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New dipolar compounds incorporating a dithieno[3,2-b:2’,3"-d]thiophene unit as the electron donor, an oligothiophene moiety as the conjugated
spacer, and 2-cyanoacrylic acid as the electron acceptor have been synthesized. These nonarylamine type metal-free organic compounds
have been successfully used as the sensitizers of dye-sensitized solar cells (DSSCs). The conversion efficiencies of the DSSCs range from
3.54 to 5.15% under AM 1.5 G irradiation. The best efficiency reached ~70% of the ruthenium dye N719-based standard cell fabricated and

measured under similar conditions.

Dye-sensitized solar cells (DSSCs) have attracted consider-
able attention after Gratzel’s report in 1991 due to their
easy production and design versatility of the sensitizers
relative to conventional semiconductor-type solar cells.
Photosensitizers certainly play a key role for highly efficient
DSSCs. Ruthenium-based sensitizers, such as N3,> N719,3
and black dye,* have achieved efficiencies of up to ~11%
under AM 1.5 G irradiation. Efficiencies surpassing the N3-
based standard cells were also reported.®> There are also
increasing interests in metal-free organic sensitizers because
of the rarity and high cost of the ruthenium metal. Moreover,
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high molar extinction coefficients of metal-free organic dyes
allow the use of thinner TiO, films which is beneficial for
charge separation. Efficiencies of ~9% have been achieved
for DSSCs using metal-free sensitizers.® Very high conver-
sion efficiency (~10%) and excellent stability was also
reported in a recent paper of Wang.”

Arylamines or alkylamines are electron donors in most of
the dipolar metal-free dyes,® and possibly the strong electron-
donating ability of these donors facilitates intramolecular
charge transfer between the donor and the acceptor and leads
to a red shift of the absorption. In recent years, we developed
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some series of amine-based metal-free sensitizers for
DSSCs.? In one report, the pyrrolyl moiety was found to be
capable of electron donating upon photoexcitation.®® There-
fore, we became interested in metal-free dyes using an
electron-excessive moiety with a smaller spatial volume as
a substitute for arylamines. Such sensitizers may have higher
dye density on the TiO, surface and are also ideal for the
panchromatic approach, i.e., a combination of different dyes
for better light harvesting.’® Metal-free sensitizers using
nonamine donors are still rare, and DSSCs using these dyes
normally have low to moderate efficiencies.’** No amine-
free organic sensitizers using dithieno[3,2-b:2’,3’-d]thiophene
(DTT) as the electron donor have been reported though
thieno[3,2-b]thiophene, and DTT motifs were used in the
spacer of arylamine-based dyes.'> We therefore set out to
synthesize compounds consisting of a DTT donor, a 2-cy-
anoacrylic acid acceptor, and an oligothiophene spacer. Use
of the oligothiophene spacer is not only beneficial to high
molar extinction coefficients of the absorption but also helps
to suppress dark current upon appropriate incorporation of
the hydrophobic hydrocarbon chain.®?8¢13

Four new compounds (Figure 1) were obtained in >65%
yields in several steps as illustrated in Scheme 1. Oligoth-
iophenes without functional end groups were constructed via
Kumada coupling™* or Suzuki coupling reaction. The a,w-
substituted oligothiophenes were synthesized according to
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the literature method.'® Assembly of DTT with oligothio-
phene was achieved via the palladium-catalyzed Stille
coupling reaction.*” These compounds are soluble in com-
mon organic solvents.

