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ABSTRACT

Dye-sensitized solar cells (DSSCs) had turned up as a novel class of low-cost solar cells that
can be fabricated easily compared to silicon solar cells. The DSSCs based on natural sensitizers
are able to generate clean energy at low production cost. The modification of natural dyes
facilitates the broadening of the light absorption range and improving overall DSSCs
performance. In this work structural and optoelectronic properties of lawsone (L), lawsone
ether (LE) and bilawsone (BL) were studied theoretically using the density functional theory
(DFT) and time-dependent density functional theory methods with hybrid functional B3LYP5
and 6-311G(2d,p) basis set. The electronic spectra of the dyes molecules in a vacuum and
solvents (dimethyl sulfoxide (DMSO) and dichloromethane (CH2Cl2)) were computed. The
maximum wavelengths were found at 355-408 nm for LE and 350-448 nm for BL that indicated
bands shift to visible range compared to L, 340 nm. The UV-Vis spectra of bilawsone and
lawsone in dimethyl sulfoxide solution were measured experimentally. For the BL, a broad and
intensive band was observed in a visible region at ~450 nm that apparently would favour
sensitizing ability of the dye. The performance of DSSCs sensitized with lawsone and
bilawsone were tested in outdoor conditions and I-V curves were measured. The power
conversion efficiency of DSSCs sensitized with bilawsone was 1.7%, and 0.6% with lawsone.
The results of the experimental measurements were in accordance with the theoretical
prediction of the optoelectronic properties of the dyes. The optoelectronic properties of the LE
and BL showed them as more promising candidates for DSSCs applications compared to
individual lawsone dye. Therefore, the energy conversion efficiency of the cell using bilawsone

dye revealed the enhancement in the cell performance.

Keywords: Lawsone isomers, Lawsone ether, Bilawsone, Dye-sensitized solar cells, UV-

Vis/vibrational spectra, DFT/TD-DFT, Power conversion efficiency.
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CHAPTER ONE
INTRODUCTION
1.1 Background

Insufficient energy in recent years has become a severe problem worldwide because of the
rapid increase in the world population. Today, fossil fuel has been used to power homes and
heating (Jamar, Majid, Azmi, Norhafana & Razak, 2016), although it leads to environmental
pollutions. Solar energy has become a viable alternative source of energy to fossil fuel due to
its unique advantage of green energy and renewable energy. Currently, the energy conversion
efficiency of mostly used silicon solar cells has become high and stable (Kong, He, Yan, Zhang
& Ju, 2019). However, their energy conversion efficiency does not cut the cost of the materials
and cell fabrication (Li, Jingyan, Dixin, Xin & Yanling, 2019) and also the complex
purification process of silicon (Kutraleeswaran, Venkatachalam, Saroja, Gowthaman &

Shankar, 2017) dramatically limits the further application of such cells.

A dye-sensitized solar cell (DSSC) is a photovoltaic device that converts the visible light into
electrical energy through the photoelectrochemical process (De Souza, Deandrade, Miller &
Polo, 2018) and has become a viable alternative to silicon solar cells and gained much attention
since publication by O’Regan and Gritzel in 1991. The DSSCs are eco-friendly and cost-
effective photovoltaic devices which may have relatively high power conversion efficiency
(Song et al., 2016; Shinde et al., 2017; Wei et al., 2017). The performance of the DSSCs
depends on dye sensitizers, mesoporous semiconductor metal oxide (TiO), electrolyte, a
counter electrode and photoanode. The dye sensitizer is the molecular pump of DSSCs which
is involved in light energy harvesting, regeneration of dye and injection of electrons into the
semiconductor; thus the dye plays an essential role in achieving a high power conversion
efficiency of the DSSCs (Eshaghi & Aghaei, 2015).

Many researches on DSSCs have been performed; the focus being sensitizers with the highest

efficiency for harvesting light. The transition metal compounds ruthenium (Il) complexes

inorganic dyes anchored to TiO> surfaces by using carboxylic acid groups are most successfully

used as dye sensitizers showing high power conversion efficiencies of 13% (Mathew et al.,

2014) under standard AM 1.5 irradiation. Due to expensiveness, tedious synthesis process and

toxicity of metal-based dyes, different investigations have been conducted to find alternative
1



ways. Synthetic metal-free organic dyes have demonstrated comparatively high efficiency
(Zhang et al., 2009; Mathew et al., 2014) close to metal-based dyes but suffering from

expensiveness, complicated route of synthesis and low vyield.

Plenty of natural dyes extracted from different parts of plants have been examined (Yamazaki

et al., 2007; Lim et al., 2015; Syafinar, Gomesh, Irwanto, Fareq & Irwan, 2015; Shinde et al.,
2017) owing to their cost-effectiveness, non-toxicity, environmental friendliness and
availability. However, the DSSCs based on natural dyes such as lawsone (2-hydroxyl-1,4-
naphthoquinone) inherently possess low power conversion efficiency (Chang et al., 2010;
Hernandez et al., 2011; Reshak, Shahimin, Juhari & Vairavan, 2013). This compound is used
in different area; polymer chemistry, electronics, organic optoelectronics, and anticancer drug
fabrication (Zaware, Gonnade, Srinivas, Khan & Rane, 2011; Oda et al., 2018), as well as an
electron mediator in biochemical cells (Tanaka, Tamamushi & Ogawa, 1985) and sensitizer in
DSSCs (Khadtare et al., 2015). The structural, optoelectronic and other properties of lawsone
have been studied experimentally and theoretically (Chemspider, n.d.; Lemmon, McLinden,
Friend, Linstrom & Mallard, 2018; Madili, Pogrebnoi & Pogrebnaya, 2018). Previous literature
on the performance of lawsone in DSSCs indicated the energy conversion efficiency to be
0.93% (Lakshmi, Krishnakumar, Joseph, Sreelatha & Jinchu, 2016), 0.49% (Al-Bat’hi, Alaei
& Sopyan, 2012), as it is seen, the energy conversion efficiency of lawsone is still low.

The present study aimed to modify the lawsone molecule to improve its sensitizing abilities in
DSSCs. The lawsone ether (LE) was designed theoretically through a direct combination of
two lawsone molecules. The properties of the LE, as well as bilawsone (BL), were studied
using quantum chemical methods; the ground state geometries, vibrational and electronic
spectra and thermodynamic properties were obtained. Also, UV-Vis spectra of lawsone and
bilawsone were measured experimentally. The performances of DSSCs sensitized by lawsone

and BL were tested and compared to each other.
1.2 Problem statement

The natural organic dyes such as lawsone (Al-Bat’hi, Alaei & Sopyan, 2012) have been used
as alternative photosensitizers to ruthenium-based dye in DSSCs since it generates green
energy at low production cost (Preat, Jacquemin & Perpéte, 2010). However, the use of single

lawsone in DSSCs has been suffered from low light-harvesting and low photovoltaic



conversion efficiency. Therefore, this study intends to modify the lawsone dye molecule in

order to broaden the light absorption spectrum and improve its sensitizing abilities in DSSCs.
1.3 Rationale of the study

The use of inorganic dyes, such as ruthenium-based has been proven to have a high
photovoltaic efficiency of about 11-13% (Syafinar, Gomesh, Irwanto, Fareq & Irwan, 2015;
Lyons et al., 2018) in DSSCs. However, high cost and toxicity of the inorganic dyes (Shalini
et al., 2016) limit further applications. The natural dyes have been used as alternative
photosensitizers because of high availability, easy to prepare, friendly to the environment, less
expensive and non-toxic. Nevertheless, natural dyes exhibit low energy conversion efficiency.
Therefore, lawsone based new designed dyes can be potential candidate photosensitizers for
increasing photon harvesting, efficient delivering of electrons to the semiconductor metal oxide

and improving the photovoltaic conversion efficiency of DSSCs.
1.4 Objectives
1.4.1 General objective

To perform the theoretical design of dyes based on lawsone and experimental

measurements of their UV-Vis spectra and DSSCs performance.
1.4.2 Specific objectives

(i)  To determine the geometrical structure and spectra of lawsone rotational isomers.
(i) Todesign theoretically a lawsone ether (LE) C20H100s and determine structural and
spectral properties of the lawsone ether and bilawsone (BL).
(ili)  Todetermine the thermodynamic properties of lawsone rotational isomers, lawsone
ether and bilawsone.
(iv)  To assess the energy conversion efficiency of DSSCs based on the lawsone and

bilawsone.
1.5 Research questions

(1) What are the vibrational spectra, structural and electronic spectra of lawsone

rotational isomers?



(i)  What are the vibrational spectra, structural and electronic spectra of the lawsone
ether and bilawsone?

