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ABSTRACT

The performance of perovskite solar cells (PSCs) controlling the hole mobility is the
fundamental importance. The development of novel hole transport materials (HTMs) with good stability,
low cost and high hole mobility for PSCs has attracted much attention for researchers. In this work, new
isoindigo-based HTMs substituted with two triphenylamine (TPA) with the donor-acceptor-donor (D-A-
D) architecture, were designed computationally. The effect of Tl-extension influence on the charge
transfer process was investigated by insertingof two vinyl groups between acceptor and donor parts (D-
TC-A-TT-D). The correlation between electronic structure and hole transport properties of the designed
HTMs was determined by tuning the connection between donor and acceptor. The ground state of the
HTMs was fully optimized by DFT method at BSLYP/6-31G(d,p), and the excited state, absorption and
emission properties of the HTMs were carried out by using the TD-DFT at cam-B3LYP/6-31G(d,p) in
dichloromethane solvent based on the conductor-like polarizable continuum model (C-PCM). The
calculated HOMO, LUMO and band gap values of the HTMs showed higher values than that of MAPbI;
(perovskite). Hence, the charge distribution in HOMO and LUMO of our designed structures could
qualitatively predicted the carrier injection and transportation in the PSCs. The adsorption spectra were
broader, indicating that the proposed HTMs absorbed a large amount of visible light, which might impact
the electron delocalization. This designed HTMs would have the potential for synthesis of new HTMs.
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Introduction

Several global problems such as the lack of fossil fuels and increment of environmental pollution
have led to several researches on clean and green alternative energy sources. The conversion of sunlight
into electricity is one of the most promising renewable energy options for meeting future demand [1,
2]. Perovskite solar cells (PSCs) have attracted considerable interest among researchers in various
photovoltaic technologies due to their many advantages such as low production costs, simple
manufacturing process, and outstanding power conversion efficiencies (PCEs) [3, 4]. Generally, the
structures of perovskite solar cell device consist of a perovskite absorber, an electron transporting
material (ETM), a hole transport material (HTM), and a metallic counter electrode [5]. In such devices,
HTM is one of the most crucial components for improving the PSCs performances [4, 6]. The HTM
material should have qualifications such as: (1) high hole mobility, (2) appropriate energies of highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for effective hole
injection and electron transport blocking, (3) high molecular stability, and (4) low synthetic costs [7-9].
Nowadays, 2,2'.7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9 -spirobifluorene (spiro-OMeTAD) as
the most popular HTM is applied in PSC devices [10, 11]. However, the high synthesis costs and low
hole mobility of Spiro-OMeTAD limit its large-scale application [12]. Therefore, the development of
new HTMs with high stability, low synthesis costs, and high hole mobility, is important to improve the
performance of PSCs.

Isoindigo, a symmetrical molecule composed of two indolin-2-one units, has been widely studied
in solar-cell technologies [13, 14]. For example, Vatanparast et al. designed and investigated novel
isoindigo based donor-acceptor-donor (D-A-D) type HTMs for the PSCs, the results showed that the
designed HTMs exhibited high hole mobility, and acceptable solubility and stability, which can be used
as potential HTMs for the PSCs [15]. However, the isoindigo based D-A-D type HTMs has been rarely
reported for application in PSCs. Moreover, the effects of donor groups on the properties of isoindigo
based D-A-D type HTMs are rarely investigated. Thus, it is significant to select appropriate donor groups
for the design of HTMs.

Triphenylamine is an important electron donor group that has been widely used to design HTMs.
The HTMs based on triphenylamine are excellent hole transport materials due to their high hole mobility,
good solubility in organic solvents, high thermal stability and low ionization potential [1, 16, 17]. Hence,
the main purpose of this work is to design new isoindigo-based HTMs with the D-A-D system and
investigate the properties to examine suitability for use as HTMs in PSC devices. In the designed HTMs,
isoindigo is selected as the core acceptors and triphenylamine acts as the donor. Computational theory
using density functional theory (DFT) and time-dependent density functional theory (TD-DFT) has been
used to investigate the geometrical, electronic, optical properties, solubility and stability of the designed
HTMs. In addition, the effects of Tl-extension on the properties of designed HTMs were examined by
symmetrical insertion of two vinyl groups between isoindigo core acceptor and triphenylamine units (D-
TT-A-TT-D). From previous studied it confirmed that the substituents with the electron-donating group

could improve the HOMO energy level of the molecules [15, 18, 19]. Therefore, the effect of difference
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substitution groups at the para position of triphenylamine ring have been considered as the key properties

for HTMs. The chemical structures of new isoindigo-based HTMs are shown in Figure 1.
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Figure 1 Chemical structures of the designed HTMs with X = N(Me),, NHMe, OMe, and OH
substituents in the D-A-D and D-TT-A-TT-D systems.

