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ABSTRACT: We report on a sexithienyl and two donor—acceptor—donor
oligothiophenes, employing benzothiadiazole and isoindigo as electron-acceptors,
each functionalized with a phosphonic acid group for anchoring onto TiO,
substrates as light-harvesting molecules for dye sensitized solar cells (DSSCs).
These dyes absorb light to wavelengths as long as 700 nm, as their optical
HOMO/LUMO energy gaps are reduced from 2.40 to 1.77 eV with increasing
acceptor strength. The oligomers were adsorbed onto mesoporous TiO, films on
fluorine doped tin oxide (FTO)/glass substrates and incorporated into DSSCs,
which show AM1.S power conversion efficiencies (PCEs) ranging between 2.6%
and 6.4%. This work demonstrates that the donor—acceptor—donor (D-A-D)
molecular structures coupled to phosphonic acid anchoring groups, which have
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not been used in DSSCs, can lead to high PCEs.
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B INTRODUCTION

Dye-sensitized solar cells (DSSC) are one of the most
important emerging photovoltaic technologies. Since the first
report of the DSSC by Gritzel and co-workers in 1991, the
technology has seen increasing research interest directed to the
understanding of fundamental problems and to the exploration
of opportunities for commercialization.” Compared to tradi-
tional solid-state solar cells, the advantages of the DSSC format
include the use of relatively inexpensive materials, the
possibility that mechanically flexible modules can be deployed
on a large scale for low overall cost, and as the dyes employed
can have controllable light absorption properties, the cells can
be made in a variety of aesthetically pleasing colors and levels of
transmissivity.” Considerable success has been achieved with
DSSCs that rely upon metal complexes as the visible light
absorbing sensitizers. Ruthenium-based polypyridyl sensitizers
have led the field early on, with power conversion efficiencies
(PCEs) now up to 11.5%,*° while Zn-centered porphyrins
recently achieved even higher PCE of 12.3%.%” Phthalocya-
nines are another class of popular dyes that have been
extensively studied for DSSCs, reaching PCEs close to 6.0%.°

Metal-free organic molecular dyes as alternative sensitizers
have also attracted research attention due to a number of
potential advantages ranging from the control of structure
organic compounds bring, to the access to inexpensive and
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environmentally benign resources, high light absorptivity, and
facile synthesis. To date, hundreds of organic dyes have been
evaluated as sensitizers and the highest efficiency cells have
achieved comparable PCEs (> 10%) as those with metal-based
dyes.”'® Recently, perovskite based cells have pushed these
PCE values to over 15%."'~" Generally, the design of the
organic dyes utilizes a donor—z-bridge—acceptor (D-7-A) type
of structure, which is believed to facilitate intramolecular charge
transfer (ICT) from donor, to acceptor, to the TiO, interface
via the m-conjugated linker. In a majority of these D-7-A
structures, the donor unit is a derivative of the triarylamine
moiety, such as triphenylamine (TPA), while the acceptor unit
is the commonly used cyanoacrylic acid group, which also
serves as an anchoring group.

In comparison, symmetrically structured sensitizers based on
donor—acceptor-donor (D-A-D) configurations have received
far less attention, presumably because the symmetry of the 7-
electron distribution is expected to disrupt the vectorial spatial/
energetic orientation between the dye and the TiO, interface
and conduction band—potentially hampering charge transfer.
In contrast, symmetrical D-A-D type conjugated oligomers have
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Scheme 1. Structure of the Three Dyes Used in This Study, T6-A, T4BTD-A, and T4il-A, along with Synthesis of the Isoindigo-

Based Dye T4il-A
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been widely studied for solid-state organic photovoltaic and
organic field effect transistor applications."*"> Towards this
objective, we have reported on a series of D-A-D conjugated
molecules with tailored absorption profiles and controlled
energies of the frontier molecular orbitals (FMO) by
systematically varying the electron-donating and electron-
withdrawing strength of the D and A units, respectively.'®

