
Prediction of Power Conversion Efficiencies of
Diphenylthienylamine-Based Dyes Adsorbed on the Titanium
Dioxide Nanotube
Ohoud S. Al-Qurashi and Nuha Wazzan*

Cite This: ACS Omega 2021, 6, 8967−8975 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The power conversion efficiency (η) is the most important key to
determine the efficiency of dye-sensitized solar cell (DSSC) devices. However,
the calculation of η theoretically is a challenging issue since it depends on a large
number of experimental and theoretical parameters with extensive related data.
In this work, η was successfully predicted using the improved normal model with
density functional theory (DFT) and time-dependent density functional theory
(TD-DFT) for eight diphenylthienylamine-based (DP-based) dyes with various
π-bridge adsorbed on titanium dioxide. The titanium dioxide is represented by a
nanotube surface (TiO2NT); this surface is rarely investigated in the literature.
The π-linker consists of five (DP1)- or six (DP2)-membered rings and contains
none to three nitrogen atoms (D0−D3). The reliability of the estimated values
was confirmed by the excellent agreement with those available for the two
experimentally tested ones (DP2-D0 and DP2-D2). The deviations between the
experimental and estimated values were in the ranges of 0.03 to 0.06 mA cm−2,
0.05 to 0.3 mV, and 0.37 to 0.18% for short-circuits current density (Jsc), open-circuit voltage (Voc), power conversion efficiency
(%η), respectively. More importantly, the results revealed that using pyridine (DP2-D1), pyrimidine (DP2-D2), and 1,2,4-triazine
(DP2-D3) improves the power conversion efficiencies in the range of 6.03 to 6.90%. However, the cyclopenta-1,3-diene (DP1-D0)
shows superior performance with a predicted η value that reaches 9.55%.

1. INTRODUCTION

In the last three decades, Graẗzel cells, often referred to as dye-
sensitized solar cells (DSSCs),1 have been widely studied
experimentally and theoretically. The working mechanism of
the DSSC includes many processes such as the photoinduced,
injection, and regeneration processes. Among the different
compositions of DSSCs, the development of an efficient dye
and semiconductor has attracted the attention of researchers in
order to improve the overall power conversion efficiency of the
DSSC.2−7 The TiO2-based DSSC was found to be an
appropriate photoelectrode compared to other metal oxide
semiconductors due to its wide band gap. Particularly, the
TiO2 nanotube (TiO2NT) can reduce the recombination
possibilities and leads to higher efficiency than bulk TiO2. It
has unique optical properties such strong adsorption capacity,
better electron transference paths, high electron mobility, and
increased charge transport capacity. This nanostructured TiO2
can attach and adsorb different potential materials. However,
up to now, the investigation of its profound structures and
applications has not been fully explored.8 Maybe the work of
Hoyer9 was the first effort to produce titania nanotubes. After
that, several attempts were used to prepare TiO2 nanotubes,
and the synthesis methods included the electrochemical
deposition method, sol−gel techniques, hydro/solvothermal

methods, and so on.8 The first attempt to synthesize TiO2NT-
based DSSCs was in 2005 by Macaḱ and his co-workers.10

After that, various theoretical studies have attempted to
investigate the structural and electronic properties of TiO2NTs
in different fields.11−15

The highest power conversion efficiency (η) of a DSSC
reached 16.5%.16 This parameter strongly depends on the
short-circuit current (Jsc), open-circuit photovoltage (Voc), and
fill factor (FF). In DSSCs, the open-circuit voltage is known as
the difference between the redox potential of the electrolyte
and the Fermi level of the semiconductor (see Figure S1).
Short-circuit current density is the ability to inject an electron
into the conduction band of the semiconductor and the ability
to transfer an electron to the collecting electrode. However, the
fill factor reduces the actual power taken into account Jsc ×
Voc

