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Herein, we examine the performance of dye-sensitized solar cells containing five D-7-A organic dyes
designed by systematic modification of m-bridge size and geometric structure. Each dye has a simple
push-pull structure with a triarylamino group as an electron donor, bithiophene-4,4-dimethyl-
4H-cyclopenta[1,2-b:5,4-b’'|dithiophene (M11), 4,4-dimethyl-4H-cyclopenta[1,2-b:5,4-b’]dithiophene-
thiophene (M12), thiophene-4,4-dimethyl-4H-cyclopenta[1,2-b:5,4-b’]dithiophene (M13),
4,4-dimethyl-4H-cyclopenta[1,2-b:5,4-b’']dithiophene-benzene (M14), and 4,4-dimethyl-4H-cyclopenta
[1,2-b:5,4-b’|dithiophene (M15) units as n-bridges, and cyanoacrylic acid as an electron acceptor/anchor.
The extension of the m-bridge linkage favors wide-range absorption but, because of the concomitant
molecular volume increase, hinders the efficient adsorption of dyes on the TiO, film surface. Hence,
higher loadings are achieved for smaller dye molecules, resulting in (i) a shift of the TiO, conduction band
edge to more negative values, (ii) a greater photocurrent, and (iii) suppressed charge recombination
between the photoanode and the redox couple in the electrolyte. Consequently, under one-sun equiva-
lent illumination (AM 1.5 G, 100 mW/cm?), the highest photovoltage, photocurrent, and conversion effi-
ciency (17 = 7.19%) are observed for M15, which has the smallest molecular volume among M series dyes.
© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.
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1. Introduction

Dye-sensitized solar cells (DSSCs) achieve high power conver-
sion efficiencies at a relatively low cost and have therefore
attracted much attention [1-9]. Among the DSSC components,
dye sensitizers are of key importance for achieving high perfor-
mance. Ru complex sensitizers such as N3, N719, and N749 allow
one to achieve power conversion efficiencies of >11% [2-7] but fea-
ture the drawbacks of high price and purification difficulty, there-
fore having limited commercialization potential [10]. Hence,
metal-free organic dyes have been suggested as viable alternatives
to Ru complexes, exhibiting the benefits of low cost, ease of purifi-
cation, high molar extinction coefficients, and chemical structure
tunability [11,12]. Moreover, the photovoltaic performance of
these dyes has been gradually improved through the screening of
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numerous molecular structures, as exemplified by cyanine [13],
merocyanine [14-16], coumarin [17,18], indoline [19,20], hemi-
cyanine [21,22], triphenylamine [23-25], and xanthene [26] dyes,
and can be further enhanced by extending dye absorption range
and upgrading photoelectrochemical properties. Furthermore, a
correlation between dye molecular structure and photovoltaic
properties needs to be established.

The molecular design of dyes should preferentially consider
their electronic properties, as a high molar extinction coefficient
and narrow highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) energy gap are required to
realize high conversion efficiency DSSCs. Furthermore, the
adsorbed dye molecules can influence the energetic and kinetic
properties of the photoanode, e.g., the dipole moment of adsorbed
dye molecules influences the surface potential of TiO, films, which
results in an up- or downshift of the TiO, conduction band edge
(CBE). Adsorbed dye molecules can also suppress charge recombi-
nation at the interface between the photoanode and redox couples
in the electrolyte. Therefore, high dye loading is required to
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achieve efficient electron transport in DSSCs and high light har-
vesting efficiency. In addition, long alkyl groups may be introduced
into organic dyes to prevent the approach of triiodide ions (I3) to
the surface of TiO, and thus hinder interfacial charge recombina-
tion [27]. For these reasons, it is important to study the influence
of dye electronic properties and molecular structure on the photo-
voltaic properties of DSSCs for the design of highly efficient organic
dyes.

