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Abstract: A series of new push—pull
phenothiazine-based dyes (HL1-HL4)
featuring various s spacers (thiophene,
3-hexylthiophene, 4-hexyl-2,2'-bithio-
phene) and double acceptors/anchors
have been synthesized, characterized,
and used as sensitizers for dye-sensi-
tized solar cells (DSSCs). Among

(7.31%) reaches approximately 99 %
of the N719-based (7.38 %) DSSCs fab-
ricated and measured under similar
conditions. The dyes with two anchors
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have more efficient interfacial charge
generation and transport compared
with their congeners with only single
anchor. Incorporation of hexyl chains
into the m-conjugated spacer of these
double-anchoring dyes can efficiently
suppress dye aggregation and reduce
charge recombination.

them, the best conversion efficiency

Introduction

Dye-sensitized solar cells (DSSCs) have attracted considera-
ble interest in both academic and industrial communities for
the past two decades after seminal work by O’Regan and
Gritzel in 1991, mainly owing to their easy fabrication,
high efficiency, and low cost. To further improve the perfor-
mance of DSSCs in fulfilling future energy demands, dye
molecules play a pivotal role in increasing energy conver-
sion.’”) DSSCs with a record high efficiency of 12.3% have
been achieved recently by employing a combination of
a zinc porphyrin dye (YD2-0-C8) and an organic dye
(Y123); this demonstrates that there is still room for in-
creasing conversion efficiency by developing new dyes and
new fabrication technology.”! Among sensitizers, metal-free
organic dyes (with a prototype donor—m—acceptor (D-m-A)
dipolar architecture) possess several advantages, such as
high molar extinction coefficients, potentially low costs, en-
vironmentally friendliness, as well as easier preparation and
purification™* Consequently, metal-free organic dyes have
also been intensively investigated and high-performance
DSSCs have also been demonstrated.”*! Factors controlling
power-conversion efficiency, such as light harvesting, elec-
tron injection, dye regeneration, charge recombination, and
stability, are all strongly correlated with the structure of the
dye. Among them, dye aggregation and charge recombina-
tion with the oxidized electrolyte (dark current) are the
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main problems for molecular design.*>>*® Several ap-
proaches were developed to tackle these problems: 1) Addi-
tion of antiaggregation agents or coadsorbents (such as che-
nodeoxycholic acid (CDCA) or deoxycholic acid (DCA)) to
suppress dye aggregation on TiO,.”*"! 2) Incorporation of
alkyl chains or bulky groups at the donor moiety or the =
bridge to block the electrolyte from close contact with the
TiO, surface. The alkyl chains or bulky groups may also
help to suppress molecular aggregation.**>*® 3) Dyes with
two pinched D-m-A motifs or with di- or multianchor
groups, D(-rt-A), (n>2), to suppress intermolecular excited-
state quenching.[***! Organic sensitizers with di- or multian-
chor groups also provide more efficient electron extraction
paths than those with a single anchor, therefore, the photo-
current can be increased.>**1% Previously, we found that
dyes with two anchors were more efficient than congeners
with a single anchor in hole injection and dark-current sup-
pression for p-type DSSCs.'! We therefore applied the
same strategy to the dye for n-type DSSCs. We herein
report new phenothiazine-based sensitizers with double an-
chors.

Results and Discussion
Design and Synthesis

The structures of the new phenothiazine-based dyes are
shown in Figure 1. The synthetic routes to these compounds
extensively utilize palladium-catalyzed Stille coupling or
Suzuki coupling, as depicted in Scheme 1. The key inter-
mediates, 3-bromo-10-(2-ethylhexyl)-10H-phenothiazine (2)
and 3,7-dibromo-10-(2-ethylhexyl)-10H-phenothiazine (4),
were prepared from 10-(2-ethylhexyl)-10H-phenothiazine
with NBS, similar to published procedures."? Compounds 3,
5, 6, and 8 were obtained by different approaches. Stille
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Figure 1. Structures of the organic dyes described herein.

C—C coupling of 2 and 4 with aldehyde-containing stannyl
reagents provided formyl compounds 3 and 5§ in 41 and
85%, respectively. Suzuki C—C coupling of compound 4
with appropriate thiophene dioxaborolanes gave the inter-
mediates 6 (96 %) and 8 (67 % ). Second Suzuki coupling re-
actions of 8 with 3-hexylthiophene dioxaborolanes provided
9. Subsequent Vilsmeier—Haack reactions of 6 and 9 yielded
compounds 7 and 10, respectively. Finally, Knoevenagel con-
densation of 3, 5, 7, and 10 with cyanoacetic acid afforded
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the desired dyes HL1-HL4. The new organic dyes were
characterized by NMR spectroscopy and mass spectrometry.
While this research was in progress, compounds with struc-
tures similar to those of HL1 and HL2 were reported.['*

UV/Vis Absorption Properties

Figure 2 shows the UV/Vis absorption spectra of the organic
dyes in THF, and the corresponding data are summarized in
Table 1. Two distinct bands were observed for these com-
pounds. Based on theoretical computations (see below), the
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Figure 2. Absorption spectra of the dyes in THF.

