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The sensitizer is an active component of dye sensitized solar cell (DSSC) technology, which is highly
influential for the performance of DSSCs. The present study attempts to investigate the relationship
between the shape of the sensitizer molecule and efficiency of DSSCs. Specifically, 17 different
structures were investigated, and classified into four categories based on the shape of the dye molecule,
namely L-shaped (linear), V-shaped, X-shaped and Y-shaped, and into two different categories based on
the donor moiety. The five of studied structures contained a triphenylamine (TPA) donor moiety, and
twelve structures contained carbazole (CAR) donor moiety. Parameters related to the performance of
DSSCs such as absorption spectra, intramolecular charge transfer indices, frontier molecular orbitals,

light harvesting efficiency, excited-state lifetime, exciton binding energy, electrostatic potential, charge
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Accepted 4th January 2021 ransfer and electron injection ability were studied using results obtained from electronic structure

calculations. The analysis of these various parameters showed that the linear-shaped and V-shaped

DOI: 10.1035/d0ra10613¢ sensitizers possess better photon absorption ability, and the V-shaped structure is best suited shape for
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1. Introduction

Energy plays a vital role in global economy, and thus energy
scarcity will cause critical issues in almost all the aspects of
daily life. Currently, it is important to identify energy produc-
tion methods that are more efficient and environmental
friendly."* The production of renewable energy provides
a solution to both energy demands and environmental
concerns.® In this case, solar energy harvesting using photo-
voltaic technology seems to be a very viable choice.*® Since
conventional silicon-based technology is expensive, research is
focused on comparatively cheaper photovoltaic technologies
such as perovskite solar cells (PSCs), dye sensitised solar cells
(DSSCs), organic solar cells (OSC), and quantum dot solar cells
(QDSC). These new generation solar cell technologies are
characterised by good flexibility, low production costs and
biodegradability. However, new generation photovoltaic tech-
nology has not achieved the required efficiency for its wide
applicability.

Among the available photovoltaic technologies, dye sensi-
tised solar cells (DSSCs) are a promising technology. Although
the efficiency level of DSSCs is modest under full light condi-
tions, they are the best choice under dim light conditions.” Also,
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applications in high performance DSSCs.

DSSCs offer decent scope for improvement in efficiency chiefly
by tuning the opto-electronic properties of the dye material,
which is an active component of this technology with tuneable
substitutions and structural modifications.** There are two
main factors that determine the power conversion efficiency
(PCE) of DSSCs, namely, the short circuit current (Js.) and the
open circuit voltage (V,.). The electronic properties of a sensi-
tizer molecule directly impact Js. since the sensitizer is
responsible for harvesting solar light, and thereby accounts for
the number of charge carriers produced and injected into the
oxide layer.»'* On the other hand, the dye molecule can influ-
ence the V,. of DSSCs through its participation in energy level
alignment and control over recombination losses. Numerous
experimental and theoretical studies have reported with the aim
of improving solar cell efficiency based on its structure and
compositional tuning.*>**** These efforts have led to a gradual
increase in the efficiency of DSSCs, where the maximum effi-
ciency of up to 14.3% was achieved under full light conditions,**
while efficiency up to 28.9% has been reported under dim light
conditions.”® Hence, structural and compositional modifica-
tions are common strategies to improve the efficiency of DSSCs,
particularly manipulating the shape of the dye molecule, and
there are several reports on the effect of the shape of dye
molecules on the performance of DSSCs. 371518212428

The implications of shape modifications of the sensitizer
molecule on the efficiency of DSSCs is not straightforward, and
thus it is difficult to develop a benchmark shape for a sensitizer
that results in high efficiency in DSSCs. This is because the
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shape of the dye can influence several factors that are related to
the PCE of DSSCs, where it can have a positive impact on certain
parameters, while the same shape may have a negative impact
on other parameters. For instance, a branched sensitizer
(instead of linear sensitizer) can be helpful in decreasing the
energy quenching effect that occurs between dye molecules and
screening TiO,-electrolyte interactions, but it may reduce the
dye loading on the surface of TiO,, thereby reducing the amount
of charge generated. Also, it is known that the frontier molec-
ular orbital patterns and their energies responsible for the opto-
electronic properties of dye molecules strongly depend on the
shape of the dye molecule and functional groups present on it.
Therefore, it is important to develop a design that balances
different aspects of the sensitizer towards high PCE. In this
direction, Yuezhen et al.* performed an experimental study to
investigate the impact of the shape of the sensitizer on the PCE
of DSSC, particularly focusing on the angle between the donor
and acceptor moieties (flare angle). Their study concluded that
the dyes with a larger flare angle of about 150.6° between the
donor and acceptor units are suitable for DSSC applications.
There are several other studies that investigated sensitizers of
different shapes, such as X-shaped, Y-shaped, linear, branched,
H-shaped, V-shaped, and rod-shaped sensitizers,>*®3-1%18-21,24-28
most of which were carried out independently, lack consistency
in the description rules for the sensitizer molecular shape and
do not present any insight into how sensitizers of different
shapes differ under identical conditions of examination to
reach a benchmark on the shape of the sensitizer.

