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Abstract

In this study, the photovoltaic properties of the organic dyes based on
triphenylamine having a D-m-A structure including TC201, TC202, TC203,
TC601, H-P, F-P, FF-P, T-F, and P1B were investigated theoretically. In this
model, triphenylamine was used as an electron donor, cyanoacrylic acid, and
benzoic acid as the electron acceptors, and anthracene phenyl, anthracene vinyl
phenyl, anthracene ethynyl phenyl, ethynyl anthracene phenyl, styryl phenyl,
styryl-2-fluorophenyl, styryl-2,6-difluorophenyl, styryl furan, and styryl as the n-
conjugated systems. The results show that a change in the m-conjugated system and
electron acceptor affect the properties of the dye-sensitized solar cell (DSSC).
Also, TC601 dye having the ethynyl anthracene phenyl mt-conjugated system shows
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the highest charge transfer distance (Dcr) and the least overlap of the electron-hole
distribution (S) in comparison with other dyes. Moreover, the presence of a triple
bond in the vicinity of triphenylamine increases the resonance effect of the -
electrons that facilitates the process of charge transfer in this dye. Spectroscopic
analysis shows that H-P and F-P dyes have the higher molecular absorption
coefficients and TC202, TC203, F-P, and T-F dyes show a red shift in comparison
with other dyes. Moreover, the voltage-current curve of the studied dyes shows
that the highest values of the open circuit voltage and short circuit current density
are related to P1B and TC601 dyes, respectively. Finally, TC601 and P1B are
proposed as the best candidates to be used in the DSSCs due to their maximum
incident photon to current conversion efficiency.

KEYWORDS: Solar cells; Triphenylamine; Charge transfer; Light-harvesting

efficiency; V-J curve.

1| INTRODUCTION

The common essential sources of energy production are fossil fuels such as coal,
oil and natural gas, which make up about 80% of total energy consumption.!~! But
these resources are not unlimited and will be completed in the near future. On the
other hand, energy demand has increased due to population growth and
urbanization. Also, the global economy is remarkably related to energy because it

includes all aspects of life and human activities.”! Therefore, to deal with such a



massive demand for energy, we must use renewable sources, such as hydropower,
wind energy, solar energy, geothermal energy, and biomass energy, in which solar
energy is abundant, cheap, available, no polluting and unique natural source of
clean energy.[*'”! New technology for using solar energy is the solar cell, that
converts solar light directly into electricity without any environmental pollution.
1121 Dye-sensitized solar cells (DSSCs) as the third generation of the solar cells,
developed by O'Regan and Gritzel,!"”! have received a lot of attention due to
advantages, such as simple manufacturing process, low cost, environmental
compatibility, flexibility, transparency, and having a variety of dyes.!'"*'® A typical
DSSC consists of a transparent conducting oxide (TCO), dye sensitizer,
mesoporous TiO, film, the counter electrode (Pt), and electrolyte (I/13).["2!
According to the working principles of the DSSC, when sunlight collides the
surface of the solar cell, the photon is absorbed by the dye. Then the electron is
transferred from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) level, and electron-driving force transfers
the electron to the TiO, conduction band (CB). Then, electron flows to the external
circuit and the cathode, generating electricity. Finally, the oxidized dye supplies
the lost electron through the electrolyte.**>

One of the high-performance dyes in the DSSC is ruthenium-based dyes, in

which the best-known compounds are N3, N719, and N749.1*°! These dyes have a



strong absorption band in the visible area. The presence of various ligands in their
structure increases the efficiency of the solar cells.” The main problem in using
these dyes is the presence of toxic metals, which is a danger for the environment.
271 Also, due to the high cost of these dyes, other dyes, such as metal-free organic
dyes, including coumarin,” triphenylamine,* indoline,"*" and porphyrin,”*'! which
have advantages such as low synthesis cost, high molar absorption coefficient,

simple synthesis, tunable optical properties and environmental compatibility.?*3¢

There are various types of structures for organic dyes, including D-7w-A "
D-D-7-A,P¥ D-A-n-A,P* and D-m;-m,-A,*” where D is the electron donor, @ is the
conjugated bridge and A is the electron acceptor. D-m-A architecture improves the
n-conjugation effect and impressive electron injection to the semiconductor
surface."! There are some samples of metal-free organic dyes designed to improve
the efficiency of the solar cells. For example, in 2015, two metal-free organic dyes
based on thioindigo having a D-m-A structure called D1 and D2 within acrylic acid
and cyanoacrylic acid as electron acceptors were designed.!*! The obtained results
reveal that D2 dye with cyanoacrylic acid electron acceptor has the high values of
open-circuit voltage, short-circuit current density, fill factor, and efficiency than

D1. This behavior can be explained by the advanced electron-withdrawing ability

of the cyanoacrylic acid than acrylic acid.