band located at a shorter wavelength (band I) is attributed
to an aromatic m—m* transition, and the band at a longer
wavelength (band IT) is assigned to an intramolecular
donor —acceptor charge-transfer (ICT) transition with the
character of a m—m* transition. Intermixing with s—m* char-
acter significantly enhances the intensity of the ICT band in
HL2-HL4 compared with HL1 because the former has
longer m—m conjugation. This observation is consistent with
the congeners of HL2 and HL3, in which the 2-ethylhexyl
substituent is replaced with a hexyl chain. Moreover, the
ICT band of HL2-HL4 appears at a longer wavelength
(HL2: A=469nm, ¢=5.02x10*M'cm™'; HL3: 1=475nm,
e=479x10*M em™; HL4: A=484 nm, e=7.16x
10*m~'em™") than that of HL1 (1=444nm, 2.19x
10*m'em™"). Noticeably, HL4 possesses a broader absorp-
tion range and higher molar extinction coefficient than
those of the others owing to it having the longest conjugated
spacer. A wider absorption range should be favorable for
photocurrent generation in DSSCs because more photons
can be harvested.!"” The spectra of the dyes with and with-
out CDCA adsorbed on a nanocrystalline TiO, film are
shown in Figure 3. The blueshift of the absorption spectra of
dyes (without CDCA) on TiO, compared with those in solu-
tion can be ascribed to deprotonation of carboxylic acid
and/or the formation of H aggregates on the TiO, sur-
face.'>'¥ Notably, these dyes exhibit different degrees of

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthetic routes for the preparation of dyes HL1-HL4. a) Tetrahydrofuran (THF), tBuOK, 2-ethylhexyl bromide, 65 °C, overnight; b) N,N-di-
methylformamide (DMF), N-bromosuccinimide (NBS), 25°C, overnight; ¢) DMF, PPh;, [PdCL,(PPhs),], 80°C, overnight; then: dichloromethane, 4N
HCI, 25°C, overnight; d) acetonitrile/THF, cyanoacetic acid, piperidine, 80°C, overnight; ¢) toluene, Na,CO;, [Pd(PPh;),], 80°C, overnight; f) DMF,

POCl;, 65°C, 3 h; then: CH;COONa,g), 0°C, 30 min.

molecular aggregation on the TiO, surface. The absorption
profiles of HL3 and HL4 remain the same, except for a de-
crease in intensity upon the addition of CDCA, which indi-
cates that there is negligible dye aggregation for the two
compounds. In contrast, a prominent redshift of the absorp-
tion spectra for HL1 and HL2 upon the addition of CDCA
suggests the existence of dye aggregation for these two dyes.

Chem. Asian J. 2014, 9, 357-366
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Electrochemical Properties

The electrochemical properties of the organic dyes were
measured by cyclic voltammetry (CV) in THF (Figure S5 in
the Supporting Information), and the results are listed in
Table 1. The oxidation potentials (E,,) correspond to the
HOMO; the LUMO was obtained from the value of E , and

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Electro-optical parameters of the dyes.

Dye Au, (€ Aem Ation E, E. [V vs. Ey_* [V vs. HOMO/LUMO
[M~*em™]) [nm]®  [nm] [eVv]® NHE]" NHE] [eV]
[nm]["]

HL1 356 (1.51), 656 426 2.34 1.09 -1.25 5.49/3.15
444 (2.19)

HL2 364 (4.11), 655 437 221 1.11 -1.10 5.51/3.30
469 (5.02)

HL3 369 (3.56), 648 460 2.19 1.10 —1.09 5.50/3.31
475 (4.79)

HL4 308 (3.23), 743 422 2.15 1.01 -1.14 5.41/3.26
484 (7.16)

[a] Recorded in THF at 298 K. [b] The band gap, E,_,, was derived from peak separation of the cathodic and
anodic waves. Scan rate: 100 mVs™. [c] Recorded in THF. E = 12(E+E,.), AE,=E,,—E,, in which E, and
E,. are the peak anodic and cathodic potentials, respectively. The oxidation potential reported was adjusted to
the potential of ferrocene, which was used as an internal reference. [d] E,_,*: The excited state oxidation po-
tential versus a normal hydrogen electrode (NHE).

Jiann T. Lin et al.

a decreased oxidation poten-
tial.'¥ Dyes HLI-HL3 have
comparable oxidation potentials
that are higher than that of
HLA4. Because of more localized
nature of the LUMO (see the
Theoretical Approach section
below), dye HL1 has a larger
HOMO/LUMO energy gap. A
suitable HOMO level is neces-
sary to match the redox poten-
tial (+0.4V vs. NHE) of the
iodide/triiodide electrolyte.
Owing to a sufficiently low
HOMO energy level of the dye,

there is enough driving force
for dye regeneration, which de-

creases charge recombination between the oxidized dye
molecules and photoinjected electrons in the TiO, conduc-
tion band.” The excited-state potential (E,_,*) of the dye,
deduced by subtracting E,_, from E,, is more negative than
the conduction band edge of TiO, (—0.5V vs. NHE); this

—u—HL1
—o0—HL1 + 10 mm CDCA

should be sufficient for electron injection from the excited
dye molecule into the conduction band of TiO,.

Device Performance

Absorption

The DSSCs were fabricated by using these organic dyes as
the sensitizers and nanocrystalline anatase TiO, as the pho-
toanode. The basic device performance parameters, such as
open-circuit photovoltage (V,.), short-circuit current (Jy.),
fill factor (FF), and power conversion efficiency (7), were

—A—HL3
—A—HL3 +10 mm CDCA

measured under simulated AM 1.5 illumination, and are col-
lected in Table 2. Figures 4 and 5 show the photocurrent—
voltage (/-V) plots and photon-to-current conversion effi-
ciencies (IPCE), respectively, of the HL-sensitized solar

—v—HL4
—v—HL4 + 10 mm CDCA

T
400 500

Wavelength (nm)

Figure 3. Absorption spectra of the dyes on TiO, films.

the zero-zero band gap (E,_,) estimated from the intersec-

tion of the absorption and emis-
sion spectra of the dye.'” The
first quasi-reversible one-elec-

cells. A very high efficiency of 7.31% (V,.=0.69V, J. =
15.88 mA cm 2, FF=0.67) was achieved with the HL4 sensi-
tizer; these values are comparable with that (7.38%) of an
N719-based standard cell fabricated and measured under
similar conditions. DSSCs based on HL1-HL3 exhibited 7
values of 4.91, 5.53, and 6.85 %, respectively. Dye HL1, with
a single anchoring group, has the lowest cell conversion effi-

600 700

Table 2. Photovoltaic parameters for DSSCs of the dyes.

