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ABSTRACT

Two perylene anhydride fused porphyrins 1 and 2 have been synthesized and employed successfully in dye-sensitized solar cells (DSCs). Both
compounds showed broad incident monochromatic photon-to-current conversion efficiency spectra covering the entire visible spectral region
and even extending into the near-infrared (NIR) region up to 1000 nm, which is impressive for ruthenium-free dyes in DSCs.

Recent developments in the field of organic solar cells
have boosted interest in development of novel functional
near-infrared (NIR) dyes,1 given that sunlight possesses
50% of its irradiation energy in the infrared spectral
region. Dye-sensitized solar cells (DSCs)2 stand out to

challenge the traditional silicon-based solar cells due to
the cost-effectiveness issue combined with their medium
efficiencies. A rising interest is to use ruthenium-free dyes
as sensitizers for DSCs,3,4 because such dyes hold many
advantages over ruthenium-based dyes such as lower cost,
higher absorption coefficient, and ease of tuning LUMO
andHOMOenergy levels.However, how toobtain a single
sensitizer that is capable of effectively capturing light over
the entire spectrum from 400 to 1000 nm and simulta-
neously fulfills all the requirements for an efficient device
remains a long-term challenge.5
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Porphyrin has gained recognition as one of the most
versatile building blocks for DSCs due to their unique
optical as well as electrochemical properties and their
excellent photochemical stability.6 Due to the limited
absorption behavior of the porphyrin monomer in the
visible and particularly in the NIR region, efforts have
been made toward the design and synthesis of π-extended
porphyrins, including porphyrin tapes7 and polycyclic
aromatic compounds-fused porphyrins,8 which were pre-
dicted to have potential applications in photovoltaic
devices.8e,h,i Attempts to use these fused dyes in DSCs
were independently made by Yeh and Imahori’s
groups,9,10 and up to 4.1%efficiencywas achievable under
optimized conditions. However, DSCs based on fused
porphyrin systems exhibiting a NIR response beyond
900 nm have never been reported. Herein we report two
novel perylene anhydride fused porphyrin dyes 1 and 2
(Figure 1), which have been employed successfully as NIR
sensitizers for DSCs.

As shown in Figure 1, the molecular design is based on
the following considerations: (1) Perylene monoimide-

fused porphyrins exhibit intensified NIR absorptions,
large dipole moments, and high photostability as reported
in our recent studies,8h thus providing an extraordinary
molecular platform for applications in DSCs. Neverthe-
less, appropriate structural modifications are necessary for
such a purpose. (2) Anhydride serves as an anchoring
group,11 which can be obtained by saponification of an
imide group in the presence of a strong base. In addition,
the electron-withdrawing anhydride moiety is able to
stabilize the highly conjugated low band gap π-system,8h

leading to stable NIR dyes for practical DSCs application.
(3) In the design of the large-sized, rigid molecules 1 and 2,
bulky 3,5-di-tert-butylphenyl groups were chosen as sub-
stituents because such bulky groups not only surmount the
solubility problembut also eliminate the aggregation of the
chromophores.8e�g (4) Introduction of an electron-donat-
ing 4-(dimethylamino)-phenylethynylene onto the meso-
position of porphyrin in 2 is supposed to result in a more
red-shifted NIR absorption due to the enhanced intramo-
lecular charge transfer, and this is also beneficial to a fast
electron injection from the excited dye to the conduction
band of TiO2 in DSCs.3c

Figure 1. Molecular design and structures of dyes 1 and 2.
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Scheme 1 outlines the synthetic route for compounds 1
and 2 (see Supporting Information for more details). The
synthesis commenced with the preparation of the precur-
sor 5, which was synthesized by Suzuki coupling of por-
phyrin boronic ester 312 and perylene monoimide 413

followed by demetalation andNi(II)-metalation. Intramo-
lecular cyclization reaction of 5 promoted by FeCl3 then
generated a purple solid as a mixture containing unsepar-
able chlorinated side products, which was directly con-
verted to their corresponding anhydrides without
purification. Separation of 1 from other side products
was successful after saponification of 6 with an overall
yield of 63% for three steps based on 5. Preparation of
electron-donating 4-(dimethylamino)phenylethynylene
substituted 2 followed a slightly revised procedure. The
key intermediate 10 was first prepared by sequential
Miyaura reaction, Suzuki coupling, bromination, and
trans-metalation. In common with the synthesis of 6,
FeCl3-promoted oxidative dehydrogenation of 10 afforded
fused 11 together with some chlorinated side products. The
presence of bromine atom in 11 allowed further functiona-
lization, and the incorporation of an electron-donating
4-(dimethylamino)phenylethynylene group was carried
out at this stage by Sonogashira�Hagihara coupling reac-
tion to generate “push-pull” type molecule 13, which finally
underwent saponification to give target molecule 2 with an
overall yield of 17% for four steps based on 10.
The absorption spectra of both 1 and 2 cover the entire

visible and a part of the NIR spectral region (Figure 2).
The absorption maximum of 1 was found at 805 nm

