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ABSTRACT: We synthesize two new metal-free donor−acceptor organic
dyes (C266 and C267) featuring a N-annulated perylene block. Owing to the
improved coplanarity of conjugated units as well as the prolonged
conjugation upon inserting a triple bond between the triarylamine and
perylene segments, the C267 dye exhibits a slightly red-shifted absorption
peak and an enhanced maximum molar absorption coefficient with respect to
its reference dye C266, leading to an improved photocurrent output in dye-
sensitized solar cells. However, the triple-bond introduction also brings forth
an over 100 mV reduced open-circuit photovoltage owing to faster interfacial
charge recombination, which presents a clear correlation with a reduced
mean thickness of self-assembled dye layer on titania as revealed by X-ray
reflectivity measurements. The C266 dye, albeit with a relatively weaker light-
harvesting capacity, displays a higher power conversion efficiency of 9.0%
under the 100 mW cm−2, simulated AM1.5G sunlight.
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■ INTRODUCTION

The dye-sensitized solar cell (DSC) has been attracting intense
research efforts in the background of questing for eco-friendly
and low-cost technologies for solar energy utilization.1 In the
process of enhancing photovoltaic performance, molecular
engineering of photosensitizing dyes is an unfailing research
topic. A photosensitizer not only plays a pivotal role in
determining the light-harvesting capacity, but also affects the
microstructure of a self-assembled monolayer mainly consisting
of dye molecules on the surface of titania nanocrystals to
manage the multichannel interfacial charge-transfer kinetics. To
date, ruthenium(II) polypyridine complexes, zinc porphyrin
complexes, and thiophene-based organic dyes all present over
12% power conversion efficiencies (PCEs) at the air mass 1.5
global (AM1.5G) conditions.2−4

With a view to the resource restriction of ruthenium and the
inferior stability of zinc porphyrin complexes, the development
of metal-free donor−acceptor photosensitizers has caught more
and more attention in past years owing to the availability of
their raw materials, the flexibility of molecular design, the high
molar extinction coefficient, and the bright color.4−25 Recent
studies have demonstrated that the utilization of rigid
conjugated segment could have a favorable influence on the
reduction of the energy gap and the suppression of radiationless
excited-state deactivation stemming from the twisting motion
of electronic skeleton.26,27

Perylene derivatives characteristic of coplanar and rigid
electronic skeleton have been actively exploited as the building

blocks of various optical and electrical materials,28−31 owing to
their thermal, chemical, and photostability. However, perylene
as a building block of photosensitizers has only attracted
moderate attention.21,23,32−47 In this contribution, we first
synthesize a new metal-free perylene dye (C266, Figure 1),
featuring a triphenylamine electron donor, a N-annulated
perylene π-linker, and a cyanoacrylic acid electron acceptor.
Our preliminary theoretical calculations have shown that there
is a large torsion angle between the triphenylamine and N-
annulated perylene units. To resolve this issue, we further
employ the strategy of inserting a triple-bond between two
aromatic moieties48−51 to construct another new dye (C267,
Figure 1).

■ RESULTS AND DISCUSSION
The synthetic routes for the two new photosensitizing dyes are
illustrated in Scheme 1. We first prepared the key intermediate
2 for both dyes in excellent yield via the regioselective
monoformylation of N-annulated perylene bromide 1 by using
the Vilsmeier−Haack reaction. Further performing the Suzuki−
Miyaura cross-coupling of 2 and 4,4,5,5-tetramethyl-2-{4-[N,N-
bis(4-hexyloxyphenyl)amino]phenyl}-1,3,2-dioxaborolane
(3)52 afforded one dye precursor 4 in good yield by employing
a very active phosphine ligand, Sphos, developed by Buchwald
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and his co-workers.53 Finally the well-known Knoevenagel
condensation was carried out to obtain the cyanoacrylic acid
dye C266. On the other side, cross-coupling N,N-bis(4-
hexyloxyphenyl)-4-iodoaniline (5)52 with (triisopropylsilyl)-
acetylene via the Sonogashira coupling gave the intermediate
6, which then underwent desilication in the presence of tetra-n-
butylammonium fluoride to yield compound 7 quantitatively.
Subsequently, the intermediates 2 and 7 were cross-coupled via
the Sonogashira coupling to produce the precursor 8 for the
final dye construction of C267 based on the same procedure
for C266. For the synthetic details, see the Experimental
Section.

Wide potential range cyclic voltammograms (Figure 2) of
C266 and C267 dissolved in anhydrous tetrahydrofuran (THF)

were recorded by placing a three-electrode electrochemical cell
in a nitrogen-filled glovebox, to examine the influence of
inserting a triple bond between the triphenylamine and
perylene units upon the highest occupied molecular orbital

Figure 1. Chemical structures of the two new perylene dyes C266 and
C267 studied in this work.

