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Abstract In perovskite solar cells (PSCs), the state-of-art Spiro-OMeTAD, which used as a

hole-transporting material (HTM), suffered from complicated multistep synthesis and difficult

purification that make this material cost ineffective, in addition to it being UV-unstable. Thus,

new, cost-effective and easy to synthesize small organic molecules is still required. As reported, a

carbazole-based compound (R01) was synthesized using a simple two steps method from low-

cost commercially available compounds and used as an HTM. R01 exhibited higher conductivity

and hole-mobility compared to that of the Spiro-OMeTAD. PSCs fabricated with R01 produced

a power conversion efficiency of 12.03%, equivalent to that obtained in devices where Spiro-

OMeTAD was the HTM. These findings highlighted R01 as a highly promising HTM with high

performance, facile synthesis, and low cost. From a structural perspective, methoxy groups

(–OCH3) in the HTM structure are controlling the HOMO level of the compound, apart from

the critical role they play in anchoring the material onto the core perovskite layer. In this paper,

we report a systematic study of the electronic structures and photophysical properties of twelve

designed derivatives of R01. R01 was modified by substituting some hydrogen in the carbazole rings

by two, four and six methoxy groups at different positions. The ground and excited state geometries

are optimized by applying density functional theory (DFT) and its time-dependent functional

(TDDFT), respectively. Detailed investigation of two factors: (i) the number and (ii) position of
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methoxy groups on the frontier molecular orbitals (FMOs), absorption and emission wavelengths,

ionization potential, electron affinity, reorganization energies and charge mobility are examined and

discussed. The electro-optical and nonlinear optical (NLO) properties are finely tuned in the R01

derivatives. By incorporating methoxy substituents into this carbazole-based compound, systematic

design of potential materials for PSCs can be feasible.

� 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Last few years have witnessed an extensive attraction to use
the solar cells to convert the sunlight into electricity at low cost

(Stranks et al., 2013; Kazim et al., 2014; Liu et al., 2017). Per-
ovskite solar cells (PSCs) as type of solar cells have been
emerged as new systems based on renewable sources. To date,

perovskite-type solar cells with and without HTMs have been
developed. The cells represent a new class of electrochemical
solar cells based on sensitized mesoporous TiO2 and a liquid

electrolyte in a sandwich-like architecture. These cells are
known as the most principal rivals for silicon solar cells
because of their unique characteristics and high efficiency
(Green et al., 2014). Improving the performance of these sys-

tems (as light-driven charge separation in molecular systems)
to restore as much as possible of the solar energy into electrical
current are very intense. These improvements include the

design of new and efficient hole-transport materials (HTMs),
one of the major constituent of a PSC devise. These materials
are solid-state compounds that play important role in extract-

ing holes from perovskites and transport them to the electrode.
HTMs are being deposited in the heart of the cell between the
perovskite layer and the evaporated metal electrode. The two

folds role of the HTMs in the PSC structure are to (1) prevent
the direct contact between the perovskite and the metal con-
tact, which minimizes charge recombination and avoids degra-
dation at the metal-perovskite interface and (2) extract positive

charges (holes) from perovskite and transport them to the top-
electrode (Calió et al., 2016). Additionally, a good hole-
mobility (ideally >10�3 cm2 V�1 s�1), as well as thermal and

photochemical stability are required characteristics of an
HTM (Yu and Sun, 2015). Furthermore, transparency in the
visible spectrum is desirable to avoid the absorption screen

effect toward the active materials/absorber. The physical state
of these materials is one of its crucial requirements, in order to
prevent the perovskite from dissolution in liquid electrolyte.

Solid-state HTMs can be categorized into (1) polymeric (2)
inorganic and (3) small organic molecule HTMs. The inor-
ganic HTMs, regardless of their good properties, i.e., high hole
mobility and cost effective, suffer from the disadvantage that

the solvent used for their deposition can partially dissolve
the perovskite, reducing the stability of the device. Polymeric
materials have the disadvantages of complex purification pro-

cess, low solubility, complicated characterization because of
their approximate molecular weight, and a poor infiltration
into the nanostructured material, this led to many endeavors

to design small organic molecules as HTMs (Calió et al.,
2016). The classical small organic HTM is Spiro-OMeTAD
(Shi et al., 2016). However, Spiro-OMeTAD has some defi-
ciencies like its high-cost, multi-steps synthesis and many

purification steps. It is essential to find alternatives of
Spiro-OMeTAD and work in this direction is growing too fast.
In this endeavors, experimentalist and theoretical chemists use
their techniques to build and test new efficient HTMs (Cai

et al., 2017; Zhang et al., 2017a, 2017b; Ansari et al., 2018;
Wazzan et al., 2018). The advantage of the theoretical methods
over the experimental methods is its convenient and low-cost

tool for molecular design, selection and testing of HTMs with
higher efficiency. Wang Wo et al. recently introduced a novel
high-performance HTM, R01, with a very simple molecular
structure, which was synthesized via a facile route with low

cost and high yield. R01 is carbazole-based and bridged by
3,4-ethylenedioxythiophene. Its structure is much simpler than
not only Spiro-OMeTAD but also other organic HTMs. The

much smaller size of the R01 allows a deeper penetration into
the mesoporous TiO2, which facilitates the hole-extraction,
thus improving device performance. The perovskite solar cell

device using R01 as HTM shows an efficiency (gÞ of 12.03%
and a Voc of 0.98 V under the irradiation of simulated
AM1.5G solar light (Wang et al., 2015). In addition,
carbazole-based derivatives have attracted much attention as

charge-transporting materials for organic light-emitting diodes
(OLEDs), dye-synthesized solar cells (DSSCs) and PSCs
(Grigalevicius et al., 2006; Salunke et al., 2016). Their interest-

ing photophysical properties such as intense luminescence and
reversible oxidation processes, together with the reasonable
synthetic costs, the versatility of the carbazole reactive sites

and the excellent charge transport properties justify the efforts
to find novel solutions for low-cost HTMs for PSCs in this
class of compounds (Kang et al., 2015; Yang et al., 2015;

Wang et al., 2016a, 2016b; Zhu et al., 2017).
On the other hand, and froma structural point of view,meth-

oxy groups (–OCH3) in the HTM structure are responsible for
adjusting the HOMO level of the material, apart from the

important role they play in anchoring the material onto the
underlying perovskite layer and improve stability and solubility,
thus by doing so result in an efficient hole injection (Calió et al.,

2016). Since R01 is a very promising alternative HTM in per-
ovskite solar cells, and its facile synthesis may facilitate driving
down the fabrication cost of perovskite-based photovoltaic

technology, a number ofR01 derivatives will be constructed the-
oretically using the computer software by introducing methoxy
groups at different sites in the carbazole donor. Therefore, it is

worth developing low-cost HTMs or developing and improving
the performance of HTM-free solar cells. The HTM-free solar
cell has a much more straightforward structure that is beneficial
for reducing the cost. With efforts on the photoanode and back

contact interfacial modification, a PCE in the range of 5–8%has
been achieved (Jeon et al., 2013a, 2013b; Laban and Etgar,
2013). To provide a simple method to improve the efficiency

and stability of planar perovskite solar cells, A copper salts
doped 2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spi

http://creativecommons.org/licenses/by-nc-nd/4.0/
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robifluorene (spiro-OMeTAD) based on a solution processing
as the HTM in PSCs was developed (Meng et al., 2016). The
incorporation of CuI/CuSCN comprehends a p-type doping

with efficient charge transfer complex that results in improved
film conductivity and hole mobility. Consequently, the PCE is
improved from 14.82% to 18.02%. A simple route to control

perovskite crystallization and to optimize the interfaces in
PHJ PSCs simultaneously and obtaining a maximum power
conversion efficiency of 17.06% with improved cell stability

was achieved by using branch-shaped perylene film as a seed-
mediated under layer, crystalline perovskites with fabric
morphology (Wang et al., 2016a, 2016b). Perylene played an
important role in the energy-level tailoring of poly(3,4-ethylene

dioxythiophene): poly(styrenesulphonate) (PEDOT:PSS) and
CH3NH3PbIxCl3–x. In addition, perylene and perovskites
form a fully crystalline heterojunction, which is beneficial for

minimizing the defect and trap densities. In a similar effort, a
seed-mediated method by GeO2 nano-particles (NPs) for grow-
ing crystal perovskite films was developed (Lou et al., 2016).

Higher quality of perovskite films was achieved by tuning the
size of the GeO2 NPs, which results in a power conversion effi-
ciency as high as 16.77%.The fabrication and device parameters

of inverted planar heterojunction (PHJ) organic–inorganic lead
Scheme 1 Chemical structures and IUPAC names of R01 and its

investigated by DFT and TDDFT calculations.
mixed-halide (CH3NH3PbI3�xClx) PSCs using a:CuAlO2 as the
hole selective buffer layer between the ITO electrode and
PEDOT:PSS were demonstrated (Igbari et al., 2016). A short

circuit current density (Jsc) of 21.98 mA cm�2, an open circuit
voltage (Voc) of 0.88 V, a fill factor (FF) of 0.75 and a power con-
version efficiency (PCE) of 14.52% were achieved for the opti-

mized device.
Therefore, it is necessary to understand the electronic

structures of the existing efficient HTMs, in order to be able

to build theoretical novel models of R01 derivatives (Jeon
et al., 2013a, 2013b). Hence, this study is undertaken to
report two issues: The first one is to study in detail the
results of theoretical examination of novel R01 compound

new design molecules (see Scheme 1). Of particular interest
are the structural, molecular orbitals, absorption and emis-
sion properties, and hole transport behavior of the newly

designed compounds under probe of the parent (R01). The
second issue is to study the nonlinear optical properties
(NLO) of the compounds under probe to give insight into

the photoelectric conversion performance. These properties
will be first predicted and characterized by DFT and
TDDFT calculations and will be compared with the available

experimental data.
designed derivatives designated as D1-to-D7, T8-T11, and H12
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2. Calculations details

DFT and TD-DFT methods were used to investigate the struc-
tural, electronic and optical properties of the studied com-

pounds. The more computationally efficient B3LYP density
functional Becke-three–Lee–Yang–Parr (B3LYP) (Becke,
1988; Lee et al., 1988) was selected for optimization of the

ground state (S0) and excited state (S1) geometries of all com-
pounds. The functional has been proved as a suitable method
for predicting such geometries/properties (Chen et al., 2014a,
2014b; Bagheri Novir and Hashemianzadeh, 2015; Chi and

Li, 2015a, 2015b). The standard 6-31G(d) basis set was used
for the optimizations. The use of a 6-31G(d) split-valence dou-
ble zeta basis set without diffuse functions prevents conver-

gence difficulties in delocalized systems, yet leads to accurate
geometries at a reasonable computational cost (Pogantsch
et al., 2002; Gao, 2010). The parent hole transporting material

(R01) and its twelve designed derivatives (D1 to H12) geome-
tries were optimized with C1 point group. The optimized
geometries show no imaginary frequencies, which ensure ener-

getic minima. The absorption and emission spectra were deter-
mined on the optimized S0 and S1 geometries, respectively,
using TD-B3LYP/6-311++G(d,p) level. The total electronic
energies of neutral, cationic, and anionic forms of these com-

pounds were used to compute the reorganization energy (k),
the adiabatic (IPa) and vertical ionization potentialðIPv), the

adiabatic (EAa) and vertical electron affinity (EAv), the hole
extraction potentialðHEPÞ and the electron extraction poten-
tialðEEPÞ at the same level of DFT method, The detailed equa-
tions used to calculate these parameters and other parameters

could be found in the DFT details in the SD. Computations
were performed using the Gaussian 09 program package
(Frisch et al., 2016). The composition of molecular orbitals

was calculated using the AOMix program (Gorelsky and
Lever, 2001; Gorelsky, 2015). Visual inspections were per-
formed using GaussView program (version 5.0.8) (Roy

Dennington et al., 2009) and Chemcraft program version 1.8
(build 489) (Zhurko and Zhurko, 2009).
3. Results and discussion

The principal aim of this study is to design and develop new
HTMs which have similar chemical structures but different

properties to reveal the underlying principles for the future
HTMs design.

