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In this study two series of novel symmetrical acceptor—donor—acceptor organic sensitizers containing
3,6- and 2,7-functionalized carbazole cores, respectively, connected to two anchoring cyanoacrylic acid
termini via thienyl linkers were synthesized. The effect of the molecular planarity originating from the
3,6- and 2,7-functionalized carbazole cores on the performance of corresponding solar cells were
investigated. Molecular orbital analyses revealed the characteristics of the carbazole-based highest

occupied molecular orbitals and acid-based lowest unoccupied molecular orbitals. Time-dependent
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density functional theory calculations allowed us to assign the electronic transitions (>90%) of the
low energy bands. Among these new dyes, the highest power conversion efficiency of 4.82% was ob-
tained in a dye-sensitized solar cell device under standard AM 1.5 sunlight with an open-circuit voltage
of 0.61 V, a short-circuit photocurrent density of 12.66 mA cm~2 and a fill factor of 0.62.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Solar energy has proven capacity to match the world’s
increasing energy needs [1,2]. Although several types of inorganic
and organic materials, including semiconductors [3—6] and con-
ducting polymers [7—13], have been applied in solar cell applica-
tions, dye-sensitized solar cells (DSSCs) developed initially by
O'Regan and Gratzel in 1991 [14], are among the cheapest alter-
natives to established solar cells. In DSSCs, the combination of
nanocrystalline TiO, with charge-transfer sensitizers provides
a sufficient surface area for efficient light harvesting. Devices
incorporating classic ruthenium complexes have already reached
solar-to-electrical energy conversion efficiencies up to 11% under
AM 1.5 irradiation conditions, with impressive long term stability
[15—19]. Nevertheless, the use of ruthenium dyes, which have with
relatively low molar extinction coefficients, and the need for rare
and expensive metals with tedious purification processes are major
problems in terms of cost and environmental issues, hampering the
large-scale applications of such solar cells. Fully organic dyes can
exhibit superior m—n* charge transfer (CT) and intramolecular
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charge transfer (ICT) transitions relative to those of their
ruthenium-based metal—ligand counterparts, in their absorption
spectra, with high molar extinction coefficients [20]. Therefore,
organic dyes are receiving increasing attention as alternatives to
ruthenium-based dyes for DSSC applications.

The wide interest in the application of organic dyes in DSSCs is
due primarily to their structural flexibility at the molecular level
[21], their tunable optical properties [22], their lower degrees of
aggregation, and their potentially high dye loadings [23]. Several
groups have developed metal-free organic sensitizers containing
two anchoring groups at their two termini, such that they adsorb
flat onto TiO; surfaces [24]. To double the light absorption efficiency
and minimize dye aggregation, Wong and co-workers recently
introduced two electron donor—acceptor branches into the rigid
cross-shaped molecular structure, with two anchoring carboxylate
acceptors (to improve dye adsorption and to direct photoinduced
electron injection) and two diphenylamine donors, of a spirobi-
fluorene-based DSSC dye to achieve an overall power conversion
efficiency (PCE) of 3.75% [25]. Although 3,6-carbazole moieties have
become promising units for organic dyes in practical DSSC appli-
cations in recent years [26,27], 2,7-functionalized carbazole uni-
ts—widely used planar conjugated segments [13]—have been
neglected for use in DSSC dyes. Therefore, in this study we sought
to integrate various central carbazole donors with two terminal
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acid acceptors for the design of organic DSSC dyes. To the best of
our knowledge, no previous reports have described organic DSSC
dyes containing functionalized carbazole donor units with two
terminal cyanoacrylic acids.

In this paper, we report two sets of novel symmetrical accept-
or—donor—acceptor organic sensitizers (Fig. 1) featuring electron-
donating carbazole cores functionalized at two different positions
(ie., 3,6- and 2,7-substituted) and linked through m-conjugated
thiophene bridges (to broaden the absorption range of the dyes) to
two electron-accepting cyanoacrylic acid units acting as terminal
anchoring groups. Furthermore, we introduced hexyl and branched-
octyl groups into the central 3,6- and 2,7-carbazole moieties,
respectively, to generate sterically hindered cores and, thereby,
minimize dye aggregation and maximize adsorption onto TiO;
surfaces [28]. The linking of such electron donor and acceptor groups
via conducting thiophene units in organic DSSC dyes allowed us to
examine the effects of (i) the planarity of the central electron-
donating carbazole moieties with 3,6- and 2,7-substitution
patterns and (ii) the number (two or three) of conjugated thienyl
groups (with or without hexyl side chains) on the photovoltaic
performance of the organic DSSC dyes. Structure-based density
functional theory (DFT) calculations confirmed that the efficiencies
of these dyes depended on the coplanarity of the carbazole donor
groups with respect to the thiophene units. Molecular orbital anal-
yses revealed an ideal distribution of electrons, with the highest
occupied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) associated with the carbazole- and acid-based
characteristics, respectively. In addition, the conducting thiophene
linkers were essential for strong conjugation across the electron
donor—acceptor systems. Thus, we confirmed that both the sites of
functionalization of the central carbazole units and the number of
bridging thiophene units (with or without lateral alkyl chains) play
key roles affecting the spectral responses and dye adsorption
densities on TiO, surfaces [26,28], making them critical factors
influencing the efficiencies of DSSC dyes.

