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Abstract

In this work, a series of triphenylamine (TPA)- based dye molecules (A1-AS5) for dye-sensitized solar cells (DSSCs) applica-
tion has been designed and screened. The electron donor contains TPA, thieno[3,2-b]thiophene, as the n-bridge, cyanoacrylic
acid as electron acceptor based on donor—n-spacer—acceptor (D-n-A) as reference dye (3a). In order to enhance the tuning,
effect of acceptor moieties was investigated at 3a dye. The electron acceptor effect of the substituent on the absorption spectra
and photovoltaic (PV) properties has been investigated by the combination of density functional theory (DFT) and time-
dependent DFT (TD-DFT) method approaches. Different exchange-correlation (XC) functionals were initially evaluated in
order to establish a proper methodology for calculating the excited state energy of the 3a dye. Consequently, TD-oB97XD
method and 6-31G(d) basis set have used the comparison of experimental value. From the calculated results, it was concluded
that the A4 (PO;H,) and A5 (SO,H) dyes are strongly grouped for more red-shift and electrons injected into semiconductor
the conduction band edge of TiO, was successful. It is expected that our research will pave a new method to design efficient
organic D-n-A dye sensitizers in DSSCs.

Keywords Organic dye - DFT and TD-DFT - Exchange-correlational functional - Electronic and absorption spectra

Introduction

Organic dye-sensitized solar cells (DSSCs) as a promising
applicant for a new generation of photovoltaic (PV) devices,
the so-called Gratzel cell first developed in 1991, convert
solar energy into electricity [1]. A characteristic DSSCs
contain key components: a photosensitized dye-coated
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photoanode (conduction band edge (CBE) of the semicon-
ductor TiO,), redox shuttle, and a counter electrode [2]. As
one of the crucial parts of DSSCs, the dye sensitizer affects
the power conversion efficiency (PCE) owing to their grave
function in electron injection and light-harvesting. Upon
light irradiation, photoinduced electron injection ensues
from the excited dye into the CBE of the TiO, surface. In
DSSCs, sensitizers can be divided into two categories: (i)
metal complex and (ii) metal-free organic dye, and it has
been made to improve the PCE of DSSCs. Recently, PCE
was reaching up to 24.2%, showed by a scientific research
statement, but the conventional electricity production pro-
cess is still non-competitive [3]. Most traditional organic
dye sensitizers contain the structure of donor-n-bridge-
acceptor (D-n-A). Commonly, organic sensitizers used
for efficient solar cells are required to possess wide and
extreme absorption in the visible spectral region [4-7].
Other major advantages of the organic dyes are ease of
structural modification, low cost of device manufacture and
photoelectrochemical properties compared to metal-based
dyes [8, 9]. Recently, merocyanine [10], cyanine [11], hemi-
cyanine [12], triphenylamine [13-16], dialkylaniline [17],
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phenothiazine [18], tetrahydroquinoline [19], coumarins
[20-23], indoline [24-27], and carbazole [28] dyes have
been tested and applied in DSSCs successfully. For exam-
ple, N, N’'-dialkylaniline based on (NDI 6) dye sensitizer
used in DSSCs were revealed a PCE is 19.24%, reported by
kar groups [29].

Highly efficient organic dye sensitizers for DSSCs must
have the following properties [30]: First, the dye absorbs
most of the sunlight, a broad absorption range that covers
both the visible and near-infrared regions. Second, intramo-
lecular charge transfer (ICT) from electronic donor to accep-
tor is one of the characteristics of organic dyes in DSSCs
[31]. Third, suitable energy levels of the highest occupied
molecular orbitals (HOMOs) of the dyes must be below the
redox potential of the electrolyte (I~ /7). Besides, the lowest
unoccupied molecular orbitals (LUMOs) of the dyes must
be above the CBE of TiO, metal oxide surface. Accord-
ingly, all dye molecules in the excited state of electrons can
be efficiently injected into the TiO, surface. Particularly,
D-zn-A structure in the acceptor part is directly connected
to the semiconductor surface, which favors efficient charge
transfer (CT) from excited dye to the CBE of semiconduc-
tor, and thus improving regeneration of dyes by the redox
couple [32].

