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A B S T R A C T   

In this study, the electrochemical, photovoltaic and absorption properties of the new designed organic sensitizers 
dyes: Dye-1, Dye-2, Dye-3 and Dye-4 based on Dye-R, of D-π-A architecture, before and after binding to the TiO2 
cluster surface on the ability to inject electrons to the surface. The D donor is the thieno[2,3-b] indole, π-spacer is 
thiophene, A acceptor is cycnoacrylic acid (CA). The properties were calculated using functional density theory 
(DFT), time-dependent TD-DFT and the density-functional tight-binding (DFTB) approach. Our study also 
focused on the analysis of the effects of the introduction of the auxiliary donor (D′)/acceptor (A′) groups on the 
main photovoltaic properties of the reference molecule Dye-R and to study the relationship between the mo-
lecular structure and optoelectronic properties. The analysis of the calculated properties of the new designed 
compounds D-D′-π-A (Dye-1), D-π-D′-A (Dye-2), D-A′-π-A (Dye-3) and D-π-A′-A (Dye-4), where A′ is benzothia-
diazole and D′ is 9,9-diethyl-9H-fluorene, indicate that the molecular architecture has a significant effect on 
various properties of the studied dyes and that nature (donor D ′or acceptor A′) of the introduced groups, as well 
as the choice of their locations with respect to the π bridge, is of great importance. Indeed, among the four 
designed compounds Dye-4 (D-π-A′-A) and Dye-3 (D-A′-π-A) display significantly better properties than those of 
the reference molecule Dye-R (D-π-A) and of the two other designed dyes Dye-1 (D-D′-π-A), Dye-2 (D-π-D′-A).   

1. Introduction 

Massive research efforts have been devoted to Dye-Sensitized Solar 
Cells (DSSCs) [1–4]. Although DSSCs based on Ru-photosensitizers have 
reached interesting solar-to-electrical power conversion efficiency 
values of 11%, [5–10] organic materials based on π-conjugated mole-
cules have become more interesting in much recent research for their 
use in photovoltaic cells [11,12] in view of their low cost, lightness of 
their weight and ease of their flexibility as well as having the best per-
formance compared to Si-based and Ru-based solar cells [13,14]. 
Generally, DSSC systems are formed from a semiconductor (typically 
TiO2) sensitized by molecular dyes, capable of capturing light in the 
visible region in the presence of a redox electrolyte (iodide/triiodide 
I− /I− 3) [15,16]. In the DSSC, the incoming light causes electronic 

excitations of sensitized dyes leading to the injection of electrons to the 
conduction band of the nanocrystalline metal oxide, then, the dyes take 
up the electrons of the redox couple that exists in the solution electrolyte 
[17]. These molecular dyes can produce electricity if at least two con-
ditions are met, the energy of its highest occupied molecular orbital 
(HOMO) must be below the HOMO energy of the electrolyte to accept 
electrons from a pair of redox electrolytes (such as I− /I− 3) and its lowest 
unoccupied molecular orbital (LUMO) must have higher energy than 
that of the semiconductor conduction band (TiO2). Most studied organic 
dyes are simulated with a donor-π-acceptor structure (D-π-A) [18]. In 
this structure, the intramolecular charge transfer (ICT) from the donor to 
the acceptor generates the photoexcitation that will occur during the 
transfer of electrons to the conduction band of the semiconductor 
through the acceptor moiety. Many metal-free organic dyes, such as 
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Triphenylamine [19–21], indoline [22,23] have been reported as effi-
cient sensitizers for DSSCs. In 2015, Irgashiv et al. [24] have synthesized 
a series of two dyes (IK-1 and IK-2) with a configuration of D–π–A, for 
use in dye-sensitized solar cells. Additionally, the power conversion ef-
ficiency (PCE) of the synthesized compounds reached 6.3%. Recently, 
many theoretical studies based on these dyes (IK-1 and IK-2) have given 
good results [25–28]. Motivated by these results, we intend to investi-
gate the effects of the molecule architecture (D-π-A, D-D′-π-A, D-π-D′-A, 
D-A′-π-A and D-π-A′-A) (Fig. 1) on the geometric, electronic and optical 
properties, in order to establish the relationship between the chemical 
structure and device performance. Where, the thieno [2,3-b] indole is 
employed as the donor, thiophene as a π-bridge unit, cyanoacrylic acid 
(CA) as acceptor moiety which has been commonly used as anchoring 
group due to its interesting electron-injection property and the increased 
spectral response based on a strong intramolecular charge transfer (ICT) 
[29–31], D′ is 9,9-diethyl-9H-fluorene [32] used as the second donor 
and A′ is benzothiadiazole [33] used as the second acceptor. Finally, to 
see the influence of electron transfer between dyes and TiO2, we 

attached dyes to the cluster (TiO2)8 and performed theoretical calcula-
tions using Dmol3 software. 

