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a b s t r a c t 

Dye-sensitized solar cells (DSSCs) have gained critical importance as a leading emerging photovoltaic technol- 
ogy for low-cost power generation due to their simple production, light weight, applicability to the develop- 
ment of flexible photovoltaic devices, and use of abundant and inexpensive materials, including advantageous 
metal-free organic dyes. In this context, as a continuation of our work on DSSCs, a theoretical examination us- 
ing density functional theory (DFT) and time-dependent density functional theory (TD-DFT) was conducted to 
evaluate the photovoltaic performance of eight new organic dyes. Each dye contains an electron donor group 
(( E )-2-(2-(thiophen-3-yl)vinyl)-1,1 ′ -bipyrrole), an electron acceptor group (cyanoacrylic acid (CCA)), and four 
auxiliary donor/acceptor groups, i.e., 3,4-ethylenedioxythiophene (EDOT), furan/benzothiadiazole (BTZ), dike- 
topyrrolopyrrole (DPP) linked to π-conjugated bridges such as styrene or thiophene. We calculated several pa- 
rameters for each dye, including EHOMO , ELUMO , Egap , 𝜆max , Eex , pen-circuit photovoltage ( VOC ), light harvesting 
efficiency ( LHE ), regeneration driving force ( ΔGreg ), electron injection driving force ( ΔGinject ), and excitation life- 
time ( 𝜏) to determine the photovoltaic efficiency of each dye. The results showed that the new dyes exhibited good 
performance and remarkable energy-conversion efficiencies. Additionally, all investigated dyes posed as promis- 
ing candidates for the generation of effective DSSC sensitizers, particularly M6 , which contained a styrene-linked 
EDOT auxiliary donor group. 
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. Introduction 

The pressing need to find long-term solutions to the world’s growing
nergy demands is becoming an increasing concern. However, the con-
inuous production and use of energy have negative impacts on the sur-
ounding environment through the emission of gases that are responsi-
le for the greenhouse effect and the contamination of air and water [ 1 ].
herefore, it is crucial to shift to clean energy from renewable sources
o fulfill the expanding energy requirements while reducing the nega-
ive impacts on the environment. In this regard, photovoltaic technology
hat converts solar energy directly into electricity by exploiting the pho-
ovoltaic properties of semiconductor materials is considered as one of
he most environmentally friendly and promising options. Another ad-
antage of this technology is that it can be implemented in remote and
naccessible areas that are far from the existing electrical infrastructure.
herefore, photovoltaic technology offers an ideal alternative for use

n geographically isolated locations or rural communities [ 2 ]. Further-
ore, it may be employed for small-scale applications, such as solar
anels for individual houses or small companies, as well as large-scale
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pplications, such as solar power plants, which are capable of delivering
lectricity to millions of families [ 3 ]. Therefore, solar cells are expected
o play a substantial role in expediting the shift towards an environ-
entally sustainable and robust energy infrastructure by offering a re-
ewable and enduring power supply that is universally accessible. Since
heir discovery in 1991 by O’Regan and Grätzel [ 4 ], solar cells have
merged as a promising source of renewable energy to meet the current
nvironmental and energy challenges. Therefore, the search for new,
ost-effective, efficient, and sustainable photovoltaic materials able to
apture the unlimited renewable energy of the sun has become a major
cientific priority. Dye-sensitized solar cells (DSSCs) are a relatively new
ype of photovoltaic technology that has attracted the interest of both
he scientific community and the business sector. They typically con-
ist of five key components, including a photoanode, redox electrolyte,
hotosensitizer, metal oxide, and counter electrode. When exposed to
unlight, photosensitizers capture photons and inject excited electrons
nto the conduction band (CB) of a semiconductor ( Ti O2 ). Subsequently,
n electron is regenerated in the dye using the redox electrolyte. To al-
ow this process to occur, the dye’s lowest unoccupied molecular orbital
ne 2024 
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LUMO) must be higher than the CB of Ti O2 , while the dye’s highest oc-
upied molecular orbital (HOMO) must be lower than the redox poten-
ial of the electrolyte (commonly I− / I− 3 ). These two phenomena, namely
lectron injection and regeneration, occur spontaneously during the op-
ration of a photovoltaic device. Understanding the role and function
f each component is crucial for the design and optimization of DSSCs,
hich have the potential to provide a low-cost and sustainable source
f energy. 

