
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

1/
26

/2
02

5 
9:

25
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Tuning the charg
Department of Chemistry, Gauhati Unive

dhrubajyoti.kalita@gauhati.ac.in

† Electronic supplementary information
designed dyes, optimized geometries of t
of the test compound, calculated energie
values of the reference compound stud
spectra of the substituted dyes, spectra
from the PDOS spectra, optimized struct
EDD maps of the substituted dyes, PDOS
clusters, spectral data of dye–Ti5O10 clus
MEPS contour plot of the substituted dye
substituted dye–Ti5O10 clusters. See DOI:

Cite this: RSC Adv., 2021, 11, 39246

Received 3rd August 2021
Accepted 23rd November 2021

DOI: 10.1039/d1ra05887h

rsc.li/rsc-advances

39246 | RSC Adv., 2021, 11, 39246–3
e transfer and optoelectronic
properties of tetrathiafulvalene based organic dye-
sensitized solar cells: a theoretical approach†

Smiti Rani Bora and Dhruba Jyoti Kalita *

Here, we have designed a series of dyes following the donor–p–acceptor (D–p–A) architecture by

incorporating tetrathiafulvalene (TTF) as the donor unit and phthalazine (PTZ), diketopyrrolopyrrole (DPP)

and quinoxaline (QNX) as the acceptor units, along with the thiophene unit as a p-bridge. The designed

dyes have been designated as TTF-PTZ, TTF-DPP and TTF-QNX respectively. We have used cyanoacrylic

acid as the anchoring group for the dyes TTF-PTZ and TTF-DPP, while for the third dye, TTF-QNX, we

used a carboxylic group. The structural, electronic and photochemical properties of the designed dyes

are investigated under the regime of density functional theory (DFT) and time-dependent density

functional theory (TD-DFT) methods. In this regard, the dihedral angle, energies of the highest occupied

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), energy difference between

the HOMO and LUMO (DH–L values), partial density of states (PDOS), ground state oxidation potential

(GSOP), excited state oxidation potential (ESOP), ionization potential (IP), electron affinity (EA), molecular

electrostatic potential surface (MEPS) analysis, reorganization energy (l), electronic coupling matrix

element (V), charge transfer rate (kCT), hopping mobility (mhop), absorption spectra, exciton binding

energy (EBE) and electron density difference (EDD) of the designed dyes are calculated. This study

reveals that the dyes TTF-DPP-4 and TTF-DPP-60 exhibit the lowest DH–L values. The study also reveals

that the attachment of the –NH2 group at the donor unit and the –NO2 and –CF3 groups at the

acceptor units lower the DH–L values of all of the designed dyes. We have also observed that the GSOP

of all the designed dyes lie below the redox potential of the I�/I3
� electrolyte couple. However, the

ESOP of the TTF-PTZ and TTF-QNX groups of dyes, along with the most of the dyes belonging to the

TTF-DPP group, lie above the conduction band of the TiO2 semiconducting surface. Moreover, the total

reorganization energy (ltot) values are low for the TTF-DPP and TTF-QNX groups of dyes, which confirm

the better electron–hole separation efficiency in these groups of dyes. Furthermore, the absorption

properties of the designed dyes indicate that the TTF-DPP groups of dyes possess the maximum

absorption wavelength (lmax) values and attachment of the –CH3 group at the donor part increases the

electron density of the dyes, which in turn results into the maximum red-shift. Therefore, the study

reveals that the designed dyes are likely to exhibit facile charge transport. Moreover, the electronic

properties of the dye–TiO2 clusters strengthen the performance of the dyes compared to those of the

isolated dyes. Hence, our study provides good recommendations for the further design of dyes to

enhance the performance of dye-sensitized solar cells (DSSCs).
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1. Introduction

Since 1991, the discovery of dye-sensitized solar cells (DSSCs) by
O’Regan and Grätzel has attracted the attention researchers due
to their improvements in comparison to all other kinds of solar
cells.1,2 DSSCs, as third-generation low cost solar cells, have
several advantages over silicon based counterparts, viz., they are
thin wafers, free of any toxicity from metals, cost-effective, have
prolonged stability and, above all, work well even in diffused
light.3 Several recent crucial advances in the design of dyes for
DSSCs have led scientists to compute their power conversion
efficiencies (PCEs).2 A DSSC is basically semiconductor which is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
formed between a photo-sensitized anode and an electrolyte.
Research has been done in numerous areas for improving the
efficiency of DSSCs by modifying electrodes, photosensitizers
and electrolytes. Various structural modications have been
performed by synthesizing many new organic photosensitizers
which can absorb light in the higher wavelength range and
exhibit higher power conversion efficiencies. Grätzel’s achieve-
ment of 7% efficiency has attracted various researchers to
explore DSSCs.4 In order to serve as a suitable dye for applica-
tion in DSSCs, the dye must possess certain properties, such as
high photo and thermal stability,5 good adsorption on the
semiconducting surface through anchoring groups, high solu-
bility in the solvent, no toxicity, a broad absorption spectrum in
the visible range for capturing solar radiation and a suitably
high redox potential for dye regeneration following excitation.6

Generally, a DSSC consists of an organic dye-sensitizer,
mesoporous TiO2 nanocrystal layers, a photoanode, a counter
conducting electrode and an electrolyte (usually the redox
iodide/triiodide couple (I�/I3

�)). The organic dye-sensitizer and
the mesoporous TiO2 nanocrystal layers are considered to be
the dominant constituents for excellent PCEs. Besides TiO2, the
use of SnO2 and ZnO has also been encouraging as semi-
conducting surface for the dyes.7,8 Moreover, one of the main
requirements to serve as a suitable dye in DSSCs is to have
anchoring groups. Two traditionally employed dye anchoring
groups include carboxylic acid and cyanoacrylic acid groups.
These groups act as anchors and enable the adsorption of the
dye onto a metal oxide substrate.9 The photosensitizer absorbs
the incident photon and undergoes excitation from the ground
state (S) to the excited state (S*) of the dye. The excited electrons
are injected into the conduction band of the nanoporous TiO2

electrode, resulting in the oxidation of the photosensitizer (S+).
The injected electrons are thereaer transported between TiO2

nanoparticles and diffuse toward the back contact (transparent
conducting oxide [TCO]). Then, the electrons nally reach the
counter electrode through the external circuit. The electrons at
the counter electrode reduce I3

� to I�. Thus, dye regeneration
takes place due to the acceptance of electrons from the I� ion
redox mediator. As a result, I� gets oxidized to I3

�. Alongside
this, the oxidized mediator (I3

�) diffuses towards the counter
electrode and get reduced to I�.10 It is to be noted that the
electron injection and dye regeneration processes are two
important steps behind the working of a photovoltaic device.
These two steps will be possible only when the highest occupied
molecular orbital (HOMO) of the sensitizer lies below the
chemical potential of the redox couple and the lowest unoccu-
pied molecular orbital (LUMO) of the sensitizer lies above the
conduction band (CB) of the semiconductor. The CB of TiO2 lies
at �4.00 eV and the chemical potential of the I�/I3

� couple is
�4.80 eV. In addition, for an efficient DSSC, the sensitizer must
possesses a high oscillator strength, a low band gap, a long-lived
excited state and must absorb a broad range of the UV–visible
spectrum.

It has been observed that the HOMO and LUMO energy levels
can be effectively tuned bymolecular engineering. In 2010, Teng
et al. illustrated that addition of Li+ ions to the electrolyte
brought about an increase in the short circuit current density
© 2021 The Author(s). Published by the Royal Society of Chemistry
(JSC) and a decrease in open-circuit voltage (VOC). They also re-
ported that use of Br�/Br3

� instead of I�/I3
� leads to better

power conversion efficiency (PCE).11 Moreover, it has been
already reported that appropriate structural modications by
incorporating various substituents can effectively tune the
optoelectronic properties of the dyes. The incorporation of the
hydrophobic alkyl groups to the donor or to the p-spacer opti-
mizes the electron transfer rate from the TiO2 semiconducting
surface to the redox medium and thereby renders better effi-
ciency to the dye.11,12 In the same fashion, dyes with the more
electron donating substituents, viz., alkoxy groups and amino
groups, are expected to have lower band-gap values.

According to literature, the best model for metal-free organic
dye-sensitizers is the donor–p–acceptor (D–p–A) model due to
the effective photoinduced intramolecular charge transfer (ICT)
in them.13,14 The D–p–A model helps the dye-sensitizer in
tailoring various parameters, such as the ionization potentials
(IP), electron affinities (EA),15,16 absorption properties, differ-
ence between the energies of the HOMO and LUMO (DH–L

values),16 reorganization energies (l), charge transfer rates (kCT)
etc. For effective charge transport, the selection of appropriate
pairs of electron donors and acceptors is considered to be the
most crucial step in the better management of the optoelec-
tronic properties of the dyes. Molecular dyes showing a wide
range of absorption in the visible region and containing
anchoring groups, such as cyanoacrylic acid, carboxylic group,
or phosphonic acid, serve as excellent candidates for sensi-
tizers. A number of novel metal-free DSSCs based on triphe-
nylamine,17 coumarin,18 tetrathiafulvalene,19 merocyanine,20

cyanine,21 indoline,22 hemicyanin,23 perylene,24 oligoene,25 dia-
lkylaniline,26 phenothiazine,27 tetrahydroquinoline28 and
carbazole29 have been devised with PCEs exceeding 9%. Out of
the various novel metal-free DSSCs, tetrathiafulvalene (TTF)
based metal-free DSSCs have attracted most researchers in the
eld of molecular optoelectronics.30 Tetrathiafulvalene (TTF) is
an attractive and strong p-electron donor due to its electro-
chemical and optical properties, which are nely tunable and
thereby induce efficient ICT transitions.31 In 2010, a group of
scientists reported the efficiency of p-extended TTF-derivatives
(ex-TTF) in the eld of DSSCs as only 3.8% due to the less
effective charge-separation and thermodynamically unfav-
ourable HOMO levels which made the dye-regeneration process
thermodynamically not feasible.32 Then, in 2012, another group
of scientists worked on dithiafulvalene-based dyes and achieved
a better efficiency of 8.3%.33 Another study has been reported by
Lingamallu and co-workers where they synthesized four
different D–p–A systems with ex-TTF scaffolds in combination
with long alkyl chains and different p-linkers and achieved an
overall efficiency of 7.15%.34 Furthermore, they experimented
with another set of dyes in which they switched to different
combinations of p-spacers and anchoring groups and obtained
efficiencies ranging from 4.55% to 6.36%.35 In addition to the
molecular engineering of donors, the proper selection of suit-
able acceptors is crucial for the D–p–A model. Within the
acceptor library, phthalazine (PTZ), diketopyrollopyrolle (DPP)36

and quinoxaline (QNX)37 have emerged as effective electron-
RSC Adv., 2021, 11, 39246–39261 | 39247
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decient building blocks of low band gap conjugated organic
molecules for DSSCs.

