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a b s t r a c t

Two diketopyrrolopyrrole (DPP) containing DepeA organic dyes, named as TEDBn and TEDTh were
prepared. Their optical, electrochemical and photophysical properties were investigated and their
application in dye-sensitized solar cells (DSCs) was demonstrated. The broaden absorption and low-
energy lmax of DPP containing dyes were contributed from DPP bridge and EDOT p-conjugated moi-
ety. Compared to TEDTh, TEDBn has smaller absorption coefficient and higher optical bandgap. Never-
theless the power conversion efficiency (PCE) of TEDBn based DSC is 7.2% which is larger than that of
TEDTh based DSC and 90% of N719 based cell. The higher PCE of TEDBn based device originates from both
higher open-circuit voltage (VOC) and short-circuit current (JSC). Femtosecond time-resolved photo-
luminescence data show that the electron injection at TEDBn/TiO2 is more efficient than that at TEDTh/
TiO2 interface, resulting in higher JSC (and IPCE) of TEDBn based DSC. Density function theory (DFT)
calculations revealed that TEDBn is a linear structure which leads to higher dye loading on TiO2 than
TEDTh which featured a bend conformation, better TiO2 surface coverage, resulting in larger VOC.
Therefore, the overall efficiency of the cell sensitized by TEDBn is better than that the devices based on
TEDTh.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Metal-free organic dyes have been extensively developed for
dye-sensitized solar cells (DSCs) owing to their high absorption
coefficient and abundance of the resources. Organic dye used to
have donorep bridgeeacceptor (DepeA) configuration in the
main chain [1e17] and triarylamine and cyanoacetic acid were used
as donor and acceptor moieties, respectively. Various p-conjugated
linkers had been used to construct the high performance DepeA
sensitizers for DSC. Diketopyrrolopyrrole (DPP) pigment with a
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conjugated bicyclic planar structure and the electron-withdrawing
characteristics is one of the widely used p-conjugated units in the
DepeA organic dyes due to its excellent photochemical, mechan-
ical and thermal stability as well as high carrier mobility [18e27].
The photovoltaic performance of DPP based sensitizer has been
greatly improved since the dye was first reported by Tian et al. in
2010 [22]. Combining a suitable donor group and asymmetric DPP
unit, DPP based dye was proved to be an excellent sensitizer for
high efficiency DSCs [24e27]. The length of the donor group in DPP
containing dyes also affects their optical property and therefore the
photovoltaic performance [9]. For example, symmetric phe-
nyleDPP dyes have high optical bandgap because the phenyl
spacers will lower the HOMO energy level [22]. The optical
bandgap of the DPP dyes decreased when the phenyl unit is
replaced by thienyl moieties [22]. Furthermore, the VOC of DPP dye
sensitized devices can be improved by the structure modification
such as the dyes' aggregation can be suppressed by engineering the
alkyl chain in the DPP moieties, resulting in a high PEC [11].
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In this study we designed and synthesis two asymmetric metal-
free organic dyes TEDBn and TEDTh (the structures were displayed
in Scheme 1) using DPP as a part of the p-conjugated bridge, 4,40-
Ditolylaniline as the donor and cyanoacetic acid as the acceptor and
anchoring group. Phenyl and thienyl spacers were individually
inserted between the anchoring group and the DPP core to form
two DepeA dyes. Under 1 Sun (100 mW/cm2, AM 1.5 G) illumi-
nation, TEDBn sensitized DSC achieves the high PCE of 7.2%which is
ca. 90% of that for the cell based on N719 dye.