Herein, we demonstrate the use of visible light absorbing 7-
conjugated oligomers which feature a D-A-D type electronic
structure, combined with phosphonic acid anchoring groups,
for n-type DSSC sensitization. Importantly, our molecular
design diverges from the commonly employed D-z-A structure
since we are not using strongly electron-withdrawing groups
such as cyanoacrylic acid at the binding end of the molecule.
Although the carboxylic acid functionality is most commonly
employed as anchoring group in DSSCs, the use of phosphonic
acid has also been studied as an alternative, first reported for
efficient DSSCs by Péchy and coworkers for a Ru-based
system,'” followed by several other examples of metal-based
molecules'®™*” and D-7-A molecules.”**° Compared to
carboxylic acids, phosphonic acids have been reported to
enhance the strength and chemical stability of dye adsorption
onto TiO, surfaces.>’ ~>* Specifically, we have designed and
synthesized three thiophene-based discrete-length oligomers
unsymmetrically functionalized with one phosphonic acid
group. The conjugated systems were varied from an all-
thiophene seximer (T6-A) to D-A-D structures 1ncorporat1ng
benzothiadiazole (BTD) and 6,6"-isoindigo (iI)** as electron-
deficient (acceptor) cores flanked with two bithiophene
(donor) units (T4BTD-A and T4il-A, respectively). Mirroring
their absorption profiles, incident photon-to-current conversion
efficiency (IPCE) results indicate the dyes sensitize TiO, to
wavelengths in the order T6-A > T4BTD-A > T4il-A, with the
BTD derivative showing the highest plateau in efficiency near
80% and exhibiting a promising AM 1.5 DSSC performance
exceeding 6% PCE.

B EXPERIMENTAL SECTION

Oligomer Synthesis and Characterization. The synthesis and
characterization of T6-A and T4BTD-A is reported elsewhere.*®
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Complete details concerning the synthesis and spectroscopic
characterization of T4il-A are provided in the Supporting Information.

Cell Fabrication and Characterization. A double-layer TiO,
photoelectrode (thickness 15 um; area 0.25 cm?) was used as a
working electrode. A 10 ym main transparent layer with titania
particles (~20 nm) and a S pm scattering layer with titania particles
(~400 nm) were screen- prmted on fluorine-doped tin oxide (FTO)
conducting glass substrate.*® The thickness of the films was measured
with a Surfcom 1400A surface profiler (Tokyo Seimitsu Co. Ltd.). The
films were further treated with 0.1 M HCI aqueous solutions before
examination.”” Solutions (3 X 107 M) of T6-A or T4il-A in
dichlorobenzene and T4BTD-A in acetonitrile/tert-butyl alcohol (1/1,
v/v) were used to coat the TiO, film with the dyes. Deoxycholic acid
(20 mM) was added to the dye solution as a co-adsorbent to prevent
aggregation of the dye molecules. The electrodes were immersed in
the dye solutions and then kept at 25°C for 24 h to adsorb the dye
onto the TiO, surface. Photovoltaic measurements were performed in
a two-electrode sandwich-type sealed-cell configuration. The dye-
coated TiO, film was used as the working electrode, and platinum-
coated conducting glass was used as the counter-electrode. The two
electrodes were separated by a Surlyn spacer (50 um thick) and sealed
up by heating the polymer frame. The DSSC performances of all three
dyes were tested using the following electrolyte composition
(electrolyte 1): 0.6 M dimethylpropylimidazolium iodide (DMPII),
005 M I, 0.1 M Lil, and 0.5 M tert-butylpyridine (TBP) in
acetonitrile. In the case of T4il-A, two other electrolyte compositions
were tested, as follows: 0.6 M dimethylpropylimidazolium iodide
(DMPII), 0.05 M I, and 0.1 M Lil in acetonitrile (electrolyte 2) and
0.6 M dimethylpropylimidazolium iodide (DMPII), 0.05 M L, and 0.5
M Lil in acetonitrile (electrolyte 3). The current—voltage character-
istics were measured under standard AM 1.5 sunlight (100 mW cm™,
WXS-1558-10: Wacom Denso Co. Japan). Incident photon-to-current
conversion efficiency spectra were measured with monochromatic
incident light of 1 X 10" photons cm™ under 100 mW cm™ in
director current mode (CEP-2000BX, Bunko-Keiki).