2. Experimental
2.1. Materials
Chemicals and solvents were purchased in reagent grades from

Aldrich, ACROS, TCI, Strem, Fluka, and Lancaster Chemical. Prior to use,
THF and CH,Cl, were freshly distilled over Na/benzophenone and

COOH

COOH

CaHa, respectively. Tetra-n-butylammonium hexafluorophosphate
(TBAPFg) was recrystallized twice from absolute EtOH and further
dried for two days under vacuum. N-Bromosuccinimide was recrys-
tallized from distilled water and dried under vacuum. All other
chemicals were used without further purification. The synthetic
routes and detailed procedure for the preparation of dyes M1—M6 are
presented in Schemes S1 and S2 and are described in the Supporting
information. The chemical structures of all products were confirmed
using 'H NMR spectroscopy and mass spectrometry (FAB) and
through elemental analyses.

2.2. Characterization

TH NMR spectra were recorded on a Varian unity 300 MHz
spectrometer with dg-DMSO and CDCl3 as solvents. Elemental
analyses were performed on a HERAEUS CHN-OS RAPID
elemental analyzer. UV—Visible absorption spectra were recorded
in dilute THF solutions (10~ M) on a HP G1103A spectropho-
tometer, and photoluminescence (PL) spectra were obtained on
a Hitachi F-4500 spectrophotometer. Cyclic voltammetry (CV)
measurements were performed using a BAS 100 electrochemical
analyzer with a standard three-electrode electrochemical cell in
a 01 M tetrabutylammonium hexafluorophosphate (TBAPFg)
solution (in THF) at room temperature with a scanning rate of
100 mV/s. During CV measurements, the solutions were purged
with nitrogen for 30 s. In each case, a carbon as working elec-
trode, a platinum wire as the counter electrode, and a silver wire
as the quasi-reference electrode were used, and Ag/AgCl (3 M KCl)
electrode was served as a reference electrode for all potentials
quoted herein. The redox couple of the ferrocene/ferrocenium (Fc/
Fc') ion was used as an external standard. The corresponding
HOMO and LUMO levels were calculated from the value of Eoy
onset (onset oxidation potential) and from the UV—Vis absorption,
respectively.

2.3. Device fabrication

2.3.1. TiO; paste preparation

The preparation of TiO, precursor and the electrode fabrica-
tion were performed based on a previous report [29] at an
autoclaved temperature of 240 °C. The precursor solution was
prepared follows: The precursor solution was prepared as
follows: 0.1 M HNO3 (430 mL) was slowly mixed with Ti(C3H70)4
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Fig. 1. Structures of organic dyes (M1—-MS6).
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(72 mL) under vigorous stirring to form a mixture. After hydro-
lysis, the mixture was stirred vigorously while heating at 85 °C in
a water bath for 8 h to achieve peptization. When the mixture
was cooled to room temperature, the resultant colloid was
filtered and the filtrate then heated in an autoclave at 240 °C for
12 h to grow the TiO, particles. When the colloid was cooled to
room temperature, it was vibrated ultrasonically for 10 min. The
TiO; colloid was concentrated to 13 wt¥%, followed by the addition
of 30 wt% (with respect to TiO, weight) of poly(ethylene glycol)
(PEG; MW = 20,000 g mol~!) to prevent the film from cracking
while drying.