2. Experimental

2.1. Materials and physicochemical study

All chemicals used were obtained from the commercial re-
sources and used as received unless specified. HPLC grade CH2Cl2
was purchased from ACROS and was distilled from CaH2 under an
argon (Ar) atmosphere for electrochemical use. Tetra-n-buty-
lammonium hexafluorophosphate (TBAPF6) was recrystallized
from ethanol twice and then stored in a desiccator. 1H NMR and 13C
NMR spectra were recorded with a Bruker 300 MHz or Bruker
500 MHz NMR spectrometer using CDCl3 as a solvent. FAB-MS
spectra were obtained using JMS-700 HRMS. UV/Vis absorption
and emission spectra were measured using a Cary 300 Bio spec-
trometer and FluoroMax-4 spectrofluorometer (HORIBA JOBIN
YVON), respectively. Elemental analyses were carried out with a
Heraeus CHNeOeS Rapid-F002 analysis system. Electrochemistry
was conducted using a three-electrode cell with BAS glassy carbon
working electrode (GCE, area ¼ 0.07 cm2). The glassy carbon elec-
trode was polished with 0.05 mm alumina on Buehler felt pads and
was ultrasonicated for 2 min to remove the alumina residue. A
platinum wire was used as the auxiliary electrode. A home-made
Ag/AgCl, KCl (sat'd) is the reference electrode. The supporting
electrolyte is 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6) in CH2Cl2. The square-wave voltammograms (frequency:
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25 Hz; step potential: 0.0051 V; amplitude: 0.01995 V) were
recorded using a potentiostat/galvanostat (PGSTAT 30, Autolab,
Eco-Chemie, the Netherlands) and ferrocene was used as a cali-
bration standard (þ0.54 V versus Ag/AgCl).

2.2. Synthesis of TEDBn and TEDTh

The synthetic route for TEDBn and TEDTh dyes was illustrated in
Scheme 1. DPPBn and DPPTh were synthesized according to the
previously reports [7,9,10]. The detailed synthesis and character-
ization of TEDBn and TEDTh can be found in Supporting
Information (SI).

2.3. Computational methods

The ground state molecular geometries of TEDBn and TEDTh
molecules (in protonated states) in the THF were optimized using
Becke's three-parameter exchange function [28], the Lee-
eYangeParr gradient-corrected correlation function (B3LYP) [29],
and the 6-31G (d,p) basis set [30], as implemented in the program
Gaussian 09 [31]. The conductor-like polarizable continuum model
(C-PCM) could account for the solvation effect [32]. All the long
alkyl chains were replaced with methyl groups to save computa-
tional resources. The UVeVis spectra of the free molecules in THF
were calculated using TD-DFT. The charge transfer excitation
properties of the dye molecules are particularly important in DSCs,
the coulomb-attenuating method (CAM) [33] was applied [at the
TD-CAM-B3LYP/6-31G (d,p) theoretical level] to calculate the
UVeVis spectra. For the excited state calculations, the excited-state
geometries of free dyes in THF were optimized at the B3LYP/6-31G
(d,p) theoretical level; the fluorescence spectra of free dyes in THF
were calculated at the TD-CAM-B3LYP/6-31G (d,p) theoretical level.

To model the experimental properties of the dye molecules
adsorbed on TiO2 thin films, we studied dyes adsorbed on (TiO2)38
clusters. The dye adsorbed was on the anatase (101) surface of the
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(TiO2)38 super-cluster [34] in a bidentate manner. Two O atoms of
the carboxylic acid are bound to two neighboring five-coordinated
Ti atoms (Ti5c) on TiO2 surface with the proton transferred to the
neighboring O atom on TiO2 (Fig. 1). PerdeweBurkeeErnzerhof
(PBE) parameterization of the generalized gradient approximation
(GGA) [35], in conjunction with the double numerical basis sets
with polarization (DNP) [36], was adopted for geometric optimi-
zation of the dyee(TiO2)38 complexes as implemented in the DMol
software package [37,38]. Gaussian 09 default optimization and all-
electron core treatment were used for geometric optimization of
the dyee(TiO2)38 systems. Finally, the UVeVis spectra of the stud-
ied dyee(TiO2)38 complexes obtained using the TD-CAM-B3LYP/6-
31G (d,p) method with Gaussian 09 in THF (modeled by C-PCM)
were calculated. Electron density difference maps (EDDMs) were
generated using GaussSum (v. 2.2.6) [39]. The EDDMs representing
the electronic transitions revealed the changes in electron density
before and after the transitions.

