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Pseudo-Para-Substituted [2.2]Paracyclophanes for Hole
Transport in Perovskite Solar Cells

Steffen A. Otterbach, David Elsing, Alexander D. Schulz, Henrik Tappert,
Wolfgang Wenzel, Mariana Kozlowska, Holger Röhm,* and Stefan Bräse*

2,2′,7,7′-Tetrakis(N,N-di-p-methoxyphenylamine)−9,9′-spirobifluorene
(spiro-OMeTAD) is the prevalent hole transport layer in perovskite solar cells
(PSCs) with regular device architecture. Yet, its spirobifluorene core and
multistep synthesis make it rather expensive. For the further technological
success of PSCs, novel scalable and inexpensive alternative hole transport
layers are needed. Herein, a study of the structure-property relations of
pseudo-para-substituted [2.2]paracyclophanes is presented. Eight different
hole transport materials are synthesized via double CH activation, eliminating
metal-containing substituents for cross-coupling reactions. The ionization
potentials (IPs) of the disubstituted paracyclophanes (DiPCPs) are examined
by photoelectron spectroscopy in air, cyclic voltammetry and theoretical
calculations. Through variation of donor groups and 𝝅-linkers, IPs that span a
range from 5.14 to 5.86 eV are achieved, demonstrating high customizability.
From the eight novel materials, five showed good solubility and are
implemented into PSCs. The solar cells with a hole transport layer of undoped
4,16-di(4-(2-thienyl)-N,N-bis(4-methoxyphenyl)aniline)[2.2]paracyclophane
(DiPCP-2) exhibit a power conversion efficiency of 12.7% ± 0.4%. The facile
synthesis of DiPCP-2 enables an estimated cost reduction by two thirds
compared to spiro-OMeTAD.

1. Introduction

The transition from fossil fuels to renewable energy sources has
been one of the major research endeavors in the last decades.
The global solar irradiation exceeds the world’s energy demand
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7500-fold and renders photovoltaics one of
the central pillars of the energy transition.[1]

A variety of different materials has been
investigated as alternatives to the mar-
ket dominating monocrystalline silicon.[2]

Recently a new class of solar cells has
emerged that rivals the power conversion ef-
ficiency (PCE) of silicon while demanding
much less energy for production: Organic-
inorganic lead halide PSCs have under-
gone rapid development since their dis-
covery by Kojima et al. in 2009 and have
now reached record PCEs of >25%.[3,4]

The high PCEs of solar cells compris-
ing perovskites as light-harvesting materi-
als are based on low charge carrier recom-
bination rates and efficient charge trans-
port as evidenced by electron-hole diffu-
sion lengths on the micrometer scale.[5–9]

The perovskite layer is sandwiched in be-
tween the electron transport layer (ETL) fa-
cilitating electron extraction and the hole
transport layer (HTL) facilitating hole ex-
traction. In regular architecture PSCs,
TiO2 and SnO2 are the most common
ETLs. For this work, SnO2 nanoparticles

were chosen as the ETL because of their low processing
temperature.[10–12] Their surface was modified with 4-(1′,5′-
Dihydro-1′-methyl-2′H-[5,6]fullereno-C60-Ih-[1,9-c]-pyrrol-2′-yl)-
benzoic acid (C60-SAM) in order to improve the stability of the
perovskite at the interface (Figure 1).[13]
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Figure 1. PSC architecture with novel disubstituted [2.2]paracyclophane
(DiPCP) as the hole transport layer (HTL).

Just like ETLs, HTLs should have large optical bandgaps that
prevent parasitic absorption of light, exhibit excellent conductiv-
ity and passivate defects on the perovskite surface.[14] Not least,
properties such as stability against decomposition and solubil-
ity in solvents that are compatible with processing on the per-
ovskite surface have to be considered for device manufactur-
ing. The current benchmark for HTLs in regular architecture
PSCs is 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)−9,9′-
spirobifluorene (spiro-OMeTAD). Spiro-OMeTAD possesses a
low intrinsic hole mobility and hence low conductivity,[15] but its
conductivity can be enhanced via doping, which enables PCEs
of >23%.[16] Doping further allows its use in relatively thick
HTLs, which are often required in order to fully cover the sur-
face of uneven perovskite layers. However, the synthesis of spiro-
OMeTAD remains challenging for simple and low-cost appli-
cation at an industrial scale, which calls for the exploration of
alternatives.[17–20] Small changes in the structure of the molecules
employed as HTLs, such as different substituents or substituent
patterns, can strongly influence the ionization potential (IP) and
other material properties.[21–23] Similar compounds such as spiro-
linked molecules,[24] together with a variety of other cores such
as acenes,[25–27] pyrenes,[28] or triphenylamines (TPAs) have been
investigated,[29,30] but no clear successor to spiro-OMeTAD has
been identified so far.