B RESULTS AND DISCUSSION

Monofunctional Oligothiophene Synthesis. Scheme 1
shows the structures of the three asymmetric phosphonic acid
functionalized dyes employed. We recently reported the
synthesis of T6-A and T4BTD-A,>® and that of T4il-A follows
a similar synthetic strategy as described in Scheme 1. First, a
thiophene ring was phosphonated at the 2-position and
subsequently stannylated at the S-position, leading to
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compound 1 as previously reported.® This was reacted with 2-
bromo-3-hexylthiophene under Stille coupling conditions in
toluene to afford the phosphonated bithiophene 2 in moderate
yield. The catalytic system used throughout the synthesis was
based on Pd(0) in the form of tris(dibenzylideneacetone)
dipalladium, to which was added tri(o-tolyl)phosphine as
ligand. Deprotonation of the alkylthiophene ring of 2 at the
S-position using LDA at low temperature followed by
quenching of the anion with trimethyltin chloride yielded the
stannylated product 3. Prior to conjugation extension, the
isoindigo unit 4 was N-alkylated with 2-ethylhexyl side chains
for solubility purposes.

The core of the aromatic system of T4il-A was then extended
asymmetrically by reacting the 6,6’-dibromoisoindigo derivative
4 with one equivalent of 2-(5'-hexyl-[2,2'-bithiophen]-S-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane under Suzuki coupling
conditions. The catalytic system was the same as for the Stille
couplings with the addition of a 1 M tetraethylammonium
hydroxide aqueous solution as a base. Upon completion of the
reaction, the remaining starting material and the di-coupled by-
product were separated from the mono-coupled product by
column chromatography, affording unsymmetrical compound §
in 38% yield. The remaining haloaryl position on § was then
reacted with stannylated bithiophene 3 under the same Stille
coupling conditions, leading to the isoindigo-based D-A-D
oligothiophene 6 functionalized with a diethyl phosphonate
group. In a final step, the latter group was converted to its
phosphonic acid in the presence of bromotrimethylsilane
followed by quenching with methanol. With the T4il-A
phosphonic acid on hand, its optical and electrochemical
properties were measured and compared to that of the T6-A
and T4BTD-A oligothiophenes.

Optical and Electrochemical Properties. The absorption
spectra of the three dyes were recorded in chloroform solution,
as displayed in Figure 1 and summarized in Table 1. The molar
absorptivities (&) of the dyes were measured between 20 000
and 50000 M™' cm™' at their respective peak wavelength
absorption maxima (see Supporting Information Figure S1).
The absorption profile of T6-A is a single band centered at 426
nm, with a low-energy onset at 515 nm, which corresponds to a
HOMO-LUMO optical energy gap of 2.40 eV. The D-A-D
oligothiophenes both display a two-band absorption profile,
peaking at 360 and 504 nm for T4BTD-A and at 360 and 580
nm for T4il-A. This is consistent with the effect of donor—
acceptor interaction on the z-electron system,’® with the
prominence of the intramolecular charge transfer band at
higher wavelengths. For T4BTD-A, the intensity of the
absorption gap between the two absorption maxima decreases
to 30% of the low-energy band maximum, which is more
pronounced than for T4il-A, for which the absorption gap
intensity decreases to 52% of the low-energy absorption
maximum. As the transmission window for both compounds
is near 400 nm and the high energy peak is in the UV, the
colors expressed by these two D-A-D compounds is dominated
by the absorption due to the charge transfer transitions. The
spectra span the visible spectrum, from yellow (T6-A) to red
(T4BTD-A) to blue (T4il-A) with absorption onsets of 518,
608, and 702 nm, respectively, corresponding to HOMO-
LUMO optical energy gaps reducing from 2.40 to 1.77 eV.

Each dye was adsorbed onto a titania nanoparticle film by
dipping the latter into a DMF solution of the compound for 3 h
and washing the sensitized films with DMF and ethanol. A
photo of each film is shown in Figure 1b, and their absorbance
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Figure 1. Normalized absorption spectra of T6-A, T4BTD-A, and
T4iI-A in CHCI, solution, and picture of T6-A, T4BTD-A, and T4il-A
in DMF solution (a, left to right) and adsorbed onto TiO, (b, left to
right).

spectra are displayed in the Supporting Information. The
spectral results demonstrate the panchromatic absorption
achieved in both solution and adsorbed films—promising for
their use as dyes for DSSCs.

