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The molecular structures and photophysical properties of three D—A-m—A dyes (WS-2, WS-92 and WS-95)
were calculated based on density functional theory (DFT) and time-dependent DFT (TD-DFT). The results
show that different donor (D) groups and m-spacer bridges affect the photophysical properties. WS-95
presents the highest light harvesting efficiency (LHE), maximum absorption peak, dipole moment
(Unormal), €lectron affinity (EA), electrophilicity (w) and electron accepting power (w*), as well as a small
natural bond orbital (NBO) charge of the electron acceptor, ionization potential (IP) and chemical
hardness (h). These critical parameters have a close relationship with the open-circuit photo-voltage
(Voc) and the short-circuit current density (Jsc), and lead to WS-95 exhibiting higher efficiency. In order
to obtain an efficient dye, we designed a series of dyes based on WS-95 and analyzed their optical and
electronic properties. It was found that upon introducing a CN group into WS-95 (as in the designed
molecules 1, 2, 3, 7, 8 and 9), the band gap energies of the dyes were decreased, leading to an
absorption peak red-shift compared to WS-95. The structural modifications also result in an increase in
the electrophilicity and electron accepting power, and a decrease in the chemical hardness. When —NH,
is introduced into WS-95 (4, 5, 6, 10, 11 and 12), the opposite trend is observed compared to dyes 1, 2, 3,
7, 8 and 9. We hope that these results will be helpful for experiments to synthesize new and highly
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1. Introduction

A dye-sensitized solar cell (DSSC) with a power conversion effi-
ciency (PCE) of 7.1% was reported by Gritzel and O'Regan in
1991." DSSCs have received extensive attention due to their easy
production, low price and flexibility, and are one of the most
developed potential energy sources. DSSCs consist of a sensi-
tizer, an electrolyte, and a photoanode and cathode. The
performance of DSSCs is affected by all the components. The
sensitizer is the core of the DSSC, and plays the role of
absorbing photons and injecting electrons into the conduction
band of the semiconductor, so its performance directly affects
the PCE.
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A good sensitizer should exhibit broad absorption of
sunlight, and contain certain functional groups for chemical
adsorption connected with the conduction band of the semi-
conductor (such as carboxyl groups and phosphoric acid
groups, etc.). The types of sensitizers mainly include four kinds,
which are synthetic organic dyes, solid dyes, natural dyes and
ruthenium(u)-polypyridyl complexes.>* Ruthenium/(u)-poly-
pyridyl complexes exhibit a high PCE and good stability in
DSSCs. For example, the PCEs of N3, N719 and black dye* were
more than 11% under air mass (AM) 1.5 irradiation. Ruth-
enium(u)-polypyridyl complexes also have some disadvantages,
such as scarce resources of ruthenium, complex synthesis
processes and relatively low yield, which are not conducive to
large-scale industrial production.® Researchers have found that
ruthenium(u)-polypyridyl complexes can be replaced by metal-
free organic dyes due to their environment-friendly character-
istics, high molar extinction coefficient and tunable structures.
A series of metal-free organic dyes such as indoline,® the Ds
series,” cyanine,® porphyrins,”*® and merocyanine'* have been
synthesized as photosensitizers for DSSCs. Recently, Wang et al.
synthesized metal-free organic dyes, and achieved a PCE of
13%.** At present, most of the metal-free organic dyes are
donor-w spacer-acceptor (D-7-A) structures,'>** with the donor
part (D) of the molecule containing an electron-rich group. This
kind of D-m-A structure can generate intramolecular charge

This journal is © The Royal Society of Chemistry 2017
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transfer (ICT) after photoexcitation, which is beneficial for light
trapping and accelerating electron injection into TiO,. A
conjugation bridge is used to transfer electrons and broaden
the absorption spectrum. The diversity of D-7t-A structures is
convenient for the design of molecules. The absorption spectra
can be easily adjusted by introducing different substituents.
Hosseinzadeh et al. synthesized and designed new bi-anchoring
donor-m-acceptor metal-free organic dyes. Under AM 1.5 illu-
mination (85 mW cm™?), the DSSC based on diphenylamine
yielded a high PCE of 1.53% with an open-circuit photo-voltage
(Voc) of 550 mV, a short-circuit current density (Jsc) of 3.71 mA
cm 2 and a fill factor (FF) of 0.75%.% Lu et al. synthesized new
DTP triarylamine-free organic dyes, where incorporation of 4-
hexyloxyphenyl into DTP was beneficial to improving the
performance of the dye. The DSSC based on X69 showed
a higher PCE of 4.21% than DSSCs based on other dyes, with
a corresponding short-circuit current density (Jsc) of 12.1 mA
cm >, an open-circuit photo-voltage (Voc) of 0.52 V and a fill
factor (FF) of 0.67.'° Ramamoorthy et al. used extracts from
common pear and red tamarind and a 1 : 1 mixture of these as
dyes. The main components of these dyes are betalain and
anthocyanin. The photoelectric conversion efficiencies of beta-
lain, anthocyanin and the mixture (1 : 1) are 0.47%, 0.14% and
0.20%, respectively. Fourier transform infra-red, electro-
chemical impedance and ultraviolet-visible spectroscopy were
used to analyze the photoelectric properties of the dyes.'” Ding
et al. analyzed YA422, YA421 and IQ4 using DFT and TD-DFT,
showing that Forster resonance energy transfer occurs only in
YA422. The nearest position of every monomer in YA422 is
separated by a row of Ti atoms, which is beneficial to the
formation of ordered alignment. YA422 exhibits a faster elec-
tron injection rate, kinjeer (2.27 x 10" s7'). Finally, they
designed a promising candidate (DW1), which showed a larger
kinject and strong absorption compared to YA422.' Yang et al.
designed and analyzed a series of SPL101-SPL108 dyes using
DFT and TD-DFT, indicating that the m-spacer of SPL103-
SPL104 is a promising functional group for D-m-A dyes.
Compared with C217 dye, SPL106 and SPL108 not only have
higher molar absorption coefficients and similar energy gaps,
but also exhibit obvious red shifts (128 and 143 nm, respec-
tively) and wide absorption spectra.’ Kwon et al. designed and
investigated two novel D-A-w-A dyes (TICC and TICR) with ID6
dye as a reference using DFT and TD-DFT. The different LUMO
levels affect the molar absorption coefficient and the absorption
band of the molecule. Compared with other dyes, TICR
exhibited a red shift and a broad absorption spectrum and had
a higher molar extinction coefficient.”® Recently, Zhang et al.
used WS-2 as a reference dye to design two novel indoline-based
D-A-7t-A dyes, WS-92 and WS-95 (Fig. 1). Solar cells based on
WS-95 yielded a PCE of 7.69% (Jsc = 16.87 mA cm™ 2,
696 mV, FF = 0.66).>*

In this work, in order to better explain the effects of different
donor (D) units and m-spacers on the PCE. The HOMO, LUMO,
energy gap, UV-Vis absorption spectra, light harvesting effi-
ciency, ionization potential, electron affinity, reorganization
energy, natural bond orbital, energy differences eVoc between
Erumo and Ecg, dipole moment, chemical reactivity parameters,

VOC =
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Fig. 1 Sketch map of the molecular structures.

non-linear optical properties and injection driving force of three
dyes (WS-2, WS-92 and WS-95) were studied using density
functional theory (DFT) and time-dependent DFT (TD-DFT). The
short-circuit current density (Jsc) and open-circuit photo-voltage
(Voc) were determined from these parameters. Higher Jgc and
Voc values are beneficial to improving the power conversion
efficiency (PCE) of DSSCs. Theoretical results show that WS-95
has a high efficiency, which is in good agreement with the
experimental results.”® On the basis of WS-95, we designed
a series of dyes by introducing two types of electron-
withdrawing group (-CN and -NH,) at different positions (Ry,
R, and R;). The optical and electronic properties of all the dyes
were calculated at the same level. The calculated results show
that dyes with an inserted -CN group present lower band gaps
and absorption spectra red-shifts, which is beneficial to
improving the optoelectronic properties. We hope that our work
will further help experimentalists to screen more efficient dyes.

