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Abstract: Dye-sensitized solar cells (DSSCs) based on triphenylamine (TPA) as a donor group linked with the acceptor cyanoacrylic 
acid electron acceptor by 2,2’-bithiophene as π-bridged (D-π-A) has been investigated by Density Functional Theory (DFT) at 
the B3LYP/6-311G(d,p) level of theory, to establish the conformational orientation of cyanoacrylic acid group as well as evaluate 
the effect of planarizing the 2,2’-bithiophene unit in position 3 and 3’ by electron withdrawing or donor groups on the electronic 
structure properties of ground and doping(n,p) states. Also, the Time Dependent Density Functional Theory (TD-DFT) at the  
CPCM-TD-CAM-B3LYP//CAM-B3LYP/6-311G(d,p) level of theory were selected to modulate the electronic absorption spectra 
and charge-transfer capabilities of the molecules analyzed in the present work. The results indicate that adding an auxiliary donor or 
withdrawing group to the 2,2’-bithiophene in the (D-π-A) arrangement allow to modify the LUMO’s energy of the dyes, while the 
HOMO´s energy is slightly affected.
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INTRODUCTION

Recently, the search for sustainable, reliable and clean energy 
has become one of the main challenges in different fields such as 
chemistry, physics and material sciences. Thus, it is not so strange 
that many researchers have focused their efforts in the development 
and optimization of new renewable energy technologies. In this 
sense, the Grätzel cell, also called organic dye-sensitized solar 
cell (DSSC) represents a good alternative to produce clean and 
renewable energy at low cost in comparison to the inorganic 
semiconductor-based photovoltaic devices employed for the 
conversion of sunlight into electricity.1 A typical DSSC works 
based on the recombination between electron and “holes” on 
the surface of semiconductor oxide (usually TiO2), that adsorbs 
the dye molecules (sensitizers). These sensitizers absorb the 
sunlight and then the photoexcited electrons from the dyes can 
be rapidly injected into the conduction band of the semiconductor 
photoanode,2 while the oxidized organic dye is then reduced by a 
redox electrolyte (usually the I-/I3

- couple).3 Significant advances 
have been reached in the molecular design of these kind of organic 
dyes,4-6 getting efficiencies close to 13%, when dyes based on 
porphyrin are used.7 This organic molecular design DSSC have a 
donor part (D) linking with a terminal acceptor (A) by a π-bridged 
block (D-π-A). In this context, several organic dyes based in 
coumarin,8 indoline,9 carbazole,10 and triphenylamine derivatives 
(TPA),11 as the donor part, and containing a terminal cyanoacrylic 

acid (CA), as electron accepting moiety, have been proposed as 
promising candidates for get high power conversion efficiency.

In this sense, TPA show excellent solubility, good stability, and 
high photoluminescent efficiency, by which have been extensively 
used in the fabrication of optoelectronic and electronic devices,12 such 
as organic light emitting diodes (OLEDs),13-15 dye-sensitized solar 
cells,16 field-effect transistors,17 among others. Here, it is important to 
mention that TPA are able to expand the light absorption ability of the 
dye.18-23 Additionally, their non-planar structure avoid the aggregation 
of the dye on the TiO2 surface.24 Consequently, TPA are considered 
as ideal donor units in organic dyes, because are able to exhibit a 
good electron donating and high hole-transporting capability.24,25 
New dyes based on TPA as electron donor group have been studied 
from experimental,26-30 and theoretical,16,27,31-34 point of views. Hence, 
a lot of effort has been dedicated to understand the relationship 
between the molecular structure of these dyes based on TPA, CA 
and different π-spacers, in order to analyze their charge-transporting 
properties.35-37 The effect of different π-spacers on the performance 
of dye-sensitized Solar Cells Based on TPA-CA has been reported in 
the literature. For example, different substituents such as phenylene 
units, 2,2′;5′,2′′-terthiophene (TT), dithieno[3,2-b;2′,3′-d]thiophene 
(DTT),38 OMe, OEt, OHe, and OH,39 thiophene,40 thiadiazole 
derivatives,41 have been employed. Specifically, triphenylamine dyes 
containing a variable number of thiophene units as π-spacers have 
shown that, if the length of the conjugate bridge is increased, there 
is a better match between the absorption properties of dyes and solar 
spectrum.42 Recently, it was reported that bithiophene substituted with 
benzimidazole allow to get a T-shaped arrangement of dye, which 
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improves the efficiency of the charge transfer process.43 Additionally, 
it has been reported that if benzimidazole is decorated with different 
functional groups (such as –OCH3, –N(CH3)2, –CF3), the resulting 
dye is a donor-acceptor type molecular scaffold.44 Based on the above 
mentioned, in this paper, we propose the theoretical design of a set of 
new organic sensitizers based on triphenylamine (TPA), linked with 
the acceptor cyanoacrylic through 2,2’-bithiophene as π-bridged. 
The molecular design D1 (TPA-CA linked by 2,2’-bithiophene), 
was investigated theoretically to find the adequate conformation of 
the cyanoacrylic acid moiety and to assess the role of planarized 
2,2’-bithiophene unit in position 3 and 3’ substituted with electron 
withdrawing groups (C=O (D2), C=S (D3) and C=C(CN)2 (D4) ), or 
electron donor groups (C(CH3)2 (D5) and C=C(CH3)2 (D6)). Thus, we 
analyzed the geometries, electronic and absorption spectra properties 
of the dyes designed, see Figure 1.

