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ron-rich arylamine derivatives in
thiophene-fused derivatives as p bridge-based hole
transporting materials for perovskite solar cells†

Xiaorui Liu * and Xing Liu

Based on the observations of thienothiophene derivatives as p-bridged small molecule hole transporting

materials (HTMs), adjusting their electron-rich arylamine derivatives is an effective approach to obtain the

alternative HTMs for perovskite solar cells (PSCs). In this work, starting from a new electron-rich

arylamine derivative and different p-bridged units of thienothiophene derivatives, a series of arylamine

derivative-based HTMs were designed, and their properties were investigated using density functional

theory combined with the Marcus charge transfer theory. Compared with the parental Z26 material, the

designed H01–H04 exhibit appropriate frontier molecular orbitals, good optical properties, better

solubility, good stability and higher hole mobilities. H01–H04 materials with high hole mobility (�� 10�2)

can serve as promising HTMs for improving the efficiency of PSCs. The results confirm that the design

strategy of adjusting the electron-rich arylamine derivatives in thienothiophene derivatives as p-bridged

HTMs is a reliable approach to obtain the promising HTMs for PSC applications.
1. Introduction

Organic–inorganic hybrid perovskite materials (e.g., CH3NH3-
PbX3, X ¼ Cl, Br and I) as light absorbers have excellent opto-
electronic properties such as broad optical absorption, tunable
band gaps, long charge-diffusion length and ambipolar charge
transporting behaviour.1–3 Up to now, the power conversion
efficiency (PCE) of perovskite solar cells (PSCs) on the basis of
a uorene-terminated HTM has exceeded 23%.4 In general, the
PSC device architecture of indium tin oxide (ITO)/electron-
transporting layer (ETL)/perovskite (CH3NH3PbI3)/hole-
transporting layer (HTL)/Au is the most commonly used.5–7 As
has been demonstrated, HTMs as the HTLs play a key role in
hole extraction and transportation to Au electrodes for
conventional devices.5 It is reported that the organic HTMs have
been considered one of the most important factors restricting
the device stability.8,9 In general, spiro-OMeTAD is used as
a standard HTM to be widely used in traditional PSCs. Owing to
the poor conductivity (9.1 � 10�7 S cm�1) of spiro-OMeTAD
itself, lithium bis-triuoromethanesulfonyl imide (LiTFSI) and
tert-butylpyridine (TBP) must be added to improve the
conductivity.9,10 However, the dopants LiTFSI and TBP in HTL
are the main factors that lead to the degradation of perovskites
as LiTFSI tends to absorb water.9,10 To overcome the
-Time Analytical Chemistry (Southwest
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shortcomings of doped spiro-OMeTAD, the development of
alternative HTMs with high hole transporting ability and good
stability is important.

At present, diphenylamine derivatives [e.g., bis(4-
methoxyphenyl)amine] and triphenylamine derivative [e.g., 4-
methoxy-N-(4-methoxyphenyl)-N-phenylbenzenamine] are
widely used as electron-rich units in the construction of HTMs,
such as FDT,11 Z26,12 H101,13 X59,14 TQ2 (ref. 15) and
TTH101.5,16–18 In the aforementioned HTMs, adjusting the
electron-decient p-bridged units of diphenylamine or triphe-
nylamine derivative-based HTMs is the usual method to
improve their performance. For example, Sun and co-
workers19,20 reported a class of star HTMs that were theoretically
designed via adjusting the electron-decient cores in order to
obtain efficient HTMs with appropriate energy levels and high
hole mobility for PSC applications. In fact, electron rich aryl-
amine derivatives are also important parts that affect the
properties of HTMs. For example, Jang and co-workers21 re-
ported two HTMs (pDPA-DBTP and pTPA-DBTP), which con-
tained the electron-decient di(1-benzothieno)[3,2-b:20,30-d]
pyrrole (DBTP) as the p-bridged units and electron-rich units of
the diphenylamine derivative and triphenylamine derivative.
The PCEs of PSCs based on HTMs of pDPA-DBTP and pTPA-
DBTP are 14.10% and 15.63%, respectively.21 Moreover, based
on the investigations via density-functional theory (DFT) and
Marcus theory, Li and co-workers22–24 reported that the intro-
duction of a highly symmetrical core to diphenylamine- or
triphenylamine-derivative-based HTMs resulted in some
organic HTMs with suitable energy levels and improved hole
mobility. Therefore, modifying the electron rich arylamine
RSC Adv., 2019, 9, 24733–24741 | 24733
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derivatives of HTMs may be a reliable approach to obtain
promising HTMs in PSC applications.

