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ABSTRACT

Dye-sensitized solar cells (DSSCs) are reckoned as emerging next-generation solar cells of a
high potency. Co-sensitization of dyes facilitates widening of the light absorption range of a
sensitizer and is one of possible options to improve overall DSSC performance. In this work,
an effect of combination of the natural crocetin dye and synthetic metal free indoline D205
dye was studied. Molecular design of a complex formed from the individual dyes was
attempted. The structures, vibrational and electronic spectra of the species were computed by
DFT and TD-DFT B3LYP5 methods with mid-sized basis sets. The UV-vis absorption
spectra were measured for individual dyes and their mixtures in chloroform solutions.
Electron density distribution of the frontier molecular orbitals and energy levels alignment
were used for analysis of the electronic spectra and mechanism of transitions. The results
indicated that the designed complex can be considered as a potential candidate for DSSCs

application with improved properties compared to the individual dyes.
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CHAPTER ONE

INTRODUCTION

1.1 Background information

Dye-sensitized solar cells (DSSCs) are devices for conversion of solar energy into electricity
based on sensitization of wide band gap semiconductors (O'Regan and Grétzel, 1991; 2003).
They are also called Gratzel cells named after their publication in 1991 (Hagfeldt et al.,
2010). DSSCs have gained increasing attention for many years now as they present many
potential advantages such as flexibility, lightweight, low cost and easy processing. The dye is
a key component of the device since its role is to harvest efficiently the light and inject the
photogenerated electrons into the semiconductor oxide (Zhou et al., 2011). Many dyes, such
as ruthenium complexes, zinc porphyrin and metal-free organic dyes have been extensively
studied for this application. However the use of a single sensitizer (dye) is restricted due to

wavelength range of light absorption which leads to low efficiency.

DSSCs have been extensively investigated as potential candidates for renewable-energy
systems because of their fundamental and scientific importance in the area of energy
conversion (Higashijima et al., 2011). Availability of materials, simplicity in fabrication and
reasonable efficiency has made DSSCs a promising alternative to conventional silicon-based
solar cells due to their potential application for photovoltaic devices (Arjunan and Senthil,
2013; Santhanamoorthi et al., 2013). The use of synthetic dyes in DSSCs provide better
efficiency and high durability, but they suffer from several limitations such as higher cost,
tendency to undergo degradation, and usage of toxic materials (Shalini et al., 2015). In
recent years metal complexes and organic dyes have been synthesized and utilized as
sensitizers. The highest efficiency of DSSCs fabricated by Ru-containing compounds
absorbed on nanocrystalline TiO, reached 11-12% (Chiba et al., 2006; Zhou et al., 2011).
Regardless of high efficiency reached these DSSCs use noble metals in them which are
considered as a resource that is limited in amount. On the other hand organic dyes, which
are also known as metal free organic dyes, result in lower efficiency compared to metal
complexes sensitizers. For example double rhodanine indoline dye D149 is reported to have
power conversion efficiencies of up to 8% in DSSCs based on TiO2. Also the same dye
produced a promising efficiency (6.1%) when used in combination with ZnO (Rudolph et

al., 2015). As it is reported one important target for many studies is to increase the



performance of DSSCs as well as avoiding dyes aggregation (Hamilton, 1977). Dyes
aggregation may lead to molecules residing in the system that are not functionally attached
to the TiO> surface and act as filters (Khazraji et al., 1999; Ito et al., 2008). It is reported
that some ruthenium complexes have shown the best results using chenodeoxycholic acid
(CDCA), which functions as an anti-aggregation reagent to improve the photovoltaic effect
(Kay and Graetzel, 1993). On the other side, indoline dyes and coumarin dyes form
photoactive aggregates on nanocrystalline-TiO, electrodes for DSSCs, known as J-
aggregation (Sayama et al., 2002; Horiuchi et al., 2004). In order to control the aggregation
between dye molecules, indoline dye, D205 was designed by introducing an n-octyl
substitute onto the rhodanine ring of D149 for use in DSSCs. The indoline dye, D205 gave

7.2% conversion efficiency using an ionic-liquid electrolyte (Kuang et al., 2008).

Organic dyes have often presented problems as well, such as complicated synthetic routes
and low vyields. Nevertheless, the natural dyes found in flowers, leaves, and fruits can be
extracted by simple procedures. Due to their cost efficiency, non-toxicity, and complete
biodegradation, natural dyes have been a popular subject of research (Kuang et al., 2007).
Apart from that, several natural dyes have been utilized as sensitizers in DSSCs such as
cyanin, carotene, tannin, and chlorophyll (Gomez-Ortiz et al., 2010). The main problem for
natural dye is its low efficiency. For example, chlorophyll from spinach is reported to have
efficiency of 0.538% (Syafinar et al., 2015). Optimization of the structure of natural dyes to

improve efficiency is a promising process.

For the organic dyes structure to be considered as a synthesizer in DSSCs it must contain
anchoring groups like carboxylic and cyanoacrylic acids, pyridine groups, phosphonic acid
groups, tetracyanate groups, pyridine-N-oxide groups, sulfonic acid groups, and boronic acid
groups, which will attach/chelate on the surface of the titanium dioxide or zinc oxide

semiconductors (Zhang and Cole, 2015).

1.2 Working principle of DSSCs

In the first stage, the absorption of the sunlight photons 4v starts at the dye (D) molecules and
electrons (e7) in the dye get excited from the highest occupied molecular orbital (HOMO) to
lowest unoccupied molecular orbital (LUMO) state (Akila et al., 2016). The description is
shown in Fig. 1 and by Egs.(1-5).
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Figure 1: Schematic on how sunlight is converted to electricity in DSSCs (Jasim et al.,
2011).
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After an electron injected from LUMO enters the conduction band of the nanostructure TiO>
film (the working electrode). This makes the dye molecules become oxidized (Akila et al.,
2016)

D"+ TiO; — D* + ¢ (TiOy) 2)

The electron transported between the TiO2 nanoparticles will be extracted to a load where the

work done is delivered as electrical energy.
e (TiOy) + Electrode —TiO, +e (Electrode)+ Energy (3)

As there is a movement of electrons between the TiO> (the working electrode) and the carbon
coated counter electrode, electrolyte containing iodide ions I/l3~ is used to regenerate
electrons; it fills the cell

D*+2e —»D+I3 (4)

The I3” ions substitutes the donated electron internally with that from the external load and
gets reduced back to I” ion
2e (Electrode) + I3 — 31 + Electrode (5)



1.3 Research problem

It is reported that different types of natural dyes show different solar energy conversion
efficiencies depending on the source, chemical structure of dye, and interaction between dye
molecules and photo-electrode (Hao et al., 2006). Due to the fact that single dye especially
natural dyes absorb very small portion of the visible spectrum (Karki et al., 2013) its
efficiency is low. For the natural dye to be used in solar cell its efficiency should be enhanced
by increasing its absorption range. In order to increase the efficiency of natural dyes the
combination of two or more dyes, which have complementary absorption properties in the
visible region, may be used for broad responses to the solar spectrum (Kimura et al., 2012).
This study is intended for the combination between natural (crocetin) and synthetic (indoline,

D205) dyes so as to enhance the performance of the DSSCs.

1.4 Problem justification

Due to the fact that power consumption in the world is constantly increasing, there is a need
for a searching for alternative to fossil fuels. These alternative ways should be environment
friendly and cost effective (Mphande and Pogrebnoi, 2014). Natural dyes have become a
viable alternative to expensive and rare organic sensitizers because of its low cost, easy
attainability, abundance in supply of raw materials and no environment threat. Hence there is
a high need of utilizing the natural dyes so as to minimize the great use of fossil fuels
(Narayan, 2012).

1.5 Significance of the research

Due to depletion of fossil fuels, environment impacts together with high cost of the
conventional solar cells, nowadays the potential of DSSCs is increasing. The increase of
efficiency of the natural dyes in DSSCs applications due to combination/co-sensitization is a
promising result for the future use of these dyes as alternative energy sources. This study
gives foundation for the designing of a new sensitizer through a combination of natural and
synthetic dyes since that, the new complex may have a high performance compared to the

individual dyes. Also this study lays a basis for future studies.



1.6 Objectives
1.6.1 General objective

The general objective of this study is to investigate the effect of combination between

natural dye (crocetin) and synthetic dye (indoline, D205) for DSSCs applications.

1.6.2 Specific objectives

(i)  Molecular design of complex molecule through combination of the crocetin and
indoline D205 dyes;
(i)  To determine the geometrical parameters and vibrational spectra of the dyes (crocetin,
tocopherol, retinol and indoline D205) by using quantum chemical methods;
(ili)  To compute the electronic spectra of crocetin, tocopherol, retinol and indoline D205
dyes and the complex molecule;
(iv)  To measure experimentally UV-vis spectra of solutions of crocetin, tocopherol, retinol

and indoline D205 dyes and mixture of crocetin and indoline D205 dyes.

1.7 Research questions

Rk

) What is the equilibrium geometrical structure of the individual dyes molecules and the
complex?
(i)  What are the theoretical vibrational and electronic spectra of crocetin, indoline D205,
tocopherol, retinol and the combination of the selected dyes?
(iii)  What are the main absorbance bands in UV-vis experimental spectra of the natural,
synthetic dye and mixture of selected dyes?
(iv) Is there an agreement between the theoretical and experimental spectra?

(v)  What is the energy level alignment of the species considered and semiconductors?



CHAPTER TWO
LITERATURE REVIEW
2.1 Basic requirements to a dye for DSSCs

For a dye to be more efficient in DSSCs applications the following features are very
important; the dye must have anchoring group/groups to attach to the semiconductor surface,
appropriate alignment of HOMO and LUMO levels which will facilitate charge injection into
the semiconductor, dye regeneration from electrolyte, it should absorb light in a broader
region of visible and NIR and lastly its photo stability and solubility (Giribabu et al., 2012;
Ladomenou et al., 2014). In order to improve the efficiency of dye-sensitized solar cells the
above list of requirements has to be fulfilled. Simply by changing the additive (Nazeeruddin
et al., 1993; Boschloo et al., 2006) or the redox couple (Yella et al., 2011) in the cell, the
energetic of the interface and therefore the electron transfer kinetics is completely changed,
and the best dye in some experiment is not necessarily the best in some other. Currently
research efforts include so many different directions (synthesis of new dyes, exploration of
new electrolytes, hole conducting materials, and additives) that, clearly, there are no
established “optimal” components of the DSSCs yet (Ambrosio et al., 2012). Anchoring to
TiO2 or ZnO has been achieved through a number of functional groups, such as salicylate,
carboxylic acid, sulphonic acid, phosphonic acid and acetylacetonate derivatives. The most
widely used and successful to date being the carboxylic acid and phosphonic acid
functionalities (Campbell et al., 2004).

