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New metal-free dyes with a furan moiety in the conjugated spacer between the arylamine donor and the 2-cyanoacrylic acid acceptor have
been synthesized, and high efficiency dye-sensitized solar cells were fabricated using these molecules as light-harvesting sensitizers.

The increasing demand for power supply as well as
environmental concern for the consumption of fossil fuel
have triggered global research on the development of clean
and renewable energy sources." Among possible alternates
for fossil fuel energy, solar energy appears to be very
attractive: covering 0.16% of the Earth with 10% efficient
solar conversion systems would provide power nearly twice
the world’s consumption rate of fossil energy.? Athough
silicon- and other semiconductor-based solar cells (known
as photovoltaic cells)® have dominated the solar cell market
for decades, dye-sensitized solar cells (DSSCs) have also
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attracted considerable interest ever since the breakthrough
was made by Griitzel and co-workers.* An efficiency record
of ~11% has been achieved with ruthenium-based sensitizers
developed by Gritzel and other groups.” Athough being
developed later than ruthenium dyes, metal-free sensitizers
also attract much attention, and a high efficiency of ~9%
has also been achieved for DSSCs using metal-free sensitizers.°

Various metal-free dyes have been used for the construc-
tion of DSSCs.” Previously we reported metal-free sensitizers
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which consisted of an arylamine as the electron donor, a
2-cyanoacrylic acid as the electron acceptor, and a conjugated
bridge containing thiophene moieties.® Compared with
benzenoid moieties, the thiophene can provide more effective
conjugation and lower the energy of the charge transfer
transition” because of its smaller resonance energy (thiophene,
29; benzene, 36 kcal/mol).lO It is therefore interesting to
incorporate the furan ring with a smaller resonance energy
(16 kcal/mol) in the spacer. In this letter, we report new
metal-free compounds 1—4 (Figure 1) consisting of a

Figure 1. Structure of the dyes.

diphenylamine donor, a 2-cyanoacrylic acid acceptor, and a
bridge with a furan moiety.

The dyes were obtained in moderate yields by the synthetic
protocol illustrated in Scheme 1. Compounds 1 and 4 were
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synthesized from Wittig reagents containing a triphenylamine
or a diphenylamino-2-fluorene moiety. Reactions of these
Wittig reagents with 2-furaldehyde provided intermediates
1b and 4b, which underwent formylation to form 1c and 4c.
The desired products were obtained from the subsequent
Knoevenagel condensation of 1e¢ (or 4¢) with cyanoacetic
acid. For the preparation of 2 and 3, 5-bromo-2-furaldehyde
was allowed to react with appropriate phenylboronic acid
via Suzuki coupling'' and with a stannyl compound via Stille
coupling,'? respectively, to form intermediates 2b and 3b.
Subsequent reactions of the intermediates with cyanoacetic
acid afforded the desired compounds.

The absorption of 1—4 recorded in THF solution and the
absorption spectrum of 1 in MeCN (vide infra) are displayed
in Figure 2, and the data are collected in Table 1. The
emission spectra are shown in Figure S1, Supporting
Information (see ESI). A prominent band at ~400—600 nm
can be attributed to the superposition of 7—s* and charge
transfer transitions. The charge transfer characteristic in these
dyes is also supported by the large Stokes shifts between
the absorption and the emission bands (3225—4895 cm ™).
A negative solvatochromism, i.e., blue shift of the charge
transfer band in more polar solvents, was noticed in these
dyes. For example, the absorption maxima (An,) of 1 are
485 and 439 nm in toluene and acetonitrile, respectively.
This phenomenon can be attributed to the deprotonation of
the carboxylic acid, which decreases the strength of the
electron acceptor.-5%e13

A quasi-reversible wave (E. in Table 1) observed for each
compound in the cyclic voltammetry measurements may be
attributed to the oxidation of the arylamine. Because of the
shorter spacers in 1 and 2, the electron-withdrawing acceptor
has greater influence on the arylamine and results in higher
oxidation potentials of the arylamines. The excited-state
potential (Ey—o*) of the compounds (—0.74 to —0.80 V vs
NHE), deduced from E, and the zero—zero excitation energy
(Ep-o) from the absorption band edge, is more negative than
the conduction-band-edge energy level of the TiO, electrode
(—0.5 V vs NHE)'* and assures that the electron injection
process is energetically favorable.

