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Abstract

Anthocyanidins under the effects of solvents water, ethanol, n-hexane, and
methanol are interesting due to their suitability as natural dyes for photocatalytic
applications. In this chapter, DFT and TDDFT methodologies are used to study
their electronic structure. The results displayed include HOMO, LUMO, HOMO-
LUMO gap, chemical properties, and reorganization energies for the ground states,
and excited state data are also displayed. Malvidin in gas phase has lower gap
energy. After addition of solvents, gap energy increases in all cases but malvidin
with n-hexane presents narrower gap. Conceptual DFT results show that cyanidin
and malvidin may have good charge transfer. Cyanidin presented lower electron
reorganization energy (/,) using solvent water; however, ethanol and methanol had
similar values. TDDFT is used to calculate excited states, and absorption data show
wavelength main peak between 479.1 and 536.4 nm. UV-Vis absorption spectra were
generated and solvent effects on each molecule is discussed. Anthocyanidins work
well in the visible region with the stronger peak at the green region. These pigments
are good options for photocatalysis application and cyanidin and malvidin, in this
order, may be the best choices for dye sensitization applications.

Keywords: anthocyanidins, dyes, solvent effects, DSSC, TDDFT

1. Introduction

Organic pigments have raised great interest in late years, may be driven by their
potential in renewable energy applications which has been reinvigorated with the
invention of dye-sensitized solar cells (DSSCs). Dye-sensitized solar cells (DSCs) are
an attractive solar energy conversion technology and present advantages that include
low cost of manufacture, ease of fabrication, and modifiable features such as color
and transparency [1-5]. First DSSCs employed ruthenium (II)-based dyes in conjunc-
tion with iodide-based electrolytes to achieve an 11.9% solar-to-electric power con-
version efficiency (PCE) [6]. A new generation of DSSCs based on naturally obtained
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pigments is a great option as dye sensitizers, and this is the reason of a revitalized
interest in these pigments [6, 12]. For example, porphyrin-based dyes have been
tested as viable options, and they displayed great flexibility to work as panchromatic
sensitizers [6, 13, 14]. It has been reported that porphyrin chromophore has strong
light absorption around 400 nm in the blue region which is known as the Soret band
or Soret peak and also in the Q-bands which is a region between slightly over 500 and
620 nm, but presents weak absorption in the region between these two features [6].

Then, it may be considered an interesting green option using organic pigments
in DSSC technology. Analogously, these principles may be used to decompose
chemical pollutants naturally without any contaminant waste. These organic
pigments possess environmentally friendly properties, easy accessibility, and
high absorption in the visible region which make them good candidates [7]. An
alternative organic pigment to porphyrins may be anthocyanidins, a group of
flavonoids contained in different parts of plants such as fruits, leaves, and flowers.
Anthocyanidins may be considered water-soluble plant pigments that usually carry
colors ranging from red to blue [8]. These natural pigments have shown health
benefits and are commonly used colorants in food industry [9, 10].

Researchers continue to look for viable alternatives to ruthenium-based dyes
and DSSC components in order to increase efficiency [11-15]. Natural pigments
represent, in particular, a good option and among them anthocyanins are within
our research interest [13-15]. These pigments have shown relevant advantages in
DSSC technology, for example, they are metal-free, nontoxic, widely available, and
inexpensive. They also have hydroxyl groups that benefit binding with TiO, and
have been shown to be able to inject electrons into the TiO, conduction band at an
ultrafast rate when excited with visible light [16]. There have been several studies
on DSSC using anthocyanins as a photosensitizer with promising results [17-21].
The efficiency () from those studies, however, was generally quite low (0.5-0.6%).
Recently, one of these reports [22] was carried out using sealed solar cells with
enhanced electrodes (multilayer TiO, film plus a scattering layer), and anthocya-
nins contained organic acids demonstrated an efficiency of around 1.0%.

In nature, dyes can absorb visible light to enable plant photochemical processes;
many of them are able to inject an electron into the conduction band of the semi-
conductor which is fundamental for photocatalytic processes [23]. This property
is of great interest in dye-sensitized solar cells (DSSC), where dyes are used with a
photocatalyst that may be a semiconductor oxide such as TiO, or ZnO for example
[24]. An important consideration relates to prevent the degradation of the dye ona
DSSC but this may not be the case for aqueous suspension of dye and photocatalyst.
In such case, it may be confusing whether the dye degradation is due to dye sensiti-
zation itself or by action of the photocatalyst or under the influence of both factors
[25, 26].

