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ABSTRACT: Alkoxy-wrapped N-annulated perylene (NP) was synthesized and used as a rigid and coplanar z-linker for three
push—pull type metal-free sensitizers QB1—QB3. Their optical and electrochemical properties were tuned by varying the
structure of acceptor. These new dyes were applied in Co(II)/(IIl) based dye-sensitized solar cells, and power conversion
efficiency up to 6.95% was achieved, indicating that NP could be used as a new building block for the design of high-performance

sensitizers in the future.

D esign and synthesis of stable organic dyes with

appropriate energy level alignment and large light-
harvesting capability was the key to achieving high-performance
dye-sensitized solar cells (DSCs)." In recent years, various types
of organic dyes with donor—z—acceptor structure have been
investigated.” Among them, porphyrin-based push—pull-type
sensitizers have demonstrated superior performance in
comparison to other metal-free organic dyes.> However, the
tedious synthesis makes it very hard to apply this kind of dye in
practical applications.

Therefore, we started to look for a good replacement of
porphyrin. Perylene could be a suitable candidate as it has an
intense absorption band around 410 nm which is close to the
Soret band of porphyrin. In addition, perylene-based dyes have
shown excellent photophysical properties such as a high
extinction coefficient, a high fluorescence quantum yield, and
outstanding chemical, thermal, and photochemical stability.* In
fact, perylene-based dyes have been successfully used for both
organic photovoltaics® and DSCs.® However, most of them
exhibited relatively low overall power conversion efficiencies
and were limited to perylene anhydride and perylene imide
with modification at bay position to improve solubility and
suppress aggregation.

Our attention was then shifted to a new perylene derivative,
the so-called N-annulated perylene (NP), in which a nitrogen
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atom is annulated at the bay position.” Compared with the
parent perylene, regioselective functionalization (e.g.,, bromina-
tion) can be conducted at the peri-positions near the amine
side,” which opens the opportunities to generate push—pull-
type sensitizers by using NP as a new rigid and coplanar 7-
linker (Figure 1). In addition, flexible alkyl chains or bulky
groups can be readily introduced to the amine site, which can
significantly improve the solubility and suppress dye
aggregation. Moreover, NP itself has good light-harvesting
ability and can also serve as an electron donor. In fact, our
group recently demonstrated that NP-substituted porphyrins
showed largely improved light harvesting in near-infrared
region, and power conversion efficiency (#) higher than 10%
was achieved in Co(1I)/(III) based DSCs.’

In this context, three NP-based push—pull sensitizers QB1—
QB3 (Figure 1) were synthesized and tested in DSCs in this
work. The design is based on the following considerations: (1)
NP shows strong absorption in visible range (4,,,™ = 413 nm)
with high extinction coeflicient and high fluorescence quantum
yield,® which will be good for light harvesting; (2) a bulky o-
alkoxy-substituted phenyl group rather than flexible alkyl chain
was chosen to suppress the problematic dye aggregation as well
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Figure 1. Molecular design and structures of NP-based sensitizers

QB1-QB3.

as to ensure sufficient solubility;'® (3) triphenylamine (TPA)
was chosen as the electron-donating donor, while cyanoacetic
acid (CAA) was chosen as electron-acceptor/anchoring group
because they have been proved to be efficient for many metal-
free sensitizers;” (4) for QB2, a 4,4-dihexyl-4H-cyclopenta[2,1-
b:3,4-b’]dithiophene (CPDT) unit was inserted between NP
and CAA in QBI in order to extend 7-conjugation; (5) for
QB3, an electron-deficient benzothiadiazole (BT) moiety was
inserted between the NP and the CPDT unit in QB2 to
facilitate intramolecular charge separation and to tailor the
light-harvesting property.