Herein, we synthesize five D-7-A organic dyes designed by sys-
tematic modification of m-bridge size and molecular geometry.
Each dye has a simple push-pull structure with a triarylamino
group as an electron donor, bithiophene-4,4-dimethyl-
4H-cyclopenta[1,2-b:5,4-b’|dithiophene (M11), 4,4-dimethyl-4H-
cyclopenta[1,2-b:5,4-b’|dithiophene-thiophene (M12), thiophene-
4,4-dimethyl-4H-cyclopenta[1,2-b:5,4-b’|dithiophene (M13), 4,4-
dimethyl-4H-cyclopenta[1,2-b:5,4-b’|dithiophene-benzene (M14),
and 4,4-dimethyl-4H-cyclopenta[1,2-b:5,4-b’|dithiophene (M15)
units as n-bridges, and cyanoacrylic acid as an electron acceptor/
anchor (Fig. 1). The influence of the modified m-bridge on the elec-
tronic properties and molecular structure of organic dyes is exam-
ined, and the effect of the use of these dyes on the optical,
energetic, and kinetic properties of the DSSC photoanode is inves-
tigated with a focus on dye loading, surface dipole moment, and
interfacial charge recombination.

2. Experimental
2.1. Materials

All reagents and chemicals were purchased from Sigma-Aldrich
or Alfa Aesar and used without further purification, unless other-
wise stated. All solvents were dried and freshly distilled prior to
use. All column chromatographic separations were performed
using Merck silica gel (60-120 mesh).

Ar‘
N q CN
Ar s 7
S COOH
M15

2.2. DSSC fabrication

The synthesis of M series dyes is described in Supplementary
Materials. Screen-printable pastes comprising TiO, nanoparticles
(~20 nm) and large scattering TiO, particles (500 nm, G2, Showa
Denko) were prepared as described elsewhere [28-30]. Fluorine-
doped tin oxide (FTO) glass (8 ©/sq, TEC-8, Pilkington) was cleaned
with ethanol in an ultrasonic bath for 15 min and then subjected to
30-min UV-ozone treatment to remove residual impurities. A
dense TiO, layer was coated on FTO glass by spin-casting of 7.5
wt% Ti(IV) bis(ethyl acetoacetato)diisopropoxide solution and
annealed at 500 °C for 20 min. The TiO, nanoparticle paste was
coated on the dense TiO, layer/FTO glass assembly by the doctor
blade method and annealed at 500 °C for 30 min. Subsequently,
the paste of scattering particles was coated on the annealed TiO,
nanoparticle film and heated at 500 °C for 30 min. The resulting
TiO, film, featuring a 10-pm-thick nanoparticle layer and a 5-
pm-thick scattering particle layer, as determined by an Alpha-
Step 1Q surface profiler (KLA Tencor), was dipped into a 0.5 mM
dye solution in anhydrous tetrahydrofuran (THF) for 12 h at room
temperature (RT). To prepare the Pt counter electrode, a 0.65 mM
solution of H,PtClg in isopropanol was drop-cast onto FTO glass
and heated in air at 450 °C for 10 min. The dye-adsorbed TiO, film
and the Pt/FTO glass counter electrode were assembled using a hot
melt (Surlyn 1702, Dupont). Subsequently, an electrolyte drop was
injected into the assembled cell through pre-drilled holes in the
counter electrode. The photoanode active area was determined
using a CCD camera (Moticam 1000) coupled with an image anal-
ysis program as 0.4-0.45 cm?.

2.3. Measurements

UV-vis absorption spectra were recorded in a quartz cell with a
path length of 1 cm (Agilent 8453). Photocurrent density-voltage

Ar
1
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Fig. 1. Molecular structures of M series dyes.
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(J-V) curves were obtained using a Keithley model 2400 source
measurement unit. A solar simulator (Yamashita Denso YYS-
200A) equipped with a 1000-W Xe lamp was utilized as a light
source, and light intensity was adjusted to approximate that of 1
sun using a National Renewable Energy Laboratory-calibrated Si
solar cell with a KG-5 filter. Prior to J-V measurements, DSSCs were
covered by an aperture mask to screen additional illumination
through the lateral space. Incident photon-to-current conversion
efficiency (IPCE) spectra were obtained under short-circuit condi-
tions at a spectral resolution of 10 nm using a Xe lamp and a grat-
ing monochromator (PV Measurements, Inc.). Electrochemical
impedance spectra were recorded in the dark using a Solartron
1287 potentiostat at bias potentials from — 0.3 to — 0.6 V and a
sinusoidal perturbation of 10 mV in the frequency range of 10~ -
10° Hz.

