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Abstract. This paper reports designing a series of new D-p-A topology-based metal-free organic dye
molecules using ullazine and perylene by DFT methods. This work emphasizes the combination of ullazine
analogs as donors and perylene dicarboxylic anhydride as an acceptor along with acetylene linker as p-bridge
for DSSC applications. The structural and optoelectronic properties of dyes before and after adsorption on to
TiO2 semiconductor have been investigated. The screening of the designed dyes is carried out based on the
energy gap (Eg), maximum absorption wavelength (kmax), light-harvesting efﬁciency (LHE), excited-state
lifetime (s), the free energy of electron injection (DGinj) and regeneration (DGreg). DFT results reveal that
the presence of ullazine analogs as a donor reduces the energy gap (Eg) and leads to red-shift in absorption
maximum. Further, two different binding modes of dye molecules with (TiO2)38 cluster have been investigated to unravel the binding associated changes in the electronic structure. The results show that the completely dissociated bidentate bridging (CBB2) mode is more favorable, which contains two carboxylic groups.
Findings emphasize the remarkable charge transfer characteristics which favors the fast electron injection
from excited dye to the conduction band of TiO2. For the ﬁrst time, this study provides comprehensive
structural and electronic information combined with the Dye-TiO2 interactions for the development of perylene based dyes for DSSC applications.
Keywords. N-doped Polyaromatic Hydrocarbons; perylene; dye-sensitized solar cells; metal-free organic
dyes; DFT.

1. Introduction
Since the discovery of nanocrystalline dye-sensitized
solar cell (DSSC) by Michael Grätzel and Brian
O’Regan in 1991,1 which is also called as Grätzel cell,
it has attracted the signiﬁcant attention of researchers
due to its low-cost light-harvesting capability when
compared to the conventional silicon-based photovoltaic devices. Typically, DSSCs are composed of
noble metal or metal-free dye molecules anchored to
anatase (101) surface of nanocrystalline TiO2. In this
type of device, the dye molecules/sensitizers that are