The synthesis commenced with the N-arylation of the parent
NP 17° with the 2,6-bis(octyloxy)-1-iodobenzene (2) (see
synthesis in the Supporting Information) in the presence of Cu
and K,CO; to give the key compound 3 (Scheme 1).
Regioselective bromination of 3 with 2 equiv of N-
bromosuccinimide (NBS) at room temperature gave the
dibrominated NP 4 in 90% yield. The NP monoaldehyde 5
was then prepared by the monolithiation of 4 followed by
reaction with anhydrous DMF. Suzuki coupling of compound §
with 4,4,5,5-tetramethyl-2-[4-[ N,N-bis(4-hexyloxyphenyl)-
amino |phenyl]-1,3,2-dioxaborolane (6)"' generated the NP
aldehyde 7 and subsequent Knoevenagel condensation with
cyanoacetic acid in the presence of piperidine afforded the
target compound QB1 in 89% yield over two steps. Suzuki
coupling between 4 and 6 gave the monobromo-NP 8, and
then the NP monoboronic ester 9 as another key intermediate
was prepared by Miyaura borylation reaction from 8. Suzuki
coupling between 9 with the monobromo-CPDT 10'' or
CPDT—BT 11" gave the aldehydes 12 and 13, respectively,
and similar Knoevenagel condensation with cyanoacetic acid
afforded the corresponding dyes QB2 and QB3.

The absorption spectra of QB1—-QB3 in chloroform all
exhibit a broad band at 400—700 nm region with large
molecular extinction coefficient (&), which can be attributed to
the intramolecular donor—acceptor interaction (Figure 2).
Time-dependent density functional theory (TD DFT)
calculations at the B3LYP/6-31G* level of theory suggest
that this band is a combination of several electronic transitions
dominated by HOMO — LUMO, HOMO-1 — LUMO,
HOMO — LUMO+1 and HOMO—-1 — LUMO+1 (see details
in the Supporting Information). The absorption maximum was
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Scheme 1. Synthetic Routes of QB1-QB3
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Figure 2. UV—vis absorption spectra of QB1—QB3 in chloroform.

observed at 531 nm (e = 3.27 X 10* M~*em™) for QBI, 550
nm (& = 445 X 10* M~ cm™) for QB2, and 502 nm (e = 4.96
x 10* M™' cm™) for QB3. In comparison with QBI, the
absorption maximum and absorption edge of QB2 shift to red
by 19 and 58 nm, respectively, and the spectra become more
broad and intense, which can be explained by the extended 7-
conjugation after inserting of a CPDT unit. QB3 shows similar
spectral broadening and intensity enhancement, with the
absorption edge shifted to the red by 60 nm. However, its
absorption maximum exhibits a 29 nm blue shift, which can be
explained by a larger dihedral angle (59.4°) between the NP
and BT units in QB3 than that (42.4°) between NP and CDPT
units in QB2 based on the DFT calculations (Supporting
Information). The absorption spectra of three sensitizers
adsorbed on transparent mesoporous TiO, films all show
some blue shift presumably due to the deprotonation of
—COOH group on TiO, surface (Figure S1, Supporting
Information). The spectra of QB1 and QB2 are slightly
broadened, but there is no significant change on the shape,
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indicating that there is not much dye aggregation due to the
introduction of bulky bisoctyloxyphenyl group to the amine
site.'® However, for QB3, the shape of its absorption spectrum
is quite different and largely blue-shifted, implying possible
formation of H-aggregates after inserting a BT moiety. In fact,
the '"H NMR spectra of QB1 and QB2 show sharp peaks even
in concentrated solutions, but the QB3 exhibits relatively
broadened resonances (Supporting Information).

The HOMO and LUMO energy levels of QB1—QB3 were
determined to be 5.03, 4.98, 4.98 eV (HOMO) and 3.44, 3.41,
342 eV (LUMO), respectively, by cyclic voltammetry in
CH,Cl, solution (Figure S2 and Table S1, Supporting
Information). The electrochemical energy gaps were calculated
accordingly to be 1.59, 1.57, and 1.56 eV, which are in
agreement with the optical energy gaps. DFT (B3LYP/6-
31G*) calculations show that for QBI1, the HOMO is
delocalized along both the TPA and the NP core, while the
LUMO is delocalized through the NP core and the CAA group
(Figure S3, Supporting Information). QB2 and QB3 exhibit
even more segregated HOMO and LUMO. Such a spatially
well-separated orbital distribution is desirable for efficient
intramolecular charge separation and fast injection of photo-
excited electron into the conduction band of TiO, via the
carboxylic group adsorbed on the TiO, surface.

