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The high-performance hole transporting material (HTM) is one of the most important

components for the perovskite solar cells (PSCs) in promoting power conversion efficiency

(PCE). However, the low conductivity of HTMs and their additional requirements for doping

and post-oxidation greatly limits the device performance. In this work, three novel pyrene-based

derivatives containing methoxy-substituted triphenylamines units (PyTPA, PyTPA-OH and
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PyTPA-20H) are designed and synthesized, where different numbers of hydroxyl groups are
connected at the 2- or 2,7- positions of the pyrene core. These hydroxyl groups at the 2- or 2,7-
positions of pyrene play a significantly role to enhance the intermolecular interactions which
are able to generate in situ radicals with the assistance of visible light irradiation, resulting in
enhanced hole transferring ability, as well as an enhanced conductivity and suppressed
recombination. These pyrene-core based HTMs exhibit excellent performance in PSCs, which
possess a higher PCE than those control devices using the traditional spiro-OMeTAD as the
HTM. The best performance can be found in the devices with PyTPA-20H. It has an average
PCE of 23.44% (PCEmax = 23.50%), which is the highest PCE among the reported PSCs with
the pyrene-core based HTMs up to date. This research offers a novel avenue to design a dopant-
free HTM by the combination of the pyrene core, methoxy triphenylamines and hydroxy groups.
1. Introduction

The perovskite solar cell (PSC) is the fastest developing photovoltaic technology, which
shows great merits in lightweight, low-cost and good solution processability.[Y! Over the past
decades, tremendous efforts have been devoted into the optimization of perovskite recipes,
interlayer materials and device configuration.[?l As a result, the power conversion efficiency
(PCE) is dramatically enhanced from 3.80% to over 26.81 %, which is approaching the
numbers for commercialization.

The hole transporting material (HTM) plays an important role in the hole extraction. It
helps to maintain the energy level alignment and passivates the interfacial defects, which
directly determines the performance of the PSCs.[*l In 2012, Park et al. first demonstrated an
all-solid-state PSC by replacing the liquid electrolytes with 2,2°,7,7°-tetrakis(N,N-di-p-
methoxy-phenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) as the HTM. A PCE value of
over 9% was achieved, which was among the state-of-the-art PSCs at that time. Up to now, the
spiro-OMeTAD remains the dominant HTM for highly efficient PSCs, which has achieved a
PCE of over 26%.24% However, pristine spiro-OMeTAD shows an undesirable hole mobility. !
Additional doping and post-oxidation processes are required to increase the conductivity by
creating radical cations.[] Both oxygen and moisture will be introduced into the PSC during
this post-oxidation process,’® which seriously hampers both the reproducibility and stability of
the PSCs.P! Therefore, designing a dopant-free HTM without post-oxidation is crucial for the
large-scale application of PSCs.

To achieve high performance, a dopant-free HTM should possess an excellent hole transfer
ability, which requires a strong intermolecular interaction for n-n stacking.'® Replacing the

spirobifluorene core with m-conjugated fused rings is one of the effective strategies.*') Martin
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et al.*? reported a HTM using benzotrithiophene as the central core. Its planarized star-shaped
molecular geometry leads to an effective - intermolecular interaction, which dramatically
enhances the ability for hole transportation. Multiple HTMs with fused ring cores have been
investigated for efficient hole transfer.[*®l Recently, Wang et al.' utilized a large coplanar
tetrathienopyrrole moiety as the core unit, which reinforces the molecular stacking and
increases the hole mobility. Therefore, a coplanar wt-conjugated central core is beneficial for the
hole transportation in HTMs.[*S]

Pyrene is a chemical by-product of the destructive distillation of coal tar, which is regarded
as a classical building block for high-performance HTMs, due to its good thermal stability,
large planar m-surface, rigid structure and high carrier mobility.[*8! Many efficient pyrene-core
based HTMs have been reported.!”) Seok et al.[*® first replaced the spirobifluorene core of
spiro-OMeTAD with a pyrene core in 2013, which achieved comparable performance to spiro-
OMeTAD. Later, Shao et al.'¥ designed a two-dimensional molecule by further expanding this
molecule using four phenyl-thiophene bridges. It exhibited a much higher hole mobility than
that of spiro-OMeTAD, due to the effective delocalization and the enhanced intermolecular
stacking. These results demonstrate the great potential of the pyrene core in achieving highly
efficient HTMs for PSCs.

Increasing the radical density is another effective strategy to improve the performance of
HTMs.2% Triphenylamine (TPA\) is a strong electron-donating unit, which exhibits the ability
to form radicals due to its easily oxidizable nitrogen atom. Therefore, it has been widely applied
as the main functional unit in HTMs.?Y1 Without p-doping and post-oxidation, TPA can only
form radicals under UV irradiation.[??) However, UV exposure should be avoided during the
operation of PSCs. The introduction of hydroxyl groups into the molecule may promote the
formation of radicals. This may be attributed to the intramolecular electron transfer between
the nitrogen atom and the hydroxyl group inside the molecule.l®! Alternatively, it could arise
via intermolecular proton transfer from the hydroxyl group to the neighbouring nitrogen atom
in a hydrogen-bonded dimeric structure.?! Previously, our group presented new pyrene-based
intermediates containing hydroxyl groups. The introduction of hydroxyl groups not only
strengthens the intra/intermolecular interaction, but also plays a significant role in regulating
the energy levels.?! Inspired by these new pyrene-based intermediates, an efficient dopant-free
HTM may be constructed through the combination of a pyrene core, TPAs and hydroxyl groups.

