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The molecular design of a donor-linker—acceptor based on triphenylamine as a donor group linked with
the acceptor cyanoacrylic acid via 2,2’-bithiophene as 7-conjugation has been studied for a dye-sensitized
solar cell. In this work, the dihedral angle between the donor or the acceptor group and the m-spacer has
been rotated. The performance of the molecular design has been investigated computationally, using
density functional theory at the B3LYP/6-311G(d,p) theory level, and the effect of tuning torsion angles
on the parameters of the solar cells has been studied. To evaluate the effect of tuning torsion angles
on photovoltaic properties, the HOMO and LUMO energy levels, optical bandgap energy, oscillator
strength, light-harvesting efficiency, excited state lifetime, injection driving force, regeneration driving
force, open-circuit voltage, and fill factor have been determined. The results reveal that the molecular
design properties that result from the rotation of the dihedral angles can show excellent performance
for DSSCs compared to the original dye molecule.
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1. Introduction

Renewable energy technology has been devel-
oped and optimized by many researchers to pro-
duce sustainable, reliable, and clean energy. Solar
cells are considered to be an alternative renewable
energy source. Dye-sensitized solar cells (DSSCs)
as organic solar cells are one of the most effec-
tive photovoltaic devices due to easy fabrication,
low cost, raw materials abundance, molecular de-
sign flexibility, being a higher molecular extinction
coefficient device, long life, and large-area prepa-
ration [1, 2]. DSSCs have enormous potential for
commercial applications [2]. The first report on
DSSCs, by O’Regan and Grétzel, was published in
1991 [1]. To date, the reported research on DSSCs
reveals that the conversation efficiency has reached
up to 14.4% |3, 4].

The configuration of metal-free organic dyes for
a donor—m—acceptor (D-m-A) is a push-pull struc-
ture in the form of a dipolar, electron-donor,
m-bridge spacer, and electron-acceptor. In partic-
ular, a DSSC is composed of a semiconductor
with a wide bandgap, commonly TiO; as an an-
ode, molecular dye, a redox electrolyte, commonly
I7/I5 as an electron mediator (between the TiO,
and the electrode), and a counter-electrode, usually
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platinum (Pt), as a cathode. In general, a typical
DSSC operation [5-7] is that the incident light ab-
sorbed by the dye sensitizer anchored on the TiOo
semiconductor surface gets excited; after that, the
excited electrons are injected into the conduction
band edge (Fcp) of the semiconductor, and the
dye molecule becomes oxidized. Subsequently, the
charge separation occurs at the interface of the dye
and the semiconductor through the photo-induced
electron injection process [1, 8]. The oxidized dye is
regenerated by regaining electrons from the I~ ion
redox mediator, which gets oxidized to I5 . The ox-
idized I3 is reduced to I~ by getting electrons from
the electrode [6].

In the D-m-A structure, understanding the
charge-transporting properties of the molecular
structure of a DSSC is based on the relation-
ship between donor, acceptor, and spacer parts.
The donor part has a significant role in tun-
ing, modifying the absorption spectra, and control-
ling the molecular energy levels and intramolecular
charge separation [9]. Coumarin [10], indoline [11],
carbazole [12, 13], and triphenylamine derivatives
(TPA) [14, 15] have been utilized as a donor part
in DSSCs. TPA could enhance the light absorption
ability of the molecular dye, and it has a non-planar
structure that inhibits the dye aggregation on
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the TiO2 semiconductor surface [16, 17]. Moreover,
TPA displays excellent solubility, great stability,
and high photo-luminescent efficiency [18]. In ad-
dition, it is used extensively in the optoelectronic
fabrication of electronic devices, such as DSSCs [19],
organic light-emitting diodes (OLEDs) [20], and
field-effect transistors (OFETs) [21]. Furthermore,
TPA represents an ideal donor part in DSSC since
it has excellent electron-donating and high hole-
transporting capability [22]. However, cyanoacrylic
acid (CA) is commonly employed as an anchor-
ing group for DSSCs. Due to the strong electron-
withdrawing characteristics of cyanide groups, they
are specifically utilized in D-m-A organic dye [23],
and they also play the dual role of acceptor and
anchor [24]. The strong binding of CA on the semi-
conductor surface (TiO3) facilitates the process of
electron injection [25]. In contrast, enhancing the
absorption of the light in DSSC can be attributed
to the spacer part since it helps to transfer the
charge faster from the ground to the excited state
and absorbs the light at a longer wavelength. It has
been proved that the thiophene moiety is a bet-
ter m-conjugated spacer because of increases in the
intramolecular charge transfer (ICT) efficiency and
promotes the intensity of absorption [26]. No studies
show the role of the tuning torsion angles for D-m-A
as a solar cell molecular design between the donor
or the acceptor part and the m-spacer. Therefore, in
this work, the impact of rotating the dihedral an-
gle between the donor or the acceptor part and the
m-spacer has been illustrated. The D-m-A molecu-
lar design has been investigated theoretically to un-
derstand the effect of tuning torsion angles on the
photovoltaic parameters, using density functional
theory (DFT) at the B3LYP/6-311G(d,p) and the
differences in the DSSC efficiency.