(i)  What are thermodynamic properties (Gibbs free energies, entropies and enthalpy
increments) of the lawsone rotational isomers, lawsone ether and bilawsone?

(iv)  What is the energy conversion efficiency of DSSCs based on lawsone and

bilawsone?
1.6 Significance of the study

The environmental pollution caused by the use of fossil fuel leads to find an alternative energy
source. Today, the use of DSSCs is increasing as an alternative energy source to fossil fuel and
high-cost silicon solar cells. The knowledge of the geometrical structures, vibrational spectra,
UV-Vis spectra and thermodynamic properties of natural dyes and their derivatives will
provide clear direction for their utilization in DSSCs. Furthermore, this study will be used as a
base framework for further theoretical and experimental investigations of a new class of

organic dyes through a combination of natural dye molecules.
1.7 Delineation of the study

The study was conducted in theoretical and experimental. For the theoretical study, the
optimization and vibrational frequencies of all dyes under the study were performed using
density functional theory with hybrid functional B3LYP5/6-311G(2d,p). The electronic
absorption spectra of molecules in vacuum and solvents (dimethyl sulfoxide (DMSO) and
dichloromethane (CH2Cl,)) were computed using time-dependent density functional theory.
The optimized geometrical parameters and vibrational frequencies were used for calculation of
thermodynamic functions of the species in the gas phase: entropies S°(T), reduced Gibbs free
energies ®°(T), enthalpy increments H°(T) — H°(0). For the experimental study, the UV-Vis
absorption spectra of lawsone and bilawsone in DMSO were measured. The performance of
dye-sensitized solar cells fabricated with lawsone and bilawsone were tested. The short circuit
current Isc, open-circuit voltage Voc, current | and voltage V and solar irradiation G were

recorded. The maximum power Pmax, fill factor FF, and efficiency n were determined.



CHAPTER TWO
LITERATURE REVIEW
2.1 Structure and working principle of dye-sensitized solar cell

Usually, DSSC consists of two electrodes, namely; counter electrode and the working electrode
(Fig. 1) which are transparent glass substrates with either thin fluorine-doped tin conductive
oxide (FTO) layer or indium doped tin oxide, dye sensitizer and a thin layer of a wide band gap
(~3.2 eV) nanocrystalline metal oxide (TiO) film pasted onto the working electrode substrate.
Because of the wide band gap, TiO2 semiconductor needs light photons of higher energy (>3.2
eV) which is within near-ultraviolet region to excite electrons from the valence band to the
conduction band to generate electricity. Between these two electrodes is placed an electrolyte,

usually a solution of potassium iodide/triiodide.

Sunlight
. e , l l l
i =Y R 4 <.:l—'l'ransparent Conducting

- Coating

Titanium Dioxide

Dye Sensitizer

Transparent Conducting
Coating and Catalyst

Figure 1. Schematic structure of DSSC (Suhaimi, Shahimin, Chysky & Reshak, 2015).

When the sunlight falls on the cell, light is absorbed by the dye sensitizer on photoanode,
generates the excited electrons and electrons are injected into TiO2 nanoparticles. The injected
electrons pass through the conducting electrode (photoanode) and are directed to the load. The
dye oxidized is regenerated through reduction from electrolyte (iodide/triiodide), the
electrolyte then is regenerated at the counter electrode by getting electrons from an external
circuit (Calogero et al., 2014). Working principle of DSSCs is shown in Fig. 2 and summarized

in photo-electrochemical reactions in Table 1.



2.2 Basic requirements for efficient photosensitizers

Sensitizers in DSSCs is molecular electron pump (Shalini et al., 2016). The sunlight is absorbed
with sensitizers in visible region or near-infrared region and delivers electrons to the
conduction band of TiO2. Many studies on efficient sensitizers have been done showing that
best photosensitizers should have the following requirements to improve the performance of
the DSSCs. The ability of the dye to harvest light in visible region or near to the infrared region
(Rani, Shishodia & Mehra, 2010), the capability of a dye to bind strongly onto the
semiconductor surface, successful electron delivering into the conduction band of the
semiconductors (Ludin et al., 2014). Also, having an anchoring group namely; hydroxyl,
phosphate and carboxylate that are capable of supporting chemical adsorption onto
semiconductor of the metal oxide surface to ensure a high rate of electrons transfer (Zhou, Wu,
Gao & Ma, 2011), high dye stability is required in ground, and excited state at all temperatures

and rapid dye regeneration to avoid electron recombination (Jeon et al., 2014).

Table 1. Photo-electrochemical reactions in DSSCs.

Chemical reaction Description

Dye +hv — Dye” Light absorption

Dye” + TiO, — Dye* + ecg (TiOy) Electron injection
ecg(TiO2) + C.E. — TiO2 + ec g + electrical energy Energy generation
2Dye* + 317 — 2Dye + I3 Dye regeneration

I3 + 2ecatatyst — 317 Electrolyte regeneration

Calogero, Bartolotta, Dimarco, Dicarlo and Bonaccorso (2015).
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Figure 2. Schematic illustration of working principle of DSSCs (Calogero et al., 2014).
2.3 Energy level alignment

As the working principle of DSSCs states, the sensitizers should have the proper energy level
alignment to provide the electrons injection and dye regeneration. Highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and energy-gap of
photosensitizers should show a potential role in the injection of electrons into a semiconductor.
For successful injection of an electron from excited dye to the conduction band of metal oxides,
LUMO of the dye should have less negative potential than the conduction band of metal oxide
Sinopoli, (Citro, Calogero & Bartolotta, 2017). On the other hand, the HOMO level of the dye
must have more negative potential compared to the redox potential of the electrolyte to ensure
the oxidized dye could regenerate fast by accepting electrons from the electrolyte (Ananth,
Vivek, Kumar & Murugakoothan, 2015).

2.4 Classification of dyes used in dye-sensitized solar cells

The dye plays a crucial role in DSSCs. Based on the requirements mentioned in section 2.2,
different types of dyes have been examined, and significant signs of progress in designing
sensitizers for DSSCs applications have been made. Generally, dyes are classified as metal-

free organic, natural dyes and metal complex (inorganic) dyes as it is seen in Fig. 3.



Dyes

" Metal-free synthetic
- . organic dyes y Natural dyes

Figure 3. Classification of dyes.

2.4.1 Metal complex (inorganic) dyes

Ruthenium-based complexes are employed as efficient charge-transfer sensitizers, due to their
high chemical stability, intense charge transfer absorption in the wide visible range (Hao, Wu,
Huang & Lin, 2006) and harvesting ~11-13% solar-to-electric energy in standard global air
mass AM 1.5 of sunlight as shown in Table 2. The ruthenium-based complex has functional
anchoring groups that are linked to the metal oxides semiconductor. Usually, anchoring groups
suitable for metal oxides semiconductor are phosphoric acids H3PQOas, sulphonic acid (-SOsH)
carboxylic acids (-COOH). Carboxyl groups are often used as anchoring groups which give
high efficiency of electrons injection to the semiconductor due to the formation of bidentate-
bridging, chelating and ester-linkages with the TiO> surface (Calogero, Bartolotta, Dimarco,
Dicarlo & Bonaccorso, 2015). However, Ru-complexes are toxic that means not eco-friendly,
expensive and also in the presence of water degrade (O'Regan & Grétzel, 1991; Smestad &
Gratzel, 1998).



Table 2. Efficiencies of DSSCs based on ruthenium complexes dyes.

Dye Efficiency, n % References

N3 10.3 Calogero, Bartolotta, Dimarco,

Dicarlo and Bonaccorso (2015)

11.18 Nazeeruddin, Baranoff and Grétzel,
(2011)
Black Dye 104 Nazeeruddin et al. (2001)
N719 11.2 Calogero, Bartolotta, Dimarco,
Dicarlo and Bonaccorso (2015)
c101 11.3 Gao et al. (2008)
C106 9.5 Nguyen et al. (2012)
YEOS5 10.1 Shelke, Thombre and Patrikar (2017)
N945 10.8 Wang et al. (2017)
N712 8.2 Shelke, Thombre and Patrikar (2017)

2.4.2 Metal-free synthetic organic dyes

Metal-free synthetic organic dyes have been used as alternative sensitizers to the Ru-
complexes, due to unique advantages; they possess high molar extinction coefficients, efficient
light-harvesting capabilities near to the infrared region and eco-friendliness. The performance
of the DSSC:s sensitized with the synthetic metal-free organic dyes are listed in Table 3.

