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ABSTRACT: Novel dye sensitizers are highly expected in the 140000 — vbrocs
development of dye-sensitized solar cells (DSSCs) because dye 120000 4 —— H,(TAnP)-a
sensitizers can significantly affect the power conversion efficiency _ _Hz("t’\’p)'y
(PCE). Here, the molecular docking strategy is applied to design § 1000007 _;E;Z:;;
panchromatic dye sensitizers for DSSCs to improve light-harvesting £

efficiency covering the full solar spectrum. Considering the broad T

absorption bands of tetraanthracenylporphyrins (TAnPs) and _g:

tetraazuleneporphyrins (TAzPs), based upon porphyrin dye 2

sensitizer YD2-0-C8, the panchromatic dye sensitizers coded as =

H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-¢, and H,(TAzP)-5 are

T T T T T T T
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designed by the substitution of the porphyrin-ring in YD2-0-C8 Wavelength(nm)

with TAnPs and TAzPs moieties at different positions. The
geometries, electronic structures, and excitation properties of the
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designed dye sensitizers are investigated using density functional theory (DFT) and time-dependent DFT methods. The analysis
of geometries, conjugation lengths, electronic structures, absorption spectra, transition configurations, exciton binding energies,
and free energy variations for electron injection and dye regeneration supports that the designed molecules are effective to be
applied as potential candidates of dye sensitizers for DSSCs. Among the designed dye sensitizers, H,(TAzP)-y and H,(TAnP)-a

must have the better performance in DSSCs.

1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) are developing as an
alternative next-generation photovoltaic technologies for
providing electricity at lower cost and relatively higher
efficiency. In terms of electrons or holes as charge carriers,
DSSCs are classified as n- and p-type. The incident photon to
current conversion efficiency (IPCE) of n-type DSSCs is
determined by the light-harvesting efficiency of dye sensitizers,
the quantum yield of photoinduced electron injection (PIEI)
and dye regeneration (DR), as well as the electron collection
efficiency at the semiconductor electrode.' Apparently, dye
sensitizers are very important in DSSCs due to its effects on
light-harvesting, PIEI, and DR. Therefore, the design and
development of novel dye sensitizers are an effective route to
improve the power conversion efficiency (PCE) of DSSCs.”
Up to now, it has been recognized that the effective dye
sensitizers usually have the following properties.” First, the wide
absorption bands and large absorption coefficients are expected
to harvest more photons from solar radiation. Also, the dye
should have the suitable energy levels of the ground state
(related to DR) and excited states with effective charge-transfer
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(CT) character which determines the PIEI mode in DSSCs.*’
In addition, the aggregation and recombination are expected to
be suppressed in the molecular structure design for a dye
sensitizer.”” Consequently, all of the above-mentioned factors
should be considered in the design and development of novel
dye sensitizers for DSSCs.

Among the numerous reported dye sensitizers, porphyrin-
based dye sensitizers are promising because their prominent
performance in photosynthesis, optical absorbance, and other
properties can be modified by their four meso and eight f
reaction sites of the porphyrin ring.” ' For instance, the PCE
about 12.3% was achieved from the DSSC sensitized by
porphyrin dye sensitizer YD2-0-C8 with donor—z conjugate—
acceptor (D—z—A) structure.® After that, the PCE up to 13%
was reached by the DSSC based-upon a panchromatic
porphyrin dye sensitizer SM315, containing a benzothiadiazole
(BTD) moiety.""
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Porphyrin’s absorption spectra possess intense Soret bands at
about 400 nm and moderate Q bands at about 600 nm. The
absorptions are limited to the UV—vis region without extending
into the near-infrared (NIR) region. Because a large part of
solar photon energy is in the NIR region,'” the absorption
ranges and intensities of porphyrin dye sensitizers are still
insufficient,"” and the panchromatic dye sensitizers are highly
desired for more efficient DSSCs.'*!® For instance, the
carbazole fused thiophene-substituted zinc porphyrin dyes
were developed to fill the absorption gap between the Soret and
Q bands.'® Thus, it is necessary to further improve light-
harvesting abilities, shift absorption bands to the NIR region,
broaden absorption bands, and increase extinction coefficients
to develop panchromatic dye sensitizers for DSSCs.

The reported tetra(anthracenyl)porphyrins (TAnPs)'” and
tetra(azulene )porphyrins (TAzPs)'® have intense absorptions
covering the broad UV, visible, and NIR range revealed in the
electronic absorption spectrum. On the basis of analysis of
electronic structures and electronic absorption spectra, Jiang et
al. found that the introduction of electron-withdrawing or
electron-donating groups onto the periphery of the TAnP/
TAzP skeleton can tune the gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), inducing an obvious shift of the
absorption bands, and the introduction of electron-donating
groups onto the periphery of anthracene at & positions and of
azulene at ¢ positions (the positions are labeled in Figure 1)
lead to novel panchromatic dyes.'”*’ This indicates that fusing
anthracene/azulene to porphyrin core is effective to extend
absorption into NIR region.
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Figure 1. Molecular structures of YD2-0-C8 and the designed dye
sensitizers H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-¢.