The anchoring group facilitates the attachment of the dye to the semiconductor surface and
this determines the binding energy of the dye on TiO2 or ZnO as well as modulating the
injection energy by changing the energy of the dye’s excited state. It is reported in the
literature (Ambrosio et al., 2012) that the anchoring group of the dye can affect the injection
rate into two ways, namely through the electronic coupling between the dye and the
semiconductor, mediated by the anchor group, and through the position of the dye’s virtual
orbital and its energy alignment with the TiO2 conduction band.

2.2 Types of dyes used in DSSCs

Dye sensitizers serve as solar energy absorbers in DSSCs, which control the light harvesting
efficiency and the overall photoelectric conversion efficiency. The sensitizers used in DSSCs

are divided into two types: organic dyes and inorganic dyes according to the structure



(Yamazaki et al., 2007). Inorganic dyes include metal complexes, such as polypyridyl
complexes of ruthenium and osmium, metal porphyrin, phthalocyanine and inorganic
quantum dots, while organic dyes include natural and synthetic organic dyes (Sekar and
Gehlot, 2010).

Synthetic organic dyes include metal free dyes such as indoline dyes. Indoline dyes as
photosensitizers for DSSCs has been used since 2003, these metal-free organic dyes have
increasingly attracted interest due to its promising efficiency, low-cost alternative to Ru(ll)-
based photosensitizers (Matsui et al., 2016). Especially when adsorbed together with a co-
adsorbate like cholic acid (CA) in order to prevent aggregation on the surface of the
semiconductor, indoline dyes yield competitive results. One of the most well-known
sensitizers of this group, the double rhodanine indoline dye (D149), has produced power
conversion efficiencies (1) of up to 8% in DSSCs based on TiO2. Also the same dye yielded a
promising results (N = 6.1%) in combination with ZnO. The main absorption peak of D149
adsorbed to TiO2 or ZnO is centered around 550 nm and extends no further than to
wavelengths of around 620—650 nm, which means that the dye can cover the red part of the
solar spectrum (Rudolph et al., 2015). Indoline dye D205, in which the ethyl group in the
terminal rhodanine ring of D149 is substituted with an octyl group, has been reported to show
an improved open circuit photovoltage (Voc) to give higher conversion efficiency than D149
(Matsui et al., 2016).

Natural dyes can be easily extracted from fruits, vegetables and flowers with minimal
chemical procedures (Calogero et al., 2010). Natural dyes may be grouped according to their
chemical structures as shown in Fig. 2. Only carotenoids will be described in this work as
they contain crocetin which was used in combination with synthetic dye. Carotenoids are
usually responsible for petal colors in yellow-to-orange (Kishimoto et al., 2005). Among the
two types of carotenoids (crocetin and crocin) crocetin exhibits the best photoelectrochemical
performance. The photoelectric conversion efficiency of DSSCs sensitized with crocetin
(0.56%) is three times or more as high as that of crocin (0.16%). Regarding its structure,
carotenoids have been not given much attention as sensitizers for the DSSCs for two reasons.
First, most of the carotenoid species do not have effective functional groups to bond with
TiO,. Secondly, strong steric hindrance of long chain alkane of carotenoid species prevents

the dye molecules from arraying on TiO; film efficiently. Due to the two reasons, carotenoid



species are not nearly adsorbed on TiO> film and sensitizing effect on TiO> film tends to be
low (Yamazaki et al., 2007).

PIGMENTS

' ! ! '

CHLOROPHYLLS CAROTENOIDS FLAVONOIDS BETALAINS

Figure 2: Groups of natural dyes according to their chemical structures.

2.3 Efficiency of DSSCs with natural dyes

Since that time when Gréatzel (2003) developed DSSCs, a new type of solar cells have
attracted considerable attention due to their advantage of being environmentally friendly and
low cost of production. In nature, fruits, flowers and leaves of plants show various colors
from red to purple and contain various natural dyes which can be extracted by simple
procedures. These dyes can be used as photosensitizers for DSSCs. Many studies have been
done on natural dyes as sensitizers of DSSCs (Tennakone et al., 1997) but the efficiency of

the natural dye sensitizers was reported to be very low (Dai and Rabani, 2002).

It is reported that a conversion efficiency of 0.66% has been attained using red sicilian orange
juice dye as sensitizer (Calogero and Di Marco, 2008). Other researchers utilized rose bengal
dye as sensitizer and achieved 2.09% conversion efficiency (Roy et al., 2008). Coumarin
derivation dye obtained from structural modification of coumarin as a sensitizer in DSSCs,
provided an efficiency of 7.6% (Wang et al., 2005). Thus, optimization of the structure of

natural dyes to improve efficiency is promising.

Compared to the well-known silicon devices, DSSCs are belonging to the emerging third-
generation photovoltaic concept and use synthetic or natural dyes as light harvesting
pigments (Kalyanasundaram, 2010). The currently most efficient Gratzel cells are still much
less efficient in comparison to standard silicon-based solar cells. But as a result of the light
absorption mechanism of the pigments, DSSCs work even in low-light conditions. Therefore,
DSSCs are able to work under cloudy skies and indirect sunlight, whereas inorganic
semiconductor-based photovoltaic cells would suffer a cut-off at some lower limit of

8



illumination. Since the cut-off of DSSCs is so low, they are even proposed for indoor use,
collecting energy for small devices from the light inside buildings (Sacco et al., 2013).
Eleven natural dyes were extracted from three trees and used as photo sensitizers for DSSCs.
These dyes were extracted from the leaves, flowers, barks, and roots of the three trees and
TiO2 was used as a semiconductor. The efficiencies obtained from the DSSCs fabricated
using the extracted dyes were as follows; lycium shawii flower (0.10%), olive grain (0.12%),
olive leaves (0.17%), lycium shawii leaves (0.32%), zizyphus leaves (0.40%), olive bark
(0.06%), lycium shawii bark (0.02%), zizyphus bark (0.07%), olive root (0.08%), lycium
shawii root (0.01%) and zizyphus root (0.04%), respectively. DSSCs sensitized with plant
leaves showed higher efficiency than those sensitized with other parts of the trees due to the
presence of chlorophyll as the absorption spectra showed. The highest conversion efficiency
was 0.40% for the DSSC sensitized with zizyphus leaves. DSSCs sensitized with roots and
barks exhibited the lowest efficiency (Abdel-Latif et al., 2015).

2.4 Combination of dyes

Many studies have been done in mixing dyes to obtain a wide range of absorption in the
visible region. For example (Chang and Lo, 2010) combined anthocyanin and chlorophyll at
the ratio of 1:1 to serve as a natural dye mixture from mulberry fruits and pomegranate
leaves. The absorption range of chlorophyll dye was in 400-500 nm while the peak for
anthocyanin dye was located at 543 nm. The absorption wavelengths of the two dyes are
located between 400 and 600 nm. By observing the absorption range of a combination dye, it
is found that when two natural dyes are mixed, the absorption range is enhanced, promoting
the photoelectric conversion efficiency of a dye-sensitized solar cell. Furthermore it is known
that different dyes show different absorption range/wavelength due to different composition
(Bisquert and Vikhrenko, 2004; Polo and Iha, 2006). Actually after mixing the two or more
dyes, composition might be changed that is why the individual absorption differs from that of

the mixture.

By using a combination of natural dyes, efficiency was enhanced up to 0.27% by mixing
flame tree flower extract and pawpaw leaf as individually, both flame tree flower extract and
pawpaw reached efficiencies of 0.20% (Kimpa et al., 2012). The efficiency of DSSCs with
dye extracted from rosella, blue pea flowers and a mixture of these extracts was reported to
be 0.37%, 0.05% and 0.15%, respectively. By decreasing the pH value and the extraction



temperature of rosella dye, it was found that the efficiency improved from 0.37% to 0.70%

for the DSSC utilizing rosella extract (Wongcharee et al., 2007).

Furthermore the conversion efficiency of the DSSCs prepared by anthocyanin dyes from
mulberry extract was 0.548%, while there was a conversion efficiency of 0.722% for

chlorophyll and anthocyanin as the dye cocktails (Chang and Lo, 2010).

2.5 Energy level alignment

In order to predict the energy level alignment of dyes calculation of the excited state
oxidation potential in relation to the semiconductors conduction band edge is important. Also
this calculation is useful for the interpretation of photovoltaic data but represents also a
predictive tool for new sensitizers. If the calculated energy difference between the dyes
excited state and the semiconductors conduction band edge is too low or negative (i.e. the dye
excited state lies below the semiconductors conduction band edge) an unfavorable electron
injection can be predicted, hence the dye cannot be considered as a sensitizer (De Angelis et
al., 2008).

In the TD-DFT study of the electronic properties of dyes the solvent effects should be
included on the framework calculations. This is because the effect of solvent in the
calculation of the excited states of the dyes is required (Dong et al., 2012) so as to reveal the
actual environment of the system, which can give a much better agreement with the
experimental values. Many theoretical studies confirm that inclusion of the solvent effects is
a crucial factor in describing the absorption spectra of the sensitizers (Guillemoles et al.,
2002; Fantacci et al., 2004).
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Samples collection

The crocetin and indoline D205 dye samples were purchased in powder form with a stated
purity of 97% (HPLC) from MedKoo Biosciences, Inc (USA) and Sigma-Aldrich Chemical

Company (USA), respectively; and were used for solution preparation at room temperature.

Tocopherol sample in a liquid form (Tocopherols mixed, FCC, FG) was purchased from
Sigma-Aldrich Chemical Company (USA) and had concentration of 0.930 g/mL. Retinol
sample in a liquid form was purchased from Shanghai Touch Health Biotechnology Co.,Ltd.

All of these samples were used for solutions preparation without further purification.

3.2 Preparation of dye solutions

For crocetin solution preparation, 0.7 mg of the crocetin powder was dissolved in 10 ml
(7x1072 g L™Y) of chloroform, and then 1 ml of the solution was added to 5 ml of chloroform
resulting in 1.4x102 g L™ concentration. This was used as a sample for crocetin UV-vis
spectra measurements. Also for indoline dye D205, 0.5 mg of the sample was dissolved in 50
ml of chloroform resulting in concentration of 102 g L2, then 1 ml of this solution was added
to 40 ml of chloroform, and the solution of indoline used for UV-vis spectra measurements
had the concentration of 2.5x10 g L. For the mixture preparation, 1 ml of indoline dye
D205 was added to 1ml of crocetin dye solution and the solvent in all cases was chloroform.

This was used as a sample for measurements of UV-vis spectra.