3.1. Structural features of designed dyes (D1-D7, T8-T11, and
H12)

From the parent molecule 5,7-bis(9-ethyl-9H-carbazol-2-yl)-2
,3,5,7-tetrahydrothieno[3,4-b][1,4]dioxine (abbreviated as

R01), twelve newly derivatives was designed. The derivatives
(abbreviated as D1-to-D7) were designed by introducing meth-
oxy groups at the carbazole rings. In D1-D7 (di-methoxy

derivatives), two methoxy groups were introduced at different
positions at the carbazole rings. In T8-T11 (tetra-methoxy
derivatives), four methoxy groups were present. The maximum
number of six methoxy groups was introduced in H12 (hexa-

methoxy derivative). The common feature in the designed
molecules is the presence of electron-rich methoxy substituents
that will improve the contact with the perovskite layer, and by
doing so result in an efficient hole-injection (Calió et al., 2016).
The chemical structures of the R01 and its designed derivatives

along with their IUPAC names are depicted in Scheme 1. On
the other hand, the designed molecules could be differentiated
according to the positions of the methoxy groups either they

are substituted at the ortho or at the ortho and meta position
all with respect to the dioxythiophene ring, see Scheme 1.
The designed HTMs have a unique general configuration of

AD1-D1-D2-D1-AD1, which has the carbazole moieties as the
significant electron donors (D1), methoxy groups as an addi-
tional electron donor (AD1), dioxythiophene core as a minor
electron donor (D2), and a repeated unit of D1, and AD1.

3.2. Optimized geometries

Parent (R01): The inter-ring distances and the torsional angles

in the optimized geometries of the parent molecule (R01) in its
neutral, cationic, and anionic states at the ground state (So) are
collected in Table 1. Fig. 1 represents the HOMOs and

LUMOs distribution along with the % contribution to the
HOMO and LUMO from different fragments of the HTMs
under investigation. Two (R01)/Three (derivatives) main frag-

ments are defined for each molecule. The nature of each frag-
ment as electron-donating/accepting can be demonstrated
from its contribution to these orbitals. If the fragment is con-
tributing more to the HOMO than to the LUMO, it is an

electron-donating fragment and vice versa. As can be seen from
Fig. 1, for R01, the two defined fragments are the dioxythio-
phene core and two carbazole arms. The two fragments are

contributing to the HOMO and LUMO; however, dioxythio-
phene core is contributing with more significant extent to the
HOMO than to the LUMO. Dioxythiophene core is contribut-

ing by 42% and 36% to HOMO and LUMO, respectively. In
contrast, the carbazole arms are contributing with more signif-
icant extent to the LUMO (64%) than to the HOMO (58%).

Thus, we could conclude that both groups could be considered
as an electron-donating group, however, according to the
extent of their contributions to the HOMO and LUMO the
carbazole arms are the major ones, and dioxythiophene core

is the minor one. In the meantime, no X-ray crystal data is
available for this compound, we will focus on the effect of
the substituted methoxy groups on these geometrical parame-

ters for the same molecule in its different forms, and we will
compare between these geometrical parameters in different
derivatives, Table 1. The optimized R01 molecule exhibits a

non-planar structure with the C1 symmetry, the non-
planarity geometries of R01 regulates the packing of the mole-
cule in the solid state and influences the optoelectrical proper-
ties of the carbazole-based materials (Iwan and Sek, 2011).

The S–C5 distances are 1.7582, 1.7622, and 1.7817 Å in the
neutral, cationic and anionic forms, respectively. These bond
distances are elongated in the cationic and anionic forms by

0.004 and 0.024 Å, respectively, compared to that in the neu-
tral form. On the other hand, the C5–C31 distances are short-
ened in the cationic and anionic forms by 0.027 and 0.032 Å,

respectively, compared to that in the neutral form. In the catio-
nic form the electron is removed from the HOMO, and in the
anionic form the electron will be added to the LUMO, thus, by

visualizing the HOMO and LUMO distribution among the
molecule, we can explain the change in the inter-ring distances



Table 1 Bond distances (in Å), bond angles, and torsional angles (in �) of the ground state of R01 and its di-methoxy derivatives

(D1-D7) in their neutral, cationic and anionic forms, data in parenthesis belong to the first excited state.

R01 S�C5 C5�C31 S�C5–C31–C32
neutral 1.7582

(1.7752)

1.4637

(1.4215)

22.800

(2.462)

cationic 1.7622 1.4364 9.168

anionic 1.7817 1.4316 2.687

D1 S–C5 C5–C30 S–C5–C30–C31 C31–O66 C32–O66–C68
neutral 1.7592

(1.7834)

1.4702

(1.4272)

32.699

(17.373)

1.3866

(1.3800)

113.856

(114.133)

cationic 1.7596 1.4456 35.082 1.3491 119.237

anionic 1.7847 1.4389 20.240 1.3950 112.932

D2 S–C5 C5–C30 S–C5–C30–C31 C32–O66 C31–O66–C68
neutral 1.7558

(1.7790)

1.4694

(1.4283)

47.593

(29.372)

1.3669

(1.3569)

118.340

(119.185)

cationic 1.7596 1.4456 35.082 1.3491 119.237

anionic 1.7804 1.4420 30.897 1.3740 118.435

D3 S–C5 C5–C30 S–C5–C30–C31 C35–O67 C35–O67–C72
neutral 1.7574

(1.7757)

1.4645

(1.4214)

23.021

(2.357)

1.3659

(1.3633)

118.223

(118.490)

cationic 1.7601 1.4398 11.275 1.3526 118.788

anionic 1.7831 1.4302 2.641 1.3794 117.610

D4 S–C5 C5–C30 S–C5–C30–C31 C35–O71 C35–O71–C72
neutral 1.7579

(1.7781)

1.4652

(1.4213)

21.994

(1.970)

1.3663

(1.3614)

118.199

(118.530)

cationic 1.7656 1.4385 8.384 1.3518 118.807

anionic 1.7782 1.4338 2.805 1.3792 117.620

D5 S–C5 C5–C27 S–C5–C27–C28 C28–O65 C28–O69–C66
neutral 1.7581

(1.7966)

1.4638

(1.4120)

23.043

(1.444)

1.3734

(1.3733)

118.309

(118.315)

cationic 1.7615 1.4392 9.989 1.3590 119.263

anionic 1.7811 1.4319 2.900 1.3854 117.765

D6 S–C6 C6–C12 S–C6–C12–C13 C14–O60 C14–O60–C61
neutral 1.7566

(1.7978)

1.4692

(1.4259)

47.038

(25.717)

1.3815

(1.3780)

114.040

(114.539)

cationic 1.7587 1.4435 35.629 1.3461 119.441

anionic 1.7853 1.4390 27.625 1.3876 114.280

D7 S–C5 C5–C27 S–C5–C27–C28 C29–O60 C29–O60–C61
neutral 1.7568

(1.7970)

1.4691

(1.4268)

47.074

(26.583)

1.3811

(1.3777)

114.089

(114.573)

cationic 1.7577 1.4431 36.334 1.3495 119.184

anionic 1.7847 1.4395 28.557 1.3872 114.335
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(Lin et al., 2003), Fig. 1. A large part of the HOMO (�4.793
eV) is delocalized on the dioxythiophene ring, upon removing

of an electron from the HOMO in the cationic form leads to
elongation of the S–C5 bond distance. Part of the LUMO
(�1.346 eV) is distributed over the C5–C31 (and C5–C11),

thus adding an electron to the LUMO results in shortening
of these bonds. The shortening of the inter-ring distance in
the anionic state is due to the bonding interactions between

the p-orbitals on the two carbazole rings. The torsional angle
S–C5–C31–C32 that simply resemble the extent of the pla-
narity of the molecule shows a significant decrease by 13.6
and 20.1� in the cationic and anionic forms, respectively, com-

pared to that in the neutral form. Thus, the cationic and anio-
nic forms showed more planner geometries compared to the
neutral form, and the anionic form is even more planner than

the cationic form. In fact, R01 and its derivatives (as will be
discussed later) exhibit larger geometric deformation between
the neutral and ionic forms, this implies that this type of mole-

cules should be p-channel but not n-channel materials (Zhao
et al., 2013).

Di-methoxy derivatives (D1-D7): A general notice is that the

investigated geometrical parameters (bond lengths and angles)
show somehow significant differences between the parent
molecule (R01) and its derivatives. It is then evident that the

presence of the methoxy groups makes a significant influence
on the geometrical structure and subsequently on the elec-
tronic properties. On one hand, due to the steric hindrance
effect of the methoxy group/s especially for that/those present

in the ortho-position/s, and on the other hand, due to the
electron-accepting (by resonance)/donating (inductively) nat-
ure of this group. Comparing the torsional angle S–C5–C31–

C32 between the parent molecule (R01) and its derivatives



R01 

HOMO LUMO HOMO LUMO

D1

D2 D3

D4 D5

D6 D7

T8 T9

T10 T11

H12

Fig. 1 Electron density isocontours (0.020 au) of HOMO and LUMO orbitals distribution for the ground states of R01 and its methoxy

derivatives.
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those substituted by two methoxy groups (D1-D7), indicated
that the planarity of the R01 is distorted with different extent
in its derivatives. For instance, for the derivatives D1, D2, D6,
and D7, this dihedral angle is in the range �33� (D1) to �47�
(D2, D6, and D7) compared to 22.8� for that of R01. On the
other hand, the distortion from planarity for the derivatives
D3, D4 and D5 is insignificant, since the dihedral angles for

these three molecules are very similar to that of R01, ranges
from 22.0� (in D4) to 23.0� (in D3 and D5). Thus, the positions
of the methyl groups significantly affect the planarity of

geometries of the designed derivatives; the positioning of the
methoxy group/s at the ortho-position/s with respect to the
dioxythiophene ring will have a more important steric effect
than positioning it/them at the meta-position/s (Jeon et al.,

2014). For instance, in D3, the two methoxy groups are posi-
tioning at the meta-positions corresponding to each other at
the two carbazole rings, this molecule shows one of the least

deviations from planarity and thus a very similar geometry
to that of R01. Another notice is that the significant deviation
from planarity shown by D1, D2, D6 and D7 derivatives. The

displacement of one/two methoxy groups at the ortho-position
(D1 and D2) and the other one at the phenyl ring of the car-
bazole ring farthest from the dioxythiophene ring (terminal

methoxys), either on the same side (D6) or at the opposite side
(D7), seems to enhance the steric effect of the methoxy groups.

