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Abstract

The dye sensitized solar cells (DSSCs) have been extensively studied due to
their low production cost and simple fabrication process. Dye co-sensitization
broadens the absorption spectrum of the sensitizer; thus enhances light har-
vesting efficiency; and contributes to the improvement of the DSSCs overall
efficiency. In this study we performed theoretical design of complex molecule
(CysH4,N,0,) through combination (esterification reaction) of the natural dye
lawsone and synthetic metal free indoline dye D131. The excitation energies,
vibration spectra, molecular structures, electronic absorption spectra and
electron transitions in individual dyes and complex molecule were investi-
gated using density functional theory (DFT) and time dependent density
functional theory (TD-DFT) B3LYP5 methods, with 3-21G, 6-31G and
6-31G(d,p) basis sets. The UV-Vis absorption spectra of the individual dyes
and their mixture in chloroform solution were measured using spectropho-
tometer. For the complex formation reaction, enthalpy, entropy and Gibbs
free energy were calculated and the results indicated the reaction was endo-
thermic and non-spontaneous. Electron density distribution of the frontier
and adjacent molecular orbitals and energy levels alignment were used for
analysis of the electronic spectra and mechanism of transitions. The results
indicated that the designed complex molecule satisfied the requirements for
good photosensitizer of DSSCs.
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1. Introduction

Due to increase in the environmental pollution and limited resource of fossil
fuel, the development of solar energy harvesting is considered as a promising
technology to substitute the fossil fuel, eliminate environmental pollution and
sustain development of human societies.

DSSCs have attracted substantial attention, not only because of their envi-
ronmental friendliness, low manufacturing cost, simple fabrication process and
tunable aesthetic color, but also due to their lower dependence on the angle of
incident light and higher efficiency under low irradiance compared to traditional
Si-based solar cells [1]-[7]. DSSC is composed of two sandwiched electrodes,
working and counter electrode which is made of transparent conducting glass
mainly composed of fluorine doped tin oxide (FTO) or indium doped tin oxide.
Working electrode is made of thin layer of semiconducting materials such as ti-
tanium dioxide (Ti0,), zinc oxide (Zn0O), tin dioxide (SnO,) coated with dyes on
top of FTO [8] [9]. Counter electrode is made of FTO with thin layer of plati-
num or carbon [10]. Electrolyte is placed between counter electrode and pho-
toelectrode to mediate electrons [11]. Among of these components of DSSC, the
sensitizer (dye) is a crucial element which plays a significant role in light cap-
turing, electron injection and dye regeneration which impact on power conver-
sion efficiency (PCE) as well as the stability of the devices.

However DSSCs are emerging as potential candidates for next generation so-
lar cells owing to low-cost production process [12] but they face challenges re-
garding sensitizer such as high price of some dyes, dye degradation, and toxicity
of some dyes [13]. Since the invention of DSSCs in the year of 1991 by Brian
O’Regan and Michael Gritzel [4], ruthenium complexes [14] [15], metal-free
organic dyes sensitizers [1] [16] [17] [18] [19] and natural dyes [20] [21] [22]
have been investigated.

Although the Incident Photon to Charge Carrier Efficiency (IPCE) of DSSCs
based on ruthenium dyes has reached 12% [23] [24] [25] under simulated AM
1.5 irradiation (100 mW-cm™), ruthenium is rare, expensive, and toxic in nature
that limits its potentially wide application. Despite the highest efficiency of 13%
[26] has been reported for DSSCs based on free metal dyes (organic dyes), the
high price hampers their extensive use. DSSCs based on natural dyes have poor
photoelectrochemical properties but the natural dye sensitizers are cheap and
environmentally friendly.

To overcome challenges facing DSSCs, theoretical and experimental studies of
physical and chemical properties of dyes are required as they contribute to un-
derstanding the relationship between structure, properties of dyes and perfor-

mance of a solar cell and hence facilitate design and synthesis of efficient dyes

DOI: 10.4236/cc.2018.64007

88 Computational Chemistry


https://doi.org/10.4236/cc.2018.64007

N. Madili et al.

for DSSCs application [20] [27]-[32]. In selecting and designing an efficient dye,
electron donating part, unit to adjust the absorption spectrum and the elec-
tron-acceptor part of the dye [33] must be taken into design consideration.
Mainly the dye to be an efficient sensitizer should be designed with a target of
eliminating dye aggregation, minimizing dye recombination and maximizing the
driving force for electron injection from the dye to the semiconductor and driv-
ing force for dye regeneration, broaden up the absorption spectra which finally
improve the overall efficiency of the DSSCs [34] [35] [36]. Combination of dyes
with different absorption properties has been investigated intending to enhance
light harvesting efficiency as well as general performance of DSSCs [37]-[42].

