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CHAPTER I 

 

INTRODUCTION 

 

1.1 Background 

 

Nowadays, the fossil fuels are the main sources of energy used all over the 

world. The burning of the fossil fuels emits ton of carbon dioxide that pollute the 

environment and also change the climatic conditions. Consequently, the search for 

utilize renewable energy sources have become more important 1. Dye–sensitized solar 

cells (DSSCs) are a type of solar cells that were evaluated as one choice of alternative 

technology for the conversion of solar energy into electricity 2. Due to their simple 

fabrication, low production cost, environmental friendliness and good conversion 

efficiencies, this technology was in place of the conventional solar energy 3-5. 

The performance of the cell depends heavily on a dye used as a sensitizer 6.    

In recent years, several of natural dyes extracting from natural materials such as 

flowers, leaves, fruits, traditional Chinese medicines, carrot, mulberry, purple 

cabbage, potato and grapes 7, instead of synthetic dyes were fabricated in DSSCs 8. 

The natural dyes have several advantages such as low cost, non–toxicity, easy to 

prepare and no pollution to environment 8-10. The natural dye, α–mangostin which is   

a xanthone was extracted from mangosteen (Garcinia mangostana Linn) peel and 

pericarp which is highly valuable agricultural waste 11. The α–mangostin is natural 

dye were used as photosensitizers in DSSCs 12.  

From the point of view, several works have focused on natural dye based 

DSSCs. In 2010, Zhou and co–workers reported twenty natural dyes obtained from 

nature, including flowers, leaves of plants, fruits, traditional Chinese medicines, and 

beverages, were used as sensitizers. They found that the open circuit voltages (Voc) are 

within the range 0.337 to 0.689 V, and the short circuit photocurrent densities (Jsc) 

ranged from 0.14 to 2.69 mA cm−2. Interestingly, the dye extracted from mangosteen 

pericarp offered the highest efficiency of 1.17% compared with twenty natural dyes 

11. W. Maiaugree and co–workers focused on the preparation and photovoltaic 

https://www.sciencedirect.com/topics/engineering/climatic-condition
https://www.sciencedirect.com/topics/physics-and-astronomy/renewable-energy


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

performance of natural dye based DSSC. The photosensitizer and counter electrode 

made from mangosteen peel and carbonized mangosteen peel film, respectively.     

The efficiency of the DSSC sensitized was 2.63% in which higher than that of Pt 

counter electrode (1.47%) 6. Furthermore, S. Tontapha and co–workers studied         

α–mangostin and anthocyanin extracted from mangosteen pericarp as sensitizers for 

DSSCs. The maximum efficiencies (η) of 1.78 and 1.63% for α–mangostin 

sensitization were obtained in acidified acetone and ethanol, respectively 12. 

 

1.2 The structure and operational principle of DSSCs 

 

Dye–sensitized solar cells (DSSCs) are a third generation of solar cell 

invented by O’Regan and Gratzel in 1991 13. DSSCs typically consist of four main 

parts which are working electrode, counter electrode, dye–sensitizer and redox 

electrolyte 14. All of which are sandwiched together between two electrodes and the 

electrolyte, typically containing the iodide/triiodide (I–/I3
–) redox, fills the gap 

between them 15-16. The working electrode is covered with a film of small               

dye–sensitized semiconductor particles while  the counter electrode is coated with                   

a catalyst 17-18. 

In DSSCs, light is harvested by dye molecules grafted on the surface of 

semiconductor. As a result, the electron from the ground state is transferred to excited 

state and then injected from the lowest unoccupied molecular orbital (LUMO) of the 

dye into the conduction band of TiO2 semiconductor. The dye that lose electrons can 

be recovered to its original state by the donation of electrons from the electrolyte such 

as I3
–/I–. Then, the iodide is regenerated in turn by the reduction of triiodide at the 

counter electrode. Therefore, the dye and electrolyte solution regain original state      

19-22. The schematic diagram of DSSC can be seen in Figure 1. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3 

 

 

Figure  1. Schematic representation of DSSC device structure. 

 

In brief, the basic sequence of events in a DSSC is as follows 23. 

 

Activation     

TiO2|Dye           →    TiO2|Dye*     (1.1) 

 

Electron injection   

TiO2|Dye*       →      TiO2|Dye+ + e– (TiO2)   (1.2)  

e– (TiO2) → e– (FTO)     (1.3) 

 

Electron reception   

I3
– + 2e– (Pt)   →       3I–     (1.4) 

 

Interception reaction   

3/2 I– + TiO2|Dye+→ 1/2 I3
– + TiO2|Dye    (1.5) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4 

1.3 Titanium dioxide 

 

Titanium dioxide (TiO2) is widely used as photoanode in DSSCs due to its 

suitable valence band and conduction band positions, long–term stability, non–

toxicity, and cost–effectiveness 24-25. The morphology, porous structure and 

crystallinity of TiO2 play critical roles in the photoelectric conversion efficiency of 

DSSCs. In nature, TiO2 occurs as three polymorphs namely rutile, anatase and 

brookite 26 as presented in Figure 2.  

 

 

 

Figure  2. Crystal structures of TiO2 rutile (tetragonal, space group P42/mnm), 

brookite (orthorhombic, space group Pbca) and anatase (tetragonal, space group 

I41/amd) polymorphs 27. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 5 

In all three structures, the basic building block consists of a titanium atom 

surrounded by six oxygen atoms in a distorted octahedral 28. The oxidation state of    

Ti and O are formally +4 and –2, respectively. Rutile and anatase have a tetragonal 

geometry, differently from brookite which has an orthorhombic geometry 29. Rutile is 

the most thermodynamically stable phase, whereas anatase and brookite phase are 

metastable and unstable 30. In rutile structure each octahedron is in contact with ten 

neighbor octahedrons (two sharing edge oxygen pairs and eight sharing corner oxygen 

atoms) while in anatase structure each octahedron is in contact with eight neighbor 

octahedrons (four sharing an edge and four sharing a corner) 31. 

The structures of the rutile (001), (101) and anatase (001), (110) surfaces are 

showed in Figure 3. Rutile has a body–centered tetragonal unit cell with cell 

parameters of a=b=0.4594 nm and c=0.2959 nm as illustrated in Table 1. All the Ti 

atoms are fourfold coordinated and all the O atoms twofold coordinated.  

 

 

 

Figure  3. Structure of (a) anatase (101), (b) anatase (001), (c) rutile (110) and          

(d) rutile (001) surfaces 32. 
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Table  1. Structural parameters of anatase and rutile TiO2. 

 

 Anatase Rutile 

Bravias lattice Body–centered tetragonal Primitive tetragonal 

Space group No. 141 No. 136 

 I41/amd P42/mnm 

Lattice parameters [Å]a   

a 3.785 4.594 

b 3.785 4.594 

c 9.514 2.959 

Band gap energy [eV] 3.2 b 3.0 c 

Density [g/cm3] d 3.894 4.250 

 

a Ref. 33 

b Ref. 34 

c Ref. 35 

d Ref. 36 

 

1.4 The α–mangostin dye 

 

Mangosteen (Garcinia mangostana Linn) is a tropical fruit that mainly found 

in Southeast Asian countries such as Malaysia, Myanmar, Thailand, Philippines,      

Sri Lanka and India. It is known as the queen of fruits in Thailand because of its 

unique taste and flavor. The main components in the mangosteen peel extract were              

α–mangostin which is a yellowish coloring matter. The compound can be obtained 

from the other parts of the plant such as the dried sap and the bark. The α–mangostin 

was found to have anti–inflammatory 37-40, antibacterial 41-42, anti–tumor 43 properties 

and anti–metastatic properties in many cancer cell types 44. Biological activities and 

pharmacological properties of α–mangostin as an antineoplastic agent, antioxidant, 

anti–proliferation and induces apoptosis were reviewed 45. Antioxidant and 

neuroprotective effects of the α–mangostin on 6–hydroxydopamine–induced toxicity 

in SH–SY5Y cells as an in vitro model for Parkinson’s disease were demonstrated 46. 

Besides, the α–mangostin was found to inhibit both dengue virus production and 
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cytokine/chemokine 47. The three hydroxyl (–OH) groups are found in the structure as 

shown in Figure 4. Therefore, a possible anchoring mode is monodentate coordination 

via its available hydroxyl group. 

 

 

 

Figure  4. Chemical structure of α–mangostin. 