In this work, we have designed three different dye-sensitizers
based on the D–p–A approach. We have used tetrathiafulvalene
(TTF) as the donor unit and substituted the acceptor unit by
phthalazine (PTZ), diketopyrollopyrolle (DPP) and quinoxaline
(QNX) for the three designed dyes. The three designed dyes have
been designated as TTF-PTZ, TTF-DPP and TTF-QNX, respec-
tively. Both the donor and the acceptor units are anked by
a thiophene unit as the p-bridge. The thiophene ring as a p-
bridge increases the planarity of the polymeric backbone. We
have also used cyanoacrylic acid as the anchoring group for the
dyes TTF-PTZ and TTF-DPP, while for the third dye TTF-QNX, it
is carboxylic group. Here, we have used TiO2 as the semi-
conducting surface. The optimized geometries of the designed
dyes are presented in Fig. S1 (in the ESI†) and their structures
are presented in Fig. 1.

In order to tune the performance of DSSCs, we have incor-
porated ve electron donating groups, viz., –CH3, –SC3H7,
–OC3H7, –NH2 and –OH, and three electron withdrawing
groups, viz., –NO2, –F and –CF3, at the donor and acceptor units,
respectively. These groups are denoted numerically in suffix as
1, 2, 3, 4 and 5 for –CH3, –SC3H7, –OC3H7, –NH2 and –OH
groups, respectively, and 60, 70 and 80 for –NO2, –F and –CF3
groups, respectively, aer the name of their parent dye. The
symbol prime (0) is used to indicate that the substituents are
attached to the acceptor moiety. The coordinates of the studied
compounds are provided in Table S1 (in the ESI†).

2. Validation of the applied
methodology

To validate the functionals used in the calculations, we have
carried out an extensive study to improve the accuracy of the
results. We have performed a test calculation with a quinoxa-
line-fused tetrathiafulvalene-based sensitizer reported in the
literature as it possesses structural similarity with our designed
dyes.19 We have presented the optimized structure of the test
compound in Fig. S2 (in the ESI†). The ground state calculations
have been performed using six different functionals, viz.,
B3LYP/6-31G(d), B3LYP-D3/6-31G(d), B3PW91/6-31G(d), CAM-
B3LYP/6-31G(d), HSEH1PBE/6-31G(d) and wB97XD/6-31G(d),
Fig. 1 Structures of the designed dyes.

39248 | RSC Adv., 2021, 11, 39246–39261
applying the density functional theory (DFT) method.
However, for the excited state calculations, we have performed
time-dependent density functional theory (TD-DFT) using the
functionals B3LYP/6-31G(d), B3LYP-D3/6-31G(d), B3PW91/6-
31G(d), CAM-B3LYP/6-31G(d), HSEH1PBE/6-31G(d) and
wB97XD/6-31G(d). We have correlated the calculated energies of
the HOMO and LUMO, DH–L and lmax with the experimental
results. The results are reported in Table S2 (in the ESI†). From
this table, it is observed that, for the ground state calculations,
the values obtained using the functionals B3LYP/6-31G(d),
B3LYP-D3/6-31G(d) and B3PW91/6-31G(d) agree well with the
experimental values. On the other hand, for the excited state
calculations, the results obtained using the functionals B3LYP/
6-31G(d), B3LYP-D3/6-31G(d) and CAM-B3LYP/6-31G(d) are in
better agreement with the experimentally reported values.
However, to keep the computational cost under control, we have
performed the ground state calculations at the B3LYP/6-31G(d)
level of theory. On the other hand, we have performed the
excited state calculations at the CAM-B3LYP/6-31G(d) level of
theory.

3. Theoretical methodology

To have a detailed view of the structural, electronic and optical
properties of the designed dyes, molecular calculations have
been carried out with the Gaussian 09 program package.38

Geometric optimization has been carried out with the DFT
method by employing the B3LYP functional and 6-31G(d) basis
set. For the excited state calculations, we have carried out TD-
DFT calculations with the ground state optimized geometry of
the dyes using the long range corrected functional (i.e., CAM-
B3LYP) along with the same basis set. We have covered
a range of the 30 lowest singlet–singlet transitions. The opti-
mization of the dye–TiO2 clusters has been carried out by
employing the B3LYP functional along with the LANL2DZ basis
set.

The dihedral angle (f) is dened as the angle between the
repeating units of the p-conjugated system. It is one of the most
important parameters affecting the planarity of the molecules.39

It signicantly affects the conjugation of the polymers, which in
turn will affect the optoelectronic properties. It also contributes
signicantly to the determination of the reorganization energy
(l) and charge transport processes.40

The energy band gap (DH–L) of the organic dyes is dened as
the energy difference between their frontier molecular orbitals,
viz., the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). A lower value of the
HOMO–LUMO gap facilitates better excitation of the organic
dyes. Moreover, smaller HOMO–LUMO gaps correspond to
better stability of the organic dyes.

The ionization potential (IP) is dened as the energy
required to remove an electron from the neutral species of
a molecule. On the other hand, electron affinity (EA) is dened
as the difference between the energies of the neutral species
and the anion species of a molecule in their lowest energy
states.40–42 We have calculated the IPs and the EAs of the
designed dyes using eqn (1) and (2), respectively. These two
© 2021 The Author(s). Published by the Royal Society of Chemistry
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parameters help in calculating the efficiency of the designed
dyes based on the DFT model.43

IP ¼ E+(M�) � E�(M�), (1)

EA ¼ E�(M�) � E�(M�), (2)

where E�, E+ and E� are the energies of the dyes in the neutral,
cationic and anionic states, respectively, and M� represents the
neutral geometry of the dyes.

The reorganization energy (l) can be dened as the change in
energy due to the structural reorganization of the dye molecule
to minimize the effect of its excess charge.39 l usually has two
contributions, the outer sphere and the inner sphere. The outer
sphere part arises from the relaxation of electrons/nuclei or
polarization of the surrounding medium and the inner sphere
part arises from the geometric relaxation process, which is
associated with the charge acceptance or release by the dye
molecule. We have taken into account only the l values
contributed from the inner sphere part. The l values for the
cationic species (l+) and anionic species (l�) can be calculated
by using eqn (3) and (4), respectively.43

l+ ¼ [E+(M�) � E�(M�)] � [E+(M+) � E�(M+)], (3)

l� ¼ [E�(M�) � E�(M�)] � [E�(M�) � E�(M�)]. (4)

Here, M+ and M� represent the cationic and anionic geometries
of the dyes, respectively.

The energy conversion efficiency (h) of a photovoltaic device
is generally expressed using eqn (8):41,44–47

h ¼ JSCVOCFF

Pin

; (5)

where JSC, VOC, Pin and FF represent the short-circuit photo-
current density, open-circuit voltage, input power of incident
sunlight and ll factor, respectively.

JSC can be dened as:41

JSC ¼ Ð
LHC(l)finjecthcollectdl, (6)

where, finject and hcollect represent the measures of electron
injection and electron collection, respectively.

The light harvesting capacity (LHC) and VOC are two impor-
tant parameters which help in calculating the efficiency of a dye.
The LHC and VOC can be obtained using eqn (7) and (8),
respectively.48

LHC ¼ 1 � 10�fosc, (7)

VOC ¼ ELUMO � ECB, (8)

where fosc is the oscillator strength corresponding to the wave-
length of the absorption maxima and ELUMO and ECB corre-
spond to the energies of the LUMO and CB of the
semiconductor, respectively.

The thermodynamic driving force (DGinj) for the transfer of
an excited electron from the oxidised dye to the CB of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
semiconductor is directly related to the excited state oxidation
potential (ESOP), as given in eqn (9).48

DGinj ¼ ESOP � ECB, (9)

where ESOP is the energy difference between the ground state
oxidation potential (GSOP) and rst vertical excitation energy.
The calculation of ESOP relative to the CB of TiO2 serves as an
important predictive tool for synthesizing new dyes, as well as
for the interpretation of the photovoltaic data. For effective
electron injection, the ESOP of the dye should lie above the CB
of TiO2. If it lies below the CB of TiO2 (�4.0 eV), then unfav-
ourable electron injection can take place and thereby we can
predictively rule out the considered dye. The ESOP values can be
evaluated using eqn (10).48

ESOP ¼ GSOP + Eg. (10)

Here, GSOP is the energy difference between the neutral and
oxidized charge species, and can be evaluated using eqn (11)49

GSOP ¼ E�(M�) � E+(M�), (11)

and Eg represents the rst excitation energy, i.e., the energy
corresponding to the lowest transition upon the absorption of
light. The GSOP value of the dye should lie below the redox
potential of the electrolyte I�/I3

� (�4.8 eV).49 Several studies
have revealed that the photovoltaic performance of DSSCs
greatly depends on the driving force of the regeneration of the
dye. Dye regeneration (DGreg) is a process in which the oxidised
dye aer electron injection is regenerated by the redox electro-
lyte. DGreg can be evaluated using eqn (12),39

DGreg ¼ Eredox(I�/I3
�) � GSOP. (12)

The maximum absorption wavelength (lmax) serves as an
important parameter and can be dened as the wavelength along
the absorption spectrum where a particular dye has its strongest
photon absorption. When the absorption wavelength shis
toward a longer wavelength, it is called a red-shi and when it
shis toward a shorter wavelength, it is called a blue-shi. For
larger conjugated systems, the absorption peak wavelengths tend
to be shied toward the longer wavelength region (i.e., red-shi)
and the absorption peaks tend to be larger.