3. Results and discussion
3.1. Dye structures and syntheses

The molecular structures and synthetic routes of M series dyes
are presented in Fig. 1 and Scheme 1, respectively. The synthesis of
M11 was initiated by the preparation of bromide 14 (Scheme 1).
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Pd-catalyzed Suzuki coupling of 2-([2,2’-bithiophen]-5-y1)-4,4,5,5
-tetramethyl-1,3,2-dioxaborolane and 14 (65%) afforded 15b, the
boronylation of which by n-BuLi and 2-isopropoxy-4,4,5,5-tetrame
thyl-1,3,2-dioxaborolane provided dioxaborolane 16b in 75% yield.
The second Pd-catalyzed Suzuki coupling of 16b and bromoalde-
hyde 7 (78%) followed by condensation of the thus obtained 17b
with cyanoacetic acid in the presence of piperidine (65%) afforded
M11. Other M series dyes (M12-15) were synthesized in a similar
way.

3.2. Optical properties

Fig. 2 shows the UV-vis absorption spectra of M series dyes in
THF solution and on the TiO, film, with related optical data sum-
marized in Table 1. As general D-7-A organic dyes, all M series dyes
exhibited two broad peaks in near-UV and visible regions, corre-
sponding to a m-m* transition and low-energy intramolecular
charge transfer (ICT), respectively [31]. As listed in Table 1, the
HOMO-LUMO energy gap (Eo.9) decreased with extension of the
n-bridge linkage (except for M11), which facilitated wide-range
absorption. The wavelengths of ICT absorption peak maxima (Amax =
460-490 nm) in solution increased in the order of
M14 < M11 < M15 < M13 < M12 and hypsochromically shifted in
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Scheme 1. Synthesis of M series dyes.
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Fig. 2. Absorption spectra of M series dyes (a) in THF solution at a concentration of 107> M and (b) on 3-um-thick nanocrystalline TiO, film.

Table 1
Optical and electrochemical properties of M series dyes.

Dye Jmax € (10°M! Jmax (NM) £(10° M~'cm™) Dye loading Eox" vs. NHE Eo.o° Eox*® vs. NHE
(nm)? cm™) (on TiO,)" (on TiO,) (107 mol cm™2) (V) (eV) %)

M11 468 1.12 478 0.93 4.3 1.04 217 -1.13

M12 490 1.27 465 0.91 2.1 1.05 2.06 -1.01

M13 482 1.56 450 1.00 4.8 1.15 2.14 -0.99

M14 460 1.08 442 0.99 4.5 1.15 2.19 -1.04

M15 480 1.29 450 1.10 7.9 1.06 2.21 -1.15

¢ Absorption spectra were recorded in THF solutions at 298 K.
b Absorption spectra were recorded on a nanocrystalline 3-pm-thick TiO, film.

¢ Redox potentials of M series dyes were measured in THF solution. Oxidation potentials were measured vs. Fc*[Fc (Eox = 0.85 V vs. Ag/Ag") and referenced to the NHE by

addition of +0.63 V.

4 Eq is the optical band gap derived from the absorption onset in UV-vis spectra.

€ Eo* was calculated as Eg.g — Eox.

the case of adsorption on the nanocrystalline TiO, film by 25, 32,
18, and 30 nm for M12, M13, M14 and M15, respectively. Con-
versely, the absorption peak of M11 was bathochromically shifted
by 10 nm, which was ascribed to the interaction between the car-
boxylate group of this dye and Ti*" in the TiO, electrode [32].