2.4. Femtosecond time-resolved photoluminescence (FTR-PL)

To understand the photoexcited dynamics of the electrons in
TEDTh, TEDBn, TEDTh/TiO2, and TEDBn/TiO2, the FTR-PL was
measured by the sum-frequency technique (FluoMax, IB Photonics
Ltd.). The dye dissolved in (adsorbed on) THF solvent (or adsorbed
on TiO2) was pumped with a wavelength of 420 nm. To prevent
laser-induced thermal effects, the diameter of the spot size on the
sample was increased to 300 mm and the excitation power was
reduced to 4 mW. In order to resolve the exciton dynamics, the
time-dependent photoluminescence is fitted in an appropriate
exponentially decaying function [40].

2.5. Device fabrication and photovoltaic performance test

Anatase TiO2 nanoparticles (NP) (ca. 20 nm diameter) used in
this study were prepared in a Ti based autoclave as reported
Fig. 1. The (TiO2)38 cluster with an anatase (101) surface used in the calculation
highlighting two five-coordinated Ti atoms.
previously [41]. The detailed device fabrication and photovoltaic
performance test are described in the SI.

3. Results and discussion

Two DPP-containing dyes (TEDBn and TEDTh) show broad ab-
sorption spectra with two absorption bands covering a wide
wavelength range from 300 to 700 nm in THF (Fig. 2). For TEDBn,
the absorption peak at 343 nm is contributed from the donor group
and the peak of 520 nm is assigned to the intramolecular charge
transfer (ICT) band. The absorption spectrum of TEDTh dye also
shows two peaks at wavelengths of 382 and 530 nm. There is sig-
nificant red-shift (~40 nm) in the short-wavelength peak (lmax,
382 nm) of TEDTh dye compared to TEDBn dye, because a thienyl
ring is attached to the anchoring group of TEDTh dye. However,
there is only a slight red-shift (10 nm) in the ICT band of the TEDTh
dye compared to that of TEDBn dye since the donor and acceptor for
both dyes are the same, similar phenomenon was observed in
literature [24]. Moreover, the molar extinction coefficient (ε) of
TEDTh (2.25 � 105 M�1 cm�1 at l ¼ 382 nm) is higher than that of
TEDBn (1.45 � 105 M�1 cm�1 at l ¼ 343 nm) and both are higher
than other DPP containing dyes reported in the previous studies
[18e27,42,43]. The photoluminescence (PL) spectra (Fig. 2) reveal
that the emission maxima (lEM) for TEDBn and TEDTh dyes in THF
are 569 nm and 587 nm, respectively. The Stokes shift (the wave-
length difference between the lmax of the absorption and the lEM of
the emission peak) of the dye is related to the efficiency of the
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Fig. 2. UVeVis absorption (black line) and emission (blue line) spectra of TEDBn and
TEDTh in THF. (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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electron injection from dye toTiO2, which will be discussedmore in
the later paragraph.

