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Three kinds of anthracene-based organic dyes for dye-sensitized solar cells (DSSCs) were studied, and their structures are based on
a push–pull framework with anthracenyl diphenylamine as the donor connected to a carboxyphenyl or carboxyphenyl-
bromothiazole (BTZ) as the acceptor via an acetylene bridge. The photoelectric properties of the three dyes were investigated
using density functional theory (DFT). The simulations indicate that the improvement of anthracene-based dyes (the addition
of BTZ and the change of alkyl groups to alkoxy chains) can reduce the energy gap and produce a red shift. This structural
modification also improves the light capturing and the electron injection capability, making it excellent in photoelectric
conversion efficiency (PCE). In addition, twelve molecules have been designed to regulate photovoltaic performance.

1. Introduction

With the depletion of traditional fossil fuels and environ-
mental pollution, green energy has aroused widespread
concern in academia [1]. Therefore, nonpolluting solar
energy has become the most promising alternative energy
source [2]. Compared with traditional inorganic solar cells
based on silicon crystal, dye-sensitized solar cells (DSSCs)
have the advantages of easy synthesis, low cost, and high con-
version efficiency [3, 4]. Since the first report in 1991, DSSCs
have a high PCE [5]. In general, a typical DSSC device con-
sists of a titania semiconductor film, a dye sensitizer, a redox
electrolyte, a counterelectrode, and a transparent conductive
substrate [6–8]. The dye is mainly divided into metal-
containing ruthenium dyes [9], porphyrin dyes [10], and
metal-free organic dyes [11]. As an important part of DSSCs,
sensitizers play an important role in capturing sunlight and
the electron transfer. Among them, ruthenium (II) polypyri-
dyl complexes are considered to be efficient and stable

sensitizers with a power conversion efficiency (PCE) above
11% at AM1.5G [12, 13]. However, the scarcity, high cost,
and toxicity of ruthenium metal limit the widespread use of
such sensitizers in DSSCs. In addition, the zinc porphyrin
dye is more than 12% efficient in CoII/CoIII electrolytes under
standard conditions, which is considered to be a very prom-
ising sensitizer [14, 15]. In recent years, perovskite solar cells
have become another potential photovoltaic approach with
efficiency of over 20% under AM1.5G light sources and dim
light irradiation [16, 17]. However, solution of the instability
of devices and pollution for environment caused from raw
materials are still a challenge [18–20]. Metal-free organic
dyes are characterized by low cost, ease of purification, and
flexible molecular design [21], and metal-free sensitizers
are designed with donor-π-acceptor (D-π-A), D-π-A-A,
or D-A-π-A, which can lead to light-induced charge separa-
tion, improvement in stability, and optimization of the energy
level of the dye from structure modifications [22–25]. To
date, PCE of such kind of organic dyes has reportedly reached
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14% [26]. Due to a large number of functional groups avail-
able for molecular design, there still is much work for DSSC
performance improvement.

Molecular materials with the anthracene structure have
good stability and special luminescent properties, showing a
bright blue electroluminescence [27–29]. However, there
are relatively few studies on the photoelectric properties of
anthracene-based molecules. There are few metal-free
sensitizers featuring a 9,10-disubsituted anthracene entity as
a conjugated spacer between electron donor and acceptor
moieties, and the best PCE is 7.03% [30–33]. Recently, a
dye containing 2,6-conjugated anthracene showed a photo-
conversion efficiency of 9.11% [34] at 1 sun condition, which
is the highest PCE reported by anthracene dyes. Mai and
coworkers [35] have synthesized a simple D-π-A sensitizer
(MS3), which is based on a 9,10-disubstituted anthracene
entity with an optical efficiency of 5.84% at AM1.5G. Based
on the MS3 sensitizer, TY3 (D-π-A) and TY6 (D-A-π-A)
were also synthesized. TY6 has the best PCE (up to 8.80%)
[36]. To study the relationship between structure and proper-
ties, we used the theory of density functional theory (DFT)
and time-dependent density functional theory (TD-DFT) to
calculate the three-molecular-geometry, electron injection,
dye regeneration, and optical properties, and results con-
firmed that its excellent performance was due to its excellent
JSC and VOC characteristics. In addition, a series of design
molecules based on TY6 were investigated to improve optical
response and electron injection.

2. Computational Details

The ground-state geometries of three molecules were opti-
mized by DFT//B3LYP/6-31G(d) level [37–40]. In order to
simulate the more realistic performance of dye-sensitized
solar cells, the related calculations were performed in the
solvent condition (THF) by using the C-PCM [41] method.
Frequency calculations showed the minima on the potential
energy surface for optimization. The bond lengths, dihedral
angles, energy gaps, frontier molecular orbitals, electron
injection, and recombination of the optimized molecules
were calculated. The absorption spectra, transition energies,
and oscillator strengths of molecules were obtained with
TD-DFT [42] by using the CAM-B3LYP [43] functional at
the same basis set as the ground state. Three excited states
are calculated, including the first excited state (S1), the sec-
ond excited state (S2), and the third excited state (S3). The
natural bond orbital (NBO) analysis [44] for the charge dif-
ference between the ground state and the excited state was
carried out at the B3LYP/6-31G(d) level using the NBO 3.1
program. By introduction of an electron-withdrawing group
in the acceptor, it hoped that the molecular modification can
attract electrons and promote an intramolecular charge
transfer from donor to acceptor, further leading to better
electron injection into the conduction band of TiO2. There-
fore, twelve new dye molecules were designed by introducing
CN, F, andCF3 into the acceptor of the TY6 molecule, and
the correlation calculations were made using the same
method as the original dye molecule. All calculations are
made through the Gaussian 09 package [45].