In regard to chemical processes, for chemical decoloration, the oxidation
method is the most used because of its easy application. This method may be found
in the literature as chemical oxidation and advanced oxidation process. Both these
methods achieve the degradation of chemical dyes, pesticides among other pollut-
ants, either partially or completely under ambient conditions [27]. The advanced
oxidation process may be categorized in photocatalytic oxidation (use of light for
activation of catalyst) and Fenton chemistry suitable for treating wastewater in
particular for processes resistant to biological treatment [27].

Then, dye-sensitized process may be used in other applications and in this
chapter, we will refer to its application in photocatalysis. This process uses light to
activate a photocatalyst and represents a potential application to take advantage of
sunlight for diverse processes such as gas purification, H, production, and water
treatment. There are limitations for dye-sensitized semiconductors; for example,
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in water purification, the organic dye may be diluted by water or at least erodes

or deteriorates from the photocatalyst surface due to continuous interaction with
water. Of course, the specific device configuration used during water treatment
defines the disposition and interaction of the photocatalyst with the liquid and
ultimately defines the severity of the fluid effects on the sensitizer layer. Dye
sensitization effect may be a good choice for water treatment, but its effectiveness
depends on the device disposition and the sensitizer presentation mainly when it
gets in touch with the polluted water.

Among the different natural pigments, anthocyanidins represent an interesting
alternative as dye sensitizing naturally obtained pigment. Since dye sensitizer and
DSSC advances may be used in solar technology applications such as photocatalysis,
this chapter presents interesting information related to anthocyanidins focused on its
potential application in renewable energy applications and in particular when used as
dye sensitizing pigment in photocatalysis. In particular, the chapter presents informa-
tion related to an analysis of the effects caused by commonly used solvents to obtain
anthocyanidins such as gas phase (as comparative basis), water, ethanol, n-hexane,
and methanol and includes discussion on how several electronic properties of interest
are subject to different effects in consequence depending on the selected solvent.

2. Anthocyanidin molecular structure

In this section, anthocyanidin structural data from published references and also
our own results obtained with DFT methodology are presented. For convenience,
structural data are presented in this section and computational details used in DFT
calculations will be included in the next section.

2.1 Anthocyanidins structure

Anthocyanidins are natural pigments commonly found in plants with a molecu-
lar structure based on the flavylium ion or 2-phenylchromenylium (chromenylium
may be referred to as benzopyrylium). These natural pigments are salt derivatives
of the 2-phenylchromenylium cation, commonly known as flavylium cation. The
more common anthocyanidins and their substitution pattern are shown in Table 1.

The phenyl group at the 2-position can carry different substituents that deter-
mine a particular anthocyanidin. With a positive charge, anthocyanidins differ
from other flavonoids. Pigment molecule substituents and features are summarized
in Table 1 with a general interpretation of structural differences amongst variants,
and a general scheme for anthocyanidins is displayed in Figure 1.

Name Chemical formula Substitution pattern Color
R1 R2

Cyanidin (CysH10g)* OH OH Orange-red

Delphinidin (CyH11O7)* OH OH Blue-red

Malvidin (C1sH305)* OCH; OCH; Blue-red

Pelargonidin (CysH105)* H H Orange

Peonidin (CysH1306)* OCH; H Orange-red

Petunidin (CysHpOg)* OCH; OH Blue-red
Table 1.

Six more common anthocyanidins with their variants.
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The core of an anthocyanidin is a 15-carbon structure forming two aromatic
rings (A and B in Figure 1) joined by a third ring (C) that contains an oxygen atom
that provides the molecule positive charge. The presence of two C—C bonds in the
C ring distinguishes anthocyanidins from other flavonoids and imparts a positive
charge to the molecule, which results to be a cation (known as flavylium) in its
stable form at low pH [28].

The phenylbenzopyrylium core of anthocyanins is typically modified by the
addition of a wide range of chemical groups through hydroxylation, acylation, and
methylation. In this section, structural data obtained with DFT geometry calcula-
tions are included as displayed in the next paragraphs.

2.2 Structure parameters for selected anthocyanidins using DFT

Structure calculations are needed in DFT methodology because every analysis by
this methodology needs first of all relaxed geometries able to provide fundamental
data for the molecules ground states. A ball-stick model was used to represent each
of the constituent atoms (Figure 2).

