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Abstract Functionalization of heteroarylated dithieno[3,2-b:2',3'-d]
pyrroles (DTPs) by triarylamines was elaborated to result in novel hole-
transport materials (HTMs) for perovskite solar cells. The new HTMs
showed promising photovoltaic performance with efficiencies exceed-
ing 18%. A thorough investigation of the electronic and optoelectronic
properties revealed that the main efficiency loss mechanisms are not re-
lated to the pristine HTM materials but to the suboptimal interface pas-
sivation and HTM doping. We provide an optimization strategy for those
device fabrication factors, which could render these new materials a po-
tential replacement of current state-of-the-art HTMs.

Key words: organic materials, conjugated molecules, dithienopyrroles,
hole-transport materials, perovskite solar cells, optoelectronic proper-
ties

Introduction

After having introduced a novel synthesis method of N-het-
eroarylated dithieno[3,2-b:2",3"-d]|pyrroles (DTPs) by micro-
wave-assisted Cu-catalyzed coupling of parent H-DTP with
5- and 6-membered heteroaromatic halides in the first part,
we now apply this technique to synthesize new hole-trans-
port materials (HTMs) for perovskite solar cells (PSCs).!
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PSCs have shown a remarkable increase in power conver-
sion efficiency (PCE) from 3.8%2 in 2009 to 25.7 %> recently,
which has become close to the record efficiency for single-
crystal silicon solar cells (26.1%).3 Hybrid organic-inorganic
perovskites have the chemical formula AMXs. They adapt a
pseudo-cubic structure made of corner-sharing octahedra
MXg consisting of a divalent cation M (e.g. Pb?* or Sn?*) and
monovalent anions X (e.g. Cl7, Br~, or I") with an A cation (e.g.
MA*, FA*, and Cs*) in the cuboctahedral cavities.*-” They pos-
sess extraordinary optoelectronic properties such as high
absorption coefficient,8® small exciton binding energy,!01!
long charge carrier diffusion lengths'?>'3 and high charge
carrier mobility.'4 State-of-the-art PSCs with the n-i-p archi-
tecture employ SnO, or TiO, as an electron transport layer
and spiro-OMeTAD as a HTM.!>16 A major disadvantage of
spiro-OMeTAD is the low glass transition temperature de-
creasing the thermal stability.'” Many new organic HTMs
have been developed in recent years'8-2! but the highest ef-
ficient PSCs still rely on spiro-OMeTAD.

Therefore, there is still a need to further develop new, sta-
ble HTMs, which eventually replace spiro-OMeTAD in par-
ticular for commercial applications. DTP is an electron-rich
molecule, which is frequently implemented with suitable
functionalization as a semiconducting material in organic
electronic devices.??-24 As HTM in PSCs, there are only a few
examples described in the literature. One is represented by a
N-(2-thienyl)-substituted DTP, which was used as the cen-
tral part of a larger co-oligomer.?>?¢ In another work, a
DTP-based HTM bearing a p-methoxyphenyl residue at the
DTP nitrogen was synthesized and investigated by Martin,
Nazeeruddin et al.2” Very recently, DTP was used in combi-
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nation with a spiro-type backbone to increase molecular
planarity.?® DTP derivatives are less complex to synthesize
than spiro compounds; in this respect, we have recently
elaborated and disclosed straightforward direct arylation
and heteroarylation procedures to introduce directly m-con-
jugated aromatic and heteroaromatic substituents at the
central DTP-nitrogen.!2°

Herein, we now describe the synthesis and characteriza-
tion of three novel DTPs, which were functionalized with tri-
arylamine units to result in advanced HTMs for PSCs. We
present a thorough characterization of these new HTMs in
PSCs, which reveals their promising potential for high-per-
formance optoelectronic devices.

Results and Discussion

Synthesis of novel HTMs

N-Thienyl-substituted DTPs 1 and 5" were further function-
alized for application as HTMs in PSCs. Thus, 3-thienyl-DTP 1
was first brominated with three equivalents of N-bromosuc-
cinimide (NBS) in THF to yield triply brominated 3-thienyl-
DTP 2 in 58% yield, which had to be separated chromato-
graphically from a simultaneously formed isomer. Bromin-
ated 3-thienyl-DTP 2 was subsequently reacted in a three-
fold Suzuki-type coupling with Pd(PPh3),4 as a catalyst with
triarylamine boronic ester 3, which was efficiently prepared
according to literature procedures,’” to furnish triaryl-
amine-substituted DTP 4 in 40% yield (Scheme 1).
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Scheme 1
1.

Synthesis of HTM 4 starting from 3-thienyl-substituted DTP
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In the same way, isomeric 2-thienyl-DTP 5 was selectively
brominated to tribromo derivative 6 in 89% yield, which was
subsequently coupled with boronic ester 3 to related triaryl-
amine-DTP 7 in a yield of 19% (Scheme 2).
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Scheme 2 Synthesis of HTM 7 starting from 2-thienyl-substituted DTP
5.

Furthermore, and for comparison, tetraarylated DTP 10
was synthesized as a potential HTM from tetrabrominated
N-hexylated DTP 9 with triarylamine boronic ester 7 in a
fourfold Suzuki-type coupling with Pd(PPhs)4 as a catalyst
in 50% yield (Scheme 3). Beforehand, tetrabromo-DTP 9
was prepared in 76% yield from N-hexyl-DTP 824> with ele-
mental bromine in chloroform. The prepared heteroarylated
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Scheme 3 Synthesis of HTM 10 starting from N-hexyl-substituted DTP
8.
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DTPs 2, 4, 6, 7,9, and 10 were fully characterized and their
purity and structures confirmed by HPLC, NMR spectrosco-
py (Figures S1-S5), and mass spectrometry (Figures S6-
S10).