This prompted us to explore the emerging class of [2.2]para-
cyclophanes (PCPs) for hole transport in PSCs. PCPs consist
of two aromatic benzene rings that are connected via ethylene
bridges with a distance between the rings of only 3.09 Å (Figure
S1, Supporting Information). The close vicinity of the two aro-
matic rings allows through-space conjugation,[31] and thus, the
electron density can be spread over both rings and their sub-
stituents. In PSCs, [2.2]paracyclophane was first used as an HTL
in 2015 by Park and coworkers with a bis(pseudo-meta)-para sub-
stitution of methoxy-substituted triphenylamines.[32] The PCP
core promotes tight packing of molecules in thin-films, while the
triphenylamine side groups enhance the solubility and charge
transport properties. The role of the functional groups added to
the PCP cores is their donor effect, which results in shallowing
of the ionization potentials and the change in solubility. More
specifically, the methoxy group donates electron density to the 𝜋-
electron system through mesomeric effects, while the tert-butyl
group shifts electron density to the donor due to its inductive ef-
fect. Both groups are known to increase solubility because they
prevent aggregation through steric effects and promote interac-

tions with the solvents. In 2016, Park and coworkers compared
the photovoltaic performances of a trisubstituted PCP-TPAand a
tetrasubstituted PCP-TPA with a linear di(bis(4-methoxyphenyl)
aniline-substituted benzene.[33] In 2021, Lin and coworkers in-
vestigated the influence of an alkene connecting the TPA donor
group with PCP.[34] They reported that the overall PSC perfor-
mance increased for the bis(pseudo-meta)-para-substituted PCP
with a 𝜋-linker. In light of the high versatility of this material
class, a vast amount of promising structures and facile synthe-
sis routes remains yet to be explored.

In this work, we investigate the structure-property relation
of pseudo-para-substituted PCP incorporating different donor
groups and 𝜋-linkers. Donor groups leveraging inductive and
mesomeric effects are synthesized and coupled with two 𝜋-
linkers (thiophene or 3,4-ethylendioxythiophene (EDOT)). The
[2.2]paracyclophane derivatives are synthesized via CH activa-
tion, which enables a more direct synthesis than the commonly
used cross coupling methods, and thus saves resources and
energy in the process.[35] The derivatives are investigated for
their optical properties and IPs using absorption and emission
spectroscopy, cyclic voltammetry (CV) and photoelectron spec-
troscopy in air (PESA). These efforts are supported by theoret-
ical calculations, which guide data interpretation. Moreover, a
transferrable method to quickly predict the properties of newly
designed molecules using an automated workflow is developed.
The results of those calculations help to promote a better under-
standing of the structure-property-relations and hence the design
of PCP HTLs.

The charge carrier transport in undoped HTLs depends on
good hole mobility. In order to quantify the hole mobility of the
novel PCPs, we employ metal insulator semiconductor charge ex-
traction by linearly increasing voltage (MIS-CELIV). With funda-
mental HTL properties understood, we finally implement DiPCP
HTLs with sufficient solubility in chlorobenzene (CB) into PSCs
and evaluate the solar cell performances.

2. Results and Discussion

2.1. Synthesis

2.1.1. Synthesis of the Donor-𝜋-Molecules

A variety of [2.2]paracyclophane derivatives featuring different
donor groups was synthesized, and their structure-property re-
lations were investigated. Both triphenylamines and carbazoles
are common donors used in HTLs, since their IPs closely match
with the typical IPs of light-harvesting perovskites. Furthermore,
they are easy to synthesize and functionalize. Two functionaliza-
tions introduced in this work are methoxy and tert-butyl moi-
eties, which feature mesomeric and inductive donor effects, re-
spectively. This provides an additional handle to modify the IPs.
For the triphenylamine-based donors, an Ullmann-type conden-
sation was performed, using 4-bromoaniline and different sub-
stituted iodobenzenes, following a procedure published by Li and
coworkers for 4-iodoanisole.[36] Three different substituted triph-
enylamines were synthesized, with methoxy substituents (+M-
and -I effect) in para-position (1), in meta- and para-position (2)
and tert-butyl substituents in para-position (3) (Scheme 1a). For
comparison, two carbazole-containing donors with analogous
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Scheme 1. Synthesis of donor-𝜋-molecules.
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Scheme 2. Test system for optimization of CH activation.

substitution were also synthesized. Both carbazoles, methoxy-
substituted (5) and tert-butyl-substituted (6) were synthesized ac-
cording to published procedures (Scheme 1a).[37–39]

For the synthesis of the donor-𝜋-molecules, the 𝜋-linkers thio-
phene and EDOT were first borylated in the 2-position with
n-BuLi and the subsequent addition of 2-isopropoxy-4,4′,5,5′-
tetramethyldioxoborolane to yield 2-pinacolborylthiophene (7)
and 2-pinacolboryl-3,4-ethylendioxythiophene (8) with satisfy-
ing yields of 87% and 86% (Scheme 1b).[40] With the bory-
lated 𝜋-bridges successfully synthesized, the Suzuki-Miyaura
palladium-catalyzed cross-coupling reactions with the donor
groups were carried out under typical reaction conditions, partic-
ularly dimethyl sulfoxide as the solvent, Pd(dppf)Cl2 as catalyst
and potassium carbonate as the base. In addition to the synthe-
sized donor groups, the unsubstituted triphenylamine as well as
the unsubstituted carbazole were used for the coupling. Overall,
eight different donor-𝜋-molecules were synthesized with yields
between 98% and 70% (Scheme 1c), with one molecule contain-
ing EDOT as the 𝜋-linker (12).