To form consolidated conclusions, a collective study that
encompasses several shapes of dyes in a uniform platform must
be performed. Thus, this study is an attempt to achieve this goal
and will present more clarity on the design strategy for sensi-
tizers and their relationship with the PCE. In the present work,
electronic structure calculations were performed on 17 different
structures, which can be classified into four categories based on
their shape, namely linear-shaped, V-shaped, X-shaped and Y-
shaped sensitizers. The studied structures can also be classi-
fied in terms of their donor moieties, namely triphenylamine
(TPA)-based sensitizers and carbazole (CAR)-based sensitizers.
One of the studied sensitizers (TPAL1) was previously reported
by Kuan-Fu Chen et al.** and was shown to provide a modest
PCE of 4.40%, while the other sensitizers were newly designed.
This study was limited to investigating the opto-electronic
properties of the individual sensitizer molecules, such as their
absorption spectrum, intra-molecular charge transfer and other
parameters related to the J;. and V..

2. Theoretical background and
methodology

The power conversion efficiency (PCE) is a measure of the
performance of any type of solar cell, which refers to the
percentage of incident light that a solar cell can harvest. The
PCE (n) is given by the expression®

VOC‘ISC
n =ty Lol o)

inc
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where ff is the fill factor of the solar cell, V,. is the open circuit
voltage, Js. is the short circuit current and P;,. refers to the
power of incident solar radiation flux. In the above expression,
Voe and J,. are parameters that can be tuned to improve the PCE.
Although the expression for the PCE is generic for all photo-
voltaic technologies, the V,. and J,. are dependent on the
components of the specific technology.
The short-circuit current (J.) of a DSSC is given by**

Jyo = J LHE(A)(pinjectncolleCldA (2)
A

where LHE (A) refers to the light harvesting efficiency at
a particular absorption wavelength, 4, of a dye molecule, @jpject
refers to the electron injection efficiency and 7conect i the
charge collection efficiency. It should be noted that the LHE (1)
is completely a sensitizer-dependent factor, whereas @jnject is
partially dependent on the sensitizer and 7¢ojiect 1S @ parameter
that is dependent on the recombination lifetime and diffusion
transit time. LHE (1) can be calculated through electronic
structure calculations of the photo-excitation occurring in
a system with a known ground state electronic structure, which
is given by the expression®*

LHE() =1-10" 3)

where f refers to the oscillator strength, which corresponds to
the spectrum. The excited state (fluorescence) lifetime of a dye
is calculated through the expression®

© = 1.499/fE (4)

where f'is the oscillator strength and E is the excitation energy.
The electron injection efficiency of the dye can be evaluated
through the change in the Gibbs free energy, which corresponds
to the electron injection,* AGijnject

AGipjeey = EY" — Ecp = (E™* — Ey o) — Ecg (5)

where EY°” refers to the excited-state oxidation potential energy
of the dye, E® refers to the ground state oxidation potential
energy, Ecp refers to the conduction band edge of the semi-
conductor (TiO,) and E,_, refers to the vertical electronic tran-
sition energy.

The open circuit voltage (V,.) depends on the energy level
alignment between layers (dye-TiO, substrate and dye-electro-
lyte interface) and the recombination loss. These factors can be
analyzed through the results of the electronic structure calcu-
lations. In addition to the above parameters, which are directly
related to the magnitude of V,. and Js, the reorganization
energy and excited state lifetime of a dye molecule are also
important. The reorganization energy (Ercorg) Of the dye while
undergoing oxidation is given by*

Ereorg = [E(gO) - E+(g+)] + [EO(g+) - EO(gO)] (6)

where E'(g°) is the total energy of the cationic state in the
neutral geometry, E'(g") is the total energy of the cationic state
in the cationic geometry, E°(¢") is the total energy of the neutral
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molecule in the cationic geometry, and E°(g°) is the total energy
of the neutral molecule in the neutral geometry.