2.4.3 Natural dyes

Natural dyes contain various pigments that can be extracted from leaves, roots, fruits and
flowers and used in DSSCs (Al-Alwani, Mohamad, Kadhum & Ludin, 2015). Benefits of using
natural dyes in DSSCs, are that the dyes absorb visible light, electrons are excited and injected
into TiO2. Most significantly, the fabrication method for natural dye-based DSSCs is cost-
effective, non-toxic and eco-friendly. Despite the low cost of the natural dyes, most of them do
not yield high energy conversion efficiency. The photovoltaic performance of the DSSCs based

on natural dyes sensitizers is shown in Table 4.



Table 3. Efficiencies of DSSCs based on metal-free synthetic organic dyes.

Dye Efficiency, n % References

Cc217 9.8 Calogero, Bartolotta, Dimarco,
Dicarlo and Bonaccorso (2015)

D205 94 Calogero, Bartolotta, Dimarco,
Dicarlo and Bonaccorso (2015)

RK1 10.2 Calogero, Bartolotta, Dimarco,
Dicarlo and Bonaccorso (2015)

D102 6.1 Ogura et al. (2009)

D149 7.1 Ogura et al. (2009)

D131 5.6 Ogura et al. (2009)

TA-ST-CA 9.1 Calogero, Bartolotta, Dimarco,
Dicarlo and Bonaccorso (2015)

TA-DM-CA 9.7 Calogero, Bartolotta, Dimarco,

Dicarlo and Bonaccorso (2015)

Table 4. Efficiencies of DSSCs based on natural dyes.

Dye Solution Efficiency, n (%) References

Lawsone 0.93 Lakshmi,  Krishnakumar,  Joseph,
Sreelatha and Jinchu (2016)

" 0.56 Khadtare et al. (2015)

! 0.52 Aduloju, Shitta and Justus (2011)

" 0.20 Das, Gogoi and Chowdhury (2018)

Purple Cabbage 0.75 Suhaimi, Shahimin, Alahmed, Chysky
and Reshak (2015)

Begonia 0.24 Zhou, Wu, Gao and Ma (2011)

Tangerine Peel 0.28 Zhou, Wu, Gao and Ma (2011)

Crocetin 0.56 Yamazaki et al. (2007)

Lawsone 0.05 Madili, Pogrebnoi and Pogrebnaya,
(2018)

Lycopene. 0.55 Shinde et al. (2017)

Red Bougainvillea Spectabilis 0.48 Hernandez et al. (2011)

Spinach 0.13 Chang et al. (2010)
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2.5 Molecular design

The design of the new dye sensitizer can be done through a combination of one dye component
with another capable of increasing the energy conversion efficiency of the solar cells. Msangi,
Pogrebnoi and Pogrebnaya (2018), designed a new dye theoretically through a combination of
natural dye (crocetin) and synthetic dye (indoline D205). The results showed that the designed
complex had widened light absorption in a visible range compared to individual dyes. Because
of the high cost of the synthetic dye, our study will be focused on cost-effective natural dye
lawsone through which lawsone ether 2-(1,4-dihydro-1,4-dioxonaphthalen-3-yloxy)
naphthalene-1,4-dione (LE) will be designed theoretically. The structural and optoelectronic
properties of the lawsone, designed LE, as well as bilawsone (BL), will be determined. Below
in Fig. 4 there are structural formulae of lawsone Ci10HeO3, lawsone ether CxoH100s and

bilawsone C20H100s.

*O‘ DH O
0 0 0
L, lawsone: LE, lawsone ether: BL, bilawsone:
2-hydroxyl-1,4- 2-(1,4-dihydro-1,4- 2,2-Bi(3-hydroxy-1,4-
naphthoquinone dioxonaphthalen-3-yloxy) naphthoquinone

naphthalene-1,4-dione

Figure 4. Structural formulae of lawsone, lawsone ether and bilawsone.
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Computational details

The initial molecular geometry of lawsone (L) was taken from the National Institute of
Standards and Technology (NIST) database (Lemmon et al., 2018) and for BL was taken from
ChemSpider database (chemspider, n.d.); Avogadro software (Hanwell et al., 2012) was used
to construct the input files for quantum chemical computations. The structures were optimized
without imposing any geometrical constraints. The geometry optimization of the molecules
was performed using density functional theory (DFT) with hybrid functional B3LYP5 (Vosko,
Wilk & Nusair, 1980; Lee, Yang & Parr, 1988) and basis set 6-311G(2d,p). The B3LYP5
functional provides reliable results for structural parameters and optical properties for organic
molecules computations. The computation of frequencies was carried out with the same method
and ensured the obtained structures corresponded to the minima on the potential energy
surfaces. The electronic absorption spectra of the molecules in a vacuum, dimethyl sulfoxide
(DMSO) and dichloromethane (CH2Cl;) were simulated using time-dependent density
functional theory (TD-DFT) with the B3LYP5/6-311G(2d,p). The solvent effect was evaluated
based on the polarizable continuum model (PCM) (Cossi, Scalmani, Rega & Barone, 2002).
All calculations were performed using the Firefly QC package which partially based on the
general atomic and molecular electronic structure system (GAMESS) US source code (Schmidt
etal., 1993). The Chemcraft (Zhurko & Zhurko, 2015) and MacMolPIt (Bode & Gordon, 1998)
software were used to visualize and analyze the geometrical structures, vibrational and

electronic spectra of the considered dye molecules.

The optimized geometrical parameters and vibrational frequencies were used for calculation of
thermodynamic functions of the species in the gas phase: entropies S°(T), reduced Gibbs free
energies ®°(T), enthalpy increments H°(T) — H°(0) which were calculated within ‘rigid rotor-
harmonic oscillator’ approximation by means of OpenThermo software. Energies of the

reactions AE are obtained through total energies of products and reactants:
AE = ZEprod — XEreact (1)

The enthalpies of the reactions A;H°(0) are calculated as follows:

12



ArHo(O) = ArE + ArS (2)
Are 1S zero-point vibration energy (ZPVE),

1
Arg = ghC(Z Wi prod — Z wireact) (3)

where h represents the Planck’s constant, ¢ is the speed of light in the free space, Y w; g and
Y w;react 1S the sum of the vibration frequencies of the products and reactants, respectively.
The enthalpies, A{H°(T), Gibbs free energies A;G°(T) and entropies A;S°(T) of the reactions at
a given temperature are computed with the following classical thermodynamics equations:

AHC(T) = AH(0) + A[H*(T) — H°(0)] (4)
AG°(T) = AH(T) = TAS(T) (5)

3.2 Experimental details
3.2.1 Materials and chemicals

Lawsone and bilawsone of 97% purity were commercially purchased from Sigma-Aldrich and
Career Henan Co, respectively. Also, the solvent, dichloromethane (CH2Cl;) and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich. Test cell kit with chemicals includes
chenodeoxycholic acid, ruthenium N3z dye, iodolyte AN-50, Vac'n'Fill Syringe, titania
electrodes and platinum electrodes were purchased from Solaronix company (Switzerland).
The purchased chemicals were used without further purifications for the solutions preparations.
Electric furnace, ammeter, resistors, connecting wires, multimeters and solar power meter
obtained from NM-AIST laboratory. The UV-Vis spectrophotometer was kindly provided for
measurements by Arusha Technical Research Centre (ATRC).

3.2.2 Measurement of UV-Vis absorption spectra

The solutions of concentration 0.038 g/L for lawsone and 0.027 g/L for bilawsone were
prepared by dissolving 3.8 mg (lawsone) and 2.7 mg (bilawsone) both in 100 mL of DMSO.
The UV-Vis absorption spectra of the dyes in DMSO have recorded automatically in the range
200-700 nm by using Jenway spectrophotometer UK 6715 VV1.42 model.