The change in inter-ring distances, i.e., S–C5 and C5–C32/
C30/C28, shows similar trend showed by the parent molecule

(R01). The S–C5 distances are elongated in the cationic and
anionic forms compared to that of the neutral form, and the
other bond distances are shortened. The concept used to
explain these changes in the R01 can be applied to the designed
derivatives. Since the distribution of the HOMO and LUMO
on the thiophene ring and on the C5–C12/17/27/30/31 bond

does not show significant differences between that of the R01
and those of its derivatives. Additionally, the geometrical
parameters of one of the substituted methoxy groups in the

derivatives have been tabulated in Table 1. For instance, for
the D2 derivative, the C32–O66 bond distance shortened by
0.018 Å in the cationic form and elongated by 0.007 Å in the

anionic forms, the C31–O66–C68 bond angle increases by
0.897 in the cationic form and decreases by 0.095� in the anio-
nic forms. From Fig. 1, it is clear that the HOMOs are delocal-
ized with large extent on the substituted methoxy group over

the electronegative oxygen atoms, while the LUMOs are dis-
tributed with no/less extent. The total % contributions from
the methoxy fragments to the HOMO and LUMO orbitals

of the investigated HTMs are collected in Table 2. As appeared
from Table 2 and Fig. 1, the methoxy groups are contributing
more to the HOMOs (range from 0.84 to 7.77%) than to the

LUMOs (0.1–1.62%), indicating that the electron-donating
nature by resonance is more predominant. The fact that the
C–O distances for these derivatives are shortened in cationic

form and elongated in anionic form is consistent with the
MO pictures (Lin et al., 2003). The distribution of the HOMOs
orbitals on the substituted methoxy groups of the derivatives is
not the same, while, LUMOs distribution shows similar obser-

vation. In other words, the LUMOs are generally not delocal-
ized on these groups indicating their electron-donating nature



Table 2 The % contribution from the methoxy fragments to the HOMO and LUMO.

D1 D2 D3 D4 D5 D6 D7 T8 T9 T10 T11 H12

HOMO 1.80 7.77 2.55 4.19 1.63 0.84 3.33 1.90 6.49 6.49 11.79 7.23

LUMO 1.62 0.26 0.84 0.59 0.10 0.23 0.24 1.34 2.63 2.24 0.40 2.66
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(resonance effect). The HOMOs are delocalized on the oxygen
atoms of the methoxy groups, but not on all the substituted

methoxy groups. The delocalization of the HOMOs on some
methoxy groups indicates that the electron-donating nature
of the methoxy group is a predominant effect, and the

non-delocalization of them indicates that the electron-
withdrawing nature is the predominant effect. Due to the high
electronegativity of the oxygen atom; this group could become

electron-withdrawing in an inductive sense via the r bonds.
Thus, the electron-donating/withdrawing nature of the substi-
tuted methoxy group depends on its specific position and inter-
action with the conjugation system of the phenyl rings. Thus,

from MO picture, the methoxy groups that contributed to
the HOMO and not contributed to the LUMO, we expected
that the C-O bond length would be decreased and increased

in the cationic and anionic form, respectively; the expectation
is matching the obtained result.

Tetra-methoxy derivatives (T8-T11): In this kind of

designed derivatives, four methoxy groups are substituted
either at the two (upper) ortho- and two meta- positions (like
in T8), or at the four ortho-positions (like in T9), or at the
two meta- and the two other (lower) ortho-positions (like in

T10), or finally, at the two ortho-positions and the other two
methoxy groups are at the phenyl ring farthest from the
dioxythiophene ring (like in T11), see Scheme 1 and

Table SD 1. Comparing the planarity of T8-T11 and that of
the parent molecule (R01) shows that and similar to the effect
of some derivatives substituted with two methoxy groups (D1,

D2, D6, and D7), the planarity of all of these derivatives are
less than that of R01. The S-C5-C28-C28/29 dihedral angle
is ranging from 33� (T10)-to-58� (T9). Since the value of this

dihedral angle in R01 is 22.008�. On the other hand, the
inter-ring distances included the S–C5, and C5–C27/28/31
bond distances of T8-T11 are slightly shortened and elongated,
respectively, compared to those of R01. For instance, the S–C5

bond distances are 1.7582 and 1.7565 Å in R01 and T8, respec-
tively, while their C5–C28/31 bond lengths are 1.4637 and
1.4700 Å, respectively, shortening by 0.002 Å and elongation

by 0.006 Å.
Supplementary data associated with this article can be

found, in the online version, at https://doi.org/10.1016/j.

arabjc.2018.06.014.
The anionic forms of these derivatives show significant

changes from the geometries of their counterpart neutral

forms, while the cationic forms show slightly different geome-
tries of those of the neutral forms. For instance (for T11), the
S-C5 bond lengths are 1.7575, 1.7572, and 1.7829 Å in the neu-
tral, cationic and anionic forms, respectively. Thus, it has been

slightly shortened by 0.0004 Å and significantly elongated by
0.025 Å in the cationic and anionic form, respectively. Unlike
any other derivative, the HOMO (�4.907 eV) of T11 is not

delocalized on the S-C5 bond, and like the other derivatives,
part of the LUMO (�1.059 eV) is delocalized on the C5–C27
(Fig. 1) thus removing an electron from the HOMO to form
the cationic state should not affect the S-C5 bond length that
results in the slight difference that was observed in this bond

length in the neutral and cationic form. In contrast, and since
the LUMO is delocalized on the C5–C27, adding an electron
to the LUMO to form the anionic form would be expected

to weaken and thus lengthening this bond as observed.
Hexa-methoxy derivative (H12): The deviation from pla-

narity in this molecule in comparison with R01 is more pro-

nounced, Table SD 2. Since, the S�C5�C28�C29 dihedral
angle is 56.2 and 22.8�, for H12 and R01, respectively, a differ-
ence of �33�. This could be easily attributed to the steric
hindrance effect of the six substituted methoxy groups. The

inter-ring distances (S–C5) are also elongated by 0.006 and
0.027 Å, while the C5–C28 bond distances are shortened by
0.024 and 0.026 Å in the cationic and anionic forms, respec-

tively. The C–O bond distances of the methoxy group are
shortened in the cationic forms and elongated in the anionic
forms compared to those of the neutral forms, this combined

by reverse trend observed in the C–O–C bond angle. In com-
parison with the neutral forms, the C–O–C bond angles of
the methoxy group increase and decrease in the cationic and
anionic forms, respectively. Due to the presence of the six

methoxy groups (the maximum number of substitution among
all derivatives); the HOMO is showing greater delocalization
over more substantial parts of the molecule. Four of the meth-

oxy groups are contributing to the HOMO, except the two
methoxy groups at the (upper) ortho-positions.

Optimized S1 geometries of R01 and its designed derivatives:

The inter-ring distances and torsional angles in the optimized
geometries of the parent molecule R01 and its designed
derivatives at the first excited state (S1) calculated with

TDB3LYP/6-31G(d) are collected in Table 1, Table SD 1,
and Table SD 2. It was found that the excited state structures
are different from the ground state structures. The investigated
bond angles, bond angles, and dihedral angles are significantly

changed upon excitation. The most interesting observation is
that the planarity of the molecule is improved due to the trans-
fer from the ground state to the first excited state; this is evident

from the significant decrease in the S�C�C�C dihedral angles,
more obviously for R01, D3, and D4. Thus, the excited state
structure is more planar than the ground state structure. For

instance, the values of S�C�C�C dihedral angles in the
ground state change from 22.800, 23.021, and 21.994� to
2.462, 2.357, and 1.970� in R01, D3, and D4, respectively.

The modifications of the dihedral angle strongly affect the opti-
cal properties of the compounds such as the emission properties
and radiative lifetimes (discussed later) (Chitpakdee et al., 2014;
Wazzan et al., 2017).

The distribution patterns of HOMOs and LUMOs for R01
and of its derivatives in the first excited states (S1) have been
shown in Fig. 2. Unlike R01 and other derivatives, T11 deriva-

tive shows the significant difference in the HOMO distribution
(and not the LUMO) between the So and S1. In the HOMO of
the excited state, the electronic charge is delocalized over a

https://doi.org/10.1016/j.arabjc.2018.06.014
https://doi.org/10.1016/j.arabjc.2018.06.014
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Fig. 2 HOMO and LUMO orbitals distribution for the first excited state (S1) of some investigated HTMs as representative examples.
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region that was not covered by the HOMO in the ground state
geometry, i.e., the dioxythiophene core. Thus, at the S1 the

HOMO is distributed over more substantial parts of the mole-
cule. We found general intramolecular charge transfer (ICT) in
all investigated HTMs for S0 as well as the S1 state.