In contrast to conventional silicon solar cells, DSSCs offer several
ignificant advantages. First, their manufacturing process is straightfor-
ard and inexpensive, resulting in low overall power generation costs.

n addition, these cells are lightweight and can be used to develop flex-
ble photovoltaic devices, thereby enabling many design possibilities.
he use of abundant and low-cost materials such as organic dyes that are
evoid of mineral components is another significant benefit of DSSCs.
hese materials present numerous attractive advantages compared to
uthenium complexes, which are used in other forms of solar cells based
n delicate dyes. In particular, they exhibit high molecular extinction
oefficients, indicating effective sunlight absorption that facilitates elec-
ricity generation. When considering all these practical and financial
enefits, it becomes evident that DSSCs have tremendous potential to
erve as an inexpensive, renewable source of electricity that also con-
ributes to the preservation of natural resources. It is also important to
ighlight that this technology is still undergoing development and fur-
her studies are required to increase both its performance and capacity
or achieving sustainability. However, DSSCs are already regarded as a
otentially fruitful alternative to conventional solar cells and hold the
otential to play a pivotal role in the shift towards the generation of
leaner and more sustainable energy [ 5-8 ]. In general, the two most
ommon types of photosensitive dyes used in DSSCs are organic and
norganic molecules. The latter consist of complex metal-organic com-
ounds, with N-719 and N-3 being the most efficient examples. These
yes contain Ru and have energy conversion rates of 14% and 11%, re-
pectively. However, because of the rarity of Ru and the environmental
ssues associated with its use, more attention is being paid to organic
yes. The efficiency of light harvesting by a cell and the light absorp-
ion range strongly depend on the photosensitivity of the dye. The dye
s a fundamental component of the cell structure and plays a significant
ole in its overall performance. Therefore, choosing an appropriate dye
s crucial for maximizing stability and energy efficiency [ 9-11 ]. 

Organic sensitizers are often based on different combinations of
n electron-donating group (D), π-conjugated bridge ( π), and electron-
ccepting group (A) according to the general D- π-A structure. This struc-
ure facilitates the intramolecular charge transfer from the donor to
he acceptor, resulting in charge separation and the generation of a
otential difference that can be used to produce an electric current
 12 ]. Numerous compounds, including carbazole [ 13 ], indoline [ 14 ],
oumarin [ 15 ], phenothiazine [ 16 ], perylene [ 17 ], and triphenylamine
TPA) [ 12 ], have been identified as electron donors for organic sensi-
izers. In DSSCs, charge transfer is often facilitated by bridging groups
uch as phenyl, thiophene, and their derivatives [ 18 ]. Cyanoacrylic acid
as been used as electron acceptor in the design and production of these
evices [ 19 ]. 

Recently, dyes D1 [ 20 ], D2 [ 21 ], D3 [ 22 ], and D4 [ 23 ]
ere synthesized for use as sensitizers in DSSCs ( Fig. 1 ). D1 
nd D2 exhibit a D-D- π-A structure, while D3 and D4 pos-
ess a D-A- π-A structure. All four molecules feature cyanoacrylic
cid as acceptor group (anchoring group) and thiophene as π-
ridge. Dye D1 contains 5,5 ′ -(phenylazanediyl) bis(1,3-dihexyl-1H-
enzo[d]imidazole-2(3H)-thione) as electron donor, while the auxil-
ary donor group is furan. D2 contains triphenylamine and EDOT as
lectron donor and auxiliary donor moieties, respectively. The donor
roup of D3 is 9,10-bis(4,5-bis(hexylthio)− 1,3-dithiol-2-ylidene)− 9,10-
ihydroanthracene, while BTZ serves as auxiliary acceptor group. Fi-
ally, the donor group in D4 is 4 ‑methoxy-N-(4-methoxyphenyl)-N-
henylaniline, while the auxiliary acceptor group is phenyl-DPP-phenyl.
441
he maximum wavelengths for dyes D1 , D2 , D3 , and D4 are 502, 470,
42, and 524 nm, respectively, while their energy conversion efficien-
ies reach up to 7.66%, 4.88%, 5.38%, and 3.44%, respectively. 

In this study, we theoretically investigated how replacing the elec-
ron donating group in each dye ( D𝑖 , 𝑖 = 1–4) with ( E )− 2-(2-(thiophen-3-
l)vinyl)− 1,1 ′ -bipyrrole [ 24-27 ] might affect their optoelectronic char-
cteristics. Additionally, the effect of substituting the thiophene π-
ridge with styrene on the optoelectronic properties of the dyes was
lso explored. Eight different dyes were examined, comprising ( E )− 2-
2-(thiophen-3-yl)vinyl)− 1,1 ′ -bipyrrole as electron donor, cyanoacrylic
cid as electron acceptor, and four auxiliary donor/acceptor groups
EDOT, furan/BTZ, and DPP) attached to either thiophene or styrene
 π-bridge), as illustrated in Figs. 2 and 3 . A better understanding of the
ptoelectronic properties of these dyes will guide the creation of new
aterials aimed at improving the effectiveness and efficiency of DSSCs.
his can have important implications for the research and development
f more effective and sustainable solar energy technologies. 

. Methods 

.1. Theoretical framework 

The efficiency of solar cells can be influenced by several factors, in-
luding the open-circuit photovoltage ( 𝑉OC ), light-harvesting efficiency
t the maximum wavelength (LHE ) , and electron injection driving force
Δ𝐺inject ) . These parameters were theoretically estimated using the fol-
owing equations: 

OC = 𝐸LUMO − 𝐸CB , (1) 

here 𝐸CB represents the conduction band of the Ti O2 semiconductor,
ith a value of − 4.0 eV [ 28 ]. 