13



3.2.3 Fabrication of dye-sensitized solar cell

Dye-Sensitized Solar Cell (DSSC) was assembled adopting the methods by Madili, Pogrebnoi
and Pogrebnaya (2018). Titania electrodes (photoanode) were re-activated at 450 °C for 10
minutes in the electric furnace and then left to cool naturally in the air. Activated TiO2 was
immersed in the 0.038 g/L lawsone in DMSO solution at ambient temperature for 24 h to obtain
ultimately staining. The dyed TiO. electrodes were taken out from the lawsone solution and
rinsed with ethanol to remove loosely dye on TiO2 and then placed in air to allow ethanol to
evaporate to leave TiO; electrodes dried. Platinum electrodes (counter electrodes) were re-
activated at 450 °C for 10 minutes, then cooled naturally in the air. Then the counter electrode
was placed on the top of sensitized photoanode so that the conductive side of the counter
electrode faced the TiO> film. The iodide electrolyte solution (lodolyte AN-50) was poured at
the edge of electrodes. Electrodes were held together with two binder clips. The fabrication
process of DSSCs is summarized in Fig. 5. Therefore, the DSSCs were ready for

characterization. The same procedures were repeated for bilawsone solution (0.027 g/L).
ki Re-activating TiO, electrode by
- firing at 450 °C for 10 minutes

Immersing TiO,
‘ Electrode into
| > ¢ e for 24 h - -i\
M — Y.
Titanium electrodes ‘

(photoanode) “Furnace

. . Identifying
Re-activating platinum electrode by conductive side
firing at 450 °C for_10 minutes 4|

PUE [OUBYID [)IM
apox[2 ‘1L Sursury

Platinum electrodes
(counter electrode)

L ¢
< 5
‘ | £1p 0 11e U1 SuiAe9]

Assembling and filling electrolyte

DSSCs

Figure 5. The fabrication process of DSSCs.
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3.2.4 Testing the performance of dye-sensitized solar cells

The outdoors experiment of the photoelectrical performance for the DSSCs was done. The
active surface area A for each tested DSSC was 36 mm?. The DSSC was connected in series
with an ammeter and resistor and parallel with voltmeter using connecting wires as shown in
Figs. 6-7. The short circuit current lsc was measured when resistance was zero and open-circuit
voltage Voc was measured when the current (1) reached zero at maximum resistance. The
current | and voltage V were recorded by varying the resistance while solar irradiation G was
recorded using the solar power meter. The graphs of 1-V and power P-V were plotted. The

maximum power Pmax, fill factor FF, and efficiency n were calculated using the following

equations:
Pmax = |mp Vmp (6)
FF = " /mp W
IscVoc
_ Pmax — ImP Vmp
n_(Pin)_ AG (8)

where Imp IS current at maximum power, Vmp is the voltage at maximum power, A is the active

surface area of titanium electrode and Pin is power input.

vAg
[ [ + | TioJaye <1©>
Voltmeter Variable DSSC % D v Q

resistance

‘ | " | Counter
Ammeter

Figure 6. The schematic diagram for DSSCs performance.

Figure 7. Experimental setup for outdoor measurement.
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Lawsone rotational isomers
4.1.1 Geometrical structure

Two rotational lawsone isomers, L' and L, were considered (Fig. 8). Both geometrical
structures are planar, the L isomer being more stable by ~30 kJ mol™. The higher stability of
the L is attributed to the formation of the intramolecular hydrogen bond; this result is in
agreement with literature data (Hanna, Nowak, Lipinski & Adamowich, 1998; Todkary et al.,
2006; Pawar, Jadhav, Wadekar & Sarawadekar, 2011; VVessecchi, Emery, Galembeck & Lopes,
2012) where the existence of intramolecular hydrogen bond in lawsone molecule also was
reported. The selected geometrical parameters of the L' and L are compared between each other

and also with experimental X-ray diffraction data (Todkary et al., 2006) as shown in Table 5.

Ha H1
H2 o3 H2 ! 02
C2 &4 c7 C1 & c7 H6
G5 C5 =\ '
Y v ) — & \__@8
H1~ & e 43~ e i
c3—%8 c3— &
; \.. _£10 ; e1—
H3 &8 s Ha H5
02 01

Figure 8. Optimized geometrical structures of lawsone rotational isomers L' and L.

The most noticeable difference between the L’ and L is seen for parameters which relate to the
rotating O-H group; maximum elongation of bond lengths is 0.012 A (O-H), shrinkage —0.014
A (C-C), bond angles are reduced by 3° (C-C-O) and 4° (C-O-H). Other geometrical parameters
remain virtually unchangeable. Worth to note that our structural characteristics, in general,
agree well with the X-ray diffraction experimental data of crystal phase (Todkary et al., 2006).

16



Table 5. Selected geometrical parameters of lawsone rotational isomers L" and L.

L' L Difference Expt.
(Todkary et al., 2006)

Bond length, A

C9-01 1.342 C8-03 1.334 —-0.008 1.334
C9-C7 1.504 C8-C7 1.497 —-0.007 1.506
C7=03 1.212 C7=02 1.223 +0.011 1.211
C9=C10 1.347 C8=C9 1.347 0.000 1.322
C7-C5 1.486 C7-C5 1.472 -0.014 1.501
C10-C8 1.464 C9-C10 1.462 —-0.002 1.412
C8=02 1.220 C10=01 1.220 0.000 1.230
C8-C6 1.495 C10-C6 1.503 +0.008 1.502
Cl-H1 1.086 C2-H3 1.084 —-0.002 0.930
C5=C6 1.401 C5=C6 1.403 +0.002 1.386
O1-H6 0.967 O3-H6 0.979 +0.012 0.820

Bond angle, deg

01-C9-C7 112.8 03-C8-C7 113.9 +1.1 114.4
01-C9-C10 125.4 03-C8-C9 123.9 -1.5 124.8
C9-C7-03 120.4 C8-C7-02 117.4 -3.0 120.4
C10-C8-02 121.1 C9-C10-01 121.4 +0.3 123.1
02-C8-C6 121.5 01-C10-C6 120.6 -0.9 118.2
C9-C10-C8 122.5 C8-C9-C10 121.2 -1.3 122.6
C10-C9-C7 121.8 C9-C8-C7 122.2 +0.4 122.2
03-C7-C5 123.0 02-C7-C5 124.4 +1.4 1231
C9-01-H6 109.5 C8-03-H6 105.3 —4.2 109.5
C9-C7-C5 116.6 C8-C7-C5 118.2 +1.6 116.4
C7-C5-C4 119.1 C7-C5-C4 120.2 +1.1 121.1
C4-C5-Co6 119.9 C4-C5-Co6 120.4 +0.5 119.6
C2-C4-C5 119.9 C1-C4-C5 119.7 -0.2 121.1
C3-C6-C5 119.8 C3-C6-C5 119.5 -0.3 119.2
C3-C6-C8 119.6 C3-C6-C10 119.6 0.0 120.1
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4.1.2 Vibrational spectra

The theoretical vibrational spectra of the L’ and L molecules are compared in Fig. 9 between
each other. Bands at 3790 cm™ for L’ and 3580 cm™ for L correspond to stretching vibrations
of the hydroxyl group; the decrease of the frequency is due to H-bond formation in L and
accords with the elongation of the O-H bond from 0.967 A to 0.979 A, respectively (Table 5).
The small peaks at ~3180 cm™ are assigned to the C-H bond stretching in the aromatic and
aliphatic rings. The most intensive sharp peaks at 1720-1750 cm™ are attributed to the
stretching vibrations of carbonyl C=0 groups. The peaks at 1660-1630 cm™ are assigned to
C=C stretching vibrations in the benzenoid and quinoid rings; the bending vibrations C-O-H
at ~1320 cm?, C-C-H ~1250 cm™* and C-H out of plane 1000-500 cm™ are observed. The
vibrational frequencies obtained theoretically here comply with typical frequencies of the
respective functional groups. The calculated spectrum of L appeared to be in a good agreement
with the experimental IR spectrum of lawsone in the gas phase (Ananth, Vivek,

Arumanayagam & Murugakoothan, 2014; Lemmon et al., 2018).

12
_ L
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C-0 str
g b C=C str
C-0-H bend
=
P C-0-H bend
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=
E C-C-H bend
4 -
3-H str
C-H bend
3t O H str
\ C-H str

D L 1 L
0 a00 1000 1500 2000 2500 3000 3500 4000 4500
Frequency, cm™

Figure 9. Infrared region (IR) spectra of the L’ and L molecules.
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4.1.3 Thermodynamics of isomerization reaction

For the isomerization reaction
L'— L, ()

thermodynamic characteristics were calculated using equations (1)—(5). The values of
enthalpies, A/H°(0) = -30.0 kJ mol %, A;H°(298) = —30.6 kJ mol %, entropy A/S°(298) = 4.5 ]
mol K™, and Gibbs free energy A:G°(298) = —29.2 kJ mol* were obtained. The results show
that the reaction is exothermic and spontaneous at ambient conditions. To evaluate which
isomer was predominant the equilibrium constant K°y(T) of isomerization reaction (1) was also

calculated for the temperature range between 298 K and 600 K using equations:

AH°(0) = T[A®°(T) — RINK®p(T)] ©9)

®°(T) =

_[[H°(T>—H°(0)]—Ts°m] )

T

where A, ®°(T) represents the reduced Gibbs free energy of the reaction at a given temperature.