2. Computational details

The ground state geometries of the three dyes in the gas phase
and in dichloromethane solvent were fully optimized using
Density Functional Theory (DFT)** with B3LYP*™° using the 6-
31G(d) basis set. Frontier molecular orbitals are convenient to
study intramolecular charge transfer (ICT).>**° The excitation
energies, oscillator strengths and UV-Vis absorption spectra of

RSC Adv., 2017, 7, 20520-20536 | 20521
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the three dyes in the gas phase and in dichloromethane solvent
were simulated using Time-Dependent Density Functional
Theory (TD-DFT)** with the CAM-B3LYP** functional using the
6-31G(d) basis set. The conductor-like polarized continuum
model (C-PCM) was used to study the solvent effects, and is
recognized as a reliable method to simulate the experimental
values.**** The geometries, and optical and electrical properties
of the dye/TiO, systems were investigated using the same
functional as used for the isolated dyes; here the 6-31G(d) basis
set was used for C, H, O, N, and S atoms and the LANL2DZ basis
set was used for Ti atoms. All calculations were performed with
the Gaussian 09 package.** The nonlinear optical properties
(polarizability and hyperpolarizability) were computed using
B3LYP/6-31G(d). Isotropic polarizability can be evaluated as:*’

Oy + Qyy + o

= X W @ Tz 1
@ : (1)
and the polarizability anisotropy is given by:
1/2
Ao = |:(axx B ayy)z + (axx ; a:Z)Z + (ayy - az:)z (2)

where oy, @, and «,, are tensor components of the polar-
izability.The first hyperpolarizability can be calculated as:

6=

\/(ﬂ,\‘xx + ﬁxyy + 16,\'_"2)2 + (ﬁyyy + 5,‘(,\‘)7 + 6 7::)2 + (6:2: + ﬁx,\‘: +:8yy:)2
(3)

where 6xxx; Bxyy; 6xzz; Byyy; ﬁxxy; ﬁyzz; ﬂzzz; ﬁxxz and 6yyz are tensor
components of the first hyperpolarizability. The polarizability
and hyperpolarizability values have been converted into elec-
trostatic units (esu) (a: 1 a.u. = 0.1482 x 10 >* esu; §: 1 a.u. =
8.6393 x 107> esu).

It is well-known that efficiency (n) is an important factor to
determine the quality of a DSSC, and can be described by the
following equation:*

VocJscFF
g ToCReT (@)
inc
where Jsc is the short-circuit current density, V¢ is the open-
circuit photo-voltage, FF is the fill factor and P;,. is the inci-
dent solar power on the cell.The Jsc can be evaluated as:*

Jsc = J LHE(A)(Pinjec{ncollCCldA (5)
A

where 7conece is the charge collection efficiency; ¢ipjece is the
electron injection efficiency, which is related to AG™°*'; LHE is
the light harvesting efficiency. A higher LHE is beneficial to
improving the Jsc, and the LHE can be calculated as:*

LHE=1-10" (6)

where f is the oscillator strength. According to eqn (6), a dye
with a larger f has a higher LHE.The Vo of a DSSC can be
evaluated as:*!

_ Eredox (7)
q

E.+ACB kT .
VOC:+—C+_1n(n)

NCB
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where kT is the thermal energy, E. is the conduction band edge
of the semiconductor substrate, ¢ is a unit of charge, n. is the
number of electrons in the conduction band, Ny is the acces-
sible density of conduction band (CB) states, and Eyeqoox iS the
reduction-oxidation potential of the electrolyte.

The free energy change for electron injection (AG™¢) affects
the electron injection efficiency and Jsc, and can be calculated
as follows:***>

AG™* = Eqev — Ecy = Eqye — Eo 0 — Ecn (8)
where Egyc+ is the oxidation potential of the excited state of the
dye, Ecg is the conduction band (CB) edge of TiO, (Ecg = —4.00
eV), Eqy. is the oxidation potential of the ground state of the dye,
and E,_, is the vertical transition energy.

The reorganization energy can be used to represent the
charge transfer characteristic based on the Marcus theory.*>**
The hole/electron transfer rate can be summarized as:*

K:Aexp[—‘”?bT} (©)

where A is a pre-exponential factor, K;, is the Boltzmann
constant, A is the total reorganization energy and T is the
temperature. The reorganization energy can be divided into the
intermolecular recombination energy and the intramolecular
recombination energy.** The intermolecular recombination
energy has no obvious effect on the charge transfer.*” The
energy of the neutral, cationic and anionic molecules can be
used to calculate the reorganization energy. Hence, the intra-
molecular recombination energy for hole/electron (An/Ac)
transfer can be estimated by:**

Ay = (E§ — E4) + (ES — Eo) = IP(v) — HEP

= (Ey — E_) + (E° — Ey) = EA(v) — EEP (10)
As shown in Fig. 2, E, represents the energy of the neutral
molecule at the ground state, E¢/E, represents the energy of the
cation/anion with the geometry of the neutral molecule, and EY/
E° represents the energy of the neutral molecule with the
geometry of the cationic/anionic state.

Cation

Energy

i

Nuclear Configuration

Fig. 2 Calculation of the hole reorganization energy.
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3. Results and discussion
3.1 Geometric structures

A sketch map of the molecular structures is provided in Fig. 1,
and the optimized ground-state geometries of all the studied
dyes (WS-2, WS-92, WS-95) are shown in Fig. 3. Selected
geometric parameters (bond lengths and bond angles) of the
dyes in the ground state are listed in Table 1. For WS-2, the
dihedral angles of the donor unit are very similar in the
different phases (gas and solvent). WS-92 was obtained by
substituting a carbazole group into the 4-methylphenyl unit of
WS-2, and the dihedral angle (£ C1-C2-N3-C4) of the donor
unit of WS-92 is small compared to that for WS-2. For WS-92, the
dihedral angle (£C1-C2-N3-C4) of the donor unit in the
solvent is larger than that in the gas phase (by about 2.4°). The
WS-95 molecule comes from the thiophene group of WS-92
being replaced with cyclopentadithiophene (CPDT). For WS-
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Fig. 3 Optimized molecular structures of the dyes.
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95, the dihedral angle (£ C1-C2-N3-C4) of the donor unit is
larger than that of the other dyes; at the same time, the dihedral
angle is decreased by 2.4° from the gas phase to the solvent. In
addition, larger values of the dihedral angles (£ C5-C6-C7-C8)
of all the dyes are found in the solvent. As shown in Table 1, the
donor units of the three dyes exhibit distorted structures, which
is beneficial for inhibiting dye aggregation on the semi-
conductor. The acceptor units of the three dyes have small
dihedral angles, exhibiting a planar structure. The planar
structure of the acceptor group is conducive to electron injec-
tion into the semiconductor conduction band. In Table 1, it can
be observed that the bond lengths for the three dyes with
different donor groups and m-spacers are very similar in the
different phases (gas and solvent). The values of all bond
lengths are smaller to the standard values (i.e. C-C: 1.530 A (ref.
49) and N-C: 1.471 A (ref. 50)).

3.2 Energy levels and frontier molecular orbital diagrams

The HOMOs, LUMOs and band gap energies (dy-1) of the dyes
and the dye/TiO, systems are shown in Fig. 4 and 5, and the data
are listed in Table S1 (see ESI Table S1).f The energy levels
(HOMO and LUMO) of the dye sensitizers must match the redox
potential of the I"/I;~ couple and the conduction band edge
level of TiO,.*>** From Fig. 4 and 5, the LUMO levels of the dyes
lie above the conduction band edge (CBE) of TiO, (—4.0 eV),
which indicates that electron injection can easily take place
from the excited dyes to the TiO, conduction band. Efficient and
fast electron injection is beneficial to improving the perfor-
mance of DSSCs. Meanwhile, the HOMO levels of the dyes lie
below the redox potential of the I"/I;” couple (—4.80 eV),*
which ensures the charge regeneration of the dyes.

3.2.1 Isolated dyes under gas and solvent conditions.
Intramolecular charge transfer (ICT) from the donor to the
acceptor is a very important process that affects the perfor-
mance of the whole cell device. We can understand the charge
separated states by observing the frontier molecular orbitals.
Frontier molecular orbital diagrams of the dyes and dye/TiO,
systems are presented in Fig. 6 (in the gas phase) and Fig. S1}
(in the solvent phase). Under gas conditions, the HOMO energy
level of WS-2 is —5.16 eV (see Table S17), and the electron

Table 1 Selected critical bond lengths (in A) and dihedral angles (in degrees) of WS-2, WS-92 and WS-95 in the ground state calculated using

B3LYP/6-31G(d)

WS-2 WS-92 WS-95

Gas Solvent Gas Solvent Gas Solvent
£/ C1-C2-N3-C4 55.4 54.9 —24.5 —26.9 —61.9 —59.5
/£ C5-C6-C7-C8 324 334 —-31.6 —32.4 —33.1 —34.4
/£ C9-C10-C11-S12 —0.5 0.7 —2.2 —2.4 3.0 2.9
£ 512-C13-C14-C15 179.9 179.8 179.9 —179.9 — —
/£ S13-C14-C15-C16 — — — — —0.5 —0.3
C2-N3 1.412 1.413 1.413 1.413 1.419 1.418
C6-C7 1.472 1.472 1.470 1.469 1.473 1.473
C10-C11 1.456 1.455 1.455 1.454 1.455 1.456
C13-C14 1.426 1.422 1.426 1.421 — —
C14-C15 — — — — 1.423 1.416

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The molecular energy level diagrams of the dyes and dye/TiO,
systems in the gas phase.