17 and is defined by the ratio of the maximum power (Pmax)
of the solar cell per unit area divided by Jsc and Voc.
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Numerous works researched the possibility of enhancing the
short-circuit current by studying serval factors such as light-
harvesting and lifetimes and the injection and regeneration
driving forces (see Section 3.2 and Scheme 2). The light-
harvesting efficiency is affected by the molar absorption
coefficient and dye loading amount. Improving the short-
circuit current causes the development of the open-circuit
photovoltage and power conversion efficiency. However,
through the photoexcitation process, the excited electron
could recombine with the HOMO level of the oxidized
sensitizer or with the electrolyte. This recombination process
competes with the desired dye regeneration process between
the electrolyte and the HOMO level of the dye, leading to
reduced short-circuit current.19

Venkatraman and co-workers20 found that the planarity and
degree of aromaticity for furan-, pyrrole-, thiophene-, pyridine-,
and benzene-based π-linkers are impacted by the driving forces
that will influence the short-circuit current. Lu and his
collaborators21 investigated the effect of using pyridinium
ylide as an anchor unit on the photochemical and photo-
physical characteristics. Their results revealed that using
pyridinium ylide enhanced the light-harvesting and thus led
to improved electron injection through the photoanode.
Therefore, it exhibited increasing values in Jsc and Voc. Based
on the research of Wang et al.,22 it was observed that the
inserted graphene layer between the photoanode and dyes has
influenced the electron injection process to the conduction
band, which improves the Jsc value due to the acceleration of
electron injection lifetimes in their systems. Murakami and co-
workers23 found that using triphenylamine as a donor unit
produces higher Jsc and Voc due to longer recombination
electron lifetime as a result of the blocking effect of the donor.
The use of experimental methods to analyze dyes for DSSCs

proved to be time-and cost-inefficient. In such experiments, the
architecture of existing compounds was identified and
systematically changed, and the suitability of the new
compounds can be tested only by applying these compounds
in real applications. This procedure is usually a hit-or-miss
procedure that often leads to unpleasing results. Therefore,
there is an essential need to understand the properties of the
dyes at a molecular level and modify the architecture of
existing dyes with promising units before proceeding with
experimental testing. Several useful parameters of the designed
dyes have been successfully evaluated theoretically, which were
used to assist the validity/potential of such dyes if they are
used in real applications. Such parameters included the critical
geometrical parameters, electronic properties, etc. However,
the key parameters related to PCE including the total power
conversion efficiency (η), short-circuits current density (Jsc),
open-circuit voltage (Voc), light-harvesting efficiency (LHE)

are extremely important to predict the designed dyes’
performances in real applications.
Few theoretical efforts have attempted to predict the values

Jsc, Voc, and η. Recently, Zhao and co-workers24 studied four
triazatruxene-based dyes by modified π-linker and anchoring
units using density functional theory (DFT) and time-
dependent density functional theory (TD-DFT). Comprehen-
sive calculations were carried out to predict the PCE
parameters. The results revealed that the highest η (16.7%)
was demonstrated by furan and cyanoacetic acid as spacer and
anchoring groups. At the same time, they introduced graphene
quantum dots to those dyes. It was found that insertion of the
graphene led to an increase in the η value at a maximum of
0.7% compared with free graphene dyes. Based on the IQ1
sensitizer, Xu et al.25 designed a series of metal-free sensitizers
theoretically by adjusting the acceptor fragment. This strategy
enhanced the light-harvesting and caused an increase in the
conduction band edge of the semiconductor. Consequently,
the Jsc and Voc becomes higher, which improved the
performance of η. In a study of the effect of anionic
tetrazolyl-based ligands on Ru(II) complex dyes, the computed
Jsc values using the PBE0 functional and LanL2DZ basis set
were well-matched with the corresponding experimental values
with differences of 0.46 and 2.82 mA cm−2 for BMTP and
BTP, respectively. The accuracy of the selected DFT-
functional (PBE0/LanL2DZ) used in that study was proven
by the good matching between the calculated and the
experimental wavelengths, resulting in an excellent estimation
of the Jsc value.26 Similarly, the calculated Jsc values of five
triarylamine-based dyes, abbreviated as A1, A1-F, C218, D2,
and Y123, were in an excellent agreement with the
experimental data when the CAM-B3LYP/DGDZVP was
applied.27 Ma et al.28 have successfully predicted η with
deviations of 1−2% for three ullazine dyes (JD32), and the
three dyes contain triphenylamine and cyanoacrylic acid as the
donor and acceptor units (L-dyes) using the improved normal
model to find Voc. As well, they proved that using the normal
model to estimate Voc led to nearly 2 times larger than that of
the experiment results, and details of these two equations are
provided in Section 3.3. This also was found in the study of the
C281 dye, in which the predicted η overestimated the
experimental value with a difference of 7.3% when using the
normal model.29