2. Theoretical methodology 

All the quantum calculations of the DFT method and its TD-DFT 
approach were performed with the Gaussian 09 program [34] sup-
ported by the GaussView 5.1.8 interface [35]. The geometrical structure 
of the compounds has been optimized at the electronic ground state (S0) 
using the hybrid functional Becke three parameters B3 with the nonlocal 
correlation of Lee-Yang-Parr LYP named B3LYP, combined with the 
6-31G (d,p) basis set. We also used a semi-empirical method the method 
of Density-Functional Based Tight-Binding (DFTB) which makes it 
possible to treat systems more than ten atoms and which gives very 
interesting results [36,37]. So, the electronic properties have also been 
investigated using DFTB calculations in DFTB + code [38] with the 
mio-1-1 [39,40] set of Slater-Koster parameters. The Natural Bond 
Orbital (NBO) [41] analysis has also been investigated by the calculated 

Fig. 1. Chemical structures of the studied dyes (Dye-R, Dye-1, Dye-2, Dye-3 and Dye-4).  
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orbital populations using NBO 6.0 program implemented in the 
Gaussian software. Furthermore, the electronic density of states (DOS) 
was performed by GaussSum package [42] with B3LYP/6-31G (d, p) 
method. Indeed, The excitation energy, optical properties, oscillator 
strength, and including ultraviolet–visible (UV–Vis) spectrum were ob-
tained by TD-DFT calculations using the CAM-B3LYP [43,44] with the 
integral equation formalism polarizable continuum model (IEF–PCM) 
[45,46] in chloroform (CHCl3) to evaluate the solvent effect in the order 
to predict the experimental spectra with reasonable accuracy. We chose 

this functional because it gave more reliable and accurate results and has 
been used in several recent studies [47–49]. To model the adsorption of 
the dyes studied on the surface (TiO2)8 of anatase (101) were performed 
using a DMol3 package implemented in Materials Studio [50,51]. The 
optimization of complex dye@(TiO2)8 were optimized using the gener-
alized method Perdew-Burke-Ernzerhof (PBE) [52] Generalized 
Gradient Corrected Approximation Method (GGA) functional with the 
double base set digital polarization (DNP) which is the highest quality 
base set available in DMol3 [53]. On the other hand, the 
TD-CAM-B3LYP/6-31G (d, p) level was used to understand the different 
effects of the addition of auxiliary donors and acceptors on the optical 
properties of the cluster dye@(TiO2)8. 

3. Results and discussion 

3.1. Optimized ground-state geometries 

The optimized geometries of all dyes (Dye-R, Dye-1, Dye-2, Dye-3, 
and Dye-4) obtained using B3LYP/6–31G (d,p) method are shown in 
Fig. 2. The first, to study the structural properties of these five thieno 
[2,3-b] indole-based dyes, we determined the two parameters, dihe-
dral angles Φ(◦) and bond distances d (Å) from the optimized structures 
(Table 1). All compounds, thieno [2,3-b] indole and cyanoacrylic acid 
(CA) act as donor and acceptor respectively. For Dye-1 (D–D′-π–A) and 
Dye-2 (D–π–D′-A), the 9,9-dimethyl-9H-fluorene used as second donor. 
For Dye-3 (D–A′-π–A) and Dye-4 (D–π–A′-A), the benzothiadiazole used 
as second acceptor. The obtained bond lengths (d) for all dyes range 
from 1.42 to 1.46 Å. These values are sufficient for an electron transfer 
from the donor (thieno [2,3-b] indole) to the acceptor (cyanoacrylic 
acid). From Table 1, we remark that Dye-R is almost planar (~180◦) and 
after adding the 9,9-dimethyl-9H-fluorene between the donor and the 

Fig. 2. Optimized geometry obtained by B3LYP/6-31G(d,p) for all dyes.  

Table 1 
Selected dihedral angle Φ (◦) and distances d (Å) of studied compounds.  

Dye  d (Å) Ф (◦) 

Dye-R D-π 1.44 179.50 
π-A 1.42 179.93 

Dye-1 D-D′ 1.46 154.42 
D′-π 1.46 157.49 
π-A 1.43 179.12 

Dye-2 D-π 1.44 166.94 
π-D′ 1.46 158.52 
D′-A 1.45 179.79 

Dye-3 D-A′ 1.45 179.53 
A′-π 1.45 178.57 
π-A 1.43 179.99 

Dye-4 D-π 1.44 175.78 
π-A′ 1.45 175.78 
A′-A 1.45 151.59 

Note. 
D is donor: Thieno[2,3-b] indole. 
π-linker: Thiophene. 
A is acceptor: Cyanoacrylic acid. 
D′ is second donor: 9,9-dimethyl-9H-fluorene. 
A′ is second acceptor: Benzothiadiazole. 
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π-linker or between the π-linker and the acceptor, the dihedral angle 
slightly decreases to almost 154◦. Similar constatation has been made 
after adding the benzothiadiazole between the π-linker and the acceptor 

(Dye-4), the dihedral angle has decreased. Whereas, the incorporation of 
the benzothiadiazole between the donor and π-linker (Dye-3) allow to 
maintain the planar conformation in the whole molecule. These results 

Table 2 
Comparison of energy values (eV) of HOMO, LUMO and energy gap (Eg) for the studied molecules calculated at the DFT/B3LYP/6-31G (d, p) level, DFTB with mio-1-1 
set of Slater-Koster parameters and the experimental values.  

Dye  DFT   DFTB   Exp. [24]  

EHOMO ELUMO Eg EHOMO ELUMO Eg EHOMO ELUMO Eg 

Dye-R − 5.282 − 2.573 2.709 − 5.151 − 3.442 1.709 − 5.6 − 3.4 2.2 
Dye-1 − 5.033 − 2.632 2.175 − 5019 − 3574 1.445 – – – 
Dye-2 − 4.931 − 2.543 2.401 − 4.888 − 3.442 1.446 – – – 
Dye-3 − 5.216 − 3.041 2.388 − 5.099 − 3.906 1.193 – – – 
Dye-4 − 5.171 − 3164 2.00 − 5.048 − 3.916 1.132 – – –  

Fig. 3. Schematic energy diagram using DFT (a) and DFTB (b) of all dyes, TiO2 and electrolyte.  

Fig. 4. The contour plots of HOMO and LUMO orbitals of all dyes by DFT/B3LYP/6-31G(d,p).  
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show that Dye-3 has the best charge transfer. 