Scheme 1. Synthetic Routes for C266 and C267a

aReagents and conditions: (i) DMF, POCl3, DCE, 0 to 40 °C, 12 h; (ii) Pd(OAc)2, Sphos, K3PO4, dioxane/H2O (v/v, 5/1), reflux, 8 h; (iii)
cyanoacetic acid, NH4AC, MeCN/CHCl3 (v/v, 1/2), reflux, 48 h; (iv) (triisopropylsilyl)acetylene, Pd(PPh3)2Cl2, CuI, Et3N, toluene, 80 °C,
overnight; (v) tetra-n-butylammonium fluoride, CH2Cl2, RT, 3 h; (vi) Pd(PPh3)2Cl2, CuI, Et3N, toluene, 80 °C, overnight. Herein, C6H13 and C8H17
denote n-hexyl and n-octyl, respectively.

Figure 2. (a) Cyclic voltammograms of C266 and C267 in THF with
0.1 M 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-
imide (EMITFSI) as the supporting electrolyte and decamethylferro-
cene (DMFC) as the internal reference. All potentials are reported
against ferrocene (Fc). Working electrode: glassy carbon; counter
electrode: Pt; reference electrode: Ag/Ag+; scan rate: 5 mV s−1. (b)
Electronic absorption spectra of the 150 μM dye solutions in THF.
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(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels. The derived parameters were compiled in Table
1. It is found that the triple-bond insertion destabilizes the
HOMO energy level (EH

CV) from −5.04 to −5.01 eV with
respect to the vacuum reference and stabilizes the LUMO
energy level (EL

CV) from −3.33 to −3.39 eV, generating a
contracted LUMO/HOMO energy gap (ΔEL/H

CV ) of 1.62 eV for
C267 in contrast to that of 1.71 eV for C266. Thereby, it is
within expectation to observe a red-shifted maximum
absorption wavelength (λabs,max

meas ) of 540 nm for C267 in
comparison with that of 526 nm for C266 shown in Figure 2b.
Moreover, the maximum molar absorption coefficient (εabs,max

meas )
is augmented from 32.9 to 48.5 mM−1 cm−1 upon the triple-
bond insertion.
We also resorted to quantum calculation with the density

functional theory (DFT) and time-dependent density func-
tional theory (TDDFT) methods to gain insight into the triple-
bond insertion induced energy levels and absorption spectra. As
listed in Table 1, DFT calculations can nicely simulate the
relative alignments of HOMOs and LUMOs of these two dyes.
In addition, our DFT calculation has disclosed a deeper
HOMO of −5.16 eV for 4-ethynyl-N,N-bis(4-(hexyloxy)-
phenyl)aniline in comparison with that of −5.03 eV for N,N-
bis(4-(hexyloxy)phenyl)aniline. Therefore, the higher HOMO
of C267 with respect to that of C266 can be ascribed to a more
planarized electronic backbone as shown in Figure 3. C266
possess a large dihedral angle of 49.7° between the phenyl and
N-annulated perylene units due to the steric hindrance, while
the corresponding dihedral angle in C267 was nearly 0° along
with the insertion of a triple-bond. This planarization could
enhance the conjugation significantly. Moreover, TDDFT
calculation can nicely mimic the experimentally measured
red-shifting of absorption peak and the increase of absorption
coefficient from C266 to C267. The computed maximum
absorption wavelength (λabs,max

TDDFT) and the corresponding
oscillator strengths ( f) for S0 → S1 transition are also listed
in Table 1. In general, the S0 → S1 transitions to LUMO for
both C266 and C267 are mainly originated from HOMO and
HOMO−1. Nevertheless, the contribution from HOMO is
obviously increased for C267 (85%) in comparison with that of
C266 (77%) due to a better spatial overlap between HOMO
and LUMO as illustrated in Figure 3. The S0 → S1 absorptions
of these two dyes manifests a strong charge-transfer transition
characteristic. The smaller LUMO/HOMO energy gap
(ΔEL/H

DFT), the smaller LUMO/HOMO−1 energy gap

(ΔEL/H−1
DFT ), and the stronger LUMO/HOMO electronic

coupling of C267 jointly dominate its red-shifted low-energy
absorption peak with respect to C266. In addition, the more
effective spatial overlap of the ground-state and excited-state
wave functions of C267 could also make a favorable
contribution to the molar absorption coefficient enhancement
as observed in absorption measurements (Figure 2b).
We further evaluated the impact of energy-gap diminution

stemming from the triple-bond insertion on the wavelength-
dependent light-harvesting efficiencies (ϕlh) of dye-grafted
titania films, which was also immersed in a tris(2,2′-bipyridine)
cobalt (Co-bpy) electrolyte. For its detailed composition, see
the Experimental Section. In addition, by monitoring the small
but reliable change of light absorption of a dye solution at a
given volume, we have roughly estimated the loading amount
(cm) of dye molecules on the mesoporous titania film, which
also has an important influence on the light-harvesting capacity
in DSCs. It is found that there is a decreased cm of 1.9 × 10−8

mol cm−2 μm−1 for C267, in contrast to that of 2.3 × 10−8 mol
cm−2 μm−1 for C266 (Supporting Information, Table S1).

