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In this work, efforts had been made to develop the photovoltaic utility of 2,9-dimethyl quinacridone (2,9-DMQA)
using density functional theory (DFT). Initially, the structural analysis was done using the molecule’s ground
state geometry to study the molecule’s structural characteristics. In particular, the global reactivity descriptors,
density of states (DOS) analysis, molecular electrostatic potential (MEP), contour plot, and, ionization potential
surface, dipole moment, Mulliken, and natural charge distribution, were computed and analyzed to identify the
nucleophilic and electrophilic sites of the molecule. Considering N — H the donor and C = O the acceptor group,
the intramolecular charge transfer (ICT) was established. Hirshfeld surfaces and fingerprint plots were also
determined to explore intermolecular interactions. The electronic transitions were analyzed using the simulated
absorption and emission spectra. To better understand the role of solvents in inducing the photovoltaic property,
the light-harvesting efficiency of the molecules was computed in the considered solvents. The title molecule
provided light harvesting efficiency in order of chloroform > ethanol > cyclohexane. Other photovoltaic
properties were also computed to predict the power conversion efficiency of the molecule. Consequently, the title
molecule offers a strong charge conduction ability and effective electron transport from the donor to the
acceptor. The obtained results were favorable enough to test experimentally 2,9-DMQA which could be used as a
photosensitizer in dye-synthesized solar cells and could enhance the performance of organic photovoltaic cells.

1. Introduction must be environment-friendly, low-cost, easily available, easily fabri-

cated, flexible to the researcher, and many more [3]. Using solar energy

Solar energy is the most abundant and renewable source of energy
currently date. Along, it is an advantageous alternative to fossil fuels and
non-renewable resources [1]. Over the past decades, the scientific in-
dustry had been heading towards the development of materials of utility
that can make a maximum of solar energy into use. That’s why exploring
materials with enhanced photovoltaic properties had been a consider-
able and specific field of research for many researchers and scientists.
Materials with such utility are the leading elements in several applica-
tions including solar cells, photodiodes, laser diodes, LEDs, optical
communication systems, optical storage, and remote sensing systems
[2]. Along with the high absorbance rate, the photovoltaic materials

as a substitute for fossil fuels will help decrease greenhouse gas pro-
duction and global warming [4]. Generally, approximately 173,000
terawatts of solar energy are continuously received by the earth’s sur-
face [5]. To use this energy up to its optimum, solar panels aided with
high solar conversion efficient technology can be installed at every
possible place [6]. Silicon solar cells have been considered the most used
inorganic photovoltaic technology. But they have certain disadvantages
with their price and complicated fabrication procedures [7]. Dye-
synthesized solar cells (DSSCs) overcome such disadvantages. For
instance, DSSCs had been the most followed mode due to their dura-
bility, flexibility, relatively low cost, high-power conversion efficiency,
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Fig. 1. (a) Optimized geometry of 2,9-DMQA with B3LYP/6-311+-+G(d,p)
basis set, (b) Crystal structure of 2,9-DMQA showing the arrangements of the
molecules within the unit cell and the orientation of the unit cell in accordance
with the Cartesian coordinates.