The photoluminescence maxima of T6-A and T4BTD-A,
which we previously reported for dilute chloroform solutions,
are red-shifted from 565 nm for the former to 676 nm for the
latter, with fluorescence quantum efliciencies of 49% and 71%,
respectively. Their fluorescence lifetimes were measured at 0.85
ns for T6-A and 5.5 ns for T4BTD-A. Sensitizers with longer
fluorescence lifetimes are particularly attractive as this increases
the probability for charge separation of the photogenerated
exciton, therefore favoring electron injection into the
conduction band of the TiO, film. In contrast, the fluorescence
intensity of the isoindigo-based molecule T4il-A was very low
regardless of the excitation wavelength, with a quantum
efficiency lower than 0.1% and a singlet lifetime <100 ps.
This photophysical trait is consistent amongst all il-based
conjugated materials, and unfortunately has yet to be fully
understood.”

In order to evaluate the energy of the HOMO and LUMO
levels of each dye, their electrochemistry was studied in
solution, all potentials being referenced against Fc/Fc*. The
CVs and DPVs for each molecule dissolved at 1 mM in a DCM
electrolyte containing 0.1 M TBAPF, were recorded, as
reported previously for T6-A and T4BTD-A,”* and displayed
in Figure 2a for T4il-A. Table 1 provides a listing of the onset
potentials and corresponding HOMO and LUMO energies.
The CV of the isoindigo derivative shows two quasi-reversible
reduction processes, centered at half-wave potentials between
—1.26 V and —1.68 V, while two overlapping oxidation waves
could be distinguished at 0.55 and 0.66 V. From the onsets of
oxidation and reduction, measured at 0.45 V and —1.15 V,
respectively, we calculated the HOMO and LUMO levels of
T4i[-A to be at —5.55 eV and —3.95 eV versus vacuum. This
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Table 1. Optical and Electrochemical Properties of the Dyes in Solution

dye Amax (nM) AE* (eV) e (M em™)
T6-A? 426 2.40 48 700
T4BTD-A” 504 2.04 21000
T4iI-A 580 1.77 37500

“Results from ref 35. “Calibrated against the Fc/Fc' redox standard, set at —5.1 eV vs. vacuum.

Eo™ (V)® Bt (V)" Egomo (eV) Ergmo (V)
0.20 5.30 2.90
0.40 —1.55 5.50 3.55
0.45 -1.15 5.55 3.95
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Figure 2. (a) Cyclic and differential pulse voltammograms of a T4il-A
solution in 0.1M TBAPF,/CH,Cl,, recorded at 50 mV/s. (b) Energy
levels diagram depicting the position of the HOMO and LUMO levels
of T6-A, TABTD-A, and T4il-A with respect to the conduction band
of TiO,.

was done by setting the Fc/Fc' redox standard at —S.1 eV
versus vacuum, since Fc/Fc* is +04 V vs. SCE,* and the
energy of SCE is —4.7 eV vs vacuum.*"** By analogy, the
HOMO and LUMO energies of T4ABTD-A were measured
from DPV to be at —5.50 eVand —3.55 €V, respectively. The
HOMO energy of T6-A was accessible by DPV, and measured
at —5.30 eV, but the LUMO had to be calculated using the
value of the optical HOMO-LUMO gap. These results confirm

that as electron-deficient units are used in the D-A-D structure,
the energy gaps are reduced for T4BTD-A and T4il-A as a
result of deeper LUMO energy levels (higher electron
affinities). The stronger electron-accepting character of
isoindigo decreases the LUMO to —3.95 eV, more than 1.0
eV deeper than for the sexithiophene dye and 0.4 eV deeper
than for the BTD-based dye.

Figure 2b shows a comparison of these energy levels with
that of the TiO, conduction band (Ecg). The values for TiO,
are approximate since the chemical environment—such as pH
or bound species—at the TiO, surface can affect the Ecp by
several hundreds of meV.>* For instance, it is reported that the
TiO, rutile Ecy can range from —0.05 V at pH 2 to —0.6 V at
pH 6 vs NHE, and that the anatase Ecy at pH 2 is found at
—0.28 V vs NHE.** This corresponds to an Ecp, range of —4.4
eV to —3.85 eV, since NHE is at —4.45 eV,*! although the
commonly accepted values in the DSSC literature for TiO, Ecg
are found between —0.2 and —0.5 V vs NHE, that is, between
—4.25 and —3.95 eV."**>* BFurthermore, adsorbed phosphonic
acid functionalized dyes or additives have been reported to
influence the DSSC photovoltaic parameters as a result of
shifting the Ecy of TiO, depending on the molecule’s dipole
moment.*”*® Nevertheless, the energy diagram in Figure 2b
clearly depicts that as the energy gap of the dyes is decreased,
the LUMO energy approaches that of the conduction band of
TiO,. In particular, the LUMO energy of the T4il-A dye at
—3.95 eV could be close to the Ecy of TiO, depending on the
latter’s accepted value, which may limit the efficiency of the
electron injection into the TiO, film.