3.3. Frontier molecular orbital

In the present study, we have carried out a systematic quantum

chemical calculations using density functional theory DFT to
estimate the electronic and optical properties for 5,7-bis(9-et
hyl-9H-carbazol-2-yl)-2,3,5,7-tetrahydrothieno[3,4-b][1,4]dioxi
n and some of its new designed methoxy derivatives

(Scheme 1), which they may be used as an efficient HTMs in
the perovskite solar cells. As is known examination of the fron-
tier molecular orbitals (FMOs) is vital to understand the elec-

tronic structures of chemical compounds. In addition, FMOs
are the backbone factors to illustrate the carrier transport
properties of the molecules, which affect the electronic, optical,

and conducting properties of materials. By controlling the
HOMO and LUMO levels, it is feasible to design materials
for PSCs with desirable charge carrier transport properties
(Chen et al., 2014a, 2014b). Therefore, examination of

HOMOs and LUMOs of the newly designed compounds is
Fig. 3 The calculated molecular orbitals for molecule R01 and its new

are HOMOs), using DFT at the B3LYP/6-31G(d) level. HOMO and L

part of the Fig (eV). Value ranges from (�0.2)-to-0.2 eV.
highly useful, by which a reasonable qualitative indication of
the ability of charge injection and transport can be estimated

by knowing the relative ordering of HOMOs and LUMOs.
The calculated distribution patterns of the highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molecu-

lar orbitals (LUMOs) and the energy levels for the ground
states of the parent compound and its new design derivatives
are plotted in Fig. 3. For the parent compound (R01), as

sketched in Fig. 3, the HOMO and LUMO are almost dis-
tributed over the whole molecule, indicating that the molecule
possesses p-features. A good delocalization of HOMO is favor-
able to enhancing the hole transfer integral (Zhang et al.,

2017a, 2017b). Similarly, other twelve designed molecules exhi-
bit the same results with some exceptions. These exceptions
mainly depend on the position and the number of the substi-

tuted methoxy groups. For example, new designed compound
D4, the HOMO is located on the central and left-hand side of
the molecule, and it has a very weak localization on the right-

hand side of the molecule, while the LUMO is almost localized
on whole the molecule. For D6 and D7 molecules, the indole
group on the right-hand side have a week contribution to the
HOMOs, while the LUMOs of these molecules are almost

localized overall the backbone of the molecule. These results
can be attributed to the position of the methoxy groups. In
ly designed derivatives P1-D7 (blue ones are LUMOs and red ones

UMO energies are in eV. Energy gap values are given in the middle
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D6 molecule, two methoxy groups are substituted on the car-
bazole unit, which located on the left-hand side of the mole-
cule. On the other hand, in D7 molecule, the two methoxy

groups are substituted on both carbazole units. As is known
the methoxy substituent actually impacts the ring electronics
via two competing effects. The oxygen’s lone pair is well-

placed to delocalize and increase electron density within the
ring’s conjugated system. This allows delocalization to better
stabilize positive charges. So the methoxy is electron-

donating from a resonance perspective. Additionally, because
oxygen is quite electronegative, the methoxy group is
electron-withdrawing in an inductive sense via the r bonds.
As can be seen from the distribution of the HOMOs and

LUMOs the resonance donation is much stronger than the
inductive sense.

Chi and Li (2015a, 2015b) suggested that the excellent

HOMO delocalization is favorable for hole transport and hole
transfer integral. As compared with the hole-transport, they
have the relative inferior electron transport possibility that is

determined by the delocalization of the LUMO. The result
of FMO analysis suggests that the parent R01 and most of
the designed molecules have good hole-transport proper-

ties, and consequently they may be very useful potential candi-
dates as HTMs. Previous studies (Minaev et al., 2012;
Baryshnikov et al., 2012) reported that the central principle
of HTM in perovskite is similar with that of electron transfer

to TiO2 surface in DSSC except that the electron is injected in
the latter.

In order to understand the influence of the electronic prop-

erties of the R01 compound and the newly designed molecules,
the analyzing of the values of HOMO energies (EHOMO),
LUMO energies (ELUMO) and the energy gap (DH�L ¼
ELUMO � EHOMO) are considered. As is known the HOMO
energy level of HTM should be higher than the valence band
of perovskite (Zhang et al., 2017a, 2017b), and the lower

HOMO level that is much closer to the valence band of the
mixed perovskite (�5.65 eV) would results in efficient hole
extraction and overall PCE of the devices (Rakstys et al.,
2015).
Table 3 The FMOs energies of EHOMO, ELUMO, HOMO–LUMO

(Eg), first singlet excitation and excitation binding energies (in eV

experimental data from reference (Wang et al., 2015).

HTM EHOMO Gaussian ELUMO Gaussian DL�H Eg C

EL

R01 �4.793 (�5.30) �1.346 (�2.42) 3.447 (2.88) 3.000 �
D1 �4.771 �1.252 3.519 3.060 �
D2 �4.724 �0.962 3.763 3.200 �
D3 �4.706 �1.279 3.427 2.990 �
D4 �4.703 �1.111 3.592 3.090 �
D5 �4.741 �1.316 3.424 3.067 �
D6 �4.844 �1.195 3.649 3.247 �
D7 �4.828 �1.199 3.629 3.220 �
T8 �4.939 �0.995 3.944 3.482 �
T9 �5.075 �0.979 4.096 3.599 �
T10 �4.662 �1.189 3.473 3.091 �
T11 �4.907 �1.059 3.848 3.403 �
H12 �4.970 �0.923 4.047 3.476 �
Table 3 and Fig. 3 summarize the DFT B3LYP/6-31(d) val-
ues of EHOMO, ELUMO, DH�L energies, as well as the available
experimental data (Wang et al., 2015). It should be mentioned

that solid-state packing effects are not included in the DFT
calculations, which tend to affect the HOMO and LUMO
energy levels in a thin film compared to an isolated molecule

as considered in the calculations (Mandal et al., 2017). How-
ever, according to Table 3 the calculate HOMO energy level
of R01 (�4.79 eV) is in a good agreement with the experiment

value (�5.30 eV) (Wang et al., 2015) revealing the constancy of
theoretical results calculated at B3LYP/6-31(d) level. It is
important to note that the HOMO of R01 is much more pos-
itive than that of the conduction band of mixed-perovskite

(�5.44 eV) (Bi et al., 2016) and CH3NH3PbI2 perovskite
(�5.44 eV) (Krishnamoorthy et al., 2014; Vivo et al., 2017).
Taken the HOMO of the R01 as a reference, as a general,

the HOMO energy level is increased (destabilized) when two
methoxy groups were substituted (ranges from �4.70 to
�4.79 eV), the exception are D6 (�4.84 eV) and D7 (�4.83
eV). On the other hand, the introduction of four and/or six
methoxy substituents results in decreasing the HOMO (stabi-
lization) (ranging from �4.94 to (�5.07 eV)), except of T10

(�4.66 eV). These indicate that di-methoxy substitution leads
to destabilize (higher) HOMO level and generally the di-
methoxy derivatives are losing their electrons more easily,
which implies the higher hole injection or transporting ability,

while the tetra-/hexa-methoxy derivatives should be more
chemically stable (Zhang et al., 2012a, 2012b).

Generally, the open-circuit voltage ðVocÞ values of all the

designed HTMs decreased (except T10), as the number of
methoxy groups increased. Since, the Voc values of the di-
methoxy derivatives is in the range 0.586–0.724 eV, for tetra-

methoxy derivatives the values are in the range 0.335–0.523
eV, and it is only equals to 0.460 eV for H12 (derivative with
hexa-methoxy). We could say that as the number of methoxy

groups increased as the electron recombination would be
enhanced. The elevation of HOMO energy level would result
in a high Voc the value that is determined by the difference

between the HOMO level of HTMs and quasi-Fermi levels
Gaps (DH�L) calculated by DFT and the lowest excited energies

) at the B3LYP/6-31G(d) level. Note: in parenthesis are the

alculated

UMO

Calculated

DL�H
E1 Gaussian

Eb

Calculated

Eb

Voc

1.791 3.002 2.522 0.447 0.002 0.637 (0.86)

1.709 3.062 2.560 0.459 0.002 0.659

1.528 3.196 2.606 0.563 �0.004 0.706

1.711 2.995 2.490 0.437 0.005 0.724

1.610 3.092 2.535 0.502 0.002 0.727

1.671 3.069 2.460 0.357 0.002 0.689

1.598 3.246 2.532 0.402 �0.001 0.586

1.607 3.221 2.532 0.409 0.000 0.602

1.456 3.483 2.651 0.462 0.001 0.491

1.470 3.605 2.732 0.497 0.006 0.355

1.570 3.092 2.467 0.382 0.001 0.768

1.500 3.407 2.567 0.445 0.004 0.523

1.497 3.473 2.697 0.571 �0.003 0.460
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of TiO2 or the valence band of perovskite (�5.65 eV), a bigger
difference implies a higher open-circuit voltage, indicating that
the HTM has an efficient hole extraction capability (Jeon

et al., 2013a, 2013b; Chi et al., 2016; Zhang et al., 2017a,
2017b). Indeed, the HOMO energy level of new designed mole-
cule T10 (�4.66 eV), which is �0.13 eV higher than the parent

compound (R01) has the largest Voc (0.768 eV), T10The lowest
HOMO level (�5.075 eV) is reported for T9 (with four substi-
tuted methoxy groups), it is found to be the deepest one which

mean that T9 based on PSCs would have the lowest Voc (0.355
eV), Table 3, than the other molecules (Liu et al., 2016), how-
ever it is still more positive than the mixed and CH3NH3PbI2
perovskite. This is followed by the HOMO level of H12, the

hexa-methoxy derivative. H12 has HOMO energy of �4.970
eV and Vocvalue of 0.460 eV.

The calculated Voc values collected in Table 3, shows that

the decreasing order of Voc when comparing the R01 with
the di-methoxy derivatives is D4 (0.727 eV) > D3 (0.724 eV)
> D2 (0.706 eV) > D5 (0.689 eV) > P1 (0.659 eV) > R01

(0.637 eV) � D7 (0.602 eV) > D6 (0.586 eV), and with the
tetra-methoxy derivatives is T10 (0.768 eV) > R01 (0.689
eV) > P9 (0.523 eV) > T8 (0.0.491 eV) > T9 (0.0.355 eV),

and the hexa-methoxy derivative (H12) has lower Voc value
by 0.229 eV compared to that of the parent. As reported, the
open-circuit voltage values are only quantitative, since the
applied model does not consider the kinetics of back electron

transfer. Most of the designed HTMs have largerVoc values
(and higher HOMO energies) compared to the parent mole-
cule, that demonstrated the effect of the number and position

of substituted methoxy groups that may retarded the back
electron transfer, hence improving the open-circuit voltage
(Mandal et al., 2017).

