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Abstract. Theoretical analysis on geometries, optoelectronic properties, photovoltaic properties
and absorption spectra on six π-conjugated molecules used in organic bulk heterojunction solar
cell (BHJ), completed using density functional theory (DFT) and time-dependent DFT (TDDFT) calculations with Becke’s three-parameter functional and Lee-Yang-Parr functional
(B3LYP), hybrid exchange-correlation functional using the Coulomb-attenuating method
(CAM-B3LYP) and WB97XD level with 6-311G basis set supported by Gauss View and
Gaussian 09 program. LUMO (lowest unoccupied molecular orbital), HOMO (highest occupied
molecular orbital), energy gap (Egap) and Voc (open-circuit voltage) and other essential
parameters have been investigated to study the effects on substitution of electron-donating and
electron-accepting groups to the proposed molecule. These properties determine if the studied
compounds can act as good electron donors along with phenyl-C61-butyric acid methyl ester
(PCBM) as a suitable electron acceptor.

1.

INTRODUCTION

Solar energy is one of the most compelling resources of power that is sustainable and completely
replenishable. It is such crucial renewable energy as it does not produce any greenhouse gases
when generating electricity [1]. In recent days, organic photovoltaic cells have become such an
exceptional alternative to substitute silicon-based solar devices. BHJ organic solar devices have
been one of the essential photovoltaic devices as they are accredited for their more
straightforward fabrication process and usage of organic materials, making them biodegradable.
BHJ solar cells consist of an active layer prepared of electron donor materials, usually
conjugated organic molecules and electron acceptor material, e.g., methylated ester of phenylC61-butyric acid (PCBM) or its derivatized products. Conjugated molecules with alternate πbonds with lower band gaps possess brilliant photovoltaic properties that upgrade BHJ organic
solar devices' efficiency. These molecules are suitable for generating large photocurrent upon
light absorption [2]. Therefore, knowledge about ELUMO, EHOMO and Egap is needed to complete
the analysis about the effects on attachments of electron-releasing and electron-accepting groups
to the studied compound.
Fullerene (C60) is an essential allotrope of carbon whose cage-like fused-ring structure
comprises alternate C-C and C=C bonds. Fullerene/polymer solar cells have been studied
thoroughly and undergo remarkable progress over the years [3a-c]. Fullerene- solar cells can be
engineered in ambient conditions using printing methods. These solar cells have the prospective
for employing flexible, lightweight, large-scale and inexpensive solar cells [3d,3e]. In recent
years, the power conversion efficiency (PCE) of fullerene-based solar cells was reported to be
more than 10% [3f-h]. The rapid increase of PCE was achieved by fabrication of new device
architectures, manipulation of active and interfacial layers, synthesis of new acceptor and donor

materials, and a deeper understanding of device physics. In the current day and age, organic bulk
heterojunction solar cells (BHJ) are one of the essential photovoltaic cells. They are accredited
for their more straightforward fabrication process and usage of organic materials, making them
biodegradable.
The active layer in organic BHJ solar cell comprises electron-releasing or electron-rich
molecules and electron-withdrawing or electron-deficient molecules. The electron-donating
molecules are usually conjugated long-chain polymer while electron-accepting molecules are
fullerene itself or its derivatives. The production of photocurrent in BHJ solar cells has been
illustrated in Figure 1. An electron from the conjugated polymer is excited from HOMO to
LUMO together with the generation of exciton upon absorption of photons. Exciton is diffused
through polymer and fullerene interface to split exciton to respective charge carriers, which are
hole and electron [4]. The exciton is diffused at the interface because the binding energy of
exciton is high, and by doing so allows exciton to populate charge transfer. These free charge
carriers will be transferred to respective electrodes. The movement of electrons generates a
photocurrent. However, there can be some losses that take place in these processes, such as
geminate recombination, where the energy of exciton drops because the exciton does not reach
the interface. Moreover, free electrons and holes can recombine and not be transferred to their
respective electrodes [5-7].

Figure 1: (a) Schematic diagram on photocurrent generation in the active layer of BHJ solar cell.
(b) Simpler illumination on the separation of excitons and the transfer of free charge carriers to
respective electrodes.