Herein, on the basis of the potential compounds such as
thiophene, thienothiophene, dithienothiophene and terthie-
nothiophene as electron-decient p-bridged units, a strategy
was devised to introduce the new electron-rich arylamine [N,N-
bis(4-methoxyphenyl)naphthalen-2-amine] derivatives to
construct HTMs (see H01–H04 in Fig. 1) in order to provide
theoretical models and obtain the alternative HTMs. These
electron-decient p-bridged units with good photoelectronic
properties have been proved in previous works.24–26 Moreover,
Z26 materials in Fig. S1† reported by Grätzel and co-workers
were chosen as a reference.12 Z26 as a HTM in PSC applica-
tions exhibits good performance such as a hole mobility of 1.34
� 10�4 cm2 V�1 s�1 and PCE of 20.1%.12 Thereupon, the prop-
erties of these designed HTMs, such as their geometric struc-
tures, frontier molecular orbitals and reorganization energies
were investigated by DFT. The optical properties of absorption
and emission were calculated using time-dependent DFT (TD-
DFT). The electron coupling and hole mobility were predicted
on the basis of the rst-principle calculations combined with
Marcus theory.
2. Computational details
2.1 Geometry optimization and electronic properties

Investigated systems are shown in Fig. 1 and S1.† Geometric
structures and electronic properties of the investigated systems
were fully optimized using B3P86 at 6-311G(d,p) and BMK/6-
31G(d) in a gaseous phase or tetrahydrofuran solution.27 The
energies of all of the obtained geometries are ensured to be the
lowest as the optimized structures do not exhibit imaginary
frequency. In fact, frontier orbital energies of an organic
molecule are very sensitive to the functionals and basis sets. For
the arylamine derivative-based HTMs (Z26), HOMO energy was
calculated using the methods of B3LYP, B3P86 and PBE0 at 6-
311G(d,p) levels. The calculated results indicate that the
calculated HOMO energy (�5.05 eV) of Z26 with B3P86/6-
311G(d,p) functional and basis set is close to its experimental
result (�5.16 eV (ref. 12)). The HOMO energies of Z26 from the
B3LYP/6-311G(d,p) and PBE0/6-311G(d,p) calculations are
Fig. 1 Chemical structures of designed molecules H01–H04.

24734 | RSC Adv., 2019, 9, 24733–24741
�4.45 and �4.61 eV, respectively. Moreover, the calculated
HOMO energy (�5.09 eV) of FDT with B3P86/6-311G(d,p)
functional and basis set is in line with its experimental result
(�5.16 eV (ref. 28)). Therefore, the frontier orbital energies of
the designed HTMs are calculated using DFT with B3P86/6-
311G(d,p) functional and basis set.

2.2 Calculation of optical absorption

On the basis of the ground-state geometries from the B3P86,
BMK, B3LYP and PBE0 at 6-31G(d) level in tetrahydrofuran
solution, the optical absorptions of Z26 were simulated by TD-
DFT with B3P86, BMK, B3LYP and PBE0 at 6-31G(d) level in
tetrahydrofuran solution with a polarizable continuum model
(PCM).27,29 Compared with the experimental value (456 nm (ref.
12)) of Z26, using the TD-BMK/6-31G(d) method in tetrahydro-
furan solution could yield an accurate absorption peak at
450 nm. Under the same conditions, the maximum absorption
of Z26 obtained using the TD-B3LYP (529 nm), TD-PBE0 (530
nm) and TD-B3P86 (507 nm) methods are overestimated.
Therefore, the optical absorptions of designed HTMs are
calculated by TD-BMK/6-31G(d) on the basis of the same func-
tional and basis set in tetrahydrofuran solution. The calculation
of electron density difference including the overlap between the
regions of density depletion and the increment and transferred
charge amount can be obtained from our previous work.30 The
DFT and TD-DFT calculations were carried out by the Gaussian
09 program.31