In this study, the effect of combination of natural dye lawsone and synthetic
metal free indoline D131 dye for the purpose of utilization in DSSCs has been
investigated. The computations of vibrational and electronic absorption spectra
of the indoline D131, lawsone and designed complex molecule as well as me-
chanisms of electron transitions and energy levels alignment are included in the
theoretical part. The UV-Vis spectra of the individual dyes solutions and their

mixture are considered in the experimental part.

2. Materials and Methods
2.1. Computational Details

The initial coordinates of indoline and lawsone dyes were taken from ChemS-
pider database [43] and NIST [44], respectively. The geometrical parameters
were optimized using density function theory DFT/B3LYP5 with the different
basis sets, 3-21G, 6-31G and 6-31G(d,p). The optimized coordinates were used
as inputs for computation of vibrational and electronic spectra.

The complex dye molecule C,;H,,N,O, was designed through modeling of es-
terification reaction between indoline D131 and lawsone dyes. The structure of
the designed dye was optimized using DFT/B3LYP5 starting from the lowest
STO-3G through 3-21G, 6-31G to highest 6-31G(d,p) basis set. The energy,
Gibbs free energy and enthalpy of the complex formation reaction

C,;H,N,0, +C,H,0, —» C,;H,,N,0, +H,0 (1)
were computed at different basis sets with the corresponding optimized coordi-
nates. The energy of the reaction A E was calculated as a difference between

the total energies of the products and reactants:
ArE‘ = Z Eprod - Z Ereacl (2)

In quantum chemical computations, the total energies of species correspond
to temperature 0 K and normal pressure. The enthalpy of the reaction A H°(0)
was found using the A £ and zero point vibration energy (ZPVE) A,

AHO(0)=AE+Ac ®)
1
A),&' = Ehc(za), prod — Za)z react) (4)

where 4 is the Plank’s constant, ¢ is the speed of light in free space, Za)l prod
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and ) @, . are the sums of the vibrational frequencies of the products and
reactants, respectively. The Gibbs free energy A G°(T) of the reaction was ob-
tained by the following equations:

AG°(T)=AH°(T)-TA,S°(T) 5)
AH®(T)=AH(0)+A, [ H*(T)—-H(0)] (6)

where A H°(T) and A S°(T) are the enthalpy and entropy of the reaction at
temperature 7. The thermodynamic functions, entropies S°(T ) and enthalpy
increments H°(T)—H?°(0), of the participants of the reaction have been calcu-
lated with OpenThermo software [45].

The vertical excitation and electronic absorption spectra of the lawsone dye,
indoline D131 dye and the designed complex molecules both in vacuum and
solvent (chloroform) were computed at the TD-DFT B3LYP5/6-31G(d,p) level
of theory. The solvent effects were accounted by employing the polarized conti-
nuum model (PCM). All quantum chemical computations were performed using
the Firefly QC package [46] which is partially based on the GAMESS (US)
source code [47]. The geometrical structures, vibrational and electronic spectra
were visualized and analyzed using the Chemcraft [48] and MacMolPlt software
[49].

2.2. Experimental Details

The indoline D131 dye with a purity of 97% and lawsone dye with purity 97%
were bought in powder form from Sigma-Aldrich Chemical Company and were
used without further purification for solution preparation at room temperature.
A single solvent both for D131 and lawsone was needed. Chloroform was found
to be appropriate solvent [50] [51]; it was bought from Sigma-Aldrich Chemical
supplier.

The solutions of 1.15 x 10 M for lawsone and 2.95 x 10 M for indoline
D131 were prepared and used for the UV-Vis spectra measurements. The mass 8
mg of lawsone dissolved in 40 ml of chloroform to have 1.15 x 10~ M and then 1
ml of the solution was added to 9 ml of chloroform resulting in 1.15 x 10™* M.
For the case of indoline D131 dye, 6 mg of the sample was dissolved in 40 ml
of chloroform resulting in 2.95 x 10™* M, then 2 ml of this solution was added
to 18 ml of chloroform to get 2.95 x 10~ M indoline D131 solution. The solution
of the dyes mixture was prepared by combination of the indoline D131 and law-
sone dye solutions in the ratio of 1:1. The UV-Vis spectra of the samples were
recorded in the region 190 - 820 nm on a single beam 2800 UV-Vis spectropho-
tometer (Hitachi U2000) with quartz cuvettes of 10 mm path length.