In this work, three novel HTMs (PyTPA, PyTPA-OH and PyTPA-20H) are designed
and synthesized using chemical-waste pyrene as the starting material. As displayed in Scheme

1, these molecules have a star-shaped structure with a pyrene core and four methoxy TPA arms.
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Different numbers of hydroxyl groups are connected at the 2- and 7- positions of the pyrene
core. All of these HTMs possess proper energy levels, which present good ability to achieve
energy level alignment. Compared with the amorphous spior-OMeTAD,[?8! these pyrene-core
based molecules exhibit much higher crystallinity. The strong intermolecular interactions and
the introduction of hydroxyl groups allows PyTPA-OH and PyTPA-20H to create radicals
with upon light irradiation. Both PyTPA-OH and PyTPA-20H present a higher conductivity
than the control spior-OMeTAD, which makes them excellent dopant-free HTMs for PSCs. The
PSCs using PyTPA-OH and PyTPA-20H as HTMs turn out to have a much better
performance than the control devices (spiro-OMeTAD, 20.92%) with an average PCE of
22.46% and 23.44%, respectively. The best performance with a PCE of 23.50% is achieved in
the PSC using PyTPA-20H. It is the highest PCE value among the PSCs with the pyrene-core
based HTMs up to date.
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Scheme 1. Schematic from the traditional HTM to this work with improved properties.

2. Results

2.1. Molecular synthesis and thermal behavior

The molecular structures of PyTPA,1?8l PyTPA-OH, PyTPA-20H, and the control compound
spiro-OMeTAD are shown in Figure 1; their synthetic routes are illustrated in Scheme S1. The
Suzuki-Miyaura coupling reaction between (4-(bis(4-methoxyphenyl)amino)phenyl) boronic

acid and the corresponding bromopyrene intermediates ensures the high yield of these target

4



WILEY-VCH

compounds. The final products were fully characterized by *H/*3C NMR spectroscopy and
high-resolution mass spectrometry (HRMS), as shown in Figures S1-S8. All these materials
start to decompose at a temperature above 440°C, confirming their excellent thermal stability.
According to the differential scanning calorimetry results, PyTPA, PyTPA-OH and PyTPA-
20H display a relatively high crystallization temperature (>340°C) for the molecular packing
rearrangement (Figures S9-S12). This indicates a stable crystalline structure of these HTMs,
which may be attributed to their strong intermolecular interactions.
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Figure 1. The structures of PyTPA, PyTPA-OH, PyTPA-20H, and the control compound
Spiro-OMeTAD.

2.2 X-ray diffraction analysis

The influence of the hydroxyl groups on the molecular structure and the intermolecular stacking
were investigated through single crystal X-ray diffraction and powder X-ray diffraction, which
are displayed in Figure 2 and Figure S14 and Table S1. The crystals of PyTPA, PyTPA-OH
and PyTPA-20H were obtained via slow evaporation from a mixture of CH2Cl, and hexane
solution. PyTPA and PyTPA-20H crystallize in a triclinic structure (P-1 space group). While,
the PyTPA-OH crystal is found to be in the monoclinic system with P 21/n space group. The
four methoxy TPA arms are located at the 1-, 3-, 6-, and 8-positions of the pyrene core, which
forms a twisted propeller-type conformation. The torsion angles between the methoxy-
decorated TPA units and the pyrene core are in the range 40.1-57.4° for PyTPA. Connecting
hydroxyl group(s) at the 2- or 2,7-positions of the pyrene core creates a steric effect. It increases
this torsion angle to 54.1-60.5° in the case of PyTPA-OH and to 62.8-87.7° in the case of
PyTPA-20H. The enlarged torsion angle leads to a reduced crystal density. The crystal density
of PyTPA is 1.372 mg m™. It gradually reduces to 1.275 Mg m™ for PyTPA-OH and to 1.234
mg m for PyTPA-20H. In the PyTPA-20H molecule, the C-O bond lengths between the
pyrene core and hydroxy groups are 1.381 A for the C15-014 bond and 1.390 A for the C21-
04 bond. The length of the C-O bond (C28-03) in the PyTPA-OH crystal is 1.389 A. These

bonds are all shorter than regular C-O single bonds (~1.430 A).[81 1t suggests that the m-orbital
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of the oxygen atom conjugates with the p-orbital of the carbon atom, which tends to form a

C=0 like double bond and promotes the formation of radicals.?*!

PyTPA PyTPA-OH PyTPA-20H

Figure 2. The single-crystal structures of (A) PyTPA,; (B) PyTPA-OH and (C) PyTPA-20H
in an ORTEP drawing with thermal ellipsoids at 30% probability. Molecular packing of (D)
PyTPA; (E) PyTPA-20H and (F) PyTPA-OH along the a-axis. (G) Molecular packing of
PyTPA-20H along the b-axis.

All these molecules show a tenon and mortise like intermolecular stacking structure. As
displayed in Figure 2B, the space between the methoxy TPA moieties can be treated as the
mortise. The mortise-1 (marked as a green region) is the space between the methoxy TPAs at
the 1- and 3-positions (or 6- and 8- positions) of the pyrene core. The mortise-2 (marked as blue
region) is the space between the methoxy TPAs at the 1- and 8-positions (or 3- and 6-positions).
The tenons are the methoxy TPAs at the 1-, 3-, 6- and 8- positions of the pyrene core (marked
as a red region in Figure 2C). As shown in Figures 2D and 2E, the methoxy TPA tenons will

insert into the mortise-2 regions of the adjacent molecules. This forms an interlocked packing
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pattern along the a-axis, which is anchored by C-H: - interactions. As a consequence, PyTPA
displays a ladder-type stacking conformation. Due to the presence of hydroxyl groups, another
two kinds of packing geometries are detected. The hydroxyl group in the mortise-1 connects
with the methoxyphenyl group from the methoxy TPA unit of the neighbouring molecule
through a hydrogen bond (Figure 2F). The distance of this hydrogen bond in PyTPA-OH (O3-
H3---02) is 2.503 A. The PyTPA-20H molecule possesses two hydroxyl groups at the 2,7-
positions of the pyrene core. It allows for an inter-crossed topological packing geometry
through the connection of hydroxyl groups with a hydrogen bond (O4-H4---014, 2.032 A)
between the adjacent molecules (Figure 2G). Meanwhile, the hydrogen atom (H14) of this
hydroxyl group (-O14-H14) is in contact with the adjacent phenyl ring of the methoxy TPA
unit via an O14-H14 - interaction (2.373 A). It should be noted that the hydrogen bonds
created by the hydroxyl groups are all shorter than the conventional hydrogen bonds (>2.7
A),?°1 which may promote proton transfer and help to create radicals.?! These results indicate
that the intermolecular interaction is strengthened by the introduction of hydroxyl groups. In
addition, the crystallized state of these compounds PyTPA, PyTPA-OH and PyTPA-20H
were further characterized by powder X-ray diffraction (PXRD), the PXRD analysis indicated
that all compounds displayed sharp and intense diffraction pattern in crystallized (Figure S13).
2.3. Density function theory calculations