Table 1. Measured and Calculated Energy Levels, Energy-Gaps, and Electronic Absorption Properties of C266 and C267

dye
EL
CV a

[eV]
EL
DFT b

[eV]
EH
CV a

[eV]
EH
DFT b

[eV]
EH‑1
DFTb

[eV]
ΔEL/H

CV a

[eV]
ΔEL/H

DFT b

[eV]
ΔEL/H−1DFT b

[eV]
λabs,max
meas c

[eV]
λabs,max
TDDFTd

[nm]
εabs,max
meas c

[mM−1 cm−1] fd transitiond

C266 −3.33 −2.91 −5.04 −5.08 −5.53 1.71 2.17 2.62 526 514 32.9 1.33 H→L
(77%)

H−1→L
(23%)

C267 −3.39 −3.02 −5.01 −5.05 −5.57 1.62 2.03 2.55 540 549 48.5 1.86 H→L
(85%)

H−1→L
(15%)

aExperimental frontier orbital energy levels (EL
CV and EH

CV) with respect to the vacuum reference are calculated via E = −4.88 − eEonset, where Eonset is
the onset potential (Figure 2a) of oxidation or reduction of the ground-state of a dye measured with cyclic voltammetry. H and L represent HOMO
and LUMO, respectively. Energy-gap (ΔEL/HCV ) is calculated via ΔEL/HCV = EL

CV −EHCV. bTheoretical frontier orbital energy levels (ELDFT, EHDFT, and EH−1DFT)
with respect to vacuum are computed with the DFT method at the B3LYP/6-311G(d,p) level for a dye in THF. Energy-gaps (ΔEL/HDFT and ΔEL/H‑1DFT )
are calculated via ΔEL/HDFT = EL

DFT − EH
DFT and ΔEL/H‑1DFT = EL

DFT − EH‑1
DFT. cλabs,max

meas and εabs,max
meas were measured for a diluted THF dye solution. dλabs,max

TDDFT, f
(oscillator strength), and the corresponding transition assignments were computed with the TDDFT method at the MPW1K/6-311G(d,p) level for
a dye in THF.

Figure 3. Optimized ground-state molecular geometries and the
topologies of molecular orbitals involving the S0 → S1 transitions of
C266 and C267 in THF. The isodensity surface values are fixed at
0.03. To improve the computational efficiency, the large aliphatic
substituents were replaced with ethyl.
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However, the C267 cell still presents higher ϕlh at the long
wavelengths starting from 550 nm (Figure 4a), owing to

augmented molar absorption coefficients in this spectral region.
The external quantum efficiencies (EQEs) of C266 and C267
in DSCs as a function of wavelength (λ) were further examined
in combination with a bilayer titania film and a Co-bpy
electrolyte. The cell fabrication details can be found in the
Experimental Section. As depicted in Figure 4b, the EQE
summits of both dyes are ∼80%. The main difference lies in the
spectral range from 600 to 750 nm, which is in good accord
with light-harvesting measurements (Figure 4a).
The solar-to-electricity conversion efficiencies of these two

dyes were further assessed by measuring the current−voltage
(J−V) curves under an irradiance of 100 mW cm−2, simulated
AM1.5G sunlight. The average photovoltaic parameters of six
cells are collected in Table 2. The C266 cell possesses a short-
circuit photocurrent density (Jsc) of 14.50 mA cm−2, an open-
circuit photovoltage (Voc) of 928 mV, and a fill factor (FF) of
0.669, affording a PCE of 9.0%. This is the highest efficiency for
peylene DSCs. In accord with the photocurrent predicted from
EQEs, C267 presents an improved Jsc of 15.13 mA cm−2.

However, the introduction of triple-bond brings forth a
shrinking of over 100 mV in the Voc value, from 928 mV to
819 mV, resulting in a relatively lower PCE of 8.6%.
For an unchanged redox electrolyte, it is well-recognized that

the Voc of a DSC under light is positively relevant to the
electron quasi-Fermi-level (EF,n) of a titania film, which is
jointly determined by the titania conduction band edge (EC)
and electron density stored in titania.54,55 Furthermore, the
electron density in titania, at a certain flux of carrier
photogeneration, is governed by the rate of charge recombi-
nation between photoinjected electrons with holes (the Co-
bpy(III) ions) in the electrolyte and/or the oxidized dye
molecules. Thus, we performed the charge extraction (CE) and
small-pulse transient photovolatge decay (TPD) experiments to
take a close look at the energetic and kinetic origins of the
visible Voc difference.