METHODOLOGY

The optimal conformations of the ground and doped states 
structures were subject to full geometry optimization in ethanol 
solvent employing the hybrid functional B3LYP,45-47 with the 
6-311G(d,p) basis set,48 and the conductor-like polarizable continuum 
model (CPCM) solvation model.49 A subsequent frequency calculation 
was performed on the optimized structures and no imaginary 
frequencies were obtained. The electronic absorption spectra and 
charge-transfer capabilities of studied dyes were evaluated using 
the Time Dependent Density Functional Theory (TD-DFT)50 at 
the CPCM-TD-CAM-B3LYP//CAM-B3LYP/6-311G(d,p) level of 
theory.49-54 All TD-DFT simulations were performed as singlet and 
employing 6 excited states. In all calculations, the default convergence 
criterion was employed. All calculations were performed with the 
Gaussian 09 packages,55 and were visualized with Gaussview (5.0.9 
release, Gaussian Inc., Wallingford, CT, USA).56

RESULTS AND DISCUSSION

Structural parameters

An important step to achieve new accurate absorption spectra 
results is predicting reliable molecular geometries of the designed 
dyes, in the ground state. In this regard, an initial conformational 
analysis on the dye D1 (see Figure 2) of the cyanoacrylic acid moiety, 
was performed at the CPCM-B3LYP/6-311G(d,p) level of theory. The 
rotating around torsion dihedral angle between the cyanoacrylic acid 
moiety and adjacent thiophene ring at 0° and 180° shows that the 
minima E-180 was a global minimum structure of D1, which is stable 
only by 0.39 kcal.mol-1 in comparison to the E-0 configuration. The 
last one is probably due to weak Van-deer-Waals interaction present 
between the sulfur atom of thiophene ring and the nitrogen atom of 
cyanoacrylic acid moiety. This small energy barrier confirms the 
coexistence of these two conformers, see Figure 1S in supplementary 

material. Thus, the optimized geometries of all derivate dyes were 
calculated at the CPCM-B3LYP/6-311G(d,p) level of theory using the 
E-180 configuration in neutral forms and they are showed in Figure 2.

In order to examine the bonds of the dye that participate in the 
intramolecular charge transfer from TPA to the terminal acceptor 
cyanoacrylic acid, we analyze a set of selected conjugated bond 
lengths (dx, where x=1-10) and dihedral angles (q) in the molecular 
structures, see Figure 2S, in supplementary material. These bonds 
are located between the rings in π-bridge blocks for neutral, positive 
and negative doped(n,p) states, and their values were calculated at 
the CPCM-B3LYP/6-311G(d,p) level of theory and are reported as 
supplementary material in Table 1S.

From the data reported in Table 1S, it is possible to note that 
the selected bond lengths show an alteration between simple and 
double bond length in the skeleton linking the donor TPA and the 
acceptor cyanoacrylic acid group. Furthermore, except for D3 and 
D4, in the doped(n,p) forms, the selected single bonds of the neutral 
forms are shortened (Δ+ and Δ- were positive), while the double bonds 
lengthens (Δ+ and Δ- were negative), resulted in an enhancement of 
the quinoïdal character in the π-conjugated part from the donor TPA 
and the acceptor cyanoacrylic acid group. This quinoïdal character 
of π-bridge moiety was also enhanced by reducing the dihedral 
angle values (q1∼25°) between the TPA, and the thiophene ring 
of π-bridge moiety of all studied dyes upon doped indicate more 
easier delocalization of π-electrons with high planarity order of the 
π-bridge block.