Compared to those measured in THF solution, the absorption
onsets of M series dyes on the nanocrystalline TiO, film were
red-shifted by 91, 98, 82, 74, and 120 nm for M11, M12, M13,
M14, and M15, respectively (Fig. S1). This red-shift implies that
J-aggregation was clearly dominant for M series dyes when
adsorbed on the TiO, surface [33,34]. The amounts of dye mole-
cules adsorbed on 10-pum-thick TiO, films were measured by des-
orption with NaOH solution, decreasing in the order of
M15 > M13 > M14 > M11 > M12 (Table 1). These results indicate
that the extension of m-bridge linkage favored wide-range absorp-
tion but hindered efficient dye adsorption on TiO, films, as vali-
dated by theoretical calculations (see below). The large M12
molecules adopted a widely spread conformation when adsorbed
on the TiO, film surface (Fig. S2), which led to the adsorption of
a relatively small amount of this dye. In addition, the molar extinc-
tion coefficient (€) of the dyes adsorbed on the TiO, film was also
influenced by their relative dye loading amount. As listed in Table 1,
the greater dye loading led to the higher molar extinction coeffi-
cient of the dyes on the TiO, film. Furthermore, the red-shift in
the absorption onsets of M series dyes on the TiO, film compared
to that measured in THF solution (Fig. 2) was most pronounced
for M15 that exhibited the greatest dye loading. These results
imply that the dye having a favorable molecular structure for the
efficient adsorption on the TiO, film also exhibited a significant J-
aggregation when adsorbed on the TiO, surface, leading to the
higher molar extinction coefficient. The molecular structure of
each M series dye will be discussed below.

3.3. Theoretical calculations

To compare the geometric and electronic structures of the five
dye molecules, their HOMO and LUMO electron density surfaces
were analyzed by density functional theory (DFT) calculations,
which employed the B3LYP functional with the 6-31G* basis set
(Fig. 3) [35]. In the optimized structure, the HOMO and LUMO elec-
tron distributions of all dyes were mainly located at the donor and
acceptor, respectively, i.e., HOMO-LUMO excitation could effec-
tively occur upon irradiation with light and was expected to be
accompanied by an electron shift from the donor moiety to the
acceptor moiety. For conformational investigation, we evaluated
the dihedral angles between the donor unit and adjacent -
bridge units for all dyes (Fig. 3). In particular, M12 had a particu-
larly small dihedral angle (4.2°) between 4,4-dimethyl-4H-
cyclopenta[1,2-b:5,4-b’']dithiophene and thiophene units, having
a more planar geometry than other dyes. This planar geometry
resulted in additionally extended m-conjugation and, consequently,
in the smallest HOMO-LUMO energy gap in the M series.

3.4. Electrochemical properties

The efficient injection of electrons from the dye to the TiO, con-
duction band as well as effective dye regeneration are essential for
high DSSC performance. The driving force for dye regeneration is
determined by the energy gap between the dye HOMO and the
redox potential of I /I3 in the electrolyte (0.35 V vs. normal hydro-
gen electrode, NHE) [36]. The oxidation potentials (E,x) corre-
sponding to dye HOMO levels were measured by cyclic
voltammetry in THF solution (Fig. S3) as 1.04-1.15 V vs. NHE,
decreasing in the order of M14 ~ M13 > M15 > M12 > M11 and
being sufficiently low to accelerate dye regeneration by the I7/I3
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Fig. 3. Optimized structures and HOMO/LUMO electron distributions of M series dyes.

redox couple [37]. The LUMO levels were calculated by subtracting
Eg.o values from the HOMO levels, with values of — 1.13, —1.01,
—0.99, —1.04, and —1.15 V vs. NHE obtained for M11, M12, M13,
M14, and M15, respectively (Table 1). Considering that the conduc-
tion band edge (CBE) of TiO, equals —0.28 V vs. NHE, these LUMO
levels were sufficiently high for achieving efficient electron injec-
tion to TiO, [38].

3.5. Photovoltaic performance of DSSCs

Fig. 4 presents the IPCE spectra of DSSCs with M series dyes
as sensitizers, revealing that each dye exhibited a maximum

80 | —-— M1
—— M12
—-@— M13
-O—M14
60 |- —A—M15

500 600 700

Wavelength (nm)

400

Fig. 4. IPCE spectra of DSSCs with M series dyes.
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IPCE value in the range of 47%-77% and an absorption onset at
730-780 nm. The absorption onset order well matched that
observed for the UV-vis absorption spectra of dyes adsorbed
on TiO; film (Fig. 2b). The maximum IPCE values were strongly
affected by the amount of dye loaded on the photoanode.
Although M12 exhibited the broadest absorption spectrum due
to the narrowest HOMO-LUMO gap, it showed the lowest maxi-
mum IPCE value because of a particularly low dye loading
[39,40]. On the other hand, M15 showed the highest maximum
IPCE value because of its remarkably high loading. Given that
all employed dyes had similar absorption coefficients («), as
shown in Table 1, it is reasonable that the relative light harvest-
ing efficiency and the resulting IPCE value for each DSSC were
largely determined by dye loading.

