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ABSTRACT: Spiro-type molecules have been extensively explored
as hole-transporting materials (HTMs) in perovskite solar cells
(PSCs). However, a closer look at the rule of design of such
molecules is missing, and a combined experimental and theoretical
study is needed. In this work, three spiro-[cyclopenta[1,2-b:5,4-
b′]dithiophene-4,9′-fluorene] (SDTF) derivatives decorated with
triphenylamine have been designed and synthesized. The thermal
and optoelectronic properties, single-crystal structures, and charge-
transport properties have been extensively investigated to reveal the
impact of the linkage position of triphenylamine groups by
combining experimental and theoretical methods, and the results
are consistent with each other. Moreover, transfer integrals and
reorganization energies in these molecules are also calculated to
predict hole mobility. Our comprehensive studies show that SDTF-2 with a suitable energy alignment, good hole injection/
transportability, and high theoretical hole mobility can be employed for efficient perovskite solar cells, achieving a high power
conversion efficiency of 19.3%. In addition, first-principle calculations reveal that the strong interactions between SDTF-2 and the
perovskite surface can facilitate fast hole extraction. Our way of study has provided useful information as part of the Materials
Genome Initiative. We hope our investigation will offer a reliable path to predict or find the potential of novel spiro-type HTMs to
become the alternative choice of spiro-OMeTAD.

1. INTRODUCTION
Spiro-type organic semiconductors with a core of 9,9′-
spirobifluorene represented by 2,2′,7,7′-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD)
have been intensively studied as promising hole-transporting
materials (HTMs) in conventional n−i−p-type perovskite
solar cell (PSC) devices.1−17 The structure of such molecules
comprises two identical or different π-conjugated systems
connected by a common sp3-hybridized carbon atom, resulting
in different solubility, glass transition temperature, and
mechanical stability.18,19

So far, albeit the popularity of the spiro-OMeTAD,20,21 its
stability, complicated synthetic procedures, expensive purifica-
tion cost, and low intrinsic hole mobility have limited its
application in commercialized PSC modules. Therefore, much
effort has been devoted to developing more economical and
efficient alternatives to spiro-OMeTAD,22−25 and the same
spiro cores were connected to heterocycles such as thiophene
and pyrane rings.3,26−28 Among them, spiro-[cyclopenta[1,2-
b:5,4-b′]dithiophene-4,9′-fluorene] (SDTF) core derivatives
deserve particular attention because of their ease of tunability
by molecular engineering and peculiar optoelectronic proper-

ties. Several works have been devoted to developing SDTF
core derivatives as HTMs for PSCs, and it has been
demonstrated that SDTF-based molecules have the potential
to become a good alternative or possibly replace spiro-
OMeTAD. For example, our group reported a novel spiro-
[cyclopenta[1,2-b:5,4-b′]dithiophene-4,9′-fluorene] (SDTF)-
based HTM (FDT) with power conversion efficiency (PCE)
exceeding 20%.27 Simulations and X-ray diffraction (XRD)
indicated that the molecular core had a favorable interaction
with the perovskite underlayer. Recently, Schmaltz et al.
synthesized a series of new HTMs with an SDTF core that
assisted the energy-level alignment and increased the hole
mobility of the corresponding HTMs.26 Despite potentially
being a building block, the SDTF-based HTMs are not often
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investigated as a fundamental structure and basic unit in the
literature. So far, there has been no report on the rule of design
of SDTF-based molecules involving a combination of
experimental and theoretical studies, and the unexploited
properties of SDTF core in constructing HTMs need to be
unveiled.
In this work, three SDTF derivatives were designed and

synthesized by varying the linking position and number of
triphenylamine (TPA) groups on the SDTF core (SDTF-1,
SDTF-2, and SDTF-3, shown in Figure 1). Their solid
structures were analyzed based on single crystallography and
theoretical calculation, from which the effect of different
configurations on the hole-transport property, intermolecular
noncovalent interactions, molecular packing style, and hole
mobility were extensively investigated by quantum chemical
calculations. In addition to the different thermal, optical, and
electrochemical properties, the three molecules exhibited
distinct electronic structures, including energy level, exciton
binding energy, and ionization potential. According to the
computational study, SDTF-2, where the TPA units are only
substituted on the cyclopentadithiophene plane, shows the
best energy alignment, the highest theoretical hole mobility,
and the strongest interaction with perovskite surface among
the three derivatives. Therefore, the device based on SDTF-2
afforded the highest PCE of 19.3% among the three
compounds (14.6% for SDTF-1 and 14.2% for SDTF-3).
This work aims to establish a practical strategy to better predict
the performance of STDF-based HTMs and can offer a reliable
path to construct new SDTF-based HTMs with different end-
capped functional groups in the future. We hope this way of
study can provide helpful guidelines for the Materials Genome
Initiative.

2. EXPERIMENTAL SECTION
2.1. Materials and Synthesis. All available chemicals

were purchased from commercial sources and used without
any further purification. Solvents were purified by standard
methods and dried if necessary. 2′,7′-Dibromospiro-
[cyclopenta[2,1-b:3,4-b′]dithiophene-4,9′-fluorene] (1),27 4-
(bis(4-methoxyphenyl)amino)phenylboronic acid (2),29 3-

bromo-5,5′-bis(trimethylsilyl)-2,2′-bithiophene (3),30 and 9-
(5,5′-bis(trimethylsilyl)-2,2′-bithiophen-3-yl)-2,7-dibromo-flu-
oren-9-ol (7)27 were prepared as described in the literature.
Reactions were monitored by thin layer chromatography
(TLC), which was conducted on plates precoated with silica
gel Si 60-F254 (Merck, Germany). Column chromatography
was conducted using silica gel Si 60, 0.063−0.200 mm
(normal) or 0.040−0.063 mm (flash) (Merck, Darmstadt,
Germany). The preparation details of SDTF-1, SDTF-2, and
SDTF-3 are described in the Supporting Information.

