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The geometries, electronic structures and absorption spectra of the two organic triphenylamine-based dyes TA-

St-CA and TA-DM-CA, containing identical electron donors and acceptors but the different conjugated

bridges, were studied by density functional theory (DFT) at the B3LYP and PBE1PBE levels, respectively. The

influence of para-orientating methoxyl units on the electronic structures and light absorption properties of the

dyes and the consequent photovoltaic performance of the dye-sensitized solar cells (DSSCs) were investigated

in detail. The results indicate that the introduction of the para-orientating methoxyl units into the conjugated

bridge induces the increased absorption wavelength as well as the more negative EHOMO corresponding to the

bigger driving force ( − EHOMO) for dye reduction, which together improve the photovoltaic performance

of TA-DM-CA, although there is a decline of the open circuit voltage caused by the more negative ELUMO. 
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Introduction

Recently, with the increasingly serious energy-demanding
and the environmental-concerning nature of conventional
energy systems, dye-sensitized solar cells (DSSCs) have
been intensively investigated as possible alternatives to
conventional solid-state photovoltaic devices owing to their
comparatively low cost and high efficiency.1-5 The dye
acting as photosensitizer is one of the key factors for the
light to energy conversion efficiency of the DSSCs. The
performances of dyes, such as light harvesting efficiency,
quantum yield of electron injection on the surface of
semiconductor film, and so on, are of great importance to
determine the efficiency of the DSSCs. 
There are several types of dyes used in the DSSCs and

among which polybipyridyl ruthenium complex dyes exhibit
the relatively higher efficiency.6 Many metal-free organic
dyes for the DSSCs, including cyanine dyes,7 indoline
dyes8,9 and coumarin dyes10 are also reported because of
their lower cost, more environment harmony and more
convenient synthesis process compared with the ruthenium
complex dyes. These organic dyes have been experimentally
proved as the promising sensitizers and have been synthe-
sized and applied extensively for the DSSCs. Experimental
synthesis method is a powerful and straightforward route to
get new dyes; however, the process is not only expensive but
also time-consuming. The density functional theory (DFT)
calculation is another effective tool for theoretical treatment
of structures as well as electronic and absorption spectra of
the dyes.5,11-13 The theoretical studies of the physical pro-
perties of dyes are vital to disclose the relationship between
the structures and the performance, which is advantageous

for the dye screening and design.
In the past years, the novel organic dye TA-St-CA, con-

taining a π-conjugated phenylenevinylene unit with an
electron donor-acceptor moiety, was reported with the light
to energy conversion efficiency of 9.1%.14,15 More recently,
to enhance the electron donating character and absorption
properties of the dye TA-St-CA, the dye TA-DM-CA, with
the introduction of the para-orientating methoxyl units at the
phenylenevinylene moiety, has been synthesized, yielding
overall efficiency of 9.7%.16 In order to understand the effi-
cient sensitized mechanism of the dyes, and further to
elucidate the photovoltaic performance enhancement of the
dye induced by the para-orientating methoxyl units, the
geometric and electronic structures and absorption pro-
perties of the dyes TA-St-CA and TA-DM-CA were investi-
gated in detail via DFT and TD-DFT17,18 calculations. The
relationships between the theoretical electronic parameters
of the dyes and the experimental photovoltaic performance
of the cells were also discussed.

Computational Methods

The structures of TA-St-CA and TA-DM-CA were pre-
optimized using the semi-empirical AM119 method. The final
ground-state geometries were obtained by more precise
optimization without any symmetry constrains at the Becke’s
three parameter gradient-corrected exchange potential and
the Lee-Yang-Parr gradient-corrected correlation potential
(B3LYP)20 level of theory with the 6-31g (d) basis set. A full
natural bond orbital (NBO) analysis was employed by using
the POP=NBO keyword, along with the second-order
perturbation theory (SOPT) approach.
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The excitation energies and oscillator strengths for the
lowest 30 singlet-singlet transitions at the optimized geo-
metry were obtained by TDDFT calculations21 with the
hybrid functionals B3LYP and PBE1PBE,22 respectively, by
the same basis set as for the ground state. According to the
calculated results, the UV-vis absorption spectra were
simulated by means of the SWizard program (Revision 4.6)
using a Gaussian convolution with the full width at half-
maximum of 3500 cm−1.
The calculation was implied with the assumption that the

dyes were involved in the ethanol solvent. Thus, the con-
ductor polarizable continuum model (CPCM)23 was employ-
ed in this program to introduce the solvation effect of
ethanol. All calculations were performed with the Gaussian
03 program package.24 