Thermal, optical, and redox properties of DTP-based
HTM 4, 7, and 10

Differential scanning calorimetry (DSC) and thermal gravi-
metric analysis (TGA) (Figure S11) were used to determine
the thermal properties of HTMs 4, 7, and 10, which are im-
portant for processing temperatures and long-term stability
of photovoltaic devices. DSC traces of thienyl-DTP-based
HTMs 4 and 7 revealed glass transition temperatures of
138°C and 140°C, respectively, and no defined melting was
visible, most probably due to their amorphous character. In
contrast, HTM 10 showed a sharp melting point at 251°C.
These values are higher than the glass transition tempera-
ture of spiro-OMeTAD (Tg=125°C),*® which is the most
often used HTM in PSCs. The three HTMs are thermally very
stable and showed decomposition ranges above 420°C
(@ 95% mass) measured by TGA.

Optical investigations of the triarylamine-extended DTPs
4,7, and 10 were performed by UV-vis absorption in THF so-
lution and in thin films, which were spin-coated from chlo-
roform solutions. All data are compiled in Table 1 and exem-
plarily UV-vis spectra of the triarylamine-DTPs in solution
are shown in Figure 1a. The UV-vis spectra of triarylamine-
DTPs 4 and 7 are dominated by strong main absorption
bands in the visible spectrum at 429 and 427 nm, which are
strongly red-shifted compared to the basic DTPs 1 and 5, re-
spectively. We address this band to the m—m* transition of the
overall conjugated m-system, in which the DTP unit is ex-
tended by the flanked triarylamines. The less intense bands
at around 300 nm are jointly assigned to the triarylamine
and DTP subchromophores in accordance with the absorp-
tion maximum of 299 nm for DTP and 300 nm for bis(4-
methoxyphenyl)aniline.'”3! In the case of triarylamine-DTP
10 with four triarylamine groups, the circumstances are re-
verse and the latter UV-band is dominating over the m-m*
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Figure 1 a) UV-vis absorption spectra of triarylamine-substituted DTP-

derivatives 4 (red curve), 7 (black), and 10 (blue) in thin films spin-
coated on glass. b) Cyclic voltammogram of triarylamine-DTP 7 in
dichloromethane/tetrabutylammonium hexafluorophosphate (0.1 M),
100 mV/s, r.t., potentials vs. ferrocene/ferricenium (Fc/Fc*).

band, which is blue-shifted compared to derivatives 4 and
7. The shape of the corresponding film spectra and location
of the maxima are nearly identical to the solution spectra in-
dicating low molecular organization in the solid state and
rather amorphous films.

The redox properties of DTP derivatives 4, 7, and 10 were
studied by means of CV in dichloromethane (DCM) and tet-
rabutylammonium hexafluorophosphate (0.1 M) as the
electrolyte; potentials were referenced against the ferro-
cene/ferricenium couple (Fc/Fc*). In Figure 1b, a representa-
tive CV of HTM 7 is shown and data for all derivatives are
compiled in Table 1. The CV of 7 showed four successive re-
versible oxidation waves with half-wave potentials at -0.09,
0.10, 0.56, and 0.82 V corresponding to the formation of sta-
ble radical cations up to tetracations. We assume that the
two lateral triarylamine subelectrophores are firstly consec-
utively oxidized to the radical cation (first two waves), then
subsequently the third triarylamine pending at the thienyl
substituent (third wave). The fourth wave reflects the oxida-
tion of the central DTP unit at a potential comparable to that
of core molecule 1. With slight potential shifts, similar CVs
were measured for derivatives 4 and 10 (Figure S12, Table
S1). The HOMO energy levels (-4.94 to -5.03 eV) were calcu-
lated from the onset of the first oxidation wave assuming a
value of -5.1 eV for Fc/Fc* vs. vacuum. Corresponding LUMO

Table 1 Optical and redox data of triarylamine-substituted DTPs 4, 7, and 10

DTP Aabs € EgoPt Amax™ Ey % E1%2  Fpp0° £z HOMO LUMO
[nm]? [MT-cm™] [ev]© [nm]° [v]¢ (v} [v] [v]¢ [eV]e [ev]f
4 302 (362), 429 79330 2.59 302, (370) 428 0.03 022 035 070  -5.03 -2.44
7 301,427 84420 2.59 301,(373) 416 -0.09 0.10 056 0.82  -4.94 -2.35
10 300 (349), 411 73340 2.58 303, (347) 413 -0.02 018  0.42 0.63  -4.96 -2.38

aUV-vis spectra measured in THF, maxima underlined, shoulders in brackets. °Films obtained by spin-coating chloroform solutions onto glass slides. “Calculated from the
onset value of the longest wavelength band by Eq = 1240/Agneet. °Cyclic voltammograms measured in dichloromethane/tetrabutylammonium hexafluorophosphate
(0.1 M), scan rate 100 mV s, potentials referenced against the ferrocene/ferricenium couple (Fc/Fc*). ¢Calculated from the onset value of the oxidation wave; Fc/Fc*
was set to =5.1 eV vs. vacuum. 'Calculated by taking the optical gap into account (Eqomo - Eg°PY).
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energy levels were calculated taking the optical energy gaps
into account and ranged from -2.35eV to -2.44eV. These
energy levels, which are similar to those of spiro-OMeTAD
(HOMO: -5.04 eV, LUMO: -2.05 eV)!7 should allow for appli-
cation of these derivatives as HTM in PSCs enabling efficient
electron blocking and hole transfer from the perovskite layer
to the gold counter electrode.