2.3 Energy calculations

On the basis of the adiabatic potential energy surfaces, the
inner reorganization energy lh for holes of HTMs could be
calculated as follows:25,32,33

lh ¼
�
E* � E

�þ �
E*

þ � Eþ
�

(1)

where E and E+ represent the energies of the neutral and
cationic molecules in their lowest-energy geometries, respec-
tively. E* and E*

þ are the energies of the neutral and cationic
states with the geometries of the cationic and neutral species.34

Moreover, energy calculations, including electron affinities,
adiabatic ionization potential and absolute hardness of the
investigated systems, were performed using the B3P86/6-
311G(d,p) method. The solvation free energy for all the mole-
cules were calculated using the TD-BMK/6-31G(d) method in
tetrahydrofuran solution or in a gaseous phase. Geometry
optimization and single point energy calculations were imple-
mented using the Gaussian 09 program.

2.4 Calculations of charge mobility

The hole mobility of the designed HTMs was calculated from
the Einstein relation:35,36

uh ¼ eW

kBT
(2)

where e, W, kB and T are the electron charge, charge diffusion
coefficient, Boltzmann constant and temperature in Kelvin,
respectively. For an n-dimensional system, W is dened as the
This journal is © The Royal Society of Chemistry 2019
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ratio between the mean-square displacement and the diffusion
time:37

W ¼ lim
t/N

1

2n

D
xðtÞ2

E
t

(3)

For a spatially isotropic system, the homogeneous diffusion
constant W can be approximately evaluated by:38

W ¼ 1

2n

X
i

ri
2kipi (4)

where i runs over all nearest adjacent molecules. The parame-
ters such as n, ri, ki and pi are the spatial dimensionality, the
hopping distance, charge transfer rate (k) and hopping proba-

bility
�
pi ¼ ki=

P
i
ki

�
, respectively.

Here, the parameter of hole transfer rate (kh) for organic
molecules can be calculated from the Marcus–Hush
equation:36,39,40

kh ¼ nh
2

h

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4p3

lhkBT

s
exp

� �lh
4kBT

�
(5)

where vh, h and lh are the electronic coupling, Planck's constant
and reorganization energy, respectively. Descriptions of charge
transfer on the basis of the hopping mechanism is universally
accepted.41–43 In eqn (5), the parameters such as lh and vh are
the key factors to determine the transfer rate of organic mate-
rials. The parameter of lh could be calculated from eqn (1).

The parameter of hole electronic coupling (vh) could be ob-
tained from the equation as shown below:44,45

nh ¼ J � SðH1 þH2Þ=2
1� S2

(6)

where S, J and H are the spatial overlap, charge transfer integral
and site energies. The parameter of J could be simulated by
using the equation as shown below:44,45

J ¼ h41
HOMO|hks|4

2
HOMOi (7)

where hks is the Kohn–Sham Hamiltonian between two frag-
ments. The parameters such as 41

HOMO and 42
HOMO are the

HOMOs of the two fragments. The electronic coupling could be
simulated from the PW91/TZP levels in the ADF program.46–49
2.5 Simulation of crystal structures

In order to calculate the electronic coupling of HTMs, it was
necessary to obtain the dimer structure, which was dened as
adjacent segments from the crystal structures of molecules. The
crystal structure of the investigated HTMs can be obtained from
the polymorph predictor module in the Material Studio so-
ware.50,51 The geometry of the cluster models used in the present
study was taken from the B3P86/6-311G(d,p) level. The Dreiding
force eld was used for the prediction.52 For the investigated
HTMs, the polymorph calculations are restricted to the tenmost
probable space groups, namely, C2, P21/c, P1, P212121, C2/c, P21,
Pbca, Cc, Pna21 and Pbcn.53 To verify the rationality of the
This journal is © The Royal Society of Chemistry 2019
selected models herein, the FDT crystal structure was predicted
using the same methods. The simulated results indicate that
the predicted FDT crystal structure share the space group of P1,
consistent with the experimental one.28 This validates that the
calculation method is reasonable to a certain degree. Further,
the crystal structures were sorted according to their total energy.
On the basis of the crystal structures, we selected a molecule as
the center. All of the adjacent fragments with the center are
dened as the transport pathways. Thus, each transport
pathway is the paired dimer between neighboring and center
molecules.