In this effort, to find promising candidates for efficient
DSSCs, a series of dyes have been designed based on DP-based
dyes (see Figure 1). DP-based dyes are constructed of
diphenylthienylamine (DP) as the donor unit and cyanoacrylic
acid as the anchoring unit. The study included their adsorption
on the (TiO2)32 surface. The titanium dioxide is represented
by a nanotube surface (TiO2NT). This surface is rarely
investigated in the literature.13 The difference among them is

Figure 1. Chemical structures of the DP-based dyes.
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in the π-bridge, which are five (DP1)- and six-membered rings
(DP2) without/with nitrogen atoms such as cyclopenta-1,3-
diene (DP1-D0), pyrrole (DP1-D1), imidazole (DP1-D2), 3H-
1,2,4-triazole (DP1-D3), benzene (DP2-D0), pyridine (DP2-
D1), pyrimidine (DP2-D2), and 1,2,4-triazine (DP2-D3). Also,
the results will be compared with the results of the two
experimentally tested dyes DP2-D0 and DP2-D2.30

The purpose of this study is to give details on how to predict
the power conversion efficiencies of eight DP-based dyes and
analyze the factors affecting these values using density
functional theory and time-dependent density functional
theory. The reliability of the obtained results will be supported
by comparing the estimated data with the corresponding
available experimental data for the two dyes DP2-D0 and DP2-
D2.30 The chemical structures of the studied dyes and the
optimized geometries of free and adsorbed dyes on TiO2NT
are depicted in Figures 1 and 2, respectively. The computa-
tional workflow that was used to achieve reliable prediction of
power conversion efficiencies is presented in Scheme 1.

2. COMPUTATIONAL DETAILS
The geometrical structures of the isolated dyes were calculated
using the Becke three-parameter exchange functional and the
Lee−Yang−Parr correlation functional (B3LYP).31,32 The
Pople split-valence double-zeta basis set with d and p
polarization orbitals and enlarged with one type of diffuse
function, i.e., the 6-31G+(d,p) basis set, was chosen. The
solvation effects were simulated using the polarized continuum
model (PCM)33−35 in acetonitrile (CH3CN ε = 37.5). The
TD-DFT calculations were employed to simulate the

absorption and emission spectra by the hybrid exchange-
correlation functional (CAM-B3LYP)36 that displays better
agreement with the two experimental maximum absorption
wavelengths of the DP2-D0 and DP2-D2 dyes.30 In
comparison with five DFT XC-functionals, the CAM-
B3LYP/6-31G+(d,p) displayed the smallest % deviations

Figure 2. Optimized geometries of (a) free dyes, (b) the adsorbed dyes on the TiO2NT and (c) illustration of the electron recombination (rrec)/
injection (rinj) distances.

Scheme 1. Computational Workflow for Calculated
Prediction of Power Conversion Efficiencies
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equaling 5 and 3% for the two dyes, respectively (for more
details, see the Supporting Information).
The geometries of adsorbed dyes on the titanium dioxide

(TiO2)32 nanotube (TiO2NT) were fully optimized using the
6-31G(d) basis set for all atoms except the Ti atom in the Los
Alamos National Laboratory with the double zeta (DZ)
(LANL2DZ) and pseudopotential basis set for the Ti atom.37

All the DFT calculations were applied using Gaussian 09 suite
programs,38 and visual inspections were performed using the
GaussView program (version 5.0.8).39

