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Chapter

Photoanode Applications of 
Polyene-Diphenylaniline Dyes 
Molecules Adsorbed on TiO2 
Brookite Cluster
Ife Elegbeleye, Eric Maluta, Regina Maphanga, Michael Walter 

and Oliver Brügner

Abstract

TiO2 has excellent photoelectrochemical properties, which makes its suitable 
for photoanode applications. TiO2 is widely utilized as semiconductor for dye-
sensitized photoanode owing to its excellent stability and availability. The brookite 
polymorph of TiO2 has been suggested to demonstrate better photocatalytic proper-
ties. In this work, we studied the adsorption of polyenediphenyl-aniline dyes on 
(TiO2) n = 8, 68 brookite clusters using density functional theory (DFT). We report 
our results on the UV–Vis absorption spectra of the dyes and dyes adsorbed on TiO2 
clusters, adsorption energies of the dyes adsorbed on TiO2 clusters, electronic density 
of states and projected electronic density of states of the dyes adsorbed on TiO2 
complex, and electron density of the main molecular orbitals involved in photoexcita-
tion for dye-sensitized solar cells application. The calculated adsorption energies of 
D5@(TiO2)68, D7@(TiO2)68, D9@(TiO2)68, and D11@(TiO2)68 are 4.84, 4.78, 4.66 
and 4.92 eV, respectively. The results of the adsorption energies are in the order D11@
(TiO2)8 > D9@(TiO2)8 > D7@(TiO2)8 > D5@(TiO2)8 and D11@ (TiO2)68 > D5@ 
(TiO2)68 > D7@ (TiO2)68 > D9@ (TiO2)68. This implies that D11 dye molecule reacts 
more strongly with (TiO2)8 and (TiO2)68 brookite clusters than the other correspond-
ing dye molecules.

Keywords: dye sensitized solar cells, TiO2 brookite semiconductor,  
polyene-diphenyl-aniline dyes, density functional theory, optical properties

1.  Introduction

The fascinating features of dye sensitized solar cells (DSSC) over conventional 
solar energy devices are their low manufacturing temperature, low fabrication cost, 
flexibility, and potential of high photon to current conversion efficiency [1–3]. DSSC 
photoanode is made up of dye molecules chelated to typical TiO2 semiconductors 
surface. TiO2 is widely used as semiconductor for DSSCs because it is readily available 
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and has good stability when illuminated to sunlight [4, 5]. The ruthenium N3 complex 
has been extensively utilized in TiO2-DSSCs architecture, reported to achieve 11–12% 
power conversion efficiency (PCE) [6–7]. However, these ruthenium dye complexes 
are relatively expensive, toxic, and require difficult synthetic and refinement pro-
cesses. On the other hand, organic dyes have advantages of non-toxicity, low cost, 
and availability of raw materials and are environmentally friendly, which makes them 
more desirable than the ruthenium complexes [3, 8].

Polyenediphenyl-aniline dye (on TiO2 semiconductor) based on ionic liquid 
electrolyte and iodide/triiodide has been reported as a promising candidate for 
DSSC applications with PCE of 6.5 and 5% [9, 10]. TiO2 exists in three major poly-
morphs, namely, anatase, rutile, and brookite [4]. Anatase is mainly synthesized 
from TiO2 powder by sol-gel method, while rutile can be obtained as a by-product 
of precipitation at low temperature in an acidic medium [1, 11]. Synthesizing pure 
brookite is challenging owing to the intergrowth morphology of anatase and rutile 
usually encountered during the synthetic process [12–14]. As a result of this difficult 
synthetic route, most of the studies on TiO2 polymorphs are centered on anatase and 
rutile phases as prototypical models for DSSCs fabrication [15, 16]. There are very few 
studies on the photocatalytic properties of TiO2 brookite. However, some recent stud-
ies have suggested that brookite may exhibit fascinating photocatalytic properties and 
may perform better as a semiconductor than the typically used anatase [17–21]. Zallen 
et al. reported on the optical absorption edge of brookite TiO2 at room temperature 
using natural crystals [16]. The photon energy spanning from 2.1 to 3.54 eV, absorp-
tion coefficient of 2000 cm−1, and optical gap of 1.9 eV were reported for brookite 
crystals. The absorption edge of brookite was observed to be broad and extends to 
the solar spectrum visible region, whereas steep edges were observed for rutile and 
anatase polymorphs of TiO2 in the visible region [16]. The crystallographic descrip-
tion of brookite polymorphs is presented in Table 1.

