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Introduction

We reply to the comment written by R. P. Steer to our article
“Metal-organic green dye: chemical and physical insight into
a modified Zn-benzoporphyrin for dye-sensitized solar cells”
published on RSC Advances in 2016.

The comment discusses the wrong assignment of a fluores-
cence band to a direct S,-S, radiative decay of our target
compound, a substituted benzoporphyrin named PETBP
(Scheme 1 of ref. 1), that was designed, characterized and tested
as a novel green photosensitizer for hybrid-organic photovol-
taics because of its appealing hybrid porphyrin-phthalocyanine
structure. Our paper was focused on its synthesis and on the
chemical, electrical and photophysical characterization of the
free molecule and of the related DSC. The conclusion that Steer
reaches, to which we fully agree, is that the fluorescence spec-
trum in solution that we reported cannot be attributed uniquely
to our target compound, but more likely to an impurity whose
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fluorescence spectra. The results of these investigations confirm that the S,—Sg emission reported in the
commented paper is not attributable to the target molecule but rather to a neglected luminescent impurity.

emission falls in the range of wavelengths generally belonging
to the S,-S, decay of porphyrins and analogs.

While characterizing our molecule as a luminescent chro-
mophore and as a photosensitizer in a solar cell, we evaluated
evidences that favored our mistake: the emission spectrum
(Fig. 1, ref. 1) at A.x = 460 nm consisted of two bands, peaked
around 500 and 550 nm, suggesting the possibility of a direct
S»-Sp emission reported in the case of several porphyrinoid
system,>* even if never characterized by such a strong intensity.
Moreover, the shape of the IPCE curves (Fig. 9 of ref. 1) of our
solar cells showed a significant photon to current conversion
efficiency in the range of blue wavelengths (35% at 470 nm) and
a less intense contribution related to the Q band at higher
wavelengths (4% at 635 nm). Regarding the latter occurrence,
previous results obtained in the case of a porphyrin similar to
PETPB, namely YDO,* and cited in our article for comparison,
report an IPCE spectrum in which the conversion efficiency
from B and Q bands are comparable. When confronting the
relative UV-Vis absorption spectra of the two molecules, they are
quite similar one another. So, we speculated that the IPCE
differences could be due to a different lifetime of the S, excited
state of PETBP, that if long enough could have directly
contributed to the charge injection into the conduction band of
TiO, substrate before decaying.

Moreover, we calculated an ab initio absorption spectrum of
PETBP (Fig. 6 in ref. 1) constituted by two main transitions
contributing to the Soret band, arising from the breaking of
symmetry of the degenerate LUMO in PETBP with respect to the
unsubstituted tetraphenyl-tetrabenzo porphyrin. This fact
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further gave us the impression that a direct S,-S, emission
could be plausible, because we ascribed it as a possible source
of the corresponding emission spectrum broadening.

Encouraged by these evidences, and by the fulfillment of
some of the requirements described by Steer in his review on
the assignment of S,-S, decays in porphyrinoid systems,> we
underestimated the absence of some others. The too large
Stokes shift of the mid-visible emission maximum around 500-
550 nm, relative to the corresponding 456 nm Soret absorption
maximum, and the breaking of the “mirror image rule” should
have warned us and prompted to perform further investiga-
tions, not to mention the integrated emission intensity of the
erroneously assigned S,-S, transition in the mid-visible, more
than twenty times larger than the integrated intensity of the
expected fluorescence of the Q band.

We agree with Steer that, while this error has slight conse-
quences on the main goal of our paper, i.e. the use of PETBP as
a sensitizer in DSCs, the reported data can indeed be
misleading for researchers involved in the investigation of
porphyrins having rather long-lived upper excited electronic
states, with a potential use as dual absorber-upconverters, and
it is worthwhile to clarify it completely.

Discussion

To identify the origin of our mistake, we firstly reconsidered our
experimental data. We routinely deal with the synthesis of
metal-organic macrocycles, mostly phthalocyanines, with an
average molecular mass around 1000 u.m.a., that we normally
purify by chromatography and/or crystallization. Since any
structurally-related byproduct in the crude would likely present
a similar optical behavior, prior to a luminescent characteriza-
tion we carefully isolate our target molecules from related
macrocycles that could mislead the results. So while checking
for fluorescent impurities we focused on chemical species with
comparable molecular weight and spectral response and
removed them when present. The data analysis is detailed in the
ESIT and evidences the difficulty to determine the presence of
low molecular weight contaminants, that we could not highlight
with the performed characterizations. We therefore speculated
about the chemical nature of the contaminant, screening
several plausible structures with the assistance of ab initio
simulations. Furthermore, we analyzed the probability to have
a direct PETBP S,-S, decay instead of a S,-S; conversion with
a subsequent emission to the ground state.