3. Results and discussion
3.1 Molecular design and electronic properties

In PSC devices, the conventional architecture of indium tin
oxide(ITO)/electron-transporting layer (ETL)/perovskite/hole-
transporting layer (HTL)/Au is the most commonly used.6,7 As
has been demonstrated, HTMs as the HTL play a key role in hole
extraction and transportation to the Au electrode in conven-
tional devices.5 However, the frontier molecular orbitals are the
basic parameters to estimate the properties of the HTMs in
PSCs. For example, the HTMs should have an energy higher
than that of the valence band for CH3NH3PbI3 (�5.43 eV (ref. 54
and 55)) to ensure the hole injection or transfer on the
perovskite/HTM interface. Analogously, to prevent the electron
movement from the absorber (e.g., CH3NH3PbBr3) to the metal
electrodes, the HTMs should have a higher lowest unoccupied
molecular orbital (LUMO) level than the conduction band of
CH3NH3PbI3 (�3.93 eV (ref. 54)). To further improve the HTM
performances in PSC devices, the rst aim of this work is to
introduce the new electron-rich arylamine derivatives to
construct HTMs with a suitable frontier molecular orbital and
high hole mobility. Therefore, starting from the new electron-
rich arylamine derivatives and different p-bridged units of
thienothiophene derivatives, a series of arylamine derivative-
based HTMs were designed (as shown in Fig. 1) on the basis
of the structure of the reported Z26 material (as shown in
Fig. S1†). Optimized ground-state geometries of HTMs are
presented in Fig. S2.†

The functional and basis set of B3P86/6-311G(d,p) can
reproduce accurate HOMO energies for the reported Z26 and
FDT. To further ensure the accurate HOMO and LUMO energies
with which we can evaluate the electronic properties of the
designed HTMs in PSC devices, we calculated the values of
HOMO and LUMO energies by employing the B3P86/6-
311G(d,p) functional and basis set for 13 arylamine derivative-
based HTMs. The detailed information on the HTMs in PSC
applications that have been reported are listed in Table S1.†
Based on the calculated results, important information
regarding the theoretical and experimental HOMO and LUMO
values for these HTMs were obtained. The data are presented in
Table S1.† A correlation can be established between the theo-
retical HOMO/LUMO energy levels and the experimental
HOMO/LUMO energy levels of these reported HTMs (in
Fig. S3†). Hence, the empirical correlations between theoretical
HOMO(th.)/LUMO(th.) and experimental HOMO(exp.)/
RSC Adv., 2019, 9, 24733–24741 | 24735
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LUMO(exp.) for these HTMs are expressed in the following
equations:

HOMO(exp.) ¼ 0.66HOMO(th.) � 1.75, R ¼ 0.79 (8)

LUMO(exp.) ¼ 0.69LUMO(th.) � 1.07, R ¼ 0.88 (9)

According to eqn (8) and Table S2,† the calculated results
show that the values of LUMO energy for Z26 (�5.08 eV) and
FDT (�5.11 eV) are in accord with those of the experimental
values (Z26: �5.16 eV (ref. 12) and FDT: �5.16 eV (ref. 28)),
respectively. According to eqn (9) and Table S2,† the calculated
results show that the LUMO values of Z26 (�2.69 eV) and FDT
(�2.28 eV) are in accord with those of the experimental values
(Z26:�2.77 eV (ref. 12) and FDT:�2.28 eV (ref. 28)), respectively.
Therefore, eqn (8) and (9) can give an accurate result to predict
the HOMO and LUMO energies of the designed HTMs on the
basis of the B3P86/6-311G(d,p) calculation. In fact, the HOMO
and LUMO energies of HTMs can be evaluated by adiabatic
ionization potentials (IPs) and electron affinities (EAs), respec-
tively.25,56 The IPs and EAs of the reported Z26 and FDT are
calculated by B3P86/6-311G(d,p) functional and basis set. Table
S2† shows that the calculated IPs and EAs of the reported Z26
and FDT are divorced from the HOMO and LUMO energies of
Fig. 2 (A) Energy levels and frontier molecular orbitals of all investigated
spectra of molecules H01–H04 using the TD-BMK/6-31g(d) functional a
electronic transition S0/ S1 for H01–H04 (isovalue: 2� 10�2 e au�3),w i
transferred charge amount (|e�|).