(ε = 89,000 M�1 cm�1), and a further red-shift of 42 nm
was observed for 2 (ε = 81,000 M�1 cm�1) owing to
enhanced intramolecular charge transfer. Nearly no fluor-
escence was observed for 1 and 2 in chloroform, which is
common for Ni(II)-porphyrins. In addition, other factors
such as aggregation and photoinduced intramolecular

charge transfer from porphyrin to perylene anhydride
can also decrease the fluorescence quantum yield.
Electrochemical properties of 1 and 2 were investigated

by cyclic voltammetry in deoxygenated DCM solution
containing 0.1M tetra-n-butylammoniumhexafluoropho-
sphate as supporting electrolyte (Table S1 andFigure S1 in
Supporting Information). Compound 1 exhibited four
reversible oxidation waves with half-wave potentials at
0.29, 0.45, 0.73, and 0.83 V (versus Fcþ/Fc), whereas three
reversible or quasireversible oxidative waves were ob-
served with half-wave potentials potentials at 0.15, 0.25,
and 1.02 V for 2; these are distinguishable by differential-
pulse voltammetry (DPV). Furthermore, two reversible
reduction waves were found for both 1 and 2 with half-
wave potentials at �0.94 and �1.04 V for 1 and at �0.94
and�1.05 V for 2, indicating that they can be reduced into
the corresponding radical anions and dianions, which can
also be stabilized by the delocalized π-system. HOMO
energy levels of �5.04 and �4.89 eV and LUMO energy
levels of �3.92 and �3.93 eV were estimated for 1 and 2,
respectively.14 Energy gaps of 1.12 eV for 1 and 0.94 eV for
2 were then calculated, and this trend is in agreement with
their optical band gaps (1.42 eV for 1 and 1.31 eV for 2).
To gain better insight into the molecular geometries,

molecular orbitals, and UV�vis�NIR absorption spectra
of 1 and 2, time-dependent density function theory
(TDDFT at B3LYP/6-31G**) calculations were per-
formed, and the optimized molecular structures and fron-
tier molecular orbital profiles are shown in Figure 3. The
HOMO for both 1 and 2 are delocalized throughout the

highly conjugated backbone as well as the terminal amino
group. In contrast, the LUMO for 1 and 2 are predomi-
nately located at the perylene anhydride motif. Such
orbital partitions are undoubtedly beneficial for electron
injection and overall photovoltaic performance. The cal-
culations also predict that 1 and 2 will show absorption
maximum at 759 and 849 nm (Figures S2, S3 and Tables

Figure 2. UV�vis�NIR absorption spectra of 1 and 2 in CHCl3
(8.0 � 10�6 M).

Figure 3. Frontier molecular orbital profiles of molecules 1 and
2 calculated by DFT.
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S2�S5 inSupporting Information), respectively, which are
in good agreement with the experimental data.
The DSC devices applying 1 and 2 as NIR sensitizers

were constructed and characterized (see Supporting In-

formation for experimental details). As shown in Figure

4A, the preliminary investigation of the incident mono-

chromatic photon-to-current conversion efficiency (IPCE)

revealed that IPCE spectra reached the highest values of

31.4% at 772 nm for 1 and 29.7% at 790 nm for 2,

respectively. In common with their absorption spectra,

IPCE curves for both 1 and 2 not only exhibit panchro-

matic responses but also extend the photovoltaic perfor-

mance to the NIR region. Noteworthy is that dye 2

displays an IPCE response as long as 1000 nm, which is

one of the furthest red-shifted responses reported for

ruthenium-free DSCs. The characteristic current densi-

ty�voltage (J�V) curve measured under irradiation of

AM1.5G full sunlight (Figure 4B) provides a short-circuit

current density (Jsc) of 7.11 mA/cm2, an open-circuit

voltage (Voc) of 329 mV, and a fill factor (FF) of 0.54,

yielding the overall power conversion efficiency (η) of

1.26% for a DSC device based on 1. For comparison,

photovoltaic parameters (Jsc,Voc, FF, and η) of 2 are 7.66
mA/cm2, 333 mV, 0.52, and 1.36%, respectively. The

results demonstrate that the attachment of electron-donat-

ing amino groups onto the π-conjugation system for 2

slightly increases the Jsc but has no positive effect on Voc

and FF. The moderate efficiencies of NIR dyes 1 and 2
perhaps are attributed to the following reasons: (1) The
LUMO energy levels of 1 and 2 are very close to the
conduction band edge of TiO2, thus leading to insufficient
driving force for electron injection.9 (2) Depite the intro-
duction of bulky groups, dyes 1 and 2 still have a strong
tendency to form aggregates, reflected by their broad 1H
NMR spectra recorded at room temperature. It is com-
monly believed that aggregation of dyes reults in non-
radiative decay of dyes from the excited state to the ground
state. Excitons, therefore, are readily trapped or quenched
byaggregate states,which eventually reducesphotocurrent
densities.3 (3) The short lifetime of the excited states of the
dyes possibly decreases the device performance, because
short lifetime narrows the time-scale window when elec-
tron injection takes place.15

In summary, a new strategy for designing NIR dyes for
DSCs by fusing an electron-rich porphyrin unit to the
perylene anhydride core was demonstrated. Based on dyes
1 and 2, broader IPCE spectra have been achieved, cover-
ing the entire visible range extending into the NIR region
up to 1000 nm. Although these NIR dyes displayed
moderate efficiencies, the enhanced light harvesting prop-
erties in the NIR region provide possibilities for further
improvement of overall DSC efficiency of ruthenium-free
sensitizers with panchromatic and particularly NIR re-
sponse. Further structural optimization, such as reducing
the aggregation and tuning the energy levels, is very likely
to generate more efficient sensitizers and this work is
currently underway in our laboratories.
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Figure 4. (A) IPCE spectra of the devices sensitized by 1 and 2.
(B) J�V curves ofDSCs based on 1 and 2 at an irradiation of 100
mW cm�2 AM 1.5 G sunlight.16
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