Like our studied molecule in this work, diindole-based molecules are excellent candidates
as semiconductors in solar cells because the process of fabrication of these conjugated molecules
on flexible substrates is inexpensive [8]. Diindole-based compounds are soluble in common
organic solvents allowing them to be cast from solution using wet-processing methods like
micro-moulding, inkjet printing and dip coating [9]. These methods are an attractive way of
manufacturing photovoltaic cells as the procedures are conducted at ambient pressure and
temperature. Furthermore, diindole-based conjugated systems with donor functional groups
attached to extend the π-conjugation and are also strong absorber of sunlight. Many studies have
shown that organic molecules with extended π-conjugation show strong absorption in the UVVis region of the solar spectrum. Thus, the diindole-based molecule is a perfect molecule to
study further.

2.

Methodology

The present work has been conducted using functional density functional theory (DFT) and timedependent (TD-DFT) [10] methods and basis sets 6-311G to perform calculations on six
introduced compounds. The studied molecules can be synthesized very easily to compounds that
are more suitable as part of the active layer in organic BHJ solar cells. Gaussian 09 program was
used to carry out various calculations like optimization and energy [11]. DFT using B3YLP
functional [12,13] with a 6-311G basis set was used to optimized the six proposed diindole-based
molecules to study their geometries, optoelectronic properties and reorganization energies.
ELUMO, EHOMO and Egap were also obtained and calculated to examine chemical reactivity indices
along with photovoltaic properties. Meanwhile, TD-DFT/6-311G method with different
functionals, viz., B3LYP, CAM-B3LYP and WB97XD, were used to investigate the absorption
phenomena. The results obtained on the effects of the functional groups attached to the
molecules have been studied and discussed. The completed calculations are assumed to be in the
gas phase.

3.

PROPOSED MOLECULES

Six diindole-based molecules have been introduced in this present work. The molecule is
substituted with different electron-donating and electron-accepting groups to improve groundstate geometries, absorption properties and photovoltaic properties. Structures Diln 2, Diln 3,
Diln 4, Diln 5 and Diln 6 are the derivatives of the diindole molecule Diln 1, as shown in Figure
2. These molecules have been introduced due to their extensive conjugation, which lowers the
band gap's energy. Diln 2 and Diln 3 both have electron-withdrawing groups attached, while

Diln 4 and Diln 5 have electron-donating substituents. DiIn 6 has both electron-withdrawing as
well as electron-donating groups attached to the ends of the base structure.

Figure 2: Chemical structures of introduced molecules.

4.

RESULTS AND DISCUSSIONS

4.1. Ground State Geometries
The DFT/B3YLP/6-311G method has been used to optimize the six proposed diindole-based
molecules' geometries, as demonstrated in Figure 3.

Figure 3: Energy-minimized structures of all the investigated molecules using DFT/B3YLP/6311G.

The selected geometrical properties such as bond lengths (d1, d2, d3 and d4) and dihedral
angles (θ1, θ2, θ3 and θ4) are displayed in Figure 4, and their values are tabulated in Table 1.
With ground state geometries data, it analyses the effects on substitution of different donor and
acceptor groups.
The proposed molecules with the addition of electron-accepting groups (Diln 2 and Diln 3)
have longer bond lengths than those of electron-donating groups (Diln 4 and Diln 5).

Nevertheless, DiIn 6 has both electron-withdrawing and electron-donating groups attached to the
base structure's two ends, due to which intra-molecular charge transfer within the molecule
occurs. The examined bond lengths of these compounds are found to be in the range of 1.4351.448 Å, which is close to the bond length of carbon-carbon single bond, i.e., 1.5 Å [14] and
shows that the addition of both electron-accepting and electron-donating groups favour intramolecular charge transfer (ICT) [15] within its molecules.
The dihedral angles of molecules Diln 3, Diln 4 and Diln 5 are close to 180°, which shows
that they are nearby planar [16]; meanwhile, the dihedral angles in between the subunits in Diln
1, Diln 2 and Diln 6 are not close to 180°. The dihedral angles between the subunits in Diln 2
have slight torsion due to the attractive interaction between the chlorine atom attached to the
pyrrole group and the indole group's nitrogen. The dihedral angles within Diln 1 is not close to
planar because the length of the conjugated molecule is long enough for the end indole groups to
interact with each other. Moreover, for Diln 6, the hydroxyl group's electron-rich oxygen atom is
attracted to the positively charged nitrogen atom from the nitro group.
The intensity of the intramolecular charge transfer is dependent on dihedral angles. It has
already been proved that dihedral angle of 180o increases the ICT. As the dihedral angle
decreases the ICT also decreases [17]. Hence DiIn 3, DiIn4 and DiIn5 due to a planar dihedral
angle will have maximum intra-molecular charge transfer.