HE = 1 − 10 − 𝑓 . (2) 

In Eq. (2) , the oscillator strength is represented by ( 𝑓 ). It is evident
hat as ( 𝑓 ) increases, the LHE also increases. 

𝐺inject = 𝐸dye ∗ − 𝐸CB . (3) 

The oxidation potential of the excited state, represented by 𝐸dye∗ ,
as estimated as: 

dye∗ = 𝐸dye − 𝐸ex , (4) 

here 𝐸dye indicates the potential energy for oxidation of the dye in
ts unexcited state and can be determined by calculating the negative
alue of 𝐸HOMO . On the other hand, 𝐸ex refers to the energy required
or a vertical transition and corresponds to the wavelength of maximum
bsorption ( 𝜆max ). 

Electron affinity ( EA ), ionization potential ( IP ), and chemical reac-
ivity were calculated using the following equations: 

P = 𝐸cation − 𝐸neutral = −𝐸HOMO , (5) 

A = 𝐸neutral − 𝐸anion = −𝐸LUMO , (6) 

= ( IP + EA ) 
2 

, (7) 

= − IP + EA 

2 
= − 𝜇, (8)

= ( IP − EA ) 
2 

, (9) 

 = 𝜇2 

2 𝜉
= ( IP + EA ) 2 

4( IP − EA ) 
, (10) 

+ = ( IP + 3EA ) 2 

16( IP − EA ) 
, (11) 
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Fig. 1. Structures of synthesized dyes ( D𝑖 , 𝑖 = 1–4). 

Fig. 2. Components of the dyes used in this study. 

442



M. Ouachekradi, M. Elkabous and Y. Karzazi ChemPhysMater 3 (2024) 440–450

Fig. 3. Structures of all the studied dyes ( M𝑖 , 𝑖 = 1–8). 
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Table 1 

Values of bond lengths ( 𝑑𝑛 , n = 1–3) and optimized dihedral angles 
( Фn , n = 1–3), obtained by using the B3LYP/6–31G(d,p) method, for 
the eight dyes studied. 

Dye 𝑑1 ( Å) 𝑑2 ( Å) 𝑑3 ( Å) Ф1 (°) Ф2 (°) Ф3 (°) 

M1 1.432 1.428 1.418 179.98 179.99 179.99 
M2 1.434 1.429 1.417 − 179.57 − 179.09 179.78 
M3 1.447 1.453 1.422 − 179.98 − 179.99 179.99 
M4 1.430 1.435 1.421 − 179.22 − 179.74 − 179.96 
M5 1.434 1.444 1.425 − 179.97 − 179.96 − 179.99 
M6 1.436 1.451 1.424 178.69 − 172.07 179.89 
M7 1.452 1.474 1.427 − 179.05 − 148.71 − 179.97 
M8 1.432 1.457 1.427 − 171.63 − 155.13 179.98 

3

3

 

p  

m  

l  

o  

s  

u  

c  
= 1 . 499 
𝑓𝐸2 , (12) 

𝐺reg = 𝐸dye − 𝐸I− ∕I− 3 
. (13) 

.2. Computational details 

Theoretical chemistry calculations were performed using the Gaus-
ian 09 software [ 29 ] with a GaussView 6.0.16 interface [ 30 ]. The hy-
rid functional Becke, 3-parameter, Lee–Yang–Parr (B3LYP) and basis
et 6–31G(d,p) were utilized for the optimization of the ground-state
tructures of all the suggested dyes through density functional theory
DFT). This basis set was used to optimize the geometry of organic dyes,
nd its extension through the inclusion of diffuse functions had a negli-
ible effect on the precision of theoretical calculations [ 31-33 ]. 

In this study, the time-dependent density functional theory (TD-
FT) method was employed to simulate the various properties of the
yes. Specifically, the oscillator strengths ( 𝑓 ) , vertical excitation en-
rgies ( 𝐸ex ), maximum absorption wavelengths ( 𝜆max ), and significant
ransitions were simulated using the ω B97X functional and 6–31G(d,p)
asis set [ 34 , 35 ]. A polarized continuum model of integral equation for-
alism (IEF-PCM) [ 36 ] was employed to consider the effect of the sol-

ent. In this case, dichloromethane ( CH2 Cl2 ) was chosen as the solvent,
hich possesses a dielectric constant 𝜀 = 8 . 93 [ 20 ]. This model provided
 reasonable approximation of the real solvent environment by assum-
ng the solvent as a continuum. 
443
. Results and discussion 

.1. Geometrical properties of the dyes 

The optoelectronic performance of a system is closely related to the
roperties of the light-sensitive dyes, which strongly depend on their
olecular structures, including the intramolecular charge transfer and

ight absorption range. Table 1 lists the bond lengths and dihedral angles
f the eight dyes examined, while Fig. 4 shows their optimized ground-
tate structures in the gas phase. Molecular geometries were optimized
sing the DFT/B3LYP/6–31G(d,p) method to determine the most stable
onfiguration for each dye. This allowed for the visualization of the spa-
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Fig. 4. Optimized structures of all studied dyes: Top and side view. 
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ial arrangement of the atoms in the dye molecules, which was essential
or understanding their optoelectronic behavior. 

