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We have designed four dyes based on D—-A'-mt—-A/D-nt—A'—m—A triphenylamine and quinoline derivatives
for dye-sensitized solar cells (DSSCs) and studied their optoelectronic properties as well as the effects of the
introduction of alkoxy groups and thiophene group on these properties. The geometries, single point
energy, charge population, electrostatic potential (ESP) distribution, dipole moments, frontier molecular
orbitals (FMOs) and HOMO-LUMO energy gaps of the dyes were discussed to study the electronic
properties of dyes based on density functional theory (DFT). And the absorption spectra, light harvesting
efficiency (LHE), hole—electron distribution, charge transfer amount from HOMO to LUMO (Qct). D
index, Hct index, Sy, index and exciton binding energy (E.oy) Were discussed to investigate the optical
and charge-transfer properties of dyes by time-dependent density functional theory (TD-DFT). The
calculated results show that all the dyes follow the energy level matching principle and have broadened
absorption bands at visible region. Besides, the introduction of alkoxy groups into triarylamine donors
and thiophene groups into conjugated bridges can obviously improve the stability and optoelectronic
properties of dyes. It is shown that the dye D4, which has had alkoxy groups as well as thiophene groups
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1. Introduction

Since O'Regan and Grétzel" first proposed dye-sensitized solar
cells in 1991, dye-sensitized solar cells (DSSCs) have begun to
attract more and more attention from researchers around the
world.>* Compared with traditional silicon cells, DSSCs are
easier to synthesize,® environmentally friendly,® cost-effective,”
and can display highly impressive photoelectric conversion
efficiency 14.3% (ref. 8) under standard illumination. DSSCs,
among which sensitizers play a crucial role in improving energy
conversion efficiency, are mainly composed of a mesoporous
semiconductor film, sensitizer and redox electrolytes.>® The
ideal dye sensitizers need to satisfy the following:**2 (a) narrow
band gap, the LUMO level of the dye is above the semiconductor
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can be used as an ideal dye sensitizer.

conduction band, to provide stable charge transfer channel and
fast electron injection; (b) there are wide and strong absorption
bands in the visible and near-infrared regions to ensure effec-
tive charge separation and improve the overall solar energy
conversion efficiency; (c) sufficient photothermal stability to
make sure that DSSCs devices can work for a long time.
Therefore, these requirements provide the direction for us to
design better dyes. As is known to us, donor-m-acceptor (D-1t—
A) system is the basic structure of the molecular dyes in
nonmetallic dye-sensitized solar cells.®** For the past few years,
the additional electron-withdrawing group has been introduced
into the D-m-A system to adjust the energy gap of dyes, thus
a new D-A'-m-A system was developed. The addition of the
auxiliary acceptor group will be helpful to extend the effective
length of the conjugated structure, broaden the absorption
region, so as to improve the spectral response and light-heat
stability of the photosensitizer."*** At the same time, there
have been reports on D-t-A'-1t-A system with the introduction
of an additional electron-donating group into the D-A'-mt-A
system. The D-m-A'-t-A system'*™"” has been proved to effec-
tively improve the flatness of the donor to the auxiliary acceptor,
which is favorable for better charge separation and smoother
intramolecular charge transfer (ICT) in photoexcited process.
What's more, a better plane structure is obviously conducive to
improve the ability of light harvesting, avoid energy loss from
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Fig. 1 Molecular structures of dyes D1-D4.

reverse relaxation, so as to improve the overall photoelectric
conversion efficiency (PCE) of the solar cells. The triarylamine,
with excellent electron-donating ability, is commonly used as
electron donor."*?® The cyanoacrylic acid, with prominent
electron-withdrawing ability, is generally used as electron
acceptor and anchor group absorbed on the surface of the
semiconductor.>»*> The quinoline,>?** with good electron-
withdrawing ability, is often used as auxiliary acceptor. Thio-
phene and its derivatives,>*® with high polarizability, are
usually used as conjugated bridge.