The ground state geometry of the selected dye molecules was
optimised at the B3LYP***?/6-311G(d,p) level of theory, where
B3LYP is recognised as an accurate functional for structural
optimisations.*® A benchmark study with different DFT func-
tionals was carried out to identify the best suited functional for
orbital energy analysis (see Table S2 in the ESIt). Among them,
the HOMO energy obtained from the B3LYP functional closely
agrees with the vertical ionisation potential of TPAL1 (Koop-
mans' theorem). Hence, the orbital energy, orbital pattern, and
fragment orbital coefficients for carrying out the charge
decomposition analysis (CDA) were computed at the B3LYP/6-
311G(d,p) level of theory. The reorganisation energy was
calculated at the B3LYP/6-311G(d,p) level of theory to optimize
cationic geometry and to perform the single point energy
calculations, as mentioned in eqn (6). With the available
experimental results of TPAL1,* the benchmarking of the time-
dependent density functional theory (TD-DFT) calculations of
the absorption spectrum showed that the CAM-B3LYP* func-
tional with the 6-311G(d,p) basis set provides results that are
closer to the experimental results (see ESI, Table S1t). Hence,
TD-DFT calculations were carried out at the CAM-B3LYP/6-
311G(d,p) level of theory for the studied dye molecules. The
abovementioned electronic structure calculations were per-
formed using the conductor-like polarisable continuum model
(CPCM) to incorporate the effects of acetonitrile solvent (¢ =
35.688).% Acetonitrile solvent was taken as the solvent medium
since it has been recognized and widely used as a solvent** for
solution processing of sensitizer molecules. All the electronic
structure calculations were carried out using the Gaussian 09
package.*

The Multiwfn programming package*® was used to perform
the charge decomposition analysis (CDA),** charge density
difference (CDD) analysis and plotting the electrostatic poten-
tial maps. The charge density difference (CDD) module was
used to compute photoinduced charge transfer based on the
TD-DFT calculated data. The absorption spectra computed from
TD-DFT calculations were plotted using the SWizard software.*
The graph was plotted as molar extinction coefficient against
wavelength. The program computed the molar extinction coef-
ficient from the oscillator strength of the spectral lines and
provided the half band width of 3000 cm ™" through following
expression:

e(w) = CIZ /i

Ay

exp ( —2.773 szl)z) (7)

Ay

where ¢ is the molar extinction coefficient in M~ em™%; w — w;

represents the electronic transition energy, f; and 4, are the
oscillator strength and the half band width, respectively.

3. Results and discussion

Fig. 1(a) and (b) depict the structures of the designed 17
sensitizer molecules. A detailed discussion on the selection of
molecules and the design strategy is provided in the ESI, Section
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TPAX1 TPAY1

Fig. 1 (a) Molecular structure of the studied triphenylamine (TPA)
derivatives with various shapes. (b) Molecular structures of the studied
carbazole derivatives with different shapes.

S1.1 The structures of the studied 17 sensitizer molecules were
optimized at the B3LYP/6-311G(d,p) level of theory and are
shown in Fig. S2.7 The frequency calculations performed at this
level of theory showed that the optimized structures are global
minima on their potential energy surface.

3.1 Absorption spectra

The absorption spectrum of a sensitizer is a crucial factor that
directly influences its light harvesting capacity. In general, it is
desirable for a sensitizer to have an absorption maximum

© 2021 The Author(s). Published by the Royal Society of Chemistry
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centered between 500-600 nm (ref. 46) so that its absorption
spectrum will match with AM 1.5 solar spectrum irradiance.
However, it is challenging to design and synthesize metal-free
sensitizers with spectral maxima in this range with a broader
spectral coverage. Most of the metal-free sensitizers show
a spectral maximum (A,.x) centered below 500 nm and almost
all of them have a very narrow spectral distribution. The
absorption spectra of the studied TPA- and CAR-based sensi-
tizers are shown in Fig. 2(a) and (b), and the corresponding data
is presented in Tables 1 and 2, respectively.

It was observed that the TPA donors was more beneficial for
the molar absorption coefficient of the sensitizer than the CAR
donors. For both cases, the spectra were plotted for wavelengths
above 300 nm. As shown in Fig. 1(a), the spectral maximum for
TPAL1 was located at 368 nm, which is the highest A,,,x among
the TPA-based sensitizers. The reason for the linear-shaped
sensitizer, TPAL1, having the highest Ay.x is that the elec-
tronic transition corresponding to Amax is from the HOMO to

View Article Online
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LUMO and the energy gap is low, whereas for the other shaped
sensitizers, the orbitals adjacent to the frontier molecular
orbitals (FMO) also significantly contribute as dominating
transitions. For instance, in the TPAL2 and CARL2 sensitizers
where thiophene is placed adjacent to the -COOH group, the
contribution from the HOMO to LUMO transition to the
dominant peak is relatively less, resulting in a blue shift in the
spectrum with respect to TPAL1 and CARL1, respectively.
Among the CAR-based sensitizers, the maximum wavelength
(Amax) of 365 nm and 364 nm was observed for CARV3 and
CARV4, respectively. It should be noted that for CARV3 and
CARV4, the electronic transition corresponding to Apax is
dominantly from the HOMO to LUMO (approximately 80%), as
in the case of CARL1. With respect to Apax Of CARL1, the A,y of
CARV3 and CARV4 is red shifted by 14 nm. Besides, these two
sensitizers have a dominant peak at around 322 nm. Thereby,
CARV3 and CARV4 showed a wider spectral distribution than
that of other studied sensitizers. It was observed that the
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(a) Absorption spectra of TPA-based sensitizers with different shapes computed at the CAM-B3LYP/6-311G(d,p) level of theory in