L. D V. [V]  J.[mAcm™ FF % Dye loadi 1 cm™> bl R

tron oxidation wave detected at ¥e oo [V] « mAcm ] (%] ye ‘oa 717ng [molem™] . [ms] o2
about 178-573mV more posi- HL1 ) 0.69 10.23 070 491 4.79x10 29.41 29.05
. . HL14+CDCAP .72 11.07 070 5.55
tive than ferrocene/ferrocenium gy 5 0.66 1227 068 553 1.13x10° 15.92 27.46
was attributed to removal of an HL2+CDCAP 067 13.52 069 629
electron from phenothiazine. HL3 0.68 14.82 0.68  6.85 5.52x1077 25.22 24.92
Inserting two electron-rich thio- HL3+CDCA! — 0.70 13.23 070 648

b i< in the 7 bri b HL4 0.69 15.88 067 731 7.45x1077 39.98 19.73
phene units in the a bridge be- ) peam g8 14.91 0.66 667
tween the phenothiazine moiety  N719 0.77 14.33 067 738 5435 26.92
and each anchoring group

(HL4) significantly raised the
HOMO level and resulted in

Chem. Asian J. 2014, 9, 357-366

[a] The lifetime of injected electrons, measured by intensity-modulated photovoltage spectroscopy (IMVS)
under a light intensity of 300 Wm 2, was inserted into the expression 7,=1/(2xf), in which f is the frequency.
[b] Uptake achieved in the presence of 10 mm CDCA.

360 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. J-V curves of the DSSC devices made with the dyes measured
a) under AM 1.5 solar simulator of 100 mWcm 2 and b) in the dark.
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Figure 5. IPCE curves of the DSSCs.

ciency among all of those tested because of its narrow spec-
tral response range and lower absorptivity (Figure 5). An-
other cause of the low efficiency for HL1 stems from dye
aggregation (see above), which quenches the excited state
and deteriorates electron injection. This is also evidenced by
the improved open-circuit voltage (V,.=0.72 V) and short-
circuit current (J,=11.07mAcm?) after the addition of
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10 mm of coadsorbent, CDCA. Because dye aggregation was
also observed in HL2 (see above), the cell performance was
significantly improved (7=629%, V=067V, J .=
13.52 mA cm 2, FF=0.69) after the addition of 10 mm of co-
adsorbent.

In contrast to HL2, the hexyl chains incorporated into the
thiophene of HL3 help to suppress dye aggregation and
there is no advantage gained by the addition of coadsorbent.
The values of both J,, and # drop upon the addition of
CDCA, because the CDCA molecules compete with the dye
molecules for the adsorption sites!®**1") and lead to a lower
dye density. The slightly higher V,. value may be due to
more effective suppression of the dark current. Dye aggre-
gation was also negligible in HL4 because the coadsorption
of CDCA resulted in a decrease in the values of J. and #.
Consequently, the addition of CDCA to the HL4-based
DSSC jeopardizes the cell performance, similar to the case
of HL3. The best performance achieved for the HL4-based
DSSC device can be attributed to several reasons: 1) HL4
has the broadest photoresponse and highest molar extinc-
tion coefficient; 2) HL4 has the most efficient interfacial
charge generation and transport upon photoexcitation (see
below for a description of electrochemical impedance spec-
troscopy (EIS) under illumination); 3) HL4 can more effec-
tively suppress the dark current (see below for a description
of EIS in the dark); 4) HL4 has less dye aggregation (see
above); and 5) HL4 has the most upward shift of the con-
duction band edge of TiO, (see below).

EIS was also measured in the dark and under illumination
conditions to elucidate information on electron injection
and recombination at the TiO,/dye/electrolyte interface. The
Nyquist plots obtained in the dark and under a forward bias
of 0.55V are shown in Figure 6a, and the second semicircle
for each dye is related to the resistance of recombination
(R,..) between the electrons on the TiO, surface and the oxi-
dized electrolyte. The larger value of R,.. indicates slower
recombination kinetics. Therefore, the recombination rate
decreases in the order of HL2 >HL3 >HL1 >HL4. Incorpo-
ration of hexyl chains into the thiophene rings linked to the
anchoring group (HL3 and HL4) seems to be beneficial for
dark-current suppression./®” Elongation of the hydrophobic
7t bridge (HL4) also helps to reduce charge recombina-
tion.® It is known that the proton released from the car-
boxylic acid upon dye adsorption will induce a dark cur-
rent.") Therefore, the lower dark current of HL1 relative to
HL2 and HL3 may be rationalized by fewer protons being
released upon dye adsorption. The conduction band electron
lifetime (7,) was also measured by IMVS, as shown in
Table2 and Figure7. At the same light intensity
(300 Wm™?), the electron lifetime decreases in the order of
HL4 (39.98 ms) >HL1 (29.41 ms)>HL3 (2522 ms)>HL2
(15.92 ms), which is consistent with the EIS data (see
above). We further performed charge-extraction measure-
ments to probe the possible variations in V. with a shift in
the Fermi level.”™ Compared with HL1, HL2 and HL3 ex-
hibit a downward shift of the conduction band edge of TiO,
by about 33 and 7 meV, respectively. In contrast, the con-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Electrochemical impedance spectra (Nyquist plots) of the
DSSC devices made with the dyes measured a)in the dark under
—0.55 V bias and b) under illumination at V.

duction band edge of TiO, exhibits an upward shift by about
16 meV for HL4 (Figure 7). Two protons released upon the
adsorption of dyes with two anchors on TiO, may result in
a downward shift of the TiO, conduction band.?!! Therefore,
in addition to the released protons, the variation in the con-
duction band edge of TiO, is also affected by the variation
in surface dipole induced by different HL dyes.