Figure 4: Illustration of selected geometries parameters.
Table 1: The selected geometries properties (d and θ denote bond length and dihedral angles,
respectively) of the optimized molecules by DFT/B3YLP/6-311G
θ(

d (Å)
Molecules
Diln 1
Diln 2
Diln 3
Diln 4
Diln 5
Diln 6

d1
1.443
1.442
1.446
1.436
1.440
1.442

d2
1.443
1.446
1.448
1.441
1.443
1.445

d3
1.446
1.444
1.445
1.443
1.444
1.444

d4
1.443
1.441
1.446
1.435
1.440
1.443

θ1
157.66
165.80
180.00
180.00
179.99
159.29

θ2
179.03
176.59
180.00
180.00
180.00
179.22

θ3
174.56
179.89
180.00
179.97
180.00
175.60

θ4
155.18
178.91
180.00
179.89
179.97
155.68

4.2. Optoelectronic Properties
Parameters like HOMO energy (EHOMO), LUMO energy (ELUMO) and energy gap (Egap) are vital
as they are used to determine if actual charge transfer can happen between the acceptor and
donor [14,18]. Not only that, but these parameters are also heavily correlated to the performance
and photovoltaic properties. Energy gaps of the various molecules have been calculated using the
equation 1 below and illustrated in Figure 5.
Egap = ELUMO – EHOMO

(1)
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Figure 5: Calculated HOMO and LUMO energy levels (in eV) of all the studied diindole-based
molecules, PCBM and ITO.

Calculated ELUMO, EHOMO and Egap of all studied molecules have been tabulated in Table 2.
Energy gaps of the Diln 2, Diln 3, Diln 4, Diln 5, and Diln 6 are supposed to be lower than Diln
1 due to the addition of electron-accepting groups and electron-donating. With the attachment of
those fragments, the conjugation length increases and lowers the bandgap energy [19,20]. The
calculated Egap of the studied molecules is in the range of 2.663 to 3.028 eV. The energy gaps of
proposed molecules decreases in the order: Diln 3 (3.028 eV) > Diln 1 (3.007 eV) > Diln 2
(2.858 eV) > Diln 5 (2.853 eV) > Diln 4 (2.664 eV) > Diln 6 (2.663 eV). From the results, Egap
of proposed molecules with an electron-accepting group (Diln 2 and Diln 3) is higher than
molecules with an electron-donating group (Diln 4, Diln 5 and Diln 6), which is due to the
compounds that have electron-donating groups attached (Diln 4, Diln 5 and Diln 6) demonstrate
destabilization of HOMO and LUMO energy levels. In contrast, molecules with an electronaccepting group attached show stabilization of HOMO and LUMO energy levels. Theoretically,

Egap Diln 2 to Diln 6 are supposed to be lower than Diln 1 due to the addition of fragments that
increase the chain's length. However, Diln 3 shows otherwise due to intra-molecular charge
transfer within the molecule. Egap of Diln 4 and Diln 6 are the lowest; this shows a notable effect
of intra-molecular charge transfer that would make the absorption spectra shift towards the red
region [21]. Moreover, ELUMO all the studied compounds, including PCBM, are higher than the
ECB of ITO (-4.7 eV) [13], which allows the movement of an electron to flow smoothly and
generate current.
Furthermore, the LUMO energy difference between acceptor and donor (ΔELUMO) is also a
meaningful way to check if electrons' flow will be possible from donor to acceptor. Based on
Table 2, ΔELUMO for molecules, Diln 1 to Diln 6 is more than 0.3, suggests that photochemically
excited electron jumps quickly from DiIn 1-6 acting as donors to PCBM, which acts as an
acceptor [14]. The equation 2 stated below is used to calculate ΔELUMO.
ΔELUMO = ELUMO (studied molecule) – ELUMO (PCBM)

(2)

Table 2: Calculated theoretical optoelectronic parameters of introduced molecules using
DFT/B3YLP/6-311G
Molecules
Diln 1
Diln 2
Diln 3
Diln 4
Diln 5
Diln 6
PCBM

-ELUMO (eV)
2.078
2.465
2.434
2.215
2.080
2.694
3.226

-EHOMO (eV)
5.085
5.350
5.462
4.879
4.933
5.357
5.985

Egap (eV)
3.007
2.885
3.028
2.664
2.853
2.663
2.759

ΔELUMO (eV)
1.148
0.761
0.792
1.011
1.146
0.532
---

Figure 6: The contour plots of HOMO and LUMO orbitals of studied diindole molecules.