Results and Discussion

Molecular Geometries. As shown in Figure 1, the dyes of
TA-St-CA and TA-DM-CA studied in this work all have a
typical donor-π conjugate-acceptor (D-π-A) structure, which
contain phenylenevinylene or methoxy-substitued phenyl-
enevinylene linker with the triphenylamine unit as an
electron donor and cyanoacrylic acid as an acceptor. The
structures of the two dyes are almost the same (the same
donor and acceptor) except for the conjugated linkers, where
exist the additional para-orientating methoxyl units for the
TA-DM-CA compared with the TA-St-CA.
The optimized geometrical structures in the ground state

of the dyes TA-St-CA and TA-DM-CA are given in Figure
2, and the selected calculated bond lengths and dihedral
angles of the dyes are listed in Table 1. The dihedral angles
between the cyanoacrylic acid and the phenylenevinylene or
the methoxy-substitued phenylenevinylene groups (TA-St-
CA: θ(47C-49C-34C-35C)=179.77°, TA-DM-CA: θ(46C-
48C-34C-35C)=179.34°) are all nearly to 180°, indicating
the acceptor moiety (cyanoacrylic acid) is located to be
coplanar with the groups in conjugate bridge (phenylene-
vinylene/methoxy-substitued phenylenevinylene) in the TA-

St-CA and the TA-DM-CA. Thus, the strong conjugated
effects may be formed in the structures of the two dyes
which are very helpful for efficient charge transfer (CT) in
the conjugated chains. The acceptor and donor moieties are
practically identical in the two dyes, as demonstrated by the

Figure 1. Chemical structures of the dyes: (a) TA-St-CA and (b)
TA-DM-CA.

Figure 2. Optimized ground state geometries of (a) TA-St-CA and
(b) TA-DM-CA with atomic serial numbers, at B3LYP/6-31g (d).
(The red colored spheres: O; the blue colored spheres: N; the larger
dark colored spheres: C; the smaller light colored spheres: H).

Table 1. Selected bond lengths (Å) and dihedral angles (°) of TA-
St-CA and TA-DM-CA dyes, at B3LYP/6-31g (d)

TA-St-CA TA-DM-CA

Ra(12N-37C) 14.756 Ra(12N-37C) 14.797

Ra(42C-53C) 1.455 Ra(42C-51C) 1.455

Ra(34C-49C) 1.443 Ra(34C-48C) 1.435

Ra(20C-52C) 1.456 Ra(20C-50C) 1.455

θb(52C-53C-42C-44C) 179.14 θb(50C-51C-42C-43C) 165.31

θb(47C-49C-34C-35C) 179.77 θb(46C-48C-34C-35C) 179.34

θb(18C-52C-53C-42C) 179.55 θb(18C-50C-51C-42C) 177.70

aThe band length of the selected atoms. bDihedral angle of the two planes
composed of the atoms involved above.
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very similar computed internal structural parameters. How-
ever, for TA-St-CA, the calculated distance between the C
atom in carboxyl and the N atom in aniline is 11.55 Å, this
value is larger about 0.16 Å than that of the TA-DM-CA
(R(12N-37C)=11.39 Å), which reason may be designated to
the electron delocalization effect induced by the additional
para-orientating methoxyl units in the covalent linker of TA-
DM-CA (will be further discussed in the following).
Electronic Structures. Natural bond orbital (NBO) analy-