The results are presented in Fig. 10 and indicate that the equilibrium constant is much greater
than 1; it decreases by three orders with temperature increase, from 1.3 x 10° (298 K) to 2.5 x
102 (600 K); hence the isomer L is predominant in the temperature range considered. From the
slope of the plot, the enthalpy of the isomerization reaction is A(H°(400 K) = -30.8 kJ mol !
that is there was no significant change in this value when temperature increased. The Gibbs
free energies A/G°(T) were also calculated (Fig. 13) and proved the reaction remain exergonic
in the broad temperature interval. The thermodynamic functions of the species are listed in
Table A in the Appendix.

In further sections, the most stable isomer L is considered as the reactant in the lawsone ether

and bilawsone formation as well as in electronic spectra and molecular orbitals analyses.
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Figure 10. Temperature dependence of the equilibrium constant of the isomerization reaction
L' L.

4.2 Lawsone ether and bilawsone
4.2.1 Geometrical structure

A combination of two lawsone molecules L is considered as etherification reaction with the

lawsone ether C20H100s5 and elimination of water:
2C10Hs03 — C20H1005 + H20 (D)

According to IUPAC nomenclature, the name of the designed LE molecule is 2-(1,4-dihydro-
1,4-dioxonaphthalen-3-yloxy) naphthalene-1,4-dione. The other direct combination of two L

molecules leads to bilawsone C20H100s formation, hydrogen being detached:
2C10Hs03 — C20H1006 + H2 (nn

The optimized geometrical structures of the LE and BL are shown in Fig. 11; both molecules
contain one symmetry element, C, rotation axis; thus, the structures belong to the C» point
group symmetry. The selected geometrical parameters of LE and BL are compared between
each other and with L in Table 6.
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Figure 11. The optimized geometrical structures of the LE and BL molecules.

In the LE, the linkage C10-O3-C20 between two lawsone moieties is specified with parameters
Re(0O3-C10) = Re(03-C20) = 1.358 A and ~C10-03-C20 = 125°. The LE molecule is propeller-
shaped due to lawsone fragments are turned one to another by 52°. In the vicinity of the linkage,
the bond lengths of carbonyl groups C7=01 and C13=05 are reduced by 0.012 A, whereas the
other two, C8=02 and C12=04, remained very close to respective bonds in L. The bond angles
£03-C10-C13 = 2£03-C20-C7 in LE are reduced by 2.2° while 2C10-C13=05 = 2C20-
C7=01 in LE are increased by 3.0° compared to respective angles, £03-C8-C7 and 2C8-

C7=02, in monomer lawsone.

In the BL, the link C9-C11 is formed between two L moieties with Re = 1.476 A. Similarly to
the LE, the BL structure is non-planar with the angle between two L 62°. A noticeable change
is observed in the vicinity of the linkage; the Re(C8-C9) = Re(C11-C13) is longer by 0.015 A
than Re(C9-C10) in L. The parameters of the distant parts of the LE and BL practically coincide
with those in the lawsone molecule; the benzene rings remain planar, while quinoid rings

exhibit a slight non-planarity.
4.2.2 Vibrational spectra

Theoretical IR spectra of the LE and BL molecules are shown in Fig. 12; the spectrum of the
lawsone is given for comparison. The higher band intensities of LE and BL are apparently
attributed to greater in the number of atoms and hence more IR active vibrations compared to
L. The most intensive sharp peaks at 1232 cm™ (LE) and 1420 cm™ (BL) are assigned to C-O
stretching vibrations. The increase of vibrational frequency is in line with the decrease of the
C-O bond length from 1.358 A (LE) to 1.332 A (BL). Worth to note that peak 1232 cm in LE
corresponds to the link C-O-C between two L-moieties and that band represents a unique
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vibration of the LE IR spectrum which allows distinguishing the ether among the three

molecules.

The peaks at 3570 cm in BL and 3580 cm™ in L are attributed to stretching vibrations of free
hydroxyl groups O-H. The small peaks at 3180-3190 cm™ in L, LE and BL are assigned to C-
H stretching vibrations in the benzenoid rings. The stretching vibrations of the carbonyl groups
C=0 are observed at 1720-1750 cm™ (LE) and 1720 cm™ (BL, L). The C=C stretching
vibrations are seen as intensive peak 1646 cm™ in LE and small peak 1690 cm™ in BL. The
bending vibrations C-C-C and C-C-O are observed at 1300-1360 cm™ as a very high peak in
BL and low peak in L but not exhibited at all in IR spectrum of the ether. In general, the
wavenumbers found theoretically for the molecules under study accord with typical vibrational

frequencies of respective functional groups (Pavia, Lampman & Kriz, 2001).
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Table 6. Selected geometrical parameters of LE, BL and L.

LE BL L
Bond length, A
C10-03, C20-03 1.358 C10-04, C12-06 1.332 (C8-03 1.334
C10-C13, C20-C7 1.504 C10-C7,C12-C20 1495 C7-C8 1.497
C7=01, C13=05 1.211 C7=02, C20=05 1.232 C7=02 1.223
C20=C9, C10=C11 1.342 (C9=C10, C11=C12 1.353 (C8=C9 1.347
C5-C7, C13-C14 1.486 C6-C7, C19-C20 1470 C5-C7 1.472
C8=02, C12=04 1.219 (C8=03, C13=01 1.220 C10=01 1.220
C5-Ce6, C14-C15 1.408 C5-C6, C14-C19 1.405 C5-C6 1.403
C9-C11 1.476
C8-C9, C11-C12 1473 (C8-C9, C11-C13 1.477 C9-C10 1.462
Bond angle, deg
03-C10-C13, 03-C20-C7  111.7 04-C10-C7,06-C12-C20 113.3 03-C8-C7 113.9
03-C10=C11, 03-C20=C9 126.0 04-C10=C9, 06-C12=C11 123.7 03-C8-C9 123.9
C10-C13=05, C20-C7=01 1204 C10-C7=02,C20-C12=05 117.1 C(C8-C7-02 117.4
C9-C8=02, C11-C12=04, 120.3 (C9-C8=03, C11-C13=01 121.2 (C9-C10-01 1214
C7-C5-C1, C13-C14-C16 119.1 C1-C6-C7,C16-C19-C20 120.4 C4-C5-C7 120.2
C8-C9-C11, C13-C11-C9 119.7
C8-C9-C20, C10-C11-C12 1219 C(C8-C9-C10,C12-C11-C13 1195 (C8-C9-C10 121.2
Dihedral angle, deg
C2-C3-C9-C20 0.5 C2-C3-C9-C10 0.5 C1-C2-C9-C8 0.0
C9-C20-C10-C11 52.2 C10-C9-C11-C12 62.0
C6-C5-C14-C15 56.1 C6-C5-C14-C19 721
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Figure 12. IR Spectra of L, LE and BL.



4.2.3 Thermodynamics of reactions

Thermodynamic characteristics of the reactions (I11) and (I11) were computed using equations
(1)-(5) and listed in Table 7. The values of AfH°(298) and A/G°(298) are positive; this implies

that the reactions are endothermic and non-spontaneous at room temperature.

Table 7. Thermodynamic characteristics of chemical reactions.

AE Are AH°(0)  AH°(298) AS°(298)  AG°(298)

Reaction
kJ mol? Jmolt K1  kJmol?
2C10HgO3 —» CyoH1005 + H,O  109.7 -12.86 96.9 104.2 2.7 105.0
2C10HgO3 = CyoH1006 + H2 578 -26.58 31.2 38.8 —63.3 57.7

Temperature dependences of thermodynamic characteristics of the reactions (1)-(I11) are
presented in Fig. 13. The values of AfH°(T), and A/G°(T) remain positive for the LE and BL
formation reactions in a broad temperature range. Thus these two reactions are endothermic
and endergonic that is in contrast to the lawsone isomerization reaction (I). As concerns
entropy, the values A;S°(T) are rather small for reactions (1) and (II) and do not contribute much
to the Gibbs free energies. The entropy of reaction (111) is negative with a great numerical value
that implies a distinctive ordering of the BL. The BL structure seems less flexible due to the
rigidity of the C-C bond as compared to C-O-C link in LE, and that is confirmed by greater
bending frequency of two lawsone fragments in BL (26 cm™) than in LE (11 cm™). The
flexibility of C-O-C connection in LE allows more freedom for structural rearrangement in
contrast to BL in which short C-C link brings to the hindered motion of the moieties, thus to
sufficient entropy decrease. With temperature rise, the value of A/S°(T) for reaction (IlI)
changes visibly, from —63 J mol K* at 300 K to —46 J mol™* K at 600 K (Fig. 13b), that
results in a noticeable increase of Gibbs free energy (Fig. 13c).
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Figure 13. Temperature dependence of thermodynamic characteristics of reactions (I)—(111):
(@) AH°(T), (b) AS°(T) and (c) AG°(T).

