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A series of (D-n),—A,—A based organic dyes containing a boron dipyrromethene (BODIPY) moiety as an
ancillary acceptor (A,) derivative were chosen, and the effect of donor moieties (diarylamine, carbazole,
azepine, and dibenzazepine) was investigated to understand their photophysical and photoelectro-
chemical properties by employing density functional theory (DFT) and time-dependent DFT. It is experi-
mentally proved that BODIPY enhances light-harvesting in the red and near IR regions of visible light.
Electron density distribution analysis was performed for all the dyes to confirm the intramolecular charge
transfer, envisioned from the simulated absorption spectra of the dyes. Carbazole donor-based dyes
exhibited the lowest reorganization energy. A dye attached to the TiO,(1 0 1) surface was modeled to
estimate the adsorption energy of the dyes. The density of states analysis revealed that the absence of
defect states in the bandgap of TiO, facilitates smooth electron transfer from the excited state of the
dye to the conduction band of TiO,. Considering the lowest unoccupied molecular orbital (LUMO)
energy level of the dyes and the conduction band energy level of TiO,, it is understood that all the dyes
studied in this report are capable of electron injection upon photoexcitation. Considering the driving
force for dye regeneration and the magnitude of reorganization energy, a carbazole donor-based dye
(D2) would be the best performing dye in DSSCs. Previously, the power conversion efficiencies of the
dyes have been reported, and the carbazole donor-based dye (D2) exhibited the highest efficiency
among all the dyes. Our computational investigations are in good agreement with the experimental
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gained substantial attention due to their ease of fabrication, cost-
effective manufacturing technology, and environmental benignity."®

Introduction

The global energy demand is increasing rapidly with the current
pace of technology growth. To keep in check the alarming
environmental impact of fossil fuel, energy production from
renewable resources, such as converting solar energy into
electricity, is a prominent solution." Various solar photovoltaic
(PV) technologies have been explored, such as crystalline
silicon,”™ dye-sensitized solar cells (DSSCs)>® thin-film technologies
(CIGS),>” and perovskite solar cells,*” among these DSSCs have
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DSSCs allow the fabrication of flexible and semi-transparent cells
virtually in any color. Moreover, the ability of DSSCs to operate
in diffuse light conditions, with high power conversion effi-
ciency (PCE) in comparison to their performance under 1 sun
conditions, makes them suitable for indoor operation."

Panchromatic absorption, tapping into the IR radiation of
the sun’s spectrum along with the entire visible region, is one
of the ways to improve the PCE of DSSCs."”* For the same
reason, boron dipyrromethene (BODIPY) (4,4-difluoro-4-bora-
3a,4a-diazaindacene) based dyes were examined in DSSC
applications.’*** Reports on the use of BODIPY dyes in DSSCs
are scarce, despite their popularity for more than a decade
as biomolecular labeling, sensing, and logic gate design
materials.”*** Intense research on the molecular engineering
of BODIPY, to tune its optical and electrochemical properties, is
proceeding owing to the versatility of BODIPY.

BODIPY based dyes were explored for DSSCs because of their
high quantum yields, excellent molar extinction coefficients
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Fig.1 (a) Typical structure of a BODIPY (numbering according to the
IUPAC nomenclature) (b) The chemical structure of a dye molecule,
D representing donor moieties, viz., diarylamine, carbazole, azepine, and
dibenzazepine from left to right and the corresponding dyes are named
D1, D2, D3, and D4, respectively.