To obtain molecular initial parameters, molecular database Chemical Entities
of Biological Interest (ChEBI) [29] was consulted and three selected anthocyanidin
molecules were downloaded from this database. Three of the more common antho-
cyanidin variants were selected for DFT calculations. These anthocyanidin models
were used as initial input data for our DFT calculations. Within this section, our
DFT results corresponding to geometry parameters for the selected three anthocy-
anidins, cyanidin, malvidin, and peonidin, respectively, are included. Bond length
values, angles, and dihedral angles obtained from DFT calculations are shown in
Table 2.

In general, C-C bond length found with the theoretical methodology used
within this work is near to the typical value for the case of benzene; it is known that
bonds have the same length of 140 pm. Benzene C-C bond length average value is
between the generally known length of single and double C-C bonds of 154.0 and
134 pm, respectively. In average, for selected molecules, C-C bond length within
this work is 139.9 pm.

Figure 1.
Structure of anthocyanidins in their pristine form in correlation with Table 1.
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Figure 2.
Selected anthocyanidin structure in their pristine form after geometry relaxation using DFT methodology,
(a) cyanidin, (b) malvidin, and (c) peonidin.

Parameter Cyanidin Malvidin Peonidin  Parameter Cyanidin = Malvidin  Peonidin

0(1)-C(2) 1.350 1.347 1.345 C(3")-C4") 1.422 1.418 1.420

0(1)-C(9) 1.358 1.359 1.358 C(4)-C(5) 1.396 1.407 1399

C(2)-C(3) 1.420 1.407 1404 C(5)-C(6") 1.383 1.395 1.384

C(2)-C(1) 1.436 1444 1.447 0(1)-C(2)- 180.0 1514 150.1
C(1)-C(6')

C(3)-C4) 1382 1.388 1390 C(3)-C(2)- 180.0 149.3 1491
C(1")-C(2)

C#)-C(10)  1.403 1.399 1.397 0-C(3)- 180.0 179.3 1774
C@#)-C(5)

C(5)-C(6) 1.376 1.376 1.375 H-C(5)- 180.0 175.9 178.5
C#)-C(3)

C(5)-C(10) 1.427 1.435 1436 O-C(#)- 180.0 177.0 176.7
C(3)-C(2")

C(6)-C(7) 1.412 1.408 1.409 0-C(4)- 180.0 178.0 1777
C(5)-C(6")

C(7)-C(8) 1.395 1.398 1.398 C(8)-C(9)- 180.0 176.3 1759
C(10)-C(4)

C(8)-C(9) 1.386 1382 1.381 0(1)-C(9)- 180.0 178.8 178.7
C(10)-C(5)

C(9)-C(10) 1.409 1421 1423 C(8)-C(9)- 180.0 1799 1794
o0M-C()

C(1)-C(2) 1422 1414 1.409 C(5)-C(10)- 180.0 1793 179.5
C#4)-C(3)

C(1)-C(6") 1414 1407 1411 C(9)-0(1)- 180.0 1791 179.0
C(2)-C(1)

C(2)-C(3") 1.377 1.381 1.387

Table 2.

Three selected anthocyanidins’ geometric parameters, bond length, and bond angles in A and °, respectively.
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Our results for C-C bonds in average for selected anthocyanidins are within the
range of 1.346-1.444 A with <0.1 A of difference between the larger and the shorter
bonds for all cases. Literature reports for geometries include different methodolo-
gies such as B3LYP/6-31G(d) and B3LYP/6-31+G(d,p) [30-33]. All reports are in
agreement that B3LYP reaches accurate results for this kind of molecules and overall
C-C bond lengths are in good agreement with our results.

Dihedral angles are a good indication of the planarity in a structure; for
anthocyanidins, we focused more in analyzing planarity among the three rings
that form the molecule skeleton within each anthocyanidin. Also, the literature
reports torsion angle as a parameter related to dihedral angles and this value may
be used as a factor that helps differentiate anthocyanidins and their electronic
structure behavior [30]. Dihedral values show that cyanidin is a planar molecule,
selected values are 180°, and in general, all dihedrals are planar or differ with
<1°. Peonidin presents more dihedrals that deviate from 180° but only a couple of
dihedrals deviate by more than 5°. This last observation occurs for all the selected
anthocyanidins; only a couple of dihedrals deviate in a significant amount from
planarity but this small difference in the planarity determines the molecule
character and its chemical properties. Then, only a few dihedrals indicate a
nonplanar structure; these correspond to the relative angle variation observed in
the B ring compared with the rest of the structure. These situations occur in all
selected structures except in cyanidin which is a planar structure as shown by its
dihedral values.