Li et al compared the photovoltaic properties of three metal-free organic
dyes containing pyrrolo[3,2,1-kl]- phenothiazine moiety as the electron donor,
different m-bridges including thiophene (JY40), furan (JY41) and terthiophene
(JY42) and cyanoacrylic acid as the electron acceptor.l*’] The obtained results
indicate that JY42 dye having terthiophene as the m-bridge shows the highest
efficiency of 7.54% and short-circuit current density of 17.76 mA/cm™. Also, the
dye absorption spectrum shows that JY42 dye having terthiophene m-bridge
represents the highest amount of molar absorption coefficient and red-shift in
comparison with other dyes.

A series of metal-free dyes based on the reference dye of IC-2 for evaluating
the effect of the n-bridges was designed.*" The results show that S7 dye having the
5-(thiazol-5yl)thiazole m-bridge exhibits the lowest value of the energy gap due to
greater electron deficiency. Also, the absorption spectra of all studied dyes show a
greater red-shift than that of the reference dye (IC-2), in which S7 dye has the
highest maximum wavelength due to higher oscillating strength.

Naik et al investigated the photovoltaic properties of P1, P2, P3, and P4 dyes
with a D-it-A structure and different electron acceptors, such as cyanoacetic acid,
rhodanine-3-acetic acid, barbituric acid, and thiobarbituric acid.”” The LUMO
levels of these dyes are higher than that of TiO,, confirming that electrons in the

excited state can be transferred to the TiO, semiconductor. Also, the HOMO levels



of these dyes are lower than the redox potential of the electrolyte, which indicates
that there is enough energy to reproduce the dye. Based on the results, P1 has a
great incident photon to current conversion efficiency (IPCE) than other dyes.

As mentioned above, triphenylamine is one of the metal-free organic dyes
with strong electron-donating ability due to the m-bonds of the aromatic rings, as
well as the presence of a lone pair electron on the nitrogen atom.***”? Due to the
non-planar structure, this dye does not aggregate on the semiconductor surface,
showing good electron-hole transfer properties.[**% Triphenylamine has a good 7-
conjugated system that improves the photovoltaic properties, such as light-
harvesting efficiency (LHE), short-circuit current density (Jsc), and incident photon
to current conversion efficiency (IPCE).’Y Considering all the mentioned
properties of the triphenylamine-based dyes, they are widely used in the DSSCs.

In 2018, three organic dyes based on triphenylamine with mono-, di-, and
tri-cyanoacrylic acid as an anchor group and thiophene as the m-bridges were
analyzed by Wazzan et al.’] The study of the frontier molecular orbitals,
absorption spectrum, light-harvesting efficiency and Gibbs energy change of the
dye regeneration showed that the dyes having a lot of anchor groups exhibit proper
optical and electronic properties. Also, TPA3T2A and TPA3T2A dyes show an
acceptable intra-molecular charge transfer, longer charge transfer distance, and

greater dipole moment. Moreover, in 2019, triphenylamine-based dyes were



investigated to realize the effect of electron donors on the photovoltaic properties
of the DSSCs. The results show that an increase in the number of electron donor
groups improves the LHE, open-circuit voltage (Voc), short-circuit current density
(Jsc) and Gibbs energy change of the electron injection (AGiy)."?!

Herein, we theoretically investigate the photovoltaic properties of some
organic dyes based on triphenylamine having a D-n-A structure including TC201,
TC202, TC203, TC601, H-P, F-P, FF-P, T-F, and P1B dynamically and kinetically.
B+ Triphenylamine was used as an electron donor, cyanoacrylic acid and benzoic
acid as an electron acceptor and anthracene phenyl, anthracene vinyl phenyl,
anthracene ethynyl phenyl, ethynyl anthracene phenyl, styryl phenyl, styryl-2-
fluorophenyl, styryl-2,6-difluorophenyl, styryl furan, and styryl as the m-
conjugated system. Moreover, to have a better understanding of the designed solar
cells, the dye absorption spectra were simulated. LHE and IPCE as the functions of
the absorption wavelength, within the kinetics parameters of the excitation

processes and voltage-current behavior, were analyzed.

2 | COMPUTATIONAL DETAILS

Density functional theory (DFT) and time dependent-density functional
theory (TD-DFT) was used for calculation ground and excited states of
triphenylamine-based dyes, respectively."**! Also, NBO analysis was used to
describe and achieve the energy values of the frontier molecular orbitals at the
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MO06-2X/6-311++G(2d,2p) level of theory.!® Moreover, the Multiwfn program was

used to obtain the overlap indices and electron-hole separation in the DSSCs." All

calculations were carried out by using Gaussian 09 package.!*”!

