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Abstract In dye-sensitized solar cells (DSSCs), the dye material plays a crucial role in determining

the amount of electrical current obtained, which is the primary outcome of the cell. Therefore, it is

crucial to explain the performance of a dye at a molecular level. This work investigates using density

functional theory and time-dependent density (DFT and TD-DFT, respectively) four experimen-

tally tested anthanthrene-based dyes abbreviated as D1 to D4. The four dyes differ in their

alkyl-substitutions (nonane or 3-ethylheptane) and the number of anchoring groups (one/two cya-

noacrylic acid/s). To study the effect of these two structural features, the work involves the calcu-

lations of the geometrical structures, electronic and optical properties of isolated forms. In addition,

the adsorption behaviour of these dyes on TiO2 clusters was explained. Properties such as the

adsorption energies, and electro-optical properties were calculated and discussed.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nowadays, and due to the energy demand, it can be said that one of

the most promising photovoltaic (PV) devices is the low-cost materials

and processing, the dye-sensitized solar cells (DSSCs). In the DSSC

device, the electrical current is produced without changing the chemi-

cal composition of its components. Thus, it is a conventional photo-
electrochemical cell (Carella et al., 2018; Hagfeldt et al., 2010;

Hamann et al., 2008). From the classical current–voltage (CV) rela-

tionship under solar light irradiation, the efficacy of a DSSC (power

conversion efficiency (g)) can be related to some electrical parameters

included: the short-circuit photocurrent density (Jsc), the open-circuit

voltage (Voc), the fill factor (FF), and the intensity of the incident light

(IincÞ. The first three parameters constitute the maximum output power

(PmaxÞ from the cell, and the ratio between Pmax and Iinc gives the value

of g according to Eq. (1) as follows:

g ¼ Pmax

Iinc

� �
¼ JscxVocxFF

Iinc

� �
ð1Þ
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Jsc is the photocurrent density determined in short circuit condi-

tions; it is related to the electron injection, which in turn depends quan-

titatively and qualitatively on the absorption properties of the

photosensitizer and a favourable alignment of the sensitizer LUMO

level with the semiconductor conduction band (CB) (Carella et al.,

2018). Voc represents the open-circuit voltage and depends on the

energy difference between the Fermi potential (under irradiation) of

the semiconductor and the Nernst potential of the redox couple

(Carella et al., 2018). The FF is given by Eq. (2) as follows:

FF ¼ Pact
max

Ptheo
max

 !
¼ Pact

max

JscxVoc

� �
ð2Þ

where Pact
max is the actual maximum power delivered by the

device and Ptheo
max is the maximum theoretical power due to

the loss of electrical and electrochemical during device

operation.
Among the five components of the DSSC device (TiO2/ZnO pho-

toanode (Rouhani et al., 2022; Kouhestanian et al., 2021), the elec-

trolyte (Xie et al., 2016, 2015), the counter electrode (cathode), and

the dye (photosensitizer)), the photosensitizer represents the most

important component of a DSSC. The main role of the photosensitizer

is to adsorb light and inject the photoexcited electrons into the conduc-

tion band (CB) of the semiconductor. Photosensitizers can be a

Ruthenium-based (He et al., 2015; Aksakal et al., 2018), porphyrins-

based (Al Mogren et al., 2020), or metal-free (MF) photosensitizer

(Xia et al., 2015; Wang et al., 2014).

The typical configuration of an organic sensitizer is the push–pull

structure, i.e., the D-p-A configuration, where a p-conjugated bridge

linked an electron donor (D) group to an electron acceptor (A). Typ-

ically, the electron acceptor connects the dye to the semiconductor sur-

face, acting as the anchoring group. In this type of configuration, the

separation of photoexcited charges is enhanced. Since the electronic

density will transfer from the donor side of the molecule (where the

highest occupied orbital (HOMO) is primarily delocalized) to the

acceptor side (where the lowest unoccupied orbital (LUMO) is primar-

ily delocalized), and therefore ease the favourable process of electron

injection to the CB of the semiconductor (TiO2). Simultaneously,

blocking the unfavourable process of charge recombination between

TiO2 and photo-oxidized molecule. The development of the most effec-

tive p-linkers, electron donors, and electron-withdrawing anchoring

units was the topic of interest of materials scientists. Anthanthrene

(naphtho[7,8,1,2,3-nopqr]tetraphene) is a polycyclic aromatic hydro-

carbon. In literature, anthanthrene-based dyes are rarely investigated

experimentally and theoretically (Geng et al., 2015; Giguère et al.,

2013). Theoretical investigations have been used widely to interpret

and predict the behavior of existing and designed anthanthrene-

based photosensitizers at a molecular level. Lu et al. (2018) investi-

gated theoretically a series of pyridinium ylide based anchors for

DSSC application. The geometrical structures, electronic and optical

properties of the isolated dyes and their interface with TiO2 were ana-

lyzed. The results showed the potential of novel pyridinium ylide-based

anchors compared to the traditional carboxylic acid and rhodanime-3-

acetic based anchors. The pyridinium ylide based anchors increased the

light-harvesting efficiencies (LHEs) and improved intramolecular

charge transfer (ICT) character as well as shifted up the conduction

band edge of the TiO2 semiconductor, which benefits the increase in

Jscand Voc values. Wazzan and Irfan (2018), using DFT and TDDFT

calculations, explained the noticeable difference in the power conver-

sion efficiencies (PCEs) of three existed triphenylamine-based organic

dyes with mono-, di-, and tri-cyanoacrylic acid units as anchoring

groups, and thiophene unit as p-bridges used as potential dyes in

DSSC applications. Their results revealed that the increasing anchor-

ing groups had a significant influence on the PCE of the cells. The

dye with the maximum number of anchoring groups (TPA3T3A) has

the smallest electron injection energy barrier, which showed that elec-
tron injection in this compound was superior. In addition, the results

revealed that the TPA3T3A@TiO2 cluster was the most stable adsorp-

tion complex especially anchoring of TPA3T3A sensitizer at TiO2 clus-

ter from B-side. Intramolecular charge transfer from occupied to

unoccupied molecular orbitals has been shown and a red shift in the

absorption spectra has been identified by increasing the number of

anchoring groups. Saranya et al. (2018) used DFT calculations to

study the co-adsorption of the 4-(7-(10-[bis(4-hydroxy-phenyl)-amin

o]-anthracen-9ylethynyl)-2-octyl-2H-benzotriazol-4-yl)-benzoic acid

abbreviated as TY6 dye and the chenodeoxycholic acid abbreviated

as CDCA on the anatase TiO2(0 0 1) surface for efficient DSSC. Their

results show that the CDCA co-adsorbent plays an active role not only

in stabilizing the dye/oxide system but also in preventing the surface

tensile stress induced by the dye monolayer. The co-adsorbent

increases the spacing between the dyes to reduce the surface tensile

stress and thus prevents the decrease in the charge injection efficiency.

Liu et al. (2020) investigated four anthracene-based dyes with DFT

and TDDFT for DSSCs. The stable molecular geometries, electronic

structures, absorption and fluorescence spectra, and the performance

of photoelectric properties were calculated and analyzed. The relation-

ship between structure and performance are established. Additionally,

they designed six dyes based on of one of the investigated dyes to

improve optical response and electron injection.