acetonitrile solvent medium (the spectra were simulated using a Gaussian distribution centered at the computed absorption wavelength). (b)
Absorption spectra of CAR-based sensitizers with different shapes computed at the CAM-B3LYP/6-311G(d,p) level of theory in acetonitrile
solvent medium (the spectra were simulated using a Gaussian distribution centered at the computed absorption wavelength).
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Table 1 Computed absorption wavelength (nm), energy (eV) and
oscillator strength (a.u.) of the TPA-based derivatives in acetonitrile
solvent medium. In the orbital transitions, H and L represent the
HOMO and LUMO, respectively
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Table 2 Computed absorption wavelength (nm), energy (eV) and
oscillator strength (a.u.) of the CAR-based derivatives in acetonitrile
solvent medium. In the orbital transitions, H and L represent the
HOMO and LUMO, respectively

Absorption energy

Absorption energy

Molecule 2 (nm) (eV) f(a.u.) Orbital transition Molecule 2 (nm) (eV) f(a.u.) Orbital transition
TPAL1 368 3.37 1.47 H — L (73%) CARL1 350 3.54 1.42 H — L (80%)
H-1 — L (14%) CARL2 329 3.77 1.37 H — L (64%)
H — L+1 (10%) H-2 — L (21%)
TPAL2 341 3.64 1.55 H — L (59%) CARV1 320 3.87 1.68 H-1 — L (43%)
H-1 — L (22%) H — L+1 (25%)
H — L+1 (14%) CARV2 319 3.89 1.78 H-1 — L (80%)
TPAV1 340 3.64 1.72 H-1 — L (46%) H — L+1 (64%)
H — L+1 (25%) H-3 — L (21%)
H — L+2 (12%) CARV3 365 3.40 1.08 H — L (78%)
H-3 — L (8%) 322 3.85 1.25 H — L+1 (35%)
TPAX1 295 4.21 1.24 H-1 — L+2 (38%) H-1 — L (24%)
H — L+3 (28%) H-3 — L (19%)
TPAY1 313 3.96 1.12 H — L (30%) CARV4 364 3.41 1.12 H — L (78%)
H — L+2 (28%) 322 3.85 1.10 H — L+1 (35%)
H — L+1 (27%) H-1 — L (24%)
H — L+1 (43%) H-3 — L (19%)
305 4.07 1.01 H-2 — L (25%) CARV5 321 3.86 1.50 H-1 — L (40%)
H — L+1 (27%)
CARV6 321 3.86 1.56 H-1 — L (37%)
CARV1, CARV2, CARV5 and CARV6 molecules have a relatively o flL((Zfz"gj))
higher molar absorption coefficient corresponding t0 Amax-  carx1 278 4.46 111 He3 — L+1 (2‘;%)
Among the V-shaped sensitizers, the distinct optical behavior of H — L+3 (23%)
CARV3 and CARV4 is related to the orientation of the thiophene H-—2 — L+3 (20%)
rings, which are oriented oppositely and outwards from the £ CARX2 2785  4.45 121 H-3 — L+1(28%)
bridge. The spectral distribution of the X- and Y-shaped sensi- E Z E?)nggzgﬁo/)
tizers was unsatisfactory for application as active components  -apyq 298 416 1.03 H—4 — L (70%) ’
in photovoltaic devices since the A.x of these sensitizers is —-3 — L (16%)
below or around 300 nm. It should be noted that the transitions CARY2 264 4.70 1.00 —3 > L+1 (28%)

in these sensitizers were characterized with less participation of
HOMO and LUMO. Thus, these results indicate the importance
of the orientation of the donor and acceptor groups on optical
behavior of the sensitizer molecule. Further, it is conclusive
from the absorption spectral properties that the linear-shaped
and V-shaped sensitizers are good contributors for better light
harvesting ability across the UV-visible region.

3.2 Frontier molecular orbital distribution

Fig. 3(a) and (b) show the spatial distribution pattern of the
frontier molecular orbitals (FMO), HOMO and LUMO of the
TPA- and CAR-based sensitizer molecules of different shapes.
Studying the distribution pattern of the FMO is useful to
understand the opto-electronic properties of a molecule
because these orbitals are directly involved in charge transport
properties, optical behavior and the interaction with nearby
molecules. Hence, by analyzing the distribution of FMO, qual-
itative predictions can be made on the performance of dye
molecules for DSSC applications. Further, it is also important to
analyze the orbitals adjacent to the FMO, such as HOMO-1,
HOMO-2, HOMO—3, LUMO+1, LUMO+2, and LUMO+3, which
have a significant contribution to the spectral behavior of
a molecule, particularly for X- and Y-shaped molecules (see
Tables 1 and 2). For DSSCs where the configuration of the