sis was carried out to analyze the charge populations of the
dyes. The natural charges of triphenylaniline group (donor),
phenylenevinylene group (covalent linker) and cyanoacrylic
acid (acceptor) in TA-St-CA are 0.050, 0.075 and −0.125,
whereas those of triphenylaniline, phenylenevinylene, para-
orientating methoxyl units and cyanoacrylic acid in TA-DM-
CA are 0.043, 0.490, −0.389 and −0.154, respectively. The
above data reveal that the para-orientating methoxyl units
are not the effective electron donor unit, but the introduction
of the para-orientating methoxyl units can bring both
obvious enhancement of the electron-drawing capability to
the acceptor and the electron-donating capability to the
covalent linker, which are good for the electron CT process
from dye to TiO2 conduction band, although a slight weak-
ness to the electron-donating capability of the donor. In
order to further characterize the CT capability of TA-DM-
CA and TA-St-CA, a second-order perturbation theory
(SOPT) analysis of the Fock matrix within the NBO basis
was carried out. The energies of the π → π

* conjugative
interactions in the selected bonds taken from the NBO
analysis are given in Table 2. As shown by NBO analysis,
some of the energies of the conjugative interactions [TA-St-
CA: π(C52=C53)→ π

*(C42=C44) vs. TA-DM-CA: π(C50
=C51)→ π

*(C42=C44)] are stronger in TA-St-CA but most
of them are stronger in TA-DM-CA, implying that the
conjugation effect of the D-π-A system of TA-DM-CA
increases compared with TA-St-CA, by introduction of the
para-orientating methoxyl units. Then, the CT capability of
TA-DM-CA will be improved accordingly. 
The frontier molecular orbital (MO) contribution is very

important in determining the charge-separated states of dyes.
The MO of the dyes involved in the analyzed transition was

examined in detail and the isodensity plots of TA-St-CA and
TA-DM-CA are displayed in Figure 3. As to TA-St-CA, the
highest occupied MO (HOMO) is mainly delocalized at the
triphenylinaniline and the connected ethylene group, where-
as the HOMO-1 is delocalized over the entire molecule. The
lowest unoccupied MO (LUMO) is π* orbital localized in
the cyanoacrylic acid and the phenylenevinylene with less
contributions in the phenyl group in the triphenylinaniline
linked to the vinyl group, whereas the LUMO+1 is also a π*

orbital that localized in cyanoacrylic acid, phenylenevinyl-
ene and the connected phenylinaniline. As to TA-DM-CA,
for the HOMO-1, HOMO and LUMO+1, there are some
changes of electron density distribution in the phenyl group
linked to the cyanoacrylic acid compared with those of TA-
St-CA, especially for the HOMO, the electron density in the
phenyl group of the covalent linker connected to the
cyanoacrylic acid increases largely (consistent with the NBO

Table 2. Energy of conjugative interactions (in kcal/mol) between the π-bonding and π*-antibonding orbitals in TA-St-CA and TA-DM-CA
based on second-order perturbation theory analysis of the Fock matrix for the NBO analysis

TA-St-CA TA-DM-CA

Type interaction ΔE (kcal/mol) Type interaction ΔE (kcal/mol)

π(C52=C53)→π*(C16=C20) 14.68 π(C50=C51)→π*(C18=C20) 15.14

π(C52=C53)→π*(C42=C43) 2.01 π(C50=C51)→π*(C42=C43) 2.19

π(C52=C53)→π*(C42=C44) 22.36 π(C50=C51)→π*(C42=C44) 21.35

π(C47=C49)→π*(C34=C35) 37.61 π(C46=C48)→π*(C34=C35) 39.62

π(C34=C35)→π*(C36=C38) 28.48 π(C34=C35)→π*(C36=C38) 30.16

π(C34=C35)→π*(C37=C39) 34.06 π(C34=C35)→π*(C37=C39) 35.96

π(C34=C35)→π*(C47=C49) 10.53 π(C34=C35)→π*(C46=C48) 10.72

LP(O54)→π*(C43=C45) 34.16

LP(O55)→π*(C46=C48) 37.67

Figure 3. The frontier orbitals of TA-St-CA and TA-DM-CA
optimized with DFT.
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charge analysis, where the covalent linker became more
charged by introduction of the para-orientating methoxyl
units), while for the LUMO of TA-DM-CA, the electron
density distribution throughout the dye molecule is almost
similar to that of TA-St-CA. Consequently, with the higher
electron density in the phenyl group of covalent linker, the
electrons of TA-DM-CA will be easier to be separated and
transferred from the more electron-rich linker to the acceptor
moiety in comparison with TA-St-CA, which is in accord
with the NBO and SOPT analysis above.
The calculated absolute energies of the HOMOs are −5.24