Other natural dyes which were included in our study were retinol and tocopherol. The
preparation of these dyes for experimental work was as follows; retinol sample was prepared
by mixing 1ml of retinol in 5ml of ethanol. After 30 minutes the sample was taken for UV-vis
spectra measurement. After that the sample of tocopherol was prepared by adding 0.5ml of
tocopherol in 5ml of ethanol that is 1:1 (v/v) proportions and after 30 minutes the prepared

solution were taken into UV-vis spectrophotometer for spectra measurement.
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3.3 Geometrical optimization of the species

The density functional theory B3LYP5 with 3-21G basis set was used for the geometrical
parameters optimization and computation of vibrational spectra. Geometrical optimization
has been done for all species under this study using the stated method while vibrational
spectra have been done only for three species, namely crocetin, indoline D205 and the
complex. The initial coordinates of the crocetin C2oH2404, indoline D205 CagH47N304Ss3,
tocopherol (C29Hs5002) and retinol (C20H300) molecules were taken from ChemSpider
Database (www.chemspider.com). The complex CesHsoN30O7Ss was designed through
combination (etherification reaction) of two molecules, crocetin and indoline D205. For the
computation of the complex parameters the same approach, B3LYP5/3-21G, as for the

individual dyes was applied. The energy and enthalpy of the complex formation reaction
C20H2404 + C48Ha7N304S3 = CegHeoN307S3 + H20 (1)

were computed with different basis sets, from 3-21G to 6-31G(d,p) with geometrical
parameters optimized with the 3-21G basis set. The energies of the reaction AE were
calculated as the difference between the total energies of the product and reactants:

ArE = ZEprod—2Ereact 2

The enthalpies of the reactions A\H°(0) were obtained using AE and the zero-point vibration

energy Are:
AH°(0) = AEE + Are 3)
Are= %hC(ZO)i prod—ZO)i react) (4)

where h is the Plank’s constant, C is the speed of light in the free space, Zwi prod, and Twi react

are the sums of the vibration frequencies of the product and reactants, respectively.

3.4 Electronic spectra of the species

The electronic spectra of the species were calculated at the TD-DFT B3LYP5/6-31G level of
theory. The computations were done both for vacuum and solvent (chloroform/ethanol); for
solutions the polarized continuum model (PCM) was used. The calculations were performed
using the Firefly QC package (Granovsky, 2016), which is partially based on the GAMESS
(US) (Schmidt et al., 1993) source code. According to the method implemented the equations
have been solved for 6 to 10 excited states. The geometrical structures, vibrational and
electronic spectra were visualized and analyzed using the Chemcraft (Zhurko and Zhurko,
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2015) and MacMolPIt (Bode and Gordon, 1998) software. In all cases the displayed spectra

show the calculated frequencies and absorption wavelengths.

3.5 UV -vis spectra measurement

The UV-vis spectra of the samples prepared have been recorded in the region around 200—
800 nm using a single beam 2800 UV-vis spectrophotometer (Hitachi U-2000). The dye
samples were diluted for UV-vis measurements. In case of crocetin, indoline D205 and
mixure of the two dyes, chloroform was used as a solvent, while for tocopherol and retinol
ethanol was used as a solvent. The choice of the solvent to be used for a certain dye was
based on the idea of solubility. Measurements of spectra in all cases were taken at the interval

of 2nm. All data were processed using excel software.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Molecular structure of individual dyes and complex

Equilibrium geometrical structures of crocetin and indoline molecules are shown in Figs. 3
and 4. In the crocetin, the middle part is composed of four methyl groups, and two carboxylic
groups COOH attached at the ends. The molecular structure of the indoline dye D205,
comprises diphenylethenyl, bicyclic indoline and two rhodanine groups (Xu et al., 2010). The
combination of two dyes through the chemical reaction (1) with elimination of water
molecule leads to the formation of the complex; the optimized geometrical structure is shown
in Fig. 5. The selected geometrical parameters of the individual dyes are compared with those

in the complex molecule in Tables 1 and 2.

In the complex, the joining of the molecules occurs via a new chemical bond C19-O3-C23.
One can suggest that formation of this bond is accompanied by detachment of the H-atom
from H23-01-C19 fragment of the crocetin (Fig. 3) and hydroxyl O2-H3 from the carboxylic
group of the indoline (Fig. 4) to release water molecule. The bond C19-03-C23 in the
complex is specified with parameters R (C19-03) = 1.461 A, R (03-C23) = 1.385 A, ~ZC19-
03-C23 = 119.2°; which are comparable with those of the ether C-O-C linkage, 1.40 A and
110°. In the vicinity of the new chemical bond, a slight elongation of the internuclear
distances C-O and C=C, by 0.003-0.069 A, is observed while the bond lengths C=0 and C-C
are slightly decreased. Generally, from individual dyes to the complex, the difference in the
respective parameters is in the range from —0.02 A to +0.07 A for bond lengths and +0.05°
for bond angles; bigger change is seen for crocetin moiety. The parameters of the remote

parts of the complex remain practically the same as within the individual dyes.
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Figure 4: Optimized geometrical structure of the indoline dye D205 molecule.
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Figure 5: Optimized geometrical structure of the complex molecule.

Table 1: Comparison of selected geometrical parameters in crocetin and complex molecules.

Crocetin Complex
Bond Bond lengths, A Bond Bond lengths, A Difference
03=C19 1.226 01=C19 1.217 —0.009
01-C19 1.392 03-C19 1.461 +0.069
03-C23 1.385
C15-C19 1.493 C15-C19 1.470 -0.023
C13=C15 1.356 C13=C15 1.361 +0.005
C11-C13 1.441 C11-C13 1.434 —0.007
C1-C5 1.458 C1-C5 1.455 -0.003
C16-C20 1.493 C16-C20 1.493 0.000
04=C20 1.226 04=C20 1.226 0.000
Bond angles, deg Bond angles, deg
01-C19=03 119.5 03-C19=01 118.8 -0.7
C17-C15-C19 1145 C17-C15-C19 119.9 +5.4
C13=C15-C19 120.3 C13=C15-C19 114.9 -5.4
C1-C5=C11 127.0 C1-C5=C11 128.3 +1.3
C18-C16-C20 1145 C18-C16-C20 114.3 -0.2
02-C20=04 119.5 02-C20=04 119.5 0.0
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Table 2: Comparison of selected geometrical parameters in indoline D205 and complex

molecules.
Indoline D205 Complex
Bond Bond lengths, A Bond Bond lengths, A Difference
C2-C3 1.523 C22-C23 1.525 +0.002
N1-C2 1.465 N1-C22 1.463 —0.002
C4=C5 1.355 C24 =C25 1.358 +0.003
C1-C16 1.459 C21-C36 1.458 —-0.001
C3-02 1.372 C23-03 1.385 +0.013
C3=03 1.222 C23=06 1.219 -0.003
C1=01 1.238 C21=05 1.241 +0.003
C17-C18 1.444 C37-C38 1.444 0.000
C16=C17 1.351 C36=C37 1.352 +0.001
S1-C4 1.848 S1-C24 1.846 -0.002
C19=C20 1.392 C39=C40 1.393 +0.001
C21-N3 1.409 C41-N3 1.407 -0.002
C35=C36 1.398 C55=C56 1.396 —-0.002
Bond angles, deg Bond angles, deg
C3-C2-N1 114.4 C23-C22-N1 113.9 -0.5
S2-C6=S3 122.0 S2-C26=S3 121.9 -0.1
C4=C5-S2 127.7 C24=C25-S2 128.1 +0.4
C4-S1-C16 89.7 C24-S1-C36 89.7 0.0
C16=C17-C18 1315 C36=C37-C38 131.2 -0.3
Dihedral angles, deg Dihedral angles, deg

C15-N2-C6-S3 178.9 C35-N2-C26-S3 179.4 +0.5
S1-C4-C5-S2 178.6 S1-C24-C25-S2 177.2 -1.4

The theoretical study on tocopherol and retinol includes geometry optimization and energy
computation using TD-DFT. Experimental study of these two dyes comprises the UV vis
spectra measurements where ethanol was used as a solvent. The equilibrium geometrical

structures of tocopherol and retinol molecules are shown in Figs. 6 and 7.
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Figure 6: Optimized geometrical structure of the tocopherol molecule.

ot

.,

Figure 7: Optimized geometrical structure of the retinol molecule.

4.2 Thermodynamic characteristics of the complex molecule.

The thermodynamic characteristics of the complex formation reaction (1) are given in Table
3. The thermodynamic functions, entropies S°(T) and enthalpy increments H°(T)-H°(0), of
the crocetin, indoline, complex and water molecules have been computed with
OpenThermo software (Tokarev, 2007-2009); in calculations, the geometrical parameters
and vibrational frequencies of the molecules were used as computed with the 3-21G basis

set. The Gibbs free energies A/G°(T) of the reaction were calculated as follows:

AGO(T) = AHO(T) — TAS(T) (5)
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where AH°(T) and A/S°(T) are the enthalpy and entropy of the reaction at temperature T;
AH°(T) = AH°(0) + A[H°(T) — H°(0)].

Table 3: The thermodynamic characteristics of reaction (1): energy A(E, zero point vibration
energy Are, enthalpies A\H°(0) and AH°(298), Gibbs free energy A/G°(298).

QT 321G 6-31G 6-31G(d,p)
AE 222 415 1.9
At 883 (-8.83) (-8.83)
AH°(0) 33.4 32.7 33.1
AH°(298) 38.1 36.4 36.8
AG°(298) 48.2 46.5 46.9

The values of A\E computed with different basis sets do not change noticeably with the basis
set extension. Positive values of enthalpies AfH® show endothermicity of the reaction. The
entropy of the reaction is negative, A/S°(298) = —33.9 J mol* K%, that points out a rising of
the system’s order. The Gibbs energy being positive at 298 K shows non-spontaneity of the

complex formation through direct combination of the dyes’ molecules.

4.3 Vibrational spectra of the crocetin, indoline D205 and complex molecules

Vibrational spectra of the species were calculated by DFT B3LYP5 method with 3-21G basis
set. An absence of imaginary frequencies confirmed that the geometrical structures of the
species corresponded to minima on the potential energy surfaces. The computed IR spectra
are shown in Figs. 8-10. The most intensive modes in the spectra are assigned to the
vibrations 1220-1247 cm™ (C-C stretching), 1615-1676 cm™ (C=C stretching), 1115 cm
(C-O stretching and CHs3 bending), 1764 cm™ (C=0 stretching) of the crocetin molecule (Fig.
8), and 1120 cm™ (C-C stretching), 1618-1621 cm™* (C=C stretching), 1156-1188 cm
(mostly C-N and C-C stretching), 1504 cm™ and 1556 cm™ (H-C-H bending in the six-
member ring), 1786 cm (C=0 stretching) of the indoline molecule (Fig. 9). Comparison of
our results to experimental frequencies of crocetin (Schulz and Baranska, 2007), 1536 cm™
(C=C stretching), 1165 cm™ (C-C stretching) and 1020 cm~* (C-C in-plane rocking), shows
that our calculated frequencies are overrated by 7-8% which is typical for theoretical results

of similar computational level.

Infrared spectrum of the complex (Fig. 10) apparently comprises the intensive modes which
correspond to the crocetin moiety (1115 cm™ C-O stretching and CH3 bending, 1251 cm™ C-
C stretching), and indoline moiety (1121 cm™ C-C stretching, 1154 cm™ C-N and C-C
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stretching, 1616-1619 cm™ C=C stretching) being shifted slightly from the position in spectra
of individual dyes. The frequencies in the range 1760-1790 cm™ relate to stretching
vibrations of two C=0 groups, one from crocetin and another from indoline part. Also one
can see the additional peaks at 960 and 1167 cm™* which are assigned to the C-O stretching

motion of atoms in the new bond C19-03-C23 between the moieties.
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Figure 8: IR spectrum of crocetin.
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Figure 9: IR spectrum of indoline, D205.
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Figure 10: IR spectrum of the complex.