Anthanthrene-based photosensitizers in DSSCs has been investi-

gated experimentally by the group (Geng et al., 2015). Four symmetric

and asymmetric structural photosensitizers have been prepared so that

the anthanthrene unit acted as a p-conjugated linker, and tripheny-

lamine acted as a donor group. One or two cyanoacrylic acid group/

s acted as an anchoring group -linked to a thiophene unit at the

6,12-positions or the 4,10-positions and substituted with nonane or

3-ethylheptane alkyl chain- to the anthanthrene core. They studied

the effect of the number of the cyanoacrylic acid anchoring groups

and the nature of on the overall performance of the resultant fabri-

cated solar cells. The chemical structures of the four synthesized dyes

by the group of Geng et al. (2015) are shown in Fig. 1. The four dyes

have the following abbreviations and IUPAC names: D1, (2E,20E)-3,
30-((6,12-bis(octyloxy)naphtho[7,8,1,2,3-nopqr]tetraphene-4,10-diyl)bi
s(thiophene-5,2 diyl))bis(2-(hydroperoxymethyl)acrylonitrile); D2, E)-

2-cyano-3-(5-(10-(4-(di-p-tolylamino)phenyl)-6,12-bis(octyloxy)naph

tho[7,8,1,2,3-nopqr]tetraphen-4-yl)thiophen-2-yl)acrylic acid; D3, (E)-

3-(5-(12-(4-((E)-2-carboxy-2-cyanovinyl)thiophen-2-yl)-4,10-bis(4-((2-e

thylhexyl)oxy)phenyl)naphtho[7,8,1,2,3-nopqr]tetraphen-6-yl)thio

phen-2-yl)-2-cyanoacrylic acid; D4, (E)-2-cyano-3-(5-(12-(4-(di-p-toly

lamino)phenyl)-4,10-bis(4-((2-ethylhexyl)oxy)phenyl)naphtho[7,8,1,2,3

-nopqr]tetraphen-6-yl)thiophen-2-yl)acrylic acid. The main findings in

Geng et al. (2015) related to the photovoltaic properties of DSSCs

based on D1 to D4 dyes are summarized in Table 1. From Table 1,

D4 based DSSC devices showed the largest Voc while D2 based devices

displayed the largest Jsc, compensate for the top overall efficiency of

5.27%. Since the work of Geng et al. (2015) has a brief theoretical

explanation combined the experimental study, and thus lacking the

interpretation of results at more a molecular level. In this work, we

aim at investigating with much detailed and systematic DFT calcula-

tions the obtained results, giving interpretations from a molecular level

insight, and correlating very well between the number of anchoring

groups and nature of substitution with the photovoltaic parameters

of this series of anthanthrene-based dyes (D1–D4). For the isolated

dye configurations, the optimized geometries, electronic, absorption

and emission properties, reorganization energies, some important

quantum chemical descriptors and other parameters will be calculated

and analyzed. In addition, the adsorption energies, electro and optical

properties of eight dye@TiO2 adsorbed systems (representing all pos-

sible attachments of dyes to TiO2 clusters) will be calculated and ana-

lyzed. Our quantum chemical analysis explored a structure–property

relationship for these four dyes at a molecular level which help in more

understanding of the behavior of such type of photosensitizers and

thus can enhance the solar cell efficiency.



Fig. 1 Chemical structures of the four investigated dyes (D1 to D4) taken from Geng et al. (2015) where they were tested experimentally

as photosensitizers in DSSCs.

Table 1 The reported experimental FMOs energy levels and the photovoltaic parameters of DSSCs based on D1 to D4

photosensitizers in THF solvent collected from Geng et al. (2015).

Dye EHOMO/eV ELUMO/eV Eg Jsc/mA.cm�2 Voc/mV FF g/%

D1 �5.29 �2.91 2.38 8.18 606 0.75 3.73

D2 �5.06 �2.50 2.56 10.40 690 0.73 5.27

D3 �5.30 �2.86 2.44 6.54 658 0.76 3.28

D4 �5.10 �2.61 2.49 8.19 738 0.76 4.58
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2. Method

The chemical structures of the four synthesized dyes by the

group of Geng et al. (2015) are shown in Fig. 1, and the pho-
tovoltaic properties of DSSCs based on D1 to D4 dyes are
summarized in Table 1. The equilibrium geometries of this ser-

ies of anthanthrene-based dyes were fully optimized at a DFT
level of theory with the standard 6-31+G(d,p) basis set
(Ditchfield et al., 1971; Clark et al., 1983). The 6-31+G(d,p)
basis set can be considered a large enough basis set. The single

‘‘+” indicates that a set of diffuse s-functions and a set of dif-
fuse p-functions has been added to each heavy atom. The
inclusion of the diffuse basis function is essential for describing

the electrons of anion forms of the investigated dyes. While the
notation (d,p) indicates, a set of polarizing d-functions is
included on heavy atoms and a set of p-functions on hydrogen

atoms. The DFT calculations were carried out with one of the
hybrid functionals from the Truhlar group, M06-2X (Zhao
and Truhlar, 2008). The geometries of the investigated dyes
in their complexation forms with TiO2 were fully optimized

without any structural constraints with 6-31+G(d,p) for C,
N, O, S, and H, and with Los Alamos National Laboratory
with double zeta (DZ) quality and the overall combination
of ECP and valence basis set (LANL2DZ) and effective core

potentials (or pseudopotentials) basis set for Ti atoms (Hay
and Wadt, 1985). For all optimized geometries, vibrational fre-
quencies were calculated to confirm that the geometries corre-

spond to minima on the potential energy surface with only real
frequencies. The non-Coulomb part of exchange functionals
typically dies off too rapidly. As a result, it becomes widely

inaccurate at large distances, making them unsuitable for mod-
eling processes such as electron excitations to high orbitals.
Therefore, the absorption (for twelve excited states) and emis-
sion (for three excited states) transitions were calculated from

the optimized geometry in the ground state by TDDFT with
one of the long-range-corrected functionals CAM-B3LYP
(Yanai et al., 2004), with the 6-31+G(d,p) basis set. CAM-

B3LYP is a functional of Handy and coworkers, and it is a
long-range-corrected version of B3LYP using the Coulomb-
attenuating method. All calculations were performed on Gaus-

sian 09 suite program (Frisch, 2009). Molecular visualizations
were performed using GaussView program (version 5.0.8)
(Roy Dennington, 2009) and Chemcraft program version 1.8
(build 489) (Zhurko and Zhurko, 2009).
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3. Results and discussion

3.1. Degree of planarity

The degree of planarity of the dye molecule has a key role in
determining the extent of its intramolecular charge transfer

properties. On the other hand, the nonplanarity of the triph-
enylamine (TPA) unit is beneficial to prevent the dye aggrega-
tion process. Therefore, the dihedral angle (DA) between the

TPA unit and the anthanthrene core (DA1) of the four inves-
tigated molecules should be smaller or larger than 180 or 0� to
represent a nonplanarity arrangement at this part molecule.
While the dihedral angles DA2, DA3, DA4, and DA5, which

represent the angle of attachment of the anthanthrene core
with the thiophene unit 1 (TPH1), thiophene unit 2 (TPH1),
alkyl substituent 1 (ALKY1), and alkyl substituent 2

(ALKY1), respectively, are preferably to be close to 180 or
0� to represent a planner configuration, see Table 2.

As shown in Table 2, for D2, and D4 dye molecules, DA1

dihedral angles in D2 and D4 equal 54.12 and 69.65�, which
indicates the nonplanarity of this part of the two molecules.
Other dihedral angles DA2, DA4, and DA5 range from
56.73 to 179.970, which also show a nonplanarity configura-

tion. For instance, the DA2 dihedral angles equal 56.73 and
80.19� in D2 and D4 dyes, respectively. The nonplanarity con-
figuration of the D2 molecule is more evident than that of the

D4 molecule since in D4, DA4 and DA5 are equal to 179.97
and 179.15o, respectively, and they are equal to 90.98 and
91.13�, respectively in the D2 molecule. On the other hand,

the planarity of the D1 molecule is more evident than that of
the D3 molecule at the DA2 (TPH1) unit since this angle in
D1, and D3 equals 123.56 and 97.56�, respectively. The oppo-
site is true with respect to DA3 (TPH2). Additionally, the D1
and D3 molecules are planner regarding the two alkyl sub-
stituents (nonane) units compared to the two alkyl substituents
(3-ethylheptan) units in D1 and D4 molecules, which indicates

the effect of the nature of alkyl substituents on the degree of
planarity of the molecule. For instance, in D1 and D2 dyes,
the DA4 (nonane) equals 88.60 and 90.98�, respectively, while
in D3 and D4 dye molecules, DA4 (3-ethylheptan) equals
178.67 and 1789.97�, respectively. The four investigated dyes
are characterized by a planner p-spacers (anthanthrene core)

which signifies an effective transfer of charge between the
electron-donor unit and electron-acceptor unit.