TD-DFT calculations are performed to calculate the optical data
of these two dyes and the results as well as those obtained from the
experimental observations are listed in Table 1. The calculated ICT
absorption bands for TEDBn and TEDTh are 501 and 520 nm,
respectively, which are in good agreement with the experimental
data. The ICT absorption bands of TEDBn and TEDTh involve four
molecular orbitals HOMO � 1 and HOMO to LUMO and LUMO þ 1
with strong mixing of these four transitions. In particular,
HOMO � 1 to LUMO and HOMO to LUMO transitions are the two
main transitions. The calculated HOMO � 1, HOMO, LUMO and
LUMO þ 1 orbitals for TEDBn and TEDTh dyes are displayed in
Figs. S1 and S2, SI. For both dye molecules the electron density in
HOMO� 1 is mainly distributed on DPPmoieties while the electron
density of HOMO is mainly located on ditolylaniline-EDOT moi-
eties. The electron density of LUMO and LUMO þ 1 is mainly
distributed on DPP-phenyl-phenyl (thiophene)-acceptor moieties.
Table 2 summarizes the electron density on every moieties of
TEDBn and TEDTh in THF before (where the electron density is
coming from) and after (where the electron density is going to) the
photo-excitation. The data show that the electron densities of the
anchoring groups increased by ca. 24% for both dyes indicating that
in THF the electron density of TEDBn and TEDTh is transferred
moderately toward the anchoring groups upon excitation.

The first oxidation potential (Eox) of the dye was measured by
squarewave voltammetry (SWV, Fig. S3, SI) using TBAPF6/CH2Cl2 as
an electrolyte, which corresponds to the HOMO level. The Eox of
TEDBn and TEDTh were þ0.70 and þ0.69 V vs Ag/AgCl (þ0.90
and þ0.89 V vs NHE), respectively. The HOMO level for TEDBn and
TEDTh is very close and both are higher than those of DPP con-
taining dyes studied previously [11,20e27] due to the contribution
of the strong donor EDOT unit. The values of Eox, for the two dyes
weremore positive than the redox potential of I�/I3� couple (~0.4 V
vs NHE) which is employed as an electrolyte in the DSC devices in
this study. The LUMO levels were calculated by HOMO þ E0e0,
where E0e0 is the optical transition energy of the dyes estimated
from the onset value of the absorption spectra. The E0e0 of TEDBn
(TEDTh) is 1.93 eV (1.81 eV), yielding a LUMO of �3.47 eV
(�3.58 eV). Compared with other DPP containing dyes reported
previously [24e27,44,45], the insertion of an EDOTmoiety between
ditolylaniline and DPP unit would lift not only the HOMO level but
also the LUMO level because of EDOT is an electron donating group.
The optical and electrochemical data displayed in Table 3 show that
the electron can be injected facilely into TiO2 conduction band (Ecb,
ca. �0.04 V vs NHE, �3.94 eV vs vacuum) from the photo-excited
sensitizers, and the oxidized dyes can be regenerated by I�/I3�

redox couple. The result indicates that organic dye containing DPP
Table 1
Experimental (EXP.) and computational electronic absorptions, transition characters, and

Dyes EXP. Calculation

lmax (nm) lmax (nm) Transitionsa EDDM (where th

TEDBn 520 501 HOMO � 1 / LUMO (39%)
HOMO / LUMO (32%)
HOMO / LUMO þ 1 (10%)
HOMO � 1 / LUMO þ 1 (10%)

TEDTh 530 520 HOMO � 1 / LUMO (41%)
HOMO / LUMO (29%)
HOMO / LUMO þ 1 (12%)
HOMO � 1 / LUMO þ 1 (10%)

Transitions with a contribution larger than 5% are shown.
unit in the back bone would be an efficient sensitizers when
applied in DSCs.