5560 | RSC Adv, 2021, 1, 5556-5567
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—3 — L+2 (34%)
—2 — L+1 (29%)
-1 — L+3 (15%)

sensitizer molecule is the push-pull type, it is desirable to have
a segregated HOMO and LUMO distribution. This distribution
will favor intramolecular charge transfer, and it is also desirable
to have the LUMO distribution on the acceptor moiety, which
will support stable anchoring of the sensitizer on the semi-
conductor (TiO,) surface. As shown in Fig. 3(a) and (b), the
studied X- and Y-shaped TPA- and CAR-based sensitizers have
a segregated HOMO and LUMO distribution. Also, it was
observed that the molecular structure in which the thiophene
moiety is positioned adjacent to the anchoring group possesses
a high orbital coefficient of LUMO around the anchoring
moiety. The distribution of the HOMO—1 and LUMO+1 orbitals
of the studied sensitizers is shown in Fig. Si(a) and (b),T
respectively. Upon comparing the HOMO and LUMO distribu-
tion with the HOMO—1 and LUMO+1 distributions, it was
observed that the HOMO and LUMO distribution favors charge
separation more than the HOMO—1 and LUMO+1 orbitals since
these orbitals do not show a good segregated distribution as
that of the HOMO and LUMO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(@) HOMO and LUMO distribution patterns in the triphenylamine-based derivatives with different shapes computed at the B3LYP/6-

311G(d,p) level of theory. (b) HOMO and LUMO distribution patterns in the carbazole-based derivatives with different shapes computed at the

B3LYP/6-311G(d,p) level of theory.

To quantify the observed orbital pattern, a charge decom-
position analysis (CDA) was carried out. The CDA analysis was
carried out by partitioning the sensitizer molecule into three
fragment components, namely donor, 7 and acceptor. The
contribution of these fragments to the FMOs was analyzed and
summarized in Tables 3 and 4. It was observed that the =
fragment of all the studied sensitizers has a significant contri-
bution on the LUMO of the sensitizer molecule. In the X- and Y-
shaped TPA and CAR derivatives and in the TPAL2 sensitizer
(linear-shaped TPA derivative), the contribution of the 7 frag-
ment on the HOMO of the sensitizer molecule is absent
(contribution falls below 10%). This is the reason for the
segregated distribution of the HOMO and LUMO in the X- and
Y-shaped structures, and in the TPAL2 molecule. It was found
that in the linear-shaped molecules, the positioning of thio-
phene adjacent to the anchoring moiety (-COOH) decreases the
amount of orbital contribution from the 7 fragment on the
HOMO of the sensitizer. A similar observation was also found
for the V-shaped and X-shaped sensitizers, where the X-shaped
sensitizer with the same molecular composition shows better

© 2021 The Author(s). Published by the Royal Society of Chemistry

HOMO-LUMO segregation than the V-shaped sensitizers.
Hence, according to the FMO and CDA analysis, it was observed
that placing the thiophene moiety adjacent to the anchoring
group is a potential strategy to design a sensitizer structure with
a segregated HOMO and LUMO distribution. However, by
comparing the absorption spectrum of the L1 and L2 sensi-
tizers, and the V-shaped and X-shaped sensitizers, it was
observed that placing the thiophene moiety nearer to the
—-COOH group blue shifts the absorption spectrum. It should be
noted that although the molecular composition in both
configurations, TPAL1 and TPAL2 (for the TPA-based sensi-
tizers) and CARL1 and CARL2 (for the CAR-based sensitizers) is
same, the fragment orbital (FO) contribution percentage for the
HOMO and LUMO composition in each case is different.
Specifically, the fragment orbital contribution orbital for the
HOMO and LUMO formation is dependent on the shape of the
sensitizer. For instance, as given in Table 4 although the
molecular structure and composition (C,,N,H,,) of the donor
fragment in the V-, X- and Y-shaped sensitizers of CAR deriva-
tives is same, the fragment orbital (FO) contribution from the
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Orbital contribution
from acceptor fragment

Orbital contribution from 7-bridge

fragment

Orbital contribution from donor

LUMO"
fragment

from acceptor fragment

Orbital contribution

Orbital contribution
from 7-bridge fragment

Orbital contribution
from donor fragment

HOMO*

Table 3 Charge decomposition analysis of triphenylamine-based sensitizers computed at the B3LYP/6-311G(d,p) level of theory
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donor fragment on the HOMO and LUMO of the sensitizer is
different in each case. It is important to note that the shape and
distribution of the electron density of each contributing frag-
ment orbital will influence the formation of the frontier
molecular orbitals (HOMO and LUMO) of the sensitizer mole-
cule. We found that since the linear combination of fragment
orbital (LCFO) approach accounts for the symmetry of the
combined FO, the angle at which the combining fragment
orbital approaches each other becomes the decisive factor over
molecular orbital formation. Thereby, the shape of the sensi-
tizer has a direct influence on the opto-electronic properties of
the sensitizer molecule since the angle of approach of the
combining fragment orbital depends on the shape of the
molecule.