4.4 Vibrational spectra of the tocopherol and retinol molecules

Vibrational spectra of the species were calculated by DFT B3LYP5 method with 3-21G basis
set. An absence of imaginary frequencies confirmed that the geometrical structures of the
species corresponded to minima at the potential energy surfaces. The computed IR spectra are
shown in Figs. 11 and 12. The most intensive modes in the spectra are assigned to the
vibrations 1116cm™ (C-C stretching), 1295cm™ (C=C bending), 3051-3104cm™ (C-H
stretching), 3555cm (O-H stretching) of the tocopherol molecule (Fig. 11) and 1007cm™ (C-
C stretching), 1269cm™ (C-C bending, C-H bending), 1447cm™ (2CHs bending), 1554cm™
(C=C stretching), 3043 cm™ (2CH3 asymmetrical stretching), 3477cm (O-H stretching) of

the retinol molecule (Fig. 12).
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Figure 12: IR spectrum of retinol.

4.5 Electronic spectra of the species

For the two molecules under study, crocetin and indoline, as well as the complex designed
the electronic spectra was computed for vacuum and for chloroform solution. The vertical
excitation energies (Eex), wavelengths (L), oscillator strengths (f) and electronic
configurations of the transitions are listed in Table 4. The singlet-singlet (So—Sex) excitations

with nonzero oscillator strengths (f > 0.001) were taken into account.
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In spectra of all species the bands of maximum wavelengths are seen in visible region. For
the crocetin and indoline molecules, the excitations from the ground to first excited state are
of the highest oscillator strength and attributed to the HOMO-LUMO (H—L) transitions
while for the complex the more probable transitions are to the second and third excited states
and assigned mostly to H—L+1 and H-1—L.

For two other natural dyes, tocopherol and retinol, the electronic spectra were computed for
vacuum and for ethanol solution. The vertical excitation energies (Eex), wavelengths (1),
oscillator strengths (f) and electronic configurations of the transitions are listed in Table 5.
The excitations of 10 states were considered in each case. The singlet-singlet (So—Sex)

excitations with nonzero oscillator strengths (f > 0.001) were taken into account.

In the spectra of both molecules, the bands of maximum wavelengths are seen in ultraviolet
region. For the tocopherol the excitations H-1—L, A = 195 nm, is of the highest oscillator
strength. For the retinol molecule the most probable transition is to the first excited state
which corresponds to maximum wavelength, A = 358 nm, is attributed to the HOMO-LUMO

(H—L) transition.
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Table 4: Electronic spectra of crocetin, indoline D205 and complex molecules (TD-DFT

B3LYP5/6-31G).

No of excited

Electronic transition

state Eex, eV iy I : configuration
Crocetin, vacuum
1 2.53 490 1.882 H—L, 88—89
3 3.82 325 0.050 H-1—L, 87—89
5 3.87 321 0.021 H-3—L, 85—89
6 3.93 316 0.053 H—L+2, 88—91
7 4.19 296 0.078 H-1—L+1, 87—90
9 4.80 258 0.040 H-3—L+1, 85—90
Crocetin, chloroform
1 2.46 504 1.871 H—L, 88—89
3 3.77 329 0.066 H-1—L, 87—89
4 3.88 320 0.100 H—L+2, 88—91
5 4.10 302 0.064 H-1—L+1, 87—90
9 4.80 259 0.491 H-2—L, 86—89
Indoline D205, vacuum
1 2.37 520 1.042 H—L, 218—219
3 2.99 414 0.567 H-1-L,217—-219
4 3.16 392 0.212 H—-L+1,218—220
5 3.39 366 0.227 H-3—L, 215219
6 3.58 347 0.092 H—-L+2,218—221
8 3.82 325 0.068 H-1—-L+1,217—220
9 3.95 314 0.021 H-7—L,211—-219
10 3.98 311 0.023 H-4—L, 214219
Indoline D205, chloroform
1 2.16 574 0.807 H—L, 218 —219
2 2.84 436 0.582 H-1-L, 217—-219
3 2.95 421 0.355 H—L+1, 218—220
5 3.34 371 0.126 H-2—-L,216—219
6 3.53 351 0.343 H—L+2, 218 —221
7 3.69 336 0.030 H-1—-L+1,217—220
10 3.83 324 0.017 H-5—L, 213—219
Complex, vacuum
1 1.99 624 0.002 H—L, 301 —302
2 2.33 531 1.666 H—L+1, 301 —303
3 2.44 509 1.741 H-1—L, 300 —302
5 2.59 479 0.001 H-2—L, 299 —302
6 2.85 435 0.003 H-3—L+1,298 —303
Complex, chloroform
1 2.04 606 0.002 H—L, 301 —302
2 2.13 583 1.051 H—L+1, 301 —303
3 2.16 574 0.013 H-1—L+1, 300—303
4 2.32 533 2.017 H-1—L, 300 —302
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Table 5: Electronic spectra of tocopherol, and retinol molecules (TD-DFT B3LYP5/6-31G).

No. of excited Eex, eV A, nm f Electronic transition
state configuration
Tocopherol, vacuum (B3LYP5/6-31G(d,p))
1 4.69 265 0.064 H—L,( 120—121)
2 5.55 224 0.031 H—L+1, 120—122
4 6.26 198 0.111 H—L+3, 120—124
5 6.36 195 0.598 H-1-L, 119—121
6 6.52 190 0.359 H-1-L+1, 119—122
7 6.78 183 0.013 H—L+5, 120—126
8 6.82 182 0.015 H-1-L+2, 119—123
10 7.07 175 0.054 H-2—L,118—121
Tocopherol, ethanol (B3LYP5/6-31G(d,p))
1 4.71 263 0.061 H—L, 120—121
2 5.56 223 0.039 H—-L+1, 120—122
4 6.37 195 0.653 H-1-L, 119—121
5 6.48 191 0.378 H-1-L+1, 119—122
6 6.69 185 0.027 H—L+3, 120—124
7 7.00 177 0.099 H-3—L, 117—121
Retinol, vacuum (B3LYP5/6-31G(d,p))
1 3.47 358 1.163 H—L,79—80
2 4.14 300 0.013 H-1-L,78—80
3 4.69 264 0.042 H—L+1,79—81
5 5.46 227 0.013 H-3—L,76—80
6 5.57 223 0.011 H-4—L,75—80
7 5.64 220 0.036 H-1-L+1,78—81
8 5.87 211 0.034 H-5—L,74—80
9 5.95 208 0.060 H-5—L,74—80
Retinol, ethanol (B3LYP5/6-31G(d,p))

1 3.46 359 1.139 H—L,79—80
2 4.11 302 0.043 H-1-L,78—80
3 4.67 265 0.036 H—L+1,79—81
5 5.44 228 0.019 H-3—L,76—80
7 5.62 221 0.040 H-1-L+1,78—81
9 5.98 207 0.082 H—1+42,79—82

The theoretical electronic spectra of the molecules are compared to our experimental UV-vis
spectra of the dyes in chloroform/ethanol solutions (Figs. 13-17). The theoretical results for
UV-vis spectra of crocetin (Figs. 13a, b) indicate a slight red shift of the maximum
wavelength from vacuum (A =490 nm) to chloroform solution (A = 504 nm). In experimental
spectrum of crocetin (Fig. 13c), the broad bands are observed with maxima at 286, 412, 436,
and 462 nm, the latter two are overlapping resulting in highest intensity bands. This
experimental spectrum does not contradict much to the theoretical results (Figs. 13 a, b) and
in a good agreement with data obtained in (Harbourne, 1984) where the peaks at 415, 433 and

462 nm were observed in the visible range of the spectrum for crocetin in chloroform.
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Figure 13: UV-vis spectrum of crocetin: (a) computed for vacuum; (b) computed for

chloroform solution; (c) experimental for chloroform solution.

In the theoretical UV-vis spectra of indoline (Figs. 14a, b), the peaks of high intensity are at
415 and 523 nm (vacuum) and at 435 and 577 nm (chloroform), thus the red shift is seen
from vacuum to solution. In the experimental spectrum in chloroform (Fig. 14c), the most
intensive band lies in the UV region with three maxima at 288, 338, 370 nm and broad band
of low intensity is observed in the range 500-600 nm. The appearance of the theoretical and
experimental spectra looks different regarding intensities of the peaks, still an accordance
may be noted between wavelengths in spectra computed for indoline dye (523, 577 nm) and
measured experimentally (~550-560 nm). Our experimental result agrees well with the value
A = 554 nm observed earlier in spectrum of indoline dye D205 in chloroform solution

(Higashijima et al., 2011).
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Figure 14: UV-vis spectrum of indoline: (a) computed for vacuum; (b) computed for

chloroform solution; (c) experimental for chloroform solution.

The computed UV-vis spectrum of the complex contains two intensive peaks (Figs. 15 a, b).
Peaks at 531 nm (vacuum) and 583 nm (chloroform) correspond to those in spectra of the
indoline D205 molecule: 523 and 577 nm for vacuum and chloroform, respectively. For the
complex molecule, the peak at 509 nm (vacuum) or 533 nm (chloroform) does not
correspond to any transition neither for crocetin nor indoline. One can suggest that this peak
may relate to the new formed bond C19-03-C23 in the complex molecule. That means that
the combination of two dyes allows widening of the light adsorption in visible range and thus

improving the sensitizing ability of the dye.

In the experimental spectrum of the mixture (Fig. 15c), four maxima were identified, three in
visible region (434, 460 and ~550 nm) and one in ultraviolet (290 nm). Two peaks among
them resemble those in spectrum of individual crocetin, 436 and 462 nm (Fig. 13c) while the
other two peaks correspond to those in spectrum of individual indoline dye D205, 288 and
~554 nm (Fig. 14c). If compare the theoretical spectrum of the complex molecule and

experimental for the mixture, one can see that two sharp peaks in the former look like merged
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into one broaden band in the latter. However no strong evidence of chemical interaction
between individual dyes in solution is noticed. This observation is in accordance with the
conclusion based on thermodynamic approach (Table 3) that the reaction (1) of complex

formation is not thermodynamically favorable being endothermic and non-spontaneous.
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Figure 15: UV-vis spectra of the combination of two dyes, crocetin and indoline D205: (a)
computed for the complex molecule in vacuum; (b) computed for the complex
molecule in chloroform solution; (c) measured experimentally for the mixture of
two dyes in chloroform solution.