Wang et al. showed that for a proper HTM material, the
LUMO energy level should be higher than the conduction
band of perovskite to inhibit the electron in perovskite back

to metal electrodes (Liu et al., 2016). The lower LUMO effec-
tively blocks the electron transport from the perovskite to the
Au contact, and this causes an increase in the fill factor (FF)
value and thus an enhanced PCE (Calió et al., 2016). Almost

all of the calculated LUMO energy level values are located
between the EHOMO of MAPbI3 (5.45 eV) and Au anode
(5.10 eV), indicating the efficient hole-transporting processes

in the PSCs devices.
According to Table 3 and Fig. 3, the LUMO energy levels

of the newly designed molecules are estimated to be destabi-

lized (more positive) than the that of CH3NH3PbI3 perovskite
(�3.91 eV). In addition, our results show that the energy dif-
ference between the LUMO energy level and the conduction
band of CH3NH3PbI3 perovskite is ranged from 2.14 eV to

2.47 eV (Table 3), which is enough to block the charge recom-
bination. Based on the above results, the new designed HTMs
are assumed to not only perform as a hole transporting layer

but also play as an electron blocking layer in the PSCs, leading
to the reduction of an electron from perovskite layer and hole
from hole-transporting layer (Liu, Zhu et al.). In order to

explore the cause of the HOMO destabilization (energy raised)
of most of the di-methoxy derivatives and the cause of its sta-
bilization (energy lowered) for most of the tetra- and hexa-

methoxy derivatives, also the cause of LUMO destabilization
(energies lowered) in all derivatives, we make an analysis on
the molecular orbital population, Fig. 1. Fig. 1 indicates
the total % contributions of the substituted methoxy
groupsð%PÞ. The methoxy groups in the di-methoxy deriva-
tives (except D6 and D7) contribute mainly to the HOMO

orbitals, their contributions are in the range from 1.6 to
7.8%, in the tetra- and hexa-methoxy derivatives (except
T10), the methoxy substituents contribute also to the HOMO,

but the total contributions are more significant, and it is in the
range 1.9–11.8%. The total % contributions to the LUMOs
from these groups in all derivatives is less significant and in

the range 0.1–2.7%. Clearly, the substituent contributes more
to the HOMO than the LUMO in these compounds. Hence,
the decrease of HOMO energies in tetra- and hexa-
derivatives and the increase of LUMO energies in all

derivatives is mainly attributed to the enhanced electron delo-
calization that arise from the electron lone pair of an oxygen
atom (of methoxy) leads to resonance. Thus, the resonance

effect will overcome the inductive effect due to high electroneg-
ativity of the oxygen atoms, as evident from HOMO and
LUMO distribution pattern (Zhao et al., 2013).

To overcome the electron-injection barrier energy in R01,
3.754 eV (ELUMO (R01) –W (gold) = �1:346� �5:1ð Þ ¼
3:754eVÞ, would be required; the work function (W) of gold

is �5.1 eV, and the ELUMO level of R01 is �1.346 eV, Table 3.
On the other hand, to overcome the hole-injection barrier
energy in R01, 1.057 eV (EHOMO R01ð Þ � �5:85ð Þ ¼ �4:793�
�5:85ð Þ ¼ 1:057eVÞ would be required (Irfan et al., 2015).

To overcome the electron-injection barrier energy for all new
designed derivatives with higher LUMO levels (ranges from
�0.923 to �1.316 eV) are smaller than that of R01, indicating

that these compounds may not apply to electron-injection
materials, but they may be good hole-injection materials as
R01 because of their significantly high HOMO levels (Chen

et al., 2014a, 2014b). Additionally, to overcome the electron-
injection barrier energy for the designed derivatives (D1, D2,
D3, D4, D5, D6, D7, and T10), with higher HOMO levels,

ranges from �4.828 to (�5.075 eV), are larger than that of
R01. It is anticipated that the designed derivatives (except
T8, T9, T11, and H12 derivatives) would be a superior hole-
transport material than the parent compound.

As is known the magnitude of the HOMO-LUMO gap has
significant chemical implications, even if qualitatively evalu-
ated. A large gap implies good thermodynamic stability of

the compound, whereas a small gap suggests an easy electronic
transition. Inspection of Table 3. indicates that the energy
gaps, DH�L, of a new designed systems are found to be higher

than the parent molecule, except of D3 and D5 molecules. The
highest electronic energy gap is attributed to the T9 molecule,
which contains four substituted methoxy groups, while the
lowest one, which results from a more extended conjugation,

is corresponded to D3 in which only two methoxy groups
are introduced. In general, this means that introduction of
methoxy groups increases the thermodynamic stability of the

system in comparison to the parent molecule. Indeed, the ther-
modynamic stability increases as the number of methoxy
groups increases. These results may be attributed to the pres-

ence of the lone pair of an electron on the oxygen, which
release the electron towards the p-bond, through resonance,
raising the energy of frontier molecular orbitals. The trend

of the energy gap DH�L is as: T9 > T8 > H12 > T11 > D6
>D7 > D2> D4 > T10 > D1 > R01 > D3> D5. The
DH�L value of each investigated molecule is larger than its
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corresponding Eg value, mainly due to the neglect of interelec-

tronic interaction upon the single one-electron excitation in
estimating DH�L, however, the variation trend is similar
(Chen et al., 2014a, 2014b).

3.4. Absorption and emission energy

It is worth mentioning that there are no experimental data for
newly designed compounds because they have never been syn-

thesized except for the parent molecule R01, which has been
described in reference Wang et al. (2015). In order to adven-
ture the properties of electronically excited states of the studied

compounds, electronic transitions, the calculated absorption
and emission spectra, kabs and kem (in nm), the excitation ener-
gies, the oscillation strengths (f) and their assignments are cal-

culated for each molecule using TD-B3LYP/6-311++G(d,
p)//B3LYP/6-311++G(d,p) level of theory. The calculated
results are presented in Table 4, together with the available

experimental results. An important feature of HTMs is their
light absorbance in the near UV-region, between 300 and
400 nm, thus avoiding competition with perovskite absorption
(Calió et al., 2016). It is worth mentioning that in some cases

(R01, D1, D2, D3, D4, and H12) the purely electronic transi-
tion HOMO ? LUMO is observed, the S0 ? S1 electronic
transitions in these compounds are combined by the larger

oscillation strengths, indicating that these transitions are
strongly allowed. On the other hand, in other cases (D5, D6,
D7, and T10), the S0 ? S5 electronic transitions are the transi-

tion with maximum fvalues; these are due to HOMO/HOMO-
1/HOMO-2 to LUMO, indicating the small energy differences
between HOMO, HOMO-1, and HOMO-2. In T8 and T9
derivatives, the S0 ? S7 electronic transitions are predomi-

nately by HOMO to LUMO withf values of 1.00 and 0.83,
respectively. In the case of T11, S0 ? S8 is dominated by
HOMO-2 ? LUMO transition.

It is apparently evident from Table 4 that all electronic
transitions are p-p* type, and no localized electronic transi-
tions are shown among the calculated singlet-singlet transition.
Table 4 The absorption kabs/emission kem wavelengths (in nm) base

lifetime (in ns), Stocks shifts kss (in nm), and light harvesting efficiency

are the experimental data from reference (Wang et al., 2015).

HTM Excitation kabs fabs Assignment

R01 S0 ? S1 413 (360) 1.29 H? L (70%)

D1 S0 ? S1 405 1.23 H? L (70%)

D2 S0 ? S1 388 0.83 H? L (70%)

D3 S0 ? S1 414 1.18 H? L (70%)

D4 S0 ? S1 401 0.95 H? L (70%)

D5 S0 ? S5 404 1.19 H-2? L (11%)

H? L (69%)

D6 S0 ? S5 382 1.18 H? L (70%)

D7 S0 ? S5 385 0.83 H-1? L (11%)

H? L (69%)

T8 S0 ? S7 356 1.00 H? L (70%)

T9 S0 ? S7 344 0.83 H? L (70%)

T10 S0 ? S5 401 1.04 H? L (70%)

T11 S0 ? S8 364 0.68 H-2? L (55%)

H-1? L (28%)

H? L (29%)

H12 S0 ? S1 357 0.47 H? L (68%)
In addition the oscillator strength for S0-S1 attributed to
HOMOLUMO transition for all compounds leading to maxi-
mum absorption was also noted. According to Table 4, the

high values of the oscillator strength (f) (0.47–1.29) indicate
that the electronic transitions of p-p* type are strongly
allowed. It is obvious from Table 4 that the calculated maxi-

mum absorption wavelength, kabs, of R01 compound (413
nm) moderately agrees with the experimental results (360
nm) (Wang et al., 2015). As compared with R01, the kabs values
of all new designed molecules are blue shifted (and in the range
357–405 nm), except of D3 molecules, which is red shifted by
only 1 nm (kabs = 414 nm). It is also observed that the kabs of
the di-methoxy molecules lies between 382 and 414 nm, mean-

ing that it is limited to the visible region. The compound D3
shows the longest wavelength absorption at 414 nm, which
was considerably red shifted in comparison to that of the par-

ent compound (R01) (413 nm). For compounds with two sub-
stituted methoxy groups (D1, D2, D4, D5, D4, D2 and D7),
our results note a maximum absorption wavelength in the vis-

ible region (382–405 nm), which were considerably blue shifted
compared to R01. The results imply that for all derivatives the
absorption takes place outside or close to the visible region

and overlaps slightly with the absorption band of perovskites
(Chi et al., 2016). Moreover, we found a blue-shift and a
decrease in the absorption intensity in the near UV/UV region
in the order T9 (344 nm)? T8 (356 nm) ? H12 (357 nm)?
T11 (364 nm), as presented in Table 4, which is consistent with
the energy gap trend. Thus, the presence of the methoxy
groups would decrease the electron donating ability of the car-

bazole ring/s, maybe to the predominant inductive effect of
electronegative oxygen atoms, and shortened p-electron delo-
calization over the whole molecule, which blue-shifted the

absorption maxima, compared with that of R01 (Kim et al.,
2015). However, the number, and position of methoxy groups
attached to the carbazole ring had a marginal effect on the

maximum absorption of the dyes.
The conclusion can be derived from above that T10 with

four-methoxy shows longer (kabs = 401 nm) but stronger
d on the S0 and S1 states, respectively, along with the radiative

(LHE) at the TD-B3LYP/6-311++G(d,p). Note: in parenthesis

LHE kem fem Assignment s kss

0.949 465 (467) 1.34 H L (70%) 2.557 52

0.941 454 1.32 H L (70%) 2.569 49

0.852 476 1.17 H L (70%) 2.897 88

0.934 498 1.32 H L (70%) 2.821 84

0.888 453 1.11 H L (70%) 2.927 52

0.935 504 1.52 H ? L (70%) 2.509 100

0.934 490 1.44 H ? L (71%) 2.502 108

0.852 490 1.40 H ? L (70%) 2.567 105

0.900 468 1.27 H L (70%) 2.574 112

0.852 454 1.13 H L (70%) 2.724 110

0.909 503 1.33 H L (70%) 2.851 102

0.791 483 1.34 H L (71%) 2.609 119

0.661 460 1.07 H L (70%) 2.971 103
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maximum absorption wavelengthðf= 1.04 nm), compared to
those of other four/six methoxy substituents, although the
methoxy groups in T10 and T8 are in the ortho-ortho- and

meta-meta (in T8 they are at o1o2m3m4 and T10 they are at
o5o6m3m4), see Scheme 1, this indicates that the particular
position of the methoxy group/s has a major effect on the elec-

tronic properties of these compounds. These results lead us to
estimate that increasing the number of substituted methoxy
groups leads to blue shift, whereas, introduction two methoxy

groups keeps the kabsin the visible region. As a result, the num-
ber and position of methoxy groups introduced on the car-
bazole ring/s affected the electron distributions, which may
have contributed to the hypsochromic shift of the absorption

spectrum, and the decreasing of the oscillation strengths.