densities are focused over the whole dye. The HOMO—1 energy
level of WS-2 is —5.88 eV below the HOMO, and has a similar
electron distribution compared with the HOMO. From the
character of the molecular orbitals, the HOMO and HOMO—1
are delocalized 7 orbitals. The LUMO energy level of WS-2 is
—2.95 eV, and the electron densities of the LUMO are mostly
located on the auxiliary acceptor, m-spacer and acceptor unit.
The LUMO+1 lies at —2.18 eV above the LUMO, and the electron
densities are concentrated on the auxiliary acceptor, m-spacer
and acceptor unit. For WS-92, the HOMO energy level is
—4.81 eV, which is a significant increase of 0.35 eV compared
with the HOMO of WS-2. It is shown in Fig. 5 that the electron
densities of the HOMO are mostly located on the donor and
auxiliary acceptor unit. The HOMO—1 energy level is —5.59 eV
below the HOMO, and the electron densities are concentrated
over the whole dye. The LUMO energy level is —2.91 eV, and the
electron densities of the LUMO are mostly located on the
auxiliary acceptor, m-spacer and acceptor unit. The LUMO
energies of WS-2 and WS-92 exhibit no obvious change, so it is
found that enhancing the donor strength can only affect the
HOMO energy level. The LUMO+1 of WS-92 has a similar elec-
tron distribution compared with the LUMO, lying at —2.14 eV
above the LUMO. For WS-95, the HOMO and HOMO—1 energy

20524 | RSC Adv., 2017, 7, 2052020536
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Fig. 6 The frontier molecular orbital diagrams of the dyes and dye/
TiO, systems in the gas phase.

levels are —4.89 and —5.31 eV, respectively, and the electron
densities are both focused over the whole dye. The LUMO and
LUMO+1 energy levels of WS-95 are —2.85 and —2.27 eV,
respectively, and the electron densities are both focused on the
auxiliary acceptor, m-spacer and acceptor unit. Compared with
WS-92, the HOMO and LUMO energy levels of WS-95 exhibit no
significant change, indicating that extending the w-spacer has
no obvious effect on the energy levels. In conclusion, the HOMO
energy levels are in the following order: WS-2 < WS-95 < WS-92,
and the LUMO energy levels are in the following order: WS-2 <
WS-92 < WS-95. A higher LUMO energy level will increase the
open-circuit photo-voltage, leading to a higher efficiency of the
DSSC. Hence, it is essential to screen the superior performance
of the dye with a higher LUMO energy level.

The band gap energies (4y_r) are in the following order: WS-
92 (1.90 eV) < WS-95 (2.04 eV) < WS-2 (2.21 eV). The band gap
energy of WS-92 is smaller than that of the reference dye WS-2.
Some reports show that dyes with a small energy gap exhibit
better performance. For example, a dye with a small energy gap
is beneficial for a maximum absorption peak red-shift and
a relatively high light harvesting efficiency (LHE). From Table 2,
we can see that WS-92 and WS-95 have obvious red-shifts and
better LHEs compared with the reference dye WS-2.

Under solvent conditions, the energy levels have similar
orbital distributions compared with those in the gas phase. As

This journal is © The Royal Society of Chemistry 2017
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Table 2 Computed excitation energy (Eg/eV), maximum absorption wavelength (Ana./nm), oscillator strength (f), electronic transition config-
uration and light harvesting efficiency (LHE) of the dyes and dye/TiO, systems

Dye State Eg/Amax f Main configuration LHE
Gas WS-2 1 2.571/482 1.2024 H — L/0.63819 0.9373
2 3.429/362 0.2491 H—-1 — L/0.56622
3 3.633/341 0.1815 H — L+1/0.46443
WS-92 1 2.422/512 1.2434 H — L/0.60830 0.9429
2 3.260/380 0.2636 H-1 — L/0.48947
3 3.507/354 0.2639 H — L+1/0.48934
WS-95 1 2.395/518 1.7557 H — L/0.59868 0.9824
2 3.056/406 0.2120 H — L+1/0.44757
3 3.350/370 0.0771 H-1 — L/0.39667
Solvent WS-2 1 2.456/505 1.4328 H — L/0.62034 0.9631
2 3.283/378 0.2340 H-1 — L/0.50088
3 3.568/348 0.0737 H — L+1/0.40612
WS-92 1 2.303/538 1.4579 H — L/0.59682 0.9652
2 3.136/395 0.3020 H-1 — L/0.42328
3 3.403/364 0.0917 H — L+1/0.45406
WS-95 1 2.288/542 2.0300 H — L/0.56468 0.9907
2 2.922/424 0.1329 H — L+1/0.45855
3 3.312/374 0.0569 H-1 — L+1/0.38645
Gas WS-2/TiO, 1 2.345/529 1.6368 H — L+2/0.59591 0.9769
2 3.200/387 0.4725 H—-1 — L+2/0.50278
3 3.315/374 0.0040 H — L/0.66319
WS-92/TiO, 1 2.251/551 1.6082 H — L+2/0.57173 0.9754
2 3.088/402 0.4593 H—-1 — L+2/0.33674
3 3.097/400 0.0541 H — L/0.65534
WS-95/TiO, 1 2.250/551 2.4277 H — L+2/0.50629 0.9963
2 2.885/430 0.1567 H-1 — L+2/0.33627
3 3.202/387 0.0032 H — L/0.36233

shown in Table S1,f the HOMO energy levels of WS-2, WS-92
and WS-95 are —5.12, —4.78 and —4.89 eV, respectively. There
is little change in the HOMO energy levels compared with those
in the gas phase. The LUMO energy levels of WS-2, WS-92 and
WS-95 are —3.02, —3.00 and —2.92 eV, respectively. As shown in
Fig. 4, the calculated LUMO energy levels are decreased slightly
compared to those in the gas phase. Hence, the band gap
energies (dy-r) of the dyes in the solvent are slightly lower than
those in the gas phase.

3.2.2 Dye/TiO, systems. The optimized structures of WS-2,
WS-92 and WS-95 after binding the dyes onto the surface of TiO,
are listed in Tables S2-S4.1 The HOMO energy levels of WS-2,
WS-92 and WS-95 are —5.21, —4.99 and —5.01 eV, respectively
(see Table S17). It can be seen from Fig. 5 that the HOMO energy
levels of the dye/TiO, systems exhibit a slight decrease in
comparison to the isolated dyes. The LUMO energy levels of WS-
2, WS-92 and WS-95 are —3.70, —3.69 and —3.62 eV, respec-
tively. Therefore, the LUMO energy levels are obviously
decreased after the dyes are bound onto the surface of TiO, (see
Fig. 5). This shows that the LUMO energy levels of these dyes
have a strong coupling with the TiO,, which is conducive to
enhancing electron injection into TiO,. The band gap energies
(4y-1) are obviously decreased after the dyes are bound onto the
surface of TiO, due to the relatively low LUMO energy level. The
electron densities of the HOMO and HOMO-1 of the dye/TiO,
systems have a similar distribution compared to the isolated
dyes, and the electron densities of the LUMO+2 of the dye/TiO,
systems are almost entirely concentrated on TiO,. This

This journal is © The Royal Society of Chemistry 2017

indicates that adsorbing the dyes onto TiO, is beneficial to
electron injection from the excited dye to the TiO, conduction
band, which leads to an increase in the short-circuit current
density (Jsc). The band gap energies of the dye/TiO, systems are
smaller than those of the isolated dyes, leading to the maximum
absorption peaks of the dye/TiO, systems exhibiting an obvious
red-shift compared with the isolated dyes (see Table 2). A
detailed discussion will be provided in the next section.

Molecular electrostatic potential (MEP) is a very important
tool to predict and explain chemical reactions (such as
hydrogen bonding interactions), and it has a close relationship
with the electron cloud. MEP and electrostatic potential are
used to describe the nucleophilic and electrophilic reaction
sites. As shown in Fig. 7, different colors represent different
electrostatic potential values. Electrostatic potential can be
calculated using the following formula:**

_ Zn _[rl)
V(r)fz‘RA_”—J dr

!rl —r

(11)

where Z, is the charge of nucleus A located at R,, and p(7’) is the
electron density function of a molecule. It is found that the
values of electrostatic potential increase in the following order:
red < orange < yellow < green < blue. The red (negative) color
area of the MEP implies electrophilic reactivity, and the blue
(positive) color area implies nucleophilic reactivity. Negative
and positive potential refer to electron-rich and electron-poor
areas, respectively. The color code of the molecular
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WS-92

WS-95

Fig. 7 Molecular electrostatic potential plots of the dyes.

electrostatic potential (MEP) maps ranges from —0.08 a.u.
(deepest red) to 0.08 a.u. (deepest blue). The MEPs of the three
dyes indicate that the most nucleophilic potential is found on
the carboxyl hydrogen atom, with values of 0.0769, 0.0759 and
0.0735 a.u. for WS-2, WS-92 and WS-95, respectively. The
greatest electrostatic potential is observed on the nitrogen atom
of the ~CN group, with values of —0.0655, —0.0665 and —0.0665
a.u. for WS-2, WS-92 and WS-95, respectively. Hydrogen atoms
represent the strongest attraction, while nitrogen atoms repre-
sent the strongest repulsion.