In the theoretical UV-vis spectra of tocopherol (Figs. 16a, b), the peaks of high intensity are
at 195 nm (vacuum) and 195 nm (ethanol) and a broad band of low intensity is observed at a
region around 170-190 nm, thus there is no change in absorption spectrum is seen from
vacuum to solution. The only difference is seen on the maximum wavelength. The theoretical
results for UV-vis spectra of tocopherol indicate the maximum wavelength A = 265 nm for
vacuum and A =263 nm for ethanol solution. On the other hand in experimental spectrum

(Fig. 16¢) the maximum wavelength for tocopherol in ethanol solution was observed at A =
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282 nm. These results agree well between each other and with data in literature,A = 270 nm
(Bakhouche et al., 2015). It can be concluded that there is a good agreement between
experimental, theoretical results and literature data as there is no big difference between them
(282 nm, 264 nm and 270 nm, respectively) although results show no absorption in the

visible region.
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Figure 16: UV-vis spectrum of tocopherol: (a) computed for vacuum; (b) computed for

ethanol solution; (c) experimental for ethanol solution.

In the theoretical UV-vis spectra of retinol (Figs. 17a, b), the peak of high intensity are at 358
nm (vacuum) and 359 nm (ethanol) and a broad band of low intensity is observed at a region
around 200-300 nm, thus the change in absorption range is seen from vacuum to solution to a
small extent. The theoretical results for UV-vis spectra of retinol indicate the maximum
wavelength 358 nm in vacuum and 359 nm in ethanol solution. On the other hand in
experimental spectrum (Fig. 17c) the maximum wavelength for retinol in ethanol solution
was observed at A = 330 nm. It can be concluded that our experimental finding shows a good
agreement with the datum available in literature, ~330 nm (Fugate and Song, 1980), but
slightly differs from our computational results, 358 and 359 nm for vacuum and solution,

respectively.
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Figure 17: UV-vis spectrum of retinol: (a) computed for vacuum; (b) computed for ethanol
solution; (c) experimental for ethanol solution.
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4.6 Analysis of frontier molecular orbitals and energy levels alignment

Useful information about electronic structure of molecules and mechanisms of chemical

reactions can be revealed from analysis of molecular orbitals (Le Bahers et al., 2009b; Lin et

al., 2013). For the crocetin and indoline D205 molecules in vacuum, the frontier orbitals

isosurfaces and energies are shown in Figs. 18 and 19. The number of occupied orbitals is 88

for crocetin and 218 for indoline molecules. From the shape of the orbitals, it is seen that in

crocetin, both HOMO and LUMO are delocalized and electron density is distributed along

the carbon chain. In indoline, the frontier orbitals are more localized; HOMO is located

mostly on the diphenylethenyl part and on the indoline ring and LUMO on the rhodanine

rings. In the electronic spectra of both molecules, the excitation So—S: is specified with high

oscillator strengths (Table 4), and HOMO—LUMO transition contributes mostly to this first

excited state transition.
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Figure 19: Frontier orbitals HOMO and LUMO in the indoline D205 molecule.
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The frontier and adjacent orbitals (HOMO, LUMO, H-1, and L+1) of the complex molecule
in vacuum are displayed in Fig. 20. The number of occupied orbitals is 301. The HOMO is
located on the indoline part while LUMO is at the crocetin site (Fig. 20a). This implies that
when an electron transfers from the HOMO to LUMO, the electron density significantly
decreases in the electron-donating indoline moiety, accompanied by increase in that of the
electron-accepting crocetin site. Nevertheless, according to the results on oscillator strengths
(Table 4), the most probable transitions are not HOMO—LUMO, but H—L+1 and H-1—-L.
As is observed in Fig. 20b, the H-1 MO is located on the crocetin part of the complex, and
L+1 MO on the indoline part. It means that the protruded picks of the electronic spectrum
(Fig. 15a) is attributed to the transitions within either crocetin or indoline sites in the complex

molecule.
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Figure 20: Frontier and adjacent MOs in the complex molecule:
() HOMO and LUMO; (b)H-1; (c) L+1.
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For the tocopherol and retinol molecules, the frontier orbitals isosurfaces and energies are
shown in Figs. 21 and 22. The number of occupied orbitals is 120 for tocopherol and 79 for
retinol molecules. From the shape of the orbitals, it is seen that in tocopherol, both HOMO
and LUMO are delocalized and electron density is distributed along the carbon chain as well
as in retinol molecule. In the electronic spectra of tocopherol molecule, the transition
HOMO—LUMO is not of high probability. For retinol the excitation So—S: is specified with
high oscillator strengths (Table 5), and HOMO—LUMO transition contributes mostly to this

excitation.

€umo = 0.58 eV

E,=5.38 eV

Elex= 4.69 eV

~ €Homo = — 4.80eV

Figure 21: Frontier orbitals HOMO and LUMO in the tocopherolmolecule.
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Figure 21: Frontier orbitals HOMO and LUMO in the retinol molecule.

A proper energy level alignment between a dye, semiconductor and electrolyte is a
fundamental requirement for a DSSC. The simplest way to consider this alignment is drawing
the frontier MOs energy levels together with valence and conduction bands of a
semiconductor. However more strict approach is to implement the excitation energies Eex
obtained by TD-DFT and calculate the excited state potentials ESP (Oprea et al., 2011). In
our work, the values of ESP were found as sums of the ground state occupied MOs energies
and respective excitation energies Eex, ESP = ¢(HOMO) + Eex. The calculated energies of
frontier and adjacent molecular orbitals ¢(MO), excitation energies Eex, energy differences
between MOs Eg, and excited state potentials ESP are presented in Table 6. The values of Eex

and Eg correspond to transitions between the orbitals shown in respective column.

Although an analysis of the frontier orbitals is illustrative and useful for understanding of
electron transfer mechanism, the values of excitation energies allow entire electronic spectra
modeling and correct representation of electron transitions. As is seen, the values of energy

gap between HOMO and LUMO (Eg) coincide with the first excitation energy (Eex) for
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crocetin molecule; this is valid for vacuum and chloroform solution. For indoline and
complex molecules, these quantities differ, the values of Eq is bigger, as a rule, the difference
approaches 0.5 eV. These differences result in lowering the ESPs compared to respective

unoccupied orbitals.

Table 6: The energies of molecular orbitals e(MO), excitation energies Eex, energy
differences between MOs Eg, and excited state potentials ESP; all values in eV.

MO —£(MO) Transition Eex = —ESP
Crocetin, vacuum

88, H 5.37 H—-L 2.53 2.52 2.84

89, L 2.85
Crocetin, chloroform

88, H 5.12 H—-L 2.46 2.46 2.66

89, L 2.66
Indoline D205, vacuum

218, H 5.07 H—-L 2.37 2.62 2.70

219, L 2.45
Indoline D205, chloroform

218, H 5.11 H—-L 2.15 2.37 2.96

219, L 2.74
Complex, vacuum

300, H-1 5.28 H—-L 1.99 2.18 3.08

301, H 5.07 H—L+1 2.33 2.39 2.95

302, L 2.89 H-1-L 2.44 291 2.63
303, L+1 2.46

Complex, chloroform

300, H-1 5.18 H—-L 2.04 2.24 3.09

301, H 5.13 H—L+1 2.13 2.36 3.00

302, L 2.89 H-1-L 2.32 2.29 2.86
303, L+1 2.77

The diagram in Fig. 23 shows the energy levels of HOMOs and ESPs of the molecules under
study for chloroform solutions; the valence and conduction bands of the semiconductors TiO-
(De Angelis et al., 2008; Oprea et al., 2011) and ZnO (Le Bahers et al., 2009a), redox level
of thel™ /I electrolyte (Peter, 2007; De Angelis et al., 2008; Han et al., 2015) are given for
comparison. According to requirements, the HOMO and LUMO levels of a dye must match
with the conduction-band-edge energy level of the semiconductor and the redox potential of
electrolyte for an efficient charge separation and dye regeneration (Hara et al., 2003); the
HOMO level of the sensitizer has to be lower than the redox potential and the first excited
state of the dye has to be slightly higher than the conduction band of the semiconductor
(Hagfeldt and Graetzel, 1995; Liu, 2008). As is observed on the diagram, all three molecules

meet the criteria for sensitizers: HOMO levels lie below the redox level of the electrolyte, and
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the excited state potentials lie above or coincide with conduction bands of semiconductors.
That is the injection of electrons from the dyes to the conduction bands of TiO2 or ZnO can
occur. For the complex it is expected even higher performance due to the energy levels better
meet requirements for sensitizer as the complex possesses smaller excitation energies (2.04,
2.13 and 2.32 eV for the complex compared to 2.46 eV for crocetin and 2.15 eV for indoline).
Moreover, the transitions, from H-1 to the first excited state and from HOMO to second
excited state are of high probability to be involved in sensitizing semiconductor, and the two
corresponding ESP levels (—2.86 and —3.00 eV) match well with the conduction band of ZnO
(-2.96 eV).

Eev |

Zn0 CB T
St it
AT
213 e¥
al Tio; CB 246 ¥ 215 eV = 232 e¥
R 204 ¥
I"As
S F —— T— F—— 7]
Croce tin trdoline D205 Cormplex
-
Zn0%E
7L TidywB

Figure 22: Energy level diagram of HOMOs and excited state potentials of crocetin, indoline
D205 and complex molecules in chloroform.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The properties of the dye molecules, crocetin, indoline, tocopherol, and retinol, have been
studied by DFT and TD-DFT methods. The equilibrium structures of the molecules, IR and
electronic spectra were computed and analyzed. Experimental measurements of UV-vis
spectra of the dyes’ solutions were performed. The absorption bands in experimental UV-vis
spectra of the individual dyes are reproduced adequately by theoretical TD-DFT

computations.

Molecular design of a new solar cell sensitizer was attempted through the combination of two
individual dyes, natural crocetin and synthetic indoline D205, aimed to improve optical
properties of the materials. The thermodynamic approach indicated endothermicity and non-
spontaneity of the direct joining of the components via C-O-C linkage. The combination of
two dyes results in widening of light absorption visible range and better energy level
alignment with the conduction band of semiconductor ZnO and redox level of the 17/13
electrolyte. Thus the complex molecule designed might possess enhanced power conversion
efficiency compared to that of individual dyes.

5.2 Recommendations

(i)  The synthesis of the designed complex composed of the crocetin and indoline D205
dyes and characterization of it with FT-IR and XRD technique.

(i)  The dye sensitized solar cells have to be fabricated via the use of the individual dyes
and designed complex so as to study and compare the performance of the cells. This
will enable to account for the effect of widening the absorption range on the efficiency
of the cell.

(iti)  Similar study on combination between tocopherol and retinol with indoline D205.