3. Analysis

3.1. Geometric Structures. Figure 1 shows the optimized
ground-state molecular structure. As shown in Figure 1(a),
MS3 is an original molecule, and TY3 is obtained by convert-
ing the C-6 alkyl chain of MS3 to the carbon alloy group.
Based on the TY3 molecule, benzotriazole (BTZ) was intro-
duced between the acetylene bridge and benzoic acid. In
order to reduce the aggregation of sensitizer and improve
the performance, a long alkyl chain was introduced into the
N position of BTZ to obtain TY6. Figure 1(b) shows the
ground-state structures of the three optimized molecules in
the THF solvent. In order to facilitate the calculation, the
long carbon chains on the donor were pruned appropriately.
Both MS3 and TY3 are typical D-π-A structures; the donor
and the π-bridge are the amino donor and the acetylene
bridge, and the acceptor is benzoic acid. TY6 is the D-A-π-A
structure, in which an additional acceptor is added between
the acetylene bridge and benzoic acid. Table 1 shows the bond
length and dihedral angle in gas and solvent (THF), respec-
tively. For example, in gas, the dihedral angles of MS3 ∠C1-
C2-N3-C4 and ∠C2-N3-C4-C5 were 33.16° and 70.94°, and
the average value of the two warped dihedral angles is
52.05°. In the same way, the calculated mean values of the
donor dihedral angles for TY3 and TY6 are 52.60° and
52.40°. It shows that the donor has a distorted structure. Dyes
TY3 and TY6 are more largely distorted than the original
molecule MS3, which can reduce the aggregation of dye mol-
ecules. At the same time, the three molecules have similar
results in solvent: TY3 (52.66°) and TY6 (52.33°) are greater
than the donor dihedral angle of MS3 (51.88°). In gas, the
bond lengths of the three molecules N3-C4 and C10–C11
are smaller than those of the single bond (i.e., C-C: 1.530Å
[46], N-C: 1.471Å [47]). In general, the stability of a mole-
cule can be judged by the length of the bond [48]. The
shorter the bond length is, the more stable the molecule
becomes. By comparison, the bond lengths of TY3 and
TY6 are less than that of MS3, and the same results are also
observed in solvent condition; therefore, TY3 and TY6
molecules are more stable.

3.2. Energy Levels. Table 2 shows the HOMO, HOMO-1,
LUMO, LUMO+1, and energy gaps (ΔH−L) for MS3, TY3,
and TY6. In the gas phase, the HOMO order of the molecule
is as follows: TY6 (−4.59 eV)>TY3 (−4.67 eV)>MS3
(−4.91 eV). LUMO energy is arranged in the following order:
TY3 (−2.26 eV)>TY6 (−2.30 eV)>MS3 (−2.33 eV). The
energy gap is arranged in the following order: MS3
(2.58 eV)>TY3 (2.41 eV)>TY6 (2.29 eV). As shown in
Figure 2, we can find that LUMO of the three molecules
has little change, and thus, the gradual increase in the
HOMO energy level leads to the decrease in energy gap.
The reduction in the energy gap also favors the red-shifted
absorption peak in the UV absorption spectrum (data in
Table 3 and spectra nature in Figure 3). Therefore, the
absorption peak of TY6 will have a significantly red shift.

In solvent condition, for MS3 the energy of HOMO
(−5.01 eV) is reduced by 0.10 eV compared with that in the
gas condition, and the energy of LUMO (−2.44 eV) is
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Figure 1: (a) Chemical structures of MS3, TY3, and TY6. (b) Side view for dyes optimized at the B3LYP/6-31G(d) level.
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reduced by 0.11 eV compared with that in the gas condition.
Therefore, the energy gap (2.58 eV) in solvent is lower than
the energy gap in gas (2.57 eV). Similarly, dyes TY3 and
TY6 also show the same change, and the results in solvent
are better than those in the gas phase, and the energy gap is
arranged in the following order: MS3 (2.57 eV)>TY3
(2.39 eV)>TY6 (2.28 eV). TY6 still has a smaller energy
gap. The frontier molecular orbitals of three molecules are
shown in Figure 4, which indicates the HOMO and LUMO
of the three molecules and the distribution area of the elec-
tron density. As a whole, the electron density of HOMO is
mainly located near the donor and the π-bridge, and the elec-
tron density of LUMO is mainly located near the π-bridge
and the acceptor. HOMO-1 is lower than HOMO, and the
electron density is dispersed in Figure 2. LUMO+1 is higher
than LUMO, and its electron density is mainly concentrated
on the π-bridge and the acceptor. Therefore, it can be con-
cluded that the intramolecular charge transfer (ICT) exists
in the dye molecule when the electron is transferred from
the donor to the acceptor.

Figure 2 shows the orbital energy levels of three mole-
cules. In the gas phase, the HOMO energy (−4.91 eV) of
MS3 is lower than the energy of I−/I−3 (−4.85 eV), while the
HOMO energy of TY3 (−4.67 eV) and TY6 (−4.59 eV) is
higher than that of I−/I−3 . This shows that TY3 and TY6 can
more easily recover electrons from electrolytes. The energies
of LUMO of three dye molecules are lower than the conduc-
tion band energy of TiO2 (−4.00 eV), which indicates that
electrons can be successfully injected into TiO2 from the
excited state of dye molecules. One of the most important
characteristics in the excellent ICT is charge separation.
The charge distribution of HOMO and LUMO can promote
the transfer of electrons (see Figure 4). In order to investigate
the characteristics of ICT, we used the charge density differ-
ence (CDD) to show the change of the electron density

between the ground state and the excited state. It can charac-
terize CT in organic molecular systems [49, 50], which clearly
reflects the direction of the electrons. Taking the first excited
state of MS3 as an example, the donor is covered with green
holes, and the acceptor is covered with red electron (see
Figure 3). Hole and electron are alternately distributed in
the π-bridge moiety, and TY3 also shows similar results.
For TY6, the S1 of CDD showed electron transfer is from
donor to π-bridge, and for S2 week electron move to auxiliary
acceptor BTZ and acceptor benzoic acid; wherefore, the S3 of
CDD showed that the green holes make a shift from the
donor to the π-bridge, and the red electrons transfer from
the π-bridge to auxiliary acceptor BTZ and acceptor benzoic
acid. The results show that there is a significant charge sepa-
ration between the donor and the acceptor, which is consid-
ered as an ICT feature.

3.3. Absorption Spectrum. Table 3 lists the calculated absorp-
tion peaks, transition energies, and oscillator strengths (only
discuss the state of f > 0 1). In the UV–Vis spectral region,
the main absorption band was found to be the first excited
state (S1 state). The first excited state (S1) of MS3 corre-
sponds to the electron transition from HOMO to LUMO. It
can be seen from Figure 4 that electrons transfer from the
amino donor to the benzoic acid acceptor. In gas, the maxi-
mum absorption peak is 452 nm (463nm in solvent), and
the oscillator strength is 0.5880 (0.7021 in solvent). For the
higher excited state (S2), the absorption intensity is lower
than in S1, and the maximum absorption peak is 375nm
(f = 0 1800), which shows the electron transition process
from HOMO-1 to LUMO. For TY3, the maximum absorp-
tion peak in gas S1 is 470 nm (481nm in solvent), and the
oscillator strength is 0.5112 (0.6182 in solvent), which shows
the electron transition process from HOMO to LUMO. For
the second excited state (S2), the maximum absorption peak
is 384 nm (f = 0 2814), which shows the electron transition
process from HOMO-1 to LUMO. For TY6, the maximum
absorption peak of S1 in gas is 481nm (494nm in solvent).
The oscillator strength is 0.8886 (0.9799 in solvent), which
indicates the electron transition process from HOMO to
LUMO. For the higher excited state (S2 and S3), the maxi-
mum absorption peak of S2 is 395nm (f = 0 3714), showing
an electron transition from HOMO-1 to LUMO. The maxi-
mum absorption peak of S3 is 344nm (f = 0 1763), which
shows the electron transition process from HOMO to
LUMO+1. According to the data in Table 3, the maximum
absorption peak value of the three molecules in gas is as
follows: TY6 (481 nm)>TY3 (470 nm)>MS3 (452 nm).
The UV–Vis spectra are given in Figure 5. Compared with

Table 1: Selected bond lengths (Å) and dihedral angles (°) of MS3, TY3, and TY6.