Photovoltaic properties and solar cell performance

We fabricated PSCs with the layered structure glass/FTO/
compact-TiO,/mesoscopic-TiO,/perovskite/interface passi-
vator/HTM/gold. The perovskite composition used here
[FAo.85 MAg 1 Cso.05Pb(Ig.97 Brog3)3] represents a standard
formulation often found in the literature for stable and effi-
cient PSCs.1732-35 Octylammonium iodide (OAI) employed as
the interface passivator was spin-coated on top of the perov-
skite film. Subsequently, we spin-coated a solution of the
HTMs dissolved in chlorobenzene (CB). As a control experi-
ment we used spiro-OMeTAD, which is the most frequently
used HTM in high-performance perovskite devices.!>36-40
The HTM concentration was 75 mM and we prepared the so-
lutions with and without lithium bistrifluorosulfonyl imide
(Li-TFSI) and 4-tert-butylpyridine (4-tBP) doping. A compre-
hensive description of the device preparation is detailed in
the Experimental Section.

For morphology characterization of the HTM films, we
used scanning electron microscopy (SEM). The undoped
HTMs feature very thin layers (thickness of around ~20 nm)
with poor surface coverage due to cracks apparent in the
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Figure 2
(green curve), 10 (blue curve), and spiro-OMeTAD (black curve).
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top-view SEM images (Figure S13). Upon doping, the HTM
films revealed pinhole-free compact layers with much larger
thicknesses (spiro-OMeTAD: 196 nm, 4: 196 nm, 7: 141 nm,
and 10: 143 nm). A cross-section SEM is shown exemplary
for HTM 10 in Figure 2a, the respective SEM graphs for the
other HTMs can be found in Figure S14. The current den-
sity-voltage (J-V) curves of devices based on doped HTMs
4, 7,10, and spiro-OMeTAD, measured under AM1.5G irra-
diation, are displayed in Figure 2b. Photovoltaic metrics of
four devices for each HTM are summarized in Table 2. HTM
7 reached an average PCE of 17.0%, while HTM 4 yielded an
average PCE of 17.7% due to a 30 mV higher V,. than HTM 7.
HTM 10 achieved a higher PCE of an average 18.1% as a result
of a 2% higher fill factor (FF) and 10 mV and 40 mV higher
open-circuit voltage (V,.) than HTM 4 and 7, respectively.
These values demonstrate that these new DTP-based mate-
rials are promising HTMs. However, their device perform-
ance under the chosen preparation conditions still lags 10%
behind the spiro-OMeTAD PCE, which is mainly due to a
50-90 mV lower V,. and 6-7% lower FF. Note that the de-
vice performances with undoped HTMs are all very similar

Table 2 PV parameter statistics of four PSCs based on 4, 7, 10, and
spiro-OMeTAD; all HTMs were doped as described in the main text

HTM Voc (V) Jsc (mAJcm2) FF (%) PCE (%)
4 1.07+0.01  23.3%0.2 69+2 17.7+0.3
7 1.04+0.02 23.5:04 69+2 17.0£0.2
10 1.08+0.01 23.4%04 71£1 18.1£0.3
Spiro-OMeTAD 1.13+0.01  23.4%0.3 772 20.1+0.3
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(a) Cross-sectional SEM graph of a PSC with doped HTM 10 (colored in red); (b) /-V curve for devices made with doped HTMs: 4 (red curve), 7
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but with around 5% PCE much lower than the devices with
doped HTMs (see Figure S18 and Table S5) due to the poor
HTM film quality; therefore, we focus here on the character-
ization of the latter. To understand the reasons behind the
lower V. and FF of the devices with doped HTMs, we carried
out in-depth optoelectronic characterizations presented in
the following.

Optoelectronic characterization

In order to explain the reasons behind the differences in Vo,
we carried out steady-state photoluminescence quantum
yield (PLQY) measurements. PLQY is the emitted photon
flux divided by the absorbed photon flux measured under
an open circuit. Under this condition, the emitted photon
flux is limited by non-radiative recombination processes.
Hence, PLQY measurements are an important technique to
probe non-radiative recombination in the bulk absorber film
and at interfaces with the transport layers.*! PLQY measure-
ments of PSC devices are shown in Figure 3a and Table S2.
The bare perovskite film deposited on glass showed a PLQY
of 3.2%, only limited by bulk and surface recombination. De-
vices with spiro-OMeTAD yielded a PLQY of 2.2% showing
additional non-radiative recombination at the TiO,/perov-
skite and perovskite/spiro-OMeTAD interfaces. Devices
based on the new HTMs 4, 7, and 10 render PLQYs with less
than 1% (0.6%, 0.1%, and 0.9%, respectively) due to increased
non-radiative recombination losses at the interface perov-
skite/HTM.

Original Article

combination. The offset between AEg/q and V. is a result of
energy level offsets between the conduction band of TiO,
and perovskite and the valence bands of perovskite and
HTM in combination with non-radiative recombination (Fig-
ure $15).43

Mobility and conductivity measurements

Finally, we address the difference of the FFs between the
new HTMs and spiro-OMeTAD. For devices with high charge
carrier mobility like PSCs, the FF is determined mainly by
two mechanisms, non-radiative recombination losses,*4-4°
which have been studied in the previous section, and by
the series resistance R;. To determine the series resistance
caused by the HTM layers, we measured their conductivities.
For this, we deposited the HTMs on glass substrates and
compared their dark conductivities with spiro-OMeTAD.
The details of the film fabrication and measurement can be
found in the Experimental Section and in SI, respectively.
The results of the conductivity measurements are shown in
Figure 4 and Table S4. For the as-deposited films, we ob-
tained a conductivity of 4.7-1077 S/cm with spiro-OMeTAD,
which is in good agreement with literature data.’°->3 For
HTMs 4 and 7 the conductivities are similar to this value,
for 10 it is almost an order of magnitude lower.
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Figure 3 (a) PLQY for perovskite solar cell devices with the layer
structure glass/FTO/c-TiO,/mp-TiO,/perovskite/OAI/HTM. (b) Quasi-Fer-
mi level splitting AEg/q and measured Vo of the same samples.