2.1.2. Synthesis of the PCP-Containing HTMs

In a first step, different palladium-catalyzed CH activation con-
ditions, known from the literature, were tested to optimize the
yield of the desired products.[29,41–43] 4,16-dibromo PCP was used
as starting material and coupled with thiophene, while varying
the solvent, the temperature, the equivalents of thiophene, the
catalyst, the base and the additives (Scheme 2). The results are
summarized in Table 1.

The highest isolated yield of 4,16-dithienyl-
[2.2]paracyclophane was achieved with a combination of
different literature-known procedures for CH activations,
combining Pd(OAc)2, P(Ph)3 and pivalic acid (PivOH) in N,N-
dimethylformamide (DMF) at 100 °C with 20.0 equivalents of
thiophene and a reaction time of 48 h. Due to the low boiling
point of thiophene (87 °C), the equivalents of the donor-𝜋-
molecule were reduced to 2.20 for the coupling of the donor-𝜋-
molecules with 4,16-dibromo-PCP. The desired target materials
were isolated after a reaction time of 18 h and after a first
purification via column chromatography, the pure products were
obtained by precipitation from a cyclohexane/dichloromethane
mixture (Scheme 3). All eight donor-𝜋-molecules were success-
fully used and introduced to the paracyclophane core, making it
the first double CH activation with a [2.2]paracyclophane core.
With the successful synthesis via CH activation, expensive and
metal-containing Suzuki-Miyaura-, Kumada-, or Stille-reagents
become obsolete, allowing easier and cheaper synthesis. The
yields ranged between 24% and 62% and the purity was con-

firmed via 1H NMR, 13C NMR, HSQC, IR spectroscopy and
mass spectrometry. The experimental procedures and analytic
data are provided in the supporting information (SI).

To prove the competitiveness of this synthesis, we estimated
the cost of the molecule DiPCP-2 as an example and compared it
to spiro-OMeTAD. While the estimations, following the model
of Osedach et al.,[44] are rough and costs naturally vary by re-
gion, they give a good relative scale. The calculated cost for 1 g
of DiPCP-2 is 91 $US (Tables S10–S13, supporting information)
while the cost for spiro-OMeTAD is estimated at 274 $US.[45] This
means that the production cost of DiPCP-2, even though its syn-
thesis was optimized for yield and practicability, is only a third of
the costs of spiro-OMeTAD.

2.2. Theoretical Calculations

The theoretical calculations of the electronic properties of the
disubstituted [2.2]paracyclophanes were performed for multiple
conformers of each molecule by the developed, automated work-
flow using Snakemake.[46] This workflow is fully transferrable to
other classes of molecules. As the DiPCP molecules are quite flex-
ible, the conformational space was thoroughly explored using dif-
ferent levels of theory as shown in Figure 2.

Initially, conformers were generated by the ETKDG
(experimental-torsion distance geometry with basic knowledge)
method[47] as implemented in RDKit[48] and later optimized
with the Merck molecular force field.[49] They were then used
as inputs for the CREST (Conformer–Rotamer Ensemble Sam-

Table 1. Overview of different CH activation conditions for the coupling of
psp-Br2-PCP with thiophene.

Entry Thiophene
[equiv.]

Catalyst Ligand Additive Temperature
[°C]

Solvent Yield
[%]

1 2.50 Pd(OAc)2 P(m-Tol)3 – 110 Toluene 0

2 5.00 Pd(OAc)2 P(m-Tol)3 – 110 Toluene 0

3 10.0 Pd(OAc)2 P(m-Tol)3 – 110 Toluene 0

4 20.0 Pd(OAc)2 P(m-Tol)3 – 110 Toluene 42

5 20.0 Pd(OAc)2 P(Ph)3 – 110 Toluene 0

6 20.0 Pd(OAc)2 P(Cy)3 PivOH 110 DMF 0

7 20.0 Pd(OAc)2 P(Ph)3 PivOH 100 DMF 71

8 4.00 Pd(OAc)2 P(Ph)3 PivOH 100 DMF 12

10 4.00 Pd(dppf)Cl2 – PivOH 100 DMF 0

11 4.00 Pd(dppf)Cl2 – – 100 DMF 0

12 4.00 Pd(PPh3)4 – PivOH 100 DMF 0

13 4.00 Pd(PPh3)4 – – 100 DMF 0
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Scheme 3. Synthesis of the DiPCP derivatives.

pling Tool) program[50] using the GFN-FF force field[51] for the
sampling and energy calculation (Figure 2, blue box). To exclude
duplicate conformers, and conformers with high structural
similarity, a root-mean-square deviation (RMSD) threshold of
0.125 Å with the energy threshold (above which conformers are
treated as distinct) of 0.05 kcal mol−1 was used to filter initially
generated conformers.