2.2. Theoretical Calculations. The ground-state and
cationic geometry optimization based on single crystals were
calculated using the density functional theory (DFT) method
at the M06-2X/6-31G(d,p) level of theory with the Gaussian
09 program package.31 The excited states were calculated using
the time-dependent density functional theory (TD-DFT)
method at the M06-2X/6-31G(d,p) level of theory. The
quantum theory of atoms in molecule (QTAIM) analysis was
carried out for dimers in single crystals with the MultiWFN
package (version 3.8),32 based on single-point energy
calculation at the M06-2X/6-31G(d,p) level of theory. The
detailed calculation methods of energy decomposition analysis
(EDA), hole-transfer integral (V), reorganization energy (λ),
charge mobility (μ), and interaction energies (ΔE) are
described in the Supporting Information.

2.3. Characterization and Measurements. The 1H and
13C NMR spectra were recorded on Bruker Avance 400 (400
and 100.6 MHz, respectively); chemical shifts are indicated in
parts per million downfield from SiMe4, using the residual
proton (CHCl3 = 7.26 ppm) and carbon (CDCl3 = 77.0 ppm)
solvent resonances as the internal reference. Coupling constant
values J are given in Hz. Thermogravimetric (TGA) measure-
ments were carried out on TGA 4000 (PerkinElmer), with
steady heating at a constant rate of 10 °C min−1 under a
constant nitrogen gas flow of 20 mL min−1. The investigated
temperature intervals were between a minimum of 30 °C to a
maximum of 900 °C. Ceramic crucibles and approximately 5−
15 mg of sample material were used for each measurement.
DSC curves were recorded on a DSC8000 calorimeter from
PerkinElmer using 2−4 mg of sample powder placed in an

Figure 1. Synthetic routes and chemical structures of SDTF-1, SDTF-2, and SDTF-3.
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aluminum pan with a tight-fitting lid. The scans were taken
from −50 to 300 °C at a rate of 10 °C min−1 in a nitrogen
atmosphere. Ultraviolet−visible (UV−vis) absorption spectra
were recorded on a Nicolet Evolution 500 spectrophotometer
(Thermo Electron Corporation). Cyclic voltammetry measure-
ments were conducted with biologic SP200 potentiostat in
deoxygenated 0.1 M dichloromethane solution of NBu4PF6
under a nitrogen atmosphere. A glassy-carbon working
electrode and platinum wire counter and reference electrodes
were used. Measurements were carried out with ferrocene as
an internal standard. The oxidation potential of ferrocene was
positioned at 0.7 V vs normal hydrogen electrode (NHE)

potential, so the oxidation potential of HTMs was determined
vs NHE.

2.4. Device Fabrication. Nippon Sheet Glass 10 Ω/sq was
cleaned by sonication in 2% Hellmanex water solution for 30
min. After rinsing with deionized water and ethanol, the
substrates were further cleaned with UV ozone treatment for
15 min. Then, a 30 nm TiO2 compact layer was deposited on
FTO via spray pyrolysis at 450 °C from a precursor solution of
titanium diisopropoxide bis(acetylacetonate) in anhydrous
ethanol. After the spraying, the substrates were left at 450
°C for 45 min and left to cool down to room temperature.
Then, the mesoporous TiO2 layer was deposited by spin
coating for 20 s at 4000 rpm with a ramp of 2000 rpm s−1,

Figure 2. (a) TGA curves of SDTF-1, SDTF-2, and SDTF-3. (b) Normalized electronic absorption spectra of SDTF-1, SDTF-2, and SDTF-3 in
dichloromethane solution. (c) Cyclic voltammograms of SDTF-1, SDTF-2, and SDTF-3 in dichloromethane with the 0.1 M Bu4NPF6 supporting
electrolyte. Scan speed: 100 mV/s, potentials vs Fc/Fc+. (d) Energy-level diagram for PSC device and the frontier molecular orbitals of SDTF-1,
SDTF-2, and SDTF-3. ORTEP drawings of SDTF-1 (e) and SDTF-2 (f) determined by X-ray crystallography in top and side views.
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using a 30 nm particle paste (Dyesol 30 NR-D) diluted in
ethanol to achieve a 150−200 nm thick layer. After spin
coating, the substrates were immediately dried at 100 °C for 10
min and sintered again at 450 °C for 30 min under a dry air
flow. Li-doping of mesoporous TiO2 is accomplished by spin
coating a 0.1 M solution of Li-TFSI in acetonitrile at 3000 rpm
for 30 s, followed by another sintering step at 450 °C for 30
min. After cooling down to 150 °C, the substrates were
immediately transferred to a nitrogen atmosphere glovebox for
depositing the perovskite films. The “mixed perovskite”
precursor solution contained FAI (1 M), PbI2 (1.1 M),
MABr (0.2 M), and PbBr2 (0.2 M) dissolved in anhydrous
DMF/DMSO 4:1 (v/v). The respective perovskite solution
was spin coated in a two-step program at 1000 and 6000 rpm
for 10 and 30 s, respectively. During the second step, 100 μL of
chlorobenzene was poured on the spinning substrate 15 s prior
to the end of the program. The substrates were then annealed
at 100 °C for 1 h in a nitrogen-filled glovebox. After the
perovskite annealing, the substrates were cooled down for a
few minutes and HTM (SDTF-1, SDTF-2, and SDTF-3)
solutions (70 mM in chlorobenzene) were spin coated at 4000
rpm for 20 s. The HTMs were doped with bis-
(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma-
Aldrich), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt-
(III) tris(bis(trifluoromethylsulfonyl)imide) (FK209, Dyna-
mo), and 4-tert-butylpyridine (TBP, Sigma-Aldrich). The
molar ratios of additives for HTMs were 0.5, 0.03, and 3.3
for Li-TFSI, FK209, and TBP, respectively. Finally, 70−80 nm
of the gold top electrode was thermally evaporated under a
high vacuum.