24736 | RSC Adv., 2019, 9, 24733–24741
these HTMs, respectively. Analogously, in order to further verify
the reliability of the theoretical model that was used to predict
the HOMO and LUMO energies of the designed HTMs, we
calculated the IPs and EAs of the reported arylamine derivative-
based HTMs at B3P86/6-311G(d,p) level in comparison with the
HOMO and LUMO energies of these HTMs (see Table S1†).
Hence, two empirical correlation between theoretical IP/EA and
experimental HOMO/LUMO of these reported HTMs were tted
(see Fig. S3 and Table S2†). As shown in Table S2,† the calcu-
lated results reveal that the empirical correlation (Fig. S3c and
d†) can yield a reliable data about the HOMO and LUMO values
of Z26 and FDT, in line with the results from eqn (8) and (9).
Therefore, eqn (8) and (9) could be used to predict the HOMO
and LUMO energies of the designed HTMs. According to eqn (8)
and (9), the calculated values of HOMO and LUMO energies for
the designed HTMs (H01–H04) are presented in Fig. 2A.

As shown in Fig. 2A, the values of HOMO energy are H01
(�5.25 eV), H02 (�5.25 eV), H03 (�5.26 eV) and H04 (�5.28 eV),
respectively. For the H01–H04, their HOMO levels are higher
than the valence band of the perovskite. Therefore, the HOMO
levels of designed HTMs are in good agreement with the valence
band of CH3NH3PbI3 (�5.43 eV (ref. 48 and 49)), which ensure
a good hole injection from the perovskite to the HTMs. In
addition, the illustration of the frontier molecular orbitals in
molecules at the B3P86/6-311G(d,p) levels; (B) simulated absorption
nd basis set in tetrahydrofuran; (C) electron density difference plots of
s overlap between the regions of density depletion and increment,Dq is

This journal is © The Royal Society of Chemistry 2019
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Table 1 The absorption wavelengths labs (nm) and emission wave-
lengths lem (nm) of molecules H01–H04 in the S0–S1 states together
with the Stokes shift at TD-BMK/6–31 g(d) levels in tetrahydrofuran
solvent

Absorption Emission

labs f Assignments lem Shi (nm)

H01 397 2.19 H / L (85%) 519 122
H02 407 2.66 H / L (84%) 536 129
H03 416 2.86 H / L (80%) 552 136
H04 438 3.08 H / L (81%) 561 123
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Fig. 2A indicates that both the HOMOs and LUMOs of H01–H04
are delocalized on the entire molecular chain with p charac-
teristics. The HOMO orbital of HTMs with extensive delocal-
ization on the molecular chain is favorable for increasing the
electron coupling between the adjacent molecules.18,31 Accord-
ing to the HOMO distribution, H01–H04 as HTMs in PSCs may
provide large electron coupling that increases the hole mobility.

As shown in Fig. 2A, the LUMO values for H01–H04 are
�2.56, �2.62, �2.68 and �2.76 eV, respectively. Obviously, the
LUMO levels of H01–H04 that are higher than the conduction
band of the perovskite (e.g. CH3NH3PbI3) can effectively prevent
the electron from moving from the absorber (e.g., CH3NH3-
PbBr3) to the metal electrodes. Moreover, the energy gaps (Egs)
of HTMs are in the following sequence: 2.69 eV (H01) > 2.63 eV
(H02) > 2.58 eV (H03) > 2.52 eV (H04). The decreased energy
gaps from H01 to H04 are mainly driven from the downshied
LUMO contributions. Fig. 2A indicates that the LUMO values of
the designed H01–H04 are in the order of H01 > H02 > H03 >
H04. There is no signicant change in the HOMO values of the
designed H01–H04. For the designed HTMs, an increased
hybridization and p-conjugation degree of electron-deciency
of p-bridged units in the LUMO from H01 to H04 should have
a signicant impact on the decreasing LUMO level, resulting in
the reduction of the band gap. Optimizing electron-decient p-
bridged units in small-molecule arylamine derivative-based
HTMs is an effective strategy to adjust the electronic proper-
ties for obtaining suitable frontier molecular orbital levels.
Table 2 The adiabatic ionization potential (IPa in eV), electron affinities
(EAa in eV), absolute hardness (h in eV) and solvation free energy (DG in
eV) of the molecules H01–H04