Brookite has an orthorhombic crystalline structure with eight formula units in 
the orthorhombic cell; its unit cell is described by the space group Pbca [4]. Brookite 
formation may be envisioned as the joining of TiO6 distorted octahedral sharing three 
edges, each with a titanium atom at its center and oxygen atoms at its corners.

Information about the interfacial reaction of TiO2 brookite with the promising 
polyenediphenylaniline organic dye is crucial for the understanding and optimization 
of photo conversion function, light harvesting, and photocurrent densities in DSSCs.

In this study, we carried out density functional theory (DFT) and time-dependent 
DFT (TD-DFT) study on the adsorption of polyenediphenyl-aniline dyes on 
TiO2 brookite in order to understand the interaction between TiO2 brookite and 

Lattice parameter (Å) Space group System type Energy bandgap (eV)

Rutile a = 4.594 c = 2.958
2

14
P4 / – D

4
mnm

h

Tetragonal 3.0

Anatase a = 3.784
c = 9:515

−
1

19
I4 D

4
amd

h

Tetragonal 3.4

Brookite a = 9.166
b = 5.436
c = 5.135

15
Pbca –D

2h

Orthorhombic 3.3

Table 1. 
Properties of rutile, brookite, and anatase polymorphs of TiO2 [4].
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polyenediphenylaniline dyes. We report on the optical and electronic properties of 
the polyenediphenyl-aniline dyes and the dyes adsorbed on TiO2 brookite clusters.

2.  Materials and methods

The main part of density-functional theory calculations was performed within an 
atomic simulation environment (ASE) [22] and the GPAW package [23, 24]. GPAW 
implements the projector-augmented wave method with the smooth wave-functions 
and electron density represented on real space grids [21]. The exchange correlation 
energy was approximated within the generalized gradient approximation PBE [25]. 
The structures were relaxed without any symmetry constraints until all forces were 
found to be below 0.05 eV/Å. Their structure was visualized with Avogadro [26]. 
Optical spectra were obtained from linear response time-dependent DFT [27, 28].

The structures of the D5, D7, D9, and D11 dye molecules [10] were built in 
Gaussian 03 quantum chemical package [25, 29]. First geometrical optimization of 
the dye molecules was performed while employing the density functional theory and 
hybrid density functional theory B3LYP and 6-31G* basis set [30, 31] with the default 
integration grid as implemented in Gaussian 03. The structures were subsequently 
relaxed as described above and are depicted in Figure 1(a-d).

The TiO2 brookite models considered in this study are presented in Figure 2. The 
cluster models were imported using the crystallographic information mode (cif) 
from CASTEP material studio [32]. The brookite cluster models are brookite (TiO2)8 
comprising eight titanium and 16 oxygen atoms, while brookite (TiO2)68 is a periodic 
supercell comprising 68 titanium atoms and 136 oxygen atoms [21]. The periodic 
structure is a bulk structure comprising unit cells that are repeated in x and y direc-
tion to form a cluster or supercell of an arbitrary size.

All the structures of the dye@TiO2 were relaxed in vacuum using the PBE 
exchange correlation functional [32]. The structures were considered to have con-
verged when the maximum forces that were acting on all the atoms were lower than 
0.05 eV/Å. The periodic boundary conditions were implemented during the relax-
ation and the atoms of the cluster. The cluster were reoriented during the relaxation 
until the ground state structure was obtained where they become stable, and the 
forces converge to a value of 0.05 eV/Å.