anchored to the semiconductor metal surface absorb
solar radiation, followed by the transfer of an electron
to the conduction band (CB) of the semiconductor
from the dye molecule generates electric current. The
redox electrolyte (usually I-/I3- couple) facilitates the
regeneration of the oxidized dye molecules through
reduction at the counter electrode.2,3
Molecular engineering of the dye molecules is
considered as one of the straightforward approaches to
enhance the efﬁciency of DSSC. Both metal-based dye
molecules and metal-free organic dye molecules are
routinely employed in the fabrication of DSSC.
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However, current research direction is aimed at
developing metal-free organic dye molecules due to
their advantages such as high molar absorption coefﬁcient, relatively low cost, ﬂexibility, ease of preparation, eco-friendly nature and unlimited resources. So
far, metal-free organic dye molecules have achieved
13% efﬁciency using porphyrin, which is the highest
for the metal-free organic dye molecules.4 The dye
molecules must satisfy several requirements in order
to be efﬁcient for DSSC applications. They are: (i) The
dye molecules should have the propensity to ensure
efﬁcient electron injection which implies that the
LUMO values of the dye molecules should lie above
the CB of TiO2 (- 4.0 eV),5,6 (ii) The ground state
oxidation potential of the dye molecule should be
lower than that of redox couple to facilitate the fast
regeneration of the oxidized dye molecules which
enforces that HOMO values of the dye molecules
should be more negative than the iodide/triiodide
redox electrolyte (- 4.9 eV),7 (iii) The acceptor group
should be strongly adsorbed on semiconductor to
provide stable charge transfer as well as fast electron
injection, (iv) The charge recombination should be less
from the semiconductor to the dye molecule and redox
electrolyte, and (v) The dye should exhibit intense and
broad absorption of solar radiation covering up to
near-infrared (NIR) region.8 Even though the donor,
linker and acceptor groups form a variety of conﬁgurations like D-A, D-p-A, D-D-p-A and D-A-p-A for
solar cell applications, we have chosen D-p-A structural topology-based metal-free organic dye molecules
for this study as it has relatively high power conversion efﬁciency (PCE) as well as it is favourable for
efﬁcient charge transfer of excited electrons to CB of
the semiconductor and regeneration of oxidised dye
molecules by the electrolyte couple.9–12
The current investigation aims to design efﬁcient
sensitizers based on perylene moiety. Perylene derivatives, especially perylene bisimides have been widely
used as functional dye molecules and in various optical
devices due to its excellent photophysical properties
such as high absorption coefﬁcient, charge transfer
properties, chemical, thermal, photochemical stability
and multiple substitution sites and so on. Despite its
chemical and structural robustness, the application of
perylene as a sensitizer in DSSC are scarce when
compared to many other organic dye molecules like
porphyrin, coumarin, triphenylamine and so on. Gregg
and co-workers reported the ﬁrst application of perylene
as a sensitizer with carboxylic acceptor for sensitizing
the nanocrystalline tin oxide (g of 0.89%) which
prompted researchers to explore the application of
perylene as the potential chromophore in DSSC.13 The
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extremely low efﬁciencies (g) [ 1% of the initially
developed perylene sensitizers are coupled with problems such as poor solubility and aggregation which
limited their applications. A series of perylene dye
molecules for sensitizing TiO2 was later developed with
improved solubility, and efﬁciency (close to 1.92%).14
The low efﬁciency of the DSSC was linked to the
aggregation of the dye molecules. The performance of
DSSCs based on perylenemonoimide (PMI) photosensitizers and TiO2 semiconductor has been increased to
1.61% by varying the alkyl chain on the imide group
which prevented the dye molecule aggregation and
enhanced the injection of photoelectron from the dye
molecule to titania.15 Various triphenylamine (TPA)
functionalized perylene monoanhydride dye molecules
with TPA groups at the bay, and peri positions have also
been developed.16,17 A detailed theoretical study by Cao
and co-workers has shown that the perylene group with
appropriate substituents can be modiﬁed as a better
donor and sensitizers based on substituted perylene
could result in promising panchromatic dye molecules
for DSSC.18
Push-pull sensitizers with efﬁciency up to 6.10%
have been synthesized based on triphenylamine
(TPA), and N-annulated perylene (NP) as donor unit
have also been synthesized with spacers group such as
cyclopentadithiophene bridging the donor and the
acceptor cyanoacrylic acid.19 Similarly, the DSSCs
fabricated with organic dye molecules with/without
alkoxy group on the TPA subunit which acts as an
additional donor to NP and thiophene spacers separating the acceptor cyanoacrylic acid. These dye
molecules have displayed remarkable overall conversion efﬁciency in the range of 4.90 to 8.28%.20 The
direct insertion of the TPA unit to NP core induces a
large twist angle between the two subunits. In order to
overcome this, dye molecules with a triple bond
inserted between the two units were synthesized.
However, such a re-engineering was found to have a
negative impact on the PCE due to a decrease in the
absorption of dye molecules on the semiconductor and
associated interfacial charge recombination.21 DSSCs
have also been fabricated with perylene anhydride
fused porphyrin dye molecules, which have exhibited
wide spectral coverage in the NIR region. However,
the device efﬁciency was found to be \ 2%. Further
structural modiﬁcations such as (i) inclusion of NP
core, (ii) rigidiﬁcation of the core by fusing NP and
porphyrin core and (iii) improvement in the conjugation between the NP and porphyrin core by the introduction of ethylene bridges lead to cells with PCE of
10.5%.22 The NP has been employed in designing
efﬁcient sensitizers. Wang and coworkers have
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demonstrated that NPs combined with triphenylamine
(donor) and the cyanoacrylic acid (acceptor) exhibited
PCE of 8.8%.23 They have also looked at the effect of
variation in the acceptor group by designing NP dye
molecules with a benzothiadiazole-benzoic acid
(BTBA) and pyridothiadiazole-benzoic acid (PTBA)
segments as the electron-acceptors.21,24 More recently,
the NP core has been functionalized with phenyl
subunits (donor) and benzothiadiazole-benzoic acid
(acceptor) to obtain chromophores with efﬁciency up
to 10.4% without employing any coadsorbate.25 This
chromophore was further modiﬁed by rigidifying the
donor unit by using the N-annulated indeno[2,1-b]perylene unit. This re-engineering enabled a sensitizer
with a very high PCE of 12.5%. To the best of our
knowledge, this is the highest reported value for this
family of perylene dye molecules. Clearly, it is possible to note from reports mentioned above that perylene core has structural and electronic feasibility to
develop new dye molecules with employable efﬁciency for DSSC applications and there is also scope
for further improvement in the already existing perylene based dyes. Overall, previous reports reveal that
the tuning the donor group can signiﬁcantly inﬂuence
its electronic and spectroscopic properties, which in
turn inﬂuence the efﬁciency of the solar cell. In this
context, we have systematically searched for the
electron-rich new donor molecules. It is interesting to
note from previous reports that ullazine is another
versatile donor molecule, which can be combined with
perylene. Recently, the synthetic feasibility of the
ullazine group has also been reported.26
Therefore, in the present study, we have designed
perylene based sensitizers with electron-rich ullazine
donor analogues. It is evident from the results that
computationally designed novel dye molecules would
deﬁnitely open new avenues for the development of
alternative dyes for the DSSC applications.
2. Computational details
All the quantum chemical calculations were carried out
with Gaussian 09 (Revision C.01) suite of programs27
and DMol3 programme implemented in Material Studio
package.28,29 All the dye molecules were fully optimized in the gas phase by the density functional theory
(DFT) method with hybrid Becke’s three-parameter,
and Lee-Yang-Parr’s gradient corrected correlation
functional (B3LYP)30,31 in conjunction with Pople’s
split valence basis set with polarization function [631G(d)].32 The B3LYP functional is weighted at 20%
exchange and 80% correlation. All these calculations
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were carried out without any symmetry constraints. The
respective minima were also characterized based on
zero imaginary frequency criterion on the potential
energy surface by performing harmonic frequency
analysis at the same level of theory.
Further, the optimized geometries were used to
calculate the electronic transition energy (kmax) and
oscillator strength (f) for the ten lowest spin allowed
singlet transitions using the time-dependent density
functional theory (TD-DFT) method. For TD-DFT
calculations, Truhlar’s global hybrid Minnesota functional (M06) was used along with 6-311G(d,p)33 in
dichloromethane (DCM, e = 8.93) solvent by adopting
polarizable continuum model (PCM) to include the
solvation effects.34 The benchmark calculation details
are elaborated in Section 3.1 for the selection of M06
functional. The molecular orbital contributions (MOC)
in the electronic transitions were simulated using
QMForge package.35 The UV-Vis spectra were simulated using the SWizard program (Revision 5.0)
using the Gaussian model.36 The half-bandwidths (D)
were considered equal to 3000 cm-1. Moreover, the
optimized dye molecules were used to calculate the
oxidation potential of the ground state at PCM-M06/
UM06/6-311G(d,p) level of theory through singlepoint calculations of neutral and cationic dyes.
To understand the structural and electronic information on the interaction between the dye molecules and
TiO2 cluster, the dye molecules were adsorbed over
(TiO2)38 cluster, which was obtained from anatase slab,
exposing the majority (101) surface.37 The geometries
of the (TiO2)38 and dye@(TiO2)38 systems were optimized using the DMol3 program.28,29 The ground state
geometries of (TiO2)38 cluster and the dye molecules
adsorbed on (TiO2)38 systems were optimized by the
generalized gradient-corrected approximation (GGA)
method. The Perdew-Burke-Ernzerhof (PBE) functional was used to account for the exchange-correlation
effects with the double numerical basis set with polarization functions (DNP).38 Single point calculations
were performed using M06 functional along with split
valence 6-311G(d,p) basis set for H, C, N, O and S atoms
and Los Alamos effective core potential basis set
(LanL2DZ) for Ti atom.39 The density of states was
calculated using the GaussSum program (version 3.0).40
3. Results and Discussion
3.1 Validation of DFT functionals
It is well known that the results of the TD-DFT calculations depend on the type of exchange-correlation
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(XC) functionals used to describe the excited
states.41,42 It is for the same reason that benchmark
calculations were carried out on a variety of test dye
molecules with an array of XC functionals including
the conventional, hybrid, generalized gradient
approximation (GGA), meta-GGA, range-separated
hybrids (RSHs) and more recent double-hybrid functionals. For example, the benchmark calculations
performed by Pastore et al.,43 on a set of ﬁve dye
molecules (triphenylamine-like and cyanoacrylic units
as donor and acceptor moieties, respectively) at TDB3LYP, TD-MPW1K, TD-CAM-B3LYP, coupledcluster (CC) and multireference perturbation theory
(MRPT) methods predicted the hybrid MPW1K and
the long-range corrected (LC) CAM-B3LYP functionals as suitable for that class of dye molecules. The
work of Jacquemin et al.,44 on a large data set of over
100 chromophores concluded that PBE0 and CAMB3LYP methods would provide a better estimate of
the experimental transition energy. Similarly, Sinicropi and coworkers45 have explored the emission
spectra of 11 organic dye molecules which were used
as sensitizers in DSSCs using six different functionals
(CAM-B3LYP, MPW1K, xB97X-D, LC-BLYP, LCxPBE and M06-HF) in combination with cc-pVDZ,
6-31?G(d,p) and 6-311?G(2d,p) basis sets. They
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found that xB97X-D and CAM-B3LYP functionals
outperform the other considered functionals and predict precise emission energies. The TD-DFT calculations carried by Le Guennic et al.,46 on aza-borondipyrromethene (Aza-BODIPY) derivatives with PBE,
TPSS, TPSSh, O3LYP, B3LYP, PBE0, BMK, M052X, LC-PBE, LC-xPBE, CAM-B3LYP, xB97,
xB97X and xB97X-D functionals showed that BMK
functional was suitable for the calculation of absorption energies of dye molecules. The exciting fact from
the previous reports is that the nature of the dye
molecules plays an important role in the selection of
the DFT functionals. Hence, we carried out calculations to ascertain an appropriate functional to model
the vertical absorption spectra for the perylene based
organic dye molecules. The absorption spectra of ﬁve
different perylene based sensitizers (Figure 1) were
simulated using the TD-DFT protocol.47,48 The solvent
effects were incorporated using the polarizable continuum model (PCM).32
To choose a suitable functional for the designed dye
molecules, various DFT functionals were considered
with variable percentage of Hartree-Fock (HF)
exchange, including BLYP (0%), TPSSh (10%),
B3LYP (20%), PBE0 (25%), M06 (27%), BH&HLYP
(50%), M06-2X (54%) and CAM-B3LYP (65% for long

Figure 1. The ﬁve perylene based sensitizers considered for benchmarking calculation to select suitable DFT functional.
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range). The vertical excitation energy (EV) was computed as a key parameter for the benchmarking the DFT
methods. The EV was obtained by taking single point
energy calculations on the B3LYP/6-31G(d) optimized
geometries. From the results, a common trend was
observed for the functionals with less than 30% of the
HF exchange energy (BLYP, TPSSh, B3LYP, PBE0
and M06) tend to underestimate the EV. An overestimated excitation energy values were predicted by those
functionals which have greater than and equal to 50% of
the HF exchange energy (BH&HLYP, M06-2X and
CAM-B3LYP). The M06 and PBE0 functionals provided the best estimate of the excitation energy when
compared to the six other functionals considered. We
further extended the basis set to a triple zeta quality [6311G(d,p) and 6-311?G(d,p)] and again observed
insigniﬁcant improvement in the quality of the obtained
results. The variations in the EV with various basis sets
and DFT functionals are shown in Figure S1 (Supplementary Information). For perylene derivatives, the
M06 and PBE0 functionals provide excitation energy
closer to that of the experimental value. Both
6-31G(d) and 6-311G(d,p) basis sets yield results of
similar quality. Moreover, the addition of diffuse
functions has a limited inﬂuence on the results. Hence,
we proceeded further with the M06 functional using the
6-31G(d) and 6-311G(d,p) basis sets for further investigations of the designed perylene dye molecules.
Additionally, Mean Absolute Error (MAE) was used
to conﬁrm the performance of the DFT functionals
concerning experimental values. According to Eq. 1,
MAE is calculated as,
MAE ¼