Other than that, the contour of HOMO and LUMO molecular orbitals can provide the
ability to transfer holes and electrons, respectively [13]. The electron density contour of HOMO
and LUMO orbitals also helps identify the molecules' excitation properties. According to the
electron density contour by DFT/B3YLP/6-311G illustrated in Figure 6, HOMO shows an
evident uniform electron density distribution throughout all the molecules. The contour plots of
HOMO and LUMO exhibits the delocalization of the conjugated systems of the molecules.
HOMO and LUMO show π-bonding character and π-antibonding character in the subunit,
respectively. [22,23].
However, notice that the contour plot of the last molecule, Diln 6, is isolated, extending to
the pi-conjugation. Upon analyzing the frontier molecular orbitals of DiIn6, it was observed that
the HOMO was mainly localized on the donor group (hydroxyl-substituted indole). In contrast,
the LUMO was mainly localized on the nitro substituted indole in this molecule. These electron
density distributions account for efficient charge separation and electron injection. Moreover,
electronic transitions from HOMO to LUMO correspond to intra-molecular charge transfer. On
the other hand, the LUMO of this molecule DiIn6 is higher than PCBM’s LUMO, indicating a
good electron injection from DiIn6 to PCBM. Hence, it is one of the best candidates for
photovoltaic devices compared to other diindole-based compounds.

4.3. Analysis of Chemical Potential, Electronegativity and Chemical Hardness
With the obtained and calculated values of ELUMO, EHOMO and Egap, they are used to investigate
further chemical reactivity indices such as chemical potential (µ), electronegativity (χ) and
chemical hardness (η) [24]. They are essential parameters that evaluate if the flow of electron is

possible from donor to acceptor PCBM. Equations to calculate chemical potential,
electronegativity and chemical darkness are stated as below [21,25]:

The calculated results using the Gaussian 09 program have been recorded in Table 3 [11].
Chemical potentials, µ of all the investigated diindole-based molecules, are higher than that of
the acceptor molecule (PCBM), which shows that the electrons can flow smoothly from studied
molecules to PCBM. On the other hand, electronegativity, χ of all the proposed molecules, is
smaller than PCBM. It shows that electrons are attracted from the investigated diindole-based
molecules to PCBM in BHJ organic solar device. However, chemical hardness, η of PCBM is
lower than Diln 1, Diln 2, Diln 3 and Diln 5, due to the inter charge transfer between the
proposed molecules and PCBM.

Table 3: Calculated chemical potential (µ), chemical hardness (η) and electronegativity (χ) of all
studied compounds and PCBM were obtained using DFT/B3YLP/6-311G
Molecules
Diln 1
Diln 2
Diln 3
Diln 4
Diln 5
Diln 6
PCBM

Chemical Potential, µ
-3.582
-3.907
-3.948
-3.547
-3.507
-4.026
-4.606

Chemical Hardness, η
1.503
1.442
1.514
1.332
1.427
1.331
1.380

Electronegativity, χ
3.582
3.907
3.948
3.547
3.507
4.026
4.606

4.4. Analysis of Molecular Electrostatic Potential
Knowledge about electron density is crucial for the study of electrostatic potential.
DFT/B3YLP/6-311G calculated molecular electrostatic potential (MEP) to determine the
proposed molecules' electrostatic effect. MEP is a plot of ‘electrostatic potential’ mapped into
the constant ‘electron density surface’, predicting the nucleophilic and electrophilic reactive sites
and electrostatic potential [26-29]. The charge-transfer (CT) excitons are dependent on the donor
and acceptor molecules' interaction in the excited states. This interaction is due to the electronrich groups of donors with the electron-deficient groups of acceptors. The colour code of the map
of all studied compounds are mentioned below:
•

Diln 1 = Between -6.535

(deepest red) and 6.535

(deepest blue)

•

Diln 2 = Between -7.715

(deepest red) and 7.715

(deepest blue)