The polyenediphenyl aniline dye molecules were adsorbed unto the TiO2 surface 
via the carboxylic group in the bidentate bridging (BB) adsorption mode [33, 34], in 
which each of the oxygen atoms of the carboxylic moiety binds to titanium atom on 
the TiO2 clusters. This mode was adopted because it was reported to be more energeti-
cally favorable [33, 34]. The adsorption energies and optical and electronic properties 
of the dye molecules absorbed on TiO2 cluster were calculated upon adsorption.

2.1  Structures of polyenediphenyl-aniline dyes absorbed on (TiO2) n = 8, 68

Four polyenediphenyl-aniline dye molecules coded D5, D7, D9, and D11 were 
separately adsorbed by bidentate adsorption mode on TiO2 clusters with stoichiom-
etry (TiO2)8 and (TiO2)68 as showed in Figures 3(a-d) and 4(a-d). All dye@TiO2 
complexes were relaxed upon adsorption; the relaxed structures of the dye molecules 
adsorbed on (TiO2)8 and (TiO2)68 clusters are presented in Figures 3 and 4, respec-
tively. Bidentate bridging adsorption mode was utilized to adsorb the polyenediphe-
nyl-aniline dye molecules on the TiO2 clusters via the carboxylic acid moiety. Each of 
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the two oxygen atoms was adhered to the titanium atom on the TiO2 cluster surface. 
In order to achieve a stable system for TD-DFT calculations, the atom of the hydrogen 
was transferred to a neighboring oxygen atom.

Figure 1. 
Structures of the polyenediphenyl-aniline dye molecules in gas-phase.
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2.2  Adsorption energies of polyene-diphenylaniline dye molecules absorbed on 
(TiO2) n = 8, 68 brookite clusters

The relaxation energies of the dye molecules, (TiO2)8 and (TiO2)68 brookite clusters, 
and polyenediphenyl-aniline dyes-TiO2 complexes were computed the adsorption 
energies using (Eq. (1)).

 ( ) ( )+
   = + −   2 2

O molecule O molecule
E E E E

ads Ti Ti
  (1)

where 
2TiO

E is the energy of the TiO2 complex, 
molecule

E  is the energy of the 
 adsorbate, and ( )+2O molecule

E
Ti

 is the total energy of the TiO2 with the adsorbed 
molecule. The adsorption energy denotes the binding ability of the dye molecules 
[5, 21, 33, 35–37]. The adsorption energies of D5, D7, D9, and D11 dyes adsorbed 
on (TiO2)8 and (TiO2)68 clusters are listed in Table 2. All the calculated results 
show a positive adsorption energy, suggesting stable grafting of the dyes molecules 
unto the surface of TiO2. The calculated adsorption energies of D5@(TiO2)8, D7@
(TiO2)8, D9@(TiO2)8, and D11@ (TiO2)8 are 1.60, 1.62, 1.67, and 1.81 eV, respec-
tively. The order of the adsorption energies is D11@(TiO2)8 > D9@(TiO2)8 > D7@
(TiO2)8 > D5@(TiO2)8. The findings suggest that D11 dye molecule exhibits 

Figure 2. 
(a-b) Broookite (TiO2)n = 8, 68 cluster periodic models considered for dye molecule adsorption in this study.
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stronger reaction with (TiO2)8 brookite cluster than the other dye molecules. Values 
of 4.84, 4.78, 4.66, and 4.92 eV were obtained for the adsorption energies of D5@ 
(TiO2)68, D7@ (TiO2) 68, D9@ (TiO2) 68, and D11@ (TiO2) 68, respectively. Unlike 
(TiO2)8, the order of the adsorption energies is not sequential but D11@(TiO2)68 >  
D5@(TiO2)68 > D7@(TiO2)68 > D9@(TiO2)68. The results show that D11 dye 
molecule demonstrates a stronger reaction with (TiO2)68 brookite surface than D5, 
D7, and D9 molecules. Variation in the obtained adsorption energies for the four 
dye molecules adsorbed on the different brookite surfaces indicates that the cluster 
size affects the binding ability of the molecules. The polyenediphenyl-aniline dye 
molecules are found to have stronger interaction with the (TiO2)68 cluster than 
(TiO2)8 cluster.