Since the RMSD algorithm used in the CREST code is not
symmetry-corrected, the generated conformers (between 84 and
900 conformers for each molecule) were additionally filtered by
symmetry-corrected RMSD with a threshold of 1 Å.[52] Here, the
RMSD between two conformers was minimized over rotations,
reflections and the atom permutations in the automorphism
group of the molecular graph, ignoring the hydrogen atoms. This
resulted in 15–69 distinct conformers (obtained after the second
step, marked in red after CREST) that were used for the next steps
of geometry optimization. Next, all remaining conformers were
optimized by the Density Functional based Tight Binding (DFTB)
using DFTB+ program,[53] the 3OB parameters[54,55] and the cor-
responding Grimme DFT-D3 dispersion correction[56] with BJ
damping (Figure 2, third box in green).[57,58] Afterwards, they
were filtered again for the selection of ten distinct conformers
for each molecule. For the filtering algorithm, the DFTB energies
were considered: The conformers were sorted by the energies be-
forehand, and conformers, which differed by >0.1 eV in their

DFTB energies, were treated as distinct regardless of RMSD. This
scheme guarantees that the conformers used as input for the
expensive DFT (Density Functional Theory) calculations really
are distinct and the conformational space is efficiently sampled.
Since the force field energies are generally rather inaccurate,[59]

the energy sorting is done only with the DFTB energies.
All DFT calculations for the selected ten conformers of each of

the molecules (i.e., final geometry optimization, calculation of or-
bitals and potentials) were performed using Turbomole, version
7.4.1.[60] The geometry optimizations were performed with the
def2-SVP basis set[61] and the B3LYP functional,[62–65] using the
Grimme DFT-D3 dispersion correction[56] with BJ damping.[57]

For the electronic properties of the final conformers, the def2-
TZVP[66] basis set was used, again with the B3LYP functional and
DFT-D3(BJ) dispersion correction. Additionally, the multipole ac-
celerated Resolution of Identity approximation for the Coulomb
term[67–73] was applied in all cases.

Using the optimized structures, electronic properties were cal-
culated. The IP was obtained as the difference between the to-
tal DFT energy for charge +1 and the total energy for the neu-
tral molecule. Likewise, the electron affinity of all molecules was
calculated as the difference between the energy of the neutral
molecule and of the negatively charged molecule (charge −1).
To investigate the polarization influence of the solvent on the
electronic properties of molecules, calculations with the COSMO
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Figure 2. Scheme of the conformer generation workflow.

(conductor-like screening) implicit solvent model[74,75] were per-
formed with a relative permittivity of ɛ= 37.315[76] for DMF. Only
the lowest conformer of each of the molecules was considered.
Implicit solvation with ɛ = 3, which we assume to be character-
istic for thin films, was also calculated. A complete overview of
calculated electronic data is given in Table S1 and Figures S5–S7
(Supporting Information). The first singlet excitation energies
(for the neutral molecules) were calculated with time-dependent
DFT[77–80] using B3LYP/def2-TZVP. In Tables S2–S9 (Supporting

Information), the energies and oscillator strength (velocity form)
of the lowest singlet-singlet excitations and their dominant con-
tributions are shown for the lowest-energy conformer of each of
the molecules. The electron density difference upon the first sin-
glet excitation, showing electron donating and electron accepting
fragments of the DiPCPs is visualized in Figures S7–S9 (Support-
ing Information).

Tuned DFT functionals may show better agreement with ex-
periments, however this was not in the scope of the present pa-
per. To check the usability of the results as a prediction tool for
new PCP HTLs, they must be compared to the measured values
of the synthesized molecules, which will be discussed in detail in
the following chapter.

2.3. Optical and Electronic Characterization

In order to experimentally determine the IPs of all eight novel
DiPCP compounds we used two different methods: PESA and
CV. PESA was performed on spin-coated thin-films and hence in
the same state of aggregation that prevails in a solar cell. In a nut-
shell, samples are irradiated with monochromatic UV photons
of successively increasing energy. If the photon energy exceeds
the energy required for electrons to escape the sample, they are
ejected as photoelectrons and collected by an open-air counter.[81]

