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terization and exploration of
photovoltaic behavior of hydrazide based scaffolds:
a concise experimental and DFT study†

Muhammad Haroon,*ab Tashfeen Akhtar, *a Muhammad Khalid, *cd

Hasnain Mehmood,a Muhammad Adnan Asghar,e Rabia Baby,f Raha Orfali*g

and Shagufta Perveenh

Solar energy being a non-depleting energy resource, has attracted scientists' attention to develop efficient

solar cells to meet energy demands. Herein, a series of hydrazinylthiazole-4-carbohydrazide organic

photovoltaic compounds (BDTC1–BDTC7) with an A1–D1–A2–D2 framework was synthesized with 48–

62% yields, and their spectroscopic characterization was accomplished using FT-IR, HRMS, 1H and 13C-

NMR techniques. Density functional theory (DFT) and time dependent DFT analyses were performed

utilizing the M06/6-31G(d,p) functional to calculate the photovoltaic and optoelectronic properties of

BDTC1–BDTC7 via numerous simulations of the frontier molecular orbitals (FMOs), transition density

matrix (TDM), open circuit voltage (Voc) and density of states (DOS). Moreover, the conducted analysis on

the FMOs revealed efficient transference of charge from the highest occupied to the lowest unoccupied

molecular orbitals (HOMO / LUMO), further supported by TDM and DOS analyses. Furthermore, the

values of binding energy (Eb = 0.295 to 1.150 eV), as well as reorganization energy of the holes (−0.038–

0.025 eV) and electrons (−0.023–0.00 eV), were found to be smaller for all the studied compounds,

which suggests a higher exciton dissociation rate with greater hole mobility in BDTC1–BDTC7. Voc

analysis was accomplished with respect to HOMOPBDB-T–LUMOACCEPTOR. Among all the synthesized

molecules, BDTC7 was found to have a reduced band gap (3.583 eV), with a bathochromic shift and

absorption maximum at 448.990 nm, and a promising Voc (1.97 V), thus it is regarded as a potential

candidate for high performance photovoltaic applications.
Introduction

Recently, organic solar cells (OSCs) have emerged at the forefront
of technology to convert solar energy to electricity.1,2 This
ity of Science and Technology (MUST),

enchem@must.edu.pk

r Muhammad Afzal Khan (Shaheed), Boys

with Mirpur University of Science and

kistan

niversity of Engineering & Information

stan. E-mail: muhammad.khalid@kfueit.

l Research, Khwaja Fareed University of

im Yar Khan, 64200, Pakistan

e and Technology, University of Education

rsity, 65200, Pakistan

Pharmacy, King Saud University, PO Box

rorfali@ksu.edu.sa

ter, Mathematical and Natural Sciences,

251, USA

tion (ESI) available. See DOI:

the Royal Society of Chemistry
remarkable strategy utilizes solar cells to produce electricity by
solar energy consumption through the photoelectric effect.3,4

Because of this, photovoltaic (PV) technology has rapidly devel-
oped and is providing a sustainable power supply.5 Some major
factors responsible for its wide usage include its lightweight
nature, low cost, simple device framework, good exibility, and
easy fabrication.6,7 The foremost photovoltaic devices are inor-
ganic silicon-based solar cells, which developed rapidly due to the
excellent prociency of silicon, best power conversion efficiencies
(PCEs), stability at high temperature and eco-friendly nature.8,9