3.2. Frontier molecular orbitals of aromatic cores

In the D-p-A dye’s configuration, the electronic charge will
transfer throughout the molecular skeleton following the direc-
tion from the donor unit to the acceptor unit through the p-
Table 2 The optimized dihedral angles (in �) (d1, d2, d3, d4, and d

four investigated dyes as calculated at the CPCM/M06-2X /6-31+G

Aromatic core DA1 (TPA) DA2 (TPH1)

6,12-Anthanthrene (D1) – 123.56

6,12-Anthanthrene (D2) 54.12 56.73

4,10-Anthanthrene (D3) – 97.56

4,10-Anthanthrene (D4) 69.65 80.19
bridge unit (Lin et al., 2009). This intramolecular electronic
transfer can be attained by appropriate alignment of the
HOMO and LUMO energy levels of these units with respect

to each other. The HOMO and LUMO energy levels align-
ments of the donor unit (triphenylamine (TPA)), acceptor unit
(thiophene (TPH)), and 6,12-positions or the 4,10-positions

substituted with nonane or 3-ethylheptane alkyl chain anthan-
threne core (p-bridge)) of the four investigated dyes are dis-
played in Fig. 2(a).

As shown in Fig. 2(a), the HOMO energy level of TPA unit
is higher than the HOMO of the anthanthrene core of D4 only
by 0.095 eV. While the HOMO of TPH, TPA, and TPH is
lower than the HOMOs of D1, D2, and D3 by 1.925, 0.159,

and 1.861 eV, respectively. In contrast, the LUMO of the
TPH unit is lower than the LUMOs of the anthanthrene cores
of all dyes by not <0.393 eV. Therefore, the anthanthrene

cores can act as good motivators for the intramolecular charge
transfer within the D-p-A system, especially in the D4 mole-
cule, followed by the D2 dye. Since D4 dye satisfies the

requirement for good enforcement of charge transfer among
the skeleton of the molecule completely. D2, although its
HOMO is higher than that of the donor unit (TPA), the differ-

ence in energy between the two HOMOs can be considered
insignificant (0.159 eV) when compared to the corresponding
difference of the other two dyes, i.e., D1 and D3 (1.925, and
1.861 eV). Also, the energy gaps (Eg) of the anthanthrene cores

are smaller than those of TPA and TPH units. Since

Eg ¼ 6:236 and 5:994 eV for TPA, and TPH, respectively,

while for the anthanthrene cores, it is in the range from

4.461 to 4.533 eV.

3.3. Frontier molecular orbitals of D1 to D4 dyes

Fig. 2(b) represents graphically the frontier molecular orbitals
(FMOs) energy levels of the investigated dyes in the gas phase
and THF solvent as calculated at the M06-2X/6-31+G(d,p),

and CPCM/M06-2X/6-31+G(d,p) levels of theory. The
FMOs are abbreviations for the two most important molecular
orbitals, i.e., the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO).

Fig. 2(b) shows too the HOMO and LUMO energy levels
obtained experimentally (Geng et al., 2015). All energy levels
were aligned with the CB of TiO2 semiconductor and the redox

potential (RP) of I�=I�3 electrolyte. The deviation between the

experimental and calculated HOMO and LUMO values is

more significant in the case of gas-phase calculated values.
Adding solvent (THF) using the CPCM solvation model
improves the agreement to a reasonable extent. It should be

noted that the used level of theory can better predict the
LUMOs rather than the HOMOs, since the deviations are
5) at different positions along with the molecular skeleton of the

(d,p) in THF solvent.

DA3 (TPH2) DA4 (ALKY1) DA5 (ALKY2)

49.21 88.60 94.17

– 90.98 91.13

80.63 178.67 179.44

– 179.97 179.15



Fig. 2 HOMO and LUMO energy levels of (a) the aromatic cores of the D1 to D4, and (b) four experimentally tested dyes (D1–D4) with

the experimental values of the conduction band of TiO2 electrode and the redox potential of the electrolyte system. Note: HOMO and

LUMO energy levels from experiment Geng et al. (2015).
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smaller in the LUMOs (not exceeded 0.10 eV) compared to
that in the HOMOs levels (not exceeded 1.20 eV).

One of the top requirements which determine the suitability

of the dye as an active component in the fabricated DSSC is
the proper level alignment between its HOMO and LUMO
energy levels with those of the CB of TiO2 semiconductor
(�4.0 eV) and the RP of the I�=I�3 electrolyte (�4.8 eV). Where

the LUMOs of the dye should be situated above the CB level

of TiO2, the HOMOs should be located below the RP level of
I�=I�3 electrolyte. Since the proper energy levels alignment will

ease the most important processes occurring in the DSSC
framework, i.e., the electron injection process and the dye
regeneration process. Considering the calculated HOMOs

and LUMOs in the THF solvent only, and as can be noted
from Fig. 2(b) that the LUMOs of the four investigated dyes
were located above the CB of TiO2 with a difference ranging
from 1.71 to 1.88 eV, in addition, the HOMOs were situated

below the RP of I�=I�3 electrolyte with a difference ranging

from 1.63 to 1.90 eV. Therefore, the investigated dyes were
approved theoretically as sensitizers since their energy levels
(HOMOs and LUMOs) aligned properly with other compo-
nents (TiO2 and I�=I�3 ) of the DSSC device.

On the other hand, the Eg value can be obtained by the dif-

ference between HOMO energy (EHOMOÞ and LUMO energy
(ELUMO), i.e., Eg ¼ ELUMO � EHOMO. Smaller energy gaps is

beneficial to ease the electron photoexcitation process and,
thus, longer absorption wavelength (Chaitanya et al., 2015).
Therefore, more photons can be absorbed at any given time,
which guarantees a higher Jsc and overall power conversion

efficiency. In addition, the HOMO and LUMO orbitals distri-
bution are demonstrated in Fig. 3. As shown in Fig. 3, the
HOMOs are mainly delocalized on the anthanthrene cores,
while LUMOs are mainly delocalized on the thiophene unit

and anchoring group/s. The delocalization of HOMOs and
LUMOs in this manner is beneficial for effective charge trans-
fer from the dye to the TiO2 at the interface of dye@ TiO2

adsorbed systems.
3.4. UV–Vis absorption and emission properties

Experimentally (Geng, 2015), the four dyes exhibited two
absorption peaks in the UV and the Vis region. The UV peak
is more intense and found in the region from 320 to 360 nm.
The Vis-peaks are less intense and fall in the region from 460

to 465 nm. Table 3 listed the calculated maximum absorption
wavelengths as calculated at the CPCM/TDCAM-B3LYP/6-
31+G(d,p) in THF solvent, along with the experimental val-

ues. The data are represented graphically in Fig. 3(a). The reli-
ability in the calculated absorption wavelengths and, thus, the
used level of theory is evident from the minor deviations (D)
from the experimental ones. The maximum difference between



Fig. 3 HOMO and LUMO orbitals distribution of the four investigated dyes at the CPCM/M06-2X/6-31+G(d,p) level of theory in

THF.

Table 3 The calculated absorption wavelengths (in nm), oscillator strengths, and light-harvesting efficiencies calculated at the CPCM/

TDCAM-B3LYP/6-31+G(d,p) in THF solvent. Note: The present author estimates the experimental values from Fig. 1 in ref. (Geng,

2015).