Dye-Sensitized Solar Cells. Each DSSC was constructed
by soaking a screen-printed TiO, nanoparticle film (0.25 cm®
onto FTO/glass substrate) into a dye solution containing
deoxycholic acid as additive to prevent aggregation of the
adsorbed dye. The photoelectrode was then sealed against a Pt-
coated glass counter electrode separated with an electrolyte-
soaked membrane. The photovoltaic performance was then
measured under standard AM 1.§ sunlight (100 mW cm™2).
Full details of the solar cell fabrication can be found in the

P
—=—T6-A —e—T4BTD-A —A—T4il-A
-=-dark ---dark - = - dark

00 01 02 03 04 05 06 07 08
Voltage (V)

(b)
. W,
0 !
~ 2] AdAAAaAsAArerara
§ 4
E ) i Remove TBP from
< -6 i electrolyte
] i
o -84 ]
5 v —A—Lil 0.1 M, TBP 0.5 M
O-10 " (electrolyte 1)
i Increase [Lil] —&—Lil 0.1 M, no TBP
=12 v (electrolyte 2)
—v—Lil 0.5 M, no TBP
-14 4 (electrolyte 3)
00 0.1 02 03 04 05 06 0.7 0.8

Voltage (V)

Figure 3. (a) I-V curves of the DSSCs using T6-A, T4BTD-A, and T4il-A dyes in electrolyte 1 under AM1.S illumination (100 mW cm™2), and (b)
evolution of the I-V curves of the T4il-A cells using electrolytes 1, 2, and 3.
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Table 2. PV Parameters of the DSSCs Based on T6-A, T4BTD-A, and T4iI-A”

dye electrolyte composition
T6-A 1 Lil 0.1 M, TBP 0.5 M
T4BTD-A 1 Lil 0.1 M, TBP 0.5 M
T4il-A 1 Lil 0.1 M, TBP 0.5 M
T4I-A 2 Lil 0.1 M, no TBP
T4iI-A 3 Lil 0.5 M, no TBP

Jie (mA/em?) Voe (V) EF (%) PCE (%)
643 0.66 61 2.56
134 0.70 68 6.40
142 0.64 76 0.69
9.89 0.57 59 3.30
12.8 0.45 59 3.39

“All cells measured with 0.05 M I, in the electrolyte, under AML.5 illumination (100 mW cm™2).

Experimental section. Figure 3a shows the current—voltage (I—
V) characteristics of each cell recorded under identical
conditions using electrolyte 1.

As summarized in Table 2, a moderate short-circuit current
(J.o) of 643 mA/cm* was recorded for the T6-A-based cell,
while that of the T4BTD-A was the highest at 13.4 mA/cm?.
For the cell based on T4il-A a low J,. of 1.42 mA/cm? was
recorded. The open-circuit voltage (V,.) of the T4l-A cell is
the lowest, at 0.64 V, while that of the T6-A cell at 0.66 V
approaches that of the T4BTD-A cell, which is the highest at
0.70 V. With high fill factors (FF) between 61% and 76%, this
results in a moderate power conversion efficiency (PCE) of
2.56% for the T6-A cell, and a low PCE of 0.69% for the T4il-A
cell, while the T4BTD-A cell achieved a high PCE of 6.40%.

To further investigate the low performance of T4il-A, DSSC
cells with varied electrolyte composition were also fabricated. In
electrolyte 1 the Lil concentration was 0.1 M with the presence
of 0.5 M TBP. In electrolyte 2, the concentration of Lil was
kept at 0.1 M, but TBP was not added to the electrolyte. In
electrolyte 3, the concentration of Lil was increased from 0.1 to
0.5 M, still without the presence of TBP, as shown in Table 2.
The I-V characteristics of the three T4il-A cells are also
displayed in Table 2 and in Figure 3b.