In an organic system, the dipole moment (m) is dened as the
product of the magnitude of the charge and the distance
between the centres of the positive and negative charges. It is
a measure of the polarity of the organic dyes. A higher value of m
indicates the polar nature of that particular dye. The symbols mg
and m represent the dipole moment for the ground state and the
excited state of organic dye molecules.

Another prominent parameter is the charge transfer rate
(denoted by kCT), which can be calculated through considering
the p-stacking arrangement between two adjacent dyes. kCT can
be related to the reorganization energy (l) using eqn (13).43

kCT ¼
�

p

lkBT

�1=2�
V 2

ħ

�
exp

�
� l

4kBT

�
; (13)
RSC Adv., 2021, 11, 39246–39261 | 39249
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where T is the absolute temperature, kB is the Boltzmann
constant, ħ is the reduced Planck’s constant and V is the elec-
tronic coupling matrix element between two adjacent dyes. The
values of the electronic coupling matrix element for holes (V+)
and electrons (V�) between two dye molecules are calculated as
follows:43

Vþð�Þ ¼ EHðLþ1Þ � EH�1ðLÞ
2

; (14)

where EH, EH�1, EL and EL+1 represent the energies of the
HOMO, HOMO�1, LUMO and LUMO+1, respectively, of the
closed-shell conguration of the neutral state of the dyes.
Another important parameter is the hopping mobility (mhop)
which helps in quantifying the electron or hole transporting
character of the dye molecule. We can evaluate the mhop values
using eqn (15).43

mhop ¼
eD

kBT
; (15)

where e denotes the electronic charge and D is the diffusion
coefficient. In a one-dimensional charge transfer process, the
value of D can be calculated using eqn (16).43

D ¼ kCTl
2

2
; (16)

where l represents the space distance between two interacting
dye molecules.
4. Results and discussion
4.1 Dihedral angles

From the ground state calculations, we have evaluated the
dihedral angles between the donor and the p-bridge (D–p), the
p-bridge and the acceptor (p–A) and the acceptor and the
anchoring group (A–A) of all of the dye-sensitizers. The obtained
values of the dihedral angles are given in Table 1.

From Table 1, it is observed that among the unsubstituted
dyes, the dyes TTF-DPP and TTF-QNX possess comparatively
lower values of the dihedral angle between the donor and p-unit
(D–p) than that of TTF-PTZ. Moreover, lower dihedral angle
values are observed between the p-unit and the acceptor unit
(p–A) for the dyes TTF-DPP and TTF-QNX compared to that of
TTF-PTZ. We have also observed that the dihedral angle values
between the acceptor unit and the anchoring group (A–A) are
comparatively lower for the dyes TTF-DPP and TTF-QNX.
Table 1 The observed dihedral angles between different parts of the dy

Dye D–p (�) p–A (�) A–A (�) Dye D–p (�)

TTF-PTZ 23.59 �38.09 �18.62 TTF-DPP �18.36
TTF-PTZ-1 �23.33 �37.94 �18.39 TTF-DPP-1 �18.17
TTF-PTZ-2 22.93 �38.41 �19.33 TTF-DPP-2 �17.80
TTF-PTZ-3 23.10 �38.08 �18.79 TTF-DPP-3 �18.68
TTF-PTZ-4 �19.42 �37.70 �18.47 TTF-DPP-4 �18.05
TTF-PTZ-5 23.74 �38.22 �18.50 TTF-DPP-5 �18.71
TTF-PTZ-60 27.03 �55.80 �27.42 TTF-DPP-60 �19.23
TTF-PTZ-70 23.33 �40.41 �15.75 TTF-DPP-70 17.86
TTF-PTZ-80 25.22 �62.52 25.70 TTF-DPP-80 17.45
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From Table 1, it is observed that the dihedral angles of the
dyes are largely affected by the nature as well as the position of
the substituents. In case of the TTF-PTZ group of dyes, higher
values of the p–A angle are observed for TTF-PTZ-60 (�55.80�)
and TTF-PTZ-80 (�62.52�) due to the attachment of the –NO2

and –CF3 groups at the acceptor part of the unsubstituted
parent dye (i.e., TTF-PTZ), respectively. In TTF-PTZ-60, the
observed p–A angle is high due to the electronegativity differ-
ence between the O-atom of the –NO2 group and the S-atom of
the thiophene ring. Moreover, for TTF-PTZ-80, the p–A angle
value is observed to be high due to repulsion between the
electron-clouds of the H-atom of TTF and the S-atom of thio-
phene. It is also observed that the A–A angle in TTF-PTZ-60 is
comparatively higher (�27.42�) than those of the rest of the dyes
so as to minimize the steric hindrance between the H-atom of
acceptor moiety and the –CN group of the anchoring unit. In the
case of the TTF-QNX group of dyes, the higher p–A distortion in
TTF-QNX-60 (32.04�) arises due to steric repulsion between the
H-atom of the thiophene ring and the –NO2 group attached to
the acceptor part. However, for TTF-QNX-70, it is observed that
upon the attachment of the –F group at the acceptor part, the p–
A angle is lowered compared to those of the other dyes. In the
case of the TTF-DPP group of dyes, the p–A angle is found to be
lower (�1–2�) upon the inclusion of the electron donating
groups at the donor part, whereas it seems to be higher (18–19�)
for the electron withdrawing groups substituted at the acceptor
part. This is because of the larger size of the acceptor moiety,
which sterically hinders the thiophene ring. Hence, the TTF-
DPP and TTF-QNX groups of dyes possess a comparatively
planar structure among all of the designed dyes.

4.2 Frontier molecular orbital analysis

We have calculated the energies of the HOMOs and LUMOs of
all of the dye systems and their respective values are given in
Table 2, along with the DH–L values.

From Table 2, it is observed that among the three unsub-
stituted parent dyes, viz., TTF-PTZ, TTF-DPP and TTF-QNX, the
lowest DH–L value is observed for TTF-DPP (1.53 eV), followed by
TTF-PTZ (1.70 eV), while it is the highest for TTF-QNX (2.09 eV).
The energy band-gap values for the TTF-DPP and TTF-PTZ
groups of dyes are nearly the same due to their similar HOMO
and LUMO energy levels. It is also observed that for all of the
designed dyes, the HOMOs are less affected upon the inclusion
of various substituents. However, the LUMOs are markedly
e systems

p–A (�) A–A (�) Dye D–p (�) p–A (�) A–A (�)

1.91 �1.56 TTF-QNX 22.45 �24.16 0.13
1.80 �1.53 TTF-QNX-1 22.86 �23.22 0.12
2.28 �1.55 TTF-QNX-2 23.07 �23.20 0.07
2.03 �1.57 TTF-QNX-3 23.09 �23.26 0.10
2.01 �1.48 TTF-QNX-4 �21.96 �23.39 0.10
1.90 �1.52 TTF-QNX-5 22.98 �23.76 0.11

18.49 �2.16 TTF-QNX-60 20.48 32.04 0.08
�6.88 �1.03 TTF-QNX-70 22.34 �15.23 0.14
19.90 �3.45 TTF-QNX-80 23.87 �42.76 0.11

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Energies of the frontier molecular orbitals of the dye systems and their corresponding DH–L values

Dye HOMO (eV) LUMO (eV)
DH–L

(eV) Dye HOMO (eV) LUMO (eV)
DH–L

(eV) Dye HOMO (eV) LUMO (eV)
DH–L

(eV)

TTF-PTZ �4.97 �3.27 1.70 TTF-DPP �5.01 �3.48 1.53 TTF-QNX �4.76 �2.67 2.09
TTF-PTZ-1 �4.86 �3.24 1.62 TTF-DPP-1 �4.91 �3.45 1.46 TTF-QNX-1 �4.66 �2.65 2.01
TTF-PTZ-2 �4.96 �3.25 1.71 TTF-DPP-2 �4.97 �3.47 1.50 TTF-QNX-2 �4.82 �2.68 2.14
TTF-PTZ-3 �4.78 �3.23 1.55 TTF-DPP-3 �4.83 �3.44 1.39 TTF-QNX-3 �4.61 �2.64 1.97
TTF-PTZ-4 �4.74 �3.24 1.50 TTF-DPP-4 �4.85 �3.62 1.23 TTF-QNX-4 �4.56 �2.65 1.91
TTF-PTZ-5 �4.91 �3.27 1.64 TTF-DPP-5 �5.01 �3.50 1.51 TTF-QNX-5 �4.72 �2.68 2.04
TTF-PTZ-60 �4.95 �3.62 1.33 TTF-DPP-60 �5.21 �3.98 1.23 TTF-QNX-60 �4.89 �3.37 1.52
TTF-PTZ-70 �4.94 �3.40 1.54 TTF-DPP-70 �5.12 �3.74 1.38 TTF-QNX-70 �4.79 �2.81 1.98
TTF-PTZ-80 �4.91 �3.44 1.47 TTF-DPP-80 �5.09 �3.72 1.37 TTF-QNX-80 �4.82 �3.07 1.75
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affected by the various substituents. In the case of the TTF-QNX
group of dyes, the LUMO energy levels are increased, which in
turn leads to the observed highest DH–L values. A lower funda-
mental gap facilitates the better excitation of the organic dyes.
From this point of view, the TTF-DPP group of dyes can be
considered to be potential candidates for DSSCs. However, the
most efficient of the respective dyes cannot be decided for this
purpose based on a single parameter. We present the frontier
molecular orbital diagrams of the three parent dye systems in
Fig. 2. From Fig. 2, it is clear that the HOMOs are delocalized
over the donor part, with some contribution on the p-bridge
unit. On the other hand, the LUMOs are delocalized over the
acceptor part, with some contribution on the p-bridge unit and
the anchoring group.