From PLQY the quasi-Fermi level splitting AEg can be de-
termined (details can be found in the Supporting Informa-
tion, SI).#2 AEg/q, where q is the elementary charge, is the in-
ternal voltage of the absorber layer and represents the max-
imum V,., which a solar cell with this absorber layer can
achieve if there are no additional losses. In Figure 3b and Ta-
ble S3, we show the comparison between AEg/q and the
measured steady-state V, of the same cell. AEg/q and V. fol-
low the same trend for all HTMs, which shows that the V.
differences originate from differences in non-radiative re-
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Figure 4 Conductivities measured in the dark for spiro-OMeTAD, 4, 7,
and 10 with and without doping. The dopants used were Li-TFSI and 4-
tBP with a molar ratio of HTM: LiTFSI:4-tBP=1:0.5:3.

Since in optoelectronic devices conductivities signifi-
cantly higher than those determined above are needed, spi-
ro-OMeTAD is usually doped and the most frequently used
dopants are Li-TFSI and 4-tBP with a molar ratio of spiro-
OMEeTAD : Li-TFSI:4-tBP=1:0.5:3, which is also the recipe
used for the devices with the different HTMs presented

© 2023. The Author(s). Organic Materials 2023, 5, 48 -58
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above. Therefore, we also measured the conductivities of the
doped HTM films. For doped spiro-OMeTAD, we obtained a
conductivity of 4.4-107 S/cm, which is similar to published
values.”4-61 HTM 7 has shown a 30% lower conductivity
(3.1-107° S/cm), 4 and 10 yielded a more than 2 times and 5
times lower conductivity (1.7-107 S/cm and 0.8-107> S/cm),
respectively. The series resistance, which is calculated as the
quotient of film thickness and conductivity, is 1.3 Q cm? for
the spiro-OMeTAD layer, 3.4 Q cm? for 4, 1.4 Q cm? for 7, and
5.0 Q cm? for 10. Hence, R; is significantly higher for 4 and 10
compared to spiro-OMeTAD.

To understand the reasons behind the difference in con-
ductivities, we measured the mobility of the best perform-
ing new HTM 10 and spiro-OMeTAD using the space-
charged-limited current technique. We used a hole-only de-
vice (Figure S17), where we first deposited a very thin elec-
tron blocking layer (PEDOT : PSS) on indium tin oxide (ITO)
substrates. The HTMs were then deposited on top of PE-
DOT: PSS at varying film thicknesses; gold was finally ther-
mally evaporated on the HTMs as the top contact layer. The
details of experimental procedures and the model used for
calculation can be found in the SI. The new HTM 10 showed
a mobility of 5.1-107> cm?/Vs, which is in the same range as
the mobility of spiro-OMeTAD (7.6-107> cm?/Vs). However,
the conductivity of 10 is significantly lower than that of spi-
ro-OMeTAD. The reason for this is the significantly lower
hole concentration n =ao/uq, where o is the conductivity, u
the mobility and g the elementary charge as shown in
Table 3.

Table 3 Conductivity, mobility, and hole concentration for doped
HTMs.

HTM Conductivity Mobility Hole concentration
[107° S/cm] [1075cm?|V. 5] [10"8-cm™3]

10 0.8+0.1 5.1+1.2 09704

Spiro-OMeTAD 4.4+0.1 7.6+1.2 3.6+0.8

Discussion

We now want to discuss the potential of the new HTMs for
efficient PSCs in comparison to the “gold standard” spiro-
OMeTAD. The three main properties of an HTM determining
the performance of a PSC are energy level alignment, non-
radiative recombination at the perovskite/HTM interface,
and conductivity. As for the energy-level alignment, the
HOMO energy levels of the new HTMs are as well suited for
PSCs (Figure S15) like spiro-OMeTAD since they are very
similar. As for the second property, we have shown that the
lower V, for the new HTMs in comparison to spiro-OMeTAD
is mainly due to lower PLQY, i.e., significantly higher defect-
assisted non-radiative recombination at the interface with

Original Article

perovskite. These devices used n-OAlI as the interface passi-
vation agent. PLQYs for devices without OAI are about 1 or-
der of magnitude lower (Table S2) than those for the devices
with OAI, hence PLQY depends less critically on the HTM as
such than on the actual interface passivation. OAI is a stan-
dard passivation agent for the interface perovskite/spiro-
OMEeTAD,%263 but it is not necessarily the optimal passivator
for the new HTMs presented here. It is not unlikely that
there are better passivators that could increase PLQY and
Voc to the same level as for spiro-OMeTAD. There are many
examples for alternative interface passivators in the litera-
ture which would be a good starting point to optimize PSCs
with the new HTMs.!7:3464 The enhanced non-radiative re-
combination at the interface between perovskite and the
new HTMs is also one of the reasons for the lower FFs.44-49
In addition, we have shown that HTMs 4 and 10 showed
higher series resistance in comparison to spiro-OMeTAD.
Since 10 showed the highest device performance, we further
investigated the reason for the higher series resistance by
mobility measurements. We have seen that although the
conductivity of HTM 10 is significantly lower than that of
spiro-OMeTAD, the mobilities of the two HTMs are similar.
This can be attributed to a four times lower hole concentra-
tion (FCC) of HTM 10. FCC is directly related to the oxidized
HTM concentration, which is induced by doping. The doping
used here is optimized for spiro-OMeTAD® and it is obvi-
ously not as effective as for HTM 10. It is well possible that
with an individually adjusted doping, e.g., through opti-
mized doping concentrations or other HTM oxidation strat-
egies, the conductivity of 10 and also of the other new HTMs
could reach the same level as spiro-OMeTAD. In that way,
higher device FFs comparable to spiro-OMeTAD are attain-
able.