across the visible and near-IR regions and relatively long
excited-state lifetimes.>” Hattori et al. reported the first BODIPY
based sensitizer, 8-(2,4,5-trimethoxyphenyl)-4,4-difluoro-1,3,5,7-
tetramethyl-4-bora-3a,-4a-diaza-s-indacene (MEOPHBDP), in 2005
for DSSCs.'® They have modified the BODIPY-based donor-
acceptor dyad at its C-8 position using an electron-donating
2,4,5-trimethoxyphenyl moiety (Fig. 1a). This dye achieved a
PCE of 0.16%, and the lower PCE is due to the aggregation of
dyes onto the TiO, surface. Kolemen et al. synthesized a dye
with cyanoacetic acid and 4-(diphenylamino)phenyl groups as
electron-withdrawing/anchoring and electron-donating groups,
respectively. According to the authors, panchromatic absorp-
tion of the dye was a result of extending the conjugation using
styryl substituents at its C-3 and C-5 positions (shown in
Fig. 1a). Although they could achieve panchromatic absorption,
the PCE was only 0.68%'° because of the weak electron injection
of this dye from its excited state to the conduction band (CB) of
TiO,. Galateia et al. employed another approach by introducing
two BODIPY moieties covalently attached to a 1,3,5-triazine mole-
cule on a carboxyphenyl meso-substituted porphyrin core and
constructed a triad, PorCOOH-(BDP),. In this triad, BODIPY, 1,3,5-
triazine, and carboxyphenyl meso-substituted porphyrin act as a
donor, m-linker, and an acceptor unit, respectively. The dye
exhibited strong absorption at around 500 nm, which is attributed
to the absorption band corresponding to the BODIPY moiety.*®
The introduction of BODIPY units enhanced not only the spectral
response but also the alighment of energy levels for efficient
electron injection and dye regeneration. The PorCOOH-(BDP), dye
exhibited PCEs of 5.17% with pristine TiO, semiconductor films
of 12 pm thickness, and it further improved to 6.20% when rGO/
TiO, was used as the semiconductor material. The incorporation
of rGO between TiO, and PorCOOH-(BDP), formed a Schottky
barrier in the device, which led to efficient charge transport of the
injected electrons. Kubo et al. reported three BODIPY based dyes
(dye 1-3) with thienyl-cyanoacrylic acid acceptor units for DSSC
application.>* These dyes exhibited a strong absorption band in
the longer wavelength region. The dye having a butterfly-shaped
structure (dye 2) showed improved intramolecular charge transfer
and achieved the highest PCE of 6.06% due to its excellent light
harnessing ability and higher LUMO energy level, which helped in
effective electron injection into the CB of TiO,. Recently, Rao et al.
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reported NIR absorbing Aza-Bodipy based small molecules, which
exhibited the highest efficiency among BODIPY based dyes.””
In their study, they have covalently coupled phenothiazine and
phenoxazine moieties to Aza-Bodipy to obtain AZA-PTZ-BOD and
AZA-POZ-BOD dyes, respectively. The AZA-PTZ-BOD and AZA-POZ-
BOD dye-based organic solar cells exhibited PCEs of 8.23%
and 7.24%, respectively. The panchromatic absorption (300 to
1000 nm wavelength), suitable photonic properties, balanced
charge transport, efficient exciton dissociation, and reduced
bimolecular recombination make AZA-PTZ-BOD dye achieve a
higher value of short-circuit current density and fill factor and
hence the resultant power conversion efficiency.>” Table S1 (ESIt)
shows a comparison of the electrical performance of all the
BODIPY based dyes known for OPV and DSSC applications.

In this study, we have considered four BODIPY-based dye
molecules, which are experimentally studied and reported
earlier by Zhang et al.®® Density functional theory (DFT) and
time-dependent DFT (TD-DFT) studies have been employed to
correlate the structure-property relationship of the BODIPY
based dyes. Our motivation to undertake this work is to under-
stand the energy level alignment of the dyes while changing the
various donor units and to study their photophysical properties
at the molecular level, which is not reported by Zhang et al.>®
The effect of different donor moieties attached to the
BODIPY>*"** core has been focused in the current study using
first principles calculations.**™*°

Model and computational details

The optimization of ground-state geometries of the isolated
dyes was carried out using the Gaussian 09 program package®’
with the hybrid meta-GGA MO06-2X functional*® using the
polarized split-valence 6-31G(d,p) basis set.**** The molecular
structure of the dyes was drawn using the GaussView 5.0
visualization program, and the excited state properties of the
dyes were analyzed using the GussSum 3.0 software.’”> The
frequency calculation was performed to check the stationary
nature of the optimized geometries at the energy minimum at
the same level of theory. The solvent effect was employed by
using an integral equation formalism polarizable continuum
model (IEF-PCM) with dichloromethane (DCM) as a solvent
(dielectric constant, ¢ = 8.93).*° The highest occupied molecular
orbital (HOMO), the LUMO, and the HOMO-LUMO energy gap
have been estimated from the optimized ground state geometry,
and Kohn-Sham frontier orbital analysis was performed using
the optimized structures.”””*® TD-DFT calculations have been
performed to understand the photophysical properties of the
dyes such as the excitation energies corresponding to the
vertical transition from the ground state to the excited state,
oscillator strengths (f), and the contributions of the molecular
orbitals responsible for the transition and their percentage of
composition.**

To understand the interaction of dye and TiO, systems,
first-principles calculations based on DFT were carried out as
implemented in the Vienna Ab initio simulation package (VASP)***°

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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code using the Perdew, Burke, and Ernzerhof (PBE) generalized
gradient approximation (GGA) as the exchange-correlation
functional.**> The pseudopotential was based on the projector-
augmented wave (PAW) method®*** that explicitly includes the
following valence configurations for different elemental species:
3s” 3p° 4s® 3d” (12¢7) for Ti, 2s> 2p* (6e7) for O, 25> 2p> (4e™) for
C, 1s" (1e7) for H, 25> 2p> (5e7) for N, 2s* 2p* (3e7) for B, and
25 2p° (7e) for F. Brillouin zone sampling was done using
the Monkhorst-Pack scheme of k-points with gamma centered
meshes. Weused 6 x 6 x4and 1 x2 x 1 k-points for bulk and
slab of anatase TiO,(1 0 1) calculations, respectively. In all our
calculations, a plane wave kinetic energy cutoff of 520 eV was
used, and an energy convergence of 1 meV per atom was ensured.