3.2. Electronic properties and frontier molecular orbitals (FMO) 

The theoretical knowledge of the energy levels of the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) is crucial to study organic solar cells such as determining 
if the charge transfer between the donor and acceptor is effective [54, 
55]. The calculated values of the HOMO, LUMO and corresponding 
energy gap Egap obtained from DFT calculations at B3LYP/6-31G (d, p) 
level and DFTB/the mio-1-1 set of Slater-Koster parameters are sum-
marized in Table 2 and given in Fig. 3. The first, we remark that the 
energy gap obtained with the DFTB is quite similar to the values ob-
tained from experiment with an acceptable margin of error. We notice 
also, the energy gap values have decreased when adding second donor or 
acceptor to the dye-R in the order Dye-R (2.709 eV)> Dye-2 (2401 eV)>
Dye-3 (2.388 eV)> Dye-1 (2.175 eV) > Dye-4 (2.000 eV) using DFT and 
in order Dye-R (1.709 eV)> Dye-2 (1.446 eV)> Dye-1 (1.445 eV)>
Dye-3 (1.193 eV) > Dye-4 (1.132 eV) using DFTB. On the other hand, for 
Molecular Architecture it is important to note that the addition of the 
benzothiadiazole between the π-linker and the acceptor predicted the 

smallest value of the energy gap which makes the corresponding dye 
(Dye-4) to have outstanding photophysical properties. Moreover, we can 
see in Fig. 3 that the LUMO levels of all dyes are higher than that of the 
conduction band of TiO2 (− 4.0 eV [56–59]). Whereas, the HOMO en-
ergy levels of all dyes are lower than that of the redox couple I− /I− 3, 
which suggests that the photoexcited electron transfer from all dyes to 
TiO2 is efficient. So, the decrease of the HOMO level induced by the 
introduction of the 9,9-diethyl-9H-fluorene as the second donor in Dye-1 
and Dye-2, and induced by the introduction of the Benzothiadiazole as 
the second acceptor in Dye-3 and Dye-4. However, the introduction of 
Benzothiadiazole in Dye-3 and Dye-4 stabilizes the LUMO. This suggests 
that adding a Benzothiadiazole as the second acceptor in Dye-3 and 
Dye-4 improves the efficiency of electron injection into TiO2. Finally, we 
can conclude that we notice a better transfer of charge using the DFTB 
method because the DFTB method allows a considerable gain in 
computing time by the simplicity of its formalism and the parameters 
used. It is also suitable for the description of large atom systems, which is 
limited in DFT method. 

In DSSC, the HOMO and LUMO orbitals play an important role in 
understanding the physicochemical properties behavior of all chemical 
compounds [60]. In this context, we have determined from the opti-
mized structures, the distribution of the electron density of the studied 
dyes using the DFT/B3LYP/6-31G(d, p) method. As shown in Fig. 4, the 
HOMO is delocalized over the whole molecule Dye-R, Dye-3 and Dye-4 
but for Dye-1 and Dye-2 the HOMO is mainly contributed by the donor 
(D), while LUMO is mainly distributed on the acceptor for all dyes, 
suggesting large orbital overlap between HOMO and LUMO. 

3.3. Natural bond orbital (NBO) analysis 

Based on the optimized geometries of the ground state for all dyes, 
we calculate the natural bond orbital (NBO) analysis to understand the 
electron transfer mechanism [61]. The calculated values of NBO are 
presented in Table 3. The analysis of the calculated results of the NBO 
charges of the electron donor, thieno [2,3-b] indole, of the Dye-R, Dye-1, 
Dye-2, Dye-3 and Dye-4, 0.118, 0.041, 0.271, 0.140 and 0.610 

Table 3 
The NBO analysis (atomic charge) of all compounds (in a.u) calculated at the 
DFT/B3LYP/6–31G (d,p) level.  

Dye D π-linker A D′ A′ Δ(D-A) 

Dye-R 0.118 0.054 − 0.178 – – 0.296 
Dye-1 0.041 − 0.091 − 0.151 0.421 – 0.192 
Dye-2 0.271 − 0.013 − 0.124 0.089 – 0.395 
Dye-3 0.140 0.120 − 0.160 – − 0.107 0.300 
Dye-4 0.610 0.056 − 0.095 – − 0.052 0.705 

Note. 
D is donor: Thieno[2,3-b] indole. 
π-spacer: Thiophene. 
A is acceptor: Cyanoacrylic acid. 
D′ is second donor:9,9-dimethyl-9H-fluorene. 
A′ is second acceptor: Benzothiadiazole. 

Fig. 5. HOMO, LUMO, and density of states (DOS) of all dyes.  

R. El Mouhi et al.                                                                                                                                                                                                                               



Physica B: Physics of Condensed Matter 636 (2022) 413850

6

respectively, indicate that the all calculated values are positives, which 
means that thieno[2,3-b] indole is an effective electron pushing unit. We 
also note that the thieno[2,3-b] indole in the Dye-4 (0.610) exhibits a 
strong electron pushing ability comparing with the other dyes. Addi-
tionally, the NBO charges of the electron donor, thieno [2,3-b] indole 
Dye-2>Dye-1 and Dye-4>Dye-3, while, the position of thiophene affects 
the donor character of the indole. This donor character is important 
when thiophene is linked to indole. On another side, the negative 
charges in the acceptor group may trap the electron in the molecular 

backbone. To the π-spacer, we remark that the NBO charges for the five 
dyes can be either positive (Dye-R, Dye-3 and Dye-4) or negative (Dye-1 
and Dye-2). It appears that the incorporation of the auxiliary donor, 9, 
9-diethyl-9H-fluorene, modified the electron-donating character of the 
π-spacer in the Dye-R. Finally, we note also good charge-transfer Δ(D-A) 
in the Dyes (Dye-2 and Dye-4) when the π-spacer is directly linked with 
the donor (thieno [2,3-b] indole), indicate that these architectures of 
these dyes allow an effective charge transfer from the dyes to the TiO2 
when these structures are used in DSSC solar cells. 