From Table 2, it is observed that attachment of the –NH2

group at the donor part lowers the DH–L values of all three dye
systems. This is probably due to the extension in conjugation of
the donor TTF moiety, as well as the strong electron donating
nature of the –NH2 group. Moreover, attachment of the –NO2

and –CF3 groups at the acceptor part results in lowering of the
DH–L values for all three dye systems. This can be attributed to
the highly electron withdrawing nature of the –NO2 and –CF3
groups. It is also observed from Table 2 that the –NH2, –NO2 and
–CF3 substituted dyes show relatively lower DH–L values
compared to those of the other substituted dyes. Among all of
the designed dyes, TTF-DPP-4 and TTF-DPP-60 exhibit the lowest
values of DH–L (1.23 eV for both). This lowering of the band gap
is solely due to the extended delocalization of the electron cloud
and the strongly electron donating/withdrawing nature of the
–NH2 and –NO2 groups, respectively. We present the frontier
Fig. 2 Plot of the frontier molecular orbitals of the three parent dyes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
molecular orbitals of the –NH2, –NO2 and –CF3 substituted TTF-
PTZ, TTF-DPP and TTF-QNX dyes in Fig. 3.

From Fig. 3, it is observed that the HOMOs are delocalized
over the donor part in the dyes TTF-PTZ-4, TTF-PTZ-60, TTF-PTZ-
80, TTF-DPP-4, TTF-DPP-60, TTF-QNX-60 and TTF-QNX-80. On the
other hand, the LUMOs are delocalized over the p-bridging unit
and acceptor part and extended to the anchoring group in these
dyes. However, in case of TTF-QNX-4, it is observed that the
HOMO is delocalized over the p-bridging unit and acceptor part
and extended to the anchoring group. On the other hand, the
LUMO is delocalized over the acceptor part and extended to the
anchoring group in this dye. Moreover, in the case of TTF-DPP-
80, the HOMO is delocalized over the p-conjugated molecular
backbone, while the LUMO is delocalized over the donor part
and the anchoring group.
4.3 Density of states of the dyes

The density of states (DOS) can be dened as the number of
different states available for electrons present in a system in
Fig. 3 Plot of the frontier molecular orbitals of the –NH2, –NO2 and
–CF3 substituted TTF-PTZ, TTF-DPP and TTF-QNX dyes.
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Fig. 4 PDOS spectra of the unsubstituted parent dyes (a) TTF-PTZ, (b)
TTF-DPP and (c) TTF-QNX.

Table 3 Calculated values of GSOP, ESOP, DGreg and DGinj of the
studied dye systems

Dye GSOP (eV) ESOP (eV) DGreg (eV) DGinj (eV)

TTF-PTZ �6.18 �3.37 1.38 0.63
TTF-PTZ-1 �6.02 �3.24 1.22 0.76
TTF-PTZ-2 �6.21 �3.37 1.44 0.63
TTF-PTZ-3 �5.86 �3.04 1.06 0.96
TTF-PTZ-4 �5.74 �2.95 0.94 1.05
TTF-PTZ-5 �6.12 �3.30 1.32 0.70
TTF-PTZ-60 �6.18 �3.52 1.38 0.48
TTF-PTZ-70 �6.16 �3.44 1.36 0.56
TTF-PTZ-80 �6.16 �3.29 1.36 0.71
TTF-DPP �6.05 �3.90 1.25 0.1
TTF-DPP-1 �5.92 �4.01 1.12 �0.01
TTF-DPP-2 �5.89 �3.74 1.09 0.26
TTF-DPP-3 �5.83 �3.68 1.03 0.32
TTF-DPP-4 �5.68 �3.53 0.88 0.47
TTF-DPP-5 �6.03 �3.87 1.23 0.13
TTF-DPP-60 �6.29 �4.27 1.49 �0.27
TTF-DPP-70 �6.20 �4.08 1.40 �0.08
TTF-DPP-80 �6.17 �4.01 1.37 �0.01
TTF-QNX �5.92 �2.87 1.12 1.13
TTF-QNX-1 �5.79 �2.76 0.99 1.24
TTF-QNX-2 �5.83 �2.74 1.03 1.26
TTF-QNX-3 �5.66 �2.57 0.86 1.43
TTF-QNX-4 �5.54 �2.50 0.74 1.5
TTF-QNX-5 �5.88 �2.80 1.08 1.2
TTF-QNX-60 �6.08 �3.39 1.28 0.61
TTF-QNX-70 �5.95 �2.98 1.15 1.02
TTF-QNX-80 �6.01 �3.12 1.21 0.88
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a particular energy level. The partial density of states (PDOS)
signies the relative contribution of a particular orbital or atom
to the total DOS.50–53 We have calculated the PDOS of our
designed dyes to make a comparative study of their electronic
properties with the frontier molecular orbitals (FMOs). The
PDOSs of the designed dyes have been calculated and their
respective spectral data are reported in Table S3 (in the ESI†).
From this table, it is observed that the donor unit offers the
maximum contribution to the HOMOs, while the acceptor unit
contributes minimally to the HOMOs. Moreover, for the TTF-
PTZ and TTF-DPP groups of dyes, the bridging unit offers the
maximum contribution to the LUMOs, while the donor unit
offers the minimum contribution to the LUMOs. However, for
the TTF-QNX group of dyes, it is observed that the acceptor part
offers the maximum contribution to the LUMOs, while the
donor part contributes minimally. In TTF-PTZ-60, where the
acceptor unit is substituted with the –NO2 group, a dominant
contribution of the acceptor unit to the LUMO is observed.
Thus, it can be concluded that the attachment of electron
donating groups at the donor unit increases the contribution of
the donor unit to the HOMO energy level. Therefore, these
observed facts reveal that the PDOS spectra provide a clear view
of the nature of the HOMO and LUMO energy levels. The PDOS
spectra of the unsubstituted parent dyes are provided in Fig. 4
and the same spectra for the other dyes are provided in Fig. S3
(in the ESI†).
4.4 Oxidation potential of the dyes

It is already known that for effective electron injection and dye
regeneration processes, the frontier orbitals of the dye and
semiconductor should be appropriately aligned. To examine
these processes, we have calculated the GSOP and ESOP values
for the designed dyes by performing TD-DFT calculations on the
optimized geometries. Moreover, to gain more insight into the
charge transfer process, we have also calculated the DGreg and
DGinj values. The values of DGinj, ESOP, GSOP and DGreg can be
calculated using eqn (9)–(12), respectively. The calculated values
of GSOP, ESOP, DGreg and DGinj are given in Table 3. We also
39252 | RSC Adv., 2021, 11, 39246–39261
present the plots of the band alignments of the TTF-PTZ, TTF-
DPP and TTF-QNX groups of dyes, with respect to the CB of
TiO2 and the redox potential of I�/I3

�, in Fig. 5.
From Table 3 and Fig. 5, it is observed that for the TTF-PTZ

and TTF-QNX groups of dyes, the GSOP values lie below the
redox potential of the I�/I3

� electrolyte couple and the ESOP
values lie above the conduction band of TiO2. Moreover, for the
TTF-DPP group of dyes, the GSOP values lie below the redox
potential of the I�/I3

� electrolyte couple and the ESOP values lie
above the conduction band of the TiO2 (except TTF-DPP-1, TTF-
DPP-60, TTF-DPP-70 and TTF-DPP-80). This indicates that all of
the designed dyes have the potential to serve as candidates for
the fabrication of DSSCs.

It is noteworthy to mention that higher DGinj values of the
dyes indicate higher efficiency towards electron injection.
Moreover, for efficient dye regeneration, the DGreg values must
lie within a threshold limit of 0.2–0.3 eV.41 From Table 3, it is
observed that the DGinj values are comparatively higher for the
TTF-QNX groups of dyes than the other groups of dyes.
However, the DGreg values for the dyes TTF-PTZ-4, TTF-DPP-4,
TTF-QNX-1, TTF-QNX-3 and TTF-QNX-4 are close to the
threshold values compared to the other designed dyes. In this
regard, the above mentioned groups of dyes will be more effi-
cient toward dye regeneration.

The electron injection and the dye regeneration processes
can also be justied in terms of the electron affinity (EA) and
ionization potential (IP) of the dyes. It has been already reported
that a low IP facilitates the removal of electrons, which in turn
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plots of the band alignments of the TTF-PTZ, TTF-DPP and
TTF-QNX groups of dyes with respect to CB of TiO2 and redox
potential of I�/I3

�.
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facilitates the generation of holes. In addition, the EA value of
the dye molecule explains the recombination between the
injected electron and the oxidized dye species. A low EA value
ensures the easy removal of electrons from the conduction
band.41 The calculated values of IP and EA for the studied dyes
(using eqn (1) and (2), respectively) are given in Table 4.

For efficient electron transfer from the dye to the semi-
conducting surface, low IP and EA values are preferable for
a dye-sensitizer. From Table 4, it is evident that most of the
substituted variants of the dyes exhibit lower IP values than
those of their parent dyes. Hence, our designed dyes meet the
requirements for becoming suitable dye-sensitizers. Further-
more, it is observed that the TTF-QNX group of dyes possesses
comparatively lower values of IP and EA than those of the other
groups of dyes. This indicates that the TTF-QNX group of dyes
may serve as better candidates for the construction of DSSCs.