Density functional theory (DFT) calculations were performed to investigate the molecular
geometry and the molecular frontier orbitals using the B3LYP-D3BJ at 6-31G (d,p) basis set.
The optimized structures of the three molecules are presented in Figure S15. The methoxy
TPAs splay out from the pyrene core in a star shape. These molecules exhibit a similar lowest
unoccupied molecular orbital (LUMO) distribution. The LUMO is mainly localized on the
central pyrene core, which helps to block the electron transportation. In the PyTPA molecule,
the highest occupied molecular orbital (HOMO) spreads out all over the molecule. However,
due to the presence of the steric effect of the hydroxyl groups at the 2- or 2,7-positions, a re-
distribution of the HOMO is detected. The HOMOs of PyTPA-OH and PyTPA-20H are
mainly distributed at the central pyrene core and one diagonal pair of the TPA arms. It suggests
the existence of intramolecular charge transfer (ICT) character,*% which is beneficial to
inducing charge separation. The calculated LUMO and HOMO energy levels are listed in Table
1. All these molecules possess suitable LUMO and HOMO values for obtaining energy level
alignment in PSCs. The incorporation of the hydroxyl groups at the pyrene core slightly
enlarges the band gap of the molecules, which is in agreement with our previous reports.?°]
2.4. The electrochemical properties and optical response
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The electrochemical properties of these compounds were characterized in dichloromethane
solution (~10 uM) through cyclic voltammetry (C-V). As shown in Figure 3A, the oxidation
potentials for PyTPA-OH and PyTPA-20H are 0.90 V and 0.86 V, respectively. These values
are slightly higher than that of PyTPA (0.78 V), which indicates the enhanced oxidation ability
due to the presence of the hydroxyl groups. All the materials show a clear quasi-reversible
oxidation process with onset oxidation potentials (Eonset) at 0.57 V, 0.60 V and 0.54 V for
PyTPA, PyTPA-OH and PyTPA-20H, respectively. The HOMO and LUMO levels were
estimated using the empirical equations Exomo = -(Eonset + 4.40) and ELumo = Enomo + Eg,
where Egq is the energy band gap determined through the onset of the optical absorption. All the
results are displayed in Table 1. The calculated values for the HOMO and LUMO levels are
not equal to the electrochemical data, and the main reasonis that the theoretical calculations are
preformed in the gas phase and exclude intermolecular interactions. Meanwhile, the cyclic
voltammogram experiments were carried out in solution; here the intermolecular interactions
between the pyrene-based molecules, and between the pyrene-based molecules and the solvent
molecules are complicated. These differences cause the electronic to be distribution different.

The optical absorption spectra of these pyrene core-based triphenylamines were
characterized in THF solution at ~10 uM (Figure 3B). These materials exhibit strong
absorption in the wavelength range from 250 to 350 nm, which is assigned to the n-n" transition.
Attributed to the enhanced intermolecular interaction, the maximum value of the molar
absorption coefficients () is increased from 67000 M cm™ (PyTPA) to 90300 M cm™
(PYyTPA -20H). In the lower energy region (~350-500 nm) of the absorption spectrum, a sub-
absorption is observed, which is related to the ICT transition.[?81 As discussed in the previous
section, the steric effect from the hydroxyl group(s) enlarges the torsion angle between the
methoxy TPAs and the pyrene core. It leads to a HOMO redistribution, which plays a vital role
in affecting the ICT process. With the increasing number of hydroxyl groups, a blue-shift of the
ICT band is observed from 425 nm in the case of PyTPA to 399 nm in the case of PyTPA-
20H.

Photoluminescence (PL) characterization was conducted to investigate the excitation
properties, as shown in Figure 3B and 3C. All the materials emit green fluorescence in THF
solution, with a maximum emission at 502 nm for PyTPA, 507 nm for PyTPA-OH and 507
nm for PyTPA-20H. The fluorescence quantum yields (&¢) of these compounds are 0.70-0.79
in solution. This suggests that the presence of the hydroxyl groups has little impact on the
emission behaviour of these materials in solution. A red-shifted emission is observed in the

solid state of these compounds with a reduced @+ (0.32-0.42), as listed in Table 1. Compared
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with the emission in solution, the PL of solid PyTPA peaks at 543 nm, which presents a large
red-shift value of 41 nm. Attributed to the steric effect of hydroxyl groups, a much smaller red-
shift value is detected in the solid state of PyTPA-OH (15 nm) and PyTPA-20H (5 nm). These
pyrene-core based triphenylamines are bipolar molecules with an electron donating-accepting
structure. The methoxy TPA unit works as the electron donor, and the pyrene core serves as the
acceptor. Therefore, all the materials exhibit a strong solvent polarity dependent fluorescence
with a large red-shift ~120 nm, which results in a tuneable colour changing from blue to orange
(Figures S14-S19). In addition, the three compounds exhibit dual emission in high polar solvent
of acetonitrile (ACN), N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO)
solution with the dominated emission peak at ~581 nm nm and shoulder peaks at ~ 414 nm
(Table S2). This is assigned to the charge transfer emission of these pyrene-based molecules
and the emission of the pyrene parent, respectively.®!] The main reason contributed to that the
triphenylamines-decorate pyrenes show better solubility in polar solvents, and the
triphenylamine unit acts a rotator in solution, resulting in these compounds exhibit dual
emission. This phenomenon is commonly observed in pyrene-based aggregation-induced
emission.[*®?l The fluorescent lifetimes were extracted from the time-resolved PL (TRPL)
spectra, as displayed in Figure 3D and Table 1. All compounds exhibit a similar fluorescence
lifetime (3.20-4.29 ns) in THF solution (Figure S22). PyTPA possesses the shortest lifetime
with a value of 3.20 ns in solution and 1.73 ns in the solid state. The fluorescent lifetime of
PyTPA-OH is 3.92 ns in solution and 3.16 ns in the solid state. In PyTPA-20H, these values
change to 4.29 ns and 3.10 ns, respectively. This suggests that the introduction of the hydroxyl
groups contributes to a longer lifetime, also, the presence of the hydroxy groups on the pyrene