The photovoltaic properties of DSSCs strongly depend on
the orientation of the dye on the surface of the semiconductor
and the reconstructions of the semiconductor surface owing to
the dye attachment. Previous reports established that the
anatase phase of TiO, is better than rutile and brookite phases
on photocatalytic activity, short-circuit photocurrent, electron
transport, and dye loading.>>>® The most stable surface of TiO,,
anatase, is established as the (1 0 1) surface, modeled using a
slab containing 80 ‘Ti’ and 160 ‘O’ atoms: the in-plane dimen-
sion of a supercell is x-direction x y-direction. The aspects of
the supercell are such that the distance between periodically
repeating dyes is more than 10 A in any direction.

Results and discussion

Designed structures

The chemical structures of BODIPY-based dyes (D1 to D4) are
shown in Fig. 1. Diarylamine, carbazole, azepine, and dibenz-
azepine act as donor moieties, a styryl unit acts as a n-bridge
between the donor and the BODIPY moiety, and benzoic acid
acts as an acceptor moiety. Two donor-n-linker moieties are
attached to the BODIPY unit, making a (D-n),-A,-A configu-
ration (where A, = BODIPY). The structure of the dye molecule
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forms a Y like shape. The ground state optimized geometries of
the dyes are shown in Fig. 2.

Alignment of energy levels and driving force for dye
regeneration

The benchmark study has been performed using various func-
tional with different basis sets, and the outcome of this analysis
is presented in Table S2 (ESIt). HOMO energy (Ey), LUMO
energy (Er), and driving force for dye regeneration are reported
in Table S2 (ESIt). Ey, E1, and driving force for dye regeneration
calculated using MO06-2X/6-31G(d,p) seem to be the closest
match to the experimental data.

The energy level diagram of the four dyes, along with the
energy level of the CB of TiO, and the redox energy level of the
electrolyte, is given in Fig. 3. Table 1 lists the calculated Ey, Ep,
and energy gap between the HOMO and the LUMO (Eyy_1), and the
experimental values (adapted from the work of Zhang et al.*®) are
also mentioned in the parentheses next to the theoretical values.
A small variation between the theoretical and experimental values
is mainly due to the exclusion of the solid-state packing effect
in our model. The calculation of energy levels of organic dye
molecules includes the optimization of an isolated dye with the
incorporation of an implicit solvent medium. This model does not
take into account the molecular aggregation between the dye
molecules and other parameters, such as the electrochemical
interface between the dye molecule and the electrode while
measuring the ground state potential. The incorporation of such
parameters makes the computational calculations very expensive
and complex as well. Therefore, in this study, we tried to probe
the trend of the energy levels with the experimental data. The
parameters for the optimized ground and excited state geometries
are tabulated in Tables S3-S6 (ESIt). It is to be noted that the
bond length and the bond angle have been modified a bit
(in terms of increment or decrement) in the excited state structure
in comparison to that of the ground state structure. The frequency
calculations were performed for both ground and excited state
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Fig. 2 The optimized structures of the dyes obtained using the M06-2X/6-31G(d,p) method.
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Fig. 3 The energy level diagram of four dyes, including the conduction
band of TiO, and the redox potential energy level of the |37/~ couple.

Table 1 HOMO, LUMO, bandgap energy, and driving force for dye
regeneration (in eV) calculated using the M06-2X/6-31G(d,p) method.
The experimental values are given in parentheses

Driving force for
dye regeneration

Dyes Ey/eV E eV Ey_1/eV (Er,-i- — En)leV
D1 —4.99 (—5.06) —2.65(—3.41) 2.34 (1.74) 0.19
D2 —5.33 (—5.30) —2.81(—3.52) 2.52(1.89) 0.53
D3 —4.97 (—4.98) —2.54 (—3.30) 2.43 (1.75) 0.17
D4 —5.12 (—4.96) —2.67 (—3.31) 2.45(1.74) 0.32

geometries and are tabulated in Table S7 (ESIT). The absence of
an imaginary frequency confirms the stationary nature of the
optimized geometries at the energy minimum.

The energy level of the LUMO of all the dyes is higher than
that of the CB of TiO, (—4.0 eV vs. vacuum), which facilitates
the electron injection from the LUMO of the dye to the CB of
TiO,. Similarly, the energy level of the HOMO should be located
below the redox potential energy of the I;"/I" electrolyte for the
sufficient driving force for dye regeneration (Fig. 3).