Figure 3. 
Structures of polyenediphenyl-aniline dyes absorbed on (TiO2)8 (a) D5@(TiO2)8, (b) D7@(TiO2)8, (c) D9@
(TiO2)8, and (d) D11@(TiO2)8. Gray spheres represent titanium atoms; red spheres represent oxygen atoms; 
white spheres represent hydrogen atoms; yellow spheres represent sulfur atoms; dark gray balls represent carbon 
atoms, and blue spheres represent nitrogen atoms.
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Balaganapathi et al. synthesized porous brookite and mixed brookite with rutile 
TiO2 crystals using Polyethylene Glycol (PEG) assisted sol-gel synthesis and investi-
gated their dye adsorption characteristics [38]. Reflectance measurements were used 

Figure 4. 
Structures of polyenediphenyl-aniline dyes absorbed on (TiO2)68 (a) D5@(TiO2) 68, (b) D7@(TiO2)68, (c) D9@
(TiO2)68, and (d) D11@(TiO2)68. Same notation as in Figure 4.

Adsorption Energy of Dyes@(TiO2)n = 8,68 (eV)

Dyes@(TiO2)8 D5@(TiO2)8 D7@(TiO2)8 D9@(TiO2)8 D11@(TiO2)8 1.60 1.62 1.67 1.81

Dyes@(TiO2)68 D5@(TiO2)68 D7@(TiO2)68 D9@(TiO2)68 D11@(TiO2)68 4.84 4.78 4.66 4.93

Table 2. 
Adsorption energies of dyes @ (TiO2) n = 8, 68 clusters.
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to determine the optical bandgap of both the brookite and brookite mixed with rutile 
samples as 2.26 and 2.48 eV, respectively. The reported binding energies ranged from 
445 to 470 eV for pure brookite and from 520 to 540 eV for brookite mixed with rutile 
phase. In this work, the calculated bandgap of brookite was found to be 2.26 eV, which 
is consistent with the aforementioned study [38].

In another study, Corneliu et al. investigated the adsorption of coumarin dyes 
C343 on TinO2n + 2H4 (n = 14, 24) clusters using DFT/B3LYP with 3-21G (d) or 
LANL2DZ basis set in vacuum. The reported adsorption energies ranged between 
0.429 and 3.254 eV. The findings concluded that the size of the cluster affects adsorp-
tion properties and revealed that adsorption onto n = 14 cluster leads to a significant 
distortion of the cluster and the molecule, a behavior that was not observed with a 
larger cluster of n = 24. This is in line with our findings and may be the reason why 
polyenediphenyl-aniline dye molecules are found to absorb more onto (TiO2)68 cluster 
than (TiO2)8 cluster [39].

2.3  Optical spectrum of polyenediphenyl-aniline dye molecules adsorbed on 
brookite (TiO2)n = 8, 68

The excitation spectra of the dyes were calculated in gas phase as shown in 
Figure 3. All the dyes show a region of absorbance between 700 and 900 nm at higher 
energy region. The two dyes with pure phenyl groups D5 and D7 show two main 
strong features in their spectrum. The absorption peaks of the D5 dye are located 
at 450 and 750 nm, while that of D7 dye are located around 480 and 850 nm. D9 
shows an absorption peak at 500 and 800 nm, while D11 shows double absorption 
peaks around 400–500 nm and absorption maximum at 900 nm. The largest absorp-
tion wavelength is notable for D11 containing methoxy and polyene groups, which 
is consistent with the experimental study by Kuang et al. [10], where D11 showed 
spectral red shifts and thus provided better current-voltage characteristics than the 
corresponding D5, D7, and D9.