4.3 Optoelectronic properties
4.3.1 Electronic spectra

The light absorption spectrum of a dye is of importance for evaluating its light-harvesting
capability and efficiency of DSSCs. Electronic spectra of dyes under study have been computed
for vacuum and solvents (dimethyl sulfoxide and dichloromethane), the singlet-singlet So —
Sn (n = 1-10) excitations with non-zero oscillator strength (f > 0.001) are taken into account.

Absorption properties of a dye may be specified in terms of light-harvesting efficiency (LHE).
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The LHE values at a particular wavelength are calculated through the following expression
(Gélinas et al., 2014; Lee & Kim, 2016).
LHE=1-10"f 9)

The excitation energies (Eex), wavelengths (A), oscillator strengths (f), LHE, electronic
transition configurations are summarized in Table 8. The theoretical UV-Vis spectra of the

molecules for vacuum and DMSO are presented in Fig. 14.

Table 8. Electronic transitions So — Sn (n = 1-10) in L, LE and BL computed for vacuum and

solutions.
Excited state, Electronic transition
No. Eex, €V A, nm f LHE configuration?
L in vacuum
4 3.79 327 0.056 0.12 H-2 —» L (91%)
5 4.39 282 0.155 0.30 H-3 — L (86%)
7 5.19 239 0.173 0.33 H — L+1 (81%)
9 5.66 219 0.027 0.06 H-3 — L+1 (68%)
L in DMSO
4 3.65 340 0.059 0.13 H-2 — L (93%)
5 4.33 287 0.167 0.32 H-3 — L (90%)
7 5.30 234 0.217 0.39 H — L+1 (86%)
9 5.73 217 0.004 0.01 H-3—L+1 (67%)
10 5.78 215 0.027 0.06 H-2 — L+1 (77%)
Lin CH2C|2
4 3.67 338 0.059 0.13 H-2 — L (93%)
5 4.33 286 0.166 0.32 H-3 — L (89%)
7 5.30 234 0.211 0.39 H — L+1 (86%)
9 5.71 217 0.005 0.01 H-3—L+1 (67%)
10 5.79 214 0.027 0.06 H-2 — L+1 (78%)
LE in vacuum
3 3.05 406 0.006 0.01 H-6 — L (47%)
5 3.20 387 0.045 0.10 H— L (71%)
7 3.64 342 0.083 0.17 H-3 — L (48%)
8 3.64 340 0.003 0.01 H-4 — L (42%)
9 3.67 338 0.002 0.01 H-3 — L (40%)
LE in DMSO
3 3.04 408 0.038 0.08 H — L (90%)
5 3.22 385 0.004 0.01 H-7 — L (55%)
7 3.47 357 0.089 0.19 H-2 — L (44%)
9 3.58 346 0.016 0.04 H-4 — L (62%)
LE in CH,CI,
3 3.05 406 0.037 0.08 H— L (87%)
7 3.50 355 0.088 0.18 H-2 — L (46%)
9 3.61 344 0.016 0.04 H-4 — L (43%)
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Excited state, Electronic transition

No. Eex, 6V A, nm f LHE configuration?

BL in vacuum

1 2.75 451 0.062 0.13 H— L (81%)

3 2.86 434 0.027 0.06 H-1 — L (56%)

4 2.93 424 0.003 0.01 H — L+1 (59%)

8 3.52 352 0.002 0.01 H-3 — L+1 (67%)

10 3.63 341 0.014 0.03 H-8 — L (44%)

BL in DMSO

1 2.76 448 0.064 0.14 H— L (95%)

2 2.87 431 0.002 0.01 H — L+1 (87%)

3 2.98 416 0.005 0.01 H-3 — L (63%)

6 3.43 361 0.003 0.01 H-1 — L+1 (28%)

8 3.52 352 0.096 0.20 H-4 — L (48%)

9 3.57 348 0.022 0.05 H-4 —L (31%)
H-2 — L+1 (22%)
H-5 — L+1 (21%)

10 3.58 346 0.010 0.02 H-5 — L (49%)

BL in CH2C|2

1 2.77 448 0.067 0.14 H— L (95%)

2 2.87 432 0.003 0.01 H — L+1 (85%)

3 2.96 418 0.006 0.01 H-2 — L (66%)

8 3.53 352 0.066 0.14 H-3 — L+1 (53%)

9 3.58 346 0.051 0.11 H-4 — L (56%)

10 3.60 345 0.009 0.02 H-5 — L (59%)

&H and L represent HOMO and LUMO, respectively.

For the lawsone both in a vacuum and solutions, the most probable transitions are seen in UV
region of the spectrum, they occur from the ground state to the fifth and seventh excited states
and assigned mostly to the H-3—L and H—L+1 MOs, respectively. The excitations in the
visible range are available but of low probability. From vacuum to the solution, slight red shit
is observed for longer wavelengths transitions, while the blue shift for shorter (Fig. 14a). Both
for LE and BL, the lowest energy excitations (with Amax) are generally in the visible part of the
spectrum and belong to the most probable transitions which correspond commonly to H—L
MOs. As is seen from Table 8, there is no significant difference in the results obtained for two
solvents, DMSO and CHCl». Therefore the solvent effect on the spectra is considered mostly

for the former in the next sections.

The highest absorption peaks of LE are observed at 342 and 387 nm in a vacuum, 357 and 408
nm in DMSO,; thus, the LE exhibits red-shift in solutions compared to vacuum (Fig. 14b). In
the theoretical UV-Vis spectra of BL (Fig. 14c), the highest intensity peaks are seen at 341 and

451 nm (vacuum) and 352 and 448 nm (DMSO), thus no evident red or blue shift is observed
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for BL. While considering the spectra of the three compounds (Fig. 14d), in a visible range, the
LE and BL possess peaks of higher intensity and strongly shifted to longer wavelengths region

compared to L, that should favour sensitizing performance of the complex molecules.

Experimental UV-Vis spectra of L and BL in DMSO solution are presented in Fig. 15. For the
lawsone, the simulated spectrum (Fig. 14a) agrees well with the experiment (Fig. 15a)
regarding peaks position and intensities. Also, our results are in accordance with UV-Vis
spectra of lawsone measured earlier (Mahkam, Kafshboran & Nabati, 2014; Khadtare et al.,
2015; Madili, Pogrebnoi & Pogrebnaya, 2018) as well as theoretical data obtained in
(Jacquemin, Preat, Wathelet & Perpete, 2006; Madili, Pogrebnoi & Pogrebnaya, 2018).

In the experimental spectrum of the BL (Fig. 15b), a broad and intensive band is observed in a
visible range (452 nm), that indicates a good sensitizing ability of the dye. Theoretical values
of A, 448 nm and 352 nm (Fig. 14b), agree well with peaks position in the experiment. The
number of excited states was extended up to 25 in the simulated spectrum of the BL to attain
the ultraviolet region; the transitions at 288 259 and 248 nm were obtained in addition, which
agrees well with respective bands position of the measured spectrum. To best of our
knowledge, no experimental study of the UV-Vis spectrum of bilawsone was reported up to

now.

The calculated LHE values are rather low, that is in accordance with literature data for natural
dyes (Sun, Li, Song & Ma, 2016; Liu, Ren, Wang, Li & Yang, 2018; Zhao, Lu, Su, Li & Zhao,
2019). As seen, the LHEs of L are higher compared to the LE and BL, but the light absorption
of L occurs in UV-region which does not favour sensitizing ability, while for LE and BL the
simulation predicts the absorption in the visible range, hence better DSSCs performance.
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4.3.2 Molecular orbitals analysis

The MO analysis provides information about the electronic structure of molecules and potential
electron transitions (Msangi, Pogrebnoi & Pogrebnaya, 2018). For the L, LE and BL, the
frontier and adjacent MOs which mostly participate in the electron excitations are selected as
computed for DMSO solutions (Table 8); isosurfaces of these MOs are shown in Fig. 15. For
the lawsone, the electron density distributions in the HOMO-3, HOMO-2, HOMO, LUMO,
and LUMO+1 are presented (Fig. 16a). The most probable excitation with the highest f value
and wavelength 287 nm is assigned to the HOMO-3—LUMO. The transition at 340 nm is
attributed to HOMO-2—LUMO and that at 234 nm to HOMO—LUMO+1. The electron
density of the occupied MOs is mainly concentrated on the benzenoid ring, whereas that of
unoccupied orbitals is on the quinoid ring; thus the @ — m* transitions involve electron

delocalization from the benzenoid to quinoid ring.

L . r
HOMO i LUMO+1

HOMO-3 HOMO-2 LUMD

~

[8

HOMO-2 HOMO LUMO

(b) LE

LUMO+1

HOMO

(c) BL
Figure 16. Frontier and adjacent MOs of the species in DMSO: (a) L; (b) LE and (c) BL.