and −5.35 eV, while those of the LUMOs are −2.58 and
−2.63 eV respectively for TA-St-CA and TA-DM-CA, as
shown in Figure 4. The LUMO levels of TA-St-CA and TA-
DM-CA are sufficient more positive than the conduction

band (CB) energy level of TiO2 (Ecb is −2.77 eV for the bare
Ti38O76 cluster as a model for nanocrystalline exposing the
anatase (101) surface25,26) to inject the electrons from the
dyes to the conduction band of TiO2. Moreover, with the
introduction of the para-orientating methoxyl units, the
HOMO-LUMO energy gap of TA-DM-CA increases com-
pared with that of TA-St-CA, which would be beneficial for
the light absorption performance of TA-DM-CA.
Optical Absorption Spectra. The excitation energies and

oscillator strengths for the lowest 30 singlet-singlet transi-
tions dyes were calculated by TD-DFT method. In order to
obtain the microscopic information about the electronic
transitions, the corresponding molecular orbital properties
were checked, and the excitation energies and oscillator
strengths along with the main excitation configurations of
TA-St-CA and TA-DM-CA by B3LYP and PBE1PBE are
listed in Table 3 and 4, respectively.
On the basis of calculated electronic spectra, the UV-vis

spectra of TA-St-CA and TA-DM-CA were simulated by a
Gaussian convolution with the full width at half-maximum
of 3500 cm−1, as shown in Figure 5. The simulated UV-vis
spectra of TA-St-CA and TA-DM-CA both contain a very
intense and broad band in the 500-700 nm region and one or
two less intense bands in the 350-450 nm region. The
spectrum of TA-DM-CA red-shifts in the long wavelength
region (500-700 nm) while splits into two bands in the short
wavelength region (350-450 nm) compared with that of TA-
St-CA, which are advantageous for the light harvesting for
TA-DM-CA. The reason for the absorption difference
between TA-St-CA and TA-DM-CA could be assigned to
the enhancement of π conjugation effect by introduction of
the para-orientating methoxyl units to p-position of the basic

Figure 4. Frontier molecular orbital energies computed for TA-St-
CA and TA-DM-CA together with the TiO2 anatase (101) conduc-
tion band.

Table 3. Computed excitation energies, electronic transition configurations and oscillator strengths for the optical transitions with
fsinglet > 0.03 of the UV-vis absorption bands for TA-St-CA and TA-DM-CA by B3LYP/6-31G (d)

State
Configurations composition with |CI Coeff.| > 0.2 

(corresponding transition orbitalals)