3.3 Energy of frontier molecular orbital

The energy of the frontier molecular orbital has high impor-
tance on the performance of solar cells since the energy gap
between the HOMO and LUMO has a direct impact on the light
harvesting capacity of the sensitizer, and thereby impacts the /.
of the DSSC.*” The energy level diagram of the FMO of the
studied TPA- and CAR-based sensitizers is illustrated in Fig. 4(a)
and (b). It was observed that the TPA-based sensitizers have
a lower band gap than that of the CAR-based sensitizers. The
analysis of the diagrams showed that the energy level alignment
on the studied sensitizers is shape dependent. In both cases,
the linear- and V-shaped sensitizers show a lower band gap than
the X- and Y-shaped sensitizers, while the V-shaped and X-
shaped sensitizers possess the same molecular composition.
Hence, the linear- and V-shaped sensitizers are more likely to
result in a better photocurrent. Upon analyzing the HOMO and
LUMO energy levels based on shape, we found that the relatively
high HOMO energy of the linear-shaped sensitizers and rela-
tively lower lying LUMO in the V-shaped sensitizers are
responsible for the lower energy gap in these two cases.

It was also important to study whether the sensitizers have
a suitable HOMO and LUMO energy with respect to the
conduction band edge of the semiconductor substrate and
redox potential of the electrolyte. Efficient electron injection
from the sensitizer to the TiO, substrate requires the energy of
the LUMO of the sensitizer molecule to be higher than the
energy of the conduction band edge of the TiO, substrate.
Similarly, for the regeneration of the dye by the electrolyte, the
HOMO of the sensitizer should lie lower than the energy of the
redox potential of the electrolyte. In the present study, we
compared the energy level alignment of the sensitizers with the
widely used TiO, semiconductor substrate*® (—4.0 eV) and I /I;~
redox electrolyte*® (—4.7 eV). It was found that the HOMO energy
of the studied TPA- and CAR-based sensitizers is sufficiently
lower than the redox potential of the I /I;~ redox couple, and
the LUMO of the studied sensitizers is high enough to facilitate
electron injection into the conduction band of TiO,. Specifi-
cally, all the studied sensitizers, irrespective of their shape,
show optimal FMO energy levels for the electron injection and
dye regeneration processes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Energy level diagram of the frontier molecular orbital of the
TPA-based sensitizers with different shapes calculated at the B3LYP/6-
311G(d,p) level. The energy gap values are presented in eV. (b) Energy
level diagram of the frontier molecular orbital of the CAR-based
sensitizers with different shapes calculated at the B3LYP/6-311G(d,p)
level. The energy gap values are presented in eV.

3.4 Charge transfer indices

All the studied structures belong to the donor-m bridge-
acceptor architecture. These structures exhibit push-pull
property, which will facilitate the intramolecular charge trans-
fer as a photon excites the molecule. Specifically, when an
electron is excited from the HOMO to LUMO, there will be
a temporary redistribution of charges (holes and electrons),
which is crucial in the generation of a photocurrent. Hence, in
the present study, the charge transfer indices corresponding to
the first mode of transition (S, — S;) were studied using the
charge density difference (CDD) analysis module available in
the Multiwfn package, and the results are summarized in Table
5. According to the tabulated values, we found that the amount
of charge transferred per transition mode is high (around 0.95¢)
in the linear-shaped sensitizers and the charge transfer is
relatively less the in X-shaped molecules. By analyzing the
transition dipole moment of the studied sensitizers, we
observed that in terms of charge transport properties, the
TPAL1, TPAL2, TPAV1, CARV3 and CARV4 sensitizers exhibit
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Table 5 Computed charge density difference (CDD) indices, charge
transfer distance (Dc7) (A), amount of charge transfer (g, dif‘ferecnce in
transition dipole movement due to excitation (cm), t-index (A) and

overlap integral of the triphenylamine- and carbazole-based
sensitizers®

Molecule Dcr (A) gee(€) 10 *ucy (Cm) ¢ (A) Overlap integral
TPAL1 2.15 0.96 1.30 2.37 0.48

TPAL2 2.79 0.95 1.68 2.18 0.46

TPAV1 2.77 0.94 1.65 3.56 0.41

TPAX1 2.29 0.89 1.29 3.76  0.36

TPAY1 2.07 0.93 1.21 4.71 0.37

CARL1 2.06 0.96 1.25 2.07  0.49

CARL2 2.32 0.96 1.40 1.85 0.48

CARV1 1.85 0.91 1.07 3.45 042

CARV2 1.89 0.93 1.10 3.57 0.43

CARV3 2.45 0.93 1.43 3.54 0.38

CARV4 2.41 0.93 1.41 3.36  0.38

CARV5 1.80 0.92 1.04 3.45 0.42

CARV6 1.86 0.93 1.09 3.29 0.43

CARX1 1.05 0.83 0.56 3.67 0.42

CARX2 1.02 0.90 0.58 3.89 047

CARY1 1.94 0.84 1.03 1.47 0.34

CARY2 2.00 0.85 1.08 2.98 0.35

¢ Transition mode = 1.