Usually, the porphyrin dye sensitizers applied in DSSCs have
D—r—A structure. The absorption and electrochemical proper-
ties of porphyrin sensitizers can be tuned by modifying their
donors,gl_rg conjugate bridges,”™>* and acceptorsi.:%g_§1 For
example, elongation of the & conjugation and loss of symmetry
in porphyrins cause broadening and a red shift of the
absorption bands together with an increasing intensity of the
Q bands relative to that of the Soret bands.”” Also, Lee et al.
designed a series of porphyrin dye sensitizers with different
electron donor and acceptor on the basis of quantum chemistry
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calculations and predicted some of designed dyes can be
applied in DSSCs.”

The prominent performance of porphyrin dye sensitizers
YD2-0-C8 (the molecular structure is shown in Figure 1) and
SM315 in DSSCs underlines the possibility to learn the lessons
from its molecular structure. The analysis of the molecular
structure of YD2-0-C8 pointed out that the diarylamino (DAA)
group with two hexyl chains and the phenylethynyl carboxylic
acid (PECA) moiety act as electron donor and acceptor,
respectively, whereas long alkoxyl chains in the ortho-positions
of the meso-phenyls play the role of decreasing dye aggregation
and blocking the approach of electrolyte molecules to electrode
surface.® The electron donor and the role of porphyrin group in
SM31S5 are same as that in YD2-0-C8, and the BTD moiety in
SM315 plays the auxiliary electron acceptor.”

Because panchromatic and high performance dye sensitizers
can be engineered by the combination of several chromophores
into one dye molecule,®® in this work, to design novel
panchromatic dye sensitizers for DSSCs, we applied the
molecular docking strategy in which we kept the prominent
“gene” of YD2-0-C8, including D—n—A structure, donor,
acceptor, and alkoxylphenyl moieties. Meanwhile, considering
the effectiveness of panchromatic absorbance of TAnP and
TAzP, the porphyrin ring in YD2-0-C8 is substituted with
TAnP and TAzP. The designed dye sensitizers are labeled as
H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-,
respectively. The molecular structures of the designed dye
sensitizers are presented in Figure 1, and the letters o, y, 5, and
€ represent the connecting position. The calculated geometries,
electronic structures and excitation-related properties support
that the designed dye sensitizers are potential candidates for
DSSCs.

2. COMPUTATIONAL METHOD

The calculations for the ground state (geometry optimization
and electronic structures) and excitation properties were
conducted under the theoretical framework of density func-
tional theory (DFT) and time-dependent DFT
(TDDFT),**** respectively. On the basis of the calculated
results of excited states, the electronic absorption spectra were
simulated using the Gaussian function. The Coulomb-
attenuatin§ long-range corrected hybrid functional CAM-
B3LYP*”"" was applied in DFT and TDDFT calculations
because this functional is more suitable than other functionals
to describe electronic structures and excitation properties of
tetrahydroquinoline,5 triphenylamine,“ ethynyl-linked por-
phyrin—perylene arrays,” and porphyrin-based dye sensi-
tizers.”"** The polarized split-valence basis sets 6-31G(d,p)*
were selected because the basis sets are sufficient for calculating
the excitation properties and electron density of organic
dyes.”*” To compare the absorption spectra of the designed
dye sensitizers with that of YD2-0-C8, the solvent effects were
taken into account by using polarizable continuum model
(PCM)* method with tetrahydrofuran (THF) solution in
which the UV—vis absorption spectra of YD2-0-C8 dye
sensitizer was measured. The DFT and TDDFT calculations
were performed using Gaussian 09 package.*’

In terms of the work principles of n-type DSSCs,' the
important charge-transfer (CT) processes in DSSCs are PIEI
from the excited dyes to semiconductor conduction band and
the DR between the oxidized dye sensitizers and redox
electrolyte. On the basis of the Marcus theory for electron
transfer,”’ free energy variation is a significant factor to
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determine the rate constant of CT. According to Preat’s
method,* assuming PIEI occurs from the unrelaxed excited
state of the dye, the free energy variation of the electron
injection (AG™*®) can be calculated as the difference between
the excited state oxidation potential (ESOP, EJs*) and the
conduction band of semiconductor in electrode, whereas the
free energy variation for DR (AG™®") is the difference of the
ground state redox potential (GSOP, EJ) between electrolyte
and dye sensitizer. The EJf is obtained according to
Koopman’s theorem. The ESs* can be calculated as following™*