2.5. Device Characterization. The solar cells were
measured using a 450 W xenon light source (Oriel). The
spectral mismatch between AM 1.5G and the simulated
illumination was reduced by the use of a Schott K113 Tempax
filter (Praz̈isions Glas & Optik GmbH). The light intensity was
calibrated with a Si photodiode equipped with an infrared
(IR)-cutoff filter (KG3, Schott), and it was recorded during
each measurement. Current−voltage characteristics of the cells
were obtained by applying an external voltage bias while
measuring the current response with a digital source meter
(Keithley 2400). The voltage scan rate was 10 mV s−1 and no
device preconditioning, such as light soaking or forward
voltage bias applied for a long time, was applied before starting
the measurement. The starting voltage was determined as the
potential at which the cells furnished a 1 mA forward bias, no
equilibration time was used. The cells were masked with a
black metal mask (0.16 cm2) to fix the active area and reduce
the influence of the scattered light. Aging under maximum
power point tracking was carried out on masked devices, which
were mounted on a temperature-controlled plate. The aging
was performed under a nitrogen atmosphere and 50 sun
equivalent illumination provided by an array of white light-
emitting diodes (LEDs). The devices were aged by means of

keeping them under maximum load under illumination. The
maximum power point was updated every 60 s by measuring
the current response to a small perturbation in potential.
Additionally, a full JV scan was taken every 15 min (at a scan
rate of 100 mV s−1 starting from the forward bias), which was
used to extract the displayed parameters for the aging data.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. The synthetic

route for the target compounds is described in Figure 1. The
key precursor brominated SDTF with different substitution
modes (2′ ,7′-dibromospiro[cyclopenta[2,1-b:3,4-b′]-
dithiophene-4,9′-fluorene] (1), 2,6-dibromospiro[cyclopenta-
[2,1-b:3,4-b′]dithiophene-4,9′-fluorene] (6) or 2,2′,6,7′-
tetrabromospiro[cyclopenta[2,1-b:3,4-b′]dithiophene-4,9′-flu-
orene] (9)) can be obtained according to the previous work27

and Experimental Section in the Supporting Information.
SDTF-1, SDTF-2, and SDTF-3 were facilely prepared by
palladium-catalyzed Suzuki coupling between different bromi-
nated SDTF and 4-(bis(4-methoxyphenyl)amino)-
phenylboronic acid (2) in high yields. The chemical structures
of SDTF-1, SDTF-2, and SDTF-3 were confirmed by 1H and
13C nuclear magnetic resonance (NMR) (Figures S10−S25).
These SDTF-based derivatives can be purified by standard
column chromatography instead of costly sublimation
procedures, as in the case of spiro-OMeTAD. This is relevant
for industrial applications where large-scale chromatographic
separation techniques are used. All of the compounds exhibited
good solubility in common organic solvents such as
chlorobenzene, toluene, tetrahydrofuran, and chloroform.
Notably, the laboratory synthesis costs of SDTF-2 are
estimated to be ∼140 US$ g−1 (Tables S1 and S2), which is
about half the cost of the synthesis of purified spiro-OMeTAD.
Thermal gravimetric analysis (TGA) and differential

scanning calorimetry (DSC) were performed to investigate
the thermal stability of these compounds. As shown in Figure
2a, the decomposition temperatures (Td) corresponding to 5%
weight loss were estimated to be 446, 431, and 438 °C for
SDTF-1, SDTF-2, and SDTF-3, respectively, which are higher
than those of spiro-OMeTAD (417 °C),33 indicating that all of
the compounds have excellent thermal stability. The glass
transition temperatures (Tg) of three compounds (145, 150,
and 179 °C for SDTF-1, SDTF-2, and SDTF-3, respectively)
were much higher than that of spiro-OMeTAD (126 °C),33
further confirming the good thermal stability (Figure S1).
SDTF-3 exhibited the highest Tg, which can be ascribed to the
improved rigidity of SDTF-3 molecules relative to the other
two molecules.34

3.2. Optical and Electrochemical Properties. The
normalized ultraviolet−visible (UV−vis) absorption spectra
of SDTF-1, SDTF-2, and SDTF-3 in dichloromethane
solutions are shown in Figure 2b, and the corresponding
data are summarized in Table 1. The absorption peaks in the

Table 1. Decomposition Temperatures, Optical Properties, Frontier Energy Levels, and Exciton Binding Energy of SDTF-1,
SDTF-2, and SDTF-3