3.5. Light harvesting efficiency

The ability of the materials and the molecules to capture pho-
tons of solar light is called as light harvesting efficiency (LHE).
Higher the value of f, higher is the light capturing ability. The

LHEs of the parent is comparable to those of some of its
derivatives, however, it has the largest value (0.949). Among
the derivatives, D1, D3, D5, D6, T8, and T10 are the deriva-

tives with comparable LHE values to that of R01, the differ-
ence is not more than 0.05. In contrast, the other derivatives
especially H12 show significant lower LHE values in compar-
ison to those of the former derivatives and to that of R01. For

instance, the difference reaches 0.28 in case of H12.

3.6. Emission properties

In this study TD-DFT//B3LYP/6-31G(d) has been performed
for optimized structures on an excited state to simulate the
emission spectra of the compounds under study where the first

singlet excited states are listed in Table 4. In all cases and sim-
ilar to the absorption spectra, S1-S0 fluorescence peaks in emis-
sion spectra have the largest oscillator strengths in all

molecules, and �70% arises predominantly from LUMO ?
HOMO transition. Based on Table 4, the calculated maximum
emission wavelength, kem, of R01 compound (465 nm) is
strongly agrees with the experimental results (467 nm) (Wang
Table 5 Internal hole khole/electron kelec/totalktot reorganization ene

and vertical ionization potentials, electron affinities, hole/electron ex

HTMs calculated at the B3LYP/6-31G(d).

HTM k1 k2 khole k3 k4 kelec ktot

R01 0.141 0.156 0.297 0.161 0.207 0.368 0.665

D1 0.177 0.198 0.374 0.163 0.175 0.338 0.712

D2 0.158 0.155 0.313 0.207 0.202 0.410 0.723

D3 0.135 0.145 0.280 0.181 0.237 0.418 0.698

D4 0.149 0.164 0.313 0.203 0.232 0.435 0.748

D5 0.134 0.131 0.264 0.167 0.213 0.380 0.645

D6 0.067 0.347 0.415 0.210 0.230 0.441 0.855

D7 0.067 0.354 0.421 0.205 0.228 0.433 0.854

T8 0.080 0.072 0.152 0.270 0.247 0.517 0.669

T9 0.031 0.633 0.664 0.200 0.209 0.409 1.073

T10 0.155 0.164 0.319 0.182 0.197 0.380 0.699

T11 �0.041 0.501 0.460 0.249 0.235 0.484 0.944

H12 0.210 0.154 0.365 0.221 0.215 0.436 0.800
et al., 2015), supporting our selection of the theoretical level
of calculation. Comparing with the parent molecule (R01),
the majority of the new designed molecules show a red shift

in the emission spectrum, whereas some of them show a blue
shift, with a significant increase in the oscillator strength as
in the case of molecules D5, D6 and D7. The highest oscillator

strength is found for D5. In addition, the emission spectra
show a blue shift in the order D4 (kem = 453 nm) ? T9 (454
nm)= D1 (kem = 454 nm) ? H12 (460 nm). On the other

hand, the emission spectra show a red shift in the order T8
(kem = 468 nm) ? D2 (kem = 476 nm) = T11 (483 nm)?
D7 (490 nm) =D6 (490 nm) ? D3 (498 nm) ? T10 (503
nm)? D5 (504 nm). Generally, for the parent and designed

derivatives, the emission maxima are longer than the absorp-
tion maxima, since kem is red-shifted by not less than 52 nm
compared with kabs.

3.7. Stokes shift

Stokes shift can reflect the degree of structural deformation

between the ground state and excited state geometries. A more
substantial Stokes shift is beneficial for pore-filling of
HTM (Chi et al., 2016). The computed results of the newly

designed molecules yield a stoke shift values (kss), described
as:kss ¼ kem � kabs. Based on the values of the calculated kss
(Table 4), the new designed compounds can be classified into
three categories as follows:

(a) Relatively high kss (from 106 nm to 119 nm) (D6, T8,
T9, T8 and T11 compounds): The relatively high kss val-
ues indicate that electron transition breaks the strong
conjugative effect and leading to a remarkable geometry
distortion (bond lengths and bond angles (Table 1). and

large reorganization energy as will be shown in the next
subsection (Table 5).

(b) Relatively moderate kss (from 84 nm to105 nm) (D3, D2,

D5, H12 and D7 compounds). The moderate kssvalue
reflects that electron transition is partially breaking the
strong conjugative effect, which leads to a moderate
geometry distortion from a ground state to an excited

state and a moderate reorganization energies (Table 1
and Table 5).
rgies along with their components, k1,k2,k3 and k4, the adiabatic

traction potentials, and global hardnessg (in eV) of investigated

IPa IPv HEP EAa EAv EEP g

5.751 5.907 0.206 0.462 0.255 0.023 2.645

5.673 5.871 0.202 0.360 0.185 0.019 2.656

5.642 5.797 0.202 0.119 �0.083 0.012 2.761

5.631 5.776 0.202 0.431 0.194 0.022 2.600

5.621 5.785 0.201 0.277 0.044 0.018 2.672

5.662 5.792 0.203 0.464 0.251 0.023 2.599

5.565 5.912 0.202 0.366 0.135 0.021 2.600

5.560 5.914 0.202 0.366 0.138 0.021 2.597

6.066 6.138 0.220 0.203 �0.044 0.017 2.931

5.529 6.163 0.202 0.155 �0.054 0.013 2.687

5.549 5.713 0.198 0.325 0.128 0.019 2.612

5.396 5.897 0.200 0.267 0.032 0.019 2.564

5.824 5.978 0.206 0.117 �0.099 0.012 2.854



Effect of number and position of methoxy substituents 13
(c) Relatively small kss (52–80 nm) (R01, D1 and D4 com-

pounds), which indicates that electron transition doesn’t
break the strong conjugative effect, assigning a small
geometry distortion and a small reorganization energies

(Table 1 and Table 5).

Since larger Stokes shift is also typical feature for a good
HTM; we could predict that D6, T8, T9, and P9 derivatives

as HTMs are better for increasing the performance of PSCs
compared with the parent (R01). D6 and T8 combine in the
nature of the methoxy position, the two and four methoxy

groups in D6 and T8, respectively, are positioning in the
ortho- and meta- positions. In D6, the methoxy groups are
in o1m7, and in T8 they are in o1o2m3m4, see Scheme 1. While

the four methoxy groups in T9 are at the four ortho-positions
(o1o2o5o6).

3.8. The radiative lifetimes

The Radiative lifetimes (s) of the compounds under probe
have been computed for a spontaneous emission using the Ein-
stein transition probabilities (Lukeš et al., 2005). This time

refers to the average time that molecules stay in their excited
state before emitting a photon. If the compounds have a
shorter lifetime in the excited state, it means they have more

efficiency in the emitting of fluorescence or photons (Zhang
et al., 2012a, 2012b), and longer lifetime indicate improved
suppression of back reactions of the injected electrons, this

results in improvement the Vocvalue, due to the reduced elec-
tron recombination rate (Kim et al., 2015). The calculate life-
time s for the investigated compounds are listed in Table 4. It
was pointed that the shorter radiative lifetimes, the high light-

emitting efficiency, while the longer radiative lifetime facilitates
the electron and energy transfer (Hlel et al., 2015). According
to Table 4, it has been observed that as the radiative lifetime of

compounds is shortened, the oscillator strength is increased.
These results lead to an increase in the luminescent efficiency.
The computed s values follow the following order: H12 > D4
Table 6 Density difference between ground state (So) and excited st

contour threshold is 0.02 au.

HTM ED moves from So ED

R01

D1

T11

H12
>D2 > T10 > D3> T9 > T11 > T8 > D1 >D7 > R01
> D5 > D6. For compound H12, with six methoxy groups,
we find the lowest oscillator strength and the longest radiative

lifetime, whereas the shortest radiative lifetime and the highest
oscillator strength is found for compounds D5 and D6, with
only two substituted methoxy groups. Therefore, they should

be good-emitting materials with a high efficiency (Zhang
et al., 2012a, 2012b).

To better explain the contribution of the electron, the

charge density differences between ground and excited states
of R01 and some of its designed derivatives, D1, D2, T9,
T11, and H12 (as representative examples) are plotted in
Table 6. In this case, it is assumed to be the difference between

HOMO and LUMO since the first transition is mainly from
HOMO to LUMO. Electron density moves from the cyan
region to the blue region when moving from the ground state

to the first excited state. Cyan and blue colors indicate increase
and decrease of charge densities, respectively. As evident from
Table 6 the R01 and its derivatives demonstrated clearly

intramolecular charge transfer (ICT).

3.9. Reorganization energy, electron affinity, and ionization
potential

One of the parameters to determine the carrier hopping rate is
the reorganization energy (kk), which comes from the contri-
butions of external reorganization energy and internal reorga-

nization energy. The latter includes the molecular geometry
modifications when an electron is added or removed from a
molecule, and the former is the modifications in the surround-

ing medium due to polarization effects. Norton and Brédas
(Norton and Brédas, 2008) reported that the external reorgani-
zation energy is significantly lower than that of the inner part

based on a polarized force field calculation. It is also funda-
mental to calculate the ionization potential (IP) and electron
affinity (EA), which characterize the reduction and oxidation

properties (Chen et al., 2011). These descriptors can be used
to evaluate the energy barriers of holes and electron injection
ate (S1) of some investigated HTMs (as representative examples),

goes to S1 Full picture
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including charge mobility and balanced charge. The calculated
adiabatic and vertical IPs (IPa and IPv), the adiabatic and ver-
tical EAs (EAa and EAv), as well as the reorganization energies

for holes (kkhole) and electrons (kkelec) for the compounds under
probe at B3LYP/6-31G(d) are presented in Table 5 and Fig. 4
Also, Table 5 includes the values of HEP (the hole extraction

potential) as the energy difference from M+ (cationic) to M
(neutral molecule), using M+ geometric structure in the calcu-
lation, and EEP (the electron extraction potential) as the

energy difference from M- (anionic) to M, using M- geometric
structure in the calculation (Chen et al., 2014a, 2014b). The
internal reorganization energy is the energy difference between
two molecules due to geometric relaxation during electron

transfer, and it is an important parameter for charge transfer
and according Marcus theory (Nelsen et al., 2001), which pro-
vides to a qualitative indication of the charge-transport rate

(the lower the k values, the bigger the charge-transport rate).
For reorganization energy, as is seen in Table 5, the kkhole val-
ues of the investigated molecules are ranged from 0.152 to

0.664 eV, while the kelec values are in the interval of 0.338–
0.517 eV. As shown, the first important remark to be noted
is that most of the investigated molecules exhibit kelec values

larger than the khole values, except of D1D1 and T9, implying
that the hole transfer should be faster than the electron trans-
port, which is reflected by the khole and kelec values (1.03 �
1014–1.86 � 1015, and 4.91 � 1014–6.79 � 1015 s�1, respec-

tively). From the variations in the main geometrical parame-
ters in the neutral to anionic/cationic states, see Section 3.1,
we observed that the geometry relaxation between the neutral

and anion states is greater than that for the cations, resulting in
Fig. 4 Adiabatic and vertical ionization potentials (IPv/IPa), (b)

reorganization energies (khole) and electron reorganization energies (kel
the B3LYP/6-31G(d).
greater polarization in the former, which results in a larger
value of kelec than khole (Irfan et al., 2015).