56,57 As Figure 5a shows, the C267 cell

exhibits a less extracted charge (QCE) at the same Voc or
potential bias with respect to the C266 cell, implying that the
titania conduction-band edge in the C267 cell moves up for
∼40 mV with respect to the electrolyte Femi level (EF,el). Note
that the loading amount of C267 on titania is smaller than that
of C266. The uncovered titania could effectively interact with
the electrolyte additive 4-tert-butylpyridine (tBP), which has a
strong capacity of lifting the titania conduction-band edge.58

The dye coverage related conduction-band edge shift observed
here is in line with our previous study.26 However, the up-
shifted conduction-band edge does not lead to an improved Voc
due to an almost 2 orders of magnitude of the reduced lifetime
of photoinjected electrons (τe

TPD) at a given QCE for the C267
cell as described in Figure 5b. Note that, for the C267 cell, the

Figure 4. (a) Light-harvesting efficiencies (ϕlh) plotted vs wavelength
(λ) for the 4.2 μm thick, dye-grafted mesoporous titania films
immersed in a Co-bpy electrolyte for DSC fabrication. (b) External
quantum efficiency (EQE) plotted against λ for cells made with a dye-
grafted bilayer (4.2 + 5.0 μm thick) titania films in combination with a
Co-bpy electrolyte. (c) Current−voltage (J−V) characteristics of cells
measured under an irradiance of 100 mW cm−2, simulated AM1.5G
sunlight. An antireflection film was adhered to a testing cell during
measurements. The aperture area of the employed metal mask is 0.160
cm−2.

Table 2. Averaged Photovoltaic Parameters of Six Cells Measured at an Irradiance of 100 mW cm−2, Simulated AM1.5G
Sunlight

dye Jsc
EQE [mA cm−2] Jsc [mA cm−2] Voc [mV] FF PCE [%]

C266 14.26 ± 0.04 14.50 ± 0.03 928 ± 3 0.669 ± 0.003 9.0 ± 0.2
C267 15.09 ± 0.05 15.13 ± 0.04 819 ± 5 0.693 ± 0.004 8.6 ± 0.1

Figure 5. (a) Plots of charge stored in a dye-grafted titania film (QCE)
measured with charge extraction (CE) method as a function of open-
circuit photovoltage (Voc). The solid lines are guides to eye. (b)
Comparison of electron lifetime (τe

TPD) measured with the small-pulse
transient photovoltage decay (TPD) method against QCE.
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stabilization of LUMO and the lifting of TiO2 conduction-band
edge do not lead to a lower EQE summit, which may be related
to the prolonged excited-state lifetime for C267 as depicted in
Supporting Information, Figure S1.
The dark current−voltage curves were also surveyed to

inspect the charge recombination. As depicted in Figure 6a,

there is an obviously increased dark current for the C267 cell at
a given potential bias, suggesting an accelerated recombination
of electrons in titania with the holes in electrolyte. For DSCs
made with some medium-sized redox couples, the average
thickness of dye layer on the surface of titania can impact the
electronic coupling matrix elements between the electron in
titania and the hole in electrolyte and, thus, affect the rate of
interfacial charge-recombination reaction. Thereby, it could be
highly necessary to obtain a basic understanding on micro-
structure of the dye layer on the titania surface. We carried out
the X-ray reflectivity (XRR) measurements59−61 on dye-grafted
planar titania. The planar titania was predeposited via atomic
layer deposition (ALD) on single-crystal silicon (110). A
bilayer model was employed to fit the initial reflectivity profiles
(Figure 6b) of dye-grafted ALD titania films, and the refined
structural parameters were compiled in Supporting Informa-
tion, Table S1. It is found that C266 forms a thicker dye layer
with a mean thickness (d) of 2.1 nm, compared to that of 1.6
nm for C267. It is interesting to note that the longer C267
does not lead to an increased thickness of dye layer, implying a
larger average title angle of the C267 molecules on titania. This
feature of thinner self-assembled dye layer for C267 allows the
cobalt(III) ions to locate in close proximity to titania, speeding
up the interfacial charge recombination as aforementioned
observation in TPD and dark current−voltage curve measure-
ments. This lower Voc of C267 cell could be improved by
employing the protocol of pinhole defect filling as presented in
our previous work.62

■ CONCLUSIONS

In summary, we have synthesized two new perylene dyes
characteristic of a coplanar N-annulated perylene block. The
C266 photosensitizer exhibits a good power conversion
efficiency of 9.0% measured under the 100 mW cm−2, simulated
AM1.5G sunlight. The introduction of triple bond between the
triarylamine and perylene segments can endow the dye
molecule with a planar conjugated skeleton, leading to a
narrower energy-gap and an improved molar extinction
coefficient. The enhanced response to the red photons in the
solar emission spectrum evokes an enhanced photocurrent
output. However, the triple-bond insertion brings forth a
reduced loading amount and a more tilted anchoring mode of
dye molecules on the surface of titania. This feature of a self-
assembled dye layer is well-associated with fast interfacial
charge recombination and reduced photovoltage output. Our
work has highlighted the important consideration of the
interfacial microstructure in the future dye design and device
engineering.

