an electron-donor group, YD30, the
fluorescence was slightly enhanced on application of an electric
field, likely because of the decreased nonradiative rates of ISC,
under an applied electric field, which competes with electron
injection into the CB of TiO,. The involvement of a
nonfluorescent CS state in both YD2 and YD2-0C8 thin-film

systems under a condition of a large field increases the rate of
electron transfer from the excited state to the CS state that is
responsible for the observed quenching of fluorescence. The
extent of this quenching for the YD2-0C8/TiO, system was
greater than that for the YD2/TiO, system, indicating that the
ortho-substituted long alkoxyl chains are the key components in
YD2-0C8 to provide a driving force to accelerate the formation
of a state of charge separation and the subsequent electron
injection. Our results not only explain the photovoltaic
performance for porphyrin sensitizers in this series but also
evoke a new idea to accelerate the rate of electron transfer
under an external electric field. Work is in progress to examine
the effect of field-induced photovoltaic performance.
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