4.5 Absorption properties of the dyes

For better understanding the absorption properties of the
designed dyes, the excitation properties have been extracted for
30 excited states and the dominant electronic transitions are
given in Table 5. We also provide the values of the excitation
Table 4 Calculated values of the IP and EA of the studied dye systems

Compound IP (eV) EA (eV) Compound IP

TTF-PTZ 6.18 2.19 TTF-DPP 6.0
TTF-PTZ-1 6.02 2.16 TTF-DPP-1 5.9
TTF-PTZ-2 6.21 2.28 TTF-DPP-2 5.8
TTF-PTZ-3 5.86 2.15 TTF-DPP-3 5.8
TTF-PTZ-4 5.74 2.15 TTF-DPP-4 5.6
TTF-PTZ-5 6.12 2.19 TTF-DPP-5 6.0
TTF-PTZ-60 6.18 2.54 TTF-DPP-60 6.2
TTF-PTZ-70 6.16 2.30 TTF-DPP-70 6.2
TTF-PTZ-80 6.16 2.34 TTF-DPP-80 6.1

© 2021 The Author(s). Published by the Royal Society of Chemistry
energies (Eg), maximum absorption wavelengths (lmax), oscil-
lator strengths (fosc), light harvesting capacities (LHC), open-
circuit voltages (VOC) and dipole moments (m) etc. in Table 5.

From Table 5, it is observed that TTF-DPP group of dyes
possesses comparatively higher fosc values and m values
compared to those of the other groups of dyes. The higher m

values indicate that the studied dyes are polar in nature. Among
the unsubstituted parent dyes, TTF-DPP possesses the highest
value of lmax compared to those of the other two dyes. This is
consistent with the observed DH–L values for the unsubstituted
parent dyes, which exhibit the following trend: TTF-DPP (1.51
eV) < TTF-PTZ (1.69 eV) < TTF-QNX (2.08 eV). In addition, the
lmax values for the TTF-PTZ and TTF-QNX groups of dyes
correspond to H / L transitions, with congurations ranging
from 60–75% and 30–71%, respectively. On the other hand, in
case of the TTF-DPP group of dyes, the lmax values for those with
electron donating substituents correspond to the transition
H�1 / L, while for those with electron withdrawing substitu-
ents, the lmax values correspond to the H / L transition with
congurations ranging from 45–70%. Among the TTF-PTZ and
TTF-QNX groups of dyes, the lmax values are observed to be
maximum for TTF-PTZ-60 and TTF-QNX-60, where the –NO2

group is substituted at the acceptor part. Due to the presence of
the –NO2 group at the acceptor part, the electron density
increases, which results in the maximum red-shi of the
respective dyes. Moreover, in case of the TTF-DPP group of dyes,
the maximum lmax value is exceptionally observed for TTF-DPP-
1. The presence of the –CH3 group at the donor part increases
the electron density of TTF-DPP-1 and therefore results in the
maximum red-shi. The corresponding spectra are provided in
Fig. 6.

From eqn (6), it can be inferred that a high LHC value will
lead to a high JSC value. From the calculated values of LHC (as
given in Table 5), it is observed that the LHC values for the TTF-
DPP and TTF-QNX groups of dyes are comparatively higher than
those of the TTF-PTZ group of dyes. It is also observed that
among all the studied dyes, TTF-QNX-2 possesses the maximum
LHC value and TTF-PTZ-60 possesses the minimum value of
LHC. Hence, taking into account the LHC values, it can be said
that the JSC values are slightly higher for the TTF-DPP and TTF-
QNX groups of dyes compared to those of the TTF-PTZ group of
dyes.

Eqn (5) manifests that a high value of the open-circuit
voltage (VOC) is needed to achieve the high energy conversion
(eV) EA (eV) Compound IP (eV) EA (eV)

5 2.52 TTF-QNX 5.92 1.75
2 2.49 TTF-QNX-1 5.79 1.73
9 2.52 TTF-QNX-2 5.83 1.76
3 2.49 TTF-QNX-3 5.66 1.72
8 2.48 TTF-QNX-4 5.54 1.73
3 2.54 TTF-QNX-5 5.88 1.76
9 3.06 TTF-QNX-60 6.08 2.47
0 2.79 TTF-QNX-70 5.95 1.88
7 2.79 TTF-QNX-80 6.01 2.14
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Table 5 Eg, lmax, fosc, electronic transitions, LHC, m and VOC of the studied dye systems

Dye Eg (eV)
lmax

(nm) fosc Transition LHC m (Debye) VOC

TTF-PTZ 2.81 440 0.71 H / L (67%) 0.806 4.89 0.73
TTF-PTZ-1 2.78 444 0.70 H / L (68%) 0.801 6.06 0.76
TTF-PTZ-2 2.84 435 0.83 H / L (65%) 0.852 7.03 0.75
TTF-PTZ-3 2.82 439 0.74 H / L (64%) 0.819 7.59 0.77
TTF-PTZ-4 2.79 444 0.61 H / L (65%) 0.758 7.92 0.76
TTF-PTZ-5 2.82 438 0.69 H / L (61%) 0.799 5.68 0.73
TTF-PTZ-60 2.66 465 0.32 H / L (78%) 0.522 4.45 0.38
TTF-PTZ-70 2.72 454 0.67 H / L (71%) 0.787 4.31 0.60
TTF-PTZ-80 2.87 430 0.39 H / L (75%) 0.594 4.86 0.56
TTF-DPP 2.15 574 1.38 H�1 / L (51%) 0.958 12.03 0.52
TTF-DPP-1 1.91 647 1.52 H�1 / L (52%) 0.969 13.41 0.55
TTF-DPP-2 2.15 574 1.44 H�1 / L (48%) 0.964 12.88 0.53
TTF-DPP-3 2.15 575 1.42 H�1 / L (55%) 0.962 14.29 0.56
TTF-DPP-4 2.15 576 1.39 H�1 / L (60%) 0.960 14.44 0.38
TTF-DPP-5 2.16 571 1.39 H�1 / L (55%) 0.959 11.55 0.50
TTF-DPP-60 2.02 611 1.09 H / L (69%) 0.919 13.24 0.02
TTF-DPP-70 2.12 583 1.33 H / L (54%) 0.953 12.06 0.26
TTF-DPP-80 2.16 571 1.28 H / L (53%) 0.947 12.31 0.29
TTF-QNX 3.05 406 1.40 H / L (42%) 0.961 3.18 1.33
TTF-QNX-1 3.03 408 1.39 H / L (42%) 0.959 3.95 1.35
TTF-QNX-2 3.09 400 1.74 H / L (42%) 0.981 2.88 1.32
TTF-QNX-3 3.09 400 1.20 H / L (31%) 0.938 4.78 1.36
TTF-QNX-4 3.04 406 1.16 H / L (36%) 0.931 3.34 1.35
TTF-QNX-5 3.08 402 1.47 H / L (41%) 0.966 3.58 1.32
TTF-QNX-60 2.69 459 0.71 H / L (71%) 0.809 0.91 0.63
TTF-QNX-70 2.97 417 1.33 H / L (47%) 0.953 2.45 1.19
TTF-QNX-80 2.89 428 1.02 H / L (62%) 0.904 2.91 0.93

Fig. 6 UV–visible spectra of TTF-PTZ, TTF-DPP, TTF-QNX and their
derivatives.
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efficiency (h) of a photovoltaic device. In this regard, we have
calculated the VOC for all of the studied dyes and they are given
in Table 5. From Table 5, it is observed that the TTF-QNX group
of dyes shows comparatively higher values of VOC than those of
the other groups of dyes. This observed fact will lead to a higher
efficiency of energy conversion in these dyes.

To have a better understanding of charge transportation in
the designed dyes, we have calculated the reorganization ener-
gies (l) and they are given in Table 6. There are two dominant
39254 | RSC Adv., 2021, 11, 39246–39261
factors, i.e., the structural effects and the electronic effects,
which help in determining the l values for both holes (l+) and
electrons (l�).40 The l value (l+ or l�) needs to be small for
effective charge transportation. The lower the l� value, the
higher the electron transporting capacity of the dye will be.
Conversely, a lower l+ value reects the hole transporting nature
of the dyes.

From Table 6, it is observed that in case of the TTF-PTZ
group of dyes, the l+ values for the dyes TTF-PTZ, TTF-PTZ-2,
TTF-PTZ-5, TTF-PTZ-70 and TTF-PTZ-80 are lesser than the l�
values. This in turn implies a facile hole transportation in the
these dyes. However, for the dyes TTF-PTZ-1, TTF-PTZ-3, TTF-
PTZ-4 and TTF-PTZ-60, l� values are smaller than the l+ values
which indicates the greater ease of electron transportation in
these dyes. Besides, in case of the TTF-DPP groups of dyes,
a relatively smaller value of l+ is observed for the dyes TTF-DPP,
TTF-DPP-1 and TTF-DPP-80 indicating facile hole trans-
portation. However, the electron transportation capacity will be
higher for the dyes TTF-DPP-2, TTF-DPP-3, TTF-DPP-4, TTF-
DPP-5, TTF-DPP-60 and TTF-DPP-70. Moreover, it is observed
that in case of the TTF-QNX groups of dyes, all possess a smaller
value of l� which clearly indicates the dominant electron
transportation capacity.

