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Phenothiazine derivatives with various conjugated linkers (furan, thiophene, and 3,4-ethylenedioxythiophene) were synthesized and used in
dye-sensitized solar cells to study the effect of conjugated linkers on device performance. Among them, one with furan as a conjugated linker
showed a solar energy-to-electricity conversion efficiency (1) of 6.58%, an improvement of over 24% compared with the T2-1 reference cells’ 5.29%

under AM 1.5 G irradiation.

Dye-sensitized solar cells (DSSCs) have been recently
considered promising solar devices since Gratzel et al.
reported Ru sensitizers in 1991." Although Ru sensitizers
(N3, N719, and black dye) have been reported to give high
photoelectric conversion efficiencies of over 11% at AM
1.5 conditions,” the use of rare and expensive metals in dye
synthesis limits their commercial applicability.

On the other hand, non-Ru sensitizers (organic dyes,
porphyrins, and analogues) are relatively inexpensive
and easy to synthesize, and their structures can be easily
modified. They also have high molar extinction coeffi-
cients. For these reasons, non-Ru sensitizers have been
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extensively studied. Recently, the high efficiencies up to
11% by porphyrin dyes have been reported.”
Phenothiazine contains electron-rich nitrogen and sulfur
heteroatoms in a heterocyclic structure with high electron-
donating ability. Its nonplanar butterfly conformation
can inhibit molecular aggregation® (Supporting Informa-
tion (SI) Figure S4A). These advantages, along with their
unique electro-optical properties, make phenothiazine and
its derivatives suitable hole transport materials (HTMs)
for organic devices.” Haque et al. reported a group of
HTMs with incorporated phenothiazines. The materials
retarded the recombination of photoinjected electrons
and holes through their spatial separation in the semi-
conductor.® Therefore, DSSCs’ efficiency could be in-
creased through the use of phenothiazine as sensitizer.
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Figure 1. Structure of the dyes.
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Figure 2. UV—vis absorption spectra of SH-6—8 dyes: (a) in
CH,Cl, solutions and (b) on TiO» films.

However, despite its potential, there is little work reporting
phenothiazine-based sensitizers in DSSCs.

Electrons should be easily transferred from donor (D) to
acceptor (A) for improved efficiency of DSSCs with
D—7z—A structure. For this, a suitable 77-conjugated linker
is required between the donor and the acceptor. Although
various conjugated linkers (e.g., furan,” thiophene, and
3,4-ethylenedioxythiophene (EDOT)) have been tested
with several donor moieties,® their use with phenothiazine
moieties has not been greatly studied.

Therefore, this work evaluates the use of various con-
jugated linkers with different resonance energies with
phenothiazine for improved efficiency. To study the effects
of chenodeoxylic acid (CDCA) as a coadsorbent on the
performance of DSSCs, conversion efficiency was com-
pared between DSSCs with (10 mM and saturated) and
without CDCA.

The evaluation aided the design and synthesis of
D—z—A structure for use as DSSCs. Phenothiazine with
high electron-donating ability was used as the electron
donor. Five-membered heteroaromatic rings with low
resonance energy (furan, 16; thiophene, 29 kcal/mol)’
and electron-rich EDOT, which has been applied in poly-
mer-based photovoltaic devices,'® were used as z-conju-
gated linkers. The electron acceptor was cyanoacrylic acid.

To the best of the authors’ knowledge, this is the first
report of tuning photovoltaic performance through struc-
tural modification of various s-conjugated linkers with
phenothiazine donor moieties. The synthesized organic
dyes (T2-1'' and SH-6—8) are shown in Figure 1, and
their synthetic routes are depicted in SI Scheme 1.

The UV—vis absorption spectra of the dyes in CH,Cl,
solutions are shown in Figure 2a. Their absorption,
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Table 1. Optical and Electrochemical Properties of SH-6—8
Dyes

absorption® emission®oxidation potential data®

&Mt E./V Eox—Eo_o/
Ima €M Apadmm Ama/  (vs Eo oY Vi(vs
dye nm (Aya) (onTiOy) nm NHE) V NHE)

SH-6 442 15100 412 641 0.78 2.26 —1.48
SH-7 448 16200 416 634 0.89 224 -1.35
SH-8 466 26000 426 546  0.87 2.20 -1.33

“Measured in 2 x 107> M of CH,Cl, solutions at room temperature.
bMeasured on TiO, film. ¢Measured in DMF containing 0.1 M of
tetrabutylammonium tetrafluoroborate (TBABF,) electrolyte (working
electrode: glassy carbon; counter electrode: Pt; reference electrode:
Ag/Ag*; calibrated with ferrocene/ferrocenium (Fc/Fc") as an internal
reference and converted to NHE by addition of 630 mV).'? ¢ Estimated
from onset wavelength in absorption spectra.

emission, and electrochemical properties are listed in Table
1. The absorption spectra show two major bands at ca.
300—400 nm and at ca. 400—600 nm. UV absorption was
attributed to localized aromatic 7—sr* transitions. Visible
absorption was ascribed to intramolecular charge-
transfer (ICT) transitions. The absorption maxima (A,,4)
of SH-6—8 were at 442, 448, and 466 nm, respectively.
The Anax of SH-7 with thiophene linker was red-shifted
6 nm compared with that of SH-6 with furan linker.