eco-friendly, and easy production procedure benefits [8]. Additionally,
organic solar cells can be synthesized by simple and inexpensive tech-
niques such as spin coating, spray deposition, printing, etc [9]. Different
kinds of organic materials like polymers, organic dyes, plant extracts,
etc. are employed to construct efficient and comparatively reliable solar
cells [10]. But despite some major benefits over the inorganics, organic
solar cells do face some complications. The literature so far reports that
the class of organic molecules has considerably improved the power
conversion efficiency (PCE), which can reach values close to 8% for a
single-junction solar cell but the advancement of the hereto-junction in
the solar cell was reported to give PCE up to 10.1% [11]. Thus, to gain
the maximum open-circuit voltage (Voc) out of the solar cell, hereto-
junction solar cells were established employing different hole trans-
port and electron transport layers to prevent hole-electron recombina-
tion decay [12]. The introduction of donor-acceptor bridged systems
combined with organic, inorganic, or hybrid compounds has been a
revolutionary area in the field of optoelectronics. Linear accept-
or-donor-acceptor and acceptor-n-donor-n-acceptor groups like 1,1-
dicyanomethylene-3-indanone end-capped non-fullerene systems have
been considered areas in the progression of the organic solar cells [13].
Studies were done to report the potent electron-withdrawing thiazole
rings used as a bridged unit in the design of the small molecular electron
acceptor. Such designs with indacenodithiophene as core and 1,1-dicya-
nomethylene-3-indanone as an end-capped unit, and thiazole ring as
spacers were observed to exhibit the power conversion efficiency of
more than 5% [14]. Fullerene-free acceptor molecules are efficiently
utilized in organic solar cells due to their perfect symmetry with donor
polymers. One such study was done by M. Haroon and their team using
DFT tools [15]. One new approach of end-capped designing proved
efficient in developing highly efficient organic solar cells with high open
circuit voltage. Non-fused ring electron acceptors with different end-
capped substituents were designed to construct efficient organic solar
cells [16]. Along with the experimental research, various computational
physicists have tried to identify some “magic compounds” that can
enhance the PCE up to the maximum. Such computational estimations
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have been studied for organic molecules using Density functional theory
(DFT). A close inspection reveals that the DFT and time-dependent
density-functional theory (TD-DFT) computations have been exten-
sively used for the pre-evaluation of photovoltaic properties of com-
pounds. Computational studies have been significantly important and
laid the basis for many experimental studies. Computational studies may
give further insight into principles for charge-generation processes and
carrier-transport properties of organic molecules which can be consid-
ered potential candidates for photovoltaic devices. The literature has
accounted for the application of the DFT basically for the conjugated
systems. This might be due to the connected p-orbitals with delocalized
electron density which is responsible for the increased stability and
reactivity of the molecules. The availability of alternate single and
double bonds leads to high absorption cross-section and induces the
photon-excitation on exposure to visible light. A similar kind of conju-
gation was observed in a previously done study for the enhancement of
Nonlinear optical (NLO) activity of the 2-dinitrotoluene (2NT) after the
substitution of the halogens (F, Cl, Br, and I) at the para position of the
benzene ring [17]. The conjugation in the toluene ring was found
responsible for the increased value of the first-order hyperpolarizability
of the compound. Essential amino acids were also employed for the non-
linear optical properties using the DFT approach [18]. This also might be
due to the high dipole moments and bond conjugation of the essential
amino acids. The linearly connected benzene rings of the Luteolin lead to
the high chemical reactivity of the organic derivative from Tridax Pro-
cumbens. Conjugation is considered the basis of chemical reactivity as
the conjugated structure of luteolin was further employed as a potent
anti-cancerous agent against breast cancer by in-silico approach [19].
Studies have been cited in the literature reporting the power conversion
efficiency of the solar cell is more than 22% with the help of the mate-
rials having an efficient narrow gap between the donor and acceptor
moieties [20]. Moreover, fullerenes, non-fullerenes, and inorganic
nanoclusters complexes have also gained considerable attention in the
field of optoelectronics [21-23]. Aromatic organic compounds are
generally used as a pigment for industrial colorant applications such as
robust outdoor paints, inkjet printer ink, tattoo ink, water colors, laser
printer toner, etc [24]. QA and its derivatives are colored due to the
availability of N-H...O intermolecular hydrogen [25]. Additionally, the
hydrogen bond of the QAs has polymer-like stability. A relatively higher
power conversion efficiency of quinacridone. A study done by H. Meier
and W. Albrecht reported that 2,9-DMQA has a radiative lifetime equal
to 10'° em™! V! and diffusion lengths up to 100 A [26]. The higher
value of diffusion length indicates that an excited carrier will travel up to
100 A before recombining [26]. A hetero-junction solar cell with CdS
deposited on a glass substrate by electrochemical deposition method
designed by K. Manabe and team reported Vo of 0.61 V and short-
circuit photocurrent of 127pA/cm? with a large fill-factor [27]. Fol-
lowed by the extraordinary Vpc, no exhaustion was observed over a
month with continuous irradiation of 15 mW/cm? [27]. Thus, the
reference studies were the motivation behind the selection of the title
compound as the photosensitizing material.

In this novel research study, the photovoltaic characteristics of 2,9-
DMQA were investigated using DFT and TD-DFT approaches. The mo-
lecular characteristics, intramolecular interactions, molecular electro-
static potential, and charge transport characteristics were studied to
enhance the performance of the hetero-junction organic solar cell. The
electronic properties of the title molecule were studied in different sol-
vents. Charge transfer and intramolecular interactions were studied by
Hirshfeld analysis and density of state analysis. The behavior of 2,9-
DMOQA as a photosensitizing dye with TiO2 as an ideal semiconductor
for charge transport was studied by analyzing the nature of adsorption
between 2,9-DMQA and TiO».

2. Computational methods

The 3-D structure of 2,9-DMQA was downloaded from the online
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Table 1
Computed global reactivity parameters for 2,9-DMQA in different considered
solvents.

Molecular property Gas Chloroform  Cyclohexane Ethanol
ITonization potential (IP) 5.52 5.56 5.53 5.59
Electron affinity (EA) 2.51 2.65 2.58 2.66
Chemical potential (1) —4.01 -4.10 —4.05 —4.12
Electronegativity (y) 4.01 4.10 4.05 4.12
Hardness (1)) 1.5 1.45 1.47 1.46
Softness (S) 0.66 0.68 0.68 0.68
Electrophilicity index (o) 5.36 5.79 5.57 5.81
Electron accepting power 3.53 3.92 3.73 3.92
(@]
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Fig. 2. HOMO-LUMO energies and the AE for 2,9-DMQA in different consid-
ered solvents.