Nevertheless, conventional silicon-based solar cells (Si-SCs) have
disadvantages such as non-tunable energy levels, high costs, and
a brittle nature. Consequently, dye-sensitized solar cells (DSSCs)
have gained attention over Si-SCs due to their strong stability,
simple modulation, tunable optical characteristics, environment-
friendly nature, and visual properties such as transparency and
a colored nature.10–13 However, DSSCs also have some major
failings, i.e. difficulty in minimizing energy loss while enhancing
electron injection at the dye interface.14 Thus, organic photovol-
taics (OPVs), also known as bulk heterojunction (BHJ) solar cells,
have been widely accepted and highly investigated owing to their
mechanical stiffness, light transparency, economical nature,
RSC Adv., 2023, 13, 7237–7249 | 7237
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color alteration, and lightweight property.2,15–19 Over the past 20
years, fullerene acceptors have gained the attention of researchers
and improved the PCE to 8.3% in junction with polymeric
donors.20,21 They have remained as presiding acceptors in BHJ
solar cells owing to their 3-D structure, high electron affinities,
and electronic delocalization in the lowest unoccupied molecular
orbitals (LUMOs), hence effectively generating charge separation
states with donor moieties. In a bulk heterojunction (BHJ), 11–
12% power conversion efficiency was gained using fullerene-
based organic solar cells (FOSCs such as PC71BM, PC61BM,
and ICBA). Fullerene-based organic solar cells can withstand
a high Voc, and this model competes with donor-accepting
heteroatoms, while the trajectories of electrons and holes are in
their respective phases of transport. The two elements that
control the transfer of current, the HOMO difference between
acceptor and donor, and recombining strength, agreed with the
experimental results and kinetic Monte Carlo simulation.
Evidence proved that the difference in HOMO levels between the
acceptor and the donor was the same as the space between the
donor and acceptor system.22 However, these fullerene photo-
voltaic devices possess some limitations: least absorption in the
visible area, large band gaps, a small Voc, etc. Recently, an
emerging class of non-fullerene acceptors (NFAs) has become
a foremost part of the research on BHJ-SCs and has enabled
a major breakthrough in the power conversion efficiencies of
OSCs. A few drawbacks, such as non-tunable LUMO energies and
unreliable morphologies, have rendered the fullerene acceptors
less efficient materials as compared to the NFAs.23 With the
emergence of NF chromophores, the power conversion efficien-
cies (PCEs) of OSCs have been massively growing and have ach-
ieved a value of 18%.24–27 Among the NFAs, fused-ring electron
acceptors with acceptor1–donor1–acceptor2–donor2 (A1–D1–A2–
D2) molecular congurations are tremendously exciting.28–33 In
the literature, we found many reports in which NFAs with various
congurations such as D–p–D–p–A, A–p–D–p–A, A–p–A–p–A, D–
p–A, A–p–A, etc. were widely utilized to tune the photovoltaic
properties of organic solar cells. It is well-known that utilization
of a strong electron withdrawing group on acceptor moieties at
the terminal of amolecule and core with some donating units like
benzothiophene, diphenylamine, naphthalene diamine etc.
signicantly reduces band gaps along with binding energies,
widens the absorption spectra and improves the exciton dissoci-
ation rate and open-circuit voltage of OSCs. They have also shown
exceptional attributes contributing to promising PCEs in
OSCs.34–36 Khan and co-authors reported a Z series of novel Z1–Z6
acceptor materials with fused chrysene designed using FClC. A
reduction in HOMO–LUMO energy gap was observed with a lower
binding energy (0.272–0.353 eV) than that of the parent chro-
mophore (0.394 eV). Low excitation energy values mean that
maximum charge transfer occurs during excitation. DOS, TDM,
and FMO analyses showed that end capped modication in
acceptors was signicant in tuning the photovoltaic properties of
photovoltaic materials.37 Fullerene-free acceptor chromophores
(MOL-1–MOL-4) with an A2–p–A1–p–A2 architecture containing
benzothiazole core units and bridged with four different end-
capped acceptors were reported to have excellent photovoltaic
properties.38 All the chromophores exhibited reduced band gaps
7238 | RSC Adv., 2023, 13, 7237–7249
with broader absorption responses than their parent (RCAM)
owing to an electron withdrawing effect of the terminal acceptor
units. Furthermore, MOL-1 exhibits a strong absorption lmax =

545.02 nm in solvent with a narrow Eg and notable photovoltaic
response. Aqil and co-workers reported (BTM1–BTM5) benzo-
thiazole based fullerene-free acceptor chromophores to enhance
the efficiency of OSCs. They designedmolecules using an efficient
acceptor named BTP-Cl and recently reported a 16.5% PCE. The
designed molecules were found to be much better in structural
congurations and their bandgap decreased by 10 times as
compared toR. Optoelectronic investigations revealed that BTM-3
and BTM-4 were superior with respect to their absorption
responses.39 Herein, a series of hydrazide containing NF-based
small molecular acceptors (BDTC1–BDTC7) was synthesized,
and their photovoltaic responses were studied using DFT in order
to use them as OSCs.
Materials and methods

The synthesis of hydrazides (BDTC1–BDTC7) was accomplished
from hydrazinylthiazole esters via commercially available
solvents and reagents. The solvents and reagents were purchased
from internationally well-reputed chemical suppliers; glacial
acetic acid, thiosemicarbazide, 3-nitrobenzaldehyde, 2-chlor-
obenzaldehyde, 4-chlorobenzaldehyde (Sigma Aldrich, USA),
methanol, absolute ethanol, ethyl bromopyruvate, 3-chlor-
obenzaldehyde, 2-bromobenzaldehyde, 4-nitrobenzaldehyde
(Merck, Germany), n-hexane, acetone, ethyl acetate (Riedel-de-
Haen) and hydrazine monohydrate (Dae Jung, Korea).

The synthesis was initially determined by monitoring
different physical parameters, like color change, melting point
(MP), and retardation factor (Rf). Different spectro-analytical
methods like Fourier-transform infrared (FT-IR) spectroscopy,
high-resolution mass spectrometry (HRMS), and 1H- and 13C
nuclear magnetic resonance (NMR) spectroscopies were used for
structural conrmation. The purity and progress of the reaction
product were monitored using TLC with silica gel 60 HF-254 pre-
coated aluminum sheets (Merck, Germany). The approximate
MP was determined with DMP-300 (A&E Lab, UK) apparatus. The
absorptions in the IR spectra were used to determine functional
groups and were recorded on a FT-IR spectrophotometer using
attenuated total reectance (ATR). 1H and 13C NMR data were
recorded using Bruker Advance 300 MHz and Varian VNMRS 400
MHz spectrometers. A Bruker Micro TOF-ESI system was used to
obtain the mass spectrometry data.
Results and discussion