The HOMO energy levels of D1 (—4.99 eV), D2 (—5.33 eV), D3
(—4.97 eV), and D4 (—5.12 eV) are below the redox potential
energy (—4.80 eV vs. vacuum) of the I; /I electrolyte. Moreover,
the HOMO energy levels for D1 and D3 are slightly higher in
comparison to those of the other dyes, which indicates that their
HOMO level has been destabilized due to the introduction of
diarylamine and azepine, respectively. For an efficient DSSC,
regeneration of the dye from its cationic to neutral form is essential
for continuous cell operation. Besides dye regeneration, driving
force can impact the kinetics of back-electron transfer between the
injected electrons in the CB of TiO, with the oxidized dye and I;~.

The calculated dye regeneration driving force of the four
dyes is in the following increasing order: D3 (0.17 eV) < D1
(0.19 eV) < D4 (0.32 eV) < D2 (0.53 eV), and Zhang et al.’®
reported the photovoltaic performance of the four dyes (D1 to
D4), and among them, D2 showed the highest electrical per-
formance, which could be due to the higher driving force for
dye regeneration of D2. The driving force for dye regeneration
is higher for D2 as compared with the other dyes, which is
reflecting the higher performance of this dye in the DSSC
mode. These data matched well with the experimental result.
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Electron density distribution analysis

The electron density distribution analysis was performed by
calculating the population of electron density on each energy
level, including ground and virtual states using the M06-2X/
6-31G(d,p) level of theory. It provides quantitative evidence
about the localization of electron density at different parts of
the dye, such as the donor, the n-linker, and the acceptor. The
existence of ICT in the dyes during photoexcitation can be
clarified by finding the relative ordering of occupied and virtual
orbitals, i.e., the HOMO and LUMO of the dyes. The outcome of
this analysis of the four dyes is presented in Table 2 (HOMO—1,
HOMO, LUMO, and LUMO+1).

During photoexcitation of a dye, the electron density in
the donor moiety shifts to the virtual orbital located on the
acceptor part, which is called as ICT. It is comprehended that
for all the four dyes, the electron density at the HOMO (35 to
99% in the donor and 0.08 to 20% in the n-linker) shifts to the
LUMO (15 to 20% in the m-linker and 53 to 65% in the
acceptor). This indicates that during ICT, some amount of
electron density remained on the n-linker moiety, which is well
established through the frontier orbital diagram of dyes shown
in Fig. 4. In all the dyes, the electron density at the HOMO is
delocalized over the donor moiety and partly on the n-linker,
while the electron density at the LUMO is mainly delocalized on
the n-linker and the acceptor. The overlap between HOMOs and
LUMOs is reasonably good, which favors efficient electron
transfer from the donor of the dyes to the CB of TiO,.

Electronic absorption spectra

DSSCs convert sunlight into electricity, so it is crucial to gain
insight into the excited state properties of the dyes for a better
understanding of the electronic structure and light-harvesting
efficiency. The electronic spectra simulation using TD-DFT was
carried out using various functionals. The benchmark study of
the functionals has been performed by including two basis sets
with different functionals. The excited-state properties of the

Table 2 The projected density of states (PDOS) analysis of four dyes
obtained using the M06-2X/6-31G(d,p) method

Dye Composition HOMO-1 HOMO LUMO LUMO+1

D1 Donor 85.69 49.90 16.47 0.01
Linker 7.14 16.72 17.36 0.04
Ancillary acceptor (BODIPY) 6.92 33.30 64.58 3.10
Acceptor 0.25 0.08 1.59 96.84

D2 Donor 93.21 34.98 15.22 0.09
Linker 3.59 19.43 18.23 0.11
Ancillary acceptor (BODIPY) 3.08 4549 64.94 3.19
Acceptor 0.12 0.10 1.61 96.61

D3 Donor 99.95 36.72 15.32 0.02
Linker 0.03 20.40 17.70 0.04
Ancillary acceptor (BODIPY) 0.02 42.73  65.38  3.11
Acceptor 0 0.15 1.60 96.83

D4 Donor 99.89 38.27 15.42 0.02
Linker 0.06 20.00 17.77 0.05
Ancillary acceptor (BODIPY) 0.05 41.58 65.20 3.11
Acceptor 0 0.15 1.60 96.82

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Fig. 4 Frontier molecular orbitals (HOMO-1 to LUMO+1) of the dyes
obtained using the M06-2X/6-31G(d,p) method.