■ EXPERIMENTAL SECTION
Materials. Toluene, N,N-dimethylformide (DMF), phosphorus

oxychloride (POCl3), 1,2-dichloroethane (DCE), 1,4-dioxane, acetoni-
trile, chloroform, and triethylamine (Et3N) were distilled before use.
Palladium(II) acetate (Pd(OAc)2), 2-(2,6-dimethoxybiphenyl)-dicy-
clohexylphosphine (Sphos), K3PO4, 2-cyanoacetic acid, ammonium
a c e t a t e (NH4Ac ) , ( t r i i s o p r op y l s i l y l ) a c e t y l e n e , b i s -
(triphenylphosphine)palladium(II) dichloride (Pd(PPh3)2Cl2),
copper(I) iodide (CuI), tetra-n-butylammonium fluoride, and
decamethylferrocene (DMFC) were purchased from Sigma-Aldrich.
3-Bromo-1-(2-hexyldecyl)-1H-phenanthro[1,10,9,8-cdefg]carbazole
(1),63 4,4,5,5-tetramethyl-2-{4-[N,N-bis(4-hexyloxyphenyl)amino]-
phenyl}-1,3,2-dioxaborolane (3),52 and 4-(hexyloxy)-N-(4-(hexyloxy)-
phenyl)-N-(4-iodophenyl)aniline (5)52 were synthesized according to
the respective literature procedures. Other chemicals were purchased
and used without further purification. The preparation details of C266
and C267 are described as follows.

10-Bromo-1-(2-hexyldecyl)-1H-phenanthro[1,10,9,8-cdefg]-
carbazole-3-carbaldehyde (2). 1 (900 mg, 1.51 mmol) was
dissolved in DCE (10 mL) in a three-neck round-bottom flask and
cooled to 0 °C using an ice-salt bath. DMF (0.35 mL, 5.22 mmol) and
POCl3 (0.19 mL, 1.96 mmol) were added before the reaction mixture
was stirred at 40 °C for 12 h. The saturated sodium acetate aqueous
solution (10 mL) was added, and the resulting mixture was stirred for
another 2 h. Then the mixture was extracted into dichloromethane,
and the organic layer was washed with water and dried over anhydrous
sodium sulfate. After removing solvent under reduced pressure, the
residue was purified by column chromatography over silica gel with
ethyl acetate/petroleum ether as eluent (v/v, 1/20) to afford a yellow
oil as the desired product 2 (765 mg, 85% yield). 1H NMR (400 MHz,
CDCl3) δ: 10.23 (s, 1H), 8.99 (d, J = 8.2 Hz, 1H), 8.20 (m, 2H), 8.05
(d, J = 8.2 Hz, 1H), 7.69 (m, 1H), 7.63 (m, 1H), 7.47 (m, 2H), 3.70
(d, J = 7.2 Hz, 2H), 1.81 (m, 1H), 1.13 (m, 24H), 0.81 (m, 6H). 13C
NMR (100 MHz, CDCl3) δ: 192.59, 133.97, 129.98, 129.27, 128.94,
128.85, 127.23, 126.72, 126.42, 125.47, 125.08, 124.14, 123.61, 123.34,
123.05, 122.17, 121.20, 121.12, 120.10, 116.46, 114.96, 49.58, 39.77,
31.97, 31.90, 31.73, 29.95, 29.66, 29.60, 29.38, 26.46, 22.76, 14.24,
14.21. Mass spectrometry (electrospray ionization) (MS (ESI)) m/z
calcd. for (C37H42BrNO): 595.24. Found: 596.23 ([M + H]+). Anal.
Calcd for C37H42BrNO: C, 74.48; H, 7.10; N, 2.35. Found: C, 74.45;
H, 7.12, N, 2.33%.

10-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)-1-(2-hexyldec-
yl)-1H-phenanthro[1,10,9,8-cdefg]carbazole-3-carbaldehyde
(4). 2 (300 mg, 0.50 mmol), 3 (261 mg, 0.50 mmol), Pd(OAc)2 (3
mg, 0.01 mmol), SPhos (6 mg, 0.01 mmol), K3PO4 (530 mg, 2.50
mmol), and dioxane/H2O (v/v, 5/1, 10 mL) were added to a three-
neck round-bottom flask under argon. The reaction mixture was

Figure 6. (a) J−V characteristics in the dark of the C266 and C267
cells. (b) Measured (symbols) and simulated (solid lines) XRR curves
for the bare and dye-grafted titania films. R is the reflectivity and Qz is
the perpendicular momentum transfer. Each curve is offset by 10−2