The obtained optimized bond length values 𝑑1 [between donor
roup: ( E )− 2-(2-(thiophen-3-yl)vinyl)− 1,1 ′ -bipyrrole and auxiliary
roup: EDOT, furan, DPP, and BTZ], 𝑑2 [between auxiliary donor group
EDOT, furan)/auxiliary acceptor group (BTZ, DPP) and the π-bridge
thiophene, styrene)], and 𝑑3 [between π-bridge and acceptor group
cyanoacrylic acid)] ranged from 1.34 to 1.54 Å, corresponding to
 = C and C–C bond lengths, respectively. This indicates the presence
f π-electron delocalization between the donor and acceptor groups,
emonstrating a good π-conjugation between these moieties. These
esults are of great importance for understanding the optoelectronic
roperties of dyes, as π-conjugation is a key factor for light absorption
nd charge transfer within a molecule. Furthermore, this conjugation
s related to the stability of the molecular structure and ease of elec-
444
ron transfer through the molecule, which can influence the overall
erformance of DSSCs. 

Upon examining the dihedral angles ( Ф1 , Ф2 , and Ф3 ) values pre-
ented in Table 1 , which generally describe the molecular conformation
nd bond torsion in the dyes, it can be observed that Ф1 , which lies
etween the ( E )− 2-(2-(thiophen-3-yl)vinyl)− 1,1 ′ -bipyrrole and the aux-
liary group (EDOT, furan, BTZ, DPP), exhibits a slight distortion in the
ange of ± 171.63° to ± 179.98° This distortion can be beneficial for pre-
enting dye aggregation on the semiconductor in the device and improv-
ng its thermal stability [ 37 ]. The calculated values for the dihedral an-
le Ф2 , which describe the torsion between the auxiliary donor/acceptor
roups (furan, EDOT/BTZ, DPP) and the bridge (thiophene/styrene), in-
icate twisted structures for M7 ( Ф2 = 148.71°) and M8 ( Ф2 = 155.13°).
hese values suggest the occurrence of steric effects between styrene
 π-bridge) and BTZ/DPP (auxiliary acceptor groups). However, the Ф2 
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Table 2 

Gap energy, 𝐸HOMO , and 𝐸LUMO (in eV) of all studied 
dyes, as well as LUMO energy of Ti O2 and HOMO 

energy of I− ∕I− 3 . 

Dye 𝐸HOMO (eV ) 𝐸LUMO (eV ) 𝐸gap (eV ) 

M1 − 5.29 − 2.85 2.43 
M2 − 5.14 − 2.73 2.40 
M3 − 5.28 − 3.23 2.04 
M4 − 5.26 − 3.33 1.92 
M5 − 5.18 − 2.90 2.28 
M6 − 5.12 − 2.80 2.31 
M7 − 5.24 − 3.07 2.17 
M8 − 5.22 − 3.19 2.03 
TiO 2 [ 38 ] − 4.00 
I− ∕I− 3 [ 39 ] − 4.80 

Fig. 5. Plot of the gap energy, HOMO and LUMO energies for the eight studied 
dyes, energy of the Ti O2 semiconductor, and redox potential of the electrolyte. 
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i  
ihedral angles of the other dyes displayed low variance in the range
f ± 172.07° to ± 179.99° Based on the results obtained for the dihedral
ngle Ф3 of all dyes (approximately ± 179°), it can be deduced that the
rea between the acceptor (cyanoacrylic acid) and the π-bridge (thio-
hene/styrene) is flat. 

.2. Study of frontier molecular orbitals (FMOs) and energy levels for all 

xamined dyes 

The energy difference between the LUMO and HOMO is known as
andgap or gap energy. The energy gap is an important parameter for
etermining the electronic properties of organic dyes, including their
bility to absorb light and transfer charge between electron donor and
cceptor. When the gap energy between the LUMO and HOMO is small,
lectronic excitations are facilitated, as it becomes easier to promote an
lectron from the HOMO to the LUMO. This results in improved absorp-
ion properties of the dyes. Dyes with relatively lower bandgaps tend to
bsorb light at longer wavelengths. In addition, the band gap influences
he intermolecular charge transfer ( ICT ) between the electron donor and
cceptor. 

Table 2 and Fig. 5 show the results of the DFT/B3LYP/6–31G(d,p)
alculations of the molecular orbital energies ( 𝐸HOMO and 𝐸LUMO ) and
ap energies ( 𝐸gap ) for all studied dyes in the gas phase. 