The absorption spectra of the dyes in THF solution are
displayed in Figure 2, and the corresponding data are
presented in Table 1. The compounds have an intense
absorption band at 426—440 nm attributable to the 7—a*
transition with charge-transfer character. The absorption
wavelength (Amax) @and molar extinction coefficient of olig-
othiophenes normally increase with increasing effective
conjugation length.'® The order of A values, HY-4 ~
HY-3 > HY-2 ~ HY-1, is consistent with this trend. In
common with many metal-free dyes, there is blue shift of
the absorption peak in more polar solvents (Figure S1, see
Supporting Information) or upon adsorption on Ti0,.% The
former may be attributed to the strong interaction of polar
solvent molecules with the sensitizer, which weakens the
O—H bond of the carboxylic acid and consequently decreases
the electron-withdrawing nature of the COOH group. The
latter may stem from deprotonation of the carboxylic acid
and/or polar interaction of the dye with TiO,. There is a very
prominent red shift of the absorption band from toluene
solution to the TiO, film for HY-1 and HY-2, indicating
that there is significant J-aggregation of the dye molecules
(Figure S2, see Supporting Information). All the compounds
emit weakly, and the large Stokes shifts observed (>2500
cm™1) can be attributed to the more planar structure of the
dyes at the excited state.

CeHiz  CeHiz NC

s S s T\ s g cooH
\ /s\ VAW ARARY HY-1
NC
s s s / \ s / COOH :
Davaitaa¥ HY-2
s CeHiz  CeHiz
NC
s s s T\ S [\ pcooH
WAYWAYEAY AR
S CeHiz  CeHyy HY-3
CgHis NC
s s s T\ s J\ g—cocH
WAY A YA WA HY-4
s CeHis

Figure 1. Structure of the dyes.

A quasi-reversible oxidation wave attributed to the oxida-
tion of oligothiophene was found in each of the compounds,
and it decreased as the number of thiophene rings
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Scheme 1. Synthesis of Dyes HY1—4
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increased.*®° The zero—zero excitation energy estimated from
the absorption onset and the oxidation potential was used to
calculate the excited state potential (Eq—¢*). The deduced
Eo—o* values (see Table 1) are more negative than the
conduction band edge of the TiO,, —0.5 V vs NHE,°
indicating that the electron injection process is energetically
favorable. On the other hand, the first oxidation potentials
of the dyes (1.10—1.21 V vs NHE, see Table 1) are more
positive than the 17/15~ redox couple (~0.4 V vs NHE).*?
The sufficiently low HOMO energy level of the dye will
ensure more effective dye regeneration and suppress the
recapture of the injected electrons by the dye cation radical.
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Figure 2. Absorption spectra of dyes.

DSSCs were fabricated using these dyes as the sensitizers,
with an effective area of 0.25 cm?, nanocrystalline anatase
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Table 1. Electrooptical and Electrochemical Parameters of the
Dyes

Zabs (6 x 1074 Mlem™)  dew  Eip(0x)®  Eo’ Eoo? Eo o™

dye “ nm nm mV \% eV \%
HY-1 429 (4.66), 314 (1.84) 552 509(112) 1.21 225 —1.04
HY-2 426 (4.55) 549 503(115) 1.20 235 -—1.15

HY-3 440 (5.72), 331 (1.76) 548 411(127) 111 230 -—1.19
HY-4 440 (5.72), 337 (1.81) 553 398(118) 1.10 231 -—1.21

aRecorded in THF solutions at 298 K. ® Recorded in CH,ClI, solutions.
Oxidation potential reported is adjusted to the potential of ferrocene (Ey,
2(0x) = 293 mV vs Ag/AgNO;) which was used as an internal reference.
Scan rate: 100 mV/s. © Eq: the ground state oxidation potential vs NHE.
9 The bandgap, E;—o, was derived from the observed optical edge. © Ey_o*:
The excited state oxidation potential vs NHE.

TiO, particles, and the electrolyte composed of 0.05 M 1,/
0.5 M Lil/0.5 M tert-butylpyridine in acetonitrile solution.
The performance statistics of the DSSCs fabricated using
these dyes as the sensitizers under AM 1.5 illumination are
listed in Table 2. Figures 3 and 4 show the photocurrent—
voltage (J—V) curves and the incident photo-to-current
conversion efficiencies (IPCE) of the cells, respectively. The
device efficiencies are in the order of HY-3>HY-1>HY-2
> HY-4, and the performances of the devices based on HY -
1-HY-3 are ~70% of the standard cell based on ruthenium
dye N719.