DSSCs were fabricated using these dyes as the sensitizers,
with an effective area of 0.25 cm? nanocrystalline anatase
TiO, particles, and the electrolyte composed of 0.05 M I,/
0.5 M Lil/0.5 M tert-butylpyridine in acetonitrile solution.
The device performance statistics under AM 1.5 illumination
are listed in Table 1. Figure 3 shows the photocurrent—voltage
(J—V) curves of the cells. The incident photon-to-current
conversion efficiencies (IPCE) of the dyes on TiO, are plotted
in Figure 4. The cells exhibit very high conversion efficien-
cies (6.12 to 7.36%), and the best performance of the device
reaches ~96% of a N719-based DSSC (7.69%) fabricated
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Scheme 1. Synthesis of Dyes 1—4

2-furaldehyde or (i) n-BuLi ] )
PhoN—Ar— 5-bromo-2-furaldehyde _ PhZN_Ar_\\—é—Y ity DMF PRN=AT—\ 0 - cyanoacetic acid ‘4
PPhyBr KOtBu, THF, reflux \ / (iiiy 1 N HCI W NH,OAC ”
1a, 4a 1b (Y = H), 4b (Y = Br) 1c, 4c

Ar = phenyl or 2,7-fluorenyl

5-bromo-2-furaldehyde (o) cyanoacetic acid
Pth—O—B(OH)Z th—@—@»wo —_— 2
Pd(PPh3),

) 2 M Na,CO; 2 NH4OAC
a toluene
. S 5-bromo-2-furaldehyde . cyanoacetlc acid
PhoN SnBuj PhyN CHO — ™ ™ 3
? Q O \ / Pd(PPhs), ? Q O Yav NH.OAc
3 2 M Na,CO;
a

toluene

Table 1. Optical, Redox, and DSSCs Performance Parameters of the Dyes“’b

dye Aabs, N (e, M~lem™1) Aem, N (Pp) E (AE,), mV Voc, V Jsc, mA/cm? Jid n, % TR, MS
1 469 (33000) 533 500 (220) 0.69 16.59 0.64 7.36 4.9
2 456 (33500) 496 570 (140) 0.68 14.16 0.66 6.30 5.8
3 457 (44900) 526 460 (130) 0.68 14.08 0.65 6.20 4.3
4 459 (35500) 534 440 (110) 0.68 13.44 0.67 6.12 3.1
D5 476 (45900) 0.64 14.61 0.65 6.09 4.3
N719 0.73 16.77 0.63 7.69 10.4

“ Absorption, emission, and electrochemical data were recorded in THF solutions. The absorption spectrum of D5 was recorded in MeCN. Scan rate: 100
mV/s; Electrolyte: (n-C4Ho)sNPFq; AEp: separation between the anodic and cathodic peaks. Potentials are quoted with reference to the internal ferrocene
standard (E;, = +265 mV vs Ag/AgNO;). 7g: recombination lifetime from the photovoltage measurements. ” Experiments were conducted using TiO,
photoelectrodes with approximately 15 um thickness and 0.25 cm? working area on the FTO (7 €/sq.) substrates.
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Figure 2. Absorption spectra of dyes. Figure 3. /J—V curves of DSSCs based on the dyes.

and measured under similar conditions. The device efficien-
cies are in the order of 1 > 2 > 3 > 4, and the difference
between structurally similar 1 and 2 may be rationalized by
the following factors: (a) the compound with better absorp-

tion in the longer wavelength region is expected to have A comparison is made on 1 and the thiophene coneener
better light-harvesting, i.e., 1 > 2; and (b) the higher dye p p genet,

density adsorbed on TiO, (1, 4.5; 2, 4.1 x 1077 mol/cm?) is 3-(3-4-(diphenylamino)styryl)thiophen-2-yl-2-cyanoacrylic

b.enéﬁmal to light-harvesting, l'e", 1, > 2. The recombl'natlon (15) Kopidakis, N.; Benkstein, K. D.; van de Lagemaat, J.; Frank, A. J.
lifetimes (Table 1) of the photoinjected electron with the J. Phys. Chem. B 2003, 107, 11307.

oxidized dye (zgr: 1, 4.9; 2, 5.8; 3, 4.3; 4, 3.1; N719, 10.4
ms) were also measured by transient photovoltage at open
circuit'® and found to be in parallel with the trend of the
cell efficiencies.
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Figure 4. IPCE plots for the DSSCs using dyes 1—4

acid (D5).”* Though D5 has slightly better light-harvesting
(Aaps = 476 nm (45 900 M~ 'cm™!) in MeCN (Figure 2); dye
density on TiO, = 4.8 x 1077 mol/cm?) than 1 (A, = 439
nm (33 000 M~'em™!) in MeCN; dye density on TiO, =
4.5 x 1077 mol/cm?), the performance of DSSC based on 1
is superior to that based on D5 (Voc = 0.64 V; Jsc = 14.61
mA/cm?; ff = 0.65; 5 = 6.09%) fabricated and measured

100

under similar conditions. Faster recombination lifetimes of
D5 (zr = 4.3 ms) may deteriorate the efficiency of the cell.
Possible nonbonded S—S interaction'® in D5 may be also
detrimental to electron injection of the excited dye into TiO,.
Another possibility for the lower efficiency of D5 may be
due to the slightly higher tendency of thiophene to trap
charge from the arylamine, based on our preliminary
computation results using time-dependent density functional
theory (TDDFT) at the B3LYP/6-31G* level of theory.

In summary, we have synthesized a new series of metal-
free sensitizers containing the furan entity for high-
performance DSSCs. The highest efficiency nearing to that
of N719 is intriguing. More detailed elucidation of the cell
performance and extension of this synthetic strategy to better
sensitizers are currently ongoing.
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