3. Solvents used to obtain anthocyanidins

In this section, literature related to the use of solvents during anthocyanidin
extraction process is reviewed. Some differences in the material properties depend-
ing on the solvents used during its different chemical processes to obtain viable
natural dye are expected. The same situation for anthocyanidins prevails, because
different processes are used to obtain anthocyanidins in which it is needed to use
different solvents resulting in behavior and property changes.

3.1 Anthocyanidin extraction

Anthocyanidin-rich extracts can be prepared from fresh, frozen, or dried
plant materials. Examples of plants rich in anthocyanidins include blueberry [34],
elderberry [35], and purple corn [36], among others. The particle size of source
materials is an important factor during extraction; milling or grinding procedures
among others are used with the goal of increasing surface area as well as the amount
of compound obtained from the extraction process. Liquid nitrogen or lyophiliza-
tion procedures may be complementary options during the grinding step to reduce
anthocyanidin degradation. These are important recommendations given that the
compounds involved may be subject to degradation caused by various factors, when
carrying out the extraction procedure.

A general classification of extraction procedures is based in its phase used
during the procedure such as solid or liquid extraction. Solid extraction is applied
to liquid matrices, typically only during purification rather than extraction due to
saturation of the absorbents. In the case of liquid extraction, a better recovery yield
of anthocyanidins may be expected and for this reason, it is the more commonly
used technique to extract these pigments from fruit sources. An important note
captured from the literature is that there is a general practice that anthocyanidins
are extracted with acidified water and polar organic solvents (methanol, ethanol,
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and acetonitrile) due to their hydrophilic nature [37, 38]. More recently, other
solvents have been used (e.g., lactic acid-glucose and choline chloride-malic acid
mixtures) in an attempt to increase green alternatives to extract anthocyanidins to
avoid toxic methodologies [37].

The extraction system can also require subsequent analytical procedures, which
is an important consideration. For example, it is noticed that less polar solvents
(such as ethanol and acetone) used for the extraction of anthocyanidins from
haskap berries compressed the Sephadex LH-20 gel used for extract purification
[38]. This step has been considered responsible for favorable results such as longer
retention times when the fractions were analyzed by high-performance liquid chro-
matography and, additionally, the co-extraction of impurities. Less favorable notes
that can be mentioned from this study relate to how acetone had a low extraction
efficiency and formed anthocyanidin-derived complexes (5-methyl-pyranoantho-
cyanin) which were not found in fresh fruits [38].

In relation to the techniques, various methods have been developed to increase
the efficiency of liquid extractions, decrease the processing time, and minimize the
use and exposure to organic solvents. Examples are supercritical fluid extraction
[39], pressurized liquid extraction [40], microwave-assisted extraction [41], and
ultrasound-assisted extraction [42].

3.2 Solvents used to obtain anthocyanidins

Undoubtedly, solvents may be considered very important in the food, agro-
chemical, chemical, and biotechnological, among others, process technologies.
New streams of scientific research related to solvents are good alternatives for new
experimentation. It may be worth mentioning the more relevant advances in this
matter during the past two decades where supercritical fluids, ionic liquids, and
deep eutectic solvents became the most outstanding subjects actively investigated
as potential green solvents [43], in particular for the research associated with food,
flavors, fragances, and medicinal plants.

Another important perspective is solvents applied in industry, where the value
of the products is not only dependent on the production costs themselves but also
on the way of production. A critical aspect on the solvent selection for any process
including industrial processes is related to safety. An aspect is avoiding the use
of chemicals that are potentially dangerous for human health but extends also to
have a solvent environmentally friendly including its disposal and also of the waste
products containing the solvent. Nowadays, all these aspects need to be considered
when real costs of production are calculated. For these reasons and the regulations,
green technology is becoming an essential part of process cost and impact estima-
tions. Above all, green technology is a critical aspect for solvent technology and
starts as the first action to improve production processes including long and short-
term impact [43] and relates directly on environmental matters and thus on earth
survival.