We find that the khole of the parent molecule, R01 is only

0.297 eV, while its kelec reaches as high as 0.368 eV; the latter
is higher than the former. Hence, R01 should be suit to trans-
porting holes than electrons. These results indicate, from the

reorganization energy point of view, that R01 is p-channel
rather than n-channel. In addition, the khole of R01 is approx-
imately equal to that of a typical hole transport material N,

N0-diphenyl-N,N0-bis(3-methylphenyl)-(1,1 0-biphenyl)-4,40-
diamine (TPD) with khole = 0.29 eV. This also means that its
hole transfer rate, (khole = 1.9 � 1015 s�1), should be approxi-
mately equal that of TPD, thus the potential of R01 compound

as tested experimentally as profound hole transfer material, is
also proved theoretically. Unlike the others, T9 and T11 dis-
played considerable hole reorganization energies (0.664 eV

and 0.460 eV, respectively), which can be ascribed to their
large structural distortions when the ionization process takes
place (Table 1). In comparison with the parent molecule

(R01), most R01 derivatives exhibit larger khole and kelec values,
except D3, D5 T8 and T8 D5exhibit smaller khole value and
only D1 exhibits smaller kelec value. These results indicate that
most of the designed derivatives may possess lower charge
mobilities compared to that of the parent, which can be easily
noticed from the khole values. On the other hand, the calculated
khole values for D3, D5 T8 and T8 D5are 0.280, 0.152 and

0.264 eV, respectively, which are clearly smaller than that of
the value of R01 (0.297 eV). D3T8D5, indicating that these
designed HTMs have larger hole mobilities compared to the

parent. While, D1 with kelec (0.338 eV) which is smaller than
Adiabatic and vertical electronic affinities (EAv/EAa), (c) hole

ec), and (d) adiabatic hardness of investigated HTMs calculated at
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that of R01 (0.368 eV), clearly demonstrating that this com-
pound has larger electron mobility compared to that of the
parent. The trend of increasing of the khole values of the di-

methoxy derivatives is D5 < D2 =D4 < D3< P1 < D6 <
D7, thus among this series, D5 is expected to show the faster
hole transfer. While, for the series composed of the tetra-

methoxy derivatives the trend observed is: T8 < T10 < T11
< T9, and in this series T8 and T9 are the compounds that
expect to show the faster and slower hole transfer, respectively.

On the other hand, the trend of increasing of the kelec values of
the di-methoxy derivatives is D1 < D5 >D2 < D3< D7 <
D4 <D6, thus among this series, D1 and D6 are expected to
show the faster and slower electron transfer, respectively.

While, for the series composed of the tetra-methoxy derivatives
the trend observed is: T10 < T9 < T11 < T8, and in this ser-
ies T10 and T8 are the compounds which expect to show the

faster and slower hole transfer, respectively. However, H12
the hexa-methoxy derivative has intermediate hole and elec-
tron mobilities. In order to attain high quantum efficiency, it

is necessary to achieve efficient charge injection at right charge
balance; thus, materials used as hole/electron transporter
should have closed reorganization energy with bipolar charac-

ter (Chen et al., 2014a, 2014b). Therefore, most of the designed
derivatives (except five out of twelve compounds, i.e., D3, D4,
D5, T8, and T9), have comparable/better potential as HTMs
as R01, since the difference between the khole and kelec is only
in the range 0.012 to 0.097 eV, while the difference for the par-
ent is 0.072 eV.

To compare the magnitudes of hole and electron mobilities,

we calculate the relative hopping rates of holes versus elec-
trons, kelec/khole. The values of khole and kelec have been calcu-
lated, assuming T to be 300 K and neglecting the difference

in DHab, (Table 7). The ratio is predicted to be in the range
2–30. Where most of the investigated molecules show small
ratio (between 2 and 6), where D6, D7 and H12 show relatively

large ratio (30, 22, 22, respectively), and P2, D5, and T9 show
moderate values, 18, 13, and 15, respectively. Although some
experimental data indicated that DHab varies over a rather lim-
ited range for intramolecular charge-transfer processes, this

does not guarantee complete cancellation in the comparison
of relative charge-transfer rates. The hole mobility of R01
has been reported to be 2.05 � 10–4 cm2 V�1 s�1 (Wang

et al., 2015). However, direct comparison of its reported
Table 7 Calculated change transfer integrals, (thole and telec (in eV),

hopping rate for the investigated HTMs calculated at the B3LYP/6-

HTM thole telec

R01 0.246 0.391

D1 0.218 0.365

D2 0.114 0.161

D3 0.205 0.451

D4 0.162 0.273

D5 0.095 0.377

D6 0.047 0.262

D7 0.057 0.266

T8 0.094 0.192

T9 0.033 0.113

T10 0.176 0.394

T11 0.001 0.167

H12 0.028 0.139
mobility is not feasible because the value depends on the
electric field and film preparation details.

As is known the ionization potential and electron affinity

are good descriptors to interpret the charge transfer behavior.
The energy barrier for the injection of holes and electrons can
be predicted by the explicit properties such as adiabatic ioniza-

tion potential (IPa) and adiabatic electron affinity (EAa).
Evaluation of the nature of devices of carrier transport can
be measured by the stability of the HTMs. The stability of

p-type HTMs is directly related to the IPa. The lower ioniza-
tion potential indicates that material would be better as hole
transporter, while higher electron affinity leads to be a better
electron transport (Chan and Liao, 1970). The adiabatic ion-

ization potential (IPa), vertical ionization potential (IPv), adi-
abatic electron affinity (EAa), and vertical electron affinity
(EAv) were calculated. The computed results are summarized

in Table 5. The trend observed for the change in the adiabatic
and verticalEA values of the investigated HTMs is very simi-
lar. In contrast, there is a small difference between the trend

of changes showed by the adiabatic and vertical IP values, as
illustrated in Fig. 4. Additionally, for all investigated HTMs,
the adiabatic IP values are smaller than the vertical IP values,

while the reverse is true with respect to the EA values.
The data in Table 5 and Fig. 4 shows that the order of

decreasing the adiabatic and vertical EA values of the di-
methoxy derivatives with respect to that of the parent is:

R01 > D5 >D3 > D6 �D7 > P1 > D4 > P2, while that
for the tetra-methoxy HTMs is: R01 > T10 > P9 > T8 >
T9, and the EA values of R01 are larger than that of the hexa-

methoxy (H12) derivative. Thus, the parent compound show
higher EA values compared to those of its derivatives, indicat-
ing that R01 seems to be a better electron transporting mate-

rial than its methoxy-substituted derivatives. In addition, D2,
T8, T9, and H12 derivatives have negative calculated EAv val-
ues, different from others, which was raised by the incomplete

cancellation of the electronic self-interaction energy due to the
use of an inexact density functional and a finite basis set (Chen
et al., 2014a, 2014b). The four aforementioned HTMs are
expected to show the weakest potential as electron transport-

ing materials. However, from the adiabatic/vertical EA values
of D1 (0.360/0.185 eV), D3 (0.431/0.194 eV), and D5
(0.464/0.251 eV), these three di-methoxy derivatives are

expected to show comparable potential as that of the parent
hopping rate constants, (khole and kelec (in s�1), and the relative

31G(d) level.

khole kelec kelec/khole

1.86 � 1015 4.22 � 1015 2

1.30 � 1015 3.82 � 1015 3

3.88 � 1014 6.79 � 1015 18

1.34 � 1015 5.26 � 1015 4

7.93 � 1014 1.88 � 1015 2

2.96 � 1014 3.86 � 1015 13

5.79 � 1013 1.73 � 1015 30

8.39 � 1013 1.81 � 1015 22

3.82 � 1014 8.55 � 1014 2

2.22 � 1013 3.32 � 1014 15

9.21 � 1014 4.23 � 1015 5

1.03 � 1014 6.69 � 1014 6

2.24 � 1013 4.91 � 1014 22
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(0.462/0.255 eV). On the other hand, the adiabatic and vertical
IP values of all designed methoxy derivatives are smaller than
that of the parent (except those of D6, T8, T9, and H12), indi-

cating that most of the designed HTMs are seemed to be better
hole transporting materials than the parent compound. Both
the values of the adiabatic/vertical IP of T8 (6.066/6.138 eV)

and H12 (5.824/5.978 eV) are larger than that of R01 (5.751,
5.907 eV), indicating that these tetra- and hexa-methoxy
derivatives, respectively, and relying on these values only are

the least potential designed molecules as hole-transporting
materials. The first inspection of Table 5 shows that T11 has
the lowest IPa (5.395 eV) and its EAa (0.267 eV) is considered
as a medium value as compared with other eleven molecules.

However, the parent compound R01 has the highest EAa

(0.462 eV) and its IPa is relatively high (5.751 eV) compared
to its derivatives. We can also find that molecule T8 (6.066

eV) has the biggest IPa value and a relatively small EAa value
(0.267 eV). Importantly, our computed results show that IPa is
higher when 4 and /or six methoxy groups have been intro-

duced to the parent molecules. On the other hand, the biggest
EAa value is reported for D5 (0.464 eV) while the smallest EAa

value is found for H12 (0.115 eV) as compared with the other

molecules. The vertical IP and EA values calculated at the
geometry of the neutral molecule can be used to study
the charge injection of the materials. The molecule with
low IP or high EA is likely to improve electron or hole
Fig. 5 The correlation between the calculated HOMO and LUMO

derivatives and (b) Tetra-methoxy derivatives.
injection/transport (Chen et al., 2014a, 2014b). It can be found
that the change trends of the vertical IP and EA values for the
investigated HTMs are almost similar to their HOMO and

LUMO energies. The correlation between IPv values and
HOMO energies (EAv values and LUMO energies) for the
HTMs with di-methoxy substitution and tetra-methoxy substi-

tution all with the parent can be obtained linearly in Fig. 5.
Di-methoxy derivatives (D1, D2, D3, D4, D5, D6, and D7);

along with R01

IPv ¼ 1:0917 �EHOMOð Þ þ 0:6438; R2 ¼ 0:9085

EAv ¼ 0:9020 �ELUMOð Þ þ 0:7334; R2 ¼ 0:9682

Tetra-methoxy derivatives (T8, T9, T10, and T11); along
with R01

IPv ¼ 1:101 �EHOMOð Þ þ 0:5976; R2 ¼ 0:8366

EAv ¼ 0:7621 �ELUMOð Þ þ 0:5663; R2 ¼ 0:9711

Above regression equations may provide a simple formula
to predict the vertical IP and EA values of other similar deriva-
tives from their HOMO and LUMO energies (Zhang et al.,
2012a, 2012b; Chen et al., 2014a, 2014b). Previous studies have

demonstrated that the IPa values of air-stable p-channel mate-
rials ranges from 5.680 eV to 6.786 eV, and the EAa values for
air-stable n-channel ones are in the range 2.411 to 3.141 eV
energies and the vertical IP and EAvalues in (a) Di-methoxy
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(Zhao et al., 2013). On the basis of this viewpoint, only R01,
T8, and H12 should be air-stable p-channel materials, while
non-compound is an air-stable n-channel one. Hence, the

investigated HTMs are not suitable to being used as electron
transport materials for their low air-stability.