H01 H02 H03 H04

IPa 6.03 6.01 6.00 6.01
EAa 1.51 1.58 1.67 1.80
h 2.26 2.21 2.17 2.10
DG �12.70 �13.91 �15.66 �15.51
3.2 Optical absorptions and emission

Optical properties of HTMs can provide some useful informa-
tion to evaluate the performance of HTM in PSC devices.
Therefore, the optical properties of all HTMs were simulated by
the TD-BMK/6-31G(d) functional and basis set on the basis of
the ground state structures with the same functional and basis
set in tetrahydrofuran solution. Simulated absorption and
photoluminescence spectra of Z26 together with the experi-
mental spectra are presented in Fig. S4,† which indicates that
the TD-BMK/6-31G(d) level in tetrahydrofuran solution can yield
an accurate absorption peak in comparison with the experi-
mental one. The optical parameters of H01–H04 in S0–S1 states,
such as absorption wavelength (labs), oscillator strength (f),
major congurations, emission wavelength (lem) and Stokes
shi are presented in Table 1. In the S0–S1 states of the designed
HTMs, the absorption is mostly from the HOMO to LUMO
transitions. As shown in Table 1 and Fig. 2B, the maximum
absorption wavelengths and oscillator strength (in parentheses)
of H01–H04 are 397 nm (2.19), 407 nm (2.66), 416 nm (2.86),
and 438 nm (3.08), respectively.

As shown in Table 1, the lem values for H01–H04 in the S0–S1
states are 519, 536, 552 and 561 nm, respectively. Stokes shis
from the maximum absorption wavelength to the emission
wavelengths of H01–H04 are 122, 129, 136 and 123 nm,
respectively. It has been reported that a large Stokes shis of
organic HTMs can give rise to a large change in the structure
between ground and excited states.13 This also contributes to
the pore lling of the HTM in PSCs by optical post-treatment or
This journal is © The Royal Society of Chemistry 2019
simple annealing.13 H01–H04molecules with large Stokes shis
may improve the performance of HTMs in PSC applications.

To further explore the charge transfer properties of new
designed HTMs during the optical excitation process, the
overlap between the regions of density depletion and increment
(w), transferred charge amount (Dq) in (|e�|) and electron
density difference (EDD) plots of H01–H04 are provided (in
Fig. 2C). Fig. 2C shows that the decreased electron densities
(blue) are obviously located in the entire chains. The increased
electron densities (red) are limited to the electron-deciency
region of p-bridged units in the molecules. In addition, the
corresponding parameters, such as Dq and w are presented in
Fig. 2C. The Dq values of H01–H04 are 0.82, 0.81, 0.80 and
0.79|e�|, respectively, and the w values of H01–H04 are 0.50,
0.52, 0.45 and 0.52, respectively. The Dq and w values of Z26 are
0.78 and 0.50|e�|. For these parameters of EDD, there are no
signicant differences in comparison with the Z26. This indi-
cates that the designed HTMs can ensure an efficient charge
separation, which promotes HTM performance in PSC
applications.
3.3 Solubility and stability of HTMs

For the fabrication of PSC devices, the HTMs are coated on ITO
or perovskite lms. In order to ensure that the HTMs can be
coated as a uniform lm on the ITO or perovskite, a good
solubility of the HTMs is needed. Theoretically, solvation free
energy (DG) can be used to estimate the solubility of organic
materials.57,58 DG of organic materials is equal to the difference
between the free energy in the solvent and that in the gaseous
phase.57,58 Herein, tetrahydrofuran was selected as the solvent.
Table 2 shows that the calculated DG values of Z26 and H01–
H04 are �0.54 eV, �0.53 eV, �0.58 eV, �0.66 eV and �0.65 eV,
RSC Adv., 2019, 9, 24733–24741 | 24737
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respectively. It can be seen that the investigated H01–H04
molecules with similar DG in comparison with that of Z26 (in
Table S3†) may exhibit good solubility.