core promote charge transfer and reduce the non-radiative recombination.
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Figure 3. (A) Cyclic voltammograms of PyTPA, PyTPA-OH and PyTPA-20H in
dichloromethane at a scan rate of 100 mVs™; (B) UV-vis absorption and emission spectra in
THF solution (~10° M); (C) normalized steady-state PL spectra and (D) the decay curves of
PyTPA, PyTPA-OH and PyTPA-20H in the solid state.

Table 1. Summary of the electrochemical and optical properties of PyTPA, PyTPA-OH and
PyTPA-20H.

TS Ama®S[MM]  Amax”-[nM] @ 7[ns] Evumo [eV] Erowmo [eV] Eq[eV] Tq?

soln?/solid®  soln?/solid®? sonl¥/solid® soln?/ solid® DFTY/Exp?  DFTY/Exp® DFT9/Opt" [°C]
PyTPA 424 1392 500/543 0.70/0.32 3.20/1.73 -1.40/-2.34 -4.29/-497 2.89/2.63 451
PyTPA-OH 411/ 408 507 /522 0.74/0.36 3.92/3.16 -1.39/-2.27 -4.33/-500 2.94/2.73 445
PyTPA-20H 399/ 396 507 /512 0.79/0.42 4.29/3.10 -1.33/-219 -4.32/-494 299/2.75 452

Spiro-OMeTAD 388/393 502/532 0.68/0.29 3.18/2.48 -1.45/-2.36 -4.27/-491 2.82/255 458

3 Measured in THF solution at room temperature; ® Measured in solid at room temperature; ©® D3BJ/B3LYP at 6-31G (d,p) basis
set calculations; ¥ E umo = Enomo + Eg; ® Determined by C-V using ferrocene as the reference calculated by the empirical formula
Ehomo = -(Eo®™ + 4.40); " Extracted from optical absorption; 9 T4 was obtained from the thermogravimetric analysis.

2.5. Behaviour under irradiation, EPR measurements and conductivity tests
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These triphenylamines are designed for HTMs of PSCs, which always work under light
irradiation. Herein, a light treatment of one sun irradiation (AM 1.5G, 100 Mw cm?) is
conducted by exposing these samples to air. All the samples exhibit an original colour of yellow
in the solid state. After irradiation, the colour of the PyTPA-20H solid changes to black, while
the colour of PyTPA and PyTPA-OH stays unchanged. The UV-vis-NIR spectroscopy of these
compounds in the solid state was performed. Consistent with their unchanged colour, the light
irradiation shows little impact on the absorption of PyTPA and PyTPA-OH (Figure 4A and
Figure S26). The unirradiated PyTPA-20H solid shows a main absorption with a peak at 472
nm and an absorption shoulder at ~570 nm. Its optical performance, especially in the long
wavelength range (> 700 nm), is significantly improved by the irradiation (Figure 4C). A new
absorption peak is observed at 861 nm, which can be also detected in the irradiated PyTPA-
OH (~864 nm). This peak in the irradiated PyTPA-OH and PyTPA-20H may be attributed to