Dye kexpabs kcalcabs

aD f Transition Transition character LHE bIsodensity

D1 465 454.18 11 1.131 S0 ? S1 H ? L (55%) 0.926

360 340.12 20 1.402 S0 ? S6 H-1 ? L + 1 (30%) 0.960

D2 460 451.36 9 1.001 S0? S1 H ? L + 1 (49%) 0.900

330 350.77 �21 1.490 S0? S4 H-2 ? L (47%) 0.968

D3 465 458.76 6 1.215 S0? S1 H ? L (58%) 0.939

330 338.22 �8 1.229 S0? S6 H-5 ? L (32%) 0.941

D4 460 452.65 7 1.247 S0? S1 H ? L + 1 (56%) 0.943

320 305.96 14 1.553 S0 ? S10 H-3 ? L + 1 (40%) 0.972

a D= kexpabs � kcalcabs .
b Isodensity is related to the transition character; H: HOMO; L: LUMO.
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the two sets of data did not exceed 21 nm, while the minimum
and thus the better agreement is not <6 nm, see Table 3.

In total agreement with the experiment, for each dye, the
bands observed theoretically are two bands, an intense one
in the UV region and a less intense one in the Vis region.

The absorption bands in the visible region can be mostly
attributed to p ? p*. This is evident from the transition char-
acter associated with this band, since HOMO ? LUMO tran-

sitions are the important contributor (ranging from 39% to
58%). On the other hand, the absorption bands in the UV
region can be ascribed to the intramolecular charge transfer
from the anthanthrene cores to the R1/R2 substituents on
the 4,10-positions and 6,12-positions. This is evident from

the transition character associated with this band, see the iso-
density plots in Table 3.

Since it is more important for the efficient dye to absorb

light in the visible region, we will now discuss the investigated
dyes’ absorption in this region only. Experimentally, it was evi-
dent that the maximum absorption wavelengths in the Vis

region (kVisabsÞ follow the order: D2 = D4 (460 nm)

< D1 = D3 (465 nm), theoretically, the values show a similar

trend but more precisely show some differences signifying the
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molecular structural differences between the four investigated
dyes, i.e., D2 (451.36 nm) � D4 (452.65 nm) < D1
(454.18 nm) � D3 (458.76 nm). The trend shows a redshift in

the wavelengths and thus the effect of symmetrical and asym-
metrical cores and the number of anchoring groups on the
absorption properties of the four dyes. The oscillation strength

(f) of the maximum absorption wavelength is an important
parameter that signifies the intensity of the absorption band
and, consequently, the light-harvesting efficiency (LHE) of

that specific dye. LHE value is directly proportional to the
oscillation strength according to the following equation:

LHE ¼ 1� 10�f ð3Þ
Therefore, the LHE is a function of the wavelength and the

Jsc integrates photoelectrons generated by absorption over all

relevant wavelengths. The LHE values of the investigated dyes
are significant and not <90%. The f values increase in the fol-
lowing order: D2 (1.001) < D1 (1.131) < D3 (1.215) < D4

(1.247). Accordingly, the LHEs increase in the same order.
However, the LHEs are larger values and are higher than
0.926.

Table 3 lists the calculated maximum emission wavelengths
at the CPCM/TDCAM-B3LYP/6-31+G(d,p) in THF solvent.
The data are represented graphically in Fig. 3(b). The investi-

gated dyes emit light in the Vis region. The emission bands are
significantly red-shifted with respect to the absorption bands.

The Stocks shift values (kss ¼ kemmax � kabsmax) ranges from 154

(D1) to 233 (D4). The large kss predicts large difference

between the ground and excited state geometries (Wazzan
and Irfan, 2018; Wazzan, 2019).

As the lifetime of the excited state (s) becomes shorter as
more chance, the electron can be injected into the CB of

TiO2. Conversely, as the s value becomes larger, it means that
the excited electron can be deexcited to the ground state,
combing with the left hole (charge recombination). From

Table 4, the four dyes have s values in nanoseconds, thus the
electron transport occurs from the singlet excited state
(Venkatraman et al., 2020). The photoexcited electron lifetimes

of the investigated four dyes are in the following order: D3
(5.579 ns) > D1 (5.149 ns) > D2 (4.817 ns) > D4 (4.803 ns).
Thus, the feasibility of the electron injection process is
expected to follow the same order. On the other hand, the elec-

tron injection process or the injection rate is also controlled by
the energy difference between the excited state of the dye (ab-

breviated as Edye�
ox ) and the CB edge of the TiO2 (Hagfeldt

et al., 2010). As reported (Hara et al., 2005; Frontiera et al.,
2009; Sánchez-de-Armas, 2012), it is beneficial that the excited
state of the recently developed metal-free organic dyes is high
in energy to increase the efficiency of electron injection.

According to Koopmans’ theorem, HOMO energy is taken
Table 4 The calculated wavelength of maximum emission kemmax (in nm

in THF based on the S1 states, along with the Stokes Shift kss (in n

TDCAM-B3LYP/6-31+G(d,p).

Dye kemmax Eem
max

D1 608.24 2.038

D2 616.27 2.012

D3 668.15 1.856

D4 685.20 1.810
as ground state oxidation potential (GSOP) and abbreviated

as Edye
ox while the excited state oxidation potential

(ESOP = Edye�
ox ) involves both the GSOP and excitation ener-

gies (Eex) according to the equation (Edye�
ox ¼ Edye

ox � Eex). One

can observe that all investigated dyes exhibited ESOPs very
close to the CB of TiO2, see Fig. 2(b).

3.5. Reorganization energies

Based on Marcus’s theory (Marcus, 1993), the charge transfer
rate (KCT) is expressed by Eq. (4):

KCT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p
kKbT

� �s
V2

�h
e

� k
4KbT

� �
ð4Þ

where kis the reorganization energy, Kb is the Boltzmann con-

stant, �h is Plank’s constant, T is the temperature in the Kelvin
unit, and V is the charge transfer coupling constant. k is a pro-
duct of two parameters: the intermolecular reorganization

energy (contribution from the medium polarization energy)
(Metri, 2012), and the intramolecular reorganization energy.
The intermolecular reorganization energy has an insignificant

effect on the charge/electron transfer rate (Wazzan and
Irfan, 2018; Brédas et al., 2004; Yuanzuo et al., 2017).
Intramolecular reorganization energy (=reorganization
energy, hereafter) is the difference in energy because of alter-

ation of geometry as it goes from a charged to a neutral state
and from neutral to a charged state. It can be seen from Eq. (4)
the smaller the k term, the smaller the geometry relaxations,

and the larger the KCT.
The intramolecular reorganization energy can be expressed

by Eqs. (5) and (6) (Zhao et al., 2013; Andijani et al., 2019; Chi

and Li, 2015; Chitpakdee et al., 2014). The reorganization
energy of the hole transfer (khole) is the sum of two contribu-
tions, k1 þ k2 that are explained as:

k1 ¼ Eþ Mð Þ � Eþ Mþð Þ
k2 ¼ E Mþð Þ � E Mð Þ

�
khole ¼ k1 þ k2 ð5Þ

where EþðMÞ is the cationic energy at the optimized neutral

structure, Eþ Mþð Þ is the energy of the optimized cationic

structure, E Mþð Þ is the neutral energy at the optimized catio-
nic structure, and E Mð Þ is the energy of the optimized neutral
structure.

Similarly, the reorganization energy for electron transfer
ðkelecÞ is also the sum of two contributions k3 þ k4 that is

defined as:

k3 ¼ E� Mð Þ � E� M�ð Þ
k4 ¼ E M�ð Þ � E Mð Þ

�
kelec ¼ k3 þ k4 ð6Þ
), energy of maximum emission Eem
max (in eV) of investigated dyes

m) and radiative lifetimes s (in ns) as calculated at the CPCM/

femmax kss s

1.063 154 5.149

1.166 201 4.817

1.183 209 5.579

1.445 233 4.803
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where E�ðMÞ is the anionic energy at the optimized neutral

structure, E� M�ð Þ is the energy of the optimized anionic struc-
ture, and E M�ð Þ is the neutral energy at the optimized anionic
structure. The potential energy surfaces and calculations of

hole and electron reorganization energies for D1 dye as a rep-
resentative example are illustrated in Fig. 4(a).