When TBP was removed from the electrolyte composition
(electrolyte 2), the J,. dramatically increased to 9.89 mA/cm?,
at the expense of the V, which decreased to 0.57 V. The FF
also decreased to 59 %, but the overall increase in current
resulted in a five-fold increase in PCE to 3.30 %. When the Lil
concentration was increased from 0.1 to 0.5 M (electrolyte 3),
the J, increased to 12.8 mA/cm?, which is comparable to that
of T4BTD-A, but the V. decreased further to 0.45 V. With
identical FF for both concentrations, this only improved the
PCE of the T4il-A cell to 3.39 %.

The difference in PCE between the three dyes is reflected in
the IPCE spectra displayed in Figure 4, which shows the
photocurrent action spectra for the T6-A and T4BTD-A cells as
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Figure 4. Incident photon-to-current conversion efficiency (IPCE) of
the DSSCs based on T6-A and T4BTD-A in electrolyte 1 and T4il-A
in electrolyte 3.
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well as the best cell for T4il-A. The IPCE of the T6-A and
T4BTD-A cells peak at 73% and 81% respectively. Consistent
with the broader absorption of D-A-D oligothiophenes, more
extended current generation up to 680 nm is observed for
T4BTD-A cells compared to the T6-A cells for which the IPCE
drops at 550 nm. Likewise, the IPCE of the broadest absorbing
cell based on T4iI-A records current generation up to 750 nm,
but the intensity is lower than that of the other two dyes, as the
current is confined below 55% for the best T4il-A cell. The
evolution of the IPCE for T4il-A-based cells depending on the
electrolyte composition can be found in the Supporting
Information.

B DISCUSSION

Performance of Isoindigo Dye. In this study, we
measured the DSSC performance of the isoindigo-based dye
T4il-A under the same conditions (electrolyte 1) as for T6-A
and T4BTD-A, and found a limited PCE of 0.69 %. This is a
result of a low J,. of 1.42 mA/cm? which is unfortunate given
the extended absorption of the dye towards the NIR. In
comparison, T4BTD-A showed a high J,. of 13.4 mA/cm®
under otherwise identical D-A-D dye design and experimental
conditions. This low current is likely due to an inefficient
electron transfer from T4il-A to TiO,, and suggests that
changing the acceptor from BTD to il in the D-A-D structure
brings the LUMO of the dye too close to the CB of TiO,, when
electrolyte 1 is used.

The additive TBP, which was added in electrolyte 1 but not
in electrolytes 2 and 3, is reported to increase the lifetime of
injected electrons in TiO, and to raise the conduction band of
TiO, (and thus increase the V,.).* Consequently, it is now
widely used in the field to increase DSSCs efficiencies.” For
T4il-A, we observed a decrease in V. from 0.64 to 0.57 V when
TBP was removed from the electrolyte, suggesting that the CB
of TiO, is lower in electrolyte 2, which is consistent with the
reported effect of the additive. As shown in Table 2, removing
the additive had a more striking effect on the J,, which was
increased by seven-fold to 9.89 mA/cm?, resulting in a PCE of
3.30 %. If one considers that the LUMO level of T4il-A is 0 to
0.3 eV higher than the conduction band of TiO, (depending on
the accepted value for TiO, Ecg, see Figure 2b), then it is not
surprising that lowering the conduction band of TiO, as a result
of removing TBP from the electrolyte would result in more
efficient electron injection and thus dramatically higher J,.. A
similar effect of TBP on ], has been observed for DSSCs where
the dye had a low-lying LUMO.**™5* In electrolyte 3, the
concentration of Lil was increased from 0.1 to 0.5 M. As the
concentration of Lil is increased, it is likely that more cations
reach and adsorb onto (or intercalate into) the surface of
TiO,>>>* which then shifts the potential of the conduction
band positively (lowers the conduction band with respect to
vacuum). This is consistent with the further decrease in the V__
from 0.57 V at 0.1 M Lil (electrolyte 2) to 0.45 V at 0.5 M Lil
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(electrolyte 3). The same trend was described in a recent study
with the dye N719, where the [Lil]/[L,] ratio was increased
from 2:1 to 10:1 at various [L,] including 0.05 M, which
corresponds to our experimental conditions.” The J,. further
increased to 12.8 mA/cmz, which is consistent with an even
more efficient electron injection into the TiO, film. Overall, this
suggests that the T4il-A LUMO energy is at the threshold of
the required energetic offset (~0.2 eV)* with respect to the Ecj
of TiO, for efficient electron transfer. Recently, isoindigo-based
D-n-A dyes were reported using TPA-il-aryl structures also
functionalized with cyanoacrylic acid.***’ In the first report of
isoindigo-based DSSC dyes, the most efficient cell reached 6.0
% PCE and no use of TBP was reported.*® TBP was used in a
later study for similar il-based D-7-A dyes, but the J. remained
around 6 mA/cm? with limited efficiencies below 3.2 %.%” Since
the highest PCE reported among the series of il-based dyes was
6.0%, isoindigo still appears to be a promising acceptor for
metal-free DSSC dyes. Given its extended absorption, we
believe this class of molecules would benefit from more in
depth investigation regarding the key parameters that would
limit DSSC efficiency, especially its low-lying LUMO energy
level.**