MS3 TY3 TY6
Gas Solvent Gas Solvent Gas Solvent

Dihedral angle
C1-C2-N3-C4 33.16 32.87 34.88 35.05 35.20 35.45

C2-N3-C4-C5 70.94 70.89 70.32 70.27 69.60 69.20

Bond length
N3-C4 1.431 1.431 1.429 1.428 1.429 1.428

C10-C11 1.484 1.484 1.483 1.484 1.483 1.484

Table 2: Frontier molecular orbital energies and energy gaps of
MS3, TY3 and TY6.

MS3 TY3 TY6
Gas
(eV)

Solvent
(eV)

Gas
(eV)

Solvent
(eV)

Gas
(eV)

Solvent
(eV)

H-1 −5.46 −5.56 −5.31 −5.46 −5.16 −5.37
H −4.91 −5.01 −4.67 −4.81 −4.59 −4.77
L −2.33 −2.44 −2.26 −2.42 −2.30 −2.49
L + 1 −1.41 −1.54 −1.36 −1.52 −1.63 −1.83
Gap 2.58 2.57 2.41 2.39 2.29 2.28
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MS3 (452 nm) in gas, TY3 has a red shift (18 nm), and TY6
has a larger red shift (29 nm). This result indicates that the
reduction in the energy gap favors the red-shifted absorption
peak. The peak ranges are between 500 and 700nm, which is
helpful for effectively absorbing sunlight. It can be seen from
Figure 5 that TY6 has the most pronounced red-shift
absorption with the highest molar absorption coefficient.
From the gas to solvent condition, absorption peaks of the
red shift is approximately 11 nm, and the molar extinction
coefficient is also increased (Figure 5). Performance in sol-
vent is better than in gas. In summary, TY6 absorbs sunlight
more efficiently than other molecules do, which may lead to
higher PCE.

3.4. Chemical Reactivity Parameters. Ionization potential (IP)
and electron affinity (EA) are important data for measuring
the injection ability of holes and electrons [51–53]. The
calculated IPs and EAs are listed in Table 4. In gas, the IPs
of the three molecules are arranged in the order TY6
(5.49 eV)<TY3 (5.65 eV)<MS3 (5.89 eV). In addition, the
reduction in IP means the increase in contribution ability.
In gas, the EAs of the three molecules are arranged in the
order TY6 (1.40 eV)>MS3 (1.34 eV)>TY3 (1.22 eV). The
greater the value of EA becomes, the stronger the ability to
receive the electronic have [54]. Therefore, TY6 has a higher
ability to accept electrons. In solvent, the IP ordering of the
three molecules is consistent with that in gas, and each
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Figure 2: Frontier molecular orbital energies and energy gaps of MS3, TY3, and TY6.

Table 3: Calculated transition energies and oscillator strengths of MS3, TY3, and TY6.

Dye State Contribution Mo E (eV) Absorption peak λ (nm) Strength f

Gas

MS3 1 0.68162/H→ L 2.75 452 0.5880

2 0.67414/H-1→ L 3.31 375 0.1800

3 0.40992/H→ L + 2 3.88 320 0.0038

TY3 1 0.67550/H→ L 2.64 470 0.5112

2 0.67701/H-1→ L 3.23 384 0.2814

3 0.45755/H-3→ L 3.23 321 0.0019

TY6 1 0.63853/H→ L 2.58 481 0.8886

2 0.62381/H-1→ L 3.14 395 0.3714

3 0.50506/H→ L + 1 3.61 344 0.1763

Solvent

MS3 1 0.68199/H→ L 2.68 463 0.7021

2 0.67305/H-1→ L 3.27 380 0.1855

3 0.40157/H→ L + 2 3.87 320 0.008

TY3 1 0.67467/H→ L 2.58 481 0.6182

2 0.67454/H-1→ L 3.18 390 0.2912

3 0.46359/H-3→ L 3.86 321 0.0036

TY6 1 0.64236/H→ L 2.51 494 0.9799

2 0.62799/H-1→ L 3.10 401 0.4138

3 0.46269/H→ L + 1 3.58 346. 0.2365
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molecule decreases by about 0.9 eV. At the same time, EA
increased by 1.2 eV compared with the gas phase. In general,
the effect in solvent is better than that in gas. It is obvious that
the electron transport performance of TY6 is better than that
of TY3 and MS3.

Table 5 lists the chemical hardness (h), electrophilicity
(ω), and electroaccepting power (ω+). h represents the
strength of resistance to ICT [55, 56]; a small h is helpful in
reducing resistance to ICT. ω+ represents the higher ability
to accept electronics [57]. Many studies have shown that
lower h and higher ω+ can lead to higher short-circuit cur-
rents. In gas, h is arranged in the order MS3 (3.62 eV)>TY6
(3.44 eV)>TY3 (3.43 eV); ω+ is arranged in the following
order: TY6 (1.43 eV)>MS3 (1.35 eV)>TY3 (1.22 eV). There
was no significant difference between TY3 (3.43 eV) and TY6
(3.44 eV) in h. However, TY6 (1.43 eV) was significantly
higher than MS3 (1.35 eV) in terms of ω+. In solvent, the

orders of h and ω+ are the same as those in the gas phase.
However, ω+ has a significant improvement, and MS3
increases by 2.75 eV, TY3 increases by 2.69 eV, and TY6
increases by 3.30 eV. The promotion of TY6 is the most obvi-
ous, and it represents a higher receiving capacity. ω repre-
sents the stability of the dye molecule system [58]. In gas, ω
is arranged in the following order: TY6 (2.89 eV)>MS3
(2.87 eV)>TY3 (2.66 eV). In solvent conditions, MS3
increased by 2.94 eV, TY3 increased by 2.90 eV, and TY6
increased by 3.53 eV. It is clear that TY6 has not only the
highest ω but also the highest increase in solvent. Therefore,
TY6 has the highest energetic stability.

3.5. Performance of DSSCs Based on Dyes. Normally, the
photoelectric energy conversion efficiency of DSSCs is
mainly affected by open-circuit photovoltage (VOC), short-
circuit current density (JSC), fill factor (FF), and total

NOMO-1 HOMO LUMO LUMO + 1

MS3

TY3

TY6

Figure 4: Frontier molecular orbitals of MS3, TY3, and TY6.