Fig. 3 shows the alignment of the calculated energy levels of the
TEDBne(TiO2)38 and TEDThe(TiO2)38 systems and the difference in
the electron density between the ground state and first excited
state (EDDM) and the related datawere summarized in Table 4. The
energy alignment is the combination of the occupied energy level
and the TD-DFT calculated excitations spectra proposed by De
Angelis and co-workers [46,47]. Interestingly, the EDDM results
revealed that the same electron (hot electron, excited electron
without thermal relaxation) density (14%) transferred from the dye
to (TiO2)38 cluster for both TEDBne(TiO2)38 and TEDThe(TiO2)38
systems. The result suggests that the fermi levels of TiO2 for two
dye-adsorbed TiO2 anodes are similar. The excited state energy
level is accordingly calculated to be at �3.47 and �3.57 eV for the
lower-energy transitions of the TEDBne(TiO2)38 and
TEDThe(TiO2)38 systems, respectively. Therefore, the lowest
driving forces for electron injection are 0.47 and 0.37 eV for the
TEDBne(TiO2)38 and TEDThe(TiO2)38 systems, respectively (rela-
tive to the energy level of the experimental TiO2 conduction band
(�3.94 eV)). The computed results also indicated that both
TEDBne(TiO2)38 and TEDThe(TiO2)38 systems have sufficient
driving force for the electron injection. Moreover, the
TEDBne(TiO2)38 systems have only a slight larger driving force
(0.10 eV) compared to the TEDThe(TiO2)38 systems, indicating that
the electron (cold electron, the excited electron after thermal
relaxation) injection rate is larger in the TEDBne(TiO2)38 system
than in the TEDThe(TiO2)38 system. Therefore the JSC of the cor-
responding cells will be determined not only by the absorption (the
absorption coefficient times dye loading) of the adsorbed dyes but
the rate of the electron injects from the excited dye to TiO2
electrode.

The JeV curves of the two dye-sensitized DSCs are shown in
Fig. S4 (a), SI and the detailed photovoltaic parameters were sum-
marized in Table 5. The photocurrent (JSC) of the TEDBn based DSC
is close to that of TEDTh based DSC. The JSC value is related to the
absorption coefficient of the dye, dye loading on the TiO2 elec-
trodes, electron injection from dye to TiO2, and charge recombi-
nation of the devices [40]. The dye loading of the DSC was
quantified by immersing the practical TiO2 anodes in a 0.20 mM
THF dye solution, and the concentration difference before and after
anode soaking was quantified by optical spectrophotometry [38].
TEDTh has a loading of 2.95 � 10�8 mol cm�2 in contrast to that
(3.88 � 10�8 mol cm�2) for TEDBn (see Table 5). The lower dye
loading of TEDTh can be rationalized at themolecular level from the
DFT computations (will be discussed in the following paragraph)
which indicates that thienyl containing dye has a more bending
conformation, resulting in lower dye loading. Although the dye
EDDMs of the DPP-containing dyes in THF.

e electron density is coming from) EDDM (where the electron density is going)



Table 2
Characteristics of the electron density for each moiety of TEDBn and TEDTh dyes in THF before and after transition.

Dye labs Change Percent contribution (%)

Ditolylamine Ph EDOT Ph DPP Ph Rb Acceptor

TEDBna 501 nm Before 27 13 12 8 33 5 1 0
After 0 2 5 9 32 12 16 24
Net �27 �11 �7 þ1 �1 þ7 þ15 þ24

TEDTha 520 nm Before 26 13 12 8 32 5 3 1
After 0 1 4 8 28 13 21 24
Net �26 �12 �8 0 �4 þ8 þ18 þ24

a The molecule is classified by different groups, which are arranged in the table from the donor side (ditolylamine) to the acceptor side.
b Phenyl for TEDBn and thienyl for TEDTh.

Table 3
Optical and electrochemical data of the two DPP-containing dyes.

1st E1/2 (V vs NHE) HOMO (eV)a lonset (nm) E0-0 (eV)b LUMO (eV)c

TEDBn þ0.90 �5.40 655 1.93 �3.47
TEDTh þ0.89 �5.39 670 1.81 �3.58

a FeCp2 þ/0 ¼ þ0.50 V (vs Ag/AgCl) in TBAPF6/CH2Cl2. The HOMO energy level was calculated from the half-wave potential of the oxidation according to the empirical
formula EHOMO ¼ �(E1/2 þ 4.5) V, assuming the energy level of ferrocene to be �4.5 eV below the vacuum level.

b The gap energy (E0e0) was calculated from the onset wavelength of the UVeVis spectrum according to the empirical formula Egap ¼ 1240/lonset.
c LUMO ¼ HOMO þ E0e0.
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loading of TEDBn is 20% higher than TEDPh and the injection rate is
also higher, the devices based on these two dyes have similar JSC
value. This is because of TEDBn has smaller absorption coefficient
compared to TEDTh as the data listed in Table 5.