The DSSC efficiency was calculated based on the open-circuit voltage,

short-circuit current density and fill factor (Equation (1)).1*!

Jy.Vyo.FF
P.
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where P;, is the input power of the solar cell. Open-circuit voltage is defined as the

voltage generated in the radiating photovoltaic device when no external charge is

connected that is expressed by Equation (2):1*!

K. T J
Voe = — <l | =€ 2
oc == In 2)

where Ky is the Boltzmann constant, T, is the temperature of the solar cell, q is

the unit charge and J, is the saturation current density evaluated by Equation (3):1!

_ 5 —E, .
Jo=2.95 x 10° exp (KBTcelI(, 3)

Short-circuit current density means current flowing through the photovoltaic
device when the device is irradiated and the electrodes are connected. Jsc 1S

calculated according to Equation (4):1

Joe = [ q.1PCE()()d 4)



where ®(A) is the incident photon flux at a given wavelength, and IPCE is an
incident photon-to-current conversion efficiency, which can be described by
Equation (5):1%"
IPCE = LHE (A).®j-Ncon (5)
where ®;, 1s the electron injection efficiency, M. 1s the charge collection
efficiency and LHE is the light-harvesting efficiency that can be estimated by
Equation (6):1*
LHE = 1-10" (6)

where f is the oscillating strength that is determined from the TD-DFT analysis,
directly. Fill factor is a parameter that exhibits the general behavior of a solar cell,
obtained from Equation (7):*”]

_oc—1In(oc—0.72)
FF= (oc+1) (7

where U, is defined as the normalized Voc calculated by Equation (8):”)

_qVoe
Joc “K.T (8)

The Gibbs energy of the electron injection from the excited states of the dye to the

semiconductor conduction band, (AGi,,).is evaluated according to Equation (9):!""!

AGinj = EOX(dye)* - Ecs (9)



where Eoxayey 15 the oxidation potential of dye in the excited state and Ecg 1s the
energy of the semiconductor conduction band (Ti0O,). The Gibbs energy of the dye
regeneration can be expressed by Equation (10):1""

AGrcg = EOX(dye) - Eredox(electrolyte) (10)
where Eoxaye and E..qx are the oxidation potential of the dye in the ground state
and redox potential of the electrolyte, respectively. Moreover, another important
parameter that can be obtained theoretically 1s the exciton binding energy, EBE,
which is evaluated by Equation (11):1"*

EBE =E gp.elec — Eo0 (11)

where E, is the vertical excitation energy and Eg, is the band gap energy of the
dye. In addition to examining the parameters related to the dynamics of charge
transfer in the solar cell, a kinetics study of the solar cell processes is important.
The rate constant of the electron injection in the dye/TiO, interface (ki) is
calculated by Equation (12):"*

DO.S
h(E, K T

Kinj = s Vel exp [—64¢] (12)

where 71 is the reduced Planck constant, and Vyp is the coupling constant between

the dye and TiO, surface determined by Equation (13):1"

E —E ., -
|VRP|: HOMO ; CB,TiO2 (13)
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Upon illumination, the electrons in the dye molecules are excited from the
HOMO to the LUMO levels, creating a hole in the HOMO level. Thus, an
electron-hole pair, exciton, is formed by a strong Coulomb interaction between this
pair. The material-dependent constant, a, showing the ratio of the Coulomb and
exchange interactions between the electron and hole can be described by Equation
(14):17]

(—1)70,e'k?
pBE= L ohel (14)

where ¢ is the dielectric constant of the donor component, /i is the reduced
Planck’s constant, g, is the vacuum permittivity, i, is the reduced mass of the
exciton, e is the electronic charge and k = (4ne,) ' =9 x 10° N m* C™2.

The rate of photon absorption, R.%, is evaluated according to Equation (15):

[76]

s_ 4k e*(Erumo—Enomo)’ ay

a 3 CSDI.S h4

(15)

In this equation, ¢ is the speed of light and a, is the radius of Bohr’s exciton, which

is expressed by Equation (16):1""

d, (16)

where p 1s the reduced mass of the electron in a hydrogen atom and a, is the Bohr

radius. The exciton dissociation rate, Ry, can be obtained from Equation (17):!"
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L [ELmo—Ecs—Es]” (hwg) Wy ay’ (17)
B

where wy 1s the frequency of the incident phonon to the dyes.

Quantum reactivity indices include electronic chemical hardness (m.),
electronic chemical potential (u), and global electrophilicity (w). Chemical
hardness is a useful parameter for understanding the chemical behavior of the dyes,
which is assumed as the resistance to charge transfer obtained by Equation (18):1"!