EGYX = Egk — A (1)
in which the A, is the absorption maximum in electronvolts.
The details of absorption spectra simulation and free energy
variation were described in our previous work.” In this work,
the conduction band of TiO, 4.0 eV, and the redox potential
of iodide/triiodide redox couple 4.85 eV (0.35 V vs NHE)*” are
adopted for the calculation of free energy variation.

max

3. RESULTS AND DISCUSSION

3.1. Molecular Structures. The optimized geometrical
structures of YD2-0-C8, H,(TAnP), H,(TAnP)-a, H,(TAzP),
H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-¢ are presented in
Figures S1—S7 in Supporting Information where the hydrogen
atoms were omitted for clarity. The selected bond lengths,
bond angles, and dihedral angles are listed in Tables S1 and S2
in the Supporting Information. For YD2-0-C8, the electron
acceptor group PECA is coplanar with a porphyrin framework,
and the dihedral angle between phenyl in the diarylamino and
porphyrin framework (dihedral angle 19—21—26—28 is about
70°) indicates the remarkable torsion. The coplanar structure
between electron acceptor and conjugate bridge is favorable for
PIEL*® whereas the torsion between electron donor and
conjugate bridge is propitious to form charge separated excited
states.”” Hy(TAnP) and H,(TAzP) are butterfly-like structures.
For H,(TAnP), the four inner nitrogen atoms form a plane,
while the torsion angle of 38—4—7—48 is about 16°, which can
describe the angle between the adjacent anthracene units to
some extent. However, the four inner nitrogen atoms in
H,(TAzP) are non-coplanar, the corresponding torsion angle is
about 3°, and the torsion angles between azulene and pyrrole in
porphyrin are larger than those between anthracene and pyrrole
in the porphyrin of H,(TAnP). For H,(TAnP)-a, H,(TAzP)-y,
H,(TAzP)-5, and H,(TAzP)-¢, the corresponding geometric
parameters, including bond lengths, bond angles, and dihedral
angles, are quite similar due to the local character of formed
chemical bonds. The remarkable difference in torsion angles
between the phenyl in diarylamino and anthracene/azulene in
m-conjugation results from the steric hindrance and substitution
position effects. The quasi-planar structures between phenyl-
ethynyl carboxylic acid and the anthracene/azulene moiety in
m-conjugation ensure effective electronic coupling and enhance
electron delocalization. Also, it should be mentioned that,
similarly to YD2-0-C8, the long alkoxyl chains in the ortho-
positions of the meso-phenyls in designed dyes with large
conjugation frameworks are very important for effective
suppression of dye aggregation and blocking charge recombi-
nation. Furthermore, the nonplanar character of H,(TAnP) and
H,(TAzP) groups in designed dyes is also favorable to hinder
dye aggregation.

On the contrary, the conjugation length is closely related to
the PCE of DSSCs.” It is reported that the electron-transfer rate
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for a series of rigid rodlike donor-bridge-acceptor compounds
increases by a factor of 8 when the donor—acceptor distance is
extended from 22.0 to 30.6 A, and then it decreases by a factor
of 188 when the distance is increased further to 39.2 A.>® This
underlines the importance of donor—acceptor distance in the
electron-transfer rate, and thus in the effects for the
improvement of short-circuit current density (Jsc) in DSSCs.
Here, we define the interatomic distance (IAD) between the N
atom in diarylamino and the C atom in carboxylic acid for YD2-
0-C8, H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-
€ to describe conjugation length and donor—acceptor distance
to some extent. The calculated IAD are about 16.6, 24.6, 23.3,
245, and 243 A for YD2-0-C8, H,(TAnP)-a, H,(TAzP),
H,(TAzP)-5, and H,(TAzP)-¢, respectively. The IAD of
H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-¢ are
similar to that of porphyrin dimmer sensitizer DTBC (about
25.0 A).” In terms of the dependence of electron-transfer rate
on donor—acceptor distance for a series of rigid rodlike donor—
bridge—acceptor compounds,”® analogously, the longer IAD of
H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-, and H,(TAzP)-¢ may
be favorable to improve the PIEI rate and Jsc. The longer IAD
can also generate retardation in recombination dynamics
between the injected electrons in electrode and the oxidized
dye sensitizers.”