the formation of cation radicals by the hydroxyl groups and TPA units.[
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Figure 4. The NIR-UV-vis absorption of (A) PyTPA-OH and (C) PyTPA-20H. The EPR
spectra of (B) PyTPA-OH and (D) PyTPA-20H in THF solution, and EPR spectra of (B)
PyTPA-OH and (D) PyTPA-20H powder before and after irradiation. The insert images are
the powder of PyTPA-20H before and after UV irradiation.
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To explore the presence of radicals, the electron paramagnetic resonance (EPR) spectra
were recorded (Figure 4B, 4D and Figure S27). All compounds in THF solution present
extremely weak EPR signals. It suggests that the radicals are hard to generate in the solution.
A faint EPR signal can be detected in the Py TPA powder before and after irradiation, indicating
small amounts of radicals (Figure S27). Before irradiation, the PyTPA-OH powder shows a
similar EPR signal with PyTPA, with a g-value of ~2.005 (Table S4). With the assistance of
light irradiation (10 min), a clear EPR signal is observed with an intensity of 0.20. It suggests
that the presence of the hydroxy group promotes the generation of radicals. However, extending
the irradiation time is not able to enhance this signal. After 20 min irradiation, its intensity
remains unchanged (Figure 4B). As show in Table S4, the g value of the pyrene-based HTMs
is in range from 2.004-2.005 both in solution and in the solid state, indicating that the formed
radical belongs to the TPA radical cation type.[*¥ With two hydroxy groups on the pyrene core,
the non-irradiated PyTPA-20H has already exhibited an EPR signal with a g-value of 2.005
and an intensity of 0.22 (Figure 4D). This signal is significantly enhanced by the irradiation. A
strong EPR signal with an intensity of 4.37 is detected after 10 min of irradiation; it further
increases to 5.82 with a 20 min irradiation. Thus, PyTPA-20H shows a much stronger ability
to generate radicals, compared with PyTPA and PyTPA-OH. These EPR results demonstrate
the formation of radicals in PyTPA-OH and PyTPA-20H under the irradiation of light, and
that the introduction of hydroxyl groups allows these HTMs to generate radicals during the
operation of PSCs. According to the previous analysis, the incorporation of hydroxyl groups
will enhance the proton transfer through the shortened C-O bond and strengthened hydrogen
bond, which promotes the formation of radicals. This increased radical density will lead to an
improved film conductivity.3
The conductivity of these HTMs was studied by fabricating the HTM-only devices, with a
device architecture of FTO/HTM/Ag. The direct current conductivity (oo) can be extracted by
J=00-d*V (Figure 5B), where the d is the thickness of the sample.l® The surface morphologies
of the new HTMs deposited onto perovskite films were measured by atomic force microscope
(AFM). As shown in Figure S28, by use of PyTPA-OH and PyTPA-20H, the RMS value
changes from 51.3 nm (perovskite layer: pristine) to 27.8 nm (PyTPA-OH), and 18.9 nm
(PyTPA-20H), respectively, this main reason is that the presence of two hydroxyl groups in
the pyrene core can strength the intermolecular interactions between the PyTPA-20H
molecules, as well as between the PyTPA-20H molecules and the surface of the PSK which
prefer to form a smoother surface in on the surface of PSK via self-assemble in CB solution.
On the other hand, the FT-IR spectra (Figure S29) indicate that the absorption bands of -OH
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group of PyTPA-OH and PyTPA-20H are located at 3517 cm™ and 3410 cm™, which is
shifted to 3512 cm™® and 3415 cm respectively, when these compounds are mixed with Pbl.
These results indicate that the HTM was interacted with the interfaces of underlayer perovskite
weakly. Thus, the conductivity of the control HTM spiro-OMeTAD is 6.42x10* S cm™, which
is consistent with the previous reports.l®! ¥l The PyTPA film exhibits a conductivity with a
value of 6.78x10* S cm™. This is slightly higher than that of spiro-OMeTAD, indicating its
excellent charge transfer ability. On the other hand, considering the differences in the molecular
structures of the pyrene core and Spiro-OMETAD, the former possesses a large-n-conjugated
planar structure,*® which is beneficial to improving the electronic and hole mobility of Py TPA.
In contrast, the latter exhibits a topologic structure and two fluorene units separated by a sp®
carbon, and the molecular conformation is unfavourable for charge transition.” Attributed to
the increased radicals, the conductivity of PyTPA-OH jumps to 8.84x10* S cm™. This value
further increases to 9.42x10* S cm™ in the film of PyTPA-20H, which is ~39% higher than
that of PyTPA and ~47% higher than that of spiro-OMeTAD. This suggests that the connection
of the hydroxyl groups at the pyrene core greatly promotes the carrier transportation of HTMs,
which is desired for charge extraction. An enhanced photovoltaic performance can be achieved
by applying PyTPA-20H as the HTM.

2.6. Device performance and stability tests

To explore the potential of these pyrene-based triphenylamines in photovoltaic applications,
PSCs were fabricated using the n-i-p device architecture of FTO/SnO2/FAPbIz/HTMs/Ag.
PyTPA, PyTPA-OH and PyTPA-20H were applied as the HTMs, and the traditional HTM
spiro-OMeTAD was selected as the control sample. At least 10 devices were fabricated for each
condition. Both the DFT simulations and the experimental results illustrate that these pyrene-
based HTMs are able to form a cascade energy alignment in the PSC (Figure 5A). The light
intensity-dependent short circuit (Jsc) and open circuit voltage (Voc) of the PSCs were
measured to investigate the charge recombination behaviour influenced by these HTMs (Figure
S30 and Figure 5C). Both the exponential factor («) and the n value are extracted.[*8 All these
PSCs exhibit a similar o value within the range from 0.991 to 0.997, which are all close to one.
This demonstrates that all the devices possess excellent charge collection ability under short
circuit conditions. The n value can be used to evaluate the trap-assisted (Shockley-Read-Hall)
recombination; a smaller n value indicates less recombination. It has been demonstrated that
improving the conductivity of the HTM promotes hole extraction and reduces the charge
recombination.l*® The incorporation of hydroxyl groups contributes to an increased radical
density and conductivity, which reduces the n value. The extracted n values of the spiro-
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OMEeTAD and the PyTPA based devices are 1.27 and 1.24, respectively. By increasing the
number of hydroxyl groups at the pyrene core, the n value is decreased to 1.16 in the PyTPA-
OH based device and to 1.03 in the PyTPA-20H based device. This indicates an enhanced
hole extraction ability in the PyTPA-OH and PyTPA-20H based devices, which significantly
suppresses the charge recombination. These results are consistent with the TRPL testing results
(Figure 3D and Figure S22). Furthermore, an overall enhancement in the external quantum
efficiency (EQE) spectra and the corresponding integrated current was observed in the PSCs
with PyTPA-OH or PyTPA-20H as the HTM. As shown in Figure 5D, the onset wavelength
in the EQE spectrum is 768 nm, and the enhanced EQE in the range from 400 to 760 nm may
be ascribed to the improvement of absorption efficiency and limited defects.l*®) On the other
hand, the EQE drop at around 400 nm is coincident with the absorption of the corresponding
compounds. “1 The current density-voltage (J-V) curves and the photovoltaic parameters of
these devices are presented in Figure 5E and Table 2. The PyTPA HTM exhibits a device
performance with an average PCE of 21.41% with a Jsc of 23.61 mA cm and a fill factor (FF)
of 77.52%. Its PCE is slightly higher than that of the control device using spiro-OMeTAD
(20.92%), indicating that PyTPA is a promising candidate as the HTM for PSCs.

Table 2. Photovoltaic performance of the devices with PyTPA, PyTPA-OH and PyTPA-20H
as the HTMs.?