Huy et al. carried out UV/Vis diffuse reflectance spectra measurements of 
brookite TiO2/DC668 (styrene-acrylatethin) to infer the optical characteristics and 
to determine the optical bandgap energy of printed TiO2 brookite thin film [19]. The 
study reported that TiO2/DC668 thin film strongly absorbs light in the UV-A region at 
wavelength of 379 nm and below, and exhibited absorption between 400 and 700 nm 
[19]. Their findings is consistent with the near infrared absorption obtained for dye 
adsorption on brookite in this study.

Polyenediphenyl-aniline dyes D5, D7, D9, and D11 absorption spectra are pre-
sented in Figure 5. The excited state properties of the dyes bonded to TiO2 clusters 
are illustrated by the absorption spectra. The computed UV/Vis spectra of (TiO2)8 
brookite cluster using GPAW/TD-DFT exhibit absorption around 200–400 nm in the 
UV region. It was observed that polyenediphenly-aniline dye adsorption on (TiO2)8 
brookite cluster results in shifting the absorption peaks to higher wavelength due to 
photoexcitation. Absorption maxima in the near infrared region were observed to 
be 750, 850–950, 850, and 950 nm for D5@(TiO2)8, D7@(TiO2)8, D9@(TiO2)8, and 
D11@(TiO2)8, respectively. The D11@ (TiO2)8 complex showed the highest absorp-
tion maximum and absorption peak in the near-infrared region. The results revealed 
that adsorption of polyenediphenly-aniline dye onto (TiO2)8 cluster improves the 
spectral responsivity, exhibiting whole spectra range absorption in the UV, visible 
and near-infrared region of the solar spectrum. This suggests higher photocurrents 
density in DSSCs.
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This makes the complex of this findings consistent with those reported by Huy 
et al. on a different dye molecule TiO2/DC668 (styrene-acrylatethin) brookite thin 
film, exhibiting light absorption in the near-infrared region [19].

2.4  Electronic density of states polyenediphenyl-aniline dye molecules adsorbed 
on (TiO2)n = 8, 68 brookite clusters

In order to gain further insights into the electronic structure of the dye-TiO2 
complex, GPAW and PBE exchange correction functional was utilized to compute 
the total density of states (DOS) for D5, D7, D9, and D11 dye molecules absorbed on 
(TiO2)8 and (TiO2)68. Figure 6(a)-(d) illustrate the total density of states of poly-
enediphenyl-aniline dye adsorbed onto (TiO2)8 and (TiO2)68. The DOS is composed 
of surface valence and conduction bands, separated by a wide bandgap. Upon the 
adsorption of the dye molecules on TiO2 clusters, it was observed that sharp molecu-
lar energy levels were introduced by the dyes in the wide bandgap of TiO2 as visible 
in Figure 6(a)-(d). Thus, adsorption of dye onto the TiO2 clusters resulted in the 
introduction of new occupied electronic orbitals in the conduction band and between 
the two states where there was an initial wide bandgap, thereby reducing the energy 
bandgap. Also, occupied orbital edge slightly shifted to higher energy levels; the 
shifting of the two states subsequently results in narrowing of the wide bandgap. This 
behavior explains the observation on red spectral shift upon dye adsorption discussed 
in the previous section.

The result of the PDOS for the clusters before the adsorption of the dyes shows 
that titanium and oxygen atomic orbitals contribute to the valence states; the major 
contributions of oxygen 2p atomic orbitals were mostly to the highest occupied 
valence band (VB), while the titanium 3d atomic orbitals contributions were domi-
nant in the lowest unoccupied state of the conduction band.

Oxygen p atomic orbitals contributions dominated the valence band with minor 
contributions from p atomic orbitals of titanium. The conduction band major contri-
butions emanate from the d and p orbitals of titanium.