3.2. Electronic Structures. Analysis of electronic structures
can help us to understand not only the energy level alignment
relative to the conduction band of semiconductor in electrode
and the redox potential of electrolyte but also the distribution
of molecular orbital (MO) energies related to the density of
states (DOS), as well as the oxidized and reduction potential of
dye sensitizers. To compare conveniently, the frontier MO
energies and HOMO-LUMO gaps (HLGs) of H,(TAnP),
H,(TAnP)-a, H,(TAzP), H,(TAzP)-y, H,(TAzP)-5,
H,(TAzP)-¢, and YD2-0-C8 dyes are presented Figure 2a—c.
The energies of HOMO, LUMO, and HLG for H,(TAnP) are
—4.87, —2.48, and 2.39 eV, respectively. Introducing electron
donor, acceptor, and terminal groups to H,(TAnP), corre-
sponding to H,(TAnP)-a, results in an increase/decrease of the
HOMO/LUMO to about 0.05/0.14 eV, giving a HLG about
220 eV. The slight change of HOMO indicates the weak
electronic coupling between the introduced donor group and
H,(TAnP), and the remarkable change of LUMO and HLG
result from the effective coupling between the introduced
acceptor group and H,(TAnP), enhancing electron delocaliza-
tion. The HOMO/LUMO energies of H,(TAzP) are lower/
higher by about 0.22/0.11 eV than those of H,(TAnP),
respectively. This is attributed to the stabilization of electronic
structures induced by more remarkable torsion between
azulene units and lower symmetry of azulene. The HOMO/
LUMO energies of H,(TAzP)-y (H,(TAzP)-¢) are higher/
lower by about 0.24/0.13 (0.01/0.07) eV than those of
H,(TAzP), respectively, whereas the HOMO/LUMO energy
of H,(TAzP)-§ is higher by about 0.05/0.02 eV than those of
H,(TAzP), respectively, suggesting the effective electronic
coupling between the introduced groups and H,(TAzP) at the
y position. Actually, the different torsion angle between the
phenyl in diarylamino and azulene in 7-conjugation (about 39°,
49°, and $3° for H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-¢,
respectively) affects the extent of conjugation between electron
donor DAA and H,(TAzP), and thus the electronic coupling
and HOMO energies. The comparison of electronic structures
presented in Figure 2c gives the increase/decrease/reduction of
the HOMO/LUMO/HLG of H,(TAnP)-a, H,(TAzP)-y,
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Figure 2. Calculated molecular orbital energies: (a) H,(TAnP),
H,(TAnP)-a; (b) H,(TAzP), H,(TAzP)-y, H,(TAzP)-§, and
H,(TAzP)-¢; (c) YD2-0-C8, H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-
8, and H,(TAzP)-¢.

H,(TAzP)-5, and H,(TAzP)-¢ relative to those of YD2-0-CS8,
empbhasizing the effectiveness of tuning electronic structures by
substitution of porphyrin in YD2-0-C8 with H,(TAnP)/
H,(TAzP), which extends the conjugation and enhances the
electron delocalization though the coplanar structures of
H,(TAnP)/H,(TAzP) in designed dyes are broken.

The analysis of electronic structures for organic and Ru
complex dye sensitizers suggest that the dense distribution of
MO eigenvalues near frontier MOs is favorable for Jgc
improvement.*"***%** Figure 2¢ indicates that distribution
of MO eigenvalues. In terms of the MOs from HOMO-1 to
LUMO-+1, the dense order of MO eigenvalues is H,(TAnP)-a
> H,(TAzP)-¢ > H,(TAzP)-y > H,(TAzP)-6 > YD2-0-CS8,
meaning that the designed dye sensitizers may have larger Js
values because the denser distribution of MO eigenvalues
generates more absorption bands in NIR and UV—vis region.
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The electronic structures of dye sensitizers also affect the
open-circuit voltage (Voc) of DSSCs. The Vi can be

calculated as®!
[ nc ) Eredox
of =5 | = Zredox
Necs e (2)

where e is the elementary charge, E¢ is the conduction band
edge of the semiconductor in the electrode of DSSCs, k is the
Boltzmann constant, T is the absolute temperature, n. is the
number of electrons in the conduction band, Ny is the density
of accessible states in the conduction band, and E, 4, is the
reduction—oxidation potential of electrolyte in DSSCs. ACB is
the shift of E. induced by the dyes adsorption on semi-
conductor of electrode, and it can be estimated as®

e"'{iormaly

€€,y

E- + ACB
C—+k_TI

e e

Voc =

ACB =
&)

In this formula, 4, denotes the dipole moment of individual
dye molecules perpendicular to the surface of the semi-
conductor substrate, y is the dye’s surface concentration, and g,
and & represent the vacuum permittivity and the relative
dielectric permittivity, respectively. Considering the similarity
of designed dye sensitizers, the y values in eq 3 for the designed
dyes should be similar, the main difference of ACB and the V¢
resulting from g, ... The calculated dipole moments of YD2-
0-C8, H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-
€ are about 3.86, 6.21, 13.41, 497, and 6.10 D, respectively.
Therefore, the designed dye sensitizers H,(TAnP)-q,
H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-¢ applied in
DSSCs may induce larger ACB and thus the larger V¢ than
that of YD2-0-C8.