D-A-D Structure. There is a large pool of conjugated
molecules for bulk heterojunction solar cells and field effect
transistors that have been designed as linear symmetrical D-A-
D structures in order to control crystallization (symmetry) and
HOMO/LUMO energy level tuning and energy gap reduction
(D-A interaction).l‘h1 Furthermore, many monomers used to
synthesize D-A conjugated polymers are also of the D-A-D
structure.”® We find it surprising that the field of DSSCs has
not investigated these simple, well characterized symmetrical
structures in more detail, despite the possible energy misalign-
ment compared to the typical D-7-A structure. To the best of
our knowledge, this is the first report of such a D-A-D structure
demonstrating high PCE in DSSCs (> 6%), as was found for
T4BTD-A. Several studies of BTD containing dyes have been
reported, some with excellent PCE reaching as high as
10%.%°73 Still, all are based on a TPA-BTD-aryl-type structure
functionalized with the commonly used cyanoacrylic acid
anchoring group which would classify them as a D-7-A
structure.

Color Control in D-A-D Conjugated Systems. When
considering organic and hybrid photovoltaic systems for
practical solar cells, one must examine the trade-offs in
performance with conventional inorganic cells (high PCE)
with the unique properties organic dyes can bring through
solution processing, mechanically flexible cells, and aesthetically
pleasing colors. In the context of the work here, this latter effect
of the color is especially important as it opens up a variety of
architectural (wall and window), automotive, and consumer
device applications where the appearance of the solar cell is
important. The dual band conjugated compounds®® developed
using the D-A-D molecular structure are especially conducive to
this color control as the long wavelength charge transfer band
can be moved across the visible spectrum to produce yellow,
orange, red, magenta, and blue hues. By using strong electron
acceptors, the dual band absorption can be red shifted such that
the window of transmission moves into the 410—550 nm range
inducing blue, cyan, and green hues to the systems.'® This
panchromatic selection of colors comes at the expense of some
of the energy harvesting efficiency, but as the spectral response
is broad, and can in all cases include the near infrared portion of
the spectrum, this is not a debilitating problem. This is evident

8720

in the present work as the intensely red colored T4BTD-A with
a transmission minimum at 420 nm (Figure 1) is the most
efficient of the DSSCs studied. Colored DSSCs with transition
metal complex based dyes have been developed to the point of
near commercial viability.” Further evidence is seen in green
colored polymer photovoltaic systems (green donor polymers
blended with the acceptor PC4;BM which has minimal visible
light absorption), which can attain PCEs as high as 2.2 %.°*%

B CONCLUSION

We reported the synthesis of metal-free dyes based on
symmetrical D-A-D aromatic cores mono-functionalized with
phosphonic acid anchoring groups designed to adsorb onto
mesoporous TiO, films for DSSC application. The highest
efficiency of 6.4 % was obtained for cells based on a
benzothiadiazole acceptor within the D-A-D structure. We
further investigated the limited performance of the dye based
on the isoindigo acceptor by varying electrolyte composition:
removing the TBP additive form the electrolyte led to a higher
Js but lower V_, and increasing the Lil concentration
exacerbated this effect. These results suggest that in our
molecular design, the il acceptor brought the LUMO level of
the dye close to the conduction band of TiO,. While it is
commonly recognized that the D-7-A structure is the optimal
design for DSSCs, this study demonstrates that molecules with
D-A-D type electronic structures deserve to be investigated as
sensitizers for DSSCs, not only based on the promising device
performances reported herein, but also because the structure-
property relationships of such constructs regarding color
control and energy level tuning have been well characterized
in the related fields of solid state organic photovoltaics and
transistors.
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