The PDOS spectra of the dyes @(TiO2)8 and dyes@(TiO2)68 are presented in 
Figure 6. m2p orbitals of carbon, 2p orbitals of nitrogen, 3p orbitals of sulfur, 3d 
orbitals of titanium, and 2p orbitals of oxygen contributed majorly to the valence 

Figure 5. 
Optical absorption spectrum of and polyene-diphenylaniline dye molecules adsorbed on (TiO2)8 cluster.
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states, while there is a minor contribution of p orbitals of sulfur and oxygen to the 
conduction band.

The major contributions of p atomic orbitals of sulfur and oxygen are dominant 
in the valence band, while carbon and nitrogen p atomic orbitals has minor contribu-
tions to the valence states. Sulfur 3p orbitals contributions dominate the valence 
states. The dye molecules constitute the main atomic orbital contributing majorly to 
the valence states. This explains while the electronic densities of the highest occupied 
molecular orbital were concentrated on the dye molecules.

2.5  HOMO, LUMO isodensity surfaces of polyenediphenyl-aniline dye molecules 
adsorbed on (TiO2) n = 8, 68 brookite nanocluster

The isodensity surfaces of the molecular orbital responsible for photoexcita-
tion were created from cube files gotten from GPAW. The isodensity surfaces 
were visualized using the Avogadro software. The isodensity surfaces of the main 
molecular orbital that were responsible for the photoexcitation of the electrons for 
the adsorbed polyenediphenyl-aniline dyes@(TiO2)8 and (TiO2)68 brookite clusters 
are presented in Figures 7 and 8, respectively. The results of the highest occupied 
molecular orbitals (HOMO) clearly reveal the delocalization of the HOMO on the 
dye molecule. It is majorly located on the donor group constituting the occupied 
electronic states, while the lowest unoccupied molecular orbitals (LUMO) obtained 

Figure 6. 
(a) The total density of states for D5@ (TiO2)8 and D5@ (TiO2)68 (b) density of states for D7@ (TiO2)8 and 
D7@ (TiO2)68 DOS. (c) Total density of states for D9@ (TiO2)8 and D9@ (TiO2)68. (d) Total density of states 
for D11@ (TiO2)8 and D11@ (TiO2)68.
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Figure 7. 
Isodensity surfaces of molecular orbitals of dyes@ (TiO2)8 complex (a) D5@ (TiO2)8 HOMO, (b) D5@ (TiO2)8 
LUMO, (c) D7@ (TiO2)8 HOMO, (d) D7@ (TiO2)8 LUMO, (e) D9@ (TiO2)8 HOMO, (f) D9@ (TiO2)8 
LUMO, (g) D11@ (TiO2)8 HOMO, and (h) D11@ (TiO2)8 LUMO.
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Figure 8. 
Isodensity surfaces of molecular orbitals of dyes@(TiO2)68 complex (a) D5@(TiO2)68 HOMO, (b) D5@
(TiO2 68 LUMO, (c) D7@(TiO2)68 HOMO, (d) D7@(TiO2)68 LUMO, (e) D9@(TiO2)68 HOMO, (f) D9@ 
(TiO2)68 LUMO, (g) D11@(TiO2)68 HOMO, and (h) D11@(TiO2)68 LUMO.
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reveal the concentration on the acceptor group, where the unoccupied electronic 
states are located. The distributions of the HOMO electron densities on the dye 
molecule and the distribution of the LUMO electron densities on the TiO2 brookite 
indicate that there is a strong interaction between the dye molecules occupied 
excited state and the conduction band of the TiO2 brookite semiconductor unoccu-
pied acceptor levels. The concentration of the electronic levels of the HOMO on the 
dye molecules and the electronic levels of the LUMO on the TiO2 clusters infer that 
electrons are injected from excited state of the dye molecules to the conduction band 
of the TiO2 semiconductor.