with respect to the previous one for clarity. The derived thickness (d)
and X-ray scattering length density (SLD) of a dye layer on titania are
also included in the inset of panel b.
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refluxed for 8 h and then cooled to room temperature. The resultant
mixture was extracted three times with chloroform before the organic
phase was washed with water and dried over anhydrous sodium sulfate.
After solvent removal under reduced pressure, the residue was purified
by column chromatography over silica gel with toluene/petroleum
ether (v/v, 1/2) as eluent to afford a red oil as the desired product 4
(400 mg, 83% yield). 1H NMR (400 MHz, THF-d8) δ: 10.27 (s, 1H),
9.21 (d, J = 8.2 Hz, 1H), 8.65 (d, J = 7.6 Hz, 1H), 8.60 (d, J = 7.6 Hz,
1H), 8.21 (d, J = 8.2 Hz, 1H), 7.98 (s, 1H), 7.79 (m, 1H), 7.73 (m,
1H), 7.64 (s, 1H), 7.53 (d, J = 7.0 Hz, 2H), 7.17 (d, J = 8.9 Hz, 4H),
7.12 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 8.9 Hz, 4H), 4.29 (d, J = 7.4 Hz,
2H), 3.95 (t, J = 6.4 Hz, 4H), 2.15 (m, 1H), 1.77 (m, 4H), 1.50 (m,
4H), 1.36 (m, 10H), 1.28 (m, 6H), 1.12 (m, 16H), 0.91 (m, 6H), 0.77
(m, 6H). 13C NMR (100 MHz, THF-d8) δ: 192.70, 157.11, 149.65,
141.79, 136.35, 134.12, 131.73, 131.51, 131.19, 131.10, 129.97, 128.81,
127.89, 127.45, 125.97, 125.69, 125.40, 125.23, 125.09, 122.88, 122.03,
121.87, 120.83, 116.44, 116.30, 114.57, 68.96, 50.47, 40.74, 32.92,
32.85, 32.76, 32.70, 32.65, 30.97, 30.69, 30.54, 30.49, 30.33, 27.36,
26.93, 23.71, 23.62, 14.60. MS (ESI) m/z calcd. for (C67H80N2O3):
960.61. Found: 961.62 ([M + H]+). Anal. Calcd for C67H80N2O3: C,
83.71; H, 8.39; N, 2.91. Found: C, 83.72; H, 8.42, N, 2.90%.
3-(10-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)-1-(2-hexyl-

decyl)-1H-phenanthro[1,10,9,8-cdefg]carbazol-3-yl)-2-cyanoa-
crylic acid (C266). 4 (400 mg, 0.42 mmol), cyanoacetic acid (353
mg, 4.15 mmol), and ammonium acetate (34 mg, 0.42 mmol) were
dissolved in acetonitrile/chloroform (v/v, 1/2, 20 mL) in a three-neck
round-bottom flask. The reaction mixture was refluxed under argon for
48 h and then cooled to room temperature. Chloroform (30 mL) was
added before the organic phase was washed with 0.2 M hydrochloric
acid aqueous solution and water in turn and then dried over anhydrous
sodium sulfate. After removing the solvent under reduced pressure, the
crude product was purified by column chromatography over silica gel
with chloroform/methanol (v/v, 15/1) as eluent to afford a black
powder as the desired product C266 (410 mg, 95% yield). 1H NMR
(400 MHz, THF-d8) δ: 9.20 (s, 1H), 8.69 (m, 2H), 8.63 (d, J = 7.6 Hz,
1H), 8.22 (m, 2H), 7.78 (m, 2H), 7.61 (s, 1H), 7.51 (d, J = 8.4 Hz,
2H), 7.15 (d, J = 8.9 Hz, 4H), 7.10 (d, J = 8.4 Hz, 2H), 6.90 (d, J = 8.9
Hz, 4H), 4.22 (m, 2H), 3.96 (t, J = 6.4 Hz, 4H), 2.16 (m, 1H), 1.77
(m, 4H), 1.50 (m, 4H), 1.36 (m, 10H), 1.28 (m, 10H), 1.12 (m, 12H),
0.93 (m, 6H), 0.77 (m, 6H). 13C NMR (100 MHz, THF-d8) δ: 157.09,
151.09, 149.59, 141.76, 136.30, 134.07, 131.76, 131.64, 131.56, 131.02,
130.68, 129.71, 128.75, 127.92, 126.73, 126.06, 125.69, 125.39, 124.69,
122.93, 121.82, 121.54, 120.79, 118.45, 116.30, 116.07, 114.47, 68.96,
50.44, 40.75, 33.00, 32.92, 32.80, 32.76, 30.95, 30.78, 30.69, 30.50,
30.47, 30.33, 28.17, 27.40, 27.36, 26.93, 23.71, 23.61, 14.59. HR-MS
(MALDI) m/z calcd. for (C70H81N3O4): 1027.6227. Found:
1027.6226 ([M]+). Anal. Calcd for C70H81N3O4: C, 81.75; H, 7.94;
N, 4.09. Found: C, 81.74; H, 7.96, N, 4.11%.
4 - ( H e x y l o x y ) -N - ( 4 - ( h e x y l o x y ) p h e n y l ) -N - ( 4 -