In 2017, S.M. Fernandes [33] synthesized a D-n-A-based
3a is a simple structure of the organic chromophore with the
TPA group as a donor, thieno[3,2-b]thiophene as a spacer and
cyanoacetic acid as acceptor. As per the 3a, device exhibits a
PCE is 3.68%, photocurrent (9.52 mA cm™?) and photovolt-
age (0.600 V) measured under AM 1.5G irradiation. Further-
more, PCE of the DSSCs is predominantly determined by the
short-circuit current density (Jgc), open-circuit photovoltage
(Vo) and the fill factor (FF). The improvement Jg- and Vi
will significantly enhance the PCE. Additionally, the acceptor
group of the dye plays a key role in the semiconductor surface
and improving the efficiency of the solar cell performance.

Scheme 1 Sketching of
molecular structure for electron
acceptor

Here, CSSH, CONHOH, OH, PO;H, and SO,H dyes were
used as the substituted acceptor groups [34]. The substituent
groups of the acceptor were denoted as (A1-AS). Scheme 1
displays the electron-acceptor-based D-n-A sensitizers was
under investigation, to affect the light-harvesting ability and
conversion efficiency. In this work, a detailed study on photo-
sensitizing properties of some metal-free organic dye deriva-
tives has been studied using density functional theory (DFT)
and time-dependent DFT (TD-DFT) methods approach. The
calculated results represented the future experimental studies
to plan and fast screen new organic efficient sensitizers for
DSSCs.

Computational methodology
Theoretical background

The sunlight-to-electricity conversion efficiency (#) is mainly
determined by the Jy.,V o, FF and the intensity of incident

light (Pync)s it can be stated as follows [35]:
_ JscVocFF
Pine

6]

In DSSCs, Jy is connected to the communication among
TiO, and the dye sensitizers, along with the absorption coef-
ficient of the designed dye molecules. It can be defined by
the following equation [36]:

JSC = / LHE(A)djinjectncollect dAa (2)

In which, LHE is the light-harvesting efficiencies at a certain
wavelength, @, denotes the quantum yield of electron
injection and 7. is the efficiency for charge collection
efficiency. For DSSCs, the electrodes are similar but only
different in dye sensitizers. Hence, it is judicious to adopt
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that the 7.y 1S a constant. As a consequence, the enhance-
ment of the Jg- most attention on the LHE (1) and @; ;¢
LHE (1) can be described by following Eq. (3) [37]:

LHE =1-107 3)

where f'is the oscillator strength of associated dye molecules
concerning the Ay,x. To achieve a large f value, the dye
sensitizers must have greater light absorption abilities in a
wide spectrum of sunlight to certify a well light capture.
AGjpjec can be illustrated by following Eq. (4) [38]:

TiO,

dye*
AGiie = Egy, — Ecy “

inject
Here, Egy;* the reduction potential of the energy excited state
dyes and EE;;)Z conduction band of TiO,. Here, CBE of TiO,
surface (-4.0 eV) has been used in this work, which is exten-
sively used in theoretical research of DSSCs. Egy; can be
expressed as following Eq. (5) [39]:
dye* _ pdye _ 4ICT

Eox = Eox ~ ma 5)
Here, Edoy)? the ground state of dyes in the oxidation potential
energy, while AigTax is the maximum energy of ICT. Regen-

eration efficiency of dye #,, is also a consequence by the
Jgc, which is determined by the driving force of regeneration

AGreg, it can be communicated as follows [40]:

d
AGreg = Lredox — Eo};? (6)
In this study, the redox potential of the liquid electrolyte
(—4.8 eV) has been used. As for V. in DSSCs, it can be
described by following Eq. (7) [41]:

E.z + ACB E
CB +Ell‘l[n—c]— redox

V. =
¢ q g  |Nes q

(N
The energy difference between the semiconductor CBE and
redox electrolyte is also calculated by Eq. (7). E,.4., signifies
redox potential of the Fermi level. Usually, the I~ /17 electro-
lyte solution has a constant redox potential value. ACBE is

the significant factor V, it can be described as follows [42]:

_ 9Hnormal”
EoE

ACBE = 8)

From Eq. (8), g is the elementary charge, y is the molecular
outermost level surface concentration, p,,.,,; denotes the
vertical dipole moment of the absorbed dye to the CBE of
TiO, substrate, ¢,, € as the vacuum and dielectric permit-
tivity, respectively. If the dipole moment value higher also
higher the open-circuit photovoltage. The maximum theo-
retical values of the eV between the E; ;0 and Ep, it can
be stated by the following Eq. (9) [43]:

eVoc = Erumo — Ecs 9

Computational details

The ground-state molecular geometries of all A1-A5 mol-
ecules were fully optimized by the B3LYP [44] functional
and 6-31G(d) basis set of all atoms. The optimized structures
are implemented without any symmetry constraints, which is
commonly used for computational research. Also, optimized
dyes were confirmed to be at its local minima (no imaginary
frequency modes) on the potential energy surfaces.

The electronic distribution of the molecular orbitals has
been calculated to display the position of the electron locali-
zation. The preceding evaluation suggests that TD-DFT is
extremely reliable inside the calculation of vertical excitation
energy and PV properties [45, 46]. To select the reliability, it
may use a hybrid exchange-correlation (XC) and long-range
correlated (LC) functionals using for CT excitations show great
consequences. Hence, there are numerous XC functionals were
made to deliver a good description of molecules excited states
absorption. To select suitable functionals, which assume XC
and LC functionals, including B3LYP, CAM-B3LYP [47] and
®B97XD [48] has been calculated absorption wavelength in
TD-DFT strategies. Thus, based on 3a geometry, the TD-DFT
method with suitable functionals and 6-31G(d) basis set were
executed to get the absorption peak and oscillator strength of
dyes. From these functionals, the optical absorption peak of 3a
dyes was 163, 470 and 454 nm, respectively. The theoretical
peak of selected functionals results and corresponding experi-
mental data are shown in Fig. 1 and Table 1. From the figure
and table, ®B97XD method was better matched to the litera-
ture 455 nm with errors more or less than 68, 15 and 01 nm. As
a result, the TD-@B97XD/6-31G(d) technique is discovered
to be the best reliable level for the prediction of absorption
spectra. Therefore, the electronic UV—Vis spectra and verti-
cal oscillator strengths of the A1-AS5 dyes have been executed
by TD-@B97XD/6-31G(d) technique in this study. As per the
literature, ethanol solvent effects have been included via the
conductor-like polarizable continuum model (C-PCM) [34, 49,
50]. The A1-A5 dye absorption wavelengths have been cal-
culated by the usage of GaussSum software version 3.0 [51].
All calculations of the isolated dyes have been accomplished
by the Gaussian 09w program package [52].

Results and discussion
Substituent effect of A1-A5 dyes
The electron acceptor group is a key parameter with a D-n-A

structure for the high performance of organic DSSCs. We
selected in particular five functional categories, which might
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Fig. 1 TD-DFT absorption peak 140000

of 3a calculated at different
functionals in THF solvent E
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Table 1 Experimental maximum absorption peak, computed verti-
cal excitation energies of the lowest excited state Apax (nm), oscil-
lator strengths (f) and major orbital configurations of 3a dye is imple-

L I' T
400

T T 11 1
450 500 550 600

Wavelength (nm)