3. RESULTS AND DISCUSSION

3.1. Light-Harvesting Efficiency. The light-harvesting
efficiency (LHE) is an essential property in DSSCs and plays a
key role in improving Jsc and thus increasing η. To estimate the
LHEs of the eight dyes, UV−vis absorption spectra were
simulated as shown in Figure 3 since the LHE can be
calculated according to the following equation40

λ = − ε λ− ΓLHE ( ) 1 10 ( ) (1)

where ε(λ) is the molar absorption coefficient at the specific
wavelength calculated from TD-DFT. Γ is the dye loading
amount (Γ = c · b), corresponding to the result of
multiplication of the dye concentration (c) with TiO2 film
thickness (b), and it was taken from the experimental data
(2.50 ×10−7 mol cm−2).30

As can be noted from Table 1, the LHE values for the eight
dyes are greater than 90%, except DP1-D3, which has the
smallest LHE value of 82% due to its lower ε value. As known,
the larger molar absorption coefficient will result in a large
value of LHE. This observation is noted in DP1-D0 that shows
the largest molar absorption coefficient of 6.34 ×106 M−1 cm−1

and thus exhibits the largest LHE among the eight dyes.
Overall, all dyes can efficiently harvest sunlight to produce
electricity.41

The injection lifetime of the excited state (τinj) is another
key factor that influences the efficiency of the DSSC through
the enhancement of electron injection and exciton dissociation
processes. It is known as the average time that electrons spend
in the LUMO before emitting to the CB of the semiconductor
(eq 2).42 On the other hand, the recombination lifetime (τrec)
denotes the average time to transfer electrons from the CB to
the redox potential of the electrolyte. As reported in the
literature, a shorter value of the injection lifetime and a larger

value of the recombination lifetime result in improving the
performance of DSSCs.23,43,44

τ = c
E f2( )inj

3

flu
2

em (2)

where c is the light speed, Eflu is the fluorescence energy, and
fem is the oscillator strength all in a.u. units. The eight dyes’
lifetime values are listed in Table 2, and their emission spectra
are presented in Figure S2. The faster lifetimes are noted for
DP1-D0 with a value of 0.429 ps. Generally, it is found that the
values of τinj increase with the incorporation of the nitrogen
atoms in the π-linker up to three nitrogen atoms, which will
improve the charge transfer capacity of dyes. Therefore, this
enhancement in the values of τinj will develop the Jsc as will be
proven and discussed in Section 3.2.

3.2. Short-Circuit Current Density. To estimate the
photoelectric conversion efficiency, the short-circuit current
density (Jsc) should be first estimated and can be determined
according to the following equation45

∫ λ ϕ η φ λ λ=J e LHE ( ) ( )d( )sc inj coll ph.AM1.5G (3)

where LHE(λ) is available from Table 1. φph. AM1.5G is a
standard reference for the solar-radiation intensity in unit mA
cm−2 nm−1. Meanwhile, Φinj is the electron injection
efficiency,46 and ηcoll is the charge collection efficiency.47

They are defined as

Figure 3. Simulated UV−vis absorption of (a) DP1-dyes and (b) DP2-dyes by the Air Mass 1.5 Global (AM 1.5G) solar spectrum (gray line) as
computed at the PCM/TDCAM-B3LYP/6-31G+(d,p) levels of theory in acetonitrile solvent.

Table 1. Maximum Absorption λabs and Maximum Emission
Wavelengths λem (/nm), the Molar Absorption Coefficient
ε(λ) ( × 106/M−1 cm−1), the Light-Harvesting Efficiency
(LHE), Oscillator Strengths ( fem), and Fluorescence Energy
Eflu (/eV), as Calculated at the PCM/TD-CAM-B3LYP/6-
31G+(d,p) in Acetonitrile Solvent