An increase in the occupied density of states results in an in-
creased photoelectron yield and by fitting the photoelectron yield
against the photon energy, the IP can be obtained.[82] CV mea-
sures the required voltage for oxidation and reduction processes
against a reference, often ferrocene, in a solvent. From those the
IP and electron affinity of the non-aggregated compounds can be
derived. Since CV is performed on a solute in an environment
of polar solvent and electrolyte, it consistently measures lower
IPs than PESA.[83,84] Figure 3a shows the correlation between the
CV measurements conducted in DMF solution and the simu-
lations both with and without an implicit solvent environment
(>ɛ). Likewise, Figure 3b shows the correlation between PESA
measurements conducted on a solid thin film and the simula-
tions both with and without an implicit thin film environment
(<ɛ). PESA measurements of all DiPCP compounds are summa-
rized in Figures S10 and S11 (Supporting Information), while
the graphs of oxidative and reductive CV measurements can be
found in Figure S12 (Supporting Information). Generally, the IPs
in vacuum as obtained from DFT calculations are higher than
the IPs found by CV and PESA. The correlation between PESA
and the calculations is more consistent with differences in the
range of 0.1–0.3 eV with the exception of DiPCP-7, which shows
higher deviation of 0.57 eV (Figure 3b). The inclusion of the po-
larizable environment into the DFT calculations (DMF used in
CV; Figure 3a) or mimicking the permittivity of a thin film (used
in PESA; Figure 3b) leads to lower IPs without a significant im-
provement of the correlation, now underestimating the IPs that
were obtained from CV and PESA. Tuned DFT functionals may
show better agreement with absolute values from experiments,
but the relative IP trend is well represented by these simulations,
demonstrating the usefulness of the developed workflow for fur-
ther screening of a huge number of other possible molecules.

The experimentally obtained IPs of the eight DiPCP-based
materials span a wide range, demonstrating good tunability by
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Figure 3. Comparison of experimental and calculated (DFT) IPs for both vacuum (colored) and implicit polarizable environments mimicking DMF for
CV and the thin film for PESA (black crosses). a) IP from CV versus vacuum (DFT) versus ɛ = 37.3 (DFT). b) IP from PESA versus vacuum (DFT) versus
ɛ = 3.0 (DFT).

changing the chemical composition of the donor-𝜋-substituent.
While the lowest IP was achieved for DiPCP-4 with EDOT
as the 𝜋-linker and triphenylamine as the donor group (CV:
4.99 eV, PESA: 5.14 eV), the corresponding compound DiPCP-
2 with a thiophene 𝜋-linker lies slightly higher (CV: 5.05 eV,
PESA: 5.31 eV). An increase in the number of methoxy sub-
stituents only leads to a negligibly higher IP (DiPCP-3), but
the use of tert-butyl instead of methoxy substitution increases
the IP by ≈50–100 meV (DiPCP-5). The highest IPs are ob-
tained without any substituents on the triphenylamine (DiPCP-
1). The materials with carbazole as a donor group tend to
have higher IPs compared to triphenylamine. Again, the lowest
IP is obtained for the methoxy-substituted compound (DiPCP-
7) due to the mesomeric donor effect of the methoxy moi-
ety. The unsubstituted and the tert-butyl-substituted materials
DiPCP-6 and DiPCP-8 have significantly deeper IPs >5.5 eV, and
thus may impede hole extraction in methylammonium lead io-
dide (MAPbI3) solar cells. Yet they are likely to fit other light-
harvesting materials with deeper valence band energies. The ob-
tained IPs from calculations, PESA and CV are summarized in
Table 2.

In order to avoid parasitic light absorption in the HTL, the opti-
cal energy gap (Eg

opt) has to be reasonably large. Due to the place-
ment of the HTL in regular architecture PSCs and the high ab-

sorption coefficient of the perovskite in the blue, Eg
opt

> 2 eV
is sufficient. We used UV–vis absorbance and photolumines-
cence (PL) measurements in solution to determine whether the
DiPCPs fulfill this criterion. The spectra are plotted in Figure
4a,b. The main absorption band between 370 and 400 nm can
be attributed to a 𝜋→𝜋* transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO), depicted in Figures S8 and S9 (Supporting In-
formation). According to our calculations, the HOMO of these
molecules is delocalized mostly across the donor moiety and 𝜋-
bridge, while the LUMO is delocalized across the 𝜋-bridge and
the PCP core (Figure S5, Supporting Information). The transi-
tion orbitals and their contributions, describing the ten lowest
excitations of the DiPCPs, are listed in Tables S2–S9 (Support-
ing Information). The carbazole-substituted HTLs tend to have
wider energy gaps, and therefore blue-shifted absorption com-
pared to the triphenylamine-substituted PCPs. We also observe
a clear trend of the absorption maxima 𝜆max for substitution
of the donor groups with tert-butyl and methoxy moieties: The
two molecules with unsubstituted donors, DiPCP-1 and DiPCP-
6, have 𝜆max at the lowest wavelengths of 373 and 345 nm, re-
spectively, while 𝜆max of the tert-butyl-substituted DiPCP-2 and
DiPCP-8 are slightly red-shifted (by 8 and 6 nm) and the methoxy-
substituted DiPCP-2, DiPCP-3, DiPCP-4 and DiPCP-7 show a

Table 2. Optical and electronic properties of all synthesized disubstituted [2.2]paracyclophanes: voltage of oxidation process in CV against ferrocene
(Eox

CV), ionization potential derived from CV data (EIP
CV), ionization potential derived from PESA data (EIP

PESA), ionization potential derived from DFT
calculations in vacuum (EIP

calc), wavelength of the absorbance maximum (𝜆max), wavelength of the PL emission maximum (𝜆em) and optical energy gap
derived from the intersection of normalized absorbance and PL data (Eg

opt).