((triisopropylsilyl)ethynyl)phenyl)aniline (6). 5 (600 mg, 1.16
mmol), (triisopropylsilyl)acetylene (316 mg, 1.74 mmol), Pd-
(PPh3)2Cl2 (80 mg, 0.12 mmol), CuI (23 mg, 0.12 mmol), toluene
(10 mL), and Et3N (2 mL) were added to a three-neck round-bottom
flask under argon. The reaction mixture was refluxed under argon for 8
h and then cooled to room temperature. The resultant mixture was
extracted three times with chloroform before the organic phase was
washed with water and dried over anhydrous sodium sulfate. After
solvent removal under reduced pressure, the residue was purified by
column chromatography over silica gel with ethyl acetate/petroleum
ether (v/v, 1/50) as eluent to afford a colorless oil as the desired
product 6 (602 mg, 83% yield). 1H NMR (400 MHz, CDCl3) δ: 7.32
(d, J = 8.6 Hz, 2H), 7.08 (d, J = 8.6 Hz, 4H), 6.87 (m, 6H), 3.99 (t, J =
6.5 Hz, 4H), 1.86 (m, 3H), 1.82 (m, 6H), 1.57 (m, 10H), 1.53 (s,
18H), 0.97 (m, 6H). 13C NMR (100 MHz, CDCl3) δ: 157.58, 150.60,
141.69, 134.53, 128.59, 121.06, 117.10, 116.18, 109.59, 90.13, 70.01,
33.31, 31.04, 27.46, 24.30, 20.40, 15.70, 13.15. MS (ESI) m/z calcd. for
(C41H59NO2Si): 625.43. Found: 626.44 ([M + H]+). Anal. Calcd for
C41H59NO2Si: C, 78.66; H, 9.50; N, 2.24. Found: C, 78.65; H, 9.48, N,
2.26%.

4-Ethynyl-N,N-bis(4-(hexyloxy)phenyl)aniline (7). 6 (602 mg,
0.96 mmol), tetra-n-butylammonium fluoride (2.51 g, 9.60 mmol), and
dichloromethane (10 mL) were added to a three-neck round-bottom
flask. The reaction mixture was stirred under argon for 3 h at room
temperature and then extracted three times with chloroform before the
organic phase was washed with water and dried over anhydrous
sodium sulfate. After solvent removal under reduced pressure, the
residue was used in the subsequent reaction directly.

10-((4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)ethynyl)-1-(2-
hexyldecyl)-1H-phenanthro[1,10,9,8-cdefg]carbazole-3-carbal-
dehyde (8). 7 (545 mg, 1.16 mmol), 2 (690 mg, 1.16 mmol),
Pd(PPh3)2Cl2 (80 mg, 0.12 mmol), CuI (23 mg, 0.12 mmol), toluene
(20 mL), and Et3N (2 mL) were added to a three-neck round-bottom
flask under argon. The reaction mixture was refluxed under argon for 8
h and then cooled to the room temperature. The resultant mixture was
extracted three times with chloroform before the organic phase was
washed with water and dried over anhydrous sodium sulfate. After
solvent removal under reduced pressure, the residue was purified by
column chromatography over silica gel with toluene/petroleum ether
(v/v, 1/2) as eluent to afford a red oil as the desired product 8 (935
mg, 82% yield). 1H NMR (400 MHz, THF-d8) δ: 10.35 (s, 1H), 9.21
(d, J = 8.3 Hz, 1H), 8.58 (m, 2H), 8.42 (d, J = 8.1 Hz, 1H), 8.03 (s,
1H), 7.81 (m, 3H), 7.53 (d, J = 8.6 Hz, 2H), 7.11 (d, J = 8.8 Hz, 4H),
6.95 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.8 Hz, 4H), 4.28 (d, J = 7.4 Hz,
2H), 3.95 (t, J = 6.4 Hz, 4H), 2.14 (m, 1H), 1.78 (m, 4H), 1.50 (m,
4H), 1.37 (m, 16H), 1.13 (m, 16H), 0.93 (m, 6H), 0.78 (m, 6H). 13C
NMR (100 MHz, THF-d8) δ: 192.84, 157.52, 150.39, 141.03, 135.27,
133.44, 132.44, 130.86, 130.77, 130.70, 129.95, 128.28, 127.78, 127.55,
126.21, 125.30, 125.11, 124.36, 123.10, 122.40, 121.40, 119.89, 117.56,
117.03, 116.34, 115.11, 96.63, 88.93, 68.96, 50.60, 40.78, 32.92, 32.87,
32.75, 30.97, 30.70, 30.55, 30.47, 30.34, 27.40, 26.92, 23.20, 23.62,
14.58. MS (ESI) m/z calcd. for (C69H80N2O3): 984.62. Found: 985.60
([M + H]+). Anal. Calcd for C69H80N2O3: C, 84.10; H, 8.18; N, 2.84.
Found: C, 84.11; H, 8.16; N, 2.82%.