The VOC of the DSCs based onTEDBn (0.762 V) is higher than that
for the cell sensitized with TEDTh (0.711 V). VOC of the DSCs related
to the series resistant and charge recombination of the cell. Higher
VOC for TEDBn based device may be due to TEDBn has higher dye
loading and therefore better TiO2 protection, less charge recombi-
nation. Electrochemical impedance spectroscopy (EIS) under dark
was taken to elucidate the difference in TiO2 surface coverage by
these two dyes. The EIS measurement was performed over the
frequency range from 10 mHz to 65 kHz at the applied bias voltage
set at �0.76 V. The Nyquist plots (Fig. S4 (b), SI) show two semi-
circles which are assigned to the electrochemical reaction at the Pt/
electrolyte interface, charge transfer at the TiO2/dye/electrolyte
interface, and the Warburg diffusion process of the electrolyte (I�/
I3

�). In general the conventional diffusion resistance of the redox
couple is greatly overlapped by the charge-transfer resistance
because of the relatively short length available for I� diffusion
within the thin spacer and owing to the low viscosity of the sol-
vents used in the electrolyte. TEDBn based device has higher TiO2/
dye/electrolyte interface resistance, indicating the TEDBn dyed TiO2
has better surface protection and therefore has less electron
recombination results in larger open-circuit voltage as general
observed in DSCs [48].

The dye loading of a DSC may relate to the conformation of dye
molecule. The conformation of TEDBn and TEDTh adsorbed on TiO2
are investigated by calculating the length of the projection of dyes.
Fig. 4 displays the calculated configurations of TEDBn and TEDTh
when adsorbed on (TiO2)38 clusters. The molecular lengths of
TEDBn and TEDTh are 2.86 nm and 2.81 nm, respectively. We
defined the length of the projection as the distance between the
coordinates of the C atoms of carboxylic acid and the coordinates of
the N atoms on ditolylaniline projected on TiO2 surfaces. The
calculated projection lengths for TEDBn and TEDTh are 8.13 and
8.77 Å, respectively. The longer projection length of TEDTh suggests
that one TEDTh molecule can occupy more TiO2 surface than one
TEDBn molecule. Thus, TEDTh will have lower loading on TiO2 than
TEDBn, consistent with the experiment data. The bending structure
of TEDTh originated from the chemical connectivity between the
thienyl ring and its two neighboring moieties at the 2,5-positions.
On the other hand, the phenyl ring in TEDBn is chemically con-
nected to its two neighboring moieties at the para positions,
leading to a more linear geometry. Higher dye loading and linear
molecular conformation results in better TiO2 coverage, less charge
recombination, therefore higher VOC. IPCE spectra displayed in
Fig. S4 (c) (Supporting information) reveal that TEDBn based DSC
has narrower IPCE spectrum compared to TEDTh sensitized device,
which is consistent with the narrower absorption profile of TEDBn
dye (see Fig. 2). Nevertheless TEDBn based cell has IPCE value
higher than that for the cell sensitized by TEDTh at wavelength of
350e650 nm, due to TEDBn has higher dye loading and less charge
recombination. As a result, the JSC values for the devices sensitized
by the two dyes are very close.