This was due to better delocalization of electrons over
the whole molecule when thiophene was used rather than
furan. The A, of SH-8 with EDOT linker was red-shifted
18 nm compared with that of SH-7. This was also due to
better delocalization of electrons over the s-conjugated
molecules by the electron-rich EDOT. The molar extinc-
tion coefficients at A,,,,x of SH-6—8 were 15100, 16 200, and
26000 M ~'em ™!, respectively. These are higher than those of
standard ruthenium dyes N3 and N719 (13900 and 14 000
M 'em ™!, respectively).'* In solution, these dyes’ molar

(6) Haque, S. A.; Handa, S.; Peter, K.; Palomares, E.; Thelakkat, M.;
Durrant, J. R. Angew. Chem., Int. Ed. 2005, 44, 5740.
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(b) Lin, J. T.; Chen, P.-C.; Yen, Y.-S.; Hsu, Y.-C.; Chou, H.-H.; Yeh,
M.-C.P.Org. Lett. 2009, 11,97. (c) Karlsson, K. M.; Jiang, X.; Eriksson,
S. K.; Gabrielsson, E.; Rensmo, H.; Hagfeldt, A.; Sun, L. Chem.—Eur.
J. 2011, 17, 6415.
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Gritzel, M. J. Am. Chem. Soc. 2005, 127 (3), 808.
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extinction coefficients and absorption spectra were enhanced
and red-shifted as the electronegativity of the heteroatoms
decreased and the electron density in the conjugation linkers
increased. Higher molar extinction coefficients in organic
dyes afford the use of thinner TiO; film for a given efficiency,
which in turn increases the rate of electron diffusion in the
film due to lower resistance and reduces the charge recombi-
nation rate during electron transport.* The absorption max-
ima of SH-6—8 on TiO, films are shown in Figure 2b.
They were blue-shifted by 30, 32, and 40 nm, respectively,
from those in CH,Cl, solutions, likely because of
H-aggregation'"!* of the dyes or deprotonation'® of car-
boxylic acid upon its adsorption to the TiO,.

Cyclic voltammetry (CV) of the dyes was performed
in CH,Cl, solutions to measure first oxidation poten-
tials (E,y) corresponding to the dyes” HOMO levels
(SI Figure S1). The HOMO and LUMO Ilevels of the dyes
are listed in Table 1 (SI Figure S1). All the dyes HOMO
levels were more positive than that of iodine—iodide (0.4 V
vs NHE)'® and were sufficiently positive to regenerate
oxidized dyes from the redox electrolyte (I7/I37). The
LUMO level of a dye can be obtained by subtracting the
zeroth—zeroth energy (Ey_), estimated from the onset
wavelength of the absorption spectrum, from E—E, ;. The
LUMO levels of these dyes were sufficiently more negative
than the conduction band energy level (E,) of TiO, (—0.5
V vs NHE)'® to allow excited electrons to be efficiently
injected into the TiO, electrode (Table 1).

DSSCs were fabricated using these dyes as sensitizers,
and their photovoltaic properties were measured under
AM 1.5 G irradiation (100 mW cm?). Details of the
devices’ manufacture and testing are described in SI

The effect of various conjugated linkers on the DSSCs’
performance was assessed by measuring cells’ conversion
efficiencies relative to a T2-1 reference (Table 2). Figure 3a
and b show cells’ photocurrent—voltage (/—V) curves
and incident photocurrent conversion efficiency (IPCE)
spectra in 10 mM of CDCA, where the best efficiency was
obtained. J— V curves under other conditions are shown in
SI Figure S3. In 10 mM of CDCA, the efficiencies of SH-
6—8 increased 24.3, 19.4, and 15.1% (n = 6.58, 6.32, and
6.09%), respectively, compared with that of T2-1 ( =
5.29%, Table 2). The dyes’ J,. values increased in the order:
T2-1 (reference; J. = 9.47 mA cm %) < SH-8 (23.3%
improvement; J,. = 11.68 mA cm ) < SH-7 (27.2%
improvement; J,. = 12.05 mA cm %) < SH-6 (28.6%
improvement; J,. = 12.18 mA cm2). The IPCE spectra of
SH-6—8 showed higher and broader spectral ranges than
that of T2-1 (Figure 3b). The dyes’ IPCE maxima increased
in the order: T2-1(74.92% at 450 nm) < SH-8 (75.09% at
500 nm) < SH-7 (75.16% at 460 nm) < SH-6 (78.22% at
510 nm). The IPCE maxima increased in order with Jy.
values and the cells’ efficiencies. The results indicate that
SH-6—8 with bridge group to phenothiazine moiety afford
higher and broader IPCE spectra than T2-1. These, in turn,