The targeted hydrazinylthiazole-4-carbohydrazides (BDTC1–
BDTC7) were synthesized as shown in Scheme 1. The conden-
sation reaction of hydrazinylthiazole-4-carboxylates with excess
hydrazine monohydrate in methanol solvent under reux
(overnight) led to the formation of hydrazinylthiazole-4-
carbohydrazides (BDTC1–BDTC7). The condensed hydrazides
(BDTC1–BDTC7) were obtained as solid products in moderate
yields (48–62%).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Systematic representation of the synthesis process of BDTC1–BDTC7.

Fig. 1 (a) Proton and carbon signal interpreted structure of BDTC4; (b) the optimized structures of BDTC1–BDTC7.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 7237–7249 | 7239
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The formation of the puried hydrazides (BDTC1–BDTC7)
was initially indicated by simple changes in physical parame-
ters. The color change from yellow to light green, increase in
melting point, and reduction in Rf values initially conrmed the
formation of the respective hydrazides. Different spectro-
analytical data conrmed the synthesized structures of the
desired hydrazides (BDTC1–BDTC7).

In the FT-IR spectra of BDTC1–BDTC7, the carbonyl group
absorptions were recognized in the 1608–1735 cm−1 range. The
characteristic absorptions in the ranges of 3272–3310 cm−1 and
3375–3433 cm−1 were attributed to –NH and –NH2 functional
groups, respectively, indicating the conversion of esters to their
respective hydrazides.

In the 1H NMR spectra of BDTC1–BDTC7, the appearance of
two additional signals for –NH2–CO and –NH conrmed the
formation of hydrazides, compared with the parent esters. The
two-proton signal as singlet observed at 4.50–4.54 ppm was
assigned to the –NH2 moiety. The signal appearing as one
proton singlet observed in the range of 9.03–9.09 ppm was
ascribed to –CO–NH– protons. These two signals evidenced the
successful conversion of hydrazinylthiazole esters to
hydrazinylthiazole hydrazides. Another proton signal as
a singlet at 8.04–8.43 ppm arose due to the azomethine (–CH]

N–) functionality. Additionally, the proton signals within the
aromatic region did not show any signicant shi and
authenticate the formation of hydrazides.

In the 13C NMR spectra of BDTC1–BDTC7, the thiazole ring
carbons at positions 5 and 4 appeared at 113.5–113.7 and 145.8–
145.9 ppm, respectively. The most downeld carbon signal at
168.3–168.6 ppm was assigned to the ipso carbon 2 of the
thiazole ring. The appearance of a new carbon signal at
160.9 ppm was seen as a conrmation of the carbonyl carbon of
the hydrazide functionality. There was no signicant change in
the aromatic carbon signals when the esters converted into
their respective hydrazides.

HRMS data nally conrmed the structures of the
hydrazinylthiazole-4-carbohydrazides (BDTC1–BDTC7). The
calculated masses of the hydrazides were found to be in
harmony with the observed masses (see ESI† and experimental
data). The synthesized compounds based on their structural
features were anticipated as an important motif for solar cell
applications to enhance the PCE of photovoltaic devices.
Therefore, a DFT approach was taken to verify the solar cell
efficiencies by analyzing the band gap, inertness, chemical
reactivity, charge density transfer, and spectral absorption. The
optimized structures for the studied compounds are also dis-
played in Fig. 1.

Experimental section
Synthesis of 2-(2-(arylidene) hydrazinyl) thiazole-4-
carbohydrazides (BDTC1–BDTC7)

The targeted hydrazides (BDTC1–BDTC7) were obtained from
amixture of hydrazinylthiazole esters (0.2 g, 1 mmol), hydrazine
monohydrate in excess (3.0 equivalent), and methanol (20 mL)
by heating under reux, overnight. TLC was used to monitor the
conversion of esters into their respective hydrazides. TLC was
7240 | RSC Adv., 2023, 13, 7237–7249
repeated every 30 min in the solvent system (acetone/n-hexane:
1 : 2). Completion of the reaction was observed as a single spot
on the TLC plate. The mixture was le to reach room temper-
ature for almost an hour. Then, the reaction mixture was
transferred into ice. The chilled reaction mixture was put in
a refrigerator to obtain precipitates of the hydrazinylthiazole-4-
carbohydrazides. The precipitates formed were ltered. The
mother liquor was removed by washing the precipitated solids
with plenty of water. The pure hydrazides were dried at room
temperature. The 1H- and 13C-NMR spectra of all the hydrazides
were recorded in DMSO-d6 solvent. Spectroscopic data of all the
synthesized compounds (BDTC1–BDTC7) are presented in the
ESI† (Tables S1–S18).
Computational procedure

In this study, all the DFT calculations of BDTC1–BDTC7 were
accomplished using the Gaussian 09 program40 and for, input
les, GaussView 5.0 (ref. 41) was utilized. The results obtained
from the output les were interpreted using Avogadro,42