3-(10-((4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)ethynyl)-1-
(2-hexyldecyl)-1H-phenanthro[1,10,9,8-cdefg]carbazol-3-yl)-2-
cyanoacrylic acid (C267). 8 (935 mg, 0.95 mmol), cyanoacetic acid
(807 mg, 9.50 mmol), ammonium acetate (68 mg, 0.95 mmol), and
acetonitrile/chloroform (v/v, 1/2, 20 mL) were added to a three-neck
round-bottom flask. The reaction mixture was refluxed for 48 h and
then cooled to room temperature. Chloroform (30 mL) was added
before the organic phase was washed with 0.2 M phosphonic acid
aqueous solution and water in turn and then dried over anhydrous
sodium sulfate. After removing the solvent under reduced pressure, the
crude product was purified by column chromatography over silica gel
with chloroform/methanol (v/v, 15/1) as eluent to afford a black
powder as the desired product C267 (959 mg, 96% yield). 1H NMR
(400 MHz, THF-d8) δ: 9.09 (s, 1H), 8.63 (s, 1H), 8.49 (d, J = 7.7 Hz,
1H), 8.43 (d, J = 7.7 Hz, 1H), 8.38 (d, J = 8.1 Hz, 1H), 8.06 (d, J = 8.6
Hz, 1H), 7.72 (m, 1H), 7.69 (m, 1H), 7.74 (s, 1H), 7.55 (d, J = 8.7
Hz, 2H), 7.12 (d, J = 8.9 Hz, 4H), 6.95 (d, J = 8.7 Hz, 2H), 6.89 (d, J
= 9.0 Hz, 4H), 4.13 (d, J = 7.5 Hz, 2H), 3.95 (t, J = 6.4 Hz, 4H), 2.08
(m, 1H), 1.79 (m, 4H), 1.50 (m, 4H), 1.37 (m, 14H), 1.11 (m, 18H),
0.93 (m, 6H), 0.77 (m, 6H). 13C NMR (100 MHz, THF-d8) δ: 165.01,
157.48, 151.44, 150.33, 141.05, 135.30, 133.52, 132.38, 131.86, 130.52,
129.87, 129.52, 128.25, 126.66, 126.21, 125.43, 125.25, 124.45, 124.14,
123.08, 122.11, 121.55, 121.48, 121.42, 119.95, 118.04, 117.36, 116.84,
116.33, 116.10, 115.20, 101.43, 96.88, 89.06, 68.96, 50.64, 40.85,
32.93, 32.82, 32.75, 30.95, 30.78, 30.70, 30.49, 30.47, 30.36, 27.48,
27.44, 26.92, 23.70, 23.63, 14.61, 14.59. HR-MS (MALDI) m/z calcd.
for (C72H81N3O4): 1051.6227. Found: 1051.6225. Anal. Calcd for
C72H81N3O4: C, 82.17; H, 7.76; N, 3.99. Found: C, 82.13; H, 7.73; N,
4.02%.

Computational Details. All the calculations were carried out with
Gaussian 09 program packages. The ground-state geometries were
optimized employing the hybrid B3LYP function.64 For the vertical
excitation calculations as well as the oscillator strengths ( f), we used
hybrid functional MPW1K65 including 42% of Hartree−Fock
exchange, which has been demonstrated as a suitable selection for
donor−acceptor organic dyes featuring intramolecular charge-transfer
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transition.66 The 6-311G(d, p) basis set was selected for the
calculations. The solvent (THF) effects on the geometries and
absorption spectra were simulated by the conductor-like polarized
continuum model (C-PCM).67

Cell Fabrication and Characterization. A bilayer titania film
made via screen-printing on a precleaned fluorine-doped tin oxide
(FTO) conducting glass (Nippon Sheet Glass, Solar, 4 mm thick) was
employed as the negative electrode of DSCs presented in this paper. A
4.2 μm thick translucent layer of 25 nm sized titania particles was first
deposited on a FTO glass and further covered with a 5.0 μm thick
light-scattering layer of 350−450 nm sized titania particles (WER4-O,
Dyesol). Preparation procedures of titania nanocrystals, screen-
printing pastes, and nanostructured titania films were very similar to
those described in a previous paper.68 A circular titania electrode
(∼0.28 cm2) was dye-loaded by immersing it into a 150 μM dye
solution with chloroform/ethanol (v/v, 1/19) as the dye-bath solvent
for 12 h. The dye-grafted titania electrode was assembled with a gold-
coated FTO electrode by use of a 25 μm thick Surlyn ring to produce a
thin-layer electrochemical cell. The infiltrated Co-bpy electrolyte is
composed of 0.25 M tris(2,2′-bipyridine)cobalt(II) di[bis-
(trifluoromethanesulfonyl)imide], 0.05 M tris(2,2′-bipyridine)cobalt-
(III) tris[bis(trifluoromethanesulfonyl)imide], 0.5 M tBP, and 0.1 M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in acetonitrile.
Details on EQE, J−V, CE, and TPD measurements have been
described in our previous works.69,70

Voltammetric, UV−vis, and XRR Measurements. Cyclic
voltammograms of the dye solutions were recorded on a CHI660C
electrochemical workstation, and all potentials were reported with
respect to the ferrocene (Fc) reference. Electronic absorption
measurements were carried out on an Agilent G1103A spectrometer.
For the spectroscopic measurements of dye-grafted oxide films, we
utilized one dyed, translucent layer of nanostructured titania film
deposited on FTO in conjunction with another bare FTO to make the
Co-bpy electrolyte-filled samples by use of the same protocol for DSC
fabrication. XRR measurements were carried out with a Bruker D8
discover high-resolution diffractometer by using Cu Kα X-ray radiation
(λ = 1.542 Å), and the experimental details have been described in our
pervious paper.62
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