1X
jEV ðExp:Þ  EV ðCal:Þj
n

ð1Þ
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The MAEs of the DFT functionals for the benchmarked dye molecules have been listed in Table S1
(Supplementary Information) and Figure 2. From
Table S1 (Supplementary Information) it is clear that,
M06 and PBE0 functionals exhibit lower MAE values
indicating promising functionals to use. The next in the
sequence are B3LYP and M06-2X functionals Followed
by CAM-B3LYP, BH&HLYP, TPSSh and BLYP
functionals. The BLYP functional exhibits the least
accurate performance. Hence, it is concluded from the
results that the M06 and PBE0 functionals predicted
values, which are closer to the experimental values.
We have also carried out the validation of the
functionals for predicting the oxidation potentials,
which is yet another important parameter. The redox
potentials of dye molecules were calculated using the
Born-Haber cycle. The calculations were restricted to
B3LYP, PBE0 and M06 functionals with the
6-31G(d) and 6-311G(d,p) basis sets. Table S2 (Supplementary Information) clearly indicates that the M06
functional in conjugation with the 6-311G(d,p) predicted the oxidation potential close to the experimental
values. Thus, further calculations of the designed dye
molecules were performed at the M06/6-311G(d,p)
level of theory.
3.2 N-doped polyaromatic hydrocarbons
as donors
The nitrogen-containing polyaromatic hydrocarbons
(N-PAH) are considered as strong p-conjugated
donors as they embrace the following properties. (a) A
stable intramolecular charge transfer (ICT) due to the
planar nature structure. (b) The push-pull character in

Figure 2. The mean absolute error (eV) values of the benchmarked dye molecules.
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Figure 3. The molecular structures of the nitrogen-containing a heterocyclic system of ullazine analogues (donors).

the same molecule and serves as both electron donor
as well as an electron acceptor under different circumstances. (c) It contains multiple substitution sites
for molecular engineering. The nitrogen-containing
heterocyclic systems of ullazine analogues are shown
in Figure 3. This heteroatomic 16 p-electron ring
system consists of four peri-fused rings (generally
fused to at least two other rings) with at least one
nitrogen atom and a maximum of two nitrogen atoms
that is isoelectronic with pyrene. All the substituted
ullazine analogues are named as KP1 to KP10. So far,
two ullazine analogue based donors (KP1 and KP5)
were synthesized experimentally among the ten
donors.49 The nitrogen (N) atom present in the inner
side of the ring shows sp3 hybridization. However, N
in the outer circle exhibited sp2 hybridization and
involved in the delocalization. The resonance structures of the ullazine analogues are displayed in Figure S2 (Supplementary Information).
The frontier molecular orbital (FMO) analysis of the
donors reveals that the HOMO is mainly delocalized
around the periphery and the LUMO is delocalized on
the periphery for KP1, KP2, KP3 and KP5 donors and
resides on the whole molecule for KP3, KP6, KP7,
KP8, KP9 and KP10 donors. The calculated FMOs of
the ullazine analogues are depicted in Figure S3
(Supplementary Information). Based on the report, two
methyl groups (-CH3) are substituted at 2-, 8- and 2-,
7- positions of KP1, KP2, KP6 and KP7 donors and
KP3-KP5, KP8-KP10 donors, respectively to improve
the stability. Symmetric molecules like KP1, KP5,
KP6 and KP10 have three to four positions for
attachments, and the remaining molecules have a
maximum of six possible sites for substitution. Hence,

we ﬁrst proceeded to access the feasibility of ullazine
and other considered ullazine analogues as a donor by
evaluating various properties like ionization potential
[both vertical (IPV) and adiabatic (IPA)], and groundstate oxidation potential (GSOP). These parameters
are listed in Table S3 (Supplementary Information),
which reﬂect the ease with which the ullazine analogues can donate their electrons when compared to
DPA (diphenylamine). In principle, the HOMO values
(in the solvent phase) can reveal the electron-donating
capacity of the various peri-fused analogues. Except
for KP2-KP4 donors, other donors are more efﬁcient
in donating electrons than DPA, as their HOMO are
more destabilized. A similar trend is exhibited by the
ionization potential and the oxidation potential values.
The HOMO/GSOP of the sensitizers should lie below
that of the redox couple (-4.9 eV in the case of
I-/I3-). Since the donor ability of molecules dictates
its HOMO, one can use the HOMO of the donor to
analyze whether the resulting sensitizers have the
required driving force for dye regeneration. The calculated HOMO/oxidation potential clearly indicate
that the dye molecules possess sufﬁcient driving force
for the dye regeneration as the GSOP of the donor
ranges from 4.85 to 5.48 eV. However, the KP6 donor
has a GSOP value very close to that of the redox
potential of I-/I3-. Hence, it is too early to ignore
them as other groups of sensitizer may further stabilize
the HOMO of KP6 donor.
3.3 Molecular geometry
The dihedral angle (U) between the donor (diphenylamine) and acceptor/anchoring (perylene mono
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Scheme 1. The dye molecules considered for the study.

Table 1. The calculated dihedral values (in °) of the selected dye molecules.
U1

Dye
5
KP1-4
KP2-4
KP3-6
KP4-6
KP5-4
KP6-1
KP7-6
KP8-3
KP9-4
KP10-4

C68-N57-C25-C20
C3-C2-C30-C31
C3-C2-C29-C30
C1-C6-C29-C30
C5-C14-C29-C30
N18-C1-C29-C30
C8-C7-C30-C31
C1-C2-C29-C30
C3-C11-C28-C29
C18-C1-C29-C30
N19-C20-C29-C30

U2

59.178
- 55.378
- 37.364
38.616
- 7.962
6.461
- 4.347
19.995
2.588
9.184
2.959

anhydride) groups is 59.18° for dye 5 (Scheme 1)
indicating the non-planarity. Therefore, the p-conjugation and electron transfer between the donor and
acceptor groups is minimum, decreasing the degree of
electronic delocalization between them. The planar
structure would enhance the aromatic nature of the dye
molecules, increasing the degree of electronic delocalization between donor, linker and acceptor moieties
in the dye molecules and facilitating the electron
transfer. In order to make the molecule coplanar,
acetylene linker was introduced between donor and
acceptor group. After the insertion of the linker group,
dihedral angles are less for all the dye molecules
between the donor-linker (U1) and linker-acceptor
(U2) groups, and the values are listed in Table S4
(Supplementary Information) and for few selected dye
molecules are tabulated as Table 1.
We have chosen a well-known and experimentally
synthesized D-A topology-based perylene dye (dye 5
as reported by Chen li et al.47) with DPA as a donor
and perylene anhydride as an acceptor group. The dye
5 has the highest reported efﬁciency of 6.8% among
the dye molecules, which contains perylene anhydride

–
C33-C32-C31-C30
C32-C31-C30-C29
C32-C31-C30-C29
C32-C31-C30-C29
C33-C31-C30-C29
C33-C32-C31-C30
C32-C31-C30-C29
C31-C30-C29-C28
C32-C31-C30-C29
C33-C31-C30-C29

–
-

1.197
4.627
1.344
6.662
1.045
21.445
1.202
5.246
7.314
0.982

as an acceptor group. Our objective is to chemically
tune/re-engineer the dye 5 by replacing the diphenylamine donor with ullazine analogues as shown in
Figure 3. As ullazine donor analogues have different
plausible positions, at last only one dye molecule has
been screened from each set of molecules based on the
parameters such as light-harvesting efﬁciency, maximum absorption wavelength, molar absorbance coefﬁcient, energy gap, excited state lifetime, free energy
of electron injection and electron regeneration. The
screened dye molecules are KP1-4, KP2-4, KP3-6,
KP4-6, KP5-4, KP6-1, KP7-6, KP8-3, KP9-4 and
KP10-4. The optimized ground state geometries of all
the dye molecules at B3LYP/6-31G(d) level of theory
are shown in Figure S4 (Supplementary Information).
3.4 Energy level diagram
The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy
levels were calculated to unravel the driving force for
the electron regeneration and electron injection of the
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Figure 4. The molecular orbital energy level diagram of the dye molecules, the CB of TiO2, the I-/I3 redox potential
calculated at PCM-M06/6-311G(d,p) level of theory. [Red bars and black bars indicates the HOMO and LUMO,
respectively].