Chemcra,43 PyMOlyze,44 Multiwfn 3.7,45 and GaussSum46 so-
ware. The true minima of BDTC1–BDTC7 were obtained using
the M06 (ref. 47 and 48) functional along with the 6-31G(d,p)
basis set.49 Other quantum chemical computations, including
density of states (DOS), open circuit voltage (Voc) and reorga-
nization energy (RE) analyses, were also performed using the
aforesaid functional of DFT. Some analyses: transition density
matrix (TDM), frontier molecular orbitals (FMOs), and UV-vis
were performed using TD-DFT at the above-mentioned level of
theory. RE is divided into two main types: internal reorganiza-
tion energy (lint) and external reorganization energy (lext).
Internal reorganization energy can be easily identied due to
sudden modications in the internal environment. In contrast,
external reorganization energy reects the effect of polariz-
ability on the surroundings as well as relaxation of the external
environment. In the current study, lext effects were ignored, and
only lint was considered. eqn (1) and (2) were used to calculate
the energies of electrons (le) and holes (lh).50–52

le = [E0 − E−] + [E0
− − E0] (1)

lh=[E0
+ − E+] + [E0

+ − E0] (2)

In eqn (1) and (2), E0
− and E0

+ represent the energies of
neutral molecules in their anionic and cationic states, respec-
tively. E+ and E− specify the energies of the cation and anion
obtained via the optimized geometry of the cation and anion
molecules, and E0 is the energy of the neutral molecules in the
ground state.53
Frontier molecular orbital (FMO) analysis

FMO investigation is helpful in understanding the intra-
molecular charge transfer (ICT) and optoelectronic character-
istics of compounds via assessing the electronic charge
transition between the HOMO and LUMO.54–63 Band theory
describes the HOMO and LUMO as conduction and valence
bands, accordingly, and the energy gap between orbitals is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Graphical representation of ICT and energies of molecular orbitals of BDTC1–BDTC7.
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described as the band gap (DE).64,65 The efficiency of OSCs can
be elucidated with the help of Egap as a photovoltaic material
having a smaller energy gap will have a high power conversion
efficiency (PCE).30,66,67 Herein, we have examined the conducting
nature of electronic charge density followed by photon proper-
ties of BDTC1–BDTC7. The results in Table S8† show the ener-
gies of orbitals and energy gaps while the pictographic
representation of the molecular orbitals of the aforesaid chro-
mophores along with their energies is shown in Fig. 2.

The values of EHOMO of BDTC1–BDTC7 were found to be
−5.843,−5.954,−6.010,−5.979,−5.935,−6.385, and−6.249 eV,
while the values of ELUMO are noted as −1.365, −1.450, −1.636,
−1.619, −1.389, −2.327, and −2.666 eV, respectively. The band
gap is noted to be 4.478, 4.504, 4.374, 4.360, 4.546, 4.058, and
3.583 eV for BDTC1–BDTC7, respectively. The data from Table
S8† show that all the synthesized compounds (BDTC1–BDTC7)
exhibit comparable bandgaps. Nevertheless, among all these
studied compounds (BDTC1–BDTC7), the highest band gap is
seen for BDTC5 (4.546 eV), which has the least electron-
withdrawing groups among bromo (–Br), chloro (–Cl), and
nitro (–NO2) groups. However, the smallest band gap value (3.583
eV) was found for BDTC7 among all the synthesized compounds
because of the –NO2 group at the para position. This narrow
band gap might be due to the resonance effect because, in terms
of resonance, the nitro group facilitates the sharing of its non-
bonded electron pair charge with acceptors. Overall, the
descending trend of Egap of the investigated compounds was
found to be: BDTC5 > BDTC2 > BDTC1 > BDTC3 > BDTC4 >
BDTC6 > BDTC7. Besides the determination of energies of the
orbitals, charge transference can also be examined from FMO
study. Therefore, charge transference between orbitals of
BDTC1–BDTC7 was also studied, and their pictographs are
shown in Fig. 2. From the FMO diagrams, it is noted that the
electronic cloud of the HOMO is signicantly concentrated over
the entire molecule for BDTC1–BDTC7. However, for the LUMO,
the major portion of charge density is located over the end-
capped acceptor (A2), and a minute portion of it is present over
the donor 1 and acceptor 1 regions in all the synthesized
compounds (BDTC1–BDTC7). In terms of charge transfer,
© 2023 The Author(s). Published by the Royal Society of Chemistry
compounds with a lower Egap exhibit a high charge transference
rate and show greater photovoltaic properties.