Fig. 6. The calculated Molecular electrostatic potential (MEP) and reactivity for all dyes.  

Fig. 7. Plots of the frontier molecular orbitals under B3LYP/6-31G(d,p), charge density difference (Δρ) maps, between the ground state and the first excited state 
with an isodensity of 0.005 au and centroids of charges for all dyes and the computed charge transfer parameters (qCT in |e− | and DCT in Å) in chloroform. 
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3.4. Density of states (DOS) analysis 

The (DOS) is used to determine the charge transport properties of any 
materials [62]. In addition, DOS calculations are particularly useful to 
investigate the energies of all the occupied as well as unoccupied MOs of 
the dyes. The calculated density of states plots and illustrated in Fig. 5 
were performed using GaussSum software. The analysis of these plots 
shows that the DOS of the five studied dyes are almost identical. In 
addition, we remark that this density of states is in good agreement with 
the FMO study (Fig. 4). DOS has also shown that HOMOs are mainly 
located on the thieno[2,3-b]indole donor, and LUMOs are essentially 
from the cyanoacrylic acid acceptor. Finally, we can clearly see from 
DOS that the lowest energy gap value is that of Dye-4. 

3.5. Molecular electrostatic potential (MEP) 

The molecular electrostatic potential (MEP) is directly related to 
electron density and a very useful descriptor in detecting sites for elec-
trophilic and nucleophilic attack reactions, as well as hydrogen bond 
interactions [63,64]. The MEP was evaluated using the 
DFT/B3LYP/6-31G (d) method (Fig. 6). In addition, this figure shows 
the electrostatic potential values using a color-coded diagram. The most 
negative value is characterized by red, which suggests the prime sites for 
possible electrophilic attack. The most positively charged regions appear 
in dark blue, which in turn indicates favorite sites for nucleophilic 
attack. To further, the most negative potential is concentrated around 
the nitrogen atom and the oxygen which means that this area is favor-
able for electrophilic attacks. While the positive potentials are periph-
eral, in particular at the level of the H atoms of the acceptor CA 
indicating that this area is adequate for nucleophilic attacks. 

3.6. Intramolecular charge transfer (ICT) properties 

The intramolecular charge transfer (ICT) is one of the most important 
characteristics in DSSCs from the donor group to the acceptor group 
between the first excited state and the ground state [65]. As is known, 
the blue and purple colors represent the regions where the electrons 
come from and where the electrons go. To further, the blue color shows 
the decrease in electron density and the purple color indicates the in-
crease in electron density. As shown in Fig. 6, the blue color is mainly 
localized on the donor (thieno [2,3-b] indole) of all dyes. While the 
purple color is mainly localized on the acceptor parts (CA) of all dyes 
except in Dye-3 and Dye-4 molecules where it is concentrated on the 
π-linker (Thiophene) and the second acceptor (Benzothiadiazole). This 
meant that localized electron densities showing that electron charge 
transfers occur in the donor (This meant that localized electron densities 
showing that electron charge transfers occur in the donor (9,9-dieth-
yl-9H-fluorene) to acceptor direction except) to acceptor (CA) direction 
except in Dye-3 and Dye-4 colorants where electron charge transfers 
pass from donor to the second acceptor (Benzothiadiazole). 

In the same way and to understand more about the intramolecular 
charge transfer (ICT), we calculated the transferred charge (qCT) and the 
spatial distance (DCT). The results are presented in Fig. 7. 

qCT =

∫

ρ+(r)dr =
∫

ρ− (r)dr (1)  

where ρ+(r) and ρ− (r) are increment and depletion of the density. The 
barycenters of density distribution corresponding to r+ and r- can be 
expressed as: 

r+ = (x+, y+, z+)=
1

qCT

∫

rρ+dr (2)  

r− = (x− , y− , z− ) =
1

qCT

∫

rρ− dr (3) 

The spatial distance (DCT) can be denoted by distance between two 
barycenters r+ and r-, which is described as: 

DCT = |r+ − r− | (4) 

From Fig. 7, we notice that the spatial distance values (DCT) are 
increased in the following order Dye-R (4.016 Å) <Dye-3 (4.312 Å) 
<Dye-4 (5.228 Å) <Dye-2 (8.340 Å) <Dye-1 (8.571 Å) This means that 
the introduction of 9,9-diethyl-9H-fluorene as a second donor in Dye-1 
and Dye-2 would have a crucial effect in TIC. On the other hand, the 
values of the transferred charge qCT are increased in the following order 
Dye-R (0.543 e− ) <Dye-3 (0.572 e− ) <Dye-4 (0.630 e− ) <Dye-2 (1.040 
e− ) <Dye-1 (1.071 e− ) these results confirm that the introduction of 9,9- 
diethyl-9H-fluorene as a second donor in Dye-1 and Dye-2 would have 
the best charge transfer performance and has higher efficiency. 