dye molecules, respectively. The calculated molecular
orbital energy level diagrams of the dye molecules
KP1-4, KP2-4, KP3-6, KP4-6, KP5-4, KP6-1, KP7-6,
KP8-3, KP9-4, KP10-4 and dye 5 at PCM-M06/6311G(d,p) level of theory using the B3LYP optimized
geometries are depicted in Figure 4. The energy levels
of HOMO and LUMO should match with the redox
potential of the electrolyte and the CB of TiO2,
respectively. It can be observed from Figure 4 that the
HOMO energy levels of all dye molecules are sufﬁciently lower than the redox potential of the I-/I3electrolyte (-4.9 eV). It reveals that the reduction of
dye molecules occurs efﬁciently by the oxidation of
electrolyte. The LUMO energy levels of the dye
molecules are higher than the CB of TiO2 (-4.0 eV),
which ensures the efﬁcient electron injection from the
excited state of the dye molecules to the TiO2 semiconductor. In general, the energy gap between the
LUMO of the dye molecules and the CB of the TiO2
must be more than 0.2 eV for efﬁcient electron
injection.50 In the present study, the energy gap
between them is more than 0.2 eV. Thus, the dye
molecules in the excited states have a strong ability to
inject electrons into the CB of TiO2.
All HOMO-LUMO energy gap (Eg = ELUMO- EHOMO) values of the investigated dye molecules
are in the range of 2.09 to 2.41 eV, which are lower
than dye 5 (2.54 eV). The Eg values of the dye
molecules increase in the order KP10-4 \ KP61 \ KP7-6 \ KP1-4 \ KP8-3 \ KP9-4 \ KP54 \ KP2-4 \ KP4-6 \ KP3-6. The EHOMO, ELUMO
and Eg of all the investigated dye molecules in the
solvent medium are listed in Table S5 (Supplementary

Information) and Table 2 represents the energy level
values for few selected dye molecules. In general,
EHOMO and ELUMO of the dye molecules are affected
by the electron-donating and withdrawing strengths of
donor and acceptor groups, respectively. For all the
investigated dye molecules, change in the ELUMO
values lies within *0.09 eV. It indicates that the
acceptor group does not inﬂuence the ELUMO values.
In contrast, the change in the EHOMO values of donor
groups varies from -5.28 to -5.62 eV. Speciﬁcally,
the HOMO energy level of all the dye molecules is
destabilized, indicating the signiﬁcant inﬂuence of the
donor groups (ullazine analogues) on the EHOMO values. Hence, the change in the Eg of the dye molecules
can be attributed only to the change in EHOMO. Based
on the above discussion, we further tuned the donor
part as it contributes solely to the change in Eg.
Table 2. The calculated EHOMO, ELUMO and energy gap
(Eg in eV) of the dye molecules.
Sl. No.
1
2
3
4
5
6
7
8
9
10
11

Dye
5
KP1-4
KP2-4
KP3-6
KP4-6
KP5-4
KP6-1
KP7-6
KP8-3
KP9-4
KP10-4

EHOMO

ELUMO

-

-

5.65
5.39
5.61
5.62
5.62
5.52
5.28
5.40
5.46
5.49
5.35

3.11
3.22
3.25
3.21
3.23
3.24
3.16
3.26
3.22
3.24
3.25

Eg
2.54
2.17
2.36
2.41
2.39
2.28
2.12
2.14
2.24
2.25
2.09
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Moreover, the possibility of a redshift in the absorption is expected with the lowering of the bandgap.
3.5 Frontier molecular orbital analysis
The calculated frontier molecular orbitals (FMOs) and
the energy gap of the investigated dye molecules are
depicted in Figures S5 and S6 (Supplementary Information). To form an efﬁcient charge-separated state,
the HOMO and LUMO should be localized over the
donor and acceptor moieties, respectively.
From the Figure S5 (Supplementary Information), it
is clear that electron densities of HOMO levels are
predominantly localized over donor moiety (ullazine
analogues) and also on linker part (acetylene), whereas
in the case of LUMO, the electron densities are centered partly on the linker (acetylene) and more on
acceptor (perylene anhydride) parts for all the dye
molecules. It indicates that all the dye molecules
exhibit better charge-separated states when compared
to the reference dye (dye 5). In contrast, the HOMO of
dye 5 is delocalized over diphenylamine as well as
slightly on the perylene anhydride part. Hence, efﬁcient charge separation is not observed for dye 5. It is
observed from TD-DFT calculations that, the main
contribution of the absorption peak occurs from

20

HOMO to LUMO transition for all the investigated
dye molecules, which indicates their strong overlap.
The results are comparable with most of the D-p-A
organic sensitizers, where electron excitation from
HOMO to LUMO plays a signiﬁcant role. This spatial
orientation not only facilitates the ultrafast interfacial
electron injection from the excited state of the dye
molecule to the CB of TiO2 but also reduces the
recombination of injected electrons in TiO2 with the
oxidized dye molecules as well as electrolyte redox
couple.
We have calculated the molecular orbital contribution of electron density for each atom and added these
weights for the donor, linker and acceptor groups to
analyze the trend of electron transfer. We considered
that the donor unit contains ullazine groups, acetylene
as a linker and the perylene anhydride as an acceptor
unit. All the molecular orbital contribution values of
few dye molecules are reported in Table 3 (for complete dye molecules, MOC are given in Table S6
(Supplementary Information). All the HOMO values
of donors are higher than the HOMO of the acceptor.
Hence, the electron transfer occurs from donor to
acceptor group through a linker. The above analysis
reveals an excellent push-pull tendency upon excitation, which is a requirement for DSSC applications.

Table 3. The molecular orbital contribution (%) of the donor, linker and acceptor groups of
the dye molecules calculated at PCM-M06/6-311G(d,p) level of theory.
MO Contribution (%)
Sl. No.

Dye

1

5

2

KP1-4

3

KP2-4

4

KP3-6

5

KP4-6

6

KP5-4

7

KP6-1

8

KP7-6

9

KP8-3

10

KP9-4

11

KP10-4

MO Transition

Donor

Linker

Acceptor

HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO
HOMO
LUMO

48.54
4.30
72.85
4.08
62.25
4.31
54.22
3.91
58.07
4.75
69.33
4.47
73.52
4.03
75.67
5.54
65.85
3.97
67.92
4.86
76.19
6.11

–
–
7.21
3.11
7.74
3.23
8.80
3.01
8.67
3.76
7.09
3.61
7.39
3.00
6.48
3.32
8.42
3.07
7.69
3.20
6.56
3.67

51.46
95.70
19.94
92.81
30.01
92.46
36.98
93.08
33.26
91.50
23.58
91.92
19.09
92.98
17.85
91.15
25.73
92.96
24.39
91.93
17.25
90.23
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Table 4 The calculated maximum absorption wavelength
(kmax/nm), vertical excitation energy (EV/eV), molar
absorbance coefﬁcient (e/M-1 cm-1), light-harvesting efﬁciency (LHE) of the dye molecules and the corresponding
Sl. No.
1
2
3
4
5
6
7
8
9
10
11
a

main electronic transitions with its composition (%) of the
dye molecules at PCM-TD-M06/6-311G(d,p) // B3LYP/631G(d).

Dye

State

kmax

E

e

LHE

MO Transitions (%)a

5
KP1-4
KP2-4
KP3-6
KP4-6
KP5-4
KP6-1
KP7-6
KP8-3
KP9-4
KP10-4

S0-S1
S0-S1
S0-S1
S0-S1
S0-S1
S0-S1
S0-S1
S0-S1
S0-S1
S0-S1
S0-S1

635.80
718.60
660.21
650.45
655.15
684.03
735.28
730.88
701.05
698.41
753.39

1.95
1.73
1.88
1.91
1.89
1.81
1.69
1.70
1.77
1.78
1.65

39505.50
66583.22
74967.09
79760.15
72992.73
73149.98
65899.19
66956.72
66716.10
73045.70
68030.84

0.72
0.88
0.91
0.92
0.90
0.90
0.88
0.88
0.88
0.90
0.88

H-0
H-0
H-0
H-0
H-0
H-0
H-0
H-0
H-0
H-0
H-0

?
?
?
?
?
?
?
?
?
?
?