In this paper, four dye molecules D1-D4 (as shown in Fig. 1),
based on triphenylamine (TPA) and quinoline derivatives, have
been designed. The triarylamine was applied as electron donor,
cyanoacrylic acid as electron acceptor, quinoline as auxiliary
electron acceptor, and thiophene group as 7 bridge. D1 and D3
are both typical D-t-A'-7t-A configurations, D2 and D4 are both
typical D-t-A'-1t-A configurations. Compared with D2 and D1
respectively, D4 and D3 are respectively introduced in oxyalkyl
chains. And compared with D3 and D1 respectively, D4 and D2
are respectively introduced in a thiophene group. The geomet-
rical structure, electronic properties, optical properties and
intramolecular charge transfer properties of the four dyes were
studied based on density functional theory (DFT) and time-
dependent density functional theory (TD-DFT).

2. Computational details

The geometrical structures of the dyes were optimized by using
B3LYP functional method based on density functional theory
(DFT) at 6-311g(d,p) basis set level in vacuum.>-*° Because all
molecules are asymmetric, no symmetry restriction was
applied. At the same theoretical level, the calculated frequency
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results show that all the optimized molecular structures have no
imaginary frequency, indicating that the obtained geometrical
configurations are stable. Based on the optimized structure, the
dipole moments, the highest occupied molecular orbitals
(HOMOs), the lowest unoccupied molecular orbitals (LUMOs)
and band gaps of the dyes were calculated. The surface elec-
trostatic potential (ESP) distribution diagram of the dyes were
simulated with an electron density of 0.0004 a.u. The single
point energy of the dyes was obtained by DFT//B3LYP/
def2TZVP.*7** The charge population of the dyes were acquired
through the natural bond orbital (NBO) calculation.®® The
Gaussian 09 software package®® was used for all DFT calcula-
tions. Charge population analysis was performed using Mul-
tiwfn 3.6(dev)*” program.

An ideal dye sensitizer requires a wide and strong absorption
band in the visible and near infrared region to ensure effective
charge separation and improve the overall solar energy
conversion efficiency. The short-circuit current density (Jsc) of
dye-sensitized solar cells is positively correlated with the light
harvesting efficiency LHE(A) of dye molecules. The value of
LHE(A) can be given through the following formula:>*2¢35-4°

LHEQ}) =1-10"7 (1)

frepresents the oscillator strength at a certain wavelength. If the
value of f is larger, the value of LHE(X) and Jsc will be both
larger. Based on the optimized structures, the corresponding
minimum 30 single transition electronic excited states were
studied based on the time-dependent density functional theory
(TD-DFT) with BHandHLYP*>*® functional at 6-311g(d,p) basis
set level. The ultraviolet-visible (UV-VIS) spectra of the dyes were
simulated ground on Gaussian function and the calculated

This journal is © The Royal Society of Chemistry 2020
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transition data. The default half-peak width (0.333 eV) was
adopted for the ultraviolet/visible spectra. All the TD-DFT
calculations were performed using the Gaussian 09 software
package.

In order to further study the light-induced charge transfer
(CT) properties of dye-sensitized molecules, the TD-DFT//
BHandHLYP/6-311g(d,p) method was applied on the basis of
the optimized structure of the ground state. And Multiwfn
3.6(dev) program*”** was used for hole-electron analysis, such
as the hole-electron distribution diagram, the charge density
difference diagram, the centroid distance between the hole and
the electron (D index), the average extension degree of the hole
and the electron in CT direction (ucy index), the overlap degree
of the hole and the electron (S,, index), the binding energy of
exciton (E.ou) and the charge transfer amount from HOMO to
LUMO orbital (Qcr) were calculated. The value of Qcr was
calculated through interfragment charge transfer (IFCT)
method.**

In the process of electron excitation, the charge transfer from
a fragment R of a molecule to a fragment S is defined as
following:*'

QR,S = @R,hole X @S,ele (2)

where O pole is the hole percentage that fragment R accounts
for in the process of light excitation. ®g¢ is the electron
percentage that fragment S accounts for in the process of light
excitation. 0 = Qgrs = 1, and if the value of Qg is larger, the
R — S transfer will be more.