3.7. Photovoltaic properties 

The power conversion efficiency (PCE or η) is the most used 
parameter to study the photovoltaic properties. It is calculated through 
the open-circuit voltage (Voc), fill factor (FF), short-circuit current (Jsc) 
and incident power density (Pin) using Eq. (5) [66]: 

η= JscVocFF
Pin

(5) 

The open-circuit voltage Voc is among the parameters influences on 
the efficient of solar cells, the theoretical values of Voc is calculated from 
the following expressions Eq. (6) [67]: 

VOC =ELUMO (Donor) − ECB (TiO2) (6)  

where ELUMO is the lower unoccupied molecular orbital of the dyes and 
ECB is the conduction band of the semiconductor TiO2. 

The Voc values of the studied dyes, calculated using equation (6), 
vary from 0.836 eV to 1.457 eV using the DFT and 0.084 eV–0.558 eV 
using the DFTB (Table 4). These values are positive for all dyes, indi-
cating that electron transfer will be easy for the donor (Dye-R, Dye-1, 
Dye-2, Dye-3 and Dye-4) to TiO2 semiconductor. Moreover, we 
conclude that these obtained values are sufficient for a possible effective 
injection of electrons [68]. 

3.8. Free energy change for the electron injection and light harvesting 
efficiency (LHE) 

The calculation details for the free energy for electron injection into 
the conduction band of the semiconductor surface (TiO2) for all dyes 
were calculated using Eq. (7) [69]: 

ΔGinject =Edye∗
ox − ECB (7)  

where ECB is the reduction potential of the conduction band of TiO2 (ECB 

= − 4.0 eV), and Edye∗
ox is the oxidation potential energy of the dye in the 

excited state, reported in some papers and expressed as Eq. (8) [70]: 

Edye∗
ox (eV)=Edye

ox − ΔE (8) 

Table 4 
Energy values (in eV) of LUMO (ELUMO), HOMO (EHOMO) and the open circuit 
voltage Voc (in eV) of the studied compounds obtained by B3LYP/6-31G (d,p) 
level.  

Dye  DFT   DFTB  

EHOMO ELUMO VOC EHOMO ELUMO VOC 

Dye-R − 5.282 − 2.573 1.427 − 5.151 − 3.442 0.558 
Dye-1 − 5.033 − 2.632 1.368 − 5019 − 3574 0.426 
Dye-2 − 4.931 − 2.543 1.457 − 4.888 − 3.442 0.558 
Dye-3 − 5.216 − 3.041 0.959 − 5.099 − 3.906 0.094 
Dye-4 − 5.171 − 3.164 0.836 − 5.048 − 3.916 0.084 
TiO2 – − 4.000 – – − 4.000 –  
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where ΔE is the vertical excitation energy and Edye
ox is the oxidation po-

tential energy of the dye in the ground state. 
Efficient sensitizers for DSSCs should have large light-harvesting 

efficiency (LHE), it can be calculated by Eq. (9) [71]: 

LHE= 1 − 10− ƒ (9)  

where f is the oscillator strength of the dye associated with λmax. 
The most important parameters of DSSCs based on Dye-R, Dye-1, 

Dye-2, Dye-3 and Dye-4 determined in the present study are the Edye
ox , 

Edye*
ox , ΔGinject and LHE. The obtained results are presented in Table 5. 

The Edye∗
ox values calculated for the studied dyes increased in the 

following order: Dye-R < Dye-2<Dye-1<Dye-3<Dye-4, indicating that 
Dye-4 is the least oxidizing while Dye-R is the most oxidizing compound 
among these dyes. For the free energy change (ΔGinject) while these 
negative values implies that the electron injection process is sponta-
neous, and its calculated value increases in the order: Dye-R < Dye-2<
Dye-1< Dye-3 < Dye-4, we can conclude then injection will occur easily 
from Dye-4 to the TiO2 semiconductor, which is in good agreement with 
the calculated values of Edye∗

ox . The efficiency of light collection (LHE) is 
one of the important parameters that can evaluate the performance of 
the DSSCs. From Table 5, the calculated LHE values for the main ab-
sorption peaks of the dyes are in a narrow range of 0.868–0.948, indi-
cating that all the studied dyes give a similar photocurrent. The order of 
the theoretical performance of these dyes increases as follows: Dye-1<
Dye-2< Dye-R < Dye-4< Dye-3. 

3.9. IP, EA and reorganization energy 

The reorganization energy is one of the significant parameters in the 
effective charge transfer and photovoltaic conversion of solar cells [72]. 
Moreover, the larger carrier mobility for any organic compound corre-
sponds to its small reorganization energy [73]. The total reorganization 
energy (λtotal) is the combination of the electron (λe) and hole (λh) 
reorganization energies, which can be expressed as follows: 

λe =
(
E−

n − Ea
)
+
(
E0

a − En
)

(10)  

λh =
(
E+

n − Ec
)
+
(
E0

c − En
)

(11)  

λtotal = λe + λh (12)  

where: 

E−
n , E+

n : The energy of the anion and cation calculated with the 
optimized structure of the neutral molecule. 
Ea, Ec, En : The total energies of the anion, cation and neutral sys-
tems at their optimized geometry respectively. 
E0

a , E0
c The energies of the neutral systems at their optimized cation 

and anion geometries. 

Table 6 presents the calculated, at the DFT-B3LYP/6-31G(d,p) level 
of the theory, of the energy values of the total reorganization energy 
(λtotal), the reorganization energy of the electron (λe) and of the hole 
(λh). We note that the reorganization energies values are smaller and 
quasi-similar between them indicating that these compounds are a 
typical electron transport material. Also, the hole reorganization energy 
(λh) values of all the dyes are smaller than those of (λe) values except for 
the Dye-2 compound. Probably due at the addition of the second donor 
between π-linker and acceptor. it represents that the hole carrier 
mobility is greater than that of the electron. 