The interpretation of the obtained results confirms two important
onditions for generating a photo-current in a DSSC: 𝐸LUMO > 𝐸TiO 2 ,
hich facilitates the injection of electrons from LUMO to Ti O2 , and

HOMO < 𝐸I− ∕I− 3 
, which ensures dye regeneration. Further, all dyes pos-

ess a low gap energy between HOMO and LUMO (1.92–2.43 eV), sup-
445
orting their potential use in DSSCs. The energy levels of HOMO− 1 and
UMO + 1 as well as the energy gaps of all studied dyes are provided in
able S1. 

Fig. 6 shows the HOMO and LUMO molecular orbitals of all opti-
ized D-A- π-A and D-D- π-A dyes. It can be observed that the HOMO

s located on the donor group, donor/acceptor auxiliary group, and π-
ridge, except for the M3 and M7 dyes in which the HOMO is localized
nly on the donor and donor/acceptor auxiliary groups. In addition, the
UMO is positioned on the donor/acceptor auxiliary group, π-bridge,
nd acceptor group. This indicates an excellent transfer of charge from
he electron donor to the electron acceptor. 

.3. Nonlinear optical properties (NLO) 

The performance of a photovoltaic system is closely correlated with
ts nonlinear optical properties (NLO) [ 40 ]. NLO may affect the charac-
eristics of ICT and charge delocalization, thus increasing the efficiency
f electron injection and photocurrent response [ 41 , 42 ]. To enhance the
ffectiveness of DSSCs, Patil et al. demonstrated that dyes with signif-
cant NLO properties are beneficial for high ICT efficiency [ 43 ]. The
alues for the isotropic polarizability ( 𝛼) and hyperpolarizability ( 𝛽tot )
n dichloromethane as solvent were calculated using the B3LYP level
nd 6–31G(d,p) basis set. Table 3 lists the results of this study. The for-
ula used for calculating isotropic polarizability ( 𝛼) is as follows [ 44 ]:

= 1 
3 
(
𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧 

)
, (14) 

here the tensional components of polarizability are 𝛼𝑥𝑥 , 𝛼𝑦𝑦 , and 𝛼𝑧𝑧 . 
The third derivative of the energy produces the tensor of the first

yperpolarisability, which is calculated as follows: 

tot =
√ (

𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧 
)2 + (

𝛽𝑦𝑦𝑦 + 𝛽𝑥𝑥𝑦 + 𝛽𝑦𝑧𝑧 
)2 + (

𝛽𝑧𝑧𝑧 + 𝛽𝑥𝑥𝑧 + 𝛽𝑦𝑦𝑧 
)2 
. (15) 

As shown in Table 3 , the isotropic polarizability indicates that the
tudied dyes exhibit high electron transfer efficiencies. 

Table 4 lists that the value of 𝛽𝑥𝑥𝑥 is considerably higher than the
ther values of the ten components of the first hyperpolarizability ( 𝛽tot ) ,
ominating the resulting total value. The NLO response of the system
s governed by a single tensor component, indicating a unidirectional
ransfer of electrons between donors and acceptors. It is important to
ighlight that all designed dyes demonstrate significantly higher values.
his observation suggests that they may potentially exhibit a high pho-
ocurrent response. Based on these findings, it is reasonable to conclude
hat all dyes are capable of exhibiting an increased effectiveness due to
heir superior NLO properties. Particularly, dyes M1 , M4 , M6 , and M8 
xhibit significantly higher values compared to the others, suggesting
hat they may be more effective. 

.4. Molecular electrostatic potential (MEP) 

By analyzing the MEP of all optimized dyes, we can predict their
reas of reactivity, as shown in Fig. 7 that depicts the molecular electro-
tatic potentials of the investigated dyes. Here, the red (negative) and
lue (positive) zones correspond to nucleophilic and electrophilic sites,
espectively. Based on these results, we concluded that the red zone was
rimarily located on the oxygen atom of the carboxylic acid, the oxygen
tom of the DPP group in dyes M4 and M8 , and the nitrogen atom of the
yanoacrylic group. This suggests that these sites are optimal targets for
lectrophilic attacks. In contrast, the blue zone was primarily positioned
n the carboxylic acid hydrogen. This indicates that nucleophilic attacks
re most likely to occur in this zone. 

.5. Chemical reactivity parameters 

EA and IP are key parameters in evaluating the energy barrier en-
ountered during the hole and electron injection processes. Lower ion-
zation potentials and higher electron affinities are favorable charac-
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Fig. 6. HOMO and LUMO molecular frontier orbitals of dyes from M1 to M8 (Isosurface value = 0.02 a.u.). 

Table 3 

Isotropic polarizabilities (a.u.) of all examined dyes in dichloromethane. 