dye λabs ε(λ) λem
Eflu fem LHE

DP1-D0 561.24 6.34 694.49 1.785 1.580 0.974
DP1-D1 456.69 4.86 569.67 2.177 1.722 0.939
DP1-D2 461.82 4.49 588.74 2.106 1.623 0.925
DP1-D3 434.54 3.05 551.05 2.250 1.323 0.828
DP2-D0 459.23 4.33 582.50 2.129 1.781 0.918
DP2-D1 470.00 4.77 573.85 2.161 1.806 0.936
DP2-D2 494.26 5.28 609.70 2.034 1.716 0.952
DP2-D3 492.19 5.61 613.81 2.020 1.680 0.960
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The electron injection lifetime is the same value as the
inverse electron injection rate kinj. It is noted that τinj gives
more accurate results than the inverse electron injection rate
kinj. τrelx is the relaxation time for the dye excited state that was
taken from the experimental value of ∼10 ps,48 and τtrans is the
electron transport time for electrons from TiO2 to I−/I3

−. As
well, the electron recombination lifetime matches the inverse
of the rate recombination krec. Both the electron injection and
recombination rates (kET) can be obtained from the Marcus
theory49,50 as

π
λ

=
ℏ

β λ λ− [− −Δ *+ ]k
k T

exp expr G k T
ET

tot B

( ) ( ) /4tot
2

tot B

(6)

The left side of the equation represents the reduced Planck
constant ℏ (6.5821 ×10−16 eV s), the total reorganization
energy (λtot), the Boltzmann constant kB (8.6173 ×10−5 eV
K−1), and the absolute temperature T (300 K). The right side
shows an attenuation factor β that is equal to 0.5, r is the
electron-transfer distance (the distance from the anchoring
group and from the donor unit to the TiO2 surface in the
injection and recombination processes, respectively, see Figure
2c), and finally, ΔG* refers to the activation energy for the
reaction that depends on driving forces ΔGo, which can be
calculated according to the following equation51

λ
λ

Δ *=
− −Δ +

G
G( )
4

o
tot

2

tot (7)

As can be noted from Table 2, the photon flux shows a
significant effect on the Jsc compared to the other parameters
since the increase in the photon flux leads to a higher value of
Jsc. For instance, the photon fluxes of the DP1-D0 and DP1-D3
dyes are 7.08 ×10−2 and 3.98 ×10−2 mA cm−2 nm−1, and their
Jscs are 18.54 and 6.77 mA cm−2, respectively. This means that
the Jsc strongly depended on the LHE and the wavelengths.
Furthermore, the Jsc increases with the addition and increases
the number of nitrogen atoms.
The incident photon to charge carrier efficiency (%IPCE) is

calculated using the following equation52 and presented
graphically in Figure 4.

λ ϕ
=

×
×

×
J

%IPCE
1240

100sc

abs ph
source

(8)

where ϕph
source is equal to 100 mW cm−2. As well, the following

equation can be used to calculate %IPCE53

λ ϕ η= ×%IPCE (LHE ( ) ) 100inj coll (9)

Equation 8 exhibits that %IPCE is directly proportional to Jsc.
As mentioned in Section 3.2, DP1-D0 shows the largest Jsc, and
thus, it is expected that it will have the highest %IPCE.
Obviously, from Figure 4, it can be seen that the addition of
nitrogen atoms in the DP1 dyes leads to a decrease in %IPCE
while in the DP2 dyes, and the opposite trend is noted. The %
IPCEs of the eight studied dyes fall in range of 78−93%, and it
increases in the order of DP1-D0 > DP2-D3 > DP2-D2 > DP1-
D1 > DP2-D1 = DP1-D2 > DP2-D1 > DP1-D3. The %IPCEs
of DP2-D0 and DP2-D2 are in excellent agreement with the
experimental data,30 which ensures the applied theoretical
calculations’ accuracy and reliability.