Similarly, it is also crucial to calculate the electron affinity (EA) and 
ionization potential (IP), which characterize the reduction and oxidation 
properties. These calculations can be calculated using the following 
equations: 

IP=Ec − En (13)  

EA=En − Ea (14) 

The result of these two parameters is listed in Table 6. As given away 
in Table 6, we notice that the ionization potential (IP) decrease in 
following order Dye-R > Dye-3>Dye-4>Dye-1>Dye-2 and on another 
side the electron affinity (EA) increases in following order Dye-R < Dye- 
2<Dye-1<Dye-3<Dye-4. As in known, lower IP is beneficial to facilitate 
hole injection, while higher EA will promote electron injection. 

Table 5 
Values of photovoltaic parameters of studies dyes obtained with B3LYP/6-31G 
(d, p) level.  

Dye Edye
ox (eV) ΔE (eV) Edye*

ox (eV) ΔGinject (eV) ƒ LHE 

Dye-R 5.282 2.457 2.825 − 1.175 1.013 0.903 
Dye-1 5.033 2.255 2.778 − 1.222 0.881 0.868 
Dye-2 4.931 2.239 2.692 − 1.308 0.991 0.898 
Dye-3 5.216 1.942 3.274 − 0.726 1.286 0.948 
Dye-4 5.171 1.826 3.345 − 0.655 1.097 0.920  

Table 6 
The energy values of the total reorganization energy (λtotal), the reorganization 
energy the electron (λe) and hole (λh), the ionization potential (IP) and the 
electron affinity (EA).  

Dye λe (eV) λh (eV) λT (eV) IP (eV) EA (eV) 

Dye-R 0.320 0.268 0.588 6.416 1.375 
Dye-1 0.331 0.282 0.613 5.976 1.565 
Dye-2 0.283 0.307 0.590 5.883 1.505 
Dye-3 0.270 0.242 0.512 6.196 2.024 
Dye-4 0.239 0.235 0.474 6.165 2.080  

Table 7 
Absorption data for studied compounds in chloroform (CHCl3) solvent calcu-
lated by TD-DFT at CAM-B3LYP/6-31G(d,p) level.  

Dye Transition character ΔE (eV) λmax (nm) ƒ 

Dye-R HOMO→LUMO (68%) 2.6944 460.16 1.2353 
Dye-1 HOMO→LUMO (49%) 2.9518 420.02 1.9734 
Dye-2 HOMO→LUMO (52%) 2.9614 418.67 2.1854 
Dye-3 HOMO→LUMO (66%) 2.2712 545.91 1.4452 
Dye-4 HOMO→LUMO (66%) 2.2245 557.36 1.3194  

Fig. 8. Simulated absorption spectra of the studied compounds in chloroform 
(CHCl3) calculated by TD-DFT/CAM-B3LYP/6-31G(d,p) level. 
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3.10. Optical properties of the isolated dyes 

We proceed to calculate the maximum wavelength of absorption 
spectrum (λmax), the vertical excitation energy (ΔE) and corresponding 
oscillator strength (OS or ƒ). These calculations were simulated using 
TD-DFT with CAM-B3LYP functional and 6–31 (d, p) basis set. The ob-
tained results are presented in Table 7 and the simulated absorption 
spectra of the five dyes in chloroform solution are displayed in Fig. 8. 
According to the values present in Table 7, we note that the values of 
λmax for all the dyes are sorted in the order Dye-4>Dye-3>Dye-R > Dye- 
1>Dye-2, which is in excellent agreement with the order corresponding 
to the values of the energy gaps. On another side, we note that the 
excitation energy decreases when we introduce the various auxiliary 
acceptors/donors in the order Dye-2>Dye-1>Dye-R > Dye-3>Dye-4. 
Fig. 7 shows that the maximum wavelength of absorption spectrum λmax 
is insensitive to the position of the auxiliary donor in the π-linker, D-D′- 
π-A/D-π-D′-A. Indeed, λmax of Dye-1 (420 nm) and Dye-2 (418 nm) are 
almost identical. Unlike the incorporation of an auxiliary acceptor in the 

π-linker, D-A′-π-A/D-π-A′-A, we notice that the position of this latter 
affects the value of the λmax. It is more important for D-π-A′-A than for D- 
A′-π-A, Dye-4 (557 nm)> Dye-3 (545 nm). In general, we can deduce 
that the addition of an auxiliary acceptor in the π-linker reduces much 
more the excitation energy of the dye than during the incorporation of 
an auxiliary donor group. Finally, we note that the Dye-4 molecule has 
the highest absorption wavelength λmax among these dyes, so that it may 
have more remarkable properties in the photo-physical domains. 

3.11. Electronic and optical properties of the dyes@(TiO2)8 system 

Adsorption of dye plays a very important role in the overall solar 
energy conversion stabilities and efficiencies of DSSCs [74,75]. As is 
known, there are many types of adsorption modes such as monodentate, 
bidentate chelate and bidentate bridge binding modes (Scheme 1). In 
this paper, we have chosen the bidentate bridge mode because it is 
considered to be the most stable for the carboxylate [76–78]. the opti-
mized structures of the dyes adsorbed on the surface (TiO2)8 (101) and 

Scheme 1. Possible binding modes for anchoring groups on the TiO2 surface (carboxylate unit in this case).  

Fig. 9. Ground state optimized geometries of dye-(TiO2)8 cluster obtained using DMol3.  
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the adsorption energies (Eads) are presented in Fig. 9 and the bond dis-
tances between the interacting atoms of the dyes and (TiO2)8 are listed 
in Table 8. 