2.3.2. Fabrication of DSSC devices

The TiO, paste was deposited onto a FTO glass substrate with
a dimension of 0.5 x 0.5 cm? using the glass rod method. Polyester
tape (3 M) was used as an adhesive on two edges of the FTO glass.
The tape was removed after the TiO; paste had been spread onto the
FTO using a glass rod, and the TiO, paste was then air dried at room
temperature for 1 h. The TiO,-coated FTO was heated to 500 °C at
a heating rate of 10 °C/min and maintained for 30 min before cooling
to room temperature. After repeating the procedure to control the
thickness of TiO, film, the final coating was applied using a TiO;
paste containing 300- and 20-nm-diameter light scattering TiO,
particles (30 and 70 wt¥%, respectively) and then the sample was
heated at 500 °C. The thicknesses of the TiO, films were measured
using a Dektak3 profilometer (Veeco/Sloan Instruments). The
density of each adsorbed dye was calculated from the concentration
difference of each solution before and after immersion of the TiO,
film. The TiO, electrode having an area of 0.25 cm? was immersed
overnight in a MeCN/tert-butanol mixture (1:1, v/v) containing
3 x 10~* M cis-di(thiocyanato)bis(2,2/-bipyridyl-4,4'-dicarboxylato)
ruthenium(Il) bis(tetrabutylammonium) (N719, Solaronix SA) or in
a THF solution containing 3 x 10~% M of the organic sensitizer.
Thermally platinized FTO was used as a counter electrode; it had an
active area of 0.36 cm? and was adhered using 60-pm-thick poly-
ester tape. After rinsing with MeCN or THF, the photoanode was
placed on top of the counter electrode and tightly clipped together to
form a cell. Finally, the electrolyte was then injected into the space
and then the cell was sealed with Torr Seal cement (Varian). The
electrolyte comprised 0.5 M Lil, 0.05 M I, and 0.5 M 4-tert-butyl-
pyridine (TBP) dissolved in MeCN.

2.4. Measurements

A 0.6 x 0.6 cm cardboard mask was clipped onto the device to
constrain the illumination area. Photoelectrochemical character-
ization on the solar cells was performed using an Oriel Class
A solar simulator (Oriel 91195A, Newport). The photo-
current—voltage characteristics of the DSSCs were measured using
a potentiostat/galvanostat (CHI650B, CH Instruments) at a light
intensity of 1.0 sun, calibrated using an Oriel reference solar cell
(Oriel 91150, Newport). The monochromatic quantum efficiencies
were recorded through a monochromator (Oriel 74100, Newport)
under short-circuit conditions. The intensity at each wavelength
was in the range from 1 to 3 mW cm™2 The photovoltage tran-
sients of assembled devices were recorded using a digital oscil-
loscope (LeCroy, WaveSurfer 24Xs). Pulsed laser excitation was
applied by a Q-switched Nd:YAG laser (Continuum, model Minilite
II) with a 1 Hz repetition rate at 532 nm and a 5-ns pulse width at
half-height. The beam size was slightly larger than 0.5 x 0.5 cm?
to cover the area of the device. The photovoltage of each device
was adjusted to 50 mV by varying the incident pulse energy. The
average electron lifetime was estimated by fitting the decay of the
open-circuit voltage transient with exp(—t/tr), where t is time and
TR is recombination lifetime.

2.5. Quantum chemistry computation

The predicted structures of the molecules were optimized using
B3LYP hybrid functional [30] and 6-31G* basis sets [31]. For each of
the molecules, a number of conformational isomers were exam-
ined, and the one with the lowest energy was used. To determine
the excited states, time-dependent density functional theory (TD-
DFT) was employed with the B3LYP functional. The lowest 33 sin-
glet—singlet excited states were calculated using TD-DFT (up to an
energy of that with ca. 250 nm). Solvation effect was investigated
performing TD-DFT calculations in THF solvent with the nonequi-
librium version of the conductor-like polarizable continuum model
(C-PCM) method with dielectric constant of 7.58 using same basis
set and functional, and the detailed result is illustrated in Fig. S4 of
the Supporting information. All of the analyses were performed
using the Gaussian 03 (G03) (revision E.01) program package [32]
and DFT. Finally, based on the compound results, the stereo-
contour graphs of some related frontier molecular orbitals of the
complexes for the ground states were drawn using the GView 3.09
program. Simulated spectra with the oscillator strength (f) values
were obtained with the program GaussSum 2.1.2 [33].

3. Results and discussion
3.1. Optical properties

Fig. 2a and b display the UV—Vis absorption and normalized PL
spectra, respectively, of the dyes M1—M6 (10~> M in THF); Table 1
summarizes the data. In general, all dyes showed two prominent
absorption bands: (a) a small absorption band at Amax of
312—387 nm, which attributed to the localized =—=™* transition, and
(b) a large absorption band in the visible region, corresponding to
an ICT transition from the central electron-donating carbazole unit
to both electron-accepting cyanoacrylic acid termini, consistent
with the theoretical data (Fig. 2c). Because of their structural
similarities, M1—M®6 exhibited similar ICT transition peaks located
in the range (Amax) from 455 to 484 nm, with molar extinction
coefficients (¢, at the maximum absorption wavelength Apax) in the
range from 5.85 x 10% t0 10.24 x 10* M~ cm™ .