L

650 700 750 800

mented on different functionals with ethanol solvent medium using
TD-DFT method

Methods Amax (nm) Oscillator strength (f) Main configuration (%)
B3LYP 618 1.050 HOMO — LUMO (100%)
CAM-B3LYP 470 1.687 HOMO —LUMO (76%)
®B97XD 454 1.743 HOMO —LUMO (65%)
Experiment 455 Taken from Ref. [33]

be made for the addition of chemically altered in cyanoacr-
ylic acid. Those are previously stated within the segment.
The substituent acceptor unit has been given as collected
from the literature. From the preceding look at, those altered
groups are used in DSSCs application. In this work, these
groups will be stimulated on the TPA-based dye derivatives.
A series of newly designed dyes (A1-AS5) based on 3a have
been systematically investigated. The optimized geometric
structures of the 3a and A1-AS dyes have been implemented
on the B3LYP/6-31G(d) theory and shown in Fig. 2. The
geometric systems found out that the acceptor effect of
A1-A5 has better coplanar, which benefits the electron CT
from the D to A and accelerates electron injection to the
CBE of TiO, surface. Furthermore, the effect of A1-AS is
vital for highly enhanced ICT character, which favors for the
red-shift absorption spectra and PV parameters.

@ Springer

Frontier molecular orbitals energy levels (FMOs)

Frontier molecular orbitals (FMOs) of the organic dye mol-
ecules A1-A5 have been recognized concerning electron CT
upon photoexcitation. The FMOs is a very crucial factor in
defining the charge-separated states of dye sensitizers [53].
The impact of the electron acceptor in HOMOs and LUMOs
has been studied. Figure 3 shows the isodensity contour plots
of the CT for 3a and A1-AS5 dyes. The electron dispersal of
highest occupied molecular orbitals (HOMOs) is predomi-
nantly contained in the electron-D of TPA and =n-spacer,
while the electron spreading of lowest unoccupied molecu-
lar orbitals (LUMOs) is typically contained at the m-spacer
and electron-A segment of cyanoacetic acid (generally on
the anchoring area). This specifies that the good charge-
divided state between HOMOs and LUMOs. Furthermore,
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Fig.2 Optimized geometric structures of 3a and designed dye molecules were calculated at B3LYP/6-31G(d) level of theory

the HOMOs and LUMOs of the dyes are a good separated
CT process. The HOMOs energies of A1-AS5 dyes are a pos-
sible response to the regeneration of the redox shuttle. The
calculated results demonstrate that the HOMOs energies of
dyes are lower than the redox I~ /I3 electrolyte. Similarly,
LUMOs energy levels of A1-AS5 dyes are higher than that of
semiconductor CBE [54]. Consequently, LUMOs energies
of all dyes are positive responses to injecting electrons into
the CBE of TiO,.

As shown in Fig. 4, all LUMOs are above the CBE
of TiO, and the HOMOs are situated below the redox
I~ /I electrolyte. According to Table 2, A1-AS in dyes

HOMOs and LUMOs values are —5.25, —5.20, —5.49,
—5.09, —5.03 eV and —2.90, —2.95, —3.07, —2.87,
—2.85 eV, respectively. The calculated energy gap (E,)
of the A1-AS5 dye molecules, with the decreasing order
of A3>Al1>A2>A4>A5. The HOMOs and LOMOs
energy levels show positively respond to the development
of PV properties in organic DSSCs. As shown in Fig. 4,
the energy level diagram of the A1-AS dye sensitizers has
a smaller energy gap of A5 in comparison with the other
molecules and 3a dye. Therefore, it may be stated that the
A1-AS dyes take a positive response to the CT and regen-
eration related to the photo-oxidation process.
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Fig.3 The selected frontier molecular orbitals of the designed dye molecules and 3a dye were calculated at B3LYP/6-31G(d) level of theory
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Fig.4 The energy levels of the
3a and A1-AS5 dyes were calcu- LUMOs
lated by using B3LYP/6-31G(d) OB
level of theory -2.89 -290 -2.95 -2.87 -2.85
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Table 2 Molecular orbitals energy level of HOMOs, LUMOs, corre-
sponding energy gap of the 3a and A1-AS5 dye molecules were per-
formed by using B3LYP/6-31G(d) basis set