Dye 𝛼xx 𝛼xy 𝛼yy 𝛼xz 𝛼yz 𝛼zz 𝛼

M1 4494.741 − 465.280 688.923 − 0.975 1.233 182.324 1788.662 
M2 1310.584 0.268 612.608 − 1.105 1.311 221.621 714.937 
M3 1301.433 − 143.174 690.892 13.000 11.999 206.756 733.027 
M4 1793.053 36.726 582.486 − 11.161 3.662 220.513 865.500 
M5 1163.874 − 178.780 780.498 − 2.107 2.162 188.095 710.822 
M6 1616.601 17.679 619.916 3.859 3.276 225.990 820.835 
M7 1419.129 − 137.811 669.964 5.379 − 16.367 227.714 772.269 
M8 1719.335 109.491 648.100 − 26.077 60.229 274.804 880.746 
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Table 4 

Hyperpolarizability (a.u.) of all examined dyes in dichloromethane as solvent. 

Dye 𝛽xxx 𝛽xxy 𝛽xyy 𝛽yyy 𝛽xxz 𝛽xyz 𝛽yyz 𝛽xzz 𝛽yzz 𝛽zzz 𝛽tot 

M1 853740.80 154483.18 − 48946.07 14824.31 − 1476.59 472.95 − 157.44 117.71 − 15.49 − 20.88 822523.88 
M2 82078.24 1910.29 2644.04 − 478.77 − 2055.78 − 127.65 38.57 25.28 85.70 33.46 84761.21 
M3 93426.02 − 17372.22 6719.22 − 1764.43 990.73 − 154.42 15.23 20.95 40.55 29.79 101980.24 
M4 190207.38 27907.49 3468.14 178.18 − 1189.68 − 130.86 9.27 9.75 23.87 − 18.52 195718.09 
M5 101536.49 − 37631.42 17311.15 − 5466.11 130.79 − 83.31 36.39 6.18 29.92 14.18 118972.31 
M6 − 166648.87 1914.13 − 1564.26 − 452.95 3059.31 − 58.95 − 31.94 − 6.29 89.10 − 3.25 168253.75 
M7 104643.71 − 16493.09 4151.94 − 66.12 267.77 − 51.52 − 18.40 − 18.02 56.01 13.20 110022.71 
M8 − 188823.55 − 27504.85 − 3933.81 − 329.76 5175.37 970.85 72.42 − 112.92 28.30 65.35 194936.82 

Fig. 7. MEP of each dye studied. 
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eristics for efficient hole and electron injection in dye-based systems
SSCs [ 45 , 46 ]. 

To predict the performance of dyes, it is essential to calculate their
hemical reactivity parameters. Previous studies have shown that dyes
ith higher electron-accepting power ( 𝜔+ ) and lower chemical hard-
ess ( 𝜉) tend to exhibit higher short-circuit current density ( 𝐽SC ) [ 47 ].
ccording to the findings shown in Table 5 , it can be seen that dyes M3 ,

4 , M7 , and M8 differ from other dyes due to their lowest chemical hard-
ess ( 𝜉) and highest electron-accepting power ( 𝜔+ ) . These characteris-
ics are advantageous for ( 𝐽SC ), resulting in higher power conversion
fficiency ( PCE ). 

Dyes with a higher electrophilicity index ( 𝜔 ) ( M3 , M4 , M7 , and M8 )
end to possess higher energy stability and efficiency due to their ability
447
o accept electrons from their environment, compared with the lower
 dyes [ 48 ]. Generally, a higher 𝜔 implies a larger quantum of charge

ransfer occurring between the HOMO and LUMO orbitals. 
Dyes M3 , M4 , M7 , and M8 demonstrated high values of chemical po-

ential ( 𝜇) and electronegativity ( 𝜒), indicating their promising poten-
ial for utilization in DSSC applications [ 49 ]. 

.6. Absorption properties of the dyes 

𝐽SC can be improved using dyes with a broad UV–visible absorption
pectrum (near the solar spectrum) since they can absorb photons from
unlight more efficiently, resulting in enhanced performance of the cor-
esponding DSSC device. In this context, TD-DFT calculations were per-
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Table 5 

Calculation of chemical reactivity, electronic affinity, and ion- 
ization potential parameters for the eight dyes examined. 

Dye EA IP 𝜇 𝜒 𝜉 𝜔 𝜔+ 

M1 2.85 5.29 4.07 − 4.07 1.22 6.78 4.90 
M2 2.73 5.14 3.93 − 3.93 1.20 6.43 4.60 
M3 3.23 5.28 4.25 − 4.25 1.02 8.85 6.83 
M4 3.33 5.26 4.29 − 4.29 0.96 9.58 7.53 
M5 2.90 5.18 4.04 − 4.04 1.14 7.15 5.28 
M6 2.80 5.12 3.96 − 3.96 1.16 6.75 4.92 
M7 3.07 5.24 4.15 − 4.15 1.08 7.97 6.01 
M8 3.19 5.22 4.20 − 4.20 1.01 8.73 6.73 

Table 6 

Results of the maximum absorption wavelengths ( 𝜆max , nm), vertical excitation 
energy ( 𝐸ex , eV), oscillator strengths ( 𝑓 ), and significant transitions of the stud- 
ied dyes in dichloromethane using the IEF-PCM/TD- ω B97X/6–31G(d,p) level. 