If the D index is larger, the hole and electron body will be
distributed farther. We define the D index as:**

D, = |Xele - Xholel (3)
Dy = |Yele - Yhole| (4)
D: = |Zele - Zholel (5)
. 2 2 2
D index = \/(Dx) +(D,)” + (D:) (6)

where Xpole; Yholes Zhole I€Spectively refers to the X, Y, Z coordi-
nate of the hole centroid. Xeje, Yele, Zele respectively refers to the
X, Y, Z coordinate of the electron centroid. D, D,, D, refers to the
centroid distance between the hole and the electron in the X, Y,
Z direction, respectively. The so-called centroid is equivalent to
the most representative point of the overall functional
distribution.

If the Hcr index is larger, the average extension of the hole
and the electron in charge transfer direction will be larger. The
Her index is defined as following:*!

Her = |Hucrl )
H= (|0'ele| + |‘7hole|)/2 (8)

where ucr is the unit vector in charge transfer direction, e,
ohole Tefer to the distribution breadth index of the electron and
the hole, respectively.
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If the S, index is larger, the overlap degree between the hole
and electron will be larger. The S,, index is defined as
following:**

Sy index = JSm(r)dr = Jmin (0" (r), p™(r)]dr 9)

where r is the coordinate vector, p"'(r), p°'(r) is respectively the
spatial distribution region of the hole and the electron.

Electron is negatively charged. And the place where the
electron leaves, namely, the hole, which is positively charged
accordingly. Therefore, there is coulomb attraction energy
between the electron and the hole. This coulomb attraction
energy, also known as exciton binding energy (Ecou), can be
calculated according to the following formula:**

hole ele
Ecou] _ JJP (rl)p (rz)drldrz

10
) — 1l (10)

where r is the coordinate vector, ph"'e(rl), pde(rz) is respectively
the spatial distribution region of the hole and the electron.
Smaller value of E..,; means weaker attraction between the hole
and the electron and easier dissociation of the exciton.

All the electronic properties, optical properties and charge
transfer properties of dyes D1-D4 were obtained based on the
optimized geometries by DFT and TD-DFT theory.**™**

3. Results and discussion
3.1 Molecular structures and electronic property

The service life of dye-sensitized solar cells is closely related to
the stability of the dyes. The stability of chemical molecules can
be evaluated by the bond length and bond energy of chemical
bonds.* Shorter bond length means greater bond energy and
more stable chemical molecules. More details about the
ground-state optimized geometries of dyes D1-D4 are given in
the ESL.i Table 1 shows the bond lengths R1-R5 denoted in
Fig. 2 and single point energy (E) dyes D1-D4. Generally, the
differences between the corresponding bond length data of dyes
D1-D4 are not large. But when the triphenylamine group is
connected with the electron-donating alkoxy group, the bond
length of R1 decreases slightly. And when the triarylamine
group is directly connected to the electron-withdrawing quino-
line group, rather than the thiophene group, the bond length of
R2 is slightly shorter than that of the latter. So we believe that

Table 1 The optimized distances by DFT//B3LYP/6-311G(d,p) and
calculated single point energy by DFT//B3LYP/def2TZVP for dyes D1-
D4

Dyes Ry/A RyA Ry/A RJA Rs/A  Elkcal mol™
In the vacuum D1 1.413 1.477 1.462 1.422 —1.618 x 10°
D2 1.415 1.468 1.460 1.429 1.459 —1.989 x 10°
D3 1.408 1.475 1.462 1.419 —1.762 x 10°
D4 1.410 1.467 1.458 1.420 1.458 —2.133 x 10°
In the solvent D1 1.412 1.477 1.462 1.418 —1.618 x 10°
D2 1.414 1.468 1.460 1.426 1.460 —1.989 x 10°
D3 1.405 1.475 1.461 1.416 —1.762 x 10°
D4 1.406 1.467 1.460 1.416 1.461 —2.133 x 10°
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Fig. 2 Molecular structures of dyes D1-D4.

the D1 molecule has the lowest stability, while the D4 molecule
has the highest stability. What is more, the sequence of single
point energy (E) is D4 < D2 < D3 < D1. Based on the analysis of
bond lengths and single point energy above, it can be predicted
that the stability of D4 is the highest and the stability of D1 is
the lowest. Meantime, it can be obtained from the data of single
point energy that the introduction of alkoxy group and thio-
phene group into triarylamine electron donor and conjugated
bridge respectively, especially the introduction of thiophene,
can reduce the energy of molecules, so as to improve the
stability of molecules.