Conclusions

In summary, we have presented synthesis and characteriza-
tion of novel HTMs 4, 7, and 10, which are based on N-thien-
ylated and hexylated DTPs 1, 5, and 8, respectively, and were
tailored for PSCs. The energy levels of the frontier orbitals,
which were determined from optoelectronic data, were
found to be suitable for the implementation in PSCs. The
new HTMs applied in a PSC showed a promising perform-
ance with PCEs exceeding 18%.

A thorough optoelectronic characterization was carried
out via PLQY, conductivity, and mobility measurements.
These investigations revealed that the main loss mecha-
nisms behind the lower performance compared to spiro-
OMeTAD are related to passivation of the perovskite/HTM
interface and HTM doping. These are all device fabrication
factors not directly related to the new HTM structures. By
optimizing the interface passivation with the many recently
developed passivators and in addition by applying a doping
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strategy specifically adjusted to the new HTMs, these new
materials have the same device efficiency potential as the
state-of-the-art HTMs. In addition, due to a higher thermal
stability than spiro-OMeTAD, they have even the potential
for higher device stability which will be the focus of future
investigations.

Experimental Section

Instruments and methods

NMR spectra were recorded on an Avance 400 (H NMR
400 MHz, 3C NMR 101 MHz) or a Bruker AMX 500 spec-
trometer ("H NMR 500 MHz, 3C NMR 125 MHz). Chemical
shifts (8) are reported in ppm using residual solvent protons
("H NMR: 8y = 7.26 for CDCls; 8y = 3.58 for THF-dg; 13C NMR:
O0c=77.2 for CDCl3; 6¢=67.57 for THF-dg) as the internal
standard. The splitting patterns are designated as follows: s
(singlet), d (doublet), t (triplet), and m (multiplet). Coupling
constants J relate to proton-proton couplings and assign-
ments were made according to the nomenclature number-
ing scheme. Thin layer chromatography was carried out on
aluminum plates, precoated with silica gel, Merck Si60
F254. Preparative column chromatography was performed
on glass columns packed with silica gel (particle size
40-63um) from Macherey-Nagel or aluminium oxide,
Merck 90 active basic, particle size 63 -200 um. HPLC was
performed on a Shimadzu CBM-20A equipped with an SPD-
20A UV-Vis detector and an LC-8A solvent delivery system
using a Macherey-Nagel column (Nucleosil 100-5 NO5).
Melting points were determined using a Biichi Melting Point
B-545 (not corrected) or a Mettler Toledo DSC 823e under
argon flow (heating rate 10°C/min). Thermogravimetric
analyses were carried out with a TGA/SDTA 851e from Met-
tler Toledo. GC-MS measurements were performed on a Shi-
madzu GCMS-QP2010 SE equipped with an Optima 5MS col-
umn (30 mx0.25 mm) from Macherey-Nagel. High-resolu-
tion MALDI mass spectra were recorded on a Bruker SolariX
using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propen-
ylidene]malononitrile (DCTB) as the matrix. High-resolution
APCI (Atmospheric pressure chemical ionization) spectra
were recorded on a Bruker SolariX using acetonitrile as the
solvent.

Optical measurements in solution were carried out in
1 cm cuvettes with Merck Uvasol grade solvents. Absorption
spectra were recorded on a Shimadzu UV-3600i Plus
UV-vis-nir spectrophotometer. UV-vis absorption spectra of
films (spin-coated from chloroform solution onto a glass
slide) were recorded on a Perkin Elmer Lambda 19 spec-
trometer. CV experiments were performed with a com-
puter-controlled Autolab PGSTAT30 potentiostat in a three-
electrode single-compartment cell (3 mL). The platinum
working electrode consisted of a platinum wire sealed in a
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soft glass tube with a surface of A=0.785 mm?, which was
polished down to 0.25 pm with Buehler polishing paste pri-
or to use to guarantee reproducible surfaces. The counter
electrode consisted of a platinum wire and the reference
electrode was an Ag/AgCl reference electrode. All potentials
were internally referenced to the ferrocene/ferricenium
couple (Fc/Fc*). For the measurements, concentrations of
1073 M of the electroactive species were used in freshly dis-
tilled and deaerated DCM (Lichrosolv, Merck) purified with a
Braun MB-SPS-800. Tetrabutylammonium hexafluorophos-
phate (TBAHPF; Sigma-Aldrich, recrystallized twice from
ethanol) was applied as the supporting electrolyte in a con-
centration of 0.1 M and the solution was blanketed with ar-
gon during the measurements.

Photovoltaic performance measurements: Current-volt-
age characteristics were recorded under ambient tempera-
ture and air conditions. The PSCs were measured using a
300-W Xenon light source (Sol3A) from Newport. The spec-
tral mismatch between AM 1.5G and the solar simulator
was calibrated by a Schott K113 Tempax filter (Prazosopms
Glas & Optik GmbH). A silicon photodiode was used as a light
intensity calibrator for each measurement. Keithley 2400
was used for the current-voltage scan by applying an exter-
nal voltage bias and measuring the response current with a
scan rate of 50 mV/s. The cells were masked with a black
metal mask with an area of 0.16 cm2. Stabilized quasi-
steady-state Voc was obtained after 1 min exposure of the
devices under 1 sun simulated illumination conditions.