2. Computational methods

The molecular design of a DSSC consists of TPA
and CA as the donor and acceptor groups, respec-
tively, linked by 2,2’-bithiophene as a 7w-conjugation
bridge (7-spacer), as shown in Fig. 1. For the D-7-A
block, the dihedral angle between the donor (D)
and the m-bridge is 0p_., whereas 0a_, represents
the dihedral angle between the acceptor (A) and
the w-bridge. In this paper, the dihedral angles of
the dye molecule D-7-A structure have been rotated
either by rotation of the donor part around the sta-
tionary spacer—acceptor part (fp_) or by the ro-
tation of the acceptor part around the stationary
spacer—donor part (6a_.). The molecular design has
been investigated to explore the influence of the tor-
sional angles on the properties of the DSSC. The
rotation of the dihedral angles in the right (posi-
tive) and left (negative) direction have been stud-
ied. The dihedral angles 04_, and 0p., have been
rotated within the range of 0-90° by an increment
of 10° for both directions. In general, all the pos-
sible torsional angles have been studied to find the
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Fig. 1. General molecular design DSSC consisting

of donor and acceptor groups with a w-conjugation
bridge in the present work.

influence of each rotated angle on the photovoltaic
properties. The ground state geometry optimiza-
tions for the D-7r-A block have been performed with
the Gaussian09 program package, using the den-
sity functional theory (DFT) [27, 28] at the hybrid
function of the exchange correlation B3LYP (Becke
three-parameter Lee—Yang—Parr) theory level [2§]
with 6-311G(d,p) basis sets for C, H, O, N, and S.
The torsion angles and the optoelectronic proper-
ties of the D-m-A compounds have been calculated
using the time-dependent density functional theory
(TD-DFT) method [29] with B3LYP/6-311G(d,p)
basis sets for all atoms, based on the optimized
ground state geometry. The oscillator strengths and
excited state energies have been evaluated using
TD-DFT calculations.

As for the geometry of the D-7-A structure, it was
optimized by DFT using B3LYP with a 6-311G(d,p)
basis, where the dihedral angle values (~ 25° and
~ 0°) for the TPA and CA with the thiophene rings
of a m-bridge moiety, respectively, were in agreement
with the previous report of Fahim et al. [18]. In all
calculations, the gas phase was assumed. During the
scanning process, the geometrical parameters were
simultaneously relaxed, so they changed for both
directions between 0 and 90° in 10° steps.