3. Results and Discussion

3.1. Molecular Structure of Individual Dyes and Complex Molecule

The equilibrium geometrical structures of lawsone, indoline D131 and the de-

signed complex molecules computed at B3LYP5/6-31G(d,p) are given in Figure 1.
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Figure 1. The optimized geometrical structure of molecules: (a) lawsone, (b) indoline D131, (c) com-
plex. The visualization of molecular structures was performed by using the ChemCraft software [48].

The lawsone molecule (2-hydroxy-1, 4-naphthoquinone molecule) contains two

six-membered rings, two ketone groups and one hydroxyl group (Figure 1(a)).

Indoline dye D131 is composed of 4-(2, 2 diphenylethenyl) phenyl) substituent

acting as a donor and 1 conjugated to the indoline ring, cynoacrylic acid group

as an acceptor [30] (Figure 1(b)).

In the complex molecule, the coupling of the molecules occurs via a new
chemical bond C1-O2-C37 (Figure 1(c)). The formation of this bond is accom-

panied by detachment of the Hl-atom from cynoacrylic acid group of indoline

D131 dye and hydroxyl O1-H6 from lawsone dye to release water molecule.

Schematic representation of H,0 molecule detachment is shown below.
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The selected geometrical parameters of the individual dyes are compared with

those in the complex molecule in Table 1 and Table 2; the differences between

respective parameters are shown in the far right columns. The bond C1-02-C37

Table 1. Comparison of selected geometrical parameters of lawsone and complex mole-
cule computed at B3LYP5/6-31G(d,p).

Lawsone Complex molecule Difference
Bond lengths, A
C9-01 1.344 C37-02 1.370 +0.026
C9-C7 1.506 C37-C36 1.502 -0.004
C7=03 1.221 C36=03 1.222 +0.001
C9=C10 1.354 C37=C38 1.345 -0.009
C10-C8 1.467 C38-C39 1.478 +0.001
C8=02 1.228 C39=04 1.227 -0.001
C5-C6 1.407 C45-C44 1.408 +0.001
C5-C4 1.399 C45-C43 1.399 0.000
C4-C2 1.393 C43-C42 1.393 0.000
C2-C1 1.399 C42-C41 1.399 0.000
C1-C3 1.394 C41-C40 1.394 0.000
C3-Co6 1.396 C40-C44 1.397 +0.001

Bond angles, degree

01-C9-C7 112.8 02-C37-C36 116.4 +3.6
01-C9-C10 125.4 02-C37-C38 120.7 -4.7
C9-C7-03 120.4 C37-C36-03 120.4 0.0
C10-C8-02 121.1 C38-C39-04 120.6 -0.5
02-C8-C6 121.4 04-C49-C44 121.9 +0.5
C9-C10-C8 122.5 C37-C38-C39 121.8 -0.7
C10-C9-C7 121.9 C38-C37-C36 122.5 +0.6
03-C7-C5 123.0 03-C36-C45 123.1 +0.1
C9-C7-C5 116.6 C37-C36-C45 116.5 -0.1
C7-C5-C4 119.1 C36-C45-C43 119.3 +0.2
C4-C5-C6 119.9 C43-C45-C44 120.0 +0.1
C2-C4-C5 119.9 C42-C43-C45 119.9 0.0
C4-C2-C1 120.1 C43-C42-C41 120.2 +0.1
C5-C6-C3 119.0 C45-C44-C40 119.8 +0.8
C6-C3-C1 120.0 C44-C40-C41 120.0 0.0
C3-C1-C2 120.2 C40-C41-C42 120.2 0.0

DOI: 10.4236/cc.2018.64007 92 Computational Chemistry


https://doi.org/10.4236/cc.2018.64007

N. Madili et al.

Table 2. Comparison of selected geometrical parameters of indoline D131 dye and com-
plex molecule computed at B3LYP5/6-31G(d,p).