(15) Lin, L.-Y.; Tsai, C.-H.; Wong, K.-T.; Huang, T.-W.; Hsieh, L.;
Liu, S.-H.; Lin, H.-W_.; Wu, C.-C.; Chou, S.-H.; Chen, S.-H.; Tsai, A.-1.
J. Org. Chem. 2010, 75, 4778.

(16) Hagfelt, A.; Gratzel, M. Chem. Rev. 1995, 95, 49.
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Table 2. Photovoltaic Performance Data of the Dyes”

dye Jg (mA/em?) V.. (mV) FF (%) 5 (%) Amax/nm (IPCE, %)

T2-1 9.47 751.5 7431 5.29 450/74.92
SH-6 12.18 771.7  70.02 6.58 510/78.22
SH-7 12.05 7245 7233 6.32 460/75.16
SH-8 11.68 745.7  69.95 6.09 500/75.09

“Measured under AM 1.5 G irradiation (100 mW cm ™) with 0.24
cm?® working area. Dyes were maintained at 0.5 mM in CH,Cl, solu-
tions, with 10 mM of CDCA coadsorbent. Electrolyte was 0.7 M
1-propryl-3-methyl-imidazolium iodide (PMII), 0.2 M of Lil, 0.05 M
of I, and 0.5 M of TBP in acetonitrile—valeronitrile (v/v, 85/18).
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Figure 3. (a) /J—V curves for DSSCs based on the dyes (with 10
mM of CDCA) under illumination of AM 1.5 G simulated
sunlight (100 mW cm2). (b) IPCE spectra of the same DSSCs.

increase Jg. values which led to improved photovoltaic
performances of the DSSCs. SH-6, with furan moiety, had
the highest J. value and best photovoltaic performance.

To gain further insight on the above results, density
functional theory (DFT) calculations were carried out at
the B3LYP/6-31G(d,p) level. The optimized structures and
electron distributions of the dyes’ HOMOs and LUMOs are
depicted in SI Figure S4. The torsion angle of SH-6,
measured between the PTZ donor and the conjugated linker
in the dyes, was smaller than those of SH-7 and SH-8; it had
a flatter structure. The electron distributions of the dyes’
HOMOs were mainly delocalized over the PTZ moiety and
the conjugation linkers. The LUMOs showed localized
electron distributions though the cyanoacrylic acid and its
adjacent conjugation linkers. Therefore, HOMO—LUMO
excitation induced by light irradiation could shift the
electron distribution from the PTZ-donor moiety to the
anchoring moiety. This separation of electrons will ensure
efficient electron injection from the dye to the TiO, film.

SH-6 with furan showed higher Jy. than SH-7 with
thiophene and SH-8 with EDOT because electrons could
be more easily transferred from the PTZ-donor moiety into
the TiO, due to the flatter structure and low resonance
energy of the furan compared with those of the thiophene or
EDOT. Nonbonded S—S and S—O interactions'” of thio-
phene and EDOT may also have had deleterious effects on
the injection of the excited electrons into the TiO,. These
interactions can occur between adjacent bridge groups when
dyes are aggregated and slightly increase the tendency of
thiophene to trap charges from the donor.”

Org. Lett,, Vol. 13, No. 21, 2011



T ow oW ow ow w
Fraquency (Hz)

] n
Z'(Ohm)

Figure 4. EIS spectra of DSSCs based on SH-6—8 dyes mea-
sured at —0.6 V forward bias in the dark: (a) Nyquist and (b)
Bode phase plots.

Interfacial charge transfer in DSSCs can be investigated
by electrochemical impedance spectroscopy (EIS).'®

Nyquist and Bode phase (Figure 4a and b, respectively)
plots typically have three semicircles and frequency peaks.
The middle semicircle in the Nyquist plots indicates
charge-transfer resistance at the TiO,/dye/electrolyte inter-
face. The radius of the middle semicircles indicates charge
recombination resistance, radii were ranked: SH-7 <
SH-8 < SH-6 and represented electron lifetimes (7) of 6.99,
9.31, and 16.81 ms, respectively. Longer electron lifetime
indicates improved suppression of back reactions between
the injected electrons and the electrolyte; they lead to
improvement of V. due to reduced charge recombination
rate.'” The middle-frequency peak in the Bode phase plots
also corresponds to charge transfer at the TiO,/dye/
electrolyte interface. The DSSC based on SH-6 showed a
lower frequency peak than those based on SH-7 or SH-8,
indicating a longer electron lifetime.'"® The ranking of
electron lifetimes observed by EIS coincided with that of
Voe values: SH-6, with the highest V., had a longer
electron recombination lifetime than SH-7 or SH-8.

