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Abstract: In the present study, thirteen triphenylamine-based organic dye sensitizers with donor-Tr-acceptor patterns
were created for utilization in dye sensitized solar cells (DSSCs). Theoretical computations such as DFT and TDDFT
were employed to analyse the molecular structure of the dyes. Optimization was attained using the DFT/B3LYP
approach with the 6-311++G (d,p) basis set to investigate structural and spectroscopic parameters. This study deals
with the effect of different 1-spacers. The electrochemical characteristics, electronic absorption spectra, energy
levels, injection energy, light harvesting efficiency (LHE), frontier molecular orbitals, and dye generation energy were
examined. All the created dyes are suitable for DSSC applications. The parameters such as low bandgap (2.30 eV),
high light harvesting efficiency (0.972), strong oscillator strength, broad absorption spectrum and high electron
injection energy made the dye P6 the best-performing one.
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1. Introduction

DSSCs have multiple features that include
simple working methods, low cost and easy to assemble
the cell [1]. Furthermore, DSSCs have pleasing
properties like transparency, flexibility, attractive colours,
non-hazardous and nature-friendly. DSSCs are low in
weight and possess efficiency to be superior to the
traditional solar cells which are silicon-based and can be
utilised both outdoors and indoors. DSSCs can be used
for outdoor purposes such as portable solar chargers for
camping, solar-powered devices, and solar-powered
vehicles, used as power sensors in irrigation systems
and in remote monitoring devices [2-5]. DSSCs are used
indoors instead of silicon-based solar cells because they
can be made with lesser-cost materials and methods,
which make them a good choice for collecting energy the
inside [6]. The working of a DSSC is replicates the
procedure of photosynthetic in plants. Light energy is
transformed to electrical energy by dye sensitizers in
DSSC. For this purpose, the dye molecules should be
attached to the working electrode which is usually an
array of semiconductors. The electron present in the dye
needs to be injected in the semiconductor's conduction
band in order to generate photocurrent [7].

Donor-mr-Acceptor  structured dyes have
become popular owing to their convenient preparation
and purification steps, high molar absorptivity, wider
absorption spectra and ability to adjust the structure for
specific features [8]. Several dyes have been made by
changing the acceptor, donor and 1-spacer to enhance
the electron injection [9-11]. The donor groups are
responsible of light collecting which is in accountable for
highest occupied molecular orbital (HOMO) [12],
oxidation potential and dye generation driving force [13],
the acceptor groups have been assigned for managing
lowest unoccupied molecular orbital (LUMO) [14] which
controls electron injection into the conduction band
[15,16]. The m-bridges are crucial for intramolecular
charge transfer [17]. Triphenylamine has been analysed
commonly due to the remarkable hole-transport
characteristics, electron-donating capacity [18] and the
best conversion efficiency [19]. Cyanoacrylic acid is an
appropriate acceptor part because of its excellent
binding capacity to the titanium dioxide surface [20].
Thiophene and its derivatives are often chosen as dyes
in both organic solar cells and DSSC based on their
excellent light absorbing characteristics in the near-
infrared and visible regions of the electromagnetic
spectrum [21], smaller energy gap, best power
conversion efficiency (PCE) and best carrier transport
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ability [22]. Cyanovinyl has a good electron-withdrawing
nature that boosts charge transfer and lowers the band
gap [23, 24] and it also stabilizes the LUMO level [25]
and good option for m-spacer. Donor parts such as
coumarin [26], carbazole [27], indoline [28, 29],
phenothiazine [30], tetrahydroquinoline [31, 32],
phenoxazine [33], cyanine [34], merocyanine [35] are
employed frequently in the D-1r-A pattern and used for
strong photovoltaic sensitizers.

The theoretical methods such as DFT and
TDDFT minimize the expense and time required for the
development of innovative dyes experimentally by
selecting the effective candidates prior to synthesis. By
utilising simulations researchers can visualize frontier
molecular orbitals and understand the functioning of
electron transfer which is essential for boosting charge
injection as well as the dye regeneration process in
DSSCs [36, 37].

In this work, we discuss the computational
investigations of a few organic dye molecules based on
triphenylamine for usage in DSSC applications. The -
linkers in the sensitizer molecule include cyanovinyl,
ethylene, and thiophene subunits, while the acceptor
group is cyanoacrylic acid and the donor group is
triphenylamine. The effects of r-spacer arrangements in
the sensitizer are investigated. The electrical and optical
properties and ground state optimised structure of
thirteen organic dye molecules are investigated for
DSSC applications using theoretical methodologies.