The calculated electron, hole, and total reorganization ener-
gies (kelec, khole and DkÞin THF solvent of the four investigated

dyes are summarized in Fig. 5. The four investigated dyes’
hole/electron reorganization energies can be considered high
values compared to those reported in the literature for other

transporter materials (0.2–0.3 eV) (Costa et al., 2021).
For more efficient performance of a solar cell, k value

should be as small as possible. This will enhance the charge

transfer process, and thus better electronic injection into the
TiO2 CB will be obtained. There is a direct and substantial
relationship between the Jsc value and kelec (Taniya, 2017). It
can be seen from Fig. 5 that the hole reorganization energies

for the four dyes are significantly smaller than their electron
reorganization energies showing that they are better hole
transfer compounds than electron transfer compounds (Irfan,

2014).
The khole values increase in the following order:

D2 � D4 <D3 < D1, indicating that the two dyes, D2 and

D4, have the best ability to transfer holes. Moreover, the
kelec values increase in the following order:
D2 < D3 < D1< D4. So D2 also shows better performance

as an electron transporter.
Fig. 4 Simulated UV–Vis (a) absorption and (b) emission spectra of

(d,p) in THF.
The difference (Dk) between khole and kelec refer to the bal-
anced transport of both electrons and holes, which is an
important parameter in improving the efficiency of DSSCs to

acquire a considerable luminescence ability (Hosseinzadeh
et al., 2017). From Fig. 5, the difference (Dk) between khole
and kelec in dyes D1, D2, D3, and D4 are 0.464, 0.296, 0.423,

and 0.582 nm, respectively. Consequently, D2 shows a better-
balanced transport rate than the other three dyes, and there-
fore D2 shows a higher Jsc value, a result that agrees very well

with the Jsc value obtained experimentally (Geng et al., 2015).

3.6. Molecular description parameters

Using the CPCM/M06-2X/6-31+G(d,p), the cationic, anionic,
and neutral species’ molecular energies were obtained consid-
ering the THF solvent’s geometries. After that, the chemical
reactivity parameters included the vertical and adiabatic ion-

ization potential (IPa=IPv), vertical and adiabatic electron
affinity (EAa=EAv), Chemical potential (l), chemical hardness
(gÞ, electrophilicity index (x), and electron-accepting power

(xþ), and the electron-donating power (x�Þwere calculated,
and the values of the four investigated experimentally tested
dyes (D1 to D4) are listed in Table 5. Fig. 4(b, c, and d) rep-

resents the potential energy surfaces of the neutral and cationic
species and the neutral and anionic species. Also, it shows the
method of calculations of the adiabatic and vertical ionization
potential and electron affinity.
D1 to D4 dyes calculated at the CPCM/TDCAM-B3LYP/6-31+G



Fig. 5 Graphical illustration of (a) the potential energy surfaces and calculations of hole reorganization energy, and electron

reorganization energy for D1 dye as a representative example, (b) the neutral and cationic species, (c) the neutral and anionic species, and

(d) calculations of the adiabatic and vertical ionization potential and electron affinity. Note: the definitions of each term were detailed in

Section 2, Figures are reproduced from refs. (Metri et al., 2012; Brédas et al., 2004).

Table 5 Computed chemical reactivity parameters of the four experimentally tested dyes (in eV) calculated at the CPCM/M06-2X /6-

31+G(d,p) in THF solvent.

Dye IPa EAa IPv EAv g l x xþ x�

D1 5.61 3.24 5.74 2.76 2.06 �4.36 4.59 0.64 4.99

D2 5.47 3.19 5.55 2.96 2.02 �4.21 4.40 0.60 4.81

D3 5.70 3.19 5.82 2.81 2.15 �4.35 4.38 0.56 4.90

D4 5.49 3.15 5.58 2.64 2.08 �4.20 4.24 0.54 4.74
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The ionization energy should be small to guarantee an effi-
cient electron injection to the TiO2 semiconductor. In contrast,

the electron affinity should be large to ensure efficient electron
injection to the LUMO level of the dye (Costa et al., 2021).
From Table 5, the adiabatic and vertical ionization potentials

also the adiabatic electron affinity show that D2 dye has the
smallest, smallest, and largest values, respectively. Therefore,
D2 dye has the most capability to receive and transfer elec-

tron/s.
The dye in DSSC plays dual roles because it injects the pho-

toexcited electron into the TiO2 semiconductor and should
pick up an electron from the electrolyte material to fill the hole.

Therefore, the electron injection and hole receiving ability of
D2 dye are expected to be better than those of other investi-
gated dyes, D1, D3, and D4. This result can be safely used

to interpret the experimental superior photo-current efficiency
of D2 dye compared to other dyes.

The chemical hardness (g) of a molecule in its ground state

is its resistance to exchange electronic charge with its environ-
ment. The value of g can be accurately determined using Eq.
(7) (Pearson, 1997; Koopmans, 1934):

g ¼ ELUMO � EHOMO

2

� �
¼ IPv � EAv

2

� �
ð7Þ

The ability of a dye to transfer electron/hole can be mea-
sured qualitatively by the chemical hardness value. The larger

g value indicates a limited ability to transfer charge, and the
smaller value indicates a good ability (Afolabi et al., 2020).
The g values increase in the following order: D2 (2.02 eV)

< D1 (2.06 eV) < D4 (2.08 eV) < D3 (2.15 eV). Therefore,
the ability of the dye molecules to transfer electron/hole can
be arranged in a similar order, and the ability to produce larger

Jsc value. The reported experimental Jsc values listed in Table 1
are agreed very well with this result.

The relationship between the LHE and g values is presented
graphically in Fig. 6(a). The figure displays a funnel-like shape.
It was reported that the inverse relationship between the two
sets of data is associated better with photo-to-current effi-
ciency in DSSCs. Additionally, as the difference between the

two corresponding values becomes smaller, the light absorp-
tion wavelength becomes longer, which in turn means more
efficient charge transfer and better performance (Afolabi

et al., 2020; Semire et al., 2016).
According to Parr et al. (1999); x is the measure of the sta-

bilization energy of the molecular system, and can be calcu-

lated according to Eq. (8):

x ¼ l2

2g
ð8Þ

Additionally, the two concepts: electron-accepting power
(xþ), and electron-donating power (x�) has been introduced

by Gázquez et al. (2007) according to Eqs. (9) and (10) as
follows:



Fig. 6 Hole, electron, and electron-hole reorganization energies of D1 to D4 dyes in THF solvent.
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xþ ¼ E2
LUMO

2 ELUMO�EHOMOð Þ
� �

¼ EA2
v

2 IPv � EAvð Þ ð9Þ

x� ¼ E2
HOMO

2 ELUMO�EHOMOð Þ
� �

¼ IP2
v

2 IPv � EAvð Þ ð10Þ

Higher x and xþ are preferable. The order of increasing the
x and xþð Þ for the four dyes show the same trend and it is: D4,

4.24 eV (0.54 eV) < D3, 4.38 eV (0.56 eV) < D2, 4.40 eV
(0.60 eV) < D1, 4.59 eV (0.64 eV). However, D2 the dye that
showed the best experimental photovoltaic performance,

shows the third highest values of x and xþ and therefore, it
is expected that D2 dye will show one of the most stabilization
energy and electron-accepting ability and thus better charge
transferability. The existence of an equilibrium between the

electron-accepting donating and electron power is preferred
(Soto-Rojo et al., 2015). We can calculate the difference
between the xþ and x�and the results can be ordered as fol-

lows: D4 (4.20 eV) � D2 (4.21 eV) < D3 (4.34 eV) � D1
(4.35 eV). Therefore, D2 and D4, and as evident experimen-
tally, have the highest conversion efficiency (g).