database PubChem (https://pubchem.ncbi.nlm.nih.gov/compound/
70423) (PubChem ID: 70423). The crystal structure of 2,9-DMQA was
downloaded from Cambridge Crystallographic Data Centre (CCDC)
(https://www.ccde.cam.ac.uk/) with CCDC number: 203,604 and
crystallographic parameters a = 3.865 A, b = 6.375 A, c = 15.78 A, a =
93.94°,  =91.51°, and y = 100.00° (Fig. 1 (b)). The file conversions for
different purposes were done using Open Babel software (https://
openbabel.org/wiki/Main_Page) [28]. The method of DFT was used
for the electronic calculations and the chemical reactivity of the title
molecule. All the quantum chemical calculations and spectral analysis
were performed employing the DFT in Gaussian 09 program’s package
(https://gaussian.com/) [29] and the analysis of the chemical and
spectral properties was analyzed using Gauss View (https://gaussian.
com/gaussview6/) and Gauss Sum (https://gausssum.sourceforge.
net/). The geometry of 2,9-DMQA was optimized using B3LYP/6-311-
G(+-+d,p) set of functions in the gas (¢ = 1.00) phase and geometry
optimization for solvents like Chloroform (¢ = 4.72), Cyclohexane (¢ =
2.01), and Ethanol (¢ = 24.85) was carried out using B3PW91/Lanl2dz
[30]. The former basis set is the most precise set of functions for organic
compounds. The latter considered set of basis functions is a widely
preferred and most accurate set of functions for the ground state and
excited state calculations of the organic molecules or systems exposed to
solvents. The convergence parameters were set on maximum force as
0.00045, RMS force as 0.0003, maximum displacement as 0.0018, and
RMS displacement as 0.0012 for structure minimization. The same set of
functions was also used for calculating the electronic spectra of 2,9-
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DMOQA in selected solvents using the integral equation formalism-
polarizable continuum model (IEFPCM) model to create the solute
cavity with the self-consistent reaction field (SCRF) solvent method. The
RMS density matrix at 1.00 x 10" and the maximum density matrix at
1.00 x 10°® were used for TD-SCF calculations without any additional
set of information. For calculating the emission spectra, optimization of
the excited state of interest using TD-DFT was done with keyword #opt
td=(nstates = 9,root = 1)b3pw91/lanl2dzscrf=(iefpcm,solvent = chlo-
roform/cyclohexane/ethanol,read) geom = connectivity. The molecular
potential and orbital maps were drawn using Spartan software (htt
ps://store.wavefun.com/Spartan_Software_s/12.htm) [31]. These maps
were used to identify the nucleophilic and electrophilic sites of the 2,9-
DMOQA. The global reactivity descriptors were employed to develop the
intramolecular interactions in the title molecule using energies of the
highest occupied and lowest unoccupied molecular orbital (HOMO-
LUMO). HOMO is responsible for possessing the valance electrons and
LUMO is responsible for possessing the electrons that are excited during
electronic transitions. Reactivity parameters were computed using
Koopman'’s equations described in DFT [32]:

AE = Erymo — Enomo (@)
IP = —Enomo 2
EA = 7ELUM() (3)
E, E
§= HOMO 42“ LUMO 4)
IP + EA
p= 1 5)
E —E
g = ELuo 5 HOMO ®)
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n
2
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Y 8
® gm (8)
o P+ 3EA)? ©
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> T 1
16(IP — EA) (10)

The donor-acceptor interactions were explained using the second-
order perturbation Fock- matrix and Mulliken charge distribution.
Stabilization energy (E(2)) corresponding to each donor (i) and acceptor
(j) atom was computed using the below-given equation:

2
E(Z)—AE@f—qi< Ji ) an

E —E

where F(i,j) -Fock matrix element between i and j NBO orbitals, Ej and E;
are the energies of the acceptor and donor NBOs. The Density of states
(DOS) analysis was done to account for the average space of the various
states occupied by the system. The DOS spectra were also obtained
employing the Gauss Sum software [33]. The nature of electron-
withdrawing and donating regions was studied and reported by a tran-
sition density matrix (TDM) map and it was drawn using Multiwfn
software [34]. TDM was particularly useful in understanding the nature
of electron excitation within the molecule. The checkpoint file generated
by the ground state optimization of the title molecule from Gaussian was
converted into a formatted checkpoint file and was used as the input file
for multiwfn in order to generate a TDM plot and isosurface.

As a photosensitizing material works as an ideal absorber of light and
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Fig. 3. (a) MEP surface, (b) Ionization potential surface, (c) Contour plots of 2,9-DMQA molecule, (d) HOMO-LUMO map of 2,9-DMQA showing the dislocation of the
negative and positive surfaces towards the electrophilic and nucleophilic surface respectively.
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Fig. 4. Mulliken charge and natural charge distribution of 2,9-DMQA.

transfers the absorbed light to a semiconductor in DSSC, it must be of
high absorbing efficiency. Thus, the potentiality of the material to
absorb light and transfer to a semiconductor is defined as the Light
Harvesting Efficiency (LHE) of that material. The LHE is the function of
the Oscillator strength (f) of the crucial transition (transition having the
highest oscillator strength) of the absorption spectra, it was computed

for all the solvents as [35]:
E=1-107 (12)

The estimation of the radiative or non-radiative nature of the tran-
sitions, radiative lifetime (t) was calculated using formula [36]:

13

where c is the speed of light, f and E are the oscillator strength and the
excitation energy of the crucial transition (transition having larger value
of f obtained in the emission spectra). The value of t reveals whether the
molecules emit radiation during the transitions or the transitions are
non-radiative [37].

The interactions between the title compound and Titanium dioxide
(TiO2) have been calculated using equation (14) to figure out the
feasibility of electronic injection from dyes to the TiO, surface [38].

Eini = Ecompiex — (ETiaZ + E2‘9—DMQA) 14)
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Table 2

Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of 2,9-
DMQA (LP- lone pair, LP*- anti-bond lone pair, BD-bonding orbital, BD*-
antibonding orbital, CR-one center core pair, RY- Rydberg orbital).