3.3. Excitation Properties. The simulated absorption
spectra are presented in Figure 3. It can be found from Figure
3a that, compared with the case for H,(TAnP), the absorbance
of H,(TAnP)-a is significantly enhanced in the visible and NIR
region, and the absorption bands in NIR region have a red shift.
The absorbances of H,(TAzP)-y, H,(TAzP)-8, and H,(TAzP)-
€ relative to that of H,(TAzP) exhibit similar tendencies, which
are displayed in Figure 3b. Furthermore, the absorption spectra
in Figure 3b show the substitution at the y position is superior
to those of 6 and € positions for enhancing absorption because
of different extents of conjugation and electronic delocalization.
The difference in absorption spectra of the designed dyes
relative to H,(TAnP)/H,(TAzP) highlights the effects of
molecular structure modification. Figure 3c indicates the
absorbance of H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and
H,(TAzP)-¢ are significantly enhanced relative to that of YD2-
0-C8, and the absorption bands dramatically extend to the NIR
region, indicating panchromatic absorption character. This
supports the substitution of porphyrin in YD2-0-C8 with
H,(TAnP)/H,(TAzP) as a successful strategy to expand
absorption. In terms of the area under the absorption spectra
profile, which can evaluate the light-harvesting efficiency to
some extent, the absorbances of H,(TAzP)-y, H,(TAzP)-6, and
H,(TAzP)-¢ are superior to that of H,(TAnP)-« in the shorter
wavelength region due to the difference of H,(TAnP)/
H,(TAzP), whereas the absorbance of H,(TAnP)-« is similar
to that of H,(TAzP)-y in the longer wavelength region. Also,
the different absorption properties in different wavelengths
provides the possibility for cosensitization in DSSCs. Overall,
the absorbance of H,(TAzP)-y is better than those of other
designed dye sensitizers and YD2-0-C8.
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Figure 3. Simulated absorption spectra: (a) H,(TAnP), H,(TAnP)-q;
(b) H,(TAzP), H,(TAzP)-y, H,(TAzP)-6, and H,(TAzP)-¢; (c) YD2-
0-C8, H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-¢.

To understand the details of absorption spectra, we analyzed
the excited states. Table 1 lists the singlet excited states of
which the oscillator strengths are larger than 0.1 and the
wavelengths are longer than 350 nm. The calculated excitation
energies, corresponding wavelengths, oscillator strengths, and
the major transition configurations (coefficients >10%) are
given in the table. The data in Table 1 indicate that the
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oscillator strength of S; states for H,(TAnP)-a, H,(TAzP)-y,
H,(TAzP)-6, and H,(TAzP)-¢ are remarkably larger than those
of YD2-0-C8, H,(TAnP), and H,(TAzP), suggesting the
effectiveness of absorption enhancement using D—n—A
structure and fusing anthracene/azulene to the porphyrin
core. Furthermore, the numbers of excited states with an
excitation wavelength in the visible and NIR region for
H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-¢ are
quite larger than that of YD2-0-C8, meaning more excited
states for PIEL To further understand the transition character
(local or CT excitations) of the designed dyes, we analyzed the
related MOs that are given in Tables S3—S5 in the Supporting
Information. The HOMO—2 and HOMO-1 of H,(TAnP) and
H,(TAzP) show localized character, whereas the other MOs for
H,(TAnP) and H,(TAzP) are delocalized. For YD2-0-C8, the
HOMO-2 and HOMO are contributed by DAA, porphyrin,
and the phenylethynyl moiety, whereas the HOMO—1 and
LUMO+1 are localized in porphyrin and LUMO, LUMO+2,
and LUMO+3 involve the porphyrin and PECA. For
H,(TAnP)-q, LUMO and LUMO+2 extend from H,TAnP to
the ethynyl moiety, whereas LUMO+1 is localized in H,TAnP
and LUMO+3 and LUMO+4 are mainly contributed by the
composition of H,TAnP and PECA. Meanwhile, the LUMO+2
of H,(TAzP)-6, the LUMO+3 of H,(TAzP)-¢ and H,(TAzP)-
8, the LUMO+4 of H,(TAzP)-y, the LUMO+S5 of H,(TAzP)-¢,
and the LUMO+7 of H,(TAzP)-y, H,(TAzP)-§, and
H,(TAzP)-¢ contain the remarkable contribution from PECA
and part of H,(TAzP). However, the other unoccupied MOs
related to the transitions for H,(TAzP)-y, H,(TAzP)-5, and
H,(TAzP)-¢ are localized in different parts of H,(TAzP).
Apparently, the MO relocations between the initial and final
states for a transition indicate CT character. It is reported that
there are three kinds of PIEI modes at different time scales in
DSSCs with YDoc." Similarly, for the designed dye sensitizers
H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-¢, i
the MOs involved in the final state of transition extend to the
acceptor/anchor group (PECA moiety for these dyes), PIEI is
the fast mode; otherwise, PIEI is the slow mode. For instance,
PIEI of SI state for H,(TAzP)-§ is the slow mode because the
LUMO involved in the S1 transition is localized in H,(TAzP).
Therefore, according to the MOs involved in the final state, the
transitions in NIR for the designed dye sensitizers are slow
modes for PIEI, whereas the fast modes for PIEI are related to
the excited transitions in the visible region.