4, DFT calculations, results, and discussion

In this section, DFT calculation results from our own research are displayed
and analyzed. The first set of results contains ground state data, mainly related
to energy results including molecular orbitals, energy gap, and relevant chemical
properties. In the second set of results are included excited state data with their
corresponding molecular orbital diagrams and absorption spectra based on TDDFT
calculations.
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4.1 Computational methods and details

All calculations were carried out in gas phase and using four different solvents,
water, ethanol, n-hexane, and methanol. These solvents were selected because
they are used commonly in the process to obtain pigments in the laboratory. PCM
(polarizable continuum solvation model) was employed in the present work accord-
ing to its implementation in GO9 program suite. Anthocyanidin geometry was
relaxed with B3LYP/6-311+g(d,p), and all of them were built resembling previously
reported geometric parameters but a different theoretical method was used during
the set of calculations.

Geometry optimizations and vibrational frequency analyses were carried out
using DFT with the well-known B3LYP approach, which includes the interchange
hybrid functional from Becke in combination with the correlation functional three
parameter by Lee-Yang-Parr [44] 6-311+g(d,p) basis set as implemented in the
Gaussian09 program package [45]. We selected 6-311+g(d,p) because after running
a set of calculations with the selected natural pigments using the reported basis set
for similar organic molecules, 6-311+g(d,p) result values were comparable to the
different basis sets recommended by the literature. Furthermore, several research
works reported that the B3LYP/6-311+g(d,p) theoretical method provides good
results with a good level of accuracy for similar organic materials [46-50]. Each
geometry optimization was followed by calculations for harmonic vibrational
frequencies in order to confirm that a local minimum has been reached. After
vibrational frequency results are obtained, the zero-point vibrational energy
(ZPVE) and the thermal correction (TC) at 298.15 K were also included to complete
these calculations. Energy calculations were performed for all molecules, adiabatic
energies were obtained, and with these values, global and local chemical reactivity
indexes were evaluated to find the electronic properties and some of its chemi-
cal properties such as HOMO, LUMO, gap, ionization potential (IP), electronic
affinity (EA), electrophilicity (@), electronegativity (y), and hardness (7). All
calculations were carried out in gas phase and using four different solvents, water,
ethanol, n-hexane, and methanol. These solvents were selected because they are
used commonly in the process to obtain pigments in the laboratory. PCM (polariz-
able continuum solvation model) was employed in the present work according to its
implementation in GO9 program suite.

Our results are compared with results by other research teams that worked
with the selected molecules with other methodologies or experimentally and
also the generally accepted TiO, was used as reference in its bulk presentation
[46-50] to gain insight into the pigment application as dyes. Calculations were
made for several excited states, but for practical purposes, only first excited
states are displayed in the result table. Excited state calculations were carried out
using TDDFT with the same theoretical method, B3LYP/6-311g+(d,p). Energy
graphs and excited state spectral diagrams were developed using the Chemissian
code [51].

4.2 Electronic structure obtained from DFT calculations

Energy calculations for selected anthocyanidins were carried out with the
B3LYP/6311+g(d,p) theoretical model for gas phase and using solvents water,
ethanol, n-hexane, and methanol. To the best of our knowledge, this theoretical
method has not been reported before for these specific molecules and solvents but
other research groups have used other basis sets in their works. HOMO and LUMO
molecular orbitals were calculated and these values are displayed in Table 3. The
importance of molecular orbital calculation relies in the possibility that energy
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orbitals in these pigments may overlap with a semiconductor energy orbital such as
TiO, or ZnO for photocatalytic applications.

HOMO and LUMO are involved in the electronic transitions because the photo-
induced electron transfers from the dye excited state to the semiconductor surface.
It has been reported in the literature that dye sensitizer energy levels for HOMO and
LUMO are required to match the potential of the electrolyte redox and the conduc-
tion band edge level of a semiconductor such as TiO, [46].

Selected anthocyanidins within this work at their ground and excited states
match well with the redox level of the electrolyte (—4.85 eV) and the conduction
band edge for TiO, (—4.00 eV) respectively, according to reported literature values
[46-50].

Molecular orbitals were calculated for selected anthocyanidins in gas phase and
using solvents water, ethanol, n-hexane, and methanol. LUMO values for anthocy-
anidins are between —6.856 and —6.624 eV for gas phase LUMO molecular orbital
may be the more important contribution from these pigments if used as dye sensi-
tizers. Anthocyanidin LUMO contribution may enable molecular orbital to overlap
semiconductor band gap with dye conduction band, and so, it can enable an easier
charge transfer process in DSSC applications.

For molecules with solvents water, ethanol, and methanol caused similar effect
in the molecular orbitals’ energy and because of these solvents’ value shift in
around 3 eV. These three solvents had a similar effect in HOMO molecular orbital
with similar shift magnitude around 3 eV. Then n-hexane causes a smaller shift in
molecular orbitals with <1.5 eV in both HOMO and LUMO. HOMO and LUMO
molecular orbitals and additional energy levels are displayed in Figures 3 and 4.