 

1.5 Objectives 

 

In this work, we have investigated the conformations of α–mangostin dye 

using DFT, periodic DFT and DFTB methods. Structures of deprotonated, 

dehydrogenated species of all conformers and related reactions in vacuo, acetonitrile 

and water have been obtained to comprehend and predict their interactions with other 

substrates and semiconducting materials as electrodes. Thermodynamic properties of 

all existing species have been evaluated and equilibrium constants of interconversion 

of co–existing conformers have been derived from their related Gibbs free energy 

changes in vacuo, acetonitrile and water. The simulated UV–Vis spectra of each 

conformer in different media have been constructed using TD–DFT and Gaussian 

distribution functional methods. The light harvesting efficiency (LHE), open circuit 

voltage (VOC) and relative terms of dye sensitized solar cells (DSSCs) performance of 

α–mangostin dye on TiO2 with I3
–/I– redox electrolyte of various media have been 

reported. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

 

THEORETICAL BACKGROUND 

 

Computational chemistry is one of the most fascinating branches of chemistry 

that is widely used to investigate the molecular structures, molecular properties, 

reactions mechanisms and energetics. There are two types of computational chemistry 

namely quantum mechanics (QM) and molecular mechanics (MM). Quantum 

mechanical method is categorized into semi–empirical, ab initio and density 

functional theory (DFT) methods. 

 

2.1 Semi–empirical method 

 

Semi–empirical methods are based on the principle of quantum chemistry 

which derived from Hartree–Fock calculations by applying empirical corrections.  

The integrals are determined directly from experimental data. The advantage of         

semi–empirical calculations is reduced computation time, making them commonly 

used in the application for large molecules 48. The methods in semi–empirical such as 

PM3, AM1 and MNDO are generally used for predicting various properties such as 

molecular structure, heats of formation, ionization potentials and electron affinities 49.  

 

2.2 Ab initio method 

 

Ab initio methods involve quantum mechanical calculations which are derived 

directly from theoretical principles without appeal to fitting to experiment. The 

simplest type of ab initio calculation is Hartree–Fock method. These calculations take 

much longer than semi–empirical methods because the Coulombic electron–electron 

repulsion is taken into consideration by integrating the repulsion term 50.  
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  2.2.1 The Hartree–Fock Method 

 

The Hartree–Fock method is a single electron approximation technique used in 

many–particle system. The molecular Hamiltonian is split up into individual single 

electron Hamiltonians. Each molecular orbital is expressed as a linear combination of 

atomic orbitals. The plausible approximate polyelectronic wavefunction can be 

described as the product of one–electron wavefunctions 51. 

 

0 0 0 0 0(1) (2) (3) ( )n                                       (2.1) 

 

where 0  is a function of the coordinates of all electrons in the atoms, 0 (1)  is a 

function of the coordinates of electron 1 and 0(2)  is a function of the coordinates of 

electron 2. 

 To solve one–electron Schrödinger equation, the only moving particle in       

Eq (2.1) is electron one. To solve for electron 2, a one–electron Schrödinger equation 

with electron two moving in an average field due to the electrons of continuing to 

electron moving in a field due to the electrons of 1(1) , 1(3) ,…, 1( )n , continuing 

to electron n moving in a field due to 1 1 1(1), (2), ( 1)n . The first cycle of 

calculations can be expressed as  

 

1 1 1 1 1(1) (2) (3) ( )n                                        (2.2) 

 

Repetition of the cycle gives 

 

 2 2 2 2 2(1) (2) (3) ( )n                                      (2.3) 

 

The process is continued for k cycles until obtained a wavefunction k  and 

energy calculated from k . 

 

https://www.sciencedirect.com/topics/chemistry/lcao-calculation
https://www.sciencedirect.com/topics/chemistry/lcao-calculation
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  2.2.2 Slater Determinants 

 

One way of constructing such a wave function is the so–called Hartree product 

defined as the product of all the one–electron wave functions of the system. 

 

1 1 2 2( ) ( ) ( ) ( )N Nx x x x                                     (2.4) 

 

However, this approach of defining the many–electron wave function is not 

valid for electrons due to the Pauli exclusion principle which the wave function of 

electrons should be antisymmetric. Nevertheless, the one–electron wave functions in 

Eq (2.4) can create an antisymmetrical many–electron wave function. This 

permutation is then called the Slater determinant as expressed in Eq (2.5). 

 

1 1 1 2 1

2 1 2 2 2

1 2

1 2

( ) ( ) ( )

( ) ( ) ( )1
( )

!

( ) ( ) ( )

N

N

N

N N N N

x x x

x x x
x

N

x x x

              (2.5) 

 

2.3 Density functional theory (DFT) method 

 

Density functional theory (DFT) within the orbital formulation by           

Kohn– Sham (KS) is a very powerful method to investigate the physical and chemical 

properties of molecules. The energy of a system is calculated as a function of the 

electron density, not as a function of the coordinates of each electron. It is a very 

successful complement to the wave function–based methods, which build upon 

Hartree–Fock (HF) theory to include electron correlation. 
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2.3.1 Kohn–Sham equations 

 

The Kohn–Sham equations for one–electron Schrödinger–like equation can be 

written as 52 

 

21 ( )
( ) ( )

2
XC i i

r
r dr r

r r
                 (2.6) 

 

where  is the Kohn–Sham orbitals,  is the energy of the Kohn–Sham orbital,    

XC
 is the exchange–correlation potential and 𝜌(r) is the electron density.  

 

The electron density is obtained as 

 

2

( )
N

i

i

r                                             (2.7) 

 

In addition, the exchange–correlation potential is given by 

 

[ ]
( )

( )

XC
XC

E
r

n r
                                         (2.8) 

 

where [ ]XCE  is the exchange–correlation functional. The effective potential ( eff ) is 

defined by 

 

( )
( ) ( )eff XC

r
r dr r

r r
                                (2.9) 

 

This allows Eq (2.6) to be rewritten as 53 

 

21

2
eff i i                                          (2.10) 
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Finally, the total energy of the system is defined as 

 

1 ( ) ( )
( ) ( )

2

N

i XC XC

i

r r
E drdr E r r dr

r r
            (2.11) 

 

2.3.2 Exchange–Correlation Functionals 

 

The exchange–correlation ( [ ]XCE ) energy can be classified into the local–

density approximation (LDA) and the generalized gradient approximation (GGA) 54.  

 

2.3.2.1 The local–density approximation (LDA) 

 

The local density approximation (LDA) in density functional theory (DFT) 

can be used by writing the exchange–correlation energy as a sum of exchange and 

correlation part. The total exchange–correlation energy can be written as 

 

( ) ( ( ))LDA unif

XC XCE n n r n r dr                                     (2.12) 

 

where ϵXC
unif is the exchange–correlation energy per particle of the interacting uniform 

electron gas of density n(r). The exchange energy can be expressed as 

 

1/3

4/33 3
[ ] ( )

4

LDA

XCE n n r dr                                   (2.13) 
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2.3.2.2 The generalised gradient approximation (GGA) 

 

A more generally used exchange–energy functional based on the generalized–

gradient approximation (GGA) is given by 

 

( ) ( ( )) ( )GGA unif GGA

XC XC XE n n r n r F s dr                        (2.14) 

 

where ( )GGA

XF s is the exchange enhancement factor. 

 

2.4 Basis sets 

 

A basis set in computational chemistry is a set of functions which are linear 

combinations with atomic orbitals used to create the molecular orbitals 55. The 

common basis functions in quantum chemistry consists of two types namely       

Slater–type orbitals (STO) and Gaussian type orbitals (GTO) 56. 

 

2.4.1 Slater–type orbitals (STOs) 

 

Slater–type orbitals (STO) are the natural basis functions in quantum 

molecular calculations used as atomic orbitals. The STO’s have the form 

 

 

1

2

expSTOf r                                    (2.15) 

 

where  denotes the Slater orbital exponent, r is radius in angstroms. However, it is 

very difficult to evaluate the more two atoms due to mathematical integration. Thus, a 

popular alternative to STOs is the Gaussian type orbitals (GTO) 57. 

 

 

 

http://www.theochem.ru.nl/~pwormer/Knowino/knowino.org/wiki/Electron_orbital.html
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2.4.2 Gaussian Type Orbitals (GTO) 

 

The Gaussian type orbitals (GTO) or Gaussian type functions (GTF) are 

alternative functions to the STOs in the molecular calculations. These functions were 

first proposed by Boys and McWeeny in 1950. And it can be expressed as followed 58 

 

3

4
22

expGTOf r                                 (2.16) 

 

2.4.3 Minimal basis sets 

 

Minimal basis sets are the simplest type of basis set. It contains the minimum 

number of basis functions that are required to describe the occupied atomic orbitals of 

each atom 59. There are two types of minimal basis sets that are Slater–type orbitals 

(STO) and Gaussian type orbitals (GTO). The most general is STO–nG, where n is 

represents the number of Gaussian primitive functions comprising a single basis 

function. The most general used are STO–3G, STO–4G and STO–6G 60. 