The exciton binding energy (EBE) can determine the
efficiency of charge separation in solar cells.”> The EBE can be
calculated as the energy difference between the electronic and
optical band gap.®* The electronic band gap is approximated as
the HLG for dye sensitizers, whereas the first excitation energy
is adopted as the optical gap.”*®® The calculated EBE (in V)
for YD2-0-C8, H,(TAnP)-a, H,(TAzP)-y, H,(TAzP)-5, and
H,(TAzP)-¢ are 2.01, 1.21, 1.33, 1.49, and 1.48 eV, respectively.
The smaller EBE is favorable for exciton dissociation and
generating free charge carriers in DSSCs, resulting in smaller
energy barriers for electron injection. Therefore, compared with
YD2-0-C8, the smaller EBEs for the designed dye sensitizers
are a positive factor to improve PIEI efficiency. The inverse
correlation between EBE and the light-harvesting efliciency
(LHE) implies that the dyes with lower EBE produce more
efficient light harvesting.” This means the designed dye
sensitizers are more efficient for light harvesting than YD2-o-
C8. The tendency agrees with that of the simulated absorption
spectra.
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Table 1. Calculated Excitation Energies and Corresponding Wavelengths (1), Oscillator Strengths (f > 0.1), and Major
Transition Configurations with Coefficients Larger Than 10%

dyes
H,(TAnP)

H,(TAnP)-a

H,(TAzP)

H,(TAzP)-y

H,(TAzP)-¢

states
S
S,
S,

majortransition conﬁgurations
(94%)H—L
(93%)H—L+1
(87%)H-1-L
(85%)H—1—L+1
(61%)H—4—L+1; (30%)H—2—>L+2
(40%)H—3—L+2; (31%)H—6—L; (14%)H—4—L
(54%)H-5-L; (21%)H—2—L+2; (13%)H—4—>L+1
(95%)H-L
(91%)H—L+1
(96%)H—L+2
(85%)H—1—L
(78%)H—1—L+1

(23%)H—5—L; (18%)H—5—L+1; (16%)H—2—L+2; (10%)H—1—>L+2

(30%)H—2—L+1; (23%)H—1-L+2; (10%)H—2—L
(21%)H—4-1; (17%)H—4—>L+2; (17%)H—-3—>L+2
(59%)H—6—1L; (11%)H—-5—L+1

(76%)H—L+3; (14%)H—L+4

(65%)H—L+4

(14%)H—-15—L+1; (10%)H—16—L+2; (10%)H—L+6
(84%) H-L

(78%)H—L+1

(34%)H-3—1L; (18%)H—1—L

(60%)H—1—1L; (11%)H—L+1

(28%)H—1-L+1; (24%)H-3—-L+1; (11%)H—L+5
(25%)H-3—1L; (23%)H—L+4; (14%)H—L+5
(31%)H—-3-L+1; (19%)H—-L+4; (15%)H—L+S
(52%)H—4—L+1; (12%)H-L+6; (11%)H—4->L
(46%)H—5—1L; (13%)H—L+5; (11%)H-3-L
(37%)H—-5—L+1; (15%)H—-2—-L+2; (10%)H-3—>L+1
(91%)H—L

(82%)H—L+1

(60%)H—L+2; (11%)H—2—L+1

(30%)H—1-1L; (28%)H—L+2

(25%)H—-1-L; (21%)H—4—L; (14%)H-2—L
(25%)H—L+5; (19%)H—2—L; (17%)H—L+4
(54%)H—L+3

(34%)H—4—L+1; (12%)H—3—L+1; (10%)H—L+6
(31%)H—-L+6; (14%)H-5—L; (11%)H—4—L
(20%)H—-3—L+1; (14%)H—4—>L+1;

(13%)H—L+5

(19%)H—5—L; (16%)H—4—L+1;
(15%)H—1-L+2; (11%)H-1-L+1

(25%)H—-8—L; (12%)H—5—L; (10%)H—3—L+1
(11%)H—2—L+3; (10%)H—-8—L; (10%)H—6—L+2
(23%)H—L+7; (16%)H—L+4

(16%)H—L+7

(86%)H—L

(77%)H—L+1

(38%)H—L+2; (22%)H—1—L; (11%)H—2—L+1
(29%)H—L+2; (19%)H—3—L; (13%)H—4—L; (11%)H—1—L
(50%)H—3—1L; (16%)H—L+2

(15%)H—4—L+1; (11%)H—L+5

(14%)H—-3-L+1; (13%)H—-L+6; (12%)H-5—>L
(24%)H-5-L; (23%)H—1-L+1; (13%)H—L+3; (11%)H—4—>L+1
(18%)H—-5—L; (26%)H—4—L+1; (19%)H—L+6
(26%)H—4—L1+2; (19%)H—3—>L+2; (18%)H—6—L
(31%)H-3—-L+2

