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absorption by the addition of dyes (known as sensitizers). The dye-sensitized solar cells (DSSC) are 
solar energy conversion devices that since their appearance, have attracted considerable attention 
due to their low production cost and the environmental friendliness. This type of solar cell bases its 
operation on the regeneration of dye molecules by a redox system based from electrolyte, which is 
regenerated by the coming electrons from an external load [1]. The heart of the system consists of a 
mesoporous oxide layer composed by nanometric particles attached with dye molecules, which are 
responsible for activating the charge transfer. The sensitizing dye plays a very important role in the 
process of solar conversion into electrical energy. Numerous metal and organic complexes have been 
synthesized as sensitizers, the most efficient being those based on the ruthenium complexes [2,3]. 
However, from the environmental point of view, the presence of this heavy metal in synthesized dyes 
is undesirable and besides, the methods of their preparation are still complicated and expensive. In 
this sense, the dyes obtained from natural dyes appear to be good alternatives due to their non-
toxicity, low-cost production and complete biodegradation.  

Natural dyes, including plant colorants such as anthocyanins [4-12], betalains [13-16], chlorophyll 
[17-21] and carotenoids [22-24], have already been targeted in many studies. For this particular 
work, two natural products from Peru have been used. The first is Zea mays, known as purple maize. 
This product is rich in anthocyanins, which give it the characteristic purple color. The main 
compound of the group of anthocyanins is cyanidin-3-glucoside (C3G) and, to a lesser extent, 
pelargonidin-3-glucoside, peonidin-3-glucoside and cyanidin-3-(6"-malonylglucoside) [25]. The 
second is Bixa orellana, also called Achiote. It is a tropical shrub native to the southwestern Amazon, 
which has an inedible red fruit with about 50 seeds. A dark red extract is obtained from Achiote 
seeds, which is widely used as coloring and flavoring. The pericarp of seeds contains a high 
concentration of carotenoids, which make up to 80 % of the carotenoid 9'-cis-bixin or bixin. The 
remaining 20 % includes trans- and cis-norbixin [26]. The chemical structures of the main 
components of these dyes are shown in Figure 1. 
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Figure 1. Chemical structure and optimized geometry of cyanidin-3-glucoside (A) and 

apocarotenoids cis-bixin (B) 
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Computational methods 
Molecular dynamics simulations of the complexes TiO2 and isolated dyes were carried out with 

an initial separation of 5.0 Å between them. The TiO2 cluster corresponds to anatase configuration 
and consists of two-unit cells, resulting in a small cluster of 12 atoms. The initial structures of the 
complexes were equilibrated during 8 ns simulation time, while the individual component was 
equilibrated during 4 ns. The force field used is Reax FF for all the molecular dynamics simulations 
[31]. It allows the study of reactive environments, and its algorithms is based on the bond order 
calculations. During the calculation, the charge equilibration is performed in all the molecular 
system. The used ensemble is NVT at 300 K, which allows to maintain the system at the constant 
temperature at environmental condition with mass conservancy. The energy of the molecular 
system is calculated solving the potential and kinetic energy. The calculation of the binding energy 
of the dye/TiO2 complex is performed by the following operation, the total energy of the complex 
minus the total energy of each componen., taking into consideration the average of the total energy 
of the molecular system each 1000 fs. 

Results  

FTIR characterization of natural dyes  
The FT-IR spectra of natural dyes can provide information about the functional groups from the 

plant extraction compounds, which allows the identification of the most abundant dyes from each 
extraction and its interaction with TiO2 NP film. That is why we compare the measurements taken 
on dye samples before and after the sensitization.  

The IR analysis of the Zea mays extraction in powder is shown in Figure 5A. It has common 
vibration band of functional groups present in cyanidin-3-glucoside (C3G) dye such as OH functional 
groups (3271 cm-1), C-H stretching vibrations modes of benzenic ring (2915 cm-1), carbonyl group 
(1718 cm-1), C=C aromatic ring stretching vibrations (1604 cm-1), and ester linkage (1048 cm-1) [32]. 
The detected functional groups confirm the presence of anthocyanins in the Zea mays (ZM) sample, 
which is correlated to the cyanidin-3-glucoside (C3G) structure. 
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Figure 5. FT-IR spectrum of dye present of Zea mays extraction in powder (A)  

and its comparison with FT-IR spectrum of dye on TiO2 (B) 

After sensitization onto TiO2, we observe in Figure 5B that the peak corresponding to free OH 
bonds (3600 cm-1) in the powder sample [33] disappear, passing to form a single band corresponding 
to -H bonds that include inter and intramolecular interactions [34]. Another interesting peak 
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corresponds to the C-H stretching from benzene, which becomes weak and shift to the red 
(2910 cm-1) after sensibilization. These chemical bond vibrations could be affected by the interaction 
between the molecules themselves or with the TiO2 cluster. However, the most effective evidence 
of chemical interaction between the dye and the electrode is the presence of Ti-O at 559 cm-1 [35]. 