3.3 UV-Vis absorption spectra and light harvesting efficiency
(LHE)

In order to test the reliability of the theoretical results, three
different functionals (CAM-B3LYP, BW97XD and LC-WPBE)
combined with the 6-31G(d) basis set were used to simulate
the UV-Vis absorption spectra, because the different functionals
should affect the optoelectronic properties of the dyes. The
conductor-like polarizable continuum model (CPCM) was
selected to simulate solvent effects. The UV-Vis absorption
spectra are shown in Fig. 8, and the data are listed in Table S5.1
Compared with the experimental UV-Vis absorption spectra, the
results show that the CAM-B3LYP functional is the closest to the
experimental values (see Fig. 8 and Table S5f) among the
different functionals. Kathiravan et al. used CAM-B3LYP to
predict absorption maxima closer to the experimental absorp-
tion maxima values compared to other functionals.”®> Many
previous studies have shown that CAM-B3LYP can accurately
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Fig. 8 The effects of different functionals on the absorption maxima
(Amax/Nm) of the dyes in CH,Cl, solution.

characterize UV-Vis absorption spectra.****>* Therefore, CAM-
B3LYP can provide a more reliable and rational description of
the UV-Vis absorption spectra, and was used to calculate the
excited states of the isolated dyes and dye/TiO, systems.

3.3.1 Isolated dyes under gas and solvent conditions. The
calculated oscillator strengths (f), transition energies, nature of
the transitions and light harvesting efficiencies (LHEs) are lis-
ted in Table 2, and the UV-Vis absorption spectra are shown in
Fig. 9 and 10. Photosensitizers with superior performances
exhibit intense and wide absorption in the visible region (400-
700 nm). As shown in Fig. S2, WS-95 exhibits a broad
absorption band and a high molar extinction coefficient
compared with WS-2 and WS-92, resulting in the largest
absorption ability for sunlight. The maximum absorption peaks
of the dyes are found at 482-518 nm in the gas phase and 505-
542 nm in the solvent phase. The maximum absorption peaks,
oscillator strengths and light harvesting efficiencies in the gas
and solvent phase are in the following order: WS-2 < WS-92 <
WS-95. As shown in Table 2, the first excited states of all the dyes
show a transition from the HOMO to the LUMO, and the cor-
responding electron transitions from the donor to the acceptor
(see Fig. 6), and this is an intramolecular charge transfer (ICT).
Under gas conditions, the maximum absorption peak of WS-92
red-shifts by 30 nm compared to that of WS-2, and that of WS-95
red-shifts by 6 nm compared to that of WS-92. The red-shift of
the absorption peak is beneficial to increasing the open-circuit
photo-voltage (Voc) and short-circuit current density (Jsc),
which leads to a higher photoelectric conversion efficiency
(PCE) of the DSSC. Experimentally, WS-95 produced a relatively
high PCE of 7.69%.** The good optical response of WS-95 is
beneficial for the improvement of the photoelectric properties
of the solar cell, which supports the results of the experiment.

The oscillator strengths of WS-2, WS-92 and WS-95 are
1.2024, 1.2434 and 1.7557, respectively. The LHE can be calcu-
lated according to eqn (6), and the LHE values for WS-2, WS-92
and WS-95 are 0.9373, 0.9429 and 0.9824, respectively. WS-95
has the highest LHE value of all the dyes, which means that
WS-95 can absorb more photons, leading to a higher Jsc. The
other major states (f> 0.1) of WS-2 are the S, and S; states, and
the corresponding oscillator strengths are 0.2491 (electron

This journal is © The Royal Society of Chemistry 2017
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Fig.9 Absorption spectra of (A) WS-2, (B) WS-92 and (C) WS-95 in the
gas (solid line) and solvent (dotted line) phases.

transition: HOMO—1 — LUMO) and 0.1815 (electron transi-
tion: HOMO — LUMO+1), respectively. The other major states (f
> 0.1) of WS-92 are the S, and S; states, and the corresponding
oscillator strengths are 0.2636 (electron transition: HOMO—1
— LUMO) and 0.2639 (electron transition: HOMO —
LUMO+1), respectively. The other major state (f> 0.1) of WS-95
is the S, state, and the corresponding oscillator strength is
0.2120 (electron transition: HOMO — LUMO+1). As shown in
Fig. 6 and Fig. S1,T for the above excited states, the electron
transitions mainly include HOMO — LUMO, HOMO—-1 —
LUMO and HOMO — LUMO+1, and the change in electron

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Absorption spectra of (A) WS-2 (solid line) and WS-2/TiO,
(dotted line), (B) WS-92 (solid line) and WS-92/TiO, (dotted line), and
(C) WS-95 (solid line) and WS-95/TiO, (dotted line) in the gas phase.

density between the molecular orbitals shows that an electron
moves from the donor to the acceptor unit, which is conducive
to a high Jsc. Under solvent conditions, the maximum absorp-
tion peaks are at 505, 538 and 542 nm for WS-2, WS-92 and WS-
95, respectively. As shown in Fig. 9, we can see that the
maximum absorption peaks of the dyes are obviously red-
shifted compared with those in the gas phase, and the
specific values are 23, 26 and 36 nm, respectively. As shown in
Table 2, the dyes show larger oscillator strengths in the solvent
phase than in the gas phase. Hence, relatively high light har-
vesting efficiencies of all the dyes from a solvent to a gas were
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found. However, solvent effects lead to a decrease in the exci-
tation energies of all the dyes from a solvent to a gas. The other
major state (f> 0.1) of the dyes is the S, state, and the oscillator
strengths are 0.2340 (HOMO—1 — LUMO), 0.3020 (HOMO—1
— LUMO) and 0.1329 (HOMO — LUMO+1) for WS-2, WS-92
and WS-95, respectively.

3.3.2 Dye/TiO, systems under gas conditions. After the
dyes were bound onto the surface of TiO,, the properties (such
as maximum absorption peak, oscillator strength and LHE) of
the dye/TiO, systems were obviously changed, which may be
attributed to the interaction between the dyes and the TiO,.
The first excited states of all the dye/TiO, systems show elec-
tron transfer from the HOMO to the LUMO+2. There is strong
interaction between the dyes and TiO,, which facilitates
electron injection from the excited dyes to the TiO,. The
maximum absorption peaks of WS-2/TiO,, WS-92/TiO, and
WS-95/TiO, are at 529, 551 and 551 nm, respectively, showing
a significant red-shift compared to the isolated dyes. The
oscillator strengths of the dye/TiO, systems are in the
following order: WS-92/TiO, (1.6082) < WS-2/TiO, (1.6368) <
WS-95/TiO, (2.4277). There is a direct relationship between
the oscillator strength and the LHE. Therefore, the LHE values
of all the dye/TiO, systems follow the same trend (WS-92/TiO,
<WS-2/TiO, < WS-95/Ti0,). The oscillator strengths and LHEs
of the dye/TiO, systems are larger than those of the isolated
dyes. A higher LHE facilitates the photocurrent response;
therefore, WS-95/TiO, should have a high performance. WS-
95/Ti0, shows the highest oscillator strength, leading to the
highest LHE (0.9963). The other major state (f > 0.1) of WS-2/
TiO,, WS-92/TiO, and WS-95/TiO, is the S, state, and the
corresponding oscillator strengths are 0.4725, 0.4593 and
0.1567, respectively. All the dye/TiO, systems show electron
transitions from the HOMO—1 to the LUMO+2. As shown in
Fig. 10, the maximum absorption peaks of all the dye/TiO,
systems show an obvious red-shift, and WS-95/TiO, has
a higher molar absorption coefficient and a broader absorp-
tion spectrum. In conclusion, the maximum absorption
peaks, oscillator strengths and LHEs of all the dye/TiO,
systems present an increase after the dyes are bound onto the
surface of TiO,. It should be noted that for the isolated
dyes and the dye/TiO, systems, WS-95 showed a better

View Article Online
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performance, including a higher molar absorption coeffi-
cient, oscillator strength and LHE, a broader absorption
spectrum and an obviously larger red-shift of absorption. This
result means that the substitution of a thiophene unit with
a cyclopentadithiophene (CPDT) unit can improve the optical
response and increase the utility of sunlight.