Ne = ELumo — Exomo (13)
The electronic chemical potential indicates the tendency for electrons to escape
into a molecular system, which is determined Equation (19):*"

— EHOMO+ELUMO (19)

" 2

The global electrophilicity index, w, is calculated through Equation (20):"

DZ
©=55 (20)

To have an insight into the solar cell photovoltaic processes, the analysis of
charge transfer characteristics is necessary. One important parameter for describing
the charge transfer is Dcr, which is defined as the distance between two
82]

barycenters (r* and ") obtained from Equation (21):!

D =i (21)
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Another charge transfer parameter is the overlap of the e-h distributions (S),

which is determined by Equation (22):®

\/C—i)(r)/A,hdri,[’ St:f\/cﬂl(r)/Awé’(’ (22)

where A is the normalization factor and C* (r) and C (r) are equal to p* (r) and p-
(r) integrals. Another charge transfer parameter is the scale of e-h separation (t),
which is given by Equation (23):*%

t=D.,—H (23)

where H represents the half of the sum of two centroid axis along the direction of

electron transfer.

3 | RESULTS AND DISCUSSION

3.1 | Structural and electronic properties of the dyes

The structures of nine metal-free organic dyes with the D-m-A design
consists of triphenylamine as an electron donor, cyanoacrylic acid and benzoic acid
as the electron acceptors and different m-conjugated system were optimized at the
MO06-2X/6-311++G (2d,2p) level of theory. These compounds include TC201 ((E)-
2 cyano-3-(4-(10-(4-(diphenylamino)phenyl)anthracene-9-yl)phenyl)acrylic acid),
TC 202 ((E)-2-cyano-3-(4-((E)-2-(10-(4-(diphenylamino)phenyl)anthracene-9-
yl)vinyl)phenyl)yl)vinyl)phenyl)acrylic acid), TC203 ((E)-2-cyano-3-(4-((10-(4-

(diphenyla mino)phenyl)anthracene-9-yl)etynyl)phenyl)acrylic acid, TC601 ((E)-2-
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cyano-3-(4-(10-((4-diphenylamino)phenyl)ethynyl)anthracene-9-yl)phenyl)acrylic

acid), H-P ((E)-3-(4-((E)-4-diphenylaminostyryl)phenyl)-2-cyanoacrylic acid), F-P

((E)-3-(4-((E)-4-diphenylaminostyryl)-2-fluorophenyl)-2-cyanoacrylic acid), FF-P

((E)-3-(4-((E)-4-diphenylaminostyryl)-2,6-difluorophenyl)-2-cyanoacrylic

acid),

T-F ((E)-2-cyano-3-(5-(E-4-(diphenylamino)styryl)furan-2-yl)acrylic acid), P1B

((E)-p-(p'-(diphenylamino)styryl)benzoic acid). The optimized structures of these

dyes and their relative electronic energies are represented in Figure 1.
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FIGURE 1 Optimized structures of the studied dyes within the electronic energies.
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NBO analysis was used to investigate the energy levels of HOMO, HOMO-

n and LUMO, LUMO-+n, electron transfer from the dye to TiO,, and dye

regeneration. According to Figure 2, the energy level of LUMO in all these

compounds is higher than the TiO, conduction band, which indicates that the

electron transfer from the dye to the semiconductor is optimal. Also, their HOMO

energy level is below the redox potential of the electrolyte (I7/I3), which indicates

that dye regeneration is effective.
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FIGURE 2 Energy diagram of the frontier molecular orbitals of the dyes, TiO, and electrolyte I
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The energies of the frontier molecular orbitals of the dyes, quantum
reactivity indices including electron chemical hardness (m.), electron chemical
potential (u) and global electrophilicity (w), Gibbs energy of the electron injection
from the dye to TiO, (AGi,j), Gibbs energy of dye regeneration (AG;.,) and electron-
driving force (eVoc) were calculated and shown in Table 1. According to Table 1,
negative values of AG;, indicate that the process of charge transfer from the dye in
the excited state to TiO, occurs spontaneously. Among these compounds, TC601
has the least value of the Gibbs energy showing that the process of electron
transfer occurs more properly. Moreover, the negative character of AG,, makes the

dye regeneration process favorable.
TABLE 1 HOMO and LUMO energy levels of the dyes, electronic chemical hardness (1.),
electronic chemical potential (u), global electrophilicity (®), Gibbs energy of the electron

injection (AGiy), Gibbs energy of the dye regeneration (AG,,) and electron-driving force

(eVoc).