SEM measurements: Top view and cross-sectional SEM
measurements were recorded using a high-resolution scan-
ning electron microscope (GeminiSEM 300).

PLQY measurements: PLQY was measured using an inte-
grating sphere (Fluorolog, Horiba JobinYvon), an Andor Ky-
mera 193i spectrograph, and a 660 nm continuous-wave la-
ser (OBIS, Coherent) set at 1-sun equivalent photon flux
(1.1 pm beam full-width half-maximum, 632 ntW); photolu-
minescence was collected at normal incidence using a 0.1
NA, 110 pm-diameter optical fiber. For the absolute spectral
calibration of the PLQY measurement system, we used a ra-
diometrically calibrated halogen lamp (HL-3 plus CAL from
Ocean Optics).

Materials

Chemicals for synthesis: THF, DCM, and n-hexane were pur-
chased from Sigma Aldrich, petroleum ether (PE) from
VWR/Avantor sciences and were purified by an MB SPS-800
solvent purification equipment from MBraun. NBS and tet-
rakis(triphenylphosphine)palladium(0) were purchased
from Sigma-Aldrich. Tripotassium phosphate was purchased
from Sigma-Aldrich and magnesium sulfate from Griissing
GmbH.  4-(Thien-3'-yl)-4H-dithieno[3,2-b:2",3"-d]|pyrrole
1,24 4-(thien-2'-yl)-4H-dithieno[3,2-b:2',3"-d]|pyrrole 5,24 4-

© 2023. The Author(s). Organic Materials 2023, 5, 48 -58



55

THIEME

(o T EL T ETTIAEI I M. Almalki et al.

methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)aniline 3,56 N-hexyl-4H-di-
thieno[3,2-b:2",3"-d]pyrrole 8,5 and N-hexyl-2,3,5,6-tetra-
bromo-4H-dithieno[3,2-b:2",3"-d]pyrrole 92%* were inter-
nally synthesized according to literature-known procedures.

Chemicals for physical investigations: Conductive fluo-
rine-doped tin oxide (FTO) coated glass (10 ohms/sq) was
purchased from Nippon Sheet Glass. Cesium iodide (CsI)
was purchased from TCI Co. Ltd., lead iodide (Pbl;) was pur-
chased from Alfa Co. Ltd. Formamidinium iodide (FAI),
methylammonium bromide (MABr), and titanium dioxide
paste (30 NR-D) were purchased from Greatcell Solar.
2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spi-
robifluorene (spiro-OMeTAD) was purchased from Xi’'an
Polymer Light Technology Corp. Ultradry dimethylform-
amide (DMF), ultradry dimethyl sulfoxide (DMSO), and ul-
tradry CB were purchased from Acros. Lithium bistrifluoro-
sulfonyl imide (Li-TFSI), zinc powder, acetyl acetone, phenyl-
ethylamine, 4-tert-butylpyridine (4-tBP), and titanium di-
isopropoxide bis(acetylacetonate) 75 wt% in IPA were pur-
chased from Sigma-Aldrich. All the chemicals were used as
received without further purification.

Device fabrication

Substrate preparation: An etched FTO conducting glass was
cleaned using Hellmanex (2%, deionized water), acetone
and ethanol by sonicating for 15 min for each solvent con-
secutively. After drying with compressed air, the glass was
finally treated by UV-ozone for 15 min. A 20-40 nm com-
pact TiO, layer was deposited on top of FTO glass using the
spray pyrolysis method (O, as the carrier gas): the substrate
was preheated to 450 °C; a precursor solution was 0.6 mL ti-
taniumdiisopropoxide bis(acetylacetonate) (75 wt% in IPA)
and 0.4 mL acetyl acetone diluted in 9 mL dry ethanol. After
spray pyrolysis, the FTO/c-TiO, substrate was heated at
450 °C for 15 min before cooling down to ambient tempera-
ture. Next, a mesoporous TiO, (m-TiO,) layer was deposited
on the compact TiO, (c-TiO,) substrate by spin-coating for
20s at 4000 rpm with a ramp rate of 2000 rpm-s~!, using
the commercial TiO, paste (30NRD) diluted with anhydrous
ethanol at a weight ratio of 1:6. Then the substrates were
sintered at 450°C for 30 min. After the substrates were
cooled down, they were moved immediately to a dry air glo-
vebox for completing the following steps.

Perovskite active layer deposition: A perovskite precursor so-
lution was prepared by dissolving a mixture of Pbl,
(1.60 mmol, 735.3 mg), FAI (1.31 mmol, 224.4 mg), MABr
(0.15mmol, 16.2mg), and CsI (0.08 mmol, 19.8 mg) -
CS0.05 FAO_85 MAo_]OPb ([0_97 BFO_03)3 -with 5% excess of Pb[z
in 1mL of mixed solution of DMF and DMSO
[DMF (v):DMSO (v)=4:1] under mild heating conditions at
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~70°C to assist in dissolving. The perovskite precursor solu-
tion was deposited on the freshly prepared FTO/c-TiO,/
m-TiO, substrate with a two-step spin-coating method. The
first step was carried out at 2000 rpm with an acceleration
rate of 200rpm/s for 10s. The second step followed at
6000 rpm with an acceleration rate of 2000 rpm/s for 30s.
CB (100 pL) was slowly dripped at the 15 s before the end of
the second step. After this, the substrate was annealed at
120°C for 20 min.

Interface passivation Interface: Following the annealing of
the perovskite layer, the substrates were cooled down to
room temperature. A 100 pL of OAI at 3 mg/mL (IPA) were
deposited in the substrates while they were spin-coated at
5000 rpm for 30 s and heated at 100 °C for 5 min.