MS3 (S1) TY3 (S1)

TY6 (S1) TY6 (S2) TY6 (S3)

Figure 3: The charge difference density (CDD) forMS3, TY3, and TY6 in solvent (green and red stand for the hole and electron, respectively).
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incident solar energy (Pin). Calculated efficiency can be
written as follows [59]:

η = FF
VOC JSC
Pin

× 100% 1

From the formula, it can be seen that high VOC and JSC
are the basis for producing photoelectric conversion effi-
ciency. The JSC in DSSCs can be calculated by the following
equation:

JSC =
λ

LHE λ Φinjectηcollect dλ , 2

where LHE λ is a light harvesting efficiency at maximum
wavelength, Φinject is defined as the dye molecule exciting

electron injection efficiency, and ηcollect is the charge collec-
tion efficiency. LHE can be expressed as [60]

LHE = 1 − 10−f , 3

where f is the oscillator strength of the dye molecules; a
large oscillator strength can contribute to the improvement
of LHE. The electron injection-free energy (ΔGinject) can
be represented as [61]

ΔGinject = Edye∗
OX − ECB 4

ECB is the reduction potential of the TiO2 semiconductor
and is equal to 4.0 eV [62] (versus vacuum) in this work.

Edye∗
OX is the oxidation reduction potential of the dye in the

excited state. Edye∗
OX can be expressed as [63]

Edye∗
OX = Edye

OX − E00, 5

where Edye
OX is the oxidation potential energy of the dye in the

ground state, while E00 is the electronic vertical transition
energy corresponding to λmax.

The calculated values of LHE and ΔGinject are listed in
Table 6. ΔGinject is an important factor affecting the electron
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Figure 5: (a) The UV–Vis absorption spectra in gas and (b) the UV–Vis absorption spectra in solvent.

Table 4: Ionization potentials (IP) and electron affinities (EA) of
three original molecules in gas and solvent (in eV).

MS3 TY3 TY6

Gas
IP 5.89 5.65 5.49

EA 1.34 1.22 1.40

Solvent
IP 4.94 4.74 4.70

EA 2.54 2.43 2.62

Table 5: Chemical reactivity parameters (in eV) of MS3, TY3, and
TY6 in gas and solvent, respectively.

MS3 TY3 TY6
Gas Solvent Gas Solvent Gas Solvent

h 3.62 3.74 3.43 3.58 3.44 3.66

ω+ 1.35 4.10 1.22 3.91 1.43 4.73

ω 2.87 5.81 2.66 5.56 2.89 6.42

Table 6: The electron injection and regeneration free energy, the
light harvesting efficiency (LHE) and lifetime (t).

ΔGinject ΔGregen
dye Edye

OX Edye∗
OX LHE t (ns)

Gas

MS3 −1.84 −0.06 4.91 2.16 0.742 5.20

TY3 −1.97 0.18 4.67 2.03 0.692 6.48

TY6 −1.99 0.26 4.59 2.01 0.871 3.91

Solvent

MS3 −1.67 −0.16 5.01 2.33 0.801 4.57

TY3 −1.77 0.04 4.80 2.23 0.759 5.60

TY6 −1.74 0.08 4.77 2.26 0.895 3.73
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injection rate. In gas conditions, the ΔGinject values of MS3,
TY3, and TY6 are −1.83, −1.97, and − 1.99 eV, respectively.
BecauseΔGinjectis negative, upon excitation of the molecule
by light, electrons can be injected into TiO2 more quickly.
Higher LUMO can lead to a higher ΔGinject (absolute value).
As shown in Table 2, LUMO of TY3 (−2.26 eV) and TY6
(−2.30 eV) is higher than that of MS3 (−2.33 eV). The corre-
sponding ΔGinject is higher than that of MS3. Therefore, the
improvement in DSSC’s PCE is due to the high ΔGinject, fur-
ther resulting in high electron injection efficiency. The higher
ΔGinject is good for increasing the JSC of the DSSC. In solvent
conditions, ΔGinject has a small change. However, TY6 still
has the highest ΔGinject (absolute value). To sum up, TY6 will
have higher JSC. Three molecules of light harvesting efficiency
can be obtained from Table 6. In gas, the data is sorted in the
order TY6 (0.871)>MS3 (0.742)>TY3 (0.692). The intro-
duction of the side chains on BTZ will increase LHE, and a
larger oscillator strength will lead to a higher LHE. From
Table 3, it can be found that the oscillator strength of the three
molecules in solvent was higher than that in gas. So the
LHE in solvent is greatly improved, and TY6 (0.895) still
has the highest LHE. Therefore, under the excitation of
light, TY6 has higher solar light utilization, producing
more photocurrent, and this result indicates that TY6 will
have higher JSC Dye regeneration free energy (ΔGregen

dye ) is a
significant factor affecting photoelectric conversion efficiency
which can be written as follows [64]:

ΔGregen
dye = Eelectrolyte

redox − Edye
OX 6

where Eelectrolyte
redox is the redox potential of I−/I−3 (−4.85 eV)

[65]. Table 6 shows ΔGregen
dye of three molecules. In gas condi-

tions, the data is sorted in the order TY6 (0.26 eV)>TY3
(0.18 eV)>MS3 (−0.06 eV). In solvent conditions, the
decrease in HOMO results in the increase in ΔGregen

dye (see
Table 2). So, it has a great influence on TY6, which has the
largest ΔGregen

dye (0.08 eV). The larger ΔGregen
dye can promote

dye regeneration and increase JSC. This means that TY6 will
have a better performance.

Another important factor affecting the efficiency of elec-
tron transfer is the lifetime (t) of the first excited state. If the
molecule has a longer life span, it will contribute to the
charge transfer of the molecule [66]. The lifetime (t) can be
obtained by the latter formula: t = 1 499/ f E2 , where f is
the oscillator strength and E (cm−1) is the excitation energy
of the different electronic states [67]. Table 6 shows the cor-
responding data, and the result in the gas phase is in the
order TY3 (6.48 ns)>MS3 (5.20 ns)>TY6 (3.91 ns). In sol-
vent, the order does not change, but the gap of them
decreases. TY6 has a lower t, which is owing to the fact that
TY6 has a very high f (Table 3). As known, there are many
complicated factors that affect JSC. According to (5),
although TY6 has a lower t, it has the highest LHE and Δ
Ginject, and it does not affect the highest JSC. As for VOC in
DSSCs, it is described by [68]

VOC =
ECB
q

+
KT
q

In
nc
NCB

−
Eredox
q

7

Here, ECB is the conduction band edge of TiO2, q is the
unit charge, KT is the thermal energy,nc is the number of
electrons in the CB, NCB is the accessible density of CB states,
and Eredox is the redox potential of the electrolyte. Equation
(7) shows that the energy ECB and the number of electrons
in the CB are important factors affecting VOC. ΔECB is the
displacement of CB when the dye absorbs on the surface of
TiO2, which can be expressed as [69]