The photocurrent density-voltage (J-V) curves of DSSCs under
illumination are shown in Fig. 5, and the related photovoltaic
parameters are listed in Table 2. For statistical significance, all
parameters in Table 2 were averages from three different cells
for each dye, with the exception of the champion cell. In addi-
tion, the complete data set is available in Table S1. The trend
of short-circuit photocurrent (Jsc) well agreed with that of IPCE
spectra, e.g.,, M15 exhibited the highest Jsc due to the largest
dye loading. The open-circuit voltage (Voc) and fill factor (FF)
were also strongly influenced by dye loading. M12 showed the
lowest Voc, while M15 exhibited the highest Voc and FF. The
dependence of Voc and FF on dye loading was closely related
to the electron recombination rate in the DSSC (see section on
electrochemical impedance spectroscopy (EIS)). As a result, con-
version efficiencies of 4.79, 4.45, 5.04, 4.98, and 7.14% were
obtained for M11, M12, M13, M14, and M15, respectively. In
addition, the champion cell employing M15 exhibited a conver-
sion efficiency of 7.19%.
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Fig. 5. Photocurrent density-voltage (J-V) curves of DSSCs with M series dyes.

3.6. Relationship between surface dipole moment and CBE shift

The TiO, CBE can be shifted by modification of the surface
potential of TiO, films, e.g., as a result of a change in ion adsorption
or pH [38]. Similarly, the CBE (and hence, Vo) is also affected by
the dipole moment of dye molecules and the electrolyte cations
adsorbed on the TiO, film. Therefore, we calculated the dipole
moments of dye molecules using the B3LYP functional with the
6-31G* basis set to investigate the effect of this parameter on
Voc. First, the carboxylate group of each dye was assumed to bond
to TiO, in a bidentate mode perpendicularly to the TiO, surface,
with the vertical axis denoted as the z-axis and the horizontal axis
denoted as the y-axis. Second, the coverage of dipole values on TiO,
surfaces was implicitly evaluated by dye loading, which was calcu-
lated by desorption of dyes adsorbed on TiO, film using a NaOH
solution. The change in TiO, CBE, ACBE, can be expressed as [41]

N’,ﬁwt cos

&€

ACBE = (1)
where N is the number of dipoles (equivalent to surface concentra-
tion), ﬂmt is the dipole moment vector, 0 is the tilt angle between
ﬂmt and the normal direction of the TiO, surface, ¢ is the permittiv-
ity of the dipole layer, and &g is the permittivity of free space [42].
Both the direction and magnitude of i, can affect ACBE. The pro-
duct of ﬁmt and cosf corresponds to the absolute magnitude of the
dipole moment component (x,) perpendicular to the TiO, film, and
the direction is indicated from negative to positive charges.

The above calculations showed that for all dyes, the dipole
moments point away from the TiO, surface (Fig. 6), i.e., a negative

TiO, surface potential is induced. ACBE (vs. NHE) is positively cor-
related with the absolute value of this negative surface potential,
and, hence, with Voc because of the upward shift of TiO, conduc-
tion bands. The coverage of the dipole moment of a single dye
molecule and that of the dipole itself strongly influence CBE shift.
Therefore, for the evaluation of N, the parameters summarized in
Table 1 were used to determine dye loading. Although the p, of
M15 was lower than that of M14, the ACBE of the former was
higher than that of the latter, which suggests that the change in
TiO, CBE potential is strongly governed by the amount of dye
molecules. As a result, ACBE increased in the order of
M12 < M11 < M13 < M14 < M15 (Table 3).