L
L
L
L
L
L
L
L
L
L
L

?
?
?
?
?
?
?
?
?
?
?

0
0
0
0
0
0
0
0
0
0
0

(?99)
(?97)
(?96)
(?97)
(?97)
(?97)
(?97)
(?96)
(?97)
(?96)
(?96)

H represents HOMO; L represents LUMO.

3.6 Electronic absorption spectra
The calculated maximum absorption wavelength
(kmax), vertical excitation energy (EV), molar absorbance coefﬁcient (e), light-harvesting efﬁciency
(LHE) of dye molecules and their corresponding
electronic transitions with the composition in the solvent medium are summarized in Table 4 (refer
Table S7 of Supplementary Information for all the
designed dye molecules). The corresponding simulated UV-Vis absorption spectra are given in Figure 5.
It is well known that electronic transitions predominantly occur in this system are intramolecular
charge transfer (ICT) and p-p* transitions. The peaks
at the longer wavelength region (lower energy) corresponding to ICT whereas, p-p* transitions appear in
the shorter wavelength region (higher energy).

Chemical changes in the donor group can alter the
absorption spectra of the dye molecules, which can be
seen from Figure 5. The ﬁndings divulge that the
strongest absorption peaks are associated with
HOMO-LUMO transitions and most of the peaks are
found in the visible and NIR region. The investigated
dye molecules display the absorption similar to the
solar radiation spectrum, and all are showing considerably red shift in absorption maximum when compared to dye 5. Moreover, the oscillator strength and
LHE of all the dye molecules are higher than the dye
5.
The reference dye (dye 5) has kmax value at
635.8 nm, which occurs in the visible region of the
solar spectrum and the band corresponds to the
HOMO-LUMO electronic transition. The theoretical
kmax values reported in Table 4 correspond to the ﬁrst

Figure 5. The simulated absorption spectra for the dye molecules at PCM-TD-M06/6-311G(d,p) level of theory. The
black dotted line is the reference dye molecule, and the other coloured lines are investigated dye molecules.
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singlet-excited state from the ground state (S0-S1), and
the kmax values are higher than that of dye 5. The
highest kmax value is for KP10-4 (753.4 nm), and the
lowest value is for KP3-6 (650.5 nm) dye molecule.
The order of the redshift corresponding to maximum
absorption wavelength for the investigated dye molecules with respect to dye 5 (635.8 nm) is KP36 \ KP4-6 \ KP2-4 \ KP5-4 \ KP9-4 \ KP83 \ KP1-4 \ KP7-6 \ KP6-1 \ KP10-4. The minimum deviation in the absorption from the maxima of
dye 5 is 14.7 nm red-shifted in the case of KP3-6,
while the maximum deviation is 117.6 nm red-shifted
(KP10-4). Overall, the HOMO to LUMO transitions
are found to be dominant, and that is responsible for
the ICT from donor to acceptor through a linker.
The molar absorbance coefﬁcient (e) is also an
important parameter in the investigation, and the calculated values are given in Table 4. It is clear from the
results that the e value for the dye 5 is
39505.5 M-1 cm-1 that is lower than the designed dye
molecules. Moreover, the observed peaks in the
spectrum are broad, which is an indication of good
light absorption capability of the dye molecules. The
maximum molar absorbance coefﬁcient is observed
for KP3-6 (79760.2 M-1 cm-1), and the lowest is for
KP6-1 (65899.2 M-1 cm-1) dye molecule. The
decreasing order for the molar absorbance coefﬁcient
with respect to dye 5: KP3-6 [ KP2-4 [ KP5-
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4 [ KP9-4 [ KP4-6 [ KP10-4 [ KP7-6 [ KP83 [ KP1-4 [ KP6-1. It is evident from the results that
the kmax values of designed dye molecules are red
shifted and exhibit higher molar absorbance coefﬁcient when compared to dye 5.
3.7 Light harvesting efﬁciency (LHE)
It is well known that LHE is one of the vital parameters, which tunes the efﬁciency of the solar cells. It
can be evaluated from the oscillator strength (f) of the
sensitizers associated with the maximum absorption
wavelength (kmax).6
LHE ¼ 1  10f
The complete variation of LHE of all the dye
molecules with respect to the reference dye 5 is
depicted in Figure S7 (Supplementary Information)
and the same for few selected dyes are shown in
Figure 6. As LHE directly inﬂuences the short circuit
current (JSC), large LHE value is necessary to get a
higher photo to current conversion efﬁciency. It is
observed from Figure 6 and Figure S7 (Supplementary
Information) that the LHE of the designed dye molecules is better than dye 5. Since LHE and oscillator
strength are proportional to each other, the LHE follows the trend, which is similar to that of oscillator
strength (f). The order of LHE values with respect to

Figure 6. (a) LHE, (b) DGinj, (c) DGreg, (d) excited state life time values calculated at M06/6-311G(d,p) level of theory.
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the dye 5 (0.72): KP3-6 [ KP2-4 [ KP4-6 % KP54 % KP9-4 [ KP1-4 % KP6-1 % KP7-6 % KP83 % KP10-4. The absorption spectra of all the dye
molecules are higher than the oscillator strength of dye
5 and hence associated LHE of dye molecules. The
high oscillator strength of newly designed sensitizers
can be attributed to the charge separation between
HOMO-LUMO levels and enhancement in p-conjugation, which arises due to doping of nitrogen.
Amongst, KP3-6 has high LHE value due to the charge
separation between HOMO-LUMO levels resulting in
the large dipole moment and f value. Moreover, the
molecules with more N-doped site leads to high LHE
values when compared to the molecules with single
N-doping site. The N-doping creates more polarization
to the molecule resulting large dipole moment thereby
enhancing LHE values. It is clear from observations
that KP3-6, KP8-8, KP9-1, KP9-8 show larger LHE
values when compared to other molecules.

Where, Eox is the redox potential of the dye molecule
in the ground state, and kmax is the vertical excitation
energy. Here Born-Haber cycle was used to calculate
the redox potential of ground state dye molecules and
the same is given in Figure S8 (Supplementary
Information). The corresponding calculated results of
the selected dye molecules are listed in Table 5 (refer
Table S8, Supplementary Information for all the dye
molecules). It can be found from the values that DGinj
are negative implying electron injection is a thermodynamically favourable process in the newly designed
dyes. Pastore et al., have shown that for efﬁcient
electron injection the oxidation potential in the excited
state should be at least *0.2 eV higher (more negative) than that of CB of TiO2 semiconductor.52 In this
study, the excited state oxidation potential of the dye
molecules are in good alignment with the same.
3.9 Driving force for electron regeneration
(DGreg)

3.8 Free energy change for electron injection
(DGinj)
Preat et al., have suggested the following equation to
calculate DGinj.51

The driving force for the electron regeneration (DGreg)
can be calculated as the difference between the ground
state oxidation potential of the dye molecule and the
redox potential of the iodide/triiodide electrolyte,

DGinj ¼ Eox  ECB

DGreg ¼ Eredox  Eox

E*ox

Where
is the oxidation potential of the excited
state, and ECB is the reduction potential of CB of the
semiconductor. The ECB value for the TiO2 system is
taken from the previous experimental value of 4.00 eV
(vs NHE, pH = 7).5 The E*ox can be calculated using
unrelaxed states because of vertical transition energy,
and E*ox can be calculated as,
Eox ¼ Eox  kmax
Table 5 The calculated ground (Eox) and excited state
(E*ox) oxidation potentials (eV), free energy change for
electron regeneration (DGreg in eV), driving force for
Sl. No.
1
2
3
4
5
6
7
8
9
10
11