Td [°C] λmax [nm]a λonset [nm]b Egopt [eV]
c EHOMO [eV]

d ELUMO [eV]
e EHOMOcal [eV]f ELUMOcal [eV]f

SDTF-1 446 382 424 2.92 −5.35 −2.43 −4.49 −1.11
SDTF-2 431 445 504 2.46 −5.20 −2.74 −4.28 −1.40
SDTF-3 438 444 502 2.47 −5.19 −2.72 −4.22 −1.34

a5 × 10−5 M in dichloromethane solutions. bThe absorption edge of the thin film. cEgopt = 1240/λonset (eV). dEHOMO = −5.1 − (Eox − E1/2 (Fc/
Fc+)). eELUMO = Egopt − EHOMO.

fCalculated by DFT.
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280−340 nm region can be attributed to the n−π* transition
of triphenylamine moieties. The intense absorption peaks in
the region of 350−510 nm can be assigned to the π−π*
transition of the triphenylamine and SDTF moieties. In
comparison, changing the linkage position at cyclopentadi-
thiophene instead of fluorene leads to a significant red-shift,
indicating a reduced optical band gap due to the lower
resonance energy of thiophene rings.19,26SDTF-2 and SDTF-3
with a smaller band gap show enhanced intrinsic electrical
conductivity due to the increased carrier concentration.35−37

Cyclic voltammograms (CVs) of SDTF-1, SDTF-2, and
SDTF-3 were performed in dichloromethane solution to study
the electrochemical properties of the three compounds, as
depicted in Figure 2c. The highest occupied molecular orbital
(HOMO) energy levels (EHOMO) were estimated from the half-
wave oxidation potential of the first oxidation peak,
considering the ferrocenium/ferrocene couple at −5.1 eV vs
vacuum.38 The first oxidation peak of SDTF-1, SDTF-2, and
SDTF-3 are 0.95, 0.80, and 0.79 V vs the normal hydrogen
electrode (NHE), respectively. Thus, the estimated values of
EHOMO are −5.35 eV for SDTF-1, −5.20 eV for SDTF-2, and
−5.19 eV for SDTF-3. These HOMO energy levels match well
with the valence band of perovskite (Figure 2d), ensuring
efficient hole extraction from the perovskite layer to HTM. On
the other hand, the lowest unoccupied molecular orbital
(LUMO) levels (ELUMO) of SDTF-1, SDTF-2, and SDTF-3
were determined from EHOMO and Egopt values to be −2.43,
−2.74, and −2.72 eV, respectively. They are higher than the
conduction band of the perovskite, preventing the electron
backflow from the perovskite layer to the counter electrode.

3.3. Electronic Structure. To understand the electronic
properties of the three compounds, density functional theory
(DFT) calculations were performed at the M06-2X/6-
31G(d,p) level. The frontier molecular orbitals of SDTF-1,
SDTF-2, and SDTF-3 are depicted in Figure 2d. The HOMO
distribution is concentrated on the TPAs and linking spacers
(fluorene for SDTF-1 and cyclopentadithiophene for SDTF-2,
respectively), while the LUMO is mainly distributed on the
corresponding linking spacers. This indicates the migration
charge from the peripheral TPAs to the central SDTF core. It
is worth noting that the frontier molecular orbital distributions
of SDTF-3 are very similar to those of SDTF-2, which can be
ascribed to the stronger electron-donating ability of cyclo-
pentadithiophene relative to fluorene. The calculated HOMO/
LUMO energy levels of the compounds are −4.49/−1.11 eV
for SDTF-1, −4.28/−1.40 eV for SDTF-2, and −4.22/−1.34
eV for SDTF-3. This trend is well consistent with the
experimental results. The difference between the calculated
and measured HOMO/LUMO energy levels may be because
the calculated energy levels were determined in the gas phase.
In contrast, cyclic voltammetry measured the experimental
energy levels in the dichloromethane solution. Moreover, some
environmental factors, including temperature, humidity, oxy-
gen, etc., are not involved in the calculation. In addition, there
is an error in the computational method itself, and the energy
levels calculated by combining different functionals and basis
sets are different.
In addition, the exciton binding energy (Eb) is also an

essential factor in describing the charge separation efficiency of
the HTMs.39,40 To achieve high carrier transport, the bound
electron−hole pairs should be dissociated into wholly
separated positive and negative charges to escape from the
Coulombic interaction.41 The Eb is the energy difference

between the neutral exciton and the two free charge carriers,
which can be described as40,42

=E E Eb H L S1 (1)

where EH−L is the energy difference between the HOMO and
the LUMO and ES1 is the first singlet excitation energy. We
used the time-dependent DFT (TD-DFT) method to
investigate the ES1, and the relevant data are summarized in
Table 2. In PSCs, the smaller Eb represents the easier charge

separation to improve the short-circuit current density and
carrier mobility. The Eb values of SDTF-1, SDTF-2, and
SDTF-3 are 0.41, 0.34, and 0.35 eV, respectively. The lower Eb
values of SDTF-2 and SDTF-3 suggest that introducing TPAs
on cyclopentadithiophene facilitates easier charge carrier
dissociation.
The ionization potential (IP) is used to estimate the energy

barrier for the injection of holes.43,44Table 2 contains IPs, both
vertical and adiabatic forms, and hole extraction potentials
(HEP) (the energy difference between the cationic and neutral
states based on the optimized geometry of the cationic
states).43 Theoretically, the lower IP value is favorable for hole
injection/transport. As predicted, SDTF-2 has lower IPs than
SDTF-1, indicating that cyclopentadithiophene has a better
electron-donating ability to facilitate hole injection/transport
for SDTF-2. This result agrees well with the analysis above. On
the other hand, SDTF-3 has the lowest IPs due to the
introduction of more TPAs.