-HOMO -LUMO e -u ® ~AGiy; ~AGireg eVoc
Dye

(eV) (eV) (eV) (eV)  (eV) (eV) (eV) (eV)
Tcizo 6.57 2.14 4.43 435  2.14 0.67 1.72 1.86
TC220 6.54 2.30 4.24 442 230 0.44 1.69 1.70
TC320 6.59 2.43 4.16 451 244 0.27 1.74 1.57
TC6O ¢ 60 2.16 4.44 438  2.16 1.43 1.75 1.84
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H-P 6.50 2.12 4.38 431 2.12 0.55 1.65 1.88

F-P 6.57 2.23 4.34 4.40 2.23 0.45 1.72 1.77
FF-P 6.59 2.14 4.45 4.36 2.14 0.52 1.74 1.86
T-F 6.41 2.16 4.25 4.28 2.16 0.39 1.56 1.84
P1B 6.41 1.37 5.04 3.89 1.50 1.01 1.56 2.63

Based on the data in Table 1, the values of the dyes electrophilicity, which
indicate the degree of dye tendency to absorb electrons are in contrast with the
eVoc values. This means that a decrease in electrophilicity increases the electron-
driving force to the semiconductor. The theoretical trends in w and eVoc of the
dyes are respectively according to:

PIB <H-P <TC201 <FF-P<T-F <TC601 <F-P<TC202 <TC203

TC203 <TC202 <F-P <TC601< T-F <FF-P <TC201 <H-P <PI1B,

The linear relationship between the eVoc and the electronic chemical
potential and electrophilicity characteristics of all dyes is shown in Figure 3. By
reducing the absolute value of the electronic chemical potential, the eVoc values of
the dyes increase, which elevates the electron tendency for escaping from the
molecular system and facilitates the electron transfer from the dye to the
semiconductor. Also, the reduction of electrophilicity reduces the tendency of

electron-accepting that increases the electron-driving force to the semiconductor.
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Also, based on Figure 4, the dihedral angles between the electron acceptor
group and the m-conjugated system in the TC201, TC202, TC203, TC601, HP, FP,
and P1B dyes, as well as the electron-donor group and the n-conjugated system in

the FF-P and T-F dyes approximately equal to 180°, which indicates that the A-nt

and D-rt parts of these dyes are planers, making the charge transfer desirable.
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FIGURE 4 Dihedral angles between different parts of the dye structures.

The electron density distribution of the frontier molecular orbitals in the

molecular structures of these dyes is shown in Figure 5. According to Figure 5, the

electron density of HOMO i1s mainly distributed over the electron danor moieties,

while LUMAQ is distributed over the electron acceptor parts. This property indicates
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a good overlap between the molecular orbitals and increases the intra-molecular

charge transfer from the electron donor to the acceptor.
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FIGURE 5 The distribution of the frontier molecular orbitals in triphenylamine-based dyes.
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To wunderstand the photovoltaic processes in the solar cells, more
comprehensively, charge transfer characteristics, such as the excited-state lifetime
of the dyes (t), polarization (a), charge transfer distance (Dcr) and the overlap of

the e-h distributions (S) were calculated and shown in Table 2.

TABLE 2 Excited-state lifetime of the dyes (t),
polarization (o), charge transfer distance (Dcr), and

overlap of the e-h distributions (S).

Dye 10t (s) o (au)  Decr(A) S
TC201 2.03 569.30 6.98 0.14
TC202 2.21 632.53 3.15 0.52
TC203 2.31 658.13 2.69 0.49
TC601 1.63 623.66  10.27 0.01

H-P 2.16 477.01 7.36 0.22

F-P 2.18 478.33 3.86 0.38

FF-P 2.11 462.23 3.17 0.40

T-F 2.35 437.80 7.63 0.14

PIB 1.92 393.12 3.69 0.36

According to Table 2, TC601 having the ethinyl anthracene phenyl as the -
conjugated system shows the highest charge transfer distance (Dcr) and the least
electron-hole distribution overlap (S) than other dyes, in which the presence of a

triple bond near the triphenylamine group increases the resonance effect of the -
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electrons that facilitates the charge transfer process. Moreover, TC203 represents
the highest polarization against the incident light due to the lower energy band gap
than other dyes. On the other hand, the relationship between the electronic
chemical hardness and polarization and excited-state lifetime is shown in Figure 6.
TC203 shows the lowest electronic chemical hardness, which facilitates the
polarization of the molecule against the light. Considering Table 2 and Figure 6, it
1s confirmed that T-F, TC203, and TC202 have the highest excited-state lifetime,
which can be attributed to the low chemical hardness of these dyes in comparison

with other compounds.
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FIGURE 6 The relationship between the electronic chemical hardness and Polarization (A), and

Excited-state lifetime (B).