Density of states (DOS)

Density of states (DOS) study is considered to be an effective tool
to investigate the electronic cloud transference in compounds
and also support the results of FMO analysis.68,69 Herein, the
DOS maps of BDTC1–BDTC7 at the M06/6-31G(d p) level were
plotted, and their pictographs are shown in Fig. 3. In order to
perform DOS analysis of BDTC1–BDTC7, each compound is
split into four respective segments: i.e., acceptor 1 (A1), donor 1
(D1), acceptor 2 (A2), and donor 2 (D2), which are represented
by red, green, blue, and pink lines, accordingly. In the DOS
plots, the peaks (negative values) on the right side along the x-
axis show the electronic cloud on the HOMOs while the peaks
on the le side represent the charge on the LUMOs of the
investigated compounds. The distance between these right and
le peaks indicates the energy difference. From the DOS results,
it was found that the charge contribution of donor 1 is 91.8,
88.8, 93.4, 92.5, 88.5, 37.6, and 47.0% at the HOMO and 51.1,
49.7, 49.7, 50.5, 48.1, 57.2, and 48.3% at the LUMO in BDTC1–
BDTC7, respectively. For acceptor 1, the electronic cloud
contribution was 1.2, 0.3, 2.1, 1.6, 60.6, and 51.0% at the
HOMO, and 0.2, 0.1, 0.6, 0.2, 0.1, and 0.4% at the LUMO for
BDTC2–BDTC7, respectively. Donor 2 contributes 0.4, 0.0, 0.0,
0.0, 0.1, 0.0, and 0.0% to the HOMO and 2.1, 1.4, 1.4, 1.3, 1.5, 1.4
and 1.5% to the LUMO in BDTC1–BDTC7, respectively. Acceptor
2 contributes 7.7, 10.0, 6.3, 5.4, 9.8, 1.7, and 2.0% to the HOMO,
and 46.7, 48.7, 48.9, 47.6, 50.3, 41.3, and 49.9% to the LUMO in
BDTC1–BDTC7, respectively. The plots in Fig. 3 show that for
the HOMO the highest peak (blue) is exhibited by A2 at nearly
−4 eV while for the LUMO the highest peak is observed for D1
(green) at −1.5 eV for BDTC1–BDTC5. However, in BDTC6 and
BDTC7, themost prominent LUMO peak (red) is observed for A1
at −2.5 eV, demonstrating efficient ICT for BDTC6 and BDTC7.
From the above discussion, it was concluded that the maximum
charge density in the HOMOs is provided by the donor while in
the LUMOs the charge is mainly located over the acceptor
region as already elucidated in the FMO analysis. Overall,
RSC Adv., 2023, 13, 7237–7249 | 7241
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Fig. 3 DOS plots of the investigated molecules (BDTC1–BDTC7).
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a massive ICT from donor to acceptor is clear from the DOS
spectra, which indicates that the studied compounds are good
photonic materials.
UV-vis analysis

To understand the effects of the donor, bridging core, and
acceptor moieties on the optical properties of the studied
7242 | RSC Adv., 2023, 13, 7237–7249
compounds, excited state absorption spectra were investigated in
dichloromethane (DCM). It has been anticipated that the polar
medium is included in stability of p–p* level corresponds to the
n–p* level via a suitable electronic state.34,70 Generally, the
interaction energy of a compound in DCM solvent is governed by
the polarity and non-covalent interactions (NCIs).71 This means
that the dipolar interactions and hydrogen bonding play an
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Computed absorption properties of BDTC1–BDTC7a

Comp. lmax(nm) E (eV) fos MO contributions

BDTC1 372.591 3.328 0.064 H / L (96%)
BDTC2 362.888 3.417 0.087 H / L (97%)
BDTC3 380.180 3.261 0.075 H / L (96%)
BDTC4 381.197 3.253 0.076 H / L (96%)
BDTC5 360.902 3.435 0.067 H / L (97%)
BDTC6 382.809 3.239 0.038 H / L (93%), H / L + 1 (5%)
BDTC7 448.990 2.761 0.070 H / L (97%), H / L + 1 (2%)

a MO = molecular orbital, H = HOMO, L = LUMO, fos = oscillator
strength.
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essential role in stabilizing the rst singlet electronic state of the
compounds.72 It is considered that the excited level is more polar
than the ground level. Hence, the ground state is less stabilizing
than the excited state in DCM.71 The signicant results, including
the transition energy (E), maximum absorption wavelength
(lmax), oscillator strength (fos), and major molecular orbital
contributions for the investigated compounds, are presented in
Table 1 and their detailed analysis is shown in Tables S1–S7†
while a graph of the absorption properties is shown in Fig. 4.

Table 1 shows that all the synthesized molecules exhibit
maximum absorbance in the range of 360.902–448.990 nm with
an excitation energy of 2.761–3.435 eV. All the molecules exhibit
comparable results of lmax when the position of the electron-
withdrawing units on benzene is changed (see Table 1).
However, a hypochromic shi (lmax = 360.902 and 362.888 nm)
with the highest transition energy (DE = 3.435 and 3.417 eV) was
noted for BDTC5 and BDTC2, respectively. The highest bath-
ochromic shi (448.990 nm) was seen in BDTC7 with a smaller
transition energy (DE = 2.761 eV) because of the presence of an
electron-withdrawing nitro (–NO2) unit at the end capped
acceptor moiety. Overall, the descending trend of lmax of the
investigated compounds is in the following order: BDTC7 >
BDTC6 > BDTC4 > BDTC3 > BDTC1 > BDTC2 > BDTC5, which is
inversely related to the FMO results. Literature surveys revealed
that molecules with smaller energy gaps show better absorption
Fig. 4 Simulated absorption spectra of BDTC1–BDTC7.