Upon illumination of the cell under open-circuit voltage
conditions (Figure 6b), the intermediate frequency semicir-
cle in the Nyquist plot reflects charge-transfer resistance
(R.»,) at the semiconductor—dye electrode (Table 2), and the
smaller value of R, represents lower electron-transport re-
sistance. The value of R, decreases in the order of HL1>
HL2 > HL3 > HL4; this suggests that dyes with two anchor-
ing groups have more efficient interfacial charge generation
and transport than the congener with only one anchoring

group.

Theoretical Approach

To correlate the molecular structures of the dyes with the
performance of the DSSCs, we carried out DFT and (TD)
DFT calculations at the B3LYP/6-31G* level by using Q-
Chem 4.0 software. The results for the time-dependent ap-
proach are summarized in Table S1 in the Supporting Infor-

Chem. Asian J. 2014, 9, 357-366

www.chemasianj.org

Jiann T. Lin et al.

18

Electron density (10 cm's)

0.1 T T T T T T T v T
0.50 0.55 0.60 0.65 0.70
Voltage (V)
1000 (b)
‘2 100+
2 .
N’
W
10 4
T T T T T
0.50 0.55 0.60 0.65 0.70
Voltage (V)

Figure 7. a) Electron lifetime and b) extracted electron density versus
photovoltage.

mation. The ground-state intramolecular dihedral angles, as
shown in Figure S5 in the Supporting Information, between
the phenothiazine and the neighboring thiophene-containing
segments range from 20.3 to 28.6°, which allows efficient
charge transfer from phenothiazine to the acceptor. Selected
frontier orbitals of the dyes are shown in Figure 8 and Fig-
ure S8 in the Supporting Information. The HOMO in these
compounds is mainly distributed from phenothiazine to the
conjugated spacer, whereas the LUMO and LUMO+1 are
largely distributed from 2-cyanoacrylic acid to the spacer.
The lowest energy transition (S0—S1) is about 100 % of the
HOMO —LUMO transition for all compounds, whereas the
S0—S82 transitions of HL2-HL4 mainly stem from the
HOMO—-LUMO+1 transition. This fact confirms the
charge-transfer character of the lowest energy absorption
band. From another viewpoint, implementation of a second
acceptor/anchor moiety provides an additional excitation
probability, which will benefit charge injection of the dye
molecules. Despite the charge-transfer transition (S0—S1 in
all cases) and more localized m—xn transitions (S0—S2 in
HL2 and SO0—S3 in HL2-HL4), the bis-anchoring dyes ex-
hibit another charge-transfer transition (S0—S2 in HL2-
HL4) with only slightly higher energies. The latter also ex-
plains broadening of the absorption spectra of HL2-HL4
(see above). Also from the TD-DFT results, the differences

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Frontier molecular orbitals of the dyes.

in the Mulliken charges in the excited and ground states
were calculated and grouped into several segments, pheno-
thiazine (Ptzl), thiophene (T1, T), and acceptor (Ac; Fig-
ure S7 in the Supporting Information). Significant negative
charges exist at both acceptors in the dyes with two anchor-
ing groups for both SO—S1 and S0—S2 transitions; this indi-
cates that both acceptors can function as the electron injec-
tion channels.

Conclusion

We have synthesized new phenothiazine-based organic dyes
with two anchoring 2-cyanoacrylic acids. These dyes exhibit-
ed broader spectral response ranges and higher absorptivity
than those of their congeners, which contained a single an-
choring group. The new dyes could be used as the sensitizers
for high-performance DSSCs. The best cell efficiency
(7.31%) was almost comparable to that of an N719-based
standard cell (7.38%). Sensitizers with two anchoring
groups were beneficial for interfacial charge generation and
transport. Suppression of the dark current could also be ach-
ieved with the incorporation of long hydrocarbon chains in
the conjugated spacer.

Experimental Section

Materials and Reagents

Unless otherwise specified, all reactions and manipulations were carried
out under a nitrogen atmosphere. Solvents were dried by standard proce-
dures. The dye bis(tetrabutylammonium)-cis-di(thiocyanato)-N,N'-bis(4-
carboxylato-4'-carboxylic acid-2,2'-bipyridine)ruthenium (coded as N719)
and TiO, paste were purchased from Solaronix S. A., Switzerland.
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Characterization

'H and C NMR spectra were recorded on a Bruker 400 MHz spectrom-
eter. Mass spectra (FAB) were recorded on a VG70-250S mass spectrom-
eter. Elementary analyses were performed on a Perkin—Elmer 2400 CHN
analyzer. Absorption spectra were recorded on a Dynamica DB-20 probe
UV/Vis spectrophotometer. Fluorescence spectra were recorded on a Hi-
tachi F-4500 spectrophotometer. CV experiments were performed with
a CHI-621A electrochemical analyzer. All measurements were carried
out at room temperature with a conventional three electrode configura-
tion that consisted of a platinum working electrode, an auxiliary elec-
trode, and a nonaqueous Ag/AgNO; reference electrode. Photoelectro-
chemical characterizations on the solar cells were performed by using an
Oriel Class AAA solar simulator (Oriel 94043A, Newport Corp.). Photo-
current-voltage characteristics of the DSSCs were recorded with a poten-
tiostat/galvanostat (CHI650B, CH Instruments, Inc.) at a light intensity of
100 mWcem ™2 calibrated by an Oriel reference solar cell (Oriel 91150,
Newport Corp.). The monochromatic quantum efficiency was recorded
through a monochromator (Oriel 74100, Newport Corp.) under short-cir-
cuit condition. The intensity of each wavelength was in the range of 1 to
3mWcem™2  Electrochemical impedance spectra were recorded for
DSSCs under illumination at an open-circuit voltage (V,.) or in the dark
at —0.55V at room temperature. The frequencies explored ranged from
10 mHz to 100 kHz. IMVS was carried out on the electrochemical work-
station (Zahner, Zennium) with a frequency response analyzer under an
intensity modulated (10 to 300 Wm™2) white-light-emitting diode driven
by a Zahner (0982wlr02) source supply. The frequency range was set
from 100 kHz to 10 MHz.