dyes with various functionals and basis sets are tabulated in
Table S8 (ESIf). For D1 and D2, the PBE1PBE/6-31+G(d,p)
method is found to be more suitable for defining the charge
transfer band, whereas for D3 and D4, TPSSH/6-31+G(d,p) is
found to exhibit a closer match with the experimental data. The
inclusion of the diffusion function for the calculation of
electronic spectra was incorporated to comprehend the charge
transfer behavior. It has improved the charge transfer behavior
and exhibits a close match with the experimental UV-Vis
spectra. The simulated electronic absorption spectra are presented
in Fig. 5. Two distinct peaks are observed in the absorption spectra,
wherein the peak located between 350 and 550 nm is denoted as
the m-n* transition (Frontier molecular orbitals that involved n—m*
transition are shown in Fig. S1-S4, ESI{) from the aromatic organic
framework, and another peak beyond 550 nm represents ICT due
to the charge transfer from the donor to the acceptor moiety.
More detailed information in terms of the maximum absorption
wavelength (4.), the oscillator strength (f), and the percentage of
transition probability from the occupied to the virtual orbitals is

"€ 1400004 —=— D1-PBE1PBE/6-31+G(d,p)
S —e— D2-PBE1PBE/6-31+G(d,p)
= 120000 —a— D3-TPSSH/6-31+G(d,p)
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Fig. 5 Computed UV-Vis absorption spectra of four dyes in DCM solvent.
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tabulated in Table 3. A. values are in the decreasing order of
D2 < D3 < D4 < D1. The poor coplanarity between the carbazole
donor unit and the BODIPY moiety in D2 causes a blue-shift in the
absorption band in the range of 500-800 nm.

In D2, the carbazole moiety and BODIPY unit are non-
coplanar (dihedral angle is 48°) with each other, and the
carbazole unit itself is in a twisted configuration. In the cases
of D3 and D4, the twist (bending) in the donor part does not
exist because of the presence of a seven-membered ring which
is somewhat coplanar with the BODIPY moiety. Hence, D2
bearing a rigid carbazole unit inhibits intermolecular n-n
aggregation when compared to D1, D3, and D4, and hence D2
exhibited the highest performance in DSSCs.

Reorganization energy calculation

The amount of energy cost owing to the conformational
reorganization of molecules caused by photoexcitation is defined
as the reorganization energy of the dye molecule. Based on the
Marcus electron transfer theory,” the kinetics of the electron
transfer rate could be affected by reorganization energy from the
following equation:

1 b3 A
k _ V2 _ total 1
BT oV h2kBT| |°Xp{ 4T &

From eqn (1), it is to be noted that except the total reorganization
energy (Awral), all other parameters on the right-hand side are
constant. Hence, the rate constant for electron transfer (kgr)
entirely depends only on Aiptar. Atotal 1S the sum of the electron
(4e) and the hole reorganization (Ay) energies, which can be
calculated using the following equations:

A = (En* - Ea) + (Eg - En) (2)
Ap = (Enr — Eo) + (E2 — Ep) 3)
Agotal = Ae + Ay (4)

where E,, E., and E,, represent the total energies of the neutral,
cation, and anion systems, respectively, at their corresponding
optimized geometries. E.- (E,-) is the energy of the cation
(anion) at their optimized neutral molecules and E2 (EJ) is the
energy of the neutral molecules computed from the optimized
cationic (anionic) geometries.

Atoral is @ measure of the energy penalty due to the geometry
modification of the dye molecule during ICT from the donor to
the acceptor. In general, the reorganization energy comprises
internal and external reorganization energies. The external
reorganization energy represents the effect of the solvent
medium during the charge transfer, and the internal reorgani-
zation energy deals with the structural rearrangement between
neutral and ionic states. In our calculation, we have concen-
trated on the internal reorganization energy to understand the
mobility of the charge carriers. For achieving greater electron
injection, i.e., to obtain higher current density, the A value
must be smaller.

Table 4 summarizes the calculated A, A, and Ay of all
dyes. The highest Ao, of D4 and D3 leads to a lower electron
injection ability, which is connected to a poor PCE in DSSCs.
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Table 3 Computed absorption wavelengths (4, in nm), electronic transitions, and oscillator strengths (f) for the singlet—singlet transitions for metal-free
organic dyes in DCM solvent medium. Amax represents the experimentally measured maximum absorption wavelength in the DCM solvent

;Lmax/nm /lc/nm
Dye Experimental States  Theory Functional/basis set  Oscillator strength (f) Major Transition (%)
D1 693.5 SptoS, 706 PBE1PBE/6-31+G(d,p) 1.096 HOMO to LUMO (99%)
347.5 Soto S, 546 0.7275 HOMO-1 to LUMO (98%)
So to S; 409 1.2812 HOMO to LUMO+2 (94%)
D2  644.5 SptoS; 635 PBE1PBE/6-31+G(d,p) 1.1083 HOMO to LUMO (99%)
347.5 Soto S, 503 0.4251 HOMO-1 to LUMO (98%)
SotoS; 466 0.0731 HOMO—2 to LUMO (99%)
D3 695 SotoS; 696 TPSSH/6-31+G(d,p) 1.0417 HOMO to LUMO (96%)
347 SptoS, 517 0.2105 HOMO—2 to LUMO (50%), HOMO to LUMO+1 (42%)
Soto S; 461 0.0103 HOMO-3 to LUMO (87%)
D4 700 SptoS, 704 TPSSH/6-31+G(d,p)  1.0494 HOMO to LUMO (95%)
347 Soto S, 672 0.0269 HOMO-1 to LUMO (98%)
Soto S; 520 0.3598 HOMO—2 to LUMO (85%)