Another parameter affects the JSC of a DSC is the efficiency of the
“cold” electron injection from dye to TiO2. In the previous para-
graphs we had shown the efficiency of the “hot” electron injection
from dye to TiO2 by calculation. A simple method to investigate the
“cold” electron injection efficiency is by probing the exciton bind-
ing energy of the dye molecule [49]. The Stokes shift (related to the
exciton binding energy) of the dye can be calculated by taking the
wavelength difference between the lmax of the absorption and the
lEM of the emission peak shown in Fig. 2. The Stokes shift of TEDBn
(49 nm) is smaller than that of TEDTh (57 nm), indicating that
TEDBn has weaker excitons binding energy which could result in
more efficient electron injection for TEDBn dye to TiO2 anode. The
intrinsic “cold” exciton lifetime of dye in THF can be measured with
the time-resolved PL of TEDBn and TEDTh using the sum-frequency
technique as shown in Fig. S5, SI. To obtain the relaxation times, the
experimental results are fitted in a 2-constant exponentially
decaying function as follows:

IPL ¼ Aeee�t=tee þ Aee�t=te ; (1)

where Aee is the amplitude of “cold” excitoneexciton annihilation;
Ae is the amplitude of “cold” excitons, tee is the time of exci-
toneexciton annihilation, and te is the lifetime of “cold” excitons.
The fitted results are listed in Table 6. The “cold” exciton lifetimes of
TEDBn and TEDTh are 602 ps and 441 ps, respectively. The exciton



Fig. 3. Alignment of the ground and excited state energy levels for the dye-(TiO2)38 systems and the EDDMs for the dye-(TiO2)38 systems, before (the purple indicates where the
electron density is coming from) and after (the cyan indicates where the electron density is going) photo-excitation. Orange dashed and green dashed lines indicate the edge of the
experimental TiO2 conduction band (CB) and the calculated HOMO energy levels of the dye-(TiO2)38 systems: (a) TEDBn-(TiO2)38; (b) TEDTh-(TiO2)38 systems. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Characteristics of the electron density for each moiety of TEDBn and TEDTh dyes adsorbed on TiO2 before and after transition.

Dye labs Change Percent contribution (%)

Ditolylamine Ph EDOT Ph DPP Ph Rb Acceptor (TiO2)38

TEDBne(TiO2)38a 514 nm
f ¼ 1.86

Before 28 14 13 8 31 4 1 0 0
After 0 1 5 11 37 12 9 11 14
Net �28 �13 �8 þ3 þ6 þ8 þ8 þ11 þ14

TEDThe(TiO2)38a 536 nm
f ¼ 2.20

Before 27 13 11 7 31 6 3 1 0
After 0 1 3 7 31 15 15 15 14
Net �27 �12 �8 0 �1 þ9 þ12 þ14 þ14

a The molecule is classified by different groups, which are arranged in the table from the donor side (ditolylamine) to the acceptor side.
b Phenyl for TEDBn and thienyl for TEDTh.
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Fig. 4. The length of the projection of TEDBn and TEDTh dyes adsorbed on TiO2 surface.

Table 5
Photovoltaic performance of DSCs sensitized with TEDBn, TEDTh and N719, dye loading and the absorption (Abs) of dye adsorbed TiO2 anodes.

Dye JSC (mA/cm2) VOC (V) FF h (%) Dye loading (10�8 mol cm�2) ε (105 M�1 cm�1) Abs

TEDBn 12.7 0.762 0.74 7.2 3.88 1.45 5.63
TEDTh 12.3 0.711 0.76 6.6 2.95 2.25 6.64
N719 13.4 0.799 0.73 7.8 e e e

Abs ¼ dye loading � absorption coefficient (ε).
Electrolyte: 0.6 M BMII, 0.1 M LiI, 0.05 M I2, 0.1 M GuNCS, 0.5 M TBP in dried acetonitrile.
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lifetime in the dye is inversely proportional to the exciton binding
energy which is related to the ability of electron injection from dye
to TiO2 anode in dye-sensitized solar cells. The lifetime of “cold”
excitons is consistent with the exciton binding energy obtained
from the Stokes shift of the dye molecules in THF, which suggests
that TEDBn having weaker exciton binding energy and longer
exciton lifetime will have higher electron injection efficiency when
adsorbed on TiO2 compared to TEDTh.