3.4 Non-linear optical (NLO) properties

In order to further study the relationship between NLO
properties and efficiency, the polarizability and hyper-
polarizability of the dyes were investigated, and the values are
listed in Tables 3 and 4. Nonlinear optical properties char-
acterize the response of a system to an applied electric field.
Nonlinear optical properties have received wide attention
owing to their larger number of applications in emerging
technology areas, such as telecommunications, information
storage, optical interconnections and signal processing.***°
Generally, a dye with a higher polarizability will not only have
strong interactions with surrounding species, but will also
cause an increase in the local concentration of acceptor
species.® From Table 3, the isotropic polarizability values of
the dyes are, in increasing order, WS-2 (65.046) < WS-92
(119.542) < WS-95 (166.860); the polarizability anisotropy
values of the dyes follow a similar trend. Hence, the local
concentration of acceptor species is increased at the TiO,
surface, which is beneficial for increasing the possibility that
the acceptor species penetrate the dye adsorption layer. From
Tables 3 and 4, WS-95 has the largest isotropic polarizability
and polarizability anisotropy, which means that WS-95 is
a better dye. Furthermore, the hyperpolarizability is closely
related to the intramolecular charge transfer (ICT). From
Table 4, we can see that the 8., values are in following order:
WS-2 < WS-95 < WS-92, and the S,,, values of the dyes follow
a similar trend. The value of §,,, is much larger than that of
the next highest tensor. Hence, the @, values are mainly
determined by B, which means that electron transfer from
the donor to the acceptor is unidirectional. The f, values of
WS-92 and WS-95 are much larger than that of WS-2, indi-
cating that they may produce more photoelectron-induced
electron transfer in the excited state.

Table 3 Isotropic polarizability (a) and polarizability anisotropy (Aa) parameters of the dyes (1 x 10724 esu)

Dye Olyx Oy ayy Oy Ay, Oyy e Aa
WS-2 89.746 2.413 65.599 0.5573 —-1.785 39.793 65.046 43.269
WS-92 231.940 —26.526 64.827 7.065 6.498 61.859 119.542 168.617
WS-95 290.170 27.815 104.965 19.240 16.434 105.523 166.860 184.928
Table 4 Hyperpolarizability (8) of the dyes (1 x 107°° esu)

D ye ﬁ Eeed ﬁ xxy 5 xyy 5 Yy ﬁ xxz 6 xyz 6 Yz 5 xzZ ﬁ 'yzz ﬁ 222 ﬁ tot

WS-2 86.679 26.672 10.214 0.178 —0.896 0.255 —0.606 —0.190 —0.583 0.186 100.216
WS-92 1313.217 —190.388 26.933 —3.912 —36.701 5.938 —1.278 —0.012 0.204 0.774 1354.632
WS-95 992.267 181.562 29.670 5.125 179.352 34.751 8.066 33.917 7.315 8.266 1058.438
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3.5 NBO analysis

Natural bond orbital (NBO) analysis based on the optimized
structure of the ground state (S,) and the first excited state
(S1) was performed in order to further understand the charge
populations and the electron transfer from the donor and
auxiliary acceptor to the acceptor via the m-spacer. The posi-
tive NBO value of the donor unit and m-spacer bridge indi-
cates that they are effective electron-donor units. In contrast,
the negative NBO value of the auxiliary acceptor and acceptor
units indicates that the dye may trap electrons in the -
spacer. The calculated NBO values of the dyes are listed in
Table 5. As shown, the NBO charges of the electron acceptors
of WS-2, WS-92 and WS-95 are —0.131, —0.135 and —0.178 e in
the ground state (S,), respectively. It can be seen that WS-2
and WS-92 have similar NBO charges, but the NBO charge
of WS-95 is obviously changed in comparison with that of WS-
92. This indicates that the electron acceptor of WS-95 with
a larger m-spacer shows a strong electron-withdrawing ability
and large charge polarization. The negative charge of the
electron acceptor may be a factor leading to electron injection
from the excited dye to the TiO, conduction band. The Agp_a)
values of the dyes in the ground state (S,) are, in increasing
order, WS-2 (0.218 ) < WS-92 (0.237 €) < WS-95 (0.251 e). The
values for the first excited state (S;) follow the same trend.
This means that WS-95 exhibits the largest charge separation
between the donor and acceptor unit. From Table 5, the
incorporation of a larger m-spacer in WS-95 directly increases
the charge variance on the donor unit between S, and S; in
comparison with WS-92, which means that WS-95 has
a strong electron-donating ability.

3.6 Factors influencing Voc

According to eqn (7), in addition to the short-circuit current
density (Jsc), the open-circuit photo-voltage (Voc) is also an
important factor affecting the overall power conversion effi-
ciency (n) of DSSCs. The value of Vi is affected by the
conduction band (CB), and ACB can be summarized as:

_ qHnormalY
&€

ACB = (12)
where ¢ is the electron charge; pnormar is the dipole moment of
an individual dye molecule perpendicular to the surface of the
semiconductor substrate; y is the molecular surface concen-
tration; ¢, and ¢ are the vacuum permittivity and the dielectric
permittivity, respectively. A higher pnormar Of the dyes can
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Table 6 Computed free energy change for electron injection
(AG™*"/eV), oxidation potential of the excited state (Eqyer/eV),
oxidation potential of the ground state (Eqy.e/eV), vertical dipole
moment (1normal) @and open-circuit voltage (eVoc/eV) of the dyes

Dye AGinjeCt Edye* Edye Mnormal eVOL‘
WS-2 —1.414 2.586 5.157 -9.39 1.05
WS-92 —-1.617 2.383 4.805 10.47 1.09
WS-95 —1.504 2.496 4.891 14.68 1.15

improve charge the separation between the donor and acceptor
units and further increase Vp¢. According to eqn (7) and (12), it
is obvious that the larger ppormal, the higher Voc. As shown in
Table 6, the unormar Values of the dyes are, in increasing order,
WS-2 (—9.39) < WS-92 (10.47) < WS-95 (14.68). WS-95 has
a larger ppormar than WS-92, which means that WS-95 has
a larger Voc. This is in good agreement with the experimental
results.”

In order to explore the relationship between the LUMO and
Voo, Voc can be approximately expressed by the following
formula:*®

(13)

eVoc = ELumo — Ecs

It can be seen that a higher E; ypo will generate a larger eVoc. As
shown in Table 6, the eV values of the dyes are, in increasing
order, WS-2 (1.05 eV) < WS-92 (1.09 eV) < WS-95 (1.15 eV).
Certainly, the trend from WS-92 to WS-95 is in agreement with
the experimental results.”* Taking the p,ormar and eVoc values
into account, WS-95 should have a larger V. Accordingly, the
results indicate that substituting a CPDT unit in place of
a thiophene unit can enhance Voc. WS-95 showed a higher Voc
in both experimental and theoretical studies, which indicated
that WS-95 is an outstanding dye.

According to the research of Islam, when the absolute value
of AG™®* > 0.2 eV, the electron injection efficiency is approxi-
mately equal to one.>” From Table 6, the injection driving force
(AG™Y of WS-2, WS-92 and WS-95 is —1.414, —1.617 and
—1.504 eV, respectively. The absolute values of AG™ for WS-2,
WS-92 and WS-95 are much larger than 0.2 eV, which means
that all the dyes show a sufficient driving force to inject elec-
trons into TiO,. However, too large a value of AG™®* can cause
energy redundancy, leading to a smaller Vc.** This is why WS-
92 has a lower value of Voc than WS-95, despite it having
a higher AG™*,

Table 5 The NBO (in e) analysis of the dyes in the ground state (Sg) and excited state (S;)¢

So Sy
Dye D A T A Ag(p-a) D A T A Ag(p-a) Ag(D)?
WS-2 0.087 —0.064 0.107 —0.131 0.218 0.614 —0.486 0.080 —0.209 0.823 0.527
WS-92 0.102 —0.067 0.100 —0.135 0.237 0.615 —0.467 0.067 —0.215 0.830 0.513
WS-95 0.073 —0.090 0.194 —0.178 0.251 0.684 —0.567 0.131 —0.247 0.931 0.611

“ Aq(D)* represents the charge variance on the donor unit between S, and S;.
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3.7 Chemical reactivity study

The chemical reactivity, including chemical hardness (%), elec-
trophilicity index (w) and electron accepting power (w'), was
investigated to further explain the molecular properties of the
dyes. Chemical hardness represents the resistance of the dyes to
intramolecular charge transfer (ICT);*** hence, the dyes should
have a lower chemical hardness in order to increase charge
transfer and separation. The calculated results are shown in
Fig. 11. As shown, the chemical hardness values of the dyes are,
in decreasing order, WS-2 (2.08 eV) > WS-92 (1.91 eV) > WS-95
(1.83 eV). WS-95 has the lowest chemical hardness; this leads
to a higher short-circuit current density (Jsc), and is in good
agreement with the experimental results.”* Therefore, WS-95 is
considered to be the best dye for intramolecular charge transfer
(ICcT).