ΔECB =
qμnormalγ

εε0
8

γ is the concentration of dyes in the surface, μnormal is the
dipole moment component perpendicular to the direction of
the TiO2 surface (where μnormal is the x-axis direction), ε is
the dielectric constant of the organic monolayer, and ε0 is the
dielectric constant of the vacuum. Figure 6 shows the values
of the vertical dipole moment (μnormal). TY3 (5.7641 D)

2.5914 D

x

y

z

5.7641 D 5.7620 D

MS3 TY3 TY6

Figure 6: Calculated vertical dipole moment μnormal (10−30C·m) of MS3, TY3, and TY6 in solvent.
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and TY6 (5.7620 D) has a similar value. Compared with
MS3 (2.5914 D), TY3 and TY6 have more μnormal. We
optimized the donor moiety through changing the C-6
alkyl chain of MS3 to the branched carbon alkoxy group,
which proves that the change in the donor portion can
improve the vertical dipole moment of dye molecules
effectively. Meanwhile, it cause the nanocrystalline semi-
conductor conduction band ECB mobile to the positive
direction of x-axis, and then improve VOC .

3.6. Natural Bond Orbital Analysis. In order to understand
the mechanism of photoexcitation, we simulated the natural
bond orbital (NBO) of the optimized structure of the
ground state (S0) and the first excited state (S1) of MS3,
TY3, and TY6. The acceptor of TY6 includes benzoic acid
and the auxiliary acceptor (BTZ group), and the detailed
data is listed in Table 7. The amount of charge difference
(Δq) from S0 to S1 in the donor group shows that TY3
(−0.3151) can contribute more electrons compared to MS3
(−0.2808) and TY3 (−0.2749). But Δq in the anthracene
group and acceptor groups shows that more of the contrib-
uting electrons in TY3 are concentrated in the anthracene
group. So, only a small amount of electrons reach the
acceptor part in TY3. Eventually, the acceptor group of
TY6 has more electrons. It showed that the auxiliary accep-
tor (BTZ) in TY6 increased the total amount of electron in
the acceptor. At the same time, Δq of MS3 (0.0104), TY3
(0.0190), and TY6 (0.0103) in the π region indicates that
the π-linker is only a channel for the charge transfer. To
sum up, TY6 can provide more efficient excitation electrons
in the photoexcitation mechanism.

3.7. Hyperpolarizabilities and Reorganization Energies. The
total static first hyperpolarisability can be expressed as [70]

βtot = β2
x + β2

y + β2
z 9

The static component is calculated by the following
equation:

βi = βiii +
1
3
〠
i≠j

βiji + βjij + βjji , 10

where βijk i, j, k = x, y, z are tenser components of hyperpo-
larizability. Finally, the equation is written as

βtot = βxxx + βxyy + βxzz

2
+ βyyy + βyzz + βyxx

2

+ βzzz + βzxx + βzyy

2 1/2

11

For DSSCs, the ICT process facilitates the aggregation of
electrons in the acceptor moiety, and the enhanced electron
density in the acceptor moiety can enhance the electronic
coupling effect between acceptor and semiconductor. The
first β is directly proportional to the transition dipole
moment ((oscillator strength) (μeg)) and the difference in
the dipole moment between the ground and excited orbitals
Δμeg , and it is inversely proportional to the transition
energy (Eeg). β can be expressed as follows [71]:

β∝
Δμeg μeg

2

E2
eg

, 12

where Δμeg and μeg are difference in the dipole moment
for ground state and excited state, and the transition
dipole, Eeg, is the transition energy. The first hyperpolariz-
abilities are listed in Table 8. βxxx (along the coordinate axis
of the molecule) is a negative value, and the negative charge
is far away from the nuclear charge of the molecule. βtot of
TY6 is much larger than MS3 and TY3 values. Table 3 and
Figure 6 support the results of hyperpolarizabilities.
Figure 6 shows that TY3 and TY6 have higher dipole
moments, and TY6 has higher oscillator strengths (in
Table 3); so, TY6 has a higher μeg. At the same time, TY6 has
less excitation energy in Table 2. So, TY6 has larger hyperpo-
larizabilities with an obvious charge transfer.

The reorganization energy can affect CT, which is more
beneficial to the improvement of CT [72]. On the basis of
the Marcus theory, CT can be calculated by [73]

KET = A exp
−λ

4KBT
, 13

where λ is the reorganization energy, A is the electronic
coupling,KB is the Boltzmann constant, and T is the temper-
ature. Hole or electron reorganization energy is determined
by the following equation [74]:

λh = E−
0 − E− + E0

− − E0 ,

λe = E+
0 − E+ + E0

+ − E0 ,
14

where E0
−(E

+
0 ) represents the energy of the neutral molecule

calculated at the anionic (cationic) state. E−
0 (E

+
0 ) represents

the anion (cation) energy calculated with the optimized
structure of the neutral molecule. E−(E+) represents the
anion (cation) energy calculated with the optimized anion
(cation) structure. E0 represents the energy at the neutral
molecule at the ground state. λh, λe, and λtotal values are listed
in Table 9. In the gas phase, the λh/λe values of MS3, TY3,

Table 7: Natural bond orbital analysis for the ground state (S0) and
excited state (S1) of the dyes.

Dye Donor Anthracene π Acceptor

Ms3

S0 −0.1002 0.1376 0.0099 −0.0473
S1 0.1806 −0.0839 −0.0005 −0.0963
Δq −0.2808 0.2215 0.0104 0.0490

TY3

S0 0.3139 0.1368 0.0099 −0.0433
S1 0.6290 −0.1882 −0.0091 −0.1050
Δq −0.3151 0.3250 0.0190 0.0617

TY6

S0 −0.0947 0.1486 0.0258 −0.0796
S1 0.1802 −0.0528 0.0155 −0.1429
Δq −0.2749 0.2014 0.0103 0.0633
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and TY6 are 0.18/0.27, 0.21/0.33, and 0.20/0.33. The λtotal
values of the three molecules are in the order TY3
(0.54 eV)>TY6 (0.53 eV)>MS3 (0.45 eV). The results show
that the λh values of three molecules are lower than those
of λe, which indicates that the electron transfer rate is lower
than the hole transfer rate. Obviously, MS3 has a higher hole
and electron transfer rate, followed by TY6. From the gas
phase to solvent, λh and λe have decreased. For λtotal, MS3,
TY3, and TY6 are reduced to be 0.05 eV, 0.10 eV, and
0.11 eV (see Table 9). The above data shows that values of
λh and λe have been reduced in the THF solvent. TY6 has
the greatest reduction in solvent and is very close to MS3
(0.40 eV). As a result, MS3 and TY6 will lead to better hole/
electron transport and efficient luminescent materials.