 

2.4.4 Split valence basis sets 

 

The split–valence basis sets are treated only one basis function for the core 

electrons while the valence electrons can be treated with a larger basis set. Two basis 

functions are used for each valence atomic orbital as an inner–shell and outer–shell. 

The general split–valence basis sets are 3–21G, 4–31G, and 6–31G 56, 61. 

 

2.4.5 Polarized basis sets 

 

Polarization functions are represented after the G, with a separate designation 

for non-hydrogen atoms and hydrogen. These basis sets are denoted by one asterisk 

(*) or two asterisks (**), with one asterisk means that polarization has been taken into 

the heavy atoms while two asterisks (**) indicates that polarization functions are 

added to hydrogen 62-63.  

https://ipfs.io/ipfs/QmXoypizjW3WknFiJnKLwHCnL72vedxjQkDDP1mXWo6uco/wiki/STO-nG_basis_sets.html
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2.4.6 Diffuse functions 

 

Diffuse functions are function with a large–size version of s– and p–type 

functions. Basis sets with these functions are important for systems that electrons are 

far from the nucleus such as molecules with lone pairs, anions and negative charges. 

The 6–31+G(d,p) is the 6–31G(d,p) basis set with diffuse functions added to heavy 

atoms 64. 

 

2.5 The self–consistent charge density functional tight binding (SCC–DFTB) 

 

The DFTB method is based on a second–order expansion of the Kohn–Sham 

total energy in Density–Functional Theory (DFT) with respect to charge density 

fluctuations. The DFTB method has been applied to study large molecules, clusters, 

nanostructures and condensed–matter systems with a wide range of elements 65. 

The SCC–DFTB which includes charge self–consistency is derived from DFT 

by choosing a reference density ρ0 as a superposition of neutral atomic densities 0

0 0  and expanding the DFT exchange–correlation energy functional up to the 

second order to obtain 66 

 

0 0
0 0 0 0

1

2

occ

i i XC XC ii

i

E H dr E V E
r r

 

0

2
1 1

2

XCE
dr

r r
                              (2.17) 

 

 is the superposition of atom–like contributions ( ) which is written as 

 

 
N

                                                (2.18) 
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where the atom–like contributions can be expressed as 

 

00 00q F Y                                               (2.19) 

 

where q
0( )q q q  is the Mulliken charge which is the difference between 

the atomic Mulliken population q  and the number of valence electrons of the neutral 

free atom 
0q , 00F  denotes the normalized radial dependence of the density fluctuation 

in atom 𝛼 approximated to spherical by the angular function 
00Y .  

 

0

2
2

2 00 00 00

,

1 1

2

N
XC

nd

E
E q q F F Y drdr

r r
           (2.20) 

 

In case of the interatomic separation is very large, the exchange–correlation 

term goes to zero and  basically reducing to 1/ R R . 

 

2

,

1

2

N

nd

q q
E

R R
                                         (2.21) 

 

where ( , , )U U R  and 

2

2

1

2

at

at

E
U

q
 is the second derivative of the 

energy of the atom α with respect to its total charge. 

 

0

0
ˆ ( )H H                                          (2.22) 

 

 
0 1

( )
2

H H S q                             (2.23) 
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Then, repE  is defined as 

 

0 0
0 0 0

1
[ ] [ ]

2
rep XC XC iiE E V n E

r r
                 (2.24) 

 

repE U                                                (2.25) 

 

Finally, the approximate DFTB total energy reads as 

 

0 1
( )

2

i i

tot rep

i

E c c H q q R E                    (2.26) 

 

2.6 Thermochemistry 

 

 Thermochemistry is the study of the measurement and interpretation of heat 

changes accompanying chemical and physical processes. The enthalpies                      

( (298 )r H K ) of reaction at 298 K can be written as: 

 

tan tan(298 ) (298 ) (298 )r products f products i reac ts f reac tsH K H X K H K (2.27) 

 

The Gibbs free energy ( (298 )f G K ) of reaction at 298 K can be expressed 

as followed: 

 

(298 ) (298 ) ( ( , 298 )) ( , 298 ))f fG K H K T S M K S x K    (2.28) 

 

where M stand for the molecule, X represent each element which makes up M, 

and x will be the number of atoms of X in M. 
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Atomization energy of the molecule ( 0 ( )D M ) is obtained from the total 

energies of the molecule (
0 ( )M ), the zero–point energy of the molecule ( ( )ZPE M ) 

and the constituent atoms as expressed below: 

 

0 0 0( ) ( ) ( ) ( )ZPE

atoms

D M x X M M                        (2.29) 

 

Thus, ( , 298 )f H M K  and (298 )f G K  are defined as follows 

 

0( ,0 ) ( ,0 ) ( )f f

atoms

H M K x H X K D M  

 

0 0( ,0 ) ( ) ( ) ( )f ZPE

atoms atoms

x H X K x X M M           (2.30) 

 

( , 298 ) ( ,0 ) ( (298 ) (0 ))f f M MH M K H M K H K H K  

 

( (298 ) (0 ))X X

atoms

x H K H K                                                   (2.31) 

 

( , 298 ) (298 ) 298.15( ( , 298 ) ( , 298 ))f rG M K H K S M K S X K    (2.32) 
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2.7 Overall efficiencies of DSSCs 

 

The performance of DSSCs is assessed in terms of the photon–to–electricity 

conversion efficiency (also called the power conversion efficiency of a photovoltaic 

device) ( ), which is the product of the short–circuit current (
SCJ ), open circuit 

voltage (
OCV ) and the fill factor (FF), divided by the incident solar power on the cell    

(
incP ) 67-68, as expressed in Eq (2.33). 

 

SC OC

inc

J V
FF

P
                                              (2.33) 

 

The JSC is related to the light–harvesting efficiency ( LHE ) 69-71, as described 

in Eq (2.34). 

 

( ) ( )SC inject collectJ q LHE d                               (2.34) 

 

where q is the unit of charge, inject  is the electron injection efficiency, 
collect

 is charge 

collection efficiency and is the photon flux of solar spectrum.  The LHE can be 

computed from the oscillator strength (f) corresponding to the maximum absorption 

wavelength (
max

) of dye molecule 72, using Eq (2.35). 

 

1 10 fLHE                                          (2.35) 

 

The excited–state energy of dye (
*dyeE ) can be estimated using Eq (2.36) 73-74. 

 

*

max

dye dyeE E E                                             (2.36) 

 

where dyeE  is the ground–state energy of dye, estimated as the energy of dye at the 

HOMO–n  level (
dyeE HOMO n ) and 

max
E  is the energy (in eV) of maximum 
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absorption wavelength (
max

, in m), converted by
max/hc  (h=4.135667516×10–15 eV 

s, c=299.792458×106 ms–1). The VOC of which precise value can be estimated as a 

difference between the LUMO energy of dye and  the conduction band edge of TiO2 

semiconductor ( 2TiO

CBE ) 75, using Eq (2.37). 

 

2TiOdye

OC LUMO CBV E E                                             (2.37) 

 

The free energy changes of electron injection (
injectG ) 76, dye regeneration     

(
regG ) and dye recombination ( recG ) can be defined as the following equations 77. 

 

*
2TiO dye

inject CBG E E                                          (2.38) 

 

                  3 /I Idye

reg redoxG E E                                           (2.39) 

 

2TiOdye

rec CBG E E                                            (2.40) 

 

where 3 /I I

redoxE  is the redox mediator of which the experimental value is –4.80 eV as 

found in ref 78. The 2TiO

CBE  of –4.00 eV obtained in ref. 76 was used in all related 

equations. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER lll 

 

COMPUTATIONAL DETAILS 

 

3.1 The optimized structure of α–mangostin 

 

3.1.1 DFT and TD/DFT methods 

 

Structures optimizations of α–mangostin conformers, their deprotonated and 

dehydrogenated species were carried out using density functional theory (DFT) 

method.  DFT calculations have been performed with hybrid density functional 

B3LYP, the Becke’s three–parameter exchange functional 79 with the Lee–Yang–Parr 

correlation functional 80, using the 6–31+G(d,p) 81 and 6–31G(d) basis sets 82. All 

DFT–optimized structures were performed with the GAUSSIAN 09 program 83. 