Concerning the latter, even if the probability of a S,-S,
radiative transition is stronger than the S;-S, probability for all
the investigated porphyrin systems (not reported here), we fully
acknowledge the fact, thoroughly explained by Steer in his
review, that a fast S,-S; internal conversion whose rate we
cannot calculate, quantitatively quenches S, and does not allow
a detection of the S,-S, fluorescence in steady-state emission
spectra, but as very low contributions (10~ weaker in magni-
tude). Moreover, our TDDFT results for PETBP show two dark
states between the Soret and Q band which make the probability
to have a quantitative fluorescence emission from S, even lower.
Furthermore, we have considered the presence of traces of very
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luminescent contaminants and, after an initial screening of
some plausible chemical structures, we have focused our
attention on  (3-oxoisoindolenyl)(3-oxoisoindolinylidene)
phenylmethane, hereinafter named PREC, whose structure is
reported in Fig. 1 and that has been synthesized by Galanin
et al® as a direct precursor of another polisubstituted tetra-
benzoporphyrin, namely meso-trans-diphenyldi(2-quinolyl)
tetrabenzoporphine.

As it can be seen in Fig. 2, the calculated absorption band of
PREC is less intense than the Soret but more intense than the Q
band of PETBP. The S; — S, quantum yield of the of the
molecule, not reported by Galanin et al, is probably high
enough to be detected even in traces.®

According to our calculations, the vibronic structure of the
S1-So fluorescence of PREC results in the spectrum shown in
Fig. 3. It is very similar to the low-wavelength contribution to the
fluorescence spectrum shown in Fig. 2 of our paper, and re-
ported here again for the sake of clarity.

Given these evidences, we agree that Fig. 2 shows the Q-band
fluorescence of PETBP along with the intense response of traces
of a low-molecular weight, non-macrocyclic contaminant. Its
presence could be either due to an incomplete tetramerization
process in the synthetic procedure that we chose” or to a partial
sample decomposition during the fluorescence measurements.

We acknowledge therefore the wrong assignment of Fig. 2 in
our paper. However, we also note that it does not invalidate the
discussion of our results related to the photovoltaic perfor-
mance of PETBP: as a matter of fact, the IPCE spectrum shows
a relevant charge transfer into TiO, from the Soret band, even
greater than that occurring from the Q band. The S, lifetime in
porphyrinoid systems is generally estimated around 1 ps, and
then compatible with a direct electron injection from S, to the
TiO, conduction band, which occurs within 100 fs.?°

Experimental section
Computational details

The structural, electronic and optical properties of PETBP and
PREC have been investigated using ab initio simulations based
on density functional theory (DFT). In detail, the calculations
have been performed by using the ORCA suite of programs* in
a localized-basis-set framework. Kohn-Sham orbitals have been
expanded on a def2-TZVPP Gaussian type basis set.'* Fully

™ H ©

O

Fig. 1 Molecular structure of (3-oxoisoindolenyl)(3 oxoisoindolinyli-
dene)phenylmethane.
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Fig. 2 Calculated absorption spectra of PETBP and PREC.
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Fig. 3 Left panel — calculated vibronic structure of the S;—Sq fluorescence of PREC. Right panel — PETBP fluorescence emission spectrum, as

reported in Fig. 2 of our paper.

decontracted def2-TZVPP/J has been also used as an auxiliary
basis set for Coulomb fitting in a resolution-of-identity/chain-
of-spheres (RIJCOSX) framework.'” Molecular geometries have
been fully optimized at the B3LYP level of theory,**** including
dispersion forces calculated by using the DFT-D3 approach®
TDDFT calculations have been performed by using the B3LYP
functional and the same basis sets discussed above. A large
basis of 500 vectors connecting occupied and unoccupied
Kohn-Sham orbitals has been used for the calculations of the
first 50 electronic transitions. The absorption and fluorescence
vibrational structure of the spectrum has been calculated by
using the independent mode displaced harmonic oscillator
(IMDHO) model."*
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