Hole-transporting layer: Spiro-OMeTAD, 4, 7, and 10 were
dissolved in CB with a concentration of 75 mM. To add dop-
ants, 1mL of each HTM was doped by 20.6 uL Li-TFSI
(520 mg/mL in acetonitrile) and 35.5uL 4-tBP. The doped
and undoped HTM solutions were spin-coated on the sur-
face of the perovskite at 4000 rpm for 20 s with an accelera-
tion rate of 2000 rpm/s.

Gold electrode: We finally evaporated a gold electrode under
vacuum to form an 80 nm layer.

Bilayer film preparation: A perovskite layer, with the same
composition as described above, was deposited on top of
glass following the same spin-coating and annealing pro-
gram as mentioned in the substrate preparation. Spiro-
OMeTAD and HTMs 4, 7, and 10 were dissolved in CB with a
concentration of 75 mM. To add dopants, 1 mL of each HTM
was doped by 20.6 uL Li-TFSI (520 mg/mL in acetonitrile)
and 35.5 pL 4-tBP. The doped and undoped HTM solutions
were spin-coated on the surface of the perovskite at
700 rpm for 30s with an acceleration rate of 100 rpm/s to
yield a higher thickness for each HTM layer. Finally, an
80 nm layer of gold was thermally evaporated on top of the
HTM layer.
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Synthetic procedures

2,6-Dibromo-4-(2'-bromothien-3'-yl)-4H-dithieno-
[3,2-b:2',3"-d]pyrrole (2)

4-(Thien-3'-yl)-DTP 1 (300 mg, 1.14 mmol) was dissolved in
dry THF (12mL) in a 50 mL 2-necked flask and cooled to
-15°C. NBS (625 mg, 3.05 mmol) was added under exclusion
of light and the reaction mixture stirred for 2 h. Subse-
quently, water (25 mL) was added and the mixture extracted
three times with DCM (20mL). The combined organic
phases were washed twice with water (25 mL), dried over
MgSQy, filtered, and evaporated. The crude product was pu-
rified via column chromatography on silica gel with PE/DCM
9:1 to yield tribrominated DTP 2 (330 mg, 0.66 mmol, 58%)
as a colourless solid. Mp 161.8-164.1°C; 'H NMR (CDCls,
400 MHz): 6=7.44 (d, J=5.8Hz, 1 H, H5"), 7.02 (d, J=5.8 Hz,
1 H, Hy"), 6.98 (s, 2 H, H3) ppm; *C NMR (CDCl3, 101 MHz):
0 = & 142.3, 137.4, 1285, 126.6, 117.8, 116.9, 111.5,
108.2ppm; HRMS (MALDI): m/z [M]*, «calcd. for
C12H4Br3NSs, 494.7056, found 494.7048, dm/m =1.60 ppm.

4,4' 4"-[4-(Thien-3'-yl)-4H-dithieno[3,2-b:2',3"-d]pyr-
role-2,6,2'-triyl)tris[N,N-bis(4-methoxyphenyl)aniline]
(4)

Tribromide 2 (250 mg, 0.50 mmol) was dissolved in THF
(5mL) and deaerated with Argon. Then, 4-methoxy-N-(4-
methoxyphenyl)-N-[4-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)phenyl]aniline 3 (760 mg, 1.76 mmol), tetrakis
(triphenylphosphine)palladium(0) (87 mg, 0.08 mmol,
15 mol-%), and a 2 M solution of tripotassium phosphate so-
lution in water (3.75 mL) were added. Subsequently, the re-
action mixture was heated at 85°C for 18 h in a closed vial.
The reaction was stopped by adding water (50 mL) and
DCM (75 mL). The phases were separated and the aqueous
phase was extracted three times with DCM (30 mL each).
The combined organic phases were dried over magnesium
sulfate, filtered, and the solvent removed in vacuo. The raw
product was redissolved in DCM and filtered over aluminum
oxide (activity IT) and purified with preparative HPLC (silica
gel, nitrophenyl-modified, n-hexane/DCM 3:7). DTP 4
(234 mg, 0.20 mmol, 40%) was isolated as a yellow solid. Mp
148°C (decomposition); 'H NMR (400 MHz, THF-dg):
0=7.50 (d, J=5.4Hz, 1 H, Hy), 7.37 (bs, 4H, Ar-H), 7.34 (d,
J=5.4Hz, 1 H, H3), 7.05-6.99 (m, 8H, Ar-H), 6.99-6.95 (m,
2 H, Ar-H), 6.92 (bs, 2 H, Ar-H), 6.89-6.80 (m, 16H, Ar-H),
6.75-6.64 (m, 6H, Ar-H), 3.75 (s, 12 H, O-CH3), 3.71 (s, 6H,
0-CH3') ppm; 13C NMR (400 MHz, THF-dg): 8 =142.7, 141.6,
130.53, 122.6, 118.6, 116.5, 112.2, 109.3 ppm; HRMS
(MALDI): m/z [M]*, calcd. for C75Hsg N4OgS3, 1170.3493,
found 1170.3507, dm/m=1.23 ppm.
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2,6-Dibromo-4-(5'-bromothien-2'-yl)-4H-dithieno-
[3,2-b:2',3'-d]pyrrole (6)

4-(Thien-2'-yl)-DTP 5 (350 mg, 1.34 mmol) was dissolved in
dry THF (7.5mL) in a 50 mL 2-necked flask and cooled to
-15°C. NBS (725 mg, 3.50 mmol) was added under exclusion
of light and the reaction mixture stirred for 2 hrs. Subse-
quently, a water/methanol mixture (15 mL 2:1) was added
and the formed precipitate was filtrated and washed three
times with a water/methanol mixture (2mL 2:1) and dried
in vacuo. Tribrominated DTP 6 (605 mg, 1.19 mmol, 89%)
was isolated as a colourless solid. Mp 209.2-212.8°C;
TH NMR (CDCl3, 400 MHz): §=7.34 (s, 2 H, Hs), 7.18 (d,
J=40Hz, 1 H, Hy'), 7.08 (d, J=4.0Hz, 1 H, H3') ppm;
13C NMR (CDCl3, 101 MHz): 6=142.7, 141.6, 130.53, 122.6,
118.6, 116.5, 112.2, 109.3 ppm; HRMS (MALDI): m/z [M]*,
calcd. for Cy3H4BrsNSs, 494.7056, found 494.7049,
Om/m=1.48 ppm.