This study presented novel modifications of 1r-
linkers and analysed their effect on the Frontier
molecular orbitals of the dyes, absorption spectra,
bandgap energies and charge transfer characteristics.
The results demonstrated a direct correlation between
the number and position of 1-spacers which led to the
stabilization of LUMO, the destabilization of HOMO and
a significant reduction of the band gap that has not been
previously reported.

2. Methods

DFT and TD-DFT approaches are considered
crucial techniques for studying the electrical as well as
optical features of dye sensitizers and that was applied
to analyse the optoelectronic features. The Gaussian 09
W package was the software used for all the
computations in the present study [38]. Using B3LYP
[39] functional and 6-311++G(d,p) [40] basis set the
optimised structure in the gas phase of the dyes was
performed [41]. To simulate the solvent environment the
polarizable continuum model of the SCRF [42]
procedure in the solvent (chloroform) phase was
employed ensuring accurate results compared to
experimental data. The frequency computations were
performed with an exact theoretical level and shown to

be in the ground state that has the smallest potential
energy for all the molecules. To draw molecular
structural images the Gauss View 5.0 [43] program
package was employed.

2.1 Geometrical structure of the dyes

Triphenylamine serves as the donor group and
cyanoacrylic acid serves as the key acceptor group in
the D-m-A (donor-tr-acceptor) structure. The mr-linker
configurations are cyanovinyl, thiophene and ethylene
used to design new dyes. The optimized D-1-A
configurations are displayed in Figure 1. The 1 spacer
combinations of thirteen dyes were shown in Figure2.

3. Results and Discussion
3.1 Analysis of Frontier Molecular Orbital (FMO)

The electron acceptor's LUMO and the electron
donor's HOMO in electronic excitation are crucial
parameters for electron transfer [44]. The analysis of
FMO plays an important role in electrical and optical
characteristics [45]. The HOMO and LUMO of dye
sensitizers are displayed in figure 3. The HOMO is
localized across the donor unit (triphenylamine) and has
a negligible effect in the COOH group and small
distribution on 1r-spacers in all dye sensitizers. Each dye
sensitizer's LUMO is localized across the acceptor's OH
group (cyanoacrylic acid) and m-bridge. The HOMO and
LUMO are linked to dyes' electronic excitation [46] as
well as transition properties [47]. Table 1 lists the energy
Eigen values for the HOMO and LUMO. Both the LUMO
and the HOMO should have well-overlapping orbitals
and a good electron separated state. An atom with
higher densities of HOMO should be capable of
removing electrons more easily than one with higher
densities of LUMO, which makes it simpler to acquire
electrons. This process is quite evident in the energy
spectrum for the gas phase given in Figure 4. It can be
mentioned that all dyes are advantageous for DSSC
applications.

3.2 Electronic structure of the sensitizers

The HOMO and LUMO play essential roles in
the photoexcitation process. Figure 3 illustrates the
distribution of electron density of designed sensitizers in
gas phase. The electron density distribution for each
dyes show that the HOMO electron density is primarily
localised in the donor and Tr-spacer groups, while the
LUMO is mostly localised in the acceptor group and Tr-
linkers. It implies that the energy levels that are well-
separated during photoexcitation allow an efficient
intramolecular charge transition.
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Figure 1. Optimized molecular structure of designed sensitizers
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Figure 2. The 1 spacer combinations of dyes
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Table 1. HOMO-LUMO and band gap values of dye sensitizers

Dye Gas phase Solvent phase
HOMO (eV) | LUMO (eV) | Band Gap (eV) | HOMO (eV) | LUMO (eV) Band Gap (eV)

P1 -5.67 -3.07 2.60 -5.68 -2.59 3.09
P2 -5.26 -2.6 2.66 -5.42 -2.85 2.57
P3 -5.57 -2.72 2.85 -5.52 -2.8 2.72
P4 -5.86 -3.04 2.82 -5.78 -3.08 2.70
P5 -5.38 -2.77 2.61 -5.36 -2.98 2.38
P6 -5.49 -3.19 2.30 -5.48 -3.25 2.23
P7 -5.48 -2.84 2.64 -5.53 -3.16 2.37
P8 -5.61 -3.03 2.58 -5.61 -3.24 2.37
P9 -5.3 -2.81 2.49 -5.3 -2.97 2.33
P10 -5.72 -3.18 2.54 -5.64 -3.14 2.50
P11 -5.17 -2.68 2.49 -5.3 -2.98 2.32
P12 -5.49 -2.87 2.62 -5.41 -2.94 2.47
P13 -5.85 -3.47 2.38 -5.84 -3.41 2.43

