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| Six novel dye molecules were developed from D-mt-A system and their suitability for dye sensitized solar cells (DSSCs) was evaluated
using density functional theory (DFT). All the calculation were performed using B3LYP/6-311++ G (d.p) level basis set. The intermolecular

| charge transfer was examined using Frontier molecular orbitals. The absorption spectra, light harvesting efficiency (LHE) and the electron |

| injection energy (AGiy.) for all the designed dyes were calculated to compare their photovoltaic performance. All of these dyes developed |

| in this study show great potential as a DSSC sensitizer. |

|
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INTRODUCTION v cH,

AD

Due to its low production cost, the dye-sensitized solar

cell (DSSC) is being studied as a potential future alternative %
energy source [1,2]. The DSSC can convert light energy to an

electrical energy [3,4]. The photosensitization effect of the <D>
dye pigment influences the light absorption spectrum [5,6].
Due to their numerous benefits, such as low cost, a wide range
of specific functional groups, a high molar extinction co- Q)
efficient, an easy technique of extraction and environmental

friendliness, natural dyes are rapidly gaining appeal as an alter-
native to noble metal complexes. There is a push-pull structure ()

A

(D-m-A) in natural dye sensitizers, where an electron donor (D)
is linked to an electron acceptor (A) via T-conjugated system

(o]
[7-9]. The photovoltaic efficiency of DSSC is affected by the HC=N N//
structure of the organic dye used. By switching up the electron \ %

donor group, T-conjugated system, or acceptor group, D-n-A Tio:

dyes can take on a wide range of optical and electronic prop-

. Fig. 1. Different parts of AD-D-n-A system. AD = auxiliary donor, D =
erties. donor, m = pi-spacer, A = acceptor
In this theoretical study, a new organic dye-sensitized solar

cell (DSSCs) having a D-1t-A structure with a triphenylamine  designed. The structure of malvidin and newly designed dyes
(TPA) and diphenylamine (DPA) moiety as an electron donor (D) are shown in Fig. 2 and 2a. Malvidinis the basic structure of
and cyano and nitro as an electron acceptor (A) and malvidin  the anthocyanidin. The anthocyanidins (also known as agly-
as a T-conjugated system is designed, which are shownin Fig. 1. cons) are composed of three separate aromatic rings bonded
By altering the molecular structure of malvidin, new dyes were  together through carbon-carbon bonds. One of these aromatic
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Mal: R;=C;H{)N; R, =CN

Ma2: R;=C;gH{4N; R, =NO,

Maa3: R1 = C12H10N; Rz =CN

Ma4: R, =CgHyN; R, =NO,

Ma5: R;=C;gHyN; R, =CN; R=CH;
Ma6: Rl = C18H14N; Rz = NOz; R= CH3

Fig. 2a. Chemical structure of newly designed dyes

rings is linked to an oxygen-containing heterocyclic ring [10].
Malvidin is abundantly present in all grape varieties and can
be considered as the main component, which is responsible
for the colour of red grapes and red wine [11]. The most effec-
tive strategy to get around difficulties in experimental synthesis
and investigating the possibilities that reduce the material
manufacture and processing cost is to utilize theoretical techni-
ques. DFT is a viable solution for these challenges since it inves-
tigates the electronic structure and spectroscopic character-
istics. In this work, the electronic structure, absorption spectra
and photovoltaic properties were calculated by using DFT and
TD-DFT methods [12].

COMPUTATIONAL METHODS

The density functional theory with B3LYP/6-311++G(d,p)
basis set was used for all calculation in gas and solvent phase
[13,14]. The excited state energies, electron absorption spectra
and oscillator strengths (f) were investigated by employing
CAM-B3LYP/6-311++G(d,p) basis set. In DFT calculations,
the lowest-lying excitation energy is best estimated by
considering in the long-range correction. Hence, the CAM-
B3LYP is the method of choice for simulation of absorption
spectrum [15]. All calculations in the solvent phase adopted
the polarizable continuum model (PCM) [16]. The solvents
used for these calculations were dimethylformamide (DMF)
and dichloromethane (DCM). All computations were per-
formed in Gaussian 09 and GaussView Version 5.0 was used
to display the models of electron density at various energy
levels [17].