3.4. Single-Crystal Structure and Intermolecular
Interaction. To understand how the variation of linkage
position impacts the solid-state molecular stacking, single
crystals of SDTF-1 and SDTF-2 suitable for X-ray diffraction
analysis were grown via slow evaporation in the THF solution.
Unfortunately, in the case of SDTF-3, no suitable single crystal
was obtained. The refined crystal parameters are collected in
Table S3 in the Supporting Information.
The compounds crystallized in the orthorhombic Pccn space

group for SDTF-1 and monoclinic P21 space group for SDTF-
2. As shown in Figure 2e,f, for SDTF-2, when the TPAs are
substituted on the cyclopentadithiophene part of SDTF-2, the
bending angle of the two C−N bonds is measured to be 164°,
which is slightly bigger than that of SDTF-1 (151°) with two
TPAs on fluorene. The optimized structure of SDTF-3 by
DFT calculations is given in Figure S2. The bending angles of
the two C−N bonds with TPAs on cyclopentadithiophene and
fluorene are 168 and 157°, respectively. This is similar to the
single-crystal structure of SDTF-1 and SDTF-2. At the same
time, the dihedral angles between fluorene and cyclo-
pentadithiophene were measured to be 83, 87, and 90° for
SDTF-1, SDTF-2, and SDTF-3, respectively (Figures 2e,f and
S2). This is similar to the value found for ubiquitous Spiro-
OMeTAD (∼90°)45 and FDT (86°),27 which indicates that
unwanted aggregation in the solid state could be suppressed,

Table 2. Calculated Exciton Binding Energy and Ionization
Potentials of SDTF, SDTF-2, and SDTF-3

EH−L
[eV]

ES1
[eV]

Eb
[eV]

Ip (v)
[eV]a

Ip (a)
[eV]b

HEP
[eV]

SDTF-1 3.38 2.97 0.41 6.03 5.94 5.85
SDTF-2 2.88 2.54 0.34 5.93 5.87 5.82
SDTF-3 2.88 2.53 0.35 5.75 5.67 5.58
av indicates a vertical value. ba indicates an adiabatic value.
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and a more stable amorphous aggregation state tends to be
formed.
To clarify the intermolecular noncovalent interactions

(NCIs) in organic solids that control molecular arrangement,
all types of dimers composed of two neighboring molecules
were extracted from single-crystal structures of SDTF-1 and
SDTF-2 and not constructed arbitrarily. Theoretical calcu-
lations based on the quantum theory of atoms in molecules
(QTAIMs) were then carried out to elaborate on the essential
features and bond paths of various NCIs.46−51 Energy
decomposition analysis (EDA) on each dimer was also
performed to quantify the total interaction energy (Eint).52

Here, Eint is defined as the sum of electrostatic energy (Eele),

repulsion energy (Erep), and dispersion energy (Edisp). For
details, see Tables S4 and S5 in the Supporting Information.
The SDTF-1 single crystal has four molecules in a primitive

unit cell. The structures in different directions are shown in
Figure S3. We extracted five types of dimers from the single-
crystal structure of SDTF-1. Along the b-axis, two neighboring
SDTF-1 molecules can form two types of dimers, i.e., dimer 1
(Figure 3a) and dimer 2 (Figure 3b), with Eint values of 132.37
and 65.86 kJ/mol, respectively. Dimers 1 and 2 have the top
two largest Eint values among all of the five dimers of SDTF-1.
The Eint value of dimer 3 with two cross-parallel conformations
along the c-axis is reduced to 34.92 kJ/mol (Figure 3c). The
Eint values of dimer 4 with two diverse conformations along the

Figure 3. Molecular packing structures and interaction energies of dimers 1−5 extracted from (a−e) SDTF-1 and (f−j) SDTF-2 single crystals.
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a-axis and dimer 5 with two antiparallel conformations are
calculated to be 13.71 and 6.30 kJ/mol, respectively (Figure
3d,e), which are significantly smaller compared to those of
other dimers. The results of QTAIM analysis suggest the
existence of multiple NCIs among these dimers: (i) π−π
interaction between the methoxyphenyl π-skeleton and the
cyclopentadithiophene π-skeleton (dimers 1 and 2), (ii)
CH−π interaction between the methoxyphenyl aromatic CH
and the fluorene π-skeleton (dimer 1), (iii) CH−π interaction
between the methoxyphenyl aromatic CH and the triphenyl-
amine phenyl π-skeleton (dimer 1), (iv) CH−π interaction
between the cyclopentadithiophene CH and the triphenyl-

amine phenyl π-skeleton (dimer 2), (v) CH−π interaction
between the triphenylamine phenyl CH and the methox-
yphenyl π-skeleton (dimer 2), (vi) CH−π interaction between
the methoxyphenyl aliphatic CH and the methoxyphenyl π-
skeleton (dimer 3), (vii) S−H interaction between the
cyclopentadithiophene S and the fluorene CH (dimer 3),
(viii) S−H interaction between the cyclopentadithiophene S
and the methoxyphenyl aromatic CH (dimer 5), (ix) O−H
interaction between the methoxyphenyl O and the methox-
yphenyl aromatic CH (dimer 4), and (x) H−H interaction
between the methoxyphenyl aromatic CH and the methox-
yphenyl aliphatic CH (dimer 4).