4,4'4"-[4-(Thien-2'-yl)-4H-dithieno[3,2-b:2",3"-d]pyr-
role-2,6,5'-triyl)-tris[ N,N-bis(4-methoxyphenyl)aniline]
(7)

In the same way as for DTP 4, tribromide 6 (500 mg,
1.00mmol) in THF (12.5mL), 4-methoxy-N-(4-methoxy-
phenyl)-N-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
phenyl]aniline 3 (1.51g, 3.51 mmol), tetrakis(triphenyl-
phosphine)palladium(0) (174 mg, 0.15 mmol, 15 mol%), and
tripotassium phosphate (7.5 mL) were reacted at 85°C for
18h in a closed vial. The reaction was stopped by adding
water (50 mL) and DCM (75 mL). The phases were separated
and the aqueous phase was extracted three times with DCM
(30 mL each). The combined organic phases were dried over
magnesium sulfate, filtered, and the solvent removed in va-
cuo. The crude product was purified via column chromatog-
raphy on silica gel with PE/DCM 1:1 and size exclusion
chromatography in THE. DTP 7 (220 mg, 0.19 mmol, 19%)
was isolated as a yellow solid. Mp 137 °C (decomposition);
TH NMR (400 MHz, THF-dg): 6 =7.51-7.42 (m, 10H, Ar-H),
722 (d, J=3.9Hz, 1 H, Hy), 7.20 (d, J=3.9Hz, 1 H, Hj),
7.08-7.01 (m, 16 H, Ar-H), 6.93-6.81 (m, 25 H, Ar-H), 3.76
(s, 6 H, 0-CH3"), 3.75 (s, 12 H, O-CH3) ppm; 3C NMR
(101 MHz, THF-dg): 6=157.5, 157.4, 149.7, 149.3, 145.7,
143.8, 141.6, 141.5, 140.0, 128.5, 127.6, 127.4, 126.8, 126.7,
125.9, 1214, 121.2, 121.2, 1164, 115.6, 115.5, 107.8,

55.6ppm; HRMS (MALDI): m/z [M]*, caled. for
C7oHsg NgOgS3, 1170.3493, found 1170.3503, dm/m=
0.91 ppm.

4,4'4" 4"'-[4-hexyl)-4H-dithieno[3,2-b:2',3'-d]pyrrole-
2,3,5,6-tetrayl)-tetra] N,N-bis(4-methoxyphenyl)aniline]
(10)

Tetrabrominated DTP 9 (200 mg, 0.35 mmol) was dissolved
in THF (5 mL) and deaerated with argon. Then, 4-methoxy-
N-(4-methoxyphenyl)-N-[4-(4,4,5,5-tetramethyl-1,3,2-di-
oxaborolan-2-yl)phenyl]aniline 3 (655 mg, 1.52 mmol), tet-
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rakis(triphenylphosphine)palladium(0) (60 mg, 0.05 mmol,
15 mol%), and a 2 M solution of tripotassium phosphate so-
lution in water (2.6 mL) were added. Subsequently, the reac-
tion mixture was heated at 85 °C for 18 h in a closed vial. The
reaction was stopped by adding water (50 mL) and DCM
(75 mL). The phases were separated and the aqueous phase
was extracted three times with DCM (30 mL each). The com-
bined organic phases were dried over magnesium sulfate,
filtered, and the solvent removed in vacuo. The raw product
was redissolved in DCM and filtered over aluminum oxide
(activity II) and purified with preparative HPLC (silica gel,
nitrophenyl-modified, n-hexane/DCM 3:7). DTP 10
(260 mg, 0.18 mmol, 51%) was isolated as a yellow solid. Mp
251.9-253.2°C; 'H NMR (400 MHz, THF-dg): 6 =7.08-7.01
(m, 4 H, Ar-H), 7.01-6.94 (m, 4 H, Ar-H), 6.91 (m, 16 H, Ar-
H), 6.79 (m, 4 H, Ar-H), 6.76-6.68 (m, 16 H, Ar-H),
6.63-6.55 (m, 4 H, Ar-H), 3.64 (s, 12 H, 0-CH3), 3.64 (s,
12 H, O-CH3'"), 3.39 (t, J=8.4Hz, 2 H, CHy-a), 1.14-1.04 (m,
4 H, CH,-B,8), 0.87 (p, J=7.6Hz, 2 H, CHy-¢), 0.74 (t,
J=7.3Hz, 3 H, CH,-C), 0.57 (p, J=7.4Hz, 2 H, CHy-Y) ppm;
13C NMR (101 MHz, THF-dg): 8 =156.4, 148.4, 147.5, 143.6,
140.6, 140.5, 131.1, 128.6, 127.6, 127.0, 126.7, 126.6, 123.6,
119.6, 119.2, 114.5, 114.5, 112.7, 54.6, 44.7, 31.3, 31.1, 26.3,
22.6, 13.6ppm; HRMS (MALDI): m/z [M]*, calcd. for

CoqHgs N5OgS,, 1475,5840, found 1475.5824, &m/m=
1.08 ppm.
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