•

Diln 3 = Between -7.797

(deepest red) and 7.797

(deepest blue)

•

Diln 4 = Between -7.901

(deepest red) and 7.901

(deepest blue)

•

Diln 5 = Between -6.668

(deepest red) and 6.668

(deepest blue)

•

Diln 6 = Between -7.359

(deepest red) and 7.359

(deepest blue)

Different electrostatic potential values appear in different colours, where the red colour
region denotes electron-rich or negative electrostatic potential. In contrast, the blue region shows
the electron-deficient region or positive electrostatic potential. The blue region is usually an
electrophilic attack site, while the red region is a site for the nucleophilic attack [30]. The colour
code of the map for all the introduced molecules is recorded in Figure 7 with the contour
molecules.

Figure 7: Molecular electrostatic potential of studied molecules using DFT/B3YLP/6-311G.

4.5. Performance/Photovoltaic Properties
For examining the performance and efficiency of organic photovoltaic devices, four essential
parameters help to evaluate, i.e., short circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF) and power conversion efficiency (ⴄ). These studied molecule parameters determine
the probability of electron transfer from introduced molecules to the conductive band of the

acceptor PCBM [5,14,21]. The data on these parameters can be found in Table 4 using the
method DFT/B3YLP/6-311G.

4.5.1. Short Circuit Current Density
Short circuit current density (Jsc) is maximum photocurrent density produced at zero open-circuit
voltage (Voc = 0) [31]. It indicates the number of charge carriers generated and collected at the
electrodes, respectively. Jsc is heavily dependent on morphology, mobility and lifetime of charge
carriers. The equation to calculate short circuit current density is stated below where LHE(λ)
represents the light-harvesting efficiency at a specific wavelength, Φinj is electron injection
efficiency and finally, ηcollect is charge collection efficiency [32].
Light-harvesting efficiency (LHE) is also an essential property that enhances BHJ solar
cells' performance. The values of LHE should be high to obtain maximum photocurrent [33,34].
The calculated LHE is included in Table 4 using equation 7, where f represents the oscillator
strength corresponding to the maximum absorption of wavelength. The calculated values of LHE
of these compounds are in a range of 0.9137-0.9512. The data collected decreases in the
following order Diln 4 (0.9512) > Diln 1 (0.9484) > Diln 5 (0.9467) > Diln 2 (0.9419) > Diln 6
(0.9418) > Diln 3 (0.9137), which indicates that the substitution with a strong electron-donating
group is an efficient way to improve the photocurrent response.

LHE = 1 – 10-f

(7)

4.5.2. Open Circuit Voltage
Open circuit voltage (Voc) is one of the most significant properties determining a BHJ solar cell's
productivity. The maximum circuit voltage is obtained when the short circuit current density is
zero (Jsc = 0) [35]. Voc determines if the electron injection process is possible to take place from
excited molecules to PCBM. A high LUMO energy of acceptor and low LUMO energy of πconjugated compounds usually enhance Voc [36], which provides high performance of solar cells.
Voc can be calculated in the following equation 8 where EHOMO (donor) is the HOMO energy of
the studied molecules, ELUMO (acceptor) is the LUMO energy of PCBM and 0.3 represents
typical loss found in BHJ organic solar device [21,37].
Voc = (│EHOMO (donor)│ - │ELUMO (acceptor)│ - 0.3)

(8)

4.5.3. Fill Factor
Fill factor (FF) is another very vital feature that evaluates the effectiveness of organic solar
devices. It depends on the charge carrier mobility of the hole (acceptor) and electron (donor)
transport materials. Moreover, it relies on the product of mobility and lifetime of bulk material,
the morphology of the cathode/polymer cathode, and the active-polymer layer's thickness. The
parameter Vmpp represents the voltage at maximum output power and Impp is current density at
maximum output power is needed to complete the fill factor calculation (equation 9) [5].

4.5.4. Power Conversion Efficiency
Power conversion efficiency (ⴄ) is also a vital performance parameter that plays a significant
role in evaluating and optimizing photovoltaic devices' effectiveness. Every single factor that

affects the device's efficiency can be increased by upgrading BHJ material, every layer,
electrodes and interface to attain the best performance. The power conversion efficiency of a
BHJ photovoltaic device is expressed in the equation 10 mentioned below, where FF is fill
factor, Voc is open-circuit voltage, Jsc represents short-circuit current and Pin indicates the
incident power intensity of the sun [5,14,21].