Materials and Methods

All the calculations in this work were performed by the Gaussian 09 program package [20].
The energy levels and the frontier orbital distributions of designed HTMs were calculated using DFT
method at BBLYP/6-31G(d,p) level [21, 22] with solvation effects in dichloromethane solution based
on the conductor-like polarized continuum model (C-PCM) [23]. In order to investigate the optical
properties of designed HTMs, the absorption and emission spectra were calculated using TD-DFT at
cam-B3LYP/6-31G(d,p) level [24-26] in dichloromethane solution.
The adiabatic ionization potential (IP) and adiabatic electron affinity (EA) can be calculated
from two following equations [9, 15]:
IP (E.) - (Ep) (1)
EA (Eo) - (E)) ()

where E,, E;, and E_ illustrate the ground state energy values of the optimized cationic, neutral, and

anionic states, respectively. All molecular structures were optimized using DFT method at BSLYP/6-
31G(d,p) level. All molecular orbitals were analyzed and visualized by using Visual Molecular Dynamics
(VMD) [27] and Gauss View 6 programs [20].
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Results and Discussion
Electronic structures

In order to investigate the electronic properties of designed HTMs, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) were studied. More
accurate prediction of HOMO energy level is essential to develop efficient HTMs [1]. However, the
HOMO level gained from DFT calculations at B3LYP/6-31G(d,p) method is overestimated. Recently,
Chi et al. has shown that the fitting HOMO levels (HOMOy,,) achieved from DFT calculations
(HOMO,,) and the experimental HOMO level (HOMO,,,) of the 30 reference molecules showed that
the linear equation and correlation coefficient (R = 0.941) was suitable to extrapolated to the HOMO,,,
as shown in equation 3 [28].

HOMOy,, = (1.107 x HOMO,,) - 0.118 (3)
The HOMOy,, and HOMO,,; of the designed HTMs are reported in Table 1, showing that the

calculations overestimate the HOMO levels.

Table 1 The fitting HOMO levels (eV) of the designed HTMs.

System X HOMO,, HOM Oy Difference
OH -4.77 -5.39 0.63
OMe -4.75 -5.38 0.63
D-A-D
NHMe -4.48 -5.08 0.60
N(Me), -4.42 -5.02 0.59
OH -4.67 -5.27 0.61
OMe -4.66 -5.28 0.63
D-TT-A-TT-D
NHMe -4.43 -5.03 0.59
N(Me), -4.39 -4.97 0.59

Therefore, the fitting HOMO levels of designed HTMs in this work were calculated using this

empirical equation, and the results are shown in Figure 2.
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Figure 2 The energy levels diagram of the designed HTMs in (A) D-A-D and (B) D-TT-A-TT-D systems.
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As a suitable HTM material in PSCs, the HOMO energy of the HTM should be higher than the
valence band of the perovskite material (such as MAPbI;, -5.43 eV) [15]. As shown in Figure 2, the
HOMO energies of molecules with X = N(Me),, NHMe, OMe, and OH substituents in the D-A-D and
D-TU-A-TU-D structure are located above the valence band of the MAPbI;, which demonstrated that the
hole can be effectively injected from the perovskite to the HTMs. For the LUMO energy, the LUMO
energy levels should be higher than the conduction band of perovskite (such as MAPbI;, -3.93 eV) to
block the electron in perovskite back to electrodes [15]. The LUMO levels of designed HTMs in this
work were calculated by equation 4.

LUMO = HOMOyy,, + AEHOMO-LUMO (4)
where AEyomoLumo is the energy gap, which is calculated by DFT approaches. As displayed in Figure
2, the LUMO energy levels of molecules with X = N(Me),, NHMe, OMe, and OH substituents in the
D-A-D and D-TT-A-TU-D structure are in the range between -2.86 to -2.75 eV. Comparing the LUMO
energy of all designed HTMs with the conduction band of MAPbI;, the LUMO energy levels of designed
HTMs are higher than the conduction band of MAPbI;. Thus, the backflow of electrons in perovskite to
the electrode can be effectively blocked.