Compound Eox
CV [V vs Fc] EIP

CV* [eV] EIP
PESA [eV] EIP

calc [eV] 𝜆max [nm] 𝜆em [nm] Eg
opt [eV]

DiPCP-1 0.41 5.22 5.63 5.77 373 452 2.96

DiPCP-2 0.25 5.05 5.31 5.43 384 482 2.88

DiPCP-3 0.28 5.08 5.31 5.57 383 467 2.90

DiPCP-4 0.19 4.99 5.14 5.26 386 455 2.94

DiPCP-5 0.33 5.13 5.42 5.59 381 450 2.97

DiPCP-6 0.77 5.57 5.86 6.21 345 455 3.01

DiPCP-7 0.53 5.33 5.24 5.81 372 455 3.03

DiPCP-8 0.72 5.52 5.73 6.00 351 455 3.04

∗Potential ferrocene (Fc) (E°(Fc+/Fc) = 0.400 V vs NHE).[85]

Adv. Funct. Mater. 2023, 2309226 2309226 (7 of 12) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Normalized absorbance and PL spectra of triphenylamine-containing PCPs (in THF). b) Normalized Absorbance and PL spectra of carbazole-
containing PCPs (in THF).

stronger red-shift of 13 nm between DiPCP-1 and DiPCP-4 and
≈30 nm between DiPCP-6 and DiPCP-7 (Table 2). This trend
is in accordance with the HOMO/LUMO energies derived from
the computational protocol described before. The measured PL
spectra display emission between 450 and 480 nm. The intersec-
tion of the normalized absorbance and PL spectra is used to de-
termine Eg

opt, as described by Chang et al.[29] Since all DiPCP
HTLs only show significant absorbance below a wavelength of
430 nm (2.9 eV), parasitic absorption introduced into solar cells
would be negligible. On top of preventing parasitic absorption,
the large energy gaps also help to block electrons from the light-
harvesting layer, thus making the HTLs more charge carrier
selective.

2.4. Hole Mobility and Implementation of DiPCP in Solar Cells

Before applying the synthesized DiPCPs in thin-film devices, the
solubility of all compounds in CB, which is compatible with de-
position on top of perovskite layers, was determined. A solubility
of at least 10 g L−1 was set as a gate criterion in order to enable
fabrication of thin films with sufficient thickness for solar cells.
Three materials did not exhibit sufficient solubility, that is, the
unsubstituted DiPCP-1 and DiPCP-6 and the EDOT-containing
DiPCP-4, which showed otherwise promising electronic proper-
ties (Table S5, Supporting Information). Assuming that the low
solubility of DiPCP-4 in CB is related to the polar nature of EDOT,
we tested ethyl acetate as an alternative solvent. While a lot of po-
lar solvents are incompatible to processing directly on the per-
ovskite surface, water-free ethyl acetate can be used. Unfortu-
nately, the solubility of DiPCP-4 in ethyl acetate was <5 g L−1

hence not passing the required criterion either.
MIS-CELIV devices for measurements of the charge carrier

mobility do not have the same solvent restriction. In order
to achieve thick layers for more accurate mobility measure-
ments, we dissolved DiPCP-1 (saturated and filtered) and DiPCP-
7 (15 g L−1) in chloroform, whereas for DiPCP-2, DiPCP-3 and
DiPCP-5 solubility in CB was sufficiently high at >30 g L−1

.
DiPCP-4 was omitted due to its low solubility and DiPCP-6 and
DiPCP-8 were omitted because of their high IPs, which would
likely hinder formation of an ohmic contact with the top elec-
trode. MIS-CELIV is selective for the charge carrier type not only

because of the work function of the injecting contact, but also be-
cause the polarity of the injection voltage that charges the semi-
conductor at the interface with the insulator layer. Furthermore,
it requires only one ohmic contact, which can be the same contact
as used in solar cells, rendering MIS-CELIV more reliable than
the popular space-charge-limited current (SCLC) method.[86] Sur-
prisingly, we could not inject charge carriers into DiPCP-3, even
though its IP is similar to other tested compounds, where charge
injection and extraction were successful. Figure 5 shows the cur-
rent transients obtained from MIS-CELIV measurements of the
remaining DiPCPs with spiro-OMeTAD as a reference and the
architecture as an inset.

Figure 5. MIS-CELIV measurements of DiPCP compounds and reference
spiro-OMeTAD. Measurements without any prior charge carrier injection
(dashed lines) reveal large differences between the displacement currents
J0, which are related to differing layer thicknesses and relative permittiv-
ities. Upon application of an injection voltage before the measurement,
a charge carrier reservoir is created at the semiconductor insulator inter-
face (DiPCP/LiF), out of which charge carriers are extracted during the
linear voltage ramp (starting at t = 0) as a space charge limited current
(solid lines). The rise of the transient current is related to the charge car-
rier mobility, which is highest for DiPCP-1, followed by spiro-OMeTAD and
DiPCP-2.