© 2023 The Author(s). Published by the Royal Society of Chemistry
properties leading to larger HOMO to LUMO charge transfer that
results in efficient photovoltaic behavior with a high-power
conversion efficiency (PCE).73 The prior discussion reports that
a small band gap with signicant charge transference was found
in the red-shied compound BDTC7 leading to a high PCE and
making it an excellent material for organic solar cells (OSCs).
Reorganization energy (RE)

Reorganization energy is the ability of holes and electrons to
recombine in a molecule. Through this analysis, the rate of
mobility of electrons and holes in an organic system can be
examined.53,74 The smaller the reorganization energy, the
greater the charge carrier ability and vice versa.61,75,76 There are
a number of factors such as external environmental factors
(temperature, solvent media etc.), and cationic and anionic
geometries that inuence reorganization energy.51,67,77 Here, the
main focus was to determine the mobility of charges (hole and
electron) within a molecule.

The data from Table 2 show that almost all the compounds
exhibit comparable values for le (−0.024 to −0.014 eV) except
BDTC3 and BDTC7. These le results indicate that except for
BDTC3 and BDTC7, all the other synthesized compounds have
good electron transportation rates. Similarly, all the
compounds exhibit comparable values of lh (0.025–0.038 eV),
when the electron withdrawing groups change position on the
benzene ring, except BDTC2 and BDTC5. The highest value of lh
is seen in BDTC5 (−0.273 eV), which might be due to the bromo
unit located at the benzene ring that deactivates the ring and
lowers the charge transference rate. The lowest value of lh is
noted in BDTC2 (0.0025 eV), indicating a high hole transference
rate in this molecule. The aforementioned analysis shows that
lh values are lower than le values for the compounds. This
decrease in the values of lh suggests that all the molecules
(BDTC1–BDTC7) are promising hole transfer candidates and
could behave as effective photovoltaic materials.
Hole–electron and transition density matrix (TDM) analysis

The hole–electron investigation found almost the same index
values for the investigated hydrazide-based scaffolds, as shown
in Table 3. As can be seen from Table 3, among all the chro-
mophores, BDTC6 possesses the highest D index at 4.101 Å,
which diminished to 2.863 and 2.802 Å in BDTC4 and BDTC3,
Table 2 Computed RE parameters of BDTC1–BDTC7 in eVa

Compounds le lh

BDTC1 −0.023 −0.038
BDTC2 −0.024 0.0025
BDTC3 0.00 −0.025
BDTC4 −0.021 −0.027
BDTC5 −0.024 −0.273
BDTC6 −0.014 −0.033
BDTC7 0.00 −0.025

a le = RE of electrons; lh = RE of holes.
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Table 3 Hole–electron analysis indices for the S0 / S1 excitation (with the highest fosc) of the studied compoundsa

Compound Excitation lmax(nm) fos E (eV) D (Å) ECoul (eV) Sr (a.u) H (Å) t (Å) HDI EDI

BDTC1 S0 / S1 372.591 0.064 3.328 2.686 4.3125 0.48759 2.422 1.099 9.96 8.69
BDTC2 S0 / S1 362.888 0.087 3.417 2.547 4.3651 0.52521 2.449 0.993 9.66 8.30
BDTC3 S0 / S1 380.180 0.075 3.261 2.802 4.2040 0.48147 2.425 1.228 9.85 8.64
BDTC4 S0 / S1 381.197 0.076 3.252 2.863 4.2142 0.47441 2.470 1.228 9.86 8.68
BDTC5 S0 / S1 360.902 0.067 3.435 2.611 4.2812 0.50120 2.432 1.106 9.70 8.31
BDTC6 S0 / S1 382.809 0.038 3.239 4.101 4.2510 0.38413 2.568 2.419 9.97 9.81
BDTC7 S0 / S1 448.990 0.070 2.761 3.851 4.2713 0.42878 2.692 2.151 9.73 8.59

a Electron delocalization index (EDI) and hole delocalization index (HDI).
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respectively. These values further reduce to 2.686 and 2.611 Å in
BDTC1 and BDTC5, respectively.