Indoline dye D131 Complex molecule Difference
Bond lengths, A
C1=01 1.228 C1=01 1.206 -0.022
C1-02 1.391 C1-02 1.397 +0.006
C2-C1 1.477 C2-C1 1.476 -0.001
C2-C4 1.417 C2-C4 1.429 +0.012
C4=N2 1.168 C4=N2 1.165 -0.003
C2-C3 1.366 C2-C3 1.373 +0.007
C3-Cl11 1.442 C3-Cl11 1.439 -0.003
C11-C10 1.424 Cl11-C10 1.423 -0.001
C11-C12 1.417 Cl11-C12 1.422 +0.005
C6-N1 1.387 C6-N1 1.380 -0.007
C5-N1 1.502 C5-N1 1.496 -0.006
C16-N1 1411 C16-N1 1.413 +0.002
C5-C8 1.585 C5-C8 1.578 -0.007
C5-C13 1.557 C5-C13 1.553 -0.004
C17-C19 1.390 C17-C19 1.392 +0.002
C23-C22 1.356 C23-C22 1.363 +0.007
C24-C25 1.408 C24-C25 1.412 +0.004
C23-C30 1.496 C23-C30 1.496 0.000
C30-C32 1.404 C30-C32 1.409 +0.005
C32-C34 1.397 C32-C34 1.399 +0.002
Bond angles, deg
01-C1-02 122.3 01-C1-02 122.0 -0.3
C2-C1-01 125.9 C2-C1-01 126.1 +0.2
C2-C1-02 111.8 C2-C1-02 111.9 +0.1
C3-C2-Cl1 1203 C3-C2-Cl1 121.8 +15
C3-C2-C4 125.5 C3-C2-C4 1242 -13
C2-C4-N2 179.2 C2-C4-N2 178.7 -0.5
C11-C3-C2 131.0 C11-C3-C2 132.2 +12
C12-C11-C10 118.0 C12-C11-C10 117.8 -0.2
C6-C7-C8 110.0 C6-C7-C8 109.5 -0.5
C13-C5-C8 104.5 C13-C5-C8 105.0 +0.5
C6-N1-C5 110.1 C6-N1-C5 110.5 +0.4
C16-N1-Cé 126.9 C16-N1-C6 1259 -1.0
C16-N1-C5 122.4 C16-N1-C5 122.5 +0.1
C18-C16-C17 118.1 C18-C16-C17 118.2 +0.1
C23-C22-C21 129.9 C23-C22-C21 131.0 +0.1
C30-C32-C34 120.3 C30-C32-C34 120.7 +0.4
C30-C31-C33 120.3 C30-C31-C33 120.7 +0.4
Dihedral angles, deg
C10-C11-C2-C4 -0.3 C10-C11-C2-C4 -1.3 +1.0
C10-C11-C1-01 -0.2 C10-C11-C1-01 -4.4 +4.2
C17-Cl16-C6-C9 -40.5 C17-Cl16-C6-C9 -44.4 +3.9
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in the complex is specified with parameters R(C1-02) = 1.397 A, R(02-C37) =
1.370 A and £C1-02-C37 = 117.0°; which are comparable with those of the ester
C-O-C linkage, 1.43 A [52] [53] and 119° [54]. The most noticeable change is
observed in the vicinity of the new chemical bond: +0.026 A (elongation) for
C37-02 bond in the lawsone moiety and —0.022 A (shortening) for C1=01 in
the indoline part. The biggest change is seen in the bond angles, +3.6°
(02-C37-C36) and —4.7° (02-C37-C38) in the lawsone part, and in the dihedral
angles, 3.9° (C17-C16-C6-C9) and +4.2° (C10-C11-C1-0O1) in the indoline part.
The difference in other respective parameters is not significant; it does not ex-
ceed 0.009 A for bond lengths and 1.5° for bond angles. The parameters of the
far parts of the complex molecule remain almost the same as in the individual
molecules.

The thermodynamic characteristics of the complex formation reaction (1):
energy A.E, zero point vibration energy A,¢, enthalpies A, A°(0) and A H°(298),
Gibbs free energy A,G°(298) and entropy A,S5"(298) computed at different basis
sets are given in Table 3.

As is seen, the extension of the basis set from 3-21G to 6-31G results in the
decrease of the value of A,Eby 15.3 kJ-mol™" but the polarization functions addi-
tion does not influence much on this value. The values of enthalpy and Gibbs
free energy follow the trend of the energy A E as the ZPVE values are not much
sensitive to the basis set change.

The values of enthalpies A, A" are positive that implies the reaction (1) is en-
dothermic. The entropy A,.5"(298) is negative hence depicting an increase of the
order of the system. The Gibbs free energy A,G°(298) being positive shows
non-spontaneity of the complex formation through direct combination of the

dye molecules.

3.2. Vibrational Spectra of the Species

The IR spectra of the individual dyes and complex molecule computed at
B3LYP5/6-31G(d,p) are shown in Figures 2(a)-(c). The absence of imaginary
frequencies proves that the geometrical structures of the species correspond to

minima on the potential energy surfaces.