RESULTS AND DISCUSSION

Frontier molecular orbitals: To determine whether the
suggested dyes satisfy the DSSC photosensitizer criteria, the
highest occupied molecular orbital (HOMO) and lowest unocc-
upied molecular orbital (LUMO) for each dye could be comp-
uted at the B3LYP/6-311++G(d,p) level of theory [18]. The
intramolecular charge transfer (ICT) behaviour in the DSSC
devices can be understood from the structures of HOMO and
LUMO. The HOMO, LUMO and energy gaps of the designed
dyes are reported in Table-1, while the distribution patterns of
HOMO and LUMO of malvidin and newly designed sensitizer,
Mal-Mab are depicted in Fig. 3 for gas phase.

In malvidin, the HOMO is delocalized over the entire
molecule. The LUMO of malvidin is dispersed throughout
the molecule. The HOMOs are localized on the donor part,
for designed dyes Ma4-Ma6 whereas for dyes Mal-Ma3, the
HOMOs are localized on part of donor and m-spacer. The
electron density of the LUMO is mainly localized on the electron
acceptor fragment with delocalization onto the rt-linker for all
designed dyes. It is desirable to have such electron density
distribution for effective electron injection and charge separa-
tion.If the dyes are effective sensitizers as anticipated, it is
because of the charge transfer from donor to acceptor through
the mt-spacer. Spontaneous charge transfer from the dye excited
state to conduction band of TiO, require more positive LUMO
energy than E' (-4.0 eV), while the spontaneous charge
regeneration needs more negative HOMO energy than the

TABLE-1
Euuonor Euoso AND ENERGY GAP (E,) OF DYES IN eV AT B3LYP/6-311++G (d.p) LEVEL OF THEORY
Gas phase DMF DCM
Dye HOMO LUMO E., HOMO LUMO E,, HOMO LUMO E,,
Malvidin  -9.2059 65720 26335 6.4837 35728 29108 ~6.7204 -3.8463 2.8740
Mal 75136 -6.6227 0.8909 47884 -3.8833 0.9050 -5.0439 41418 0.9020
Ma2 -7.6189 -6.7092 0.9096 -4.8651 -3.9478 0.9175 -5.1255 -4.2085 0.9170
Ma3 74676 -6.5977 0.8699 -4.8651 39775 0.8876 51160 -4.2308 0.8851
Ma 4 76350 -6.5062 1.1287 -4.9639 38218 11420 -5.2224 -4.0822 1.6705
Ma s -7.5074 -6.3735 1.1339 -4.9587 38142 1.1445 -5.2023 -4.0599 11423
Ma 6 75332 -6.3979 1.1352 -5.2268 4.0852 1.1415 -5.2268 4.0852 1.1415
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Fig. 3. HOMO and LUMO distribution pattern of malvidin based dyes at DFT/B3LYP/6-311++G (d,p) level of theory in gas phase
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reduction potential energy of the I/I*~ electrolyte (-4.8 eV).
Each of the newly developed dyes has a LUMO which is higher
than the conduction band energy (E.,) of TiO,, while each of
their HOMOs is lower than the redox potential energy of the
electrolyte in DMF solvent phase.

HOMO-LUMO energy gap: The metal-free organic dyes
depend their functionality to intramolecular charge transfer
(ICT) between the donor and anchoring group via the mt-spacer.
This feature is influenced by the molecule’s energy gap, which
also influences the photocurrent [13]. The smaller the energy
gap, the easier it is to move electrons from HOMO to LUMO
levels by absorption of light energy of the appropriate wave-
length [19]. The HOMO and LUMO energy gap of the dyes
in gas and solvent phases are shown in Table-1. In comparison
to the other dye derivatives, the Ma3 dye has the smallest energy
gap. This indicates that an electron can readily to be transferred
from HOMO to LUMO. As a result, when compared to other
dye molecules investigated, Ma3 dye appears to be a viable
candidate for use in DSSC. Short-circuit current density and
power conversion efficiency in DSSCs are improved when the
HOMO-LUMO energy gap is small, as more photons are abso-
rbed and excited into the LUMO molecular orbitals. The calcu-
lated energy gapvalues range from about 0.8699 eV to 1.1415
eV, denoting that all these dyes Mal-Ma6, has the potential to
be used in DSSCs.