3. Results and discussion

3.1. Ground state geometry

The variation of relative stability AFE; for
molecule studies (D-7-A) with the dihedral angles
0. and Op_, are shown in Fig. 2. The rotation
of Op. shows little difference in energies compared
with @a_r, which may need high levels of energy.
Therefore, 0p_, has a high probability of occurring
in D-m-A. In addition, the energy for the left di-
rection of fp._, is relativity lower than that for the
right direction of each specific dihedral angle. Gen-
erally, the implied fp_, has a more stable structure
than 0a_,. However, it should be noted that the bar-
riers of torsional angles are not very high compared
to the results of Resan et al. [30].
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3.2. Frontier molecular orbitals and energy levels

In this work, the D-m-A organic molecular dye
has been rotated with the different torsional angles
Oa-» and fp_,. For the donor and acceptor groups,
the HOMO and the LUMO energy band levels are
substantial factors that need to be examined to
see whether effective charge transfer will occur be-
tween the donor and the acceptor. The HOMO and
LUMO energy levels have been determined using
the B3LYP/6-311G(d,p) to evaluate the electronic
and transition properties of the dyes. Designing
an efficient dye for DSSCs requires that this dye has
LUMO energy levels localized higher than the TiOq
semiconductor Ecp (—4.0 ¢V) [31], and HOMO en-
ergy levels should be localized lower than the redox
potential of the electrolyte I~ /I3 (—4.80 V). The
maximum value of the Fyono molecule energy lev-
els is more sensitive to electron donation, while the
minimum value of the lower unoccupied molecular
orbital energy levels (Er,umo) is responsible for elec-
tron reception.

The calculated HOMO and LUMO levels of 0,
and 0p_, are shown in Fig. 3. The acceptor ro-
tation 0., leads to an increase in the upper oc-
cupied molecular orbital energy (Fuomo), indicat-
ing that this rotation requires high levels of energy
(see Fig. 2). However, the donor rotation 6p_, gen-
erally reduces Eyono slightly. Since the donor ro-
tation has a high probability of occurring, especially
on the left (see Fig. 2), this will increase Fuomo-
The dihedral angles show that HOMO energy level
orbitals are localized below the electrolyte I /I3
(—4.80 eV), as shown in Fig. 3, which means that
the oxidized dyes are able to restore the electrons
from the redox potential. Figure 3 shows that only
Erumo varies with the acceptor rotation 64, and
pulls up the LUMO. The results show that LUMO
energy level orbitals are above the Ecp of TiOq
(—4.0 eV), indicating that the designed molecular
dye, when rotating the dihedral angles, can effi-

ciently inject electrons into the TiO2 conduction
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Fig. 2. The angular variation of relative stability
AE; for dye molecule (D-m-A) with dihedral angles
(0a-~ and Op_rx).

563

-3.00

Te~— 6a— -
=~ ‘56_11 =T § Lumo
350 | Bp_p
TiO, CBE [—4.0eV]
— -4.00
>
f
()
4.50
Electrolet I/I;7[—4.80eV]
5.00 |
e BA—n JEp—
U A i § Homo
Op—n
_600 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 L
-90-80-70-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90
0 [Degree]
Fig. 3. The angular variation of FEnomo and

Erumo for the dye molecule (D-7-A) with dihedral
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Fig. 4. The angular variation of the energy gap
for dye molecule (D-7-A) with dihedral angles (6a-«
and Op.r).

band edge. The highest LUMO values are for 0_,
which enhances the open-circuit voltage (Vo) and
the injection driving force (AGiy;), while the low-
est HOMO values are for Op_; in the left direc-
tion, particularly when enhancing the regeneration
driving force (AGyeg). Importantly, before the rota-
tions, the values of HOMO (—5.45 €V) and LUMO
(—3.32 V) were in agreement with the previous re-
port of Fahim et al. [18].

The qualifying quality in DSSC for the energy
bandgap E, suggests that the Frumo — Faomo en-
ergy should be small to allow a redshift wavelength
to be absorbed and enhance the light-harvesting ef-
ficiency (LHE) [23, 32]. The minimum bandgap for
torsional angles (Fig. 4) is 0p_, on the left side,
mostly in the range of 0-30°; this can occur due
to the relative stability in Fig. 2. The lower en-
ergy bandgap value of the system has a signifi-
cant effect on the ICT, which leads to a redshift
absorption spectrum. Therefore, p_, on the left
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side has the lowest bandgap compared with oth-
ers, which indicates that the absorption spectrum
possibly has shifted to red, thus promoting sun-
light harvesting in the long-wavelength region. It
has been reported [18] that the bandgap before
the rotations of the D-w-A structure consists of
TPA-donor, CA-acceptor, and 2,2’-bithiophene as
m-spacer, and its value was 2.26 eV, calculated us-
ing the conductor-like polarizable continuum model
(CPCM) at the B3LYP/6-311G(d,p) level of the-
ory. This result agrees with our results (2.13 eV),
and the difference in results can be attributed to
the difference in the computational model used.