Figure 4. Isodensity surface plots of intermolecular HOMO overlaps of dimers 1−5 extracted from (a−e) SDTF-1 and (f−j) SDTF-2 single
crystals.
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In contrast, the single crystal of SDTF-2 is characterized as
an antiparallel dimer in one unit cell, featuring a “brick-layer
stacking” mode along the long molecular axis (Figure 3f). The
structures in different directions are shown in Figure S4.
Similarly, five types of dimers were extracted from the single-
crystal structure of SDTF-2. As shown in Figure 3f, the Eint
value of dimer 1, consisting of a primitive unit cell of SDTF-2,
is calculated to be 85.05 kJ/mol, much larger than those of the
other four dimers. Dimer 2 with Eint = 44.34 kJ/mol (Figure
3g) and dimer 3 with Eint = 12.43 kJ/mol (Figure 3h) are
formed with adjacent molecules belonging to two primitive
unit cells along the c-axis. The Eint values of dimer 4 and dimer
5 with two parallel conformations along the a- and b-axis are
calculated to be 12.20 and 10.04 kJ/mol, respectively (Figure
3i,j). Based on the QTAIM analysis, 10 types of NCI are found
in these dimers, including (i) π−π interaction of the
methoxyphenyl π-skeleton (dimer 1), (ii) CH−π interaction
between the methoxyphenyl aliphatic CH and the cyclo-
pentadithiophene π-skeleton (dimer 1), (iii) CH−π interaction
between the methoxyphenyl aromatic CH and the triphenyl-
amine phenyl π-skeleton (dimer 1), (iv) CH−π interaction
between the methoxyphenyl aliphatic CH and the methox-
yphenyl π-skeleton (dimer 1), (v) CH−π interaction between
the methoxyphenyl aromatic CH and the fluorene π-skeleton
(dimer 2), (vi) CH−π interaction between the fluorene CH
and the methoxyphenyl π-skeleton (dimer 2), (vii) O−H
interaction between the methoxyphenyl O and the fluorene
CH (dimer 1), (viii) S−H interaction between the cyclo-
pentadithiophene S and the fluorene CH (dimer 3), (ix) H−H
interaction of the fluorene CH (dimer 4), and (x) O−H
interaction between the methoxyphenyl O and the methox-
yphenyl aliphatic CH (dimer 5).
To study NCIs of SDTF-3, we carried out the stable SDTF-

3 single crystal predictions using the polymorph module in the
Materials Studio program package. The SDTF-3 single crystal
has four molecules in a primitive unit cell. The structures in
different directions are shown in Figure S5. Five types of
dimers for SDTF-3 were extracted based on the predicted
crystal structure. As shown in Figure S6a−e, the Eint values of
dimers 1−5 are much smaller than those of STDF-1 and
SDTF-2. Along the c-axis, two neighboring SDTF-3 molecules
can form dimer 1 belonging to two primitive unit cells with an
Eint value of 18.09 kJ/mol. Dimer 2 with Eint = 17.44 kJ/mol
and dimer 3 with Eint = 4.95 kJ/mol are formed with adjacent
molecules belonging to one primitive unit cell. The Eint values
of dimer 4 and dimer 5 belonging to two primitive unit cells
along the a- and b-axis are calculated to be 0.94 and 0.26 kJ/
mol, respectively, which are much smaller than those of the
other three dimers. Multiple NCIs can be found in Figure S6
for the predicted SDTF-3 crystal structure, including four
forms of interaction: (i) CH−π interaction between the
methoxyphenyl aliphatic CH and the methoxyphenyl π-
skeleton (dimers 2 and 3), (ii) CH−π interaction between
the methoxyphenyl aliphatic CH and the triphenylamine
phenyl π-skeleton (dimer 2), (iii) O−H interaction between
the methoxyphenyl O and methoxyphenyl CH (dimer 1), and
(iv) H−H interaction between the methoxyphenyl aliphatic
CH and the methoxyphenyl CH (dimer 2). Note that the π−π
interaction does not exist in the SDTF-3 crystal structure.

3.5. Reorganization Energy, Transfer Integral, and
Hole Mobility. Generally, the high hole-transporting ability of
HTMs helps improve the performance of PSCs. Theoretically,
the hole transport in organic semiconductors can be viewed as

a self-exchange hopping process, that is, a hole transfer
between two adjacent molecules.53,54 The process can be
accounted for by the Marcus theory, and the hole hopping rate
(khole) is estimated by the following equations

55

=
Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

k V
h k T k T

4 1
4

exp
4hole

2 2

B B (2)

where V is the hole-transfer integral between adjacent
molecules in a single-crystal structure, λ is the reorganization
energy, h is the Planck constant, kB is the Boltzmann constant,
and T is the temperature in kelvin. Apparently, the khole is
influenced by two critical parameters of V and λ. The large V
and the small λ favor the hole transport in HTMs. Herein,
DFT calculations were performed at the M06-2X/6-31G(d,p)
level to investigate the V and λ of SDTF-1, SDTF-2, and
SDTF-3 based on the extracted dimers in single-crystal
structures. The calculated V and λ are depicted in Figures 4
and S6 and Tables S7−S9.