3.7. Solubility

Since the dye with a larger dipole moment would show good

solubility in organic solvents. The increase in the dipole
moments would increase the solubilities in organic solvents
in the ground state (GS) and excited state (ES) (Ans et al.,
2019), and it is expected that the crystallinity of the organic

solar cells (OSC) would be enhanced. The dipole moments of
D1 to D4 are calculated at the CPCM/TDCAM-B3LYP/6-
31+G(d,p) level, and the data are represented graphically in

Fig. 7.
Fig. 7 The relationship between LH
A larger dipole moment improves the reduction in the dis-

order between the donor and the acceptor and facilitates the
self-assembly of the molecule. Also, it reduces the charge
recombination and thereby increases the FF (Ans et al.,

2019). From the data in Fig. 7, we can see that for the four
tested dyes (D1–D4), the dipole moments of ground states
ðlGS) are lower than those the first excited states (lES), except

that of D2 dye. On the other hand, D2 and D4 dyes, the two
asymmetrical dyes but with different cores, show the highest
values of lGS and lES, indicating that they should be more sol-
uble in Tetrahydrofuran (THF) (the solvent used in the exper-

imental tests of these dyes). Therefore, these dyes exhibited a
better charge mobility. The change between the lGS and lES

(Dl ¼ lGS � lESj j) values can be arranged in the following

order: D2 (0.715 Debye) < D1 (0.872 Debye) < D3 (2.159
Debye) < D4 (2.452 Debye).

3.8. Chemical reactivity in relation to experimental parameters
of efficiency

Excellent correlations between the chemical reactivity parame-

ters and experimental efficiency parameters were obtained in
the literature using Pearson correlation coefficients and their
P-values (Soto-Rojo et al., 2015). Thus, in this study, such cor-
relations were investigated. The results are summarized in

Table 6 Pearson correlation coefficient measures the strength
and direction of the linear relationship between two continu-
ous variables. It has a value between +1 and �1, where +1

is a total positive linear correlation, 0 is no linear correlation,
and �1 is a total negative linear correlation. On the other
hand, we need to calculate the P-value to determine whether

the correlation between variables is significant. In most cases,
if the P-value �0.05 indicates strength in the association
E and g values of D1 to D4 dyes.



Table 6 Pearson correlations aand (P-valuesb) of the four investigated dyes between the experimental efficiency parameters and

estimated molecular description parameters.

Parameter Jsc Voc g Parameter Jsc Voc g

IPa 0.848 0.643 0.962 (0.038) xþ ─ 0.978 (0.022) ─
EAa 0.970 (0.030) 0.970 (0.030) ─ x� ─ 0.979 (0.021) ─
IPv 0.840 0.691 0.973 (0.027) khole 0.642 0.897 0.889

EAv ─ ─ ─ kelec 0.717 ─ 0.616

g 0.963 (0.037) ─ 0.857 ktot 0.795 ─ 0.789

x ─ 0.994 (0.006) ─
a The reported Pearson correlations � 0:64.
b The reported P-values � 0:05.
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between the two variables. We aim to study the effect of the
nature of alkyl substitutions and the number of anchoring

groups for these four anthanthrene-based dyes used in DSSCs
under the same conditions of manufacture and measurements
in which one can predict new D-p-A molecular systems. How-

ever, the results should be considered cautiously because of the
small number of molecules. Nevertheless, even though only
four data sets were correlated, some good results were

achieved.
Some of the chemical reactivity parameters show good cor-

relations with some experimental data. Positive linear correla-
tions are presented in all cases since the Pearson correlations

are positive in all reported cases. According to the data in
Table 6, it is expected that the experimental short-circuit pho-
tocurrent density (Jsc), would increase with increasing of the

adiabatic ionization energies (0.848), adiabatic electron affinity
(0.970, P = 0.030), Vertical ionization potential (0.840), hard-
ness (0.963), hole reorganization energy (0.642), electron reor-

ganization energy (0.717), and total reorganization energy.
However, only the correlation between the Jsc and EAa is sup-
ported by a P-values � 0:05 (0.030). The experimental open-
circuit voltage (Voc) would increase with the increase of IPa

(0.643), EAa(0.970; P = 0.030), IPv (0.691), electrophilicity
(0.994; P = 0.006), electron-donating ability (0.978;
P = 0.022), electron-accepting ability (0.979; P = 0.021), and

khole (0.897), as can be seen most values were supported with
P-values � 0:05, which indicates that the correlations are sig-
nificant. Moreover, the conversion efficiency (g) was found

to show good correlation with most of the calculated parame-
ters. The g values will be more significant with larger IPa

(0.962; P = 0.038), larger IPv (0.973; P = 0.027), larger g
(0.857), larger hole/electron/total reorganization energies
(0.889, 0.616, 0.789, respectively). The method above finds a
correlation between the calculated chemical parameters and
the experimental data that could expect the affective molecular

configuration of D-p-A systems.

3.9. Adsorption behavior of dye@ TiO2 clusters
3.9.1. Adsorption energies

The literature has widely reported either a cluster or a periodic
model system of TiO2 to model the dye@ TiO2 adsorbed sys-

tem. Many researchers used minimum-sized clusters to com-
promise the computational cost and efficiency of simulation
the electronic and optical properties of the complex system
(Wazzan and Irfan, 2018; Venkatraman et al., 2020;

Deogratias et al., 2020; Costa et al., 2022; Lundqvist et al.,
2006). This study has applied a small cluster of (TiO2)6 to sim-
ulate the dye-TiO2 complex system. Such small cluster are a

good cluster size in terms of computational cost and accuracy
(Wazzan and Irfan, 2018; Deogratias et al., 2020; Costa et al.,
2022). As proved earlier, the hydrogenated TiO2 clusters exhi-

bit higher stability than corresponding dehydrogenated clus-
ters (Syzgantseva et al., 2011). Therefore, Ti6O12H3 was
applied. The band gap (DCB�VB) of this cluster equals
4.561 eV higher than the typical bandgap of TiO2 anatase

(3.2 eV (Dette et al., 2014) due to the difference in size. How-
ever, it corresponds well with previously calculated bandgaps
for other similar small clusters (Wazzan and Irfan, 2018;

Deogratias et al., 2020; Costa et al., 2022; Bora and Kalita,
2021). More importantly, the S0 ? S1 optical gap was esti-
mated to be 3.42 eV, which shows a minor deviation from

the experimental bandgap. The geometrical parameters of
the optimized TiO2 clusters with dyes show a slight elongation
in the different bond lengths compared to those of the clean
TiO2 cluster. For instance, the TiAO average bond length in

clean TiO2 is 1.8 Å, while it is 1.9 Å in the dye@TiO2 adsorbed
systems. Similarly, the OAH average bond lengths is 0.95 Å
and 0.96 Å in the adsorbed and clean TiO2 clusters, respec-

tively. The TiATi bond length is elongated by �0.2 Å. Since
the distortion in the TiO2 cluster after binding to the dye sig-
nify the strength of the adsorption (Lundqvist et al., 2006).

In the mechanism of adsorption of dye into the TiO2 cluster,
it is well known that the adsorption occurs by the deprotona-
tion of the Hydrogen atom from the carboxylic group. Then

the Oxygen atom/s of the carboxylic group can be attached
through three modes: mono- or bidentate bridging or chelat-
ing. It was proved that the bidentate bridging adsorption on
the surface of TiO2 was found to be the most stable since it pre-

sents better electrons charge transfer performance (Wazzan
and Irfan, 2018; Horn et al., 1972; Martsinovich and Troisi,
2011; Bates et al., 1998). Therefore, in this study, Oxygen

atoms have been attached to the TiO2 cluster by bidentate
bridging mode after deprotonating the hydrogen/s of
ACOOH. The adsorption energies (Eads) of the studied com-

pounds@TiO2 cluster/s were calculated by using the following
equation:

Eads ¼ Edye@TiO2
� Edye þ ETiO2

� 	 ð11Þ



Fig. 8 Simulated bar chart in THF solvent of the ground state lGS and excited state lES and the change in dipole moments upon

excitation Dl (¼ lGS � lESj j) (in Debye) of D1 to D4 dyes calculated at the CPCM/TDCAM-B3LYP/6-31+G(d,p) level.
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Edye@TiO2
is the energy of the optimized complex

(dye@TiO2), and Edye and ETiO2
are the energies of the opti-

mized dye and TiO2 cluster, respectively. The deprotonated
hydrogen energies were added to the system to acquire reliable
adsorption energies. Negative adsorption energy values indi-

cate stable adsorption, see Fig. 8.
Since D1 and D3 dyes have two carboxylic groups, we

assigned these two groups as a and b. We calculated the

adsorption energies for these sides separately, abbreviated as
D1/3-a/b@TiO2. In addition, we calculated the adsorption
energy due to the attachment of two TiO2 to these two sies
simultaneously, abbreviated as D1/3-a&b@TiO2.