Dye 𝜆max 𝐸ex 𝑓 Significant transitions 

M1 462.05 
354.22 
282.85 

2.68 
3.50 
4.38 

2.08 
0.19 
0.15 

HOMO→LUMO (62%) 
HOMO→LUMO + 1 (61%) 
HOMO− 3→LUMO (29%) 

M2 480.39 
360.80 
295.13 

2.58 
3.43 
4.20 

2.12 
0.13 
0.13 

HOMO→LUMO (66%) 
HOMO→LUMO + 1 (52%) 
HOMO− 3→LUMO (45%) 

M3 513.88 
363.18 
326.84 

2.41 
3.41 
3.79 

1.82 
0.10 
0.54 

HOMO→LUMO (73%) 
HOMO− 1→LUMO (37%) 
HOMO→LUMO + 2 (45%) 

M4 588.04 
386.11 
345.78 

2.10 
3.21 
3.58 

1.55 
0.38 
0.28 

HOMO→LUMO (81%) 
HOMO→LUMO + 1 (43%) 
HOMO− 4→LUMO (45%) 

M5 428.83 
352.82 
302.80 

2.89 
3.51 
4.32 

2.75 
0.14 
0.30 

HOMO→LUMO (45%) 
HOMO→LUMO + 1 (49%) 
HOMO− 3→LUMO (32%) 

M6 444.25 
357.43 
295.07 

2.79 
3.46 
4.20 

2.81 
0.02 
0.42 

HOMO→LUMO (48%) 
HOMO→LUMO + 1 (43%) 
HOMO→LUMO + 2 (35%) 

M7 458.16 
350.89 
325.54 

2.70 
3.35 
3.80 

2.07 
0.38 
0.75 

HOMO→LUMO (60%) 
HOMO− 1→LUMO (39%) 
HOMO→LUMO + 2 (63%) 

M8 527.05 
370.92 
340.17 

2.35 
3.34 
3.64 

1.72 
0.18 
1.34 

HOMO→LUMO (70%) 
HOMO− 1→LUMO (32%) 
HOMO− 3→LUMO (31%) 
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Fig. 8. Absorption spectra in the UV–visible range of the examined dyes in 
dichloromethane simulated using the IEF-PCM/TD- 𝜔 B97X/6–31G(d,p) method. 

Table 7 

Calculated LHE , 𝑉OC , 𝐸dye ∗ , Δ𝐺inject , Δ𝐺reg , and 𝜏 values for 
all designed dyes. 

Dye LHE 𝑉OC 𝐸dye ∗ Δ𝐺inject Δ𝐺reg 𝜏 (ns) 

M1 0.991 1.15 2.61 − 1.39 0.49 1.54 
M2 0.992 1.27 2.56 − 1.44 0.34 1.63 
M3 0.984 0.77 2.77 − 1.23 0.48 2.18 
M4 0.972 0.67 3.16 − 0.84 0.46 3.73 
M5 0.998 1.10 2.29 − 1.71 0.38 1.00 
M6 0.998 1.20 2.33 − 1.67 0.32 1.05 
M7 0.991 0.93 2.54 − 1.46 0.44 1.52 
M8 0.981 0.81 2.87 − 1.13 0.42 2.42 
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ormed to model the UV-visible absorption spectra of the studied dyes in
H2 Cl2 . The significant transitions of the molecular orbitals (MO ) of the
rst three excitation states, i.e., 𝐸ex , 𝜆max , and 𝑓 , are listed in Table 6 . 

Fig. 8 shows the absorption bands of the eight dyes located be-
ween 400 and 900 nm, owing to the ICT from the ( E )− 2-(2-(thiophen-3-
l)vinyl)− 1,1 ′ -bipyrrole donor to the cyanoacrylic acid acceptor, as well
s small absorption bands between 280 and 390 nm corresponding to an
lectronic transition from π to π∗ due to the aromatic structure of these
rganic dyes. These results also indicate that the strongest absorption
or all dyes after the first excitation corresponds to a significant trans-
er from the HOMO to the LUMO, except for M5 (HOMO to LUMO + 1)
nd M7 (HOMO to LUMO + 2). Frontier molecular orbital diagrams illus-
rating all significant transitions are illustrated in Fig. S1. The values of
he maximum absorption wavelengths suggest that the dyes containing
he auxiliary acceptor group DPP and dye M3 containing the auxiliary
cceptor group BTZ bound to thiophene are more red-shifted than the
ther dyes according to the following order: M4 > M8 > M3 > M2 >

1 > M7 > M6 > M5 . Furthermore, the dyes containing the auxiliary
onor groups EDOT and furan exhibit the highest oscillator strength
highest absorbance) compared with the other dyes containing auxil-
ary acceptor groups (with the exception of M7 ) in the following order:

> M > M > M > M > M > M > M . 
6 5 2 1 7 3 8 4 
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.7. Photovoltaic parameters affecting the performance of DSSCs 

Table 7 lists the photovoltaic parameters that were determined us-
ng the 𝜔 B97X functional, including injection driving force ( Δ𝐺inject ),
egeneration driving force ( Δ𝐺reg ) , light harvesting efficiency ( 𝐿𝐻𝐸),
pen circuit voltage ( 𝑉oc ) , and lifetime ( 𝜏) . 