The results from Table 1 indicate that increasing
the number of T-linkers in the (D-11-A) pattern results in
a decreased band gap energy which is caused by the
expanded Ttr-conjugation as well as the overlap of
neighbouring r-orbitals. The P5 and P9 structures have
the identical Tr-spacer configuration and chemical
formula, whereas configurations P6 and P7, P8 and P10
also follow the same protocol but their band gap, LUMO
and HOMO energies in the sensitizer are different from
one another. Figure 4. shows the dye sensitizers’
HOMO-LUMO energy level in the gas phase. The dyes’
band gap energy in the gas phase falls between 2.30 eV
and 2.85 eV, in the order P6<P3<P11=P9<P10<P8
<P1<P5<P12 <P7<P2<P4<P3. The dyes’ band gap
energy in the solvent phase falls between 2.23 eV and
3.09 ev, in the order
P6<P11<P9<P7=P8<P5<P13<P12<P10<P2<P4<P3<P
1. The band gap of all the created dyes except P1 was
less in the solvent phase compared to the gas phase.

3.3 Electronic Absorption Spectrum

The electronic absorption spectra and optical
characteristics of the organic dye sensitizers may now
be accurately simulated using the TD-DFT calculation.
Figure 5, which depicts the gas phase, displays the
simulated electronic absorption spectra of all 13 dyes.
The dyes that absorb the maximum wavelengths (4,,,4x)
for the dyes in the gas phase are provided in table 2. The
AmaxValues of the synthesised dyes range from 359 nm
to 454 nm. P6 exhibits highest A,,,,value (454 nm). The
spectrum of absorption Figure 5 displays a red shift due
to the 1r-orbital overlap and resonance conjugation. The

range of electronic absorption spectrum of all the dyes
in gas phase cover ranges from 200 nm to 650 nm that
is sufficient for the sensitizer to absorb more sunlight. P6
is a dye sensitizer that has a broadening region than
other dyes that are designed. The Amax values in the gas
phase of the 13 dye sensitizers are arranged as follows:
P6>P7>P9>P8>P13>P11>P5>P10>P4>P12>P2>P3>P
1.

3.4 The oscillator strength (OS) and
harvesting efficiency (LHE)

light

Table 2, 3 lists the absorption spectral aspects
of the 13 dyes in gas phase and solvent phase
respectively. The main transition in all triphenylamine
dyes is HOMO—LUMO. In all 13 configurations the
HOMO—LUMO transition makes a larger contribution.
This demonstrates how efficient the sensitizer is.
Regardless of whether a transition is permitted or not,
the oscillator strength takes it into account and indicates
the intensity of the spectral band. All the 13 dye
sensitizers have high oscillator strength values ranging
from 0.985 to 1.978 in the gas phase and 1.117 to 2.119
in the chloroform phase.

The PCE is an essential measure to evaluate
the efficiency of DSSCs [48]. The oscillator strength is
used to compute the dyes' LHE. The 13 dye sensitizers'
LHE values were determined using the equation LHE=1-
10 [49] in which f represents the oscillator strength at
the maximum wavelength. To improve the photocurrent
performance, higher LHE values are essential [50].
Triphenylamine dye sensitizers have greater LHE values
in the 0.897 and 0.999 range. The outcomes
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demonstrate that the created sensitizers' light harvesting
efficiency is suitable for DSSC applications.

3.5 Charge transfer properties

The dye regeneration driving force AGregen iS
obtained from the change in HOMO energy and Eqy° of

the electrolyte. The driving force of electron injection

which is represented by A G, is Obtained by the
change in dyes‘excited state energy and the energy of
the conduction band of the semiconductor. The electron
injection rate is closely linked to the oscillator strength
(f). It is suitable to conclude that the electron injection
ability from the excited state approaches to a unit in
circumstances where AG™®¢tis larger than 0.2 eV [51].

Absorbance

LI L L L LI |

L T

—— T -
250 300 350 400 450 500 550 600 650 700 75

Wavelength (nm)