Table 3. The thermodynamic characteristics of the complex formation reaction (1):
energy A,E, zero point vibration energy A.¢ enthalpies A A°(0) and A A" (298), Gibbs free
energy A,G°(298) and entropy A,S"(298).

Quantity B3LYP5/3-21G B3LYP5/6-31G  B3LYP5/6-31G(d,p)
A, E, kJ-mol™ 56.0 39,5 40.7
A, & kJ-mol™ -126 -11.4 -10.7
A H(0), kJ-mol™ 43.4 28.1 30.1
A E(298), kJ-mol™! 49.7 343 36.0
A,G(298), kJ-mol™! 535 376 41.1
A8 (298), J-mol .K! -12.7 -11.2 -17.3
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Figure 2. The IR spectra of molecules: (a) lawsone, (b) indoline D131, (c) complex.
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The most intensive modes in the spectrum of lawsone are assigned to vibra-
tions 1680 cm™ (C=C stretching), 1280 cm™ (C-C and C-O stretching), 1740 and
1770 cm™ (C=0 stretching), 1180 cm™ (C-C-H and C-O-H bending), 990 cm™
(C-C-C bending), 520 cm™ (C-O-H out of plane bend), and 3800 cm™ (O-H
stretching); and those in indoline are 1530 - 1550 cm™ (C-C and C-N stretching
in cycles), 1390 cm™ (C-C and C-O stretching near carboxylic group), 1810 cm™
(C=0 stretching), 1190 cm™ (C-C stretching and C-C-C bending near carboxyl-
ic group), 1080 cm™' (C-C-O-H bending), 3770 cm™" (O-H stretching). All these
frequencies are close to typical vibrational wavenumbers of the respective func-
tional groups.

The IR spectrum of the complex molecule apparently contains the vibrational
modes of the lawsone part, e.g., 1763 cm™ (C=O stretching), 1696 cm™ (C=C
stretching), and indoline part, 1820 cm™ (C=O stretching) and 1530 - 1550 cm™
(C-C and C-N stretching), but these modes slightly differ from those of the indi-
vidual dyes.

The uniqueness of the spectrum in comparison to individual dyes is the ap-
pearance of very intensive bands which relate to the new formed C37-02-Cl1
bond, these modes at 1203 and 1231 cm™ are assigned to the C-O stretching
motion; in addition the peak at 1023 cm™ is observed which corresponds to
stretching of C-C and C-O bonds in vicinity of the new bond. Evidently the
complex molecule IR spectrum does not have O-H vibration mode as the hy-

droxyl group is removed through the esterification reaction.

3.3. Electronic Spectra of the Species

The electronic absorption spectra for lawsone, indoline D131 and the designed
complex are computed both for vacuum and chloroform solution at the
TD-DFT B3LYP5/6-31G(d,p); the PCM is used to account the solvent effect.

The vertical excitation energies, wavelengths, oscillator strengths and elec-
tronic configurations of the transitions are listed in Table 4. The singlet-singlet
excitations with nonzero oscillator strengths (£> 0.001) are taken into account.
For the lawsone molecule the most probable transitions in vacuum are to the
fifth and eighth excited states and attributed to H-4 > L and H-1 > L + 1, while
in chloroform solution to the fifth and seventh excited states assigned to H-3 > L
and H > L + 1 transitions. For the indoline both in vacuum and solution the
highest oscillator strength is observed for the electron transition H - L, to the
first excited state. For the complex molecule the most probable transition occurs
to the third excited state and assigned to H > L + 1 transition, both for vacuum
and solution. Worth to note that in spectra of lawsone the band of the maximum

absorption wavelength A, is in the ultraviolet region while for the D131 and

designed complex molecule the values of A, correspond to visible region.
Moreover for the complex, the additional peak is appeared at 655 (vacuum) and
814 nm (chloroform) but of low probability. From vacuum to chloroform solu-

tion, the red shift of A, is observed for all three species that is mostly common

max
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Table 4. The excitation energies E,,, absorption wavelengths J, oscillator strengths fand
electronic transition configurations of the individual dyes and designed complex mole-
cule C;;H,,N,0, computed at the TD-DFT B3LYP5/6-31G(d,p).