However, the charge mobility of the molecule depends upon the planarity and rigidity, such as
bond lengths and torsion angles. Since all the designed structure was almost planar, particularly in the
D-TT-A-TT-D system, adding the TU-linker results in a planar and rigid molecular structure as can be

clearly explained in Figure 3 and 4.
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Figure 3 Structural properties of the designed HTMs in D-A-D systems. Bond lengths (black) are in A

and torsion angle (blue) are in degree.
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Figure 4 Structural properties of the designed HTMs in D-TT-A-TI-D systems. Bond lengths (black) are

in A and torsion angle (blue) are in degree.

This planarity could affect the electronic density and promote the charge transfer. Furthermore,
both the D-A-D and D-TT-A-TT-D systems has no significantly difference in their bond lengths for all
substituent. While the torsion angle at the triphenylamine moiety was slightly change due to the

difference in the substituent groups which could affect the optical and electronic properties.
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Furthermore, the energy and distribution pattern of the frontier molecular orbitals (FMOs) plays
an important role in charge transport. As display in Figure 5, the HOMOs of designed HTMs are
generally delocalized throughout the whole molecule, while the LUMOs are mainly located on the
isoindigo unit. The more delocalized distribution of the HOMOs can enhance the charge transfer
efficiency. Thus, these designed isoindigo based HTMs would have the potential to be used as hole-

transporting materials in PSCs.
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Figure 5 The frontier molecule orbitals of the designed HTMs in (A) D-A-D and (B) D-Tt-A-Tt-D

systems.

Optical properties

To characterize the optical properties, the absorption and emission spectra of designed HTMs
in dichloromethane solvent were calculated using TD-DFT at cam-B3LYP/6-31G(d,p) level. The
simulated absorption spectra of designed HTMs are displayed in Figure 6, and the optical parameters
including the wavelength of maximum absorbance ()\abs), maximum emission (}\em), and Stokes shift are

presented in Table 2.
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Figure 6 Absorption spectra of the designed HTMs in D-A-D and D-TT-A-TU-D systems.

Table 2 The maximum absorbance wavelength (}\Hbs), the absorption oscillator strength (f), the maximum
emission wavelength (}\m), and Stokes shift of the designed HTMs.
Stokes shift

System X A, (nm) f A... (nm)
(nm)
OH 518.05 1.2886 707.22 189.17
B OMe 517.49 1.2950 706.93 189.44
NHMe 531.34 1.4363 720.42 189.08
N(Me), 533.96 1.4692 723.72 198.76
OH 566.18 1.9941 753.84 187.66
OMe 566.76 2.0170 752.63 185.87
D-Tt-A-TT-D
NHMe 581.04 2.1522 765.44 184.40
N(Me), 583.32 2.1879 767.87 184.55

According to these results, the maximum absorption ()\abs) of D-A-D typed HTMs is in the range
between 517 and 534 nm. However, increasing the Tt-conjugation of D-TT-A-TT-D system leads to more
red shifts by 48 - 50 nm in the absorption spectra compared with that of D-A-D system. The results
illustrate that the designed isoindigo based HTMs in D-A-D and D-TU-A-TU-D system can absorb a
significant amount of visible light, and hence, they can be considered as HTMs for the PSCs. The Stokes
shift can be determined from the difference of maximum absorbance (Aabs) and maximum emission
(A..). As listed in Table 2, the Stokes shifts of the designed HTMs are in the range between 184 and
199 nm. The D-TT-A-TT-D system display the larger Stokes shifts than the D-A-D system. This large
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Stokes shift values for designed HTMs is consequence of a large geometric structure changes from

ground-state to excited-state level, which can be helpful for the pore-filling of the designed HTMs.

Solubility and stability

Besides the electronic and optical properties of the designed HTMs, the solubility and stability
of the designed HTMs are also evaluated. The solubility of HTMs in organic solvents can be estimated
by calculation of solvation free energy (AG,,), using equation (5), which is defined by the following
relationship [15]:

AG,y = Gy - G (5)
where G, and G,, represent the free energies of the designed HTMs in solvent and gas phases,
respectively. The calculated solvation free energies of all designed HTMs are displayed in Table 3. The
values of the solvation free energies in all molecules are negative, indicating that the solvation is a
spontaneous process. Moreover, the solvation free energies of designed HTMs in D-TI-A-TU-D structure
are more negative than that of D-A-D structure, leading to the better solubility in dichloromethane
solvent. It indicated that the insertion of a vinyl bond between the donor and isoindigo-core acceptor
increases the solubility for the HTMs.