In addition to the magnitude of a single dipole moment, the
total number of dipole moments (and hence, the amount of dye
loaded on TiO,) also influences the ACBE of the photoanode.
Herein, we performed DFT calculations to elucidate the origin of
the variability of adsorbed dye loading, which was believed to be
associated with dye molecular structure. Based on DFT-optimized
conformations (Fig. S4), we evaluated the molecular volumes of
single dye molecules on the TiO, surface. Considering the rotation
of dye molecules around the bidentate anchoring axis, a dye with a
greater tilting angle with respect to the TiO, surface may have a
larger molecular volume, thus strongly sterically hindering the
adsorption of another dye on adjacent sites. In practice, dye loading
was found to be inversely proportional to molecular volume
(Table S2). The largest molecular volume (M12) was 3.05 times
greater than the smallest one (M15), while the loading of M15
was 3.76 times greater than that of M12.

3.7. Els

The effects of charge transfer behavior on photovoltaic perfor-
mance were probed by EIS. Impedance spectra obtained for DSSCs
employing each dye in the dark at bias potentials between — 0.3
and — 0.6 V were and fitted using ZView software. The equivalent
circuit model comprised a series resistance (Rs), impedance at the
electrolyte/counter electrode interface (Rp; and CPE;), and impe-
dance at the electrolyte/photoanode interface (R, and CPE)
(Fig. S5) [43].

The constant phase element (CPE) is generally employed for
electrodes with a relatively rough surface instead of typical capac-
itance and was herein used to evaluate the chemical capacitance
(C,) of the photoanode. Fig. 7 presents the thus calculated C,, inter-
facial charge resistance (R.), and electron lifetime (7,) as functions
of the bias potential (7,, can be determined as the product of R.; and
Cu) [44]. As shown in Fig. 7(a), C, increased in the order of
M15 < M14 < M13 < M11 < M12 at constant bias potential, i.e.,
the shift of ACBE became progressively less negative in the same
order. These results were in good agreement with experimental
data, and the observed trend was attributed to the influence of
the dipole moment and amount of adsorbed dye molecules on
the TiO, electrode [45]. As shown in Fig. 7(b), R increased in the

Table 2

Photovoltaic performance of DSSCs with M series dyes.”
Dye Jsc (mAjcm?) Voc (mV) FF 1 (%)
m11° 10.60 £ 0.11 674 +2 0.671 + 0.010 4.79 + 0.07
m12° 10.70 + 0.36 652 12 0.638 + 0.007 445+ 0.14
M13° 12.07 £ 0.50 693 + 12 0.602 + 0.011 5.04 +0.22
m14° 10.50 + 1.06 729 + 31 0.650 + 0.025 4.98 +0.24
M15° 13.09 + 0.08 774 £ 4 0.705 * 0.009 7.14 £ 0.05
Champion cell (M15) 13.03 773 0.714 7.19

2 Photovoltaic performance was evaluated under irradiation with AM 1.5 G simulated solar light (100 mW/cm?). All parameters were averaged from there different devices.

The concentration of M series dyes (in THF) was 0.5 mM.

> 0.5 mM in THF and 0.6 M 1-propyl-3-methylimidazoliumiodide, 0.1 M Lil, 0.03 M I,, 0.5 M 4-tert-butylpyridine (TBP) in acetonitrile as electrolyte.
€ 0.6 M tetrabutylammonium iodide, 0.1 M Lil, 0.05 M I, 0.5 M TBP in acetonitrile as electrolyte.
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Fig. 6. Optimized dipole moment analysis of M series dyes in the free state and in bidentate binding mode. The molecular plane is perpendicular to the TiO, surface plane, the
z- and y-axes are the normal and horizontal components, respectively.