30



For the LE, the isosurfaces of the HOMO-2, HOMO and LUMO are shown in Fig. 16b. The
maximum wavelength absorption in the visible region at 408 nm arises from the
HOMO—-LUMO transition. The electron density of HOMO is delocalized over the m-system
on benzenoid and quinoid rings, whereas that of LUMO is mostly located on the quinoid ring.
In the highest oscillator strength transition, f = 0.089 and A = 357 nm, which is assigned mainly
to HOMO-2—-LUMO, the electron density shifts from the benzenoid to quinoid rings.

For the BL, the HOMO-4, HOMO, LUMO, and LUMO+1 (Fig. 16c) are involved in the
significant electronic excitations. In the HOMO—LUMO transition observed at 448 nm, the
electrons in HOMO are delocalized across the entire molecular structure, whereas those in
LUMO are concentrated more in the quinoid rings. In the most probable transition, f = 0.096
and A = 352 nm, assigned to HOMO-4—LUMO, the electrons density is redistributed from

benzenoid to quinoid rings.

Summarizing the MO analysis some common features may be noticed for three species L, LE
and BL. As for the MOs which are below HOMO, the electron density is concentrated mostly
on the benzenoid rings; while in HOMOs, the electrons are delocalized across the molecule.
Regarding the unoccupied MOs, the electron density is located in the quinoid rings
predominantly. Worth to mention about the electron transitions of highest probabilities in the
LE HOMO-2—-LUMO and in BL HOMO-4—-LUMO for which spatial separation of electron
densities between occupied and free MOs is observed (Figs. 16b, ¢). Therefore that separation
leads to increase of the exciton size and hence favours higher stability of the electron-hole
couples formed, which in turn results in hindering recombination processes and improving

sensitizing properties of the dyes.

Moreover, it might be suggested that oxygen atoms of the quinone moieties are anchoring
groups to attach titanium atoms (anchoring sites) of the TiO2 semiconductor. To facilitate the
intermolecular charge transfer, the appropriate arrangement between the dye and substrate is
important. It appeared that the interatomic distances O-O in LE and BL accord well with the
Ti-Ti distances in the TiOz rutile crystal: in the LE, 01-05 = 4.64 A, 02-04 = 6.53 A are close
to a=4.60 A, av2 = 6.50 A in the TiO,, respectively; also in the BL, 01-03 = 3.05 A is near
to ¢ = 2.96 A. The lattice parameters of the TiO2 have been taken from (Howard, Sabine &

Dickson, 1991). Thus, from the compliance between the substrate and verisimilar anchoring
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O-atoms accompanied with the suitable electron density location, the LE and BL are considered

to surpass the L dye in sensitizing performance in DSSCs.
4.3.3 Energy levels alignment

The overall power conversion efficiency of DSSCs depends on the proper energy level
alignment of a dye to ensure good electrons injection and dye regeneration (Li, Jingyan, Dixin,
Xin & Yanling, 2019). The simplest way to consider this alignment is to draw the frontier MOs
energy levels with valence and conduction band edge of a substrate as well as redox level of
electrolyte. It is more appropriate to represent excited states via excited states oxidation
potentials (ESOPS) (Oprea, Frecus, Minaev & Girtu, 2011; Madili, Pogrebnoi & Pogrebnaya,
2018) which have been obtained as the sum of the occupied energy levels and relevant
excitation energies. The calculated energies of frontier and adjacent MOs, excitation energies
Eex, energy gaps Eg, and ESOPs, are listed in Table 9. The results indicate that the values of Egq
exceed the respective excitation energies systematically: the difference Eq — Eex is in the range
0.20-1.07 eV; that brings to the lowering of the ESOPs compared to respective unoccupied
MOs.

The energy level diagram of most relevant MOs of the species in solutions is shown in Fig. 17;
along with the LUMO energies, ESOPs are also given. According to a good photosensitizer
requirement, a LUMO of a dye should lie slightly above the conduction band edge of the
semiconductor TiO2 (—4.05 eV (Fujisawa, Eda & Hanaya, 2017)) to ensure electrons injection
into the substrate from the excited dye; and HOMO should lie under the redox potential of the
electrolyte 17 /15 (—4.80 eV (Zhang et al., 2009)) for dye regeneration by accepting electrons
from the electrolyte. As is observed in Fig. 17 all three molecules meet criteria of energy level
alignment to be appropriate photosensitizers for TiO2 semiconductor due to LUMO levels lie
above the conduction band of TiO2, the ESOPs approach very close to the CB edge, permitting
electron transfer to the substrate. The HOMO levels lie below the redox level of the I7 /15

electrolyte allowing electron transfer to the pigment molecule from the electrolyte.
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Table 9. Energies of molecular orbitals ¢(MO), excitation energies Eex, energy gaps Eq and

ESOPs; all values are in eV.

MO ¢(MO) Transition Eex Eq ESOP
L in vacuum
43, H-2 —7.59 H-2 - L 3.79 4.38 -3.80
42, H-3 —7.84 H-3 -L 4.39 4.63 -3.45
45, H -7.12 H — L+1 5.19 5.73 -1.93
46, L -3.21
47, L+1 -1.39
L in DMSO
45, H -7.15 H—-L 3.13 3.87 -4.02
43, H-2 -7.49 H-2—>L 3.65 4,22 -3.84
42, H-3 -7.80 H-3—>L 4.33 4,53 -3.47
46, L -3.27 H— L+1 5.30 5.85 -1.85
47, L+1 -1.30
Lin CH2C|2
45, H -7.15 H—L 3.15 3.89 -4.00
43, H-2 -7.51 H-2 - L 3.67 4.25 -3.84
42, H-3 -7.80 H-3 > L 4.33 4.54 -3.47
46, L -3.26 H — L+1 5.30 5.85 -1.85
47, L+1 -1.31
LE in vacuum
85, H —1.27 H—-L 3.20 3.84 -4.07
82, H-3 -7.61 H-3—>L 3.64 4,18 -3.97
86, L -3.43
LE in DMSO
85, H -7.28 H—L 3.04 3.74 -4.24
83, H-2 —7.54 H-2—>L 3.47 4.00 -4.07
81, H-4 -7.61 H-4 -L 3.58 4.07 -4.03
86, L -3.54
LE in CH.ClI,
85, H -7.28 H—-L 3.05 3.75 -4.23
83, H-2 -7.55 H-2 —->L 3.50 4.02 -4.05
86, L -3.53
BL in vacuum
89, H —6.60 H— L 2.75 3.38 -3.85
88, H-1 -7.15 H-1-L 2.86 3.93 -4.29
90, L -3.22
BL in DMSO
89, H -6.85 H—-L 2.76 3.41 -4.09
85, H-4 -7.53 H-4 - L 3.52 4.09 -4.01
86, H-3 —7.47 H-3 — L+1 3.53 4.25 -3.94
90, L -3.44
BL in CH.CI;
89, H -6.81 H—-L 2.77 3.40 -4.04
86, H-3 -7.49 H-3 — L+1 3.54 4.26 -3.95
85, H-4 —7.52 H-4 -L 3.58 4.11 -3.94
90, L -3.41
91, L+1 -3.23
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The excitation energies have a significant effect on the efficiency of DSSCs; sensitizer with
lower excitation energies are advantageous to electron excitation and that facilitates light
absorption in the long-wavelength range. The LE and BL exhibit smaller excitation energies
(2.76, 3.52, and 3.53 eV) and (3.04, 3.47, 3.58 eV) compared to the individual lawsone (3.79,
4.39, 5.19 eV). Therefore, these results indicate that the LE and BL are better photosensitizers

candidates for DSSCs compared to the natural lawsone pigment.
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Figure 17. Energy level diagram of most relevant MOs, ESOPs (red bars) and excitation

energies for lawsone, lawsone ether and bilawsone in solvents.
4.3.4 lonization potentials and electron affinities

The ionization potential (IP) and electron affinity (EA) directly depict the energy barrier of the
hole and electron injection to the conduction band of TiO> (Li, Jingyan, Dixin, Xin & Yanling,
2019; Zanjanchi & Beheshtian, 2019). The IP and EA can be calculated by using the following

equations:

IP = Ecation— Eneutral (11)
EA = Eneutral — Eanion (12)

In this work, the IP or EA is taken as difference between the energies of the reference ground
state and open-shell ionized form when the electron is removed or added. The calculated values
of IP and EA are given in Table 10 and compared with HOMO and LUMO energies,
respectively. As is seen, the IP for each dye is higher compared to HOMO by 1.4-2.0 eV and
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EA is lower compared to LUMO by 1.3-1.9 eV, this indicates that the magnitudes of IPs and
EAs do not coincide with corresponding MOs energies. This discordance may be explained as
follows. According to the Koopmans’ theorem, minus HOMO energy is assumed to equal the
IP (and similarly for LUMO and EA). Apparently, the frontier MOs’ energies depend on
theoretical approach implemented. In our work, the DFT/B3LYP5 method has been used; and
the Kohn-Sham respective MOs eigenvalues appeared to differ from IP or EA. This
disadvantage of the DFT/B3LYP approach is rather common and has been also noticed earlier,
see for example (Zhang & Musgrave, 2007). As for experimental measurements, only for the
lawsone molecule the IP and EA are available in literature; worth to note that the calculated IP
for L appeared to be in a good agreement with the experimental value (Millefiori, Gulino &
Casarin, 1990).