Structure optimizations of all species in acetonitrile and water, solvent–effect 

computations using the polarizable continuum model (PCM) 84-86 using the CPCM 87-

89 method have been used. The molecular cavity model used in the PCM model is the 

united atoms radii of UFF force field 90. Based on the B3LYP/6–31+G(d,p), the 

solvation–effect is therefore so–called CPCM/UFF/B3LYP/6–31+G(d,p) method. The 

excited state properties for studied compounds were obtained using TD–DFT 

calculations 91-92 at the CPCM/UFF/B3LYP/6–31+G(d,p) level of theory. Enthalpy 

(H) and Gibbs free energies (G) of all compounds were obtained from their vibration 

frequency computations at 298.15 K and standard pressure.  The molecular graphics 

of all related species were generated with the MOLEKEL 5.4.0.8 program 93. 

 

3.1.2 Periodic DFT method 

  

All quantum–mechanical calculations were carried out using the CRYSTAL14 

software packages 94 implementing a periodic LCAO (linear combination of atomic 

orbitals) approach with atom–centered Gaussian type basis functions. The B3LYP 

hybrid functional has been selected with basis sets, The basis sets (6–21G) 95,          
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(8–411d1G) 96 and (3–1p1G) 94 were employed for C, O and H atoms, respectively.   

A Monkhorst−Pack shrinking factor of 2×2×1 k–point was used to sample the 

Brillouin zone. The tolerances for geometry optimization convergence have been set 

to the default values and the default truncation thresholds of 10–6, 10–6, 10–6, 10–6 and 

10–12 for the coulomb–exchange screening tolerances. Fock/Kohn–Sham matrices 

mixing was set to 30.  

 

3.1.3 DFTB method 

 

Optimized structures of conformers of the α–mangostin, their deprotonated 

and dehydrogenated species were carried out using self–consistent charge density 

functional tight–binding (SCC–DFTB) periodic calculations. All SCC–DFTB 

calculations were performed with the code of DFTB+ version 1.3 97. Parameter sets 

"mio–0–1" 97 for H, C atoms. All SCC–DFTB calculations, the atomic positions were 

relaxed until the forces in the system became smaller than 1.9×10−5 eV/Å which SCC 

tolerance were smaller than 1.0×10−5 e. 

 

3.2 Simulation of UV–Vis spectrum 

 

UV–Vis spectra of all related conformers were simulated from calculated 

oscillator strengths using Gaussian functions using GaussSum 3.0 software 98. The 

full width at half–maximum (FWHM) of 2,700 cm–1 was selected for making gaussian 

curves from oscillator strengths values to construction of the spectrum. The maximum 

wavelengths of spectrum were obtained from the simulated UV–Vis spectrum.         

As spectral absorptivity of the mixture is a total spectral absorptivities of all 

components, the simulated UV–Vis spectral absorptivity of the mixture as the linear 

combination of its components is assummed as shown in Eq (3.1). 

 

i

n
mixture

j ji n

i

f                                               (3.1) 
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where 
mixture

j  is the molar extinction coefficient of the mixture at the wavelength  j.  

ji and 
inf  are the molar extinction coefficient and mole fraction of the conformer i  

at the wavelength j, respectively. N is the number of conformers in system. The mole 

fraction of conformer can be obtained from its equilibrium constant which is 

computed using Eq (3.2). 

 

298exp( / )K G RT                                           (3.2) 

    

where 298G  is Gibbs free energy change of interconversion of two species.               

R (1.985×10–3 kcal K–1 mol–1) and  T (298.15 K) are gas constant and absolute 

temperature, respectively. 

 

As number of equilibrium constants (
1i i

K ) of sequential (N–1) steps of N 

conformers (Conformers 1→2→3→→ N), mole fraction of the conformer (
inf )  can 

be obtained by Eq (3.3). 

 

1

i

i
n N

i

i

n
f

n

                                                    (3.3) 

    

where 𝑛𝑖 is mole of conformer i of all N conformers or 0 1

j i

i j j j
n K  whereas 

0 1
K  is identical to 𝑛1 which is mole of the conformeric reactant at the first step. 𝑛1 

can be any value of mole which is geneally assigned to unity.  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

 

RESULTS AND DISCUSSION 

 

4.1 Conformation, deprotonation and dehydrogenation of α–mangostin 

 

4.1.1 Conformers of the α–mangostin 

 

The optimized structures of five conformers in gas phase computed by 

B3LYP/6–31+G(d,p), periodic B3LYP and DFTB methods are shown in Figure 5. 

The last two methods resulted structures of these conformers that are very semilar to 

those obtained from the B3LYP/6–31+G(d,p) method. Energies of frontier orbials and 

energy gaps of five conformers of the α–mangostin in various media, based on their 

B3LYP/6–31+G(d,p)–optimized structures are shown in Table 2. Based on the energy 

gaps obtained by B3LYP/6–31+G(d,p) method in all three media, reactivities of 

Conformers 2, 3 and 4 are remarkably higher than Conformers 1 and 5. 

Either B3LYP/6–31+G(d,p) or periodic B3LYP method, the stabilise of these 

five conformers are in order: Conformer 2 > Conformer 3 > Conformer 4 > 

Conformer 5 >  Conformer 1, but stabilise computed by periodic DFTB are in order: 

Conformer 3 ~ Conformer 2 > Conformer 4 > Conformer 5 > Conformer 1,               

as shown in Table 3. The Conformers 2 and 3 are reverse order for periodic DFTB 

calculations but they are not significantly different. However, different structures 

between Conformers 2 and 3 are hardly observed as shown in Figure 5.                   

Due to relative energies of these five conformers, three conformers (Conformers 2, 3 

and 4) of which energy differences are less than 3.5 kcal/mol, dominantly exist in the 

nature.  Conformers 2, 3 and 4 are therefore accounted into as a mixute of the           

α–mangostin solution.  

Nevertheless, orientations of all functional groups which noted by G1, G2, G3, 

G4, G5 and G6 as defined Figures 5 and 6, for each conformer of the α–mangostin 

either obtained by different theory or in different media, point in the same orientations 

of which sets are listed in Table 4. It shows that G2 orientation becomes the most 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 25 

effective group on stablility of these conformers namely G2 = β and G2 = α  are      

less stable (Conformers 1 and 5) and much more stable conformers (Conformers 2, 3 

and 4), respectively. As stability of conformer depends on orientation of existing 

functional groups,  G2 = β and G2 = α  may cause by high repulsion between O1 and 

O2, and attraction between O1 and H1O2, respectively. As (G1, G2, G3) set of 

funtional groups of Conformer 2 (α,α,α), Conformer 3 (β,α,β), and Conformer 4 

(α,α,β) compared with their relative stability energies either in vacuo, acetonitride or 

water are in the same order: Conformer 2 > Conformer 3 > Conformer 4, G1 

orientations slightly affect to stablitites of Conformer 3 and Conformer 4. 

 

4.1.2 Deprotonations and dehydrogenation of α–mangostin 

 

Total and relative energies of deprotonated and dehydrogenated species of the 

Conformer 2 of α–mangostin based on three hydroxyl hydrogen atoms (H1, H2 and 

H3 as labeled in Figure 5) were obtained by three different methods. Total energies of 

the α–mangostin (denoted by LOH), their deprotonated (LO–) and dehydrogenated 

(LO•) and their relative energies are tabulated in Table 3. The stabilities of 

deprotonated and dehydrogenated species of the Conformer 2 were found in same 

orders: Conformer 2(H3)– > Conformer 2(H2)– > Conformer 2(H1)– and Conformer 

2(H3)• > Conformer 2(H2)• > Conformer 2(H1)•, respectively. Total and relative 

energies deprotonated and dehydrogenated species of the Conformer 2 of                  

α–mangostin in vacuo, acetonitrile and water, computed based on B3LYP/6–

31+G(d,p) method are shown in Table 5. It shows the same orders: Conformer 2(H3)– 

> Conformer 2(H2)– > Conformer 2(H1)– for deprotonated species and Conformer 

2(H3)• > Conformer 2(H2)• > Conformer 2(H1)• for dehydrogenated species. It can be 

concluded that the H3 of deprotonated and dehydrogenated species are the most stable 

species. According to reaction of the α–mangostin with other substrate or material 

surface are considered, its Conformer 2(H3)– and Conformer 2(H3)• species are 

expected to be involved. 
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Figure  5. Optimized structures of five conformers of the α–mangostin in gas phase 

obtained by (a) B3LYP/6–31+G(d,p), (b) periodic DFT and (c) periodic DFTB 

computations. Notes: D1=C14–C1–C2–C3, D2=C1–C2–C3–C4, D3=C2–C3–C4–C5, 

D4=C7–C6–O2–H1, D5=C6–C7–C8–C9, D6=C7–C8–C9–C10, D7=C8–C9–C10–

C11, D8=C7–C12–O3–H2, D9=C14–C13–O5–H3, D10=C13–C14–O6–C15. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 27 

Table  2. Energies of frontier orbials and energy gaps of five conformers of the         

α–mangostin, their deprotonated and dehydrogenated species in various media, based 

on their B3LYP/6–31G+(d,p)–optimized structures. 