Assembly and Characterization of DSSCs

The photoanode used was a TiO, thin film (12 pm of 20 nm particles as
the absorbing layer and 6 um of 400 nm particles as the scattering layer)
coated on an FTO glass substrate with dimensions of 0.4x 0.4 cm?, and
a film thickness measured by means of a profilometer (Dektak3, Veeco/
Sloan Instruments Inc., USA). The TiO, thin film was dipped into the so-
lution containing 3x10~*m dye sensitizers in THF for at least 12 h. For
the coadsorbed solar cell, CDCA was added to the dye solutions at a con-
centration of 10 mm. After rinsing with THF, the photoanode was ad-
hered with polyimide tape 30 um thick and a square aperture of 0.36 cm*
was placed on top of the counter electrode; these were tightly clipped to-
gether to form a cell. Electrolyte was then injected into the seam be-
tween the two electrodes. The electrolyte was composed of 0.5m lithium
iodide (Lil), 0.05m iodine (I,), and 0.5m 4-tert-butylpyridine dissolved in
acetonitrile.

Quantum Chemistry Computation

Computations were performed with Q-Chem 4.0 software.”” Geometry
optimization of the molecules was performed by using a hybrid B3LYP
functional and the 6-31G* basis set. For each molecule, a number of pos-
sible conformations were examined and the one with the lowest energy
was used. The same functional was also applied for the calculation of ex-
cited states by using TD-DFT. A number of previous works exist that
employed TD-DFT to characterize excited states with charge-transfer
character.” In some cases, underestimation of the excitation energies
was seen.”?! Therefore, herein we used TD-DFT to visualize the extent
of transition moments as well as their charge-transfer characters, and
avoided drawing conclusions from the excitation energy.

General Synthetic Procedure of Dyes

All sensitizers were synthesized in high yields by using traditional Stille
or Suzuki coupling reactions.

10-(2-Ethylhexyl)-10 H-phenothiazine (1)

In an oven-dried Schlenk flask (100 mL), 10 H-phenothiazine (4.0 g,
20.0 mmol) and potassium tert-butoxide (2.7 g, 24.0 mmol) were dissolved
in dry THF (20 mL). After the mixture was stirred for 1 h, 2-ethylhexyl
bromide (3.6 mL, 20.0 mmol) was added by means of a syringe. The color
of the reaction mixture changed from brown to yellow, and the solution
was stirred at 66°C for 12 h. The solution was cooled to room tempera-
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ture and the solvent was removed under reduced pressure. The mixture
was poured into diethyl ether and the product was washed with water.
The organic extract was dried over anhydrous MgSO, and pumped dry to
yield a violet viscous oil, which was purified by column chromatography
on silica gel with hexane as the eluent to give 1 as a light-yellow oil
(5.6 g, 90%). '"HNMR (400 MHz, CDCLy): 6=7.12 (t, 4H, J=6.6 Hz),
6.90 (d, 2H, J=8.0 Hz), 6.85 (d, 2H, /=8.0 Hz), 3.81(d, 2H, /=7.2 Hz),
1.94-1.88 (m, 1H), 1.45-1.21 (m, 8H), 0.86-0.82 ppm (m, 6 H).

3-Bromo-10-(2-ethylhexyl)-10 H-phenothiazine (2)

NBS (1.28 g, 7.22 mmol) in DMF was slowly added by means of a syringe
to a solution of 1 (2.25 g, 7.22 mmol) in DMF (180 mL). After the mix-
ture was stirred at room temperature for 12 h, the reaction was terminat-
ed by the addition of water. The reaction mixture was extracted with di-
ethyl ether and an aqueous solution of NH,Cl. The organic extract was
dried over anhydrous MgSO, and pumped dry to yield a dark-red viscous
oil, which was purified by column chromatography on silica gel with
hexane as the eluent to give 2 as a light-yellow oil (2.2 g, 78%). '"H NMR
(400 MHz, [D¢]acetone): 0=7.36 (dd, J=9.6, 2.4 Hz, 1H), 7.31 (dd, J=
8.4, 24 Hz, 1H), 722 (t, J=7.4Hz, 1H), 7.17 (dd, /=7.6, 1.4 Hz, 1H),
7.07 (d, J=8.0 Hz, 1H), 7.02-6.95 (m, 2H), 3.85-3.82 (m, 2H), 1.94-1.88
(m, 1H), 1.51-1.24 (m, 8H), 0.89-0.82 ppm (m, 6 H).