In order to obtain an excellent HTM, stability is a very
important parameter. Absolute hardness (h) can be used to
estimate the stability of an organic material to a certain extent.22

h can be described by the equation, h¼ (IP� EA)/2,22 where IP is
the adiabatic ionization potential and EA the adiabatic electron
affinity.59 As shown in Table 2, the calculated h values of H01–
H04 are 2.26, 2.21, 2.17 and 2.10 eV, respectively. The values of h
for the designed HTMs are close to that (2.06 eV) of Z26 (in
Table S3†). It indicates that these designed HTMs may have
good stability.
3.4 Hole mobility

Development of HTMs with high hole mobility is an important
way to improve the performance of PSC devices. According to
the Marcus theory (eqn (5)), the hole reorganization energy (lh)
and hole-transfer integral (vh) are key factors affecting the
charge-transfer rate. Generally speaking, a small recombination
energy is in favor of improving the charge-transfer rate.
According to the calculated results presented in Table 3, the lh

values of HTMs are H01 (0.194 eV), H02 (0.195 eV), H03 (0.188
eV) and H04 (0.161 eV), respectively. In comparison with the lh

value of Z26 (0.280 eV), the designed HTMs with smaller lh
Table 3 The hole reorganization energy lh (eV), hole coupling vh (eV)
mobility uh (cm2 V�1 s�1) of main hopping pathway selected on basis of

Compounds Pathways lh vh

H01 1 0.194 4.682 �
2 �5.695 �
3 1.868 �
4 7.789 �
5 �2.000 �
6 �2.000 �

H02 1 0.195 3.240 �
2 1.934 �
3 1.424 �
4 �9.939 �
5 1.560 �
6 6.650 �
8 1.794 �
7 2.000 �
9 6.151 �

H03 1 0.188 9.254 �
2 �3.391 �
3 1.736 �
4 6.564 �
5 �3.833 �
6 �5.333 �
7 4.392 �
8 �5.073 �
9 �2.419 �
10 8.037 �

H04 1 0.161 �3.419 �
2 �6.399 �
3 3.000 �
5 2.179 �
4 1.717 �

24738 | RSC Adv., 2019, 9, 24733–24741
values may improve the charge-transfer rate or hole mobility.
This result can be explained by introducing the electron-
decient units in arylamine derivative-based HTMs, which is
an effective strategy to reduce the recombination energy.

Another important parameter inuencing the hole-
transporting ability of HTMs is the hole-transfer integral vh.
According to Marcus theory (eqn (5)), a maximized vh value is
helpful in promoting the hole-transfer rate of HTM. For HTMs,
it is well known that the intermolecular arrangement and
frontier molecular orbitals of neighboring molecules are the key
factors inuencing vh.60 The intermolecular arrangement of
a HTM can be obtained from the crystal structure. On the basis
of the predicted crystal structure of Z26 and designed HTMs,
one fragment is arbitrarily chosen as the center. All of the
adjacent fragments with the center are dened as the transport
pathways; that is, each transport pathway is the paired dimer
between neighboring and center molecules. The main pathways
of Z26, FDT and H01–H04 are presented in Fig. S5† and 3.
Predicted crystal data of investigated molecules are listed in
Table S4.† As shown in Table S4,† the calculated results indicate
that the crystal structures of Z26 and H01–H04 with the lowest
total energies belong to the space groups of C2, P1, P1, Pna21 and
P212121, respectively. As shown in Fig. S5,† the calculated uh
(8.050 � 10�4 cm2 V�1 s�1) of Z26 has the same order of
magnitude as that of the experimental value (1.34 � 10�4 cm2

V�1 s�1).12 The calculated results indicate that the current
, hole transport rate kh (s�1), center-of-mass distance D (�A) and hole
the crystal structure for molecules H01–H04

kh D uh

10�3 1.28 � 1011 8.190 1.372 � 10�2

10�4 1.89 � 109 15.382
10�5 2.03 � 106 15.649
10�3 3.53 � 1011 8.557
10�5 2.33 � 106 21.941
10�5 2.33 � 106 19.851
10�5 6.03 � 1012 4.781 8.886 � 10�2