FT-IR spectra of dried Bixa orellana powder and the vibrational modes shown in Figure 6A 
suggests the presence of apocarotenoid cis-bixin (bixin) compound because of the designation of 
characteristic peaks: C-H stretch due to the methyl and methylene group at 2922 and 2851 cm-1, 
carboxylic acid group at 1713 cm-1, alkene C=C stretch at 1642 cm-1, the asymmetric bending 
vibrations of the methyl -CH3 group at 1377 cm-1, stretching vibration of C-O at 1286 cm-1, and the 
symmetric and asymmetric C-O-C ether groups at 1248 and 1151 cm-1 [36]. 

Figure 6B shows a decrease in the peak corresponding to C=O stretching of the carboxylic acid 
group (1713 cm-1). Typically, this peak disappears after dye - electrode interaction through the 
carboxylic group [37]. However, this band does not disappear completely, suggesting that presence 
of molecules on the surface are stacked and create a shielding effect. A broadening of the band 
assigned to the C=C alkene bond (1642 cm-1) is observed, which suggests the presence of 
macroaggregates [38], which would confirm the aforementioned effect. Another interesting peak 
corresponds to the methyl group, which is shifted to the red (from 1371 to 1365 cm-1), what could 
be due to interaction through this group at the interface. In addition, a small peak appears after the 
dye sensibilization corresponding to Ti-O bond formation at 503 cm-1 [35]. 
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Figure 6. FT-IR spectrum of dye present in Bixa orellana extraction in powder (A)  

and its comparison with FT-IR spectrum of dye on TiO2 (B) 

UV-Visible characterization of natural dyes 
In order to assure the dye/TiO2 interaction, we run UV-Vis spectrometry for the extracted natural 

dyes when they are in solution and after being absorbed on TiO2. In Figure 7, the absorption 
spectrum of the Zea mays solution shows a maximum peak at approximately 520 nm within the 
typical broad absorption peak of anthocyanins, which is the main compound of this dye [39]. While 
the absorption band of the adsorbed dye onto semiconductor film is broadened, the corresponding 
maximum is red shifted with respect to their solution [40]. The visible absorption band can shift to 
a lower energy due to the complexing with metal atoms [41]. The broadening of the absorption 
band is also an indication of a charge transfer interaction between the sensitizing dye and TiO2 
surface [42].  
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Figure 7. UV-Visible absorption spectra of the extraction from Zea mays in water solution 
(dotted line) and adsorbed on TiO2 (solid line) 

Figure 8 shows three absorption peaks for the Bixa orellana solution spectrum located at 
approximately 435, 460 and 490 nm, coinciding very well with the bixin spectrum which is the main 
compound within the group of carotenoids that make up this dye [43]. Once the dye is adhered on 
the TiO2 surface, the absorption spectrum gets wider. In addition, the intensity of maximum 
absorption peaks increases, which shows the resulting strong interaction between bixin and TiO2 

surface [44]. It shows blue-shifted peaks in the spectra of bixin absorbed in TiO2, which has been 
attributed to the aggregate formation of dyes and/or the disarraying of dyes on TiO2 surface [45]. 

 

 
Wavelength, nm 

Figure 8. UV-Visible absorption spectra of the extract from Bixa orellana in ethanol solution 
(dotted line) and adsorbed on TiO2 (solid line) 

Molecular dynamic simulations of the complexes TiO2 and isolated dyes 
The carbonyl and hydroxyl groups represent the linking groups for the attachment of dye 

molecules to TiO2 [46]. In order to evaluate how dye interacts with TiO2 electrode, molecular 
dynamics simulations of the complexes using Reax FF were performed. We build the initial configu-
ration of the complex dye/anatase TiO2 cluster (n=12), considering a monomeric dye adsorbent on 
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