Excited Electronic transition
E. eV A, nm f .
State No. configurations

Lawsone in vacuum

3 3.41 364 0.0030 H-1-> L (90%)
4 3.79 328 0.0535 H-2 > L (90%)
5 4.45 279 0.1790 H-4 > L (86%)
8 5.40 230 0.1654 H-1>L+1(81%)
9 5.68 218 0.0026 H-4>L+1(67%)

Lawsone in chloroform

3 3.27 379 0.0026 H-> L (94%)

4 3.70 335 0.0566 H-2 > L (94%)

5 4.38 283 0.1769 H-3 > L (88%)
7 5.39 230 0.1916 H->L+1(81%)
9 5.73 216 0.0012 H-3>L+1 (66%)

Indoline D131 in vacuum

1 2.77 447 1.1836 H->L (97%)

2 3.36 369 0.3336 H->L+1(67%)
3 3.67 338 0.0483 H-1->L (67%)

4 4.03 308 0.0196 H->L+2((71%)
5 4.13 300 0.0046 H->L+3(58%)
6 4.18 297 0.1775 H-1>H+1(92%)
8 4.34 286 0.0222 H-3 > L (64%)

9 4.35 285 0.0061 H->L+4((34%)
10 4.39 282 0.0233 H-6 > L (35%)

Indoline D131 in chloroform

1 2.60 476 0.9881 H-> L (99%)

2 3.28 378 0.5482 H-1->L (81%)

3 3.59 345 0.0859 H->L+1(80%)
4 3.99 311 0.0061 H->L+2(62%)
5 4.04 307 0.0122 H-2> L (67%)

6 44.11 302 0.0065 H-3> L (79%)

7 4.17 298 0.0051 H->L+3(52%)
8 4.22 294 0.1268 H-1>L+1(90%)
9 4.24 293 0.0264 H->L+2(48%)

10 4.25 291 0.0018 H-4-> L (87%)
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Continued
Complex molecule in vacuum
1 1.89 655 0.0086 H-> L (98%)
3 2.76 450 1.3178 H->L+1(96%)
4 2.82 439 0.0019 H-7 > L (85%)
6 3.34 371 0.3483 H->L+2(58%)
7 3.48 356 0.0044 H-9 > L (53%)
9 3.62 342 0.0860 H-1>L+1 (55%)
Complex molecule in chloroform
1 1.52 814 0.0081 H->L (98%)
2 2.27 546 0.0014 H-1->L (98%)
3 2.54 488 1.0411 H->L+1(98%)
8 3.20 387 0.6508 H-1>L+1(79%)
10 3.36 369 0.0078 H-9 > L (66%)

effect mentioned elsewhere e.g. [28] [39] [55].

The theoretical electronic absorption spectra are compared to experimental
UV-Vis spectra of dyes in chloroform solution in Figures 3-5.

The theoretical UV-Vis spectra of lawsone (Figure 3(a) and Figure 3(b)) de-
pict a red shift of maximum wavelength from 279 (vacuum) to 283 nm (chloro-
form). The experimental UV-Vis spectrum of lawsone in chloroform solution
shows the highest absorbance band in UV region with absorption peak at 292
nm and lower absorbance band at 338 nm. Thus both theoretical and experi-
mental results are in accordance and indicate maximal peaks in UV region with
slight differences in the peaks position.

In the theoretical UV-Vis spectrum of the indoline D131 dye, the peak of
maximum wavelength and highest intensity is observed at 447 (vacuum) and
476 nm (chloroform) hence the red shift is seen from vacuum to solution. The
experimental spectrum of the indoline solution (Figure 4(c)) has broad bands
with maxima located at 294, 334, 354 and 450, 488 nm. Thus the experimental
results are comparable with the theoretical and also show similarity with data
reported in [51] [56].

In the theoretical UV-Vis spectrum of the designed complex molecule (Figure
5(a) and Figure 5(b)), the highest peak is at 450 (vacuum) and 488 nm (chloro-
form), thus the red shift is also seen. In the experimental spectrum of the mix-
ture (Figure 5(c)), the absorption bands lie in the UV-Vis region with maxi-
mum absorption peak at 500 nm. Two peaks in visible region (450 and 500 nm)
apparently correspond to those in spectrum of the individual indoline D131 dye
(450 and 488 nm) while other peaks correspond to both individual dyes. Gener-
ally despite the slight dissimilarities, both the peak intensities and wavelengths in

the spectrum of the mixture refer to those of the individual dyes.
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Figure 3. UV-Vis spectrum of lawsone: (a) computed for vacuum; (b) computed for

chloroform solution; (c) experimental for chloroform solution.
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Figure 4. UV-Vis spectrum of indoline D131: (a) computed for vacuum; (b) computed
for chloroform solution; (c) experimental for chloroform solution.
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Figure 5. UV-Vis spectrum: (a) of complex molecule computed for vacuum; (b) of com-
plex molecule computed for chloroform solution; (c) measured experimentally for the
mixture of lawsone and indoline in chloroform solution.