Table 2. DSSCs Performance Parameters of the Dyes

cell Voc (V) Jsc (mA/cm?) 7 (%) FF
HY-1 0.62 12.09 5.02 0.67
HY-2 0.61 12.72 4.99 0.64
HY-3 0.62 13.31 5.15 0.62
HY-4 0.57 9.48 3.54 0.66
N719 0.72 15.63 7.28 0.66
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Figure 3. J—V curves of DSSCs based on the dyes.

The adsorbed dye densities of the sensitizers on TiO, were
measured to be 3.69 x 1077,3.54 x 1077, 3.34 x 1077, 2.88
x 1077, and 2.10 x 107 mol/cm? for HY-1, HY-2, HY-3,
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Figure 4. IPCE plots for the DSSCs using HY1—4 and N719.

HY-4, and N719, respectively. The somewhat higher cell
efficiency of HY-3 than HY-1 and HY-2 is attributed to the
better light harvesting of HY -3 despite its slightly lower dye
density. HY -4 has better light harvesting than HY-1and HY -
2, albeit with a lower cell efficiency (including Jsc and Voc
values). This outcome may be rationalized by the following
reasons: (1) HY-4 has a lower dye density on TiOy; (2)
J-aggregation of HY-1—HY -3 improves their light-harvesting
efficiencies significantly; (3) the higher HOMO level of
HY -4 leads to a slower regeneration of the oxidized sensitizer
and thus a faster recombination of photoinjected electrons.
The recombination time (zr) of the photoinjected electrons
with the oxidized dyes was determined to be 1.7, 1.7, 1.6,
1.1, and 8.7 ms for HY-1, HY-2, HY-3, HY-4, and N719,
respectively. Though J-aggregation was reported to be
detrimental to device efficiency based on coumarin dyes,*®
there was also a known example of higher efficiency via
J-aggregation of dyes.'?® Strong aggregation of HY-1 was
supported by its nearly invariant spectrum on the TiO, film
(after normalization) even at a concentration of 50 mM
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coadsorbate, chenodeoxycholic acid (CDCA). Moreover,
there was no change of efficiency for the device based on
HY -1 upon addition of CDCA (10 mM). A cell of thinner
TiO, film was tested for HY-2, and a drop of <0.5% was
found as the film thickness decreased from 16 to 6 um. In
comparison, ~18% drop in efficiency was observed for a
cell of N719 with the same thickness variation (Table S1,
see Supporting Information). This illustrates the importance
of the metal-free dye for solid-state DSSCs in which the
thinner film is advantageous.

Density functional calculations show that the HOMOs of
these dyes largely populate on the DTT moiety as well as
the thienyl conjugation chains, indicating the donor ability
of DTT in these dyes (Figures S3 and S4, see Supporting
Information). Preliminary TDDFT computations (Table S2,
see Supporting Information) also highlight the electron-
donating character of DTT toward excitation. The two
lowest-lying electronic transitions, S; (mainly HOMO —
LUMO) and S; (mainly HOMO—1 — LUMO and HOMO
— LUMO+1), have significant oscillator strength (f) and
extent of charge separation (i.e., changes in Mulliken charge
in the transition) from the DTT to the 2-cyanoacrylic acid.
This is consistent with the experimental results.

In summary, we have synthesized a series of amine-free
sensitizers based on oligothiophene/dithieno[3,2-b:2’,3’-d]-
thiophene. These dyes exhibit intense electronic absorption,
and DSSCs fabricated from them exhibited impressively high
efficiencies reaching ~70% of the standard cell using N719
as the sensitizer. J-aggregation of the sensitizers was found
to be beneficial to the conversion efficiencies of DSSCs.
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