Table 4: Calculated performance parameters have been performed and obtained using
DFT/B3YLP/6-311G
Molecules
Diln 1
Diln 2
Diln 3
Diln 4
Diln 5
Diln 6

Voc (eV)
1.559
1.824
1.936
1.353
1.407
1.831

f
1.2875
1.2359
1.0640
1.3114
1.2731
1.2350

LHE
0.9484
0.9419
0.9137
0.9512
0.9467
0.9418

4.6. Density of States (DOS)
The analysis of states' density is used to evaluate charge transport properties and this property
has been completed using GaussSum software [38]. Knowledge of density of states can be used
to investigate and discuss the bequest of α and β electrons to valence and conduction band,
respectively. However, DOS is only valid provided the electrons are free [14]. The DOS of all
studied molecules has been demonstrated in Figure 8. The DOS analysis corroborates well with
the FMO results for the DiIn compounds. It is found to be close to zero mark for a symmetric
bandgap. This means that the main body of the DOS helps in determining the stability of the
effect of the energetic disorder on electron and hole transport.

Figure 8: DOS (density of states) studies carried out using GaussSum software.

4.7. Reorganization Energies of Diindole-Based Molecules
To estimate approximately the charge transfer characteristic of organic materials, the
reorganization energies were calculated and analyzed. The lesser reorganization energy affirms
the more rapid electron transport [39]. Hole reorganization energy (λh) and electron
reorganization energy (λe) can be calculated using equations 11 and 12 [40]. The reorganization
energies were calculated using DFT/B3YLP/6-311G level of theory.

λh = (E0+ - E+) + (E+0 - E0)
λe = (E0- - E-) + (E-0 - E0)

(11)
(12)

where E0+ is energy of cation calculated with neutral optimized structure, E0- is energy of anion
calculated with neutral optimized structure, E+ is energy of cation calculated with cation
optimized structure, E- is energy of anion calculated with anion optimized structure; E+0 is
energy of neutral molecule calculated with cation optimized structure, E-0 is energy of neutral
molecule calculated with anion optimized structure and E0 is energy of neutral molecule at
ground state.
The reorganization energies (λh and λe) of the investigated diindole-based molecules are
shown in Table S1 (supplementary data). It is observed that the calculated reorganization
energies was found to be lowest for Diln 4 and highest for Diln 6. Hence, electron transport will
be more rapid for Diln 4 compared to other investigated diindole-based molecules.

4.8. Absorption Spectra
With the TD-DFT/6-311G method using different functionals, viz., B3LYP, CAM-B3LYP and
WB97XD, all optimized proposed molecules have been used to further calculated to obtain the
UV-Vis spectra illustrated in Figure 9. The above-mentioned level of theories provide
information about excitation energy (Eex), maximum wavelength (λmax), oscillator strength (f) and
electronic transitions, which are stated in Table 5, S2 (supplementary data) and S3
(supplementary data). The λmax of all the studied molecules is within the visible light region from
350 to 780 nm. All electronic transitions for the molecules are also π-π* [21].

From the results obtained, the maximum absorption wavelengths (λabs) of the six
investigated molecules in descending order is the same using different functionals, viz., B3LYP,
CAM-B3LYP and WB97XD, which starts from Diln 4 > Diln 5 > Diln 2 > Diln 3 > Diln 1 >
Diln 6 (for HOMO to LUMO transition, Table 5, S2 and S3). Among all the diindole-based
molecules, Diln 4 has the longest λmax in all the used level of theories. As mentioned above, the
order indicates that Diln 4 shows donor-acceptor ICT interaction, which is the strongest,
compared to other molecules. The absorption spectra show that the acceptor in the π-conjugated
system is favourable for a long-wavelength light harvesting, which decides solar cells' efficiency
through the photo-electrical conversion. Electron donating groups attached (Diln 4 and Diln 5)
molecules have longer wavelengths than electron-accepting groups (Diln 2 and Diln 3). Diln 6 is
an exception as it has both electron-withdrawing and electron-donating groups attached to the
base structure. However, it has the shortest wavelength due to the attraction between electronrich oxygen atom from a hydroxyl group and positively charged nitrogen atom from the nitro
group. The oscillator strength is related to the probability of transformation from the ground state
to an excited state. The larger the oscillator strength, the higher the maximum wavelength shown
by Diln 4. The maximum wavelength is also heavily dependent on excitation energies. Higher
excitation energy will lead to a shorter maximum wavelength.