Electronic absorption properties

The electronic absorption spectra of the 3a and

Dyes HOMOs LUMOs Energy gap A1-A5 dye molecules have been calculated by using
(ineV) TD-wB97XD/6-31G(d) level of theory in an ethanol
3a _s508 —289 239 solvent me.dium. ‘The cal.culgted valufas of the Al—AS
Al _595 —200 235 molecules in vertical ex01Fat10n §nergles (.E), .osc111at0r
A2 ~590 —205 205 strengths o, .LHE and major orbital contrlbut}ons Were
A3 _5.49 _307 240 summarized }n Table 3. Also, the corresponding simu-
Ad ~5.09 087 202 lated absorp'tlon'spectra of the 3a and AI—AS dyes have
AS 503 1385 218 been shown in Fig. 5. All A1-AS5 organic dyes are exten-
sive visible around 600 nm, it is related to ICT prop-
erty. Normally, the molecular dyes with broad absorp-
tion spectra and higher molar extinction coefficients are
predicted to enhanced photo-to-current conversion effi-
ciency performance [55]. The maximum absorption peaks
of A5, A4, A2, Al and A3 were 465, 456, 451, 448 and
Table3 Optical absorpt%on Dyes Wavelength Oscillator LHE Major transitions (%)
wa\{ele.ngths cor'respondmg strength ()
excitation energies (Ajax in Nm Energy (eV) Amax (nm)
and eV), oscillator strength (f in
a.u.), major orbital transitions 3a 2.73 454 1.743 0.981 HOMO — LUMO (65%)
(%) and light-harvesting Al 2.76 448 1.742 0.981 HOMO — LUMO (65%)
efficiency (LHE) of the 3a, Al- 4, 274 451 1751 0.982 HOMO — LUMO (68%)
A5 dyes are implemented by the
TD-0B97XD/6-31G(d) basis set A3 3.02 409 1.605 0.975 HOMO — LUMO (71%)
in ethanol medium A4 2.71 456 1.767 0.982 HOMO — LUMO (69%)
A5 2.66 465 1.807 0.984 HOMO — LUMO (69%)
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Fig.5 TD-DFT absorption
spectra of A1-AS5 and 3a 140000 —
dyes were calculated by using 1
®B97XD/6-31G(d) level of .
theory in ethanol medium X 120000
= 4
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‘© 100000
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409 nm, respectively. Wherein, A4, A5 have shown red-
shifts and A2, A1, A3 dyes showed blue-shifts compared
to 3a (454 nm). The elongated absorption peak has been
assigned to the ICT among the electron-D to electron-
A and the shorter absorption spectra are assigned to the
localized m-n* transitions within organic dye molecules.
The dominant absorption spectra of AS dye is observed
at 465 nm compared to other molecules and 3a dye. In
Table 3, vertical excitation energies (E) were changed
in decreasing order of A3 > Al> A2 > A4 > A5, showing
that there is a redshift when passing from A3 to AS5. Also,
the first absorption peak belongs to the n—x* transition.
The calculated results signify that the A4 and AS dye
molecules to display more on the long-wavelength side,
which was promoting the higher performance of the cor-
responding DSSCs.

Table4 The calculated redox potential of the ground state (E%°
in eV), oxidation potential (E%¢" in eV), vertical excitation energy
(Amax in eV), electron injection (AGj,i in eV), dye regeneration

T T T T T T T T T

T
400

T
450

T
500

T
550

T
600

T
650

T
700

750 800

Wavelength (nm)

Overall efficiency

LHE and AGy; are the two main influencing factors on
Jgc, it also discussed above Eq. (2). The LHE is a vital factor
for the organic dyes in considering the part of DSSCs, i.e.,
absorbing photons and injecting photoexcited electrons to
the CBE of TiO, [56]. To give an impression about how the
acceptor groups affect the LHE, we stimulated the UV-VIS
absorption spectra of the dyes. The substituent effect of
acceptor oscillator strengths is slightly changed in the entire
visible region. LHE values of the organic dyes are given in
arange (1.605-1.807) summarized in Table 4. Based on the
literature, the LHE values have to be as high as possible to
maximize the photocurrent response for DSSCs. Accord-
ingly, A1-AS5 dye sensitizers provide more or less similar
photocurrent. Particularly, A4 and AS dyes are maximiz-
ing the photocurrent response to the corresponding DSSCs,
compared with 3a. Any other manner of improving Jgc is