However, BDTC2 possesses a medium D index value of 2.547
Å, which implies that the S0 / S1 excitations involve a small
distance between electrons and holes and consequently
a medium ECoul value of 4.3651 eV, which suggests a weak hole–
electron interaction. Similarly, among all compounds, BDTC2
demonstrates the highest Sr index value of 0.52521 a.u. along
with a H index of 2.449 Å. These hydrazide scaffolds (BDTC1–
BDTC7) undergo p–p* excitations owing to their high Sr index
values (>0.6), and consequently they have high H index values of
2.422, 2.449, 2.425, 2.470, 2.432, 2.568, and 2.692 3.32 Å,
evidencing the presence of extended hole and electron distri-
butions in these compounds. All the aforesaid compounds
exhibit positive t values, indicating that the main excitation is
local excitation (LE) in the ascending order of BDTC2< BDTC1 <
BDTC5 < BDTC6< BDTC3 = BDTC4. The excitation also showed
relatively small and similar HDI and EDI values, indicating
a localized excitation, as illustrated in Table 3. TDM analysis is
an essential method for investigating the extent of transitions
and their nature in a molecule. It is utilized to evaluate inter-
actions between acceptor and donor units, electronic excitation,
and electron–hole pair localization.78,79 TDM analysis of the
studied compounds (BDTC1–BDTC7) was performed in the rst
excitation state (S1) by employing the above-mentioned DFT
functional. The inuence of hydrogen atoms was neglected due
to their negligible contribution to transitions. The TDM heat
maps of all the studied compounds show the nature of transi-
tions and are displayed in Fig. 5.

For the simulation of heat maps, the examined molecules
were divided into four parts: A1, D1, A2, and D2. Efficient ICT is
driven from D2 towards A1 because of the excellent electron
withdrawing nature of the terminal acceptor moieties. The most
prominent ICT is observed in BDTC6 and BDTC7, as both
contain a nitro group as the terminal acceptor part. In the maps
of BDTC1–BDTC5, higher electronic cloud density can be seen
over D1, as indicated by the green and red regions. This elec-
tronic charge density is diagonally shied from donor to
acceptor through the central structure in BDTC6 and BDTC7. In
the heat map of BDTC7, obvious electronic charge is shied
diagonally from the donor towards the acceptor, as indicated by
the green and red spots (Fig. 5). This means that the strong
terminal electron-withdrawing segment attracts the electronic
density towards itself, hence efficient movement of electronic
7244 | RSC Adv., 2023, 13, 7237–7249
cloud occurs from donor to acceptor in BDTC7, acting as
a charge facilitator without charge entrapping.

Similarly, BDTC6 also shows effective charge coherence and
proliferation of electron density in the diagonal path. In fact, all
the compounds show charge coherence in the diagonal and off-
diagonal regions. From the above discussion, it is clear that TDM
analysis provided excellent results for all the studied compounds
and proved them to be highly efficient solar cell materials.

Exciton-binding energy (Eb)

Binding energy or exciton binding energy (Eb) is the difference
between the electrical (EH–L) and optical (Eopt) energy band gap
and is a key factor for the evaluation of optoelectronic proper-
ties of a compound.80,81 A higher rate of electronic charge shi is
obtained due to lower Eb values.82 eqn 3 was used for the
calculation of the binding energies of BDTC1–BDTC7.

Eb = EH–L − Eopt (3)

Here, Eb is the binding energy, EH–L is the bandgap, and Eopt is
the rst excitation energy.83,84 All the calculated values of
binding energy are presented in Table 4, and their pictographic
illustration is shown in Fig. 6.

BDTC1 has the highest value of binding energy (1.150 eV)
with a band gap of 4.478 eV. All the molecules exhibited Eb
values in the range of (−0.295 to 1.150 eV). A smaller Eb with
higher excitation enables greater exciton dissociation and
considerably greater mobility of charges with signicant opto-
electronic properties.78 In the investigated compounds, the
smaller Eb values correlate with the TDM heat maps where
effective charge transfer is seen. The overall descending order of
Eb is as follows: BDTC1 > BDTC3 > BDTC5 > BDTC7 > BDTC6 >
BDTC4 > BDTC2 with values of 1.150, 1.113, 1.111, 0.822, 0.334,
−0.211, and −0.295 eV, respectively (Table 4). The smallest
value of Eb was found for BDTC2, which corresponds with the
TDM results and hence it might possess excellent optoelec-
tronic properties for use in OSCs.

Open circuit voltage (Voc)

The operational mechanism and performance of OSCs can be
predicted using open-circuit voltage analysis. In essence, it
measures the total current drawn from an optical instrument.
Voc is measured at zero voltage in solar devices. In order to
evaluate Voc, some scaling factors have been developed that can
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Simulated TDM graphs of BDTC1–BDTC7.
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be applied to accurately estimate the Voc of a solar cell. With the
LUMO of an acceptor material, the HOMO of the donor material
can be scaled. For higher open circuit voltage levels, the LUMO
© 2023 The Author(s). Published by the Royal Society of Chemistry
of the donor materials ought to have a higher energy than the
LUMO of the acceptor material. The donor polymer molecule
PBDB-T was selected for open circuit voltage measurements
RSC Adv., 2023, 13, 7237–7249 | 7245
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Table 4 Computed exciton binding energy (Eb) of BDTC1–BDTC7

Comp. EH–L (eV) Eopt (eV) Eb (eV)