3.3. Photovoltaic properties

The key parameters to characterise the photo-
voltaic performance of DSSCs are Vo, LHE, AGiy;,
AGheg, fill factor (FF), and the excited state life-
time (7). DFT has been utilized to identify the im-
pact of these parameters on an efficient device when
rotating the dihedral angles (6., and 0p_).

8.8.1. Light-harvesting efficiency

The DSSC performance is related to the dye re-
sponsible for the incident light [33]. The LHE is
the light absorbed by the dye-sensitized semicon-
ductor film (commonly TiOs). The Beer-Lambert
law proposes that the LHE of a cell relies on the
coeflicient of dye extinction, the concentration of
dye, and the optical path length within the semi-
conductor film [34]. The LHE, another important
factor that affects the short circuit current Jgc, is
expressed as [35]

LHE(\) =1 — 1077, (1)
where LHE()) is the light-harvesting efficiency at
a given wavelength and f is the oscillator strength
of the adsorbed dye molecule related to Apax. In
order to maximize the photocurrent response by in-
creasing the ability of light to capture and then pro-
mote cell performance [36], the LHE values of the
dyes have to be as high as possible [33]. Therefore,
a small energy gap and a relatively high LHE are
useful for achieving a redshift [23, 32]. Increasing
the LHE will enhance the Jsc value, and this will
result in solar cell efficiency [37]. The LHE is di-
rectly associated with the oscillator strength of the
adsorbed dye molecule [1].

The theoretical values of the LHE for 64_, and
0p.» are shown in Fig. 5. In general, the LHE val-
ues of 0a_, are greater than those of 6p_, for each
specific angle on the right, while the values of LHE
for Op_, are higher than those of 85_; for each spe-
cific angle on the left. The LHE values of 6p., on
the left are higher than those of 64_, on the right for
each specific angle due to the fact that the energy
bandgap is smaller for fp_, on the left than that of
Oa-r on the right. The highest value for f and LHE
implies that the donor rotation could absorb more
photons thanks to the Jsc being maximized. It has
been found using B3LYP/6-31G(d) [38] that LHE
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Fig. 5. The angular variation of LHE for the
dye molecule (D-m-A) with dihedral angles (0a-x
and Op.r).

before the rotations of the D-7-A structure consists
of TPA-donor, CA-acceptor, and 2,2’-bithiophene
as w-spacer, and its value was 0.976. This result
agrees with our result (0.65), and the difference in
values can be attributed to the difference in the ba-
sis set.

3.8.2. Excited state lifetime

The fundamental parameter needed to examine
the charge transfer efficiency is the lifetime of the
first excited state [39], where the performance of
the electron injection from the excited dye into
the TiOy Ecp semiconductor is determined by the
lifetime of the excited state [9]. In a short life-
time, the electrons injected into the TiOs Ecp
semiconductor are ultrafast, thus allowing electron
recombination [9]. This process will reduce the pho-
tovoltaic performance because of a decrease in the
efficiency of the charge collection through the min-
imization of the Jsc and photoelectric conversion
efficiency (PCE) [9]. A longer lifetime of the dye
means that it remains stable for a longer time in the
cationic state (excited state), which facilitates the
transfer of the charge, thus enhancing the Jgc [39].
The excited state lifetime 7 of the dye can be de-
termined as [35]

1499 1

R (2)
where E* is the excitation energy [cm™?] of the dif-
ferent electronic states.