The planarity is important to dyes. Thus, in Fig. 1 and Table
2, all the dihedral angles between triphenylamine and thio-
phene, thiophene and quinoline have also been calculated by
DFT//B3LYP/def2TZVP for dyes D1-D4. It is obvious that the

Table 2 The dihedral angles (°) by DFT//B3LYP/def2TZVP for dyes
D1-D4
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introduction of thiophene group into conjugated bridge makes
for increasing the dihedral angles between thiophene and
quinoline, and thus decreasing the planarity of dye molecules,
which may be favourable for reducing the m-m interchain
interactions.*

The charge population of the electron donor, the conjugated
bridge, as well as the electron acceptor of dyes D1-D4 is pre-
sented in Table 3 using Multiwfn 3.6(dev) program and NBO
analysis. Here the effect of the introduction of alkoxy group and
thiophene group on the molecular charge distribution was
primarily investigated, so the 7 bridge of thiophene and the
auxiliary acceptor of quinoline were regarded together as part of
the conjugated bridge to be calculated, as shown in Fig. 2. The
calculated results of charge population show that the charge
number of the electron donor of triarylamine and the conju-
gated bridge is positive, while the charge number of the electron
acceptor of cyanoacrylic is negative. This is because the four
kinds of dyes D1-D4 all have the push—pull electronic struc-
tures, among which D1 and D3 are both possessed with the
typical D-A'-mt-A configurations, D2 and D4 are both possessed
with the typical D-m-A’-m-A configurations. In addition,
comparing D1, D2 with D3, D4 respectively, it is found that the
introduction of alkoxy group significantly increased the positive
charge number of the electron donor and the negative charge
number of the electron acceptor. Comparing D1, D3 with D2, D4
respectively, it is found that the introduction of thiophene
group also significantly increased the positive charge number of
the electron donor and the negative charge number of the
electron acceptor. What has been compared above indicates
that the introduction of alkoxy group and thiophene group
makes for enhancing the electron-donating ability of the triar-
ylamine donor and the intramolecular charge transfer from the
triarylamine donor to the cyanoacrylic acid acceptor.

Fig. 3 shows the surface electrostatic potential (ESP) distri-
bution of the dyes D1-D4 obtained by DFT//B3LYP/6-311g(d,p).
In the ESP distribution diagram, the color red corresponds to
the negative ESP area, while the color blue corresponds to the
positive ESP area. The distribution of higher positive value
indicates there exists stronger negative charge, and the distri-
bution of higher negative value indicates there exists stronger
positive charge.**** Fig. 3 shows the blue regions are mainly
distributed on the electron donor of triarylamine and conju-
gated bridge, and the red regions are mainly distributed on the
electron acceptor of cyanoacrylic acid, which is consistent with
the analysis of charge population. It is shown that the electronic
push-pull structures of the dyes are beneficial to the charge
separation. In order to further study their charge separation

Table 3 Charge population of dyes D1-D4 by DFT//B3LYP/6-
311G(d,p)

Dyes 01/A 0,/A 0/A Dyes Donor (D) Conjugated Acceptor (A)
D1 39.43 16.63 — D1 0.054e 0.078e —0.132¢
D2 38.00 18.09 11.03 D2 0.027e 0.156¢ —0.183¢
D3 38.59 15.63 — D3 0.071e 0.064e —0.135e
D4 37.05 22.00 16.08 D4 0.042¢ 0.186¢ —0.227e
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D3
Fig. 3 Electrostatic potential distribution (ESP) of dyes D1-D4 by DFT//B3LYP/6-311G(d,p).

degree, the dipole moments* of the dyes D1-D4 are listed in
Table 4. The calculated results suggest that the order of the
dipole moments is D4 > D3 > D2 > D1, that is, the charge
separation degree of D4 is the largest, and the charge separation
degree of D1 is the smallest. This is due to the reason that
compared with D1, the introduction of alkoxyl group and thio-
phene group of D4 facilitates the transfer of electrons from the
donor to the acceptor.