3.8. Analysis of Electrostatic Potential Distribution on the
Molecular Surface. In order to determine the position of elec-
trolyte ions, we can determine the reactive sites of dye mole-
cules by the molecular surface electrostatic potential (ESP)
[75]. The ESP of three molecules is listed in Figure 7(a) (the
detailed values are marked). The red point represents the
maximum point of the electrostatic potential of the molecu-
lar surface, and the blue point represents the minimum point
of the electrostatic potential of the molecular surface. For the
three molecules, the maximum values of the electrostatic
potential on the molecular surface are distributed near
the H atom of the acceptor, and the specific values are
as follows: MS3 (53.56 kcal/mol), TY3 (52.61 kcal/mol), and
TY6 (51.55 kcal/mol). It shows that the acceptor H atom is
positively charged, which means that it has the most power-
ful ability to attract nucleophiles and is the most likely place
to gather negative charges together. At the same time, the
minimum values of electrostatic potential on the surface of
molecules are distributed near the acceptor O atom, and
the specific data are as follows: MS3 (−37.62 kcal/mol),
TY3 (−38.43 kcal/mol), and TY6 (−39.81 kcal/mol). This
indicates that the lone pair electrons of the acceptor O atom

negatively contribute to the electrostatic potential, and its
position implies the ability to attract the electric reagents
strongly, which is most likely to gather the position of
positive charge together. By electrostatic interactions, it is
possible to infer that the positions of O and H atoms of
the three molecular acceptors are the most active regions
of the molecular reactions.

In order to show the molecular surface area of different
electrostatic potential intervals, the quantitative distribution
chart of the electrostatic potential on the surface of molecules
is plotted, which is listed in Figure 7(b). As shown, the distri-
bution of the surface electrostatic potential at the maximum
and minimum points of the three molecules is very small in
this region. The electrostatic potential area of the larger
region is as follows: MS3 (−17.83, 13.83 kcal/mol), TY3
(−18.07, 13.27 kcal/mol), and TY6 (−24.67, 18.27 kcal/mol).
It seems that the electrostatic potential distribution of TY6
is wider and more homogeneous than that of MS3 and
TY3. Therefore, the surface reaction region of TY6 is the
largest, and the overall reaction activity is stronger.

3.9. Molecular Design. After the above discussion, the TY6
molecule has the best photoelectric conversion efficiency.
On the basis of this molecule, a series of molecules were
designed by inserting different electron-withdrawing groups
(EWGs (−CF3 (A), –CN (B), and –F (C))) into number 1,
2, 3, and 4 positions of the original molecule acceptor, respec-
tively. The designed molecular structures are shown in
Figure 8, and those dyes are named as TY6-X (X = 1A, 2A,
3A, 4A, 1B, …,4C). The following calculation results are
obtained in the gas phase. The calculated bond lengths and
dihedral angle are listed in Table 10. The dihedral angle
(∠C1-C2-N3-C4 and ∠C2-N3-C4-C5) on the donor is not
significantly changed compared with the original molecule,
and bond length has almost no change. However, the dihe-
dral angle (∠C6-C7-C8-C9) of the acceptor is changed obvi-
ously, and the change of the molecule with the insertion of
the –CN group has the largest change. It is worth noting that
the dihedral angles of TY6-1X and TY6-4X (∠C6-C7-C8-C9)
have a significant increase, while TY6-2X and TY6-3X have
no significant changes. It is due to the fact that the close dis-
tance between the introduction of EWGs and the long alkyl
chain introduced on BTZ will result in mutual exclusion,
and TY6-1X (X = A, B, C, D) is larger than TY6-4X (X = A,
B, C, D). For example, the dihedral angles of TY6-1A and
TY6-4A are 65.82° and 49.99°, respectively. The twisted
structure of the donor blocks the movement of electrons on
the donor; therefore, TY6-2X and TY6-3X may exhibit a
better performance.

The MOs of the designed molecules are shown in
Table 11. Compared with the original molecule TY6

Table 8: Hyperpolarizabilities of MS3, TY3, and TY6 in the gas phase.

Gas βxxx βxxy βxyy βyyy βxxz βxyz βyyz βxzz βyzz βzzz βtot βxyy

MS3 221,672 −0.5 −11,899 881 −39,351 35 1874 5715 −14 −934 218,887 −11,899
TY3 −236,112 8336 7172 2538 8946 −50 72 933 18 661 228,473 7172

TY6 754,632 7313 −8155 3421 32,781 322 −420 −97 24 −1037 747,115 −8155

Table 9: Reorganization energy of MS3, TY3, and TY6 in gas and
solvent phases.

MS3 TY3 TY6

Gas

λh 0.18 0.21 0.20

λe 0.27 0.33 0.33

λtotal 0.45 0.54 0.53

Solvent

λh 0.17 0.19 0.17

λe 0.23 0.25 0.25

λtotal 0.40 0.44 0.42
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(−4.59 eV), the HOMO values (−4.76 to −4.58 eV) of other
design molecules are lower. For instance, the maximum value
of HOMO is −4.58 eV, which adds an –F/−CF3 group on
position 1 of the acceptor (TY6-1C/TY6-1A). The minimum
value of HOMO is −4.76 eV, which adds a –CF3 group on
position 3 of the acceptor (TY6-3A). However, for LUMO,
most of the designed molecules have a better performance.
Compared with the original molecule TY6 (−2.30 eV), the
LUMO values (−2.54 to −2.23 eV) of the designed molecules
are relatively low. The maximum value of LUMO is −2.23 eV,
which adds a –CF3 group on position 1 of the acceptor
(TY6-1A). The minimum value of LUMO is −2.54 eV,

which adds a –CN group on position 2/3 of the acceptor
(TY6-2B/TY6-3B). Compared with the energy gap of the
original molecule TY6 (2.29 eV), the design molecules
inserted into the –CN group are all reduced. The minimum
energy gap is 2.13 eV, which adds a –CN group on position
2/3 of the acceptor (TY6-2B/TY6-3B). Interestingly, when
EWG is inserted into the right side of the acceptor (positions
2 and 3), the energy gap is lower than in other positions.
The –CN group can reduce the molecular LUMO and lead to
the decrease in the energy gap. Through the analysis, it can be
concluded that the –CN group is the most conducive to
the reduction of the molecular energy gap, followed by
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Figure 7: (a) The ESP on the VDW surface of MS3, TY3, and TY6; red and blue points represent maximum and minimum values,
respectively. The extrema ESP (in kcal/mol) points on the molecular surface are marked. (b) The molecular surface area of different
electrostatic potential interval; the electrostatic potential interval is divided into 15 equal parts.
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the –CF3 group, and least influence corresponding to the –F
group. The electronegativity of the 3 groups increased gradu-
ally, which was the same as that of the LUMO. Therefore, the
greater the electronegativity of the inserted EWG is, the higher
the energy of the LUMO is.