10�5 2.15 � 106 21.664
10�3 1.17 � 1010 20.938
10�4 5.68 � 109 21.288
10�4 1.40 � 108 31.839
10�4 2.54 � 109 31.826
10�5 1.85 � 106 15.843
10�5 2.30 � 106 16.993
10�4 2.17 � 109 16.093
10�3 5.36 � 1011 8.922 2.624 � 10�2

10�4 7.20 � 108 17.796
10�3 1.89 � 1010 12.811
10�4 2.70 � 109 13.066
10�5 9.20 � 106 18.186
10�4 1.78 � 109 15.638
10�4 1.21 � 109 17.820
10�4 1.61 � 109 18.842
10�4 3.67 � 108 13.993
10�4 4.05 � 109 13.993
10�3 1.03 � 1011 9.551 5.197 � 10�3

10�5 3.60 � 107 13.104
10�5 7.91 � 106 15.375
10�4 4.17 � 108 16.407
10�3 2.59 � 1010 10.373

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Main hole hopping pathways selected on basis of the crystal structures for all investigated molecules.
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theoretical level in this work is reliable based on the estimation
of hole mobility for the designed HTMs.

The reorganization energy lh (eV), hole coupling vh (eV), hole
transport rate kh (s�1), center-of-mass distance D (�A) and hole
mobility uh (cm

2 V�1 s�1) of main hopping pathway selected on
the basis of the crystal structure for molecules H01–H04 are
listed in Table 3. Table 3 shows that the uh values of H01–H04
are 1.372 � 10�2, 8.886 � 10�2, 2.624 � 10�2 and 5.197 � 10�3

cm2 V�1 s�1, respectively. In comparison with the calculated uh
of Z26 (8.050 � 10�4 cm2 V�1 s�1) and FDT (2.848 � 10�3 cm2

V�1 s�1) (see Fig. S5†), the designed H01–H04 with higher hole
mobility may improve the performance of PSC devices.

It can be seen that the uh values of H01–H04 are higher than
those of Z26 and FDT, which can largely promote the perfor-
mance of HTMs in PSC applications. H01–H04 with high uh
values are attributed to a small recombination energy and large
transfer integral. Therefore, in view of high uh values, the
designed H01–H04 as HTMs can act as promising materials for
improving the performance of PSCs.

On the basis of investigating the designed H01–H04, it can
be concluded that these molecules serve as promising candi-
dates as HTMs for PSC applications. Therefore, our proposed
H01–H04 can be synthesized by the judicious design of the
This journal is © The Royal Society of Chemistry 2019
route, as shown in Fig. S6,† on the basis of the previously re-
ported procedures.21
4. Conclusions

In summary, by adjusting the electron-rich arylamine deriva-
tives in thienothiophene derivatives as p-bridged small mole-
cule HTMs, four HTMs (H01–H04) were built on the basis of the
reported excellent Z26. According to the requirement and
working mechanism of HTM in the PSC devices, we investigated
the electronic properties, optical absorptions, solubility,
stability and hole transporting ability of these HTMs using DFT,
TD-DFT and Marcus theory. The calculated results indicate that
the selected methods we used herein could reproduce reliable
HOMO/LUMO energy, absorption maximum and hole mobility
of the reported Z26 in line with its experimental values. The
frontier molecular orbital levels of molecules H01–H04 match
the conduction and valence bands of CH3NH3PbI3 very well.
Compared with Z26, the designed H01–H04 exhibit good optical
properties, better solubility, good stability and higher hole
mobilities. The designed HTMs of H01–H04 exhibit high hole
mobilities of 1.372 � 10�2, 8.886 � 10�2, 2.624 � 10�2 and
5.197 � 10�3 cm2 V�1 s�1, respectively. Conclusively, the results
RSC Adv., 2019, 9, 24733–24741 | 24739
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conrmed that the design strategy of adjusting the electron-rich
arylamine derivatives in thienothiophene derivatives as p-
bridged HTMs is a reliable approach to obtain the promising
HTMs for PSC applications.
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