Jsc Voc FE PCEa"9 PCEDest
HTMs
[mA cm?] vl [%] [%] [%]
PyTPA 23.61+0.07 1.17+0.003 77.52+0.07 21.41+0.08 21.49
PyTPA-OH 24.07+0.05 1.18+0.002 79.07+£0.05 22.46%0.06 22.52
PyTPA-20H 24.71+0.04 1.18+0.001 80.41+0.04 23.44+0.06 23.50
Spiro-OMeTAD 23.05+0.07 1.17+0.002 77.58+0.06 20.92+0.08 21.00

2The 30 PSC devices used to calculate the average photovoltaics parameters in Table 2.
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Figure 5. (A) Schematic energy-level diagram of the corresponding materials in the PSC; (B)
Direct current conductivity measurement for PyTPA, PyTPA-OH, PyTPA-20H and Spiro-
OMeTAD; (C) Light intensity dependent-Voc curves; (D) EQE spectra with the corresponding
integrated Jsc; (E) J-V curves; (F) steady-state output current; (G) steady-state PCEs at the
maximum power point; (H) stability test of the PSCs using PyTPA, PyTPA-OH, PyTPA-20H
and Spiro-OMeTAD as the HTM; (I) Comparison of the Voc, Jsc and PCE in the reported
PSCs using pyrene-core based HTMs.[1711181 1911421 The details of these pyrene-based HTMs are
presented in Scheme S2 and Table S5.

As discussed in the previous section, the hydroxy groups on the pyrene core contribute to
a strong intermolecular interaction and a high density of radicals, which is beneficial for the
hole transferring properties. Thus, both the Jsc and FF of the PSCs are gradually improved with

the increased number of hydroxy groups at the pyrene core. The Jsc increases to 24.07 mA cm’
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Zin the case of PyTPA-OH and to 24.71 mA c¢cm? in the case of PyTPA-20H, which is
consistent with the EQE measurements. Meanwhile, the FF increases to 79.07% for the Py TPA-
OH based device and to 80.41% for the PyTPA-20H based device. As a result, the device with
the PyTPA-OH HTM shows an average PCE of 22.46%. The best performance is obtained by
applying PyTPA-20H as the HTM. The PCE of the PyTPA-20H based device shows an
average PCE of 23.44% with a champion efficiency of 23.50%. It is the highest efficiency
among the reported PSCs using a pyrene-core based HTM (Figure 51). The steady-state output
of the PSC at the maximum power point is measured by applying the corresponding voltage
bias for more than 300 s. Figure 5F and 5G show the time-dependent output current and PCE,
respectively. In the spiro-OMeTAD, PyTPA, PyTPA-OH and PyTPA-20H based devices,
the stabilized current densities are 23.06 mA cm?, 23.66 mA cm?2, 24.11 mA cm2and 24.74
mA cm?, respectively. The corresponding stabilized PCEs are 20.99%, 21.48%, 22.49% and
23.49%, respectively. Figure 5H shows the stability of these PSCs. All the samples were store
inside a glove box without encapsulation. All the devices exhibit a similar stability, which
maintains 95% of the initial PCS after ~300 h and 85% after ~840 h. Benefited by the high
decomposition temperature, these three pyrene-based HTMs ensure good stability. The
reduction of the device performance is mostly attributed to the degradation of the FAPDIs
layer.[*®l In addition, the PSC device stability was further measured at 85°C for 500 h under air.
As shown in Figure S30, the pyrene-based devices maintained a relative high PCE value of 47%
for PyTPA, 65% for PyTPA-OH, 75% for PyTPA-20H compared to their initial value,
respectively. For spiro-OMeTAD, the normalized PCE just maintained 32% over 312 h. On the
other hand, the water contact angles on films of PyTPA-OH and PyTPA-20H were measured
with value of presented in Figure S?, Both compounds showed high hydrophobic properties
with the average contact angles of 88.35° for PyTPA-OH, and 91.45° for PyTPA-20H,
respectively. The later shows higher hydrophobicity maybe the strengthen intermolecular
interaction via the H-bond interaction, which is also beneficial to smooth the surface. This result
is also consisting with the AFM results. With the number of -OH group increasing, the pyrene-
based HTMs materials on the surface of the perovskite play a signficant role to boost the device
stability. The enhanced device stability is mainly attributed to the presence of dopant-free HTM
without post-oxidation, which provides a new direction for understanding the advantages of the
pyrene-based molecular systems for perovskite solar cells applications.[*l These results
demonstrate the great potential of these three pyrene-core based HTMs in obtaining efficient
PSC.

3. Conclusions
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In summary, three pyrene-core based triphenylamines with different numbers of hydroxy
groups have been designed and synthesized through a Pd-catalyzed Suzuki-cross coupling
reaction with high yield. All these materials have been shown to be a better HTM than the
traditional HTM spiro-OMeTAD. The star-shaped molecule geometry of these molecules
allows a tenon and mortise like intermolecular stacking structure. The presence of hydroxy
groups introduces a steric effect into the molecule, which creates a large torsion angle between
the methoxy TPA arms and the pyrene core. It leads to the redistribution of the HOMO and
contributes to an ICT character. The intermolecular interaction is enhanced through the strong
hydrogen bonding of the hydroxy groups, which promotes the generation of radicals. Therefore,
a strong radical signal is detected in the solid PyTPA-20H after the irradiation of a visible
light. The strong intermolecular stacking and the high radical density endows PyTPA-20H
with an excellent hole transferring ability, which results in an improved conductivity and
suppressed recombination. As a result, the best photovoltaic performance is achieved with an
average PCE of 23.44% (PCEmax=23.50%) by applying PyTPA-20H as the HTM, which is
significantly higher than the control sipro-OMeTAD based device (20.92%). This research
offers a new molecular design strategy for the HTM by the combination of pyrene core,

methoxy TPAs and hydroxy groups.