(iv) Studies on combination between crocetin and indoline dyes using advanced basis sets,
e.g 6-311G (d, p), for the geometrical parameters optimization and computation of
vibrational spectra of the dyes.
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Abstract: Dye-sensitized solar cells (DSSCs) are reckoned as emerging next-generation solar cells of a high potency. Co-
sensitization of dyes facilitates widening of the light absorption range of a sensitizer and is one of possible options to improve
overall DSSC performance. In this work, an effect of combination of the natural crocetin dye and synthetic metal free indoline
D205 dye was studied. Molecular design of a complex formed from the individual dyes was attempted. The structures,
vibrational and electronic spectra of the species were computed by DFT and TD-DFT BILYPS methods with mid-sized basis
sets. The UV-vis absorption spectra were messured for individual dyes and their mixture in chloroform solutions. Electron
density distribution of the frontier molecular orbitals and energy levels alignment were used for analysis of the electronic
spectra and mechanism of transitions. The results indicated that the designed complex can be considered as a potential
candidate for DSSCs application with improved properties compared to the individual dyes.

Keywords: Dye-Sensitized Solar Cells (DSSCs), IR and UV-Vis Specira,
Time-Dependent Density Functional Theory (TD-DFT), Crocetin, Indoline D205

mitals [6, 7).
L. Introduction Experimental and theoretical studies of physical and

Drye-sensitized solar cells (DSSCs) are regarded as low thnm'n:all pmqmim of dyes contribute to qndmmnding of
cost next-generation solar cells, and significant progress has ¢ relationship between structure, properties of dyes and
been made in their performance and stability since their wﬁmmt of a solar cell and hence .I'amlllmt design and
discovering in 1991 by Michael Gritzel and Brian O'Regan synthesia of novel dyes for DSSIC‘s app].rca'h-:m [8-13]. Many
[1]. Among the components of DSSC, the sensitizer is & efforis were focused on synthesis {uf suitable dnnnr—laccepmr
crucial part as this mimic the function of chlorophyll in plant ~ 9¥eS, design of solar cells with novel materials and
due to the fact that it significantly influences on the power  2rchitectures [14, 15]. For a dye to be useful in DSSC, the
conversion efficiency as well as the stability of the devices mportant criteria include the electron-donating part [16, 17],
[2]. To date, the most efficieni DSSCs are made using 2@ U0IT 0 adjust the absorption spectrum [1E], and 1.he
ruthenium dve complexes with reported power conversion electron-acceptor part [19]. C“'“b'““_"“‘m ul’_ '13"‘"-‘_ with
efficiency of about 12% at the illuminaiion of 100 mW cm®  Shorter and longer wavelengths absorption were investigated
(AM 1.5) [2-4]. Researchers have tested different types of ~ 2med to icrease the light absorption range and hence
sensitizers, including natural and synthetic dyes, so as to  iMProve overall solar cell performance [20-23]. To our
identify their ability to convert light into ebectricity. However, I;mu]e.dgn:. oo work “b‘:'”t_th‘? combination of natural and
the DSSCs fabricated using natural dyes suffer from very low  S¥Nthetic dyes was reported in literature by now. o
efficiencies [5] while the synthetic dyes are expensive in The aim of this work is to study an effect of combination
terms of synthetic route and utilization of heavy transition of natural crocetin dye and synthetic metal free dve indoline
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D205 considering them as sensitizers in DSSCs. The
experimental part comprises measurements and analysis of
UV-vis spectra of the individual dyes’ solutions and their
mixture. The theoretical part includes the computations of the
vibrational and electronic spectra of the crocetin and indoline
D205 molecules as well as a complex designed through
combination of individual dyes.

2. Materials and Methods
2.1. Experimental Details

The crocetin and indoline D205 dye samples were
purchased in powder form with a stated purity of 97%
(HPLC) from MedKoo Biosciences, Inc (USA) and Sigma-
Aldrich Chemical Company (USA), respectively; and were
used without further purification for solution preparation at
1O0m temperature.

For crocetin solution preparation, 0.7 mg of the crocetin
powder was dissolved in 10 ml (7<10° g L") of chloroform,
and then | ml of the solution was added to 5 ml of
chloroform resulting in 1.4%10° g L' concentration. This
was used as a sample for crocetin Uv-vis spectra
measurements. Also for indoline dye D205, 0.5 mg of the
sample was dissolved in 50 ml of chloroform resulting in
concentration 10 g L', then | ml of this solution was added
0 40 ml of chloroform, and the solution of indoline used for
Uv-vis spectra measurements had the concentration of 2.5x
10* g L. For the mixture preparation, 1 ml of the indoline
dye D205 solution was added to | ml of crocetin dye
solution. This was used as a sample for measurements of
UV-vis spectra. The UV-vis spectra of the samples prepared
have been recorded in the region around 200-800 nm using a
single beam 2800 UV-vis spectrophotometer (Hitachi U-
2000).

2.2, Computational Details

The density functional theory B3LYPS with 3-21G basis
set was used for the geometrical parameters optimization and
computation of vibrational spectra. The initial coordinates of
the crocetin CoHylOy and indoline D205 CuHeN/Q.S;
molecules were taken from Chem Spider [24]. The complex
CuHuN;O-S;  was  designed  through  combination
(etherification) of these two molecules. For the computation
of the complex parameters the same approach, B3LYP5/3-
21G, as for individual dyes was applied. The energy and
enthalpy of the complex formation reaction

CxHuyO4 + CoHENO,S, = CHN,O.S, + H.0 (1)

were computed with different basis sets, from 3-21G w 6-
31G (d, p) with geometrical parameters optimized with the 3-
21G basis set. The energies of the reaction AE were
calculated as the difference between the total energies of the
product and reactants:

50

j and Synthetic Dye (Indoli

D205) for DSSCs Application

AE=EEN-££.-¢ (2)

The enthalpies of the reactions AA®(0) were obtained
using A F and the zero-point vibration energy Ag:

AIF(0)=AE+ Ag (3)
Ae= She (K0~ X0 ) (@)

where & is the Plank’s constant, ¢ is the speed of light in the
free space. Lo, ., and Yoo, . are the sums of the vibration
frequencies of the product and reactants, respectively.

The electronic spectra of the species both for vacuum and
solvent (chloroform) were calculated at the TD-DFT
B3LYP5/6-3IG level of theory. The calculations were
performed using the Firefly QC package [25], which is
partially based on the GAMESS (US) [26] source code. The
geometrical structures, vibrational and electronic spectra
were visualized and analyzed using the Chemcraft [27] and
Mac Mol Pit [28] software.

3. Results and Discussion
3.1. Molecular Structure of Individual Dyes and Complex

Equilibrium geometrical structures of crocetin and indoline
molecules are shown in Figures 1, 2. In the crocetin, the
middle part is composed of four methyl groups, and two
carboxylic groups COOH attached at the ends. The molecular
structure  of the indoline dye D205 comprises
diphenylethenyl, bicyclic indoline and two rhodanine groups
[29]. The combination of two dyes through the chemical
reaction (1) with elimination of water molecule leads to the
formation of the complex; the optimized geometrical
structure is shown in Figure 3. The selected geometrical
parameters of the individual dyes are compared with those in
the complex molecule in Tables 1, 2.

In the complex, the joining of the molecules occurs via a
new chemical bond C19-03-C23. One can suggest that
formation of this bond is accompanied by detachment of the
H-atom from H23-01-C19 fragment of the crocetin (Figure
1) and hydroxyl O2-H3 from the carboxylic group of the
indoline (Figure 2) to release water molecule. The bond C19-
03-C23 in the complex is specified with parameters R(C19-
03) = 1461 A, R(03-C23) = 1385 A, ZC19-03-C23 =
119.2°; which are comparable with those of the ether C-0-C
linkage, 1.40 A and 110°. In the vicinity of the new chemical
bond, a slight elongation of the mternuclear distances C-O
and C=C, by 0.003-0.069 A, is observed while the bond
lengths C=0 and C-C are slightly decreased. Generally, from
individual dyes to the complex, the difference in the
respective parameters is in the range from -0.02 A to +0.07
A for bond lengths and +0.05° for bond angles; bigger
change is seen for crocetin moiety. The parameters of the
remote parts of the complex remain practically the same as
within the individual dyes.
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Figwre 1. Opeimizad geometriond surucmre of the crocetin molecule

Figure 3. Oprimized geowetrical servctre of the compries moderale
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Tabde I Comparison of selevted geomerion paramelers i orocerin sl
comgler maoleciiles

Tatde &, The deermotymamic charocserisnics of rescvion (1 - enengy £ 2o
poin vibrarion cmergy A enthalpies AW and A NP2, Gibha free
ey A G 20,

Quantity, k! mol " 111G 6-31C 3G {d, p)
AE 423 41.5 419

AE —H.83 (-EE3) |-H.83)
A 334 7 331
AJFH0E) 3\ 304 Ing
AAT{298) 482 46.5 469

Crocetin Camplex IFifference
Hond lengihs, A
03=Cl% 1220 o1=c19 1217 —i1. 00
01-C19 1.302 okC1e 1461 0
[0 Win i ] 1383
CisC19 1.49% Cl5-C19 L4700 —0.02%
CI5=Cis 1.350 Cl3=C1s 1361 LS
ClC1% 1.441 ClC1% 1.434 01007
CliCs 1458 Cl0s 1.455 {0015
CIB-C20 1.49% Cla-C 1.4%3 0.0
=20 1220 Od=C20 1.228 0.0
Hond mgles, deg
O1-Ci9=03 1%s O-C19=01 118% 0.7
Cl7C1sC19 145 CIF-ClIs-C19 1nas +34
CI3=CIsC19 13 CI3=CIsC19 1149 5.4
Cl-Cs=Cl1 e ClOs=Cil 1283 +13
CIRC16-C20 114.5 CI8-Cla-CH 1143 0.2
Ch-C =04 145 OO =0 195 0
Tatde } Comparison of selecred g rical p v i malodime D2F
arud compler molroules.
| ncalime INZ0% Campl Differeme
HBond lengihs, A
C2C3 [0 .2 T o e | 133 s0002
MNI-C2 1465 NI-CE 1443 —m
C4=C3 1335 C4=C25 1358 =0.003
CI-C6 143  CH-Cls 1458 -0l
C3.02 13 B0l 138 s00M%
CA=0 12X C23=8 1219 —h
Cl=0n 1238 CIi=-05 1241 =000%
CIT-CIR 144 CITC38 1444 DU
Cle=C17 133 CI6=C37 1352 =000
S04 1 84% 81024 1548 L
CI9=C20 1392 CI9=C40 1393 =000
CI-M3 LA C4l-N3 1407 =2
CI5=C30 1398 Cas=C36 135 w2
Bond ongles, den
CICINL 144  CHCH-NI i -0s
R1.C6=83 112a 82.C28=53 [ R N |
C4-C3.82 17T C4=-{3583 1M1 04
C4-851C06 297 C24-51-Cls T (111}
Cle=CI7-CI8 1313 ClW=CI7CH M2 03
[ribsedral angles. deg
C15-M2-06.83 ITES  CI-NICHEY 1794 #0038
H1-C405-82 1TE & S1C24CH.8 1771 -1.4

The thermodynamic characteristics of the complex
formation reaction (1) are given in Table 3. The
thermodynamic  functions, entropies S7(T) and enthalpy
increments H° T-H(0), of the crocetin, indoline, complex
and water molecules have been computed with OpenTherrmo
software [30]; in calculations, the geometrical parameters and
vibrational frequencies of the molecules were uwsed as
computed with the 3-21G basis ser. The Gibbs free energies
A T) of the reaction were caleulated as follows:

AGR(T) = AT - TAS(T) (5)

where AH(T) and AS°(T) are the enthalpy and entropy of

thie reaction at temperature T A H™(T) = A HS0) + A [H(T-
HE0)].
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The values of AE computed with differemt basis sets do
not change noticeably with the basis set extension. Positive
values of enthalpies AN show endothermicity of the
reaction. The entropy of the reaction is negative, AS" (298) =
~339 J mol ' K, that poimts out a rising of the system's
order. The Gibbs energy being positive at 298 K shows non-
spontangity of the complex formation through direct
combination of the dyes” molecules.