3.2 | The kinetics and dynamics of charge transfer
Theoretical values of the exciton radius (ay), exciton binding energy (EBE),

the coupling constant of photosensitizers/T10,, (Vrp), charge transfer rate constant
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between the dye and TiO., (kiy), the rate of the exciton formation (R,) and the rate

of the exciton dissociation (Ry) are reported in Table 3.

TABLE 3 Exciton radius (ay), exciton binding energy (EBE), the coupling constant of
photosensitizers/TiO,, (Vrp), charge Transfer rate constant between the dye and TiO», (kiy), the rate

of the exciton formation (R,) and the rate of the exciton dissociation (Ry).

Dye a,(A)  EBE(eV) Vi (eV) ki () 10°R, (s7) 10" R, (s)
TC201  2.00 1.19 1.28 0.04 0.17 0.81
TC202  1.90 1.26 1.27 0.01 0.13 0.71
TC203  1.83 1.30 1.29 0.00 0.12 0.66
TC601  5.90 0.40 1.30 1.19 1.50 3.77

H-P 1.80 1.33 1.25 0.03 0.13 0.68

F-P 1.81 1.32 1.29 0.01 0.13 0.68

FF-P 1.78 1.34 1.29 0.01 0.14 0.69

T-F 1.65 1.44 1.21 0.02 0.10 0.57

P1B 1.47 1.62 1.21 0.84 0.14 0.59

According to Table 3, TC601 has the highest values of the exciton
formation/dissociation rate and the lowest EBE value. Also, linear correlations
between the rate of exciton formation and exciton binding energy, as well as the
rate of the exciton dissociation with the exciton binding energy and exciton are
depicted in Figure 7. Based on Figure 7A, a decrease in the EBE, increases the
tendency of e-separation from the hole that results in fast exciton formation. Also,

as shown in Figure 7B, the Ry values of the dyes are improved by the decrease in
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the exciton binding energy, which facilitates the exciton separation and charge
transfer. Moreover, in the cases of the dyes having a larger exciton radius, the less
energy is required to separate the electron-hole pair. Based on the results,
theoretically trend in the exciton radius is as follows:

P1B <T-F <FF-P <H-P <F-P <TC203 <TC202 <TC201 <TC601
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_ax [‘E_L:. :EE- {.{.‘I,._":]

FIGURE 7 The linear correlation R,/EBE (A), and R4/EBE and Ry/a, (B).
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According to Figure 8A, IPCE changes as a function of AGi,, which shows
that the Gibbs energy of the electron injection from the excited states of the dye to
the semiconductor directly affects the IPCE. Also, IPCE is highly dependent on the
kinj changes. TC601 has the highest values of the IPCE and ki,; due to the extended
n-conjugated system. Because the presence of the m-conjugated system increases
the resonance effect and also, light-harvesting ability and activity of the dye
molecules against incident photons. On the other hand, Figure 8B shows the
histograms of ki,; changes within AGi,, in which the rate constant of the charge
transfer decreases by a reduction in AG;,;. TC601 dye has the least energy barrier
against the charge transfer to the TiO, semiconductor that facilitates photovoltaic

processes on the TiO,/dye interfaces.
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FIGURE 8 A, The linear correlation of IPCE with AG;,; and ki,. B, The histograms of ki, and

AG;,; for the studied dyes.

The theoretical behavior of ki, as a function of Vgp 1s shown by a
polynomial function in Figure 9. According to the differential plot at the right side,
an increase in Vgp values increase the dependence of the rate constant of the

electron injection on the Vgp, showing a positive effect on kiy;.
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FIGURE 9 The theoretical correlation of ki,; and Vgp within their differential curve.

Theoretical behaviors of the IPCE and the rate of photon absorption/exciton
dissociation are depicted in Figure 10. Based on this figure, TC601 having the
ethinyl anthracene phenyl m-conjugated system shows the best photovoltaic
properties from the kinetic point of view in terms of the exciton
formation/dissociation rate compared to other dyes. The rate of exciton
formation/dissociation into free charges in TC601 occurs faster than other dyes,
which may be due to a higher electron transfer rate constant and also better
coupling constant between the dye and TiO,. The theoretically predicted trends in
the exciton formation/dissociation rate, respectively, are as follow:

T-F <TC203 <F-P <H-P <TC202 <P1B <FF-P <TC201 <TC601

and

T-F <PIB <TC203 <H-P <F-P <FF-P <TC202 <TC201 <TC601
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3.3 | The simulation of the dye absorption spectrum within LHE and IPCE

analyses
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Based on TD-DFT calculations, the oscillator strengths (f), vertical
excitation energy (Eo,), maximum wavelength (Au..), light-harvesting efficiency
(LHE), incident photon to current conversion efficiency (IPCE) and main

transitions of the dyes were calculated and represented in Table 4.