V is dependent on the HOMO wavefunction overlap. As
shown in Figure 4a,b, in the SDTF-1 single crystal, dimers 1
and 2, which are composed of two adjacent molecules, possess
a remarkable HOMO overlap due to the strong π−π and
CH−π interaction and thereby give large V values of 4.39 and
2.04 meV, respectively. On the contrary, for dimers 3 and 4,
the HOMO overlaps are attenuated, mainly located on the
methoxyphenyl moiety, and their V values are reduced to 0.31
and 0.33 meV, respectively (Figure 4c,d). Unfortunately, the
little HOMO overlap of cyclopentadithiophene and methox-
yphenyl can be noted for dimer 5 owing to the considerable
distance of 4.22 Å between S and H atoms, the V value of
which virtually approaches zero (Figure 4e).
Similarly, in the SDTF-2 single crystal, the HOMO overlaps

of two adjacent molecules are observed for dimers 1 and 2,
which are mainly contributed by the TPA and fluorene
moieties. As a result, the V values of dimers 1 and 2 are 2.07
and 1.41 meV, respectively (Figure 4f,g). In contrast, the V
values of the other three dimers (dimers 3−5) are remarkably
diminished, dropping to ∼0.12 meV (Figure 4h−j). This is
because only “edge-to-edge” interactions exist in the three
dimers, resulting in a tiny HOMO overlap. In addition, it is
noted that the electronic coupling strengths in the three dimers
along different directions are of the same order of magnitude,
proving the multidimensional charge-transfer pathways.
Unfortunately, based on the predicted SDTF-3 crystal

structure, the HOMO overlaps for dimers 1−5 are all located
on the methoxyphenyl moiety, and the distance between two
adjacent molecules is relatively large, which results in the V
values of dimers 1−5 to be very small (the V values of dimers 4
and 5 are close to zero) (Figure S6f−j).
Typically, λ is composed of internal reorganization energy

(λint) and external reorganization energy (λext). λint is a measure
of the structural change between ionic and neutral states.53 λext
represents the effect of the polarized medium on charge
transfer.53 For most organic molecules, λext can be neglected
because of its little contribution to the solid state.56 Therefore,
in this work, only λint is obtained (λ ≈ λint), ignoring the
impact of the external environment. The internal part depends
on the change of molecular geometry during the hole-transfer
process. According to the calculations of various geometry
energies, λint for hole transfer can ultimately be expressed as
the following formula43
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The calculated λ value of SDTF-2 is 110 meV, which is smaller
than 180 meV for SDTF-1 and 170 meV for SDTF-3. The
smaller λ implies better hole transportability for SDTF-2. It is
worth noting that the λ values of the three compounds are
much larger than any transfer integrals. We can infer that hole
transport in SDTF-1, SDTF-2, and SDTF-3 single crystals are
governed by hole hopping.34,47,48,50 According to the
calculated λ, the hole mobility (μ) of SDTF-1, SDTF-2, and
SDTF-3 can be obtained using the Einstein equation40,50

= eD
k TB (4)

where e is the elementary charge, D is the diffusion coefficient,
kB is the Boltzmann constant, and T is the temperature in
kelvin. For calculation details, see Experimental Section in the
Supporting Information. The predicted theoretical μ at room
temperature is 1.11 × 10−2 cm2 V−1s−1 for SDTF-2, which is
higher than those of SDTF-1 (9.11 × 10−3 cm2 V−1s−1) and
SDTF-3 (1.02 × 10−4 cm2 V−1 s−1). Although the total transfer
integral of SDTF-2 (3.83 meV) is smaller than that of SDTF-1
(7.07 meV), the significantly reduced λ generates an even
higher theoretical hole mobility for SDTF-2.

3.6. Photovoltaic Performance. In a PSC device, the
hole-transporting materials (HTMs) play a critical role in
facilitating hole extraction and protecting the perovskite layer
from external degradation, such as moisture.57−63 To evaluate
the potential of SDTF-1, SDTF-2, and SDTF-3 as HTMs in

PSCs, devices with the structure of FTO/TiO2/perovskite/
HTM/Au were fabricated (Figure 5a). Details of the device
fabrication can be found in the Supporting Information. The
current density−voltage (J−V) curves under the standard AM
1.5G illumination of champion cells are shown in Figure 5b.
The best SDTF-1/SDTF-3-based device exhibits a moderate
power conversion efficiency (PCE) of 14.6/14.2% with an
open-circuit voltage (VOC) of 1.12/1.12 V, short-circuit
photocurrent (JSC) of 17.8/19.6 mA cm−2, and fill factor
(FF) of 73/64%. Encouragingly, SDTF-2-based devices show a
significantly enhanced PCE of up to 19.3% (VOC of 1.13 V, JSC
of 23.0 mA cm−2, and FF of 75%), which is also confirmed
statistically in Figure S7. Generally, the hole mobility of HTMs
plays an important role in determining the JSC.

61,64,65

Compared with SDTF-1 and SDTF-3, the higher JSC of
SDTF-2 can be explained by the higher hole mobility and
better hole extraction, which agrees with the results from
theoretical calculations. However, the effect of HTMs on VOC
is complex. This is because the VOC loss may originate from the
energy alignment, film-forming property, and interfacial
contact.59,66 In theory, a deeper HOMO energy level of
HTM can contribute to a larger VOC if sufficient driving force
for hole extraction is guaranteed.67,68 There is no evident
difference in VOC between SDTF-2- and SDTF-3-based
devices, which can be explained by the fact that SDTF-2 and
SDTF-3 have almost the same HOMO energy levels (−5.20
and −5.19 eV, respectively). Unexpectedly, although STDF-1
has a downshifted HOMO energy level (−5.35 eV), STDF-1-