The stability of photo-oxidation of HTMs can be investigated from which molecule can give
the higher ionization potential (IP) value. As reported in Table 3, the IP values of the designed HTMs
are in the range between 4.73 and 5.35 eV. The IP values decrease with increasing the electron-donating
characteristic of the side chains on triphenylamine moiety. Moreover, the substitution with OH and OMe
groups illustrated the higher IP values which revealed as the most stable HTMs against photo-induced
oxidation. For the electron affinity (EA), the lower values indicate that the HTMs can block electron
injection from PSCs [7] in the opposite case, high EA values characteristic of semiconductor materials
[29]. All the designed HTM showed values of derivatives of NHMe and N(Me),, which presented the
lower values. Thus, the NHMe and N(Me), groups can increase the electron-blocking ability, which has
the same conclusions as the energy levels analysis.

In order to investigate the molecular stability of the designed HTMs, the absolute hardness (1])
is calculated from the relationship between the IP and the EA as shown in equation 6, and the results
are listed in Table 3. The absolute hardness of designed HTMs is defined by the following formula [17,
28]:

N = (IP - EA)/2 (6)

The larger absolute hardness values indicate a high stability of the material. As presented in
Table 3, the absolute hardness values of designed HTMs in D-A-D structure are higher than that of D-
TT-A-TU-D structure, indicating that the stability of the D-A-D typed HTMs is better than that of the D-
TT-A-TT-D typed HTMs. Moreover, the stability of the designed HTMs decreases with increasing the
electron-donating characteristic of the side chains on triphenylamine moiety. Among them, the

substitution with OH group is the most stable compound.
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Table 3 Solvation free energy (AG,,), adiabatic ionization potential (IP), adiabatic electron affinity
(EA), and absolute hardness (1)) of the designed HTMs.
D-A-D systems D-TT-A-TU-D systems

Parameters

OH OMe NHMe N(Me), OH OMe NHMe N(Me),
AC}sol -

-14.16 -17.23 -14.80 -20.21 -15.65 -18.74 -16.31

(kcal/mol) 18.62
IP (eV) 5.3 5.28 4.86 4.79 5.19 5.13 4.80 4.83
EA (eV) 1.62 1.59 145 1.44 1.75 1.72 1.59 1.58
N (eV) 1.87 1.84 1.71 1.67 1.72 1.70 1.60 1.58

Additionally, the electrostatic surface potential (ESP) has been used to estimate the molecular
stability of designed HTMs [28]. The calculated ESPs maps for all designed HTMs are shown in Figure
7. The regions of negative charge and positive charge are shown in red and blue colors, respectively.
The ESP maps show that the negative charges are mostly distributed on the center of isoindigo rings,
while the positive charges are mainly positioned on triphenylamine moiety. The potential of negative
regions on the isoindigo core are enlarged and reinforced by increasing the electron donating character
of the side chains on the triphenylamine moiety, which render the oxidation easy and reduces the
molecular stability. These results corresponded to the calculation data obtained from the absolute

hardness.
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Figure 7 Electrostatic surface potentials of the designed HTMs in (A) D-A-D and (B) D-TT-A-TT-D

systems.

Conclusions

In this work, novel hole transport material (HTM) with the donor-acceptor-donor (D-A-D and
D-TT-A-TT-D) configuration are designed based on isoindigo as the core acceptors and triphenylamine
acts as the donor. The electronic structures and optical properties of the designed HTMs were investigated
using density functional theory (DFT) and time-dependent density functional theory (TD-DFT) methods.
Our results showed that the HOMO energy levels of all molecules in the D-A-D and D-TT-A-TT-D
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structure were higher than the valence band of the MAPbI; perovskite, which indicated that the hole can
be effectively injected from the perovskite to the HTMs. The LUMO energy levels of all molecules
were located above the conduction band of MAPbI; perovskite, which indicated that the backflow of
electrons in perovskite to the electrode can be effectively blocked. The solubility of the designed HTMs
showed negative energy values which indicated that the solvation was a spontaneous process. Thus, our
investigation discovers that the introduction of the vinyl group will strengthen the solubility of the
HTMs. The stability of photo-oxidation of HTMs because of higher ionization potential (IP) value,
indicated that the addition of OH and NHMe groups revealed the most stable. Adding a replacement
NHMe and N(Me), groups can increase the electron-blocking ability, which has the same conclusions
as the energy levels analysis. The stability of the absolute hardness (1]) and electrostatic surface potential
(ESP) calculations revealed that the stability of the HTMs decreased with an increase in the electron-
donating character of the side chains on the triphenylamine moiety, which renders the oxidation easy
and reduces the molecular stability and corresponding to the calculation data obtained from the absolute
hardness. The development of isoindigo based HTMs might be beneficial for the synthesis of novel

HTMs, according to the findings of this computational study.
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