The negative values of Δ𝐺inject indicate that there is a spontaneous
njection of electrons from the dyes with the highest energy states into
he Ti O2 semiconductor. These values are ranked in ascending order as
ollows: M4 < M8 < M3 < M1 < M2 < M7 < M6 < M5 . On the other hand,
𝐺reg represents the dye’s ability to regenerate from the electrolyte and

s a critical factor directly impacting the efficiency of DSSCs. An analysis
f the Δ𝐺reg values listed in Table 7 reveals that the dye regeneration
ree energies follow the order: M6 < M2 < M5 < M8 < M7 < M4 < M3 
M1 . These results suggest that all dyes have a good chance of regen-

ration, particularly dye M6 . 
The highest 𝑉OC values were observed for dyes M1 , M2 , M5 , and M6 ,

hich contained the auxiliary donor groups furan and EDOT bound to
hiophene ( M1 and M2 ) and styrene ( M5 and M6 ), respectively, relative
o other dyes containing BTZ and DPP (auxiliary acceptor groups), in
he following order: M2 > M6 > M1 > M5 > M7 > M8 > M3 > M4 . There-
ore, these VOC values were sufficient to allow the efficient injection of
lectrons from the LUMO into the conduction band of Ti O2 . In terms of
HE , the overall acquired values (ranging from 0.972 to 0.998) for all
yes were sufficient to achieve good light absorption in the UV-visible
ange and introduce an excited electron into the Ti O2 conduction band.

The duration of the excited state is important in determining the ef-
ciency of the charge transfer process in organic dyes. Eq. (12) can be
sed to calculate this lifetime ( 𝜏) , taking into account both the oscilla-
or strength and vertical excitation energy (in cm− 1 ) of the first excited
tate. This equation predicts that, except for M , molecules with lower
8 
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 𝑓 ) values have longer lifetimes than those with higher ( 𝑓 ) values. It is
lear that dyes M4 and M8 , which contain the auxiliary acceptor group
PP, exhibit the longest lifetimes ( M4 = 3.73 ns and M8 = 2.42 ns). 

. Conclusion 

In this study, a theoretical investigation was conducted using DFT
nd TD-DFT on eight newly proposed dyes featuring ( E )− 2-(2-(thiophen-
-yl)vinyl)− 1,1 ′ -bipyrrole as an electron donor and cyanoacrylic acid as
n electron acceptor. The aim was to assess the optical, electronic, and
hotovoltaic properties of each dye and their potential impact on the
fficiency of DSSCs. The obtained results indicated the following: 

- ( E )− 2-(2-(thiophen-3-yl)vinyl)− 1,1 ′ -bipyrrole exhibited good poten-
tial as electron donor for DSSC sensitizers. 

- The newly designed dyes M2 and M6 exhibited higher maximum
wavelengths than D2 . Similarly, M3 and M7 displayed higher max-
imum wavelengths than D3 , whereas M4 and M8 had higher maxi-
mum wavelengths than D4 . 

- All the examined dyes possessed a small band gap, which shifted
the absorption band of the dyes towards red and facilitated electron
excitation from the valence to the conduction level. 

- All dyes displayed significant oscillator strengths, especially those
containing the auxiliary donor groups furan and EDOT. 

- The absorption bands of all dyes were in the UV-visible range, indi-
cating a robust light absorption capacity. Furthermore, dye M8 ex-
hibited a broad light absorption band throughout the visible spectral
range, corresponding to an absorption spectrum that encompassed a
wide range of wavelengths, also known as panchromatic absorption.

- The negative values of Δ𝐺inject ensured the dye’s electrons transfer to
the semiconductor’s ( Ti O2 ) conduction band, while high LHE values
indicated that a high 𝐽sc could be achieved, leading to an appreciable
PCE . 

- In line with the previous discussion, all designed dyes ( M𝑖 , 𝑖 = 1–
8) could be considered as promising candidates for DSSC devices.
Among these, M6 emerged for its excellent photovoltaic perfor-
mance, attributed to higher 𝑓 , LHE , and VOC values and lower Δ𝐺reg 
values as well as more negative Δ𝐺inject compared to other examined
dyes. 

Overall, our findings provide valuable insights for the design and
ptimization of new dyes for DSSCs. By understanding the properties
hat make these dyes effective photosensitizers, more efficient and cost-
ffective solar energy technologies can be developed. Further experi-
ental studies are required to confirm the theoretical predictions of this

tudy and explore the potential of these dyes for practical applications
n DSSCs. 
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