5-(10-(2-Ethylhexyl)-10 H-phenothiazin-3-yl)thiophene-2-carbaldehyde (3)

A mixture of 2 (1.23 g, 3.15 mmol), [PdClL,(PPh;),] (0.070 g, 0.095 mmol),
(5-(1,3-dioxolan-2-yl)thiophen-2-yl)tributylstannane (3.50 g, 7.88 mmol)
and triphenylphosphine (0.050 g, 0.19 mmol) in DMF (15 mL) was placed
in a two-necked flask under nitrogen atmosphere and stirred at 80°C for
overnight. After cooling, the reaction was quenched with aqueous KF
and the resulting mixture was extracted with CH,Cl,. The organic extract
was dried over anhydrous MgSO, and pumped dry to yield an orange vis-
cous oil. It was purified by column chromatography on silica gel using
hexane/CH,Cl, (2:1 v/v) as the eluent to give 3 as an orange oil (0.55 g,
41%). 'HNMR (400 MHz, CDCl;): 6=9.83 (s, 1H), 7.67 (d, /J=3.9 Hz,
1H), 7.44-7.42 (m, 2H), 7.26 (d, J=4.0Hz, 1H), 7.17-7.13 (m, 2H),
6.95-6.85 (m, 3H), 3.74 (d, J=7.1 Hz, 2H), 1.95-1.89 (m, 1H), 1.48-1.22
(m, 8H), 0.91-0.82 ppm (m, 6 H); *C NMR (100 MHz, CDCl,): 6 =182.8,
154.0, 1472, 145.1, 141.8, 137.8, 127.9, 127.6, 126.9, 125.8, 125.4, 125.1,
125.1, 123.3, 123.2, 116.4, 116.3, 51.4, 36.2, 30.9, 28.8, 24.2, 23.3, 14.2,
10.7 ppm; MS (MALDI): m/z: 421.1 [M]*.

3,7-Dibromo-10-(2-ethylhexyl)-10 H-phenothiazine (4)

Compound 4 was synthesized in 82% yield according to a similar proce-
dure to that described for 2. "H NMR (400 MHz, CDCl,): 6=7.23-7.21
(m, 4H), 6.68 (d, /=9.2 Hz, 2H), 3.62 (d, /=7.2 Hz, 2H), 1.87-1.80 (m,
1H), 1.42-1.21 (m, 8 H), 0.94-0.85 ppm (m, 6 H).

5,5'-[10-(2-Ethylhexyl)-10 H-phenothiazine-3,7-diyl]bis(thiophene-2-
carbaldehyde) (5)

Compound 5 was synthesized in 85% yield by following a similar proce-
dure to that described for 3. '"H NMR (400 MHz, CDCl;): =9.85 (s,
2H), 7.69 (d, J=4.0 Hz, 2H), 7.46 (dd, /=84, 1.8 Hz, 2H), 743 (d, J=
2.0 Hz, 2H), 7.29 (d, J=4.0 Hz, 2H), 6.90 (d, /=8.4 Hz, 2H), 3.77 (d, J=
7.2 Hz, 2H), 1.96-1.90 (m, 1H), 1.46-1.25 (m, 8H), 0.89-0.83 ppm (m,
6H); "*CNMR (100 MHz, CDCL,): 6=182.7, 153.4, 146.1, 142.2, 137.6,
128.3, 126.3, 126.0, 125.4, 123.6, 116.6, 51.5, 36.5, 30.9, 28.8, 24.2, 23.3,
14.2,10.7 ppm; MS (MALDI): m/z: 531.0 [M]*.

10-(2-Ethylhexyl)-3,7-bis(4-hexylthiophen-2-yl)-10 H-phenothiazine (6)

Toluene (20 mL), EtOH (5 mL) and H,O (10 mL) were added to a flask
containing a mixture of 4 (3.0 g, 6.52 mmol), 2-(4-hexylthiophen-2-yl)-1,3-
dioxolane (4.80 g, 16.3 mmol), [Pd(PPh;),] (0.38¢g, 0.32 mmol), and
Na,CO; (2.10 g, 19.6 mmol), and the solution was heated at reflux for
12 h. The solution was cooled to room temperature and extracted with
a mixture of CH,Cl, and H,O. The organic extract was dried over anhy-
drous MgSO, and pumped dry to yield a dark-yellow viscous oil, which
was purified by column chromatography on silica gel with hexane/CH,Cl,
(9:1 v/v) as the eluent to give 6 as a yellow oil (1.25 g, 30%). '"H NMR
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(400 MHz, [DgJacetone): 6=7.45 (dd, J=8.4, 2.4 Hz, 2H), 742 (d , J=
2.0 Hz, 2H), 725 (d, J=1.2Hz, 2H), 7.05 (d, J=8.4 Hz, 2H), 6.98 (d, /=
0.8 Hz, 2H), 3.92-3.83 (m, 2H), 2.61 (t, J=7.6 Hz, 4H), 2.01-1.91 (m,
1H), 1.65 (quint, J=7.7 Hz, 4H), 1.53-1.22 (m, 20H), 0.91-0.83 ppm (m,
12H); BCNMR (100 MHz, [DgJacetone): 6=145.6, 145.2, 1432, 1304,
126.5, 125.6, 124.9, 120.0, 117.4, 51.8, 37.1, 32.5, 31.4, 31.30, 31.27, 29.8,
24.7,23.5,23.4,14.5,11.0 ppm; MS (MALDI): m/z: 643.1 [M]*.