A2 Vibrational Specira of the Species
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Vibrational spectra of the species were calculated by DFT
B3LYPS method with 3-2IG basis set. An absence of
imaginary frequencies confirmed that the geometrical
structures of the species corresponded 1o minima on the
potential energy surfaces. The computed IR spectra are
shown in Figure 4. The most intensive modes in the spectra
are assigned to the vibrations 1220-1247 em’ (C-C
stretching), 1615-1676 cm ' (C=C stretching), 1115 em ™" (C-
O stretching and CH, bending), 1764 ¢m * (C=0 stretching)
of the crocetin molecule, and 1120 em ' (C-C stretching),
1618-1621 ¢m ' (C=C stretching), 1156-1188 em ' (mostly
C-N and C-C stretching), 1504 cm ' and 1556 cm ' (H-C-H
bend in the six-member ring), 1786 cm ' (C=0 stretching) of
the indoline molecule. Comparison of owr results 10
experimental frequencies of crocetin [31], 1536 em ' (C=C
stretching), 1165 cm ' (C-C stretching) and 1020 em ' (C-C
in-plane rocking), shows that our calculated frequencies are
overrated by 7-8% which is typical for theoretical results of
similar computational level.

IR spectrum of the complex (Figure 4¢) apparently
comprises the intensive modes which correspond to the
crocetin moiety (1115 em " C-O stretching and CH, bending,
1251 em ' C-C stretching), and indoline moiety (1121 em '
C-C stretching, 1154 cm ' C-N and C-C stretching, 1616-

v 2008; 6¢1): 1-13 5

1619 em ' C=C stretching) being shifted slightly from the
position in spectra of individual dyes. The frequencies in the
range 1760-1790 cm ' relate to stretching vibrations of two
C=0 groups, one from crocetin and another from indoline
part. Also one can see the additional picks at 960 and 1167
em ' which are assigned to the C-O stretching motion of
atoms in the new bond C19-03-C23 between the moieties.

3.3. Electronic Spectra of the Species

For the three molecules under study, the electronic spectra
were computed for vacuum and for chloroform solution using
polarized continuum model. The vertical excitation energies
(E.), wavelengths (1), oscillator strengths (f) and electronic
configurations of the transitions are listed in Table 4. The
singlet-singlet (S;—S..) excitations with nonzero oscillator
strengths (> 0.001) were taken into account.

In spectra of all species the bands of maximum wavelengths
are seen in visible region. For the crocetin and indoline
molecules, the excitations from the ground to first excited state
are of the highest oscillator strength and attributed to the
HOMO-LUMO (H—L) transitions while for the complex the
more probable transitions are to the second and third excited
states and assigned mostly to H—L+1 and H-1—L.

Table 4. Elecoronic spectra of crocvin, indoline D203 and comples molecwles (ITO-DET BILYPS8-31G).

No of exclted state E. eV i, nm I Electronke transition configurution
Crocesin, vacuum

1 253 490 1.882 H—L 8§—89

3 is2 125 0.050 H-1—L §7—89

s 1% 21 0.021 H-3—L 8589

3 393 e 0.053 H—L+2, 8891

7 419 290 0078 H-1—L+1, 8750
9 450 258 L.0s0 H-3—L+1, 8550
Crocetin, chloroform

1 246 S04 1571 H—L, 8889

3 n Re 0.066 H-1—L 8789

4 388 320 0.100 H—L+2, 83491

s 410 302 0004 Hol—=L+1, 8749

9 4.80 259 0291 H-2—L 8689
Indoline D205, vacuum

1 1 520 1042 H-L, 218219

3 299 414 0.567 H-1—L 217219

4 ENTY 392 0212 H—L+1, 218220

s 339 360 0227 H-3—L 215219

3 3ss 387 0092 H—L+2, 218221

L} i s 0068 Hol=L+1, 217220
9 395 54 0.021 HT—L 211219
1o 39 i 0.023 H4—L 214219
Indolize D205, chiorofoms

1 216 574 0807 H—L 218 219

2 2 436 0.582 H-1=L 217219

3 295 a 0,355 H—L+1, 218220

5 iM m 0126 H-2-L 216219

o 353 351 0,343 H—L+2, 218 =221

7 309 336 0.0%0 Hol=L41, 217220
1o 353 322 0017 H-$—L 213219
Complex, vacuum

1 1.99 024 0.002 H—L 301 =302

2 233 531 1666 H—L41, 301 =303

3 244 9 1741 H-1—L_ 300 —302
5 159 479 0.001 H-2-L 299 —302

> 238 435 0.003 H-3—L+1, 298 —303
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Nooff enclied stwte Ey eV i, mm I Electronie transitios cosliguration
Complex, chilarofonm

1 2 il 002 H—L, 301 —302

2 213 543 1051 H—L+1, 301 —303

3 2ie 574 0013 Hol—L4 |, Jip—dad

4 2132 233 27 H-1—L, B —502

The theoretical electronic specira of the molecules are
compared to our experimental UV -vis spectra of the dyes in
chloroform solutions (Figures 5-T). The theoretical resulis for
UW-vis spectra of crocetin indicate a slight red shift of the
maximum wavelength from vacuum (L = 490 nm) to
chloroform solution (& = 504 nm). In experimental UV-vis
spectrum of crocetin (Figure 5c), the broad bands are
observed with maxima ar 286, 412, 436, and 462 nm, the
latter two are overlapping resulting in highest imensity
bamds. This experimental spectrum does not contradict much
o the theoretical results (Figures 5 a, b) and in a good
agreement with data obtained in [32] where the peaks at 415,
433 and 462 nm were observed in the visible range of the
spectrum for crocetin in chioroform.
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Figure 5. UVovis spectrsss of crocetie fo) compured for vecmm; By

In the theoretical UV-vis spectra of indoline (Figures &a,
b), the peaks of high intensity are at 415 and 523 mm
(vacuum) and at 435 and 377 nm (chloroform), thus the red
shifi is seen from vacuum to solution. In the experimental
spectrum in chloroform (Figure 6¢), the most intensive band
lies in the UV region with three maxima at 288, 338, 170 am
and broad band of low intensity is observed in the range 500-
600 nm. The appearance of the theoretical and experimental
spectra looks different regarding intensities of the peaks, still
scoordance may be noted between wavelengths in spectra
computed for indoline dye (323, 577 nm)p and measured
experimentally (-550-560 nm). Our experimental result
agrees well with the value L = 354 nm observed earlier in
spectrum of indoline dye D205 in chloroform solution [33].
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30 3% M0 450 500 S0 e

thus improving the sensitizing ability of the dye.

In the experimental measurements of UV-vis spectrum of
the mixture (Figure 7¢), four maxima were identified, three
in visible region (434, 460 and -550 nm) and one in
ultraviolet (290 nm). Two peaks among them resemble those
in spectrum of individual crocetin, 436 and 462 nm (Figure
5c) while the other two peaks correspond to those in
spectrum of individual indoline dye D205, 28R und -554 nm
(Figure 6¢). If compare the theoretical spectrum of the
complex molecule and experimental for the mixture, one can
see that two sharp peaks in the former look like merged into
one broaden band in the latter. However no strong evidence
of chemical interaction between individual dyes in solution is
noticed. This observation s in accordance with the
conclusion based on thermodynamic approach (Table 3) that
the reaction (1) of complex formation is 0ot
thermodynamically favorable being endothermic and non-
spontaneous.

3.4. Analysis of Frontier Molecular Orbitals and Energy
Levels Alignment

Useful information about electronic structure of molecules
and mechanisms of chemical reactions can be revealed from
analysis of molecular orbitals [34, 35). For the crocetin and
indoline D205 molecules in vacuum, the frontier orbitals
isosurfaces and energies are shown in Figures 8, 9. The
number of occupied orbitals is 88 for crocetin and 218 for
indoline molecules. From the shape of the orbitals, it is seen
that in crocetin, both HOMO and LUMO are delfocalized and
electron density is distributed along the carbon chain. In
indoline, the frontier orbitals are more localized; HOMO is
located mostly on the diphenylethenyl part and on the
indoline ring and LUMO on the rhodanine rings. In the

1 ic spectra of both molecules, the excitation S,—S, is

05
300 3% 400 450 800 A% &0
Wavelength, nm
()
0.75 -
436 250
07 4
0.65 =4 298
"
06 -
055 -
0.5 - - - -
250 350 450 550 550
Wavelength, ntn
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Figure 7. UV-vis specira of the combisation of to dyes, crocerin amd
indoline D20S: fa) computed for the complex molecule in vacs, (b)
conputed for the complex molecude e chloraform solution; ic) meanred
experimentally for the sivawre of two dves in chivroform solurion

The computed UV-vis spectrum of the complex contains
wo intensive peaks (Figures 7 a, b). Peaks at 531 nm
(vacuum) and 583 nm (chloroform) correspond to those in
spectra of the indoline D205 molecule: 523 and 577 nm for
vacuum and chloroform, respectively. For the complex
molecule, the peak at 509 nm (vacuum) or 533 nm
(chloroform) does not correspond to any transition neither for
crocetin nor indoline. One can suggest that this peak may
refate to the new formed bond C19-03-C23 in the complex
molecule. That means that the combination of two dyes
allows widening of the light adsorption in visible range and
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specified with high oscillator strengths (Table 4), and
HOMO—LUMO transition coatributes mostly to this first
excited state transition,

The frontier and adjacent orbitals (HOMO, LUMO, H-1,
and L+1) of the complex molecule in vacuum are displayed
in Figure 10. The number of occupied orbitals is 301. The
HOMO is located on the indoline part while LUMO is at the
crocetin site (Figure 10a). This implies that when an electron
transfers from the HOMO to LUMO, the electron density
significantly decreases in the electron-donating indoline
moiety, accompanied by increase in that of the electron-
accepting crocetin site. Nevertheless, according to the results
on oscillstor strengths (Table 4), the most probable
transitions are not HOMO—LUMO, but H—L+| and H-
1—L_ As is observed in Figure 10b, the H-1 MO is located
on the crocetin pant of the complex, and L+1 MO on the
indoline part. It means that the protruded picks of the
electronic spectrum (Figure 7a) is attributed to the transitions
within either crocetin or indoline sites in the complex
molecule.
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Eumo = =2.85 eV

-

E,=2.52eV
Eye= 2.53 &V

—_—

oMo = =5.37 eV

EluMo = ~2.45 eV

E,=2.62eV
Etw=2.37 &V

Enomo =—5.07 eV

Figure 9. Fronter orfintls HOMO and LUMO e the indoline DX0S molessle.
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Eymo =—2.89 eV

E;=2.18eV
Ei=1.990V

HOMO

Epomo=—5.07 8V

{a)

H-1, e=~5.28 eV

(b
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A proper energy level alignment between a dye,
semiconductor and electrolyte is a fundamental requirement
for a DSSC. The simplest way to consider this alignment is
drawing the frontier MOs energy levels together with valence
and conduction bands of a semiconductor. However more
strict approach is to implement the excitation energies £,
obtained by TD-DFT and calculate the excited state
potentials ESP [36]. In our work, the values of ESP were
found as sums of the ground state occupied MOs energies
and respective excitation energies £, ESP = ¢ (HOMO) +
E.. The calculated energies of frontier and adjacent
molecular orbitals (MO), excitation energies E.,, energy
differences between MOs E,, and excited state potentials ESP
are presented in Table 5. The values of E,, and E, correspond
to transitions between the orbitals shown in respective
column.