We have also calculated the total reorganization energy (ltot)
values and the same are reported in Table 6. ltot is simply the
sum of the values of l+ and l�. For efficient electron–hole
separation, the ltot values of the dyes should be small, which
results in the mitigation of the recombination processes.41
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Calculated values of the reorganization energies of the studied dyes

Dye l+ (eV) l� (eV) ltot (eV) Dye l+ (eV) l� (eV) ltot (eV) Dye l+ (eV) l� (eV) ltot (eV)

TTF-PTZ 0.342 0.361 0.703 TTF-DPP 0.247 0.277 0.524 TTF-QNX 0.299 0.220 0.519
TTF-PTZ-1 0.367 0.361 0.728 TTF-DPP-1 0.269 0.277 0.546 TTF-QNX-1 0.323 0.220 0.543
TTF-PTZ-2 0.413 0.422 0.835 TTF-DPP-2 0.307 0.280 0.587 TTF-QNX-2 0.345 0.220 0.565
TTF-PTZ-3 0.424 0.364 0.788 TTF-DPP-3 0.329 0.283 0.612 TTF-QNX-3 0.337 0.215 0.552
TTF-PTZ-4 0.459 0.373 0.832 TTF-DPP-4 0.326 0.285 0.611 TTF-QNX-4 0.392 0.228 0.620
TTF-PTZ-5 0.362 0.367 0.729 TTF-DPP-5 0.296 0.283 0.579 TTF-QNX-5 0.302 0.220 0.522
TTF-PTZ-60 0.383 0.381 0.764 TTF-DPP-60 0.307 0.261 0.568 TTF-QNX-60 0.335 0.332 0.667
TTF-PTZ-70 0.342 0.351 0.693 TTF-DPP-70 0.274 0.269 0.543 TTF-QNX-70 0.305 0.231 0.536
TTF-PTZ-80 0.372 0.416 0.788 TTF-DPP-80 0.282 0.296 0.578 TTF-QNX-80 0.324 0.239 0.563
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From Table 6, it is observed that the TTF-DPP and TTF-QNX
groups of dyes possess low values of ltot compared to those of
the TTF-PTZ group of dyes. This reveals the better electron–hole
separation efficiency in the TTF-DPP and TTF-QNX groups of
dyes and they may have slower recombination processes
compared to those of the TTF-PTZ groups of dyes.

To gauge the electronic coupling matrix element (V), we have
considered the p-stacking arrangement of the two adjacent
dyes. The representative structures of two stacked dyes are
presented in Fig. S4 (in the ESI†) and the calculated V values
(using eqn (14)) are given in Table 7. Using the V values, we have
calculated another parameter i.e., the charge transfer rates for
holes (k+CT) and electrons (k�CT) (using eqn (13)) and given in
Table 7.

From Table 7, it is evident that the k�CT values are higher than
the k+CT values for almost all of the studied dyes except TTF-PTZ-
Table 7 V, kCT and mhop values of the studied dyes

Dye V+ (eV) V� (eV) k+CT � 1013 (s�1) k�CT �

TTF-PTZ 0.059 0.170 0.364 2.45
TTF-PTZ-1 0.034 0.168 2.701 14.26
TTF-PTZ-2 0.201 0.195 9.649 8.48
TTF-PTZ-3 0.186 0.188 7.923 15.44
TTF-PTZ-4 0.181 0.190 5.282 14.13
TTF-PTZ-5 0.269 0.179 22.587 14.22
TTF-PTZ-60 0.054 0.236 3.598 16.07
TTF-PTZ-70 0.134 0.405 14.046 38.41
TTF-PTZ-80 0.044 0.126 3.308 5.85
TTF-DPP 0.025 0.260 7.727 56.78
TTF-DPP-1 0.017 0.132 4.070 28.82
TTF-DPP-2 0.213 0.191 33.058 40.30
TTF-DPP-3 0.116 0.080 14.058 112.83
TTF-DPP-4 0.251 0.147 31.458 29.29
TTF-DPP-5 0.020 0.156 4.788 31.80
TTF-DPP-60 0.055 0.167 8.536 43.85
TTF-DPP-70 0.031 0.368 7.007 88.11
TTF-DPP-80 0.158 0.165 32.583 29.00
TTF-QNX 0.052 0.108 8.835 45.92
TTF-QNX-1 0.011 0.058 1.426 24.66
TTF-QNX-2 0.149 0.073 15.701 30.18
TTF-QNX-3 0.085 0.067 9.420 30.24
TTF-QNX-4 0.250 0.099 15.092 38.27
TTF-QNX-5 0.262 0.053 43.029 22.53
TTF-QNX-60 0.075 0.075 8.499 8.78
TTF-QNX-70 0.205 0.123 32.544 45.89
TTF-QNX-80 0.239 0.196 30.633 66.54

© 2021 The Author(s). Published by the Royal Society of Chemistry
2, TTF-PTZ-5, TTF-DPP-4, TTF-DPP-80 and TTF-QNX-5. This
implies that the dyes with higher k�CT values will act as electron-
transporting materials and those with higher k+CT values will act
as hole-transporting materials. Another important parameter is
the hopping mobility (mhop), which helps in determining the
conducting capacity of the organic dyes. A high mhop value
signies higher electronic coupling between the adjacent dyes,
which in turn indicates the better conducting capacity of the
organic dyes. The calculated mhop values for holes and electrons
are reported in Table 7. From this table, it is observed that
among all the studied dyes, TTF-QNX-5 possesses the highest
value of m+hop, whereas TTF-DPP-3 possesses the highest value of
m�hop. These values are in accordance with the observed values of
k+CT and k�CT for these dyes, respectively. Hence, our designed
dyes may act as potential candidates for the fabrication of
optoelectronic devices.
1013 (s�1) l (A�) m+hop (cm2 V�1 s�1) m�hop (cm2 V�1 s�1)

3 3.00 0.063 0.426
3 3.58 0.669 3.528
9 3.66 2.499 2.199
1 3.03 1.407 2.741
1 3.01 0.925 2.476
3 3.03 4.010 2.525
3 3.52 0.862 3.851
2 3.00 2.445 6.686
4 3.63 0.843 1.491
0 3.51 1.841 13.529
7 2.92 0.671 4.753
1 3.44 7.565 9.223
9 3.51 3.349 26.886
3 2.91 5.152 4.794
5 2.89 0.773 5.137
9 3.17 1.659 8.524
3 3.59 1.746 21.963
7 3.58 8.076 7.190
8 3.57 2.182 11.321
5 2.88 0.228 3.956
8 3.59 3.913 7.524
9 3.55 2.296 7.373
6 2.92 2.488 6.311
8 3.54 10.428 5.462
9 3.24 1.725 1.784
5 2.89 5.256 7.407
6 3.59 7.635 16.587
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Fig. 7 Electron density difference (EDD) maps for the unsubstituted
parent dyes.
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4.6 Electron density difference (EDD) maps of the dyes

To illustrate the distribution of electron density in the designed
dyes that occurs during the S0 / S1 transition, we have carried
out an efficient analysis of the electronic structures of the
designed dyes and portrayed their electron density difference
(EDD) maps with the help of Multiwfn program package.54–56 We
provide the EDD map for the unsubstituted parent dyes in
Fig. 7. For the rest of the dyes, we provide the EDD maps in
Fig. S5 (in the ESI†). In Fig. 7 and S5,† green and blue regions
correspond to the increase and decrease in electron density,
respectively, due to the excitation of electrons during the S0 /
S1 transition.
Fig. 8 Optimized geometries of the unsubstituted dye–Ti5O10 clus-
ters, along with their frontier molecular orbitals.

Table 8 Ti–O bond lengths of the dye–Ti5O10 clusters

Dye–Ti5O10 Ti–Oa (Å) Ti–Ob (Å) Dye–Ti5O10 T

TTF-PTZ–Ti5O10 2.031 2.045 TTF-DPP–Ti5O10 2
TTF-PTZ-1–Ti5O10 2.029 2.044 TTF-DPP-1–Ti5O10 2
TTF-PTZ-2–Ti5O10 2.031 2.046 TTF-DPP-2–Ti5O10 2
TTF-PTZ-3–Ti5O10 2.029 2.043 TTF-DPP-3–Ti5O10 2
TTF-PTZ-4–Ti5O10 2.029 2.044 TTF-DPP-4–Ti5O10 2
TTF-PTZ-5–Ti5O10 2.031 2.046 TTF-DPP-5–Ti5O10 2
TTF-PTZ-60–Ti5O10 2.038 2.055 TTF-DPP-60–Ti5O10 2
TTF-PTZ-70–Ti5O10 2.032 2.048 TTF-DPP-70–Ti5O10 2
TTF-PTZ-80–Ti5O10 2.036 2.051 TTF-DPP-80–Ti5O10 2

39256 | RSC Adv., 2021, 11, 39246–39261
From Fig. 7, it is observed that the acceptor unit exhibits the
maximum electron density whereas the donor unit exhibits the
minimum electron density. Hence, it can be inferred that
during the S0 / S1 transition, charge transfer occurs from the
donor unit to the acceptor unit for all of the designed dyes.

4.7 Adsorption on TiO2 surfaces

In order to simulate the performance of a more naturalistic
solar cell device, it is very important to investigate the optical
properties of the designed dyes. We have adopted a Ti5O10

cluster to represent the TiO2 semiconductor surface for this
purpose. Here, we have used cyanoacrylic acid and bidentate
carboxylate groups as the anchoring groups to enable the
adsorption of the dye-sensitizers to the semiconducting surface.
These anchoring groups have been proven to be the most ideal
anchoring mode in DSSCs.41 We present the optimized struc-
tures of the three unsubstituted dye–Ti5O10 clusters, viz., TTF-
DPP–Ti5O10, TTF-PTZ–Ti5O10, TTF-QNX–Ti5O10, along with their
HOMOs and LUMOs, in Fig. 8.

From Fig. 8, it can be observed that for the dye clusters TTF-
DPP–Ti5O10 and TTF-PTZ–Ti5O10, the HOMOs are primarily
delocalized over the donor part with contributions from the p-
bridging units of the dyes. On the other hand, the LUMOs are
primarily delocalized over the acceptor part with contributions
from the p-bridging unit and the donor part. However, for the
dye cluster TTF-QNX–Ti5O10, the HOMO is primarily delocalized
over the donor part with contribution from the p-bridging unit
and the LUMO is primarily delocalized over the Ti5O10 semi-
conducting surface.

We have calculated the Ti–O bond lengths of the studied
dyes and they are given in Table 8. A representation of the Ti–O
bond length in the representative TTF-PTZ–Ti5O10 cluster is
presented in Fig. 9.

From Table 8, it can be observed that the Ti–O bond lengths
of all of the studied dyes are in the range of 2.011–2.055 Å. These
values are consistent with the theoretically reported Ti–O bond
lengths (2.03–2.24 Å) for various dye–TiO2 clusters.41,57 There-
fore, this suggests that all of the designed dyes undergo
chemisorption on the TiO2 surface.