Electrophilicity represents the stabilization energy of the
dyes. WS-95 has the largest electrophilicity (3.95 eV), followed
by WS-2 (3.85 eV) and WS-92 (3.82 eV). A higher electrophilicity
represents a higher energetic stability. Therefore, WS-95 shows
the highest stabilization energy. The electron accepting power
represents electron-accepting ability, and a larger value is
desirable. The electron accepting power values of the dyes are,
in increasing order, WS-2 (2.11 eV) < WS-92 (2.15 eV) < WS-95
(2.28 eV). WS-95 has the highest electron-withdrawing ability.
In conclusion, for indoline dyes, the photoactive layer has
a higher stabilization energy and electron-withdrawing ability
when the thiophene wunit is substituted by a cyclo-
pentadithiophene (CPDT) unit, which will lead to a higher
short-circuit current density (Jsc) and PCE.

3.8 Ionization potentials and electron affinities

Charge injection and balance affect the performance of DSSC
devices. The ionization potential (IP) and electron affinity (EA)
can depict the energy barrier of both holes and electrons. The
IP, EA, hole extraction potential (HEP) and electron extraction
potential (EEP) of the three molecules were calculated by DFT,
and the results are listed in Table 7. IP(a)/EA(a) represents
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Fig. 11 Chemical hardness, electrophilicity index, and electron
accepting power of the dyes.
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Table 7 lonization potentials, electron affinities, extraction potentials
and reorganization energies (in eV) of the dyes

Dye IP(v) IP(a) HEP EA(v) EA(a) EEP A, Je

WS2 623 608 597 207 192 177 026 030
WS-92 581 573 565 207 191 176 0.16 0.31
WS-95 577 562 550 210 197  1.84 027 026

adiabatic excitations, IP(v)/EA(v) represents vertical excitations,
and HEP/EEP represents the energy difference from the neutral
molecule to cationic/anionic molecules with the same
geometry.

As shown in Table 7, the values of IP(v)/IP(a) for WS-95 (5.77/
5.62 eV) are smaller than those of the other dyes. A lower IP is
beneficial for promoting the hole-creating ability. The values of
EA(v)/EA(a) for WS-95 (2.10/1.97 eV) are larger than those of the
other dyes. A higher EA can improve the electron-accepting
ability. Therefore, WS-95 has better hole-creating and
electron-accepting abilities.

It is very important to maintain a balance between electron
and hole transport. Furthermore, the more balanced the 4, and
Ze values, the better the luminous efficiency. As shown in Table
7, the difference between Ay, and A, for WS-95 (0.01 eV) is smaller
than that for WS-2 (0.04 eV) and WS-92 (0.05 eV), which means
that WS-95 has more balanced transport rates. In addition, the
Ae (0.26 eV) is smaller than that for WS-2 (0.30 e€V) and WS-92
(0.31 eV), which means that WS-95 has a better electron trans-
fer rate than the other molecules.

3.9 Molecular design

In order to further screen the high efficiency sensitizers, a series
of dyes (1, 2, 3...11 and 12) were obtained by introducing two
types of electron-withdrawing group (-CN and -NH,) at
different positions (R;, R, and R;) based on WS-95. The chem-
ical structures are shown in Fig. 1. Selected geometric param-
eters (bond lengths and bond angles) of the designed molecules
in the ground state are listed in Table 8. As shown, when a -
CN/-NH, is introduced into the molecule, the dihedral angle
(£C1-C2-N3-C4) of 1 and 2 becomes smaller (by about 11°)
than that of the reference dye WS-95. The dihedral angles
(£ C5-C6-C7-C8) of 4 and 6 become larger, while the dihedral
angles (£ C9-C10-C11-512) of 2, 4 and 5 follow the same trend.
The dihedral angle (£ S13-C14-C15-C16) of 4 exhibits a larger
change. When two -CN/-NH,, groups are introduced into the
molecule, it can be seen that the dihedral angles (£ C1-C2-N3-
C4) of 9, 10, 11 and 12 are decreased, while the dihedral angles
(£C5-C6-C7-C8) of 8, 9, 11 and 12 as well as the dihedral
angles (£ C9-C10-C11-S12) of 7,9, 10 and 12 are increased. The
dihedral angles (£S13-C14-C15-C16) of 7 and 8 are slightly
increased. For 10 and 11, the dihedral angle of the acceptor is
obviously increased. From Table 8 it can be seen that the bond
lengths exhibit no obvious change.

It is well known that the band gap energy and frontier
molecular orbitals have an important effect on electronic exci-
tation (transition).***” A smaller band gap energy is beneficial

This journal is © The Royal Society of Chemistry 2017
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Table 8 Selected critical bond lengths (in A) and dihedral angles (in degrees) of the designed molecules and the reference dye WS-95

WS-95 1 2 3 4 5 6 7 8 9 10 11 12
£C1-C2- —61.9 —48.9 —49.3 —58.6 60.9 61.3 61.5 61.0 59.7 —50.3 —48.5 —45.1 —44.9
N3-C4
£C5-C6- —33.1 34.3 33.8 —41.4 33.8 35.1 48.4 33.5 40.4 43.5 34.0 50.0 53.2
C7-C8
£ C9-C10- 3.0 9.0 —21.0 -0.9 11.4 31.4 —-5.3 25.9 —-4.1 —28.5 —-34.0 —-171.2 —-1391
C11-S12
£813-C14- -0.5 —174.2 -179.2 -—-1794 1540 -1789 -1784 -171.0 -172.0 —-179.4 —-151.8 —31.4 —178.5
C15-C16
C2-N3 1.419 1.434 1.434 1.417 1.418 1.419 1.418 1.419 1.419 1.434 1.435 1.434 1.4333
C6-C7 1.473 1.472 1.473 1.470  1.474 1.475 1.483 1.472 1.469 1.434 1.476 1.484 1.485
C10-C11 1.455 1.454 1.454 1.456  1.456 1.458 1.458 1.454 1.456 1.456 1.460 1.457 1.463
C14-C15 1.423 1.454 1.421 1.420 1.454 1.418 1.419 1.438 1.437 1.422 1.453 1.459 1.419

for an absorption spectrum red-shift.®® The molecular energy
level diagrams of all the dyes are shown in Fig. 12, and the
HOMOs and LUMOs are listed in Table S6.7 As shown in Fig. 12,
the LUMO energy levels of 1, 2, 3, 7, 8 and 9 are lower than that
of WS-95, with the values in the following order: WS-95 (—2.85
eV)>3(—3.09eV)>2(—3.13eV)>1(-3.15¢€V) > 8(—3.34eV)>9
(—3.35 eV) > 7 (—3.37 eV). It can be seen that the introduction of
—-CN leads to a lower LUMO energy level. Furthermore, upon the
introduction of two -CN groups, the LUMO energy level further
decreases. The HOMO energy levels of all the dyes are not
changed significantly, except for that of 9, with the values in the
following order: WS-95 (—4.89 eV) > 3 (—4.98 eV) > 7 (—5.06 eV)
= 8(—5.06 €V) > 1 (—5.07 eV) > 2 (—5.15 eV) > 9 (—5.31 eV). The
results show that the HOMO energy levels are slightly reduced
when —-CN is introduced into the dyes. Therefore, the magnitude
of the band gap energy is determined by the value of the LUMO
energy level. The band gap energies of 1, 2, 3, 7, 8 and 9 are
smaller than that of the reference dye WS-95 due to their lower
LUMO energy levels, and the values are in the following order:
WS-95 (2.04 eV) > 2 (2.02 eV) > 9 (1.96 eV) > 1 (1.92 eV) > 3 (1.89
eV) > 8(1.72 eV) > 7 (1.69 eV). Hence, the introduction of -CN is
beneficial to reducing the band gap energy, which may lead to
the electrons being more easily excited and the dyes absorbing
longer wavelength photons.

Compared with 1, 2 and 3, the band gap energies of the dyes
containing two —-CN groups are further reduced, except for that
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Fig. 12 Calculated energy levels of the designed molecules and the
reference dye WS-95.
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of 9 due to its lower HOMO energy level (—5.31 eV). Dye 7
exhibits the lowest band gap energy (1.69 eV) among these dyes.
The LUMO energy levels of 4, 5, 6,10, 11 and 12 are higher than
that of the reference dye WS-95, and the values are in the
following order: 10 (—2.31 eV) > 11 (—2.45 eV) > 5 (—2.56 eV) > 12
(—2.57 eV) > 4 (—2.61 eV) > 6 (—2.73 eV) > WS-95 (—2.85 eV). The
results show that the insertion of -NH, into the dyes is bene-
ficial to increasing the LUMO energy level. When two -NH,
groups are introduced into the dyes, the dyes display a higher
LUMO energy level in comparison with 4, 5 and 6, except for 12.
There is no obvious change in the HOMO energy level (see Table
S61). The band gap energies of 4, 5, 6, 10, 11 and 12 with the
insertion of -NH, are higher than that of the reference dye WS-
95 due to their higher LUMO energy levels, and the values are in
the following order: 10 (2.58 eV) > 12 (2.45eV) > 11 (2.41 eV) > 5
(2.30 eV) > 4 (2.19 eV) > 6 (2.08 eV). The introduction of two
-NH, groups (10, 11 and 12) at different positions (R;, R, and
R;) can increase the band gap energy compared to 4, 5, and 6.
Dye 10 exhibits the highest band gap energy among these dyes.
In conclusion, the introduction of -CN groups can decrease the
band gap energy; meanwhile, the introduction of -NH, groups
can increase the band gap energy. When two -CN (-NH,) groups
are introduced in the R; and R, positions, 7 (10) displays the
lowest (highest) band gap energy. We know that a dye with
a small band gap energy is advantageous for a red-shifted
absorption spectrum and generates more electrons, and thus
enhances the PCE in a DSSC. The photoelectric performance of
the dyes will be discussed in detail in the next section.