Adv. Funct. Mater. 2023, 2309226 2309226 (8 of 12) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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In short, holes are injected into the DiPCP layer through a
molybdenum oxide/silver electrode, where they accumulate at
the interface to an insulating lithium fluoride layer (di = 20 nm).
Subsequently, a (reverse) linear voltage ramp (A = 400 mV μs−1)
is applied during which the charge carrier reservoir emits holes,
which travel back through the DiPCP layer and are collected
at the electrode from which they were injected before. The
resulting current overlays the displacement current of the
geometric capacitance J0. From J0 we calculated the relative
permittivity of the semiconductor ɛs (Equation S1) and from t2J0
the charge carrier mobility μ (Equation S2).[87,88] A summary
of the parameters is listed in Table 3. ɛs of the HTLs lies in a
range from 3.8 to 4.1, except for DiPCP-3 and DiPCP-5, which
feature lower ɛs of 3.3 ± 0.2 and 3.0 ± 0.2, respectively. Hence,
the threefold methoxy substitution and the tert-butyl substitution
make DiPCP-3 and DiPCP-5 less polar than the unsubstituted
DiPCP-1 (ɛs = 3.8 ± 0.1) and the methoxy-substituted DiPCP-
2 (3.9 ± 0.2). Exchanging the donor group triphenylamine
(DiPCP-2) with carbazole (DiPCP-7) had a negligible impact on
ɛs, which can be explained by the similarity of the structures.
The largest charge carrier mobility was obtained for DiPCP-1 at
(4.4± 0.2)× 10−5 cm2 V−1 s−1, outperforming the reference spiro-
OMeTAD with a hole mobility of (2.7 ± 0.3) × 10−5 cm2 V−1 s−1.
Out of the more soluble DiPCPs, the methoxy-
substituted DiPCP-2 reaches the largest hole mobility at
(2.2 ± 0.2) × 10−5 cm2 V−1 s−1, while the tert-butyl substituted
DiPCP-5 and the carbazole containing DiPCP-7 follow closely at
(1.7 ± 0.2) × 10−5 cm2 V−1 s−1 and (1.5 ± 0.2) × 10−5 cm2 V−1 s−1,
respectively.

The hole mobilities that were obtained for these novel DiPCP
molecules are comparable to that of spiro-OMeTAD, rendering
them promising candidates as HTLs for perovskite solar cells.
Hence, we integrated all DiPCPs with a solubility of at least
10 g L−1 in CB into MAPbI3 solar cells. C60-SAM modified
SnO2 was employed as the ETL and MAPbI3 was chosen as the
light-harvesting perovskite layer. The same electrode as in MIS-
CELIV measurements was added on top of the HTL since it
forms an ohmic contact with DiPCP-2, DiPCP-5, DiPCP-7 and
Spiro-OMeTAD. For completeness, we also included DiPCP-3,
which did not form an ohmic contact with the MoOx/Ag top elec-
trode in MIS-CELIV experiments and DiPCP-8 with its excep-
tionally high IP. Figure 6 shows representative J–V curves (de-

Table 3. Summary of MIS-CELIV device parameters: semiconductor layer
thickness ds, displacement current J0, time until twice the displacement
current is reached t2J0, semiconductor relative permittivity ɛs and hole mo-
bility μ.

Compound ds [nm] J0
[mA cm−2]

t2J0 [μs] ɛs μ [10−5 cm2 V−1 s−1]

DiPCP-1 183 ± 4 7.0 3.7 3.8 ± 0.1 4.4 ± 0.2

DiPCP-2 93 ± 5 13.9 2.5 3.9 ± 0.2 2.2 ± 0.2

DiPCP-3 74 ± 5 14.3 – 3.3 ± 0.2 –

DiPCP-5 120 ± 6 8.5 3.9 3.0 ± 0.2 1.7 ± 0.2

DiPCP-7 114 ± 6 11.7 3.3 4.1 ± 0.2 1.5 ± 0.2

Spiro-OMeTAD 104 ± 5 12.7 2.5 4.0 ± 0.2 2.7 ± 0.3

Figure 6. Representative J–V curves (descending scanning direction) of
PSCs comprising DiPCP HTLs and reference spiro-OMeTAD under illumi-
nation (solid lines) and in the dark (dashed lines). S-shapes likely occur
due to space charge accumulation.

scending direction), with the layer architecture depicted as an
inset.

The solar cells with DiPCP HTLs exhibit differing degrees of
s-shapes. Commonly, s-shapes are the result of space charge accu-
mulation, which may stem from either a mismatch of the energy
levels at the interface between the light-harvesting layer and the
HTL, or from insufficient conductivity of the HTL. In either case,
the space charges reduce the free energy gradient across the light-
harvesting layer and hence hinder efficient charge extraction.[89]

