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A m-extended porphyrin possessing two anchoring groups has
been synthesized and successfully applied to dye-sensitized solar
cells with a power conversion efficiency of 5.5%, rendering it
comparable to the performance of N719-sensitized solar cells
under the conditions employed here.

Dye-sensitized solar cells (DSSCs) have attracted much
attention as promising alternatives to silicon technology for
conversion of solar radiation to electricity.! Based on nano-
structured metal-oxide semiconductors coated with molecular
chromophores, they comprise low-cost materials and can be
readily assembled via inexpensive, low-tech manufacturing
techniques (e.g. screen printing, spray pyrolysis, etc.). The
best DSSCs have achieved energy conversion efficiencies of
+11% at 1 sun.? With the aim of pushing device performance
significantly higher, the three delicately balanced components
of DSSCs—dye, redox shuttle and semiconducting
electrode—have been investigated independently.® In particular,
efforts have been made to develop better-performing dyes
based on modified ruthenium polypyridyl complexes* and on
numerous organic dyes, including porphyrins.® Among them,
porphyrins have received considerable attention due to their
remarkably high extinction coefficients compared to ruthenium
polypyridyl complexes. Other than a few promising reports by
Officer ef al..*? however, most porphyrin-sensitized solar cells
exhibit lower performance than ruthenium polypyridyl
complex-sensitized cells despite similar charge transfer
dynamics for the two types of systems.” The low performance
of porphyrin sensitized solar cells can be partially attributed to
a mismatch of the porphyrin absorption spectrum and the
solar spectrum, as suggested by recently reported systems
using m-extended porphyrins®® and accessory pigment-
attached porphyrins® that enhance their absorption in the
red region of the solar spectrum. Additionally, we note that
binding through four anchoring groups? (instead of just one)
has previously been shown to improve conversion efficiencies.

We herein report the synthesis, characterization and photo-
voltaic performance of a novel porphyrin dye (ZnPDCA, see
Chart 1) with extended m conjugation and two anchoring
groups as a sensitizer in DSSCs, and compare the dye to a
similar dye (ZnPCAf) with only one anchoring group.
ZnPDCA-sensitized cells show superior performance
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i Electronic supplementary information (ESI) available: Details of
synthesis, characterization, cyclic voltammetry, DFT molecular
orbitals, LHE for ZnPDCA and ZnPCA, Charge lifetime versus
photovoltage for ZnPDCA and ZnPCA sensitized cells, "H-NMR
spectra and MALDI-TOF. See DOI: 10.1039/c0cc00257g
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Chart 1 Molecular structures of porphyrin dyes.

(conversion efficiency of 5.5%) to ZnPCA-sensitized cells
(3.5%) due to better light harvesting and higher efficiency
for net charge separation.

ZnPCA and ZnPDCA were synthesized by modifying (see
ESIY) previously published procedures for related compounds.’
Fig. 1 shows the absorption spectra of ZnPCA and ZnPDCA
in methanol and on TiO, films. Compounds ZnPCA and
ZnPDCA exhibit typical porphyrin absorption features with
strong B bands in the range 400-500 nm and moderate Q
bands in the range 600-700 nm. Compared to its parent
molecule—an ethynyl bridged porphyrin lacking the acidic
anchoring groups (see Fig. S1, ESIf)—the B bands of these
dyes are red-shifted and broadened, and Q bands are red-
shifted and intensified. These spectral changes indicate
effective m-elongation®*!? through the porphyrin ring, ethynyl,
and cyanoacrylic acid, with better conjugation for ZnPDCA.
While redder for ZnPDCA than ZnPCA, the spectra have
similarly narrow bandwidths in solution. For both dyes,
absorption bands on TiO, films'' are broadened and slightly
shifted. However, the Q-band of ZnPDCA/TiO, shows a
larger blue-shift compared with that of ZnPCA/TiO,, suggesting
that the environment of ZnPDCA on the metal-oxide surface
is distinct from that of ZnPCA. Notably, the absorbance
differences translate into greater total light-harvesting
efficiency (LHE) for ZnPDCA/TiO, than ZnPCA/TiO,.