 

Species 
Vacuo  Acetonitrile  Water 

EHOMO 
a  ELUMO 

a Egap 
a  EHOMO 

a  ELUMO 
a Egap 

a  EHOMO 
a  ELUMO 

a Egap 
a 

LOH form:            

Conformer 1 –5.96 –1.48 4.49  –6.16 –1.80 4.36  –6.16 –1.81 4.36 

Conformer 2 –5.96 –1.86 4.11  –6.14 –2.04 4.10  –6.15 –2.04 4.10 

Conformer 3 –5.97 –1.91 4.06  –6.13 –2.03 4.10  –6.13 –2.03 4.10 

Conformer 4 –5.98 –1.93 4.05  –6.13 –2.04 4.09  –6.13 –2.04 4.09 

Conformer 5 –5.96 –1.48 4.48  –6.15 –1.79 4.36  –6.15 –1.80 4.36 

            

LO– form:            

Conformer 2–(H1)– –1.50 1.72 3.22  –4.84 –1.20 3.64  –4.90 –1.25 3.65 

Conformer 2–(H2)– –1.91 1.31 3.22  –5.13 –1.44 3.69  –5.19 –1.49 3.70 

Conformer 2–(H3)– –1.99 1.49 3.48  –5.16 –1.40 3.76  –5.22 –1.45 3.77 

            

LO• form:            

Conformer 2–(H1)• –6.12 –1.71 4.41  –6.37 –1.84 4.52  –6.37 –1.85 4.52 

Conformer 2–(H2)• –6.00 –2.27 3.72  –6.43 –2.17 4.26  –6.44 –2.17 4.26 

Conformer 2–(H3)• –6.34 –2.19 4.15  –6.10 –2.11 3.99  –6.10 –2.11 3.99 

 

a In eV. 
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Table  3. Total energies of α–mangostin (LOH) conformers, their deprotonated (LO–), 

dehydrogenated (LO•) species and relative energies in gas phase, computed at various 

methods. 

 

Species 
B3LYP/6–31+G (d,p)  Periodic B3LYP a  Periodic DFTB 

Etotal
 b,c ΔErel 

c,d  Etotal
 b ΔErel 

d  Etotal
 b ΔErel 

d 

LOH form:         

Conformer 1 –1381.156459 17.47  –1381.03830679 17.68  –70.759042776 10.58 

Conformer 2 –1381.184299 0.00  –1381.06648462 0.00  –70.775106084 0.50 

Conformer 3 –1381.181098 2.01  –1381.06264295 2.41  –70.775905739 0.00 

Conformer 4 –1381.180276 2.52  –1381.06103725 3.42  –70.774191851 1.08 

Conformer 5 –1381.159030 15.86  –1381.04077787 16.13  –70.761559161 9.00 

         

LO– form:         

Conformer 2–(H1)– –1380.634872 21.07  –1380.48814862 20.02  –70.330672853 14.57 

Conformer 2–(H2)– –1380.662334 3.83  –1380.51480367 3.30  –70.340798466 8.22 

Conformer 2–(H3)– –1380.668443 0.00  –1380.52005491 0.00  –70.353898110 0.00 

         

LO• form:         

Conformer 2–(H1)• –1380.971827 14.74  –1380.38447247 15.85  –70.330401132 5.28 

Conformer 2–(H2)• –1380.986525 5.52  –1380.39842330 7.09  –70.329468832 5.86 

Conformer 2–(H3)• –1380.995324 0.00  –1380.40972956 0.00  –70.338810485 0.00 

 

a Based on the CRYSTAL14 software, with m–6–311G(d)_Heyd_2005 basis set for 

carbon, oxygen atoms and pob_TZVP_2012 basis set for hydrogen atom. 

b In au. 

c Based on ZPVE correction. 

d In kcal/mol, compared with the most stable conformer. 
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Table  4. Identification based on functional group orientations of conformers. 

 

Conformer 
 Orientation of functional group 

 G1 a,b  G2 (–OH1) a,c  G3 a,d 

1  α  β  α 

2  α  α  α 

3  β  α  β 

4  α  α  β 

5  α′  β  β′ 

 

a Defined in Figure 5. 

b  α, β and α′ are defined as G1 being directed in back–of–plane, front–of–plane and 

second type of back–of–plane, respectively. 

c  α and β are defined as G2 pointing its H1 atom toward O2 atom and G1, 

respectively. 

d  α, β and β′ are defined as G3 being directed in back–of–plane, front–of–plane and 

second type of front–of–plane, respectively. 
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Figure  6. B3LYP/6–31+G(d,p)–optimized structures of five conformers of the α–

mangostin in (a) gas phase, (b) acetonitile and (c) water. Notes: D1=C14–C1–C2–C3, 

D2=C1–C2–C3–C4, D3=C2–C3–C4–C5, D4=C7–C6–O2–H1, D5=C6–C7–C8–C9,      

D6=C7–C8–C9–C10, D7=C8–C9–C10–C11, D8=C7–C12–O3–H2, D9=C14–C13–

O5–H3, D10=C13–C14–O6–C15. 
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Table  5. Total energies of α–mangostin (LOH) conformers, their deprotonated (LO–), 

dehydrogenated (LO•) species and relative energies in various media, computed based 

on B3LYP/6–31+G(d,p) method. 

 

Species 
Vacuo a  Acetonitrile b  Water b 

Etotal
 c ΔErel 

d  Etotal
 c ΔErel 

d  Etotal
 c ΔErel 

d 

LOH form:         

Conformer 1 –1381.156459 17.47  –1381.177983 12.82  –1381.178386 12.74 

Conformer 2 –1381.184299 0.00  –1381.198411 0.00  –1381.198683 0.00 

Conformer 3 –1381.181098 2.01  –1381.196775 1.03  –1381.197074 1.01 

Conformer 4 –1381.180276 2.52  –1381.196495 1.20  –1381.196805 1.18 

Conformer 5 –1381.159030 15.86  –1381.179452 11.90  –1381.179847 11.82 

         

LO– form:         

Conformer 2–(H1)– –1380.634872 21.07  –1380.721983 13.71  –1380.723615 13.55 

Conformer 2–(H2)– –1380.662334 3.83  –1380.740658 2.00  –1380.742102 1.95 

Conformer 2–(H3)– –1380.668443 0.00  –1380.743839 0.00  –1380.745204 0.00 

         

LO• form:         

Conformer 2–(H1)• –1380.971827 14.74  –1380.553449 8.66  –1380.553893 8.53 

Conformer 2–(H2)• –1380.986525 5.52  –1380.560962 3.94  –1380.561246 3.92 

Conformer 2–(H3)• –1380.995324 0.00  –1380.567243 0.00  –1380.567492 0.00 

 

a Based on B3LYP/6–31+G(d,p) calculation with ZPVE correction. 

b Based on CPCM/UFF/B3LYP/6–31+G(d,p) calculation with ZPVE correction. 

c In au. 

d In kcal/mol, compared with the most stable conformer. 
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4.2 The most three stable conformers of the α–mangostin in various media 

  

As Conformers 2, 3 and 4 are previously mentioned as the most three stable 

conformers, they are therefore considered to exist in the α–mangostin solution as their 

mixture. Electrostatic potential maps of three most stable conformers of the            

α–mangostin in gas phase, acetonitrile and water, computed at the                 

B3LYP/6–31+G(d,p) are shown in Figure 7. 