Table 12 lists the oscillator strength and transition energy
of the design molecule. The results show a significant

change in the absorption properties of the design mole-
cules. For example, compared with TY6 (481 nm), the
maximum absorption peak of the designed molecules has
changed significantly. Related data is arranged in the
following order: TY6-3B =TY6-2B>TY6-4B>TY6-2A>
TY6-3C >TY6-1B >TY6 >TY6-1C >TY6-4A>TY6-2C =
TY6-3A>TY6-1A>TY6-4C. Through the above sorting
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Figure 8: Chemical structures of TY6-X and the structure of each designed molecule.

Table 10: Selected bond lengths (Å) and dihedral angles (°) of TY6 and TY6-X.

TY6 TY6-1A TY6-2A TY6-3A TY6-4A TY6-1B TY6-2B

Dihedral angle

C1-C2-N3-C4 35.20 35.30 35.24 36.69 34.88 35.38 35.63

C2-N3-C4-C5 69.60 69.45 69.21 71.38 70.71 69.31 69.10

C6-C7-C8-C9 29.70 65.82 26.82 29.65 49.99 55.01 26.9

Bond length

C3-C4 1.429 1.429 1.429 1.431 1.430 1.429 1.428

C7-C8 1.478 1.489 1.477 1.477 1.486 1.480 1.476

C10-C11 1.483 1.487 1.493 1.496 1.486 1.487 1.486

TY6-3B TY6-4B TY6-1C TY6-2C TY6-3C TY6-4C

Dihedral angle

C1-C2-N3-C4 35.42 35.17 34.6 31.38 35.29 31.12

C2-N3-C4-C5 68.97 69.46 70.69 70.07 69.28 70.65

C6-C7-C8-C9 27.65 38.33 49.15 26.70 28.43 30.95

Bond length

C3-C4 1.428 1.429 1.429 1.430 1.429 1.431

C7-C8 1.476 1.477 1.478 1.477 1.477 1.477

C10-C11 1.491 1.486 1.486 1.483 1.486 1.485
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analysis, half of the designed molecules have a red-shifted
absorption. Among them, the designed molecules inserted
into the –CN group have an obvious red-shifted absorp-
tion, and the maximum value appears in TY6-3B/TY6-2B
(492 nm), which is the insertion of the –CN group in
acceptor position 3/2. As mentioned absove, it seems that
there is no obvious regularity change for the insertion of
different positions on the acceptor. For insertion of different
EWGs, the displacement of the maximum absorption peak
of the –CN group is the most obvious. This is the same
characteristic as the low-energy gap, and low LUMO is
caused by –CN. Similarly, compared with TY6 (0.8886),
the designed molecules have greatly increased the oscillation
intensity and are arranged in the following order: TY6-
2C>TY6-4C>TY6-3A>TY6-2B>TY6-3B>TY6-2A>TY6-
3C>TY6-4B>TY6>TY6-1B>TY6-1C>TY6-4A>TY6-1A.
As shown, 2/3 of the designed molecules are higher than
the original molecules. The maximum value appears in
TY6-2C (0.9726), which is the insertion of the –F group
in acceptor position 2. The minimum value appears in
TY6-1A (0.7379), which is the insertion of the –CF3 group
in acceptor position 4. It is also found that the designed
molecules of the insertion group in acceptor position 1
are less than the original molecules, and the performance
is poor. However, the designed molecules inserted at posi-
tions 2 and 3 of the acceptor are higher than the original
molecules, which shows a better performance. This phe-
nomenon is consistent with the previous conclusions that
positions 2 and 3 are better than positions 1 and 4.
Besides, the magnitude of oscillator strength is directly
related to the light harvesting efficiency (LHE). It can be
seen from Table 13 that the order of the LHE of the
designed molecules is consistent with the oscillator
strength (TY6, 0.871). What is important is that a higher
LHE leads to a better PCE, and it comes to the following
conclusion: Molecules with groups inserted at positions 2
and 3 will have a better performance than those at posi-
tions 1 and 4.

Table 13 shows some of the chemical reaction parameters
of the design molecules. Compared with the original molecule
TY6, most of the designed molecules have significantly
increased the values of chemical reaction parameters, and the
effect is obvious. For EA, the designed molecules are arranged
in the following order: TY6-3B=TY6-2B=TY6-3ATY6-
4B>TY6-2C>TY6-2A>TY6-4C>TY6-1B>TY6-3C>TY6-

4A>TY6 (1.40 eV)>TY6-1A>TY6-1C. The maximum value
of EA appears at TY6-3B/TY6-2B/TY6-3A (1.64 eV), which
adds a –CN/− CF3 group on position 3/2 of the acceptor; the
minimum value of EA occurs at TY6-1C (1.35 eV), which adds
an –F group on position 1 of the acceptor. Forω+, the designed
molecules are arranged in the following order: TY6-3A>TY6-
3B=TY6-2B>TY6-2C=TY6-4B>TY6-2A>TY6-4C>TY6-
1B>TY6-3C>TY6-4A>TY6 (1.43 eV)>TY6-1A>TY6-1C.
The maximum value of ω+ appears at TY6-3A (1.77 eV),
which adds a –CF3 group on position 3 of the acceptor; the
minimum value of ω+ occurs at TY6-1C (1.37 eV), which adds
an –F group on position 1 of the acceptor. For ω, the designed
molecules are arranged in the following order: TY6-3B=TY6-
2B>TY6-3A>TY6-4B>TY6-2C>TY6-2A>TY6-4C>TY6-
1B>TY6 3C>TY6-4A>TY6 (2.89 eV)>TY6-1A>TY6-1C.
The maximum value of ω appears at TY6-3B/TY6-2B
(3.31 eV), which adds a –CN group on position 3/2 of the
acceptor; the minimum value of ω occurs at TY6-1C
(2.83 eV), which adds an –F group on position 1 of the accep-
tor. As mentioned above, we can get some general conclu-
sions as follows. First, for the three kinds of chemical
reactivity parameters, the order of the designed molecules is
almost consistent, and the order of EA and ω is exactly the
same. Second, the maximum value of the chemical reactivity
parameters is found in TY6-3X (position 3 of the acceptor);
the corresponding minimum value appears at TY6-1C,
and its value is smaller than the original molecular TY6.
As a whole, the molecular properties designed at positions
2 and 3 of the acceptor are better than those designed at
position 1 and 4 of the acceptor. Finally, all the molecules
inserted by the –CN group showed better performance
than the original molecule TY6 did. Furthermore, the
introduction of the –CN group not only can effectively
improve the electronic transmission performance and the
ability to receive electrons but also can improve the stability
of energy.