Effect of solvent on HOMO-LUMO energies: By using
the solvation effect in DFT calculations of HOMO and LUMO,
the differences between experiment and computational are
minimized. According to Ekanayake et al. [20], there are no
major shifts in the band gap when the solvation effect is calcu-
lated, although the absolute values of the HOMO and LUMO
do shift. This suggests that the band gap is unaffected by vacuum
and hence the computations result in an over-estimation of
the energy level. Similar performance was seen between
malvidin and the newly developed dyes in this study. Solvents
have a higher HOMO energy than gases do. Its LUMO energy
is less in the gas phase than it is in the solvent phase. Further-
more, DMF and DCM are aportic polar solvents; they raise the
value of HOMO and LUMO energy. The calculated energy gap
in the solvent phase is lower than in the gas phase as a result
of these effects. The energy level diagram of HOMO, LUMO,
conduction band energy of (E.,) of TiO, and redox potential
energy of the electrolyte in gas and solvent phase are shown
in Figs. 4-6.

Free energy change of electron injection and oxidation
potential: Both the excited state oxidation potential of the
dye and the free energy shift for electron injection onto a
titanium dioxide (TiO,) surface were calculated using the the
following mathematical equations. The following equation was
used to calculate the free energy change for the process of
electron injection [21]:

AG™ =EX —Ey" (1)
where E®*" is the excited state oxidation potential of the dye
and E?BOZ is the energy of conduction band of TiO, semicon-
ductor (4.0eV). The E&*" can be determined by the following
equation [21]:
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Fig. 4. Schematic energy diagram (E nomo and Evumo) of the dyes in gas phase

3.0
b 35728
3.5 —A 3883 38218 38142
1 7o, —- 3.9;\78 39775 ; 5 aosm2
] Y ! H
401 — N i : KR
-’ e H i
Malvidini Mat | Ma2 | Maz | Ma4 | Ma5 | mas
45— 1 i i ! ! i
. | ! ! ' ! H -5
s 4 -~ v i v Y m
© 50— 47884 —— . A 48
@5 48651 48651  4gga9  4.9587 :
w E ’
5.5
6.0
6.5 6.4837
7.0

Fig. 5. Schematic energy diagram (E nomo and E rumo) of the dyes in DMF
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Fig. 6. Schematic energy diagram (E nomo and E rumo) of the dyes in DCM

Egie* — Eiie _ ?\’ICT (2)

where E&° is the oxidation potential energy of dye in ground
state (EQ¥° =—Enowmo) and AT is the vertical transition energy
corresponding to Ama. The ground state (ES°) and excited state
oxidation potential (E&*") and the electron injection free energy
change (AG™*) are computed in gas phase as well as in solvent
phase are presented in Table-2. The AG™*' values are negative
for all newly designed dyes. In malvidin and newly designed
dyes AG™* value in gas phase showed endergonic type electron
injection. The value of AG™* ismore negative than malvidin
for all newly designed dyes in solvent phase. In all designed
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TABLE-2

CALCULATED ABSORPTION MAXIMA (A,,,,), INTRAMOLECULAR CHARGE TRANSFER ENERGY (AT) , OXIDATION POTENTIAL
(E&") , ELECTRON INJECTION ENERGY (AG™*y OF MALVIDIN BASED DYES AT B3LYP/6-311++G (d,p) LEVEL OF THEORY

Gas phase DMF DCM
Y hw  MZ B AG™ | M M2 B A& | . MR BN g™
Malvidin ~ 546.15  2.2702  6.9357  2.9357 | 489.63 25322 39515 -0.0485 | 497.22 24936  4.2268  0.2268
Mal 734.60 1.688 5.8258 1.8258 | 639.87 1.9376 ~ 2.8508  -1.1492 [ 656.47 1.8887  3.1552  -0.8448
Ma2 742.72 1.6693  5.9496 1.9496 | 693.69 1.7873  3.0778  -0.9222 | 713.17 1.7385 3.387 -0.613
Ma3 779.79 1.5941 5.8735 1.8735 664.7 1.8653 29998 -1.0002 | 683.03 1.8152  3.3008  -0.6992
Ma4 795.40 1.7187  5.9163 1.9163 | 735.16 1.6865 32774  -0.7226 | 756.80 1.6383  3.5841  -0.4159
Ma5s 721.84 1.7176  5.7898 1.7898 | 660.29 1.8777  3.0810 -0.9190 | 670.64 1.8488  3.3535  -0.6465
Ma6 725.36 1.7093  5.8239 1.8239 | 694.56 1.7851 3.4417  -0.5583 | 676.28 1.8333  3.0785 -0.9215

dyes viz. Mal Ma2, Ma3, Ma4, Ma5 and Ma6, the AG™*" was
improved in gas phase as well as in solvent phase (Table-2).
The AG™* is negative for all studied dyes in solvent phase.
Since the excited state of the dye would be above the edge of
the conduction band in TiO,, this reveals the spontaneous
nature of the electron injection process [18].