This may be due to its reduced molecular aggregation,
which facilitates charge recombination between molecules.
The PTZ donors of the dyes had nonplanar structures with
butterfly conformations that inhibit molecular aggrega-
tion.* The PTZ-torsion angles of the dyes were ranked:
SH-7 < SH-8 < T2-1 < SH-6 (Figure S4A). The ranking
of torsion angles correlated with that of V. values. Increased
torsion angle could reduce molecular aggregation through
steric hindrance and improve V..

The effects of CDCA were assessed by testing DSSCs
with (10 mM and saturated) and without CDCA in the dye
solutions (SI Table S1). Cells fabricated with CDCA
generally showed improved performance parameters (J,
Voo, and FF). Each cell’s efficiency was also increased by

(17) (a) Yamada, K.; Okamoto, T.; Kudoh, K.; Wakamiya, A.;
Yamaguchi, S.; Takeya, J. Appl. Phys. Lett. 2007, 90,072102. (b) Meyer,
E.; Joussef, A. C.; Gallardo, H.; Bortoluzzi, A. J.; Longo, R. L.
Tetrahedron 2003, 59, 10187.

(18) (a) Bisquert, J. Phys. Chem. Chem. Phys. 2003, 5, 5360. (b)
Bisquert, J.; Zaban, A.; Greenshtein, M.; Mora-Sero, 1. J. Am. Chem.
Soc. 2004, 126, 13550. (c) Wang, Q.; Moser, J. E.; Gritzel, M. J. Phys.
Chem. B 2005, 109, 14945.

(19) Kuang, D.; Uchida, S.; Humphry-Baker, R.; Zakeeruddin,
S. M.; Gratzel, M. Angew. Chem., Int. Ed. 2008, 47, 1923.

(20) Neale, N. R.; Kopidakis, N.; van de Lagemaat, J.; Gratzel, M.;
Frank, A.J. J. Phys. Chem. B 2005, 109, 23183.
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CDCA. J, and V. were higher in cells fabricated with 10
mM of CDCA than in those fabricated with saturated
CDCA. Accordingly, 7 was higher when 10 mM of CDCA
was used. This could be due to increased competition for
adsorption on the TiO, surface between the dye and the
CDCA molecules when saturated CDCA was used. This
implies that CDCA needs to be used at an appropriate
concentration depending on the structure of the dye to
obtain high V. and efficiency.

Improvements of V. are generally related to negative
shifts of the conduction band edge or suppression of charge
recombination.'> CDCA molecules were adsorbed on the
TiO, surface as chenodeoxycholate anions, hence the TiO,
surface was negatively charged. Therefore, the conduction
band edge of the TiO, should be negatively shifted by the
coadsorption of CDCA, increasing V.2’ The coadsorp-
tion of CDCA can also suppress charge recombination
between injected electrons and I3~ ions in the electrolyte,
improving V,..'> These results show that the appropriate
addition of CDCA was effective in improving V,. and
DSSC efficiency.

In summary, novel phenothiazine-based organic dyes
(T2-1'"" and SH-6—8) were designed and synthesized to
study the effects of various conjugated linkers and
CDCA on the performance of DSSCs in D—7—A sys-
tems. Cells’ 5 values increased both by the introduction
of m-conjugated linkers (furan, thiophene, and EDOT)
and by the addition of CDCA coabsorbent. The intro-
duction of ;--conjugated linkers and CDCA mainly con-
tributed to improving the dyes’ J,. and V., respectively.
The most efficient z-conjugated linker was furan (16
kcal/mol), which had a lower resonance energy and
longer electron recombination lifetime than thiophene
(29kal/mol) or EDOT. Incorporating CDCA into cells
increased their efficiency. Cells’  values were highest
when CDCA was used at 10 mM. The highest solar
energy-to-electricity conversion efficiency was achieved
by a cell fabricated with SH-6 (n = 6.58%, J,. = 12.18
mA/ecm?, Voo = 771.7 mV, FF = 70.02%, IPCE . =
78.22% at Apmax = 510 nm). Its efficiency was 24% higher
than the 5.29% achieved by T2-1 under similar condi-
tions (AM 1.5 G sunlight). These results suggest that
phenothiazine moieties are promising donor groups for
high-performance DSSCs. Performance and stability
could be improved by appropriate control of the energy
levels of m-conjugated linkers through further structure
modification of the D—z—A system.
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