Table 3
Calculated ACBE of TiO, electrodes with M series dyes.
Dye ﬁwt cos 0 ™ N ACBE
M11 9.1751 59 4.7255 43 x 1077 1
M12 9.2447 60 4.6224 2.1 x 1077 0.48
M13 8.2186 48 5.4993 4.8 x 1077 1.30
M14 11.1178 45 7.8615 45 x 1077 1.74
M15 9.5716 51 6.0236 7.9 x 1077 2.34
¢ Each value of ACBE was normalized by that of M11.
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Fig. 7. (a) Chemical capacitances, (b) recombination resistances, and (c) electron lifetimes obtained from the impedance spectra of DSSCs with M series dyes in the dark state.
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order of M12 < M11 < M13 < M14 < M15, which matches the order
of the amount of dye molecules adsorbed on the TiO, surface
(Table 1). The R values of M15 were 1-3 orders greater compared
to those of M12 that showed the lowest dye loading amount over
the entire range of applied potential. As R is closely associated
with the degree of suppression of electron recombination at the
TiO,/electrolyte interface, it is reasonable that the adsorbed layer
of M15 was significantly more compact than that of other dyes.
This compact layer on the TiO, surface prevented I3 ions from
directly approaching the exposed TiO, surface, suppressing elec-
tron recombination at the interface of the TiO, film and the elec-
trolyte [46]. As a result, electron lifetime followed the same
trend as R (Fig. 7¢). The electron lifetime of M15 was 10-20 times
higher compared to that of M12 over the entire range of applied
potential. These data imply that the inferior photovoltaic perfor-
mances of M11-14 compared to that of M15 primarily result from
the lower electron lifetimes (due to the smaller amount of
adsorbed dye molecules) of the former dyes.

In our previous study, organic dyes with similar D-7-A struc-
ture, named M9 and M10, were developed for application in DSSCs
[47]. For M9 and M10, thieno[3,2-b]thiophene and EDOT units
were incorporated as n-bridges. In particular, M10 showed a rela-
tively high conversion efficiency (# = 7.00%) because of its low elec-
tron recombination rate caused by the blocking effect of the bulky
EDOT moiety. Compared to these two dyes, M11-14 exhibited
smaller HOMO-LUMO energy gaps due to their longer
m-conjugation length, and M15 showed similar HOMO-LUMO
energy gap because of its relatively short m-conjugation length.
However, M15 showed much higher dye loading compared to that
of M10, because of its simple structure and small molecular vol-
ume. In addition, M15 exhibited a higher V¢ (773.0 mV for M15
and 731.8 mV for M10) and a comparable electron lifetime com-
pared to those of M10, leading to a slightly higher conversion effi-
ciency. These results imply that the compact adsorption of dyes on
the photoanode is as effective as the incorporation of bulky moiety
for reducing the electron recombination rate in the DSSCs.

Although M12 showed the lowest conversion efficiency in this
work due to its unfavorable molecular structure for the high load-
ing on the TiO, film, it has a potential advantage of a narrow
HOMO-LUMO energy gap that is essential for the wide-range
absorption of visible light. Therefore, with a proper modification
of the molecular structure, highly efficient D-n-A organic dyes
could be developed. For instance, if spacer or aromatic moieties
with a more planar structure are introduced, the tilting angle of
M12 can be reduced, resulting in an enhanced dye loading. In other
way, the photovoltaic performances of M15 also can be enhanced
by introducing more electron-rich moieties as a spacer, such as
thiophene or selenophene, maintaining its small molecular volume
[48]. By introducing these electron-rich units, the HOMO-LUMO
energy gap of M15 can be reduced, leading to the wide-range
absorption of visible light.

4. Conclusions

Five organic dyes with D-m-A structure comprising a triary-
lamine unit as the electron donor, cyanoacrylic acid as the anchor-
ing unit, and 4,4-dimethyl-4H-cyclopenta[1,2-b:5,4-b’|dithiophene
substituted with benzene or thiophene derivatives as the n-bridge
were synthesized. The extension of n-bridge linkage decreased the
HOMO-LUMO gap and thus facilitated wide-range absorption.
However, dyes with an extended 7-bridge featured a higher molec-
ular volume, which resulted in decreased dye loading on the TiO,
surface. DFT calculations and EIS revealed that higher dye loading
leads to (i) a shift of the TiO, CBE to more negative values, (ii) a
greater photocurrent of the corresponding DSSCs, and (iii) sup-

pressed charge recombination between the photoanode and the
redox couple in the electrolyte. Consequently, the highest photo-
voltage, photocurrent, and conversion efficiency were achieved
for M15 (which has the smallest molecular volume among M series
dyes) despite its large HOMO-LUMO gap. The obtained results pro-
vide valuable insights into the molecular design of organic dyes for
highly efficient photovoltaics.
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