3.4. Analysis of Frontier Molecular Orbitals and Energy
Levels Alignment

Analysis of molecular orbitals can provide useful information on electronic
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structure of molecules and mechanisms of electron transitions and chemical
reactions [57] [58] [59] [60]. However for understanding the mechanism of
electron transitions the probabilities of the transitions must be taken into ac-
count, therefore the analysis of the whole electronic spectrum is required.

The frontier and adjacent molecular orbitals which mostly participate in the
transitions are selected according to the data listed in Table 4 and shown in
Figures 6-8 as computed for chloroform solution.

For the lawsone molecule, the shape of orbitals depicts that H-3 and HOMO
are delocalized over both rings, benzenoid and quinoid, whereas LUMO and L +
1 are centered mainly on the quinoid ring. This implies that m > n* transitions
involve electron localization to the quinoid ring of lawsone.

In the D131, the shape of the HOMO indicates that the electron density is de-
localized on the extended donor unit, while the LUMO is localized on the ac-
ceptor groups (cyanoacrylic acid). The HOMO - LUMO transition contributes
mostly to the first excited state transition (Table 4). For the H-1 MO, electron
density is delocalized over the entire molecule except the cyclopentane group.

For the designed complex molecule, the HOMO has the electron density only
on the indoline part, mainly on the benzene rings, indole unit and cynoacrylic
group adjacent to the linkage with lawsone. In the LUMO, the electron density is
located mostly on the lawsone part with a small contribution from the linkage.
In the L+1 MO, the electrons are concentrated on the indole unit and cynoacryl-
ic part, while in both end parts and cyclopentane no any electron density is ob-
served. The shape of the H-1 MO resembles that of HOMO since electrons are
located in the indoline moiety and absent on the lawsone part.

In the most probabale transitions, H > L + 1 and H-1 > L + 1, the excitons
formed are coupled via the new C-O-C bond between the indoline and lawsone
moieties. Thus the excitons’ size in the complex is enlarged compared to indi-

vidual molecules. Therefore we suggest that recombination processes might be

L+1,£=-1.02eV

eLUMO = -2.98 eV H-3,e=-7.49eV

E,=401eV g

eHOMO = -6.99 eV

(b) (c)

Figure 6. Frontier and adjacent MOs of lawsone molecule: (a) HOMO and LUMO; (b) H-3 MO; (¢) L + 1 MO.
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eLUMO =-2.32 eV

E,=280eV

eLUMO =-5.12 eV

(b)

Figure 7. Frontier and adjacent MOs of indoline D131 molecule: (a) HOMO and LUMO;
(b) H-3 MO.

hindered in the complex that in turn favours sensitizing efficiency of the dye.
Proper energy level alignment between semiconductor, sensitizer and electro-
lyte is among of the basic requirements for DSSCs [61] [62]. The simplest ap-
proach is to sketch the frontier MOs energy levels together with conduction and
valence bands of a semiconductor and redox potential of electrolyte. Neverthe-
less more strict approach is to implement the excitation energies obtained by
TD-DFT and calculate the excited state oxidation potentials (ESOPs) [62] [63]
[64]. The values of ESOP were found as sum of the ground state occupied MOs
energies and respective excitation energies, e.g. ESOP = e(HOMO) + E,,. The
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(©)

Figure 8. Frontier and adjacent MOs of complex molecule: (a) HOMO and LUMO; (b) L +
1 MO; (c) H-1 MO.
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calculated energies of frontier and adjacent MOs, excitation energies, energy
gaps between relevant MOs and ESOPs are shown in Table 5. As is seen the
energy gaps for each dye are systematically bigger compared to respective excita-
tion energies; the maximum difference between E, and E,, is observed for law-
sone dye, 0.60 eV and 0.74 eV for vacuum and chloroform solution, respectively.
Thus the ESOPs are lower compared to respective unoccupied orbitals.

The energy levels of the relevant occupied MOs and ESOPs of the molecules
under the study are shown in Figure 9; the results are compared with the va-
lence and conduction bands of semiconductors TiO, [63] [64] [65], ZnO [6] [65]
and redox potential level of the electrolyte [66]. According to photosensitizer
requirements, HOMO and LUMO levels of a dye must match conduction band
(CB) of semiconductor and redox potential of electrolyte; the HOMO level of the

Table 5. The energies of molecular orbitals {MO), excitation energies E,,, energy gaps E,,
and excited state oxidation potentials ESOPs; all values in eV.
MO &MO) Transition E,, E, E,— E, ESOP
Lawsone dye in vacuum