3.3. Open-Circuit Photovoltage. Once the Jsc is
estimated, the open-circuit photovoltage (Voc) can also be
estimated applying the normal model54 (eq 10) or the
improved normal model (eq 11).17

=
+ Δ

+ −
i
k
jjjjj

y
{
zzzzzV

E
q

k T
q

n
N

E
q

CB
Inoc

c B c

C

redox

(10)

where Ec is the conduction band edge of the semiconductor,
ΔCB is the shift of Ec when the dyes are adsorbed on the

Table 2. Free Energy of Dye Regeneration (ΔGreg/eV), the Total Reorganization Energy (λtot/eV), the Activation Energy of
the Recombination Process, Electron Recombination Distance (rrec/Å), the Electron Injection Efficiency Φinj, the Rate
Recombination (krec/s

−1), the Charge Collection Efficiency ηcoll, the Electron Lifetimes τinj (/ps), the Electron Recombination
Lifetime τrec (ns), the Photon Flux φph. AM1.5G (mA cm−2 nm−1), and Short-Circuit Current Density (Jsc/mA cm−2)

dye ΔGreg λtot ΔGreg* rrec krec (10
7) Φinj τinj τrec ηcoll φph. AM1.5G (10−2) Jsc

DP1-D0 −0.43 0.604 1.25 × 10−2 16.54 6.22 0.959 0.429 0.161 1.00 7.08 18.54
DP1-D1 −0.47 0.630 1.02 × 10−2 16.19 8.91 0.935 0.695 0.112 1.00 5.80 11.61
DP1-D2 −0.54 0.636 3.62 × 10−3 16.55 6.90 0.942 0.614 0.145 1.00 5.90 11.87
DP1-D3 −0.66 0.614 8.62 × 10−4 16.82 4.70 0.946 0.571 0.213 1.00 3.98 6.77
DP2-D0 −0.55 0.567 1.27 × 10−4 16.25 4.07 0.936 0.688 0.245 1.00 5.71 11.25
DP2-D1 −0.63 0.548 3.07 × 10−3 16.99 2.52 0.933 0.719 0.397 1.00 5.73 11.75
DP2-D2 −0.71 0.588 6.33 × 10−3 16.63 4.57 0.943 0.605 0.219 1.00 6.20 13.75
DP2-D3 −0.80 0.625 1.23 × 10−2 16.65 7.05 0.945 0.584 0.142 1.00 5.92 13.21

Figure 4. Percentage of the incident photon to charge carrier
efficiency %IPCE of the five- and six-membered-ring dyes.
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semiconductor surface, q is the electron charge, nc is the
number of electrons in the conduction band, NC is the
accessible density, and Eredox is the reduction−oxidation
potential.
As mentioned early in Section 1, eq 10 was proven to be less

accurate than eq 11. This is because the normal model neglects
the energy loss and thus produces an unreliable value of η.
Energy loss is known as the difference between Voc and the
lowest energy band gap of the donor/acceptor fragments.55

The electron may recombine with the electrolyte or holes
through the electron injection process, leading to a reduction
in Fermi energy of the semiconductor and hence a reduction in
Voc. Accordingly, the energy loss and recombination effect
must be measured to predict Voc, where they are considered in
the improved normal model.28 Thus, in this work, the
improved normal model was used, and its results are listed
in Table 3.

β
β

=
′

′
V

k T R J

k T
lnoc

B 0 sc

B (11)

where β′ is the charge transfer coefficient for the recombina-
tion process and is equal to 0.45 and R0 is the recombination
resistance that can be predicted as56
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where d is the film thickness that is taken from the
experimental value of 10 μm,30 γ is the electron trap
distribution below the CB and takes a value of ∼0.3,28 cox is
the concentration of acceptor species (I3

−∼50 mmol L−1), Ns is
the total number of surface states contributing to recombina-
tion and set to be ∼105, ECBM is the shift of the CB after the
dye adsorbed on TiO2, and Eredox is the reduction−oxidation
potential and takes a value of −5.08 eV (see Figure S3).
According to the photocurrent-photovoltage properties of

solar cells, we can correlate Voc with Jsc. The influence of the
recombination process on Voc should be considered. Voc could
be defined as the maximum difference between the Fermi level
of electrons in the TiO2NT and the electrochemical potential
of the holes in hole transfer materials represented here by the
redox potential of the I−/I3