Absorption properties: The UV/visible absorption spectra
of all the sensitizers simulated in gas and solvent phase at the
TD-DFT/CAM-B3LYP/6-311++G(d,p) level are shown in Fig. 7.
The computed maximum absorption wavelength (Ay.x),

absorption energy, oscillator strengths (f) are summarized in
Table-3. It is demonstrated that all the six designed dyes Mal—
Ma6 exhibited strong absorption in the visible spectrum.
Absorbance in visible region is required for high efficiency of
DSSCs. The presence of electron donor benefits the red shift.
As for Mal-Mab6, the maxima of absorption peaks for all the
designed molecules have a red-shift when compared with the
reference molecule malvidin (546.15 nm). For newly designed
sensitizers Mal-Ma6, extraordinary red shifts can be seen in
the absorption spectra at 734.60 nm, 742.74 nm, 779.79 nm,
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Fig. 7. Stimulated UV-visible absorption spectra of dyes calculated in (a) gas phase (b) DMF (c) DCM at CAM-B3LYP/6-311++ G(d,p) level

of theory

TABLE-3
MAXIMUM ABSORPTION WAVELENGTH (A,,,,), LIGHT HARVESTING EFFICIENCY (LHE), AVERAGE
LIGHT HARVESTING EFFICIENCY (LHE,,,), OSCILLATOR STRENGTH (f) OF MALVIDIN BASED
DYES AT CAM-B3LYP/6-311++ G(d,p) LEVEL OF THEORY

D Gas phase DMF DCM

e o f LHF  LHE,, | A f LHF  LHE,, | A £ LHF  LHE,,

Malvidin 44974 02049 03761 02922 | 386.75 02019 03717 03344 | 390.34 02502 04379  0.3580
35891 0.1015  0.2084 35162 01519 0.2951 35334 0.1424 02778

Mal  590.82 00602 0.1204 03336 | 50895 02908 04880 05065 | 521.51 02284 04089  0.4942
47832 03352 0.5378 45364 03234 05251 461.00 03763  0.5795

Ma2 49661 03106 05108 03348 | 600.89 0.0749  0.1584 02880 | 48498 04828  0.6709  0.4939
353.67  0.0752  0.1589 4387 02348 04176 35090  0.1656  0.3170

Ma3 62936  0.6089 07539 04665 | 518.10 0.1553 03006 04192 | 70347 0.1329 02636 03772
42884 00858  0.1792 4703 03352 05378 45296 02932 0.4909

Mad 76281  0.1265 02527 02390 | 583.63 0.0911 0.1892 02808 | 44638 02157 03914 03404
56411  0.0406  0.0892 44778 02008 03702 323.88  0.1484  0.2894

MaS 45000 0.1778 03359 03840 | 44502 02082 03808 03566 | 44748 02001 03691  0.3412
32107 02458 04321 32474 01756 03325 30535 01632 03132

Ma6  449.14  0.1503 02925 02319 | 441.81  0.1568 03017 02858 | 44354  0.1202 02573 02324
32812 0.0817  0.1714 30093 01367 0.2700 318.68  0.1011  0.2076

*Oscillator strength > 0.1 are shown
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721.40 nm, 721.84 nm and 725.36 nm in the gas phase. It is
expected that designed Mal-Ma6 dyes will be able to produce
more light at the longer wavelength, which is beneficial for
further increasing the photo-to-electric conversion efficiency
of the corresponding solar cells due to the absorption shift to
greater wavelengths favouring the illumination process. The
absorption peaks has shown hypsochromic shift in the solvent
phase as compared to gas phase. The decrease in absorption
wavelength (UV-Vis) in thesolvent phase (Fig. 7) is due to the
addition of polar solvent [13,14]. As a result, it is concluded
that introducing electron donor and acceptor units to improve
the absorption spectra is a validating step.