S. Donor NBO (i) Acceptor NBO E(2) (kcal/ E()-E F(i,j)
no. G) mol) @@ (au)
(aw)

1 BD(1)C18-H RY*(8) C 24 14982.47 0.02 0.523
32

2 BD(1)C22-C RY*(17) C 26 5668.66 0.15 0.823
26

3 BD(1)C26-H RY*(9) C6 3386.50 0.03 0.300
42

4 CR(1)C18 RY*(14) C 18 18710.66 0.23 1.836

5 CR(1)C19 RY*(2) H 32 24209.36 0.11 1.456

6 CR (1) C22 RY*(14) C 18 23752.15 0.17 1.809

7 CR (1) C22 RY*(13) C 25 6314.71 0.58 1.711

8 CR(1)C26 RY*(14) C12 6447.42 2.73 3.745

9 CR (1) C26 RY*(7) C 14 7072.77 2.33 3.626

10 CR (1) C26 RY*(11) C 18 2577.30 5.83 3.460

11 CR(1)C26 RY*(14) C 18 65660.38 0.26 3.672

12 CR (1) C26 RY*(13) C25 6259.50 2.08 3.219

13 CR (1) C26 RY*(13) C25 21665.48 0.67 3.392

14 CR(1)C26 RY*(13) C26 4290.69 3.88 3.641

15 CR(1)C26 RY*(1) H 33 2155.48 4.20 2.686

16 CR (1) C26 BD*(1) C23-H 2027.9 8.72 3.766

35
17 CR(1)C26 BD*(1) C26 -H 2938.25 7.81 4.285
41

18 LP(1)N4 RY*(11) 0 2 4896.23 0.02 0.276

19 LP(1)N 4 RY*(4) C 10 1918.06 0.02 0.196

20 BD*(2)C18-C RY*(14) C 14 2538.02 0.04 0.764
22

21 BD*(2) C20 - C RY*(17) C 26 1856.89 0.21 1.449
24

where Ej, is the interaction energy between the 2,9-DMQA and TiOs,
Ecomplex is the ground state energy of the optimized geometry of 2,9-
DMQA + TiOg, ETiog, is the ground state energy of the optimized ge-
ometry of TiO2, and Eyo.pmoa is the ground state energy of the opti-
mized geometry of 2,9-DMQA.

The adsorption energy between 2,9-DMQA and TiO, was also
computed using the following expression [39]:

(’l X Egye + Etiop — Edye)
n

(15)

Ezldsorptiolr =

where Egy. is the ground state energy of the optimized geometry of 2,9-
DMQA, and n is the number of dyes i.e., 1 in our case.

The PCE was also estimated for the title molecule to investigate the
efficiency of various photovoltaic cells for a particular molecule and it
can be written as equation (16) in terms of short-circuit current density
(Jsc), open circuit voltage (Voc), incident light power (P;;) and fill factor
(FF) [40]:

‘]Sﬂ ‘/()L'FF
Pi,

PCE = (16)

V,c can be evaluated using the energy difference between the HOMO and
LUMO energy as [41,42]:

V,e = (|ELumo(Donor) — Ecg(Acceptor)|) 17)

Erumo is the energy of the highest occupied molecular orbital of
donor moiety (say dye) and Ecp is the energy of the lowest unoccupied
molecular orbital of acceptor moiety (say TiOs3).

The fill factor (FF) is the major parameter that is usually computed to
measure the quality of the solar cell. Physically, it is the ratio of the
actual maximum obtainable power to the product of short circuit current
and open circuit voltage. Computationally, Equation (18) was used to
compute the FF for the title molecule in different solvents [43]:
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V= In(V,+0.72)

FF
Vi+1

18

where V; is a dimensionless voltage computed by below-given equation
(19):

Vo (19)

nKpT

where e is the elementary charge with value 3 x 108 e, Voc is the open
circuit voltage, Kp is the Boltzmann constant and T is the temperature
298.5 K. n is the ideal factor for a diode having ideal value n = 1.

3. Results and discussion
3.1. Optimized geometry and global reactivity descriptors analysis

2,9-DMQA is an aromatic compound having five-linearly bonded
benzene rings with methyl groups bonded at the corner benzene rings
(Fig. 1 (a)). One C = O and one N - H group is attached to the second and
fourth benzene ring (from left to right) in trans directions. The optimized
structure of 2,9-DMQA was linear through the benzene chain. 40H - 26C
— 41H and 37H - 25C - 39H are the only non-planar angles in the ge-
ometry. On optimization, lower bond lengths were obtained for C - H
bonds. The higher bond length was observed for the C - C bonds (SD 1).
The highest bond lengths were observed for the C — C bonds attached to
the methyl groups at the corner most benzene rings (21C - 25C and 22C
- 26C). The bond lengths of 10 = 15C and 20 = 16C were observed as
1.26 A. 3N -29H and 4 N - 30H are found to be 1.01 A. The bond angles
between 10 = 15C - 11C, and 20 = 16C — 12C were of the highest
magnitude (122.62). The variation in the bond order of C = O and N-H
bonds shows the intramolecular interactions within the 2,9-DMQA and
the contribution of C = O and N - H in intramolecular interactions.
Global reactivity descriptors were computed for the title molecule in a
gas, chloroform, cyclohexane, and ethanol. The energies corresponding
to the molecular orbitals (HOMO-LUMO) were computed to establish
the molecule’s chemical reactivity in different selected phases (Table 1).
The band gap (AE) between the HOMO-LUMO in different solvents has
been illustrated in Fig. 2. Among all the solvents, the value of AE was
lowest for ethanol. The lower EA and higher IP are determining the
eventual charge transfer within the molecule which influences their high
polarizability. The high value of y for ethanol describes the tendency of
functional groups to attract electrons toward themselves. The electro-
philicity index () is the indication of an atom or molecule containing an
electron pair available for bonding. The value of ® was highest for the
title molecule in ethanol. This enhances the reactivity of the title
molecule in ethanol solvent. The ™ and ® values for 2,9-DMQA in
solvents indicate the induced ICT in the title molecule in solvent phases
as compared to the gas phase. Therefore, it can be said that the solvents
better impart in inducing ICT in the title molecule.