TABLE 4 Oscillator strength (f), vertical excitation energy (E0-0), maximum wavelength (Amax), main transition

.8, light-harvesting efficiency (LHE), and incident photon to current conversion efficiency (IPCE)

Major transition configuration and %

Dye £ Eoo(€V)  Ama (nm) ) LHE IPCE
transition

TC201 0.32 3.24 382.63 H-1—L 45.26 0.52 0.34
0.15 3.47 356.81 H-1— L+1 40.19 0.30 0.26

0.00 3.80 326.26 H-— L 40.19 0.01 0.01

0.01 4.00 310.61 H-2—» L+1 40.19 0.01 0.02

0.03 4.02 308.26 H— L 40.19 0.07 0.08

0.01 4.06 305.22 H-— L+4 40.20 0.03 0.04

TC202 0.84 2.98 415.93 H-1— L 39.96 0.85 0.37
0.00 3.53 351.41 H — L+1 44.12 0.01 0.01

0.00 3.61 343.35 H-— L 44.31 0.01 0.01

0.00 3.96 313.25 H-3— L+1 33.14 0.01 0.01

0.76 4.04 306.71 H-2—L 59.45 0.82 1.24

0.04 4.06 305.68 H— L+4 40.06 0.09 0.13

TC203 1.16 2.85 434.32 H— L 43.98 0.93 0.24

TABLE 4 (continued)
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Major transition configuration and %

Dye f Eoo(€V) A (n) - LHE IPCE
transition

0.00 3.42 362.09 H-1— L 44.07 0.01 0.01

0.04 3.58 346.54 H-1— L+1 41.90 0.08 0.08

0.00 3.92 316.09 H-3—> L+1 28.84 0.01 0.01

0.01 4.07 304.58 H — L+3 43.45 0.03 0.04

0.27 4.11 301.51 H— L+1 29.96 0.44 0.68

TC601 0.53 3.20 387.73 H-1-— L 50.98 0.70 0.42
0.07 3.42 362.88 H-1—> L+1 51.16 0.14 0.12

0.00 3.65 339.84 H — L+1 58.07 0.00 0.01

0.00 3.97 312.58 H— L 72.44 0.01 0.00

0.76 4.03 307.32 H— L+4 91.03 0.82 1.18

0.02 4.08 303.84 H— L+5 56.04 0.05 0.08

H-P 1.56 3.05 406.72 H— L 81.59 0.97 0.53
0.02 4.01 308.96 H-— L+2 32.93 0.05 0.08

0.12 4.08 303.58 H-1— L 55.66 0.24 0.39

0.26 4.26 290.79 H-— L+1 47.14 0.44 0.78

0.18 4.34 285.82 H— L+5 54.35 0.34 0.62

0.02 4.51 275.13 H-7— L 54.76 0.05 0.10

F-P 1.54 3.02 410.06 H— L 81.74 0.97 0.43
0.06 4.01 308.86 H— L+1 25.15 0.13 0.18

0.12 4.06 304.94 H-1—» L 42.48 0.24 0.36

TABLE 4 (continued)

Dye f Eoo (eV) Amax (NM) Major transition configuration and % LHE IPCE

31



transition
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FIGURE 11 The simulated absorption spectra TC201, TC202, TC203 and TC601 dyes (A), H-
P, F-P, FF-P, T-F and P1B (B).

According to the simulated absorption spectra in Figure 11 and data in Table
4, H-P and F-P have the highest molar absorption coefficient, which is due to the

higher oscillator strength of electrons between their molecular orbitals that

increases the probability of electron transfer from a lower level to a higher
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electronic level. Also based on Figure 2, the energy levels of the molecular orbitals
including H-3, H-2, H-1, H, L+3, L+2, L+1, and L indicate that for each compound
H-3 and H-2 levels almost degenerated, while they are apart from the H-1 and H
levels. Analogously, two contiguous energy levels of the L+3 and L+2 are also
degenerated, while separated from L+1 and L level. Moreover, TC202, TC203, F-
P, and T-F show a red-shift in comparison with other dyes, due to their smaller
energy gap that decreases the energy of electron excitation, shifting the wavelength
to higher values.

The results of the simulation of the IPCE and LHE behavior as the function
of wavelength are shown in Fig. 12. Based on this figure, the IPCE values of the
dyes do not follow the same in trend comparison with LHE. This means that the
dyes having a high ability of light capture do not show a high ability to convert
light into electricity, and vice versa. Also, the maximum values of IPCE and LHE
are in the UV region, according to Figure 12.