HOMO-LUMO energy difference is a good approximation to the material’s band
gap. For the selected anthocyanidins, energy gap was between 2.539 and 2.881 eV in
gas phase with malvidin having the narrower gap.

Pigment Solvent H-L HOMO LUMO Ae EEP M, HEP
(C1sH110¢) " Gas phase 2,664 -9.288 —6.624 0.318 5.525 0.344 10.361
Water 2.824 —6.452 —3.628 0.262 4.064 0.284 6.038
Ethanol 2.816 —6.528 -3.712 0.264 4.102 0.288 6.155
n-hexane 2.712 7916 —-5.204 0.295 4.818 0.324 8.284
Methanol 2.818 —6.501 —-3.683 0.263 4.089 0.267 6.115
(CisHi30s) " Gas phase 2.539 -924 —-6.701 0.371 5.666 0.452 10.162
Water 2.823 —6.532 —-3.709 0.294 4172 0.46 5.946
Ethanol 2.81 —6.61 -3.8 0.295 4.216 0.462 6.066
n-hexane 2.657 7975 —-5.318 0.335 4.968 0.479 8.169
Methanol 2.815 —6.583 —3.768 0.294 4.201 0.461 6.024
(C15sH1306)* Gas phase 2.691 -9.465 —6.774 0.364 5.703 0.498 10.371
Water 2.955 —6.668 -3.713 0.293 4173 0.527 6.019
Ethanol 2.945 —6.748 —-3.803 0.294 4.217 0.527 6.142
n-hexane 2.815 —-8.166 —-5.351 0.328 498 0.533 8.316
Methanol 2.948 -6.72 —3.772 0.294 4.202 0.527 6.100

H-L is HOMO-LUMO gap energy band. All units are in eV,

Table 3.
Selected anthocyanidins’ energy results using DFT (B3LYP/6311+g(d,p)) in gas phase and with different
solvents.
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Figure 3.

Molecular orbitals for selected anthocyanidins cyanidin, malvidin, and peonidin corresponding to (a) gas
phase, (b) water, (c) ethanol, (d) n-hexane, and (e) methanol. H-L gap energy units ave shown in eV.
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Figure 4.
HOMO and LUMO molecular orbital charge distributions using B3LYP/6-311 + g(d,p), corresponding to: (a)
cyanidin, (b) malvidin, and (c) peonidin.
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When solvents either water, ethanol, n-hexane, or methanol are added, H-L
values shift slightly for all selected pigments. Malvidin in its gas phase has a lower
value for gap energy, and with addition of solvents, H-L increases in all cases but
malvidin with n-hexane is the narrower. Solvent addition has a more noticeable
effect for water solvent if compared with ethanol and methanol.

Overall, H-L values are similar in magnitude for all selected pigments when using
either solvent water, ethanol, n-hexane, or methanol. The H-L shift in all cases is <10%
if compared with their H-L values for its respective gas phase. Malvidin and peonidin
presented the bigger shift with 11 and 10%, respectively, with the exception of malvi-
din using n-hexane which had a shift of 5%. Among selected solvents, water caused the
bigger H-L shift and n-hexane caused the smaller shift. Energy gap of anthocyanidins
has few variations with ~0.3 eV as the mean difference between variants. Overall, pla-
narity and the relative angle among rings have small contribution to gap energy results
and predominates their family common features to determine the H-L parameter.

Intramolecular reorganization energies were calculated to find the required
energy for the molecule to go from neutral to ionized state (as cation if charge is
lost and anion if charge is accepted). Also, these calculations help understand the
inverse process when the ionized molecule becomes neutral and these two different
processes relate to the charge transfer process.

Values as low as possible are desirable for reorganization energies so the avail-
able energy is used in the charge transfer process instead of using the energy in
reorganization processes in such a way that 1 should be as low as possible in order
to avoid wasting solar energy instead of taking advantage of sunlight during the
energy transferring process. Overall, solvent addition helps the pigment decrease 4,
and display similar values for water, ethanol, and methanol. Solvent n-hexane also
helps decrease 4 values but with less impact than the other solvents. From selected
anthocyanidins, cyanidin presented lower electron reorganization energy (/,) using
solvent water but ethanol and methanol had similar values.