Figure 5. (a) Schematic illustration of the device configuration. (b) J−V curves of PSCs employing SDTF-1, SDTF-2, and SDTF-3 as HTMs. (c)
DFT calculation of the interaction energies between SDTF-1, SDTF-2, and SDTF-3 and the exposed MAI-terminated surface.
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based device exhibited almost the same VOC of 1.12 V as those
of SDTF-2 and SDTF-3 (1.13 and 1.12 V, respectively). We
suppose that the enhanced VOC loss may come from the poor
film-forming property and interfacial contact.69 We also
measured the photovoltaic characteristics of PSCs based on
spiro-OMeTAD as a benchmark (Figure S8 and Table S10). It
is worth mentioning that the photovoltaic performance of the
SDTF-2-based device is on par with that of the spiro-
OMeTAD-based device (PCE = 19.7%). In addition, the
device stabilities based on SDTF-2 and spiro-OMeTAD were
investigated, as shown in Figure S9. The aging test was carried
out under continuous 50 sun exposure generated by an LED
light source in a nitrogen atmosphere at room temperature.
The performance of the devices was tracked under the
maximum power point (MPP) condition. Both SDTF-2- and
spiro-OMeTAD-based devices exhibit a similar degradation
mechanism, e.g., a faster degradation during the ∼3000 s,
followed by a slower decay until ∼9000 s, retaining ≥80% of
their initial PCE. The results reveal that the devices employing
SDTF-2 as the HTM show similar stability behavior to those
of spiro-OMeTAD as the state-of-the-art HTM under the same
conditions.
The first-principles calculation has been performed based on

DFT to understand better the profound difference between
SDTF-1-, SDTF-2-, and SDTF-3-based device performances.
We utilized a combined cluster and periodic model (MAPbI3)
approach to reveal the HTM/perovskite interaction. According
to previous reports, the simulation study on the surface
interaction between the methoxy-containing molecule (e.g.,
spiro-OMeTAD) and MAPbI3 revealed that the methoxy
group adsorbed to the surface of perovskite via the interaction
with methylammonium cation was governed by electrostatic
interaction.70 In particular, we modeled the SDTF-1, SDTF-2,
and SDTF-3 molecules onto the exposed MAI of the
perovskite cluster surface (010). The optimized geometries
and interaction energy of the two HTM/perovskite interfaces
are shown in Figure 5c, and the detailed simulation results can
be obtained in the Supporting Information. As shown in Figure
5c, the molecular geometries of the perovskite surface can be
strongly affected by coupling different positions of TPAs. All of
the methoxy oxygen atoms of SDTF-2 can easily form a strong
interaction with the MA+ cations of the perovskite surface via
hydrogen bonding (highlighted by the blue circle in Figure 5c),
while SDTF-1 and SDTF-3 molecules can only contribute two
oxygen atoms to bind with MA+ cations. It is worth noting that
the additional interaction occurred between the sulfur atoms of
SDTF-2 and MA+ cations or iodine atoms of the perovskite
surface (highlighted by the red circle in Figure 5c). This may
suggest a stronger adhesion and enhanced interfacial coupling
between cyclopentadithiophene of SDTF-2 and perov-
skite.27,71 The additional thiophene−iodine interaction may
provide an alternative hole-transfer pathway, which is favorable
for effective hole extraction at the perovskite interface. This
can be further confirmed by comparing the interaction energies
(ΔE) of the three molecules with perovskite: SDTF-2 has a
strongly favored interaction energy (ΔE = −231.85 kcal/mol)
compared to those of SDTF-1 (ΔE = −148.32 kcal/mol) and
SDTF-3 (ΔE = −183.45 kcal/mol). The strong binding
correlation significantly increases the stability of the SDTF-2/
perovskite interface. This higher stability also suggests a more
compact layer generated by SDTF-2, which can restrain the
methylammonium cations and iodine atoms from moving on
the surface and further reduce the charge recombination.

These results could explain why the devices with cyclo-
pentadithiophene-linked SDTF-2 exhibit higher PCE than
those with only fluorene-linked SDTF-1 and cyclopentadi-
thiophene fluorene-linked SDTF-3-based solar cells.

4. CONCLUSIONS
In summary, we present the synthesis and a systematic study of
the effect of three SDTF-based hole-transporting materials on
the photovoltaic performance of PSCs. The position of
triphenylamine substitution on the SDTF core notably impacts
the thermal, optical, and electrochemical properties. The
combined computational analysis based on the single-crystal
structure elucidated the difference in electronic structures,
exciton binding energies, ionization potentials, intermolecular
interaction energy, and hole mobilities of the studied HTMs.
Furthermore, the reduced band gap (2.46 eV), lower exciton
binding energy (0.34 eV), and higher theoretical hole mobility
(1.11 × 10−2 cm2 V−1 s−1) of SDTF-2 resulted in a higher
open-circuit voltage and significantly improved short-circuit
current. Thus, we show that hole transportability can be tuned
by altering the substitution position of the SDTF core.
Furthermore, the PSC device fabricated with SDTF-2 as the

HTM displayed the highest power conversion efficiency of
19.3%, which is on par with the spiro-OMeTAD-based device.
Moreover, DFT calculations revealed that the tight hole
extraction partially originated from the strong interaction
between the SDTF-2 molecule and MAI at the perovskite
surface. Consequently, variation in linking topology proves to
tune SDTF-based HTMs for PSCs effectively. Hopefully, this
theoretical approach can provide guidelines for further
developing high-performance HTMs in PSCs.
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