(37%)H—-5—>L+1

(26%)H—L+5

(15%)H—L+6
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A (eV/nm)
1.13/1095
1.14/1086
2.05/606
2.11/587
2.34/531
2.75/451
3.00/414
0.99/1257
1.14/1083
1.46/850
1.93/641
2.10/590
2.25/552
2.28/544
2.67/46S
2.85/435
2.93/423
3.32/374
3.50/355
1.22/1015
1.33/930
2.06/603
2.30/539
2.44/508
2.53/490
2.70/460
2.81/440
2.94/422
3.21/386
1.02/1220
1.19/1039
1.53/811
2.04/609
2.15/576
2.35/527
2.35/527
2.39/519
2.60/476
2.65/467

2.76/450

2.80/443
2.97/417
3.02/411
3.34/372
1.16/1072
1.32/940
1.60/775
2.19/565
2.21/560
2.40/517
242/512
2.72/457
2.76/449
2.94/422
2.95/420
3.09/401
3.19/389
3.31/374

f
0.6600
0.5395
0.6461
0.4331
0.2977
0.3082
0.1174
1.0576
0.6407
0.1010
0.5894
0.5184
0.2052
0.1287
0.4137
0.1348
0.1580
0.1232
0.1132
0.5274
0.4680
0.1330
0.5557
04116
0.1038
0.3215
0.1086
0.4623
0.1757
1.0426
0.5354
0.2582
0.2033
0.5010
0.2634
0.1620
0.4411
0.2056
0.3270

0.2876

0.4968
0.2688
0.1295
0.1928
0.6398
0.4486
0.1032
0.3415
0.4514
0.1565
0.4146
0.1881
0.4633
0.2716
0.1864
0.1276
0.3847
0.1008
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Table 1. continued

dyes states majortransition configurations A (eV/nm) f
Sy (27%)H—2—L+2 3.36/369 0.1085
Sre (32%)H—11—L; (11%)H—4—L+3 3.51/354 0.1297
H,(TAzP)-6 S, (87%)H—-L 1.20/1033 0.6965
S, (79%)H—L+1 1.34/926 0.4955
S, (53%)H—L+2 ; (15%)H-2—L+1; (11%)H—4—L 1.68/739 0.1140
S, (35%)H—1-L; (18%)H—L+3; (10%)H—4—L 2.22/559 04272
Sg (26%)H—4—L; (29%)H—L+2 2.29/542 0.1300
S, (22%)H—2—L; (18%)H—1-L; (15%)H—L+3; (14%)H—2—L+1; (10%)H—3—L 231/536 0.1619
S (51%)H—2—L; (17%)H—3—L; (15%)H—L+3 2.36/524 0.1367
Sy (28%)H—1—L+1; (18%)H—L+5; (13%)H—3—L+1 2.43/511 0.5471
S (28%)H—3—L+1; (18%)H—L+5; (13%)H—6—L 2.69/462 03028
Sis (45%)H-5—L 2.74/452 0.1677
St (34%)H—4—L+1; (10%)H—L+6 2.83/438 02777
Sy, (19%)H—6—L; (12%)H—6—L+1; (11%)H—L+2 2.86/434 03301
Sis (43%)H—1—-L+2; (20%)H—4—L+1 3.02/411 0.1004
S (21%)H—4—L+3; (15%)H—6-L 3.12/398 0.1469
S (27%)H-6—L+1; (14%)H—L+5; (19%)H—2—L+2; (12%)H—3—L+1 325/382 0.1899
Sy (20%)H—5—L+4; (10%)H—3—L+4 333/372 02425
Sy (14%)H—1-L+3; (12%)H—L+5 3.37/368 0.1124
YD2-0-C8 S, (73%)H—L; (23%)H—1—L+1 2.10/592 03470
S, (53%)H-2—L; (25%)H—1—L+1; (12%)H—L 2.82/439 0.3594
S, (43%)H—1—L; (54%)H—L+1 3.07/404 1.1081
S, (28%)H-2—L; (52%)H—1-L+1; (11%)H—L 3.12/397 1.8676
86 (90%)H—2—L+1 3.50/354 02715

The excitation properties of dye sensitizers can affect the Jy¢,
which is an important parameter to evaluate the performance of
DSSCs. The formula to calculate Jyc is the following,'

e = / eLHE(2) 0,,(2) QegliccD B mnsc® 44

where e is the elementary charge and ¢y, amsc(4) is the
photon flux in AM1.5G, LHE is the light-harvesting efficiency
(LHE = 1-107*, with A being the absorbance coefficient), Din
and @, are the quantum yields for electron injection and dye
regeneration, respectively, and #5cc is the charge collection
efficiency. In eq 4, ¢, AmLsG(4) and 5jcc are determined by the
light source and electrode in DSSC, respectively, LHE and ¢,
are decided by the electronic structures of the dyes’ excited
states, and @, is influenced by the ground state electronic
structures of dye sensitizers. In terms of simulated absorption
spectra, the LHE of the designed dyes are superior to that of
YD2-0-C8 for harvesting photon energies. More precisely, ¢,;
depend on the dyes’ excited state characters, excited states
lifetimes, and the number of excited states in the investigated
wavelength region. The more excited states for the designed
dyes in the visible and NIR regions are favorable to increase
@i Therefore, LHE and ¢, of the designed dyes are the
advantages to improve Jsc’s of DSSCs.