Dye
5
KP1-4
KP2-4
KP3-6
KP4-6
KP5-4
KP6-1
KP7-6
KP8-3
KP9-4
KP10-4

Eox
-

5.36
5.18
5.41
5.41
5.39
5.32
5.08
5.19
5.24
5.27
5.12

E*ox
-

3.41
3.45
3.53
3.50
3.50
3.51
3.39
3.49
3.47
3.49
3.47

Where the Eredox is the redox potential of I-/I3couple electrolyte (-4.90 eV)7 and Eox is the ground
state oxidation potential of dye molecules. The
necessity to acquire an effective electron regeneration
is that the oxidation potential in the ground state
should be at least *0.2 eV lower (more positive) than
that of the redox potential of electrolyte.52 Low DGreg
value is compulsory for faster electron transfer from
electron injection (DGinj in eV), excited-state lifetime (s in
ns), open-circuit voltage (VOC in eV) and exciton binding
energy (EB in eV) for the dye molecules.
DGreg

DGinj

S

VOC

EB

0.46
0.28
0.51
0.51
0.49
0.42
0.18
0.29
0.34
0.37
0.22

0.59
0.55
0.47
0.50
0.50
0.49
0.61
0.51
0.53
0.51
0.53

0.11
8.43
6.32
5.76
6.39
6.95
8.97
8.67
8.00
7.25
9.06

0.89
0.78
0.75
0.79
0.77
0.76
0.84
0.74
0.78
0.76
0.75

0.59
0.45
0.49
0.50
0.50
0.47
0.44
0.45
0.47
0.47
0.45
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the redox electrolyte. The insufﬁcient DGreg values
lead to the rapid recombination of the photo-oxidized
dye molecules, which yield low open-circuit voltage
(VOC) and short circuit current (JSC) values. Whereas,
extreme DGreg values lead to high potential loss,
which also lowers the VOC values. All the calculated
results of DGreg for the investigated dye molecules are
listed in Table 5. The calculated values of DGreg for all
the dye molecules range from 0.18 to 0.51 eV. Except
for KP2-4, KP3-6 and KP4-6 dye molecules, all the
other dye molecules have lower DGreg values than that
of dye 5. For favourable electron regeneration, the
oxidation potential of the dye molecules should be
more positive than the redox electrolyte. From
Table 5, the calculated Eox values for all the designed
dye molecules lie below the redox potential, which
shows the availability of necessary driving force for
electron regeneration of the oxidized dye molecules.
3.10 Excited state lifetime (s)
The lifetime of dye molecules in the excited state is
also one of the important factors to determine the
efﬁciency of the charge transfer, which can be calculated using the following equation,
 
T ¼ 1:499= fE2
Where E is the excitation energy of the different
electronic states in cm-1 and f is the oscillator strength
of the electronic state.53 The results of all the investigated dye molecules are given in Table 5. The
excited state lifetime is maximum for KP10-4
(9.06 ns) which will be responsible for the ease of
charge transfer and minimum is for KP3-6 (5.76 ns)
dye molecule. It is clear from the results that the
excited state of a lifetime for all dye molecules are
signiﬁcantly higher than that of dye 5. Hence, an
increase in the excited state lifetime would suppress
the charge recombination and enhance the efﬁciency
of the solar cell.
3.11 Open-circuit photovoltage (VOC)
In addition to the short circuit current (JSC) value, VOC
value is also used to calculate the overall conversion
efﬁciency (g). The following equation is used to calculate the approximate open-circuit voltage (VOC) is,54
VOC ¼ ELUMO  ECB
The electron transfer mainly happens from the
excited state of the dye molecule (ELUMO) to the CB of

Page 13 of 22

20

TiO2 semiconductor (ECB). As we know, the higher
the ELUMO value, the larger the VOC value. In addition,
the experimental unit for VOC is in voltage, but for this
approximation, the unit will be in electron volt (eV). It
can be observed from Table 5 that the value of ELUMO
is higher than the ECB and in turn, VOC values are
high.
3.12 Exciton binding energy (EB)
The EB is considered as the energy difference between
the electronic and optical band gap energy and is
expressed as,55,56
EB ¼ Eelectronic  Eoptical
Where Eelectronic is calculated from the HOMO-LUMO
energy difference and Eoptical is from ﬁrst singlet
excitation energy. All the calculated EB values for the
investigated dye molecules are given in Table 5. It is
well known that if the EB value of dye molecule is
high, then the charge separation will be lower. In order
to achieve high solar to current conversion efﬁciency,
the dye molecules should possess low EB value. All
the dye molecules show less EB value than that of dye
5 (0.59 eV). The calculated trend in the EB values is
KP6-1 \ KP1-4 % KP7-6 % KP10-4 \ KP54 % KP8-3 % KP9-4 \ KP2-4 \ KP3-6 % KP4-6.
It can be seen from the results that the ullazine donors
are superior when compared to diphenylamine. Hence,
we can ensure that new dye molecules have more
conjugation than dye 5, which would lead to high
conversion efﬁciency in DSSC applications.
3.13 Interaction of dye molecules with TiO2
cluster
The interaction of organic dyes with the semiconductors like TiO2, ZnO or NiO has been investigated to
unravel the insights of the light-driven electron transfer process between chromophore and semiconductor
surface. Due to the computational limitations, limited
atom clusters are under consideration as a model for a
semiconductor system. In the present study, we have
considered (TiO2)38 cluster as model for TiO2 semiconductor. Prezhdo and his co-workers have reported
the photoinduced charge transfer phenomenon in various systems using adiabatic and nonadiabatic quantum dynamics simulations.57–59 The model cluster
used in their simulation exhibits the similar features of
the larger systems, which are studied experimentally.
Akimov and co-workers developed new SCF-NAMD
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methodology to account for electron-hole interactions
and electron-phonon back reaction in modelling
photo-induced nuclear dynamics.60 Ayan Datta et al.,
reported the porphyrin interaction with anatase surface
for DSSC applications. They have screened the porphyrin-anatase complexes based on the LUMO of dyeTiO2 complex should lie above the CB of TiO2, in
addition to the alignment of LUMO of free dye.61
3.13a Titania nanocluster (Ti38O76): In the present
study, Ti38O76 nanocluster was adopted to study the
interfacial interaction between the metal-free organic
dye molecules and the metal oxide semiconductor
surface.62,63 The cluster model was selected based on
the study of Grätzel et al., by appropriately ‘cutting’
the anatase slab exposing the majority (101) surface
which is thermodynamically stable.64 The same cluster
has reasonably reproduced the DOS of periodic TiO2
surfaces.65 Further, De Angelis et al., have shown that
the excitation energy of (TiO2)38 cluster is in good
agreement with experimental results of the TiO2
semiconductor.62
Single point calculations were performed at M06/6311G(d,p) level of theory using the optimized
geometries obtained from PBE functional combined
with DNP basis set. The calculated energy gap (Eg) for
the Ti38O76 cluster is 4.53 eV (HOMO = -8.38 eV,
LUMO = -3.85 eV), which is slightly larger than the
previously reported values (experimental band gap is
3.20 eV, and the theoretical band gap is 3.78 eV).62
The Ti38O76 cluster is appropriate for the calculations
due to the computational feasibility and structure of
the same is displayed in Figure 7.
The electronic frontier molecular orbitals of the
Ti38O76 cluster is shown in Figure 8. It can be seen
from FMOs that the HOMO consists of mostly 2p
atomic orbitals of an oxygen atom, whereas the
LUMO consists of 3d atomic orbitals of titanium atom.
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Figure 9 describes the nature of states present in
valence and conduction bands and showing the simulated density of states (DOS) for the bare TiO2 cluster
calculated at the M06 level of theory. The DOS of
Ti38O76 cluster consists of a broad valence and conduction bands, which are separated by a large bandgap. The total density of states (DOS) and the
projected density of states (PDOS) spectrum for oxygen and titanium atoms were plotted to know the
contribution from various atomic orbitals of constituent atoms. For valence band, the signiﬁcant contribution is from p atomic orbitals of oxygen and
minor contribution of p orbitals titanium. However, in
the case of the conduction band, the main contribution
is from the d and p orbitals of titanium atom and the
contribution from oxygen orbital is less.
3.13b Adsorption of dye molecules over the TiO2
surface: The electronic structure and optical
properties of dye molecules adsorbed on the surface
of TiO2 have been unraveled to gain insight into the
potential applications of newly designed dye
molecules. To select the suitable binding mode of
dye molecule with a TiO2 surface, a detailed
benchmark study was carried out.
3.13.13a. Adsorption mode As the bonding type and
electronic coupling between the dye molecule in the
excited state and conduction band of semiconductor
inﬂuences directly the overall performance of DSSCs.
Hence, it is necessary to investigate the possible
anchoring/adsorption mode of the dye molecules over
the TiO2 semiconductor surface.66,67 According to
previous reports, the calculations of organic dye
molecules which have cyanoacrylic acid and malonic
acid as anchoring groups, bidentate bridging and
mono-dissociated bidentate bridging modes of
adsorption is stable than all the other modes,

Figure 7. The initial geometry of Ti38O76 anatase cluster in the side and top views.
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Figure 8. The FMOs (HOMO and LUMO) of the bare Ti38O76 cluster with the side and top views.