Table 10. lonization potentials, electron affinities and frontier MOs energies of L, LE and BL

Experimental

Dye IP ¢(HOMO) EA  &LUMO) P EA
L 9.17 712 1.38 ~3.22 9.20 1.85P
LE 8.69 7.27 2.06 343

BL 8.11 ~6.60 1.83 -3.20

@ Millefiori et al. (1990) and ° Asfandiarov et al. (2014).
4.4 Photovoltaic properties of dye-sensitized solar cells

Photovoltaic properties of DSSCs sensitized with lawsone and bilawsone under the sunlight
irradiance of 1248 +10 W m=2 and 1450 +10 W m~2 respectively are shown in Fig. 18a-b. In all
fabricated DSSCs the active area was 36 mm?2. The short circuit current, open-circuit voltage,
maximum power, fill factor and power conversion efficiency of DSSCs are listed in Table 11.

The curves I-V and P-V plotted show the features typical for photovoltaic devices.

The performance of the DSSCs fabricated with lawsone was tested: the electrical parameters
were measured: 3.0 JA short-circuit current, 140.0 mV open-circuit voltage and 270.7 pW
maximum power. For bilawsone based DSSC, higher values were obtained: 10.0 pA short-
circuit current, 160.0 mV open-circuit voltage and 865.1 uW power maximum. Moreover,
bilawsone dye shows the photo conversion efficiency of the DSSC n = 1.7% that is higher
compared to 0.6% of individual lawsone sensitizer. These results of efficiencies are in

accordance with the theoretical expectation of the optoelectronic properties of the dyes.
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Table 11. Photovoltaic parameters of DSSCs based on lawsone and bilawsone.

G, Voc, Isc,

Impa

Vinp, FF, n,%

Pmax,

Dye wWm?  mv UA UA mv LW % Reference
Lawsone 1248 1400 3.0 2.7 98.8 270.7 645 0.60 This study
Lawsone 1000 520 1.8 - - - 62.0 0.56 Khadtare et al.

(2015)
Lawsone 1000 590 1.4 - - - 65.0 0.52 Adulojuetal.,

(2011)
Bilawsone 1450 160.0 100 7.9 109.2 8651 545 170 This study

The efficiency of lawsone obtained is comparable to the efficiencies 0.56% and 0.52% reported

by Khadtare et al. (2015) and Aduloju et al. (2011) respectively. Regarding the bilawsone, the

improved photovoltaic performance of DSSCs might be due to the presence of two hydroxyl

groups (OH) as auxochrome and anchoring groups adsorbed firmly to the TiO2 semiconductor

which leads to better charge transfer to the semiconductor. Also, OH provides the extended

conjugation in the molecule, which leads to intensive absorption at 452 nm.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion

The lawsone, lawsone ether and bilawsone sensitizers were studied theoretically, and also the
experimental studies of lawsone and bilawsone dyes solutions were performed on the UV-Vis

spectra measurements together with fabrication of the DSSCs and testing their performances.

Structural parameters, thermodynamic properties, IR and UV-Vis spectra of the lawsone,
lawsone ether and bilawsone were studied. Two rotational isomers of the lawsone molecule
were considered, and that one with the intramolecular hydrogen bond appeared to dominate in
equilibrium vapour. The combination of two lawsone molecules resulting in either lawsone
ether or bilawsone was proposed. The thermodynamic approach indicated that the direct

reactions of LE and BL formation were endothermic and non-spontaneous.

Optoelectronic properties of the L, LE and BL were studied; the results obtained demonstrated
that the LE and BL possessed better light-harvesting and sensitizing abilities compared to
lawsone due to their lower excitation energies, intense absorption bands in the visible range
and higher electron-hole couple stability. The theoretical UV-Vis spectra of lawsone and
bilawsone were in accordance with experimental spectra. The UV-Vis spectrum of bilawsone
was measured and reported here for the first time. It is suggested that the bilawsone and

lawsone ether are promising photosensitizers for DSSCs.

Based on the measurements of 1-V and P-V curves of fabricated dye-sensitized solar cells, the
short circuit current, maximum power, open-circuit voltage, fill factor, and power conversion
efficiency were determined. The DSSCs sensitized with bilawsone have shown higher
efficiency (1.7%) compared to that for lawsone (0.6%) which might be explained by the
presence of two OH-groups bringing to extended conjugation and broadening visible range in
the adsorption spectra. Also the OH-groups might favour stronger binding between the dye and
Ti0, semiconductor which cause successful injection of electrons in semiconductor. Therefore,
the energy conversion efficiency of the cell using bilawsone dye revealed the enhancement in

the cell performance.
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5.2 Recommendations

The sensitizers — lawsone, lawsone ether and bilawsone — have been investigated by using the
quantum chemical methods and are predicted to be suitable photosensitizer for DSSCs. The
big challenge of the DSSC is low power conversion efficiency. Therefore, to enhance the

performance of the DSSCs the following recommendations can be suggested:

(i)  Further improvement of the dyes sensitizing properties, the design of molecules by
grafting of anchoring groups may be suggested to facilitate the charge transfer and
bonding to the semiconductor surface.

(i)  Also, further computational studies on dye-semiconductor interaction are
recommended to investigate charge transfer properties and binding stability onto
the semiconductor metal oxides.

(iii)  Investigation of aging of the DSSCs with the L, LE and BL dyes due to dye

degradation.

Experimental synthesis of designed lawsone ether through etherification reaction of two
lawsone molecules and characterizations such as FTIR, *H NMR and *C NMR are

recommended.

Computational studies on juglone 5-hydroxy-1,4-naphthoquinone and naphthoquinone
derivatives are recommended to be done. Also, investigation on how different anchoring
groups and different position of OH-groups affect the optoelectronic properties lawsone,

bilawsone, juglone and naphthoquinone derivatives.
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APPENDIX

The thermodynamic functions for two isomers of lawsone (L' and L), lawsone ether (LE) and bilawsone
(BL) are listed in Table A. The values of molar heat capacity (Cy°), entropy S°(T) and reduced Gibbs
free energy @°(T) are given in J mol! K1 and enthalpy increments H°(T)-H?°(0) is given in kJ mol.

Table A: Thermodynamic functions of lawsone isomers (L’ and L), LE and BL.

T, K Cy° S°(T) H°(T)-H°(0) D°(T)
Lawsone L'
298.15 169.1 405.1 27.9 3114
300 170.1 406.2 28.3 312.0
350 194.6 434.3 37.4 3275
400 217.2 461.8 47.7 342.6
450 237.8 488.6 59.1 357.3
500 256.2 514.6 714 371.7
550 272.7 539.8 84.7 385.9
600 287.3 564.2 98.7 399.7
Lawsone L
298.15 166.5 400.7 27.4 308.8
300 167.5 401.8 27.7 309.4
350 192.2 429.5 36.7 324.6
400 215.1 456.6 46.9 339.4
450 235.8 483.2 58.2 353.9
500 254.5 509.0 70.4 368.1
550 2711 534.1 83.6 382.1
600 285.9 558.3 975 395.8
LE
298.15 317.7 609.9 52.2 434.9
300 319.6 612.1 52.8 436.1
350 366.2 664.9 69.9 465.0
400 409.4 716.6 89.4 493.2
450 448.6 767.1 110.8 520.9
500 483.9 816.3 134.2 548.0
550 515.3 863.9 159.1 574.5
600 543.3 909.9 185.6 600.6
BL
298.15 332.4 607.8 54.0 426.5
300 334.3 609.9 54.6 427.8
350 382.1 665.1 72.6 457.7
400 426.3 719.0 92.8 487.0
450 466.3 771.6 115.1 515.7
500 502.2 822.6 139.4 543.9
550 534.2 872.0 165.3 5715
600 562.7 919.7 192.7 598.5
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