BDTC1 4.478 3.328 1.150
BDTC2 4.504 3.417 −0.295
BDTC3 4.374 3.261 1.113
BDTC4 4.360 3.253 −0.211
BDTC5 4.546 3.435 1.111
BDTC6 4.058 3.239 0.334
BDTC7 3.583 2.761 0.822

Fig. 6 Energy gap = EH–L, Eopt and (Eb) of the investigated
compounds.
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since all of the reference and synthesized molecules used in this
investigation are acceptors by nature. The difference in HOMO
and LUMO energies between D and A molecules is directly
Fig. 7 The Voc values of BDTC1–BDTC7 with respect to the donor mate

7246 | RSC Adv., 2023, 13, 7237–7249
related to the Voc.85 In the current study, we calculated the Voc
values using the well-known donor polymer PBDB-T, whose
simulated EHOMO value is −4.936 eV. Theoretically, eqn (4) was
used to calculate the Voc of the OSCs,86 and the results are
tabulated in Fig. 7.

Voc = (jED
HOMOj − jEA

LUMOj) − 0.3 (4)

where E denotes energy, and the constant, i.e. 0.3, was derived
from the resolution factors of voltage drop.66 The Voc lines up
the HOMO of a well-known donor polymer, PBDB-T, with the
LUMO of the acceptor of the investigated compounds (BDTC1–
BDTC7).

The above data reveal that all the derivatives (BDTC1–
BDTC7) exhibit Voc values in the range of 1.97–3.27 V. DE
between the HOMO of the donor/LUMO of the acceptor
complexes was found to be 4.478, 4.504, 4.374, 4.360, 4.546,
4.058, and 3.583 eV for BDTC1–BDTC7, respectively (Table 5).
The Voc values of BDTC1–BDTC7 with respect to the HOMOPBDB-

T–LUMOacceptor difference of energy were found to be 3.27, 3.19,
3.00, 3.02, 3.25, 2.31, and 1.97 V, respectively. BDTC1 displays
the maximum Voc (3.27 V) among all the synthesized molecules.
The diminishing order of Voc of the designed chromophores
with respect to HOMOPBDB-T–LUMOacceptor is as follows: BDTC1
(3.27 V)> BDTC5 (3.25 V) > BDTC2 (3.19 V) > BDTC4 (3.02 V) >
BDTC3 (3.00 V) > BDTC6 (2.31 V) > BDTC7 (1.97 V). Voc depends
on the energy gap, and HOMO of the donor and LUMO of the
acceptor. A low-lying LUMO results in high Voc values with
improved optoelectronic properties. The orbital energy diagram
for every component in relation to PBDB-T is shown in Fig. 7. It
can be seen that the LUMO levels of the acceptor molecules
(BDTC1–BDTC7) are lower than those of the donor PBDB-T
polymer. Such a molecular orbital alignment makes the elec-
tron density move more quickly from a donor polymer to an
acceptor, thus improving optoelectronic performance.
rial PBDB-T.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Computed Voc values and energy driving force of BDTC1–
BDTC7

Compounds VOC (V) DE (eV)

BDTC1 3.27 4.478
BDTC2 3.19 4.504
BDTC3 3.00 4.374
BDTC4 3.02 4.360
BDTC5 3.25 4.546
BDTC6 2.31 4.058
BDTC7 1.97 3.583
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Conclusion

Hydrazinylthiazole-4-carbohydrazide based photovoltaic mate-
rials (BDTC1–BDTC7), with an A1–D1–A2–D2 framework, were
synthesized, and structural elucidation was done using various
spectroscopic (HRMS, FT-IR, 1H, and 13C-NMR) techniques. The
photovoltaic properties of BDTC1–BDTC7 were calculated via
DFT. In all the aforesaid compounds, lower reorganization
energy values were found for holes (lh = −0.273 to −0.038 eV)
than for electrons (le = 0.00 to −0.014 eV) except for BDTC2,
which indicated higher hole mobility rates in BDTC1 and
BDTC3–BDTC7. Lower binding energy values in all studied
compounds enabled higher exciton dissociation rates, which
resulted in higher charge transference rates that were further
supported by TDM and DOS analyses. Moreover, the Voc values
were also determined relative to HOMOPBDBT–LUMOAcceptor and
interesting data were found in the order: BDTC1 (3.27 V)>
BDTC5 (3.25 V) > BDTC2 (3.19 V) > BDTC4 (3.02 V) > BDTC3
(3.00 V) > BDTC6 (2.31 V) > BDTC7 (1.97 V). Band gaps of 4.546–
3.583 eV were found in these synthesized compounds, and
a narrow band gap (3.583 eV) was found in BDTC7. Additionally,
the highest lmax value (448.990 nm), along with a great charge
density transfer from HOMO to LUMO, was also observed in
BDTC7. With powerful electron-withdrawing acceptor units, the
calculated photovoltaic characteristics such as a reduced band
gap (3.583 eV), the largest lmax (448.990 nm), moderate reor-
ganization energy (le = 0.00, lh = −0.025 eV) and Voc (1.97 V)
support the candidacy of BDTC7 as a potential OSC material.
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