The wide absorption ranges of M1-M6 and their high molar
extinction coefficients, relative to that of N719 dye (¢ = ca.
14,000 M~' cm~ 1) [15b] suggested that these dyes had potential for
use as efficient materials in DSSC applications. All of these dyes
exhibited weak emissions with a Stokes shift of ca. 120 nm in THF
solutions; they also displayed consistent red-shifted absorptions
and emissions upon increasing the number of thiophene units. For
instance, red shifts occurred upon increasing the number of
conjugated thiophene units from M3 to M2 and from M4 to M5 (in
the 3,6- and 2,7-functionalized carbazole-based systems), respec-
tively. As expected, elongation of the w-conjugation length
decreased the 7—#* band gap energy and led to spectral red shifts
of the m—=* transitions. Furthermore, substitution of the alkyl side
chains in the thiophene moieties, from M1 to M3 and from M5 to
M6, led to intramolecular ring twisting, thereby inducing larger
band gap energies and associated blue shifts of 14—15 nm in the
UV—Vis spectra. Therefore, at a set number of thiophene units and
with a fixed structure for the carbazole donor moiety, the number
of alkyl side chains of the dyes could effectively influence the
features in the absorption spectra [34].

In contrast to the coplanar structures of the 2,7-functionalized
carbazole donor centers in M4 and M6, the nonplanar structure
of the 3,6-functionalized carbazole donor centers in M1 and M2
induced blue shifts in both the (a) and (b) bands in the UV—Vis
spectra. As indicated in Fig. 2a, the dyes M3 and M5 had the
shortest and longest absorption wavelengths, respectively, due to
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Fig. 2. (a) UV—Vis absorption and (b) normalized emission spectra of dyes recorded in THF solutions (concentration: 1.0 x 107> M). (c) Calculated (B3LYP/6-31G*) absorption spectra
and oscillation strengths and (d) absorption spectra of the dyes on 1.5-um-thick TiO, surfaces.

(i) the planarity of the central (3,6- and 2,7-functionalized) carba-
zole unit, (ii) the number (two and three) of bridging thiophene
units, and (iii) the degree of twisting induced by the lateral alkyl
chains. In general, the characteristics of ICT bands depend on the
nature of the electron donors and acceptors as well as the spacers
between the donors and acceptors. M2 and M5 had higher
extinction coefficients (¢), consistent with the literature report
suggesting that the ICT transitions of conjugated molecules will
provide higher extinction coefficients upon increasing the conju-
gation length [35], resulting in greater degrees of light harvesting
and increased photocurrent response [36]. Fig. 2d presents the
absorption spectra of the dyes adsorbed onto a TiO; surface at
a thickness of 1.5 pm. The signals in the absorption spectra of the
dyes on the TiO, films were distinctly broadened (extended to
longer wavelength) relative to those in the absorption spectra of
their THF solutions (Fig. 2a). Although the broader absorptions of
the dyes on the TiO- films are favorable for light harvesting, their

Table 1
Optical and electrochemical properties of the dyes.

absorption maxima were shifted to shorter wavelengths; we
attribute these blue shifts to the formation of H-type aggregates or
deprotonation of the carboxylic acid units, indicating that the
carboxylic acid moieties are stronger electron acceptors compared
with the carboxylate-titanium units. Similar phenomena have been
observed for several other organic dyes [37]. We estimated the
amounts of dye adsorbed on the TiO, surface (Table 1) from the
difference in the concentrations of each solution before and after
immersion of the TiO, sample, followed by rinsing with THF to
avoid miscounting the dye molecules physically adsorbed onto the
film. The nonplanar structures of the dyes featuring central carba-
zole units suppressed their aggregation after anchoring to the TiO,
surfaces, meaning that the dye molecules were adsorbed strongly
to the TiO, surfaces [38,39]; as a result, we obtained high dye
densities for M1 and M3 (Table 1). In contrast, because of its larger
number of conjugated thiophene groups, M2 underwent aggrega-
tion to a greater degree, decreasing the amount of dye adsorbed

AAbs Aﬁ-gsx (nm)b AEm (nm)?

Dye oS (nm)? o Eg™" (eV)© Enomo Erumo (eV)d Calculated Dye adsorption
£ x g cm on TiO; e and gap (e mol/cm
(e x 104, M~ cm™ 1) (on Ti0,) (ev)! band gap (eV) (mol/cm?)®
M1 331 (1.58), 470 (5.85) 434 606 215 -5.40 —-3.25 2.19 24 x 1077
M2 331 (3.78), 468 (10.24) 427 606 2.19 —5.38 -3.19 2.23 1.6 x 1077
M3 312 (2.83), 455 (8.92) 421 600 2.27 —5.37 -3.10 2.32 3.0x 1077
M4 353 (1.00), 480 (7.96) 457 582 2.18 —5.52 334 2.18 22x 107
M5 387 (3.14), 484 (9.79) 458 617 211 —5.37 —3.26 213 1.5 x 1077
M6 374 (3.61), 470 (8.25) 449 610 2.17 -5.49 —-3.32 2.20 2.1 x 1077
2 Absorption and emission wavelengths measured in THF solutions (10~> M).
b Absorption spectra of the dyes on 1.5 ym TiO; films.
¢ Optical band gaps calculated from absorption onsets (Egpt = 1240/4 edge).
d

HOMO = [—(Egnset — 0.45) — 4.8] eV where 0.45 V is the value for ferrocene vs. Ag/Ag* and 4.8 eV is the energy level of ferrocene below the vacuum and LUMO levels of the

dyes calculated by subtraction of the optical banpgaps from the Eyomo values.