Table 9 and Fig. 13 show the maximum absorption wave-
lengths of the synthesized series of dyes. As shown in Table 9,
the first excited state of all the dyes shows an electron transition
from the HOMO to LUMO. Compared with the reference dye
WS-95, the dyes with the insertion of -CN have obvious red-
shifts due to their smaller band gap energy as well as smaller
excitation energies. The maximum absorption peaks are in the
following order: 7 (553 nm) = 8 (553 nm) > 1 (543 nm) > 2 (537
nm) = 9 (537 nm) > 3 (535 nm) > WS-95 (518 nm), and the
corresponding red-shift values are 35, 35, 25,19, 19 and 17 nm,
respectively. Among these dyes, dyes 7 and 8 exhibit superior
performance, with the largest maximum absorption wavelength
and the smallest excitation energy. It can be seen that the
introduction of -CN is beneficial for an absorption spectrum

RSC Adv., 2017, 7, 20520-20536 | 20531
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Table 9 Calculated transition properties of the designed molecules
and the reference dye WS-95 using the TD-DFT method

Dye State Eg/Amax f Main configuration
WS-95 1 2.40/518 1.7557 H — L/0.59868
1 1 2.29/543 1.8987 H — L/0.59718
2 2.90/428 0.0069 H — L+1/0.57293
3 3.31/374 0.0013 H-1 — L/0.36015
4 3.80/326 0.0078 H-1 — L+1/0.38500
5 3.92/317 0.0008 H—-1 — L/0.46373
6 4.09/303 0.1752 H — L+2/0.52379
2 1 2.31/537 1.5435 H — L/0.64942
2 3.01/412 0.1677 H — L+1/0.38582
3 3.29/376 0.1881 H — L+1/0.43168
4 3.84/323 0.0009 H—-1 — L/0.43290
5 4.02/309 0.0055 H-4 — L/0.37315
6 4.10/303 0.0016 H-7 — L/0.49167
3 1 2.32/535 1.5446 H — L/0.58958
2 2.89/429 0.2774 H-1 — L/0.49112
3 3.21/386 0.1759 H—-1 — L+1/0.47607
4 3.80/326 0.0106 H-2 — L/0.42013
5 3.92/316 0.0084 H — L+1/0.43511
6 4.06/306 0.0564 H — L+4/0.49178
4 1 2.51/495 1.4514 H — L/0.61305
2 3.22/385 0.2331 H-1 — L/0.39088
3 3.48/357 0.1678 H—-1 — L/0.40858
4 4.06/306 0.0533 H — L+2/0.44940
5 4.10/303 0.0089 H-3 — L/0.35272
6 4.19/296 0.0104 H — L+3/0.23839
5 1 2.59/478 1.8033 H — L/0.56841
2 3.09/401 0.0307 H — L+1/0.56783
3 3.52/352 0.1000 H—-1 — L+1/0.42101
4 3.92/316 0.0325 H—-4 — L/0.46424
5 4.07/305 0.0512 H—-1 — L+3/0.42380
6 4.16/298 0.0678 H—-1 — L+1/0.30184
6 1 2.49/497 1.5732 H — 1/0.51858
2 3.09/401 0.2285 H — L+1/0.40811
3 3.45/359 0.0232 H-1 — L+1/0.40341
4 3.75/331 0.0543 H—4 — L/0.34397
5 4.04/307 0.0024 H—-1 — L+1/0.35693
6 4.06/306 0.0543 H — L+1/0.51122
7 1 2.24/553 1.6770 H — L/0.49593
2 2.80/444 0.1114 H — L+1/0.39436
3 3.08/402 0.0085 H—-1 — L/0.44698
4 3.58/346 0.0194 H — L+1/0.37731
5 3.67/338 0.0015 H-3 — L/0.36829
6 3.99/311 0.0089 H-2 — L/0.49322
8 1 2.24/553 1.7453 H — L/0.50225
2 2.74/452 0.1496 H — L+1/0.42316
3 3.09/401 0.0046 H—1 — L+1/0.46050
4 3.55/349 0.0134 H—-1 — L+1/0.37419
5 3.70/335 0.0016 H-2 — L/0.37610
6 4.00/310 0.0089 H-2 — L/0.46476
9 1 2.31/537 1.3520 H — L/0.63133
2 2.88/431 0.1789 H-2 — L/0.42565
3 3.25/382 0.3067 H — L+1/0.43143
4 3.64/341 0.0039 H-1 — L/0.45128
5 3.84/323 0.0302 H — L+2/0.44811
6 3.93/315 0.0121 H-5 — L/0.42939
10 1 2.73/453 1.3804 H — L/0.65951
2 3.24/383 0.1929 H — L+1/0.59417
3 3.72/333 0.1467 H-1 — L/0.50919
4 4.08/304 0.0494 H—-4 — L/0.50267
5 4.22/293 0.0543 H-5 — L/0.38925
6 4.28/290 0.0364 H—-1 — L+2/0.50283
11 1 2.64/469 1.1763 H — L/0.61733
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Table 9 (Contd.)
Dye State Eg/Amax f Main configuration
2 3.29/377 0.2961 H — L+1/0.42065
3 3.70/335 0.0457 H—-1 — L/0.36039
4 3.91/317 0.0651 H—-4 — L/0.50764
5 4.15/299 0.1828 H-5 — L/0.40007
6 4.26/291 0.0325 H-1 — L+3/0.47241
12 1 2.72/456 1.6245 H — L/0.58358
2 3.30/375 0.0040 H — L+1/0.58530
3 3.75/331 0.0691 H-1 — L+1/0.38091
4 3.93/316 0.0937 H—-4 — L/0.48346
5 4.11/302 0.0816 H—4 — L+1/0.37872
6 4.26/291 0.0426 H-1 — L+3/0.46074
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Fig. 13 Absorption spectra of the designed molecules and the refer-
ence dye WS-95 ((A) represents dyes with the insertion of —CN, (B)

represents dyes with the insertion of —NH,).

red-shift. In particular, upon the introduction of two -CN
groups, the absorption spectrum will be further red-shifted,
except for 9. As shown in Fig. 13(A), the dyes with the inser-
tion of -CN exhibit an obvious red-shift. On the contrary, dyes 4,
5, 6,10, 11 and 12 with the insertion of -NH, exhibit an obvious

This journal is © The Royal Society of Chemistry 2017
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blue-shift (see Fig. 13(B)) due to their larger band gap energy,
and the molar absorption coefficients of all the dyes are
decreased, except for 5. The maximum absorption peaks are in
the following order: WS-95 (518 nm) > 6 (497 nm) > 4 (495 nm) >
5 (478 nm) > 11 (469 nm) > 12 (456 nm) > 10 (453 nm), and the
corresponding blue-shift values are 21, 23, 40, 48, 62 and 65 nm,
respectively. The results show that the introduction of -NH, is
beneficial for an absorption spectrum blue-shift. Compared
with dyes 4, 5 and 6, the absorption spectra of 10, 11 and 12 with
the insertion of two -NH, groups are blue-shifted. Therefore,
the introduction of two -NH, groups is more conducive to an
absorption spectrum blue-shift. The excitation energies of these
dyes are larger than that of the reference dye WS-95.