5,5'-[10-(2-Ethylhexyl)-10 H-phenothiazine-3,7-diyl]bis(3-hexylthiophene-
2-carbaldehyde) (7)

A solution of 6 (1.25 g, 1.94 mmol) in DMF (5 mL) was cooled to 0°C
under a N, atmosphere. POCl; (0.54 mL, 5.82 mmol) was added slowly
by means of a syringe. The mixture was stirred for 30 min at 0°C and 3 h
at 65°C. After cooling, the reaction was quenched with an aqueous solu-
tion of CH;COONa and the resulting mixture was extracted with CH,Cl,
and H,O. The organic extract was dried over anhydrous MgSO, and
pumped dry to yield an orange viscous oil, which was purified by column
chromatography on aluminum oxide gel with hexane/CH,Cl, (1:1 v/v) as
the eluent to give 7 as an orange oil (1.3 g, 96%). "H NMR (400 MHz,
[Dglacetone): 6=10.07 (s, 2H), 7.63 (dd, J=8.4, 2.0 Hz, 2H), 7.59 (d, /=
2.0 Hz, 2H), 7.50 (s, 2H), 7.17 (d, /J=8.4 Hz, 2H), 4.03-3.91 (m, 2H),
3.04 (t, J=7.6 Hz, 4H), 2.01-1.96 (m, 1H), 1.75 (quint, J=7.6 Hz, 4H),
1.51-1.24 (m, 20H), 0.93-0.83 ppm (m, 12H); “"CNMR (125 MHz,
[DgJacetone): 6=182.5, 155.0, 151.9, 147.0, 137.2, 129.1, 127.4, 126.7,
126.6, 125.7, 117.9, 52.0, 37.2, 32.4, 32.2, 31.4, 29.5, 29.1, 24.7, 23.8, 23.3,
14.4,11.0 ppm; MS (MALDI): m/z: 699.2 [M]*.

10-(2-Ethylhexyl)-3,7-di(thiophen-2-yl)-10 H-phenothiazine (8)

Compound 8 was synthesized in 67 % yield according to a similar proce-
dure to that described for 6. 'H NMR (400 MHz, [D¢]acetone): 6=7.49
(dd, /=84, 2.0 Hz, 2H), 7.45 (d, J=2.0 Hz, 2H), 7.38 (m, 4H), 7.09 (d,
J=3.6 Hz, 2H), 7.07 (d, J=3.6 Hz, 2H), 3.94-3.84 (m, 2H), 2.00-1.94 (m,
1H), 1.55-1.22 (m, 8H), 0.90 (t, J=7.5 Hz, 3H), 0.85 ppm (t, /J=7.2 Hz,
3H).

10-(2-Ethylhexyl)-3,7-bis[4'-hexyl(2,2'-bithiophen)-5-yl]-10 H-
phenothiazine (9)

Compound 9 was synthesized in 32 % yield according to a similar proce-
dure to that described for 6. '"H NMR (400 MHz, [Dg]acetone): 0 =7.51
(dd, J=8.3, 2.4 Hz, 2H), 7.49 (d, J=2.1 Hz, 2H), 7.34 (d, J=4.0 Hz, 2H),
7.20 (d, J=4.0 Hz, 2H), 7.17 (d, J=1.2 Hz, 2H), 7.12 (d, J=8.4 Hz, 2H),
7.02 (s, 2H), 3.98-3.88 (m, 2H), 2.62 (t, J=7.6 Hz, 4H), 2.00-1.96 (m,
1H), 1.66 (quint, J=7.5 Hz, 4H), 1.54-1.26 (m, 20H), 0.93-0.84 ppm (m,
12H); BCNMR (100 MHz, [Dg]acetone): d=145.8, 145.2, 142.6, 137.8,
137.3, 129.7, 126.5, 125.9, 125.6, 125.4, 124.9, 124.4, 120.3, 117.6, 55.0,
51.8, 37.1, 32.5, 31.4, 31.24, 31.15, 29.8, 24.7, 239, 23.4, 145, 144,
11.0 ppm; MS (MALDI): m/z: 807.1 [M]™.

5',5""-[10-(2-Ethylhexyl)-10 H-phenothiazine-3,7-diyl]bis[4-hexyl-(2,2'-
bithiophene)-5-carbaldehyde] (10)

Compound 10 was synthesized in 73 % yield according to a similar proce-
dure to that described for 7. '"H NMR (400 MHz, [DgJacetone): 6 =10.07
(s, 2H), 7.55 (dd, J=8.5, 2.1 Hz, 2H), 7.51 (d, J=2.1 Hz, 2H), 7.48 (d,
J=3.8Hz, 2H), 7.43 (d, J=4.0 Hz, 2H), 7.35 (s, 2H), 7.15 (d, J=8.6 Hz,
2H), 3.99-3.89 (m, 2H), 3.04 (t, J=7.6 Hz, 4H), 2.02-1.96 (m, 1H), 1.75
(quint, J=7.5Hz, 4H), 1.54-1.25 (m, 20H), 0.93-0.84 ppm (m, 12H);
BCNMR (125 MHz, [Dglacetone): 6=182.3, 154.8, 146.1, 145.9, 145.5,
136.9, 135.5, 129.2, 128.3, 127.5, 126.4, 126.0, 125.1, 124.9, 117.6, 51.8,
37.1, 324, 32.2, 31.4, 29.9, 29.1, 24.7, 23.9, 23.4, 14.5, 11.0 ppm; MS
(MALDI): m/z: 863.2 [M]*.

(E)-2-Cyano-3-{5-[10-(2-ethylhexyl)-10 H-phenothiazin-3-yl[thiophen-2-
yljacrylic acid (HLI)