4. Experimental Section

4.1 Materials

Unless otherwise stated, all reagents used were purchased from commercial sources and were
used as received. Specpure grade solvents were used for spectroscopic measurements. The
chemical intermediates 1,3,6,8-tetrabromopyrene, 2,7-dihydroxy-1,3,6,8-tetrabromopyrene
(1a) and 2-hydroxy-1,3,6,8-tetrabromopyrene (1b) were synthesized following the reported
procedures. %]

4.2 The fabricated PSC devices

The device was fabricated with the configuration of FTO/SnO»/Perovskite Layer/HTM
Layer/Ag. The FTO glass was ultrasonically cleaned with distilled water containing detergent,
dichloromethane, THF, and IPA in that sequence. Then, the FTO was treated by oxygen plasma
for 5 min. The colloid of SnO2 was dispersed into deionized water with the volume ratio of 1:4.
SnO> solution (~100 pL) was spin-coated onto the FTO substrate with the speed of ~4000 rpm,
and annealed in air for 30 min based on the temperature of ~150°C. The FTO with a SnO> layer
was moved into a glove box with an argon atmosphere. The 1.65 M Pbl precursor solution was

prepared by dissolving Pbl. in a mixed solvent of DMF and DMSO with a volume ratio of 9:1.
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The Pbl, solution (85 uL) was spin-coated onto the FTO with a SnO> layer at the speed of
~1500 rpm, and then annealed at 65°C for 1 min. Subsequently, 85 pL of the mixed organic
solution (mass ratio of FAI: MACI: MABr = 90 mg: 9 mg: 9 mg was dissolved in 1 mL IPA)
was spin-coated onto the Pbl, layer at the speed of ~2000 rpm. Then, they were transferred to
air (RH = 40+5%) and annealed at ~150°C for 20 min. The PEAI was dissolved in IPA to obtain
a solution of 1.25 mg mL !, and 80 puL of the solution was spin-coated on the perovskite layer
at 4000 rpm. Then 960 mg spiro-OMeTAD or 1109 mg PyTPA, 16.8 uL Li-TFSI (520 mgmL ™!
solution dissolved in acetonitrile), 27.6 uL Co (lll) FK209 TFSI (300 mg mL™! solution
dissolved in acetonitrile) and 27.6 pL tetra-tert-butylpyridine were dissolved in CB together to
prepare the HTL precursor solution. The HTL precursor solution was spin-coated onto the
perovskite layer to form the HTL. For the pyrene derivatives of PyTPA-OH and PyTPA-20H,
the concentration of ~0.78 M was prepared in CB for the HTL without any additives. The
thickness of the HTLs based on PyTPA-OH and PyTPA-20H was measured by surface
profilometer, and the thickness is 38.3 nm for PyTPA-OH and 38.8 nm for PyTPA-20H,
respectively. The HTL solution was spin-coated onto the PEAI layer (~4000 rpm). In the end,
100 nm of Ag was deposited on the HTL by using vacuum thermal evaporation.

4.3. Characterization

!H and 3C NMR spectra (400 MHz) were recorded on a Bruker AV 400M spectrometer using
chloroform-d solvent and tetramethylsilane as internal reference. J-values are given in Hz.
High-resolution mass spectra (HRMS) were recorded on a LC/MS/MS, which consisted of a
HPLC system (Ultimate 3000 RSLC, Thermo Scientific, USA) and a Q Exactive Orbitrap mass
spectrometer. UV-vis absorption spectra and PL spectra were recorded on a Shimadzu UV-
2600 and the Hitachi F-4700 spectrofluorometer. The PL quantum yields were measured using
an integrating sphere using an Edinburgh FLS 980 instrument. The fluorescence lifetime was
recorded on an Edinburgh FLS 980 instrument and measured using a time-correlated single-
photon counting method. The prompt and delayed transient PL decay profiles were performed
using a picosecond pulsed diode laser (EPL-375) and a variable pulse length diode laser (VPL-
375) as the excitation sources, respectively. Thermogravimetric analysis was carried on a
Mettler Toledo TGA/DSC3+ under dry nitrogen at a heating rate of 10 °C/min. The quantum
chemistry calculations were performed on the Gaussian 09 (B3LYP-D3BJ/6-31g(d,p) basis set)
software package. C-V was performed with a standard three-electrode system, using glassy
carbon electrode, Ag/AgCl and Pt Wire served as working electrode, the reference and counter
electrodes, respectively. The measurements were collected in 0.10 M tetrabutylammonium

perchlorate using ferrocenium/ferrocene as reference in THF with a scanning rate of 100 mV s
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! at room temperature. EPR spectra were performed on a Bruker EMXplus-10/12 spectrometer.
The J-V curves were obtained using a Keithley 2400 SourceMeter with a xenon-based solar
simulator under AM 1.5G, 100 mW cm illumination, with a scanning rate of 10 mV s and
an effective area of 0.06 cm?. The EQE data of the PSCs were obtained in the direct-current
mode using a calibrated spectrometer system (Enlitech QE-R). The conductivity was measured
with the structure of ITO/HTM/Ag, and the J-V curves were obtained using a Keithley 2400
SourceMeter.

4.4. X-ray Crystallography

The X-ray crystallographic data for the compounds was collected on a Bruker APEX 2 CCD
diffractometer with graphite monochromated Mo Ka radiation (1 = 0.71073 A) in the o scan
mode.[*®! The structures were solved by charge flipping or direct methods algorithms and
refined by full-matrix least-squares methods on F2.141 All esds (except the esd in the dihedral
angle between two |.s. planes) were estimated using the full covariance matrix. The cell esds
were considered individually in the estimation of esds in distances, angles and torsion angles.
Correlations between esds in cell parameters were only used when they were defined by crystal
symmetry. An approximate (isotropic) treatment of cell esds was used for estimating esds
involving L.s. planes. The final cell constants were determined through global refinement of the
xyz centroids of the reflections harvested from the entire data set. Structure solution and
refinements were carried out using the SHELXTL-PLUS software package. Data (excluding
structure factors) on the structures reported here have been deposited with the Cambridge
Crystallographic Data Centre. CCDC 2280381 (PyTPA), 2280383 (PyTPA-OH) and
2280382(PyTPA-20H), contains the supplementary crystallographic data for this paper. These
data could be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.