The newly synthesized dyes QB1—QB3 were adsorbed onto
a bilayer titania film to serve as a working electrode for
photovoltaic characterizations with Co(II)/(IIl) based electro-
lyte (see details in the Supporting Information)."* Parts a and b
of Figure 3 show the photocurrent density—voltage (J—V)
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Figure 3. (a) Photocurrent—voltage curves and (b) IPCE action
spectra of the DSCs based on QB1-QB3 with and without
coadsorbent DCA; (c) TiO, chemical capacitance (Q) versus bias
voltage; (d) electron recombination resistance (R.) versus Q for

QB1-QB3 cells.

characteristics and the corresponding incident photon-to-
current efficiency (IPCE) action spectra under illumination of
the standard AM 1.5 simulated sunlight (1 sun, 100 mW cm™2).
Dyes QB1—QB3 showed an average power conversion
efficiency of 5.79%, 6.10%, and 5.46%, respectively (Table 1),
which is impressive since most reported perylene based
sensitizers exhibited low or moderate performance.®
particular, DSCs based on QB1 showed large open circuit

In
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Table 1. Photovoltaic Parameters of DSCs Based on QB1—
QB3 with and without Co-adsorbent DCA

cell name Voc (mV) Jsc (mA Cm_z) ff (%) 1 (%)
QB1 825 10.48 69.1 5797
QB2 731 12.31 67.8 6.10°
QB3 739 1027 72.0 5.46%
QB1 + DCA 729 8.76 744 476"
QB2 + DCA 740 12.80 733 6.95°
QB3 + DCA 766 11.32 72.6 6.30°

“The cell employed 5.3 um TiO, transparent with 4.0 um light
scattering layers. “Coadsorbed with DCA. Dye: DCA = 1:10.

voltage (V. = 0.825 V), which could be ascribed to its optimal
frontier molecular orbital profile and lower HOMO energy
level compared with QB2 and QB3. Broad IPCE action spectra
covering most of the visible region were observed for all three
dyes, which is consistent with their absorption spectra. Dyes
QB1 and QB2 showed IPCE values up to 75%, while dye QB3
exhibited lower maximum IPCE value (~54%). The onset of
IPCE action spectra is red-shifted from 663 nm for QB1 to 715
nm for QB2 and to 725 nm for QB3. As a result, QB2 cell
showed the highest short circuit current density (J,.) of 12.31
mA cm™> while QB1 and QB3 displayed smaller J,. values
(Table 1). After coadsorption with deoxycholic acid (DCA),
the power conversion efficiency dropped for the QB1 cell (7 =
4.76%) while slightly increased for QB2 cell (7 = 6.95%).
Significant improvement of performance was observed for QB3
(n = 6.30%) presumably due to the suppression of dye
aggregation.

To further understand the dye structure—device performance
relationship, electrochemical impedance measurements were
conducted on the QB1—-QB3 cells under illumination and
open-circuit states. As commonly understood, Vi is intimately
correlated to the conduction band (CB) position and the
charge recombination rate.'> Figure 3c shows the dependence
of chemical capacitance (Q) of the three cells on V. At a fixed
bias voltage, the difference in chemical capacitance indicates the
conduction band (CB) position of TiO, varies among the three
cells. Apparently, the QB1 cell presented the largest upward
shift of the CB, while QB2 the least,'* largely interpreting the
Vo difference of the cells. Figure 3d shows the recombination
resistance (R,) of the cells at different Q. At a fixed electron
density, the R, for QB1 cell is larger than that for QB2 and
QB3, the latter two being fairly similar, which implies charge
recombination is more effectively retarded by QB1 dye. As a
result, the above two factors render the highest Vo of QBI
cell.

In summary, alkoxy-wrapped N-annulated perylene was first
used as a rigid and coplanar 7-spacer for the design of push—
pull-type sensitizers. The obtained dyes QB1—QB3 showed
good light harvesting ability and superior device performance
compared to many known perylene-based sensitizers. Our
research suggests that NP could be a good replacement of
porphyrin for the design of new high performance sensitizers in
the future. Optimization of sensitizer structure by extending 7-
conjugation and/or by tuning the donor and acceptor
structures is underway in our laboratories to further improve
the device performance.
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