Furthermore, for DiPCP-3, we know from MIS-CELIV measure-
ments that the contact to the top electrode is non-ohmic and the
same is expected for DiPCP-8 due to its high IP. Accordingly, they
perform worst among the tested HTLs with PCEs of 1.0% ± 0.2%
and 0.2% ± 0.1%, respectively. The remaining DiPCPs and spiro-
OMeTAD (14.8% ± 0.5%) rank in order of their hole mobilities
and IPs, with DiPCP-2 (12.7% ± 0.4%) performing best out of
the DiPCPs, followed by DiPCP-5 (8.9% ± 0.6%) and DiPCP-7
(3.0% ± 0.3%). Notably, some of the DiPCP HTLs achieve larger
open circuit voltages than spiro-OMeTAD, which indicates re-
duced surface recombination at the perovskite/HTL interface.
In maximum power point tracking over ten minutes, the power
output of the DiPCP-2 and DiPCP-5 hero devices remained sta-
ble, while the hero device with spiro-OMeTAD improved slightly
(Figure S13, Supporting Information). Statistics of the solar cell
parameters are summarized in Table 4, Figures S14 and S15
(Supporting Information). To understand whether the s-shapes
can be explained by the differences in hole mobility, we per-
formed supplementary device simulations (Figure S16, Support-
ing Information). The simulations show that hole mobilities on
the order of 10−5 cm2 V−1 s−1 can induce slight s-shapes. Yet, the
strength of the experimentally observed s-shapes in the fourth
quadrant (Figure 6) suggests that there are also energy alignment
related extraction barriers. Furthermore, low current densities in
the first quadrant are evident of injection barriers for DiPCP-3,
DiPCP-5, DiPCP-7, and DiPCP-8. Improvement of charge car-
rier extraction is expected from future doping of the DiPCPs. The

Adv. Funct. Mater. 2023, 2309226 2309226 (9 of 12) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 4. Solar cell parameters: Power conversion efficiency (PCE), fill factor, open circuit voltage (VOC), and short circuit current density (JSC) from
descending (forward to reverse direction) and ascending (reverse to forward direction) J–V measurements. dHTL is the layer thickness of the HTL. Solar
cells with significant defects such as shorts were removed from the statistics (yield).

Compound Scan direction PCE[%] Fill factor [%] VOC[mV] JSC[mA cm−2] dHTL[nm] Yield

DiPCP-2 Descending 12.7 ± 0.4 56 ± 2 1080 ± 10 21.0 ± 0.4 30 ± 4 11/16

Ascending 11.7 ± 0.3 52 ± 1 1070 ± 10 20.9 ± 0.3

DiPCP-3 Descending 1.0 ± 0.2 13 ± 1 1060 ± 20 7.8 ± 1.3 37 ± 1 7/16

Ascending 0.7 ± 0.1 11 ± 1 1040 ± 10 6.4 ± 1.0

DiPCP-5 Descending 8.9 ± 0.6 39 ± 2 1080 ± 10 21.1 ± 0.4 37 ± 2 15/16

Ascending 8.6 ± 0.5 38 ± 2 1080 ± 10 21.0 ± 0.4

DiPCP-7 Descending 3.0 ± 0.3 18 ± 1 1050 ± 30 15.9 ± 1.0 27 ± 2 14/16

Ascending 2.5 ± 0.2 17 ± 1 1030 ± 30 14.3 ± 0.9

DiPCP-8 Descending 0.2 ± 0.1 11 ± 1 1010 ± 20 2.1 ± 0.9 33 ± 1 11/16

Ascending 0.2 ± 0.1 11 ± 1 910 ± 20 1.9 ± 0.8

Spiro-OMeTAD Descending 14.8 ± 0.5 68 ± 1 1030 ± 10 21.2 ± 0.5 N/A 13/16

Ascending 13.2 ± 0.5 63 ± 1 1000 ± 20 21.0 ± 0.5

DiPCP HTLs with particularly high IPs may be better suited for
light-harvesting layers with higher IPs than MAPbI3.

3. Conclusion

We demonstrated the synthesis, characterization and principal
application of a variety of pseudo-para-substituted [2.2]paracyclo-
phanes as HTLs in PSCs. Their structures were calculated us-
ing different levels of theory and conformer filtering schemes in
an automated workflow protocol. The calculated IP trend showed
good agreement with experiments: the donor effects of methoxy
and tert-butyl substituents lead to significantly lower IPs (up to
600 meV difference) compared to the unsubstituted analogues.
The wide range of IPs that was obtained shows great adaptabil-
ity to match the energies of light-harvesting layers. DiPCP HTLs
in this work were synthesized via double CH activation of thio-
phene, which is a fast and efficient process, lowering the to-
tal costs of DiPCP-2 compared to spiro-OMeTAD by two thirds.
Out of the compounds that were investigated, DiPCP-2 is most
promising because of excellent solubility and competitive hole
mobility. In PSCs, a PCE of 12.7% ± 0.4% was achieved, which
was only slightly below the PCE of devices with more expen-
sive spiro-OMeTAD (14.8%± 0.5%). Moreover, besides structural
modification, doping of the HTLs may allow further enhance-
ment of the device performance as is common in state-of-the-art
PSCs. In the future, the computational protocol and automated
workflow that were developed may be used for high-throughput
screening of numerous HTL candidates.

4. Experimental Section
The synthetic and experimental procedures as well as theoretical calcula-
tions of all compounds are included in the supporting information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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