The total static first hyperpolarizability of the designed
molecules is listed in Table 13. Compared with TY6
(747115), the designed molecules have obvious changes and
are arranged in the following order: TY6-3B>TY6-
1B>TY6-2B>TY6-3A>TY6-2A>TY6-1C>TY6-4B>TY6-
2C>TY6-3C>TY6-4C>TY6>TY6-1A>TY6-4A. The max-
imum value of βtot appears at TY6-3B (1068163), which adds
a –CN group on position 3 of the acceptor; the minimum
value of βtot occurs at TY6-4A (529611), which adds a –CF3
group on position 4 of the acceptor. Through the above anal-
ysis, it can be concluded that, for different positions of the
acceptor, the molecules at acceptor positions 2 and 3 are
designed to be better than the acceptors designed at posi-
tions 1 and 4; for different groups, the designed molecules
inserted by the –CN group have the highest βtot, while the
dye inserted by the –CF3 group has the worst performance.
Therefore, by inserting the –CN group, the molecules can
have more obvious ICT. The lifetime (t) of the designed
molecules is listed in Table 13. Compared to the original mol-
ecule TY6 (3.91ns), the majority of the molecules behaved
better and are arranged in the following order: TY6-
1A>TY6-4A>TY6-1C>TY6-1B>TY6-4B>TY6-3C>TY6-
3B>TY6-2A=TY6>TY6-2B>TY6-3A>TY6-4C>TY6-2C.

Table 11: Frontier molecular orbital energies and energy gaps (eV)
of TY6-X.

TY6-1A TY6-2A TY6-3A TY6-4A TY6-1B TY6-2B

H −4.58 −4.64 −4.76 −4.60 −4.61 −4.67
L −2.23 −2.43 −2.45 −2.31 −2.38 −2.54
Gap 2.35 2.21 2.31 2.29 2.23 2.13

TY6-3B TY6-4B TY6-1C TY6-2C TY6-3C TY6-4C

H −4.67 −4.63 −4.58 −4.75 −4.62 −4.72
L −2.54 −2.47 −2.27 −2.42 −2.38 −2.37
Gap 2.13 2.16 2.31 2.33 2.24 2.35
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The maximum value of t appears at TY6-1A (4.57ns),
which adds a –CF3 group on position 3 of the acceptor;
the minimum value of t occurs at TY6-2C (3.48 ns), which
adds a –F group on position 2 of the acceptor. Through
the above analysis, we can get some conclusions: Mole-
cules designed at position 1 of the acceptor have a longer
lifetime. The lifetime of the designed molecules inserted at
position 2 of the acceptor is lower than that of the original
molecule (TY6), which is contrary to the conclusion that
positions 2 and 3 are better than positions 1 and 4.
However, there is no significant difference between the
different groups.

4. Conclusion

In this study, the DFT and TD-DFT methods were used to
calculate the properties of the ground and excited states for
MS3, TY3, and TY6. The calculated results show that TY6
has the highest HOMO energy compared to MS3 and TY3,
resulting in the smallest energy gap. Smaller energy gaps
favor the red-shifted absorption; so, TY6 has the most pro-
nounced red-shifted absorption and the highest molar
extinction coefficient, which results in more effective absorp-
tion of sunlight. TY6 not only has the largest EA and the
lowest IP but also has lower hole/electron reorganization

Table 12: Calculated transition energies (E) and oscillator strengths (f ) of TY6-X.

Dye State Contribution Mo E (eV) Absorption peak λ (nm) Strength f

TY6-1A

1 0.64911H-L 2.61 474 0.7379

2 0.64184H-1-L 3.19 389 0.3080

3 0.46081H-L + 1 3.72 333 0.1848

TY6-2A

1 0.62146H-L 2.55 487 0.9095

2 0.60609H-1-L 3.11 399 0.3775

3 0.49844H-L + 1 3.56 349 0.1175

TY6-3A

1 0.63567H-L 2.61 476 0.9494

2 0.60880H-1-L 3.16 392 0.3024

3 0.51245H-L + 1 3.61 344 0.1524

TY6-4A

1 0.63494H-L 2.59 478 0.7723

2 0.62841H-1-L 3.14 395 0.3537

3 0.48229H-L + 1 3.66 339 0.1645

TY6-1B

1 0.61488H-L 2.57 482 0.8056

2 0.60560H-1-L 3.14 395 0.3335

3 0.46057H-L + 1 3.59 345 0.1073

TY6-2B

1 0.59970H-L 2.52 492 0.9340

2 0.58364H-1-L 3.09 402 0.3819

3 0.46337H-L + 1 3.51 353 0.0761

TY6-3B

1 0.60186H-L 2.52 492 0.9248

2 0.58604H-1-L 3.09 401 0.3789

3 0.46237H-L + 1 3.51 353 0.0761

TY6-4B

1 0.60783H-L 2.54 489 0.8887

2 0.59154H-1-L 3.10 400 0.3533

3 0.48002H-L + 1 3.52 352 0.0757

TY6-1C

1 0.64038H-L 2.59 479 0.7841

2 0.63212H-1-L 3.16 393 0.3601

3 0.49671H-L + 1 3.66 338 0.1861

TY6-2C

1 0.63810H-L 2.61 476 0.9726

2 0.60898H-1-L 3.17 391 0.3018

3 0.51590H-L + 1 3.60 344 0.1599

TY6-3C

1 0.63042H-L 2.56 485 0.8984

2 0.61512H-1-L 3.12 397 0.3732

3 0.50881H-L + 1 3.58 346 0.1387

TY6-4C

1 0.64020H-L 2.62 473 0.9611

2 0.61318H-1-L 3.17 391 0.3012

3 0.50465H-L + 1 3.62 342 0.1880
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energies for higher hole and electron transfer. Through
orbital and NBO analysis, the D-A-π-A (TY6) structure
enhances the donoring electron ability and acceptor ability
of receiving electrons. At the same time, TY6 also has the
highest β and the most obvious ICT. Through ESP analysis,
we can find that TY6 has better reactivity. TY6 has the lowest
h and the highest LHE, ΔGinject, ΔGregen

dye , and ω+, which leads
to higher JSC. A higher μnormal results in a higher VOC. This is
consistent with the experimental results that TY6 has the
highest JSC and VOC.

The calculated results for the design molecules show that
the overall effect is improved to some extent. For different
groups, by introducing the –CN group, the LUMO energy
and energy gap can be reduced, leading to an obvious red-
shifted absorption. Chemical reactivity parameters and β
were significantly improved. For the different positions of
the molecular acceptors, the positions away from the accep-
tors (positions 2 and 3) performed better than the other posi-
tions did. Especially, the oscillator strength led to a significant
increase in LHE. Therefore, it will be of some reference to
molecular design.
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