Light harvesting efficiency (LHE): The light harvesting
efficiency (LHE) measures the dye’s ability to respond to light.
To maximize the photocurrent response, the LHE of the dye
sensitizer should be as high as feasible, as calculated by the
following equation [22]:

LHE=1-10" 3)

where ‘f” is the oscillator strength of dye and is the wavelength
where the peak absorbance is achieved through intramolecular
charge transfer. The oscillator strength is directly obtained from
TD-DFT calculations. The maximum oscillator strength (f)
and LHE for malvidin and newly designed dyes are reported
in Table-3. Only the transitions with considerable oscillator
strengths are shown. All newly designed dyes have increased
the light absorption effectiveness in comparison to malvidin.
Because of this, the designed dyes may generate more electri-
city from sunlight.

Open circuit voltage: The open-circuit voltage (Voc) of
a DSSC is proportional to the potential energy gap between
the redox potential of the electrolyte and the quasi-Fermi level
of electron in the TiO, conduction band [23]. The Fermi level
is defined by the potential of the conduction band (Ecg) and
the electron density in the TiO,. However, eqn. 4 can be used to
calculate the (Voc) of the DSSCs system based on the electron
injection from the dye’s LUMO level to the conduction band
of TiO; [23]. The calculated (Voc) values of the investigated
dyes are listed in Table-4.

Voc = ELUMO_ Ecb (4)

Since V.. is directly proportional to the power conversion
efficiency of the solar cell. The maximum open circuit voltage
was calculated for Ma5 dye molecule, which has a value of
0.1858 eV in DMF solvent phase and can be considered the
most efficient DSSC sensitizer.

Electron coupling constant: Using the extended Mulliken-
Hush (GMH) formalism, Vg for a photo-induced charge transfer
can be evaluated [13], where Vrp is the electronic coupling
term and can be evaluated as follows [24]:

AE
Vip = ZRP ©)

The injection driving force can be expressed within
Koopman’s approximation as:

AEy, = I:EdLyUcMO + ZEgy(;MO ] - [Eiyucmo + Eilytgmo + ngé j| (©)
where E"®: is the conduction band edge. It is challenging to

CBO )
measure accurately EN% because it is highly sensitive to the

operating conditions. C'Il‘gﬁus, we have used Eloz = —4.0 eV
[25], which corresponds to experimental conditions in which
the semiconductor is immersed in aqueous redox electrolytes
with a constant pH of 7.0, whereas the HOMO energy is related
to the potential of the first oxidation i.e. (Efs,,, = ES¢).

AEy, =[ Egx +Eoy | (M)

In other words, a better sensitizer would have a greater
Vre since a larger Vgp leads to a higher rate constant [13].
Strong electrical interaction with the TiO, surface is promoted
by the presence of NO, anchoring group and the cyano group
of the LUMO.

Conclusion

For dye-sensitized solar cells, six novel organic D-mt-A
systems were designed by altering the moelcular structure of
of malvidin. All of these dyes have been studied with TD-DFT
calculations to determine their optimum properties. Both gas
and liquid phases were studied to learn more about the opto
electronic, electrochemical, and photovoltaic properties of the
material. All of the designed sensitizers have HOMO and LUMO
energy levels which are well-matched to the redox pair and
the TiO, conduction band. The insertion of an electron source
and acceptor caused a significant red shift in the value of A™
for all six of the newly designed dyes, Mal-Ma6. When comp-
ared to malvidin, both the light harvesting efficiency (LHE)
and the free electron injection (AG™*") were enhanced. This
study demonstrated that improving electron injection and light
harvesting efficiency can be achieved by adding an electron
source and acceptor to a T-bridge. As a result of present studies,
it is suggested that the novel designed dyes had potential as
DSSC materials.

TABLE-4
OPEN-CIRCUIT VOLTAGE (V,.) IN eV AND ELECTRON COUPLING CONSTANTS (IVgpl) OF MALVIDIN BASED DYES
Gas phase DMF DCM
Dye
Ve Vel [Vl Ve Vel

Malvidin -2.5720 2.6029 0.4272 1.2418 0.1537 1.3602

Mal -2.6227 1.7568 0.1167 0.3942 -0.1418 0.5219

Ma2 -2.7092 1.8094 0.0522 0.4325 -0.2085 0.5627

Ma3 -2.5977 1.7338 0.0225 0.4325 -0.2303 0.5580

Ma4 -2.506 1.8175 0.1782 0.4819 -0.0822 0.6112

Ma5 -2.3735 1.7537 0.1858 0.4793 -0.0598 0.6011

Ma6 -2.3979 1.7666 -0.0852 0.6134 -0.0852 0.6139
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