(AG,, in eV) and open-circuit photovoltage (eVc) of the studied dye
molecules are implemented on the TD-oB97XD/6-31G(d) basis set in
ethanol solvent medium

Dyes Ede Amax Ede’ AGipieat AG,, eVoce Dipole
in (eV) moment
(Debye)
3a 5.28 2.73 2.55 —145 0.48 1.11 10.42
Al 5.25 2.76 2.49 —-1.51 0.45 1.10 11.38
A2 5.20 2.74 2.46 —-1.54 0.40 1.05 13.06
A3 5.49 3.02 2.47 —-1.53 0.69 0.93 4.28
A4 5.09 2.71 2.38 —1.62 0.29 1.13 15.59
AS 5.03 2.66 2.37 -1.63 0.23 1.15 16.50
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to increase the electron injection efficiency of free energy
AG;;jecr- As noted above, the calculation details for the deter-
mination of AGj;.. and Egy; have been described in Eqs. (4
and 5). Based on Egs. (4 and 5), A1-AS5 dyes AG;;.., and
Egy; calculated values have been shown in Table 4. From
the table, AG;,;. absolute values are —1.51, —1.54, —1.53,
—1.51, —1.62 and — 1.56 eV, respectively. According to
Islam concept, AGjieo>0.2 €V [57]. Accordingly, A1-A5
dye molecules are greater than the 0.2 eV. As shown in
Table 4; we find that these dyes have negative values AGj;je-

Besides, AG,,, might also affect the Jgc DSSCs, it can
be calculated based on above Eq. (6). Accordingly, it is
understandable that the larger y,...;, the higher V5. From
Table 4, the calculated values of A1-A5 dyes are 0.45, 0.40,
0.69, 0.29 and 0.23 eV, respectively. Particularly, A4 and A5
dye sensitizers can be the fastest regeneration compared to
other dyes and 3a, which benefits increase Jgc. If p100mar the
value was high also higher V. p,0ma 1S calculated based
on above Eq. (8). From Table 4, dipole moment values of
A1-AS5 dyes are 11.38, 13.06, 4.28, 15.59 and 16.50 Debye,
respectively. In particular, A4 and A5 dyes are the highest
dipole moment, compared to other sensitizers and 3a (10.42
Debye), which benefits to larger V.

It can be seen that a larger E; ;o Will produce a higher
eVoc. As displayed in Table 4, the eV values of the A1-AS5
dyes are 1.10, 1.05, 0.93, 1.13 and 1.15 eV, respectively.
Here, A4 and A5 dyes have larger eV, compared to other
dyes and 3a (1.11 eV). Taking the p,,..; and eV val-
ues into account, A4 and A5 dyes must have a larger V.
Accordingly, the results specify that the substituting effect
of A4 and A5 dyes can enhance V5, which indicated out-
standing performance. Finally, A4 and A5 may be the overall
performance for excessive conversion efficiency of DSSCs.

Conclusion

A sequence of five isolated metal-free organic A1-AS5 dyes
based on electron acceptor have successfully studied the
DSSCs application. The effect of the A1-A5 acceptor groups
on the molecular orbital electronic structures, absorption
properties, light-harvesting efficiency and photovoltaic per-
formance of dyes have been systematically investigated. Fur-
thermore, DFT and TD-DFT methods have been discussed
in detail. The calculated outcomes suggest that the screened
with an electron acceptor in A4 and A5 are promising func-
tional organizations for the D-n-A structure. Moreover, the
calculated results imply that the A4 and A5 dyes are strongly
electron injection, charge transition, dye regeneration and
increasing the dipole moment, which is the highest power
conversion efficiency of DSSCs. Finally, our investigated
results display that the dye molecules A1-AS, particularly
A4 and A5 are promising applicants for high-efficiency

organic DSSCs. It is concluded that the choice of the appro-
priate screen with an electron acceptor is very important
for the molecular design of TPA dyes with highly efficient
organic solar cells.
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