Although an analysis of the frontier orbitals is illustrative
and useful for understanding of electron transfer mechanism,
the values of excitation emergies allow entire electronic
spectra modeling and correct representation of electron
transitions. As is seen, the values of energy gap between
HOMO and LUMO (E,) coincide with the first excitation
energy (E..) for crocetin molecule; this is valid for vacuum
and chloroform solution. For indoline and complex
molecules, these quantities differ, the values of £, is bigger,
as a rule, the difference approaches 0.5 eV. These differences
result in lowering the ESPy compared 1o respective
unoccupied orbitals,
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€
Figure 10. Fronner and adjacent MOx in the complex medecwle. (o) HOMO and LUMO, (b H-1. fe) L+ 1.

and Synthetic Dye (Indoline D205) for DSSCs Application

L+l,e=-2.46eV

TaMe S. The envrgies of molocwlar orbitals @MO), excitation energies E.,
eneryy differomces between MOy £, amd excisad ane potenrinls ESP; all
velues iy oF.

MO - (8] Tramsition £, £, -ESP
Crocetin, vacuum

= H 537 H—L 253 282 2%
ML 288

Crocetin, chloroform

X H 512 H-L 248 246 266
.1 266

Indolme D203, vacuum

8 H 5. H—L 237 262 230
29, L 245

Indolme D203, chloroform

N H 5.1 H—L 218 237 2%
29.L 274

Complex, vacuum

300, H-1 528 H—L 19 218 3
J0LH 507 H—L+1 23 23 29s
o L 189 H-1—L 24 201 2&3
303, L1 246

Complex, chloroform

100, H-1 518 H—L 2 224 38
J01LH 513 H—L+| 213 23 3w
3ax, L 259 H-1-L 23 229 2%
303, L+1 17

The diagram in Figure 11 shows the energy levels of
HOMOs and ESPs of the molecules under study for
chloroform solutions; the valence and conduction bands of
the semiconductors TiO, [36, 37] and ZnO [38]. redox level
of the 17/15 electrolyte [37, 39. 40] are given for
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comparnison. According to requirements, the HOMO and
LUMO Jevels of a dye must match with the conduction-band-
edge energy level of the semiconductor and the redox
potential of electrolyte for an efficient charge separation and
dye regeneration [41]; the HOMO level of the sensitizer has
to be lower than the redox potential and the first excited state
of the dye has to be slightly higher than the conduction band
of the semiconductor [42, 43]. As is observed on the
diagram, all three molecules meet the criteria for sensitizers:
HOMO levels lie below the redox level of the electrolyte,
and the excited state potentials lie above or coincide with
conduction bands of semiconductors. That is the injection of

v 2008, 641): 1-13 1

electrons from the dyes to the conduction bands of TiO. or
Zn0O can occur. For the complex it is expected even higher
performance due to the energy levels better meet
requirements for sensitizer as the complex possesses smaller
excitation energies (2.04, 2.13 and 2.32 eV for the complex
compared 1o 2.46 ¢V for crocetin and 2.15 ¢V for indoline).
Moreover, the transitions from H-1 to the first excited state
and from HOMO to second excited state sre of high
probability to be involved in sensitizing semiconductor, and
the two comresponding ESP levels (-2.86 and -3.00 eV)
match well with the conduction band of ZnO (-2.96 ¢V).

215ev ’”"'i I Lzev

Complex

[
2k
n0ch s, T
-3
¥ Tio, 2 2452V
A
-
Crooe it
- -
2r0Vve
-t} Tio;ve

Figure 11. Energy leved disegram of HOMOs amd excind state potentials of crecetin, indolive D205 and complex molecules in chlorafona

4. Conclusion

Molecular design of solar cell sensitizer was dome through
the combination of two individual dyes, natural crocetin and
synthetic indoline D205, aimed to improve optical properties
of the materials. The properties of the complex molecule as
well as individual dyes have been studied by DFT and TD-
DFT methods. The equilibrium structures of the molecules,
IR and electronic spectra were computed and analyzed. The
thermodynamic approach indicated endothermicity and non-
spontaneity of the direct joining of the components via C-O-
C linkage. The absorption bands in experimental UV-vis
spectra of the individual dyes are reproduced adequately by
theoretical TD-DFT computations. The combination of two
dyes results in widening of light absorption visible range and
better energy level alignment with the conduction band of
semiconductor ZnO and redox level of the 17 /13 electrolyte.
Thus the complex molecule designed might possess
enhanced power conversion efficiency compared to that of
individual dyes.
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Introduction

Wl Dye-sensitized solar cells (DSSCs) are devices for conversion of solar energy
into electricity based on sensitization of wide band gap semiconductors
(O'Regan and Gritzel, 1991).

Wl DSSCs have gained increasing attention for many years now as they present
many potential advantages such as flexibility, lightweight, low cost and easy
processing.

Wi The dye is a key component of the device since its role is to harvest
efficiently the light and inject the photogenerated electrons into the
semiconductor oxide.

Wl Many dyes, such as ruthenium complexes, zinc porphyrin and metal-free
organic dyes have been extensively studied for this application.

Wl However the use of a single sensitizer (dye) is restricted due to wavelength
range of light absorption which leads to low efficiency.

Wi DSSCs have been extensively investigated as potential candidates for
renewable-energy systems because of their fundamental and scientific
importance in the area of energy conversion (Higashijima et al., 2011).

Objectives

Main Objective: The aim of this work is to investigate the effect of
combination between natural dye (crocetin) and synthetic dye (indoline, D205)
for DSSCs applications.

Specific Objectives:

Molecular design of complex molecule through combination of the
crocetin and indoline D205 dyes.

2. To determine the geometrical parameters and vibrational spectra of the
dyes (crocetin, tocopherol, retinol and indoline D205) by using quantum
chemical methods.

3. To compute the electronic spectra of the individual dyes and complex
molecule.

4. To measure experimentally UV-vis spectra of solutions of the individual
dyes and mixture of selected dyes.

Significance of the research

1. This study gives foundation for the designing of a new sensitizer through a
combination of natural and synthetic dyes since that, the new complex
may have a high perfermance compared to the individual dyes.

2. Also this study lays a basis for future studies.

Methodology
METHODS
| [
Theoretical Experimental
S E—— ——

DFT (B3LYPS) UV- vis spectra measurements

Basis set (3-21G, 6-31G)

Results
(a) Molecular structure of i

I dyes and

™y
k: iﬁ .

Fig. 2: Optlmlzed geometrical structure of the indoline , D205 (C,¢H,,N;0,5,).
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Fig. 3: Optimized geometrical structure of the complex (CggHggN30;5;)-

-

@l Equilibrium geometrical structures of crocetin and indoline molecules as well as the
complex are shown in Figs. 1-3.

Wl The combination of two dyes through the chemical reaction (C,H,,0, +
CygHssN30,5; = CegHeoN305S; + H,0) with elimination of water molecule leads to the
formation of the complex.

Wl In the complex, the joining of the molecules occurs via a new chemical bond €C19-03-
C23.

Wl One can suggest that formation of this bond is accompanied by detachment of the H-
atom from H23-01-C19 fragment of the crocetin (Fig. 1) and hydroxyl 02-H3 from the
carboxylic group of the indoline (Fig. 2) to release water molecule.

(b)Theoretical UV-vis spectra
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Fig. 4: Theoretical UV-vis spectra of (a) crocetin, (b) indoline, D205 (c) complex in

chloroform.

Wl The theoretical results for UV-vis spectra of crocetin indicate a slight red shift of the
maximum wavelength from vacuum (A = 490 nm) to chloroform selution (A = 504
nm) while for indoline red shift was 523 nm (vacuum) to 577 nm (chloroform).

Wl For the complex molecule, the peak at 509 nm (vacuum) or 533 nm (chloroform)
does not correspond to any transition neither for crocetin nor indoline.

#l One can suggest that this peak may relate to the new formed bond C19-03-C23 in
the complex molecule.
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(c) Experimental UV-vis spectra
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Fig. 5: Experimental UV-vis spectra of (a) crocetin, (b) indoline, D205 (c) complex.

ol In experimental spectrum of crocetin (Fig. 5a), the broad bands are observed with
maxima at 286, 412, 436, and 462 nm .

ol This experimental spectrum does not contradict much to the theoretical results (Fig.
4 a) and in a good agreement with data obtained in (Harbourne, 1984) where the
peaks at 415, 433 and 462 nm were observed in the visible range of the spectrum for
crocetin in chloraform.

* Indoline D205 experimental result agrees well with the value A = 554 nm observed
earlier in spectrum of indoline dye D205 in chloroform solution (Higashijima et al.
2011).

(d) Energy levels alignment
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Fig. 6: Energy level diagram of HOMOs and excited state potentials of crocetin, indoline
D205 and complex molecules in chloroform.
Wl As is observed on the diagram(Fig. 6), all three molecules meet the criteria for
sensitizers: HOMO levels lie below the redox level of the electrolyte, and the excited
state potentials lie above or coincide with conduction bands of semiconductors.
i For the complex it is expected even higher performance due to the energy levels
better meet requirements for sensitizer as the complex possesses smaller excitation
energies (2.04, 2.13 and 2.32 eV for the complex compared to 2.46 eV for crocetin
and 2.15 eV for indoline).
(e) Conclusion
The molecular design of a new solar cell sensitizer was attempted through the
combination of two individual dyes, natural crocetin and synthetic indoline D205,
aimed to improve optical properties of the materials. The combination of two dyes
results in widening of light absorption visible range and better energy level alignment
with the conduction band of semiconductor ZnO and redox level of the electrolyte.
Thus the complex molecule designed might possess enhanced power conversion
efficiency compared to that of individual dyes.
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