3.2 The frontier molecular orbitals

It is well known that the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of
dyes are of great significance, because the frontier orbital
energy levels and energy gaps of molecules are closely related to
the molecular excitation and transition properties, and are the

Table 4 Dipole moments of dyes D1-D4 by DFT//B3LYP/6-311G(d.p)

Dyes Dipole moment/D
D1 7.02
D2 7.39
D3 8.17
D4 10.04

This journal is © The Royal Society of Chemistry 2020

D4

key factors to determine the photoelectric conversion efficiency
(PCE) of solar cells.?*2%>

Fig. 4 shows the frontier molecular orbital diagram of dyes
D1-D4 simulated by DFT//B3LYP/6-311g(d,p) in vacuum. The
diagram shows that the HOMOs of dyes are mainly distributed
on the electron donor as well as the conjugated bridge attached
to donor, LUMOs of dyes are mainly distributed from electron
acceptor of the cyanoacrylic acid to the quinoline group. On the
one hand, HOMO and LUMO have some overlaps on the
conjugated bridge, which is the prerequisite of intramolecular
charge transfer.*® On the other hand, HOMO and LUMO can be
well-separated, which contributes to the light-induced intra-
molecular charge transfer from donor to acceptor.”” HOMOs,
containing ground state characteristics,*® are mostly the =
orbitals of the electron donor and conjugated bridge attached to
donor where the ground-state electrons of dyes are mainly
located. LUMOs, containing excited state characteristics,*® are
mostly the single state 7w* orbitals distributed from the electron
acceptor cyanoacrylic acid to the quinoline group where the
excited-state electrons of dyes are mainly located. Under illu-
mination conditions, the dye molecules, with the anchor group
of cyanoacrylic acid absorbed on the surface of semiconductor,
transit from the ground state to the excited state by m — m*
transition. This process happens inevitably accompanied by the

RSC Adv, 2020, 10, 17255-17265 | 17259
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HOMO LUMO
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Fig. 4 The frontier molecular orbitals of dyes D1-D4 by DFT//B3LYP/6-311G(d,p) in vacuum.

electrons transferring from donor to acceptor through intra- Fig. 5 shows the calculated frontier molecular orbital energy
molecular charge transfer*” and then injected into the semi- levels and energy gaps (AEy-;) of dyes D1-D4 by DFT//B3LYP/6-
conductor thin film. 311g(d,p). As is shown in Fig. 5, the lowest unoccupied orbital

17260 | RSC Adv, 2020, 10, 17255-17265 This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The frontier molecular orbital energy levels of dyes D1-D4 by DFT//B3LYP/6-311G(d,p).

(LUMO) energy levels of the dyes D1-D4 are all much higher
than TiO, conduction band level (—4.0 eV),* which is conducive
to the smooth injection of electrons into the semiconductor
film (TiO,) after the light excitation of the dyes. And the highest
occupied orbital (HOMO) energy levels of the dyes D1-D4 are all
near the I /I3 energy level (—4.8 eV). The highest occupied
orbital (HOMO) energy levels of the dyes D3 and D4 are slightly
higher than the I"/I;~ energy level (—4.8 eV). On the one hand,
considering the calculation error and all the calculations were
simulated in vacuum condition, it can be acceptable for the
theoretical calculation. On the other hand, the LUMO levels of
dyes D3 and D4 are preeminently above the conduction band of
TiO, (4.0 eV), indicating that the electron injection from the
excited dyes to the conduction band of the TiO, can be capable
and feasible, while the HOMO levels the dyes D3 and D4 are
slightly higher than the I /I;~ energy level (—4.8 eV).*>** Hence
it can be seen that all the dyes follow the energy level matching
principle. Generally, when the LUMO energy level of dyes is
higher, the driving force of dyes to inject electrons into the TiO,
will be greater,*® which is beneficial for higher PCE of solar cells.
The differences between the LUMO energy level of dyes D1-D4
and the TiO, conduction band level are 1.3 €V, 1.3 eV, 1.4 eV,
1.3 eV, respectively. These differences are very small, so it can be
concluded that the abilities of dyes D1-D4 injecting electrons
into TiO, thin film are almost the same. In addition, the Fig. 5
also reflects that the introduction of alkoxyl chains and thio-
phene group significantly contributes to improving the HOMO
energy level of dyes, but has little effect on the LUMO energy
level.