−. Due to the fact that the holes and
electrons are nearby to each other in the nanostructured
configuration of the DSSC, the electrons can recombine with
the holes in the dyes or in the I− ion. This recombination will
result in a lowering Fermi level of electrons in the TiO2NT;
therefore, the value of Voc decreases due to the electron−hole
recombination.28

We found that the recombination resistance is strongly
dependent on ECBM and mainly influence Voc values,

28 i.e., a
less negative value of ECBM will lead to improving Voc.
Generally, in the six-membered-ring dyes, the Voc values are
higher than the values for their corresponding five-membered
rings. Nevertheless, DP1-D0 shows the highest value due to its
lowering ECBM value.

Table 3. Shift of CB (ECBM/eV), the Recombination
Resistance (R0/Ω cm2), and Open-Circuit Photovoltage
(Voc/mV)

dye ECBM R0 Voc

DP1-D0 −3.075 1.13 × 103 0.74
DP1-D1 −3.081 8.15 × 102 0.69
DP1-D2 −3.090 9.68 × 102 0.70
DP1-D3 −3.100 1.17 × 103 0.68
DP2-D0 −3.096 1.18 × 103 0.71
DP2-D1 −3.099 1.72 × 103 0.73
DP2-D2 −3.099 1.10 × 103 0.72
DP2-D3 −3.111 7.13 × 103 0.69

Scheme 2. Factors Affecting the Power Conversion Efficiency (η)
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3.4. Power Conversion Efficiency. The power con-
version efficiency (η) is the final key to determining the overall
performance of DSSC devices, and its value is determined by
various photovoltaic parameters, which are illustrated in
Scheme 2. It can be predicted using the following equation

η =
V J

P

FF oc sc

inc (13)

where FF is the fill factor, and it was taken from the experiment
(0.70),30 and Pinc is incident sunlight and it is equal to 100 mW
cm−2.
Table 4 presents a comparison between the theoretical and

the available experimental data30 for Jsc, Voc, and %η for the

DP2-D0 and DP2-D2 dyes. Remarkably, the three estimated
parameters displayed very small deviations from their
corresponding experimental values. The deviations fall in the
range of 0.03 to 0.06 mA cm−2, from 0.05 to 0.3 mV, and from
0.37 to 0.18% for Jsc, Voc, and %η, respectively. Moreover, the
theoretical trend of increasing those parameters for DP2-D0
and DP2-D2 is in excellent agreement with the experimental
trend.30

The η values of the five-membered rings are lower than
those of the six-membered rings except DP1-D0, which shows
the highest power conversion efficiency of 9.55% due to its
larger short-circuit density. However, the addition of three
nitrogen atoms in the five-membered ring (DP1-D3) leads to a
significant drop in the η values to 3.22%. Overall, using the
pyridine (DP2-D1), pyrimidine (DP2-D2), and 1,2,4-triazine
(DP2-D3), i.e., the six-membered ring with one, two, and three
nitrogen atoms, improves the power conversion efficiency.
Also, the cyclopenta-1,3-diene (DP1-D0) shows an excellent
performance with an η value up to 9.55%.

4. CONCLUSIONS
In this work, the total power conversion efficiencies for eight
DP-based dyes were predicted theoretically, and the estimated
parameters included the short-circuit current density (Jsc),
open-circuit voltage (Voc), and power conversion efficiency
(%η). All the estimated data nicely matched the available
experimental ones with very small deviations. The results
revealed that the η value of the designed dye cyclopenta-1,3-
diene (DP1-D0) is predicted to be equal to 9.55%, which is
much higher than those of the other designed dyes (DP1-D1,
DP1-D2, DP1-D3, DP2-D1, and DP2-D3) and the two
experimentally tested ones (DP2-D0 and DP2-D2). The

present study suggests new dyes to be carried out by
experimentalists as efficient components in fabricated DSSCs.
As well, the theoretical chemists’ method in designing dyes
with improved properties in highly efficient DSSC devices was
further validated.
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