good charge transport properties, and the TPA-based sensitizers
are clearly superior to the CAR-based sensitizers. On comparing
their shapes, it was observed that the charge transporting ability
of the linear-shaped and V-shaped sensitizers is comparable
and the X-shaped sensitizers show the lowest intramolecular
charge transporting ability. The barycenter of the hole and
electron distribution after excitation of the sensitizer was
plotted and is shown in Fig. S2.1 Well separated barycenters are
preferred for obtaining good efficiency, and a barycenter of
electrons nearer to the anchoring group ensures good electron
injection into the TiO, substrate. According to Fig. S2,7 it can be
inferred that the V-shaped sensitizers have good charge distri-
bution characteristics for electron injection into the TiO,
substrate. In terms of overlap integral and ¢-index (a computed
measure of the ground state and excited state charge density), it
was observed that in comparison with the linear-shaped sensi-
tizers, the V-shaped sensitizers have a relatively higher ¢index
value and lower overlap integral, showing that the V-shaped
sensitizers are a better option with less recombination possi-
bilities. Hence, based on the EDD analysis, it was observed that
the linear- and V-shaped sensitizers are well suited as light-
harvesting sensitizers, and particularly the V-shaped sensi-
tizers are slightly better.

3.5 Light harvesting efficiency, fluorescence lifetime, free
energy change for electron injection, reorganisation energy
and exciton binding energy

The parameters that are directly related with the j,. and V,. of
a DSSC, such as light harvesting efficiency (LHE), excited state
lifetime (z), change in Gibbs free energy for electron injection,
(AGinject) and reorganisation energy were calculated using the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Calculated light harvesting efficiency (LHE), excited state lifetime (z in ns), Gibbs free energy for electron injection (AGinject in €V),

reorganization energy (in eV) and exciton binding energy (Ey, in eV)

Light harvesting Reorganization Exciton binding

Molecule efficiency (LHE) 7 (ns) AGipject (€V) energy (eV) energy (Ep, eV)
TPAL1 0.96 1.38 —-2.35 0.2 2.0

TPAL2 0.97 1.12 —2.53 0.17 1.83

TPAV1 0.98 1.01 —2.35 0.18 1.86

TPAX1 0.94 1.05 —2.92 0.15 1.68

TPAY1 0.92 1.31 —2.82 0.12 1.62

CARL1 0.96 1.29 —2.34 0.3 2.12

CARL2 0.96 1.18 —2.36 0.21 2.01

CARV1 0.98 0.9 —2.14 0.27 2.12

CARV2 0.98 0.8 —2.18 0.26 1.91

CARV3 0.94 1.24 —2.13 0.31 2.13

CARV4 0.92 1.41 —2.14 0.36 2.13

CARV5 0.97 1.03 —-2.19 0.36 2.13

CARV6 0.97 1.00 —2.14 0.28 2.13

CARX1 0.92 1.04 —2.64 0.29 1.98

CARX2 0.94 1.00 —2.65 0.2 1.98

CARY1 0.91 1.29 —2.51 0.15 1.95

CARY2 0.90 1.04 —2.68 0.12 1.75

electronic structure calculations and are summarized in Table
6. The LHE was calculated from the oscillator strength corre-
sponding to the dominant electronic transition of a sensitizer
molecule. As discussed in Section 3.3, CARV1, CARV2, CARV5
and CARV6 have a high oscillator strength at around the
wavelength of 320 nm, and hence these sensitizers have high
LHE in that region of the spectrum. In general, it was observed
that the studied linear- and V-shaped sensitizers possess a high
LHE at the respective Ay, (although comparatively less in
CARV3 and CARV4). The LHE of the X- and Y-shaped sensitizers
was comparatively less than that of the other sensitizers. The
decay of an electron from the excited state to ground state is an
important competing process against the process of electron
injection by an excited dye molecule into the conduction band
of TiO,, where a dye with a longer excited-state lifetime offers
greater possibility of electron injection.*® Hence, the excited-
state lifetime of the studied sensitizers was calculated based
on eqn (4). It was observed that the excited-state lifetime is
dependent on the structure of the sensitizer. For instance,
between TPAL1 and TPAL2, the difference in the excited state
lifetime is 0.26 ns. In the case of CARL1 and CARL2, the
difference is 0.28 ns. Among the V-shaped sensitizers, CARV4
exhibits the highest excited-state lifetime of 1.41 ns. A highly
negative AGipjec indicates high spontaneity (exoergic) for elec-
tron injection by the sensitizer into the semiconductor.”* As
presented in Table 6 for all the studied sensitizer molecules, the
AGinjece is negative, showing the possibility of spontaneous
electron injection. It was observed that the linear- and V-shaped
dyes show the least spontaneity, and the X-shaped sensitizers
have high spontaneity. However, the difference between the
lowest and highest calculated AGipject is only 0.7 eV. The reor-
ganisation energy corresponding to the oxidation of the studied
sensitizers was calculated using eqn (6), which measures the
change in energy of the sensitizer due to the presence of excess
charge. It should be noted that in DSSCs, the sensitizer acts as