We have also calculated the DH–L values and the ground state
dipole moments (mg) of the studied dye–Ti5O10 clusters and they
are reported in Table 9.

From a comparison of Table 2 and Table 9, it is observed that
the DH–L values of the isolated dyes are larger than those of the
i–Oa (Å) Ti–Ob (Å) Dye–Ti5O10 Ti–Oa (Å) Ti–Ob (Å)

.013 2.046 TTF-QNX–Ti5O10 2.021 2.031

.012 2.045 TTF-QNX-1–Ti5O10 2.021 2.030

.013 2.047 TTF-QNX-2–Ti5O10 2.022 2.031

.012 2.046 TTF-QNX-3–Ti5O10 2.022 2.031

.011 2.045 TTF-QNX-4–Ti5O10 2.021 2.031

.012 2.046 TTF-QNX-5–Ti5O10 2.022 2.031

.019 2.054 TTF-QNX-60–Ti5O10 2.025 2.035

.016 2.053 TTF-QNX-70–Ti5O10 2.023 2.033

.017 2.050 TTF-QNX-80–Ti5O10 2.023 2.034

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Representation of the Ti–O bond lengths in the TTF-PTZ–
Ti5O10 cluster.

Fig. 10 PDOS spectra of the unsubstituted parent dye clusters (a) TTF-
PTZ–Ti5O10, (b) TTF-DPP–Ti5O10 and (c) TTF-QNX–Ti5O10.
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dye–Ti5O10 clusters. Moreover, from the comparison of Table 5
and Table 9, it is observed that the mg values of the dye–Ti5O10

clusters are larger than those of the isolated dyes. These nd-
ings suggest that the binding of the dyes to the Ti5O10 semi-
conducting surface leads to the augmentation of their charge
transport properties.

To envisage the correlation of the electronic structure with
the frontier molecular orbitals, the PDOS of all of the dye–Ti5O10

clusters have been calculated and their corresponding spectral
data are reported in Table S4 (in the ESI†). The PDOS spectra
provide a clear view of the nature of the HOMO and LUMO
energy levels. The PDOS spectra of the unsubstituted dye–Ti5O10

clusters are given in Fig. 10 and the corresponding spectra for
the other dye–Ti5O10 clusters are provided in Fig. S6 (in the
ESI†).

From Table S4 (in the ESI†), it is observed that the donor and
acceptor units of all dye–Ti5O10 clusters offer the maximum
contribution to the HOMOs. On the other hand, the bridging
unit and anchoring group offer minimal contribution to the
HOMOs. However, the bridging unit and anchoring group of
TTF-PTZ–Ti5O10 and TTF-DPP–Ti5O10 and their derivatives offer
the maximum contribution to the LUMOs, whereas their donor
and acceptor units offer minimal contribution to the LUMOs.
Moreover, the Ti5O10 cluster of compounds TTF-PTZ and TTF-
DPP and their derivatives have contributed only to the
LUMOs, with a maximum of 4% contribution being observed
for the compounds TTF-PTZ–Ti5O10, TTF-PTZ-1–Ti5O10, TTF-
PTZ-2–Ti5O10, TTF-PTZ-3–Ti5O10, TTF-PTZ-4–Ti5O10 and TTF-
PTZ-5–Ti5O10. In the case of the compound TTF-QNX and its
derivatives, the Ti5O10 cluster offers 100% contribution to the
LUMOs, with an exception of only 2% contribution being
observed for TTF-QNX-60–Ti5O10. Moreover, it has been
observed that in compound TTF-QNX and most of its
Table 9 DH–L values and mg values of the dye–Ti5O10 clusters

Dye–Ti5O10

DH–L

(eV) mg (Debye) Dye–Ti5O10

TTF-PTZ–Ti5O10 1.34 11.02 TTF-DPP–Ti5O10

TTF-PTZ-1–Ti5O10 1.27 12.10 TTF-DPP-1–Ti5O10

TTF-PTZ-2–Ti5O10 1.39 11.72 TTF-DPP-2–Ti5O10

TTF-PTZ-3–Ti5O10 1.20 13.72 TTF-DPP-3–Ti5O10

TTF-PTZ-4–Ti5O10 1.16 12.18 TTF-DPP-4–Ti5O10

TTF-PTZ-5–Ti5O10 1.38 8.05 TTF-DPP-5–Ti5O10

TTF-PTZ-60–Ti5O10 1.05 10.70 TTF-DPP-60–Ti5O10

TTF-PTZ-70–Ti5O10 1.24 10.42 TTF-DPP-70–Ti5O10

TTF-PTZ-80–Ti5O10 1.14 9.36 TTF-DPP-80–Ti5O10

© 2021 The Author(s). Published by the Royal Society of Chemistry
derivatives, the donor and acceptor units, along with the
bridging unit and anchoring group, offer no contribution to the
LUMOs. However, in case of TTF-QNX-60–Ti5O10, the donor and
acceptor units, along with the bridging unit and anchoring
group, offer contributions of 90% and 8%, respectively, to the
LUMOs.

A popular way of visualizing the electrostatic nature of the
molecules is through the molecular electrostatic potential
surface (MEPS), also known as electrostatic potential energy
maps. MEPS is an important tool which gives qualitative
information about the charge transportation from the donor
moiety to the acceptor moiety.58,59 It also allows one to visualize
the variable charge region of a molecule. The positive potential
increases in the following color order: red < orange < yellow <
green < blue. Here, the blue color represents the electron-
decient region and the red color represents the electron-rich
region. We present the MEPS plots of the unsubstituted dye–
Ti5O10 clusters in Fig. 11. For the substituted dye–Ti5O10 clus-
ters, the MEPS plots are presented in Fig. S7 (in the ESI†).

From Fig. 11 and S7,† it is observed that for all of the studied
dye–Ti5O10 clusters, the positive charge is spread over the dyes
and the negative charge is spread over the Ti5O10 surface, which
signies the charge transfer characteristics of all of the studied
dyes.

To further study the absorption properties of the dye–Ti5O10

clusters, we have calculated the excitation energies (Eg),
DH–L

(eV) mg (Debye) Dye–Ti5O10

DH–L

(eV) mg (Debye)

1.26 14.17 TTF-QNX–Ti5O10 1.49 12.18
1.19 15.56 TTF-QNX-1–Ti5O10 1.39 12.58
1.31 14.78 TTF-QNX-2–Ti5O10 1.57 7.34
1.19 16.18 TTF-QNX-3–Ti5O10 1.43 7.83
1.09 18.32 TTF-QNX-4–Ti5O10 1.29 14.65
1.18 15.13 TTF-QNX-5–Ti5O10 1.50 13.30
1.08 11.82 TTF-QNX-60–Ti5O10 1.39 10.65
1.18 13.81 TTF-QNX-70–Ti5O10 1.49 11.50
1.18 15.12 TTF-QNX-80–Ti5O10 1.50 11.82
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Fig. 11 MEPS contour plots for the three unsubstituted dye–Ti5O10

clusters.

Fig. 12 The plot of the UV–visible spectra of all of the studied dye–
Ti5O10 clusters, along with their derivatives.
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maximum absorption wavelength (lmax), oscillator strengths
(fosc), dipole moments (m), transitions and contribution of the
frontier orbitals by employing the CAM-B3LYP functional and
these are reported in Table 10.

From Table 10, it is observed that the studied dye–Ti5O10

clusters exhibit an increase in the maximum absorption wave-
length (lmax) values with a corresponding decrease in the exci-
tation energies (Eg). This implies red-shi in the adsorbed dyes
compared to in the isolated dyes. For TTF-PTZ-60–Ti5O10, TTF-
DPP-60–Ti5O10 and TTF-QNX-60–Ti5O10, the presence of the
–NO2 group at the acceptor part causes the maximum red-shi
with the highest lmax values, viz., 562 nm, 657 nm and 476 nm,
respectively. On the other hand, the presence of the –SC3H7

group at the donor part causes a blue shiwith aminimum lmax
Table 10 Eg, lmax, fosc, transitions and m of the dye–Ti5O10 clusters

Dye Eg (eV)
lmax

(nm) fosc Transition m (Debye)

TTF-PTZ–Ti5O10 2.43 510 0.48 H / L (83%) 11.02
TTF-PTZ-1–Ti5O10 2.36 525 0.45 H / L (84%) 12.10
TTF-PTZ-2–Ti5O10 2.48 498 0.55 H / L (79%) 11.72
TTF-PTZ-3–Ti5O10 2.32 534 0.42 H / L (85%) 13.72
TTF-PTZ-4–Ti5O10 2.31 535 0.39 H / L (85%) 12.18
TTF-PTZ-5–Ti5O10 2.50 494 0.52 H / L (80%) 8.05
TTF-PTZ-60–Ti5O10 2.20 562 0.24 H / L (89%) 10.70
TTF-PTZ-70–Ti5O10 2.29 539 0.45 H / L (86%) 10.42
TTF-PTZ-80–Ti5O10 2.36 525 0.25 H / L (89%) 9.36
TTF-DPP–Ti5O10 2.02 613 1.45 H / L (47%) 14.17
TTF-DPP-1–Ti5O10 1.99 622 1.42 H / L (50%) 15.56
TTF-DPP-2–Ti5O10 2.04 608 1.57 H�1 / L (48%) 14.78
TTF-DPP-3–Ti5O10 2.01 615 1.48 H�1 / L (46%) 16.18
TTF-DPP-4–Ti5O10 1.98 626 1.34 H / L (49%) 18.32
TTF-DPP-5–Ti5O10 2.03 612 1.44 H�1 / L (48%) 15.13
TTF-DPP-60–Ti5O10 1.88 657 0.80 H / L (79%) 11.82
TTF-DPP-70–Ti5O10 2.00 618 1.14 H / L (66%) 13.81
TTF-DPP-80–Ti5O10 2.03 610 1.03 H / L (67%) 15.12
TTF-QNX–Ti5O10 3.00 412 0.98 H / L+3 (35%) 11.73
TTF-QNX-1–Ti5O10 2.97 417 0.91 H / L+3 (35%) 12.09
TTF-QNX-2–Ti5O10 3.06 405 1.15 H / L+3 (34%) 6.93
TTF-QNX-3–Ti5O10 3.00 411 0.85 H / L+3 (31%) 7.23
TTF-QNX-4–Ti5O10 2.95 420 0.84 H / L+3 (36%) 14.16
TTF-QNX-5–Ti5O10 3.01 412 0.26 H / L+18 (30%) 12.97
TTF-QNX-60–Ti5O10 2.60 476 0.47 H / L (77%) 10.48
TTF-QNX-70–Ti5O10 2.92 424 0.95 H / L+3 (44%) 10.99
TTF-QNX-80–Ti5O10 2.79 444 0.65 H / L (62%) 11.48
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value of 608 nm and 405 nm for TTF-DPP-2–Ti5O10 and TTF-
QNX-2–Ti5O10, respectively. Moreover, in the case of the TTF-
PTZ–Ti5O10 cluster and its derivatives, the presence of the –OH
group at the donor part causes a blue shiwith aminimum lmax