Table 4 The calculated electron reorganization energy (A.), hole reor-
ganization energy (4), and total reorganization energy (Aiota) Of metal-
free organic dyes (D1 to D4) obtained using the M06-2X/6-31G(d,p)
method

Dyes AeleV Aplev Aroral/€V
D1 0.36 0.28 0.64
D2 0.26 0.22 0.48
D3 0.28 0.59 0.87
D4 0.29 0.60 0.89

The increasing order of Ay is D2 < D1 < D3 < D4. D2
exhibited the lowest Ay, Wwhich would enhance the rate of
electron transfer from the excited state of the dye to the CB of
TiO,, which manifests the highest PCE in DSSCs (Table 4).
Hence, the obtained A, values of dyes can be considered to
predict the trend in the electron injection efficiency among the
four dyes qualitatively.

The excited-state lifetime of the dyes was calculated using
the following equation:

1.499
) ©)

where E is the excitation energy (in cm ™) of the first excited
states and f is the oscillator strength for the corresponding
state.’® %" The lifetime values for all the dyes are presented in
Table 5. The dye possessing a higher first excited state lifetime is
predicted to transfer charge efficiently. The calculated results show
that all four dyes almost exhibit similar excited state lifetimes.

Table 5 Calculated excited-state lifetimes and radiative and non-radiative
decay rates of the dyes

Dyes 7/ns of Ki/st Kprls ™t

D1 6.83 0.013 1.90 x 10° 1.45 x 10°
D2 5.47 0.516 94.30 x 10° 0.88 x 10°
D3 6.98 0.022 3.15 x 10° 1.40 x 10°
D4 7.08 0.140 1.97 x 10° 1.21 x 10°

@ ¢y is taken from the experimental data reported by Zhang et al.>®
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Based on the reorganization energy and the reasonable higher
excited-state lifetime, D2 would be the best performing dye for
DSSCs as compared with the other dyes.

The radiative decay rate (K,) and non-radiative decay rate
(Knr) of the dyes are calculated using lifetime values and
experimental quantum yield (¢f). K; values are found to be in
the order D2 > D4 > D3 > D1, whereas K, values are found to
be in the order D2 < D4 < D1 =~ D3. Non-radiative decay can
be described as the loss of thermal energy due to the rotation of
aryl substituents in the excited state. The time scale for the non-
radiative decay process is in the pico-second range, whereas for
the radiative decay process, it is in the nanosecond scale. Hence
the non-radiative process is faster than the radiative decay
process. The blocking of free rotation would decrease the rate
of non-radiative decay and, as a result, lead to higher electron
injection into the conduction band of TiO,. As per the following
quantum yield equation, higher radiative decay and smaller
non-radiative decay result in higher photovoltaic performance.
D2 exhibits the lowest K;,, among the four dyes due to the fused
benzene ring in the carbazole group.

Pr
=2 6
=2 ©
1
N )
1
+ X,

Photovoltaic parameters pertaining to DSSC performance

The overall PCE (1) of a DSSC is the ratio of the output electrical
power to the input light power. Thus # can be calculated using
eqn (8).

VOC X JSC x FF %

Iinput

n (%) = 100 (8)

where Jsc and Voc are the short-circuit current density and
open-circuit voltage, respectively. Voc X Jsc x FF is the area
under the I-V curve. FF is the fill factor or ideality factor, which

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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depends on the series and shunt resistance of the cell, and Ii;py.
is the incident power density. Jsc can be represented as in

eqn (9).

Jsc = J LHE(A)qjinjeClncollect di (9)
A

where LHE(Z) is the light-harvesting efficiency at a specific
wavelength (associated with f), which is provided in the
equation,

LHE=1 — 107 (10)

Dinjece and 7eonece are the electron injection efficiency and
charge collection efficiency, respectively. #¢onect can be assumed
constant as the same semiconductor is being used in the same
DSSC with different dye molecules. ®jpjcce is correlated with
the driving force for the electron injection (AGjpjece) and is
expressed by

¢inject oC f(AGinject) (11)

Therefore, to achieve a higher electron injection efficiency
AGinjece must be more negative. AGijpjece can be evaluated as
the difference between the excited state oxidation potential,
i.e., the LUMO energy level (Egy)f) of the dye, and the CB energy
level (Ecg) of TiO, (Ecg = —4.0 eV) and it is stated by

AGinjecl = Eg};* — Ecp (12)
Egy{ can be estimated using the following equation:
ESX = ESX — AE (13)

where Egk (i.e, —Eg) is the ground state oxidation potential of
the dye, and AE is the vertical electronic transition energy
related to J. (Table 3). AGipjecr and LHE values are tabulated
in Table 6.