The lifetime values as a function of the rotation
angles (05 and 0p_,) are shown in Fig. 6. Figure 6
shows that for 64 ., there is no perceptible change
in 7 values for each specific angle between the right
and left directions, which is also due to the rela-
tive stability in Fig. 2. The lifetime value of 0p_,
is higher beyond the right rotation angle, which
is approximately equal to 40° and its peak is at
70°, while the left rotation does not show any near
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Fig. 6. The angular variation of lifetime for the
dye molecule (D-7-A) with dihedral angles (0a-x
and Op_r).

influences. This implies that 6p_, in the right di-
rection would remain stable in the excited state for
a long time, generating a higher efficiency of charge
transfer by delaying the process of charge recombi-
nation. This is suitable for improving the efficiency
of the DSSC [39].

3.8.8. Driving force for electron injection
and dye regeneration

In DSSC, the injection driving force (AGiy;) is
a significant factor affecting the injection of the
electron [9]. The rate of electron injection from
the dye into the TiOy Ecp is useful in examining
photovoltaic performance. Here, AGiy,; represents
the injection driving force of the electron injected
from the dye excited state LUMO level into the
conduction band of the semiconductor oxide [27].
The negative sign of AGjy; suggests the spontaneity
of the process [1]. According to Preat’s method [40],
AGiyj can be determined as follows [36]

AGinj = Ejye — Ecp(TiO2), (3)
where Ej . is the oxidation potential energy of the
dye molecule in the excited state. It can be deter-
mined as [41]

Eiye = Eaye — Eo—o, (4)
where FEgye is the oxidation potential of the
dye molecule in the ground state and FEy_( is
the electronic vertical transition energy associated
with Apax. In general, more negative values (the
higher absolute value) of AGi,; lead to a bet-
ter charge transfer possibility and a faster elec-
tron injection, and this enhances the Jsc [9]. Tt
has been reported that to effectively convert so-
lar energy to current, Eqye« (LUMO) should be at
least 0.5 eV higher than Ecg, while Eqgy.(HOMO)
should be at least 0.2 eV lower than the redox
electrolyte [42, 43].

The theoretically calculated results of AGiy; for
0. and Op_, are shown in Fig. 7a.
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Fig. 7. The angular variation for the dye molecule
(D-7-A) with dihedral angles (fa-r and 0p.,) for
(a) the injection driving force (AGinj) and (b) the
regeneration driving force (AGreg).

All the calculated AGiy; values for torsional an-
gles have negative sign values, which means that the
electron injection from the dye in an excited state
into the Ecp of the semiconducting oxide (TiOs)
is spontaneous in nature [1]. All AGjyj values have
less negative potential than that of the TiOs Ecp
(—4.0 eV), which implies that the excited state of
sensitizer dye lies above the Ecp of the TiOs semi-
conductor, thus enhancing the injection of electrons
from the excited dyes into the semiconductor. The
acceptor rotation, 0a_., shows a big increase in the
AGiy; values for right and left rotations, but, as
shown in Fig. 2, these rotations need high levels of
energy. Generally, the rotation of the acceptor group
can enhance the rate of the electron injection from
the dye into the TiOs Ecp (higher Js¢) semicon-
ductor and embellish the photovoltaic performance.
Meanwhile, the donor group rotation fp_, did not
show any interesting effects on the AGijy,; values. It
has been reported [38] that the value of AGin; be-
fore the rotations of TPA-donor, CA-acceptor, and
2,2-bithiophene as mw-spacer, was —0.8 eV, calcu-
lated using B3LYP/6-31G(d). This result, in fact,
agrees with our result.
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open-circuit voltage (Voc) (b) fall factor (FF).