In order to get the direct evidence of the electron injection from
the dye to TiO2, the time-resolved PL of dye adsorbed TiO2 were
measured and displayed in Fig. 5. To obtain the relaxation time, the
experimental results are fitted into a 3-constant exponentially
decaying function as follows:
Table 6
Excitoneexciton annihilation time (tee) and exciton lifetime (te) for the two DPP-
containing dyes dissolved in the THF and Electron injection time (ti), exci-
toneexciton annihilation time (tee), exciton lifetime (te) and electron injection ef-
ficiency (h) for the two DPP-containing dyes adsorbed on TiO2.

Dye in THF Aee tee (ps) Ae te (ps)

TEDBn 0.5 220 0.5 602
TEDTh 0.51 114 0.49 441

Dye adsorbed
in TiO2 film

Ai ti (ps) Aee tee (ps) Ae te (ps) h (%) Ai ti (ps)

TEDBn 0.55 1.06 0.31 5.36 0.14 35.81 97.1 0.55 1.06
TEDTh 0.61 1.67 0.26 9.52 0.13 40.30 96.0 0.61 1.67
IPL ¼ Aie
�t=ti þ Aeee�t=tee þ Aee�t=te ; (2)

where Ai is the amplitude of the electron injection, Aee is the
amplitude of excitoneexciton annihilation, Ae is the amplitude of
the residual exciton, ti is the electron injection time, te is the
excitoneexciton annihilation time, and te is the exciton lifetime.
The “cold” electron injection efficiency can be evaluated by
Fig. 5. Time-resolved photoluminescence of TEDBn/TiO2 and TEDTh/TiO2.
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h ¼ 1=ti=ð1=ti þ 1=teÞ. The tree time constants and the estimated
“cold” electron injection efficiency are also listed in Table 6. The
experimental results show that the “cold” electron injection effi-
ciency at TEDBn/TiO2 (h ~ 97%) is only slightly better than that
(h ~ 96%) at TEDTh/TiO2 and both dye has very high electron in-
jection efficiency.

4. Conclusion

We have revealed that DPP-containing organic sensitizers can
achieve excellent photovoltaic performance. The density function
theory (DFT) calculation shows that DPP increases the intra-
molecular charge transfer to enhance the absorption coefficient of
the molecule. TEDTh dye has the record-high molar extinction
coefficient of 2.25� 105 M�1 cm�1 at l ¼ 530 nm, contributed from
ditolylaniline, EDOT, and DPPmoieties. The optical bandgap of DPP-
containing dye can be reduced through the insertion of thienyl
spacer between the anchoring groups and DPP core. However, the
thienyl in the anchoring group significantly affects the conforma-
tion of the molecule, results in bending structure and therefore low
dye loading on TiO2 anode. On the other hand, TEDBn dye con-
taining phenyl spacer, although has low absorption coefficient, is a
linear geometry therefore has high dye loading. Nevertheless, the
overall absorption (dye loading times absorption coefficient) of
TEDBn adsorbed TiO2 is still lower than that of TEDTh adsorbed
TiO2. Photon dynamic studies show that comparing to TEDTh, the
exciton of TEDBn has lower binding energy and longer lifetime and
therefore has higher electron injection efficiency when adsorbed
on TiO2. Therefore the JSC values for the DSCs based on TEDBn and
TEDTh dyes are very close. Nevertheless high dye loading of TiO2
forms a good surface protection, the corresponding cell has less
charge recombination, therefore high VOC. Under 1 Sun (100 mW/
cm2, AM 1.5 G) TEDBn based DSC exhibits a good PCE of 7.2% which
is 90% of N719 based cell. The results demonstrate that DPP con-
taining DepeA dyes has a great potential to be the sensitizers for
the high-performance DSCs.
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