¢ Dyes adsorbed on TiO, surfaces with a thickness of 15 um (the same film made for the device fabrication).
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and, therefore, resulting to the lowest degree of dye adsorption
among M1—-M3 (with the same nonplanar 3,6-carbazole moiety).

On the other hand, among M4—M6 (with the same coplanar 2,7-
carbazole moiety), M4 had the lowest degree of aggregation,
thereby leading to the highest amount of dye adsorption. Because
extended conjugation led to greater degrees of aggregation, the
presence of more thiophene units in M2 than in M3 (in the 3,6-
carbazole system) and in M5 than in M4 (in the 2,7-carbazole
system) resulted in lower amounts of dye adsorbing on the TiO;
surfaces. Moreover, substituting alkyl side chains onto the thio-
phene units of M1 and M5 to form M3 and M6, respectively,
induced lower degrees of aggregation (as a result of lateral alkyl
chain twisting) and, thereby, greater dye adsorption on the TiO;
surfaces. Therefore, in contrast to the nonplanar structures of M1
and M2 (bearing 3,6-carbazole cores), the coplanar structures of M4
and M6 (containing 2,7-carbazole cores) resulted in higher dye
adsorption. Overall, we observed similar structural influences on
the absorption wavelengths and intensities for all of these organic
dyes. Accordingly, changes in the number (two or three) of thio-
phene units, the presence or absence of alkyl side chains, and the
substitution pattern (2,7 or 3,6) of the carbazole core all influenced
the net light harvesting ability and the spectral respon-
ses—suggesting that they would also ultimately affect the photo-
voltaic properties.

3.2. Quantum-chemical calculations

To gain insight into the geometrical electronic structures of the
dyes, we performed DFT calculations using the Gaussian 03
program package. As representative examples, Fig. 3 presents the
optimized geometries of the ground states and electronic distri-
butions of the HOMOs and LUMOs of M1 and M2 [see Fig. S2
(Supporting information) for those of the other dyes]. We ob-
tained computed values for the angles formed between the
carbazole and thiophene planes in M2 and M6 of 38.3 and 37.2°,
respectively; the other congeners, however, displayed good
conjugation between their donor and conductor units [see Table 2
and Fig. S1 (Supporting information)]. Furthermore, in their
transoid arrangements, the conducting thiophene units were also
coplanar, with extensive w delocalization. These were lower in
energy than their cisoid counterparts, except for M2, where they
were in different planes. We also noticed that the terminal 2-
cyanoacrylic acid groups were found to be coplanar with their
adjacent thiophene units—except in M2 and M6, where the angles
between the planes were greater than 14° [40]. We also analyzed

Optimized molecular structure

M1

M2

HOMO

Table 2

Dihedral angles (°) of M1-M6 dyes between the carbazole and thiophene moieties,
between two neighboring aromatic rings, and between the aromatic ring and 2-
cyanoacrylic acid moiety.?

Dihedral angle M1 M2 M3 M4 M5 M6
odonor—acconductor® 0.59 384 1.33 0.78 0.40 37.2
>conductor—cconductor® 0.22 14.7 0.79 0.20 0.07 0.24
2¢:onduct0r—cracc:eptorb 0.21 14.4 0.23 0.06 0.44 14.6

2 Modeled-structures were obtained from DFT calculations.
b Donor = carbazole unit, conductor = thiophene unit, acceptor = cyanoacrylate
unit.