All the dyes showed negative AGiyjecc values, which facilitates
the sufficient driving force for electron injection from the
Erumo of the dye to the CB of TiO,. Also, all the dyes can
harness more light and convert into electricity, as the LHE is
more than 90% in this study. The Voc of the DSSC can be
computed from the empirical eqn (14).

_ | zDye
Voc = ‘EH

TiO,
- |E&s

~03 (14)

0.3 is a vital factor appearing from the quasi-Fermi energies of
electrons and holes within the HOMO and LUMO energies of
the donor and acceptor moieties of the dye.®® It is to be noted
that the kinetics of back-electron transfer was not considered

Table 6 The calculated excited and ground state oxidation potentials
(ESS and ES), the electronic vertical transition energies (AE) associated
with the Ac, LHE, AGnject and open-circuit voltage (Voc) of the dyes

View Article Online
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while computing Voc. These are the indicative values to under-
stand the trend of the V¢ of the dyes. The increasing order of
calculated Vo is D3 = D1 < D4 < D2. D2 exhibits the highest
Voc value, which agrees well with the experimental Vo value
and also the trend of the Vg.

Chemical reactivity parameters’ study

The molecular energies are obtained for the ionic and neutral
species by considering the gas phase geometry using the
M06-2X/6-31G(d,p) level of theory. The chemical reactivity para-
meters,’” such as ionization potential (IP), electron affinity (4),
chemical potential (u), electronegativity (y), and electrophilicity
index, (w) were calculated (in eV); the values are presented in
Table 7. IP and A were used to calculate the rest of the parameters.

u=(IP + A)/2 (15)
7 = —(IP + A)/2 (16)
o = 228 (17)

¢ is the chemical hardness [(IP — A)/2]. Chemical potential is
one of the global quantities, which deals with the escape tendency
of an electron cloud, a measure of lowering the energy owing to the
highest electron flow between the donor and the acceptor units.
Both chemical potential and electronegativity parameters denote
the donating ability of the electrons of a molecule.

Therefore, the dye containing higher u and y values is
expected to perform better in DSSCs. D2 showed higher p and
x values as compared to the other dyes. Similarly, a higher o
value suggests that the amount of charge transfer from the
HOMO to the LUMO is high for D2 and hence the current
density for D2 should be high. Therefore, from the chemical
reactivity parameter study, it can be inferred that D2 would be
the best performing dye for DSSCs.

Adsorption of the dyes onto the TiO,(1 0 1) surface

The adsorption energies of all the dyes are calculated by
attaching the dye onto the anatase TiO,(1 0 1) surface using
DFT and the optimized geometries of dye anchored TiO, are
given in Fig. 6. There are several modes of adsorption of dyes
onto the TiO, surface, such as monodentate binding, bidentate
chelating, and bidentate bridging, which have been proven
through an experimental standpoint conventionally accessed
by Fourier Transform Infrared (FT-IR) spectroscopy and Surface
Enhanced Raman Spectroscopy (SERS).%?

The different modes (Fig. S5, ESIf) of binding (bidentate
bridging, monodentate, and chelating) of the dyes onto the

Table 7 The calculated ionization potential (IP), electron affinity (A),
chemical potential (1), electronegativity (x), and electrophilicity index (w)
of the dyes

EX . AGipjeet Voc/V VoclV
Dye J./nm AE/eV [eV Eg’;? /eV eV LHE (theo.) (exp.) Dyes IP/eV Alev ulev y/ev w/eV
D1 706 1.76 499 3.23 —-0.77 0.919 0.69 0.50 D1 0.14 —0.19 —3.82 3.82 6.24
D2 635 1.95 5.33 3.38 —0.62 0.922 1.03 0.53 D2 0.11 —-0.14 —4.07 4.07 6.57
D3 696 1.78 4,97 3.19 —0.81 0.909 0.67 0.47 D3 —0.15 —0.15 —-3.75 3.75 5.80
D4 704 1.76 5.12 3.36 —0.64 0.910 0.82 0.47 D4 —0.12 —0.15 —-3.89 3.89 6.19
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D4@TiO,
A

Fig. 6 Ground state optimized geometries of dyes@TiO, with an expanded view of the interface between the dyes and the TiO, surface displaying the
bidentate bridging binding of the dye onto the TiO, surface shown at the center of the figure.

surface of TiO, were studied to comprehend the adsorption
energy. The calculated adsorption energy and distance between
Ti and O for the D2 dye have been tabulated in Table S9 (ESIt).
The bidentate bridging mode exhibited negative adsorption
energy, and the remaining two modes showed positive adsorp-
tion energy. Hence the bidentate bridging binding of the dyes
onto the surface of TiO, is more favorable than the other
binding modes. Negative adsorption energy indicates the for-
mation of chemical bonds between the dyes and TiO, and
hence the electron injection probability from the LUMO of the
dyes to the CB of TiO, would be better. E,q5 values are evaluated
by using the following equation, and the values are presented
in Table 8.