value of 494 nm for TTF-PTZ-5–Ti5O10. We present the plot of
the UV–visible spectra of TTF-PTZ–Ti5O10, TTF-DPP–Ti5O10,
TTF-QNX–Ti5O10 and their derivatives in Fig. 12.

From the perspective of the electronic transitions and the
contribution of the orbitals (Table 10), it is observed that the
TTF-PTZ–Ti5O10 cluster and its derivatives undergo transitions
from H / L with congurations ranging from 79–89%. Among
the TTF-DPP–Ti5O10 cluster and its derivatives, the transitions
from H / L with congurations ranging from 47–79% are
observed for all except TTF-DPP-2–Ti5O10, TTF-DPP-3–Ti5O10

and TTF-DPP-5–Ti5O10, where the predominant transitions are
H�1 / L in nature with congurations ranging from 46–48%.
Moreover, in the case of the TTF-QNX–Ti5O10 cluster and its
derivatives, the dominant transitions are H / L+3 in nature
with congurations ranging from 31–44%, except for TTF-QNX-
5–Ti5O10, TTF-QNX-60–Ti5O10 and TTF-QNX-80–Ti5O10. In TTF-
QNX-5–Ti5O10, the transition is from H / L+18 with 30%
conguration. On the other hand, in the case of TTF-QNX-60–
Ti5O10 and TTF-QNX-80–Ti5O10, the dominant transitions occur
from H / L with 77% and 62% of congurations respectively.
4.8 Exciton binding energy (EBE) calculations and electron
density difference (EDD) maps of the dye–TiO2 clusters

Exciton binding energy (EBE) is an important aspect for the
efficiency of solar cells. It is directly related to the charge
separation in excitonic solar cells.60 The working mechanism of
DSSCs is simply that sunlight is absorbed by the dye molecule to
produce an exciton, i.e., an electron–hole pair, which further
splits aer the exciton reaches the TiO2 semiconducting
surface. In this regard, the amount of energy required to pull
apart the electron and hole from an exciton is known as the
exciton binding energy (EBE).55,61 The lower the EBE value, the
easier the charge separation from the dye molecule to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Exciton binding energy (EBE) values of the dye–Ti5O10 clusters

Dye–Ti5O10 Eb (eV) Dye–Ti5O10 Eb (eV) Dye–Ti5O10 Eb (eV)

TTF-PTZ–Ti5O10 1.20 TTF-DPP–Ti5O10 1.36 TTF-QNX–Ti5O10 1.07
TTF-PTZ-1–Ti5O10 1.18 TTF-DPP-1–Ti5O10 1.31 TTF-QNX-1–Ti5O10 1.00
TTF-PTZ-2–Ti5O10 1.23 TTF-DPP-2–Ti5O10 1.43 TTF-QNX-2–Ti5O10 1.13
TTF-PTZ-3–Ti5O10 1.21 TTF-DPP-3–Ti5O10 1.33 TTF-QNX-3–Ti5O10 1.05
TTF-PTZ-4–Ti5O10 1.13 TTF-DPP-4–Ti5O10 1.23 TTF-QNX-4–Ti5O10 0.95
TTF-PTZ-5–Ti5O10 1.19 TTF-DPP-5–Ti5O10 1.37 TTF-QNX-5–Ti5O10 1.10
TTF-PTZ-60–Ti5O10 1.12 TTF-DPP-60–Ti5O10 1.25 TTF-QNX-60–Ti5O10 1.09
TTF-PTZ-70–Ti5O10 1.18 TTF-DPP-70–Ti5O10 1.27 TTF-QNX-70–Ti5O10 0.89
TTF-PTZ-80–Ti5O10 1.08 TTF-DPP-80–Ti5O10 1.28 TTF-QNX-80–Ti5O10 1.14
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semiconducting surface. The EBE can be considered to be the
difference between the electronic and optical band gap ener-
gies, i.e., Eb ¼ DH–L � E1, where E1 is the energy required for the
S0 / S1 transition.62,63 The corresponding EBE values of all of
the dye–Ti5O10 clusters are given in Table 11.

From Table 11, it is observed that all the dye–Ti5O10 clusters
exhibit low Eb values. However, the dye clusters TTF-PTZ-80–
Ti5O10, TTF-DPP-4–Ti5O10 and TTF-QNX-70–Ti5O10 exhibit rela-
tively lower Eb values than the rest, indicating the occurrence of
facile charge separation. Among the dye–Ti5O10 clusters, TTF-
QNX–Ti5O10 and its derivatives exhibit comparatively lower Eb
values than those of the other two groups of dye clusters. This
implies that the transfer of electrons from the dye to the Ti5O10

semiconducting surface will be easier in these dye clusters. On
the other hand, the dye cluster TTF-DPP-2–Ti5O10 exhibits the
maximum Eb value, which in turn leads to a comparatively
difficult charge separation.

To further study the intramolecular charge transfer (ICT)
that takes place during the S0 / S1 transition, we have per-
formed an efficient analysis of the electronic structures of the
dye–Ti5O10 clusters. The EDD maps of the unsubstituted parent
dye–Ti5O10 clusters are presented in Fig. 13 and those for the
rest of the dyes are provided in Fig. S8 (in the ESI†). In Fig. 13
and S8,† green and blue regions correspond to the increase and
decrease in electron density due to the excitation of electrons
during the S0 / S1 transition, respectively.

From Fig. 13, it is observed that the Ti5O10 cluster exhibits
the maximum electron density and the donor unit exhibits the
Fig. 13 Electron density difference (EDD) maps of the unsubstituted
parent dye–Ti5O10 clusters.

© 2021 The Author(s). Published by the Royal Society of Chemistry
minimum electron density. This in turn implies that the charge
transfer occurs from the dye to the TiO2 semiconducting surface
during the S0 / S1 transition.
5. Conclusion

We have performed a detailed theoretical study to gather
information regarding the optoelectronic properties of three
designed groups of dyes, viz., TTF-DPP, TTF-QNX and TTF-PTZ.
To study their structural and electronic properties, we have
calculated the dihedral angles, DH–L values, spectral data from
PDOS spectra and m values of the designed dyes. From the
observed DH–L values of the dyes, it can be revealed that the dyes
TTF-DPP-4 and TTF-DPP-60 possess the lowest DH–L values.
Moreover, the attachment of the –NH2 group at the donor unit
and the –NO2 and –CF3 groups at the acceptor units lower the
DH–L values of all of the designed dyes. In addition, the spectral
data obtained from the PDOS demonstrate that the attachment
of electron donating groups at the donor part increases the
contribution of the donor unit to the HOMO energy level. It is
also evident that the GSOPs of all the designed dyes lie below
the redox potential of the I�/I3

� electrolyte couple. However, the
ESOPs of the TTF-PTZ and TTF-QNX groups of dyes, along with
those of most of the dyes belonging to TTF-DPP group, lie above
the conduction band of the TiO2 semiconducting surface. From
the DGinj and DGreg values, it is evident that the dyes TTF-PTZ-4
and TTF-DPP-4, along with the TTF-QNX group of dyes, may act
as suitable candidates for the fabrication of DSSCs. Moreover,
the observed values of IP and EA suggest that the TTF-QNX
group of dyes are better candidates for the construction of
DSSCs. The obtained ltot values also conrm the better effi-
ciency of electron–hole separation in the TTF-DPP and TTF-QNX
groups of dyes. From the absorption properties of the designed
dyes, it is evident that the TTF-DPP group of dyes possess the
maximum lmax values and attachment of the –CH3 group at the
donor part further increases the electron density of TTF-DPP-1,
which leads to the maximum red-shi. Furthermore, the EDD
maps conrm that the S0 / S1 transition involves greater
charge transfer from the donor unit to the acceptor unit for all
of the designed dyes. Hence, we can conclude that our designed
dyes can serve as potential candidates for the fabrication of
DSSCs.

From the study of the structural and electronic properties of
the designed dye–Ti5O10 clusters, it can be inferred that the mg
RSC Adv., 2021, 11, 39246–39261 | 39259
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values are high for all of the dye–Ti5O10 clusters, with a decrease
in the DH–L values compared to those of the isolated dyes. This
conrms the enhancement of the charge transport properties of
the designed dyes upon binding the dye to the Ti5O10 semi-
conducting surface. Moreover, the absorption spectra of the
dye–Ti5O10 clusters conrm an increase in the maximum
absorption wavelength (lmax) values with a corresponding
decrease in the excitation energies (Eg), implying the occurrence
of red-shi compared to the isolated dyes. As a result, the
performance of the dyes is increased upon binding to the TiO2

surface. In short, we can conclude that most of the designed
dyes may act as potential candidates for the fabrication of
DSSCs.
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