As shown in Table 8, The bond lengths (Ti–O) between the oxygen 
(O) atoms of the dyes and the titanium (Ti) of the (TiO2)8 complex are 
between 1.958 and 2.107 Å for all dye@(TiO2)8 complexes. This means 
that all dyes exhibiting a strong adsorption capacity on the surface of 
TiO2. 

On the other hand, the adsorption energy (Eads) was calculated using 
the following expression: 

Eads =EDye− TiO2 −
(
EDye +ETiO2

)
(15)  

where, EDye− TiO2 represents the total energy of the dye complex- (TiO2)8, 
EDye is the total energy of the isolated dye and ETiO2 represents the total 
energy of the group (TiO2)8. From Fig. 9, we remark that, the adsorption 
energy (Eads) for all dye/(TiO2)8 complexes are negative, which is be-
tween − 1.36 eV and − 2.18 eV, which shows that all dyes had stable 
adsorption. To go further, Dye-2@TiO2 is the least stable complex with 
Eads = − 1.36 eV, while the dyes Dye-3@TiO2 (Eads = − 2.18 eV) and Dye- 
4@TiO2 (Eads = - 1.90 eV) are the most stable complexes, they form the 
strongest bonds with the semiconductor. 

3.12. The frontier molecular orbitals (FMOs) of dye/(TiO2)8 complexes 

The frontier molecular orbitals (FMOs) HOMOs and LUMOs of the 
dye/(TiO2)8 complexes are very important factors in determining 
whether the charge transfer that will take place between the donor (Dye- 
R, Dye-1, Dye-2, Dye-3 and Dye-4) and the acceptor (TiO2) is effective. 
From Fig.10, we noticed that, the HOMO of all the dyes is mainly 
localized on the dye (Dye-R, Dye-1, Dye-2, Dye-3 and Dye-4). While, the 
electron distributions of LUMO is distributed over the TiO2 cluster, this 
means that there is a transfer of donor charge from the designed dyes 
molecules to the TiO2 acceptor. 

3.13. Optical properties of dye adsorbed onto TiO2 

From the optimized ground state structures obtained using the 
generalized Perdew-Burke-Ernzerhof (PBE) method with dual digital 
polarization (DNP) which is the highest quality base set available in 
DMol3, we simulated the UV–Vis spectra of the studied dye@TiO2 sys-
tems in the chloroform (CHCl3) solvent based on TD-DFT calculations 
using the CAM-B3LYP functional and the 6–31 G (d, p) orbital base. The 

Table 8 
Selected bond lengths (Å) of dye/TiO2 systems.  

Dye Ti–O1 Ti–O2 

Dye-R 2.026 2.094 
Dye-1 2.011 2.107 
Dye-2 2.048 2.082 
Dye-3 1.991 1.958 
Dye-4 2.036 2.074  

Fig. 10. Simulated frontier molecular orbitals of dye-(TiO2)8 cluster obtained using DMol3.  

Table 9 
Calculated electronic transition energies (eV), molecular orbital character (MO/ 
character), oscillator strengths (ƒ) and absorption wavelengths (nm) of corre-
sponding electronic transition states of Dye@TiO2 complexes in chloroform.  

Dye Transition character ΔE (eV) λmax (nm) ƒ 

Dye-R H→L (68%) 2.2182 558.94 0.3991 
Dye-1 H→L (49%) 2.2553 549.74 0.2250 
Dye-2 H→L (52%) 2.0527 604.02 0.0162 
Dye-3 H→L+2 (66%) 1.8005 688.60 2.2852 
Dye-4 H→L+2 (66%) 1.8426 672.89 1.8468  
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excitation energies of first vertical electronic transitions (ΔE), the 
maximum absorption wavelengths (λmax) and the oscillator forces (ƒ) of 
all dye@TiO2 in the presence of the solvent (chloroform), are summa-
rized in Table 9. The simulated absorption spectra obtained at IEF-PCM/ 
TD-CAM-B3LYP/6-31G(d,p) for the studied compounds Dye (Dye-R, 
Dye-1, Dye-2, Dye-3 and Dye-4) and dye@TiO2 (Dye-R@TiO2, Dye- 
1@TiO2, Dye-2@TiO2, Dye-3@TiO2 and Dye-4@TiO2)are presented in 
Fig. 11. From the results we notice that the values of the maximum 
absorption wavelengths were increased when the dyes bind to the sur-
face of TiO2. Furthermore, we also remarked that the improvement of 
the maximum absorption (λmax) between the free dyes and the 
(dyes@TiO2) complexes which are between (~99 nm and ~185 nm). 
We can clearly observe that Dye-3@TiO2 (688.60 nm) and Dye-4 @TiO2 
(672.89 nm) showed a red shift from the base molecule Dye-R@TiO2 
(558.94 nm), which confirms that the introduction of the acceptor 
auxiliary into the basic Dye-R compound plays an important role in 
improving the absorption and adsorption parameters. 

4. Conclusion 

We have presented a combined DFT, DFTB and TD-DFT studies of 
five dyes of the family of indole reputed to give good photoconversion in 
DSSCs. Initially, we used DFT at B3LYP level with the 6-31G (d, p) basis 
set and DFTB method to optimize the geometry and theoretically 
compute electrochemical, and photovoltaic properties. Then, we per-
formed TD-DFT at CAM-B3LYP level to examine optical properties of the 
designed dyes. Our obtained results have shown that the incorporation 
of the second acceptor, in the π-spacer, gives very good result by 
comparing with the addition of an auxiliary donor. Furthermore, we 
noted that this incorporation decreases the Egap value, increases the 
wavelength value λmax leading to a bathochromic effect on the absorp-
tion bands, destabilizes the HOMO level and stabilizes that of LUMO 
facilitating the injection and the regeneration of electrons. On the other 
hand, the optimized structures and electronic parameters of the five 
dye@(TiO2)8 complexes were investigated by the DFT method, and their 
optical properties are investigated using TD-DFT. The results show that 

all of the dyes have stable adsorption and they have wider, red-shifted 
UV–visible absorption spectra compared to isolated dyes. The analysis 
of the results of the adsorption shows that the dyes in which an auxiliary 
acceptor has been incorporated perform better than those which have 
been grafted with a donor auxiliary. Finally, in view of the photovoltaic 
results obtained, we can conclude that we have established useful 
theoretical criteria to improve the efficiency of sensitizers of D-π-A 
structure based on indole and that the studied compounds seem to have 
great potentialities for application as a sensitizer in DSSC photovoltaic 
cells. 