 

 

 

Figure  7. Electrostatic potential maps with iso–surface value of 0.03 e Å–3, showing 

charge density distribution in three most stable conformers of the α–mangostin in (a) 

gas phase, (b) acetonitile and (c) water, based on their B3LYP/6–31+G(d,p)–

optimized structures. 
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4.2.1 Equilibrium constants of interconversion between conformers 

 

Based on assumption of Conformers 2, 3 and 4 are three species that exist in 

the nature, these three major conformers are therefore theoretically investigated in 

terms of their equilibrium constants to acquire their mole fraction (
nf ) which were 

obtained by Eq (3.3). The equilibrium constants between Conformers 2, 3 and 4            

(
2 4K , 

4 3K and 
2 3K ) at 298 K, 1 atm (in vacuo, acetonitrile and water), computed 

from Gibbs free energy change ( 298G ) of their interconversions are shown in     

Table 6. All 298G  of interconversions of Conformer 2 → 4, Conformer 4 → 3 and 

Conformer 2 → 3 were computed from Gibbs free energies of Conformers 2, 3 and 4 

as listed in Table 7. Their related parameters including molecular descriptions are 

graphically shown in Figure 8. The reaction energy and enthalpy changes of 

interconversion between three major conformers in various media are shown in    

Table 8. 
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Table  6. The Gibbs free energy changes of interconversion between three major 

conformers and their equilibrium constants at 298 K, 1 atm, in various media. 

 

Interconversion 298G  
a K b 

Gas Phase:   

  Conformer 2 → 4 2.605 1.2310–2 

  Conformer 4 → 3 –0.633 2.91100 

  Conformer 2 → 3 1.972 3.5810–2 

Acetonitrile:   

  Conformer 2 → 4 1.083 1.6110–1 

  Conformer 4 → 3 –0.019 1.03100 

  Conformer 2 → 3 1.064 1.6610–1 

Water:   

  Conformer 2 → 4 1.120 1.5110–1 

  Conformer 4 → 3 –0.020 1.03100 

  Conformer 2 → 3 1.100 1.5610–1 

 

a In kcal/mol. 

b Computed by 298exp( / )K G RT , T=298.15 K, R = 1.985×10–3 kcal K–1 mol–1. 
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Table  7. Energetic and thermodynamics of three most stable conformers in various 

media and of their molecule distribution. 

 

System EZPE
 a H b G b fn

 c %n d 

Gas Phase:      

Conformer 2 –1381.184299 –1381.153721 –1381.246282 9.5410–1 95.4 

Conformer 3 –1381.181098 –1381.150390 –1381.243140 3.4110–2 3.4 

Conformer 4 –1381.180276 –1381.149607 –1381.242131 1.1710–2 1.2 

Acetonitrile:       

Conformer 2 –1381.198411 –1381.167720 –1381.260537 7.5410–1 75.4 

Conformer 3 –1381.196775 –1381.165998 –1381.258842 1.2510–1 12.5 

Conformer 4 –1381.196495 –1381.165751 –1381.258811 1.2110–1 12.1 

Water:      

Conformer 2 –1381.198683 –1381.167984 –1381.260892 7.6510–1 76.5 

Conformer 3 –1381.197074 –1381.166295 –1381.259139 1.1910–1 11.9 

Conformer 4 –1381.196805 –1381.166062 –1381.259107 1.1510–1 11.5 

 

a Based on the B3LYP/6–31+G(d,p) calculations with ZPVE correction, in kcal/mol. 

b Derived from the B3LYP/6–31+G(d,p) calculations with ZPVE correction at 

298.15K, in kcal/mol. 

c Mole fractions of three major conformers (unitless), derived from equilibrium 

constants (K) of their interconversion. 

d In mole percent of three conformers.  
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Figure  8. Interconversions of three major conformers of the α–mangostin. Values in 

parentheses and square brackets are systems in acetonitrile and water, respectively 

otherwise in gas phase. Gibbs free energy changes are in kcal/mol and equilibrium 

constants are unitless. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 37 

Table  8. The reaction energy, enthalpy and Gibbs free energy changes of 

interconversion between three major conformers at 298 K, 1 atm, in various media. 

 

Interconversion E a 298H  a 
298G  a 

Gas Phase:    

  Conformer 2 → 4 2.524 2.582 2.605 

  Conformer 4 → 3 –0.516 –0.491 –0.633 

  Conformer 2 → 3 2.009 2.090 1.972 

Acetonitrile:    

  Conformer 2 → 4 1.202 1.236 1.083 

  Conformer 4 → 3 –0.176 –0.155 –0.019 

  Conformer 2 → 3 1.027 1.081 1.064 

Water:    

  Conformer 2 → 4 1.178 1.206 1.120 

  Conformer 4 → 3 –0.169 –0.146 –0.020 

  Conformer 2 → 3 1.010 1.060 1.100 

 

a In kcal/mol. 
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4.2.2 Simulated UV–Vis spectra of the mixture of dye conformers 

 

Based on assumption that Conformers 2, 3 and 4 are only existing in the 

nature, these three major conformers are therefore theoretically investigated in terms 

of their equilibria and UV–Vis spectra which are composed of three major 

components. Besides investigating of these three major conformers in gas phase, 

systems in acetonitrile and in water were selected as representatives of aprotic and 

protic solvents, respectively. Major transitions of three most stable conformers of      

α–mangostin in gas phase, acetonitrile and water are shown in Table 9. The three 

apparent maximum absorption wavelengths, (
1

max , 
2

max and 
3

max ) of mixtures in gas 

phase, acetonitrile and water are (259.88, 306.75 and 348.43 nm), (259.07, 311.33 and 

350.63 nm) and (259.07, 311.33 and 350.63 nm), respectively. The pattern of 

simulated UV–Vis spectra of these three mixtures in gas phase, acetonitrile and water 

are very similar to experiments in various solvents 12. Based on the  
1

max , the major 

transitions for all three conformers in all media were found to be the electronic 

transitions of HOMO to LUMO+1 (denoted by H→L+1) as shown in Table 10. The 

oscillator strengths of the UV–Vis spectra of three most stable conformers in various 

media are in order: Conformer 2 > Conformer 4 > Conformer 3. This means that the 

molar absorptivity of the Conformer 2 is the highest as compared within all three 

media.  
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Table  9. Major transitions of three maximum wavelengths of the three most stable 

conformers of α–mangostin in various media. 

 

Species 
First peak  Second peak  Third peak 

1

max
a MT b,c  

2

max
a MT b,c  

3

max
a MT b,c 

Vacuo d         

Conformer 2 259.88 H→L+1 (76%)  306.75 H–2→L (66%)  348.43 H→L (97%) 

Conformer 3 261.10 H→L+1 (72%)  301.75 H–3→L (49%)  351.37 H→L (95%) 

Conformer 4 261.51 H→L+1 (80%)  303.40 H–3→L (51%)  350.63 H→L (95%) 

Mixture 259.88 –  306.75 –  348.43 – 

Acetonitrile e         

Conformer 2 259.07 H→L+1 (80%)  311.92 H–2→L (81%)  350.63 H→L (97%) 

Conformer 3 259.07 H→L+1 (80%)  308.45 H–3→L (91%)  352.11 H→L (96%) 

Conformer 4 259.47 H→L+1 (82%)  310.75 H–3→L (75%)  352.11 H→L (96%) 

Mixture 259.07 –  311.33 –  350.63 – 

Water e         

Conformer 2 258.67 H→L+1 (80%)  311.92 H–2→L (81%)  352.11 H→L (97%) 

Conformer 3 259.07 H→L+1 (80%)  308.45 H–3→L (91%)  352.11 H→L (96%) 

Conformer 4 259.47 H→L+1 (82%)  310.75 H–3→L (75%)  351.37 H→L (96%) 

Mixture 259.07 –  311.33 –  350.63 – 

 

a Derived from simulated absorption spectra, in nm. 

b Based on the major transition (MT) of electron for each peak. 

c H and L stand for HOMO and LUMO, respectively.  

d Based on the TD/B3LYP/6–31+G(d,p) calculation. 

e Based on the TD/CPCM/UFF/B3LYP/6–31+G(d,p) calculations. 
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Table  10. The wavelength of maximum absorptivity (
1

max ) and oscillator strengths 

(f) of the UV–Vis spectra of three most stable conformers in various media. 