41, H-4 —7.46 H-4->L 4.45 4.58 0.13 -3.01

44, H-1 =7.02 H-1>L+1 5.40 6.00 0.60 -1.62
46, L -2.88
47,L+1 -1.02

Lawsone dye in chloroform

42,H-3 -7.49 H-3>L 4.38 4.51 0.13 -3.11

45, H —6.99 H->L 3.27 4.01 0.74 -3.72
46,L -2.98

47,L+1 -1.02 H->L+1 5.39 5.97 0.58 -1.6

Indoline D131 in vacuum

134, H -5.11 H->L 2.77 3.01 0.24 -2.34

135,L -2.10
Indoline D131 in chloroform

133, H-1 -5.90 H-1>L 3.28 3.58 0.30 -2.62

134, H -5.12 H-L 2.60 2.80 0.20 -2.52
135, L -2.32

Complex molecule in vacuum

174, H -5.18 H->L 1.89 2.2 0.31 -3.29
175,L -2.98

176,L +1 -2.18 H->L+1 2.76 3.0 0.24 -2.42

Complex molecule in chloroform

173, H-1 -5.89 H-1>L+1 3.20 3.48 0.28 -2.69

174, H -5.15 H->L 1.52 1.7 0.18 —-3.63
175,L -3.45

176,L +1 -2.41 H->L+1 2.54 2.74 0.20 -2.61
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Figure 9. Energy level diagram of the relevant occupied MOs, transition energies and
ESOPs of lawsone, indoline D131 and designed complex molecule computed for chloro-
form solution. The conduction and valence bands of TiO, [63] [64] [65] and ZnO [6] [65]
semiconductors and redox potential of the electrolyte 17/I; [66] are given for compari-

son.

sensitizer has to be lower than the redox potential for efficient dye regeneration,
while the LUMO must be slightly higher than the CB edge so that the electron
injection to semiconductor is energetically favorable [67].

In our case instead of LUMO we consider the ESOP energy levels (Figure 9).
The HOMO and H-1 levels of lawsone are far below the redox potential of the
electrolyte, whereas the ESOPs are above the CB edge of TiO, but only ESOP =
—1.6 eV is above the CB of ZnO. The HOMO and H-1 levels of the indoline and
designed molecule are below the electrolyte redox potential, while the ESOPs are
above the CB edges of both semiconductors. Therefore regarding the proper
energy levels alignment, the designed complex, lawsone and indoline satisfy the
requirement to be used as a photosensitizer for TiO, or ZnO semiconductors.
The designed complex is predicted to be better sensitizer as it possesses smaller
excitation energies (3.20, 1.52 and 2.54 eV) compared to the indoline (3.28 and
2.60 eV) and lawsone (4.38, 3.27 and 5.39 eV). Furthermore, the transition from
HOMO to the first excited state favours sensitization of TiO, as the respective
ESOP = -3.63 eV is close to the CB edge (4.0 eV). The transitions from H-1
and from HOMO to the second excited state are of high probability to be in-
volved in sensitizing the ZnO semiconductor, as the two corresponding ESOP
levels (—2.69 and —2.61 eV) are slightly above the CB of ZnO (-2.96 eV).

4. Conclusion

The complex molecule was theoretically designed via combination of natural
lawsone dye and synthetic metal free indoline D131 dye. The equilibrium geo-
metry structures, electronic and IR spectra of the individual dyes and complex
molecule were computed using DFT and TD-DFT methods; also the UV-Vis
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spectra of the individual dyes’ solutions and their mixture were measured and
analyzed. In the complex molecule, the formation of the link C-O-C between the
lawsone and indoline moieties is accompanied with slight change of the geome-
trical parameters of the moieties, but clearly exhibited in the IR spectrum of the
complex as the most intensive peaks originate from the new formed bond. Based
on thermodynamic approach, the complex formation reaction is found to be
endothermic and non-spontaneous. Compared to the individual dyes, in the
theoretical optical spectrum of the designed molecule the highest peaks are red
shifted. As for the experimental UV-Vis spectrum of the mixture, both the peak
intensities and wavelengths, in general refer to those of the individual dyes. The
electron density distribution over frontier and adjacent MOs and most probable
electronic transitions have been scrutinized. The electron excitations in the
complex bring to lager size of the excitons that might hinder electron-hole re-
combination. Also the complex possesses better energy level alignment with the
conduction band of the TiO, and ZnO semiconductors and redox level of the
I / I, electrolyte. Therefore we suggest the designed complex is a promising
sensitizer for efficient DSSCs with better PCE compared to that of the individual
dyes.
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