Figure 9. The total density of states [TDOS in black dash
line] and projected DOS [PDOS] of the oxygen [red line]
and titanium [Blue line] atoms of (TiO2)38 cluster.

respectively.68 For organic dye molecules having
carboxylic acid as an anchoring group, the bidentate
bridging mode is more preferred.69 Based on the previous reports, the adsorption mode of the dye molecules on the semiconductor surface plays a dynamic
role in the DSSCs applications.70,71 Several studies
have been reported on the adsorption mode of the
ruthenium metal complexes,72,73 small organic
molecules74,75 and metal-free organic dye molecules76–78 onto the surface of TiO2.
For our designed dye molecules, a slightly different
behaviour has been observed due to the presence of
two carboxylic acid groups on the same a-carbon.
According to Cole et al., there is no proper structural

analyses on the adsorption of perylene dye molecules
onto the surface of TiO2 which have two carboxylic
acid groups (perylene dicarboxylic anhydride).79
Therefore, we have made an attempt to investigate all
the possible anchoring modes by estimating the
adsorption energies of the reference dye (dye 5). The
geometry optimization of the dye 5 adsorbed onto the
surface of (TiO2)38 cluster was performed using the
DMol3 package to determine the relative stability of
the possible anchoring modes of the dye 5 with the
surface of TiO2. We have concentrated only the dissociative adsorption modes for this study.
The possible dissociative adsorption modes for the
perylene molecules that have two carboxylic groups
are schematically shown in Figure 10. These modes
are generated by optimizing the structures in which the
separated proton (H?) and carboxylate anion (COO-)
moieties were placed on the suitable sites of the surface. The anchoring mechanism can be established
based on the coordination modes of carboxylic group.
The coordination may be divided into two types of
dissociation due to the availability of two carboxylic
groups. They are mono and complete dissociatives
based on the loss of hydrogens from the respective
acidic groups i.e., mono dissociated ester-type
(MMET), mono dissociated bidentate chelating
(MBC), mono dissociated bidentate bridging (MBB),
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Figure 10. The schematic representation of the possible adsorption conﬁgurations for the investigated dye molecules.

completely dissociated bidentate bridging (CBB1),
and completely dissociated bidentate bridging
(CBB2)68 depending on the number of oxygen’s used
by the anion to coordinate the surface of ﬁve-coordinated Ti sites (5c-Ti).
The chemically active sites are the unsaturated ﬁvecoordinated Ti atoms (5c-Ti) and two-coordinated O
atoms (2c-O) present in the TiO2 anatase surface. We
tried all the possible ﬁve-coordinated Ti atoms present
in the anatase cluster. We have considered only the
active sites for the benchmark instead of the full dye
molecule, as the whole dye molecule is not involved
while anchoring to a semiconductor cluster.
3.13c Mono dissociative anchoring mode
3.13.13a. Mono dissociated ester-type (MMET) In
the mono dissociated ester-type mode, an oxygen atom
(O1) of the one carboxylic group is bound to one of the
ﬁve-coordinated Ti atoms, and the hydroxyl group
deprotonates and transfers the proton to the adjacent
two-coordinated O atom in the TiO2 surface. Eight
possible structures are designed for the MMET mode.
It is characterized by Ti-O1 bond for 1–3, 5, 7 and 8
structures and Ti1-O1, Ti2-O2 bonds for the structures 4 and 6 (Figure S10, Supplementary Information). All structures (1–8) have been designed based on
the ﬁve-coordinated Ti atoms, i.e., 15, 16, 67, 68, 69,
82, 83 and 84. Based on the literature, the bond lengths
between the titanium (TiO2) and oxygen atoms (dye
molecule) have been reported for many organic dye
molecules, which vary from *2.0 to 2.2 Å. For all the
structures considered in this study, the calculated bond
lengths between titanium and oxygen atoms are in the
range of 1.83 to 2.18 Å, which are in good agreement
with previous reports (Table S9 in Supplementary
Information).80

3.13.13b. Mono dissociated bidentate chelating
(MBC) In this type of binding, both oxygen atoms
(O1 and O2) from one carboxylic group are bound to
one ﬁve-coordinated Ti atom, and the proton from the
hydroxyl group is transferred to the adjacent two-coordinated O atom in the TiO2 surface. Eight structures
are possible for bidentate chelating mode, and they
are named as 1–8 based on the Ti atom number (15,
16, 67, 68, 69, 82, 83 and 84, respectively) in the
cluster. Except for three structures such as 1, 6 and
7, in all other structures, Ti atom is bonded to two
O atoms (Figure S11, Supplementary Information).
The calculated interatomic distances between Ti and
O atoms ranges from 1.97 to 2.23 Å, and all the
values are given in Table S10 (Supplementary
Information).
3.13.13c. Mono dissociated bidentate bridging
(MBB) In the mono dissociated bidentate bridging
mode, both oxygen atoms (O1 and O2) from one
carboxylic group are bound to two different ﬁve-coordinated Ti atoms (Ti1 and Ti2), and two protons are
bonded to the adjacent two-coordinated O atom in the
TiO2 surface (Figure S12, Supplementary Information). Eight structures are possible for the bidentate
bridging mode, and they are denoted as 1–8. The
calculated interatomic distances between Ti and O
atoms vary from 1.84 to 2.18 Å (Table S11, Supplementary Information).
3.13.13d. Completely dissociated bidentate bridging
(CBB1) In this type of anchoring, both oxygen atoms
(O1 and O2) from one carboxylic group are bound to
two ﬁve-coordinated Ti atoms (Ti1 and Ti2), and the
deprotonation of two hydroxyl group takes place.
Subsequently, the two dissociated protons are transferred to the adjacent two-coordinated O atoms in the
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TiO2 surface (Figure S13, Supplementary Information). In this case, nine possible structures (1–9) are
possible. It can be seen from Table S12 (Supplementary Information) that the calculated interatomic distances between Ti and O atoms range from 1.97 to
2.08 Å.
3.13.13e. Completely dissociated bidentate bridging
(CBB2) It can be noticed from Figure S14 (Supplementary Information) that two oxygen atoms (O1 and
O2) from two carboxylic groups are coordinated to
two ﬁve-coordinated Ti atoms (Ti1 and Ti2), and the
protons from two hydroxyl groups are transferred to
the adjacent two-coordinated O atoms in the TiO2
surface. In this mode, nine possible structures (1–9)
have been identiﬁed based on the linkage to various
Ti atoms (67–68, 67–82, 67–83, 68–69, 68–83,
68–84, 69–84, 82–83 and 83–84). The calculated
distance between Ti and O atoms ranges from
1.91 to 2.08 Å (Table S13 in Supplementary
Information).
3.13d Adsorption energy: Generally, the adsorption
energy (Eads) of dye molecule adsorbed to TiO2
complex reveals the strength of the interaction
between dye molecules and TiO2. It can be
calculated using the following equation.
Eads ¼ Edye@ðTiO2 Þ38  Edye  EðTiO2 Þ38
Where, Edye@ðTiO2 Þ38 is the total energy of
dye@(TiO2)38 complex, Edye is the total energy of the
free dye molecule and EðTiO2 Þ38 is the total energy of the
semiconductor. A negative value of Eads \ 0 indicates
exothermic and energetically stable adsorption.
The calculated adsorption energies (Eads) for all the
modes of adsorption are listed in Table 6. It is clear
from the Table 6 that, the completely dissociated
bidentate bridging mode (CBB2) has the lowest
energy (most negative) among the ﬁve modes of
adsorption considered in this study implying that the
CBB2 is the most favourable adsorption mode.
Moreover, we observed that the adsorption energies
for all the modes of adsorption are negative, which
indicates that all the dye molecules have a strong
interaction with the TiO2 surface.
3.13e Adsorbed complexes: Based on the various
criteria such as light-harvesting efﬁciency, maximum
absorption wavelength, molar absorbance coefﬁcient,
energy gap, excited state lifetime, free energy of
electron injection and electron regeneration, ten dye
molecules (KP1-4, KP2-4, KP3-6, KP4-6, KP5-4,

Page 17 of 22

20

Table 6. The adsorption energies (Eads) of all the
adsorption modes.a [All the values are given in kcal/mol].
Sl. No.