2.6  Energy levels and bandgaps of polyenediphenyl-aniline dye adsorbed on 
brookite TiO2 complex

The energy levels of the HOMO, LUMO, and the energy gap of polyenediphenyl-
aniline dyes, (TiO2)8, and the dyes adsorbed on (TiO2)8 clusters are presented in 
Table 3. This is to understand the effect of dye adsorption on the wide bandgap of 
the brookite TiO2 clusters. The bandgaps of D5, D7, D9, and D11 polyenediphenyl-
aniline dyes are situated at 1.32, 0.98, 1.08, and 0.85 eV, respectively. The lower 
bandgap values were found for D7 and D11 dyes molecules. To understand the effect 
of adsorption of the polyenediphenyl-aniline dyes and electron transfer mechanisms 
from the dye molecules to the TiO2 semiconductor conduction band upon adsorption, 
we investigated the bandgap energy levels of the dye absorbed on (TiO2)n clusters. 
The results show that the HOMO of (TiO2)8 brookite cluster without adsorption was 
situated at −6.92 eV while the LUMO is at −4.62 eV with a corresponding bandgap of 
2.26 eV. It was observed that the adsorption of the dye molecules on (TiO2)8 brookite 
cluster introduces new molecular orbital emanating from the dyes into the wide 
bandgap of the brookite TiO2 semiconductor cluster, consequently resulting in the 
narrowing of the bandgap. This new molecular orbital suggests interactions between 
the dye molecules occupied exited states and the brookite TiO2 clusters unoccupied 
acceptor level. The results also suggest the transfer of electron from the dye molecules 
to the clusters upon adsorption.

3.  Conclusions

In this work, we used DFT computational approach to explore the optical and 
electronic properties of polyenediphenyl-aniline dye adsorbed on TiO2 brookite 
clusters for application in DSSCs. The aforementioned dye molecules were absorbed 
on brookite TiO2 clusters in order to understand the interfacial properties between 
brookite TiO2 semiconductor and the corresponding dye molecules. The adsorp-
tion energies, UV/Vis optical absorption properties, HOMO-LUMO energy gap, 
isodensity surfaces of key molecular orbital, electronic TDOS, and PDOS for vari-
ous systems were presented and discussed. The presented results were based on 
polyenediphenyl-aniline, brookite (TiO2)n =, 8 68, clusters, and the dyes absorbed on 
the clusters. The results suggest that the absorption of dye molecules on TiO2 brookite 
cluster improves its spectra responsivity in the UV region and makes it possible to 
absorb over the whole spectra range, that is, the UV, visible, and near-infrared region 
of the solar spectrum. Our findings on the adsorption energy revealed stable grafting 
of the polyenediphenyl-aniline dyes on the surface of the TiO2 brookite clusters with 
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D11 dyes demonstrating more grafting on both clusters (TiO2)n =, 8 68. The analyses of 
the isodensity surfaces of the key molecular orbital, electronic TDOS, and PDOS and 
HOMO, LUMO energy gap also showed new molecular orbitals emanating from the 
dye molecules into the bandgap of TiO2 upon absorption. Due to interactions of the 
electronic states between the orbitals of the TiO2 and the adsorbed dye molecules, 
suggesting good electron injection kinetics from the dyes occupied donor level to TiO2 
brookite clusters unoccupied acceptor level. Generally, our findings suggest that TiO2 
brookite semiconductor and the corresponding polyenediphenyl-aniline dyes could 
perform well as photoanode material with promising potential for higher photocur-
rents density and open-circuit voltage and enhanced efficiency of DSSCs.
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HOMO (eV) LUMO (eV) Fermi level GAP (eV)

D5 −4.91 −3.59 −4.25 1.32

D7 −4.81 −3.83 −4.27 0.98

D9 −4.72 −3.64 −4.33 1.08

D11 −4.77 −3.92 −4.27 0.85

(TiO2)8 −6.92 −4.62 −5.75 2.26

D5@(TiO2)8 −5.09 −4.40 −4.76 0.69

D7@(TiO2)8 −5.06 −4.39 −4.72 0.67

D9@(TiO2)8 −4.94 −4.43 −4.64 0.51

D11@(TiO2)8 −4.73 −4.19 −4.46 0.54

Table 3. 
HOMO, LUMO, and HOMO_LUMO GAP energy levels.
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