3.2. Molecular electrostatic potential and charge analysis

MEP surface is used to illustrate the intramolecular interactions of
molecules. MEP surface consists of the colored 3-D surface having a
color sequence from red < yellow < green < light blue < dark blue
[44,45]. This indicates the most electronegative region towards the most
electropositive region i.e., red colored surface is the most electronega-
tive, and blue colored region is the most electropositive moiety [46].
MEP surfaces allow visualizing the charge distributions of molecules,
being very useful for evaluating electrostatic interactions between
molecules, such as hydrogen bonds (H-bonds). The MEP surface of 2,9-
DMOA illustrated in Fig. 3(a) indicates that the red-colored surface is
spread over the C = O groups and the blue-colored regions over the N - H
bonds. As the N — H bonds are electron-donating due to the nucleophilic
nature of nitrogen atoms and C = O are electron-accepting due to the
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Fig. 7. Hirshfeld surface of 2,9-DMQA. Red color indicates the greatest contributing interactions and blue color indicates the small contributory parts in the
intermolecular interactions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

electrophilic nature of the oxygen atom. Thus, the MEP surface identifies
the donating nature of N — H bonds and the accepting nature of C = O
bonds of the 2,9-DMQA. These regions are the reactive sites of the
molecule and are active for intramolecular interactions. The IP map
(Fig. 3(b)) was computed to predict the location of the IP-rich and
deficient moieties. The blue color in the IP map indicates the moieties
with high IP which is spread over the N — H bonds of the geometry.
Moiety with high IP has a high charge-transferring tendency [30]. Thus,
the IP surface shows that N — H bonds of 2,9-DMQA are highly active in
transferring the charge cloud. The green color of the IP surface indicates
the region with intermediate IP. As 2,9-DMOQA is the molecule with a
high value of IP, there is no trace of the red regions (the region with a
low value of IP) in the IP surface of 2,9-DMQA. The contour plots were
also determined for the title molecule to identify the regions under the
greater influence of the electric field [47]. The contour plots comprise
the accumulation of contour lines nearby the moieties of the molecule
that experience the electric field at the maximum (Fig. 3(c)). The con-
tour lines of the 2,9-DMQA were heavily accumulated nearby the C = O
bonds, which shows the chemical reactivity of the molecule. The IP
surface and the contour plot of the title molecule were in great agree-
ment with the MEP surface and signify N — H and C = O bonds as
chemically reactive for inducing the intramolecular interactions. Fig. 3
(d) illustrates the distribution of HOMO-LUMO surfaces over the ge-
ometry of 2,9-DMQA. The red color indicates the negative charge and
the blue color indicates the positive charges of the functional groups of
2,9-DMQA. In HOMO, the surfaces over the N — H groups have been
dislocated and in LUMO, the blue color surfaces were settled over the N —
H groups. This shows the nucleophilic nature of the N — H groups.
Similarly, any negative surface is absent over the C = O bonds in HOMO,
but in LUMO the presence of red surfaces over the C = O bonds was
observed. Thus, the HOO-LUMO surfaces distribution illustrates the
transfer of charge cloud from the N — H bonds towards the C = O groups.
Moreover, the observations of HOMO-LUMO surfaces were in accor-
dance with the MEP surface. Fig. 4 illustrates the comparison of the
charge distribution of the atoms of 2,9-DMQA. The charge distribution
shows the positive charge contribution of hydrogen atoms and the
negative charge contribution of oxygen and nitrogen atoms. The carbon
atoms impart positively as well as negatively to the total charge of the
molecule. It was observed that the 7C, 8C, 13C, and 14C atoms were
bonded to the nitrogen atoms and shows a positive charge. The 15C, and
16C atoms attached to the 10 and 20 respectively also hold positive
charges. Apart from these, all the remaining carbon atoms attached to
the hydrogen atoms impart negatively to the total charge of 2,9-DMQA.

A huge variation of the charge was observed in the N - H and C = O
bonds which indicates the involvement of the aforementioned groups in
inducing the ICT. The natural bond orbital calculations were done using
the second-order perturbation theory of the Fock Matrix. Stabilization
energy was computed for all the intramolecular interactions and the
interactions with higher values were listed in Table 2. The major in-
teractions were found to be between C...C interaction between one
centre core paired electrons and Rydberg electrons. The lone pair of
electrons from 4N was shifted to the Rydberg orbital of 20 with a sta-
bilization energy of 4896.23 kcal/mol. The NBO analysis indicates the
active participation of 26C, 18C, 4 N, and 20 atoms in ICT. This is also in
good agreement with the MEP surface as the reactive sites were along
the N and O atoms.