Ea
singlet

(eV/nm) 
f bsinglet Assign

TA-St-CA

1 H→ L (+90%) 2.10/589.7 1.090 π → π*

2 H-1→ L (+82%); H→ L+1 (9%) 3.13/396.0 0.841

3 H→ L+1 (+80%); H-1→ L (+6%) 3.46/357.9 0.144

4 H→ L+2 (+55%); H-3→ L (+36%) 3.91/316.8 0.033

5 H→ L+3 (+86%) 4.01/309.4 0.172

6 H-5→ L (+58%); H-4→ L (18%); H-1→ L+1 (11%) 4.15/298.4 0.099

7 H→ L+5 (+41%); H→ L+6 (+38%); H→ L+7 (9%) 4.44/279.5 0.032

TA-DM-CA

1 H→ L (+88%) 2.06/600.7 1.175 π → π*

2 H-1→ L (+81%) 2.74/452.6 0.299

3 H-2→ L (+83%) 3.27/378.9 0.4290

4 H→ L+1 (+81%) 3.46/357.8 0.153

5 H→ L+2 (+62%); H-4→ L (+29%) 3.90/317.8 0.037

6 H→ L+3 (+83%); H-7→ L (8%) 4.00/309.7 0.162

7 H-5→ L (+50%); H-1→ L+1 (37%) 4.02/308.1 0.038

8 H-7→ L (+59%); H-6→ L (+35%) 4.17/297.4 0.034

9 H→ L+5 (+63%); H→ L+4 (+20%) 4.42/280.7 0.036

aThe excitation energies of the singlet-state for the dyes. bThe oscillator strengths of the singlet-state of the dyes.
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phenylenevinylene structure (confirmed by the SOPT
analysis). Furthermore, the absorption bands calculated by
the B3LYP functional red-shift compared with that by the
PBE1PBE for the two dyes. 
The absorption peaks of the simulated spectra as well as

the experimental results are summarized in Table 5. For TA-
St-CA, the experimental peaks are 302 nm (Peak I) and 386
nm (Peak II), while for TA-DM-CA the experimental peaks
are 305 nm (Peak I) and 433 nm (Peak II). The calculated
peaks of the dyes with B3LYP and PBE1PBE functionals
are both red-shifted in comparison with the experimental.
However, the qualitative agreements between the computed
and the experimental peaks of the dyes can be obtained,
although there are some discrepancy (red shift) between
them which may be attributed to the DFT method and the
solvent effects on the dyes. Moreover, the hybrid functional
PBE1PBE is more suitable than B3LYP for calculation of

electronic absorption spectra of the dyes in comparison with
the experimental results, consulting from the Figure 5 and
Table 5. As a whole, our computational method tends to be
effective to deal with the UV-vis absorption spectra of the
dyes.
Theoretical Parameters to Judge Electrochemical Per-

formance of the Dyes. The electronic structures and absorp-
tion spectra of the TA-St-CA and TA-DM-CA were investi-
gated by the DFT and TD-DFT calculations. The relation-
ships between these electronic structure parameters and the
photovoltaic performances of the dyes will be discussed in
detail below.
According to the electron transfer mechanism and single

electron and single state approximation, the following
energy relationship exists:15 

eVoc = ELUMO − Ecb (1)

Where, ELUMO is the LUMO energy level (eV) of the dyes,
Ecb is the conduction band energy level (eV) of the
semiconductor and Voc is the open-circuit voltage (V) of the

Table 4. Computed excitation energies, electronic transition conFigure urations and oscillator strengths (f) for the optical transitions with
fsinglet > 0.03 of the UV-vis absorption bands for TA-St-CA and TA-DM-CA by PBE1PBE/6-31G (d)

State
Configurations composition with CI Coeff. > 0.2 

(corresponding transition orbitalals)

Ea
singlet

(eV/nm) 
f bsinglet Assign

TA-St-CA

1 H→ L (+90%) 2.24/553.8 1.213 π → π*

2 H-1→ L (+84%); H→ L+1 (7%) 3.28/378.3 0.764

3 H→ L+1 (+82%) 3.61/343.5 0.154

4 H-3→ L (+47%); H→ L+2 (+30%); H→ L+3 (+6%) 4.10/302.1 0.072

5 H→ L+3 (+82%); H-3→ L (10%) 4.15/298.8 0.167

6 H-5→ L (+59%); H-→ 6L (+19%); H-3→ L (6%) 4.34/285.8 0.063

7 H-1→ L+1 (+76%); H→ L+7 (+10%) 4.67/265.3 0.039

TA-DM-CA

1 H→ L (+88%) 2.18/568.1 1.304 π → π*

2 H-1→ L (+81%); H-2→ L (+6%) 2.84/436.0 0.224

3 H-2→ L (+80%); H→ L+1 (+5%) 3.42/362.8 0.434

4 H→ L+1 (+82%) 3.61/343.8 0.146

5 H-3→ L (+62%); H-4→ L (14%); H→ L+2 (10%) 4.07/304.4 0.034

6 H-4→ L (+32%); H→ L+2 (+31%); H-3→ L (+26%) 4.08/303.5 0.032

7 H→ L+3 (+86%) 4.15/299.0 0.191

8 H→ L+5 (+65%); H→ L+4 (+15%) 4.58/270.6 0.042

aThe excitation energies of the singlet-state for the dyes. bThe oscillator strengths of the singlet-state of the dyes.