Furthermore, the absolute hardness (g) also has been calcu-

lated. As is known, hardness (g) is the resistance of the chem-
ical potential to the change in the number of electrons, and it’s
controlled the stability of PSC, since the HTM could play a

crucial role in controlling the stability of PSCs; an ideal
HTM should be stable, i.e., it should be a hard molecule with
large g value (Zhang et al., 2017a, 2017b). The g values of all
molecules are also presented in Table 5 and Fig. 4. Inspection

of Table 5 and Fig. 4 reveals that the g values of the designed
molecules in the range 2.564–2.931 eV with largest deviation of
0.37 eV, indicating that the stabilities of the investigated mole-

cules are almost similar. Indeed, we have found that T8
(g = 2.931 eV) molecule has the highest stability while
T11ðg = 2.564 eV) molecule has the lowest stability among

all the studied molecules. The previous result indicates that
the stability of R01 derivatives is comparable to that of
Spiro-OMeTAD and ATT derivatives (Chi et al., 2016).

3.10. First singlet excitation and exciton binding energies

As is known the exciton binding energy (Eb) of samples is an
important factor for the electroluminescence quantum

efficiency of organic light-emitting diodes (OLEDs)
(Franceschetti and Zunger, 1997; Cao et al., 1999). The com-
puted First singlet excitation and excitation binding energies

are presented in Table 3. As shown in Table 3, the investigated
molecules have large exciton binding energy in the range
0.357–0.571 eV (Hlel et al., 2015). The molecule D5 (0.357

eV) has the lowest Eb and molecule H12 (0.571 eV). Our results
show that the calculated Eb � kBT 0:331eV at room tempera-
ture, reflecting that the investigated molecules certainly allow

the formation of exciton even at room temperature after exci-
tation and leading to higher fluorescence quantum efficiency
after recombination in OLEDs (Hlel et al., 2015).

3.11. NLO properties

It has found that compounds with nonlinear optical properties
have good photoelectric conversion performance (Cai-Rong
Fig. 6 Isotropic polarizability and total hyperpolarizability values (in

p).
et al., 2009; Kumar et al., 2010; Garza et al., 2014). The polar-
izabilities and hyperpolarizabilities of the six investigated
HTMs were calculated at the B3LYP/6-311++G(d,p),

Fig. 6. In addition to the total hyperpolarizabilities, the isotro-
pic polarizability, polarizability anisotropy invariant and
hyperpolarizability.

The calculated isotropic polarizability (Da) values of D1-
D7, T9-T11, and H12 are in the range from 397-to-647 au
However, the calculated isotropic polarizability of the parent

molecule R01 is an intermediate value (Da ¼ 568au) compared
to those of its derivatives. The isotropic polarizability values of
the designed D1 and D3 are very comparable to that of the
R01 (the parent molecule), therefore, the specific positions of

the substituent methoxy groups in these two designed HTMs
make them with comparable response to the external electric
field compared to R01. The designed H12 shows the least value

(397 au). As reported an inverse correlation was found
between the isotropic polarizability values and photo-to-
current conversion efficiencies, and this was attributed to the

fact that larger delocalization of electrons enhanced the
response to the external field, but it is less efficient in generat-
ing charge separated state (Cai-Rong et al., 2009). Thus, it

induced the lower photo-to-current conversion efficiency.
According to the values of the isotropic polarizability, the effi-
ciencies of the investigated HTMs to convert photons into elec-
tricity can be estimated as: D5 (647 au) > R01 (568 au) > D3

(562 au) > D1 (557 au) > T10 (543 au) > D7 (528 au) � D6
(525 au) > T11 (500 au) > D4 (484 au) > D2 (420 au) >
T8 (414 au) > T9 (406 au) > H12 (397 au).

As shown in Fig. 6, the order of decreasing the total hyper-
polarizabilities (btotÞ of the investigated di-methoxy HTMs in
comparison with R01 is: D5 (1420 au) > D4 (1399 au) > D2

(1324 au) > D6 (919 au) > D7 (866 au) > R01 (700 au) >
D1 (644 au)�D3 (174 au). The order of decreasing the total
hyperpolarizabilities of the investigated tetra-methoxy HTMs

in comparison with R01 is: T11 (959 au) > R01 (700 au) >
T8 (587 au)� T9 (256 au)� T10 (32 au). In contrast, the
hyperpolarizability of the parent (R01) is seven times greater
than that of the hexa-methoxy derivative H12 (96 au).

Generally, the di-methoxy derivatives have the largest hyper-
polarizabilities (except D3), ranges from 1420-to-644 au, fol-
lowed by the tetra-methoxy derivatives (except T10), ranges

from 959-to-256 au, and then the H12 with six methoxy sub-
stituents has the least hyperpolarizability. Indeed, the major
au) of investigated HTMs calculated at the B3LYP/6-311++G(d,
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factor affecting the hyperpolarizability values is the number of
methoxy groups (as the number of the methoxy groups
increasing, the hyperpolarizability decreasing), while their

positions seems to has a minor effect on the hyperpolarizability
values. The total hyperpolarizabilities for R01 molecule is 700
au, which is smaller than that of the typical NLO material p-

nitroaniline (pNA) (btot ¼ 1327au) that has been calculated
at B3LYP/6-31G(d,p) (Garza et al., 2014). D2 and D4 are
found to have considerably larger hyperpolarizabilities com-

pared to the parent molecule and very comparable values com-
pared to pNA, and D4 shows even larger value by �72 au. The
difference between the four designed HTMs D1-D4 is in the
position of the substituted methoxy groups, since all of these

molecules have two substituted methoxy groups at different
positions in the carbazole rings. From the data above, it is pos-
sible to conclude that the specific positions of the methoxy

groups is believed to contribute with different extent to elec-
tron donor ability to the CT, hence leading to different hyper-
polarizability. It is interested to note that, H12 molecule shows

the very small value of total hyperpolarizability equals 96 au.
Thus, the substitution of the six hydrogen atoms with methoxy
results in a remarkable decrease in the molecule’s total hyper-

polarizability. As previously mentioned, the methoxy sub-
stituent has an electron-donating ability through resonance
and electron-withdrawing ability inductively; it seems that
when the number of methoxy groups becomes six (as in

H12) the second effect becomes more pronounced, leading to
lesser electron donor ability to the CT and smaller.
4. Conclusion

In this report, an investigation on twelve new designed mole-
cules by means of DFT and TD-DFT methods has been per-

formed. The designed molecules are derivatives of the well
experimentally tested R01 used as a hole transporting material
for perovskite solar cell applications. R01 is a carbazole-based

compound. The designed derivatives differ in number (two,
four, and six) and positions of methoxy groups (ortho- and
meta-) with respect to the dioxythiophene ring, resulting in

the different effect of the substituted methoxy groups with var-
ious electronic structures and optoelectronic properties of the
designed HTMs. The most important concluded remarks from
this report are:

1. In most cases, the number and position of the substituted
methoxy groups have a major effect on geometrical param-

eters of the ground states. The most affected parameter is
the S�C�C�C dihedral angles those represent the extent
of planarity of the molecule. As expected, the tetra- and

hexa-methoxy derivatives showed the most significant
changes, due to the steric hindrance of the methoxy groups.

2. Due to methoxy substitution, the HOMO energy levels of
most designed HTMs are stabilized and become more close

to that of the valence band of perovskite than that of R01,
which is beneficial to improving the V oc. In contrast, the
LUMO energy levels of all designed molecules are destabi-

lized and become higher than that of the conduction band
of perovskite to efficiently block the electron recombina-
tion. This is because, the substituted methoxy groups con-

tributing in larger extent to HOMOs compared to their
contribution to the LUMO.
3. The investigated HTMs show a dominant ICT that demon-

strated by the p-p* that dominated for R01 and most of its
derivatives by HOMO-LUMO transition and from the
charge density differences between ground and excited

states.
4. In comparison to the R01, as the number of substituted

methoxy groups increases, the maximum absorption wave-
lengths would be blue shifted, whereas, the introduction of

two methoxy groups keeps the kabsin the visible region.
5. The linear relationships between the vertical IP and EA val-

ues for the investigated HTMs with their HOMO and

LUMO energies (R2 ¼ 0:837� 0:971) may provide a simple
formula to predict those values of other similar derivatives
from their HOMO and LUMO energies.

6. The hole reorganization energies of most investigated

HTMs including the parent molecule (R01) are smaller
than their electron reorganization energies, indicating that
these compounds will efficient hole transporting materials,

while D1 and T9 derivatives would expect to be effective
as electron transporting materials, because their hole reor-
ganization energies are more significant than their electron

reorganization energies.
7. The higher Stokes shift values from absorption to emission

of D6, T8, T9, and T11 compounds showed that these

derivatives would be efficient materials for multipurpose
semiconductor applications.

8. NLO parameters calculations showed thatbtot values of D5,
D4 are very comparable (larger by �48 and �27 au, respec-

tively), to that of the typical NLO material pNA, indicating
their potential for NLO applications. On the other hand,
T10, H12, and D3 show the least potential as NLO materi-

als, their btot values are significantly small (32, 96, and 174,
respectively) and much lower compared to that of pNA.
The btot value of pNA is 43, 14, and 8 times greater than

those of the aforementioned HTMs, respectively. In gen-
eral, the R01 and other derivatives show moderate poten-
tials as NLO materials when comparing their btot values
with that of pNA.

It is not the sole and determined item to affect the overall
performance. In view of suitable frontier molecular orbital,

larger Stokes shift and high hole mobility and other factors,
the designed molecules as HTMs can act as a promising can-
didate. We believe that this study shed light on the effect of

methoxy groups on the electronic and photophysical
properties of carbazole-based HTMs, with molecular level
insight using the quantum chemical calculations, the methoxy

derivatives of R01 may be candidates for optoelectronic
materials application and worthy of experimental
investigations.
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