3.3. Density of states analysis

The DOS diagram was plotted using the Gauss sum program to pre-
dict the location of the electron density in the 2,9-DMQA in the gas
phase, and other considered solvents and the plots have been shown in
Fig. 5. DOS plot of 2,9-DMQA in the gas phase shows the occupied or-
bitals closest to the energy gap consisting of two groups of energy levels.
The n orbitals group around —5.52 eV are highly accumulated due to N —
H bonds whereas in the n* orbitals around —2.5 eV such contributions
due to C=0 bonds are negligible. For the lowest unoccupied orbitals, the
density contribution is very small. Similar to DOS in the gas phase, the
DOS plot of the title molecule in all the solvents shows the high density
of electrons along the HOMO and the low density of electrons around
LUMO. This reflects the probability of the charge cloud dissociating from
the HOMO to LUMO. Moreover, the DOS plots of 2,9-DMQA in gas and
solvent phases indicate the existence of typical = — n* transitions. The
location of HOMO-LUMO in the DOS map is in agreement with the
HOMO-LUMO values obtained by Koopman’s theorem in reactivity de-
scriptors analysis. Thus, DOS analysis indicates the availability of an
electron cloud in the title molecule for inducing the electron transfer
process.

3.4. Transition density matrix and isosurface analysis

Transition density matrix plots are used for locating the hole and
electron density in the molecule [48]. It is used for the interpretation of
the electronic excitation processes in molecules. Excitation of the elec-
trons is defined as hole — electron transition [23]. The index range of
hydrogen atoms in 2,9-DMQA is 27 to 42. The hydrogen atoms do not
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contribute in the excitation of the charges. That’s the reason there is an
unavailability of transition density for the hydrogen atoms. The TDM
plot of the title compound is illustrated in Fig. 6 (A). The TDM plot in-
dicates the high accumulation of charge density nearby the oxygen and
nitrogen atoms symmetrically near the lower diagonal area. The lower
left corner of the heat map has a large value area, which corresponds to
the N - H and C = O bonds. This can be interpreted as the hole and
electron must have large distribution nearby the N — H and C = O bonds.
The sites (1,4) are highly positive which results in a positive contribu-
tion to the transition dipole moment of the X component. This reveals
the availability of the charge density nearby these bonds and their active
participation in charge transport. The outcomes from the TDM plot were
supported by the isosurface map shown in Fig. 6 (B). This significant
positive contribution of the N — H and C = O bonds in the density matrix
plot can be considered as the reason for the green isosurfaces nearby
atoms 10, 20, 3 N, and 4 N. Additionally, the higher order hydrogen

atoms doesn’t impart in isosurface formation. The binding energy was
also computed for the title molecule. Therefore, the TDM analysis re-
ports the potential candidature of C = O and N - H bonds as electron-
withdrawing and donating moieties respectively.

3.5. Hirshfeld surface and 2D fingerprint plots analysis

Hirshfeld’s surface (Fig. 6) was computed for 2,9-DMQA to visualize
and study the intermolecular interactions of the molecular crystal. The
red regions in Fig. 6 indicate the close contact between the nearest
neighbouring atoms [49]. This can be interpreted as the area with higher
hydrogen bond interactions. The red surface around the N-Hand C=0
bonds indicates the compactness in the bonds of bonds and higher
intermolecular interactions that will be induced due to the presence of
these bonds. 2D-fingerprint plots were also drawn for 2,9-DMQA to
provide a visual summary of the frequency of each combination of de
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Fig. 10. Graph showing LHE of the 2,9-DMQA in different solvents.

and di across the surface of a molecule, so they not only indicate which atoms. The largest contribution to the overall crystal packing in the
intermolecular interactions are present but also the relative area of the compound is from H---H interactions i.e., 50.4%. C...C interactions are
surface corresponding to each kind of interactions [50]. Fig. 7(a) illus- the second largest contributory interactions in the intermolecular in-
trates the 2D fingerprint plot of 2,9-DMQA and Fig. 7(b),....,(e) shows teractions and impart 16.1% to the total intermolecular interactions.
the individual contributions of the intermolecular interactions between The dominant H...H hydrogen bonding interactions exhibited a distinct
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Fig. 11. Emission spectra for the 2,9-DMQA in the gas phase, chloroform, cyclohexane, and ethanol solvent.

spike in the middle of the 2D fingerprint plots, shown in Fig. 7. The
uppermost major peak was due to the 6.8% contribution of H...O in-
teractions and the lowest peak in the fingerprint plot was observed due
to the 7.7% contribution of O...H interactions. C...H + H...C contrib-
uted 12.3% to the total fingerprint plot of 2,9-DMQA.

3.6. Absorption and light harvesting studies

The absorption spectrum of 2,9-DMQA in the gas, chloroform,
cyclohexane, and ethanol solvent was computed using TD-DFT and the
spectra were illustrated in Fig. 8 and all the transition details including
wavelength, oscillator strength (f), and excitation energy (E) had been
listed in SD 4. A broad absorption spectrum of 2,9-DMQA in the gas
phase was observed between 250 and 530 nm with its crucial transition
So — Sg at 281 nm (f = 0.5916). After the introduction of the solvents
(chloroform, cyclohexane, and ethanol), the absorption band shifted to
the range of 280-550 nm. However, there was no significant difference
in the absorption band of the 2,9-DMQA in all the considered solvents.
The peak of the absorption spectra of 2,9-DMQA in chloroform, cyclo-
hexane, and ethanol was observed at 291, 291, and 289 nm with f values
1.4319, 1.2331, and 1.3202 for crucial transition Sy — Sy respectively.
However, the transition wavelength was high (and equal) for chloroform
and ethanol with no significantly distinguishing values of E and f. The
absorption analysis indicates that there was a hyperchromatic shift in
the absorption spectra after the introduction of the solvents. The results
were comparatively promising for ethanol. Moreover, the shifting of the
spectra was due to the shifting of the charge cloud from the HOMO-
LUMO. The shifting of the absorption spectra indicates the participa-
tion of solvents in inducing intramolecular interactions [51]. The ab-
sorption spectra of 2,9-DMQA indicate the existence of typical 1 — n*
transitions. Thus, the existence of such transitions reported that 2,9-
DMOQA is chemically active to induce ICT.