3.4. Free Energy Variations. The ESOP (E%,, in eV),
AG™** (in eV) and AG™*™" (in eV) for YD2-0-C8, H,(TAnP)-
a, H,(TAzP)-y, H,(TAzP)-6, and H,(TAzP)-¢ are listed Table
2. The similar E%y values of H,(TAnP)-a, H,(TAzP)-y, and
H,(TAzP)-§ are larger by about 0.10 eV than that of YD2-o-
C8, and smaller by about 0.09 eV than that of H,(TAzP)-¢. In
terms of the calculation method for Efy, the largest E¥yof
H,(TAzP)-¢ results from its GSOP and the excitation energy of
the S1 state. All of the AG™* for these dyes are negative. This
means that the energies of dyes’ excited states in NIR
excitations lie above the TiO, conduction band edge, inducing
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Table 2. Calculated Excited States Oxidized Potential (Ey,
V), Free-Energy Variation for Electron Injection AGiect
(eV), and Free-Energy Variation for Dye Regeneration
AG™#" (eV) for YD2-0-C8, H,(TAnP)-a, H,(TAzP)-y,
H,(TAzP)-8, and H,(TAzP)-¢

dyes Eiy AGPiet AGs™
YD2-0-C8 3.73 —0.27 1.03
H,(TAnP)-a 3.83 -0.17 0.02
H,(TAnP)-y 3.83 -0.17 0.05
H,(TAzP)-¢ 392 —0.08 0.28
H,(TAzP)-5 3.84 —0.16 0.24

energetically permitted PIEI in DSSCs. Also, compared with
the case for YD2-0-C8, the absolute values of AG™* for the
designed dyes are smaller, generating a negative impact on
PIEL. However, considering the AG™** in Table 2 calculated
for the S1 state, the other excited states must have larger
absolute values of AG™®, which is favorable for fast PIEL
Furthermore, all of the AG™®™ for these dyes are positive,
indicating energetically permitted dye regeneration. Compared
with the case for YD2-0-C8, the smaller AG™#*" for H,(TAnP)-
a, H,(TAzP)-y, H,(TAzP)-5, and H,(TAzP)-¢ reduce the
driving force for dye regeneration.

4. CONCLUSIONS

In this work, we designed four kinds of panchromatic dye
sensitizers for DSSCs, coded as H,(TAnP)-a, H,(TAzP)-y,
H,(TAzP)-5, and H,(TAzP)-¢, using the molecular docking
strategy. Concretely, on the basis of the prominent porphyrin
dye sensitizer YD2-0-C8, we substitute the porphyrin ring in
YD2-0-C8 at different positions with TAnPs and TAzPs
moieties. The geometries, electronic structures, and excitation
properties of the designed dye sensitizers are investigated using
DFT and TDFT methods. From the geometric parameters, the
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longer IAD of the designed dyes is a positive factor to improve
the PIEI rate and Jgc. The results of electronic structures
suggest that, compared with the case for YD2-0-C8, the
reduced HLGs, the denser distributions of MO eigenvalues, the
smaller EBEs, and the larger dipole moments for the designed
dyes are favorable to improve Jic and Vyc. The absorption
spectra of the designed dyes exhibit panchromatic character and
show significant enhancement compared with that of YD2-o-
C8. The analysis of transition configurations indicates that the
transitions in NIR for the designed dye sensitizers are slow
modes for PIEI, whereas the fast modes for PIEI are related to
the excited transitions in visible region, and the LHE and ¢,,,; of
the designed dyes are the advantages to improve Jgc. The
results of the AG™*" and AG™*" for these dyes mean that PIEI
and DR in DSSCs are energetically permitted. Therefore, the
results of this work support that the designed molecules are
effective to be applied as potential candidates of dye sensitizers
for DSSCs, and the performance of H,(TAzP)-y and
H,(TAnP)-a must be better than those of other designed
dye sensitizers. We expect that the experimental study can test
the effectiveness of the designed dye sensitizers in DSSCs. If
necessary, the electronic structures and properties of the
designed dye sensitizers can be tuned further by introducing
metal center (similar to Zn in prophyrin dyes) and auxiliary
electron acceptor (such as the BTD moiety in porphyrin dye
sensitizer SM315).
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