Among the three adsorbed configurations of D1 dye, D1-
a&b@TiO2 is the most stable (Eads ¼ �708:261 kJ/mol) fol-
lowed by the adsorption at the adsorption on a or b sides have

comparable adsorption energies and thus similar stability of
the resultant adsorbed systems (Eads � �674 kJ/mol). On the
other hand, the different adsorbed configurations of D3 dyes

showed a significant difference in their stabilities, i.e., the
D3-a&b@TiO2 configurations are more stable than D3-
a@TiO2 and D3-b@TiO2 by 51.579 and 79.743 kJ/mol,
respectively. Moreover, the attachment at the b side is more

stable than the attachment at the a side of this dye by
28.164 kJ/mol. Among all adsorbed systems/configurations,
we found that the most stable adsorbed systems are the biden-

tate configurations D1-a&b@TiO2 (Eads ¼ �708:261 kJ/mol)
and D3-a&b@TiO2 (Eads ¼ �685:965 kJ/mol). D2@TiO2

and D4@TiO2 adsorbed systems are less stable than the three

adsorbed configurations of D1 dye, and D2@TiO2 is more
stable than D4@TiO2 by 16.554 kJ/mol. Therefore, ordering
the eight adsorbed systems according to their stability (more

negative Eads values) results in the following: D3-b@TiO2

(Eads ¼ �606:222 kJ/mol) < D4@TiO2 (Eads ¼ �628:529 kJ/-
mol) < D3-a@TiO2 (Eads � 634:386 kJ/mol) < D2@TiO2

(Eads ¼ �645:083 kJ/mol) < D1-a@TiO2 (Eads ¼ �673:877
kJ/mol) � D1-b@TiO2 (Eads ¼ �674:591 kJ/mol) < D3-
a&b@TiO2 (Eads � 685:965 kJ/mol) < D1-a&b@TiO2

(Eads ¼ �708:261 kJ/mol). In addition, the higher values of

the adsorption energies are indictor of a chemosorption type
of adsorption.
3.9.2. Electro and optical properties

The calculated absorption wavelengths/energies, oscillator
strengths, and light-harvesting efficiencies of dye@TiO2

adsorbed systems as calculated at CPCM/TDCAM-B3LYP

with 6-31+G(d,p) and LANL2DZ in THF are collected in

Table 7 and represented graphically in Fig. 9. kcalcabs can be
arranged in the following order: 438.38 nm (D4@TiO2)
< 442.53 nm (D2@TiO2) < 444.52 nm (D1-a&b@TiO2)

< 447.65 (D3-a&b@TiO2). Therefore, the dyes recorded the
better experimental photovoltaic performance (D2 and D4)
adsorbed light at shorter wavelengths. However, as evident

from the LHE values, D1 and D3 absorbed light more inten-

sely than D2 and D4 dyes. Also, if we compare the kcalcabs values

of di-adsorbed systems with those of isolated dyes, we will
notice a redshift (shorter wavelengths) by 9.65, 8.83, 11.11,

and 14.27 nm for the adsorbed systems of D1, D2, D3, and
D4, respectively. The LHE values of the adsorbed systems
are smaller/much smaller than those of isolated dyes. This
result indicates the efficiency of isolated dyes in absorbing light

and becoming photoexcited and injecting the photoexcited
electrons to the semiconductor (TiO2) CB, thus enhancing
the electronic coupling and starting the circle of electricity gen-

eration. The mono-adsorptions of D1 dye at the a and b sides
(D1-a@TiO2 and D1-b@TiO2) occurred at maxima wave-
length of 435.80 and 457.63 nm, respectively, thus they are

blue- and red-shifted, respectively, compared to the that of

the di-adsorbed system (D1-a&b@TiO2), since kcalcabs equal

444.52 nm in the later system. While the mono-adsorption of
D3 dye at the two sides (a & b) is red-shifted concerning the
di-adsorbed system. Since for D3-a@TiO2 and D3-b@TiO2,

kcalcabs equal 333.99 and 445.54 nm, respectively, and for D3-

a&b@TiO2, it equals 447.65 nm. Since it is most probably that
D1 and D3 dyes will be adsorbed through the di-adsorption

configuration, we will compare the kcalcabs values of their di-

adsorption with the those of D2, and D4 dyes. Accordingly,

kcalcabs can be arranged in the following order: 438.38 nm

(D4@TiO2) < 442.53 nm (D2@TiO2) < 444.52 nm (D1-
a&b@TiO2) < 447.65 (D3-a&b@TiO2). Therefore, the dyes
recorded the better experimental photovoltaic performance

(D2 and D4) adsorbed light at shorter wavelengths. However,
as evident from the LHE values, D1 and D3 absorbed light
more intensely than D2 and D4 dyes. Also, if we compare

the kcalcabs values of di-adsorbed systems with those of isolated

dyes, we will notice a redshift (shorter wavelengths) by 9.65,
8.83, 11.11, and 14.27 nm for the adsorbed systems of D1,
D2, D3, and D4, respectively.

The charge density of FMOs of dye@TiO2 cluster/s

involved in the major transitions is illustrated in Table 7.
The major electronic transitions are attributed to HOMO/
HOMO-6 to LUMO/LUMO + 4 molecular orbitals. The

major transitions in the absorption spectrum of the mono-
adsorbed D1-a@TiO2 system are from H to L and from H
to L + 4 with 52 and 54% contributions, respectively. The



Table 7 The calculated absorption wavelengths/energies (in nm/eV), oscillator strengths, and light-harvesting efficiencies of

dye@TiO2 adsorbed systems as calculated at CPCM/TDCAM-B3LYP with 6-31+G(d,p) and LANL2DZ in THF.

Dye@TiO2 kcalcabs
f Transition Transition character LHE aIsodensity

D1-a@TiO2 435.80/2.845 0.986 S0? S9 H? L (52%) 0.897

386.77/3.206 0.999 S0? S14 H? L+ 4 (54%) 0.900

D1-b@TiO2 457.63/2.709 1.155 S0? S9 H? L (58%) 0.930

393.07/3.154 1.304 S0? S14 H? L+ 4 (49%) 0.950

D1-a&b@TiO2 444.52/2.789 1.148 S0? S17 H? L (61%) 0.929

D2@TiO2 442.53/2.802 0.863 S0? S9 H? L (51%) 0.863

357.25/3.471 0.726 S0? S16 H-3? L (45%) 0.812

D3-a@TiO2 333.99/3.712 1.106 S0? S19 H-6? L (53%) 0.922

D3-b@TiO2 445.54/2.7828 1.003 S0? S9 H? L (53%) 0.901

333.80/3.714 0.971 S0? S19 H-6? L (37%) 0.893

D3-a&b@TiO2 447.65/2.770 0.915 S0? S17 H? L (58%) 0.878

D4@TiO2 438.38/2.828 0.894 S0? S9 H? L (41%) 0.872

338.62/3.662 0.987 S0? S18 H-6? L (53%) 0.897

a Isodensity is related to the transition character; H: HOMO; L: LUMO.
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HOMO orbital is delocalized over the anthanthrene p-linker,
LUMO orbital is distributed over the thiophene unit toward
the anchoring group and closer to the attached TiO2 cluster,
while L + 4 orbital is delocalized on the anthanthrene p-



Fig. 10 Simulated UV–Vis absorption spectra of isolated and adsorbed dyes on TiO2 clusters as calculated at CPCM/TDCAM-B3LYP

with 6-31+G(d,p) and LANL2DZ in THF. Note: for clarity (a) all isolated dyes and adsorbed systems, and (b), (c), and (d) individual

spectrum of isolated dye and its adsorbed system.