© 2021 The Author(s). Published by the Royal Society of Chemistry

a p-type material by donating an electron to the substrate,
thereby reducing itself, and is regenerated later by the electro-
Iyte. As presented in Table 6, the Y- and X-shaped sensitizers
exhibit a relatively low reorganisation energy. However, similar
to the AGjpject, the maximum difference between the reorgan-
isation energy of the sensitizers is only 0.24 eV. Also, the exciton
binding energies of the studied sensitizers was calculated using
the formula Ey, = E; — E, = AEy_ — E1, where AEy_ represents
the energy gap value and E; represents the optical gap of the
sensitizer. For high conversion energy, it is desirable to have
a sensitizer with a low exciton binding energy.** It was observed
that the X- and Y-shaped sensitizers have a low exciton binding
energy (less than 1.7 eV for the TPA-based dyes and less than
2.0 eV for the CAR-based dyes), whereas the exciton binding
energy of the L- and V-shaped dyes has slightly higher values
(greater than 1.8 for the TPA-based dyes and greater than 2.0 eV
for the CAR-based dyes). The values of the exciton binding
energy obtained in the present study are slightly higher than
that reported for similar dyes in the previous studies.**** Also,
from the analysis of the AGipject, reorganisation energy and
exciton binding energy (Eyp), we observed that the X-shaped and
Y-shaped sensitizer molecules are efficient in harvesting
captured light energy. However, since the light capturing
process proceeds before the harvesting process, we conclude
that the linear and V-shaped sensitizers are better for DSSC
applications.

The interaction of the dye on the surface of TiO,, the dye-
electrolyte interaction and the aggregation of the dye on the
surface of TiO, are crucial factors,” which highly influence the
performance of DSSCs. In the present work, the two-
dimensional electrostatic potential (ESP) map computed at
the B3LYP/6-311G(d,p) level of theory was used to study the
active sites for the dye-TiO, and dye-electrolyte interactions. In
the ESP map (shown in Fig. $37), the blue regions correspond to
the electron-deficient regions (electron-accepting regions) and

RSC Adv, 2021, 11, 5556-5567 | 5565
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the yellow or white regions correspond to the electron-rich
region (electron donating). It was observed that the electron-
deficient region on the studied V-shaped and X-shaped sensi-
tizers was oriented towards the anchoring site, and this distri-
bution of charge density can be beneficial for the vertical
adsorption of sensitizers on the surface of TiO, since from
previous works it is well established that TiO, has a greater
affinity for electron deficient groups.*® Further, it was observed
that the regions around the double-bonded oxygen atom, sulfur
in the thiophene rings, nitrogen atom in the donor moieties and
lateral edges of the conjugated rings are more likely to be
electrophilic, where electrolyte-dye interactions can favorably
occur. Further, it is expected that the branched structure of the
V-shaped sensitizers can be useful in creating space for elec-
trolyte-dye interactions®” and to prevent dye-dye aggregation by
limiting the 7t—7 interaction between adjacent dye molecules,*®
thereby reducing the quenching effect.

4. Conclusion

A collective study on 17 sensitizer molecules was performed as
a systematic attempt to identify potential shapes for the appli-
cation of sensitizer molecules in dye sensitized solar cells
(DSSCs). Based on the analysis of various parameters obtained
from electronic structure calculations, we found that the linear-
and V-shaped sensitizers outperform the X and Y-shaped
sensitizers in most of the crucial parameters, where espe-
cially, the linear and V-shaped sensitizers show good photon
absorption ability. By considering the drawback of - aggre-
gation in linear-shaped sensitizers, we recommend the V-
shaped design for sensitizers to achieve the best performance
in DSSCs. It was observed that positioning the thiophene group
adjacent to the anchoring group segregates the HOMO-LUMO
distribution significantly, which is advantageous; however, it
blue shifts the absorption spectrum, which can limit the photon
absorption ability of the dye molecule. Further, we observed
that the triphenylamine donor is more advantageous than the
carbazole donor in terms of photon absorption ability. We hope
that the present study, which was limited to the electronic
structure properties of selected isolated dye molecules, will be
useful to design and synthesize efficient dye molecules to ach-
ieve better power conversion efficiencies in DSSCs.
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