the electronic structures of the dyes in vacuum. Fig. S2 (Supporting
information) provides a schematic representation of the energy
levels of the frontier molecular orbitals of M1—M6. The HOMOs of
all sensitizers were delocalized over the carbazole moieties, with
major components arising from the nitrogen atoms, with sizable
contributions from the 7 frameworks of the surrounding ligands.
All of the HOMO-1 electron densities were spread over the thio-
phene and 2-cyanoacrylic acid moieties. The LUMOs were defined
by the 7* orbitals, delocalized over the thiophene moieties and
cyanoacrylic acid units. In DSSCs, such ideal delocalization should
facilitate injection of electrons from the excited dyes to the
conduction bands and also minimize the recombination of injected
electrons in the conduction bands with the oxidized dyes [41].
Moreover, the overlapping of both the HOMO and LUMO energy
levels in the w-bridged thiophene affords strong oscillation
strength (Fig. 2c), enhancing the electronic transition dipole
moments between the vibrational energy levels. This situation is in
accordance with the Franck—Condon principle; the bridging thio-
phene unit is the key element for high molar extinction coefficients
[42]. In the M2 sensitizer, however, the HOMO and LUMO densities
were both localized on the w-bridge and the acceptor. Thus, we
suspected that poor charge generation would hinder the overall
efficiency of its DSSCs [43]. The introduction of additional thio-
phene units stabilized the LUMO energy levels through increased
conjugation. Alkyl substitution, however, destabilized the LUMOs
of M2 and M6. The calculated relative energies (Fig. 4) were
consistent with the experimental values calculated from the elec-
trochemical and spectroscopic data (vide infra). Fig. 2c displays the
computed ground state vertical excitation energies with oscillator
strengths greater than 0.1; the TD-DFT data were consistent with
the experimental electronic spectra. The two electronic transitions
with lowest energy levels (HOMO — LUMO and HOMO-1— LUMO)
had the highest oscillator strengths (f), with significant degrees of

Fig. 3. Graphical representations of the frontier orbitals of the dyes M1 and M2 computed at the DFT/B3LYP/6-31G* level of theory. Atom coloring: yellow, sulfur; gray, carbon; red,
oxygen; blue, nitrogen. Isosurface cut-off value: 0.02. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Schematic representation of the band structures in DSSC dyes incorporating
M1—-MB6. The units of the energy scale are electron volts, using the normal hydrogen
electrode (NHE).

Mulliken charge separation from the carbazole units to the 2-
cyanoacrylic acid moieties. The effect of the increased number of
thiophene units was consistent with the computational data.
Among M1—-M3, the intensities of the (b) band followed the order
M2 > M3 > M1. We observed a similar trend among M4—M6, with
M5 having the highest oscillator strength (f = 2.56).

3.3. Electrochemical properties

To evaluate the electrochemical behavior of the dyes, we
investigated the cyclic voltammetry (CV) measurements; their data
and plots are shown in Table 1 and Fig. S3 (see Supporting infor-
mation), respectively. The Eoxjonset Values were used to calculate the
HOMO levels, and the optical band gaps (Eg™, derived from the
absorption onsets) were used to calculate the LUMO levels (esti-
mated by their differences). All dyes exhibited quasi-reversible
oxidation potentials attributed to the oxidation of the carbazole
moieties. The measured HOMO levels were in the range of —5.35 eV
to —5.75 eV (Table 1) with respect to that of iodide (—4.60 eV vs.
vacuum) and thus provide negative Gibb’s energy changes for the
dye generation [28]. Due to their similar donor structures, the
quasi-reversible oxidation potentials in all dyes were similar. The
LUMO levels of all dyes were in the range of —3.09 eV to —3.6 eV,
which were higher than the conduction band edge (—4.0 eV vs.
vacuum). This provided an efficient thermodynamic driving force
for electron injection from the excited dyes to TiO, conduction
bands prior to radiative or nonradiative decay.

3.4. Photovoltaic performance of DSSCs based on M1—M6 dyes

The photovoltaic properties of DSSCs fabricated using organic
dyes as sensitizers for nanocrystalline anatase TiO, and an elec-
trolyte comprising of I, (0.05 M)/Lil (0.5 M)/4-tert-Butylpyridine
(0.5 M) in an acetonitrile solution were measured under simulated
AM 1.5 irradiation (100 mW/cm?). Fig. 5a and b present the J—V and
IPCE curves of the dyes, respectively, and their corresponding data
are listed in Table 3. The PCEs (n) of the dyes ranged from 2.82 to
4.82%, following the order M1 > M3 > M5 > M4 > M2 > M6.
Among these DSSC devices, the highest PCE was achieved for that
incorporating M1, reaching approximately 67% of the value of 7 of
the standard ruthenium-based N719 dye (fabricated and measured
under similar conditions). The DSSC devices based on dyes M1, M4,
and M5 exhibited maximum IPCEs of approximately 65—70%,

a 0
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Fig. 5. (a) J-V curves and (b) IPCE plots of the dye-based DSSCs under illumination
with simulated solar light (AM 1.5, 100 mW cm~2). The electrolyte comprised 0.5 M Lil,
0.05 M I, and 0.5 M TBP.

nearly equivalent to that of the metal-based N719 dye. Neverthe-
less, because of the low dye loading of M2, the low absorption of
M3, and the high degree of aggregation of M6, efficient light har-
vesting and injection of electrons from the excited state of these
dyes to the conduction bands of TiO, were disfavored, causing the
IPCEs of their devices to be less than 65%. The broader IPCE spec-
trum of M1, extended to the longer wavelength region, relative to
that of M3, resulted in a higher PCE (n = 4.82%). Nevertheless,
among dyes M1—-M6, M3 adsorbed to the greatest extent on the
TiO, surface, increasing its light harvesting efficiency and, there-
fore, its photocurrent, even though it had the lowest absorption

Table 3
Photovoltaic parameters measured at an irradiance of 100 mW cm~2 AM 1.5G
sunlight.