Credit author statement 

Rahma El Mouhi: Conceptualization, Methodology, Validation, 
Formal analysis, Investigation, Writing – original draft, Visualization. 
Ahmed Slimi: Validation, Supervision, Writing – review & editing. 
Asmae Fitri: Validation, Supervision, Writing – review & editing. Adil 
Touimi Benjelloun: Validation, Supervision, Writing – review & editing. 
Souad Elkhattabi: Validation, Supervision, Writing – review & editing. 
Mohammed Benzakour: Validation, Writing – review & editing. 
Mohammed Mcharfi: Validation, Writing – review & editing. Mustafa 
Kurban: Validation, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

[1] B. O’Regan, M. Gratzel, A low-cost, high-efficiency solar cell based on dye- 
sensitized colloidal TiO2 films, Nature 353 (1991) 737–740. 

[2] T. Horiuchi, H. Miura, K. Sumioka, S. Uchida, High efficiency of dye-sensitized 
solar cells based on metal-free indoline dyes, J. Am. Chem. Soc. 126 (39) (2004) 
12218–12219. 

Fig. 11. Absorption spectra of the free dyes and dye@(TiO2)8 complexes.  

R. El Mouhi et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0921-4526(22)00182-X/sref1
http://refhub.elsevier.com/S0921-4526(22)00182-X/sref1
http://refhub.elsevier.com/S0921-4526(22)00182-X/sref2
http://refhub.elsevier.com/S0921-4526(22)00182-X/sref2
http://refhub.elsevier.com/S0921-4526(22)00182-X/sref2


Physica B: Physics of Condensed Matter 636 (2022) 413850

12

[3] A. Slimi, M. Hachi, A. Fitri, A. Touimi Benjelloun, S. Elkhattabi, M. Benzakour, 
M. Mcharfi, M. Khenfouch, I. Zorkani, M. Bouachrine, Effects of electron acceptor 
groups on triphenylamine-based dyes for dye-sensitized solar cells: theoretical 
investigation, J. Photochem. Photobiol. Chem. 398 (2020) 112572. 

[4] A. Fitri, A. Touimi Benjelloun, M. Benzakour, M. Mcharfi, M. Hamidi, 
M. Bouachrine, Theoretical studies of the master factors influencing the efficiency 
of thiazolothiazole-based organic sensitizers for DSSC, J. Mater. Environ. Sci. 7 (3) 
(2016) 834–844. 

[5] M.K. Nazeeruddin, A. Kay, I. Rodicio, R. Humpbry-Baker, E. Miiller, P. Liska, N. 
V. lachopoulos, M. Grätzel, Conversion of light to electricity by cis-X2bis(2,2’- 
bipyridyl-4,4’-dicarboxylate)ruthenium(II) charge-transfer sensitizers (X = Cl-, Br-, 
I-, CN-, and SCN-) on nanocrystalline titanium dioxide electrodes, J. Am. Chem. 
Soc. 115 (14) (1993) 6382–6390. 

[6] L. Schmidt-Mende, J.E. Kroeze, J.R. Durrant, M.K. Nazeeruddin, M. Grätzel, Effect 
of hydrocarbon chain length of amphiphilic ruthenium dyes on solid-state dye- 
sensitized photovoltaics, Nano Lett. 5 (7) (2005) 1315–1320. 

[7] C.Y. Chen, J.G. Chen, S.J. Wu, J.Y. Li, C.G. Wu, K.C. Ho, Multifunctionalized 
ruthenium-based supersensitizers for highly efficient dye-sensitized solar cells, 
Angew. Chem. Int. Ed. 47 (38) (2008) 7452–7455. 

[8] A. Abbotto, C. Barolo, L. Bellotto, F. De Angelis, M. Grätzel, N. Manfredi, 
C. Marinzi, S. Fantacci, J.H. Yum, M.K. Nazeeruddin, Electron-rich heteroaromatic 
conjugated bipyridine based ruthenium sensitizer for efficient dye-sensitized solar 
cells, Chem. Commun. 41 (42) (2008) 5318–5320. 

[9] J.F. Yin, J.G. Chen, Z.Z. Lu, K.C. Ho, H.C. Lin, K.L. Lu, Toward optimization of 
oligothiophene antennas: new ruthenium sensitizers with excellent performance 
for dye-sensitized solar cells, Chem. Mater. 22 (15) (2010) 4392–4399. 

[10] A.M. Khudhair, F.N. Ajeel, M.H. Mohammed, Theoretical (DFT and TDDFT) 
insights into the effect of polycyclic aromatic hydrocarbons on Monascus pigments 
and its implication as a photosensitizer for dye-sensitized solar cells, J. Microelectr. 
Eng. 212 (2019) 21–26. 

[11] A.A. Youssef, S.M. Bouzzine, Z.M.E. Fahima, İ. Sıdır, M. Hamidi, M. Bouachrine, 
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