 

Species 
1

max
c MT c,d f c 

Vacuo a    

Conformer 2 259.38 H→L+1 (76%) 0.6119 

Conformer 3 260.59 H→L+1 (72%) 0.4890 

Conformer 4 261.57 H→L+1 (80%) 0.5525 

Acetonitrile b    

Conformer 2 258.52 H→L+1 (80%) 0.8143 

Conformer 3 258.60 H→L+1 (80%) 0.7660 

Conformer 4 259.02 H→L+1 (82%) 0.7924 

Water b    

Conformer 2 258.39 H→L+1 (80%) 0.8139 

Conformer 3 258.47 H→L+1 (80%) 0.7664 

Conformer 4 258.88 H→L+1 (82%) 0.7925 

 

a Based on the TD/B3LYP/6–31+G(d,p) calculations. 

b Based on the TD/CPCM/UFF/B3LYP/6–31+G(d,p) calculations. 

c Based on the maximum oscillator strengths obtained at the TD/B3LYP/6–31+G(d,p) 

level. 

d Based on the major transition (MT) of electron. 
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Spectra of the α–mangostin in ethanol and methanol (protic solvent) showed 

their spectral characteristics which comprise of the second peak (as 
2

max ) and one 

saddle point  (as 
3

max ) which are located at (316 and 355 nm) and (315 and 355 nm), 

respectively. Spectra of the α–mangostin in dichloromethane and ethyl acetate 

(aprotic solvent) showed remarkable two corresponding spectral peaks which are 

located at (308 and 355 nm) and (313 and 350 nm), respectively 12. The simulated     

UV–Vis spectra of the Conformers 2, 3 and 4 in acetonitrile (aprotic) and water 

(protic solvent) are confirmed to be good agreement with the experiments. 

The UV–Vis spectra of the Conformers 2, 3 and 4 in vacuo, acetonitrile and 

water were simulated using their corresponding oscillator strengths obtained from 

TD/B3LYP/6–31+G(d,p) and TD/CPCM/UFF/B3LYP/6–31+G(d,p) calculations for 

vacuo and solvent effect systems, respectively. The orbitals related with electron 

transitions according to UV–Vis spectra of the Conformers 2, 3 and 4 in vacuo, 

acetonitrile and water are shown in Figure 9. Each simulated UV–Vis spectra of the 

pure Conformers 2, 3 and 4 in vacuo, acetonitrile and water are shown in Figure 10. 

As UV–Vis absorptivities of Conformers 2, 3 and 4 are identically defined, their 

absorptivities therefore depend their mole fractions. The simulated UV–Vis spectra of 

a mixture of Conformers 2, 3 and 4 were constructed based on the Eq (3.1). Simulated 

UV–Vis spectra of the mixtures of three major conformers of the α–mangostin and 

their components (Conformers 2, 3 and 4) in vacuo, acetonitrile and water are shown 

in Figure 11. In gas phase, absorptivity of Conformer 2 much larger than both of 

Conformers 3 and 4 but in solvents such acetonitrile and water, absorptivity of 

Conformers 3 and 4 are increaesed, see Figure 11(b) and (c). Absorptivities of 

Conformers 2, 3 and 4, in percents of  (95.4%, 3.4%, 1.2%) in vacuo, (75.4%, 12.5%, 

12.1%) in acetonitrile and (76.5%, 11.9%, 11.5%) in water, are indictaed as shown in 

Table 7. This shows that species distributions of the α–mangostin in solvents are 

favoured rather than in gas phase due to the effect of polar environment. 
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Figure  9. The orbitals related with major electron transitions according to UV–Vis 

spectra of the Conformers 2, 3 and 4 in gas phase (the first row), acetonitrile (the 

second row) and water (the third row). 
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Figure  10. The simulated UV/Vis absorption spectra of α–mangostin conformers 

(Conformer 2, 3 and 4) in (a) gas phase,  (b) acetonitrile and (c) water, based on their 

corresponding TD/B3LYP/6–31+G(d,p) calculations. 

https://www.sciencedirect.com/topics/chemistry/uv-vis-spectroscopy
https://www.sciencedirect.com/topics/chemistry/absorption-spectrum
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Figure  11. Simulated UV–Vis spectra of mixtures of three major conformers of the 

α–mangostin and their components (Conformers 2, 3 and 4) in (a) gas phase, (b) 

acetonitrile and (c) water. 
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4.2.3 Simulated UV–Vis spectra of the Conformer 2 bonded on TiO2 

 

As the Conformer 2 is the most stable conformer and the highest populations 

as mentioned in section “Simulation of UV–Vis spectrum”, Conformer 2 bonded on 

the TiO2 (001) surface (denoted by Conformer 2/TiO2) as the dominant complex is 

therefore a representative to be simulated its UV–Vis spectra. The optimized 

structures of the Conformer 2/TiO2 in vacuo and in solvents (acetonitrile and water) 

using B3LYP and CPCM/UFF/B3LYP methods with mixed basis sets (LanL2Dz and 

6–31+G(d,p) are for Ti and other atoms, respectively), respectively are shown in 

Figure 12.  

 

 

Figure  12. Most stable structures of Conformers 2/TiO2 (001) surface in (a) vacuo, 

(b) acetonitrile and (c) water.  The Conformers 2/TiO2 in vacuo were optimized using 

the B3LYP method and in solvents using the CPCM/UFF/B3LYP method, with 

mixed basis sets (LanL2Dz and 6–31–G+(d,p) are for Ti and other atoms, 

respectively). 

The orbitals related with major electron transitions of the Conformer 2/TiO2 in 

vacuo, acetonitrile and water are shown in Figure 13. which shows that major 

transitions of (HOMO to LUMO+2) and (HOMO to LUMO+13) are in vacuo and 

solvents (acetonitrile and water), respectively. The simulated UV–Vis spectra of the 

Conformer 2/TiO2 in vacuo and solvents are shown in Figure 14. Two spectral peaks 

of the Conformer 2/TiO2 in solvents (acetonitrile and water), the maxinum 

wavelength of strong peak (the first) and weak peak (the second saddle pont)  were 

found at 549.35 and  ≈ 710 nm in acetonitrile and at 547.65 and  ≈ 710 nm in water, 

respectively. For the Conformer 2/TiO2 in vacuo was found two strong absorption 

peaks of which  the first and second maxinum wavelengths are at  ≈ 635 and       
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773.20 nm, respectively. The maxinum wavelengths of higher energy peaks of the 

Conformer 2/TiO2 in acetonitrile and water were found to be blue–shifted as 

compared with in the vacuo by 85 and 87 nm, respectively. 

The maxinum wavelengths of the Conformers 2 dye and the Conformers 

2/TiO2 complexes either in vacuo or solvents are within different ranges of absorption 

energies. It seems to be that absorption of the high–energy light of the Conformers 

2/TiO2 does not interfere the absorption of the α–mangostin dye (Conformers 2) on 

the DSSC light conversion efficiency. 

 

 

Figure  13. The orbitals related with major electron transitions, plotted of (a) the 

HOMO and LUMO+2 orbitals of the Conformers 2/TiO2 in vacuo, (b) and (c) the 

HOMO and LUMO+13 orbitals of the Conformers 2/TiO2 in acetonitrile and water, 

respectively. 
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Figure  14. Simulated UV–Vis spectra of the of the Conformers 2/TiO2 in vacuo, 

acetonitrile and water. 

 

4.3 Light harvesting efficiency and open circuit voltage 

 

LHE and OCV  of which values in vacuo, acetonitrile and water were calculated 

using Eqs (2.35) and (2.37), respectively, are shown in Table 11. It shows that the 

LHEs of all three conformers (Conformers 2, 3 and 4) in vacuo, acetonitrile and water 

are within the range of 0.6757–0.7556 eV, 0.8286–0.8466 eV and 0.8288–0.8465 eV, 

respectively. The LHE values of three conformers in either vacuo or acetonitrile or 

water are in the same sequence: Conformer 2 > Conformer 4 > Conformer 3. As the 

solvent stabilizes the molecule compare with gas phases has been known, these 

conformers in solvents (acetonitrile and water) were stable than in gas phase and their 

LHEs were found to be larger than in the vacuo. Nevertheless, the LHE values of 

three conformers in acetonitrile and water are hardly different and should give similar 

photocurrent. The theoretical OCV  values of three conformers are within the range of 

2.07 to 2.14 eV in vacuo and 1.96 to 1.97 eV in solvents. Nevertheless, negative 
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values of ∆Grec
 affect the theoretical OCV  values in terms of voltage loss. The ∆Grec 

values of three conformers either in vacuo or solvents are hardly different namely 

within the range of –1.98 to –1.96 eV in vacuo and –2.15 to –2.13 eV in solvents. As 

the loss due to recombination, OCV  values of three conformers could be less than their 

theoretical OCV  values. 

 

Table  11. The open circuit voltage ( OCV ) and light harvesting efficiency (LHE) of 

three conformers of the α–mangostin in various media. 