(b) .
——— ZnPCA 1| -—zapPcamio,
—— ZnPDCA 4 1| — znPDCATIO,
g \
£ 34 \
£
BV
< \ P
1] \ I
AT ol A
0 - : ; > ol — :
400 500 600 700 400 500 500 700

Wavelength (nm) ‘Wavelength (nm)

Fig. 1 UV-Vis absorption spectra of ZnPCA and ZnPDCA (a) in
chloroform—ethanol (3 : 1) and (b) on TiO, (6 um thick nanocrystal-
line films).
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Fig. 2 (a) Surface coverage (I', mol cm™2) versus solution concentration
for ZnPCA and ZnPDCA adsorbed on TiO,. (b) Double reciprocal plot
for ZnPCA/TiO, and ZnPDCA/TiO, expressed as fractional surface
coverage, 0.

For 12-um thick electrodes in the region 400 to 800 nm,
integrated LHEs differ by a factor of 1.23 (Fig. S2, ESI¥).

The surface binding abilities of ZnPCA and ZnPDAC were
evaluated by monitoring changes in absorbance of dye/TiO,
films'? after soaking films for 24 h in CHCl; : EtOH
(v:v = 3:1) dye solutions of various concentrations. It
was assumed that the oscillator strength (but not individual
extinction coefficients) over the range 400 to 800 nm equalled
those for the dye in solution.!’ Fig. 2 shows Langmuir
isotherms'* for the two dyes. The inset shows double reciprocal
plots of the data expressed as fractional surface coverage (0).
Analyses of the double reciprocal plots yielded binding constants
of 20 x 10* M™" and 1.1 x 10° M~' for ZnPCA and
ZnPDCA, respectively. Speculatively, the five-fold stronger
binding of ZnPDCA compared to ZnPCA might be due to
differing binding geometries and/or the fact that ZnPDCA has
two anchoring groups. Notably, the dyes completely resisted
desorption when the photoelectrodes were exposed to aqueous
base or to any of the several organic solvents.'> For photovoltaic
measurements, films were soaked for 2 h in 0.5 mM dye
solutions. For both dyes, the surface coverage, I', was
5 x 1078 mol em 2 (~6 x 10~® mol mg™' TiO,). The latter
value is somewhat greater (~1.3 to 2x) than typically
reported for porphyrins,®!® but it should be noted that for
a given dye areal density (mol cm™2), coverages expressed in
units of mol mg™! will vary with both TiO, particle size and
extent of sintering.

Ground-state oxidation potentials (E,) of the porphyrin
dyes on TiO, were measured by cyclic voltammetry (CV) using
0.1 M tetrabutylammonium hexafluorophosphate in dichloro-
methane as the supporting electrolyte. The CVs of ZnPCA and
ZnPDCA indicate that the first oxidation occurs at 1.05 and
1.03 V vs. NHE, respectively (see Fig. S3, ESIt). The excited-
state oxidation potentials (E*,y) of the porphyrin dyes, which
can be calculated using the oxidation potential and the Ey ¢
value determined from the intercept of the normalized absorption
and emission spectra, namely, E*, = E,. — Ey, are —0.92
and —0.82 V, respectively, for ZnPCA and ZnPDCA. The
excited-state potentials are substantially more negative than
the conduction-band-edge of TiO, in contact with the DSSC
electrolyte (ca. —0.5 V vs. NHE),'7 indicating favorable
energetics for electron injection. In addition, the ground-state
oxidation potentials are sufficiently positive of the potential of

I;7/I” (ca. +0.5 V vs. NHE)? that efficient regeneration with
I” should be feasible.

To gain insight into the electronic structures of ZnPCA and
ZnPDCA, DFT calculations were performed. Geometry
optimization was carried out at the B3LYP/6-31G* level.
No negative values were observed in the analysis of vibrational
frequencies,? indicating the energy minimum of the
geometries. The LUMOs of porphyrin dyes are fully delocalized
over the porphyrin ring and entire anchoring groups
(see Fig. S4, ESIt). Thus, good electronic coupling between
the excited states of the porphyrin dyes and 3d orbitals of TiO,
should be achievable in these systems.