Figure 5. Simulated UV-vis absorption spectra of TA-St-CA and
TA-DM-CA with hybrid functionals B3LYP and PBE1PBE.

Table 5. The absorption peaks of the simulated as well as the
experimental spectra of TA-St-CA and TA-DM-CA in ethanol

Dyes
λabs (nm)

B3LYP PBE1PBE Experimental

TA-St-CA
Peak I 393 375 302a

Peak II 588 552 386a

TA-DM-CA

Peak I 374 359 -

Peak II 452 434 305b

Peak II 602 568 433b

aThe experimental absorption value from the Ref.14. bThe experimental
absorption value from the Ref.16.
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DSSCs. In Eq. (1), the Ecb of TiO2 is −2.77 eV, which is
much more negative than the ELUMO values of −2.58 eV for
TA-St-CA and −2.63 eV for TA-DM-CA, as shown in
Figure 4. According to the equation, the more positive
ELUMO of the dyes means the bigger Voc of the cells. Then,
the TA-St-CA, with the more positive ELUMO, has a bigger
Voc (743 mV) than that (679 mV) of TA-DM-CA. On the
other hand, the short circuit current density (Jsc) is deter-
mined by not only the rate of electron injection from the
excited dyes to the conduction band of TiO2, but also the rate
of reduction between the excited dyes and I−/I3−. The more
negative EHOMO corresponds to the much bigger driving
force ( − EHOMO) for the reduction of the oxidized dye
by I− in the electrolyte and the faster rate for the reduction of
the oxidized dye. So, with the EHOMO of −5.24 eV for TA-St-
CA and −5.35 eV for TA-DM-CA, the theoretical order of
the short circuit current density of the dyes is Jsc(TA-DM-
CA) > Jsc(TA-St-CA), which is consistent with the experi-
ment results in Table 6. Additionally, with the introduction
of the para-orientating methoxy units, the absorption wave-
length of TA-DM-CA increases compared with that of TA-
St-CA, revealing better light absorption efficiency for TA-
DM-CA. In sum, taking all factors above into consideration,
the light-to-electric conversion efficiency of TA-DM-CA
(9.7/10.2%16) is slightly higher than that of TA-St-CA (9.1/
10.1%14), with the N719 as reference under the same condi-
tions.

Conclusions

A detailed theoretical study of the geometric and elec-
tronic properties of TA-St-CA and TA-DM-CA as efficient
sensitizers for the DSSCs has been performed. The calcu-
lated geometric characters indicate that the strong conju-
gated effects between the acceptor moiety and the conjugate
bridge are formed, which are very helpful for efficient
electron transfer in the conjugated chains in the two dyes.
The calculated electronic properties display the HOMO and
the LUMO levels of the dyes match well with the energy
levels of the TiO2 for the electron transfer in the DSSCs. The
simulated absorption spectra of the dyes agree with those of
the experiment. The comparative studies of electronic struc-
tures and absorption spectra between TA-St-CA and TA-
DM-CA indicate that with introduction of the para-orien-
tating methoxyl units into the conjugated bridge, the HOMO
and LUMO energy levels of TA-DM-CA become negative
while the HOMO-LUMO energy gap of it widens; and the
simulated absorption wavelength increases in comparison

with that of TA-St-CA.
Through the theoretical analysis between the photovoltaic

performance and electronic structure parameters, the smaller
Voc of TA-DM-CA may be deduced by the more negative
ELUMO; the larger Jsc of TA-DM-CA may be resulted from
the increased absorption wavelength and the bigger reduc-
tion driving force caused by the much more negative EHOMO;
and the common effects make the TA-DM-CA a more
efficient sensitizer than the TA-St-CA for the DSSCs, which
is consistent with the experiment results. 
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