4.5 Materials Synthesis

4.5.1 Synthesis of 1,3,6,8-tetrakis(4-(bis(4-methoxyphenyl)amino)phenyl)pyrene (PyTPA)
1,3,6,8-tetrabromopyrene (207 mg, 0.4 mmol, 1.0 eq.), 4-(bis(4-methoxyphenyl)amino)phenyl
boronic acid (830 mg, 2.4 mmol, 6.0 eq.) and K2CO3z (550 mg, 4 mmol, 10 eq.) was added into
a mixture of toluene/ EtOH/ H>O (10 mL/ 2 mL/ 2 mL) under a nitrogen atmosphere. After
stirring for 10 min, Pd(PPhs)s (93 mg, 0.08 mmol, 0.2 eq.) was added. The mixture was
vigorously stirred at 90°C for 24 h. After cooling to room temperature, the reaction mixture was
quenched by water and extracted with CH2Cl. three time. The combined organic layer was

washed with brine, dried over MgSO4 and evaporated. The crude product was purified by
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chromatography using V hexane/V chzci2= 2:1, and then purified further by recrystallization from
the mixture of CH2Cl, and hexane to afford PyTPA as a yellow powder (460 mg, 81%). *H
NMR (400 MHz, CDCl3, 8): 8.26 (s, 4H), 8.00 (s, 2H), 7.48 (d, J = 8.5 Hz, 8H), 7.17 (d, J =
8.8 Hz, 16H), 7.09 (d, J = 8.4 Hz, 8H), 6.88 (d, J = 9.0 Hz, 16H), 3.83 (s, 24H); *C NMR (100
MHz, CDCls, 3): 155.9, 147.9, 141.0, 136.9, 133.2, 131.3, 129.4, 127.9, 126.7, 126.4, 125.1,
120.4, 114.8, 55.5. This data is corresponds with our previous report. 7]

4.5.2 Synthesis of 2-hydroxy-1,3,6,8-tetrakis(4-(bis(4-methoxyphenyl)amino)phenyl)pyrene
(PyTPA-OH)

The synthesis route of PyTPA-OH was similar to PyTPA, 1,3,6,8-tetrabromo-2-
hydroxypyrene (192 mg, 0.4 mmol, 1.0 eq.), 4-(bis(4-methoxyphenyl)amino)phenyl boronic
acid (740 mg, 2.2 mmol, 6.0 eq.) and K2CO3 (500 mg, 3.6 mmol, 10 eq.) was added into a
mixture of toluene/ EtOH/ H,O (10 mL/ 2 mL/ 2 mL) under a nitrogen atmosphere. After
stirring for 10 min, Pd(PPh3)s (83 mg, 0.07 mmol, 0.2 eq.) was added. The mixture was
vigorously stirred at 90°C for 24 h. After cooling to room temperature, the reaction mixture was
quenched by water and extracted with CH2Cl> three time. The combined organic layer was
washed with brine, dried over MgSO4 and evaporated. The crude product was purified by
chromatography using Vhexane/Vchaciz= 3:2, then purified further by recrystallization from
CH.Cl2/ hexane to afford PyTPA-OH as a green powder (360 mg, 70%). *H NMR (400 MHz,
CDCl3, 8): 8.21 (d, J = 9.6 Hz, 2H), 7.92 (s, 1H), 7.87 (d, J = 9.5 Hz, 2H), 7.46 (d, J = 8.5 Hz,
4H), 7.37 (d, J = 8.5 Hz, 4H), 7.17 (d, J = 9.4 Hz, 16H), 7.12 (d, J = 8.5 Hz, 4H), 7.08 (d, J =
8.5 Hz, 4H), 6.88 (d, J = 9.0, 3.0 Hz, 16H), 5.65 (s, 1H), 3.82 (s, 24H). *C NMR (100 MHz,
CDCls, 0): 156.1, 155.9, 148.6, 148.5, 147.9, 141.0, 140.8, 137.4, 133.2, 132.0, 130.5, 128.4,
126.9, 126.8, 126.7, 126.6, 125.8, 125.7, 124.7, 123.1, 120.8, 120.3, 120.2, 114.8, 114.7, 55.5.
HRMS (FTMS+pAPCI) m/z: [M + H]" calcd for CosH7sN4Og, 1432.587; found, 1432.5841.
45.3 Synthesis of 2,7-dihydroxy-1,3,6,8-tetrakis(4-(bis(4-
methoxyphenyl)amino)phenyl)pyrene (PyTPA-20H)

The synthesis route of PyTPA-20H was similar to PyTPA-OH and PyTPA. 1,3,6,8-
tetrabromo-2,7-dihydroxypyrene (220 mg, 04 mmol, 1.0 eq.), 4-(bis(4-
methoxyphenyl)amino)phenyl boronic acid (830 mg, 2.4 mmol, 6.0 eg.) and K2CO3 (552 mg,
4 mmol, 10 eq.) was added into a mixture of toluene/ EtOH/ H,0 (10 mL/2 mL/2 mL) under a
nitrogen atmosphere. After stirring for 10 min, Pd(PPh3)4 (93 mg, 0.08 mmol, 0.2 eq.) was
added. The mixture was vigorously stirred at 90°C for 24 h. After cooling to room temperature,
the reaction mixture was quenched by water and extracted with CH>Cl, three time. The

combined organic layer was washed with brine, dried over MgSQO4 and evaporated. The crude
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product was purified by chromatography using V hexane/V cHzci2= 1:1, and then purified further
by recrystallization from CH2Cl./ hexane to afford 4TPA-27-OH as green crystals (410 mg,
yield 71%). *H NMR (400 MHz, CDCls, 8): 7.84 (s, 4H), 7.35 (d, J = 8.5 Hz, 8H), 7.18 (d, J =
8.8 Hz, 16H), 7.11 (d, J = 8.4 Hz, 8H), 6.88 (d, J = 8.9 Hz, 16H), 5.59 (s, 2H), 3.82 (s, 24H).
13C NMR (100 MHz, CDCls, §): 156.1, 148.5, 147.8, 140.8, 132.0, 129.3, 127.2, 126.9, 125.4,
123.6,120.3, 120.4, 114.8, 55.5. HRMS (FTMS+pAPCI) m/z: [M + H]* calcd for CesH7sN4O10,
1447.5791; found, 1447.5749.
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