Dyes Voc [V] Jsc [mA cm™?] FF 7 [%] g [ms]?
M1 0.61 12.66 0.62 4.82 0.93
M2 0.55 9.99 0.66 3.64 0.58
M3 0.64 10.63 0.67 4.55 0.66
M4 0.62 10.12 0.68 4.26 0.73
M5 0.60 11.74 0.63 441 0.82
M6 0.57 7.44 0.67 2.82 0.62
N719 0.72 15.65 0.64 7.19 1.28

a

tg: recombination lifetime from the photovoltage measurement.
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maximum [37]. As a result, M3 overcame its shorter-wavelength
absorption, due to the negative effect of its alkyl chain interac-
tions (compared with M1), causing its overall PCE to be much closer
to that of M1. In the case of M2, the same 3,6-functionalized
carbazole donor core as that of M1 combined with a longer
conjugation length (one more thiophene unit) led to greater
aggregation on the TiO; surface, inducing lower dye loading and
restricting efficient electron injection from the excited dye to the
TiO, conduction bands. Among the dyes M4—M6 containing
a planar 2,7-functionalized carbazole core, M5 achieved the highest
PCE of 4.42% (Table 3). Although we expected greater efficiency, the
coplanarity and longer conjugation of the 2,7-carbazole unit of M5
hindered its net dye adsorption (the lowest among M1—-M6) and,
thus, decreased its generated photocurrent. Nevertheless, the
wider spectral response and higher oscillation strength of M5
improved the net light harvesting and electron-injection efficiency
upon photoexcitation of the dye and further enhanced its value of
Jsc [44]. Aggregation on the TiO, surface considerably enhanced the
degree of charge recombination between the injected electrons and
the oxidized dye [45]. Most of the incident light was lost without
photocurrent generation, resulting in a dramatically decreased PCE
[the lowest value of 7 (2.82%) among M1-M6].

To investigate the extent of charge recombination between the
oxidized dye and the redox couple, we measured the transient
photovoltage at open-circuit in the presence of Lil (0.5 M) in MeCN
to determine the lifetimes of the electrons photoinjected from the
dyes. We estimated the average electron lifetime by fitting the
decay of the open-circuit voltage transient with exp(—t/tg), where t
is the elapsed time and 1R is the recombination lifetime (average
time constant prior to recombination). As illustrated in Fig. 6, M2
and M6 provided shorter electron lifetimes (Table 3) and, thus,
higher rates of charge recombination, decreasing the mono-
chromatic quantum efficiencies and the values of Js [46]. The
electron lifetimes of the other dyes were consistent with their
photocurrents and PCEs. In general, the dyes M2 and M6 provided
the lowest PCEs (3.64 and 2.82%, respectively); these dyes con-
tained different central cores, but shared the common feature of
three symmetrical thiophene units with hexyl side chains.

To determine whether the use of metal-free dyes M1 and M5
with high molar extinction coefficients was advantageous relative
to metal-containing dye N719, we monitored the performance of
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Fig. 6. Normalized electron lifetimes of the dyes M1-M6 and N719 plotted with

respect to the extracted charge under open-circuit conditions in the presence of Lil
(0.5 M) as the electrolyte in MeCN solutions.

nanocrystalline TiO,-based thin film DSSCs incorporating single-
layer 3- and 6-pm films of TiO,. We also compared these results
with those obtained using a double-layer 14-pm film—that is, with
a 9-um layer of 20-nm-sized particles and a 5-pum layer of 300-nm-
sized light scattering particles. Figs. 7 and 8 display the IPCE curves
and J—V curves, respectively, of these systems; Table 4 lists their
device data. The IPCE curves of the device incorporating the N719
dye varied with respect to those of the metal-free dyes M1 and M5
to different extents, which were dependent on the thicknesses of
the TiO, films. When we decreased the thickness of the TiO, film
from 14 um to 6 and 3 pum, the maximum IPCEs of the N719-based
device decreased from approximately 65—70% to approximately 55
and 50%, respectively. In contrast, the maximum IPCEs of the M1-
and M5-based devices varied negligibly upon decreasing their
thicknesses (from ca. 65—70% to ca. 65 and 60%). These observa-
tions suggest that the IPCEs, molar extinction coefficients, and
thicknesses of the TiO; films are interdependent. Table 4 reveals no
significant differences in the values of Js. of the DSSCs containing
M1, M5, and N719 with TiO; films of various thicknesses. For lower
IPCEs, the degree of injection of electrons from the excited states of
the dyes to the conduction bands of TiO, decreased accordingly,
thereby lowering the values of J.. In the DSSC device containing the
dye N719, the value of Jsc decreased noticeably to 8.19 mA cm 2 for
a single-layer TiO, thickness of 3 pm from 15.65 mA cm~2 for
a double-layer thickness of 14 um. The overall PCE of the dye N719
was compensated, however, by the higher open-circuit voltage due