As is known that the molecular energy gap (AEy.;) has an
important effect on the electron absorption spectra. And narrow
energy gap is more favorable for extending the wavelength range
of solar cells, which can be seen from Fig. 5. The energy gaps of
dyes D1-D4 are 2.337 €V, 2.222 €V, 2.142 €V, 1.967 eV respec-
tively. And the order of the energy gaps is D4 < D3 < D2 < D1.
This is because the introduction of alkoxyl chains and thio-
phene group is conducive to improving the HOMO energy level
and reducing the energy gap.>>>* Therefore, it can be predicted
that the absorption band of dye D4 in the visible region is more

This journal is © The Royal Society of Chemistry 2020

advantageous than the other three dyes D1-D3. In order to
further study the optical properties of the four dyes, then the
electron spectra of dyes D1-D4 were simulated.

3.3 Absorption spectra

Fig. 6 shows the absorption spectra of dyes D1-D4 simulated by
TD-DFT//BHandHLYP/6-311g(d,p) in vacuum. Table 5 shows the
absorption spectra properties, including maximum absorption
wavelength (Anax), €xcitation energy (Ecx), oscillator strength (f),
light harvesting efficiency (LHE) and major contributions of the
calculated transitions. As is displayed in Table 5 and Fig. 6, it
can be found that all the dyes have strong absorption bands
between 400 nm and 700 nm, and their maximum absorption
peaks are mainly from the HOMO — LUMO transition, which
can be attributed to intramolecular charge transfer.* The
oscillator strength at the maximum absorption peak of dyes D1-
D4 is 1.12, 1.38, 1.11 and 1.35 respectively. And the corre-
sponding LHE of dyes D1-D4 is 0.92, 0.96, 0.92 and 0.96
respectively. This indicates that the introduction of thiophene
group into conjugated bridge can significantly improve the light

Absorbance (a.u.)

500

30 400

Wavelength (nm)

Fig. 6 The UV-VIS absorption spectra of dyes D1-D4 by TD-DFT//
BHandHLYP/6-311G(d,p).
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Table 5 The absorption spectral properties of dyes D1-D4 by TD-DFT//BHandHLYP/6-311G(d,p)

Dyes Electronic transitions Amax/DM Ec/eV f LHE Main configurations

D1 SO — S1 437 2.84 1.12 0.92 HOMO — LUMO (67%)
D2 S0 — S1 469 2.64 1.38 0.96 HOMO — LUMO (72%)
D3 SO — S1 448 2.77 1.11 0.92 HOMO — LUMO (72%)
D4 S0 — S1 485 2.56 1.35 0.96 HOMO — LUMO (65%)

harvesting efficiency of dyes, while the introduction of alkoxy
group into the triarylamine donor has little effect on the light
harvesting efficiency of dyes. The maximum absorption wave-
length of dyes D1-D4 is 437 nm, 469 nm, 448 nm, 485 nm,
respectively. And the corresponding excitation energy of dyes
D1-D4 is 2.84 €V, 2.64 eV, 2.77 €V, 2.56 eV, respectively. The
order of the maximum absorption wavelength is D4 > D2 > D3 >
D1, and the order of excitation energy is D4 < D2 < D3 < D1.
Obviously, compared with D1 and D3, the maximum absorption
peaks of D2 and D4 are significantly red-shifted. This is because
the introduction of thiophene group assists in enhancing the
conjugated degree of dyes, thus strengthening the intra-
molecular charge transfer, and causing the red-shift of
absorption spectra. Besides, compared with D2, the maximum
absorption wavelength of D4 has a slight red-shift. This is due to
the introduction of alkoxy groups. In addition, it can be shown
that the maximum absorption wavelength at the visible region
corresponds to the SO — S1 transition. These results are
consistent with relevant ref. 52-54. Based on the above analysis,
we believe that D2 and D4 have better optical properties than D1
and D3, among which D4 has the optimal optical properties.