The LHE of the title molecule computed using equation (12) was
shown in Fig. 9. The f value of 0.5916 (Sy — So) gave the value of 0.74.
this shows that 74% of incident light can be converted into electricity.
The f values rise to 1.4319, 1.2331, and 1.3202 for chloroform, cyclo-
hexane, and ethanol. This leads to a tremendous rise in LHE of the title
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molecule up to 96, 94, and 95% for chloroform, cyclohexane, and
ethanol respectively. However, the LHE of the title molecule in solvents
increases as (LHE)gas < (LHE)cyclohexane < (LHE)ethano! < (LHE)chioroform-
Therefore, the LHE indicates the potential candidature of 2,9-DMQA as
effective photosensitizing material in DSSCs for converting light energy
to electrical energy [52].

3.7. Emission and radiative lifetime studies

Like absorption, a broad emission band (Fig. 10) between 250 and
375 nm was obtained for 2,9-DMQA in the gas phase. However, there
was a bathochromic shift in the wavelength of the emission spectra of
the 2,9-DMQA in all the considered solvents. The crucial transition Sg —
Sy of chloroform, cyclohexane, and ethanol was observed at wavelength
295, 301, and 290 nm respectively. The rise in the values of f was also
observed for the considered solvents. The values of f for chloroform,
cyclohexane and ethanol were computed as 2.0347, 1.2104, and 2.3061
respectively. However, the value of f was highest for ethanol indicating
the highest ability of the emissive transitions of 2,9-DMQA in the
ethanol phase. The emissive spectra of the title molecule were in the
acceptable range indicating the fluorescent nature of 2,9-DMQA in
considered solvents. The f values obtained for the crucial transitions
were used for calculating the t of the 2,9-DMQA in all the considered
solvents (using equation (13). The values of 7 less than 10 ns are referred
to as radiative transitions and the transitions having values greater than
10 ns are categorized as non-radiative in nature [53]. 7 for 2,9-DMQA in
gas, chloroform, cyclohexane, and ethanol were computed as 1.18, 0.37,
0.35, and 0.6 respectively. All values are lower than 10 ns and are thus
known to be radiative in nature. This shows that these transitions eject
energy in the form of photons. Thus, the crucial emissive transitions of
2,9-DMQA are radiative in nature.

3.8. Adsorption with TiOz surface

TiOg is the most commonly used active material in solar cell appli-
cations that acts as an efficient energy harvesting layer in solar cells.
TiOg has a AE of 3.2 eV which allows the effective absorption of UV light.
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Thus, the narrow AE provides a broad absorbance wavelength to the
solar cell. Numerous studies in the literature have been reported on TiOy
as a metal oxide semiconductor. M. Hachi and their team used DFT and
TD-DFT calculations for the photovoltaic properties of the n-bridge
indole derivative [41]. S. Mandal and the team have used TiO, surface as
adsorbate for triphenylamine-based dyes for their computational study.
the complex has been used as an efficient photosensitizer for photo-
voltaics [53]. Therefore, it is an ideal semiconductor for solar cells.
Thus, the interactions between the title compound and TiO; have been
studied to support the fabrication methods of the solar cell. The inter-
action energy between the 2,9-DMQA and TiO; was computed as
493440.86 kcal/mol. TiO; in the optimized geometry of the complex
(2,9-DMQA + TiO3) was located near the C = O bond of 2,9-DMQA. The
bond length between Ti and O atoms was 2.02 A. The higher the bond
length, the more electrons holding the atoms together, and therefore the
greater the stability. Moreover, the higher bond length leads to an
increment in the polarity, and hence the dipole moment increases. Thus,
a significant rise in the dipole moment of the complex (11.28 Debye) was
observed due to the bond length between 2,9-DMQA and TiO,. There-
fore, the bond between the fragments and the dipole interactions reflects
the occurrence of adsorption between 2,9-DMQA and TiO;. The
adsorption between the 2,9-DMQA and TiO; was computed to support
the interaction between both fragments. 2,9-DMQA (dye) adsorption
energy over the TiO2 was obtained as 21397.62 eV (493.440.9 kcal/
mol). The MEP surface illustrated in Fig. 11(b) was shown to indicate the
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nucleophilic and electrophilic region of the complex. The dark blue
color over the Ti atom of TiO2 indicates the strong electron-donating
tendency of TiO3. The HOMO-LUMO surface seemed to support the
MEP surface better. The orbital surfaces were seen to dislocate above
2,9-DMQA molecule in LUMO from TiO, in HOMO (Fig. 12). This vali-
dates the involvement of TiOy in charge transfer. Moreover, the
computed AE was best for ethanol solvent (2.88 eV), but after the
adsorption of TiOo, a significant decrement in the AE of the complex was
observed. The AE of the complex was computed as 2.22 eV. In order to
become an ideal semiconductor for the considered dye (2,9-DMQA), the
energy of the LUMO of 2,9-DMQA should be higher than the energy of
HOMO of TiO,. In the present study, the LUMOg2 9.pmga (-2.71 eV) >
HOMOvio2 (-3.45 eV). Thus, the overall analysis of 2,9-DMQA with TiO,
validates the potential behavior of TiOy as an ideal semiconductor to
inject electrons.Fig. 13.