MMET

1
2
3
4
5
6
7
8
9

-

a

56.54
66.29
92.55
91.83
41.75
68.53
74.55
64.24

MBC
-

60.82
90.73
43.61
52.73
45.81
73.58
35.54
80.99

MBB
- 43.85
- 83.41
- 47.50
- 30.74
- 51.35
- 42.33
- 30.43
- 0.24

CBB1
-

CBB2

56.85 - 90.57
65.38 - 104.64
59.82 - 99.90
38.62 - 69.39
57.53 - 77.85
59.69 - 71.74
51.53 - 62.89
66.87 - 58.09
73.60 - 102.78

Values in bold indicate the most stable structures.

KP6-1, KP7-6, KP8-3, KP9-4 and KP10-4) have
been selected from the total of 40 dye molecules
considered in this investigation. These molecules were
anchored to the surface of (TiO2)38 cluster through
dissociative CBB2 mode, and the complexes were
optimized using PBE/DNP methods employing DMol3
package. The calculated interatomic distances between
the oxygens of carboxylic group and titanium are
given in Figure 11. The range of the interatomic
distances varies from 1.86 to 2.09 Å, implying a strong
interaction between the dye molecules and TiO2
cluster.
The calculated values of absorption spectra from
PCM-TD-MO6/6-311G(d,p) method are given in
Table 7. It is clear that charge transfer occurs mostly
from HOMO to LUMO for all the complexes except
for KP4-6@TiO2, KP5-4@TiO2 and KP7-6@TiO2,
which mainly arise from LUMO?1 and LUMO?2
transitions. For all the complexes, the absorption
spectra are highly intense, and the maximum absorption wavelength is more redshifted than the bare dye
molecules.
The calculated FMOs for the complex are shown in
Figure S15 (Supplementary Information). In the case
of KP1-4@TiO2, KP3-6@TiO2, KP6-1@TiO2, KP83@TiO2, KP9-4@TiO2 and KP10-4@TiO2, the
HOMO is mainly localized on the dye molecules, and
the LUMO and LUMO?1 are localized on the TiO2.
However, in the case of KP2-4@TiO2, the HOMO is
mainly localized on the dye molecule, and the LUMO
and LUMO?2 are localized on the TiO2. On the
contrary, KP4-6@TiO2 and KP5-4@TiO2, the HOMO
is localized on the dye molecules, and LUMO?1 is
localized on TiO2, and for KP7-6@TiO2, the HOMO is
localized on the dye molecule, and LUMO?2 is
localized on the TiO2. The calculated molecular
orbital contribution of electron density for each group

20
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Figure 11. The optimized structures of the complex by CBB2 mode of adsorption with interatomic distances.
Table 7. The calculated excitation energy (E in eV), absorption wavelength (kmax in nm),
oscillator strength (f) and the major orbital transitions for the adsorbed complex.
Sl. No.
1
2
3
4
5
6
7
8
9
10

Dye@(TiO2)38

E

kmax

f

KP1-4
KP2-4
KP3-6
KP4-6
KP5-4
KP6-1
KP7-6
KP8-3
KP9-4
KP10-4

0.97
1.26
1.08
1.13
1.07
0.88
1.18
1.02
1.03
0.98

1273
985
1149
1098
1156
1407
1051
1217
1203
1266

0.0255
0.0425
0.0413
0.013
0.0228
0.034
0.0256
0.0248
0.0286
0.0378

is given in Table S14 (Supplementary Information),
which reinforces the above ﬁndings.
The calculated adsorption energies (Eads) are
reported in Table 8. The trend of the calculated
adsorption energies for the complexes are KP14@TiO2 [ KP8-3@TiO2 [ KP10-4@TiO2 [ KP94@TiO2 [ KP5-4@TiO2 [ KP6-1@TiO2) [ KP36@TiO2 [ KP4-6@TiO2 [ KP2-4@TiO2 [ KP76@TiO2 and which reveal that all the dye molecules
have strong interaction with TiO2 cluster surface.
The density of states (DOS) spectra of adsorbed
complexes are represented in Figure 12. The DOS

Major contributions (%)
H-0
H-0
H-0
H-0
H-0
H-0
H-0
H-0
H-0
H-0

?
?
?
?
?
?
?
?
?
?

L
L
L
L
L
L
L
L
L
L

?
?
?
?
?
?
?
?
?
?

0
2
1
1
1
1
2
1
0
1

(47),
(49),
(62),
(84)
(86)
(77)
(81)
(64),
(62),
(70),

H-0 ? L ? 1 (47)
H-0 ? L ? 0 (25)
H-0 ? L ? 0 (31)

H-0 ? L ? 0 (31)
H-0 ? L ? 1 (32)
H-0 ? L ? 0 (25)

Table 8. The calculated adsorption energy (Eads in kcal/mol) of the adsorbed complex.
Sl. No.
1
2
3
4
5
6
7
8
9
10

Dye@(TiO2)38
KP1-4
KP2-4
KP3-6
KP4-6
KP5-4
KP6-1
KP7-6
KP8-3
KP9-4
KP10-4

Eads (kcal/mol)
-

89.52
65.63
79.78
79.40
80.78
80.67
61.44
84.39
82.25
83.63
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Figure 12. The total density of states [TDOS in black short dash] and the projected density of states [PDOS] of dye
molecule [in pink] and (TiO2)38 [in green].

spectra contain broad valence and conduction bands
separated by a large band gap. The band gap of TiO2
cluster is reduced upon adsorption of the dye molecule
due to the introduction of new energy levels. For all the

complexes, the valence band has a signiﬁcant contribution from the (TiO2)38 cluster and a marginal contribution from dye molecules. The same trend has also
been observed for the conduction band.
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4. Conclusions
In this work, we have performed theoretical investigations on a series of organic metal-free dye molecules for
DSSC applications using DFT and TD-DFT methods. In
this study, a total of 40 dye molecules have been computationally designed. Results reveal that incorporation
of ullazine analogues as a donor group reduces the
energy gap (Eg) and leads to red-shifted absorption than
the reference dye molecule. Among all the designed dye
molecules, KP1-4, KP6-1, KP7-6, KP8-3 and KP10-4
are promising candidates for the development of DSSC
based on the screening of all the parameters.
The energy level alignment analysis showed that for
all the dye molecules, the energy of LUMO lies above
the conduction band of TiO2, enabling electron
injection into the conduction band of the semiconductor. Besides, the HOMO energy level of all dye
molecules lies below the redox level of the electrolyte,
allowing the electron transfer to the dye molecules for
the regeneration. Further, the frontier molecular orbital
analysis reveals that all dye molecules have an
excellent charge separation, which is one of the
important parameter for solar cell applications.
The interaction results of dye with (TiO2)38 indicate
that the CBB2 mode of adsorption is highly suitable for perylene based dye molecules. Red-shift in
absorption wavelength maximum was observed upon
adsorption of dye molecules over TiO2 cluster. Additionally, the strong overlaps are conﬁrmed by the
detailed analysis of the DOS on the adsorbed complexes. This investigation makes a foundation for
further research on the interaction of perylene based
dye molecules onto the TiO2 semiconductor. This
study would deﬁnitely shed light on the design of
perylene and ullazine based organic dye molecules to
improve the performance of dye-sensitized solar cells.
Supplementary Information (SI)
Supplementary Information contains additional data in the
form of Figures (S1–S15) and Tables (S1–S15) comprised
of optimized geometries, FMO analysis, and Cartesian
coordinates. Supplementary Information is available at
www.ias.ac.in/chemsci.
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