3.4 Charge transfer properties

As is known, the dyes can be stimulated when exposed to light,
and the electrons jump from the HOMO orbital (ground state)
to the LUMO orbital (excited state). In this way, the electron—
hole pairs (excitons) are generated, and the excitons will be
dissociated to form free charges, which is the first process that
occurs in the photoelectric conversion process of organic solar
cells.”*” Through the Multiwfn 3.6(dev) program, the spatial
distribution of the holes and electrons, the charge transfer
amount of HOMO — LUMO (Qcr), the centroid distance
between the hole and the electron (D index), the average
extension degree of the hole and the electron in CT direction
(«cr index), the overlap degree of the hole and the electron (S,
index), and the binding energy of exciton (E..) can be obtained
to investigate the charge transfer properties of dyes. The study
object is the first excited state of dyes, because the first excited
state corresponds to the maximum absorption wavelength
according to the spectral analysis.

Hole distribution is to describe where the stimulated elec-
trons come from, and the electron distribution is to describe
where the stimulated electrons go. The Fig. 7 shows the hole-
electron distribution map, and the color blue represents for the
hole distribution, the color green for electron distribution. It is
shown that the distribution of hole (blue area) is mainly on the
electron donor as well as the conjugated bridge attached to it,

17262 | RSC Adv,, 2020, 10, 17255-17265

and the distribution of electron (green area) is mainly from
electron acceptor of the cyanoacrylic acid to the quinoline
group, which indicates the charge transfer from donor to
acceptor in the process of photoexcitation, consistent with
previous charge population analysis and HOMO-LUMO orbital
analysis.

According to the previous frontier orbital analysis, the
HOMO orbitals are mainly distributed on the arylamine donor
and delocalized to the conjugated bridge, and the LUMO
orbitals are mainly distributed on the cyanoacrylic acid acceptor
and delocalized to the quinoline group. So the distribution
fragments of HOMO and LUMO were selected to compute the
charge transfer amount (Qcr) from HOMO to LUMO. The reason
to inquire into the charge transfer of HOMO — LUMO is that
the HOMO — LUMO transition corresponds to the intra-
molecular charge transfer and the maximum absorption.
Because of the involvement in photoexcitation process, the
calculated functional and basis set of Qcr are consistent with
the calculated method for absorption spectra. Table 6 shows the
calculated results of HOMO — LUMO charge transfer amount
(Qcr)- It is signified that the order of Q¢y is: D4 > D3 > D2 > D1,
and more Qcr is conducive to greater charge transfer as well as
higher photoelectric conversion. Furthermore, it is also shown
that the introduction of alkoxy groups and thiophene group can
enhance the charge transfer from HOMO to LUMO, which is
consistent with the previous absorption spectra analysis.

On the other hand, efficient separation of excitons is bene-
ficial for better charge transfer and photoelectric conversion.
Thus the D index, ucr index, S, index and E. were calculated
to further investigate the hole-electron distribution and the
dissociation efficiency of electron-hole pairs (excitons). Table 7
shows the calculated results by TD-DFT//BHandHLYP/6-
311g(d,p). It is shown that the D index of dyes D1-D4 is 2.78
A, 2.67 A, 3.79 A, and 3.77 A respectively, which indicates that
the introduction of alkoxyl groups can significantly improve the
D index of the molecule, while the introduction of thiophene
group can slightly but not significantly reduce the D index. The
HCT index of dyes D1-D4 is 4.43 A, 4.49 A, 4.53 A, and 4.75 A
respectively, indicating that the introduction of alkoxyl groups
and thiophene group could improve the molecular H¢r index.
The S, index of dyes D1-D4 is 0.46 A, 4.46 A, 4.41 A, and 4.42 A
respectively, indicating that the introduction of alkoxy groups
could reduce the S;, index, while the introduction of thiophene
group has almost no effect on the Sm index. Through the
analysis of D index, Hcr index and Sy, index, it can be seen that
the introduction of the alkoxy on the one hand can improve the
Hcr index of molecules so as to increase the average extension
degree and delocalization degree of the hole and electron

This journal is © The Royal Society of Chemistry 2020
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D3

D4

Fig. 7 Hole—electron distribution map of dyes D1-D4 by TD-DFT//BHandHLYP/6-311G(d,p) (blue represents hole distribution, electron

represents electron distribution).