The absorption spectrum behavior of these compounds does not match with
the IPCE efficiency as a function of wavelength, but the trend of absorption spectra
shift in these compounds is almost in agreement with the shift of LHE behavior of
the dyes based on the absorption wavelengths. According to Figure 12B, H-P and
F-P dyes have the highest LHE, which can be attributed to the high oscillator

strength of these two compounds compared to other dye molecules.
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FIGURE 12 The theoretical behaviors of the light harvesting efficiency (LHE) (A), and Incident
photon to current conversion efficiency (IPCE) as the functions of the maximum absorption
wavelength (B).

The histograms of the electric dipole moment with the oscillator strengths

are shown in Figure 13. The dyes having a high electric dipole moment represent a
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higher oscillator strength that increases the possibility of electron transfer between

the molecular orbitals, yielding a higher light-conversion efficiency.

25
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1N

H-P F-P FF-PTC203PI1B T-F TC202 TC601 TC201

FIGURE 13 The histograms of 1y and f for the studied dyes.

3.4 | The theoretical behavior of the voltage-current

The theoretical values of the photovoltaic parameters of the studied dyes,

such as open-circuit voltage (Voc), short circuit current density (Jsc), fill factor

(FF) and solar cell efficiency (no) were calculated and reported in Table 5.
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TABLE 5 Open circuit voltage (Voc), short circuit

current density (Jsc), fill factor (FF), and solar cell

efficiency (o).

Dye  Voc (V) Jsc (mA/cm?) FF Mo (%)
TC201 3.99 10.78 0.96 0.41
TC202 3.81 12.59 0.95 0.46
TC203 3.71 8.66 0.95 0.31
TC601 4.02 29.31 0.96 1.13

H-P 3.95 17.43 0.96 0.66

F-P 3.91 14.45 0.96 0.54

FF-P 4.02 16.10 0.96 0.62

T-F 3.82 12.39 0.95 0.45

P1B 4.63 27.72 0.96 1.24

According to Table 5, P1B having the benzoic acid as the electron acceptor
in comparison with the dyes having cyanoacrylic acid as the electron acceptor
shows the highest values of open-circuit voltage, fill factor and efficiency. These
properties show the greater ability of the electron-withdrawing by benzoic acid
compared to the cyanoacrylic acid. On the other hand, TC601 shows the highest
amount of short circuit current density due to the higher mt-resonance effect. Based
on the data in Table 5, the voltage-current curve of the studied dyes is shown in
Figure 14. According to this figure, the highest values of the open-circuit voltage

and short circuit current density are related to P1B and TC601 dyes, respectively.
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FIGURE 14 The simulated curve of the voltage-current dyes based on triphenylamine.

Also, the linear correlations of Voc and FF as a function of the quantum
reactivity indices including electronic chemical potential (u) and global
electrophilicity (w) are depicted in Figure 15. By reducing the electrophilicity, the
tendency of electron absorption decreases that improves the values of the open-
circuit voltage and fill factor. Also, a decrease in the absolute value of the
electronic chemical potential, the open-circuit voltage and fill factor are improved.
Among all the studied dyes, P1B having the benzoic acid as the electron acceptor
shows the most favorable photovoltaic properties in terms of open-circuit voltage

and fill factor.
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Also, the relationship between the final efficiency of the solar cells and the
short circuit current density with IPCE is shown in Figure 16. Based on this figure,
the dyes having a high ability of IPCE show greater efficiency and higher values of

short circuit current density.
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4 | Conclusions

In this research, a theoretical study was performed on a series of metal-free
organic dyes containing a triphenylamine moiety as the electron donor,
cyanoacrylic acid and benzoic acid moiety as the electron acceptors and different
n-conjugated systems. These dyes were analyzed to evaluate their feasibility of
using as the sensitizers in the DSSCs. On the basis of the obtained results, a linear
correlation between the incident photon to current conversion efficiency (IPCE)
and ki,/AGi, of the dyes has been obtained. Also, some correlations between the
quantum reactivity indices and photovoltaic parameters were obtained and
discussed. Based on the charge transfer indices at the dye/Ti0, interface, TC601
dye represents the larger charge transfer distance and small overlap of the electron-
hole distribution than other dyes. Also, this dye has the highest values of photon
absorption rate (R,), exciton dissociation rate (Ry), and the lowest value of the
exciton binding energy (EBE). Moreover, the absorption spectrum of the dyes and
the behaviors of the IPCE and LHE as the functions of the wavelength was
examined, showing that H-P and F-P dyes have the higher molar absorption
coefficients and LHE in comparison with other dyes. Also, TC202, TC203, F-P,
and T-F dyes show a red-shift. Finally, TC601 is the best candidate among the nine

studied compounds due to lower electron transfer Gibbs energy, better kinetic
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behavior and charge transfer properties, higher short-circuit current density and
energy conversion efficiency.
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