For the hole reorganization energy (4;), again cyanidin had the lower values but
now with methanol solvent followed by water and methanol with near values but not
as close as for 4,. Hole extraction potential (HEP) and the electron extraction potential
(EEP) were calculated, and the results overall present the higher values for gas phase
and the value for each case is decreased when any of the selected solvents are added.

When n-hexane solvent decreases around 8 eV and with water, ethanol, and
methanol as solvents HEP is around 6 eV. For EEP, a similar effect occurs but
the values decrease in less than around 1 eV when water, ethanol, and methanol
solvents are used and around 0.5 eV when n-hexane is used. The three variant
anthocyanidins had similar values in gas phase with <0.1 eV of difference.

Reorganization energies show that malvidin is the best choice for sensitization
applications. Electron energy 4, indicates clearly that cyanidin with methanol is the
best choice followed by water and ethanol.

For hole energy 4, also cyanidin with the same solvents is the best choice; this
behavior with 4 values may be attributed to its molecular planarity. EEP and HEP
are not as clear as /; in the case of these two parameters, malvidin with solvent
water is the best choice but only with slight differences for the same solvent in other
molecules like cyanidin and peonidin.

4.3 Chemical properties calculated from DFT results

Conceptual DFT was used to calculate the chemical properties of these three
selected anthocyanidin variants. Chemical property results are shown in Table 4.
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Pigment Solvent IP EA x n w S
(CysH1106) " Gas phase 10.642 5.154 7.898 2.744 11.439 0.364
Water 6.322 3.802 5.062 1.26 10.165 0.793
Ethanol 6.443 3.838 5.141 1.302 10.147 0.768
n-Hexane 8.608 4.522 6.565 2.043 10.549 0.49
Methanol 6.382 3.825 5.104 1.278 10.189 0.782
(CysH30s) " Gas phase 10.614 5.296 7955 2.659 11.899 0.376
Water 6.406 3.878 5.142 1.264 10.462 0.791
Ethanol 6.528 3.921 5.224 1.304 10.469 0.767
n-Hexane 8.647 4.633 6.64 2.007 10.983 0.498
Methanol 6.486 3906 5.196 1.29 10.466 0.775
(CysH1306) " Gas phase 10.869 5.34 8.105 2.765 11.879 0.362
Water 6.545 3.881 5.213 1.332 10.199 0.751
Ethanol 6.67 3.922 5.296 1.374 10.209 0.728
n-Hexane 8.85 4.652 6.751 2.099 10.859 0477
Methanol 6.627 3.908 5.267 1.359 10.205 0.736

Values include ionizgation potential (IP), electron affinity (EA), electronegativity (), chemical hardness (n),
electrophilicity index (w), and chemical softness (S), all of them in eV.

Table 4.
Chemical property results for selected anthocyanidins.

Ionization potential (IP) is the needed energy to extract an electron from a neutral
molecule in order to form a cation. This property is related with the stiffness of the
electronic cloud. In regard to reactivity, the cloud is more reluctant to participate in
electron transfer. Then, a lower ionization potential value is desirable so there is a
higher molecular potential to serve as an electron donor. The molecule with the lower
I[P was malvidin in its gas phase but with solvent addition, IP decreased in all cases.
Although water, ethanol, and methanol cause a similar effect in IP magnitude, it was
water used as solvent in cyanidin, the variant with the lower IP value among all vari-
ants. IP in gas phase was around 11 eV for selected anthocyanidins and when water,
ethanol, and methanol were used, IP decreased to values around 6 eV.

Solvent n-hexane also had a decreasing effect in IP values but the values were
observed around 8 eV. Cyanidin using water and methanol presented lower IP
values and other molecules like malvidin also presented their lower values with
water and methanol.

Selected anthocyanidins in gas phase had EA values around 5 eV and with
solvents water, ethanol, and methanol, values decreased to around 3 eV while
n-hexane effect decreased the EA to around 4 eV. Regarding electronegativity (y),
it is calculated to estimate the capacity of molecules to attract electron pairs. The
highest the y value, the highest its suitability to act as a charge acceptor.

In general, selected anthocyanidins had y values around 8 eV, and with solvents
like water, ethanol, and methanol this value decreased to around 5 eV while n-hex-
ane solvent effect was less with values around 6 eV.