 

Species 
Gas Phase a  Acetonitrile b  Water b 

OCV c LHE d  OCV c LHE d  OCV c LHE d 

Conformer 2 2.14 0.7556  1.96 0.8466  1.96 0.8465 

Conformer 3 2.09 0.6757  1.97 0.8286  1.97 0.8288 

Conformer 4 2.07 0.7198  1.96 0.8387  1.96 0.8387 

 

a Based on the TD/B3LYP/6–31+G(d,p) calculations. 

b Based on the TD/CPCM/UFF/B3LYP/6–31+G(d,p) calculations. 

c Computed by Eq (2.37), in eV. 

d Computed by Eq (2.35). 

 

4.4 Free energy of electron injection, regeneration and recombination 

 

The ground–state energy ( dyeE ) of three α–mangostin conformers evaluated as 

the value of EHOMO and the excited–state energy ( *dyeE ) obtained from Eq (2.36) are 

shown in Table 12.  The *dyeE  values of three conformers are within the range of         

–1.24 to –1.19 eV in vacuo of which the range is broader than in solvents (–1.36 to       

–1.34 eV). The computed free energy changes of three conformers of the                   

α–mangostin are tabulated in Table 13. Negative values of all the ∆Ginject and ∆Greg of 

α–mangostin conformers in various media at 298 K, 1 atm, were found as usual 

thermodynamically preferred process of dye for DSSC. 
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The ∆Ginject values of three conformers are within the range of –2.81 to –2.76 

eV in vacuo of which the range is wider than in solvents (–2.66 to –2.64 eV).         

The ∆Greg values of three conformers are within the range of –1.18 to –1.16 eV in 

vacuo and of –1.35 to –1.33 eV in solvents.  

 

Table  12. Values of 
max

E , dyeE  and *dyeE  of three conformers of the α–mangostin in 

various media. 

 

Species 

Gas Phase a  Acetonitrile b  Water b 

max
E c,d 

dyeE d,e 
*dyeE d,f  

max
E c,d 

dyeE d,e 
*dyeE d,f  

max
E c,d 

dyeE d,e 
*dyeE d,f 

Conformer 2 4.77 –5.96 –1.19  4.79 –6.14 –1.36  4.79 –6.15 –1.35 

Conformer 3 4.75 –5.97 –1.22  4.79 –6.13 –1.34  4.79 –6.13 –1.34 

Conformer 4 4.74 –5.98 –1.24  4.78 –6.13 –1.35  4.78 –6.13 –1.35 

 

a Based on the TD/B3LYP/6–31+G(d,p) calculations. 

b Based on the TD/CPCM/UFF/B3LYP/6–31+G(d,p) calculations. 

c Converted from 
max

. 

d In eV. 

e 
dye

HOMOE E  

f 
*

max

dye dyeE E E  
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Table  13. Terms of free energy changes of three conformers of the α–mangostin in 

various media. 

 

Species 
Gas Phase a  Acetonitrile b  Water b 

∆Ginject
c ∆Greg

c ∆Grec
c  ∆Ginject

c ∆Greg
c ∆Grec

c  ∆Ginject
c ∆Greg

c ∆Grec
c 

Conformer 2 –2.81 –1.16 –1.96  –2.64 –1.34 –2.14  –2.65 –1.35 –2.15 

Conformer 3 –2.78 –1.17 –1.97  –2.66 –1.33 –2.13  –2.66 –1.33 –2.13 

Conformer 4 –2.76 –1.18 –1.98  –2.65 –1.33 –2.13  –2.65 –1.33 –2.13 

 

a Based on the TD/B3LYP/6–31+G(d,p) calculations. 

b Based on the TD/CPCM/UFF/B3LYP/6–31+G(d,p) calculations. 

c In eV. 
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CHAPTER V 

 

CONCLUSIONS 

 

Five conformers of α–mangostin dye (Conformers 1, 2, 3, 4 and 5) and their 

deprotonated and dehydrogenated species were found using different methods (DFT, 

periodic DFT and DFTB). The most stable conformer (Conformer 2) was considered 

in terms of relative energies of their deprotonated and dehydrogenated species.         

As reactions of the α–mangostin with other substrate or material surface are 

considered, its Conformer 2(H3)– and Conformer 2(H3)• species are expected to be 

involved. The upper–rim hydroxyl group (H1O2: G2 group) was found to be the most 

effective group of which orientations of points its H1 toward O2 atom (G2 = α), are 

stable conformers (Conformers 2, 3 and 4). Therefore, three major conformers 

(Conformers 2, 3 and 4) were assumed to dominantly exist in the natural systems of 

the α–mangostin.  

Based on the B3LYP/6–31+G(d,p) calculations, equilibrium constants of these 

three conformers (
2 4K , 

4 3K and 
2 3K ) were obtained via Gibbs free energies 

calculations. At 298 K and 1 atm, 
2 4K , 

4 3K and 
2 3K  of  (1.23×10–2, 2.91×100, 

3.58×10–2) in vacuo, (1.61×10–1, 1.03×100, 1.66×10–1) in acetonitrile and (1.51×10–1,  

1.03×100, 1.56×10–1) in water were obtained. UV–Vis absorptivities of Conformers 2, 

3 and 4, in percent of (95.4%, 3.4%, 1.2%) in vacuo, (75.4%, 12.5%, 12.1%) in 

acetonitrile and (76.5%, 11.9%, 11.5%) in water were found. Populations of 

Conformers 3 and 4 were found to be more favorable in solvent phase than in gas 

phase. The three apparent maximum absorption wavelengths, (
1

max , 
2

max  and 
3

max ) of 

mixtures in gas phase, acetonitrile and water were found as (259.88, 306.75 and 

348.43 nm), (259.07, 311.33 and 350.63 nm) and (259.07, 311.33 and 350.63 nm), 

respectively. The simulated UV–Vis spectra of the Conformers 2, 3 and 4 in 

acetonitrile (aprotic) and water (protic solvent) were found to be good agreement with 

the experiments. The Conformer 2 was found to give the highest molar absorptivity in 

all three media.  
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LHEs of all three conformers (Conformers 2, 3 and 4) in vacuo, acetonitrile 

and water are within the range of 0.6757–0.7556 eV, 0.8286–0.8466 eV and 0.8288–

0.8465 eV, respectively. The LHE values of three conformers in either vacuo or 

acetonitrile or water are in the same sequence: Conformer 2 > Conformer 4 > 

Conformer 3. The theoretical OCV  values of three conformers are within the range of 

2.07 to 2.14 eV in vacuo and 1.96 to 1.97 eV in solvents. The light absorption of the 

Conformers 2/TiO2 may not disturb the DSSC mechanism of the α–mangostin while 

absorption of high energy light such at 259.88 nm in vacuo (259.07 nm and 259.07 

nm in acetonitrile and water, respectively. 
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Figure A–1. Optimized structures of deprotonated (LO–) and dehydrogenated (LO•) 

species of conformer in gas phase obtained by (a) B3LYP/6–31+G(d,p), (b) periodic 

DFT and (c) periodic DFTB computations. 
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Figure A–2. Electrostatic potential maps with iso–surface value of 0.03 e Å–3, 

showing charge density distribution of five conformers of the α–mangostin in (a) gas 

phase, (b) acetonitile and (c) water, based on their B3LYP/6–31+G(d,p)–optimized 

structures. 
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Figure A–3. Simulated HOMOs and LUMOs of three conformers of the α–mangostin 

in (a) gas phase, (b) acetonitrile and (c) water. 
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Figure A–4. The simulated UV/Vis absorption spectra of five conformers of            

α–mangostin conformers in (a) gas phase,  (b) acetonitrile and (c) water, based on 

their corresponding TD/B3LYP/6–31+G(d,p) calculations. 

https://www.sciencedirect.com/topics/chemistry/uv-vis-spectroscopy
https://www.sciencedirect.com/topics/chemistry/absorption-spectrum
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Figure A–5. Simulated UV–Vis spectra of deprotonated species of conformer 2 of        

α–mangostin in (a) gas phase, (b) acetonitrile and (c) water. 
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Figure A–6. Simulated UV–Vis spectra of dehydrogenated species of conformer 2 of    

α–mangostin in (a) gas phase, (b) acetonitrile and (c) water. 
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Figure A–7. HOMOs and LUMOs of conformer 2 of the α–mangostin in (a) vacuo, 

(b) acetonitrile and (c) water calculated with B3LYP/6–31+G(d,p) method. 
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Figure A–8. Simulated HOMOs and LUMOs of Conformers 2/TiO2 (001) surface in 

(a) vacuo, (b) acetonitrile and (c) water.   
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