Eaas = E(dye+Ti02) - (Edye + ETiOZ) (18)

where Eqy and Erjo, refer to the total energy of the isolated dye
and semiconductor, respectively, and Eyertio,) is the total
energy for the dye anchored onto the TiO, surface. All the dyes
showed negative adsorption energies, resulting in chemi-
sorption onto the surface of TiO, (Table 8).

Density of states (DOS) calculation

To understand the bonding interaction of the dye molecules
with the TiO, surface, the DOS calculations were performed.

Table 8 Calculated adsorption energies (E,qs in eV) and bond lengths (in A)
of the optimized dye structures

Dye Eqas/eV Ti;-0,/A Ti,~0,/A d/A 0,-H/A
D1 —0.358 2.014 2.095 2.054 0.967
D2 —0.356 2.004 2.097 2.051 0.963
D3 —0.153 2.014 2.087 2.051 0.970
D4 —0.402 1.992 2.064 2.028 0.963

4884 | New J. Chem., 2020, 44, 4877-4886

The DOS profiles of the TiO, slab, the partial density of states
(PDOS) of the dyes, and TiO, (in the case of the dyes absorbed
onto the surface of TiO,) are plotted in Fig. 7. From DOS of the
TiO,(1 0 1) oriented slab, it is clear that the (1 0 1) surface does
not lead to any defect states in the bandgap. The bandgap of
bulk TiO, is the same as that of the slab. PDOS of the dye
adsorbed surface shows the absence of defect states in the

300 ——TiO, (total)
200 ] ——Ti (3d)
] ——0 (2p)
100 +
04
3001 —— Tio,@D1
200 — D1
§ 302 Pty ¥ T ¥ T v T v T
< - .
S ] — TiOo,@D2
200
= ] D2
.‘? 100—_
Z o : . — ;
] -
K 3007 ——Tio,@D3
200 ——D3
100
sog T T T v IA "‘Nl\l T T T
] ——Tio,@D4
200 —D4
100
0 T T 1 T T T
-4 -2 4 6

0 2
Energy (eV)

Fig. 7 Partial density of states of TiO, and dyes + TiO,. For all dyes, when
attached to TiO,, a shift in the CBM towards the left is a signature of charge
transfer taking place from the dyes to TiO,.
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bandgap of TiO,. The defect states act as trap states, and the
absence of such states helps in smooth transfer of electrons
from the dyes to TiO,.

Conclusions

Four BODIPY-based dyes have been investigated using DFT and
TD-DFT calculations to understand their photophysical and
photoelectrochemical properties. The driving force for dye
regeneration was estimated, and D2 possessed the highest
values among the other dyes studied in this work. The electron
density distribution analysis was performed to understand
better the intramolecular charge transfer from the donor to
the acceptor moieties, which further correlates with the frontier
orbital diagram of the dyes in the ground and virtual states.
From the electronic absorption spectra, it can be observed that
D2 showed a blue shift as compared with other dyes owing
to the poor coplanarity between the carbazole and BODIPY
moieties. However, D2 bearing a rigid carbazole unit inhibits
intermolecular n-n aggregation, which makes it perform better
in DSSCs. The negative adsorption energy of all the dyes
indicates that the dyes were chemisorbed onto the (1 0 1)
surface of the TiO, slab. DOS calculation showed that there is
no defect state (trap state) created in the bandgap of TiO,,
which confirms the smooth electron transfer from the dye to
the CB of TiO,. The lowest reorganization energy, highest
driving force for dye regeneration, and reasonably higher
excited-state lifetime of D2 make it a clear winner among the
other dyes, which agrees well with the experimental data
reported by Zhang et al.?® The introduction of a heterocycle
to the BODIPY moiety and attachment of donors such as
phenothiazine and phenoxazine could make its structure more
coplanar and rigid, which would enhance the light-harvesting
ability via panchromatic absorption. Our future work is focused
on identifying a suitable molecular engineering route to
enhance the overall PCE of DSSCs by increasing the driving
force for dye regeneration and the photoelectron injection
efficiency via tuning the HOMO and LUMO of BODIPY dye
molecules.
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