Overall, the chemical properties estimated display some similarity among
calculated values which may be attributed to molecular resemblance such as relative
angle at ring B, and the differentiator relates to the small structural differences as
well as their molecule constituents.
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4.4 Excited states for absorption energy calculation using TDDFT

Excited states were calculated using the TDDFT scheme as implemented in
Gaussian09 using the B3LYP/6311+g(d,p) theoretical method for selected antho-
cyanidins. B3LYP has been reported as an efficient hybrid functional that has been
compared with several other functionals with good results [46-50, 52] to process
different anthocyanins and anthocyanidins. For any DSSC to be effective, its
absorption spectrum must match the solar irradiation spectrum. The absorption
property of the dye determines its light harvesting capability and thus affects the
performance of dye sensitizers in DSSCs [53-57].

Our calculations showed that there is a slight difference with experimental
values due to solvent effects and variation contributed by measuring methodolo-
gies [52, 58-60]. Two main regions in the anthocyanidin UV-Vis spectra have been
reported in the literature, the first located between 260 and 280 nm and the second
is located at the visible region between 490 and 550 nm. A third peak appears at
310-360 nm [59]; our discussion will focus on the principal peak located in the
visible region.

Molecule Solvent State AE A (nm) Transition Contribution f
(eV)
(CisH1106) " Gas phase 1 2.546 4871 (522%) H-L 67% 0.507
Water 1 2.524 491.2 H-L 68% 0.619
H-1-L 17%
H-2-L 12%
Ethanol 1 2.528 4904 H-L 68% 0.629
H-1-L 15%
H-2-L 12%
n-Hexane 1 2473 5014 H-L 69% 0.686
Methanol 1 2.524 491.3 H-L 68% 0.622
H-1-L 17%
H-2->L 12%
(CysH1305) " Gas phase 1 2.312 536.4 (542%) H-L 60% 0.24
Water 1 2434 509.3 H-1-L 30% 0.604
Ethanol 1 2481 499.8 H-L 68% 0.591
H-2->L 17%
n-Hexane 1 2.376 5219 H-L 70% 0.627
Methanol 1 2431 510.1 H-L 61% 0.601
(CisH1306)* Gas phase 1 2401 516.3 (532%) H-L 67% 0.288
H-1-L 11%
Water 1 2.509 494.2 H-L 69% 0.53
Ethanol 1 2.564 483.6 H-L 67% 0.515
n-Hexane 1 2.465 503 H-L 69% 0.535
Methanol 1 2.505 4949 H-L 69% 0.527
Table 5.

Excited state absorption results for selected anthocyanidins using TD-DFT.
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Figure 5.
Anthocyanidin excited state spectva from vesults using the TD-DFT scheme for gas phase and solvents water,
ethane, n-hexane, and methane corvesponding to: (a) cyanidin, (b) malvidin, and (c) peonidin.

In a general view of absorption results, selected anthocyanidins in gas phase had
absorption wavelength between 479.1 and 536.4 nm so, all selected molecules work in
the visible part of the electromagnetic spectrum. Cyanidin works in the blue region and
displays lower values calculated for wavelength. Malvidin has higher values while cyani-
din presents a similar value. These results suggest that there is an effect caused by the
small relative angle at B ring considering that these molecules are the simplest regarding
their constituents. Addition of solvent shifts the absorption spectrum by increasing its
wavelength by <5 nm in the case of water, ethanol, and methanol. For n-hexane solvent,
absorption spectrum shifts the wavelength by slightly more than 10 nm.

First excited state values using TDDFT to calculate absorption data are displayed in
Table 5 and absorption spectrum is shown in Figure 5. The visible and near-UV regions
are the most important for photon-to-current conversion to obtain the microscopic
information about the electronic transitions and their corresponding MO properties.

5. Conclusions

Ground state geometries were analyzed using a well-known theoretical method-
ology, and an analysis on their relative angles comparing dihedrals within individual
rings provides insight into the different planarity characteristics between rings and
establishes that functionalization with OCHj is an important feature for the struc-
tural and energy gap differences. Molecular orbitals are analyzed and compared
with our results from prior research for TiO,, the more widely used photocatalyst.
These results mainly with MO analysis show that there is good compatibility
between the semiconducting oxide and these pigments if they are to be used as dye
sensitizers. Malvidin in its gas phase has a lower value for gap energy and with addi-
tion of solvents, gap energy increases in all cases but malvidin with n-hexane is the
narrower. Conceptual DFT results show that cyanidin and malvidin may have good
charge transfer. Furthermore, excited state data display the absorption capabilities
of the selected pigments and confirm that cyanidin and malvidin, in that order, may
be the best choices for dye sensitization applications.
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