Acetonitrile (5mL) was added to a flask containing a mixture of 3
(0.55 g, 1.30 mmol), cyanoacetic acid (556 mg, 3.26 mmol), and piperidine
(2 drops), and the solution was heated at 80°C for 18 h. The solution was
cooled to room temperature and filtered. The filtrate was pumped dry
and the crude product was further purified by column chromatography
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on silica gel with ethyl acetate/acetic acid (100:1 v/v) as the eluent to
afford HL1 as a brown powder (71 %, 0.923 mmol). '"H NMR (400 MHz,
[Dglacetone): 6=8.43 (s, 1H), 7.96 (d, J=4.0Hz, 1H), 7.65-7.61 (m,
3H), 7.24-7.15 (m, 3H), 7.10 (d, /=8.4 Hz, 1H), 7.00 (t, /=7.6 Hz, 1H),
3.97-3.87 (m, 2H), 2.00-1.94 (m, 1H), 1.54-1.27 (m, 8H), 0.90 (t, /=
74Hz, 3H), 084ppm (t, J=72Hz, 3H); “CNMR (100 MHz,
[Dglacetone): 6=164.1, 154.1, 148.1, 147.5, 145.9, 141.5, 1352, 128.6,
128.4, 128.1, 127.4, 126.7, 125.6, 125.5, 124.8, 124.0, 117.6, 117.0, 98.6,
51.8, 37.0, 31.4, 29.3, 24.7, 23.8, 14.3, 10.9 ppm; HRMS (MALDI): m/z
caled for C,gHxsN,0,S,: 488.1592 [M]*; found: 488.1604; elemental analy-
sis caled (%) for C,sHyN,O,S,: C 68.82, H 5.78, N 5.73; found: C 68.69,
H 5.67, N 5.77.

(2E,2'E)-3,3'-{5,5'-[10-(2-Ethylhexyl)-10 H-phenothiazine-3,7-
diyl]bis(thiophene-5,2-diyl) }bis(2-cyanoacrylic acid) (HL2)

Compound HL2 was synthesized as a black powder in 40 % yield accord-
ing to a similar procedure to that described for HL1. '"H NMR (400 MHz,
[Dg]DMSO): 6=8.47 (s, 2H), 7.99 (d, J=4.0 Hz, 2H), 7.72 (d, J=4.0 Hz,
2H), 7.64-7.61 (m, 4H), 7.19-7.17 (m, 2H), 3.89-3.85 (m, 2H), 1.85-1.81
(m, 1H), 1.46-121 (m, 8H), 0.86-0.83ppm (m, 6H); “CNMR
(125 MHz, [D4]DMSO): 6=163.6, 151.8, 146.4, 145.5, 141.4, 133.9, 127.1,
126.0, 124.60, 124.58, 124.5, 117.1, 116.5, 97.8, 50.4, 35.7, 29.7, 27.8, 23.2,
224, 13.7, 102 ppm; HRMS (MALDI): m/z caled for C;H;N;0,S;:
665.1476 [M]*; found: 665.1497; elemental analysis caled (%) for
C3H3N;O,S;: C 64.94, H 4.69, N 6.31; found: C 64.72, H 4.65, N 6.18.

(2E,2'E)-3,3'-{5,5'-[10-(2- Ethylhexyl)-10H-phenothiazine-3,7-diyl ] bis(3-
hexylthiophene-5,2-diyl) }bis(2-cyanoacrylic acid) (HL3)

Compound HL3 was synthesized as a red powder in 32 % yield according
to a similar procedure to that described for HL1. '"H NMR (400 MHz,
[DgJacetone): 6=8.46 (s, 2H), 7.67 (dd, J=8.6, 2.2 Hz, 2H), 7.63 (d, J=
2.0Hz, 2H), 7.61 (s, 2H), 7.21 (d, /=8.4 Hz, 2H), 4.04-3.94 (m, 2H),
291 (t, J=7.5Hz, 4H), 2.01-1.97 (m, 1H), 1.72 (quint, J=7.5 Hz, 4H),
1.54-1.24 (m, 20H), 0.94-0.83 ppm (m, 12H); “"CNMR (125 MHz,
[DgJacetone): 6=164.5, 157.6, 152.0, 147.2, 144.6, 129.9, 128.8, 127.0,
126.6, 125.8, 118.1, 117.3, 97.4, 52.1, 37.3, 32.4, 32.0, 31.4, 30.5, 30.3, 29.3,
2477, 23.8, 23.3, 14.4, 143, 11.0 ppm; HRMS (MALDI): m/z calcd for
C,sHssN3O,S;: 833.3354 [M]*; found: 833.3377; elemental analysis calcd
(%) for C,;sHssN;0,S;: C 69.11, H 6.65, N 5.04; found: C 69.23, H 6.53, N
5.05.

(2E,2'E)-3,3'-{5',5""-[10-(2-Ethylhexyl)-10H-phenothiazine-3,7-diyl ] bis(4-
hexyl-[2,2'-bithiophene]-5',5-diyl) }bis(2-cyanoacrylic acid) (HL4)

Compound HL4 was synthesized as a black powder in 52 % yield accord-
ing to a similar procedure to that described for HL1. '"H NMR (400 MHz,
[Dglacetone): 6=8.45 (s, 2H), 7.60-7.57 (m, 4H), 7.55 (d, J=2.2 Hz,
2H), 7.49 (d, J=4.0 Hz, 2H), 7.47 (s, 2H), 7.16 (d, J=8.8 Hz, 2H), 4.01-
3.91 (m, 2H), 2.91 (t, J=7.8 Hz, 4H), 2.01-1.98 (m, 1H), 1.72 (quint, J=
7.6 Hz, 4H), 1.56-1.26 (m, 20H), 0.94-0.84 ppm (m, 12H); “C NMR
(125 MHz, [Dg]THF): 6=164.5, 156.4, 146.3, 146.2, 145.9, 143.6, 135.3,
129.9, 129.4, 128.6, 126.9, 126.6, 125.8, 125.2, 124.9, 117.4, 116.9, 98.0,
51.9, 37.3, 32.6, 32.1, 31.6, 29.9, 29.7, 29.6, 24.0, 23.5, 14.4, 10.9 ppm;
HRMS (MALDI): m/z caled for CssHsoN;O,Ss: 997.3109 [M]*; found:
997.3133; elemental analysis caled (%) for CsHsoN;O,Ss: C 67.62, H
6.07, N 4.15; found: C 67.19, H 6.00, N 4.21.
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