Some other important parameters are listed in Table 10. It
can be seen that the absolute values of AG™* for dyes 1, 2, 3, 7,
8 and 9 are smaller than that of the reference dye WS-95, and the
absolute values are in the following order: WS-95 (1.51 eV) > 3
(1.34€V)>1(1.22 eV) > 7 (1.18 eV) = 8 (1.18 €V) > 2 (1.16 €V) > 9
(1.00 eV), which means that the introduction of -CN at different
positions can decrease the AG™* value. The absolute values of
AG™* for 4, 5, 6, 10, 11 and 12 are higher than that of the
reference dye WS-95, and the absolute values are in the
following order: 10 (1.84 eV) > 11 (1.78 eV) > 5 (1.73 eV) > 4 (1.71
eV) > 12 (1.70 eV) > 6 (1.68 eV), which means that the intro-
duction of -NH leads to an increase in AG™*, At the same
time, the AG™** values of dyes 10 and 11 with the introduction
of two -NH, groups are higher than those of the dyes (4, 5 and 6)
with the introduction of one -NH, group. It is well-known that
AG™* is an important factor affecting the Jsc, and dye 10 with
a larger AG™°* will display a better performance. The eVoc
values of the dyes are in the following order: 10 (1.69 eV) > 11
(1.55 eV) > 5 (1.44 eV) > 12 (1.43 eV) > 4 (1.39 eV) > 6 (1.27 eV) >
WS-95 (1.15 eV) > 3 (0.91 eV) > 2 (0.87 eV) > 1 (0.85 eV) > 8
(0.66 eV) > 9 (0.65 eV) > 7 (0.63 eV). The results show that the
eVoc values of dyes 1, 2 and 3 are lower than that of the refer-
ence dye WS-95, which means that the introduction of one -CN
group into the molecule leads to a reduction in eVoc. Dyes 7, 8
and 9 with the introduction of two -CN groups show smaller
values in comparison to dyes 1, 2 and 3 with one inserted -CN
group. From this trend, it can be seen that the introduction of

Table 10 LHE, injection driving force and open-circuit voltage of the
designed molecules and the reference dye WS-95
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-NH is beneficial to an increase in eVoc. When two -NH, groups
are introduced into the R;/R; and R;/R; positions, 10 and 11
show higher eV values compared with 4, 5 and 6 with one
inserted -NH, group. As shown in Table 10, only 1 and 5 display
higher LHEs compared to WS-95, while the other dyes show
lower values due to their smaller oscillator strengths.

The ionization potentials, electron affinities, reorganization
energies, chemical hardness, electrophilicity index and electron
accepting power of the dyes are listed in Table 11. The ioniza-
tion potentials of the dyes are in the following order: 9 (5.96 eV)
>3(5.84eV)>2(5.82¢eV)>7(5.81eV)=8(5.81eV)>1(5.76 €V) >
12 (5.70 eV) > WS-95 (5.62 eV) > 10 (5.60 V) > 5 (5.58 eV) > 11
(5.57 eV) > 6 (5.54 eV) > 4 (5.52 eV). The results show that the IP
values of dyes 1, 2, 3, 7, 8 and 9 are larger than that of the
reference dye WS-95, and dye 9 displays the largest IP among
these dyes. Therefore, the introduction of -CN is conducive to
an increase in IP value. At the same time, when -NH, is intro-
duced into the dyes, the IP values of 4, 5, 6,10, 11 and 12 (5.70 to
5.52 eV) exhibit no obvious change. Compared with the refer-
ence dye WS-95 (5.62 eV), only dye 12 exhibits a slightly
increased IP value, while the other dyes (5, 6, 10 and 11) exhibit
a slightly decreased value. The electron affinities of the dyes are
in the following order: dye 7 (2.53 eV) > 9 (2.49 eV) > 8 (2.48 eV) >
1(2.31 €V) > 3 (2.20 V) > 2 (2.17 eV) > WS-95 (1.97 eV) > 6 (1.84
eV) > 4 (1.75 eV) > 5 (1.72 eV) > 12 (1.65 eV) > 11 (1.60 eV) > 10
(1.54 eV). This trend indicates that the introduction of -CN is
conducive to an increase in EA value. Furthermore, upon the
introduction of two —~CN groups into the dyes, the EA will further
increase. On the contrary, the introduction of -NH, leads to
a decrease in EA. When two -NH, groups are introduced into
the molecule, the EA will be further decreased. w and w* follow
the same trend as EA, and the values are listed in Table 11. Dye 7
has the largest » and w", followed by dye 8. As discussed above,
a larger » and " is expected, so the introduction of ~CN will
improve the performance of the dye to some degree. The
chemical hardness values of the dyes are in the following order:
12 (2.03 eV) =10 (2.03 eV) > 11 (2.02 eV) > 5 (1.93 eV) > 4 (1.89 eV)
>6(1.85 eV) > WS-95 (1.83 eV) = 2 (1.83 eV) > 3 (1.82 €V) > 9 (1.74
eV) > 8 (1.67 eV) > 7 (1.64 eV). This trend shows that the

Table 11 lonization potentials, electron affinities, reorganization
energies and chemical reactivity (in eV) of the designed molecules and
the reference dye WS-95

Dye AG™MIEet Edger Eaye eVoc LHE Dye P EA n e w o h

WS-95 -1.51 2.49 4.89 1.15 0.9824 WS-95 5.62 1.97 0.27 026  3.95 2.28 1.83
1 ~1.22 2.78 5.07 0.85 0.9874 1 576  2.31 0.34 026  4.72 2.92 1.73
2 -1.16 2.84 5.15 0.87 0.9714 2 582 217 0.36 027 437 2.60 1.83
3 ~1.34 2.66 4.98 0.91 0.9715 3 5.84  2.20 0.16 026  4.44 2.66 1.82
4 -1.71 2.29 4.80 1.39 0.9646 4 5.52 1.75 030  0.37  3.50 1.92 1.89
5 ~1.73 2.27 4.86 1.44 0.9843 5 5.58 1.72 0.27 0.34  3.45 1.87 1.93
6 ~1.68 2.32 4.81 1.27 0.9733 6 5.54 1.84 0.32 029  3.68 2.07 1.85
7 ~1.18 2.82 5.06 0.63 0.9790 7 5.81 2.53 0.29 0.27 5.31 3.42 1.64
8 -1.18 2.82 5.06 0.66 0.9820 8 5.81 2.48 0.26 0.23 5.16 3.30 1.67
9 ~1.00 3.00 5.31 0.65 0.9555 9 596  2.49 0.36 0.31 5.14 3.25 1.74
10 ~1.84 2.16 4.89 1.69 0.9587 10 5.60 1.54 0.37 0.46  3.14 1.61 2.03
11 ~1.78 2.22 4.86 1.55 0.9334 11 5.57 1.60 0.40 039 3.4 1.69 2.02
12 -1.70 2.30 5.02 1.43 0.9763 12 5.70 1.65 0.35 032  3.33 1.75 2.03

This journal is © The Royal Society of Chemistry 2017
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Fig. 14 Comparison graphs of h vs. w* for (a) dye molecules 1-3, 7-9
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w for the corresponding h and ™.

introduction of -CN is conducive to a decrease in chemical
hardness. Furthermore, the introduction of two —CN molecules
into the dyes will lead to a further decrease in the chemical
hardness. On the contrary, the introduction of -NH, leads to an
increase in chemical hardness. When two -NH, groups are
introduced into the molecule, the chemical hardness will be
further increased. Dye 7 has the lowest chemical hardness,
followed by 8. When -CN was introduced into the molecule, the
chemical hardness was decreased with increasing values of w
and w" (see Fig. 14(a)). When -NH, was introduced into the
molecule, the chemical hardness was increased with decreasing
values of w and w" (see Fig. 14(b)). The Ay, and . values of dye 8
are lower than those of the reference dye WS-95, while the other
dyes all show comparable or even higher values, except for 3 (A
is 0.16 eV). The difference between A, and A, of 7 (0.02 eV) is the
smallest among all the dyes, followed by 8 (0.03 eV).

4. Conclusions

The optical and electrical properties of three dyes (WS-2, WS-92
and WS-95) were investigated via DFT and TD-DFT methods.
The results show that WS-95, with the thiophene unit
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substituted for a CPDT unit, exhibits a broad absorption band
and a high molar extinction coefficient compared to WS-2 and
WS-92, resulting in it exhibiting the largest absorption ability
for sunlight. Importantly, the dipole moment and light har-
vesting efficiency of WS-95, which are closely related to the
short-circuit current density (Jsc) and open-circuit voltage (Voc),
are superior to those of WS-2 and WS-92. Therefore, WS-95
exhibits superior performance in experiments.

On the basis of reference dye WS-95, a series of dyes were
designed by introducing different functional groups (-CN/-
NH,). When a -CN group was introduced into WS-95, the band
gap energy and chemical hardness decreased, while the elec-
trophilicity index, electron accepting power and electron affinity
increased, and the absorption spectrum was red-shifted. The
performance of dyes 1, 2, 3, 7, 8 and 9 is superior to that of WS-
95, which will lead to a higher short-circuit current density (Jsc)-
It was also found that upon introducing an -NH, group into WS-
95, the free energy change for electron injection and eV were
increased. The performance of dyes 4, 5, 6, 10, 11 and 12 is
superior to that of WS-95, which is beneficial to improving the
short-circuit current density (Js¢) and open-circuit voltage (Voc)-
Therefore, the introduction of different functional groups
(-CN/-NH,) can improve the performance of different aspects of
a molecule. Among all the designed dyes, dye 5 has the highest
free energy change for electron injection, light harvesting effi-
ciency, molar extinction coefficient and eVoc compared to WS-
95, and may be regarded as an outstanding candidate for use
in DSSCs.
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