3.9. Photovoltaic and charge transport properties analysis

Voc is one of the parameters that have a major influence on the
photovoltaic activity of the material. The computed values of V¢ for the
title molecule in different phases have been mentioned in Table 3. The
value of Vo can be calculated as energy difference between the energy
of the lowest unoccupied molecular orbital (LUMO) of the 2,9-DMQA
(dye) and the conduction band (Ecp) of the semiconductor TiOg
(Table 3). In the gas phase, the value of Vpc was maximum and the
values of V¢ for solvents are as Vp¢ (cyclohexane) > V¢ (chloroform)
> Vo (ethanol) (Table 3). The Vp¢ in cyclohexane was the highest. The
obtained values of Vp¢ for 2,9-DMQA in different solvents vary from
0.74 eV (ethanol) to 1.11 eV (gas). These values are promising to reflect
the possibility of electron injection among the donor and acceptor
moiety. Moreover, the values of V¢ in our case are comparable to that
reported by Zouhair et al. [54], A. Aboulouard et al. [39], Hachi et al.
[41], and S. Mandal et al. [53]. The FF was also calculated to check the
potential application of the material in photovoltaics. FF is the function
of a dimensionless voltage expressed in equation (19). The calculated
values of V; are mentioned in Table 3. The value of FF in different sol-
vents was observed as FF (gas) > FF (cyclohexane) > FF (chloroform) >
FF (ethanol) (Table 3). The title compound 2,9-DMQA has the highest
values of FF in cyclohexane solvent. Thus, the photovoltaic parameters
have promising value in cyclohexane solvent. This might be due to the
lowest angle and torsional strain of cyclohexane that give rise to the
staggered conformation of the cyclohexane geometry. The staggered
conformation of cyclohexane results in more stable bond formation
between the dye and TiO,. There is no such staggered conformation in
chloroform and ethanol. Moreover, the volatile nature of chloroform
and ethanol might be a reason for least contribution of the solvents in
the bond formation between the dye and TiO». The observed values of FF
in the present study are good enough to prove the photosensitizing ac-
tivity in the considered material. Moreover, these values are comparable
to the comparable to FF values computed in A. Aboulouard et al. [39].
Therefore, all the photovoltaic parameters reveal that 2,9-DMQA can be
used as sensitizers because the electron injection process between 2,9-
DMOQA and TiO; and subsequent regeneration is possible in a dye-
sensitized solar cell.

4. Conclusion

The DFT calculations performed in the present paper report the po-
tential photovoltaic characteristics of 2,9-DMQA in the gas phase as well
as in three different solvents i.e., chloroform, cyclohexane, and ethanol.
The AE was found to be minimum for the gas phase followed by cyclo-
hexane, chloroform, and ethanol solvents. The chemical hardness was
also found to be highest for the gas phase. To identify the reactive sites of
the molecule, MEP surface, IP surface, and counterplots were observed.
These surfaces identified the C = O and N — H groups as the reactive sites
within the 2,9-DMQA. This prediction was better supported by the NBO
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Table 3
Computed photovoltaic parameters for the gas phase, and chloroform, cyclo-
hexane, and ethanol solvent (Vo in volt (V), V4 and FF are dimensionless).

Parameters Voc Vq FF
Solvents

Gas 1.11 43.15 0.891
Chloroform 0.797 30.98 0.860
Cyclohexane 0.877 34.09 0.870
Ethanol 0.74 28.76 0.852

analysis when the interactions between the mentioned groups were
observed with high stabilization energy. The fingerprint print plots were
determined to identify the contribution of the intramolecular in-
teractions. The absorption spectra better support the ICT between the C
= O and N - H groups. Moreover, the computed value of light harvesting
efficiency was also higher for the title compound showing its enhanced
application as a potential absorber for solar cells. The emission spectra
account for the radiative nature of the transitions. The ® of 2,9-DMQA
reflects the donating nature of the compound. The interaction of the
title molecule with TiO, was also promising. The value of the Eg was
seen to decrease after the introduction of TiO5. Moreover, the disloca-
tion of HOMO-LUMO surfaces between TiO, and 2,9-DMQA enhances
the interactions between the donor and acceptor moieties. The values for
Voc was obtained between 0.74 V and 1.11 V for different solvents. The
high value of the fill factor (less than0.8 for all solvents) was also
promising enough to show the potential characteristics of 2,9-DMQA as
an efficient solar cell material. Therefore, the present study claims the
title molecule as an active material in solar cell applications, and the
study can be a strong basis for the experimental demonstrations of the
desired properties of the title molecule. The presented study might be
fruitful in providing a new strategy and guidance for experimental sci-
entists to synthesize new photosensitizing dye from the title compound.
Furthermore, the excellent performance of the proposed dye can be used
in various optoelectronic applications.
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