Figure 5 Electronic absorption spectrum of dye sensitizers in gas phase

Table 2. The absorption spectral aspects of six dyes in gas phase

Dye | Energy (eV) | Amax (nm) | Oscillator strength | Electronic contribution | Light harvesting efficiency
P1 | 3.45 359 0.985 H—L (93%) 0.897
P2 | 3.08 403 1.158 H—L (83%) 0.931
P3 | 3.17 391 1.399 H—L (91%) 0.961
P4 | 2.95 420 1.498 H—L (93%) 0.969
P5 | 2.90 428 1.477 H—L (80%) 0.967
P6 | 2.73 454 1.542 H—-L (84%) 0.972
P7 | 2.76 450 1.408 H—L (85%) 0.961
P8 | 281 442 1.898 H—L (92%) 0.988
P9 |2.80 443 1.446 H—L (82%) 0.965
P10 | 2.94 422 1.925 H—L (91%) 0.989
P11 | 2.86 434 1.546 H—L (70%) 0.972
P12 | 2.97 417 1.881 H—L (90%) 0.987
P13 | 2.81 441 1.978 H—L (93%) 0.990
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Table 3.The oscillator strength values of dye sensitizers both in gas and solvent phase

Dye | Gas Phase Solvent Phase
Amax | Oscillator strength Amax | Oscillator strength
P1 | 359 |0.985 382 1.117
P2 403 | 1.158 427 1.270
P3 391 |1.399 420 1.536
P4 420 | 1.498 433 1.642
P5 428 | 1.477 456 1.601
P6 454 1.542 487 1.680
P7 450 1.408 477 1.522
P8 442 | 1.898 482 2.033
P9 443 | 1.446 472 1.544
P10 | 422 | 1.925 455 2.068
P11 | 434 | 1.546 459 1.654
P12 | 417 | 1.881 451 2.017
P13 | 441 | 1.978 479 2.119

Table 4. Electrochemical aspects in the gas phase

Dye E®¢ (eV) | Amax (NM) EQa)(eY) | EZe(ev) | AG™et(eV) | G o™ (eV)
P1 5.67 359 3.45 2.22 -1.78 0.82
P2 5.26 403 3.08 2.18 -1.82 0.41
P3 5.57 391 3.17 2.40 -1.60 0.72
P4 5.86 420 2.95 2.91 -1.09 1.01
P5 5.38 428 2.90 2.48 152 053
P6 5.49 454 2.73 2.76 -1.24 0.64
P7 5.48 450 2.76 2.72 -1.28 0.63
P8 5.61 442 2.81 2.80 -1.20 0.76
P9 5.3 443 2.80 2.50 -1.50 0.45
P10 5.72 422 2.94 2.78 1.22 0.87
P11 5.17 434 2.86 2.31 -1.69 0.32
P12 5.49 417 2.97 252 -1.48 0.64
P13 5.85 441 2.81 3.04 -0.96 1.00

To efficiently inject charge, the dye's LUMOs are
positioned above the conduction band edge [52].

TheEg,yf, )\max, E(/’l{ggx), Eg);;e*’ AGinjECt, and Gregen for 13

dye

dyes were computed by TD-DFT in gas phase and been

listed in table 4. The evaluated AG™et values are
negative, indicating that the suggested sensitizers
undergo spontaneous processes for both dye
regeneration and charge injection [53]. Sufficient driving
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force is crucial for dye regeneration and decrease the
loss of electrons even further. It is discovered that all dye
sensitizers have a higher regeneration driving force
(4Gyeq), which improves their inherent capacity to absorb
electrons.

EX°® -Redox potential of the iodide/triiodide

electrolyte, E2¥** -Oxidized potential of the dye in the
excited state, AGj, e - driving force of electron injection
and AG,4.n-driving force of regeneration

4. Conclusion

The study of thirteen organic dye sensitizers
incorporating  triphenylamine  donor  fragments,
cyanoacrylic acid functioning as the acceptor and
varying Tr-conjugated spacers reveals their capability for
DSSC applications theoretically. The band gap energies
of all the dyes span from 2.30 eV to 2.85 eV in the gas
phase and from 2.23 eV to 3.09 eV in the chloroform
phase. The dyes show enhanced electron transfer
because of the HOMO distribution in the triphenylamine
donor and LUMO localization across the cyanoacrylic
acid acceptor and m-linkers. In the gas phase the
oscillator strengths crucial for light absorption fall within
the range of 0.985 and 1.978 and the light harvesting
efficiencies between 0.897 and 0.999. The dyes’ HOMO
lies below the reduction potential of the electrolyte
( I"/17 ), indicating the sensitizers' preferential
thermodynamic regeneration. The findings demonstrate
that all the dye sensitizers that were designed have the
potential to be effective sensitizers for DSSC
applications. P6 is prominent due its minimal band gap
(2.38 eV in gas phase, 2.23 eV in solvent phase), higher
Amax (454 nm), and greater LHE (0.972) making it the
leading dye for DSSC purposes. P6 assures effective
charge transfer and reduces recombination of electrons
with its desirable electron injection energy and
significant dye regeneration driving force.
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