Fig. 9 Bars represent the adsorption energies (in kJ/mol) of different adsorption configurations of investigated dyes on TiO2 clusters.

Note: Adsorption energies for D1/3-a&b@TiO2 were calculated by taking the energy of two TiO2 clusters and two Hydrogen atoms. The

adsorption energies of D1/3-a&b@TiO2 were divided by two to ease the comparison with other values.

14 N. Wazzan
linker and the thiophene unit toward the anchoring group and

farther from the TiO2 cluster. In the mono-adsorbed D1-b@
TiO2 system, the major transitions are very similar to that of
D1-a@ TiO2 except for the fact that the L + 4 orbital is dis-

tributed over the anchoring group and the TiO2 part of the sys-
tem. The main transition in di-adsorbed system D1-a&b@
TiO2 is only due to the HOMO to LUMO with 62% contribu-
tion. The HOMO is delocalized on the anthanthrene p-linker
like that in the two mono-adsorbed systems. At the same time,
the LUMO is distributed on the two thiophene units and two
anchoring groups. In the two mono-adsorbed systems of D3

dye, the transitions are due to H-6? L with contributions of
53% and 37% for D3-a@ TiO2 and D3-b@ TiO2, respectively.
The H-6 is distributed over the anthanthrene p-linker and the



Fig. 11 Left: NCI-RDG 2D scatter maps, and right: 3D colour-filled RDG isosurfaces of (a) D3-a@ TiO2, (b) D3-b@TiO2, and (c) D3-

a&b@TiO2 systems at C-PCM/B3LYP-D/6-31G(d,p) in methanol.
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thiophene unit and anchoring group near the TiO2 cluster in
the former and the anthanthrene p-linker only in the latter.

The LUMO is distributed on similar parts of the whole skele-
ton of the system, i.e., the thiophene unit and anchoring group
closer to the TiO2 cluster. The H? L (58%) transition led to

the major transition in the di-adsorption of D3 dye. In the only
one type of adsorption configuration for D2 and D4 dyes,
H ? L plays a key role with 51% and 41% contributions for

D2@ TiO2 and D4@ TiO2, respectively. However, the H-
6? L with 53% gives another important transition in D4@
TiO2 system. Like the isodensity distributions of the orbitals

in the former adsorbed systems (D1 and D3), the orbitals delo-
calized over different parts of the molecule, i.e., the HOMOs
over the central region and LUMOs over the edged parts of

the molecule toward or over the attached TiO2 cluster/s. In
conclusion, coherent intramolecular charge transfer has been
observed from HOMOs to LUMOs orbitals (Wazzan and

Irfan, 2018).
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3.9.3. Noncovalent interaction analysis

The Noncovalent interaction (NCI) approach proposed by

Johnson et al. (2010) is a beneficial and popular method for
revealing regions and types of weak interactions in chemical sys-
tems based on the electron density and its derivatives. It is based

on a 2Dplot of the reduced density gradient, RDG, and the elec-
tron density, q, according to the following equation:

RDG ¼ 1

2 2p2ð Þ1=3
q rð Þj j

q rð Þ4=3
ð12Þ

Since q rð Þj j is the model of the electron density gradient and
q rð Þ is the electronic density. This approach provides a rapid

and rich representation of van der Waals interactions, hydro-
gen bonds, and steric clashes, requiring only the atomic coor-
dinates as input (Johnson, 2010). The gradient isosurfaces are

colored according to the corresponding values of signðk2Þq,
which is found to be a good indicator of interaction strength.
Large, negative values of signðk2Þq are indicative of attractive
interactions (such as dipole–dipole or hydrogen bonding);

while if signðk2Þq is large and positive. The interaction is non-
bonding. Values near zero indicate very week, van der Waals
interactions. We attempt to examine the interaction between

the dye and TiO2 by investigating the intermolecular interac-
tion by the noncovalent interaction-reduced density gradient
(NCI-RDG) plots analysis. As an illustrative example of

mono- and di-adsorption, the NCI analysis was performed
on D3@ TiO2 on its three configurations, i.e., D3-a@ TiO2,
D3-b@ TiO2, and D3-a&b@ TiO2 systems. The corresponding

NCI-RDG 2D scatter maps and 3D color-filled RDG isosur-
faces at the C-PCM/B3LYP-D/6-31G(d,p) in methanol is illus-
trated in Fig. 10. The NCI analysis provides an index based on
the electron density and its derivatives that enable the identifi-

cation of noncovalent interactions developed by Johnson et al.
(2010). The green region represents the Van der Walls interac-
tions, and the red-colored region represents the repulsive inter-

actions due to the strong steric effect. In contrast, the blue
region referred to strong attraction due to hydrogen bond
(H-bond), refer to the top illustration plot in Fig. 11.

NCI results reveal that the three types of NCI are present in
the D3-a@TiO2, D3-b@TiO2, and D3-a&b@TiO2 systems. As
we can see, the NCI within the TiO2 cluster was dominated in
the first place by the strong steric effect, in the second place by

the van der Waals interactions, and Hydrogen bonding in the
third place, which is represented by red, green, and blue color,
respectively. For example, from the NCI-RDG 2D scatter

maps on the left side of Fig. 11, the D3-a&b-TiO2 system
shows the most NCI resulting from the steric effect indicated
by the strong appearance of red spikes. Another important

note is the green plates (circled) that show a van der Waals
interaction between the part of the TiO2 cluster and alkyl sub-
stituent (3-ethylheptane). This type of interaction will enhance

the stability of the formed system.
4. Conclusions

Using DFT and TD-DFT, the behaviour of four experimentally tested

anthanthrene-based dyes abbreviated as D1 to D4 dyes differ in alkyl-

substitutions (nonane or 3-ethylheptane), and the number of anchoring

groups (one/two cyanoacrylic acid/s) in their isolated and adsorbed (on

TiO2) forms were performed. The following conclusions were drawn:
1. The nature of the alkyl group affects the planarity of the dye mole-

cule and thus the extent of intramolecular charge transfer. In addi-

tion, in all investigated dyes, the anthanthrene core (p-spacers) is a
planner which signifies an effective transfer of charge between the

electron-donor unit and electron-acceptor unit.

2. As sensitizers, the investigated dyes approved theoretically that

their energy levels (HOMOs and LUMOs) aligned properly with

other components (TiO2 and I�=I�3 ) of the DSSC device.

3. The maximum absorption wavelengths and LHEs showed a similar

trend to the experiments. Still, they more precisely showed some

differences that signify the molecular structural differences between

the four investigated dyes.

4. The investigated dyes emit light in the Vis region. The emission

bands are significantly red-shifted with respect to the absorption

bands. From the s values, D2 and D4 showed the most feasible

electron injection process.

5. The values of most molecular description parameters explain the

superiority of D2 dye with the highest conversion efficiency. For

example, D2 dye has the most stabilization energy and electron-

accepting ability, thus better charge transferability.

6. A relationship between the theoretical molecular properties and the

experimental results that could predict the effective molecular con-

figuration of D-p-A was achieved. Several excellent Pearson corre-

lations and P-values were obtained between the most calculated

reactivity parameters and the experimental photovoltaic

parameters.

7. The higher values of the adsorption energies are indictor of a

chemosorption type of adsorption.

8. A close analysis of the delocalization of FMOs in the dye@TiO2

systems indicates a coherent intramolecular charge transfer from

HOMOs to LUMOs orbitals.
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