80
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Fig. 7. IPCE spectra of M1, M5, and N719 in TiO, films with the thicknesses of (a) 6 um
and (b) 3 um.
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Fig. 8. J—V curves of DSSCs devices based on the M1, M5, and N719 dyes in TiO- films
with the thickness of (a) 6 pm and (b) 3 pm.

to the decrease in the dark current. On the other hand, the lower
dark currents in the thin films of the dyes M1 and M5 resulted in
higher fill factors (FFs; Table 4) than those in thick films; thus, even
though the values of J;. decreased in thinner films, the efficiencies
remained stable because of their high molar extinction coefficients.

In the double-layer 14-um-thick devices incorporating M1, M5,
and N719, the increased membrane thickness enhanced the values
of Js., providing maximum PCEs of 4.82, 4.41, and 7.19%, respec-
tively. Therefore, the FF increased upon decreasing the membrane

Table 4

Photovoltaic properties of DSSCs incorporating M1, M5, and N719 in transparent
TiO, films of different thicknesses (single or double layers), measured under AM
1.5G irradiation (100 mW cm~2).

Thickness Dye Voe [V] Jsc [MA cm 2] FF 7 [%]
3 um M1 0.61 9.22 0.69 3.87
M5 0.63 9.05 0.66 3.72
N719 0.77 8.19 0.69 437
6 um M1 0.61 10.21 0.67 4.15
M5 0.60 10.41 0.64 3.92
N719 0.76 11.48 0.66 5.79
14 um? M1 0.61 12.66 0.62 482
M5 0.60 11.74 0.63 4.41
N719 0.72 15.65 0.64 7.19

2 A double-layer of 14 um with a layer (9 pm) of 20-nm-sized particles and a layer
(5 um) of 300 nm-sized light scattering particles.

thickness. With the higher molar extinction coefficients of the
organic dyes, the PCEs (from solar to electrical energy) in the DSSCs
incorporating the dyes M1 and M5 (in 3 um thin films) reached 88
and 85%, respectively, of that of the device featuring the metal-
based dye N719. In general, because both the CT and ICT transi-
tions of donor—acceptor organic dyes were against the metal-to-
ligand charge transfer transitions of their metal counterparts,
these dyes possessed higher molar extinction coefficients that led
to more-efficient light harvesting.

4. Conclusions

We have synthesized two series of organic sensitizers M1-M3
and M4—M6 with functionalized 3,6- and 2,7-carbazole (donor)
cores, respectively, connected to two anchoring cyanoacrylic acid
(acceptor) termini via symmetrical conducting thiophene linkers
(with or without hexyl side chains). To the best of our knowledge,
the planar 2,7-carbazole cores of the dyes M4—M6 have not been
employed previously in the molecular design of DSSC dyes. A DSSC
device based on the dye M1 produced the highest power conver-
sion efficiency (n) of 4.82% with an open-circuit voltage (V,.) of
0.61V, a short-circuit photocurrent density (Jsc) of 12.66 mA cm 2,
and a fill factor (FF) of 0.62 under standard AM 1.5 sunlight, with
a maximum IPCE of 68%. The short electron lifetimes of the dyes M2
and M6 accelerated the recombination rate, however, thereby
decreasing the value of 7. Although suppression of 7—= stacking
occurred for the dyes M1-M3 containing the nonplanar 3,6-
carbazole core, their overall photovoltaic properties were better
than those of the dyes M4—M®6 containing the planar 2,7-carbazole
core, because of the relatively higher dye loadings and superior
binding of dyes M1-M3 to TiO, surfaces. We conclude that our
novel structural design of symmetrical acceptor—donor—acceptor
organic sensitizers, with variations in the number of thiophene
linkers, the presence or absence of hexyl side chains on the thio-
phene units, and different substitution patterns (2,7 and 3,6) on the
carbazole cores, can influence the net light harvesting ability, the
spectral response, and, therefore, the photovoltaic properties.
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