DSSCs were fabricated using ZnPCA and ZnPDCA as
photosensitizers for nanocrystalline TiO, (~20 nm particle
diameter) with a thickness of 12 pm and a scattering layer
(4 pm thick) of 400 nm diameter particles (see ESIt). Fig. 3a
shows the photocurrent density—voltage (J-F) curves of the
cells. Under AM 1.5 illumination, the ZnPDCA-sensitized
cell exhibits a short circuit photocurrent density (Jy) of
11.3 mA cm™2, an open circuit voltage (Vo) of 680 mV, and
fill factor (FF) of 0.70, yielding an overall conversion efficiency
(), derived from the equation n = Jy. x Voo X FF/input
radiation power, of 5.5%. On the other hand, the
ZnPCA-sensitized cell gives a J. of 7.5 mA cm ™2, Vo of
660 mV, and FF of 0.69, yielding an u of 3.5%. The power
conversion efficiency of ZnPDCA with two cyano acrylic acids
as anchoring groups is comparable to that for N719 (Fig. 3a)
under the conditions employed here, but is superior to that for
ZnPCA with one cyano acrylic acid.

The incident monochromatic photon-to-current conversion
efficiencies (IPCEs) of cells based on ZnPCA, ZnPDCA, and
N719 as sensitizers are shown in Fig. 3b. The IPCE plot for the
ZnPCA/TiO, cell is similar to the corresponding absorption
spectrum (Fig. 1b). The IPCE spectrum of the ZnPDCA/TiO,
cell in the Q-band region is intensified and extended to
the near-IR compared to those of ZnPCA/TiO, and
N719/TiO, cells.

The integrated IPCE value for ZnPDCA is higher than
ZnPCA by a factor of ~ 1.6, consistent with the difference in
Js or the total efficiency (differ by ~1.5). The IPCE is the
product of the light-harvesting efficiency (1), the net charge
injection efficiency (i.e. injection minus geminate recombination
with the dye) (#7in;), and the electron collection efficiency (yco1).
From Fig. S2 (ESIY), a factor of 1.23 can be attributed to
differences in the integrated 7y, due to the higher extinction of
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Fig.3 (a) J-V curves of ZnPCA, ZnPDCA and N719 sensitized solar
cells. (b) IPCE values of ZnPCA, ZnPDCA and N719 sensitized solar
cells.
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photovoltage decay (OCPD)'® were performed for evaluating
comparative charge-collection dynamics. OCPD measures the
dynamics of interception of photogenerated electrons by the
redox electrolyte, thus indirectly reflecting the charge collection
dynamics which competes with interception. ZnPDCA and
ZnPCA based cells yielded nearly identical decay curves,
indicating nearly identical charge collection dynamics and implying
nearly identical 7., values (see Fig. S5, ESIt). By default, we
conclude that differences in net injection efficiency most likely
account for the remaining difference in IPCE behavior for
ZnPDCA versus ZnPCA based cells. Thus, #i,; for ZnPDCA
appears to be ~1.3x higher than that for ZnPCA.

Higher injection efficiencies for ruthenium complexes with
increased number of carboxyl groups have been suggested
previously.'® Aranyos er al.'® observed that the efficiency for
a ruthenium complex with monocarboxylate was inferior to
that of a complex with dicarboxylate and concluded that the
differences in DSSC performance are most likely due to
differences in #;,;. Hara et al b reported that two anchoring
groups are necessary for large molecules to adhere to TiO,
surfaces with an anchoring geometry favorable for injecting
electrons efficiently. Moreover, it has been reported that
planar dye binding geometries can lead to higher DSSC
efficiencies.®””* Rochford et al.? reported greater efficiency for a
rigid planar meta-substituted porphyrin with four anchoring
groups and Campbell ez al.*® observed a five-fold increase in
porphyrin-derived Jg. for a dye in flat binding mode compared
to one featuring edgewise binding. We speculate that binding
geometries may differ for ZnPCA and ZnPDCA.

In summary, the m-extended porphyrin, ZnPDCA,
possessing two anchoring groups has been synthesized and
found to yield an overall energy conversion efficiency of 5.5%.
ZnPDCA-sensitized cells showed a 60% increase in cell
performance compared with ZnPCA-sensitized cells due to:
(a) gains in light harvesting efficiency (improved far-red
absorption) and (b) (apparently) improved net charge injection
efficiency. This work should contribute to the development of
anchoring moieties capable of enhancing the performance of
porphyrin based DSSCs. Detailed kinetic studies of the
ZnPDCA and ZnPCA based cells will be carried out to
determine absolute injection efficiencies for these two dyes.
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