Electronic parameters and absorption spectra

Figure 3 shows the energy values and isodensity plots of the 
Highest Occupied Molecular Orbital (HOMO) and the Lowest 
Unoccupied Molecular Orbital (LUMO) deduced in ethanol solvent 
using the CPCM model at the B3LYP/6-311G(d,p) level of theory. 
Interestingly, when strong electron withdrawing groups are used in the 
bridging, is clear that the HOMO-LUMO gap is lower in comparison 
when donor groups are employed. Also, note that all LUMO’s energy 
values of the dyes are less negative than ECB(TiO2),57 with sufficiently 
large driving force for effective electron injection.2 Observe that, in 
comparison to D1, the presence of electron withdrawing groups in 
the bridging low slightly the value of the HOMO following the order 
D1>D2>D3>D4, while electron donor groups in the bridging slightly 
elevate the energy of this orbital. Note that these energy values are 
more negative than I-/I3

- redox potential, indicating that the oxidized 
dyes could be efficiently regenerated from the reduced species in 
the electrolyte to give an efficient charge separation.3 Considering 
these results, the gap values showed that D1 was decreased when we 
introduce electron withdrawing groups, which make transitions from 
HOMO to LUMO levels easier upon excitation.

The UV–Vis spectra for compounds D1–D6 in ethanol solvent 
were calculated at the CPCM-TD-CAM-B3LYP/6-311G(d,p) 
level of theory and are depicted in Figure 4. Note that the position 
of the absorption bands is influenced by the substituent in the 
2,2’-bithiophene. Also, it is possible to note that the compound 
D2 shows the larger bathochromic shift of the absorption peak in 
UV-vis spectra, followed by D6 and D5. Last result suggests that 
D2 is the larger conjugated system of this set of dyes. In all cases, 
the excitation presents an intense band in the UV-Vis region (see 
Figure 4) with a high oscillator strength (Table 2S, in supplementary 
material), which can be assigned to an intramolecular charge transfer 
(ICT) from an electron rich side to an electron poor zone. Also, 
observe that in most of cases, the major absorption band comes from 
HOMO→LUMO transition from triphenylamine and bithiophene, in 
centre, to partly of bithiophene in the center and cyanoacrylic acid, 

Figure 1. General molecular structure of the dyes analyzed in the present work
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Figure 3. The HOMO and LUMO energies levels (eV) of all studied dyes calculated in ethanol solvent obtained by CPCM-B3LYP/6-311G(d,p)

Figure 2. Optimized structures of all studied dyes at the CPCM-B3LYP/6-311G(d,p) level of theory
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see the electronic density plots in Figure 3. On the other hand, it 
is clear that this band consists, at least, of an additional electronic 
transition, ie, HOMO-1→LUMO, see Table 2S, which is related to an 
ICT from triphenylamine- bithiophene to bithiophene-cyanoacrylic 
acid. Additionally, it is interesting to note that the oscillator strength 
values of D2, D3 and D4 are lower than the obtained for D1, D5 
and D6. Here, it is convenient to remind that the oscillator strength 
expresses the strength of transitions to the excited states. Thus, a 
higher the oscillator strength indicates a higher possibility for the 
molecule to be sensitized.58-62 

CONCLUSIONS

In this paper, we have designed novel D-π-A containing 
triphenylamine as a donor group linked with the acceptor cyanoacrylic 
acid electron acceptor by 2,2’-bithiophene as π-bridge. The small 
energy barrier founded between two conformers E-0 and E-180 
confirms the coexistence of these two conformers. Introducing 
electron withdrawing groups in π-bridge was a good strategy to 
reducing the gap energy by stabilizing the LUMO energy level slightly 
stabilize the HOMO, result in a red shift of the maximum absorption 
bands, which causes that the dyes analyzed are able to absorb and 
convert the UV-Vis and near infrared light to current. Thus, our 
results indicate that adding an auxiliary donor or withdrawing group 
to the 2,2’-bithiophene in the D-π-A structure allow us to modify 
significantly the LUMO’s energy while the HOMO´s energy is slightly 
affected by which this study gave insight into the electronic transition 
of the isolated dyes designed in the present study.

SUPPLEMENTARY MATERIAL

Figures 1S to 2S and Tables 1S to 2S can be found at http://
quimicanova.sbq.org.br in PDF format, with free access.
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