The fundamental process in DSSCs is dye re-
generation, in which absorbed solar energy is con-
verted to current [1]. It should be noted that AGeq
is an essential operator impacting the photoelec-
tric conversion efficiency (PCE) [44]. The driving
force of dye regeneration AGieg is another impor-
tant factor that affects the Jsc [9]. The large driv-
ing forces of dye regeneration enhance the regen-
eration efficiency, which promotes the increase of
Jsc [44]. Furthermore, AG,eg is defined as the dif-
ference in the potential energy between the HOMO
of the dye molecules and the redox potential of
the applied electrolyte, which can be calculated
as follows [45]

AC:reg = Lredox — Edye~ (5)
Here, E\cqox is the redox potential of the electrolyte.
Iodide/triiodide (I7/I3) is typically used as the
electrolyte; the level of the coupled redox electrolyte
(I"/I3) is about —4.80 €V [27]. A lower AG¢g leads
to a higher recombination efficiency [1]. The in-
crease in the HOMO results in a decrease in AGheg.
Figure 7b shows the calculated results for AGieg
as a function of the torsional angles, where the in-
crease in the acceptor group rotation, 0a_., reduces
the AG,eg. Meanwhile, for 6p_. the values on the
left are mostly lower than those on the right for
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each specific angle — this is because the HOMO
levels on the right are generally lower than those of
the left direction for each specific angle (see Fig. 3).
Note that p.~ has a larger AG,.g in the right direc-
tion for each specific angle, which can improve dye
regeneration and cause a higher photocurrent gener-
ation. In addition, V¢ will be higher because of the
reduction in the recombination between the injected
electrons and the photo-oxidized dye molecules.

3.4. Open-circuit voltage and fill factor

One of the key factors in a DSSC is Vo¢, which
can be approximately determined as [1]

Voc = ELumo — Ecs(TiO2). (6)
To obtain a higher Vo value, the Frymo must be
as high as possible [9]. Should the photo-generated
electrons be transferred more quickly to TiOs E¢p,
the recombination of electrons and the oxidized
ionic species of the electrolyte would result in up-
ward photo-voltage.

A higher Vpc enhances photovoltaic perfor-
mance. The Vo values in DSSC can be estimated
approximately by the energy difference between
FErumo of the dye and Ecp of TiOs, considering
the energy lost through the photo charge genera-
tion [26].

The calculated values of V¢ are shown in Fig. 8a.
For any donor group rotation angle, fp_, there is no
noticeable change in the V¢ values in the right and
left direction, since the values of Ep,ymo are nearly
the same in both directions for each specific angle.
As there is a chance to increase the _,, the value of
Voc can increase too. The calculated values of Vo
suggest that the molecular dyes could be utilized
as sensitizers, since the process of electron injection
from the excited molecule into the Eqpg of TiOs is
possible.

The FF played a leading role in device efficiency,
and the ideal value of the FF is equal to 1 [46]. The
FF can be determined as [46]
Voc —In (VQC + 0.72) .

Voo +1 ' ( )
For 0a_, the FF values are approximately the same
in the right and left directions for each specific an-
gle. The values of the FF increased as the 04_; in-
creased. Generally, the FF with torsional angles had
highest value for 85, compared to 6p_. (Fig. 8b).

FF =

4. Conclusion

The designed DSSC, based on donor TPA linked
with the acceptor CA by 2,2’-bithiophene as -
conjugation, has been theoretically elucidated using
DFT. The molecular design resulting from the ro-
tation of the dihedral angle has been investigated
computationally at the B3LYP/6-311G(d,p) theory
level. The molecular design for the dihedral angles
fp.» can occur easily in the left direction, and it
has a significant effect on ICT by having lower opti-
cal bandgap energy. All the torsional angles of 04_,
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or fp., have HOMO and LUMO energy levels that
guarantee the energetically favourable dye regener-
ation and electron injections. In addition, the elec-
tron injection from the dye into the TiO5 is sponta-
neous for all the torsional angles because of a neg-
ative value of AGjy;. The donor group rotations
have the highest AG,eg, LHE, 7, and lower optical
bandgap energy. This leads to the facilitation of the
charge transfer by a reduction of the charge recom-
bination and enhancement of the dye regeneration,
which in turn leads to a higher photocurrent gen-
eration by the conversion of more light to electrical
power, and then improvement of solar cell efficiency.
It can be concluded that the influence of the tun-
ing torsion angles positively affects the efficiency of
the photovoltaic properties and thus improves the
device’s performance.
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