Chrostowska et al. reported that the calculations using CAM-B3LYP functional is the
pre-eminent for indole related molecules [41]. This is because the theoretical data obtained by
CAM-B3LYP is the closest to the experimental results of the indole molecules. Thus, the TDDFT/CAM-B3YLP/6-311G method is also used to conduct the absorption spectroscopic studies
of the investigated diindole-based molecules. Moreover, it is noticed that the maximum
absorption wavelength (λabs) of Diln 4 was found to be the highest compared to other molecules

using the TD-DFT/CAM-B3YLP/6-311G method. Among all the diindole-based molecules, Diln
5 has the highest oscillator strength (1.7719) using the TD-DFT/WB97XD6-311G method.
Comparing all the methods, it is observed that the λabs of Diln 4 was found to be the highest
(522.01 nm) using the TD-DFT/B3YLP/6-311G method. We observed that Egap values of all the
diindole-based molecules were found to be higher in the case of the TD-DFT/WB97XD/6-311G
method, while the same values were found to be lower in the case of the TD-DFT/B3YLP/6311G method. Hence, B3YLP functional was used to study the optoelectronic properties.
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Figure 9: Theoretically obtained UV-Vis spectra of all the investigated diindole-based molecules
using (a) TD-DFT/B3YLP/6-311G, (b) TD-DFT/CAM-B3YLP/6-311G and (c) TDDFT/WB97XD/6-311G.

Table 5: Theoretical values of excitation energy (Eex), absorption wavelength (λmax , oscillator
strength (f) and transition obtained using method TD-DFT/B3YLP/6-311G
Molecules

Egap (eV)

λabs (nm)

Eex (eV)

f

Diln 1

3.007

467.02

2.6548

1.2875

Diln 2

2.885

488.18

2.5397

1.2359

Diln 3

3.028

468.65

2.6456

1.0640

Diln 4

2.664

522.01

2.3751

1.3114

Diln 5

2.853

492.77

2.5161

1.2731

Diln 6

2.663

463.67

2.6751

1.2350

5.

Transition
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO + 1

Transition
(%)
97.77
98.50
98.49
98.04
97.94
96.81

CONCLUSION

In this research study, the DFT method with function B3LYP/6-311G has been used to evaluate
the six proposed molecules' geometries, optoelectronic properties and reorganization energies.
For improving the BHJ solar cell performance, six different π-conjugated molecules have been
introduced and modified. Photovoltaic properties and absorption spectra of these compounds
have been studied, discussed using the TD-DFT method with the identical functional and basis
set (B3YLP/6-311G).
Using the DFT/B3LYP/6-311G method, the band gaps of molecules Diln 2 to Diln 6 are
predicted to be lower than Diln 1 due to electron-releasing and electron-accepting groups
substitution as the length of the conjugation is increased, which by supposed lower the band gap
energies. The chemical potential of all the investigated diindole-based molecules being greater
than that of PCBM predicts that the electrons can flow smoothly from studied molecules to
PCBM. Moreover, the LUMO energies of all studied molecules and PCBM are all higher than
the LUMO energy of ITO, which indicates that electrons are allowed to flow smoothly and thus

generates a current. It is observed that the calculated reorganization energies were found to be
lowest for Diln 4 and highest for Diln 6. Hence, electron transport will be more rapid for Diln 4
compared to other investigated diindole-based molecules.
All studied compounds' absorption maximum wavelengths are found within the visible
light region as calculated using TD-DFT/6-311G method with different functionals, viz., B3LYP,
CAM-B3LYP and WB97XD. Electronic transitions for all the studied molecules are also π-π*.
Comparing all the methods, it is observed that the λabs of Diln 4 was found to be the highest
using the TD-DFT/B3YLP/6-311G method. Egap values of all the diindole-based molecules were
found to be higher in the case of the TD-DFT/WB97XD/6-311G method, while the same values
were found to be lower in the case of the TD-DFT/B3YLP/6-311G method. According to the
data collected, the maximum wavelength increases as the energy band gap decreases. Thus, all
the six studied molecules are suitable for electron donors in BHJ solar cells; meanwhile, PCBM
behaves as the electron acceptor.
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