Table 6 The calculated photoinduced charge transfer amount of dyes
D1-D4 by TD-DFT//BHandHLYP/6-311G(d,p)

Dyes D1 D2 D3 D4

0.56e 0.60e 0.63e 0.68e

QCT

Table 7 The calculated D index, Hct index, S, index and excition
binding energy (Ecou) for dyes D1-D4 by TD-DFT//BHandHLYP/6-
311G(d.p)

Dyes D index/A Her/A Sm index/A Ecoull€V
D1 2.78 4.43 0.46 3.49
D2 2.67 4.49 0.46 3.41
D3 3.79 4.53 0.41 3.26
D4 3.77 4.75 0.42 3.15

distribution in the direction of charge transfer, which is favor-
able for hole and electron transfer, on the other hand can
improve the D index and reduce the S, index, so as to make the
hole distribution far away from the electron distribution and
reduce the overlap of hole and electron distribution, which is
advantageous to the dissociation of excitons. The introduction
of thiophene group on the one hand can improve the Hcr index
of molecules to strength the hole and electron transfer, on the
other hand can slightly reduce the molecular D index, which is
also reflected in the hole-electron distribution map and charge
density difference map.

This journal is © The Royal Society of Chemistry 2020

The exciton binding energy (Ecou) of dyes D1-D4 is 3.49 eV,
3.41 eV, 3.26 eV and 3.15 eV respectively, and the order of E oy
is: D4 < D3 < D2 < D1. It is clearly seen that D3 and D4 have
higher exciton dissociation efficiency than D1 and D2, and the
exciton dissociation efficiency of D4 is the highest, indicating
that the introduction of alkoxy groups and thiophene group can
reduce the exciton binding energy of dyes and improve the
exciton dissociation efficiency, which is advantageous to the
charge transfer.

4. Conclusion

We have systematically studied the electronic properties, optical
properties and charge transfer properties of dyes D1-D4 by DFT
and TD-DFT theory. The calculated results of bond length and
single point energy indicates that the chemical stability of dyes
D1-D4 follow this sequence: D4 > D3 > D2 > D1. The simulated
results of charge population, ESP distribution and dipole
moments show that the introduction of alkoxy groups into tri-
arylamine donor and thiophene group into conjugated bridge
can promote the charge separation of dyes, and the degree of
charge separation is in order: D4 > D3 > D2 > D1. The calculated
absorption spectra properties, including maximum absorption
wavelength, excitation energy, oscillator strength and light
harvesting efficiency, reveal that the introduction of thiophene
group into the conjugated bridge can significantly improve the
light harvesting efficiency, reduce the excitation energy and
cause obvious red-shift, thus D2 and D4 show better optical
properties than D1 and D3, besides, D4 has the optimal optical
properties. The results of hole-electron analysis display that the

RSC Adv, 2020, 10, 17255-17265 | 17263


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra01040e

Open Access Article. Published on 04 May 2020. Downloaded on 8/13/2025 2:50:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

order of charge transfer amount from HOMO to LUMO (Qcr) is:
D4 > D3 > D2 > D1. In addition, the introduction of alkoxy
groups can improve the Hcr index, D index and reduce the Sy,
index of dyes. And the introduction of thiophene group can
improve the Hcr index and slightly reduce the D index. What is
more, the exciton binding energy (E.ou) of dyes D1-D4 is in
order: D4 < D3 < D2 < D1. And smaller binding energy makes for
higher separation efficiency of excitons and better charge
transfer.

Based on the above analysis, it can be concluded that D4 has
more advantages in molecular properties, optical properties
and charge transfer properties than the other three dyes (D1, D2
and D3). And these advantages are conducive to the photo-
electric conversion. We believe that dye D4, which has been
introduced in alkoxy groups as well as thiophene group and
possesses D-m-A'-t-A configuration, is a more ideal dye
sensitizer.
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